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Preface 

This textbook has been written especially for use in programs where a full 
curriculum in refrigeration is offered. However, the material covered and the 
method of presentation are such that the text is also suitable for adult evening 
classes and for on-the-job training and self-instruction. Furthermore, the 
material is so arranged and sectionalized that this textbook is readily adaptable 
to any level of study and to any desired method or sequence of presentation. 

Despite a rigorous treatment of the thermodynamics of the cycle, application 
of the calculus is not required nor is an extensive background in physics and 
thermodynamics presupposed. The first four chapters deal with the funda
mental principles of physics and thermodynamics upon which the refrigeration 
cycle is based. For those who are already familiar with these fundamentals, 
the chapters will serve as review or reference material. 

Chapter 21 treats electric motors and control circuits as they apply to refrigera
tion and air conditioning systems. This material is presented from the viewpoint 
of practical application, the more mathematical approach being left to companion 
electrical courses. 

Throughout this textbook emphasis is placed on the cyclic nature of the 
refrigeration system, and each part of the system is carefully examined in relation 
to the whole. Too, care is taken continually to correlat~ theory and practice 
through the use of manufacturer's catalog data and many sample problems. To 
this end, certain pertinent catalog data are included. 

RoY J. DossAT 

July, 1961 
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I 
Pressure, Work, 
Power, Energy 

1·1. Force. A force is defined as a push or a 
pull. It is anything that has a tendency to set 
a body in motion, to bring a moving body to 
rest, or to change the direction of motion. A 
force may also change the size or shape of a 
body. That is, the body may be twisted, bent, 
stretched, compressed, or otherwise distorted 
by the action of a force. 

The most familiar force is weight. The 
weight of a body is a measure of the force 
exerted on the body by the gravitational pull 
of the earth (Fig. 1-1). 

There are many forces other than the force of 
gravity, but all forces are measured in weight 
units. Although the most commonly used unit 
of force measure is the pound, any unit of 
weight measure may be used, and the particular 
unit used at any time will usually depend on 
the magnitude of the force to be measured. 
I·:Z. Pressure. Pressure is the force exerted 
per unit of area. . It may be described as a 
measure of the intensity of a force at any given 
point on the contact surface. Whenever a force 
is evenly distributed over a given area, the 
pressure at any point on the contact surface is 
the same and can be calculated by dividing the 
total force exerted by the total area over which 
the force is applied. This relationship is 
expressed by the following equation 

F 
P=A (1-1) 

I 

where P - the pressure expressed in units of F 
per unit of A 

F ... the total force in any units of force 
A """ the total area in any units of area 

1-3. Measurement of Pressure. As indi
cated by equation 1-1, pressure is measured 
in units of force per unit of area. Pressures are 
most frequently given in pounds per square 
inch, abbreviated psi. However, pressure, like 
force, as a matter of convenience and depending 
on the magnitude of the pressure, may be stated 
in terms of other units of force and area, such 
as pounds per square foot, tons per square foot, 
grams per square centimeter, etc. 

Example 1-1. A rectangular tank, measur
ing 2ft by 3ft at the base, is filled with water. 
H the total weight of the water is 432 lb, deter
mine the pressure exerted by the water on the 
bottom of the tank in 

(a) pounds per square foot 
(b) pounds per square inch 

Solution 
(a) Area of tank base 

Total weight of water 

Applying Equation 1-1, P 

(b) Area of the tank base 

Total weight of water 

Applying Equation 1-1, P 

2 X 3 
= 6 sq ft 
= 432lb 

432 
6 

= 72 psf 
24 X 36 

= 864 sq in. 
... 432lb 

432 
864 

== O.S psi 

The problem described in Example 1-1 is 
illustrated in Fig. 1-2. Notice that the pressure 
on the bottom of the tank in pounds per square 
foot is equivalent to the downward force 
exerted by the weight of. a column of water 
having a cross section of one square foot, where
as the pressure in pounds per square inch is 
equivalent to the downward force exerted by a 
column of water having a cross section ofl sq in. 
Further, since there are 144 sq in. in 1 sq ft, the 
force exerted per square foot is 144 times as great 
as the force exerted per square inch. 
1-4. Atmospheric Pressure. The earth is 
surrounded by an envelope of atmosphere or air 
which extends upward from the surface of the 
earth to a distance of some SO mi or more •. Air 
has weight and, because of its weight, exerts a 



2 PRINCIPLES OF REFRIGERATION 

Fl1. l·li Because of gravity, the suspended weight 
exerts a \downward force of 7 lb. 

pressure on the surface of the earth. The pressure 
exerted by the atmosphere is known as atmos· 
pheric pressure. 

The weight of a column of air having a cross 
section of 1 sq in. and extending from the surface 
of the earth at sea level to the upper limits of the 
atmosphere is 14.696 lb. Therefore, the pressure 
on the surface of the earth at sea level resulting 
from the weight of the atmosphere is 14.696 psi 
(14.7). This is understood to be the normal or 
standard atmospherlc pressure at sea level and 
is sometimes referred to as a pressure of one 
atmosphere. Actually, the pressure of the 
atmosphere does not remain constant, but will 
usually vary somewhat from hour to hour 
depending upon the temperature, water vapor 
content, and several other factors. 

Because of the difference in the height of the 
column, the weight of a column of air of given 

cross section will be less when taken at an 
altitude of one mile above sea level than when 
taken at sea level. Therefore, it follows that 
atmospheric pressure decreases as the altitude 
increases. 
1-5. Barometers. Barometersareinstruments 
used to measure the pressure of the atmosphere 
and are of several types. A simple barometer 
which measures atmospheric pressure in terms 
of the height of a column of mercury can be 
constructed by filling with mercury a hollow 
glass tube 36 in. or more long and closed at one 
end. The mercury is held in the tube by placing 
the index finger over the open end of the tube 
while the tube is inverted in an open dish of 
mercury. When the finger is removed from the 
tube, the level of the mercury in the tube will 
fall, leaving an almost perfect vacuum at the 
closed end. The pressure exerted downward by 
the atmosphere on the open dish of mercury will 
cause the mercury to stand up in the evacuated 
tube to a height depending upon the amount of 
pressure exerted. The height of the mercury 

. co1umn in the tube is a measure of the pressure 
exerted by the atmosphere and is read in inches 
of mercury column (abbreviated in. Hg). The 
normal pressure of the atmosphere at sea level 
(14.696 psi) pressing down on the dish of mercury 
will cause the mercury in the tube to rise to a 

Fl1. 1·1. Of the total weight of the water In the 
container, that part which is exerted on a I sq ft area 
is the pressure in pounds per square foot. Likewise, 
that part which is exerted on a I sq in. area is the 
pressure in pounds per square inch. 



height of 29.921 in. (Fig. 1-3). A column of 
mercury 29.921 in. high is, then, a measure of a 
pressure equivalent to 14.696 psi. By dividing 
29.921 in. Hg by 14.696 psi, it is determined that 
a pressure of 1 psi is equivalent to a pressure of 
2.036 in. Hg. Therefore, 1 in. Hg equals 
1/2.036. or 0.491 psi, and the following equa
tions are established: 

. psi 
m. Hg = 0.491 (1-2) 

and psi = in. Hg X 0.491 (1-3) 
Example 1-l. What is the pressure of the 

atmosphere in psi if a barometer reads 30.2 
in. Hg? 

Solution. Applying Equation 1-3, 
P = 30.2 X 0.491 

= 14.83 psi 
Example 1-3. In Fig. 1-3, how high will 

the mercury stand in the tube when the atmos
pheric pressure is 14.5 psi? 

Solution. Applying Equation 1-2, 
p = 14.5 

0.491 
= 29.53 in. Hg 

l-6. Pressure Gases. Pressure gages are 
instruments used to measure the fluid pressure 
(either gaseous or liquid) inside a closed vessel. 
Pressure gages commonly used in the refriger
ation industry are of two types: (I) manometer 
and (2) bourdon tube. 
1-7. Manometers. The manometer type gage 
utilizes a column of liquid to measure the 
pressure, the height of the column indicating 
the magnitude of the pressure. The liquid used 
in manometers is usually either water or mercury. 
When mercury is used, the instrument is known 
as a mercury manometer or mercury gage and, 
when water is used, the instrument is a water 
manometer or water gage. The simple barom
eter described previously is a manometer type 
instrument. 

A simple mercury manometer, illustrated in 
Figs. 1-4a, 1-4b and l-4c, consic:ts of a U-shaped 
glass tube open at both ends and partially filled 
with mercury. When both legs of the U-tube 
are open to the atmosphere, atmospheric pres
sure is exerted on the mercury in both sides of 
the tube and the height of the two mercury 
columns is the same. The height of the two 
mercury columns at this position is marked as 
the zero point of the scale and the scale is cali-
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brated in inches to read the deviation of the 
mercury columns from the zero condition in 
either direction (Fig. 1-4a). 

When in use, one side of the U-tube is 
connected to the vessel whose pressure is to be 
measured. The pressure in the vessel, acting on 
one leg of the tube, is opposed by the atmos
pheric pressure exerted on the open leg of the 
tube. H the pressure in the vessel is greater 
than that of the atmosphere, the level of the 
mercury on the vessel side of the U-tube is 
depressed while the level of the mercury on the 
open side of the tube is raised an equal amount 
(Fig. 1-4b). If the pressure in the vessel is less 
than that of the atmosphere, the level of the 
mercury in the open leg of the tube is depressed 
while the level of the mercury in the leg con
nected to the vessel is raised by an equal amount 
(Fig. 1-4c). In either case, the difference in the 
heights of the two mercury columns is a . 
measure of the difference in pressure between 
the total pressure of the fluid in the vessel and 
the pressure of the atmosphere. 

In Fig. 1-4b, the level of the mercury is 2 in. 

Fl1. 1-3. The pressure exerted by the weight of the 
atmosphere on the open dish of mercury causes the 
mercury to stand up into the tube. The magnitude 
of the pressure determines the height of the mercury 
column. 
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Atmospheric 
pressure 

FIJ. 1-'la. Simple U-tube manometer. Since both 
legs of the manometer are open to the atmosphere 
and are at the same pressure, the level of the mercury 
is the same in both sides. 

Atmospheric 
pressure 

30in. Hg 
Vessel r;::.=======*- pressure 

34 in. Hg 

FIJ. l-4b. Simple manometer indicates that the 
vessel pressure exceeds the atmospheric pressure 
by 4 in. Hg. 

below the zero point in the side of the U-tube 
connected to the vessel and 2 in. above the zero 
point in the open side of the tube. This indi
cates that the pressure in the vessel exceeds the 
pressure of the atmosphere by 4 in. Hg (1.96 
psi). In Fig. l-4c, the level of the mercury is 
depressed 2 in. in the side of the tube open to 
the atmosphere and raised 2 in. in the side con
nected to the vessel, indicating that the pressure 
in the vessel is 4 in. Hg (1.96 psi) below (less 
than) atmospheric. Pressures below atmospheric 
are usually called "vacuum" pressures and may 
be read as "inches of mercury, vacuum." 

Manometers using water as the measuring 
ftuid are particularly useful for measuring very 
small pressures. Because of the difference in the 
density of mercury and water\ pressures so 
slight that they will not visibly affect the height 
of a mercury column will produce easily 
detectable variations in the height of a water 
column. Atmospheric pressure, which will 
support a column of mercury only 29.921 in. 
high, will lift a column of water to a distance of 
approximately 34 ft. A pressure of 1 psi will 
raise a column of water 2.31 ft or 27.7 in. and a 

Atmospheric 
pressure 
30 in. Hg 

Vessel r;::::=======*- pressure 
26in. Hg 

Fir. 1-4c. Manometer indicates that the vessel 
pressure is 4 in. Hg less than the atmospheric 
pressure of 30 ln. Hg. 

Fir. 1-5. Bourdon tube gage mechanism. (Courtesy 
Manh Instrument Company.) 



pressure of only 0.036 psi is sufficient to support 
a column of water 1 in. high. Hence, 1 in. 
of water column is equivalent to 0.036 psi. 

Table 1-1 gives the relationship between the 
various units of pressure measurement. 
1-8. Bourdon Tube Ga1es. Because of the 
excessive length of tube required, gages of the 
manometer type are not practical for measuring 
pressures above 15 psi and are more or less 

(a) (b) 
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inches of mercury (Fig. 1-6b). ln many cases, 
single gages, known as "compound" gages, are 
designed to measure pressures both above and 
below atmospheric (Fig. 1-6c). Such gages are 
calibrated to read in psi above atmospheric and 
in inches of mercury below atmospheric. 
1·9. Absolute and Ga1e Pressures. Absolute 
pressure is understood to be the "total" or 
"true" pressure ofa tluid, whereas gage pressure 

(c) 

Fla. 1-6. Typical bourdon tube gages. (a) Pressure gage. (b) Vacuum gage. (c) Compound gage. (Courtesy 
Manh Instrument Company.) 

limited to the measurement of relatively small 
pressures in air ducts, etc. 

Gages of the bourdon tube type are widely 
used to measure the higher pressures en
countered in refrigeration work. The actuating 
mechanism of the bourdon tube gage is illus
trated in Fig. 1-5. The bourdon tube, itself, is a 
curved, elliptical-shaped, metallic tube which 
tends to straighten as the tluid pressure in the 
tube increases and to curl tighter as the pressure 
decreases. Any change in the curvature of the 
tube is transmitted through a system of gears 
to the pointer. The direction and magnitude 
of the pointer movement depend on the direc
tion and magnitude of the change in the curva
ture of the tube. 

Bourdon tube gages are very rugged and will 
measure pressures either above or below 
atmospheric pressure. Those designed to 
measure pressures above atmospheric are known 
as "pressure" gages (Fig. 1-6a) and are gener
ally calibrated in psi, whereas those designed to 
read pressures below atmospheric are called 
"vacuum" gages and are usually calibrated in 

is the pressure as indicated by a gage. It is 
important to understand that gages are cali
brated to read zero at atmospheric pressure and 
that neither the manometer nor the bourdon 
tube gage measures the "total" or "true" 
pressure of the fluid in a vessel; both measure 
only the difference in pressure between the total 
pressure of the fluid in the vessel and the atmos
pheric pressure. When the fluid pressure is 
greater than the atmospheric pressure, the 
absolute pressure of the tluid in the vessel is 
determined by adding the atmospheric pressure 
to the gage pressure, and, when the fluid 
pressure is less than atmospheric, the absolute 
pressure of the tluid is found by subtracting the 
gage pressure from the atmospheric pressure. 
The relationship between absolute pressure and 
gage pressure is shown graphically is Fig. 1-7. 

Example 1-4. A pressure gage on a 
refrigerant condenser reads 120 psi. What is 
the absolute pressure of the refrigerant in the 
condenser? 

Solution. Since the barometer reading is not 
given, it is assumed that the atmospheric 
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Gage 
pressure 

45 

40 

35 

30 

25 
Pressures above 

20 
atmospheric in psi 

15 

10 

5 

Absolute 
pressure 

5 9.7 

54.7 

4 9.7 

44.7 

3 9.7 

34.7 

29.7 

2 4.7 

19 .7 

0 
Atmospheric pressure 29.92 in. Hg 

(14.7 psi) 5 25 
10 r--Pressures below- 20 
15-- atmospheric in- 15 
20-
25 (14.7 psi) 

29.92 in. Hg 

-in.Hg 10 
5 

0 

Fl1. 1-7. Relationship between absolute and gage 
pressures. 

pressure is normal at sea level, 14.696 psi, and, 
since the pressure of the refrigerant is above 
atmospheric, the absolute pressure of the 
refrigerant is equal to the gage pressure plus 
the atmospheric pres~ure. 

Gage pressure in psi = 120 
Atmospheric pressure in psi = 14.696 
Absolute pressure of 

refrigerant = 134.696 psi 
Example 1-5. A compound gage on the 

suction side of a vapor compressor reads 
5 in. Hg, whereas a barometer nearby reads 
29.6 in. Hg. Determine the absolute pressure 
of the vapor entering the compressor. 

Solution. Since the pressure of the vapor 
entering the compressor is less than atmospheric, 
the absolute pressure of the vapor is computed 
by subtracting the gage pressure from atmos
pheric pressure. 

Atmospheric pressure in 
in.Hg 

Gage pressure in in. Hg 
Absolute pressure in 

in.Hg 
Absolute pressure 

= 29.6 
= 5.0 

= 24.6 in. Hg 
24.6 X 0.491 

= 12.08 psi 

Example 1-6. During compression the 
pressure of a vapor is increased from 10 in. Hg 
gage to 125 psi gage. Calculate the total increase 
in pressure in psi. 

Solution. Since the pressure increases from 
10 in. Hg below atmospheric to 125 psi above 
atmospheric, the total increase in pressure is 
the sum of the two pressures. 

Initial pressure 
Initial pressure in psi below 

atmospheric 
Final pressure in psi above 

=lOin. Hg 
10 X 0.491 

= 4.91 psi 

atmospheric = 125 psi 

Total increase in pressure = 129.91 psi 
Absolute pressure in psi is abbreviated psia, 

whereas gage pressure in psi is abbreviated psig. 
1-10. Work. Work is done when a force 
acting on a body moves the body through a 
distance. The amount of work done is the 
product of the force and the distance through 
which the force acts. This relationship is shown 
by the following equation: 

W=F X 1 (1-4) 

where F = the force applied in any units of 
force 

1 = the distance through which the force 
acts in any linear unit 

W = the work done expressed in units of 
force and linear measure 

The work done is always expressed in the 
same unit terms used to express the magnitude 
of the force and the distance. For instance, if 
the force is expressed in pounds and the dis
tance in feet, the work done is expressed in 
foot-pounds. The foot-pound is the most 
frequently used unit of work measure. 

Example 1~7. A ventilating fan weighing 
315 lb is hoisted to the roof of a building 200ft 
above the level of the ground. How much 
work is done? 

Solution. By applying 
Equation 1-4, the weight of 
the fan 

Distance through which 
the fan is hoisted 

Work done 

= 315 lb 

=200ft 
315 X 200 

= 63,000 ft-lb 

1-11. Power. Power is the rate of doing 
work. That is, it is the work done divided by the 
time required to do the work. The unit of power 



is the horsepower. One horsepower is defined as 
the power required to do work at the rate of 
33,000 ft-lb per minute or (33,000/60) 550 ft-lb 
per second. The power required in horsepower 
may be found by either of the following equa
tions: 

w 
Hp = 33,000 x t (l-5) 

where Hp = the horsepower 
W = the work done in foot-pounds 

t = the time in minutes 
or 

w 
Hp = 550 X t (1-6) 

where t = the time in seconds 

Example 1-8. In Example 1-7, if the time 
required to hoist the fan to the roof of the 
building is 5 minutes, how much horsepower 
is required? 

Solution. Total work done 
Time required to do the 

·work 

Horsepower required 

= 63,000 ft-lb 

= 5 min 
63,000 

33,000 X 5 
= 0.382 hp 

I-ll. Energy. In order to do work or to 
cause motion of any kind, energy is required. 
A body is said to possess energy when it has 
the capacity for doing work. Hence, energy is 
described as the ability to do work. The 
amount of energy required to do a given amount 
of work is always equal to the amount of work 
done and the amount of energy a body possesses 
is equal to the amount of work a body can do 
jn passing from one condition or position to 
another. 

Energy may be possessed by a body in either 
or both of two basic kinds: (1) kinetic and (2) 
potential. 
1-13. Klneti~ Energy. Kinetic energy is the 
energy a body possesses as a result of its motion 
or velocity. For instance, a hammer swinging 
through an arc, a bullet speeding toward !l 
target, and the moving parts of machinery all 
have kinetic energy by virtue of their motion. 
The amount of kinetic energy a body possesses 
is a function of its mass and its velocity and may 
be determined by the following equation: 

Mxvt 
K = (1-7) 

2g 
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whereK = the kinetic energy in foot-pounds 
M = the weight of the body in pounds 
V =the velocity in feet per second (fps) 
g = gravitational constant (32.174 ft/secW) 

Example 1-9. An automobile weighing 
3500 lb is moving at the rate of 30 mph. What 
is its kinetic energy? 

. Solution. Velocity 5280 ft/mi x 30 mi 
in fps V 3600 sec/hr 

= 44fps 
Applying Equa

tion 1-7, the kinetic 
energy K 

3500 lb X (44 fps)l 
2 X 32.174 ft/secl 

"" 105,302 ft-lb 

1-14. Potential Energy. Potential energy is 
the energy a body possesses because of its 
position or configuration. The amount of work 
a body can do in passing from a given position 
or condition to some reference position or 
condition is a measure of the body's potential 
energy. For example, the driving head of a pile
driver has potential energy of position when 
raised to some distance above the ·top of a 
piling. H released, the driving head can do the 
work of driving the piling. A compressed steel 
spring or a stretched rubber band possesses 
potential energy of configuration. Both the 
steel spring and the rubber band have the 
ability to do work because of their tendency to 
return to their normal condition. 

The potential energy of a body may be evalu
ated by the following equation: 

P=MxZ (1-8) 

where P = the potential energy in foot-pounds 
M = the weight of the body in pounds 
Z = the vertical distance above some 

datum or reference 

Example 1-10. Ten thousand gallons of 
water are stored in a tank located 250ft above 
the ground. Determine the potential energy of 
the water in relation to the ground. 

Solution. The 
weight of the 
water in pounds 
M 

Applying 
Equation 1-8, 
the potential 
energy P 

10,000 gal X 8.33lb/gaJ 
= 83,300 lb 

83,300 lb X 250 ft 
- 20,825,000 ft..;Jb 
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1·15. EnerJY as Stored Work. Before a 
body can possess energy, work must be done on 
the body. The work which is done on a body 
to give the body its motion, position, or con
figuration is stored in the body as energy. 
Hence, energy is stored work. For instance, 
work must be done to stretch the rubber band, to 
compress the steel spring, or to raise the driving 
head of a pile-driver to a position above the 
piling. In any case, the potential energy stored 
is equal to the work done. 

The amount of energy a body possesses can be 
ascertained by determining the amount of work 
done on the body to give the body its motion, 
position, or configuration. For example, assume 
that the driving head of a pile-driver weighing 
200 lb is raised to a position 6 ft above the top 
of a piling. The work done in raising the driving 
head is 1200 ft-lb (200 lb x 6 ft). Therefore, 
1200 ft-lb of energy are stored in the driving
head in its r~ position and, when released, 
neglecting friction, the driving-head will do 
1200 ft-lb of work on the piling. 
1·16. Total External EnerJY. The total 
external energy of a body is the sum of its 
kinetic and potential energies. 

Example I-ll. Determine the total external 
energy of an airplane weighing 10,000 lb and 
flying 6000 ft above the ground at a speed of 
300mph. 

S(Jiution. Apply-
ing Equation 1-7, 
the kinetic energy 
K 

Applying 
Equation 1-8, the 
potential energy P 

Adding, the 
total external 

10,000 lb X (440 fps)1 

2 X 32.174 ft/secl 
== 30,086,436 ft-lb 

10,000 lb X 6000 ft 
- 60,000,000 ft-lb 

energy == 90,086,436 ft-lb 

1·17. Law of Conservation of EneriJ. The 
First Law of Thermodynamics states in effect 
that the amount of energy is constant. None 
can be either created or destroyed. Energy is 
expended only in the sense that it is converted 
from one form to another. 
1-18. Forms of EnerJY. All energy can be 
classified as being of either of the two basic 
kinds, kinetic or potential. However, energy 
may appear in any one of a number of different 
forms, such as mechanical energy, electrical 

energy, chemical energy, heat energy, etc., and 
is readily converted from one form to another. 
Electrical energy, for instance, is converted into 
heat energy in an electric toaster, heater, or 
range. Electrical energy is converted into 
mechanical energy in electric motors, solenoids, 
and other electrically operated mechanical 
devices. Mechanical energy, chemical energy, 
and heat energy are converted into electrical 
energy in the generator, battery, and thermo
couple, respectively. Chemical energy is con· 
verted into heat energy in chemical reactions 
such as combustion and oxidation. These are 
only a few of the countless ways in which the 
transformation of energy can and does occur. 
There are many fundamental relationships 
which exist between the various forms of energy 
and their transformation, some of which are of 
particular importance in the study of refrigera
tion and are discussed in detail later. 

PROBLEMS 

I. The cooling tower on the roof of a building 
weighs 1360 lb when filled with water. If the 
basin of the tower measures 4 ft by S ft, what 
is the pressure exerted on the roof 

(a) in pounds per square foot? Ans. 68 psf. 
(b) in pounds per square inch? 

Ans. 0.412 psi. 
2. If the atmospheric pressure is normal at sea 
level and a gage on an R-12 condenser reads 
130 psi, what is the absolute pressure of the 
Freon in the condenser in pounds per square 
inch? Ans. 144.7 psia. 
3. Whaf is the total force exerted on the top- of 
a piston if the area of the cylinder bore is S 
sq in. and the pressure of the gas in the cylinder 
is 159 psi? Ans. 150 lb. 
4. A barometer reads 10 in. Hg. What is the 
atmospheric pressure in psi? Ans. 4.91 psi. 
S. A barometer on the wall reads 29.6 in. Hg 
while a gage on the tank of an air compressor 
indicates lOS psi. What is the absolute pressure 
of the air in the tank in pounds per square foot? 

Ans. 119.53 psia. 
6. A gage on the suction inlet of a compressor 
reads 10 in. Hg. Determine the absolute pres
sure of the suction vapor in psi. Ans. 9. 79 psia. 
7. A gage on the suction side of a refrigeration 
compressor reads S in. Hg. If a gage on the 
discharge side of the compressor reads 122 psi, 
what is the increase in pressure during the 
compression? Ans. 124.46 psi. 



8. An electric motor weighing 236 lb is hoisted 
to the roof of a building in 2 min. If the roof 
is 125 ft above the ground, 

(a) How much work is done 7 
Ans. 29,500 ft-lb 

(b) Neglecting friction and other losses, what 
is the horsepower required 7 

Ans. 0.441 hp 
9. Compute the kinetic energy of an automobile 
weighing 3000 lb and moving at a speed of 
15 mph. Ans. 567,188 ft-lb 
10. What is the total external energy of the 
automobile in Problem 9 if the automobile is 
traveling along a highway 6000 ft above 
sea level? Ans. 18,000,000 ft-lb 
11. What is the total potential energy of 8000 
gal of water confined in a tank and located 
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a mean distance of 135 ft above the 
ground 7 Ans. 8,996,400 ft-lb 
12. Water in a river 800 ft above sea level is 
flowing at the rate of 5 mph. Calculate the sum 
of the kinetic and potential energies per pound 
of water in reference to sea level. 

Ans. 800.84 ft-lb 
13. A water pump delivers 60 gal per minute 
of water to a water tank located 100ft above 
the level of the pump. If water weighs 8.33 lb 
per gallon and if the friction of the pipe and 
other losses are neglected, 

(a) How much work is done? 
Ans. 49,980 ft-lb 

(b) Compute the horsepower required. 
Ans. 1.5 hp. 



--- -------

2 
Matter, Internal 
Energy, Heat, 
Temperature 

1-1. H•t. Heat is a form of energy. This 
is evident from the fact that heat can be con
verted into other forms of energy and that other 
forms of energy can be converted into heat. 
However, there is some confusion as to exactly 
what energy shall be termed heat energy. 
Popular usage has made the concept of heat as 
internal or molecular energy almost universally 
accepted. Because of this, referring to heat as 
internal energy is almost unavoidable at times. 
On the other hand, from a strictly thermo
dynamic point of view, heat is defined as energy 
in transition from one body to another as a 
result of a difference in temperature between the 
two bodies. Under this concept, all other 
energy transfers occur as work. Both these 
concepts of heat will evolve in this and the 
following chapters. The term heat will be used 
hereafter in this book in either sense. 
1-:Z.. Matter and Molecules. Everything in 
the universe that has weight or occupies space, 
all matter, is composed of molecules. Mole
cules, in turn, are made up of smaller particles 
called atoms and atoms are composed of still 
smaller particles known as electrons, protons, 
neutrons, etc. The study of atoms and sub
atomic particles is beyond the scope of this 
book and the discussion will be limited for the 
most part to the study of molecules and their 
behavior. 

10 

The molecule is the smallest, stable particle 
of matter into which a particular substance can 
be subdivided and still retain the identity of 
the original substance. For example, a grain 
of table salt (NaCI) may be broken down into 
individual molecules and each molecule will 
be a molecule of salt, the original substance. 
However, all molecules are made up of atoms, 
so that it is possible to further subdivide a 
molecule of salt into its component atoms. But, 
a molecule of salt is made up of one atom of 
sodium and one atom of chlorine. Hence, if a 
molecule of salt is divided into its atoms, the 
atoms will not be atoms of salt, the original 
substance, but atoms of two entirely different 
substances, one of sodium and one of chlorine. 

There are some substances whose molecules 
are made up of only one kind of atoms. The 
molecule of oxygen (02), for instance, is 
composed of two atoms of oxygen. If a mole
cule of oxygen is divided into its two component 
atoms, each atom will be an atom of oxygen, 
the original substance, but the atoms of oxygen 
will not be stable in this condition. They will 
not remain as free and separate atoms of oxygen, 
but, if permitted, will either join with atoms or 
molecules of another substance to form a new 
compound or rejoin each other to form again a 
molecule of oxygen. 

It is assumed that the molecules that make up 
a substance are held together by forces of 
mutual attraction known as cohesion. These 
forces of attraction that the molecules have for 
each other may be likened to the attraction that 
exists between unlike electrical charges or 
between unlike magnetic poles. However, 
despite the mutual attraction that exists between 
the molecules and the resulting influence that 
each molecule has upon the others, the mole
cules are not tightly packed together. There is a 
certain amount of space between them and they 
are relatively free to move about. The mole
cules are further assumed to be in a state of 
rapid and constant vibration or motion, the 
rate and extent of the vibration or movement 
being determined by the amount of energy 
they possess. 
1-3. Internal Energy. It has been pre
viously stated that energy is required to do work 
or to cause motion of any kind. Molecules, 
like everything else, can move about only if they 
possess energy. Hence, a body has internal 
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energy as well as external energy. Whereas 
a body has external mechanical energy because 
of its velocity, position, or configuration in 
relation to some reference condition, it also has 
internal energy as a result of the velocity, 
position, and configuration of the molecules of 
the materials which make up the body. 

The molecules of any material may possess 
energy in both kinds, kinetic and potential. 
The total internal energy of a material is the 
sum of its internal kinetic and potential energies. 
This relationship is shown by the equation 

U = K +P (2-1) 

where U = the total internal energy 
K = the internal kinetic energy 
P = the internal potential energy 

1-4. Internal Kinetic Energy. Internal kinetic 
energy is the energy of molecular motion or 
velocity. When heat energy flowing into a 
material increases the internal kinetic energy, 
the velocity or motion of the molecules is 
increased. The increase in molecular velocity is 
always accompanied by an increase in the 
temperature of the material. Hence, a material's 
temperature is, in a sense, a measure of the 
average velocity of the molecules which make 
up the material. The more kinetic energy the 
molecules have, the greater is their movement 
and the faster they move. The more rapid the 
motion of the molecules, the hotter is the 
material and the more internal kinetic energy 
the material has. It follows, then, that if the 
internal kinetic energy of the material is di
minished by the removal of heat, the motion of 
the molecules will be slowed down or retarded 
and the temperature of the material will be 
decreased. · 

According to the kinetic theory if the removal 
of heat continues until the internal kinetic 
energy of the material is reduced to zero, the 
temperature of the material will drop to Abso
lute Zero (approximately -460• F) and the 
motion of the molecules will cease entirely. • 

• It is now known that the energy is not zero at 
Absolute Zero. It is the disorganization (entropy) 
which diminishes to zero. Heat is sometimes 
defined as "disorganized energy." Both the energy 
and the disorganization decrease as the temperature 
decreases. However, the disorganization decreases 
faster than the energy and therefore diminishes 
to zero before the energy reaches zero. 

1-5. States of Matter. Matter can exist in 
three different phases or states of aggregation: 
solid, liquid, or a vapor or gas. For example, 
water is a liquid, but this same substance can 
exist as ice, which is a solid, or as steam, which 
is a vapor or gas. 
1-6. The Effect of Heat on the State of 
Agregatlon. Many materials, under the 
proper conditions of pressure and temperature, 
can exist in any and all of the three physical 
states of matter. It will be shown presently 
that the amount of energy the molecules of the 
material have determines not only the tem
perature of the material but also which of the 
three physical states the material will assume at 
any particular time. In other words, the addi
tion or removal of heat can bring about a change 
in the physical state of the material as well as a 
change in its temperature. 

That heat can bring about a change in the 
physical state of a material is evident from the 
fact that many materials, such as metals will 
become molten when sufficient heat is applied. 
Furthermore, the phenomenon of melting ice 
and boiling water is familiar to everyone. Each 
of these changes in the physical state is brought 
about by the addition of heat. 
1-7. Internal Potential EneriY• Internal 
potential energy is the energy of molecular 
separation or configuration .. It is the energy the 
molecules have as a result of their position in 
relation to one another. The greater the degree 
of molecular separation, the greater is the inter
nal potential energy. 

When a material expands or changes its 
physical state with the addition of energy, a 
rearrangement of the molecuies takes place 
which increases the distance between them. 
Inasmuch as the molecules are attracted to one 
another by forces which tend to pull them to
gether, internal work must be done in order to 
separate further the molecules against their 
attractive forces. An amount of energy equal to 
the amount of internal work done must flow 
into the material: This energy is set up in the 
material as an increase in the internal potential 
energy. It is "stored" energy which is 
accounted for by the increase in the mean dis
tance between the molecules. The source of 
this energy is the heat energy supplied. 

It is important to understand that in this 
instance the energy flowing into the material 
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has no effect on molecular velocity (internal 
kinetic energy); only the degree of molecular 
separation (the internal potential energy) is 
affected. 
l-8. The Solid State. A material in the solid 
state has a relatively small amount of internal 
potential energy. The molecules of the material 
are rather closely bound together by each other's 
attractive forces and by the force of gravity. 
Hence, a material in the solid state has a rather 
rigid molecular structure in which the position 
of each molecule is more or less fixed and the 
motion of the molecules is limited to a vibratory 
type of movement which, depending upon the 
amount of internal kinetic energy the molecules 
possess, may be either slow or rapid. 

Because of its rigid molecular structure, a 
solid tends to retain both its size and its shape. 
A solid is not compressible and will offer 
considerable resistance to any effort to change 
its shape. 
l-9. The Liquid State. The molecules of a 
material in the liquid state have more energy 
than those of a material in the solid state and 
they are not so c}osely bound together. Their 
greater energy allows them to overcome each 
other's attractive forces to some extent and to 
have more freedom to move about. They are 
free to move over and about one another in 
such a way that the material is said to "flow." 
Although a liquid is noncompressible and will 
retain its size, because of its fluid molecular 
structure, it will not retain its shape, but 
will assume the shape of any containing 
vessel. 
1·10. The Vapor or Gaseous State. The 
molecules of a material in the gaseous state have 
an even greater amount of energy than those 
of a material in the liquid state. They have 
sufficient energy to overcome all restraining 
forces. They are no longer bound by each 
other's attractive forces, neither are they bound 
by the force of gravity. Consequently, they 
fly about at high velocities, continually collid
ing with each other and with the walls of the 
container. For this reason, a gas will retain 
neither its size nor its shape. It is readily com
pressible and will completely fill any container 
regardless of size. Further, if the gas is not 
stored in a sealed container, it will escape from 
the container and be diffused into the surround
ing air. 

l-11. Temperature. Temperature is a prop
erty of matter. It is a measure of the level of 
heat intensity or the thermal pressure of a body. 
A high temperature indicates a high level of heat 
intensity or thermal pressure, and the body is 
said to be hot. Likewise, a low temperature 
indicates a low level of heat intensity or thermal 
pressure and the body is said to be cold. 
1·11. Thermometers. The most frequently 
used instrument for measuring temperature is 
the thermometer. The operation of most ther
mometers depends upon the property of a liquid 
to expand or contract as its temperature is 
increased or decreased, respectively. Because 
of their low freezing temperatures and relatively 
constant coefficients of expansion, alcohol and 
mercury are the liquids most frequently used in 
thermometers. The mercury thermometer is the 
more accurate of the two because its coefficient 
of expansion is more constant through a greater 
temperature range than is that of alcohol. 
However, mercury thermometers have the dis
advantage of being more expensive and more 
difficult to read. Alcohol is cheaper and can be 
colored for easy visibility. 

Two temperature scales are in common use 
today. The Fahrenheit scale is used in English 
speaking countries, whereas the Centigrade 
scale is widely used in European countries as 
well as for scientific purposes. 
l-13. Centigrade Scale. The point at which 
water freezes under atmospheric pressure is 
taken as the arbitrary zero point on the Centi
grade scale, and the point at which water boils 
is designated as tOO. The distance on the scale 
between these two points is divided into one 
hundred equal units called degrees, so that the 
distance between the freezing and boiling points 
of water on the Centigrade scale is too•. Water 
freezes at o• Centigrade and boils at too• Centi
grade. 
1·14. Fahrenheit Scale. Although there is 
some disagreement as to the actual method used 
by Fahrenheit in designing the first temperature 
scale, it was arrived at by means similar to those 
described in the previous section. On the 
Fahrenheit scale, the point at which water 
freezes is marked as 32, and the point at which 
water boils 212. Thus, there are 180 units 
between the freezing and boiling points of 
water. The zero or reference point on the 
Fahrenheit scale is placed 32 units or degrees 
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below the freezing point of water and is assumed 
to represent the lowest temperature Fahrenheit 
could achieve with a mixture of ammonium 
chloride and snow. 
l-15. Temperature Conversion. Temper
ature readings on one scale can be converted to 
reading on the other scale by using the appro
priate of the following equations: 

o F = 9W c + 32 (2-2) 

o c = 5/9e F - 32) (2-3) 

It should be noted that the difference between 
the freezing and boiling points of water on the 
Fahrenheit scale is 180°, whereas the difference 
between these two points on the Centigrade 
scale is only 100°. Therefore, 100 Centigrade 
degrees are equivalent to 180 Fahrenheit 
degrees. This establishes a relationship such 
that 1 o C equals 9W F (1.8° F) and 1 oF equals 
5/9° C (0.555° C). This is shown graphically 
in Fig. 2-1. Since oo on the Fahrenheit scale is 
32° F below the freezing point of water, it is 
necessary to add 32° F to the Fahrenheit equiva
lent after converting from Centigrade. Like
wise, it is necessary to subtract 3r F from a 
Fahrenheit reading before converting to Centi
grade. 

Example 2-1. Convert a temperature read
ing of 50° C to the equivalent Fahrenheit 
temperature. 

Solution. Applying 
Equation 2-2, o F 9/5(50° C) + 32 

= 12rF 

Example 2-l. A thermometer on the wall 
of a room reads 86° F. What is the room 
temperature in degrees Centigrade? 

Solution. Applying Formula 
2-3, the room temperature 
inoC 

5/9(86-32) 
= 30°C 

Example 2-3. A thermometer indicates 
that the temperature of a certain quantity of 
water is increased 45° F by the addition of 
heat. Compute the temperature rise in Centi
grade degrees. 

Solution. Temperature rise in o F 
=45°F 

Temperature rise in o C 5/9(45° F) 
= 25°C 

l-16. Absolute Temperature. Tempera
ture readings taken from either the Fahrenheit 

212• -1-=Bot:.::'l::.::in~g.!:.pot:.::'n:.:.:t-=o.;,_f w:.:..:a:.:.te::..r-+ 100• 

32
• Freezing point of water o• 

o· +-------+ -11.s• 
Scales coincide -40" -1-__:=:::....:==:__-+- -40" 

Absolute zero -460· ...J...._.:..:=:=:::....==-=----l.... -273" 

Fie. 2-1. Comparison of Fahrenheit and Centigrade 
temperature scales. 

or Centigrade scales are in respect to arbitrarily 
selected zero points which, as has been shown, 
are not even the same for the two scales. When 
it is desired to know only the change in tem
perature that occurs during a process or the 
temperature of a substance in relation to some 
known reference point, such readings are 
entirely adequate. However, when temperature 
readings are to be applied in equations dealing 
with certain fundamental laws, it is necessary 
to use temperature readings whose reference 
point is the true or absolute zero of tempera
ture. Experiment has indicated that such a 
point, known as Absolute Zero, exists at approxi
mately -460° F or -273 o C (Fig. 2-1). 

Temperature readings in reference to Abso
lute Zero are designated as absolute tempera
tures and may be in either Fahrenheit or 
Centigrade degrees. A temperature reading on 
the Fahrenheit scale can be converted to 
absolute temperature by adding 460° to the 
Fahrenheit reading. The resulting temperature 
is in degrees Rankine e R). 

Likewise, Centigrade temperatures can be 
converted to absolute temperatures by adding 
273 o to the Centigrade reading. The resulting 
temperature is stated in degrees Kelvin (" K). 
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In converting. to and from absolute tempera
tures, the following equations will apply: 

T=t+460 (2-4) 

(2-5) t==T-460 

T- t +213 

t=T-213 

(2-6) 

(2-7) 

where T ... absolute temperature in degrees 
Rankine or Kelvin 

t - temperature in degrees Fahrenheit 
or Centigrade 

Equations 2-4 and 2-5 apply to the Rankine and 
Fahrenheit scales, whereas Equations 2-6 and 
2-7 apply to the Kelvin and Centigrade scales. 
Hereafter in this book Rankine and Fahrenheit 
temperatures are used unless otherwise specified. 

Example 2..4. A thermometer on the tank 
of an air compressor indicates that the tempera
ture of the air in the tank is 95° F. Determine 
the absolute temperature in degrees Rankine. 

Solution. Applying 
Equation 2-4, T = 95° F + 460° 

= 555° R 

Example l-5. The temperature of the 
vapor entering the suction of a refrigeration 
compressor is -20° F. Compute the tempera
ture of the vapor in degrees Rankine. 

Solution. Applying 
Equation 2-4, T = -20° F + 460° 

= 440° R 

Example l-6. If the temperature of a gas 
is 100° C, what is its temperature in degrees 
Kelvin? 

Solution. Applying 
Equation 2-6, T = 100° C + 273° 

= 373o K 

Example l-7. The temperature of steam 
leaving a boiler is 610° R. What is the tempera
ture of the steam on the Fahrenheit scale? 

Solution. Applying 
Equation 2-5, t = 610° R - 460° 

= 150° F 

l-17. Direction and Rate of Heat Flow. 
Heat will flow from one body to another when, 
and only when, a difference in temperature 
exists between the two bodies. If the tempera-

ture of the two bodies is the same, there is no 
transfer of heat. 

Heat always flows down the temperature 
scale from a high temperature to a low tem
perature, from a hot body to a cold body, and 
never in the opposite direction. Since heat is 
energy and cannot be destroyed, if heat is to 
leave one body of material, it must flow into 
and be absorbed by another body of material 
whose temperature is below that of the body 
being cooled. 

The rate of heat transfer between two bodies 
is always directly proportional to the difference 
in temperature between the two bodies. 
l-18. Methods of Heat Transfer. The trans
fer of heat from one place to another occurs 
in three ways: (1) conduction, (2) convection, 
and (3) radiation. 
l-19. Conduction. Heat transfer by con
duction occurs when energy is transmitted by 
direct contact between the molecules of a single 
body or between the molecules of two or more 
bodies in good thermal contact with each other. 
In either case, the heated molecules communi
cate their energy to the other molecules im
mediately adjacent to them. The transfer of 
energy from molecule to molecule by conduction 
is similar to that which takes place between the 
balls on a billiard table, wherein all or some 
part of the energy of motion of one ball is trans
mitted at the moment of impact to the other 
balls that are struck. 

When one end of a metal rod is heated over a 
flame, some of the heat energy from the heated 
end of the rod will flow by conduction from 
molecule to molecule through the rod to the 
cooler end. As the molecules at the heated end 
of the rod absorb energy from the flame, their 
energy increases and they move faster and 
through a greater distance. The increased 
energy of the heated molecules causes them to 
strike against the molecules immediately ad
jacent to them. At the time of impact and 
because of it, the faster moving molecules trans
mit some of their energy to their slower moving 
neighbors so that they too begin to move more 
rapidly. In this manner, energy passes from 
molecule to molecule from the heated end of the 
rod to the cooler end. However, in no case 
would it be possible for the molecules furthest 
from the heat source to have more energy than 
those at the heated end. 
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As heat passes through the metal rod, the air 
immediately surrounding the rod is also heated 
by conduction. The rapidly vibrating particles 
of the heated rod strike against the molecules 
of the air which are in contact with the rod. 
The energy so imparted to the air molecules 
causes them to move about at a higher rate and 
communicate their energy to other nearby air 
molecules. Thus, some of the heat supplied to 
the metal rod is conducted to and carried away 
by the surrounding air. 

If the heat supply to the rod is interrupted, 
heat will continue to be carried away from the 
rod by the air surrounding until the tempera
ture of the rod drops to that of the air. When 
this occurs, there will be no temperature differ
ential, the system will be in equilibrium, and 
no heat will be transferred. 

The rate of heat transfer by conduction, as 
previously stated, is in direct proportion to the 
difference in temperature between the high and 
low temperature parts. However, all materials 
do not conduct heat at the same rate. Some 
materials, such as metals, conduct heat very 
readily, whereas others, such as glass, wood, and 
cork, offer considerable resistance to the con
duction of heat. Therefore, for any given tem
perature difference, the rate of heat flow by 
conduction through different materials of the 
same length and cross section will vary with the 
particular ability of the various materials. to 
conduct heat. The relative capacity of a material 
to conduct heat is known as its conductivity. 
Materials which are good conductors of heat 
have a high conductivity, whereas materials 
which are poor conductors. have a low con
ductivity and are used as heat insulators. 

In general, solids are better conductors of 
heat than liquids, and liquids are better con
ductors than gases. This is accounted for by 
the difference in the molecular structure. Since 
the mOlecules of a gas are widely separated, the 
transfer of heat by conduction, that is, from 
molecule to molecule, is difficult. 
l·lO. Convection. Heat transfer by con
vection occurs when heat moves from one place 
to another by means of currents which are set 
up within some fluid medium. These currents 
are known as convection currents and result 
from the change in density which is brought 
about by the expansion of the heated portion of 
the fluid. 

Cooler portions of water descend to 
replace the lighter portions that rise 

Fla.(e1t I 
Heat is conducted 
from flame to 
water through 
bottom of vessel 

Heated portions of water become 
lighter and rise toward surface, 
thereby distributing the heat 
throughout the entire mass 

Fl1.l-:Z. Convection currents set up in a vessel of 
water when the vessel is heated at bottom center. 

When any portion of a fluid is heated, it ex
pands and its volume per unit of weight 
increases. Thus, the heated portion becomes 
lighter, rises to the top, and is immediately 
replaced by a cooler, heavier portion of the 
fluid. For example, assume that a tank of 
water is heated on the bottom at the center 
(Fig. 2-2). The heat from the flame is conducted 
through the metal bottom of the tank to the 
water inside. As the water adjacent to the heat 
source absorbs heat, its temperature increases 
and it expands. The heated portion of the 
water, being lighter than the water surrounding, 
rises to the top and is replaced by cooler, more 
dense water pushing in from the sides. As this 
new portion of water becomes heated, it too 
rises to the top and is replaced by cooler water 
from the sides. As this sequence continues, the 
heat is distributed throughout the entire mass 
of the water by means of the convection currents 
established within the mallS. 

Warm air currents, such as those which occUr 
over stoves and other hot bodies, are familiar to 
everyone. How convection currents are utilized 
to carry heat to all parts of a heated space is 
illustrated in Fig. 2-3. 
:Z.ll. Radiation. Heat transfer by radiation 
occurs in the form of a wave motion similar to 
light waves wherein the energy is transmitted 
from one body to another without the need for 
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Fl1. l-3. Room heated by natural convection. 

intervening matter. Heat energy transmitted 
by wave motion is called radiant energy. 

It is assumed that the molecules of a body are 
in rapid vibration and that this vibration sets 
up a wave motion in the ether surrounding the 
body. • Thus, the internal molecular energy of 
the body is converted into radiant energy waves. 
When these energy waves are intercepted by 
another body of matter, they are absorbed by 
that body and are converted into its internal 
molecular energy. 

The earth receives heat from the sun by 
radiation. The energy of the sun's molecular 
vibration is imparted in the form of radiant 
energy waves to the ether of interstellar space sur· 
roundmg the sun. The energy waves travel across 
billions of miles of space and impress their 
energy upon the earth and upon any other 
material bodies which intercept their path. The 
radiant energy is absorbed and transformed 
into internal molecular energy, so that the 
vibratory motion of the hot body (the sun) is 
reproduced in the cooler body (the earth). 

All materials give off and absorb heat in the 
form of radiant energy. Any time the tempera
ture of a body is greater than that of its sur
roundings, it will give off more heat by radiation 
than it absorbs. Therefore, it loses energy to 
its surroundings and its internal energy de
creases. If the temperature of the body is below 
that of its surroundings, it absorbs more radiant 
energy than it loses and its internal energy 
increases. When no temperature difference 

• Ether is the name given to that which fills all 
space unoccupied by matter, such as interstellar 
space and the space between the molecules of every 
material. 

exists, the energy exchange is in equilibrium and 
the body neither gains nor loses energy. 

Heat transfer through a vacuum is impossible 
by either conduction or convection, since these 
processes by their very nature require that 
matter be the transmitting media. Radiant 
energy, on the other hand, is not dependent 
upon matter as a medium of transfer and there
fore can be transmitted through a vacuum. 
Furthermore, when radiant energy is transferred 
from a hot body to a cold body through some 
intervening media such as air the temperature of 
the intervening media is unaffected by the 
passage of the ,radiant energy. For example, 
heat is radiated from a "warm" wall to a "cold" 
wall through the intervening air without having 
any appreciable effect upon the temperature of 
the air. Since the molecules of the air are rela
tively few and widely separated, the waves of 
radiant energy can easily pass between them so 
that only a very small part of the radiant energy 
is intercepted and absorbed by the molecules of 
the air. By far the greater portion of the radiant 
energy impinges upon and is absoJ;bed by the 
solid wall whose molecular structure is much 
more compact and substantial. 

Heat waves are very similar to light waves, 
differing from them only in length and frequency. 
Light waves are radiant energy waves of such 
length as to be visible to the human eye. Thus, 
light waves are visible heat waves. Whether 
heat waves are visible or invisible depends upon 
the temperature of the radiating body. For 
example, when metal is heated to a sufficiently 
high temperature, it will "glow," that is, emit 
visible heat waves (light). 

When radiant energy waves, either visible or 
invisible, strike a material body, they may be 
reflected, refracted, or absorbed by it, or they 
may pass through it to some other substance 
beyond. 

The amount of radiant energy which will pass 
through a material depends upon the degree of 
transparency. A highly transparent material, 
such as clear glass or air, will allow most of the 
radiant energy to pass through to the materials 
beyond, whereas opaque materials, such as 
wood, metal, cork, etc., cannot be penetrated 
by radiant energy waves and none will pass 
through. 

The amount of radiant energy which is either 
reflected or absorbed by a material depends 
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upon the nature of the material's surface, that 
is, its texture and its color. Materials having. a 
light-colored, highly polished surface, such as a 
mirror, reflect a maximum of radiant energy, 
whereas materials having rough, dull, dark 
surfaces will absorb the maximum amount of 
radiant energy. 
1-n. British Thermal Unit. It has already 
been established that a thermometer measures 
only the intensity of heat and not the quantity. 
However, in working with heat it is often 
necessary to determine heat quantities. Obvi
ously, some unit of heat measure is required. 

Heat is a form of energy, and as such is 
intangible and cannot be measured directly. 
Heat can be measured only by measuring the 
effects it has on a material, such as the change in 
temperature, state, color, size, etc. 

The most universally used unit of heat measure 
is the British thermal unit, abbreviated Btu. A 
Btu is defined as the quantity of heat required to 
change the temperature of I lb of water 1 o F. 
This quantity of heat, if added to 1 lb of water, 
will raise the temperature of the water 1 o F. 
Likewise, if 1 Btu is removed from 1 lb of water, 
the temperature of the water will be lowered 
1° F. 

The quantity of heat required to change the 
temperature of 1 lb of water 1 o F is not a con
stant amount. It varies slightly with the tem
perature range at which the change occurs. For 
this reason, a Btu is more accurately defined as 
being 1/180th of the quantity of heat required to 
raise the temperature of 1 lb of water from the 
freezing point (32° F) to the boiling point 
(21r F). This is identified as the "mean Btu" 
and is the exact amount of heat required to raise 
the temperature of 1 lb of water from 62 to 
63° F. If the change in temperature occurs at 
any other point on the temperature scale, the 
amount of heat involved is either more or less 
than the mean Btu, depending upon the par
ticular point on the temperature scale that the 
change takes place. However, the variation 
from the mean Btu is so slight that it may be 
neglected and, regardless of the temperature 
range, for all practical purposes it is sufficiently 
accurate to assume that the temperature of 1 lb 
of water is changed 1 o F by the addition or 
removal of 1 Btu. 
l-23. Specific Heat. The specific heat of a 
material is the quantity of heat required to 

change the temperature of 1 pound of the 
material I oF. For instance, the specific heat of 
aluminum is 0.226 Btu/lbrF, whereas that of 
brass is 0.089 Btu/IbrF. This means that 0.226 
Btu is required to raise the temperature of 1 
pound of aluminum 1 o F, whereas only 0.089 
Btu is necessary to change the temperature of 
1 pound of brass 1 o F. Note that by the defini
tion of the Btu the specific heat of water is 1 
Btu per pound per degree Fahrenheit. 

The specific heat of any material, like that of 
water, varies somewhat throughout the tem
perature scale. Here again, the variation is so 
slight that it is sufficiently accurate for most 
calculations to consider the specific heat to be 
a constant amount. This is not true, however, 
as the material passes through a change in 
physical state. The specific heat of a material 
in the solid state is approximately one-half that 
of the same ·material in the liquid state. For 
instance, the specific heat of ice is 0.5 Btu, 
whereas that of water is one. The specific heat 
values of materials in the gaseous state are dis
cussed in another chapter. 
1-24. Calculatin1 Heat Quantity. The 
quantity of heat which must be added to or 
removed from any given mass of ntaterial in 
order to bring about a specified change in its 
temperature can be computed by using the 
following equation: 

Q, == MC(t1 - tJ (2-8) 

where Q, == the quantity of heat either absorbed 
or rejected by the material 

M = the weight of the material in 
pounds 

C ... the specific heat of the material 
11 = the initial temperature 
t1 =the final temperature 

Example 1-8. Twenty pounds of water at 
an initial temperature of 76° F are heated until 
the temperature is increased to 180° F. How 
much heat must be supplied? 

Solution. 
Applying Q, = 20 lb X 1 X (180 - 76) 
Equation 2-8, = 2080 Btu 

Example l-9. If water weighs 8.33 lb per 
gallon, how much heat is rejected by 30 gal of 
water in cooling from 80° F to 35° F? 
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Solution. 
Weight of 
water in 
pounds 

Applying 
Equation 2-8, 

30 gal X 8.33 lb/gal 
= 250 lb 

Q, = 250 lb X 1 X (35 - 80) 
= 250 lb X 1 X ( -45) 
= 11,250 Btu 

NOTE: Since the specific heat of a material is 
given in terms of Btu/lbr F, the weight of the 
material must be determined before Equation 
2-8 can be applied. 

Where t1 is less than Ito the answer obtained 
by applying Equation 2-8 will be negative, 
indicating that heat is rejected by rather than 
absorbed by the material. In this type of 
problem, where the direction of heat flow is 
obvious, the negative sign can be ignored and 
the answer assumed to be positive. 

Example l-10. Fifteen pounds of cast iron 
are cooled from 500° F to 250° F by being im
mersed in 3 gallons (25 lb) of water whose 
initial temperature is 78° F. Assuming that the 
specific heat of the cast iron is 0.101 Btu/lbr F 
and that all of the heat given up by the cast iron 
is absorbed by the water, what is the final 
temperature of the water? 

Solution. By 
applying Equation 
2-8 to compute the 
total quantity of heat Q, = 15 lb x 0.101 
given up by the cast x 250 
iron, = 378.75 Btu 

By rearranging and Q. 
applying Equation 2-8 1

2 = MC + 11 

to determine the final 
temperature of the = 378

· 
75 + 78° F 

25 X 1 water after absorbing 
the heat given up by = 15.15° + 78° F 
the cast iron, = 93 o F 

1-15. Heat Divided Into Two Kinds or 
Categories. It has been previously stated 
(Section 2-6) that heat has the ability to bring 
about a change in the physical state of a material 
as well as the ability to cause a change in its 
temperature. Heat is divided into two kinds or 
categories, depending upon which of these two 
effects it has on a material which either absorbs 
or rejects it. The division of heat into several 
classifications is made only to facilitate and 
simplify certain necessary calculations and does 
not stem from any difference in the nature of 
heat itself. 
1-2.6. Sensible Heat. When heat either ab
sorbed or rejected by a material causes or 

accompanies a change in the temperature of the 
material, the heat transferred is identified as 
sensible heat. The term sensible is applied to 
this particular heat because the change in tem
perature it causes can be detected with the sense 
of touch and can, of course, be measured with a 
thermometer. 
l-27. Latent Heat. When heat, either added 
to or rejected by a material, brings about or 
accompanies a change in the physical state of the 
material, the heat is known as latent heat. The 
name latent, a Latin word meaning hidden, is 
said to have been given to this special kind of 
heat by Dr. Joseph Black because it apparently 
disappeared into a material without having any 
effect on the temperature of the material. 

Many materials progressing up the tempera
ture scale will pass through two changes in the 
state of aggregation: first, from the solid to the 
liquid phase and then, as the temperature of 
the liquid is further increased to a certain level 
beyond which it cannot exist as a liquid, the 
liquid will change into the vapor state. When 
the change occurs in either direction between 
the solid and liquid phases, the heat involved is 
knoWn as the latent heat of fusion. When the 
change occurs between the liquid and vapor 
phases, the heat involved is the latent heat of 
vaporization. 
l-28. Sensible Heat of a Solid. To obtain a 
better understanding of the concept of molecular 
energy, consider the progressive effects of heat 
as it is taken in by a material whose initial 
thermodynamic condition is such that its energy 
content is zero. Assume that a solid in an open 
container is at a temperature of -460° F 
(Absolute Zero). Theoretically, at this tem
perature the molecules of the material have no 
energy and are completely at rest. 

When heat energy flows into the solid, the 
molecules.of the solid begin to move slowly and 
the temperature of the solid begins to climb. 
The more heat energy taken in by the solid, the 
faster the molecules vibrate and the warmer the 
solid becomes. The increase in molecular velo
city and in the temperature of the solid continues. 
as more heat is absorbed, until the solid reaches 
its melting or fusion temperature. The total 
quantity of heat energy required to bring the 
temperature of the solid from the original con
dition of Absolute Zero to the melting or fusion 
temperature is known as the sensible heat of the 
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solid. As previously shown, the quantity of heat 
which must be transferred in order to bring 
about a specified change in the temperature of 
any given mass of any material can be calculated 
by applying Equation 2-8. 
:Z..19. The Meltln1 or Fusion Temperature. 
Upon reaching the fusion temperature, the 
molecules of the solid are moving as rapidly as 
is possible within the rigid molecular structure 
of the solid state. It is not possible to increase 
further the motion of the molecules or the tem
perature of the solid bey.:>nd this point without 
first overcoming partially the forces of mutual 
attraction which exists between the molecules. 
Hence, the material cannot exist in the solid 
state at any temperature above its melting or 
fusion temperature. On reaching the fusion 
temperature, any additional heat absorbed by 
the material will cause some part of the solid 
to revert to the liquid phase. 

The exact temperature at which melting or 
fusion occurs varies with the different materials 
and with the pressure. For instance, at normal 
atmospheric pressure, the fusion temperature of 
lead is approximately 600° F, whereas copper 
melts at approximately 2000° F and ice at only 
3r F. In general, the melting temperature 
decreases as the pressure increases except for 
noncrystalline solids, whose melting tempera
tures increase as the pressure increases. 
1-30. Latent Heat of Fusion. When heat 
is absorbed by a solid at the fusion temperature, 
the molecules of the solid utilize the energy to 
overcome partially their attraction for one 
another. They break away from one another to 
some extent and become more widely sep.arated. 
As the molecules flow over and about one 
another, the material loses the rigidity of the 
solid state and becomes fluid. It can no longer 
support itself independently and will assume the 
shape of any containing vessel. 

The attraction which exists between the mole
cules of a solid is considerable and a relatively 
large quantity of energy is required to ove1=come 
that attraction. The quantity of heat required 
to melt one pound of a material from the solid 
phase into the liquid phase is called the latent 
heat of fusion. The latent heat of fusion, along 
with other values such as specific heat, fusion 
temperature, etc., for the different materials has 
been determined by experiment and may be 
found in various tables. 

It is important at this point to emphasize that 
the change of phase occurs in either direction at 
the fusion temperature, that is, the temperature 
at which the solid will melt into the liquid phase 
is the same as that at which the liquid will 
freeze into the solid phase. Further, the quan
tity of heat lhat must be rejected by a certain 
weight of liquid at the fusion temperature in 
order to freeze into the solid state is exactly 
equal to the amount of heat that must "be· ab
sorbed by the same weight ofthe solid in melting 
into the liquid state. 

None of the heat absorbed or rejected during 
the change of phase has any effect on molecular 
velocity. Therefore the temperature of the 
material remains constant during the phase 
change, and the temperature of the resulting 
liquid or solid is the same as the fusion tem
perature.• 

The quantity of heat that is absorbed by a 
given weight of a solid at the fusion temperature 
in melting into the liquid phase, or, conversely, 
the quantity of heat that is rejected by a given 
weight of liquid at the fusion temperature in 
freezing or solidifying, can be determined by 
applying the following equation: 

QL = M X hi! (2-9) 

where QL = the quantity of heat in Btu 
M = the mass or weight in pounds 
hit = the latent heat in Btu per pound 

Example 2-11. Calculate the quantity of 
heat required to melt 12 lb of ice at 3r F into 
water at 32° F. The latent heat of fusion of 
water under atmospheric pressure is 144 Btu 
per pound. 

Solution. Apply
ing Equation 2-9, the 
quantity of heat re
quired to melt 12 lb 
of ice 

12 lb x 144 Btu/lb 
= 1728 Btu 

NoTE. Since 121b of ice absorb 1728 Btu in 
melting into water, it follows that 121b of water 
at 32" F will reject 1728 Btu in returning to the 
solid state. 

• This applies with absolute accuracy only to 
crystalline solids. Noncrystalline solids, such as 
glass, have indefinite fusion temperatures. That 
is, the temperature will vary during the change of 
phase. However, for the purpose of calculating heat 
quantities, the temperature is assumed to remain 
constant during the phase change. 
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Example 2-ll. If SO lb of ice at 32° F 
absorb 6000 Btu, what part of the ice will be 
melted? 

Solution. By rearranging 
and applying Equation 2-9, 
the part of the ice melted, M 

Q 
=hit 

6000Btu 
= 

144 Btu/lb 
== 41.66lb 

2-31. Sensible Heat of the Liquid. When a 
material passes from the solid to the liquid 
phase, the resulting liquid is at the fusion tem
perature. The temperature of the liquid may 
then be increased by the addition of heat. Any 
heat absorbed by a liquid after the change of 
state is set up in the liquid as an increase in the 
internal kinetic energy. Mo~lar velocity 
increases and the temperature of the liquid rises. 
But here again, as in the case of the solid, the 
temperature of the liquid eventually reaches a 
point beyond which it cannot be further in
creased. A liquid cannot exist as a liquid at any 
temperature above its vaporizing temperature 
for a given pressure and, upon reaching the 
vaporizing temperature, if additional heat is 
taken in by the liquid, some part of the liquid 
will change to the vapor phase. 

The total quantity of heat taken in by a liquid 
as its temperature is increased from the fusion 
to the vaporizing temperature is called the 
sensible heat of the liquid. Here again, Equation 
2-8, sometimes known as the "sensible heat 
equation," can be applied to determine the 
quantity of heat necessary to change the tem
perature of any given weight of liquid through 
any specified temperature range. 
2·32. Saturation Temperature. The tem· 
perature at which a liquid will change into the 
vapor phase is called the saturation temperature, 
sometimes referred to as the "boiling point" 
or "boiling temperature." A liquid whose tem
perature has been. raised to the saturation tem
perature is called a saturated liquid. 

The saturation temperature, that is, the tem• 
perature at which vaporization occurs, is 
different for each liquid. Iron, for example, 
vaporizes at 4450° F, copper at 4250° F, and 
lead 3000° F. Water, of course, boils at 212" F, 
and alcohol at 170° F. Some liquids boil at 
extremely low temperatures. A few of these 
are ammonia, oxygen, and h_elium, which boil 
at temperatures of -28° F, -295° F, and 
-452° F, respectively. 

l-33. Lateqt Heat of Vaporization. Any 
heat taken in by a liquid after the liquid reaches 
the saturation temperature is utilized to increase 
the degree of molecular separation (increases the 
internal potential energy) and the substance 
changes from the iiquid to the vapor phase. • 
There is no increase in molecular velocity and, 
therefore, no change in the ·internal kinetic 
energy during the change in phase. Hence, 
the temperature remains constant during the 
phase change and the vapor which results is at 
the vaporizing temperature. 

As the material changes state from a liquid 
to a vapor, the molecules of the material acquire 
sufficient energy to overcome all restraining 
forces, including the force of gravity. The 
amount of energy req~ to do the internal 
work necessary to overcome these restraining 
forces is very great. For this reason, the capacity 
of a material to absorb heat while undergoing 
a change from the liquid to the vapor phase is 
enormous, many times greater even than its 
capacity to absorb heat in changing from the 
solid to the liquid phase. 

The quantity of heat which 1 lb of a liquid 
absorbs while changing into the vapor state is 
known as the Iaten( heat of vaporization. The 
latent heat of vaporization, like the saturation 
temperature, is different for each material. It 
will be shown later that both the latent heat 
value and the saturation temperature of any 
particular liquid vary with the pressure over the 
liquid. When the pressure increases, the satur
ation temperature increases and the latent heat 
value decreases. 

The quantity of heat required to vaporize any 
given weight of liquid at the saturation tem
perature is calculated by the following equation: 

QL = M X hta (2-10) 

where QL ==the quantity of heat in Btu 
M = the mass or weight -in pounds 
h1u == the latent heat of vaporization in 

Btu/lb 

Example l-13. If the latent heat of vapori
zation of water is 970 Btu per pound, how 

• Some of the energy added to the material leaves 
the material as external work and has no effect on 
the internal energy of the material. When the 
pressure is constant, the amount of external work 
done is proportional to the change in volume. 
External work is discussed in detail later. 
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much heat is requited to vaporize 3 gal of water 
at the saturation temperature of 21r F? 

Solution. Total 
weight of water M 

3 gal x 8.33 lb/gal 
= 25lb 

Applying Equation 
2-10, QL 

25 lb X 970 Btu/lb 
= 24,250 Btu 

Example 2-14. One gallon of water at 
200° Fin an open container absorbs 1200 Btu. 
How much water is vaporized? 

Solution. Since the saturation temperature 
of water at atmospheric pressure is ~12o F, t~e 
entire mass of the water must be raised to this 
temperature before any water will vaporize 

Weight of 1 gal of water = 8.33 lb 
Applying Equation 2-8, 

the heat required to raise 
the temperature of the 
water from 200° F to 
212° F, Q. 

Heat available to vapor
ize some portion of the 
water 

Rearranging and apply
ing Equation 2-10, the 
weight of water vaporized, 
M 

8.33 Jb X 1 
X 12° 

= 100Btu 

1200- 100 
= 1100 Btu 

1100 
970 

= 1.135 lb or 
0.136 gal 

Example 2-15. If 5000 Btu are removed 
from 8 lb of saturated steam at atmospheric 
pressure, how much of the steam will condense 
into water? 

Solution. By rearrang
ing and applying Equation 
2-10, 

5000 Btu 
M = 970 Btu/lb 

= 5.15lb 

1-34. Superheat-the Sensible Heat of a 
Vapor. Once a liquid has been vaporized, 
the temperature of the resulting vapor can be 
further increased by the addition of heat. The 
heat added to a vapor after vaporization is the 
sensible heat of the vapor, more commonly 
called superheat. When the temperature of a 
vapor has been so increased above the satur
ation temperature, the vapor is said to be 
superheated and is called a superheated vapor. 
Superheated vapors are discussed at length in 
another chapter. 
2-35. Total Heat. The total heat of a 

material at any particular condition is the sum 
total of all the sensible and latent heat required 
to bring it to that condition from an initial 
condition of Absolute Zero.* 

Example 2-16. Compute the total heat 
content of 1 lb of steam at 212° F. 

Solution. The total heat of 1 lb of saturated 
steam is the sum of the following heat quantities: 
(a) To raise the temperature of 1 lb of ice from 

-460° F to 32° F, 
applying Equation 
2-8, 

Q8 = 1 X 0.5 X 

[32 - ( -4~)] 
= 1 X 0.5 X 492 
= 246 Btu 

(~) To melt 1 lb of ice at 32° F into water at 
3rF, 
applying Equation 2-9, QL =I X 144 

= 144 Btu 

(c) To increase temperature of water from 32° F 
to 212° F, 
applying Equation 
2-8, 

Q8 = 1 X 1 X 

(212 - 32) 
= 1 X 1 X 180 
= 180 Btu 

(d) To vaporize 1 lb of water, 
applying Equation 2-10, 

(e) Summation: 
Sensible heat of the solid 
Latent heat of fusion 
Sensible heat of the liquid 
Latent heat of vaporization 
Total heat of 1 lb 
of steam 

QL = 1 X 970 
= 970 Btu 

246 Btu 
144 Btu 

= 180 Btu 
970 Btu 

= 1540 Btu 

Through the use of a temperature-heat 
diagram, the solution to Example 2-15 is shown 
graphically in Fig. 2-4. 

1·36. Mechanical Energy Equivalent. 
Normally the external energy of a body is ex
pressed in mechanical energy units (work), 
whereas the internal energy of a body is ex
pressed in heat energy units. 

The fact that internal energy is usually ex
pressed in heat energy units gives rise to the 
definition of heat as molecular or internal energy. 
As previously stated, from a thermodynamic 

* The total heat of a material is commonly known 
as "enthalpy," and is computed from some 
arbitrarily selected zero point rather than from 
Absolute Zero. See Section 4-18. 
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point of view energy is heat energy only when 
it is in transition from one body to another 
because of a difference in temperature between 
the two bodies. Once the energy flows into a 
body it becomes "stored" thermal energy. 
Hence, thermodynamically speaking, internal 
energy is not heat but thermal energy in storage. 

Not all the heat energy flowing into a body is 
stored in the body as internal energy. In many 
instances, some or all of the energy flowing into 
the body passes through or leaves the body as 
work (mechanical energy). This is made clear 
in another section. 

Furthermore, up to this point it has been 
assumed that the internal energy of a body is 
increased only by the addition of heat energy 
directly, as from a flame or some other heat 
source. However, this is not the case. The 
internal or molecular energy of a body may also 
be increased when work is done on the body. 
That is, the mechanical energy of the work done 
on a body may be converted to the internal 
energy of the body. For example, the head of a 
nail struck by a hammer will become warm as a 

part of the mechanical energy of the hammer 
blow is converted to the internal kinetic energy 
of the nail head. As the molecules of the metal 
that make up the nail head are jarred and agi
tated by the blow of the hammer, their motion 
or velocity is increased and the temperature of 
the nail head increases. If a wire is bent rapidly 
back and forth, the bent portion of the wire 
becomes hot because of the agitation of the 
molecules. Also, everyone is familiar with the 
increase in temperature which is brought about 
by the friction of two surfaces rubbing together. 

Often the external energy of a body is con
verted to internal energy and vice versa. For 
example, a bullet speeding toward a target has 
kinetic energy because of its mass and velocity. 
At the time of impact with the target, the bullet 
loses its velocity and a part of its kinetic energy 
is imparted to the molecules of both the bullet 
and the target so that the internal energy of 
each is increased. 

Since heat energy is often converted into 
mechanical energy (work) and vice versa, and 
since it is often desirable to express both the 
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internal and external energies of a body in 
terms of the same energy unit, a factor which 
can be used to convert from one energy unit 
to the other is useful. 

It has been determined by experiment that 
one Btu of heat energy is equivalent to 778 
ft-lb of mechanical energy, that is, one Btu is the 
amount of heat energy required to do 778 ft-lb 
of work. This quantity is known as the mecha
nical energy equivalent and is usually repro
setlted in equations by the symbol J. 

To convert energy in Btu into energy in 
foot-pounds, the energy in Btu is multiplied by 
778 and, to convert energy in foot-pounds to 
energy in Btu, the energy in foot-pounds is 
divided by 778. Expressed as equations, these 
relationships become 

and 

w 
Q=-y 

W=QxJ 

(2-11) 

(2-12) 

where Q = the quantity of heat energy in Btu 
W = mechanical energy or work in foot

pounds 
J = the mechanical energy equivalent 

of heat 

Example 1-17. Convert 36,000 ft-lb of 
mechanical energy into heat energy units. 

Solution. Applying Equa
tion 2-11, 

Q = 36,000 
778 

= 46.3 Btu 

Example 1-18. Express 12 Btu of heat 
energy as work in mechanical energy units. 

Solution. Applying 
Equation 2-12, 

W = 12 X 778 
== 9336 ft-lb 

PROBLEMS 

1. A Fahrenheit thermometer reads 85•. What 
is the temperature in degrees Centigrade? 

Ans. 29.44° C 
2. Convert 90• Centigrade to degrees Fahren
heit. Ans. 194• F 
3. The temperature of a gas is 40• F. What is 
its temperature on the Rankine scale? 

Ans. 5oo•R 
4. The temperature of the suction vapor enter
ing a refrigeration compressor is -20• F. What 
is the temperature of the vapor in degrees 
Rankine? Ans. 440• R 
5. Thirty gallons of water are heated from 75• F 
to 1so• F. Determine the quantity of heat 
required 1 Ans. 26,240 Btu 
6. In a certain industrial process, 5000 gal of 
water are cooled from 90• F to 55• F each h6ur. 
Determine the quantity of heat which must be 
removed each hour to produce the required 
cooling. Ans. 1,457,750 Btu 
7. Calculate the quantity of heat which must 
be removed from 60 gal of water in order to 
cool the water from 42• F and freeze it into 
ice at 32• F. Ans. 77,000 Btu 
8. If 12,120 Btu are added to 3 gal of water at 
200• F, what fraction of the water in pounds 
will be vaporized? Am. 9.4lb or 1.13 gal 
9. Twenty-five pounds of ice are placed in 
10 gal of water and allowed to melt. Assuming 
that there is no loss of heat to the surroundings, 
if the initial temperature of the water is so• F, 
to what temperature will the water be cooled 
by the melting of the ice? Ans. 35.7• 
10. A gas expanding in a cylinder does 25,000 
ft-lb of work on the piston. Determine the 
quantity of heat required to do the work. 

Ans. 32.13 Btu 
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Processes 

that, although the molecules of water are 
actually closer together in the solid state than 
they are in the liquid state, they are grouped 
together to form crystals. It is the relatively 
large spaces between the crystals of the solid, 
rather than any increase in the mean distance 
between the molecules, which accounts for the 
unusual increase in volume during solidification. 
This is true also for crystalline solids other than 
ice. 
3·1. Expansion of Solids and Liquids. When 
a solid or a liquid is heated so that its tempera
ture is increased, it will expand a given amount 
for each degree of temperature rise. As stated 
earlier, many temperature meas.uring devices 
are based upon this principle. The amount of 
expansion which a material experiences with 
each degree of temperature rise is known as its 
coefficient of expansion. The coefficient of 

3-1. The Effects of Heat on Volume. When expansion is different for every material, and 
either the velocity of the molecules or the degree moreover it will vary for any particular material 
of molecular separation is increased by the depending upon the temperature range in 
addition of heat, the mean distance between the which the change occurs. 
molecules is increased and the material expands Since solids and liquids are not readily com
so that a unit weight of the material occupies a pressible, if a solid or a liquid is restrained or 
greater volume. This effect is in strict accord- confined so that its volume is not allowed to 
ance with the theory of increased or decreased change normally with a change in temperature, 
molecular activity as described earlier. Hence, tremendous pressures are created within the 
when heat is added to or removed from an material itself and upon the restraining bodies, 
unconfined material in any of the three physical which is likely to cause buckling or rupturing 
states, it will expand 

1
0r contract, respectively. of either the material, the restraining bodies, or 

That is, its volume will increase or decrease with both. To provide for the normal expansion and 
the addition or removal of heat. contraction occurring with temperature changes, 

One of the few exceptions to this rule is water. expansion joints are built into highways, 
If water is cooled, its volume will decrease bridges, pipelines, etc. Likewise, liquid con
normally until the temperature of the water tainers are never completely filled. Space must 
drops to 39.2" F. At this point, water attains be allowed for the normal expansion. Other
its maximum density and, if further cooled, its wise the tremendous expansive forces generated 
volume wiii again increase. Furthermore, after by a temperature increase will cause the con
being cooled to 32" F, it will solidify and the taining vessel to rupture, sometimes with 
solidification will be accompanied by still explosive force. 
further expansion. In fact, 1 cu ft of water wiii 3-3. Specific Volume. The specific volume 
freeze into approximately 1.085 cu ft of ice. of a material is the volume occupied by a 1 lb 
This accounts for the tremendous expansive mass of the material. Each material has a 
force created during solidification which is different specific volume and, because of the 
sufficient to burst steel pipes or other restraining change in volume which accompanies a change 
vessels. in temperature, the specific volume of every 

The peculiar behavior of water as it solidifies material varies somewhat with the temperature 
appears to contradict the general laws govern- range. For instance, at 40• F, 1 lb of water has 
ing molecular activity as described previously. a specific volume of 0.01602 cu ft, whereas the 
However, this is not the case. The unusual volume occupied by 1 lb of water at 80" F is 
behavior of water is explained by the hypothesis 0.01608 cu ft. 

24 
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3-4. Density. The density of a material is the 
weight in pounds of 1 cu ft of the material. 
Density is the reciprocal of specific volume, that 
is, the specific volume divided into one. The 
density of any material, like specific volume, 
varies with the temperature, but in the opposite 
direction. For example, at 40° F, the density 
of water is 62.434lb per cubic foot (1/0.01602), 
whereas water at 80° F has a density of 62.20 
lb per cubic foot (1/0.01608). Since density and 
specific volume are reciprocals of each other, 
as one increases the other decreases. The 
density and/or the specific volume of many 
common materials can be found in various 
tables. 

The relationship between density and specific 
volume is given by the following equations: 

1 
p=-

v 
(3-1) 

1 
v =- (3-2) 

p 

V=Mxv (3-3) 

M= Vxp (3-4) 

where v = the specific volume in cubic feet per 
pound (cu ft/lb) 

p = the density in pounds per cubic foot 
(lb/cu ft) 

V = the total volume in cubic feet 
M = the total weight in pounds 

Example 3-1. If the specific volume of dry 
saturated steam at 212° F is 26.80 cu ft per 
pound, what is the density of the steam? 

Solution. Applying 
Equation 3-1, the density p 

1 
= 26.80 
= 0.0373 lb/cu ft 

Example 3-2. Th~ basin of a cooling tower, 
measuring S ft x 4ft x 1 ft, is filled with water. 
If the density of the water is 26.8 lb per cubic 
foot, what is the total weight of the water in the 
basin? 

Solution. The total volume V 

Applying Equation 3-4, the 
total weight of water M 

5ftx4ft 
X 1ft 

=20cuft 
20 X 26.8 

= S36lb 
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3-5. Pressure-Temperature-Volume Rela· 
tlonshlps of Gases. Because of its loose 
molecular structure, the change in the volume of 
a gas as the gas is heated or cooled is much 
greater than that which occurs in the case of a 
solid or a liquid. In the following sections, it 
will be shown that a gas may change its con
dition in a number of different ways and that 
certain laws have been formulated which govern 
the relationship between the pressure, temper
ature, and volume of the gas during these 
changes. It should be noted at the outset that 
in applying the fundamental gas laws it is 
always necessary to use absolute pressures and 
absolute temperatures in degrees Rankine. 
Further, in studying the following sections, it 
should be remembered that a gas always 
completely fills any container. 

The relationship between the pressure, 
temperature, and volume ~of a gas is more 
easily understood when considered through a 
series of processes in which the gas passes 
from some initial condition to some final con
dition in such a way that only two of these 
properties vary during any one process, whereas 
the third property remains unchanged or con
stant. 
3-6. Temperature-Volume Relationship at 
a Constant Pressure. If a gas is heated 
under such conditions that its pressure is kept 
constant, its volume will increase 1/492 of its 
volume at 32° F for each 1 o F increase in its 
temperature. Likewise, if a gas is cooled at a 
constant pressure, its volume will decrease 1/492 
of its volume at 32° F for each 1 o F decrease in 
its temperature. 

In order to better visualize a constant pressure 
change in condition, assume that a gas is con
fined in a cylinder equipped with a perfectly 
fitting, frictionless piston (Fig. 3-1a). The 
pressure of the gas is that which is exerted on the 
gas by the weight of the piston and by the weight 
of the atmosphere on top of the piston. Since 
the piston is free to move up or down in the 
cylinder, the gas is allowed to expand or con
tract, that is, to change its volume in such a way 
that the pressure of the gas remains constant. 
As the gas is heated, its temperature and volume 
increase and the piston moves• upward in the 
cylinder. As the gas is cooled, its temperature 
and volume decrease and the piston moves down
ward in the cylinder. In either case, the pressure 
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(a) 

Perfectly fitting 
frictionless 

piston 

Heat 
added 

(b) 

~ ~ ~ ~ 
Heat 

removed 

(c) 

Fie. 3-1. Constant pressure process. (a) Gas confined in a cylinder with a perfectly fitting, frictionless piston. 
(b) As gas is heated, both the temperature and the volume of the gas increase. The increase in volume Is 
exactly proportional to the Increase in absolute temperature. (c) As gas is cooled, both the temperature and 
the volume of the gas decrease. The decrease in volume is exactly proportional to the decrease in absolute 
temperature. 

of the gas remains the same or unchanged during 
the heating or cooling processes. 
l-7. Charles' Law for a Constant Pressure 
Process. Charles' law for a constant pressure 
process states in effect that, when the pressure 
of the gas remains constant, the volume of the 
gas varies directly with its absolute temperature. 
Thus, if the absolute temperature of a gas is 
doubled while its pressure is kept constant, its 
volume will also be doubled. Likewise, if the 
absolute temperature of a gas is reduced by 
one-half while the pressure is kept constant, its 
volume will also be reduced by one-half. This 
relationship is illustrated in Figs. 3-lb and 
3-lc. 

Charles' law for a constant pressure process 
written as an equation is as follows: When the 
pressure is kept constant, 

(3-5) 

where T1 = the initial temperature of the gas in 
degrees Rankine 

T2 = the final temperature of the gas in 
degrees Rankine 

vl = the initial volume of the gas in 
cubic feet 

V1 = the final volume of the gas in cubic 
feet 

When any three of the preceding values are 
known, the fourth may be calculated by applying 
Equation 3-5. 

Example l-l. A gas, whose initial tem
perature is 520° R and whose initial volume is 
5 cu ft, is allowed to expand at a constant 
pressure until its volume is 10 cu ft. Determine 
the final temperature of the gas in degrees 
Rankine. 

Solution. By rearranging and 
applying Equation 3-5, the final 
temperature of the gas T2 

=TtVs 
vl 

520 X 10 
5 

=l040°R 

Example l-4. A gas, having an initial 
temperature of so• F, is cooled at a constant 
pressure until its temperature is 40° F. If the 
initial volume of the gas is 8 cu ft, what is its 
final volume? 

Solution. Since the temperatures are given 
in degrees Fahrenheit, they must be converted 
to degrees Rankine before being substituted in 
Equation 3-5. 

By rearranging and apply
ing Equation 3-5, the final 
volume V1 

TaVt 
=7; 

500 X 8 
540 

= 7.4074 cu ft 



3-8. Pressure-Volume Relationship at a 
Constant Temperature. When the volume 
of a gas is increased or decreased under such 
conditions that the temperature of the gas does 
not change, the absolute pressure will vary 
inversely with the volume. Thus, when a gas is 
compressed (volume decreased) while its tem
perature remains unchanged, its absolute 
pressure will increase in proportion to the 
decrease in volume. Similarly, when a gas is 
expanded at a constant temperature, its abso
lute pressure will decrease in proportion to the 
increase in volume. This is a statement of 
Boyle's law for a constant temperature process 
and is illustrated in Figs. 3-2a, 3-2b, and 3-2c. 

It has been previously stated that the mole
cules of a gas are flying about at random and at 
high velocities and that the molecules of the 
gas frequently collide with one another and with 
the walls of the container. The pressure exerted 
by the gas is a manifestation of these molecular 
collisions. Billions and billions of gas mole
cules, traveling at high velocities, strike the 
walls of the container during each fraction of a 
second. It is this incessant molecular bombard
ment which produces the pressure that a gas 
exerts upon the walls of its container. The 
magnitude of the pressure exerted depends upon 
the force and frequency of the molecular im
pacts upon a given area. The greater the force 

Fil• 3-2. Consunt tempera-
ture process. (o) Initial condi
tion. (b) Consunt temperature 
expansion-volume change Is 
Inversely proportional to the 
change In absolute pressure. 
Heat must be added during 
expansion to keep tempera
ture consunt. (c) Consunt 
temperature compression
volume change is inversely 
proportional to the change in 
absolute pressure. Heat must 
be removed during com
pression to keep temperature 
consunt. 

(a} 
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and frequency of the impacts, the greater is the 
pressure. The number of molecules confined in 
a given space and their velocity will, of course, 
determine the force and the frequency of the 
impacts. That is, the greater the number of 
molecules (the greater the quantity of gas) and 
the higher the velocity of the molecules (the 
higher the temperature of the gas), the greater 
is the pressure. The force with which the mole
cules strike the container walls depends only 
upon the velocity of the molecules. The higher 
the velocity the greater is the force of impact. 
The greater the number of molecules in a given 
space and the higher the velocity the more often 
the molecules will strike the walls. 

When a gas is comp~ at a constant 
temperature, the velocity of the molecules re
mains unchanged. The increase in pressure 
which occurs is accounted for by the fact that the 
volume of the gas is diminished and a given 
number of gas molecules are confined in a smaller 
space so that the frequency of impact is greater. 
The reverse of this holds true, of course, when 
the gas is expanded at a constant temperature. 

Any thermodynamic process which occurs in 
such a way that the temperature of the working 
substance does not change during the process is 
called an isothermal (constant temperature) 
process. 

Boyle's law for a constant temperature process 

Heat added 

(b} 

n 
II 

Heat removed 

(c} 
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Fl1. 3-l. Constant volume process. (a) Initial condition. (b) The absolute pressure increases in direct 
proportion to the increue in absolute temperature. (c) The absolute pressure decreases in direct proportion 
to the decrease in absolute temperature. 

is represented by the following equation: if 
the temperature is constant, 

(3-6} 

where P 1 = the initial absolute pressure 
P8 =the final absolute pressure 
vl = the initial volume in cubic feet 
V2 = the final volume in cubic feet 

Example 3-5. Five pounds of air are ex
panded at a constant temperature from an 
initial volume of 5 cu ft to a final volume of 
10 cu ft. If the initial pressure of the air is 
20 psia, what is the final pressure in psia? 

Solution. By rearranging and 
applying Equation 3-6, the final 
pressure P8 

Pl x vl 
v. 

20 X 5 
=---ro 
= 10 psia 

Example 3-6. Four cubic feet of gas are 
allowed to expand at a constant temperature 
from an initial pressure of 1500 psfa to a final 
pressure of 900 psfa. Determine the final 
volume of the gas. 

Solution. By rearranging and 
applying Equation 3-6, the 
final volume V11 

PlVl 
= Pa 

1500 X 4 
900 

= 6.67 cu ft 

Example 3-7. A given weight of gas, whose 
initial volume is 10 cu ft, is compressed iso
thermally until its volume is 4 cu ft. If the 

initial pressure of the gas is 3000 psfa, determine 
the final pressure in psig. 

Solution. By rearranging 
and applying Equation 3-6, 
the final pressure P 1 

Dividing by 144 

Subtracting the atmos
pheric pressure 

PlVl 
= Va 

3000 X 10 
4 

= 7500 psfa 
7500 

=144 
= 52.08 psia 
= 52.08 - 14.7 
= 37.38 psig 

3-9. Pressure-Temperature Relationship 
at a Constant Volume. Assume that a gas 
is confined in a closed cylinder so that its 
volume cannot change as it is heated or cooled 
(Fig. 3-3a). When the temperature of a gas is 
increased by the addition of heat, the absolute 
pressure will increase in direct proportion to the 
increase in absolute temperature (Fig. 3-3b). 
If the gas is cooled, the absolute pressure of the 
gas will decrease in direct proportion to the 
decrease in absolute temperature (Fig. 3-3c). 

Whenever the temperature (velocity of the 
molecules) of a gas is increased while the volume 
of the gas (space in which the molecules are 
confined) remains the same, the magnitude of 
the pressure (the force and frequency of mole
cular impacts on the cylinder walls) increases. 
Likewise, when a gas is cooled at a constant 
volume, the force and frequency of molecular 
impingement on the walls of the container 



diminish and the pressure of the gas will be less 
than before. The reduction in the force and the 
frequency of molecular impacts is accounted 
for by the reduction in molecular velocity. 
3-10. Charles' Law for a Constant Volume 
Process. Charles' law states in effect that 
when a gas is heated or cooled under such con
ditions that the volume of the gas remains 
unchanged or constant, the absolute pressure 
varies directly with the absolute temperature .. 
Charles' law may be written as the following 
equation: when the volume is the same, 

(3-7) 

where T1 = the initial temperature in degrees 
Rankine 

T8 = the final temperature in degrees 
Rankine 

P 1 = the initial pressure in pounds per 
square inch absolute 

P2 =the final pressure in pounds per 
square inch absolute 

Example 3-8. A certain weight of gas con
fined in a tank has an initial temperature of 
80° F and an initial pressure of 30 psig. If the 
gas is heated until the final gage pressure is 
50 psi, what is the final temperature in degrees 
Fahrenheit? 

Solution. By rearrang
ing and applying Equa
tion 3-7, 

Converting Rankine to 
Fahrenheit 

T. _ T1 x P2 
a- ---p;--

(80 + 460) 
x(SO + 14.7) 
(30 + 14.7) 

= 782" R 
782-460 

fa= 322" F 

3-11. The General Gas Law. Combining 
Charles' and Boyle's laws produces the following 
equation: 

P1 V1 P2 V8 

Tl = Ta 
(3-8} 

Equation 3-8 is a statement that for any given 
weight of a gas, the product of the pressure in 
psfa and the volume i'l cubic feet divided by the 
absolute temperature 1n degrees Rankine will 
always be a constant. The constant, of course, 
will be different for different gases and, for any 
one gas, will vary with the weight of gas involved. 
However, if, for any one gas, the weight of 11b 
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is used, then V will become the specific volume 
v, and Equation 3-8 may be written: 

Pv 
-=R 
T 

where R = the gas constant 

(3-9} 

The gas constant R is different for each gas. 
The gas constant for most common gases can 
be found in tables. A few of these are given 
in Table 3-1. 

Multiplying both sides of Equation 3-9 by M 
produces 

PMv =MRT 
but since 

Mv= V 
then 

PV=MRT 

where P = the pressure in psfa 
V = the volume in ft3 

M = the mass in pounds 
R = the gas constant 
T = the temperature in o R 

(3-10) 

Equation 3-10 is known as the general gas law 
and is very useful in the solution of many 
problems involving gases. Since the value of R 
for most gases can be found in tables, if any three 
of the four properties, P, V, M, and T, are known, 
the fourth property can be determined by Equa
tion 3-10. Notice that the pressure must be in 
pounds per square foot absolute. 

Example 3-9. The tank of an air compres
sor has a volume of 5 cu ft and is filled with air 
at a temperature of 100° F. If a gage on the 
tank reads 151.1 psi, what is the weight of the 
air in the tank? 

Solution. From 
Table 3-1, R for air 

By rearranging 
and applying Equa
tion 3-10, the weight 
of air M 

= 53.3 
(151.1 + 14.7) 

X 144 X 5 
53.3 X (100 + 460) 
165.8 X 144 X 5 

53.3 X 560 
= 4lb 

Example 3-10. Two pounds of air have a 
volume of 3 cu ft. If the pressure of the air is 
135.3 psig, what is the temperature of the air in 
degrees Fahrenheit? 
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Solution. From 
Table 3-1, R for air 

By rearranging 
and applying Equa
tion 3-10, the tem
perature of the air 
in oR, 

Converting to 
Fahrenheit, 

= 53.3 

PV 
T= MR 

(135.3 + 14.7) 
X 144 X 3 

2 X 53.3 

150 X 144 X 3 
= 2 X 53.3 

= 607.9° R 

t = 607.9 -460 
= 147.9° F 

3-ll. External Work. Whenever a material 
undergoes a change in volume, work is done. If 
the volume of the material increases, work is done 
by the material. If the volume of the material 
decreases, work is done on the material. For 
example, consider a certain weight of gas con
fined in a cylinder equipped with a movable 
piston (Fig. 3-1a). As the gas is heated, its 
temperature increases and it expands, moving 
the piston upward in the cylinder against the 
pressure of the atmosphere. Work is done in 
that the weight of the piston is moved through a 
distance (Fig. 3-1 b). • The agency doing the work 
is the expanding gas. 

In order to do work, energy is required 
(Section 1-12). In Fig. 3-Jb, the energy required 
to do the work is supplied to the gas as the gas 
is heated by an external source. It is possible, 
however, for a gas to do external work without 
the addition of energy from an external source. 
In such cases, the gas does the work at the 
expense of its own energy. That is, as the gas 
e'tpands and does work, its internal kinetic energy 
(temperature) decreases in an amount equal to 
the amount of energy required to do the work. 

When a gas is compressed (its volume de
creased), a certain amount of work must be done 
on the gas in order to compress it. And, an 
amount of energy equal to the amount of work 
done will be imparted to the molecules of the 
gas during the compression. That is, the 
mechanical energy of the piston motion will be 
transformed into the internal kinetic energy of 
the gas (molecular motion) and, unless the gas is 
cooled during the compression, the temperature 
of the gas will increase in proportion to the 

• Some work is done, also, in overcoming friction 
and in overcoming the pressure of the atmosphere. 

amount of work done. The increase in the tem
perature of a gas as the gas is compressed is · a 
common phenomenon and may be noted by 
feeling the valve stem of a tire being filled with a 
hand pump, or the head of an air compressor, 
etc. 
3-13. The General Energy Equation. The 
law of conservation of energy clearly indicates 
that the energy transferred to a body must be 
accounted for in its entirety. It has been shown 
that some part (or all) of the energy taken in by a 
material may leave the material as work, and 
that only that portion of the transferred energy 
which is not utilized to do external work remains 
in the body as "stored thermal energy." It is 
evident then that all of the energy transferred to 
a body must be accounted for in some one or in 
some combination of the following three ways: 
(1) as an increase in the internal kinetic energy, 
(2) as an increase in the internal potential energy, 
and (3) as external work done. The general 
energy equation is a mathematical statement of 
this concept and may be written: 

.iQ=.iK+.iP+.iW (3-11) 

where .iQ =the heat energy transferred to the 
material in Btu 

.iK = that fraction of the transferred 
energy which increases the in
ternal kinetic energy 

,ip = that fraction of the transferred 
energy which increases the in
ternal potential energy 

.i W = that fraction of the transferred 
energy which is utilized to do 
external work 

The Greek letter, .i (delta), used in front of a 
term in an equation identifies a change of 
condition. For instance, where K represents 
the internal kinetic energy, .iK represents the 
change in the internal kinetic energy. 

Depending upon the particular process or 
change in condition that the material undergoes, 
any of the terms in Equation 3-11 may have any 
value either positive or negative, or any may be 
equal to zero. This will be made clear later. 
3-14. External Work of a Solid or Liquid. 
When heat added to a material in either the 
solid or liquid state increases the . temperature 
of the material, the material expands somewhat 
and a small amount of work is done. However, 



the increase in volume and the external work 
done is so slight that the portion of the trans
ferred energy which is utilized to do external 
work or to increase the internal potential energy 
is negligible. For all practical purposes, it can 
be assumed that all the energy added to a solid 
or a liquid during a temperature change in
creases the internal kinetic energy. None leaves 
the material as work and none is set up as an 
increase in the internal potential energy. In 
this instance, both l:lP and 1:1 W of Equation 
3-11 are equal to zero and, therefore, l:lQ is 
equal to l:lK. 

When a solid melts into the liquid phase, 
the change in volume is again so slight that the 
external work done may be neglected. Further
more, since the temperature also remains 
constant during the phase change, none of the 
transferred energy increases the internal kinetic 
energy. All the energy taken in by the melting 
solid is set up as an increase in the internal 
potential energy. Therefore, l:lK and 1:1 W are 
both equal to zero and l:lQ is equal to f:lP. 

This is not true, however, when a liquid 
changes into the vapor phase. The change in 
volume that occurs and therefore the external 
work done as the liquid changes into a vapor is 
considerable. For example, when 1 lb of water 
at atmospheric pressure changes into a vapor, 
its volume increases from 0.01671 cu ft to 26.79 
cu ft. Of the 970.4 Btu required to vaporize 1 
lb of water, approximately 72 Btu of this energy 
are required to do the work of expanding 
against the pressure of the atmosphere. The 
remainder of the energy is set up in the vapor as 
an increase in the internal potential energy. In 
this instance, only l:lK is equal to zero, so that 
l:lQ is equal to l:lP plus l:lW. 
3-15. "Ideal" or "Perfect" Gas. The various 
laws governing the pressure-volume-temperature 
relatiohships of gases as discussed in this chapter 
apply with absolute accuracy only to a hypo
thetical "ideal" or "perfect" gas. A "perfect" 
gas is described as one in such a condition that 
there is no interaction between the molecules of 
the gas. The molecules of such a gas are 
entirely free and independent of each other's 
attractive forces. Hence, none of the energy 
transferred either to or from an ideal gas has 
any effect on the internal potential energy. 

The concept of an ideal or perfect gas greatly 
simplifies the solution of problems concerning 
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the changes in the condition of a gas. Many 
complex problems in mechanics are made simple 
by the assumption that no friction exists, the 
effects of friction being considered separately. 
The function of an ideal gas is the same as that 
of the frictionless surface. An ideal gas is 
assumed to undergo a change of condition 
without internal friction, that is, without the 
performance of internal work in the overcoming 
of internal molecular forces. 

The idea of internal friction is not difficult to 
comprehend. Consider that a liquid such as oil 
will not ftow readily at low temperatures. This 
is because of the internal friction resulting from 
strong intermolecular forces within the liquid. 
However, as the liquid is heated and the mole
cules gain additional energy, the intermolecular 
forces are overcome somewhat, internal friction 
diminishes, and the liquid ftows more easily. 

Vaporization of the liquid, of course, causes 
a greater separation of the molecules and 
brings about a substantial reduction in internal 
friction, but some interaction between the 
molecules of the vapor still exists. In the 
gaseous state, intermolecular forces are greatest 
when the gas is near the liquid phase and 
diminish rapidly as the gas is heated and its 
temperature rises farther and farther above the 
saturation temperature. A gas approaches the 
ideal state when it reaches a condition such that 
the interaction between the molecules and 
hence,. internal friction, is negligible. 

Although no such thing as an ideal or perfect 
gas actually exists, many gases, such as air, 
nitrogen, hydrogen, helium, etc., so closely 
appraach the ideal condition that any errors 
which may result from considering them to be 
ideal are of no consequence for all practical 
purposes. 

Although it is important that the student of 
refrigeration understand and be able to apply 
the laws of perfect gases, it should be under
stood that gases as they normally occur in the 
mechanical refrigeration cycle are. close to the 
saturation curve, that is, they are vapors, and 
do not even approximately approach the 
condition of an ideal or perfect gas. • They 
follow the gas laws in only a very general way, 

• A vapor is sometimes defined as a gas at a 
condition close enough to the saturation curve so 
that it does not follow the ideal gas laws even 
approximately. 
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and therefore the use of the gas laws to deter
mine the pressure-volume-temperature relation
ships of such vapors will result in considerable 
inaccuracy. In working with vapors, it is usually 
necessary to use values which have been deter
mined experimentally and are tabulated in 
saturated and superheated vapor tables. These 
tables are included as a part of this textbook 
and are discussed later. 
3·16. Processes for Ideal Gases. A gas is 
said to undergo a process when it passes from 
some initial state or condition to some final 
state or condition. A change in the condition of 
a gas may occur in an infinite number of ways, 
only five of which are of interest. These are the 
(1) constant pressure (isobaric), (2) constant 
volume (isometric), (3) constant temperature 
(isothermal), (4) adiabatic, and (5) polytropic 
processes. 

In describing an ideal gas, it has been said 
that the molecules of such a gas are so far apart 
that they have no attraction for one another, 
and that none of the energy absorbed by an 
ideal gas has any effect on the internal potential 
energy. It is evident, then, that heat absorbed 
by an ideal gas will either increase the internal 
kinetic energy (temperature) of the gas or it will 
leave the gas as external work, or both. Since 
the change in the internal potential energy, ll.P, 
will always be zero, the general energy equation 
for an ideal gas may be written: 

ll.Q =ll.K+Il.W (3-12) 

In order to better understand the energy 
changes which occur during the various pro
cesses, it should be kept in mind that a change_ in 
the temperature of the gas indicates a change in 
the internal kinetic energy of the gas, whereas a 
change in the volume of the gas indicates work 
done either by or on the gas. 
3-17. Constant Volume Process. When a 
gas is heated while it is so confined that its 
volume cannot change, its pressure and tempera
ture will vary according to Charles' law (Fig. 
3-3). Since the volume of the gas does not 
change, no external work is done and fl. W is 
equal to zero. Therefore, for a constant 
volume process, indicated by the subscript v, 

ll.Q., = ll.K., (3-13) 

Equation 3-13 is a statement that during a 
constant volume process all of the energy 

transferred to the gas increases the internal 
kinetic energy of the gas. None of the energy 
leaves the gas as work. 

When a gas is cooled (heat removed) while 
its volume remains constant, all the energy 
removed is effective in reducing the internal 
kinetic energy of the gas. It should be noted 
that in Equation 3-12, ll.Q represents heat 
transferred to the gas, ll.K represents an in
crease in the internal kinetic energy, and ll.W 
represents work done by the gas. Therefore, 
if heat is given up by the gas, ll.Q is negative. 
Likewise, if the internal kinetic energy of the gas 
decreases, ll.K is negative and, if work is done on 
the gas, rather than by it, fl. W is negative. Hence, 
in Equation 3-13, when the gas is cooled, both 
ll.'Q and ll.K are negative. 
3-18. Constant Pressure Process. If the 
temperature of a gas is increased by the addition 
of heat while the gas is allowed to expand so 
that its pressure is kept constant, the volume of 
the gas will increase in accordance with Charles' 
law (Fig. 3-1). Since the volume of the gas 
increases during the process, work is done by 
the gas at the same time that its internal energy 
is increased. Hence, while one fraction of the 
transferred energy increases the store of internal 
kinetic energy, another fraction of the trans
ferred energy leaves the gas as work. For a 
constant pressure process, identified by the 
subscript p, the energy equation may be written 

ll.Q, = ll.K, + fl. w, (3-14) 

3-19. Specific Heat of Gases. The quantity 
of heat required to raise the temperature of 
1 lb of a gas 1 o F while the volume of the gas 
remains constant is known as the specific heat 
at a constant volume (Cv). Similarly, the 
quantity of heat required to raise the tempera
ture of 1 lb of a gas 1 o F while the gas expands 
at a constant pressure is called the specific 
heat at a constant pressure ( C,). For any 
particular gas, the specific heat at a constant 
pressure is always greater than the specific heat 
at a constant volume. The reason for this is 
easily explained. 

The quantity of energy required to increase 
the internal kinetic energy of a gas to the extent 
that the temperature of the gas is increased 1 • F 
is exactly the same for all processes. Since, 
during a constant volume process, no work is 
done, the only energy required is that which 



increases the internal kinetic energy. However, 
during a constant pressure process, the gas 
expands a fixed amount for each degree of 
temperature rise and a certain amount of 
external work is done. Therefore, during a 
constant pressure process, energy to do the 
work that is done must be supplied in addition 
to that which increases the internal kinetic 
energy. For example, the specific heat of air 
at a constant volume is 0.169 Btu per pound, 
whereas the specific heat of air at a constant 
pressure is 0.2375 Btu per pound. For either 
process, the increase in the internal energy of 
the air per degree of temperature rise is 0.169 
Btu per pound. For the constant pressure pro
cess, the additional 0.0685 Btu per pound 
(0.2375 - 0.169) is the energy required to do 
the work resulting from the volume increase 
accompanying the temperature rise. 

The specific heat of a gas may take any value 
either positive or negative, depending upon the 
amount of work that the gas does as it expands. 
3-10. The Change In Internal Kinetic 
Energy. During any process in which the 
temperature of the gas changes, there will be a 
change in the internal kinetic energy of the gas. 
Regardless of the process, when the tempera
ture of a given weight of gas is increased or 
decreased, the change in the internal kinetic 
energy can be determined by the equation 

!J.K = MC"(t1 - tJ (3-15) 

where !J.K = the increase in the internal kinetic 
energy in Btu 

M = the weight in pounds 
C" = constant volume specific heat 
t1 =the final temperature 
t1 =the initial temperature 

NoTE. The temperature may be in either 
Fahrenheit or Rankine, since the difference in 
temperature will be the same in either case as 
long as the units are consistent. 

Example 3-11. The temperature of 5 lb 
of air is increased by the addition of heat from 
an initial temperature of 75o F to a final tem
perature of 140° F. If C" for air is 0.169 Btu, 
what is the increase in the internal energy? 

Solution. Applying = 5 x 0.169 
Equation 3-15, the in- x (140 - 75) 
crease in internal kinetic = 5 x 0.169 x 65 
energy !J.K = 54.9 Btu 

THERMODYNAMIC PROCESSES 33 

Example 3-11. Twelve pounds of air are 
cooled from an initial temperature of 95° F to 
a final temperature of 72° F. Compute the 
increase in the internal kinetic energy. 

Solution. Apply
ing Equation 3-15, 
the increase in in
ternal kinetic energy 
!J.K 

= 12 X 0.169 
X (72- 95) 

= 12 X 0.169 X ( -23) 
= -46.64 Btu 

In Example 3-12, !J.K is negative, indicating 
that the gas is cooled and that the internal 
kinetic energy is decreased rather than increased. 
l-2.1. Heat Transferred during a Constant 
Volume Process. For a constant volume 
process, since 

!J.Q"=!J.K" 
then 

!J.Q" = MC"(t1 - t1) (3-16) 

Example 3-ll. If, in Example 3-11, the gas 
is heated while its volume is kept constant, 
what is the quantity of heat transferred to the 
gas during the process? 

Solution. Apply
ing Equation 3-16, 
the heat transferred 
to the gas, 

Alternate Solution. 
From Example 
3-12, 

Since 
!J.Qf}=!J.Kf}, 

!J.Q11 = 5 X 0.169 
X (140- 75) 

= 5 X 0.169 X 65 
= 54.9 Btu 

!J.Kf} = 54.9 Btu 

!J.Qf} = 54.9 Btu 

Example l-14. If, in Example 3-12, the 
air is cooled while its volume remains constant, 
what is the quantity of heat transferred to the 
air during the process? 

Solution. From 
Example 3-12, 

Since !J.Q11 = !J.K.,, 
!J.K., = -46.67 Btu 
!J.Q., = -46.67 Btu 

In Example 3-14, notice that since !J.K., is 
negative, indicating a decrease in the internal 
kinetic energy, !J.Q., must of necessity also be 
negative, indicating that heat is transferred 
from the gas rather than to it. 
l-2.2., External Work during a Constant 
Pressure Process. It will now be shown that 
the work done during a constant pressure 
process may be evaluated by the equation: 

W-= P(V1 - VJ (3-17) 
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where W = the work done in foot-pounds 
P = the pressure in psfa 
V1 = the final volume in cubic feet 
vl = the initial volume in cubic feet 

Assume that the piston in Fig. 3-1c has an 
area of A square feet and that the pressure of 
the gas in the cylinder is P pounds per square 
foot. Then, the total force exerted on the top of 
the piston will be P A pounds, or 

F=PxA 

Assume now that the gas in the cylinder, having 
an initial volume Vb is heated and allowed to 
expand to volunte V2 while its pressure is kept 
constant. In doing so, the force P A acts through 
the distance 1 and work is done. Hence, 

but since 

then 

W=PxAx1 

A X 1 = {V1 - VJ 

W =P(V2 - V1) 

Example l-15. One pound of air having 
an initial volume of 13.34 cu ft and an initial 
temperature of 70° F is heated and allowed to 
expand at a constant pressure of 2117 psfa to a 
final volume of 15 cu ft. Determine the amount 
of external work in foot-pounds. 

Solution. Applying = 2117 x 
Equation 3-17, the work in (15 -13.34) 
foot-pounds W = 2117 x 1.66 

= 3514 ft-lb 

In Equation 3-12, ~Wis always given in heat 
energy units. By application of the mechanical 
energy equivalent (Section 3-16), W in foot
pounds may be expressed as ~ W in Btu. The 
relationship is 

w 
~w = 7 (3-18) 

w = ~w x J (3-19) 

Example l-16. Express the work done in 
Example 3-15 in terms of heat energy units. 

Solution. Applying Equation 
3-18, the work in Btu W 

3514 
= 778 
= 4.52 Btu 

3·23. Heat Transferred during a Constant 
Pressure Process. According to Equation 
3-14, ~Q,, the total heat transferred to a gas 
during a constant pressure process is equal to 

the sum of ~K,, the increase in internal kinetic 
energy, and ~ W,, the heat energy equivalent of 
the work of expansion. 

Example l-17. Compute the total heat 
energy transferred to the air during the constant 
pressure process described in Example 3-15. 

Solution. Con
verting 70° F to 
degrees Rankine, 

Applying 
Charles' law, 

Equation 3-5, to 
deterntine the final 
temperature, 

Applying Equa
tion 3-15, the in
crease in internal 
kinetic energy, 

From Example 
3-15 and 3-16, 

Applying Equa
tion 3-14, 

0 R=70+460 
= 530° R 

T2 = Tl X Va 
vl 

530 X 15 
13.34 

= 596° R 

~K =I X 0.169 
X (596 -530) 

= 1 X 0.169 X 66 
= 11.154 Btu 

~ Wp = 4.52 Btu 
~Q:P = 11.15 + 4.52 

= 15.67 Btu 

Since the specific heat at a constant pressure 
C,. takes into account not only the increase in 
internal energy per pound but also the work 
done per pound per degree of temperature rise 
during a constant pressure expansion, for the 
constant pressure process only, ~Q, may be 
determined by the following equation: 

~Q, = MCv(t2 - t1) (3-20) 

Hence, an alternate solution to Example 3-17 is 

Applying Equation ~Q"' = 1 x 0.2375 
3-20, X (596 - 530) 

= 1 X 0.2375 
x66 

= 15.67 Btu 

l-24. Pressure-Volume (PV) Diagram. 
Equation 3-8 is a statement that the thermo
dynamic state of a gas is adequately described 
by any two properties of the gas. Hence, using 
any two properties of the gas as mathematical 
coordinates, the thermodynamic state of a gas 
at any given instant may be shown as a point 
on a chart. Furthermore, when the conditions 
under which a gas passes from some initial state 
to some final state are known, the path that the 
process follows may be made to appear as a line 
on the chart. 



The graphical representation of a process or 
cycle is called a process diagram or a cycle 
diagram, respectively, and is a very useful tool 
in the analysis and solution of cyclic problems. 

Since work is a function of pressure and 
volume, when it is the work of a process or 
cycle which is of interest, the properties used as 
coordinates are usually the pressure and the 
volume. When the pressure and volume are 
used as coordinates to diagram a process or 
cycle, it is called a pressure-volume (PV) 
diagram. 

To illustrate the use of the PV diagram, a 
pressure-volume . diagram of the process de
scribed in Example 3-15 is shown in Fig. 3-4. 
Notice that the pressure in psfa is used as the 
vertical coordinate, whereas the volume in cubic 
feet is used as the horizontal coordinate .. 

In Example 3-15, the initial condition of the 
gas is such that the pressure is 2117 psfa and the 
volume is 13.34 cu ft. To establish the initial 
state of the gas on the PV chart, start at the 
origin and proceed upward along the vertical 
pressure axis to the given pressure, 2117 psfa. 
Draw a dotted line parallel to the base line 
through this point and across the chart. Next, 
from the point of origin proceed to the right 
along the horizontal volume axis to the given 
volume, 13.34 cu ft. Through this point draw a 
vertical dotted line across the chart. The inter
section of the dotted lines at point 1 establishes 
the initial thermodynamic state of the gas. 

According to Example 3-15, the gas is heated 
and allowed to expand at a constant pressure 
until its volume is 15 cu ft. Since the pressure 
remains the same during the process, the state 
point representing the final state of the gas must 
fall somewhere along the line of constant 
pressure already established. The exact point 
on the pressure line which represents the final 
state 2 is determined by the intersection of the 
line drawn through the point on the volume axis 
that identifies the final volume. 

In passing from the initial state 1 to the final 
state 2 the air passes through a number of 
intermediate thermodynamic states, all of which 
can be represented by points which will fall 
along line 1 to 2. Line 1 to 2, then, represents 
the path that the process will follow as the ther
modynamic state of the gas changes from 1 to 2, 
and is the PV diagram of the process described. 

The area of a rectangle is the product of its 
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FIJ. 3-4. Pressure-volume diagram of constant 
pressure process. Crosshatched area between 
process diagram and base line r;:epresents external 
work done during the process. 

two dimensions. In Fig. 3-4, the area of the 
rectangle, 1-2-V8-V1 (crosshatched), is the 
product of its altitude P and its base ( V1 - V J. 
But according to Equation 3-17, the product 
P( V1 - V J is the external work done during a 
constant pressure process. It is evident then 
that the area between the process diagram and 
the volume axis is a measure of the external 
work done during the process in foot-pounds. 
This area is frequently referred to as "the area 
under the curve." 

Figure 3-5 is a PV diagram of a constant 
volume process. Assume that the initial 
condition of the gas at the start of the process 
is such that the pressure is 2000 psfa and the 
volume is 4 cu ft. The gas is heated while its 
volume is kept constant until the pressure 
increases to 4000 psfa. The process takes place 
along the constant volume line from the initial 
condition 1 to the final condition 2. 

It has been stated that no work is done during 
a process unless the volume of the gas changes. 
Examination of the PV diagram in Fig. 3-5 will 
show that no work is indicated for the constant 
volume process. Since a line has only the 
dimension of length, there is no area between 
the process diagram and the base or volume 
axis. Hence, no work is done. 
3-25. Constant Temperature Process. 
According to. Boyle's law, when a gas is com
pressed or expanded at a constant temperature, 
the pressure will vary inversely with the volume. 
That is, the pressure increases as the gas is 
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FIJ. 3-5. Pressure-volume diagram of constant 
volume process. Since there is no area between the 
process diagram and the volume axis, there is no 
worl< done durlna: a constant volume process. 

compressed and decreases as the gas is expanded. 
Since the gas will do work as it expands, if 
the temperature is to remain constant, energy 
with which to do the work must be absorbed 
from an external source (Fig. 3-2b). However, 
since the temperature of the gas remains 
constant, all of the energy absorbed by the gas 
during the process leaves the gas as work; 
none is stored in the gas as an increase in the 
internal energy. 

When a gas is compressed, work is done on 
the gas, and if the gas is not cooled during ihe 
compression, the internal energy of the gas will 
be increased by an amount equal to the work of 
compression. Therefore, if the temperature of 
the gas is to remain constant during the com
pression, the gas must reject to some external 
body an amount of heat equal to the amount of 
work done upon · it during the compression 
(Fig. 3-2c). 

There is no change in the internal kinetic 
energy during a constant temperature process. 
Therefore, in Equation 3-12, !:J.K is equal to zero 
and the general energy equation for a constant 
temperature process may be written 

!:J.Q 1 = t:J.W1 (3-21) 

3-16. Work of an Isothermal Process. A 
PV diagram of an isothermal expansion is 

shown in Fig. 3-6. In a constant temperature 
process the pressure and volume both change in 
accordance with Boyle's law. The path followed 
by an isothermal expansion is indicated by 
line 1 to 2 and the work of the process in foot
pounds is represented by the area 1-2-V11V1• 

The area, 1-2-V2- V1, and therefore the work 
of the process, may be calculated by the equa
tion 

Vz 
w =PlVl X In vl (3-22) 

where In =natural logarithm (log to the base e) 

Example 3-18. A certain weight of gas 
having an initial pressure of 2500 psfa and an 
initial volume of 2 cu ft is expanded isothermally 
to a volume of 4 cu ft. Determine: 

(a) the final pressure of the gas in psfa 
(b) the work done in heat energy units. 

Solution 
(a) By applying Boyle's 

law, Equation 3-6, 
the final pressure P 1 

(b) By applying Equa
tion 3-22, the ex
ternal work of the 
process in foot
pounds W 
By Applying Equa
tion3-18, the work in 
heatenergyunits!:J.W 

PlVl =v;-
2500 X 2 

4 
= 1250 psfa 

=2500x2xlnt 
= 2500 X 2 X In 2 
= 2500 X 2 X 0.693 
= 3465 ft-lb 

3465 
= 778 
= 4.45 Btu 

FIJ. 3-6. Pressure-volume diagram of constant 
temperature process. Crosshatched area represents 
the work of the process. 



Example 3-19. A certain weight of gas 
having an initial pressure of 1250 psfa and an 
initial volume of 4 cu ft is compressed isotherm
ally to a volume of 2 cu ft. Determine: 

(a) the final pressure in psfa 
(b) the work done by the gas in Btu. 

Solution 
(a) By applying 

Boyle's law, 
Equation 3-6, 
the final pressure 
Pa 

(b) By Applying Equa
tion 3-22, the ex
ternal work of the 
process in foot
pounds W 
By applying 
Equation 3-18, 
the work in heat 
energy units !:. W 

PtVt =v; 
1250 X 4 

2 
= 2500 psfa 

=2500 X 2 X lni; 
= 2500 X 2 X In 0.5 
= 2500 X 2 X -0.693 
= -3465 ft-lb 

-3465 
=778 
= -4.45 Btu 

Notice that the process in Example 3-19 is the 
exact reverse of that of Example 3-18. Where 
the process in Example 3-18 is an expansion, 
the process in Example 3-19 is a compression. 
Both processes occur between the same two 
conditions, except that the initial and final 
conditions are reversed. Notice also that 
whereas work is done by the gas during the 
expansion process, work is done on the gas 
during the compression process. But since the 
change of condition takes place between the 
same limits in both cases, the amount of work 
done in each case is the same. 
3-27. Heat Transferred during a Constant 
Temperature Process. Since there is no 
change in the temperature during an isothermal 
process, there is no change in the internal 
kinetic energy and t:.K equals zero. According 
to Equation 3-21, the heat energy transferred 
during a constant temperature process is exactly 
equal to the work done in Btu. During an 
isothermal expansion heat is transferred to the 
gas to supply the energy to do the work that is 
done by the gas, whereas during an isothermal 
compression heat is transferred from the gas so 
that the internal energy of the gas is not in
creased by the performance of work on the gas. 

Example 3-10. Determine the quantity of 
heat transferred to the gas during the constant 
temperature expansion described in Example 
3-18. 
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Solution. From Example 
3-18, 

Since, in the isothermal 
t:.W = 4.45 Btu 

process, !:.W1 equals !:.Qt. 6.Q1 = 4.45 Btu 

Example 3-ll. What is the quantity of 
heat transferred to the gas during the constant 
temperature process described in Example 3-19. 

Solution. From 
Example 3-19, 

Since!:.W1 equals !:.Qt. 
6. W = -4.45 Btu 
!:.Q1 = -4.45 Btu 

Again, notice that a negative amount of heat 
is transferred to the gas, indicating that heat in 
this amount is actually given up by the gas 
during the process. 
3-28. Adiabatic Process. An adiabatic pro
cess is described as one wherein the gas 
changes its condition without absorbing or 
rejecting heat, as such, from or to an external 
body during the process. Furthermore, the 
pressure, volume, and temperature of the gas all 
vary during an adiabatic process, none of them 
remaining constant. 

When a gas expands adiabatically, as in any 
other expansion, the gas does external work and 
energy is required to do the work. In the 
processes previously described, the gas absorbed 
the energy to do the work from an external 
source. Since, during an adiabatic process, no 
heat is absorbed from an external source, the gas 
must do the external work at the expense of its 
own energy. An adiabatic expansion is always 
accompanied by a decrease in the temperature 
of the gas as the gas gives up its own internal 
energy to do the work (Fig. 3-7). 

When a gas is compressed adiabatically, 
work is done on the gas by an external body. 
The energy of the gas is .increased in an amount 
equal to the amount of work done, and since no 
heat energy is given up by the gas to an external 
body during the compression, the heat energy 
equivalent of the work done on the gas is set up 
as an increase in the internal energy, and the 
temperature of the gas increases. 

Because no heat, as such, is transferred to or 
from the gas during an adiabatic process, !:.Qa is 
always zero and the energy equation for an 
adiabatic process is written as follows: 

t:.Ka + !:. Wa = 0 (3-23) 
Therefore, 

!:.Wa = -!:.Ka and 



38 PRINCIPLES OF REFRIGERATION 

I 
I 

Pll-------11':._-------------·---;----
1 
I 
I 
I 

FIJ. 3-7. Pressure-volume diagram of adiabatic 
process. An isothermal curve is drawn in for 
comparison. 

l-19. Work of an Adiabatic Process. The 
work of an adiabatic process may be evaluated 
by the following equation: 

(3-24) 

where k = the ratio of the specific heats of the 
gas in question, C,/C, · 

Example l-11. A gas having an initial 
pressure of 2500 psfa and an initial volume of 
2 cu ft is expanded adiabatically to a volume 
of 4 cu ft. If the final pressure is 945 psfa, 
determine the external work done in heat 
energy units. 

Solution 
C11 for air 
C., for air 
The ratio of the specific 

heats, k 

Applying Equation 3-24, 
the work of adiabatic ex
pansion in foot-pounds 
Wa 

Applying Equation 3-18, 
the work in heat energy 
units awa 

= 0.2375 Btu/lb 
= 0.169 Btu/lb 

C» 
=c., 

0.2375 
= 0.169 
= 1.406 

(2500 X 2) 
- (945 X 4) 
1.406 - 1 

5000 - 3780 
0.406 

1220 
= 0.406 
= 3005 ft-lb 

3005 
= 778 
= 3.86 Btu 

Example l·ll. A gas having an initial 
pressure of 945 psfa and an initial volume of 
4 cu ft is compressed adiabatically to a volume 
of 2 cu ft. If the final pressure of the air is 
2500 psfa, how much work is done in heat 
energy units? 

Solution. From 
Example 3-22, k for air 

Applying Equation 3-24, 
the work done in foot
pounds Wa 

Applying Equation 3-18, 
the work in heat energy 
units awa 

= 1.406 
(945 X 4) -

(2500 X 2) 
1.406- 1 

3780-5000 
0.406 

-1220 
= 0.406 

= -3005 ft-lb 
-3005 

= ----ns 
= -3.86 Btu 

l-30. Comparison of the Isothermal and 
Adiabatic Processes. A comparison of the 
isothermal and adiabatic processes is of interest. 
Whenever a gas expands, work is done by the 
gas, and energy from some source is required to 
do the work. In an isothermal expansion, all 
of the energy to do the work is supplied to the 
gas as heat from an external source. Since the 
energy is supplied to the gas from an external 
source at exactly the same rate that the gas is 
doing work, the internal energy of the gas 
neither increase!! nor decreases and the tempera
ture of the gas remains constant during the 
process. On the other hand, in an adiabatic 
expansion there is no transfer of heat to the gas 
during the process and all of the work of expan
sion must be done at the expense of the internal 
energy of the gas. Therefore, the internal 
energy of the gas is always diminished by an 
amount equal to the amount of work done and 
the temperature of the gas decreases accordingly. 

Consider now isothermal and adiabatic 
compression processes. ln any compression 
process, work is done on the gas by the com
pressing member, usually a piston, and an 
amount of energy equal to the amount of work 
done on the gas is transferred to the gas as work. 
During an isothermal compression process, 
energy is transferred as heat from the gas to an 
external sink at exactly the same rate that work 
is being done on the gas. Therefore, the internal 



energy of the gas neither increases nor decreases 
during the process and the temperature of the 
gas remains constant. On the other hand, 
during an adiabatic compression, there is no 
transfer of energy as heat from the gas to an 
external sink. Therefore, an amount of energy 
equal to the amount of work done on the gas is 
set up in the gas as an increase in the internal 
energy, and the temperature of the gas increases 
accordingly. 
J.ll. The Polytropic Process. Perhaps the 
simplest way of definiilg a polytropic process is 
by comparison with the isothermal and adia
batic processes. The isothermal expansion, in 
which the energy to do the work of expansion is 
supplied entirely from an external source, and 
the adiabatic expansion, in which the energy to 
do the work of expansion is supplied entirely by 
the gas itself, may be thought of as the extreme 
limits between which all expansion processes will 
fall. Then, any expansion process in which the 
energy to do the work of expansion is supplied 
partly from an external source and partly from 
the gas itself will follow a path which will fall 
somewhere between those of the isothermal and 
adiabatic processes (Fig. 3-8). Such a process is 
known as a polytropic process. H during a 
polytropic· expansion most of the energy to do 
the work comes from an external source, the 
polytropic process will more nearly approach 
the isothermal. On the other hand, when the 
greater part of the energy to do the external 
work comes from the gas itself, the process 
more nearly approaches the adiabatic. 

This is true also for the compression process. 
When a gas loses heat during a compression 
process, butnotataratesufficient to maintain the 
temperature constant, the compression is poly
tropic. The greater the loss of heat, the closer 
the polytropic process approaches the iso
thermal.' The smaller the loss of heat, the closer 
the polytropic process approaches the adiabatic. 
Of course, with no heat loss, the process 
becomes adiabatic. 

The actual compression of a gas in a compres
sor will usually very nearly approach adiabatic 
compression. This is because the time of com
pression is normally very short and there is not 
sufficient time for any significant amount of heat 
to be transferred from the gas through the 
cylinder walls to the surroundings. Water 
jacketing of the cylinder will usually increase the 
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Fig. 3-8. Pressure-volume diagram of a polytropic 
process. Adiabatic: and isothermal curves are drawn 
in for comparison. 

rate of heat rejection and move the path of the 
compression closer to the i&othermal. 
J.ll. PVT Relationship durins Adiabatic 
Processes. Since the temperature, pressure, 
and volume all change during an adiabatic 
process, they will not vary in accordance with 
Charles' and Boyle's laws. The relationship 
between the pressure, temperature, and volume 
during an adiabatic process may be evaluated by 
the following equations: 

J11:-1) 
(3~25) T1 = T1 x vu,-u 

2 

(p·r-1)/lc 
T1 = T1 X pl (3-26) 

(v~r Pa = pl X Va (3-27) 

(T·r(l:-1) 
Pa = pl X Tl (3-28) 

(T~rl:-l) 
Va = Vl X Ta (3-29) 

(pJ'lc v. == v1 x P: (3-30) 

Example 3-24. Air is expanded adiabati
cally from a .volume of 2 cu ft to a volume of 
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4 cu ft. If the initial pressure of the air is 24,000 
psfa, what is the final pressure in psfa? 

Solution. From 
Table 3-1, k for air 

Applying Equation 
3-27, the final pressure 
Ps 

= 1.406 

= 24,000 X (
24)1.408 

= 24,000 X 0.51·408 
= 24,000 X 0.378 
= 9072psfa 

Example l-25. Air is expanded adia
batically from a volume of 2 cu ft to a volume 
of 4 cu ft. If the initial temperature of the air 
is 600° R, what is the final temperature in 
degrees Rankine? 

Solution. From 
Table 3-1, k for air = 1.406 

Applying Equation 
3-25, the final tempera
ture T2 

(2)11.408-1) 
= 600 X (4)11.408 11 

(2)0·408 
= 600 X (4)0.408 

-600 1.325 
- X 1.756 
= 600x 0.755 
= 453° R 

Example l-26. Air is expanded adia
batically from an initial pressure of 24,000 psfa 
to a final pressure of 9072 psfa. If the initial 
temperature is 600° R, what is the final tem
perature? 

Solution. From 
Table 3-1, k for 
air 

Applying 
Equation 3-26, 
the final tempera
ture T2 

= 1.406 
1·408 -1 

= ( 9072 )l.iiiil 
600 X 24,000 

= 600 X (0.378)IO.ll88) 
= 600 X 0.755 
= 453° R 

J.ll. Exponent of Polytropic Expansion 
and Compression. The presssure-tempera
ture-volume relationships for the polytropic 
process can be evaluated by Equations 3-25 
through 3-30, except that the polytropic ex
pansion or compression exponent n is substi
tuted for k. Too, the work of a polytropic 
process can be determined by Equation 3-24 if 
n is substituted for k. 

Tile exponent n will always have a value 
somewhere between 1 and k for the particular . 

gas· undergoing the process.* Usually, the 
value of n must be determined by actual test of 
the machine in which the expansion or com
pression occurs. In some instances average 
values of n for some of the common gases 
undergoing changes under more or less standard 
conditions are given in tables. If the values of 
two properties are known for both initial and 
final conditions, the value of n may be calcu
lated. The following sample equation shows 
the relationship: 

n = log (P1/P2) (3_31) 
log (V1/V2) 

Example l-17. · Air, having an initial 
pressure of 24,000 psfa and an initial tempera
ture of 600° R, is expanded polytropically from 
a volume of 2 cu ft to a volume of 4 cu ft. If 
the exponent of polytropic expansion is 1.2, 
determine: 

(a) The weight of the air in pounds 
(b) The final pressure in psfa 
(c) The final temperature in degrees Rankine 
(d) The work done by the gas in Btu 
(e) The increase in internal energy 
(/) The heat transferred to the gas. 

Solution 
(a) From Table 3-1, 

R for air 
Rearranging and 

applying Equation 
3-10, the weight of 
airM 

= 53.3 
PV 

= RT 

24,000 X 2 
53.3 X 600 

= l.Slb 

* The value of n depends upon the specific heat 
of the gas during the process. Since the specific 
heat may take any value, it follows that theoretically 
n may have any value. In actual machines, however, 
n will nearly always have some value between 1 
andk. 

Broadly defined, a polytropic process is any 
process during which the specific heat remains 
constant. By this definition, all five processes 
discussed in this chapter are polytropic processes. 
It is general practice today to restrict the term 
polytropic to mean only those processes which follow 
a path falling between those of the isothermal and 
adiabatic processes. The exponents of isothermal 
and adiabatic expansions or compressions are 1 
and k, respectively. Hence, the value of n for the 
polytropic process must fall between 1 and k. The 
closer the polytropic process approaches the 
adiabatic, the closer n will approach k. 



(b) Applying Equation 
3-27, the final 
pressureP1 

(c) Applying Equation 
3-25, the tempera
ture T1 

(d) Applying Equation 
3-24, the work 
done W 

Applying Equation 
3-18, the work in 
BtuAW 

(e) From Table 3-1, 
C, for air 
Applying Equation 

3-15, the increase 
in internal energy 
AX. 

(/)Applying Equation 
3-9, the heat 
energy trans-
ferred to the gas A Q 

(
2\1.1-

-24,000 X 4} 
= 24,000 X (O.S)l.l 
== 24,000 X 0.435 
= 10,440 psfa 

(2)11.1-1) 
= 600 X (4)11.1-1) 

(2)0·• 
= 600 X (4)0.I 

600 1.149 
== X 1.32 
= 522•R 

(24,000 X 2) 
- (4 X 10,440) 

= --1""'.2~--=-1 -

48,000 - 41,760 = ___:._""""'=__;_ 
0.2 

6240 
= 0.2 
= 31,200 ft-lb 

31,200 
= 778 
= 40.10Btu 

= 0.169 Btu/lb 

= 1.S X 0.169 X 

(522- 600) 
= 1.5 X 0.169 X 

(-78) 
== -19.77 Btu 

=AK+AW 

= -19.77 + 40.10 
= 20.33 Btu 

Notice in Example 3-27 that the work done 
by the air in the polytropic expansion is equiva
lent to 40.10 Btu. Of this amount, 20.33 Btu 
is supplied from an external source, whereas the 
other portion, 19.77 Btu, is supplied by the gas 
itself, thereby reducing the internal kinetic 
energy by this amount. 

PROBLEMS 

1. Three pounds of air occupy a volume of 
24 cu ft. Determine: 

(a) The density of the air. Ans. 0.125 lb/cu ft 
(b) The specific volume. Ans. 8 cu ft/lb 
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l. The volume of a certain weight of air is kept 
constant while the temperature of the air is 
increased from ss• F to too• F. If the initial 
pressure is 2S psig, what is the final pressure of 
the air in psig? Ans. 28.47 psig 
3. A certain weight of air confined in a con
tainer is cooled from 1so• F to 10• F. If the 
initial pressure of the air is 36.3 psig~ what is the 
final pressure of the air in psig? Ans. 29.6 psig 
4. One pound of air at atmospheric pressure 
has a volume of 13.34 cu ft at a temperature 
of 10• F. If the air is passed across a heat 
exchanger and is heated to a temperature of 
1so• F while its pressure is kept constant, what 
is the final volume of the air? Ans. 15.35 cu ft 

5. A cylinder of oxygen has a volume of S cu ft. 
A gage on the cylinder reads 2200 psi. If the 
temperature of the oxygen is 8s• F, what is the 
weight of the oxygen in the cylinder? 

Ans. 60.6lb 
6. In Problem 4, determine: 

(a) The work done by the air during the 
heating. Ans. 4254.8 ft-lb or 5.47 Btu 

(b) The increase in the internal kinetic energy. 
Ans. 13.52 Btu 

(c) The quantity of heat transferred to the air. 
Ans. 19 Btu 

7. A certain weight of air having an initial 
volume of 0.1334 cu ft and an initial tempera
ture of 700 F is drawn into the suction side of 
an air compressor. If the air enters the cylinder 
at standard atmospheric pressure and is com
pressed isothermally to a final pressure of ISO 
psia, determine: 

(a) The weight of air in the cylinder at the 
start of the compression stroke. 

Ans. O.Ollb 
(b) The final temperature of the air in degrees 

Rankine. Ans. 530• R 
(c) The volume of the air at the end of the 

compression stroke. Ans. 0.0131 cu ft 
(d) The work of compression in Btu. 

Ans. 0.843 Btu 
(e) The increase or decrease in internal energy. 

Ans. None 
(/) The energy transferred to the gas during 

the compression. Ans. -0.843 Btu 

8. Assume that the air in Problem 7 is com
pressed adiabatically rather than isothermally. 
Compute: 

(a) The final temperature of the air in degrees 
Rankine. Ans. 1038• R 

(b) The volume of the air at the end of the 
compression stroke. Ans. 0.0256 cu ft 

(c) The work of compression in Btu. 
Ans. 0.86 Btu 
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(d) The increase in the internal kinetic energy. 
Ans. 0.86 Btu 

(e) The heat energy transferred to or from 
the gas during the compression. 

Ans. None 

9. Assuming that the air in Problem 7 is com
pressed polytropically rather than isothermally. 
If n equals 1.2, compute: 

(a) The final temperature of the air in degrees 
Rankine. Ans. 779.4° R 

(b) The volume of the air at the end of the 
compression stroke. Ans. 0.0192 cu ft 

(c) The work of compression is Btu. 
Ans. 0.85 Btu 

(d) The decrease in the internal kinetic energy. 
Ans. 0.45 Btu 

(e) The heat energy transferred from the gas 
during the compression. Ans. 0.40 Btu 

10. Compare the results of Problems 7, 8, 
and9. 



4 
Saturated and 
Superheated 
Vapors 

4-1. Saturation Temperature. When the 
temperature of a liquid is raised to a point such 
that any additional heat added to the liquid will 
cause a part of the liquid to vaporize, the 
liquid is said to be saturated. Such a liquid is 
known as a saturated liquid and the tempera
ture of the liquid at that condition is called the 
saturation temperature (Sections 2-31 and 2-32). 
4-1. Saturated Vapor. The vapor ensuing 
from a vaporizing liquid is called a saturated 
vapor as long as the temperature and pressure 
of the vapor are the same as those of the satur
ated liquid from which it came. A saturated 
vapor may be described also as a vapor at a 
temperature such that any further cooling of 
the vapor will cause a portion of the vapor to 
condense and thereby resume the molecular 
structure of the liquid state. It is important 
to understand that the saturation temperature 
of the liquid (the temperature at which the liquid 
will vaporize if heat is applied) and the satura
tion temperature of the vapor (the temperature 
at which the vapor will condense if heat is 
removed) are the same for any given pressure 
and that the liquid cannot exist as a liquid at any 
temperature above its saturation temperature, 
whereas a vapor cannot exist as a vapor at any 
temperature below its saturation temperature. • 

• Under certain conditions it is possible to "super
cool" water vapor momentarily below its saturation 
temperature. However, this is a very unstable 
condition and cannot be maintained except momen
tarily. 
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For example, in Fig. 4-1, the water in the heated 
vessel is saturated and is vaporizing at 212° F as 
the latent heat of vaporization is supplied by the 
burner. The water vapor (steam) rising lrom 
the water is saturated and remains at the satura
tion temperature (21r F) until it reaches the 
condenser. As the saturated vapor gives up 
heat to the coqler water in the condenser, it 
condenses back into the liquid state. Since 
condensation occurs at a constant temperature, 
the water resulting from the condensing vapor 
is also at 212° F. The latent heat of vapor
ization, absorbed as the water vaporizes into 
steam, is given up by the steam as the steam 
condenses back into water. 
4-3. Superheated Vapor. A vapor at any 
temperature above its saturation temperature 
is a superheated vapor (Section 2-34). If, after 
vaporization, a vapor is heated so that its 
temperature is raised above that of the vapor
izing liquid, the vapor is said to be superheated. 
In order to superheat a vapor it is necessary to 
separate the vapor from the vaporizing liquid as 
shown in Fig. 4-2. As long as the vapor remains 
in contact with the liquid it will be saturated. 
This is because any heat added to a liquid
vapor mixture will merely vaporize more liquid 
and no superheating will occur. 

Before a superheated vapor can be condensed, 
the vapor must be de-superheated, that is, the 
vapor must first be cooled to its saturation 
temperature. Heat removed from a super-
heated vapor will cause the temperature of the 
vapor to decrease until the saturation tempera
ture is reached. At this point, any further 
removal of heat will cause a part of the vapor to 
condense. 
4-4. Subcooled Liquid. If, after condensa
tion, a liquid is cooled so that its temperature 
is reduced below the saturation temperature, the 
liquid is said to be subcooled. Thus, a liquid at 
any temperature below the saturation tempera
ture and above the fusion point is a subcooled 
liquid. 
4-5. The Effect of Pressure on the Satura
tion Temperature. The saturation tempera
ture of a liquid or a vapor varies with the 
pressure. Increasing the pressure raises the 
saturation temperature and decreasing the pres
sure lowers the saturation temperature. For 
example, the saturation temperature of water at 
atmospheric pressure (0 psig or 14.7 psia) is 
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212° F. If the pressure over the water is in
creased from 0 psig to 5.3 psig (20 psia), the 
saturation temperature of the water increases 
from 212° F to 228° F. On the other hand, if the 
pressure over the water is reduced from 14.7 
psia to 10 psia, the new saturation temperature 
of the water will be 193.2° F. Figure 4-3 is a 

Saturated steam 
at 212"F 

Heat added 

Condenser 
water out 

the water at atmospheric pressure is 212° F, 
the temperature of the water will rise as the 
water is heated until it reaches 212o F. At this 
point, if the heating is continued, the water will 
begin to vaporize. Soon the space above the 
water will be filled with billions and billions of 
water vapor molecules darting about at high 

water in 

Fl1. 4-1. Saturated vapor. 

graphical representation of the relationship 
between the pressure and thesaturation tempera
ture of water. 

To illustrate the effect of pressure on the 
saturation temperature of a liquid, assume that 
water is confined in a closed vessel which is 
equipped with a throttling valve at the top 
(Fig. 4-4a). A compound gage is used to deter
mine the pressure exerted in the vessel and two 
thermometers are installed so that one records 
the temperature of the water and the other the 
temperature of the vapor over the water. With 
the throttling valve wide open, the pressure 
exerted over the water is atmospheric (0 psig or 
14.7 psia). Since the saturation temperature of 

velocities. Some of the vapor molecules will fall 
back into the water to become liquid molecules 
again, whereas others will escape through the 
opening to the outside and be carried away by 
air currents. If the opening at the top of the 
vessel is of sufficient size to allow t~~ vapor to 
escape freely, the vapor wil1leave the vessel at 
the same rate that the liquid is vaporizing. That 
is, the number of molecules which are leaving 
the liquid to become vapor molecules will be 
exactly equal to the number of vapor molecules 
which are leaving the space, either by escaping 
to the outside or by falling back into the liquid. 
Thus, the number of vapor molecules and the 
density of the vapor above the liquid will 
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Steam superheated 
in superheater 

Saturated steam 

Fl1. 4-l. Superheated vapor. 

remain constant and the pressure exerted by the 
vapor will be equal to that of the atmosphere 
outside of the vessel. 

Under this condition the water vapor ensuing 
from the vaporizing liquid will be saturated, 
that is, its temperature and pressure will be the 
same as that of the water, 21r F and 14.7 psia. 
The density of the water vapor at that tempera
ture and pressure will be 0.0373 lb/cu ft and its 
specific volume will be 1/0.0373 or 26.8 ft3/lb. 

Regardless of the rate at which the liquid is 
vaporizing, as long as the vapor is allowed to 
escape freely to the outside so that the pressure 
and density of the vapor over the liquid does 
not change, the liquid will continue to vaporize 
at 212° F. 

600 

500 

/ 

v v 
- -- -100 

14.7 

Suppose that the throttling valve is partially 
closed so that the escape of the vapor from the 
vessel is impeded somewhat. For a time the 
equilibrium will be disturbed in that the vapor 
will not be leaving the vessel at the same rate the 
liquid is vaporizing. The number of vapor 
molecules in the space above the liquid will 
increase, thereby increasing the density and the 
pressure of the vapor over the liquid and raising 
the saturation temperature. 

If it is assumed that the pressure of the vapor 
increases to 5.3 psig (20 psia) before equilibrium 
is again established, that is, before the rate at 
which the vapor is escaping to the outside is 
exactly equal to the rate at which the liquid is 
vaporizing, the saturation temperature will be 

I 
v 

) 

v 

I 
I 

Fl1. 4-3. Variation in the 
saturation temperature of 
water with changes in pressure. 
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(a) (b) 

Fig. 4-4. 

228° F, the density of the vapor will be 0.0498 
lb/cu ft, and 1 lb of vapor will occupy a volume 
of 20.08 cu ft. This condition is illustrated in 
Fig. 4-4b. 

By comparing the condition of the vapor in 
Fig. 4-4b with that of the vapor in Fig. 4-4a, it 
will be noted that the density of the vapor is 
greater at the higher pressure and saturation 
temperature. Furthermore, it is evident that the 
pressure and the saturation temperature of 
liquid or vapor can be controlled by regulating 
the rate at which the vapor escapes from over 
the liquid. 

In Fig. 4-4a, the rate of vaporization will have 
little or no effect on the pressure and saturation 
temperature because the vapor is allowed to 
escape freely so that the density and pressure of 
the vapor over the liquid will neither increase 
nor decrease as the rate of vaporization is 
changed. On the other hand, in Fig. 4-4b, any 
increase in the rate of vaporization will cause an 
increase in the density and pressure of the vapor 
and result in an increase in the saturation 
temperature. The reason is that any increase 
in the rate of vaporization will necessitate the 
escape of a greater quantity of vapor in a given 
length of time. Since the size of the vapor outlet 
is fixed by the throttling action of the valve, the 
pressure of the vapor in the vessel will increase 
until the pressure difference between the inside 

and outside of the vessel is sufficient to allow 
the vapor to escape at a rate equal to that at 
which the liquid is vaporizing. The increase in 
pressure, of course, results in an increase in the 
saturation temperature and in the density of the 
vapor. Likewise, any decrease in the rate of 
vaporization will have the opposite effect. The 
pressure and density of the vapor over the liquid 
will decrease and the saturation temperature 
will be lower. 

Assume now that the throttling valve on the 
container is again opened completely, as in 
Fig. 4-4a, so that the vapor is allowed to escape 
freely and unimpeded from over the liquid. The 
density and pressure of the vapor will decrease 
until the pressure of the vapor is again equal to 
that of the atmosphere outside of the container. 
Since the saturation temperature of water at 
atmospheric pressure is 212 o F and since a liquid 
cannot exist as a liquid at any temperature above 
its saturation temperature corresponding to its 
pressure, it is evident that the water must cool 
itself from 228° F to 21r F at the instant that 
the pressure drops from 20 psia to atmospheric 
pressure. To accomplish this cooling, a portion 
of the liquid will "flash" into a vapor. The 
latent heat necessary to vaporize the portion of 
the liquid that flashes into the vapor state is 
supplied by the mass of the liquid and, as a 
result of supplying the vaporizing heat, the 



temperature of the mass of the liquid will be 
reduced to the new saturation temperature. 
Enough of· the liquid will vaporize to provide 
the required amount of cooling. 
4-6. Vaporization. The vaporization of a 
liquid may occur in two ways: (1) by evapora
tion and (2) by ebullition or "boiling." The 
vaporization of a liquid by evaporation occurs 
only at the free surface of the liquid and may 
take place at any temperature below the satura
tion temperature. On the other hand, ebullition 
or boiling takes place both at the free surface 
and within the body of the liquid and can occur 
only at the saturation temperature. Up to this 
point, only ebullitiol" or boiling has been 
considered. 
4-7. Evaporation. Evaporation is taking 
place continually and the fact that water 
evaporates from lakes, rivers, ponds, clothes, 
etc., is sufficient evidence that evaporation can 
and does occur at temperatures below the 
saturation temperature. Any liquid open to the 
atmosphere, regardless of its temperature, will 
gradually evaporate and be diffused into the 
air. 

The vaporization of liquids at temperatures 
below their saturation temperature can be 
explained in this manner. The molecules of a 
liquid are in constant and rapid motion, their 
velocities being determined by the temperature 
of the liquid. In the course of their movements 
the molecules are continually colliding with one 
another and, as a result of these impacts, some 
of the molecules of the liquid momentarily 
attain velocities much higher than the average 
velocity of the other molecules of the mass. 
Thus, their energy is much greater than the 
average energy of the mass. If this occurs 
within the body of the liquid, the high velocity 
molecules quickly lose their extra energy in 
subsequent collisions with other molecules. 
However, if the molecules attaining the higher 
than normal velocities are near the surface, they 
may project themselves from the surface of the 
liquid and escape into the air to become vapor 
molecules. (Fig. 4-5). The molecules so 
escaping from the liquid are diffused throughout 
the air. They occupy the relatively large spaces 
which exist between the molecules of the air and 
become a part of the atmospheric air. 
4-8. Rate of Vaporization. For any given 
temperature, some liquids will evaporate faster 
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High energy molecules 
escape from surface 

./"of liquid and become 
!' vapor molecules 

fll• 4-5. Evaporation from surface of a liquid. 

than others. Liquids having the lowest "boiling" 
points, that is, the lowest saturation temperature 
for a given pressure, evaporate at the highest 
rate. However, for any particular liquid, the 
rate of vaporization varies with a number of 
factors. In general, the rate of vaporization 
increases as the temperature of the liquid 
increases and as the pressure over the liquid 
decreases. Evaporation increases also with the 
amount of exposed surface. Furthermore, it 
will be shown later that the rate of evaporation 
is dependent on the degree of saturation of the 
vapor which is always adjacent to and above 
the liquid. 
4-9. The Cooling Effect of Evaporation. 
Since it is the higher velocity molecules (those 
having the most energy) which escape from the 
surface of an evaporating liquid, it follows that 
the average energy of the mass is thereby 
reduced and the temperature of the mass 
lowered. Whenever any portion of a liquid 
vaporizes, an amount of heat equal to the latent 
heat of vaporization must be absorbed by that 
portion, either from the mass of the liquid, 
from the surrounding air, or from adjacent 
objects. Thus, the energy and temperature of 
the mass are reduced as it supplies the latent 
heat of vaporization to that portion of the 
liquid which vaporizes. The temperature of the 
mass is reduced to a point slightly below that of 
the surrounding media and the temperature 
difference so established causes heat to flow 
from the surrounding media into the mass of the 
liquid. The energy lost by the mass during 
vaporization is thereby replenished and evapora
tion becomes a continuous process as long as 
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Vapor pressure-
0.74 in. Hg 
Absolute density-
0.001148 lb/cu It 

Vapor preSS11re-
l.J3 in. Hg 
Absolute density-
0.001570 lb/cu It 

(a) 

r:sn~~ 

(c) 

Saturated vapor 

Saturated liquid 

any of the liquid remains. The vapor resulting 
from evaporation is diffused into and carried 
away by the air. 
4-10. Confined Liquid-Vapor Mixtures. 
When a vapor is confined in a container with a 
portion of its own liquid, both the vapor and the 
liquid will be saturated. To illustrate, assume 
that an open container is partially filled with 
water and is stored where the ambient tempera
ture is 70° F (Fig. 4-6a). The water will be 
evaporating at 70° F and, as described in the 
previous section, the vapor molecules leaving 
the liquid will be diffused into the surrounding 
air so that evaporation will continue until all 
of the liquid is evaporated. However, if a 
tightly fitting cover is placed over the container, 
the vapor molecules will be unable to escape to 
the outside and they will collect above the liquid. 
Soon the space above the liquid will be so filled 
with vapor molecules that there will be as many 
molecules falling back into the liquid as there 
are leaving the liquid. A condition of equi
librium will be attained, the vapor will be 

Saturated liquid 

(b) 

Saturated liquid 

(d) 

saturated, and no further evaporation will 
occur. The energy of the liquid will be increased 
by the vapor molecules which are returning to 
the liquid in exactly the same amount that it is 
diminished by the molecules that are leaving. 
Since no further cooling will take place by 
evaporation, the liquid will assume the tempera
ture of the surrounding air and· heat transfer 
will cease. (Fig. 4-6b). 

If, at this point, the ambient temperature 
rises to, say, 80° F, heat transfer will again take 
place between the surrounding air and the 
liquid. The temperature and average molecular 
velocity of the liquid will be increased and 
evaporation will be resumed. The number of 
molecules leaving the liquid will again be 
greater than the number returning and the 
density and pressure of the vapor above the 
liquid will be increased. As the density and 
pressure of the vapor increase, the saturation 
temperature of the liquid increases. Eventually, 
when the saturation temperature reaches 80° F 
and is equal to the ambient temperature, no 



further heat transfer will occur and evaporation 
will cease. Equilibrium will have again been 
established. The density and pressure of the 
vapor will be greater than before, the saturation 
temperature of the liquid-vapor mixture will be 
higher, and there will be more vapor and less 
liquid in the container than previously (Fig. 
4-6c). 

Suppose now that the ambient temperature 
falls to 60° F. When this occurs, heat will flow 
from the 80° F liquid-vapor mixture to the 
cooler surrounding air. As the liquid-vapor 
mixture loses heat to the surrounding air, its 
temperature and average molecular velocity will 
be decreased and many of the vapor molecules, 
lacking sufficient energy to remain in the vapor 
state, will fall back into the liquid and resume 
the molecular arrangement of the liquid state; 
that is, a part of the vapor will condense. The 
density and pressure of the vapor will be 
diminished and the saturation temperature of 
the mixture will be reduced. When the satura
tion temperature of the mixture falls to 60° F 
it will be the same as the ambient temperature 
and no further heat flow will occur. Equilibrium 
will have been established and the number of 
molecules re-entering the liquid will exactly 
equal those which are leaving. At this new 
condition, the density and pressure of the vapor 
will be less than before, the saturation tempera
tQre will be lower, and since a part of the vapor 
condensed into liquid, there will be more liquid 
and less vapor comprising the mixture than at 
the previous condition (Fig. 4-6d). 
4-11. Sublimation. It is possible for a 
substance to go directly from the solid state 
to the vapor state without apparently passing 
through the liquid state. Any solid substance 
will sublime at any temperature below its 
fusion temperature. Sublimation takes place 
in a manner similar to evaporation, although 
much slower, in that the higher velocity 
molecules near the surface escape from the mass 
into the surrounding air and become vapor 
molecules. One of the most familiar examples 
of sublimation is that of solid C02 (dry ice), 
which, at normal temperatures and pressures, 
sublimes directly from the solid to the vapor 
state. Damp wash frozen on the line io the 
winter time will sublime dry. During freezing 
weather ice and snow will sublime from streets 
and sidewalks, etc. 

SATURATED AND SUPERHEATED VAPORS 49 

4-11. Condensation. Condensation of a 
vapor may be accomplished in several ways: (1) 
by extracting heat from a saturated vapor, (2) 
by compressing the vapor while its temperature 
remains constant, or (3) by some combination 
of these two methods. 
4-ll. Condensing by Extracting Heat from 
a Saturated Vapor. A saturated vapor has 
been previously described as one at a condition 
such that any further cooling will cause a part 
of the vapor to condense. This is because a 
vapor cannot exist as a vapor at any tempera
ture below its saturation temperature. When 
the vapor is cooled, the vapor molecules cannot 
maintain sufficient energy and velocity to over
come the attractive forces of one another and 
remain as vapor molecules. Some of the 
molecules, overcome by the attractive forces, 
will revert to the molecular structure of the 
liquid state. When condensation occurs while 
the vapor is confined so that the volume remains 
constant, the density and pressure of the vapor 
will decrease so that there is a decrease in the 
saturation temperature. If, as in a vapor 
condenser (Fig. 4-1), more vapor is entering 
the vessel as the vapor condenses and drains 
from the vessel as a liquid, the density, pressure, 
and saturation temperature of the vapor will 
remain constant and condensation will continue 
as long as heat is continuously extracted from 
the vapor. 
4-14. Condensing by Increasing the Pres· 
sure at a Constant Temperature. When a 
vapor is compressed at a constant temperature, 
its volume diminishes and the density of the 
vapor increases as the molecules of the vapor 
are forced into a smaller volume. The satura
tion temperature of the vapor increases as the 
pressure increases until a point is reached where 
the saturation temperature of the vapor is equal 
to the actual temperature of the vapor. When 
this occurs, the density of the vapor will be at a 
maximum value for that condition, and any 
further compression will cause a part of the 
vapor to assume the more restrained molecular 
structure of the liquid state. Thereafter, 
condensation will continue as long as com
pression continues so that the density and 
pressure of the remaining vapor cannot be 
further increased. If the temperature of the 
vapor is to remain constant, heat must be 
removed from the vapor during the compression 
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(Section 3-25). If heat is not removed from the 
vapor, the temperature of the vapor will 
increase and condensation will not occur. 

A careful analysis of Sections 4-13 and 4-14 
will show that in either case the vapor is 
brought to a saturated condition before conden
sation begins and that heat is removed from 
the vapor in order to bring about condensation. 
Furthermore, the vapor is saturated in each 
case only when the saturation temperature and 
the actual temperature of the vapor are the 
same. 

In Section 4-13, heat is removed from the 
vapor at a constant pressure until the tempera
ture of the vapor falls to the saturation tempera
ture corresponding to its pressure, whereupon 
the continued removal of heat causes a part of 
the vapor to condense. 

In Section 4-14, the pressure of the vapor 
is increased while the temperature of the vapor 
remains constant until the saturation tempera
ture of the vapor corresponding to the increased 
pressure is equal to the actual temperature of 
the vapor. In both cases, since the vapor must 
give up the latent heat of vaporization in order 
to condense, heat must be removed from the 
vapor. 
4-15. Critical Temperature. The tempera
ture of a gas may be raised to a point such 
that it cannot become saturated regardless of 
the amount of pressure applied. The critical 
temperature of any gas is the highest tempera
ture the gas can have and still be condensible 

/ J>y the application of pressure. The critical 
·temperature is different for every gas. Some 

C' gases have high critical temperatures while the 
...,.criticat temperatures of others are relatively 
low. For example, the critical temperature of 
water vapor is 706° F, whereas the critical 
temperature of air is approximately -225° F. 
4-16. Critical Pressure. Critical pressure is 
the lowest pressure at which a substance can 
exist in the liquid state at its critical tempera
t~~; ~t.is, it is the saturation pressure at the 
cri!icilteptperature. .:u. tptportant Properties of Gases and 
Vapors. Although a gas or vapor has many 
properties, only six are of particular importance 
in the study of refrigeration. These are pressure, 
temperature, volume, enthalpy, internal energy, 
and entropy. Pressure, temperature, and 
volume are ·called measurable properties be-

cause they can actually be measured. Enthalpy, 
internal energy, and entropy cannot be measured. 
They must be calculated and are therefore 
known as calculated properties. 

Pressure, temperature, volume, and internal 
energy have already been discussed to some 
extent. A discussion of enthalpy and entropy 
follows. 
4-18. Enthalpy. Enthalpy is a calculated 
property of matter which is sometimes loosely 
defined as "total heat content.'' More specifi
cally, the enthalpy H of a given mass of material 
at any specified thermodynamic condition is an 
expression .of the total heat which must be 
transferred to the material to bring the material 
to the specified condition from some initial 
condition arbitrarily taken as the zero point of 
enthalpy. 

Whereas the total enthalpy H represents the 
enthalpy of M pounds, the specific enthalpy 
h is the enthalpy of 1 lb. Since it is usually the 
specific enthalpy rather than the total enthalpy 
which is of interest, hereafter in this text the 
term enthalpy shall be used to mean specific 
enthalpy, h, the enthalpy of 1 lb. 

Since little is known about the specific heat or 
the other properties of materials at low tempera
tures, it is not possible to determine absolute 
values for the calculated properties. For this 
reason, values for the calculated properties 
must be determined from some arbitrarily 
selected zero point rather than from absolute 
zero. • For example, the zero point of enthalpy 
for water and its vapor, steam, is taken as 
water at 32"' F under atmospheric pressure. 
The enthalpy of 1 lb of water at 60° F then is the 
total amount of heat which must be transferred 
to the water in order to raise the temperature of 
the water from 32" F to 60° F. According to 
Equation 2-9, this is 28 Btu (1 x 1 x 28). 
Hence, based on the assumption that the 
enthalpy of water is zero at 32" F, the enthalpy 
of water at 60° F is 28 Btu/lb. 

Mathematically, enthalpy is defined as 

Pv 
h =u +

J 
(4-1) 

• Since it is required to know the change in the 
enthalpy of the working fluid during a process, 
rather than the absolute enthalpy at some par
ticular condition, the fact that absolute enthalpy 
cannot be calculated is of little consequence. 
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Standard atmospheric pressure 
2105 psfa (14.696 x 144) 

FIJ. o4-7. Pressure-volume 
diagram showing the external 
work done by fluid expansion 
as I lb of water is vaporized 
at atmospheric pressure
approximately 59,000 ft-lb. 

where h = the specific enthalpy in Btu/lb 
u = the specific internal energy in Btu/lb 
P = the pressure in psfa 
v = the specific volume in cubic feet 
J = the mechanical energy equivalent 

It has been demonstrated (Section 3-12) that 
all the heat transferred to a fluid is not neces
sarily stored in the fluid as an increase in the 
internal energy of the fluid. In many cases, 
some part or all or the heat transferred to the 
fluid passes through the fluid and leaves the 
fluid as work. In Equation 4-1, that part of the 
transferred energy which is stored in the fluid 
as an increase in the internal energy is repre
sented by the term u, whereas that part of the 
transferred heat which leaves the fluid as work 
is represented by the term PvfJ. Notice that, 
although the energy represented by the term 
PvfJ, does not increase the internal energy of the 
fluid and is not stored in the fluid, it neverthe
less represents energy which must be trans
ferred to the fluid in order to bring the fluid 
to the specified condition from the initial 
condition at the arbitrarily selected zero point of 
enthalpy. Furthermore, even though the 
external work energy is not stored in the fluid, 
it must pass back through the fluid and be given 
up by the fluid as the fluid returns to the initial 
condition. 

Consider, for example, the vaporization of 1 
lb of water into steam at 21r F under atmos
pheric pressure. The volume of 1 lb of water at 
21r F is 0.01670 cu ft whereas the volume of 1 
lb of steam at 212° F is 26.82 cu ft. Hence, the 
fluid expands from a volume of 0.0167 cu ft to a 
volume of 26.82 cu ft during the vaporization 
thereby doing work in expanding against the 
pressure of the atmosphere. 

Volume cubic feet 

Final condition 

Specific volume of 
lib of steam at 212"F 
26.8 cu ft/lb 

The enthalpy of vaporization (latent heat of 
vaporization) of water at 21r F is 970.4 Btu. Of 
this amount, only 897.6 Btu actually increases 
the internal energy and represents energy in 
storage in the vapor. The other 72.8 Btu leaves 
the vapor as the work of expansion and is 
represented by the term PvfJ. A PV diagram of 
the vaporization process is shown in Fig. 4-7. 
4-19. Entropy. Entropy, like enthalpy, is a 
calculated property of matter. The entropy S 
of a given mass of material at any specified 
condition is an expression of the total heat 
transferred to the material per degree of abso
lute temperature to bring the material to that 
condition from some initial condition taken as 
the zero of entropy. 

Since it is not possible to calculate the 
absolute value of entropy, entropy values, like 
those of enthalpy, are based on an arbitrarily 
selected zero point. The zero points of entropy 
and enthalpy are the same for any one fluid. 
Hence, for water and its vapor, steam, the zero 
point of entropy is taken as water at 3r F. 

Again, as in the case of enthalpy, it is the 
specific entropy s rather than the total entropy 
S which is useful. Therefore, in this book, the 
term entropy shall be used to mean specific 
entropy s rather than the total entropy S. 

It has been shown (Section 3-22) that the 
mechanical energy or work of a process can be 
expressed as the product of the change in 
volume and the average absolute pressure. 
Likewise, it is often convenient to express the 
heat energy transferred during a process as the 
product of two factors. The concept of entropy 
makes this possible. The heat energy trans
ferred during a process can be expressed as the 
product of the change in entropy and the 
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Fig. 4-8 

Specific entropy of 
.,:>cllunneo steam at 212"F 

1.7566 Btu/lb/" R 
aL~~~~~~~L---

Entropy (Btu/lb/" R) 

average absolute temperature. • Mathematically 
the relationship is expressed by the following 
equations: 

.6Q =.6s X T,. (4-2) 

.6Q 
(4-3) .6s =-

T,. 

.6Q 
(4-4) T=-m .6s 

where .6Q =the heat energy transferred in Btu 
.6s = the change in entropy in Btu per 

pound per oR 
T,. = the average absolute temperature 

in oR 
On a pressure-volume diagram (Fig. 4-7), the 

"area under the curve," which is the product 
of the change in volume and the average abso
lute pressure, represents the work of the process. 
Similarly, on a temperature-entropy diagram 
(temperature plotted against entropy), the 
"area under the curve," which is the product 
of the entropy change and the average absolute 
temperature, represents the heat transferred 
during the process (Fig. 4-8). 

Although the mathematical treatment of 
entropy is not required in the study of refrigera
tion and is beyond the scope of this book, it is 
important to note that according to Equation 
4-2 the entropy changes only when heat is 
transferred during the process. If there is no 
heat energy transfer, there is no change in the 
entropy. The heat energy transfer may occur 
either to or from an external source or sink or it 

• The average absolute temperature is not merely 
the mean of the initial and final temperatures of the 
process, but is the average of all of the absolute 
temperatures through which the process passes. 

may take place entirely within the fluid itself 
as a result of internal friction. However, the 
entropy of a fluid is not affected by external 
work done either by or on the fluid. Thus in a 
frictionless (occurring without either internal 
or external friction), adiabatic (no heat transfer 
to or from an external body) compression, as in 
the ideal compression of the refrigerant vapor 
in a refrigeration compressor, the entropy of the 
fluid will remain the same or constant. 
4·20. Vapor Tables. It has been stated 
previously that a vapor does not approach the 
condition of an ideal gas because of the inter
molecular forces which exist between the 
molecules of the vapor. Therefore, internal 
friction is present whenever a vapor undergoes a 
change of condition so that the various proper
ties of a vapor at the different conditions cannot 
be determined by applying the laws of ideal 
gases. 

The properties of vapors at various conditions 
have been determined by experiment for all 
common vapors and these data are published in 
the form of tables. Separate tables are used for 
saturated and superheated vapors. 
4-21. Saturated Vapor Tables. Saturated 
vapor tables (Fig. 4-9) deal only with saturated 
liquids arid vapors, and usually give values for 
the following properties: (l) temperature, (2) 
pressure, (3) specific volume, (4) enthalpy 
(specific), and (5) entropy (specific). Normally, 
the temperature in degrees Fahrenheit is listed 
in the extreme left-hand column. The pressure 
is given in the second and third columns, 
followed by the specific volume in cubic feet 
for both the liquid and the vapor in the fourth 
and fifth columns, respectively. Some tables 
list the density in addition to or in place of the 
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Properties of Saturated Steam 

J\bsolute Pressure Specific Volume Enthalpy Entropy 

Temp., Sat. Sat. Sat. Sat. Sat. Sat. 
op, Psi, In. Hg, liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapor, 

t p p v, Vtu Vg h, h,g hg s, s,a Su 
(1) (2) (3) (4) (5) (6) (7) ' (8) (9) (10) (11) (12) 

--------------
200 11.526 23.467 0.01663 33.62 33.64 167.99 977.9 1145.9 0.2938 1.4824 1.7762 
202 12.011 24.455 0.01665 32.35 32.37 170.00 976.6 1146.6 0.2969 1.4760 1.7729 
204 12.512 25.475 0.01666 31.14 31.15 172.02 975.4 1147.4 0.2999 1.4697 1.7696 
206 13.031 26.531 0.01667 29.97 29.99 174.03 974.2 1148.2 0.3029 1.4634 1,7663 
208 13.568 27.625 0.01669 28.86 28.88 176.04 972.9 1148.9 0.3059 1.4571 1.7630 

210 14.123 28.755 0.01670 27.80 27.82 178.05 971.6 1149.7 0.3090 1.4508 1.7598 
212 14.696 29.922 0.01672 26.78 26.80 180.07 970.3 1150.4 0.3120 1.4446 1.7566 
214 15.289 31.129 0.01673 25.81 25.83 182.08 969.0 1151.1 0.3149 1.4385 1.7534 
216 15.901 32.375 0.01674 24.88 24.90 184.10 967.8 1151.9 0.3179 1.4323 1.7502 
218 16.533 33.662 0.01676 23.99 24.01 186.11 966.5 1152.6 0.3209 1.4262 1.7471 

220 17.186 34.992 0.01677 23.13 23.15 188.13 965.2 1153.4 0.3239 1.4201 1.7440 
222 17.861 36.365 0.01679 22.31 22.33 190.15 963.9 1154.1 0.3268 1.4141 1.7409 
224 18.557 37.782 0.01680 21.53 21.55 192.17 962.6 1154.8 0.3298 1.4080 1.7378 

-*-- 19.275 39.244 0.01682 20.78 20.79 194.18 961.3 1155.5 0.3328 1.4020 1.7348 
.B!_ (20.016) 40.753 0.01683 20.06 20.07 196.20 960.1 1156.3 0.3357 1.3961 1.7318 

230 20.780 42.308 0.01684 19.365 19.382 198.23 958.8 1157.0 0.3387 1.3901 1.7288 
240 24.969 50.837 0.01692 16.306 16.323 208.34 952.2 1160.5 0.3531 1.3609 1.7140 
250 29.825 60.725 0.01700 13.804 13.821 218.48 945.5 1164.0 0.3675 1.3323 1.6998 
260 35.429 72.134 0.01709 11.746 11.763 228.64 938.7 1167.3 0.3817 1.3043 1.6860 
270 41.858 85.225 0.01717 10.044 10.061 238.84 931.8 1170.6 0.3958 1.2769 1.6727 

Fig. 4-9. Excerpt from typical saturated vapor table. 

Reproduced from Thermodynamic Properties of Steam by Keenan and Keyes, published by John Wiley and 
Sons, 1936, with permission. 

specific volume. If the density only is given 
and the specific volume is wanted, the specific 
volume is determined by dividing the density 
into one. Likewise, when the specific volume is 
given and the density is wanted, the density is 
found by dividing the specific volume into one 
(Section 3-4). 

Three values for enthalpy h are usually 
given in the saturated vapor tables: (1) the 
enthalpy of the liquid (h1), which is the heat 
required to raise the temperature of the liquid 
from the temperature at the assumed zero point 
of enthalpy to the saturation temperature corre
sponding to the pressure of the liquid; (2) the 
enthalpy of vaporization (h111), which is the 

latent heat of vaporization at the pressure and 
temperature indicated; and (3) the enthalpy of 
the vapor (h11 ), which is the sum of the enthalpy 
of the liquid (h1) and the enthalpy of vapor
ization (h111). For example, the enthalpy of the 
liquid (h1) for water at 212° F under atmospheric 
pressure is 180 Btu (l x 1 x 180), whereas the 
enthalpy of the saturated water vapor at 21r F 
under atmospheric pressure is 1050 Btu, which 
is the sum of the enthalpy of the liquid (180 Btu) 
and the enthalpy of vaporization (970 Btu). 

Two values of entropy are usually given: 
s1, the entropy of the liquid and su, the entropy 
of the vapor, the difference between the two 
being the change in entropy during vaporization. 
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Temp. 
OF 

I 

(at 
sat'n) 

30 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 

150 
160 
170 
180 
190 

200 
210 
220 
230 
240 

250 
260 
270 
280 
290 

300 

Dichlorodifluoromethane (Refrigerant-12) 
Properties of Superheated Vapor 

Abs. Pressure 36lb/in.1 Abs. Pressure 38 lb/in.1 Abs. Pressure 40 lb/in. 2 

Gage Pressure 21.31b/in.1 Gage Pressure 23.3 lb/in.1 Gage Pressure 25.3 lb/in. a 
(Sat. Temp. 20.4° F) (Sat. Temp. 23.2° F) (Sat. Temp. 25.9° F) 

v H s v H s v H s 

(l.JJ3) (80.5.() (0.16947) (1.058) (80.86) (0.16931) (1.009) (81.16) (0.16914) 
1.140 81.90 0.17227 1.076 81.82 0.17126 1.019 81.76 0.17030 
1.168 83.35 0.17518 1.103 83.27 0.17418 1.044 83.20 0.17322 

1.196 84.81 0.17806 1.129 84.72 0.17706 1.070 84.65 0.17612 
1.223 86.27 0.18089 1.156 86.19 0.17991 1.095 86.11 0.17896 
1.250 87.74 0.18369 1.182 87.67 0.18272 1.120 87.60 0.18178 
1.278 89.22 0.18647 1.208 89.16 0.18551 1.144 89.09 0.18455 
1.305 90.71 0.18921 1.234 90.66 0.18826 1.169 90.58 0.18731 

1.332 92.22 0.19193 1.260 92.17 0.19096 1.194 92.09 0.19004 
1.359 93.15 0.19462 1.285 93.69 0.19365 1.218 93.62 0.19272 
1.386 95.28 0.19729 1.310 95.22 0.19631 1.242 95.15 0.19538 
1.412 96.82 0.19991 1.336 96.76 0.19895 1.267 96.70 0.19803 
1.439 98.37 0.20254 1.361 98.32 0.20157 1.291 98.26 0.20066 

1.465 99.93 0.20512 1.387 99.89 0.20416 1.315 99.83 0.20325 
1.492 101.51 0.20770 1.412 101.47 0.20673 1.340 101.42 0.20583 
l.S18 103.11 0.21024 1.437 103.07 0.20929 1.364 103.02 0.20838 
1.545 104.72 0.21278 1.462 104.67 0.21183 1.388 104.63 0.21092 
1.571 106.34 0.21528 1.487 106.29 0.21433 1.412 106.25 0.21343 

1.597 107.97 0.21778 1.512 107.93 0.21681 1.435 107.88 0.21592 
1.623 109.61 0.22024 1.537 109.57 0.21928 1.459 109.52 0.21840 
1.650 111.27 0.22270 1.562 111.22 0.22176 1.482 111.17 0.22085 
1.676 112.94 0.22513 1.587 112.89 0.22419 1.506 112.84 0.22329 
1.702 114.62 0.22756 1.612 114.58 0.22662 1.530 114.52 0.22572 

1.728 116.31 0.22996 1.637 116.28 0.22903 1.554 116.21 0.22813 
1.754 118.02 0.23235 1.662 117.99 0.23142 1.577 117.92 0.23052 
1.780 119.74 0.23472 1.687 119.71 0.23379 1.601 119.65 0.23289 
1.807 121.47 0.23708 1.712 121.45 0.23616 1.625 121.40 0.23526 
1.833 123.22 0.23942 1.737 123.20 0.23850 1.649 123.15 0.23760 

...................... 1.762 124.95 0.24083 1.673 124.92 0.23994 

Fla. 4-10. Excerpt from typical superheated vapor table. 

Copyright by E. I. du Pont de Nemours and Co., Inc. Reprinted by permission. 

Abs. Pressure 42 lb/in.1 

Gage Pressure 27.31b/in.• 
(Sat. Temp. 28.5° F) 

v H s 

(0.963) (81.44) (0.16897) 
0.967 81.65 0.16939 
0.991 83.10 0.17231 

1.016 84.56 0.17521 
1.040 86.03 0.17806 
1.063 87.51 0.18086 
1.087 89.00 0.18365 
1.110 90.50 0.18640 

1.134 92.01 0.18913 
1.158 93.54 0.19184 
1.181 95.09 0.19451 
1.204 96.64 0.19714 
1.227 98.20 0.19979 

1.250 99.77 0.20237 
1.274 101.36 0.20496 
1.297 102.96 0.20751 
1.320 104.57 0.21005 
1.343 106.19 0.21256 

1.365 107.82 0.21505 
1.388 109.47 0.21754 
1.411 111.12 0.22000 
1.434 112.80 0.22244 
1.457 114.49 0.22486 

1.480 116.19 0.22728 
1.502 117.90 0.22967 
1.524 119.62 0.23204 
1.547 121.36 0.23441 
1.570 123.11 0.23675 

1.592 124.87 0.23909 

It has been stated previously that the con
dition of a gas or a vapor can be determined 
when any two of its properties are known. How
ever, for a saturated liquid or vapor at any one 
pressure, there is only one temperature that the 
fluid can have and still Satisfy the conditions of 
saturation. This is true also for the other 
properties of a saturated liquid or vapor. 
Therefore, if any one property of a saturated 
liquid or vapor is known, the value of the other 
properties can be read directly from the satu
rated vapor table. For instance, assume that 
the pressure of one pound of dry saturated 
steam is 20 psia. By locating 20 psia (encircled) 
in the second column of the abbreviated table in 

Fig. 4-9 and reading across the table, the values 
(set off by the heavy lines) for all the other 
properties of the vapor at this condition can be 
obtained. 
4-22. Superheated Vapor Tables. A super
heated vapor table deals with the properties of 
a superheated vapor rather than those of a 
saturated vapor, and the arrangement of a 
superheated vapor table is somewhat different 
from that of a saturated vapor table. One 
common form of the superheated vapor table is 
illustrated in Fig. 4-10. 

Before examining the superheated vapor 
table, it is important to take note of one 
significant difference between a saturated and a 



superheated vapor. Whereas, for a saturated 
vapor at any one pressure there is only one 
temperature which will satisfy the conditions 
of saturation, a superheated vapor may have 
any temperature above the saturation tempera
ture ~orresponding to its pressure. The specific 
volume, enthalpy, and entropy of a superheated 
vapor at any one pressure will vary with the 
temperature. This does not mean that the 
properties of a superheated vapor are entirely 
independent of the pressure of the vapor but 
only that the properties of the superheated 
vapor at any one pressure will vary with the 
temperature. As a matter of fact, superheated 
vapor tables are based on the pressure of 
the vapor, and before the properties of a super
heated vapor can be determined from a table, the 
pressure of the vapor or one of the properties 
of the vapor at saturation must be known. 
When one of the properties of the vapor at 
saturation is known, the pressure of the vapor 
can be found by consulting a saturated vapor 
table. 

In addition to the properties of the super
heated vapor at various temperatures above the 
saturation temperature corresponding to the 
pressure, superheated vapor tables usually list 
some or all of the properties of the vapor at the 
saturation temperature. For example, in Fig. 
4-10, the absolute and gage pressures, along 
with the saturation temperature corresponding 
to these pressures, are given at the head of 
the table. The first readings in the body of the 
table (italicized) lists the specific volume, the 
enthalpy, and the entropy of the vapor at 
saturation. The specific volume, enthalpy, and 
entropy of the superheated vapor at various 
temperatures above the saturation temperature 
make up the body of the table. Notice that the 
temperature of the superheated vapor, given in 
the extreme left-hand column, is listed in 10° F 
increments. 

Example 4-1. One pound of superheated 
Refrigerant-12 vapor is at a temperature of 
50° F and its pressure is 40 psia. From the 
abbreviated table in Fig. 4-10, determine: 

(a) The temperature, volume, enthalpy, and 
entropy of the vapor at saturation 

(b) The volume, enthalpy, and entropy of the 
vapor at the superheated condition 

(c) The degree of superheat of the vapor in 
degrees Fahrenheit 
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(d) The amount of superheat in the vapor in 
Btu 

(e) The change in the volume during the 
superheating 

(j) The change in entropy during the super
heating 

Solution 
(a) From the head of 

the table, the satura
tion temperature 
corresponding to 
40 psia 
From the body of 

the table (first 
reading, itali
cized),thespecific 
volume of the 
vapor at satura
tion 

The enthalpy of the 
vapor at satura
tion 

The entropy of the 
vapor at satura
tion 

(b) From the body 
of the table, the 
properties of the 
vapor superheated 
to 50° F (offset by 
heavy lines in Fig. 
4-10) the specific 
volume 
The enthalpy 
The entropy 

(c) The superheated 
temperature 
The temperature at 

saturation 
The degree of super

heat of the vapor 
in degrees Fahr
enheit 

(d) The enthalpy of 
the superheated 
vapor 
The enthalpy of the 

vapor at satura
tion 

The amount of 
superheat in the 
vapor in Btu 

= 25.9° F 

= 1.009 cu ft/lb 

= 81.16 Btu/lb 

= 0.16914 Btu/lbr R 

= 1.070 cu ft/lb 
= 84.65 Btu/lb 
= 0.17612 Btu/Ibr R 

= 50.0° F 

= 25.9° F 

= 84.65 Btu/lb 

= 81.16 Btu/lb 

= 3.49 Btu/lb 
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(e) Theentropyofthe 
superheated vapor 
The entropy of the 

vapor at satura
tion 

The change in 
entropy during 
the superheating 

(/)The volume of the 
= 0.17612 Btu/lbr R superheated vapor 

The volume of the 

= o.t69t4 Btu/tbr R 

= 0.00698 Btu/lbr R 

vapor at satura
tion 

The change in vol
ume during the 
superheating 

= 1.070 cu ft/lb 

= 1.009 cu ft/lb 

= 0.061 cu ft/lb 



5 
Psychrometric 
Properties of Air 

S-1. Composition of Air. Air is a mecha
nical mixture of gases and water vapor. Dry 
air (air without water vapor) is composed 
chiefly of nitrogen (approximately 78% by 
volume) and oxygen (approximately 21 Y.J, the 
remaining 1 % being made up of carbon dioxide 
and minute quantities of other gases, such as 
hydrogen, helium, neon, argon, etc. With 
regard to these dry air components, the com
position of the air is practically the same 
everywhere. On the other hand, the amount of 
water vapor in the air varies greatly with the 
particular locality and with the weather con
ditions. Since the water vapor in the air results 
primarily from the evaporation of water from 
the surface of various bodies of water, atmos
pheric humidity (water vapor content) is 
greatest in regions located near large bodies of 
water and is less in the more arid regions. 

Since all air in the natural state contains a 
certain amount of water vapor, no such thing 
as "dry air" actually exists. Nevertheless, the 
concept of "dry air" is a very useful one in that 
it greatly simplifies psychrometric calculations. 
Hereafter in this book the term "dry air" is 
used to denote air without water vapor, whereas 
the term "air" is used to mean the natural 
mixture of "dry air" and water vapor. 
5·2.. Air Quantities. Air quantities may be 
stated either in units of volume (cubic feet) or in 
units of weight (pounds) so that the need for 
converting air quantities from one unit of 
measure to the other occurs frequently. 

The volume occupied by any.given weight of 
air depends upon the pressure and temperature 
of the air, and varies inversely with the baro
metric pressure ·and directly with the absolute 
temperature. Air very nearly approaches the 
condition of an ideal gas and will follow the gas 
laws with sufficient accuracy for all practical 
purposes. Therefore, the volume occupied by 
any given weight of air at any given pressure 
and temperature can be determined by applying 
Equation 3-10. 

Example S-1. Determine the volume oc
cupied by 1 lb of air having a temperature of 
70° Fat standard sea level pressure (14.7 psia). 

Solution. Rearranging 
and applying Equation 
3-10, 

V=MxRxT 
p 

1 X 53.3 X 

(70 + 460) 
14.7 X 144 

= 13.34 cu ft 
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Example 5-l. Determine the volume of the 
air in Example 5-1 if the barometric pressure is 
12.6 psia. 

Solution. Applying 
Equation 3-10, 

1 X 53.3 X 

v = (70 + 460) 
12.6 X 144 

= 15.57 cu ft 

Example S-3. Determine the volume of the 
air in Example 5-1 if the temperature of the air 
is 100° F. 

Solution. Applying 
Equation 3-10, 

1 X 53.3 X 

v = (100 + 460) 
14.7 X 144 

= 14.10 cu ft 

The relationship between the volume and the 
weight of a given quantity of air at any condition 
is expressed by the following equations: 

V=M XV 

v 
M=-

v 
where M = the weight of air in pounds 

(5-1) 

(5-2) 

V = the volume of M pounds of air in 
cuoic feet 

v = the specific volume of the air in 
cubic feet per pound 

Example S-4. Air at a temperature of 
95° F is circulated over a. cooling coil at the 
rate of 2000 cu ft/min (cfm). If the specific 
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volume of the air is 14.38 cu ft/lb, determine 
the weight of air passing over the coil in pounds 
per hour. 

Solution. Applying 
Equation 5-2, the weight 
of air passing over the 
cooling coil 

Multiplying by 60 min 

M = 2000 
14.38 

= 139.2 lb/min 

M = 139.1 X 60 
= 8346lb/hr 

S-3. Standard Air. Because of the difference 
in the volume of any given weight of air at 
various temperatures and pressures, an air 
standard has been established for use in the 
rating of air handling equipment so that all 
equipment is rated at equal conditions. Dry air 
having a specific volume of 13.34 cu ft per pound 
or a density of 0.07496 (0.075) lb per cu ft 
(1/13.34) is defined as standard air. Air at a 
temperature of 70o F and at standard sea level 
pressure has this specific volume and density 
(see Example 5-1). 

A given volume of air at any condition can be 
converted to an equivalent volume of standard 
·air by applying the following equation: 

Va 
V8 = Va Xv, 

(5-3) 

where V, = the equivalent volume of standard 
air 

Va = the actual volume of the air at any 
given condition 

va = the specific volume of the 3ir at the 
given condition 

v. = the specific volume of standard air 
(13.34 cu ft/lb) 

Example 5·5. For the air in Example 5-4, 
determine the equivalent volume of standard 
air. 

Solution. Applying 
Equation 5-3, the equiv
alent volume of standard 
air V, 

2000 X 14.38 
13.34 

= 2155 cfm 

S-4. Dalton's Law of Partial Pressure. 
Dalton's law of partial pressures states in effect 
that in any mechanical mixture of gases and 
vapors (those which do not combine chemically): 
(1) each gas or vapor in the mixture exerts an 
individual partial pressure which is equal to the 
pressure that the gas would exert if it occupied 
the space alone and (2) the total pressure of the 
gaseous mixture is equal to the sum of the 

partial pressures exerted by the individual 
gases or vapors. 

Air, being a mechanical mixture of gases and 
water vapor, obeys Dalton's law. Therefore, 
the total barometric pressure is always equal to 
the sum of the partial pressures of the dry gases 
and the partial pressure of the water vapor. 
Since psychrometry is the study of the properties 
of air as affected by the water vapor content, 
the individual partial pressures exerted by the 
dry gases are unimportant and, for all practical 

-purposes, the total barometric pressure may be 
considered to be the sum of only two pressures: 
(1) the partial pressure exerted by the dry gases 
and (2) the partial pressure exerted by the water 
vapor. 
S-5. Dew Point Temperature. It is im
portant to recognize that the water vapor in 
the air is actually steam at low pressure and that 
this low pressure steam, like high pressure steam 
will be in a saturated condition when its 
temperature is the saturation temperature corre
sponding to its pressure. Since all of the com
ponents in a gaseous mixture are at the same 
temperature, it follows that when air is at any 
temperature above the saturation temperature 
corresponding to the partial pressure exerted by 
the water vapor the water vapor in the air will 
be superheated. On the other hand, when air 
is at a temperature equal to the saturation 
temperature corresponding to the partial 
pressure of the water vapor, the water vapor in 
the air is saturated and the air is said to be 
saturated (actually it is only the water vapor 
which is saturated). The temperature at which 
the water vapor in the air is saturated is known 
as the dew point temperature of the air. Ob
viously, then, the dew point temperature of the 
air is always the saturation temperature corre
sponding to the partial pressure exerted by the 
water vapor. Hence, when the partial pressure 
exerted by the water vapor is known, the dew 
point temperature of the air can be determined 
from the steam tables. Likewise, when the dew 
point temperature of the air is known, the 
partial pressure exerted by the water vapor can 
be determined from the steam tables. 

Example S-6. Assume that a certain quan
tity of air has a temperature of 80° F and that 
the partial pressure exerted by the water vapor 
in the air is 0.17811 psia. Determine the dew 
point temperature of the air. 



Solution. From Table 4-1, the saturation 
temperature of steam corresponding to a pres
sure of 0.17811 psia is 50° F. Therefore, soo F 
is the dew point temperature of the air. 

Example 5-7. A certain quantity of air has 
a temperature of 80° F and a dew point tem
perature of 40° F. Determine the partial pres
sure exerted by the water vapor in the air. 

Solution. From Table 4-1, the saturation 
pressure corresponding to 40° F is 0.12170 psia 
and therefore 0.12170 psia is the partial pressure 
exerted by the water vapor. 

It has been shown (Section 4-5) that the 
pressure exerted by any vapor is directly 
proportional to the density (weight per unit 
volume) of the vapor. Since the dew point 
temperature of the air depends only on the 
partial pressure exerted by the water vapor, it 
follows that, for any given volume of air, the 
dew point temperature of the air depends only 
upon the weight of water vapor in the air. As 
long as the weight of water vapor in the air 
remains unchanged, the dew point temperature 
of the air will also remain unchanged. If the 
amount of water vapor in the air is increased or 
decreased, the dew point temperature of the air 
will also be increased or decreased, respectively. 
Increasing the amount of water vapor in the air 
will increase the pressure exerted by the water 
vapor and raise the dew point temperature. 
Likewise, reducing the amount of water vapor 
in the air will reduce the pressure of the water 
vapor and lower the dew point temperature. 
5-6. Maximum Water Vapor Content. 
The maximum amount of water vapor that can 
be contained in any given volume of air depends 
only upon the temperature of the air. Since the 
amount of water vapor in the air determines the 
partial pressure exerted by the water vapor, it 
is evident that the air will contain the maximum 
amount of water vapor when the water vapor 
in the air exerts the maximum possible pressure. 
Since the maximum pressure that can be 
exerted by any vapor is the saturation pressure 
corresponding to its temperature, the air will 
contain the maximum weight of water vapor 
when the pressure exerted by the water vapor 
is equal to the saturation pressure corresponding 
to the temperature of the air. At this condition 
the temperature of the air and the dew point 
temperature will be one and the same and the air 
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will be saturated. It is important to notice that 
the higher the temperature of the air, the higher 
is the maximum possible vapor pressure and the 
greater is the maximum possible water vapor 
content. 
5-7. Absolute Humidity. The water vapor 
in the air is caUed humidity. The absolute 
humidity of the air at any given condition is 
defined as the actual weight of water vapor 
contained in 1 cu ft of air at that condition. 
Since the weight of water vapor contained in the 
air is relatively small, it is often measured in 
grains rather than in pounds (7000 grains equal 
1 lb). 
5-8. The Psychrometric Tables. It was 
shown in Section 5-5 that the actual weight of 
water vapor contained in a unit volume of air is 
solely a function of the dew point temperature 
of the air. Because of this fixed relationship 
between the dew point temperature and the 
absolute humidity of the air, when the value 
of one is known, the value of the other can be 
readily computed. 

The absolute humidity of air at various dew 
point temperatures is listed in Tables 5-1 and 
5-2. The dew point temperatures are listed in 
column (1) of the tables, and the absolute 
humidity corresponding to each of the dew 
point temperatures is given in columns (4) and 
(5). The values given in column (4) are in 
pounds of water vapor per cubic foot of air, 
whereas the values given in column {5) are in 
grains of water vapor per cubic foot of air. 
Too, the partial pressure (saturation pressure) 
of the vapor corresponding to each dew point 
temperature is given in inches of mercury in 
column (2) and in pounds per square inch in 
column(3). 
5·9. Relative Humidity. Relative humidity 
(RH), expressed in percent, is the ratio of the 
actual weight of water vapor per cubic foot of 
air relative to the weight of water vapor con
tained in a cubic foot of saturated air at the 
same temperature, viz: 

Actual weight of 
water vapor per 

. cubic foot of air 
Relative humidity = W . ht f t x 100 e1g o wa er 

vapor in I cu ft of 
saturated air at the 
same temperature 

(S-4) 



60 PRINCIPLES OF REFRIGERATION 

For instance, if air at a certain temperature 
contains only half as much water vapor per 
cubic foot of air as the air could contain at that 
temperature if it were saturated, the relative 
humidity of the air is 50%. The relative 
humidity of saturated air, of course, is l 00 %. 

Example S-8. Air at a temperature of 
so• F has a dew point temperature of so• F. 
Determine the relative humidity. 

Solution. From 
Table 5-2, absolute 
humidity correspond-
ing to dew point tem
perature of so• F 

Absolute humidity 
of saturated air at 
so·F 

Applying Equation 
S-4, the relative humid
ity of the air 

= 4.106 grains/cu ft 

= 11.04 grains/cu ft 

= 4.106 100 
11.04 X 

= 37.1% 

Example 5-9. Determine the relative hu
midity of the air in .Example 5-8, if the air is 
cooled to 60° F. (Note: the dew point tempera
ture of the air does not change because the 
moisture content does not change.) 

Solution. From Table 
S-2, absolute humidity 
corresponding to dew 
point of so• F = 4.106 grains/cuft 

= 5.795 grains/cuft 
4.106 

Absolute humidity of 
saturated air at 60° F 

Applying Equation 5-4, 
the relative humidity of = 5.795 
the air = 70.8% 

5-10. Specific Humidity. The specific humid
ity is the actual weight of water vapor mixed 
with 1 lb of dry air and is usually stated in 
grains per pound, that is, grains of water vapor 
per pound of dry air. For any given barometric 
pressure, the specific humidity is a function of 
the dew point temperature alone. The specific 
humidity of air at various dew point tempera
lutes is listed in Columns 6 and 1 of Tables 5-l 
and 5-2. In Column 6, the specific humidity is 
given in pounds of water vapor per pound of dry 
air, whereas in Column 7 the specific humidity 
is given in grains of water vapor per pound of 
dry air. Since the specific humidity correspond
ing to any given dew point temperature varies 
with the total barometric pressure, the values 

given in Tables 5-1 and 5-2 apply only to air at 
standard barometric pressure. 

The specific humidity of the air at any given 
dew point temperature increases as the total 
barometric pressure decreases and decreases as 
the total barometric pressure increases. The 
reason for this is easily explained. It has been 
shown (Examples 5-l and 5-3) that the volume 
occupied by l lb of air increases as the total 
barometric pressure decreases. Since the density 
of a vapor varies inversely with the volume, it 
follows that the weight of water vapor required 
to produce a given vapor density and vapor 
pressure increases as the volume of the air 
increases. Likewise, as the volume occupied by 
l lb of air diminishes, the weight of water vapor 
required to produce a certain vapor density and 
vapor pressure also diminishes. 
5-11. Percentage Humidity. Percentage 
humidity is defined as the ratio of the actual 
weight of water vapor in the air per pound of dry 
air to the weight of water vapor required to 
saturate completely l lb of dry air at the same 
temperature. Percentage humidity, like relative 
humidity, is given in percent. Notice, however, 
that percentage humidity is associateJ with the 
weight of water vapor per unit weight of air, 
whereas relative humidity is associated with the 
weight of water vapor per unit volume of air. 
For this reason the percentage humidity varies 
with the total barometric pressure, whereas 
relative humidity does not. 

Example 5-10. Air at standard sea level 
pressure has a temperature of so• F and a dew 
point temperature of 50° F. Determine the 
specific humidity and percentage humidity of 
the air. 

Solution. From Table 
5-2, the specific humidity 
of the air in grains per 
pound corresponding to 
a so• F dew point tem
perature (Column 7) 

Specific humidity of 
saturated air at so• F 
(Column 7) 

Percentage humidity 

= 53.38 grains/lb 

= 155.50 grains/lb 
53.38 

= 155.50 X lOO 
= 34.3% 

NOTE. Compare this value with the relative 
humidity obtained in Example 5-8. 



5·11. Dry Bulb and Wet Bulb Tempera
tures. The dry bulb (DB) temperature of the 
air is the temperature as measured by an ordinary 
dry bulb thermometer. When measuring the dry 
bulb temperature of the air, the bulb of the ther
mometer should be shaded to reduce the effects 
of direct radiation. 

The wet bulb (WB) temperature of the air is 
the temperature as measured by a wet bulb ther
mometer. A wet bulb thermometer is an ordi
nary thermometer whose bulb is enclosed in a 
wetted cloth sac or wick. To obtain an accurate 
reading with a wet bulb thermometer, the wick 
should be wetted with clean water at approxi
mately the dry bulb temperature of the air and 
the air velocity around the wick should be main
tained between 1000 and 2000 ft per minute. As 
a practical matter, this velocity can be simulated 
in still air by whirling the thermometer about on 
the end of a chain. An instrument especially 
designed for this purpose is the sling psychrom
eter (Fig. 5-1). The sling psychrometer is made 
up of two thermometers, one dry bulb and one 
wet bulb, mounted side by side in a protective 
case which is attached to a handle by a swivel 
connection so that the case can be easily rotated 
about the hand. After saturating the wick with 
clean water, the instrument is whirled rapidly in 
the air for approximately one minute, after which 
time readings can be taken from both the dry 
bulb and wet bulb thermometers. The process 
should be repeated several times to assure that 
the lowest possible wet bulb temperature has 
been recorded. 

