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Pump Performance Presentation

Pumps add energy to the fluid they move
* Elevated mass = stored energy
 Mass in mation = stored energy

Plotting performance in terms of energy added
per unit mass makes the performance curve
iIndependent of density

Energy  foot -pounds
Unit Mass pound

Increasing Head

Increasing Flow
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Head = Elevated Mass
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The Relationship Between ft.w.c. and psi

Density of water at 75°F, sea level
conditions:

62.4 Ib./ft.3
0.036 Ib/ in.3
Volume of a column of water 1 in.
square and 27-3/4 in. high:
27.75in.3

27-3/4” Weight of the column of water:
27.75in.3 x 0.036 Ib/ in.3 =1 Ib.

1 Ib. of water over 1 in.2;
11b./in.2 (1 psi)
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Pump performance for a given
speed with a given impeller size

Smaller impeller
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Pump performance for a given
speed with a given impeller size

Lower speed
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Constant
efficiency lines

Peak efficiency point

Lower efficiency
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Constant brake
horsepower lines

Lower brake
horsepower
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Net Positive
Suction Head
(NPSH) Line
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Net Positive Suction Head

Abstract concept
Related to

* Pressure changes on the suction side of the pump
* Vapor pressure of the fluid

* Absolute vs. gauge pressure
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Net Positive Suction Head

Small impeller passage cross sections

Pressure tends to drop High velocities

High velocities
Lower pressure = tendency to =

olo]] Low pressures in the impeller eye

« (Cavitation

Data and image taken from the Durco Pump Engineering Manual
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Net Positive Suction Head

Required Available

 Head required at the suction  Head available at the suction
flange to prevent cavitation flange above the vapor
pressure at the suction flange
to keep the fluid in a liquid state

Characteristic of the pump Characteristic of the system
Varies with Varies with

—  Pump geometry - System geometry

—  Pump flow rate -  System flow rate

— Pump speed — Fluid temperature
Determined by the Determined by
manufacturer — Calculation

—  Field test
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A Practical NPSH Tool
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_ NPSH Available = 31 ft.w.c.
A PraCthal N PSH TO' A pump that required less than 31 ft.w.c of
NPSH would work!
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Reducing impeller size:
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Reducing speed:
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Best Efficiency

“Sweet spot” location and
value tend to be preserved

MP CURVES .

eyt S with speed changes
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Increasing viscosity will cause
the pump curve to “droop”

« Usually not a factor in HVAC
systems if the viscosity is similar
to water between 40°F and 400°F

« Becomes a factor for 50%
ethylene glycol solution below
about 30°F

Increasing Head

Increasing Flow
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Increasing density
increases the brake
horsepower
requirement

 Direct proportion relative to the
density of water

« Curves typically based on 85°F
water

« Multiply bhp by specific gravity
for bhp with other fluids

Increasing Head

Increasing Flow
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Performance Presentation Variations

HEAD {Feet) Version 3.3.1
Pump Series: 1510

60-

B0%g2y;

g o
HEAD (Feet) Version 3.3.1

Pump Series: 1510
T 60-

HEAD (Feet) Version 3.3.1
Pump Series: 1510

60-

Suction Size =6 " Min Imp Dia=9%"
Discharge Size =5" Max Imp Dia=11"
Cut Dia=10.5"

Suction Size =6" Minlmp Dia=9"
Discharge Size =5" Max Imp Dia=11"
Curt Dia = 10.5 "

The Power and Eff. curves shown are for the cut dia. imp: 2 1 GO0
Capacity (GPM)
Suction Size =6" Minlmp Dia=9" Design Capacity =T00.0 GPM

Discharge Size =5" Max Imp Dia=11" Design Head =37.0 Feet
CutDia=105" Motor Size =10 HP

The Power and Eff. curves shown are for the cut dia. impeller.

Bell & Gossett
Y ITT Industries
W

PumpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Developing a Pump Curve

Pump curves developed via testing under ...a straight discharge
specific conditions line ...

