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Discussion 3-03
Psychrometrics Review
(Part 1)

Willis Carrier, known as the father of air conditioning, defined Air Conditioning as follows:

"Air conditioning is the control of the humidity of the air by either increasing or decreasing its moisture content. Added to the control of the
humidity are the control of temperature either by heating or cooling the air, the purification of the air by washing or filtering the air, and the
control of air motion and ventilation."

The point isthat air conditioning is not simply the process of cooling air for environmental comfort; and to simply cool air (i.e. reduce the
temperature of it) will change the humidity characteristics and in awarm humid climate could cause numerous unwanted effects including
discomfort, mold growth, mildew and related undesirable health, comfort, and odor problems.

Thus, whether for environmental comfort or a manufacturing or healthcare process, air conditioning requires control of humidity. The
physical concepts related to control of the temperature and humidity properties of the air is called the science of psychrometrics. This
discussion isareview of the principles of psychrometrics.

DALTON'SLAW

The science of psychrometrics (and of course, a clear understanding of that science) is based upon what is known as Dalton’'s Law, which
states:

Each constituent in a mixture of perfect gases behaves as though the other constituents were not present (at least as far aspressureis
concerned).

Visualize two tanks of equal volume (say 1 cubic foot including connecting pipe) connected by alarge pipe with avalveinit. Thevalveis
closed, and tank No. 1isfilled with agas (let's call it gas X) at an absolute pressure of p, ; psig tank No. 2 has no gas moleculesiniit;

therefore, its absolute pressure is O psia; the entire system is at the temperature of the room, t,.. If the valve is then opened, after avery short
time period, the X gas molecules will fill both tanks equally, and since it now occupies both tanks, the pressure will be less but it will be the
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same in both tanks; actually, after returning to the equilibrium temperature (t,) that existed before the valve was open, since the volume has
doubled, the pressure in each tank, p,, will be one half of the original pressure, p, ;

Now, let's start the experiment again. Thistime, again with the valve closed, the same number of gas X molecules will fill tank No. 1 and at
the same temperature as before. The pressure will, again, be p, ;. But now, intank No. 2isgasY at a pressure of Py1 psia. When thevalveis

opened, some of the molecules of gas X will flow into tank 2, and some of the molecules of gas 'Y will flow into tank 1 until, after some finite
time (depending upon the relative size of the tanks and the connecting pipe), the pressures in both tanks 1 and 2 will be equal. Furthermore, in
each tank, the pressure read on a pressure gauge will be the sum of the pressure exerted by the gas X molecules (p,.,) and by the gas'Y

molecules (pyz). In this case, the total pressure would be p;, psiawhere:
Pry=Pntp,,

Following areturn of the system to theinitial temperature, the partial pressure of gas X, p,, will bejust as before; i.e., one half of theinitial
P, Pressure (Dalton's Law) and the pressure of gas Y, Py2 will be one half of the original gas'Y pressure, Py1-

And both p, , and Py2 would be called the partial pressure of each of these gases respectively. Also, according to Dalton's Law, both partial
pressures would be equal in each tank.

(Think of this fundamental concept and convince yourself of its validity before reading on.)

THE AIR

Air isamixture of the gases - dry air and water vapor.

Dry air is actually amixture of several gases, containing approximately (by volume) 21% oxygen, 78% nitrogen and 1% numerous "rare"
gases. These gases, at ambient temperatures and pressures are well into the superheat range of stable gas phase and far from the vapor
boundary.

The water vapor, however exists at conditions near and at the liquid vapor boundary (i.e., saturation point) as defined in the steam tables. Just

as arefresher, let's consider some of the saturated liquid/vapor state points regarding the properties of pressure and temperature, taken from
the steam tables.
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Saturation temperature - pressure rel ationships

Temperature, t,approx. pressure, pg

°F psia
40 0.12
60 0.25
80 0.50
100 1.00
150 4.00
212 14.70
300 67.00
350 135.00

Based upon this data, if tank No. 1 in the first example above was filled with water vapor that was at a temperature of 80°F and a pressure of
0.50 psia, that would represent the maximum water vapor pressure that could exist at that temperature. If molecules were removed, the
pressure would drop, but if molecules were added (at no change in temperature) they would ssmply condense to water (i.e. change phase).
Now, with no water in the tank (i.e., only gas), and with a perfect vacuum in tank 2, if the valve were opened, half of the molecules would
flow into tank No. 2 and after returning to temperature equilibrium, the pressure in both tanks would be ¥z of 0.50 or 0.25 psia. On the other
hand, if tank No. 2 had been filled with "dry air" at the 80° temperature and a pressure of 29.0 psiaand tank 1 had been at an absolute vacuum
and the valve were opened, after reaching temperature equilibrium (80°), the air pressure in both tanks would be 14.5 psia.