Unless the air is 100% saturated, in which case 
the dry bulb, wet bulb, and dew point tempera
tures of the air will be one and the same, the 
temperature recorded by a wet bulb thermom
eter will always be lower than the dry bulb 
temperature of the air. The amount by which 
the wet bulb temperature is reduced below the 
dry bulb temperature depends upon the relative 
humidity of the air and is called the wet bulb 
depression. 

Whereas a dry bulb thermometer, being un
affected by humidity, measures only the actual 
temperature of the air, a wet bulb thermometer, 
because of its wetted wick, is greatly influenced 
by the moisture in the air; thus a wet bulb tem
perature is in effect a measure of the relationship 
between the dry bulb temperature of the air and 
the moisture content of the air. In general, for 
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Dry bulb 
thermometer 

Wetted wick 

Fig. 5-I. Sling psychrometer. 

any given dry bulb temperature, the lower the 
moisture content of the air, the lower is the wet 
bulb temperature. The reason for this is easily 
explained. 

When unsaturated air is brought into contact 
with water, water will evaporate into the air at a 
rate proportional to the difference in pressure 
between the vapor pressure of the water and the 
vapor pressure of the air. Hence, when a wet 
bulb thermometer is whirled rapidly about in 
unsaturated air, water will evaporate from the 
wick, thereby cooling the water remaining in the 
wick (and the thermometer bulb) to some tem
perature below the dry bulb temperature of the 
air. 

It is important to recognize the fact that the 
wet bulb temperature of the air is a measure of 
the relationship between the dry bulb and dew 
point temperatures of the air, and as such it 
provides a convenient means of determining the 
dew point temperature of the air when the dry 
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bulb temperature is known. Too, it will be 
shown later that the wet bulb temperature is also 
an index of the total heat content of the air. 

In order to understand why the wet bulb tem
perature is a measure of the relationship between 
the dry bulb and dew point temperatures, a know
ledge of the theory of the wet bulb thermometer 
is required. When water evaporates from the 
wick of a wet bulb thermometer, heat must be 
supplied to furnish the latent heat of vaporiza
tion. Before the temperature of the water in the 
wick is reduced below the dry bulb temperature 
of the air, the source of the heat to vaporize the 
water is the water itself. Therefore, as water 
evaporates from the wick, the water remaining 
in the wick is cooled below the dry bulb tempera
ture of the air. When this occurs, a temperature 
differential is established and heat begins to ftow 
from the air to the wick. Under this condition, a 
part of the vaporization heat is being supplied by 
the air while the other part is supplied by the 
water in the wick. As the temperature of the 
wick continues to decrease, the temperature 
difference between the air and the wick increases 
progressively so that more and more of the 
vaporization heat is supplied by the air and less 
and less is supplied by the water in the wick. 
When the temperature of the wick is reduced to 
the point where the temperature difference 
between the air and the ·wick is such that the 
ftow of heat from the air is sufficient to supply all 
of the vaporizing heat, the temperature of the 
wick will stabilize even though vaporization from 
the wick continues. The temperature at which 
the wick stabilizes is called the temperature of 
adiabatic saturation and is the wet bulb tempera
ture of the air. 

Through careful analysis of the foregoing, it 
can be seen that the wet bulb temperature 
depends upon both the dry bulb temperature and 
the amount of water vapor in the air. For 
example, the lower the relative humidity of the 
air, the greater is the rate of evaporation from 
the wick and the greater is the amo:urit of heat 
required for vaporization. Obviously, the greater 
the need for heat, the greater is the wet bulb 
depression below the dry bulb temperature. Too, 
it follows also that the lower the dry bulb tem
perature, the lower the wet bulb temperature for 
any given wet bulb depression. 
5-13. The Heat Content or Enthalpy of 
Air. Air has both sensible and latent heat, 

and the total heat content of the air at any 
condition is the sum of the sensible and latent 
heat contained therein. 

The sensible heat of the air is a function of the 
dry bulb temperature. For any given dry bulb 
temperature, the sensible heat of the air is taken 
as the enthalpy of dry air at that temperature as 
calCulated from o• F. Air sensible heat at various 
temperatures is given in Btu per pound of dry air 
in Column 10 of Tables 5-1 and 5-2. With regard 
to Column 10, the temperatures listed in Column 
1 are used as dry bulb temperatures. 

Example 5-11. Using Table 5-2, determine 
the sensible heat in 10 lb of air at so• F. 

Solution. From Table 
5-2, the sensible heat of 1 lb 
of air at so• F 

For 10 lb of air, the sen
sible heat at so• F 

= 19.19 Btu/lb 
= 10 X 19.19 
= 191.9 Btu 

The quantity of sensible heat added or 
removed in heating or cooling a given weight of 
air through a given temperature range may be 
computed by applying Equation 2-S. The mean 
specific heat of air at constant pressure is 0.24 
Btu/lb. (Although the specific heat of any vapor 
or gas varies somewhat with the temperature 
range, the use of a mean specific heat value is 
sufficiently accurate for all practical purposes.) 

Example 5-11. Compute the quantity of 
sensible heat required to raise the temperature 
of 10 lb of air from o• F to so• F. 

Solution. Applying 
Equation 2-8, Q. 

Alternate Solution. From 
Table 5-2, the sensible heat 
of 1 lb of air at so• F 

Sensible heat of 1 lb of 
air at o• F 

For 1 lb of air, Q. 

For 10 lb of air, Q. 

= 10 X 0.24 
X (SO- 0) 

= 192 Btu 

= 19.19 Btu/lb 

= 0 Btu/lb 
= 19.19-0 
= 19.19 Btu/lb 
= 10 X 19.19 
= 191.9 Btu 

Since all the components of dry air are non
condensable at normal temperatures and pres
sures, for all practical purposes the only latent 
heat in the air is the latent heat of the water 
vapor in the air. Therefore, the amount of 



latent heat in any given quantity of air depends 
upon the weight of water vapor in the air and 
upon the latent heat of vaporization of water 
corresponding to the saturation temperature of 
the water vapor. 

Since the saturation temperature of the water 
vapor is the dew point temperature of the air, 
the dew point temperature determines not only 
the weight of water vapor in the air but also the 
value of the latent heat of vaporization. Hence, 
the latent heat content of the air is a function of 
the dew point temperature alone. As long as the 
dew point temperature of the air remains un
changed, the latent heat content of the air also 
remains unchanged. 

The total heat content of water vapor at 
various temperatures as computed from 32° F is 
given in Btu per pound in Column 11 of Tables 
5-1 and S-2. Although the values given in 
Column 11 include the sensible heat of the 
liquid above 3r F as well as the latent heat of 
vaporization at the given temperature, common 
practice is to treat the entire heat content of the 
water vapor as latent heat. • 

The latent heat content of any given quantity 
of air can be computed by multiplying the actual 
weight of water vapor in the air in pounds by the 
total heat of the water vapor as given in Column 
11 of Tables 5-1 and 5-2. 

Example 5-13, Compute the latent heat 
content of the air in Example S-12, if the dew 
point temperature of the air is 50° F. 

Solution. From 
Table 5-2, the actual 
weight of water vapor 
per pound of dry air 
(specific humidity) at 
50° F DP (Column 6) 

Total heat per 
pound of saturated 
water vapor at 50° F 
(Column 11) 

"" 0.007626 lb 

= 1081.7 Btu/lb 

• Although the total heat of the air at any con
dition is the sum of the sensible and latent heat 
contained therein, as a practical matter it is more 
convenient to consider the total enthalpy of the air 
as being the sum of the enthalpy of the dry air and 
the enthalpy of the water vapor mixed with the dry 
air. Since the amount of sensible heat is com
paratively small, the error which accrues from 
assuming all of the heat of the vapor to be latent 
heat is of no practical consequence. 
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Latent heat per 
pound of dry air at 
50°FDP = 0.007626 X 1081.7 

= 8.25 Btu/lb 
For 10lbofdryair, 

total latent heat 
= 10 X 8.25 
= 82.5 Btu 

Since the total heat of the air is the sum of the 
sensible and latent heat contained therein, the 
total heat of the air in Examples 5-12 and 5-13 
is the sum of the sensible heat of the dry air, as 
computed in Example 5-12, and the latent heat 
of the water vapor mixed with the dry air, as 
computed in Example 5-13, viz: 

Sensible heat of 10 lb of dry 
air at 70° F, from Example 
5-12 == 191.9 Btu 

Latent heat of water vapor 
mixed with 10 lb of dry air at 
50° F DP, from Example 5-13 

Total heat of 10 lb of air at 
70° F DB and 50° F DP* 

= 82.5 Btu 
191.9 + 82.5 

= 274.4 Btu 

5-14. Wet Bulb Temperature as a Measure 
of Total Heat. It has been shown in pre
ceding sections that the sensible heat of the air 
(the heat content of the dry air) is a function of 
the dry bulb temperature and that the latent heat 
of the air (the heat content of the water vapor 
mixed with the dry air) is a function of the dew 
point temperature. Since, for any given com
bination of dry bulb and dew point temperatures, 
the wet bulb temperature of the air can have only 
one value, it is evident that the wet bulb tempera
ture is an index of the total heat content of the 
air. However, it is important to recognize that 
although there is only one wet bulb temperature 
that will. satisfy any given combination of dry 
bulb and dew point temperatures, there are 
many combinations of dry bulb and dew point 
temperatures which will have the same wet bulb 
temperature (see Fig. 5-2). This means in effect 
that different samples of air having the same wet 

• The actual weight of air involved is slightly in 
excess of 10 lb, being 10 lb of dry air plus the weight 
of water vapor (0.007626lb) mixed with the dry air. 
Too, since the temperature of the water vapor is the 
same as that of the dry air (70° F), the water vapor 
contains a certain amount of superheat (50° F to 
70° F) which is not included in the total heat. How
ever, since both of these values are very small, the 
error incurred by neglecting them has no practical 
significance. 
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Temperature, ° F Heat Content, Btu/lb 

Dry Dew Wet 
Bulb Point Bulb Sensible Latent Total 

60 60 60 14.39 11.98 26.37 
65 57 60 15.59 10.78 26.37 
70 53.5 60 16.79 9.58 26.37 
75 so 60 17.99 8.38 26.37 
80 45.5 60 19.19 7.18 26.37 
85 40.5 60 20.39 5.98 26.37 
90 34.5 60 21.59 4.78 26.37 

Fig. 5-2 

bulb temperature have the same total heat, even 
though the ratio of sensible to latent heat may be 
different for the different samples. 

The values of total heat listed for various 
temperatures in Column 12 of Tables 5-l and 
5-2 are for 1 lb of saturated air at the tempera
ture shown. However, since all samples of air, 
saturated or unsaturated, having the same wet 
bulb temperature have the same total heat, the 
values given in Column 12 will apply to any 
sample of air when the temperatures listed in 
Column 1 are used as wet bulb temperatures. 

Example 5-14. If 100 lb of air having an 
initial wet bulb temperature of 78° F are cooled 
to a final wet bulb temperature of 60° F, deter
mine the total heat removed from the air during 
the cooling process. 

Solution. From Table 
5-2, total heat of 1 lb of 
air corresponding to 78° F 
WB (Column 12) 

Total heat per pound of 
air at 60° F WB (Column 
12) 

Total heat removed per 
pound of air, Q 1 

For 100 lb of air, the 
total heat removed, Q 1 

= 63.05 Btu/lb 

= 26.37 Btu/lb 
= 63.05 - 26.37 
= 36.68 Btu/lb 

= 100 X 36.68 
= 366.8Btu 

5-15. Specific Volume of Air. It has already 
been shown that the volume occupied by a given 
weight of air depends upon the temperature of 
the air and upon the total barometric pressure. 
For standard sea level pressure, the volume of 
1 lb of dry air at various temperatures is listed 
in Column 8 of Tables 5-1 and S-2. The volume 
of lib of saturated air (1 lb of dry air and the 
water vapor to saturate it) is listed for various 
temperatures in Column 9. When the relative 

humidity of the air is known, the specific volume 
of partially saturated air at any condition can be 
computed by applying these values in the follow
ing equation: 

Va = VtJ + [(V8 - Vc~) X %RH) (5·5) 

where va = the specific volume of partially 
saturated air 

vtJ = the specific volume of dry air at the 
same temperature 

v, = the specific volume of saturated air 
at the same temperature 

Example 5·15. Compute the specific vol· 
ume of air at 95° F DB and 50% RH. 

Solution. From Table 
5-2, specific volwhe of 
dry air at 95° F (Column 
8) 

Specific volume of 
saturated air at 95° F 
(Column 9) 

Applying Equation 
S-S, Va 

= 13.97 cu ft/lb 

= 14.79 cu ft/lb 
= 13.97 + [(14.79 

- 13.97) X O.S] 
= 14.38 cu ft/lb 

5-16. The Psychrometric Chart. Psychro
metric charts (Fig. 5-3) are graphical repre
sentations of psychrometric data such as those 
contained in Tables S-1 and S-2. The use of 
psychrometric charts permits graphical analysis 
of psychrometric data and thereby facilitates the 
solution of many practical problems dealing with 
air which would otherwise require tedious mathe
matical calculation. 

Basically, the psychrometric chart shows the 
relationship between four fundamental proper
ties of air: (1) dry bulb temperature, (2) dew 
point temperature, (3) wet bulb temperature, and 
(4) relative humidity. When any two of these 
four properties are known, the other two can be 
determined directly from the psychrometric chart 
without using mathematical calculations. 

The skeleton chart in Fig. 5-4 illustrates the 
general construction of the psychrometric chart 
which is based primarily upon the relationship 
that exists between the aforementioned four pro
perties. Notice that the lines of dry bulb tem
perature are vertical while the lines of dew point 
temperature are horizontal. The lines of wet 
bulb temperature run diagonally across the chart 
as do the lines of constant volume. The curved 



lines are lines of constant relative humidity. The 
curved line bounding the chart on the left side is 
the line of 100% relative humidity and is called 
the saturation curve. Air at any condition such 
that its state can be identified by a point falling 
anywhere along the saturation curve is saturated 
air. Values for dry bulb, wet bulb, and dew 
point temperatures are read at the saturation 
curve. Values for dry bulb temperature are also 
given at the base of the chart. Notice that the 
dry bulb, wet bulb, and dew point temperatures 
for saturated air coincide. Values of specific 
volume and relative humidity are given along 
the lines of constant volume aild relative humid
ity, respectively. Values of specific humidity and 
vapor pressure are given on the right and left 
margins of the chart. For any given air condi
tion, the specific humidity and vapor pressure 
corresponding to the dew point temperature can 
be determined by following the dew point tem
perature line to the specific humidity and vapor 
pressure scales. The total heat corresponding to 
any wet bulb temperature is found by following 
the wet bulb lines to the total heat scale above 
the saturation curve. The following example will 
illustrate the use of the psychrometric chart. 

Example 5-16. A certain quantity of air has 
a dry bulb temperature of 95° F and a wet bulb 
temperature of 77° F. From the psychrometric 
chart determine all of the following values: (l) 
dew point temperature, (2) specific humidity, 
(3) vapor pressure, (4) specific volume, (5) total 
heat, and (6) relative humidity. 

Solution. Using the two known properties of 
the air as coordinates the condition of the air 
can be established as a point on the chart. Once 
this point has been established, the other pro
perties of the air at this condition can be read 
directly from the chart as shown in Fig. 5-5, viz: 

Dew point temperature = 70° F 
Specific humidity = 110 grains/lb 
Vapor pressure = 0.37 psia 
Specific volume = 14.33 cu ft/lb 
Total heat = 40.5 Btu/lb 
Relative humidity = 45% 

Example 5-17. For the air in Example 5-16, 
determine: (a) the sensible heat per pound of 
air and (b) the latent heat per pound of air. 

Solution. 
(a) From Table 5-2, en-

thalpy of 1 lb of dry air 
at 95o F DB, Q. = 22.80 Btu/lb 
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(b) From Example 5-16, 
total heat per pound of 
air, Q, 
The latent heat per 

pound of air, Q1 

= 40.50 Btu/lb 
= Qt- Q. 
= 40.50 - 22.80 
= 17.7 Btu/lb 

Example 5-18. If the air in Example 5-16 is 
cooled to 75° F, determine: 

(a) The final dew point temperature 
(b) The final wet bulb temperature 
(c) The final relative humidity 
(d) The final total heat per pound 

Solution. Since the air is not cooled below the 
initial dew point temperature, no moisture is 
removed from the air. Therefore, the specific 
humidity, dew point temperature, and latent 
heat of the air remain unchanged. Hence, the 
initial dew point temperature and the new dry 
bulb temperature can be used as coordinates to 
locate the new condition of the air on the 
psychrometric chart (point B in Fig. 5-6). The 
following properties of the air at the new con
dition are taken from the psychrometric chart 
as indicated in Fig. 5-6: 

(a) Wet bqlb temperature 
(b) Relative humidity 
(c) Total heat per pound 

= 71.4° F 
=85% 
= 35.69 Btu/lb 

Example 5-19. With respect to Fig. 5-6, in 
cooling the air from condition "A," as described 
in Example 5-16, to condition "B," as described 
in Example 5-18, compute: 

(a) The total heat removed per pound of air 
(b) The sensible heat removed per pound of 

air. 

Solution. 
(a) From Example 5-16, 

air total heat at A 
FromExample5-18, air 
total heat at B 
The total heat removed 
per pound of air 
in cooling from A 
toB 

= 40.50 Btu/lb 

= 35.69 Btu/lb 

= 40.50 - 35.69 
= 4.81 Btu/lb 

(b) Since there is no change in the latent heat of 
the air, the sensible heat removed per pound 
of air is equal to the total heat removed 
per pound of air. 

Example 5-2.0. Assume that the air in 
Example 5-16 is cooled to 40° F and determine: 

(a) The total heat removed per pound 
(b) The sensible heat removed per pound 
(c) The latent heat removed per pound. 
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Solution. Since the air is cooled below the 
dew point temperature, moisture will be con
densed out of the air and the air at the final 
condition will be saturated. Therefore, the dry 
bulb temperature, the dew point temperature, 
and the wet bulb temperature will coincide at 
40o F and the relative humidity of the air will be 
100%. On the psychrometric chart, the con
dition of the air falls on the saturation curve at 
40o F (point B in Fig. 5-7). 
(a) From the psychromet-

ric chart, the total heat 
of the air at the initial 
condition (point A) 
The total heat of the air 
at the final condition 
(point B) 
The total heat removed 
per pound 

(b) Applying Equation 2-8, 
the sensible heat re
moved per pound of 
air 

(c) The latent heat re
removed per pound 
of air 

PROBLEMS 

= 40.50 Btu/lb 

= 15.19 Btu/lb 
40.50 - 15.19 

= 25.31 Btu/lb 

= 1 X 0.24 
X (95 - 40) 

= 13.2 Btu/lb 
= Qt- Q. 
= 25.31 - 13.20 
= 12.11 Btu/lb 

1. Determine the volume occupied by 1 lb of air 
having a temperature of soo F at standard sea 
level pressure. Ans. 13.59 cu ft 
2. Compute the volume of the air in Problem I 
if the barometric pressure is 13.5 psia. 

Ans. 14.80 cu ft 
3. Determine the volume of the air in Problem 1 
if the temperature of the air is 120° F. 

· Ans. 14.60 cu ft 
4. Air at a temperature of 90° F is circulated 
over a cooling coil at the rate of 1000 cu ft per 

• 

min (cfm). If the specific volume of the air is 
14.10 cu ft/lb, compute the weight of air passing 
over the coil in pounds per hour. 

Ans. 4255 lb/hr 
5. Compute the equivalent volume of standard 
air for the conditions of Problem 4. 

Ans. 946cfm 
6. Compute the quantity of sensible heat re
quired to raise the temperature of 10 lb of air 
from a temperature of 35° F to a temperature of 
100° F. Ans. 156 Btu 
7. If 80 lb of air having an initial wet bulb tem
perature of soo F are cooled to a final wet bulb 
temperature of 65° F, determine the total heat 
removed from the air during the cooling process. 

Ans. 1085.6 Btu 
8. A certain quantity of air has· a dry bulb 
temperature of 90o F and a wet bulb tempera
ture of 77° F. From the psychrometric chart 
determine all of the following values: 
(a) dew point temperature, (b) specific humidity, 
(c) vapor pressure, (d) specific volume, (e) total 
heat, and(/) relative humidity. 
Ans. (a) 72.3° F; (b) 119.5 gpp; (c) 0.395 psia; 
(d) 14.23 cu ft/lb; (e) 40.5 Btu/lb; (/) 58% 
9. Assume that the. air in Problem 8 is cooled to 
75o F and determine: 
(a) the final dew pointtemperature Ans. 72.3° F 
(b) the final wet bulb temperature Ans. 73° F 
(c) the final relative humidity Ans. 92% 
(d) the final total heat per pound of air 

Ans. 36.6 Btu/lb 
10. Assume that the air in ~•~blem 8 is cooled 
to 55° F and determine: 
(a) the total heat removed per pound of air 

Ans. 17.2 Btu/lb 
(b) the sensible heat removed per pound of air 

Ans. 8.40 Btu/lb 
(c) the latent heat removed per pound of air 

Ans. 8.8 Btu/lb 



6 
Refrigeration 
and the Vapor 
Compression 
System 

6-1. Refrl1eration. In general, refrigeration 
is defined as any process of heat removal. More 
specifically, refrigeration is defined as that 
branch of science which deals with the process 
of reducing and maintaining the temperature of 
a space or material below the temperature of the 
surroundings. 

To accomplish this, heat must be removed 
from the body being refrigerated and transferred 
to another body whose temperature is below that 
of the refrigerated body. Since the heat removed 
from the refrigerated body is transferred to 
another body, it is evident that refrigerating and 
heating are actually opposite ends of the same 
process. Often only the desired result distin
guishes one from the other. 
6-1. Need for Thermal Insulation. Since 
heat will always travel from a region of high 
temperature to a region of lower temperature, 
there is always a continuous flow of heat into 
the refrigerated region from the warmer sur
roundings. To-limit the flow of heat into the 
refrigerated region to some practical minimum, 
it is usually necessary to isolate the region from 
its surroundings with a good heat insulating 
material. 
6-3. The Heat Load. The rate at which heat 
must be removed from the refrigerated space or 
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material in order to produce and maintain the 
desired temperature conditions is called the heat 
load. In most refrigerating applications the total 
heat load on the refrigerating equipment is the 
sum of the heat that leaks into the refrigerated 
space through the insulated walls, the heat that 
enters the space through door openings, and the 
heat that must be removed from the refrigerated 
product in order to reduce the temperature of 
the product to the space or storage conditions. 
Heat given off by people working in the re
frigerated space and by motors, lights, and other 
electrical equipment also contributes to the load 
on the refrigerating equipment. 

Methods of calculating the heat load are 
discussed in Chapter 10. 
6-4. The Refrl1eratln1 Apnt. In any re
frigerating process the body employed as the 
heat absorber or cooling agent is called the 
refrigerant. 

All cooling processes may be classified as 
either sensible or latent according to the effect 
the absorbed heat has upon the refrigerant. 
When the absorbed heat causes an increase in 
the temperature of the refrigerant, the cooling 
process is said to be sensible, whereas when the 
absorbed heat causes a change in the physical 
state of the refrigerant (either melting or vapor
izing), the cooling process .is said to be latent. 
With either process, if the refrigerating effect is to 
be continuous, the temperature of the refriger
ating agent must be maintained continuously 
below that of the space or material being 
refrigerated. 

To illustrate, assume that 1 lb of water at 
32" F is placed in an open container inside an 
insulated space having an initial temperature of 
70° F (Fig. 6-1). For a time, heat will flow from 
the 70° F space into the 32° F water and the 
temperature of the space will decrease. How
ever, for each one Btu of heat that the water 
absorbs from the space, the temperature of the 
water will increase 1 o F, so that as the tempera .. 
ture of the space decreases, the temperature of 
the water increases. Soon the temperatures of 
the water and the space will be exactly the same 
and no heat transfer will take place. Refrigera
tion will not be continuous because the tempera
ture of the refrigerant does not remain below the 
temperature of the space being refrigerated. 

Now assume that 1 lb of ice, also at 32° F, is 
substituted for the water (Fig. 6-2). This time 
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through insulation 

Fit. 6-1. Heat flows from warm space to cold water. 
Water temperature rises as space temperature 
decreases, Refrigeration will not be continuous. 

the temperature of the refrigerant does not 
change as it absorbs heat from the space. The 
ice merely changes from the solid to the liquid 
state while its temperature remains constant at 
32° F. The heat absorbed by the ice leaves the 
space in the water going out the drain and the 
refrigerating effect will be continuous until all 
the ice has melted. 

It is both possible and practical to achieve 
continuous refrigeration with a sensible cooling 
process provided that the refrigerant is con
tinuously chilled and recirculated through the 
refrigerated space as shown in Fig. 6-3. 

Latent cooling may be accomplished with 
either solid or liquid refrigerants. The solid 
refrigerants most frequently employed are ice 
and solid carbon dioxide (dry ice). Ice, of 
course, melts into the liquid phase at 3r F, 
whereas solid carbon dioxide sublimes directly 
into the vapor phase at a temperature of -I 09° F 
under st&ndard atmospheric pressure. 
6-5. Ice Refrl1eratlon. Melting ice has been 
used successfully for many years as a refrigerant. 
Not too many years ago ice was the only cooling 
agent available for use in domestic and small 
commercial refrigerators. 

Iri a typical ice refrigerator (Fig. 6-4) the heat 
entering the refrigerated space from all the 
various sources reaches the melting ice primarily 
by convection currents set up in the air of the 
refrigerated space. The air in contact with the 
warm product and walls of the space is heated 

by heat conducted to it from these materials. 
As the air is warmed it expands and rises to the 
top of the space carrying the heat with it to the 
ice comparqnent. Iri passing over the ice the air 
is cooled as heat is conducted from the air to the 
ice. On cooling, the air becomes more dense and 
falls back into the storage space, whereupon it 
absorbs more heat and the cycling continues. 
The air in carrying the heat from the warm walls 
and stored product to the melting ice acts as a 
heat transfer agent. 

To insure adequate air circulation within the 
refrigerated space, the ice should be located near 
the top of the refrigerator and proper baffling 
should be installed to provide direct and un
restricted paths of air ftow. A drip pan must be 
located beneath the ice to collect the water which 
results from the melting. 

Ice has certain disadvantages which tend to 
limit its usefulness as a refrigerant. For instance, 
with ice it is not possible to obtain the low _tem
peratures required in many refrigeration applica
tions. Ordinarily, 32° F is the minimum tem
perature obtainable through the melting of ice 
alone. Iri some cases, the melting temperature 

. of the ice can be lowered to approximately oo F 
by addiri.g sodium chloride or calcium chloride 
to produce a freezing mixture. 

Some of the other more obvious disadvantages 
of ice are the necessity of frequently replenishing 
the supply, a practice which is neither convenient 
nor economical, and the problem of disposing of 
the water resulting from the melting. 

Heat leaking 
through insulation 

Fit• 6-l. Heat flows from warm space to cold ice. 
Temperature of space decreases as ice melts. Tem
perature of ice remains at 32° F. Heat absorbed by 
ice leaves space in water going out the drain. 
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Another less -obvious, but more important, 6-6. Liquid Refrigerants. The ability of 
disadvantage of employing ice as a refrigerant is liquids to absorb enormous quantities of heat as 
the difficulty experienced in controlling the rate they vaporize is the basisofthemodernmechani
of refrigeration, which in turn makes it difficult cal refrigerating system. As refrigerants, vapor
to maintain the desired low temperature level izing llquids have a number of advantages over 
within the refrigerated space. Since the rate at melting solids in that the vaporizing process is 
which the ice absorbs heat is directly propor- more easily controlled, that is, the refrigerating 
tional to the surface area of the ice and to the effect can be started and stopped at will, the rate 

50" space 

FIJ. 6-3. Continuous sensible cooling. Heat taken in by the water in the space is given up to the ice. 

temperature difference between the space tem
perature and the melting temperature of the ice, 
the rate of heat absorption by the ice diminishes 
as the surface area of the ice is diminished by the 
melting process. Naturally, when the refriger
ating rate diminishes to the point that the heat 
is not being removed at the same rate that it is 
accwhulating in the space from the various heat 
sources, the temperature of the space will 
increase. 

Despite its disadvantages, ice is preferable to 
mechanical refrigeration in some applications. 
Fresh vegetables, fish, and poultry are often 
packed and shipped in cracked ice to prevent 
dehydration and to preserve appearance. Too, 
ice has tremendous eye appeal and can be used 
to considerable advantage in the displaying and 
serving of certain foods such as salads, cocktails, 
etc., and in chilling beverages. 

of cooling can be predetermined within small 
limits, and the vaporizing temperature of the 
liquid can be governed by controlling the pres
sure at which the liquid vaporizes. Moreover, 
the vapor can be readily collected and condensed 
back into the liquid state so that the same liquid 
can be used over and over again to provide a 
continuous supply of liquid for vaporization. 

Until now, in discussing the various properties 
of fluids, water, because of its familiarity, has 
been used in all examples. However, because of 
its relatively high saturation temperature, and 
for other reasons, water is not suitable for use as 
a refrigerant in the vapor-compression cycle. In 
order to Yaporize at temperatures low enough to 
satisfy most· refrigeration requirements, water 
would have to vaporize under very low pres
sures, which are difficult to produce and main
tain economically. 
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Fls. 6-4. Ice refrigerator. Heat Is carried from 
warm walls and product to the ice by air circulation 
within the refrigerated space. Air circulation Is by 
gravity. 

There are numerous other fluids which have 
lower saturation temperatures than water at the 
same pressure. However, many of these fluids 
have other properties that render them unsuitable 
for use as refrigerants. Actually, only a relatively 
few fluids have properties that make them desir
able as refrigerants, and most of these have been 
compounded specially for that purpose. 

There is no one refrigerant which is best suited 
for all the different applications and operating 
conditions. For any specific application the 
refrigerant selected should be the one whose 
properties most closely fit the particular require
ments of the application. 

Of all of the fluids now in use as refrigerants, 
the one fluid which most nearly meets all the 
qualifications of the ideal general-purpose re
frigerant is a fluorinated hydrocarbon of the 
methane series having the chemical name di
chlorodiftuoromethane (CC111F 11). It is one of a 
group of refrigerants introduced to the industry 
under the trade name of "Freon," but is now 
manufactured under several other proprietary 
designations. To avoid the confusion inherent 
in the use of proprietary or chemical names, this 
compound is now referred to as Refrigerant-12. 
Refrigerant-12 (R-12) has a saturation tempera
ture of -21.6° F at standard atmospheric 
pressure. For this reason, R-12 can be stored as 

a liquid at ordinary temperatures only if confined 
under pressure in heavy steel cylinders. 

Table 16-3 is a tabulation of the thermo
dynamic properties of R-12 saturated liquid and 
vapor. This table lists, among other things, the 
saturation temperature of R-12 corresponding 
to various pressures. Tables 16-4 through 16-6 
list the thermodynamic properties of some of the 
other more commonly used refrigerants. These 
tables are similar to the saturated liquid and 
vapor tables previously discussed and are em
ployed in the same manner. 
6-7. Vaporizing the Refrigerant. An in
sulated space can be adequately refrigerated 
by merely allowing liquid R-12 to vaporize in a 
container vented to the outside as shown in Fig. 
6-5. Since the R-12 is under atmospheric pres
sure, its saturation temperature is -21.6° F. 
Vaporizing at this low temperature, the R-12 
readily absorbs heat from the 40° F space 
through the walls of the containing vessel. The 
heat absorbed by the vaporizing liquid leaves the 
space in the vapor escaping through the open 
vent. Since the temperature of the liquid 
remains constant during the vaporizing process, 
refrigeration will continue until all the liquid is 
vapprized. 

Any container, such as the one in Fig. 6-5, in 

Refrigerant vapor 
at atmospheric 

pressure 

40" space 

Fig. 6-5. The Refrigerant-12 liquid vaporizes as it 
takes in heat from the 40° F space. The heat taken In 
by the refrigerant leaves the space In the vapor 
escaping through the vent. 
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which a refrigerant is vaporized during a re
frigerating process is called an evaporator and 
is one of the essential parts of any mechanical 
refrigerating system. 
6-8. Controlling the Vaporizing Tempera· 
ture. The temperature at which the liquid 
vaporizes in the evaporator can be controlled by 
controlling the pressure of the vapor over the 
liquid, which in turn is governed by regulating 
the rate at which the vapor escapes from the 
evaporator (Section 4-S). For example, if a hand 
valve is installed in the vent line and the vent is 
partially closed off so that the vapor cannot 
escape freely from the evaporator, vapor will 
collect over the liquid causing the pressure in the 
evaporator to rise with a corresponding increase 
in the saturation temperature of the refrigerant 
(Fig. 6-6). By carefully adjusting the vent valve 
to regulate the flow of vapor from the evaporator, 
it is possible to control the pressure of the vapor 
over the liquid and cause the R-12 to vaporize at 
any desired temperature between -21.6° F and 
the space temperature. Should the vent valve be 
completely closed so that no vapor is allowed to 
escape from the evaporator, the pressure in the 
evaporator will increase to a point such that the 
saturation temperature of the liquid will be equal 
to the space temperature, or 40° F. When this 
occurs, there wiii be no temperature differential 

40°F space 

Refriprant 
vapor above 

pressure 

FiB• 6-6. The boiling temperature of the liquid 
refrigerant in the evaporator is controlled by 
controlling the pressure of the vapor over the liquid 
with the throttling valve in t~e vent. 

-80'F space 

FIB• 6-7. Pressure of refrigerant in evaporator 
reduced below atmospheric by action of a vapor 
pump. 

and no heat will flow from the space to the 
refrigerant. Vaporization wiii cease and no 
further cooling will take place. 

When vaporizing temperatures below -21.6° 
F are required, it is necessary to reduce the 
pressure in the eVaporator to some pressure 
below atmospheric. This can be accomplished 
through the use of a vapor pump as shown in 
Fig. 6-7. By this method, vaporization of the 
liquid R-12 can be brought about at very low 
temperatures in accordance with the pressure
temperature relationships given in Table 16-3. 
6-9. Maintaining a Constant Amount of 
Liquid In the Evaporator. Continuous 
vaporization of the liquid in the evaporator 
requires that the supply ofliquid be continuously 
replenished if the amount of liquid in the 
evaporator is to be maintained constant. One 
method of replenishing the supply of liquid in 
the evaporator is through the use of a float valve 
assembly as illustrated in Fig. 6-8. The action 
of the float assembly is to maintain a constant 
level of liquid in the evaporator by allowing 
liquid to flow into the evaporator from the 
storage tank or cylinder at exactly the same rate 
that the supply of liquid in the evaporator is 
being depleted by vaporization. Any increase in 
the rate of vaporization causes the liquid level in 
the evaporator to drop slightly, thereby opening 
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High pressure 
liquid 

refrigerant 

Fl1. 6-8. Float valve assembly maintains constant 
liquid level in evaporator. The pressure of the 
refrigerant is reduced as the refrigerant passes 
through the needle valve. 

the needle valve wider and allowing liquid to 
flow into the evaporator at a higher rate. Like
wise, any decrease in the rate of vaporization 
causes the liquJd level to rise slightly, thereby 
moving the needle valve in the closing direction 
to reduce the flow of liquid into the evaporator. 
When vaporization ceases entirely, the rising 
liquid level will close the float valve tightly and 
stop the flow ofliquidcompletely. When vapori
zation is resumed, the liquid level will fall allow
ing the float valve to open and admit liquid to 
the evaporator. 

The liquid refrigerant does not vaporize in the 
storage cylinder and feed line because the pres
sure in the cylinder is such that the saturation 
temperature of the refrigerant is equal to the 
temperature of the surrounding$ (see Section 
4-10). The high pressure existing in the cylinder 
forces the liquid to flow through the feed line 
and the float valve into the lower pressure 
evaporator. In passing through the float valve, 
the high pressure refrigerant undergoes a pres
sure drop which reduces its pressure to the 
evaporator pressure, thereby permitting the re
frigerant liquid to vaporize in the evaporator at 
the desired low temperature. 

Any device, such as the float valve illustrated 

in Fig. 6-8, used to regulate the flow of liquid 
refrigerant into the evaporator is called a 
refrigerant flow control. The refrigerant flow 
control is an essential part of every mechanical 
refrigerating system. 

There are five different types of refrigerant 
flow contrqls, all of which are in use to some 
extent at the present time. Each of these 
distinct types is discussed at length in Chapter 
17. The float type of control illustrated in Fig. 
6-8 has some disadvantages, mainly bulkiness, 
which tend to limit its use to some few special 
applications. The most widely used type of 
refrigerant flow control is the thermostatic 
expansion valve. A flow diagram illustrating the 
use of a thermostatic expansion valve to control 
the flow of refrigerant into a serpentine coil 
type evaporator is shown in Fig. 6-9. 
6-10. Salvaging tbe Refrigerant. As a matter 
of convenience and economy it is not practical 
to permit the refrigerant vapor to escape to the 
outside and be lost by diffusion into the air. 
The vapor must be collected continuously and 
condensed back into the liquid state so that the 
same refrigerant is used over and over again, 
thereby eliminating the need for ever replenish
ing the supply of refrigerant in the system. To 

r~ Low 
pressure., 

vapor 
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Fll• 6-9. Serpentine coil evaporator with thermo
static expansion valve refrlcerant control. 
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provide some means of condensing the vapor, 
another piece of equipment, a condenser, must 
be added to the system (Fig. 6-10). 

Since the refrigerant vaporizes in the evapor
ator because it absorbs the necessary latent heat 
from the refrigerated space, all that is required 
in order to condense the vapor back into the 
liquid state is that the latent heat be caused to 
flow out of the vapor into another body. The 
body of material employed to absorb the latent 
heat from the vapor, thereby causing the vapor 
to condense, is called the condensing medium. 
The most common condensing media are air 
and water. The water used as a condensing 
medium is usually supplied from the city main 
or from a cooling tower. The air used as a 
condensing medium is ordinary outdoor air at 
normal temperatures. 

For heat to flow out of the refrigerant vapor 
into the condensing medium the temperature 
of the condensing medium must be below that 
of the refrigerant vapor. However, since the 
pressure and temperature of the saturated 
vapor leaving the evaporator are the same as 
those of the vaporizing liquid, the temperature 
of the vapor will always be considerably below 
that of any normally available condensing 
medium. Therefore, heat will not flow out of 
the refrigerant vapor into the air or water used 
as the condensing medium until the saturation 
temperature of the refrigerant vapor has been 
increased by compression to some temperature 
above the temperature of the condensing 
medium. The vapor pump or compressor 
shown in Fig. 6-10 serves this purpose. 

Before compression, the refrigerant vapor is 
at the vaporizing temperature and pressure. 
Since the pressure of the vapor is low, the 
corresponding saturation temperature is also 
low. During compression the pressure of the 
vapor is increased to a point such that the 
corresponding saturation temperature is above 
the temperature of the condensing medium being 
employed. At the same time, since mechani
cal work is done on the vapor in compressing 
it to the higher pressure, the internal energy of 
the vapor is increased with a corresponding 
increase in the temperature of the vapor. 

After compression, the high-pressure, high
temperature vapor is discharged into the con
denser where it gives up heat to the lower 
temperature condensing medium. Since a vapor 

low-pnssure, 
low-tempenture 

liquid-vapor mixture 

Higb-pnssure, 
high-temperature 

liquid-vapor mixture 

High-pnssure, 
high-tempriure 

liquid 

Fl1. 6-10. Collecting and condensing the refrigerant 
vapor. Refrigerant absorbs heat in evaporator and 
gives off heat in the condenser. 

cannot be cooled to a temperature below its 
saturation temperature, the continuous loss of 
heat by the refrigerant vapor in the condenser 
causes the vapor to condense into the liquid 
state at the new, higher pressure and saturation 
·temperature. The heat given off by the vapor in 
the condenser is carried away by the condensing 
medium. The resulting condensed liquid, whose 
temperature and pressure will be the same as 
thoSe of the condensing vapor, flows out of the 
condenser into the liquid storage tank and is 
then ready to be recirculated to the evaporator. 

Notice that the refrigerant, sometimes called 
the working fluid, is merely a heat transfer 
agent which carries the heat from the refriger
ated space to the outside. The refrigerant 
absorbs heat from the refrigerated space in the 
evaporator, carries it out of the space, and 
rejects it to the condensing medium in the 
condenser. 
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6·11. Typical Vapor-Compression System. 
A flow diagram of a simple vapor-compression 
system is shown in Fig. 6-11. The principal 
parts of the system are: (1) an evaporator, 
whose function it is to provide a heat transfer 
surface through which heat can pass from the 
refrigerated space or product into the vaporizing 
refrigerant; (2) a suction line, which conveys 
the low pressure vapor from the evaporator 
to the suction inlet of the compressor; (3) a 
vapor compressor, whose function it is to 
remove the vapor from the evaporator, and to 
rai$e the temperature and pressure of the vapor 
to a point such that the vapor can be condensed 
with normally available condensing media; (4) 
a "hot-gas" or discharge line which delivers the 
high-pressure, high-temperature vapor from the 
discharge of the compressor to the condenser; 
(5) a condenser, whose purpose it is to provide 
a heat transfer surface through which heat 
passes from the hot refrigerant vapor to the 
condensing medium; (6) a receiver tank, which 
provides storage for the liquid condenser so that 
a constant supply of liquid is available to the 
evaporator as needed; (7) a liquid line, which 
carries the liquid refrigerant from the receiver 
tank to the refrigerant flow control; (8) a 
refrigerant flow control, whose function it is to 
meter the proper amount of refrigerant to the 
evaporator an:d to reduce the pressure of the 
liquid entering the evaporator so that the liquid 
will vaporize in the evaporator at the desired low 
temperature. 

Suction 
line@ 

6-11. Service Valves. The suction and dis
charge sides of the compressor and the outlet 
of the receiver tank are usually equipped with 
manual shut-off valves for use during service 
operations. These valves are known as the 
"suction service valve," the discharge service 
valve," and the "receiver tank valve," respec
tively. Receiver tanks on large systems frequent
ly have shut-off valves on both the inlet and the 
outlet. 
6·13. Division of the System. A refriger
ating system is divided into two parts according 
to the pressure exerted by the refrigerant in the 
two parts. The low pressure part of the system 
consists of the refrigerant flow control, the 
evaporator, and the suction line. The pressure 
exerted by the refrigerant in these parts is the 
low pressure under which the refrigerant is 
vaporizing in the evaporator. This pressure is 
known variously as the "low side pressure," 
the "evaporator pressure," the "suction pres
sure," or the "back pressure." During service 
operations this pressure is usually measured 
at the compressor by installing a compound 
gage on the gage port of the suction service 
valve. 

The high pressure side or "high side" of the 
system consists of the compressor, the discharge 
or "hot gas" line, the condenser, the receiver 
tank, and the liquid line. The pressure exerted 
by the refrigerant in this part of the system is 
the high pressure under which the refrigerant is 
condensing in the condenser. This pressure is 

Liquid 
(j) line 

Receiver 
tank valve 

Fll• 6-11. Flow diagram of simple 
vapor compression system show
Ing the principal parts. 
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Receiver ----

Fl1. 6-ll. Air-cooled condens
Ing unit. Note fan mounted on 
motor shaft to circulate air 
over condenser. 

tank 

Compressor 

called the "condensing pressure," the "dis· 
charge pressure," or, more often, the "head 
pressure." 

The dividing points between the high and low 
pressure sides of the system are the refrigerant 
flow control, where the pressure of the refriger
ant is reduced from the condensing pressure to 
the vaporizing pressure, and the discharge valves 
in the compressor, through which the high 
pressure vapor is exhausted after compression. • 
It should be noted that, although the compressor 
is considered to be a part of the high side of the 
system, the pressure on the suction side of the 
compressor and in the crankcase is the low side 
pressure. The change in pressure, of course, 
occurs in the cylinder during the compression 
process. 
6-14. Condensing Units. The compressor, 
hot gas line, condenser, and receiver tank, 
along with the compressor driver (usually an 
electric motor), are often combined into one 
compact unit as shown in Fig. 6-12. Such an 
assembly is called a condensing unit because its 
function in the system is to reclaim the vapor 
and condense it back into the liquid state. 

Condensing units are often classified accord-

• Care should be taken not to confuse the suction 
and discharge valves in the compressor with the 
suction and discharge service valves. The suction 
and discharge valves in a reciprocating compressor 
perform the same function as the intake and exhaust 
valves in an automobile engine and are vital to the 
operation of the compressor, whereas the suction and 
discharge service valves serve no useful purpose inso
far as the operation of the compressor is concerned. 
The latter valves are used only to facilitate service 
operations, as their nomenclature implies. 

ing to condensing medium used to condense the 
refrigerant. A condensing unit employing air as 
the condensing medium (Fig. 6-12) is called an 
air-cooled condensing unit, whereas one employ
ing water as the condensing medium is a water
cooled condensing unit. 
6-15. Hermetic Motor-Compressor Assem
blies. Condensing units of small horsepower 
are often equipped with hermetically sealed 
motor-compressor assemblies. The assembly 
consists of a direct-driven compressor mounted 
on a common shaft with the motor rotor and 
the whole assembly hermetically sealed in a 
welded steel shell (Fig. 6-13). 

Condensing units equipped with hermetically 
sealed motor-compressor assemblies are known 
as "hermetic condensing units" and are em
ployed on a number of small commercial 
refrigerators and on almost all household 
refrigerators, home freezers, and window air 
conditioners. For reasons that will be shown 
later, many hermetic condensing units are not 
equipped with receiver tanks. 

A variation of the hermetic motor-compressor 
assembly is the "accessible hermetic." It. is 
similar to the full hermetic except that the shell 
enclosing the assembly is bolted together rather 
than seam welded. (Fig. 6-14). The bolted 
construction permits the assemblies to be 
opened in the field for servicing. 
6-16. Definition of a Cycle. As the refriger
ant circulates through the system, it passes 
through a number of changes in state or 
condition, each of which is called a process. 
The refrigerant starts at some initial state or 
condition, passes through a series of processes 
in a definite sequence, and returns to the initial 
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Fll• 6-13. Air-cooled condensing unit employing hermetic motor-compressor. Note separate fan to circulate 
air over condenser. (Courtesy Tecumseh Products Company.) 

condition. This series of processes is called a 
cycle. The simple vapor-compression refriger
ation cycle is made up of four fundamental 
processes: (l) expansion, (2) vaporization, (3) 
compression, and ( 4) condensation. 

To understand properly the refrigeration 
cycle it is necessary to consider each process in 
the cycle both separately and in relation to the 
complete cycle. Any change in any one process 
in the cycle will bring about changes in all the 
other processes in the cycle. 
6-17. Typical Vapor-Compression Cycle. 
A typical vapor-compression cycle is shown in 
Fig. 6-15. Starting at the receiver tank, high
temperature, high-pressure liquid refrigerant 
flows from the receiver tank through the liquid 
line to the refrigerant flow control. The 
pressure of the liquid is reduced to the evapor
ator pressure as the liquid passes through the 
refrigerant flow control so that the saturation 
temperature of the refrigerant entering the 
evaporator will be below the temperature of the 
refrigerated space. It will be shown later that a 

part of the liquid vaporizes as it passes through 
the refrigerant control in order to reduce the 
temperature of the liquid to the evaporating 
temperature. 

In the evaporator, the liquid vaporizes at a 
consta~t pressure and temperature as heat to 
supply the latent heat of vaporization passes 
from the refrigerated space through the walls of 
the evaporator to the vaporizing liquid. By the 
action of the compressor, the vapor resulting 
from the vaporization is drawn from the 
evaporator through the suction line into the 
suction inlet of the compressor. The vapor 
leaving the evaporator is saturated and its 
temperature and pressure are the same as those 
of the vaporizing liquid. While flowing through 
the suction line from the evaporator to the 
compressor, the vapor usually absorbs beat 
from the air surrounding the suction line and 
becomes superheated. Although the tempera
ture of the vapor increases somewhat in the 
suction line as the result of superheating, the 
pressure of the vapor does not change so that 
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Liquid-vapor mixture 
30°F-28.46 psig 

Subcooled liquid 
s6•f-120.6 psig 

Saturated vapor 
30•F-28.46 psig~i==:=:::::l.!2.. _____ _) 

Superheated vapor 
132°F-120.6 psig--;----,. 

Superheated vapor 
70°F-28.46 psig 

Saturated vapor 
102•F-120.6 psig 

Saturated liquid 
102•f-120.6 psig 

Fig. 6-15. Typical refrigeration system showing the condition of the refrigerant at various polnu. 

the pressure of the vapor entering the compres
sor is the same as the vaporizing pressure. • 

In the compressor, the temperature and 
pressure of the vapor are raised by compression 
and the high-temperature, high-pressure vapor 
is discharged from the compressor into the 
hot-gas line. The vapor flows through the 
hot-gas line to the condenser where it gives up 
heat to the relatively cool air being drawn 
across the condenser by the condenser fan. 
As the hot vapor gives off heat to the cooler air, 
its temperature is reduced to the new saturation 
temperature corresponding to its new pressure 
and the vapor condenses back into the liquid 
state as additional heat is removed. By the 
time the refrigerant reaches the bottom of the 
condenser, all of the vapor is condensed and the 
liquid passes into the receiver tank, ready to be 
recirculated. 
6-18. The Compression Process. In 
modem, high speed compressors, compression 
takes place very rapidly and the vapor is in 
contact with the compressor cylinder for only a 
short time. Because the time of compression 
is short and because the mean temperature 

• Actually, the pressure of the vapor decreases 
, slightly between the evaporator and compressor 
because of the friction loss in the suction line 
resulting from the flow. 

differential between the refrigerant vapor and 
the cylinder wall is small, the flow of heat 
either to or from the refrigerant during com
pression is usually negligible. Therefore, com
pression of the vapor in a refrigeration com
pressor is assumed to occur adiabatically. 

Although no heat as such is transferred either 
to or from the refrigerant during the compres
sion, the temperature and enthalpy of the vapor 
are increased because of the mechanical work 
done on the vapor by the piston. Whenever a 
vapor is compressed, unless the vapor is cooled 
during the compression, the internal kinetic 
energy of the vapor is increased by an amount 
equal to the amount of work done on the vapor 
(Section 3-12). Therefore, when a vapor is 
compressed adiabatically, as in a refrigeration 
compressor, wherein no heat is removed from 
the vapor during the compression, the tempera
ture and enthalpy are increased in direct 
proportion to the amount of work done during 
the compression. The greater the work of 
compression, the greater is the increase in 
temperature and enthalpy. 

The energy equivalent of the work done is 
called the heat of compression. The energy to 
do the work of compression, which is trans
ferred to the vapor during the compression 
process, is supplied by the compressor driver, 
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usually an electric motor. It will be shown 
later that the theoretical horsepower required 
to drive the compressor can be calculated from 
the heat of compression. 
6-19. Discharge Temperature. Care should 
be taken not to confuse discharge temperature 
with condensing temperature. The discharge 
temperature is that at which the vapor is dis
charged from the compressor, whereas the 
condensing temperature is that at which the 
vapor condenses in the condenser and is the 
saturation temperature of the vapor correspond
ing to the pressure in the condenser. Because 
the vapor is usually superheated as it enters the 
compressor and because it contains the heat of 
compression, the vapor discharged from the 
compressor is highly superheated and its 
temperature is considerably above the satura
tion temperature corresponding to its pressure. 
The discharge vapor is cooled to the condensing 
temperature as it flows through the hot-gas line 
and through the upper part of the condenser, 
whereupon the further removal of heat from 
the vapor causes the vapor to condense at the 
saturation temperature corresponding to the 
pressure in the condenser. 
6-:20. Condensing Temperature. To provide 
a continuous refrigerating effect the refrigerant 
vapor must be condensed in the condenser at 
the same rate that the refrigerant liquid is 
vaporized in the evaporator. This means that 
heat must leave the system at the condenser at 
the same rate that heat is taken into the system 

'in the evaporator and suction line, and in the 
compressor as a result of the work of compres
sion. Obviously, any increase in the rate of 
vaporization will increase the required rate of 
heat transfer at the condenser. 

The rate at which heat will flow thtough the 
walls of the condenser from the refrigerant 
vapor to the condensing medium is the function 
of three factors: (1) the area of the condensing 
surface, (2) the coefficient of conductance of the 
condenser walls, and (3) the temperature differ
ence between the refrigerant vapor and the 
condensing medium. For any given condenser, 
the area of the condensing surface and the 
coefficient of conductance are fixed so that the 
rate of heat transfer through the condenser 
walls depends only on the temperature differ
ence between the refrigerant vapor and the 
condensing medium. 

Since the condensing temperature is always 
equal to the temperature of the condensing 
medium plus the temperature difference between 
the condensing refrigerant and the condensing 
medium, it follows that the condensing tempera
ture varies directly with the temperature of the 
condensing medium and with the required rate 
of heat transfer at the condenser. 
6-ll. Condensing Pressure. The condensing 
pressure is always the saturation pressure 
corresponding to the temperature of the liquid
vapor mixture in the condenser. 

When the compressor is not running, the 
temperature of the refrigerant mixture in the 
condenser will be the same as that of the 
surrounding air, and the cori-esponding satura
tion pressure will be relatively low. Conse
quently, when the compressor is started, the 
vapor pumped over into the condenser will not 
begin to condense immediately because there is 
no temperature differential between the refriger
ant and the condensing medium, and therefore 
no heat transfer between the two. Because of 
the throttling action of the refrigerant control, 
the condenser may be visualized as a closed 
container, and as more and more vapor is 
pumped into the condenser without condensing, 
the pressure in the condenser increases to a 
point where the saturation temperature of 
vapor is sufficiently high to permit the required 
rate of heat transfer between the refrigerant 
and the condensing medium. When the required 
rate of heat transfer is reached, the vapor will 
condense as fast as it is pumped into the 
condenser, whereupon the pressure in the con
denser will stabilize and remain more or less 
constant during the balance of the running cycle. 
6-n. Refrigerating Effect. The quantity of 
heat that each pound of refrigerant absorbs 
from the refrigerated space is known as the 
refrigerating effect. For example, when 1 lb of 
ice melts it will absorb from the surrounding air 
and from adjacent objects an amount of heat 
equal to its latent heat of fusion. If the ice melts 
at 32° Fit will absorb 144 Btu per pound, so that 
the refrigerating effect of 1 lb of ice is 144 Btu. 

Likewise, when a liquid refrigerant vaporizes 
as it flows through the evaporator it will absorb 
an amount of heat equal to that required to 
vaporize it; thus the refrigerating effect of 1 lb 
of liquid refrigerant is potentially equal to its 
latent heat of vaporization. If the temperature 
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of the liquid entering the refrigerant control 
from the liquid line is exactly equal to the 
vaporizing temperature in the evaporator the 
entire pound of liquid will vaporize in the 
evaporator and produce useful cooling, in 
which case the refrigerating effect per pound 
of refrigerant circulated will be equal to the 
total latent heat of vaporization. However, in 
an actual cycle the temperature of the liquid 
entering the refrigerant control is always 
considerably higher than the vaporizing tem
perature in the evaporator, and must first be 
reduced to the evaporator temperature before 
the liquid can vaporize in the evaporator and 
absorb heat from the refrigerated space. For 
this reason, only a part of each pound of Hquid 
actually vaporizes in the evaporator and 
produces useful cooling. Therefore, the refriger
ating effect per pound of liquid circulated is 
always less than the total latent heat of vapori
zation. 

With reference to Fig. 6-15, the pressure of 
the vapor condensing in the condenser is 120 
psig and the condensing temperature (satur
ation temperature) of the R-12 vapor corre
sponding to this pressure is 102° F. Since 
condensation occurs at a constant temperature, 
the temperature of the liquid resulting from tl;J.e 
condensation is also 10ZO F. Aftercondensation, 
as the liquid flows through the lower part of 
the condenser -it continues to give up heat to the 
cooler condensing medium, so that before- the 
liquid leaves the condenser its temperature is 
usually reduced somewhat below the tempera
ture at which it condensed. The liquid is then 
said to be subcooled. The temperature at 
which the liquid leaves the condenser depends 
upon the temperature of the condensing 
medium and upon how long the liquid remains 
in contact with the condensing medium after 
condensation. 

The liquid may be further subcooled in the 
receiver tank and in the liquid line by surrender
ing heat to the surrounding air. In any case, 
because of the heat exchange between the 
refrigerant in the liquid line and the surrounding 
air, the temperature of the liquid approaching 
the refrigerant control is likely to be fairly 
close to the temperature of the air surrounding 
the liquid line. In Fig. 6-15, the liquid ap
proaches the refrigerant control at a temperature 
of 86° F, whereas its pressure is still the same as 

the condensing pressure, 120.6 psig. Since the 
saturation temperature corresponding to 120.6 
psig is lOZO F, the 86° F liquid at the refrigerant 
control is subcooled 16° F (102 - 86) below its 
saturation temperature. 

Since the saturation pressure corresponding 
to 86° F is 93.2 psig, the R-12 can exist in the 
liquid state as long as its pressure ·is not reduced 
below 93.2 psig. However, as the liquid passes 
through tlle refrigerant control its pressure is 
reduced from 120.6 psig to 28.46 psig, the 
saturation pressure corresponding to the 30° 
vaporizing temperature of the refrigerant in the 
evaporator. Since the R-12 cannot exist as a 
liquid at any temperature above the saturation 
temperature of 30° F when its pressure is 28.46 
psig, the liquid must surrender enough heat 
to cool itself from 86° F to 30° F at the instant 
that its pressure is reduced in passing through 
the refrigerant control. 

From Table 16-3, the enthalpy of liquid at 
86° F and at 30° F is 27.73 Btu per pound and 
14.76 Btu per pound, respectively, so that each 
pound of liquid must surrender 12.97 Btu 
(27.73 - 14.76) in order to cool from 86° F to 
30° F. Because the liquid expands through the 
refrigerant control so rapidly, the liquid is not 
in contact with the control for a sufficient length 
of time to permit this amount of heat to be 
transferred from the refrigerant to the control. 
Therefore, a portion of each pound of liquid 
vaporizes as the liquid passes through the con
trol, and the heat to supply the latent heat of 
vaporization for the portion that vaporizes is 
drawn from the body of the liquid, thereby 
reducing the temperature of the refrigerant to the 
evaporator temperature. In this instance, enough 
of each pound of liquid vaporizes while passing 
through the refrigerant control to absorb exactly 
the 12.97 Btu of sensible heat that each pound of 
liquid must surrender in order to cool from 86° F 
to 30° F and the refrigerant is discharged from 
the refrigerant control into the evaporator as a 
liquid-vapor mixture. Obviously, only the liquid 
portion of the liquid-vapor mixture will vaporize 
in the evaporator and produce useful cooling. 
That portion of each pound of liquid circulated 
which vaporizes in the refrigerant control pro
duces no useful cooling and represents a loss of 
refrigerating effect. It follows, then, that the 
refrigerating effect per pound ofliquid circulated 
is equal to the total latent heat of vaporization 
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~ the amount of heat absorbed by that part of 
each pound that vaporizes in the control to 
reduce the temperature of the liquid to the 
vaporizing temperature. 

From Table 16-3, the latent heat of vaporiza
tion of'R-12 at 30° F is 66.85 Btu per pound. 
Since the loss of refrigerating effect is i2.97 Btu 
per pound, the refrigerating effect in this instance 
is (66.85 - 12.97) 53.88 Btu per pound. 

The percentage of each pound of refrigerant 
that vaporizes in the refrigerant control can be 
determined by dividing the total latent heat of 
vaporization into the heat absorbed by that part 
of the pound that vaporizes in the control. In 
this instance the percentage of each pound 
vaporizing in the control is (12.97/66.85 x 100) 
19.4%. Only 80.6% of each pound circulated 
actually vaporizes in the evaporator and pro
duces useful cooling (66.85 x 0.806 = 53.88 
Btu/lb). 

Even though a portion of each pound cir
culated vaporizes as it passes through the re
frigerant control, the enthalpy of the refrigerant 
does not change in the control. That is, since 
there is no heat transfer between the refrigerant 
and the control, the enthalpy of the liquid-vapor 
mixture discharged from the control into the 
evaporator is exactly the same as the enthalpy of 
the liquid approaching the control. Therefore, 
the difference between the enthalpy of the re
frigerant vapor leaving the evaporator and the 
enthalpy of the liquid approaching the control is 
only the amount of heat absorbed by the re
frigerant in the evaporator, which is, of course, 
the refrigerating effect. Hence, for any given 
conditions the refrigerating effect per pound can 
be easily determined by subtracting the enthalpy 
of the liquid refrigerant entering the control 
from the enthalpy of the saturated vapor leaving 
the evaporator. 

Example 6-1. Determine the refrigerating 
effect per pound if the temperature of the liquid 
R-12 approaching the refrigerant control is 
86° F and the temperature of the saturated 
vapor leaving the evaporator is 30° F. 

Solution. From Table 
16-3, enthalpy ofR-12 satur-
ated vapor at 30° F = 81.61 Btu/lb 

Enthalpy of R-12 liquid 
at 86° F = 27.73 Btu/lb 

Refrigerating effect per 
pound = 53.88 Btu/lb 

Example 6-1. If, in Example 6-1, the tem
perature of the liquid entering the refrigerant 
control is 60° F rather than 86° F, determine the 
refrigerating effect. 

Solution. From Table 
16-3, enthalpy of R-12 
saturated vapor at 30° F 

Enthalpy of R-12 liquid 
= 81.61 Btu/lb 

at 60o F = 21.57 Btu/lb 
Refrigerating effect = 60.04 Btu/lb 

Example 6-l. If, in Example 6-1, the 
pressure in the evaporator is 21.05 psig, and the 
liquid reaching the refrigerant control is 86 .. F, 
what is the refrigerating effect? 

Solution. From Table 
16-3, the saturation tem
perature of R-12 corre
sponding to 21.05 psig is 
20° F and the enthalpy of 
R-12 saturated vapor at that 
temperature 

Enthalpy of R-12 liquid 
at 86° F 

Refrigerating effcl:t 

= 80.49 Btu/lb 

= 27.73 Btu/lb 
= 52.77 Btu/lb 

A comparison of Examples 6-l and 6-2 in
dicates that the refrigerating effect increases as 
the temperature of the liquid approaching the 
refrigerant control decreases, whereas a com
parison of Example 6-1 and 6-3 shows that the 
refrigerating effect decreases as the vaporizing 
temperature decreases. Therefore, it is evident 
that the refrigerating effect per pound of liquid 
circulated depends upon two factors: (l) the 
evaporating temperature and (2) the temperature 
at which the liquid refrigerant enters the re
frigerant control. The higher the evaporating 
temperature and the lower the temperature of 
the liquid entering the refrigerant control, 
the greater will be the refrigerating effect. 
6-ll. System Capacity. The capacity of any 
refrigerating system is the rate at which it will 
remove heat from the refrigerated space and is 
usually stated in Btu per hour or in terms of its 
ice-melting equivalent. 

Before the era of mechanical refrigeration, ice 
was widely used as a cooling medium. With the 
development of mechanical refrigeration, it was 
only natural that the cooling capacity of 
mechanical refrigerators should be compared 
with an ice-melting equivalent. 

When one ton of ice melts. it will absorb 
288,000 Btu (2000 lb x 144 Btu/lb). If one ton 
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of ice melts in one day (24 hr), it will absorb heat 
at the rate of 12,000 Btu/hr (288,000 Btu/24 hr) 
or 200 Btu/min (12,000 Btu/hr/60). Therefore, 
a mechanical refrigerating system having the 
capacity of absorbing heat from the refrigerated 
space at the rate of 200 Btu/min (12,000 .Btu/hr) 
is cooling at a rate equivalent to the melting of 
one ton of ice in 24 hr and is said to have a 
capacity of one ton. 

The capacity of a mechanical refrigeration 
system, that is, the rate at which the system will 
remove heat from the refrigerated space, depends 
upon two factors: (1) the weight of refrigerant 
circulated per unit of time and (2) the refrigerat
ing effect of each pound circulated. 

Example 6-4. A mechanical refrigerating 
system is operating under conditions such that 
the vaporizing temperature is 30° F while the 
te~perature of the liquid approaching the re
fngerant control is 86° F. If R-12 is circulated 
throug~ the system at the rate of 5 lb/min, 
determme: 

(a) the refrigerating capacity of the system in 
Btu per hour. 

(b) the refrigerating capacity of the system in 
tons. 

Solution 
(a) From Example 6-1, 

refrigerating effect 
Weight of refrigerant 

circulated per minute 
Refrigerating capacity 

in Btu per minute 

Refrigerating capacity 
in Btu per hour 

(b) Refrigerating capacity 
in tons 

= 53.88 Btu/lb 

=Sib 

= 5 X 53.88 
= 269.40 Btu/min 

= 269.40 X 60 
= 16,164 Btu/hr 

269.40 
= 200 
= 1.347 tons 

6-14. Weight of Refrigerant Circulated per 
Minute per Ton. The weight of refrigerant 
which must be circulated per minute per ton of 
refrigerating capacity for any given operating 
conditions is found by dividing the refrigerating 
effect per pound at the given conditions into 200. 

Example 6-5. An R-12 system is operating 
at co~diti~ns such that the va.porizing tempera
ture IS 20 F and the condensmg temperature is 
100° F. If it is assumed that no subcooling of 

the liquid occurs so that the temperature of the 
liquid at the refrigerant control is also 100° F, 
find: 

(a) The refrigerating 'effect per pound 
(b) The weight of refrigerant circulated per 

minute per ton 
(c) The weight of refrigerant circulated per 

minute for a 10-ton system. 

Solution 
(a) From Table 16-3, en-

thalpy of R-12 satur
ated vapor at zoo F 
Enthalpy of R-12 
liquid at 100° F 

Refrigerating effect 
(b) Weight of refrigerant cir

culated per minute per 
ton 

(c) Weight of refrigerant cir
culated per minute for 
a 10-ton system 

= 80.49 Btu/lb 

= 31.16 Btu/lb 
49.33 Btu/lb 

200 
= 49.33 
= 4.05lb 

= 10 X 4.05 
= 40.5lb 

. Example 6~. If, in Example 6-5, the liquid 
IS subcooled from 100° F to 80° F before it 
reaches the refrigerant control, calculate: 

(a) the refrigerating effect 
(b) the weight of refrigerant circulated per 

minute per ton 

Solution 
(a) From Table 16-3, 

enthalpy of R-12 
saturated vapor at 
20°F 

Enthalpy of R-12 liquid 
at 80° F 

Refrigerating effect 
(b) Weight of refrigerant cir

culated per minute per 
ton 

= 80.49 Btu/lb 

= 26.28 Btu/lb 
= 54.21 Btu/lb 

200 
= 54.21 
= 3.69lb 

In comparing Examples 6-5 and 6-6, it is 
apparent that the weight of refrigerant which 
must be circulated per minute per ton of re
frigerating capacity varies with the refrigerating 
effect and depends upon the operating conditions 
of the system. As the refrigerating effect per 
pound increases, the weight of refrigerant cir
culated per minute per ton decreases. 
6-25. Volume of Vapor Displaced per Min
ute per Ton. When 1 lb of liquid refrigerant 
vaporizes, the volume of vapor which results 



REFRIGERATION AND THE VAPOR COMPRESSION SYSTEM 87 

depends upon the vaporizing temperature. Th~ 
lower the vaporizing temperature and pressure, 
the greater is the volume of the vapor which is 
produced. When the vaporizing temperature is 
known, the specific volume of the saturated 
vapor which results from the vaporization can 
be found_ in the saturated vapor tables. For 
instance, from Table 16-3, the specific volume of 
R-12 saturated vapor at 10° F is 1.351 cu ft per 
pound. This means that each pound of R-12 
that vaporizes at 10° F produces 1.351 cu ft of 
vapor. Therefore, if 10 lb of R -12 are vaporized 
at too Fin an evaporator each minute, saturated 
vapor will be produced at the rate of 13.51 cu ft 
per minute (10 x 1.351). 

In order to produce one ton of refrigerating 
capacity, a definite weight of refrigerant must be 
vaporized each minute. The volume of vapor 
which must be removed from the evaporator 
each minute can be calculated by multiplying 
the weight of refrigerant circulated per minute 
by the specific volume of the saturated vapor at 
the vaporizing temperature. 

Example 6-7. Determine the volume of 
vapor to be removed froni the evaporator per 
minute per ton of refrigerating capacity for the 
system described in Example 6-5. 

Solution. From 
Table 16-3, specific 
volume of R-12 satur
ated vapor at 20° F 

From Example 6-5, 
weight of refrigerant 
circulated per minute 
per ton 

Volume of vapor 
displaced per minute 
per ton 

= 1.121 cu ft/lb 

= 4.05 lb/min/ton 

= 4.05 X 1.121 
= 4.55 cu ft/min/ton 

6-2.6. Compressor Capacity. In any mecha
nical refrigerating system the capacity of the 
compressor must be such that vapor is drawn 
from the evaporator at the same rate that vapor 
is produced by the boiling action of the liquid 
refrigerant. If the refrigerant vaporizes faster 
than the compressor is able to remove the vapor, 
the excess vapor will accumulate in the evapora
tor and cause the pressure in the evaporator to 
increase, which in turn will result in raising the 
boiling temperature of the liquid. On the other 
hand, if the capacity of the compressor is such 
that the compressor removes the vapor from the 

evaporator too rapidly, the pressure in the 
evaporator will decrease and result in a decrease 
in the boiling temperature of the liquid. In either 
case, design conditions will not be maintained 
and the refrigerating system will be unsatis
factory. 

The maintenance of design conditions and 
therefore good refrigeration depends upon the 
selection of a compressor whose capacity is such 
that the compressor will displace in any given In
terval of time a volume of vapor that is equal to 
the volume occupied by the weight of refrig
erant which must be vaporized during the same 
time interval in order to produce the required 
refrigerating capacity at the design conditions. 

For instance, in Example 6-7, 4.05lb of R-12 
must be vaporized each minute at 20° F for each 
one ton of refrigerating capacity desired. In 
vaporizing, the 4.05lb of R-12 produce 4.55 
cuftofvapor(4.05 x 1.121). Iftheevaporator 
pressure and the boiling temperature of the 
liquid in the evaporator are to remain constant, 
this volume of vapor must be removed from the 
evaporator each minute for each one ton of 
refrigerating capacity. Hence, the compressor 
selected for a system operating at the conditions 
of Example 6-7 should have a capacity such that 
it will remove vapor from the evaporator at the 
rate of 4.55 cu ft per minute for each ton of 
refrigerating capacity required. For a 10 ton 
system, the compressor would have to remove 
vapor from the evaporator at the rate of 45.50 
cu ft per minute (10 x 4.55). 

PROBLEMS 

1. The temperature of liquid R-12 entering the 
refrigerant control is 86° F and the vaporizing 
temperature 30° F. Determine: 

(a) The refrigerating effect per pound of 
refrigerant circulated. Ans. 53.89 Btu/lb 

(b) The loss of refrigerating effect per pound. 
Ans. 12.96 Btu/lb 

(c) The weight of refrigerant circulated per 
minute per ton. Ans. 3.71lb/min/ton 

(d) The volume of vapor displaced per 
minute per ton. Ans. 3.48 cu ft/min/to11 

2. If saturated R-12 liquid reaches the refriger
ant control at a pressure of 136 psig and the 
vaporizing pressure in th~ evaporator is 30.07 
psig, determine: 

(a) The refrigerating effect per pound. 
Ans. 48.18 Btu/lb 
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(b) The weight of refrigerant circulated per 
minute per ton. Ans. 4.15 lb/min/ton 

(c) The volume of vapor displaced per minute 
per ton. Ans. 3.77 cu ft/min/ton 

3. H the liquid approaching the refrigerant 
control in Problem 2 is subcooled to 70° F, 
determine: 

(a) The refrigerating effect. Ans. 57.93 Btu/lb 
(b) The weight of refrigerant circulated per 

minute per ton. Ans. 3.45 cu ft/min/ton 

(c) The volume of vapor to be displaced per 
minute per ton. Ans. 3.13 cu ft/min/ton 

4. H, in Problem 2, the liquid is subcooled to 
70° F and the evaporating pressure is lowered to 
16.35 psig, determine 

(a) The refrigerating effect. Ans. 45.25 Btu/lb 
(b) The weight of refrigerant circulated per 

minute per ton. Ans. 4.42lb/min/ton 
(c) The volume of vapor displaced per 

minute per ton. Ans. 6.44 cu ft/min/ton 



7 
Cycle Diagrams 
and the Simple 
Saturated Cycle 

Fig. 7-1. • The condition of the refrigerant in 
any thermodynamic state can be represented as 
a point on the Ph chart. The point on the Ph 
chart which represents the condition of the 
refrigerant in any one particular thermodynamic 
state may be located if any two properties of 
the refrigerant at that state are known. Once the 
state point has been located on the chart, all the 
other properties of the refrigerant for that state 
can be determined directly from the chart. 

As shown by the skeleton Ph chart in Fig. 
7-2, the chart is divided into three areas which 
are separated from each other by the saturated 
liquid and saturated vapor curves. The area 
on the chart to the left of the saturated liquid 
curve is called the subcooled region. At any 
point in the subcooled region the refrigerant is 
in the liquid state and its temperature is below 
the saturation temperature corresponding to 
its pressure. The area to the right of the satu
rated vapor curve is the superheated region and 
the refrigerant is in the form of a superheated 

7-1. Cycle Dia1rams. A good knowledge of vapor. The center section of the chart, between 
the vapor-compression cycle requires an inten- the saturated liquid and saturated vapor curves, 
sive study not only of the individual processes represents the change in phase of the refrigerant 
that make up the cycle but also of the relation- between the liquid and vapor states. At any 
ships that exist between the several processes and point between the two curves the refrigerant is 
of the effects that changes in any one process in in the form of a liquid-vapor mixture. The 
the cycle have on all the other processes in the distance between the two curves along any 
cycle. This is greatly simplified by the use of constant pressure line, as read on the enthalpy 
charts and diagrams upon which the complete scale at the bottom of the chart, is the latent heat 
cycle may be shown graphically. Graphical of vaporization of the refrigerant at that 
representation of the refrigeration cycle permits pressure. The saturated liquid and saturated 
the desired simultaneous consideration of all the vapor curves are not exactly parallel to each 
various changes in the condition of the re- other because the latent heat of vaporization 
frigerant which occur during the cycle and the of the refrigerant varies with the pressure at 
effect that these changes have on the cycle with- which the change in phase occurs. 
out the necessity of holding in mind all the On the chart, the change in phase from the 
different numerical values involved in cyclic liquid to the vapor phase takes place progres
problems. sively from left to right, whereas the change in 

The diagrams frequently used in the analysis of phase from the vapor to the liquid phase occurs 
the refrigeration cycle are the pressure-enthalpy from right to left. Close to the saturated liquid 
(Ph) diagram and the temperature-entropy (Ts) curve the liquid-vapor mixture is nearly all 
diagram. Of the two, the pressure-enthalpy liquid, whereas close to the saturated vapor 
diagram seems to be the most useful and is the curve the liquid-vapor mixture is almost all 
one which is emphasized in the following sec- vapor. The lines of constant quality (Fig. 7-3), 
tions. The temperature-entropy diagram has extending from top to bottom through the 
already been introduced (Section 4-19) and its center section of the chart and approximately 
application to the refrigeration cycle will be parallel to the saturated liquid and vapor 
discussed to some extent in this chapter. • The pressure-enthalpy chart for each refrigerant 
7-2.. The Pressure-Enthalpy Diagram. A is different, depending upon the properties of the 
pressure-enthalpy chart for R-12 is shown in particular refrigerant. 
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Subcooled region 
(Refrigerant is in 
the form of a 
subcooled liquid) 

Region of phase change 
(Refrigerant is a liquid
vapor mixture) 

r---:--~- Liquid to vapor -~-~--1 Superheated region 
(Refrigerant is in 
the form of a 
superheated vapor) 

Saturated vapor curve 

Specific enthalpy (Btu per lb) 

Fit• 7-2. . Skeleton Ph chart Illustrating the three regions of the chart and the direction of phase changing. 

curves, indicate the percentage of vapor in the 
mixture in increments of 10%. For example, at 
any point on the constant quality line closest to 
the saturated liquid curve the quality of the 
liquid-vapor mixture is 10%, which means that 
10% (by weight) of the mixture is vapor. 
Similarly, the indicated quality of the mixture 
at any point along the constant quality line 
closest to the saturated vapor curve is 90% and 
the amount of vapor in the liquid-vapor mixture 
is 90 %. At any point on the saturated liquid 
curve the refrigerant is a saturated liquid and at 
any point along the saturated vapor curve the 
refrigerant is a saturated vapor. 

The pressure is plotted along the vertical 
axis, and the enthalpy is plotted along the 
horizontal axis. Hence, the horizontal lines 
extending across the chart are lines of constant 
pressure and the vertical lines are lines of 
constant enthalpy. 

The lines of constant temperature in the 
subcooled region are almost vertical on the 
chart and paralled to the lines of constant 
enthalpy. In the center section, since the 
refrigerant changes state at a constant tempera
ture and pressure, the lines of constant tempera
ture run horizontally across the chart and 
parallel to the lines of constant pressure. At the 
saturated vapor curve the lines of constant 
temperature change direction again and, in the 

superheated vapor region, fall off sharply 
toward the bottom of the chart. 

The straight lines which extend diagonally 
and almost vertically across the superheated 
vapor region are lines of constant entropy. The 
curved, nearly horizontal lines crossing the 
superheated vapor region are lines of constant 
volume. 

The values of any of the various properties 
of the refrigerant which are of importance in the 
refrigerating cycle may be read directly from 
the Ph chart at any point where the value of that 
particular property is significant to the process 
occurring at that point. To simplify the chart, 
the number of lines on the chart is kept to a 
minimum. For this reason, the value of those 
properties of the refrigerant which have no real 
significance at some points in the cycle are 
omitted from the chart at these points. For 
example, in the liquid region and in the region 
of phase change (center section) the values of 
entropy and volume are of no particular 
interest and are therefore omitted from the 
chart in these sections. 

Since the Ph chart is based on a 1 lb mass of 
the refrigerant, the volume given is the specific 
volume, the enthalpy is in Btu per pound, and 
the entropy is in Btu per pound per degree of 
absolute temperature. Enthalpy values are 
found on the horizontal scale at the bottom of 
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the chart and the values of entropy and volume 
are given adjacent to the entropy and volume 
lines, respectively. The values of both enthalpy 
and entropy are based on the arbitrarily selected 
zero point of -40° F. 

The magnitude of the pressure in psia is 
read on the vertical scale at the left side of the 
chart. Temperature values in degrees Fahren
heit are found adjacent to the constant tempera
ture lines in the subcooled and superheated 
regions of the chart and on both the saturated 
liquid and saturated vapor curves. 
7-3. The Simple Saturated Refrigerating 
Cycle. A simple saturated refrigerating cycle is 
a theoretical cycle wherein it is assumed that the 
refrigerant vapor leaves the evaporator and 
enters the compressor as a saturated vapor (at 
the vaporizing temperature and pressure) and 
the liquid leaves the condenser and enters the 
refrigerant control as a saturated liquid (at 
the condensing temperature and pressure). 
Although the refrigerating cycle of an actual 
refrigerating machine will usually deviate 
somewhat from the simple saturated cycle, the 
analysis of a simple saturated cycle is nonethe
less worthwhile. In such a cycle, the funda
mental processes which are the basis of every 
actual vapor compression refrigerating cycle are 
easily identified and understood. Furthermore, 

I 
I 

Constant pressure 

by using the simple saturated cycle as a standard 
against which actual cycles may be compared, 
the relative efficiency of actual refrigerating 
cycles at various operating conditions can be 
readily determined. 

A simple saturated cycle for a R-12 system is 
plotted on a Ph chart in Fig. 7-4. The system is 
assumed .to be operating under sucl:). conditions 
that the vaporizing pressure in the evaporator is 
35.75 psia and the condensing pressure in the 
condenser is 131.6 psia. The points A, B, C, D, 
and E on the Ph diagram correspond to points 
in the refrigerating system as shown on the ftow 
diagram in Fig. 7-5. 

At point A, the refrigerant is a saturated 
liquid in the condenser at the condensing 
pressure and temperature, and its properties, as 
given in Table 16-3, are: 

p = 131.6 psia t = 100° F 
h = 31.16 Btu/lb s = 0.06316 Btu/lbr F 

v = 0.0127 cu ft/lb 

At point A, the values of p, t, and h may be 
read directly from the Ph chart. Since the 
refrigerant is always a saturated liquid at point 
A, point A will always fall somewhere along 
the saturated liquid curve and can be located on 
the Ph chart if either p, t, or his known. Usually 

65 
Specific enthalpy (Btu per lb) 

Fl1. 7-l. Skeleton Ph chart showing paths of constant p,._ure, constant temperature, constant volume, 
constant quality, constant enthalpy, and constant entropy. (Refrlgerant-12.) 
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~---_j_-- Latent heat of vaporization ----;~---..,-a.~ 

-----Refrigerating effect----+~ 

Heat of 

,__ __ Total heat rejected -----,f-=t--~ 
at condenser 

::2 L Latent heat rejected 
...; .----- at condenser --+--+--~ 

Specific enthalpy (Btu per lb) 

Fl1. 7-4. Pressure-enthalpy diagram of a simple saturated cycle operating at a vaporizing temperature of 20° F 
and a condensing temperature of 100° F. (Refrigerant-12.) 

in actual practice, either p, t, or both will be 
measurable. 
7-4. The Expansion Process. In the simple 
saturated cycle there is assumed to be no change 
in the properties (condition) of the refrigerant 
liquid as it flows through the liquid line from 
the condenser to the refrigerant control and 
the condition of the liquid approaching the re
frigerant control is the same as its condition 
at point A. The process described by the initial 
and final state points A-B occurs in the refriger
ant control when the pressure of the liquid 
is reduced from the condensing pressure to the 
evaporating pressure as the liquidpassesthrough 
the control. • When the liquid is expanded into 
the evaporator through the orifice of the control, 
the temperature of the liquid is reduced from the 
condensing temperature to the evaporating tem
perature by the flashing into vapor of a small 
portion of the liquid. 

Process A-B is a throttling type of adiabatic 

• Process A-B is an irreversible adiabatic ex
pansion during which the refrigerant passes through 
a series of state points in such a way that there is no 
uniform distribution of any of the properties. 
Hence, no true path can be drawn for the process and 
line A-B merely represents a process which begins 
at state point A and terminates at state point B. 

expansion, frequently called "wire-drawing," 
in which the enthalpy of the working fluid does 
not change during the process. This type of 
expansion occurs whenever a fluid is expanded 
through an orifice from a high pressure to a 
lower pressure. It is assumed to take place 
without the gain or loss of heat through the 
piping or valves and without the performance of 
work.t 

Since the enthalpy of the refrigerant does not 
change during process A-B, point B is located 
on the Ph chart by following the line of constant 
enthalpy from point A to the point where the 
constant enthalpy line intersects the line of 
constant pressure corresponding to the evapor
ating pressure. To locate point B on the Ph 
chart, the evaporating pressure or temperature 
must be known. 

As a result of the partial vaporization of 
the liquid refrigerant during process A-B, the 

tActually, a certain amount of work is done by 
the fluid in projecting itself through the orifice of 
the control. However, since the heat equivalent 
of the work done in overcoming the friction of the 
orifice merely heats the orifice and is subsequently 
reabsorbed by the fluid, the assumption that the 
enthalpy of the fluid does not change during the 
process is not in error. 
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refrigerant at point B is a liquid-vapor mixture 
whose properties are: 

p = 35.15 psia 
t = 20° F 
h -= 31.16 Btu/lb (same as at point A) 
v = 0.1520 cu ft/lb 
s ""0.06316 Btu/lb/" F 

NoTE. The change in entropy during the 
process A-B results from a transfer of heat 
energy which takes place within the refrigerant 
itself because of internal friction. A transfer of 
energy which occurs entirely within the working 
fluid does not affect the enthalpy of the fluid, 
only the entropy changes. 

At point B, in addition to the values of p, t, 
and h, the approximate quality of the vapor can 
be determined from the Ph chart by interpolat
ing between the lines of constant quality. In 
this instance, the quality of the vapor as deter
mined from the Ph chart is approximately 
27%. 

Since the refrigerant at point B is a liquid
vapor mixture, only the values of p and t can be 
read directly from Table 16-3. However, 
because the enthalp.y of the refrigerant at points 
A and B is the same, the enthalpy at point B 
may be read from Table 16-3 as the enthalpy 
at the conditions of point A. The quality of the 
vapor at point B can be determined as in Section 
6-22, using enthalpy values taken either from 
Table 16-3 or from the Ph chart directly. 

Point at which ,-----------' 
vaporization is 
complete 

Suction vapor flows 
from the evaporator 
to the compressor 
through the suction 
line without a 
change in condition 

The values of s and v at point Bare usually of 
no interest and are not given either on the Ph 
chart or in the vapor tables. If the values of s 
and v are desired, they must be calculated. 
7-5. The Vaporizing Process. The process 
B-C is the vaporization of the refrigerant in the 
evaporator. Since vaporization takes place at a 
constant temperature and pressure, B-C is both 
isothermal and isobaric. Therefore, point C 
is located on the Ph chart by following the lines 
of constant pressure and constant temperature 
from point B to the point where they intersect 
the saturated vapor curve. At point C the 
refrigerant is completely vaporized and is a 
saturated vapor at the vaporizing temperature 
and pressure. The properties of the refrigerant 
at point C, as given in Table 16-3 or as read 
from the Ph chart, are: 

p ""' 35.15 psia (same as at point B) 
t = 20o F (same as at point B) 
h = 80.49 Btu/lb 
v ""' 1.121 cu ft/lb 
s = 0.16949 Btu/lb/" F 

The enthalpy of the refrigerant increases 
during process- B-C as the refrigerant flows 
through the evaporator and absorbs heat from 
the refrigerated space. The quantity of heat 
absorbed by the refrigerant in the evaporator 
(refrigerating effect) is the difference between 
the enthalpy of the refrigerant at points B and 
C. Thus, if ha, hb, h0 , ha. h., and h~ represent the 

In the simple safurated 
cycle, the refrigerant 
flows through the liquid 
line from the condenser 
to the refrigerant 
control without a 
change in condition 

Fig. 7-5. Flow diagram o( a 
simple saturated cycle. 
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enthalpies of the refrigerant at points A, B, C, D, 
E, and X, respectively, then 

(7-1) 

where q1 = the refrigerating effect ill Btu/lb. 
But since h• is equal to ha, then 

ql = he - ha (7-2) 

When we substitute the appropriate values in 
Eq11ation 7-2 for the example in question, 

ql = 80.49 - 31.16 

= 49.33 Btu/lb 

On the Ph diagram, the distance between 
point X and point C represents the total latent 
heat of vaporization of 1 lb of R-12 at the 
vaporizing pressure of 3?.75 psia (h1fl in Table 
16-3). Therefore, since the distance B-C is the 
useful refrigerating effect, the difference between 
X-C and B-C, which is the distance X-B, is 
the loss of refrigerating effect. 
7-6. The Compression Process. In the simple 
saturated cycle, the refrigerant undergoes no 
change in condition while flowing through the 
suction line from the evaporator to the com
pressor. Process C-D takes place in the 
compressor as the pressure of the vapor is 
increased by compression from the vaporizing 
pressure to the condensing pressure. For the 
simple saturated cycle, the compression process, 
C-D, is assumed to be isentropic. • An isen
tropic compression is a special type of adiabatic 
process which takes place without friction. t 
It is sometimes described as a "frictionless
adiabatic" or "constant-entropy" compression. 

According to Equation 4-3, Section 4-19, the 
change in entropy (~s) during any process is 
equal to the transferred heat (~Q) divided by the 
average absolute temperature eR). In any 
frictionless-adiabatic process, such as the com-

• It will be shown later that compression of the 
vapor in an actual refrigerating compressor usually 
deviates somewhat from true isentropic compression. 
As a general rule, compression is polytropic. 

t The term, adiabatic, is used to describe any 
number of processes which take place without the 
transfer of energy as heat to or from the working 
substance during the process. Thus, an isentropic 
process is only one of a number of different processes 
which may be termed adiabatic. For example, 
compare process C-D with process A-B. Both are 
adiabatic, but C-D is frictionless, whereas A-B is 
a throttling type of process which involves friction. 

pression process C-D, wherein no heat, as such, 
is tr~ferred either internally (within the vapor 
itself) or externally (to or from an external 
source) ~Q will always be equal to zero. If AQ 
is equal to zero, then ~s must also be equal to 
zero. Hence, there is no change in the entropy 
of the vapor. during a frictionless-adiabatic 
(isentropic) compression. 

Since there is no change in the-entropy of the 
vapor during process C-D, the entropy of the 
refrigeratlt at point D is the same as at point c. 
Therefore, point D can be located on the Ph 
chart by following the line of constant entropy 
from point C to the point where the con~tant 
entropy line intersects the Une of constant pres
sure corresponding to the condensing pressure. 

At point D, the refrigerant is a superheated 
vapor whose properties are: 

p = 131.6 psia 
t = 112° F (approximate) 
h = 90.6 Btu/lb (approximate) 
v = 0.330 cu ft/lb (approximate) 
s = 0.16949 Btu/lbr F (same as at point C) 

All of the properties of the refrigerant at the 
condition of point D are taken from tbe Ph 
chart. Since the values of t, h, and v require 
interpolation, they are only approximations. 
The properties of the superheated refrigerant 
vapor cannot usually be read acc\lfately from 
the vapor table unless the pressure of the vapor 
in question corresponds exactly to one of the 
pressures listed in the table. This is seldom the 
case, particularly at the higher pressures where 
the pressure listings in the table are in 10 lb 
increments. 

Work is done on the vapor during the com
pression process, C-D, and the enthalpy of the 
refrigerant is increased by an amount equal to 
the heat energy equivalent of the mechanical 
work done on the vapor. The heat energy 
equivalent of the work done during the com
pression is often referred to as the heat of 
compression and is equal to the difference in the 
enthalpy of the refrigerant at points D and C. 
Thus, where q1 is the heat of compression per 
pound of refrigerant circulated, 

q.=h,-h. 

For the example in question, 

q, = 90.60 - 80.49 
= 10.11 Btuflb 

(7-3) 
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The mechanical work done on the vapor 
by the piston during the compression may be 
calculated from the heat of compression. H 
w is the work done in foot~pounds per pound of 
refrigerant circulated and J is the mechanical 
energy equivalent of heat, then 

W = IJa X J (1-4) 

or w = J(htJ - hJ (7-5) 

when we substitute in Equation 7-4, 

W = 10.11 X 778 

= 7865.58 ft-lb 

As a result of absorbing the heat of com
pression, the hot vapor discharged from the 
compressor is in a superheated condition, that 
is, its temperature is greater than the saturation 
temperature corresponding to its pressure. 
In this instance, the vapor leaves the compressor 
at a temperature of 112° F, whereas the satura
tion temperature corresponding to its pressure 
of 131.6 psia is 100° F. Thus, before the vapor 
can be condensed, the superheat must be 
removed and the temperature of the vapor 
lowered from the discharge temperature to the 
saturation temperature corresponding to its 
pressure. ~ 
7-7. The Condenslns Process. 'Usually, both 
processes D-E and E-A take place in the 
condenser as the hot gas discharged from the 
compressor is cooled to the condensing tempera
ture and condensed. Process D-E occurs in the 
upper part of the condenser and to some extent 
in the hot gas line. It represents the cooling of 
the vapor from the discharge temperature to the 
condensing temperature as the vapor rejects 
heat to the condensing medium. During 
process D-E, the pressure of the vapor remains 
constant and point E is located on the Ph chart 
by following a line of constant pressure from 
point D to the point where the constant pressure 
line intersects the saturated vapor curve. 

At point E, the refrigerant is a saturated vapor 
at the condensing temperature and pressure. 
Its properties, as read from either the Ph chart 
or from Table 16-3, are: 

p = 131.6 psia (same as at point D) 
t = 100° F 
h = 88.62 Btu/lb 
s = 0.16584 Btu/lbr F 
v - 0.319 cu ft/lb 

The quantity of sensible heat (superheat) 
removed from 1 lb of vapor in the condenser in 
cooling the vapor from the discharge tempera
ture to the condensing temperature is the differ
ence between the enthalpy of the refrigerant at 
point D and the enthalpy at point E (htJ - hJ. 

Process E-A is the condensation of the vapor 
in the condenser. Since condensation takes 
place at a constant temperature and pressure, 
process E-A follows along lines of constant 
pressure and temperature from point E to 
paint A. The heat rejected to the condensing 
medium during process E-A is the difference 
between the enthalpy of the refrigerant at 
points E and A (h. - ha). 

On returning to point A, the refrigerant has 
completed one cycle and its properties are the 
same as those previously described for point A. 

Since both processes D-E and E-A occur in 
the condenser, the total amount of heat rejected 
by the refrigerant to the condensing medium in 
the condenser is the sum of the heat quantities 
rejected during processes D-E and D-A. The 
total heat given up by the refrigerant at the 
condenser is the difference between the enthalpy 
of the superheated vapor at point D and the 
saturated liquid at point A. Hence, 

IJa = htJ - ha (7-6) 

where q8 = the heat rejected at the condenser 
per pound of refrigerant circulated. 

In this instance, 

IJa = 90.60 - 31.16 

= 59.44 Btu/lb 

H the refrigerant is to reach point A at the 
end of the cycle in the same condition as it left 
point A at the beginning of the cycle, the total 
heat rejected by the refrigerant to the condens
ing medium in the condenser must be exactly 
equal to the heat absorbed by the refrigerant at 
all other points in the cycle. In a simple 
saturated cycle, the refrigerant is heated at only 
two points in the cycle: (1) in the evaporator 
by absorbing heat from the refrigerated space 
(qJ and in the compressor by the heat of com
pression (qi). 

Therefore, 

In this instance, 

q8 = 49.33 + 10.11 

- 59.44 Btu/Ib 

(7-7) 
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Where m is the weight of refrigerant to be 
circulated per minute per ton, 

200Btu/min 
m----'--

For the cycle in question, 

200 
m = 49~33 

= 4.05 lb/min/ton 

(7-8) 

Then, where Q8 is the total quantity of heat 
rejected at the condenser per minute per ton, 

Q. = m(qa) 

or Q8 = m(h, - htJ) 

For the cycle in question, 

Q8 = 4.05 x 59.44 

= 240.93 Btu/min/ton 

(7-9) 

(7-10) 

Where Q1 is the heat of compression per 
minute per ton of refrigerating capacity, 

Qg = m(qs) 

or Q2 = m(h, -hJ 

Substituting, 

Q2 = 4.05 x 10.11 

= 40.95 Btu/min/ton 

(7-11) 

(7-12) 

Where W is the work of compression done on 
the vapor per minute per ton of refrigerating 
capacity, 

W = m(w) (7-13) 

or, since w equals J(qs) or J(h11 - hJ, 

or 

or 

w = Jm(qs) (7-14) 

w =Jm(h, -hJ 

w =J(Qs) 

(7-15) 

(7-16) 

When we substitute in Equation 7-15, 

W = 778 X 4.05 X (90.60 - 80.49) 

= 31,856 ft-lb/min/ton 

7-8. Theoretical Horsepower. The theoreti
cal horsepower required to drive the compressor 
per ton of refrigerating capacity may be found 
by applying Equation 1-S (Section 1-11): 

h - 31,856 
p- 33,000 X 1 

= 0.965 hp/ton 

A . more convenient method of determining 
the theoretical horsepower per ton is produced 
by combining Equations 1-S and 7-15: 

m(h, -hJ 
hp = 42.42 <7·l7) 

The compressor horsepower as calculated 
above represents only the horsepower required 
to compress the vapor. That is, it is the 
theoretical power which would be required per 
ton of refrigerating capacity by a 100% efficient 
system. It does not take into account the power 
required to overcome friction in the compressor 
and other power losses. The actual (brake) 
horsepower required per ton of refrigeration 
will usually be from 30% to SO% more than 
the theoretical horsepower calculated, depend
ing upon the efficiency of the compressor. 
The factors governing compressor efficiency are 
discussed later. 
7-9. Coefficient of Performance. The coeffi
cient of performance of a refrigerating cycle is 
an expression of the cycle efficiency and is 
stated as the ratio of the heat absorbed in the 
refrigerated space to the heat energy equivalent 
of the energy supplied to the compressor, that is, 

Coefficient of 
performance 

Heat absorbed from 
the refrigerated space 
Heat energy equivalent 
of the energy supplied 
to the compressor 

For the theoretical simple saturated cycle, this 
may be written as 

Refrigerating effect 
c.o.p. = Heat of compression (7-18) 

(he- hJ 
= (h,- he) 

(q.J 
= (qs) 

Hence, for the cycle in question, 

49.33 
c.o.p. == 10.11 

=4.88 

7-10. Effect. of Suction Temperature on 
Cycle Efficiency. The efficiency of the vapor
compression refrigerating cycle varies consider
ably with both the vaporizing and condensing 
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Fl1. 7-6. Comparison of two simple saturated cycles operating at different vaporizing temperatures (figure 
distorted). (Refrigerant-12.) 

temperatures. Of the two, the vaporizing 
temperature has by far the greater effect. 

To illustrate the effect that varying the suction 
temperature has on cycle efficiency, cycle 
diagrams of two simple saturated cycles operat
ing at different suction temperatures are drawn 
on the Ph chart in Fig. 7-6. One cycle, identified 
by the points A, B, C, D, and E, is operating at a 
vaporizing temperature of to• F and a condens
ing temperature of 100• F. A similar cycle 
having the same condensing temperature but 
operating at a vaporizing temperature of 40• F 
is set off by the points A, B', C', D', and E. 

To facilitate a comparison of the two cycles, 
the following values have been determined from 
the Ph chart: 

(a) For the 10• F cycle, 
q1 = he - ha = 79.36 - 31.16 = 48.20 Btu/lb 
q2 = h4 - he = 90.90 - 79.36 = 11.54 Btu/lb 
q3 = ha - ha = 90.90 - 31.16 = 59.74 Btu/lb 

(b) For the 40° F cycle, 
q1 = h.· - ha = 82.71 - 31.16 = 51.55 Btu/lb 
q1 = h4• - h0• = 90.20 - 82.71 = 7.49 Btu/lb 
q3 = ha· - ha = 90.20- 31.16 = 59.04Btu/lb 

In comparing the two cycles, note that the 
refrigerating effect per pound of refrigerant 
circulated is greater for the cycle having the 
higher vaporizing temperature. The refrigerat-

ing effect for the cycle having the 10• F vaporiz
ing temperature is 48.20 Btu/lb. When the 
yaporizing temperature of the cycle is raised to 
40• F, the refrigerating effect increases to 51.55 
Btu/lb. This represents an increase in the 
refrigerating effect per pound of 

(he' - ha) - (he - ha) X lOO 
h0 - ha 

51.55 - 48.20 
---4-8-.2-0--- X lOO 

= 6.95% 

The greater refrigerating effect per pound of 
refrigerant circulated obtained at the higher 
vaporizing temperature is accounted for by the 
fact that there is a smaller temperature differen
tial between the vaporizing temperature and the 
temperature of the liquid approaching the 
refrigerant control. Hence, at the higher 
suction temperature, a smaller fraction of the 
refrigerant vaporizes in the control and a greater 
portion vaporizes in the evaporator and pro
duces useful cooling. 

Since the refrigerating effect per pound is 
greater, the weight of refrigerant which must be 
circulated per minute per ton of refrigerating 
capacity is less at the higher suction temperature 
than at the lower suction temperature. Whereas 
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the weight of refrigerant circulated per minute 
per ton for the too F cycle is 

200 
== 48.20 

... 4.1 5 lb/min 

The weight of refrigerant circulated per minute 
per ton for the 40° F cycle is only 

200 

he' - h0 

200 
= 51.55 

- 3.88 lb/min 

The decrease in the weight of refrigerant 
circulated at the higher suction temperature is 

4.t5- 3.88 
-....,...---X tOO 

4.15 

=6.5% 

Since the difference between the vaporizing 
and condensing pressures is smaller for the 
cycle having the higher suction temperature, 
the work of compression per pound required to 
compress the vapor from the vaporizing 
pressure to the condensing pressure is less for 
the higher temperature cycle than for the lower 
temperature cycle. It follows then that the heat 
of compression per pound for the cycle having 
the higher vaporizing temperature is also less 
!han that for the cycle having the lower vaporiz
mg temperature. The heat of compression per 
pound for the 10° F cycle is 11.54 Btu, whereas 
the heat of compression for the 40° F cycle is 
only 7.49 Btu. This represents a decrease in the 
heat of compression per pound of 

(htJ - hJ - (hd' -he') 

htJ- he 

11.54-7.49 
= X 100 

11.54 
... 35.1% 

Because both the work of compression per 
pound and the weight of refrigerant circulated 

per minute per ton are less at the higher suction 
temperature, the work of compression per 
ton and therefore the theoretical horsepower 
required per ton will be smaller at the higher 
suction temperature. The theoretical horse
power required per ton of refrigerating capacity 
for the too F cycle is 

m(hd- h.) 
42.42 

4.15 X (90.90 - 79.36) ________ ....;,. 
42.42 

= 1.13 

For the 40° F cycle, the theoretical horsepower 
required per ton is 

m(hd' - htt) 
42.42 

3.88 X (90.20 - 82.71) 
-----~42~.~42~--~ 

== 0.683 

In this instance, increasing the vaporizing 
temperature of the cycle from 10° F to 40° F 
reduces the theoretical horsepower required per 
ton by 

1.13 -0.683 
---- x100 1.13 

= 39.5% 

Later, when the efficiency of the compressor 
is taken into consideration, it will be shown that 
the difference in the actual horsepower required 
per ton at the various suction temperatures is 
even grea~ than that indicated by theoretical 
computattons. 

Since the coefficient of performance is an 
index of the power required per unit of refriger
ating capacity and, as such, is an indication of 
cycle efficiency, the relative efficiency of the two 
cycles can be determined by comparing their 
coefficients of performance. The coefficient of 
performance for the too F cycle is 

h0 - h0 

htJ- h0 

48.20 
= 11.54 

= 4.17 
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and the coefficient of performance for the 40° F 
cycle is 

he' - h0 

htl' -he' 
51.55 

= 7.49 

= 6.88 

It is evident that the coefficient of perform
ance, and hence the efficiency of the cycle, 
improves consid~ably as the vaporizing tem
perature increases. In this instance, increasing 
the suction temperature from too F to 40° F 
increases the efficiency of the cycle by 

6.88 - 4.t7 
4.t7 X tOO = 65% 

Although the difference in the weight of 
refrigerant which must be circulated per minute 
per ton of refrigerating capacity at the various 
suction temperatures is usually relatively small, 
the volume of vapor that the compressor must 
handle per minute per ton varies greatly with 
changes in the suction temperature. This is 
probably one of the most important factors 
influencing the capacity and efficiency of a 
vapor-compression refrigerating system and is 
the one which is the most likely to be overlooked 
by the student when studying cycle diagrams. 
The difference in the volume of vapor to be 
displaced per minute per ton at the various 
suction temperatures can be clearly illustrated 
by a comparison of the two cycles in question. 

For the too F cycle, the volume of vapor to be 
displaced per minute per ton is 

m(v) = 4.t5 x 1.35t = 5.6 cu ft 

whereas, at the 40° F suction temperature, the 
volume of vapor to be displaced per minute per 
ton is 

m(v) "" 3.88 x 0.792 = 3.075 cu ft 

It is of interest to note that, whereas the 
decrease in the weight of refrigerant circulated 
per minute per ton at the higher suction tempera
ture is only 6.5 %, the decrease in the volume 
of vapor handled by the compressor per minute 
per ton is 

5.6-3.075 
X tOO= 45% 

5.6 

Obviously, then, the smaller weight of 
refrigerant circulated per minute per ton 
accounts. for only a very small part of the 
reduction in the volume of vapor displaced per 
minute per ton at the higher suction tempera
ture. 'I.:o a far greater extent, the decrease in 
the volume of vapor displaced per minute per 
ton is a result of the lower specific volume of the 
suction vapor which is coincident with the 
higher suction temperature (0.792 cu ft/lb at 
40° F as compared to 1.351 cu ft/lb at 10° F). 
This aspect of system capacity and efficiency in 
relation to suction temperature will be further 
investigated in conjunction with compressor 
performance in Chapter t2. 

The quantity of heat to be rejected at the 
condenser per minute per ton is much smaller 
for the cycle having the higher suction tempera
ture. This is true even though the quantity of 
beat rejected at the condenser per pound of 
refrigerant circulated is nearly the same for 
both cycles. For the 10° F cycle, the quantity 
of heat rejected at the condenser per minute per 
ton is 

m(htl - ha) = 4.t5 X 59.74 = 247.92 

whereas for the 40° F cycle the heat rejected at 
the condenser per minute per ton is only 

m(h4• - ha) = 3.88 x 59.04 = 229.08 Btu 
The quantity of heat rejected per minute per 

ton at the condenser is less for the higher 
suction temperature because of (t) the smaller 
weight of refrigerant circulated per minute per 
ton and (2) the smaller heat of compression per 
pound. 

It has been shown previously that the heat 
rejected at the condenser per pound of refri~
ant circulated is the sum of the heat absorbed 
in the evaporator per pound (refrigerating 
effect) and the heat of compression per pound. 
Since increasing the vaporizing temperature of 
the cycle brings about an increase in the 
refrigerating effect as well as a decrease in the 
heat of compression, the quantity of heat 
rejected at the condenser per pound remains 
very nearly the same for both cycles (59.74 at 
10° F as compared to 59.04 at 40o F). In 
general, this is true for all suction temperatures 
because any increase or decrease in the heat 
of compression is usually accompanied by an 
offsetting increase or decrease in the refri~at
ing effect. 
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Fl1. 7-7. Comparison of two simple saturated cycles operating at different condensing temperatures (figure 
distorted). (Refrigerant-12.) 

7-11. Effect of Condensing Temperature on 
Cycle Efficiency. Although the variations in 
cycle efficiency with changes in the condensing 
temperature are not as great as those brought 
about by changes in the vaporizing temperature, 
they are nonetheless important. In general, 
if the vaporizing temperature remains constant, 
the efficiency of the cycle decreases as the 
condensing temperature increases, and increases 
as the condensing temperature decreases. 

To illustrate the effect of condensing tempera· 
ture on cycle efficiency, cycle diagrams of two 
saturated cycles operating at different condens
ing temperatures are drawn on the Ph chart in 
Fig. 7-7. One cycle, A, B, C, D, and E, has a 
c;ondensing temperature of 100" F, whereas the 
other cycle, A', B', C, D', and E', is operating at 
a condensing temperature of 120" F. The evapo
rating temperature of both cycles is 1 0" F. Values 
for cycle A-B-C-D-E have been determined in 
the previous section. Values for cycle A'-B'-C
D' -E' are as follows: 

From the Ph diagram, 

ql = he - ha· = 79.36 - 36.16 = 43.20 Btu/lb 
q1 = hd' - he = 93.20 - 79.36 = 13.84 Btu/lb 
qa = hd' - ha• = 93.20- 36.16 = 57.04Btu/lb 

In a simple saturated cycle the liquid 
refrigerant reaches the refrigerant control at 

the condensing temperature. Therefore, as 
the condensing temperature is increased, the 
temperature of the liquid approaching the 
refrigerant control is increased and the refriger· 
ating effect per pound is reduced. In this 
instance, the refrigerating effect is reduced from 
48.20 Btu/lb to 43.20 Btu/lb when the condens
ing temperature is increased from 1 oo• F to 
120" F. This is a reduction of 

48.20 - 43.20 
---..,...,,.....,-::--- X 100 

48.20 
= 10.37% 

Because the refrigerating effect per pound is 
less for the cycle having the higher condensing 
temperature, the weight of refrigerant to be 
circulated per minute per ton must be greater. 
For the cycle having the too• F condensing 
temperature the weight of refrigerant to be 
circulated per minute per ton is 4.15 lb. When 
the condensing temperature is increased to 
120" F, the weight of refrigerant which must be 
circulated per minute per ton increases to 

200 
43.20 == 4.63 lb 

This is an increase of 

4.63 -4.15 
4

.
15 

X 100 = 11.57% 
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Since the weight of refrigerant which must be 
circulated per minute per ton is greater at the 
higher condensing temperature, it follows that 
the volume of vapor to be compressed per 
minute per ton must also be greater. In a simple 
saturated cycle the specific volume of the 
suction vapor varies only with the vaporizing 
temperature. As the vaporizing temperature 
is the same for both cycles, the specific volume 
of the vapor leaving the evaporator is also the 
same for both cycles and therefore the difference 
in the volume of vapor to be compressed per 
minute per ton is in direct proportion to the 
difference in the weight of refrigerant circulated 
per minute per ton. At the too• F condensing 
temperature the volume of vapor to be com
pressed per minute per ton is 5.6 cu ft, whereas 
at the 120• F condensing temperature the 
volume of vapor compressed per minute per ton 
increases to 

4.63 X 1.35t = 6.25 CU ft 

This represents an increase in the volume of 
vapor compressed per minute per ton of 

6.25 - 5.6 
5

.
6 

X 100 = tl.57% 

Note that the percent increase in the volume 
of vapor handled by the compressor is exactly 
equal to the percent increase in the weight of 
refrigerant circulated. Contrast this with what 
occurs when the vaporizing temperature is 
varied. 

Since the difference between the vaporizing 
and condensing pressures is greater, the work 
of compression per pound of refrigerant 
circulated required to raise the pressure of the 
vapor from the vaporizing to the condensing 
pressure is also greater for the cycle having the 
higher condensing temperature. In this instance, 
the heat of compression increases from 11.54 
Btu/lb for the too• F condensing temperature 
to 13.84 Btu/lb for the 120• F condensing 
temperature. This is an increase of 

13.84 - tl.54 
tl.54 X tOO = 20% 

As a result of the greater work of compression 
per pound and the greater weight of refrigerant 
circulated per minute per ton, the theoretical 
horsepower required per ton of refrigerating 
capacity increases as the condensing tempera
ture increases. Whereas the theoretical horse-

power required per ton at the I oo• F condensing 
temperature is only 1.13 hp when the condensing 
temperature is increased to 120• F, the theoreti
cal horsepower per ton increases to 

4.63 X 13.84 
42.42 = 1.52 hp 

This is an increase in the power required per ton 
of 

1.52 - 1.13 
1.1

3 
X tOO = 34.6% 

Note that the increase in the horsepower 
required per ton at the higher condensing 
temperature is greater than the increase in the 
work of compression per pound. This is 
accounted for by the fact that, in addition to the 
20% increase in the work of compression per 
poupd, there is also a 6.5% increase in the 
weight of refrigerant circulated per minute per 
ton. 

The coefficient of performance of the cycle 
at the too• F condensing temperature is 4.17. 
When the condensing temperature is raised to 
t20• F, the coefficient of performance drops to 

43.20 
13.84 = 3.12 

Since the coefficient of performance is an 
index of the refrigerating capacity per unit of 
power, the decrease in refrigerating capacity per 
unit of power in this instance is 

4.t7 - 3.12 
3.t2 

X tOO= 33.7% 

Obviously, the effect of raising the condensing 
temperature on cycle efficiency is the exact 
opposite of that of raising the evaporating 
temperature. Whereas raising the evaporating 
temperature increases the refrigerating effect per 
pound and reduces the work of compression so 
that the refrigerating capacity per unit of power 
increases, raising the condensing temperature 
reduces the refrigerating effect per pound and 
increases the work of compression so that the 
refrigerating capacity per unit of power de
creases. 

Although the quantity of heat rejected at the 
condenser per pound of refrigerant circulated 
varies only slightly with changes in the condens
ing temperature because any change in the heat 
of compression is accompanied by an offsetting 
change in the refrigerating effect per pound, 
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Fl1. 7-8. Temperature-entropy 
diagram of simple saturated 
cycle on skeleton Ts chart 
(flgu re distorted). (Refrigerant-
12.) 

""' . 
I!! 

t 
,! T. 

I 

sn• 

the total heat rejected at the condenser per 
minute per ton varies considerably with changes 
in the condensing temperature because of the 
difference in the weight of refrigerant circulated 
per minute per ton. It was shown in Section 7-7 
that the total heat rejected at the condenser per 
minute per ton (Qa) is always the sum of the 
heat absorbe9 in the evaporator per minute per 
ton (Q1) and the total heat of compression per 
ton (Q2). Since Q1 is always 200 Btu/min/ton, 
then Q3 will vary only with Q2, the heat of 
compression per minute per ton. Furthermore, 
since Q2 always increases as the condensing 
temperature increases, it follows then that Q3 

also increases as .the condensing temperature 
increases. 

For the two cycles in question, the heat 
rejected at the condenser per minute per ton 
at the 100° F condensing temperature is 218.75 
Btu. For the 120° F condensing temperature, 
the quantity of heat rejected at the condenser per 
minute per ton increases to 

4.63 X (43.20 + 13.84) = 310.4 Btu 

The percent increase is 
310.40 - 218.75 
---::-:-::--==--- X 100 = 41.8 % 

218.75 

It is interesting to note also that the amount 
of sensible heat rejected at the condenser in
creases considerably at the higher condensing 
temperature, whereas the amount of latent heat 
rejected diminishes slightly. This indicates that, 
at the higher condensing temperature, a 

Specific enlrojly (Btu/ib •f) 

greater portion of the condenser surface is being 
used merely to reduce the temperature of the 
discharge vapor to the condensing temperature. 
7-11. The Temperature-Entropy Diagram. 
Although the author is partial to the pressure
enthalpy diagram, there are many who prefer 
to use the temperature-entropy diagram to 
analyze the refrigeration cycle. To acquaint 
the student with the use Of Ts diagrams in· cycle 
analysis, a diagram of the simple saturated cycle 
described in the foregoing sections is drawn 
on Ts coordinates in Fig. 7-8. The state points 
A, B, C, D, and E represent the points in the 
cycle as shown by the ftow diagram in Fig. 7-5. 
The state point X represents saturated liquid 
at the vaporizing temperature. Process A-B is 
the irreversible adiabatic expansion through the 
refrigerant control. • Process B-C is the iso
baric and isothermal vaporization in the 
evaporator. Process C-D is the reversible 
adiabatic (isentropic) compression in the com
pressor and processes D-E and E-A are the 
desuperheating and condensing processes in the 
condenser. T., T., and Ta are the absolute 
suction, absolute condensing, and absolute 
discharge temperatures, respectively, whereas 
s0 , sb, s., sa. s., and s., are the specific entropies 
of the refrigerant at the various state points. 

The principal advantage of the Ts diagram is 
that the areas shown on the chart represent 
actual heat quantities. In Fig. 7-8, the area 

• The line A-B does not necessarily follow the 
actual path of proceSs A-B. See Section 7-4. 
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Condensing Temperature, 100• F Condensing Pressure, 136.16 Psla 

Suction temperature so· 40• 30• 20• to• o· -to· -2o• -3o• -40· 

Absolute suction pressure 61.39 51.68 43.t6 35.75 29.35 23.87 t9.20 15.28 t2.02 9.32 

Refrigerating effect per 
pound 52.62 51.55 50.45 49.33 48.20 47.05 45.89 44.71 43.54 42.34 

Weight of refrigerant 
circulated per minute per 
ton 3.80 3.88 3.97 4.05 4.t5 4.25 4.36 4.48 4.59 4.73 

Specific volume of suction 
vapor 0.673 0.792 0.939 1.121 1.351 1.637 2.00 2.47 3.09 3.9t 

Volume of vapor com-
pressedperminuteperton 2.56 3.08 3.77 4.55 5.60 6.96 8.72 11.10 14.20 18.50 

Heat of compression per 
pound 6.0t 7.49 8.79 10.11 11.54 13.29 t4.85 t6.73 t8.50 20.40 

Theoretical horsepower per 
ton 0.539 0.683 0.818 0.965 1.13 1.35 1.54 1.78 2.00 2.26 

Coefficient of performance 8. 76 6.88 S. 74 4.88 4.t7 3.54 3.09 2.67 2.36 2.07 

FIJ. 7-9 
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FIJ. 7-10... For Refrlgerant-12, the refrigerating effect per pound, the weight of refrigerant circulated per 
minute per ton, the specific volume of the suction vapor, and the volume of vapor compressed per minute 
per ton are each plotted against suction temperature. Condensing temperature Is constant at 100• F. 
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A-X-C-D-E-A represents the heat energy 
equivalent of the work of adiabatic compression 
and, since the distance between the base line and 
r.. foreshortened in the figure, represents the 
absolute vaporizing temperature of the liquid, 
area B-C-s.-s,-B represents the refrigerating 
effect per pound. The sum of the areas A-X-C
D-E-A and B-C-s.-s,.B, of course, represents 
the heat rejected at the condenser per pound. 
As in the case of the Ph di~gram, it can be 
readily seen on the Ts chart that either lowering 
the vaporizing temperature or raising the con
densing temperature tends to increase the work 
of compression, reduce the refrigerating effect 
per pound, and lower the efficiency of the cycle. 
7-13. Summary. Regardless of the method 
used to analyze the cycle, it is evident that the 
capacity and efficiency of a refrigerating system 
improve as the vaporizing temperature increases 
and as the condensing temperature decreases. 
Obviously, then, a refrigerating system should 
always be designed to operate at the highest 
possible vaporizing temperature and the lowest 
possible condensing temperature commensurate 
with the requirements of the application. This 
will nearly always permit the most effective use 
of the smallest possible equipment and thereby 
effect a savings not only in the initial cost 
of the equipment but also in the operating 
expenses. 

In any event, the influence of the vaporizing 
and condensing temperatures on cycle efficiency 
is of sufficient importance to warrant a more 
intensive study. To aid the student in this, the 
relationship between the refrigerating effect per 

pound, the weight of refrigerant circulated per 
minute per ton, the specific volume of the suction 
vapor, the volume of vapor compressed per 
minute per ton, the horsepower required per 
ton, and the coefficient of performance of the 
cycle has been calculated for various suction 
temperatures. These values are given in tabular 
form in Fig. 7-9 and are illustrated graphically 
in Figs. 7-lOa and 7-lOb. In addition, the effect 
of condensing temperature on the horsepower 
required per ton of refrigerating capacity is 
shown for several condensing temperatures in 
Fig. 7-11. 

Since the properties of the refrigerant at point 
D on the cycle diagram cannot ordinarily be 
obtained from the refrigerant tables and since 
these properties are difficult to read accurately 
from the Ph chart because of the size of the 
chart, the approximate isentropic discharge 
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Fl1. 7-11. The effect of condensing temperature on 
the horsepower per ton. 
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temperatures and the approximate enthalpy 
of the refrigerant vapor at point D have been 
compiled for a variety of vaporizing and con
densing temperatures and are given in Table 7-1 
to aid the student in arriving at more accurate 
solutions to the problems at the end of the 
chapter. 

PROBLEMS 

1. A Refrigerant-12 system operating on a 
simple saturated cycle has an evaporating tem
perature of oo F and a condensing temperature 
of 110o F. Determine: 

A. (1) The refrigerating effect per pound of 
refrigerant circulated. 

Ans. 44.56 Btu/lb 
(2) The weight of refrigerant circulated 

per minute per ton. 
Ans. 4.49 lb/min/ton 

(3) The volume of vapor compressed per 
minute per ton. 

Ans. 7.35 cu ft/min/ton 
B. (1) The heat of compression per pound of 

refrigerant circulated. 
Ans. 14.39 Btu/lb 

(2) The heat of compression per minute 
per ton of refrigeration. 

Ans. 64.61 Btu/min/ton 
(3) The work of compression per minute 

per ton in foot-pounds. 
Ans. 50.267lb/min/ton 

(4) The theoretical horsepower per ton. 
Ans. 1.52 hp/ton 

(5) The coefficient of performance. 
Ans. 3.1 

C. (1) The heat rejected per minute per ton 
at the condenser. 

Ans. 264.61 Btu/min/ton 



8 
Actual 
Refrigerating 
Cycles 

8-1. Deviation from the Simple Saturated 
Cycle. Actuai refrigerating cycles deviate some
what from the simple saturated cycle. The reason 
for this is that certain assumptions are made for 
the simple saturated cycle which do not hold 
true for actual cycles. For example, in the 
simple saturated cycle, the drop in pressure in 
the lines and across the evaporator, condenser, 
etc., resulting from the flow of the refrigerant 
through these parts is neglected. Furthermore, 
the effects of subcooling the liquid and of super
heating the suction vapor are not considered. 
Too, compression in the compressor is assumed 
to be true isentropic compression. In the 
following sections all these things are taken into 
account and their effect on the cycle is studied 
in detail. • 
8-:Z. The Effect of Superheating the Suction 
Vapor. In the simple saturated cycle, the suction 
vapor is assumed to reach the suction inlet of 
the compressor as a saturated vapor at the 
vaporizing temperature and pressure. In actual 
practice, this is rarely true. Mter the liquid 
refrigerant has completely vaporized in the 
evaporator, the cold, saturated vapor will 
usually continue to absorb heat and thereby 
become superheated before it reaches the 
compressor (Fig. 8-1). 

• The departure from true isentropic compression 
and the effect that it has on the cycle are discussed 
in Chapter 12. 

On the Ph diagram in Fig. 8-2, a simple 
saturated cycle is coHtpared to one in which the 
suction vapor is superheated from 20° F to 
70° F. Points A, B, C, D, and Emark the satur
ated cycle, and points A, B, C', D', and E indi
cate the superheated cycle. 

H the slight pressure drop resulting from the 
flow of the vapor in the suction piping is 
neglected, it may be assumed that the pressure 
of the suction vapor remains constant during 
the superheating. That is, after the superheat
ing, the pressure of the vapor at the suction 
inlet of the compressor is still the same as 
the vaporizing pressure in the evaporator. 
With this assumption, poittt C' can be located on 
the Ph chart by following a line of constant 
pressure from point C to the point where the 
line of constant pressure intersects the 70° F 
constant temperature line. Point D' is found by 
following a line of constant entropy from point 
C' to the line of constant pressure corresponding 
to the condensing pressure. 

In Fig. 8-2, the properties of the superheated 
vapor at points C' and D', as read from the Ph 
chart, are as follows: 

At point C', 

p = 35.75 psia t = 70° F 
v = 1.260 cu ft/lb h = 88.6 Btu/lb 

s = 0.1840 Btu/lbr R 

20"F B 
35.75 psia 

20"F 
35.75 psia 

30"F 2o•F 
35.75 psia 

Saturated vapor 
50"F 

100" E 

100"F 
131.6 psia 

A 1oo•F 
131.6 psia 

"' .. ·c;; 
• Q. 

8"! --~ 

Fig. 8-1. Flow diagram of superheated cycle. Liquid 
completely vaporized at point C-saturated vapor 
continues to absorb heat while flowing from C to 
C'-vapor reaches compressor In superheated 
condition. Notice the high discharge temperature. 
(Refrlgerant-12.) 
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Fla. 8-l. Ph diagram comparing simple saturated cycle to the superheated cycle. (Refrigerant-12). 

AtpointD', 

p = 131.6 psia t = 164° F 
v =- 0.380 cu ft/lb h = 99.2 Btu/lb 

s = 0.1840 Btu/lb/" R 

On the Ph chart, process C-C' represents the 
superheating of the suction vapor from 20° F 
to 70° F at the vaporizing pressure, and the 
difference between the enthalpy of the vapor 
at these points is the amount of heat required to 
superheat each pound of refrigerant. In 
comparing the two cycles, the following 
observations are of interest: 

1. The heat of compression per pound for the 
superheated cycle is slightly greater than that 
for the saturated cycle. For the superheated 
cycle, the heat of compression is 

htJ' - he• = 99.2 - 88.6 = 10.6 Btu/lb 

whereas for the saturated cycle the heat of 
compression is 

htJ- he= 90.6 - 80.49 = 10.11 Btu/lb 

In this instance, the heat of compression per 
pound is greater for the superheated cycle by 

10.6- 10.11 
10.11 X 100 == 4.84% 

2. For the same condensing temperature and 
pressure, the temperature of the discharge vapor 
leaving the head of the compressor is consider-

ably higher for the superheated cycle than for 
the saturated cycle-in this case, 164 o F for the 
superheated cycle as compared to 11 ZO F for the 
saturated cycle. 

3. For the superheated cycle, a greater 
quantity of heat must be dissipated at the 
condenser per pound than for the saturated 
cycle. This is because of the additional heat 
absorbed by the vapor in becoming superheated 
and because of the small increase in the heat of 
compression per pound. For the superheated 
cycle, the heat dissipated at the condenser per 
pound is 

h4• - ha = 99.2 - 31.16 = 68.04 Btu/lb 

and for the saturated cycle the heat dissipated 
at the condenser per pound is 

htJ- ha = 90.6 - 31.16 = 59.44 Btu/lb 

The percent increase in the heat dissipated at 
the condenser per pound for the superheated 
cycle is 

68.04 - 59.44 
X 100 = 14.4% 

59.44 

Note that the additional heat which must be 
dissipated per pound at the condenser in the 
superheated cycle is all sensible heat. The 
amount of latent heat dissipated per pound is 
the same for both cycles. This means that in the 
superheated cycle a greater amount of sensible 
heat must be given up to the condensing medium 



before condensation begins and that a greater 
portion of the condenser will be used in cooling 
the discharge vapor to its saturation temperature. 

Notice also that, since the pressure of the 
suction vapor remains constant during the 
superheating, the volume of the vapor increases 
with the temperature approximately in accord
ance with Charles' law.• Therefore, a pound 
of superheated vapor will always occupy a 
greater volume than a pound or saturated vapor 
at the same pressure. For example, in Fig. 8-2, 
the specific volume of the suction vapor increases 
from 1.121 cu ft per pound at saturation to 
1.260 cu ft per pound when superheated to 70° F. 
This means that for each pound of refrigerant 
circulated, the compressor must compress a 
greater volume of vapor if the vapor is super
heated than if the vapor is saturated. For this 
reason, in every instance where the vapor is 
allowed to become superheated before it reaches 
the compressor, the weight of refrigerant cir
culated by a compressor of any given displace
ment will always be less than when the suction 
vapor reaches the compressor in a saturated 
condition, provided the pressure is the same. 

The effect that superheating of the suction 
vapor has on the capacity of the system and on 
the coefficient of performance depends entirely 
upon where and how the superheating of the 
vapor occurs and upon whether or not the 
heat absorbed by the vapor in becoming super
heated produces useful cooling. • 
8-3. Superheating without Useful Cooling. 
Assume first that the superheating of the 
suction vapor occurs in such a way that no use
ful cooling results. When this is true, the refri
gerating effect per pound of refrigerant circulated 
is the same for the superheated cycle as for a 
saturated cycle operating at the same vaporizing 
and condensing temperatures, and therefore the 
weight of refrigerant circulated per minute per 
ton will also be the same for both the superheated 
and saturated cycles. Then, for both cycles 
illustrated in Fig. 8-2, 

• The temperature and volume of the vapor do 
not vary exactly in accordance with Charles' law 
because the refrigerant vapor is not a perfect gas. 

• The effects of superheating depend also upon 
the refrigerant used. The discussion in this chapter 
is limited to systems using R-12. The effects of 
superheating on systems using other refrigerants are 
discussed later. 
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The weight of refrig
erant circulated per 
minute per ton m 

200 
=hc-ha 

200 
= 49.33 

= 4.05 lb/min/ton 

Since the weight of refrigerant circulated is the 
same for both the superheated and saturated 
cycles and since the specific volume of the vapor 
at the compressor inlet is greater for the super
heated cycle than for the saturated cycle, it 
follows that the volume of vapor that the com
pressor must handle per minute per ton of 
refrigerating capacity is greater for the super
heated cycle than for the saturated cycle. 

For the saturated 
cycle, the specific 
volume of the suction 
vapor V0 

The volume of 
vapor compressed per 
minute per ton V 

For the superheated 
cycle, the specific 
volume of the suction 
vapor V0 • 

The volume of vapor 
compressed per minute 
per ton V 

= 1.121 cu ft/lb 

=m x v 
= 4.05 X 1.121 
= 4.55 cu ft/min/ton 

= 1.260 cu ft/lb 

=m x v 
= 4.05 X 1.260 
= 5.02 cu ft/min/ton 

In regard to percentage, the increase in the 
volume of vapor which must be handled by a 
compressor operating on the superheated cycle 
is 

5.02 -4.55 
-...,.....,.,....--- X 100 = 10.3% 

4.55 

This means, of course, that a compressor 
operating on the superheated cycle must be 
10.3% larger than the one required for the 
saturated cycle. 

Again, since the weight of refrigerant circu
lated per minute per ton is the same for both 
cycles and since the heat of compression per 
pound is greater for the superheated cycle than 
for the saturated cycle, it is evident that the 
horsepower per ton is greater for the super
heated cycle and the coefficient of performance 
is less. 
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For the saturated cycle, 
the horsepower per ton 

The coefficient of per-
formance 

For the superheated 
cycle, the horsepower per 
ton 

The coefficient of per-
formance 

m(ht!.- he) 

42.42 

4.05 X 10.11 
42.42 

= 0.965 hp/ton 

he- ha 
= ht!.- h. 

49.33 
= 10.11 

= 4.88 

m(ht!.' -he') 

42.42 

4.05 X 10.6 
42.42 

= 1.01 hp/ton 

h0 - ha 

ht!.'- he' 
49.33 

= 10.60 

= 4.65 

In summary, when superheating of the vapor 
occurs without producing useful cooling, the 
volume of vapor compressed per minute per ton, 
the horsepower per ton, and the quantity of heat 
given up in the condenser per minute per ton are 
all greater for the superheated cycle than for the 
saturated cycle. This means that the com
pressor, the compressor driver, and the conden
ser must all be larger for the superheated cycle 
than for the saturated cycle. 
8-4. Superheating That Produces Useful 
Cooling. Assume, now, that all of the heat 
taken in by the suction vapor produces useful 
cooling. When this is true, the refrigerating effect 
per pound is greater by an amount equal to the 
amount of superheat. In Fig. 8-2, assuming that 
the superheating produces useful cooling, the 
refrigerating effect per pound for the superheated 
cycle is equal to 

he' - ha = 88.60 - 31.16 = 57.44 Btu/lb 

Since the refrigerating effect per pound is 
greater for the. superheated cycle than for the 
saturated cycle, the weight of refrigerant circu
lated per minute per ton is less for the super
heated cycle than for the saturated cycle. 
Whereas the weight of refrigerant circulated per 
minute per ton for the saturated cycle is 4.05, the 

weight of refrigerant circulated per minute per 
ton for the superheated cycle is 

200 200 
he' _ ha = 57.44 = 3.48 lb/min/ton 

Notice that, even though the specific volume 
of the suction vapor and the heat of compression 
per pound are both greater for the superheated 
than for the saturated cycle, the volume of vapor 
compressed per minute per ton and the horse
power per ton are less for the superheated cycle 
than for the saturated cycle. This is because of 
the reduction in the weight of refrigerant circu
lated. The volume of vapor compressed per 
minute per ton and the horsepower per ton for 
the saturated cycle are 4.55 cu ft and 0.965 hp, 
respectively, whereas for the superheated cycle 

The volume of 
vapor compressed per 
minute per ton V 

The horsepower per 
ton 

= m X Ve' 

= 3.48 X 1.260 
= 4.38 cu ft/min/ton 

= 
m(ht!.' -he') 

42.42 
3.48 X 10.60 

42.42 
= 0.870 hp/ton 

For the superheated cycle, both the refrig
erating effect per pound and the heat of com
pression per pound are greater than for the 
saturated cycle. However, since the increase in 
the refrigerating effect is greater proportionally 
than the increase in the heat of compression, the 
coefficient of performance for the superheated 
cycle is higher than that of the saturated cycle. 
For the saturated cycle, the coefficient of per
formance is 4.69, whereas for the superheated 
cycle 

The coefficient 
of performance 

(he' - ha) 57.44 
= (ht!.' - he·) = 10.60 = 5.4

2 

It will be shown in the following sections that 
the superheating of the suction vapor in an 
actual cycle usually occurs in such a way that a 
part of the heat taken in by the vapor in becom
ing superheated is absorbed from the refrig
erated space and produces useful cooling, 
whereas another part is absorbed by the vapor 
after the vapor leaves the refrigerated space and 
therefore produces no useful cooling. The por
tion of the superheat which produces useful 
cooling will depend upon the individual applica
tion, and the effect of the superheating on the 



cycle will vary approximately in proportion to 
the useful cooling accomplished. 

Regardless of the effect on capacity, except 
in some few special cases, a certain amount of 
superheating is nearly always necessary and, in 
most cases, desirable. When the suction vapor 
is drawn directly from the evaporator into the 
suction inlet of the compressor without at least 
a small amount of superheating, there is a good 
possibility that small particles of unvaporized 
liquid will be entrained in the vapor. Such a 
vapor is called a "wet" vapor. It will be shown 
later that "wet" suction vapor drawn into the 
cylinder of the compressor adversely affects the 
capacity of the compressor. Furthermore, since 
refrigeration compressors are designed as vapor 
pumps, if any appreciable amount of un
vaporized liquid is allowed to enter the com
pressor from the suction line, serious mechanical 
damage to the compressor may result. Since 
superheating the suction vapor eliminates the 
possibility of "wet" suction vapor reaching the 
.compressor inlet, a certain amount of super
heating is usually desirable. Again, the extent 
to which the suction vapor should be allowed to 
become superheated in any particular instance 
depends upon where and how the superheating 
occurs and upon the refrigerant used. 

Superheating of the suction vapor may take 
place in any one or in any combination of the 
following places: 

1. In the end of the evaporator 
2. In the suction piping installed inside the 

refrigerated space (usually referred to as a "drier 
loop") 

3. In the suction piping located outside of the 
refrigerated space 

4. In a liquid-suction heat exchanger. 

8-5. Superheating in Suction Piping outside 
the Refrigerated Space. When the cool re
frigerant vapor from the evaporator is allowed 
to become superheated while ft.owing through 
suction piping located outside of the refrigerated 
space, the heat taken in by the vapor is absorbed 
from the surrounding air and no useful cooling 
results. It has already been demonstrated that 
superheating of the suction vapor which pro
duces no useful cooling adversely affects the 
efficiency of the cycle. Obviously, then, super
heating of the vapor in the suction line outside 
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of the refrigerated space should be eliminated 
whenever practical. 

Superheating of the suction vapor in the 
suction line can be prevented for the most part 
by insulating the suction line. Whether or not 
the loss of cycle efficiency in any particular 
application is sufficient to warrant the additional 
expense of insulating the suction line depends 
primarily on the size of the system and on the 
operating suction temperature. 

When the suction temperature is relatively 
high (35° For 40° F), the amount of superheating 
will usually be small and the effect on the 
efficiency of the cycle will be negligible. The 
reverse is true, however; when the suction tem
perature is low. The amount of superheating is 
apt to be quite large. 

Too, at low suction tempera~ures. when the 
efficiency of the cycle is already very low, each 
degree of superheat will cause a greater reduc
tion in cycle efficiency percentagewise than when 
the suction temperature is high. It becomes 
immediately apparent that any appreciable 
amount of superheating in the suction line of 
systems operating at low suction temperatures 
will seriously reduce the efficiency of the cycle 
and that, under these conditions, insulating of 
the suction line is not only desirable but 
absolutely necessary if the efficiency of the cycle 
is to be maintained at a reasonable level. 

Aside from any considerations of capacity, 
even at the higher suction temperatures, insulat
ing of the suction line is often required to prevent 
frosting or sweating of the suction line. In 
ft.owing through the suction piping, the cold 
suction vapor will usually lower the temperature 
of the piping below the dew point temperature 
of the surrounding air so that moisture will 
condense out of the air onto the surface of the 
piping, causing the suction piping to either frost 
or sweat, depending upon whether or not the 
temperature of the piping is below the freezing 
temperature of water. In any event, frosting or 
sweating of the suction piping is usually un
desirable and should be eliminated by insulating 
the piping. 
8-6. Superheating the Vapor Inside the Re
friserated Space. Superheating of the suction 
vapor inside the refrigerated space can take 
place either in the end of the evaporator or in 
suction piping located inside the refrigerated 
space, or both. 



Ill PRINCIPLES OF REFRIGERATION 

Fl1. 8-3. Flow diagram showing drier loop for super
heating suction vapor Inside refrigerated space. 

To assure the proper operation of the refri
gerant control and to prevent liquid refrigerant 
from overflowing the evaporator and being 
carried back to the compressor, when certain 
types of refrigerant controls are used, it is 
?ecessary to adjust the control so that the liquid 
IS completely evaporated before it reaches the 
end of the evaporator. In such cases, the cold 
vapor will continue to absorb heat and become 
superheated as it flows through the latter portion 
of the evaporator. Since the heat to superheat 
the vapor is drawn from the refrigerated space, 
useful cooling results and the refrigerating effect 
of. each pound of refrigerant is increased by an 
amount equal to the amount of heat absorbed in 
the superheating. 

It has been shown that when the superheating 
of the suction vapor produces useful cooling the 
efficiency of the cycle is improved somewhat. • 
~owevc:r, in spite of the increase in cycle effi
CJency, It must be emphasized that superheating 
the suction vapor in the evaporator is not 
economical and should always be limited to only 
that amount which is necessary to the proper 
operation of the refrigerant control. Since the 
transfer of heat through the walls of the evapora
tor per degree of temperature difference is not as 

• Although this is true for systems using R-12 as 
a refrigerant, it will be shown later that this is not 
true for all refrigerants. 

great to a vapor as to a liquid, the capacity of the 
evaporator is always reduced in any portion of 
the evaporator where only vapor exists. There
fore, excessive superheating of the suction vapor 
in the evaporator will reduce the capacity of the 
evaporator unnecessarily and will require either 
that the evaporator be operated at a lower 
vaporizing temperature or that a larger evapora
tor be used in order to provide the desired 
evaporator capacity. Neither of these is desir
able nor practical. Since the space available for 
evaporator installation is often limited and since 
evaporator surface is expensive, the use of a 
larger evaporator is not practical. Because of 
the e~ect on cyt:le efficiency, the undesirability of 
lowermg the vaporizing temperature is obvious. 

Often, a certain amount of suction piping, 
usually called a drier loop, is installed inside the 
refrigerated space for the express purpose of 
superheating the suction vapor (Fig. 8-3). Use 
of a drier loop permits more complete flooding 
of the evaporator with liquid refrigerant without 
the danger of the liquid overflowing into the 
suction line and being drawn into the compres
sor. This not only provides a means of super
heating the suction vapor inside the refrigerated 
~pace so t~at the efficiency of the cycle is 
mcreased without the sacrifice of expensive eva
porator surface, but it actually makes possible 
more effective use of the existing evaporator 
surface. Also, in some instances, particularly 
where the suction temperature is high and the 
relative humidity of the outside air is reasonably 
low, superheating of the suction vapor inside the 
refrigerated space will raise the temperature of 
the suction piping and prevent the formation of 
moisture, thereby eliminating the need for suction 
line insulation. It should be noted, however, 
that the extent to which the suction vapor can be 
s_u~rheated inside the refrigerated space is 
limi":<i by t.h~ s~ temperature. Ordinarily, if 
sufficient pipmg IS used, the suction vapor can 
be heated to within 4• F to s• F of the space 
temperature. Thus, for a 40° F space tempera
ture, the suction vapor may be superheated to 
approximately 35• F. 
8-7. The Effects of Subcooling the Liquid. 
On th~Ph diagram in Fig. 8-4, a simple saturated 
cycle IS compared to one in which the liquid is 
subcooled from too• F to so• F before it reaches 
the refrigerant control. Points A, B, C, D, and E 
designate the simple saturated cycle, whereas 



points A'; B', C, D, and E designate the sub
cooled cycle. 

It has been shown (Section 6-28) that when 
the liquid is subcooled before it reaches the 
refrigerant control the refrigerating effect per 
pound is increased. In Fig. 8-4, the increase in 
the refrigerating effect per pound resulting from 
the subcooling is the difference between hb and 
h&'• and is exactly equal to the difference between 
h,. and h,.., which represents the heat removed 
from the liquid per pound during thesubcooling. 

For the saturated cycle, = he - h,. 
the refrigerating effect per = 80.49 - 31.16 
pound, q1 = 49.33 Btu/lb 

For the subcooled cycle, = he - h,.• 
the refrigerating effect per = 80.49 - 26.28 
pound, q1 = 54.21 Btu/lb 

Because of the greater refrigerating effect per 
pound, the weight of refrigerant circulated per 
minute per ton is less for the subcooled cycle 
than for the saturated cycle. 

For the saturated cycle, the 
weight of refrigerant circulated 
per minute per ton m 

For the subcooled cycle, the 
weight of refrigerant circulated 
per minute per ton m 

200 
= 49.33 
= 4.051b 

200 
= 54.21 
= 3.691b 

Notice that the condition of the refrigerant 
vapor entering the suction inlet of the compressor 
is the same for both cycles. For this reason, the 
specific volume of the vapor entering the com
pressor will be the same for both the saturated 
and subcooled cycles and, since the weight of 
refrigerant circulated per minute per ton is less 

Fig. 8-4. Ph diagrams compar· 
ing the subcooled cycle to 
the simple saturated tycle. 
(Refrigerant-12.) 

131.16 

! 
!! 

J 35.75 
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for the subcooled cycle than for the saturated 
cycle, it follows that the volume of vapor which 
the compressor must handle per minute per ton 
will also be less for the subcooled cycle than for 
the saturated cycle. 

For the saturated cycle, 
the specific volume of the 
suction vapor Ve 

The volume of vapor 
compressed per minute per 
ton V 

For the subcooled cycle, 
the specific volume of the 
suction vapor Ve 

The volume of vapor 
compressed per minute per 
ton V 

= 1.121 cu ft/lb 
=m X Ve 

= 4.05 X 1.121 
= 4.55 cu ft/min 

= 1.121 cu ft/lb 
=m '< Vc 

= 3.69 X 1.121 
= 4.15 cuft/min 

Because the volume of vapor compressed per 
minute per ton is less for the subcooled cycle, 
the compressor displacement required for the 
subcooled cycle is less than that required for the 
saturated cyCle. 

Notice also that the heat of compression per 
pound and therefore the work of compression 
per pound is the same for both the saturated and 
subcooled cycles. This means that the refri
gerating effect per pound resulting from the 
subcooling is accomplished without increasing 
the energy input to the compressor. Any change 
in the refrigerating cycle which increases the 
quantity of heat absorbed in the refrigerated 
space without causing an increase in the energy 
input to the compressor will increase the c.o.p. 
of the cycle and reduce the horsepower required 
per ton. 

Enthalpy (Btu,b) 
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'------.- Subcooled liquid 
131.16 psia-so· F 

liquid subcooled 20" Fl1. 8-5. Flow diagram illus
trating subcooling ofthe liquid 
in the liquid line. (Refrigerant-
12.) 

by giving off heat to 
surrounding air while 

Saturated vapor 
131.16 psia-100"F 

passing through 
Superheated vapor 
131.16 psia-112" F 

liquid line, reteiver, 

Saturated vapor 
35.75 psia-20" F 

For the saturated cycle, 
the coefficient of perfor
mance 

The horsepower per ton 

For the subcooled cycle, 
the coefficient of perfor-
mance 

The horsepower per ton 

etc. 
E 

h4 - he 
80.49 - 31.16 

90.60 - 80.49 
= 4.88 

m(h4 - h.) 

42.42 
= 4.05 X 10.51 
= 0.965 hp/ton 

he- ha• 

ha - he 
80.49 - 26.28 

90.60 - 80.49 
54.21 

= 10.51 
= 5.16 

m(h11 - he) 

42.42 
3.69 X 10.51 

42.42 
= 0.914 hp/ton 

In this instance, the c.o.p. of the subcooled cycle 
is greater than that of the saturated cycle by 

5.1-6 - 4.88 

4.88 
X 100 = 5.7% 

Subcooling of the liquid refrigerant can and 
does occur in several places and in several ways. 
Very often the liquid refrigerant becomes sub
cooled while stored in the liquid receiver tank 
or while passing through the liquid line by giving 
off heat to the surrounding air (Fig. 8-5). In 
some cases where water is used as the condensing 
medium, a special liquid _subcooler is used to 
subcool the liquid (Fig. 8-6). The gain in system -
capacity and efficiency resulting from the liquid 

subcooling is very often more than sufficient to 
offset the additional cost of the subcooler, 
particularly for low temperature applications. 

The liquid subcooler may be piped either in 
series or in parallel with the condenser. When 
the subcooler is piped in series with the con
denser, the cooling water passes through the 
subcooler first and then through the condenser, 
thereby bringing the coldest water into contact 
with the liquid being subcooled (Fig. 8-7). 
There is some doubt about the value of a sub
cooler piped in series with the condenser. Since 
the cooling water ~swarmed by the heat absorbed 
in the subcooler, it reaches the condenser at a 
higher temperature and the condensing tempera
ture of the cycle is increased. Hence the increase 
in system efficiency resulting from the subcooling 
is offset to some extent by the rise in the con
densing temperature. 

When the subcooler is piped in parallel with 
the condenser (Fig. 8-6), the temperature of the 
water reaching the condenser is not affected by 
the subcooler. However, for either series or 
parallel piping, the size of the condenser water 
pump must be increased when a subcooler is 
added. If this is not done, the quantity of water 
circulated through the condenser will be 
diminished by the addition of the subcooler and 
the condensing temperature of the cycle will be 
increased, thus nullifying any benefit accruing 
from the subcooling. 

Notice that in each case discussed so far, 
the heat given up by the liquid in becoming 
subcooled is given up to some medium external 
to the system. 
8-8. Liquid-Suction Heat Exchangers. An
other method of subcooling the liquid is to bring 
about an exchange of heat between the liquid 



and the cold suction vapor going back to the 
compressor. In a liquid-suction heat exchanger, 
the cold suction vapor is piped through the 
heat exchanger in counterflow to the warm 
liquid refrigerant flowing through the liquid 
line to the refrigerant control (Fig. 8-8). In 
flowing through the heat exchanger the cold 
suction vapor absorbs heat from the warm 
liquid so that the liquid is subcooled as the 
vapor is superheated, and, since the heat 
absorbed by the vapor in becoming superheated 
is drawn from the liquid, the heat of the liquid 
is diminished by an amount equal to the amount 
of heat taken in by the vapor. In each of the 
methods of subcooling discussed thus far, the 
heat given up by the liquid in becoming sub
cooled is given up to some medium external to 
the system and the heat then leaves the system. 
When a liquid-suction heat exchanger is used, 
the heat given up by the liquid in becoming 
subcooled is absorbed by the suction vapor and 
remains in the system. 

On the Ph diagram in Fig. 8-9, a simple 
saturated cycle is compared to one in which a 
liquid-suction heat exchanger is employed. 
Points A, B, C, D, and E identify the saturated 
cycle and points A', B', C', D', E identify the 
in which the heat exchanger is used. In the cycle 
latter cycle, it is assumed that the suction vapor 
is superheated from zoo F to 60° F in the heat 
exchanger. 

The heat absorbed per pound of vapor in the 
heat exchanger is 

he' -he = 86.20 - 80.49 = 5.71 Btu/lb 

75" water from IDwer 

or city main 

90" water to cooling tower or sewer 

Fl1. 8-6. Flow diagram illustrating subcooler piped 
in series with condenser. 
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FIJ. 8-7. Flow diagram showing parallel piping for 
condenser and subcooler. 

Since the heat given up by the liquid in 
the heat exchanger in becoming subcooled is 
exactly equal to the heat absorbed by the vapor 
in becoming superheated, ha - ha' is equal to 
he· -he and therefore is also equal to 5.71 
Btu/lb. Since ha - ha· represents an increase 
in the refrigerating effect, the refrigerating 
effect per pound for the heat exchanger cycle is 

he - ha' = 80.49 - 25.45 = 55.04 

The heat of compression per pound for the heat 
exchanger cycle is 

ha· -he' = 97.60 - 86.20 .,. 11.40 

Therefore, the coefficient of performance is 

he - ha' = 55.04 = 4.91 
ha· - he' 11.40 

The coefficient of performance of the satur
ated cycle is 4.88. Therefore, the coefficient of 
performance of the heat exchanger cycle is 
greater than that of the saturated cycle by only 

4.91 -4.88 
4.88 X 100 = 0.5% 

Depending upon the particular case, the 
coefficient of performance of a cycle employing 
a heat exchanger may be either greater than, 
less than, or the same as that of a saturated 
cycle operating between the same pressure 
limits. In any event, the difference is negligible, 
and it is evident that the advantages accruing 
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Saturated 

o--~-=~~~"tf.{S2_~~~==:=:~:-~'iquid-100"F 
Fl1. 8-8. Flow diagram of refrigera
tion cycle Illustrating the use of a 
liquid-suction heat exchanger. 

from the subcooling of the liquid in the heat 
exchanger are approximately offset by the 
disadvantages of superheating the vapor. 
Theoretically, then, the use of a heat exchanger 
cannot be justified on the basis of an increase in 
system capacity and efficiency. However, since 
in actual practice a refrigerating system does 
not (cannot) operate on a simple saturated 
cycle, this does not represent a true appraisal of 
the practical value of the heat exchanger. 

In an actual cycle, the suction vapor will 

131.16 

! 
I!! 
::I 

always become superheated before the com
pression process begins because nothing can be 
done to prevent it. This is true even if no 
superheating takes place either in the evapora
tor or in the suction line and the vapor reaches 
the inlet of the compressor at the vaporizing 
temperature. As the cold suction vapor flows 
into the compressor, it will become superheated 
by absorbing heat from the hot cylinder walls. 
Since the superheating in the compressor cyl
inder will occur before the compression process 

i 35.75 
20• B' B -- -!-, =t----------F-1 

:tJ Subcooling l ~equals----
' 1 superheating 

onl <DI 
~~ ::ll 
Nl 1'1'1( 

Enthalpy CBtu/lb) 

Fls. 8-9. Ph diagrams comparing simple saturated cycle to cycle employing a liquid-suction heat exchanger. 
The amount of subcoollng Is equal to the amount of superheating. (Refrlgerant-12.) 



begins, the effect of the superheating on cycle 
efficiency will be approximately the same as if 
the superheating occurred in the suction line 
without producing useful cooling. • 

The disadvantages resulting from allowing the 
suction to become superheated without pro
ducing useful cooling have already been pointed 
out. Obviously, then, since superheating of the 
suction vapor is unavoidable in an actual cycle, 
whether or not a heat exchanger is used, any 
practical means of causing the vapor to become 
superheated in such a way that useful cooling 
results are worthwhile. Hence, the value of a 
heat exchanger lies in the fact that it provides a 
method of superheating the vapor so that useful 
cooling results. For this reason, the effect of a 
heat exchanger on cycle efficiency can be 
evaluated only by comparing the heat exchanger 
cycle to one in which the vapor is superheated 
without producing useful cooling. 

The maximum amount of heat exchange 
which can take place between the liquid and the 
vapor in the heat exchanger depends on the 
initial temperatures of the liquid and the vapor 
as they enter the heat exchanger and on the 
length of time they are in contact with each 
other. 

The greater the difference in temperature, the 
greater is the exchange of heat for any given 
period of contact. Thus, the lower the vaporiz
ing temperature and the higher the condensing 
temperature, the greater 'is the possible heat 
exchange. Theoretically, if the two fluids 
remained in contact for a sufficient length of 
time, they would leave the heat exchanger at the 
same temperature. In actual practice, this is 
not possible. However, the longer the two 
fluids stay in contact, the more nearly the two 
temperatures will approach one another. Since 
the specific heat of the vapor is less than that of 
the liquid, the rise in the temperature of the 

• It will be shown later that some advantages 
accrue from superheating which takes place in the 
compressor: (1) When the suction vapor absorbs 
heat from the cylinder walls, the cylinder wall tem
perature is lowered somewhat and this brings about 
a desirable change in the path of the compression 
process. However, the change is slight and is 
difficult to evaluate. (2) When hermetic motor
compressor assemblies are used, the suction vapor 
should reach the compressor at a relatively low 
temperature in order to help cool the motor windings. 
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vapor is always greater than the reduction in the 
temperature of the liquid. For instance, the 
specific heat of R-12 liquid is approximately 
0.24 Btu per pound, whereas the specific heat of 
the vapor is 0.15 Btu per pound. This means 
that the temperature reduction of the liquid will 
be approximately 62% (0.15/0.24) of the rise in 
the temperature of the vapor, or that for each 
24° F rise in the temperature of the vapor, the 
temperature of the liquid will be reduced 15° F. 

For the heat exchanger cycle in Fig. 8-9, the 
vapor absorbs 5.71 Btu per pound in super
heating from 20° F to 60° F. Assuming that all 
of the superheating takes place in the heat 
exchanger, the heat given up by the liquid is 5.71 
Btu, so that the temperature of the liquid is 
reduced 23.8° F (5.71/0.24) as the liquid passes 
through the heat exchanger. 
8-9. The Effect of Pressure Losses Resulting 
from Friction. In overcoming friction, both 
internal (within the fluid) and external (surface), 
the refrigerant experiences a drop in pressure 
while flowing through the piping, evaporator, 
condenser, receiver, and through the valves and 
passages of the compressor (Fig. 8-10). 

A Ph diagram of an actual cycle, illustrating 
the loss in pressure occurring in the various 
parts of the system, is shown in Fig. 8-11. To 
simplify the diagram, no superheating or sub
cooling is shown and a simple saturated cycle is 
drawn in for comparison. 

Line B'-C' represents the vaporizing process in 
the evaporator during which the refrigerant 
undergoes a drop in pressure of 5.5 psi. Whereas 
the pressure and saturation temperature of the 
liquid-vapor mixture at the evaporator inlet is 
38.58 psia and 24 o F, respectively, the pressure of 
the saturated vapor leaving the evaporator is 
33.08 psia, corresponding to a saturation tem
perature of 16° F. The average vaporizing tem
perature in the evaporator is 20° F, the same as 
that of the saturated cycle. 

As a result of the drop in pressure in the· 
evaporator, the vapor leaves the evaporator at a 
lower pressure and saturation temperature and 
with a greater specific volume than if no drop in 
pressure occurred. 

The refrigerating effect per pound and the 
weight of refrigerant circulated per minute per 
ton are approximately the same for both cycles, 
but because of the greater specific volume the 
volume of vapor handled by the compressor per 
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38.58 psia --.,..---...-----------------, 
24• F (sat. temp.) t "-.... 

Pressure drop through 
evaporator, 5.5 psi 

Average evaporating 
temperature an<!,_

pressure 
35.75 psia, 20• F 

33.08 psia 
16• F (sat. temp.) 

(!) 

B 

go• F (sat. temp.) 

Pressure drop through 
liquid line, 77.3 psi 

150.7 psia f11o• F (sat. temp.) 

Pressure drop through 
hot gas line and 

condensers, 19.1 psi 

131.6 psia 
100• F (sat. temp.) 

Average condensing 
temperature and pressure 

139 psia, 104• F 

Fll• 8-10. Flow diagram illustrating the effect of pressure drop in various parts of the system. Pressure drops 
are exaggerated for clarity. (Refrigerant-12.) 

minute per ton is greater for the cycle experi
encing the pressure drop. Too, because of the 
lower pressure of the vapor leaving the evapora
tor, the vapor must be compressed through a 
greater pressure range during the compression 
process, so that the horsepower per ton is also 
greater for the cycle undergoing the drop in 
pressure. 

Line C' -CH represents the drop in pressure 
experienced by the suction vapor in flowing 

Enthalpy (Btu/lb) 

Pressure drop 
1. Compreuor discharae valves 4. Evaporator 
2. Oischarp line and condenser 5. Suction line 
3. Uquid line 6. Compressor sUCtion Vllves 

through the suction line from the evaporator to 
the compressor inlet. Like pressure drop in the 
evaporator, pressure drop in the suction line 
causes the suction vapor to reach the compressor 
at a lower pressure and in an expanded condition 
so that the volume of vapor compressed per 
minute per ton and the horsepower per ton are 
both increased. 

It is evident that the drop in pressure both in 
the evaporator and in the suction line should be 

Fls. 8-11. Ph diagram of refrig
eration cycle illustrating the 
effect of pressure losses in the 
various parts of the system. 
A simple saturated cycle is 
drawn in for comparison. 
(Refrigerant-12.) 



kept to an absolute minimum in order to obtain 
the best possible cycle efficiency. This applies 
also to heat exchangers or any other auxiliary 
device intended for installation in the suction 
line. 

In Fig. 8-11, the pressure drops are exagger
ated for clarity. Ordinarily, good evaporator 
design limits the pressure drop across the 
evaporator to 2 or 3 psi. Ideally, the suction line 
should be designed so that the pressure drop is 
between 1 and 2 psi. 

Fig. 8-12. Ph diagram of actual 
refrigeration cycle illustrating 
effects of s·ubcooling, super
heating, and losses in pressure. 
A simple saturated cycle is 
drawn in for comparison. 
(Refrigerant-12). 
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against the spring-loading and to force the vapor 
out through the discharge valves and passages 
of the compressor into the discharge line. 

Line D'-A represents the drop in pressure 
resulting from the flow of the refrigerant through 
the discharge line and condenser. That part of 
line D'-'-A which represents the flow through the 
discharge line will vary with the particular case, 
since the discharge line may be either quite long 
or very short, depending upon the application. 
In any event, the result of the pressure drop will 

su.....-ng 
in suction line 

Enthalpy (Btu/lb) 

Pressure drop 
I. Compressor disc:hotp <,a~ 4. E-
2. DiscMrp line 1nd condenser 5. Suction line 
3. Uquid line 6. Compressor--

Line en -C • represents the drop in pressure that 
the suction vapor undergoes in flowing through 
the suction valves and passages of the com
pressor into the cylinder. The result of the drop 
in pressure through the valves and passages on 
the suction side of the compressor is the same as 
if the drop occurred in the suction line, and the 
effect on cycle efficiency is the same. Here again, 
good design requires that the drop in pressure be 
kept to a practical minimum. 

Line c--D* represents the compression process 
for the cycle undergoing the pressure drops. 
Notice that the vapor in the cylinder is com
pressed to a pressure considerably above the 
average condensing pressure. It is shown later 
that this is necessary in order to force the vapor 
out of the cylinder through the discharge valves 
against the condensing pressure and against the 
additional pressure occasioned by the spring
loading of the discharge valves. 

Line D"-D' represents the drop in pressure 
required to force the discharge valves open 

be the same. Any drop in pressure occurring on 
the discharge side of the compressor (in the dis
charge valves and passages, in the discharge line, 
and in the condenser) will have the effect of 
raising the discharge pressure and thereby 
increasing the work of compression and the 
horsepower per ton. 

Line A-A' represents the pressure drop result
ing from the flow of the refrigerant through the 
receiver tank and liquid line. Since the refrig
erant at A' is a saturated liquid, the temperature 
of the liquid must decrease as the pressure 
decreases. If the liquid is not subcooled by 
giving up heat to an external sink as its pressure 
drops, a portion of the liquid must flash into a 
vapor in the liquid line in order to provide the 
required cooling of the liquid. Notice that point 
A • lies in the region of phase-change, indicating 
that a portion of the refrigerant is a vapor at 
this point. 

Despite the flashing of the liquid and the drop 
in temperature coincident with the drop in 
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pressure in the liquid line, the drop in pressure 
in the liquid line has no effect on cycle efficiency. 
The pressure and temperature of the liquid must 
be reduced to the vaporizing·condition before it 
enters the evaporator in any case. The fact that 
a part of this takes place in the liquid line rather 
than in the refrigerant control has no direct 
effect on the efficiency of the system. It does, 
however, reduce the capacity of both the liquid 
line and the refrigerant control. Furthermore, 
passage of vapor through the refrigerant control 
will eventually cause damage to the refrigerant 
control by eroding the valve needle and seat. 

Ordinarily, even without the use of a heat 
exchanger, sufficient subcooling of the liquid 
will occur in the liquid line to prevent the 
flashing of the liquid if the drop in pressure in 
the line is not excessive. Flashing of the liquid 
in the liquid line will usually not take place when 
the drop in the line does not exceed 5 psi. 

The effect of pressure drop in the lines and in 
the other parts of the system is discussed more 
fully later in the appropriate chapters. 

A Ph diagram of a typical refrigeration" cycle, 
which illustrated the combined effects of pressure ' 
drop, subcooling, and superheating, is compared 
to the Ph diagram of the simple saturated cycle 
in Fig. 8-12. 

PROBLEMS 

1. The vaporizing and condensing temperature 
of a Refrigerant-12 system are40o F and 110° F, 
respectively. The suction vapor is superheated 

to 70° F in the suction line, whereas the liquid 
is subcooled to 90° F by giving off heat to the 
ambient air. Determine: 

(a) The refrigerating effect per pound. 
Ans. 54.01 Btu/lb 

(b) The weight of refrigerant circulated per 
minute per ton. Ans. 3.70 lb/min/ton 

(c) The volume of vapor compressed per 
minute per ton. Ans. 2.93 cu ft/min/ton 

(d) The loss of refrigerating effect per pound 
in the refrigerant control. 

Ans. 11.7 Btu/lb 
(e) The quantity of superheat in the suction 

vapor. Ans. 4.39 Btu/lb 
([) The gain in refrigerating effect per pound 

resulting from the liquid subcooling. 
Ans. 4.93 Btu/lb 

(g) The adiabatic discharge temperature. 
Ans. 138.5° F 

(h) The heat of compression per pound. 
Ans. 9 Btu/lb 

(i) The heat of compression per minute per 
ton. Ans. 33.3 Btu/min/ton 

(j) The work of compression per minute per 
ton. Ans. 25.907lb/min/ton 

(k) The theoretical horsepower per ton. 
Ans. 0.155 hp/ton 

(I) The beat rejected at the condenser per 
pound. Ans. 67.4 Btu/lb 

(m) The heat rejected at the condenser per ton. 
Ans. 249.38 Btu/min/ton 

(n) The coefficient of performance. Ans. 6 

NoTE: Some of the properties of the refriger
ant at various points in the cycle must be 
determined from the Ph chart in Fig. 7-1. 



9 
Survey 
of Refrigeration 
Applications 

America is today, nor do they realize the extent 
to which such a society is dependent upon 
mechanical refrigeration for its very existence. 
It would not be possible, for instance, to pre
serve food in sufficient quantities to feed the 
growing urban population without mechanical 
refrigeration. Too, many of the large buildings 
which house much of the nation's business and 
industry would become untenable in the summer 
months because of the heat if they were not air 
conditioned with mechanical refrigerating 
equipment. 

In addition to the better known applications 
of refrigeration, such as comfort air conditioning 
and the processing, freezing, storage, transpor
tation, and display of perishable products, 
mechanical refrigeration is used in the pr~g 
or manufacturing of almost every article or 
commodity on the market today. The list of 
processes or products made possible or improved 
through the use of mechanical refrigeration is 
almost endless. For example, refrigeration has 

9-1. His tory and Scope of the Industry. In made possible the building of huge dams which 
the early days of mechanical refrigeration, the are vital to large-scale reclamation and hydro
equipment available was bulky, expensive, and electric projects. It has made possible the con
not too efficient. Also it was of such a nature as struction of roads and tunnels and the sinking of 
to require that a mechanic or operating engineer foundation and mining shafts through and across 
be on duty at all times. This limited the use of unstable. ground formations. It has made 
mechanical refrigeration to a few large applica- possible the production of plastics, synthetic 
tionssuchasiceplants,meatpackingplants,and rubber, and many other new and useful mate
large storage warehouses. rials and products. Because of mechanical 

In the span of only a few decades refrigeration refrigeration, bakers can get more loaves of 
has grown into the giant and rapidly expanding bread from a barrel of flour, textile and paper 
industry that it is today. This explosive growth manufacturers can speed up their machines and 
came about as the result of several factors. First, get more production, and better methods of 
with the development of precision manufacturing hardening steels for machine tools are available. 
methods, it became possible to produce smaller, These represent only a few of the hundreds of 
more efficient equipment. This, along with the ways in which mechanical refrigeration is now 
development of "safe" refrigerants and the being used and many new uses are being found 
invention of the fractional horsepower electric each year. In fact, the only thing slowing the 
motor, made possible the small refrigerating growth of the refrigeration industry at the 
unit which is so widely used at the present time present time is the lack of an adequate supply of 
in such applications as domestic refrigerators trained technical manpower. 
and freezers, small air conditioners, and com- 9-2. Classification of Applications. For con
mercia] fixtures. Today, there are few homes or venience of study, refrigeration applications may 
business establishments in the United States that be grouped into six general categories: (1) 
cannot boast of one or more mechanical domestic refrigeration, (2) commercial refrigera
refrigeration units of some sort. tion, (3) industrial refrigeration, (4) marine and 

Few peOple outside of those directly connected transportation refrigeration, (S) comfort air con
with the industry are aware of the significant ditioning, and (6) industrial air conditioning. It 
part that refrigeration has played in the develop- will be apparent in the discussion which follows 
ment of the highly technical society that that the exact limits of these areas are not 

Ill 
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precisely defined and that there is considerable 
overlapping between the several areas. 
9·3. Domestic Refrigeration. Domestic re
frigeration is rather limited in scope, being 
concerned primarily with household refrigera
tors and home freezers. However, because the 
number of units in service is quite large, 
domestic refrigeration represents a significant 
portion of the refrigeration industry. 

Domesticunits are usuallysmallinsize,having 
horsepower ratings of between io and l hp, and 
are of the hermetically sealed type. Since these 
applications are familiar to everyone, they will 
not be described further here. However, the 
problems encountered in the design and main
tenance of these units are discussed in appro
priate places in the chapters which follow. 
9-4. Con •. nercial Refrigeration. Commer
cial refrigeration is concerned with the designing, 
installation, and maintenance of refrigerated 
fixtures of the type used by retail stores, res
taurants, hotels, and institutions for the storing, 
displaying, processing, and dispensing of perish
able commodities of all types. Commercial 
refrigeration fixtures are described in more 
detail later in this chapter. 
9·5. Industrial Refrigeration. Industrial 
refrigeration is often confused with commercial 
refrigeration because the division between these 
two areas is not clearly defined. As a general 
rule, industrial applications are larger in size 
than commercial applications and have the dis
tinguishing feature of requiring an attendant on 
duty, usually a licensed operating engineer. 
Typical industrial applications are ice plants, 
large food-packing plants (meat, fish, poultry, 
frozen foods, etc.), breweries, creameries, and 
industrial plants, such as oil refineries, chemical 
plants, rubber plants, etc. Industrial refrigera
tion includes also those applications concerned 
with the construction industry as described in 
Section 9-1. 
9-6. Marine and Transportation Refrigera
tion. Applications falling into this category 
could be listed partly under commercial refrig
eration and partly under industrial refrigera
tion. However, both these areas of specialization 
have grown to sufficient size to warrant special 
mention. 

Marine refrigeration, of course, refers to 
refrigeration aboard marine vessels and includes, 
for example, refrigeration for fishing boats and 

for vessels transporting perishable cargo as well 
as refrigeration for the ship's stores on vessels of 
all kinds. 

Transportation refrigeration is concerned 
with refrigeration equipment as it is applied to 
trucks, both long distance transports and local 
delivery, and to refrigerated railway cars. Typi
cal refrigerated truck bodies are shown in Fig. 
11-8. 
9-7. Air Conditioning. As the name implies, 
air conditioning is concerned with the condition 
of the air in some designated area or space. This 
usually involves control not only of the space 
temperature but also of space humidity and air 
motion, along with the filtering and cleaning of 
the air. 

Air conditioning applications are of two types, 
either comfort or industrial, according to their 
purpose. Any air conditioning which has as its 
primary function the conditioning of air for 
human comfort is called comfort air condition
ing. Typical installations of comfort air 
conditioning are in homes, schools, offices, 
churches, hotels, retail stores, public buildings, 
factories, automobiles, buses, trains, planes, 
ships, etc. 

On the other hand, any air conditioning which 
does not have as its primary purpose the con
ditioning of air for human comfort is called 
industrial air conditioning. This does not 
necessarily mean that industrial air conditioning 
systems cannot serve as comfort air conditioning 
coincidentally with their primary function. 
Often this is the case, although not always so. 

The applications of industrial air conditioning 
are almost without limit both in number and in 
variety. Generally speaking, the functions of 
industrial air conditioning are to; (1) control 
the moisture content of hydroscopic materials; 
(2) govern the rate of chemical and biochemical 
reactions; (3) limit the variations in the size of 
precision manufactured articles because of ther
mal expansion and contraction; and (4) provide 
clean, filtered air which is often essential to 
trouble-free operation and to the production of 
quality products. 
9-8. Food Preservation. The preservation of 
perishable commodities, particularly foodstuffs, 
is one of the most common uses of mechanical 
refrigeration. As such, it is a subject which 
should be given consideration in any compre
hensive study of refrigeration. 
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At the present time, food preservation is more 
important than ever before in man's history. 
Today's large urban populations require tremen
dous quantities of food, which for the most part 
must be produced and processed in outlying 
areas. Naturally, these foodstuffs must be kept 
in a preserved condition during transit and sub
sequent storage until they are finally consumed. 
This may be a matter of hours, days, weeks, 
months, or even years in some cases. Too, many 
products, particularly fruit and vegetables, are 
seasonal. Since they are produced only during 
certain seasons of the year, they must be stored 
and preserved if they are to be made available 
the year round. 

As a matter of life or death, the preservation 
of food has long been one of man's most pressing 
problems. Almost from the very ~ginning of 
man's existence on earth, it became necessary 
for him to find ways of preservjrig food during 
seasons of abundance in order to live through 
seasons of scarcity. It is only natural, then, that 
man should discover and develop such methods 
of food preservation as drying, smoking, pick
ling, and salting long before he had any know
ledge of the causes of food spoilage. These 
rather primitive methods are still widely used 
today, not only in backward societies where no 
other means are available but also in the most 
modem societies where they serve to supplement 
the more modem methods of food preservation. 
For instance, millions of pounds of dehydrated 
(dried) fruit, milk, eggs, fish, meat, potatoes, etc., 
are consumed in the United States each year, 
along with huge quantities of smoked, pickled, 
and salted products, such as ham, bacon, and 
sausage, to name only a few. However, although 
these older methods are entirely adequate for the 
preservation of certain types of food, and often 
produce very unusual and tasty products which 
would not otherwise be available, they nonethe
less have inherent disadvantages which limit 
their usefulness. Since by their very nature they 
bring about severe changes in appearance, taste, 
and odor, which in many cases are objectionable, 
they are not universally adaptable for the pres
ervation of all types of food products. Further
more, the keeping qualities of food preserved by 
such methods are definitely limited as to time. 
Therefore, where a product is to be preserved 
indefinitely or for a long period of time, some 
other means of preservation must be utilized. 

The invention of the microscope and the sub
sequent discovery of microorganisms as a major 
cause of food spoilage led to the development of 
canning in France during the time of Napoleon. 
With the invention of canning, man found a way 
to preserve food of all kinds in large quantities 
and for indefinite periods of time. Canned foods 
have the ad.-antage of being entirely imperish
able, easily processed, and convenient to handle 
and store. Today, more food is preserved by 
canning than by all other methods combined. 
The one big disadvantage of canning is that 
canned foods must be heat-sterilized, which 
frequently results in overcooking. Hence, al
though canned foods often have a distinctive and 
delicious flavor all their own, they usually differ 
greatly from the original fresh product. 

The only means of preserving food in its 
original fresh state is by refrigeration. This, of 
course, is the principal advantage that refrigera
tion has over other methods of food preser
vation. However, refrigeration too has its 
disadvantages. For instance, when food is to 
be preserved by refrigeration, the refrigerating 
process must begin very soon after harvesting 
or killing and must be continuous until the food 
is finally consumed. Since this requires rela
tively expensive and bulky equipment, it is often 
both inconvenient and uneconomical. 

Obviously, then, there is no one method of 
food preservation which is best in all cases and 
the particular method used in any one case will 
depend upon a number of factors, such as the 
type of product, the length of time the product 
is to be preserved, the purpose for which the 
product is to be used, the availability of trans
portation and storage equipment, etc. Very 
often it is necessary to employ several methods 
simultaneously in order to obtain the desired 
results. 
9-9. Deterioration and Spoilage. Since the 
preservation of food is simply a matter of pre
venting or retarding deterioration and spoilage 
regardless of the method used, a good knowledge 
of the causes of deterioration and spoilage is 
a prerequisite to the study of preservation 
methods. 

It should be recognized at the outset that 
there are degrees of quality and that all perish
able foods pass through various stages of 
deterioration before becoming unfit for con
sumption. In most cases, the objective in the 
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preservation of food is not only to preserve the 
foodstuff in an edible condition but also to 
preserve it as nearly as possible at the peak of its 
quality with respect to appearance, odor, taste, 
and vitamin content. Except for a few processed 
foods, this usually means maintaining the food
stuff as nearly as possible in its original fresh 
state. 

Any deterioration sufficient to cause a detect
able change in the appearance, odor, or taste of 
fresh foods immediately reduces the commercial 
value of the product and thereby represents an 
economic loss. Consider, for example, wilted 
vegetables or overripe fruit. Although their 
edibility is little impaired, an undesirable change 
in their appearance has been brought about 
which usually requires that they be disposed of 
at a reduced price. Too, since they are well on 
their way to eventual spoilage, their keeping 
qualities are greatly reduced and they must be 
consumed or processed immediately or become 
a total-loss. 

For obvious reasons, maintaining the vitamin 
content at the highest possible level is always an 
important factor in the processing and/or pres
ervation of all food products. In fact, many 
food processors, such as bakers and dairymen, 
are now adding vitamins to their product to 
replace those which are lost during processing. 
Fresh vegetables, fruit, and fruit juices are some 
of the food products which suffer heavy losses in 
vitamin content very quickly if they are not 
handled and protected properly. Although the 
loss of vitamin content is not something which 
in itself is apparent, in many fresh foods it is 
usually accompanied by recognizable changes in 
appearance, odor, or taste, such as, for instance, 
wilting in leafy, green vegetables. 

For the most part, the deterioration and even
tual spoilage of perishable food are caused by a 
series of complex chemical changes which take 
place in the foodstuff after harvesting or killing. 
These chemical changes are brought about by 
both internal and external agents. The former 
are the natural enzymes which are inherent in all 
organic materials, whereas the latter are micro
organisms which grow in and on the surface of 
the foodstuff. Although either agent alone is 
capable of bringing about the total destruction 
of a food product, both agents are involved in 
most cases of food spoilage. In any event, the 
activity of both of these spoilage agents must be 

either eliminated or effectively controlled if the 
foodstuff is to be adequately preserved. 
9-10. Enzymes. Enzymes are complex, pro
tein-like, chemical substances. Not yet fully 
understood, they are probably ~t described 
as chemical catalytic agents which are capable 
of bringing about chemical changes in organic 
materials. There are many different kinds of 
enzymes and each one is specialized in that it 
produces only one specific chemical" reaction. 
In general, enzymes are identified either by the 
substance upon which they act or by the result 
of their action. For instance, the enzyme, 
lactase, is so known because it acts to convert 
lactose (milk sugar) to lactic acid. This par
ticular process is called lactic acid fermentation 
and is the one principally responsible for the 
"souring" of milk. Enzymes associated with 
the various types of fermentation are sometimes 
called ferments. 

Essential in the chemistry of all living pro
cesses, enzymes ate normally present in all 
organic materials (the cell tissue of all plants and 
animals, both living and dead). They are manu
factured by all living cells to help carry on the 
various living activities of the cell, such as res
piration, digestion, growth, and reproduction, 
and they play an important part in such things 
as the sprouting of seeds, the growth of plants 
and animals, the ripening of fruit, and the 
digestive processes of animals, including man. 
However, enzymes are catabolic as well as ana
bolic. That is, they act to destroy dead cell tissue 
as well as to maintain live cell tissue. In fact, 
enzymes are the agents primarily responsible 
for the decay and decomposition of all organic 
materials, as, for example, the putrification of 
meat and fish and the rotting of fruit and 
vegetables. 

Whether their action is catabolic or anabolic, 
enzymes are nearly always destructive to perish
able foods. Therefore, except in those few 
special cases where fermentation or putrification 
is a part of the processing, enzymic action must 
be either eliminated entirely or severely inhibited 
if the product is to be preserved in good con
dition. Fortunately, enzymes are sensitive to 
the conditions of the surrounding media, par
ticularly with regard to the temperature and the 
degree of acidity or alkalinity, which provides a 
practical means of controlling enzymic activity. 

Enzymes are completely destroyed by high 
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temperatures that alter the composition of the 
organic material in which they exist. Since most 
enzymes are eliminated at temperatures above 
160° F, cooking a food substance completely 
destroys the enzymes contained therein. On the 
other hand, enzymes are very resistant to low 
temperatures and their activity may continue at 
a slow rate even at temperatures below oo F. 
However, it is a well-known fact that the rate of 
chemical reaction decreases as the temperature 
decreases. Hence, although the enzymes are not 
destroyed, their activity is greatly reduced at low 
temperatures, particularly temperatures below 
the freezing point of water. 

Enzymic action is greatest in the presence of 
free oxygen (as in the air) and decreases as the 
oxygen supply diminishes. 

With regard to the degree of acidity or alka
linity, some enzymes require a~id surroundings, 
whereas others prefer neutral or alkaline en
vironments. Those requiring acidity are de
stroyed by alkalinity and those requiring 
alkalinity are likewise destroyed by acidity. 

Although an organic substance can be com
pletely destroyed and decomposed solely by the 
action of its own natural enzymes, a process 
known as autolysis (self-destruction), this sel
dom occurs. More often, the natural enzymes 
are aided in their destructive action by enzymes 
secreted by microorganisms. 
9-11. Microorganisms. The term micro
organism is used to cover a whole group of 
minute plants and animals of microscopic and 
submicroscopic size, of which only the following 
three are of particular interest in the study of 
food preservation: (1) bacteria, (2) yeasts, and 
(3) molds. These tiny organisms are found in 
large numbers everywhere-in the air, in the 
ground, in water, in and on the bodies of plants 
and animals, and in every other place where con
ditions are such that livi!'lg ~rganisms can survive. 

Because they secrete enzymes which attack 
the organic materials upon which they grow, 
microorganisms are agents of fermentation, 
putrification, and decay. As such, they are both 
beneficial and harmful to mankind. Their 
growth in and on the surface of perishable foods 
causes complex chemical changes in the food 
substance which usually results in undesirable 
alterations in the taste, odor, and appearance of 
the food and which, if allowed to continue for 
any length of time, will render the food unfit 

for consumption. Too, some microorganisms 
secrete poisonous substances (toxins) which are 
extremely dangerous to health, causing poison
ing, disease, and often death. 

On the other hand, microorganisms have 
many useful and necessary functions. As a 
matter of fact, if it were not for the work of 
microorganisms, life of any kind would not be 
possible. Since decay and decomposition of all 
dead animal tissue are essential to make space 
available for new life and growth, the decaying 
action of microorganisms is indispensable to the 
life cycle. 

Of all living things, only green plants (those 
containing chlorophyll) are capable of using 
inorganic materials as food for building their 
cell tissue. Through a process called photo
synthesis, green plants are able to utilize the 
radiant energy of the sun to combine carbon 
dioxide from the air with water and mineral 
salts from the soil and thereby manufacture 
from inorganic materials the organic compounds 
which make up their cell tissue. 

Conversely, all animals and all plants without 
chlorophyll (fungi) require organic materials 
(those containing carbon) for food to carry on 
their life activities. Consequently, they must of 
necessity feed upon the cell tissue of other plants 
and animals (either living or dead) and are, 
therefore, dependent either directly or indirectly 
on green plants as a source of the organic 
materials they need for life and growth. 

It is evident, then, that should the supply of 
inorganic materials in the soil, which serve as 
food for green plants, ever become exhausted, 
all life would soon disappear from the earth. 
This is not likely to happen, however, since 
microorganisms, as a part of their own living 
process, are continuously replenishing the supply 
of inorganic materials in the soil. 

With the exception of a few types of soil 
bacteria, all microorganisms need organic 
materials as food to carry on the living process. 
In most cases, they obtain these materials by 
decomposing animal wastes and the tissue of 
dead animals and plants. In the process of 
decomposition, the complex organic compounds 
which make up the tissue of animals and plants 
are broken down step by step and are eventually 
reduced to simple inorganic materials which are 
returned to the soil to be used as food by the 
green plants. 
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In addition to the important part they play in 
the "food chain" by helping to keep essential 
materials in circulation, microorganisms are 
necessary in the processing of certain fermented 
foods and other commodities. For example, 
bacteria are responsible for the lactic acid fer
mentation required in the processing of pickles, 
olives, cocoa, coffee, sauerkraut, ensilage, and 
certain sour milk products, such as butter, 
cheese, buttertnilk, yogurt, etc., and for the 
acetic acid fermentation necessary in the pro
duction of vinegar from various alcohols. 
Bacterial action is useful also in the processing 
of certain other commodities such as leather, 
linen, hemp, and tobacco, and in the treatment 
of industrial wastes of organic composition. 

Yeasts, because of their ability to produce 
alcoholic fermentation, are of immeasurable 
value to the brewing and wine-making industries 
and to the production of alcohols of all kinds. 
Too, everyone is aware of the importance of 
yeast in the baking industry. 

The chief commercial uses of molds are in the 
processing of certain types of cheeses and, more 
important, in the production of antibiotics, such 
as penicillin and aureomycin. 

Despite their many useful and necessary 
functions, the fact remains that microorganisms 
are destructive to perishable foods. Hence, 
their activity, like that of the natural enzymes, 
must be effectively controlled if deterioration and 
spoilage of the food substance are to be avoided. 

Since each type of microorganism differs 
somewhat in both nature and behavior, it is 
worthwhile to examine each type separately. 
9·12. Bacteria. Bacteria are a very simple 
form of plant life, being made up of one single 
living cell. Reproduction is accomplished by cell 
division. On reaching maturity, the bacterium 
divides into two separate and equal cells, each 
of which in turn grows to maturity and divides 
into .two cells. Bacteria grow and reproduce at 
an enormous rate. Under ideal conditions, a 
bacterium can grow into maturity and repro
duce in as little as 20 to 30 min. At this rate a 
single bacterium is capable of producing as 
many as 34,000,000,000,000 descendants in a 
24-hr period. Fortunately, however, the life 
cycle of bacteria is relatively short, being a 
matter of minutes or hours, so that even under 
ideal conditions they cannot multiply at any
where near this rate. 

The rate at which bacteria and other micro
organisms grow and reproduce depends upon 
such environmental conditions as temperature, 
light, and the degree of acidity or alkalinity, and 
upon the availability of oxygen, moisture, an~ 
an adequate supply of soluble food. However, 
there are many species of bacteria and they 
differ greatly both in their choice of environment 
and in the effect they have on their environment. 
Like the higher forms of plant life, all species of 
bacteria are not equally hardy with respect to 
surviving adverse conditions of environment, 
nor do all species thrive equally well under the 
same environmental conditions. Some species 
prefer conditions which are entirely fatal to 
others. Too, some bacteria are spore-formers. 
The spore is formed within the bacteria cell and 
is protected by a heavy covering or wall. In the 
spore state, which is actually a resting or 
dormant phase of the organism, bacteria are 
extremely resistant to unfavorable conditions of 
enviro~ent and can survive in this state almost 
indefinit ly. The spore will usually germinate 
wheneve conditions become favorable for the 
organism to carry on its living activities. 

Most "acteria are saprophytes. That is, they· 
are "free living" and feed only on animal wastes 
and on the dead tissue of animals and plants. 
Some, however, are parasites and require a 
living host. Most pathogenic bacteria (those 
causing infection and disease) are of the para
sitic type. In the absence of a living host, some 
parasitic bacteria can live as saprophytes. Like
wise, some saprophytes can live as parasites 
when the need arises. 

Since bacteria are not able to digest insoluble 
food substances, they require food in a soluble 
form. For this reason, most bacteria secrete 
enzymes which are capable of rendering in
soluble compounds into a soluble state, thereby 
making these materials available to the bacteria 
as food. The deterioration of perishable foods 
by bacteria growth is a direct result of the action 
of these bacterial enzymes. 

Bacteria, like all other living things, require 
moisture as well as food to carry on their life 
activities. As in other thing8, bacteria vary 
considerably in their ability to resist drought. 
Although most species are readily destroyed by 
drying and will succumb within a few hours, the 
more hardy species are able to resist drought 
for several days. Bacterial spores can withstand 
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The Growth of Bacteria In Milk In Various Periods 

Time, hours 
Temp., °F 24 48 96 168 

32 2,400 2,100 1,850 1,400 
39 2,500 3,600 218,000 4,200,000 
46 3,100 12;000 1,480,000 
50 11,600 540,000 
60 180,000 28,000,000 
86 1,400,000,000 

Fla. 9-1. From ASR£ Data 8aak, Applications Volume, 1956-57. Reproduced by permission of the American 
Society of Heating, Refrigerating, and Air-Conditioning Engineers. 

drought almost indefinitely, but will remain 
dormant in the absence of moisture. 

In their need for oxygen, bacteria fall into two 
groups: (I) those which require free oxygen (air) 
and (2) those which can exist without free oxy
gen. Some species, although having a prefer
ence for one condition or the other, can live 
in the presence of free oxygen or in the absence 
of it. Those bacteria living without free oxygen 
obtain the needed oxygen through chemical 
reaction which reduces one compound while 
oxidizing another. Decomposition which occurs 
in the presence of free oxygen is known as decay, 
whereas decomposition which takes place in the 
absence of free oxygen is called putrification. 
One of the products of putrification is hydrogen 
sulfide, a foul-smelling gas which is frequently 
noted arising from decomposing animal 
carcasses. 

Bacteria are very sensitive to acidity or alka
linity and cannot survive in an either highly acid 
or highly alkaline environment. Most bacteria 
require either neutral or slightly alkaline sur
roundings, although some species prefer slightly 
acid conditions. Because bacteria prefer neutral 
or slightly alkaline surroundings, nonacid 
vegetables are especially subject to bacterial 
attack. 

Light, particularly direct sunlight, is harmful 
to all bacteria. Whereas visible light only 
inhibits their growth, ultraviolet light is actually 
fatal to bacteria. Since light rays, ultraviolet or 
otherwise, have no power of penetration, they 
are effective only in controlling surface bacteria. 
However, ultraviolet radiation (usually from 
direct sunlight), when combined with drying, 
provides an excellent means of controlling 
bacteria growth. 

For each species of bacteria there is an opti
mum temperature at which the bacteria will 
grow at the highest rate. Too, for each species 
there is a maximum and a minimum tempera
ture which will permit growth. At temperatures 
above the maximuni, the bacteria are destroyed. 
At temperatures below the minimum, the bac
teria are rendered inactive or dormant. The 
optimum temperature for most saprophytes is 
usually between 75o F and 85° F, whereas the 
optimum temperature for parasites is around 
99° F or 100° F. A few species grow best at 
temperatures near the boiling point of water, 
whereas a few other types thrive best at tempera
tures near the freezing point. However, most 
species are either killed off or severely inhibited 
at these temperatures. The effect of temperature 
on the growth rate of bacteria is illustrated by 
the chart in Fig. 9-1 which shows the growth 
rate of bacteria in milk at various temperatures. 
In general, the growth rate of bacteria is con
siderably reduced by lowering the temperature. 
9-13. Yeasts. Yeasts are simple, one-cell plants 
of the fungus family. Of microscopic size, 
yeast cells are somewhat larger and more com
plex than the bacteria cells. Although a few 
yeasts reproduce by fission or by sexual process, 
reproduction is usually by budding. Starting as 
a small protrusion of the mature cell, the bud 
enlarges and finally separates from the mother 
cell. Under ideal conditions, budding is fre
quently so rapid that new buds are formed before 
separation occurs so that yeast clusters are 
formed. 

Like bacteria, yeasts are agents of fermenta
tion and decay. They secrete enzymes that bring 
about chemical changes in the food upon which 
they grow. Yeasts are noted for their ability 
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to transform sugars into alcohol and carbon 
dioxide. Although destructive to fresh foods, 
particularly fruits and berries and their juices, 
the alcoholic fermentation produced by yeasts 
is essential to the baking, brewing, and wine
making industries. 

Yeasts are spore-formers, with as many as 
eight spores being formed within a single yeast 
cell. Y casts are widespread in nature and yeast 
spores are invariably found in the air and on the 
skin of fruit and berries, for which they have a 
particular affinity. They usually spend the 
winter in the soil and are carried to the new fruit 
in the spring by insects or by the wind. 

Like bacteria, yeasts require air, food, and 
moisture for growth, and are sensitive to tem
perature and the degree of acidity or alkalinity 
in the environment. For the most part, yeasts 
prefer moderate temperatures and slight acidity. 
In general, yeasts are not as resistant to unfavor
able conditions as are bacteria, although they 
can grow in acid surroundings which inhibit 
most bacteria. Yeast spores, like those of bac
teria, are extremely hardy and can survive for 
long periods under adverse conditions. 
9-14. Molds. Molds, like yeasts, are simple 
plants of the fungi family. However, they are 
much more complex in structure than either 
bacteria or yeasts. Whereas the individual 
bacteria or yeast plants consist of one single 
cell, an individual mold plant is made up of a 
number of cells which are positioned end to end 
to form long, branching, threadlike fibers called 
hypha. The network which is formed by a mass 
of these threadlike fibers is called the mycelium 
and is easily visible to the naked eye. The 
hyphae of the mold plant are of two general 
types. Some are vegetative fibers which grow 
under the surface and act as roots to gather food 
for the plant, whereas others, called aerial 
hyphae, grow on the surface and produce the 
fruiting bodies. 

Molds reproduce by spore formation. The 
spores develop in three different ways, depending 
on the type of mold: (I) as round clusters 
within the fibrous hyphae network, (2) as a mass 
enclosed in a sac and attached to the end of 
aerial hyphae, and (3) as chainlike clusters on 
the end of aerial hyphae. In any case, a single 
mold plant is capable of producing thousands of 
spores which break free from the mother plant 
and float away with the slightest air motion. 

Mold spores are actually seeds and, under the 
proper conditions, will germinate and produce 
mold growth on any food substance with which 
they come in contact. Since they are carried 
about by air currents, mold spores are found 
almost everywhere and are particularly abundant 
in the air. 

Although molds are less resistant to high 
temperatures than are bacteria, they are more 
tolerant to low temperatures, growing freely at 
temperatures close to the freezing point of water. 
Mold growth is inhibited by temperatures below 
32• F, more from the lack of free moisture than 
from the effect of low temperature. All mold 
growth ceases at temperatures of ta• F and 
below. 

Molds flourish in dark, damp surroundings, 
particularly in still air. An abundant supply of 
oxygen is essential to mold growth, although a 
very few species can grow in the absence of 
oxygen. Conditions inside cold-storage rooms 
are often ideal for mold growth, especially in 
the wintertime. This problem can be overcome 
somewhat by maintaining good air circulation 
in the storage room, by the use of germicidal 
paints, and ultraviolet radiation, and by frequent 
scrubbing. 

Unlike bacteria, molds can thrive on foods 
containing relatively large amounts of sugars or 
acids. They are often found growing on acid 
fruits and on the surface of pickling vats, and 
are the most common cause of spoilage in 
apples and citrus fruits. 
9-15. Control of Spoilage Agents. Despite 
complications arising from the differences in the 
reaction of the various types of spoilage agents 
to specific conditions in the environment, con
trolling these conditions provides the only means 
of controlling these spoilage agents. Thus, all 
methods of food preservation must of necessity 
involve manipulation of the environment in and 
around the preserved product in order to pro
duce one or more conditions unfavorable to the 
continued activity of the spoilage agents. When 
the product is to be preserved for any length of 
time, the unfavorable conditions produced must 
be of sufficient severity to eliminate the spoilage 
agents entirely or at least render them ineffective 
or dormant. 

All types of spoilage agents are destroyed when 
subjected to high temperatures over a period of 
time. This principle is used in the preservation 
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of food by canning. The temperature of the 
product is raised to a level fatal to all spoilage 
agents and is maintained at this level until they 
are all destroyed. The product is then sealed 
in sterilized, air-tight containers to prevent 
recontamination. A product so processed will 
remain in a preserved state indefinitely. 

The exposure time required for the destruc
tion of all spoilage agents depends upon the 
temperature level. The higher the temperature 
level, the shorter is the exposure period required. 
In this regard, moist heat is more effective than 
dry heat because of its greater penetrating 
powers. When moist heat is used, the tempera
ture level required is lower and the processing 
period is shorter. Enzymes and all living micro
organisms are destroyed when exposed to the 
temperature of boiling water for approximately 
five minutes, but the more resistant bacteria 
spores may survive at this condition for several 
hours before succumbing. For this reason, some 
food products, particularly meats and nonacid 
vegetables, require long processing periods 
which frequently result in overcooking of the 
product. These products are usually processed 
under pressure so that the processing tempera
ture is increased and the processing time 
shortened. 

Another method of curtailing the activity of 
spoilage agents is to deprive them of the mois
ture and/or food which is necessary for their 
continued activity. Both enzymes and micro
organisms require moisture to carry on their 
activities. Hence, removal of the free moisture 
from a product will severely limit their activities. 
The process of moisture removal is called drying 
(dehydration) and is one ofthe oldest methods of 
preserving foods. Drying is accomplished either 
naturally in the sun and air or artificially in 
ovens. Dried products which are stored in a 
cool, dry place will remain in good condition 
for long periods. 

Pickling is essentially a fermentation process, 
the end result of which is the exhaustion of the 
substances which serve as food for yeasts and 
bacteria. The product to be preserved by pick
ling is immersed in a salt brine solution and 
fermentation is allowed to take place, during 
which the sugars contained in the food product 
are converted to lactic acid, primarily through 
the action of lactic acid bacteria. 

Smoked products are preserved partially by 

the drying effect of the smoke and partially 
by antiseptics (primarily creosote) which are 
absorbed from the smoke. 

Too, some products are "cured" with sugar 
or salt which act as preservatives in that they 
create conditions unfavorable to the activity of 
spoilage agents. Some other frequently used 
preservatives are vinegar, borax, saltpeter, bon
zoate of soda, and various spices. A few of the 
products preserved in this manner are sugar
cured hams, salt pork, spiced fruits, certain 
beverages, jellies, jams, and preserves. 
9·16. Preservation by Refrigeration. The 
preservation of perishables by refrigeration in
volves the use of low temperature as a means of 
eliminating or retarding the activity of spoilage 
agents. Although low temperatures are not as 
effective in bringing about the destruction of 
spoilage agents as are high temperatures, the 
storage of perishables at low temperatures 
greatly reduces the activity of both enzymes and 
microorganisms and thereby provides a prac
tical means of preserving perishables in their 
original fresh state for varying periods of time. 
The degree of low temperature required for 
adequate preservation varies with the type of 
product stored and with the length of time the 
product is to be kept in storage. 

For purposes of preservation, food products 
can be grouped into two general categories: (1) 
those which are alive at the time of distribution 
and storage and (2) those which are not. Non
living food substances, such as meat, poultry, 
and fish, are much more susceptible to micro
bial contamination and spoilage than are living 
food substances, and they usually require more 
stringent preservation methods. 

With nonliving food substances, the problem 
of preservation is one of protecting dead tissue 
from all the forces of putrification and decay, 
both enzymic and microbial. In the case of 
living food substances, such as fruit and vege
tables, the fact of life itself affords considerable 
protection against microbial invasion, and the 
preservation problem is chiefly one of keeping 
the food substance alive while at the same time 
retarding natural enzymic activity in order to 
slow the rate of maturation or ripening. 

