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Chapter

Digital Electronics
and HVAC Pumps

1.1 Introduction

The emergence of digital electronics has had a tremendous impact on in-
dustrial societies throughout the world. In the heating, ventilating, and
air-conditioning (HVAC) industry, the development of digital electronics
has brought an end to the use of many mechanical devices; typical of
this is the diminished use of mechanical controls for HVAC air and
water systems. Today’s digital control systems, with built-in intelligence,
more accurately evaluate water and system conditions and adjust pump
operation to meet the desired water flow and pressure conditions.

Drafting boards and drafting machines have all but disappeared from
the design rooms of heating, ventilating, and air-conditioning engineers
and have been replaced by computer-aided drafting (CAD) systems.
Tedious manual calculations are being done more quickly and accurately
by computer programs developed for specific design applications. All
this has left more time for creative engineering on the part of designers
to the benefit of the client.

1.2 Computer-Aided Calculation of HVAC
Loads and Pipe Friction

The entire design process for today’s water systems, from initial design
to final commissioning, has been simplified and improved as a result of
the new, sophisticated computer programs. One of the most capable
programs for sizing and analyzing flow in fluid systems is the piping
systems analysis program developed by APEC, Inc. (Automated
Procedures for Engineering Consultants), headquartered in Dayton,
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Ohio. APEC, a nonprofit, worldwide association of consulting engineers
and in-house design group, is dedicated to improving quality and pro-
ductivity in the design of HVAC air and water systems through the de-
velopment and application of advanced computer software.

The APEC PSA-1 program accurately calculates the friction losses
and sizes of pipes as well as simulating flow under different operating
conditions in either new or existing piping systems. Analyzing the
fluid flow in systems with diversified loads, multiple pumps, and
chillers or boilers is essential if engineers are to truly understand the
real operating conditions of large HVAC water systems. This under-
standing can only be achieved through the use of a computer program
capable of such thorough analysis.

1.2.1 Typical input for APEC piping system
analysis program

The following is representative system data into an APEC’s computer
program for calculating pipe sizing, friction, and flow analysis, and
typical output.
Master Data files
Pipe, fitting, and valve files
Material friction loss
Actual ID for nominal copper type (M,L)
Steel schedule other
Standard pipe pre-entered or custom. Cost estimation optional.
Insulation file
Type

K value
Thickness

Cost estimation optional
Fluids. Provisions for all fluid types with:

Density Temperature
Viscosity Specific heat

System data
Pipe environment Required for heat/loss gain

Space temperature Outside air temperature
Soil conductivity Burial depth
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Program options

System sizing
Flow simulation

Cost estimate

Flow simulation options-typical entries

Maximum iterations 30

Intermediate results Every 3 iterations
Temperature tolerance for convergence 0.50

Relaxation parameters 0.50°F

Fill pressure 46 ft of head (or H,0)
Pump data

Variable or constant speed

Points for pump curves

Terminal data (coils, etc.)

Fluid flow

Pressure drop

Coil cfm (ft3/min)
Inlet air temperature

Leaving air set point

Valve data

Valve coefficient
Trial setting

Valve control

1.2.2 Typical output for APEC piping
system analysis program

Table 1.1 includes samples of output headings, with one line of output
for only three output forms available. The output also has forms that
mirror the input, so the designer has a complete record of the entire
analysis.

This program is now being expanded to include many additional
piping features and to accommodate contemporary computer prac-
tices such as Windows, to speed the development and manipulation of
project data.
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TABLE 1.1 Sample Output Headings

Pressure-drop analysis*

Node Pipe Terminal
Pipe ——— CV Fitting Special Total
From To Diameter Length, ft PD Flow PD PD PD PD PD

5 6 2.50 22.5 0.75 70 22 31.0 0.21 53.96

System estimatet

Material Labor
Total

Ttem Size Description Quantity Unit Unit Cost Unit Cost Cost

1 2.00 Schedule 40 115.0 LF 2.42 278 42 4830 5108

Final simulation results

Link pi Flow (gpm) Pressure head (ft)
_ ipe
Start End diameter Input Actual At start Node Temperature, °F
4 5 2.5 70 75.3 34.4 (79.37) 160

*Chiller or boiler pressure drop not included.
fLabor and cost units are entered by user as master data for given localities. Cost estimates are not in-
tended to give accurate costs for bidding purposes.

1.3 Hydraulic-Gradient Diagrams

The hydraulic-gradient diagram provides a visual description of the
changes in total pressure in a water system. To date, these diagrams
have been drawn manually; the actual drawing of the hydraulic-
gradient diagram is now being evaluated for conversion to software;
when this is completed, the diagram will appear automatically on the
computer screen after the piping friction calculations are completed.

The hydraulic-gradient diagram has proved to be an invaluable tool
in the development of a water system. It will appear throughout this
book for various types of water systems. Its generation will be ex-
plained in Chap. 3. Clarification should be made between an energy
gradient and the hydraulic gradient of a water system. The energy gra-
dient includes the velocity head V% 2g, of the water system, while the
hydraulic gradient includes only the static and pressure heads. Velocity
head is usually a number less than 5 ft and is not used to move water
through pipe, as are static and pressure heads. Using the energy gradi-
ent with the velocity head increases the calculations for developing
these diagrams; therefore, the hydraulic gradient is used instead.