.. a throttling device ...

_ ... test gauges (at the
... and a test engineer flange taps) ...

H 1

... add a straight inlet line ... = —

Start with a pump ...

Pump drawing courtesy of Bell and Gossett




Pump Inlet Conditions and Pressure Taps
Matter

Pump curves developed via testing under
specific conditions

Document flow at different
heads ...

... and plot the
results /

Big Rock Model 1
Pump Performance

N\

Flow in Wineskins per Moon

Rocks

Pressure in Large

Pump drawing courtesy of Bell and Gossett




Increasing Head

The Pump Curve:

» Statement of the pumps performance
capabilities in terms of flow and head

A function of the physical characteristics of the
pump design

Projected by design calculations

Established via factory test

Increasing Flow
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The System Curve:

« Statement of the piping
network’s performance in
terms of flow and head

» Afunction of the physical
characteristics of the
system design and
fabrication

Projected by design
calculations

 Established via field test

Increasing Head

Increasing Flow
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Design Goal

« Match operating point
to pump peak
efficiency point
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The Operating Point:

* Where the Pump Curve
and System Curve
meet

Changing something in
the system changes the
system curve and
changes the operating
point

Increasing Head

Increasing Flow
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e New System curve Restricting Flow “Shoves the
for every Pump Up Its Curve”

operating point  Control valves

« Tends to reduce modulating

efficiency Balancing

» Tends to decrease Accumulated debris

power required : .
Wrong pipe size

Interactions with other
pumps

Increasing Head

Increasing Flow
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Increasing Head

Unrestricting Flow Lets the
Pump “Run Out It’s Curve”

e Control valves
modulating

Balancing

Overestimating head
requirements

Interactions with other

pumps * New system
curve for every
operating point

 Tends to
Increase power
required

Increasing Flow
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A 5 hp motor would
be satisfactory for
this pump at its
design condition ...

7-1/2 bhp

Increasing Head

Increasing Flow
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... but if something
reduced the head in
the system, the
pump would “run out
its curve” and
overload the motor

Increasing Head

Increasing Flow
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A 7-1/2 hp motor
selection would be
considered a non-
overloading motor
selection

Increasing Head

Increasing Flow
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The Square Law:
Common to both Air and Water Systems

* Roots in the Darcey — =f[£}[\ﬁ}
Weisbach equation Db )l2g
* Newtonian fluid
« “Well behaved fluid”
— Constant viscosity
— Water is an example
* Non-Newtonian fluid
— Viscosity varies with applied force
— Corn starch in water is an example
* Applies to fully developed turbulent flow

PumMpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Turbulent vs. Laminar

PumMpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Fully Developed Laminar Flow Fully Developed Turbulent Flow
Average Velocity Average Velocity

The vectors typically shown to represent the velocity profile in a pipe
are usually an indication of the average velocity for a given fluid
particle over time not the streamlines

* The actual motion of any given particle could be laminar (parallel
lines) or turbulent (swirling lines)

Laminar flow will tend to have a parabolic average velocity profile
shape

Turbulent flow will have a flatter, fuller velocity profile shape

Fully developed flow exists when the average flow profile does not
change as the fluid moves down the conduit

PumpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Nikuardse’'s Experiment
NI T TT I T[T

.f‘o Jo ‘—'[‘— ! 1 }’: J { — —1-——1- - . . + = _.I

T |
| ! | | | - - .Pf
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Figure 0.~ Relation between log(1002) and log Re.
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Darcy-Weisbach friction factor £

lagram

VI for water &t 20°C (Vin mis, 0 In cm)
@ 1 = +1 =a
L1 I [
VI for aimospherie alr at 207G

o 200 400 0 10

eoon
| | 1 !