Vegetables and fruit are as much alive after 
harvesting as they are during the growing period. 
Previous to harvesting they receive a continuous 
supply of food substances from the growing 
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plant, some of which is stored in the vegetable 
or fruit. After harvesting, when the vegetable or 
fruit is cut off from its normal supply of food, 
the living processes continue through utilization 
of the previously stored food substances. This 
causes the vegetable or fruit to undergo 
changes which will eventually result in deteriora
tion and complete decay of the product. The 
primary purpose of placing such products under 
refrigeration is to slow the living processes by 
retarding enzymic activity, thereby keeping the 
product in a preserved condition for a longer 
period. 

Animal products (nonliving food substances) 
are also affected by the activity of natural 
enzymes. The enzymes causing the most 
trouble are those which catalyze hydrolysis and 
oxidation and are associated with the break
down of animal fats. The principal factor 
limiting the storage life of animal products, in 
both the frozen and unfrozen states, is rancidity. 
Rancidity is caused by oxidation of animal fats 
and, since some types of animal fats are less 
stable than others, the storage life of animal 
products depends in part on fat composition. 
For example, because of the relative stability of 
beef fat, the storage life of beef is considerably 
greater than that of pork or fish whose fatty 
tissues are much less stable. 

Oxidation and hydrolysis are controlled by 
placing the product under refrigeration so that 
the activity of the natural enzymes is reduced. 
The rate of oxidation can be further reduced in 
the case of animal products by packaging the 
products in tight-fitting, gas-proof containers 
which prevent air (oxygen) from reaching the 
surface of the product. The packaging of fruit 
and vegetables in gas-proof containers, when 
stored in the unfrozen state, is not practical. 
Since these products are alive, packaging in gas
proof containers will cause suffocation and 
death. A dead fruit or vegetable decays very 
quickly. 

As a general rule, the lower the storage tem
perature, the longer is the storage life of the 
product. 
9-17. Refrigerated Storage. Refrigerated 
storage may be divided into three general cate
gories: (1) short-term or temporary storage, 
(2) long-term storage, and (3) frozen storage. 
For short- and long-term storage, the product is 
chilled and stored at some temperature above 

its freezing point, whereas frozen storage re
quires freezing of the product and storage at 
some temperature between 10° F and -too F, 
with oo F being the temperature most frequently 
employed. 

Short-term or temporary storage is usually 
associated with retail establishments where 
rapid turnover of the product is normally ex
pected. Depending upon the product, short
term storage periods range from one or two days 
in some cases to a week or more in others, but 
seldom for more than fifteen days. 

Long-term storage is usually carried out by 
wholesalers and commercial storage warehouses. 
Again, the storage period depends on the type 
of product stored and upon the condition of the 
product on entering storage. Maximum storage 
periods for long-term storage range from seven 
to ten days for some sensitive products, such as 
ripe tomatoes, cantaloupes, and broccoli, and up 
to six or eight months for the more durable 
products, such as onions and some smoked 
meats. When perishable foods are to be stored 
for longer periods, they should be frozen and 
placed in frozen storage. Some fresh foods, 
however, such as tomatoes, are damaged by the 
freezing process and therefore cannot be success
fully frozen. When such products are to be 
preserved for long periods, some other method 
of preservation should be used. 
9-18. Storage Conditions. The optimum 
storage conditions for a product held in either 

' short- or long-term storage depends upon the 
nature of the individual product, the length of 
time the product is to be held in storage, and 
whether the product is packaged or unpackaged. 
In general, the conditions required for short
term storage are more flexible than those 
required for long-term storage and, ordinarily, 
higher storage temperatures are permissible. 
Recommended storage conditions for both 
short- and long-term storage and the approxi
mate storage life for various products are listed 
in Tables 10-10 through 10-13, along with other 
product data. These data are the result of both 
experiment and experience and should be 
followed closely, particularly for long-term 
storage, if product quality is to be maintained 
at a high level during the storage period. 
9-19. Storage Temperature. Examination of 
the tables will show that the optimum storage 
temperature for most products is one slightly 
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above the freezing point of the product. There 
are, however, notable exceptions. 

Although the effect of incorrect storage tem
peratures generally is to lower product quality 
and shorten storage life, some fruits and vege
tables are particularly sensitive to storage tem
perature and are susceptible to so-called cold 
storage diseases when stored at temperatures 
above or below their critical storage tempera
tures. For example, citrus fruits frequently 
develop rind pitting when stored at relatively 
high temperatures. On the other hand, they are 
subject to scald (browning of the rind) and 
watery breakdown when stored at temperatures 
below their critical temperature. Bananas suffer 
peel injury when stored below 56° F, whereas 
celery undergoes soggy breakdown when stored 
at temperatures above 34 o F. Although onions 
tend to sprout at temperatures above 32° F, 
Irish potatoes tend to become sweet at storage 
temperatures below 40° F. Squash, green beans, 
and peppers develop pits on their surface when 
stored at or near 32" F. Too, whereas the best 
storage temperature for most varieties of apples 
is 30° F to 32" F, some varieties are subject to 
soft scald and soggy breakdown when stored 
below 35o F. Others develop brown core at 
temperatures below 36° F, and still others 
develop internal browning when stored below 
40°F. 
9-10. Humidity · and Air Motion. The 
storage of all perishables in their natural state 
(unpackaged) requires close control not only of 
the space temperature but also of space humid
ity and air motion. One of the chief causes of 
the deterioration of unpackaged fresh foods, 
such as meat, poultry, fish, fruit, vegetables, 
cheese, eggs, etc., is the loss of moisture from 
the surface of the product by evaporation into 
the surrounding air. This process is known as 
desiccation or dehydration. In fruit and vege
tables, desiccation is accompanied by shriveling 
and wilting and the product undergoes a 
considerable loss in both weight and vitamin 
content. In meats, cheese, etc., desiccation 
causes discoloration, shrinkage! and heavy 
trim losses. It also increases the rate of oxida
tion. Eggs lose moisture through the porous 
shell, with a resulting loss of weight and general 
downgrading of the egg. 

Desiccation will occur whenever the vapor 
pressure of the product is greater than the vapor 

pressure of the surrounding air, the rate of 
moisture loss from the product being propor
tional to the difference in the vapor pres
sures and to the amount of exposed product 
surface. 

The difference in vapor pressure between the 
product and the air is primarily a function of 
the relative humidity and the velocity of the air 
in the storage space. In general, the lower the 
relative humidity and the higher the air velocity, 
the greater will be the vapor pressure differential 
and the greater the rate of moisture loss from 
the product. Conversely, minimum moisture 
losses are experienced when the humidity in the 
storage space is maintained at a high level with 
low air velocity. Hence, 100% relative humidity 
and stagnant air are ideal conditions for pre
venting dehydration of the stored product. 
Unfortunately, these conditions are also con
ducive to rapid mold growth and the formation 
of slime (bacterial) on meats. Too, good 
circulation of the air in the refrigerated space 
and around the product is necessary for ade
quate refrigeration of the product. For these 
reasons, space humidity must be maintained at 
somewhat less than 100% and air velocities 
must be sufficient to provide adequate air 
circulation. The relative humidities and air 
velocities recommended for the storage of 
various products are listed in Tables 10-10 
through 10-13. 

When the product is· stored in vapor-proof 
containers, space humidity and air velocity are 
not critical. Some products, such as dried 
fruits, tend to 1:le hydroscopic and therefore 
require storage at low relative humidities. 
9-ll. Mixed Storage. Although the main
tenance of optimum storage conditions requires 
separate storage facilities for most products, 
this is not usually economically feasible. There
fore, except when large quantities of product 
are involved, practical considerations often 
demand that a number of refrigerated products 
be placed in common storage. Naturally, the 
difference in the storage conditions required by 
the various products raises a problem with 
regard to the conditions to be maintained in a 
space designed for common storage. 

As a general rule, storage conditions in such 
spaces represent a compromise and usually 
prescribe a storage temperature somewhat above 
the optimum for some of the products held in 
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mixed storage. The higher storage tempera
tures are used in mixed storage in order to 
minimize the chances of damaging the more 
sensitive products which are subject to the 
aforementioned "cold storage diseases" when 
stored at temperatures below their critical 
temperature. 

Although higher storage temperatures tend 
to shorten the storage life of some of the products 
held in mixed storage, this is not ordinarily a 
serious problem when the products are stored 
only for short periods as in temporary 
storage. 

For long-term storage, most of the larger 
wholesale and commercial storage warehouses 
have a number of separate storage spaces 
available. General practice in such cases is to 
group the various products for storage, and 
only those products requiring approximately 
the same storage conditions are placed together 
in _common storage. 

Another problem associated with mixed 
storage is that of odor and flavor absorption. 
Some products absorb and/or give off odors 
while in storage. Care should be taken not to 
store such products together even for short 
periods. Dairy products in particular are very 
sensitive with regard to absorbing odors and 
flavors from other products held in mixed 
storage. On the other hand, potatoes are 
probably the worst offenders in imparting off
flavors to other products in storage and should 
never be stored with fruit, eggs, dairy products, 
or nuts. 
9·21. Product Condition on Entering Stor· 
age. One of the principal factors determining 
the storage life of a refrigerated product is the 
condition of the product on entering storage. 
It must be recognized that refrigeration merely 
arrests or retards the natural processes of 
deterioration and therefore cannot restore to 
good condition a product which has already 
deteriorated. Neither can it make a high 
quality product out of one of initial poor 
quality. Hence, only vegetables and fruit in 
good condition should be accepted for storage. 
Those that have been bruised or otherwise 
damaged, particularly if the skin has been 
broken, have lost much of their natural protec
tion against microbial invasion and are there
fore subject to rapid spoilage by these agents. 
Too, as a general rule, since maturation and 

ripening continue after harvesting, vegetables 
and fruit intended for storage should be 
harvested before they are fully mature. The 
storage life of fully mature or damaged fruit 
and vegetables is extremely short even under 
the best storage conditions, and such products 
should be sent directly to market to avoid 
excessive losses. 
Sin~ a food product begins to deteriorate 

very quickly after harvesting or killing, it is 
imperative that preservation measures· be taken 
immediately. To assure maximum storage life 
with minimum loss of quality, the product should 
be chilled to the storage temperature as soon 
as possible after harvesting or killing. When 
products are to be shipped over long distances 
to storage, they should be precooled and shipped 
by refrigerated transport. 
9-23. Product Chilling. Product chilling is 
distinguished from product storage in that the 
product enters the chilling room at a high 
temperature (usually either harvesting or killing 
temperature) and is chilled as rapidly as possible 
to the storage temperature, whereupon it is 
normally removed from the chilling room and 
placed _in a holding cooler for storage. The 
handling of the product during the chilling 
period has a marked influence on the ultimate 
quality and storage life of the product. 

The recommended conditions for product 
chilling rooms are given in Tables 10-10 through 
10-13. Before the hot product is loaded into 
the chilling room, the chilling room temperature 
should be at the "chill finish" temperature. 
During loading and during the early part of the 
chilling period, the temperature and vapor 
pressure differential between the product and 
the chill room air will be quite large and the 
product will give off heat and moisture at a 
high rate. At this time, the temperature and 
humidity in the chill room will rise to a peak as 
indicated by the "chill start" conditions in the 
tables. • At the end of the cycle, the chill room 
temperature will again drop to the "chill finish" 
conditions. It is very important that the 
refrigerating equipment have sufficient capacity 

• The temperatures listed in the tables as chill 
start temperatures are average values and are in
tended for use in selecting the refrigerating equip
ment. Actual temperatures in the chilling room 
during the peak chilling period are usually 3° F to 
4° F higher than those listed. 
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to prevent the chill room temperature from 
rising excessively during the peak chilling period. 
9-14. Relative Humidity and Air Velocity 
in Chill Rooms. The importance of relative 
humidity in chilling rooms depends upon the 
product being chilled, particularly upon whether 
the product is packaged or not. Naturally, 
when the product is chilled in vapor-proof 
containers, the humidity in the chilling room 
is relatively unimportant. However, during 
loading and during the initial stages of chilling, 
chilling room humidity will be high if the con
tainers are wet, but will drop rapidly once the 
free moisture has been evaporated. 

Products chilled in their natural state (un
packaged) lose moisture very rapidly, often 
producing fog in the chilling room during the 
early stages of chilling when the product tem
perature and vapor pressure are high. Rapid 
chilling and high air velocity are desirable 
during this time so that the temperature and 
vapor pressure of the product are lowered as 
quickly as possible in order to avoid excessive 
moisture loss and shrinkage. High air velocity 
is needed also in order to carry away the vapor 
and thereby prevent condensation of moisture 
on the surface of the product. 

Although high air velocity tends to increase 
the rate of evaporation of moisture from the 
product, it also greatly accelerates the chilling 
rate and results in a more rapid reduction in 
product temperature and vapor pressure. Since 
the reduction in vapor pressure resulting from 
the higher chilling rate more than offsets the 
increase in the rate of evaporation occasioned 
by the higher air velocity, the net effect of the 
higher air velocity during the early stages of 
chilling is to reduce the over-allloss of moisture 
from the product. However, during the final 
stages of chilling, when the temperature and 
vapor pressure of the product are considerably 
lower, the effect of high air velocity in the chill
ing room is to increase the rate of moisture loss 
from the product. Therefore, the air velocity 
in the chilling room should be reduced during 
the final stages of chilling. 

As a general rule, the humidity should be 
kept at a high level when products subject to 
dehydration are being chilled. Some extremely 
sensitive products, such as poultry and fish, 
are frequently chilled in ice slush to reduce 
moisture losses during chilling. For the same 

reason, eggs are sometimes dipped in a light 
mineral oil before chilling and storage. Too, 
poultry, fish, and some vegetables are often 
packed in ice for chilling and storage. When 
products packed in ice are placed in refrigerated 
storage, the slowly melting ice keeps the surface 
of the product moist and prevents excessive 
dehydration. 
9-lS. Freezins and Frozen Storase. When a 
product is to be preserved in its original fresh 
state for relatively long periods, it is usually 
frozen and stored at approximately oo F or 
below. The list of food products commonlY. 
frozen includes not only those which l!re 
preserved in their fresh state, such as vegetables, 
fruit, fruit juices, berries, meat, poultry, sea 
foods, and eggs (not in shell), but also many 
prepared foods, such as breads, pastries, ice 
cream, and a wide variety of specially prepared 
and precooked food products, including full 
dinners. 

The factors governing the ultimate quality 
and storage life of any frozen product are: 

1. The nature and composition of the product 
to be frozen 

2. The care used in selecting, handling, and 
preparing the product for freezing 

3. The freezing method 
4. The storage conditions. 

Only high quality products in good condition 
should be frozen. With vegetables and fruit, 
selecting the proper variety for freezing is very 
important. Some varieties are not suitable for 
freezing and will result in a low quality product 
or in one with limited keeping qualities. 

Vegetables and fruit to be frozen should be 
harvested at the peak of maturity and should be 
processed and frozen as quickly as possible 
after harvesting to avoid undesirable chemical 
changes through enzymic and microbial action. 

Both vegetables and fruit require considerable 
processing before freezing. After cleaning and 
washing to remove foreign materials-leaves, 
dirt, insects, juices, etc.-from their surfaces, 
vegetables are "blanched" in hot water or 
steam at 212° Fin order to destroy the natural 
enzymes. It will be remembered that enzymes 
are not destroyed by low temperature and, 
although greatly reduced, their activity con
tinues at a slow rate even in food stored at oo F 
and below. Hence, blanching, which destroys 
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Fig. 9-3. Suspended blast free
zer appried to reach-in cabinet 
distributes blast air through 
shelves. (Courtesy Carrier 
Corporation.) 

Fig. 9-l. Walk-in installation. Suspended blast 
freezer provides high-velocity air for fast freezing, 
saving valuable floor space in small areas. (Courtesy 
Carrier Corporation.) 

Fig. 9-4. Freezing in one room 
and storage in another is 
accomplished by single, floor
mounted blast freezers. (Cour
tesy Carrier Corporation.) 
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most of the enzymes, greatly increases the 
storage life of frozen vegetables. The time 
required for blanching varies with the type and 
variety of the vegetable and ranges from 1 to 1'! 
min for green beans to 11 min for large ears of 
com. Although much of the microbial popula
tion is destroyed along with the enzymes during 
the blanching process, many bacteria survive. 
To prevent spoilage by these viable bacteria, 
vegetables should be chilled to so• F immedi
ately after blanching and before they are pack
aged for the freezer. 

Like vegetables, fruit must also be cleaned 
and washed to remove foreign materials' and 
to reduce microbial contamination. Although 
fruit is perhaps even more subject to enzymic 
deterioration than are vegetables, it is never 
blanched to destroy the natural enzymes since 
to d.o so would destroy the natural fresh quality 
which is so desirable. 

The enzymes causing the most concern with 
regard to frozen fruit are the ones which 
catalyze oxidation and result in rapid browning 
of the flesh. To control oxidation, fruit to be 
frozen is covered with a light sugar syrup. In 
some cases, ascorbic acid, citric acid, or sulfur 
dioxide are also used for this purpose. 

As a general rule, meat products do not 
require any special processing prior to freezing. 
However, because of consumer demand, speci
ally prepared meats and meat products are being 
frozen in increasing 1;1mounts. This is true also 
of poultry and sea foods. 

Because of the relative instability of their 
fatty tissue, pork and fish are usually frozen as 
soon after chilling as possible. On the other 
hand, beef is frequently "aged" in a chilling 
cooler for several days before freezing. During 
this time the beef is tenderized to some extent 
by enzymic activity .. However, the aging of 
beef decreases its storage life, particularly if the 
aging period exceeds 6 or 7 days. 

With poultry, experiments indicate that 
poultry frozen within 12 to 24 hr after killing 
is more tender than that frozen immediately 
after killing. However, delaying freezing beyond 
24 hr tends to reduce storage life without 
appreciable increasing tenderness. 
9-26. Freezing Methods. Food products may 
be either sharp (slow) frozen or quick frozen. 
Sharp freezing is accomplished by placing the 
product in a low temperature room and allowing 

it to freeze slowly, usually in still air. The tem
perature maintained in sharp freezers ranges 
from o• F to -40• F. Since air circulation is 
usually by natural convection, heat transfer 
from the product ranges from 3 hr to 3 days, 
depending upon the bulk of the product and 
upon the conditions in the sharp freezer. Typi
cal items which are sharp frozen are beef and 
pork half-carcasses, boxed poultry, panned and 
whole fish, fruit in barrels and other large 
containers, and eggs (whites, yolks, or whole) 
in 10 and 30 lb cans. 

Quick freezing is accomplished in any one or 
in any combination of three ways: (1) immer
sion, (2) indirect contact, and (3) air blast. 
9-27. Air Blast Freezing. Air blast freezing 
utilizes the combined effects of low temperature 
and high air velocity to produce a high rate of 
heat transfer from the product. Although the 
method employed varies considerably with the 
application, blast freezing is accomplished by 
circulating high-velocity, low-temperature air 
around the product. Regardless of the method 
used, it is important that the arrangement of 
the freezer is such that air can circulate freely 
around all parts of the product. 

Packaged blast freezers are available in both 
suspended and floor-mounted models. Typical 
applications are shown in Figs. 9-2 through 9-4. 
Blast freezing is frequently carried out in 
insulated tunnels, particularly where large 
quantities of product are to be frozen (Figs. 
9-5 and 9-6). In some instances, the product 
is carried through the freezing tunnel and 
frozen on slow-moving, mesh conveyor belts. 
The unfrozen product is placed on the con
veyor at one end of the tunnel and is frozen 
by the time it reaches the other end. Another 
method is to load the product on tiered dollies. 
The dollies are pushed into the tunnel and the 
product is frozen; whereupon they are pushed 
out of the freezing tunnel into a storage room 
(Fig. 9-5). 

Although blast freezing is used to freeze 
nearly all types of products, it is particularly 
suitable for freezing products of nonuniform 
or irregular sizes and shapes, such as dressed 
poultry. 
9-:18. Indirect Contact Freezing. Indirect 
freezing is usually accomplished in plate freezers 
and involves placing the product on metal 
plates through which a refrigerant is circulated 
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(Fig. 9-7). Since the product is in direct thermal 
contact with the refrigerated plate, heat transfer 
from the product occurs primarily by conduction 
so that the efficiency of the freezer depends, for 

· the most part, on the amount of contact surface. 
This type of freezer is particularly useful when 
products are frozen in small quantities. 

One type of plate freezer widely used by the 
larger commercial freezers to handle small, 
flat, rectangular, consumer-size packages is the 
multi plate freezer. The multiplate freezer 
consists of a series of horizontal, parallel, 
refrigerated plates which are actuated by 
hydraulic pressure so that they can be opened 
to receive the product between them and then 
closed on the product with any desired pressure. 
When the plates are closed, the packages are 
held tightly between the plates. Since both the 
top and the bottom of the packages are in good 
thermal contact with the refrigerated plates, 
the rate of heat transfer is high and the product 
is quickly frozen. 
9-~9. Immersion Freezing. Immersion freez
ing is accomplished by immersing the product in 
a low temperature brine solution, usually either 
sodium chloride or sugar. Since the refrigerated 
liquid is a good conductor and is in good 
thermal contact with all the product, heat 
transfer is rapid and the product is completely 
frozen in a very short time. 

Another advantage of immersion freezing is 
that the product is frozen in individual units 
rather than fused together in a mass. 

The principal disadvantage of immersion 

Fl1. 9-5. Packaged blast freezers 
applied to freezing tunnel. High 
velocity, -15° F air Is blasted 
through trucks. (Courtesy Car
rier Corporation.) 

freezing is that juices tend to be extracted from 
the product by osmosis. This results in con
tamination and weakening of the freezing 
solution. Too, where a sodium chloride brine 
is used, salt penetration into the product may 
sometimes be excessive. On the other hand, 
when fruit is frozen in a sugar solution, sugar 
penetration into the fruit is entirely beneficial. 

The products most frequently frozen by 
immersion are fish and shrimp. Immersion is 
particularly suitable for freezing fish and 
shrimp at sea, since the immersion freezer is 
relatively compact and space aboard ship is at 
a premium. In addition, immersion freezing 
produces a "glaze" (thin coating of ice) on the 
surface of the product which helps to prevent 
dehydration of unpackaged products during 
the storage period. 
9-30. Quick Freezing vs. Sharp Freezing. 
Quick frozen products are nearly always 
superior to those which are sharp (slow) frozen. 
D. K. Tressler, in 1932, summarized the views 
of R. Plank, H. F. Taylor, C. Birdseye, and 
G. A. Fitzgerald, and stated the following as the 
main advantages of quick freezing over slow 
freezing: 

1. The ice crystals formed are much smaller, 
and therefore cause much less damage to cells. 

2. The freezing period being much shorter, 
less time is allowed for the diffusion of salts and 
the separation of water in the form of ice. 

3. The product is quickly cooled below the 
temperature at which bacterial, mold, and yeast 



Fl1. 9-6. Tunnel.freezer for quick-freezing foods. (Courtesy Frick Company.) 
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growth occurs, thus preventing decomposition 
during freezing. • 

The principal difference between quick freez
ing and sharp freezing is in the size, number, 
and location of the ice crystals formed in the 
product as cellular fluids are solidified. When 
a product is slow frozen, large ice crystals are 
formed which result in serious damage to the 
tissue of some products tJ:rrough cellular break
down. Quick freezing, on the othet hand, 
produces smaller ice crystals which are formed 
almost entirely within the cell so that cellular 
breakdown is greatly reduced. Upon thawing, 
products which have experienced considerable 
cellular damage are prone to lose excessive 
amounts of fluids through "drip" or "bleed," 
with a resulting loss of quality. 

Ice-crystal formation begins in most products 
at a temperature of approximately 30° F and, 
although some extremely concentrated fluids 
still remain unfrozen even at temperatures below 
-50° F, most of the fluids are solidified by the 

• Air Conditioning Refrigerating Data Book, 
Applications Volume, 5th Edition, American Society 
of Refrigerating Engineers, 1954-55, p. 1-02. 

Fll• 9-7. Plate freezer for Indirect 
contact freezing. (Courtesy Dole 
Refrigerating Company.) 

time the product temperature is lowered to 
25° F. The temperature range between 30° F 
and 25° F is often referred to as the zone of 
maximum ice-crystal formation, and rapid heat 
removal through this zone is desirable from the 
standpoint of product quality. This is particu
larly true for fruits and vegetables because both 
undergo serious tissue damage when slow frozen. 

Since animal tissue is much tougher and 
much more elastic than plant tissue, the freezing 
rate is not as critical in the freezing of meats 
and meat products as it is in fruits and vege
tables. Recent experiment indicates that poultry 
and fish suffer little, if any, cellular damage 
when slow frozen. This does not mean, how
ever, that quick frozen meats are not superior 
to those which are slow frozen, but only that, 
for the standpoint of cellular damage, quick 
freezing is not as important in the freezing of 
meats as it' is in fruits and vegetables. For 
example, poultry that is slow frozen takes on a 
darkened appearance which makes it much less 
attractive to the consumer. This alone is 
enough to justify the quick freezing of poultry. 
Too, in all cases, quick freezing reduces the 
processing time and, consequently, the amount 
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of bacterial deterioration. This is especially 
worthwhile in the processing of fish because of 
their tendency to rapid spoilage. 
9-31. Packaging Materials. Dehydration, one 
of the principal factors limiting the storage life 
of frozen foods, is greatly reduced by proper 
packaging. Unpackaged products are subject 
to serious moisture losses not only during the 
freezing process but also during the storage 
period. While in storage, unpackaged frozen 
products lose moisture to the air continuously 
by sublimation. This eventually results in a 
condition known as "freezer-bum," giving the 
product a white, leathery appearance. Freezer
burn is usually accompanied by oxidation, 
flavor changes, and loss of vitamin content. 

With few exceptions, all products are pack
aged before being placed in frozen storage. 
Although most products are packaged before 
freezing, some, such as loose frozen peas and lima 
beans, are packaged after the freezing process. 

To provide adequate protection against 
dehydration and oxidation, the packaging 
material should be practically 100% gas and 
vapor proof and should fit tightly around the 
product to exclude as much air as possible. Too, 
air spaces in packages have an insulating effect 
which reduce the freezing rate and increase 
freezing costs. 

The fact that frozen products are in compe
tition to products preserved by other methods 
introduces several factors which must be taken 
into account when selectingpackagingmaterials. 
When the product is to be sold directly to the 
consumer, the package must be attractive and 
convenient to use in order to stimulate sales. 
From a cost standpoint, the package should be 
relatively inexpensive and of such a nature that 
it permits efficient handling so as to reduce 
processing costs. 

Some packaging materials in general use are 
aluminum foil, tin cans, impregnated paper
board cartons, paper-board cartons over
wrapped with vapor-proof wrappers, wax paper, 
cellophane, polyethylene, and other sheet 
plastics. 

Frozen fish are often given an ice glaze (a 
thin coating of ice) which provides an excellent 
protective covering. However, since the ice 
glaze is very brittle, glazed fish must be handled 
carefully to avoid breaking the glaze. Too, since 
the ice glaze gradually sublimes to the air, the 

fish must be reglazed approximately once a 
month by dipping into fresh water or by 
spraying. 
9-32. Frozen Storage. The exact temperature 
required for frozen storage is not critical, 
provided that it is sufficiently low and that it 
does not fluxuate. Although oo F is usually 
adequate for short-term (retail) storage, -5° F 
is the best temperature for all-around long-term 
(wholesale) storage. When products havmg 
unstable fats (oxidizable, free, fatty acids) are 
stored in any quantity, the storage temperature 
should be held at -10° F or below in order to 
realize the maximum storage life. 

When products are stored above -20° F, 
which is normally the case, the temperature of 
the storage room should be maintained constant 
with a variation of not more than 1 o F in either 
direction. Variations in storage temperature 
cause alternate thawing and refreezing of some 
of the juices in the product. This tends to 
increase the size of the ice crystals in the 
product and eventually results in the same 
type of cellular damage as occurs with slow 
freezing. 

Since many packaging materials do not offer 
complete protection against dehydration, the 
relative humidity should be kept at a high level 
(85% to 90 %) in frozen storage rooms, particu
larly for long-term storage. 

Proper stacking of the product is also 
essential. Stacking should always be such that 
it permits adequate air circulation around the 
product. It is particularly important to leave a 
good size air space between the stored product 
and the walls of the storage room. In addition 
to permitting air circulation around the product, 
this eliminates the possibility of the product 
absorbing heat directly from the warm walls. 
9·33. Commercial Refrigerators. The term 
"commercial refrigerator" is usually applied to 
the smaller, ready-built, refrigerated fixtures of 
the type used by retail stores and markets, 
hotels, restaurants, and institutions for the 
processing, storing, displaying, and dispensing 
of perishable commodities. The term is some
times applied also to the larger, custom-built 
refrigerated fixtures and rooms used for these 
purposes. 

Although there are a number of special 
purpose refrigerated fixtures which defy classi
fication, in general, commercial fixtures can 
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be grouped into three principal categories: 
(1) reach-iri refrigerators, (2) walk-in coolers, 
and (3) display cases. 
9-34. Reach-In Refrigerators. The reach-in 
refrigerator is probably the most versatile and 
the most widely used of all commercial fixtures. 
Typical users are grocery stores, meat markets, 
bakeries, drug stores, lunch counters, res
taurants, florists, hotels, and institutions of all 
kinds. Whereas some reach-in refrigerators 
serve only a storage function, others are used 
for botb storage and display (Fig. 9-8). Those 
serving only the storage function usually have 
solid doors, whereas those used for display 
have glazed doors. 
9-35. Walk-In Coolers. Walk-in coolers are 
primarily storage fixtures and are available in a 
wide variety of sizes to fit every need. Nearly 
all retail stores, markets, hotels, restaurants, 
institutions, etc., of any size employ one or more 
walk-in coolers for the storage of perishables 
of all types. Some walk-in coolers are equipped 
with glazed reach-in doors. This feature is 
especially convenient for the storing, displaying, 
and dispensing of such items as dairy products, 
eggs, and beverages. Walk-in coolers with 
reach-in doors are widely used in grocery stores, 
particularly drive-in groceries, for handling 
such items. 
9·36. Display Cases. The principal function of 
any kind of display fixture is to display the 

fll• 9-8. Typical reach-in refrigera
tor. (Courtesy Tyler Refrigeration 
Corporation.) 

product or commodity as attractively as possible 
in order to stimulate sales. Therefore, in the 
design of refrigerated display fixtures, first 
consideration is given to the displaying of the 
product. In many cases, this is not necessarily 
compatible with providing the optimum storage 
conditions for the product being displayed. 
Hence, the storage life of a product in a display 
fixture is frequently very limited, ranging from 
a few hours in some instances to a week or more 
in others, depending upon the type of product 
and upon the type of fixture. 

Display fixtures are of two general types: 
(1) the self-service case, from which the customer 
serves himself directly, and (2) the service case, 
from which the customer is usually served by 
an attendant. The former is very popular in 
supermarkets and other large, retail, self-service 
establishments, whereas the service case finds 
use in the smaller groceries, markets, bakeries, 
etc. Typical service cases are showa in Figs. 9-9 
and 9-10. 

Self-service cases are of two types, open and 
closed, with the open type gaining rapidly in 
popularity. With the advent of the super
market, the trend has been increasingly toward 
the open type self-service case, and the older, 
closed type self-service cases are becoming 
obsolete. Several of the more popular types of 
open self-service cases are shown in Figs. 9-11 
and 9-12. These are used to display meat 
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vegetables, fruit, frozen foods, ice cream, dairy 
products, delicatessen items, etc. The design 
of the case varies somewhat with the particular 
type of product being displayed. Too, designs 
are available for both wall and island installa
tion. Although some provide additional storage 
space, others do not. 
9-37. Special Purpose Fixtures. Although all 
the refrigerated fixtures discussed in the preced
ing sections are available in a variety of designs 
in order to satisfy the specific requirements of 
individual products and applications, a number 
of special purpose fixtures is manufactured 
which may or may not fall into one of the three 
general categories already mentioned. Some of 
the more common special purpose fixtures are 

Fla. 9-9. Conventional single-duty service case for 
displaying meats. (Courtesy Tyler Refrigeration 
Corporation.) 

beverage coolers, milk coolers (dairy farm), milk 
and beverage dispensers, soda fountains, ice 
cream makers, water coolers, ice makers, back
bar refrigerators, florist boxes, dough retarders, 
candy ~. and mortuary refrigerators. 
9-38. Frozen Food Locker Plants. Normally, 
the function of a frozen food locker plant is to 
process and freeze foods for individual families 
and other groups, either for take-home storage 
or for storage at the locker plant. When 
storage is at the plant, the customer rents a 
storage space (locker) and calls at the plant for 
one or more packages as needed. 

Fla. 9-10. Double-duty service case for displaying 
meats. (Courtesy Tyler Refrigeration Corporation,) 

As a general rule. a locker plant furnishes all 
or most of the following facilities and/or 
services: 

1. A chilling room for chilling freshly killed 
meats. 

2. A cold storage room for holding products 
under refrigeration while awaiting preparation 
and processing prior to freezing. 

3. A processing room where the products are 
processed and packaged for the freeZer. 

Fil• 9-11. High multishelf produce sales case. 
(Courtesy Tyler Refrigeration Corporation.) 
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4. A freezing room or cabinet in which the 
food is frozen prior to being placed in storage. 

5. A low temperature room containing the 
storage lockers. 

6. A low temperature bulk storage room. 
7. An aging room where certain meats are 

kept under refrigeration and allowed to age 
(tenderize) for periods usually ranging from 
7 to 10 days. 

-----------

FIJ. 9-12. Open-type display case for 
frozen foods and ice cream. (Courtesy 
Tyler Refrigeration Corporation.) 

8. A curing and smoking room for handling 
bacon, ham, sausage, and other cured meats. 

Services such as slaughtering, lard rendering, 
sausage making, etc., are also provided by some 
plants. 

The layout of a typical locker plant is shown 
in Fig. 9-13. The recommended design condi· 
tions for the various spaces in the locker plant 
are given in Fig. 9-14. The average size of the 

Lobby 
and/or 
store 

Fll• 9-13. Typical locker plant. (ASRf Data Book, Applications Volume, 1956-57.) Reproduced by permission 
of American Society of Heatinc. Refriceratinc. and Alr-Condltlonlnc Enclneers. 



SURVEY OF REFRIGERATION APPLICATIONS 143 

Locker Plant Design Conditions 

Type of space 

Work room, process room, 
and kitchen 

Room 
temperature 

Atmospheric 

Refrigerant Insulation 
temperature thickness, inches. 

None None 

Chill room 34 to 36 F Design for 
35F 

20 to 25 F below room 3 to 8 
temperature, for gravity 
circulation; 10 to 15 F 
below room tempera-
ture for forced air cir-
culation 

Aging room 34 to 36 F Design for 
35F 

Same as chill room 3 to 8 

Curing room 38 to 40 F Design for 
40F 

Same as chill room 3 to 8 

Freezing room (gravity 
air circulation) 

Freezer cabinet (in locker 
room) 

-10 to -20F 

Not important 

-20to -30F 6 to 12 

-15to -20F 1 or 2 

Blast freezer Depends on type of 
system used 

-10 to -15 F 6 to 12 

Locker room or bulk 
storage 

OF -15to -20F 6 to 12 

Fl1. 9-14. (ASR£ Data Book, Applications Volume, 1956-57. Reproduced by permission of American Society 
of Heating, Refrigerating and Air Conditioning Engineers.) 

individual locker is 6 cu ft and the average 
product storage capacity is approximately 35 
to 40 lb per cubic foot. Minimum product 
turnover is approximately 2 Ib per locker per 
day. Standard practice is to base chilling room 
and freezer capacities on the handling of 2 to 4 
lb of product per locker per day. 
9-39. Summary. Recognizing that a thorough 
knowledge of the application itself is a pre
requisite to good system design and proper 
equipment selection, we have devoted the mate
rial in this chapter to a brief survey of a few of 
the applications of mechanical refrigeration, 
with special emphasis being given to the area 
of commercial refrigeration. 

Obviously, the applications of mechanical 
refrigeration are too many and too varied to 
permit detailed consideration of each and 
every type. Fortunately, this is neither necessary 
nor desirable since methods of system designing 
and equipment selection are practically the 

same for all types of applications. Commerical 
refrigeration was selected for emphasis because 
this area embraces a wide range of applications 
and because the problems encountered in this 
area are representative of those in the other 
areas. Hence, even though the discussion in 
this chapter and in those which follow deals 
chiefly with commercial refrigeration, the 
principals of system design and the methods of 
equipment selection developed therein may be 
applied to all types of mechanical refrigeration 
applications. 

Although no attempt is made in this book 
to discuss air conditioning as such except in a 
very general way, it should be pointed out that 
most commercial refrigeration applications, 
particularly those concerned with product 
storage, involve air conditioning in that they 
ordinarily include close control of the tempera
ture, humidity, motion, and cleanliness of the air 
in the refrigerated space. 
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Cooling Load 
Calculations 

application, it is essential that consideration be 
given to all heat sources present and that all the 
heat evolving from them be taken into account 
in the over-all calculation. 
IO.:Z. Equipment Running Time. Although 
refrigerating equipment capacities are normally 
given in Btu per hour, in refrigeration applica
tions the total cooling load is usually calculated 
for a 24-hr period, that is, in Btu per 24 hr. 
Then, to determine the required Btu per hour 
capacity of the equipment, the total load for the 
24-hr period is divided by the desired running 
time for the equipment, viz: 

R~uired Btu/hr Total cooling load, Btu/24 hr 
eqwpment = . d . . 
capacity Desrre runnmg time 

(10-1) 

Because of the necessity for defrosting the 
10.1. The Cooling Load. The cooling load on evaporator at frequent intervals, it is not 
refrigerating equipment seldom results from practical to design the refrigerating system in 
any one single source of heat. Rather, it is the such a way that the equipment must operate 
summation of the heat which usually evolves continuously in order to handle the load. In 
from several different sources. Some of the most cases, the air passing over the cooling coil 
more common sources of heat which supply is chilled to a temperature below its dew point 
the load on refrigerating equipment are: and moisture is condensed out of the air onto 

the surface of the cooling coil. When the tem-
1. Heat that leaks into the refrigerated space perature of the coil surface is above the freezing 

from the outside by conduction through the temperature of water, the moisture condensed 
insulated walls. out of the air drains off the coil into the con-

2. Heat that enters the space by direct densatepan and leaves the space through the con
radiation through glass or other transparent densatedrain. However, when the temperature of 
materials. the cooling coil is below the freezing tempera-

3. Heat that is brought into the space by ture of water, the moisture condensed out of 
warm outside air entering the space through the air freezes into ice and adheres to the surface 
open doors or through cracks around windows of the coil, thereby causing "frost" to accwrtu
and doors. late on the coil surface. Since frost accumulation 

4. Heat given off by a warm product as its on the coil surface tends to insulate the coil 
temperature is lowered to the desired level. and reduce the coil's capacity, the frost must 

S. Heat given off by people occupying the be melted off periodically by raising the surface 
refrigerated space. temperature of the coil above the freezing point 

6. Heat given off by any heat-producing of water and maintaining it at this level un,til 
equipment located inside the space, such as the frost has melted off the coil and left the 
electric motors, lights, electronic equipment, space through the condensate drain. 
steam tables, coffee urns, hair driers, etc. No matter how the defrosting is accomplished, 

The importance of any one of these heat the defrosting requires a certain amount of 
sources with relation to the total cooling load time, during which the refrigerating effect of the 
on the equipment varies with the individual system must be stopped. 
application. Not all them will be factors in One method of defrosting the coil is to stop 
every application, nor will the cooling load in the compressor and allow the evaporator to 
any one application ordinarily include heat warm up to the space temperature and remain 
from all these sources. However, in any given at this temperature for a sufficient length of 

1+4 



time to allow the frost accumulation to melt off 
the coil. This method of defrosting is called 
"off-cycle" defrosting. Since the heat required 
to melt the frost in off-cycle defrosting must 
come from the air in the refrigerated space, 
defrosting occurs rather slowly and a consider
able length of time is required to complete the 
process. Experience has shown that when off
cycle defrosting is used, the maximum allowable 
running time for the equipment is 16 hr out of 
each 24-hr period, the other 8 hr being allowed 
for the defrosting. This means, of course, that 
the refrigerating equipment must have sufficient 
capacity to accomplish the equivalent of 24 hr of 
cooling in 16 hr of actual running time. Hence, 
when off-cycle defrosting is used, the equipment 
running time used in Equation 10-1 is approxi
mately 16 hr. 

When the refrigerated space is to be main
tained at a temperature below 34° F, off-cycle 
defrosting is not practical. The variation in 
space temperature which would be required in 
order to allow the cooling coil to attain a 
temperature sufficiently high to melt off the 
frost during every off cycle would be detrimental 
to the stored product. Therefore where the 
space temperature is maintained below 34° F, 
some method of automatic defrosting is 
ordinarily used. In such cases the surface of the 
coil is heated artificially, either with electric 
heating elements, with water, or with hot gas 
from the discharge of the compressor (see 
Chapter 20). 

Defrosting by any of these means is accom
plished much more quickly than when off-cycle 
defrosting is used. Hence, the off-cycle time 
required is less for automatic defrosting and 
the maximum allowable running time for the 
equipment is greater than for the aforementioned 
off-cycle defrosting. For systems using auto
matic defrosting the maximum allowable 
running time is from 18 to 20 hr out of each 
24-hr period, depending upon how often de
frosting is necessary .for the application in 
question. As a general rule, the 18 hr running 
time is used. 

It is of interest to note that since the tempera
ture of the cooling coil in comfort air condition
ing applications is normally around 40o F, no 
frost accumulates on the coil surface and, there
fore, no off-cycle time is required for defrosting. 
For this reason, air conditioning systems are 
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usually designed for continuous run and cooling 
loads for air conditioning applications are 
determined directly in Btu per hour. 
IG-3. Cooling Load Calculations. To simplify 
cooling load calculations, the total cooling load 
is divided into a number of individual loads 
according to the sources of heat supplying the 
load. The summation of these individual loads 
is the total cooling load on the equipment. 

In commercial refrigeration, the total cooling 
load is divided into four separate loads, viz: 
(1) the wall gain load, (2) the air change load, 
(3) the product load, and (4) the miscellaneous 
or supplementary load. 
IG-4. The Wall Gain Load, The wall gain 
load, sometimes called the wall leakage load, 
is a measure of the heat which leaks through the 
walls of the refrigerated space from the outside 
to the inside. Since there is no perfect insulation, 
there is always a certain amount of heat passing 
from the outside to the inside whenever the 
inside temperature is below that of the outside. 
The wall gain load is common to all refrigeration 
applications and is ordinarily a considerable 
part of the total cooling load. Some exceptions 
to this are liquid chilling applications, where the 
outside area of the chiller is small and the walls 
of the chiller are well insulated. In such cases, 
the leakage of heat through the walls of the 
chiller is so small in relation to the total cooling 
load that its effect is negligible and it is usually 
neglected. On the other hand, commercial 
storage coolers and residential air conditioning 
applications are both examples of applications 
wherein the wall gain load usually accounts for 
the greater portion of the total load. 
10-5. The Air Change Load. When the door 
of a refrigerated space is opened, warm outside 
air enters the space to replace the more dense 
cold air which is lost from the refrigerated space 
through the open door. The heat which must 
be removed from this warm outside air to 
reduce its temperature to the space temperature 
becomes a part of the total cooling load on the 
equipment. This part of the total load is called 
the air change load. 

The relationship of the air change load to the 
total cooling load varies with the application. 
Whereas in some applications the air change 
load is not a factor at all, in others it represents 
a considerable portion of the total load. For 
example, with liquid chillers, there are no doors 
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or other openings through which air can pass 
and therefore the air change load is nonexistent. 
On the other hand, the reverse is true for air 
conditioning applications, where, in addition 
to the air changes brought about by door 
openings, there is also considerable leakage of 
air into the conditioned space through cracks 
around windows and doors and in other parts 
of the structure. Too, in many air conditioning 
applications outside air is purposely introduced 
into the conditioned space to meet ventilating 
requirements. When large numbers of people 
are in the conditioned space, the quantity of 
fresh air which must be brought in from the 
outside is quite large and the cooling load 
resulting for the cooling of this air to the tem
perature of the conditioned space is often a 
large part of the total cooling load in such 
applications. 

In air conditioning applications, the air change 
load is called either the ventilating load or the 
infiltration load. The term ventilating load is 
used when the air changes in the conditioned 
space are the result of deliberate introduction 
of outside air into the space for ventilating 
purposes. The term infiltration load is used 
when the air changes are the result of the 
natural infiltration of air into the space through 
cracks around windows and doors. Every air 
conditioning application will involve either an 
infiltration load or a ventilating load, but never 
both in the same application. 

Since the doors on commercial refrigerators 
are equipped with well-fitted gaskets, the cracks 
around the doors are tightly sealed and there is 
little, if any, leakage of air around the doors of a 
commercial fixture in good condition. Hence, 
in commercial refrigeration, the air changes are 
usually limited to those which are brought about 
by actual opening and closing of the door or 
doors. 
10-6. The Product Load. The product load is 
made up of the heat which must be removed 
from the refrigerated product in order to reduce 
the temperature of the product to the desired 
level. The term product as used here is taken 
to mean any material whose temperature is 
redpced by the refrigerating equipment and 
includes not only perishable commodities, such 
as foodstuff, but also such items as welding 
electrodes, masses of concrete, plastic, rubber, 
and liquids of all kinds. 

The importance of the product load in relation 
to the total cooling load, like all others, varies 
with the application. Although it is nonexistent 
in some applications, in others it represents 
practically the entire cooling load. Where the 
refrigerated cooler is designed for product 
storage, the product is usually chilled to the 
storage temperature before being placed in the 
cooler and no product load need be considered 
since the product is already at the storage 
temperature. However, in any instance where 
the product enters a storage cooler at a tem
perature above the storage temperature, the 
quantity of heat which must be removed from 
the product in order to reduce its temperature 
to the storage temperature must be considered 
as a part of the total load on the cooling 
equipment. 

In some few instances, the product enters the 
storage fixture at a temperature below the 
normal storage temperature for the product. 
A case in point is ice cream which is frequently 
chilled to a temperature of oo F or -too F 
during the hardening process, but is usually 
stored at about 10° F, which is the ideal dipping 
temperature. When such a product enters 
storage at a temperature below the space 
temperature, it will absorb heat from the 
storage space as it warms up to the storage 
temperature and thereby produce a certain 
amount of refrigerating effect of its own. In 
other words, it provides what might be termed 
a negative product load which could theoreti
cally be subtracted from the total cooling load. 
This is never done, however, since the refriger
ating effect produced is small and is not 
continuous in nature. 

The cooling load on the refrigerating equip
ment resulting from product cooling may be 
either intermittent or continuous, depending 
on the application. The product load is a part 
of the total cooling load only while the tempera
ture of the product is being reduced to the 
storage temperature. Once the product is 
cooled to the storage temperature, it is no 
longer a source of heat and the product load 
ceases to be a part of the load on the equipment. 
An exception to this is in the storage of fruit 
and vegetables which give off respiration heat 
for the entire time they are in storage even 
though there is no further decrease in their 
temperature (see Section 10-17). 



There are, of course, a number of refrigera
tion applications where product cooling is 
more or less continuous, in which case the 
product load is a continuous load on the equip
ment. This is true, for instance, in chilling 
coolers where the primary function is to chill 
the warm product to the desired storage tem
perature. When the product has been cooled 
to the storage temperature, it is usually moved 
out of the chilling room into a storage room and 
the chilling room is then reloaded with warm 
product. In such cases, the product load is 
continuous and is usually a large part of the 
total load on the equipment. 

Liquid chilling is another application wherein 
the product provides a continuous load on the 
refrigerating equipment. The flow of the liquid 
being chilled through the chiller is continuous 
with warm liquid entering the chiller and cold 
liquid leaving. In this instance, the product 
load is practically the only load on the equip
ment since there is no air change load and the 
wall gain load is negligible, as is the miscel
laneous load. 

In air conditioning applications there is no 
product load as such, although there is often a 
"pull-down load," which, in a sense, may be 
thought of as a product load. 
10.7. The Miscellaneous Load. The miscel
laneous load, sometimes referred to as the 
supplementary load, takes into account all 
miscellaneous sources of heat. Chief among 
these are people working in or otherwise 
occupying the refrigerated space along with 
lights or other electrical equipment operating 
inside the space. 

In most commercial refrigeration applica
tions the miscellaneous load is relatively small, 
usually consisting only of the heat given off by 
lights and fan motors used inside the space. 

In air conditioning applications, there is no 
miscellaneous load as such. This is not to say 
that human occupancy and equipment are not 
a part of the cooling load in air conditioning 
applications. On the contrary, people and 
equipment are often such large factors in the 
air conditioning load that they are considered 
as separate loads and are calculated as such. 
For example, in those air conditioning applica
tions where large numbers of people occupy the 
conditioned space, such as churches, theaters, 
restaurants, etc., the cooling load resulting from 
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human occupancy is frequently the largest single 
factor in the total load. Too, many air condi
tioning systems are installed for the sole purpose 
of cooling electrical, electronic, and other types 
of heat-producing equipment. In such cases, 
the equipment usually supplies the greater 
portion of the cooling load. 
IG-8. Factors Determlnlnc the Wall Gain 
Load. The quantity of heat transmitted through 
the walls of a refrigerated space per unit of time 
is the function of three factors whose relation
ship is expressed in the following equation: 

Q = A X U X D (10-2) 

where Q = the quantity of heat transferred in 
Btu/hr 

A = the outside surface area of the wall 
(square feet) 

U = the over-all coefficient of heat trans
mission (Btu/hr/sq ftr F) 

D = the temperature differential across 
the wall (" F) 

The coefficient of transmission or "U" factor 
is a measure of the rate at which heat will pass 
through a 1 sq ft area of wall surface from the 
air on one side to the air on the other side for 
each 1 • F of temperature difference across the 
wall. The value of the U factor is given in 
Btu per hour and depends on the thickness of 
the wall and on the materials used in the wall 
construction. Since it is desirable to prevent as 
much heat as possible from entering the space 
and becoming a load on the cooling equipment, 
the materials used in the construction of cold 
storage walls should be good thermal insulators 
so that the value of U is kept as low as is 
practical. 

According to Equation 10-2, once the U 
factor is established for a wall, the rate of heat 
flow through the wall varies directly with the 
surface area of the wall and with the temperature 
differential across the wall. Since the value of 
U is given in Btu/hr/sq ftr F, the total quantity 
of heat passing through any given wall in 1 hr 
can be determined by multiplying the U factor 
by the wall area in square feet and by the tem
perature difference across the wall in degrees 
Fahrenheit, that is, by application of Equation 
10-2. 

Example 10.1. Determine the total quan
tity of heat in Btu per hour which will pass 
through a wall 10 ft by 20 ft, if the U factor 
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for the wall is 0.16 Btu/hr/sq ftr F. and the 
temperature on one side of the wall is 40° F 
while the temperature on the other side is 95° F. 

Solution 
Total wall area 

Temperature differ
ential across wall, o F 

Applying Equation 
10-2, the heat gain 
through the wall 

=10ft X 20ft 
= 200 sq ft 

= 200 X 0.16 X 55 
= 1760 Btufhr 

Since the value of U in Equation 10-2 is in 
Btu per hour, the result obtained from Equation 
10-2 is in Btu per hour. To determine the wall 
gain load in Btu per 24 hr as required in refriger
ation load calculations, the result of Equation 
10-2 is multiplied by 24 hr. Hence, for calcula
tion cooling loads in refrigeration applications, 
Equation 10-2 is written to include this multi
plication, viz: 

Q=AxUxDx24 (10-3) 

10.9. Determination of the U Factor. Over
all coefficients of transmission or U factors have 
been determined for various types of wall 
construction and these values are available in 
tabular form. Tables 10-1 through 10-3 list U 
values for various types of cold storage walls. 

Example IO.:Z.. From Table 10-1, determine 
the U factor for a wall constructed of 6-in. clay 
tile with 4 in. of corkboard insulation. 

Solution. Turn to Table 10-1 and select the 
appropriate type of wall construction (third 

Fl1. 10.1. Concrete agregate buildln1 block. 

from top). In the next column select the desired 
thickness of clay tile (6 in.) and move to the 
right to the column listing values for 4 in. of 
insulation. Read the U factor of the wall, 0.064 
Btu/hr/sq nr F. 

Should it be necessary, the U factor for any 
type of wall construction can be readily calcu
lated provided that either the conductivity or the 
conductance of each of the materials used in the 
wall construction is known. The conductivity 
or conductance of most of the materials used in 
wall construction can be found in tables. Too, 
this information is usually available from the 
manufacturer or producer of the material. 
Table 10-4lists the thermal conductivity or the 
conductance of materials frequently used in the 
construction of cold storage walls. 

The thermal conductivity or k factor of a 
material is the rate in Btu per hour at which 
heat passes through a 1 sq ft cross section of the 
material I in. thick for each 1 o F of temperature 
difference across the material. 

Whereas the thermal conductivity or k factor 
is available only for homogeneous materials 
and the value given is always for a 1 in. thickness 
of the material, the thermal conductance or C 
factor is available for both homogeneous and 
nonhomogeneous materials and the value given 
is for the specified thickness of the material. 

For any homogeneous material, the thermal 
conductance can be determined for any given 
thickness of the material by dividing the k 
factor by the thickness in inches. Hence, for a 
homogeneous material, 

k 
C=

a: 
(10-4) 

where a: = the thickness of material in inches. 

Example 10.3. Determine the thermal 
conductance for a 5 in. thickness of corkboard. 

Solution 
From Table 10-4, 
k factor of cork
board 

Applying 
Equation 10-4, C 

= 0.30 Btu/hr/sq ft/inr F 

0.30 =s-
= 0.06 Btu/hr/sq ftr F 

Since the rate of heat transmission through 
nonhomogeneous materials, such as the concrete 
building block in Fig. 10-1, will vary in the 



several parts of the material, the C factor from 
nonhomogeneous materials must be determined 
by experiment. 

The resistance that a wall or a material offers 
to the flow of heat is inversely proportional to 
the ability of the wall or material to transmit 
heat. Hence, the over-all thermal resistance of 
a wall can be expressed as the reciprocal of the 
over-all coefficient of transmission, whereas the 
thermal resistance of an individual material 
can be expressed as the reciprocal of its conduc
tivity or conductance, viz: 

Over-all thermal resist- 1 
ance u 

Thermal resistance of 1 1 X 

an individual material k 
or c or 

k 

The terms 1/k and 1/C express the resistance 
to heat flow through a single material from 
surface to surface only and do not take into 
account the thermal resistance of the thin film 
of air which adheres to all exposed surfaces. In 
determining the over-all thermal resistance to 
the flow of heat through a wall from the air on 
one side to the air on the other side, the resist
ance of the air on both sides of the wall should 
be considered. Air film coefficients or surface 
conductances for average wind velocities are 
given in Table 10-5A. 

When a wall is constructed of several layers 
of different materials the total thermal resistance 
of the wall is the sum of the resistances of the 
individual materials in the wall construction, 
including the air films, viz: 

1 1 X X X 1 
- =- +- +- +- +- (10-5) u fi kl k2 k,. f. 

Therefore 
1 

U=~---------1 X X X 1 
-+-+-+···-+-f, kl k2 k,. f. 

1 ' 
where 7 = surface conductance of inside wall, 

J' floor, or ceiling 
1 J. = surface conductance of outside wall, 
. • floor, or roof 

NoTE. When nonhomogeneous materials are 
used, 1/C is substituted for xfk. 
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Example lo--t. Calculate the value of Ufor 
a wall constructed of 8 in. cinder aggregate 
building blocks, insulated with 4 in. of cork
board, and finished on the inside with 0.5 in. of 
cement plaster. 

Solution 
From Table 10-4, 
8 in. cinder 
aggregate block 
Corkboard 
Cement plaster 

From Table 
10-5A, 

inside 
surface 
conductance 

outside 
surface 
conductance 

Applying 
Equation 10-5, 
the over-all 
thermal resist
ance, 1/U 

Therefore, U 

c = 0.60 
k = 0.30 
k = 8.00 

Ji = 1.65 

fo = 4.00 

1 1 4 
= 4 + 0.6 + 0.3 

0.5 1 
+ 8 + 1.65 

= 0.25 + 1.667 + 13.333 
+ 0.0625 + 0.607 

= 15.92 
= 1/15.92 
= 0.0622Btu/hr/sq fWF 

For the most part, it is the insulating material 
used in the wall construction that determines 
the value of U for cold storage walls. The 
surface conductances and the conductances of 
the other materials in the wall have very little 
effect on the value of U because the thermal 
resistance of the insulating material is so large 
with relation to that of the air films and other 
materials. Therefore, for small coolers, it is 
sufficiently accurate to use the conductance of 
the insulating material alone as the wall U 
factor. 
10-10. Temperature Differential across Cold 
Storage Walls. The temperature differential 
across cold storage walls is usually taken as the 
difference between the inside and outside design 
temperatures. 

The inside design temperature is that which 
is to be maintained inside the refrigerated space 
and usually depends upon the type of product 
to be stored and the length of time the product 
is to be kept in storage. The recommended 
storage temperatures for various products are 
given in Tables 10-10 through 10-13. 
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The outside design temperature depends on 
the location of the cooler. For cold storage· 
walls located inside a building, the outside 
design temperature for the cooler wall is taken 
as the inside temperature of the building. When 
cold storage walls are exposed to the outdoors, 
the outdoor design temperature for the region 
(Table 10-6) is used as the outside design tem
perature. The outdoor design temperatures 
given in Table 10-6 are average outdoor tem
peratures and include an allowance for normal 
variations in the outdoor design dry bulb 
temperature during a 24-hr period. These 
temperatures should not be used for calculating 
air conditioning loads. 
10.11. Temperature Differential across Cell
lnp and Floors. When a cooler is located 
inside of a building and there is adequate 
clearance between the top of the cooler and the 
ceiling of the building to allow free circulation of 
air over the top of the cooler, the ceiling of the 
cooler is treated the same as an inside wall. 
Likewise, when the top of the cooler is exposed 
to the outdoors, the ceiling is treated as an 
outdoor wall. The same holds true for floors 
except when the cooler floor is laid directly on a 
slab on the ground. As a general rule, the 
ground temperature under a slab varies only 
slightly the year round and is always consider
ably less than the outdoor design dry bulb 
temperature for the region in summer. Ground 
temperatures used in determining the tempera
ture differential across the floor of cold storage 
rooms are given in Table 1 0-6A and are based 
on the regional outdoor design dry bulb 
temperature for winter. 
10.11. Effect of Solar Radiation. Whenever 
the walls of a refrigerator are so situated that 
they receive an excessive amount of heat by 
radiation, either from the sun or from some 
other hot body, the outside surface temperature 
of the wall will usually be considerably above 
the temperature of the ambient air. A familiar 
example of this phenomenon is the excessive 
surface temperature of. an automobile parked 
in the sun. The temperature of the metal 
surface is much higher than that of the sur
rounding air. The amount by which the surface 
temperature exceeds the surrounding air tem
perature depends upon the amount of radiant 
energy striking the surface and upon the 
reflectivity of the surface. Recall (Section 2-21) 

that radiant energy waves are either reflected 
by or absorbed by any opaque material that 
they strike. Light-colored, smooth surfaces 
will tend to reflect mbre and absorb less radiant 
energy than dark, rough-textured surfaces. 
Hence, the surface temperature of smooth, 
light-colored walls will be somewhat lower than 
that of dark, rough-textured walls under the 
same conditions of solar radiation. 

Since any increase in the outside surface 
temperature will increase the temperature 
differential across the wall, the temperature 
differential across sunlit walls must be corrected 
to compensate for the sun effect. Correction 
factors for sunlit walls are given in Table 10-7. 
These values are added to the normal tempera
ture differential. For walls facing at angles to 
the directions listed in Table 10-7, average 
values can be used. 
10.13. Calculating the Wall Gain Load. In 
determining the wall gain load, the heat gain 
through all the walls, including the floor and 
ceiling, must be taken into account. When 
the several walls or parts of walls are of different 
construction and have different U factors, the 
heat leakage through the different parts is 
computed separately. Walls having identical 
U factors may be considered together, provided 
that the temperature differential across the 
walls is the same. Too, where the difference 
in the value of U is slight and/or the wall area 
involved is small, the difference in the U factor 
can be ignored and the walls or parts of walls 
can be grouped together for computation. 

Example 10.5. A walk-in cooler, 16ft x 
20ft x 10ft high is located in the southwest 
corner of a store building in Dallas, Texas (Fig. 
1 0-2). The south and west walls of the cooler 
are adjacent to and a part of the south and west 
walls of the store building. The store has a 14ft 
ceiling so that there is a 4 ft clearance between 
the top of the cooler and the ceiling of the store. 
The store is air conditioned and the temperature 
inside the store is maintained at approximately 
80° F. The inside design temperature for the 
cooler is 35° F. Determine the wall gain load 
for the cooler if the walls of the cooler are of the 
following construction: 

South and west 
(outside walls) 6 in. clay tile 

6 in. corkboard 
0.5 cement plaster finish 

on inside 



North and east 
(inside walls) 1 in. board on both sides 

of2 x 4 studs 

Ceiling 
3! in. granulated cork 
Same as north and east 

walls 
Floor 4 in. corkboard laid on 

5 in. slab and finished 
with 3 in. of concrete 

Solution 
Wall surface area 

North wall 10 x 16 = 160 sq ft 
West wall 10 x 20 = 200 sq ft 
South wall 10 x 16 = 160 sq ft 
East wall 10 x 20 = 200 sq ft 
Ceiling 16 x 20 = 320 sq ft 
Floor 16 x 20 = 320 sq ft 

Wall U factors (Tables 10-1, 10-2, and 10-3) 
North and east 0.079 Btu/hr/sq ft/" F 

walls 
South and west 

walls 
Ceiling 
Floor 

From Table 10-6, 
outside summer de
sign dry bulb for 
Dallas 

From Table 
10-6A, design 
ground temperature 
for Dallas 

0.045 
0.079 
0.066 

92°F 

Outside 
Design 
Temp. 

Inside 
Design 
Temp. 

North wall 
South wall 
West wall 
East wall 
Ceiling 
Floor 

80°F 
92°F 
92°F 
80°F 
80°F 
70°F 

Applying Equation 10-2, 

35°F 
35op 
35"F 
35°F 
35° F 
35°F 

North wall 160 X 0.079 X 45 = 569Btufhr 
West wall 200 x 0.045 x 63 = 567 
South wall 160 x 0.045 x 61 = 439 
East wall 200 x 0.079 x 45 = 111 
Ceiling 320 X 0.079 X 45 = 1,137 
Floor 320 x 0.066 x 35 = 739 

Total wall gain load 4,162 Btu/hr 
= 4,162 X 24 .., 99,890 Btu/24 hr 
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Outside design 
1-EI<'-----16'----':>~J temperature, 92"F 

16 in. corkboard-"" 6 in. clay tile-"' 

Cooler 35"F 
10 ft ceiling 

20' 

l Partitions 31 in. 

granulated cork•-\ 
1 in. board 

on each side 
~ Inside temperature 

80"F 
Ceiling 14ft 

A short method calculation may be used to 
determine the wall gain load for small coolers 
and for large coolers· where the wall U factor 

Normal Correction Design 
Wall Factor from Wall 
T.D. Table 10-7 T.D. 

45op 0 45op 
57°F 4°F 61°F 
57°F 6°F 63°F 
45°F 0 45°F 
45°F 0 45°F 
35° F 0 35°F 

and temperature difference are approximately 
the same for all the walls. Table 10-18lists wall 
gain factors (Btu/24 hr sq ft) based on the thick
ness of the wall insulation and on the tempera
ture differential across the wall. To compute 
the wall gain load in Btu/24 hr by the short 
method, multiply the total outside wall area 
(including ftoor _and ceiling) by the appropriate 
wall gain factor from Table 10-18, viz: 
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Wall gain load =Outside surface area 
x wall gain factor 

To select the appropriate wall gain factor 
from Table 10-18, find the thickness of the wall 
insulation in the extreme left-hand column of 
the table, move right to the column headed by 
the design wall temperature difference, and read 
the wall gain factor in Btu/24 hr/sq ft. For 
example, assume that the walls of a cooler are 
insulated with the equivalent of 4 in. of cork
board and that the temperature difference 
across the walls is 55° F. From Table 10-18, 
read the wall gain factor of 99 Btu/24 hr/sq ft 
(see Example 10-18). 
10-14. Calculation the Air Change Load. 
The space heat gain resulting from air changes 
in the refrigerated space is difficult to determine 
with any real accuracy except in those few cases 
where a known quantity of air is introduced 
into the space for ventilating purposes. When 
the weight of outside air entering the space in. a 
24-hr period is known, the space heat gam 
resulting from air changes depends upon the 
difference in the enthalpy of the air at the 
inside and outside conditions and can be 
calculated by applying the following equation: 

Air change load = W(h. - h;) (10-6) 

where W = weight of air entering space in 24 hr 
(lb/24 hr) 

h. = enthalpy of outside air (Btu/lb) 
h; = enthalpy of inside air (Btu/lb) 

However, since air quantities are usually 
given in cubic feet rather than in pounds, to 
facilitate calculations the heat gain per cubic 
foot of outside air entering the space is listed in 
Tables 10-8A and 10-8B for various inside and 
outside air conditions. To determine the air 
change load in Btu per 24 hr, multiply the air 
quantity in cubic feet per 24 hr by the appropri
ate factor from Table 10-8A or 10-8B. 

Where the ventilating air (air change) quantity 
is given in cubic feet per minute (cfm), convert 
cfm to cubic feet per 24 hr by multiplying by 
60 min and by 24 hr. 

Example 10-6. Three hundred cfm of air 
are introduced into a refrigerated space for 
ventilation. If the inside of the cooler is main
tained at 35° F and the outside dry bulb tem
perature and humi?ity are .85° F and 50~, 
respectively, determme the lUI' change load m 
Btu/24hr. 

Solution 
Cubic feet of air per 

per 24hr 

From Table 10-8,A 
heat gain per cubic 
feet 

Ventilating (air 
change) load 

= cfm x 60 x 24 
= 300 X 60 X 24 
= 432,000 cu ft/24 hr 

= 1.86 Btufcu ft 

= cu ft/24hr 
x Btu/cu ft 

= 432,000 X 1.86 
= 803,520 Btu/24 hr 

Except in those few cases where air is pur
posely introduced into the refrigerated space for 
ventilation, the air changes occurring in the 
space are brought about solely by infiltration 
through door openings, The quantity of ?utsi~e 
air entering a space through door opemngs m 
a 24-hr period depends upon the number, size, 
and location of the door or doors, and upon 
the frequency and duration of the door open
ings. Since the combined effect of all these 
factors varies with the individual installation 
and is difficult to predict with reasonable ac
curacy, it is general practice to estimate the 
air change quantity on the basis of experience 
with similar applications. Experience has shown 
that, as a general rule, the frequency and dur
ation of door openings and, hence, the air 
change quantity, depend on the inside volume 
of the cooler and the type of usage. Tables 
10-9A and 10-9B list the approximate number 
of air changes per 24 hr for various cooler 
sizes. The values given are for average usage 
(see table footnotes). The ASRE Data Book 
defines average and heavy usage as follows: 

Average usage includes installations not 
subject to extreme temperatures and where 
the quantity of food handled in the refrigerator 
is not abnormal. Refrigerators in delicatessens 
and clubs may generally be classified under this 
type of usage. 

Heavy usage includes installations such as 
those in busy markets, restaurant and hotel 
kitchens where the room temperatures are likely 
to be high, where rush periods place heavy loads 
on the refrigerator, and where large quantities 
of warm foods are often placed in it. • 

• The Refrigerating Data Book, Basic Volume, 
The American Society of Refrigerating Engineers, 
1949, New York, p. 327. 



Example 10.7. A walk-in cooler 8ft x 
1Sft x 10ft high is constructed of 4 in. of cork
board with 1 in. of wood on each side. The 
outside temperature is 95° F and the humidity 
is 50%. The cooler is maintained at 35° F and 
the usage is average. Determine the air change 
load in Btu/24 hr. 

Solution. Since the walls of the cooler are 
approximately 6 in. thick (4 in. of corkboard 
and 2 in. of wood), the inside dimensions of the 
cooler are 1 ft less than the outside dimensions; 
therefore, 

Inside volume =7ft x 14ft x 9ft 
= 882cuft 

From Table 10-9A, 
by interpolation, num
ber of air changes per 
24 hr for cooler vol
ume of approximately 
900cu ft 

Total quantity of 
air change per 24 hr 

From Table 10-8A, 
heat gain per cubic 
feet 

Air change load 

= 19 

= Inside volume 
x air changes 

= 882 X 19 
= 16,758 cu ft/24 hr 

= 2.49 Btu/cu ft 
= cuft/24hr 

x Btu/cu ft 
= 16,758 X 2.49 
= 41,727 Btu/24 hr 

10.15. Calculation the Product Load. When 
a product enters a storage space at a tempera
ture above the temperature of the space, the 
product will give off heat to the space until it 
cools to the space temperature. When the 
temperature of the storage space is maintained 
above the freezing temperature of the product, 
the amount of heat given off by the product in 
cooling to the space temperature depends upon 
the temperature of the space and upon the 
weight, specific heat, and entering temperature 
of the product. In such cases, the space heat 
gain from the product is computed by the 
following equation, (see Section 2-24): 

Q = W XC X (T2 - T.J (10-7) 

where Q = the quantity of heat in Btu 
W = weight of the product (pounds) 
C = the specific heat above freezing 

(Btuflbr F) 
T1 = the entering temperature e F) 
T8 = the space temperature e F) 
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Example IN. One thousand pounds of 
fresh, lean beef enter a cooler at 55° F and are 
chilled to the cooler temperature of 35° F in 
24 br. Calculate the product load in Btu/24 hr. 

Solution 
From Table 10-12, the 
specific heat of lean 
beef above freezing 

Applying Equation 
10-7, theproductload, 
Btu/24hr 

= 0.75 Btu/lbr F 

= 1000 X 0.75 
X (55 - 35) 

= 1000 X 0.75 X 20 
= 15,000 Btu/24 hr 

Notice that no time element is inherent in 
Equation 10-7 and that the result obtained is 
merely the quantity of heat the product will 
give off in cooling to the space temperature. 
However, since in Example 10-8 the product is 
to be cooled over a 24-hr period, the resulting 
heat quantity represents the product load for a 
24-hr period. When the desired cooling time 
is less than 24 hr, the equivalent product load 
for a 24-hr period is computed by dividing the 
heat quantity by the desired cooling time for the 
product to obtain the hourly cooling rate and 
then multiplying the result by 24 hr to determine 
the equivalent product load for a 24-hr period. 
When adjusted to include these two factors, 
Equation 10-7 is written: 

W X C X (T11 - T .J X 24 hr 
Q = desired lin . (h) (10-8) coo g tlme r 

Example IG-9. Assume that it is desired to 
chill the beef in Example 10-8 in 6 hr rather than 
in 24 hr. Determine the product load in 
Btu/24hr. 

Solution. Applying 
Equation 10-8, product 
load, Btu/24 hr 

1000 X 0.75 
X (55 - 35) X 24 

6 
= 60,000 Btu/24 hr 

Compare this result with that obtained in 
Example 10-8. 

When a product is chilled and stored below 
its ~g temperature, the product load is 
calculated in three parts: 

1. The heat given off by the product in cooling 
from the entering temperature to its freezing 
temperature. 
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2. The heat given off by the product in solidi
fying or freezing. 

3. The heat given off by the product in cool
ing from its freezing temperature to the final 
storage temperature. 

For parts 1 and 3, Equation 10-7 is used to 
determine the heat quantity. For part 1, T1 in 
Equation 10-7 is the entering temperature of the 
product, whereas T2 is the freezing temperature 
of the product (Tables 10-10 through 10-13). 
For part 3, T1 in Equation 10-7 is the freezing 
temperature of the product and T2 is the final 
storage temperature. The heat quantity for 
part 2 is determined by the following equation: 

Q = W X hit (10-9) 

where W = the weight of the product (pounds) 
h;t = the latent heat of the product 

(Btu/lb) 

When the chilling and freezing are accom
plished over a 24-hr period, the summation of 
the three parts represents the product load for 
24 hr. When the desired chilling and freezing 
time for the product are less than 24 hr, the 
summation of the three parts is divided by the 
desired processing time and then multiplied by 
24 hr to determine the equivalent 24-hr product 
load. 

Example 10-10. 500 pounds of poultry 
enter a chiller at 40° F and are frozen and chilled 
to a final temperature of -5° F for storage in 
12 hr. Compute the product load in Btu/24 hr. 

Solution 
From Table 10-12, 
Specific heat above 

freezing 
Specific heat below 

freezing 
Latent heat 
Freezing 

temperature 

To cool poultry from 
entering temperature 
to freezing tempera-
ture, applying Equa
tion 10-7 

To freeze, applying 
Equation 10-9 

= 0.79 Btu/lbr F 

= o.37 Btu/1br F 
= 106 Btu/lb 

= 500 X 0.79 
X (40- 27) 

= 5135 Btu 

= 500 X 106 
= 53,000Btu 

To cool from freezing 
temperature to final 
storage temperature, 
applying Equation 
10-7 

Total heat given up 
by product (summa
tion of 1, 2, and 3) 

Equivalent product 
load for 24-hrperiod 
Btu/24hr 

= 500 X 0.37 
X [27- (-5)] 

= 5920Btu 

= 64,000Btu 

64,000 X 24 hr 
12 hr 

= 128,000 Btu/24 hr 

10-16. Chilling Rate Factor. During the early 
part of the chilling period, the Btu per hour load 
on the equipment isconsiderably greater than the 
average hourly product load as calculated in 
the previous examples. Because of the high 
temperature difference which exists' between the 
product and the space air at the start of the 
chilling period, the chilling rate is higher and 
the product load tends to concentrate in the 
early part of the chilling period (Section 9-23). 
Therefore, where the equipment selection is 
based on the assumption that the product load 
is evenly distributed over the entire chilling 
period, the equipment selected will usually have 
insufficient capacity to carry the load during 
the initial stages of chilling when the product 
load is at a peak. 

To compensate for the uneven distribution of 
the chilling load, a chilling rate factor is intro
duced into the chilling load calculation. The 
effect of the chilling rate factor is to increase the 
product load calculation by an amount sufficient 
to make the average hourly cooling rate approxi
mately equal to the hourly load at the peak 
condition. This results in the selection of 
larger equipment, having sufficient capacity to 
carry the load during the initial stages of chilling. 

Chilling rate factors for various products are 
listed in Tables 10-10 through 10-13. The 
factors given in the tables are based on actual 
tests and on calculations and will vary with the 
ratio of the loading time to total chilling time. 
As an example, test results show that in typical 
beef and hog chilling operations the chilling rate 
is 50% greater during the first half of the chill
ing period than the average chilling rate for 
the entire period. The calculation without the 
chilling rate factor will, of course, show the 



average chilling rate for the entire period. To 
obtain this rate during the initial chilling period, 
it mmt be multiplied by l.S. For convenience, 
the chilling rate factors are given in the tables 
in reciprocal form and are used in the denomi
nator of the equation. Thus the chilling rate 
factor for beef as shown in the table is 0.67 
(1/l.S). 

Where a chilling rate factor is used, Equation 
10-7 is written 

Q = W X C X (T1 - TJ 
Chilling rate factor 

(10-10) 

As a general rule chilling rate factors are not 
used for the final stages of chilling from the 
freezing temperature to the final storage tem
perature of the product. Too, chilling rate 
factors are usually applied to chilling rooms 
only and are not normally used in calculation 
of the product load for storage rooms. Since 
the product load for storage rooms usually 
represents only a small percentage of the total 
load, the uneven distribution of the product 
load over the cooling period will not ordinarily 
cause overloading of the equipment and, there
fore, no allowance need be made for this 
condition. 
10..17. Respiration Heat. Fruits and vegetables 
are still alive after harvesting and continue to 
undergo changes while in storage. The more 
important of these changes are produced by 
respiration, a process during which oxygen 
from the air combines with the carbohydrates 
in the plant tissue and results in the release of 
carbon dioxide and heat. The heat released is 
called respiration heat and must be considered 
as a part of the product load where considerable 
quantities· of fruit and/or vegetables are held in 
storage. The amount of heat evolving from the 
respiration process depends upon the type and 
temperature of the product. Respiration heat 
for various fruits and vegetables is listed in 
Table 10-14. 

Since respiration heat is given in Btu per 
pound per hr, the product load accruing from 
respiration heat is computed by multiplying the 
total weight of the product by the respiration 
heat as given in Table 10-14, viz: 

Q (Btu/24 hr) .. Weight of product Ob) 
x respiration heat (Btu/lb/hr) 
X 24 hr (10-11) 
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10..18. Containers and Paclcln1 Materials. 
When a product is chilled in containers, such as 
milk in bottles or cartons, eggs in crates, fruit 
and vegetables in baskets and lugs, etc., the 
heat given off by the containers and packing 
materials in cooling from the entering tempera
ture to the 'space temperature must be con
sidered as a part of the product load. Equation 
10-7 is used to compute this heat quantity. 
10..19. Calculatln1 the Miscellaneous Load. 
the miscellaneous load consists primarily of the 
heat given off by lights and electric motors 
~perating in the space and by people working 
m the space. The heat given off by lights is 
3.42 Btu per watt per hour. The heat given off 
by electric motors and by people working in the 
space is listed in Tables 10-15 and 10-16, 
respectively. The following calculations are 
made to determine the heat gain from mis
cellaneous: 

Lights: wattage x 3.42 Btu/watt/hr x 24 hr 
Electric motors: factor (Table 10-1 S) x horse

power x 24 hr 
People: factor (Table 10-16) x number of 

people x 24 hr 
IG-:10. UseofSafety Factor. The total cooling 
load for a 24-hr period is the summation of the 
heat gains as calculated in the foregoing sections. 
It is common practice to add S% to 10% to 
this value as a safety factor. The percentage 
used depends upon the reliability of the informa
tion used in calculating the cooling load. As a 
general rule 10% is used. 

After the safety factor has been added, the 
24-hr load is divided by the desired operating 
time for the equipment to determine the average 
load in Btu per hour (see Section 10-2). The 
average hourly load is used as a basis for 
equipment selection. 
IG-ll. Short Method Load Calculations. 
Whenever possible the cooling load should be 
determined by using the procedures set forth 
in the preceding sections of this chapter. How
ever, when small coolers (under 1600 cu ft) are 
used for general-purpose storage, the product 
load is frequently unknown and/or varies 
somewhat from day to day so that it is not pos
sible to compute the product load with any real 
accuracy. In such cases, a short method ofload 
calculation can be employed which involves the 
use of load factors which have been determined 
by experience. When the short method of 
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calculation is employed, the entire cooling load 
is divided into two parts: {1) the wall gain load 
and (2) the usage or service load. 

The wall gain load is calculated as outlined 
in Section 10-13. The usage load is computed 
by the following equation: 

Usage load = interior volume x usage factor 
(10-12) 

Notice that the usage factors listed in Table 
10-17 vary with the interior volume of the cooler 
and with the difference in temperature between 
the inside and outside of the cooler. Too, an 
allowance is made for normal and heavy usage. 
Normal and heavy usage have already been 
defined in Section 10-14. No safety factor is 
used when the cooling load is calculated by 
the short method. The total cooling load is 
divided by the desired operating time for the 
equipment to find the average hourly load used 
to Select the equipment. 

Example 10-11. A walk-in cooler 18ft x 
10ft x 10ft high has 4 in. of corkboard insula
tion and standard wall construction consisting 
of two layers o~paper and 1 in. of wood on each 
side(total wall thickness is 6 in.). The tempera
ture outside the cooler is 85° F. 3500 lb of 
mixed vegetables are cooled 10° F to the storage 
temperature each day. Compute the cooling 
load in Btufhr based on a 16-hr per day opera
ting time for the equipment. The inside 
temperature is 40° F. 

Solution 
OutSide surface area = 2 x 18 ft x 10 ft 

... 360sq ft 

Inside volume (since 
total wall thickness is 
6 in., the inside dimen
sions are 1 ft less than 

= 4 X 10ft X 10ft 
= 400sq ft 

760sq ft 

the outside dimensions) = 17ft x 9ft x 9ft 
= 1377 cuft 

Wall gain factor 
(Table 10-18) (45° F 
TDand4in.insulation) • 81 Btu/hr/sq ft 

Air changes (Table 
10-9A) (by interpola-
tion) = 16.8 per 24 hr 

Heat gain per cubic 
foot of air (Table 
10-8A) (SO% RH) - 1.69 Btu/cu ft 

Average specific heat 
of vegetables (Table 
10-11) = 0.9 Btu/lbr F 

Average respiration 
heat of vegetables 
(Table 10-14) = 0.09 Btu/lb/hr 

Wall gain load: 
Area x wall gain factor 
= 760 sq ft x 81 Btufsq ft/24 hr 

= 61,560 Btu/24 hr 
Air change load: 

Inside volume 
x air changes x Btufcu ft 

= 1377cuft x 16.8 
x 1.69Btujcuft = 23,100 Btu/24 hr 

Product load: 
Temperature reduction 
= M X C X (T:a - T1) 
= 3500 lb x 0.9 Btu/lbt F 

x 10o F = 31 ,500 Btu/24 hr 
Respiration heat 
= M x reaction heat x 24 hr 
= 3500 X 0.09 Btu/lb/hr 

x24hr 

Summation: 
Safety factor 

(10%) 
Total cooling 

load 
Required 

cooling 
capacity 
(Btu/hr) 

7,560 Btu/24 hr 
= 123,720 Btu/24 hr 

= 12,370Btu 

= 136,100 Btu/24 hr 

Total cooling load 
= Desired running time 

136,100 Btu/24 hr 
16hr 

= 8,500 Btu/hr 

Example 10-ll. The dimensions of a 
banana storage room located in New Orleans, 
Louisiana are 22 ft x 32 ft x 9 ft. The walls 
are 1 in. boards on both sides of 2 x 4 studs and 
insulated with 31 in. granulated cork. The floor 
and roof are of the same construction as the 
walls. The floor is over a ventilated crawl space 
and the roof is exposed to the sun. The tempera
ture outside the storage room is approximately 
the same as the outdoor design temperature for 
the region. 30,000 lb of bananas are ripened at 
70° F and then cooled to 56° F in 12 hr for 
holding storage. Compute the Btufhr cooling 
load. (NOTE: Because of the high storage tem
perature the evaporator will not collect frost and 
the equipment is designed for continuous run.) 



Solution 
Outside surface area 

Ceiling 
Walls and floor 

Inside volume 
(21 ft X 31 ft X 8ft) 

Outside design 
temperature for 
New Orleans (Table 
10-6) 

Wall U factor 
(Table 10-2) 

Sun factor for roof 
(Table 10-7) (tar 
roofing) 

Air changes (Table 
10-9A) (by interpo
lation) 

Heat gain per 
cubic foot of air 
change (Table 1 0-8A) 
(interpolated) 

Specific heat of 
bananas (Table 
10-10) 

Reaction heat of 
bananas (Table 

= 704sq ft 
= 1676sq ft 

= 5208 cuft 

= 0.079Btu/hr/sq ftr F 

= 7/24 hr 

= 1.4 Btu/cu ft 

= 0.9 Btu/lbr F 

10-14) = 0.5 Btu/lb/hr 
Wall gain load: 

Area X U X TD X 24 hr 
Ceiling 

704 X 0.079 X 53 X 24 
= 70,740 Btu/24 hr 

Walls and floor 
1676 X 0.79 X 33 X 24 

= 104,860 Btu/24 hr 
Air change load: 

Inside volume 
x air changes x Btu/cu ft 

= 5208 X 7 X 1.4 Btufcu ft 
= 51,000Btu/24hr 

Product load: 
Temperature reduction 

= 

M X C X (T1 - T1) X 24 hr 
Chilling time (hr) 

30,000 X 0.9 X 14 X 24 
12 

= 756,000 Btu/24 hr 
Respiration heat 
= M x reaction heat x 24 hr 
= 30,000 X 0.5 X 24 = 360,000 Btuf24 hr 

Summation: 1,342,600 Btu/24 hr 

Safety factor (10 r..> = 134,260 Btu 
Total cooling load 1,476,860 Btu/24 hr 
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Required cooling capacity 
(Btu/hr) 

Total cooling load 
= Desired running time 

1,476,860 Btu/24hr 
24hr 

= 61,530 Btu/hr 

Example IG-13. A chilling room 35ft x 
SO ft x 1 S ft is used to chill 50,000 lb of fresh 
beef per day from an initial temperature of 
100° F to a final temperature of 35° F in 18 hr. 
Four people work in the chiller during the 
loading period. The lighting load is 1 SOO watts. 
The floor, located over an unconditioned space, 
is a S in. concrete slab insulated with 4 in. of 
corkboard and finished with 3 in. of concrete. 
The ceiling, situated beneath an unconditioned 
space, is a 4 in. concrete slab with wood sleepers 
and insulated with 4 in. of corkboard. All of 
the walls are inside partitions adjacent to uncon
ditioned spaces (90° F) except the east wall 
which is adjacent to a 35° F storage cooler. Wall 
construction is 4 in. cinder block insulated with 
4 in. of corkboard and finished pn one side with 
plaster. Compute the cooling load in Btu per 
hour based on a 16-hr operating time for the 
equipment. 

Solution 
Outside surface area 

Ceiling 
(35ft X SOft) = 1,750 sq ft 
Floor 
(35ft x SOft) = 1,7SOsqft 
Walls (except 
east) 
(120ft X 15ft) = 1,800sqft 

Inside volume 
(34 ft X 49 ft X 

13.5 ft) ... 22,491 cu ft 
Air changes 

(Table 10-9A) (by 
interpolation) = 3.2 per 24 hr 

Heat gain per 
cubic foot (Table 
10-8A) (SO% RH) = 2.17 Btu/cu ft 

Specific heat of 
beef (Table 10-12) == 0.75 Btu/lbr F 
Chilling rate factor 
(Table 10-12) = 0.67 
Occupancy heat 
gain (Table 10-16) = 900 Btu/hr/person 
Ceiling U factor 
(Table 10-3) - 0.069 Btu/hr/sq ftrF 
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Floor U factor 
(Table 10-3) = 0.066 Btu/hr/sq fWF 
Wall U factor 
(Table 10-1) = 0.065 Btu/hr/sq fWF 

Wall gain load: 
A X U X TD X 24 hr 
== 5300 X 0.067 X 55 X 24 hr 

= 468,700 Btu/24 hr 
Air change load: 

Inside volume 
x air changes x Btu/cu ft 

= 22,491 X 3.2 X 2.17 
= 156,000 Btu/24 hr 

Product load: 

""' 

M X C X (T1 - T1) X 24 
Chilling time (hr) x chilling rate factor 

50,000 X 0.75 X 6S X 24 
18 X 0.67 

= 4,850, 700 Btu/24 hr 
Miscellaneous: 

Occupancy 
=No. ofpeople x factor x 24hr 
=4x900x24 

= 86,400 Btu/24 hr 
Lighting load 
== watts x 3.4 x 24 hr 
1500 X 3.4 X 24 = 122,400 Btu/24 hr 

Summation: 5,684,200 Btu/24 hr 
Safety factor (1 0 %) 

= 568,420 Btu 
6,252,620 Btu/24 hr 

Required cooling capacity (Btujhr) 
_ Total cooling load 
- Desired operating time 

6,252,620 Btu/24 hr 
= 18 hr 
= 390,800 Btu/hr 

NOTE: (1) Since there is no temperature 
differential across the east wall, there is no gain 
or loss of heat through the wall and the wall 
is ignored in the cooling load calculations 
However, this wall should be insulated with at 
least the minimum amount of insulation to 
prevent excessive heat gains through this wall 
in the event that the adjacent refrigerated space 
should become inoperative. (2) Since the TD 
across all the walls, including floor and ceiling, 
is the same and since the difference in the wall 
U factors is slight, the walls may be lumped 
together for calculation. (3) Although the 
workmen are in the space for only 4 hr each 
day for the purpose of load calculation, they are 
assumed to be in the cooler continuously. This 
is because their occupancy occurs simultan-

eously with the chilling peak. If the occupancy 
occurred at any time other than at the peak, 
the occupancy load could be ignored. 

Example 10.14. Three thousand lug boxes 
of apples are stored at 35° F in a storage cooler 
SO ft x 40 ft x 10 ft. The apples enter the cooler 
at a temperature of 90o F and at the rate of 200 
lugs per day each day for the 15 day harvesting 
period. The walls including floor and ceiling 
are constructed of 1 in. boards on both sides of 
2 X 4 studs and are msulated with 3i in. of 
rock wool. All of the walls are shaded and the 
ambient temperature is 85° F. The average 
weight of apples per lug box is 59 lb. The lug 
boxes have an average weight of 4.5 lb and a 
specific heat value of0.60 Btu/lb/" F. Determine 
the average hourly cooling load based on 16 hr 
operating time for the equipment. 

Solution 
Outside surface 

area = 5800 sq ft 
Inside volume 

(49ft X 39ft X 9ft) = 17,200 CU ft 
Wall U factor 

(Table 10-2) = 0.072 Btu/hr/sq ftr F . 
Air changes 

(Table 10-9A) (by 
interpolation) = 3.7 per 24 hr 

Heat gain per 
cubic foot (Table 
10-8A) = 1.86 Btu/cu ft 

Specific heat of 
apples (Table 10-10) = 0.89 Btu/lb/" F 

Respiration heat 
of apples (Table 
10-14) (by interpo-
lation) = O.Q25 Btu/lb/hr 

Wall gain load: 
A x U x TD x 24 hr 
= 5800 X 0.072 X 50 X 24 

= 501,100 Btu/24 hr 
Air change load: 

Inside volume x air changes 
x Btu/cu ft 

= 17,000 X 3.7 X 1.86 
= 117,000 Btu/24 hr 

Product load: 
Temperature reduction 

M X C X (T1 - T1) 

Chilling rate factor 
Apples 

(200 X 59 lb) X 0.89 X 55 
0.67. 

= 862,100 Btu/24 hr 
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60' 

I 
Fl1. 10-3 35' 

l 
Storage 

l. 
r--14'---'l Ventilated 

O"F t ~ equipment 
room 

Blast 9' freezer 

t ....... - y-~ 

13' ~ ~ 1 AI ... r Vestibule 

Unconditioned space 
~ 

Lug boxes 
(200 X 4.5 lb) X 0.6 X 55 

0.67 
= 44,300 Btu/24 hr 

Respiration 
= M x reaction heat x 24 hr 
= (3000 X 59lb) X 0.025 X 24 

Summation 

Safety factor (10%) 
Total cooling load 

Average hourly load 

106,200 Btu/24 hr 
1,630,700 Btu/24 hr 
163,100 Btu 

= 1, 793,800 Btu/24 hr 
_ Total cooling load 
- Running time 

1,793,800 Btu/24 hr 
16 hr 

= 112,100 Btu/24 hr 

NOTE: Load calculation and equipment 
selection is based on maximum loading which 
occurs on the fifteenth day. 

Example 10-15. Twenty-two thousand 
pounds of dressed poultry are blast frozen on 
hand trucks each day (24 hr) in a freezing tunnel 
14 ft X 9 ft X 10 ft high (see Fig. 10-3). The 
poultry is precooled to 45° F before entering the 
freezer where it is frozen and its temperature 
lowered to oo F for storage. The lighting load 
is 200 watts. The hand trucks carrying the 
poultry total1400 lb per day and have a specific 
heat of 0.25 Btuflbr F. The partitions adjacent 
to the equipment room and vestibule are con
structed of 6 in. clay tile insulated with 8 in. of 
corkboard. Partitions adjacent to storage 
cooler are 4 in. clay tile with 2 in. corkboard 
insulation. The roof is a 6 in. concrete slab 
insulated with 8 in. of corkboard and covered 
with tar, felt, and gravel. The floor is a 6 in. 
concrete slab insulated with 8 in. of corkboard 

and finished with 4 in. of concrete. The floor is 
over a ventilated crawl space. Roof is exposed 
to the sun. The equipment room is well venti
lated so that the temperature inside is approxi
mately the outdoor design temperature for the 
region. The storage room is maintained at 0° F, 
whereas the temperature in the freezer is -10° F. 
The location is Houston, Texas. Determine the 
average hourly refrigeration load based on 20 hr 
per day operating time for the equipment. 

SolutiOI'J 
Outside surface area 

Roof 
(9ft+ 14ft) = 126 sq ft 
Floor 
(9ft x 14ft) = 126 sq ft 
N and E partitions 
(23ft X 10ft) = 230 sq ft 
S and W partitions 
(23ft X 10ft) = 230 sq ft 

Inside volume 
(8ft X 9ft X 13ft) = 936 CU ft 
Summer outdoor 
design temperature = 9r F 
Ufactors 

Roof 
(Table 10-3) = 0.036 Btu/hr/sq rtr F 

Floor 
(Table 10-3) = 0.035 Btu/hr/sq rtr F 

N and E partitions 
(Table 10-2) = 0.035 Btu/hr/sq ftr F 

S and W partitions 
(Table 10-2) = 0.12 Btu/hr/sq rtr F 

Roof sun factor 
(Table 10-7) = 20° F 

Air changes 
(Table 10-9B) = 13.5 per 24 hr 

Heat gain per cubic foot 
(Table 10-8B) = 3.56 Btu/cu ft 



160 PRINCIPLES OF REFRIGERATION 

-N 

I· 32.5' 

lockAn: 

Cold o•F I 
ge LOckers 

"F lockers I 
18' stora 

c FrHZer, Concf · itioned 
so•F lockers I"' 

space, 

Cold storage 
38" F 

FIJ. lo-4. Frozen food locker plant. 

Specific heat of poultry 
(Table 10-12) 

Above freezing 
= 0.79 Btu/lbr F 

Below freezing 
= 0.37 Btu/lbr F 

Latent heat of poultry 
(Table 10-12) 

= 106 Btu/lb 
Freezing temperature 

27°F 
Wall gain load: 

A X U X TD X 24 hrs 
Floor 

126 X 0.035 X 102 X 24 
= 10,800 Btu/24 hr 

Roof 
126 X 0.036 X (102 + 20) X 24 

= 13,300 Btu/24 hr 
South and west partition 

230 X 0.035 X 102 X 24 
= 19,700 Btu/24 hr 

North and east partition 
230 X 0.12 X 10 X 24 

= 6,600 Btu/24 hr 
Air change load: 

Inside volume x air changes 
x Btu/cu ft 
= 936 X 13.5 X 3.56 

= 45,000 Btu/24 hr 
Product Load: 

Temperature reduction 
=- M X C X (T1 - T1) 

Poultry 
22,000 X 0.79 X (45 - 27) 

= 0.67 (chilling factor) 
= 302,700 Btu/24 hr 

22,000 X 0.37 X (27 - 0) 
... 219,700 Btu/24 hr 

Trucks 
1,400 X 0.25 X (92 - 0) 

0.67 
- 48,000 Btu/24 hr 

Freezing = M x latent heat 
Poultry = 22,000 X 106 

= 2,332,000 Btu/24 hr 
Miscellaneous: 

Lighting: 200 watts X 3.4 
Btu/watt/hr x 24 hr 

16,300 Btu/24 hr 
Summation: 3,014,100 Btu/24 hr 

Safety factor (10%) 

Total cooling 
load 

Average hourly 
load 

= 301,400 Btu 

= 3,315,500 Btu/24 hr 

3,315,500 Btu/24 hr 
= 

20 hr (running time) 
= 165,775 Btu/hr 

Example 10.16. A frozen food locker plant 
18 ft x 32.5 ft x 10 ft, containing 353 indi
vidual lockers and an 8 ft freezing cabinet, is 
located in Tulsa, Oklahoma (see Fig. 10-4). 
The north and west wall are constructed of 8 in. 
clay tile with 6 in. of corkboard insulation. 
South and east walls are 4 in. clay tile with 4 in. 
of corkboard insulation. The roof is exposed to 
the sun and is constructed of 4 in. of concrete 
insulated with 8 in. of corkboard and covere4 
with tar, felt, and gravel. The floor is a 5 in. 
concrete slab poured directly on the ground, 
insulated with 8 in. of corkboard, and finished 
with 3 in. of concrete. The product load on 
cabinet freezer is 700 lb of assorted meats per 
day. (Standard practice is to allow for 2 lb of 
product per locker per day.) In this instance, 
the product is precooled to 38° F before being 
placed in the freezer. The lighting load is 500 
watts and the average occupancy is three people. 
Determine the average hourly refrigerating rate 
based oa a 20-hr equipment operating time. 

Solution 
Outside surface area 

Roof (18 ft x 32.5 ft) 
= 585 sq ft 

Floor (18 ft x 32.5 ft) 

South and east 
partition 

North partition 

West wall 

Inside volume 

= 585 sq ft 

(50.5 ft X 10 ft) 
= 505 sq ft 

(18 ft X 10ft) 
= 180 sq ft 

(32.5 ft X 10 ft) 
= 325 sq ft 

(16ft X 30.5 ft X 8 ft) 
... 3904 cu ft 



Design outdoor temperature 
(Table 10-6) = 92° F 

Design ground temperature 
(Table 10-6A) = 65° F 

Roof sun factor 
(Table 10-7) 

West wall sun factor 
(Table 10-7) = 6° F 

Ufactors 
Roof (Table 10-3) 

= 0.036 Btu/hr/sq rtr F 
Floor (Table 10-3) 

= 0.046 Btu/hr/sq ftr F 
North and west walls . 

(Table 10-l) = 0.034 Btu/hr/sq ftr F 
South and east walls 

(Table 10-1) = 0.066 Btu/hr/sq ftr F 

Air changes 
(see Note 2 of Table 10-9B) 

= 12.6(6.3 X 2) 
per 24 hr 

Heat gain per cubic foot 
(Table 10-8B) = 3.0 Btu/cu ft 

Specific heat (average for meat) 
Above freezing = 0.8 Btu/lbr F 
Below freezing = 0.4 Btuflbr F 
Latent heat 

(average) = 100 Btu/lb 
Freezing tempera-

ture (average) = 28° F 
Occupancy factor 

= 1300 Btu/hr/person 

Wall Gain Load: 
A XU X TD X 24 
Roof 585 x 0.036 

X (92 + 20) X 24 
= 56,600 Btu/24 hr 

Floor 585 X 0.046 X 65 X 24 

South and east 
partition 

North partition 

West wall 

Air change load: 

= 42,000 Btu/24 hr 

505 X 0.066 X 38 X 24 
= 30,400 Btu/24 hr 

180 X 0.034 X 80 X 24 
= 11,750 Btu/24 hr 

325 X 0.034 
X (92 + 6) X 24 

= 26,000 Btu/24 hr 

Inside volume x air changes 
x Btu/cu ft 
= 3904 X 12.6 X 3.01 

= 147,570 Btu/24 hr 
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Product load: 
Temperature reduction 
= M X C X (Ta - T1) 

700 X 0.8 X (38 - 28) 
= 5600 Btu/24 hr 

700 X 0.4 X (28 - 0) 
7840 Btu/24 hr 

Freezing 
= M x latent heat 
= 700 X 100 70,000 Btu/24 hr 

Miscellaneous: 
Lights 
= 500 watts x 3.4 Btu/hr 

x 24 hr = 40,800 Btu/24 hr 
Occupancy 
= 3 X 1300 X 24 

Summation: 
Safety factor 

(10%) 
Total cooling 

load 
Average hourly 

load 

Load on freezer 

(product load 
only, including 
10% safety factor) 

Load on locker 

= 93,600 Btu/24 hr 

= 531,560 Btu/24 hr 

= 53,150 Btu 

= 584,710 Btu/24 hr 

584,710 Btu/24 hr 
20hr 

= 29,240 Btu/hr 
91,780 Btu/24 hr 

20hr 

= 4,590 Btu/hr 

room only = 29,240 Btu/hr 
(total load less - 4,590 Btu/hr 
freezer load) = 24,650 Btu/hr 

Example 10-17. Five hundred gallons of 
partially frozen ice cream at 25° Fare entering 
a hardening room 10ft x 15ft x 9ft each day. 
Hardening is completed and the temperature of 
the ice cream is lowered to -20° F in 10 hr. 
The walls, including floor and ceiling, are 
insulated with 8 in. of corkboard and the over
all thickness of the walls is 12 in. The ambient 
temperature is 90o F and the lighting load is 300 
watts. Assume the average weight of ice cream 
is 5 lb per gallon, the average specific heat below 
freezing is 0.5 Btu/lbr F, and the average 
latent heat per pound is 100 Btu.• .Determine 
the average hourly load based on 18 hr opera
tion. 

• These values are variable and depend upon the 
composition· of the mix, the percent of overrun, 
and the temperature of the ice cream leaving the 
freezer. 
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Solution 
Outside surface 

area = 750 cu ft 
Inside volume 

(8 ft X 13 ft X 7 ft) 
= 728 cu ft 

Wall gain factor 
(Table 10-18) = 99 Btu/sq ft/24 hr 

Air changes 
(Table 10-9B) 
(interpolated) = 16.7 per 24 hr 

Heat gain per cubic foot 
(Table 10-SB) 
(50% RH) = 3.88 Btu/cu ft 

Wall gain load: 
area x wall gain factor 
= 750 x 99 = 74,250 Btu/24 hr 

Air change load: 
Inside volume x air changes 
x Btufcu ft 
= 728 X 16.7 X 3.88 

= 47,170 Btu/24 hr 
Product load: 

Temperature reduction 
M X C(T2 - T1) X 24 hr 

Chilling time 
(500 X 5) X 0.5 X (25 - -20) X 24 

10 
= 135,000 Btu/24 hr 

Freezing 
M x latent heat x 24 

Freezing time 
(500 X 5) X 100 X 24 

10 
= 600,000 Btu/24 hr 

Miscellaneous load: 
Lighting: 

300 watts x 3.4 x 24 

Summation: 
Safety factor (10%) 

Average hourly load 
(968,990/18 hr) 

= 24,480 Btu/24 hr 

880,900 Btu/24 hr 
88,090Btu 

968,990 Btu/24 hr 

= 53,800 Btu/hr 

Example 10..18. A cooler 10ft x 12ft x 9 
ft is used for general purpose storage in a 
grocery store. The cooler is maintained at 35o F 
and the service load is normal. The walls are 
insulated with the equivalent of 4 in. of cork
board and the ambient temperature is 80° F. 
Determine the cooling load in Btu per hour 
based on a 16 hr operating time. 

Solution 
Outside surface area 

= 636 sq ft 
Inside volume 

(9 ft X 11 ft X 8ft) 

Wall gain factor 
(Table 10-18) 

Usage factor 
(Table 10-17) 

Wall gain load: 

= 792 cu ft 

= 81 Btu/sq ft/24 hr 

= 50 Btufcu ft/24 hr 

area x wall gain factor 
= 636 x 81 = 51,500 Btu/24 hr 

Usage load: 
Inside volume x 
usage factor 
= 792 x 50 = 39,600 Btu/24 hr 

Total cooling load = 91,100 Btu/24 hr 
Average hourly load 

(
91,100 Btu/24 hr) = 5,700 Btu/hr 

16 hr 

PROBLEMS 

1. A cooler wall 10 ft by 18 ft is insulated with 
the equivalent of 3 in. of corkboard. Compute 
the heat gain through the wall in Btu/24 hr if the 
inside temperature is 37° F and the outside 
temperature is 78° F. Ans. 165,312 Btu/24 hr 

2. The north wall of a locker plant is 12ft by 
60ft and is constructed of 8 in. hollow clay tile 
insulated with 8 in. of corkboard. The locker 
plant is located in Houston, Texas and the 
inside temperature is maintained at oo F. Deter
mine the heat gain through the wall in Btu/24 hr. 

Ans. 54,000 Btu/24 hr 

3. A cold storage warehouse in Orli!Ddo, 
Florida has a 30 ft by 50 ft flat roof constructed 
of 4 in. of concrete covered with tar and gravel 
and insulated with the equivalent of 4 in. of 
corkboard. If the roof is unshaded and the 
inside of the warehouse is maintained at 35° F, 
compute the heat gain through the roof in 
Btu/24 hr. Ans. 181,330 Btu/24 hr 

4. A small walk-in cooler has an interior volume 
of 400 cu ft and receives heavy usage. If the 
inside of the cooler is maintained at 35o F and 
the outside design conditions are 90o F and 60% 
relative humidity, determine the air change load 
in Btu/24 hr. Ans. 50,300 Btu/24 hr 

5. A frozen storage room has an interior volume 
of2000 cu ft and is maintained at a temperature 



of -to• F. The usage is light and the outside 
design conditions (anteroom} are so• F and 70% 
relative humidity. Compute the air change load 
in Btu/24 hr. Ans. 16,100 Btu/24 hr 

6. Five thousand pounds of fresh, lean beef 
enter a chilling cooler at l oo• F and are chilled 
to 38° Fin 24 hr. Compute the chilling load in 
Btu/24 hr. Ans. 347,000 Btu/24 hr 

7. Five hundred pounds' of prepared, packaged 
beef enter a freezer at a temperature of 36° F. 
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The beef is to be frozen and its temperature 
reduced to o• Fin 5 hr. Compute the product 
load. Ans. 267,900 Btu/hr 

8. Fifty-five hundred crates of apples are in 
storage at 37• F. An additional 500 crates enter 
the storage cooler at a temperature of 85° F and 
are chilled to the storage temperature in 24 hr. 
The average weight of apples per crate is 60 lb. 
The crate weighs 10 lb and has a specific value 
of 0.6 Btuflbr F. Determine the total product 
load in Btu/24 hr. Ans. 1,679,800Btu/24 hr 



I I 
Evaporators 

11·1. Types of Evaporators. As stated pre
viously, any heat transfer surface in which a 
refrigerant is vaporized for the purpose of 
removing heat from the refrigerated space or 
material is called an evaporator. Because of 
the many different requirements of the various 
applications, evaporators are manufactured in 
a wide variety of types, shapes, sizes, and 
designs, and they may be classified in a number 
of different ways, such as type of construction, 
operating condition, method of air (or liquid) 
circulation, type of refrigerant control, and 
application. 
11·2. Flooded and Dry-Expansion Evapora· 
tors. Evaporators fall into two general cate
gories, flooded and dry expansion, according to 
their operating condition. The flooded type is 
always completely filled with liquid refrigerant, 
the liquid level being maintained with a float 

-;;:::==~ 
Uquid from 

receiver 
Float control 

valve or some other liquid level control (Fig. 
11-1). The vapor accumulating from the boiling 
action of the refrigerant is drawn off the top 
by the action of the compressor. The principal 
advantage of the flooded evaporator is that the 
inside surface of the evaporator is always 
completely wetted with liquid, a condition that 
produces a very high rate of heat transfer. The 
principal disadvantage of the flooded evapo
rator is that it is usually bulky and requires a 
relatively large refrigerant charge. 

Liquid refrigerant is fed into the dry-expan
sion evaporator by an expansion device which 
meters the liquid into the evaporator at a rate 
such that all.the liquid is vaporized by the time 
it reaches the end of the evaporator coil (Fig. 
11-2). For either type, the rate at which the 
liquid is fed into the evaporator depends upon 
the rate of vaporization and increases or 
decreases as the heat load on the evaporator 
increases or decreases. However, whereas the 
flooded type is always completely filled with 
liquid, the amount of liquid present in the dry
expansion evaporator will vary with the load on 
the evaporator. When the load on the evapo
rator is light, the amount of liquid in the evapo
rator is small. As the load on the evaporator 
increases, the amount of liquid in the evaporator 
increases to accommodate the greater load. 
Thus, for the dry-expansion evaporator, the 
amount of liquid-wetted surface and, therefore, 
the evaporator efficiency, is greatest when the 
load is greatest. 
11-l. Types of Construction. The three 
principal types of evaporator construction are: 
(1) bare-tube, (2) plate-surface, and (3) finned. 
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Fig. 11-1. Flooded evaporator. 
Notice accumulator and float 
control. Circulation of the 
refrigerant through the coil 
is by gravity. The vapor accu
mulated from the boiling action 
in the coil -escapes to the top 
of the accumulator and is 
drawn off by the suction of the 
compressor. 
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--dulill<d loc<lhlr u ~ 
""apontan in lhal lbe enure surf- of bolh 
u- IYJ* il ,_.. or less In conlae\ "'ith lbe 
V11poritln& roffi&a'aol inside. W&tll lhc !Inned 
cvaponcor, lbe rofrlgeranc-canyin& cubet are 
lhc only prime surface. The 11111 lhcmKI~ are 
oot 1111«1 vrilll rofripnl and are, lhcreforc, 
OOI.Iy aocotldaty heal IRI!Ifcr ....... ..,.. ,."'* 
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Allhou&h primHurfllae eV~~pontan or bolh 
lhc bare-rube and ~-type~ CJft salil
f-.:cory oervice on a ltridc variety or applicallons 
opcnlin& In any ~perarun~ ran~, lhcy are 
111011 freqoouly •ppllcd co appllaulons "'here 
cbc •pace leroperalure Is maintained below 
34' F and ft011 aa:umulallon on lhc cvaporacor 
surf- CllllftO( be readily pm-entod. Frc~~c 
accumulallon on primMurf- evaporatan 
~ - alfect lbe e.aporator c:apaaty 10 m. 
cxlan lhal 11 docs on liMed coik. Furtba'· 

-· - prime surf- e.aponton, patticu· 
larly lhc plalbCIIIface 1)~ . .... tully clcan<d 
and can be readily ckCrofiCICI manually by alhcr 
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This can be 1«0mpllsbcd vrilhoul inccrru.pllng 
lhc rdrl&craling proce.u and jeopardlrlnc lbe 
qualicy of lhc rdrlpiCICI prodUC1 
11-4. a..,...Tube Enporator'l. 8af'Oolubc 
evaporacon areusuallyconstNCiedolalhenud 
pipe or coppcc tubift&. Sled pipe Is UICd rr. 
Jarce e.aponcors and for evaponton 10 be 
employed w&lhammonla, ~ coppcc wbift& 
Is utdll&Od in lbe manuftc~~~rc or ama11cr CV11po-

fl.. llol. Dfy4xjNNioo ... ...,........ Uqvld ,... 
frtaeront "'f1011 .. P"'f,..l•ely " h llowo throvth 
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lbaft ammon&a. Jlate.wbe coils are aYililable 
in • number or Uta. allapca, and clcs&p. and 
are usually CUllom made 10 lbe lnd••idual 
appticaclon. Common lllapcs for ba,..,.tube 
coila are ftal zl&xa& and OYII trombone, u 
shown In Fl&. 11·3. Spiral baro-Wbe col11 1110 
oflen employed for llqukl chlllinc, 
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can be readily formed !nco any ooc or lhc V1lrlous 
shapes requln:d (Fla. II·S), 
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(A) Outside jack .. of pluo. Hoavy, olocu1cally 
welded steel. Smooth surface. 
(I) C:O...tlnuOUI .... 1 tubii!J thi'OIIJh wMch rolrla
en.nt palMS. 

(C) lnlot lrom comp......,., 
(D) Outlet to compn:uor. Coppu connecdon1 for 
all rtfrlatranu e:xce.pt ammonia where llHI conn.c· 
dons a.-. uted. 

(E) flc.dna whtrt vacuum is drawn and thtn perm'ln-• 
.ntly Mlltd, 
(F) Vl(uum tpl(t In dry pfJ.to. Sp.ace In bold-over 
pl"t cont.aiM tut.alc tOIU'tloft uftdtr vacuum No 
ma.lnttMnc. requlr.d due co uurdy, tlmptt COI\ooo 
atrvttlon, No movfna p&ru: notl\in& to we.ar or &tt 

out of ordtrt no aervlc:t ntcesnry. 

Fl,a. 11-4. Plac•<rpo ovaporttor. (CouOUty Dolo ~olrlcorulna Company.) 



Another type of platwurl'ace cYipontM 
ooMists or fo~ tubing IMUIIIed bctu.'een two 
metal plata which ., "''Cided together at tho 
edges (Fig. II~). In onkr to ptOYi&. £ood 
thermal conlad between the ""'lded plated and 
tho tubing carrying tho rel'riF'&ftt. tho '!*" 
bctiO'Cell tho plateS is either filled with a eutectic~ 
solution or evacuated so that the pr<S111rt of the 
al1110Sp11on: exer1ed on the outside surr- or 
the plates holds the plata firmly agairut the 
tubing Inside. ,_ contAining the cutcctie 
solution are cspcdllly U#IIJJ wbcrc a holdover 
capacity Is required. Many., WoOd on rdrigcr· 
ated ttuek.s. In aucb applications, t.hc pb.tcs are 
mounted dtbu \'Ctllcally or horizontally from 
the cet11ng or walls or the truck (Fit. lt-n and 
are usually conllCICied 1o a centntl plant rdriger· 
ation system wl\lle the trucks a« parlced at the 
tctmlnal during the night. The rdrigcrating 
capacity thus stored In the eutectic solution is 
sutllc:lcnt to rdrigcratc the product during tho 
Delli day's operations. The tempcratun: of the 
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plata Is controlled by the melting point or the 
cut«tlc solution. 

PlaiO-type eV11potatorS may be WoOd singly or 
in bo.nk.s. Figure 1 1·8 illusu-atcs how the plata 
can be grouped together for oeillng mounting in 
holding rooms. lodccr plants, f.rcez.en, clc. 1bc 
plateS may be manifolded for parallel Row of 
the rdtigcrant (Fig. 11·9) or tbcy may be 
conllCICied for wic:s flow. 

PJalc.surf- evaporatora provide exocllent 
shelVClln fi'CQOt' roomund oimUar applianlons 
(fig. 11-10). Tbcy are also widely used as 
partitions In frt=n, frot£n food display cases, 
ice c:ream cabinets, toda founlllln$, etc. PlaiA! 
evaporators are especially useful for liquid 
cooling irulllllations ,.'here unusual peak load 
conditions arc encountered periodically. By 
building up an ice bank oo the sun•oc or the 
plates dunng periods of Ugl\tloads, a boldova" 
refri~tlng capadty Is established which wW 
help the refrigerating equipment carry the load 
through tbeheavyorpcatoonditlon(Fig.ll-11), 
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Since Ibis allows the ose of smaller capacity 
equipment llwl would ordtnanly be required 
by tbe peak loecl, a savings is aJTac:ted In inillll 
oost and, usually, also lo Opct11tl.ng experuc:s. 
11-6. Rnned Evaporators. Finned coils 11te 

bare-tube collJ upon wbkb me&al pt.tes or- fins 
haw: been instalJcd (Fig. 13-U). The fins, 
acrv~og u ~ bcat-ablorbing aurr-.. 
haw tbe clfcc:l of iDcn:uing the ow:r-alliWfaoo 
area of tbe evaporator. tbcreby Improving ill 
efficiency. With b~tube cvnporator~, much 
of llu: air that circuloldl over tho coil passes 
through the open spaces betw.!tll the tubes and 
does oot COfll6lo contact with tho coil surface. 
When fins aro added to a coli, tho fins extcod 
out Into tho open spaces between tbe tubes and 
act as heat collectors. Thoy rconow heat from 
that portion of tho alr which would not ordln· 
arily come In contact with tho prime surface 
and conduct h back to the tublnc. 

ll is evident that to be clfoctive tho fins must 

be conoectcd to the wbing in such a tJ~~~Ua 
that coo<! thermal contact bctweaJ the ftftl and 
the tubing is assured. In some ioataoces, tbe 
finurcsoldered directly tn the tubing. In others. 
tho 1\ns ""' slipped o_. the tubing and the 
tublnc is cocpendcd by pressure or~ IUCh 
means so that tbe tlm bite Into the tube aurrace 
and dllbllsb coo<! thermal contact. A variation 
of tho t.uer method II to tlaro the tln bole 
allghtly to allow the fin to >lip over tho tube. 
After the fin Is insullled, tho R:~rcls straightened 
and tho tln is ~eCurely lock<d to tbe tube. 

Fin me and spacloc depend In part on the 
particular type of application for wbJeh tbe coil 
ts designed. Tho &ir.e or tho tube determines the 
alu of tho fin, Small tubes require small fins. 
AI the si~o of tho lube Increases, the site of the 
fin may be effectlve!y Increased. Fin spacing 
vorlcs from one tn fourteen fins per inch, 
depending primarily on the operating tempera· 
turc of the coli. 
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Frost aocumulati.on on air-cooling coils 
operating at low temperatures Is unavoidable, 
and since any Croll accumulation on finned coils 
tends to rcsuict the air pusaga between the 
fins and to ldiU'd air clrc:ulatlon lhrou£11 the 
coil, evaporatorS dcsigoecl for low temperature 
apptlcat•ons must ha•·e "ide 6n spK!ng (l"o 
or three fins per inch) in order to minimize the 
danger of bloc:king air c:irw'-tion. On the 
other hand, coils designed for air oondhionlng 
ond other Installations when: the coD opcntes 
at temperature$ high tnou£11 so that no frost 
acx:umul~>.tcs on the con surface may have as 
man) as fourtoct1 fins per Inch. 

Wbdl air cireulalion over finned cou~ Is by 
V"''ity, it II lmportantlbotthecoll ofl'er as llulc 
resinance to air flow u it possible; lllerefore, 
in ~. lin $p11tiOg should be wider for 
natural con•-eetlon coils than for coils employing 
fans. 

It ha.s been dckrmlned that a definite relation· 
1hlp cxlns bet"<:en the inside and ouwde 
surfaa:soran evaporator. Since external flnning 
alf«h only the ouwde surfaco:. the addition of 
fins beyOnd a Clo:tt&in limit will not materi11lly 
increase the a~paoty or the evaponttor. In 
fact, io some imtan-. ~ve tinning may 
actually rcduoe tbo C'lllporator capacity by 

Fla. 11-11 . 1<~-Ctl, 1\olrl&tn
don holdover apadty It a:Q.b.. 
llsho<l by bulldiiiJ up • knk 
ol Ice on plate en:pon(On. 
{Co<lrt•y Dote 1\efric•nd~l 
Compeny.l 

restricting lbo air cltculalion oYer the coil 
~rlly. 

Since thclr capacity Is affected more by frost 
a.ccumulallon than any othtr type of evaporator, 
finned coiltare best suited to•ir-coolingapplica· 
lion "'here the temperature I• maintained obovc 
34 F. Wbm linncd coil• are used for low 
kmpcrature oper•tion, some means or defrost· 
ing lbocoO at regular interVals must be provided. 
This may be accompli~ed autonu~lically by 
iCYCn.l means wblch are doscusscd In another 
chapter. 

Because of the tins, finned coils ha vc more 
JUtfiClo: area per unit of l<ngth and width than 
primMIIl'l'ace evapora.ton • nd ean therefore 
be built more compactly. Cenerolly, a flnncd 
eoil will occupy less spac.: 1han dlhcr a .,.,._. 
tube or piato»urfacc C\'llporalor or the -
capacity. Thls provideJ for a eonsldcrablc 
.avings in space and mak .. finned coils Ideally 
tuiled for use with fAns •• forced convoction 
units. 
11-7. Evaporator capacity. The eapaeity or 
any evaporator or cooling coil is the rote at 
which heat will pus throogh the evapora1or 
wal.la from lhc rd'ril>""'ated 'l"'ce or prQdua to 
lhc vaporiuog liquid ln~lde and is us1111lly 
""P•OS5cd in Blu per hour. An evaporator 



selected for any specific application must always 
have sufficient capacity to allow the vaporizing 
refrigerant to absorb heat at the rate necessary 
to produce the required cooling when operating 
at the design conditions. 

Heat reaches the evaporator by all three 
methods of heat transfer. In air-cooling applica
tions most of the heat is carried to the evapo
rator by convection currents set up in the 
refrigerated space either by action of a fan or by 
gravity circulation resulting from the difference 
in temperature between the evaporator and the 
space. Too, some heat is radiated directly to 
the evaporator from the product and from the 
wall of the space. Where the product is in 
thermal contact with the outer surface of the 
evaporator, heat is transferred from the product 
to the evaporator by direct conduction. This 
is always true for liquid cooling applications 
where the liquid being cooled is always in 
contact with the evaporator surface. However, 
circulation of the cooled fluid either by gravity 
or by action of a pump is still necessary for 
good heat transfer. 

Regardless of how the heat reaches the out
side surface of the evaporator, it must pass 
through the walls of the evaporator to the 
refrigerant inside by conduction. Therefore, 
the capacity of the evaporator, that is, the rate 
at which heat passes through the walls, is deter
mined by the same factors that govern the rate 
of heat flow by conduction through any heat 
transfer surface and is expressed by the formula 

Q = A X U X D (11-1) 

where Q = the quantity of heat transferred in 
Btu/hr 

A = the outside surface area of the 
evaporator (both prime and finned) 

U = the over-all conductance factor in 
Btu/hr/sq ft of outside surface/" F D 

D = the logarithmic mean temperature 
difference in degrees Fahrenheit 
between the temperature outside the 
evaporator and the temperature of 
the refrigerant inside the evaporator 

11-8. U or Over-All Conductance Factor. 
The resistance to heat flow offered by the evapo
rator walls is the sum of three factors whose 
relationship is expressed by the following: 

1 R L 1 
- =- +- +- (11-2) 
U Ji K / 0 
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where U = the over-all conductance factor in 
Btu/hr/sq ft/" F D 

Ji = the conductance factor of the inside 
surface film in Btu/hr/sq ft of inside 
surface/"F D 

L/ K = resistance to heat flow offered by 
metal of tubes and fins 

f 0 =·the conductance factor of the out
side surface film in Btu/hr/sq ft of 
outside surfacer F D 

R = ratio of outside surface to insido 
surface 

Since a high rate of heat transfer through the 
evaporator walls is desirable, the U or conduct
ance factor should be as high as possible. 
Metals, because of their high conductance 
factor, are always used in evaporator construc
tion. However, a metal which will not react 
with the refrigerant must be selected. Iron, steel, 
brass, copper, and aluminum are the metals 
most commonly used. Iron and steel are not 
affected by any of the common refrigerants, 
but are apt to rust if any moisture is present in 
the system. Brass and copper can be used with 
any refrigerant except ammonia, which dis
solves copper. Aluminum may be used with 
any refrigerant except methyl chloride. Mag
nesium and magnesium alloys cannot be used 
with the fluorinated hydrocarbons or with 
methyl chloride. 

Of the three factors involved in Equation 
11-2, the metal of the evaporator walls is the 
least significant. The amount of resistance to 
heat flow offered by the metal is so small, 
especially where copper and aluminum are 
concerned, that it is usually of no consequence. 
Thus, the U factor of the evaporator is deter
mined primarily by the coefficients of con
ductance of the inside and outside surface 
films. 

In general, because of the effect they have on 
the inside and outside film coefficients, the value 
of U for an evaporator depends on the type 
of coil construction and the material used, the 
amount of interior wetted surface, the velocity 
of the refrigerant inside the coil, the amount 
of oil present in the evaporator, the material 
being cooled, the condition of the external 
surface, the fluid (either gaseous or liquid) 
velocity over the coil, and the ratio of inside 
to outside surface. 
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Heat transfer by conduction is greater through 
liquids than through gases and the rate at which 
the refrigerant absorbs heat from the evaporator 
walls increases as the amount of interior wetted 
surface increases. In this respect, flooded 
evaporators, since they are always completely 
filled with liquid, are more efficient than the 
dry-expansion type. This principle also applies 
to the external evaporator surface. When the 
outside surface of the evaporator is in direct 
contact with some liquid or solid medium, the 
heat transfer by conduction to the outside 
surface of the evaporator is greater than when 
air is the medium in contact with the evaporator 
surface. 

Any fouling of either the external or internal 
surfaces of the evaporator tends to act as ther
~1 insulation and decreases the conductance 
fa(;tor of the evaporator walls and reduces the 
rate of heat transfer. Fouling of the external 
surface of air-cooling evaporators is usually 
caused by an accumulation of dust and lint 
from the air which adheres to the wet coil 
surfads or by frost accumulation on the coil 
surface. In liqui<;t-cooling applications, fouling 
of the external tube surface usually results from 
scale formation and corrosion. Fouling of the 
internal surface of the evaporator tubes is 
usually caused by excessive amounts of oil in 
the evaporator and/or low refrigerant velocities. 
At low velocities, vapor bubbles, formed by the 
boiling action of the refrigerant, tend to cling 
to the tube walls, thereby decreasing the amount 
of interior wetted surface. Increasing the r~
frigerant velocity produces a scrubbing action on 
the walls of the tube which carries away the oil 
and bubbles and improves the rate of heat flow. 
Thus, for a given tube size, the inside film coeffi
cient increases . as the refrigerant velocity in 
creases. The refrigerant velocity is limited, how
ever, by the maximum allowable pressure drop 
through the coil and, if increased beyond a certain 
point, will result in a decrease rather than an in
crease in coil capacity. This depends to some 
extent on the method of coil circuiting and is dis
cussed later. It can be shown also that the con
ductance of the outside surface film is improved 
by increasing the fluid velocity over the outside 
surface of the coil. But, here .again, in many 
cases the maximum velocity is litnited, this time 
by consideration other than the capacity of the 
evaporator itself. 

Any increase in the turbulence of flow either 
inside or outside the evaporator will materially 
increase the rate of heat transfer through the 
evaporator walls. In general, internal turbu
lence increases with the difference in temperature 
across the walls of the tube, closer spacing of 
the tubes, and the roughness of the jnternal tube 
surface. ln some instances, heat transfer is 
improved by internal finning. 

Outside flow turbulence is influenced by fluid 
velocity over the coil, tube spacing, and the 
shape of the fins. 
11-9. The Advantage of Fins. The advantage 
of tinning depends on the relative values of the 
coefficients of conductance of the inside and 
outside surface films and upon R, the ratio of 
the outside surface to the inside surface. In any 
instance where the rate of heat flow from the 
inside surface of the evaporator to the liquid 
refrigerant is such that it exceeds the rate at 
which heat passes to the outside surface from 
the cooled medium, the over-all capacity of the 
evaporator is limited by the capacity of the 
outside surface. In such cases, the over-all 
value of U can be increased by using fins to 
increase the outside surface area to a point such 
that the amount of heat absorbed by the outside 
surface is approximately equal to that which 
can pass from the inside surface to the liquid 
refrigerant. 

Because heat transfer is greater to liquids than 
to vapors, this situation often exists in air
cooling applications where the rate of heat flow 
from the inside surface to the liquid refrigerant 
is much higher than that from the air to the 
outside surface. For this reason, the use of 
finned evaporators for air-cooling applications 
is becoming more and more prevalent. On the 
other hand, in liquid-cooling applications, since 
liquid is in contact with both sides of the evapo
rator and the rate of flow is approximately equal 
for both surfaces, bare=rube evaporators per
form at high efficiency and finning is usually 
unnecessary. In some applications, where fluid 
velocity over the outside of the evaporator is 
exceptionally high, the flow of heat to the outer 
surface may be greater than the flow from the 
inner surface . to the refrigerant. When this 
occurs, the use of inner fins will improve evapo
rator capacity in that the amount of interior 
wetted surface is increased. Several methods 
of inner tinning are shown in Fig. 11-12. 



Fl1. 11-12. Some methods of 
Inner finning. 

(a) 

11-10. Logarithmic Mean Temperature 
Difference. As illustrated in Fig. 11-13, the 
temperature of air (or any other fluid) decreases 
progressively as it passes through the cooling 
coil. The drop in temperature takes place along 
a curved line (A) approximately as indicated. 
Assuming that the temperature of the refrigerant 
remains constant, it is evident that the difference 
in temperature between the refrigerant and the 
air will be greater at the point where the air 
enters the coil than at the point where it leaves, 
and that the average or mean difference in 
temperature will fall along the curve (a) at a 
point somewhere between the two extremes. 
Although the value obtained deviates slightly 
from the actual logarithmic mean, an approxi
mate mean temperature difference may be 
calculated by the following equation: 

(11-3) 

where D = the arithmetic mean temperature 
t, = the temperature of the air entering 

the coil 
t1 =the temperature of the air leaving 

the coil 
tr = the temperature of the refrigerant 

in the tubes 
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(b) 

(c) 
For the values given in Fig. 11-13, the arith

metic mean temperature difference is 

D = (40- 20) + (30- 20) = ISO F 
2 

It must be remembered that the MTD as 
calculated by Equation 11-3 is slightly in error 
because of the curvature of the curved line A 
and would be the actual MTD only if the drop 
in air temperature occurred along a straight line, 
as indicated by the dotted line Bin Fig. 11-13. 

The actual logarithmic mean temperature, 
which is the midpoint of the curved line A, is 
given by equation 

D = 
(10 - tr) - (tl - fr) 

(11-4) 
(16 - lr) 

ln-:-'---'7 
(11 - fr) 

For the values given in Fig. 11-13, the logarith
mic mean temperature difference will be 

(40 - 20) - (30 - 20) 10 
D = 40 - 20 =In 2 = 14.43o F 

ln30-20 

The preceding calculations were made on the 
assumption that the refrigerant temperature 
remains constant. When this is not the case, 
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leaving air 
temperature-30" F 

40" F entering 
air temperature 

35" F arithmetic mean 

34.43• F=actiialmean 
------32"F 

------ 30"F 

Fig. 11-13. Mean temperature of air passing through 
evaporator. 

tr will have two values. This condition is 
discussed in another chapter. 

The log mean temperature difference here
after called mean effective temperature difference 
(METD), may also be determined from Table 
11-1. 
II-II. The Effect of Air Quantity on 
Evaporator Capacity. Although not a part of 
the basic heat transfer equation, there are other 
factors external to the coil itself which greatly 
affect coil performance. Principal among these 
are the circulation, velocity, and distribution of 
air in the refrigerated space and over the coil. 
These factors are closely related and in many 
cases are dependent one on the other. 

Except in liquid cooling and in applications 
where the product is in direct contact with the 
evaporator, most of the heat from the product 
is carried to the evaporator by air circulation: 
If air circulation is inadequate, heat is not 
carried from the product to the evaporator at a 
rate sufficient to allow the evaporator to per
form at peak efficiency. It is important also 
that the circulation of air is evenly distributed 
in all parts of the refrigerated space and over 
the coil. Poor distribution of the circulating 
air results in uneven temperatures and "dead 
spots" in the refrigerated space, whereas the 
uneven distribution of air over the coil surface 
causes some parts of the surface to function less 
efficiently than others and lowers evaporator 
capacity. 

The velocity of the air passing over the coil 
has a considerable influence on both the value 
of U and the METD and is important in deter
mining evaporator capacity. When air velocity 
is low, the air passing over the coil stays in 
contact with the coil surface longer and is 
cooled through a greater range. Thus, the 
METD and the rate of heat transfer is low. As 
air velocity increases, a greater quantity of air 
is brought in contact with the coil per unit of 
time, the METD increases, and the rate of heat 
transfer improves. In addition, high air 
velocities tend to break up the thin film of 
stagnant air which is adjacent to all surfaces. 
Since this film of air acts as a heat barrier and 
insulates the surface, its disturbance increases 
the conductance of the outside surface film and 
the over-all value of U improves. 

Air 

CollA 

Air 

CoilE 

Air 

CoiiC 

Fig. 11-14. Colis 8 and C both have twice the surface 
area of coli A. Coil C has twice the face area of coli A 
or coli 8. 



11-12. Surface Area. Equation 11-1 indicates 
that the capacity of an evaporator varies 
directly with the outside surface area. This 
is true only if the U factor of the evaporator 
and the METD remains the same. In many 
cases, the value of U and the METD are affected 
when the surface area of the evaporator is 
changed. In such cases, the capacity of the 
evaporator does not increase or decrease in 
direct proportion to the change in surface area. 
To illustrate, in Fig. 11-14, coils Band C each 
have twice the surface area of coil A, yet the 

Leaving+---

Fig. 11-15. Air temperature Air+--

drop across typical three-row 
cooling coil. Temperature -

30"+---

increase in capacity over the capacity of coil A 
will be greater for coil C than for coil B. Pro
vided the air velocity is the same (the total 
quantity of air circulated over coil C must be 
twice that circulated over coil A), the METD 
across C will be exactly the same as that across 
A and the capacity of C will therefore be twice 
the capacity of coil A. 

Figure 11-15 shows how the METD is af
fected when the surface area of the coil is 
increased by increasing the number of rows 
(depth). Note that the drop in air temperature 
is much greater across the first row and dimin
ishes as the air passes across each succeeding 
row. This is accounted for by the fact that the 
temperature difference between the air and the 
refrigerant is much greater across the first row, 
becomes less and less as the temperature of the 
air is reduced in passing across each row, and 
is least across the last row. It is evident then 
that the rate of heat transfer is greater for the 
first row and that the first row performs the 
most efficiently. For this reason, if the surface 
area of coil A in Fig. 11-14 is doubled by increas-

EVAPORATORS 175 

ing the number of rows as in coil B, the METD 
will be decreased and the increase in capacity 
will not be nearly as great as when the surface 
area is increased as in coil C. For the same 
total surface area, a long, wide, flat coil will, in 
general, perform more efficiently than a short, 
narrow coil having more rows depth. However, 
in many instances, the physicaL space available 
is limited and compact coils arrangements must 
be used. In applications where it it is permis
sible, the loss of capacity resulting from increas
ing the number of rows can be compensated for 

3rd 
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1: 
f! 
~ 
'I: 
a; 
a: . 
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N 

-Air -32° -Air -
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f! 
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to some extent by increasing the air velocity over 
the coil. Too, in some applications, the use of 
deep coils is desirable for the purpose of 
dehumidification. 
11-13. Evaporator Circuiting. It was demon· 
strated in Chapter 8 that excessive pressure drop 
in the evaporator results in the suction vapor 
arriving at the suction inlet of the compressor 
at a lower pressure than is actually necessary, 
thereby causing a loss of compressor capacity 
and efficiency. 

To avoid unnecessary losses in compressor 
capacity and efficiency, it is desirable to design 
the evaporator so that the refrigerant experi
ences a minimum drop in pressure. On the 
other hand, a certain amount of pressure drop 
is required to flow the refrigerant through the 
evaporator, and since velocity is a function of 
pressure drop, the drop in pressure must be 
sufficient to assure refrigerant velocities high 
enough to sweep the tube surfaces free of vapor 
bubbles and oil and to carry the oil back to the 
compressor. Hence, good design requires that 
the method of evaporator circuiting be such 
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Refrigerant 
in 

Refrigerant 
out 

Air 

Fl1. 11-16. Evaporator with one series refrigerant 
circuit. 

that the drop in pressure through the evaporator 
is the minimum necessary to produce refrigerant 
velocities sufficient to provide a high rate of heat 
transfer and good oil return. 

In general, the drop in pressure through any 
one evaporator circuit will depend upon the size 
of the tube, the length of the circuit, and the 
circuit load. By circuit load is meant the time
rate of heat flow through the tube walls of the 
circuit. The circuit load determines the quan
tity of refrigerant which must pass through the 
circuit per unit of time. The greater the circuit 
load, the greater must be the quantity of 
refrigerant flowing through the circuit and the 
greater will be the drop in pressure. Hence, 
for any given tube size, the greater the load on 
the circuit, the shorter the circuit must be in 
order to avoid excessive pressure drop. 

Evaporators having only a single series 
refrigerant circuit, such as the one illustrated 
in Fig. 11-16, will perform satisfactorily within 
certain load limits. When the load limit is 
exceeded, the refrigerant velocity will be in
creased beyond the desired range and the 
pressure drop will be excessive. 

Notice that the refrigerant enters at the top 
of the evaporator as a liquid and leaves at the 
bottom as a vapor. Since the volume of the 
refrigerant increases as the refrigerant vapor~. 
the refrigerant velocity and the pressure drop 
per foot increase progressively as the refrigerant 
travels through the circuit, and are greatest at 
the end of the coil where the refrigerant is 100% 
vapor. 

The excessive pressure drop occurring in the 
latter part of a single series circuit evaporator 

can be eliminated to a great extent by sp~tting 
the single circuit into two circuits in the lower 
portion of the evaporator (Fig. 11-17). When 
this is done, the refrigerant travels a single series 
path until the refrigerant velocity builds to the 
allowable maximum, at which time the circuit 
is split into two parallel paths for the balance of 
the travel through the evaporator. This has the 
effect of reducing the refrigerant velocity in the 
two paths to one-half the value it would have 
without the split, and the pressure drop per foot 
is reduced to one-eighth of the value it would 
have in the lower part of the evaporator with a 
single single series circuit. • This, of course, 
will permit greater loading of the coil without 
exceeding the allowable pressure drop. At the 
same time, the velocity in all parts of the coil 
is maintained within the desirable limits so 
that the rate of heat transfer is not unduly 
affected. 

Another method of reducing the pressure drop 
through the evaporator is to install refrigerant 
headers at the top and bottom of the evaporator 
so that the refrigerant is fed simultaneously 
through a multiple of parallel circuits (Fig. 
11-18). However, this arrangement is not too 
satisfactory and is not widely used. While the 
pressure drop through the evaporator is low, 
this method of circuiting ordinarily results in 

Air 

Fl1. 11-17. Evaporator with split refrigerant circuit. 

• Pressure drop iilcreases as the square of the 
velocity. Reducing the velocity to one-half reduces 
the pressure drop to one-quarter of its original value. 
Then, since the length of each parallel branch is 
only one-half the length of a single circuit, the drop 
in pressure in the lower portion of the split coil is 
only one-eighth of the single circuit value. 



reducing the refrigerant velocity below the 
desired minimum so thattheinsidefilmcoefficient 
and the rate of heat transfer are also low. 
Another disadvantage of this type of circuiting 
is that the loading of the circuits is uneven. Since 
the temperature difference between the air 
passing over the coil and the refrigerant in the 
tubes is much greater across the first circuit (first 
row) than across the last circuit (last row), the 
loading of the first circuit is much greater than 
the loading of the last circuit. Hence, the 
refrigerant velocity and the drop in pressure 
through the several circuits are uneven and a 
large portion of the coil operates inefficiently. 
This criticism can be applied to some extent 
also for the circuit arrangements in Figs. 11-16 
and 11-17. In all three arrangements, the lower 
portion of the evaporator will not perform as 
effectively as the upper portion because wetting 
of the internal tube surface will not be as great 
in the lower portion. This is because the refrig
erant in the lower portion contains a high 
percentage of vapor, whereas in the upper 
portion the refrigerant is nearly all liquid. 

It is for this reason also that the outside 
surface temperature of the coil is always lowest 
near the refrigerant inlet and highest near the 
outlet, in spite of the fact that the saturation 
temperature of the refrigerant is lowest at the 
outlet due to the drop in pressure through the 
coil. 

The circuit arrangement shown in Fig. 11-19 
is very effective and is widely used, particularly 
when circuit loading is heavy, as in the case of 

Refrigerant 
out 

Refrigerant 
in 

Air 

FIJ. 11-18. Four-circuit evaporator with refrigerant 
headers on both Inlet and outlet. Crossflow of air 
and refrigerant results In uneven circuit loading. 

Refrigerant 
distributor 
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FIJ. 11-19. Evaporator with refrigerant distributor 
and suction header. Notice counterflow arrangement 
for refrigerant and air. 

an air conditioning coil where the temperature 
differential between the refrigerant and the air 
is large and where external finning is heavy. 
Notice that the air passes in counterflow to the 
refrigerant so that the warmest air is in contact 
with the warmest part of the coil surface. This 
provides the greatest mean temperature differ
ential and the· highest rate of heat transfer. 
Notice also that loading of the circuits is even. 
The number and length of the circuits that such 
a coil should have are determined by the size 
of the tube and the load on the circuits. 

For the multipass, headered evaporator, the 
arrangement shown in Fig. 11-20 is much more 
desirable than that shown in Fig. 11-18. Coun
terflowing of the air and the refrigerant increases 
the METD and permits more even loading of 
the circuits. 
11-14. Use of Manufacturer's Rating Tables. 
The mathematical evaluation of all the factors 
which influence evaporator capacity is usually 
impractical and in many cases impossible. For 
the most part, evaporator capacities must be 
determined by actual testing of the evaporator. 
The results of such tests are contained in the 
rating tables published by the various evapo
rator manufacturers. 

The method of rating evaporators varies 
somewhat with the type of evaporator and with 
the particular manufacturer involved. How
ever, the various rating methods are very similar 
and most manufacturers include, along with the 
evaporator rating tables, instructions as to how 
to use the ratings. In most cases, where the 
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Out 

In 

evaporators are rated in accordance with ASRE 
Standards, the capacity data are reliable and 
are for operating conditions as normally en
countered. 

The selection of evaporators from manufac
turer's rating tables is relatively simple once the 
conditions at which the evaporator is to operate 
are known. Typical evaporator rating tables, 
along with methods of evaporator selection, are 
discussed at the end of the chapter. 
11-15. Evaporator TO. One of the most 
important factors to consider in selecting the 
proper evaporator for any given application 
is the evaporator TD. Evaporator TD is 
defined as the difference in temperature between 
the temperature of the air entering the evapo
rator and the saturation temperature of the 
refrigerant corresponding to the pressure at the 
evaporator outlet. • 

Although more exact methods of rating 
evaporators are necessary in order to select 
evaporators for air conditioning applications 
and some product storage applications where 
space temperature and humidity are especially 
critical, ratings for most evaporators designed 
for product cooling applications are based on 
evaporator TD. 

The relationship between evaporator capacity 
and evaporator TD is shown by the curve in 
Fig. 11-21. Notice that the capacity of the 
evaporator (Btufhr) varies directly with the 
evaporator TD. That is, if an evaporator has a 
certain capacity at a 1 o F TD, it will have exactly 
ten times that capacity if the TD is increased to 

• ASRE Standard 25-56, Methods of Rating Air 
Coolers For Refrigeration. 

Fig. 11-20. Counterflow of 
refrigerant and air results In 
more even circuit loading and 
a higher mean temperature 
differential. Compare this 
arrangement with the cross
flow arrangement in Fig. 11-18. 

10° F, provided that all other conditions are the 
same.t 

It is evident that a coil with a relatively small 
surface area operating at a relatively large TD 
can have the same capacity as another coil 
having a larger surface area but operating at a 
smaller TD. Thus, insofar as Btu per hour 
capacity alone is concerned, a small coil will 
have that same refrigerating effect as a larger 
one, provided that the TD at which the small 
coil operates is greater in proportion. However, 
it will be shown in the following sections that 
the temperature difference between the evapo
rator and the refrigerated space has considerable 
influence on the condition of the stored product 
and upon the operating efficiency of the entire 
system, and is usually, therefore, the determining 
factor in coil selection. Before an evaporator 
can be selected, it is necessary to first determine 
the TD at which it is expected to function. Once 
the desired temperature difference is known, an 

t Care should be taken not to confuse METD 
with evaporator TD. According to Equation 11-1, 
the Btu per hour capacity of any given evaporator 
(whose U factor and surface area are fixed at the 
time of manufacture) varies directly with the 
METD. However, assuming that the refrigerant 
temperature and all else remains constant, the 
METD between the air passing over the evaporator 
and the refrigerant in the evaporator will vary 
directly with the temperature of the air entering the 
evaporator. That is, if the temperature of the air 
entering the evaporator increases, the METD 
increases. Hence, the METD varies in proportion 
to the evaporator TD and, therefore, the capacity 
of the evaporator also varies in proportion to the 
evaporator TO. 



evaporator having sufficient surface area to 
provide the required cooling capacity at the 
design TD can be selected. 
11-16. The. Effect of Coli TD on Space 
Humidity. The preservation of food and other 
prod.ucts in optimum condition by refrigeration 
depends not only upon the temperature of the 
refrigerated space but also upon space humidity. 
When the humidity in the space is too low, 
excessive dehydration occurs in such products 
as cut meats, vegetables, dairy products, flowers, 
fruits, etc. On the other hand, when the humid
ity in the refrigerated space is too high, the 
growth of mold, fungus, and bacteria is encour
aged and bad sliming conditions occur, particu
larly on meats and especially in the wintertime. 
Space humidity is of little importance, of course, 
when the refrigerated product is in bottles, cans, 
or other vapor-proof containers. 

The most important factor governing the 
humidity in the refrigerated space is the evapo
rator TO. • Thesmallerthedifferencein tempera
ture between the evaporator and the space, the 
higher is the relative humidity in the space. 
Likewise, the greater the evaporator TD, the 
lower is the relative humidity in the space. 

When the product to be refrigerated is one 
that will be affected by the space humidity, an 
evaporator TD that will provide the optimum 
humidity conditions for the product should be 
selected. In such .cases, the evaporator TD is 
the most important factor determining the 
evaporator selection. The design evaporator 
TD required for various space humidities is 
given in Table 11-2 for both natural-convection 
and forced-convection evaporators. 

In applications where the space humidity is 
of no importance, the factors governing evapo
rator selection are: (1) system efficiency and 
economy of operation, (2) the physical space 
available for evaporator installation, and (3) 
initial cost. 
11-17. The Effect of Air Circulation on 
Product Condition. As stated previously, 
circulation of air in the refrigerated space is 
essential to carry the heat from the product to 
the evaporator. When air circulation is inade-

• Some of the other factors which influence the 
space humidity are: air motion, system running 
time, type of system control, amount of exposed 
product surface, infiltration, outside air conditions, 
etc. 
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quate, the capacity of the evaporator is de
creased, the product is not cooled at a sufficient 
rate, the growth of mold and bacteria is encour
aged, and sliming occurs on some products. On 
the other hand, too much air circulation can be 
as detrimental as too little. When the circula
tion of air. is too great, the rate of moisture 
evaporation from the product surface increases 
and excessive dehydration of the product 
results. Excessive dehydration can be very 
costly in that it causes deterioration in product 
appearance and quality and shortens the life 
of the product. Furthermore, the loss of weight 
resulting from shrinkage and trimming is a 
considerable factor in dealer profits and in the 
price of perishable foods. 

The desired rate of air circulation varies with 
the different applications and depends upon the 
space humidjty, the type of product, and the 
length of the storage period. 

With respect to product condition, air circula
tion and space humidity are closely associated. 
Poor air circulation has the same effect on the 
product as high humidity, whereas too much air 
circulation produces the same effect as low 
humidity. In many instances, it is difficult to 
determine whether product deterioration in 
a particular application is caused by faulty air 
circulation or poor humidity conditions. For 
the most part, product condition depends upon 
the combined effects Qf humidity and air 
circulation, rather than upon the effect of either 
one alone, and either of these two factors can 
be varied somewhat, provided that the other is 
varied in an off-setting direction. For example, 
higher than normal air velocities can be used 
without damage to the product when the space 
humidity is also maintained at a higher level. 

The type of product and the amount of 
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exposed surface should be given consideration 
when determining the desired rate of air circula
tion. Some products, such as flowers and 
vegetables, are more easily damaged by excessive 
air circulation than others and must be given 
special consideration. Cut meats, since they 
have more exposed surface, are more susceptible 
to loss of weight and deterioration than are 
beef quarters or sides, and air velocities should 
be lower. On the other hand, where the product 
is in vapor-proof containers, it will not be af
fected by high velocities and the rate of air 
circulation should be maintained at a high level 
to obtain the maximum cooling effect. 

Recommended air velocities for product 
storage are given in Tables 10-10 through 10-13. 
11-18. Natural Convection Evaporators. 
Natural convection evaporators are frequently 
used in applications where low air velocities 
and minimum dehydration of the product are 
desired. Typical installations are household 
refrigerators, display cases, walk-in coolers, 
reach-in refrigerators, and large storage rooms. 

The circulation of air over the cooling coil by 
natural convection is a function of the tempera
ture differential between the evaporator and the 
space. The greater the difference in temperature, 
the higher the rate of air circulation. 

The circulation of air by natural convection 
is greatly influenced by the shape, size, and 
location of the evaporator, the use of baffles, 
and the placement of the stored product in the 
refrigerated space. Generally, shallow coils 
(one or two rows deep) extending the entire 

length of the cooler and covering the greater 
portion of the ceiling area are best. As the 
depth of the coil is increased, the coil offers 
greater resistance to the free circulation of air 
and the METD is thereby decreased with a 
resulting decrease in the coil capacity. Since 
cold air is denser than warm air and tends to 
fall to the floor, evaporators should be located 
as high above the floor as possible, but care 
should be taken to leave sufficient room between 
the evaporator and the ceiling to permit the free 
circulation of air over the top of the coil. 

For coolers less than 8 ft wide, single, ceiling
mounted evaporators are frequently used. When 
the width of the cooler exceeds 8 ft, two or more 
evaporators should be used. In coolers where 
there is not sufficient head room to permit the 
use of overhead coils, side-wall evaporators 
may be used. If properly installed, these will 
function with approximately the same efficiency 
as overhead coils. Typical overhead and side
wall installations for large storage rooms are 
shown in Figs. 11-22 and 11-23, respectively. 

In small coolers, baffles are used with natural 
convection coils to assure good air circulation. 
The baffles are installed in such a manner that 
they aid and direct the free flow of air over the 
coil and throughout the refrigerated space. The 
cold and warm air flues should each have an 
area approximately equal to one-sixth or one
seventh of the floor area of the cooler. Assum
ing that the flues extend the full length of the 
fixture, the width of the flues will then be 
proportional to the width of the cooler. Since 

Fl1. 11-n. O'lll!rhead installa
tion of natural convection 
evaporator. Evaporator has 
cast aluminum fins. (Courtesy 
Detroit ice Machine Company.) 



fl .. 11-U. Sldo,..JI lo11aiU.. 
don o( nat:ural con.vecdott 
"""po<ll"''· (C....nayOotrolt 
leo 11&dllho Company ) 

warm air has a grearcr specifiC volume lhan 
cold olr, some: manur..,tunen RCOmtn<nd thot 
lhe warm o.ir nue be a little larger than lhe eold 
air ftue. In Fig. 11-24,lhe width or the eold air 
Due is equAl ro W/7, whereas rhe w;.jlh or the 
warm air ftuo is equal to Wf6. The dls.tance (A) 
from the coli to the cdling should be approxl
matdy equal to the w;.jJb of the warm air nue 
and never le$s thin 3 ln. Vertioal $Ide baffles 
should cxrond approximaldy I in. above and 

... ~ 11 ·14.. Typla.l t.ffte t.rntiJeM.nt for ttnural __ .,..L 
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3 10 4 ln .• below the eoil. The horitontal bclftlcs 
or coli decks should slope I to l in. per foor to 
gi•-c cllrection to lhe eold air now and to drain 
oft' the: eondensarc. Also, 1hc: eoll decks must 
be insularcd so th.at mobtui'C does not eonclense 
on the undc.IIUtfacc of the deck and drip off on 
the product. The dimension (B) is 4 ro 7 in.. 
Wbci'C&s (C) is U<Ualf)' 2 tO 4 in. 
11-19. Coll-anci-SaffteAsHmblles. 11>cavaiJ. 
a.bnity or factory·buih eon.and-bellle assemblies 
has pnacllcally climlnaled the need for the 
custom building of bellies on lhe job. A typical 
rea.dy built eoil-&1<1-ballle assembly is shown 
In Fig. 1 l·lS. Slooc these assemblies are 
avuilablc in a wide variety or sa.cs and comb!na· 
tioos (..,. Table R-1). !boy can be readily 
applied to almosl any natural eon•-..ctlon 
application. 
l l·lO. Ratl"'andSelectlonof Natural Con
ve<tlon Evaporators. llaJic eapaclty ratings 
for natural eonVCCI!on evaporators, both prime 
surface and tinned. are normally cJ""" in Bru/hr/ 
• F TO. Ho...._, in some instances, where it 
will simplify evaporator $election, capacity 
ratings are pvcn for TO's olhcr than 1• F. 

For the eoll-and·ba.fllc assemblies mentioned 
in the pi'C<cding scc:tion, lhc ratings given 1l1'e 
per Inch of !Inned length. For bare pipe CV11po
ntor~, the ratings given ate per oquare root or 
external pipe surface, allbougll io some: instances 
bare pipe evaporatorw are raled per lineal foot 
of pipe. 

Ratings ror plate evaporators are given per 
oquue roo• or plate surface. Bolb sides or lhe 
plarc are con$1dcrcd when onmputin& the area 
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fll• II.U. N"u.W ..., .... 
,...., coll..,.,·bolll• ....... wr. 
{Court"'Y Ounllom·ll<nh, Inc.) 

or lho plate Frequently, raunp for pla&c 
evapora10n apply 10 an "'""" plal.e or 10 a 
~ poup or oombinatioo ol plates. 

Typical ratinc data for •'&riolls types or 
natural convection C\11poraton are &'Yell in 
Tables R·l throu&b R·7. Tbc - or lbac 
nunc data In the adcction or the various types 
ol C\11poraton '' best olluwatcd throu&b tbc 
'*' or a wia or e><amples. 

lxample 11·1. Select a natwal convection 
coll-and·bellle wembty (Fig. 11·2.$ and Table 
R·l) for the Yepble ttorate cooler in Example 
10-11. 

Sol~ti<Ht Since tbe captodty minp for this 
1ype ol evaporator arc &i•~ in Btu/bt/'F TO{m. 
Of fiMocl lcn&th- tbe Rquircd C¥aporatot c:oa...
aty mUll be Rllluccd 10 this .Vue bdore a 
tdoctoon can be made r.- the ratinc table. 
Alao, reaD thai 1 notural con...aion C\11porl
tot lbotlld cxl.end almost tbe run kn&lh or tbe 
cooler in ordtt 10 usutcadcqual.e air cuculation 
IU'OWld the product. 

From Example 10-11, 
Inside domenslon or cooler - 17 (I x 9 n 

R"''ulrocl cvoporator 
CI!*'IY (aYcrlp hourly 
coolin& load) - 8.SOO Btu/llr 

From Table 10-11, do-
alrocl IJ*IC hwnlcUty for 
milled vecctablc I!On&e - Approx 87 X 

From Table 11·2. deol&l' 
C\11poralor TO Rquircd 
for 11X RH - 14• F 

To dclcnNnc opprolll. 
mate finnecllcncth ""'Uimm: 

OYer-all len~ o( 
cooler <in&idc> - 11 n 
Allowtn& 1 n on each 
md or e. .. porator for 
WO<ItinJ spoco. tbc 
approxlmlte over-all 
lencth ol tbe evapo-
rator ls(aec F'~&- 11·16) 
(17 n - 1 n) - u n 
Acconlin& 10 the 
manufatlurer't sped-
flcallont (Tobie R·l), 
the o•er-all ~ or 
lbc cvopora1or 117 in. 
lonp than lbc actual 
finried lencth. HcnciC, 
tbe . 

~deshd -14R3in. 
tS (IS n - 71n.) or 1111n. 

To determine lbc ttqulrcd capecity in Btu/Ill/ 
F TO/ill finned lcnp: 

Rcquorocl evaporator 
copoaty pet • P TO 

_ Tocal.~vaporatorcapaaty 

Oc&i&n ~porator TD 
8j()() Btu;hr -14• FTU 

• 601 Btufhrr F TO 
Requited capacity 
(Btu/llrr F TO/Inch 

• Required capadty pet 'PTO 
Desired finnecllcn&th 

• .,607;;-:,.:;B;_;;•u;::,; h;;;r.!;/ ,.;F;.,..TD~ 
171 ln. finned lcn&lh 

• 3.5S Bw/hr/" F{Uidl 



B«a11te oe the width or the coo1c:r, a r-. 
eccuon evaporator will &h-e lhe belt raults. 
Rtfen:nce 10 Table R·l indi<atct lh.tt Model 
#PK· 16 with two fins per anch (l·in. 6n lpKonS) 
hat I Cllf*IIY of 3.6$ 81uihr/ F/in. 

Uilng this model evaporator, the required 
finned length iJ 

607 Btu/hrr F TO 
3.6$ Btu/hrr F/in. - 166 in. 

Tbe oYOr..U lengUI oC the evaporator is 173 
In (166 ill. + 7 in.) and, """" lbc oYOr·aU 
length of the coolc:r Inside 11 204 in., the 
cleanncc between the evaporator and lhe cooler 
wall II '*'> end is I S.S in. 

The width or the cvapon1or &hould always 
bo chcc:.kcd apinslthc widlh or lhc cooler to be 
turo that the evaporator can be lrutallcd In the 
space on ........sanoo wilh 1he manufoctum's 
ru»mmcnclations. For cvaporatort of this 
type. lhe manllfaaum ~ lh.tt the 
aide or the evaporator be not leu than 6 1n. nor 
11101e lh.tn 12 in. from lhc cooler wall (Wlllla· 
~ dunalsion A oC Table R· l) and lh.tt !be 
dilllnoo ..._ lhc """ IIIC1Jons or lhc C\-apo
ra•or (dimension C) be not lctllhan 6 in. nor 
moro thin a n. 

The maximum allowable evaporator widtb 
can bo dcletmincd by subtra<:tin& !he minimum 
or dimcllllont A and C from lhc inllde 1\Jdth or 
the coolc:r, vi%: 

Mwmwn width oC cvapontor • Inside 
,.idlh or cooler - (A + c + C). In thlt par
ticular cue. lhc maximum allowable width of !be 
cvaponotor Is 

1118 in - (6 in. + 6 in. + 6 in.) • 90 in. 

Since lhc combined width or the ,.., tcetiOM 
of evaporalor, Model #PK·l6, It only 36 in. 

.._...,.., _ _ ,r ----1 

l E·-·--... .....,_,,.__, I 
IT lr'j 

IJI ... II~ Arn.nt•m•n~ of r.aturwl con.nc.don 
ovapon1.0n In ,......,. coolor (1M Examplo 11·1). 

·~ -rl6' 
IT 

l (- 1r 

l!r ar 

I (-- Jr 

IT 

FIJ. lt•%7. Arnl'&ement ql rAtunJ COlo• c.1JOft 
..._.._ ........... coolor ,_ &-plo 11-t} 

(18 ln. >< 2), !.he evapono1or is suillblo for lhc 
cooler. A 1op:a1 amtn£Cmt111 or 1hc ,.., 
evapora1or aectlonJ in !be cooler It sbown In 
Fl&- 11·27. 

To order lhc cvaponotor. spoc:ify lhc model 
number, ftn spaanc. and finned length, viz: 
Model #PK-16.3-166 in, 

Non. To avoicl_,..,vcly lone evapora10ra. 
wblcb arc U>COnWI\ICIIt 10 &hip and IOIWI. a 
multiple oC evaponotors should be used in latp 
coolers. Typical lrrln£Cmt11U ror 1arco coolcrt 
arc sbown in Fie. 11·28. Thctc arrancemm11 
aro also suitable for plate bonks. 

bampl• 11·2. usrn, ,..blo R-3, scloet 
plate evaporators (banlcs) for cdiinJ installation 
In the loclter room o( EJwnp1c 10.16. To Ul\lte 
pel alr circulatiOn In lhc locker 1'0001, Mloet 
0\'lponllOrl (or aU FTO. 

SDhdltM. ~ oC room dlmenllon& 
{31U n " 16 R) indicata 11w rour 10 six evapo
I'IIOn (t- Of lhrce bal>ks imtallod cnd.to
end over each alslo will be .-led t.o p<OVlde 
~ ccllin& ~ and adcqUlllc air dtstrl· 
6ution. Rd- to Table ll·3 will &bow lh.tt 
plate banks aro avallablo in stock len&ths oC 
JOlin. (9 n) and I <Win. (1211}. Throe banks 
108 in. lone (a 1o111 oC n n) or,.., banks 144 
ill. 1onJ (a total o1 24 n) c:oold be llllllllod 
end-10-<ftd oYer '*" alslo and allow adequate 
.-tin& dcaraoce at the eods. 

Siftce lhc bal>ks arc alrco4y rated at lhc c1o11cn 
TD o( U F, the ratmp can be used dlRctly and 
the required capecity per bou>k can be clela
mlncd by dlvldlnJ !.he lOW bourly eoobnc load 
by the desired nwnbcr or plate banJcs, viz: 

Requi...Scapachy • Totalcoolingload CBtu/br) 
per bou>k (Btu/hr) Nwnber or banks &;ired 
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lD Ibis lnstan<e, the capacity requited per bani< 
is 

or 

2A,6'0 Btu/br - 4108 Btu/hr/IS' f'TO 
6 banla 

24·:~.~~/hr - 6Hi2 Btu/hr/.,. P TO 

Referring to Table R·3, we - that plate 
bank, Model #$-12106-B. has a eapacity of4320 
Btu/hr at a IS" 1' TO whm opcntin' below 
32' F (frosted). 11Us wUI permit &oocJ COYml£0 
or the cciJin& and at the wne time allow wffi. 
citnt working space at the ends or tho banla <
Fig. 11-29). 

ln ordering the evapontort, apcci(y rcfrig· 
et1lnt and tbe type or c:onncct)ona' tleslrccl 
(strics or manifold), viz: 

Model ~12144-B, aeries connected for 
Rdrigenant-12. Notlc:c (Tab~ R·3) that tile 
manufxturcr specifies Lhattwo rcfripantllow 
controls sboWd be used "'"b .cb bani< for 
Refripant· 12, wbcreas only ooc lll*dcd wbal 
ammonia is tbe n:ftica'anl. 

Example 11-1. From Tablo R~. ldeet a 
~~and assanbly for tho frealn& cabiftct in 

pie 10.16. The iouide dlmeoslons of the 
cabinet arc 28 in. x 90 in. and the frco.lng load 
is 4S90 Btu{hr. Base plate adcetlon on 10' F 
TO. 

..____ .....JI ~.-1 _ _.~ 

I I 
Pia. 11·2&. Typlal arranaementa for natural con· 
vealon evaporttor1 1, llfll coo4tn. 

S<>lutlo!t, Jnspcc:tlon or T>ble R-4 will show 
that the ratlnp or the plat!>1ltand assemblies 
arc baaed on a I s• P TO. Since the deslgn TO 
in this II\SlanCO Ia only 10• F, it is necessary to 
determine tho CtlpACity the plate mu.u have at a 
I s• P TO In order 10 have the desired des.lgn 
TO of 10' F. This I$ accomplished by dividing 
t.hc average hourly load by the desi(!,n TO of 
10' P and then multiplying by the ratmg TO of 
IS' F, vb: 

4$90 Btufhr X IS' F = 68IS Btll/hr 
10 F 

Thus, It Is detc:rmined Lhat an evaporator having 
a capacity or 688$ Btu{hr at a IS' F TO will 
have th~ deslrcd captiCity or 4590 Btu/hr at the 
design TO or 10' 1'. Th.s value can then be 
used to .. 1ec1 the plate at•nd directly from the 
ratlng table. 

By rc(errin' LO Table R-4. plate atand, 
Model #7·22&4-S, "'hlch is approximately 26 in. 
wide and U in. loa& (indud.ng piping connco> 
tlonl), wUI lit the 'f._,. cabiDCt and has a 
c:apecity o1 71«1 lku/bs •• • JS' l' m (4760 
8111/hr at 10' F TO). This provides a ....U 
aafcty fiClot and is tbtrd'on: satisfactory for 
the application. 

Alttnwue SoluJkM. A rul< of thumb used In 
tclecling plato (noozen for locker plant appli· 
cations 1s to allow O.S sq ft of plaLC swfoce for 
each loclc.er. 

Allowtng o.s tq nor plate sutflocc per locker 
per day, the plale llltfa<X required in Ibis -· 3Sl loclc.en x o.s = 176.5 sq n 
By rcferrinJ to Tablo R-2., the plale whlcb beA 
6ts the cabipet, Model #2.284 (22 in. X 84 in.), 
has a surfaoc area (bolh sides of plsLC) of 27.24 
sq n per plato. Therefore, seven plates of 
thlJ aizc arc required, Seven plates have a total 
capacity of 7140 Btu/hr at a IS' F TO or 4760 
Btu/hr at a 10' F TO . 

Eumple 11-4. Assuming a space tem
perature or o• p and a refrigerant temperature 
or -17' F (17' Pevaporator TD), determine the 
lineal foct of 11 ln. Iron pipe reqllltctlto handle 
the cooling load on the locker room In Eum.p~ 
10.16. 

Solutio•. By referring to Table R-6, Jhe 
capacity per square foot or pipe (outside surface) 
at Jhc given COIIdillons Is l.S Btu/br/' F TO. 
To determine tho square feet of pipe aurfaco 
requlml, divide Jhe •-age hourly load by Jhe 



PIJ. II..Jt. l•n•llatlon of ploto 
Mllb ,. - plaot (No 
Exampt. 11·2.) 

e&paciLr per sq~ fOOL per degree TD and by 
lbo design TD, vu:: 

Capacity Rqulrecl (Btu/ht) 
Pipe capociLy (Btujbr{aq 0{' F) x TD 

• Pipe surface (sq 0) 

In this instanCe, ibe square feet of pipe surf..., 
Rquin:d is 

24,650 Btu}br • 966 n 
,, " 17 aq 

ffi 
I'd' erring to fible R·7, 2.3 lineal 0 of li in. 

pe equab 1 aq n of cotlml&l pipe '"""""· 
enc:c, the lineal feet of li in. pipe requin:d Is 

966 " 2..1 - 2220 n 
11·11. Forud Cotmoctlon EY11p0rators. 
Forotd ""'"'«tlon evaporaton, commonly 
c;oJkd ''Unit coolcts" or "blower coils" in c:om
muc:ial rd'rige..alloo, ~essentially finned coils 
encased in a mcral housing and equipped wilh 
one or more rana to proYidc air circulation. 
Some typical unit ooole(s an> shown in Fig. 
11·30. 

The lo141 cooling capacity or any evaporator 
is dirccUy ~.lal<>d 10 tho air quanlily (dm) 
c:ltculated ovu !he cvapon.ror. The air quantity 
RqUin>d for a Ji""'1 evaporator capoclty 
is bil.$k:ally a funcdon of two fllCton: (I) tho 
scru:iblc beat ratlo and (2) !he drop in !he 
temperature of ibe air passing over Lhe evapo
ra!Or, viz: 

Cfm • 
Toral capacity (Btu{hr) x tcnsiblo heal ratio 

Tempera lure: drop of the air x 1.08 
(II·S) 

The -.lblc h<oa1 ratlo Is lbo ratio or tho 
-slble coolfng capacity or the evaporatOr 10 
the total cooling capacity. Wbm air Is cooled 
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below its dew point tcmpcrah•re, both tho ~m>
pcralu1'8 and tho moislureooolenl or the air &1'8 
red~ (Cbapk'r S). The lcmpcracure 1'8duc
tion is the resu.ll of sensible cooling. whereas Lhe 
moisture removed is the rault of lalcnl cooling. 
Hmec. for an evaporator having a lOW cooling 
c:apocity or one ton (12,000 Blu{hr) and a 
acnslblc heal raLio or 0.8S, tho acnsiblc cooling 
capaciLy or the cvapona!Ot Is 10,200 BLu{hr 
(8S Y. or 12.000), whereas !he laldlt cooling 
capacity Is 1800 Btu{br (12,000 - 10.200). 
N•turally. 1he tcnsiblc h<oat rado of any 
evaporator ,.;u d<J>o'nd upon the conditions or 
the applleatlon. the deSign of lhc cvapon.!Or, and 
the air quantily. A·n &\'Ctllt;e acnsiblc heal rallo 
for unit coolers Is appro>limllctly 0.8S. 

As a general rule, lhc air tempcracure drop 
through a wdl-<l<signed unit cooler is approxl· 
m&IA:Iy one-balflhc diiTerc:nc:c bclwccn lhe$p0ce 
1cmpcra1ure and the ~rrigerant lcmperaturc. 
For cumple, for an evaporator TD or 100 F, 
!he afT lcmperacure drop chrough the unit 
cooler should be approxlmaCA:ly s• F. 

The constant 1.08 In Equation 11·5 is a con· 
wrslon factor involving air dcruicy (0.7S), air 
spocitk: bcac co.2.4 Btuflbr F). ""d mlnuta per 
bout (60). • 

&ample II..S. Detaminclhc approximace 
qoaruity of air (dm) circulated over a unh 
cooler having a capacity of 20,000 Blu{br if the 
&cftS!blc beat raclo II 0.85 and Lhe dc:sl'" cwpo
ratot TD Is 15• F. 

Sl>lurll»t. Apply· 20,000 Btulbr x 0.85 
log Equation 11·5, • 1.5 X 1.08 
lhc ali quantity • 2100 dm 

As a gtMRI rule, air vclocitlea &ct'OIS the (IC'e 

of unit ooolcn are mainrained bel...,., 300 and 
• s... Soc<loo 14-4. 
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Fir. ll·lO. Typical untt cooler deslanJ. Nottce that cooler dNIInl an •uch that the air is not dU:charged 
directly on the no ... d ptodu«. (Counuy Ounham-8uJh, Inc.} 

SOO ft per minute (fpm). Although nigher 
velocities will result in higher transfer cocffi· 
cicnts, they arc not usually practical since they 
also increase fan horsepower requirements. 
When the fan horsepower is increased beyond ~ 
certain point, the additional heat given off by 
the fan motor resulting from the locmuc In 
horsepower will exceed the increase In unit 

coole~ capacity resulting from rugher air 
vcloclllcs. Hence, the net effcet in such cases 
is to dccreuse, rather thnn increase, the over
all capru:hy of the unit cooler. Too, where 
the llir vclodty exceeds 500 fpm there is a 
tendency for moisluno to be blown from the 
r .... of the con into the space and onto tbe 
product. 



The air wlocity (fpa) owr tbc cvapcntot II 
a 1\aodion of the air quantity (dal) IUid tbc r..,. 
arao or the cvapontot ("'! n), viz: 

Vdocity (fpnl) _Air qiWlllty (dm) (II~ 
FICC&rca("!n) 

Example I 1-4. Determine tbc f..,. 1n1a of 
O.CC\'IIpontot In E.umple II·S iftbcf..,.wloclty 
ilto be malntai!Mid at J.SO rpm. 

S41Mtlolf. By RI&IT1lllpngancl _ 2100 dm 
applying Equation 11-6, the J;01Iiiii' 
r ... ._ - 6 "' ft 
11·21. Ratl"' Mel w~ of Unit Coolen. 
Basie ratinp for unil coolers aR pYCn i4 Btufbr/ 
• F TD For convenience. -una rallnJI 
.,.. &iYCn for 10' F ancl IS" F T0s. 1U tn tbc 
cue of oatutal coa..aion cvapcnton, the 
clcsl&n TD f« unit coolcn J f nda pnnw.nl)' 
00 tbc~J*ehw1licltty ""l\IIRIDCOIS. lnco-aJ. 
for any &JWftlpecc bumiCbty, tbc dalcn TD fot 
IIDit ClOOicn • about 4 • P to 6• F Ita !ban !MM 
.....S fot nalllral coa-ucn C\'8J'OftiOn <
Table 11·2). 

s.ncc Ole a.r quanuty Is usually liMd by the 
fan 1tloetion at the time of manufacture, rcaJJt. 
atlon of tbc .. ~ cepacity will ckpc:nd prtmarily 
upon whdbct or not the coil it kept IQtonably 
free of ftolt by adequate ckfrosting. When tho 
1pece Is maintained btlow J4• F, 10mc tnCIUil of 
automatic ckftoltlng must bt .....S <-Chi pier 
20). 

fit. II .JI. Sua•- lor 
locatloft of .... ....... to 
Wllk"• nltil tniOn. (f.
tk AW 0... -. Dooqo 
va~...... 1957-$1 odltlo<l, ,.. 
prodw<*l l>y pormlulon of tbo 
AmetiWI Sodocy of HoattnJ. 
lloftiaora•t•a and AII'Condl
tlontna e., ....... , 
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Example I l-l . From Tabk R-1, JitlcQ a 
forced con.-- C\'llporat<W (UIUI cooler) 
lllttablc f« Ulltailation lila botr ltCJn&'t cool« 
bav'"C a calt:ulatecl beat load of 16,~ Btu !hr. 
S&nco 1f*1C humidtty il - 1 fiCIOt, - 10' F 
TD f« hiJII l)'ltan cllidutcy. 

$4/MtiOif. From Table R.S,Itlcct unil cool« 
Model NUC-180 bavlng a capec:ity or 18,000 
Btufhr ala 10• FTD. Smcc tbc unil ooolcr fan 
motor operates lnslck tbc Rfrigcnteclspace, the 
motor beat becomes a par1 or the space coolin& 
load and must beadckd to tbc 104d celculatlons. 
From Table R·8, tbc btat given oil' by tbc fan 
motor Is 24,000 BIU/24 hr. Since tbc fan oper· 
aiel conllnuOUIIy to provide air cin:ulallon In 
o.c mnca-tecS~pecc. while o.c a-.ge 11o11r1y 
cool&n& load II bued on a 16-br running tune, 
Ole a-.ge Btu per bour load '-'l.lliC from 
tbe fan - .,_, II 

24.000 Btu/24 bt soo 
16 bt - 1 Blulbt 

Hence, wbcn tbc fan motor heat Is conslclerocl, 
tbc awt'lge hourly c:ooling load ror tbc botr 
coakr boeo.na 18,100 Btu[hr (16,600 + ISOO). 
Slnco tbc unn coakr adecled has a capacity or 
18,000 Btu/hr. h will bt ackquatc for the 
applic:atlon. 

Supted '-dons for Wlit coolen In walk· 
In refrigerators ara ahown in fl&. 11- 31. 

,v, 
• • 
··~ 

,.,, ~ MU 
• a..;• :...-.:•:;._j 
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ll ·ll. Uq.,ld Chllll"' l...,.raton. At ..;th 
a.r.coohng cvaponun, ltqllld chlllinC cvapo
raton vary in type and dcsipl t~Ca~rdUIC to tt. 
type or duty r.,.. whic:h they are ant<:ndccl. Five 
pw:ral 1ypes or liquid c:lllllm arc In common -= (I) lhc doubJe.pipccookr, (2) tt. Baudclot 
cookr, (3) lhc tanJ<.lypccooief. (4) tt.llldl-and· 
ooU cookr, and ($) tbe lbell•nd-tube cooler. 
In all - tt. faeton which lnlluencc tt. 
performance or llqu.id cbillen are the aame u 
m- .. -blc:h &O>Un tbc pcrfotiii&IICIO o( alt. 
cooboc cvaporaton and all Oilier beat trusl'er 

bea4en and are ~ toccthct 11'/ ,. 
movable rctW'tl bends (inKt). The advantap 
dalmod for this unit are rigid oonstN:tion, lhc 
elimination or n:l'ri&mult joints. and ctiS)' 

ICCCU!bllity of the Inner tube$ for clcanin&· 
OoubJe.pipo coolm may be openat<:d cilhcr 

dry-expaoslon or llooclcd. In ell.bcr cue-. 
c:ount<:rfkwo~nc or the ftwds '" tbc tubea pro
duca a rdati~y hlp beat tn~ns!cr ooclllcient. 
HovoeYer. IIIla typo or cooler bu lhc diladvan· 
tace r~ requlrinc more ...,.. porticWarly head 
room, than - o( the Other cooler clellp. 

Clarmlt ~live tlcsJ&n val- o( beat transfer ~(>ll!icieut 0 bued oo 
oulllde Jlll'face for bare tube coolera, unlcu IDCI!tloned ol.bcrwiJc, ore u 
follows: Min Max 

FloOOed abell.and-tubc cookr (water 10 ammo.U. or R-12) 
FloOOed &hcll .. nd-llnncd tube hip velocity R·llwat<:r oookr 
FloOOed abclt..od·IUbe cooler (brine 10 ammonia) 

50 
JO 
4$ 

ISO 
150 
100 

FloOOed sbdl-aDd·tube cooler (brine 10 R·ll) JO 90 
~ lbell.-nd·tube cooler, R· l2 in tuba, water in abell 
Bauddol cooler, lloodcd (ammonia« R·l2 10 watA:r) 

50 

100 
liS 
200 

BaudciOt cooler, dry-Gpansion (*""->aa 10 walet) ~ 150 
Baudclot cooler, dry-Gpansion IR· IliO wat<:r) ~ 120 
Ooubte-ppc cooler (wat<:r to ammonia) 50 150 
OoubJe.pipe cooler (brine to ammonia) 50 12.5 
Sbcll-and.coil cooler (water to ammonia) 10 2.5 
Sbcll..and.eoil cooler (water to R·l2) 10 2.5 
Spcay-typc abell-and·Wbe water coo1<ra (ammonia or R·l2) 
Tank-and..acitator, ooiJ.rypc wat<:r cooler, ammonla, lloodcd 
T&Dk-and-a&Jtator, ooiJ.type water cooler, R·l2 lloodcd 
Tank. ammonia, bnoe ooolinc. ooilll bctwCim can in leo tank 
TMt. bleb 'ldoaty ,_.....y type. IinDe to ammonia 

150 
80 
~ 
IS 
80 

2.50 
12.5 
100 
40 

110 

fltt. II.D. .._ .,.,.,., -.,u lor .,.,_ 'YI* M 1~ttu14 cl>ftlen. (Ropnntod 1.- ltss-56 
AW O.C. -. by ,......,..loft ol tho AIMI1<an Society M H.Unc. RtlrtaoratltiJ. and Alr.co..dtU...IIIJ 
lnlt ...... ) 

...,-racea. Heat transfer ooclllci<nll for averat;c 
dclllp or tome or the vvloul chiller 1ypca are 
hstod In tbc table in Fie. 11 ·32. 
11-lA. Dotow.t'lpe Cool.,.._ The doublo-plpc 
cooler oons1sts or '- tubea 10 arranp that 
one tube Is ~ tbc Oilier. The chilled lluld 

flows in one - throu&fl the - Wbc 
while the rdrit;crant flows in the oppc*tc 
direcllon lhrouch the annulu If*"' bel- the 
inner and outer tubea. One ~ or a doubJe. 
pipcc:oolcrlsshown in Fie. 11·33. lnthlsdeslcP 
the outertubea ore welded to vertical rcfrfpan.t 
beadcrt wlu'lo the Inner tubea pa• throu&b the 

For this reason, the double-pipe cooler Is uted 
oolyln-fcwspcclalopplicallotll. A number 
bave been UJed In the witle-maklnc and brcwlnc 
b>dustriel to chill wine and won. and In the 
pcuo1eum llldustry few lhc chiWnc or ot1a. 
I 1·25. •·.,delot Co olen. The Jbudt:loc coo._ 
shown in Fl& lt·.K oooslsu of a .no. or hort· 
-.tal plpa wbleb are located one under the 
Other and are oonneciCd 1ogetbcr 10 form a 
rcfriccrant drcwt or c:iJalilS. For cll.bcr dry· 
expaNion or lloodod open~tion, lhc rcfrit;crant 
Is clrculatod throu&l> lhc inside of the tubes 
while the chllled liquid Oowr in a thin film over 
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Fla. II·». Ooulll<l ~pe - · ~111<1 retum bond> (r1c'lc) "" dellanod 10 mtb wbo I'Oidlly -·Ill• lor ~ (C:O..IUIJ' VII- Honu!ocurrlnr c-pMy.) 

lbc ouiSidc. The liquid flolo"S clown OYer lhe 
tuba by pa"tY from a clasuibul« located at 
the lOp of the cooler and il coll<ctalln a trou&h 
at the bonom. The fOCI that the chilled liquid 
Is atatmo.pllerie f"'SSU1" and Is opon to the air 
makes the Baudelot cooler Ideal fot any ltquld 
chllllna apphcauon whete aeration Is a ractot. 
'The Baudclol chiller has been widely U1Cd for lhe 
cooling or mille, wine, and .. -. and rot the 

Pia. 11..)4 S.udoloc coolor 
""Pio)'ed In mllt.-llna 
appliQtlon. (Cou1'141y Dolo 
Rolrtaenclna Compony.) 

chn11111 of ... tU for c::utooc.tiott 1u bouhnc 
pt.nb. Wrth tru.. portlcWac type or c:biller it il 
IIC*'ble 10 chill liquid 10 a la'llpci'&IUre -, 
~ 10 lhe freaina point without the dan&" 
or dama&inc the equipment ir occasional 
rR>Wn& or the Uquld occurs. 

Another adva.nll£0 or lhe Baudclot cooler, 
and one wttlch il sbarecl by tbc doubk>plpe 
cooler, Is that the rcrtlr;uant circuit is resdlly 
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Worm liQuid ., 

~-.:.:::::..:R~ -split into 1C11eral pariS. a c:iraunswlo:e wblch 
permits prccoolinr; of the chilled liqWd Willi 
cold water before the liquJd eaten the direct· 
~ ponion of the cooler (!ICC Fir;. 17·34). 
11·26. Tank-Type Coolers. Tbc tank-typo 
liqWd clullef consiru CSKD!Wiy of a bare-tube 
rdripant coil mstalled in the cmter or at one 
side or a large ~tccl J&nk ... h.m con~ns the 
c:hilleclliquid. Although completely JUilmerf:ed 
in the chilled liquid. the ~rrl~rant coil is 
separated from the main body of the liquid by 

Fla. 11 ·35. Typical construe· 
don ol unk·cype liquid cooler-, 

a bailie anan~mmL As shown in Fir;. 11-lS, 
a mo10r dnven ar;itator is uuliud to circulate 
the dllllocl bqWd 0\'Cf tlko coolin£ coil at 
rclali'"Ciy lllr;h '"Clocity, usuany bctw<c:o 100 aad 
uo n pet minute. the liqtud being drawn in at 
one end of the coli compartment .md ~ 
al the other end. 

Tbc 1poral·lhapcd. belo-tubc coils montioocd 
in S«tion 11-4 and the l'lt<XWa)"·type con illll$
lralcd In Fig. 11·36 an: two coil designs fre
quently employed In tank-type c:hilkrs. Witb 



either dcllcn lhe coils are oponwd flooclcd. 
The 1~1 obown in Fie- 11·11 Is anolher 
variatiOft of lhe tank·t)'pe chiller. 

Tank-type ehllletl ean be applied to any 
llquid<hillln& application ,.hero Anilltion is 
not a primary factor, and are ,.jcJcly uJCd for 
the chilllnc of water. brine, and other liquids 
to be uJCd IS ~ rcfripnll. Bec:a'* 

of thelr Inherent holclowt eapadty, they are 
partiollarly sulllble for applicationt oubjeclto 
frequent and aeverc lluetuatlona In loadtnc. In 
&Uc:b c:ue1, 1 eomparall\'dy latJt cblllecMiquid 
storage tank is p<ovlded 1ft on1ct 10 mWma.: 
the n.c In tile temperature of the clullcd liquid 
dunnc periods or peak dcraud The advan11p 
pined by precooJmc il ollcn CONiderable in 
- where the llqu>CI to be chilled cnws the 
cooler 11 rcLtu.dy bl&b tanperotw.. 
11 ·:17. Shel14ftd.(:oll Coolen. The sbell· 
and-call chiller b usually made up of one or 
more aplral·.Nlped, bare-tube calli cncloocd In 
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I ..uted ileCJihdt (Fi& 11•31), As I pncral 
rule, lhe ehlllu Is operaled dry-expansiOn Wlth 
lhe rcfrip11111 in lhe cools and lhe dulled liquid 
in lheohdl. In 1 fewc:osos.theehillcrisopcroted 
lloocled. In "'tuc:h cue the rcfriJ:m~nt is in the 
5hell and the chilled liquid pwa through the 
tube&.. Tht former lrranJ:ement hat the ld•ln· 
llp of providlnc 1 hoJd<M,r capacity, thereby 

malone this type or c:hDI« Ideal for small 
applicallont bavlnc hiJ:b but Infrequent peak 
~. 11 Is uJCd primarily ror the c:hUUnc or 
waca for drlrtlwlc and for Oilier purposes ..,ben 
II&IUIIIOI II I prUne fKIOr, IS in l>a.ta.a and 
pllocDpplli<: labontorics. 

\\<'lien oponwd ftoodod wilb tile rdripalll 
in the abclJ, IbiS type or cbiJicr ""-'- .. ~~a, 
is conunonly rdcrftd to as an -inlllan~
llquld chiller One of the diaadvaollpa of this 
ltTinpmcnl Is that there is DO holdo
eapacity. Since the liquld Is oot n:drculawd, 
h muot be c:hlllecl IMWitancously u It ~ 



192 Pfi.INCIPW OF REFRIGEP.ATlON 

lbl 

Fill- II .;]I. Typial •hei1~-tub. dllllllft- (o) Hoodld typo- Tube bu•dJo lt remo'Aiolc. (b) Dry--p&Mio<l 
t)'pe (mriJcrant In tuba). Nc>te bollllftl of wuor drcull. Tube th..U .... ftxld. (Co..rtesy Won!Una<Oft 
Co'l"""tlon.) 

through the coils. Another disadvantage Is lhat 
the danger or damaging the chiller in the event 
of freeze-up is gneatly increased in any chilk:t 
where the chilled liquid Is clreulated through 
the coils or tube$ rather than over the ouulde of 
the tubes. For this reason, chnlers employing 
this arrangement cannot be recommended for 
any application where it is required to chill the 
liquid below 38' P. 

Instantaneous sbell-and-coU chillers .,., u!l'ld 
principally for the chilling of beet nnd otbct 
beverages in "draw-ban," in wltl~h cai!O tho 
beVerage is usually precooled to some l:~tenl 
before entering the chiller. 
11·:18. Shell-and-T ube Chllle.-.. Shell-and· 
tube chillers have a relatively ltlgh el!leicncy, 
require a minimum or ftoor space nnd head 
room, are easily maintained, and arc readUy 
adaptable to almost any type of liquid-chilling 
application. For these reasons, the shell-and-

tube clllller Is by rar the mo<t widely used type
Although individual de$igns diiTcr somcwbal, 
depending upon lhc n1frigeran1 used and upon 
wll<lllcr 11\e chiller Is operated dry-expansion 
or Oooded, the sbell•and-tubc chiller consists 
essentially or a cylindrical steel shell in which a 
number of stmight tubes are arranged in parallel 
and held in ploee at the ends by tube sheets. 
When lbe cllillcr i$ operated dry-expansion, lhc 
refrigcrwu Is expanded into the rube$ while lhc 
chilled liquid is circulated through the ·shell 
(Fig. 11-38b). Whtn tho chiller is operated 
Hooded, the chilled liquid is circulated through 
chc tubes ond tbo refrigemnt is c:ontained in the 
8hell, the level or the liq,uid refrigerant in th<> 
sbell being maintained wath some type of float 
control (Fig. 11·38a). In eJther case, the chilled 
liquid is circulated through the chiller and con
necting piping by means of a liquid ctrculating 
pump, usually of the centrifugal 1ype. 



Shell dlamtlen for aboll..and-iube dilllcn 
~'&ftC" from approximalcly 6 10 60 in., aod the 
ownbcr of rut. iD the ibol1 ..no. from fewer 
lbao 50 10 le\'et&l lhousand 1\abe diameten 
ranee from t ln. lhtou&b 21ft., and lube lenglbs 
vary (rom 5 to 20 n. Chtllcta dcllp:d for usc 
wllh ammonia are oqulpped w•lh tiOCI tubes, 
wbcnlu th- lnlendod for usc Wllh olber 
rclrfceran~a are usually oqulpped wilh copper 
Nbet In O<dcr 10 obuiD I hlp boat lrlnSf~ 
coc:lllcimt. llcc:awc of the rclou.dy low film 
cooduc:lance or baloc:arboo rclricerants, ciiiDcrs 
dellpecl for UJC with u.- rcCnceranu are on... 
equipped ,.,th wbet wlllcll arc 1\nncd on tho 
rcrnceran• side. 1n tho cue of dry-cxpontlon 
ehUk:n, the tubet are finned Internally wllh 
lon&Jtudlnal liDs or the type~ ahown In Flc, 
11·12.. For Booded opcrallon, the rubet are 
ftnnDd externally usin& I --t ohon 1\n whjeh 
pro1r11cb from the lllbe wall 01\lyapproximalcly 
nth or &D inch. 

AJ a c-nJ rule, clry-cxparuion dilllcn are 
c:mplo)'Od on tmoll aod medium tonnoce iDJul. 
lolioot roquirinc C&f*luea ronpe Crom 2 10 
oppnmm.lcly 250 10n1, but ore avalloblc In 
11tp copecitics. Flooded ehillcn, avalloble 
In copocill<s ranging from oppro>Wnalcly 10 
through IC"eral lhousand tont, are more 
rrequmlly oppll<d in the tru-cer tonnace intlll· 
lationt. 
11-lt. Dry-Expamlon Chil lers. Theprincipol 
aoMnlap or the~ clllller ~the 
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lloodecl type arc the trnaller rcfricerant c:ba1J0 
toqU1tCid aod the IISirlliCIO or politiYC OIJ return 
10 the comrr-or. Too, u pteYiously tlated, 
the polliblllty or domlce to tho chiller In the 
0\'Clll of r-up Is alwoyt eentldcrably lea 
wbeA tho chilled liquid Is circulated OV'Ct the 
111bet rather than lhrou&b litem. The more 
impor~ant eonJINe1ion dclails of aeYtftl dollp 
or dry-expansion cbtllert are tbown In Flp. 
11-39 aod 11-'10. 

lo onlc:r 10 IDIIiDI&iD lbe liquid Yeloelty 
wlthln the lirruiS wlllcll will prodla the ,_ 
di'C!Cin'O '-• lranlf~ drop rauo, lbe 
Yelocity or the chUled liquid circulated 0\'~ lbe 
wbet Ia oontrolled by varying lbe lcnetb aod 
IJ*Inc or tho qmenw bo11lcs. Whetl the 
flow nuD and/or liquid vi.sc:oslty 11 hlcb, tbort, 
v.idcly ~paced befllta are u.ecl to red- the 
\'Cioeity and min~ the JIR'S'IfCdrop lhtou&b 
lbe c:hiller. Wbto lbe flow ralc and/or llqllicl 
viocality il low, loop. man:~)'~ 
baftlol are uacd in O<dcr 10 incrtuc llllicl 
Ydoc:ity aoc1 imprO\~ the beat ....... r~ -r
fidalt (Fla. ll-41o). 

Tbe number aod the lcnetb o!lhc rcfricerant 
drcuiiS roqwred 10 maintain the rclrlpant 
YCiocity lhtou&b lbe chl1lcr lllbea within !"CAJOn• 
able llmiiS dcpcod on lbe lOW ehilkr load aod 
on the rclatlonsblp or the dllllod liquid flow 
ralo 10 lito MeTO. Since tbete fKton vary 
with the Individual opp'-tlon, It followt that 
tho oplimum rclripant dn:Wt dc:all" olio 

Pia. llooH. CutaW>y N <tlon llluttrotln,a toftl<nlctlon dtoJIJ o( d,.,_poMion chiller with llxtd tiiH •ht .... 
(Courtooy Ac.,.lnd .. u1• .) 
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fit. 11.-. ~ dllllo< with tube .... MI. ,.,....IJ .-.-...1 to •- t ube .,.,...._, 11'4 
roftlcen•n dlsuiM<on. Tube ""odie CM be .-.-...1 • a uolt. (c-...., K_,. 01._ AIMrlcaft Nr 
-<=-pony. lac.) 

varia with the iN!ividual application. For Ibis 
tUron, chiT~ ace made available With tilhet 
single or mulllple rclrigmult cltc!ults or Y&l)'ing 
lengths. For the daign shown In Ag. 11-39, 
the number and length or the rcfricuut cln:uiu 
dq>cnd em the lube length and on the arrance
mmt or lbc balllinc in lhe end· pia ... or rcfri'"· 
a11t beads ,.1Ucb ace bolted 10 the tube sbeclS 
at lhe ends or the chillor. The rcfripant 
c:ircuit amngt:ma~t for any one modd chiller 
can be chan~ by ·chanpn& the ,..,rrigerant 
htads (Fig. 11-416). 
ll ·lO. Flooded Chlllert. Standard ftoodod 
chllltr designs focJude both sJncle ond multi pan 
tube amngcmcnts. For single pass ftow, the 
tube& arc 10 arranged that tho chilled Uquld 
pasaes through aU the tubel tlmuhanoously 
and in only one clim:Lion. 

Multipass c:irculation ot the chilled liquid 
throuch lhe elu11cr ;. accomphshed '"""''" lhe 
""' or ballled end·pLt'" or heads "'bleb arc 
bolted to the ends or the cboller (Fig. 11-42). 
The amtngement or the end·plate bemlng 
determines the number or paYe3 the chilled 
liquid makes from one to the other before 
leaving the cruller. Although two, four, und 

&ix·pus arran&ements - the ,.,_. common, 
more passes arc used In ""'")' instances. 

N in tho case or tho d t) ~pandoo cblller, 
some flooded cblllcts ano designed with rcmov· 
able tube bundlel, .,hcru$ otbcn have &xed 
tube &beets. In the &xed tube shoct claign, the 
tube Jhects arc welded to the shtll 10 that 
lhe tube bundle b DOl rm>O\":lble. H~. 

by unboltin& the end-plata the tubel become 
rtadily I<CCSiible for dcanong and individual 
tubelcan be rtmOVed and rtplaced ;r,.......ry. 
The chillers shown tn Figs. 11-)Bb and 11·39 
employ fixed tube sheet$, w....,..,.. those in figa. 
11·38o and 11-40 have tube bundles. 

In some nooded chiller designs, the shell 
is only partially filled with tubes in order to 
provide a Iorge 111por-discngaging area and rcla· 
tivcly low velocity In the spocc a~ the tubel 
(Fic-11-43). Thlsdcslgneliminatcstllc possiblltty 
or liquid carry-over Into the ·- hno and 
~foro il partleularly v.cll suited 10 sudden 
heavy lncrouca In loading. 

In thoao chiller designs where the &hell b 
completely nlled with tubes. " &urge drum or 
accumulator should be u•cd to separate nny 
entrulned liquid from the vapnr before the vapor 



en~en the sw:tion line. Some flooded chillers 
are equipped with buiiHn liquid4UCtion heat 
~gus (Fig. 11-42). Although the priiTUU')' 
flmctlon of the bc~n CJtchanF Is IC iluurc that 
only dry vapor enters tbc auction line, il bu 
the additional elrcc:t or lnc:reuing tbc eflldcncy 
or tbc chiller In that It subcools the liquid 
approaching tbe chiller and tbc:reby rcdudes the 
amount or !Wh gas that enters tbc cooler. 

(O) 

D
_·· 

• . . ··. . 
• 

--~ 
- ~ 

D .· .. 
• 

I b) 

Fla. 11-41. (o) llalllo •pod~& In dry-4l<poNioQ chtl
lon. ~) Typlc:ol rotrtao...,, hO&d• ~ dry-pan•lof> 
chlllor. (Coum.y ol Auno lnduurt•.) 
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The '~rtlcal shell-and-tube chiller abown in 
Fig. 11-44 bu tbc advantar or requiring a 
minimum amount or ftoor '~· The cblllet 
is opcn~tod ftoodod. The cbllled liquid cn~en 
the chiller at the tcp and 8ows by gnLvity down 
the Inside of the tubes. A circulating pump 
dnLWS chilled Uquid from the StcnLgc tank At tbc 
bouom and dciJYaS It tbrougb tbc connecting 
plpl.oc. The return liquid Is piped to tbc dla· 
tributor box at tho top, from where it again 
1\owa through the tubea. A specially deslgnood 
distributor inatallod at the top or each tube 
(inset) lmpan. a swlrUng motion 10 tbc dulled 
liquid, 1Nhic:h e&UJC$ tbc liquid to flow In a com
parotlvcly tblo fllrn down tbc Inside tube 
sutfeccs-. 
II.JI. Spray-Type Chillers. The spray·type 
chiller Is similar In CIOIIStriJCtioo to tbc coJivcn
tJonal lloodcd chiller except that tbc liqulcl 
m"Ftnt is sprayod over tbc oul$lcle of tbc 
water tubes from nozzles located in a spray 
header above tbc tube bundle (Fig, 20-19). The 
uoc:vaporatod liquid dralos from tbc tube Into a 
sump at tbe boltom of tbc cbUier from where it 
is recirculated to tbe spray nozzles by a low bead 
liqulcl pump. A high reclrculatloo me asstaes 
oonllnuous wettln& or the tube surfaces and 
resulta ln a high nne ofheattnamfer. 