1.3.1 Energy and hydraulic gradients

Figure 1.1 describes the difference between the energy gradient and
the hydraulic gradient. This diagram is typical for an open system
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Figure 1.1 Energy and hydraulic gradients. (From Karassik et al., Pump Handbook,
3rd ed, McGraw-Hill, used with permission.)

such as an open cooling tower circuit; the closed systems of HAVC in-
cluding chilled and hot water systems consist of a loop, since the
water returns to its source. The individual losses in a water system
are explained in this diagram. Velocity head cannot be ignored, since
it represents the kinetic energy of the water in the pipe. Velocity head
will be emphasized in this book when it becomes a factor in pipe de-
sign, particularly in piping around chillers and in the calculation of
pipe fitting and valve losses.

1.4 Speed and Accuracy of Electronic
Design of Water Systems

The tremendous amount of time saved by electronic design enables the
engineer to evaluate a water system under a number of different de-
sign constraints. The designer can load certain design requirements
into a computer, and while the computer is doing all the detailed calcu-
lations for that program, the next program of design considerations
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can be set up for calculations by the computer. After all the programs
have been run, the designer can select the one that provides the op-
timal system conditions that meet the specifications of the client.
The designer now has time to play “what if” to achieve the best pos-
sible design for a water system. In the past, the engineer was often
time driven and forced to utilize much of a past design to reach a
deadline for a current project. Now the engineer can model pumping
system performance under a number of different load conditions and
secure a much more complete document on the energy consumption
of proposed pumping systems.

The designer can compute the diversity of an HVAC system with
much greater accuracy. Diversity is merely the actual maximal heat-
ing or cooling load on an HVAC system divided by the capacity of the
installed equipment. For example, assume that the total cooling load
on a chilled water system is 800 tons, but there are 1000 tons of cool-
ing equipment installed on the system to provide cooling to all parts of
that system. This disparity is caused by changing some loads or differ-
ences in occupancy. The diversity in this case would be 800/1000, or
0.80 (80 percent).

This is a simpler and easier definition of diversity than a more
technical definition that states that diversity is the maximal heating
or cooling load divided by the sum of all the individual peak loads. For
example, a 10-ton air handler might have a peak load of only 9.2 ton.
The true diversity might be slightly less than that acquired by using
the installed load.

1.4.1 Equation solution by computer

A number of equations are provided herein for the accurate solution
of pressures, flows, and energy consumptions of HVAC water systems.
These equations have been kept to the algebraic level of mathematics
to aid the HVAC water system designer in the application of them to
computer programs. Computer software is now available commercially
to assist in the manipulation of these equations. Typical of them is
the EES—Engineering Equation Solver program, available from F-
Chart Software, Middleton, Wis.

1.5 Databasing

After the designer has completed the overall evaluation of a water
system, databasing can be used to search elements of past designs for
use on a current project. Databasing is a compilation of information
on completed designs in computer memory that can be recalled for
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use on future projects. To use it, the designer can enter key factors
that would describe a current project and then allow the computer to
search a database for similar completed designs that would have the
same defining elements. For example, a project designed without
databasing may have a total of 5000 design hours. After searching the
database, a design might be found that could provide 3000 design
hours from a previous project, leaving a requirement for 2000 new de-
sign hours. When this current project is completed, it would be en-
tered into the database for similar future reference.

1.6 Electronic Communication

With the technical advances that are occurring in communications,
rapid communication is available between various architectural and
engineering offices. Databasing can be linked between main and
branch offices of a multioffice firm so that job and data sharing can be
established between the various offices as desired by the engineering
management.

Interoffice communication also has been accelerated with the use of
electronic mail such as e-mail. Such mail can reduce the time for ask-
ing crucial questions and receiving responses. It reduces error with
regard to documentation and maintains a file on the correspondence.

1.7 Electronic Design of the Piping
and Accessories

Similar to load calculations and general system layout, digital elec-
tronics has invaded the actual configuration of the water system it-
self. This includes the methods of generating hot or cold water, stor-
age of the same, and distribution of the water in the system. The
distribution of water in an HVAC system is no longer dependent on
mechanical devices such as pressure-regulating valves, balancing
valves, crossover bridges, reverse-return piping, and other energy-con-
suming mechanical devices that force the water through certain parts
of the system. Almost all mechanical devices are disappearing, other
than temperature-control valves for heating and cooling coils. How
this is done will be described in detail in Chaps. 10 and 15 during ac-
tual designing of HVAC systems.

HVAC water systems are being reduced to major equipment such as
boilers or chillers, heating and cooling coils, pumping systems, con-
necting piping, and electronic control. Simplicity of system design is
ruling the day with very few flow- or pressure-regulating devices; this
results in much higher overall system operating efficiencies.
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1.8 Electronic Selection of HVAC Equipment

A major part of the designer’s work is the selection of equipment for a
water system. This includes, for example, chillers, cooling towers, boil-
ers, pumping systems, heating and cooling coils, and control systems.
In the past, designers depended on manufacturers’ catalogs to furnish
the technical information that provided the selection of the correct
equipment for a water system. This had to do with the hope that the
catalogs were current. Now comes the CD-ROM disc and on-line data
services that provide current information and rapid selection of
equipment that meets the designer’s specifications. Many manufac-
turers are converting their technical catalogs to software such as CD-
ROM discs, providing both performance and dimensional data. The
day of the technical catalog is almost gone.