Laminar
Tiow

Material

i

T

Transtion zone Complete urbulence, rough plpes, / = 35000, 140 =114 - 2log s

Emmj

Rlvated steal
Concrete

Wiood stave
Castiron
Galvanized ron
Asphalied cast Inon
Commercial steal
Drawn 1ubing

Fluid at 21°C

0.8-g

0.3-3
0.16-0.8

0.25

015

012
0.045

SMOctn ppas, £ = 0

0.0015 1A = 2 log(R VF) - 0.8

v (Mg)

Water
Alr (101,325 kFa)

Latiude (WEE24)

Hagen-FPolazeulle equation
1.00232-006 A <2300, § =6dA

1.511e-005

Colebrook equation, /7 2 2300

2
m's |
g AT = 2 100[F/AT + 2514 4T

0.0"
455"
ao0.0”

Sea lavel
Slandard
Sea level

8.76033
B.A0GES
83219

Comlinuty equation, @ - AV
A =m0, V=408 0%

=
B

E fein mm, Oin mm)
D

Relative roughness r

2e_00%

T t1e-m0n

6?3101 2 3

Moody Diagram

+

I
5':-'.'E1Dl 2 456?3105 2 3 l!-l:-'."S.lDIl 2

Reynolds number A = TD (Vinm's, Dinm, vinm :-"s]
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Metzger & Willard, Inc.

hitprewra mtzgerailard. com




Pipe May Not Be Perfectly Smooth from the
Srotart







Roughness can Change with Time ...
... And with the Nature of t[;g




Pressure drop, ft.w.c. per 100 linear feet of pipe

—
o
o

e
o

0.1

Typcial Design
Cut-off (go up

one line size if

pressure drop
exceeds this)

Log Scale Guide

X Percentage of

the distance to
X (Log )

10 100%

9 95%

8 90%

7 85%

6 78%

5 70%

4 60%

3 48%

2 30%

1 0%

1oL
=

'O\S"

24n

Chart created using PipeFlow Wizard v 1.12
http://www.pipeflow.co.uk/public/control.php

10 100 1,000

Flow,\%pm
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Give ita Try

Given:

« 2,800 gpm flow rate

« 1,000 feet of steel pipe

What line size would you select?
What would the friction rate be?

What would the pressure drop
be?

PumpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Give ita Try

Given:

« 2,800 gpm flow rate

« 1,000 feet of steel pipe

What line size would you select?
What would the friction rate be?

What would the pressure drop
be?

If you reduced the flow to
1,400 gpm in the line that you
had selected based on the
2,800 gpm design parameter,
what is the new pressure
drop?

PumpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Give ita Try

Given:

« 2,800 gpm flow rate

« 1,000 feet of steel pipe

What line size would you select?
What would the friction rate be?

What would the pressure drop
be?

If you reduced the flow to 1,400
gpm in the line that you had
selected based on the 2,800 gpm
design parameter, what is the new
pressure drop?

What if the flow drops to 700
gpm?

PumpP CURVES, SYSTEM CURVES, AND PUMP TESTS




B&G Syzer =

Another way to get an

(C) Temperature/MBH Relationship

a n Swe r The general range of pipe friction loss Flow/Pressure Drop Relationship
used for the design of hydronic

systems is between 1 and 4 It of loss () Circuit Piping Pressure Drop

per 100 ft of pipe according to the _

ASHRAE Fundamentals Handbook. () Pressure Drop/System Curve/Cv
Press F1 for additional information.