111c principel advantages or this type of 
chiller is ita bleb clllciency aod relatively smell 
rdrigci1Lnt ell~ Oisod..ntages are the hlgb 
loatallation -t lind tbe ncod for a liquid 
r<eirculallng pump. 
II..Jl. Chiller Selection l'rocedure. Altbou&b 
selec1ion methods dill'er tomewhAt depending 
upon the type of chiller and tbe particular manu
racturer, all are bucd on tbc simple f'llnda
mtntals or heat ttaJIII'er and fluid flow v.hieh 
hAve .w.dy been tlacribcd.. Almost without 
e.<oeption, manuractu~n Include Ample klec
tion proocdurc along with tlw> design and 
capacity data In their equipment c:atalogs. The 
following selection proc:cdure follows very 
c'-ly that &iven in the cata~oe of o11e 
manufacturer for tbe sdection or dry-pension 
chlllers. • 

ba.mple II.& U is de5lrcd to~~ 50 BP"' 
of water f.rom 54• F to 46• F with o rdrigcron< 
temperature u measured at the ~ler outlet of 
40• 'f usill& Rdrlgml.nt·12. 

• Acme Industries, Inc. 
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fla. 114 flooded chllt.r dosll"ed lor muldpau di"CVInlon a( chilled liquid. Multipou dnululon b 
*""""'PUshed by me>JIS a( the bamed end•pl.\tos 0< W><er heads which,,. bol<ed to ch• cnch a( cbo cbllkr. 
(Cowtosy Vlltor Manu&<turlna Company.) 

Solwion 
Step I. Detemrine the tolal dliJJcr load in 

tons. 

Gpm X S00 X COO~ r&nf' 
12.000 .Btu~ ToO 

SO X SO() X (~ - 46) 
I2,000 • 16.7 lOIII 

Step 2. ~ the mean tlfectivc tem
petaturc diffc:mJCe (METD). 
Water in minos ~frig· 
erant temperature ~ -40 - 14• J' L1D 
Water out minus re-
frigerant ttmperature ~ - 40 • 6• P STD 
From Table I J.l, METD • 9.47• P 

Step 3. Select trial cbJJJer (shell diamettr and 
baffles spacing) from Flg. I of Table: R.-9. Enter 
Fig. I at SO gpm on the lower vertical llcalc and 
move horizontally aCToss the chart to the 
diagonal line representing tbc type un.it desired. 
The .number indicates shell dhtmctcr and tho 
letter indicates baf!le splicing. Possible choices 
arc 10M, 12L, 8M, 121<, IOK, and 8L. As a 
general rule, small di!IJllCtcr chillers are more 
economical, whereas large diameter chlllers arc 
more compact. Type M baffling produces the 
lowest pumping head, whereas type L batlling 

produees the hlgbest pumping head. Hence. if 
SJMCC is not a prcb1em, the most logi<:al ehoiee 
would aean to bo type 8M. lloweve.-, a ehoclt 

fla. 11-4). Floodtd chiller wlch shell only partially 
nlled with tubu In order co pi'OVIdt a l.irce vapor 
dla.tn&qln& tr"ea 1bove rh~t tubt>s. (Courtesy Worth
lnaton Corporacl~n.) 



will show that neither 8M nor 8L is available 
with sufficient surface area in this instance. 
Therefore, select type 10M (8 to 30 tons). From 
the point of intersection move vertically upward 
to a diagonal line in the upper portion of Fig. 1 
which represents a METD of 9.47° F as found 

Water 
inlet 
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14ft DXH chiller has a surface area of 184 sq ft 
(Model No. DXH-1014). 

Step 6. Determine the water pressure drop 
through the chiller. From the bottom of Fig. 1, 
Table R-9, the pressure drop per foot of length 
with type M batHing is 0.425 ft of water column. 

Inset 

FIJ. 11-44. Vertical shell-and-tube "Spira-Fio" chiller designed for flooded operation. The water flowing 
down through the tubes is given a swirling action by specially designed nozzles (Inset). (Courtesy Worthington 
Corporation.) 

in Step 2. From this intersection move hori
zontally to the scale at the left margin and read 
the loading of 1110 Btu/hr/sq ft (loading is the 
U value times the METD). 

Step 4. Determine the surface area required. 

S f: 
_ Capacity (Btu/hr) 

ur ace area - Lo d" a mg 
2~·: = 180.2 sq ft 

Step 5. Select chiller length from Table R-9 
to meet surface area requirements. A 10 in. x 

Pressure drop = length (feet) x pressure drop/ 
foot 

14 feet x 0.425 = 5.95 ft H20 

11-33. Direct and Indirect Systems. Any 
heat transfer surface into which a volatile liquid 
(refrigenmt) is expanded and evaporated in 
order to produce a cooling effect is called a 
"direct-expansion" evaporator and the liquid 
so evaporated is called a "direct-expansion" 
refrigerant. A direct-expansion or "direct" 
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Brine coil 

Liquid from 
receiver 

Vapor to 
compressor 

suction 

Cold brine 
to coil 

Brine pump 

Fll• 11-tSa. Indirect system. 

Cold air to 
refrigerated space --

Brine coil 

~ 
~-----------------r~~---r~ 

Liquid from 
receiver 

Vapor to 
compressor 

suction 

Warm brine 
to chiller 

Cold brine 
to coil 

pump 

t t t 
Warm air 

from space 

t t t 

duct 

Fll• 11-45&. Indirect system-brine coil in communicating duct. 

refrigerating system is one wherein the system 
evaporator, employing a direct-expansion refrig
erant, is in direct contact with the space or 
material being refrigerated, or is located in air 
ducts communicating with such spaces. Up to 
this point, only direct refrigerating systems have 
been considered. 

Very often it is either inconvenient or un
economical to circulate a direct:.expansion 
refrigerant to the area or areas where the cooling 

is required. In such cases, an indirect refrigerat
ing system is employed. Water or brine (or 
some other suitable liquid) is chilled by a direct
expansion refrigerant in a liquid chiller and 
then pumped through appropriate piping to the 
space or product being refrigerated. The 
chilled liquid, called a secondary refrigerant, 
may be circulated directly around the refriger
ated product or vessel or it may be passed 
through an air-cooling coil or some other type 



of heat transfer surface (Fig. 11-45). In either 
case, the secondary refrigerant, warmed by the 
absorp.tion of heat from the refrigerated space 
or product, is returned to the chiller to be 
chilled and recirculated. 

Indirect refrigerating systems are usually 
employed to an advantage in any installation 
where the space or product to be cooled is 
located a considerable distance from the con
densing equipment. The reason for this is that 
long direct-expansion refrigerant lines are 
seldom practical. In the first place, they are 
expensive to install and they necessitate a large 
refrigerant charge. Too, long refrigerant lines, 
particularly long risers, create oil return prob
lems and cause excessive refrigerant pressure 
losses which tend to reouce the capacity and 
efficiency of the system. Furthermore, leaks 
are more serious and are much more likely to 
occur in refrigerant piping than in water or 
brine piping. 

Indirect refrigeration is required also in many 
industrial process cooling applications where 
it is often impractical to maintain a vapor tight 
seal around the product or vessel being cooled. 
Too, indirect systems are used to an advantage 
in any application where the leakage of refriger
ant and/or oil from the lines may cause con
tamination or other damage to a stored product. 
The latter applies particularly to meat packing 
plants and large cold storage applications when 
ammonia is used as a refrigerant. 
11-34. Secondary Refrigerants. Some com
monly used secondary refrigerants are water, 
calcium chloride and sodium chloride brines, 
ethylene and propylene glycols, Methanol 
(methyl alcohol), and glycerin. 

Almost without exception, water is used as 
the secondary refrigerant in large air condition
ing systems and also in industrial process cooling 
installations where the temperatures maintained 
are above the freezing point of water. Water, 
because of its fluidity, high specific heat value, 
and high film · coefficient, is an excellent 
secondary refrigerant. It also has the advantage 
of being inexpensive and relatively noncorrosive. 
In air conditioning applications, the chilled 
water is circulated through an air cooling coil 
or through a water spray unit. In either case, 
the air is both cooled and dehumidified. In the 
water spray unit, the water i. sprayed from 
nozzles and collected in a pan or basin at the 
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bottom of the spray unit, from where it is 
returned to the chiller. Since the air passing 
through the water spray is chilled below its dew 
point temperature, a certain amount of water 
vapor is condensed from the air and is carried 
to the basin with the spray water. With either 
the cooling coil or the spray unit, the amount 
of cooling and dehumidification can be con
trolled by varying the amount and temperature 
of the chilled water. 

Water is also used frequently as a secondary 
refrigerant in small beverage coolers and in 
farm coolers designed for cooling milk cans. 
In such cases, the water, because of its high 
conductivity, permits more rapid chilling of the 
product than would be possible with air. Too, 
the water supplies a holdover capacity which 
tends to l~vel out load fluctuations resulting 
from intermittent loading of the cooler. 
11-35. Brines. Obviously, water cannot be 
employed as a secondary refrigerant in any 
application where the temperature to be main
tained is below the freezing point of wa~. In 
such cases, a brine solution is often used. 

Brine is the name given to the solution which 
results when various salts are dissolved in water. 
If a salt is dissolved in water, the freezing tem
perature of the resulting brine will be below the 
freezing temperature of pure water. Up to a 
certain point, the more salt dissolved in the 
solution, the lower will be the freezing tempera
ture of the brine. However, if the salt concen
tration is increased beyond a certain point, the 
freezing temperature of the brine will be raised 
rather than lowered. Hence, a solution of any 
salt in water has a certain concentration at 
which the freezing point of the solution is lowest. 
A solution at the critical concentration is called 
a eutectic solution. At any concentration above 
or below this critical concentration, the freezing 
temperature of the solution will be higher, that 
is, above the eutectic temperature. • When the 
salt content of the brine is less than that which 
is required for a eutectic solution, the excess 
water will begin to precipitate from the solution 
in the form of ice crystals at some temperature 
above the eutectic temperature. The exact tem
perature at which the ice crystals will begin to 

• At any temperature other than the eutectic 
temperature, the term "freezing temperature" is 
used to mean the temperature at which ice or salt 
crystals begin to precipitate from the solution. 
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form depends upon the degree of the salt con
centration and upon the relative solubility of the 
salt in water, the latter factor decreasing as 
the temperature of the S<?lution decreases. The 
continued precipitation of ice crystals from the 
solution as the temperature is reduced causes a 
progressive increase in the concentration of the 
remaining brine until, at the eutectic tempera
ture, a slush consisting of ice and eutectic brine 
will exist. The further removal of heat from this 
mixture will result in solidification of the eutec
tic brine. Solidification of the eutectic brine will 
take place at a constant temperature. 

On the other hand, when the salt content of 
the brine is in excess of the amount required for 
a eutectic solution, the excess salt will begin to 
precipitate from the solution in the form of salt 
crystals at some temperature above the eutectic 
temperature. Continued precipitation of salt 
from the mixture as the temperature is reduced 
will result in a mixture of salt and eutectic brine 
when the eutectic temperature is reached. The 
further removal of heat from the mixture will 
result in solidification of the eutectic brine at 
constant temperature. 

Two types of brine are commonly used in 
refrigeration practice: (1) calcium chloride and 

Brine from 
chiller 

FIB• 11-46. Brine spray cooler. 

(2) sodium chloride. The two brines are pre
pared from calcium chloride (CaClz) and sodium 
chloride (NaO) salts, respectively, the latter 
salt being the common table variety. 

Calcium chloride brine is used primarily in 
industrial process cooling, in product freezing 
and storage, and in other brine applications 

. where temperatures below oo F are required. 
The lowest freezing temperature which can be 
obtained with calcium chloride brine (the eutec
tic temperature) is approximately -67° F. The 
salt concentration in the eutectic solution is 
approximately 30% by weight. The freezing 
temperature of various concentrations of cal
cium chloride brine are given in Table 11-3, 
along with some of the other important pro
perties of the brine. 

The principal disadvantage of calcium 
chloride brine is its dehydrating effect and its 
tendency to impart a bitter taste to food pro
ducts with which it comes in contact. For this 
reason, when calcium chloride brine is used in 
food freezing applications, the system must be 
designed so as to prevent the brine from coming 
into contact with the refrigerated product. 

Sodium chloride brine is employed mainly 
in those applications where the possibility of 
product contamination prevents the use of 
calcium chloride brine. Sodium chloride brine 
is employed extensively in installations where 
the chilling and freezing of meat, fish, and other 
products are accomplished by means of a brine 
spray or fog. 

The lowest temperature obtainable with 
sodium chloride brine is approximately -6° F. 
For this freezing temperature the salt concen
tration in the solution is approximately 23 %. 
The thermal properties of sodium chloride brine 
at various concentrations is given in Table 11-4. 

It is of interest to notice that the thermal 
properties of both calcium chloride and sodium 
chloride brines are somewhat less satisfactory 
than those of water. As the salt content of the 
brines is increased, tht? fluidity, specific heat 
value, and thermal conductance of the brines all 
decrease. Hence, the stronger the brine solu
tion, the greater the quantity of brine that must 
be circulated in order to produce a given 
refrigerating effect. 

Since the specific gravity of the brine increases 
as the salt concentration increases, the degree of 
salt concentration and the thermal properties of 



Air~--

Fl1. 11-47. Brine spray cooler. 

the brine can be determined by measuring the 
specific gravity of the brine with a hydrometer. 
11-36. Antifreeze Solutions. Certain water 
soluble compounds, generally described as anti
freeze agents, are often used to depress the 
freezing point of water. The more widely known 
antifreeze agents are ethylene glycol, propylene 
glycol, Methanol (methyl alcohol), and glycerin. 
All these compounds are soluble in water in all 
proportions. The freezing temperature of water 
in solution with various percentages of each of 
these compounds is given in Table 11-5. 

Propylene glycol is probably the most exten
sively used antifreeze agent in refrigeration 
service. In common with ethylene glycol, 
propylene glycol has a number of desirable 
properties. Unlike brine, glycol solutions are 
noncorrosive. They are also nonelectrolytic and 
therefore may be employed in systems containing 
dissimilar metals. Being extremely stable com
pounds, glycols will not evaporate under normal 
operating conditions. Because of the many 
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Concentrator 

advantages of glycol solutions, they are being 
used to replace brines in a number of installa
tions, particularly in the brewing and dairy 
industries. The change-over from brine to glycol 
can be accomplished with practically no change 
in the plant facilities. 
11-37. Brine Spray Units. Like chilled water, 
the chilled brine (or antifreeze solution) may be 
circulated directly around the refrigerated pro
duct or container, or it may be used to cool the 
air in a C"efrigerated space. When used to cool 
air, the chilled brine is circulated through a 
serpentine coil or through a brine spray unit. 
Two types of brine spray units which have been 
used extensively are shown in Figs. 11-46 and 
11-47 .. In the former unit chilled brine from a 
brine chiller located outside the refrigerated 
space is-sprayed down from spray nozzles and 
collected in the basin of the unit, from where it 
is returned to the brine chiller. In the latter type 
the brine is chilled by a direct-expansion coil 
located within the brine spray unit itself. 
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PROBLEMS 

1. A walk-in cooler 8 ft by 9 ft by 9 ft high has 
walls 6 in. thick and is maintained at a tempera
ture of 35° F. The load on the cooler is 7500 
Btu/hr. 

(a) Select a natural convection cooling coil 
(Plasti-Cooler) which will produce a 
relative humidity of approximately 85% 
in the cooler. 

(b) Select a Unit Cooler which will produce 
approximately the same conditions in the 
cooler. 

l. A freezing cabinet 6 ft high, 25 in. deep, and 
80 in. wide has a freezing load of 3600 Btu/hr. 

Based on an evaporator TD of 10° F, determine 
the size and number of individual freezer plates 
to be used as shelves in the freezing cabinet. 

3. The load on a tank-type brine cooler is 
4500 Btu/hr. The brine is to be maintained at 
a temperature of 35° F with a refrigerant tem
perature of 19° F. Assuming little or no 
agitation of the brine, determine the lineal feet 
of! in. pipe required for the evaporator. 

4. It is desired to cool 100 gpm of water from 
56° F to 46° F with a refrigerant temperature 
38° F at the cooler outlet. Select an appro
priate chiller and determine the water pressure 
drop through the chiller in psi. 



12 
Performance 
of Reciprocating 
Compressors 

Il-l. Refrigeration Compressors. Vapor 
compressors used in refrigeration are of three 
principal types: (1) reciprocating, (2) rotary, 
and (3) centrifugal. Of the three, the recipro
cating compressor is by far the' one most 
frequently used. 

Rotary ~mpressors are limited to use in very 
small fractional horsepower applications, such 
as home refrigerators and freezers and small 
commercial applications. Even in this limited 
area, rotary compressors represent only a small 
fraction of the total number used. Some rotary 
compressors are used also as booster compres
~ors. • .Their use for this purpose appears to be 
mcreasmg. 

Centrifugal compressors are used only on 
very large applications, usually at least 50 tons 
or above. In this area, they are widely accepted 
and are rapidly increasing in number because 
the number of large applications is growing 
steadily. 

Only the performance of reciprocating com
p~rs "':ill be discussed in this chapter. 
Rec1procatmg compressor design, along with 
the design and performance of rotary and centri
fugal compressors, is discussed elsewhere in the 
text at a more appropriate time and place. 
However, much that is said in this chapter about 

• Booster compressors are discussed in Chapter 
20. 

the performance of reciprocating compressors 
will apply also to the performance of rotary and 
centrifugal compressors. 
ll-1. The Compression Cycle. Before at
tempting to analyze the performance of the 
compressor, it is necessary to becQme familiar 
with the series of processes which make up 
the compression cycle of a reciprocating com
pressor. 

A compressor, with the piston shown at four 
points in its travel in the cylinder, is illustrated 
in Fig. 12-1. As the. piston moves downward 
on the suction stroke, low-pressure vapor from 
the suction line is drawn into the cylinder 
throu.gh the.suction valves. On the upstroke of 
the piston, the low-pressure vapor is first com
pressed and then discharged as a high-pressure 
vapor through the discharge valves into the head 
of the compressor. 

To prevent the piston from striking the valve 
plate, all reciprocating compressors are designed 
with a small amount of clearance between the 
top of the piston and the valve plate when the 
piston is at the top of its stroke. The volume of 
this clearance space is called the clearance 
volume and is the volume of the cylinder when 
the piston is at top dead center. 

Not all the high-pressure vapor will pass out 
through the discharge valves at the end of the 
compression stroke. A certain amount will 
remain in the cylinder in the clearance space 
between the piston and the valve plate. The 
vapor which remains in the clearance space at 
the end of each discharge stroke is called the 
clearance vapor. 

Reference to Figs. 12-2 and 12-3 will help to 
clari~y th~ operation of the compressor. Figure 
12-2IS a time-pressure diagram in which cylinder 
pressure is plotted against crank position. 
Figure 12-3 is a theoretical pressure-volume 
diagram of a typical compression cycle. The 
lettered points on the TP and PV diagrams corre
spond to the piston positions as shown in 
Fig. 12-1. 

At point A, the piston is at the top of its 
stroke, which is known as top dead center. When 
the piston is at this position, both the suction 
and discharge valves are closed. The high 
pressure of the vapor trapped in the clearance 
space acts upward on the suction valves and 
holds them closed against the pressure of the 
suction vapor in the suction line. Because the 

203 
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pressure of the vapor in the head of the com
pressor is approximately the same as that of the 
vapor in the clearance volume, the discharge 
valves are held closed either by their own weight I!! 
or by light spring loading. ~ 

As the piston moves downward on the suction 15:: 

stroke, the high-pressure vapor trapped in the 
clearance space is allowed to expand. The P, 

(a) (b) 

(c) (d) 

Fig. 12-1. (a) Piston at top dead center. (b) Suction 
valves open. (c) Piston at bottom dead center. (d) 
Discharge valves open. 

expansion takes place along line A-B so that 
the pressure in the cylinder decreases as the 
volume of the clearance vapor increases. When 
the piston reaches point B, the pressure of the 
re-expanded clearance vapor in the cylinder 
becomes slightly less than the pressure of the 
vapor in the suction line; whereupon the suction 
valves are forced open by the higher pressure in 
the suction line and vapor from the suction line 
flows into the cylinder. The flow of suction 
vapor into the cylinder begins when the suction 
valves open at point B and continues until the 

360 
Crank position 

Fig. 12-2. Theoretical time-pressure diagram of 
compression cycle In which cylinder pressure Is 
plotted against crank position. 

piston reaches the bottom of its stroke at point 
C. During the time that the piston is moving 
from B to C, the cylinder is filled with suction 
vapor and the pressure in the cylinder remains 
constant at the suction pressure. At point C, 
the suction valves close, usually by spring action, 
and the compression stroke begins. 

The pressure of the vapor in the cylinder 
increases along line C-D as the piston moves 
upward on the compression stroke. By the time 
the piston reaches point D, the pressure of the 
vapor in the cylinder has been increased until 
it is higher than the pressure of the vapor in the 
head of the compressor and the discharge valves 
are forced open; whereupon the high-pressure 
vapor passes from the cylinder into the hot gas 
line through the discharge valves. The flow of 

lc 
t+--'1------r--Total cylinder volume---+~ 

Clearanc:e...-t-.......;--r-+t-
volume 

Volume of cylinder filled ___.j 
with suction vapor 

Voklme of 
rHXfllnded 

clearance vapor 
Volume 

v. 

Fig. 12-3. Pressure-volume diagram of typical com
pression cycle. 
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the vapor through the discharge valves con. 
tinues as the piston moves from D to A while 
the pressure in the cylinder remains constant at 
the discharge pressure. When the piston returns 
to point A, the compression cycle is completed 
and the crankshaft of the compressor has 
rotated one complete revolution. 
12-3. Piston Displacement. The piston dis
placement of a reciprocating compressor is the 
total cylinder volume swept through by the 
piston in any certain time interval and is usually 
expressed in cubic feet per minute. For any 
single-acting, reciprocating compressor, the pis
ton displacement is computed as follows: 

'"!)I x L x N x n 
v21 = 4 x 1728 (12-1) 

where vf) = the piston displacement in cubic 
feet per minute 

D = the diameter of the cylinder (bore) 
in inches 

L = the length of stroke in inches 
N = revolutions of the crankshaft per 

minute (rpm) 
n = the number of cylinders 

The volume of the cylinder which is swept 
through by the piston each stroke (each revolu
tion of the crankshaft) is the difference between 
the volume of the cylinder when the piston is 
at the bottom of its stroke and the volume of 
the cylinder when the piston is at the top of its 
stroke. This part of the cylinder volume is 
found by multiplying the cross-sectional area of 
the bore by the length of stroke. Thus: 

Cross-sectional area of the 
bore in square inches 

Volume of cylinder swept 
through by the piston each 
stroke in cubic inches 

'TTJ)I 
=-XL 

4 

Once the cylinder volume is known, the total 
cylinder volume swept through by the piston of 
a single cylinder compressor each minute in 
cubic inches can be determined by multiplying 
the cylinder volume by the rpm (N). When the 
compressor has more than one cylinder, the 
cylinder volume must also be multiplied by the 
number of cylinders (n). In either case, dividing 
the result by 1728 will give the piston displace
ment in cubic feet per minute. 

Example 12·1. Calculate the piston dis
placement of a two cylinder compressor 
rotating at 1450 rpm, if the diameter of the 
cylinder is 2.5 in. and the length of stroke is 2 
in. 

Solution. Substituting in Equation 12-1, 
3.1416 X (2.5)2 X 2 X 1455 X 2 

4 X 1728 
= 16.52 cu ft/min 

12-4. Theoretical Refrl1eratin1 Capacity. 
The refrigerating capacity of any compressor 
depends upon the operating conditions· of the 
system and, like system capacity, is determined 
by the weight of refrigerant circulated per unit 
of time and by the refrigerating effect of each 
pound circulated. • 

The weight of refrigerant circulated per 
minute by the compressor is equal to the weight 
of the suction vapor that the compressor 
compresses per minute. If it is assumed that the 
compressor is 100% efficient and that the 
cylinder of the compressor fills completely with 
suction vapor at each downstroke of the piston, 
the volume of suction vapor drawn into the 
compressor cylinder and compressed per minute 
will be exactly equal to the piston displacement 
of the compressor. The weight of this volume 
of vapor, which is the weight of refrigerant 
circulated per minute, can be calculated by 
multiplying the piston displacement of the 
compressor by the density of the suction vapor 
at the compressor inlet. 

Once the weight of refrigerant compressed 
per minute by the compressor has been deter
mined, the theoretical refrigerating capacity of 
the compressor in tons can be found by multi
plying the weight of refrigerant compressed per 
minute by the refrigerating effect per pound and 
then dividing by 200. 

Example 12·2. The compressor in Example 
12-1 is operating on a R-12 system at a suction 
temperature of 20° F. If the suction vapor 
reaching the compressor inlet is saturated and 
if the temperature of the liquid at the refrigerant 
control is 100° F, determine 

(a) the total weight of refrigerant circulated 
per minute 

(b) the theoretical refrigerating capacity of 
the compressor in tons. 

• Since it is the compressor which circulates the 
refrigerant through the system, compressor capacity 
and system capacity are one and the same. 
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Solution 
(a) From Example 12-1, 

piston ·displacement 
From Table 16-3, den

sity ofR-12 saturated 
vapor at 20° F 

Weight of refrigerant 
circulated per minute 

(b) From Table 16-3, 
enthalpy of R-12 satur
ated vapor at 20o F 
Enthalpy ofR-12 satur-

ated liquid at 100° F 
Refrigerating effect 
Theoretical refrigerating 

capacity of com
pressor 

Theoretical refriger-
ating capacity in 
·tons 

= 16.52 cu ft/min 

= 0.8921 lb/cu ft 
= 16.52 X 0.8921 
= 14.74lb/min 

= 80.49 Btu/lb 

= 3l.l6 Btu/lb 
= 49.33 Btu/lb 

= 14.74 X 49.33 
= 727.12 Btu/min 

727.12 
= 200 
= 3.63 tons 

Since specific volume is the reciprocal of 
density, an alternate method of determining 
the weight of refrigerant circulated per minute 
by the compressor is to divide the piston 
displacement of the compressor by . the specific 
volume of the suction vapor at the compressor 
inlet. 

When the volume of vapor to be circulated 
per minute per ton for any given operating 
conditions is known, the capacity of the com
pressor in tons for the ~perating conditions in 
question may be found by dividing the piston 
displacement of the compressor by the volume 
of vapor to be compressed per minute per ton. 

Example ll-3. For the conditions of 
Example 12-2, find (a) the weight of refrigerant 
circulated per minute per ton; (b) the volume of 
vapor to be compressed per minute per ton; 
and (c) the theoretical refrigerating capacity of 
the compressor in tons. 

Solution 
(a) From Example 12-2, 

refrigerating effect · 
Weight of refrigerant 

circulated per minute 
per ton 

(b) From Table 16-3, 
specific volume of 
R-12 saturated vapor 
at 20° F 
Volume of vapor to be 

compressed per 
minute per ton 

= 49.33 Btu/lb 
200 

= 49.33 
= 4.05 lb/min 

= 1.121 cu ft/lb 

= 4.05 X 1.121 
= 4.55 cu ft/min 

(c) Piston displacement of 
compressor 

Theoretical refriger
ating capacity of 
compressor in tons 

= 16.52 cu ft/min 

16.52 
= 4.55 
= 3.63 tons 

12-5. Actual Refrigerating Capacity. The 
actual refrigerating capacity of a compressor is 
always less than its theoretical capacity as 
calculated in the previous examples. In the 
preceding examples it has been assumed: (1) 
that at each downstroke of the piston the cylinder 
of the compressor fills completely with suction 
vapor from the suction line and (2) that the 
density of the vapor filling the cylinder is the 
same as that in the suction line. 

If these assumptions were correct, the actual 
refrigerating capacity would be exactly equal to 
the theoretical capacity. Unfortunately, this is 
not the case. Because of the compressibility 
of the refrigerant vapor and the mechanical ' 
clearance between the piston and the valve plate 
of the compressor, the volume of suction vapor 
filling the cylinder during the suction stroke is 
always less than the cylinder volume swept 
through by the piston. Too, it will be shown 
later that the density of the vapor filling the 
cylinder is less than the density of the vapor 
in the suction line. For these reasons, the actual 
volume of suction vapor at suction line condi
tions which is drawn into the cylinder of the 
compressor is always less than the piston 
displacement of the compressor and, therefore, 
the actual refrigerating capacity of the com
pressor is always less than its theoretical 
capacity. 
ll-6. Total Volumetric Efficiency. The 
actual volume of suction vapor compressed per 
minute is the actual displacement of the com
pressor. The ratio of the actual displacement of 
the compressor to its piston displacement is 
known as the total or real volumetric efficiency 
of the compressor. Thus: 

Va 
E.,= V, X 100 

:P 
(12-2) 

where E., == the total volumetric efficiency 
Va = actual volume of suction vapor 

compressed per minute 
v:P = the piston displacement of the 

compressor 
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or 
Actual weight of suction vapor 

compressed x 100 
E" = Theoretical weight of suction vapor 

compressed 

When the volumetric efficiency of the com
pressor is known, the actual displacement and 
refrigerating capacity can be found as follows: 

E" Va = V,. X 
100 

(12-3) 

and 
Actual Theoretical E 
refrigerating =refrigerating x -" (12-4) 
capacity capacity 100 

Example 12-4. If the volumetric efficiency 
of the compressor in Example 12-3 is 76%, 
determine: (a) the actual volumetric displace
ment (b) the actual refrigerating capacity. 

Solution 
(a) From Example 12-1, 

piston displacement 
Actual volumetric 

displacement 
(b) From Example 12-3, 

theoretical refrigerating 
capacity 
Actual refrigerating 

capacity 

= 16.52 cu ft/min 
= 16.52 X 0.76 
= 12.66 cu ft/min 

= 3.63 tons 
= 3.63 X 0.76 
= 2.76 tons 

The actual refrigerating capacity of the 
compressor · may also be determined as in 
Examples 12-2 and 12-3, if actual displacement 
is substituted for piston displacement. 
12-7. Factors Influencing Total Volumetric 
Efficiency. The factors which tend to limit the 
volume of suction vapor compressed per work
ing stroke, thereby determining the volumetric 
efficiency of the compressor, are the following: 

1. Compressor clearance 
2. Wiredrawing 
3. Cylinder heating 
4. Valve and piston leakage 

12-8. The Effect of Clearance on Volumetric 
Efficiency. Because of compressor clearance 
and the compressibility of the refrigerant vapor, 
the volume of suction vapor flowing into the 
cylinder is less than the volume swept through 
by the piston. As previously shown, at the end 
of each compression stroke a certain amount of 
vapor remains in the cylinder in the clearance 

space after the discharge valves close. The 
vapor left in the clearance space has been 
compressed to the discharge pressure and, at 
the beginning of the suction stroke, this vapor 
must be re-expanded to the suction pressure 
before the suction valves can open and allow 
vapor from the suction line to flow into the 
cylinder. The piston will have completed a part 
of its suction stroke and the cylinder will already 
be partially filled with the re-expanded clearance 
vapor before the suction valves can open and 
admit suction vapor to the cylinder. Hence, 
suction vapor from the suction line will fill only 
that part of the cylinder volume which is not 
already filled with the re-expanded clearance 
vapor. 

In Fig. 12-3, v. is the total volume of the 
cylinder when the piston is at the bottom of its 
stroke. V11, which represents the clearance 
volume, is the volume occupied by the clearance 
vapor at the end of the compression stroke. 
The difference between v. and V., then is the 
volume of the cylinder swept through by the 
piston each stroke. ·On the down stroke of the 
piston, the clearance vapor expands from v .. to 
Vb before the suction valves open. Therefore, 
the part of the cylinder volume which is filled 
with suction vapor during the balance of the 
suction stroke is the difference between vb 
and v •. 
12-9. Theoretical Volumetric Efficiency. 
The volumetric efficiency of a compressor due 
to the clearance factor alone is known as the 
theoretical volumetric efficiency. It can be 
shown mathematically that the theoretical 
volumetric efficiency varies with the amount of 
clearance and with the suction and discharge 
pressures. The reason for this is easily explained, 
I::Z...IO. Effect of Increasing the Clearance. 
If the clearance volume of the compressor is 
increased in respect to the piston displacement, 
the percentage of high-pressure vapor remaining 
in the cylinder at the end of the compression 
stroke will be increased. When re-expansion 
takes place during the suction stroke, a greater 
percentage of the total cylinder volume will be 
filled with the re-expanded clearance vapor and 
the volume of suction vapor taken in per stroke 
will be less than when the clearance volume is 
smaller. To obtain maximum volumetric 
efficiency, the clearance volume of a vapor 
compressor should be kept as small as possible. 
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It should be noted that this does not hold 
true for a reciprocating liquid pump. Since a 
liquid is not compressible, the liquid left in the 
clearance space at the end of the discharge 
stroke has the same specific volume as the liquid 
at the suction inlet. Therefore, there is no 
re-expansion of the liquid in the clearance during 
the suction stroke and the volume of liquid 
taken in each stroke is always equal to the 
volume swept by the piston, regardless of 
clearance. 
11-11. Variation with Suction and Discharge 
Pressures. Increasing the discharge pressure or 
lowering the suction pressure will have the same 
effect on volumetric efficiency as increasing the 
clearance. If the discharge pressure is increased, 
the vapor in the clearance will be compressed 
to a higher pressure and a greater amount of 
re-expansion will be required to expand it to 
the suction pressure. Likewise, if the suction 
pressure is lowered, the clearance vapor must 
experience a greater re-expansion in expanding 
to the lower pressure before the suction valves 
will open. 

On the other hand, for a constant discharge 
pressure, the amount of re-expansion that the 
clearance vapor experiences before the suction 
valves open diminishes as the suction pressure 
rises. It is evident, then, that the volumetric 
efficiency of the compressor increases as the 
suction pressure increases and decreases as the 
discharge pressure increases. 
11-11. Compression Ratio. The ratio of the 
absolute suction pressure to the absolute 
discharge pressur~ is called the compression 
ratio. Thus, 

R 
__ Absolute discharge pressure 

(12-3) 
Absolute suction pressure 

where R = the compression ratio. 

Example 11-5. Calculate the compression 
ratio of a R-12 compressor when the suction 
temperature is zoo F and the condensing tem
perature is 100° F. 

Solution. From Table 16-3, 
absolute pressure of R-12 satur
ated vapor at zoo F 

Absolute pressure of R-12 
saturated vapor at 100° F 

Compression ratio 

= 35.75 psi 

= 131.6 psi 
131.6 

= 35.75 
= 3.69 

Examination of Equation 12-3 indicates that 
the compression ratio is increased by either 
increasing the discharge pressure or lowering 
the suction pressure, or both. 

In the preceding section it was shown that 
increasing the discharge pressure or lowering 
the suction pressure decreases the volumetric 
efficiency. It follows, then, that when the suction 
and discharge pressures are varied in such a 
direction that the compression ratio is increased, 
the volumetric efficiency of the compressor 
decreases. Likewise, decreasing the compression 
ratio will increase the volumetric efficiency. For 
a compressor of any given clearance, the volu
metric efficiency varies inversely with the 
compression ratio. 
11-13. The Effects of Wiredrawing. Wire
drawing is defined as a "restriction of area for a 
flowing fluid, causing a loss in pressure by 
(internal and external) friction without the loss 
of heat or performance of work; throttling." • 

In order to have a flow of vapor from the 
suction line through the suction valves into the 
compressor cylinder, there must be a pressure 
differential across the valves sufficient to over
come the spring tension of the valves and valve 
weight and inertia. This means that the 
suction vapor experiences a mild, throttling 
expansion or drop in pressure as it flows 
through the suction valves and passages of the 
compressor. Therefore, the pressure of the 
suction vapor filling the cylinder of the com~ 
pressor is always less than the pressure of the 
vapor in the suction line. As a result of the 
expanded condition of the vapor filling the 
cylinder, the volume of suction vapor taken in 
from the suction line each stroke is less than 
if the vapor filling the cylinder was at the 
suction line pressure. 

A similar pressure differential is required 
across the discharge valves in order to cause the 
discharge vapor to flow through the valves 
into the condenser. To provide the necessary 
pressure differential across the discharge valves, 
the vapor in the cylinder must be compressed to 
a pressure somewhat higher than the actual 
condensing pressure. The vapor left in the 
clearance space at the end of the di ·charge 
stroke will be at this higher pressure. To re
expand from this higher pressure during the 

• Asre Data Book, 1957-58 (page 39-27). 
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suction stroke, the clearance vapor must suffer 
a greater amount of re-expansion than if it had 
been compressed only to the condensing pres
sure. As a result of the greater expansion of 
the clearance vapor, a larger portion of the 
cylinder volume is filled with the re-expanded 
clearance vapor during the down stroke of the 
piston and the amount of suction vapor drawn 
in from the suction line is reduced. 

Unlike the other factors which determine 
volumetric efficiency, wiredrawing is not directly 
affected by the compression ratio. In general, 
wiredrawing is a function of the velocity of the 
refrigerant vapor flowing through the valves and 
passages of the compressor. As the velocity of 
the vapor through the valves is increased, the 
effect of wiredrawing increases. 

The refrigerant velocity through the valves of 
a compressor depends upon the design of the 
valves, the refrigerant used, and the speed of the 
compressor. 

Wiredrawing is greatest for those refrigerants 
having the greatest specific volumes and the 
lowest latent heat values because the voJume 
of vapor circulated per ton of refrigerating 
capacity is greater. This accounts for the large 
wiredrawing effect associated with R-12. 

Increasing the speed of the compressor 
increases the piston displacement. Hence, the 
velocity of the vapor through the valves and the 
effects of wiredrawing are increased as the rpm 
are increased. 
12-14. The Effects of Cylinder Heating. 
Another factor which tends to reduce the 
volumetric efficiency of the compressor is the 
heating of the suction vapor in the compressor 
cylinder. The suction vapor entering the 
compressor cylinder is heated by heat con
ducted from the hot cylinder walls and by 
friction which results from the turbulence of the 
vapor in the cylinder and from the fact that the 
refrigerant vapor is not a perfect gas. The 
heating causes the vapor to expand after 
entering the cylinder so that a smaller weight of 
vapor will fill the cylinder and thereby still 
further reduce the volume of vapor taken in 
from the suction line. 

Cylinder heating increases as the compression 
ratio increases. At high compression ratios, 
the work of compression is greater and the 
discharge temperature is higher. This causes 
a rise in the temperature of the cylinder walls 

and other compressor parts so that the transfer 
of heat to the suction vapor occurs at a higher 
rate. 
12-15. The Effect of Piston and Valve Leak
age. Any back leakage of gas through either the 
suction or discharge valves or around the piston 
will decrease the volume of vapor pumped by 
the compressor. Because of precision manu
facturing processes, there is very little leakage of 
gas around the pistons of a compressor in good 
condition. However, since it is not possible to 
design valves that will close instantaneously, 
there is always a certain amount of back 
leakage of gas through the suction and discharge 
valves. 

As the pressure in the cylinder is lowered at 
the beginning of the suction stroke, a small 
amount of high-pressure vapor in the head of 
the compressor will leak back into the cylinder 
before the discharge valves can close tightly. 
Similarly, at the start of the compression stroke, 
some of the vapor in the cylinder will flow 
back through the suction valves into th~ suction 
line before the suction valves can close. 

To assure prompt closing of the valves, both 
the suction and discharge valves are usually 
constructed of lightweight materials and are 
slightly spring loaded. However, since the spring 
tension increases wiredrawing, the amount of 
spring loading is critical. 

For any given compressor, the amount of 
backleakage through the valves is a function of 
the compression ratio and the speed of the 
compressor. The higher the compression ratio, 
the greater is the amount of valve leakage. 
The effect of compressor speed on valve 
leakage is discussed later. 
12-16. Determining the Total Volumetric 
Efficiency. The combined effects of all of the 
foregoing factors on the volumetric efficiency of 
the compressor varies with the design of the 
compressor and with the refrigerant used. 
Furthermore, for any one compressor the 
volumetric efficiency is not a constant amount; 
it changes with the operating conditions of the 
system. Therefore, the total volumetric effi
ciency of a compressor is difficult to predict 
mathematically and can be determined with 
accuracy only by actual testing of the compressor 
in a laboratory. 

However, the results of such tests indicate 
that the volumetric efficiency of any one 
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Fig. 12-4. Effect of compression ratio on volumetric 
efficiency of R-12 compressor. 

compressor is primarily a function of the 
compression ratio and, for any given com
pression ratio, remains practically constant, 
regardless of the operating range. It has been 
determined also that compressors having the 
same design characteristics will have approxi
mately the same volumetric efficiencies, regard
less of the size of the compressor. 

The relationship between the compression 
ratio and the volumetric efficiency of a typical 
R-12 compressor is illustrated by the curve in 
Fig. 12-4. In addition, in order to facilitate 
future calculations, the average volumetric 
efficiencies of a group of typical R-12 com
pressors at various compression ratios are 
given in Table 12-1. The values given are for 
compressors ranging in size from 5 to 25 hp. 
Smaller compressors will have slightly lower 
efficiencies, whereas larger compressors will 
have slightly higher efficiencies. 
12-17. Variation in Compressor Capacity 
with Suction Temperature. Compressor per
formance and cycle efficiency will vary consider
ably with the operating conditions of the system. 
The most important factor governing the 
capacity of the compressor is the vaporizing 
temperature of the liquid in the evaporator, 
that is, the suction temperature. The large 
variations in compressor capacity which accom
pany changes in the operating suction tempera
ture are primarily a result of a difference in the 
density of the suction vapor entering the 
suction inlet of the compressor. The higher the 
vaporizing temperature of the liquid in the 
evaporator, the higher is the vaporizing pressure 
and the greater is the density of the suction 
vapor. Because of the difference in the density 

of the suction vapor, each cubic foot of vapor 
compressed by the compressor will represent a 
greater weight of refrigerant when the suction 
temperature is high than when the suction 
temperature is low. This means that for any 
given position displacement, the weight of 
refrigerant circulated by the compressor per 
unit of time increases as the suction temperature 
increases. 

The effect of suction temperature on com
pressor capacity is best illustrated by an actual 
example. 

Example 12-6. Assuming 100% efficiency, 
if the liquid reaches the refrigerant control at 
1 ooo F in each case, determine the weight 
of refrigerant circulated per minute and the 
theoretical refrigerating capacity of the com
pressor in Example 12-1 when operating at each 
of the following suction temperatures: (a) 10° F 
and (b) 40° F. 

Solution 
(a) From Table 16-3, 

density of R-12 satur
ated vapor at 10° F 
From Example 12-1, 

piston displace
ment 

Weight of refrigerant 
circulated per 
minute at 10° F 
suction 

From Table 16-3, 
enthalpy of R-12 
saturated vapor at 
10° F 
Enthalpy of R-12 

liquid at 100° F 

Refrigerating effect 
Theoretical refriger

ating capacity of 
compressor at 10° F 
suction, Btu/min 

Theoretical refrigerat
ing capacity in tons 

(b) From Table 16-3, 
density of R-12 satur
ated vapor at 40o F 
From Example 12-1, 

piston displace
ment 

0. 7402 lb/cu ft 

= 16.52 cu ft/min 

= 16.52 X 0.7402 
= 12.23 lb/min 

= 79.36 Btu/lb 

= 31.16 Btu/lb 

= 48.20 Btu/lb 

= 12.23 X 48.20 
= 589.49 Btu/min 

589.49 
= 200 
= 2.95 tons 

= 1.263 lb/cu ft 

= 16.52 cu ft/min 
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Weight of refrigerant 
circulated per minute 
at 40° F su~tion 

From Table 16-3, 
enthalpy of R-12 
saturated vapor at 
40°F 
Enthalpy of R-t2 
liquid at 100° F 

Refrigerating effect 
Theoretical refriger

ating capacity of 
compressor at 40o F 
suction, Btu/min 

Theoretical refriger
ating capacity in 
tons 

= 16.52 X 1.263 
= 20.86 lb/min 

= 82.7t Btu/lb 

= 31.16 Btu/lb 

= 51.S5 Btu/lb 

= 20.86 x 51.S5 
= t075.33 Btu/min 

t075.33 
=200 
= 5.38 tons 

In analyzing the results of Example t2-6 the 
following observations are of interest: 

t. Although the piston displacement of the 
compressor is the same in each case, the weight 
of refrigerant circulated per minute by the 
compressor increases from t2.23 lb/min to 
20.86 lb/min when the operating suction 
temperature is raised from 10° F to 40° F. The 
increase in the weight of refrigerant circulated 
results entirely from the greater density of the 
suction vapor entering the suction inlet of the 
compressor. In this instance, the percentage 
increase in the weight of refrigerant circulated is 

20.86 - t2.23 
= t2.23 X tOO = 10.5% 

2. The theoretical refrigerating capacity of 
the compressor at the too F suction temperature 
is 2.95 tons, whereas at the 40o F suction 
temperature, the capacity increases to 5.38 tons. 
This represents an increase in refrigerating 
capacity of 

5.38-2.95 o = 2.95 X tOO = 82.3% 

Although the increased density of the suction 
vapor at the higher suction temperature 
accounts for the greater part of the increase in 
compressor capacity, it is not the only reason 
for it. As indicated, the increase in the weight 
of refrigerant circulated is only 70.5 %. whereas 
the total increase in compressor capacity is 
82.3 %. The additionaltl.8 %gain in capacity is 
brought about by an increase in the refrigerating 

effect of each pound of refrigerant circulated. 
Although the actual gain in refrigerating effect 
per pound is only 6.95 %, when this increase is 
applied to the entire weight of refrigerant 
circulated at the higher suction temperature, the 
net gain in capacity over the original capacity 
which can be attributed to the greater refriger
ating effect is 11.8% (1.705 x 0.0695 = 1.823 
and 1.283 - 1.705 = 0.118 or 11.8%). 

The actual variation in compressor capacity 
with changes in suction temperature is more 
pronounced than that indicated by theoretical 
computations. That is, the change in the actual 
compressor capacity with variations in suction 
temperature is always greater than the change 
in the theoretical capacity. The reason for this 
is that the compression ratio changes as the 
suction temperature changes. When the vapor
izing temperature increases while the condensing 
temperature remains constant, the compression 
ratio is decreased and the volumetric efficiency 
of the compressor is improved. Hence, at the 
higher suction temperature, in addition to 
pumping a greater weight of refrigerant per unit 
of volume, the volume of vapor pumped by the 
compressor is also larger because of the im
proved efficiency. 

Example 12-7. Assuming that the satur
ated discharge temperature is tooo F, determine 
the actual refrigerating capacity of the com
pressor in Example 12-6 when operating at each 
of the suction temperatures in question. 

Solution 
(a) From Table t6-3, 

absolute pressure corre-
sponding to I ooo F 
saturation temperature 
Absolute pressure corre
sponding to too F 
saturation temperature 
Compression ratio 

From Table t2-t, 
volumetric efficiency 

From Example t2-6, 
theoretical refrigerating 
capacity at 10° F 
suction 

Actual refrigerating 
capacity at 10° F 
suction 

131.6 psi 

= 29.35 psi 
131.6 

= 29.35 
=4.47 

= 76.3% 

= 2.95 tons 

= 2.95 X 0.763 
= 2.22 tons 
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(b) From Table 16-3, 
absolute pressure corre-
sponding to 100° F satu
ration temperature 
Absolute pressure 

corresponding to 40° F 
saturation temperature 

Compression ratio 

From Table 12-1, 
volumetric efficiency 

From Example 12-6, 
theoretical refrigerating 
capacity at 40o F 
suction 

Actual refrigerating 
capacity at 40° F 
suction 

= 131.6 psi 

= 51.68 psi 
131.6 

= 51.68 
= 2.55 

= 85.7% 

= 5.38 tons 

= 5.38 X 0.857 
= 4.61 tons 

Whereas the theoretical increase in com
pressor capacity is only 82.3 %, the actual 
increase in refrigerating capacity is 

4.61 -2.22 
2.22 X 100 

= 107.7% 

11·18. Effect of Condensing Temperature 
on Compressor Capacity. In general, the 
refrigerating capacity of the compressor de
creases as the condensing temperature increases 
and increases as the condensing temperature 
decreases. The effect that the condensing 
temperature has on compressor efficiency and 
capacity can be evaluated by comparing the 
results of the following example with those of 
Examples 12-6 and 12-7. 

Example 11-8. Determine the theoretical 
and actual refrigerating capacities of the com
pressor in Example 12-1 for each of the two 
vaporizing temperatures given in Examples 
12-6 and 12-7, if the condensing temperature in 
each case is 120° F rather than 100° F. 

Solution 
(a) For the 10° F vaporizing temperature. 

From Example 12-1, 
piston displacement 
of compressor = 16.52 cu ft/min 

From Table 16-3, den-
sity ofR-12 saturated 
vapor at 10° F = 0.7402lb/cu ft 

Theoretical weight of 
refrigerant circulated 
per minute by com
compressor 

Refrigerating effect per 
pound at 10° F 
vaporizing and 120° F 
condensing 

Theoretical refriger
ating capacity of 
compressor 

Theoretical refriger
ating capacity in tons 

From Table 16-3, 
absolute suction 
pressure 

Absolute discharge 
pressure 

Compression ratio 

From Table 12-1, 

= 16.52 X 0.7402 
= 12.23 lb 

= 43.20 Btu/lb 

= 12.23 X 43.20 
= 527.34 Btu/min 

527.34 
= 200 
= 2.64 tons 

= 29.35 psi 

= 171.8 psi 
171.8 

= 29.35 
= 5.85 

volumetric efficiency = 66.5 % 
Actual refrigerating = 2.645 x 0.665 

capacity in tons = 1.76 

(b) For the 40o F suction temperature. 
From Example 12-1, 

piston displacement 
of compressor 

From Table 16-3, den-
= 16.52 cu ft/min 

sity ofR-12 saturated 
vapor at 40o F = 1.263 lb/cu ft 

Theoretical weight of 
refrigerant circulated 
per minute by 
compressor 

Refrigerating effect per 
pound at 40° F 
evaporating and 
condensing 120° F 

Theoretical refriger
ating capacity of 
compressor 

= 16.52 X 1.263 
= 20.86lb 

= 46.55 Btu/lb 

= 20.86 X 46.55 
= 971 Btu/min 

971 Theoretical refriger
ating capacity in tons = 200 

From Table 16-3, 
absolute suction 
pressure 

Absolute discharge 
pressure 

= 4.85 

= 51.68 psi 

= 171.8 psi 
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Compression ratio 

From Table 12-1, 
volumetric efficiency 

Actual refrigerating 
capacity in tons 

171.8 
=51.68 
= 3.32 

78.5% 

= 4.85 X 0.785 
= 3.81 

Examining first the too F cycle, notice that 
raising the condensing temperature from 1 ooo F 
to 120° F reduces the theoretical refrigerating 
capacity of the compressor from 2.95 tons to 
2.64 tons and the actual capacity from 2.22 tons 
to 1.76 tons. 

Since a 100% efficient compressor is assumed 
to displace a theoretical volume of vapor equal 
to its piston displacement and since the density 
of the suction vapor entering the compressor 
for any one vaporizing temperature is always 
the same regardless of the condensing tempera
ture, the theoretical weight of refrigerant 
displaced by the compressor is the same at all 
condensing temperatures, and therefore the 
theoretical refrigerating capacity of the com
pressor for any condensing temperature depends 
only upon the refrigerating effect per pound of 
refrigerant circulated. Hence, the difference 
in the theoretical refrigerating capacity of the 
compressor at the two condensing temperatures 
results entirely from the difference in the 
refrigerating effect per pound. 

The reduction in actual compressor capacity 
may be attributed to several factors: (1) a 
reduction in the refrigerating effect per pound 
and (2) a reduction in the volumetric efficiency 
of the compressor. 

Increasing the condensing temperature while 
the suction temperature remains constant 
increases the compression ratio and reduces 
the volumetric efficiency of the compressor so 
that the actual volume of vapor displaced by the 
compressor per unit of time decreases. There
fore, even though the density of the vapor 
entering the compressor remains the same at 
all condensing temperatures, the actual weight 
of refrigerant circulated by the compressor per 
unit of time decreases because of the reduction 
in the quantity of vapor handled. 

Increasing the condensing temperature in
creases the isentropic discharge temperature. In 
this instance, it is interesting to note (Fig. 7-7) 
that the increase in the isentropic discharge 

tem~rature is somewhat greater than that in the 
condensing temperature. Whereas the increase 
in condensing temperature is only 20o F 
(120° - 100°), the increase in the discharge 
temperature is 23.SO F (137.SO - 114°). This is 
accounted for by the greater work of com
pression at the higher compression ratio. Had 
the condensing temperature been increased in 
such a way that the compression ratio does not 
change (by increasing the suction temperature 
in proportion), the increase in the discharge 
temperature would have been approximately 
the same as that in the condensing tempera
ture. 

High discharge temperatures are undesirable 
and are to be avoided whenever possible. The 
higher the discharge temperature, the higher is 
the average temperature of the cylinder walls 
and the greater is the superheating of the 
suction vapor in the compressor cylinder. In 
addition to its adverse effect of compressor 
efficiency, high discharge temperatures tend to 
increase the rate of acid formation in the 
system, cause carbonization of the oil in the 
head of the compressor, and produce other 
effects detrimental to the equipment. 

·The loss of compressor efficiency and capacity 
resulting from an increase in the condensing 
temperature of the cycle is more serious when 
the suction temperature of the cycle is low than 
when the suction temperature is high. The 
desirability of operating a refrigerating system 
at the lowest practical condensing temperature 
has already been pointed out. This is of par
ticular importance when the suction temperature 
of the cycle is low and the compressor is already 
operating at a relatively low efficiency. 

When the cycle is operating at a 40° F 
vaporizing temperature, increasing the - con
densing temperature from 100° F to 120° F 
reduces the theoretical capacity of the com
pressor from 5.38 tons to 4.85 tons and the 
actual compressor capacity from 4.61 tons to 
3.81 tons. The loss in theoretical capacity is 

5.38-4.85 
5.38 

X 100 = 10% 

The loss in actual compressor capacity amounts 
to 

4.61 -3.81 
---:--:-:--- X 100 = 17.4% 

4.61 
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For the 10° F cycle, the loss in theoretical 
compressor capacity is 

2
•
95 ~ 2"

64 
X 100 = 10.5% 

2.95 

and the loss in actual compressor capacity is 

2.55 - 1.76 31% ---
5
-::---- X 100 = o 

2.5 

Note that the loss in theoretical capacity 
brought about by increasing the condensing 
temperature is approximately the same f~r 
both suction temperatures, whereas the loss m 
actual compressor capacity is much greater at 
the lower suction temperature. To a great 
extent, it is the loss in volumetric efficiency that 
causes the marked decrease in the actual 
capacity of the compressor at the. higher 
condensing temperature. The change m volu
metric efficiency for a given change in condens
ing temperature becomes greater as the ~uctio? 
temperature of the cycle decreases. This 
accounts for the greater effect that a change in 
condensing temperature has on compressor 
capacity when the suction temperature is low. 
11-19. Compressor Horsepower. The theore
tical horsepower required to drive the compres
sor may be found by multiplying the actual 
refrigerating capacity of the compressor in tons 
by the theoretical horsepower required per ton 
for the operating conditions in question. 

Example 11-9. Find the theoretical horse
power required to drive the compressor in 
Example 12-4. 

Solution. From Example 
12-4, actual refrigerating 
capacity in tons = 2.76 tons 

From Fig. 7-9, theoretical 
horsepower required per ton = 0.965 hp 

The theoretical horsepower = 2.76 x 0.965 
required to drive the com-
pressor = 2.66 hp 

Notice that it is the actual refrigerating 
capacity of the compressor, rather than the 
theoretical refrigerating capacity, which must 
be used in determining the theoretical horse-
power requirements of the compressor. . 

The theoretical horliepower as calculated m 
the preceding example is only an indication of 
the power which would be required by a 100% 

efficient compressor operating on an ideal 
compression cycle and does not represent the 
actual total horsepower which must be delivered 
to the shaft of the compressor. In actual 
practice, there are certain losses in power which 
accrue because of the mechanical friction in the 
compressor and because of the deviation of an 
actual compression cycle from the ideal com
pression cycle. Naturally, additional power 
must be supplied to the compressor to offset 
these losses. Therefore, the actual power 
required by a compressor will always be greater 
than the theoretical computations indicate. 
11-10. Variation in Compressor Horse
powerwith Suction Temperature. Although 
the horsepower per ton of refrigerating capacity 
diminishes as the suction temperature rises, the 
horsepower required by the compressor may 
either increase or decrease, depending upon 
whether the work done by the compressor 
increases or decreases. 

The total amount of work done by the 
compressor per unit of time in compressing the 
vapor and, hence, the power required to drive 
the compressor, is the function of only two 
factors: (1) the work of compression per pound 
of vapor compressed and (2) the weight of vapor 
compressed per unit of time. 

The amount of work which is done in 
compressing the vapor from the suction 
pressure to the discharge pressure varies with 
the eompression ratio. The greater the com
pression ratio, the greater is the work . of 
compression. Therefore, when the suctton 
temperature is raised while the condensing 
temperature remains the same, the compression 
ratio becomes smaller and the work of com
pression per pound is reduced. However, at the 
same time, because of the greater density of the 
suction vapor, the weight of vapor compressed 
by the compressor per unit of time increases. 
Since the saving in work done resulting from 
the reduction in the work per pound is seldom 
sufficient to outweigh the increase in the work 
of the compressor because of the increase in the 
weight of vapor compressed, raising the suction 
temperature will usually increase the power 
requirements of the compressor. 

Example 11-10. Compute the theoretical 
horsepower required by the compressor in 
Example 12-7 at each of the suction tempera
tures listed. 
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Solution 
(a) From Example t2-7, 

actual refrigerating 
capacity in tons at too F 
suction temperature 
From Fig. 7-9, theoreti-

cal horsepower per ton 
at 1 oo suction and 
100o F condensing 

Theoretical horsepower 
of compressor at too F 
suction 

(b) From Example 12-7, 
actual refrigerating 
capacity in tons at 40° F 
suction temperature 
From Fig. 7-9, theoreti-

cal horsepower per ton 
at 40o F suction and 
100° F condensing 

Theoretical horsepower 

= 2.22 tons 

= 1.13 hp 

= 2.22 X 1.13 
= 2.5t hp 

= 4.61 tons 

= 0.683 hp 

of compressor at 40o F = 4.61 x 0.683 
suction = 3.15 hp 

Although the horsepower per ton decreases 
39.5% as the suction temperature is raised from 
10° F to 40o F, because of the increase in the 
refrigerating capacity of the compressor, the 
horsepower required by the compressor in
creases from 2.51 hp to 3.15 hp. This represents 
an increase in the power required of 

3.15 -2.51 
2.51 

X tOO= 2t% 

The increase in compressor horsepower with 
the suction temperature is relatively small in 

comparison to the increase in compressor 
capacity. In this instance, for a 30° F rise in 
suction temperature, the capacity of the 
compressor increased 107%, whereas com
pressor horsepower increased only 21 %. The 
average increase in compressor capacity per 
degree of rise in suction ~mperature is 107%/ 
30o F or 3.21 %, whereas the increase in horse
power amounts to only 0. 7% per degree of rise. 

The relationship between compressor capacity 
and the horsepower of the compressor at 
various suction temperatures is shown by the 
curves in Fig. 12-5. The curves are for a typical 
R-12 compressor operating at a constant con
densing temperature of 100° F. 

As shown by the curve in Fig. 12-5 the 
horsepower required by a R-12 compressor 
increases as the suction temperature increases 
up to a certain point at which the horsepower 
required by the compressor is at a maximum. 
On reaching this point, if the suction temperature 
is further increased, the horsepower required 
by the compressor diminishes. This is not true, 
however, for compressors using ammonia as a 
refrigerant. For compressors using ammonia, 
the horsepower does not reach a maximum 
value, but continues to increase indefinitely as 
the suction temperature increases. 

The suction temperature at which the horse-
power required by a R-t2 compressors reaches 
a maximum depends upon the condensing 
temperature and increases as the condensing 
temperature increases. 

7r---.---.---.---.---.---.---,---~--,7 

Fls. 12-5. Curves illustrate the 
effects of suction temperature 
on the capacity and horse
power of reciprocating com· 
pressors. 
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Fls. 12-6. Curves illustrate 
the effects of condensing tem
perature on capacity and 
horsepower of reciprocating 
compressors. 
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Condensing temperature 

12.-2.1. The Effect of Condensing Tempera· 
ture on Compressor Horsepower. The 
curves in Fig. 12-6 illustrate the relationship 
between the horsepower required per ton of 
refrigerating capacity, the actual refrigerating 
capacity of the compressor, and the horsepower 
required by the compressor at various condensing 
temperatures when the suction temperature is 
keptconstant. Notethat,although thetheoretical 
horsepower required per ton increases as the 
condensing temperature increases, the theoretical 
horsepower required by any one compressor will 
not increase in the same proportion. This is true 
because the decrease in the refrigerating capa
city of the compressor which is coincident with 
an increase in the condensing temperature will 
offset to some extent the increase in the horse
power per ton. 

For instance, according to Fig. 7-9, for a cycle 
operating at a 10° F vaporizing temperature, 
the theoretical horsepower required per ton 
increases from 1.13 to 1.52 when the condensing 
temperature of the cycle is increased from 1 ooo F 
to 120° F. At the same time, Example 12-10 
illustrates that the actual refrigerating capacity 
of one particular compressor drops from 2.22 
tons to 1. 76 tons when the condensing tempera
ture is raised from 100° F to 120° F. The 
theoretical horsepower required by the com
pressor at the 100° F condensing temperature is 

1.13 X 2.22 = 2.51 hp 

For the 120° F condensing temperature, the 
theoretical horsepower required by the com-
pressor is 

1.52 X 1. 76 = 2.68 hp 

12.-2.2.. Brake Horsepower. The total horse
power which must be supplied to the shaft of the 
compressor is called the brake horsepower and 
may be computed from the theoretical horse
power by application of a factor called over-all 
compressor efficiency. The over-all efficiency is 
an expression of the relationship of the theoreti
cal horsepower to the brake horsepower in 
percent. Written as an equation, the relationship 
is 

and 

Thp 
Eo= Bhp x 100 

Thp 
Bhp = E

0
/100 

(12-6) 

(12-7) 

where E0 = the over-all efficiency in percent 
Thp = the theoretical horsepower 
Bhp = the brake horsepower 

Example 12.·11. Determine the brake 
horsepower required by the compressor in 
Example 12-14, if the over-all efficiency of the 
compressor is 80%. 

Solution. From Example 12-4, 
Thp 

Applying Equation 12-7, the 
Bhp 

= 3.12 hp 
Thp 

=E; 
3.12 

= 0.80 
= 3.9 hp 

The over-all efficiency is sometimes broken 
down into two components: (1) the compression 
efficiency and (2) the mechanical efficiency. In 
such cases, the relationship is 

(12-8) 
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where Ec = the compression efficiency in per
cent 

Em = the mechanical efficiency in percent 

so that 
Thp 

Bhp=E E 
c X m 

(12-9) 

The compression efficiency of a compressor is 
a measure of the losses resulting from the devia
tion of the actual compression cycle from the 
ideal compression cycle, whereas the mechanical 
efficiency of the compressor is a measure of the 
losses resulting from the mechanical friction in 
the compressor. The principal factors which 
bring about the deviation of an actual com
pression cycle from the ideal compression cycle 
are: (1) wiredrawing, (2) the exchange of heat 
between the vapor and the cylinder walls, and 
(3) fluid friction due to the turbulence of the 
vapor in the cylinder and to the fact that the 
refrigerant vapor is not an ideal gas. Notice 
that the factors which determine the compression 
efficiency of the compressor are the same as those 
which influence the volumetric efficiency. As a 
matter of fact, for any one compressor, the 
volumetric and compression efficiencies are 
roughly the same and they vary with the com
pression ratio in about the same proportions. 
For this reason, the brake horsepower required 
per ton of refrigerating capacity can be approxi
mated with reasonable accuracy by dividing the 
theoretical horsepower per ton by the volu
metric efficiency of the compressor and then 
adding about 10% to offset the power loss due 
to the mechanical friction in the compressor. 
Written as an equation, 

M(hd -he) X 1.1 
Bhp = 42.42 x E, (12-10) 

Since the relationship between the various 
factors which influence the compression effi
ciency are difficult to evaluate mathematically, 
the compression efficiency of a compressor can 
be determined accurately only by actual testing 
of the compressor. 
12-13. Indicated Horsepower. A device fre
quently used to determine the compression 
efficiency is the indicator diagram. An indicator 
diagram is a pressure-volume diagram of the 
actual compression cycle of the compressor 
which is produced during the actual testing of 
the compressor. 

A theoretical indicator diagram for an ideal 
compression cycle is shown in Fig. 12-7. It bas 
been illustrated previously that the area under 
a process diagram on a pressure-volume chart 
is a measure of the work of the process. In 
Fig. 12-7, notice that the area dDCd represents 
the work done by the piston in compressing the 
vapor during the isentropic process CD, and 
that the area aADba represents the work done 
by the piston in discharging the vapor from the 
cylinder during the constant pressure process 
DA, whereas the area aABa represents the work 
done back on the piston by the vapor during 
the isentropic re-expansion (of the clearance 
vapor) process AB. Since the work of process 
AB is work given back to the piston by the 
fluid, the net work input to the compression 
cycle is the sum of the work of processes CD 
and DA, less the work of process AB. Therefore, 
the net work of the compression cycle is 
represented by the area BA[)CB, the total area 
enclosed by the cycle diagram. 

The work of the compression cycle as deter
mined from the indicator diagram is called the 
indicated work and the horsepower computed 
from the indicated work is call.ed the indicated 
horsepower. 

Since the indicator diagram illustrated in 
Fig. 12-7 is a theoretical indicator diagram of 
an ideal compression cycle, the indicated work 
is the work of an ideal compression cycle and 
the indicated horsepower computed from the 
indicated work would, of course, be exactly 

p2 
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Fig. 11-7. Theoretical Indicator diagram for an ideal 
compression cycle. 
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Volume 

Fls. ll-8. Theoretical indicato'r dia&ram for an 
actual compression cycle. 

equal to the theoretical horsepower. However, 
in actual practice, since the indicator diagram 
reproduces the true paths of the various 
processes which make up the actual compression 
cycle, the indicated work of the diagram is an 
accurate measure of the actual work of the 
compression cycle and, therefore, the_indicated 
horsepower computed on the basis of the 
indicated work is the actual horsepower 
required to do the work of the actual com
pression cycle. 

Care should be taken not to confuse indi
cated horsepower with brake horsepower. 
Although the indicated horsepower includes 
the power required to offset the losses resulting 
from the deviation of an actual compression 
cycle from the ideal cycle, it does not include 
the power required to overcome the losses 
resulting from the mechanical friction in the 
compressor. In other words, the indicated 
horsepower takes into account the compression 
efficiency but not the mechanical efficiency. 
Hence, brake horsepower differs from indicated 
horsepower in that the brake horsepower 
includes the power required to overcome the 
mechanical friction in the compressor, whereas 
the indicate<i horsepower does not. The 
horsepower necessary to overcome the mechani
cal friction in the compressor is sometimes 
referred to as the friction horsepower (Fhp), so 
that 

Bhp = Ihp + Fhp (12-11) 

The relationship of the indicated horsepower 
to the theoretical horsepower is 

Thp 
Ihp=

Ec 
(12-12) 

An indicator diagram of an actual com
pression cycle is shown in Fig. 12-8. The area 
ABCD, enclosed by the cycle diagram, is, of 
course, a measure of the work of the cycle. 
An ideal cycle, AB'CD', is drawn in for com
parison. Pressures P1 and P2 represent the 
pressure of the vapor entering and leaving the 
compressor. The areas above line P2 and 
below line P1 represent the increased work of 
the cycle due to wiredrawing. Notice that at 
the end of the suction and discharge strokes 
(points C and A), the piston velocity diminishes 
to zero and the pressure of the vapor tends to 
return to P1 and P2, respectively. The other 
deviations from the ideal cycle represent the 
losses resulting from the heating of the vapor 
in the compressor cylinder. Line BC indicates 
the approximate volume of the suction vapor at 
the end of the suction stroke, whereas line BC' 
represents the approximate volume of this same 
weight of vapor in the suction line. The 
deviation of the actual compression process 
from the isentropic can be seen by comparing 
the actual compression path CD to the isen
tropic path CD'. 

The direction of the periodic heat transfer 
between the vapor and the cylinder walls at 
various times and points in the cycle is indi
cated by the arrows. The arrows pointing in 
denote heat transfer from the cylinder walls to 
the vapor, whereas arrows pointing out indicate 
heat transfer from the vapor to the cylinder 
walls. 

The temperature of the cylinder walls of the 
compressor will fluctuate around some mean 
value which is between the suction and dis
charge temperatures of the vapor. During the 
latter part of the re-expansion process, during 
the period in which the vapor is being admitted 
to the cylinder, and during the initial part of the 
compression stroke, the cylinder wall tempera
ture is greater than the vapor temperature and 
heat passes from the cylinder walls to the vapor. 
During the latter part of the compression stroke, 
during the discharge period, and during the 
early part of the suction stroke, the temperaQ!re 
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of the vapor exceeds the cylinder wall tempera
ture and heat passes from the vapor to the 
cylinder walls. 
12-14. Isothermal vs. Isentropic Compres
sion. Reference to Fig. 12-9 will show that if 
the compression process in the compressor was 
isothermal rather than isentropic the net work 
of the compression cycle would be reduced even 
though the work of the compression process 
itself is greater for isothermal compression than 
for isentropic compression. The reduction in 
the work of the cycle which would be realized 
through isothermal compression is indicated by 
the crosshatched area in Fig. 12-9. 

Isothermal compression is not practical for a 
refrigeration compressor since it would result 
in the discharge of saturated liquid from the 
compressor. Furthermore, if a cooling medium 
were available at a temperature low enough to 
cool the compressor sufficiently to produce 
isothermal compression, the cooling medium 
could be used directly as the refrigerant and 
there would be no need for the refrigeration 
cycle. 
12-25. Water·Jacketins the Compressor 
Cylinder. Any heat which is given up by the 
compressor cylinder to some external cooling 
medium represents, in effect, heat given up by 
the vapor during the compression process. 
Cooling of the vapor during compression causes 
the path of the compression process to shift 
from the isentropic path toward an isothermal 
path. Of course, the greater the amount of 
cooling, the greater will be the shift toward the 
isothermal. 

If the temperature of the air surrounding the 
compressor were exactly the same as the 
temperature of the compressor cylinder, there 
would be no transfer of heat from the cylinder 
to the air and· any heat given up by the vapor 
to the cylinder would be eventually reabsorbed 
by the vapor and the compression process 
would be approximately adiabatic. However, 
since there is nearly always some transfer of 
heat from the compressor to the surrounding 
air, compression is usually polytropic rather 
than isentropic. For an air-cooled compressor, 
the transfer of heat to the air will be slight and, 
therefore, the value of the polytropic com
pression exponent, n, will very nearly approach 
the isentropic compression exponent, k. Hence, 
the assumption of isentropic compreSsion for 

the ideal cycle is ordinarily not too much in 
error for an air-cooled compressor. 

Water-jacketing of the compressor cylinder 
results in lowering the temperature of the 
cylinder walls, and cooling of the vapor during 
compression will be greater for the compressor 
having a water jacket. Too, cylinder heating is 
reduced and the vapor is discharged from the 
compressor at a lower temperature. All of this 
has the effect of reducing the work of the 
compression cycle. However, the gain is 
usually not sufficient to warrant the use of a 
water jacket on most compressors, particularly 
compressors designed for R-12. For the most 
part, water-jacketing of the compressor is 
limited to compressors designed for use with 
refrigerants which have unusually high dis
charge temperatures, such as ammonia. Even 
then, the purpose of the jacketing is not so 
much for increasing compressor efficiency as 
it is to reduce. the rate of oil carbonization and 
the formation of acids, both of which increase 
rapidly as the discharge temperature increases. 
12-26. Wet Compression. Wet compression 
occurs when small particles of unvaporized 
liquid are entrained in the suction vapor 
entering the compressor. However, theoretical 
computations indicate that wet compression 
will bring about desirable gains in compression 
efficiency and reduce the wor~ of compression. 
This would be true if the small particles of liquid 
vaporized during the actual compression of the 
vapor. However, in actual practice, this is not 
the case. Since heat transfer is a function of 
time and since compression of the vapor in a 
modern high-speed compressor takes place very 

Volume 

Fla. 11-9. Isentropic vs. Isothermal compression. 
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rapidly, there is not sufficient time for the liquid 
to completely vaporize during the compression 
stroke. Hence, some of the liquid particles 
remain in the vapor in the clearance volume 
and vaporize during the early part of the 
suction stroke. This action reduces the volu
metric efficiency of the compressor without 
benefit of the return of work to the piston by 
the expansion of the vaporizing particles. 

A result similar to this is encountered when 
excessive cooling of the cylinder reduces the 
temperature of the vapor in the clearance below 
the saturation temperature corresponding to 
the discharge. Some of the clearance vapor will 
condense and the particles of liquid formed will 
vaporize during the early part of the suction 
stroke. 
ll-17. The Effect of Compressor Clearance 
on Horsepower. Theoretically, the clearance 
of the compressor has no effect on the horse
power, since the work done by the piston in 
compressing the clearance vapor is returned to 
the piston as the clearance vapor re-expands 
at the start of the suction stroke. However, since 
the refrigerant yapor is not an ideal gas, there 
is some loss of power in overcoming the internal 
friction of the fluid so that the power returned 
to the piston during the re-expansion of the 
clearance vapor will always be less than 
the power required to compress it. Hence, the 
clearance does have some, although probably 
slight, effect on the power requirements. 
ll-28. Compressor Speed. Since the speed of 
rotation is one of the factors determining piston· 
displacement (Equation 12-1), the capacity of 
the compressor changes considerably when the 
speed of the compressor is changed. If the 
speed of the compressor is increased, the piston 
displacement is increased and the compressor 
displaces a greater volume of vapor per unit of 
time. Theoretically, based on the.assumption 
that the volumetric efficiency of the compressor 
remains constant, the capacity ofthe compressor 
varies in direct proportion to the speed change. 
That is, if the speed of the compressor is 
doubled, the piston displacement and capacity 
of the compressor are also doubled. Likewise, 
if the speed of the compressor is reduced, the 
piston displacement and capacity of the 
compressor are reduced in the same propor
tion. However, the volumetric efficiency of the 
compressor does not remain constant during 

speed changes, and therefore the change in 
compressor capacity will not be proportional 
to the speed change. 

The variation in the volumetric efficiency 
with changes in the speed of rotation is brought 
about principally by changes in the·effects of 
wiredrawing, cylinder heating, and the back 
leakage of gas through the suction and discharge 
valves. 

The amount of back leakage through the 
valves in percent per cubic· foot of vapor dis
placed is at a maximum at low compressor 
speeds and decreases as the speed of the com
pressor is increased. Cylinder heating, too, is 
greatest at low compressor speeds. On the 
other hand, the effect of wiredrawing is at a 
minimum at low speeds and increases as the 
speed increases because of the increase in the 
velocity of the vapor passing through the valves. 
Hence, as the speed of rotation increases, the 
volumetric efficiency of the compressor due to 
the cylinder heating and valve leakage factors 
increases, while, at the same time, the volumetric 
efficiency due to the wiredrawing factor de
creases. It follows, then, that there is one 
critical speed of rotation at which the combined 
effect of these factors are at a. minimum and the 
volumetric efficiency is at a maximum. From 
an efficiency standpoint, this is the speed at 
which the compressor should be operated. At 
speeds higher than this critical speed, the 
volumetric efficiency of the compressor diminish 
because the loss of efficiency due to the wire
drawing effect will be greater than the gain 
resulting from the decrease in the effect of 
cylinder heating and valve leakage. Likewise, at 
speeds below the critical speed, the volumetric 
efficiency will be lower because the losses 
accruing from the increase in cylinder heating 
and valve leakage will be greater than the gain 
resulting from the decrease in the wiredrawing 
losses. 

The critical speed will vary with the design of 
the compressor and with the refrigerant used, 
and can best be determined by actual test of the 
compressor. 

It is general practice in the design of modern 
high-speed compressors to use large valve ports 
in order to reduce the wiredrawing effect to a 
practical minimum. These large openings in the 
valve-plate tend to increase the clearance 
volume and decrease the volumetric efficiency 
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due to the clearance factor, but the advantages 
accruing from the reduction in the wiredrawing 
effect more than offsets the loss of efficiency due 
to the greater clearance. This is particularly 
true where the power requirements are con
cerned, since the loss of power due to wire
drawing is much greater than the loss of power 
due to the clearance factor. 
12-19. Mechanical Efficiency. The mechanical 
friction in the compressor varies with the speed 
of rotation, but for any one speed, the mechan
ical friction, and therefore the friction horse
power, will remain practically the same at all 
operating conditions. Since the friction horse
power remains the same, it follows that the 
mechanical efficiency of the compressor depends 
entirely upon the loading of the compressor. 
As the total brake horsepower of the compressor 
increases due to loading of the compressor, the 
friction horsepower, being constant, will become 
a smaller and smaller percentage of the total 
horsepower .and the mechanical efficiency will 
increase. It is evident that the mechanical 
efficiency of the compressor will be greatest 
when the compressor is fully loaded. The 
mechanical efficiency of the compressor will 
vary with the design of the compressor and 
with compressor speed. An average compressor 
of good design operating fully loaded at a 
standard speed should have a mechanical 
efficiency somewhat above 90 %. 
ll-30. The Effect of Suction Superheat on 
Compressor Performance. It has been shown 
that superheating of the suction vapor causes 
the vapor to reach the compressor in an 
expanded condition. Therefore, when the 
vapor reaches the compressor in a superheated 
condition, the weight of refrigerant circulated 
by the compressor per minute is less than when 
the vapor reaches the compressor saturated. 
Whether or not the reduction in the weight of 
refrigerant circulated by the compressor reduces 
the refrigerating capacity of the compressor 
depends upon whether or not the superheating 
produces useful cooling. When the super
heating produces useful cooling, the gain in 
refrigerating capacity resulting from the increase 
in the refrigerating effect per pound is usually 
sufficient to offset the loss in refrigerating 
capacity resulting from the reduction in the 
weight of refrigerant circulated. On the other 
hand, when the superheating produces no 

useful cooling, there is no offsetting gain in 
capacity and the refrigerating capacity of the 
compressor is reduced in inverse proportion to 
the increase in the specific volume of the 
suction vapor at the compressor inlet. 

Regardless of whether or not the superheating 
produces useful cooling, the horsepower 
required to drive any one compressor is 
practically the same for a superheated cycle as 
for a saturated cycle. It was shown in Section 
8-4 that, when superheating of the vapor 
produces useful cooling, both the horsepower 
required per ton and the refrigerating capacity 
of the compressor are the same for the super
heated cycle as for the saturated cycle.. It 
follows, then, that the horsepower required by 
any one compressor will be the same for both 
cycles. On the other hand, when superheating 
of the vapor produces no useful cooling, the 
horsepower per ton is greater than for the 
saturated cycle. However, at the same time, 
the refrigerating capacity of the compressor is 
less for the superheated cycle and the increase 
in the horsepower required per ton is more or 
less offset by the reduction in compressor 
capacity, so that the horsepower required by the 
compressor is still approximately the same as 
for the saturated cycle. Notice that, although 
the horsepower required by any one compressor 
is not appreciably changed by the superheating 
of the suction vapor, when the superheating 
does not produce useful cooling, the refriger
ating capacity and efficiency of the compressor 
are materially reduced. This "is particularly 
true when the compressor is operating at a low 
suction temperature. It should be noted also 
that superheating of the suction vapor reduces 
the amount of cylinder heating and the efficiency 
of the compressor is increased to some extent. 
ll-31. The Effect of Subcoollng on Com
pressor Performance. When subcooling of 
the liquid refrigerant is accomplished in such a 
way that the heat given up by the liquid leaves 
the system, the specific volume of the suction 
vapor at the compressor inlet is unaffected by 
the subcooling and the weight of refrigerant 
circulated per minute by the compressor is the 
same as when no subcooling takes place. Since 
the refrigerating effect per pound is increased by 
the subcooling, the capacity of the compressor is 
increased by an amount equal to the amount of 
subcooling. Notice that the increase in the 
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refrigerating capacity of the compressor result
ingfrom the subcooling is accomplished without 
increasing the power requirements of the com
pressor. Therefore, subcooling improves com
pressor efficiency, provided the heat given up 
during the subcooling leaves the system. 

When the heat given up during the subcooling 
does not leave the system, as when a heat 
exchanger is used, the gain in capacity due to 
the subcooling is approximately equal to the 
loss in capacity due to the superheating, and 
the refrigerating capacity of the compressor is 
very little affected. However, there is some 
small gain in compressor efficiency, since the 
superheating of the vapor in the heat exchanger 
reduces the effect of cylinder heating. 
12-l:Z. Compressor Ratin1 and Selection. 
As previously stated, mathematical evaluation 
of all the factors which influence compressor 
performance is not practical. Hence, com
pressor capacity and horsepower requirements 
are determined accurately only by actual 
testing of the compressor. Table R-lOA is a 
typical compressor rating table supplied by the 
compressor manufacturer for use in compressor 
selection. The ratings have been determined by 
actual testing of the compressor under operating 
conditions set forth in the compressor testing 
and rating standards of the American Society 
of Heating, Refrigerating, and Air Conditioning 
Engineers (see Table R-lOB). 

It has been shown in the foregoing sections 
that both the refrigerating capacity and the 
horsepower requirements of a compressor vary 
with the condition of the refrigerant vapor 
entering and leaving the compressor. Notice 
in Table R-lOA that compressor refrigerating 
capacities (Btu/hr) and horsepower require
ments are listed for various saturated suction 
and discharge temperatures. The saturated 
suction temperature is the saturation tempera
ture corresponding to the pressure of the vapor 
at the suction inlet of the compressor, and the 
saturated discharge temperature is the saturation 
temperature corresponding to the pressure of 
the vapor at the discharge of the compressor. 

Although compressor ratings are based on 
the saturated suction and discharge tempera
tures, ASHRAE test standards require a certain 
amount' of suction superheat and specify that 
the actual temperature of the suction vapor 
entering the compressor be those listed in 

Table R-lOC. Since the compressor ratings 
given in Table R-lOA are in accordance with 
ASHRAE standards, it follows that in order to 
realize the listed ratings, the suction vapor must 
enter the suction inlet of the compressor at the 
conditions shown in Table R-lOC. For example, 
for a compressor operating at a saturated 
suction of -40° F, the suction vapor should 
enter the compressor at a temperature of 35o F 
(superheated 75° F from -40° F to 35° F), if 
the listed rating is to be obtained. Likewise, for 
a compressor operating at a saturated suction 
of 40o F, the actual temperature of the suction 
vapor entering the compressor should be 65° F 
(superheated 25° F from 40° F to 65° F). 
Where the actual temperature of the suction 
vapor is less than that indicated in Table 
R-lOC, the tabulated rating is corrected by 
using an appropriate multiplier to obtain the 
actual compressor capacity. The multipliers 
given in Table R-lOD correct the ratings to a 
basis of no superheat for the saturated condition 
listed. Where the actual suction vapor tem
perature is intermediate between saturation and 
the temperature shown in Table R-lOC, the 
multiplier is corrected accordingly. 

The superheating is assumed to occur in the 
evaporator, in the suction line inside the re
frigerated space, or in a liquid-suction heat 
exchanger so that the superheat produces useful 
cooling (Section 8-4). Superheating which 
occurs outside the refrigerated space should 
be disregarded with respect to the tabulated 
ratings. 

The superheating requirement of the 
ASHRAE standards at first appears to compli
cate unnecessarily the compressor rating and 
selection procedure. However, this is not the 
case. The superheating requirement is very 
realistic in that the amount of superheating 
specified in the rating standards very nearly 
approaches that amount which would normally 
be expected in a well-designed application. 
Hence, the effect of the superheating require
ment is to cause the compressor to be rated 
under conditions similar to those under which 
the compressor will be operating in the field. 
For this reason, except in unusual cases, no 
appreciable error will occur if the compressor 
ratings given in Table R-lOA are used without 
correction of any kind. Furthermore, com
pressor capacity requirements are not usually 
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critical within certain limits. There are several 
reasons for this. First of all, the methods of 
determining the required compressor capacity 
(cooling load calculations) are not in themselves 
exact. Too, it is seldom possible to select a 
compressor which has exactly the required 
capacity at the design conditions. Another 
reason that compressor capacity is not critical 
within reasonable limits is that the operating 
conditions of the system do not remain constant 
at all times, but vary from time to time with the 
loading of the system, the temperature of the 
condensing medium, etc. General practice is to 
select a compressor having a capacity equal to 
or somewhat in excess of the required capacity 
at the design operating conditions. 

It was shown in Chapter 8 that subcooling of 
the liquid increases the refrigerating effect per 
pound and thereby increases compressor 
capacity. With regard to subcooling, the 
ratings given in Table R-10A are based on 
saturated liquid approaching the refrigerant 
control, that is, no subcooling. Where the 
liquid is subcooled by external means (Section 
8-7), the capacity of the compressor may be 
increased approximately 2% for each so F of 
subcooling. Here again, for reasons outlined in 
the preceding paragraph, the effect of subcooling 
is usually neglected in selecting the compressor. 

To select a compressor for a given application, 
the following data are needed: 

1. The required refrigerating capacity 
(Btu/hr) 

2. The design saturated suction temperature 
3. The design saturated discharge temperature 

Naturally, the required refrigerating capacity 
is the average hourly load as determined by the 
cooling load calculations. However, if an 
evaporator selection is made prior to the 
compressor selection, the compressor should be 
selected to match the evaporator capacity rather 
than the calculated load. The reasons for this 
are discussed in Chapter 13. 

The design saturated suction temperature 
depends upon the design conditions of the 
application. Specifically, it depends upon the 
evaporator temperature (the saturation tem
perature of the refrigerant at the evaporator 
outlet) and upon the pressure loss in the suction 
line. For instance, assume an evaporator 
temperature of 28° F and a suction line pressure 

loss of approximately 3 psi. From Table 16-3, 
the saturation pressure of Refrigerant-12 corre
sponding to a temperature of 28° F is 41.59 psia. 
Allowing for the 3 psi pressure loss in the 
suction line, the pressure of the vapor at the 
suction inlet of the compressor is 38.59 psia 
(41.59 - 3). From Table 16-3, the saturation 
temperature corresponding to a pressure of 
38.59 psia, and, therefore, the saturated suction 
temperature, is approximately 24° F. 

The design saturated discharge temperature 
depends primarily on the size of the condenser 
selected and upon the quantity and temperature 
oftheavailablecondensingmedium. Methods of 
condenser selection are discussed in Chapter 14. 
ll-33. Condensing Unit Rating and Selec· 
tlon. Since condensing unit capacity depends 
upon the capacity of the compressor, methods 
of rating and selecting condensing units are 
practically the same as those for rating and 
selecting compressors. The only difference is 
that, whereas compressor capacities are based 
on the saturated suction and discharge tempera
tures, condensing unit capacities are based on 
the saturated suction temperature and on the 
quantity and temperature of the condensing 
medium. Since the size of the condenser is 
fixed at the time of manufacture for any given 
condenser loading, the only variables deter
mining the saturation temperature at the 
discharge of the compressor (and therefore the 
capacity of the compressor at any given suction 
temperature) is the quantity and temperature of 
the condensing medium. For air-cooled con
densing units, when the quantity of the air 
passing over the condenser is fixed by the fan 
selection at the time of manufacture, the only 
variable d&rmining the capacity of the con
densing unit, other than the suction temperature, 
is the ambient air temperature (temperature of 
the air entering the condenser). Hence, ratings 
for air-cooled condensing units are based on 
the saturated suction temperature and the 
ambient air temperature. 

Ratings for water-cooled condensing units 
are based on the saturated suction temperature 
and on the entering and leaving water tempera
tures. • Typical capacity ratings for air-cooled 

• For any given condenser loading and entering 
water temperature, the leaving water temperature 
depends only on the quantity of water (gallons per 
minute) flowing through the condenser. 
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and water-cooled condensing units are given in 
Tables R-11 and R-12, respectively. 

Example 12-12. A certain refrigeration 
application has a calculated cooling load of 
33,000 Btu/hr. If the design saturated suction 
and discharge temperatures are 20° F and 
100° F, respectively, select a compressor from 
Table R-lOA which will meet the requirements 
of the application. 

Solution. Locate the desired saturated dis
charge temperature in the first column of the 
table (100° F). Next, in the second column, 
locate the desired saturated suction tempera
ture and read to the right until a compressor 
having a capacity equal to or somewhat in 
excess of the desired capacity is found. Select 
compressor, Model #5F20, which has a capacity 
of 34,000 Btu/hr at 1450 rpm. 

Example 12-13. Assume that the design 
saturated suction in Example 12-12 is oo F and 
make a new compressor selection. 

Solution. Using the procedure outlined in the 
solution to Example 12-12, select compressor 
Model #5F30 which has a capacity of 36,000 
Btu/hr at 1750 rpm. 

Example 12-14. Determine the capacity of 
compressor Model #5F20 when operating at a 
23 o F saturated suction temperature, if the 
saturated discharge temperature is 100° F. 

Solution. From Table R-lOA, 
Compressor capacity 

at 30° F suction 
Compressor capacity 

at 20° F suction 
Capacity change per 

too F change in saturated 
suction temperature 

Average capacity change 
per o F change in suction 
temperature 

Total capacity change 
for 3° F change in suction 
temperature 

= 44,200 Btu/hr 

= 34,600 Btu/hr 

= 44,200 - 34,600 
= 9600 Btu/hr 

9600 
=w 
= 960 Btu/hr 

= 960 X 3 
= 2780 Btu/hr 

Approximate capacity 
of compressor at a 23 o F 
saturated suction = 34,000 + 2780 

= 37,380 Btu/hr 

Example 12-15. A certain refrigeration 
application has a calculated cooling load of 
8750 Btu/hr and the ambient temperature is 
90° F. If the design saturated suction tempera
ture is 20° F, select an air-cooled condensing 
unit which will satisfy the requirements of the 
application. 

Solution. From Table R-11, select a 1 hp 
condensing unit having a capacity of 9340 
Btu/hr at the prescribed conditions. 

PROBLEMS 

1. A four-cylinder reciprocating compressor 
having a 2 in. bore and a 2.5 in. stroke is 
rotating at 100 rpm. Compute the piston 
displacement in cubic feet per minute. 

Ans. 18.18 cfm 

2. Assume the compressor in Problem 12-1 is 
operating on the cycle described in Problem 7-1 
and compute the theoretical refrigerating 
capacity of the compressor in Btu/hr. 

Ans. 2.41 tons 

3. Using the conditions of Problem 12-2, 
determine:/ 

(a) The volumetric efficiency of the com-
pressor. . 

(b) The actual refrigerating capacity of the 
compressor in tons. Ans. 1.52 tons 

(c) The brake horsepower required per ton 
(allow 10% for mechanical friction and 
assume the compression efficiency is the 
same as the volumetric efficiency). 

Ans. 2. 7 hp/ton 
(d) The total brake horsepower required to 

drive the compressor. Ans. 4.1 hp 

4. From the compressor rating tables, select a 
compressor which will satisfy the following 
conditions: 

(a) Required capacity 24,900 Btu/hr 
(b) Design saturated suction temperature 

10° F 
(c) Design saturated discharge temperature 

105°F 



13 
System Equilibrium 
and Cycling 
Controls 

13-1. System Balance. In the designing of a 
refrigerating system, one of the most important 
considerations is that of establishing the proper 
relationship or "balance" between the vapor
izing and condensing sections of the system. 
It is important to recognize that whenever an 
evaporator and a condensing unit are connected 
together in a common system, a condition 
of equilibrium or "balance" is automatically 
established between the two such that the rate 
of vaporization is always equal to the rate of 
condensation. That is, the rate at which the 
vapor is removed from the evaporator and 
condensed by the condensing unit is always 
equal to the rate at which the vapor is produced 
in the evaporator by the boiling action of the. 
liquid refrigerant. Since all the components in 
a refrigerating system are connected together in 
series, the refrigerant flow rate through all 
components is the same. It follows, therefore, 
that the capacity of all the components must be 
of necessity the same. 

Obviously, then, where the system com
ponents are selected to have equal capacities at 
the system design conditions, the point of 
system equilibrium or balance will occur at the 
system design conditions. On the other hand, 
when the components selected do not have 

design conditions and the system will not 
perform satisfactorily. 

In any event, it is important to understand 
that, regardless of the equipment selected, the 
system will always establish equilibrium at some 
conditions such that all the system components 
will have equal capacity. Hence, whether or not 
system equilibrium is established at the sys
tem design conditions depends entirely upon 
whether or not the equipment is selected to have 
approximately equal capacities at the system 
design conditions. This concept is best illu
strated through the use of a series of examples. 

Example 13-1. A walk-in cooler, having a 
calculated cooling load of 11,000 Btu/hr, is to 
be maintained at 35• F. The desired evaporator 
TD is 12• F and the ambient temperature is 
90• F. Allowing 3• F (equivalent to approxi
~tely 21b) fo~ the pressure drop in the suction 
hne (see Section 12-32, select an air-cooled 
condensing unit and a unit cooler from manu
facturer's catalog data. 

. Solution. Since the design space temperature 
ts 35• F_ and the design evaporator TD is 12• F, 
the destgn evaporator temperature is 23• F 
(35• F - 12• F). When we allow for a 3• F 
loss in the suction line resulting from pressure 
drop, the saturation temperature at the com
pressor suction is 20• F (23• F - 3• F). 

From Table R-11, select I! hp condensing 
unit, which has a capacity of 12,630 Btu/hr at a 
20• F saturated suction and 90• F ambient air 
temperature. Although the condensing unit 
capacity is somewhat in excess of the calculated 
load of 11,000 Btu/hr, it is sufficiently close to 
make the condensing unit acceptable. How
ever, to assure proper system balance, the unit 
cooler selection must now be based on the 
condensing unit capacity of 12,630 Btu/hr 
rather than on the calculated load of 11,000 
Btu/hr. • Hence, a unit cooler having a capacity 
of approximately 12,630 Btu/hr at a 12• F TD 
is required. 

From Table R-8, unit cooler Model #lOS has 
a capacity of 10,500 Btu/hr at a to• F TD. 
Using the procedure outlined in Section 11-23, 
it can be determined that this unit cooler will 
have a capacity of 12,600 Btu/hr when operating 

• Either the evaporator or the condensing unit 
equal capacities at the system design conditions, may be selected first. However, once either one has 
system equilibrium will be established at been selected, the other must be selected for approxi
operating conditions other than the system mately the same capacity. 

225 
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at a 12" F TD. Since this is very close to the 
condensing unit capacity, the unit cooler is 
ideally suited for the application. 
13-2. Graphical Analysis of System Equi
librium. For any particular evaporator and 
condensing unit connected together in a 
common system, the relationship established 
between the two, that is, the point of system 
balance, can be evaluated graphically by 
plotting evaporator capacity against condensing 
unit capacity on a common graph. Using data 
taken from the manufacturers' rating tables, 
condensing unit capacity is plotted against 
suction temperature, whereas evaporator capa
city is plotted against evaporator TD. A 
graphical analysis of the system described in 
Example 13-1 is shown in Fig. 13-1. 

In order to understand the graphical analysis 
of system equilibrium in Fig. 13-1, it is important 
to recognize that, for any given space tempera
ture, there is a fixed relationship between the 
evaporator TD and the compressor suction 
temperature. That is, for any given space 
temperature, once the evaporator TD is 
selected, there is only one possible suction 
temperature which will satisfy the design 
conditions of the system. 

Notice that, in Example 13-1, for the design 
space temperature of 35° F and assuming a 
3 o F loss in the suction line, the only possible 
suction temperature that can coexist with the 
design evaporator TD of 12° F is 20° F. In this 

instance, the evaporator TD will be 12° F when, 
and only when, the suction temperature is 20° F. 
Any suction temperature other than 20° F will 
result in an evaporator TD either greater or 
smaller than 12o F. For example, assume a 
suction temperature of 25° F. Adding 3° F to 
allow for the suction line loss, the evaporator 
temperature is found to be 28° F (25° F + 3o F). 
Then subtracting the evaporator temperature 
from the space temperature, it is determined 
that the evaporator TD will be 7o F (35° F -
28° F) when the suction temperature is 25° F. 
Using the same procedure, it can be shown that 
if the suction temperature is reduced to 15° F, 
the evaporator TD will increase to 17° F, and 
when the suction temperature is 10° F, the 
evaporator TD will be 22o F, and so on. 

Apparently, then, raising or lowering the 
suction temperature always brings about a 
corresponding adjustment in the evaporator TD. 
Provided that the space temperature is kept 
constant, raising the suction temperature 
reduces the evaporator TD, whereas lowering 
the suction temperature increases the evaporator 
TD. 

With regard to Fig. 13-1, the following 
procedure is used in making a graphical analysis 
of the system equilibrium conditions: 

1. On graph paper, Jay out suitable scales 
for capacity (Btu/hr), suction temperature (° F), 
and evaporator TD (° F). The horizontal lines 
are used to represent capacity, whereas the 
vertical lines are given dual values, representing 
both suction temperature and evaporator TD. 
The latter is meaningful, however, only when 
the suction temperature and evaporator TD 
scales are so correlated that the two conditions 
which identify any one vertical line are condi
tions which, at the design space temperature, 
actually represent conditions that will occur 
simultaneously in the system. The procedure 
for correlating the suction temperature and 
evaporator TD scales was discussed in the 
preceding paragraphs. 

2. Using manufacturer's catalog data, plot 
the capacity curve for the condensing unit. 
Since condensing unit capacity is not exactly 
proportional to suction temperature, the con
densing unit capacity curve will ordinarily have 
a slight curvature. Hence, for accuracy, a 
capacity point is plotted for each of the suction 
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temperatures listed in the table and these points 
are connected with the "best-fitting" curve. 

3. From the evaporator manufacturer's cata
log data, plot the evaporator capacity curve. 
Since evaporator capacity is assumed to be 
proportional to the evaporator TD, the evapo
ratorcapacity curve is a straight line, the position 
and direction of which is adequately established 
by plotting the evaporator capacity at any two 
selected TDs. The evaporator capacity at any 
other TD will fall somewhere along a straight 
line drawn through these two points. In Fig. 
13-1, evaporator TDs of 7o F and 12° F are 
used in plotting the two capacity points required 
to establish the evaporator capacity curve. 

Notice in Fig. 13-1, that as the suction 
temperature increases, the evaporator TD 
decreases. This means, in effect, that as the 
suction temperature increases the capacity of 
the evaporator decreases while the capacity of 
the condensing unit (compressor) increases. 
Likewise, as the suction temperature decreases, 
the capacity of the evaporator increases while 
the capacity of the condensing unit decreases. 
The intersection of the two capacity curves 
indicates the point of system equilibrium. In 
this instance, because the evaporator and 
condensing unit have been selected to have 
equal capacities at the system design conditions, 
the point of system equilibrium occurs at the 
system design conditions (1 r F TD and 20° F 
suction temperature). Although the total 
system capacity is somewhat greater than the 
calculated load, the difference is not sufficiently 
great to be of any particular consequence, and 
means only that the system will operate fewer 
hours out of each 24 than was originally 
anticipated. • The relationship between system 
capacity and the calculated load is discussed 
more fully later in the chapter. 

It has already been pointed out that where the 
evaporator and condensing unit selected do not 
have equal capacities at the system design 
conditions, the point of system equilibrium will 

• For simplicity, the heat given off by the evapo- · 
rator fan motor has been neglected. If this heat is 
added to the cooling load, the total system capacity 
would be almost exactly equal to the calculated load. 
It is not often that equipment can be found which so 
nearly meets the requirements of an application as in 
this instance. 

occur at conditions other than the design 
conditions. For instance, assume that unit 
cooler Model #UC-120, rather than Model 
#UC-105, is selected in the foregoing example. 
At the design evaporator TD of 12° F, this unit 
cooler has capacity of 14,000 Btu/hr, whereas 
the condensing unit selected has a capacity of 
only 12,630 Btu/hr at the design suction 
temperature of 20° F. Consequently, at the 
design conditions, evaporator capacity will be 
greater than condensing unit capacity, that is, 
vapor will be produced in the evaporator at a 
greater rate than it is removed from the evapo
rator and condensed by the condensing unit. 
Therefore, the system will not be in equilibrium 
at these conditions. Rather, the excess vapor 
will accumulate in the evaporator and cause an 
increase in the evaporator temperature and 
pressure. Since raising the evaporator tempera
ture increases the suction temperature and, at 
the same time, reduces the evaporator TD, the 
condensing unit capacity will increase and the 
evaporator capacity will decrease. System 
equilibrium will be established when the 
evaporator temperature rises to some point 
where the suction temperature and evaporator 
TD are such that the condensing unit capacity 
and the evaporator are equal. In this instance, 
system equilibrium, as determined graphically 
(point A in Fig. 13-2), is established at a 
suction temperature of approximately 23 o F. 
The evaporator TD is approximately 9o F, 
which is 3° F less than the design evaporator 
TD of 1r F and which will result in a space 
humidity somewhat higher than the design 
condition. The total system capacity is approxi
mately 13,500 Btu/hr, which is about 23% 
greater than th~ calculated hourly load of 
11 ,000 Btu/hr. This means that the system 
running time will be considerably shorter than 
originally calculated. For instance, if the 
original load calculation is based on a 16-hr 
running time, the system will . operate only 
about 13 hr out of each 24. 

The question immediately arises as to whether 
or not this system will perform satisfactorily. 
Although this would depend somewhat on the 
particular application, the answer is that it 
probably would not in the majority of cases. 
There are several ~easons for this. First, the 
evaporator TD of 9o F is considerably less than 
the design TD of 1r F and would probably 
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result in a space humidity too high for the appli
cation. Ordinarily, the humidity in the refrig
erated space must be maintained within certain 
fixed limits. Assuming that the design TD is 
selected to produce the median condition within 
these limits, a one degree deviation from the 
design TD in either direction is usually the 
maximum which can be allowed if the space 
humidity is to be maintained within the limits 
specified for the application. 

Another consideration is the fact that the 
system capacity is some 23 % greater than the 
calculated load so that the system operating 
time will be relatively short. Although the sys
tem capacity exceeds the calculated load by a 
larger margin than good practice prescribes, this 
in itself would not ordinarily cause any serious 
problem in a majority of applications. How
ever, since the shorter running time will also 
tend to aggravate the already existing problem 
of high humidity, especially in the wintertime, 
when the two conditions are taken together, it 
seems unlikely that the system would produce 
satisfactory results in any application where the 
space humidity is an important factor. 

In the event that the equipment in question 
represents the best available selection, the ques
tion arises as to what can be done to bring the 
system into balance at conditions more in 
keeping with the design conditions. In this 
instance, since the problem is one of excessive 
evaporator capacity with relation to the con
densing unit capacity at the design conditions, 

logical coiTecttve measures prescribe either an 
increase in the condensing unit capacity or a 
reduction in the evaporator capacity in order to 
re-establish the point of system equilibrium at 
conditions nearer to the design conditions. 

Which of these two measures will produce the 
most satisfactory results depends upon the rela
tionship between the over-all system capacity 
and the calculated load. Whereas increasing 
either the condensing unit capacity or the evapo
rator capacity will always bring about an in
crease in the over-all system capacity, reducing 
either the condensing unit capacity or the 
evaporator capacity will always bring about a 
reduction in the over-all system capacity. 
Referring to Fig. 13-2 for the system under con
sideration, if the condensing unit capacity is 
increased to the evaporator capacity at the 
design conditions, system equilibrium will shift 
from point A to point B. On the other hand, if 
the evaporator capacity is reduced to the con
densing unit capacity at the design conditions, 
the point of system equilibrium will shift from 
A to C. Notice that, although the system is 
balanced at the design conditions at either 
points B or C, the over-all system capacity at 
point B is considerably above the calculated 
load, whereas at point C the over-all system 
capacity very nearly approaches the calculated 
load. Hence, in this instance, it is evident that 
increasing the condensing unit capacity as a 
means of bringing the system into balance at the 
design conditions cannot be recommended, 
since it would also increase the over-all system 
capacity and therefore tend to aggravate the 
already existing problem of excessive system 
capacity with relation to the calculated load. 
On the other hand, in addition to bringing the 
system into balance at the design conditions, 
reducing the evaporator capacity will also have 
the beneficial effect of reducing the over-all 
system capacity and thereby bringing it more 
into line with the calculated load. 
13-3. Decreasing or Increasing Evaporator 
Capacity. Reducing the evaporator capacity 
can be accomplished in several ways. One is to 
"starve" the evaporator, that is, to reduce the 
amount of liquid refrigerant in the evaporator 
by adjusting the refrigerant flow control so that 
the evaporator is only partially flooded with 
liquid. This effectively reduces the size of the 
evaporator, since that part of the evaporator 
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which is not filled with liquid becomes, in effect, 
a part of the suction line. 

Another method of reducing the capacity of 
the evaporator is to reduce the air velocity pver 
the evaporator by slowing the evaporator fan 9r 
blower. However, this method has its limita
tions in that the air velocity must be maintained 
at a level sufficient to assure adequate air 
circulation in the refrigerated space. Too, re
ducing the air quantity causes a change in the 
sensible heat ratio of the evaporator. Depending 
upon the particular application, this may or may 
not be desirab!e. 

As a general rule, there is little, if anything, 
that can be done to increase the capacity of an 
undersized evaporator. Occasionally, the evapo
rator capacity can be increased by increasing 
the air quantity. However, since increasing the 
air quantity also increases air velocity and fan 
horsepower requirements, this method has its 
limitations for reasons already discussed in 
Section 11-22. 

In some cases, the evaporator surface area 
can be increased somewhat by using a length of 
either .. bare tubing or finned tubing as a "drier 
loop" or as additional evaporator surface. How
ever, this too has its limitations because of the 
pressure drop accruing in the tubing. 
13-4. Decreasing or Increasing Condensing 
Unit C~pacity. Decreasing the condensing 
unit capacity can be accomplished in several 
ways, all of which involve decreasing the com
pressor displacement. Probably the simplest 
and most common method of reducing the con
densing unit capacity is to reduce the speed of 
the compressor by reducing the size of the pulley 
on the compressor driver. The speed reduction 
required is approximately proportional to the 
desired capacity reduction. 

The relationship between the speed of the 
compressor and the speed of the compressor 
driver is expressed in the following equation: 

(13-1) 

where Rpm1 = the speed of the compressor 
(rpm) 

D1 = the diameter of the compressor 
flywheel (inches) 

Rpm1 = the speed of the compressor 
driver (rpm) 

D2 = the diameter of the driver pulley 
(inches) 

Nom. Where the compressor driver is a 
four-pole, alternating-current motor operating 
on 60 cycle power, the approximate driver speed 
is 1750 rpm. For a two-pole, alternating-current 
motor, the approximate speed is 3500 rpm. 

Example 13-l. A refrigeration compressor 
having a 10 in. flywheel is driv.en by a four-pole, 
alternating-current motor. If the diameter of 
the motor pulley is 4 in., determine the speed 
of the compressor. 

Solution. Rearranging and 
applying Equation 13-1, 
Rpm1 

_ Rpm2 x D2 

- Dl 
1750 X 4 

10 
=700 

Example 13-3. Determine the diameter of 
the motor pulley required to reduce the speed 
of the compressor in Example 13-2 from 700 to 
600 rpm. 

Solution. Rearranging and 
applying Equation 13-1, D2 

_ Rpm1 x D1 
- Rpm2 

600 X 10 
1750 

= 3.5 in. 

Another method of reducing condensing unit 
capacity is to reduce the volumetric efficiency of 
the compressor by increasing the clearance 
volume. This increase is accomplished by in
stalling a thicker gasket between the- cylinder 
housing and the valve-plate. 

In some cases, small increases in condensing 
unit capacity can be obtained by merely in
creasing the speed of the compressor. However, 
when the capacity increase needed is substan
tial, it is usually more practical and more 
economical to use a larger size condensing unit 
and reduce the capacity as necessary. The 
reasons for this are several. 

First, since the increase in compressor capa
city will be accompanied by an increase in the 
horsepower requirements, any substantial in
crease in the compressor capacity will tend to 
overload the compressor driver and necessitate 
the use of a larger size. Too, some thought must 
be given to the condenser capacity. Here again, 
any increase in compressor capacity will tend to 
place a heavier load on the condenser. If the 
size of the condenser is not increased in propor
tion to the increase in the condenser load, 
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excessive compressor discharge temperature and 
pressure will result. Not only will this materially 
reduce the life of the equipment and increase 
maintenance and operating costs, but it will also 
tend to nullify to some extent the gain in capa
city originally accruing from the increase in 
compressor speed. 

It is apparent from the foregoing that, in most 
cases, increasing the capacity of either the eva
porator or the condensing unit is something 
which is not easily accomplished. Therefore, it 
is usually more practical and more economical 
to select oversized equipment rather than under
sized equipment. When the evaporator or the 
condensing unit is oversized and capacity reduc
tion is required to bring the system components 
into balance at the desired conditions, the capa
city reduction can readily be made with little, if 
any, loss in system efficiency. 
13-5. System Capacity vs. Calculated Load. 
The relationship between system capacity and 
system load is one which warrants careful con
sideration and which can be best explained by 
comparing the refrigerating system to a water 
pumping system. For example, assume that it 
is desired to maintain a constant water level in 
the tank shown in Fig. 13-3. If the water flows 
into the tank at a fixed and constant rate which 
is readily computable, the water in the tank can 
be maintained at a fixed level simply by installing 
a pumping system which has a capacity exactly 
equal to the flow rate of the water into the tank. 
Since the flow rate of the waterentering the tank 
is constant and since the pumping rate is equal 
to the water flow rate, the pump will operate 
continuously and no other water level control of 
any kind will be needed. 

On the other hand, if the flow rate of the water 
entering the tank varies from time to time, it is 
evident that if the level of the water is to be 
maintained within fixed limits, the pumping 
system must be selected to have a capacity equal 
to or somewhat in excess of the highest sustained 
flow rate of the water entering the tank. It is 
evident also that some means of cycling the 
pump "off" and "on" must be provided. Other
wise, during periods when the flow rate of the 
water entering the tank is less than maximum, 
the pumping rate will be excessive and the level 
of the water in the tank will be reduced below 
the desired leveL One convenient and practical 
means of cycling the pump is to install a float 
control in the tank (Fig. 13-4). The float control 
is arranged to close the electrical contacts and 
start the pump when the water in the tank rises 
to a predetermined maximum level. When the 
water level in the tank falls to a predetermined 
lower limit, the float control acts to close the 
electrical contacts and stop the pump. In this 
way, intermittent operation of the pump will 
maintain a relatively constant water level in 
the tank. 

The latter principle is readily applied to the 
. refrigerating system. Since the cooling load on a 
refrigerating system varies from time to time, 
the system is usually designed to have a capacity· 
equal to or somewhat in excess of the average 
maximum cooling load. This is done so that the 
temperature of the space or product' can be 
maintained at the desired low level even under 
peak load conditions. As in the case of the water 

From 
power line 

----------------------------------------------------------------------------~----------------------------------------------------------------------------·----------------------------------------
-----------=----_-_-_ ------------------

Fll• 13-4 

To pump motor 
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pumping system, since the system refrigerating 
capacity will always exceed the actual cooling 
load, some means of cycling the system "off" 
and "on" is needed in order to maintain the 
temperature of the space or product at a con
stant level within reasonable limits and to pre-
vent the temperature of the space or product 
from being reduced below the desirable 
minimum. 

For any refrigerating system, the relative 
length of the "off" and "on" cycles will vary 
with the loading of the system. During periods 
of peak loading, the "running" or "on" cycles 
will be long and the "off" cycles will be short, 
whereas during periods of minimum loading the 
"on" cycles will be short and the "off" cycles 
will be long. • 
13-6. Cycling Controls. The controls used to 
cycle a refrigerating system "on" and "off" are 
of two principal types: (1) temperature actuated 
(thermostatic) and (2) pressure actuated. Each 
of these types is discussed in the following 
sections. 
13-7. Temperature Actuated Controls. 
Temperature actuated controls are called ther-

(a} 

(bJ 

Fl1. 13-5. Bulb-type temperature sensing element. 

• Unlike the water pumping system, refrigerating 
systems are designed to have sufficient capacity to 
permit "off" cycles even during periods of peak 
loading. This is necessary in order to allow time for 
defrosting of the evaporator. However, allowances 
are made for defrosting time in the load calculations 
(the 24-hr load,is divided by the desired running 
time to obtain the average hourly load) and need 
not be further considered when selecting the equip
ment. 

Stationa~ 
contact 

Movable 
contact 

Bellows 

Fl1. 13-6. Schematic diagram of simplified pressure 
control. 

mostats. Whereas float controls are sensitive to 
and are actuated · by changes in liquid level, 
thermostats are sensitive to and are actuated by 
changes in temperature. Thermostats are used 
to control the temperature level of a refrigerated 
space or product by cycling the compressor 
(starting and stopping the compressor driving 
motor) in the same way that float controls are 
used to control liquid level by cycling the pump 
(starting and stopping the pump motor). 
13-8. Temperature Sensing Elements. Two 
types of elements are commonly used in thermo
stats to sense and relay temperature changes to 
the electrical contacts or other actuating mecha
nisms. One is a fluid-filled tube or bulb which is 
connected to a bellows or diaphragm and filled 
with a gas, a liquid, or a saturated mixture of 
the two (Figs. 13-Sa and 13-Sb). t Increasing the 
temperature of the bulb or tube increases the 
pressure of the confined fluid which acts through 
the bellows or diaphragm and a system of levers 
to close electrical contacts or to actuate other 
compensating mechanisms (Fig. 13-6). Decreas
ing the temperature of the tube or bulb will 
have the opposite effect. 

t The thermostat described here is called a 
remote-bulb thermostat. Although there are a 
number of different types of thermostats, this is the 
type most frequently used in commercial refriger
ation applications. Thermostats are used for many 
purposes other than controlling a compressor 
driving motor, as, for example, opening and closing 
valves, starting and stopping damper motors, etc. 
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Another and entirely different temperature 
sensing element is the compound bar, commonly 
called a bimetal element. The compound bar is 
made up of two dissimilar metals (usually Invar 
and brass or Invar and steel) bonded into a flat 
strip (Fig. 13-7a). Invar is an alloy which has a 
very low coefficient of expansion, whereas brass 
and steel have relatively high coefficients of 
expansions. Since the change in the length of 
the Invar per degree of temperature change will 
always be less than that of the brass or steel, 
increasing the temperature of the bimetal ele
ment causes the bimetal to warp in the direction 
of the Invar (the inactive metal) as shown in 
Fig. 13-7b, whereas decreasing the temperature 
of the bimetal element causes the bimetal to 
warp in the direction of the brass or steel (the 
active metal) as shown in Fig. 13-7c. This 
change in the configuration of the bimetal ele
ment with changes in temperature can be utilized 
directly or indirectly to open and close electrical 
contacts or to actuate other compensating 
mechanisms. 
13-9. Differential Adjustment. Like float 
controls, thermostats have definite "cut-in" and 
"cut-out" points. That is, the thermostat is 
adjusted to start the compressor when the tem
perature of the space or product rises to some 
predetermined maximum (the cut-in tempera
ture) and to stop the compressor when the 
temperature of the space or product is reduced 
to some predetermined minimum (the cut-out 
temperature). 

The difference between the cut-in and cut
out temperatures is called the differential. In 
general, the size of the differential depends upon 
the particular application and upon the location 

Colder 

(c) 

FIJ. 13-7. Bimetal-type tem
perature sensing element. 

of the temperature sensing element. Where the 
temperature sensing element of the thermostat is 
located in or on the product and controls the 
product temperature directly, the differential is 
usually small (2° For 3° F). On the other hand, 
where the sensing element is located in the space 
and controls the space temperature, the differen
tial is ordinarily about 6° F or 7o F. In many 
instances, the sensing element of the thermostat 
is clamped to the evaporator so that the space 
or product temperature is controlled indirectly 
by controlling the evaporator temperature, in 
which case the differential used must be larger 
(15° F to 20o For more) in order to avoid short
cycling of the equipment. 

When the thermostat controls the space or 
product temperature directly, the average space 
or product temperature is approximately the 
median of the cut-in and cut-out temperatures. 
Therefore, to maintain an average space tem
perature of 35° F, the thermostat can be adjusted 
for a cut-in temperature of approximately 38° F 
and a cut-out temperature of approximately 
32"F. 

On the other hand, when the space tempera
ture is controlled indirectly by controlling the 
evaporator temperature, an allowance must be 
made in the cut-out setting to compensate for 
the evaporator TD. For example, for an 
average space temperature of 35° F and assum
ing an evaporator TD of 12° F, to compensate 
for the evaporator TD, the cut-out temperature 
would be set at 20° F (32° F - 12") rather than 
at 32" F. Notice that the cut-in temperature is 
set at 38° F in either case. This is because the 
space temperature and the evaporator tempera
ture are the same at the time that the system 
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cycles on. Mter the compressor cycles off the 
evaporator continues to absorb heat from the 
space and warms up to the space temperature 
during the off cycle (Fig. 13-8). Therefore, when 
the space temperature rises to the cut-in tem
perature of 38° F, the evaporator will also be at 
the cut-in temperature of 38° F. As soon as the 
compressor is started, the evaporator tempera
ture is quickly reduced below the space tempera
ture by an amount approximately equal to the 
design evaporator TD. Therefore, in this in
stance, when the space temperature is reduced 
to 3r F (the desired minimum), the evaporator 
temperature (which the thermostat is controlling) 
will be approximately 20• F (12° F less than the 
space temperature). 

Regardless of whether the thermostat controls 
the space temperature directly or indirectly, 
proper adjustment of the cut-in and cut-out 
temperatures is essential to good operation. If 
the cut-in and cut-out temperatures are set too 
close together (differential too small) the system 
will have a tendency to short-cycle (start and 
stop too frequently). This will materially reduce 
the life of the equipment and may result in other 
unsatisfactory conditions. On the other hand, 
if the cut-in and cut-out temperatures are set too 
far apart (differential too large), the on and off 
cycles will be too long and unnecessarily large 
fluctuations in the average space temperature 
will result. Naturally, this too is undesirable. 

Although approximate cut-in and cut-out 
temperature settings for various types of appli
cations have been determined by field experience, 

in many cases it is necessary to use trial-and
error methods to determine the optimum settings 
for a specific installation. 
13-10. Range Adjustment. In addition to the 
differential, cycling controls have another adjust
ment, called the "range," which is also asso
ciated with the cut-in and cut-out temperatures. 
Although, like the differential, the range can be 
defined as the difference between the cut-in and 
cut-out temperatures, the two are not the same. 
For example, assume that a thermostat is 
adjusted for a cut-in temperature of 30• F and a 
cut-out temperature of 20• F. Whereas the 
differential is said to be to• F (30° - 20•), the 
range is said to be between 30• F and 20• F. 

Although it is possible to change the range 
without changing the differential, it is not 
possible to change the differential without 
changing the range. For instance, suppose that 
the thermostat previously mentioned is re
adjusted so that the cut-in temperature is raised 
to 35• F and the cut-out temperature is raised to 
25° F. Although the differential is still to• F 
(35• - 25•), the operating range of the control 
is 5• F higher than it was originally, that is, the 
operating range is now between 35• F and 25° F, 
whereas previously it was between 30• F and 
20• F. In this instance, the range of the control 
is changed, but the differential remains the same. 
Under the new control setting the average space 
temperature will be maintained approximately 
5• F higher than under the old setting. 

Suppose now that the differential is increased 
5• F by raising the cut-in temperature from 30• F 

I 
I 
I 
I 
I 
I 
I 

Fie. 13-8. Notice that when the unit cycles "on," the evaporator temperature is the same as the space 
temperature, whereas when the unit cycles "off," the evaporator temperature is lower than the space 
temperature by an amount equal to the design evaporator TO. 
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to 3So F while the cut-out temperature is left at 
the original setting of 20° F. Notice that both 
the differential and the range are changed. The 
differential, originally 10° F, is now 1So F and 
the range, originally between 30° F and 20o F, is 
now between 3So F and 20o F. With this control 
setting, the running cycle will be somewhat 
longer because the differential is larger. Too, 
the average space temperature will be 2 or 3 
degrees higher because the cut-in temperature is 
higher. If the differential had been increased by 
lowering the cut-out temperature so F rather 
than by raising the cut-in temperature so F, the 
operating range of the control would have 
shifted to the opposite direction and the average 
space temperature would have been 2 or 3 
degrees lower than the original space tempera
ture. 

Typical range and differential adjustments 
are shown in Fig. 13-9. Turning the range
adjusting screw clockwise increases the spring 
tension which the bellows pressure must over
come in order to close the contacts and, 
therefore, raises both the cut-in and cut-out 
temperatures. Turning the range-adjusting 
screw counterclockwise decreases the spring 
tension and lowers both the cut-in and cut
out temperatures. 

Fig. 13-9. Schematic diagram 
of thermostatic motor control 
lllustrati ng range and differen
tial adjustments. 

Turning the differential-adjusting screw clock
wise causes the limit bar A to move toward the 
screw head, thereby increasing the travel of the 
pin B in the slot. This has the effect of in
creasing the differential by lowering the cut-out 
temperature. Turning the differential adjusting 
screw counterclockwise raises the cut-out tem
peratureand reduces the differential. By manipu
lating both range and differential adjustments, 
the thermostat can be adjusted for any desired 
cut-in and cut-out temperatures. 

The arrangement shown in Fig. 13-9 repre
sents only one of a number of methods which 
can be employed to adjust the cut-in and cut-out 
temperatures. The particular method used in 
any one control depends on the type of control 
and on the manufacturer. For example, for the 
control shown in Fig. 13-9, changing the range 
adjustment changes both the cut-in and cut-out 
temperatures simultaneously, whereas for an
other type of control changing the range adjust
ment changes only the cut-in temperature. For 
still another type of control, changing the range 
adjustment changes only the cut-out tempera
ture. However, whatever the method of adjust
ment, the principles involved are similar and the 
exact method of adjustment is readily deter
mined by examining the control. In many cases, 



SYSTEM EQUILIBRIUM AND CYCLING CONTROLS 235 

instructions for adjusting the control are given 
on the control itself. 

If electrical contacts are permitted to open or 
close slowly, arcing will occur between the con
tacts, and burning or -:welding together of the 
contacts will result. Therefore, cycling controls 
which employ electrical contacts must all be 
equipped with some means of causing the con
tacts to open and close rapidly in order to avoid 
arcing. In Fig. 13-9, the armature and per
manent magnet serve this purpose. As the 
pressure in the bellows increases and the 
movable contact moves toward the stationary 
contact, the strength of the magnetic field 
between the armature and the horseshoe magnet 
increases rapidly. When the movable contact 
approaches to within a certain, predetermined, 
minimum distance of the stationary contact, the 
strength of the magnetic field becomes great 
enough to overcome the opposing spring tension 
so that the armature is pulled into the magnet 
and the contacts are closed rapidly with a snap 
action. 

As the pressure in the bellows decreases, 
spring tension acts to open the conta~ts. How
ever, since the force of the spring is opposed 
somewhat by the force of magnetic attraction, 
the contacts will not separate until a consider
able force is developed in the spring. This 
causes the contacts to snap open quickly so that 
arcing is again avoided. 

Toggle mechanisms are also frequently used 
as a means of causing the contacts to open and 
close with a snap action. Too, some controls 
employ a mercury switch as a means of over
coming the arcing problem. A typi~l mercury 
switch is illustrated in Fig. 13-10. As the glass 
tube is tilted to the right, the pool of mercury 
enclosed in the tube make contact between the 
two electrodes. As the bulb is tilted back to the 
left, contact is broken. The surface tension of 
the mercury provides the snap action necessary 
to prevent arcing. 
ll-11. Space Control vs. Evaporator Con
trol. When the sensing element of the thermo
stat is located in the space or in the product, the 
thermostat controls the space temperature or 
product temperature directly. Likewise, when 
the sensing element is clamped to the evaporator, 
the thermostat controls the evaporator tempera
ture directly. In such cases, control of the space 
or product temperature is accomplished in-

directly through evaporator temperature con~ 
trol. Which of these two methods of control is 
the most suitable for any given application 
depends upon the requirements of the applica
tion itself. 

For appiications where close control of the 
space or product temperature is desired, a 
thermostat which controls the space or product 
temperature directly will ordinarily give the best 
results. On the other hand, for applications 
where off-cycle defrosting is required and where 
minor fluctuations in the space or product tem
perature are not objectionable, indirect control 
of the space temperature hy evaporator tempera
ture control is probably the better method. 

In order to assure complete defrosting of the 
evaporator, the evaporator must be allowed to 
warm up to a temperature of approximately 
37o or 38° F during each off cycle. When the 
thermostat controls the evaporator temperature, 
the cut-in temperature of the thermostat can be 
set for 38° F. Since the evaporator must warm 
up to this temperature before the compressor 
can be cycled on, complete defrosting of the 
evaporator during each off cycle is almost 
certain. On the other hand, when the thermo
stat controls the space temperature, there is no 
assurance that the evaporator will always warm 
up sufficiently during the off cycle to permit 
adequate defrosting. 

If we assume that the thermostat is properly 
adjusted, if the load on the system is relatively 
constant and the capacity of the system is 
sufficient to handle the load, no defrosting prob
lems are likely to arise with either method of 
temperature control. However, if the system 
is subject to considerable changes, in load, 
defrosting problems are sometimes experienced 
in applications where the thermostat controls 
the space temperature. When the system is 

Fig. 13-10. Mercury contacts. 
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operating under peak load conditions, the tem
perature of the space tends to· remain above the 
cut-out temperature of the thermostat for 
extended periods so that running cycles are long 
and frost accumulation on the evaporator is 
heavy. Too, under heavy load conditions, the 
space temperature warms up to the cut-in 
temperature of· the thermostat very quickly 
during the off cycle so that the off cycles are 
usually short. Frequently, the off cycles are too 
short to allow adequate defrosting of the eva
porator. In such cases, when the compressor 
cycles on again, the partially .melted frost is 
caught on the evaporator and frozen into ice. 
Eventually the evaporator will be completely 
frozen over with ice, air flow over the evaporator 
will be severely restricted, and the system will 
become inoperative. 
13-12. Pressure Actuated Cycling Controls. 
Pressure actuated cycling controls are of two 
types: (1) low-pressure actuated and (2) high
pressure actuated. Low-pressure controls are 
connected to the low-pressure side of the system 
(usually at the compressor suction) and are 
actuated by the low-side pressure. High
pressure controls, on the other hand, are con
nected to the high-pressure side of the system 
(usually at the compressor discharge) and are 
actuated by the high-side pressure. 

The design of both the low-pressure and the 
high-pressure controls is similar to that of the 
remote-bulb thermostat. The principal differ
ence between remote-bulb thermostat and the 
pressure controls is the source of the pressure 
which actuates the bellows or diaphragm. 
Whereas the pressure actuating the bellows of 
the thermostat is the pressure of the fluid con
fined in the bulb, the pressures actuating the 
bellows of the low-and-high-pressure controk 
are the suction and discharge pressures of the 
compressor, respectively. Like the thermostat, 
both controls have cut-in and cut-out points 
which are usually adjustable in the field. 
13-13. High-Pressure Controls. High
pressure controls are used only as safety controls. 
Connected to the discharge of the compressor, 
the purpose of the high-pressure control is to 
cycle the compressor off in the event that the 
pressure on the high-pressure side of the system 
becomes excessive. This . is done in order to 
prevent possible damaging of the equipment. 
When the pressure on the high-pressure side of 

the system rises above a certain, predetermined 
pressure, the high-pressure control acts to break 
the circuit and stop the compressor. When the 
pressure on the high-pressure side of the system 
returns to normal, the high-pressure control 
acts to close the circuit and start the compressor. 
However, some high-pressure controls are 
equipped with "lock-out" devices which require 
that the control be reset manually before the 
compressor can be started again. Although 
high-pressure controls are desirable on all 
systems, because of the possibility of a water 
supply failure, they are essential on systems 
utilizing water-cooled condensers. 

Since the condensing prel'sures of the various 
refrigerants are different, the cut-out and cut-in 
settings of the high-pressure control depend on 
the refrigerant used. 
13-14. Low-PressureControls. Low-pressure 
controls are used both as safety controls and as 
temperature controls. When used as a safety 
control, the low-pressure control acts to break 
the circuit and stop the compressor when the 
low-side pressure becomes excessively low and 
to close the circuit and start the compressor 
when the low-side pressure returns to normal. 
Like high-pressure controls, some low-pressure 

. controls are equipped with a lock-out device 
which must be manually reset before the com
pressor can be started. 

Low-pressure controls are frequently used as 
temperature controls in commercial refrigeration 
applications. Since the pressure at tlte suction 
inlet of the compressor is governed by the 
saturation temperature of the refrigerant in the 
evaporator, changes in evaporator temperature 
are reflected by changes in the suction pressure. 
Therefore, a cycling control actuated by changes 
in the suction pressure can be utilized to control 
space temperature indirectly by controlling the 
evaporator temperature in the same way that 
the remote-bulb thermostat is used for this 
purpose. In such cases, the cut-in and cut-out 
pressures of the low-pressure control are the 
saturation pressures corresponding to the cut-in 
and cut-out temperatures of a remote-bulb 
thermostat employed in the same application. 
For example, assume that for a certain appli
cation the cut-in and cut-out temperature 
settings for a remote-bulb thermostat are 38° F 
and 20° F, respectively. If a low-pressure con
trol is used in place of the thermostat, the cut-in 
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prcuwe setting for the i<n>'-pm~Ure ..... uo~ .. ru 
be 50 psia (the saturataOO ~re or R· ll 
COiiespoo>ding 10 a tcmpcnuure of 31 F) IUld 
tho cut-out pressure sdting '"II be 36 posa (the 
saturation p~ of R·ll com:sponding to a 
tctnpcraturc or 20* F) .• 

N. the evaporaiOr warms up during the off 
cyele, the pressure in the evaporator ;...,...,.. 
ucordingly. When the pacssure 1n the evapora· 
lOr rises to the cut-in pressure selling or the lo10· 
pressure conrrol, the low·pacssute ooouol ae1s 
10 close the c:in:uit IUld statt the comprtSSOT. 
very soon afte:r the compreuor atarts, the 
ten>pcrature and pressure or the evoporntor are 
reduced to approximately the design evaponuor 
temperature and pressure nnd they remain nt 
this condition throughout moSt or the running 
cycle (sec Fig. 13·8). Near the end or the 
running cyele the evaporator temperature and 
pressure arc gradually reduced below the dcslp 
conditions. When the evaporator ptalllre Is 
reduced to the c:u.t-out praoure fClt&llg or the 
low·praoure control. the contrOl IdS 10 br<ak 
the c:ir<:uit aod $lOp the~-

Since the rcfrigaant vapor Ulldctp a drop 
In pressure •ilile 1lowing through the -uon 
line, the pressure of the ""pot at the -uon 
Inlet or the comprc$$0r is usually 2 or 3 lb leu 
than the evaporator pressure. Thll Is panlcu· 
Jarly ltue when the COmptcSSO<" IS Joc:ated 
tome dimoce from the evaporator. Since the 
low· pressure c:ontm1 is octuatcd by the pacssurc 
at the suction inlet of the co~. the 
pressure drop ac:cruing in the -uon line must 
be uaken into account '''hen the pacssurc conltOI 
eettings arc made. To compensate for tho 
pressure Joss in the suction line, the cul.out 
pressure setting is lowered by on omount equal 
to the pressure loss in the line. For example, 
ossuming a 3·1b pressure loss In the sucilon line, 
when the p=re in the cvoporaior Is 36 pslo, 
the pressure at the suction inlet or the com· 
pressor will be33 psi&. Heoc:e, if it is daired to 
cyeJe the c:omptcSSOr oil when the p<a~Ure in 
the evapontor is rcduccd to 36 pill. the cut-out 
~ or the low-pressure control 11 ICl for 
)) poia. In this inswx:e, failure 10 mate "" 
allo....,_ fO< the prasurc '- In the ll\lctlon 

• Whon re!rigerants othc< than R·ll arc uood in 
the l)'llCOI, the (IRS'UfC ICUinp Will be Chc IIIUI' 

ration pi'$SUTCS ol !"- r<frl&cranll oonupondlnc 
to the desired cut'in and cut-out ICmpcnllum. 

line .. ould cause the oootrol to cyde the c:om-
~ ,.ben the prasurc in the a-aporator was 
reduced to only 39 P'ia mm than the cblred 
36 Jllia. The S)'$1C111 would ba.,. a tendency to 
$hart cyelc because the differential is too small 
and unsatisfactory operation would rcsulL 

Ptcuure loa in the suction line in 110 way 
aff<cts the cut·in setting of the control. Since 
pressure drop Is a function or \-elocity or Bow, 
there it 110 pressure drop in the suctioo line 
wileD the system is idle, As soon as the com· 
prtSSOT cycles off, the p<eSSUrc at the suction of 
compt'C6sor roses to the evaporator pl'CSiure to 
that at the time the compressor cycles on the 
pressure at the compressor inlet is tbe same 
as the evaporator pressure. Hel\ce, the cut·in 
pressure setting or the conltol is made without 
reg~rd for the pressure drop in the suction 
Une. 

Since the low-p<a~Urt control controls eva· 
porator temperature rather than lpOCC tempcta
wre, n il &A ideal temperatute control for 
appllcabOCS nqulring oft" -<)de~- This 
Is panicularly INt ror '"'remote~ installal>OIIa 
.. bore the compressor is located some dJsliUlCC 
from the ..,.porator. In such installa.lioos. low· 
prcsoure tempcn.rure control bas a distinct 
adYIUlla£C ..- thermostatic ~~:mpcraturc oon
ttol in that it ordinarily results in a considerable 
saving In electrical wiring. Because or the 
remote bulb, the thermostat must always be 
loc:ated near the ..,.porator or space ,..,_ 
temperature is being controlled. This requires 
that a pa•r or dectric:al conductors be installed 
between the fixture and the condensing uniL On 
the other band, the low--pressure conrrol Is 
loaned at the compressor ncar the power source 
so that the •mount of control wiring needed Is 
much leu. 
13· 15. Oual·l'rauura Controls. A dual-pres· 
sure control is a combination or th.e low ... nd· 
blgh·pacssure controls in a single control. 
Ordtnanly, only one set of electrical oontaet 
points arc .-1 in the control, although a 
acparato bellows _..bly is empo,-cd for eKb 
or the ~ ~res. A cypieal dual prcsoure 
control ;, lhown in Fi£, IJ.II. This type or 
preuure conuol Is rrcquenily supplied as stan
dard equipment on condensing units. 
ll-16. Thal'ump-Oown Cyde. A commonly 
used method or eyeling the condensing unit. 
known as a "pump-down cycle." employs both a 
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lhamoolat and a lo\l;-prcaure conltOI. In a 
pump-doWn C)'dc, tbc IJ*'O or eYapOraiOt ~.em
perature Is controlled cltrcot.ly by tbc lhamoolaL 
Howewr, Instead or startin& and S1oppin& tbc 
comrr- elmer, tbc thcnnosw actS 10 open 
and e'- a eol<noid YaM 1-n.d in tbc hq~tld 
line, usually ncar tbc raripant llow control 
W'l· 13-12). M tbc IJ*'O or evaporator km
puatute Is reduced to tbc cut-out temperature 
or tbc tbcrmoatat, tbc tbcnnostat brcala the 
.olenoid dmllt, thereby de<ncrpnn& tile 
tolenoid and intm"upting the 6ow or liquid 
rerrigerant 10 tile evaporator. Continued 
operation or tbc compressor causes C'lllcuatlon 
of the rcfriC"rant from that portion or the 
lyttem beyond the polnt where the rerrl&"f&nt 
flow Is inlettuplcd by the tolenold. When the 
pressure In tbc cvacuakd portion or the syttcm 
is rcduocd tO the CUtoOUt ptcaure or the 
low prasurc conttol, the low·pRSSutc conttol 
breaks tbc compressor dri- circuit and 110ps 

the comptaa«. When tbc temperature of the 
spoocc or eVaporator rises to tbc cut-in tem
perature or the lhermosl:lt. tbc lhamoolac 
.._ tho aolalo14 circuit and enc:rpz.. tbc 
.tOieno•d. tllercby opeaing the liquid line and 
pemuttinJ llqllid tdriC"f"nt 10 enter the 
eVaporator Silloc tbc .... porator Is warm. 
tbc loquld entcnnc lhc <Vllpor&tor vaporizes 
rapidly 10 that the evaporator prcssute riiC:I 
Immediately to tk cut-in p<aSUre or lhc 
low·prCIISIUC conltOI. v.hercupon the low
pm~urc cooltOI closes the compressor driver 
tlr\:ult and ttarta the comprc$$01". 

The advanta&"' or tbc pur1p-<lown cycle arc 
many. One or the moat Important ones being 
that tho amount or refrigerant a boor bed by thc 
oU In the cmnkcuo or the compressor during thc 
off cycle Is tubltantWiy reduced. The problem 
or crankcase oil dilution by reCriC"'&ftl absorp
tion durin& tbc off cycle is fully ddcustod In 
Cbaptcr 18. 
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13·17. Variation• In Sy•t~m Capacity. It I• 
worthwhile to notice tbot both the operuting 
conditions and the capacity or u refrlgeroting 
system change as theiood on the system chonges. 
When tbe load on the system is heavy and the 
spuee temperature Is high, tho evaporAtor TO 
will be sornc:.what larger than the design evapo
rator TO and the capacity of !he evaporutor will 
be: greater than the dc.\ign evaporator capacity. 
llecause or tho higher evaporator capacity, the 
suction temperature will also be higher so that 
equUibrium is mnlntuln<d belwttn the vnporfz. 
iDg and condensing sectioru of the system. 
Hence, under heavy load conditions, the system 
operating conditions nrc somewhat higher than 
the- average design conditions and the system 
capacity is somewhat greater than tho average 
design capacity. Obviously, tho horsepower 
requirements or tho compressor are greatest 
at this peak load condition and the compRSSOr 
driver mUSt be selected to ba•-e aulllc:knt bono
po"~ to meet these requln:ments. 

Cottvendy. when the load on the system is 
light, the spaa: tempenuure will be lo~ tban 
the avuage design spaco temperature, tbe 
e11aporator 1D wiD be less !ban tbe cltslgn TO, 
and the suction temperature wUI be lower tbon 
the design $Udioo temperature. ~fore, tho 
system operating conditions will be somewhat 
lower than the average dcslp operating con· 
ditlons and !be system capacity will be somc
wbatless than the a""ruge dcslp capacity. 

During each running cycle the system paues 
tbrough a complete series of operating eoo<ll· 
lions and c:apadllcs, lbc operating conditions 
and capacity being highest at the beginning of 
the running cycle when the apace ttmperacure 
is highest, and lo...,st at the end or the running 
cycle when the space tempen~ture Is loweat. 
However, during mQSt or tbc running cycle, a 

well-designed system will operate very nearly 
nt the design conditions. 
13-18. Ca,paclty Control. The imporuutce of 
bnlundng the system capacity with tbc: system 
load eannot be overemphasized. Any lime the 
system capacity deviates considerably rrom tbe 
system load, unsatisfactory operating conditions 
will re&ulc. lt hQs already been pointed out that 
good practice requires that the system be 
designed to hnve a c:npacity equal to or slightly 
In excess of the average maximum sustained 
load. This l$ done so that the syscem Will have 
sufficient capacity to maintain the temperature 
and humidity at the desired level during 
periods or pcalt loading. Obviously, as the 
coolin& load cleereases, there is a tendency roc 
the system to beoomc o~izcd in relation to 
the load. 

In applic;ations whete the changes in the 
a""rage sysu:m load arc not great, capacity 
control is adequately accomplished by cyeling 
tho syst<m on and olf as de$cribc:d in lbe 
precodin& soctlons. In s...:b c:ascs, assuming 
that the cycling controh are propc:rly adjusted, 
the rclaliw length or the on and oft' cycles will 
vary with the load on the system. During 
period$ whet:~ the loecl is heavy, on eyctes will 
be: long and olf eycles will be mort, wbcr= 
during periods ~"hen the load is light, on eycles 
will be shan and olf cycles will be long. !'o.'atur
ally, the clegrcc or variation In the length of 
the on and olf eyctes wnt depend on the degree 
or load ftuetutulon. However, since the system 
must always be designed co haw sufficient 
capacity to handle lbc maximum load, when 
the changes In the syst<m load are substantial, 
it is cvidentthatlbc Jystem will be consldctably 
over$1zcd wbcn the load Is at a minimum. A 
aystent which Is o""rslzcd for the load will 
usually p.rovc to be as unsstlafactory as one that 

•• .. 
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To 

PJt. l ).l). ~- Jplit In,. two MC- lo< 
copodty -trol. a-.,. lho ................ In lho 
lltjul4 kne ol Mf~Mnt I< I'Oft4on lhla ponlon ol 
lho ovaporuor ._,...... n.. captdty ...tuctlon 
obtalnod It proponlonal to lho autfac. ., .. cycled 
out. 

It unclcnll;cd roc lbc loold. When lbc aystcm Is 
undcni.b:d roc lbc loed, tbol I'W\IIlnl lime "'ill 
be QCO&Siyt, lbc lpoce lemp<ftiiii'C ..-ill be bleb 
for c:xlCQdcd p<riodl, ami lbc oil' cycles ,.>II be 
100 tbon 10 pennit adeqllaiO cldi'OIUnl o( lbc 
aapon1or. Oa lbc Olbc:r hancl, ,.heR lbc 
system II o•o:alzed for lbc load, lbc off cycles 
will be 100 long ami the cquopmont Nnning 
11m0 woll be illl\lJJidcot to rcrnow lbc Rqul~ 
amount or moi$ture from lbc Sf*C"· This will 
nsuh in WIS&Wfoctory {hlaber than normal) 
bumlc1hy cooditions io lbc rcfropted "*"' 

For this -. wbtn cbanp in lbc sys~<m 
10114 II'C .. ~~~w~tial, it Is IIIUill)' ._, 10 
pnMdc some ,_,. or auiOmltlc:a.lly (or 
,..,ually) \'&~')'in& lbc capeaty o( lbc 1)'\lan 
Olbc:r than by C)'dlD& lbc l)'ttem on and oil'. 
This b uuc abo or ~ Installations w11cre lbc 
site or lbc equipment rcodets C)'Ciina the system 
on and off impractical. 

The"' are many Olll:thoclt or bringin& lbc 
rcrrlpllnC capecity Into balance with lbc 
rdrlptinc load. Naturally, lbc mt»tsuitablc 
method In any oac ..,., wUI dcf~CM upoo the 
condltlons and rcqulmncniS o( lbc lnslall:alloo 
IISdf. Some i.natallatlons Rquirc only OIIC or 
•- mpo o( ca~ty -.ln>l, .. na.u othcn 
Rquire a number or IIepa. Fl'<llj\altly, IIC¥trol 
mochods arc employed llmuiWicoOUIIy In onler 
10 obuin lbc cleliml llcxiblltty. Too. In some 
c:ues, II 11 necessary to lm~ an anotlcill 
load on tho oqulpmcon to achlc:w tho proper 
balance bel.....,. the ...,.;ble (tempcnture 

~ and latent (moiJtURI RlductloQ) 
loads.. ln applicalioDs .. here lbc latent load 
is 100 tarr a pcrcen~a&e or the .-J load, 
s:atisfeetion or the latau load will nsull In 
ovtn>OOiing or the If'&""' unless ~lo heat II 
artiJicllllly inttoduoecl Into the •JM~Ce· In such 
cues, lbc ICIIJible heal is uwally added 10 lbe 
Sf*C" In the fonn or rehc>t. lbe air is Rnt 
puKd - a coolios cool and cooled 10 the 
tcmpcnorure .-ry 10 reduce lbc rnolsiURI 
content to tho <*iRd lc:\'el and lbc air Is then 
rdlcacod 10 lbc ~ dr) bulb tcmpcnoture. 
lbe rcbeatinc 11 -Poshcd With ~~cam or 
hot "'~I« ooils, ,.;Ill clcanc: •lri~la"', « ,.,lh hot ps from the compressor dbclwp. 

ln IOfllelnstallations. thc n:rriplioc cape· 
dty or the system is ad<qu>tcly eonlrollcd by 
controtllnc the caplldty or tb~ co~ only. 
Since the ftow rato or lk rcfri~t mUll be 
the ame in all componcrns. any cJtance In the 
ca~ty or any one component ,.;n autOtMtl· 
cally .-11 In a aimilar •djustment an the 
capacity or all the ou.... componcatlS. l'beft1ore, 
incrcasin& oc -...me the capeaty or the 
com~ will. on olfcel. oncrcaK « -.
the capacity o( tho entire $)'$tem. ~. 
It b lmponant to notice that with this method 
of capacity control tho openoting c:onditlons or 
the system will chan~¢ as the capacity of the 
system chan,_. 

Where Ills dcsltcd to vat) the ca~ty of the 
~ without t.llcnolnc the operallnc condi
tions or the s)'llcm to chan~¢. n Is _,. to 

Fla. 1).14. Coli dm.l..d lodKO contnll, (C.O..n:•y 
K- Otm-. -.., AJr AltOf' ComfMI'7• 
Inc.) 

• Thllprobkm isUJu.ally mntc ac-utoln 1he wlnccr. 
time when the tto"""J.lon (wall c•ln) load .. l'ah• 
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control both the eYapont« capec.ty and the 
compressor capacity dlroctly. • 

Some or the mo~ common mctbodl of con
trolling evaporator and comprenor capacidcs 
arc considered in the following eection1. 
I l-It. l!vaporato• Capacity Control. Prot.. 
ably the mO&t effective method or ptevlding 
eYaporator capacity control is to dlvtdc the 
cvapont« Into JCVeral scpara10 tec:tlons or 
cin:ulta wblch arc indlvidWllly controlled to that 
one or more tcctions or dn:uita caa be eyclcd 
out u the load clca (Pic. l 3-13). UJin& 
thit mtUiod, any pcrtauap or the eYapont« 
capacity can be cycled out in any desired 
number of steps. The number and al%e or 
the Individual evaporator 1«tlons depend on 
the number of steps of capacity detlred and the 
percent change in capadty !UjUired pu step, 
rapecllvdy. TbcamngcmcntortheeYapotator 
acedont or cin:ultJnc clcpcncls on the rclatioa
allip or the kllliblc load to the total load at the 
YUioua load c:onditlonf.. IWI<:ally, two CIIQilt 

~ts ate p<*lbk. Evaporator circuit· 
loa can be arranp to provodc ettber -race· 
control or -clcplb" conuol, or bcKII (FiJ. 1 l-14 
and ll-1$). When "face" control is used, the 
"tmliblc heat ratio" or the eYapontor is not 

~'~I• I).IS. Coli drcvtt.41or doptll-trol. (Cou,.. 
CAl)' KonNrd Do-. AIMtlcM AJr FU<o< ComPM)', 
Inc.). 

• Any rod:uc:doo J.n ->"'em la.d l.rt4/0f 1111em 
eopochy will abo bave oomc <lfecl on the copocloy 
0( 1 he condcniiCr and on the oW. of the rd'rlttrant 
linea. Theoo tupic:l .,., diJCU•toed In Chapom 14 
ond 17, Mpectiv..ly. 

-
lr-domper 

Pia. 1).16. EvaponiO<' oqulppod wlth • lace d., per 
to vaty tile qU&IIdty ol olr ~~aovor tile OVlponiO<', 

,., tile..,.,.,-- tile doood pooldoft, tile 
,..,,._ opNt - tile - muot wort Is 
1...-..1 10 tbat tile .-1 qU&IIdty ola.r d"'"'at:ed 
Ilea I II 

ali'CIC10d.t On the other hand, Mdcplh" eo<~uol 
always chanp the eensiblc heat nttlo. 1u a 
general rule. the mono depth the toaponttor tw 
the pter is its lat<nt coofing (moisturc 
removal) capadty. He.nce, u one or lllOR rows 
or the eYaporalor arc eyclcd OUI., the eensible 
beat ntio incrcueL 
~ -=on mctbod or "V)onc l.bc 

evaporator capcty is to vuy the amount o1 
air dn:ulatecl Oftr l.bc evaporator throuch the 
- or -ftoc" or "r.co.nd-by·pul" dampon. 
(Flp. I l-16 and I l-17). Multispeed blow\n can 
abo be IIICd for this porposc. Too, in 110m0 in
$W>ccs,multispocdblow\nand dampcnano-.1 
together In order to ptevldc the dcaiRd balanoe. 

In nearly all -· applicaJion or any or the 
fOJCCOinc methods or evaporator capedty 
conuol will -tate limul~ control of 
~capcty. 
ll-21. CompreuorCapadtyC:O..trol. Tbcre 
arc a oumberor cWfcrcnt lndhodt or conttofion& 
the capaaty of AICiprocatin& ~ One 
mctbod, already mcntion<d,ls to vary the tpeed 
or the COmp«'CUU< by varyin& the speed or the 
comptCSSOI' dtl~r. When an engine or turbine 
is cmploy<d to drive the comp~. lbe 
compre.or capacity can be modulated over a 
wide ntnp by governor control or the com • 
.,._..dri-. 

W1M:n an elodric motorclri-l.bc~. 
only two lpecdlaR L&IUIIlly available 10 that the 
c:ornprC*Ot' operates dtber at full capacity or at 
$0Y. capec.ty. When more th111 two 1pcec1s .,., 
detired, It is ncaossary to use two lep8tltc 
wlndo"" In the motor, in which..,. four tpeeds 
will be poMlblo. 

t Rallo or tho '"'ntlblo cooling Clpoclly to the 
totJII coolin& oapochy. 



- -- -... --,... IJ.IJ. [.._._, oq01,.. with r... ..... b)o-

- - ..... lor ~(J ............ ou.,..n .,.. ··-·"'"' ..,_ 4_...,_.. r... 4.,.,... b cloMd oil Wttll till• .,,..., _ 
1M q~•.ndqo o( lllr _..,.-the W-IM cal> 

1>o rqv .. tod by allowlnJ mo,. <>r lou llr 10 by·
tha n aponc.or. How .... ar. Np n:lleu ol tM potltion 
of the damperr. the coal quanuc.y ol air drc:~o~lated 
, .... .... praakslly ........... 

CapKJty contrOl or multicylindcr ccm. 
pr..-rs Is lfujuontly obtain«! by •'unloodtn(" 

- « - cylindcn 10 thlt they become 
lncii'CCilw One m<lbod or _.phshinc this 
It to by-pass ~be diJc:b&rce from one or mon: 
C)llndcn t.ctt 11110 the suction hne u shown 
In n,. 13.18. When tbc tuedon pteaurc dropl 
to a ....uin pn:dctcnnlned value a toknold 
valve In the b)'·f>U$1lnc, ac:tuated by a pteSUtC 
control, opcm and allows the ditt:Jwce from 
one or more cyUnclm 10 now 11uoup the 
b)'·plll lone bldt into the JUCI>Oft hnc wbcR '' 
m•.a .. tth ~be blcom&n& IUdlOn ••por. As 
lone u .... JUCtion ~ ........ below the 
co.Hn tc~unc or the contrOl, the clltdulrr;e from 
the unloaclcd C)lindcn conMua to by-pass 10 
the SUdlOn lone. When the IUCIIon f'RS'UI'C 

,_ 10 the cui-out tc~tlnc or the p~U~Ure. 
control, tbc tolenold .. ,.., 1.1 dc<~~<rci•.ed and 
the b)'·paa llnc is cloa.ed 10 that the conopreuor 
Is returned to run capacity operation. 

Another mctbocl or unloodlnc oompmsor 
cylinders Is to dcptea the $11Cilon .,.,..,. of the 
tylindct or C)Unclm 10 be unloaded 10 that they 
remain opeo durioc the oompceaion (up) 
tcrol.c. Woth ~be tucdon val- htkl open, lbe 
IUCioon wpor dra,.n ltlto tbo C)lindcr durin& 
the suction llroke is I'Ciumed to tbo auc:tlon line 
duronc lbo oomp'CSSlon <uokc. A typical 
unloodcr or thia type is shown In h & I l-19. 

'The operation of the unloadcr mechanism is 
as follows: .. ben tbc suction preoo~urc rolls to 

lbe cui-in ~ or lbe JIRS'U"' coatrol, the 
COfttrol enerciJa lbe IO!alotd vai\'C and admits 
~,.. ps from the condcnler 10 tho 
unloodcr piston .. bkh I CI> 10 clcfx- the 
suction wlvca and bold them opeo. W~ 
tbc auc:tlon pmaurc rlsea 10 I be cut-out pRNUl'O 
or the ~rc control, the solenoid val.., Is dc
entr&Jzc:cl and the unloodcr piston is returned to 
tho normal poaltlon. 

to addltloo 10 pnMdin& eapecity contrOl, 
cyliodcr unloadcn of all types arc used 10 

unlood tho COII,.CW cylindcn durift& C!Oift

~ turt..up 10 that the ~ lUlU 

in an unloa<locl coodi'- tbcn:by redudnc the 
ionlsh cuncnt demand. 

Wbcn any or the capactty conuol melhodl 
dacribed thua far are used, the h~po,.'Ct 
requirements of the oomprts>'Or dccrcue u tho 
capacity ~ although not in the same 
proponlons. . 

A-.bcr melhod or conlrolhnc ~ 
caf*ity Is to thtoltJc the com~ auc:tioa. 
H.,...._, IUICO tl red"'* com~ capacoty 
,.,lbout redudnc compcssor botKpoww. th.is 
mctbocl it aeldorn uta!. 

Sull another means or oontrolhn& oomp......,r 
capttdty .. hlch Is emplo)'od .. ;,h good rcsulaa Is 
to opcralc two or more compoessors In parallel 
(Fi&• 13.20). Individual lo"·p.UlUre c:onuob 
arc used to cyelc the comp~rs. Tbc c:ut.ln 
and c:utodllt ~,.. or the indivktual coot:Oia 
arc so adJUSICd that the compreuon eycte olf 
an sequm:c u tho IUCtlon pressure dot:ral<ls 
and C)do on In aoqucncc v.bcn the -
prooourc riles. Very ollcn these OO<IIpraiOI'I 
OR cqwpped l'tth cyhnder unloadcrs to pro•ide 
additoonal IICp6 of control Multiple ..,..... 
prcswr systems arc dltcuncd In detail In 
Cbaplcr 20. 

·--

To- --) 
fla. IJ.IL Sdlemtll< 4jqnln o1 cyilodtr by1'W 
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Typical 
solenoid valve-~'~'=.

fll• 13-19. Condenser pres· 
sure actuated cylinder un· 
loader mechanism. (Courtesy 
Dunham-Bush, Inc.) 

(shown energized) 

13-21. Multiple-System Capacity Control. 
Another method of controlling capacity is to 
employ two or more separate systems. The 
evaporators for the separate systems may be in 
the same housing and air stream or they may 
be in separate housings and air streams. In 
either case, separate compressors and condensers 
are used, although in some instances the con
densers may be in a common housing. 

From evaporator 

Fll• 13-20. Two compressors Installed In parallel as 
a means of controllin& compressor capacity. As the 
load diminishes, one compressor is cycled out to 
reduce the compressor capacity. Often, one com
pressor is equipped with cylinder unloaders to ·pro
vide additional steps of control. 

Connect to 
discharge side 
of compressor 

This method ,af capacity control is well 
suited to installations where only two steps of 
capacity control are required, as in chilling or 
combination chilling and storage applications. 
The use of two or more separate systems has the 
added advantage of providing a certain amount 
of insurance against losses accruing from 
equipment failure. Should one system become 
inoperative, the other can usually hold the load 
until repairs can be made. 

PROBLEMS 

1. Assuming a 2° F loss in saturated suction 
temperature due to refrigerant pressure drop 
in the suction line. 

(l) Select an air-cooled condensing unit to 
operate in conjunction with the natural 
convection evaporator in Problem 12-1. 

(2) Plot the evaporator and condensing unit 
capacities on a common graph and 
determine: 

(a) The saturated suction temperature at 
the point of system balance 

(b) The capacity of the system in Btu/hr at 
the point of system balance. 



14 
Condensers and 
Cooling Towers 

1-4-1. Condensers. Like the evaporator, the 
condenser is a heat transfer surface. Heat from 
the hot refrigerant vapor passes through the 
walls of the condenser to the condensing 
medium. As the result of losing heat to the 
condensing medium, the refrigerant vapor is 
first cooled to saturation and then condensed 
into the liquid state. 

Although brine or direct expansion refrig
erants are so.metimes used as condensing 
mediums in low temperature applications, in 
the great majority of cases the condensing 
medium employed is either air or water, or a 
combination of both. 

Condensers are of three general types: 
(1) air-cooled, (2) water-cooled, and (3) evapo
rative. Air-cooled condensers employ air as the 
condensing medium, whereas water-cooled 
condensers utilize water to condense the 
refrigerant. In both the . air-cooled and water
cooled condensers, the heat given off by the 
condensing refrigerant increases the temperature 
of the air or water used as the condensing 
medium. 

Evaporative condensers employ both air and 
water. Although there is some increase in 
the temperature of the air passing through the 
condenser, the cooling of the refrigerant in the 
condenser results initially from the evaporation 
of the water from the surface of the condenser. 
The function of the air is to increase the rate of 
evaporation by carrying away the water vapor 
which results from the evaporating process. 
1-4-2. The Condenser Load. Since the heat 
given up by the refrigerant vapor to the con-

l.of4 

densing medium includes both the heat absorbed 
in the evaporator and the heat of compres
sion, the heat load on the condenser always 
exceeds that on the evaporator by an amount 
equal to the heat of compression. Since the 
work (heat) of compression per unit of refrig
erating capacity depends upon the compression 
ratio, the heat load on the condenser per unit of 
evapor/!tor load varies with the operating 
conditions of the system. 

The quantity of heat liberated at the con
denser per minute per ton of evaporator 
capacity at various suction and condensing 
temperatures can be estimated from Charts 14-1,. 
14-2, and 14-3. Chart 14-1 applies to R-12 
systems, whereas Charts 14-2 and 14-3 apply to 
R-22 and R-717 (ammonia) systems, respec
tively. The values given are based on a simple 
saturated cycle. 

Example 1-4-1. An R-12 system, operating 
at a 15° F suction temperature, has a condens
ing temperature of 100° F. Determine the load 
on the condenser in Btu per minute per ton. 

Solution. In Chart 14-1, locate the 15° F 
suction temperature line at the base of the graph. 
Follow the line until it intersects the 100° F 
condensing temperature curve. The value on 
the left-hand index corresponding to this point 
is approximately 245 Btu per minute per ton. 

It is evident that for any given set of operating 
conditions there is a fixed relationship between 
the condenser load and the evaporator load. 
For instance, for the R-12 system described in 
Example 14-1, the relationship between the 
condenser load and the evaporator load is such 
that 245 Btu are liberated at the condenser for 
each 200 Btu taken in at the evaporator. 

Once the relationship between the condenser 
load and the evaporator load has been estab
lished for any given set of operating conditions, 
the total condenser load corresponding to ariy 
given total evaporator load can be easily 
computed. The following equation may be used: 

qc 
Q. = Q, X

q. 
(14-1) 

where Q. = the condenser load in Btu/hr 
Q, = the evaporator load in Btu/hr 
q. = the condenser load in Btu/min/ton 

(from Fig. 14-15) 
q, = the evaporator load in Btu/min/ton 

(always 200 Btu) 



NOTE: Q. may also be in Btu/min or in tons, 
in which case Qc will be in Btu/min or in tons, 
respectively. 

Example 14-1. For the system described in 
Example 14-1, determine the load on the con
denser if the load on the evaporator is 35,000 
Btu/hr. 

Solution. Applying 
Equation 14-1, the load 
on the condenser, Qc 

= 35,000 X 245/200 
= 42,875 Btu/hr 

It is important to notice that any increase or 
decrease in the load on the evaporator (system) 
will result in a proportional increase or decrease 
in the load on the condenser. 
14-3. Condenser Capacity. Since heat trans
fer through the condenser walls is by conduction, 
condenser capacity is a function of the funda
mental heat transfer equation: 

Q=AxUxD (14-2) 

where Q = the condenser capacity (Btufhr) 
A = the surface area of the condenser 

(sq ft) 
U = the transfer coefficient of the con

denser walls (Btu/hr/sq fW F) 
D = the log mean temperature difference 

between the condensing refrigerant 
and the condensing medium 

Examination of the factors in Equation 14-2 
will show that for any fixed value of U 
the capacity of the condenser depends on the 
surface area of the condenser and on the 
temperature difference between the condensing 
refrigerant and the condensing medium. It is 
evident also that for any one condenser of 
specific size and design, wherein the surface 
area and the U factor are both fixed at the time 
of manufacture, the capacity of the condenser 
depends only on the temperature differential 
between the refrigerant and the condensing 
medium. Therefore, for any one specific 
condenser, the capacity of the condenser is 
increased or decreased only by increasing or 
decreasing the temperature differential. Further
more, if it is assumed that the average tempera
ture of the condensing medium is constant, it 
follows that an increase or a decrease in the 
capacity of the condenser is brought about only 
by an increase or a decrease, respectively, in the 
condensing temperature. 

CONDENSERS AND COOLING TOWERS 245 

Since the condenser capacity must always be 
equal to the condenser load, it is evident from 
the foregoing that, for any given condensing 
load, the larger the surface area of the condenser, 
the smaller will be the required temperature 
differential and the lower will be the condensing 
temperature. Too, since the load on the 
condenser is always proportional to the load on 
the evaporator (system), any increase or decrease 
in the load on the evaporator will be reflected by 
an increase or a decrease, respectively, in the 
condensing temperature. 
14-4. Quantity and Temperature Rise of 
Condensing Medium. In both the air-cooled 
and water-cooled condensers, all the heat given 
off by the condensing refrigerant increases the 
temperature of the condensing medium. There
fore, in accordance with Equation 2-8, the 
temperature rise experienced by the condensing 
medium in passing through the condenser is 
directly proportional to the condenser load and 
inversely proportional to the quantity and 
specific heat of the condensing medium, viz: 

Q, 
(T1 - T1) = M X C (14-3) 

where T 1 = the temperature of the; air or water 
entering the condenser (T,) 

T2 = the temperature of the air or water 
leaving the condenser (T1) 

(T2 - T J = the temperature rise (liT) experi
enced in the condenser 

Q, = the load on the condenser in Btu 
per hour 

M = the weight of air or water circulated 
through the condenser in pounds 
per hour 

C = the specific heat at constant 
pressure of the air or water 

Assuming that C has a constant value, for 
any given condenser load (Q,), Equation 14-2 
contains only two variables, M and liT, the 
value of each being inversely proportional 
to the value of the other, viz: 

Q. 
M= c X liT 

liT=~ 
C xM 

(14-4) 

(14-5) 

Therefore, for any given condenser load, if 
the temperature rise of the condensing medium 
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is known, the quantity of condensing medium 
circulated through the condenser in pounds per 
hour can be determined by applying Equation 
14-4. Likewise, if the quantity circulated is 
known, the temperature rise through the con
denser can be computed by applying Equation 
14-5. 

Average specific heat values for air and water 
are 0.24 Btuflb and 1 Btu/lb, respectively. By 
substituting the appropriate value for C, 
Equations 14-4 and 14-5 can be written to apply 
specifically to either water or air, viz: 

for water M= Q, 
t:.T 

(14-6) 

t:.T= Q, 
M 

(14-7) 

and for air M= Q, 
0.24 X t:.T 

(14-8) 

tJ. Q, 
T=0.24 x M (14-9) 

Since general practice is to express air and 
water quantities in cubic feet per minute (cfm) 
and in gallons per minute (gpm), respectively, 
it is usually desirable to compute condensing 
medium quantities in these units rather than in 
pounds per hour. 

To -convert pounds of water per hour into 
gallons per minute, divide by 60 min to reduce 
pounds per hour to pounds per minute, and 
then divide by 8.33 lb per gallon to convert 
pounds per minute to gallons per minute, viz: 

M(lb/hr) 
gpm = 60 min x 8.33 lb/gal 

If these conversion factors are incorporated 
into Equation 14-6, the water quantity can be 
computed directly in gpm. The following equa
tion results: 

Q, 
gpm == 60 X 8.33 X t:.T 

or, combining constants (60 x 8.33 ... 500), 

Q, 
(14-10) gpm = 500 x t:.T 

To reduce pounds of air per hour to cubic 
feet per minute, divide pounds per hour by 60 
min to determine pounds per minute and then 
multiply by the specific volume of the air to 

convert from pounds per minute to cubic feet 
per minute, viz: 

M(lb/hr) x v(cu ft/lb) 
cfm = 

60 
. 

mm 

Assuming the specific volume of the air to be 
the specific volume of standard air (13.34 cu ft/ 
lb), incorporation of these conversion factors 
into Equation 14-7 results in the following: 

. Q, X 13.34 CU ft/lb 
cfm = 0.24 X 60 X t:.T 

or, combining constants (13.34/0.24 x 60 = 
1/1.08), 

Q. 
cfm = l.08 . x t:.T (14-11) 

Example 14-3. If the load on a water
cooled condenser is 150,000 Btu/hr and the 
temperature rise of the water in the condenser 
is too F. What is the quantity of water cir
culated in gpm? 

Solution. Applying Equation 
14-10, the water quantity in gpm 

150,000 
500 X 10 

= 30 gpm 

Example 14-4. The)oad on a water-cooled 
condenser is 90,000 Btu7hr. If the quantity of 
water circulated through the condenser is 1 S 
gallons per minute, determine the temperature 
rise of the water~ the condenser. 

Solution. Rearranging and 
applying Equation 14-10, t:.T 

90,000 
500 X 15 

= l2°F 

Example 14-5. Thirty-six gallons of water 
per minute are circulated through a water
cooled condenser. If the temperature rise of the 
water in the condenser is 12° F, compute the 
load on the condenser in Btu/hr. 

Solution. Rearrang
ing and applying Equa
tion 14-10, the load 
on Q, the condenser, 

= 500 X t:.T X gpm 
= 500 X 12 X 36 
= 216,000 Btu/hr 

Example 14-6. The load on an air-cooled 
condenser is 121,500 Btu/hr. If the desired 
temperature rise of the air in the condenser is 
25° F, determine the air quantity in cfm. which 
must be circulated over the condenser. 

Solution. Applying Equa
tion 14-11, the air quantity in 
cfm 

121,500 
1.08 X 25 

""4500cfm 
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Condensing temperature 

Fla. 1-4-1. Water temperature 
rise through condenser. 
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Example 14-7. Three thousand cfm of air 
are circulated over an air-cooled condenser. If 
the load on the condenser is 64,800 Btu/hr, 
compute the temperature rise of the air passing 
over the condenser. 

Solution. Rearranging and 
applying Equation 14-11, boT 

64,800 
1.08 X 3000 

= 20°F 

For any given condenser and condenser 
loading, the condensing temperature of the 
refrigerant in the condenser will depend only 
upon the average temperature of the con
densing medium flowing through the condenser. 
The lower the average temperature of the con
densing medium the lower is the condensing 
temperature. For example, assume that the 
size and loading of a condenser are such that 
the required mean temperature differential 
between the refrigerant and the condensing 
medium is 1So F. If the average temperature of 
the condensing medium is 90° F, the condensing 
temperature will be toso F (90 + IS), whereas if 
the average temperature of the condensing 
medium is 8S° F, the condensing temperature 
will be 100° F (8S + IS). 

The average temperature of the condensing 
medium flowing through the condenser depends 
upon both the initial temperature of the 
condensing medium entering the condenser and 
the temperature rise experienced in the con
denser. Since the temperature rise of the 
condensing medium decreases as the flow rate 
increases, the greater the quantity of condensing 
medium circulated the lower is the average 
temperature of the condensing medium. There
fore, for any given condenser loading, the 

greater the flow rate of the condensing medium 
the lower will be the condensing temperature. 
14-5. Condenser Application. As a general 
rule, for any given condenser load, the size of 
the condenser and the quantity of condensing 
medium circulated will depend upon the 
entering temperature of the condensing medium 
and upon the desired condensing temperature. 
A careful analysis of the data in Sections 14-3 
and 14-4 will show that the condensing tempera
ture of the refrigerant in the condenser is a 
function of three variables: (l) the entering 
temperature of the condensing medium, (2) 
the temperature rise in the condenser, and (3) the 
temperature difference between the refrigerant 
and the condensing medium. This relationship 
is illustrated in Fig. 14-1. 

Recalling that the temperature rise in the 
condenser varies inversely with the flow rate of 
the condensing medium and that the tempera
ture differential between the refrigerant and the 
condensing medium varies inversely with the 
size (surface area) of the condenser, • it is 
evident that: 

1. For any given condensing surface and 
flow rate, the condensing temperature will 
increase or decrease as the entering temperature 
of the condensing medium increases or de
creases. 

2. For any given entering temperature, the 
larger the condensing surface and the higher the 
flow rate, the lower will be the condensing 
temperature. 

3. For any given entering temperature, the 

• Assuming the transfer coefficient to be con
stant. 
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amount of condensing surface required for a 
given condensing temperature decreases as the 
flow rate of the condensing medium increases. 

With regard to the latter statement, this 
means in effect that the same condensing 
temperature can be maintained with either a 
small condensing surface and a high flow rate 
or a large condensing surface and a low flow 
rate. However, it should be recognized that the 
flow rate of the condensing medium is fixed 
within certain limits by the size and design of 
the condenser. If the flow rate through the 
condenser is too low, flow will be streamlined 
rather than turbulent and a low transfer coeffi
cient will.result. On the other hand, if the flow 
rate is too high, the pressure drop through the 
condenser becomes excessive, with the result 
that the power required to circulate the con
densing medium also becomes excessive. 

Since the design entering temperature of the 
condensing medium is usually fixed by condi
tions beyond the control of the system designer, 
it follows that the size and design of the con
denser and the flow rate of the condensing 
medium are determined almost entirely by the 
design condensing temperature. 

Although low condensing temperatures are 
desirable in that they result in high compressor 
efficiency and low horsepower requirements for 
the compressor, this does not necessarily mean 
that the use of a large condensing surface and a 
high flow rate in order to provide a low con
densing temperature will always result in the 
most practical and economical installation. 
Other factors which must be taken into account 
and which tend to limit the size of the condenser 
and/or the quantity of condensing medium 
circulated are initial cost, available space, and 
the power requirements of the fan, blower., or 
pump circulating the condensing medium. Too, 
where water is used as the condensing medium 
and the water leaving the condenser is wasted 
to the sewer (see Section 14-9), the availability 
and cost of the water must also be considered. 

The limitations imposed on condenser size by 
the factors of initial cost and available space 
are self-evident. As for the power requirements 
of the fan, blower, or pump circuJating the 
condensing medium, it has already been stated 
that the power required to circulate the con
densing medium increases as the flow rate 

increases. If the flow rate is increased beyond a 
certain point, the increase in the power required 
to circulate the condensing medium will more 
than offset the reduction in the power require
ments of the compressor accruing from the 
increased flow rate. Therefore, the quantity of 
condensing medium which can be economically 
circulated is limited by the power requirements 
of the fan, blower, or pump. 

Obviously, the optimum flow rate for the 
condensing medium is the one which wilJ result 
in the lowest over-all operating costs for the 
system. This will vary somewhat with the 
conditions of the individual installation, being 
influenced by the type of application, the size 
and type of condenser used, fouling rates, and 
the design conditions for the region, along with 
such practical considerations as the cost and 
availability of water, utility costs, local codes 
and restrictions, etc. For example, since good 
system efficiency prescribes lower condensing 
temperatures for low temperature applications 
than for high temperature applications, it 
follows that for the same condenser load the 
optimum condensing medium flow rate will 
usually be higher for a low temperature appli
cation than for a high temperature application. 
Too, where the entering temperature of the 
condensing medium is relatively high, larger 
condensing surfaces and higher flow rates 
are required to provide reasonable condensing 
temperatures than where the entering tempera
ture of the condensing medium is lower. 
14-6. Air-Cooled Condensers. The circula
tion of air over an air-cooled condenser may be 
either by natural convection or by action of a 
fan or blower. Where air circulation is by 
natural convection, the air quantity circulated 
over the condenser is low and a relatively large 
condensing surface is required. Because of 
their limited capacity natural convection con
densers are used only on small applications, 
principally domestic refrigerators and freezers. 

Natural convection condensers employed on 
domestic refrigerators are usuaiJy either plate 
surface or finned tubing. When finned tubing 
is used, the fins are widely spaced so that little 
or no resistance is offered to the free circulation 
of air. Too, wide fin spacing reduces the 
possibility of the condenser being fouled with 
dirt and lint. 

The plate-type condenser is mounted on the 



back of the refrigerator in such a way that an 
air flue is formed to increase air circulation. 
Finned tube condensers are mounted either on 
the back of the refrigerator or at an angle 
underneath the refrigerator. Regardless of 
condenser type or location, it is essential that the 
refrigerator be so located that air is permitted 
to circulate freely through the condenser at all 
times. Too, warm locations, such as one 
adjacent to an oven, should be avoided when
ever possible. 

A number of domestic freezer manufacturers 
utililize the outer shell of the freezer (outside 
wall surface) as a condensing surface. This is 
accomplished by bonding bare tubing to the 
inside surface of the outer shell so that the 
entire outer shell becomes a plate-type heat 
transfer surface. The use of these "wrap
around" condensers permits a considerable 
reduction in the size of the freezer (6 to 8 in. on 
both length and width), not only because it 
eliminates the space ordinarily required for the 
condenser but also because it allows the use of 
3 to 4 in. of insulation in the walls where 
normally 6 to 8 in. is required in order to prevent 
moisture from condensing on the outside surface 
of the freezer. The slightly higher operating 
costs which accrue as a result of reducing the 
amount of wall insulation is more than offset 
by the savings in space that this practice makes 
possible. 

Air-cooled condensers employing fans or 
blowers to provide "forced-air" circulation can 
be divided into two groups according to the 
location of the condenser: (1) chassis-mounted 
and (2) remote. 

A chassis-mounted air-cooled condenser is 
one that is mounted on a common chassis with 
the compressor and compressor driver so that 
it is an integral part of the air-cooled "con
densing unit" (Fig. 6-12). Although chassis
mounting of the air-cooled condenser makes 
possible a very compact, completely self
contained condensing unit which is ideally 
suited for use on small commercial fixtures, 
this arrangement has certain inherent disadvan
tages which make chassis-mounting impractical 
in larger applications. 

The principal disadvantage of chassis
mounted air-cooled condensers is that the 
physical size of the condenser is limited to 
the dimensions of the chassis. Because of the 
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limitation in physical size, chassis-mounted 
condensers of the type shown in Fig. 6-12 are 
rarely found in capacities larger than 2 tons. • 

Another disadvantage of the chassis-mounted 
air-cooled condenser is their susceptibility to 
fouling. Since most condensing units are 
mounted on the floor, the condenser air tends 
to sweep across the floor so that dirt, lint, and 
other foreign materials are picked up from the 
floor and carried to the surface of the condenser, 
thereby "clogging" the condenser and restricting 
the air flow. 

Too, on "open-type" air-cooled condensing 
units the condenser fan is usually mounted on 
the shaft of the compressor driver (Fig. 6-12). 
Naturally this limits both the size and the 
location of the fan so that the quantity of air 
circulated over the condenser is always less 
than that which would produce maximum 
efficiency at full load conditions. Notice also 
that, because of the fan location, the distri
bution of the air over the condenser surface is 
very uneven, being much greater on the end of 
the condenser directly in front of the fan. 

Remote air-cooled condensers are used in 
sizes from 1 ton up to 100 tons or more and may 
be mounted either indoors or outdoors. When 
located indoors, provisions must be made for an 
adequate supply of outside air to the condenser 
(Fig. 14-2). If the condenser is installed in a 
warm location, such as in an attic or boiler 
room, ducts should be used to carry the air into 
the condenser and back to the outside. Because 
of the large quantity of air required, only the 
smaller sizes are mounted indoors. 

When located outdoors, the air-cooled con
denser may be mounted on the ground, on the 
roof, or on the side of a wall, with roof locations 
being the most popular. Typical wall and roof 
installations are shown in Figures 14-3 and 
14-4, respectively .. In all cases, the condenser 
should be so oriented that the prevailing winds 
for the area in the summertime will aid rather 
than retard the action of the fan. In the event 
that such orientation is not possible, wind 
deflectors should be installed on the discharge 
side of the condenser (Fig. 14-S). 

• This is the approximate condenser capacity 
required on a 3 hp, commercial, air-cooled -..m
densing. Approximately 2S% of the motor horse
power is required to drive the fan. Naturally, this 
reduces the horsepower available to the compressor. 
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One significant outgrowth of the remote air
cooled condenser has been the development of 
a new type of air-cooled condensing unit which 
is designed specifically for remote installation. 
The air-cooled condensing unit illustrated in 
Fig. 14-6 is typical of these newer designs. This 

Fig. 14-3. Remote air-cooled condensers Installed on 
outside wall. (Courtesy Kramer Trenton Company.) 

Fig. 10-2. Indoor installation of 
air-cooled condenser. (Cour
tesy Kramer Trenton Com
pany.) 

type is rapidly gaining in popularity and is now 
available in almost any desired capacity. 
14-7. Air Quantity and Velocity. For an 
air-cooled condenser there is a definite relation
ship between the size (face area) of the con
denser and the quantity of air circulated in that 
the velocity of the air through the condenser is 
critical within certain limits. Good design pre
scribes the minimum air velocity that will pro
duce turbulent flow and a high transfer coefficient. 
Increasing the air velocity beyond this point 
causes an excessive pressure drop through the 
condenser and results in an unnecessary increase 
in the power requirements of the fan or blower 
circulating the air. 

The velocity of the air passing through an air
cooled condenser is a function of the free face 
area of the condenser and the quantity of air 
circulated. The relationship is given in the 
following equation: 

. . Air quantity (cfm) 
Air velocity (fpm) = F £ ( f ) ree ace area sq t 

The free face area of the condenser is the area 
of the free air spaces between the tubes and fins. 
The actual free area per unit of face area varies 
with the design of the condenser, being depend
ent upon the size, number, and arrangement of 
the tubes and fins. 
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Fls. 14-4. Remote air-cooled condensers mounted on roof. (Courtesy Dunham-Bush, Inc.) 

Normally, air velocities over air-cooled con
densers are between 500 and 1000 fpm. How
ever, because of the many variables involved, 
the optimum air velocity for a given condenser 
design is best determined by experiment. For 
this reason, most air-cooled condensers come 
from the factory already equipped with fans or 
blowers so that the air quantity and velocity 
over the condenser are fixed by the manu
facturer. In all cases, to realize peak perform
ance from an air-cooled condenser, the 

Fl1. 14-5. Remote air-cooled 
condensers equipped with 
wind deflectors. (Courtesy 
Kramer Trenton Company.) 

manufacturer's recommendations as to the air 
quantities should be carefully followed. 
14-8. Rating and Selection of Air-Cooled 
Condensers. Capacity ratings for air-cooled 
condensers are usually given in Btu/hr for 
various operating conditions. It has already 
been shown that since the surface area and the 
value of U are fixed at the time of manufacture, 
the capacity of any one condenser depends only 
on the mean temperature difference between 
the air and the condensing refrigerant. Since 
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FIJ. 14-6. Air-cooled condensing unit designed for remote installation. Notice generous size of condenser. 
(Courtesy Kramer Trenton Company.) 

most air-cooled condensers come equipped with 
fans or blowers, the quantity of air circulated 
over the condenser is also fixed so that the 
average temperature of the air passing over the 
condenser depends only on the dry bulb tem
perature of the entering air and the load on the 
condenser. Obviously, then, in such cases, the 
capacity of the condenser is directly proportional 
to the temperature difference between the dry 
bulb temperature of the entering air and the 
condensing temperature. This temperature 
differential is often referred to as the "tempera
ture split" in order to distinguish it from the 
mean effective temperature differential. • 

Table R-13 is a typical manufacturer's rating 
table for air-cooled condensers. The basic 
ratings given in Table R-13A are based on 90° F 
ambient air temperature, 120° F condensing 
temperature, and 40° F evaporating tempera
ture. For other design conditions multiply the 
basic rating from Table R-13A by the correction 
factors for variation in evaporating temperatures 
(Table R-13B) and for variation in entering air 
and condensing temperatures (Table R-13Q. 

• The temperature split is always proportional to 
the METD. 

In order to select a condenser from the rating 
tables, the following design data must be known: 

(I) The design suction and condensing tem
peratures 

(2) The compressor capacity in Btu/hr 
(3) The design outdoor dry bulb temperature 

(use values in Table 10-6A. Round off to 
next highest multiple of 5) 

Example 14-8. From Table R-13, select 
an air-cooled condenser for a compressor 
having a capacity of 75,000 Btu/hr if the design 
evaporating and condensing temperatures are 
20° F and 110° F, respectively, and the outdoor 
design dry bulb for the region is 90° F. 

Solution. From Table 
R-13B, the correction fac-
tor for 20° F suction tem
perature 

From Table R-12C, the 
correction factor for con-
densing temperature of 
110° F and entering air 
temperature of 90° F 

Required capacity of 
condenser at basic rating 
conditions 

=0.95 

= 0.665 

75,000 
0.95 X 0.665 

= 118,700 Btu/hr 



From Table R-13A, select condenser Model 
#BD1000 which has a capacity of 120,000 
Btu/hr at the basic rating conditions. 

Experience has shown that as a general rule 
selecting an air-cooled condenser on the basis 
of a condensing temperature of 11 oo F will 
result in the most economical condenser size. 
Hence, the actual size of the condenser selected 
will depend upon the outdoor design dry bulb 
temperature for the region in question. The 
higher the dry bulb temperature, the larger the 
condenser required. For example, for a con
densing temperature of 110° F, if the dry bulb 
temperature is 85° F, the condenser can be 
selected for a 25° F temperature split, whereas 
if the dry bulb temperature is 90o F, the con
denser must be selected for a 20° F temperature 
split, which will require a larger size. 
14-9. Water-Cooled Condenser Systems. 
Systems employing water-cooled condensers can 
be divided into two general categories: (1) 
waste-water systems and (2) recirculated water 
systems. In waste-water systems the water 
supply for the condenser is usually taken from 
the city main and wasted to the sewer after 
passing through the condenser (Fig. 14-7). In 
recirculated water systems the water leaving the 
condenser is piped to a water cooling tower 
where its temperature is reduced to the entering 
temperature, after which the water is recircu
lated through the condenser (Fig. 14-8). 

Naturally, where the condenser water is 
wasted to the sewer, the availability and cost of 
the water are important factors in determining 
the quantity of water circulated per unit of con
denser load. As a general rule, an economical 
balance between water and power costs pre
scribes a water flow rate of approximately 1.5 
gal per minute per ton of capacity. 

The high cost of water, along with limited 
sewer facilities and recurring water shortages in 
many regions, has tended to limit waste-water 
systems to very small sizes. Too, many cities 
have placed severe restrictions on waste-water 
systems, particularly where the water supply is 
taken from the city main and wasted to the 
sewer. 

When the condenser water is recirculated the 
power required to circulate the water through 
the water system must be taken into account in 
determining the water flow rate. Experience has 
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shown that, in general, a water flow rate of 
between 2.5 and 3 gal per minute per ton usually 
provides the most economical balance between 
compressor horsepower and pump horsepower. 

In some instances, the water supply for a 
waste-water system is taken from a well or from 
some nearby body of water, such as a river, 
lake, pond, etc., in which case both the cost of 
the water and the pumping horsepower must be 
considered in determining the optimum water 
flow rate. 

To a large extent, the quantity of water cir
culated through the condenser determines the 
design of the water circuit in the condenser. 
Since heat transfer is a function of time, it 
follows that where low water quantities necessi
tate a high temperature rise in the condenser, 
the water must remain in contact with the con
densing refrigerant for a longer period than 
when the water flow rate is high and the tem
perature rise required is smaller. Hence, where 
the water flow rate is low, the number of water 
circuits through the condenser are few and the 
circuits are long so that the water will remain in 
the condenser for enough time to permit the 
required amount of heat to be absorbed. On 
the other hand, when the flow rate is high and 
the temperature rise low, more circuits are used 
and the circuits are shorter in order to reduce 
the pressure drop to a minimum. This is illu
strated in Figs. 14-9a and 14-9b. In Fig. 14-9a, 
the two water circuits through the condenser are 
connected in series for a low flow rate and a high 
temperature rise. The water enters through 
opening A and leaves through opening C. 
Opening B is capped. In Fig. 14-9b, the two 
water circuits are connected in parallel for a high 
flow rate and a low temperature rise. The water 
enters through opening B and leaves through 
openings A and C. 

In designing the condenser water circuit 
particular attention must be given to the water 

Cold water in 
tmm city main 

-Liquidtoc:oni!OI 

Fll• 14-7. Waste water system. 
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"Bleed
off" line 

Cooling 
tower 

Hot gas in 

velocity and pressure drop through the con
denser. In all cases the minimum permissible 
velocity is that which will produce turbulent 
flow and a high transfer coefficient. Since 
pressure drop is a function of velocity, the 
pressure drop through the condenser increases 
as the water velocity increases. For this reason, 
the maximum permissible velocity in any one 
case is usually determined by the allowable 
pressure drop. • For waste-water systems, where 

C Water out 

A Water in 

(aJ 

Water out 
C Water in 

B 

(bJ 

Fig. 14-9. (o) Water circuit connected for series 
flow. (b) Water circuit connected for parallel flow. 

• Excessive velocity will usually cause erosion of 
the water tubes, particularly at points where the 
water changes direction. The maximum velocity 
recommended by Air Conditioning and Refrigeration 
Institute (ARI) is 8 fps. 

'"Make-up" 
water 

Fig. 14-8. Recirculating water 
system. 

the water is forced through the condenser by 
city main pressure, the pressure drop through 
the condenser is not critical as long as it is 
within the limits of turbulent flow and the avail
able city main pressure. In such cases, high 
velocities are recommended in order to take 
advantage of the higher transfer coefficient. On 
the other hand, when the water is circulated by 
action of a pump, a high pressure drop through 
the condenser will increase the pumping head 
and the power required to circulate the water. 
Therefore, for recirculating water systems, the 
optimum water velocity is one which will pro
vide the most economical balance between a 
high transfer coefficient and a low pumping 
head. 

In Figs. 14-9a and -14-9b, it is of interest to 
notice that for the same flow rate the velocity 
and pressure drop through the circuit arrange
ment in Fig. 14-9a are approximately four times 
as great as that through the circuit arrangement 
in Fig. 14-9b. Too, because of the higher velo
city, the transfer coefficient is somewhat higher 
for the condensing surface in Fig. 14-9a and less 
condensing surface is required for the same heat 
transfer capacity. 
14-10. Fouling Rates. Another factor which 
must be considered in selecting a water-cooled 
condenser is fouling of the tube surface on the 
water side. The fouling is caused primarily by 
mineral solids which precipitate out of the water 
and adhere to the tube surface. The scale thus 
formed on the tube not only reduces the water 
side transfer coefficient, but it also tends to 
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restrict the water· tube and reduce the quantity 
of water circulated, both of which will cause 
serious increases in the condensing pressure. 

In general, the rate of tube fouling is in
fluenced by: (I) the quality of the water used 
with regard to the amount of impurities con
tained therein, (2) the condensing temperature, 
_and (3) the frequency of tube cleaning with 
relation to the total operating time. 

Most manufacturers of water-cooled con
densers give condenser ratings for clean tubes 
and for four stages of tube fouling in accordance 
with the scale factors given in Table 14-1 for 
various types of water. These scale factors are 
an index of the reduction in the tube transfer 
coefficient resulting from the scale deposit. In 
selecting a water-cooled condenser, a minimum 

Fig. 14-10. Double- tube 
water-cooled condenser. 

Refrigerant 
vapor in 

scale factor of 0.0005 should always be used. 
Under no circumstances should a condenser be 
selected on the basis of clean tubes. However, 
when the condensing temperature is low (leaving 
water temperature less than 100° F) and the 
condenser tubes are to be cleaned frequently, 
the fouling factor from Table 14-1 may be 
reduced to the next lowest value. The use of 
scale factors will be illustrated later in the 
chapter. 
14-11. Water-Cooled Condensers. Water
cooled condensers are of three basic types: 
(1) double-tube, (2) shell-and-coil, and (3) shell
and-tube. 

As its name implies, the double-tube con
denser consists of two tubes so arranged that 
one is inside of the other (Fig. 14-10). Water is 
piped through the inner tube while the refrig
erant flows in the opposite direction in the 
space between the inner and outer tubes. With 

this arrangement, some air-cooling of the refrig
erant is provided in addition to the water
cooling. Counterftowing of the fluids in any 
type of heat exchanger is always desirable since 
it results in the greatest mean temperature 
difference between the fluids and, therefore, the 
highest rate of heat transfer. 

Several types of double-tube condensers are 
shown in Figs. 14-11 and 14-12. The type 
shown in Fig. 14-11 can be cleaned mechan
ically by removing the end-plates (inset). The 
type shown in Fig. 14-12 is cleaned by circu
lating approved chemicals through the water 
tubes (see Section 14-23). 

Equipped with water~regulating valves (Sec
tion 14-20), double-tube condensers make ex
cellent "booster" ·condensers for use with 

--
Condensed 

refrigerant out 

Water' 

chassis-mounted air-cooled COndensers during 
periods of peak loading. Since the water valve 
can be adjusted to open and allow water to flow 
through the condenser only when the con
densing pressure rises to some predetermined 
level, the amount of water used is relatively 
small in comparison to the savings in power 
afforded by the increased compressor effi
ciency. 

The shell-and-coil condenser is made up of 
one or more bare-tube or finned-tube coils 
enclosed in a welded steel shell (Fig. 14-9). The 
condensing water circulates through the coils 
while the refrigerant is contained in the shell 
surrounding the coils. Hot refrigerant vapor 
enters at the top of the shell and condenses as it 
comes in contact with the water coils. The con
densed liquid drains off the coils into the bottom 
of the shell, which often serves also as _the 
receiver tank. Care should be taken not to 
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I'll· 14-11. Double-pipe oonden•e,.. with mechanically deanable tub ... (Courte,y Ha.lnead and Mitchell.) 

overcharge the system with refrigerant since an 
cxoessivc accumulation of liquid in the con· 
denser will tend to cover ·too much of the con· 
densing surface and cause an increase in the 
discharge temperature and pressure. 

Most sbeU-and-coil condensers are equipped 
with a split water circuit. The two parts of the 
circuit are connected in series fo.r. wastc .. water 
systems (Fig. 14-9b} and in parallel for rccircu· 
lating systems (Fig. 14-9a), As a general rule, 
sheU-and-coil eondenscn are used only for small 
installations up to approximately 10 tons 
capacity. 

Shell-and-coil condensers are cleaned by cir
culating an approved chemical through the 
water coils. 

The shell-and-tube condenser consists of a 
cylindrical steel shell in which a number of 
straight tubes are arranged in parallel and held 
in place at the ends by tube sheets. Constrw; 
lion is almost identical to that of the flooded
type shell-and-tube liquid chiller. The con
densing water is circulated through the tubes, 
which may be either steel or copper, bare or 
extended sutiace. The refrigerant Is contained 
in the steel shell between the tube sheets. Water 
circulates in the annular spaces between the tube 
sbeets and the end-plates, the end-plates being 
baffled to act as manifolds io guide the water 
flow through the tubes. The arrangement of the 
cod-plate baffling determines the numbe.r of 
passes the water makes through the condenser 

from one end to the other before leaving the 
condenser. The number of passes may be as few 
as two or as many as twenty. 

For any given total number of tubes, the 
number of tubes per pass varies inversely with 
the number of pas= For example, assuming 
that a condenser has a total of forty tubes, if 
there are two passes. the number of tubes per 
pass is twenty, whereas if there are four passes. 
the number of tubes per pass is teo. 

It iS' important to notice that for the same 
total number of tubes and the same water 
quantity, the velocity of the water and the 
pressure drop through the condenser will be four 
times as great for a four-pass condenser as for a 
two-pass condenser. Because of the higher velo
city the transfer coefficient will be higher for the 
four-pass· condenser and a smaller condensing 
surface will be required for a given beat. transfer 
capacity. However, on the other band, because 
of the high pressure drop, the power required to 
circulate the water will be greater. Hence, for a 
waste-water system, the four-pass condenser is 
probably the best selection, whereas for a 
recirculating system, the two-pass condenser is 
probably the better of the two. • 

Shell-and-tube condensers are available in 
capacities ranging from 2 tons up to several 

• This example is intended only to illustrate tho 
priqciples of design and should not be constl'Ued 
to mean that rour~pass oondense~:S are undesirable 
for reelrculating sy•ttms. 
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R1- 14-12. Typical dou~e-pipe condeC1,ser conftguradOfls:. (o) Trombone conflguratlon. (b) Helix conflgdta· 
don. (Courtesy Edwards Enalneerlna Corporation.) 

hundred tons or more. Shell diameterS range 
from approximately 4 in. up to 60 in., whereas 
tube length varies from approximately 3 ft to 20 
ft. The number and the diameter of tbe tubes 
depend on the diameter of tbe shell. Tube 
diameters of tin. through 2 in. are common, 
whereas tho number of tubes in the condenser 
varies from as few as six or eight to as many as a. 
thousand or more. 1'he end-plates of the con
denser arc removable to permit mechanical 
cleaning of the water tubes. 

Singl.e-pass, vertical shell-and-tube condensers 
are sometimes employed on large ammonia 
installations. The construction of the vertical 
shell-and-tube condenser is similar to that of the 
vertical shell-and-tube chiller illustrated in Fig. 
11-44. The vertical condenser is equipped with a 
water box at the top to distribute the water to 
the tubes and a drain at the bottom to carry the 
water away. Each tube is equipped at the top 
withadistributor fitting w.h.ich imparts a rotating 
motion to the water to assure adequate wetting 
of the tube. The hot refrigerant vapor usually 
enters at the side of the shell near the middle of 
the condenser and the liquid leaves the con
denser at the side of the shell near the bottom. 
The height of vertical shell-and-tube condensers 
ranges from 12ft to 18 rt. The tubes are 
mechanically cleanable. 
14-I:Z. Rating and Selection of Watei"
Cooled Condensers. • The ratings shown in 

• The_milterial in thi$ section ~s. reprinted directly 
from the manufacturer's catalog. tile only alter· 
ation being the table de5ignations. Court.e5y or 
Acme Industries, Jnc. 