1.9 Electronic Control of HVAC Water Systems

Along with these changes in mechanical design, electronic control of
HVAC water systems, in the form of direct digital control or program-
mable-logic controllers, has all but eliminated older mechanical control
systems such as pneumatic control. The advent of universal protocols
such as BACnet® has enabled most control and equipment manufactur-
ers to interface together on a single installation. BACnet description is
available from ASHRAE headquarters in Atlanta, Georgia.

1.10 Electronics and HVAC Pumps

How do all these electronic procedures relate to HVAC pumps?
Efficient pump selection and operation depend on the accurate calcu-
lation of a water system’s flow and pump head requirements. Digital
electronics has created greater design accuracy, which guarantees bet-
ter pump selection. Incorrect system design will result in (1) pumps
that are too small and incapable of operating the water system or (2)
pumps that are too large with excess flow and head resulting in ineffi-
cient operation. The use of electronic design aids has improved the
chances of selecting an efficient pumping system for each application.
Accurate calculation of flow and head requirements of constant-vol-
ume HVAC systems has reduced the energy destroyed in balance
valves that are used to eliminate excessive pressure.

1.11 Electronics and Variable-Speed Pumps

One of the greatest effects on HVAC water systems of electronics is
the development of variable-frequency drives for fans and pumps. The
day of the constant-speed pump with its fixed head-capacity curve is
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coming to an end, giving way to the variable-speed pump, which can
adjust more easily to system conditions with much less energy and
smaller forces on the pump itself. Along with the constant-speed
pump go the mechanical devices described earlier that overcame the
excess pressures and flows of that constant-speed pump. The vari-
able-frequency drive with electronic speed control and pump pro-
gramming matches the flow and head developed by pumps to the flow
and head required by the water system without mechanical devices
such as balance valves.

1.12 Electronic Commissioning

Another great asset of electronics applied to water systems is its use
during the commissioning process. There are always changes in draw-
ings and equipment during the final stage of starting and operating a
water system for the first time. Many of these changes in equipment
and software can be recorded easily through the use of portable com-
puters or other handheld electronics. The agony of ensuring that “as-
built” drawings are correct has been reduced greatly.

Electronic instrumentation and recording devices have accelerated
the commissioning of water systems. Verification of compliance of the
equipment of a water system is enhanced by these instruments.

1.13 Purpose of This Book

It is one of the basic purposes of this book to describe in detail all the
preceding uses of electronics in the design and application of pumps
to HVAC water systems. This must be done with recognition that the
rapid development of new software and equipment is liable to rele-
gate any description of digital electronics to obsolescence at the time
of writing. The development of online data services is going to change
even further the way we design these water systems.

The HVAC design engineers must understand where their offices
are in the use of available electronic equipment and services; this en-
sures that they are providing current system design at a minimum
cost to their company. The engineers who do not use electronic equip-
ment, network the office, or subscribe to online data services as they
come available will not be able to keep up with his or her contempo-
raries in design accuracy and speed.

One of the reasons for the writing of this book was to produce a
handbook for HVAC pumps that would provide basic design and ap-
plication data and embrace the many and rapid changes that have oc-
curred in water system design and operation. This Handbook has
been written to guide the student and inexperienced designer and, at
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the same time, provide the knowledgeable designer with some of the
latest procedures for improving water system design and operation.

The advent of electronic control and the variable-speed pump has
obsoleted many of the older designs of these water systems. We have
the opportunity now to produce highly efficient systems and to track
their performance electronically, ensuring that the projected design is
achieved in actual operation.

1.14 Bibliography
Piping Systems Analysis—1, APEC, Inc., Dayton, Ohio, 1988.
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Chapter

Physical Data for
HVAC System Design

2.1 Introduction

There can be confusion about the standards that exist for the design
and operation of HVAC systems and equipment such as pumps. It is
important for the designer to understand what these standards are,
both for the HVAC equipment and for the water systems themselves.
These standards can be established by technical societies, governmen-
tal agencies, trade associations, and as codes for various governing
bodies. The designer must be aware of the standards and codes that
govern each application.

Included in this chapter are standard operating conditions for
HVAC equipment,; also, this chapter has brought together much of the
technical data on air, water, and electricity necessary for designing
and operating these water systems. The only information on water not
included in this chapter is pipe friction, as described in Chap. 3, and
the specific heat of water at higher temperatures, as described in
Chap. 21 for medium- and high-temperature water systems. Also in-
cluded in this chapter are standard operating conditions for HVAC
equipment.

It is hoped that most of the technical information needed by the
HVAC system designer for pump application is included in this book.
The cross-sectional area, in square feet, and the volume, in gallons, of
commercial steel pipe and circular tanks have been included on a linear-
foot basis. This is valuable information for the designer in calculating
the liquid volume of HVAC water systems and energy storage tanks.

13
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2.2 Standard Operating Conditions

Every piece of HVAC equipment available is based on some particular
operating conditions such as maximum temperature or pressure; usu-
ally, these conditions are spelled out by the manufacturer. It is the re-
sponsibility of the design engineer to check these conditions and to
ensure that they are compatible with the system conditions. It is very
important that variations in electrical service as well as maximum
ambient air temperature be verified for all operating equipment.