Pipe Info
eel Pipe
@ i

Friction Calculations

System Syzer
ITTBel & Gossett S0 (7 Et

Flow in GPH  Pipe Size Pipe Material MNew Pipe

00> 10in <[l Steel Pipe [ ] Repnolds Number= 195463

Friction Loss FT_ Relative Roughness= 5566.67
Bl per 100 FT. of Pipe

Velocity Feet Transition Flow
per Second

Friction Factor= 0.0170

http://www.bellgossett.com/BG-SystemSyzer.asp
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The Square Law:
Common to both Air and Water Systems

Flowy,,, ’
Flowo,d

Pr'essur'e,\,eW = Pr'essur'eo, y x[

Where:
Pressure,,,, = The pressure you want to know in consistent units

Pressure,,, = The pressure you know in consistent units
Flowy,, = The pressure you want to know in consistent units
Flow,,, = The pressure you want to know in consistent units

PumMpP CURVES, SYSTEM CURVES, AND PUMP TESTS




The Square Law:
Common to both Air and Water Systems

* Applies to a fixed system System Curve

— If a valve moves in a water
system you generate a new
system curve

If a damper moves in an air
system, you generate a
new system curve

 There are places in our
systems where the flow is not
fully developed turbulent flow

— ASHRAE research
suggests the nominal
exponentis 1.85 - 1.89

— Using 2 is close enough for
field work most of the time

PumpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Why This Matters

Pump power is a function of flow and static pressure

_ Flow x Head
3,960 x Efficiencys,,,,

Where:

Flow = Flow produced by the pump in gpm

Head = Head produced by the pump in feet water column
3,960 = A units conversion constant that will work for water

bhp

at the temperatures and pressures typically encountered
in HVAC systems.
Efficiency,,,, = Pump efficiency, read from the pump curve or

estimated from past experience; .40 - .70 for small
(under 500 gpm) pumps, .70 - .85 for large pumps
Divide by motor efficiency and multiply by .746 kW
per horse power to get killoWatts

PumMpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Why This Matters

The Square Law says that if we reduce the flow rate in a
given system, the head required to deliver the flow will be
reduced exponentially

« Cut the flow by 50%, then you cut the head required
to 25% of what it was (.5 x .5 or .5%)

Flowy,,, °
Flow,,4

Pressur'eNeW = Pr'essur'eO, J x[

Where:

Pressure,,, = The pressure you want to know in consistent units
Pressure,,; = The pressure you know in consistent units

Flowy,, = The pressure you want to know in consistent units
Flow,,, = The pressure you want to know in consistent units

PumMpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Why This Matters if You are Working with
Control Systems

As a result, for a fixed system, pump power varies as the
cube of the flow rate

bhp < Flow?

PumMpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Note Also

Velocity and flow are related ~ Flow =Velocity x Area

You can measure flow by With consistent units, for instance :
measuring velocity and

- 3 -
multiplying by the area Flow rate in f1.° per minute

The velocity is not perfectly Velocity in ft. per minute
uniform across the pipe Areain ft2

Fittings distort the velocity
profile

The flow profile is re-
established by interactions
with the pipe

%
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Pump Affinity Laws

Apply to a fixed system

* Allow performance to be predicted up and down the
system curve

* Allow new impeller curves to be generated based on an
existing impeller curve
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Pump Affinity Laws

Fundamental relationships:

2 3
N N

Hy = H;p| —= BHP, = BHP,| —=-

2 I(Nlj 2 I(Nl]

Where : Where :

H =Head BHP =Brake horse power
N =TImpeller speed
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Pump Affinity Laws

Fundamental relationships:

2 3
Hz = H; (N—ZJ BHP, = BHP, (’:’—2]

N; 1

Useful derived relationships:

2 3
H, = H, (g—f] BHP, - BHP, [g—j]

D =Impeller diameter
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Applying the Affinity Laws To Predict
Performance

Approximate relationships; Consider an impeller trim

* |n most practical applications, only the pump impeller is
trimmed

— Other dimensions do not change in proportion to the

impeller changes
- Leakage losses impacted
— Hydraulic losses impacted
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Applying the Affinity Laws To Predict
Performance

The affinity laws assume geometric similarity

Proportional

relationship
— between impeller
and casing
dimensions
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Applying the Affinity Laws To Predict
Performance

Changing the impeller outside diameter with out changing
the eye diameter and casing size is different
The solid curves are the impeller

lines predicted by the affinity laws
from the test case (the red line)