Table ll-14 are based on condensing tempera
tu~ of 102' and lOS' F, 20' and 10' water rise 
and O.OOOS scale factor which is the minimum 
recommended in ARJ standards. 

Where other c<:>nditions exist, the following 
procedure should be followed in selecting the 
proper condenser. 

Condensers must not be selected for less than 
O.S gpm per tube below which streamline instead 
of turbulent water flow oocurs. ARI standards 
indicate that the water velocity should not 
exceed Sfps which is S. 1S gpm per tube for 
Acme STF and SRI" condensers. 

It is necessary to have the following informa-
tion to select a proper condenser: 

I. Total tons (low side). 
2. Evaporator temperature. 
3. Condensing temperature. 
4. Water temperature uin." 
5. Water temperature "out," or gpm avail-

able. 
6. Type of water or required scale factor. 

Then proceed as follows : 

1. Determine the corrected tons to be used in 
selecting the proper condenser by reference to 
Fig. 2, Table R-14. The factor obtained for the 
desired evaporator temperature and condensing 
temperature is multiplied by the actual tons to 
obtain corrected tons. 

2. Determine the water temperature rise and 
gpm per ton. Knowing either factor, the other 
may be obtained by reference to Fig. 3, Table 
R -14. Use corrected tons to determine ttte total 
gpm required. 
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3. Determine the temperature differences 
between the condensing temperature and the 
"water in" and "water out" temperatures and 
find the METD by referring to Table 11-1. 

4. Make preliminary selection of condenser 
shell diameter by reference to Table R-14, 
basing the selection on the corrected tons found 
in step 1. Find the number of tubes per pass and 
then by referring to step 2, find the gpm per 
tube. 

5. Select the desired scale factor by reference 
to Table 14-1 which suggests scale factors for 
various types of water. The most commonly 
used factor is 0.0005 and it should be borne in 
mind when selecting a factor that a determina
tion is being made of the frequency of cleaning 
which will be required. 

6. Referring to Fig. 1, Table R-14, determine 
the rate of heat transfer "U" for the gpm per 
tube in step 4 and the scale factor in step 5. 

7. Calculate the surface required by use of the 
following formula. 

Square feet of surface 
Corrected tons x 14,400 

U x METD 

8. Select a condenser having at least the 
required surface from Table R-14. Be sure to 
use the shell diameter determined in the pre
liminary selection of step 4. 

9. Make final checks on selection. 
a. Using the gpm per tube from step 4 and 

the nominal tube length shown in Table R-14 
for the model selected in step 8, refer to Fig. 
4 of Table R-14 to obtain water pressure drop 
through condenser. 

b. Obtain nominal operating charge from 
the last column of Table R-14. This is the 
maximum weight of liquid refrigerant which 
can be allowed in the shell during the operat
ing period covering some of the lower tubes. 
Larger shell diameters or separate receivers 
may be used where greater storage capacity is 
needed during operation. 

c. Determine the pump down capacity 
from Table R-14. Ifless than the total weight 
of refrigerant to be used in the system and 
provision for complete pump-down are re
quired, an additional receiver should be used. 

Example 14-9. Select an R-12 condenser 
to meet the following conditions: 

Refrigeration load 
Condensing temperature 
Suction temperature 
Water available 2 gpm/ton 

river water reasonably clean at 
Maximum tube length 
Maximum water pressure drop 

Solution 

30tons 
100° F 
30° F 

78°F 
12ft 
7.5 psi 

1. From Fig. 2, the correction factor for 
30° F suction temperature and 100° F con
densing temperature is 1.013. 

Corrected tons 30 x 1.013 = 30.4 tons 
2. From Fig. 3, for 2 gpm/ton the water 

temperature rise is found to be 14.4°. 
Total gpm 30.4 x 2 = 60.8 
Water "out" temperature 78 plus 14.4 

= 92.4° F 
3. GTD 100 - 78 = 22° 

LTD 100 - 92.4 = 7.6° 
From Table 11-1, METD = 13.55° F 

4. Refer to Table R-14. Use of four passes 
will usually give an economical selection for 
75o F water in and 95° F water out which 
approximates the required water conditions. 
Note that a 10! shell will probably be needed. 
This shell has sixty tubes. 

gpmpertube 
Total gpm x number of passes 
Number of tubes in condenser 

60.8 X 4 
60 

= 4.05 gpm per tube 

5. Referring to Table 14-1, for clean river 
water and over 3 fpm velocity, the suggested 
scale factor is 0.001. 

6. From Fig. 1, the U factor for 4.05 gpm per 
tube and 0.001 scale factor is 121.5 Btu per hour 
per square foot of extended surface per oF 
METD. 

7. Square feet required 
Corrected tons x 14,400 

U factor x METD 
30.4 X 14,400 
121.5 x 13.55 = 266 sq ft 

8. Referring to Table R-14, a Model STF-
1010 has 289 sq ft external tube surface and 
should be selected. When installed the water 
connection should be made for four-pass 
operation. 

9. (a). For water pressure drop, refer to Fig. 
4 and note that the pressure drop for 4.05 gpm 
per tube in an STF-1010 condenser connected 
for four passes is 7.1 psi. (b). Table R-14 shows 
a nominal operating charge of 38lb of R-12, 
which will normally be sufficient for a 30-ton 



installation. However, if more operating 
storage is needed, a separate receiver may be 
chosen, or alternately a different condenser 
selection may be made if more economical. (c). 
Table R-14 also shows pump-down capacity 
which is 252lb of R-12. Usually this will be 
sufficient, but if greater pump-down capacity is 
required, a separate receiver tank must be used. 

14-ll. Simplified Ratings. Simplified ratings, 
based on the horsepower of the compressor 
driver, are available for most air-cooled and 
water-cooled condensers, particularly in smaller 
sizes. Since the power required by the com
pressor varies with both the evaporator load and 
the compression ratio, it provides a reasonable 
index of the condenser load at all operating 
conditions. TableR -1 5, which applies to double
tube condensers of the type shown in Fig. 14-12, 
is a typical simplified condenser rating table. 
14-14. Cooling Towen. Cooling towers are 
essentially water conservation or recovery de
vices. Warm water from the condenser is 
pumped over the top of the cooling tower from 
where it falls or is sprayed down to the tower 
basin. The temperature of the water is reduced 
as it gives up heat to the air circulating through 
the tower. 

Although there is some sensible heat transfer 
from the water to the air, the cooling effect in a 
cooling tower results almost entirely from the 
evaporation of a portion of the water as the 
water falls through the tower. The heat to 
vaporize the portion of water that evaporates is 
drawn from the remaining mass of the water so 
that the temperature of the mass is reduced. 
The vapor resulting from the evaporating pro
cess is carried away by the air circulating 
through the tower. Since both the temperature 
and the moisture content of the air are increased 
as the air passes through the tower, it is evident 
that the effectiveness of the cooling tower 
depends to a large degree on the wet bulb tem
perature of the entering air. The lower the wet 
bulb temperature of the entering air, the more 
effective is the cooling tower. 

The efficiency of a cooling tower is influenced 
by all the factors governing the rate at which the 
water will evaporate into the air (see Section 
4-8). Some of the factors which determine 
cooling tower efficiency are: (1) the mean 
difference in vapor pressure between the air and 
the water in the tower, (2) the amount of 
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exposed water surface and the length (time) of 
exposure, (3) the velocity of the air passing 
through the tower, and (4) the direction of the 
air flow with relation to the exposed water 
surface (parallel, transverse, or counter). 

For anx given water temperature entering the 
tower, the vapor pressure difference is essentially 
a function of the wet bulb temperature of the 
entering air. In general, the lower the entering 
wet bulb temperature, the greater the vapor 
pressure differential and the greater the tower 
capacity. 

The exposed water surface includes: (1) the 
surfaee of the water in the tower basin, (2) all 
wetted surfaces in the tower, and (3) the com
bined surface of the water droplets falling 
through the tower. 

Theoretically, the lowest temperature to 
which the water can be cooled in a cooling 
tower is the wet bulb temperature of the entering 
air, in which case the water vapor in the leaving 
air will be saturated. In actual practice, it is not 
possible to cool the water to the wet bulb tem
perature of the air. In most cases, the tem
perature of the water leaving the tower will be 
7o to 10° F above the wet bulb temperature of 
the entering air. Too, the air leaving the tower 
will always be somewhat less than saturated. 

The temperature difference between the tem
perature of the water leaving the tower and the 
wet bulb temperature of the entering air is 
called the tower "approach." As a general rule, 
all other conditions being equal; the greater the 
quantity of water circulated over the tower the 
closer the leaving water temperature approaches 
the wet bulb temperature of the air. However, 
the quantity of water which can be economically 
circulated over the tower is somewhat limited by 
the power requirements of the pump. 

The temperature reduction experienced by the 
water in passing through the tower (the differ
ence between the entering and leaving water 
temperatures) is called the "range" of the tower. 
Naturally, to maintain equilibrium in the con
denser water system, the tower "range" must 
always be equal to the temperature rise of the 
water in the condenser. • 

The load on a cooling tower can be approxi
mated by measuring the water flow rate over the 

• Except where a condenser by-pass is used. See 
Section 14-17. 
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tower and the entering and leaving water tem
peratures. The following equation is applied: 

Tower load(Btu/min) = flow rate(gpm) 
x 8.33 x (entering water temperature 

- leaving water temperature) (14-12) 

Example 14-10. Determine the approxi
mate load on a cooling tower if the entering and 
leaving water temperatures are 96° F and 88° F, 
respectively, and the flow rate of the water over 
the tower is 30 gpm. 

Solution. Applying 
14-12, the tower load 
(Btu/min) = 30 X 8.33 

X (96- 88) 
= 2000 Btu/min 

Since the load on the tower is equal to the 
load on the condenser, the approximate refrig
erating capacity of the system can be computed 
by dividing the tower load by the condenser load 
in Btu/min/ton corresponding to the operating 
conditions of the system. 

Example 14-11. Compute the refrigerating 
capacity of an R-13 system operating on the 
cooling tower of txample 14-10, if the evaporat
ing and condensing temperatures are 20° F and 
110° F, respectively. 

Solution. From Fig. 14-1, 
the load on the condenser 

= 247 Btu/min/ton 
The approximately refrig

erating capacity of the 
system 

Tower load (Btu/min) 
Condenser load (Btu/min/ton) 
2000 

=--
247 

= 8.1 tons 

Since the heat absorbed per pound of water 
evaporated is approximately 1000 Btu, assuming 
a condenser load of 250 Btu/min/ton, the 
quantity of water evaporated per ton of refrig
eration (evaporator) is approximately 0.25 lb 
per minute or 2 gal per hour. 

In addition to the water lost by evaporation, 
water is lost from the cooling tower by "drift" 
and by "bleed-off." A small amount of water in 
the form of small droplets is entrained and 
carried away by the air passing through the 
tower. Water lost in this manner is called the 
drift loss. The amount of drift loss from a tower 

depends on the design of the tower and the wind 
velocity. 

"Bleed-off" is the continuous or intermittent 
wasting of a certain percentage of the circulated 
water in order to avoid a build-up in the con
centration of dissolved mineral solids and other 
impurities in the condenser water. Without 
bleed-off the concentration of dissolved mineral 
solids in the condenser will build up quite rapidly 
as a result of the evaporation taking place in the 
cooling tower. Since the scaling rate is propor
tional to the quality of the water, as the concen
tration of mineral solids in the water increases 
the scaling rate also increases. 

The amount of bleed-off required to maintain 
the concentration of dissolved mineral solids at 
a reasonable level depends upon the cooling 
range, the water flow rate, and the initial water 
conditions. Suggested bleed-off rates for various 
cooling ranges are given in Table 14-2. To 
determine the quantity of water loss by bleed
off, multiply the water flow rate over the tower 
by the factor obtained from Table 14-2. 

Example 14-11. Determine the quantity of 
water lost by bleed-off if the water flow rate over 
the tower is 30 gpm and the range is 10° F. 

Solution. From 
Table 14-1, the percent 
bleed-off required 

The quantity of 
water lost by bleed-off 

= 0.33% 

= 30 gpm x 0.0033 
= 0.099gpm 

The bleed-off line should be located in the hot 
water return line near the top of the tower so 
that water is wasted only when the pump is 
running (Fig. 14-8). 

Make-up water, to replace that lost by evapo
ration, drift, and bleed-off, is piped to the 
tower basin through a float valve which tends to 
maintain a constant water level in the basin. 
14-15, Cooling Tower Design. According to 
the method of air circulation, cooling towers are 
classified as either natural draft or mechanical 
draft. When air circulation through the tower 
is by natural convection, the tower is called a 
natural draft or atmospheric tower. When air 
circulation through the tower is by action of a 
fan or blower, the tower is called a mechanical 
draft tower. Mechanical draft towers may be 
further classified as either induced draft or 
forced draft, depending on whether the fan or 



Hot water in 

Make-up water 
from city main 

Fi1. 14-13. Natural draft-cooling tower. 

blower draws the air through the tower or forces 
(blows) it through. A schematic diagram of a 
spray-type natural draft tower is shown in Fig. 
14-13. Schematic diagrams of induced draft and 
forced draft towers are shown in Figs. 14-14 and 
14-15, respectively. 

In the spray-type atmospheric tower, the 
warm water from the condenser is pumped to 
the top of the tower where it is sprayed down 
through the tower through a series of spray 
nozzles. Since the amount of exposed water 
surfaee depends primarily on the spray pattern, 
a good spray pattern is essential to high effi
ciency. The type of spray pattern obtained 
depends on the design of the nozzles. For most 
nozzle designs, a water pressure drop of 7 to 
10 lb per square inch will produce a suitable 
spray pattern. 

Some natural draft towers contain decking or 
filling (usually of redwood) to increase the 
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amount of wetted surface in the tower and to 
break up the water into droplets and slow its 
fall to the bottom of the tower. Atmospheric 
towers containing decking are called "splash
deck." Often, in splash-deck towers, no spray 
nozzles are used and the water is broken up into 
droplets by the "splash-impact" method. 

The quantity and velocity of the air passing 
through a natural draft cooling tower depend 
on the wind velocity. Hence, the capacity of a 
natural draft tower varies with the wind velocity, 
as does the amount of "drift" experienced. Too, 
natural draft towers must always be located out
of-doors in places where the wind can blow 
freely through the tower. In commercial appli
cations, roof installations are common. 

Since air circulation through mechanical 
draft towers is by action of a fan or blower, 
small mechanical draft towers can be installed 
indoors as well as out-of-doors, provided that 
an adequate amount of outside air is ducted into 
and out of the indoor location. Too, since 
larger air quantities and higher velocities can be 
used, the capacity of a mechanical draft tower 
per unit of physical size is considerably greater 
than that of the natural draft tower. In addition, 
most mechanical draft towers contain some sort 
of decking or fill to improve further the effi
ciency. Spray eliminators must be used in 
mechanical draft towers to prevent excessive 
drift losses. 
14-16. Cooling Tower Rating and Selection. 
Table R-16 contains rating data for the spray
type, natural draft cooling tower illustrated in 
Fig. 14-13 and is a typical cooling tower rating 
table. Notice that the tower ratings are given 
in tons, based on a heat transfer capacity of 250 

Water in - Water 
-------'"'-------,l~istributor _Q 

Fl1. 14-14. Small Induced 
draft-cooling tower. 
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Btu/min/ton. Nominal tower ratings are based 
on a 3 mi per hour wind velocity, and gooF 
design wet bulb temperature, and a water flow 
rate over the tower of 4 gpm per ton. Tower 
performance at conditions other than those 
listed in the table can be determined by using 
the rating correction chart that accompanies the 
table. 

To select the proper tower from the rating 
table, the following data must be known: 

1. Desired tower capacity in tons (compressor 
capacity) 

2. Design wet bulb temperature 
3. Desired leaving water temperature (con

denser entering water temperature or tower 
approach) 

or 
1. Desired flow rate over the tower (gpm) 
2. Design wet bulb temperature 
3. Desired entering and leaving water tem

peratures (tower cooling range and tower 
approach) 

Example 14-13. From Table R-16, select a 
cooling tower to meet the following conditions: 

1. Required tower capacity = 20 tons 
2. Design wet bulb 

temperature = 7go F 
3. Desired leaving water 

temperature = g6o F 

Solution. From Table R-16, select tower, 
Model #CSA-66, which has a capacity of 20.7 
tons at the desired conditions when the flow 
rate over the tower is 3 gpm per ton. Hence, for 
20-tons capacity, a total of 60 gpm (20 x 3) 
must be circulated over the tower. As shown in 
the table, the entering water temperature will be 
approximately 96° F. 

Fl1. 14-15. Forced draft
cooling tower. 

Air in 

Example 14-14. It is desired to cool90 gpm 
from 96° F to g6o F when the design wet bulb is 
7go F. Select the proper tower from Table 
R-16. 

Solution 
Tower range 
Tower approach 
From rating correc-

tion chart, range-ap
proach factor 

From wet bulb cor
rection chart, wet bulb 
factor 

= 96- g6 =too 
= g6- 7g =go 

=1.1 

=1.04 

Nominal gpm = 90 x 1.1 x 1.04 
= 103 gpm 

From Table R-16, for 103 gpm nominal, 
select tower, Model #SA-68. 

Example 14-15. It is required to cool water 
for 30 tons at 5 gpm/ton to a 5° F approach of 
an goo F wet bulb. Select the proper tower from 
Table R-16. 

Solution 
Total gpm required 

for 30 tons at 5 gpm/ 
ton 

From rating cor
tion chart, rating cor
rection factor for 5 
gpm/ton and 5° ap
proach 

From wet bulb 
correction chart, wet 
bulb correction factor 

Nominal gpm 

= 30 x 5 = 150 gpm 

= 1.15 

= 1.0 
= 150 X 1.15 X 1.0 
= 172.6 gpm 



From Table R-16, for 172.6 gpm nominal, 
select tower Model #SA-612. 
14-17. Condenser By-Pass. For any given 
tower range and approach, the entering and 
leaving water temperatures will depend only on 
the wet bulb temperature of the air. Hence, in 
regions (particularly coastal areas) where the 
outdoor wet bulb temperature is relatively high, 
a closer approach to the wet bulb temperature is 
required in order to maintain a reasonable con
densing temperature with an economical con
denser size than in areas where the wet-bulb 
temperature is lower. It has already been shown 
that, in general, the greater the quantity of water 
circulated over the tower per unit of capacity 
the closer the leaving water temperature will 
approach the wet bulb temperature. Therefore, 
in regions having a high wet bulb temperature, 
it is usually desirable to circulate a greater 
quantity of water over the tower than can be 
economically circulated through the condenser 
because of the excessive pumping head encoun
tered. This can be accomplished by installing 
a condenser by-pass line as shown in Fig. 14-8. 
Through the use of a condenser by-pass, a 
certain, predetermined portion of the water 
circulated over the tower is permitted to by-pass 
the condenser, thereby reducing the over-all 
pumping head. 

The advantage of the condenser by-pass is 
that it makes possible the maintenance of 
reasonable condensing temperatures with mod
erate condenser and tower sizes without greatly 
increasing the pumping head. The quantity of 
water flowing through the by-pass is regulated 
by the hand valve in the by-pass line. Once the 
hand valve has been adjusted for the proper flow 
rate through the by-pass, the handle should be 
removed from the valve so that the valve adjust
ment cannot be changed indiscriminately. An 
excessive amount of water flowing through the 
by-pass will not only tend to starve the con
denser and raise the condensing pressure, but it 
may also cause the pump motor to become 
overloaded, thereby rendering the entire system 
inoperative. The desired flow rate through the 
by-pass is determined by subtracting the flow 
rate through the condenser from the flow rate 
over the tower. This will be illustrated presently. 

Since the cooling tower capacity must of 
necessity be equal to the condenser capacity at 
the design conditions, it follows that: 
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Tower gpm x tower range x 500 
= condenser gpm x condenser rise x 500 

Eliminating the constant, 

Tower gpm x tower range 
=condenser gpm x condenser rise (14-13) 

Example 14-16. A compressor on a refrig
erating system has a capacity of 25 tons. The 
design wet bulb temperature is soc F. The 
desired condenser water entering temperature is 
87c F and the desired temperature rise through 
the condenser is 10c F. Select a cooling tower 
from Table R-16 and determine: 

1. The total gpm circulated over the tower 
2. The temperature of the water entering the 

tower 
3. The tower cooling range 
4. The temperature of the water leaving the 

condenser 
S. The gpm circulated through the condenser 
6. The gpm circulated through the by-pass 

Solution. From Table R-16, tower, Model 
#SA-58 has a capacity of 25 tons at an soc F 
wet bulb temperature and a 7c approach. This 
capacity is based on a water flow rate of 4 
gpm/ton and on a cooling range of 7.Sc 
(94.5 - 87). 

Total gpm over the tower 
for 25 tons 

= 25 tons x 4 gpm/ton 
= 100 gpm 

From Table R-16, the 
tower entering water tem-
perature 

= 94.Sc F 
Tower range 

= 94.5 - 87 = 7.5° 
Water temperature leaving 

condenser 
= 87 + 10 = 97o F 

Rearranging and applying 
Equation 14-13, condenser 
gpm 

Tower gpm x tower range 
= Condenser rise 

100 X 1.5 
10 

= 15 gpm 

Gpm circulated through' 
by-pass 

= Tower gpm - condenser gpm 
= 100-15 
= 25 gpm 
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Fia. 14..16. Schematic. diJgram of •vaporatJve con
denser. 

14-18. Evaporative Conden•ero. An evapo
rative condenser ls essentially a water conser
vation device and is, in effect-' a condenser and 
a cooling tower combined into a single unit. A 
diagram of a typical evaporative condenser is 
shown in Fig. 14-16. 

As previously stated, both air and water are 
employed in the evaporative condenser. The 
water, pumped from the sump up to the spray 
header, sp,..•ys down over the refrigerant coils 
and returns to thC sump. The air js drawn in 
from the outside at the bottom of tho condenser 
by action of the blower and is discharged back 
to the outside at the top of the condenser. ln 
some cases, both pump and blower are driven 
by tbe same motor. In others, separate motors 
are used. The eliminators installed in the air 
stream above the s_pray header are to prevent 
entrained water from being cauied over into the 
blower. An alternate arrangement, with the 
blower located on the entering air side of the 
condenser, is shown in Fig. 14-17. 

Althougb the actual thermodynamic pro
cesses taking place in the evaporative condenser 
a.re somewhat complex, the fundamental process 
is that of evaporative cooling. Water is evapo
rated from the spray and from the wetted surface 

of the condenser into fbe &r, the source of the 
-..aporizing heat being the condensing refrigerant 
in tbe condenser coil. 

The cooling produced is approximately 1000 
lltu per pound of water evaporated. AU the beat 
given up by the refrigerant in the condenser 
eventually leaves the condenser as either sensible 
heat or latent heat (moisture) in the discharge 
air. Since both the temperature and the mois
ture content of the air are increased as the air 
passes through the condenser, the efl'ectiveness 
of the condenser depends., in part, on the wet 
bulb temperature of the entering air. The lower 
the wet bolb temperature of the entering air the 
more efl'ective is the evaporative condenser. 

To facilitate cleaning and scale removal, tho 
condensing coil is usuaUy !llllde up of bare 
rather than tinned tubing. The amount of coil 
surface used per ton of capacity varies with the 
manufacturer and depends to a large extent on 
the amount of air and water circulated. 

Generally, the capacity of the evaporative 
condenser increases as the quantity of air cir
culated through the condenser increases. As a 
practical matter, the maximum quantity of air 

Fla. 14-17. Cutaway view or "Dri-Fan·• eva.pol"ttlve 
conden.ser. Funnel·shaped overflow dl'ain provides 
automadc bleed-off. (Courtesy Refrlaeradon Eng.ln
eerlna. Inc. A proprietary desi&n of Refri&eration 
Engineering, Inc.) 



which can be circulated through the condenser 
is limited by the horsepower requirements of the 
fan and by the maximum air velocity that can be 
permitted through the eliminators without the 
carry over of water particles. 

The quantity of water circulated over the 
condenser should be sufficient to keep the tube 
surface thoroughly wetted in order to obtain 
maximum efficiency from the tube surface and to 
minimize the rate of scale formation. However, 
a water flow rate in excess of the amount 
required for adequate wetting of the tubes will 
only increase the power requirements of the 
pump without materially increasing the con
denser capacity. 

Assuming a condenser load of 15,000 Btu per 
hour per ton, the water lost by evaporation is 
approximately 15 lb (2 gal) per hour per ton 
(15,000/1000). In addition to the water lost by 
evaporation, a certain amount of water is lost by 
drift and by bleed-off. The amount of water 
lost by drift and by bleed-off is approximately 
1.5 to 2.5 gal per hour per ton, depending upon 
the design of the condenser and the quality of 
water used. Hence, total water consumption 
for an evaporative condenser is between 3 and 4 
gal per hour per ton. 

Some evaporative condensers are available 
equipped with desuperheating coils, which are 
usually installed in the leaving air stream. The 
hot gas leaving the compressor passes first 
through the desuperheating coils where its tem
perature is reduced before it enters the con
densing coils. The desuperheating coils tend to 
increase the over-all capacity of the condenser 
and reduce the scaling rate by lowering the 
temperature of the wetted tubes. Too, often the 
receiver tank is located in the sump of the 
evaporative condenser in order to increase the 
amount of liquid subcooling. 
14-19. Rating and Selection of Evaporative 
Condensers. Table .R-17 is a typical evapo
rative condenser rating table. Notice that the 
ratings are based on the temperature difference 
between the condensing temperature and the 
design wet bulb temperature. The following 
sample selection is reprinted directly from the 
manufacturer's catalog data: • 

Example 14-17. Select an evaporative con
denser for the following conditions: 

• McQuay Products. 
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6-ton evaporator load (Refrigerant-12) 
20° evaporator temperature 
78° entering wet bulb temperature 
105° F condensing temperature 

Solution. Since the rating table is in terms of 
evaporator load at 40° F, it is necessary to 
correct for other evaporator temperatures by 
using a correction factor from R-17B as follows: 
Tons x evaporator correction factor 

·= Rating table tons 
Therefore, 6 x 1.05 = 6.3 tons. 

Referring to Table R-17A, the E-135F has a 
capacity of only 5.6 tons at 78° F entering wet 
bulb and 105° F condensing temperature. It 
does, however, have the required capacity of 6.3 
tons at between 105° F and 110° F condensing 
temperature. 

The compressor ratings should then be 
checked to see if the compressor originally 
selected has the required capacity at between 
105° F and 110° F condensing temperature. If 
not, it will be necessary to select the next larger 
size evaporative condenser or compressor to do 
the job. 

The next larger size evaporative condenser, 
the E-270F, has a capacity of 11.2 tons at the 
given conditions; however, the required capa
city of 6.3 tons will be obtained at a condensing 
temperature between 90 and 95o F. The com
pressor selection should then be made for these 
conditions. 

14-20. Water Regulating Valves. The water 
flow rate through a water-cooled condenser on a 
waste water system is automatically controlled 
by a water regulating valve (Fig. 14-18). The 
valve is installed on the water line at the inlet of 
the condenser and is actuated by the compressor 
discharge (Fig. 14-7). When the compressor 
is in operation, the valve acts to modulate the 
flow of water through the condenser in response 
to changes in the condensing pressure. An 
increase in the condensing pressure tends to 
collapse the bellows further and open the valve 
wider against the tension of the range spring, 
thereby increasing the water flow rate through 
the condenser. Likewise, as the condensing 
pressure decreases, the valve moves toward the 
closed position so that the flow rate through the 
condenser is reduced accordingly. Although 
the regulating valve tends to maintain the con
densing pressure constant within reasonable 
limits, the condensing pressure will usually be 
considerably higher during periods of peak 
loading than during those of light loading. 
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Fta. 14-&8. TypiQI ~hre:.ded-type water rcgulatina valve. Lar&er sizes: a.re avallable with flange connectfons. 
(a) Cross·sectio nal view showing prlndpal paru. (b) Exterior view. (Courtuy Penn Controls-, Inc.) 

When the compressor cycles off, the water 
vaJve remains open and water continues to flow 
through the condenser until the pressure in tbe 
condenser is reduced to a certain predetermined 
minimum, at which tjme che vnlve closes off 
completely and shutS off the water ftow. When 
the compressor cycles on again, the water valve 
remains closed until the pressure in the con
denser builds up to the valve opening pressure, 
at which time the valve opens and permitS water 
to ftow through the condenser. The openiog 
pressure of the valve is approximately 7 psi 
above tbe shut-off pressure. 

The water valve is set for the desired shut-off 
pressure by adjusting the tension of the range 
spring. The minimum operating pressure for 
the valve, that is. the shut .. off pressure, must be 
set higbe.nough so that the valve will not remain 
open and permit water to Bow through t.he COn· 
deoser when tbe compressor is on the off cycle. 
Since the saturation temperature of the refrig· 

e,rant in the condenser can never be lower tban 
the ambient temperature ar the condenser, tbe 
shut-off point of the water valve should be set at 
a saturation pressure corresponding to the maxi· 
mum ambient temperature io the summertime 
at the condenser location. Too, the shut-off 
pressure of the valve must be high enough so 
that !he minimum condensing temperature in 
the wintertime is sufficiently biglt to provide a 
pressure differential across t.hc refrigerant con· 
trol large enough to assure its proper operation. 

The capacity of water regulating valves varies 
with the size of the valve and tbe pressure drop 
across the valve orif~. The available pressure 
drop across the valve orifice is determined by 
subttacting the pressure drop through the con· 
denser and water piping from th~ totaJ pressure 
drop available at the water main. 

Water regulating valves are USW\Ity selected 
from flow charts (Table R-18). In order to 
select the proper valve from the flow chart, the 



following data must be known: (1) the desired 
water quantity in gpm; (2) the maximum 
ambient temperature in the summertime; (3) 
the desired condensing temperature; and (4) 
the available water pressure drop across the 
valve. 

The following selection procedure and sample 
selection are reprinted directly from the litera
ture of the manufacturer: • 

1. Draw horizontal line across upper half of 
Flow Chart (Table R-18) through the required 
flow rate. 

2. Determine refrigerant condensing pressure 
rise above valve opening pqint. 

a. Valve closing point (to assure closure 
under all conditions) must be the refrigerant 
condensing pressure equivalent to the highest 
ambient air temperature expected at time of 
maximum load. Read this in psig from "Satu
rated Vapor Table" for refrigerant selected. 

b. Read from the same table the operating 
condensing pressure corresponding to selected 
condensing temperature. 

c. Valve opening point will be about 7 psi 
above closing point. 

d. Subtract opening pressure from operat
ing pressure. This gives the condensing 
pressure rise. 
3. Draw horizontal line across lower half of 

Flow Chart through this value. 
4. Determine the water pressure drop through 

the valve-this is the pressure actually available 
to force the water through the valve. 

a. Determine the minimum water pressure 
available from city mains or other source. 

b. From condensing unit manufacturer's 
tables read pressure drop through condenser 
corresponding to required flow. 

c. Add to this estimated or calculated drop 
through piping, etc., between water valve and 
condenser, and from condenser to drain (or 
sump of cooling tower). 

d. Subtract total condenser and piping drop 
from available water pressure. This is the 
available pressure drop through the valve. 

Example. 14-18. The required flow for an 
R-12 system is found to be 27 gpm. Condensing 
pressure is 125 psig and the maximum ambient 
temperature estimated at 86° F. City water 

• By permission of Penn Controls, Inc., Goshen, 
Indiana. 
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pressure is 40 psig and manufacturer's table 
gives drop through condenser and accompany
ing piping and valves as 15 psi. Drop through 
installed piping approximately 4 psi. Select 
proper size of water regulating valve from Table 
R-18. 

Solution 
1. Draw a line through 27 gpm-see dotted 

line, upper half of Flow Chart (Table R-18). 
2. Closing point of valve is pressure of R-12 

corresponding to 86° F ambient = 93 psig. 
3. Opening point of valve is 93 + 7 = 100 

psig. 
4. Condensing pressure rise = 125 - 100 = 

25 psi. 
5. Draw line through 25 psi-see dotted line, 

lower half of Flow Chart. 
6. Available water pressure drop through 

valve = 40 - 19 = 21 psi. 
7. Interpolate just over the 20 psi curve

circle on lower half of Flow Chart. 
8. Draw vertical line upward from this point 

to flow line-circle on Flow Chart marks this 
intersection. 

9. This intersection falls between curves for 
1 in. and 11 in. valves. The 11 in. valve is re
quired. 

14-ll. Condenser Controls. For reasons of 
economy, the condensing medium is circulated 
through the condenser only when the com
pressor is operating. Hence, q>mmon practice 
is to cycle the condenser fan and/or pump on 
and off with the compressor. This is usually 
accomplished by electrically interlocking the 
fan and/or pump circuit with the compressor 
driver circuit. Method of interlocking electrical 
circuits are discussed in Chapter 21. 

Whereas high pressure controls are always 
desirable as safety devices on any type of system, 
they are absolutely essential on all equipment 
employing water as the condensing medium in 
order to protect the equipment against damage 
from high condensing pressures and tempera
tures in the event that the water supply becomes 
restricted or is shut-off completely. The high 
pressure control has already been discussed in 
Section 13-13. 

If a refrigerating system is to function pro
perly and efficiently, the condensing temperature 
must be maintained within certain limits. As 
previously described, high condensing tempera
tures cause losses in compressor capacity and 
efficiency, excessive power consumption, and, 
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in some cases, overloading of the compressor 
driver and/or serious damage to the compressor 
itself. 

An abnormally low condensing temperature, 
on the other hand, will cause an insufficient 
pressure differential across the refrigerant con
trol (condensing pressure to vaporizing pres
sure), which reduces the capacity of the control 
and results in starving of the evaporator and 
general unbalancing of the system. 

As a general rule, low condensing tempera
tures result from either one or both of two 
principal causes: (I) low ambient temperatures 
and (2) light refrigerating loads. Naturally, the 
problem of low condensing temperatures is more 
acute in the wintertime when the ambient 
temperature and the refrigerating load are both 
apt to be low. 

To maintain the condensing temperature at a 
sufficiently high level, it is necessary to make 
some provision for reducing or controlling the 

Air-cooled 
condenser 

capacity of the condenser during periods when 
the ambient temperature is low and/or the refrig
erating load is light. Although the methods 
employed to control the capacity of the con
denser vary somewhat with the type of con
denser used, all involve reducing either the 
quantity of condensing medium circulated or 
the amount of effective condensing surface. 
Condenser capacity control devices are usually 
actuated by pressure or temperature controls 
which respond to condensing pressure or 
temperature. 

With regard to air-cooled condensers, the 
condensing temperature is maintained within 
the desired limits by varying the air quantity 
through the condenser or by causing a portion 
of the condenser to become filled with liquid so 
as to reduce the amount of effective condensing 
surface. 

The air quantity through the condenser is 
varied by cycling the fan or blower or by the use 

Constjlnt 
inlet pressure 
throttling valve 

Fig. 14-19. Winterstat control 
of air-cooled condensers. (o) 
Loop Winterstat may be used 
wherever 3 feet of head room 
is available above the top of the 
condenser. This type is the 
simplest and lowest in cost. 
(b) No-loop Wlnterstat is 
employed where head room 
Is not available above con
denser. Valves 0 and W are 
supplied as an Integral unit and 
must be mounted at the level 
of the liquid outlet of the 
condenser. (The Winterstat is 
a proprietary design of the 
Kramer Trenton Company and 
is manufactured under the 
following patent numbers: 
2,564,310; 2,761,287; and 
2,869,330.) 
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Fll• 14-20. Pressure stabilizer. 
(A proprietary design of 
Dunham-Bush, Inc.) (Courtesy 
Dunham-Bush, Inc.) 

of dampers placed in the air stream. , Because it 
tends to .;ause large fluctuations in the con
densing temperature, cycling of the fan cannot 
be recommended as a means of controlling the 
capacity of air-cooled condensers. Modulating 
dampers installed in the air stream provide 
satisfactory control of the air quantity in many 
cases, although some difficulty is experienced 
with dampers when the condenser is exposed to 
high wind velocities. 

A more satisfactory method of controlling 
the capacity of air-cooled condensers is to vary 
the amount of effective condensing surface by 
causing the liquid refrigerant to back up into 
the lower portion of the condenser whenever the 
condensing pressure drops below the desired 
minimum. To accomplish this, one design of 
capacity control employs a modulating valve 
installed in a by-pass line between the inlet and 
outlet of the condenser (Fig. 14-19). As the 
receiver pressure falls, the modulating valve 
opens and allows high-pressure vapor from the 
compressor discharge to flow through the by
pass line, thereby restricting the flow of liquid 
refrigerant from the condenser and causing the 
liquid to back up into the lower portion of the 
unit. The amount of discharge vapor by-passed, 
and therefore the amount of liquid refrigerant 
retained in the lower portion of the condenser, 
is automatically controlled by the modulating 
valve and depends upon the receiver tank 
pressure. 

Another device used to restrict the amount of 
effective condensing surface is called a .. pressure 
stabilizer" (Fig. 14-20). The following descrip
tion of the operation of the pressure stabilizer 
is reprinted directly from the manufacturer's 
engineering data. • 

The pressure stabilizer is a heat transfer 
surface which transfers the heat from the hot gas 
discharge of the compressor to the subcooled 
liquid leaving the condenser. This heat exchange 

• Courtesy Dunham-Bush, Inc. 
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is controlled by the regulating valve installed 
between the condenser and the receiver. This 
valve is set at the desired operating pressure, and 
throttles from the open position to the closed 
position as the condensing pressure drops. The 
throttling action backs up the liquid in the con
denser, thus reducing the amount of effective 
condensing surface. The subcooled liquid 
coming from the condenser is forced through 
the heat exchanger portion of the pressure 
stabilizer and receives enough heat from the hot 
gas to satisfactorily establish the balanced 
pressure temperature relationship in the receiver. 
This assures satisfactory condensing pressure 
and a solid column of liquid at the refrigerant 
control. 

The pressure stabilizer is designed with a pre
determined pressure drop to insure against 
liquid refrigerant reheating during warm weather 
operations. During high ambient air tempera
tures, where the condensing temperature is above 
the setting of the regulating valve, the liquid 
flows through the valve, which is fully open, and 
thereby by-passes the heat exchanger section 
(Fig. 14-21a). In Fig. 14-21b, as the ambient 
temperature drops to soa F the condensing tem
perature drops below the setting of the regulat
ing valve. The valve then modulates toward 
the closed position, and this action limits the 
flow of liquid through the regulating valve. 
Consequently, the liquid backs up in the con
denser until the condensing surface is reduced 
approximately 60%. The liquid which is forced 
to pass through the heat exchanger section is 
then heated up to the saturation temperature. 

When the ambient temperature drops to oa F 
(Fig. 14-21c), the regulating valve throttles to 
hold 120 psi in the condenser. The liquid logs 
in the condenser so that approximately 10% of 
the surface is utilized to condense the hot gas. 

With regard to evaporative condensers, capa
city control is best obtained through regulation 
of the air quantity through the condenser, which 
can be accomplished either by cycling the blower 
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FIB· 14-ll. Air-cooled condenser controt employing 
pressure stabilizer. (Courtesy Dunham-Bush, Inc.) 

or by installing dampers in the air stream. Of 
the two methods, the latter is usually the most 
satisfactory, especially where modulating dam
pers are used and the air quantity can be varied 
through a wide range. 

Cycling of the pump as a means of controlling 
the capacity of an evaporative condenser cannot 
be recommended. Each time the pump cycles 
off a thin film of scale is formed on the con
denser tubes. Consequently, frequent cycling of 
the condenser pump greatly increases the scaling 
rate, which reduces the efficiency of the con
denser and greatly increases maintenance costs. 

With reference to water-cooled condensers, 
recall that for a given load and condensing 
surface, the condensing temperature varies with 
the quantity and temperature of the water 
entering the condenser. Where waste water is 
used, the modulating action of the water
regulating valve controls the water flow rate 
through the condenser and maintains the con
densing temperature above the desired minimum 
so that low condensing temperatures are not 
usually a problem with waste water systems. On 
the other hand, since the flow rate of the water 
through the condenser on a recirculating water 
system is maintained constant, the condensing 
temperature decreases as the temperature of the 
water leaving the tower decreases. Therefore, 
when the ambient air temperature is low, the 
condensing temperature will also be low unless 
some means is provided for restricting the flow 
rate through the condenser or for increasing the 
temperature of the water leaving the tower. 

One method of controlling the condensing 
temperature in a recirculating water system is to 
install a water-regulating valve in the water line 
at the inlet to the condenser. The modulating 
action of the water valve will restrict the water 
flow rate through the condenser in response to a 
drop in the condensing pressure. When a water
regulating valve is used in a recirculating water 
system, the pressure drop through the valve 
must be taken into account in computing the 
total pumping head.* 

Where mechanical draft cooling towers are 
used, the condensing temperature can be main
tained at the desired level through regulation of 
the tower leaving water temperature. As in the 
case of the evaporative condenser, this can be 
accomplished by cycling the tower fan or by 
installing dampers in the air stream. 

* Except in those cases where they have a specific 
function, water-regulating valves should never be 
used in recirculating water systems, since they tend 
to restrict the water flow and increase the pumping 
head unnecessarily. 



14-12. Winter Operation. When the com
pressor and/or condenser are so located that they 
are exposed to low ambient temperatures, the 
pressure in these parts may fall considerably 
below that in the evaporator during the com
pressor· off-cycle. In such cases, the liquid 
refrigerant, which otherwise would remain in 
the evaporator, very often tends to migrate to 
the area of lower pressure in the compressor and 
condenser. With no liquid refrigerant in the 
evaporator, an increase in evaporator tempera
ture is not reflected by a corresponding increase 
in the evaporator pressure, and, where the sys
tem is controlled by a low pressure motor 
control, the rise in evaporator pressure may not 
be sufficient to actuate the control and cycle the 
system on in response to an increase in the 
evaporator temperature. 

Corrective measures are several. One is to 
install a thermostatic motor control in series 
with the low pressure control. The thermostat 
is adjusted to cycle the system on and off, 
whereas the low pressure control serves only as a 
safety device. Another, and usua1ly more prac• 
tical, solution is to isolate the condenser during 
the off-cycle. One method of isolating the con
denser during the off-cycle is illustrated in Fig. 
14-22. The check valve (C) in the condenser 
liquid line prevents the refrigerant from boiling 
off in the receiver and backflowing to the con-

Air-cooled 
condenser 

Check valve 

receiver 

Modulating by-pass 
valve-open of drop 

in outlet pressure 

Modulating valve 
(open on rise of 
inlet pressure) 

Fl1. 14-ll. Sure-start Winterstat provides normal 
head and receiver pressures when the compressor 
starts by allowing the compressor to Impose its full 
discharge pressure on the liquid through the open 
(W) valve. When the receiver pressure Is up to 
normal, the (R) valve opens and allows the discharge 
gas to flow to the condenser. (Courtesy Kramer 
Trenton Company.) 
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Pump 
FIJ •. 14-23. Evaporative condenser equipped with 
modulating dampers for capacity control. Protected 
auxiliary pump is designed to prevent freezing during 
winter operation. (Courtesy Refrigeration Engineer
ing Inc.) 

denser during the off-cycle. The (R) valve, 
which closes on drop of pressure at the valve 
inlet, closes when the compressor stops, pre
venting the flow of refrigerant from the evapo
rator, through the compressor valves and 
discharge line, into the condenser. With the 
condenser isolated, the evaporator pressure can 
build up and start the compressor regardless of 
the ambient temperature at the condenser. 

Another and rather obvious problem con
cerning the opera•.ion of evaporative condensers 
and cooling towers in the wintertime is the 
danger of freezing when the equipment is 
exposed to freezing temperatures. In general, 
the measures employed to prevent freezing are 
similar to those used to prevent low condensing 
temperatures, that is, controlling the air quantity 
through the tower by the use of dampers or by 
cycling the fan. In addition, an auxiliary sump 
must be installed in a warm location and the 
piping arranged so that the water drains by 
gravity into the auxiliary sump and does not 
remain in the tower or condenser sump (Figs. 
14-23 and 14-24). 
14-23. Condenser and Tower Maintenance. 
As a general rule, air-cooled condensers require 
little maintenance other than regular lubrication 
of the fan and motor bearings. However, the 
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Fig. 14-24. Protected indoor tank. 

fan blades and condensing surface should be 
inspected occasionally for the accumulation of 
dust and other foreign materials. These parts 
should be kept clean in order to obtain high 
efficiency from the condenser. 

Any type of condenser employing water is 
subject to scaling of the condenser tubes, corro
sion, and the growth of algae and bacterial 
slime on all wetted surfaces. The latter is con
trolled by frequent cleaning of the infected parts 
and by the use of various algaecides which are 
available commercially. 

As previously stated, the scaling rate depends 
primarily upon the condensing temperature and 
the quality of water used. The scaling rate will 
be relatively low where the condenser leaving 
water temperature is below 100° F. Too, the 
importance of providing for the recommended 
amount of ,bleed-off cannot be overemphasized 
with regard to keeping the scaling rate at a 
minimum. In addition, a number of chemical 
companies have products which when added to 
the sump water considerably reduce the scaling 
rate. 

Scale can be removed from the condenser 

tubes by applying an approved inhibited acid 
compound, many of which are available in 
either liquid or powder form. After the tower 
or condenser sump has been drained, cleaned, 
and filled with fresh water, the cleaning com
pound can be added directly to the sump water. 
The pump is then started and the cleaner is 
circUlated through the system until the system is 
clean, at which time the sump is again drained, 
flushed, and filled with clean water before the 
system is placed in normal operation. 

It .should be pointed out that descaling com
pounds have an acid base and should not be 
allowed to contact grass, shrubs, or painted 
surfaces. Therefore, it is usually advisable to 
remove the cooling tower spray nozzles, if any, 
in order to minimize the danger of damaging 
shrubs or painted surfaces with drift from the 
tower. 

When rapid descaling of the condenser tubes 
is required, an inhibited solution (18 %) of 
muriatic acid may be used. However, muriatic 
acid should be used only on the condenser tubes. 
The system pump should not be used to circu
late the acid. A small pump having an acid 
resistant impeller (brass or nylon) may be used 
for this purpose (see Fig. 14-25). After the 
condenser is clean, it should be flushed with 
clean water or with an acid neutralizer as 
recommended by the manufacturer. 

Corrosion is usually greatest in areas near 
salt water or in industrial areas where relative 

FIJ. 14-25. Apparatus for descaling condenser. 



large concentrations of sulfur and other indus
trial fumes are found in the atmosphere. Corro
sion damage is minimized by regular cleaning 
and painting of the affected parts and by 
application of protective coatings of various 
types. 

PROBLEMS 

1. An R-12 system is operating at an evaporator 
temperature of oo F and a condensing tempera
ture of 100° F. From Chart 14-1, determine the 
heat load on the condenser in Btu per minute 
per ton of refrigeration. Ans. 251 Btu/min/ton 

2. An R-22 system operating with a 40° F 
evaporator and a 110° F condenser has an 
evaporator load of 10 tons. Determine the heat 
load on the condenser in Btu/hr. 

Ans. 141,000 Btu/hr 

3. The heat rejected to a water-cooled con
denser is 120,000 Btu/hr. How many square 
feet of effective tube surface must this condenser 
have if the U factor of the condenser is 100 
Btu/hr/sq ftr F and the METD is so F at the 
desired gpm? Ans. 240 sq ft 

4. The heat load on the evaporator of an air 
conditioning system is 60,000 Btu/hr. If the 
coefficient of performance of the system is 4 : 1, 
what is the heat load on the condenser in Btu/hr? 

Ans. 15,000 Btu/hr 

5. An R-12 waste water system operating at a 
40o F suction temperature and a 105° F con
densing temperature has an evaporator load of 
5 tons. If the condenser is selected for a 1r F 
water temperature rise, how many gpm must be 
circulated through the condenser? 

Ans. 11.5 gpm 

6. Seventy-two gallons of water per minute are 
circulated through a water-cooled condenser. 
If the temperature rise of the water in the con
denser is 14° F, what is the heat load on the 
condenser? Ans. 504,000 Btu/hr 

7. An R-12 air conditioning system operating 
with an evaporator temperature of 40° F and a 
condensing temperature of 120° F has an 
evaporator load of 60,000 Btu/hr. 4500 cfm of 
air are circulated over the condenser. If the 
temperature of the air entering the condenser is 
90° F, compute: (a) the leaving air temperature 
and (b) the METD. 

Ans. (a) 104.6° F (b) 21.89° F 

8. If the air-cooled condenser in Problem 7 has 
a free face area of 5.5 sq ft, what is the velocity 
of the air through the condenser? 

Ans. 818 fpm 
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9. From Table R-12, select an air-cooled con
denser for a compressor having a capacity of 
42,000 Btu/hr if the design suction and discharge 
temperatures are 40° F and 130° F, respectively, 
and the outdoor design dry bulb temperature 
for the region is 95o F. 

10. Select a shell-and-tube water-cooled con
denser for an R-12 system to meet the following 
conditions: 

Refrigeration load and eva-
porator 60 tons 

Evaporator temperature 40° F 
Condensing temperature 11 oo F 
Water quantity 2.5 gpm/ton 
Untreated cooling tower water enters con-

denser at 85° F. 

11. Rework Problem 10 using a condensing 
temperature of 120° F. 

12. A cooling tower and a water-cooled con
denser (with by-pass) are operating with a 
condenser load of 240,000 Btu/hr. Forty-eight 
gpm are circulated through the condenser and 
32 gpm are by-passed. The ambient wet bulb 
temperature is 78° F and the tower approach is 
7o F. Determine: 

(a) The temperature of the water entering the 
condenser. Ans. 85° F 

(b) The temperature of the water leaving the 
condenser. Ans. 95o F 

(c) The temperature of the water entering the 
cooling tower. Ans. 91 o F 

(d) The tower range. Ans. 6° F 

13. A compressor on a Refrigerant-12 system 
has a capacity of 50 tons. The design wet bulb 
temperature is 78° F. The desired condenser 
water entering temperature is 85° F and the 
desired temperature rise through the condenser 
is 1r F. Select a cooling tower from Table R-15 
and determine: 

(a) The total gpm circulated over the tower 
(b) The temperature of the water entering the 

tower 
(c) The temperature of the water leaving the 

condenser 
(d) The tower range 
(e) The gpm circulated through the condenser 

(/) The gpm by-passed 

14. Select an evaporative condenser for the 
following conditions: 

Refrigerant-12 system 
Evaporator Ioad-10 tons 
Evaporator temperature-40° F 
Wet bulb temperature of entering air-78° F 
Condensing temperature-105° F 



15 
Fluid Flow, 
Centrifugal Liquid 
Pumps, Water and 
Brine Piping 

gravitational force or pressure is exerted in a 
downward direction only. However, because of 
the loose molecular structure of fluids, the gravi
tation force or pressure exerted at any point in a 
body of fluid acts equally in all directions-up, 
down, and sideways, and always at right angles 
to any containing surfaces. When no force 
other than the force of gravity is acting on the 
fluid, the pressure at any depth in a body of fluid 
is proportional to the weight of fluid above that 
depth. When an external force in addition to 
the force of gravity is applied to the liquid, the 
pressure at any depth in the fluid is proportional 
to the weight of the fluid above that depth, plus 
the pressure caused by the external force. 

For example, assume that a flat-bottomed 
container 1 sq ft in cross section and 10 ft high 
is filled to the top with water at a temperature of 
60° F (Fig. 15-1). Since water at 60° F has a 
density of 62.4 lb per cubic foot, if the pressure 
of the atmosphere on the surface of the water is 
neglected, the total force acting on the bottom 
of the tank due to the weight of the water alone 
is 624lb (10 x 62.4). Since the base area of the 15-1. Fluid Pressure. The total pressure 

exerted by any fluid is the sum of the static and tank is 1 sq ft, the pressure exerted on the 
velocity pressures of the fluid, viz: bottom of the tank is 624 psf or 4.33 psi 

(624/144). Since this pressure acts equally in all 
Pt = P• + p., (15-1) directions, it is exerted on the sides of the tank 

where p1 = the total pressure at the base as well as on the bottom of the tank. 
p, = the static pressure Assume now that level A in the water column 
p., =the velocity pressure is exactly 1ft below the surface of the water. 

All flowing fluids possess kinetic energy and The volume and weight of water above this level 
therefore exert a force or pressure in the direc- are 1 cu ft and 62.4 lb, respectively. Since this 
tion of flow. The pressure exerted by a fluid weight of water is also evenly distributed over an 
which is the direct result of fluid motion or velo- area of 1 sq ft, the fluid pressure acting in all 
city is called the velocity pressure of the fluid. directions from any point at level A is 62.4 psf 
Any pressure exerted by a fluid which is not the or 0.433 psi. Similarly, the volume and weight 
direct result of fluid motion or velocity, regard- of water above level B, which is located 5 ft 
less of the force causing the pressure, is called below the surface of the water, are 5 cu ft and 
the static pressure of the fluid. For fluids at rest 312lb (5 x 62.4), respectively, and the fluid 
(static), the velocity pressure is equal to zero pressure at this level is 312 fsf or 2.165 psi. 
and the total pressure is equal to the static If the force exerted on the top of the water by 
pressure. Whereas velocity pressure acts only the pressure of the atmosphere is taken into 
in the direction of flow, static pressure acts account, the pressure of the water at any level 
equally in all directions. This is easily demon- in the tank will be increased by an amount equal 
strated through the use of an example employing to the pressure of the atmosphere. Assuming 
a gravitational column. normal sea level pressure, the fluid pressures at 

It was shown in Chapter 1 that the action of levels A and B are 15.129 psi (0.433 + 14.696) 
gravity on any body causes the body to exert and 16.861 (2.165 + 14.696), respectively, while 
a force which is commonly referred to as the the pressure at the base of the tank is 19.026 psi 
weight of the body. For a solid material, (4.33 + 14.696). However, it should be recog
because of the rigid molecular structure, the nized that since the pressure of the atmosphere 
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is exerted also on the outside of the tank the 
pressure tending to burst the tank is still only 
that resulting from the gravitational effect on 
the water alone. 

For any noncompressible fluid Oiquid), the 
pressure exerted by the fluid at any level in a 
fluid column is directly proportional to the 

· depth of the fluid at that level. • Hence, the 
pressure of a liquid at any level in a column of 
liquid can be determined by multiplying the 
depth at that level times the density of the fluid, 
viz: 

Pressure (psf) = depth (ft) x density (lb/cu ft) 
(15-2) 

Press ( ") depth (ft) x density (lb/cu ft) 
ure ps1 = 

144 
(15-3) 

15-l. Head-Pressure Relationship. The 
vertical distance between any two levels in a 
column of liquid is called the "head" of the 
liquid at the lower level with respect to the upper 
level. For example, with respect to level B in 
Fig. 15-1, the head of the water at the base of the 
column is 5 ft. With respect to the top of the 
column, the head of the water at the base of 
the column is 10 ft. Similarly, with respect to the 
top, the water heads at levels A and B are 1 ft 
and 5 ft, respectively. 

Since the depth of the liquid at any level in a 
liquid column is equal to the head of the liquid 
at that level with respect to the top of the column, 
the head can be substituted for depth in 
Equation 15-3 and the following relationship 
between head and pressure is established: 

P ( 
. Head (ft) x density (3/cu ft) 

ressure ps1) = 
144 

(15-4) 

Pressure (psi) x 144 
Head (ft) = Density (lb/cu ft) (15-5) 

It is evident from the foregoing that there is a 
definite and fixed relationship between the head 
and the pressure of any liquid, the head-pressure 
ratio for any given liquid being dependent upon 
the density of the liquid. For example, in the 
case of water, the head-pressure ratio is 2.31 ft 

• This is not true of a compressible fluid because 
the density of a compressible fluid varies with the 
depth. 

P=...;O;,.,__ __ _ 
---

P=0.433 psi 

P= 2.165 psi 
10' 

P= 4.33 psi 

Fl1. 15-1. Illustrating head-pressure relationship. 

to 1 psi. For mercury, the head-pressure ratio 
is 2.04 in. to 1 psi. This means that a pressure 
of 1 psi is equivalent. to head of 2.31 ft of water 
column or 2.04 in. of mercury column. Con
versely, a 1 ft column of water (1 ft water head) 
is equivalent to 0.433 psi, whereas a 1 ft column 
of mercury (1 ft mercury head) is equivalent to 
24.48 psi. 

With respect to the head-pressure relationship, 
the following general statements can be made: 

1. For any liquid of given and uniform 
density, the pressure exerted by the liquid is 
directly proportional to the head of the liquid. 

2. At any given head, the pressure exerted by 
any liquid is directly proportional to the density 
of the liquid. Liquids having different densities 
will exert different pressures at the same head. 

15-l. Static and Velocity Heads. The total 
head of any fluid is the sum of the static and 
velocity heads of the fluid, viz: 

h, = h. + h., (15-6) 

where, h1 = the total head in feet 
h, = the static head in feet 
h., = the velocity head in feet 

The static head of any liquid is expressed as 
the height in feet (or inches) of a gravitational 
column of that liquid which would be required 
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A - ------ ------ ------ --- -

Static 
pressure __ L_ 

B -- -- ------ ------ ----

~ -----

--.-
Total 

pressure 
__ j__ 

fil• 15-l. Jllustrating relationship between the 
static, velocity, and total pressures of a fluid flowing 
In a circuit. 

to produce a base pressure equal to the static 
pressure of the liquid. That is, the head in feet 
ofliquid column equivalent to the static pressure 
of the liquid is called the static head of the 
liquid. Likewise, the head in feet of liquid 
column equivalent to the velocity pressure of a 
liquid is called the velocity head of the liquid. 

The fundamental relationship between velo
city and velocity head is established by Galileo's 
law, which states in effect tl}.at all falling bodies, 
regardless of weight, accelerate at equal rates 
and that the final velocity of any falling body, 
neglecting friction, depends only upon the height 
from which the body falls. Hence, the height in 
feet from which a body must fall in order to 
attain a given velocity is the velocity head corre
sponding to that velocity. The velocity head 
corresponding to any given velocity can be 
determined by applying the following equation: 

V2 
h., = 2g (15-7) 

where, h., = the velocity head in feet 
V =the velocity in feet per second (fps) 
K = the acceleration due to gravity (32.2 

ft/sec/sec) 
By combining and/or rearranging Equations 

15-7 and 15-4, the following relationships are 
established: 
To convert velocity head to velocity pressure, 

h., X p 
p., = 144 

To convert velocity to velocity pressure, 
y2 X p 

P., = 2g X 144 

(15-8) 

(15-9) 

To convert velocity head to velocity, 

v = V2g X h., (15-10) 

To convert velocity pressure to velocity, 

V = J2g X pp., X 144 (15-11) 

15-4. Head-Energy Relationship. Although 
the term "head" itself is entirely independent of 
weight or density, it should be recognized that 
the head of any fluid is numerically equal to the 
energy per pound of fluid. For this reason, head 
is often used to express energy per pound of 
fluid. 

The basic relationship of head to energy or 
work is shown in the following equation: 

Energy or work (ft-lb) = mass (lb) x head (ft) 
(15-12) 

Since velocity head (hf)) is equal to V2/2g 
(Equation 15-7), it follows that the total velocity 
(kinetic) energy (EJ of any given mass (M) of 
fluid flowing at any given velocity ( V) can be 
expressed as 

V2 
E,. =M X-

2g 

The fact that the preceding equation is iden
tical to Equation 1-7 indicates that the velocity 
head of a fluid is an expression of the kinetic 
energy per pound of fluid. Similarly, it can be 
shown also that the static head of a fluid is an 
expression of the potential energy per pound of 
fluid. 

In any fluid column of uniform and constant 
density, the potential energy per pound of fluid 
is the same at all levels in the column. However, 
the potential energy at various levels is differently 
divided between the energy of position and the 
energy of pressure (head) depending upon the 
elevation. For example, in Fig. 15-1, lib of 
water at the uppermost level in the tank has a 
potential energy of position with relation to the 
base of 10 ft-lb (lib x 10ft) in accordance with 
Equation 1-8. Since the head at this level is 
zero, the potential energy of pressure (head) is 
also zero. On the other hand, 1 lb of water at 
the base of the tank has no potential energy of 
positions, but has pressure or head energy of 
10 ft-lb (lib x 10ft), according to Equation 
15-12. Likewise, llb of water at a level midway 
in the water column also has potential energy in 
the amount 10 ft-lb, the energy being evenly 
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divided between the energy of position and the 
energy of pressure. 
15-5. Static Head-Velocity Head Relation
ship in Flowing Fluids. The fact. that the 
static pressure of a fluid is exerted equally in all 
directions, whereas the velocity pressure of the 
fluid is exerted only in the direction of flow, 
makes it relatively simple to measure the static 
and velocity pressures (or heads) of a fluid 
flowing in a conduit. This is illustrated in Fig. 
lS-2. Notice that tube A is so connected to the 
conduit that the opening of the tube is exactly 
perpendicular to the line of flow. Since only the 
static pressure of the fluid will act in this direc
tion, the height of the fluid column in tube A is 
a measure of the static pressure or static head of 
the fluid in the conduit. On the other hand, 
tube B is so arranged in the conduit that the 
opening of the tube is directly in the line of flow. 
Since both the static pressure and the velocity 
pressure of the flowing fluid act on the opening 
of tube B, the height of the liquid column in tube 
B is a measure of the total pressure or total head 
of the fluid. Since the total pressure or head of a 
fluid is the sum of the static and velocity 
pressures or heads, it follows that the difference 
in the heights of the two fluid columns is a 
measure of the velocity pressure or velocity head 
of the fluid in the conduit. 

If losses because of friction are neglected, the 
total pressure or head of a flowing fluid will be 
the same at all points along the conduit. How
ever, the total head may be differently divided 
between static head and velocity head at the 
several points, depending upon the velocity of 
the fluid at these points. 

For any given flow rate (quantity of flow), the 
velocity of the fluid flowing in a conduit varies 
inversely with the cross-sectional area of the 
conduit. This relationship is expressed by the 
basic equation Q 

V=
A 

(lS-13) 

where V = the velocity in feet per second 
Q = the flow rate in cubic feet per second 
A = the cross-sectional area of the con

duit in square feet 
NOTE. When Q is in cubic feet per minute, 

V will be in feet per minute. 
In accordance with Equation lS-13, the fluid 

velocity (and velocity head) in section B of the 
conduit in Fig. lS-3 is greater than that in 
sections A and C, since the cross-sectional area 
of section B is less than that of sections A and C. 
Assuming that the total head of the fluid is the 
same at all points in the conduit, it follows then 
that the static head-velocity head ratio in section 
B is different from that in sections A and C. As 
the fluid flows through the reducer between 
sections A and B, static head is converted to 
velocity head (pressure is converted to velocity)~ 
Conversely, as the fluid flows through the 
increaser between sections B and C, velocity 
head is converted back into static head (velocity 
is converted to pressure). 

In view of the head-energy relationship, it is 
evident that the conversion of static head to 
velocity head is in fact a conversion of potential 
energy (pressure) into kinetic energy (velocity). 
Likewise, the conversion of velocity head to 
static head represents a conversion of kinetic 
energy (velocity) to potential energy (pressure). 

A R R A 
--------- -- ---,.-- f-- -- r-- - - ----,----- -:... -=-- _- _-_ -:._- ---r-- -- -

-- - ~~~~~--i == - - - r-- ~~~!~~ -- r---- ~ ---------- ~ -.... ___ :r __ f-- ~ 
- -

- - - r--
~ 

----:~~:~~=~-----~~ ~~--------~~-----
= = 

B 

Fl1. 15-3. lllustratlnc chances In static-velocity pressure ratio resultlnc from chances In conduit area. 
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15-6. Friction Head. It has already been 
established that a fluid flowing in a conduit will 
suffer losses in energy (converted into heat) as a 
result of the work of overcoming friction. These 
energy losses are frequently expressed in terms 
of pressure drop or head loss. The pressure drop 
in psi or the head loss in feet experienced by a 
fluid flowing between any two points in a con
duit is known as the friction head or friction loss 
between these two points. 

The amount of pressure drop or head loss 
suffered by a fluid due to friction in flowing 
through a conduit varies with a number of 
factors: (1) the viscosity and specific gravity of 
the fluid, (2) the velocity of the fluid, (3) the 
hydraulic radius (ratio of perimeter to diameter) 
of the conduit, (4) the roughness of the internal 
surface of the conduit, and (5) the length of the 
conduit. 

Obviously, the mathematical evaluation of all 
these factors is too laborious for most practical 
purposes. As a general rule, the friction loss in 
piping is determined from charts and tables. 

The pressure (friction) loss in psi per hundred 
feet of straight pipe is given in Charts 15-1 and 
15-2 for various flow rates in various sizes of 
pipe. Chart 15-1 applies to smooth copper tube, 
whereas Chart 15-2 applies to fairly rough pipe. 
Since the pressure loss for a given pipe size and 
flow rate is proportional to the length of the 
pipe, the pressure loss through any given length 
of straight pipe is determined by the following 
equation: 

Total pressure loss (ft) 

Total length of pipe (ft) - 100 
x pressure loss/100ft (psi) (15-14) 

Pipe fittings, such as elbows, tees, valves, etc., 
offer a greater resistance to flow than does 
straight pipe and therefore must be taken into 
account in determining the total friction loss 
through the piping. For convenience, this is 
done by considering the fittings as having a 
resistance equal to a certain length of straight 
pipe called the "equivalent length." Table 15-1 
lists the equivalent length of straight pipe for 
various types of fittings and valves. Notice that 
the equivalent length varies with the size of the 
pipe. 

When the equivalent length of the fittings is 
added to the actual length of straight pipe, the 

result is called the "total equivalent length." 
This value is then applied in Equation 15-14 to 
determine the total friction loss through the 
piping. 

Example 15-1. A water piping system con
sists of 128 ft of 2 in. straight pipe, 6 standard 
elbows, and 2 gate valves (full open). Using 
fairly rough pipe, if the flow rate thr6ugh the 
system is 40 gpm, determine: 

(a) The total equivalent length of straight pipe 
(b) The total friction loss through the piping 

in psi and in feet of water column. 

Solution. From Table 15-1, the equivalent 
lengths of 2 in. standard elbows and 2 in. gate 
valves (full open) are 5 ft and 1.2 ft, respectively. 
From Chart 15-2, for a flow rate of 40 gpm, the 
friction loss per hundred feet of 2 in. nominal 
pipe is 3 psi. From l'able 1-1, a pressure of 
I psi is equivalent to 2.31 ft of water column. 
(a) Total equivalent length 

Straight pipe = 128.0 ft 
Six 2 in. elbows @ 5 ft = 30.0 
Six 2 in. gate valves @ 

1.2 ft 2.4 

(b) Applying Equation 
15-14, the total friction 
loss through the piping 

Converting to ft H 20 

= 160.4ft 

= 160.4 X 3 
100 

= 4.8 psi 
= 4.8 X 2.31 
= 11.09 ft H20 

Although the pressure loss determined from 
Charts 15-1 and 15-2 apply only to water, the 
charts can be used for other fluids by multiplying 
the water pressure loss obtained from these 
charts by the correction factors listed in Table 
15-2. 
15-7. Centrifugal Pumps. Liquid pumps used 
in the refrigerating industry to circulate chilled 
water or brine, and the condenser water are 
usually of the centrifugal type. 

A centrifugal pump consists mainly of a 
rotating vane-type impeller that is enclosed 
in a stationary casing. The liquid being pumped 
is drawn in through the "eye" of the impeller 
and is thrown to the outer edge or periphery of 
the impeller by centrifugal force. Considerable 
velocity and pressure are imparted to the liquid 
in the process. The liquid leaving the periphery 
of the impeller is collected in the casing and 
directed through the discharge opening (Fig. 
15-4). 
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Frequently, the impeller of the pump is 
mounted clirectly on the shaft of tbe pump
driving motor so tltat the pump and motor ace 
an integral unit (Fig. IS-S). fn other cases, the 
pump and motor arc $0parate units and are 
connected togcthe; by a 6exible coupling. 

In general, the capacity of a centrifugal pump 
depends on the design and size of the pump and 
on the speed of the motor. For a pump of 
specific size, design, and speed, the volume of 
liquid bandied varies with the pumping head 

Fla. IS..t. Fluid flo w chrouch centrifu&al pump. 
(Courtesy lngei'$OII·R•nd Company.) 

against which tbe pump must wo.rk. A cbacac
teristic bead-eapacity cun·e for a typical centri· 
fugal pump is shown in Fig. I S-6. Notice that 
the pumping bead is maximum when the valve 
on the discharge of the pump is closed, at which 
time the pump delivery is zero. As the v;<lve is 
opened, the pumping bead decreases and the 
deliver rate jncr:eases. 

Centrifugal pumps are rated in gpm of 
delivery at various pumping beads, that is, 
centrifugal puinps are rated to deliver a certain 
gpm against a oectain pumping head. Although 

FJa. 15 .. 5, Typical contrifuza1 pump a.nd motor 
assembly. (Courtesy BeJI &.Gossett Company.) 

pump ratings are avaijable in ta.ble form, more 
frequently they are taken from bead-eapacity 
curves (sece Chart R-19). In either case, before 
the proper pump can be $elected from the manu· 
facturer's ratings, it is necessary to know the 
required gpm and the total pumping head 
against which the pump must operate. 
15-8. T otal Pumplna H ead. The total pump
ing head is the sum of the static head and the 
friction head. 

The static head is the vertical distance I» 
tween the "free liquid level" and the highest 
point to which the liquid must be lifted by the 
pump. For the c;ondenser-watcc circulating sys· 
tern in Fig. Is. 7, the static bead, measured in 
f~ of water column, is the verticill distance in 
feet between tbe free water level in the tower 
basin and the tower spray header. Becau,. of 
the water head in the tower basin, the water in 
the discbacgc pipe will stand to the level of the 

PUmp curve 

Gpm 

Valve wide 
opon 

FIJ. IW. Centerlfuaal pump delivery ap-.dty ln· 
uel$es u tho pumping_ head decrc:a.HJ, (Courtesy 
lnaersoii-Rand Company.) 
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Fl1. 15-7. Condenser-water circulating system. 

water in the tower basin of its own accord. 
Therefore, the distance the wa~ is actually 
lifted by the pump is only the distance from the 
water level in the tower basin up to the spray 
header. Contrast this with the pumping system 
shown in Fig. 15-8. 

When the piping system is a closed circuit, as 
in Fig. 1 5·9, there is no static head on the pump, 
since the fluid on one side of the piping system 
will exactly balance the fluid on the other side. 

A typical piping system curve in which gpm 
is plotted against total head is shown in Fig. 
15-10. Notice that the total head increases as 
the flow rate through the system -increases and 
that the increase in the total head results 
entirely from an increase in the friction head, 
the static head being constant. 
15-9. Determining the Total Pumping 
Head. The pressure loss through the various 
system components, such as condensers, chillers, 

and cooling towers, are found in the manu· 
facturers' rating tables. 

When more than one condenser (or chiller, 
etc.) is used in the system, the condensers are 
piped in parallel and only the condenser with the 
largest pressure drop is considered in computing 
the pumping bead. 

The pressure loss through the cooling tower, 
as given by the tower manufacturer, is the total 
head and includes both the tower static and 
friction beads. Therefore, the static head of the 
tower should not be considered separately in 
determining the total pumping head. When the 
tower static head is the only static head in the 
system, the static head should be disregarded 
entirely. However, in the event that an auxiliary 
indoor storage tank is employed, as shown in 
Fig. 14-24, the vertical distance between the 
level of the water in the tank and the normal 
water level in the tower basin must be treated 
as a separate static head. 

Since pump manufacturers always express the 
pumping bead in "feet of water column," it is 
necessary to compute the pumping head in these 
units. When the pressure loss through the 
several system components is given in psi or in 
other units of pressure, it must be converted to 
feet of water column before it can be used in 
computing the pumping bead. The required 
conversion factors are found in Table 1-1. 

r 
Static 
head 

1::1 
L::J 
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Example 15-2. The recirculating water sys
tem shown in Fig. 15-7 is for a 10-ton refrig
erating system. The flow rate over the tower is 
40 gpm (4 gpm/ton). The flow rate through the 
condenser is 30 gpm (3 gpm/ton), with 10 gpm 
(1 gpm/ton) flowing through the condenser by
pass. From the manufacturers' rating tables, 
the tower head based on 4 gpm/ton is 24 ft of 
water column, whereas the pressure drop 
through the condenser for 30 gpm is 11.2 psi or 
25.9 ft of water column (11.2 x 2.31). If the 
size of the piping is 2 in. nominal, determine the 
total pumping head and select the proper pump 
from Chart R-19. 

Solution. Total equiva-
lent length of pipe: 

Straight pipe 
3-2 in. standard el
bows at 5 ft 
2-2 in. tees (side out
let) at 12ft 
4-2 in. gate valves 
(open) at 1.2 ft 

From Chart 15-2, the 
pressure loss per 100ft of 
pipe (40 gpm and 2 in. pipe) 

Applying Equation 15-14, 
the total pressure loss 
through the piping 

Float 
make up 

connection 

80.0 ft 

15.0 

24.0 

4.8 
= 123.8 ft 

= 3 psi 

= 123.8 X 3 
100 

= 3.71 psi 

Fig. 15-9. Closed chilled water (or brine) circulating 
system. To compute pumping head use circuit 
having greatest friction loss. There is no static head. 

j 
:r-""""=-------.-----_._ ___ _ 
.t: 

~ 
Static head 

(or elevation) 

Gpm 

Fig. 15-10. Friction head of piping system increases 
as flow rate through system increases. (Courtesy 
Ingersoll-Rand Company.) 

Converting to ft H1P 

Total pumping head 
Piping 
Condenser 
Tower 

= 3.71 X 2.31 
= 8.58 ft H10 

= 8.58 ft 
= 25.90 
= 24.00 
= 57.58 ft H10 

From Chart R-19, select pump Model 
#1531-28, which has a delivery capacity of 40 
gpm at a 57-ft head. 

Example 15-3. At the required flow rate of 
100 gpm, a certain water system has a pumping 
head of 60 ft of water column. Select the proper 
pump from Chart R-19. 

Solution. Reference to Chart R-19 shows that 
pump Model #1531-30 is the smallest pump 
which can be used. However, since this pump 
will deliver 125 gpm at a 60-ft head, to obtain 
the desired flow rate of 100 gpm, the pumping 
head must be increased to 73 ft of water. This is 
accomplished by throttling the pump with a 
globe valve installed on the discharge side of the 
pump. (The pump should never be throttled on 
the suction side.) 
15-10. Power Requirements. The power 
required to drive the pump depends upon the 
delivery rate in pounds per minute, the total 
pumping head, and the efficiency of the pump, 
viz: 

Pounds per minute x total head in feet 
Bhp = --7.:-=:-------;;::-:----

33,000 x pump efficiency 
Since the flow rate is usually in gpm, a more 

practical equation is 
Gpm x total head x 8.33 lb/gal 

Bhp = --=--~:::=::---:;;;--:----__.:;-
33,000 x efficiency 
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Combining constants, 

Bhp = Gpm x total head in feet 
3960 x efficiency (15"15) 

Equation 15-15 applies to water. When a 
liquid other than water is handled, the specific 
~avity of the liquid must be taken into account, 
VIZ: 

Bhp = Gpm x total head x specific gravity 
3960 x efficiency 

(15-16) 

From Equation 15-16, it is evident that the 
power required by the pump increases as the 
?elivery rate, total head, or specific gravity 
mcreases, and decreases as the pump increases. 

Typical pump horsepower and efficiency 
curves are shown in Fig. 15-11. Notice that 
pump horsepower is lowest at no delivery and 
~ncreases progressively as the delivery · rate 
mcreases. Hence, any decrease in the pumping 
head will cause an increase in both the delivery 
rate and the power requirements of the pump. 
.. Pump efficiency, also lowest at no delivery, 
mcreases to a maximum ~s the flow rate is 
increased and then decreases as the flow rate is 
further increased. The pump efficiency curve in 
Fig .. 15-11 indicates that the highest efficiency is 
obtamed when the pump is selected to deliver 
the desired gpm when operating at some point 
near the midpoint of its head-capacity curve. 
15-11. Water Piping Design. In general, the 
water piping should be designed for the mini
mum friction loss consistent with reasonable 
initial costs so that the pumping requirements 
are maintained at a practical minimum. Water 

e 

Gpm 

Fl1. 15-11. Variations in pump horsepower and 
efficiency with delivery rate. (Courtesy lncersoii
Rand Company.) 

lines should be kept as short as possible and a 
minimum amount of fittings should be used. 

Standard weight steel pipe or Type ''L" 
copper tubing are usually employed for con
denser water piping. Pipe sizes which will 
provide water velocities in the neighborhood of 
5 to 8 fps at the required flow rate will usually 
prove to be the most economical. For example, 
assume that 150 gpm of water are to be circu
lated through 100 equivalent feet of piping, The 
following approximate values of velocity and 
friction loss are shown in Chart 15-2 for a flow 
rate of 150 gpm through various sizes of pipe: 

Pipe Size Velocity Friction Loss per 100ft 
(inches) (fps) (psi) (ftH10) 

2 15.5 31.5 72.8 
2! 10.0 10.5 24.3 
3 7.1 4.8 11.1 
3! 5.2 2.0 4.6 
4 3.9 1.1 2.5 

Notice that whereas increasing the pipe size 
from 2 to 3 in. results in a considerable reduction 
in the friction loss (from 72.8 to 11.1 ft), a 
further increase in the pipe size from 3 to 4 in. 
reduces the friction loss by only an additional 
9.4 ft of water column (11.1 to 2.54 ft), which 
will not ordinarily justify the increase in the cost 
of the pipe. Depending upon the characteristics 
of the available pump, either 3 in. or 3! in. pipe 
should be used. For instance, assume two 
separate systems having pumping heads, ex
clusive of the friction loss in the piping, of 55 ft 
of water column and 65 ft of water column 
respectively. Reference to Chart R-19 indicat~ 
that the only suitable pump for either of the 
systems is Model31531-32, which has a delivery 
rate of 150 gpm at a 70-ft head. Therefore, for 
the system having the 55-ft head, the permissible 
friction loss in the piping is 1 5 ft (70 - 55), 
whereas for the system having the 65-ft head, 
the permissible friction loss in the piping is only 
5 ft (70 - 65). For the latter system, 3! in. pipe 
must be used, since the use of 3 in. pipe would 
result in a total pumping head in excess of the 
allowable 70ft and necessitate the use of the 
next larger size pump. On the other hand, for 
t~e fo~mer system, 3 in. pipe is the most prac
tical Size. The use of 3! in. pipe in this instance 
would result in a total pumping head of only 
61ft and would necessitate throttling of the 
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pump discharge in order to raise the pumping 
head to 70 ft and obtain the desired ftow rate of 
150gpm. 

In designing the piping system, care should be 
taken to include all valves and fittings necessary 
for the proper operation and maintenance of the 
water circulating system. It is good practice to 
install a globe valve on the discharge side of the 
pump to regulate the water ftow rate when the 
latter is critical. Too, where the piping is long 
and/or the quantity of water in the system is 
large, shut-off valves installed on the inlet and 
outlet of both the pump and the condenser will 
permit repairs to these pieces of equipment 
without the necessity of draining the tower. A 
drain connection should be installed at the 
lowest point in the piping and the piping should 
be pitched downward so as to assure complete 
drainage during winter shut down. 

The pump must always be located at some 
point below the level of the water in the tower 
basin in order to assure positive and continuous 
priming of the pump. When quiet operation is 
required, the pump may be isolated from the 
piping with short lengths of rubber hose. Auto
mobile radiator hose is suitable for this purpose. 

PROBLEMS 

1. A water piping system consists of 135 ft of 
2.5 in. nominal Type L smooth copper tube, 5 
standard elbows, and 2 globe valves (full open). 

If the ftow rate through the pipe is 60 gpm, 
determine: 

(a) The total equivalent length of straight 
pipe. Ans. 291.5 equivalent ft 

(b) The rotal friction loss through the pipe is 
feet of water column. Ans. 9.28 ft H10 

2. Rework Problem 1 using fairly rough pipe. 
Ans. 12.02 ft H 110 

3. A recirculating. condenser water system con
sists of 100ft of straight pipe, and 6 standard 
90o elbows. At the desired ftow rate the pressure 
drop through the condenser is 7.5 psi and the 
pressure drop over the tower is 10 ft of water 
column. If 60 gpm are circulated through the 
system, determine: 

(a) The total equivalent length of pipe. 
Ans. 130 equivalent ft 

(b) The total head against which the pump 
must operate. Ans. 42.92 ft H 20 

4. From the manufacturer's rating curves, 
select a pump to fit the conditions of Problem 3. 
5. For a Refrigerant-12 system, select a water 
regulating valve to meet the following con
ditions: 

(a) Desired condensing temperature range-
900 to 1os•. 

(b) Maximum entering water temperature-
850 F. 

(c) Desired water quantity through condenser 
at maximum loading-9 gpm. 

(d) Pressure available at city main during 
period of peak loading-50 psi. 

(e) Pressure loss through condenser and water 
piping-12 psi. 
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Refrigerants 

16-1. The Ideal Refrigerant. Generally speak
ing, a refrigerant is any body or substance which 
acts as a cooling agent by absorbing heat from 
another body or substance. With regard to the 
vapor-compression cycle, the refrigerant is the 
working fluid of the cycle which alternately 
vaporizes and condenses as it absorbs and gives 
offbeat, respectively. To be suitable for use as a 
refrigerant in the vapor-compression cycle, a 
fluid should possess certain chemical, physical, 
and thermodynamic properties that make it both 
safe and economical to use. 

It should be recognized at the onset that there 
is no "ideal" refrigerant and that, because of the 
wide differences in the conditions and require
ments of the various applications, there is no one 
refrigerant that is universally suitable for all 
applications. Hence, a refrigerant approaches 
the "ideal" only to the extent that its properties 
meet the conditions and requirements of the 
application for which it is to be used. 

Table 16-1 lists a number of fluids having 
properties which render them suitable for use as 
refrigerants. • However, it will be shown 
presently that only a few of the more desirable 
ones are actually employed as such. Some, used 

• Since some of the fluorocarbon refrigerants, 
first introduced to the industry under the trade 
name "Freon," are now produced under several 
different trade marks, the ASRE, in order to avoid 
the confusion inherent in the use of either pro
prietary or chemical names, has adopted a num~er
ing system for the identification of the vanous 
refrigerants. Table 16-1 lists the ASRE number 
designation, along with the chemical name and 
formula for each or the compounds listed. 

extensively as refrigerants in the past, have been 
discarded as more suitable fluids were developed. 
Others, still in the development stage, show 
promise for the future. Tables 16-2 through 
16-& list the thermodynamic properties of some 
of the refrigerants in common use at the present 
time. The use of these tables has already been. 
described in an earlier chapter. 
16-2. Safe Properties. Ordinarily, the safe 
properties of the refrigerant are th~ prime co~
sideration in the selection of a refngerant. It IS 

for this reason that some fluids, which otherwise 
are highly desirable as refrigerants, find only 
limited use as such. The more prominent of 
these are ammonia and some of the straight 
hydrocarbons. . . 

To be suitable for use as a refngerant, a fluid 
should be chemically inert to the extent that it is 
nonflammable, nonexplosive, and nontoxic both 
in the pure state and when mixed in any propor
tion with air. Too, the fluid should not react 
unfavorably with the lubricating oil or with any 
material normally used in the construction of 
refrigerating equipment. Nor should it react 
unfavorably with moisture which despite strin
gent precautions is usually present at least to 
some degree in all refrigerating systems. Fur
thermore, it is desirable that the fluid be of such a 
nature that it will not contaminate in any way 
foodstuff or other stored products in the event 
that a leak develops in the system. 
16-3. Toxicity. Since all fluids other than air 
are toxic in the sense that they will cause 
suffocation when in concentrations large enough 
to preclude sufficient oxygen to sustain life, 
toxicity is a relative term which becomes m~n
ingful only when the degree of concentration 
and the time of exposure required to produce 
harmful effects are specified. 

The toxicity of most commonly used refrig
erants has been tested by National Fire Under
writers. As a result, the various refrigerants are 
separated into six groups according to th~ir 
degree of toxicity, the groups being arranged m 
descending order (Column 1 of Table 16-7). 
Those falling into Group 1 are highly toxic and 
are capable of causing death or serious injury 
in relatively small concentrations and/or short 
exposure periods. On the other hand, those 
classified in Group 6 are only mildly toxic, being 
capable of causing harmful effects only in rela
tively large concentrations. Since injury from 
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the latter group is caused more by oxygen 
deficiency than by any harmful effects of the 
fluids themselves, for all practical purposes the 
fluids in Group 6 are considered to be nontoxic. 
However, it should be pointed out that some 
refrigerants, although nontoxic when mixed with 
air in their normal state, are subject to decom
position when they come in contact with an open 
flame or an electrical heating element. The 
products of decomposition thus formed are 
highly toxic and capable of causing harmful 
effects in small concentrations and on short 
exposure. This is true of all the fluorocarbon 
refrigerants (see Column 3 of Table 16-7). 
16-4. Flammability and Explosiveness. 
With regard to flammability and explosiveness, 
most of the refrigerants in common use are 
entirely nonflammable and nonexplosive 
(Column 2 of Table 16-7). Notable exceptions 
to this are ammonia and the straight hydro
carbons. Ammonia is slightly flammable and 
explosive when mixed in rather exact propor
tions with air. However with reasonable 
precautions, the hazard involved in using 
ammonia as a refrigerant is negligible. 

Straight hydrocarbons, on the other hand, 
are highly flammable and explosive, and their 
use as refrigerants except in special applications 
and under the surveillance of experienced 
operating personnel is not usually permissible. 
Because of their excellent thermal properties, 
the straight hydrocarbons are frequently 
employed in ultra-low temperature applications. 
In such installations, the hazard incurred by 
their use is minimized by the fact that the 
equipment is constantly attended by operating 
personnel experienced in the use and handling 
of flammable and explosive materials. 

The "American Standard Safety Code for 
Mechanical Refrigeration" sets forth in detail 
the conditions and circumstances under which 
the various refrigerants can be safely used. 
Most local codes and ordinances governing 
the use of refrigerating equipment are based on 
this code, which is sponsored jointly by the 
ASRE and ASA. 

The degree of hazard incurred by the use of 
toxic refrigerants depends upon a number of 
factors, such as the quantity of refrigerant used 
with relation to the size of the space into which 
the refrigerant may leak, the type of occupancy, 
whether or not open flames are present, the 
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odor of the refrigerant, and whether or not 
experienced personnel are on duty to attend the 
equipment. For example, a small quantity of 
even a highly toxic refrigerant presents little 
hazard when used in relatively large spaces in 
that it is not possible in the event of a leak for 
the concentration to reach a harmful level. 
Too, the danger inherent in the use of toxic 
refrigerants is somewhat tempered by the fact 
that toxic refrigerants (including decomposition 
products) have very noticeable odors which tend 
to serve as a warning of their presence. Hence, 
toxic refrigerants are usually a hazard only to 
infants and others who, by reason of infirmity or 
confinement, are unable to escape the fumes. 
At the present time, ammonia is the only toxic 
refrigerant that is used to any great extent, and 
its use is ordinarily limited to packing plants, 
ice plants, and large cold storage facilities where 
experienced personnel are usually on duty. 
16-5. Economic and Other Considerations. 
Naturally, from the viewpoint of economical 
operation, it is desirable that the refrigerant 
have physical and thermal characteristics which 
will result in the minimum power requirements 
per unit of refrigerating capacity, that is, a high 
coefficient of performance. For the most part, 
the properties of the refrigerant which influence 
the coefficient of performance are: (I) the 
latent heat of vaporization, (2) the specific 
volume of the vapor, (3) the compression ratio, 
and (4) the specific heat of the refrigerant in 
both the liquid and vapor states. 

Except in very small systems, a high latent 
heat value is desirable in that the weight of 
refrigerant circulated per unit of capacity is 
less. When a high latent heat value is accom
panied by a low specific volume in the vapor 
state, the efficiency and capacity of the com
pressor are greatly increased. This tends not 
only to decrease the power consumption but 
also to reduce the compressor displacement 
required, which permits the use of smaller, more 
compact equipment. However, in small systems, 
if the latent heat value of the refrigerant is too 
high, the amount of refrigerant circulated will 
be insufficient for accurate control of the liquid. 

A low specific heat for the liquid and a high 
specific heat for .the vapor are desirable in that 
both tend to increase the refrigerating effect 
per pound, the former by increasing the sub
cooling effect and the latter by decreasing the 
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Refrigerant-40 
Methyl Chloride 
(CHaCl) -11 "F 

Refrigerant-21 
Oichloromonofluoromethane 

Refrigerant-22 
Monochlorodilluoromethane 

(CHCI~ 48"F (CHCIF2) -41"F 

Refrigerant -11 
T richloromonofluoromethane 
(CClsF) 75"F. 

Refrigerant -12 
Dichlorodifluoromethane 
(CClzF2) -22"F 

Refrigerant -13 
Monochlorotrilluoromethane 
(CClFs) -115"F 

F11.l6-l. Methane series refrigerants. 

Refrigerant-10 
Carbontetrachloride 
(CC4) 169°F 

Refrigerant-14 
Carbontetrafluoride 
(CF4) -l98"F 



superheating effect. When both are found in a 
single fluid, the efficiency of a liquid-suction 
heat exchanger is much improved. 

The effect of compression ratio on the work 
of compression and, consequently, on the 
coefficient of performance, has already been 
discussed in a previous chapter. Naturally, all 
other factors being equal, the refrigerant giving 
the lowest compression ratio is the most 
desirable. Low compression ratios result in 
low power consumption and high volumetric 
efficiency, the latter being more important in 
smaller systems since it permits the use of 
small compressors. 

Too, it is desirable that the pressure-tempera
ture relationship of the refrigerant is such 
that the pressure in the evaporator is always 
above atmospheric. In the event of a leak on the 
low pressure side of the system, if the pressure 
in the low side is below atmospheric, consider
able amounts of air and moisture may be drawn 
into the system, whereas if the vaporizing 
pressure is above atmospheric, the possibility of 
drawing in air and moisture in the event of a 
leak is minimized. 

Reasonably low condensing pressures under 
normal atmospheric conditions are also desirable 
in that they allow the use of lightweight 
materials in the construction of the condensing 
equipment, thereby reducing the size, weight, 
and cost of the·equipment. 

Naturally, . the critical temperature and 
pressure of the refrigerant must be above the 
maximum temperature and pressure which will 
be encountere~ in the system. Likewise, the 
freezing point· of the refrigerant must be safely 
below the minimum temperature to be obtained 
in the cycle. These factors are particularly 
important in selecting a refrigerant for a low 
temperature application. 

In Table 16-8, a comparison is given of the 
performance of the various refrigerants at 
standard ton conditions (S• F evaporator and 
86° F condensing). Notice particularly that, 
with the exception of air, carbon dioxide, and 
ethane, the horsepower required per ton of 
refrigeration is very nearly the same for all the 
refrigerants listed. For this reason, efficiency 
and economy of operation are not usually 
deciding factors in the selection of the refrig· 
erant. More important are those properties 
which tend to reduce the size, weight, and 
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initial cost of the refrigerating equipment and 
which permit automatic operation and a 
minimum of maintenance. 
16-6. Early Refrigerants. In earlier days, when 
mechanical refrigeration was limited to a 
few large applications, ammonia and carbon 
dioxide were practically the only refrigerants 
available. Later, with the development of 
small, automatic domestic and commercial 
units, refrigerants such as sulfur dioxide and 
methyl chloride came into use, along with 
methylene chloride, which was developed for 
use with centrifugal compressors. Methylene 
chloride and carbon dioxide, because of their 
safe properties, were extensively used in large 
air conditioning applications. 

With the exception of ammonia, all these 
refrigerants have fallen into disuse and are 
found only in some of the older installations, 
having been discarded in favor of the more 
suitable fluorocarbon refrigerants as the latter 
were developed. The fluorocarbons are practi
cally the only refrigerants in extensive use at the 
present time. Again, an exception to this is 
ammonia which, because of its excellent thermal 
properties, is still widely used in sucb instal
lations as ice plants, skating rinks, etc. A few 
other refrigerants also find limited use in special 
applications. 
16-7. Development of the Fluorocarbons. 
The search for a completely safe refrigerant 
with good thermal properties led to the develop
ment of the fluorocarbon refrigerants in the late 
1920's. The fluorocarbons (fluoronated hydro
carbons) are one group of a family of compounds 
known as the halocarbons (halogenated hydro
carbons). The halocarbon family of compounds 
are synthesized by replacing one or more of the 
hydrogen atoms in methane (CHJ or ethane 
(CsHJ molecules, both of which are pure 
hydrocarbons, with atoms of chlorine, fluorine, 
and/or bromine, the latter group comprising the 
halogen family. Halocarbons developed from 
the methane molecule are known as "methane 
series halocarbons." Likewise, those developed 
from the ethane molecule are referred to as 
"ethane series halocarbons." 

The composition of the methane series halo
carbons is shown in Fig. 16-1. Notice that the 
basic methane molecule consists of one atom of 
carbon (C) and four atoms of hydrogen (H). 
If the hydrogen atoms are replaced progressively 
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Refrigerant -113 
T richlorotriffuoroethane 
(CC12FCCIF2) 117.6"F 

Refrigerant -170 
Ethane 
(CHaCHa) -127.5"F 

Refrigerant -114 
Dichlortetraffuoroethane 
(CCIF~F2) 38.4"F 

Fig. 16-2. Ethane series refrigerants. 

with chlorine (Q) atoms, the resulting com
pounds are methyl chloride (CH3CI), methylene 
chloride (CH2Ciz), chloroform (CHCia), and 
carbontetrachloride (CQ4), respectively, the 
last two being the base molecules for the more 
popular fluorocarbons of the methane series. 

If the chlorine atoms in the carbontetra
chloride molecule are now replaced progressively 
with fluorine atoms, the resulting compounds 
are trichloromonofluoromethane (CCI8F), 
dichlorodifluoromethane (CCI2F2), mono
chlorotriftuoromethane (CClFa), and carbon
tetrafluoride (CFJ, respectively. In the same 
order, the ASRE refrigerant standard number 
designations for these compounds are Refrig
erants-11, 12, 13, and 14, the last figure in the 
numbers being an indication of the number of 
fluorine atoms in the molecure. 

The molecular structure of Refrigerants-21 
and 22, which are also fluorocarbons of the 
methane series, is shown in Fig. 16-1. Notice 
the presence of the hydrogen atom in each of 
these two compounds, an indication that they 
are derivatives of the chloroform molecule 
rather than the carbontetrachloride molecule. 

Figure 16-2 shoWs the molecular structure of 
Refrigerants-113 and 114, the only two fluoro-

carbons of the ethane series in common use. 
The presence of the two carbon atoms identifies 
the basic molecule as ethane, rather than 
methane, which has only one carbon atom. 

The individual characteristics of these and 
other refrigerants are discussed in the following 
sections. 
16-8. The Effect of Moisture. It is a well
established fact that moisture will combine in 
varying degrees with most of the commonly 
used refrigerants, causing the formation of 
highly corrosive compounds (usually acids) 
which will react with the lubricating oil and 
with other materials in the system, including 
metals. This chemical action often results in 
pitting and other damage to valves, seals, 
bearing journals, cylinder walls, and other 
polished surfaces. It may also cause deteriora
tion of the lubricating oil and the formation of 
metallic and other sludges which tend to clog 
valves and oil passages, score bearing surfaces, 
and otherwise reduce the life of the equipment. 
Moisture corrosion also contributes to com
pressor valve failure and, in hermetic motor
compressors, often causes breakdown of the 
motor winding insulation, which results in 
shorting or grounding of the motor. 



Although a completely moisture-free refrig
erating system is not possible, good refrig
erating practice demands that the moisture 
content of the system be maintained below the 
level which will produce harmful effects in the 
system. The minimum moisture level which 
will produce harmful effects in a refrigerating 
system is not clearly defined and will vary 
considerably, depending upon the nature of the 
refrigerant, the quality of the lubricating oil, and 
the operating temperatures of the system, par
ticularly the compressor diseharge temperature. 

Moisture in a refrigerating system may exist 
as "free water" or it may be in solution with the 
refrigerant. When moisture is present in the 
system in the form of free water, it will freeze 
into ice in the refrigerant control and/or in the 
evaporator, provided that the temperature of 
the evaporator is maintained below the freezing 
point of the water. Naturally, the formation of 
ice in the refrigerant control orifice will prevent 
the flow of liquid refrigerant through that part 
and render the system inoperative until such 
time that the ice melts and flow through the 
control is restored. In such cases, refrigeration 
is usually intermittent as the flow of liquid is 
started and stopped by alternate melting and 
freezing of the ice in the control orifice. 

Since free water exists in the system only 
when the amount of moisture in the system 
exceeds the amount that the refrigerant can 
hold in solution, freeze-ups are nearly always 
an indication that the moisture content of the 
system is above the minimum level that will 
produce corrosion. On the other hand, the 
mere absence of freeze-ups cannot be taken to 
mean that the moisture content of the system 
is necessarily below the level which will cause 
corrosion, since corrosion can occur with some 
refrigerants at levels well below those which 
will result in free water. Too, it must be 
recognized that freeze-ups do not occur in air 
conditioning systems or in any other system 
where the evaporator temperature is above 
the freezing point of water. For this reason, 
high temperature systems are often more sub
ject to moisture corrosion than are systems 
operating at lower evaporator temperatures, 
since relatively large quantities of moisture can 
go unnoticed in such systems for relatively long 
periods of time. 

Since the ability of an individual refrigerant 
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to hold moisture in solution decreases as the 
temperature decreases, it follows that the 
moisture content in low temperature systems 
must be maintained at a very low level in order to 
avoid freeze-ups. Hence, moisture corrosion in 
low temperature systems is usually at a minimum. 

The various refrigerants differ greatly both as 
to the amount of moisture they will hold in 
solution and as to the effect that the moisture 
has upon them. For example, the straight 
hydrocarbons, such as propane, butane, ethane, 
etc., absorb little if any moisture. Therefore, 
any moisture contained in such systems will be 
in the form of free water and will make its 
presence known by freezing out in the refrig
erant control. Since this moisture must be 
removed immediately in order to keep the system 
operative, moisture corrosion will not usually 
be a problem when these refrigerants are used. 

Ammonia and sulfur dioxide, on the other 
hand, have an affinity for water and therefore 
are capable of absorbing moisture in such large , 
quantities that free water is seldom found 
in systems employing these two refrigerants. 
However, the effects produced by the combina
tion of the water and the refrigerant are entirely 
different for the two refrigerants. 

In ammonia systems, the combination of 
water and ammonia produces aqua ammonia, a 
strong alkali, which attracts nonferrous metals, 
such as copper and brass, but has little if any 
effect on iron or steel or any other materials in 
the system. For this reason, ammonia systems 
can be operated successfully even when rela
tively large amounts of moisture are present in 
the system. 

In the case of sulfur dioxide, the moisture 
and sulfur dioxide combine to form sulfurous 
acid (H2SOa), which is highly corrosive. In 
view of the high solubility of water in soli, the 
amount of acid formed can be quite large. 
Hence, corrosion in sulfur dioxide systems can 
be very heavy. 

The halocarbon refrigerants hydrolyze only 
slightly and therefore form only small amounts 
of acids or other corrosive compounds. As a 
general rule, corrosion will not occur in systems 
employing halocarbon refrigerants when the 
moisture content is maintained below the level 
which will cause freeze-ups, provided that high 
quality lubricating oils are used and that dis
charge temperatures are reasonably low. 
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16-9. Refrigerant-Oil Relationship. With a 
few exceptions, the oil required for lubrication 
of the compressor is contained in the crankcase 
of the compressor where it is subject to contact 
with the refrigerant. Hence, as already stated, 
the refrigerant must be chemically and physically 
stable in the presence of oil, so that neither the 
refrigerant nor the oil is adversely affected by 
the relationship. 

Although some refrigerants, particularly sul
fur dioxide and the halocarbons, react with 
the lubricating oil to some extent, under normal 
operating conditions the reaction is usually 
slight and therefore of little consequence, 
provided that a high quality lubricating oil is 
used and that the system is relatively clean and 
dry. However, when contaminants, such as air 
and moisture, are present in the system in any 
appreciable amount, chemical reactions involv
ing the contaminants, the refrigerant, and the 
lubricating oil often occur which can result in 
decomposition of the oil, the formation of 
corrosive acids and sludges, copper plating, 
and/or serious corrosion of polished metal 
surfaces. High discharge temperatures greatly 
accelerate these processes, particularly oil de
composition, and often result in the formation of 
carbqnaceous deposits on discharge valves and 
pistons and in the compressor head and dis
charge line. This condition is aggravated by the 
use of poorly refined lubricating oils containing 
a high percentage of unsaturated hydrocarbons, 
the latter being very unstable chemically. 

Because of the naturally high discharge 
temperature of Refrigerant-22 (see Table 16-8), 
breakdown of the lubricating oil, accompanied 
by motor burnouts, is a common problem with 
hermetic motor-compressor units employing 
this refrigerant, particularly when used in con
junction with air-cooled condensers and long 
suction lines. 

Copper plating of various compressor parts 
is often found in systems employing halocarbon 
refrigerants. The parts usually affected are the 
highly polished metal surfaces which generate 
heat, such as seals, pistons, cylinder walls, 
bearing surfaces, and valves. The exact cause of 
copper plating has not been definitely deter
mined, but considerable evidence does exist that 
moisture and poor quality lubricating oils 
are contributing factors. 

Because copper is never used with ammonia, 

copper plating is not found in ammonia systems. 
However, neither is it found in sulfur dioxide 
systems, although copper has been employed 
extensively with this refrigerant. 

In any event, regardless of the nature of 
and/or the cause of unfavorable reactions 
between the refrigerant and the lubricating oil, 
these disadvantages can be greatly minimized 
or eliminated by the use of high quality lubri
cating oils, having low "pour" and/or "floc" 
points (see Section 18-16), by maintaining the 
system relatively free of contaminants, such as 
air and moisture, and by designing the system so 
that discharge temperatures are reasonably low. 
16-10. Oil Miscibility. With regard to the 
refrigerant-oil relationship, one important 
characteristic which differs for the various 
refrigerants is oil miscibility, that is, the ability 
of the refrigerant to be dissolved into the oil and 
vice versa. 

With reference to oil miscibility, refrigerants 
may be divided into three groups: (1) those 
which are miscible with oil in all proportions 
under conditions found in the refrigerating 
system, (2) those which are miscible under 
conditions normally found in the condensing 
section, but separate from the oil under the 
conditions normally found in the evaporator 
section, and (3) those which are not miscible 
with oil at all (or only very slightly so) under 
conditions found in the system. 

As to whether or not oil miscibility is a 
desirable property in a refrigerant there is some 
disagreement. In any event, the fact of oil 
miscibility, or the lack of it, has little if any 
significance insofar as the selection of the 
refrigerant is concerned. However, since it 
greatly influences the design of the compressor 
and other system components, including the 
refrigerant piping, the degree of oil miscibility 
is an important refrigerant characteristic and 
therefore should be considered in some detail. 

With regard to the oil, one of the principal 
effects of an oil miscible refrigerant is to dilute 
the oil in the crankcase of the compressor, 
thereby lowering the viscosity (thinning) of the 
oil and reducing its lubricating qualities. To 
compensate for refrigerant dilution, the com
pressor lubricating oil used in conjunction with 
oil-miscible refrigerants should have a higher 
initial viscosity than that used for similar duty 
with nonmiscible refrigerants. 



Viscosity may be defined as a measure of 
fluid friction or as a measure of the resistance 
that a fluid offers to flow. Hence, thin, low 
viscosity fluids will flow more readily than 
thicker, more viscous fluids. To provide 
adequate lubrication for the compressor, the 
viscosity of the lubricating oil must be main
tained within certain limits. If the viscosity of 
the oil is too low, the oil will not have sufficient 
body to form a protective film between the 
various rubbing surfaces and keep them 
separated. On the other hand,· if the viscosity 
of the oil is too high, the oil will not have 
sufficient fluidity to penetrate between the 
rubbing surfaces, particularly where tolerances 
are close. In either case, lubrication of the 
compressor will not be adequate. 

Any oil circulating through the system with 
the refrigerant will have an adverse affect on 
the efficiency and capacity of the system, the 
principal reason being that the oil tends to 
adhere to and to form a film on the surface of 
the condenser and evaporator tubes, thereby 
lowering the heat transfer capacity of these two 
units. Since the oil becomes more viscous and 
tends to congeal as the temperature is reduced, 
the problem with oil is greatest in the evaporator 
and becomes more acute as the temperature of 
the evaporator is lowered. 

Since the only reason for the presence of oil 
in the refrigerating system is to lubricate the 
compressor, it is evident that the oil will best 
serve its function when confined to the com
pressor and not allowed to circulate with the 
refrigerant through other parts of the system. 
However, since, with few exceptions, the system 
refrigerant unavoidably comes into contact with 
the oil in the compressor, a certain amount of 
oil in the form of small particles will be en
trained in the refrigerant vapor and carried over 
through the discharge valves into the discharge 
line. If the oil is not removed from the vapor 
at this point, it will pass into the condenser and 
liquid receiver from where it will be carried 
to the evaporator by the liquid refrigerant. 
Obviously, in the interest of system efficiency 
and in order to maintain the oil in the crank
case at a constant level, some provision must be 
made for removing this oil from the system and 
returning it to the crankcase where it can per
form its lubricating function. 

The degree of difficulty experienced in bring-
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ing about the return of oil to the crankcase 
depends primarily on three factors: (1) the 
oil miscibility of the refrigerant, (2) the type of 
evaporator used, and (3) the evaporator tem
perature. 

When an oil-miscible refrigerant is employed, 
the problem of oil return is greatly simplified 
by the fact that the oil remains in solution with 
the refrigerant. This permits the oil to be 
carried along through the system by the 
refrigerant and, subsequently, to be returned to 
the crankcase through the suction line, provided 
that the evaporator and the refrigerant piping 
are properly designed. 

Unfortunately, when nonmiscible refriger
ants are used, once the oil passes into the 
condenser, the return of the oil to the crankcase 
is not so easily accomplished. The reason for 
this is that, except for a small amount of 
mechanical mixing, the refrigerant and the oil 
will remain separate, so that only a small 
portion of the oil is actually carried along with 
the ·refrigerant. For example, in the case of 
ammonia, which is lighter than oil, a large 
percentage of the oil will separate from the 
liquid ammonia and settle out at various low 
points in the system. For this reason, oil 
drains should be provided at the bottom of all 
receivers, evaporators, accqmulators, and other 
vessels containing liquid ammonia, and pro
visions should be made for draining the oil 
from these points, either continuously or 
periodically, and returning it to the crankcase. 
This may be accomplished manually or auto
matically. 

When flooded-type evaporators are used, the 
refrigerant velocity will not usually be sufficient 
to permit the refrigerant vapor to entrain the 
oil and carry it over into the suction line and 
back to the crankcase. Hence, even with oil 
miscible refrigerants, where flooded-type evap
orators are employed, it is often necessary to 
make special provisions for oil return. The 
methods used to insure the continuous return 
of the oil from the evaporator to the crankcase 
in such cases is described in Chapter 19. 

Since the oil acts to lubricate the refrigerant 
flow control and other valves which may be in 
the system, the circulation of a small amount of 
oil with the refrigerant is not ordinarily objec
tionable. However, because of the adverse 
effect on system capacity, the amount of oil 
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should be kept to a practical .minimum. Too, 
since the oil in circulation comes initially from 
the compressor crankcase, an excessive amount 
in circulation may cause the oil level in the 
crankcase to fall below the minimum level 
required for adequate lubrication of the com
pressor parts. 

In order to minimize the circulation of oil, an 
oil separator or trap is sometimes installed 
in the discharge line between the compressor 
and the condenser (see Section 19-12). 

As a general rule, discharge line oil separators 
should be employed in any system where oil 
return is likely to be inadequate and/or where 
the amount of oil in circulation is apt to be 
excessive or to cause an undue loss in system 
capacity and efficiency. Specifically, discharge 
line oil separators are recommended for all 
systems employing nonmiscible refrigerants 
(or refrigerants which are not oil miscible at the 
evaporator conditions), not only because of the 
difficulty experienced in returning the oil from 
the evaporator to the crankcase but also because 
the presence of even small amounts of oil in the 
evaporators of such systems will usually cause 
considerable loss of evaporator efficiency and 
capacity. 

The same thing is usually true for systems 
employing miscible refrigerants when the 
evaporator temperature is below oo F. Oil 
separators are recommended also for all 
systems using flooded e~aporators, since oil 
return from this type of evaporator is apt to 
be inadequate because of low refrigerant 
velocities. 

Although oil separators are very effective in 
removing oil from the refrigerant vapor, they 
are not 100% efficient. Therefore, even though 
an oil separator is used, some means must still 
be provided for returning to the crankcase the 
small amount of oil which will always pass 
through the separator and find its way into 
other parts of the system. Too, since oil 
separators can often cause serious problems in 
the system if they are not properly installed, 
the use of oil separators should ordinarily be 
limited to those systems where the nature of the 
refrigerant or the particular design of the 
system requires their use. Oil separators are 
discussed in more detail in Chapter 19. 
16-11. Leak Detection. Leaks in a refrigerat
ing system may be either inward or outward, 

depending on whether the pressure in the 
system at the point of leakage is above or below 
atmospheric pressure. When the pressure in 
the system is above atmospheric at the point of 
leakage, the refrigerant will leak from the 
system to the outside. On the other hand, 
when the pressure in the system is below 
atmospheric, there is no leakage of refrigerant 
to the outside, but air and moisture will be 
drawn into the system. In either case, the 
system will usually become inoperative in a 
very short time. However, as a general rule, 
outward leaks are less serious than inward ones, 
usually requiring only that the leak be found and 
repaired and that the system be recharged with 
the proper amount of refrigerant. In the case of 
inward leaks, the air and moisture drawn into 
the system increase the discharge pressure and 
temperature and accelerates the rate of corro
sion. The presence of moisture in the system 
may also cause freeze-up of the refrigerant 
control. Furthermore, after the leak has been 
located and repaired, the system must be 
completely evacuated and dehydrated before it 
can be placed in operation. A refrigerant drier 
should also be installed in the system. 

The necessity of maintaining the system free 
of leaks demands some convenient means for 
checking a new system for leaks and for 
detecting leaks if and when they occur in 
systems already in operation. New systems 
should be checked for leaks under both vacuum 
and pressure. 

One method of leak detection universally 
used with all refrigerants employs a relatively 
viscous soap solution which is relatively free of 
bubbles. The soap solution is first applied to 
the pipe joint or other suspected area and then 
examined with the help of a strong light. The 
formation of bubbles in the soap solution 
indicates the presence of a leak. For adequate 
testing with a soap solution, the pressure in the 
system should be 50 psig or higher. 

The fact that sulfur and ammonia vapors 
produce a dense white smoke (ammonia 
sulfite) when they come into contact with one 
another provides a convenient means of 
checking for leaks in both sulfur dioxide and 
ammonia systems. To check for leaks in a 
sulfur dioxide system, a cloth swab saturated 
with stronger ammonia (approximately 28% 
available in any drug store) is held near, but 



not in contact with, all pipe joints and other 
suspected areas. A leak is indicated when the 
ammonia swab gives off a white smoke. 

Ammonia systems are checked in the same 
way except that a sulfur candle is substituted for 
the ammonia swab. Dampened phenophthalein 
paper, which turns red on contact with am
monia vapor, may also be used to detect 
ammonia leaks. 

A halide torch is often used to detect leaks in 
systems employing any of the halocarbon refrig
erants. The halide torch consists of a copper 
element which is heated by a flame. Air to 
support combustion is drawn in through a 
rubber tube, one end of which is attached to the 
torch. The free end of the tube is passed around 
all suspected areas. The presence of a halo
carbon vapor is indicated when the flame 
changes from its normal color to a bright green 
or purple. The halide torch should be used only 
in well-ventilated spaces. 

For carbon dioxide and the straight hydro
carbons, the only method of leak detection is 
the soap solution previously mentioned. 
16-12. Ammonia. Ammonia is the only refrig
erant outside of the fluorocarbon group that is 
being used to any great extent at the present 
time. Although ammonia is toxic and also 
somewhat flammable and explosive under cer
tain conditions, its excellent thermal properties 
make it an ideal refrigerant for ice plants, 
packing plants, skating rinks, large cold storage 
facilities, etc., where experienced operating 
personnel are usually on duty and where its 
toxic nature is of little consequence. 

Ammonia has the highest refrigerating effect 
per pound of any refrigerant. This, together 
with a moderately l<'w specific volume in the 
vapor state, makes possible a high refrigerating 
capacity with a relatively small piston dis
placement. 

The boiling point of ammonia at standard 
atmospheric pressure is -28° F. The evapora
tor and condenser pressures at standard ton 
conditions of so F and 86° Fare 19.6 psig and 
1S4.S psig, respectively, which are moderate, so 
that lightweight materials can be used in the 
construction of the refrigerating equipment. 
However, the adiabatic discharge temperature 
is relatively high, being 210° Fat standard ton 
conditions, which makes water· cooling o£ the 
compressor head and cylinders desirable. Too, 
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high suction superheats should be avoided in 
ammonia systems. 

Although pure anhydrous ammonia is non
corrosive to all metals normally used in refrig
erating systems, in the presence of moisture, 
ammonia becomes corrosive to nonferrous 
metals, such as copper and brass. Obviously, 
these metals should never be used in ammonia 
systems. 

Ammonia is not oil miscible and therefore 
will not dilute the oil in the compressor crank
case. However, provisions must be made for 
the removal of oil from the evaporator and an 
oil separator should be used in the discharge line 
of all ammonia systems. 

Ammonia systems may be tested for leaks 
with sulfur candles, which give off a dense white 
smoke in the presence of ammonia vapor, or by 
applying a thick soap solution around the pipe 
joints, in which case a leak is indicated by the 
appearance of bubbles in the solution. 
16-13. Sulfur Dioxide. Sulfur dioxide (S01) 

is produced from the combustion of sulfur. It 
is highly toxic, but nonflammable and 
nonexplosive. In the 1920s and 1930s, sulfur 
dioxide was widely used in domestic refrigerP.tors 
and in small commercial fixtun::s. Today, it is 
found only in a few of the older commercial 
units, having been replaced first by methyl 
chloride and later by the more desirable fluoro
carbon refrigerants. 

The boiling point of sulfur dioxide at atmos
pheric pressure is approximately 14° F. Satur
ation pressures at standard ton conditions of 
so F and 86° F are S.9 in. Hg and S1.8 psig, 
respectively. 

Sulfur dioxide is not oil miscible. However, 
unlike ammonia and carbon dioxide, liquid sul
fur dioxide is heavier than oil so that the oil 
floats on top of the refrigerant. Since this 
characteristic simplifies the problem of oil 
return, it accounts for the popularity enjoyed by 
sulfur dioxide in the past for small automatic 
equipment. 

Like most common refrigerants, sulfur dioxide 
in the pure state is noncorrosive to metals 
normally used in the refrigerating system. How
ever, it combines with moisture to form 
sulfurous acid (H2SOs) and sulfuric acid 
(H8SOJ, both of which are highly corrosive. 
16-14. CarbonDioxide. Carbondioxide(COJ 
is one of the first refrigerants used in mechanical 
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refrigerating systems. It is odorless, nontoxic, 
nonflammable, nonexplosive, and noncorrosive. 
Because of its safe properties, it has been widely 
used in the past for marine service and for air 
conditioning in hospitals, theaters, hotels, and 
in other places where safety is the prime con
sideration. Although a few of these older 
installations are still in service, at the present 
time the use of carbon dioxide as a refrigerant 
is limited for the most part to extremely low 
temperature applications, particularly in the 
production of solid C02 (dry ice). 

One of the chief disadvantages of carbon 
dioxide is its high operating pressures, which 
under standard ton conditions of so F and 86° F 
are 317.S psig and 1031 psig, respectively. 
Naturally, this requires the use of extra heavy 
piping and equipment. However, because of the 
high vapor density of C02, the volume of vapor 
handled by the compressor is only 0.96 cu ft per 
minute per ton at so F, so that compressor sizes 
are small. 

Another disadvantage of carbon dioxide is 
that the horsepower required per ton is approxi
mately twice that of any of the commonly used 
refrigerants. For carbon dioxide, the theoretical 
horsepower required per ton at standard con
ditions is 1.84, whereas for ammonia, the horse
power required per ton is only 0.989, the latter 
value being typical for most refrigerants. 

Since its boiling temperature at atmospheric 
pressure ( -109.3° F) is below its freezing tem
perature ( -69.9° F) at this pressure, carbon 
dioxide cannot exist in the liquid state at atmos
pheric pressure nor at any pressure below its 
triple point pressure of 7S.1 psia. At any 
pressure under 7S.1 psia, solid carbon dioxide 
sublimes directly into the vapor state and there
fore below this pressure is found only in the 
solid and vapor states. Because of the low 
critical temperature of C02 (87.8° F), relatively 
low condensing temperatures are required for 
liquefaction. carbon dioxide is nonmiscible in 
oil and therefore will not dilute the oil in the 
crankcase of the compressor. Like ammonia, 
it is lighter than oil. Hence, oil return problems 
are similar to those encountered in an ammonia 
system. 

Leak detection is by soap solution only. 
16-15. Methyl Chloride. Methyl chloride 
(CH3CI) is a halocarbon of the methane series. 
It has many of the properties desirable in a 

refrigerant, which accounts for its wide use in 
the past in both domestic and commercial appli
cations. Its boiling point at atmospheric 
pressure is -10.6So F. Evaporator and con
denser pressures at standard ton conditions are 
6.S psig and 80 psig, respectively. 

Although methyl chloride is considered non
toxic, in large concentrations it has an anesthetic 
effect similar to that of chloroform, a compound 
to which it is closely related. Methyl chloride is 
moderately flammable and is explosive when 
mixed with air in concentrations between 8.1 
and 17.2% by volume. The hazard resulting 
from these properties is the principal reason for 
the discarding of methyl chloride in favor of the 
safer fluorocarbon· refrigerants. 

Methyl chloride is corrosive to aluminum, 
zinc, and magnesium, and the compounds 
formed in combination with these materials are 
both flammable and explosive. Hence, these 
metals should not be used in methyl chloride 
systems. In the presence of moisture, methyl 
chloride forms a weak hydrochloric acid, which 
is corrosive to both ferrous and nonferrous 
metals. Too, since natural rubber and the 
synthetic, Neoprene, are dissolved by methyl 
chloride, neither is suitable gasket material for 
use in methyl chloride systems. 

Oil return in methyl chloride systems is 
simplified by the fact that methyl chloride is oil 
miscible. However, in selecting the compressor 
lubricating oil, crankcase dilution must be taken 
into account. 

Leaks in a methyl chloride system are found 
with the aid of a soap solution which is applied 
to the suspected joints. Th~ presence of methyl 
chloride vapor may be detected with a halide 
leak detector. However, this method is not 
recommended because of the flammability of 
methyl chloride. 
16-16. Methylene Chloride (Carrene 1). 
Methylene chloride (CH2CI2), another halo
carbon of the methane series, has a boiling point 
of 103.so F at atmospheric pressure, a charac
teristic which permits the refrigerant to be stored 
in sealed cans rather than in compressed gas 
cylinders. Under standard ton conditions, the 
evaporator and condenser pressures are both 
below atmospheric pressure, being 27.6 in. Hg 
and 9.S in. Hg, respectively. Since the volume 
of the vapor handled per ton of refrigerating 
capacity is quite large (74.3 cu ft/min/ton at 



so F), centrifugal compressors, which are par
ticularly suited to handling large volumes of low 
pressure vapor, are required. 

Although it dissolves natural rubber, methy
lene chloride is noncorrosive even in the presence 
of moisture. It is also nontoxic and nonflam
mable. Because of its safe properties, it has been 
widely used in large air conditioning installations. 

The fact that methylene chloride is oil miscible 
is of little consequence, since in centrifugal com
pressors the oil and refrigerant do not ordinarily 
come in contact with one another. 

A halide torch or soap solution may be used 
to detect leaks. However, the pressure in the 
system must be built up above atmospheric in 
either case. 
16-17. Refrlgerant-11. Refrigerant-11 (CCI3F) 
is a fluorocarbon of the methane series and 
has a boiling point at atmospheric pressure of 
74.7° F. Operating pressures at standard ton 
conditions are 24 in. Hg and 3.6 psig, respec
tively, which is very similar to those of methylene 
chloride. Although the theoretical horsepower 
required at standard ton conditions (0.927) is 
approximately the same as that for methylene 
chloride, the compressor displacement required 
at these conditions (36.32 cu ft/minfton) is only 
approximately one-half that required for methy
lene chloride. 

Like other fluorocarbon refrigerants, Refrig
erant-11 dissolves natural rubber. However, 
it is noncorrosive, nontoxic, and nonflammable. 
The low operating pressures and the relatively 
high compressor displacement required necessi
tate the use of a ceptrifugal compressor. 

Refrigerant-11 is used mainly in the air 
conditioning of small office buildings, factories, 
department stores, theaters, etc. A halide torch 
may be used for leak detection. 
16-18. Refrlgerant-12. Although its suprem
acy is being seriously challenged in some areas 
by Refrigerant-22, Refrigerant-12 (CC11Fa) is by 
far the most widely used refrigerant at the 
present time. It is a completely safe refrigerant 
in that it is nontoxic, nonflammable, and non
explosive. Furthermore, it is a highly stable 
compound which is difficult to break down even 
under extreme operating conditio.ns. However, 
if brought into contact with an open flame or 
with an electrical heating element, Refrigerant-
12 will decompose into products which are 
highly toxic (see Section 16-3). 
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Along with its safe properties, the fact that 
Refrigerant-12 condenses at moderate pressures 
under normal atmospheric conditions and has a 
boiling temperature of -21 oF at atmospheric 
pressure makes it a suitable refrigerant for use 
in high, medium, and low temperature appli
cations and with all three· types of compressors. 
When employed in conjunction with multistage 
centrifugal type compressors, Refrigerant-12 
has been used to cool brine to temperatures .as 
low as -110° F. 

The fact that Refrigerant-12 is oil miscible 
under all operating conditions not only sim
plifies the problem of oil return but also tends 
to increase the efficiency and capacity of the 
system in that the solvant action of the refrig
erant maintains the evaporator and condenser 
tubes relatively free of oil films which otherwise 
would tend to reduce the heat transfer capacity 
of these two units. 

Although the refrigerating effect per pound for 
Refrigerant-12 is relatively small as compared to 
that of some of the other popular refrigerants, 
this is not necessarily a serious disadvantage. 
In fact, in small systems, the greater weight of 
Refrigerant-12 which must be circulated is a 
decided advantage in that it permits closer 
control of the liquid. In larger systems, the 
disadvantage of the low latent heat value is 
offset somewhat by a high vapor density, so that 
the compressor displacement required per ton of 
refrigeration is not much greater than that 
requiredforRefrigerants-22, 500, and 717. The 
horsepower required per ton of capacity com
pares favorably with that required for other 
commonly used refrigerants. 

A halide torch is used for leak detection. 
16-19. Refrlgerant-13. Refrigerant-13 (CCIFa) 
was developed for and is being used in ultra-low 
temperature applications, usually in the low 
stage of a two or three stage cascade system. It 
is also being used to replace Refrigerant-22 in 
some low temperature applications. 

The boiling temperature of Refrigerant-13 is 
-144.5° Fat atmospheric pressure. Evaporator 
temperatures down to -150° F are practical. 
The critical temperature is 83.9° F. Since con
densing pressures and the compressor displace- · 
ment required are both moderate, Refrigerant-13 
is suitable for use with all three types of 
compressors. 

Refrigerant-13 is a safe refrigerant. It is not 
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miscible with oil. A halide torch may be used 
for leak detection. 
16-10. Refrlgerant-11. Refrigeran t-22 
(CHClFa) has a boiling point at atmospheric 
pressure of -41.4° F. Developed primarily as a 
low temperature refrigerant, it is used exten
sively in domestic and farm freezers and in 
commercial and industrial low temperature 
systems down to evaporator temperatures as 
low as -125° F. It also finds wide use in 
packaged air conditioners, where, because of 
space limitations, the relatively small compressor 
displacement required is a decided advantage. 

Both the operating pressures and the adiabatic 
discharge temperature are higher for Refrig
erant-22 than for Refrigerant-12. Horsepower 
requirements are approximately the same. 

Because of the high discharge temperatures 
experienced with Refrigerant-22, suction super
heat should be kept to a minimum, particularly 
where hermetic motor-compressors are em
ployed. In low temperature applications, where 
compression ratios are likely to be high, water 
cooling of the compressor head and cylinders is 
recommended in order to avoid overheating of 
the compressor. Air-cooled condensers used 
with Refrigerant-22 should be generously sized. 

Although miscible with oil at temperatures 
found in the condensing section, Refrigerant-22 
will often separate from the oil in the evaporator. 
The exact temperature at which separation 
occurs varies considerably with the type of oil 
and the amount of oil mixed with the refrigerant. 
However, no difficulty is usually experienced 
with oil return from the evaporator when a 
properly designed serpentine evaporator is used 
and when the suction piping is properly designed. 
When flooded evaporators are employed, oil 
separators should be used and special pro
visions should be made to insure the return of 
oil from the evaporator. Oil separators should 
always be used on low temperature applica
tions. 

The principal advantage of Refrigerant-22 
over Refrigerant-12 is the smaller compressor 
displacement required, being approximately 
60% of that required for Refrigerant-12. Hence, 
for a given compressor displacement, the refrig
erating capacity is approximately 60% greater 
with Refrigerant-22 than with Refrigerant-12. 
Too, refrigerant pipe sizes are usually smaller 
for Refrigerant-22 than for Refrigerant-12. For 

evaporator temperatures between -20 and 
-40° F, still another advantage added to 
Refrigerant-22 is that the evaporator pressures 
for Refrigerant-22 at these temperatures are 
above atmospheric, whereas for Refrigerant-12 
the evaporator pressures will be below atmos
pheric. However, all this should not be taken to 
mean that Refrigerant-22 is superior to Refrig
erant-12 in all applications. As a matter of fact, 
except in those applications where space limita
tion~ necessitate the use of the smallest possible 
equipment and/or where the evaporator tem
perature is between -zoo F and -40° F, 
Refrigerant-12, because of its lower discharge 
temperatures and greater miscibility with oil, is 
probably the more desirable of the two 
refrigerants. 

The ability of Refrigerant-22 to absorb mois
ture is considerably greater than that of Refrig
erant-12 and therefore less trouble is experi
enced with freeze-ups in Refrigerant-22 systems. 
Although some consider this to be an advantage, 
the advantage gained is questionable, since any 
amount of moisture in a refrigerating system is 
undesirable. 

Being a fluorocarbon, Refrigerant-22 is a safe 
refrigerant. A halide torch may be used for leak 
detection. 
16-11. Refrigerant-Ill. Refrigerant-113 
(CCI2FCCIFa) boils at 117.6° F under atmos
pheric pressure. Operating pressures at standard 
ton conditions are 27.9 in. Hg and 13.9 in. Hg, 
respectively. Although the compressor displace
ment per ton is somewhat high (I 00.76 cu ft/min/ 
ton at standard ton conditions), the horsepower 
required per ton compares favorably with other 
common refrigerants. The low operating 
pressures and the large displacement required 
necessitate the use of a centrifugal type 
compressor. 

Although used mainly in comfort air con
ditioning applications, it is also employed in 
industrial process water and brine chilling down 
to oo F. 

Refrigerant-113 is a safe refrigerant. A halide 
torch may be used for leak detection. 
16-11. Refrigerant-114. Refrigerant-114 
(CCI2CCIFa) has a boiling point of 38.4 o F under 
atmospheric pressure. Evaporating and con
densing pressures at standard ton conditions are 
16.1 in. Hg and 22 psig, respectively. The com
pressor displacement required is relatively low 



for a low pressure refrigerant (19.S9 cu ft/min/ 
ton at standard conditions) and the horsepower 
required compares favorably with that required 
by other common refrigerants. 

Refrigerant-114 is used with centrifugal com
pressors in large commercial and industrial air 
conditioning installations and for industrial 
process water chilling down to -70° F. It is 
also used with vane-type rotary compressors in 
domestic refrigerators and in small drinking 
water coolers. 

Like Refrigerant-22, Refrigerant-114 is oil 
miscible under conditions found in the con
densing section, but separates from oil in the 
evaporator. However, because of the type of 
equipment used with Refrigerant-114 and the 
conditions under which it is used, oil return is 
not usually a problem. 

Refrigerant-114 is a safe refrigerant. A halide 
torch may be used for leak detection. 
16-13. Straight Hydrocarbons. The straight 
hydrocarbons are a group of fluids composed in 
various proportions of the two elements hydro
gen and carbon. Those having significance as 
refrigerants are methane, ethane, butane, pro
pane, ethylene, and isobutane. All are extremely 
flammable and explosive. Too, since all act as 
anesthetics in varying degrees, they are con
sidered mildly toxic. Although none of these 
compounds will absorb moisture to any appre
ciable extent, all are extremely miscible with oil 
under all conditions. 

Although a few of the straight hydrocarbons 
(butane, propane, and isobutane) have been 
used in small quantities for domestic refrigera
tion, their use is ordinarily limited to special 
applications where an experienced attendent is 
on duty. Ethane, methane, and ethylene are 
employed to some extent in ultra-low tempera
ture applications, usually in the lower stage of 
two and three stage cascade systems. However, 
even in these applications, it is likely that they 
will be replaced in the future by Refrigerants-13 
and 14, the latter being used only in pilot plants 
at the present time. 

Leak detection is by soap solution only. 
16-24. Refrigerant-500. Refrigerant-SOO, 
commonly known as Carrene 7•, is an azeo
tropic mixturet of Refrigerant-12 (73.8% by 

• A proprietary refrigerant of the Carrier Corpor
ation. 

t An azeotropic mixture is a mixture of two or 
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weight) and Refrigerant-ISla (26.2%). It has a 
boiling point at atmospheric pressure of -28° F. 
Evaporator an:l condenser pressures at standard 
ton conditions are 16.4 psig and 113.4 psig, 
respectively. Although the horsepower require
ments of Refrigerant-S()() are approximately the 
same as those for Refrigerants-12 and 22, the 
compressor displacement required is greater 
than that required for Refrigerant-22, but some
what Jess than that required for Refrigerant~12. 

The principal advantage of Refrigerant-S()() 
lies in the fact that its substitution for Refrig
erant-12 results in an increase in compressor 
capacity of approximately 18%. This makes it 
possible to use the same direct connected com
pressor (as in a hermetic motor-compressor 
unit) on either SO or 60 cycle power with little or 
no change in the refrigerating capacity or in the 
power requirements. 

It will be shown in Chapter 21 that the speed 
of an alternating current motor varies in direct 
proportion to the cycle frequency. Therefore, 
an electric motor operating on SO cycle power 
will have only five-sixths of the speed it has when 
operating on 60 cycle power. For this reason, 
the displacement of a direct connected com
pressor is reduced approximately 18 % when a 
change is made from 60 to SO cycle power. 
Since the increase in capacity per unit of dis
placement accruing from the substitution of 
Refrigerant-S()() for Refrigerant-12 is almost 
exactly equal to the loss of displacement suffered 
when changing for 60 to SO cycle power, the 
same motor-compressor assembly is made 
suitable for use with both frequencies by the 
simple expedient of changing refrigerants. 
16-25. Refrigerant Drying Agents. Refrig
erant drying agents, called desiccants are fre
quently employed in refrigerating systems to 
remove moisture from the refrigerant. Some 
of the most commonly used desiccants are silica 
gel (silicon dioxide), activated alumina (alu
minum oxide), and Drierite (anhydrous calcium 
sulfate). Silica gel and activated alumina are 
adsorption-type desiccants and are available in 
granular form. Drierite is an absorption type 
desiccant and is available in granular form and 
in cast sticks. 

more liquids, which, when mixed in precise pro
portions, form a compound having a boiling 
temperature which is independent of the boiling 
temperatures of the individual liquids. 



17 
Refrigerant Flow 
Controls 

starving or overfeeding of the evaporator, 
depending upon the direction of the load shift. 
Too, the valve must be opened and closed 
manually each time the compressor is cycled on 
and off. 

Obviously the hand expansion valve is suitable 
for use only on large systems where an operator 
is on duty and where the load on the system is 
relatively constant. When automatic control is 
desired and/or when the system is subject to 
frequent load fluctuations, some other type of 
refrigerant flow control is required. 

At the present time, the principal use of the 
hand expansion valve is as an auxiliary refrig
erant control installed in a by-pass line (Fig. 
17-29). It is also frequently used to control the 
flow rate through oil bleeder lines (Fig. 19-12). 
17-3. Automatic Expansion Valves. A 

17-1. Types and Function. There are six schematic diagram of an automatic expansion 
basic types of refrigerant flow controls: (1) the valve is shown in Fig. 17-2. The valve consists 
hand expansion valve, (2) the automatic expan- mainly of a needle and seat, a pressure bellows 
sion valve, (3) the thermostatic expansion valve, or diaphragm, and a spring, the tension of the 
(4) the capillary tube, (5) the low pressure float, latter being variable by means of an adjusting 
and (6) the high pressure float. screw. A screen or strainer is usually installed 

Regardless of type, the function of any refrig- at the liquid inlet of the valve in order to pre
erant flow control is twofold: (1) to meter the vent the entrance of foreign materials which may 
liquid refrigerant from the liquid line into the cause stoppage of the valve. The construction 
evaporator at a rate commensurate with the rate of a typical automatic expansion valve is shown 
at which vaporization of the liquid is occurring in Fig. 17-3. 
in the latter unit, and (2) to maintain a pressure The automatic expansion valve functions to 
differential between the high and low pressure maintain a constant pressure in the evaporator 
sides of the system in order to permit the ref rig- by flooding more or less of the evaporator sur
erant to vaporize under the desired low pres- face in response to changes in the evaporator 
sure in the evaporator while at the same time load. The constant pressure characteristic of the 
condensing at a high pressure in the condenser. valve results from the interaction of two opposing 
17·2.. Hand Expansion Valves. Hand ex- forces: (1) the evaporator pressure and (2) the 
pansion valves are hand-operated needle spring pressure. The evaporator pressure, 
valves (Fig. 17-1 ). The rate of liquid flow exerted on one side of the bellows or diaphragm, 
through the valve depends on the pressure acts to move the valve in a closing direction, 
differential across the valve orifice and on the whereas the spring pressure, acting on the 
degree of valve opening, the latter being manu- opposite side of the bellows or diaphragm, acts 
ally adjustable. Assuming that the pressure to move the valve in an opening direction. When 
differential across the valve remains the same, the compressor is running, the valve functions 
the flow rate through a hand expansion valve to maintain the evaporator pressure in equi
will remain constant at all times without regard librium with the spring pressure. 
for either the evaporator pressure or the As the name implies, the operation of the 
evaporator loading. valve is automatic and, once the tension of the 

The principal disadvantage of the hand spring is adjusted for the desired evaporator 
expansion valve is that it is unresponsive to pressure, the valve will operate automatically 
changes in the system load and therefore must be to regulate the flow of liquid refrigerant into the 
manually readjusted each time the load on the evaporator so that the desired evaporator 
system changes in order to prevent either pressure is maintained, regardless of evaporator 
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loading. For example, assume that the tension 
of the spring is adjusted to maintain a constant 
pressure in the evaporator of 10 psig. There
after, any time the evaporator pressure tends to 
fall below 10 psig, the spring pressure will 
exceed the evaporator pressure causing the valve 
to move in the opening direction, thereby 
increasing the flow of liquid to the evaporator 
and flooding more of the evaporator surface. 
As more of the evaporator surface becomes 
effective, the rate of vaporization increases and 

f Flare 

Fig. 17-1. Small capacity hand-expansion valve. 
(Courtesy Mueller Brass Company.) 