Then, by Dalton's law, since each gas would behave as though the other wasn't present, let's combine the two foregoing experiments, and with
the valve closed, the system at 80°F, 0.50 psia of steam (water vapor) in tank No. 1 and 29 psia of dry air in tank No. 2, when thevalveis
opened, each gas would behave as it had when the other was not present, and the end result would be, after reaching temperature equilibrium
(80°F) in each tank, the air pressure would be 14.5 psia, the vapor pressure would be 0.25 psia and the total pressure in each tank would be
14.75 psia

(Take time to accept and embrace this concept before proceeding.)
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IDEAL GASES

Prior to discussing psychrometrics, areview of another important relationship in the fundamental concepts of the theory of gasesisin order:

It has been observed through extensive scientific study that at "low pressures” the relationship between the pressure, specific volume and
absolute temperature of gasesisthat, for any specific gas, the product of the pressure and specific volume is proportional to the temperature.

ft

The constant of proportionality, (DR , iscalled the ideal gas constant and is found to be, numerically, the constant 1545 divided by the
molecular weight of the specific gas. Any gas, the behavior of which is consistent with these relationshipsis called an "ideal gas’, and the
equation of state of for an ideal gasisthen,

v =RT

Most real gases at and around ambient pressures and temperatures behave in a manner close enough to ideal gases that in engineering
analyses they can be assumed to be ideal gases; thisis an assumption that greatly simplifies the engineering practice of gas behavior while
preserving an acceptably high level of accuracy. Thus, in the study of air/water vapor mixtures, the assumption of ideal gas behavior is
common.

PSYCHROMETRICS

Psychrometricsis the science of the behavior of air/water vapor mixtures. Before defining the relationships upon which this science is built,
let's review the earlier discussions on Dalton's Law.

The atmosphere in which we live consists of "moist air" which isamixture of dry air and water vapor. At any given temperature, the pressure
of the water vapor in the mixture can be any value equal to or less than the saturation pressure at that temperature. This vapor pressureis
called the partial pressure of the water vapor (py). (pg if the vapor pressure is at the saturation pressure, the highest possible at any given

temperature). The dry air pressureis called partial pressure of the air (p,,). And the sum of the two (p,, , p,) is called the barometric pressure,
Pg-

With nothing more, an important but quite logical observation can be made: if a mixture of air and water vapor at 80°F has a vapor pressure
of 0.25 psiaand it is cooled to atemperature of 60°F the water vapor will be saturated and with any further cooling, some of the vapor will
condense to liquid. The 60°F temperature (the saturation temperature at the vapor pressure, PH) is thus called the dewpoint temperature of the

mixture, tdp

Symbols commonly used in the study of psychrometrics include:
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Characteristics Symbol Units
Partial pressure of dry air Pa Ib/in®
Partial pressure of water vapor PH Ib/in?
Partial pressure of saturated vapor Pg Ib/in?
Barometric pressure Pg Ib/in®
Density of dry air dy b/t
Density of water vapor dy b/t
Temperature of the mixture ty °F

Using these characteristics, then, terms are defined that enable us to understand, analyze and control the mixtures. These terms are as follows:

= Relative Humidity, RH, is defined asthe ratio of the partial pressure of the water vapor in the mixture, p,, to the partial pressureif the
water vapor were saturated at the temperature of the mixture, p.. In equation form:

RH = ZH o,
B

Example; at atemperature of 80°F (pg = 0.50 psia), if the partial pressure of the water vapor is 0.25 psia, the relative humidity is

RA = 025 =0.50¢0r 50%
0.50

= Humidity Ratio, w, (sometimes called specific humidity) is defined as the ratio of the weight of the water vapor in afixed volume of
mixture to the weight of the air in the same volume. The equation is
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w—d—H Ib vapar
d,  Whdwyair

If the water vapor is saturated, it is common practice to use the subscript s, so that the specific humidity of a mixture in which the water vapor
is saturated would be.

d. lhvapor
d bdw air

Sincethisisavery small number, it has become an accepted practice to multiply the numerator by 7,000 graing/lb and express the humidity
ratio in terms of grains of water vapor/Ib of dry air, or graing/pound.