The dashed lines are the actual Graphic based on the curves for a Bell

measured curves with trimmed and Gossett 1510 6x6x7 at 1750 rpm
impellers
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Applying the Affinity Laws To Predict
Performance

Bell and Gossett 1510 6G

1150 rpm ——13.5 Inch Impeller

10.5 Inch Impeller

===-10.875 Inch Impeller Projected from
13.5 Inch Data

= - =10.875 Inch Impeller Projected from
10.5 Inch Data

Head, ft.w.c.
» o1
(@) (@]

w
o

0 500 1000 1500 2000 2500

Flow, gpm
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Pump Tests;

Have pump, will test
Simple
— Procedure

— Test equipment
requirement

Only as good as the curve
No curve = No way to test

Results difficult to interpret on
the “flat” part of the curve
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1750 RPM PUMP CURVES

i CENTRIFUSAL PUMP SERIES BO Approved s Dete 4-21-83
_ 6x6x7
i 1750 R.P.M.
4 ﬂ—— .él-
= 35
l -
g 1 = 30 1 . &
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z 2 2o \,
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Pump curve courtesy of Bell and Gossett



25 hp Pump Speed vs. Load
From Gould Test Data
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http://tinyurl.com/PumpTestr1

Performing a Pump Test
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Performing a Pump Test

Pump curves are certified

performance 1750 RPM PUMP CURVES

— Read differential pressure
across the pump

TOTAL HEAD IN METERS
TOTAL HEAD IN FEET

CAPACITY IN CUBIC METERS/HR

PumMpP CURVES, SYSTEM CURVES, AND PUMP TESTS

NPSH IN FEET

NPSH IN METERS




Performing a Pump Test

Inlet conditions are important
* Velocity profile
® Stra|ner COﬂdItIOﬂ Pump curves developedvia testing under

specificconditions

&

Developing a Pump Curve

_...and atestengineer A7y

... add a straightinletline ...
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Performing a Pump Te§

Inlet conditions are important
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) Diffuser

UMP CURVES, SYSTEM'@®




Inside a Taco Suction Diffuser

Note
straightening
vanes in the
outlet
Installed on a
typical end

Strainer screen )
suction pump

typically
installed in this
area
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Performing a Pump Test

Accurate Pressure Measurements
are Important

— High quality gauges
« High accuracy
« Large dial size
« Useful features

7
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Pressure Gauge Accuracy

Accuracy is defined as the conformity of an indication to its true value. Accuracy is a
percentage of the full range. For example, a gauge that has a scale of 0-300 psi with an
accuracy of +1% would mean that the gauge is accurate to within + (plus or minus) 3 psi.

Accuracy Grades - ASME B40.1 (American Society of Mechanical
Engineers)

Maximum Friction
Percent of Span

0.1 0.1 0.1 (NOTE )
0.25 0.25 0.25 0.25
0.5 0.5 0.5 0.5
VS 1 1.0
1.0
2.0
3.0
3.0

Accuracy grade |Lower 1/4 of scale |Middle 1/2 of scale |Upper 1/4 of scale

NOTE: Grade 4A gauges must

T i—r) Accuracy is not consistent across the

scale for the lower accuracy classes
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Pressure Gauge Resolution

Standard Ranges
psi Ranges (A)

Range Specific Range  Figure  Minor
Code (psi) Intervals Divisions

010 30"HgtoO 5 0.2
020 30"Hgto15psi 5/5 0.5/0.2
030 30"Hgto30psi 10/5 1/0.5
040 30"Hgto60psi 10/10 11
050 30" Hg to 100 psi 30/10 2/1
060 30" Hg to 150 psi 30/20 5/2
070 30" Hg to 300 psi 30/50 5/2
080 0Oto 15 psi