the evaporator pressure rises until equilibrium 
is established with the spring pressure. Should 
the evaporator pressure tend to rise above the 
desired 10 psig, it will immediately override the 
pressure of the spring and cause the valve to 
move in the closing direction, thereby throttling 
the flow of liquid into the evaporator and 
reducing the amount of effective evaporator 
surface. Naturally, this decreases the rate of 
vaporization and lowers the evaporator pressure 
until equilibrium is again established with the 
spring pressure. 

~~~---~~ 
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Fig. 17-2. Schematic diagram of automatic expansion 
valve. 

It is important to notice that the operating 
characteristics of the automatic expansion valve 
are such that the valve will close off tightly when 
the compressor cycles off and remain closed 
until the compressor cycles on again. As pre
viously described, vaporization continues in the 
evaporator for a short time after the com
pressor cycles off and, since the resulting vapor 
is not removed by the compressor, the pressure 
in the evaporator rises. Hence, during the off 
cycle, the evaporator pressure will always exceed 
the spring pressure and the valve will be tightly 
closed. When the compressor cycles on, the 
evaporator pressure wilf be immediately reduced 
below the spring pressure, at which time the 
valve will open and admit sufficient liquid to the 
evaporator to establish operating equilibrium 
between the evaporator and spring pressures. 

Fig. 17-3. Typical automatic expansion valve. (Cour
tesy Controls Company of America.) 
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Fl1. 17-4. Operating characteristics of the auto
matic expansion valve under varying load conditions. 
(a) Heaoty load conditions. (b) Minimum load 
conditions. 

The chief disadvantage of the automatic 
expansion valve is its relatively poor efficiency 
as compared to that of other refrigerant flow 
controls. In view of the evaporator-compressor 
relationship, it is evident that maintaining a 
constant pressure in the evaporator requires that 
the rate of vaporization in the evaporator be 
kept constant. To accomplish this necessitates 
severe throttling of the liquid in order to limit 
the amount of effective evaporator surface when 
the load on the evaporator is heavy and the heat 
transfer capacity per unit of evaporator surface 
is high (Fig. 17-4a). As the load on the evapora
tor decreases and the heat transfer capacity per 
unit of evaporator surface is reduced, more and 
more of the evaporator surface must be flooded 
with liquid if a constant rate of vaporization is 
to be maintained (Fig. 17-4b). As a matter of 

fact, if the load on the evaporator is permitted to 
fall below a certain level, the automatic expan
sion valve, in an attempt to keep the evaporator 
pressure up, will overfeed the evaporator to the 
extent that liquid will enter the suction line and 
be carried to the compressor where it may cause 
serious damage. However, in a properly 
designed ~ystem, overfeeding is not likely to 
occur, since the thermostat will usually cycle the 
compressor off before the space or product 
temperature is reduced to a level such that the 
load on the evaporator will fall below the 
critical point. 

Obviously, since it permits only a small 
portion of the evaporator to be filled with liquid 
during periods when the load on the system is 
heavy, the constant pressure characteristic of the 
automatic expansion valve severely limits the 
capacity and efficiency of the refrigerating 
system at a time when high capacity and high 
efficiency are most desired. Too, because the 
evaporator pressure is maintained constant 
throughout the entire running cycle of the com
pressor, the valve must be adjusted for a 
pressure corresponding to the lowest evaporator 
temperature required during the entire running 
cycle (see Fig. 17-5). This results in a consider
able loss in compressor capacity and efficiency, 
since advantage cannot be taken of the higher 
suction temperatures which would ordinarily 
exist with a full-flooded evaporator during the 
early part of the running cycle. 

Another disadvantage of the automatic ex
pansion valve, which can also be attributed to 
its constant pressure characteristic, is that it 
cannot be used in conjunction with a low 
pressure motor control, since proper operation 
of the latter part depends on a rather substantial 
change in the evaporator pressure during the 
running cycle, a condition which obviously 

,.,.... -, /I v 
v \ I I 
!-Off ~ On..f ;-Off + on"-* -Off r-

5 10 15 20 25 30 35 40 45 50 55 60 
Time in minutes 

Fll• 17-5. Operating characteristics of the automatic 
expansion valve. 



cannot be met when an automatic expansion 
valve is used as the refrigerant flow control. 

In view of its poor efficiency under heavy load 
conditions, the automatic expansion valve is 
best applied only to small equipment having 
relatively constant loads, such as domestic refrig
erators and freezers and small, retail ice-cream 
storage cabinets. However, even in these appli
cations the automatic expansion valve is seldom 
used at the present time, having given way to 
other types of refrigerant flow controls which 
are more efficient and sometimes lower in 
cost. 

Some automatic expansion valves are now 
being employed as "condenser by-pass valves." 
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evaporator pressure. In this respect, the con
denser by-pass serves the same function as the 
cylinder by-pass type of compressor capacity 
control. • However, unlike the cylinder by-pass, 
the condenser by-pass does not unload the 
compressor in any way. Hence, with the con
denser by-pass, there is no reduction in the work 
of compression or in the power requirements of 
the compressor. For this reason, the condenser 
by-pass is not generally recommended as a 
means of controlling the capacity of the 
compressor. 

Care should be taken to connect the by-pass 
line to the condenser at a point low enough on 
the condenser to insure that slightly "wet" 

Thermostatic 
expansion valve 

,-----------_.----------+r.~ 

Fla. 17-6. Automatic expansion 
valve employed as condenser 
by-pass valve. 

As such thay are installed in a by-pass line 
between the condenser and the suction line (Fig. 
17 -6) where they serve to regulate the flow of hot 
gas which is by-passed from the condenser 
directly into the suction line in order to prevent 
the evaporator pressure from dropping below a 
predetermined desired minimum. In such cases, 
the valve is set for the minimum desired eva
porator pressure. As long as the pressure in the 
evaporator remains above the desired minimum, 
the valve will remain closed and no gas is by
passed from the condenser into the suction line. 
However, any time the evaporator tends to fall 
below the desired minimum, the by-pass valve 
opens and permits hot gas from the condenser 
to pass directly into the suction line in an 
amount just sufficient to maintain the minimum 

Automatic expansion valve 
adjusted for minimum desired 

evaporator pressure 

Condenser 
by-pass line 

vapor, rather than superheated vapor, is .by
passed to the suction line. Superheated vapor 
directly from the discharge of the compressor, if 
by-passed to the suction line, will cause excessive 
discharge temperatures and result in overheating 
of the compressor and possible carbonization of 
the lubricating oil. On the other hand, wet 
vapor, that is, vapor containing small particles 
of liquid, will tend to reduce the operating 
temperature of the compressor through the 
cooling effect produced by vaporization of the 

• The use of the condenser by-pass is common on 
some types of automobile air conditioning units. 
In such cases, the condenser by-pass serves to offset 
the high compressor capacity which accrues as a 
resuit of the increased piston displacement at high 
speeds. 
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Fig. 17-7. Illustrating operat
ing principle of conventional 
liquid-charged thermostatic 
expansion valve. 
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liquid particles in the compressor cylinder. Too, 
vaporization of the liquid particles in the com
pressor reduces the volumetric efficiency of the 
compressor, which, under the circumstances, is 
also beneficial since it will reduce the amount of 
vapor which must be by-passed from the 
condenser in order to maintain the minimum 
evaporator pressure. 
17-4. Thermostatic Expansion Valves. 
Because of its high efficiency and its ready 
adaptability to any type of refrigeration appli
cation, the thermostatic expansion valve is 
the most widely used refrigerant control at the 
present time. Whereas the operation of the 
automatic expansion valve is based on main
taining a constant pressure in the evaporator, 
the operation of the thermostatic expansion 
valve is based on maintaining a constant degree 
of suction superheat at the evaporator outlet, a 
circumstance which permits the latter control to 
keep the evaporator completely filled with refrig
erant under all conditions of system loading, 
without the danger of liquid stopover into the 
suction line. Because of its ability to provide 
full and effective use of all the evaporator sur
face under all load conditions, the thermostatic 
expansion valve is a particularly suitable refrig
erant control for systems which are subject to 
wide and frequent variations in loading. 

Figure 17-7 is a schematic diagram of a 
thermostatic expansion valve showing the 
principal parts of the valve, which are: (1) a 
needle and seat, (2) a pressure bellows or 
diaphragm, (3) a fluid-charged remote bulb 
which is open to one side of the bellows or 

B 20' -21.05 psig 

diaphragm through a capillary tube, and ( 4) a 
spring, the tension of which is usually adjustable 
by an adjusting screw. As in the case of the 
automatic expansion valve and all other 
refrigerant controls, a screen or strainer is 
usually installed at the liquid inlet of the valve 
to prevent the entrance of foreign material 
which may cause stoppage of the valve. 

The characteristic operation of the thermo
static expansion valve results from the inter
action of three independent forces, viz: (1) the 
evaporator pressure, (2) the spring pressure, and 
(3) the pressute exerted by the saturated liquid
vapor mixture in the remote bulb.* 

As shown in Fig. 17-7, the remote bulb of the 
expansion valve is clamped firmly to the 
suction line at the outlet of the evaporator, 
where it is responsive to changes in the tem
perature of the refrigerant vapor at this point. 
Although there is a slight temperature differen
tial between the temperature of the refrigerant 
vapor in the suction line and the temperature 
of the saturated liquid-vapor mixture in the 
remote bulb, for all practical purposes the 
temperature of the two are the same and 
therefore it may be assumed that the pressure 
exerted by the fluid in the bulb is always the 
saturation pressure of the liquid-vapor mixture 
in the bulb corresponding to the temperature 

* With some exceptions which are discussed 
later, the fluid in the remote bulb is the refrigerant 
used in the system. Hence, the remote bulb of a 
thermostatic expansion valve employed on a Re
frigerant-12 system would. ordinarily be charged with 
Refrigerant-12. 



of the vapor in the suction line at the point of 
bulb contact. 

Notice that the pressure of the fluid. in the 
remote bulb acts on one side of the bellows or 
diaphragm through the capillary tube and tends 
to move the valve in the opening direction, 
whereas the evapora~or pressure and the spring 
pressure act together on the other side of the 
bellows or diaphragm and tend to move the 
valve in a closing direction. The operating 
principles of the thermostatic expansion valve 
are best described through the use of an 
example. 

With reference to Fig. 17-7, assume that 
Refrigerant-12 liquid is vaporizing in the 
evaporator at a temperature of 20° F so that 
the evaporator pressure (P1) is 21.05 psig, the 
saturation pressure of Refrigerant-12 corre
sponding to a temperature of 20o F. Assume 
further that the tension of the spring is adjusted 
to exert a pressure (Ps) of 7.41 psi, so that the 
total pressure tending to move the valve in the 
closing direction is 28.46 psi, the sum of P1 and 
P1 (21.05 + 7.41). If the pressure drop in the 
evaporator is ignored, it can be assumed that 
the temperature and pressure of the refrigerant 
are the same throughout all parts of the 
evaporator where a liquid-vapor mixture of the 
refrigerant is present. However, at some point 
B near the evaporator outlet all the liquid will 
have vaporized from the mixture and the 
refrigerant at this point will be in the form of 
a saturated vapor at the vaporizing temperature 
and pressure. As the refrigerant vapor travels 
from point B through the remaining portion of 
the evaporator, it will continue to absorb heat 
from the surroundings, thereby becoming 
superheated so that its temperature is increased 
while its pressure remains constant. In this 
instance, assume that the refrigerant vapor is 
superheated 10° from 20 to 30° F during its 
travel from point B to the remote bulb location 
at point C. The saturated liquid-vapor mixture 
in the remote bulb, being at the same tempera
ture as the superheated vapor in the line, will 
then have a pressure (P8) of 28.46 psig, the 
saturation pressure of Refrigerant-12 at 30° F, 
which is exerted on the diaphragm through the 
capillary tube and which constitutes the total 
force tending to move the valve in the opening 
direction. 

Under the conditions just described, the force 
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tending to open the valve is exactly equal to the 
force tending to close the valve (P1 + P1 = Pa) 
and the valve will be in equilibrium. The valve 
will remain in equilibrium until such time that 
a change in the degree of suction superheat 
unbalances the forces and causes the valve to 
move in one direction or·the other. 

By careful analysis of the foregoing example 
it can be seen that for the conditions described 
the valve will be in equilibrium when and only 
when the degree of superheat of the suction 
vapor at the remote bulb location is too F, 
which is exactly the amount required to offset 
the pressure exerted by the spring. Any change 
in the degree of suction superheat will cause the 
valve to move in a compensating direction in 
order to restore the required amount of super~ 
heat and reestablish equilibrium. For instance, 
if the degree of suction superheat becomes less 
than too F, the pressure in the remote bulb will 
be less than the combined evaporator and 
spring pressures and the valve will move toward 
the closed position, thereby throttling the flow 
of liquid into the evaporator until the superheat 
is increased to the required 10° F. On the other 
hand, if the superheat becomes greater than 
10° F, the pressure in the remote bulb will 
exceed the combined evaporator and spring 
pressures and the valve will move toward the 
open position, thereby increasing the flow of 
liquid into the evaporator until the superheat is 
reduced to the required 10° F. 

In all cases, the amount of superheat required 
to bring a thermostatic expansion valve into 
equilibrium depends upon the pressure setting 
of the spring. It is for this reason that the 
spring adjustment is called the "superheat 
adjustment." Increasing the tension of the 
spring increases the amount of superheat 
required to offset the spring pressure and bring 
the valve into equilibrium. A high degree of 
superheat is usually undesirable in that it tends 
to reduce the amount of effective evaporator 
surface. On the other hand, decreasing the 
spring tension reduces the amount of superheat 
required to maintain the valve in a condition of 
equilibrium and therefore tends to increase the 
amount of effective surface. However, if the 
valve superheat is set too low, the valve will 
lose control of the refrigerant to the extent that 
it will alternately "starve" and "overfeed" the 
evaporator, a condition often called "hunting." 
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Fie. 17-8. Conventional liquid-charged, internally 
equalized thermostatic expansion valve. (Courtesy 
General Controls.) 

As a general rule, thermostatic expansion valves 
are adjusted for a superheat of 7° to 10° by the 
manufacturer. Since this superheat setting is 
ordinarily satisfactory for most applications, it 
should not be changed except when absolutely 
necessary. 

Once the valve is adjusted for a certain 
superheat, the valve will maintain approximately 
that superheat under all load conditions, 
regardless of the evaporator temperature and 
pressure, provided that the capacity and 
operating range of the valve are not exceeded. 
For instance, in the preceding example, assume 
that because of an increase in system loading 
the rate of vaporization in the evaporator 
increases to the extent that all the liquid is 
vaporized by the time the refrigerant leaves 
point B', rather than point B,,in Fig. 17-7. The 
greater travel of the vapor before reaching 
point C will cause the superheat to exceed 10° F, 
in which case the increased bulb pressure 
resulting from the higher vapor temperature at 
point C will cause the valve to open wider and 
increase the flow of liquid to the evaporator, 
whereupon more of the evaporator surface will 
be filled with liquid so that the superheat is 
again reduced to the required 10° F. However, 
it is important to notice that when equilibrium 

is again established, the evaporator temperature 
and pressure will be higher than before because 
of the increased rate of vaporization. Further
more, since the valve will maintain a constant 
superheat of approximately 1 oo F, the tempera
ture of the vapor at point C will also be higher 
because of the increase in the evaporator tem
perature, as will the temperature and pressure 
of the fluid in the remote bulb. 

Obviously, then, unlike the automatic expan
sion valve, the thermostatic expansion valve 
cannot be set to maintain a certain evaporator 
temperature and pressure, only a constant 
superheat. When a thermostatic expansion 
valve is used as a refrigerant control, the evapo
rator temperature and pressure will vary with the 
loading of the system, as described in Chapter 
13. A typical internally equalized thermostatic 
expansion valve is shown in Fig. 17-8. 
17-5. Externally Equalized Valves. Since 
the refrigerant undergoes a drop in pressure 
because of friction as it flows through the 
evaporator, the saturation temperature of the 
refrigerant is always lower at the evaporator 
outlet than at the evaporator inlet. When the 
refrigerant pressure drop through the evaporator 
is relatively small, the drop in saturation tem
perature is also small and therefore of little 
consequence. However, when the pressure 
drop experienced by the refrigerant in the 
evaporator is of appreciable size, the saturation 
temperature of the refrigerant at the evaporator 
outlet will be considerably lower than that 
at the evaporator inlet, a circumstance which 
adversely affects the operation of the expansion 
valve in that it necessitates a higher degree of 
suction superheat in order to bring the valve 
into equilibrium. Since more of the evaporator 
surface will be needed to satisfy the higher 
superheat requirement, the net effect of the 
evaporator pressure drop, unless compensated 
for through the use of an external equalizer, 
will be to reduce seriously the amount of 
evaporator surface which can be used for 
effective cooling. 

For example, assume that a Refrigerant-12 
evaporator is fed by a standard, internally 
equalized thermostatic expansion valve and that 
the saturation pressure and temperature of the 
refrigerant at the evaporator inlet (point A) is 
21.05 psig and 20o F, respectively, the former 
being the evaporator pressure (P1) exerted on 



the diaphragm of the valve. If the valve spring 
is adjusted for a pressure (Pz) of 7.41 psi, a bulb 
pressure (PJ of 28.46 psig (21.05 + 7.41) will 
be required for valve equilibrium. 

If it is assumed that the refrigerant pressure 
drop in the evaporator is negligible, as in the 
previous example, the saturation pressure and 
temperature of the refrigerant at the evaporator 
outlet will be approximately the same as those 
at the evaporator inlet, 21.05 psig and 20• F, 
and the amount of suction superheat required 
for operation of the valve will be only to• 
(30• - 20•), as shown in Fig. 17-7. On the 
other hand, assume now that in flowing through 
the evaporator, the refrigerant experiences a 
drop in pressure of 10 psi, in which case the 
saturation pressure at the evaporator outlet 
will be approximately 11 psig (21 - 10), 10 psi 
less than the inlet pressure. Since the saturation 
temperature corresponding to 11 psig is approxi
mately 4• F, it is evident that a suction super
heat of approximately 26• F will be required to 
provide the 30• F suction vapor temperature 
which is nece8sary at the point of bulb contact in 
order to bring the valve into equilibrium. 

In order to satisfy the greater superheat 
requirement, vaporization of the liquid must be 
completed prematurely in the evaporator 
(point B' in Fig. 17-7) so that a considerable 
portion of the evaporator surface becomes 
relatively ineffective. Naturally, the loss of 
effective evaporator surface will materially 

18.38psig 
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reduce the over-all capacity and efficiency of the 
system. 

Although an external equalizer does not 
reduce the evaporator pressure drop in any way, 
it does compensate for it so that full and 
effective use of all the evaporator surface can 
be ob4tined. Notice in Fig. 17-9 that the 
externally equalized valve is so constructed that 
the evaporator pressure (P1) which acts on the 
valve diaphragm is the evaporator outlet 
pressure rather than the evaporator inlet 
pressure. This is accomplished by completely 
isolating the valve diaphragm from the evapora
tor inlet pressure, while at the same time per
mitting the evaporator outlet pressure to be 
exerted on the diaphragm through a small 
diameter tube which is connected to the 
evaporator outlet or to the suction line 6 to 8 in. 
beyond the remote bulb location on the com
pressor side, as shown in Fig. 17-9. An 
expansion valve equipped with an external 
equalizer connection is shown in Fig .. 17-10. 

Since the evaporator pressure (P 1) exerted on 
the diaphragm of the externally equalized valve 
is the evaporator outlet pressure rather than 
the evaporator inlet pressure, the effect of the 
evaporator pressure drop is nullified to the 
extent that the degree of suction superheat 
required to operate the valve is approximately 
the same as when the evaporator pressure drop 
is negligible. Notice in Fig. 17-9 that the 
evaporator (outlet) pressure (P1) exerted on the 

A 21.05 psig-20"F (sat) 

-
16 psig-15"F (sat) 

11 psig-16"F (saturation temp.-ll"F) 

~--~----- Su~rhut----------• 
C B 

Fl1. 17-9. Schematic diqram of externally equalized thermostatic expansion valve. 



306 PRINCIPLES OF REFRIGERATION 

diaphragm is 11 psig, which, when added to 
the spring pressure (PJ of7.41 psi, constitutes a 
total pressure of 18.41 psi, tending to move the 
valve in the closing direction. Hence, a bulb 
pressure of 18.41 psig, corresponding to a 
saturation temperature of approximately 16° F, 
is required for equilibrium. Since the saturation 
temperature corresponding to the suction 
vapor pressure of 11 psig is 4o F, a suction 
superheat of only 1r F (16° - 4°) is necessary 
to provide valve equilibrium. 
17-6. Pressure Llmltln1 Valves. The pro
pensity of a conventional liquid charged 
thermostatic expansion valve for keeping the 
evaporator completely filled with refrigerant, 
without regard for the evaporator temperature 
and pressure, has some disadvantages as well as 
advantages. Although this characteristic is 
desirable in that it insures full and efficient use 
of all the evaporator surface under all condi
tions of loading, it is, at the same time, unde
sirable in that it also permits overloading of 
the compressor driver because of excessive 
evaporator pressures and temperatures during 
periods of heavy loading. 

Fig. 17-10. Externally equal
ized thermostatic expansion 
valve. (Courtesy Sporlan Valve 
Company.) 

Another disadvantage of the conventional 
thermostatic expansion valve is its tendency to 
open wide and overfeed the evaporator when 
the compressor cycles on, which in many cases 
permits liquid to enter the suction line with 
possible damage to the compressor. Over
feeding at start-up is caused by the fact that 
the evaporator pressure drops rapidly when the 
compressor is started and the bulb pressure 
remains high until the temperature of the bulb 
is cooled to the normal operating temperature 
by the suction vapor. Naturally, because of the 
high bulb pressure, the valve will be unbalanced 
in the open direction during this period and 
overfeeding of the evaporator will occur until 
the bulb pressure is reduced. 

Fortunately, these operating difficulties can 
be overcome through the use of thermostatic 
expansion valves which have built-in pressure 
limiting devices. The pressure limiting devices 
act to throttle the flow of liquid to the evaporator 
by taking control of the valve away from the 
remote bulb when the evaporator pressure 
rises to some predetermined maximum. Not 
only does this protect the compressor driver 



from overload during periods of heavy loading, 
it also tends to eliminate liquid flood-back to the 
compressor because of overfeeding at start-up. 

The maximum operating pressure (MOP) of 
the expansion valve can be limited either by 
mechanical means or by the use of a gas charged 
remote bulb. The former is accomplished by 
placing a spring or a collapsible cartridge 
between the diaphragm and the valve stem or 
push-rods which actuate the valve pin. In the 
collapsible cartridge-type (Fig. 17-11), the 
cartridge, which is filled with a noncondensible 
gas, acts as a solid link between the diaphragm 
and the valve stem as long as the evaporator 
pressure is less than the pressure of the gas in 
the cartridge. Hence, control of the valve is 
vested in the remote bulb and the valve operates 
as a conventional thermostatic expansion valve 
as long as the evaporator pressure is less than 
the pressure of the gas in the cartridge. How
ever, when the evaporator pressure exceeds 
the cartridge pressure, the cartridge collapses, 
thereby taking control of the valve away from 
the bulb and allowing the superheat spring to 
throttle the valve until the evaporator pressure 
is reduced below the cartridge pressure, at which 
time the cartridge will again act as a solid link, 
thereby returning control of the valve to the 
remote bulb. 

Fl1. 17-11. Cartridge-type 
pressure limiting valve. (Cour
tesy Alco Valve Company.) 
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The maximum evaporator pressure, called 
the maximum operating pressure (MOP) of the 
valve, depends on the pressure of the gas in the 
cartridge and can be changed simply by chang
ing the valve cartridge. Cartridges are available 
for almost any desired maximum operating 
pressure. 

The operation of the spring-type pressure 
limiting valve (Fig. 17-12) is similar to that of the 
collapsible cartridge type in that the spring 
acts as a solid link between the valve diaphragm 
and the valve stem or push-rods whenever the 
pressure in the evaporator is less than the 
spring tension. When ~e evaporator pressure 
rises to a point where it exceeds the tension for 
which the spring is adjusted, the spring collapses 
and the flow of refrigerant to the evaporator is 
throttled until the evaporator pressure is again 
reduced below the spring tension. Obviously, 
the maximum operating pressure of the valve 
depends on the degree of spring tension, which 
in some cases is adjustable in the field. 

In addition to the overload protection 
afforded by pressure limiting valves, they also 
tend to eliminate the possibility of liquid 
flood-back to the compressor at start-up. The 
fact that the evaporator pressure must be 
reduced below the MOP of the valve before the 
valve can open delays the valve opening 
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Fla. 17-12. Spring-type pressure limiti-ng v'Uve. (CourteSy Detroit Controls Olvlslo-n, American Radiator 
and Standard Sanitary Corporation.) 

sufficiently to permit the suction vapor to cool 
the remote bulb and reduce the bulb pressure 
before the valve opens. Hence, the valve does 
not open wide and overfeed the evaporator 
when the compressor is started. 

The upull.ciownH characteristics of a pteSSU{'e 
limiting expansion valve as compared to those 
of a conventional expaosion valve is sbown in 
Fig. 17·13. 
17-7. Gas-Charged Expanalon Valves. The 
gas-charged thermostatic expansion valve is 
essentially a pressure limiting valve, the pressure 
limiting characteristic of the valve being a 
function of its limited bulb charge. 

The remote bulb of the gas-charged expansion 
valve, like that of the liquid c)larged valve, is 
always charged with the system refrigerant. 

However, whereas in the liquid charged valve,. 
the remote bulb charge is sufficie.ntly large to 
assure that a certain amount of liquid is always 
present in the remote bulb, in the gas charged 
valve the bulb charge is limited so that at 
some predetermined bulb temperature all the 
liquid will have vaporized and the bulb charge 
wilt be in the form of a saturated vapor. Once 
the bulb cbarge is in the form of a saturated 
vapor, further increases in the bulb temperature 
(additiooal superheat) will have very tittle effect 
on the bulb pressure. Hence, by limiting the 
amount of charge in the remote bulb. the 
maximum pressure which eao be exerted by the 
remote buib is also limited. As in tbe case of 
ll)CChaoical pressure limiting devices, limiting 
the pressure exerted by the remote bulb also 



limits the evaporator pressure, since valve 
equilibrium is established only when the bulb 
pressure (Pa) is equal to the sum of the evapora
tor pressure (PI) and the spring pressure (P1), 

the latter pressure being constant. Therefore, 
any time the evaporator pressure exceeds the 
maximum operating pressure of the valve, the 
sum of the evaporator and spring pressures 
will always exceed the bulb pressure and the 
valve will be closed. 

For example, suppose the system illustrated 
in Fig. 17-7 is equipped with a gas charged 
thermostatic expansion valve having a MOP 
of 25 psig with a superheat setting of 10° F, in 
which case the bulb charge will be so limited 
that it will become 100% saturated vapor when 
the bulb temperature reaches the saturation 
temperature corresponding to 32.41 psig, the 
latter being the sum of the maximum evaporator 
pressure (25 psig) and the spring pressure 
equivalent to 10° F of superheat (7.41 psi). 
Once the bulb reaches this temperature, 
additional superheating of the suction vapor will 
have very little effect on the bulb pressure and 
therefore will not cause the valve to open wider. 

In this instance, any time the evaporator 
pressure exceeds 25 psig, the sum of the 
evaporator and spring pressures will exceed the 
maximum bulb pressure of 32.41 psig and the 
valve will be closed. On the other hand, any 
time the evaporator pressure is below 25 psig, 
the sum of the evaporator and spring pressures 
will be less than the maximum bulb pressure 
and the bulb will be in control of the valve. 
The valve will then respond normally to any 
changes in the suction superheat. 

Because of its pressure limiting characteristics, 

Fl1. 17-13. Chart showing 
comparative performance of 
the gas charged and liquid 
charged valves during "pull
down." (Courtesy Detroit 
Controls Division, American 
Radiator and Standard Sanitary 
Corporation.) 
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the gas charged thermostatic expansion valve 
provides the same compressor oyerload and 
flood-back protection as do mechanical pressure 
limiting valves. 

Since the evapotator pressure is limited 
indirectly by limiting the bulb pressure (charge), 
any change in the superheat setting (spring 
pressure) will cause the maximum evaporator 
pressure (the MOP of the valve) to change. 
Since the bulb pressure (Pa) is always equal to 
the evaporator pressure (PI) plus the spring 
pressure (P1), increasing the superheat setting 
(Pa) will decrease the MOP (PI). Likewise, 
decreasing the superheat setting wiM increase 
the maximum operating pressure of the valve. 

In view of the limited bulb charge, some 
precautions must be observed when installing a 
gas charged expansion valve. The valve body 
must be in a warmer location than the remote 
bulb and the tube connecting the remote bulb 
to the power head must not be allowed to 
touch a surface colder than the remote bulb; 
otherwise the bulb charge will condense at the 
coldest point and the valve will become inopera
tive because of the lack of liquid in the remote 
bulb (Fig. 17-14). Too, care should be taken to 
so locate the remote bulb that the liquid does not 
drain from the bulb by gravity. 
17-8. Importance of Pressure Limiting 
Valves. The importance of pressure limiting 
valves is readily understood when it is recognized 
that many refrigeration systems are subject to 
occasional "pull-down" loads which are sub
stantially greater than the average system load 
under normal operation. Since evaporator 
pressures and temperatures are abnormally 
high during these pull-down periods, the 
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Remote bulb loses 
control if liquid 
condenses at 
these points 

Fl1. 17·14. Gas-charged thermo expansion valve. 
(Courtesy Alco Valve Company.) 

capacity and horsepower requirements of the 
compressor are greatly i~creased, which often 
results in overloading of the compressor driver. 

Obviously, two solutions to the problem are 
possible. One is to increase the size of the 
compressor driver so that it has sufficient 
power to carry the load during the overload 
period. The other is to limit the maximum 
evaporator pressure in order to avoid excessive 
compressor loading. Which is the better 
solution depends upon the requirements of the 
particular installation. In applications where 
rapid reduction of the space or product tern· 
perature is desirable, the former solution is the 
one recommended. However, since motoring 
the compressor for an occasional peak load 
condition unnecessarily increases both the 
initial and operating ~osts of the system, in 
applications where rapid reduction of the load 

is not required, it is usually more practical to 
limit the evaporator pressure to some maximum 
reasonably near the average evaporator pressure 
under normal operating conditions and then 
motor the compressor accordingly. This will 
ordinarily result in the use of a smaller size 
motor, thereby effecting a saving in both the 
initial and operating costs of the system. 

For this reason, pressure limiting expansion 
valves of all types are widely used at the present 
time, particularly in air conditioning appli· 
cations. As a general rule, a pressure limiting 
expansion valve is selected to have a MOP 
approximately 5 to 10 psi above the average 
evaporator pressure encountered at normal 
loading of the system. In ordering such a valve, 
the desired MOP must be stated. 
17·9. Cross-Char1ed Expansion Valves. 
Although expansion valves having a bulb 
charged with the system refrigerant are suitable 
for most medium and high temperature 
applications, they are not ordinarily satisfactory 
for low temperature applications. The reason 
for this becomes evident upon examination of 
the pressure-temperature relationship of any 
common refrigerant. 

A pressure-temperature curve for Refrigerant-
12 is shown in Fig. 17-15. Notice that the 
change in pressure per degree of temperature 
change decreases considerably as the tempera
ture of the refrigerant decreases. Therefore, 
the amount of superheat required to cause a 
given increase in remote bulb pressure is much 
greater at low temperatures than at high 
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Fl1. 17·15. The effect of tern· 
perature range on valve super· 
heat. 
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temperatures. For example, notice in Fig. 
17-15, that at a temperature of 45° F, a tem
perature change of only approximately 5.SO F 
will cause a pressure change of 5 psi, whereas 
at -20° F, a temperature change of approxi
mately 13o F is required for a 5 psi change in 
pressure. Obviously, then, when the expansion 
valve bulb is charged with the system refrigerant, 
the amount of suction superheat necessary to 
actuate the valve becomes excessive at low 
temperatures, with the result that much of the 
evaporator surface becomes ineffective. Hence, 
for low temperature applications, good practice 
prescribes the use of an expansion valve having 
a bulb charged with some fluid other than the 

Fig. 17-16. Operating charac
teristics of cross-charged ther
mostatic expansion valve. 
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valve into equilibrium. Curve C in Fig. 17-16 
indicates the bulb temperature necessary to 
bring the valve into equilibrium if the superheat 
spring is adjusted for a pressure of 5 psi. 
Because of the higher superheat requirement at 
high evaporator temperatures, the cross-charged 
valve has a pressure limiting effect which affords 
a certain amount of protection against motor 
overload and compressor flood-back at start-up. 

Cross-charged expansion valves are by no 
means limited to low temperature applications. 
They are also used extensively in commercial 
applications where pressure limiting is desired 
and where their varying superheat characteristic 
is not objectionable. In such applications, they 
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system refrigerant, usually one which has a 
boiling point somewhat below that of the system 
refrigerant, so that the pressure change in the 
bulb per degree of suction superheat is more 
substantial at the desired operating temperature 
of the valve. This will permit operation of the 
valve with a normal amount of suction super
heat. 

Expansion valves whose bulbs are charged 
with fluids other than the system refrigerant 
are called "cross-charged" valves because the 
pressure-temperature curve of the fluid crosses 
the pressure-temperature curve of the system 
refrigerant. Notice in Fig. 17-16 that the 
pressure-temperature curve of the bulb fluid 
(curve B) is somewhat flatter than that of the 
system refrigerant (curve A), so that as the 
evaporator pressure increases, a greater amount 
of suction superheat is required to bring the 

Temperature (°F) 

are often preferable to the gas-charged valve 
because they have less tendency to "hunt" and 
because the remote bulb location is not so 
critical. However, cross-charged valves are not 
suitable for air conditioning installations since 
these systems require a constant superheat for 
optimum performance. 

Since a cross-charged valve will perform 
satisfactorily only within a given temperature 
range, several different types of cross charges 
are required for the various temperature ranges. 
Naturally, in ordering a cross-charged valve, 
the desired operating temperature range must 
be stated so that a valve with the proper cross 
charge can be selected. 
17-10. Multloutlet Valves and Refrl1erant 
Distributors. When an evaporator has more 
than one refrigerant circuit, the refrigerant 
from the expansion valve is delivered to the 
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Diverpnt section 
Gradual raduction in 
velocity-<Ontour flow 

utile turbulence 

Pressure recovery-low pressure drop 
Fll• 17·18. Flow through a venturi-type distributor. 
(Courtesy Alco Valve Company.) 

Fl1.17·17. Multioutletthermo
static expansion valve. (Cour
tesy Alco Valve Company.) 

various evaporator circuits through a refrigerant 
distributor. In some instances the refrigerant 
distributor is an integral part of the valve itself. 
In others, it is a completely separate unit. In 
either case, it is important that the design of the 
distributor is such that the liquid-vapor mixture 
leaving the valve be evenly distributed to all of 
the evaporator circuits, if peak evaporator 
performance is to be expected. 

A multioutlet expansion valve incorporating 
a refrigerant distributor is shown in Fig. 17-17. 
Since expansion and distribution of the refrig
erant occur simultaneously within the valve 
itself, this, along with the carefully proportioned 
passages through the radial distributor, assures 
even distribution of a homogeneous mixture of 
liquid and vapor to each of the several evapora
tor circuits. 

Four different types of refrigerant distributors 
are in common use at the present time: (1) the 
venturi type, (2) the pressure drop type, (3) the 
centrifugal type, and (4) the manifold type. 
Any of these distributors can be used with any 
standard, single-outlet expansion valve. 

A venturi-type distributor, along with its 
ftow characteristics, is shown in Fig. 17-18. 
This type of distributor utilizes the venturi 
principle of a large percentage of pressure 
recovery, and depends on contour ftow for 
equal distribution of the liquid-vapor mixture 



Fla. 17-19. Pressure drop-type 
distributor. (Courtesy Sporlan 
Valve Company.) 

Retainer Nozzle 
ring 

to each of the evaporator circuits. This distri
butor provides a minimum of turbulence and a 
minimum over-all pressure loss, the pressure 
loss being confined only to wall frictional losses. 
It may be mounted in any position. 

A pressure drop-type distributor and its flow 
pattern is shown in Fig. 17-19. The following 
description is condensed from the manufacturer's 
catalog data. • 

The distributor consists of a body or housing, 
the outlet end of which is drilled to receive the 
tubes connecting the distributor to the evapora
tor. The inlet end is recessed to receive an 
interchangeable nozzle which is held in place by 
a snap ring. The refrigerant, after leaving the 
expansion valve, enters the distributor inlet and 
passes through the nozzle. The nozzle orifice is 
sized to produce a pressure drop which increases 
the velocity of the liquid, thereby homogen
eously mixing the liquid and vapor and elimin
ating the effect of gravity. The nozzle orifice 
centers the flow of refrigerant so that it impinges 
squarely on the center of the conical button 
inside the distributor body. The outlet passage 
holes are accurately spaced around the base of 
the conical button so that the mixture coming 
off the button divides evenly as it enters these 
holes. The orifice size of the nozzle determines 

• Sporlan Valve Company. 
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Body 

Exploded View 

(a) 

(b) 

Tubing 

the capacity of the distributor, and the pressure 
drop prevents separation of flash gas from the 
liquid, causing a homogeneous · mixture of 
liquid and vapor to pass through the distributor. 

A centrifugal-type distributor is illustrated in 
Fig. 17-20. This type of distributor depends 
upon a high entrance velocity to create a 

External equalizer line 

Thermostatic 
J!lt----tt- expansion 

valve 

Fl1. 17-20. Single outlet thermostatic expansion 
valve and centrifugal-type distributor. (Courtesy 
Alco Valve Company.) 
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Fig. 17-11. Single outlet thermostatic expansion 
valve and manifold-type distributor. (Courtesy Alco 
Valve Company.) 

swirling effect which maintains a homogeneous 
mixture of the liquid and flash gas and which 
distributes the mixture evenly to each of the 
evaporator tubes. 

A manifold or Weir type distributor is 
illustrated in Fig. 17-21. This type of distri
butor depends upon level mounting and low 
entrance velocities to insure even distribution 
of the refrigerant to the evaporator circuits. 
A baffle is often installed in the header in order 
to minimize the tendency to overfeed the 
evaporator circuits directly in front of the 
heater inlet connection. Too, an elbow installed 
between the expansion valve and the header 
inlet will usually reduce the refrigerant velocity 
and help prevent unequal distribution of the 
refrigerant to the evaporator circuits. 

Some typical distributor applications are 
shown in Fig. 17-22. 
17-11. Expansion Valve Location. For best 
performance, the thermostatic expansion valve 
should be installed as close to the evaporator as 
possible. With the exception of a refrigerant 
distributor, where one is· used, there should be 
no restrictions of any kind between the eva
porator and the expension valve. When it is 
necessary to locate a hand valve on the outlet 
side of the valve, the hand valve should have a 
full sized port. 

Since there is enough liquid in a liquid 
charged expansion valve to insure that control 
of the valve will remain with the bulb under 
all conditions, a liquid charged thermostatic 
expansion valve can be installed in any position 
(power head up, down, or sideways), either 
inside or outside of the refrigerated space, 
without particular concern for the relative 
temperatures of the valve body and remote bulb. 
On the other hand, gas charged valves must be 
installed so that the valve body is always warmer 
than the remote bulb, preferably with the power 
head up. 

With the exception of the manifold-type 
distributor, when a refrigerant distributor is 
used, the valve should be installed as close to 
the distributor as possible. 

fll• 17-11. Illustrating applications of refrigerant 
distributors. (Courtesy Sporlan Valve Company.) 



17-12. Remote Bulb Location. To a large 
extent, the performance of the thermostatic 
expansion valve depends upon the proper 
location and installation of the remote bulo. 
When an external remote bulb is used (mounted 
on the outside, rather than the inside of the 
refrigerant piping) as is normally the case, the 
bulb should be clamped firmly (with metal 
clamps) to a horizontal section of the suction 
line near the evaporator outlet, preferably 
inside the refrigerated space. 

Since the remote bulb must respond to the 
temperature of the refrigerant vapor in the 
suction line, it is essential that the entire length 
of the remote bulb be in good thermal contact 
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liquid will flood back to the compressor when 
the compressor starts. When the remote bulb 
is located inside the refrigerated space, the 
temperature difference between the fixture 
temperature and the evaporator temperature is 
not usually large enough to affect adversely 
expansion valve operation. However, when it is 
necessary to locate the bulb outside the refrig
erated space, both the bulb and the suction 
line must be well insulated from the surround
ings. The insulation must be nonhydroscapoic 
and must extend at least 1 ft or more beyond 
the bulb location on both sides of the bulb. 

Care must be taken also to locate the thermal 
bulb at least 1l ft from the point where an 

:mm: , 
Fl1. 17-23. Usual location of 
expansion valve remote bulb. 
(Courtesy Alco Valve Com
pany.) 

with the suction line. When an iron pipe or 
steel suction line is used, the suction line should 
be cleaned thoroughly at the point of bulb 
location and painted with aluminum paint in 
order to minimize corrosion. On suction lines 
under t in. OD, the remote bulb is usually 
installed on top of the line. For suction lines 
t in. OD and above, a remote bulb located in 
a position of 4 or 8 o'clock (Fig. 17-23) will 
normally give satisfactory control of the valve. 
However, since this is not true in all cases, the 
optimum bulb location is often best determined 
by trial and error. 

It is important also that the remote bulb be 
so located that it is not unduly inftuenced by 
temperatures other than the suction line tem
perature, particularly during the compressor off 
cycle. If the temperature of the bulb is per
mitted to rise substantially above that of the 
evaporator during the off cycle, the valve will 
open allowing the evaporator to become filled 
with liquid refrigerant, with the result that 

External bulb on small suction line 

External bulb on large suction line 

uninsulated suction line leaves a refrigerated 
fixture. When the bulb is located on the 
suction line too close to the point where the line 
leaves the refrigerated space, heat conducted 
along the suction line from the outside may 
cause the bulb pressure to increase to the 
extent that the valve will open and permit 
liquid to fill the evaporator during the off cycle. 

On air conditioning applications, when suit
able pressure limiting valves are employed, the 
remote bulb may be located either outside or 
inside the air duct, but always out of lhe direct 
air stream. On brine tanks or water coolers, 
the bulb should always be located below the 
liquid level at the coldest point. 

Whenever the bulb tocation is such that there 
is a possibility that the valve may open on the off 
cycle, a solenoid valve should be installed in the 
liquid line directly in front of the expansion 
valve so that positive shut-off of the liquid 
during the off cycle is assured. The system then 
operates on a pump-down cycle. 
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expansion 
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expansion 
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Fig. 17-:z.t. (a) Remote bulb location shown trapped. 
(b) Remote bulb location shown free draining. (Cour
tesy Alco Valve Company.) 

Under no circumstances should a remote bulb 
ever be located where the suction line is trapped. 
Any accumulation of liquid in the suction line 
at the point where the remote bulb is located 
will cause irregular operation (hunting) of the 
expansion valve. Except in a few special cases, 

the remote bulb must be located on the evapora
tor side of a liquid-suction heat exchanger. 

Several of the more common incorrect 
remote bulb applications are shown in Figs. 
11·24 through 17-26, along with recommended 
corrections for piping and remote bulb locations 
to avoid these conditions. In Fig. 17-24, liquid 
can trap in the suction line at the evaporator 
outlet, causing the loss of operating superheat 
and resulting in irregular operation of the valve 
due to alternate drying and filling of the trap. 
If valve operation becomes too irregular, liquid 
may be blown back to the compressor by the gas 
which forms in the evaporator behind the trap. 

Figure 17-25 illustrates the proper remote 
bulb location to avoid trapped oil or liquid from 
affecting the operation of the expansion valve 
when the suction line must rise at the evaporator 
outlet. Liquid or oil accumulating in the trap 
during the off cycle will not affect the remote 
bulb and can evaporate without "slugging" to 
the compressor when the compressor is started. 
This piping arrangement is often used deliber
ately on large installations to avoid the possi
bility of liquid slugging to the compressor. 

Figure 17-26 illustrates the incorrect appli
cation of the remote bulb on the suction header 
of an evaporator. With poor air circulation 
through the evaporator, liquid refrigerant can 
pass through some of the evaporator circuits 
without being evaporated and without affecting 
the remote bulb, a condition which can cause 
ftood back to the compressor. The correct 
remote bulb location is shown by the dotted 
lines. However, correcting the remote bulb 
location in this instance will do nothing to 

Thermo expansion valve 
External equalizer line 

FIJ. 17-25. Recommended remote bulb location and 
schematic piping for rising suction line. (Courtesy 
Alco Valve Company.) 



improve the poor air distribution, but will only 
prevent flood back to the compressor. The air 
distribution must be approached as a separate 
problem. 

Since a trapped or partially trapped suction 
line at the remote bulb location will cause poor 
expansion valve performance, care should 
always be taken to arrange the suction piping 
from the evaporator so that oil and liquid will 
be drained away from the remote bulb location 
by gravity. 

Location of the remote bulb on a vertical 
section of suction line should be avoided when
ever possible. However, in the event that no 
other location is possible, the bulb should be 
installed well above the liquid trap on a suction 
riser. 

In some instances, it is necessary or desirable 
to employ·a remote bulb well, so that the remote 
bulb is in effect installed inside of the suction line 
(see Fig. 17-27). As a general rule, a remote bulb 
well should be used when low superheats are 
required or when the remote bulb is likely to be 
influenced by heat conducted down the suction 
line from a warm space. It is desirable also in 
installations where the suction line is very short 
or where the size of the suction line exceeds 
2lin. OD. 
17-13. External Equalizer Location. In 
general, an external equalizer should be used in 
any case where the pressure drop through the 
evaporator is sufficient to cause a drop in the 
saturation temperature of the refrigerant in 
excess of r F at evaporator temperatures above 
oo F or in excess of approximately 1 o F at 
evaporator temperatures below oo F. Naturally, 

Thermo expansion valve 

Equalizer line 

FIJ. 17-:U. Correct remote bulb location on "short 
circuiting" evaporator to prevent "flood back." 
(Courtesy Alco Valve Company.) 
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FIJ. 17-17. Remote bulb well and sullfllll'td pipinc. 
(Courtesy Alco Valve Company.) 

because of the pressure-temperature relationship 
of the refrigerant, the maximUm permissible 
pressure drop will vary with the individual 
refrigerant and with the operating temperature 
range. For example, with regard to Refrigerant-
12, the permissible pressure drop is approxi
mately 2.5 psi when the evaporator temperature 
is about 40o F, whereas for evaporator tempera
tures below oo F, the permissible evaporator 
pressure drop is only approximately 0.5 psi. 

External equalizers are required also whenever 
multioutlet expansion valves or refrigerant dis
tributors are employed, regardless of whether or 
not the pressure drop through the evaporator is 
excessive. In such installations, the external 
equalizer is required in order to compensate for 
the pressure drop suffered by the refrigerant in 
passing through the distributor. 

It should be emphasized at this point that the 
refrigerant pressure loss in a refrigerant distri
butor in no way affects the capacity or efficiency 
of the system, provided that the expansion valve 
has been properly selected (see Section 17-14). 
In any system, with or without a distributor, the 
refrigerant must undergo a drop in pressure 
between the high and low pressure side of the 
system. On systems without distributors, all of 
this pressure drop is taken across the valve. 
When a distributor is employed, a port~on of the 
pressure drop occurs in the distributor and the 
remainder across the valve. The total pressure 
drop and refrigerating effect are the same in 
either case. 

ThiS is not true, however, when the pressure 
loss is in the evaporator itself. As described in 
Section 8-9, any refrigerant pressure drop in the 



318 PRINCIPLES OF REFRIGERATION 

evaporator tends to reduce the capacity and 
efficiency of the system. Hence, evaporators 
having excessive pressure drops should be 
avoided whenever possible. 

As a general rule, the external equalizer 
connection is made on the suction line 6 to 8 in. 
beyond the expansion valve bulb on the com
pressor side. However, in applications where 
the external equalizer is used to offset pressure 
drop through a refrigerant distributor and the 
pressure drop through the evaporator is not 
excessive, the external equalizer may be con
nected either to one of the feeder tubes or to one 
of the evaporator return bends at approximately 
the midpoint of the evaporator. When the 
external equalizer is connected to a horizontal 
line, it should be installed on top of the line in 
order to avoid the drainage of oil or liquid into 
the equalizer tube. 
17·14. Expansion Valve Rating and Selec· 
tlon. Before the proper size valve can be 
selected, a decision must be made as to the exact 
type of valve desired with respect to bulb charge, 
pressure limiting, the possible need for an 
external equalizer, and the size of the valve inlet 
and outlet connections. Obviously, the nature 
and conditions of the application will determine 
the type of bulb charge and also whether or not a 
pressure limiting valve is needed. An externally 
equalized valve should be used whenever the 
pressure drop through the evaporator is sub
stantial and/or when a refrigerant distributor is 
employed. The size of the inlet and outlet 
connections of the valve should be equal to 
those of the liquid line and evaporator, respec
tively. A slight reduction in size at the evapora
tor inlet is permissible. 

Once a decision has been made on all of the 
foregoing, the proper sire valve can be selected 
from the manufacturer's catalog ratings. Table 
R-20 is a typical thermostatic expansion valve 
rating table. The expansion valves are rated in 
tons of refrigerating capacity (or Btu/hr) at 
various operating conditions. Normally, valve 
ratings are based on a condensing temperature 
of 100° F with zero degrees of subcooling, but 
with solid liquid approaching the valve. 

In order to select the proper size valve from 
the rating table, the following data should be 
known: (1) the evaporator temperature, (2) the 
system capacity in tons, and (3) the available 
pressure difference across the valve. In general, 

the first two factors determine the required 
liquid flow rate through the valve, whereas the 

'latter determines the size orifice required to 
deliver the desired flow rate, the flow rate 
through the orifice being proportional to the 
pressure differential across the valve. 

The pressure difference across the valve can 
never be taken as the difference between the 
suction and discharge pressures as measured at 
the compressor. When these two pressures are 
used as a basis for determining the pressure 
difference across the expansior: valve, an allow
ance must always be made for the pressure losses 
which accrue between the expansion valve and 
the compressor on both the low and high 
pressure sides of the system. This includes the 
refrigerant distributor when one is used. 

When the available pressure difference across 
the expansion valve has been determined, a 
valve should be selected from the manufacturer's 
rating table which has a capacity equal to or 
slightly in excess of the system capacity at the 
system design operating conditions. 

Example 17-1. From Table R-20, select the 
proper size expansion valve for a Refrigerant-12 
system, if the desired capacity is 8 tons at a 20° F 
ev'lporator temperature and the available 
pressure drop across the expansion valve is 
approximately 65 psi. 

Solution. From Table R-20, select expansion 
valve Model #TJLllOOF, which has a capacity 
of 8.1 tons at a 20° F evaporator temperature 
when the pressure drop across the valve is 60 
psi. The letters in the model number indicate 
valve type and refrigerant. 

Thermostatic expansion valves will not 
operate satisfactorily at less than 50% of their 
rated capacity. Therefore, when the load on the 
system is likely to fall below 50% of the design 
load, the evaporator should be split into two or 
more separate circuits, with each circuit being 
fed by an individual expansion valve. With this 
arrangement it is possible to cycle out portions 
of the evaporator' as the load on the system fall 
off so that the load on any one expansion valve 
never drops below 50% of the design capacity of 
the valve. 
17-15. Capillary Tubes. The capillary tube 
is the simplest of all refrigerant flow controls, 
consisting merely of a fixed length of small 
diameter tubing installed between the condenser 



and the evaporator in place of the conventional 
liquid line (Fig. 17-28). Because of the high 
frictional resistance resulting from its length and 
small bore, the capillary tube acts to restrict or 
to meter the flow of liquid from the condenser 
to the evaporator and also to maintain the 
required operating pressure differential between 
these two units. 

For any given tube length and bore, the 
resistance of the tube is fixed or constant so that 
the liquid flow rate through the tube at any one 
time is always proportional to the pressure 
differential across the tube, said pressure differ
ential being the difference between the vaporizing 
and condensing pressures of the system. Like
wise, the greater the frictional resistance of the 
tube (the longer the tube and/or the smaller the 
bore), the greater is the pressure differential 
required for a given flow rate. 

Since the capillary tube and the compressor 
are connected in series in the system, it is 
evident that the flow capacity of the tube must of 
necessity be equal to the pumping capacity of 
the compressor when the latter is in operation. 
Consequently, if the system is to perform 
efficiently and balance out at the design operat
ing conditions, the length and bore of the tube 
must be such that the flow capacity of the tube 
at the design vaporizing and condensing pres
sures is exactly equal to the pumping capacity 
of the compressor at these same conditions. 

In the event that the resistance of the tube is 
such that the flow capacity of the tube is either 
greater than or less than the pumping capacity 
of the compressor at the design conditions, a 
balance will be established between these two 
components at some operating conditions other 
than the system design conditions. For example, 
if the resistance of the tube is too great (tube too 
long and/or bore too small), the capacity of the 
tube to pass liquid refrigerant from the con
denser to the evaporator will be less than the 
pumping capacity of the compressor at the 
design conditions, in which case the evaporator 
will become starved while the excess liquid will 
back-up in the lower portion of the condenser at 
the entrance to the capillary tube. Naturally, 
starving of the evaporator will result in lowering 
the suction pressure, whereas the build-up of 
liquid in the condenser will result in a reduction 
of the effective condensing surface and, con
sequently, an mcrease in the condensing tern-
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Accumulator 

Capillary tube bonded 
to suction line for ---;.., 

heat exchange 

Capillary tube 

Strainer 
Fl1. 17-28. Capillary tube system. 

perature. Hence, the net effect of too much 
restriction in the capillary tube is to lower the 
suction pressure and raise the condensing 
pressure. Since both these conditions tend to 
increase the flow capacity of the tube and, at the 
same time, decrease the pumping capacity of the 
compressor, it is evident that the system will 
eventually establish equilibrium at some operat
ing conditions where the capacity of the tube 
and the capacity of the compressor are exactly 
the same. In this instance, the point of balance 
will be at a lower suction pressure and a higher 
condensing pressure than the system design 
pressures. Too, since the capacity of the com
pressor is reduced at these conditions, the over
all system capacity will be less than the design 
capacity. 

On the other hand, when the !ube does not 
have enough resistance (tube too short and/or 
bore too large), the flow capacity of the tube 
will be greater than the pumping capacity of the 
compressor at the design conditions, in which 
case overfeeding of the evaporator will result 
with the danger of possible liquid flood-back to 
the compressor. Also, there will be no liquid 
seal in the condenser at the entrance tc the tube 
and, therefore, uncondensed gas will be allowed 
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to enter the tube along with the liquid. Ob
viously, the introduction of latent heat into the 
evaporator in the form of uncondensed gas will 
have the effect of reducing the system capacity. 
Furthermore, because of the excessive flow rate 
through the tube, the compressor will not be 
able to reduce the evaporator pressure to the 
desired low level. 

From the foregoing it is evident that the 
design of the capillary tube must be such that 
the flow capacity of the tube is identical to the 
pumping capacity of the compressor at the 
system design conditions. It is evident also that 
a system employing a capillary tube will operate 
at maximum efficiency only at one set of operat
ing conditions. At all other operating con
ditions, the efficiency of the system will be some
what less than maximum. However, it should 
be pointed out that the capillary tube is self
compensating to some extent and, if properly 
designed and applied, will give satisfactory 
service over a reasonable range of operating 
conditions. Normally, as the load on the system 
increases or decreases, the flow capacity of the 
capillary tube increases or decreases, respec- . 
tively, because of the change in condensing 
pressure which ordinarily accompanies these 
changes in system loading. 

The capillary tube differs from other types of 
refrigerant flow controls in that it does not close 
off and stop the flow of liquid to the evaporator 
during the off cycle. When the compressor 
cycles off, the high and low side pressures 
equalize through the open capillary tube and 
any residual liquid in the condenser passes to 
the low pressure evaporator where it remains 
until the compressor cycles on again. For this 
reason, the refrigerant charge in a capillary tube 
system is critical and no receiver tank is em
ployed between the condenser and the capillary 
tube. In all cases, the refrigerant charge should 
be the minimum which will satisfy the require
ments of the evaporator and at the same time 
maintain a liquid seal in the condenser at the 
entrance to the capillary tube during the latter 
part of the operating cycle. Any refrigerant in 
excess of this amount will only back up in the 
condenser, thereby increasing the condensing 
pressure which, in turn, reduces the system 
efficiency and tends to unbalance the system by 
increasing the flow capacity of the tube. If the 
overcharge is sufficiently large, overloading of 

the compressor driver may also result. How
ever, of more importance is the fact that all of 
the excess liquid in the condenser will pass to 
the evaporator during the off cycle. Being at the 
condensing temperature, a substantial amount 
of such liquid will cause the evaporator to warm 
up rapidly, thereby causing defrosting of the 
evaporator and/or short cycling of the com
pressor. Moreover, where a considerable 
amount of liquid enters the evaporator during 
the off cycle, flood-back to the compressor is 
likely to occur when the compressor cycles on. 

Other than its simple construction and low 
cost, the capillary tube has the additional 
advantage of permitting certain simplifications 
in the refrigerating system which further reduces 
manufacturing costs. :Because the high and low 
pressure equalize through the capillary tube 
during the off cycle, the compressor starts in an 
"unloaded" condition. This allows the use of a 
low starting torque motor to drive the com
pressor; otherwise a more expensive type of 
motor would be required. Furthermore, the 
small and critical refrigerant charge required by 
the capillary tube system results not only in 
reducing the cost of the refrigerant but also in 
eliminating the need for a receiver tank. Natu
rally, all these things represent a substantial 
savings in the manufacturing costs. Thus, 
capillary tubes are employed almost universally 
on all types of domestic refrigeration units, such 
as refrigerators,. freezers, and room coolers. 
Man:y are used also on small commercial 
packaged units, particularly packaged air con
ditioners. 

Capillary tubes should be employed only on 
those systems which are especially designed for 
their use. They are best applied to close-coupled, 
packaged systems having relatively constant 
loads and employing hermetic motor-com
pressors. Specifically, a capillary tube should 
not be used in conjunction with an open type 
compressor. Because of the critical refrigerant 
charge, an open type compressor may lose suffi
cient refrigerant by seepage around the shaft 
seal to make the system inoperative in only a 
very short time. 

The use of capillary tubes on remote systems 
(compressor located some distance from the 
evaporator) should also be avoided as a general 
rule. Such systems are very difficult to charge 
accurately. Furthermore, because of the long 



liquid and suction lines, a large charge of refrig
erant is required, all of which concentrates in 
the evaporator during the off cycle. Serious 
flood-back to the compressor is likely to occur 
at start-up unless an adequate designed accumu
lator is installed in the suction line. 

Condensers designed for use with capillary 
tubes should be so constructed that liquid drains 
freely from the condenser into the capillary tube 
in order to prevent the trapping of liquid in the 
condenser during the off cycle. Any liquid 
trapped in the condenser during the off cycle 
will evaporate and pass through the tube to the 
evaporator in the vapor state rather than in the 
liquid state. The subsequent condensation of 
this vapor in the evaporator will unnecessarily 
add latent heat to the evaporator, thereby 
reducing the capacity of the system. 

Too, the diameter of the condenser tubes 
should be kept as small as is practical so that a 
minimum amount of liquid backed-up in the 
condenser at the tube inlet will cause a maxi
mum increase in the condensing pressure and 
therefore a maximum increase in the flow 
capacity of the tube. 

Evaporators intended for use with capillary 
tubes should provide for liquid accumulation at 
the evaporator outlet in order to prevent liquid 
flood-back to the compressor at start-up (Fig. 
17-28). The function of the accumulator is to 
absorb the initial surge of liquid from the 
evaporator as the compressor starts. The liquid 
then vaporizes in the accumulator and returns 
to the compressor as a vapor. To expedite the 
return of oil to the compreSsor crankcase, liquid 
from the evaporator usually enters at the bottom 
of the accumulator, whereas the suction to the 
compressor is taken from the top. 

In most cases, best performance is obtained 
when the capillary tube is connected directly 
between the condenser and the evaporator 
without an intervening liquid line. When the 
condenser and evaporator are too far apart to 
make direct connection practical, some other 
type of refrigerant control should ordinarily be 
used. 

Bonding (soldering) the capillary tube to the 
suction line for some distance in order to 
provide a heat transfer relationship between the 
two is usually desirable in that it tends to mini
mize the formation of flash gas in the tube. 
Flash gas, formed in the tube because of the 
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gradual expansion of the liquid as its pressure is 
reduced, seriously reduces the flow capacity of 
the tube. When the tube ·is not bonded to the 
suction line, the tube must be shortened suffi
ciently to offset the throttling action of the vapor 
in the tube. 
17-16. Flooded Evaporator Control. Re
frigerant flow controls employed with flooded 
evaporators are usually of the float type. The 
float control consists of a buoyant member 
(hollow metal ball, cylinder or pan) which is 
responsive to refrigerant liquid level and which 
acts to open and close a valve assembly to admit 
more or less refrigerant into the evaporator in 
accordance with changes in the liquid level in 
the float chamber. The float chamber may be 
located on either the low pressure side or high 
pressure side of the system. When the float is 
located on the low pressure side of the system, 
the float control is called a low pressure float 
control. When the float is located on the high 
pressure side of the system, the float control is 
known as a high pressure float control. 

The principal advantage of the flooded evap
orator lies in the higher evaporator capacity 
and efficiency which is obtained therefrom. 
With flooded operation, the refrigerant in all 
parts of the evaporator is predominately in the 
liquid state and a high refrigerant side tube 
coefficient is produced, as compared to that 
obtained with the dry-expansion type evaporator 
wherein the refrigerant in the evaporator is 
predominately in the vapor state, especially in 
the latter part of the evaporator. For this 
reason, float controls (flooded evaporators) are 
used extensively in large liquid chilling installa
tions where advantage can be taken of the high 
refrigerant side conductance coefficient. On the 
other hand, because of their bulk and the rela
tively large refrigerant charge required, float 
controls are seldom employed on small appli
cations, having been discarded in this area in 
favor of the smaller, more versatile thermostatic 
expansion valve or the simpler, more economical 
capillary tube. 
17-17. Low Pressure Float Control. The 
low pressure float control (low side float) acts 
to maintain a constant level of liquid in the 
evaporator by regulating the flow of liquid 
refrigerant into that unit in accordance with the 
rate at which the supply of liquid is being 
depleted by vaporization. It is responsive only 
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to the level of liquid in the evaporator and will 
maintain the evaporator filled with liquid refrig
erant to the desired level under all conditions 
of loading without regard for the evaporator 
temperature and pressure. 

Operation of the low pressure float valve may 
be either continuous or intermittent. With con
tinuous operation, the low pressure float valve 
has a throttling action in that it modulates 

FIJ. 17-29. Low side float 
valve controlling liquid level in 
accumulator. Note liquid pump 
used to recirculate refrigerant 
through evaporator. 

toward the open or closed position to feed more 
or less liquid into the evaporator in direct res
ponse to minor changes in the evaporator liquid 
level. For intermittent operation, the valve is so 
designed that it responds only to minimum and 
maximum liquid levels, at which points the valve 
is either fully open or fully closed as the result 
of a toggle arrangement built into the valve 
mechanism. 

Point A should be above 
- liquid level in float chamber 

t;r======~ 
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to suction line ahead 
of interchanger 

Metering valve 

Strainer and solenoid 
valve. Valve normally 
closed except when 
compressor is operating 

Do not use 
pilot operated 
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FIJ. 17-30. Flooded evaporator (recirculating injector circulation). (Courtesy General Electric.) 



The low pressure float may be installed 
directly in the evaporator or accumulator in 
which it is controlling the liquid level (Fig. 11-1 ), 
or it may be installed external to these units in a 
separate float chamber (see Fig. 17-29). 

On large capacity systems, a by-pass line 
equipped with a hand expansion valve is usually 
installed around the float valve in order to 
provide refrigeration in the event of float valve 
failure. Too, hand stop valves are usually in
stalled on both sides of the float valve so that 
the latter can be isolated for servicing without 
the necessity for evacuating the large refrigerant 
charge from the evaporator (Fig. 17-29). Notice 
also in Fig. 17-29 the liquid pump employed to 

Fl1. 17-31. High pressure float 
valve. 

provide forced circulation of the refrigerant 
through the evaporator tubes. It is of interest 
to compare this method of recirculation to the 
injection method of recirculation shown in Fig. 
17-30, and with the gravity recirculation method 
shown in Fig. 11-1. The hand expansion valve 
in the by-pass line around the liquid pump in 
Fig. 17-29 is to provide refrigeration in the event 
of pump failure. 

Low pressure float valves may be used in 
multiple or in parallel with thermostatic expan
sion valves. In many instances, a single low 
pressure float valve can be used to control the 
liquid flow into several different evaporators. 
17-18. Hi1h Pressure Float Valves. Like the 
low pressure float valve, the high pressure float 
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valve is a liquid level actuated refrigerant flow 
control which regulates the flow of liquid to the 
evaporator in accordance with the rate at which 
the liquid is being vaporized. However, whereas 
the low pressure float valve controls the evapora
tor liquid level directly, the high pressure float 
valve is located on the high pressure side of the 
system and controls the amount of liquid in the 
evaporator indirectly by maintaining a constant 
liquid level in the high pressure float chamber 
(Fig. 17-31). 

The operating principle of the high pressure 
float valve is relatively simple. The refrigerant 
vapor from the evaporator condenses into the 
liquid state in the condenser and passes into the 

Weighted~ 
valve pin -

Intermediate valve 
(pressure reducing valve) 

~ 

float chamber and raises the liquid level in that 
component, thereby causing the float ball to rise 
and open the valve port so that a proportional 
amount of liquid is released from the float 
chamber to replenish the supply of liquid in the 
evaporator. Since vapor is always condensed in 
the condenser at the same rate that the liquid is 
vaporized in the evaporator, the high pressure 
float valve will continuously and automatically 
feed the liquid back to the evaporator at a rate 
commensurate with the rate of vaporization, 
regardless of the system load. When the com
pressor stops, the liquid level in the float chamber 
drops, causing the float valve to close and 
remain elosed until the compressor is started 
again. 
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Since the high pressure float valve permits 
only a small and fixed amount of refrigerant to 
remain in the high pressure side of the systeni., 
it follows that the bulk of the refrigerant charge 
is always in the evaporator, and that the re
frigerant charge is critical. An overcharge of 
refrigerant will cause the float valve to overfeed 
the evaporator with the result that liquid re
frigerant will flood back to the compressor. 
Moreover, if the system is seriously overcharged, 
the float valve will not throttle the liquid flow 
sufficiently to allow the compressor to reduce the 
evaporator pressure to the desired low level. 
On the other hand, if the system is under
charged, operation of the float will be erratic and 
the evaporator will be starved. 

The high pressure float valve may be used 
with a dry-expansion type evaporator as shown 
in Fig. 17-31, or with a flooded-type evaporator 
as shown in Fig. 17-32. With the latter, liquid 
refrigerant is expanded into the surge drum (low 
pressure receiver) from where it flows into the 

FIJ. 17-33. High pressure float 
valve. (Courtesy Alco Valve 
Company.) 

liquid line 

Condenser 

SeJVice valve 

Receiver 
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Fl1. 17-32. Typical high pres
sure float valve application. 
(Courtesy Alco Valve Com· 
pany.) 

evaporator through the drop leg pipe attached 
to the bottom of the surge drum. The suction 
vapor is drawn off at the top of the surge drum, 
as is the flash gas resulting from the expansion 
of the liquid as it passes through the float valve. 
To prevent liquid flood-back during changes in 
loading, the surge drum should have a volume 
equal to at least 25 % of the evaporator 
volume. 

The construction of a typical high pressure 
float valve is illustrated in Fig. 17-33. Notice 
that the float valve opens on a rising liquid level 
and that the construction of the valve pin and 
float arm pivot are such that the weight of the 
float ball will move the valve pin in a closing 
direction as the liquid refrigerant recedes in the 
float chamber. Notice also that the float ball is 
so positioned that the valve seat is always sub
merged in the liquid refrigerant in order to 
eliminate the possibility of wire-drawing by high 
velocity gas passing through the valve pin and 
seat. Too, the high pressure float assembly 



contains a vent tube to prevent the float 
chamber from becoming gas bound by non
condensible gases which may otherwise collect 
in the chamber and build up a pressure, thereby 
preventing liquid refrigerant from entering the 
chamber. The use of the vent tube makes 
possible the installation of the high pressure 
float valve at a point above or below the con
denser without the danger of gas binding. 

Unlike the low pressure float control, the high 
pressure float control, being independent of the 
evaporator liquid level, may be installed either 
above or below that unit. However, the float 

line"'\. __£Fuse 

REFRIGERANT FLOW CONTROLS 325 

systems, a pilot valve is ordinarily employed for 
this purpose (see Section 17-21). 

Because of their operating characteristics, 
high pressure float controls cannot be employed 
in multiple or in parallel with other types of 
refrigerant flow controls. 
17-19. Float Switch. As shown in Fig. 17-34, 
a float switch can be employed to control the 
level of liquid in the evaporator. The float 
switch consists of two principal parts: (1) a 
float chamber equipped with a ball float which 
rises and falls with the liquid level in the 
evaporator and float chamber and (2) a mercury 
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Fig. 17-34. Baudelot cooler with float switch, solenoid liquid valve, evaporator pressure regulator, and 
solenoid pilot valve. (Courtesy Alco Valve Company.) 

valve should be -located as close to the evapora
tor as possible and always in a horizontal line in 
order to insure free action of the float ball and 
valve assembly. When the float is located some 
distance from the evaporator, it is usually 
necessary to provide some means of maintaining 
a high liquid pressure in the line between the 
float valve and the evaporator in order to 
prevent premature expansion of the liquid before 
it reaches the evaporator. In small systems, this 
is accomplished by installing an "intermediate" 
valve in the liquid line at the entrance to the 
evaporator (see inset of Fig. 17-31). In larger 

switch which is actuated by the ball float to open 
and close a liquid line solenoid valve when the 
level of liquid in the evaporator falls and rises, 
respectively. A hand expansion valve is in
stalled in the liquid line between the solenoid 
valve and the evaporator to throttle the liquid 
refrigerant and prevent surging in the evaporator 
from the sudden inrush of liquid when the 
liquid line solenoid opens and to eliminate short 
cycling of the solenoid valve. 

Float switches have many applications for 
operating electrical devices associated with the 
refrigerating system. They may be arranged for 
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reverse action (close on rise) by employing a 
reverse acting switch. 
17-:Z.O. Liquid Level Control with Thermo
static Expansion Valve. A thermostatic 
expansion valve with a specially designed 
thermal element can also be used to control the 
liquid level in flooded-type evaporators. Figure 
17-35 illustrates a typical installation on a 
vertical surge drum. 

Fig. 17-36. Pilot-operated ex· 
pansion valve--main regulator. 
(Courtesy Alco Valve Com
pany.) 

connections 

Fig. 17-35. Thermostatic ex
pansion valve used as liquid 
levelcontrol. (Courtesy Spor
lan Valve Company.) 

The specially designed thermal element is an 
insert bulb consisting of a low wattage electric 
heating element (approximately 15 watts) and a 
reservoir for the thermostatic charge. The 
heating element of the thermal bulb is a means 
of providing an artificial superheat to the 
thermostatic charge, which increases the bulb 
pressure and results in opening the port of the 
expansion valve allowing more refrigerant to be 



fed to the evaporator. As the liquid level in the 
evaporator rises and more liquid col)les in ~on
tact with the bulb the effect of the heater 
element is overcome, thereby decreasing the 
superheat and allowing the thermostatic expan
sion valve to throttle to the point of equilibrium 
or eventual shut-off. 

The thermostatic expansion valve is installed 
in the liquid line and may be arranged to feed 
liquid directly into the evaporator or accumula
tor (surge tank), into an accumulator drop leg, 
or into a coil header. 
17-21. Pilot Control Valves. Pilot operated 
liquid control valves are employed on large 

External 
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top of the piston in response to changes in the 
temperature and pressure of the suction vapor. 
When the superheat in the suction vapor 
increases, indicating the need of greater refrig
erant -flow, the pilot thermo valve moves in an 
opening direction and. supplies a greater pres
sure to the top of the piston thereby moving 
the piston in an opening direction and providing 
a greater flow of refrigerant. Conversely, when 
the suction vapor superheat decreases, indicating 
the need of a reduction in refrigerant flow, the 
pilot valve moves in a closing direction. This 
provides less pressure on top of the piston, per
mitting the piston to move in a closing direction 

equalizer line 

Note: When suction line rises dimension 
"A'" should be a~ short as possible 

Pilot thermo 
expansion valve 

Pilot solenoid 
liquid valve 

Fl1. 17-37. Pilot-operated thermo expansion valve on shell-and-tube-water cooler with refrigerant In the 
tubes. (Courtesy Alco Valve Company.) 

tonnage installations. The pilot valve actuating 
the liquid control valve is usually a thermostatic 
expansion valve, a low pressure float valve, or a 
high prtlssure float valve. A liquid control valve 
designed for use with a thermostatic expansion 
valve pilot is illustrated in Fig. 17-36. The 
liquid control valve opens when pressure is 
supplied to the top of piston "A" from the pilot 
line. The small bleeder port "B" in the top of 
the piston vents this pressure to the outlet 
(evaporator) side of the liquid control valve. 
When the pressure supply to the top of the 
piston is cut off, the cage spring "C" closes the 
liquid control valve. 

Figure 17-37 illustrates a pilot operated expan
sion valve installed on a direct expansion shell 
and tube chiller. The externally equalized 
thermostatic pilot valve supplies pressure to the 

and provide a smaller flow. In operation, the 
pilot valve and the main piston assume inter
mediate or throttling positions depending on 
the load. 

A liquid control valve designed for use with a 
high pressure float valve as a pilot is illustrated 
in Fig. 17-38. A system employing this type of 
refrigerant control is illustrated in Fig. 17-39. 
Operation of the high pressure float pilot is 
similar to that of the thermo expansion valve 
pilot. On a rise in the level in the pilot receiver, 
the float opens and admits high pressure liquid 
through the pilot line to the liquid control valve. 
piston. This pressure acts against a spring and 
opens the valve stem to admit liquid to the 
evaporator. As the level in the pilot receiver 
descends, the pilot valve closes and the high 
pressure in the pilot line is bled off to the low 
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Caution-for normal 
system operation 
stem should be 
screwed in until flats 
only are exposed. 

Fit• 17-38. Liq'uid control valve-high pressure. 
(Courtesy York Corporation.) 

side through an adjustable internal bleeder port 
in the liquid control valve. A pressure gage 
should be installed in the pilot line to facilitate 
adjusting the control valve during the initial 
start-up. 

A liquid control valve designed for use with 
a low pressure float pilot is shown in Fig. 17-40. 
A typical application of a low pressure float 
pilot is shown in Fig. 17-41. As the liquid level 
in the cooler drops, the low pressure float pilot 
opens and allows the, pressure in the pilot line 
to be relieved to the cooler so that the high 
pressure liquid acting on the bottom of the 
liquid control valve piston can lift the piston and 
admit more refrigerant to the cooler. As the 
level in the cooler builds up, the pilot float closes 
and high pressure liquid is bled into the area 
above the control piston through an internal 
bleeder in the bottom of the piston. The 
resulting high pressure on top of the piston 
causes the piston to drop down and close the 
main valve port. The latter bleeder is not 
adjustable, but modulation can be obtained by 

adjusting the pressure on the spring above the 
control piston. A gage is installed in the pilot 
line to aid in the adjustment of the valve at 
initial start-up. 
17-12. Solenoid Valves. Solenoid valves are 
widely used in refrigerant, water, and brine 
lines in place of manual stop valves in order to 
provide automatic operation. A few of their 
many functions in the refrigerating system are 
described at appropriate places in this book. 

A solenoid valve is simply an electrically 
operated valve which consists essentially of a 
coil of insulated copper wire and an iron core 
or armature (sometimes called a plunger) which 
is drawn into the center of the coil magnetic 
field when the coil is energized. By attaching a 
valve stem and pin to the coil armature, a valve 
port can be opened and closed as the coil is 
energized and de-energized, respectively. 

Although there are a number of mechanical 
variations, solenoid valves are of two principal 
types: (1) direct acting and (2) pilot operated. 
Small solenoid valves are usually direct acting 
(Fig. 17-42), whereas the larger valves are pilot 
operated (Fig. 17-43). In the direct acting valve, 
the valve stem attached to the coil armature 
controls the main valve port directly. In the 
pilot operated type, the coil armature controls 
only the pilot port rather than the main valve 
port. When the coil is energized, the armature 
is drawn into the coil magnetic field and the 
pilot port A is opened. This releases the 
pressure on top of the floating main piston B 
through the opeQ. pilot port, thereby causing a 
pressure unbalance across the piston. The 
higher pressure under the piston forces the 
piston to move upward, opening the main 
valve port C. When the coil is de-energized, the 
armature drops out of the coil magnetic field 
and closes the pilot port. The pressure immedi
ately builds up on top of the main piston, 
causing the piston to drop and close off the 
main valve port. 

Except where the solenoid valve is specially 
designed for horizontal installation, the solenoid 
valve must always be mounted in a vertical 
position with the coil on top. 

In selecting a solenoid valve, the size of the 
valve is determined by the desired flow rate 
through the valve and never by the size of the 
line in which the valve is to be installed. 
Consideration must also be given to the 
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(Courtesy York Corporation.) 
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maximum allowable pressure difference across 
the valve and to the pressure drop through the 
valve. 
17-ll. Suction Line Controls. Suction line 
controls are of two general types·: (1) evaporator 
pressure regulators and (2) suction pressure 
regulators. 

The function ot tne evaporator pressure 
regulator is to prevent the evaporator pressure. 
and therefore the evaporator temperature, from 
dropping below a certain predetermined mini
mum, regardless of how low the pressure in the 

Fls. 17-42. Small, direct-acting solenoid valve. 
(Courtesy Sporlan Valve Company.) 

suction line may drop because of the action of 
the compressor. It is important to recognize 
that the evaporator pressure regulator does not 
maintain a constant pressure in the evaporator 
but merely limits the minimum evaporator 
pressure. Evaporator pressure regulators are 
available with either throttling action (modu
lating) or snap-action (fully open or fully 
closed). The differential between the closing 
and opening points of the snap-action control 
not only gives close control of the product 
temperature but also provides for automatic 
defrosting of air-cooling evaporators when the 
temperatures in the space are sufficiently high 
to permit off-cycle defrosting. 
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Fl1. 17-43. Pilot-operated solenoid valve of the 
floating piston type. (Courtesy Sporlan Valve 
Company.) 

The throttling-type evaporator pressure 
regulator (Fig. 17-44) is never fully closed 
while the compressor is operating. As the load 
on the evaporator decreases and the evaporator 

Fis. 17-44. Throttling-type evaporator pressure' 
regulator. (Courtesy Controls Company of America.) 
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Fl1. 17.-t6. Crankcase pressure 
regulator. (Courtesy Sporlan 
Valve Company.) 

1 

Fl1. 17-45. Pilot-operated 
evaporator pressure regulator. 
(Courtesy Alco Valve Com
pany.) 
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pressure tends to fall below the preset minimum 
regulator pressure, the regulator modulates 
toward the closed position to throttle the 
suction vapor to the compressor, thereby 
maintaining the evaporator pressure above the 
desired minimum. As the load on the evaporator 
increases and the evaporator pressure rises 
above the regulator setting, the regulator 
modulates toward the open position so that at 
full load the regulator is in the full open 
position. 

Evaporator pressure regulators can be used 
in any installation when the evaporator pressure 
or temperature must be maintained above a 
certain minimum. They are widely used with 
water and brine chillers in order to prevent 
freeze-ups during periods of minimum loading. 
They are also used frequently in air-cooling 
applications where proper humidity control 
prescribes a minimum evaporator temperature. 
In multiple evaporator systems where the 
evaporators are all operated at approximately 
the same temperature, a single evaporator 
pressure regulator can be installed in the 
suction main to control the pressure in all the 
evaporators. On the other hand, where a 
multiple of evaporators connected to a single 
compressor are operated at different tempera
tures, a separate evaporator pressure regulator 
must be installed in the suction line of each of 
the higher temperature evaporators (see Section 
20-16). This arrangement prevents the pressures 
in the warmer evaporators from dropping 
below the desired minimum while the com
pressor continues to operate to satisfy the 
coldest evaporator. 

In large sizes, evaporator pressure regulators 
are pilot operated. The valve shown in Fig. 
17-45 is designed for either internal or external 
pilot control. With internal pilot control, 
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operation of the regulator is similar to that of 
the pilot solenoid described in the previous 
section. With external pilot control, operation 
of the regulator is similar to that of the pilot 
operated liquid control valve described in 
Section 17-21. 

It is of interest to notice that the solenoid 
pilot shown in Fig. 17-34 has nothing to do 
with the pressure regulating function of the 
evaporator pressure regulator. The use of the 
solenoid pilot permits the evaporator pressure 
to serve also as a suction stop valve. 

The function of the suction pressure regulator 
(Fig. 17-46), sometimes called a "crankcase 
pressure regulator" or a "suction pressure 
hold-back valve," is to limit the suction pressure 
at the compressor inlet to a. predetermined 
maximum, regardless of how high the pressure 
in the evaporator rises because of an increase 
in the evaporator load. The purpose of the 
suction pressure regulator is to protect the 
compressor driver from overload during periods 
when the evaporator pressure is above the 
normal operating pressure for which the 
compressor driver was selected. Suction 
pressure regulators are recommended for 
use on any installation where motor protec
tion is desired because the system is subject 
to: 

1. High starting loads. 
2. Surges in suction pressure. 
3. High suction pressure caused by hot gas 

defrosting or reverse cycle (heat pump) 
operation. 

4. Prolonged operation at excessive suction 
pressures. 

Like evaporator pressure regulators, suction 
pressure regulators in large sizes are pilot 
operated. 
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Compressor 
Construction 
and Lubrication 

Refrigerants 12, 22, 500 (Carrene 7), and 717 
(ammonia). 

As a general rule, because of limited valve 
areas, reciprocating compressors cannot be 
employed economically with low pressure 
refrigerants which require a large volumetric 
displacement per ton of capacity. Although 
best applied to systems having evaporator 
pressures above one atmosphere and relatively 
high condensing pressures, reciprocating com
pressors have also been used very successfully 
in both low temperature and ultra-low tem
perature installations. 

Reciprocating compressors are available in 
sizes ranging from l hp in small domestic 
units up through 100 hp or more in large 
industrial installations. The fact that recipro-
cating compressors can be manufactured 
economically in a wide range of sizes and 
designs, when considered along with its dura
bility and its high efficiency under a wide 

18-1. Types of Compressors. Three types variety of operating conditions, accounts for 
of compressors are commonly used for refrig- its widespread popularity in the refrigeration 
eration duty: (1) reciprocating, (2) rotary, field. 
and (3) centrifugal. The reciprocating and Reciprocating compressors are of two basic 
rotary types are positive displacement com- types: (1) single-acting, vertical, enclosed 
pressors, compression of the vapor being compressors and (2) double-acting, horizontal 
accomplished mechanically by means of a compressors employing crossheads and piston 
compressing member. In the reciprocating rods. In single-acting compressors, compression 
compressor, the compressing member is a of the vapor occurs only on one side of the 
reciprocating piston, whereas in the rotary piston and only once during each revolution 
compressor, the compressing member takes the of the crankshaft, whereas in double-acting 
form of a blade, vane, or roller. The centrifugal compressors, compression of the vapor occurs 
compressor, on the other hand, has no com- alternately on both sides of the piston so that 
pressing member, compression of the vapor compression occurs twice during each revolution 
being accomplished primarily by action of the of the crankshaft. 
centrifugal force which is developed as the vapor Vertical compressors are usually of the 
is rotated by a high speed impeller. enclosed type wherein the piston is driven 

All three compressor types have certain directly by a connecting rod working off the 
advantages in their own field of use. For th.. crankshaft, both connecting rod and crankshaft 
most part, the type of compressor employed in being enclosed in a crankcase which is pressure 
any individual application depends on the size tight to the outside, but open to contact with 
and nature of the installation and on the the system refrigerant (Fig. 18-1). Horizontal 
refrigerant used. compressors, on the other hand, usually employ 
18-1. Reciprocating Compressors. The re- crankcases which are open (vented) to the 
ciprocating compressor is by far the most outside, but isolated from the system refrigerant, 
widely used type, being employed in all fields in which case the piston is driven by a piston 
of refrigeration. It is especially adaptable for rod connected to a crosshead, which in turn, is 
use with refrigerants requiring relatively small actuated by a connecting rod working off the 
displacement and condensing at relatively crankshaft (Fig. 18-2). 
high pressures. Among the refrigerants used Because of its design, the horizontal com
extensively with reciprocating compressors are pressor is obviously not practical in small sizes 

U4 
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fl,. 18-1. l.a'J• capacity, 
rKiprocatin& QOmpressor 
showln& details o( tubricatlon 
system. (C~uriesy Vlltar 
Manufacturin& Company.) 

and therefore is limited to the larger Industrial 
applications. As compared to tbe ~rtlcal type. 
the horizontal comprcssor requires more Door 
space. but less head room. Also, while it is 
more expensive than the vertical type, it is also 
more a.ccc:s$ible for maintenance since the 

cranltcase i$ not exposed to the system refrig
erant. The principal disadvantage of the 
horizontal compressor is thai the packing or 
seal around the piston rod is subject to both 
the suction and dJscharge pressures, wh«eas in 
the vertical type compressor. the packing or 

Fll• 1a.1. Oonble~aedn&, horbontal compressor. Cylinder dearanc• ca.n be adjusted manually to obtain 
oapaclcy control. (Courtesy Worthlncton Corporation.) 
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-'around the crankshaft is subject only to tho 
suction p=sure. This disadvantage is made 
more serious because it is usually more diffic:ult 
to maintain a pressure tight seal around the 
reciprocating piston rod or the horizontal 
compressor than it is around the rotating shaft 
or the vertical type compressor. 

Vertical, single-acting reciprocating com
pressors differ considerably in design according 
to the type of duty for which they are intended. 
Numerous combinations or tho following 
design features are used in order to obtain tho 
desired ftexibility: (I) tho number and arrange
ment or the cylinders, (2) type or pistons, (3) 
type and arrangement of valves, (4) crank and 
pistOn speeds, (S) bore and stroke. (6) type or 
crankshaft, (7) method or lubrication, etc. 
18·3, Cylinders. The number of cylinders 
varic$ from as few as one to as many as sixteen. 
Jn multicylindercompressors, the cylinders may 
be arranged in line, radially, or at an angle to 
each other to form a Jl or W pattern. For two 
and three cylin~ compressors tho cylinders 
arc usually am.nged in line. Where four or 
more cyli~ are employed, Y, W, or radial 
arrangements are ordinarily used. In-line 
arrangements have tho advantage or requiring 
only a single valve plate, whereas J'l, W, anB 
radial arr.mgements provide better running 
balance and permit the cylinders to be stag· 
gored so that tho over-all compressor length is 
less. 

Compressor cylinders are usually construe~ 
of clooo-gra.ined cast iron whit!> is easily 
machined and oot subject to warping. For 
small compressors, tho cy~ and crankcase 
housing are often cast in one piece, a practice 
which permits very close alignment of tho 
working parts. For larger compressors, the 
cylinders and crankcase housing are usually cast 
separately and flanged and bolted together. 
As a general rule, the cylinden of the larger 
compressors are usually equipped with ..,. 
placeable liners or sleeves. 

Small compressors often have fins cast 
integral with tho cylinders and cylinder bead 
to increase cylinder cooling. whereas cylinder 
castings Cor larger compressors frequently 
conta.in water jaok.ets: for thit purpose. 
18-4. Pilton~. Pistons employed in rcfrigera· 
tion compressors are of two common types: 
(I) automotive and (2) double-trunk. For the 

most part. tho type or piston used depends on 
tho method or suction gas intake and on tho 
location or tho suction valves. Automotive-type 
pistons are used when tho suction gas enters tho 
cylin~ through suction valves located in the 
cylinder head (valve plate) as shown in Fig. 18·3. 
Double-trunk pistons are ordinarily used In 
medium and large compressors, in which case 
the suction gas enters through ports in tho 
cylinder wall and in tho side or tho piston and 
passes into tho cylinder through suction valves 
located in tho top or tho piston (Fig. I 8-I). 
Notice that the bottom of tho piston contains 
a bul)(head that seals off tho hollow portion or 
tho piston !rom the crankcase. 

Because or small piston clearanoes (approxl· 
mately 0.003 in. per inch of cylinder diameter), 
the oil film on the cylinder wall is usually 
suffi<:icnt to prevent gas blow-by around the 
pistons in small compresson. For this reason, 
rings are seldom used on pistons Jess than 2 in. 
in diameter. However. these pistoos are 
provided with oil grooves to facilitate lubri· 
cation of tho cyli~ walls. ·Automotivo-type 
pistons having diameters above 2 in. are usually 
equipped with two compression rings and one 
oil ring, the latter sometimes being located at 
the bottom of the piston. Double.ttUnk 
pistoos arc equipped with from one to three 
compression rings at the top and one or two 
oil rings at the bottom. 

As a gencrn.l rule, pistons arc manufactured 
from close-grained cast iron, as are tho rings. 
However, a number of aluminum pistons are in 
use. The use or eaS1 iron permits closer toler· 
ances. When aluminum pistons are used, they 
are usually equipped with at least one com· 
pression ring. 
IS.S. Suction and Discharce Valves. Since 
i! inftuenccs to a greater or Jesser degree on 
the factors which determine both the volu· 
metric and compression efficiencies of the 
compressor, the design of the compressor 
suction and dUc:harge valves i.s one of tho most 
important considerations in compressor design. 
Fu~, it wiD be shown later lhat valve 
design detetmines to a large extent tho over-all 
design of tho compressor. 

Tho friction loss (wiredrawing effect) suffered 
by the vapor in flowing through the compressor 
valves and passages is primarily a function of 
vapor vclcx:ity t.nd increases as tho velocity or 
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the vapor increases. Therefore, in order to 
m.inimize the wiredrawing losses, the valves 
should be designed to provide the largest 
possible reslric:ted area (opening) and to open 
with the least possible effort. Too, wbc~r 
practical, the valves should be so located as to 
provide for st!".light·line flow (uniftow) or the 
vapor through the compressor valves and 
passages. In all eases, the valve openings must 
be sufllciently large to maintain vapor velocities 
within the maximum limits. The maximum 
permissible vapor velocity may be defined as 
that velocity beyond which the increase in the 
wiredrawing effect will produce a marked 
reduction in the volumetric efficiency or the 
compressor and/or a material increase in the 
power requirements or the compressor. 

To miolmi>.e back leakage of the vapor 
through the valves, the valves should be 
designed to close quickly and tightly. In order 
to open easily and close quickly, the valves 
should be constructed or lightweight material 
and be designed for a low lift. They •hould be 
strong and durable and they should operate 
quietly and automatically. Furthermore, they 
should be so designed and placed that they do 
aot inete~UC the ckaranoe volume or the 
compressor. 

Although there are numerous modiftcatioas 
within any one type, valves employed in 
ufrigerotioo compressors can be grouped into 
three basi<: types: (I) the poppet, (2) the ring 

plate, (3) the flexing or reed. All three types 
operate automatically, opening and closing in 
response to pressure differentiab caused by 
changes in the cylinder pressure. To facilitate 
rapid closing of the valve, most discharge 
valves and some $uction valves arc spring 
loaded. 
18-6. Popp"t Valves. The poppet valve is 
similar to the automotive valve, except that the 
valve $tern is much shorter. The valve is 
enclosed in a cage which serves both as a valve 
seat and valve stem guide and also as a retainer 
for the valve spring. A spring, dashpot, or 
bleeder arrangement is also included in the 
assembly to cushion and limit the valve travel. 
Except for minor differences, the design o{ the 
suction and discharge poppet valv._ is essen· 
tially the same, the principal difference being 
that the suction poppet valve is beveled on the 
stem side of the valve face, whereas the dis· 
charge poppet valve is beveled on the opposite 
side. 

The poppet valve, one of the first types used 
in refrigeration compressors, is essentially a 
slow spee<: valve and as such is limited at the 
present time to a few types or slow speed 
compressors. In high speed machines, the 
poppet valve has been discarded in favor or 
either the ring plate valve or the nexing valve, 
both or which are more adaptable to high speed 
operation than is the poppet val,·e. The 
principal advantage of the poppet valve is that 

Fla. IM. Rlnr plate vatve wembfy. Outer ring plue h: the Ju«.ion n lve, The two inner rlna• constitute 
the dltch.ara• valvt. (Courtesy Frick Company.) 
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Fla IIJ. Oltcharae valve 
tssembly (disc valve). (From 
the ASitE Dato 8ook, O.,Jgn 
Volume, f9S7-58 Edition. 
Reproduced by permission of 
the American Sodec, of Heat
In,. Refriaeratln& and AI,.. 
Conditionin& En.clne.n) 

it can be mounted flush and therefore does not 
increase the clearance volume of the com
pressor. 
18-7. Rln1 Plate Valves. The rin.g plate valw 
(Fig. 184) COI1$isiS of a •·alve ~eat, one or more 
ring plates, one or more valve springs. and a 
retainer. The ring plates are held firmly against 
th.e valve seat by the valve springs. which also 
help to provide rapid closure of the valves. The 
function of the retainer is to hold the valve 
springs in plaoe and to limit the valve lift. 

The ring plate valve is suitable for use in both 
slow speed and high speed compressors and it 
may be used as either the suction or the dis
charge valve. In fact. when both suction and 
d ischarge vnlves are located In the head, they 
are usually contained in the same ring plate 
assembly. For example, in Fig. 18-4, the outer 
ring serves as the suction valve, whereas the 
two smaller rings serve as the discharge valve. 

One modification of the ring plate valve is 
the disc valve (Fig. 18-S), which is simply a thin 
metal disc held in plaoe on the valve seat by a 
retainer. 
114. Flexln1 Valves. Flexing valves vary in 
individual design to a much greater extent than 
do either the poppet or ring plate-types. One 
popular type of flexing valve suitable for use in 
medium and large compressors is the Feather 
valve• (Fig. 18-6), which consists of a valve 

• A propritlary d .. igc of the Worthington Pump 
and Machinery Company. 
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seat, a seri.es of ribbon steel strips, and a valve 
gua.rd or retainer. The flexible m.etal strips fit 
over slots in the valve seat and are held in place 
by the >'alve guard. The operation of the 
Feather valve is illustrated in Fig. 18-7. It is 
important to notice that in order to allow the 
valve reeds to ftex under pressure, they are not 
tightly secured at either end. The principal 
advantage of the Feather valve is thntthe reeds 
are lightweight and easily opened and are so 
designed that they provide a large restricted 
area, all of which tend to reduce the wiredrawing 
etrect to a minimum. 

One disadvantage of all flexing valves, and 
one that is shared by the ring plate type, is that 
they cannot be mounted flusb. as can the poppet 
valve. Because of t.he preseoce or the valve port 
•paces. the clearanoe volume is necessarily 
increased in all compressors employing either 
ring plate or flexing valves of any design. 

A flexing valve design widely used in smaller 
compressors is the flapper valve. of which there 
are enumerable variations. The Happer valve 
is a thin steel reed, which is usually fastened 
securely at one end while the opposite unfas
tened end rests on the valve seat over the valve 
port The free end of the reed flexes or "Raps" 
to cover and uncowr the valve port (Fig. 18-8). 

A llapper valve design frequently employed 
in discharge vaJves. called a .. beam .. valve, is 
shown in Fig. 18·9. The valve reed b held in 
place o>'CI' the valve port by a spring-loaded 
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Fll· 11-6. One popular deslan of Roxlns v.l••· 
(Courtesy Wonhlngton Corporat1on.) 

beam wttic:h is arctted in th~ center to pennit 
I be reed 10 !lex upwaro at this poinl. The ends 
of the reed are slotted and are held down by 
only the tension of the coil springs in ordtT 10 
allow the ends of the reed to move as the reed 
flexes up and down at the center. The spring· 
loaded beam also acts as a safe I y device to 
protect the compressor against damage in the 
event 1hat a slug of liquid refrigerant or oil 
enters the valve port. Sinoe the valves are 
designed to handle vapor, there is not usually 
sufficient clcanmce 10 pass a slug or liquid of 
any kind. How.:vcr, with the arrangement in 
Fig. 18-9, the whole valve assembly will Uft to 
pass liquid slugs. Under ordinary discharge 
pi"C$SIIrcs, the tension of the springs is ample to 
bold the beam down firmly on the ends of the 
reed. 

Another type of flexing valve in common use 
is the diaphragm valve. The diapnragm valve 

coosislS of a flexible metal disc wb.icll is held 
down on the valve seat by a SCttW or bolt 
through the oeniU of the disc. The disc flexes 
up and down to uncover and cover the valve 
port. A diaphragm valve used as a suction valve 
mounted in the crown of a piston is illustrated 
in Fig. 18-10: 
18-9. Valve Location. As previously c» 
scribed, the discharge valves are usually located 
in the cylinder head, wherus the suction valves 
may be located either in the bead, in which cue 
the suction vapor enters the cylinder through lbe 
cylinder head, or in the crown of the piston, in 
which cue the suetion vapor enters through 
the side of the cyli.nder. As a general rule, 
with larger compressors, the suetion valves are 
located in the piston and the suction vapor 
enters through the cylinder wall. With small 

Fl,. 11-7. Ulunratlns tht optra.don of the WorthlnJ• 
ton Feather v'lln. (Courtesy WorthfnJton Corpora
cion.) 
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and medium compn:ssors, the suction va'
are usually located in the cylinder head. When 
both valves are placed in the cylinder head, the 
head must he partitioned to permit separation 
of the suction and discharge vapors. 

Most large compressors are equipped with 
secondary safety beads which arc located at 
the end of the cylinder and held in place by 
heavy coil springs (Fig. 18-1). Under nonnal 
cliscbargc pressures, the safety head is bcld 
firmly in place by the springs. Ho~, in the 
event that a slug of liquid or some other 
noncomprt$Slole material enters the cylinder, 
the safety head will rise under the increased 
pressure and permit the material to pas$ into 
the cylinder head, thereby preventing damage 
to tb.e compressor. In smaller compressors, 
the discharge valve is usually designed to 
provide this protection. 

In large compressors, the valves and scats 
are removable (or replacemcoL In small 
compressors, the suction and disebatge va'
are usually incorporated into a valve plate 
U4anbly, wllldJ is removed and replaced as a 
unit (see Fig. 18·9). 
11-10. Crank and Piston Spe.do. In an effort 
to reduce the size. and weight of the compressor, 
the trend in modern compressor design is 
toward higher rotational speeds. Since single
cylinder piston displacement is a function of 
bore, stroke, and rpm, it follows that as the 
rpm is increased, the bore and stroke cao be 
decreased proportionally without loss or dis
placement, provided that the volumetric effi. 
ciency of the compressor remains the same. 

Rotative speeds between 500 and 1750 rpm 
are quite common, whereas some compressors 

1•1 

e 
(bl 

Fla. IW. Flapper..-cype fl txln& valve. (o) Port. opGn. 
(b) Port dond. 

F11. ta.t. Compr......- Y11vo plate assembly. (C:O..r· 
te:sy Tecumuh Procfucu Company.) 

are being operated sua:essfully at speeds up to 
3500 rpm. The maximum rotational speed of 
the compressor is more or less limited by the 
maximum allowable piston velocity. 

TI>eoretically, U!ere is no limit to piston 
speeds. However, as a practical matter, piston 
speeds are limited to a maximum of approxi· 
mately 800 fpm, the limiting factor being the 
available valve area. 

Since considerable difficulty is experienced in 
finding sufficient space in the compressor for 
valve arrnngemcnts, valve areas tend to be 
somewhat limited. Hence, when piston veloci
ties are Increased beyond 800 fpm, the velocity 
of the vapor through U!e valves will usually 
become excessive, wiUJ the result that the 
volumetric efficiency of the compressor is 
deercased while the power required by the 
compressor is increased. 

Piston velocity is • function or compressor 
rpm and the length or the piston stroke. Tbc 
following relationship exists: 

Piston velocity (fpm) = 
rpm x stroke (fi) 

x 2 strokes per revolution 

For example, a compressor having a 4 in. stroke 
and rotating at 1200 rpm will have a piston 
speed of 

1200 X 4in. X 2 
12 = 800 rpm 

U the rotational speed of the compressor is 
increased to 3600 rpm. in order to maintain a 
piston velocity or 800 fpm. the length or stroke 
will have to be reduced to 

12 x 800 fpm • 
3600 rpm x 2 • 1.33 on. 
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Fia. 18-10. 01-aphrtgm·typ. suction valve. This same type or valve lt often mounted In • valve plate a.nd use-d 
u a dlscharce-v•lve. (Courtesy York Corporation.) 

Obviously, then, the maximum speed at which 
an individual compressor can be rotated without 
exceeding allowable piston velocities depends 
upon the length of stroke. The shorter the 
.stroke, the higher is !he maximum permissible 
rpm. This accounts for !he fact that tl>e 
volumetric cfll<:iency of a compressor will 
usually remain constant or increase slightly as 
the speed of the compressor is increased up to a 
certain point beyond which, if the speed is 
furtl>cr increased, the efficiency of the com
pressor will decrease while the power required 
per ton of refri&crating capacity will be greater 
(see SCction 12-28). 
18-11. Bore and Stroke. The relationship of 
the bnre to the stroke differs somewhat with 
the individual compressor. Although the bore 
dimension may be either less than or greater 
than that of the stroke, the general trend in 
high speed compressors is toward a large bnre 
and a short stroke. When the suction and 
disch~ge valves are bnth located in the head, a 

large bore. is usually required in order to 
provide sufficient valve a.rea. Too~ since the 
piston stroke and !he compressor rpm arc bnlh 
limited somewhat by !he maximum allowable 
piston velocity, it follows that the only practical 
means of increasing single-cylinder piston 
displacement is to increase the size of the bore. 
The increase in piston displacement accru.ing 
from an increase in the size of the bnre need 
not increase the vapor velocity through the 
compressor vaJves since the increase in the bore 
also increases lhe available valve area. 

However, since the amount of blow·by 
around the piston inc.reascs as the size of the 
bnre is increased with relation to the stro.ke, 
good design practice limits the bore dimension 
to approximately 125% of that of the stroke. 
lf the bore is increased beyond this point_, 
the blow-by around the piston becomes exces
sive. 

Since compressors working on low tempera· 
ture or "booster" applications (see SCction 
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20-11) must handle relatively large volumes of 
vapor per ton of capacity, they are usWIIIy 
designed with a large bore and a short stroke in 
order to obtain the maximum p iston displace
ment per cylinqer. 

Cylinder bores range from approximately I 
in. in small domestic compressors up to 
approximately 1'8 in. in some of the large 
industrial types. 
18-11. Cranks, Rods, and Bearings. Crank· 
shafts employed in large compressors are of the 
crank-throw type and are usually constructed 
of forged steel or alloy cast iron. All bearing
journals are highly polished and are usually 
case-hardened, particularly where brass or 
aluminum bearings are used. {l.s a general rule, 
the crankShaft has a standard taper on the 
ftywbeel end, the flywheel being fastened to the 
crankshaft with one or more woodruff keys 
and a Joc.knut arrangement. Crankshaft 
bearings are usually of the sleeve type, although 
aotifriction (roller or ball) bearings are 
sometimes used for the mains. Common 
bearing materials are bronze, aluminum, and 
habbjt, 

The eccentric-type shaft. which consists of 
a east iron eccentric mounted on a straight 
steel shaft (see Fig. 18-3) is often used in smaller 
compressors. The eccentric is counterbalanced 
and is fastened to the shaft by a key-and-lock 
screw arrangement. Since the hearing of the 
connecting rod completely encircles the eccen.· 
tric. the entire eccentric acts as a bearing sur
face. 

Connecting rods are constructed of bronze, 
aluminum, forged steel, or cast iron. Wrist pins 
are usually case-hardened steel. Wrist-pins 
bearings are generally of the sleeve type made 
of bronze and pressed into the rod. Bronze. 
aluminum, and cast iron are often used without 
bearings, in which case the shaft is usually 
case-hardened. 
18-13. Crankshaft Seals. In order to prevent 
the leakage of refrigerant and oil from the 
crankcase (or the leakage of air into the 
crankcase in the event that the pressure in 
the crankcase is below atmospheric), a seal or 
pacl<lng must be provided at the point where the 
crankshaft passes through the crankcase. One 
of the oldest methods of sealing the crankshaft, 
still employed on some large ammonia com
pressorS, is throUgh the use of a stuffing SOx 

(Fig. 18-2). The stuffing box is a cylindrical 
housing which is cast as an integral pa.rt of the 
crankcase where the shaft emerges, and which is 
bored to an inside diameter somewhat larger 
than the diameter of the crankshaft. A s-ries 
of packing rings, placed over the shaft and 
inserted into the stuffing box, fills the space in 
the stuffing box between the shaft and the 
sluffing box housing. Tbe packing is held in 
place by a threaded gland nut which, when 
tightened, causes the packing rings to swell 
and press tightly against. the shaft and housing, 
thereby affecting a vapor tight seal between the 
two. Because of the pressure of the rings 
against the rotating shaft, the rings will even
tually wear and permit refrigerant to seep 
around the shaft, whereupon the packing gland 
nut must be tightened again to reestablish a 
tight seal. Althoug~ tbe stuffing box seal is 
satisfactory for large ammonia installations 
where an operator is on duty to tighten the 
packing gland as the occasion requires, they 
are not suitable for small compressors or for 
large compressors desigo.ed for automatic 
opemtion. 

A crankshaft seal suitable for use on auto
matic equipment must be self-adjusting to 
compensate for wear and for varying crankcase 
pressures. It must not leak under pressure or 
vacuum when the shaft is rotating or idle. It 
must be self-lubricating, have ~ reasonably 
long life, and be 1:llsily replaceable in the field. 
Although there are a number of different seal 
designs which meet these qualifications and 
which are in use at the present time, one rela
tively simple design of cranlc¥laft seal, which is 
rapidly gaining in popularity. is shown in Fig. 
18-1 J. The seal consists essentially of a spring
loaded bronze or hard carbon seal nose which 
is sealed to tbe crankshaft with a synthetic 
rubber gasket. The spring holds the seal nose 
firmly against a highly polished steel seal face 
which is a part of the seal plate. An oil film 
between these two smooth surfaces form an 
effective vapor-tight seal. Notice that sealing 
occurs in three plaoes' (I) at the rubber gasket 
between the seal nose and the cranksbaf~ 
(Z) between the seal nose and seal face, and 
(3) at the gasket between the seal plate and the 
crankcase housing. 

The compressor shown in Fig. 18·1 employs 
a double shaft sea), Notice that tho seal 
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remains completely sub~ in oil during 
both the running and off C)'des. 
11-14. Comp~r Lubrlcatlna Olio. The 
fact that the compressor lubricating oil usually 
comesintocontactwith,andortenmixawith,the 
system refrigerant make it necessary that the oil 
used to lubricate refrigeration compressors be 
specially prepared for that purpose. Some of 
the more important properties of the oil which 
must be coMidered when selecting the COm· 
pressor Jubricati.ng oil are: ( I) ehemic:al 
stability, (2) pour and/or Jloc point, (3) dielectric: 
strength, and (4) viscosity. In evaluating these 
oil properties with rdatioo to an individual 
compressor, au the foUowing factors should be 
taken into account: (I) the type and design of 
the compressor, (2) the nature of the refrigerant 
to be used, (3) the evaporator temperature, and 
(4) the compressor discharge temperature. 
11-IS. Chemical Stability. The importance 
of chemical stability is empha!liud by the fact 
that it is necessary for the compressor lubri· 
eating oil to perform its lubricating function 
continuously aod clfcctively without under· 
going change for long periods of time. Since 
changing the oil in a hermetic motor-compressor 
is not usually practical, the same oil frequently 
remains in these units througllout the life of the 
unit, whk:h is often ten years or more. Because 
of the high discharge temperatures encountered 
in hermeti_c motor-compressor units, particularly 
where air-cooled condensers are used, the 
ability or the oil to remain stable and resist 
dcc:omposition under big)\ temperature is 

especially important when selecting a lubri· 
eating oil for thae units. 

For the most part, the chemi<:aJ stability of 
an oil is c.Josely related to the amount of 
unsaturated hydrocarbons present in the oil. 
The smaller the percentage or unsaturated 
hydrocarbons contained in the oil, the more 
stable is the oil. For refrigeration service, a 
high quality oil with a very low percentage of 
unsaturated hydrocarbons is desired. These 
oils arc usually light in color, being just oft' 
from a wn.ter .. white. 
11-16. Pour, Cloud, and Floc Points. The 
pout point or Ill oil is the lowest temperature at 
whicb the oil will flow, or "pour," wben tested 
under certain specified conditions. or two oils 
having the same viscosity, one may have a 
higher pour point than the other because or a 
greater wax content. Pour point is an important 
consideration in selecting an oil for low tcm· 
peratute systems. Naturally, the pour point 
of the oil should be well above the lowest 
temperature to be obtained in the evaporator. 
H the pour point or the oil is too high. the oil 
tends to congeal on the swface of the evaporator 
tubea, causing a loss in evaporator efficiency. 
Since Ibis oil is not retumed to the compressor, 
inadequa~ lubrication of the compressor may 
also rcsuiL 

Sinoc all lubricating oils cont.ain a certain 
amount or paraffin, wax will precipitate from 
any oil if the temperature or the oil is reduoed 
to a sufficicnUy low level. 11eeause the oil 
becomes cloudy at Ibis point, the temperature 
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at which the wax begjns to precipitate from the 
oil is called the clo·ud point of the oil. If the 
cloud point of the oil is too high, wax will 
precipitate from the oil in the evaporator and 
in the refrigerant control. Although a small 
amount of wax in the evaporator does little 
harm1 a small amount of wax io the refrigerant 
contxol will cause stoppage of that part, with 
the n:sult that the system will become inopera
tive. 

The floc point of the oil is the temperature at 
Wllieh wax will Start to precipitate from a 
mixture of 90% Refrigerant-l2and 10% oil by 
volume. Since lh<> use of an oil soluble refrig
erant Iowen tho viscosity of the oil aod alfects 
both the pour and cloud points, where oil 
misci\>le refrigerants are employed, tbc Hoc 
point of the oil is a more important property 
than the pour or cloud points. The use of 10% 
oil in the oil-refrigerant mixture to determine 
the floc point seems quite realistic, since the 
tendency of an oil-refrjgerant mixture to 
separate wax IDcreases as the amOunt of oil in ~ 
the mixture increases and since the amount of 
oil circulating with the refrigerant seldom 
exceeds 10% and is usually much less. 

Because floc point of the oil is a measure of 
the relative tendency of the. oil to separate wax 
when mixed with an oil soluble refrigerant, it 
is an important consideration when selectjng an 
oil for use with an oil miscibfe refrigerant at 
evaporator temperatures below oo F. However, 
floc point has no significance when a non
miscible refrigerant is used. 
18-17. Dielectric Strength. The dielectric 
strength of ao oil is a mea$ure of the resistance 
that the oil Offen to the flow of e lectric current. 
lt is expressed in terms of the voltage required 
to cause an electric current to arc ac(oss a gap 
one~tenth o.f an inch wide ber.veen two poles 
immersed in the oil. Since any moisture, 
dissolved metals, or other impurities contained 
in the oil will lower its dielectric strength, a high 
dielectric strength is an indication that the oil is 
relatively free of contaminants. This is especi· 
ally important in oils used with hermetic motor· 
compressor units. since an oil of low dielectric 
sti'ength may contribute to grounding or 
shorting of the motOr windings. 
18-18. Viscosity. Viscosity has already been 
defined in Section 16--10· as the resistance that a 
fluid offers to flow, With regard to the lubri-

eating oil, viscosity may also be dctlncd as a 
measure of the ''body" of the oil or of the 
ability of the oil to perform its luQricating 
function by forming a protective film or coat
ing between the various moving parts of the 
compressor, thus keeping the parts separated 
and preventing wear. In ocder to provide 
adequate lubrication for the compte$SOT, the 
viscosity of the oil must be maintained within 
reasonable limits. If the viscosity of the oil is 
too low," the oil will not have sufficient body to 
keep the moving parts separated <~nd thin film 
lubrication will result, accompanied by exces
sive wearingoftbe rubbing surfaces. Too, since, 
in addition to its lubricating function, the oil 
frequently must serve as a sealing agent between 
the low and high pressures in the compressor, 
excessive blow-by of vapor around the pistons 
(in a reciprocating co,mpressor) or vanes (in a 
rotary compressor) may oocur when the 
viscosity of the oil is low. On the other hand, 
when the viscosity of the oil is too high, .fluid 
·friction will be excessive and the po\ver con .. 
surnption of the compressor will be increased. 
Furthermore. in extreme case. a high viscosity 
oil may not have -sufficient fluidity to penetrate 
between the various rubbing surfaces. particu
larly when tolerances arc close, with the result 
that the lubrication of the compressor parts 
will be inadequate. 

The viscosity of a lubricating oil is usually 
measured in Sayboll Seconds Universal (SSU), 
whJeh is an index of the time in seconds required 
for a given quantity of oil (60 mm) at a con
trolled temperature (usually tOO• F) to flow by 
gravity from a reservoir into a flask through a 
capillary tube of specified internal diameter 
(0.1765 em) and length (1.225 em). An oil 
having a temperature of 100• F and requiring 
300 $ec to pass through the tube is said to have 
a viscosity of 300 SSU at 100" F. 

The viscosity of the lubricating oil changes 
considerably with the temperature, increasing as 
the temperature decreases. The effect of tem
perature on the viscosity of a typical lubricating 
oil is shown graphically in Fig. 18-12 (see top 
line----()% refrigerant dilution). Notice that the 
oil has a viscosity at too• F of approximately 
17S SSU, but increases to approx.imately 1800 
SSU when the temperature of the oil is reduced 
to 40" F. 

Sbown also in Fig. 18-12 is the effect of 
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refrigerant dilution on the viscosity of the 
lubricating oiL Notice, for example, that pure 
oil having a viscosity of 175 SSU at 100• F 
has a viscosity of about 60 SSU at this same 
temperature "'hen d iluted with 15% Refrigerant-
12, 

It is evident from the foregoing that both the 
operating temperature range and the effect of 
refrigerant dilution must be taken into account 
in selecting the proper viscosity oil. rn all 
ea$0$, the compr=r manufacturer's recom
mendations should be followed wbcn tbcy are 
available. Wben such data arc nol available_. 
the values given in Fig. 18-13 may be used as a 
guide. 
I 8-19, Methods of Lubrication. Methods of 
lubricating the compressor vary somewhat 
depending upon the txpc and size of the 
compressor and upon the individual manu
facturer. However, for the most part, lubrl· 
cation methods can be grouped into two general 
types: (1) splasb..and (2) forced feed. Although 
forced feed lubrication can be found even in 
very small compressors. as a general rule, small. 
vertical, enclosed compressots up through 
approximately IS hp are splash lubricated. 
Above this si%e, most compressors employ 
some type of forced feed lubrication. Often, a 
combination of the splash and forced feed 
methods is found in a single compressor. 

In the $plash method of lubrication, the 
compressor crankcase acts as an oil swnp and 
is tilled with oil to a level approximately even 

with the bottom or the main crank bearings. 
With each revolution of the crankshaft. the 
connecting rod ·and crankshaft (or eccentric) 
dip into the oil causing the oil to be splashed 
up on the cylinder walls, bearings, and other 
rubbing surfaces. Usually, small cavities or oil 
reservoirs are located at each end of the crank-
case housing immediately over the main 
bearings. These cavities collect o il which feed 
by gravity down into the main bearings and 
shaft seal (Fig. 18-3). ln some i.nstances, 
connecting rods are riDe-drilled to carry oil to 
the "-Tist-pin bearings. Too, oil scoops or 
dippers are sometimes installed on lhe end of the 
connecting rods to increase splashing and/or to 
aid in forcing oil through rifl.,.drilled oil 
passages. 

A modified type 'of splash lubrication. some
times called flooded lubrication, employs 
slinger rings, discs, screws, or simiJar de-vices· to 
raise the oil to a level above the crankshaft or 
main bearings, from where it is allowed to 
flood over the bearings and/or feed through oil 
channels to the various rubbing surfaces (Fig. 
6-14). This method is particularly suitable for 
small, high speed compressors where the 
conventional splash system may result io 
e.xccssive oil carryover -because of violent 
splashing of the oil in the crankcase. 

Jn the forced feed method of lubrication, the 
oil is ror<:ed under pressure through oil tubes 
and/or rif!J>-<Irilled pas5agcs in the crankshaft 
and connecting rods to the various rubbing 
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surfaces. After performing its lubricating 
function, the oil drains by gravity back into a 
sump l.ocated in the crankcase or the com
pressor. The oil is circulated under pressure 
developed by a small oil sump located in the 
crankcase of the compressor, usually at the end 
of the crankshaft (Fig. 18-1). Since most oil 
pumps are automatically reversible, the dir.ec
tion of crank rotation is not usually critical 
with regard to compressor lubrication. How
ever, this is not !.rue oi all compressors, patticu
larly those employing oil dippers with splash 
lubrication. When rotation is critical. an arrow 
denoting the proper direction of rotation is 
usually emhossed on the flywheel or crankcase 
housing. 

Oil strainers are always placed at the suction 
inlet of the oil pump to prevent the entrance of 
foreign material into the pump or bearings. 
Although not required, oil filters are worthwhile 
in all forced feed lubrication systems to elimi
nate the possibility of plugged oil Une resulting 
from tbe accumulatiOn of sludges or other 
residue. An oil pressure failure safety switch 
(Section 21-20) should be employed in con
junction with all forced feed lubrication systems. 

In some large compressors, cylinders are 
lubricated by mechanical forced feed lubricators 
which are located external to the compressor 
crankshaft. In such casos, the cyUnder lubri
cation system is entirely separate from the 
internal pressure lubdcating system (Fig. 18-14). 

The bearings and cross-heads of horizontal, 
open crankcase compressors are usually splash 
lubricated (Fig. 18-2). Oil from the crankcase 
is carried to the cross-bead by splash-fed 
troughs. Cylinders and piston rod packing 
glands are lubricated by mechanical forced feed 
lubricators similar to those usec;t to lubricate 
the cylinders of' large vertical compressors. 
18-20. Uquld Refrlserant In the Com
prasor Crankcase. The presence of liquid 
refrigerant in the compressor crankcase is 
always undesirable for a number of reasons. 
In the first plaoe, excessive dilution of the 
cTankcasc oil ·by liquid refrigerant can result in 
inadequate lubrication of the compressor parts. 
More important. however, js that !act lhat the 
liquid refrigerant will vaporize in the crankcase 
and ca11se foaming of the oil, with the result 
that the amount of oil carrjed over into the 
discharge line is materially increased. Under 

A. Small Systems 
Type of SU at 100 F 

Refrigerant Compressor Oil Viscosity 
Ammonia 
Carbon dioxide 
Sulfur dioxide 
Sulfur dioxide 
Methyl chloride 
Refrigerant-30 
Refrigerant-30 
~efrigerant-J I 
Refrigerant-12 

Reciprocating J S0-300 
Reciprocating 280-300 
Reciprocating 70-200 
Rotary 280-300 
Reciprocating 280-300 
Centrifugal 280-300 
Rotary I 50-300 
Centrifugal 280-300 
Centrifugal and 

Refrigerant-21 
Refrigerant-113 
Refrigerant-11 4 

reciprocating 
Reciprocating 
Centrifugal 
Rotary 

280-300 
280-300 
2$0-300 
280-300 

B. Industrial Refriseration 
(Ammonia and carhon dioxide compressors 

with splash,Jorce-fced, or gravity 
circulating systems) 

Type of Compressor 

Where oil may enter refrig· 
era.tion system or 
compressor cylinders 

Where oil is pre~nted from 
entering system or 
cyUnders: 
Tn force feed or gravity 

systems 
In splaSh systems 

Steam-driven compressor 
cylinders when conden
sate is reclaimed for ice 
making 

SU Viscosity 
Range 

150-300 at 100 F 

500-<100 at 100 F 
150-160 at 100 F 

140-165 at 210 F 

C. Mlscellaneolls Equipment 

Type of Requirement 

Bearings: 
Ring oiled, normal 

temperature 
Ring oiled, low temperature 
Chain oiled 

Ball and roller bearings: 
Oillu'Qricatcd 
Grease lubricated 

Wick oilers 

SU Viscosity at 
100 F Range 

280-300 
100-JJS 
280-300 

280-300 

280-600 

Fla. tB-Il. Lubrication recommendations-. (from 
ASRf Ooto Book. Design Volume, 1957-58 Edition. by 
permission of the American Soc:iety of He3tlng, Re. 
(rfgeradng a.nd Ai!""Conditionin& Engineers.) 
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certain conditions. oil foaming may become so 
severe that all the oil is pumped out of the 
crankcase. Not only will this leave the com· 
pressor without lubrication but there is also the 
possibility that noncompressible slugs of liquid 
refrigerant and oil will enter the cylinder and 
cause serious damage tO the compressor in tbc 
form or broken valves and pistons and bent or 
broken rods and shafts. Too. where consider
able oil foaming occurs in compressors employ
ing forecd feed lubrication, lubrication will 
often be inadequate because the oil pump is 
unable to develop sufficient p.ressure to deliver 
the oil to the various rubbing surfaces. 

Furtbermore, vaporization of liquid n:frig
era.nt in the crankcase tends to reduce the 
capacity and efficiency of the compressor in 
that the resulting vapor is drawn into the 
cylinder a.od displaces vapor which would 
otherwise be taken from the suction line. 

Liquid refrigerant may gain entrance into the 
crankca..~ in a number or ways: 

I. Improper application or adjustment of the 
refrigerant flow control will often cause 
contlnuOlJS or intermittent overfeedjng or the 
evaporator, in which case liquid refrigerant will 
slop-over from the evaporator Into the suction 
line and be carried to the compressor crankcase. 
As described In Chapter 17, this condition is 

Fia.l8-14. Sin&l•acting.verta .. 
cal compressor with etadoaed 
c:rankcue. (Courtesy Vlfter 
Manufacwrln&: Company.) 

more likely to O<X:Ilr during start-up than at any 
other time. In any event, it is easily prevented 
or corrected by proper applietulon and adjust
ment or the refrigerant control and/or by 
properly designed suction pipinc. 

2. Liquid refrigerant may drain by gravity 
into the compressor crankcase from the 
evaporator andfor suction piping during the off 
cycle. This condition is also caused by faulty 
system design, particulnrly with reference to the 
evaporator and suction piping. A leaking 
refrigerant control may also be a conrributing 
factor. Here, again, the condition Is readily 
corrected or prevented by proper design. 

3. Any time the temperature at the com
pressor crankC>l$e falls below that or the 
evaporator, liquid refrigerant will boil off in the 
evaporator and eondensl> in the compressor 
crankcase. Naturally, tbi.\ can occur only 
during the off cycle and only when tho com
p!'CS$01' is so located that the ambient tempera
ture at the crankcase can faU below that or the 
evaporator. lt is prevalent in the wintertime ln 
instaUations where the compressor is located 
outSide or in a basement or some other oald 
Jocatlon. The only solution. or course, is to 
maintain the temperature or the crankcase 
above ibc saturation temperature or the 
refrigerant vapor. This can be accomplished by 
installing an electrical heating clement In the 
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crankcase or by moving the compressor to a 
warmer location. 

Because or the tendency of the lubrication 
oil to absorb oil miscible refrigerant vapors, a 
certain amount of liquid refrigerant will always 
be d issolved into the lubricating oil In any 
system employing an oil miscible refrigerant, 
assuming that the refrigerant vapor and the oil 
are permillcd to come in contact with one 
another, as is usually the case. For the most 
pan the percentage refrigerant that can be 
dissolved into the crankcase oil depends on 
three factors: (1) the degree of miscibility of 
the refri~;erant, (2) the pressure of the refrigerant 
vapor, and (3) the temperature of the lubri· 
eating oil. For any one refrigerant, the per
centage refrigerant that will be dissolved into 
the Oil depeJldS only on the pressure Of the 
refrigerant vapor, the temperature of the oil, 
and thelengtl>of time that the two are in contact 
under steady conditions. 

'The solubility of Refrigerant·l2 in oil under 
various conditions of temperature and pressure 
is shown graphically in Flg. 18·U. Notice that 
the peroentage of Refrigerant·l2 whoch can be 
dissolved in the oil increases considerably as 
the temperature of the oil decreases and as the 
pressure of the refrigerant vnpor increases. 
For example, when the temperature of the oil 
is 100' F and the refrigerant vapor pressure is 
20 psi, the maximum percentage of Refrigerant· 
12 which can be present in the oil·rdrigerant 
mixture in the crankcase is only approximately 
SY. by weight. Ho,.'CVCr, if the oil is cooled to 
so• F while the refrigerant vapor pressure is 
Increased to 60 psi. the peroentage refrigerant 
In the oil-refrigerant mixture could b<' as high 
as 42 Y.. In other words, under the Iauer 
conditions, the so..:allcd lubricating oil in the 
crankcase could actually be42% Refrigerant·l2. 

The practical significance of the foregoing can 
))., illustra~ by the usc of an example. Suppose 
that during the compressor off cycle, the pressure 
on the low side of a Refri~rant-12 system 
rises to 38 psig, wbereas the cranlcease cools to 
a ~mperaturc of 80" F. Assuming ~~ ~ 
olf cycle is of sufficient length 10 permn cqw· 
Ubrium to be established, the percentage of 
liquid refrigerant in the oil-refrigerant mixture 
In the crankcase will be approximately 20% by 
weight, as determined from Fig. 18·15. Suppose 
now tbatthe compressor cycles on and that the 

pr=ure in the evaporator and in the crankcase 
is immediately ~uccd to 2S psig. At this lower 
pressure, the mnimum percentage of rdrig· 
erant that can b<' present in the oil-refrigerant 
mixture is only approximately 13%. Therefore, 
in a mauer or only a few seconds approximately 
one-third of the rdrigerant (7% by weight of 
the total mixture) must of n<*SSity vaporize 
out of the mixture in order to establish the new 
percentage. Naturally. the ,·aporization of this 
roucll refrigerant out of the mixture in such a 
short time will cause sevete foaming of the oil 
witb the result that a considerable amount of 
oil is drawn into the compressor. 

There are several ways to reduce oil foaming 
and the loss of o il from the crankcase during 
compressor start·up. One common method is 
to equip the compressor with ao oil check valve, 
whlch is installed in the oil passage b<'tween the 
suction inlet of the compressor and the crank· 
case (Fig. 18-16). With oil miscible refrigerants, 
the oil pumped over into the sy>tem ordinarily 
returns to the comJl"'SWr "'ith the suction 
vapor. On en~ring the suction inlet, the oil is 
separa~ from the vapor by impingement before 
the vapor enters the cylinder. The separated oil 

Fla. 11-IS. Temperature•prtSSure retatlonthlp of 
Aefrlcerant~ll oil mixtures (pressure In psi&)· (From 
AS/If Ooto 8ook, Design Votum., 1957-58 Edition. 
Reproduced by ptrmiulon of the Amer1can Soc.ltty 
of Headng, Refrlaeratlng and Alr-Condltlonln& 
En&lneon.) 
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fiJ. 11-16. lllustr.,ln& oil chod< ¥11ut and bleed por<. 

drains from the inlet chamber to the crankcase 
through an oil passage provided for !his 
purpose. Since this oil passage also serves to 
equalize the crankcase pressure to lhe com
pressor suction, a cbcck valve lnslallcd in 1he 
oil passage will prevent !he crankcase pressure 
from venting to the suction, thereby eliminating 
the sudden reduction in crankcase pressure 
which produ<:es oil foaming at start-up. 

However, sinoe no oil can drain lhrough the 
passage to the crankcase until the crankcase 
pressure is reduoed to !he suction pressure. a 
small bleed pon must be provided around the 
cbcck (or through it) to permit the crankcase 
pte!Sure to bleed off slowly into I he compressor 
suction aft<r lhe compressor cycles on. The 
bleed port is required aiso to relieve cylinder 
blow-by gases back to the suction or the 
comp"""'r. rr blo,.·-by gases are not vented 
to the suction, the crankcase pressure will build 
up to the discharge pressure. Not only would 
this prevent the oil from returning to the 
cranlccasc. it would also cause a material 
increase in lhe pov.-er requirements of the 
compressor. 

During lhe normal running cycle, the crank
case pressure is approximately the same as the 
suction. and minor ftuctuation in the $uction 

pn:ssure produced by the lhro!Uing action of 
the refrigerant control wiD supply the pressure 
differential necessary to cause the oil to Oow 
through the cbcck valve into the crankcase. 
However, the suction inlet cbamber of the 
compressor muSI be large enough to serve as a 
reservoir for all the o il that returns to the 
compressor during the time that lbe crankcase 
pressure is too high to permit oil drainage Into 
the crankcase-

Another method of reducing the amount of 
oil foaming at start-up, and one which Is 
rapidly growing in popularity, is to install a 
small wattage heating element in the compressor 
crankcase. The crankcase heater is wired to 
come on when lhc compressor cycles off ond 
serves to keep the oil in the crankcllSC warm 
during the oft'cycle so that the amount of 
rdrigcrant which can be dissolved into the oil 
is relatively small. However, care should be 
taken to wire the heater to the secondary of the 
main disoonn<et so that it cannot be turned oft' 
unless the main disconnect is pulled. 

Still another method or reducing oil foaming 
at start-up is to operate the system on a pump
down cycle, in which case the evaporator is 
completely evacuated and the crankcase pres
sure reduced to a low level before the compressor 
cycles off. The resulting low pressure in the 
crankcase limiu the amount of refrigerant 
absorbed by the oil. The pump-down cycle 
used a1one or in conjunction with either the 
oil check valve or the crankcase heater is very 
etfecti>, in reducing oil foaming. 
18-21. Rotary Compressoi"S- Rotary com
pressors in common use are of two general 
designs. One employs a cylindrical 31cel 
ro11er which revolves on an ccoentric shaft, the 
latter being mounted concentrically in a 
cylinder (J'ig. 18-17). Because or the shaft 
eccentric, the cylindrical roller Is eccentric 
with the cylinder and touches the cylinder w<tll 
at the point of minimum clearance. As the 
sbafl turns, the roller rolis around the cylinder 
wall in the direction of shall rotation, always 
maintaining contact wilh the cylinder wall. 
With relation to the camshaft, the inside surface 
of the cylinder roller moves counter to the 
direction or shaft rotation in the manner of • 
crankpin bearing. A spring-loaded blade, 
mounted in n slol In the cylinder wall, beurs 
firmly against the roller at all times. The blade 

j 
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~ in and out of the cylindec slot to follow 
the roller as the lattu rolls arouod the cylinder 
wall. 

Cylindec beads or end-plates are uS«! to close 
the cylindec at C3cb end aod to serve as supporu 
for the camshan. Both the roller and blade 
extend I he full length of the cylinder with only 
working clearance being arrowed between 
these parts and the end-plates. Suction and 
discharge ports are located in the cylinder wall 
near the blade slot, but on opposite sides. The 
flow of vapor through both the suction and 
discharge ports is continuous, e•cept for the 
instant that the roller covers one or the other 
of the ports. The suction and discharge vapors 
are separated in the cylindu at the point of 
contact between the blade and roller on one 
side and between the rollu and cylinder wall 
on the other side. 

The point on the cylinder wall in contact with 
the roller changes continuously as the roller 
travels around the cylindec. At one point 
during each compression cycle the roller »ill 
cover the discharge poru, at which time only 

Fla. t .. t7. Blade-type rotary 
compreuor. 

low pressure vapor will be in the cylinder. 
The manner in which the vapor is compresS«! 
by the roller is illustrated by the sequence of 
drawings in Fig. 11!-17. 

The whole cylinder assembly is enclo$ed in a 
housing and operates subm«ged in a bath of 
oil. Notice that the high pressure vapor is 
discharged into the space above the oil level in 
the housing from where it passes into the 
discharge line. All rubbing surfaces in the 
compressor including the end-plates are highly 
polished and closely fitted. Although no 
suction valves arc needed, a check. or flapper 
valve is installed in the discharge passage to 
eliminate back-feeding or the discharge vapor 
into the cylinder. When the compressor is 
operatiog, an oil film fonns a seal between the 
high and low pressure areas. However, when 
the compte$$0r stops, the oil seal is lost and 
the higb and low pressures equalitt in the 
compte$$0r. A cbeck valve must be placed in 
the suction line (or discharge line) to prevent 
the high pressure discharge gas from backing 
up through the compressor and suction line 

1<1 (d) 
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Fig. 11-18. Vane--type rotlry compressor. 

into the evaporator when the compressor 
cycles off. 

Another design of rotary compressor employs 
a se.-ies of rotating vanes or blades which are 
installed equidistant around the periphery of a 
slotted rotor (Fig. 18·18}. The rotor shaft is 
mounted eccentrica)ly in a steel cylinder so that 
the rotor nearly touches the cylinder wall on 
one side, the two being separated only by an 
oil film at this poini. Directly opposite this 
point the clearance between the rotor and the 
cylinder wall is maximum. Meads or end-plates 
are installed on tile ends of the cylinder to seal 
the cylinder and to hold the rotor shafL The 
va,nes move back and forth radially in the rotor 
slc;>ts as they follow the contour of the cylinder 
wall when the rot.or is turning. Th.e vanes are 
held Jirmly against Lhe eylinde< wall by action 
of tho centrifugal force developed by the rotating 
rotor. In some instances, the blades are spring· 
loaded to obtain a more positive seal against the 
cylinder wall. 

The suction vapor drawn into the cylinder 
through suction ports in 'the cylinder wall is 
entrapped between adjacent relating vanes. The 
vapor is compressed as the vanes rotate from 
the point of maximum rotor clearance to the 
point of minimum rotor elearance. The com· 
pressed vapo~ is discharged from the cylinder 
lhrougb ports located in lhe cylinder wall near 
the point of minimum ro1or clearance. 

This type of rotary compressors also requires 
the use or a check valve in the suction or 
discharge linecto prevent the discharge gas from 
leaJcing back through the compressor and 

suction line to the evaporator when the com· 
pressor cycles off. 

Although rotary compressors are positive 
displacement machines, because of the,ir roSary 
motion and the smoother, more constant flow 
of the suction and discharge gases, they are 
much less subject to mecharucal vibration and 
to the pronounced discharge pulsations associ· 
ated with tile reciprocating compressor. How· 
ever, like reciprocating compressors, rowy 
compressors cxpcricnco volumetric and com .. 
pression losses resulting from blow-by around 
the compressing element, back leakage through 
valves, cylinder heating, clearance, and wire· 
drawirtg. As a general rule, the efficiency of 
rotary compressors is relatively high, being 
about 65 to 80%, depending on the individual 
design and the operating cooditions. 

Rotary compressorn are particularly suitable 
for applications requiring a Iclativcly large 
compcessor displacement at moderate operating 
pressures, Under these conditions, the rotary 
compressors will usually have a distinct dis
placement advantage over reciprocating types 
of ccmparaole size. For this reason, large 
rotary cornpres.~o.rs of the rotating vane design 
are CJttensively used in industrial low tempera· 
ture applications (Fig. 18·19), being employed 
as booster compressors in the low stages of 
two- and three-stage cascade systems. 

Smail rotary compressorn have been used 
successfully ln dOll\CStic unitS for a number of 
years. Although a few IOtary compressors have 
been util~d in commercial installations_~ the 
difficulty encountered in the manufacture of the 
larger sizes tends to limit their use in this area. 
18-ll. Centrifugal Comp,..,ssors. Thcccntri· 
fugal compressor -consists essentially of a series 
of impeller wheels mounted on a steel shaft and 
enclosed in a cast iron casing (Fig. 18-20}. 
The number or impeller wheels employed 
depends primarily on the magnitude of tb.e 
thermodynamic head which the compresSOf 
must develop during the compression process. 
Compresscrn employing two, thTCI', and four 
wheels (slages of compJ:eSsion) are common. 
More wlleels may be used when the required 
increase in head is sufficiently large to demand 
it. As many as twelve wheels have been used 
in some individual cases. 

As shown in Fig. 18·2.1, tho impeller wheel of 
a centrifugal compressor consists of two discs, 
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a hub disc and a cover disc, with a number of 
blades or vanes mounted radially between them. 
To resist corrosion and erosion. the jmpellet 
blades are usually constructed either of stainless 
steel or of high carbon steel with a lead coating. 
A typical two-slage rotor is shown in Fig. 
18-22. 

The operating principles of the centrifugal 
compi':SScr are similar to those of the ccntrifu· 
gal fan or pump. Low-pressun:, low-velocity 
vapor from the suction line is drawn in the 
inlet cavity or "eye" of the impeller wheel 
along the axis of the rotor shaft On entering 
the impeller wheel, the vapor is forced radially 
oulward between tho impeller blades by action 
of the centrifugal force developed by the 
rotating wheel; and is discharged from the blade 
tips into the compressor housing at high velocity 

and at increased temperature and pressure. The 
high-pressure, high-velocity vapor discharged 
from the periphery of the wheel is collected in 
specially designed passages. in the casing which 
reduce the velocity of the vapor and direct the 
vapor to the inlet of the next stage impeller or, 
in the case of theJast stage impeller, to a dis
charge chamber, from where the vapor passes 
through the discharge line to the condenser. 
The refrigerant flow path through a two-stage 
centrifugal compressor is shown diagrammati· 
cally in Fig. 18-23. 

The rotating impeller wheels are essentially 
tl;te only moving parts of the centrifugal com· 
pressor and as such are the source of all the 
energy imparted to the vapor during the com· 
pression process. The ~eli.on of the impeller is 
such lhat both tbe static and velocity heads of 

Fia. 18-19. Larae c:apadty. rotntna vane-typo rotary compressor. (Courtesy Fr.ulng Equipment Sales, Inc.) 
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Fig .. IS..lO. Four~ttage c~mtrl(ug:a l compressor with upper half or housin& removed to show construction of 
details:. (Courtesy York Corporatlon.) 

the vapor are iocre~ by the energy so 
imparted to the vapor. The centrifugal force 
e<.erted on the vapor confined between, and 
rotated with, the blades of the impeller wheels 
causes self·comprcssion Of the vapor in n>uch 
the same manner that the force of gravity causes 
the upper layers of a gas column to compress the 
lower layers of the column. Jofcnce, the static 
bead produced centrifugally within the impeller 
wheels is equal to the sC<ttic bead which would 

Fla. 1a..11. Cutaway view of centrifugal c:ompre.uor 
Impeller wheel. (Courc;esy York Corporatto.n.) 

be produced by an equivalent gravirotional 
column (Section 15·3). 

In addition to tlte static bead which is· 
produced centrifugally, a velocity head is also 
developed within the impeller whed because of 
the increase in the velocity of the vapor as the 
vapor passes from the eye to the periphery of the 
wheel. As the mass of refrigerant vapor passes 
through, and is rotated by the impeller wheel, it 
attains a rotational velocity approaching that 
of the wheel. Since the greater portion of this 
velocity head is subsequently converted to 
static l)ead within lhe casing $Urrounding the 
wheel~ the total increase in pressure developed 
by a single wheel is the sum of the increases in 
both the stati<: and velocity pressures of lhe 
vapor. 

By assuming radial blades, the total head 
developed by a single impeller wheel is directly 
propottiono.l to the squaro of the peripheral 
velocity of the wheel, viz: 

Vi 
li=-

/f 

j 
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where H • the total bead in feet 
I' • the periphial velocity of the wheel 

inrps 
1 • the gravitational constant 

The total increase in pressure produced per 
wheel is 

Hxp V'xp 
p •J44" • 144 X C 

where p • the pressure in psi 
p • tile mean density or the vapor in 

lb/eu ft 
From the foregoing it is evident that for a 

refrigerant of given density, the total increase 
in pressure developed by a sing)e wheel depends 
only on the tip velocity of the impeller blades, 
this tip velochy in tum being proportional to 
the rotational speed of the rotor shaft and to 
the diameter of the impeller wheel. However, 
sinoe the maximum tip velocity is limited by the 
strength or materials and by the sonic speed or 
the refrigerant, it follows that the maximum 
incnase in pressure which tan be obtained with 
a single impeller wheel is also limited. For 
this reason, single..tage centrifugal compressors, 
such as the onesbown in Fig. 18·24, can be used 
only in those few applications wbere, because 
of a small temperuture head (dilferen« between 
vaporizing and condensing t.ernperatures}, the 
Increase in pressure (head} required is relatively 

small. As a general rule, two or more impellet 
wbeds must be \I$CCI in order to obtain lbc 
nec:essary press<= inacase, in wbicb case com
~ion of tile vapor O<:CUIS in stages as lbc 
vapor pa.- from one wbc:el to lbc nell. 
Assuming equal vapor velocities at lbc inlet 
and outlet of lbc compreswr, lbc total increase 
in pressure in tile compressor js lbc sum of lbc 
pr~ure increases produced by the individual 
wh<els. Notice that in any series of wheels the 
wheels are made progressively smaller in size in 
the direction of vapor Dow in order to com· 
pensate for the redueled volume of the vapor 
resulting from prior compression in the pre· 
ceding wheel or wheels (Fig. 18-20). 

Since the bead of a fluid is an expression of 
the energy per pound of ftuid. it follows that the 
bead developed by lbc compressor during the 
compression process is numerically equal to the 
work done in foot-pounds per pound of vapor 
compressed, and that the magnitude of the 
bead which mU$t be produced by the COm· 
pressor depends on lbc refrigerant used and on 
the difference between the saturated suction and 
discharge temperntures. lllerefore, it is evident 
that, for any given set of opernting conditions, 
the head which must be produced by the 
compressor, that is, the diameler, speed, and 
number of wheels required, will be the same 

.,--Soc-- lmpollor-

ffa. 1a..n. Two-sta.ae rotor centrifupl co.mpreuor rotor auembly. (Courtesy York Corporation.) 
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for small capacity compressors as for large 
capacity compressors. For this reason, centri· 
fugal compressors are not practical in small 
sizes. 

For good wheel perfonnance, the diameter, 
width, and eye dimensions of tbe impeller wheel 
must be maintained within oertain ratio limits. 
Since the width of the impeller 
must be reduced as the volume of 
vapor handled is reduced in order 
to insure stable operation at low 
gus volumes, the wbeel width could 
become very narrow, resulting in 
high friction losses and poor 
wheel performance. Therefore, 10 
keep lhc wheels in proportion, 
it becomes necessary to reduce the 
diameur or lhc wbecls as the 
width of tbe wbeels is reduced. 
At lhc same time, the speed of 
rotation and/or the number or 
wheels must be increased in order 
to mainlain the required head. 
Since this tends to increase manu· 
facturlng and other costs, most 
manufacturers agree that tbe 
smallest practical size of centri· 
fugal compressor is one which 

Fla. 1 .. 14. SlnJI••t>l•<*ntri· 
luJal oomp-. (Courtesy 
Yorit eo.,.o ... tlon.) 

Fll.ll-23. OiaJramofpaRow 
throu&h centrifuc11 compres· 
Jor. (Courusy York Corpora~ 
tlon.) 

dixbargcs 10 lhc condenser approxi=uly 500 
CU ft Of vapor per roinuU. The exact tonnage 
Ibis represents depends upon the refrigerant 
used and on the operating conditions. At the 
present time, centrifugal compresson an: 
available in sizes ranging from approximately 
3S tons to well over 2000 tons. 



COMPRESSOR CONSTRUCTION AND LUBRICATION 3S7 

Cehtrifugal compressors are essentially high 
speed machines. Rotative speeds· of between 
3000 and 8000 rpm are quite common, witb 
much higher speeds being used Jn some indivi
dual cases. Because of their high rotative 
speeds, centrifugal compressors are capable of 
handling large volumes of vapor in relatJve1y 
small sizes. Although especially suited for use 
with low pressure refrigerants requiring a l.arge 
compressor displacement at moderate com
pression ratios, they have been applied sucoeS$
fuUy in all temperature ranges with both low 
and high pressure refrigerants. 

Some of the more common refrigerants 
employed with centrifugal compressors are 
Refrigerants-11, -12, -113, and ammonia. The 
high displacement required per ton of refrig
eration with Refrigernnts-11 and 113 mak.c 
th~ refrigerants ideal for use with centrifuga.l 
compressors in .high temperature applications 
where the displacement required per ton of 
capacity is relatively low. Their use in $uch 
applications permits small refrigerating Cllpaci
ties without requiring small compi'CSSOr frames 
and wheel sizes. On the other band, when the 
required refrigerating capacity is large and/or 
the evaporator design temperature is low, 
refrigerants which require ~ relatively small 
displacement per ton capacity, such as Refrig
erants-12 and amm.onia, will ordinarily allow 
the use of smaller compressors to produce the 
same tonnage. In any event, because of the 
dllference in the operating pressures, head 
requfrementsf and other characteristics of tbe 
several refrigerants, the compressor must b.e 
designed to fit tbo refrigerant as well as the 
application. 

Cent.rlfugal compressor efficiencies are rela
tive high in all sizes and over a wide range of 
operating conditions, b.eing about 70 to 80% 
as a general rule, although values well over 80% 
are obtained in many instances. Efficiency losses 
in a centrifugal compressor are due primarily to 
lrreve<Sible changes resulting from turbulence 
and Ouid friction. 
18 ... 1). Centrifugal Compressor Construc
tion and Lubrication. For maximum
pressot efficiency, the conversion of velocity 
pressure into static pressure in the casing must 
occur gradually and smoothly and without an 
appreciable los.• in the total pressure head. To 
accomplish this, a series of diffuser vanes.. is 

often installed in the casing passages which 
convey the vapor from the dischacge of one 
wheel to the inlet ofthe next. The diffuser vanes 
are curved in a dir«tion opposite to that of 
vapor discharge from the impeller wheels and 
are so designed (area increasing in the direction 
of vapor flow) that velocity reduction and the 
accompanying increase in static pressure take 
place grndually and smoothly and with a mini
mum loss of energy. When diffuser vanes are 
not employed, gradual velocity reduction is 
obtained by discharging the >-apor directly into 
scroll- or volute-shaped passages which guide 
the vapor from one wheel to the next. A com
pressor of volute design is shown in Fig. 18-25. 
In some· instances. diffuser vanes and volutes are 
used together in a single compressor. 

The back leakage of refrigerant b.etwocn the 
sevtral wheels or stages is limited to a prnctical 
minimum by the use of labyrinth-type seals 
which arc arranged b.etwcen the rotor and the 
stationary partitions. The labyrinth ;103l con
sists essentially of a series of thin steel ~Wps 
wh.ich are fastened to the rotor and which match 
lands and grooves in the stationary partitions 
(Fig. 18-26). The labyrinth of passages provided 
by this type of seal causes a drop in the pressure 
of the refrigerant gas as it passes through each 
resll'icted area formed by the shaft sealing strips 
and housing. As the pressure drops, the velo
dly of the gas increases. Howevert on entering 
lhe next pocket, lhe gas encounters a large 
quantity of gas at rest and the increased velocity 
acquired during passage through lhe restriction 
is dissipated by the production of turbulence in 
the pockets. The leakage through the labyrinth 
seal is proportional to the clearance between the 
shaft sealing strips and the compressor housing 
and is also a runctionofthenumbetof restrictions 
or pockets provided. 

Tile fact that tho vapor pressure on the dis
charge side of tbe impeller wheels is always 
greater lhan the pressure on the suction or inlet 
side of the wheels causes the rotor assembly to 
develop an axia-l thrust toward the suction inlet 
of the compressor. To .offset this thrust, a 
balance disc is usually installed on the rotor 
shaft o.n the di$Charge side of the high stage 
impeller wheel (Fig. 18-20). This disc, equipped 
with a labyrinth seal, acts as a ftoating pattition 
at the end of the discbacge space. Tbe pressure 
on the outboard side of the balanoe disc is 



358 PRINCIPLES OF REFRIGERATION 

FiJ . 18~1So. Vo!ute-.type compreuor. 

equaliud to the suction inlet of the low stage 
imp<:llcr through an equalil"r line (Fig. 18-23), 
whereas the inboard side of the disc is subject 
tQ the discharge pressure of the high stage 
wheel. When the balance disc is prop<:rly si~. 
the pressure differential across the disc will 
C!Ulctly balanoe the natural thru$t or the rotor 
assembly (Fig. 18-21). 

In one design of n three-stage compressor 
(Fig. 18-2$b), the imp<:llcrs are so positioned on 
the shaft \hat the axial thrust developed by the 
third-stage imp<:Der opposes the thrust develop<:d 
by the finn- and sccond ... tage impellers. Since 
the third-stage imp<:ller is the higmst pressure 
imp<:ller, the thrust produced by it is sufficient 
to counter substantially the combined thrust of 
the other two impellers. 

(CourU$)' Worthfn&ton Corporation.) 

The rotor assembly is supported radially in 
the housing by t"'o main bearings, one located 
at each end or the rotor shaft (Fig. 18-20). A 
Kingsbury-type thrust bearing mounted on the 
discharge end or the shaft positions the rotor 
assembly axially in the casing. Since the axial 
thrust or the rotor Is usually neutralir.ed by one 
means or another, the load on the thrust bearing 
is ordinarily very light. As in the case of the 
opcn·type reciprOC{lting and rotary compressors, 
a shaft seal is employed between the compressor 
housing and the rotor shaft in order to prevent 
inward or outward leakage at the poinL where 
the shaft protrudes from the compressor 
housing. 

Centrifugal compressors are pressure lubri
cating cilber by a submerged type oil pump 
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Fig. 18-25&. Sectional elevation of three-stage volute centrifugal compressor. (Courtesy Worthington Corporation.) 
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Second-stage 
impeller at 
cond. press. 

Labyrinth seal 
between housing 

and shaft 

driven directly from the rotor shaft or by a 
separate, externally mounted, motor-driven oil 
pump with an external oil reservoir. The prin
cipal parts of the compressor requiring lubri
cation are the two main bearings, the Kingsbury 
thrust bearing, and the shaft seal. Since these 
parts are so located that they do not come into 
direct contact with the system refrigerant during 
normal operation, lubrication is simplified in 
that there is little or no contamination of the 
refrigerant by the compressor lubricating oil. 
The leakage of oil along the rotor shaft from 
the main bearings into the refrigerant spaces is 
minimized by the use of oil seal labyrinth glands 
which are installed on the shaft on the inboard 
side of each of the main bearings (Fig. 18-20). 
Oil coolers are employed to maintain oil tem
perature during normal operation. Oil heaters 
are usually installed in the oil reservoir to 
prevent excessive refrigerant dilution of the oil 
during periods of shut-down. Oil filters are 
standard equipment on all centrifugal com
pressors. Compressors employing a shaft-driven 
oil pump must also be equipped with an aux
iliary oil pump to supply oil pressure during 
start-ups and at other times when the shaft 
driven pump cannot supply adequate lubrication 
for the compressor parts. 
18-24. Performance of Centrifugal Com· 
pressors. In addition to its ability to maintain 

fll• 18-16. labyrinth seal 
between impellers. (Courtesy 
York Corporation.) 

a relatively high efficiency over a wide range of 
load conditions, and its high volumetric dis
placement per unit of size, there are certain other 
desirable performance characteristics inherent 
in the design of a centrifugal compressor. 
Principal among these is its relatively flat head
capacity characteristic as compared to that of 
positive displacement compressors. This, along 
with an extreme sensitivity to changes in speed, 
greatly simplifies the problem of capacity con
trol and tends to give the centrifugal compressor 
a decided advantage over the reciprocating type 
in any large tonnage installation where the 
evaporator temperature must be maintained 
relatively constant despite wide variations in 
evaporator loading. 

External equalizlng line 

Suction 
inlet 

Fie. 18-17. Diagrammatic sketch of thrust balance. 
(Courtesy York Corporation.) 
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Like the centrifugal pump or blower, the 
delivery capacity (in cfm or in tons refrigeration) 
of an individual centrifugal compressor will 
decrease as the thermodynamic head produced 
by the compressor increases. Conversely, it is 
true also that as the delivery rate of the com
pressor is reduced the head produced by the 
compressor must increase. Therefore, since the 
maximum head which the compressor is capable 
of developing is limited by the peripheral speed 
of the impeller wheels, it follows that the mini
mum delivery capacity of the compressor is also 
limited. H the load on the evaporator becomes 
too small, the thermodynamic head necessary 
to handle the reduced volume of vapor will 
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Fig. 18-28. Centrifugal versus reciprocating perfor
mance. (Courtesy York Corporation.) 

exceed the maximum head which the compressor 
can produce. When this point is reached, com
pressor operation becomes unstable and the 
compressor begins to "surge" or "hunt." 
However, with proper capacity control methods, 
the load on a centrifugal compressor can be 
reduced to as little as 10% of the design load 
without exceeding the pumping limit of the 
compressor. 

As in the case of the reciprocating compressor, 
the capacity and the power requirements of the 
centrifugal vary with the vaporizing and con
densing temperatures of the cycle and with the 
speed of the compressor. With reference to 
these variables, the performance of the centri
fugal compressor is compared to that of the 
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reciprocating type in Figs. 18-28 through 18-31. 
Some of the more important differences in the 
performance of the two compressors become 
apparent on careful examination of these data. 

Notice in Fig. 18-28 that a reduction in refrig
erating capacity from 240 to 100 tons is accom
plished by the centrifugal compressor with a 
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corresponding change in evaporator tempera
ture of only 10o F as compared to a 29° F change 
required by the reciprocating compressor to 
effect the same tonnage reduction. This means 
in effect that a centrifugal compressor will main
tain a more constant evaporator temperature 
over a much wider range of loading than will the 
reciprocating type. Naturally, this is an impor
tant advantage in any installation requiring the 
maintenance of a constant evaporator tempera
ture under varying load conditions. 

Too, the fact that a rather substantial change 
in capacity is brought about by only a small 
change in the suction temperature makes prac
tical the use of suction throttling devices as a 
means of controlling the capacity of a centri
fugal compressor, a practice which cannot be 
recommended for reciprocating compressors. 

It is of interest to notice also that the oper· 
ating range of the centrifugal compressor is 
definitely limited by the "surging" or "hunting" 
characteristic of the compressor. In Fig. 18-30, 
the centrifugal evaporator temperature cannot 
fall below 35° F regardless of the reduction of 
the evaporator loading. A further decrease in 
evaporator would cause the compressor to reach 
its "pumping limit" and a rise in the evaporator 
temperature would occur. By comparison, the 
positive displacement reciprocating compressor 
will continue to reduce the evaporator tempera
ture and pressure as the evaporator load is 
reduced until a capacity balance is obtained 
between the evaporator loading and the com
pressor capacity. 

Figure 18-31 shows a performance comparison 
between centrifugal compressors operating at 
constant speed and evaporator temperature but 
with varying condensing temperature. Curve 

A-B illustrates that the centrifugal compressor 
experiences a rapid reduction in capacity as the 
condensing temperature increases. This charac
teristic of a centrifugal compressor makes it 
possible to control compressor capacity by 
varying the quantity and temperature of the con
denser water. The capacity of the compressor 
can be reduced by this means until point A is 
reached, beyond which a further increase in the 
condensing temperature will cause the required 
thermodynamic head to exceed the developed 
head of the compressor for the given speed and 
tons capacity, with the result that hunting will 
occur. 

The reduction in the capacity of the recipro
cating compressor with a rise in the condensing 
temperature is relatively small as compared to 
that experienced by the centrifugal compressor. 
Regardless of the increase in condensing temper
ature, the reciprocating compressor will continue 
to have a positive displacement and produce 
a refrigerating effect. 

Figure 18-29 compares the power require
ments of the centrifugal and reciprocating com
pressors under conditions of varying condensing 
temperature. Whereas the centrifugal shows a 
reduction in power requirements with an in
crease in the condensing temperature to corre
spond with the rapid fall off in capacity shown 
in Fig. 18-31, the reciprocating compressor 
shows a small increase in power requirements 
to correspond with the small change in refrig
eration tonnage shown in Fig. 18-29 for that 
machine. 

Figure 18-30 also illustrates the nonover
loading characteristic of the centrifugal com
pressor. Notice that an increase in condensing 
temperature causes a reduction in both the 
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refrigerating capacity and the power require
ments of the compressor, although the horse
power required per ton increases. 

With regard to compressor speed, the centri
fugal compressor is much more sensitive to 
speed changes than is the reciprocating type. 
Whereas the change in the capacity of the 
reciprocating compressor is approximately pro
portional to the s~d change, according 
to the performance cmves in Fig. 18-31, a 
speed change of only 12% will cause a 50% 
reduction in the capacity of the centrifugal 
compressor. 
18-15. Capacity Control. Capacity control 
of centrifugal compressors is usually accom
plished by one of the following three methods: 
(l) varying the speed of the compressor, (2) 
varying the suction pressure by means of a 
suction throttling damper, or (3) varying the 
condensing temperature through control of the 
condenser water. Often, some combination of 
these methods is used. 

Because of its extreme sensitivity to changes 
in speed, the centrifugal compressor is ideally 
suited for capacity regulation by means of 
variable speed drives, such as steam turbines 
and wound-rotor induction motors. When con
stant spee<i drives, such as synchronous or 
squirrel cage motors, are employed, speed con
trol can be obtained through the use of a 
hydraulic or magnetic clutch installed between 
the drive and the step-up gear. 
18-26. Centrifugal Refrigeration Machines. 
Centrifugal compressors are available for re
frigeration duty only as an integral part of a 
centrifugal refrigerating machine. Because of 
the relatively flat head-caj>acity characteristic of 
the centrifugal compressor, and the resulting 
limitation in the operating range, the component 
parts of a centrifugal refrigerating system must 
be very carefully balanced. Too, since very 
marked changes in capacity accrue with only 
minor changes in the suction or condensing 
temperatures, the centrifugal refrigerating system 

Fl1. 18-ll. Centrifugal refrigerating machine. (Courtesy Worthington Corporation) 
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Fl1. 18-33. Flow diagram for 
typical centrifugal refrigerating 
machine. (Courtesy Carrier 
Corporation.) 

Condenser 
water in 

must be close-coupled, as shown in Fig. 
18-32, in order to reduce the refrigerant line 
pressure losses to an absolute minimum. 

A schematic diagram of a centrifugal refrig
erating system is shown in Fig. 18-33. Except 
for the introduction of a flash intercooler 
(Section 20-12) between the condenser and 
evaporator, the centrifugal refrigerating system 
operates on a conventional vapor-compression 
cycle. High pressure liquid drains from the 
bottom of the condenser into the high pressure 
chamber of the intercooler, from where it passes 
through a high pressure float valve into the 
intermediate chamber of the intercooler. In 
passing through the float valve, a portion of the 
liquid flashes into the vapor state, thereby 
cooling the balance of the liquid to the tempera
ture corresponding to the pressure in the inter-

• Refrigerant liquid 

llliill Refrigerant vapor 

mediate chamber. From the intermediate cham
ber the cool liquid passes through the inter
mediate float valve into the evaporator, at which 
time the temperature of the liquid is reduced 
to the evaporator temperature by additional 
flashing. Hence, the .effect of the intercooler is 
to increase the refrigerating effect per pound and 
to reduce the amount of flash gas in the evapora
tor. Since the flash vapor from the intermediate 
chamber is taken into the suction of the second
stage impeller, the pressure of this vapor will be 
above the evaporator pressure and therefore the 
power required to compress it to the condensing 
pressure win be less. Too, the cool vapor from 
the intercooler reduces the temperature of the 
discharge vapor from the first-stage impeller 
with the result that the capacity and efficiency 
of the system are increased. 



19 
Refrigerant Piping 
and Accessories 

19-1. Piping Materials~ In general, the type 
of piping material employed for refrigeration 
piping depends upon the size and nature of the 
installation, the refrigerant used, and the cost of 
materials and labor. Specific minimum require
ments for refrigerant piping, with regard to type 
and weight of piping materials, methods of 
joining, etc., are set forth in the American 
Standard Safety Code for Mechanical Refrig
eration (ASA Standard B9.l). Since the speci
fications in this standard represent good, safe, 
piping practice, they should be closely followed. 
Too, in all cases, local codes and ordinances 
must be taken into account. 

The materials most frequently used for refrig-
, erant piping are black steel, wrought iron, 
copper, and brass. All these are suitable for use 
with all the common refrigerants, except that 
copper and brass may not be used with ammonia, 
since, in the presence of moisture, ammonia 
attacks nonferrous metals. 

Copper tubing has the advantage of being 
lighter in weight, more resistant to corrosion, 
and easier to install than either wrought iron 
or black steel. With all refrigerants except 
ammonia, refrigerant lines up to 4l in. OD may 
be either copper or steel. All lines above this 
size should be steel. However, general practice 
is to use all steel pipe in any installation where 
a considerable amount of piping exceeds 2 in. 
in size. Wrought iron pipe, although more 
expensive than black steel, is sometimes used in 
place of the latter because of its greater resistance 
to corrosion. 

Steel pipe should be of either the seamless or 
lap-welded types, except that butt-welded pipe 
may be used in sizes up to 2 in. All steel pipe 
1 in. or smaller should be Schedule-SO (extra 
heavy). Above this size, Schedule-40 (standard 
weight) pipe may be used, except that liquid lines 
up to It in. should be Schedule-SO. 

Copper tubing is available in either hard or 
soft temper. The hard drawn tubing comes in 
20 ft straight lengths, whereas the soft temper is 
usually packaged in 25 and 50 ft coils. Only 
types K and L are suitable for refrigerant 
lines. 

Soft temper copper tubing may be used for 
refrigerant lines up to i in. OD, and is recom
mended for use where bending is required, where 
the tubing is hidden, and/or where flare connec
tions are used. Hard temper tubing should be 
used for all sizes above i in. OD and for smaller 
sizes when rigidity is desired. 
19-2. Pipe Joints. Depending on the type and 
size of the piping, joints for refrigerant piping 
may be screwed, flanged, flared, welded, brazed, 
or soldered. When refrigerant pressures are 
below 250 psi, screwed joints may be used on 
pipe sizes up to 3 in. For higher pressures, 
screwed joints are limited to pipe sizes I! in. 
and smaller. Above these sizes, flanged joints of 
the tongue and groove type should be used. 
Screwed-on flanges are limited to the pipe sizes 
listed above. For larger sizes, welded-neck 
flanges are required. A joint compound, suit
able for refrigerant piping and applied to the 
male threads only, should be used with all screw 
connections. 

Welding is probably the most commonly used 
method of joining iron and steel piping. Pipes 
2 in. and over are usually butt-welded, whereas 
those 1 t in. and smaller are generally socket
welded. Branch connections should be re
inforced. 

Flared compression fittings may be used for 
connecting soft temper copper tubing up to size 
! in. OD. Above this size and for hard temper 
copper tubing, joints should be made with 
sweat fittings using a hard solder. Hard solders 
are silver brazing alloys with melting tempera
tures above tooo• F. Soft solder (95% tin and 
S% antimony), having a melting point below 
soo• F, may be used for tubing ! in. OD and 
smaller. A suitable noncorrosive soldering flux 
should be used with both types of solder. 

365 
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Flare fittings should be forged brass, and 
sweat fittings may,be either wrought copper or 
forged brass. Cast sweat fittings .are not suitable 
for refrigeration duty. As a general rule, better 
fitting joints will result when tubing and fittings 
are obtained from the same manufacturer. 
19-3. Location. In general, refrigerant piping 
should be located so that it does not present a 
safety hazard, obstruct the normal operation 
and maintenance of the equipment, or restrict 
the use of adjoining spaces. When the require
ments of refrigerant flow will permit, piping 
would be at least 7! ft above the floor, unless 
installed against the wall or ceiling. The piping 
code prohibits refrigerant piping in public hall
ways, lobbies, stairways, elevator shafts, etc., 
except that it may be placed across a hallway 
provided that there are no joints in the hallway 
and that nonferrous pipe 1 in. and smaller is 
encased in rigid metal conduit. 

The arrangement of the piping should be such 
that it is easily installed and readily accessible 
for inspection and maintenance. In all cases, 
the piping should present a neat appearance. 
All lines should be run plumb and straight, and 
parallel to walls, except that horizontal suction 
lines, discharge lines, and condenser to receiver 
lines should be pitched in the direction of 
flow. 

All piping should be supported by suitable 
ceiling hangers or wall brackets. The supports 
should be close enough together to prevent the 
pipe from sagging between the supports. As a 
general rule, supports should not be more than 
8 to 10 ft apart. A support should be placed not 
more than 2ft away from each change in 
direction, preferably on the side of the longest 
run. All valves in horizontal piping should be 
installed with the valve stems in a horizontal 
position whenever possible. All valves in copper 
tubing smaller than 1 in. OD should be sup
ported independently of the piping. Risers may 
be supported either from the floor or from the 
ceiling. 

When piping must pass through floors, walls, 
or ~ilings, sleeves made of pipe or formed 
galvanized steel should be placed in the openings. 
The pipe sleeves should extend 1 in. beyond each 
side of the openings and curbs should be used 
around pipe sleeves installed in floors. 

Provisions must be made also for the thermal 
expansion and contraction of the piping which 

usually amounts to approximately ! in. per 
hundred feet of piping. This is not ordinarily a 
serious problem, since refrigerant piping is 
usually three dimensional and therefore suffi
ciently flexible to absorb the small changes in 
length. However, care should be taken not to 
anchor rigidly both ends of a long straight 
length of pipe. 
19-4. Vibration and Noise. In most cases, 
the vibration and noise in refrigerant piping 
originates not in the piping itself but in the 
connected equipment. However, regardless of 
the source, vibration, and the objectional noise 
associated with it, is greatly reduced by proper 
piping design. Often, relatively small vibrations 
transmitted to the piping from the connected 
equipment are amplified by improperly designed 
piping to the extent that serious damage to 
the piping and/or the connected equipment 
results. 

For the most part, vibration in refrigerant 
piping is caused by the rigid connection of the 
piping to a reciprocating compressor, by gas 
pulsations resulting from the opening and 
closing of the valves in a reciprocating com
pressor, and by turbulence in the refrigerant gas 
due to high velocity. When centrifugal and 
rotary compressors are used, vibration and noise 
in the refrigerant piping is not usually a serious 
problem, being caused only by the latter of the 
above three factors. The reason lies in the 
rotary motion of the centrifugal and rotary 
compressors and in the smooth flow of the gas 
into and out of these units, as compared to the 
pulsating flow through the reciprocating-type 
compressor. 

Since a small amount of vibration is inherent 
in the design of certain types of equipment, such 
as reciprocating compressors, it is not possible 
to eliminate vibration completely. However, if 
the piping immediately adjacent to such equip
ment is designed with sufficient flexibility, the 
vibration will be absorbed and dampened by the 
piping rather than transmitted and amplified by 
it. On small units piped with soft temper copper 
tubing, the desired flexibility is obtained by 
forming vibration loops in the suction and 
discharge lines near the point where these lines 
are connected to the compressor. If properly 
designed and placed, these loops will act as 
springs to absorb and dampen compressor 
vibration and prevent its transmission through 



the piping to other parts of the system. Where 
the compressor is piped with rigid piping, 
vibration eliminators (Fig. 19-1) installed in the 
suction and discharge lines near the compressor 
are usually effective in dampening compressor 
vibration. Vibration eliminators should be 
placed in a vertical line for best results. 

On larger systems, adequate flexibility is ordin
arily obtained by running the suction and dis
charge piping approximately 30 pipe diameters 
in each of two or three directions before 
anchoring the pipe. In all cases, isolation type 
hangers and brackets should be used when 
piping is supported by or anchored to building 
construction which may act as a sounding board 
to amplify and transmit vibrations and noise in 
the piping. 

Although vibration and noise resulting from 
gas pulsations can occur in both the suction and 
discharge lines of reciprocating compressors, 
it is much more frequent and more intense in the 
discharge line. As a general rule, these gas 
pulsations do not cause sufficient vibration and 
noise to be of any consequence. Occasionally, 
however, the frequency of the pulsations and the 
design of the piping are such that resonance is 
established, with the result that the pulsations 
are amplified and sympathetic vibration (as with 
a tuning fork) is set up in the piping. In some 
instances, vibration can become so severe that 
the piping is torn loose from its supports. 
Fortunately, the condition can be remedied by 
changing the speed of the compressor, by in
stalling a discharge muffier, and/or by changing 
the size of length of the discharge line. Since 
changing the speed of the compressor is not 
usually practical, the latter two methods 
are better solutions, particularly when used 
together. 

When vibration and noise are caused by gas 
turbulence resulting from high velocity, the 
usual remedy is to reduce the gas velocity by 
increasing the size of the pipe. Sometimes this 
can be accomplished by installing a supple
mentary pipe. 
19-5. General Design Considerations. Since 
many of the operational problems encountered 
in · refrigeration applications can be traced 
directly to improper design and/or installation 
of the refrigerant piping and accessories, the 
importance of proper design and installation 
procedures cannot be overemphasized. In 
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Fig. 19·1. Vibration eliminator. (Courtesy Anaconda 
Metal Hose Division, The American Brass Company.) 

general, refrigerant piping should be so designed 
and installed as to: 

1. Assure an adequate supply of refrigerant 
to all evaporators 

2. Assure positive and continuous return of 
oil to the compressor crankcase 

3. Avoid excessive refrigerant pressure losses 
which unnecessarily reduce the capacity and 
efficiency of the system 

4. Prevent liquid refrigerant from entering 
the compressor during either the running or off 
cycles, or during compressor start-up 

5. Avoid the trapp~ of oil in the evaporator 
or suction line which may subsequently return 
to the compressor in the form of a large "slug" 
with possible damage to the compressor. 
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19-6. Suction Line Size. Because of its 
relative location in the system, the size of the 
suction piping is usually more critical than that 
of the other refrigerant lines. Undersizing of 
the suction piping will cause an excessive refrig
erant pressure drop in the suction line and 
result in a considerable loss in system capacity 
and efficiency. On the other hand, oversizing of 
the suction piping will often result in refrigerant 
velocities which are too low to permit adequate 
oil return from the evaporator to the compressor 
crankcase. Therefore, the optimum size for the 
suction piping is one that will provide the mini
mum practical refrigerant pressure drop com
mensurate with maintaining sufficient vapor 
velocity to insure adequate oil return. 

Most systems employing oil miscible refrig
erants are so designed that oil return from the 
evaporator to the compressor is through the 
suction line, either by gravity flow or by entrain
ment in the suction vapor. When the evaporator 
is located above the compressor and the suction 
line can be installed without risers or traps, the 
oil will drain by gravity from the evaporator to 
the compressor crankcase, provided that all 
horizontal piping is pitched downward in the 
direction of the compressor. In such cases, the 
minimum vapor velocity in the suction line is of 
little importance and the suction piping can be 
sized to provide the minimum practical pressure 
drop without regard for the velocity of the vapor. 
This holds true also for any system employing 
a nonmiscible refrigerant and for any other 
system where special provisions are made for oil 
return. 

On· the other hand, when the location of the 
evaporator and/or other conditions are such 
that a riser is required in the suction line, the 
riser must be sized small enough so that the 
resulting vapor velocity in the riser under mini
mum load conditions will be sufficiently high to 
entrain the oil and carry it up the riser and back 
to the compressor. The minimum vapor velo
city required for oil entrainment in suction risers 
for various suction temperatures and pipe sizes 
are given in Charts 19-1A and B for Refrigerants-
12 and 22, respectively. These velocities should 
be increased by 25% to determine the minimum 
design velocity for a suction riser. 

In accordance with Equation 15-13, for any 
given flow rate and pipe size, the refrigerant 
velocity in the pipe can be calculated by dividing 

flow rate in cfm by the internal area of the pipe 
in square feet. The refrigerant flow rate in 
pounds per minute per ton at various operating 
conditions can be determined from Charts 
19-2A, B, and C for Refrigerant-12, 22, and 
ammonia, respectively. Internal areas for 
various pipe sizes are listed in Table 19-1. 

Example 19-1. A Refrigerant-12 system, 
with a capacity of 40 tons, is operating at a 
20o F evaporator temperature and a 110° F con
densing temperature. Compute the refrigerant 
velocity in the suction line, if the line is 3l in. 
00 copper tube. 

Solution. From 
Chart 19-2A, the flow 
rate in pounds per min· 
ute per ton 

From Table 16-3, the 
specific of R-12 satu
rated vapor at 20° F 

Refrigerant flow rate 
in cfm for 40 tons 

From Table 19-1, the 
internal area of 3l in. 
OD copper tube 

Applying Equation 
15-13, the refrigerant 
velocity in the suction 
pipe 

= 4.26 

= 1.097 cu ft/lb 

= 4.26 X 1.097 
x40 

= 187 cfm 

= 6.81 sq in. 

187 cfm x 144 
6.81 sq in. 

= 3850fpm 

In the interest of high system efficiency, good 
design requires that the suction piping be sized 
so that the over-all refrigerant pressure drop in 
the line does not cause a drop in the saturated 
suction temperature of more than one or two 
degrees for Refrigerants-12 and 22, or more than 
one degree for ammonia. Since the pressure
temperature relationship of all refrigerants 
changes with the temperature range, the maxi
mum permissible pressure drop in the suction 
piping varies with the evaporator temperature, 
decreasing as the evaporator temperature de
creases. For instance, for Refrigerant-12 vapor 
at 40o F, the maximum permissible pressure 
drop in the suction piping (equivalent to a 2o F 
drop in saturation temperature) is 1.8 psi, 
whereas for Refrigerant-12 vapor at -40° F, 
the maximum permissible pressure drop in the 
suction line is only 0.4 psi. 



Tonnage capacities of various sizes of iron 
pipe and type L copper tubing at various suction 
temperatures are listed in Tables 19-2, 19-3, 
and 19-4 for Refrigerants-12, 22, and ammonia, 
respectively. The values listed in the tables are 
based on a suction line pressure loss equivalent 
tor F per 100ft of pipe for Refrigerants-12 and 
22, and 1 • F for ammonia. The condensing 
temperature is taken as too• F for Refrigerant-
12 and as tos• F for Refrigerant-22 and am
monia. In all cases, tonnage capacities at other 
condensing temperatures can be determined by 
applying the correction factors given at the 
bottom of each table. Equations are also given 
at the bottom of the tables for correcting 
tonnages for other pressure losses and equivalent 
lengths. The following example will serve to 
illustrate the use of the tables. 

Example 19-:Z. A 40-ton, Refrigerant-12 
system has an evaporator temperature of 20• F 
and a condensing temperature of 110• F. If a 
suction pipe 30 ft long containing six standard 
elbows is required, determine: 
(a) the size of type L copper tubing required and 
(b) the over-all pressure drop in the suction line 

in psi. 

Solution. Adding 50% to the straight length 
of pipe as a fitting allowance establishes a trial 
equivalent length of 45 ft (30 ft x 1.5). From 
Table 19-2, 3l in. OD copper tubing has a 
capacity of 34 tons based on a condensing 
temperature of 1 oo• F and a suction line 
pressure loss equivalent to 2" F per 100ft of 
pipe. Since the pressure loss is proportional to 
the length of pipe and since the equivalent 
length of pipe is only 45 ft in this instance, this 
pipe size may be sufficient and a trial calculation 
should be made. From Table 15-1, 3l in. OD 
(3 in. nominal) standard elbows have an equiva
lent length of 3.8 ft. 

Actual equivalent length of suction piping: 
Straight pipe 
length 
6 ells at 3.8 ft 
Total equivalent 
length 

Correction factor 
from Table 19-3 to 
correct tonnage for 
11 o• F condensing 
temperature is 0.9. 
Corrected tonnage 

=30ft 
= 22.8ft 

= 52.8 ft 

= 34 X 0.9 
= 30.6 tons 
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Suction line rres-
sure loss in •F _ Actual equiv.length 

- so 
x (Actual tons Y·' 

Table tons/ 

= 52.8 (~1·8 

50 X 30.6/ 
= 1.55 X (1.113)1.8 
= 1.88• F 

From the chart at the bottom of Table 19-2, 
the pressure loss in psi corresponding to 1.88• F 
at a 20• F suction temperature is approximately 
1.3 psi. 

When the suction piping is sized on the basis 
of a one or two degree drop in the saturated 
suction temperature, as in the preceding 
example, the resulting vapor velocity will ordin
arily be sufficiently high to insure the return of 
oil up a suction riser during periods of minimum 
loading. However, exceptions to this are likely 
to occur in any system where the evaporator 
temperature is low, where the suction line is 
excessively long, and/or where the minimum 
system loading is less than 50% of the design 
load. When any of the above conditions exist, 
the vapor velocity should be checked for the 
minimum load condition to be sure that it will 
be above the minimum required for successful 
oil entrainment in risers. 

The widespread use of automatic capacity 
control on modern compressors, in order to vary 
the capacity of the compressor to conform to 
changes in the system load, tends to complicate 
the design of all of the refrigerant piping. 
Through the use of automatic capacity control, 
single compressors are capable of unloading 
down to as little as 25 % of the maximum design 
capacity. When two or more such compressors 
are connected in parallel, the system can be 
designed to unload down to as little as 10% of 
the combined maximum design capacity of the 
compressors. Obviously, when the system 
capacity is varied over such a wide range, any 
suction piping sized small enough to insure 
vapor velocities sufficiently high to carry oil up 
a riser during periods of minimum loading will 
cause a prohibitively high refrigerant pressure 
drop during periods of maximum loading. On 
the other hand, sizing the pipe for a low 
pressure drop at maximum loading will result 
in riser velocities too low to return oil. For
tunately, the vapor velocity in horizontal piping 
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L, To compressor 
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Fig. 19-2. Illustrating method of reducing the size of 
a vertical suction riser. (Courtesy York Corporation.) 

is not critical and the problem is mainly one of 
riser design. In most cases, when the minimum 
system load is not less than 25 % of the design 
load, the problem can be solved by reducing the 
size of the riser only, with the balance of the 
suction piping being sized for a low pressure 
drop at maximum loading. 

Example 19-3. Assume that the minimum 
load for the system described in Example 19-2 
is 25 % of the design load, or 10 tons. Compute 
the velocity of the vapor in the suction piping 
under the minimum load condition and check 
in Table 19-1 to determine if it is sufficiently high 
to carry oil of the 10ft riser. 

Solution. From Example 19-1, the flow rate 
in pounds per minute per ton is 4.26 and the 
specific volume of the vapor is 1.097 cu ft/lb, so 
that the flow rate through the suction piping in 
cfm for 10 tons is 46.8 (4.26 x 1.097 x 10). 
From Table 19-1, the internal area of 3l in. OD 
copper tubing is 6.81 sq in. Therefore, the yelo
city of the vapor in the suction piping is 

46.8 X 144 = 993 f 6.81 pm 

From Chart 19-1A, the minimum velocity for 
oil entrainment with 20° F vapor in a 3l in. OD 
suction riser is approximately 1430 fpm. In
creasing the table value by 25 %. the minimum 
design velocity is found to be 1775 fpm (1430 x 
1.25). It is evident that the vapor velocity at 

minimum loading will be too low for oil return 
up the riser. 

Therefore, the size of the riser must be 
reduced. Try the next smaller pipe size, which 
is 2f in. OD. From Chart 19-lA, the minimum 
velocity for oil entrainment with zoo F vapor 
in a 2i in. OD suction riser is 1300 fpm. By 
increasing the table value by 25 %, the minimum 
design velocity is 1625 fpm. From Table 19-1, 
the internal area of 2f in. OD copper tubing is 
4.76 sq in. At the minimum load of 10 tons, the 
vapor velocity in the riser will be 

46.8 X 144 = 1415 f 4.76 pm 

Since this is still too low for adequate oil 
entrainment, try the next smaller pipe size, 
which is 21 in. OD. Using the same procedure, 
it is found that the minimum design velocity for 
oil entrainment with 20° F vapor in a 21 in. OD 
suction riser is 1500 fpm, and that the vapor 
velocity at the minimum load of 10 tons is 2180 
fpm. Therefore, use 2l in. OD copper tube for 
the riser and 3l in. OD copper tube for the 
balance of the suction piping. 

The refrigerant pressure loss in the riser in 
degrees is (see Note 3 at the bottom of Table 
19-2) 

10 ( 40 )1.8 
SO X (lZ.l) = 0.248° F 

When this' is added to the pressure loss in the 
balance of the suction piping, the over-all 
pressure loss will still be well within the 
acceptable limits. 

Figure 19-2 illustrates the proper method of 
reducing the line size at a vertical riser. An 
eccentric reducer with its flat side down should 
be used at the bottom connection before entry 
to the elbow. This is done to prevent forming an 
area of low gas velocity which could trap a layer 
of oil extending the length of the horizontal line. 
At the top of the riser, the line size is increased 
beyond the elbow with a standard reducer, so 
that any oil reaching this point cannot drain 
back into the riser. 
19-7. Double-Pipe Risers. As a general rule, 
when the suction riser is reasonably short and 
the minimum system load does not fall below 
25% of the maximum design load, undersizing 
of the riser to provide adequate vapor velocity 
during periods of minimum loading will not 
cause a significant increase in the over-all suction 
line pressure drop, particularly if the horizontal 



portion of the piping is liberally sized. On the 
other hand, when the suction riser is quite long 
and/or when the minimum system loading is 
less than 25 % of the design loading, undersizing 
of the riser to conform to the requirements of 
minimum loading will ordinarily result in an 
excessive pressure loss in the suction piping 
during periods of maximum loading, especially 
in low temperature installations. In such cases, 
the double-pipe riser, shown in Fig. 19-3, should 
be employed. 

The small diameter riser is sized for the mini
mum load condition, whereas the combined 
capacity of the two pipes is designed for the 
maximum load condition. The larger riser is 
trapped slightly below the horizontal line at the 
bottom. During periods of minimum loading, 
oil will settle in the trap and block the flow of 
vapor through the larger riser, thereby increasing 
the flow rate and velocity in the smaller 
riser to a level high enough to insure oil return 
up the riser. As the system load increases, the 
velocity increases in the small riser until the 
pressure drop across the riser is sufficient to 
clean the oil out of th~ trap and permit flow 
through both pipes. · 

Notice that the trap at the bottom of the large 
riser is made up of two 45° elbows and one 90° 
elbow. This is done to keep the volume of the 
trapped oil as small as possible. Notice also 
that inverted loops are used to connect both 
risers to the top of the upper horizontal line, 
so that oil reaching the upper line cannot drain 
back into the risers. 
19-8. General Design of Suction Piping. 
The suction piping should always be so arranged 
as to eliminate the possibility of liquid refrig
erant (or large slugs of oil) entering the com-

Fig. 19-3. Double suction 
riser construction. (Courtesy 
Carrier Corporation.) Evap. 
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A 

pressor during either the running or off cycles, 
or during compressor start-up. Generally, 
unless the system is operated on a pump-down 
cycle, it is good practice to install a liquid
suction heat exchanger in the suction line of all 
systems employing dry-expansion evaporators. 
The reason for this is that thermostatic expan
sion valves frequently do not close off tightly 
during the compressor off cycle, thereby per
mitting off cycle leakage of liquid refrigerant 
into the evaporator from the liquid line. When 
the compressor starts, the excess liquid often 
slops over into the suction line and is carried to 
the compressor unless a liquid-suction heat 
exchanger is employed to trap the liquid and 
vaporize it before it reaches the compressor. 
The liquid-suction heat exchanger also serves to 
trap and vaporize any liquid which may carry 
over into the suction line because of overfeeding 
of the expansion valve during start-up or during 
sudden changes in the evaporator loading. 

Ordinarily, the liquid-suction heat exchanger 
can be safely omitted if the system is operated 
on a pump-down cycle, in which case the liquid 
refrigerant will be pumped out of the evaporator 
before the compressor cycles off, and the liquid 
line solenoid installed ahead of the refrigerant 
control will prevent liquid refrigerant from 
entering the evaporator from the liquid line, 
even though the expansion valve itself may not 
close off tightly. 

When the evaporator is located above the 
compressor, and the system is not operated on a 
pump-down cycle, the suction line should be 
trapped immediately beyond the expansion 
valve bulb, as shown in Fig. 19-4, so that liquid 
refrigerant cannot drain by gravity from the 
evaporator to the compressor during the off 

B 

Suction line 
to com pressor 

A B 

Suction line 
to compressor 

U-bend or 
2 ells 

Method A Method B 
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FIJ. 19-4. Evaporator located above compressor. 

cycle. H the system is operated on a pump-down 
cycle, the trap may be omitted and the piping 
arranged for free draining (dotted lines in Fig. 
19-4), since all the liquid is pumped from the 
evaporator before the compressor cycles off. 

When the evaporator is located below the 
compressor and the suction riser is installed 
immediately adjacent to the evaporator, the 
riser should be trapped as shown in Fig. 19-5 to 
prevent liquid refrigerant from trapping at the 
thermal bulb location. In the event that trapping 
of the line is not practical, the trap may be 
omitted and the thermal bulb moved to a posi
tion on the vertical riser approximately 12 to 18 
in. above the horizontal header, as shown by the 
dotted line in Fig. 19-5. 

When a multiple of evaporators is to be 
connected to a common suction main, each 
evaporator (or separately fed evaporator seg
ment) should be connected to the main with an 
individual riser, as shown in Fig. 19-6. Since 
thermostatic expansion valves do not perform 
properly when the load on the evaporator falls 

Preferred 

n 
I I.e-Alternate ,, 
II 
II 

~~ 
II 

Evaporator 

p 

FIJ. 19-5. Evaporator below compressor. 

below 50% of the design capacity of the valve, 
the flow rate through the individual risers should 
never drop below 50% of the design flow rate. 
Therefore,. the use of individual risers for each 
evaporator (or separately fed segment) should 
eliminate the problem of oil return at minimum 
loading. Figures 19-7 through 19-9 illustrate 
some of the various methods of connecting 
multiple evaporators to a common suction 
main when it is not practical to use individual 
risers. 

The suction piping at the compressor should 
be brought in above the level of the compressor 

FIJ. 19-6. Multiple evaporators, individual suction 
lines. 

suction inlet. The piping should be designed 
without liquid traps and so arranged that the oil 
will drain by gravity from the suction line into 
the compressor. When multiple compressors 
are connected to a common suction header, the 
piping should be designed so that oil return to 
the several compressors is as nearly equal as 
possible. The lines to the individual compressors 
should always be connected to the side of the 
header. Some typical piping arrangements for 
multiple compressors are shown in Figs. 19-10 
and 19-11. 
19-9. DlscharJe Plplns. Sizing of the dis
charge piping is similar to that of the suction 
piping. Since any refrigerant pressure drop in 



the discharge piping tends to increase the com
pressor discharge pressure and reduce the capa
city and efficiency of the system, the discharge 
piping should be sized to provide the minimum 
practical refrigerant pressure drop. Tonnage 
capacities for various sizes of discharge pipes 
are given in Tables 19-2, 19-3, and 19-4. The 
values listed in the tables are based on an over
all refrigerant pressure drop per 100 ft of equiva
lent length corresponding to a 2o F drop in the 
saturation temperature of Refrigerants-12 and 
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Fll• 19-7. Multiple evaporators, common suction 
line. 

22, and for a 1 o F loss in saturation temperature 
for ammonia. The procedure for sizing the dis
charge piping is the same as that used for the 
suction piping. 

All horizontal discharge piping should be 
pitched downward in the direction of the refrig
erant flow so that any oil pumped over from 
the compressor into the discharge line will drain 
toward the condenser and not back into the com
pressor head. Although the minimum vapor 
velocity in horizontal discharge piping is not 
ordinarily critical, special attention must be 
given to the vapor velocity in discharge line 
risers. As in the case of a suction riser, the 
discharge line riser must be designed so that the 
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Fla. 19-8. Evaporators at different levels connected 
to a common suction riser. 

vapor velocity in the riser under minimum load 
conditions is sufficiently high to entrain the oil 
and carry it up the riser. Minimum vapor velo
cities for oil entrainment in discharge risers are 
given in Charts 19-1C and D for Refrigerants-12 
and 22, respectively. The table values should be 
increased by 25% to determine the minimum 
design velocity. When the system capacity 
varies over a wide range, a double-pipe riser may 
be necessary, unless a discharge line oil sepa
rator is used. When an oil separator is installed 

Fla. 19-9. Evaporators at different levels connected 
to a double suction riser. 



374 PRINCIPLES OF REFRIGERATION 

Fls.I9-IO. Suction piping for compressors connected 
in parallel. 

in the discharge line, the vapor velocity in the 
discharge riser is not critical and the riser should 
be sized for a low pressure drop, since any oil 
which is not carried up the riser during periods 
of minimum loading will drain back into the 
separator (Fig. 19-12). 

When the compressor is not operating, the oil 
adhering to the inside surface of a discharge 
riser tends to drain by gravity to the bottom of 
the riser. If the riser is more than 8 to 10 ft long, 
the amount of oil draining from the riser may be 
quite large. Therefore, the discharge line from 
the compressor should be looped to the floor to 
form a trap so that oil cannot drain from the 
discharge piping into the head of the com· 
pressor. Since this trap will also collect any 
liquid refrigerant which may condense in the 
discharge riser during the compressor off cycle, 
it is especially important when the discharge 
piping is in a cooler location than the liquid 
receiver and/or condenser. Additional traps, 
one for 25 ft of vertical rise, should be installed 
in the discharge riser when the vertical rise 
exceeds 25ft, as shown in Fig. 19-13. The 
horizontal width of the traps should be held to a 
minimum and can be constructed of two stan· 
dard 90• elbows. The depth of the traps should 
be approximately 18 in. 

The traps may be omitted if an oil separator 
is used, since any oil or liquid refrigerant 

draining from the vertical riser during the off 
cycle will drain into the oil separator. How· 
ever, certain precautions must be taken to 
eliminate the possibility of liquid refrigerant 
passing from the oil separator to the com
pressor crankcase during the off cycle (see 
Section 19-12). 

A purge valve, to permit purging of non
condensible gases from the system, should be 
installed at the highest point in the discharge 
piping or condenser. 

When two or more compressors are connected 
together for parallel operation, the discharge 
piping at the compressors must be arranged so 
that the oil pumped over from an active com
pressor does not drain into an idle one. Under 
no circumstances should the piping be arranged 
so that the compressors discharge directly into 
one another. As a general rule, it is good 
practice to carry the discharge from each com
pressor nearly to the floor before connecting to a 
common discharge main (Fig. 19-14). With this 
piping arrangement, a discharge line trap is not 
required at the riser, since the lower horizontal 
header serves this purpose. 

Alternate 
approach~.," 

/ 

------/ 
/ 

/ 

Fl1. 19-11. Suction piping for compressors connected 
in parallel. 



Fl1. 19-I:L Arrange for pre· 
venting liquid return to com· 
pressor crankcase. 
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Fl1. 19-I:J. Piping of discharge riser. 

In the event that the discharge header must be 
located above the compressors, the discharge 
from the individual compressors should be 
connected to the top of the header, as shown in 
Fig. 19-15, so that oil cannot drain from the 
header into the head of an idle compressor. 

In order to reduce the noise and vibration 
created by the compressor discharge pulsations, 
discharge mufllers are recommended for all 
multiple compressor installations and for a 
single compressor installation where the noise 
of the discharge pulsations may become objec
tionable. Discharge mufllers must be installed 

Solenoid) 
for free draining, either in a horizontal line or 
in a down-comer, as shown in Fig. 19-14, but 
never in a riser. 
19-10. Liquid Lines. The function of the 
liquid line is to deliver a solid stream of sub
cooled liquid refrigerant from the receiver tank 
to the refrigerant flow control at a sufficiently 
high pressure to permit the latter unit to operate 
efficiently. Since the refrigerant is in the liquid 
state, any oil entering the liquid line is readily 
carried along by the refrigerant to the evapora
tor, so that there is no problem with oil return in 
liquid lines. For this reason, the design of the 
liquid piping is somewhat less critical than that 
of the other refrigerant lines, the problem 
encountered being mainly one of preventing the 
liquid from flashing before it reaches the refrig· 
erant control. 

Fl1. 19-14. Discharge piping of multiple compressors 
connected in parallel. 
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Fl1. 19-15. Discharge piping for multiple compressors 
connected in parallel. 

Flash gas in the liquid line reduces the capa
city of the refrigerant control, causes erosion of 
the valve pin and seat, and often results in 
erratic control of the liquid refrigerant to the 
evaporator. To avoid flashing of the liquid in 
the liquid line, the pressure of the liquid in the 
line must be maintained above the saturation 
pressure corresponding to the temperature of 
the liquid. 

Since the liquid leaving the condenser is 
usually subcooled 5 !o to• F, flashing of the 
liquid will not ordinarily occur if the over-all 
pressure drop does not exceed 5 to 10 psi. How
ever, if the pressure drop is much in excess of 
10 psi, it is very likely that some form of liquid 
subcooling will be required if flashing of the 
liquid is to be prevented. In most cases, a 
liquid-suction heat exchanger and/or a water
cooled subcooler will supply the necessary sub
cooling. In extreme cases, a direct-expansion 
subcooler may be required. (Fig. t9-t6.) 

The amount of subcooling required in any 
individual installation can be determined by 
computing the liquid line pressure drop. 
Pressure drop in the liquid line results not only 
from friction losses but also from the loss of 
head due to vertical lift. Tonnage capacities of 
various sizes of liquid pipes are listed in Tables 

19-2, t9-3, and t9-4. The pressure drop per foot 
of vertical lift is found in Table 19-6. 

Example 19-4. A Refrigerant-t2 system 
has a capacity of 35 tons. The equivalent length 
of liquid line including fittings and accessories 
is 60ft. If the line contains a 20ft riser, 
determine: 
(a) the size of the liquid line required 
(b) the over-all pressure drop in the line 
(c) the amount of subcooling (•F) required to 

prevent flashing of the liquid. 

Solution 
(a) From Table t9-2, ti in. OD copper tubing 

has a capacity of 35.1 tons based on a 1.8 psi 
pressure drop per tOO equivalent feet of pipe. 

(b) For 60 ft equivalent 
length, the friction loss 
in the pipe = 1.8 psi x 0.6 

= 1.00 psi 
Pressure loss due to 20 ft 

lift 

Over-all pressure drop 

= 0.55 psi x 20 
= tl.OO psi 
= t + tl.O 
= t2.0psi 

(c) Assuming the condensing temperature to be 
too• F, the pressure at the condenser is 131.6 
psia. The pressure at the refrigerant control 
is tt9.6 psia, which corresponds to a satura
tion temperature of approximately 93• F. 
The amount of subcooling required is approxi
mately 7• F (loo• - 93•). 

19·11. Condenser to Receiver Piping. Since 
the amount of refrigerant in the evaporator and 
condenser varies with the loading of the system, 
a liquid receiver tank is required on all systems 
employing hand expansion valves, automatic 

Fll• 19-16. 



expansion valves, thermostatic expansion valves, 
or low pressure float valves. Some exceptions to 
this are installations using water-cooled con
densers, wherein the water-cooled condenser 
also serves as the liquid receiver. In addition to 
accommodating fluctuations in the refrigerant 
charge, the receiver tends to keep the conden~r 
drained of liquid, thereby preventing the liquid 
level from building up in the condenser and 
reducing the amount of effective condenser 
surface. The liquid receiver serves also as a 
pump-down storage tank for the liquid 
refrigerant. 

In general, the condenser to receiver piping 
must be so designed and sized as to allow free 
draining of the liquid from the condenser at all 
times. If the pressure in the receiver is permitted 
to rise above that in the condenser, vapor 
binding of the receiver will occur and the liquid 
refrigerant will not drain freely from the con
denser. Vapor binding of the receiver is likely 
to occur in any installation where the receiver 
is so located that it can become warmer than 
the condenser. The problem of vapor binding 
is more acute in the wintertime and during 
periods of reduced loading. 

Although the exact preventative measures 
which can be taken to elimina~ vapor binding 
of the receiver depends somewhat on the type of 
condenser, in every instance it involves proper 
equalization of the receiver pressure to the 
condenser. 

Basically, there are two types of liquid 
receivers: the through-flow and the surge (Fig. 
19-17). The through-flow type may be either 
bottom inlet or top inlet. With the through-flow 
type receiver, all the liquid from the condenser 
drains into the receiver before passing into the 
liquid line. The surge type differs from the 
through-flow in that only a part of the liquid 
from the condenser, that part not required in 
the evaporator, enters the receiver. With the 
surge-type receiver, the refrigerant liquid enters 
and leaves the receiver through the same 
opening. 

When a top-inlet, through-flow type receiver 
is used, equalization of the receiver pressure to 
the condenser can · be accomplished directly 
through the condenser to receiver piping, pro
vided that the piping is sized so that the refrig
erant velocity does not exceed 100 fpm and 
that the line is not trapped at any point (Fig. 
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Fl1. 19-17. (o) Top inlet through-flow receiver. (b) 
Bottom inlet through-flow receiver. (c) Surge-type 
receiver. 

19-18). All horizontal piping should be pitched 
toward the receiver at least ! in. per foot. When 
a stop valve is placed in the line, it should be 
located a minimum distance of 8 in. below the 
liquid outlet of the condenser and should be 
installed so that the valve stem is in a horizontal 
position. In the event that a trap in the line is 
unavoidable, a separate equalizing line must be 
installed from the top of the receiver to the con
denser, as shown in Fig. 19-19. When an 
equalizing line is used, the condenser to receiver 
piping may be sized for a refrigerant velocity of 
150fpm. 

All bottom inlet receivers of both the through
flow and surge types must be equipped with 
equalizing lines. The minimum vertical distance 
(h9 of Fig. 19-19) between the outlet of the con
denser and the maximum liquid level in the 
receiver to prevent the back-up of liquid in the 



37$ PRINCIPLES OF REFRIGERATION 

This line sized so that at full 
load, the velocity does not 
exceed 100 ft/min. slope 
horizontal line toward receiver 
~w per ft. or more. 

Fig. 19-19. Surge-type receiver 
hookup. (Courtesy York 
Corporation.) 

High pressure liquid 
to expansion valve Fig. 19-18. Top inlet through 

type receiver hookup. (Cour
tesy York Corporation.) 
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does not exceed 150'/min. 

Maximum Velocity of Type Valve between 
Drain line, lbs/min Condenser and Receiver 

ISO 
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Angle 
Globe 
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h2 Required 
inches 

14 
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28 
14 

Size drain line to receiver for maximum velocity of ISO ft/min. 
If a valve is located in this line, the trapping height limitation may 
require a larger si:z:e line to minimi:z:e the pressure drop. 



condenser is listed at the bottom of Fig. 19-19. 
This value increases as the pressure loss in the 
condenser to receiver line increases, but should 
never be less than 12 in. 

Figure 19-20 iiiustrates a satisfactory piping 
arrangement for multiple condensers connected 
in parallel to a top inlet receiver. A piping 
arrangement for multiple condensers with a 
bottom inlet receiver is shown in Fig. 19-21. 
The vertical distance h2 is determined from the 
bottom of Fig. 19-19. 
19-11. Oil Separators. As a general rule, 
discharge line oil separators should be employed 
in any system when oil return is likely to be 
inadequate or difficult to accomplish and/or 
when the amount of oil in circulation is apt to be 
excessive or to cause an undue loss in the effi
ciency of the various heat transfer surfaces. 
Specifically, discharge line oil separators are 
recommended for: (1) all systems employing 
nonmiscible refrigerants, (2) low temperature 
systems, (3) all systems employing nonoil
returning evaporators, such as flooded liquid 
chiilers, when oil bleeder lines or other special 
provisions must be made for oil return, and (4) 
any system where capacity control and/or long 
suction or discharge risers cause serious piping 
design problems. 

Discharge line oil separators are of two basic 
types: (1) impingement and (2) chiiier. The 
impingement-type separator (Fig. 19-22) con
sists of a series of screens or baffles through 
which the oil laden refrigerant vapor must pass. 

Slope header towards 
receiver i'' per ft or more. 
Size entire header for 
100' /min velocity at the 
total design flow rate. 

Gas inlet 

Fl1. 19-10. Parallel shell-and-tube condensers with 
top inlet receiver. (Courtesy York Corporation.) 
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Fll• 19-:U. Parallel shell-and-tube condensers with 
bottom inlet receiver. (Courtesy York Corporation.) 

On entering the separator, the velocity of the 
refrigerant vapor is considerably reduced 
because of the larger area of the separator with 
relation to that of the discharge line, whereupon 
the oil particles, having a grealer momentum 
than that of the refrigerant vaJ>9r, are caused to 
impinge on the surface of the screens or baffling. 
The oil then drains by gravity from the screens 
or baffles into the bOttom of the separator, from 
where it is returned through a float valve to the 
compressor crankcase or, preferably, to the 
suction inlet of the compressor (Fig. 19-12). 

The water-cooled, chiiier-type separator, 
sometimes called an oil chiiier, is similar in 
construction to the water-cooled condenser. 
Water is circulated through the tubes while the 
discharge vapor passes through the shell. The 
oil is separated from the vapor by precipitation 
on the cold water tubes, from where it drains 
into a drop-leg sump. The oil may be drained 
manually from the sump or returned auto
matically to the compressor through a ftoat 
valve. (Fig. 19-23.) The water flow rate through 
the separator must be carefully controlled so 
that the refrigerant vapor is not cooled below 
its condensing temperature, in which case liquid 



380 PRINCIPLES OF REFRIGERATION 

refrigerant could be condensed in the separator 
and passed to the compressor crankcase through 
the float valve. 

In some low temperature applications, a 
direct-expansion, chiller-type separator is in
stalled in the liquid line. The operation and 
installation of the direct-expansion oil separator 
are similar to- those of the direct-expansion 
liquid subcooler described in Section 19-10. The 
liquid refrigerant passing through the separator 
is chilled to a temperature below the pour point 
of the oil, thereby causing the o~: to congeal on 
the chiller tubes. The oil is drained from the 
separator periodically by taking the separator 
out of service and allowing it to warm up to a 
temperature above the pour point of the oil. 

Although properly applied oil separators are 
usually very effective in removing oil from the 
refrigerant vapor, they are not 100% efficient. 
Therefore, even when an oil separator is used, 
some means should be provided for removing 
the small amount of oil which will always pass 
through the separator and find its way into other 

Fie. 19-ll. Application of 
chiller-type oil separator. 
(Courtesy York Corporation.) 

Fie. 19-22. impingement-type 
oil separator with float drainer. 
(Courtesy York Corporation.) 

parts of the system. Some of the various methods 
of accomplishing this are described in the 
following sections. 

The principal hazard associated with the use 
of a discharge line oil separator is the possibility 
of liquid refrigerant passing from the oil sepa
rator to the compressor crankcase when the 
compressor is idle. The liquid refrigerant may 
drain into the separator from the discharge 
piping or it may condense in the separator itself 
during the off cycle. 

While the compressor is operating, the tem
perature of the oil separator is relatively high 
and the possibility of liquid refrigerant con
densing in the oil separator is rather remote, 
particularly if the separator is located reasonably 
close to the compressor. However, after the 
compressor cycles off, the separator tends to 
cool to the condensing temperature, at which 
time some of the high pressure refrigerant vapor 
is likely to condense in the separator. This 
raises the liquid level in the separator and causes 
the float to open and pass a mixture of oil and 
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liquid refrigerant to the compressor crankcase. 
Condensation of the refrigerant in the separator 
is most apt to occur when the oil separator is 
installed in a cooler location than the condenser, 
in which case the liquid will boil off in the con
denser and condense in the separator. 

To eliminate the possibility of liquid refrig
erant draining from the oil separator into the 
compressor crankcase during the off cycle, the 
oil drain line from the separator should be 
connected to the suction inlet of the compressor, 
rather than to the crankcase, and the line should 
be equipped with a solenoid valve, a sight glass, 
a hand expansion valve, and a manual shut-off 
valve (see Fig. 19-12). With the help of the 
sight glass, the hand throttling valve can be 
adjusted so that the liquid (oil and refrigerant) 
from the separator is bled slowly into the suction 
inlet of the compressor. The solenoid valve is 
interlocked with the compressor motor starter 
so that it is energized (open) only when the com
pressor is operating. This arrangement prevents 
the liquid refrigerant and oil in the separator 
from draining to the compressor during the off 
cycle, but permits slow draining into the suction 
inlet of the compressor when the compressor is 
operating. 

To minimize the condensation of refrigerant 
vapor in the oil separator during the off cycle, 
oil separators should be installed near the com
pressor in as warm a location as possibh The 
separators should also be well insulated in order 
to retard the loss of heat from the separator 
after the compressor cycles off. 

In some instances, the oil from the separator 
is drained into an oil receiver where it is stored 
until needed in the compressor crankcase (Fig. 
17-39). The oil receiver contains a heating 
element which boils off the liquid refrigerant to 
the suction line. Oil from the oil receiver is 
admitted to the compressor crankcase as needed 
through a float valve located in the compressor 
crankcase. 

Oil receivers cannot be used with compressors 
equipped with crankcase oil check valves. Since 
the oil receiver is at the suction pressure, the 
higher crankcase pressure could force all the oil 
out of the crankcase into the oil receiver. When 
oil receivers are employed, oil check valves must 
be removed and crankcase heaters installed. 
19-13. Ammonia Piping. Since ammonia is 
a nonmiscible refrigerant, the oil pumped over 
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into the discharge line from the compressor is 
not readily carried along through the system by 
the refrigerant. Therefore, an oil separator 
should be installed in the discharge line of all 
ammonia systems to reduce to a minimum the 
amount of oil that passes into the system. Pro
visions must be made also to remove from the 
system and return to the crankcase the small 
amount of oil that gets by the separator. 

Oil, being heavier than liquid ammonia, tends 
to separate from the ammonia and settle out at 
various low points in the system. For this 
reason, oil sumps are provided at the bottom of 
all receivers, evaporators, accumulators, and 
other vessels in the system containing liquid 
ammonia, and provisions are made for draining 
the oil from these points eitbr continuously or 
periodically. Since the amount of oil involved is 
small, when an operator is on duty the draining 
is usually done manually and the oil discarded. 
Of course, this requires that the crankcase oil 
be replenished periodically. 

Since the lubricating oil is not returned to the 
compressor through the refrigerant piping, the 
minimum vapor velocity in ammonia piping is of 
no consequence and the piping is sized for a low 
pressure drop without regard for the minimum 
vapor velocity. 
19-14. Nonoil Returning Halocarbon Eva
porators. The design of some halocarbon 
evaporators is such that the oil reaching the 
evaporator cannot be entrained by the refrig
erant vapor and carried over into the suction 
line and back to the compressor. The more 
common of these evaporators are flooded liquid 
chillers and certain types of air-cooling evapora
tors that are operated semiflooded by bottom
feeding with a thermostatic expansion valve. 
In both cases, the problem with oil return results 
from the lack of sufficient refrigerant velocity 
and turbulence in the evaporator to permit 
entraining the oil and carrying it over into the 
suction line. 

With the semiflooded evaporator, oil return 
from the evaporator is usually accompanied by 
adjusting the expansion valve for a low super
heat and slightly overfeeding the evaporator so 
that a small amount of the oil-rich liquid 
refrigerant in the evaporator is continuously 
carried over into the suction line. This arrange
ment will ordinarily keep the oil concentration 
in the evaporator within reasonable limits. As 
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shown in Fig. 19-24, a liquid-suction heat 
exchanger is installed in the suction line ·to 
evaporate the liquid refrigerant from the oil
refrigerant mixture before the latter reaches the 
compressor. 

Flooded liquid chillers are usually equipped 
with oil bleeder lines which permit a measured 
amount of the oil-rich liquid in the chiller to be 
bled off into the suction line or, in some 
instances, into an oil receiver. A throttling 
valve is installed in the bleeder line so that the 
flow rate through the line can be adjusted. The 
bleeder line also contains a solenoid valve which 
is wired to open only when the compressor is 
operating, so that flow through the bleed line 
does not occur when the compressor is idle. 

Since Refrigerant-12 is completely oil miscible 
at all temperatures above the pour point of the 
oil, the oil bleeder connection on Refrigerant-12 
chillers may be located at any point below the 
liquid level in the chiller. Refrigerant-22, on the 
other hand, is partially oil miscible at evaporator 
temperatures. Therefore, when refrigerant tur
bulence in the evaporator isrelatively low, there 
is a tendency for the oil-refrigerant mixture in 
the ~vaporator to separate into two layers, with 
the upper layer containing the greater concen
tration of oil. For this reason, the oil bleeder 
connection of Refrigerant-22 chillers should be 
located just above the midpoint of the liquid 
level in the chiller. 

As shown in Fig. 17-30, when the bleed off is 

Liquid-suction 
interchanger -Suction 

Hand 
expansion 

valve 

directly to the suction line, a liquid-suction heat 
exchanger is required in order to evaporate the 
liquid refrigerant from the bleed mixture before 
it reaches the compressor. Figures 17-39 and 
17-41 illustrate typical piping arrangements' 
when bleed off is to an oil receiver. 
19-15. Crankcase Piping for Parallel Com· 
pressors. When two or more compressors 
are operating in parallel off a common suction 
line, it is very unlikely that the oil returning 
through the suction line will be evenly distri
buted to the several compressors. Too, it is 
very unlikely that the amount of oil pumped 
over by any two compressors will be exactly the 
same even when the compressors are alike in 
both design and size. For these reasons, when 
compressors are piped for parallel operation, 
it is necessary to interconnect the crankcases of 
the several compressors both above and below 
the crankcase oil level, as shown in Fig. 19-11. 

This requires that the compressors be so 
placed on their respective foundations that the 
oil tappings of ~e individual compressors are 
all at exactly the same level. The crankcase oil 
equalizing line may be installed either level with 
or, preferably, below the level of the crankcase 
oil tappings. Under no circumstances should 
the oil equalizing line be allowed to rise above 
the level of the crankcase tappings. 

Since any small difference in the crankcase 
pressure of the several compressors will cause 
a difference in the 

1
crankcase oil levels, it is 

Fan 

Fig. 19-24. Forced circulation 
air cooler with direct expan
sion feed of flooded-type coli. 
(Courtesy Carrier Corpora
tion.) 
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COMPRESSOR CONSTl\UCTION ANO LUBIUCATION ~l 

rcfdgaatlng capacity and the power requi...,. 
mcnts of the compre$$or, nlthough the horse
power required per ton incre.ues. 

With regard to compressor speed, the centri· 
fugal compressor is much more sensitive to 
speed changes than is the reciprocating type. 
Whereas the change in \he cnpnclty of \he 
reciprocating compressor is 11ppro~imately pro
portional to the speed change, according 
to the performanco <ur'vcs ln Fig, 18-31. u 
speed change of only 12% will cnuS4 1 SOY. 
reduction ln the capacity or the centrifugal 
COJilj)rCSSOr. 
18-lS. Capacity control. capncity control 
of centrifugal compressors Is usually accom
plished by one of the following thr"" ~Mthods: 
(I) varying the spocd of the compressor, (2) 
varying the suction pressure by means of a 
suction throttling dnmper, or (3) varying !he 
condensing temperature through conuol or tho 
condenser watu. Often, 110me combination of 
these methods is used. 

llacauso or ItS c~treme sensitivity to changes 
in speed, t.be centrifugal compressor is ideally 
aulted for capacity rogul~tion by means of 
variable speed drives, such as steam turbines 
and wound-rotor induction motors. When con
stant spcetl drives, such as synchronous or 
squirrel cage motors, are employed, speed con· 
trol can be obUiin.ed through the usc of a 
hydraulic or magnetic elutclh installed between 
the drive and tho $ttp-up gear. 
11-U. C:entrlfuaal Refrlaeratlon Machi,..., 
Centrifugal compressors are available for re
frigeration duty only as an Integral p3rt of a 
cenll'ifugal refrigerating .machine. Because of 
cho relatively flat hcsd<apncicy chatacteriscie of 
cbe centrifugal compressor, and tbt resulting 
limitation in the operating range, the componcnl 
ports or a centrifugal refrigerating system must 
be very carefully balanced. Too, sinoe very 
marked changes in capacicy accrue with only 
minor changes in the ruetion or condcn$ing 
ccmpcnuura. checa~crifugat refrigeracing system 

Fla. 1a..n. Ce.ntrlfugal refdaeratlns muhlne. (Coun.uy Wonhtnc~on Corpon.tlon) 



the piping to Other pat'- of the l)'lltern. Where 
the comprusor is piped with rigid piping, 
Vibration eliminators (Fig. 1~·1) InstAlled In the 
suctino and ditcharge lines near the comprcuor 
arc usually eiTecth-e In cbmpening com~ 
vibration. Vibration eliminators lhould be 
placed in B vertiCBI line for best resultS. 

On larger systems, adequate ncxlblllty is ordln· 
arily obtBined by running the suction and dis· 
charge pipong approximately 30 pipe dlamecers 
in each of two or three dircetlons before 
anchoring the pipe. In all casa. IJohnion typo 
hangers and brackets lhould be u~ when 
piping is supported by or anchored to building 
construction which may act as a sounding board 
to amplify and transmit vibrotlons and noise In 
the piping. 

Although vibration and notSO resulting from 
gas pulsations can oa:.ur in both the suc:llon and 
c!is<:bargoc IJnes of reciprocating compressor~, 
it is much more Cttquent and mora intense in the 
dischorgc line. 1\$ a general rule, these ps 
pulsations do not cause sulllclent vibration and 
noise to be of any CCIDSIC'!-. Occallonally, 
~lowe\..,.. the fc-equc:ucy of the pulationt and the 

cksign of the popcng arc suc.h that -- il 
C$13bll$hed, with the result that the pulsations 
arc ampli6ed and sympathetic vibrauon (as with 
a tuning fork) is set up in the pipin&· In some 
instances, vibrwlion can become ., ~ that 
the piping IS torn loooe from ots suppotts. 
Fortunately, the condition can be runedied b) 
changing the speed or the com~. by fn. 
stalling a dilcharge mulller, and/or by changing 
the sm or length or the di!chargc line. Si~ 
changing the speed of tbe compressor is not 
usually pracucal. the Iauer two mt1hods 
arc bellcr solutions. partkularly when ~ 
~r. 

When vibration and noi.., are caused by cu 
turbulence resulting from high velocity, the 
usual remedy is to reduce the gus velocity by 
increasing tho size or the pipe. Sometimes this 
can be ac:complisbcd by Installing a supple
men!Ary pipe. 
19·5. General Desll" Contlcleratlons. Sonee 
many of the opcrstional problems encountered 
in refrigeration applicationJ con be traced 
directly to Improper design and/or Installation 
of the refrigerant piping and aoceuorics, the> 
importance of proper design and Installation 
prooedura cannot be overemphuizled. In 

1'11-lt.l. VU>ntloeell"' .. - . (Coaruoy
Houl HaM Dt...-. TIM Anoeriaft 11tuo Company.) 

general, refrigerant piping should be so clesigncd 
and inatallcd u to: 

I . Assure an adequam supply or refrigerant 
to all cvaporatol1 

2. Assure poshlvo and continuous return of 
oil to the compressor emnlccase 

3. Avoid excessive rerrigcrant pressure losses 
whlch unnecessarily reduce the capacity and 
elllclcncy of the system 

4. l'rcvent liquid refrigerant from entering 
the compn::saor during either the running or oil' 
cycles, or during compressor start-up 

3. Avoid the trapping of oil in the evaporator 
or wetlon line whk:b may subsequently return 
to the compt'CSIO< lo the fot'll\ of a luge "ssug" 
woth possible damacc to the compreasor. 
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FIJ . lt.U . Typlcalllqul~ ln~lcaton or alah< aluses. 
Notice mobturelndlc:uor tntorporatld In tlnale port 
sl&ht alw. TM color ol the mobturt Indicator 
dMOtes the reJadve moisture cont-ent of the tysttm.. 
(o) O...ble port siah• alw. (b) Sinal• port al&ht &''"· 
(Co..rusy Mueller Bran C<Hnpony.) 

necessary also t.o cquallle lhe crnnkcuc 
pressures. This is done by lnlcrconnecling 1he 
crankcases above lhe crankCJUe oil level with • 
crankcase pressure equallzln& line. ThJs tine 

may be inst.alkd le\'d wnh, or above. the cnnlc· 
CIS4 t.app•np or the compressors. The crank· 
cu: pressure equahzing line must not be 
11llowed to drop below the level of the crankcase 
tapplnga and It must not contain any liquid 
1raps Clr any kind. 

B<llh I he oil cqulllizjng line and tl1c crankcase 
pressure cqunllling line ahould be the same size 
as the crankeaac lapplngs. Manual shut-off 
valves should be lnMalled in both lines belween 
the comprusors so that lndi,;dual compressors 
can be valved off for main1enance or tq)&irs 
without the neecssity of shutting down the enure 
ay.tem. 
lt• l6, Liquid lndicaton (Siaht Glu-). 
A liquid lndlcutor or SJght glass installed in the 
liquid line or a n:frll:l'fllling SY$lem provides • 
means or determining visually whether or not 
the •Y•lmt has a auflldcnt c:h.argc of refril:l'tant. 
11 the ay.cem ia mon or n:trigenont, the vapor 
bubblcl appoannc in the liquid stn:am will be 
easily •bible in the OJght p.s. The sl&ht glass 
should be inaulkd udoK to the liquid n:ceiwr 
u po~~~blc. bul far CfiOUCh downstram from 
any val- 110 that the rcsolting distur..._ docs 
001 appear In the a&ht glass. When liquid lines 
are lone. an addlllonal sight glass is frequently 
inmlkd In front or the rdrigenont control (or 
llqu•d line tolcnold, ~ one is used) to deter· 
mu~e 1f 1 10lld atn:am of liquid is reaching the 
n:lritennt control. Bubbles appearing in the 
sipt £U II this point indicate thai the liquid is 
ftashlng in the liquid line u a result or........; ... 
pressure drop. in ,.hich case the buhbla can he 
tiJminated only by reduan£ the liquid line 
pn:asun: drop or by further subcooling of the 
liquid ~frignanL Typical sight glauea are 
shown in Fig. 19·2.5. 
19-17. lhtfrl1•r•nt Dehydrators. Rerril:l'r· 
ani driers (Fig. 19·26) nre recommended for 
all n:frigerntlng 'YIIems employing a halo
carbon ~rrfceranl. Ln small systems the drier 
is usually inalalled din:ctly In lhe liquid line. 
In larger ay.tems the by-pass artanl:l'mcot 
lhown In Fig. 19-27 is employed. With the 
latter method or lnstolr.tion. the drier canrid&e 
can be removed and reinstalled without inter-
rupting 1he opc,.,.llon of the system. Too, the 
drier can be used Intermittently as n«ded. When 
the drier i! not being used valves A and 8 are 
Clpcn and valve C Is closed. When the drier is 
In service valves 8 and Care open and valve A 



" " l t-16. Stnl&flwhrov&h ""'" -ro~~•toble 
dr~er. (Covr<eoy 11otller ltut C:O..pany.) 

lsclolcd. Undernodrcumstancesahould valves 
Band C ew:r be closed at the same utnc, ucq>t 
whco the drier cartridr;c is bci11J cbanp. With 
val- B and C both etc.<~, cold l.qwd could 
be trapped m the drier, •hlth, upon -~nnmc. 
could c:rutc ~ b)dra~l~ ~ra and 
bum tbe drier cuin&. 
I tolL Straln.n. Straincd.._ld be iMtalled 
lmmechatcly In front o( all automatic valva In 
all rel'ripvu lines. Wll<n two or mot\1 auto
matoc: val,,.. arc INialled clotO tocelhco'. a ain&le 
Jltainor, placed immediately Upitrelm O( the 

valva, may be uocd.. In all.,._ the ilft1JXr 
5boulcl be amply .U.cd 10 that the accwn&~latlon 
of fon:iJ:n material 111 the llnincr will noc caUK 
an cxCICIIi\'C retrir;crant prcaurc clrop. 

Most rdriCC'rant oompRUOB come equipped 
wilh a atntlncr In '"" auction Inlet chamber. 
Wll<n lnstalllng t"" rdrigcrant plpinc, can 
sbould be takm to amnr;c tbe !IUClion p•plnc at 
the comptc:.or so u to permit suvldfll of thia 
sua.ntr 
It-It, ,,_..,,. Relief Vatveo. "'-rc 
r<:bclvaJou arc arcty vaJou daipcl to rdtCVe 
the presuc in the ')Sid~\ to the a~ 
or tO the out-of -<loon tltrovc,h a 'entlino, m the 
C\'Cllt that the preaurc In tbe syst.em riaca to an 
unaafc lc\d for any reaJOn. Most rdnr;cratln& 
ayatcm.c have at least one pressurc rcl1cf valve 
(or rUliblc pluJ) mounted on tbe ......,, ., tank 
or water-cooled coodcnscr. In many lnstanca, 
addttional rcllc( •al•cs arc rcqui.rcd at Olber 
pointS in the syatcm. The <:Uc:t number, loca· 
lion, and type or rdicf clcvlccs rcqwrcd arc act 
forti>"' tho Amcncan Standard Sarety Code for 
Median~ Rdrir;cta-., and dtpcnds for the 
~ p&n on tho type and size or the sy•tcm. 
Since local oodea ••ry -·!tat In tba .-pet~, 
theY should atv.ays bcoonsidcrcclwltcnclctl&nlnc 
an lnstallaclon. A typical pressurc rcllcr val>-e Is 
IIIUltralcd In Fi&. 1~28. 

A fWiblc pluc 11 aomcdrncs wbstitutcd for 
the pr-.rc Idler val-c. A fusible pluc Is simply 
a pipe plu& wllich bas been drilled and lllkcl 
wtth a metal alloy dclicncd to melt at tome pre
cldcmuned flliCid tcmpcraturc (Fi& 1~29). The 
desiJI) mcllln& tcmpcrauuc of the r~able pluc 
dtpcnds on l.bc ~tcmpcraturc rclallon
ahip or the rcfrir;crant cmployalln the tyatan. 
lt-10. llec.alnr Tank Valv.._ ReccJ- tank 
vtl•cs are uJually or tbe packed type. oqulppcd 

t 

• t 
.r. ----\ c 

on. I 
I 



Pia- lt-111. Tn*al ,,....,.. 
rolltl.,.._ (Coo.n.qHuoller 

·-~., 

Plti• l f,lt. fvalbk plup . (Coo.,..., Huollu IN& c.-,.nr.) 

,.., tt-a. ~- ..,.k-. <•l Aftale cypo ..mJo ,._.,.. roiW ""clot <-....._'"1). ~~.Mate typo 
- 41, ...... ~--"1). (Coo.,..., Hoollor-~.) 

liS 



J86 PIUNCIPI.ES Of 1\ffiUGEMTION 

Col 

C<l 

fie. lt.JI. Comp.--r 14rtl .. wive. (o) llack· 
,..,od. (b) lntotn\odlatA potldon. (c) frontl40tod. 

with a cap _. and deslpcd for direct hulaJJa. 
lion on the roceivcr c.anlc. (F"J&. 19-.lO.) Whet~ 
designed for ins.allalion on top of the .-iver 
tanlc, the val- mm be provided with dip 
rubc>a so that the liquid rtfri&cnnt can be dra"'"' 
from the bottom or the .-iver. Some .. ,_ 
also ba~ c.appinp to accommodate a relief~ 
or fllsible plug. 
lf.21 . Comp,.. .. or s.,.,lce Valv-. eon.. 
p<caot tcr;leo Vlllva oro usually dcslal><d 10 
bolt directly to the eomp.-or housinc- As 
ahown In Fig. 19-31,lbey bavc both "[ront" and 
"back" ...... Tbe •·front ...... COiltrols tbt 

now between the rdripnt Una ond the com
pressor. and the '"beck ~~tat"" COiltrOis tho gage 
pon of tho valve. When the valve stem is "back· 
-~." the gage port is clotcd and the ref rig· 
crant line iJ open to tho compressor. When the 
valve is "front·KI~," the gage pon iJ open to 
tho comptcaot and the refrlgcrantline is closed 
to tho compressor and gage pol1. With the 
valve siCm In an intcrmodiatc position bct"cen 
the teatS. both tho refrigerant line and the gage 
pol1 arc open to the compressor and. or oowse, 
to cad! other. 
19·Zl. 11anual Valves. Manual valva used 
for refrigeration duty may be or the globe. 
an&Jc, or gate type. Since the piping code pro
hibits tho use or pte valve$ in refdgcrant line$, 
except in latgo lnstallaUons where an operating 
attendant is on duty, they are used primarily 
In Wiler and brine lines. Gaco valva bave a very 
low Jli"C'"'I"C drop, but do not permit lhrotUtng 
and therefore can be employ«! only where full· 
flow or no-flow conditions arc desired. 8oth 
globe and angle valves arcsuic.ablc ror throttling. 
Since the angle valve otrm the lea$1 reslstanoo 
to flow, ils ._ Is I"CICOI1IIIlCtl whenever 
pRCtlcal. 

Either the "packed" or "pecklcss" type valve 
is suitable for refrigeration duty, provided the 
valvchas boon designed rorthat purpo~e. Packed 
valves lbould be of the back,...Ung type in 
order to pcnnlt pecking under pressure and 10 

I'll• lt.n l'lckod·I7P" INJIU>I nl'te. (C""rtoo7 
Vllur H>nufaccurlna Company.) 



reduce the possibility of leakage through the 
packing in the full-open position (Fig. 19-32.) 
Many packed valves are equipped with cap 
seals which completely cover and seal the 
valve stem, thereby eliminating the possibility 
of leakage when the valve is not in use. 

PROBLEMS 

1. A Refrigerant-12 system with a design capa
city of 65 tons is operating with a suction 
temperature of 40° F and a condensing tempera
ture of 110° F. The suction line is 40ft long and 
contains 2 elbows and a 10ft riser. The dis
charge line is 60 ft long and has S elbows and a 
15ft riser. The condenser to receiver liquid line 
is SO ft long with 3 elbows. The liquid line is SO 
ft long with 4 elbows and a 30ft riser. Using 
Type ~ copper tube for the refrigerant piping, 
determme: 

(a) The suction pipe size. Ans. 3l in. OD 
(b) The over-all pressure drop (0 F) in the 

suction pipe at design capacity. Ans. 2° F 
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(c) The refrigerant velocity in the suction pipe 
at design capacity. Ans. 4200 fpm 

(d) The refrigerant velocity in the suction pipe 
at 50% of design capacity. Ans. 2100 fpm 

(e) The discharge pipe size. Ans. 21 in. OD 
(/) The refrigerant velocity in the discharge 

pipe at 50% of design capacity. Ans. 1100 fpm 
(g) Liquid line size. Ans. 11 in. OD 
(h) The over-all pressure drop in the liquid 

line at design capacity. Ans. 4 psi 
(i) The condenser to receiver pipe size. 

Ans. 2f in:OD 
2: Determi?e the ~ize suction and discharge 
nsers required to msure adequate oil return 
when the system in Problem 1 is operating at 
25 % of design capacity. 

Ans. (a) 2f in. OD (b) 2! in. OD 
3. Rework Problem 1 using Refrigerant-22. 
Ans. (a) 2f in. OD (b) 1.23° F (c) 4000 
fpm (d) 2000 fpm (e) 21 in. OD (/) 
2000 fpm {g) 1 i in. OD (h) 7 psi (i) 2j in, OD 
4. Rework Problem 2 using Refrigerant 22. 

Ans. (a) 2l in. OD (b) 1t in. OD 



20 
Defrost Methods, 
Low-Temperature 
Systems, 
and Multiple 
Temperature 
Installations 

As a general rule, the more frequently the 
evaporator is defrosted the smaller is the frost 
accumulation and the shorter is the defrost 
period required. 
20.2. Methods of Defrosting. Defrosting of 
the evaporator is accomplished in a number of 
different ways, all of which can be classified as 
either "natural defrosting" or "supplementary
heat defrosting" according to the· source of the 
heat used to melt off the frost. Natural 
defrosting, sometimes called "shut-down" or 
"off-cycle" defrosting, utilizes the heat of the 
air in the refrigerated space to melt the frost 
from the evaporator, whereas supplementary
heat defrosting is accomplished with heat 
supplied from sources other than the space air. 
Some common sources of supplementary heat 
are water, brine, electric heating elements, and 
hot gas from the discharge of the compressor. 

All methods of natural defrosting require 
that the system (or evaporator) be shut down 
for a period of time long enough to permit the 
evaporator temperature to rise to a level well 
above the melting point of the frost. The exact 
temperature rise required and the exact length 
of time the evaporator must remain shut down 
in order to complete the defrosting vary with the 
individual installation and with the frequency 

20.1. Defrosting Intervals. The necessity of defrosting. However, in every case, since 
for periodically defrosting air-cooling evapora- the heat to melt the frost comes from the space 
tors which operate at temperatures low enough air, the temperature in the space must be 
to cause frost to collect on the evaporator allowed to rise to whatever level is necessary to 
surface has already been established. How melt off the evaporator frost, which is usually 
often the evaporator should be defrosted about 37° to 40o F. For this reason, natural 
depends on the type of evaporator, the nature defrosting is not ordinarily practical in any 
of the installation, and the method of defrosting. installation when the design space temperature 
Large, bare-tube evaporators, such as those is below 34° F. 
employed in breweries, cold storage plants, etc., The simplest method of defrosting is to shut 
are usually defrosted only once or twice a the system down manually until the evaporator 
month. On the other hand, finned blower coils warms up enough to melt off the frost, after 
are frequently defrosted as often as once or which the system is started up again manually. 
twice each hour. In some low temperature When several evaporators connected to the 
installations defrosting of the evaporator is same condensing unit are located in different 
continuous by brine spray or by some antifreeze spaces or fixtures, the evaporators can be taken 
solution. out of service and defrosted one at a time by 

In general, the length of the defrost period is manually closing a shut-off valve located in the 
determined by the degree of frost accumulation liquid line of the evaporator being defrosted. 
on the evaporator and by the rate at which heat When defrosting is completed, the evaporator is 
can be ~pplied to melt off the frost. For the put back into service by opening the shut-off 
most part, the degree of frost accumulation will valve. 
depend on the type of installation, the season If automatic defrosting is desired, a clock 
of the year, and the frequency of defrosting. timer can be used to shut the system down for a 
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fixed period of time at regular intervals. Both 
the number and the length of the defrost 
periods can be adjusted to suit the individual 
installation. As a general rule, natural con
vection evaporators are defrosted only once a 
day, in which case the defrost cycle is usually 
started around midnight and lasts for several 
hours. On the other hand, unit coolers should 
be defrosted at least once every 3 to 6 hr. Since 
it is usually undesirable to keep the system out 
of service for any longer than is necessary, the 
length of the defrost period should be carefully 
adjusted so that the system is placed back in 
service as soon as possible after defrosting. 

In one variation of the time defrost, the 
defrost cycle is initiated by the defrost timer 
and terminated by a temperature or pressure 
control that is actuated by the evaporator 
temperature or pressure. With this method, 
the defrost period is automatically adjusted to 
the required length, since the evaporator 
temperature (or pressure) will rise to the cut-in 
setting of the control as soon as defrosting is 
completed. 

The most common method of natural de
frosting is the .. off-cycle" defrost. As described 
in an earlier chapter, off-cycle defrosting is 
accomplished by adjusting the cycling control 
so that the evaporator temperature rises to 
37o F or 38° F during every off cycle. If the 
system has been properly designed, the evapo
rator will be maintained relatively free of frost 
at all times, since it will be completely defrosted 
during each off cycle. 
l0-3. Water Defrosting. For evaporator 
temperatures down to approximately minus 
40° F, defrosting can be accomplished by spray
ing water over the surface of the evaporator 
coils. For evaporator temperatures below 
minus 40° F, brine or some antifreeze solution 
should be substitued for the water. A typical 
water defrost system is illustrated in Fig. 20-1. 

Although water defrosting can be made 
automatic, it is often designed for manual 
operation. Ordinarily, the following procedure 
is used to carry out the defrosting: 

1. A stop valve in the liquid line is closed and 
the refrigerant is evacuated from the evaporator, 

Defrost valve cut-away detail 
defrost position 

Fl1. 20-1. Typical water defrost system. (Courtesy Dunham-Bush, Inc.) 
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Fl1.l0-l. Evaporator equipped for electric defrosting. Heater elements are installed through the center of 
the tubes. Inset shows details of mechanical sealing of the heater elements. (Courtesy Dunham-Bush, Inc.) 

after which the compressor is stopped and the 
evaporator fans are turned off so that the water 
spray is not blown out into the refrigerated 
space. If the evaporator is equippped with 
louvers, these are closed to isolate further the 
evaporator and prevent fogging of the refrig
erated space. 

2. The water sprays are turned on until the 
evaporator is defrosted, which requires approxi
mately 4 to 5 minutes. After the sprays are 
turned off, several minutes are allowed for 
draining of the water from the evaporator coils 
and drain pan before the evaporator fans are 
started and the system put back in operation. 

To eliminate the possibility of water freezing 
in the drain line, the evaporator should be 
located close to an outside wall and the drain 
line should be amply sized and so arranged 
that the water is. drained from the space as 
rapidly as possible. A trap is installed in the 
drain line outside the refrigerated space to 
prevent warm air being drawn into the space 
through the drain line during normal operation. 
In some instances, a float valve is employed in 
the drain pan to shut off the water spray and 
prevent overflowing into the space in the event 
that the drain line becomes plugged with ice. 

When brine or an antifreeze solution replaces 
the water spray, the defrosting solution is 

returned to a reservoir and recirculated, rather 
than wasted. Unless the reservoir is large 
enough so that the addition of heat is not 
required, some means of reheating the solution 
in the reservoir may be necessary. Since the 
water from the melting frost will weaken the 
solution, the defrost system is equipped with a 
"concentrator" to boil off the excess water and 
return the solution to its initial concentration. 

One manufacturer circulates a heated glycol 
solution through the inner tube of a double-tube 
evaporator coil. The principal advantage 
gained is that the glycol is not diluted by the 
melting frost. 
l0-4. Electric Defrosting. Electric resistance 
heaters are frequently employed for the de
frosting of finned blower coils. An evaporator 
equipped with defrost heaters is shown in Fig. 
20-2 .. Ordinarily, the drain pan and drain line 
are also heated electrically to prevent refreezing 
of the melted frost in these parts. 

The electric defrost cycle can be started and 
stopped manually or a defrost timer may be 
used to make defrosting completely automatic. 
In either case, the defrosting procedure is the 
same. The defrost cycle is initiated by closing 
a solenoid valve in the liquid line causing the 
evaporator to be evacuated, after which the 
compressor cycles off on low pressure control. 
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At the same time, the heating elements in the 
evaporator are energized and the evaporator 
fans turned off so that the heat is not blown 
out into the refrigerated space. After the 
evaporator is defrosted, the heaters are de
energized and the system put back in operation 
by opening the liquid line solenoid and starting 
the evaporator fans. 
10-5. Hot Gas Defrosting. Hot gas defrost
ing has many variations, all of which in some 
way utilize the hot gas discharged from the 
compressor as a source of heat to defrost the 
evaporator. One of the simplest methods of 
hot gas defrosting is illustrated in Fig. 20-3. A 
by-pass equipped with a solenoid valve is 
installed between the compressor discharge and 
the evaporator. When the solenoid valve is 
opened, the hot gas from the compressor 
discharge by-passes the condenser and enters 
the evaporator at a point just beyond the 
refrigerant control. Defrosting is accomplished 
as the hot gas gives up its heat to the cold 
evaporator and condenses into the liquid state. 
Some of the condensed refrigerant stays in the 
evaporator while the remainder returns to the 
compressor where it is evaporated by the com
pressor heat and recirculated to the evaporator. 

This method of hot gas defrosting has several 
disadvantages. Since no liquid is vaporized in 
the evaporator during the defrost cycle, the 
amount of hot gas available from the com
pressor will be limited. As defrosting progresses, 
more liquid remains in the evaporator and less 
refrigerant is returned to the compressor for 
recirculation, with the result that the system 
tends to run out of heat before the evaporator 
is completely defrosted. 

Another, and more serious, disadvantage of 
this method is the possibility that a large slug 
of liquid refrigerant will return to the com
pressor and cause damage to that unit. This is 
most likely to occur either at the beginning of 
the defrost cycle or immediately after defrosting 
is completed. 

Fortunately, both these weaknesses can be 
overcome by providing some means of re
evaporating the liquid which condenses in the 
evaporator before it is returned to the com
pressor. The particular means used to re
evaporate the liquid is the principal factor 
distinguishing one method of hot gas defrosting 
from another. 

Hot gas 
solenoid 

By-pass line 

Fig. 20-3 • .Simple hot gas defrost system. 

20-6. Re-evaporator Coils. One common 
method of hot gas defrosting employs a re
evaporator coil in the suction line to re-evaporate 
the liquid, as shown in Fig. 20-4. During the 
normal running cycle the solenoid valve in the 
suction line is open and the suction vapor from 
the evaporator by-passes the re-evaporator coil 
in order to avoid an excessive suction line 
pressure loss. At regular intervals (usually 3 to 
6 hr) the defrost timer starts the defrost cycle by 
opening the solenoid in the hot gas line and 
closing the solenoid in the suction by-pass line. 
At the same time, the evaporator fans are 
stopped and the re-evaporator fan is started. 
The liquid condensed in the evaporator is 
re-evaporated in the re-evaporator coil and 
returned as a vapor to the compressor, where it is 
compressed and recirculated to the evaporator. 
When defrosting is completed, the defrost cycle 
may be terminated by the defrost timer or by an 
evaporator-temperature actuated temperature 
control. In either case, the system is placed 
back in operation by closing the hot gas 
solenoid, opening the suction solenoid, stopping 
the re-evaporator fan and starting the evapora
tor fans. 
2.0-7. Defrosting Multiple Evaporator Sys
tems. When two or more evaporators are 
connected to a common condensing unit, the 
evaporators may be defrosted individually, in 
which case the operating evaporator can serve as 
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... _____ __, Compressor 

Suction line from 
other evaporators 

(if required) 

Drain pan coil. 

Hot gas line 

Receiver 

Liquid 
solenoid 

Fl1. 10-4. Hot gas defrost system employing re-evaporator coil. (Courtesy Kramer-Trenton Company.) 

a re-evaporator for the refrigerant condensed in 
the evaporator being defrosted. A flow diagram 
of this arrangement is illustrated in Fig. 20-5. 
20-8. Reverse Cycle Defrosting. By em
ploying the reverse cycle (heat pump) principle, 
the condenser can be utilized as a re-evaporator 
coil tp re-evaporate the refrigerant that con
denses in the evaporator during the defrost 

Normal Operation 
Open: B-2-3+7 
Close: A-1-4-5-8 

Defrost"X" 
Open: A-1-3-5-7 
Close: B-2-4-6-8 

Defrost "Y" 
Open: A-2-4-6-8 
Close: B-1-3-5-7 

Crankcase 
pressure 
regulator 

cycle. An automatic expansion valve is used to 
meter the liquid refrigerant into the condenser 
for re-evaporation. Flow diagrams for normal 
operation and defrosting are shown in Figs. 
20-6(a) and 20-6(b), respectively. Modem 
practice replaces valves A, B, C, and D of Fig. 
20-6 with a single four-way valve as illustrated 
in Fig. 20-7. 

Pll· 20-5. Hot gas defrost-multiple evaporator system. 
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20-9. Heat Bank Defrosting. The Thermo
bank* method of hot gas defrosting employs 
a water bank to store a portion of the heat 
ordinarily discarded at the condenser when the 
evaporator is being refrigerated. During the 
defrost cycle, the heat stored in the water bank 

Fl.. 20-6. (o) Reverse cycle 
hot gas defrost system (defrost 
cycle). (b) Reverse cycle hot 
gas defrost system (normal 
operation). 

A 

A 

B 

(a) 

B 

(b) 

is used to re-evaporate the refrigerant con
densed in the defrosting evaporator. 

During normal operation (Fig. 20-Ba), the 
discharge gas from the compressor passes 
through the heating coil in the water bank first 
and then goes to the condenser, so that a portion 
of the heat ordinarily discarded at the con
denser is stored in the bank water. Notice 
that the suction vapor by-passes the holdback 
valve and bank during the refrigerating cycle in 

• A proprietary design of the Kramer-Trenton 
Company. 

order to avoid unnecessary suction line pressure 
loss and superheating of the suction vapor by 
the bank water. Also, to control the maximum 
water bank temperature, a by-pass is built into 
the water bank heating coil. The by-pass is so 
sized that a greater portion of the discharge gas 

Check 
valve 

Automatic 

by-passes the heater coil and flows directly to 
the condenser as the temperature of the bank 
water increases. 

When the frost reaches a predetermined 
thickness, the defrost cycle (Fig. 20-8b) is 
initiated by an electric timer which opens the 
hot gas solenoid valve, closes the suction 
solenoid valve, and stops the evaporator fans. 
Hot gas is discharged into the evaporator where 
it condenses and defrosts the coil. The con
densed refrigerant flows to the holdback valve 
which acts as a constant pressure expansion 
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valve and feeds liquid to the re-evaporator coil 
immersed in the bank water. In this process, 
the bank water actually freezes on the outside of 
the re-evaporator coil. The heat stored in the 
bank is transferred to the refrigerant which 
evaporates completely in the re-evaporator coil. 

liquid refrigerant in the coil and suction line is 
re-evaporated. The timer then returns the 
system to normal operation. When normal 
operation is resumed, the bank water is promptly 
restored to its original temperature by the hot 
gas passing through the heating coil. 

Evaporator 

t 

(a) 

Thus both sensible and latent heat are abstracted 
from the bank water, making available vast 
heat quantities for fast defrost and the refrig
erant returns to the suction inlet of the 
compressor completely evaporated. 

Defrost is completed in approximately 6 to 8 
min. This is followed by a post-defrost period 
lasting a few minutes after the closing of the hot 
gas solenoid valve. During post-defrost any 

Fl1. 20-7. (a) Reverse cycle 
hot gas defrost-normal opera
tion. (b) Reverse cycle hot gas 
defrost-defrost cycle. 

20-10. Vapot Defrosting. A schematic dia
gram of the Vapomatic defrosting system is 
shown in Fig. 20-9, along with an enlarged view 
of the Vapot, • which is the heart of this hot gas 
defrost system. The Vapot, which is actually a 
specially designed suction line accumulator, 
traps the liquid refrigerant condensed in the 

• Proprietary designs of Refrigeration Engineer
ing, Inc. 
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Normal operation 

(a) 

Defrost 

(b) 

Fl1. 20-8. Thermobank hot gas defrosting. (Courtesy Kramer-Trenton Company.) 

evaporator and, by means of a carefully sized 
bleed tube, continuously feeds a measured 
amount of the liquid back to the compressor 
with the suction vapor. The small amount of 
liquid feeding back to the compressor is 
vaporized by the heat of compression and 
returned to the evaporator. In this way, the 
Vapot provides a continuous source of latent 
heat for defrosting the evaporator and at the 
same time eliminates the possibility of large 
slugs of liquid returning to the compressor. 
The heat exchanger in the Vapot has no 
significance in the defrost cycle. 

Suction line 

The defrost cycle is initiated by a defrost 
timer which opens the hot gas solenoid valve 
and stops the evaporator fans. An evaporator 
temperature control terminates the defrost 
and restores the system to normal operation. 
20.11. Multistage (Booster) Compression. 
It has already been established that the capacity 
and efficiency of any refrigerating system 
diminish rapidly as the difference between the 
suction and condensing temperatures is increased 
by a reduction in the evaporator temperature. 
The losses experienced are due partially to the 
rarification of the suction vapors at the lower 

Suction 
from coil 

Suction to 
compressor 

Pitch defrost line 
continuously Js in. 
per foot minimum 
between solenoid ! 
and compressor . 

Uquid line 
connections 

Attach defrost line to 
drain-pitch Js in. or more 
per foot while in cold area 

Heat 
exchanger 

FIB• l0-9. (Left) Typical application of Vapot. (Right) Enlarged view of Vapot. (Courtesy Recold 
Corporation.) 
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Low 
stage 

Intermediate 
stage 

High 
stage 

evaporator temperatures and partially to the 
increase in the compression ratio. Since any 
increase in the ratio of compression is accom
panied by a rise in the discharge temperature, 
discharge temperatures also tend to become 
excessive as the evaporator temperature is 
reduced. 

Whereas conventional single-stage systems 
will usually give satisfactory results with 
evaporator temperatures down to -40° F, 
provided that condensing temperatures are 
reasonably low, for evaporator temperatures 
below minus 40o F, some form of multistage 
compression must be employed in order to 
avoid excessive discharge temperatures and to 
maintain reasonable operating efficiencies. In 
larger installations, multistage operation should 
be considered for any evaporator temperature 
below oo F. 

All methods of accomplishing multistage 
compression can be grouped into two basic 
types: (1) direct staging and (2) cascade 
staging. The direct staging method employs 
two or more compressors connected in series 
to compress a single refrigerant in successive 
stages. A flow diagram of a simple, three-stage, 
direct staged multicompression system is shown 
in Fig. 20-10. Notice that the pressure of the 
refrigerant vapor is raised from the evaporator 
pressure to the condenser pressure in three 
increments, the discharge vapor from the lower 
stage compressors being piped to the suction of 
the next higher stage compressor. 

Cascade staging involves the use of two or 
more separate refrigerant circuits which employ 

Fl1.10-10. Three-stage, dlrect 
staged compression system. 

refrigerants having progressively lower boiling 
points (Fig. 20-11). The compressed refrigerant 
vapor from the lower stage is condensed in 
a heat exchanger, usually called a cascade 
condenser. which is also the evaporator of the 
next higher stage refrigerant. 

Both methods of multistaging have relative 
advantages and disadvantages. The particular 
method which will produce the best results in a 
given installation depends for the most part on 
the size of the installation and on the degree of 
low temperature which must be attained. In 
some instances, a combination of the cascade 
and direct staging methods can be used to an 
advantage. In these cases, the compound 
compression (direct staging) is usually applied 
to the lower stage of the cascade. 
10..11. Intercoolers. With direct staging, 
cooling of the refrigerant vapor between the 
several stages of compression (desuperheating) 
is necessary in order to avoid overheating of 
the higher stage compressors. Since the refrig
erant gas is superheated during the compres
sion process, if the gas is not cooled before it 
enters the next stage compressor, excessive dis
charge temperatures will result with subsequent 
overheating of the higher stage machines. 

Because of the large temperature differential 
between the condenser and the evaporator, 
cooling of the liquid refrigerant is also desirable 
in order to avoid heavy losses in refrigerating 
effect because of excessive flashing of the liquid 
in the refrigerant control, and the accompanying 
increase in the volume of vapor which must be 
handled 1>y the low stage compressor. 
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Three common methods of gas desuper
J:ieating and liquid cooling for direct staged 
systems are illustrated in Fig. 20-12. The 
intercooler shown in Fig. 20-12a is an "open" 
or "flash" type intercooler. The liquid from 
the condenser is expanded into the intercooler 
where its temperature is reduced by flashing to 
the saturation temperature corresponding' to 
the intercooler pressure. Since suction from the 
intercooler is taken into the high stage com
pressor, the temperature of the liquid leaving 
the intercooler to go to the low temperature 
evaporator is the saturation temperature corre
sponding to the intermediate pressure (pressure 
between stages). Since the refrigeration expended 
in cooling the liquid to the intermediate temper
ature is accomplished much more economically 
at the level of the high stage suction than at that 
of the low stage suction, cooling of the liquid 
in the intercooler has the effect of reducing the 
horsepower per ton as well as the displacement 
required for the low stage compressor. 

The discharge gas from the low stage com
pressor is desuperheated by causing it to bubble 
up through the liquid in the intercooler, after 
which the discharge gas passes to the suction of 
the high stage compressor along with the flash 
gas from the intercooler. 

The principal advantages of the flash type 
intercooler are in its simplicity and low cost, 
and the fact that the temperature of the 
liquid refrigerant is reduced to the saturation 
temperature corresponding to the intermediate 
pressure. The chief disadvantage is that the 

pressure of the liquid going to the evaporator is 
reduced to the intermediate pressure in the 
intercooler. This reduces the pressure drop 
available at the expansion valve and neceSsitates 
oversizing of the valve, which often results in 
sluggish operation. Too, since the low
temperature, low-pressure liquid leaving the 
intercooler is saturated, there is a tendency for 
the liquid to flash in the liquid line between the 
intercooler and the evaporator. For this 
reason, the liquid line should be designed for the 
minimum possible pressure drop. 

A shell-and-coil intercooler, sometimes called 
a "closed type" intercooler, is illustrated in 
Fig. 20-12b. This type of intercooler differs 
from the flash type in that only a portion of the 
liquid from the condenser is expanded into the 
intercooler, whereas the balance, that ..;ortion 
going to the evaporator, passes through the coil 
submerged in the intercooler liquid. Therefore, 
with the shell-and-coil type intercooler, the 
pressure of the liquid is not reduced to the 
intermediate pressure, that is, the·Iiquid cooling 
occurs in the form of subcooling rather than as 
a reduction in the saturation temperature. The 
advantages gained by this method, of course, 
are the higher liquid pressures made available at 
the expansion valve and the elimination of flash 
gas in the liquid line. With good intercooler 
design the liquid can be cooled to within 10 to 
20 degrees of the saturation temperature 
corresponding to the intermediate pressure. 

Vapor velocities in both types of flooded 
intercoolers should be limited to a maximum of 

fll• 20-11. Cascade system (two-stage). (Courtesy Carrier Corporation.) 
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low stage 
(booster) 

comp 

comp 

Liquid 

Liquid 
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Open type 
intercooler 

Closed type 
intercooler 
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Condenser 
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Fie. 20.12. Various types of gas and liquid intercoolers. (a) Direct staged system-open, flash-type intercooler. 
(b) Direct staged system-closed, shell-and-coil type intercooler. (c) Direct staged system-dry-expansion 
l(ltercooler. (Courtesy Carrier Corporation.) 
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200 fpm and ample separation area should be 
allowed above the liquid level in the inter
coolers in order to prevent liquid carryover into 
the high stage compressor. 

Another arrangement, employing a dry
expansion intercooler, is shown in Fig. 20-12c. 
This type of intercooler is not suitable for 
ammonia systems, but is widely used with 
Refrigerants-12 and 22. The liquid from the 
condenser is subcooled as it passes through the 
coil in the intercooler. Desuperheating is 
accomplished by overfeeding of the intercooler 
so that a small amount of liquid is carried over 
into the desuperheating area where it is vapor
ized by the hot gas from the discharge of the 
low stage compressor. The gas is cooled by 
vaporizing the liquid and by mixing with the 
cold vapor from the intercooler. 

Since ammonia has a very high latent heat 
value, liquid cooling is not as important in 
ammonia systems as in systems employing 
fluorocarbon refrigerants. For this reason, 
liquid cooling is sometimes neglected in 
ammonia systems, in which case the discharge 
vapor from the low stage compressor is usually 
desuperheated by injecting a small amount of 
liquid ammonia directly into the line connecting 
the low and high stage compressors (Fig. 20-13). 
The vaporization of the liquid ammonia in this 
line provides the necessary gas cooling. 

In some ammonia systems, the discharge gas 
is cooled in a water-cooled intercooler that is 
similar in design to the shell-and-tube or shell
and-coil water-cooled condensers. The effec
tiveness of this type of intercooler depends on 
the temperature of the available water and 
increases as the available water temperature 
decreases. As a general rule, water-cooled 
intercoolers will not produce enough gas cooling 
to lower the power requirements, but will 
usually provide sufficient cooling to keep the 
discharge temperature within the maximum 
limit and thereby prevent overheating of the 
high stage compressor. 
:ZC»-13. Direct Staging vs. Cascade Staging. 
Direct staging requires the use of refrigerants 
that have boiling points low enough to provide 
the low temperatures desired in the evaporator 
and which, at the same time, are condensable 
under reasonable pressures with air or water at 
normal temperatures. This requirement tends 
to limit the degree of low temperature that can 

To evaporator Liquid from receiver -
Hand expansion valve 

-From low stage compressor To high stage compressor 

FIJ. 20.13. Liquid injection gu intercoollng. 

be attained by the direct staging method. The 
practical low limit is approximately -125° F 
with either Refrigerants-12 or 22 and -90° F 
with ammonia. Below these temperatures 
cascade staging is ordinarily required, with 
some high-pressure, low boiling point refriger
ant, such as ethane, ethylene, R-13, R-13Bl, or 
R-14, being used in the lower stage. Because 
of their extremely high pressures at normal 
condensing temperatures and/or their relatively 
low critical temperatures, these high pressure 
refrigerants must be condensed at rather low 
temperatures and therefore are cascaded with 
R-12, R-22, or propane. A three-stage cascade 
system employing ethylene, methane, and pro
pane in the low, intermediate, and high stages 
respectively is illustrated in Fig. 20-14. 

The chief disadvantage of cascade staging is 
the overlap of refrigerant temperatures in the 
cascade condenser, which tends to reduce the 
thermal efficiency of the system somewhat below 
that of the direct staged system. On the other 
hand, cascade staging makes possible the use of 
high density, high pressure refrigerants in the 
lower stages, which will usually result in a 
considerable reduction in the displacement 
required for the low stage compressor. The use 
of high pressure refrigerants also simplifies the 
design of the low stage evaporator in that higher 
refrigerant pressure losses through the evapora
tor can be permitted without incurring excessive 
losses in system capacity and efficiency. Too, 
since the refrigerants in the several stages do not 
intermingle, and each stage is a separate 
system within itself, the problem of oil return 
to the compressors is somewhat less critical than 
in the direct staged system. 

A single stage Refrigerant-12 system and a 
two-stage, direct staged Refrigerant-12 system 
operating between the same temperature limits 
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Fl1. 20-14. Three-stage cascade system employing ethylene, methane, and propane in the low, intermediate, and high stages, respectively. 
(Courtesy Carrier Corporation) 

8 
., 
;D 

z 
n 
=ii 
r
m 
"' 
0 .., 
;D 
m .., 
;D 

15 
m 

~ 
0 z 



DEFkOST METHODS AND LOW-TEMPEkATUkE SYSTEMS <101 

are compared on pn:ssure-enthalpy coordinates 
in Fig. 20-1 S. If the volumetric and compression 
efficiencies of the compressors were considered, 
the difference between the single and multistage 
compression systems would be approximately 
twice as great as that indicated by the values 
because of the difference in the compression 
ratios. 
10-14. Oil Return In Multlstap Systems. 
Since the several stages of the cascade system 
are actually separate and independent systems, 
oil return is accomplished in the individual 
stages in the same manner as in any other single 
stage system operating under the same condi
tions. This is not true of the direct staged 
system. Whenever two or more compressors 
are interconnected, either in parallel or in series, 
there is no assurance that oil return to the 
individual compressors will be in equal amounts. 
Therefore, some means of insuring equal 
distribution of the oil among the several 
compressors must be provided. When the 
compressors are connected in parallel, the oil 
can be maintained at the same level in all the 
compressors by interconnecting the crankcases 
as shown in Fig. 19-11. However, this simple 

131.6 

method of oil equalization requires that the 
crankcase pressures in the several compressors 
be exactly the same (Section 19·15) and therefore 
is not practical when the compressors are 
connected in series, since the higher pressures 
existing in the crankcase of the high stage 
compressors would force the oil through the 
equalizing lines into the lower pressures existing 
in the crankcases of the low stage compressors. 

One common method of equalizing . the oil 
levels in the crankcases of compressors con
nected in series is shown in Fig. 20-12. An oil 
separator installed in the discharge line of the 
high stage compressor separates the oil from 
the discharge gas and returns it to the suction 
inlet of that machine. High side float valves 
maintain the desired oil level in the high stage 
compressors by continuously draining the 
excess oil returning to these compressors to the 
next lower stage compressor through the oil 
transfer lines. For manual operation, hand 
stop valves (normally closed) can be substituted 
for the float drainers, in which case the hand 
valves are opened wiodically to adjust the oil 
levels by bleeding oil from the higher stage 
compressors to the lower stage compressors. 

Desuperheatina of 
disclw'p vapor from~ 
first-staae -pressor 

Condenser pressure 

lnterstage pressure 
(0.43 lb of R-12 evaporated in 
intercooler per pound of R-12 

circulated) 

Evaporator pressure 

Enthalpy (Btu/lb) 

Fl1. :ZO.IS. Ph diagram of two-stage direct-staged R-12 system with flash Intercooler. First-stage compressor 
dlsplacement-16.19 dm/ton. Second-stage compressor dlsplacement-6.24 dm/ton Including vapor from 
Intercooler. Compression ratio for each stage Is approximately 4.3 to I. 
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Fl1. 10-16. Three-evaporator multiple temperature Installation. Manual stop valves in suction and liquid 
lines permit Isolation of the individual evaporators for maintenance. 

l0-15. Multiple Temperature System. A 
multiple temperature system is one wherein 
two or more evaporators operating at different 
temperatures and located in different spaces or 
fixtures (or sometimes in the same space or 
fixture) are connected to the same compressor or 
condensing unit. The chief advantages gained 
by this type of operation are a savings in space 
and a reduction in the initial cost of the equip
ment. However, since higher operating costs 
will usually more than offset the initial cost 
advantage, a multiple temperature system is 
economically justifiable only in small capacity 
installations where operating· costs in any case 
are relatively small. One obvious disadvantage 
of the multiple temperature system is that in 
the event of compressor breakdown all spaces 
served by the compressor will be without 
refrigeration, thereby causing the possible loss 
of product which otherwise would not occur. 

A typical three-evaporator multiple tempera
ture system is illustrated in Fig. 20-16. An 
evaporator pressure regulator valve is installed 
in the suction line of each of the warmer 
evaporators in order to maintain the pressure, 

and therefore the saturation temperature of the 
refrigerant, in these units at the desired high 
level. A check valve is installed in the suction 
line of the lowest temperature evaporator to 
prevent the higher pressure from the warmer 
evaporators from backing up into the cold 
evaporator when the former are calling for 
refrigeration. Since the check valve will remain 
closed as long as the pressure in the suction 
main is above the pressure in the low tempera
ture evaporator, it is evident that the low 
temperature evaporator will receive little, if any, 
refrigeration until the refrigeration demands of 
the high temperature evaporators are satisfied. 

For this reason, if a multiple temperature 
system is to perform satisfactorily, the load on 
the lowest temperature evaporator must account 
for at least 60%, and preferably more, of the 
total system load. When the high temperature 
evaporator(s) constitute more than 40% of the 
total load, the refrigeration demands of the 
high temperature evaporator(s) wiii cause the 
compressor to operate a greater portion of the 
time at suction pressures too high to permit 
adequate refrigeration of the low temperature 
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evaporator, with the result that temperature 
control in that unit will be erratic. 

The evaporator pressure regulators installed 
in the suction line of the warmer evaporators 
may be either the throttling or snap-action 
types, the latter being employed whenever 
"off-cycle" defrosting of the high temperature 
evaporator is desired (Section 17 -23). 

In multiple temperature systems, a low 
pressure motor control is ordinarily used to 
cycle the compressor on and off, the cut-in 
and cut-out pressures of the control being 
adjusted to suit the conditions required in the 
low temperature evaporator. 

When the compressor is operating, the 
pressure at the· suction inlet of the compressor 
will depend on the rate at which vapor is being 
generated in all the evaporators. If the com
bined load on the several evaporators is high, 
the suction pressure will also be high. When 
the refrigeration demands of one of the higher 
temperature evaporators is satisfied, the eva
porator pressure regulator will close (or throttle) 
so that little or no vapor enters the suction main 
from that unit, thereby causing a reduction in 
the suction pressure. As previously mentioned, 
whether or not the low temperature evaporator 
is being refrigerated at any given time depends 
on whether the suction pressure is below or 
above the pressure in that evaporator. However, 
the low temperature evaporator will always be 
open to the compressor (refrigerated) at any 
time that the demands of the high temperature 
evaporators are satisfied and the regulator 
valves are closed (or throttled). When the 
demands of the low temperature evaporator are 
also satisfied, the suction pressure will drop 
below the cut-out setting of the low pressure 
control and the compressor will cycle off. 

With the compressor on the off cycle, any one 
of the evaporators is capable of cycling the 
compressor on again. For the low temperature 
evaporator, a gradual rise in pressure in that 
unit to the cut-in pressure of the low pressure 
control will start the compressor, whether or not 
either of the high temperature evaporators also 
requires refrigeration. 

Since the pressure maintained in the high 
temperature evaporators, even at the lower limit, 
is always above the cut-in setting of the low 
pressure control, if either of the evaporator 
pressure regulators opens one of the high 

temperature evaporators to the suction main, 
the suction pressure will immediately rise above 
the cut-in setting of the low pressure control 
and the compressor will cycle on. 

The fact that the pressure in the high tem
perature evaporators is always above the cut-in 
setting of the low pressure control poses 
somewhat of a problem when throttling-type 
evaporator pressure regulators are employed on 
the high temperature evaporators. Since this 
type of regulator is open any time the evapora
tor pressure is above the pressure setting of the 
regulator, it will often cause the compressor to 
cycle on when the evaporator it is controlling 
does not actually require refrigeration. As 
soon as the compressor starts, the pressure in 
the evaporator is immediately reduced below 
the regulator setting and the regulator closes, 
causing the compressor to cycle off again on the 
low pressure control. 

To prevent short cycling of the compressor 
on the low pressure control when throttling 
type evaporator pressure regulators are em
ployed, it is usually necessary to install a 
solenoid stop valve in the suctions line of the 
high temperature evaporators in order to obtain 
positive shut-down of these evaporators during 
the compressor off-cycle. With pilot operated 
evaporator pressure regulators, positive close
off of the regulator during the compressor off 
cycle can be obtained by controlling the regu
lator with a temperature or solenoid pilot. 

In small systems, a surge tank installed in the 
suction main will usually prevent short cycling 
of the compressor. Because of the relatively 
large volume of the surge tank, it is capable of 
absorbing reasonable pressure increases occur
ring in the high temperature evaporator and 
thereby preventing the suction pressure from 
rising prematurely to the cut-in pressure of the 
low pressure control. The size of the surge tank 
required depends on the ratio of the high tem
perature load to the low temperature load and 
on the temperature differential between the 
high and low temperature, the size of the tank 
required increasing as each of these factors 
increases. Obviously, this method of preventing 
short cycling is best applied to systems where 
the high temperature load is only a small 
portion of the total load and/or where the 

· difference in temperature between the high and 
low temperature evaporators is relatively small. 
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Fl1• 20-17. Multiple unit installation employing thermostat-solenoid control. Manual stop valves in suction 
lines permit {solation of individual evaporators for maintenance. 
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Fl1. 20-18. A multiple 
temperature system employing 
two-staged direct staged com
pression. 
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20-16. Solenoid Controlled Multiple Tem· 
perature Systems. Thermostatically con

~ trolled solenoid stop valves, installed in either 
it the liquid or the suction lines of the high tem

perature evaporators, are frequently used to 
obtain multiple temperature operation. A 
typical installation employing solenoid valves 
in the liquid line is shown in Fig. 20-17. The 
operation of this type of system is similar to 
that of systems employing snap-action regula
tors in the suction line, except that there is no 
control of the evaporator pressure and tem
perature. A space-temperature actuated thermo
stat controls the solenoid valves. When the 
space temperature rises, the thermostat contacts 
close, energizing the solenoid coil and opening 
the liquid line to the evaporator. The pressure 
in the evaporator rises as the liquid enters the 
evaporator, causing the low pressure control to 
cycle the compressor on, if the latter is not al
ready running. If the compressor is already run
ning, the entrance of liquid into the evaporator 
will cause arise in the operating suction pressure. 

When the temperature in the space is re
duced to the desired low level, the thermostat 
contacts open, de-energizing the solenoid coil 
and closing the liquid line, whereupon the 
evaporator pumps down to the operating 
suction pressure, or to the cut-out pressure in 
the event that none of the other evaporators is 
calling for refrigeration. Since all the evapo
rators pump-down as they are cycled out, the 
system receiver tank must be large . enough to 
hold the entire system refrigerant charge. This 
is not true, however, if the solenoids are installed 
in the suction line rather than in the liquid line. 

Placing the solenoid valves in the suction 
line has the disadvantage of requiring larger, 
more expensive valves. Too, in the event of a 
leaky refrigerant control, there is always the 
danger that liquid will accumulate in the 
evaporator while the suction solenoid is closed 
and flood back to the compressor when the 
solenoid is opened. 

Fl1. 20-19. Three-stage, multiple temperature sys
tem employing Refrigerant-12 with centrifugal 
compressors. '(Courtesy York Corporation.) 

When solenoids are employed to obtain 
multiple temperature operation, there is no 
direct control of the evaporator pressure and 
temperature, since the pressure in the evaporator 
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at any given time will depend upon the number 
of evaporators open to the compressor. 
Obviously, with this type of operation it is very 
difficult to maintain a balanced relationship 
between the space and evaporator tempera
tures, and therefore humidity control in the 
refrigerated space becomes very indefinite. 
For this reason, when humidity control is 
important, it is usually necessary to install a 
throttling-type evaporator pressure regulator 
in the suction lines of the high temperature 
evaporators in order to maintain the pressure 
and temperature in these evaporators at the 
necessary high level. However, evaporator 
pressure regulators should be used only with 
suction line solenoids. Short cycling of the com
pressor may result if they are employed in con
junction with liquid line solenoids. 

With either suction line or liquid line sole
noids, check valves should be installed in the 
suction lines of the lower temperature eva
porators to avoid excessive pressures and tem
peratures in these units when the warmer 
evaporators are open to the suction line. 
10-17. Multiple Temperature Operation 
In Staged Systems. A multiple temperature 
system employing direct staged compression is 
illustrated in Fig. 20-18. Notice that the high 
temperature evaporator serves also as the gas 
and liquid cooler for the lower stage. The high 
stage compressor must be selected to handle the 
high temperature load in addition to the load 
passed along by the low stage compressor. 
A three-stage, multiple temperature, cascade
staged system employing Refrigerant-12 in all 
three stages is shown in Fig. 20-19. 



21 
Electric Motors 
and Control 
Circuits 

21-1. Electric Motors. Single-phase and 
three-phase alternating current motors of 
various types are employed in the refrigerating 
industry as drives for compressors, pumps, and 
fans. A few two-phase and direct current 
motors are also used on occasion. 

Single-phase motors range in size from 
approximately h hp up through 10 hp, 
whereas three-phase motors are available in 
sizes ranging from approximately l hp on up, 
although the latter are seldom employed in 
sizes below 1 hp. When three-phase power is 
available, the three-phase motor is usually 
preferred to the single-phase type in integral 
horsepower sizes because of its greater simpli-

transformers are delta (11) connected as shown 
in Fig. 21-1b, in which case the supply voltages 
are 115 V and 230 V single-phase and 230 V 
three-phase. With the open delta arrangement 
shown in Fig. 21-1c, three-phase power for 
isolated users can be supplied with only two 
transformers. 

Power is frequently delivered to commercial 
establishments at 460 V and is available to large 
industrial users at much higher voltages by 
special arrangement with the power company. 
Naturally, all motors must be selected to 
conform to the characteristics of the available 
power supply. Power companies guarantee to 
maintain voltages within plus or minus 10% of 
the design voltage. Most motors will operate 
satisfactorily within these voltage limits. Many 
motors are designed so that they can be operated 
on either low or high voltage by reconnecting 
external motor leads. 

In addition to the type of power supply 
available, some of the other more important 
factors that must be taken into account in 
order to select the proper type motor are: 

1. The conditions prevailing at the point of 
installation with respect to the ambient tem
perature and to the presence of dust, moisture, 
or explosive materials. 

2. Starting torque requirements (loaded or 
unloaded starting). 

3. Starting current limitations. 
4. Single or multispeed operation. 
5. Continuous or intermittent operation. 
6. Efficiency and power factor (not important 

for small motors). 

city and lower cost. All motors generate a certain amount of heat 
Practically all power in the United States is due to power losses in the windings. If this 

generated as 60-cycle, three-phase alternating heat is not dissipated to the surroundings, motor 
current and is supplied at the point of use as temperature will become excessive and break
single-phase and/or three-phase alternating down of the winding insulation will result. 
current. Voltages available at the point of use Open type (ventilated) motors are designed ·to 
depend somewhat on the type of transformer operate at temperatures approximately 40° C 
connection. In areas where power consumption (7r F) above the ambient temperature under 
is predominantly single-phase low voltage, full load, whereas totally enclosed motors are 
transformers are "Y" connected so that the designed for a sso C temperature rise at full 
low voltage load can be distributed evenly load. Both types are guaranteed by the manu
among the three transformers. As shown in facturer to operate continuously under full 
Fig. 21-1a, voltages supplied from a "Y" load conditions without overheating when the 
connected transformer bank are 120 V and 208 ambient temperature does not exceed 40° C. 
V single-phase and 208 V three-phase. When When higher ambient temperatures are encoun
the power load is predominantly three-phase, the tered, it is sometimes necessary to employ a 

-407 
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230V 

190V 

230 v 

(a) 

208 v 

(b) 

230V 

190V 

230V 

(c) 

Fll• ll-1. (a) Delta connected transformers. (b) 
"Y" connected transformers. (c) Transformers 
connected open delta. 

motor designed to operate at a proportionally 
lower temperature rise. 

Most motors can be operated with small 
overloads for reasonable periods of time 
without damage. However, since the heat 
generated in the motor increases as the load on 
the motor increases, continuous operation of 
the motor under overload conditions will cause 
excessive winding temperatures and materially 
shorten the life of the insulation. 

Motors may be classified according to the 
type of enclosure as: (I) open, (2) totally 
enclosed, (3) splash-proof, and (4) explosion· 
proof. Open-type motors are designed so that 
air is circulated directly over the windings to 
carry away the motor heat. This type of motor 
can be used in any application where the air 
is relatively free of dust and moisture, the motor 
is not subject to wetting, and the hazards of 
fire or explosion do not exist. Splash-proof 
motors are designed for installation out-of
doors or in any other location where the motor 
may be subject to wetting. Totally enclosed 
motors are designed for use where dust and 
moisture conditions are severe. These motors 
are unventilated and must dissipate their heat 
to the surrounding air through the motor 
housing. Explosion-proof motors are designed 
for installation in hazardous locations, as when 
explosive dusts or gases are contained in the 
air. 

For the most part, motor starting torque 
requirements depend on the load characteristics 
of the driven machine. Low starting torque 
motors may be used with any machine that 
starts unloaded. On the other hand, high 
starting torque motors must be used when the 
driven machine starts under load. Since 
motor starting (locked rotor) currents often 
exceed five to six times the full load current 
of the motor, where large motors are employed, 
a low starting current characteristic is desirable 
in order to reduce the starting load on the 
wiring, transformers, and generating equip
ment. 

Alternating current motors may be classified 
according to their principle of operation as 
either induction motors or synchronous motors. 
An induction motor is one wherein the magnetic 
field of the rotor is induced by currents flowing 
in the stator windings. A synchronous motor 
is one wherein the rotor magnetic field is 
produced by energizing the rotor directly from 
an external source. 
21-l. Three-Phase Induction Motors. Three
phase induction motors are of two general 
types: (I) squirrel cage. and (2) wound rotor 
(slip ring). The two types are similar in con
struction except for rotor design. As shown in 
Fig. 21-2, each has three separate stator 
windings, one for each phase, which are evenly 
and alternately distributed around the stator 



ELECTRIC MOTORS AND CONTROL CIRCUITS 409 

cote to establish the desired number of poles. 
A four-pole, three-phase motor will have twelve 
poles, four poles for each of the three phases. 

When the stator is energized, three separate 
currents, each 120 electrical degrees out-of
phase with the other two, flow in the stator 
windings and produce a rotating magnetic field 
in the stator. At the same time, the currents 
induced in the rotor windings establish a 
magnetic field in the rotor. The magnetic poles 
of the rotor field are attracted by, and tend to 
follow, the poles of the rotating stator field, 
causing the rotor to rotate as shown in Fig. 21-3. 

Fl1. 21-2. (cr) Squirrel cage 
polyphue motor. (b) Wound 
rotor (sUp ring) polyphue 
motor. 

The rotor of an induction motor always 
rotates at a speed somewhat less than that of the 
rotating stator field. If the speed of the rotor 
were the same as that of the field, the conductors 
of the rotor winding would be standing still 
with respect to the rotating stator field rather 
than cutting across it, in which case no voltage 
would be induced in the rotor and the rotor 
would have no magnetic polarity. Therefore, 
it is necessary that the rotor turn at a speed 
slightly Jess than that of the stator field so that 
the conductors of the rotor winding continuously 
cut the flux of the stator field as the latter 

Une 

(a) 

(b) 

Wound 
rotor 
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This diagram of three-phase voltages covers two complete cycles. The numbers on it refer to the numben on the diagrams below. Each dia
gram shows the condition in the armature at the instant indicated by the corresponding number on this curve. The action of the magnetic field 
Is smooth and regular: the rise and fall of currents in the conductors are also smooth and regular. 
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The current entering the 
motor on line I divides equally 
and leaves the motor on line 2 
and line 3. 
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Now the current in line 2 is 
zero and that flowing in at line 
I leaves at line 3. The magnetic 
field revolves clockwise. 

The current in line I is small 
and joining that from line 2 
flows out in line 3 which 
carries a maximum negative 
current. 

This and the following dia
grams show how the magnetic 
field continues to rotate 
throughout the remainder of 
the cycle. 
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slips by. The difference between the speed of the 
rotor and that of the stator field is called the 
"magnetic slip" or "rotor slip." The greater 
the load on the motor, the greater is the amount 
of rotor slip. However, since the amount of 
slip changes only slightly as the load increases or 
decreases, and is very small even at full load, 
three-phase induction motors are usually 
considered to be constant speed motors. 

Neglecting rotor slip, the speed of any 
alternating current motor is a function of the 
frequency and the number of stator poles. The 
synchronous speed of an alternating current 
motor can be determined by the following 
equation: 

Frequency x 120 
Motor speed (rpm) == N be f 1 urn ropoes 

(21-1) 

For a four-pole alternating current motor 
operating on 60-cycle power, the synchronous 
speed is 

60 X 120 
4 

= 1800rpm 

Rotor slip is usually expressed as a percentage 
of the synchronous speed. For instance, for a 
motor having a synchronous speed of 1800 rpm 
and operating at 1750 rpm, the percentage slip 
is 

1800- 1750 
--:1:-=8-=-oo=--- = 2. 78% 

Rotor slip is also a measure of the power 
losses in the motor. In this instance, 2.78% of 
the total power input to the motor is converted 
to heat in the motor. Hence, there is a definite 
relationship between the amount of slip and the 
efficiency of the motor. The higher the slip, 
the lower is the efficiency of the motor. 

The starting torque of a motor is the turning 
effort or torque that the motor develops at the 
instant of starting when full voltage is applied 
to the motor terminals. Starting torque is 
usually expressed as a percentage of full load 
torque and depends to some extent on the 
resistance of the rotor winding. An increase in 
rotor resistance increases the starting torque, 
but also increases the amount of rotor slip and 
decreases motor efficiency. 
21·3. Three-Phase Squirrel Ca1e Motors. 
The rotor winding of a squirrel cage motor 
consists of bar-typecopperconductorsembedded 

in a laminated iron core and connected together 
(short-circuited) at the ends with heavy end
rings, giving the winding the appearance of a 
squirrel cage, from which the motor derives its 
name. 

The squirrel cage induction motor is by far 
the most common type of three-phase motor and 
is available in a number of designs which pro
vide a variety of starting torque-starting current 
characteristics. Two designs frequently em
ployed with refrigerating equipment are designs 
B and C. Design B motors develop a locked 
rotor or starting torque between 125% and 
275% of full load torque with relatively low 
starting currents. The normal torque-low 
starting current characteristic of this design 
makes it ideal for use as a drive for blowers, 
fans, and pumps, and for compressors which 
are started unloaded. Design C motors have a 
high-starting torque-low starting current charac
teristic which makes them suitable as drives for 
compressors which must start under load. 
Design C motors develop a starting torque 
between 225% to 275% of full load torque, but 
are slightly less efficient than the design B 
motor. 

Multispeed operation of squirrel cage induc
tion motors can be obtained by proper design 
of the stator windings. Since motor speed 
decreases as the number of poles increase, it 
follows that by doubling the number of stator 
poles, the speed of the motor can be reduced by 
one-half. For a single-winding motor, the 
number of poles can be changed in a two to one 
ratio by bringing extra leads outside of the 
motor. When more than two speeds are desired, 
the motor is wound with two or more separate 
windings for each phase. Two speeds are 
available with each separate winding. 
21-4. Wound Rotor (Slip Rin1) Motor$. 
Wound rotor motors are employed in appli
cations where the excessive starting current of a 
large squirrel cage motor would be objectionable 
and/or where a number of operating speeds are 
desired in the range between one-half and 
maximum speed. 

A slip ring or wound rotor motor induction 
motor differs from the squirrel cage type only 
in the rotor winding. The rotor winding 
consists of insulated coils, grouped to form 
definite pole areas so that the rotor has the same 
number of poles as the stator. The terminal 
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connections of the rotor windings are brought 
out to slip rings. The leads from the brushes 
on the slip rings are connected to external 
resistors, as shown in Fig. 21-2b. The operating 
principle of the slip ring motor is the same as 
that of the squirrel cage motor, except that by 
inserting external resistance in the rotor circuit 
when starting high-starting torque can be 
developed with low values of starting current. 
As the motor accelerates, the resistance is 
gradually cut out of the rotor circuit until at 
full speed the rotor windings are short-circuited. 
With the rotor winding short-circuited, the 
motor operates with low slip and high effi
ciency. 

The speed of the wound rotor motor can be 
varied from maximum down to approximately 
SO% of maximum by inserting resistance in the 
rotor circuit. The starting resistors can be used 
for this purpose provided they are designed for 
a large enough current capacity to prevent 
excessive heating in continuous service. At 
reduced speeds, the wound rotor tends to lose 
its constant speed characteristic and the speed 
of the motor will vary somewhat with the load. 
ll-5. Synchronous Motors. The synchro
nous motor is so named because the field 
(rotor) poles are synchronized with the rotating 
poles of the armature (stator) windings. 
Therefore, the speed of the synchronous motor 
depends only on the frequency of the power 
supply and the number of poles, and is indepen
dent of motor load. The armature winding of 
the synchronous motor is similar to those of 
the squirrel cage and wound rotor motors. The 
field (rotor) winding consists of a series of coils 
which make up the field poles. The field coils 
are connected through slip rings to a direct 
current power source and are so connected 
together that alternate north and south poles are 
formed when the field winding is energized with 
direct current. The direct current is usually 
supplied by a small direct current generator, 
called an exciter, which is mounted on the 
motor shaft. The rotor is also equipped with a 
squirrel cage winding, called the "damper" 
winding, which is used to start the motor. The 
damper winding can be designed for a variety of 
starting torque-starting current characteristics. 

When polyphase power is applied to the 
armature winding, the rotating magnetic field 
acts on the squirrel cage damper winding and 

causes the rotor to rotate. Since the motor 
starts as a squirrel cage motor, the speed will be 
slightly less than synchronous speed. After 
the motor comes up to speed, direct current is 
applied to the field windings. This produces 
alternate north and south poles on the rotor 
which lock the rotor into synchronization with 
the rotating armature field. 

By adjusting the flow of direct current to the 
field coils, the synchronous motor can: be 
operated at unity power factor. Therefore, 
synchronous motors can be applied to an 
advantage in any large installation where 
constant speed and high efficiency are desired. 
However, the big advantage of the synchronous 
motor is that it can be used to correct the low 
power factor that results from heavily inductive 
loads. By increasing the flow of direct current 
through the field winding (overexciting the 
field), the synchronous motor is operated with 
a leading power factor which can be adjusted to 
offset exactly the lagging power factor produced 
by inductive loads. Power factor correction 
will in no way affect the load-carrying capacity 
of the synchronous motor. 
ll-6. Single-Phase Motors. Single-phase 
motors commonly used in the refrigerating 
industry are of the following types: (l) split
phase, (2) capacitor start, (3) capacitor start 
and run, (4) permanent capacitor, and (5) 
shaded pole. All these motors are induction 
motors and all employ a squirrel cage rotor. 
The principal factor which distinguishes one 
type from another is the particular method used 
to produce a starting torque. 

When a single-phase stator winding is 
energized, current flow is simultaneous in all 
the stator poles and no rotating stator field is 
produced. Furthermore, the current induced 
in the squirrel cage rotor winding is such that 
the magnetic field set up in the rotor is exactly 
in line with the magnetic field of the stator. The 
condition occurring can be compared to the 
"dead center" condition of a single piston 
engine. Therefore, there is no tendency for the 
rotor to rotate. However, if the rotor is 
started to rotate by some means, the current 
induced in the rotor winding will lag slightly 
behind the current in the stator winding. This 
causes the rotor field to lag the stator field and 
produces a torque that keeps the rotor turning. 
Hence, once the rotor of a single-phase motor is 
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·Centrifugal 
switch 

Fig. 11-4. Split-phase motor. 

started, a rotating field is produced and the 
motor operates in a manner similar to that of the 
three-phase squirrel cage motor. 
11·7. Split-Phase Motors. In order to 
produce a starting torque in the single-phase 
motor and make the motor self-starting, a 
second stator winding, called the "starting" 
or "auxiliary" winding, is employed in addition 
to the phase winding, the latter winding being 
referred to as the "main" or "running" winding. 
The relative position of the two windings in the 
stator of a four-pole, single-phase motor is 
shown in Fig. 21-4. Notice that the starting and 
running windings are connected in parallel 
directly across the single-phase line. In the 
split-phase type motor, the starting winding is 
wound with small wire so that the winding has 
a high resistance and low inductance, whereas 
the running winding is wound with large wire 
to have a low resistance and a high inductance. 
Both windings are energized at the instant of 
starting. However, because of the higher 
inductance of the running winding with relation 
to that of the starting winding, the current flow 
in the running winding lags the current flow in· 
the starting winding by approximately 30 
electrical degrees. Since the currents flowing 
in the two windings are 30 degrees out-of-phase 
with each other, the single phase is "split" to 
give the effect of two phases and a rotating 
field is set up in the stator which produces a 
starting torque and causes the rotor to rotate. 
When the rotor has accelerated to approxi
mately 70% of maximum speed, which is a 
matter of a second or two, a centrifugal mecha
nism mounted on the rotor shaft opens a 
switch in the starting winding. With the 
starting winding disconnected, the motor 
continues to operate on the running winding 

alone. Since the starting winding is wound 
with relative small wire, it will heat very quickly 
and, if allowed to remain in the circuit for an 
appreciable length of time, will be destroyed 
by overheating. 

Since the maximum phase split that can be 
achieved with the split-phase motor is approxi
mately 30 electrical degrees, the split-phase 
motor has a relatively low starting torque and 
can be used only with machines which start 
unloaded. These motors are generally available 
in sizes ranging from 21.0 tot hp for both 115 V 
and 230 V operation. They are used primarily 
as drives for small fans, blowers, and pumps. 
21-8. Capacitor Start Motors. The capaci
tor start motor is identical to the split-phase 
motor in both construction and operation, 
except that a capacitor is installed in series with 
the starting winding, as shown in Fig. 21-5. 
Too, the starting winding of the capacitor 
start motor is usually wound with larger wire 
than that used for the starting winding of the 
split-phase motor. The use of a capacitor in 
series with the starting winding causes the 
current in this winding to lead the voltage, 
whereas the current in the running winding lags 
the voltage by virtue of the high inductance of 
that winding. With this arrangement, the phase 
displacement between the two windings can be 
made to approach 90 electrical degrees so that 
true two-phase starting is achieved. For this 
reason, the starting torque of the capacitor 
start motor is very high, a circumstance which 
makes it an ideal drive for small compressors 
that must be started under full load. 

As in the case of the split-phase motor, the 
starting winding of the capacitor start motor 
is taken out of the circuit when the rotor 

Centrifugal 
switch 

Flg.ll-5. Capacitor start motor. 
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approaches approximately 70% of maximum 
speed, and thereafter the motor operates qn tht: 
running winding alone. Capacitor start motors 
are generally available in sizes ranging from t 
through !hp for both 11 SV and 230V operation. 
:11-9. Capacitor Start and Run Motors. 
Construction of the capacitor start and run 
motor is identical to that of the capacitor start 
motor with the exception that a second capaci
tor, called a "running" capacitor, is installed in 
series with the starting winding but in parallel 
with the starting capacitor and starting switch, 
as shown in Fig. 21-6. The operation of the 
capacitor start-and-run motor differs from that 
of the capacitor start-and-split~phase motors is 
that the starting or auxiliary winding remains 
in the circuit at all times. At the instant of 
starting, the starting-and-running capacitors 

Fl1. 21-6. Capacitor start and run motor. 

are both in the circuit in series with the auxiliary 
winding so that the capacity of both capacitors 
is utilized during the starting period. As the 
rotor approaches 70% of rated speed, the 
centrifugal mechanism opens the starting switch 
and removes the starting capacitor from the 
circuit, and the motor continues to operate with 
both main and auxiliary windings in the circuit. 
The function of the running capacitor in series 
with the auxiliary winding is to correct power 
factor. As a resUlt, the capacitor start-and 
run-motor not only has a high starting torque 
but also an excellep.t running efficiency. These 

. motors are generally available in sizes ranging 
from approximately i through 10 hp, and are 
widely used as drives for refrigeration com
pressors in single-p~ applicatio~. 
:11-10. Permanent Capacitor Motors. Con
struction of the permanent capacitor motor is 

Fig. 21-7. Permanent capacitor motor. 

similar to that of the capacitor start-and-run 
motor, except that no starting capacitor or 
starting switch is used. The capacitor shown in 
series with the auxiliary winding in Fig. 21-7 
remains in the circuit continuously. The 
capacitor is sized for power factor correction 
but is used also as a starting capacitor. How
ever, since the capacitor is too small to provide 
a large degree of phase displacement, the 
starting torque of the permanent capacitor is 
very low. These motors are available only in 
small fractional horsepower sizes. They are 
used mainly as drives for small fans which are 
mounted directly on the motor shaft, The 
chief advantage of this type of motor is that it 
lends itself readily to speed control down to 
SO% of rated speed. Also, it does not require a 
starting switch. 
:11-11. Shaded Pole Motors. Construction 
of the shaded pole motor differs somewhat 
from that of the other single-phase motors in 
that the main stator winding is arranged to form 
salient poles, as shown in Fig. 21-8. The auxil
iary winding consists of a shading coil, which 
surrounds a portion of one side of each stator 
pole. The shading coil usually consists of a · 
single turn of heavy copper wire which is 

Fl1. 21-8. Shaded pole motor. 
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short-circuited and carries only induced current. 
In operation, the flux produced by the induced 
current in the shading coil distorts the magnetic 
field of the stator poles and thereby produces a 
small starting torque. Shaded pole motors are 
widely used as drives for small fans which are 
mounted directly on the motor shaft. They are 
available in sizes ranging from m through 
approximately h hp. In addition to its ready 
adaptability to speed control, the main advan
tages of the shaded pole motor are its simple 
construction and low cost. 
11-11. Hermetic Moton. Motors frequently 
employed in hermetic motor-compressor units 
are three-phase squirrel cage motors and split
phase, capacitor start, and capacitor start-and
run single-phase motors. Whereas the split
phase and capacitor start motors are limited to 
small fractional horsepower units, the capacitor 
start-and-run motor is used in sizes from l 
through 10 hp. Three-phase squirrel cage 
motors are employed from 3 hp up. 

Although air, water, oil, and liquid refrig
erant are sometimes used as cooling mediums 
to carry away the heat of hermetic motors, the 
large majority of hermetic motors are suction 
vapor cooled. For this reason, hermetic motor
compressor units should never be operated for 
any appreciable length of time without a 
continuous flow of suction vapor through the 
unit. 

In the single-phase hermetic motor, a spe
cially designed starting relay replaces the shaft
mounted centrifugal mechanism as a means of 
disconnecting the starting winding (or starting 
capacitor) from the circuit after the motor 
starts.' Three types of starting relays have been 
used, namely: (1) the hot wire or timing relay, 
(2) the current coil relay, and (3) the voltage 
coil or potential relay. 
11·13. Hot Wire Relays. The hot wire 
relay depends on the heating effect of the high
starting current to cause the thermal expansion 
of a special alloy wire, which in turn acts to 
open the starting contacts and remove the 
starting winding from the circuit. As shown in 
Fig. 21-9, the hot wire relay contains two sets 
of contacts, "S" and "M," which are in series 
with the starting and running windings, respec
tively. Both sets of contacts are closed at the 
instant of starting so that both windings are con
nected to the line (Fig. 21-9a). The high-starting 

currents heats the wire and causes it to expand 
sufficiently to pull contacts "S" open and 
remove the starting winding from the circuit. 
After the starting winding is out of the circuit, 
the normal running current through the 
running winding will generate enough heat to 
maintain the "S" contacts in the open position, 
but not enough to cause additional expansion 
of the wire and open contacts "M" (Fig. 21-9b). 
However, if for any reason the motor draws 
a sustained overcurrent, the wire will expand 
further and pull open contacts "M," removing 
the running winding from the circuit (Fig. 
21-9c). Contacts "M" are actually overload 
contacts which act as overcurrent protection for 
the motor. The mechanical arrangement of 
the two sets of contacts is such that contacts 
"M" cannot open without also opening contacts 
"S., 

Since the action of the hot wire relay depends 
on the amount of current flow through the alloy 
wire, these relays must be sized to fit the current 
characteristics of the motor. They are best 
applied to the split-phase type motor. 
11-14. Current Coil Relays. The current 
coil relay is used primarily with capacitor start 
motors. It is a magnetic type relay and is 
actuated by the change in the current flow in 
the running winding during the starting and 
running periods. The coil of the relay, which is 
made up of a relatively few turns of large wire, 
is connected in series with the running winding. 
The relay contacts, which are normally open, 
are connected in series with the starting winding, 
as shown in Fig. 21-10. 

When the motor is energized, the high locked 
rotor current passing through the running 
winding and through the relay coil produces a 
relatively strong magnet around the coil and 
causes the relay armature to "pull-in" and close 
the starting contacts energizing the starting 
winding. With the starting winding energized, 
the rotor begins to rotate and a counter emf is 
induced in the stator windings which opposes the 
line voltage and reduces the current through the 
windings and relay coil. As the current flow 
through the relay coil diminishes, the coil field 
becomes too weak to hold the armature, 
whereupon the armature falls out of the coil 
field by gravity (or by spring action) and opens 
the starting contacts. The motor then runs on 
the running winding alone. 
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FIJ.ll-9. Hot wire starting relay. (o) Starting position. (b) Run position. (c) Overload position. 

11-15. Potential Relays. Potential or voltage 
coil relays are empioyed with capacitor start 
and capacitor start-and-run motors. The 
potential relay differs from the current coil type 
in that the coil is wound with many turns of 
small wire and is connected in parallel with 
(across) the starting winding, rather than in 
series with the running winding, as shown in 
Fig. 21-11. The relay contacts are connected 
in series with the starting capacitor and are 
closed when the motor is not running. When 

the motor is energized, both the starting and 
running windings are in the circuit. As the 
motor starts and comes up to speed, the voltage 
in the starting winding increases to a value 
considerably above that of the line voltage 
(approximately 150%), as a result of the 
action of the capacitor(s) in series with this 
winding.• 

• Thevectorsumofthe voltages across the starting 
winding and capacitor(s) is equal to the line 
voltage. 
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Relay coil 

Fl1. 21-10. Current-coil type starting relay. 

The high voltage generated in the starting 
winding produces a relatively high current 
flow through the relay coil and causes the coil 
armature to pull in and open the starting 
contacts. With the capacitor start motor, 
opening the relay contacts disconnects both the 
starting winding and starting capacitor from 
the circuit. With the capacitor start-and-run 
motor, only the starting capacitor is disengaged. 
With either type or motor, the starting winding 
voltage decreases somewhat when the starting 
contacts open, but remains high enough to hold 
the coil armature in the field and keep the 
starting contacts open until the motor is 
stopped. 
::U-16. Thermal Overload Protection for 
Hermetic Motors. All hermetic motor-com
pressors should be equipped with some type of 
thermal device which will protect the motor 
against overheating regardless of the cause. 
Thermal overload devices of this type are usu
ally designed to be fastened directly to, and in 
good thermal contact with, the motor-com
pressor housing, so that they are sensitive not 
only to motor overcurrent but also to over
heating resulting from high discharge tempera
tures and other such causes. 

Although some types of motor starting re-

Fll• 21-11. Potential type starting relay. 

lays contain built-in overcurrent protection, 
these are usually sensitive only to motor over
current and do not provide protection against 
overheating from other causes. 
ll-17. Motor Starting Devices. For frac
tional horsepower motors the motor starting 
equipment sometimes consists only of a direct 
acting (line voltage) manual switch, thermostat, 
or low pressure control installed in the motor 
circuit between the motor and the power 
source (Fig. 21-12a). The control acts to open 
and close the motor circuit to stop and start 
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Fl1. 21-llcr. Direct acting, line voltage controls with 
liS V single-phase motor. 

the motor, respectively. Safety controls, such 
as high pressure cut-outs, overcurrent protective 
devices, etc., are connected in series with the 
operating or "cycling" control, as shown in Fig. 
21-12b. The contacts ()f the safety controls are 
normally closed and do not open to break the 
circuit unless called on to perform their pro
tective function. 

With low voltage, single-phase power, the 
line voltage controls are installed in the "hot" 
line, never in the neutral (Fig. 21-12a). With 
high voltage, single-phase power, the controls 
may be installed in either one or both of the 
power lines (Fig. 21-12b). In the case of three
phase power, at least two of the three power 
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lines must be opened to disconnect the motor 
from the power source. This requires the use 
of double-pole controls, as illustrated in Fig. 
21-12c. However, in all cases, regardless ofthe 
type of power supplied, all "hot" lines must be 
protected individually with a properly sized 
fuse or circuit breaker. 

Since the contacts of direct acting controls 
must be heavy enough to carry the full load 
current of the motor(s) they are controlling, 
these controls tend to become unwieldy when 
the full load current of the motor exceeds 15 or 
20 amperes. Therefore, general practice is 
to control larger motors indirectly through a 
magnetic contactor. 

A magnetic contactor or motor starter is 
essentially an electrical relay which in its 
simplest form consists of a coil of insulated wire, 
called a holding coil, and an armature to which 
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Fig. 21-12c. Direct acting, line voltage controls used 
with 230 V three-phase power. 

the electrical contacts are attached (Fig. 21-13). 
The operation of the magnetic contactor is 
similar to that of the solenoid valve described 
in Chapter 17. When the holding coil is 
energized, the armature is pulled into the coil 
magnetic field, thereby closing the electrical 
contacts and connecting the motor to the power 
source. When the holding coil is de-energized, 
the armature drops out of the coil field, causing 
the contacts to open and disconnect the motor 
from the power source. When a magnetic con
tactor is employed, the motor is controlled 
indirectly by controlling the contactor holding 
coil. Therefore, the operating control is 
installed in series with the holding coil in the 
holding coil circuit rather than directly in the 
motor circuit. 
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The advantages gained by employing mag
netic contactors to connect motors to the power 
source are several. First, since the current 
required to energize the holding coil is small, 
the contacts of the operating and safety controls 
can be of relatively light construction, which 
results in a reduction in both the size and the 
cost of the controls. Second, since the holding 
coil circuit is electrically independent of the 
motor circuit, the holding coil circuit voltage 
may be different from that of the motor circuit. 
This permits the use of low voltage (usually 
24 V) control circuits, which are safer and 
generally less expensive to buy and install. A 
magnetic contactor employing a low voltage 
control circuit is shown in Fig. 21-14. 

Holding coils for magnetic contactors are 
manufactured for all standard voltages and 
frequencies and are readily interchangeable in 
the field. The holding coil voltages most 
commonly used are 24, liS, 230, and 460. 
11-18. Reduced Voltase Starters. The mag
netic contactor described in the preceding 

section is called an "across-the-line" starter, and 
is so named because it connects the motor 
directly across the line at full voltage immedi
ately when the holding coil is energized. This 
type of motor starter is suitable for motors up 
to 20 or 25 hp and is more widely used than any 
other type. However, in order to prevent 
excessive current surges in the power lines 
during the starting period, general practice is to 
start squirrel cage motors above 25 hp under 
reduced voltage. Reduced voltage starting is 
accomplished through the use of reduced 
voltage starters which introduce resistors or 
auto-transformers into the motor circuit during 
the starting period. A resistance type reduced 
voltage starter is illustrated in Fig. 21-15. When 
the operating control closes, the #l holding 
coil is energized and the main contacts (#1) 
close, thereby connecting the motor to the 
power source through the resistors. This 
allows the motor to start under reduced voltage 
and, at the same time, energizes the timing 
relay. After a predetermined time interval, the 
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Fig. 21-16. External view of oil pressure failure 
control. (Courtesy Penn Controls, Inc., Goshen, 
Indiana.) 

timing relay closes and energizes the #2 holding 
coil, which in turn closes the #2 contactors 
and shunts the resistors out of the motor 
circuit. 
11-19. Motor Overcurrent Protection. It 
is important to recognize that line fuses and 
circuit breakers are designed to protect the 
circuit only and do not provide overcurrent pro
tection for the motor. Therefore, unless the 
motor is equipped with a built-in thermal over
load, separate overcurrent protection must be 
provided in the circuit of each motor. To 
satisfy the need for overcurrent protection, 
many magnetic motor starters come equipped 
with overload relays. 

The "overload relay" consists essentially of 
two parts: (1) a heater element installed in the 
motor circuit and (2) a set of contacts installed 
in the holding coil circuit. In the event that the 

motor is subjected to a sustained overcurrent, 
the temperature of the heater element increases 
above normal and the excess heat given off by 
the heater causes warping of a bimetal element 
(or melting of a special alloy metal) which opens 
the overload contacts in the holding coil 
circuit. This de-energizes the holding coil 
which in turn disengages the motor from the 
power source. A time delay action built into 
the overload relay prevents tripping of the 
overload during the motor starting period and 
during momentary overloads. 
11-10. 0 il Pressure Fai I u re Control. 
Another safety control frequently encountered 
in the control circuits of refrigeration equipment 
is the oil pressure failure control. The function 
of this control is to cycle the compressor off 
when the useful oil pressure developed by 
the oil pump falls below a predetermined 
minimum, or in the event that the oil pressure 
fails to build up to the minimum safe level 
within a predetermined time interval after the 
compressor is started. An external view of 
the oil pressure failure control is shown in Fig. 
21-16. 

In studying the operating characteristics of 
the oil pressure failure control it is important to 
recognize that the total oil pressure, as measured 
by an oil pressure gage, is the sum of the crank
case (suction) pressure and the pressure 
developed by the oil pump, and therefore is not 
the true or useful oil pressure. To determine 
the useful oil pressure, the suction pressure 
must be subtracted from the total oil pres
sure, the difference between the two being 
the useful oil pressure developed by the oil 
pump. 

To be effective, the oil pressure failure switch 
must be actuated by the useful oil pressure 
rather than by the total oil pressure. This is 
accomplished by using two pressure bellows 
opposed to each other, as shown in Fig. 21-17. 
One bellows is connected to the crankcase and 
reflects crankcase pressure, whereas the other 
bellows is connected to the discharge of the oil 
pump and reflects total oil pressure. The 
pressure differential between the two bellows 
pressures is equal to the useful oil pressure 
and is utilized to actuate the pressure differ
ential switch of the oil pressure failure con
trol. 

A time delay relay incorporated into the oil 



--- -----------------

ELECTRIC MOTORS AND CONTROL CIRCUITS -423 

pressure failure control allows the compressor 
to operate 90 to 120 sec with the oil pressure 
below the safe level. This permits the com
pressor to start with zero oil pressure and also 
prevents unnecessary shut-down of the com
pressor in the event that the oil pressure momen
tarily falls below the minimum safe limit. 
However, if the oil pressure does not rise 
to the safe level within the alloted time, the 
oil pressure failure control will shut-down the 
compressor. Before the compressor can be 
restarted, the oil pressure failure control must 
be reset manually. 

Referring to Fig. 21-17, notice that the timing 
relay consists of a timing switch and a heater 
element. The timing switch is connected in 
series with the holding coil of the magnetic 
starter, and the heater is connected in parallel 
with the holding coil. The pressure differential 
switch is connected in series with, and controls 
the operation of, the relay heater. The resistor 
in series with the relay beater limits the current 
flow through the heater and makes the oil 
pressure failure control adaptable to both 11 S V 
and 230 V control circuits. 

Since the oil pump operates only when the 
compressor is operating, the total oil pressure 

1 

will be exactly equal to the crankcase pressure 
during the compressor off cycle, and both the 
timing relay heater and the holding coil are 
energized. If, after the compressor starts, the 
useful oil pressure builds up to the cut-in 
pressure of the oil pressure safety control, the 
differential pressure S\\itch will open and remove 
the relay heater from the circuit. This aetion 
will allow the compressor to continue normal 
operation. On the other hand, if the useful 
oil pressure does not build up to the cut-in 
pressure of the control within the alloted time, 
the differential pressure switch will not open 
and the heater is left in the circuit. Continued 
operation of the relay heater will cause the 
bimetal of the timing switch to warp and open 
the timing contacts. This breaks the holding 
coil circuit and stops the compressor. 

If the useful oil pressure falls below the cut
out point of the oil pressure failure control while 
the compressor is operating, the differential 
pressure switch closes and energizes the relay 
heater. If the oil pressure does not build up to 
the cut-in pressure again within the alloted time 
interval, continued operation of the heater will 
open the timing switch and stop the com
pressor. 
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Fll• 21-17. Oil pressure fail!lre control. 
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ELECTRIC MOTORS AND CONTROL CIRCUITS 425 

As indicated in the foregoing, the oil pressure 
failure control has both a cut-in pressure and a 
cut-out pressure. These should be set in 
accordance with the compressor manufacturer's 
instructions whenever such data are available. 
In the absence of these data, general practice is 
to set the cut-in point of the control for a 
pressure approximately 5 psi below the useful 
oil pressure when the compressor is in operation. 
The cut-out point is usually set for a pressure 
approximately 5 psi below the cut-in pressure. 
For example, assume that the crankcase pressure 
is 37 psig and the total oil pressure is 72 psig, so 
that the useful oil pressure is 35 psi (72 - 37). 
The cut-in pressure should be set at approxi
mately 30 psi (35 - 5) and the cut-out pressure 
at approximately 25 psi (30 - 5). 
ll·ll. Interlocking Controls. As a general 
rule, a refrigerating sy~tem employs at least 
three motors: the compressor motor, the 
evaporator blower motor, and the condenser 
fan (or pump) motor. Good design practice 
requires that the controls of these motors be so 

r-
1 
I 
I 

interlocked that the compressor cannot operllte 
unless the evaporator blower and the condenser 
fan or pump are operating. One of the more 
common methods of achieving the desired 
interlocking is illustrated in Fig. 21-18. In this 
instance, the evaporator is permitted to operate 
continuously and is controlled with a manual 
off-on switch. With this particular control 
arrangement, the fan control is the lead control 
and as such may be used to start and stop the 
entire system. 

The holding coil of the condenser starter is 
wired through an auxiliary contact in the 
evaporator blower starter. Since the/auxiliary 
contact will be closed only when the holding coil 
of the blower starter is energized, the condenser 
fan or pump cannot be started without first 
starting the evaporator blower. Likewise, the 
holding coil of the compressor starter is con
nected through an auxiliary contact in the 
condenser starter so that the compressor starts 
unless the condenser and evaporator starters are 
energized. Notice also that the cycling control 
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Fie. 21-19. Two motors oper
ating through one magnetic 
contactor. 
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ELECTRIC MOTORS AND CONTROL CIRCUITS 427 

(thermostat) controls the condenser starter 
rather than the compressor starter. This 
arrangement permits the condenser fan or pump 
to cycle off and on with the compressor. 

Another common method of accomplishing 
the same result is to operate the compressor and 
condenser motors through the same magnetic 
contactor, as shown in Fig. 21-19. This method 

is usually confined to small, packaged equip
ment and requir.es that separate overcurrent 
protection be provided for each motor. 

A wiring diagram for a simple pump-down 
system with interlocking control is illustrated in 
Fig. 21-20. Notice particularly the method 
of interlocking low voltage and high voltage 
control circuits. 
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.of30 PRINCIPLES OF REFRIGERATION 

TABLE 1·1. Pressure Conversion Factors 

Multiply By To Obtain 

Atmosphere 29.92 Inches of mercury 
Atmosphere 33.93 Feet of water 
Atmosphere 14.70 Pounds per square inch 
Atmosphere 1.058 Tons per square foot 
Feet of water 0.881 Inches of mercury 

(at 32° F) 
Feet of water 62.37 Pounds per square foot 
Feet of water 0.4335 Pounds per square inch 
Feet of water 0.02950 Atmospheres 
Inches of mercury (at 62° F) 13.57 Inches of water (at 62° F) 
Inches of mercury (at 6ZO _F) 1.131 Feet of water (at 62° F) 
Inches of mercury (at 62° F) 70.73 Pounds per square foot 
Inches of mercury (at 62° F) 0.4912 Pounds per square inch 
Inches of water (at 62° F) 0.07355 Inches of mercury 
Inches of water (at 62° F) 0.03613 Pounds per square inch 
Inches of water (at 62° F) 5.202 Pounds per square foot 
Inches of water (at 6ZO F) 0.002458 Atmospheres 

TABLE 3·1. Properties of Gases 

Gas c'P c., k R 

Air 0.2375 0.169 1.406 53.3 
Ammonia 0.508 0.399 1.273 90.5 
Carbon 

dioxide 0.207 0.162 1.28 35.1 
Carbon 

monoxide 0.243 0.173 1.403 55.1 
Hydrogen 3.41 2.42 1.41 765.9 
Nitrogen 0.244 0.173 1,41 55.1 
Oxygen 0.218 0.156 1.40 48.3 
Sulfur 

dioxide 0.154 0.123 1.26 24.1 
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TABLE 4-1. Properties of Saturated Steam 

Absolute Pressure Specific Volume Enthalpy Entropy 
Temp., 

Sat. oF, Psi, In. Hg, Sat. Evap., Sat. Sat. Evap., Sat. Evap., Sat. 
t p p liquid, v,, vapor, liquid, h,, vapor, liquid, s,, vapor, v, v, h, h, s, s, 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
-----------

32 0.08854 0.1803 0.01602 3306 3306 0.00 1075.8 1075.8 0.0000 2.1877 2.1877 
33 0.09223 0.1878 0.01602 3180 3180 1.01 1075.2 1076.2 0.0020 2.1821 2.1841 
34 0.09603 0.1955 0.01602 3061 3061 2.02 1074.7 1076.7 0.0041 2.1764 2.1805 

35 0.09995 0.2035 0.01602 2947 2947 3.02 1074.1 1077.1 0.0061 2.1709 2.1770 
36 0.10401 0.2118 0.01602 2837 2837 4.03 1073.6 1077.6 0.0081 2.1654 2.1735 
37 0.10821 0.2203 0.01602 2732 2732 5.04 1073.0 1078.0 0.0102 2.1598 2.1700 
38 0.11256 0.2292 0.01602 2632 2632 6.04 1072.4 1078.4 0.0122 2.1544 2.1666 
39 0.11705 0.2383 0.01602 2536 2536 7.04 1071.9 1078.9 0.0142 2.1489 2.1631 

40 0.12170 0.2478 0.01602 2444 2444 8.05 1071.3 1079.3 (.'.0162 2.1435 2.1597 
41 0.12652 0.2576 0.01602 2356 2356 9.05 1070.7 1079.7 0.0182 2.1381 2.1563 
42 0.13150 0.2677 0.01602 2271 2271 10.05 1070.1 1080.2 0.0202 2.1327 2.1529 
43 0.13665 0.2782 0.01602 2190 2190 11.06 1069.5 1080.6 0.0222 2.1274 2.1496 
44 0.14199 0.2891 0.01602 2112 2112 12.06 1068.9 1081.0 0.0242 2.1220 2.1462 

45 0.14752. 0.3004 0.01602 2036.4 2036.4 13.06 1068.4 1081.5 0.0262 2.1167 2.1429 
46 0.15323 0.3120 0.01602 1964.3 1964.3 14.06 1067.8 1081.9 0.0282 2.1113 2.1395 
47 0.15914 0.3240 0.01603 1895.1 1895.1 15.07 1067.3 1082.4 0.0302 2.1060 2.1362 
48 0.16525 0.3364 0.01603 1828.6 1828.6 16.07 1066.7 1082.8 0.0321 2.1008 2.1329 
49 0.17157 0.3493 0.01603 1764.7 1764.7 17,07 1066.1 1083.2 0.0341 2.0956 2.1297 

50 0.17811 0.3626 0.01603 1703.2 1703.2 18.07 1065.6 1083.7 0.0361 2.0903 2.1264 
51 0.18486 0.3764 0.01603 1644.2 1644.2 19.07 1065.0 1084.1 0.0380 2.0852 2.1232 
52 0.19182 0.3906 0.01603 1587.6 1587.6 20.07 1064.4 1084.5 0.0400 2.0799 2.1199 
53 0.19900 0.4052 0.01603 1533.3 1533.3 21.07 1063.9 1085.0 0.0420 2.0747 2.1167 
54 0.20642 0.4203 0.01603 1481.0 1481.0 22.07 1063.3 1085.4 0.0439 2.0697 2.1136 

55 0.2141 0.4359 0.01603 1430.7 1430.7 23.07 1062.7 1085.8 0.0459 2.0645 2.1104 
56 0.2220 0.4520 0.01603 1382.4 1382.4 24.06 1062.2 1086.3 0.0478 2.0594 2.1072 
57 0.2302 0.4686 0.01603 1335.9 1335.9 25.06 1061.6 1086.7 0.0497 2.0544 2.1041 
58 0.2386 0.4858 0.01604 1291.1 1291.1 26.06 1061.0 1087.1 0.0517 2.0493 2.1010 
59 0.2473 0.5035 0.01604 1248.1 1248.1 27.06 1060.5 1087.6 0.0536 2.0443 2.0979 

Reproduced with permission from Thermodynamic Properties of Steam by Keenan and Keyes, published by John 
Wiley and Sons. 



TABLE 5·1. Properties of Saturated Water Vapor with Air at Low Temperatures 

Pressure of saturated Weight of saturated vapor Volume, cu ft Enthalpy per pound vapor X 10i barometer, 29.92 in. Hg 

Temp, Per cubic feet Per pound of Of 1lb of Dry air OF dry air Of llb of dry air+ Dry air Va~r with vapor 
ln.Hg Psi dry air 0°F 3 F vapor to datum datum to saturate 

Pounds Grains Pounds Grains saturate it it 
X 10i X 1Qi 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (ll) (12) 

-25 946.4 464.87 1.8016 0.12611 19.68 1.3776 10.95 10.95 -6.011 1048.0 -5.805 
-24 1,003. 492.67 1.9049 0.13334 20.86 1.4602 10.97 10.97 -5.770 1048.4 -5.551 
-23 1,064. 522.64 2.0162 0.14113 22.13 1.5491 11.00 11.00 -5.529 1048.9 -5.297 
-22 1,126. 553.09 2.1287 0.14901 23.42 1.6394 11.02 11.02 -5.288 1049.3 -5.042 
-21 1,192. 585.51 2.2484 0.15739 24.79 1.7353 11.05 11.05 -5.047 1049.8 -4.787 
-20 1,262.0 619.89 2.3750 0.16625 26.25 1.8375 11.07 11.07 -4.807 1050.2 -4.531 
-19 1,337. 656.73 2.5105 0.17574 27.81 1.9467 11.10 11.10 -4.566 1050.7 -4.274 
-18 1,416. 695.54 2.6527 0.18569 29.45 2.0615 11.13 11.13 -4.325 1051.1 -4.015 
-17 1,496. 734.84 2.7963 0.19574 31~ 12 2.1784 11.15 11.1 -4.085 1051.6 -3.758 
-16 1,584. 778.06 2.9542 0.20679 32.95 2.3065 11.18 11.18 -3.844 1052.0 -3.497 
-15 1,675.0 822.76 3.1168 0.21818 34.84 2.4388 11.20 11.21 -3.604 1052.5 -3.237 
-14 1,772. 870.41 3.2899 0.23029 36.86 2.5802 11.23 11.24 -3.363 1052.9 -2.975 
-13 1,874. 920.51 3.4714 0.24300 38.98 2.7286 11.25 11.26 -3.123 1053.4 -2.712 
-12 1,980. 972.58 3.6596 0.25617 41.19 2.8833 11.28 11.29 -2.883 1053.8 -2.449 
-11 2,093. 1,028.1 3.8599 0.27019 43.54 3.0478 11.30 11.31 -2.642 1054.3 -2.183 
-10 2,210.0 1,085.6 4.0666 0.28466 45.98 3.2186 11.33 11.34 -2.402 1054.7 -1.917 
-9 2,335. 1,147.0 4.2871 0.30009 48.58 3.4006 11.35 11.36 -2.162 1055.2 -1.649 
-8 2,463. 1,209.8 4.5120 0.31584 51.25 3.5875 11.38 11.39 -1.921 1055.6 -1.380 
-7 2,502. 1,229.0 4.5734 0.32014 52.06 3.6442 11.40 11.41 -1.681 1056.1 -1.131 
-6 2,745. 1,348.3 5.0066 0.35046 57.12 3.9984 11.43 11.44 -1.441 1056.5 -0.8375 
-5 2,898.0 1,423.5 5-.2738 0.36917 60.30 4.2210 11.45 11.46 -1.201 1057.0 -0.5636 
-4 3,055. 1,500.6 5.5473 0.38831 63.57 4.4499 11.48 11.49 -0.9604 1057.4 -0.2882 
-3 3,222. 1,582.6 5.8379 0.40865 67.05 4.6935 11.50 11.51 -0.7203 1057.9 -0.01098 
-2 3,397. 1,668 .• 

1 

•. 1414 0.42990 70.69 4.9483 11.53 11.54 -0.4802 1058.3 +0.2679 
-1 3,580. 1,758.5 6.4583 0.45208 74.50 5.2150 11.55 .11. 57 -0.2401 1058.8 +0.5487 

0 3,773.0 1,853.3 6. 7914 0.47500 78.52 5.5000 11.58 11.59 0 1059.2 +0.8317 

From "Heating, Ventilating and Air Conditioning Guide," Chap. 1, 1939; compiled by W. M. Sawdon, vapor pressures converted from 
International Critical Tables. Reproduced by permission of American Society of Heating, Refrigerating, and Air-Conditioning Engineers. 
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TABLE 5-l. Properties of Saturated Water Vapor with Air, 0 to I64°F 

Pressure of saturated Weight of saturated vapor Volume, cu ft Enthalpy per pound vapor barometer, 29.92 in. Hg 

Per cubic feet Per pound of dry air Of 1lb of Dry air Vaf!Jr Dry air 
Of 1lbof dry air+ 0°F 3 F with vapor 

In.Hg Psi dry air vapor to datum datum to saturate 
Pounds Grains Pounds Grains saturate it it 

(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

0.03773 0.01853 0.000067914 0.475 0.0007852 5.50 11.58 11.59 0.0000 1059.2 0.8317 
0.03975 0.01963 0.000071395 0.500 0.0008275 5.79 11.60 11.62 0.2401 1059.7 1.117 
0.04186 0.02056 0.000075021 0.525 0.0008714 6.10 11.63 11.64 0.4801 1060.1 1.404 
0.04409 0.02166 0. 000078851 0.552 0.0009179 6.43 11.65 11.67 0.7201 1060.6 1.694 
0.04645 0.02282 0. 000082890 0.580 0.0009671 6.77 11.68 11.70 0.9601 1061.0 1.986 

0.04886 0.02400 0. 000087005 0.609 0.001017 7.12 11.70 11.72 1.200 1061.5 2.280 
0.05144 0.02527 0.000091399 0.640 0.001071 7.50 11.73 11.75 1.440 1061.9 2.577 
0.05412 0.02658 0.000095955 0.672 0.001127 7.89 11.75 11.77 1.680 1062.4 2.877 
0.05692 0.02796 0.00010070 0.705 0.001186 8.30 11.78 11.80 1.920 1062.8 3.180 
0.05988 0.02941 0.00010572 0.740 0.001247 8.73 11.80 11.83 2.160 1063.3 3.486 

0.06295 0.03092 0.00011090 0.776 0.001311 9.18 11.83 11.85 2.400 1063.7 3.795 
0.06618 0.03251 0.00011634 0.814 0.001379 9.65 11.86 11.88 2.640 1064.2 4.108 
0.06958 0.03418 0.00012206 0.854 0.001450 10.15 11.88 11.91 2.880 1064.6 4.424 
0.07309 0.03590 0.00012794 0.896 0.001523 10.66 11.91 11.93 3.120 1065.1 4.742 
0.07677 0.03771 0.00013410 0.939 0.001600 11.20 11.93 11.96 3.359 1065.5 5.064 

0.08067 0.03963 0.00014062 0.984 0.001682 11.77 11.96 11.99 3.599 1066.0 5.392 
0.08469 0.04160 0.00014732 1.031 0.001766 12.36 11.98 12.01 3.839 1066.4 5.722 
0.08895 0.04369 0.00015440 1.081 0.001855 12.99 12.00 12.04 4.079 1066.9 6.058 
0.09337 0.04586 0.00016174 1.132 0.001947 13.63 12.03 12.07 4.319 1067.3 6.397 
0.09797 0.04812 0.00016935 1.185 0.002043 14.30 12.06 12.09 4.559 1067.8 6.741 

' - )! 
Ul 
I"" 

Cl 

tl w 



TABLE 5·2 (Continued) 

Pressure of Weight of saturated vapor Volume, cu ft 
saturated vapor barometer, 29.92 in. Hg 

Temp, 
Per pound of dry air Of 1 lb of "F Per cubic feet Of 1lb of dry air+ 

In. Hg Ptii dry air vapor to 
Pounds Grains Pounds Grains saturate it 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

20 0.1028 0.05050 0.00017H7 1.242 0.00214-l 15.01 12.08 12.12 
21 0.1078 0.05295 0. 00018564 1.299 0.002250 15. j;) 12.11 12.15 
22 0.11:32 0.05560 0.00019439 1.361 0.002361 ltl.53 12.13 12.18 
23 0.1186 0.05826 0.00020335 1.423 0.0024711 17.33 12.16 12.20 
24 0.1244 0.06111 0.00021276 1.489 0.0025\)() 18.17 12.18 12.23 

25 0.1304 0.06405 0.00022255 1.558 0.002722 19.05 12.21 12.26 
26 0.1366 0.06710 0.00023278 1.62\l 0.002853 19.97 12.23 12.29 
27 0.1432 0.07034 0.00024342 1.704 0.002991 20.94 12.26 12.32 
28 0.1500 0.07368 0.0002:'\445 1.781 0.003133 21.93 12.28 12.34 
29 0.1571 0,07717 0.0002U507 1.862 0.003283 22.99 12.31 12.37 

30 0.1645 0 0 08080 0 0 00027797 1.946 0.003439 24.07 12.33 12.40 
;n 0.1722 0.084581 0.00029043 2.033 0.003601 25.21 12.36 12.43 
32 0.1803 0.08856 0.00030343 2.124 0.003771 26.40 12.38 12.46 
a;~ 0.1879 0.09230 0.0003)471 2.203 0.003931 27.52 12.41 12.49 
34 0.19.)7 0.09610 0.00032690 2.288 0.004094 28.66 12.43 12.51 

35 0.20360 0.1000 0.0003394 2.376 0.004262 29.83 12.46 12.54 
36 0.21195 0.1041 0.0003527 2.469 0.004438 31.07 12.48 12.57 
37 0.22050 0.1083 0.0003662 2.563 0.004618 32.33 12.51 12.60 
38 0.22925 0.1126 O.OOO;l799 2.660 0.004803 33.62 12.53 12.63 
39 0.23d42 0.1171 0.0003943 2.760 0.004996 34.97 12.56 12.66 

40 0.24778 0.1217 0.0004090 2.863 0.005194 36.36 12.59 12.69 
41 0.25755 0.1265 0.0004243 2.970 0.005401 37.80 12.61 12.72 
42 0.26773 0.1315 0.0004401 3.081 0.005616 39.31 12.64 12.75 
43 0.27832 0.1367 0.0004566 3.196 0.005840 40.88 12.66 12.78 
44 0.28911 0.1420 0.0004735 3.315 o.006069 I 42.48 12.69 12.81 

Enthalpy per pound 

Dry air \"a~r Dry air 
O"F 32 F with vapor 

datum datum to saturate 
it 

(10) (11) (12) 

4.798 1068.2 7.088 
5.038 1068.7 7.443 
5.278 1069.1 7.802 
5.518 1069.6 8.166 
5.758 1070.0 8.536 

5.998 1070.5 8.912 
6.237 1070.9 9.292 
6.477 1071.4 9.682 
6.717 1071.8 10.075 
6.957 1072.3 10.477 

7.197 1072.7 10.886 
7.437 1073.2 11.302 
7.677 1073.6 11.726 
7.917 1074.1 12.139 
8.157 1074.5 12.556 

8.397 1075.0 12.979 
8.636 1075.4 13.409 
8.876 1075.9 13.845 
9.116 1076.3 14.285 
9.356 1076.8 14.736 

9.596 1077.2 15.191 
9.836 1077.7 15.657 

10.08 1078.1 16.13 
10.32 1078.6 16.62 
10.56 1079.0 17.11 
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TABLE 5·2 (Continued) 

45 0.30031 0.1475 0.0004909 3.436 0.006306 44.14 
46 0.31191 0.1532 0.0005088 3.562 0.006553 45.87 
47 0.32393 0.1591 0.0005274 3.692 0.006808 47.66 
48 0.33635 0.1652 0. 0005465 3.826 0.007072 49.50 
49 0.34917 0.1715 0. 0005663 3.964 0.007345 5].-'2 

50 0.36241 0.1780 0.0005866 4.106 0.007626 53.38 
51 0.37625 0.1848 0.0006078 4.255 0.007921 55.45 
52 0.39051 0.1918 0.0006296 4.407 0.008226 57.58 
53 0.40496 0.1989 0.0006516 4.561 0.008534 59.74 
54 0.42003 0.2063 0.0006746 4.722 0.008856 61.99 

55 0.43570 0.2140 0.0006984 4.889 0.009192 64.34 
66 0.45179 0.2219 0.0007228 5.060 0.009536 66.75 
57 0.46828 0.2300 0.0007477 5.234 0.009890 69.23 
58 0.48j)38 0.2384 0.0007735 5.415 0.01026 71.82 
69 0.00310 0.2471 0.0008003 5.602 0.01064 74.48 

60 0.52142 0.2561 0.0008278 5.795 0.01103 77.21 
61 0.54035 0.~ 0.0008562 5.993 0.01144 80.08 
62 0.55970 0.2749 0.0008852 6.196 0.01186 83.02 
63 0.57985 0.2848 0.0009153 6.407 0.01229 86.03 
M 0.60042 0.2949 0.0009460 6.622 0.01274 89.18 

65 0.62179 0.3oa4 0.0009778 6.845 0.01320 92.40 
66 0.64378 0.3162 0.0010105 7.074 0.01368 95.76 
67 0.66638 0.3273 0.0010440 7.308 0.01417 99.19 
68 0.68980 0.3388 0.0010816 7.571 0.01468 102.8 
69 0.71382 0.3506 0.0011140 1.198 0.01520 106.4 

70 0.73866 0.3628 0.0011507 8.oas 0.01574 110.2 
n 0.76431 0.3754 0.0011884 8.319 0.01631 114.2 
72 0.79058 0.3883 0.0012269 8.588 0.01688 118.2 
73 0.81766 0.4016 0.0012667 8.867 0.01748 122.4 
74 0.84555 0.4153 0.0013075 9.153 0.01809 126.6 

75 0.87448 0.4295 0 .. 0013497 9.448 0.01373 131.1 
76 0.90398 0.4440 0.0013927 9.749 0.01938 135.7 
77 0.93452 0.4590 0.0014371 10.06 0.020oa 140.4 
78 0.96588 0.4744 0.0014825 10.38 0.02075 145.3 
79 0.99825 0.4903 0.0015295 10.71 0.02147 150.3 

12.n 12.84 10.80 
12.74 12.87 11.04 
12.76 12.90 11.28 
12.79 12.93 11.52 
12.81 12.96 11.76 

12.84 12.99 12.00 
12.86 13.02 12.23 
12.89 13.06 12.47 
12.91 13.09 12.71 
12.94 13.12 12.95 

12.96 13.15 13.19 
12.99 13.19 13.43 
13.01 13.22 13.67 
13.04 13.25 13.91 
13.06 13.29 14.15 

13.09 13.32 14.39 
13.11 13.35 14.63 
12.14 13.39 14.87 
13.16 13.42 15.11 
13.19 13.46 15.35 

13.21 13.49 15.59 
13.24 13.53 15.83 
13.26 13.57 16.07 
13.29 13.60 16.31 
13.31 13.64 16.55 

13.34 13.68 16.79 
13.37 13.n 17.03 
13.40 13.75 17.27 
13.42 13.79 17.51 
13.44 13.83 17.75 

13.47 13.87 17.99 
13.49 13.91 18.23 
13.52 13.95 18.47 
13.54 13.99 18.71 
13.67 14.03 18.95 

1079.5 
1079.9 
1080.4 
1080.8 
1081.3 

1081.7 
1082.2 
1082.6 
1083.1 
1083.5 

1084.0 
1084.4 
1084.9 
1085.3 
1085.8 

1086.2 
1086.7 
1087.1 
1087.6 
1088.0 

1088.5 
1088.9 
1089.4 
1089.8 
1090.3 

1090.7 
1091.2 
1091.6 
1092.1 
1092.5 

1093.0 
1093.4 
1093.9 
1094.3 
1094.8 

17.61 
18.12 
18.64 
19.16 
19.70 

20.25 
20.80 
21.38 
21.95 
22.55 

23.Ui 
23.77 
24.40 
25.oa 
25.70 

26.37 
27.06 
27.76 
28.48 
29.21 

29.96 
30.73 
31.51 
32.31 
33.12 

33.96 
34.83 
35.70 
36.60 
37.51 

38.46 
39.-'2 
40.40 
41.42 
42.46 

)! 
OJ 
r-
~ 

t; 
"' 



TABLE 5.2 (Continued) 

Pressure of Weight of saturated vapor Volume, cu ft 
saturated vapor barometer, 29.92 in. Hg 

Temp, 
Per cubic feet IPer pound of dry air Of1lbof "F 

ln.Hg Psi 011lb.of dry air+ 
dry air vapor to 

Pounds Grains Pounds Grains saturate it 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

80 1.0316 0.5067 0.0015777 11.04 0.02221 155.5 13.59 14.08 
81 1.0661 0.5236 0.0016273 11.39 0.02298 160.9 13.62 14.12 
82 1.1013 0.5409 0.0016781 11.75 0.02377 166.4 13.64 14.16 
83 1.1377 0.5588 0.0017304 12.11 0.02459 172.1 13.67 14.21 
84: 1.1752 0.5772 0.001784:1 12.49 0.02543 178.0 13.69 14.26 

85 1.2135 0.5960 0.0018389 12.87 0.02629 184:.0 13.72 14.30 
86 1.2527 0.6153 0.0018950 13.27 0.02718 190.3 13.74 14.34 
87 1.2933 0.6352 0.0019531 13.67 0.02810 196.7 13.77 14.39 
88 1.3346 0.6555 0.0020116 14.08 0.02904 203.3 13.79 14.44 
89 1.3774 0.6765 0.0020725 14.51 0.03002 210.1 13.82 14.48 

90 1.4211 0.6980 0.0021344 14.94 0.03102 217.1 13.84: 14.53 
91 1.4661 0.7201 0.0021982 15.39 0.03205 224.4 13.87 14.58 
92 1.5125 0.7429 0.0022634 15.84 0.03312 231.8 13.89 14.63 
93 1.5600 0.7662 0.0023304 16.31 0.03421 239.5 13.92 14.69 
94 1.6088 0.7902 0.0023992 16.79 0.03535 247.5 13.94 14.73 

95 1.6591 0.81-l9 0.0024697 17.28 0.03652 255.6 13.97 14.79 
96 1.7108 0.84:03 0.0025425 17.80 0.03772 264.0 13.99 14:.84 
97 1.7638 0.8663 0.0026164 18.31 0.03896 272.7 14.02 14.90 
98 1.8181 0.8930 0.0026925 18.85 0.04:024 281.7 14.04 14.95 
99 1.8741 0.9205 0.0027700 19.39 0.04156 290.9 14.07 15.01 

100 1.9316 0.9487 0.0028506 19.95 0.04293 300.5 14.10 15.07 
101 1.9904: 0.9776 0.0029316 20.52 0.04433 310.3 14.12 15.12 
102 2.0507 1.0072 0.0030156 21.11 0.04577 320.4 14.15 15.18 
103 2.1128 1.0377 0.0031017 21.71 0.04726 330.8 14.17 15.25 
104 2.1763 1.0689 0.0031887 22.32 . 0.04879 341.5 14.20 15.31 

I 

Enthalpy per pound 

Dry air V~r Dry air 
O"F 3 F with vapor 

datum datum to saturate 
it 

(10) (11) (12) 

19.19 1095.2 43.51 
19.43 1095.7 44.61 
19.67 1096.1 45.72 
19.91 1096.6 46.88 
20.15 1097.0 48.05 

20.39 1097.5 49.24. 
20.63 1097.9 50.47 
20.87 1098.4 51.74 
21.11 1098.8 53.02 
21.35 1099.3 54.35 

21.59 1099.7 55.70 
21.83 1100.2 57.09 
22.07 1100.6 58.52 
22.32 1101.1 59.99 
22.56 1101.5 61.50 

22.80 1102.0 63.05 
23.04: 1102.4 64.62 
23.28 1102.9 66.25 
23.52 1103.3 67.92 
23.76 1103.8 69.63 

24.00 1104.2 71.40 
24.24 1104.7 73.21 
24.48 1105.1 75.06 
24.72 1105.6 76.97 
24.96 1106.0 78.92 
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105 2.2414 1.1009 0.0032786 22.95 
106 2.3084 1.1338 0.0033715 2J.60 
107 2.3770 1.1675 0.0034650 24.26 
108 2.4473 1.2020 0.0035612 24.93 
109 2.5196 1.2375 0.0036603 25.62 

110 2.5939 1.274 0.0037622 26.34 
111 2.6692 1.311 0.0038669 27.07 
112 2.7486 1.350 0.0039729 27.81 
113 2.8280 1.389 0.0040816 28.57 
114 2.9094 1.429 0.0041911 29.34 

115 2.9929 1.470 0.0043047 30.13 
116 3.0784 1.512 0.0044208 30.95 
117 3.1660 1.555 0.00i5372 31.76 
118 3.2576 1.600 0.0046620 32.63 
119 3-.:3492 1.645 0.0047846 33.49 

120 3.4449 1.692 0.0049115 34.38 
121 3.5406 1.739 0.005040 35.28 
122 3.6404 1.788 0.005173 36.21 
123 3.7422 1.838 0.005311 37.18 
124 3.8460 1.889 0.005450 38.15 

125 3.9519 1.941 0.005590 39.13 
126 4.0618 1.995 0.005734 40.14 
127 4.1718 2.049 0.005882 41.17 
128 4.2858 2.105 0.006031 42.22 
129 4.4039 2.163 0.006188 43.32 

130 4.5220 2.221 0.006344 44.41 
131 4.6441 2.281 0.006504 45.53 
132 4.7703 2.343 0.006671 46.70 
133 4.8986 2:406 0.006839 47.87 
134 5.0289 2.470 0.007010 49.07 

135 5.1633 2.536 0.007185 50.30 
136 5.2997 2.603 0.007364 51.55 
137 5.4402 2.672 2.007547 52.83 
138 5.5827 2.742 0.007732 54.12 
139 5.7293 2.814 0.007923 55.46 

TABLE 5.2 (Continued) 

0.05037 352.6 14.22 
0.05200 364.0 14.25 
0.05368 375.8 14.27 
0.05541 387.9 14.30 
0.05719 400.3 14.32 

0.05904 413.3 14.35 
0.06092 426.4 14.37 
0.06292 440.4 14.39 
0.06493 454.5 14.42 
0.06700 469.0 14.45 

0.06913 483.9 14.47 
0.07134 499.4 14.50 
0.07361 515.3 14.52 
0.07600 532.0 14.55 
0.07840 548.8 14.57 

0.08093 566.5 14.60 
0.08348 584.4 14.62 
0.08616 603.1 14.65 
0.08892 622.4 14.67 
0.09175 642.3 14.70 

0.09466 662.6 14.72 
0.09770 683.9 14.75 
0.1008 705.6 14.77 
0.1040 728.0 14.80 
0.1074 751.8 14.83 

0.1107 774.9 i4.85 
0.1143 800.1 14.88 
0.1180 826.0 14.90 
0.1218 852.6 14.93 
0.1257 879.9 14.95 

0.1297 907.9 14.98 
0.1339 937.3 15.00 
0.1382 967.4 15.03 
0.1427 998.9 15.05 
0.1473 1,031.1 15.08 

15.37 25.20 
15.44 25.44 
15.50 25.68 
15.57 25.92 
15.64 26.16 

15.71 26.40 
15.78 26.64 
15.85 26.88 
15.93 27.12 
16.00 27.36 

16.08 27.60 
16.16 27.84 
16.24 28.08 
16.32 28.32 
16.41 28.56 

16.50 28.80 
16.58 29.04 
16.68 29.28 
16.77 29.52 
16.87 29.76 

16.96 30.00 
17.06 30.24 
17.17 30.48 
17.27 30.72 
17.38 30.96 

17.49 31.20 
17.61 31.45 
17.73 31.69 
17.85 31.93 
17.97 32.17 

18.10 32.41 
18.23 32.65 
18.36 32.89 
18.50 33.13 
18.65 33.37 

1106.5 
1106.9 
1107.4 
1107.8 
1108.3 

1108.7 
1109.2 
1109.6 
1110.1 
1110.5 

1111.0 
1111.4 
1111.9 
1112.3 
1112.8 

1113.2 
1113.7 
1114.1 
1114.6 
1115.0 

1115.5 
1115.9 
1116.4 
1116.8 
1117.3 

1117.7 
1118.2 
1118.6 
1119.1 
1119.5 

1120.0 
1120.4 
1120.9 
1121.3 
1121.8 

80.93 
83.00 
85.13 
87.30 
89.54 

91.86 
94.21 
96.70 
99.20 

101.76 

104.40 
107.13 
109.92 
112.85 
115.80 

118.89 
122.01 
125.27 
128.63 
132.06 

135.59 
139.26 
143.01 
146.87 
150.96 

154.93 
159.26 
163.68 
168.24 
172.89 

177.67 
182.67 
187.80 
193.14 
198.61 
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TABLE S.:Z (Continued) 

Pressure of Weight of saturated vapor Volume, cu ft 
Enthalpy per pound saturated vapor barometer, 29.92 in. Hg 

Temp, 
Per cubic feet Per pound of dry air Of1lbof Dry air Vapor Dry air OF 

Of 1lb of dry air+ 0°F 32°F with vapor 
In. Hg P!Si dry air vapor to datum datum to saturate 

Pounds Grains Pounds Grains saturate it it 
(1) (2) {3) (4) (5) (6) {7) {8) (9) (10) (11) (12) 

140 5.8779 2.887 0.008116 56.81 0.1521 1,064. 7 15.10 18.79 33.61 1122.2 204.30 
141 6.0306 2.962 0.008313 58.19 0.1570 1,099.0 15:13 18.94 33.85 1122.7 210.11 
142 6.1874 3.039 0.008516 59.61 0.1622 1,135.4 15.15 19.10 34.09 1123.1 216.26 
143 6.3482 3.118 0.008724 61.07 0.1675 1,172.1) 15.18 19.26 34.33 1123.6 222.53 
144 6.5111 3.198 0.008933 62.53 0.1730 1,211.0 15.20 19.43 34.57 1124.0 229.02 

145 6.6781 3.280 0.009148 64.04 0.1787 1,250.9 15.23 19.60 34.81 1124.5 235.76 146 6.8471 3.363 0.009366 65.56 0.1846 1,292.2 15.25 19.78 35.05 1124.9 242.71 
147 7.0222 3.449 0.009590 67.13 0.1908 1,335.6 15.28 19.96 35.29 1125.4 250.02 
148 7.1993 3.536 0.009817 68.72 0.1971 1,379. 7 15.30 20.15 35.53 1125.8 257.43 
149 7.3805 3.625 0.010040 70.28 0.2037 1,425.9 15.33 20.35 35.77 1126.3 265.20 

150 7.5658 3.716 0.010284 71.99 0.2105 1,473.5 15.35 20.55 36.02 1126.7 273.19 
151 7.7551 3.809 0.010526 73.68 0.2176 1,523.2 15.38 20.76 36.26 1127.2 281.54 
152 7.9485 3.904 0.010772 75.40 0.2250 1,575.0 15.40 20.97 36.50 1127.6 290.21 
153 8.1460 4.001 0.011022 77.15 0.2327 1,628.9 15.43 21.20 36.74 1128.1 299.25 154 8.3476 4.100 0.011279 78.95 0.2407 1,684. 9 15.45 21.43 36.98 1128.5 308.61 

155 8.5532 4.201 0.011539 80.77 0.2490 1,743.0 15.48 21.67 37.22 1129.0 318.34 156 8.7650 4.305 0.011807 82.65 0.2577 1,803.9 15.50 21.93 37.46 1129.4 328.51 
157 8.9788 4.410 0.012077 84.54 0.2667 1,866.9 15.53 22.19 37.70 1129.9 339.04 
158 9.1986 4.518. 0.012354 86.48 0.2761 1,932. 7 15.56 22.46 37.94 1130.3 350.02 159 9.4206 4.627 0.012634 88.44 0.2858 2,000.6 15.58 22.74 38.18 1130.8 361.36 

160 U.6486 4.739 0.012919 90.43 0.2961 2,072. 7 15.61 23.03 38.43 1131.2 373.38 161 9.8807 4.853 0.013211 92.48 0.3067 2,146.9 15.63 23.33 38.67 u:n.7 385.76 162 10.119 4.970 0.013509 94.56 0.3179 2,225.3 15.66 23.65 38.91 1132.1 398.80 163 10.361 5.089 0.013812 96.68 0.3295 2,306.5 15.68 23.98 39.15 1132.5 412.34 164 10.608 5.210 0.014120 98.84 0.3416 2,391.2 15.71 24.33 39.39 1133.0 426.42 

From "Heating, Ventilating and Air Conditioning Guide," Chap. 1, 1939; compiled by W. M. Sawdon, vapqr pressures converted from 
International Critical Tables. Reproduced by permission of American Society of Heating, Refrigerating, and Air-Conditioning Engineers. 
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TABLES 439 

TABLE 7-1. Temperature and Enthalpy of Discharge Vapor after 
Isentropic Compression 

Condensing Temperature 

Saturated goo 90° 100° 
Suction 

Temperature t h h h 

-40° 111.0° 91.6 121.0° 92.3 132.0° 93.9 
-30° 105.0° 90.5 116.0° 92.0 127.SO 93.2 
-20° 102.0° 90.2 112.SO 91.4 124.0° 92.6 
-10° 97.SO 89.5 108.SO 90.7 119.9° 91.9 

oo 95.0° 89.2 106.0° 90.3 117.0° 91.5 
10° 92.0° 88.7 103.5° 89.9 114.0° 90.9 
20° 90.0° 88.4 102.0° 89.6 112.0° 90 . .> 
30° 88.0° 88.1 99.0° 89.1 110.8° 90.4 
400 86.0° 87.7 97.0° 88.8 109.5° 90.2 
50° 84.0° 87.4 95.SO 88.6 107.0° 89.8 

Condensing Temperature 

Saturated 110° 120° 130° 
Suction 

Temperature t h h t h 

-40° 143.0° 95.1 155.0° 96.3 166.5° 97.3 
-30° 138.0° 94.3 150.5° 95.5 161.5° 96.6 
-20° 135.SO 93.7 147.0° 94.8 157.5° 95.8 
-10° 131.6° 93.1 143.0° 94.2 154.0° 95.2 

oo 128.SO 92.6 141.0° 93.7 152.0° 94.8 
10° 126.SO 92.1 137.SO 93.2 148.5° 94.3 
20° 124.0° 91.7 136.0° 92.8 147.2° 93.9 
30° 122.0° 91.4 133.SO 92.5 146.0° 93.6 
400 120.0° 91.1 132.SO 92.2 143.SO 93.2 
50° 118.0° 90.8 131.0° 92.0 142.0° 92.9 



+tO PRINCIPLES OF REFRIGERATION 

TABLE 10-1. Heat Transmission Coefficients (U) for Cold Storage Rooms 

Btu per hour per square foot per degree F difference between air on the two sides. 
Wind velocity I 5 mph. 

Wall Thickness 
X Inches 

Concrete block 8 
Concrete block 12 

Cinder block 8 
Cinder block 12 

Common brick 8 

Common brick 12 

Clay tile 4 
Clay tile 6 
Clay tile 8 

Concrete 6 
Concrete 8 
Concrete 10 
Concrete 12 

Thickness of Insulation, Y Inches 

2 3 4 5 6 7 8 

0.12 0.085 0.066 0.054 0.046 0.040 0.035 
0.12 0.083 0.065 0.053 0.045 0.039 0.035 

o.u 0.081 0.064 0.052 0.045 0.039 0.034 
0.11 0.079 0.063 0.052 0.044 0.039 0.034 

0.11 0.081 0.064 0.053 0.045 0.039 0,034 

0.10 0.076 0.061 0.050 0.043 0.038 0.034 

0.12 0.085 0.066 0.054 0.046 0.040 0.035 
0.11 0.081 0.064 0.053 0.045 0.039 0.035 
0.11 0.081 0.064 0.052 0.045 0.039 0.034 

0.13 0.089 0.069 0.056 0.047 0.041 0.036 
0.12 0.087 0.068 0.055 0.047 0.040 0.036 
0.12 0.086 0.067 0.055 0.046 0.040 0.035 
0.12 0.085 0.066 0.054 0.046 0.040 0.035 

From Carrier Design Data. Reproduced by permission of Carrier Corporation. 



TABLES 441 

TABLE 10-2. Heat Transmission Coefficients (U) for Cold Stora1e Rooms 

Btu per hour per square foot per degree F difference between the air on the two sides. 
Outside wind velocity I 5 mph. 

Type of Construction Insulating Thickness of Insulation (Inches) 

Material 
3% 5% 2 3 4 5 

Granulated 0.079 0.055 cork 

Rock or 0.072 0.050 palco wool 

Sawdust 0.097 0.069 

6 

1• board on 
both sides of studs 1 Corkboard 0.11 0.084 0.067 0.055 0.047 

Vapor seal 

Glass or rock 
wool fill 0.084 0.055 ----- 0.100 0.077 0.062 0.052 

Insulating 
Vapor seal Material 

Granulated 
cork 

Palco or 
rock wool 

Sawdust 

NOTES: 
1

Coefllcients c:orrec:ted for 2 x 4 or 2 x 6 studs, on 16 in. centers. 
b Coefflcltnts c:orrect.d for 2 X 4 studs 
* Actual thickness •,/o. in. 

Thickness of Insulation 
(Inches) 

8 10 12 

0.040 0.033 0.027 

0.036 0.029 0.025 

0.051 0.042 0.035 

From Carrier Design Data. Reproduced by permission of Canier Corporation. 



TABLE 10-3. Heat Transmission Coefficients (U) for Cold Storage Rooms 

Btu per hour per square foot per degree F difference between air on the two sides. 
Wind velocity IS mph. 

Self-supporting partition* 

Vapor seal on warm side 

Corkboard 

"' Cement pia 
on both sides 

Floor* 

Vapor seal on warm side 

Ceiling* 