2.2.1 Standard air conditions

Standard air conditions must be defined for ambient and ventilation
air. Ambient air is the surrounding air in which all HVAC equipment
must operate. Standard ambient air is usually listed as 70°F, while
maximum ambient air temperature is normally listed at 104°F. This
temperature is the industry standard for electrical and electronic
equipment. For some boiler room work, the ambient air may be listed
as high as 140°F. It is incumbent on the designer to ensure that his or
her equipment is compatible with such ambient air conditions.

Along with ambient air temperature, the designer must be con-
cerned with the quality of ventilation air. This is the air that is used
to cool the operating equipment as well as provide ventilation for the
building. The designer must ensure that the equipment rooms are not
affected by surrounding processes that contain harmful substances.
This includes chemicals in the form of gases or particulate matter.
Hydrogen sulfide is particularly dangerous to copper-bearing equip-
ment such as electronics. Many sewage treatment operations gener-
ate this gas, so it is very important that any HVAC equipment in-
stalled in sewage treatment facilities be protected from ambient air
that can include this chemical. Dusty industrial processes must be
separate from equipment rooms to keep equipment clean. Dust that
coats heating or cooling coil surfaces or electronics will have a sub-
stantial effect on the performance and useful life of that equipment.
The designer must be aware of the presence of any such substances
that will harm the HVAC equipment.

Ventilation air does not bother the operation of the pump itself, but it
does affect the pump motor or variable-speed drive. This is the air that
is used to cool this electrical equipment. Evaluating ventilation air is
part of the design process for the selection of such equipment and is
therefore very important in equipment selection. Outdoor air data in-
cluding maximum wet bulb and dry bulb temperatures is listed in the
American Society of Heating, Refrigerating, and Air-Conditioning
Engineers’ (ASHRAE’s) Systems and Equipment Handbook for most of
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the principal cities. Indoor air quality must be verified as well, both
from a chemical content basis as well as from a temperature basis.
Heat generation in the equipment rooms must be removed by ventila-
tion or mechanical cooling to ensure that the design standards of the
equipment are not exceeded.

2.2.2 Operating pressures

Gauge pressure is the water or steam pressure that is measured by a
gauge on a piece of HVAC equipment. Following is the basic equation
for gauge, absolute, and atmospheric pressures.

psia = psig + P, (2.1)
where psia = absolute pressure, 1b/in? (psi)
psig = gauge pressure, lb/in? (psi)

P = atmospheric pressure, Ib/in® (psi)

For example, if a water system is operating at 75 psig pressure at an
altitude of 1000 ft, from Table 2.1, the atmospheric pressure is 14.2
Ib/in?, so the absolute pressure is 89.2 psia.

TABLE 2.1 Variation of Atmospheric Pressure

with Altitude
Average
Average pressure P,
pressure P, ft H,0,
Altitude, ft PSIA up to 85°F
0 14.7 34.0
500 14.4 33.3
1,000 14.2 32.8
1,500 13.9 32.1
2,000 13.7 31.6
2,500 13.4 31.0
3,000 13.2 30.5
4,000 12.7 29.3
5,000 12.2 28.2
6,000 11.8 27.3
7,000 11.3 26.1
8,000 10.9 25.2
9,000 10.5 24.3
10,000 10.1 23.3
15,000 8.3 19.2
20,000 6.7 15.5

source: Cameron Hydraulic Data, 15th ed., Ingersoll
Rand, Woodcliff Lake, NdJ, 1977, p. 7—4; used with per-

mission.
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The atmospheric pressure of outdoor air varies with the altitude of
the installation of HVAC equipment and must be recognized in the
rating of most HVAC equipment. Table 2.1 describes the variation of
atmospheric pressure with altitude. This table lists atmospheric pres-
sure in feet of water as well as pounds per square inch. For water tem-
perature in the range of 32 to 85°F, the feet of head can be used directly
in the net positive suction head (NPSH) and cavitation equations
found in Chap. 6 on pump performance. For precise calculations and
higher-temperature waters, the atmospheric pressure in 1b/in? ab-
solute must be corrected for the specific volume of water at the operat-
ing temperature. See Eq. 6.10, which corrects the atmospheric pres-
sure in feet of water to the actual operating temperature of the water.

2.3 Thermal Equivalents

There are some basic thermal and power equivalents that should be
summarized for HVAC water system design. This book is based on
1 Btu (British thermal unit) being equal to 778.0 ft - Ib (foot pounds).
Other sources list 1 Btu as equal to 778.0 to 778.26 ft - Ib, which re-
sults in different thermal equivalents. For example, the ASHRAE
Systems and Equipment Handbook lists 1 Btu as equal to 778.17 ft - 1b,
while Keenan and Keyes’s Thermodynamic Properties of Steam de-
fines 1 Btu as 778.26 ft - Ib. The following thermal and power equiva-
lents will be found in this book:

1 Btu (British thermal unit) = 778.0 ft - 1b
1 brake horsepower, bhp = 33,000 ft - Ib/min
1 brake horsepower hour, bhph = 2545 Btu/h
= 0.746 kWh (kilowatthour)
1 kWh = 1.341 bhp
= 3412.0 Btu/h