090 0 to 30 psi

100 010 60 psi

110 0 to 100 psi

120 0 to 160 psi

130 0 to 200 psi

140 0 to 300 psi

150 0 to 400 psi

160 0 to 600 psi

180 0 to 1000 psi
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Pressure Gauge Resolution

Standard Ranges
psi Ranges (A)

Range Specific Range  Figure  Minor
Code (psi) Intervals Divisions

010 30"HgtooO 5 0.2
020 30"Hgto15psi 5/5 0.5/0.2
030 30"Hgto30psi 10/5 1/0.5
040 30"Hgto60psi 10/10 11
050 30" Hg to 100 psi 30/10 2/
060 30" Hg to 150 psi 30/20 5/2
070 30" Hg to 300 psi 30/50 5/2
080 Oto 15 psi 3 0.1
090 0 to 30 psi 5 0.2
100 0 to 60 psi

110 0 to 100 psi 10

120 0 to 160 psi 20

130 0 to 200 psi 20 10° of needle
140 0 to 300 psi 50

150 0 to 400 psi 50 rotathn =1
160 0 to 600 psi 50 graduation for a
180 00 1000 psi small gauge
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Accuracy and Diameter vs. Price

Spec
0 to 300 psi .
1.6% accuracy .
at mid range,

3% accuracy at
ends of range

4-1/2” diameter °

Spec
0 to 300 psi .

« ANSI 2A .
accuracy (0.5%
across the
range)
6" diameter .

Max indication Price
feature . $9 0

Price
¢ $99

PumpP CURVES, SYSTEM CURVES, AND PUMP TESTS

Spec

0 to 300 psi

1.6% accuracy
at mid range,
3% accuracy at
ends of range

2” diameter

Price

$4




Performing a Pump Test

Accurate Pressure Measurements
are Important

— High quality gauges
« High accuracy
« Large dial size
« Useful features
— Less is More

* Reading all pressures
with the same gauge
through a manifold
cancels out gauge error
and saves a gauge
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An Important Detail about Pump Tests

One gauge is better than two
2 Gauges
Same make and model
Same point of connection
2 different indications
— 17 vs. 19 psi or 39 vs. 44 ft.w.c

— 2 psi/5 ft.w.c. difference can be
significant when reading a pump
curve

PumpP CURVES, SYSTEM CURVES, AND PUMP TESTS




Pump Series: 1510

- -

WL

HPSHr (ft)

50

" HPSHI

¥
i
|
|
|
i
|
|

o
N
4

Discharge 88 ft.w.c Discharge 93 ft.w.c
Suction 46 ft.w.c. Suction 46 ft.w.c.

Difference 42 ft.w.c. Difference 47 ft.w.c.
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Discharge 88 ft.w.c
Suction 51 ft.w.c.

Difference 37 ft.w.c




Pressure Gauge Selection

One gauge is better than two

— Include “Max” indication
feature
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Pressure Gauge Selection

« One gauge is better than two
— Include “Max” indication
feature

— Piped to read all pressures
one at a time
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Pressure Gauge Selection

One gauge is better than two

— Piped to read all pressures
one at a time

Include “Max” indication
feature

Don’t skimp on accuracy
Don’t skimp on size

Snubbers or impulse
chambers are desirable

Ball valves are better than
gauge cocks
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Pressure Gauge Selection

 Range
— Selected so anticipated
reading is mid-scale

— Anticipate negative suction
pressures

— Accommodate high static
pressures
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Pressure Gauge Selection

Range

— Selected so anticipated
reading is mid-scale

Anticipate negative suction
pressures

Accommodate high static
pressures

Viewing angle can make a
difference e,

Orientation can make a - i
difference
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Operating
Experience (On-
going Cx)

i ke Al S’[ar",-'lb ard CX
Desig.” £.r 3i'ence ﬁ E xper .nce

R -

Specify “optional” gauge taps!
... and verify the requirement in review cycles
Make sure the gauges are connected to the gauge taps ...
... and train the operating team on their use
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