~~~~~__!! j :n 
Paper and vapor \:Corkboard 

seal on warm side 

Ceiling* 

Wall, Floor or 
Ceiling Thickness 

X (Inches) 

Cork partition 

Slab 2 
Finish 2 
Slab 5 
Finish 3 
Slab 6 
Finish 4 

Slab 2 
Finish 2 
Slab 5 
Finish 3 
Slab 6 
Finish 4 

Concrete 4 
Concrete 8 

Wood ''%• 
(actual) 

1 These values may also be used for floors on ground. 
* Surface conductance for still air, 1.65, used on both sides 

Thickness of Insulation, Y Inches 

2 3 4 5 6 7 8 

0.13 0.089 0.069 0.056 0.047 0.041 0.036 

Corkboard" 

0.12 0.087 0.067 0.055 0.046 0.040 0.035 

0.12 0.084 0.066 0.054 0.046 0.040 0.035 

0.11 0.083 0.065 0.054 0.045 0.039 0.035 

Foamglas• 

0.15 0.11 0.087 0.071 0.060 0.053 0.046 

0.15 0.11 0.084 0.070 0.059 0.052 0.046 

0.14 0.10 0.083 0.069 0.059 0.051 0.045 

0.12 0.089 0.069 0.056 0.048 0.042 0.036 
0.12 0.086 0.067 0.055 0.047 0.041 0.036 

0.11 0.082 0.064 0.053 0.045 0.039 0.035 

0.13 0.092 0.072 0.059 0.050 0.043 0.038 

From Carrier Design Data.. Reproduced by permission of Carrier Corporation. 
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TABLES -Ml 

TABLE 10-4. Thermal Conductivity of Materials Used In Cold Storage Rooms 

Practical* 
Thermal Thermal Thermal 

Conductivity Conductance Conductivity 
(k) {C) (k) 

(Btu per hour (Btu per hour (Btu per hour 
per sq ft per sq ft Authority per sq ft 
per op per op for per op 

per inch per test 2nd and 3rd per inch 
Material thickness) thickness) Columns thickness) 

Brick, common 5.0 1 
Cement plaster 8.0 1 
Concrete 12.0 1 
Cinder aggregate block 8' 0.60 1 
Cinder aggregate block 12' 0.53 1 
Gravel aggregate block 8' 1.0 1 
Gravel aggregate block 12' 0.80 1 
Corkboard 0.28 2 0.30 
Cork, granulated coarse 0.31 2 0.34 
Foamglas 0.40 4 0.40 
Glass wool, density 1.5lb per cu ft 0.27 1 0.30 
Mineral wool board 0.33 3 0.36 
Redwood bark, palco wool 0.26 1 0.29 
Rock wool, density 10.0 lb per cu ft 0.27 1 0.30 
Sawdust, various woods 0.41 2 0.45 
Tile, hollow clay 4' 1.0 1 
Tile, hollow clay 6' 0.64 1 
Tile, hollow clay 8' 0.60 1 
Wood, yellow pine, or fir 0.80 1 

Authorities: (1) ASHVE Guide 1945. (2) ASRE Data Book, Vol. 1-1943. {3) ASRE Data Book, 
Vol. 2-1942. (4) Pittsburgh Corning Corporation. 

• These conductivities were used for insulating materials in calculation of heat transmission 
coefficients. Most of these values have been increased 10% above laboratory test values to allow for 
the effect of moisture gain in the insulating material and for imperfect workmanship. This also 
assumes adequate vapor sealing. When no vapor sealing is applied or where the workmanship is 
poor the value of the insulation is largely destroyed. It is extremely difficult to get a good vapor seal 
with loose fill type insulation. 

Foamglas. If a combination of corkboard and Foamglas is used, 1 in. of Foamglas is equivalent 
to ! in. of corkboard. 

Mineral Wool Board. For estimating purposes use heat transmission coefficients for corkboard 
increased by 15%. 

From Carrier Design Data. Reproduced by permission of Carrier Corporation. 



TABLE 10-5. U Factors for Glass 

Number of 
Panes 

1 
2 
3 
4 

Btu/hr/sq fW F 

1.13 
0.46 
0.29 
0.21 

From ASRE Data· Book, Design Volume, 
1949 Edition, by permission of the American 
Society of Heating, Refrigerating, and Air
Conditioning Engineers. 

TABLE 10-SA. Surface Conductance (f) 
for Buildinz Structures 

Surface 

Ceilings 
Roofs 
Walls 
Walls 

Exposure 

Inside 
Outside 
Inside 
Outside 

Surface Conductance 
(Btu per hour per 

square foot per o F) 

Winter 

1.65 
6.00* 
1.65. 
6.00* 

Summer 

1.20 
4.00t 
1.65 
4.00t 

• Average wind velocity 15 mph. 
t Average wind velocity 8 mph. 
From Carrier Design Data. Reproduced 

by permission of Carrier Corporation. 

TABLE IG-6. Refrlzeration Deslzn Ambient Temperature Guide* 

Location 

Alabama 
Birmingham 
Mobile 

Arizona 
Flagstaff 
Phoenix 
Tucson 

Arkansas 
Fort Smith 
Little Rock 

California 
Bakersfield 
Fresno 
Los Angeles 
Oakland 
Sacramento 
San Diego 
San Francisco 

Colorado 
Colorado Springs 
Denver 
Grand Junction 
Pueblo 

Connecticut 
Hartford 
New Haven 
New London 
Norwalk 

Average Maximum 
Ambient Ambient 

Temp. Temp. 

88 
88 

75 
100 
84 

91 
90 

96 
94 
83 
75 
90 
75 
75 

83 
83 
88 
83 

83 
83 
83 
83 

99 
97 

90 
113 
98 

103 
100 

114 
111 
94 
89 

108 
80 
83 

94 
98 

102 
100 

94 
95 
93 
96 

Location 

Delaware 
Dover 
Milford 
Wilmington 

District of Columbia 
Washington 

Florida 
Jacksonville 
Miami 
Orlando 
Tallahassee 
Tampa 

Georgia 
Atlanta 
Savannah 

Idaho 
Boise 
Pocatello 

Illinois 
Cairo 
Chicago 
Peoria 
Quincy 
Rockford 
Springfield 

Average Maximum 
Ambient Ambient 

Temp. Temp. 

87 
87 
87 

89 

88 
88 
88 
88 
88 

87 
89 

89 
83 

89 
87 
88 
90 
!81 
90 

96 
98 
94 

98 

96 
90 
97 

100 
95 

95 
99 

105 
100 

101 
98 

100 
103 
101 
102 



TABLE 10-6 (Continued) 

Average Maximum Average Maximum 
Ambient Ambient Ambient Ambient 

Location Temp. Temp. Location Temp. Temp. 

Indiana Minnesota 
Evansville 90 100 Duluth 79 92 
Fort Wayne 87 100 Minneapolis 90 102 
Indianapolis 89 99 St. Ooud 88 101 
South Bend 87 101 

Mississippi Terre Haute 90 100 
Jackson 90 99 

Iowa Vicksburg 9p 96 
Burlington 90 101 
Davenport 90 100 Missouri 
Des Moines 90 102 Hannibal 90 102 
Dubuque 90 99 Kansas City 92 103 
Keokuk 90 101 St. Joseph 92 103 
Mason City 86 97 St. Louis 92 103 
Sioux City 90 102 Springfield 88 98 

Kansas Montana 
Concordia 93 108 Billings 85 104 
Dodge City 92 106 Butte 75 96 
Hutchinson 92 108 Havre 82 99 
Salina 95 III Helena 82 102 
Topeka 92 105 
Wichita 91 104 Nebraska 

Kentucky Lincoln 94 106 

Lexington 86 98 North Platte 89 103 

Louisville 88 99 Omaha 92 104 

Louisiana Nevada 
Baton Rouge 88 98 Reno 84 101 
New Orleans 89 98 Tonopah 84 96 
Shreveport 92 102 New Hampshire 

Maine Concord 81 92 
Eastport 70 81 
Portland 81 93 New Jersey 

Maryland 
Atlantic City 83 92 
Paterson 85 95 Baltimore 89 99 Trenton 85 96 Cumberland 87 102 

Massachusetts New Mexico 

Boston 84 94 Albuquerque 83 99 
Fall River 81 90 Santa Fe 81 90 

Lawrence 81 94 New York 
Worcester 81 92 Albany 83 96 

Michigan Binghamton 83 94 
Alpena 82 95 Buffalo 80 89 
Detroit 86 99 Elmira 83 97 
Grand Rapids 86 98 New York 85 93 
Jackson 86 99 Poughkeepsie 83 95 
Lansing 86 96 Rochester 83 95 
Marquette 81 96 Syracuse 83 96 
Saginaw 88 101 Watertown 83 93 

445 
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TABLE 10-6 (Continued) 

Average Maximum Average Maximum 
Ambient Ambient Ambient Ambient 

Location Temp. Temp. Location Temp. Temp. 

North Carolina Tennessee 
Asheville 81 93 Chattanooga 87 98 
Charlotte 86 98 Knoxville 87 98 
Raleigh 86 98 Memphis 89 99 
Wilmington 86 95 Nashville 87 98 
Winston-Salem 86 97 Texas 

North Dakota Dallas 92 102 
Bismarck 87 103 El Paso 92 102 
Devils Lake 84 100 Fort Worth 92 104 

Ohio Houston 92 99 

Akron 86 98 San Antonio 92 102 

Canton 86 97 Utah 
Cincinnati 88 100 Modena 80 97 
Cleveland 83 95 Salt Lake City 88 101 
Columbus 88 98 Vermont 
Dayton 88 99 Burlington 80 91 
Toledo 87 99 
Youngstown 86 97 Virginia 

Lynchburg 87 99 
Oklahoma Norfolk 87 95 

Oklahoma City 92 104 Richmond 87 98 
Tulsa 92 105 

Oregon 
Washington 

Olympia 75 90 
Portland 81 95 Seattle 75 86 

Pennsylvania Spokane 75 102 
Altoona 82 96 Walla Walla 87 105 
Erie 83 92 West Virginia 
Harrisburg 85 97 Charleston 87 102 
Philadelphia 87 97 Clarksburg 84 97 
Pittsburgh 85 96 Huntington 87 100 
Scranton 82 95 Parkersburg 86 98 

Rhode Island Wheeling 86 101 
Providence 83 94 Wisconsin 

South Carolina Green Bay 85 97 
Charleston 88 98 La Crosse 87 99 
Columbia 88 99 Madison 87 96 

South Dakota Milwaukee 87 99 

Huron 93 107 Wyoming 
Pierre 94 110 Cheyenne 79 94 
Rapid City 87 103 Lander 80 98 
Sioux Falls 88. 102 Sheridan 86 102 

• Do not use these temperatures for air conditioning design. 
From ASRE Data Book, Design Volume, 1949 Edition, by permission of the American Society 

of Heating, Refrigerating, and Air-Conditioning Engineers. 
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TABLE I0-6A. Design Ground Temperatures 

Ground Ground 
Location Temperature Location Temperature 

Alabama Idaho 
Birmingham 70°F Boise 60°F 
Mobile 75 Pocatello 60 

Arizona Illinois 60 
Flagstaff 60 Cairo 
Phoenix 80 Chicago 60 
Tucson 80 Peoria 60 

Arkansas Quincy 60 

Fort Smith 70 Rockford 60 

Little Rock 70 Springfield 60 

California Indiana 

Bakersfield 75 Evansville 65 

Fresno 80 Fort Wayne 60 

Los Angeles 75 Indianapolis 60 

Oakland 65 South Bend 60 

Sacramento 80 Terre Haute 65 

San Diego 65 Iowa 
San Francisco 65 Burlington 60 

Colorado Davenport 60 

Colorado Springs 60 Des Moines 60 

Denver 60 Bubuque 60 

Grand Junction 60 Keokuk 60 

Pueblo 55 Mason City 60 
Sioux City 60 

Connecticut 
Hartford 65 Kansas 

New Haven 65 Concordia 60 

New London 65 Dodge City 60 

Norwalk 65 Hutchinson 60 
Salina 60 

Delaware Topeka 60 
Dover 65 Wichita 60 
Milford 65 
Wilmington 65 Kentucky 

Lexington 65 
District of Columbia Louisville 65 

Washington 65 
Louisiana 

Florida Baton Rouge 75 
Jacksonville 80 New Orleans 75 
Miami 80 Shreveport 70 
Orlando 80 

Maine Tallahassee 80 
Tampa 80 Eastport 60 

Portland 60 
Georgia Maryland 

Atlanta 70 Baltimore 65 
Savannah 75 Cumberland 65 
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TABLE IG-6A (Continued) 

Ground Ground 
Location Temperature Location Temperature 

Massachusetts New Mexico 
Boston 6So F Albuquerque 70°F 
Fall River 60 Santa Fe 6S 
Lawrence 60 New York 
Worcester 60 Albany 60 

Michigan Binghamton 60 
Alpena 60 Buffalo 6S 
Detroit 60 Elmira 60 
Grand Rapids 60 New York 6S 
Jackson 60 Poughkeepsie 60 
Lansing 60 Rochester 60 
Marquette 60 Syracuse 60 
Saginaw 60 Watertown 60 

Minnesota North Carolina 

Duluth so Asheville 70 

Minneapolis ss Charlotte 70 

St. Cloud ss Raleigh 70 

Mississippi 
Wilmington 1S 

Jackson 1S 
Winston-Salem 1S 

Vicksburg 1S North Dakota 

Missouri 
Bismarck so 

Hannibal 60 
Devils Lake so 

Kansas City 60 Ohio 

St. Joseph 60 Akron 6S 
St. Louis 60 Canton 6S 
Springfield 60 Cincinnati 6S 

Cleveland 65 
Montana Columbus 60 

Billings 55 Dayton 65 
Butte 55 Toledo 60 
Havre 50 Youngstown 60 
Helena 55 

Oklahoma 
Nebraska Oklahoma City 6S 

Lincoln 60 Tulsa 6S 
North Platte 55 
Omaha 60 Oregon 

Portland 70 
Nevada 

Pennsylvania Reno 65 
Tonopah 70 Altoona 65 

Erie 65 
New Hampshire Harrisburg 70 

Goncord 55 Philadelphia 70 

New Jersey Pittsburgh 65 

Atlantic City 70 Scranton 6S 

Paterson 70 Rhode Island 
Trenton 70 Providence 65 
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TABLE INA (Continued) 

Ground Ground 
Location Temperature Location Temperature 

South Carolina Virginia 
Charleston 75°F Lynchburg 7,.F 
Columbia 75 Norfork 1S 

South Dakota Richmond 70 

Huron S5 Washington 
Pierre ss Olympia 60 
Rapid City ss Seattle 1S 
Sioux Falls ss Spokane 60 

Tennessee Walla Walla 60 

Chattanooga 70 West Virginia 
Knoxville 70 Charleston .6S 
Memphis 70 Clarksburg 65 
Nashville 70 Huntington 6S 

Texas Parkersburg 6S 
Dallas 70 Wheeling 6S 
El Paso 70 Wisconsin 
Fort Worth 70 Green Bay S5 
Houston 1S La Crosse ss 
San Antonio 1S Madison ss 

Utah Milwaukee 5S 
Modena 60 Wyoming 
Salt Lake City 60 Cheyenne ss 

Vermont Lander ss 
Burlington 60 Sheridan ss 
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TABLE 10..7. Allowance for Solar 
Radiation 

(Degrees Fahrenheit to be added to the normal 
temperature difference for heat leakage calcu
lations to compensate for sun effect-not to be 

used for air-conditioning design) 

East South West Flat 
Type of Surface Wall Wall Wall Roof 

Dark-colored sur-
faces such as: 
Slate roofing 
Tar roofing 8 5 8 20 
Black paints 

Medium-colored sur-
faces, such as: 
Unpainted wood 
Brick 
Red tile 6 4 6 15 
Dark cement 
Red, gray, or 

green paint 
Light-colored sur-

faces, such as: 
White stone 
Light-colored 

cement 4 2 4 9 
White paint 

From ASRE Data Book, Design Volume, 
1957-1958 Edition, by permission of the Ameri-
can-Society of Heating, Refrigerating, and Air-
Conditioning Engineers. 



TABLES o451 

TABLE 10-SA. Btu per Cubic Foot of Air Removed in Cooling to 
Storage Conditions above 30° 

Inlet Air Temperature, oF 
Storage 85 90 95 100 
Room 
Temp., Inter. Air Relative Humidity, % 

op 50 60 70 50 60 70 50 60 50 60 

65 0.65 0.85 1.12 0.93 1.17 1.44 1.24 1.54 1.58 1.95 
60 0.85 1.03 1.26 1.13 1.37 1.64 1.44 1.74 1.78 2.15 
55 1.12 1.34 1.57 1.41 1.66 1.93 1.72 2.01 2.06 2.44 
50 1.32 1.54 1.78 1.62 1.87 2.15 1.93 2.22 2.28 2.65 
45 1.50 1.73 1.97 1.80 2.06 2.34 2.12 .2.42 2.47 2.85 
40 1.69 1.92 2.16 2.00 2.26 2.54 2.31 2.62 2.67 3.06 
35 1.86 2.09 2.34 2.17 2.43 2.72 2.49 2.79 2.85 3.24 
30 2.00 2.24 2.49 2.26 2.53 2.82 2.64 2.94 2.95 3.35 

Reprinted from Refrigeration Engineering Data Book by courtesy of American Society of 
Refrigerating Engineers. 

TABLE 10-SB. Btu per Cubic Foot Removed in Cooling to 
Storage Conditions below 30o 

Inlet Air Temperature, o F 
Storage 40 50 80 90 100 
Room 
Temp., Inter. Air Relative Humidity; % 

op 70 80 70 80 50 60 50 60 50 60 

30 0.24 0.29 0.58 0.66 1.69 1.87 2.26 2.53 2.95 3.35 
25, 0.41 0.45 0.75 0.83 1.86 2.05 2.44 2.71 3.14 3.54 
20 0.56 0.61 0.91 0.99 2.04 2.22 2.62 2.90 3.33 3.73 
15 0.71 0.75 1.06 1.14 2.20 2.39 2.80 3.07 3.51 3.92 
10 0.85 0.89 1.19 1.27 2.38 2.52 2.93 3.20 3.64 4.04 
5 0.98 1.03 1.34 1.42 2.51 2.71 3.12 3.40 3.84 4.27 
0 1.12 1.17 1.48 1.56 2.68 2.86 3.28 3.56 4.01 4.43 

-5 1.23 1.28 1.59 1.67 2.79 2.98 3.41 3.69 4.15 4.57 
-10 1.35 1.41 1.73 1.81 2.93 3.13 3.56 3.85 4.31 4.74 
-15 1.50 1.53 1.85 1.93 3.05 3.25 3.67 3.96 4.42 4.86 
-20 1.63 1.68 2.01 2.09 3.24 3.44 3.88 4.18 4.66 5.10 
-25 1.77 1.80 2.12 2.21 3.38 3.56 4.00 4.30 4.78 5.21 
-30 1.90 1.95 2.29 2.38 3.55 3.76 4.21 4.51 5.00 5.44 

Reprinted from Refrigeration Engineering Data Book by courtesy of American Society of 
Refrigerating Engineers. 
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TABLE I0-9A. Average Air Changes per l4 Hours for Storage Rooms above no F 
due to Door Opening and Infiltration 

(Does not apply to rooms using ventilating ducts or grilles) 

Air Air Air Air 
Volume Changes Volume Changes Volume Changes Volume Changes 

cuft per 24 hr cu ft per 24 hr cuft per 24 hr cu ft per 24hr 

250 38.0 1,000 17.5 6,000 6.5 30,000 2.7 
300 34.5 1,500 14.0 8,000 5.5 40,000 2.3 
400 29.5 2,000 12.0 10,000 4.9 50,000 2.0 
500 26.0 3,000 9.5 15,000 3.9 75,000 1.6 
600 23.0 4,000 8.2 20,000 3.5 100,000 1.4 
800 20.0 5,000 7.2 25,000 3,0 

NoTE: For storage room with anterooms, reduce air changes to 50% of values in table. 
For heavy duty usage, add 50% to values given in table. 

From ASRE Data Book, Design Volume, 1949 Edition, by permission of the American Society of 
Heating,. Refrigerating, and Air-Conditioning Engineers. 

TABLE 10-9B. Average Air Changes per 14 Hours for Storage Robms below 31° F 
due to Door Opening and Infiltration 

(Does not apply to rooms using ventilating ducts or grilles) 

Air Air Air Air 
Volume Changes Volume Changes Volume Changes Volume Changes 

cu ft per 24 hr cu ft per 24 hr cu ft per 24 hr cu ft per 24 hr 

250 29.0 1,000 13.5 5,000 5.6 25,000 2.3 
300 26.2 1,500 11.0 6,000 5.0 30,000 2.1 
400 22.5 2,000 9.3 8,000 4.3 40,000 1.8 
500 20.0 2,500 8.1 10,000 3.8 50;000 1.6 
600 18.0 3,000 7.4 15,000 3.0 75,000 1.3 
800 15.3 4,000 6.3 20,000 2.6 100,000 1.1 

NoTE: (1) For storage rooms with anterooms, reduce air changes to 50% of values in table. 
For heavy duty usage, add 50% to values given in table. 

(2) For locker plant rooms, double the above table values. 
From ASRE Data Book, Design Volume, 1949 Edition, by permission of the American Society 

of Heating, Refrigerating, and Air-Conditioning Engineers. 
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TABLE 10-10. Design Data for Fruit Storage 

DISieNIOOM SPICIFIC ONDmONS CHILLIN5 DATA 
Ell HEAT ...... ,.,....,. ... ,. 

~~..;, ...... - lto!lb/ 
.._ w .. -TYPE OF -lb Moal· ·= ....... -I~ -· Air FlU ITS ..... Hoot D F ,...., -STOIA&E .... .... Air at 

Stor-~~ 1'!.- .... ltv lib After 
of .... -· Perm Is - ,_Is. -· Period Hr fk. :MHr ~ ---.,.., lo moodOd tor ltv lib % -· olblo mood olblo Coodl· Stort 1.:- rr..-

, __ 
1119 ·-Od ..... Od ..... N ... IJ 1119 Ft./lolln 

DotF DotF % % tloo 

Appl• Sbort .k -11 ... 26.0 4.1 . .., .. .., 122 14 21.9 ,. 
'-' -Jt.J2 J7b - 21.1 41Wo9 u .. 
Clolll Stort 40 IS 11.1 .. 22 :14 1.67 :14.11 Ill 
Clllll Rol .. • • 11.4 u lid 

AprlcMs Sbort • - IS - a.z 4.1 1.11 4.11 122 • 21.1 ,. 
'-' 12 11-12 .. - 22.J 7-14DOJ1 u .. 
CloiiiStort • • 11.1 .. D • 1.67 21.11 Ill 
CIIOIR .... 12 • 22.J u .... 

A- Sbort ..... -ISb .. ,. ll.t 4.5 .... 1M Ill " 21.2 " '-' -17-A ISb ... 2U II Dors ... • CIIIIIStort • IS 11.1 • It 22 1.67 22.01 .. 
Clltn- D • 21.2 u .... 

--I .,_... 
" Q.JII ,. .... 104.7 HooH .. M•·lt" 2.1 ... Ill 71 - • (Soo Doc- CloiiiStort " 

,. 104.7 .. .. ,. Ll II .If ,. - CIIOI- 56 • 10 10 Dora 1.1 .... -· =::= 16 - 92 .... 61.1 1.1 • 56 -11 ... .... 1.1 • -- - • -• - 25.2 u ••• ... , 121 14 - ,. 
c-.ll Loov 12 11-12 ISb - 21.1 1-IODo.~ 1.3 " CIIIIIStart • • 11.1 .. 14 21 U7 21.11 Ill 

CloiHFI .... 12 • 22.J u Mill 
c.- Sbort II -• - 2U u .... 1.47 122 • 17.1 ,. ....... Loov II - ISb ... 26.4 I..JMo u ,. 

Clolll Start • • 11.1 " • 21 1.67 lUI Ill 
CIIOIFiololl II • 26.2 1.2 .... 

D- - .. -·l'k 11-75 ... .... ... 21 II -4 Ill 
lc.Odl Loov -21-12 "" 11-'11 15.4 ....... , ... 110 

Drlod - • - 7lc ll-75 21.1 0.11 1.47 Ui .. • 110 - Loov 12 - "" ll-71 IU t-12lolo U7 Ill 

:J-.• - • - 71 11-71 27.5 u 1.71 1.44 "' 
,. 21.1 ,. ·-) Loov 14 - " 11-71 21.1 IS Dors 1.4 " .._ - • -IS - a.z u ... Ul 112 77 ... • IAmorlcoo Loov II 11·12 ISb - 21.1 I-I'Ntv 1.4 ,. ...... , =:=. • • 11.1 " M 21 4.11 14.01 .. 

12 • 22.J 1.4 "" .._ - • -• ... a.z u ... ..., 112 ., M.s " CYiolforo Loov • II..JI ISb ... 21.4 Ulolo 1.4 " c.llfenolll CIIOIStort • • 11.1 71 M 21 4.11 14.11 .. 
CIIIIIR .. 12 • 22.J 1.4 tid ......,... - • - ,. - 12.1 2.1 Ul OAt Ill • 21.4 " Loov 12j 12-M ISb ... 22.J WWl u ,. 
CIIIIIStort • IS 11.1 71 II 12 O.JII It .If .. 
CbiiiFI .... 12 IS 22.J u "" ..__ - • ... ISb ... 14.5 1.1 .... 1M 121 • 21.1 • Loov • -ISb ... 14.5 I-4Mo u ,. 
CIIOIStart " • 11.1 71 11 21 1.1 11.11 .. 
Clolll- • • 14.5 1.3 "" .... - • - ISb - 17.1 4.0 1.11 1.49 121 • .,_, 

" Loov • - tlb - IU WWl 1.3 " CIIIIIStart • • 45.2 71 47 21 ... 14.1f Ill 
Clolll- • • 17.1 1.3 lOci 

a-.. - • -• - 11.1 4.1 .... 1.44 ,. II 2U ,. 
Loov 12 - ISb - 22.J 1-10~ u ,. 
CIIIIIStort • • 11.1 71 a 12 ... IUf .. 
Cloll ..... 12 • D.l u "" 
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TABLE 10-10 (Continued) 

DESI8N lOOM 
Est SPECIFIC 

Mal-CONDITIONS CHILLINS DATA Pn>cl HEAT 
Temperature ~:::t~i~ $reins latent Wo mum 

Wext- 'f:!':.' Lotont ltu/lb/ ...... Air Filum TTPE OF por lb H .. t D F Heat t.r 
lnt Mo-

STOIASE Roc- Roc- Alrot mum nmo Rete Btu/lb of Con -- stor ... 
~"* Fac- ~ After Fusion tent Point -om- Perrnlt· om- Pormls-

mended Porlod Hr 
tor 24 Hr Fr••- Btu/lb % DotF In mend- ablo m:ld ablo Condl- Stort 1:- (& .... FrMI· lnv loom od ..... ..%,. Not. f) lnv Ft./Min DovF DotF % lion - Sloort J5 - .. - 21.2 5.1 Ul 0.41 128 ,., 2U .. .._ 32 11-33 lib - 2U 2-4 wt9 O.J .. 

ClliHStart 40 • 11.0 • M 24 0-62 - 1118 
Clllll Flllllll J2 • 2U O.J 60d ,_ Sloort J5 - .. .... 2U .... ... Ul 0.4'1 122 B4 27-28 .. .._ Ilk 29-11 -.... U.7 1-7 wo, O.J .. 
Cllm Stort 40 • JI.G 70 M ll4 17.01 1118 
cwn Flollll 12 • 22.1 0.1 60d 

PIOMJIIIho Sloort .. -• .... 11.0 J.G .. ,. 0.10 128 • 110 .._ ..... 40 - ISb ... ,. 11.0 2-4 Wk ... 29.9 1118 .... 118 --... ,. 41.0 J-4Wk ... 29.1 1118 
Clllll St.rt 41 15 17.5 • 40 I ... ,. 24.of -CIIIUFioloh • • 21.1 0.1 IIOd -- Sloort 15 - 15 - 21.2 4.G ... 0.48 116 10 28.0 " - .._ 12 11-33 lib - 22.1 uwt9 0.1 tit , ..... , CloiUStart .. 10 29.1 10 ll4 20 0-67 20.of -CIIIIIFIIIIIII 12 10 21.1 O.J IOd 

Qtol-. Sloort 15 -• - 21.2 .... .. ,. ..., 
122 • ... 10 .._ 12 11-12 lib - 22.3 2-IMo O.J .. 

CIIHI Stort 40 15 11.0 10 12 ll4 0-67 ll4.of 110 
CIIIDFioloh 12 • 22.1 u 60d 

From Carrl~r Design Data, Reproduced by permJSSton of Carrier Corporauon. 
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TABLE 10-11. Design Data for Vegetable Storage 

DESieNtOOM SPECIFIC CONDniONS 
CHIUINeDATA 

Est HEAT Mal-
Tom,.,...,.. ::::.; !!•1M 

Prod liU7ibl ~~ w. mum 
VM&- TYPI OF -lb Mul· Product Loteot 

.!1k ... Fr-· Air 
TAlUS STO&A8E lloc· .... Alrot mum Tomp. nmo .... Hoot of f.: In• Mo· 

Rocom· Stor•t• ,_!.l.!F ,... ltuJib ::7.: Polot tlon -· ,.,..,, Pormls- Hr 
mo;. IIIOIIdod P"orlcid tor J4 Hr 

·- frou. % D09F In 
monel· llblo llblo 

Condl· Storl loh 1&.- Frooz. 1"9 Room od ... ,. od ..... 
tlon Nofof) lnt Ft./Min DotF D09F % % 

Aoporov• Sbort .. - .. .... 12.1 6.0 O.tl 0.49 13& 94.0 2t.l .. 
Loot 12 12-36 ... .... 21.7 10 Dojl 0.5 .. 
Chill Slort .. IS JI.O .. M J4 o.to lUI 150 
Chill Flohll n • 23.2 0.5 Mid 

....... - 411 - .. .... 32.1 J.O O.fl 0.47 lit a.o 29.7 .. - lon4J n 12-«1 ... .... 24.6 10 Doys 0.7 .. 
Chill Stort • IS 11.0 10 • 20 8.67 15.01 150 
Chill Flollll n IS 23.2 0.7 Mid ..... Sbort .. 4Q.4S .. 15-90 12.1 I& Doys 3.0 0.71 0.36 " 61.5 21.4 .. 

Shollod 
(Ume) Lo09 n 32-40 ... .... 24.6 10 Dors D.6 .. 

Uno .. llocj 

-.. - .. - .. .... 12.1 2.0 0.90 DAI 129 .... 26.9 .. 
,_Off Loot n 12-36 " ..... 25.0 l-IMo 0.1 .. 
-.. Sbort .. -.. 15-90 12.1 3.0 0.90 0.41 129 .... 11.0 90 
T-On Loot 12 12·36 ... 15-90 8.7 10.14 Doy 0.4 .. 

CIIDI Stort .. .. 32.1 70 M :14 0.10 17.81 150 
CIIUIR ..... 12 .. 23.7 0.4 Mid - Sbort 41 - .. to.t& 12.1 4.8 0.90 0.41 II& tU 29.2 90 
Loot 12 12..JS .. to.t& 21.7 7-10 Doys 0.& .. 
CloiiiStort • 90 12.1 14.81 ISO 
Clolll Fltololt n 90 :14.6 10 M J4 0.10 o.s tod - - 41 - " - M.& s.o O.tl 0.49 136 94.5 31.0 .. ........ Loot n 12..JS 15b t0-15 26.0 3-4 WI! u .. 
Chill Stort 41 90 12.1 10 M :14 0.10 14.01 110 
Clolll Flol* n .. :14.6 0.5 tod 

C:.bloqe Short • - 15 to.t& 21.2 7.0 0.93 0.47 112 tl.l 31.2 90 .._ 12 - l5b t0-15 25.0 ~Mo 0.5 .. 
Clolll Stort • 90 12.1 70 M :14 0.10 17.81 110 
Chill Fl .... 12 90 23.7 0.5 Mid 

Comoh, Sbort • - .. .... 12.1 2.0 0.93 0.45 L26 10.0 30.4 .. 
T-Off Lo09 12 12-36 " ..... 25.8 4-IMo O.J .. 
Con.h, - • - .. .. .. 12.1 4.0 0.16 0.45 126 10.0 11.8 .. 
T-Oo Loot 12 - lib .... 23.7 10.14 Do~ 0.5 .. 

Cll111 Stort • " 12.1 70 M 24 0.10 17.01 150 
Clolll- 12 90 21.7 o.s Mid 

Cool!- Short • - 90 .. 90 26.1 4.0 0.90 0.46 IJI 92.5 10.1 90 -- Loot 12 - ... .... 21.7 2-J WI! u .. 
CIIIIIStort 40 90 32.1 70 M :14 0.10 17.01 150 
Clolll Fl .... 12 .. 23.7 u Mid 

Colory pSbort • -.. - 26.1 4.0 O.tl 0.46 136 94.5 29.7 90 
Loot (Wottocl) 12 11-12 ... """ 23.7 2-4Wo ... .. 

Cora Short • - .. - 26.1 7.0 0.16 0.11 101 75.5 21.t .. ,_, Loot 12 11-12 ... .... 23.7 4-IDoys o.s .. 
Cll111 Stort • IS 11.8 20 M :14 ... 17.81 150 
Chill Fl .... 12 IS 22.1 o.s Mid 

c:.c- - 10 - • - 41.2 3.0 0.93 0.«1 117 15.5 10.5 .. - Loot .. - • - 17.5 10.14 Doyo 0.2 .. 
CMIIStort • 10 61.7 20 12 :14 1.0 11.81 210 
CMII- 10 10 42.6 0.2 I lied ..... p Short • -" - 26.1 4.8 0.90 1M 116 lt.O IU 90 
Loot (lcocl) • -... - 26.1 2-3 Wll 1.0 90 
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TABLE 10-11 (Continued) 

D~~:~Mg~t' Est SPECIFIC Mul-. 
CHILLIN$ DATA HEAT 

Temper•ture :::::~n, &ral• ''" Latent Wo- mum 
-lb ...... 

'l!!~ t..lent "'D'':t Heat tor Fr-- Air - TYPE OF Hoot lnt "'"" STORA$E Alrot mum .... of Con TAILES Roc- lee- srr..= ...!.! ...... , nmo llv/lb .. A !tor Fusion Polot tlon om- Perm Is -- Penn Is- -- Hr Foe- :M Hr fore Fr--
tent DotF In 

-nd- slbl• monel llblo ....... ~ Stort~ tor 
~ ... --- lnt 

ltu!lb % Room od ..... od .. ~. Coodl- ohf) lot Ft./Min !1!1_F ~F % !loa 

'--• p Sllort IS - " .... 2U 7.0 uo 0.46 136 8U 11.2 " LORI llcodl • 12-16 ... .... 2U 2-1 WI< 1.0 60 ........ Sllort .. - • - 17.5 ,.. O.tl 0.46 115 15.0 29.0 " w ..... =- Loot 16 - .. 71-15 26.2 2o4WI< 0.2 150 -Cooto- Lont n 12-JS 15 '11-71 22.1 7-10 Dor 0-2 Ul 0.47 128 8U 29.0 " '-"" Chill Stort 40 • 11.1 .. J4 24 0.90 14.01 ISO 
c•111 Rotlh 12 • 22.1 .2 I SOd 

OoleM Sllort 10 - 71 70-71 ..... 2.1 O.tl 0-11 130 .... 10.1 110 
Lont 12 12-16 71 70-71 IU ~Mo 0-2 150 
CloiiiStort 40 71 27.1 70 J4 24 0.10 10.01 ISO 
ChiiiRnl,. 12 71 lt.l 0-2 I SOd ,_.,. Sllort • ..... • .... 28.2 4.0 0.16 0.44 119 81.0 20.9 60 
Loat 12 - tlib .... 21.1 2o4Mo u 60 
Chill Stort 40 " 12.11 70 J4 24 .... 17.01 150 
Chill Ftollh 12 " 21.7 u SOd - Short • ..... 90 .... 2U u U2 0-45 107 10.0 20.9 " ,_) 
Loat 12 12-16 90b 15-90 21.7 1-2\¥1< o.s 90 
Clllll Stort 40 • 31.1 10 J4 20 0-67 14.01 110 
Chill Rotolo II 15 21.2 u tOd r= ... 50-70 15 .. ,. ...2 u 0.16 0.47 113 7IJj 20.9 110 - -=) 116m - .. 15-90 26.4 u 20.9 110 

54-ut Short .. - .. '11-10 JS.I ,.. 0.92 U2 128 .... 2U 110 
(lol(op) Lont JO -IOc - 19.2 s Mo 0.2 90 
Spl- Sllort • - .. .... 21.2 7.0 0.92 0.51 129 90.0 10.1 90 

Loat 12 12-16 .. .... 25.0 10-14 Do 0.5 .. - Sllort II - • 10-05 54.5 J.O 0.16 0.42 102 7LO 20.5 lfO 
rotate • Lont II - .. 10-15 54.5 WMo 0.4 110 
T- Sllort II - IS 15-90 54.5 ,.. 0.92 0.46 132 ... ••• " (8-.) Loat 55 .... • 115-90 54.5 1-IWk 0.4 .. 

RIPHint 65 65-70 • .... 70.2 u " Chill Stort 70 • tU • 12 J4 1.0 14.of lit Chill Rollh so 15 .. .2 0.4 SOd (Ripe) Loat ... -.. .. ,. 17.5 7-IODo, ,.. .. 
Torolpo - • -ts ..... 21.2 4.1 0.90 0,45 128 89.5 10.5 90 Loat J2 12-116 .. 95-tl 25.0 4-6 toto o.s 60 Chill Stort 40 • 14.5 70 J4 :M .... 17.11 ISO Chtu Rnl .. n •• 21.1 o.s Mid .: - 40 -ISb 15-90 11.1 s.o 0.90 0.45 130 .... ... " lr.:J;I· Loat • ..... t7b 15-90 zu 2o4Wo 1.2 90 

Chill Stort so " 45.1 • II II 0.70 U.Gf 110 CloiiiRnloh • " 2U 1.2 ftc~ 

From Carrl~r IH.rlgn Data. Reproduced by permlaslon of Carrier Corporation. 
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TABLE 10..12. Design Data for Meat Storage 

DESI5NROOt.l SPECIFIC 
CONDITIONS CHILLING DATA 

Est HEAT ~-·-Temperature ~=::.~ 6ro'!!J Prod Lotonl w •. mum 

t.IIATS TYPE OF ,....lb M•zl- troauct Latent ltu/lb/ H .. t tO< Fr .. • Air 
Hoot Do F lnt t.lo-5TOIA5E loc- Atrat mum Temp. 

~· •••• of Con Roc- Stor•o D F ltullb ... 'tit"' Point tlon 
-~ .. .......... Rocom· Fac- Fu1ion toni .... 
~- ......... PO<Iod 

Stort'm· 
Hr 

tor 24 Hr fore ..... ltullb % DovF In 
mend- llblo llblo ~~.jj Freu- lnt ~: ... ··- ... .._ Coocll- lnt 
DotF DotF % % tlon - ~ Iii - 15 - 41.7 ISDoys 2.5 0.50 UIJ ' 20 ~ 

~nl•loo 2lt 21-311 75 - 16.4 1.2 til 
llclno Room 50 -.. 1&-411 21.3 60 - P,IIIStorl 311 ISb 21.1 100 44 24 0.56 18.01 0.75 0.· J II 72 Jl.3 258 

C.. Wood 
Cllllloncl FhiiiFI .... 33 
Holdloo 

ISb 23.2 5.0 90d 

-· Drlod 
.._ 55 li&-611 615 15-78 41.7 6Mo 0.1 .22-.34 ·"··26 7·22 IS ISO --- Short 35 1&-411 17b IS-to 26.0 s.o 0.75 8.48 " 72 31.3 60 

Long 38 38-32 l7b IS-to 20.1 JWk 1.7 60 

Chlll$10<1 45 17 31.3 100 44 II 0.67 22.Gf 258 

ic:hlll Flolsll 38 17 20.1 1.7 I SOd 

lrlood Sllort .. - IS - 31.0 1.0 0.75 ISO ...... Long 31 31-32 • - 21.1 6 t.lo 0.1 ISO 

c.tt.toot Short 34 34-311 17• IS-to 24.1 so ... 5.6 0.72 0.40 tS 615 2t 60 

Flsll- Loot 8 1-IH .. - 4.615 6t.lo 0.1 0.76 0.41 101 78 21 258 
lcod Short 34 34-311 .. - 24.3 5.7 to 

Looo 38 38-12 liSa - 20.4 ISDoYI 8.4 to 

Hams, Short M 34-JI IS 15-17 24.1 3.4 0.61 0.31 16.5 52 31.3 60 

Lollll- Long 21 21-38 l5b 15-17 ILS 3Wk 1.1 60 
Short 55 - • - 41.7 1.3 8.60 0.32 57 ISO 

Smokod Chill Storl# 60 78 SJ.t lOS 57 I 1.00 5.01 ISO 
Chill Flolslo& • 78 44.1 .3 90d 

Hot II Hn ChiiiSIO<t 45 IS 37.5 lOS 35 II 8.67 24.81 8.61 0.31 16.5 60 27 258 
ChiiRoo Chill Flolslo JO • 20.4 1.9 I SOd 

14Hn Chill Slort 311 to 38.1 liS • 14 8.67 23.81 258 
Chill Flnlsll 21 to 19.7 1.9 I SOd 

Lomb Short M 34-311 to IS-to 25.1 3.4 8.67 uo 13.5 5I 2t 60 
Long 21 21-311 tob a to 19.7 2Wk 1.3 60 
Chill Stort 45 to JU 100 40 s 8.75 It .of 258 
Chill Flnlslo 38 to 21.6 1.3 90d 

Olfol 
(U..., Chill Slort 48 • JI.G to J5 II 0.78 21.81 0.75 8.42 103 72 ISO 

!::',"'· Chill Finish 32 .. 22.3 1.3 90d 

o,.ton- Short J5 1&-411 toe IS-to 26.1 4.2 0.13 0.44 116 10.4 27 to 
Loot 32 32·311 toe IS-to 23.7 ISDoYI o.s to , .. Short 35 -70 18-75 20.1 2.J a. to 0.46 175 17 27 ISO 
Loot 32 12-311 " 18-75 11.6 IODoYI 0.2 ISO 

~I Short M 34-311 • IS-to 24.3 liDo,. 14 0.61 O.JI 16.5 60 21 to 

flooltry 
Long 21 21-311 l7b IS-to 19.0 IODoYI 0.4 0.79 0.37 ID6 74 27 60 -- Loot a , .... ,... • IS-to 4.615 10 t.lo o.2 ISO 

Wet l'lctod QIIIStorts 45 • 17.S • 40 5 r.ao 17.81 ISO 
Chill Flolsll 32 • 22.J 8.4 90d 
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TABLE 10..12 (Continued) 

D~~~M&~~ Est SPECIFIC htul-
CHILLING; DATA Prod HEAT ..... 

Temperature Relative Grains Latent ltu/lb/ Latent w •. 
Fr-- Air 

htEATS TYPE OF Humidity per lb Maxi· Product 
·Hut D F Heat "'' l"'l hto-

STORAGE Roc- Roc- Alr•t mum Tamp. 
Time Rata ltu/lb of Con Point lion Rocom· StoraQa ~F Fac· ... '~;""' Fusion .... 

om- armis- om- Perm is· 
mended Porlod Start~ 

Hr 
lor 24 Hr foro , ... Btu/lb % Dot F lo 

mend- slbla jon end slbla (& .... Fr-- I•• loom 
od Ranv• od Ran1a Condi- Note f) In• Ft./htln 

Do• F De9 F % % tion 

s.uus• 
g:~; Short 40 - IOc 75-10 29.1 0.2 8.60 110 

Lon. 31 31-32 IOc 75-10 20.1 4 Iota 0.0 110 
Fronb ond 15horl 35 35-40 ISa 10-90 .... 1 .. , 

;:~ 
.... . ... - - .. 

I; Smolod Chill Storl 42 10 31.6 70 35 2 1.00 
Chill Finish 32 10 21.1 Mid - ~~~Siorl 35 35-«1 85a 85-90 25.2 7 Days 4.3 0." 0.56 93 65 2& "' 42 ls 33.& 70 35 2 1.00 9.01 110 
Chill Finish 32 85 22.3 Mid 

.loom "' 40 35-40 .s 0.0 "' Smolod I~:;;" .. 40 3540 85 10-90 31.0 6 Iota 3.2 D.l6 0.5& 86 "' 25 "' Summer 50 41-56 70 65'10 37.2 5.0 "' lon9 32 32 34 70 70-75 18.6 6·1 Mo 2.0 "' WtiDPIIIIJ 
Room 45 45-50 85 10-IE 37.5 0.0 "' 

YMI Short 34 34-31 87b 85-90 24.1 3.6 0.71 0.39 91 63 29 "' lon9 28 21-30 17b 85-90 19.0 IS Days 1.3 "' ChiiiSiort 45 tO 39.6 100 40 ' 0.75 21.Df tO 
Chill Finish 30 tO 21.6 1.3 60d 

From Carrier Design Data. Reproduced by permiulon of Carrier Corporation. 
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TABLE 10-13. Design Data for Miscellaneous Storage 

DJ'o'..e:'..n:= Ed SPECIFIC 
Waf. CHILLIN& DATA HEAT 

TOIIIper- ~ & .. 11!1. Prod 
llu/lb/ Wo- -WISCIL- TYI'E OF perlb ::,- r;:;:t lAtent IH;;j 

~ -· Air 
HNI D F .!.."t .... LANIOUS -- .... 1::_- Alrol In:- .... ... 

rr...:- ':.::- -· ~.:: D09F .... llu/lb t:.l=. =: .... - :N Hr D09F •• ....... ~ - Start';!:" tor lf:t.ij -· ... " ·-"" = ~ Coocll· ... Ft./Win D09F "' 
.... 

:.:r-
~ WoodooK09 Sbort • - • - 25.2 6Wo J.Gu 1.0 • 110 

Wololll"''l Sbort • - 7lc ..,. ... 6Wo OAu •• ........ Sbort .. -... - 29.1 10 Days 2.1 8.64 O.M IS IS.O - •• Hotoorhl'r ..... 0 (-1)-4 IS - .... 6Wo 0.3 210 

c-lr ..... " .. ,. II - IO.J 6Wo O.tJ 10 

cmor Sbort .. ..,.. IS - 11 . .0 2.D JO ISO 
(lo Tullo) ..... " -ISb - li4.J ISDor O.J .. 
a..- ~ 

.. - IDb - 21.1 u 0.64 0.16 7t ~ 17 .. 
Anwlcoo J2 JO.J4 IDb - 21.1 15Wo u .. 
c:orn-borl Sbort .. -IS - Jl.l 2.5 0.70 .... " ~ II .. 

1'"- .. - ISb - JI.O tiDo..n. t.2 _11. u ..... _ - .. - IS - Jl.l 2.5 0.70 .... " ~ It " Leo• Jl - ISb - 21.1 10 Doll u _11. 
loq- - 45 -• = JU 2.D Ul 1.32 7t ~ J .. 

:'"- .. - IDb 21.1 ·~ 1.2 .. 
Swl• - : ::: • = 21.1 u ..... t.J6 7t 55.0 IS .. ..... IDb 27.1 so Days 0.2 • .. 
£: ..... " 11).70 • - 42.1 .. , 6Wo ••• 8.56 Ul .. u - " 
C...on - IS -... - 23.1 2.lu us .... .. ~ • ISid , .. ,, ..... 5 1-IH • - Ul 4Wo O.lu 151 

EwsCrotocl - .. -ISb - Jl.l u us 1.45 101 74.2 11.6 .. 
(Sao Doc. ..... Jl JI.JI ISb - 2t.4 12Wo t.2 • 2D-IS) Cblll Start .. ISb 31.0 45 Jl •• ... 7.of .. 

p111Fiolo Jl ISb J0.4 0.2 Sid 

EHt.Frozon ..... I 1-IH " 4.26 IIWo t.OSU ... •• 250 
IOibCOM Clolll Start • l5c 4.61 .. s 24 U7 t.of 250 

Doc. 20.15 Clolll Flnlll 0 l5c 4.65 .... 210 

Fur.w- Funlleotod IS -" - IU 6Wo 0.1 0 ... •• 
~f""· ... ..., IS IS. II " 65-71 t.2 'Wo 0.1 151 

Floor ..... " - " - I6.D 6Wo ... ... IU 61 

~..;;!l"' 401 -IS ... JI.D J-14 o.,. IJO llu 0.12 27-JI 10 

Otdlldl ........... 45 - IS .... 17.5 I Wlc ~-Fis:. JO..JI 10 

Hldol, Curl .. ss - IS - 54.5 0.2 ... 110 -... ..... 36 - 75 Jll.75 U.l S Yr 0.1 o.e 151 

... c..o.. Ho-I "''I 
S&oiCono Storl • l5c 4.11 22 -10 • 0.11 l.lf,u 0.77 17 ... ..... 210 

(Sao Doc. Flnhll ... l5c 1.11 O.lu 250 
111-16) Stort 0 l5c .... 26 -10 • 0.75 l.:lf,u 62 251 

Flohll ... l5c I.SS O.lu 250 

....... Sbort 45 - ... - JS.J 2.D .... " 70 151 ..... J2 J2..J4 ... - 21.1 , .... O.J •• 
Wople Sbort 45 -7lc 111-70 21.t 0.7 0.24 t.21 7 5 250 
Soeor ..... II JI..J2 7lc .. ,. 17.7 IWo t.l 250 



-460 PRINCIPLES OF REFRIGERATION 

TABLE 10..13 (Continued) 
DESI6Ha00lol SPICIFIC ....... CONDITIONS CHILLIN6 DATA 

Eol HEAT 
Temper.tuN ~=!:, &r•lu Prod ltu/lb/ - Latent w. ..... 

loiiSCEL· TTPE OF ..... lb ....... r;::: Lot...t 
D F Heat ... ...... Air 

LAHEOUS ST0aA6E .... Alrot ..... n ... .... HNt of r::: i..~ ..... 
~: 

~~ ... PO<mls- - 'r'..r:: D .. F Hr fK. ltu!lb ."!'- A- Fusion ..... -- li4Hr D .. F .. mend· "'";! olblo .. ended Stort~:- tor foro ....... ltu/lb % 
CoociJ. It:;.- -~ .. ·-ocl ~~ ocl .. ~. f) 

D .. F '4 ..... 1 .. Ft./loll• ..... - 45 -JOe 15-78 2U 0.7 1.49 0.11 52 36.0 2SO 
s,np ..... II 11-32 JOe 15-78 17.7 Slolo 0.1 2SO 

lollll< Sbort • ........ -JOe 11-75 20.1 s Doys 2.1 0.10 D.4t 124 87.5 II 251 

oociWet ChiiiStort 40 IOc 29.1 45 • 10 O.IS 1.01 2SO -- Chlllflnhh 14 IOc D.O 0.1 251 

N .... lo - 40 - 70c: 11-75 2S.J o.so D.25 0.22 3-10 2-t ISO ....... Lotlt 12 12-40 70c 15-75 11.4 .. 12lolt .... ISO 

Notr, Short .. - 78 a-75 25.1 o.so O.J 0.2< 4-14 ]-10 ISO - Lotlt 12 12-40 78 11-75 11.4 .. 10 "!& o.oa ISO 

Oleo - 45 45-SO IOc 75-tO 15.1 2.1 0.41 ISO ..... 14 J4.l6 IOc 75-tO D.D 10 Doys D.J ISO 

v-1• ..... 43 - 78 15-78 21.5 4lolo 0.0 ISO -- ..... 21 2<1-29 78 - lli.4 ... w. 0..10 0.15 so.o 

From Carrll!r /HIIgn Data. Reproduced by permlulon of Carrier Corporation. 
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TABLE 10-14. Reaction Heat from Fruits and Vegetables 

FRUITS VEGETABLES 
Temb:ature Dtu per_hr Temperature Btu per hr 

Commodity eg F perlb Commodil'l_ OeQ F perlb 

Apples 32 .018 
Asperogus 32 :~;~ 

40 .030 40 

60 .120 Beans, Lima 32 .170 
60 .820 

Apricots 32 .023 Beons, String 32 .099 
40 .036 40 .140 
60 .170 60 .470 

S.nanas 
Beets 32 .055 

40 .oe5 
Holding 54 .069 60 .ISO 
Ripening 68 .190 Bruuel 32 .059 Chilling 70-56 .500§ Sprouts 40 .G95 

Berries 36 ,liS 60 .280 

60 .345 Cobb•9• 32 .059 
40 .095 

Cherries 32 .032 60 .280 
60 .250 C.ullfl-•r 32 .059 

40 .095 
Cranberries 32 .014 60 .280 

40 .019 C.rrots 32 .045 
50 .036 40 .073 

60 ,170 
Dotes, Frosh 32 .014 

Celery 32 .059 
40 .019 
so .036 40 .095 

60 .280 

6ropefruit 32 .G096 Corn, Sweet 32 .035 
40 .022 40 .170 
60 .05B Cucumber 32 .028 

40 .G41 
&ropes 32 .0075 60 .175 

40 .014 Endive 40 .200 
60 .050 Lettuce 32 .240 

32 .012 40 .no _ ... moM 
60 .960 

40 .017 
Melons 32 ,028 60 .062 

(Escept 40 .041 

Limes 32 .012 Wo+ermelon•l 60 .175 
40 .017 Mushrooms 32 .130 
60 .062 so .460 

OnioM 32 .018 
Orong•• 32 .017 so .039 

40 .o29 70 .075 
60 .104 Parsnips 32 .045 

Pooch•• 32 .o23 40 .073 

40 .036 60 .170 

60 .170 , ... 32 .170 
60 .820 

Peen 32 .016 Peppers 32 .OS7 
60 .230 60 .lBO 

Polo._ 32 .014 
Plums 32 .032 : = 60 .250 

5pino~ 40 .200 
Quince• 32 .011 Sweet Pototoes 40 .070 

40 .030 
Tomatoes 60 .120 

16reen) 60 .llO 
Strawberries 32 .068 Ripe) 40 .027 

40 .120 Tumipt 32 .040 
60 .360 40 .050 

Prom Carrkr Des/g1t Data. Reproduced by penniooion of canlcr COipOIIIdon. 
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TABLE 10-15. Heat Equivalent of 
Electric Motors 

Btu/hp-hr 

Motor Connected 
Connected Losses Load 

Load in Outside Outside 
Motor Refr. Refr. Refr. 

hp Space1 Space2 Space3 

ito! 4250 2545 1700 
! to 3 3700 2545 1150 
3 to 20 2950 2545 400 

1 For use when both useful output and motor 
losses are dissipated within refrigerated space; 
motors driving fans for forced circulation unit 
coolers. 

2 For use when motor losses are dissipated 
outside refrigerated space and useful work of 
motor is expended within refrigerated space; 
pump on a circulating brine or chilled water 
system, fan motor outside refrigerated space 
driving fan circulating air within refrigerated 
space. 

3 For use when motor heat losses are dissi
pated within refrigerated space and useful work 
expended outside of refrigerated space; motor 
in refrigerated space driving pump or fan located 
outside of space. 

From ASRE Data Book, Design Volume, 
1949 Edition, by permission of the American 
Socie~y of Heating, Refrigerating, and Air
Conditioning Engineers. 

1 ~-

TABLE 10-16. Heat Equivalent of 
Occupancy 

Cooler 
Temperature, 

F 

50 
40 
30 
20 
10 
0 

-10 

Heat Equivalent/Person 
Btu/hr 

720 
840 
950 

1050 
1200 
1300 
1400 

From ASRE Data Book, Design Volume, 
1949 Edition, by permission of the American 
Society of Heating, Refrigerating, and Air
Conditioning Engineers. 
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TABLE 10.17. Usage Heat Gain, Btu per 24 Hour for One Cubic Foot Interior 
Capacity 

Temperature Reduction in o F 
Volume (Outside temperature minus storage temperature) 
Cubic 
Feet Service 400 45° 50° 55° 600 65° 70° 75° 80° 

15 Normal 108 122 135 149 162 176 189 203 216 
Heavy 134 151 168 184 201 218 235 251 268 

50 Normal 97 109 121 133 145 157 169 182 194 
Heavy 124 140 155 171 186 202 217 233 248 

100 Normal 85 96 107 117 128 138 149 160 170 
Heavy 114 128 143 157 171 185 200 214 228 

200 Normal 74 83 93 102 111 120 130 139 148 
Heavy 104 117 130 143 156 169 182 195 208 

300 Normal 68 77 85 94 102 111 119 128 136 
Heavy 98 110 123 135 147 159 172 184 196 

400 Normal 65 73 81 89 97 105 113 122 130 
Heavy 95 107 119 130 142 154 166 178 190 

600 Normal 61 68 76 84 91 99 106 114 122 
Heavy 91 103 114 125 137 148 160 171 182 

800 Normal 59 67 74 81 89 96 104 111 118 
Heavy 89 100 112 123 134 145· 156 167 178 

1000 Normal 57 64 72 79 86 93 100 107 114 
Heavy 86 97 108 119 130 140 151 162 173 

1200 Normal 55 62 69 76 83 90 97 104 110 
Heavy 84 95 105 116 126 137 147 158 168 

1600 Normal 51 58 64 70 77 83 90 96 102 
Heavy 79 89 99 108 118 128 138 148 158 

From ASRE Data Book, Design Volume, 1949 Edition, by permission of the American Society 
of Heating, Refrigerating, and Air-Conditioning Engineers. 
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TABLE 10.18. Wall Heat Gain 

(Btu per sq ft per 24 hr) 
Insulation 

Cork or Temp. Difference (Ambient Temp. Minus Refrigerator Temp)., F 
Equivalent 

in. 40 45 so 55 60 65 70 75 80 85 90 95 100 105 110 115 120 

3 2.4 96 108 120 132 144 156 168 180 192 204 216 228 240 252 264 267 288 
4 1.8 72 81 90 99 108 117 126 135 144 153 162 171 180 189 198 207 216 
s 1.44 58 65 72 79 87 94 101 108 115 122 130 137 144 151 159 166 173 
6 1.2 48 54 60 66 72 78 84 90 96 102 108 114 120 126 132 138 144 
7 1.03 41 46 52 57 62 67 72 77 82 88 93 98 103 108 113 118 124 

8 0.90 36 41 45 so S4 59 63 68 72 77 81 86 90 95 99 104 108 
9 0.80 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 

10 0.72 29 r 36 40 43 47 so 54 58 61 65 68 72 76 79 83 86 
11 0.66 26 30 33 36 40 43 46 so 53 56 60 63 66 69 73 76 79 
12 0.60 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 

13 0.55 22 25 28 30 33 36 39 41 44 47 so 52 ss 58 61 63 66 
14 0.51 20 23 26 28 31 33 36 38 41 43 46 49 51 54 56 59 61 

Single 
glass 27.0 1080 1220 1350 1490 1620 1760 1890 2030 2160 2290 2440 2560 2700 2840 2970 3100 3240 

Double 
glass 11.0 440 500 550 610 660 715 770 825 880 936 990 1050 1100 1160 1210 1270 1320 

Triple 
glass 7.0 280 320 350 390 420 454 490 525 560 595 630 665 700 740 770 810 840 

Non: Where wood studs are uSed multiply the above values by 1.1. 
From A.SRE Data Book, Design Volume, 1955-56 Edition, by permission of the American Society of Heating, 

Refrigerating, and Air-Conditioning Engineers. 



TABLE 11-1. Mean Effective Temperature Differences 

I 1 3 4 5 6 7 8 9 II II u 13 14 15 16 17 18 19 I JO -------------------------------1 I.H 1.44 1.81 1.16 1.48 1.79 3.08 3.37 3.64 3.91 4.17 4.43 4.68 4.93 5.17 5.41 5;65 5.88 6.11 6.34 
l 1.44 1.11 1.47 1.89 3.18 3.64 3.99 4.33 4,.65 4.97 5.18 !1.58 5.88 6.17 6.45 6.73 7.01 7.18 7.55 7.81 
J 1.81 1.47 J.H 3.51 3.95 4.33 4.73 5.11 5.40 !1.81 6.17 6.49 6.8l 7.15 7.46 7.77 8.08 8.37 8.67 8,97 
4 l.16 l.89 3.51 4.11 4.48 4.93 5.36 5.77 6.17 6.55 6.9l 7.l8 7.64 8.11 8.3l 8.66 8.98 9.31 9.63 9.94 
5 1.48 3.18 3.95 4.48 5.00 5.49 5.94 6.38 6.81 7.:U 7.61 8.H 8.37 8.74 9.10 9.46 9.81 11.15 10.49 10.81 

--;-l,793.6;""7.33--.:-93--;:'49-.:oo"""6.37---;:0t7.4i---;:&58."i78.7i--.:o89.47--;:;slo.n'"i1.6ili:961Uol"i":67 
7 3.18 3.99 4.73 !1.36 !1.94 6.37 7.H 7.63 7.86 8.39 8.87 9.3:1 9.67 11.11 10.5:1 11.86 11.:16 11.65 U.04 U.J7 
8 3.37 4.33 5.11 !1.7'1 6.38 7.01 7.63 8.00 8.4'1 11.96 9.4l 9.86 11.31 11.1:1 11.13 11.54 11.94 U.33 U.7l 13.11 
9 3.64 4.65 5.40 6.17 6.81 7.40 7.86 8.49 9.H 9.58 11.16 11.5l 11.97 u.u 11.10 u.l4 u.57 u.99 13.39 13.9l 

10 3.91 4.97 5.81 6.55 1.:u 7.85 8.39 8.96 9.58 II.H 11.49 11.97 11.u 11.89 u.33 u.77 13.19 13.61 14.01 14.43 -----------------------------11 4.17 5.18 6.17 6.91 7.61 8.l7 8.87 9.4l 10.16 11.49 II.H 11.49 11.96 11.4l ll.94 13.33 13.79 14.:U 14.65 15.16 
u 4.43 5.58 6.49 7.l8 8.H 8.71 9.n 9.86 11.5l 11.97 11.49 u.eo u.51 u.99 13.45 13.90 14.45 14.81 15.ll t5.66 
13 4.68 5.88 6.8l 7.64 8.37 9.08 9.67 10.31 10.97 al.43 11.96 ll.51 13.H 13.48 13.91 14.44 14.90 15.3!1 15.80 11t.l6 
14 4.93 6.17 7.15 8.H 8.74 '1.47 10.11 11.7l ll.lf 11.89 U.fl ll.99 13.48 14.H 14.58 14.93 15.46 l5.9e 16.Jll 16.81 
15 5.17 6.45 7.46 8.31 9.10 9.98 11.51 11.13 11.70 ll.33 U.94 13.45 13.91 14.58 15.88 15.87 16.H 11t.46 16.90 17.39 ------------------------16 5.41 6.73 7.77 8.66 9.46 10.ll 11.86 11.54 U.l4 U.77 13.33 13.90 14.44 14.93 15.87 16.H 16.l9 16.98 17.31 17.9J 
17 5.65 7.11 8.08 8.98 9.81 11.61 11.:16 11.94 U.57 13.19 13.79 14.45 14.98 15.46 16.88 16.l9 17.10 17.51 18.17 18.51 
18 5,88 7.l8 8.37 9.31 10.15 11.96 11.65 U.33 U.99 13.61 14.1l 14.81 15.35 15.91 16.46 16.98 17.51 18.H 18.3!1 18.99 
19 ft.ll 7.55 8.67 9.63 11.49 11.31 ll.M U.71 13.39! 14.0l 14.65 15.l3 15.81 1ft.38 11t.91 17.31 18.17 18.35 19.10 19.l3 
lO 6.34 7.81 8.95 9.94 11.8l .11.67 1l.37 13.10 13.9l 14.43 15.16 15.66 16.:16 16.81 17.39 17.93 18.51 18.99 19.l3 li.H ----------------------------------·-l1 . 8.18 9.l5 11.:z!! 11.15 u.10 u.74 13.47 14.19 14.83 15.47 16.08 16.ft9 17.16 17.83 18.35 18.96 19.43 J0.14 J0.49 
ll 6~79 8.34 9.54 10.56 11.47 ll.35 13.11 13.84 14.57 15.ll 15.87 16.51 17.11 17.71 18.l8 18.84 19.40 19.96 ll.45 lt.99 
l3 7.1l 8.ft0 9.8l 10.86 11.79 1l.68 13.44 14.l0 14.89 15.61 16.l7 16.9l 17.53 18.U 18.7l 19.l7 19.91 ll.38 lt.90 ll.46 
14 7.l4 8.85 11.11 11.16 ll.ll 13.0l 13.79 14.56 15.l7 15.99 16.64 17.31 17.95 18.55 19.15 19.73 ll.33 ll.86 ll.48 21.94 
15 7.46 9.11 11.38 11.46 11.43 13.34 14.14 14.91 15.65 16.37 17.15 17.74 18.35 18.95 19.58 ll.14 ll.76 11.ae :n.86 u.41 

-;;-7.67-;:a;;""ii:65"-75ll.7413.671U615:l616.0i16.75""'i'7:UII.ii""'i8.7.19.i8lu.'lUI"""il."iili':77""ll.i4--u:87 
l7 7.89 9.61 10.91 tl.05 13.15 13.99 14.81 15.61 16.38 17.11 17.81 18.51 19.10 19.79 ll.fl ll.ll ll.6J ll.l9 ll.71t lJ . .l.t 
18 8.11 9.85 11.19 tl.33 13.35 14.31 15.15 15.96 16.75 17.48 18.ll 18.89 19.55 lO.lO ll.83 ll.44 ll.04 .ll.62 lJ.10 JJ.77 
l9 8.3l 11.11 11.46 ll.6l 13.65 14.63 15.49 16.31 17.11 17.85 18.57 19.l7 19.94 l0.61 11.l4 11.85 ll.49 23.07 lJ.66 l4.ll 
30 8.53 11.34 11.73 ll.91 13.95 14.94 15.79 16.64 17.46 18.l0 18.94 19.64 l0.33 l0.99 l1.64 ll,l7 ll.90 l3.411 14.18 l4.66 -------------------------------------31 8.74 11.58 11.98 13.19 14.15 15.15 16.ll 16.98 17.81 18.56 19.31 10.Il lt.71 :U.l7 1l.09 11.67 ll.JI lJ.'IJ lf.!IO 15.10 
.u 8.94 10.81 ll.:l6 13.47 14.55 15.57 11t.45 17.~1 18.11 18.91 19.66 ll.39 11.09 11.77 l2.45 l3.18 lJ.71 24.33 l4.94 15.5.t 
33 9.15 11.16 U.51 13.74 14.84 15.87 16.75 17.64 18.46 1'1.:16 l0.13 ll.76 11.47 11.18 J2.83 l3.47 14.1J l4.75 l5.35 25.% 
34 '1.36 11.l9 U.76 14.11 15.13 16.17 17.18 17.97 18.81 t'l.lt1 ll.37 11.12 11.85 l2.5J lJ.11 U.88 14.53 15.1!1 l5.7'1 lf>.30 
35 9.56 11.53 13.13 14.l9 15.47 16.411 17.40 18.l9 19.14 19.96 ll.71 11.48 J1.12 21.92 J3.61 24.l7 24.94 J5.!18 Jft.t9 Jft.9ll 
---·---·-·---·---·-·---·---·---·-·---~-~-~---·---·-·---·---·---·---·---

36 
I 9. 77

1

11. 76I1J.llll14.56l 15. 70,16. 77,17.71,18.61,19.481 lO.J0)1l.OIII21.115ill.58I1J.JOI JJ.99,24.66,l5.J3,25.'17,llt.lt2i 
27.28 

37 9.97 12 ... 13.53 14.83 15.99 17.17 111.01 18.94 19.81 21.64 21.43 U.lO U.95 23.1tft J4.J7 25.14 25.72 l6 .. tlt l7.11i l7.1t4 
38 10.17 12.l3 13.78 15.11 16.17 17.36 18.31 19.25 ll.14 10.97 21.711 U.55 U.30 24.05 24. 7J 25.43 26.11 26.77 27.411 28 ... >! 39 10.37 ll.45 14.14 15.37 16.!15 17.67 18.63 19.!17 ll.47 21.31 22. 13 u. 91 2.t.lt7 24.41 2!\.ll 25.81 l6.51 27.16 27 .80, 28.411 
40 11.57 ll.68 14.l9 15.63 16.83 17.95 18.92 19.88 l0.81 21.ft4, ll.46 l3.l6 24.02 24.77 J5.49 llt.19 26.89 27.56i l8.21 1 2K.2.t I:IIJ ... 

m 

"' Courteay Acme llldustrlell, IDe. 

~ 
"' 
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TABLE 11·2. Evaporator Desi1n TD 
Design TD, o F 

Relative 
Humidity, Natural Forced 

% Convection Convection 

95-91 12-14 8-10 
90-86 14-16 10-12 
85-81 16-18 12-14 
80-76 18-20 14-16 
75-70 20-22 16-18 

For temperatures 10° F and below, an evapo-
rator TD of too F is generally used for forced 
convection evaporators. 

TABLE 11·3. Properties of Pure Calcium Chloride Brine 

Pure Specific Specific Weight per gallon Weight per cubic foot 

CaCls gravity Baum6 heat Crystal-

%by 60F density 60F lization CaCl, Water Brine CaCls Water Brine 

wt 60F Btu per starts lb/gal 1b/gal 1b/gal lb/cu 1b/cu 1b/cu 
60F 1b F F ft ft ft 

0 1.000 o.o 1.000 32.0 0.000 8.34 8.34 0.00 62.40 62.40 

5 1.044 6.1 0.924 27.7 0.436 8.281 8.717 3.26 61.89 65.15 
6 1.050 7.0 0.914 26.8 .526 8.234 8.760 3.93 61.59 65.52 
7 1.060 8.2 0.898 25.9 .620 8.231 8.851 4.63 61.51 66.14 
8 1.069 9.3 0.884 24.6 .714 8.212 8.926 5.34 61.36 66.70 
9 1.078 10.4 0.869 23.5 .810 8.191 9.001 6.05 61.22 67.27 

10 1.087 11.6 0.855 22.3 0.908 8.168 9.076 6.78 61.05 67.83 
11 1.096 12.6 0.842 20.8 1.006 8.137 9.143 7.52 60.81 68.33 
12 1.105 13.8 0.828 19.3 1.107 8.120 9.227 8.27 60.68 68.95 
13 1.114 14.8 0.816 17.6 1.209 8.093 9.302 9.04 60.47 69.51 
14 1.124 15.9 0.804 15.5 1.313 8.064 9.377 9.81 60.27 70.08 

15 1.133 16.9 0.793 13.5 1.418 8.034 9.452 10.60 60.04 70.64 
16 1.143 18.0 0.779 11.2 1.526 8.010 9.536 11.40 59.86 71.26 
17 1.152 19.1 0.767 8.6 1.635 7.984 9.619 12.22 59.67 71.89 
18 1.162 20.2 0.756 5.9 1.747 7.956 9.703 13.05 59.46 72.51 
19 1.172 21.3 0.746 2.8 1.859 7.927 9.786 13.90 59.23 73.13 

20 1.182 22.1 0.737 - 0.4 1.970 7.883 9.853 14.73 58.90 73.6) 
21 1.192 23.0 0.729 - 3.9 2.085 7.843 9.928 15.58 58.61 74.19 
22 1.202 24.4 0.716 - 7.8 2.208 7.829 10.037 16.50 58.50 75.00 
23 1.212 25.5 0.707 -11.9 2.328 7.792 10.120 17.40 58.23 75.63 
24 1.223 26.4 0.697 -16.2 2.451 7.761 10.212 18.32 58.00 76.32 

25 1.233 27.4 0.689 -21.0 2.574 7.721 10.295 19.24 57.70 76.94 
26 1.244 28.3 0.682 -25.8 2.699 7.680 10.379 20.17 57.39 77.56 
27 1.254 29.3 0.673 -31.2 2.827 7.644 10.471 21.13 57.12 78.25 
28 1.265 30.4 0.665 -37.8 2.958 7.605 10.563 22.10 56.84 78.94 
29 1.276 31.4 0.658 -49.4 3.090 7.565 10.655 23.09 56.53 79.62 

29.87 1.290 32.6 0.655 -67.0 3.16 7.59 10.75 23.65 56.80 80.45 
30 1.295 33.0 0.653 -50.8 3.22 7.58 10.80 24.06 56.70 80.76 
32 1.317 34.9 0.640 -19.5 3.49 7.49 10.98 26.10 56.04 82.14 
34 1.340 36.8 0.630 + 4.3 3.77 7.40 11.17 28.22 55.35 83.57 

From ASRE Data Book, Design Volume, 19S7-S8 Edition, by permission of The American Society of 
Heating, Refrigerating, and Air-Conditioning Engineers. 
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TABLE 11-4. Properties of Pure Sodium Chloride Brine 

Pure Specitlc Speci11.c Crystal- Weight per callou Weight per cubic foot 
Baum6 heat NaCl gravity density 59F lization NaCl Water Brine %by 59F 60F Btu/lb starts NaCl Water Brine lb/cu lb/cu lb/cu 

wt 39F degF F lb/gal lb/gal lb/gal ft ft ft 

0 1.000 o.o 1.000 32.0 0.000 8.34 8.34 o.ooo 62.40 62.4 

5 1.035 5.1 0.938 27.0 0.432 8.22 8.65 3.230 61.37 64.6 
6 1.043 6.1 0.927 25.5 0.523 8.19 8.71 3.906 61.19 65.1 
7 1.050 7.0 0.917 24.0 0.613 8.15 8.76 4.585 60.91 65.5 
8 1.057 8.0 0.907 23.2 0.706 8.ll 8.82 5.280 60.72 66.0 
9 1.065 9.0 0.897 21.8 0.800 8.09 8.89 5.985 60.51 66.5 

10 1.072 10.1 0.888 20.4 0.895 8.05 8.95 6.690 60.Zl 66.9 
ll 1.080 10.8 0.879 18.5 0.992 8.03 9.02 7.414 59.99 67.4 
12 1.087 11.8 0.870 17.2 1.090 7.99 9.08· 8.136 59.66 67.8 
13 1.095 1Z.7 0.862 15.5 1.188 7.95 9.14 8.879 59.42 68.3 
14 1.103 13.6 0.854 13.9 1.291 7.93 9.22 9.632 59.17 68.8 

15 1.111 14.5 0.847 12.0 1.392 7.89 9.28 10.395 58.90 69.3 
16 1.118 15.4 0.840 10.2 1.493 7.84 9.33 11.168 58.63 69.8 
17 1.126 16.3 0.833 8.2 1.598 7.80 9.40 11.951 58.36 70.3 
18 1.134 17.2 0.826 6.1 1.705 7.76 9.47 12.744 58.06 70.8 
19 1.142 18.1 0.819 4.0 1.813 7.73 9.54 13.547 57.75 71.3 

20 1.150 19.0 0.813 + 1.8 1.920 7.68 9.60 14.360 57.44 71.8 
21 1.158 19.9 0.807 - 0.8 2.031 7.64 9.67 15.183 57.1Z 72.3 
22 1.166 20.8 0.802 - 3.0 2.143 7.60 9.74 16.016 56.78 72.8 
23 1.175 Zl.7 0.796 - 6.0 2.256 7.55 9.81 16.854 56.45 73.3 
24 1.183 22.5 0.791 + 3.8 2.371 7.51 9.88 17.712 56.09 73.8 

25 1.191 23.4 0.786 +16.1 2.488 7.46 9.95 18.575 55.72 74.3 
25.2 1.200 +32.0 

From A.SRE Data Book, Design Volume, 19S7-S8 Edition, by permission of The American Society of 
Heating, Refrigerating, and Air-Conditioning Engineers. 

TABLE 11-5. Freezing Points of Aqueous Solutions 

Alcohol Glycerine Ethylene Glycol Propylene Glycol 
%byWt DegF %byWt DegF %by Vol DegF %by Vol DegF 

s 28.0 10 29.1 15 22.4 s 29.0 
10 23.6 20 23.4 20 16.2 10 26.0 
15 19.7 30 14.9 25 10.0 15 22.5 
20 13.2 40 4.3 30 3.5 20 19.0 
25 5.5 so -9.4 35 -4.0 25 14.5 
30 -2.5 60 -30.5 40 -12.5 30 9.0 
35 -13.2 70 -38.0 45 -22.0 35 2.5 
40 -21.0 80 -5.5 so -32.5 40 -s.s 
45 -27.5 90 +29.1 45 -15.0 
so -34.0 100 +62.6 so -25.5 
55 -40.5 ss -39.5 

59 -57.0 
Above 60% fails to crys-

taHize at -99.4 F 

From ASRE Data Book, 1957-58 Edition, by permission of the American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers. 
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TABLE Il-l. Approximate Volumetric Efficiency of Refrl1erant-ll Compressors 
at Various Compression Ratios 

Compression Ratio Volumetric Efficiency Compression Ratio Volumetric Efficiency 

2 87.3 6.2 62.2 
2.2 86.0 6.4 61.2 
2.4 84.9 6.6 60.2 
2.6 83.5 6.8 59.2 
2.8 82 7 58.2 
3- 80.8 7.2 57.2 
3.2 79.5 7.4 56.3 
3.4 78.3 7.6 55.3 
3.6 77.2 7.8 54.4 
3.8 76.0 8 53.5 
4 74.9 8.2 52.6 
4.2 73.7 8.4 51.7 
4.4 72.5 8.6 50.8 
4.6 71.3 8.8 49.9 
4.8 70.1 9 49 
5 69.0 9.2 48.1 
5.2 67.9 9.4 47.2 
5.4 66.8 9.6 46.4 
5.6 65.7 9.8 45.7 
5.8 64.5 10 44.9 
6 63.3 



TABLE 14-1. Scale Factors-Water 

Temperature of Water 

Types of Water 

TABLES 469 

125° F or Less 

Water Velocity Ft/Sec 

3Ft and Less• Over 3 Ftt 

Sea water 
Brackish water 
Cooling tower and artificial spray pond: Treated make-up 

Untreated 
City or well water (Such as Great Lakes} 
Great Lakes 
River water: Minimum 

Mississippi 
Delaware, Schuylkill 
East River and New York Bay 
Chicago Sanitary Canal 

Muddy or silty 
Hard (Over 15 grains) gal 
Engine jacket 
Distilled 

0.0005 
0.002 
0.001 
0.003 
0.001 
0.001 
0.002 
0.003 
0.003 
0.003 
0.008 
0.003 
0.003 
0.001 
0.0005 

• 2.16 gpm per tube is equivalent to a water velocity of 3ft per second. 

0.0005 
0.001 
0.001 
0.003 
0.001 
0.001 
0.001 
0.002 
0.002 
0.002 
0.006 
0.002 
0.003 
0.001 
0.0005 

t This table is presented by permission of the Tubular Exchanger Manufacturers Association, 
Inc., New York. 

TABLE 14-2. Bleed-Off Rates 

Cooling Range 
Deg.F 

6 
7l 

10 
15 
20 

Percent 
Bleed-oft' 

0.15 
0.22 
0.33 
0.54 
0.75 

Courtesy The Marley Company. 
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TABLE 15·1. Equivalent Length In Feet to be Added to Run Owing to Valves and Fittings :;; 
r-

Nominal Pipe Sizes-Inches 
m 

"' 
Type of Fitting l ! I 11- It 2 2l 3 3l 4 4l s 6 1 8 9 

0 
10 11 12 -n 

"' Gate valve-open 0.3 o.s 0.6 0.8 0.9 1.2 1.4 1.7 2.0 2.5 2.1 3.0 3.5 4.0 4.5 s.o 6.0 6.5 1.0 m 
-n 

Globe valve--open 16 21 26 35 43 54 65 80 95 110 120 140 160 180 210 250 280 305 330 "' Angle valve-open 8 11 14 18 20 25 31 40 45 51 60 10 80 91 110 125 140 152 165 C) 
m 

Standard 45 deg elbow 0.8 1.0 1.3 1.6 2.0 2.5 3.0 3.8 4.5 5.0 5.8 6 8 8.5 10 II 13 14 IS "' Standard 90 deg elbow I.S 2.0 2.5 3.5 4.5 s.o 6.5 8.0 10 II 13 14 16 18 20 23 26 28 30 ~ 
Medium sweep 90 deg elbow 1.4 1.8 2.3 3.0 3.5 4.5 5.2 6.8 8 9 10 II 14 IS 17 19 21 23 25 

0 
z 

Long sweep 90 deg elbow 1.0 1.5 2.0 2.5 3.0 3.5 4 s 6 1 8 9 10 12 14 16 18 19 20 
Square elbow 90 deg 3.0 4.5 5.5 1.5 9 12 14 17 20 22 24 26 33 38 44 so 53 ss 57 
Close return bend 3.5 s 6 8 10 13 IS 18 20 24 26 30 35 42 49 54 61 66 72 
Stand tee-full-size branch* 3.0 4.5 5.5 1.5 9 12 14 17 20 22 24 26 33 38 44 so 53 ss 51 

Stand tee-through run 1.0 1.5 2.0 2.5 3.0 3.5 4 s 6 7 8 9 10 12 14 16 18 19 20 
Sudden enlargement from d to Dt 

d/D = 1- I.S 2.0 2.5 3.5 4.5 s.o 6.5 8.0 10 II 13 14 16 18 20 23 26 21i 30 
d/D=t 1.0 1.3 1.6 2.2 2.6 3.3 3.8 4.9 5.6 6.4 7.0 8.1 10 II 13 IS 16 17 18 
d/D=! 0.3 o.s 0.6 0.8 0.9 1.2 1.4 1.7 2.0 2.5 2.1 3.0 3.5 4.0 4.5 s.o 6.0 6.5 7.0 

Sudden contraction fr\lm D to dt 
d/D = 1- 0.8 1.0 1.3 1.6 2.0 2.5 3.0 3.8 4.5 s.o 5.8 6 8 8.5 10 II 13 14 IS 
d/D=t 0.6 0.8 1.0 1.3 1.5 1.8 2.3 2.8 3.4 3.6 4.3 4.8 5.6 6.4 1.5 8.5 9.5 II 12 
d/D=! 0.3 0.5 0.6 0.8 0.9 1.3 1.4 1.7 2.0 2.5 2.7 3.0 3.5 4.0 4.5 s.o 6.0 6.5 7.0 

Ordinary pipe entrance with upstream end 
of pipe !lush with inside of tank 0.9 1.3 1.5 2.0 2.4 3.0 3.6 4.5 S.l 6.0 6.6 7.5 9.0 II 12 14 IS 17 18 

Entrance with pipe projecting into tank 
beyond inside face (borda entrance) 1.5 2.0 2.5 3.5 4.0 5.0 6.0 7.8 9.0 10 12 13 15 17 19 21 24 27 30 

* Pressure drop through side outlet, or from side outlet through run. 
t Equivalent feet of the smaller diameter pipe, "d." 
Courtesy York Corporation. 
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TABLE 15-2. Pressure Drop Correction Factors• 

Specific 
Gravity Friction Correction Factor 
ate F) Temperature--° F 

Freeze 
Liquid at °F -20 +20 -20 -10 0 10 20 30 40 so 60 

Calcium brine 
Sp gr = 1.10 20.3 1.11 1.21 1.19 1.15 1.12 1.11 
Sp gr = 1.20 -5.8 1.21 1.49 1.44 1.38 1.33 1.28 1.26 1.24 
Sp gr = 1.25 -26.0 1.27 1.26 1.85 1.75 1.66 1.57 l.SO 1.44 1.40 1.37 1.34 

Sodium brine 
Sp gr = 1.10 14.9 1.11 1.27 1.21 1.19 1.15 1.12 1.11 
Sp gr = 1.18 -6.0 1.19 1.58 l.SO 1.44 1.39 1.33 1.28 1.25 1.22 

Ammonia (liquid) -107.8 0.68 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 
Alcohol (ethyl) (100%) -114.6 0.83 0.81 0.97 0.95 0.93 0.92 0.91 0.91 0.90 0.90 0.90 
Alcohol (ethyl) (40%) -22 0.93 0.91 1.45 1.39 1.33 1.29 1.23 1.19 1.15 1.12 1.10 
Alcohol (methyl) (100%) -97 0.84 0.82 0.85 0.85 0.85 0.84 0.84 0.84 0.83 0.83 0.83 
Alcohol (methyl) (30 %) -5.8 - 0.96 1.32 1.26 1.22 1.19 1.16 1.12 1.09 1.07 1.05 

Ethylene glycol (60%) -59.0 1.10 1.09 1.87 1.83 1.78 1.72 1.62 1.57 1.46 1.40 1.36 
Ethylene glycol (SO%) -38.0 1.09 1.08 1.83 1.74 1.64 1.54 1.48 1.42 1.37 1.31 1.26 
Ethylene glycol (30 %) 2.0 1.06 1.34 1.27 1.22 1.17 1.13 1.11 

Refrigerant-It (liquid) -168 1.60 1.55 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 
Refrigerant-12 (liquid) -252 1.49 1.42 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 
Methyl chloride -144 1.02 0.97 1.13 1.13 1.13 1.12 1.12 1.12 1.11 1.11 1.11 
Methylene chloride -142.1 1.40 1.33 1.65 1.63 1.62 1.60 1.59 1.58 1.56 1.54 1.52 

• To obtain pressure drop from flow of above liquids through pipes, multiply pressure drop for 
water flow (of equal quantity through same pipe) by factors from above table. 

Courtesy York Corporation. 



472 PRINCIPLES OF REFRIGERATION 

TABLE 16-1. ASRE Refrl1erant Numberln1 System 
ASRE 

Standard Bo~g 
Refrigerant Chemical Molecular Pomt, 
Designation Chemical Name Formula Weight F Status1 

Halocarbon Compounds 
10 Carbontetrachloride CCI, 153.8 170.2 
11 Trichloromonoftuoromethane CCiaF 137.4 74.8 c 
12 Dichlorodiftuoromethane CClaFa 120,9 -21.6 c 
13 Monochlorotriftuoromethane CCIFa 104.5 -114.6 c 
13B1 Monobromotriftuoromethane CBrFa 148.9 -72.0 s 
14 Carbontetraftuoride CF, 88.0 -198.4 s 
20 Chloroform CHCla 119.4 142 
21 Dichloromonoftuoromethane CHCI1F 102.9 48.1 D 
22 Monochlorodiftuoromethane CHCIFa 86.5 -41.4 c 
23 Triftuoromethane CHFa 70.0 -119.9 D 
30 Methylene chloride cH.ct. 84.9 105.2 c 
31 Monochloromonoftuoromethane CHaCIF 68.5 48.0 
32 Methylene fluoride CHaPa 52.0 -61.4 
40 Methyl chloride CH.CI 50.5 -10.8 c 
41 Methyl fluoride CHaP 34.0 -109 

(50 Methane CH, 16.0 -259 C)• 
110 Hexachloroethane CCiaCC18 236.8 365 
111 Pentachloromonoftuoroethane CClaCClaF 220.3 279 
112 Tetrachlorodiftuoroethane CClaFCCI1F 203.8 199.0 
112a Tetrachlorodiftuoroethane CCI1CC1F1 203.8 195.8 
113 Trichlorotriftuoroethane CClaFCCIF1 187.4 117.6 c 
113a Trichlorotriftuoroethane CCI1CF1 187.4 114.2 
114 Dichlorotetraftuoroethane CCIF1CCIF1 170.9 38.4 c 
114a Dichlorotetraftuoroethane CCI1FCFa 170.9 38.5 c 
114B2 Dibromotetraftuoroethane CBrF1CBrF1 259.9 117.5 D 
115 Monochloropentaftuoroethane CCIFaCF, 154.5 -37.7 D 
116 Hexaftuoroethane CFaCFa 138.0 -108.8 
120 Pentachloroethane CHClaCCia 202.3 324 
123 Dichlorotriftuoroethane CHCiaCFa 153 83.7 
124 Monochlorotetraftuoroethane CHCIFCF1 136.5 10.4 
124a Monochlorotetraftuoroethane CHF1CCIF1 136.5 14 D 
125 Pentaftuoroethane CHF1CFa 120 -55 
133a Monochlorotriftuoroethane CHaCICFa 118.5 43.0 D 
140a Trichloroethane CH.CCI1 133.4 165 
142b Monochlorodiftuoroethane CH1CCIF1 100.5 12.2 s 
143a Triftuoroethane CH.CFa 84 -53.5 
150a Dichloroethane CH.CHC11 98.9 140 
152a Diftuoroethane CH1CHF1 66 -12.4 c 
160 Ethyl chloride CH.CH1CI 64.5 54.0 

(170 Ethane CH1CH1 30 -127.5 C)• 
218 Cktaftuoropropane CF,CFaCFa 188 -36.4 

(290 Propane CHaCH1CH1 44 -44.2 C)l 

Cyclic Organic Compounds 
C316 Dichlorohexaftuorocyclobutane c,ct.F, 233 140 
C317 Monochloroheptaftuorocyclobutane C,ClF7 216.5 77 
C318 Octaftuorocyclobutane C,F8 200 21.1 D 

Azeotropes 
500 Refrigerants-12/152a 73.8/26.2 wt %* CClaFaiCHaCHFa 99.29 -28.0 c 
501 Refrigerants-22/12 75/25 wt % CHCIF1/CCI1F1 93.1 -42 
502 Refrigerants-11/115 48.8/51.2 wt % CHC1Fa/CCIF1CFa 112 -50.1 
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TABLE 16-1 (Continued) 
ASRE 

Standard Boiling 
Refrigerant Chemical Molecular Point, 
Designation Chemical Name Formula Weight F Status1 

Miscellaneous Organic Compounds 
Hydrocarbons 

so Methane CH, 16.0 -259 c 
170 Ethane CH8CHa 30 -127.5 c 
290 Propane CHaCH1CH1 44 -44.2 c 
600 Butane CH8CH1CHaCHa 58.1 31.3 
601 lsobutane CH(CHa)a 58.1 14 

(1150 Ethylene CH.=CH1 28.0 -155.0 qa 
(1270 Propylene CH8CH=CH1 42.1 -53.7 C)' 

Oxygen Compounds 
610 Ethyl ether C.H10C1H1 74.1 94.3 
611 Methyl formate HCOOCHa 60.0 89.2 

Sulfur Compounds 
620 

Nitrogen Compounds 
630 Methyl amine CH8NH1 31.1 20.3 
631 Ethyl amine C1H1NHa 45.1 61.8 

Inorganic Compounds 
717 Ammonia NH8 17 -28.0 c 
718 Water H.o 18 212 
729 Air 29 -318 
744 Carbon dioxide co. 44 -109 c 

(subl.) 
744A Nitrous oxide N.o 44 -127 
764 Sulfur dioxide so. 64 14.0 c 

Unsaturated Organic Compounds 
1112a Dichlorodifl.uoroethylene CCl.=CF1 133 67 
1113 Monochlorotriftuoroethylene CC1F=CF1 116.5 -18.2 
1114 Tetraftuoroethylene CF.==CF1 100 -105 
1120 Trichloroethylene CHCl=CC11 131.4 187 
1130 Dichloroethylene CHCl=CHCl 96.9 118 
1132a Vinylidene fluoride CH.==CF1 64 -119 
1140 Vinyl chloride CH.=CHCI 62.5 7.0 
1141 Vinyl fluoride CH.=CHF 46 -98 
1150 Ethylene CH.=CH1 28.0 -155.0 c 
1270 Propylene CH1CH=CH1 42.1 -53.7 c 

• Carrier Corp. Document 2-D-127, p. 1. 
1. Denotes that as of October 1956, the status of these refrigerants as regards commercial evolution is as 

follows: C, S, or D. C-Commercial s-semi-commercial D-Development. 
2. The compounds methane, ethane, and propane appear in the halocarbon section in their proper 

numerical positions, but in parentheses since these products are not halocarbons. 
3. The compounds ethylene and propylene appear in the hydrocarbon section as parenthetical items in 

order to indicate that these compounds are hydrocarbons. Ethylene and propylene are properly identified 
under Unsaturated Organic Compounds. 

From the ASRE Data Book, Design Volume, 1957-58 Edition, by permission of the American Society of 
Heating, Refrigerating, and Air-Conditioning Engineers. 



-47-4 PRINCIPLES OF REFRIGERATION 

TABLE 16-2.. Refriserant-11 (Trlchloromonofluoromethane) Properties of 

Liquid and Saturated Vapor 

Preuure Liquid. 
Temp IPvol • ' pal& Pile C1l ft/lb 

"If 

-90 0.100 29.7Z• 0.011964 
-80 ,157 29.60* .00061 
-70 .240 29.43* .00967 
-60 .356 29.19* .00974 
-50 .518 28.86* .00981 

-40 0.739 28.42* 0.00988 
-36 0.847 28.20* .00991 
-3Z 0.968 27.95* .00993 
-28 1.103 27.67* .00996 
-24 1.253 27.37* .00999 

-20 1.420 27.03* 0,01002 
-16 1.605 26.65• ,01005 
-12 1.810 26.24* .01008 
-8 2.035 25.78* .01011 -· 2.283 25.27* .01015 

0 2.555 24.72• 0.01018 .. 2.852 24.11• .010Zl 
St 2.931 23.95* .0102:1 
8 3.179 23.45* .01024 

12 3.534 22.73* .01027 
16 3.923 21.94* .01031 

20 ... 342 21.08* 0.01034 
2• 4.801 20.15* .01037 
28 5.294 19.14* .01041 az 5.830 18.05* .01044 
36 6.411 16.87• .01048 

40 7.032 15.61* 0.01051 
44 7.702 14.24* .01055 
48 8.422 12.78* .01058 
sz 9.199 11.20* .01062 
56 10.02 9.53• .01066 

60 10.90 7.73* 0.01069 
64 11.85 5.80* ,01073 
68 12.87 3.7z• .01077 
7Z 13.95 1.53* .01081 
76 15.09 0.39 ,01085 

80 16.31 1.61 0.01088 
84 17.60 2.90 .01092 
86t 18.28 3.58 .01094 .. 18.97 4.27 ,01096 
92 20.43 5.73 .01101 
96 21.97 7.27 .01105 

100 23.60 8.90 0.01109 
104 25.33 10.63 ,01113 
108 27.15 12.<65 .01117 
112 29.05 1•.35 .01122 
116 31.07 16.37 .01126 

120 33.20 18.50 0.01130 
124 35 ... 2 20.72 .01135 
128 37.74 23.04 .01139 
13:1 40.23 25.53 .01144 
136 u.80 28.10 .01149 

140 45.50 30.10 0.01154 
144 48.35 33.65 .01159 
148 51.31 36.61 .01163 
152 54,41 39.71 .01168 
156 57.65 . 42.95 .01173 

1GO 61.04 <66.34 0.01179 

• Inohee of mer.oury below one Ralldard atmoaphere 
t Standard oyole temperetnr.. 

Courtesy B. I. du Pont de Ncmoun &: Co., Joe. 

Vapor, Bntbali:a utnm -40 'B Bntro~y, datum -40 'B 
ap vol per lb tu per Jb 'B 

cu ft/lb Li~d Vapor Liquid Vapor .. ,.. . , • • 
288.6 -9.89 81.7 -0.0250 0.2226 
189.0 -7.89 82.9 - .0197 ,2192 
127.58 -5.91 M.O - .0146 .2160 
87.5 -3.94 85.2 - .0096 .2133 
61.1 -1.97 86.3 - .0047 .2108 

44.21 0.00 87.48 o.oooo 0.2085 
38.93 0,79 87.96 .0019 .2076 
34.37 1.58 88.44 .0037 .2068 
30.44 2.36 88.91 .0055 .2060 
27.03 3.15 89.39 .0073 .2053 

24.06 3.94 89.87 0.0091 0.2046 
21.47 4.73 90.35 .0109 .2040 
19.20 5.52 90.83 .0127 .2033 
17.21 6.31 91.31 .0145 .2027 
15.47 7.10 91.79 .0162 .2021 

13.94 7.89 92.27 0.0179 0.2015 
12.58 8,68 92.75 .0197 .2010 
12.27 8,88 92.88 .0201 .2009 
11.38 9,48 93.24 ,0213 .zoos 
10.31 10.28 93.72 .0231 .2000 
9.359 11.07 94.21 .0248 .1996 

8.519 11.87 94.69 0.0264 0.1991 
7.760 12.68 95.18 .0281 .1987 
7.087 13,48 95.66 .0297 .1983 
6.481 14.28 96.15 .0314 .1979 
5.934 15.08 96.63 .0330 .1976 

5.447 15.89 97.11 0.0346 0.197Z 
5.006 16.70 97.60 .0362 .1969 
4.607 17.52 98.08 .0378 .1966 
4.245 18.33 98.56 .0394 .1963 
3.921 19,15 99.05 .0410 .1960 

3.636 19.96 99.53 0.0426 0.1958 
3.356 20.78 100.01 .0442 .1955 
3.107 21.61 100.49 .0457 .1953 
2.883 22.43 100.97 .0473 .1950 
2.679 23.26 101.45 .0489 .1948 

2.492 24.09 101.93 0.0504 0.1947 
2.322 24.93 102.41 .0519 .1945 
2.242 25.34 102.65 .0527 .1944 
2.165 25.76 102.89 .0535 .1943 
2.020 26.60 103.36 .0550 .1941 
1.887 27.43 103.83 .0565 .1940 

1.765 28.27 104.30 0.0580 0.1938 
1.652 29.12 104.77 .0595 .1937 
1.548 29.97 105.24 .0610 .1936 
1.452 30.82 105.71 .0625 .1935 
1.363 31.67 106.17 .0639 .1934 

1.281 32.53 106.63 0.0654 0.1933 
1.206 33.38 107.09 .0669 .1932 
1.135 34,24 107.55 .0683 .1931 
1.068 35.10 108.00 .0698 :~:z:.; 1.007 35.97 108.<66 .0712 

0.9505 36.84 108.91 0.0727 0.1929 
.IIPTO 37.71 109.35 .0741 .1928 
.8476 38,59 109.10 ,0755 .1927 
.1014 39.<66 110.24 .0770 .1927 
.7581 40.35 110.69 .0784 .1927 

0.7176 41.23 111.1:1 0.0798 0.1926 



TABLE 16-3. ,Dichlorodlfluoromethane (Refrigerant-ll) Properties of Saturated Vapor 

Heat content Entropy 
Temp. Ptessure Volume Denaity from-400 from -400 

op Abe. Gage Liquid Vapor Liquid v~ Liquid Latent Vapor Li~uid Vapor 
lb./in.• lb./in.• ft.l/lb. ft.l/lb. lb./ft.• lb. ft.• Btu./lb. Btu.;lb. Btu. /lb. Btu. lb.oF. Btu./lb.°F 

' p Ptl "' "' 1/f1/ 1/u1 hj h h, 8f 8g 

-155 0.1163 .29.68• 0.00954 232.29 104.86 0.004305 -24.61 84.61 60.00 H>.0686 ~.2092 

-150 0.1527 29.61• ~.00957 179.79 104.46 0.005562 -23.50 84.07 60.57 -o.0650 ~.2065 
-145 .1985 29.52• .00961 140.52 104.05 .007117 -22.39 83.53 61.14 - .0615 .2040 
-140 .2554 29.40• .00965 110.92 103.64 .009016 -21.29 83.01 61.72 - .0580 .2017 
-135 .3256 29.26• .00969 88.34 103.22 .01132 -20.19 82.49 62.30 ~ .0546 .1995 
-130 .4116 29.08• .00973 70.94 102.80 .01410 -19.10 81.98 62.88 - .0512 .1975 

-125 0.5160 28.87• ~.00977 57.42 102.38 ~.01742 -18.02 81.48 63.46 H>.0480 0.1955 
-120 .6417 28.61• .00981 46.84 101.95 .02125 -16.94 80.98 64.04 ~ .0448 .1937 
-115 .7921 28.31• .00985 38.49 101.52 .02598 -15.85 80.48 64.63 ~ .0416 .1919 
-110 .9709 27.94• .00989 31.84 101.08 .03141 -14.78 80.00 65.22 - .0385 .1903 
-105 1.182 27.51• .00994 26.51 100.64 .03773 -13.71 79.52 65.81 - .0355 .1888 

-100 1.430 27.01• 0.00998 22.20 100.20 0.04504 -12.64 79.04 66.40 -o.0325 0.1873 
-95 1.719 26.42• .01003 18.71 99.75 .05344 -11.58 78.57 66.99 - .0295 .1860 
-90 2.054 25.74• .01007 15.86 99.30 .06305 -10.51 78.10 67.59 - .0266 .1847 
-85 2.441 24.95• .01012 13.51 98.85 .07400 -9.46 77.64 68.18 - .0238 .1835 
-so 2.885 24.os• .01016 11'.57 98.39 .08640 -8.40 77.17 68.77 - .0210 .1823 

-75 3.393 23.01• 0.01021 9.958 97.92 0.1004 - 7.35 76.71 69.36 -o.0182 0.1813 
-70 3.971 21.84• .01026 8.608 97.46 .1162 -6.30 76.25 69.95 - .0155 .1802 
-65 4.626 20.50• .01031 7.474 96.99 .1338 - 5.25 75.79 70.54 - .0128 .1793 
-60 5.365 19.00• .01036 6.516 96.51 .1535 -4.20 75.33 71.13 - .0102 .1783 
-55 6.195 17.31• .01041 5.704 96.04 .1753 -3.15 74.87 71.72 - .0076 .1774 

-50 7.125 15.42• 0.01047 5.012 95.55 0.1995 -2.11 74.42 72.31 H>.0050 0.1767 
-45 8.163 13.31• .01052 4.420 95.07 .2263 - 1.06 73.97 72.91 - .0025 .1759 

Temp. 

op 

t 

-155 

-150 
-145 
-140 
-135 
-130 

-125 
-120 
-115 
-110 
-105 

-100 
-95 
-90 
-85 
-80 

-75 
-70 
-65 
-60 
-55 

-50 
-45 
---

)! 
IIIII 
I'"' 

Cl 

~ 
"' 



Temp. Pressure Volume 

op Abe. Gage Liquid Vapor 
lb./in.• lb./in.• ft.•/lb. ft.•/lb. 

' p Pll "' 
,, 

-40 9.32 10.92* 0.0106 3.911 
-88 9.82 9.91* .0106 3.727 
-36 10.34 8.87* .0106 3.553 
-34 10.87 7.80* .0106 3.389 
-32 11.43 6.66* .0107 3.234 

-30 12.02 5.45* 0.0107 3.088 
-28 12.62 4.23* .0107 2.950 
-26 13.26 2.93* .0107 2.820 
-24 13.90 1.63* .0108 2.698 
-22 14.58 0.24* .0108 2.583 

-20 15.28 0.58 ~.0108 2.474 
-18 16.01 1.31 .0108 2.370 
-16 16.77 2.07 .0108 2.271 
-14 17.55 2.85 .0109 2.177 
..... ~1~ 18.37 3.67 .0109 2.088 

-10 19.20 4.50 0.0109 2.003 
- 8 20.08 5.38 .0109 1.922 
- 6 20.98 6.28 .0110 1.845 
- 4 21.91 7.21 .0110 1. 772 
- 2 22.87 8.17 .0110 1.703 

0 23.87 9.17 0.0110 1.637 
2 24.89 10.19 .0110 1.574 
4 25.96 11.26 .0111 1.514 
5t 26.51 11.81 .0111 1.485 
6 27.05 12.35 .0111 1.457 
8 28.18 13.48 .0111 1.403 
• Inch• of mercury below one atm011phere. 

TABLE 16-3 (Continued) 

Heat content 
Density from -400 

Liquid VaJfor Liquid Latent 
lb./ft.• lb. ft.• Btu. /lb. Btu./lb. 
1/fJ! 1/tJe hf h 

94.58 0.2557 0 73.50 
94.39 .2683 0.40 73.34 
94.20 .2815 0.81 73.17 
93.99 .2951 1.21 73.01 
93.79 .3092 1.62 72.84 

93.59 0.3238 2.03 72.67 
93.39 .3390 2.44 72.50 
93.18 .3546 2.85 72.33 
92.98 .3706 3.25 72.16 
92.78 .3871 3.66 71.98 

92.58 0.4042 4.07 71.80 
92.38 .4219 4.48 71.63 
92.18 .4403 4.89 71.45 
91.97 .4593 5.30 71.27 
91.77 .4789 5.72 71.09 

91.57 0.4993 6.14 70.91 
91.35 .5203 6.57 70.72 
91.14 .5420 6.99 70.53 
90.93 .5644 7.41 70.34 
90.72 .5872 7.83 70.15 

90.52 0.6109 8.25 69.96 
90.31 .6352 8.67 69.77 
90.11 .6606 9.10 69.57 
90.00 .6735 9.32 69.47 
89.88 .6864 9.53 69.37 
89.68 .7129 9.96 69.17 

t Standard ton temperatur.. 