2.4 Water Data

Water is not as susceptible to varying atmospheric conditions as is air,
but its temperature and quality must be measured. Standard water
temperature can be stated as 32, 39.2 (point of maximum density), or
60°F. It is not very important which of these temperatures is used for
HVAC pump calculations, since water has a density near 1.0 and a
viscosity around 1.5 ¢St (centistokes) at all these temperatures.
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TABLE 2.2 Viscosity of Water

Temperature Absolute Kinematic
of water, °F viscosity, cP viscosity, ft%/s

32 1.79 1.93x10°?
40 1.55 1.67x10°°
50 1.31 1.41x10°°
60 1.12 1.21x10°°
70 0.98 1.06x10°°
80 0.86 0.93x10°°
90 0.77 0.83x10°°
100 0.68 0.74x107°
120 0.56 0.61x10°°
140 0.47 0.51x1075
160 0.40 0.44x10°°
180 0.35 0.39x10°5
200 0.30 0.34x10°°
212 0.28 0.32x1075
250 0.23 0.27x10°°
300 0.19 0.22x10°°
350 0.15 0.18x10°°
400 0.13 0.16x10°°
450 0.12 0.16x10°°

SOURCE: Engineering Data Book, Hydraulic Institute,
Parsippany, NJ, 1990, p. 19; and Systems and Equipment
Handbook, ASHRAE, Atlanta, Ga., p. 14.3; used with per-

mission.

Operations with water at temperatures above 85°F must take into
consideration both the specific gravity and viscosity. Tables 2.2, 2.3,
and 2.4 provide these data for water from 32 to 450°F.

2.4.1 Viscosity of water

There are two basic types of viscosity: dynamic or absolute, and kine-
matic. Dynamic viscosity is expressed in force-time per square length
terms and in the metric system usually as centipoise (cP). In most
cases, the viscosity of water will be stated as kinematic viscosity in
centistokes (¢St) in the metric system and in square feet per second in
the English system. If the viscosity of a liquid is expressed as an ab-
solute viscosity in centipoise, the conversion formula to kinematic vis-
cosity in square feet per second is

o= 6.7197-10°% - p
Y

(2.2)

where v = kinematic viscosity, ft?/s
p = absolute viscosity, cP
v = specific weight, 1b/ft?

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Physical Data for HVAC System Design
18 The Basic Tools

TABLE 2.3 Vapor Pressures and Specific
Weights for Water for Temperatures from 32 to

212°F
Absolute Specific
pressure, weight v,

Temperature, °F ftH,0 1b/ft?
32 0.20 62.42
40 0.28 62.42
45 0.34 62.42
50 0.41 62.38
55 0.49 62.38
60 0.59 62.34
65 0.71 62.34
70 0.84 62.26
75 1.00 62.23
80 1.17 62.19
85 1.38 62.15
90 1.62 62.11
95 1.89 62.03
100 2.20 62.00
105 2.56 61.92
110 2.97 61.84
115 3.43 61.80
120 3.95 61.73
130 5.20 61.54
140 6.78 61.39
150 8.75 61.20
160 11.19 61.01
170 14.19 60.79
180 17.85 60.57
190 22.28 60.35
200 27.60 60.13
210 33.96 59.88
212 35.38 59.81

source: Cameron Hydraulic Data, 15th ed., Ingersoll
Rand, Woodcliff Lake, NdJ, 1977; used with permission.

If the viscosity is expressed as the kinematic viscosity in the metric
system in centistokes, the conversion formula for kinematic viscosity
in the English system is

v, ft¥/s = 1.0764 - 1079 - v, ¢St (2.3)

Kinematic viscosity in English units of square feet per second is the
easiest expression of viscosity to use where other English units of
length, flow, and head are used in HVAC pumping. This is the term
required for computing the Reynolds number with English units.
Contemporary computer programs for pipe friction automatically
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TABLE 2.4 Vapor Pressures and Specific Weights for
Water, for Temperatures of 212 to 450°F

Absolute Specific
Temperature, °F pressure, psia weight v, 1b/ft?
212 14.70 59.81
220 17.19 59.63
230 20.78 59.38
240 24.97 59.10
250 29.83 58.82
260 35.43 58.51
270 41.86 58.24
280 49.20 57.94
290 57.56 57.64
300 67.01 57.31
320 89.66 56.66
340 118.01 55.96
360 153.03 55.22
380 195.77 54.47
400 247.31 53.65
420 308.83 52.80
440 381.59 51.92
450 422.6 51.55

sourci: Joseph H. Keenan and Frederick G. Keyes,
Thermodynamic Properties of Steam, Wiley, New York, 1936, p. 34;
used with permission.

include these data for the water under consideration. Table 2.2 pro-
vides the absolute viscosity in centipoise and the kinematic viscosity
in square feet per second.

2.4.2 Vapor pressure and specific weight
for water, 32 to 212°F

The vapor pressure of water for temperatures up to 450°F must be in-
cluded, since this information is necessary in evaluating the possibili-
ties of cavitation and in the calculation of net positive suction head
available for pumps, which is included in Chap. 6 on pump perfor-
mance. Vapor pressure is the absolute pressure, psia, at which water
will change from liquid to steam at a specific temperature. For each
temperature of water, there is an absolute pressure at which water
will change from a liquid to a gas. Table 2.3 provides these vapor pres-
sures up to 210°F, as well as the specific weight of water at these tem-
peratures. The vapor pressures are shown in feet of water and not
pounds per square inch at these temperatures for NPSH calculations.
Specific weight v is the density in pounds per cubic feet of water at a
particular temperature.
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2.4.3 Vapor pressure and specific weight
for water, 212 to 450°F

Vapor pressures for water from 212 to 450°F, along with its specific
weight, are provided in Table 2.4; the values in the table, unlike
Table 2.3, are expressed in absolute pressures for determining the
minimum allowable pressures of hot water systems operating in this
temperature range. These pressures are used to calculate and avoid
cavitation at any point in these hot water systems.