The condition in which the water vapor in the mixture is saturated is called a saturated mixture of air and water vapor. Note that at any given
temperature, in a saturated mixture, the vapor pressure, the relative humidity, the vapor density and the humidity ratio are as high as they can
be.

= Percent Saturation, |, is defined as the ratio of the humidity ratio of a mixture of air and water vapor to the humidity ratio of a saturated
mixture at the same temperature. In equation form

W

= Adiabatic saturation temperature (wet bulb temperature, t,, ): Imagine arelatively large closed chamber which is partialy filled with

water, has two openings above the water for air to enter and leave respectively, and is perfectly insulated so that no heat can enter or leave the
chamber.

Then amoving stream of an air water vapor mixture which is not saturated is introduced and flows across the water surface. Asit does so,
some of the water will evaporate, increasing the amount of water vapor in the mixture. Since the chamber will allow no heat transfer, the heat
required to evaporate the water will be drawn from the air or the water, thereby decreasing the temperature of both until the water vapor in the
air is saturated. In order to allow the process to continue, a stream of water isintroduced at the temperature of the leaving air, the flow rate of
which must be equal to the evaporation rate. Also, if this water isintroduced at the leaving air temperature, then the only source of heat to
evaporate the water is the higher temperature air which will decrease in temperature until the air/water vapor stream becomes "saturated".
This chamber is called an adiabatic saturation chamber. The entering air temperature is the ambient temperature which, in the science of
psychrometricsis called the dry bulb temperature, t,or t ;. The cooler leaving air stream temperature, t,, or t, isthe adiabatic saturation
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temperature, the value of which is approximately equal to what is called the wet bulb temperature. (The wet bulb temperature is the
temperature read on the bulb of a mercury thermometer which has been fitted with a cloth saturated with water and placed in amoving air
stream.)

A steady flow energy balance performed on the adiabatic saturation chamber yields the following formula, with subscripts 1 and 2
representing the entering and leaving air steams respectively, and enthalpy (h) subscripts those commonly used in the steam tables.

_ wylhy )—e,(f,—1)
kfl _}Ifz

Lig|

wheret, isthe dry bulb temperature and t,, is the wet bulb temperature; w, is the humidity ratio of the sampled stream and w, is the saturated
humidity ratio of the leaving stream at temperaturet, or t, . Thus, if only the entering temperature t , and the leaving temperature t,, are
measured, the humidity ratio of the sampled air, w,, can be calculated.

= Other useful relationships.

Combining the above definitions and equations with the perfect gas equation and applying some straightforward algebra reveal s the following
useful relationships:

Humidity Ratio

w= u.szz[P—HJ
Pn— Py

W, =o.ﬁzz[L]
PB - F:

Percent saturation

p= RH[PB _FSJ
Pp— Py
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(Ps —Ps J

Since M2~ Pz jscloseto 1 at ambient temperatures, then, at temperatures below about 100°F # is approximately equal to RH.

= Enthalpy of air water vapor mixture. Considering the adiabatic saturation process, since the process is adiabatic, the enthalpy of the leaving
mixture (saturated at the wet bulb temperature) is equal to the sum of that at the entering condition plus the difference between the leaving
and entering humidity ratios times the enthal py of the water at the leaving temperature.

If, for the adiabatic saturation process, h, isthe enthalpy of the entering stream (the ambient air water vapor mixture) in BTU/pound dry air,
and h, isthe enthalpy of the leaving stream (saturated at wet bulb temperatures of ambient air) then:

hyy + (We - Wy) hey, =h, BTU/Ib dry air.
Since the deductive term, (W, , - W) h;, isvery small compared to the others, it can be stated that:

"The enthal py of an air water vapor mixture is approximately equal to the enthal py of a saturated mixture at the wet bulb temperature.”

Next Month: " Construct your own psychrometric chart.”
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