Entropy 
from -400 

Vapor Li uid Vapor 
Btu./lb. Btu.1Jb. 0 P. Btu./lb.°F 

h, Bf Be 

73.50 0 0.17517 
73.74 0.00094 .17490 
73.98 .00188 .17463 
74.22 .00282 .17438 
74.46 .00376 .17412 

74.70 0.00471 0.17387 
74.94 .00565 .17364 
75.18 .00659 .17340 
75.41 .00753 .17317 
75.64 .00846 .17296 

75.87 0.00940 0.17275 
76.11 .01033 .17253 
76.34 .01126 .17232 
76.57 .01218 .17212 
76.81 .01310 .17194 

77.05 0.01403 0.17175 
77.29 .01496 .17158 
77.52 .01589 .17140 
77.75 .01682 .17123 
77.98 .01775 .17107 

78.21 0.01869 0.17091 
78.44 .01961 .17075 
78.67 .02052 .17060 
78.79 .02097 .17052 
78.90 .02143 .17045 
79.13 .02235 .17030 

Temp. 

op 

t 

-40 
-38 
-36 
--34 
-32 

-30 
-28 

26 
-24 
-22 

-20 
-18 
-16 
-14 
-12 

-10 
- 8 
- 6 
- 4 
- 2 

0 
2 
4 
5t 
6 
8 

~ 
II' 

"V 

"' z 
n :;; 
r
m 
(II 

0 ., 

"' m ., 
"' 5 
m s 
0 z 



TABLE 16-3 (Continued) 

~- -- --

Temp. Preuure Volume Density 

-
-)' Abe. I Gap 

Liquid Vapor Liquid Vapor Liquid 
lb./in.• lb./in.t ft.'/lb. ft.'/lb. lb./ft.• lb./ft.• Btu. /lb. 

t p Pll "' Vg 1/VJ 1/Vg hJ 

10 29.35 14.65 0.0112 1.351 89.45 0.7402 10.39 
12 30.56 15.86 .0112 1.301 89.24 .7687 10.82 
14 31.80 17.10 .0112 1.253 89.03 .7981 11.26 
16 33.08 18.38 .0112 1.207 88.81 .8288 1!.70 
18 34.40 19.70 .0113 1.163 88.58 .8598 . 12'.12 

10 35.75 21.05 0.0113 1.121 88.37 0.8921 12.55 
22 37.15 22.45 .0113 1.081 88.13 .9251 13.00 
24 38.58 23.88 .0113 1.043 87.91 .9588 13.44 
26 40.07 25.37 .0114 1.007 87.68 .9930 13.88 
28 41.59 26.89 .0114 0.973 87.47 1.028 14.32 

80 43.16 28.46 0.0115 0.939 87.24 1.065 14.76 
32 44.77 30.07 .0115 .908 87.02 1.102 15.21 
34 46.42 31.72 .0115 .877 86.78 1.140 15.65 
36 48.13 33.43 .0116 .848 86.55 1.180 16.10 
38 49.88 35.18 .0116 .819 86.33 1.221 16.55 

4.0 51.68 36.98 0.0116 0'~792 86.10 1.263 17.00 
4:2 53.51 38.81 .0116 /.767 85.88 1.304 17.46 
44 55.40 40.70 .0117 .74:2 85.66 1.349 17.91 
46 57.35 4:2.65 .0117 .718 85.43 1.393 18.36 
48 59.35 44.65 .0117 .695 85.19 1.438 18.82 

I 

Heat content 
from- fO" 

Latent Vapor 
Btu. /lb. Btu.tlb. 

h kg 

68.97 79.36 
68.77 79.59 
68.56 79.82 
68.35 80.05 
68.15 80.27 

67 94 80.49 
67.72 80.72 
67.51 80.95 
67.29 81.17 
67.07 81.39 

66.85 81.61 
66.62 81.83 
66.40 82.05 
66.17 82.27 
65.94 82.49 

65.71 82.71 
65.47 82.93 
65.24 83.15 
65.00 83.36 
64.74 83.57 

Entropy 
from- fO" 

Liquid 
Btu./lb."F 

Vapor 
Btu.1lb."F ,, 8g 

0 02328 0.17015 
.02419 .17001 
.02510 .16987 
.02601 .16974 
.02692 .16961 

0.02783 0.16949 
.02873 .16938 
.02963 .16926 
.03053 .16913 
.03143 .16900 

~.03233 0.16887 
.03323 .16876 
.03413 .16865 
.03502 .16854 
.03591 .16843 

0.03680 0.16833 
.03770 .16823 
.03859 .16813 
.03948 .16803 
.04037 .16794 

Temp. 1 

-
"F 

t -
10 
12 
14 
16 
18 

10 
22 
24 
26 
28 

10 
32 
34 
36 
38 

4.0 
4:2 
44 
46 
48 ~ 

1111 .... m 

~ 



TABLE 16-3 (Continued) 

10 61.39 46.69 0.0118 0.673 
52 63.49 48.79 .0118 .652 
54 65.63 50.93 .0118 .632 
56 67.84 53.14 .0119 .612 
58 70.10 55.40 .0119 .593 

80 72.41 57.71 0.0119 0.575 
62 74.77 60.07 .0120 .557 
64 77.20 62.50 .0120 .540 
66 79.67 64.97 .0120 .524 
68 82.24 67.54 .0121 .508 
TO 84.82 70:12 0.0121 0.493 
72 87.50 72.80 .0121 .479 
74 90.20 75.50 .0122 .464 
76 93.00 78.30 .0122 .451 
78 95.85 81.15 .0123 .438 
80 98.76 84.06 0.0123 0.425 
82 101.7 87.00 .0123 .413 
84 104.8 90.1 .0124 .401 
86t 107.9 93.2 .0124 .389 
88 111.1 96.4 .0124 .378 

90 114.3 99.6 0.0125 0.368 
92 117.7 103.0 .0125 .357 
94 121.0 106.3 .0126 .347 
96 124.5 109.8 .0126 .338 
98 128.0 113.3 .0126 .328 

100 131.6 116.9 0.0127 0.319 
102 135.3 120.6 .0127 .310 
104 139.0 124.3 .0128 .302 
106 142.8 128.1 .0128 .293 
108 146.8 132.1 .0129 .285 

- --

• IDohee of IDVOUI'J' below oue aUD.oephwe. 
t 8taDdard ton temperat-. 

84.94 1.485 19.27 
84.71 1.534 19.72 
84.50 1.583 ~).18 
84.28 1.633 20.64 
84.04 1.686 21.11 

83.78 1.740 21.57 
83.57 1.795 22.03 
83.34 1.851 22.49 
83.10 1.909 22.95 
82.86 1.968 23.42 
82.60 2.028 23.90 
82.37 2.090 24.37 
82.12 2.153 24.84 
81.87 2.218 25.32 
81.62 2.284 25.80 
81.39 2.353 26.28 
81.12 2.423 26.76 
80.87 2.495 27.24 
80.63 2.569 27.72 
80.37 2.645 28.21 

80.11 2.721 28.70 
79.86 2.799 29.19 
79.60 2.880 29.68 
79.32 2.963 30.18 
79.06 3.048 30.67 

78.80 3.135 31.16 
78.54 3.224 31.65 
78.27 3.316 32.15 
78.00 3.411 32.65 
77.73 3.509 33.15 

64.51 83.78 0.04126 
64.27 83.99 .04215 
64.02 84.20 .04304 
63.17 84.41 .04392 
63.51 84.62 .04480 

63.25 84.82 0.04568 
62.99 85.02 . 04657 
62.73 85.22 .04745 
62.47 85.42 .04833 
62.20 85.62 .04921 
61.92 85.82 0.05009 
61.65 86.02 .05097 
61.38 86.22 .05185 
61.10 86.42 .05272 
60.81 86.61 .05359 
60.52 86.80 0.05446 
60.23 86.99 .05534 
59.94 87.18 .05621 
69.66 87.37 .05708 
59.35 87.56 .05795 

59.04 87.74 0.05882 
58.73 87.92 .. 05969 
58.42 88.10 .06056 
58.10 88.28 .06143 
57.78 88.45 .06230 

57.46 88.62 0.06316 
57.14 88.79 .06403 
56.80 88.95 .06490 
56.46 89.11 .06577 
56.12 89.27 .06663 

0.16785 
.16776 
.16767 
.16758 
.16749 

0.16741 
.16733 
.16725 
.16717 
.16709 

0.16701 
.16693 
.16685 
.16677 
.16669 

0.16662 
.16655 
.16648 
.16640 
.16632 

0.16624 
.16616 
.16608 
.16600 
.16592 

0.16584 
.16576 
.16568 
.16560 
.16551 

10 
52 
54 
56 
58 

' 80 i 

62 
64 
66 
68' 
TO 
72 
74 
76 
78 
80 
82 
84 
86t 
88 

90 
92 
94 
96 
98 

100 
102 
104 
106 
108 

~ 

'11 ,., 
z 
0 
:;; ,... 
m 

"' 
0 .... ,., 
m .... ,., 
Ci 
m ,., 
~ 
0 
z 



TABLE 16-3 (Continued) 

T-p. Preaure Volume Denaity Heat content 
from- 40• 

•F Abe. GIIJe Liquid Vapor Liquid Vapor Liquid Latent 
lb./in.• lb./ln.• ft.•tlb. ft.'/lb. lb./ft.• lb./ft.• Btu./lb. Btu./lb. 

t p Pl VJ Vg 1/VJ 1/Vg h, h ----
110 150.7 136.0 0.0129 0.277 77.46 3.610 33.65 55.78 
112 154.8 140.1 .0130 .269 77.18 3.714 34.15 55.43 
114 158.9 144.2 .0130 .262 76.89 3.823 34.65 55.08 
116 163.1 148.4 .0131 .254 76.60 3.934 35.15 54.72 
118 167.4 152.7 .0131 .247 76.32 4.049 35.65 54.36 

120 171.8 157.1 0.0132 0.240 76.02 4.167 36.16 53.99 
122 176.2 161.5 .0132 .233 75.72 4.288 36.66 53.62 
124 180.8 166.1 .0133 .277 75.40 4.413 37.16 53.24 
126 185.4 170.7 .0133 .220 75.10 4.541 37.67 52.85 
128 190.1 175.4 .0134 .214 74.78 4.673 38.18 52.46 
180 194.9 180.2 0.0134 0.208 74.46 4.808 38.69 52.07 
132 199.8 185.1 .0135 .202 74.13 4.948 39.19 51.67 
134 204.8 190.1 .0135 .196 73.81 5.094 39.70 51.26 
136 209.9 195.2 .0136 .191 73.46 5.247 40.21 50.85 
138 215.0 200.3 .0137 .185 73.10 5.405 40.72 50.43 

140 220.2 205.5 0.0138 0.180 72.73 5.571 41.24 50.00 
--- '-----

t Studard toll temperature.. 

Entropy 
from- 40" 

Vapor 
Btu.tlb. 

Liquid 
Btu./lb."F 

Vapor 
Btu.,lb."F 

hg 81 8(/ 

89.43 0.06749 0.16542 
89.58 .06836 .16533 
89.73 .06922 .16524 
89.87 .07008 .16515 
90.01 .07094 .16505 

90.15 0.07180 0.16495 
90.28 .07266 .16484 
90.40 .07352 .16473 
90.52 .07437 .16462 
90.64 .07522 .16450 
90.76 0.07607 0.16438 
90.86 .07691 .16425 
90.96 .07775 .16411 
91.06 .07858 .16396 
91.15 .07941 .16380 

91.24 0.08024 0.16363 

-

Temp. 

--
"F 

t --
110 
112 
114 
116 
118 

120 
122 
124 
126 
128 
180 
132 
134 
136 
138 

140 

i 
5 
~ -o 



480 PRINCIPLES OF REFRIGERATION 

TABLE 16-4. Refrigerant-13 (monochlorotrifluoromethane) Properties of 
Liquid and Saturated Vapor 

Specific volume Enthalpy Entropy 

Te;p Pressure cu ft per lb datum -40F datum -40F 
pals Btu per lb Btu per lb R 

Liquid Vapor Liquid Latent Vapor IJquid Vaporization Vapor 

-zoo 0.4329 0.009466 61.33 -34.551 73.096 38.545 -0.10081 0.28147 0.18066 
-190 0.7490 0.009574 36.74 -32.429 72.029 39.600 -0.09313 0.26708 0.17395 
-180 1.238 0.009685 22.99 -30.298 70.790 40.672 -0.08575 0.25375 0.16800 
-170 1.967 0.009801 14.942 -28.208 69.904 41.696 -0.07858 0.24131 0.16273 
-160 3.104 0.009920 9.750 -26.083 68.808 42.725 -0.07213 0.22960 0.15747 

-150 4.464 0.01004 6.976 -24.010 67,783 43.773 -0.06491 0.21887 0.15396 
-140 6.455 0.01017 4.950 -21.902 -.66.696 44.794 -0.05844 0.20863 0.15019 
-130 9.080 0.01031 3.605 -19.792 65.596 45.804 -0.05209 0.19896 0.14687 
-120 12.48 0.01045 2,681 -17.671 64.473 46.802 -0.04590 0.18980 0.14390 
-110 16.81 0.01060 2.031 -15.527 63.316 47.789 -0.03977 0.18106 0.14129 

-100 22.23 0.01075 1.5642 -13.387 62.138 48.751 -0.03286 0.17275 0.13889 
-90 28.89 0.01091 1.2232 -11.241 60.941 49.700 -0.02806 0.16484 0.13678 
-so 36.98 0.01109 0.9689 - 9.052 59.672 50.620 -0.02230 0.15716 0.13486 
- 70 46.68 0.01127 0.7766 - 6.843 58.362 51.519 -0.01665 0.14977 0.13312 
-60 58.19 0.01146 0.6289 - 4.604 56.993 52.389 -0.01106 0.14259 0.13153 

-50 71.71 0.01167 0.5139 - 2.320 55.546 53.226 -0.00548 0.13558 0.13009 
-40 87.43 0.01189 0.4234 0.000 54.023 54.023 0.00000 0.12872 0.12872 
-30 105.6 0.01213 0.3512 2.363 52.416 54.779 0.00545 0.12199 0.12744 
- 20 126.4 0.01239 0.2930 4.809 50.668 55.477 0.01096 0.11524 0.12620 
- 10 150.1 0.01268 0.2454 7.484 48.630 56.113 0.01686 0.10814 0.12500 

0 176.8 0.01299 0.2066 10.052 46.638 56.690 0.02234 0.10146 0.12380 
10 206.8 0.01335 0.17443 12.696 44.479 57 .l75 0.02789 0.09470 0.12259 
20 240.4 0.01375 0.14732 15.443 42.100 57.543 0.03351 0.08777 0.12128 
30 277.9 0.01422 0.12437 18.247 39.472 57.719 0.03921 0.08061 0.11982 
40 319.6 0.01477 0.10455 21.370 36.450 57.820 0.04516 0.07295 0.11811 

45 342.2 0.01509 0.09565 22.979 34.709 57.748 0.04826 0.06889 0.11715 
50 365.9 0.01546 0.08734 24.651 32.958 57.609 0.05143 0.06466 0.11609 
55 390.8 g.Ol588 0.07945 26.418 30.946 56.364 0.05473 0.06013 0.11486 
60 417.0 .01637 0.07189 28.310 28.677 56.987 0.05824 0.05518 0.11342 
65 444.5 0.01696 0.06468 30.322 26.137 56.459 0.06193 0.04981 0.11174 

70 473.4 0.01771 0.05767 32.515 23.193 55.708 0.06591 0.40379 0.10970 
75 503.7 0.01874 0.05207 35.110 19.382 54.492 0.07059 0.03625 0.10684 
80 535.5 0.02047 0.04131 38.527 13.565 52.092 0.07672 0.02513 0.10185 

83.93 561.3 0.02772 0.02772 45.271 - 45.271 0.08898 - 0.08898 

Courtesy E. I. du Pont de Nemoun & Co., Inc. 



TABLE 16-5. Refriserant-n (Monochlorocllfluoromethane) Properties of 
Liquid and Saturated Vapor 

Preuure Liquid, Vapor{ Enthal~, datum -40 F Entro,y, datum -40 F TTJ' deneity apvo tu per lb tu per lb I' 

' psla palg lb/cu ft cu ft/lb Ll~;ud Vapor Liquid Vapor 
1/'f •• ... ., .. 

-155 0.19!101 29.51* 97.67 188.1 -29.07 86.78 -0.01108 0.2996 

-150 0.2605 29.39* 97.33 146.1 -27.79 87.36 -0.0767 0.2952 
-145 0.3375 29.Z3* 96.99 114.5 -26.52 87.94 - .0727 .2912 

-140 0.4332 29.04* 96.63 90.61 -25.25 88.53 -0.0687 0.2874 
-135 0.5511 28.~ 96.27 72.33 -23.99 89.11 - .0647 .2837 

-130 0.6949 28.51• 95.91 58.21 -22.73 89.70 -0.0609 0.2803 
-125 0.8692 28.15• 95.53 47.23 -21.47 90.29 - .0571 .2770 

-120 1.079 27.72* 95.15 38.60 -20.22 90.88 -0.0534 0.2738 -us 1.329 27 .21• 94.76 31.77 -18.98 91.47 - .0497 .2708 

-110 1.626 26.61* 94.37 26.33 -17.73 92.07 -0.0461 0.2680 
-105 1.976 25.~ 93.97 21.96 -16.48 92.67 - .0425 .2653 

-100 2.386 25.~ 93.56 18.43 -15.23 93.27 -0.0390 0.2627 
- 95 2.865 24.09* 93.14 15.54 -13.98 93.87 - .0356 .2602 

-90 3.417 22.~ 92.72 13.20 -12.73 94.47 -0.0322 0.2579 
-85 4.055 21.67* 92.29 11.26 -11.47 95.08 - .0288 .2556 

-80 4.787 20.18* 91.85 9.650 -10.22 95.68 -0.0255 0.2535 
- 78 5.100 19.55* 91.67 9.086 - 9.72 95.92 - .0242 .2526 
- 76 5.430 18.87* 91.49 8.561 - 9.21 96.16 - .0229 .2518 
- 74 5.79 18.14* 91.31 8.072 - 8.70 96.40 - .0116 .2510 
- 72 6.17 17 .37* 91.13 7.616 - 8.20 96.64 - .0203 .2502 

- 70 6.57 16.55• 90.95 7.192 - 7.69 96.88 -0.0253 0.2494 
-68 6.99 15.70* 90.77 6.795 - 7.19 97.12 - .0177 .2487 
-66 7.40 14.86* 90.58 6.426 - 6.68 97.36 - .0164 .2479 
-64 7.86 13.93* 90.39 . 6.079 - 6.17 97.60 - .0151 .2472 
- 62 8.35 12.93* 90.21 5.755 - 5.67 11'7.84 - .0138 .2465 

-60 8.86 11.89* 90.03 5.452 - 5.16 98.08 -0.0126 0.2458 
- 58 9.39 10.81* 89.84 5.166 - 4.65 98.32 - .0113 .2451 
-56 9.94 9.69* 89.65 4.900 - 4.13 98.56 - .0100 .2444 
-54 10.51 8.53• 89.46 4.650 - 3.61 98.80 - .0087 .2438 
-52 11.11 7.31* 89.27 4.415 - 3.09 99.04 - .0075 .2431 

-50 11.74 6.03• 89.08 4.192 - 2.58 99.28 -0.0062 0.2425 
- 48 12.40 4.68* 88.88 3.986 - 2.06 99.52 - .0050 .2418 
-46 13.09 3.28* 88.68 3.793 - 1.54 99.76 - .0037 .2412 
-44 13.80 1.83• 88.49 3.611 - 1.02 100.00 - .0025 .2406 
- 42 14.54 0.326* 88.30 3.440 - 0.51 100.23 - .0012 .2400 

-40 15.31 0.610 88.10 3.279 0.00 100.46 0.0000 O.Z394 
- 38 16.12. 1.42 87.90 3.126 0.53 100.70 .0013 .2389 
- 36 16.97 2.27 87.70 2.981 1.05 100.93 .0025 .2383 
- 34 17.85 3.15 87.50 2.844 1.58 101.17 .0037 .2377 
- 32 18.77 4.07 87.29 2.713 2.10 101.40 .0050 .2372 

- 30 19.72 5.02 87.09 2.590 2.62 101.63 0.0062 0.2367 
- 28 20.71 6.01 86.89 2.474 3.15 101.86 .0074 .2361 
- 26 21.73 7.03 86.69 2.365 3.69 102.10 .0086 .Z356 
- 24 22.79 8.09 86.48 2.262 4.22 102.33 .0099 .• 2351 
- 22 23.88 9.18 86.27 2.165 4.75 102.56 .0111 .2346 

-20 25.01 10.31 86.06 2.074 5.28 102.79 0.0123 0.2341 
- 18 26.18 11.48 85.85 1.987 5.82 103.02 .0135 .2336 
- 16 27.39 12.69 85.64 1.905 6.40 103.25 .0147 .2331 
- 14 28.64 13.94 85.43 1.827 6.90 103.48 .0159 .2326 
- 12. 29.94 15.24 85.21 1.752 7.43 103.70 .0170 .2321 

- 10 31.29 16.59 84.99 1.681 7.96 103.92 0.0182 0.2316 - 8 32.69 17.99 84.78 1.613 8.49 104.14 .0194 .2312 - Cl 34.14 19.44 84.56 1.549 9.02 104.36 .0205 .2307 - 4 35.64 20.94 84.34 1.488 9.55 104.58 .0217 .2302 - 2 37.19 22.49 84.12 1.429 10.09 104.80 .02za .2298 

0 38.79 24.09 83.90 1.373 10.63 105.02 0.0240 0.2293 

2 40.43 25.73 83.68 1.320 11.17 105.24 0.0251 0.2289 
4 42.14 27.44 83.45 1.270 11.70 105.45 .0262 .2285 
5 43.02 28.33 83.34 1.246 ll.97 105.56 .0268 .~283 
Cl 43.91 29.21 83.Z3 1.221 12.23 105.66 .0274 .2280 a 45.74 31.04 83.01 1.175 12.76 105.87 .0285 .2276 

10 47.63 32.93 82.78 1.130 13.29 106.08 0.0296 0.2272 
12 49.58 34.88 82.55 1.088 13.82 106.29 .0307 .2268 
14 51.59 36.89 82.32 1.048 14.36 106.50 .0319 .2264 
1CI 53.66 38.96 82.09 1.009 14.90 106.71 .0330 .2260 
18 55.79 41.09 81.86 0.9721 15.44 106.92 .0341 .2257 

• Inches mercury below one atmoepbere. 



TABLE 16-5 (Continued) 

Pressure I Liquid, Vapor, Enthal~, datum -40 F Entropy, datum -40 'F 
TFmp density IP vol tu per lb Btu per lb J! 

' psla pslc lb/cu ft cu ft/lb Li~~d Vapor Liquid Vapor 
11•1 •• A, ., •• 

20 57.98 43.28 81.63 0.9369 15.98 107.13 0.0352 0.2253 22 60.23 45.53 81.39 .9032 16.52 107.33 .0364 .2249 24 62.55 47.85 81.16 .8707 17.06 107.53 .0375 .2246 26 64.94 50.24 80.92 .8398 17.61 107.73 .0379 .2242 28 67.40 52.70 80.69 .8100 18.17 107.93 .0398 .2239 
30 69.93 55.23 80.45 0.7816 18.74 108.13 0.0409 0.2235 32 72.53 57.83 80.21 .7543 19.32 108.33 .0421 .2232 34 75.21 60.51 79.97 .7283 19.90 108.52 .0433 .2228 36 77.97 63.27 79.73 .7032 20.49 108.71 .0445 .2225 38 80.81 66.11 79.49 .6791 21.09 108.90 .0457 .2222 
40 83.72 69.02 79.25 0.6559 21.70 109.09 0.0469 0.2218 42 86.69 71.99 79.00 .6339 22.29 109.27 .0481 .2215 44 89.74 75.04 78.76 .6126 22.90 109.45 .0493 .2211 46 92.88 78.18 78.51 .5922 23.50 109.63 .0505 .2208 48 96.10 81.40 78.26 .5726 24.11 109.80 .0516 .2205 
50 99.40 84.70 78.02 0.5537 24.73 109.98 0.0528 0.2201 52 102.8 88.10 77.77 .5355 25.34 110.14 .0540 .2198 54 106.2 91.5 77.51 .5184 25.95 110.30 .0552 .2194 56 109.8 95.1 77.26 .5014 26.58 110.47 .0564 .2191 58 113.5 98.8 77.01 .4849 27.22 110.63 .0576 .2188 

60 117.2 102.5 76.75 0.4695 27.83 110.78 0.0588 0.2185 62 121.0 106.3 76.50 .4546 28.46 110.93 .0600 .2181 64 124.9 110.2 76.24 .4403 29.09 111.08 .0612 .2178 66 128.9 114.2 75.98 .4264 29.72 111.22 .0624 .2175 68 133.0 118.3 75.72 .4129 30.35 111.35 .0636 .2172 

70 137.2 122.5 75.46 0.4000 30.99 111.49 0.0648 0.2168 72 141.5 126.8 75.20 .3875 31.65 111.63 .0661 .2165 74 145.9 131.2 74.94 .3754 32.29 111.75 .0673 .2162 76 150.4 135.7 74.68 .3638 32.94 111.88 .0684 .2158 78 155.0 140.3 74.41 .3526 33.61 112.01 .0696 .2155 
80 159.7 145.0 74.15 0.3417 34.27 112.13 0.0708 0.2151 82 164.5 149.8 73.89 .3313 34.92 112.24 .0720 .2148 84 169.4 154.7 73,63 .32U 35.60 112,36 .0732 .2144 86 174.5 159.8 73.36 .3113 36.28 112.47 .0744 .2140 
88 179.6 164.9 73.09 .3019 36.94 112.57 .0756 .2137 

90 184.8 170.1 72.81 0.2928 37.61 112.67 0.0768 0.2133 92 190.1 175.4 72.53 .2841 38.28 112.76 .0780 .2130 
94 195.6 180.9 72.24 .2755 38.97 112.85 .0792 .2126 96 201.2 186.5 71.95 .2672 39.65 112.93 .0803 .2122 
98 206.8 192.1 71.65 .2594 40.33 113.00 .0815 .2119 

100 212.6 197.0 71.35 0.2517 40.98 113.06 0.0827 0.2115 102 218.5 203.8 71.05 .2443 41.65 113.12 .0839 .2111 104 224.6 209.9 70.74 .2370 42.32 113.16 .0851 .2107 106 230.7 216.0 70.42 .2301 42.98 113.20 .0862 .2104 108 237.0 222.3 70.11 .2233 43.66 113.24 .0874 .2100 

110 243.4 228.7 69.78 0.2167 44.35 113.29 0.0886 0.2006 112 249.9 235.2 69.45 .2104 45.04 113.34 .0898 .2093 114 256.6 241.0 69.12 .2043 45.74 113,38 .0909 .2089 116 263.4 248.7 68.78 .1983 46.44 113.42 .0921 .2085 118 270.3 255.6 68.44 .1926 47.14 113,46 .0933 .2081 

120 277.3 262.6 68.10 0.1871 47.85 113.52 0.0945 0.2078 122 384.4 269.7 67.75 .1825 48.6 113.57 124 391.6 276.9 67,40 .1772 49.4 113.61 
126 398.8 284.1 67.05 .1724 50.2 113.65 
128 306.1 291,4 66,70 .1675 50.8 113.69 

130 313.5 298.8 66.35 0.1629 51.5 113.71 132 321.0 306.3 66.00 .1585 52.3 113.74 
134 328.7 314.0 65.65 .1538 53.1 113.77 
136 336.6 321.9 65.25 .1492 53.8 113.70 
138 344,6 329.9 64,85 .1449 54.6 113.80 

140 352.7 338.0 64.45 0.1408 55.3 113.81 
142 361.0 346.3 64.05 .1368 56.1 113.80 
144 369.7 355.0 63.65 ,1330 56.9 113.79 
146 370.0 364.3 63.25 .1Z92 57.7 113.78 
148 388.8 374.1 62.85 .1253 58.4 113.76 

150 399.0 384.3 62.45 0.1216 59.2 113.74 
152 407.0 302.3 62.02 .1179 60.0 113.71 
154 416.0 401.3 61.58 .1141 60.8 113.67 
156 426.0 411.3 61.13 .1105 61.6 113.62 158 436.5 421.8 60.67 .1070 62.5 113.56 

160 448.0 433.3 60.20 0.1035 ~.5 113.50 

Courtesy E. I. du Pont de Nemoun It Co., Inc. 



TABLES -483 

TABLE 16-6. Refrllerant-717 (Ammonicr) Properties of Liquid and Saturated Vapor 

TTp 
Preuure Uquid, 

denalty I Vapor{ 
apvo 

Bntbali, datum -40 J1' 
tu per lb 

EntroKy, datum -40 J1' 
tu per lb J1' 

' pal& Pale lb/CU ft cu ft/lb Liquid Vapor Liquid 
I 

Vapor 
1/•t •• h, li, ., .. 

-105 1.00 *27.9 45.71 223.14 -68.5 570.3 -0.1774 1.6243 
-104 1.04 27.8 45.67 214.23 -67.5 570.7 - .1744 1.6205 
-103 1.08 27.7 45.63 205.90 -66.4 571.2 - .1714 1.6167 
-102 1.14 27.7 45.59 197.70 -65.4 571.6 - .1685 1.6129 
-101 1.19 27.5 45.55 190.08 -64.3 572.1 - .1655 1.6092 

-100 1.24 *27.4 45.51 182.90 -63.3 572.5 -0.1626 1.6055 
- 99 1,29 27.3 45.47 175.42 -62.2 572.9 - .1597 1.6018 
- 98 1.35 27.2 45.43 168.48 -61.2 573.4 - .1568 1.5982 
- 97 1.41 27.0 45.40 161.98 -60.1 573.8 - .1539 1.5945 
-96 1.47 26.9 45.36 155.92 -59.1 574.3 - .1510 1.5910 

- 95 1.52 *26.8 45.32 150.30 -58.0 574.7 -0.1481 1.5874 
- 94 1.59 26.7 45.28 144.68 -57.0 575.1 - .1452 1.5838 
- 93 1.66 26.5 45.24 139.27 -55.9 575.6 - .1423 1.5803 
- 92 1.73 26.4 45.20 134.06 -54.9 576.0 - .1395 1.5768 
- 91 1.79 26.2 45.16 129.06 -53.8 576.5 - .1366 1.5734 

-90 1.86 *26.1 45.12 124.28 -52.8 576.9 -0.1338 1.5699 
- 89 1.94 26.0 45.08 119.75 -51.7 577.3 - .1309 1.5665 
-88 2.02 25.8 45.04 115.37 -50.7 577.8 - .1281 1.5631 
- 87 2.11 25.6 45.00 111.31 -49.6 578.2 - .1253 1.5597 
-86 2.18 25.5 44.96 107.39 -41!.6 578.6 - .1225 1.5504 

- 85 2.27 *25.3 44.92 103.63 -47.5 579.1 -0.1197 1.5531 
-84 2.36 25.1 44.88 99.87 -46.5 579.5 - .1169 1.5498 
-83 2.46 24.9 44.84 96.28 -45.4 579.9 - .1141 1.5465 
- 82 2.55 24.7 44.80 92.86 -44.4 580.4 - .1113 1.5432 
- 81 2.65 24.5 44.76 89.65 -43.3 580.8 - .1085 1.5400 

-so 2.74 '24.3 44.73 86.54 -42.2 581.2 -0.1057 1.5368 
- 79 2.85 24.1 44.68 83.50 -41.2 581.6 - .1030 1.5336 
- 78 2.96 23.9 44.64 80.61 -40.1 582.1 - .1002 1.5304 
- 77 3.07 23.6 44.60 77.90 -39.1 582.5 - .0975 1.5273 
- 76 3.19 23.4 44.56 75.30 -38.0 582.9 - .0947 1.5242 

- 75 3.30 *2l.2 44.52 72.80 -37.0 583.3 -0.0920 1.5211 
- 74 l.4l 22.9 44.48 70.l5 -35.9 583.8 - .0892 1.5180 
- 73 3.56 22.7 44.44 68.01 -34.9 584.2 - .0865 1.5149 
-72 l.69 22.4 44.40 65.78 -33.8 584.6 - .0838 1.5119 
- 71 3.82 22.2 44.36 63.70 -32.8 585.0 - .0811 1.5089 

- 70 3.94 *21.9 44.32 61.65 -31.7 585.5 -0.0784 1.5059 
-69 4.09 21.6 44.28 59.60 -30.7 585.9 - .0757 1.5029 
-68 4.24 21.3 44.24 57.64 -29.6 586.3 - .0730 1.4999 
- 67 4.39 21.0 44.19 55.78 -28.6 586.7 - .0703 1.4970 
-66 4.54 20.7 44.15 54.01 -27.5 587.1 - .0676 1.4940 

- 65 4.69 *20.4 44.11 52.34 -26.5 587.5 -0.0650 1.4911 
-64 4.86 20.1 44.07 50.79 -25.4 588.0 - .0623 1.4883 
- 63 5.03 19.6 44.03 49.26 -24.4 588.4 - .0596 1.4854 
- 62 5.20 19.3 43.99 47.74 -23.3 588.8 - .0570 1.4826 
- 61 5.38 18.9 43.95 46.23 -22.2 589.2 - .0543 1.4797 

-60 5.55 *18.6 43.91 44.73 -21.2 589.6 -0.0517 1.4769 
- 59 5.74 18.2 43.87 43.37 -20.1 590.0 - .0490 1.4741 
-58 5.93 17.8 4l.83 42.05 -19.1 590.4 - .0464 1.4713 
-57 6.13 17.4 43.78 40.79 -18.0 590.8 - .0438 1.4686 
-56 6.33 17.0 4l.74 39.56 -17.0 591.2 - .0412 1.4658 

- 55 6.54 *16.6 43.70 38.38 -15.9 591.6 -0.0386 1.4631 
-54 6.75 16.2 43.66 37.24 -14.8 592.1 - .0360 1.4604 
-53 6.97 15.7 4l.62 36.15 -13.8 592.4 - .0334 1.4577 
-52 7.20 15.3 4l.58 35.09 -12.7 592.9 .0307 1.4551 
-51 7.43 14.8 43.54 34.06 -11.7 593.2 .0281 1.4524 

• Incheo of mercury below one atandard atmoephen~ (29.92 in.) 
lJ. IS. Dept. of Commeroo. Bureau of Standerdo, Thermodynamic Properties of Ammonia, Circular No. 142 (1923) 

and Circular No. 472 {1948). 
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TABLE 16-6 (Continued) 

Preuure Liquid, I Vapor, Bnthal~, datum -40 F Entro,y, datum -40 F 
Temp density sp vol tu per lb tu per lb F 

F 
I psla psla 

lb/cu ft cu ft/lb Liquid Vapor Liquid Vapor 
11•, •• "' "' ., •• 

-50 7.67 •14.3 43.49 33.08 -10.6 593.7 -0.0256 1.4497 
-49 7.91 13.8 43.45 32.12 - 9.6 594.0 .0230 1.4471 
- 48 8.16 13.3 43.41 31.20 - 8.5 594.4 .0204 1.4445 
- 47 8.42 12.8 43.37 30.31 - 7.4 594.9 .0179 1.4419 
-46 8.68 12.2 43.33 29.45 - 6.4 595.2 .0178 1.4393 

- 45 8.95 •11.7 43.28 28.62 - 5.3 595.6 .0127 1.4368 
-44 9.23 11.1 43.24 27.82 - 4.3 596.0 1.4342 
-43 9.51 10.6 43.20 27.04 - 3.2 1.4317 
- 42 9.81 10.0 43.16 26.29 - 2.1 1.4Z92 
- 41 10.10 9.3 43.12 25.56 - 1.1 1.4267 

- 40 10.41 *8.7 43.08 24.86 0.0 5!17.6 0.0000 1.4242 
- 3!1 10.72 8.1 43.04 24.18 1.1 598.0 .0025 1.4217 
- 38 11.04 7.4 42.99 23.53 2.1 5!18.3 .0051 1.4193 
- 37 11.37 6.8 42.95 22.8!1 3.2 598.7 .0076 1.416!1 
- 36 11.71 6.1 42.90 22.27 4.3 599.1 .0101 1.4144 

- 35 12.05 •5.4 42.86 21.68 5.3 599.5 0.0126 I 1.4120 
- 34 12.41 4.7 42.82 21.10 6.4 59!1.9 .0151 1.4096 
- 33 12.77 3.9 42.78 20.54 7.4 600.2 .0176 1.407Z 
- 32 13.14 3.2 42.73 20.00 8.5 600.6 .0201 1.4048 
- 31 13.52 2.4 42.69 1!1.48 9.6 601.0 .0226 1.4025 

- 30 13.90 *1.6 42.65 18.97 10.7 601.4 0.0250 1.4001 
- 29 14.30 0.8 42.61 18.48 11.7 601.7 .0275 1.3978 
- 28 14.71 0.0 42.57 18.00 12.8 602.1 .0300 1.3955 
- 27 15.12 0.4 42.54 17.54 13.9 602.5 .0325 1.3932 
- 26 15.55 0.8 42.48 17.09 14.9 602.8 .0350 1.3909 

- 25 15.98 1.3 42.U 16.66 16.0 603.2 0.0374 1.3886 
- 24 16.42 1.7 42.40 16.24 17.1 603.6 .0399 1.3863 
- 23 16.88 2.2 42.35 15.83 18.1 603.9 .0423 1.3840 
- 22 17.34 2.6 42.31 15.43 19.2 604.3 .0488 1.3818 
- 21 17.81 3.1 42.26 15.05 20.3 604.6 .0472 1.3796 

- 20 18.30 3.6 42.22 14.68 21.4 605.0 0.0497 1.3774 
- 19 18.79 4.1 42.18 14.32 22.4 605.3 .0521 1.3752 
- 18 19.30 4.6 42.13 13.97 23.5 605.7 .0545 1.3729 - 17 19.81 5.1 42.09 13.62 24.6 606.1 .0570 1.3708 
- 16 20.34 5.6 42.04 13.29 25.6 606.4 .0594 1.3686 

- 15 20.88 6.2 42.00 12.97 26.7 606.7 0.0618 1.3664 - 14 21.43 6.7 41.96 12.66 27.8 607.1 .0642 1.3643 - 13 21.99 7.8 41.91 12.36 28.9 607.5 .0666 1.3621 
-12 22.56 7.9 41.87 12.06 30.0 607.8 .069jl 1.3600 - 11 23.15 8.5 41.82 11.78 31.0 608.1 .0714 1.3579 

- 10 23.74 9.0 41.78 11.50 32.1 608.5 0.0738 1.3558 - 9 24.35 9.7 41.74 11.23 33.2 608.8 .0762 1.3537 - 8 24.97 10.3 41.69 10.97 34.3 609.2 .0768 1.3516 - 7 25.61 10.9 41.65 10.71 35.4 609.5 .0809 1.3495 - 6 26.26 11.6 41.60 10.47 36.4 609.8 .0833 1.3474 

- 5 26.92 12.2 41.56 10.23 37.5 610.1 0.0857 1.3454 - 4 27.59 12.9 41.52 9.991 38.6 610.5 .0880 1.3433 - 3 28.28 13.6 41.47 9.763 39.7 610.8 .0904 1.3413 - 2 28.98 14.3 41.43 9.541 40.7 611.1 .0928 1.3393 
- 1 29.69 15.0 41.38 9.326 41.8 611.4 -.0951 1.3372 

0 30.42 15.7 41.34 9.116 42.9 611.8 0.0975 1.3352 

1 31.16 16.5 41.29 8.912 44.0 612.1 0.0998 1.3332 
2 31.92 17.2 41.25 8.714 45.1 612.4 .1022 1.3312 
3 32.69 18.0 41.20 8.521 46.2 612.7 .1045 1.3292 
4 33.47 18.8 41.16 8.333 47.2 613.0 .1069 1.3273 
5 34.27 19.6 41.11 8.150 48.3 613.3 .1092 1.3253 

6 35.09 20.4 41.07 7.971 49.4 613.6 0.1115 1.3234 
7 35.92 21.2 41.01 7.798 50.5 613.9 .1138 1.3214 
8 36.77 22.1 40.98 8.629 51.6 614.3 .1162 1.3195 
9 37.63 22.9 40.93 7.464 52.7 614.6 .1185 1.3176 

10 38.51 23.8 40.89 7.304 53.8 614.9 .1208 1.3157 

11 39.40 24.7 40.84 7.148 54.9 615.2 0.1231 1.3137 
12 40.31 25.6 40.80 6.996 56.0 615.5 .1254 1.3118 
13 41.24 26.5 40.75 6.847 57.1 615.8 .1277 1.3099 
14 42.18 27.5 40.71 6.703 58.2 616.1 .1300 1.3081 
15 43.14 28.4 40.66 6.562 59.2 616.3 .1323 1.3062 

• Inoher of mercury below one atandard atmoaphere (29.92 ln.). 
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TABLE 16-6 (Continued) 

Pr-• IJquid, Vapor{ Enthalflt• datum -40"B En,, datum -40 ., 
Temp denalty IP vo tu per lb tu per lb., ., 

I .. paig lb/cu ft cu ft/lb t;~d Vapor IJquld Vapor 
1/•J •• A, ., .. 

16 44.12 29.4 40.61 6.4Z5 60.3 616.6 0.1346 1.3043 
17 45.12 30.4 40.57 6.291 61.4 616.9 .1369 1.3025 
18 46.13 31.4 40.52 6.161 62.5 617.2 .1392 1.3006 
19 47.16 32.5 40.48 6.034 63.6 617.5 .1415 1.2988 
20 48.21 33.5 40.43 5.910 64.7 617.8 .1437 1.2!169 

21 49.28 34.6 40.38 5.789 65.8 618.0 0.1460 1.2951 zz 50.36 35.7 40.34 5.671 66.9 618.3 .1483 1.2933 
23 51.47 36.8 40.29 5.556 68.0 618.6 .1505 1.2951 
24 52.59 37.9 40.25 5.443 69.1 618.9 .1528 1.2897 
25 53.78 39.0 40.20 5.334 70.2 619.1 .1551 1.2879 

26 54.90 40.2 40.15 5.227 71.3 619.4 0.1573 1.2861 
27 56.08 41.4 40.10 5.123 72.4 619.7 .1596 1.2843 
28 57.28 4Z.6 40.06 5.021 73.5 619.9 .1618 1.2825 
29 58.50 43.8 40.01 4.922 74.6 620.2 .1641 1.2808 
30 59.74 45.0 39.96 4.825 75.7 620.5 .1663 1.2790 

31 61.00 46.3 39.91 4.730 76.8 620.7 0.1686 1.2773 
32 62.29 47.6 39.86 4.637 77.9 621.0 .1708 1.2755 
33 63.59 48.9 39.82 4.547 79.0 621.2 .1730 1.2738 
34 64.91 50.2 39.77 4.459 80.1 621.5 .1753 1.2731 
35 66.26 52.6 39.72 4.373 81.2 621.7 .1775 1.2704 

36 67.63 52.9 39.67 4.289 82.3 622.0 0.1797 1.2686 
37 69.02 54.3 39.63 4.207 83.4 622.2 .1819 1.2669 
38 70.43 55.7 39.58 4.126 84.6 622.5 .1841 1.2652 
39 71.87 57.2 39.54 4.048 85.7 622.7 .1863 1.2635 
40 73.32 58.6 39.49 3.971 86.8 623.0 .1885 1.2618 

41 74.80 60.1 39.44 3.897 87.9 623.2 0.1908 1.2602 
4Z '16.31 61.6 39.39 3.823 89.0 623.4 .1930 1.2585 
43 '17.83 63.1 39.34 3.752 90.1 623.'1 .1952 1.2568 
44 '19.38 64.7 39.29 3.682 91.2 623.9 .1974 1.2552 
45 80.96 66.3 39.24 3.614 92.3 624.1 .1996 1.2535 

46 82.55 67.9 39.19 3.547 93.5 624.4 0.2018 1.2519 

"' 84.18 69.5 39.14 3.<&81 9<&.6 624.6 .2040 1.2502 
48 85.82 71.1 39.10 3.<&18 95.'1 624.8 .2062 1.2486 
<&9 87.49 72.8 39.05 3.355 96.8 625.0 .2083 1.2<&69 
50 89.19 '14.5 39.00 3.29<& 97.9 625.2 .2105 1.2453 

51 90.91 '16.2 38.95 3.234 99.1 625.5 0.2127 1.2437 
52 92.66 78.0 38.90 3.176 100.2 625.7 .2149 1.24Zl 
53 9<&.43 '19.'1 38.85 3.119 101.3 625.9 .2171 1.2405 
M 96.23 81.5 38.80 3.063 102.4 626.1 .2192 1.2389 
55 98.06 83.4 38.75 3.008 103.5 626.3 .3214 1.23'13 

56 99.91 85.2 38.70 2.9M 104.7 626.5 0.2236 1.2357 
57 101.8 87.1 38.65 2.902 105.8 626.7 .2257 1.2341 
58 103.'1 89.0 38.60 2.851 106.9 626.9 .2279 1.2325 
59 105.6 90.9 38.55 2.800 108.1 627.1 .2301 1.2310 
60 107.6 92.9 38.50 2.751 109.2 627.3 .2322 1.229<& 

61 109.6 9<&.9 38.<&5 2.703 110.3 62'1.5 0.2344 1.2278 
62 111.6 96.9 38.40 2.656 111.5 627.'1 .2365 1.2262 
63 113.6 98.9 38.35 2.610 112.6 627.9 .2387 1.224'1 
64 115.7 101.0 38.30 2.565 113.7 628.0 .2<&08 1.2231 
65 11'1.8 103.1 38.25 2.520 114.8 628.2 .2430 1.2216 

66 120.0 105.3 38.20 2.477 116.0 628.4 0.2<&51 1.2201 
67 122.1 107.4 38.15 2.<&35 11'1.1 628.6 .2473 1.2186 
68 12<&.3 109.6 38.10 2.393 118.3 628.8 .Z<&H 1.2170 
69 126.5 111.8 38.05 2.352 119.4 628.9 .2515 1.2155 
'10 128.8 114.1 38.00 2.312 120.5 629.1 .2537 1.2140 

'11 131.1 116.<& 37.95 2.273 121.'1 629.3 0.2558 1.2125 
'12 133.4 118.7 37.90 2.235 122.8 629.4 .2579 1.2110 
73 135.7 121.0 37.84 2.197 124.0 629.6 .2601 1.2095 
74 138.1 123.4 37.79 2.161 125.1 629.8 .2622 1.2080 
75 140.5 125.8 37.74 2.125 126.2 629.9 .26<&3 1.2065 

76 1<&3.0 128.3 37.69 2.089 127.4 630.1 0.266<& 1.2050 
77 145.4 130.7 37.64 2.055 128.5 630.2 .2685 1.2035 
78 1<&7 .9 133.2 37.58 2.021 129.7 630.4 .2706 1.2020 
79 150.5 135.8 37.53 1.988 130.8 630.5 .2728 1.2006 

' 80 153.0 138.3 37.48 1.955 132.0 630.7 .2749 1.1991 
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TABLE 16-6 (Continued) 

Temp Pressure Liquid, 
density 

F 

Vapor, Enthalft• datum -40 F 
sp vol tu per lb 

Entropy, datum -40 F 
Btu per lb F 

I psla Pale lb/cu ft cu ft/lb Lll;'d Vapor Liquid Vapor 
1/•J ., h, ., ., 

81 155.6 140.9 37.n 1.9l3 133.1 630.8 O.l769 1.10'16 
82 158.3 143.6 37.37 1.892 134.3 631.0 .2791 1.1962 
83 161.0 146.3 37.32 1.861 135.4 631.1 .2812 1.1947 
84 163.6 149.0 37.26 1.831 136.6 631.3 .2833 1.1933 
85 166.4 151.7 37.21 1.801 137.8 631.4 .2854 1.1918 

86 169.2 154.5 37.16 1.772 138.9 631.5 O.l875 1.1904 
87 172.0 157.3 37.11 1.744 140.1 631.7 .:Z895 1.1889 
88 174.8 160.1 37.05 1.716 141.2 631.8 .:Z917 1.1875 
89 177.7 163.0 37.00 1.688 142.4 631.9 .2937 1.1860 
90 180.6 165.9 36.95 1.661 143.5 632.0 .2958 1.1846 

91 183.6 168.9 36.89 1.635 144.7 632.1 0.2079 1.1832 
92 111<1.6 171.9 36.84 1.609 145.8 63l.3 .3000 1.1818 
93 189.6 174.9 36.78 1.584 147.0 632.3 .30:U 1.1804 
94 192.7 178.0 36.73 1.559 148.2 632.5 .3041 1.1789 
95 195.8 181.1 36.67 1.534 149.4 6U.6 .3062 1.1775 

96 198.9 184.2 36.6:Z 1.510 150.5 632.6 0.3083 1.1761 
97 202.1 187.4 36.56 1.487 151.7 632.8 .3104 1.1747 
98 205.3 190.6 36.51 1.464 152.9 632.9 .3125 1,1733 
99 208.6 193.9 36.45 1.441 154.0 632.9 .3145 1.1719 

100 211.9 197.2 36.40 1.419 155.2 633.0 .3166 1.1705 

101 215.2 200.5 36.34 1.397 156.4 633.1 0.3187 1.1691 
. 102 218.6 203.9 36.29 1.375 157.6 633.2 ,3207 1.1677 

103 222.0 207.3 36.l3 1.354 158.7 633.3 .3228 1.1663 
104 224.4 210.7 36.18 1.334 159.9 633.4 .3248 1.1649 
105 228.9 l14.2 36.12 1.313 161.1 633.4 .SZ69 1.1635 

106 232.5 217.8 36.06 1.293 162.3 633.5 0.8289 1.1621 
107 236.0 l21.3 36.01 1.274 163.5 633.6 .3310 1.1607 
108 239.7 225.0 35.95 1.254 164.6 633.6 .3330 1.1593 
109 243.3 228.6 35.90 1.235 165.8 633.7 .3351 1.1580 
110 247.0 232.3 35.84 1.217 167.0 633.7 .3372 1.1566 

111 250.8 236.1 35.78 1.198 168.2 633.8 0.3392 1.1552 
112 354.5 239.8 35.72 1.180 169.4 633.8 .3413 1.1538 
113 258.4 243.7 35.67 1.163 170.6 633.9 .3433 1.152t 
114 262.2 247.5 35.61 1,145 171.8 633.9 .3453 1.1510 
115 266.2 251.5 35.55 1.128 173.0 633.9 .M74 1.1497 

116 270.1 255.4 35.49 1.112 174.2 634.0 0.3495 1,1483 
117 274.1 259.4 35.43 1.095 175.4 634.0 .3515 1.1469 
118 278.2 263.5 35.38 1.079 176.6 634.0 .S$15 1.1455 
119 282.3 267.6 35.32 1.063 177.8 634.0 .5556 1.1441 
120 28<1.4 271.7 35.26 1.047 179.0 634.0 ,5576 1.1427 

121 290.6 275.9 35.20 1.032 180.2 634.0 0.3597 1.1t14 
122 294.8 280.1 35.14 1.017 181.4 634.0 .3618 1.1t00 
123 299.1 284.4 35.08 1.002 182.6 634.0 .3638 1.1386 
124 303.4 288.7 35.02 0.987 183.9 634.0 .3659 1.1372 
1Z5 307.8 293.1 34.96 0.973 185.1 63t.O .3679 1.1358 
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TABLE 16-7. Relative Safety of Refrigerants 
Toxicity 

Lethal or Serious Injury' 
Flammable 

Products of or Explosive 
Decomposition Limits of 

ASAB9 Nat'l Refrigerant in Air by Flame Concen-
Safety Fire tration 
Code Under- Duration Duration in Air 
Group writers of of % 

Classifi- Group Exposure % lb/1000 Exposure by % 
Refrigerant cation Number (hr) by Vol cu ft (min) Vol' by Vol 

Methane 31 +S 4.9-15.0 
R-14 p 61 Nonfiam. 
Ethylene 31 +S 3.0-25.0 
Nitrous oxide 8 0.0025 Nonfiam. 
R-13 J1 61 Nonfiam. 

Ethane 3 s 2 37.4-51.7 3.3-10.6 
Carbon dioxide 1 s ! to 1 29-30 33.2-34.3 Nonfiam. 
Kulene-131 J1 61 Nonfiam. 
Propane 3 s 2 37.5-51.7 42.4-58.5 2.3-7.3 
R-22 1 SA 16 1.0 Nonfiam.1 

Ammonia 2 2 l 0.5-0.6 0.221-0.256 16.0-25.0 
Carrene-7 1 SA 2 19.4-20.3 50.2-52.2 25 1.1 Nonfiam. 
R-12 1 6 2 28.5-30.4 89.6-95.7 20 1.0 Nonftam. 
Methyl chloride 2 4 2 2-2.5 2.62-3.28 30 2.4 8.1-17.2 
Isobutane 3 +S 1.8-8.4 

Sulfur dioxide 2 1 .l. 0.7 1.165 Nonfiam. 10 

Butane 3 s 2 37.5-51.7 1.6-6.5 
R-114 1 6 2 20.1-21.5 90.5-96.8 15 1.0 Nonftam. 
R-21 1 l 10.2 27.1 Nonftam. 
Ethyl chloride 2 4 1 4.0 6.72 18 2.0 3.7-12.0 

R-11 1 5 2 10 35.7 5 1.0 Nonfiam. 
Methyl formate 2 3 1 2-2.5 3.12-3.9 4.5-20.0 
Methylene chloride 1 4A l 5.1-5.3 11.25-11.7 20 1.0 Nonftam. 
R-113 1 4 1 4.8-5.2 23.3-25.2 16 1.2 Nonfiam. 
Dichlorethylene 2 4 1 2-2.5 5.04-6.3 5 2.1 5.6-11.4 

1 Unofficial. 
1 Very slightly flammable, but for practical purposes considered nonflammable. 
a To guinea pigs. 
' Initial concentration. 
From the ASRE Data Book, Design Volume, 1957-58 Edition, by permission of the American Society of Heating 

Refrigerating, and Air-Conditioning Engineers. 



TABLE 16-8. Comparative Refricerant Characteristics Performance Based on 5 F Evaporation and 86 F Condensation 

Refrigerant 

Air 
Methane 
Refrigerant 14 
Ethylene 
Ethane 

Nitrous Ozide 
Refrigerant 13 
Carbon Dioxide 
Refrigerant 13Bl 
Propylene 

Propane 
Refrigerant 22 
Ammonia 
Refrigerant 500 
Refrigerant 12 

Methyl Chloride 
lao butane 
Sulfur Dio:dde 
Methylamine 
Butane 

Refrigerant 114 
Refrigerant 21 
Ethyl Chloride 
Ethylsmine 
Refrigerant 11 

Meth:rl Formate 
EthJl Ether 
Methylene 

Chloride 
Refrigerant 113 

Cheml· Molec-
cal ular 

BJIDbol weight 

Cllt c.r, 
c,H. 
CoHo 

NoO 
CCIFo 
co, 
CF.:Sr 
CoHo 

CoHo 
CHCIF, 
NHo 

tcloF, 
CH.cl 
c. H .. so. 
CHoN 
CoHn 

C.cl.F, 
CHCloF 
ColloCl 
CoHrN 
CCloF 

28.95 
16.03 
88.00 
28.03 
30.04 

46.01 
104.40 
44.00 

148.93 
42.08 

44.06 
86.48 
17.03 
99.29 

120.9 

50.48 
58.12 
64.06 
31.05 
58.12 

170.93 
102.93 
64.52 
45.06 

137.38 

c,H,o, 60.04 
c,H .. o 74.08 
CHaCla 84.93 

CrClrFa 187.39 

Dichloroethyleoe C,H,Cla 96.93 
Trichloroethylene C,HCla 131.37 
Water (40 F and HaO 18.02 

86 F) 

Bolllq 
tempeT

ature 
at 0 
paig 

Freezing 
temper- Critical 

ature temper-
at o ature 

F 

-318.0 
-258.9 
-198.2 
-155.0 
-127.5 

-127.0 
-114.5 
-109.3 
- 73.6 
- 53.7 

- 44.2 
- 41.4 
- 28.0 
- 28.0 
- 21.6 

- 10.8 
10.3 
14.0 
20.3 
31.3 

38.4 
48.0 
54.0 
61.8 
74.7 

psig 

F 

-297.0 
-312.0 
-272.0 
-278.0 

-128.0 
-296.0 
- 69.9 
-226.0 
-301.0 

-309.8 
-256.0 
-107.9 
-254.0 
-252.0 

-144.0 
-229.0 
-103.9 
-134.5 
-211.0 

-137.0 
-211.0 
-217.7 
-115.0 
-168.0 

89.2 -147.5 
94.3 -177.3 

105.2 -142.0 

F 

-221.0 
-115.8 
- 49.9 

48.8 
90.1 

96.5 
83.9 
87.8 

153.5 
196.5 

202.0 
204.8 
271.4 
221.1 
232.7 

289.4 
272.7 
314.8 
314.0 
306.0 

294.3 
353.3 
369.0 
362.0 
388.4 

418.0 
522.1 
480.0 

417.4 

Ratio Net Liquid Tem-
Con- of com- refrig- Refrig- circu- Specific Com- Horse- Coeffi- pera

Crltical Evapo- densin& pression erating erant lated volume pressor power cieot ture of 
pres- rator pres- at effect circu- per of displace- per of com-
sure pressure sure 86F,SF of lated ton vapor meot ton per- pres-

atSF at86F liquid per 86F,SF SF per too 86F,5Fform- sor 

psia 

547.0 
673.0 
542.4 
731.8 
708.3 

1050.0 
561.3 

1071.1 
587.0 
667.2 

661.5 
716.0 

1657.0 
631.0 
582.0 

968.7 
537 0 

1141.5 
1082.0 
550.1 

474.0 
750.0 
764.0 
815.0 
635.0 

607.0 
380.8 
670.0 

495.0 

psig 

0 

I 
399.8 
221.3 

294.3 
177.1 
317.5 
63.2 
37.0 

27.2 
28.3 
19.6 
16.4 
118 

6.5 
3 3* 
5.9* 
9.9* 

13.2* 

16.1* 
19.2* 
20.5* 
23.1* 
24.0* 

26.3* 
26.9* 
27.6* 

paig 

58.8 

t 
661.1 

922.3 

* 1031.0 
247.1 
167.0 

140.5 
159.8 
154.5 
113.4 
93.2 

80.0 
44.8 
51.8 
46.8 
26.9 

22.0 
16.5 
12.4 
10.0 
3.6 

1.6* 
4.9* 
9.5* 

13.9* 

psia 86 F, 5 F too 86 F, 5 F ance Jis-
cu ln./ 86 F, charge 

psia Bto/lb lb/min min cu ft/lb cfm hp 5 F F 

5.00 28.5 7.02 

2.86 58.6 3.41 342.9 

3.03 85.2 

3.15 55.5 
3.36 29.3 
3.51 173.0 

3.70 
4.06 
4.94 
4.12 
4.07 

4.48 
4.54 
5.63 
6.13 
5.07 

5.42 
5.96 
5.83 
7.40 
6.24 

121.0 
69.3 

474.4 
61.1 
51.1 

150.2 
111.5 
141.4 
304.0 
128.6 

43.1 
89.4 

142.3 
225.5 
67.5 

2.35 
0 

3.62 
6.86 
1.1 

1.65 
2.89 
0.422 
3.27 
3.92 

1.33 
1.79 
1.41 
0.66 
1.56 

4.64 
2.24 
1.45 
0.89 
2.96 

7.74 189.2 1.06 
8.20 126.3 1.58 
8.60 134.6 1.49 

71.2 

167.1 
123.8 
61.5 

94.0 
68.0 
19.6 
79.3 
83.9 

40.9 
91.0 
26.6 
28.2 
75.9 

89.2 
45.7 
45.8 

349.0 
56.0 

29.9 
62.9 
30.9 

66.5 

11.7 

0.53 

0.28 

0.27 
0.38 
2.61 

2.48 
1.25 
8.15 
1.52 
1.49 

4.47 
6.41 
6.42 

15.54 
9.98 

4.22 
9.13 

17.06 
32.32 
12.27 

82.3 2.82 1,67 

1.82 1.953 2.41 

0.66 1.310 3.60 

0.96 1.840 2.56 
2.63 1.030 4.25 
3.03 1.046 4.51 

4.09 
3.60 
3.44 
4.97 
5.81 

5.95 
11.50 
9.09 

10.23 
15.52 

19.59 
20.43 
24.82 
38.67 
36.32 

1.030 
1.011 
0.989 
1.022 
1.002 

0.962 
1.083 
0.968 
0.978 
0.953 

1.015 
0.943 
0.906 
0.855 
0.927 

4.58 
4.66 
4.76 
4.61 
4.70 

4.90 
4.36 
4.87 
4.81 
4.95 

4.64 
5.05 
5.21 
5.52 
5.09 

48.25 51.00 
35.00 55.40 0.822 5. 74 
49.90 74.30 0.963 4.90 

27.04 100.76 0.960 4.92 

122 

151 
124 
108 

97 
131 
210 
105 
100 

172 
80 

191 

88 

86 
142 
106 

205 

86 117.6 - 31.0 

118.0 - 70.0 
187.0 -124.3 
212.0 32.0 

470.0 795.0 
520.0 728.0 
706.1 3226.0 

27.9* 

28.3* 
29.6* 
29.7* 

15.8* 
26.2* 
28.6* 

8.02 53.7 3.73 

8.42 114.3 1.75 
11.65 91.7 2.18 
5.06 1025.3 0.195 

38.3 63.60 111.20 0.973 4.83 
41.6 229.40 502.00 0.980 4.82 
5.5 12444.40 476.70 1.125 4.10 282 

• Inches of Mereury Vacuum. 
t Aoeotropic Mixture of Genetron-100 (CHaCHFo) and Freoo-12 (CCloFo). 
t Above Critical. 

From A.SRE Dtlla J!Hk, Design Volume, 19S7-1958 Edition, by permillion of the American Society of Heatina· RdrJaenting, Uld Alr-Condltioning Bl1giDeen. 
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TABLES .of89 

TABLE 19-1. Dimensions and Physical Data-copper, Brass, or Seamless 
Steel Tubing 

Trau1"ene LiD. Ft. of Pipe ~ Area PerSqu~~re ~ ~ Sl8e NomiDal &tenW IntenW "I'hiok- SquareiDCb .. Foot o( ot,ljr. in Ft. W~t 
In IDCb.. ~ Dla. Type Dla. -of m t. OecuE- Peor 

OD ........ IDCb.. Metal Contain· Contain-~ofu. Foot ........ IDCb .. Esterual Intenaal Esterual Iuterual ~1-Cu. ~ Pounda 
san- Sudace oot Spaee 

:-------------------

" ~ .250 - .190 .030•• .110 .028 15.25 20.00 5090.0 681.0 2940.0 -~ 

" " .375 It .311 .032•• .110 .076 10.45 12.29 1895.0 253.0 1310.0 ,-;IM 

~ " .500 It .402 .110 .196 .127 7.65 9.50 1135.0 15LO 735.0 .269 
L .430 .035 .144 8.89 100LO 133.5 .198 

-
" ~ .625 It .527 .110 .306 .218 6.10 7,25 660.5 88.0 470.0 .344 

L .545 .040 .232 7.00 621.0 82.6 .284 

" " .750 It .652 .110 .539 .333 5.10 5.85 432.5 57.5 267.0 .418 
L .660 .oa .341 5.79 422.0 56.1 .362 

~ " .875 It . 745 .065 .598 .435 4.36 5.12 33LO 44.0 240.5 .641 
L .785 .045 .482 4.86 299.0 39.8 .454 

1~ 1 1.125 It .995 .065 .989 .775 3.39 3.84 186.0 24.7 145.9 .839 
L 1.1125 .050 .825 3.72 174.7 23.2 .653 

1U 1J.( 1.375 It L245 .065 1.481 L215 2.78 3.06 118.9 15.8 97.3 1.04 
L 1.265 .055 1.255 3.02 115.0 15.3 .882 

-
1H ·~ 1.625 It 1.481 .072 2.070 1.725 2.35 2.57 83.5 11.1 69.6 1.36 

L 1.505 .060 1.771 2.54 81.4 10.8 1.14 

2~ z 2.125 It 1.959 .081 3.540 3.000 1.80 1.95 48.0 6.39 40.6 2.06 
L 1.985 .070 3.090 1.92 46.6 6.20 1.75 

2H z~ 2.625 It 2.435 .095 5.400 4.620 1.45 1.57 31.2 4.15 27.6 2.92 
L 2.465 .080 4.760 1.55 30.2 4.01 2.48 

3~ s 3.125 It 2.907 .109 7.750 6.620 1.22 1.31 21.8 2.90 18.6 4.00 
L 2.945 .090 6.810 1.29 21.1 2.80 3.33 

3'i 3Ji 3.625 It S.385 .120 10.350 8.96 1.05 1.13 16.1 2.14 13.9 5.12 
L 3.GS .100 9.21 1.11 15.6 2.07 4.29 

4~ 4 4.125 It 3.857 .1H 13.820 11.620 .9S .99 12.4 i.65 7.50 6.51 
L 1.905 .110 11.920 .98 12.1 1.61 5.S8 

5~ 5 5.l25 It 4.805 .160 ~.530 18.100 .75 .79 7.95 1.06 7.04 9.67 
L 4.875 .125 18.600 .78 7.75 I. OS 7.61 

6~ 6 6.125 It 5.741 .192 ~.- ~.80 .62 .67 5.59 .74 4.90 13.87 
L 5.845 .140 ~-61 .66 5.41 .72 10.20 

·~ 8 8.125 It 7.583 .271 51.700 44.80 .47 .50 3.22, .43 2.78 25.90 
L 7.725 .200 46.60 .49 3.09 .41 19.29 

Coartesy York Corporat1o11. 



TABLE 19-2. Refrigerant Line Capacities in Tons for Refrigerant-ll (Single or High Stage Applications) 

Tons of Refrigeration Resulting in a Line Friction Drop per 100Ft Equivalent Pipe Length Corresponding to 2 F (~T) Change 
in Saturation Temp 

Suction Lines* 
Liquid Lines Line Siz.e Discharge Lines• t:.P = 3.66 Condenser to Receiver• to 

TypeL Suction Temp F Line Siz.e Receiver System 
Copper TypeL Velocity= t:.T=IF 

OD -40 -ZO I 0 zo 40 Sat. Suet. TempF Copper IOOfpm t:.P=l.Bpsi 
t:.P==0.49 t:.P=0.7Z t:.P=I.Ol t:.P=1.38 t:.P=l.BZ -40 0 40 OD 

i 0.21 0.31 0.46 0.54 0.67 i 1.16 2.03 
t 0.17 0.26 0.40 0.58 0.85 0.98 1.23 i 2.65 3.81 
i 0.25 0.42 0.68 1.04 1.50 2.23 2.58 3.22 1 6.94 10.10 l' 

11 0.51 0.87 1.39 2.10 3.10 4.60 5.30 6.65 1i 11.85 20.5 
1l 0.87 1.52 2.40 3.70 5.36 7.8 9.0 11.3 1i 18.10 35.1 
1l 1.41 2.44 3.86 5.82 8.50 12.4 14.4 18.0 H 25.5 57.5 
21 2.94 5.03 8.00 12.1 17.6 25.8 30.0 37.4 2i 44.4 117.8 
21 5.20 8.94 14.2 21.3 31.4 45.5 52.5 66.0 21 68.4 207.8 
31 8.35 14.3 22.7 34.0 49.5 73.0 85.0 106.0 3i 97.5 344.0 
31 12.4 21.2 33.8 50.6 73.5 107.0 124.0 155.0 31 132.0 508.0 
41 17.4 29.9 47.7 71.0 103.0 152.0 176.0 220.0 4i 173.0 704.0 
51 31.7 54.0 85.3 128.0 187.0 270.0 314.0 392.0 
61 50.8 86.0 137.0 206.0 299.0 428.0 494.0 620.0 

Steel Steel 
IPS SCH IPS SCH 

i 40 0.30 0.45 0.64 0.92 1.07 1.34 i 80 3.43 3.23 
! 40 0.24 0.41 0.64 0.96 1.39 1.96 2.26 2.83 .l 80 6.25 7.27 • 1 40 0.46 0.78 1.22 1.82 2.68 3.75 4.35 5.42 1 80 10.4 14.3 

11 40 0.97 1.60 2.52 3.78 5.41 7.8 9.0 11.3 1l 80 18.6 30.1 
1! 40 1.50 2.41 3.76 5.62 8.12 11.4 13.2 16.5 1! 80 25.5 47.3 
2 40 2.81 4.69 7.40 10.9 15.7 21.6 25.1 31.4 2 40 48.0 111.9 
2! 40 4.44 7.42 11.6 17.3 24.7 34.7 40.2 50.2 2.! 2 40 68.3 173.0 
3 40 8.04 13.2 20.6 30.6 43.8 61.0 70.8 88.4 3 40 104.0 311.8 
4 40 16.03 27.0 42.8 62.9 90.2 125.0 146.0 182.0 4 40 179.0 634.0 
5 40 30.0 49.1 78.7 114.0 165.0 228.0 264.0 330.0 
6 40 48.2 78.6 124.0 182.0 268.0 365.0 421.0 528.0 
8 48 98.4 161.0 254.0 376.0 541.0 745.0 865.0 1080.0 

10 40 180.0 297.0 458.0 678.0 972.0 1350.0 1570.0 1960.0 
12 ID 286.0 475.0 729.0 1080.0 1520.0 2130.0 2460.0 3090.0 
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NOTES: 

* (1) Basis of Table: 100 F Condensing Temp, 2 F t:..T per 100ft Equivalent Length (except liquid lines). 
(2) For other t:..T's and Equivalent Lengths, 

( 
Actual t:..T loss desired, F )o.u 

Line Capacity (Tons)-Table TonsX SOX Actual equiv.length,ft 

(J) For other Tons and Equivalent Lengths~ . . Actual Equi'D. Length,jt X ( Actual Tons )1.s 
t:..T for a g1ven PJPe nze 50 Table Tons 

(4) Values based on 100 F Condensing Temp. For capacities at 
other condensing temp. multiply table value by line capacity 
multiplier below: 

Line Condensing Temp, F 

80 90 100 105 110 120 

Suction Lines 1.11 1.06 1.00 0.97 0.94 0.88 

Discharge Lines 0.88 0.94 1.00 1.04 1.07 1.16 

(5) Tabulated data taken from chapter 9 of the ASRE 1957-58 
Design Data Book. Initially developed from ARI preliminary 
data. 

(6) For the Equivalent Change in saturation temp for various line 
pressure drops in psi refer to Fig. 

TEMPERATURE EQUIVALENT (AT) OF 

PRESSURE DROP, F (REFRIGERANT 12) 

u. 
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From ASRE Data Book, Design Volume, 1957-58 Edition, by permission of the American Soci~ty of Heating, Refrigerating, and 
Air-Conditioning Engineers. 
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TABLE 19-3. Refriaerant Line Capacities for Refriaer.ant-21 (Sinale or Hiah Staae Applications) 

Tons of Refrigeration Resulting in a Line Friction Drop per 100 Ft Equivalent Pipe Length Corresponding to 2 F (.iT) Change in 
Saturation Temp 

Suction Lines* Liquid Lines 
Line Size Discharge Lines* !!.P == 6.1 

Type L Suction Temp, F Line Size Condenser to 
Copper Type L Receiver Receiver to 

OD -40 -ZO 0 zo 40 Sat. Suet. Temp Copper Velocity System 
~P-0.19 !!J> ... 1.15 ~P=1.6 ~P-z.zz !!.P-Z.93 -40 0 40 OD ==100/pm ~T-1 F 

t 0.40 0.59 1.0 l.I 1.2 t 2.24 3.5 
i 0.32 0.49 0.75 l.IO 2.1 2.3 2.5 i 3.57 6.4 
t 0.35 0.87 1.3I 2.00 1.89 4.9 5.4 5.2 t 7.4I I7.0 

1l 1.08 1. 74 2.65 4.03 5.82 9.8 I0.7 11.8 Ii I2.7 34.4 
Ii 1.88 3.0I 4.6I 7.03 9.98 I7 .0 18.6 20.5 If I9.2 60.0 
It 2.90 4.78 7.23 10.26 I5.95 26.4 29.0 31.9 It 27.2 95.0 
21 6.2I 9.97 15.2 23.2 33.2 55.0 60.3 66.3 21 47.3 200.0 
2i I0.8 I7.5 26.5 40.3 58.1 96.0 105.0 115.6 2i 73.2 354.0 
31 17.3 27.1 43.3 64.5 23.1 155.0 170.0 187.3 31 104.I 572.0 
3i 25.9 41.9 63.9 96.8 139.5 233.0 255.0 281.0 3t 141.I 860.0 
41 36.9 59.2 89.7 136.0 I96.0 327.0 358.0 394.0 41 183.0 1200.0 
51 66.1 106.7 162.0 245.0 355.0 588.0 644.0 709.0 

Steel Steel 
IPS SCH IPS SCH 

t 40 0.38 0.56 0.84 1.20 2.0 2.2 2.4 t 80 4.66 5.5 
t 40 0.49 0.78 1.18 1. 77 2.52 4.1 4.5 5.0 l 80 6.17 12.2 

1 40 0.94 1.49 2.24 3.24 4.72 7.8 8.5 9.4 1 80 13.2 24.4 
1i 40 1.95 3.01 4.67 6.83 9.73 16.1 I7.6 19.4 H 80 22.9 51.5 
1! 40 2.89 4.63 7.04 10.4 14.7 24.1 26.5 29.I It 80 37.I 78.0 
2 40 5.60 8.90 13.0 19.9 28.2 46.6 51.0 56.2 2 40 51.5 185.0 
2! 40 8.90 14.2 21.5 31.9 45.9 74.7 82.0 90.0 2! 40 73.3 297.0 
3 40 15.9 25.2 38.0 56.5 80.1 132.0 I44.0 159.0 3 40 113.0 510.0 
3! 40 23.I 36.I 55.I .81.0 116.0 189.0 207.0 228.0 3! 40 I51.5 704.0 
4 40 32.I 50.8 76.7 112.7 I59.5 260.0 285.0 3I4.0 4 40 I95.0 1060.0 
5 40 57.8 91.0 I38.6 204.0 292.0 477.0 520.0 575.0 
6 40 94.I I48.6 224.0 329.0 472.0 775.0 850.0 937.0 
8 40 199.0 316.0 474.0 704.0 996.0 1650.0 1810.0 1992.0 

IO 40 294.2 550.0 840.0 1226.0 I760.0 2880.0 3I50.0 3470.0 
12 ID 555.0 877.0 I340.0 I935.0 2795.0 4640.0 5080.0 5590.0 
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NOTES: 

• {1) Basis of Table: 105 F Condensing Temperature, Z F t:..T per 
100ft Equivalent Length (except li.quid lines). 

(Z) For Other t:..T's and Equivalent Lengths' 

Line Capacity (Tons)- Table Tons X 

( 50 
Actual t:..T loss desired, F )o.u 

X Actual Equiv.length,ft 

(3) For other Tons and Equivalent Lengths 

t:..T for a given pipe size- Actual Equiv. Length,jt 
50 X 

( 
Actual Tons )1.1 
Table Tons 

( 4) For the equivalent change in saturation temperature for various 
line pressure drops in psi, refer to Fig. 

(5) Data developed from preliminary ARI information. Subject to 
correction. 

(6) For other condensing temperatures, multiply table tons by the 
following factors: 

Condensing Temp F. 
80 
90 

100 
110 
1ZD 

Suction Lines 

1.13 
1.08 
1.03 
0.97 
0.91 

Hot Gas Lines 

0.77 
0.86 
0.95 
1.04 
1.13 

12 
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PRESSURE DROP (6P) PSI. 

TEMP EQUIV. (.:lT) OF PRESSURE DROP, F 
(REFRIGERANT 22) 

From ASRE Data Book, Design Volume, 1957-58 Edition, by permission of the American Society of Heating, Refrigerating, and Air
Conditioning Engineers. 
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TABLE 19-4. Refrigerant Line Capacities for Refrigerant-717 (Ammonia) (Single or High Stage Applications) 

Tons of Refrigeration Resulting in a Line Friction Drop per 100 Ft Equivalent Pipe Length Corresponding to I F (LlT) Change in 
Saturation Temp 

Suction Lines• Liquid Lines 

Suction Temperature F Discharge Condenser to 
Line Size Lines Line Size Receir~er 

Receir1er to 

-40 -20 0 20 40 llP=3.3 Velocity System 

IPS SCH llP=0.32 llP=0.52 llP=0.18 llP=1.08 llP=1.48 IPS SCH =100 fpm llP=J.J 

i 80 
l 80 3.63 l 80 13.5 29.7 
l 80 2.58 3.75 7.98 ! 80 24.9 66.7 

1 80 2.11 3.46 5.14 7.50 15.9 1 80 41.5 130.0 
1l 40 3.24 5.57 8.90 13.4 19.4 41.2 1i 40 86.2 281.0 
1! 40 4.83 8.75 13.70 20.2 29.4 57.5 1! 40 117.2 439.0 
2 40 9.34 16.4 26.2 39.4 57.3 118.9 2 40 193.5 1004.0 
2! 40 15.0 26.0 42.2 62.5 91.2 187.2 2! 40 276.0 1599.0 
3 40 26.9 46.0 73.9 111.0 162.0 338.2 3 40 425.0 2341.0 
4 40 56.1 94.5 151.0 226.0 327.0 676.0 4 40 736.0 5750.0 
5 40 102.0 172.0 272.0 408.0 592.0 1228.0 5 40 
6 40 160.0 280.0 445.0 662.0 958.0 1986.0 6 40 
8 40 338.0 570.0 908.0 1355.0 1960.0 4120.0 8 40 

10 40 605.0 1030.0 1640.0 2430.0 3555.0 10 40 
12 ID 975.0 1660.0 2640.0 3940.0 5680.0 12 ID 

NOTES: 
(1) Basis of Table: 100 F Condensing Temperature, 1 F llT per 100ft equivalent length. Discharge and liquid lines based on 0 F suction. 
(Z) For other llT's and Equivalent Lengths, 

( 
SOXActualllT Loss Desired, F )o.ili 

Line Capacity (tons)=Table TonsX 
Actual Equiv. Length,jt 

(J) For other Tons and Equivalent Lengths, 
. . . Actual Equiv. Length,ft (Actual Tons )1.1 

llT for a g~ven PiPe me 50 X Table Tons 

(4) Values based on 100 F condensing temp. For capo.cities at other condensing temp, multiply table value by line capacity multiplier: 

i 
., 
;:D 

z 
n 
:;; 
r
m 

"' 
0 
'TI 

;:D 
m 
'TI 
;:D 

Ci 
m 
;:D 

~ 
0 z 



Condensing Temperature F 
Line 70 80 90 100 

Suction Lines -f.;;-+.~ 1 0 

1.0 

Discharge Lines __ --~---~ __ o.~ _o.9o 1.0 
- - -- -

(5) For the Equivalent Change in saturation temp for various line pressure drops in psi, refer to Fig. 
* (6) Taken from chapter 9 of the 1957-58 ASRE Desiz.n Data Book. Initially developed from ARI preliminary data. 
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TABLE 19-5. Refrigerant Line Capacities for Intermediate or Low Stage 
Duty (Tons) for Refrigerants 12, n, and Ammonia 

Line SUe 
~lion Linet' Line Liquid Lineo 

Refrlg•tmt tmtl ll.T meL DU- SUe 

~~ ~lion rem~ F chlzr,. meL Condens•la Reub>-
C<>H« Linet' eo,., Receiver ;.,:.. OD -!10 -110 -10 -60 -SO -40 -JO OD V-IOO/Pm 

t t 2.1 
Refrigerant 12 I I 3.9 

i 0.2 0.3 0.4 0.5 0.9 i 11.0 
It 0.17 0.24 0.3 0.4 0.6 0.8 1.0 1.8 It 21.5 
1f 0.30 0.42 0.6 0.8 1.1 1.4 1.7 3.2 1f 37.0 
11 0.47 0.67 0.9 1.2 1.7 2.2 2.7 5.0 11 60.0 
2i 1.00 1.40 1.9 2.5 3.5 4.6 5.7 10.5 2i 125.0 

2 F ll.T Per 100 ft 21 1.7 2.4 3.3 4.5 6.1 8.0 10.0 18.5 21 220.0 
Equiv. Lenctb 3i 2.8 3.9" 5.4 7.3 10.0 13.0 16.2 30.0 31 See Table 3SO.O 

31 4.1 5.9 8.2 10.8 15.0 19.5 24.3 44.0 31 19-2 
4i 6.0 8.5 11.7 15.6 21.5 28.0 35.0 65.0 4i 
5i 10.6 15.1 20.8 27.8 38.5 50.0 62.5 113.0 5i 
6i 18.1 25.8 35.4 47.2 65.4 85.0 106.0 180.0 6i 

t t 3.6 
Refrigerant 22 I 0.6 I 7.0 

i 0.16 0.23 0.31 0.44 0.57 0.75 0.94 1.5 i 18.0 
It 0.34 0.49 0.65 0.91 1.19 1.55 1.93 3.0 li 36.0 
If 0.59 0.81 1.12 1.59 2.07 2.7 3.4 5.2 If 63.0 
11 0.93 1.34 1.8 2.5 3.3 4.3 5.4 8.5 11 100.0 
2i 1.9 2.8 3.7 5.2 6.8 8.9 11.1 17.5 2i 210.0 

2 F ll.T Per 100 ft 21 3.5 5.0 6.6 9.4 12.3 16.0 20.0 31.0 21 375.0 
Equiv. Lencth 3i 5.5 8.0 10.6 15.0 19.6 25.5 32.0 50.0 3i See Table 

31 8.4 12.0 16.0 22.6 29.5 38.5 49.0 75.0 31 19-3 
4} 12.0 17.2 22.9 32.3 42.3 55.0 68.8 105.0 41 
51 21.2 30.6 41.0 57.5 75.0 98.0 122.0 1!10.0 5i 
61 34.8 50.0 66.5 94.0 123.0 160.0 200.0 305.0 6t 

IPs;~ BtHl 
-60 -so -411 -JO IPS~!J 

t 80 17.0 
t 40 0.26 0.38 0.50 0.62 1.0 t 80 34.0 
f 40 0.55 0.76 1.05 1.30 2.1 t 80 75.0 

I 40 1.05 1.53 2.00 2.50 4.1 I 80 150.0 
Refrigerant 717 It 40 2.15 3.15 4.10 5.10 8.5 It 80 305.0 

(Ammonia) It 40 3.4 5.0 6.5 8.1 12.5 It 80 4!10.0 
2 40 6.3 9.2 12.0 15.0 25.0 2 40 See Table 
2l 40 10.3 15.0 19.5 24.3 40.0 2t 40 19-4 

I F ll.T Per 100 ft 3 40 18.4 26.8 35.0 43.7 71.0 3 40 
Equiv. LeDJth 3t 40 27.3 39.8 52.0 65.0 105.0 3l 40 

4 40 37.8 55.2 72.0 90.0 145.0 4 40 
s 40 68.3 100.0 130.0 162.0 260.0 s 40 
6 40 110.0 161.0 210.0 262.0 425.0 6 40 
8 40 258.0 376.0 490.0 610.0 8 40 

NOTES: 
• (I) V..Z.... o• l/lir IGbk Ml ,_ of rqrigeralitm ......um, m a U... frklilm 4rDf! ,., IOO ft of~ l>il>o leJociA corresponding lo 1M (ll.T> 

.,.,...,. .., IIJitlratiot& -~~ Wiealeolm,. llfl un4 .,._....,,. ,qng.,.,., ~-
(Z) V..Z....Iw«< 011 0 F MJhmJIMl "'""""'' -~~· For eaptu:iHa at Dllw MJhmJIMI'""""'r• -~~. ~ IGbk .W... by prop.r U... t:al't» 
01,~: 

Lmo C..~ AI~• 
&1. DU-.,.,.,. ~-"'II R.Jric_,ZZ .. _ ... 
T111f1J,F s...w.. INdtarr• s..liOII ~ INdtarr• 

-30 I.II 0.55 I.09 0.58 
-10 I.07 0.10 I.06 0.1I 
-IO I.03 0.85 I.03 0.85 0." 

0 I.OO I.()(} I.OO I.OO 1.00 
10 0.96 I.l5 0.9'1 1.10 1.13 
zo 0.93 1.50 0.!14 1.45 1.45 
JO 0.90 1.80 0.90 1.80 1.6'1 

(JJ For.,., ll.r• a~M ~ LnclJu, 

( 
100 At:lul ll.T L11u Daiutl, F )'• 

U.. C..,..U, (T...,)-Toile T...,X At:lul l!.fM. Z....,U../1 X TIJ!U liT Lllu,ll' 

(4) For Dllw TOIU aiM Bq.....,.,., LnclJu ma,..... l>il>o siao, 

T"''-TIJ!U T At:lul Bq.jo. Z....,U..fl X ( Aelti<Jl TOIU )'" ll. .,.., ll. X 100 TIJ!UT..., 

(5) V..Z....olilllitiM/fflll CtJt'rW Corf>. iDitJ. 

From ASRE Dala Book, Dea1p Volume. 1957-58 Bdltloa, by permllaloa or tbe American Society or Healing. Refrigeralllls. 
and Air-Conditioning EnsJneen. 
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CHART 14-1. Btu per Minute Removed In Refrl1erant-ll Condenser per Ton of 
Refrl1eratln1 Effect Occurrln1 In Evaporator 
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From A.SRE Data Book, Design Volume 1957-58 Edition, by per
mission of the American Society of Heating, Refrigerating, and 
Air-Conditioning Engineers. 

CHART 14-1. Btu per Minute Removed In Refrl1erant-n Condenser per Ton of 
Refrl1eratin1 Effect OccurrJn1 Jn Evaporator 
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CHART 14-3. Btu per Minute Removed in Ammonia Condenser per Ton Refrigerating 
Effect Occurring in Evaporator 
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From ASRE Data Book, Design Volume 1957-58 Edition, 
by permission of The American Society of Heating, Refrigerat
ing and Air-Conditioning Engineers. 

CHART 15-1. Resistance to Flow of Water Through Smooth Copper Tubing 
1

0,000~~~~~~~~~~iiii~~~~~~i~ 
8,000 r---[::l-1 Copper Tubing . :>mootn ~,;opper UDing 
6,000 L Type M 
5,000~ 
4,000 r-- Type L 
3,000~1-Type K 

2,000 l-t-r-++t-lrt+++t-tt-t-t-H-t+t-H--17fl--t.:P<-*"'H'I:Htl+~ 

1,000 IL~ 
800 
600 
500 
400 

~ 
300 

c 200 ·e v 
8. 

100 
j~v .. 

c 
80 .S! 

'i ~ 
~ 40 

30 

2 ov .)( 

I\ 

0 
,......v\ 

Sf--' .,. 
6 
5 
4 
3./ 

2 -~ 
~ 

~ 

1 v..~ a ~ a ~ ~~ ~ ..-4 C\1 M • ll')\Q oo s ~ ~ ~ ~fE ~ § 
Pressure drop (psi per 100 lin. It) 

National Bureau of Standards Report BMS 79. 



CHARTS 499 

CHART 15-:Z. Resistance to Flow of Water Through Fairly Rough Pipe 
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CHART 19-IA. Minimum Gas Velocity for 011 Entrainment 
in Copper-Tube Suction Risers 

Design for At Least 25% Greater Velocity at Lowest Partial Loading 
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Courtesy Carrier Corporation. 
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CHART 19-IB. Minimum Gas Velocity for Oil Entrainment ~ 
in Copper-Tube Suction Risers n 

Design for At Least 25% Greater Velocity at Lowest Partial Loading 
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CHART 19-IC Minimum Gas Velocity for Oil Entrainment 
Up Vertical Hot Gas Risers 

At Least 25% Greater Velocity at Lowest Partial Loading 
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CHART 19-ID Minimum Velocity for Oil Entrainment 
Up Vertical Hot Gas Risers 

At Least 25% Greater Velocity at Lowest Partial Loading 
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CHART 19-lA. Refrlgerant-ll Flow Rate 
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CHART 19-lB. Refrigerant·ll Flow Rate 
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CHART 19-lC. Ammonia Flow Rate 
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The equipment rating tables reprinted in this book are intended only to illustrate methods of 
equipment rating and selection. For this reason, many are incomplete and therefore do not 
represent the full line of the manufacturer. 

TABLE R-1. Natural Convection Cooling Coils Capacities 
Btujhrjlnch Finned Length 

Surface 
(7* less than overall) No. Fin Sq~t Btu per Hr per in. 

Model Width Tubes Spac. perm. 1•To 15°TD 

Single Row High Coils 

1-14 13' 4 t 1.26 1.47 22.1 
l 0.86 1.21 18.2 

K-16 18)-1 6 t 1.89 2.21 33.1 
l 1.29 1.82 27.3 

L-18 24 .. 8 l 2.52 2.94 44.1 
l 1.72 2.44 35.5 

N-1.10 29!' 10 t 3.15 3.68 55.2 
l 2.15 3.04 45.9 

1-18 30 .. 8 t 2.52 2.94 44.2 
l 1.72 2.44 36.6 

K-1.12 42 .. 12 t 3.78 4.42 66.3 
l 2.58 3.65 54.8 

L-1.16 54 .. 16 t 5.04 5.88 88.4 
l 3.44 4.87 73.2 

P1-14 13 ... 8 t 2.52 2.94 44.2 
l 1.72 2.44 36.6 

PK-16 18!'* 12 t 3.78 4.42 66.2 
l 2.58 3.65 54.8 

PL-18 24 ... 16 t 5.04 5.88 88.3 
l 3.44 4.87 73.0 

PN-1.10 29!* 20 t 6.30 7.33 110.0 
l 4.30 6.10 91.1 

Two Row High Coils 

1-24 13 .. 8 t 2.52 2.65 39.8 
l 1.72 2.23 33.5 

K-26 18!* 12 t 3.78 3.96 59.4 
l 2.58 3.34 50.1 

L-28 24' 16 t 5.04 5.30 79.5 
l 3.44 4.45 66.8 

N-2.10 29)-.. 20 t 6.30 6.62 99.3 
l 4.30 5.51 83.6 

1-28 30* 16 t 5.04 5.30 79.5 
l 3.44 4.45 66.8 

K-2.12: 42' 24 t 1.56 7.92 118.8 
l 5.16 6.68 100.2 

L-2.16 54' 32 t 10.08 10.60 159.0 
l 6.88 8.90 133.5 

P1-24 13'* 16 t 5.04 5.30 79.5 
l 3.44 4.45 66.8 

PK-26 18)-'• 24 t 7.56 7.92 118.8 
l 5.16 6.68 100.2 

PL-28 24'* 32 t 10.08 10.60 159.0 
l 6.88 8.90 133.5 

PN-2.10 291'* 40 i 12.60 13.25 198.8 
l 8.60 11.12 166.8 

• Width of each section. 
Courtesy Dunham-Bush, Inc. 



~1~ t'+1~~ j-24--J 

~ ~ ~ 
Type J 14 Type K 16 Type L 18 

~ ~ ~ 
Type J 24 Type K 26 Type L28 

t--30--J !+-- 42 ----1 I'" 54 .. I 

t&=W ~=JA)jft ~=~ 
Type J 18 Type K 1.12 Type L 1.16 

~ - t&:&==-~ 
Type J 28 Type K 2.12 Type L 2.16 

r1l1 g r-1~~ r-1~+j r- 24 -j r- 24 --J 

~ tm~ ~~ 
Type PJ 14 Type PK 16 Type PL 18 

~~ ~~ ~~ 
Type PJ 24 Type PK 26 Type PL 28 

Installation dimensions 

FA~B~C~A4 

FE~B~B~A1 
Dimensions A B 

Maximum 12 in. 5 tt: 
Minimum 6 in. 10 in. 

Note: 

c 
8ft 

6 in. 

D 

Bin. 

41n. 

E 

4ft 

4 in. 

II the width of the box requires additional plasti-units, care should be 
taken to see that they ore installed in a similar manner as shown above. 

TABLES 505 

t- 29's -J wm 
Type N 1.10 

~ 
Type N 2.10 

KJ model 42" wide 

("J" plasti coil in a 
"K" tube sheet) 

U model 54"/ wide 

("J" plasti coil in a 
"l" tube sheet) 

r-- 29's ---+1 t-- 29's 4 

~~ 
Type PN 1.10 

Type PN 2.10 



506 PRINCIPLES OF REFRIGERATION 

TABLE R-2. Single .. late Evaporators 
Total Btu's per Hour 

Total "K" per Plate at 15° TD 
catalog Width, Length, Feet of Sq Ft 
Number Inches Inches Pass Surface Below 32° Above 32o Below 32° Above 32o 

1224 12 24 9.9 4.18 10 13 150 195 
1236 12 36 15.8 6.26 16 18 240 270 
1248 12 48 21.8 8.35 21 24 315 360 
1260 12 60 27.8 10.45 26 30 390 450 
1272 12 72 33.8 12.55 31 36 465 540 
1284 12 84 39.8 14.65 37 42 555 630 

12108 12 108 51.8 18.83 48 54 720 810 
12144 12 144 69.8 25.2 63 72 945 1080 
2230 22 30 25.7 9.64 24 28 360 420 
2236 22 36 31.6 11.58 29 33 435 495 
2248 22 48 43.6 15.4 38 44 570 660 
2260 22 60 55.6 19.3 48 55 720 825 
2272 22 72 67.6 23.2 58 66 870 990 
2284 22 84 79.6 27.24 68 79 1020 1185 

22108 22 108 103.6 34.9 87 100 1305 1500 

Courtesy Kold-Hold Division, Tranter Manufacturing Co. 

TABLE R-3. Plate Banks 

No. of No. of Total Btu's per Hour 
Expansion Expansion at 15° TD 

catalog Size, No. Feet of Valves- Valves-
Number Inches Plates Pass R-12 Ammonia Below 32° Above 32o 

4-1248-B 12 X 48 4 87 1 1 1260 1440 
5-1248-B 12 X 48 5 109 1 1 1575 1880 
6-1248-B 12 X 48 6 131 1 1 1890 2160 
4-1260-B 12 X 60 4 111 1 1 1560 1800 
5-1260-B 12 X 60 5 139 1 1 1950 2250 
6-1260-B 12 X 60 6 166 1 1 2340 2700 
4-1272-B 12 X 72 4 136 1 1 1860 2160 
5-1272-B 12 X 72 5- 170 1 1 2325 2700 
6-1272-B 12 X 72 6 204 2 1 2790 3240 
4-1284-B 12 X 84 4 160 1 1 2220 2520 
5-1284-B 12 X 84 5 200 2 1 2775 3150 
6-1284-B 12 X 84 6 240 2 1 3300 3780 
4-12108-B 12 X 108 4 207 2 1 2880 3240 
5-12108-B 12 X 108 5 258 2 1 3600 4050 
6-12108-B 12 X 108 6 310 2 1 4320 4860 
4-12144-B 12 X 144 4 279 2 1 3780 4320 
5-12144-B 12 X 144 5 348 2 1 4725 5400 
6-12144-B 12 X 144 6 418 2 1 5670 6480 

Courtesy Kold-Hold Division, Tranter Manufacturing Co. 



TABLES 507 

TABLE R-4. Plate Stands 

No. of No. of Total BTU's per hour 
Catalog Width, Length, No. of Feet of Expansion Expansion at lS0 TO 
Number Inches Inches Plates Pass Valves- Valves-

F-12 Ammonia Below 32° Above 32° 

4-2230-S 22 30 4 103 1 1 1440 1680 
5-223G-S 22 30 5 128 1 1 1800 2100 
6-223G-S 22 30 6 154 1 1 2160 2520 
7-223G-S 22 30 7 180 2 1 2520 2940 
8-223G-S 22 30 8 206 2 1 2880 /3360 

4-2248-S 22 48 4 175 1 1 2280 2640 
5-2248-S 22 48 s 218 2 1 2850 3300 
6-2248-S 22 48 6 262 2 1 3420 3960 
7-2248-S 22 48 7 306 2 1 3990 4620 
8·2248-S 22 48 8 350 2 1 4560 5280 

4·226o-S 22 60 4 222 2 1 2880 3300 
5-226o-S 22 60 5 278 2 1 3600 4125 
6-226o-S 22 60 6 333 2 1 4320 4950 
7-226o-S 22 60 7 390 3 1 5040 5775 
8-226o-S 22 60 8 445 3 2 5760 6600 

4·2272-S 22 72 4 270 2 1 3480 3960 
5-2272-S 22 72 5 338 2 1 4350 4950 
6-2272-S 22 72 6 405 3 1 5220 5940 
7-2272-S 22 72 7 474 3 2 6090 6930 
8-2272-S 22 72 8 540 3 2 6960 7920 

4-2284-S 22 84 4 319 2 1 4080 4740 
5-2284-S 22 84 5 398 3 1 5100 5925 
6-2284-S 22 84 6 479 3 2 6120 7110 
7-2284-S 22 84 7 558 3 2 7140 8295 
8-2284-S 22 84 8 637 4 2 8160 9480 

4-22108-S 22 108 4 415 2 1 5220 6000 
5·22108-S 22 108 5 518 3 2 6525 7500 
6-22108·8 22 108 6 622 3 2 7830 9000 
7-22108-S 22 108 7 725 4 2 9135 10500 
8·22108-S 22 108 8 830 4 2 10440 12000 

Courtesy Kold-Hold Division, Tranter Manufacturing Co. 



508 PRINCIPLES OF REFRIGERATION 

TABLE R-5. "K" Factors for Bare Pipe Coils in Liquid* 
Desired Desired 
Liquid Refr. Liquid Refr. 
Temp. Temp. "K" Temp. Temp. "~" 

65° (a) 38° t5.7 35° (c) t9° t3.5 
60 (a) 38 t5.5 30 (c) t5 13.0 
55 (a) 38 t5.2 25 (c) 11 t2.5 
50 (a) 36 t5.0 20 (c) 7 t2.0 
45 (a) 32 t4.5 t5 (c) 3 t1.2 

40 (a) 28 t4.0 to (c) -t t0.5 
35 (a) 24 13.5 5 (c) -5 9.8 
35 (b) t9 t2.5 0 (c) -9 9.0 
35 (b) t5 t0.8 -5 (c) -t2 8.2 
35 (b) 11 to.o -10 (c) -t6 1.5 
35 (b) 7 9.0 

(a) Water cooling. (b) Water cooling, ice formation on coils. (c) Brine cooling. 
• For dry expansion tubing or pipe submerged in water or brine without agitation. (Courtesy 

Vilter Manufacturing Company.) 

TABLE R-6. "K" Factors for Bare Pipe Coils In Air* 

Refrig. Room Temperature Degrees Fahrenheit 
Temp. 

oF -20° -too oo too 20° 30° 36° 400 44° 50° 600 

32 2.30 2.49 
28 2.11 2.50 2.52 
24 2.11 2.49 2.51 2.52 
20 2.11 2.49 2.49 2.47 
14 1.79 2.50 2.52 2.48 2.52 
t2 1.80 2.49 2.49 2.52 
9 1.40 1.79 2.50 2.49 2.49 
6 1.39 2.01 2.48 2.51 
3 t.40 1.99 2.48 2.53 
0 1.39 1.59 1.99 2.51 

-4 1.39 1.59 1.99 2.50 
-8 1.30 1.49 1.80 2.01 

-13 1.39 1.60 1.74 1.98 
-t7 1.50 1.70 1.79 
-25 1.50 1.60 1.80 
-30 1.39 1.70 1.79 1.80 
-40 1.59 1.80 1.8.0 
-50 1.79 1.80 

• For iron pipe coils with gravity air circulation. (Courtesy Vilter Manufacturing Company.) 



TABLE R-7. Lineal Foot of Pipe per Sq Ft 
of External Surface 

Pipe Size Lineal Feet 

!' 4.55 

!' 3.64 
1' 2.90 
ll' 2.30 
1!' 2.01 
2' 1.61 

Courtesy Vilter Manufacturing Company. 

TABLES 509 

TABLE R-8. Unit Cooler Capacity Ratings and Specifications 

Btu/Hr Rating Core Motor and Fan 

Surf. Motor Heat Air 
Model l0°TD l5°TD Ffl Circuits Tube HP Btu/24 Hr Fan Rpm Cfm Throw 

UC25 2,500 3,750 67 1 l* l. 7,600 10' 1500 390 20 25 

UC35 3,500 5,250 93 1 tH 15 8,000 12' 1500 510 20 
UC45 4,500 6,750 156 1 l* 1 11,500 14' 1500 700 17 20 

UC65 6,500 9,750 210 1 i* l. 12,600 w 1140 1,000 23 12 
UC85 8,500 12,750 266 1 !" .1. 13,350 16* 1140 1,480 27 12 
UC105 10,500 15,750 328 Split !" l 15,100 18' 1140 1,730 25 

UC120 12,000 18,000 378 Split i" (2) lo 18,000 (2) 14' 1140 1,950 25 
UC180 18,000 27,000 566 Split !* (2) i2 25,200 (2) 16' 1140 2,550 20 
UC240 24,000 36,000 155 Two !" (2) l 34,000 (2) 18, 1140 4,050 27 
UC320 32,000 48,000 1030 3 !" (2)1- 75,000 (2) 22' 1140 6,000 28 

Courtesy Dunham-Bush Inc. 



TABLE R-9 Water Chillers 
Acme Effective Tube Capacity Std. No. Number 

Model No.• Area Sq Ft Range Tons of Circuits of Tubes 

DXH-80S 41 
806 so 
807 S9 
808 67 
809 76 S.4 to 19 44 
810 8S 
811 94 
812 102 
813 111 
814 119 

DXH·100S 64 
1006 77 
1007 91 
1008 104 
1009 118 
1010 131 8 to 30 68 
1011 14S 
1012 158 
1013 171 
1014 184 
1015 197 
1016 211 

DXH-1206 lOS 
1207 123 
1208 141 
1209 1S9 
1210 177 
1211 195 11 to 40 2 92 
1212 213 
1213 231 
1214 249 
1215 267 
1216 285 

DXH·1406 136 
1407 1S9 
1408 184 
1409 207 
1410 231 
1411 255 14 to S2 2 120 
1412 278 
1413 302 
1414 32S 
1415 349 
1416 372 

DXH-1606 187 
1607 219 
1608 251 
1609 283 
1610 315 
1611 348 20 to 71 2 164 
1612 380 
1613 412 
1614 444 
161S 477 
1616 509 

DXH-2006 286 
2007 33S 
2008 384 
2009 437 
2010 487 
2011 S3S 
2012 583 31 to 111 2 252 
2013 633 
2014 683 
201S 733 
2016 782 
2017 830 
2018 880 
2020 976 

510 
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For higher loading-use loading of 3000 maximum 
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K 0.35 0.4 0.6 0.8 1.0 1.5 2.0 2.5 3.0 3.5 

M 0.15 0.2 0.4 0.6 0.8 1.0 1.3 
Water pressure drop 

Feet head/foot of shell length 

Courtesy Acme Industries. 

TABLES 511 



TABLE R·IOA. Compressor Rating Data 

5F20 5F30 5F40 
SAT. SAT. SUCTION 1450 RPM 1750 RPM 14~0 RPM 1750 RPM 1450 RPM 1750 RPM DISCH. 

TEMP. Temp. Pressure 
Btu/Hr BHP Btu/Hr BHP Btu/Hr BHP Btu/Hr BHP Btu/Hr BHP Btu/Hr BHP •F •F Psig* 

-40 10.92" 5.300 1.5 6,400 1.8 7,95~ 2.1 9,60( 2.7 10,600 2.9 12,800 3.6 
-30 5.45" 8,4~ 1.8 10,200 2.3 12,68( 1..7 15,30( 3.4. 16,900 3.6 20,400 4.5 
-20 .6 12,600 2.2 15,200 2.7 18,900 3.3 22,800 4.1 25,200 4.4 30,400 5.4 

ao• -10 4.5 17,500 2.5 21,200 3.2 26,350 3.8 31,800 4.7 35,100 5.1 42,400 6.3 
0 9.2 24,000 2.9 29,000 3.6 36,000 4.4 43,500 5.4 48,100 5.8 58,000 7.2 

84.1 
10 14.7 31,600 3.2 38,200 4.0 47,500 4.8 57,300 6.6 63,300 6.4 76,400 8.0 

Psig 20 21.1 40,600 3.4 49,000 4.2 60,900 5.1 7;3.50~ 6.4 81,200 6.8 98,000 8.5 
30 28.5 50,700 3.5 61,200 4.3 76,000 5.2 91,800 6.4. 101,400 6.9 122,400 8.6 
40 37.0 63,000 3.4 76,000 4.2 94,400 5.1 114,000 6.-4 126,000 6.8 152,000 8.5 
50 46.7 76,800 3.3 92,800 4.1 115,300 5.0 139,200 6.2 153,300 6.7 185,600 8.3 

-40 10.92;, 4,470 1.4 5,400 1.7 6,710 2.0 8, IOCl 2.5 8,940 2.7 10,800 3.4 
-30 5.45" 7,450 1.8 9,000 2.2 11,180 2.7 13,50( 3.4 14,900 3.6 18,000 4.5 
-20 .6 11,400 2.3 ll,800 2.8 17,150 3.4 20,700 4.2 22,900 4.5 27,600 5.6 

900 -10 4.5 16,100 2.7 19,400 3.3 24,100 4.0 29,100 5.0 32,200 5.3 38,800 6.6 

99.6 
0 9.2 22,000 3.1 26,600 3.8 33,000 4.6 39,900 5.7 44,100 6.2· 53,200 7.6 

Psig 10 14.7 29,100 3.4 35,200 4.2 43,700 5.1 52,800 6.4 58,300 6.8 70,400 8.5 
20 21.1 37,500 3.7 45,200 4.6 56,100 5.5 67,800 6.9 74,900 7.4 90,400 9.2 
30 28.5 47,400 3.8 57,200 4.8 71,000 5.8 85,800 7.1 94,800 7.7 114,400 9.5 
40 37.0 59,000 3.9 71,200 4.9 88,400 5.9 106,800 7.3 118,100 7.8 142,400 9.7 
50 46.7 72,000 3.8 87,000 4.8 108,100 5.8 130,500 7.1 144,200 7.7 174,000 9.5 

-40 10.92" 3,480 1.2 4,200 1.5 5,210 1.9 6,300 2.3 6,960 2.5 8,400 3.1 
-30 5.45" 6,300 1.7 7,600 2.2 9,440 2.6 11,400 3.2 12,600 3.5 15,200 4.3 
-20 .6 10,100 2.2 12,200 2.7 15,180 3.3 18,300 4.1 20,200 4.5 24,400 5.6 

100° -10 4.5 14,600 2.7 17,600 3.4 21,900 4.1 26,400 5.1 29,200 5.5 35,200 6.8 

IIJ..O 
0 9.2 19,900 3.2 24,000 4.0 --29,800 4.8 36,000 6.0 39,800 6.-4 48,000 8.0 

L_ -

Psig 

5F60 
1450 RPM 1750 RPM 
Btu/Hr BHP Btu/Hr BHP 

15,900 4.4 19,200 5.4 
25,400 5.5 30,600 6.8 
37,800 6.6 45,600 8.2 
52,700 7.7 63,600 9.5 
72,100 8.8 87,000 10.9 

94,900 9.7 114,600 12.0 
121,800 10.3 147,000 12.7 
152,000 10.4 183,600 12.9 
189,000 10.3 228,000 12.7 
231,000 10.0 278,400 12.4 

13,420 4.1 16,200 5.1 
22,400 5.4 27,000 6.7 
34,300 6.8 41,400 8.4 
48,200 8.1 58,200 10.0 
66,100 9.3 79,800 11.5 

87,400 10.2 105,600 12.7 
112,200 11.1 135,600 13.8 
142,000 11.5 171,600 14.3 
177,000 11.8 213,600 14.6 
216,400 11.5 261,000 14.3 

10,420 3.7 12,600 4.6 
18,900 5.3 22,800 6.S 
30,300 6.6 36,600 8.2 
43,750 8.3 52,800 10.2 
59,600 9.7 72,000 12.0 
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10 14.7 26,700 3.6. 32,200 4.4 40,000 5.4 48,300 6.7 

20 21.1 34,600 3.9 41,800 4.8 52,000 5.8 62,700 7.2 

30 28.5 44,200 ~.I 53,400 5.1 66,400 6.2 80,100 7.7 

40 37.0 55,200 4.3 66,600 5.3 82,700 6.4 99,900 8.0 

50 46.7 67,400 4.3 81,400 5.3 101,200 6.4 122,100 8.0 

-30 5.46" 5,no 1.6 6,900 2.1 8,57( 2.5 10,35( 3.0 

-20 .6 9,280 2.2 11,200 2.7 13,930 3.3 16,80C 4.0 

-10 4.& 13,750 2.7 16,600 3.4 20,650 4.1 24,90( 5.1 

1os• 0 9.2 19,000 3.2 22,900 4.0 28,500 4.8 34,40<1 6.0 

126.2 10 14.7 25,600 3 .. 6 30,900 4.5 38,400 5.5 46,40<1 6.8 

Psig 20 21.1 33,300 4.0 40,200 4.9 50.000 5.9 60;300 7.4 
30 28.& 42,600 4.2 51,400 5.3 63,900 6.-4 77,10C 7.9 

40 37.0 53,200 4.5. 64,200 5.5 79,800 6.6 96,30~ 8.3 
50 46.7 65,400 4.5 78,900 5.6 98,000 6.8 118,40C 8.4 

-30 5.46" 5,140 1.5 6,200 1.9 7,70( 2.3 9,30( 2.8 

-20 .6 8,450 2.1 10,200 2.6 12,680 3.2 15,3~ 3.9 

-10 4.& 12,900 2.7 15,600 3.3 19,400 4.0 23,40<1 5.0 

no• 0 9.2 18,100 3.2 21,800 4.0 27,100 4.8 32,700 6.0 

136.0 10 14.7 24,500. 3.6 29,600 4.5 36,800 5.5 44,40<1 6.8 

Psig 20 21.1 32,000 4.0 38,600 5.0 48,000 6.0 57,900 7.5 

30 21.& 40,900 4.3 49,400 5.4 61,400 6,5 74,100 8.0 

40 37.0 51,200 4.6 61,800 5.7 76,800 6.8 92,700 8.5 
50 46.7 63,300 4.7 76,400 5.9 94,800 7.1 114,600 8.8 

-20 .6 6,950 2.0 8,400 2.4 10,430 3.0 12.~ 3.7 
-10 4.& 11,100 2.6 13,400 3.2 16,650 3.9 20,100 4.8 

120° 0 9.2 16,060 3.2 19,400 3.9 24,100 4.7 29,100 5.9 

157.1 10 14,7 22,200 3.7 26,800 4.6 33,300 5.5 40,20C 6.9 

Psig 20 21.1 29,500 4.2 35,600 5.2 44,200 6.2 53,40C 7.7 
30 28.& 37,600 4.6 45,400 5.7 56,500 6.8 (18,200 8.5 
40 37.0 47,200 4.9 57,000 6.1 70,800 7.3 85,500 9.1 
50 46.7 59,000 5.1 71,200 6.4 .!!.400 7.7 106~L....u 

Courtesy Carrier Corporation. 

53,300 7.2 64,400 8.9 
69,300 7.7 83,6QO 9.6 
88,400 8.1 106,800 10.2 

110,300 8.6 133,200 10.6 
134,900 8.6 162,800 10.7 

11,440 3.3 13,800 4.1 
18,600 4.4 22,400 5.4 
27,500 5.5 33,200 6.8 
38,000 6.4 45,800 8.0 

51,200 7.3 61,800 9.0 
66,700 7.9 80,40( 9.8 
85,200 8.5 102,800 10.5 

106,300 8.9 128,400 11.0 
130,700 9.1 157,80C 11.3 

10,280 3.1 12,400 3;8 
16,900 4.2 20,400 5.2 
25,800 5.4 31,200 6.7 
36,200 6.~ 43,600 8.0 

49,000 7.3 59,200 9.0 
64,000 8.0 77,200 10.0 
81,900 8.6 98,800 10.7 

102,300 9.2 123,600 11.4 
126,500 9.5 152,800 11.8 

13,900 3.9 16,800 4.9 
22,200 5.2 26,800 6.4 
32,200 6.3 38,800 7.8 

44,400 7.4 53,600 9.2 
59,000 8.3 71,200 10.3 
75,300 9.1 90,800 11.3 
94,400 9.8 114,000 12.2 

118.~ 10.2 142,40<1 12.7 

80,000 10.8 
104,000 11.6 
132,700 12.4 
165,400 12.8 
202,000 12.9 

17,200 5.0 
27,900 6.5 
41,300 8.3 
56,900 9.7 

76,500 10.9 
100,000 11.9 
127,800 12.7 
159,600 13.3 
196,000 13.6 

15,400 4.6 
25,350 6.4 
38,800 8.2 
54,100 9.7 

73,000 11.0 
95,900 12.1 

122,800 13.0 
153,700 13.7 
190,000 14.3 

20,900 5.9 
33,500 7.7 
48,200 9.5 

66,600 II. I 
88,400 12.5 

112,800 13.7 
141,700 14.7 
177,000 15.~ 

96,600 
125,400 
160,200 
199,800 
244,200 

20,700 
33,600 
49,800 
68,70Q 

92,700 
120,600 
154,200 
192,600 
236,700 

18,600 
30,600 
46,800 
65,400 

88,800 
115,800 
148,200 
185,400 
229,200 

25,200 
40,400 
58,200 

80,400 
106,800 
136,200 
171,000 
213,600 

13.3 
14.4 
15.3 
15.9 
16.0 

6.1 
8.1 
f0.2 
12.0 

13.5 
14.7 
15.7 
1.6.5 
16.8 

5.7 
7.9 
10.2 
12.0 

13.6 
15.0 
16.1 
17.0 
17.7 

7.3 
9.6 
11.8 

13.8 
15.5 
17.0 
18.2 

·19.1 
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TABLE R·IOB. Compressor Rating Data 

UNIT IF20 IFJO SF40 lf60 IH40 IH60 
Namloel H __ ., 

5 'l'h 10 IS 2S 40 

eENEIAL No.ofCvlooders 2 3 4 6 4 6 
DATA lorso,lnches 21ft zlh 21ft 21ft 31/4 31/4 

SttoU,Inches 2 2 2 2 2~ 2% 
DISPU.CIWINT CFM ot 1750 RPhl 19.90 29.80 39.80 suo 92.40 138.4 

ASRE Group I 
17,600 26.400 35.200 52,800 84,000 126.000 1-•o•. •ad •oo•p 

CAPACITY ASRE &roup II 
28.000 42.000 56,000 84.000 132,200 19UOO 

ITU PIR HI rs• end •oo•p 
(At 1750 RPhl ASRE &roup Ill 

40,200 60.300 80.400 283,000 with f,J2) 120• ..,.. 1os•p 120,600 188,750 

ASRE &roup IV 
61,800 92.700 123.600 185,400 283.000 425,000 

(40° •"" 110°· 1 

hluimum RPhl 
F-12 and C-71 1750 1750 1750 1750 1750 1750 

f.22 1450 1450 1450 1450 1450 1450 
SPEED 

For Unloader 
DATA Minimum Opereti011 600 700 800 900 800 900 

RPhl 
400 For Lubricotion 400 400 400 400 400 

hllniMum Oil Preuure 
22 28 for Unloodet 0Deratlon 35 35 35 35 

RICOIIIMended Oil 
OIL p,....,. et 1750 RPhi·PSI 45 45 45 45 45 45 

DATA NonnaiOil~ Cent. Cant. ~- ~· Cent. C.nt. u .. u .. ...... ...... in lulls Ey. 
C.L C.L. Une u .. 

on Ch•rte (Factory 1 Pints 5 5•h 12 13 18 21 

eo..,...., c .. ~ 175 215 315 400 610 795 

Compreuor Direct 

Unit with onv. ...... ······ 794 910 1350 1810 

~~nd Belt 
Drive 465 565 866 986 1480 1980 

NET Direct 
WEIGHTS Condensing Uni 

(with Stondord Drive ······ ···-·· 1110 12@0 1930 2610 
LB 

CqndeMer Belt 
Peck-)' Drive 545 690 1180 1360 2050 2780 

CondeMi119 Unit Belt 
with Small Drive ...... 645 1090 1310 1860 2570 
Cond. Pkq. 

CONNICTION Compreuor Suction 6os ·~oo 1~oo 21/e OD 21/e OD 2~00 llftOD 

SIZES -INCHB eo...,_ Diecharte 6os Jl/tOD 1~oo ·~oo 1~00 zl/t OD 2~00 

Courtesy Carrier Corporation. 

SHill IH40-60 .,...... 
50 60 

8 10 

31/4 31/4 

2% 2% 
184.7 230.8 

168,000 210.000 

264.000 m.ooo 

377,500 471,500 

566,000 708.000 

11$0 1750 

1450 1450 

1100 900 

400 400 

35 35 

45 45 

Cont • Cent, 
u .. u .. 
41 39 

1115 _ .... 

2330 3250 

....•. ··•··· 

3280 ··-··· 

...... . ..... 

-···· ...... 

3~ OD ...... I 

31/eOD ...... I 

~ 
Dooplea 

7S 
12 

31/4 
2% 
276.8 

252.000 

397,000 

566,000 

850,000 

1750 

1450 

900 

400 

35 

45 

C.nt. 
u .. 
42 
.. .... 

3620 

. ...... 

...... 

. ..... 

·-·-
...... I 
. ..... I 

SHINO 
Dooplea 

100 
16 

31/4 

2% 
369.4 

336.000 

528.800 

755.000 

,132,000 

1750 

1450 

1100 

400 

35 

45 

C.nt. 
u .. 
82 
. ..... 

4710 

····-

····-

···-

--··· 
I -···· 

....... 

"' ,.. 

"'CI ,., 
z 
0 
:;; 
r
m 
en 

0 
"'I ,., 
m 
"'I ,., 
i5 
m ,., 
~ 
0 z 



TABLES SIS 

TABLE R·IOC. Specified Suction Temperature at Compressor Inlet (R·Iland R-500) 

Saturated suction -40 -30 -20 -10 0 
temperature oF 

Actual suction 
temperature oF 

Courtesy Carrier Corporation. 

35 45 55 

TABLE R·IOD. Correction Factors 
Saturation temperature 

of suction gas e F) -40 -30 -20 -10 0 

and above 

65 6S 

10 20 30 40 so 

Factor 0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.987 0.997 

Courtesy Carrier Corporation. 



~ 
o-

TABLE R-11. Air Cooled Condensing Units ., 
;IIJ 

!hp 
z 
n 

Sat. Suction Ambient Air Temperature (F) 
::0 ,... 
m 
"' 

80F 90F 100F 0 
-n 

Application Temp. Press. ;IIJ 
m 

and (F) (Psi g) Disch. Disch. Disch. -n 
2!! 

Speed BtufHr Press. Kw Btu/Hr Press. Kw Btu/Hr Press. Kw a 
m 

Psig (Psi g) (Psi g) s 
45 41.7 6,760 149 0.73 6,280 169 0.76 5,810 187 0.80 0 z 

High temp. 40 37.0 6,300 143 0.71 5,830 162 0.74 5,480 181 0.78 
1725 rpm 35 32.6 5,810 137 0.68 5,370 154 0.71 4,950 175 0.75 

30 28.5 5,340 133 0.65 4,930 148 0.68 4,520 169 0.73 
25 24.6 4,900 126 0.62 4,490 142 0.64 4,100 163 0.70 

25 24.6 5,780 141 0.73 5,360 157 0.75 4,960 179 0.76 
20 21.1 5,300 136 0.71 4,900 151 0.72 4,500 172 0.74 

Med. temp. 15 17.7 4,800 130 0.68 4,420 145 0.69 4,040 165 0.71 
1725rpm 10 14.7 4,320 125 0.66 3,960 141 0.67 3,600 160 0.69 

5 11.8 3,900 119 0.6~ 3,560 136 0.64 3,220 154 0.66 
0 9.2 3,490 113 0.60 3,190 131 0.61 2,880 148 0.63 

0 9.2 4,020 118 0.60 3,670 134 0.61 3,320 153 0.63 
- 5 6.7 3,560 115 0.57 3,250 129 0.58 2,940 149 0.60 

Low temp. -10 4.5 3,140 112 0.54 2,840 125 0.55 2,600 145 0.57 
1725 rpm -15 2.5 2,740 108 0.51 2,450 120 0.52 2,180 141 0.54 

-20 0.6 2,360 107 0.48 2,090 119 0.49 1,830 138 0.51 
-25 2.28* 2,000 105 0.44 1,750 117 0.45 1,520 135 0.48 



i hp 
Sat. Suction Ambient Air Temperature (F) 

80F 90F 100F 
Application Temp. Press. 

and (F) (Psi g) Disch. Disch. Disch. 
Speed Btu/Hr Press. Kw Btu/Hr Press. Kw Btu/Hr Press. Kw 

(Psi g) (Psi g) (Psig) 

45 41.7 9,860 148 1.10 9,160 170 1.11 8,480 186 1.16 
High temp. 40 37.0 9,130 143 1.02 8,470 162 1.05 7,780 181 1.10 

1725rpm 35 32.6 8,460 137 0.95 7,820 154 0.99 7,200 175 1.04 
30 28.5 7,850 132 0.90 7,220 148 0.95 7,610 169 0.99 
25 24.6 7,250 126 0.85 6,650 142 0.90 6,060 162 0.95 

25 24.6 7,960 140 1.10 7,380 155 1.10 6,830 175 1.13 
20 21.1 7,350 134 0.98 6,780 149 1.04 6,250 169 1.07 

Med. temp. 15 17.7 6,610 128 0.95 6,090 142 0.98 5,560 162 1.00 
1725rpm 10 14.7 6,000 123 0.90 5,500 139 0.93 5,000 157 0.96 

5 11.8 5,450 117 0.85 4,980 133 0.88 4,500 151 0.91 
0 9.2 4,900 111 0.80 4,490 127 0.83 4,050 145 0.86 

0 9.2 5,720 118 0.89 5,200 138 0.91 4,730 154 0.92 
5 6.7 5,100 116 0.83 4,640 133 0.85 4,200 151 0.87 

Low temp. -10 4.5 4,540 114 0.78 4,090 129 0.80 3,720 148 0.82 
1725 rpm -15 2.5 4,030 111 0.72 3,600 124 0.74 3,200 144 0.76 

-20 0.6 3,550 109 0.67 3,140 122 0.69 2,770 141 0.71 
-25 2.28* 3,090 106 0.62 2,710 120 0.64 2,360 138 0.66 

• Incbea of Mercury Vacuum. 4. Operation at suction temperatures lower than those shown Is permissible. Operation at 
NOTBS: suction temperatures higher than those shown will result In overloading of the compressor motor. 

~ I. Refrigeration ell'ect Is given In Btu per hour. To obtain tons of refrigeration eft'ect, divide by When low or medium temperature range unit selections are made, It Is usually necessary to usc 
12,000. 10mc form of suction pressure control to prevent overloading of the compressor motor during 1:111 

2. Refrigeration eft'ect values given are based upon an actual suction gas temperature of so•. pull-down or other abnormal conditions producinl! a high suction pressure. r-
m To obtain this gas temperature usually requires the usc or a liquid-auction lntcrchanger. S. Power input to motor is given in kilowatts, and includes the power required by the condenser "' 3. Selection of condensing unit should be made on the basis or the maximum air temperature ran. Kilowatt values given are for single phase 60 cycle a-c and d-e moton. To obtain approximate 

surrounding the condensing unit. When condenser Ia not connected directly to outdoon, or where Bhp, divide Kw by 1.04. 
poor ventilation and heat dissipation exists. an ambient temperature higher than the maximum Ill outdoor temperature should be the basis for selection. ..... 



"' CD 

TABLE R-11 (Continued) ., 
"' 1 hp z 
0 

Sat. Suction Ambient Air Temperature (F) 
:;; 
r-
m 
U> 

80F 90F 100F 0 ., 
Application Temp. Press. "' and (F) (Psi g) Disch. Disch. Disch. m ., 

"' Speed Btu/Hr Press. Kw Btu/Hr Press. Kw Btu/Hr Press. Kw Ci 
(Psi g) (Psig) (Psig) m 

"' ~ 
45 41.7 13,430 151 1.50 12,500 172 1.55 11,580 190 1.61 0 z 
40 37.0 12,450 145 1.41 11,540 164 1.46 10,660 184 1.51 

High temp. 35 32.6 11,680 139 1.32 10,790 156 1.36 9,920 177 1.40 
1725 rpm 30 28.5 10,750 133 1.23 9,860 151 1.27 9,060 171 1.31 

25 24.6 9,900 127 1.13 9,080 143 1.17 8,300 164 1.22 

25 24.6 10,930 142 1.52 10,140 158 1.57 9,400 179 1.62 
20 21.1 10,100 137 1.41 9,340 152 1.46 8,570 172 1.51 

Med. temp. 15 17.7 9,250 131 1.30 8,500 145 1.35 7,753 164 1.40 
1725rpm 10 14.7 8,320 . 125 1.21 7,620 140 1.26 6,920 159 1.31 

5 11.8 7,410 119 1.11 6,790 135 1.16 6,120 154 1.21 
0 9.2 6,360 113 1.01 5,830 130 1.06 5,260 149 1.11 

0 9.2 8,000 120 1.21 7,300 138 1.24 6,620 157 1.27 
- 5 6.7 7,220 118 1.14 6,580 134 1.17 5,960 153 1.20 

Low temp. -10 4.5 6,400 116 1.07 5,790 130 1.10 5,200 149 1.13 
1725 rpm -15 2.5 5,730 113 0.99 5,120 125 1.02 4,550 145 1.05 

-20 0.6 5,000 110 0.92 4,410 123 0.95 3,880 142 0.98 
-25 2.28* 4,300 106 0.86 3,770 120 0.89 3,290 138 0.92 



I! hp 
Sat. Suction Ambient Air Temperature (F) 

80F 90F IOOF 
Application Temp. Press. 

and (F) (Psi g) Disch. Disch. Disch. 
Speed Btu/Hr Press. Kw Btu/Hr Press. Kw BtufHr Press. K 

(Psi g) (Psi g) (Psi g) 

45 41.7 20,820 148 1.98 19,370 166 2.07 17,920 188 2.18 
40 37.0 19,460 144 1.90 17,900 160 1.98 16,660 182 2.10 

High temp. 35 32.6 18,110 139 1.82 16,720 154 1.90 15,400 175 2.01 
1725 rpm 30 28.5 16,670 133 1.75 15,360 148 1.83 14,080 169 1.94 

25 24.6 15,220 126 1.68 13,970 142 1.76 12,760 163 1.87 

25 24.6 15,220 126 1.68 13,970 142 1.76 12,760 163 1.87 
20 21.1 13,700 122 1.62 12,630 137 1.70 11,630 158 1.81 

Med. temp. 15 17.7 12,300 118 1.56 11,310 132 1.64 10,330 152 1.74 
1725rpm 10 14.7 11,050 ll5 1.51 10,140 128 1.59 9,210 147 1.68 

5 11.8 9,800 111 1.45 8,960 123 1.53 8,090 142 1.62 
0 9.2 8,700 107 1.40 7,870 139 1.48 7,010 137 1.56 

0 9.2 11,300 120 1.73 10,240 135 1.78 9,360 154 1.85 
- 5 6.7 10,100 116 1.61 9,200 131 1.67 8,320 149 1.73 

Low temp. -10 4.5 9,040 ll3 1.50 8,070 128 1.56 7,330 145 1.62 
1725rpm -15 2.5 7,970 109 1.39 7,120 124 1.45 6,330 140 1.51 

-20 0.6 6,940 107 1.31 6,150 122 1.37 5,420 137 1.43 
-25 2.28* 5,900 104 1.22 5,170 119 1.28 4,510 134 1.34 

• Inc:bea of Mercury Vacuum. 4. Operation at auction temperatures lower than those shown is permissible. Operation at 
NOTES: suction temperatures hitlher than those shown will result in overloading of the compressor motor. ;! I. Refrigeration e1fect is given in Btu per hour. To obtain tons of refrigeration eft'ect, divide by When low or medium temperature range unit selections are made, it is usually necessary to use 

12,000. some form of suction pressure control to prevent overloading of the compressor motor duriag pull- ID' 
2. Refrigeration eft'ec:t values given are based upon an actual suction gas temperature of so•. down or other abnormal conditions producing a .!!fh suction pressure. ..... 

m To obtain this gas temperature usually requires the use of a liquid-suction interchanger. S. Power input to motor is g.ven in kilowatts, includes the power required by the contlenser en 
3. Selection of condensing unit should be made on the basis of the maximum air temperature fan. To obtain approximate p, divide Kw by 0.99. 

surrounding the condenaing unit. When condenser is not connected direc:Uy to outdoors, or where 
poor ventilation and heat dissipation exists, an ambient temperature hitlher than the maximum 

Ill outdoor temperature should be the basis for aelec:lion. 
~ 
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TABLE R·ll (Continued) "'V 

"' 2hp z n 
Sat. Suction Ambient Air Temperature (F) :;; 

r-
m 

"' 80F 90F 100F 0 
Application Temp. Press. 

., 

"' and (F) (Psi g) Disch. Disch. Disch. m ., 
Speed Btu/Hr Press. Kw Btu/Hr Press. Kw Btu/Hr Press. Kw "' 5 

(Psi g) (Psi g) (Psi g) m s 
45 41.7 27,260 153 2.69 25,370 173 2.83 23,500 194 2.96 0 
40 37.0 25,490 148 2.60 23,430 167 2.72 21,830 188 2.a5 z 

High temp. 35 32.6 23,720 142 2.50 21,880 160 2.61 20,160 181 2.74 
1725rpm 30 28.5 21,860 136 2.40 20,100 154 2.51 18,450 175 2.64 

25 24.6 20,000 130 2.30 18,320 147 2.40 16,750 168 2.53 

25 24.6 20,000 130 2.30 18,320 147 2.40 16,750 168 2.53 
20 21.1 17,960 126 2.20 16,610 142 2.30 14,300 162 2.42 

Med. temp. 15 17.7 16,160 122 2.10 14,870 137 2.20 13,580 156 2.31 
1725rpm 10 14.7 14,490 119 2.00 13,310 133 2.10 12,100 151 2.22 

5 11.8 12,820 115 1.90 11,750 128 2.00 10,600 145 2.12 
0 9.2 11,300 112 1.80 10,400 124 1.90 9,300 140 2.02 

0 9.2 15,870 122 2.'13 14,650 138 2.51 13,360 158 2.60 
- 5 6.7 14,220 118 2.28 12,960 134 2.36 11,720 153 2.44 

Low temp. -10 4.5 12,690 115 2.14 11,410 130 2.22 10,290 14& 2.30 
1725 rpm -15 2.5 11,160 Ill 1.99 9,970 126 2.07 8,850 143 2.15 

-10 0.6 9;750 109 1.87 8,640 124 1.95 7,610 140 2.03 
-25 2.28* 8,340 107 1.75 7,310 121 1.83 6,360 136 1.91 



3 hp 
Sat. Suction Ambient Air Temperature (F) 

80F 90F 100F 
Application Temp. Press. 

and (F) (Psi g) Disch. Disch. Disch. 
Speed Btu/Hr Press. Kw Btu/Hr Press. Kw Btu/Hr Press. Kw 

(Psi g) (Psig) (Psig) 

45 41.7 43,050 152 4.02 40,000 173 4.20 37,050 191 4.40 
40 37.0 30,230 147 3.86 37,000 165 4.03 34,430 185 4.24 

High temp. 35 32.6 37,400 141 3.70 34,560 158 3.86 31,800 179 4.07 
1750 rpm 30 28.5 34,500 136 3.56 31,750 152 3.72 29,150 173 3.93 

25 24.6 31,600 130 3.42 28,950 146 3.58 26,450 166 3.78 

25 24.6 31,600 130 3.42 28,950 146 3.58 26,450 166 3.78 
20 21.1 28,350 126 3.30 26,250 141 3.46 24,120 160 3.66 

Med. temp. 15 17.7 25,550 122 3.17 23,500 136 3.34 21,460 154 3.53 
1750 rpm 10 14.7 22,900 119 3.07 21,000 131 3.23 19,100 149 3.43 

5 11.8 20,200 115 2.96 18,510 127 3.13 16,700 143 3.32 
0 9.2 17,000 112 2.50 15,500 123 3.03 13,900 138 3.20 

0 9.2 20,080 120 3.08 18,480 138 3.20 16,800 159 3.40 
- 5 6.7 17,980 116 2.86 16,380 133 2.98 14,810 152 3.10 

Low temp. -10 4.5 16,020 113 2.66 14,410 129 2.78 13,000 146 2.90 
l750rpm -15 2.5 14,050 110 2.46 12,550 125 2.58 11,170 141 2.70 

-20 0.6 12,240 109 2.29 10,850 123 2.42 9,560 138 2.54 
-25 2.28* 10,420 107 2.13 9,150 120 2.25 7,960 135 2.37 

• Inches of Mercury Vacuum. 4. Operation at suction temperatures lower than lhoae shown is permissible. Operation at 
Nons: suction lemperatureo higher than lhoae shown will reou111n overloading of the compressor motor. ~ I. Refrigeration elreclls given in Btu per Hour. To obtain tons of refrigeration effect. divide by When low or medium temperature range unil aeleclions are made, il is usually -.ry to u.e 

12.000. some form of auction preaaure control 10 prevent overloading of the compressor motor during Ul 
2. Refrigeration eft'ecl values given are baaed upon an actual auction gas temperature of 80°. pull-down or olher abnormal conditions producing a high suction pressure. r-

m To obtain lhia gas tempera1ure usually ~res the use of a liquid-suction interehanger. S. Power inpul is Biven in kilowalls, and includes the power ~uired by lhe condenser fan. en 
3. Seleclicin of condensing unit should made on lhe basis of the maximum air temperalure Kllowall values r.ven are ·for 111ree, phase 60 cycle a-c motors. o obtain approximate Bhp, 

surrounding lhe condensing unit. When condenser Ia not connected directly to ouldoon. or where divide Kw by 0.!1 • 1 
poor venlilarlon and heal dissipation exists, an ambienl lemperature higher than the maximum 

~ ouldoor lemperature should be the basla for selection. 
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TABLE R-12. Water-Cooled Condensing Units n 
=v 

i hp ! hp !hp 1 hp 
r-
m 
"' 
0 

Sat. Suction Disch. Disch. Disch. Disch. 
., 

Usage Temp. Press. Btu/Hr Press. Kw Btu/Hr Press. Kw Btu/Hr Press. Kw Btu/Hr Press. Kw 
, 
m ., 

(F) (Psi g) (Psi g) (Psig) (Psi g) (Psi g) , 
Ci 
m 

45 41.7 4,300 130 0.43 7,580 129 0.80 10,890 131 1.25 14,810 133 1.49 
, 
~ 

High temp. 40 37.0 3,890 127 0.42 6,860 126 0.77 9,860 128 1.20 13,410 130 1.45 0 
75o Water In 35 32.6 3,550 125 0.41 6,250 124 0.75 8,980 126 1.16 12,230 127 1.40 z 
95° Water Out 30 28.5 3,260 123 0.40 5,740 122 0.72 8,250 123 1.01 11,230 125 1.36 

25 24.6 3,000 120 0.39 5,280 120 0.70 7,580 121 0.97 10,320 123 1.32 

25 24.6 3,970 117 0.44 6,400 118 0.70 8,720 119 0.95 12,030 120 1.31 
Med. Temp. 20 21.1 3,630 115 0.43 5,860 116 0.68 7,990 117 0.92 11,010 118 1.27 
75° Water In 15 17.7 3,300 113 0.42 5,310 113 0.66 7,250 114 0.89 10,000 116 1.23 
90o Water Out 10 14.7 2,970 112 0.41 4,770 112 0.64 6,510 112 0.86 8,980 114 1.19 

5 11.8 2,630 110 0.40 4,230 110 0.62 5,770 110 0.83 7,960 112 1.15 
0 9.2 2,290 108 0.39 3,680 109 0.60 5,030 108 0.80 6,940 110 1.11 

0 9.2 2,790 107 0.42 4,360 108 0.62 5,950 111 0.90 8,510 110 1.24 
Low temp. - 5 6.7 2,390 105 0.41 3,740 106 0.60 5,100 108 0.87 7,290 108 1.19 
75o Water In -10 4.5 2,030 103 0.40 3,180 104 0.59 4,330 105 0.80 6,200 106 1.14 
85° Water Out -15 2.5 1,720 101 0.39 2,700 102 0.57 3,670 102 0.76 5,260 103 1.09 

-20 0.6 1,440 99 0.38 2,250 100 0.56 3,060 100 0.71 4,380 101 1.04 
-25 2.28* 1,180 96 0.37 1,850 97 0.54 2,520 97 0.66 3,600 98 0.99 



1!hp 2hp 3 hp 

Sat. Suction Disch. Disch. Disch. 
Usage Temp. Press. Btu/Hr Press. Kw Btu/Hr Press. Kw Btu/Hr Press. Kw 

(F) (Psi g) (Psi g) (Psi g) (Psig) 

45 41.7 23,000 131 1.65 29,980 134 2.15 47,300 135 3.25 
High temp. 40 37.0 20,800 129 l.f)O 27,150 131 2.08 42,850 132 3.10 
75° Water In 35 32.6 18,970 126 1.55 24,740 128 2.00 39,080 129 2.95 
95° Water Out 30 28.5 17,410 124 1.50 22,700 126 1.93 35,850 127 2.82 

2~ 24.6 16,020 122 1.45 20,850 124 1.85 32,940 124 2.68 
-
25 24.6 16,020 122 1.45 20,850 124 1.85 32,940 124 2.68 

Med. temp. 20 21.1 14,630 119 1.40 19,080 122 1.72 30,120 122 2.56 
75° Water In 15 17.7 13,300 116 1.35 17,330 119 1.60 27,350 119 2.43 
90o Water Out 10 14.7 11,930 115 1.30 15,670 117 1.52 24,550 117 2.30 

5 11.8 10,580 114 1.25 13,800 115 1.45 21,780 115 2.18 
0 9.2 9,220 113 1.20 12,010 113 1.38 18,980 113 2.06 

0 9.2 12,020 109 1.58 16,870 109 2.09 21,080 112 2.95 
Low Temp. -5 6.7 10,300 107 1.50 14,460 106 1.96 18,060 109 2.80 
75° Water In -10 4.5 8,740 105 1.43 12,460 104 1.83 15,620 106 2.65 
85° Water Out -15 2.5 7,550 102 1.35 10,660 101 1.70 13,320 103 2.50 

-20 0.6 6,490 100 1.29 9,090 99 1.57 11,410 101 2.35 
-25 2.28* 5,430 97 1.23 7,690 97 1.44 9,610 99 2.20 

• Inches of Mercury Vacuum. 
Nons: 

S. Power input to motors is given in kilowaus. To obtain approximate Bhp divide Kw by the 
faetor from the table below: 

I. llefrlseralion eft"ec:t is ~ven in Btu per Hr. To obtain tons of refriseralion, divide by 12,000. Motorhp Faetor Motor hp Factor 2. Refriseratlon eft'ec:t va ues given are bucd upon an actual suction gas temperature or 6s• F. 
To obtain this 1as temperature usually requires the use of a liquid-suction interchan~ 

i 1.09 It 0.9fi 3. Operation at auction temperatures lower than thooe shown is pcrmiuible. on at 
auction temperatures higher than shown will reault in overloading of the compressor motor. When t 1.07 2 0.94 
low or medium temperature ranse unit oelectiona are made, it ia usually IIC:CleSSary to use some form l 1.04 3 0.92 

~ of suction presaure control to prevent overloading of the compreaaor motor during pull-down or 1 1.02 
Btu(hr X F IJII other abnormal conditiona producing high suction preasure. 6. Condenoer water quantity (gpm) at full load = (leaving water temp. .... 

4. For each 10" lower entering water temperature, inc:rease above capacltiea 6% entering m 
For each 10° higher entering water temperature, decrease above capaciliea 6% water temp.) x SOO U> 

Where F = 1.2 for high temperature usage 
F = 1.3 for medium temperature usage 
F - 1.4 for low temperature usage "' .... 

w 



52.4 PRINCIPLES OF REFRIGERATION 

TABLE R·ll. Air-Cooled Condenser Ratings 

TABLE A. Basic Ratin1 Table 40° Suction too Air Entering 

Compr. Capacity-
Btu/Hr 120° 

Condensing Temp. Fan Motors Fan 
Model Dia. Speed 

No. Tons Btu/hr Cfm Inches HP Total Watts Amps Rpm Rpm 

RC75 0.88 10,600 1,125 14 -h 78 1,500 1,500 
RClOO 1.11 13,340 1,450 16 -h 175 1,050 1,050 
RC150 1.61 19,300 2,450 18 l 230 1,140 1,140 
RC200 2.36 28,300 2,850 20 l 230 1,140 1,140 

RC300 3.18 38,200 3,400 20 l 330 1,140 1,140 
BD300 3.31 39,800 3,450 24 l 1.3 1,725 625 
RCSOO 5.14 61,700 5,500 20 2--l 460 1,140 1,140 
BD500 5.13 61,600 5,500 30 ! 1.7 1,725 500 

RC750 7.92 95,000 6,900 24 2-! 860 1,140 1,140 
BD750 7.57 90,900 7,100 36 ! 2.8 1,725 455 
RC1000 10.34 124,000 9,100 20 3-! 1,290 1,140 1,140 
BD1000 10.00 120,000 8,800 36 1 3.2 1,725 485 

BD1500 17.32 208,000 14,750 48 1! 4.8 1,725 325 
BD2000 19.75 237,000 13,600 48 1! 4.8 1,725 325 
BD3000 34.64 416,000 29,500 48 2-1! 9.6 1,725 325 
BD4000 39.50 474,000 27,200 48 2-1! 9.6 1,725 325 

Courtesy Kramer-Trenton Company. 



TABLES 525 

TABLE B. Correction Factors for Suction Temperature Lower than 40o 

Suction temp. oF -30 -20 -10 0 +10 +20 +30 +40 

Conversion factor 0.76 0.81 0.85 0.89 0.92 0.95 0.98 1.00 

Courtesy Kramer-Trenton Company. 

TABLE C. Correction Factors for Temp. Dlff. (Condensing temp.-ent. air. temp.) 

Condensing Temperature a F 
Entering 
AirD.B. 100 lOS 110 115 120 125 130 

70 1.00 1.17 1.33 1.50 1.67 1.83 2.00 
80 0.665 0.834 1.00 1.17 1.33 1.5 1;67 
90 0.333 0.50 0.665 0.834 1.00 1.17 1.33 

100 0.333 0.50 0.665 0.834 1.00 

Courtesy Kramer-Trenton Company. 



TABLE R-14. Refrigerant Condensers-Capacity and Engineering .Data 

No•l'""ltaii,..-Tont* 

75"-95"._ 15"-95"W-
102° c:..ut. T-p. 105°C.H. T-p. 

T-1 
Elractlve Capacity w- c:.paclty --Shell No. Model Sq. Ft. Tent* I'.D. PSI Tons* I'.D. PSI 

O.D. of Number of 
lnchel r ..... . Surface ......... 2-l'all. 4-Pell. 2-l'all. ......... 2-hll. ......... 2-l'atl • 

5TF 84 73.5 5.41 t .24 t 9.93 t 2.4 t 
STF 15 93.4 9.31 t .72 t 14.4 1.7 5.1 .35 
STF 16 113 13.6 t 1.50 t 19.3 12.7 9.2 .74 

STF 87 133 17.9 t 2.65 t § 16.1 § 1.3 
5TF 88 153 22.4 12.2 4.2 .20 I 21.1 § 2.1 
5TF 89 173 26.9 16.0 6.3 .40 25.5 § 3.0 

I~ 40 STF 810 193 31.7 20.1 8.7 .64 § 30.2 § 4.3 
STF 811 213 36.6 24.3 12.2 .95 § 35.1 I 6.0 
STF 112 232 41.6 28.5 15.9 1.30 § 40.2 7.8 

STF 813 252 § 32.8 § 1.78 § § § § 
STF 814 272 § 37.2 § 2.30 § t I t STF 815 292 § 41.6 § 2.95 § 

STF 816 312 § 46.1 § 3.6,5 § § § § 

STF 104 110 8.1 t .24 t 14.9 t 2.4 t 
STF 105 140 14.1 t .72 t 21.6 13.0 5.1 .35 
STF 106 170 20.4 t 1.50 t 29.0 19.1 9.2 .74 

STF 107 200 26.9 t 2.65 t § 25.2 § 1.3 
STF 108 229 33.6 18.3 4.2 .20 § 31.7 § 2.1 
STF 109 259 40.4 24.0 6.3 .40 § 31.2 § 3.0 

1~ 60 STF 1010 219 47.5 30.2 8.7 .64 § 45.3 § 4.3 
STF 1011 319 54.9 36.4 12.2 .95 § 52.6 § 6.0 
STF 1012 349 62.5 42.7 15.9 1.30 § 60.3 § 7.8 
STF 1013 371 § 49.2 § 1.78 § § § § 
$1:1' 1014 408 § 55.8 § 2.30 § t § § 
STF 1015 431 § 62.5 § 2.95 § § § 
SJF 1016 468 § 69.2 § 3.65 § § § § 

STF 124 169 12.4 t .24 t 22.8 t 2.4 t 
STF 125 215 21.6 t .72 t 33.1 20.0 5.1 .35 
STF 126 260 31.3 t 1.50 t 44.4 29.2 9.2 .74 
STF 127 306 41.2 t 2.65 t § 38.7 § 1.3 
STF 128 352 51.5 28.0 4.2 .20 § 48.6 § 2.1 
STF 129 397 61.9 36.8 6.3 .40 § 58.7 § 3.0 
STf 1210 443 73.0 46.3 8.7 .64 ~ 69.5 ~ 4.3 
STF 1211 489 84.3 55.9 12.2 .95 § 80.7 § 6.0 

123/4 92 STF 1212 535 95.8 65.6 15.9 1.30 § 92.5 § 7.8 
STF 1213 580 § 75.5 ~ 1.78 § § § § 
STF 1214 626 § 85.6 § 2.30 § I I § 
STF 1215 672 § 95.7 § 2.95 § § 
STF 1216 718 § 106 § 3.65 § § § § 
STF 1217 763 § 117 § 4.5 § § § § 
STF 1218 809 § 127 § 5.5 § § § § 
STF 1219 154 § 138 § 6.6 § § § § 
STF 1220 900 § 149 § 7.8 § § § § 

Pump 
Down 

Ca-ity ......... 
......... 12 

** 

61 
77 
93 

109 
125 
141 
158 
174 
190 
206 
222 
238 
254 

98 
124 
150 
175 
201 
226 
252 
278 
304 
330 
355 
381 
407 

136 
172 
207 
243 
279 
315 
351 
386 
422 
458 
494 
530 
566 
602 
63& 
674 
710 

Nomiatol 
Operatt,.. 
a-. 

lbt. F-12 

*** - 1.2 
10 
13 
15 
17 
19 
:n 
.24 
26 
28 
30 
32 
34 

15 
18 
22 
:6 
30 
34 
38 
42 
46 
50 
53 
57 
61 

20 
26 
31 
36 
42 
47 
53 
58 
63 
69 
74 
80 
15 
90 
96 

101 
107 

~ 

.., , 
~ :;; 
r
m 

"' 
0 
"TI , 
m ., , 
Ci 
m 

E 
0 
z 



STF 144 220 16.2 t .24 t 29.8 t 2.4 t 159 26 
STF 145 210 28.1 t .72 t 43.2 26.1 5.1 .35 202 33 
STF 146 339 40.8 t 1.50 t 57.9 31.1 9.2 .74 244 40 
STP 147 399 53.7 t 2.65 t § 50.4 § 1.3 217 46 
STF 141 458 67.2 36.6 4.2 .20 t 63.3 ' 2.1 329 53 
STF 149 518 10.7 48.0 6.3 .40 t 76.5 t 3.0 372 60 
STF 1410 571 95.1 60.3 1.7 .64 ' 90.6 ' 4.3 414 67 
STF 1411 637 110 72.9 12.2 .95 I 105 I 6.0 457 74 

14 120 STF 1412 697 125 85.5 15.9 1.30 121 7.1 499 II 
STF 1413 757 I 91.4 l 1.71 ' ' t I 542 81 
STF 1414 816 t 111.7 t 2.30 § i I I 514 M 
STF 1415 176 l 125 t 2.95 t § 626 101 
STF 1416 936 I 131 § 3.65 I 

,. 
t I 669 101 

STF 1417 995 I 152 § 4.5 I § § 712 115 
STF 1411 1055 I 166 § 5.5 § I 754 122 
STF 1419 1115 § 110 § 6.6 I § ' § 797 129 
STF 1420 1174 I 195 § 7.1 § § § § 139 136 ---

STF or SRF 164 301 22.2 t .24 t 40.7 t 2.4 t 208 35 
STF or SRF 165 312 31.5 t .72 f 59.0 35.7 5.1 .35 264 44 
STF or SRF 166 464 55.1 t 1.50 79.1 52.0 9.2 .74 319 53 
STF or SRF 167 545 73.4 t 2.65 t ' 61.9 § 1.3 374 62 
STF or SRF 161 627 91.8 50.0 4.2 .20 I 16.5 I 2.1 430 72 
STF or SRF 169 701 110 65.6 6.3 .40 lOS § 3.0 485 II 
STF or SRF 1610 790 130 12.5 1.7 .64 § 124 I 4.3 541 90 
STF or SRF 1611 171 ISO 99.7 12.2 .95 I 144 I 6.0 596 99 

16 164 STF.or SRF 1612 953 171 117 15.9 1.30 165 7.1 652 101 
STF or SRF 1613 1014 I 135 I 1.71 I § I I 707 Ill 
STF or SRF 1614 1116 i 153 t 2.30 t t I t 763 127 
STF or SRF 1615 1197 § 171 § 2.95 § Ill 136 
STF or SRF 1616 1271 I 119 I 3.65 ' § § § 174 141 
STF or SRF 1617 1360 ' 201 t 4.1 I I I I 929 155 
STF or SRF 1618 1441 i 227 ' 5.5 913 164 
STF or SRF 1619 1523 I 246 I 6.6 I I I I 1031 173 
STF or SRF 1620 1604 t 266 i 7.1 § § § 1092 112 

NOTES: 
• Nominal tons ratinc are based on a scale factor of 0.0005. 

• • Pump down capacity is based on 110"/o of the free volume in the shell with R-12 at 102° F. 
••• Condenser capacities based on free drainace of condensed liquid from shell. Normal operatin& -.harce is b-d on allowan- for R-12 vapor in shell, liquid film 

on tubes, and liquid in bottom of shell. t Water rate below turbulent flow. 
9 Water velocity exceeds maximum of 8' sec, prescribed in ACRMA standards. All Model STF condensers are furnished as standard with dual pass heads for 

2 or 4 passes. All Model SRF condensers are available in either +pass or 2-pass construction. The number of passes required must be specified on all orders. 
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TABLE R·IS. Quick Selection Table-Water-Cooled Condensers 
Size and Type of Conneclions 
Water Refrigerant Cleaning 

In and Out In Out Shipping Tool 
Catalog Stock •Nominal SAE SAE SAE Dimension In Inches No. of Weight caraiog 
Number Number HP Rating Flare Flare Flare Height Length Depth Sections (Appr.) Number 

EL-33 1-EL l l' l i 8! 18 13 836 
EL-50 2-EL l l' l i 8! 21 18 836 
EL-75 3-EL t l' l i lot 21 20 836 
EL-100 4-EL 1 l' • i lot 27 25 836 
EL-150 5-EL ll l' • i 12! 33 30 836 

O.D. Swt. 
EL-200 6-EL 2 l' t l 14 34 35 1036 
EL-300 7-EL 3 ... t l 16! 34 39 1036 

• For Booster application-Use one size smaller when used in combination with air-cooled condensers. 
Courtesy Halstead Mitchell. 



SGpm Per Ton 
Tower 91 93 
Basin 8S 87 
W.B. 78 80 

Tower No. Nom. 
Gpm 

CSA 23 12 2.7 2.6 
CSA 33 20 4.S 4.4 
CSA 34 24 S.4 S.3 
CSA 44 32 7.2 7.0 
CSA 4S 40 9.0 8.8 
CSA SS so 11.2 11.0 
CSA 66 72 16.2 15.8 

SA 33 22 s.o 4.8 
SA 34 30 6.7 6.6 
SA 44 40 9.0 8.8 
SA 45 so 11.2 11.0 
SA 46 60 13.5 13.2 
SA 56 75 16.9 16.5 
SA 58 100 22.5 22 

SA 68 120 27 26 
SA 610 ISO 34 33 
SA 612 180 41 40 
SA 615 225 so 49 
SA 616 240 54 53 
SA 618 270 61 60 
SA 620 300 67 66 
SA 624 360 81 79 
SA 824 400 90 88 

SA1224 450 102 100 
SA1230 sso 124 121 
SA1236 650 146 143 
SA1242 750 169 165 
SA1248 850 192 187 
SA1254 950 213 210 
SA1260 1100 247 240 
SA1266 1200 270 260 

---

Courtesy Star Cooling Towers, Inc. 

TABLE R-16. Ratings for Atmospheric Cooling Tower 

Capacities based on 3 mph wind velocity 

Refrigeration Tons 

4 GpmperTon 3 GpmperTon 
90l 93! 92! 94l 90 9S 96 Gas and 
83 86 8S 87 80 8S 86 Gasoline 
1S 78 78 80 70 1S 78 Engine 

(Nom.) HP 

2.8 3.1 2.9 3.0 3.4 3.8 3.4 20 
4.8 S.l 4.8 s.o S.1 6.4 S.8 30 
S.1 6.1 S.1 6.0 6.8 7.7 6.9 40 
7.6 8.2 7.7 8.0 9.1 10.2 9.2 so 
9.S 10.2 9.6 10.0 11.4 12.8 11.5 60 

11.8 12.8 12.0 12.5 14.2 16.0 14.4 80 
17.1 18.4 17.2 18.0 20.5 23.0 20.7 110 

5.2 5.6 5.3 s.s 6.3 7.0 6.3 40 
7.1 7.7 7.2 1.5 8;6 9.6 8.6 so 
9.5 10.2 9.6 10.0 11.4 12.8 11.5 60 

11.8 12.8 12.0 12.5 14.2 16.0 14.4 80 
14.2 15.3 14.4 15.0 17.1 19.2 17.1 100 
17.8 19.2 18.0 18.8 21.4 24.0 21.6 120 
23.7 25.5 24 25.0 28.5 32.0 29 160 

28 31 29 30.0 34 38 34 200 
36 38 36 37.5 43 48 43 2SO 
43 46 43 45.0 51 57 52 300 
53 57 54 56.3 64 72 64 350 
57 61 57 60;0 68 77 69 400 
65 70 6S 67.5 77 87 78 450 
71 77 72 75.0 86 96 86 soo 
85 92 86 90.0 103 115 104 600 
95 102 96 100.0 114 128 115 700 

107 115 108 112.5 129 144 130 800 
131 140 132 137.5 157 176 158 1,000 
154 166 156 162.5 186 208 187 1,200 
178 192 180 187.5 214 240 216 1,400 
202 218 204 212.5 243 272 245 1,600 
226 243 228 237.5 271 305 274 1,800 
261 280 263 275.0 314 350 315 2,000 
280 310 290 300.0 340 380 340 2,200 

- ~~-- --

20° Range-14° Approach 

Comp. 
Diesel Steam Air 
Engine Condensing lOOib 

J 

HP lb/hr Cfm 
1 

33 100 670 
so ISO 1,000 
67 200 1,330 
83 2SO 1,670 

100 300 2,000 
133 400 2,670 
183 sso 3,670 

67 200 1,330 
83 250 1,670 

100 300 2,000 
133 400 2,670 
167 soo 3,330 
200 600 4,000 
267 800 5,330 

333 1,000 6,670 
410 1,250 8,200 
500 1,500 10,000 
580 1,750 11,600 
670 2,000 13,400 
750 2,2SO 15,000 
830 2,500 16,600 

1,000 3,000 20,000 
1,167 3,500 23,300 

1,330 4,000 26,700 
1,670 5,000 33,300 
2,000 6,000 40,000 
2,330 7,000 46,700 
2,670 8,000 53,300 
3,000 9,000 60,000 
3,330 10,000 66,700 

)! 

5 
3,670 11,000 73,300 

--- --~--

1:!: 
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TABLE R-17. Evaporative Condenser Ratings 

TABLE A. (In terms of evaporator load at +40° F evaporator) 

Cond. Wet Bulb Temperature of Entering Air eF) 
Model Temp. 
No. eF> 600 6S 0 70° 7S0 78° 80° 8S0 

90 2.6 2.2 1.9 l.S 1.2 1.1 0.6 
9S 3.2 2.9 2.S 2.1 1.9 1.7 1.2 

E-80F 100 3.8 3.S 3.2 2.8 2.S 2.3 1.9 
lOS 4.S 4.2 3.9 *3.S 3.3 3.1 2.6 
110 S.3 S.l 4.8 4.4 4.1 4.0 3.S 
11S 6.3 6.0 S.7 S.3 S.l 4.9 4.S 

90 4.4 3.9 3.3 2.6 2.1 1.8 0.9 
9S s.s s.o 4.3 3.7 3.3 2.9 2.1 

E-13SF 100 6.6 6.1 s.s 4.8 4.4 4.1 3.2 
lOS 7.8 7.3 6.7 *6.0 S.6 5.4 4.5 
110 9.4 8.9 8.3 7.6 7.2 6.9 6.1 
115 11.0 10.5 9.9 9.3 8.9 8.6 7.8 

90 8.8 7.8 6.6 S.2 4.2 3.6 1.8 
9S 11.0 10.0 8.6 7.4 6.6 5.8 4.2 

E-270F 100 13.2 12.2 11.0 9.6 8.8 8.2 6.4 
lOS 1S.6 14.6 13.4 *12.0 11.2 10.8 9.0 
110 18.8 17.8 16.6 1S.2 14.4 13.8 12.2 
11S 22.0 21.0 19.8 18.6 17.8 17.2 15.6 

• ASRE standard rating conditions. 

TABLE B 

Evaporator Temperature Correction Factors 

Evaporator Correction Evaporator Correction 
Temp.(0 F) Factor Temp. (°F) Factor 

so 0.97 0 1.11 
40 1.0 -10 1.16 
30 1.03 -20 1.20 
20 l.OS -30 1.26 
10 1.09 

Courtesy McQuay, Inc. 
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TABLE R-18. Water Valve Selection Table 

300 

200r- Flow Chart 2~ ~ 
r- All R-12 and R-22 in %" through 1~" -V" 

vahe sizes only ~ ~ ~ 100 
80 

1~ 
!II 60 ~ - ~ 

'S 50 1~ 
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TABLE R-19. Centrifusal Pump Capacity Table 

160 

140 

)120 

.5 100 

1 80 

! 60 

40 

-~~ I''+ 

:====--~-" !"'..... 
~"i 

1531 28 -

Series (1531) Capacity Chart 

'i!!;,JS' - --f!!.l-1.1 
~~ l ........... 

ll.J.-- !AitC'~ f-.- 1531-« ~ 
r-~~~ 15S1-J2 ...... ~ - r--s 1531:-.19 

~ ll 15.!1-29 r- - r--...._ 

v 

20 
0 25 50 75 100 125 150 175 200 225 250 275 300 325 
Fi~ l'l_ ......., 

Capacity in U.S. gallons per minute 
Courtesy Bell & Gossett Company. 



TABLE R-20. Thermostatic Expansion Valve Selection Table 

EVAPORATOR TEMPERATURE °F. 

40" II 10" II 0" ll -10" II -ZOO' II -Ill" - PRESSURE DIFFERENCE ACROSS VALVE. PSI 
Tr._o 

40 1 • I· 1100 11 &0 I· 1100 1120 11 75 1100 1125 1150 11 75 1100 1125 1150 11 75 1100 1125.1150 11 75 1100 jus 1150 

TONS OF REFRIGERATION 

TKBF .24 ... __..:! 2 .22 ~ .21 .31 .17 .20 .22 __.:! .15 .17 .19 .21 .12 .14 .111 .I ~ .12 .14 
1--::- r-:co ~-

nc." .4t ... .70 .78 .44 .50 .56 .&2 .34 .44 .50 .30 .34 .38 .42 .24 .28 .32 .36 .20 .24 .28 

TK1- 1.1 1.1 1.5 1.7 1.0 1.1 
1--

1.2 1.3 .75 .86 .97 1.1 .63 .72 .81 ... .52 .&0 .17 .73 .42 .4t .55 

~ 1.1 2.2 2.5 2.9 1.7 1.9 2.1 2.2 1.3 1.5 1.7 1.9 1.1 1.2 1.4 1.5 .10 1.0 1.1 1.2 .71 .83 .. ---- -- - -- -- u --
~ 2.8 J.S 3.1 4.3 2.5 2.1 3.0 3.3 1.9 1.2 2.5 2.1 1.6 1.1 2.0 1.3 1.5 1.7 1.9 1.1 1.2 1.4 ---- -------- -------- --------
~ 
1'CLW .49 1.1 .70 .78 .44 .50 .56 .62 .34 .40 .44 .50 .30 .34 .38 .42 .24 .21 .32 .36 .20 .24 .28 

~ -------- ------- r-- ----
TL1-
TCL1- 1.1 1.1 1.5 1.7 1.0 1.1 1.2 1.3 .75 .86 .97 1.1 .63 .72 .II .19 .52 .&0 .67 .73 .42 .49 .55 -------- --------r------- ------
~ 
~ 1.9 z.s 2.6 3.0 1.7 1.9 2.2 2.4 1.3 1.5 1.7 1.9 1.1 1.3 1.4 1.6 .91 1.1 1.2 1.3 .75 .86 .97 ---- ----- -- ------1- -------- ------- -----
TUIIIF 
TCUIIF 2.9 S.l 4.0 4.5 2.6 3.0 3.3 3.6 2.0 2.3 2.1 2.9 1.7 2.0 2.2 2.4 1.4 1.6 1.1 2.0 1.1 1.3 1.5 -- - -- -- --- -------- ------
~ 

3.2 ~ 3.5 4.S 5.0 5.6 3.2 3.6 4.0 4.5 2.5 2.9 3.5 2.1 2.4 2.7 2.9 1.7 2.0 2.2 2.4 1.4 1.6 1.8 

~ 
1--- --1---I--- -------- ------ --------~ ----

~ 4.9 1.1 7.0 7.1 4.4 5.0 5.7 6.2 3.5 4.0 4.5 4.9 2.9 3.3 3.7 4.1 2.4 2.7 3.1 3.4 1.9 2.2 2.5 
1--- -------- -------- -------- ------- ------r..-

TCUIIF 5.3 1.5 7.5 8.4 4.7 5.5 6.1 6.7 3.8 4.4 4.9 5.4 3.1 3.6 4.1 4.4 2.6 3.0 3.3 3.6 2.1 2.4 2. 7 -- 13.2 --r....- 6.9 1.5 9.1 11.0 6.2 7.2 8.0 8.1 4.9 5.7 6.4 6.9 u 4.1 5.3 5.8 3.4 3.9 4.4 4.1 2.8 3.6 

112.7 -- 111.4 -- -- 1---u- --
TAU- 9.0 11.1 14.2 1.1 9.3 10.4 6.4 7.4 1.3 9.1 5.3 6.1 6.9 4.4 5.0 5.6 6.2 3.6 u 4.6 

- --
TU- 11.4 2.4.1 16.1 11.1 10.3 11.8 13.2 14.6 8.1 9.3 10.5 11.4 6.1 7.1 1.1 9.6 5.6 6.4 7.2 7.9 4.5 5.2 5.9 ru.o 12.1 117.2 --13.5 -- --
TU1- 13.5 11.1 21.3 13.9 15.6 9.5 11.0 12.3 1.0 9.2 10.4 11.2 6.6 7.6 8.5 9.3 5.3 6.2 6.9 -- ------ -- r-u -- 12.3 ----
TEU2IIIF 17.9 22.1 25.4 28.4 16.1 11.6 20.8 22.7 12.8 14.8 16.6 18.1 10.6 12.3 13.1 15.0 10.0 11.3 7.1 8.2 9.2 

-- -------- -------- ---- -- -------- ----
TIU700F 22.0 27.0 31.2 34.8 19.8 22.8 25.4 27.9 15.7 18.2 20.3 22.2 13.1 15.0 16.9 18.4 10.7 12.3 13.8 15.1 8.8 10.1 11.3 

---- -------- -------- ---- -- -------- ------
TIL3300F 26.9 13.0 38.0 42.6 24.3 27.9 31.2 34.3 19.0 22.0 24.7 26.9 16.0 18.5 20.8 22.6 13.1 15.1 17.0 18.5 10.7 12.3 13.9 

-------- -------- ---- -- -------- ------
THL42011F 34.3 42.0 48.5 54.2 30.1 35.5 39.6 43.4 24.4 28.2 31.6 34.6 20.3 23.4 26.2 28.7 16.6 19.1 21.4 23.5 13.6 15.7 17.6 

-- -- -- ------ --
~ 40.1 II. I 57.6 64.6 36.8 42.3 47.3 52.0 28.9 33.3 37.4 40.8 24.3 21.0 31.5 34.3 19.9 22.9 25.7 28.1 16.2 18.7 21.0 
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Index 

Absolute, humidity, 59 
pressure, 5 
temperature, 13, 14 

Adiabatic, compression, 37-39, 82 
expansion, 37-39, 207-209 

Air, composition of, 57 
conditioning, 122 
dry, 57 
latent heat of, 62 
quantities, 57 
sensible heat, 62 
specific heat, 246 
standard, 58 
total heat, 62 

Air circulation, over cooling coils, 174, 179, 185-
187 

over condensers, 245-247 
in refrigerated space, 131, 179 

Air change load, 145, 152, 153 
Air changes in refrigerated space, 145, 152 
Air cooled condensers, 248-255 
Air cooled condensing units, 79, 223 
Air cooling coils, 180-187 
Ammonia, anhydrous, 293 

piping, 381 
Antifreeze solutions, 201 
Approach, cooling tower, 259 
Atmosphere, 1, 2 
Atmospheric cooling tower, 260, 261 
Atmospheric pressure, 1, 2 
Atoms, 10 
Autolysis, 125 
Automatic eXpansion valve, 298-302 

used as condenser by-pass, 301 
Azeotropes, 297 

Bacteria, 126, 127 
Baffle assembly, cooling coil, 181 
Barometer, 2 
Barometric pressure, 2 
Baudelot coolers, 188-190 
Booster compressors, 395, 396 
Bourdon tube gage, S 
Boyle's law, 27, 28 
Brake horsepower, 216 
Brine cooling, 199-201 
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Brines, 199-201 
British thermal unit, 17 
Butane, 297 
By-pass, condenser, 263 

cylinder, 242 
hot gas, 391 

Canning, 123 
Capacitor start motors, 414 
Capacitor start and run motors, 415 
Capacity, centrifugal pump, 278, 279 

compressor, 87, 205, 206, 210-214, 222, 223, 
229 

condenser, 245-253 
cooling tower, 259-261 
evaporator, 170, 174, 177-179, 180, 181, 228 
expansion valve, 318 
system, 85,. 230, 239 
water valve, 265-267 

Capacity control, compressor, 241, 242, 363 
condenser, 267-271 
evaporator, 241 
system, 239-241, 243 

Capillary tubes, 318-321 
Carrene 7, 297 
Carbon dioxide, 287, 293 
Cascade systems, 395, 396, 399 
Cases, display, 140 
Centrifugal compressors, 203, 352-363 
Centrifugal pumps, 278, 279 
Centrifugal refrigerating machines, 363, 364 
Clearance factor, volumetric efficiency due to, 

207 
Clearance gas, 203 
Clearance volume, 203 
Centrigrade temperature, 12, 13 
Charles' law, 26, 29 
Chart, psychrometric, 64-69 

pressure-enthalpy, 89, 93, 98, 101, 101, 113, 
116, 118, 119 

pressure-volume, 34-36, 38, 39 
temperature-entropy, 103, lOS 

Chillers, oil, 379, 380 
liquid, 188-197, 201 

Chilling coolers, 132, 133 
Chilling of foods, 132 
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Cloud point, 345 
Coefficient, of expansion, 24 

of heat transfer, 148 
of performance, 97 

Coils, air cooling, 174, 175, 180-187 
bare tube, 165 
dry expansion, 164-177, 193, 194 
finned, 168, 170, 172 
flooded, 164, 194, 195 
forced air, 185-187 
liquid cooling, 188-197, 201 
natural convection, 180-185 

Cold storage, 130 
Cold storage rooms, 130-132 

air circulation in, 131, 179 
air leakage into, 145, 146, 152 
air velocity in, 131, 179 
humidity in, 131, 179 
temperature in, 130 

Compression, adiabatic, 37-39, 82 
compound, 395-401 
constant pressure, 25, 26, 219 
cycle, PV diagram of, 204 
heat of, 95 
isentropic, 95, 219 
isothermal, 27, 28 35-37, 219 
polytropic, 39-41, 219 
processes, PV diagrams of, 34-36, 38, 39 
ratio of, 208 
wet, 219 
work of, 34-41 

Commercial refrigeration, 122 
Commercial refrigerators, 139 
Compressor(s), action of, 203, 204 

bore and stroke, 342, 343 
centrifugal, 203, 352-363 
classification of, 203 
compression efficiency of, 216-218 
crankcase heaters, 348, 350 
crankshafts, 343 
crankshaft seals, 343 
cycling devices, 231-239 
cylinder arrangement, 337 
discharge temperature, 83, 96 
function of, 78 
hermetic, 79 
horizontal, double acting, 334-337 
horsepower, 214-220 
impellers. 352-354 
lubrication of, 344-350 
mechanical efficiency of, 216-218, 221 
oil check valve, 349 
piston displacement, 205 
pistons, 337 
prerotation vanes, 357 
pumping head, 353-356 

Compressor(s), pumping limit, 361 
reciprocating, 203-223, 334-344 
rotary, 203, 250-252 
selection of, 222 
service valves, 78 
single acting, vertical, 334-337 
speed of, 220, 221, 362, 363 
surging, 362 
types, 203, 334 
valves, 337-341 
volumetric efficiency, 206-210 
volute type, 357 
water jacketing of, 219 

Compressor capacity, 87, 205, 206 
control of, 241, 242, 363 
ratings, 222, 223 
variation with condensing temperature, 212-

214 
variation with suction temperature, 210-212 

Condenser load, 96, 244, 245 
Condensers, air cooled, 248-255 

air quantities for, 245-247 
air temperature rise in, 245-247 
booster for, 255 
capacity, 245-253 
capacity control, 267-271 
chassis mounted, 249 
forced air, 249 
function of, 244 
gravity ftow, 248, 249 
location of, 249 
rating and selection, 251-253 
remote, 249 
temperature split, 252 

Condensers, water cooled, 253-259 
by-pass, 263 
capacity control, 267-271 
cleaning, 255, 256, 271-273 
double tube, 255 
rating and selection, 257-259 
recirculating systems, 253 
scale factors for, 255 
scaling rate, 254-255 
shell-and-coil, 255, 256 
shell-and-tube, 256, 257 
water piping for, 253, 254, 278 
water pressure drop through, 253, 254 
water quantities for, 245-247 
water regulating valves, 265-267 
water temperature rise in, 245-247 
water velocity in, 253, 254 

Condensers, evaporative, 264, 265 
capacity control of, 267-271 
rating and selection, 265 

Condensation of vapors, 49, 50 
Condensing pressure, 83 



Condensing pressure, effect of high, 101-103,208 
effect of low, 267, 268 

Condensing temperature, 43, 49, 50, 83, 101-
105, 253 

Condensing units, 79, 223 
Conductance, 148 

over-all coefficient of, 147-149 
Conduction, 14, 148 
Conductivity, 15, 148 
Controls, compressor cycling, 231 

condenser capacity, 267-271 
electric motor, 418-427 
evaporator capacity, 228 
pressure, 236, 237 
refrigerant, 75, 76, 298-333 
temperature, 231-236 

Conversions, energy, 8, 21 
head-pressure, 275 
heat-work, 21 
pressure, 4, S 
temperature, 13 

Convection, natural, 15 
Coolers, liquid, 188-197, 201 

reach-in, 140 
walk-in, 140 

Cooling load, see Heat load 
Cooling towers, 259-262, 271 
Copper plating, 290 
Corrosion, 272, 273 
Crankcase heaters, 348, 350 
Crankcase oil equalizing, 382, 383 
Critical pressure, SO 
Critical temperature, 50 
Cycle, compression, 203-205 

diagrams, 89-119, 204 
reverse, 392 
simple saturated, 92-106 
subcooled, 112-117 
superheated, 107-112 

Cycling controls, 231 
Cylinder heating, 209 
Cylinder unloading, 242 
Cylinders, compressor, 337 

Dalton's law, 58 
Defrosting, brine spray, 389, 390 

electric, 390, 391 
frequency, 388, 389 
hot gas, 391-395 
multiple evaporator systems, 391, 392 
off-cycle, 388, 389 
re-evaporator coils, 391 
reverse cycle, 392 
Thermobank, 393, 394 
timers, 389 
Vapot, 394, 395 
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Defrosting, water, 389, 390 
Dehydration, of foods, 123, 131, 179 

of refrigerants, 297 
Dehydrators, 297 
Delta connections, 407 
Depression, wet bulb, 61 
Desiccants, 297 
Desiccation of foods, 131, 179 
Deterioration of foods, 123, 124 
Dew point temperature, 58 
Diagrams, cycle, 89-120 

pressure-enthalpy, 89 
pressure-volume, 34-36, 38, 39, 204 
temperature-entropy, 103, 105 

Differential, control, 232 
Dilution, of oil by refrigerant, 290-292 
Discharge, gas by-pass, 391 

head in pumps, 279, 280 
pressure, 83 
service valves, 78 
temperature, 83 
valves, 337-341 

Discharge lines, 372-375 
Distributor, refrigerant, 311-314 
Domestic refrigeration, 122 
Double-pipe condensers, 255 
Double-pipe evaporators, 188 
Driers, refrigerant, 297 
Drift, water loss by, 260 
Dry bulb temperature, 61 
Dry ice, 49 

Efficiency, compression, 216-218 
mechanical, 216, 217, 221 
over-all, 216-218 
system, 97 
volumetric, 206-208 

Electric motors, 407-416 
Eliminators, vibration, 367 
Energy, conservation of, 8 

definition, 7 
equation, general, 30 
heat, 10 
heat-work equivalents, 21-23 
internal, 10, 11 
kinetic, 7, l1 
molecular, 10 
potential, 7, 11 
transformations of, 8, 21-23 

Enthalpy, 50, 51 
of air, 62 

Enthalpy-pressure diagrams, 89, 93, 98, 101, 107, 
113, 116, 118, 119 

Entropy, 51, 52 
Entropy-temperature diagrams, 103 
Enzymes, 124, 125 
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Equalizer, crankcase oil, 382, 383 
external, thermo expansion valve, 304-306, 

317, 318 
Equivalents, head-velocity, 275, 276 

heat-work, 21-23 
pressure, 5 
pressure-head, 275 
temperature, 13, 14 

Ethane, 287, 288, 297 
Ethylene, 297 
Ethylene glycol, 201 
Eutectic solutions, 199-201 
Evaporation, 47 
Evaporative condensers, 264, 265 
Evaporators, air-cooling, 174, 175, 185-187 

air flow through, 174, 179, 185-187 
baffting, 180, 181 
bare tube, 180, 181 
Baudelot, 188-190 
capacity, 170, 174, 177-181 
circuiting, 17 5-177 
coil and batBe assembly, 181 
defrosting, 388-395 
double-pipe, 188 
dry expansion, 164-177, 193, 194 
film coefficients, 171 
finned, 168, 170, 172 
flooded, 164, 194, 195 
forced air, 185-187 
liquid chilling, 188-197, 201 
natural convection, 180-185 
plate type, 165-168 
rating and selection, 177, 181-187, 195-197 
shell-and-coil, 191, 192 
shell-and-tube, 192-195 
spray type, 195, 201 
tank type, 190, 191 
temperature difference, 173, 178, 179 
types of, 164 
U factors, 171, 181 

Evaporator pressure regulators, 331-333 
Exchangers, heat, 114-117 
Expansion, adiabatic, 37, 38 

coefficient of, 24 
constant pressure, 25, 26 
isothermal, 27, 28, 35-37 
of gases, 25-28 
of solids and liquids, 24 
polytropic, 39-41 
processes, PV diagrams of, 34-36, 38, 39 
throttling, 93 
wiredrawing, 93, 208, 209 

Expansion valve, automatic, 298-302 
hand, 298 
thermostatic, 302-318, 326, 327 

External work, 30-33 
External equalizer, 304-306, 317, 318 

Fahrenheit scale, 12, 13 
Feather valve, 339 
Finned coils, 168, 170-172 
Fins, advantage of, 172 

inner, 172 
Flammability of refrigerants, 285 
Flapper valves, 339 
Flash intercoolers, 397 
Float, high ~ide, 321, 323-325 

low side, 321-323 
Float switch, 325, 326 
Film, air, 149, 171 

oil, in evaporator, 291 
Fluid, flow, 274-278 

friction, 278 
pressure, 274, 275 
viscosity, 291, 345, 346 

Fluorocarbon refrigerants, 287, 288, 294-297 
Foaming, oil, 347-350 
Foods, absorption of odors by, 132 

blanching of, 133 
chilling, 132 
cold storage, 130-132 
dehydration, 131 
deterioration, 123, 124 
enzymic action in, 124, 125 
freezing, 133-139 
microorganisms in, 125-129 
packaging, 139 
preservation of, 122, 123, 128-140 

Freezing, of foods, 133-139 
temperature of water, 12 

Friction, fluid, 278 
head, 278 
losses in piping, 278 
mechanical, in compressors, 216, 221 

Frost accumulation on coils, 165 
Frozen storage, 133-139 
Fusible plugs, 384 
Fusion, latent heat of, 19 
Fusion temperature, 19 

of water, 12 

Gages, 3-5 
Gas(es), 12 

adiabatic expansion and compression of, 37-39 
Boyle's law of, 27, 28 
Charles' law of, 26, 29 
clearance, 203 
constant pressure expansion and compression 

of, 25, 26 
constants, 29 
critical temperature and pressure, 50 



Gas(es), ideal or perfect, 31 
isothermal expansion and compression of, 27, 

28, 3S-37 
taw, general, 29 
liquefying of, 49, SO 
polytropic expansion and compression of, 39-

41 
processes, PV diagrams of, 34-39 
properties of, SO 
specific heat, 32, 33 

General energy equation, 30 
Glazing of fish, 139 
Glycols, 201 

Halide leak detectors, 293 
Halogens, 287 
Halocarbon refrigerants, 287 
Hand expansion valves, 298 
Head, centrifugal compressor, 3S4-3S6 

friction, 278 
pumping, 279-281 
static, 27S-277 
total, 27S-277 
velocity, 27S-277 

Head-pressure ratio, 27S 
Heat, 10 

intensity, 12 
latent, 18, 19 
mechanical energy equivalent of, 21-23 
of compression, 9S 
quantity, measurement of, 17 
respiration, 1SS 
sensible, 18, 20 
total, 21 

Heat exchangers, 114-117 
Heat loads, 71, 144-162 

air change, 14S, 1S2, 1S3 
equipment, 147 
lights, 147 
motors, 147 
occupancy, 147, 1SS 
product, 146, 1S3-1SS 
sample calculations, 1S6-162 
short method calculations, 1S5 
solar, 150 
wall gain, 145, 147-152 

Heat transfer, 14-17 
conduction, 14 
convection, 15 
radiation, 15-17 

Heaters, crankcase, 348, 350 
Hermetic motor-compressors, 79 
High pressure control, 236 
High side float, 321, 323:-325 
History ot'industry, 121 
Horsepower, 6, 7 

Horsepower, brake, 216, 217 
compressor, 214-220 
indicated, 217 
pump, 281,.282 
theoretical, 97, 214-216 

Hot gas defrosting, 391-395 
Hot gas line, 372-375 
Humidity, absolute, 59 

in storage coolers, 131, 179 
percentage, 60 
relative, 59 
specific, 60 

Hydrocarbons, 297 

Ice, banks, 167 
latent heat of, 19 
melting temperature, 12 
refrigeration, 72, 73 
specific heat, 17 

Ideal gas, 31 
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Impeller, centrifugal compressor, 352-354 
centrifugal pump, 278 

Indicated horsepower, 217-219 
Indicator diagrams, 217-219 
Indirect refrigeration, 197 
Induction motors, 407-415 
Industrial refrigeration, 122 
Infiltration, 146 
Insulation, thermal, 71 
Intercoolers, 396-399 
Internal energy, 10 

kinetic, 11, 3 3 
potential, 11 

Isentropic compression, 219 
Isothermal processes, 27, 28, 35-37 

Jacketing, water, of compressor, 219 

Kelvin temperature, 13, 14 
Kinetic energy, 7, 11, 33 
k factors, 148 

Labyrinth seal, 357 
Latent heat, 18-20 

calculations, 19, 20 
of air, 62, 63 
of fusion, 19 
of ice, 19 
of vaporization, 20 

Leakage, air into refrigerated space, 148, 149 
piston and valve, 209 

Liquid, 12 
chillers, 188-197, 201 
intercoolers, 396-399 
lines, refrigerant, 375, 376 
risers, 376 
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Liquid, saturated, 43 
subcooled, 43 
subcoolers, 114 

Liquid-suction heat exchangers, 114-117 
Loads, heat, 144-162 
Locker plants, 141, 142 
Log mean temperature difference, 173 
Low pressure control, 236, 237 
Low temperature systems, 395-401 
Lubricants, see Oil 
Lubrication, methods of, 346, 347 

Manometers, 3, 4 
Marine refrigeration, 122 
Matter, 10, 11 
Mean effective temperature difference, 173 
Mechanical efficiency, 216, 2i7, 221 
Mechanical energy, 7, 8 

heat equivalent of, 21-23 
Mercury gages, 3, 4 
Methane, 297 
Methyl chloride, 287, 294 
Methylene chloride, 287, 294, 295 
Microorganisms in food, 125 

bacteria, 126 
molds, 128 
yeasts, 127 

Milk, growth of bacteria in, 127 
Moisture, in air, 59, 60 

indicators, 383 
in refrigerating systems, 288, 289 
removal from system, 297, 383, 384 

Mold, 128 
Molecular theory of matter, 10 
Molecules, 10 
Motor controls, 416-422 

magnetic starters, 419-422 
manual starters, 418, 419 
starting relays, single phase, 416-418 

Multiple compression systems, 395-401 
Multiple temperature systems, 402-406 

Oil, bleed lines, 381, 382 
check valve, compressor, 249, 250 
chemical stability, 290, 344 
chillers, 379, 380 
cloud point, 344 
dielectric strength, 345 
dilution by refrigerant, 290-292, 347-350 
film, effect in evaporator, 290-292 
ftoc point, 344, 345 
foaming, 347-350 
miscibility with refrigerant, 290-292 
moisture in, 288, 289 
pour point, 344, 345 
pressure failure control, 422-425 

Oil, return to crankcase, 290-292 
separators, 292, 379-381 
slugging, 347-350 
viscosity, 290, 291, 345, 346 

Over-all coefficient of heat transmission, 148, 149 
Overload protection for motors, 418, 422 

Perfect gas, 31, 32 
Performance, coefficient of, 97 
Percentage humidity, 60 
Pilot valves, 327-328 
Pipe, connections, 365 

fittings, equivalent length of, 278 
friction loss in, 278 
joints, 365 

Piping, refrigerant, 365, 383 
condenser to receiver, 376-379 
discharge, 372-375 
general specifications, 365-367 
noise in, 366, 367 
receiver to system, 375, 376 
suction, 368-372 
supports, 366 
types, 365 
vibration in, 366, 367 

Piping, water, 253, 254, 278 
friction loss in, 278 

Piston, clearance, 203 
pins, 337 
rings, 337 
speed, 341, 342 
types, 337 

Polytropic processes, 39, 41, 219 
Potential energy, 7, 11 
Potential relay, 417, 418 
Pour point of oil, 344, 345 
Power, 6 

factor, 413, 415 
measurement of mechanical, 6, 7 

Preservation of food, 122, 123 
Pressure, absolute, 5 

atmospheric, 1 
condensing, 43, 46, SO, 78, 83 
constant, gas processes at, 25, 26 
critical, 50 
defined, 1 
effect of saturation temperature, 43-46 
evaporator, 75 
ftuid, 274, 275 
gages, 3-6 
losses in refrigerant system, 117-120 
losses in water piping, 278 
measurement of, 12 
oil, 422-425 
saturation, 43-46 
static, 274, 275 



Pressure, vapor, 58 
velocity, 274, 275 

Pressure-enthalpy diagrams, 89, 93, 98, 101, 107, 
113, 116, 118, 119 

Pressure-head equivalents, 275 
Pressure limiting expansion valves, 306-310 
Pressure regulators, crankcase, 331, 333 

evaporator, 331-333 
Pressure relief valves, 384 
Pressure-volume diagrams, 34-36, 38, 39 
Pressure-weight equivalents, 274, 275 
Pulsations, discharge gas, 366, 367 
Pumping head, 279-281 
Pumping limit, centrifugal compressors, 360-362 
Pumps, capacity, 279 

centrifugal, 278-282 
rating and selection, 279-281 

Propane, 297 
Propylene glycol, 201 
Psychrometric properties of air, 57-69 

Quick freezing, 135 

Radiation, 15-17 
Range, control, 233 

cooling tower, 259 
Rankine temperature, 13, 14 
Ratio, compression, 208 
Reciprocating compressors, 203-223 
Refrigerant controls, 15, 76, 298-333 
Refrigerant distributors, 311-314 
Refrigerant-oil mixtures, 290-292 
Refrigerant piping, 365-383 
Refrigerants, 71, 284-297 

ammonia, 293 
butane, 297 
carbon dioxide, 287, 293 
characteristics of, 284-287 
comparison of, 287 
ethane, 287, 288, 297 
fluorocarbons, 287, 288, 294-297 
halocarbons, 287 
liquid, 73 
safe properties, 284, 285 
secondary, 197-201 
sulfur dioxide, 287, 293 
thermodynamic properties of, 285, 287 

Refrigerating effect, 83-85 
Refrigerating systems, 78 
Refrigeration, 71 

applications of, 121 
commercial, 122 
domestic, 122 
industrial, 122 
marine, 122 
transportation, 122 
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Refrigeration loads, 71, also see Heat loads 
Refrigerators, commercial, 139, 140 
Relative humidity, 59 
Respiration heat, 155 
Reverse cycle defrosting, 392 
Rotating magnetic fields, 409-412 
Rotors, squirrel cage, 412 

wound, 412, 413 
Rotary compressors, 203, 250-252 

Safety controls, electrical overloads, 418, 422 
fusible plugs, 384 
high pressure, 236 
low pressure, 236 
oil pressure, 422-425 
pressure relief valves, 384 

Saturated vapor, 43 
Saturation pressure, 43-46 
Saturation temperature, 20, 43-46 
Saybolt viscosity, 345, 346 
Seals, crankshaft, 343 

labyrinth, 357 
Secondary refrigerants, 197-201 
Sensible heat, 18 

calculation of, 17, 21 
Separators, oil, 292, 379-381 
Service valves, 78 
Shaded pole motors, 415 
Sharp freezing, 135 
Shell-and-coil condensers, 255, 256 
Shell-and-coil evaporators, 191, 192 
Shell and tube condensers, 256, 257 
Shell and tube evaporators, 192-195 
Sight glass, 383 
Single phase motors, 413-415 
Slip, rotor, 412 
Sludge formation in oils, 288, 290 
Sodium chloride brine, 200 
Solder joints, 365 
Solenoid valves, 328-331 
Specific gravity of liquids, 200 
Specific heat, 17 

of air, 246 
of gases, 32 
of water, 17 

Specific humidity, 60 
Specific volume, 24 

of gases, 21 
of liquids, 20 
of solids, 18 

Speed, compressor, 220, 221, 362, 363 
motor, 412 

Spoilage agents, 124 
control of, 128 

Spray-type evaporators, 195, 201 
Squirrel cage rotor, 412 
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Sta&ina. 395-402 
Standard air, 58 
Starters, motor, 418-422 
Starting relays, single phase motor, 416-418 
Starting torque, 412 
Static head, 275, 276 
Static pressure, 274, 275 
Stator, motor, 408, 409 
Storage, cold, 130 

conditions of, 130 
diseases, 131 
frozen, 13~-139 
humidity, 131, 179 
mixed, 131 
refrigerated, 130 
temperature, 130 

Strainers, refrigerant line, 384 
Stuffing box, 343 
Subcooled liquid, 43, 112-117 
Subcoolers, 114 
Sublimation, 49 
Suction line, 368-372 
Sulfur dioxide, 287, 293 
Superheat, 21 
Superheated cycle, 107-112 
Superheated region, 89 
Superheated vapors, 21, 43 
Surging in centrifugal compressors, 362 
Synchronous motors, 413 
System, balance, 225-230 

capacity, 85 
vapor compression, 78 

Tank-type chillers, 190, 191 
Temperature, absolute, 13 

centigrade, 12, 13 
compressor discharge, 83 
condensing, 49, 83, 101-103, lOS, 253 
constant, processes at, 27, 28 
controls, 231-236 
conversions, 13, 14 
critical, SO 
dew point, 58 
dry bulb, 61 
eutectic, 199-201 
evaporating, 20 
Fahrenheit, 12, 13 
freezing, 19 
fusion, 19 
in cold storage rooms, 130 
Kelvin, 13, i4 
measuring instruments, 12 
Rankine, 13, 14 
saturation, 20, 143 
wet bulb, 61 

Temperature-entropy diagrams, 103 
Thermal insulation, 71 
Thermometers, 12 
Thermostatic expansion valve, 302-318 

cross-charged, 308, 309 
external equalizer, 317, 318 
gas-charged, 308, 309 
operation of, 302-304 
pressure limiting, 306-310 
rating and selection, 318 
remote bulb location, 315-317 
superheat adjustment, 303, 304 

Thermostatic sensing elements, 231, 232 
Thermostats, 231-236 
Torque, motor starting, 412-415 
Total heat, 21 

of air, 62-64 
Towers, cooling, 259-261 
Timers, defrost, 388, 389 
Toxicity of refrigerants, 284, 285 
Transportation refrigeration, 122 
Tube, capillary, 318-321 

pitot, 277 
Tunnel freezers, 135 

U factor, 148, 149, 171, 181 
Unit coolers, 185-187 
U tube manometers, 3, 4 
Universal viscosity, 345, 346 
Unloaders, cylinder, 242 

Valves, automatic expansion, 298-302 
compressor, 337-341 
condenser by-pass, 301 
condenser water regulating, 265-267 
crankcase pressure regulating, 331-333 
float, hish side, 321, 323-325 
float, low side, 321-323 
hand expansion, 298 
hand stop, 386, 387 
hot gas by-pass, 391 
pilot operated, 327, 328 
pressure relief, 384 
receiver tank, 334, 335 
service, 78 
solenoid, 328-331 
thermostatic expansion, 302-318 

Vapor, 12 
clearance, 203 
condensation, 49, SO 
pressure, 43, 48, 58 
saturated, 43 
superheated, 43 
tables, 52-56 
water, in air, 57-62 



Vaporization, 47 
ebullition, 47 
evaporation, 47 
latent heat of, 20 
sublimation, 49 

Vegetable, blanching of, 135 
Velocity, air, in refrigerated space, 131, 179 

over condensers, 245-247 
over cooling coils, 174, 179, 185-187 

Velocity, piston, 341, 342 
Velocity, refrigerant, in evaporator, 17 5-178 

in refrigerant lines, 368-371, 373 
Velocity, water, in condenser, 253, 254 

in piping, 282 
Velocity head, in centrifugal compressors, 353-

356 
in centrifugal pumps, 275-277 

Velocity pressure, 275-277 
Viscosity, effect of refrigerant dilution on oil, 

290, 291 
Saybolt universal, 345, 346 

Voltage, standard, 407 
Volume, clearance, 203 

constant, processes, 28, 29 
displaced per ton capacity, 86 
effect of heat on, 24 
specific, 24 

Volute compressors, 357 

Water, chillers, 188-197 
cooling towers, 259-262 
defrosting, 389-390 
density, 24, 25 
fouling factors, 258 
gages, 3 
intercoolers, 399 
latent heat of fusion, 19 
latent heat of vaporization, 20 
pumps, 278-282 
regulating valves, 265-267 
saturation temperature, 20 
specific heat, 17 
vapor in air, 57-62 
velocity in condensers, 253, 254 

Wax in lubricating oil, 344, 345 
Weight of refrigerant circulated per ton capacity, 

86, 368 
Wet bulb depression, 61 

temperature, 61 
Wiredrawing, 93, 207-209 
Work, 6 

external, 30, 31, 33 
heat equivalent, 21-23 
of compression, 35-40 

Yeasts, 127 

INDEX 543 

TABLES 

Allowance for Solar Radiation 450 
Approximate ·Volumetric Efficiency of Refriger-

ant-12 Compressors at Various Compres
sion Ratios, 468 

ASRE Refrigerant Numbering System, lJ72 
Average Air Changes per 24 Hours for Storage 

Rooms, 452 
Bleed-Off Rates, 469 
Btu per Cubic Foot of Air Removed in Cooling 

to Storage Conditions, 451 
Comparative Refrigerant Characteristics, 488 
Design Data for Fruit Storage, 453 
Design Ground Temperatures, 447 
Design Date for Meat Storage, 457 
Des~gn Data for Miscellaneous Storage, 459 
Des1gn Data for Vegetable Storage, 455 
Dimensions and Physical Data-Copper, Brass, 

or Steel Tubing, 489 
Equivalent Length of Valves and Fittings, 470 
Evaporator Design TD, 466 
Freezing Points of Aqueous Solutions, 467 
Heat Equivalent of Electric Motors, 462 
Seat Equivalent of Occupancy, 462 
Heat Transmissions Coefficients for Cold Stor-

age Rooms, 440 
Mean Effective Temperature Differences, 465 
Pressure Conversion Factors, 430 
Pressure Drop Correction Factors, 471 
Properties of Gases, 430 
Properties of Pure Calcium Chloride Brine, 466 
Properties of Pure Sodium Chloride Brine, 467 
Properties of Saturated Steam, 431 
Prc;>perties of Saturated Water Vapor with Air, 

432 
Reaction Heat from Fruits and Vegetables, 461 
Refrigeration Design Ambient Temperature 

Guide, 444 
Refrigerant-11, Properties of Saturated, 474 
Refrigerant-12, Properties of Saturated, 47.5 
Refrigerant-13, Properties of Saturated, 480 
Refrigerant-22, Properties of Saturated, 481 
Refrigerant-717, Properties of Saturated, 483 
Refrigerant Line Capacities in Tons for Refrig-

erant-12, 490 
Refrigerant Line Capacities in Tons for Refria

erant-22, 492 
Refrigerant Line Capacities in. Tons for Refrig

erant-717, 494 
Refrigerant Line Capacities for Intermediate or 

Low Stage Duty, 496 
Relative Safety of Refrigerants, 487 
Scale Factors--Water, 469 
Surface Conductance for Buildina Structures, 444 
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Temperature and· Enthalpy of Discharge Vapor, 
439 

Thermal Conductivity of Materials Used iJ) Cold 
Storage Rooms, 443 

U Factors for Glass, 444 
Usage Heat Gain, 463 
Wall Heat Gain:, 464 

CHAm 

Btu per Minute Removed in R.efrigerant-12 
Condensers, 497 

Btu per Minute Removed in Refrigerant-22 
CondeDieJ'S, 4.97 

Btu per Minllte Removed in R.efrigerant-717 
Condensers, 498 

Minimum Gas Velocity in Discharge Risers, SOl 
Miaimum Gas Velocity in Suction R.i&ers, SOO 
Refriaerapt-12 Flow Rate;, 502 
~t-22 Flow Rate, 5()2 

< •• t-717 Flow Rate, 503 

Resistance to Flow of Water through Copper 
Tubing, 498 

Resistance to Flow of Water through Fairly 
Rough Pipe, 499 

IQUIPMENT RATING TAlLIS 

Bare Pipe Coils in Air, 508 
Bare Pipe Coils in Water, SOB 
Compressors, 512 
Condensers, 524, 532 
Condensing Units, 516 
Cooling Towers, 531 
Lineal Feet of Pipe per Square Foot, 509 
Natural Convection Cooling Coils, 504 
Plate Evaporators, 506 
Thermostatic Expansion Valves, S34 
Unit Coolers, 509 
Water Chillers, 510 
Water Valves, 533 
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