2.4.4 Solubility of air in water

It is important to know the amount and source of air in an HVAC
water system. Air is undesirable in pumps because of its great effect
on the pump’s performance and useful life.

Air enters an HVAC water system from the original filling of the sys-
tem and from the makeup water that is required to keep the system
full. Air should not enter the system from any other source. Air occurs
naturally in water. Table 2.5 provides the basic data on the solubility
of air in water.

TABLE 2.5 Solubility of Air in Water*

System gauge pressure, psig

Temperature, °F 0 20 40 60 80 100 120
40 0.0258 0.0613 0.0967 0.1321 0.1676 0.2030 0.2384
50 0.0223 0.0529 0.0836 0.1143 0.1449 0.1756 0.2063
60 0.0197 0.0469 0.0742 0.1014 0.1296 0.1559 0.1831
70 0.0177 0.0423 0.0669 0.0916 0.1162 0.1408 0.1654
80 0.0161 0.0387 0.0614 0.0840 0.1067 0.1293 0.1520
90 0.0147 0.0358 0.0569 0.0750 0.0990 0.1201 0.1412
100 0.0136 0.0334 0.0532 0.0730 0.0928 0.1126 0.1324
110 0.0126 0.0314 0.0501 0.0689 0.0877 0.1065 0.1252
120 0.0117 0.0296 0.0475 0.0654 0.0833 0.1012 0.1191
130 0.0107 0.0280 0.0452 0.0624 0.0796 0.0968 0.1140
140 0.0098 0.0265 0.0432 0.0598 0.0765 0.0931 0.1098
150 0.0089 0.0251 0.0413 0.0574 0.0736 0.0898 0.1060
160 0.0079 0.0237 0.0395 0.0553 0.0711 0.0869 0.1027
170 0.0068 0.0223 0.0378 0.0534 0.0689 0.0844 0.1000
180 0.0055 0.0208 0.0361 0.0514 0.0667 0.0820 0.0973
190 0.0041 0.0192 0.0344 0.0496 0.0647 0.0799 0.0950
200 0.0024 0.0175 0.0326 0.0477 0.0628 0.0779 0.0930
210 0.0004 0.0155 0.0306 0.0457 0.0607 0.0758 0.0909

*Ratio of absorbed air volume to water volume expressed as a decimal.
soURCE: Technical Bulletin 8-80, Amtrol, Inc., West Warrwick, RI, 1985, p. 14; used with
permission.
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As indicated in the table, the amount of air that can be dissolved in
water decreases with temperature and increases with system pres-
sure. This table demonstrates Henry’s law, which states that the
amount of air dissolved in water is proportional to the pressure of the
water system. This table should be used in place of similar charts for
open tanks and deaerators where the only pressure is atmospheric
pressure at 0 psig, and the amount of air dissolved in water approaches
zero at 212°F. It is evident from this table that makeup water that is
supplied by the domestic water system can contain a great amount of
air.

To demonstrate the release of air from water, assume that the re-
turn water has a temperature of 180°F and the system pressure is 40
psig. Makeup water entering the system at 50°F will have at least a
0.0836 ratio of air to water. It could have much more air than this,
since it may have been reduced from a higher city water pressure.
When the makeup water is heated to 180°F at 40 psig, the air content
will drop to a ratio of 0.0361, which is less than half that of the cold
makeup water.

An interesting and easy experiment to observe the release of air
when water is heated is as follows:

1. Take a frying pan and fill it with potable water from the kitchen
cold water faucet.

2. Place it on the stove, and heat the water to boiling.

3. Note that bubbles form as soon as the temperature begins to rise.
This is air coming out of solution with the water, since the water
cannot hold as much air with the higher temperature.

4. As the water approaches 212°F, the water begins to boil.
5. Allow the water to cool, and then reheat the water to boiling.

6. Note that this time bubbles do not appear until steam begins to
form. This demonstrates that the water has been deaerated during
the first boiling. It also provides a visual example of what happens
to cold water when it is heated in an HVAC water system.

As shown in Table 2.5, when water passes through pumps and the
pressure is increased, the water will increase its affinity for air. It is
therefore imperative that the air in the makeup water be removed
from the water as soon as it reaches system temperature by locating
the water makeup near the air-elimination equipment such as an
air separator. The optimal location for the air-elimination equipment
depends on the configuration of the water system. Generally, it may
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be best to locate an air separator near the suctions of the distribu-
tion pumps with air vents at the high points where the system pres-
sure is the lowest. For heating systems with high supply water tem-
peratures, it may be advisable to add a dip tube and an air vent at
the water discharge from the heater or boiler. These tables also
demonstrate that it is wise to have manual or automatic air vents at
the top of a building where the system pressure is the lowest. A de-
tailed discussion of air removal from HVAC water systems is included
in Chap. 9.

Air solubility and water system pressure. The solubility of air in
water increases appreciably with the pressure on the water system
as can be seen from Table 2.5. Figure 2.1 demonstrates this; 45°F
chilled water can have seven times as much dissolved air at 100 psig
pressure as can a system operating at 0 pressure. It is, therefore,
important that water systems be operated at the lowest possible
pressure without losing pressure at the top of a building or water
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Figure 2.1 Solubility of air in water.
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system. Ten psig is adequate pressure at the top of most buildings
or water systems.

2.4.5 Velocity of sound in water

The velocity of sound in water is important, as it can indicate the
speed of pressure waves in water systems. The speed of sound in
water is faster than in air (Fig. 2.2). These waves are generated by
manual or automatic valves opening or closing or by pumps being
started or stopped. Also, noisy pumps operating near the shutoff con-
dition or far out on their curve can transmit noise through the con-
nected water system.

2.4.6 Pressure variations in water of a
HVAC system

Figure 2.3 describes the results of a test conducted on a HVAC
chilled water system to determine the variations in differential pres-
sures across coil control valves throughout one day. This figure
demonstrates that HVAC water systems with a number of coil control
valves can be a restless place. This figure indicates the need for prop-
erly designed and sized coil control valves along with adequate con-
trol response.
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Figure 2.2 Velocity of sound in water. (From Karassik et al., Pump Handbook, 3rd ed.,
McGraw-Hill, used with permission.)
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As loads and flows vary, differential pressure variation across control
valves is even more pronounced than the differential pressure across
the whole building.
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Figure 2.3 Typical building differential pressure profile. (Courtesy of Flow
Control Industries. Woodinville, WA.)

2.5 Glycol-Based Heat-Transfer Fluid (HTF)
Solutions

Glycol-based heat-transfer solutions are prevalent in the HVAC in-
dustry. Glycol is used to (1) avoid freezing in equipment of an
HVAC water system such as heating and cooling coils and (2) to
transfer heat to and from energy storage tanks that use ice. There
is a substantial variation in both viscosity and density of the solu-
tion as the percentage of glycol is varied with temperature.
Information is provided on ethylene glycol-based heat-transfer flu-
ids, since they have been the most used in the HVAC industry.
Special applications of glycol-based heat-transfer fluids, such as
contact with potable water or food, may require the use of propy-
lene glycol-based solutions.

Figure 2.4 provides information on the viscosity and Fig. 2.5 on the
specific gravity of ethylene glycol-based heat-transfer solutions. Care
should be taken to avoid using glycol solutions near their freezing
curves because slush occurs there that will change radically the
pump’s performance. Figure 2.6 provides the freezing curve for an eth-
ylene glycol-based heat-transfer fluid. Verification of the minimum
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Figure 2.4 Viscosity of heat transfer fluids. (From Engineering Data for Ethylene
Glycol-Based Heat Transfer Fluids, Union Carbide Corporation, Danbury, Conn., 1993,
p. 20.)

percentage of glycol to prevent slush formation at the minimum oper-
ating temperature should be sought from the supplier of the heat-
transfer fluid.

There is an appreciable variation in the specific heat of glycol-based
heat-transfer solutions. It is less than that of water for most percent-
ages of glycol. Figure 2.7 provides the specific heat for ethylene
glycol-based heat-transfer solutions. The pump flow, in gallons per
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Figure 2.5 Specific gravity of heat transfer fluids. (From Engineering Data for Ethylene
Glycol-Based Heat Transfer Fluids, Union Carbide Corporation, Danbury, Conn., 1993,
p. 18.)

minute, is calculated from Eq. 2.4:

Btu/h - 7.48 gal/ft?
¢, AT—°F - v - 60 min/h

Pump flow, gal/min =

0.125 - Btu/h
c, - AT—F -y

(2.4)
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Figure 2.6 Freezing points of heat transfer fluids. (From Engineering Data for Ethylene
Glycol-Based Heat Transfer Fluids, Union Carbide Corporation, Danbury, Conn., 1993,
p. 10.)

where ¢, = specific heat of ethylene glycol heat-transfer solution at
constant pressure
AT = differential temperature
v = specific weight of water

Note. All these values must be at the operating temperature of the
solution. For many glycol installations, this calculation should be run
at several different operating temperatures. For example, assume
that an ethylene glycol based heat-transfer fluid has a heating load of
5 million Btu/h at 30°F with a differential temperature of 12°F. The
pumps will be operating with a 40% glycol solution. From Fig. 2.7, the
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Figure 2.7 Specific heat of heat transfer fluids. (From Engineering Data for Ethylene
Glycol-Based Heat Transfer Fluids, Union Carbide Corporation, Danbury, Conn., 1993,
p.24.)

specific heat of the glycol will be 0.84, and from Fig. 2.5, the specific
gravity of the solution will be 1.074 based upon water at 68°F or 62.32
Ib/At3.

0.125 - 5,000,000
0.84-12-62.32-1.074

Pump flow, gal/min = = 926 gal/min
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2.6 Steam Data

Steam is used for many heating processes in HVAC. Most of the steam
data come from one source, namely, Keenan and Keyes’
Thermodynamic Properties of Steam. This is a fundamental reference
for any engineer working with steam. Table 2.6 provides the basic
steam data, while vapor pressures are included in Tables 2.3 and 2.4
for the computation of net positive suction head available and the de-
termination of cavitation pressures at various operating temperatures.

In HVAC, there are two basic steam pressure ranges: (1) up to 15
psig (250°F) and (2) above 15 psig steam pressure. This is derived
from the American Society of Mechanical Engineers’ (ASME) boiler
codes, (1) the Heating Boiler Code for steam pressures up to 15 psig
and (2) the Power Boiler Code for steam pressures above 15 psig. See
Chap. 19 for additional information on boilers.

TABLE 2.6 Basic Steam Data

Enthalpy, Btu/lb

Absolute Steam Saturated Saturated

pressure, lb/in? temperature, °F liquid Evaporation vapor
14.7 212.00 180.07 970.3 1150.4
16 216.32 184.42 967.6 1152.0
18 222.41 190.56 963.6 1154.2
20 227.96 196.16 960.1 1156.3
22 233.07 201.33 956.8 1158.1
24 237.82 206.14 953.7 1159.8
26 242.25 210.62 950.7 1161.3
28 246.41 214.83 947.9 1162.7
30 250.33 218.82 945.3 1164.1
35 259.28 227.91 939.2 1167.1
40 267.25 236.03 933.7 1169.7
45 274.44 243.36 928.6 1172.0
50 281.01 250.09 924.0 1174.1
60 292.71 262.09 915.5 1177.6
70 202.92 272.61 907.9 1180.6
80 312.03 282.02 901.1 1183.1
90 320.27 290.56 894.7 1185.3
100 327.81 298.40 888.8 1187.2
125 344.33 315.68 875.4 1191.1
150 358.42 330.51 863.6 1194.1
174 370.29 343.10 853.3 1196.4
200 381.79 355.36 843.0 1198.4

NoTE: Absolute pressure = gauge + atmospheric pressures.
source: Joseph H. Keenan and Frederick G. Keyes, Thermodynamic Properties of Steam,
Wiley, New York, 1936.
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2.7 Areas and Volumes of Pipe and Tanks

Table 2.7 provides the cross-sectional area, in equivalent square feet,
and the volume, in gallons, of commercial steel pipe and circular
tanks per linear foot of such pipe and tanks. The volume of the pipe or
tank can be determined by multiplying the cross-sectional area by the
length or height in feet. The volume in gallons per foot has been pro-
vided to simplify the calculations for HVAC water system volume and
tank storage.

2.8 Electrical Data

Following is a brief review of electrical power supplies and use with
HVAC pumps. Chapter 7 provides a detailed evaluation of electric
motors. The standard frequency for electric power in the United
States is 60 Hz (hertz), or cycles per second. Many foreign countries

TABLE 2.7 Areas and Volumes of Pipe and Tanks

Pipe Inside Volume, Inside Volume,
size diameter,in  Area, ft2 gal/ft diameter,in  Area, ft2 gal/ft
11/4 1.380 0.0104 0.0787 66 23.758 177.717
11/2 1.610 0.0141 0.106 72 28.274 211.49
2 2.067 0.0247 0.185 84 38.485 287.87
21/2 2.469 0.0333 0.249 90 44.179 330.46
3 3.068 0.0513 0.384 96 50.266 375.99
4 4.026 0.0882 0.660 102 56.745 424 .45
5 5.047 0.1389 1.039 108 63.617 475.86
6 6.065 0.2006 1.501 114 70.882 530.20
8 7.981 0.3474 2.599 120 78.540 587.48
10 10.02 0.5476 4.096 144 113.097 845.97
12 11.938 0.7773 5.814 168 153.938 1,151.46
14 13.124 0.9394 7.027 192 201.062 1,503.94
16 5.000 1.2272 9.180 216 254.469 1,903.43
18 16.875 1.5533 11.619 240 314.159 2,349.91
20 18.812 1.9302 14.438 288 452.389 3,383.87
24 22.624 2.7917 20.882 360 706.858 5,287.30
30 329.00%* 4.5869 34.310 432 1,017.87 7,613.67
36 35.257 6.8257 51.056 504 1,385.44 10,363.09
42 441.25F 9.2806 69.419 576 1,809.56 13,535.51
48 47.25% 12.1771 91.085 720 2,827.43 21,149.18

*All pipe sizes up to 24 in are schedule 40, while 30 in is schedule 20.
FPipe sizes 36, 42, and 48 in are standard inside diameters.
~note: To convert the above volumes in gallons to pounds of water, multiply gallons by

P f =1
ounds of water 748

where v is the specific weight of the water at the operating temperature. For example, water
at 45°F has a specific weight of 62.42 1b/ft?, so a 10-in schedule 40 steel pipe has 4.096 gal/ft?

or 34.18 1b/ft3.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Physical Data for HVAC System Design

Physical Data for HVAC System Design

TABLE 2.8 Standard 60-Hz Voltages

Motor nameplate voltage

Nominal distribution

system voltage Below 125 hp 125 hp and up
Polyphase
208 200 —
240 230 —
480 460 460
600 575 575
2400 2300 2300
4160 4000 4000
Single-phase
120 115 —
208 200 —
240 230 —

source: AC Motor Selection and Application Guide, Bulletin GET =
6812B, General Electric Company, Fort Wayne, Ind., 1993, p. 2; used
with permission.

TABLE 2.9 Standard 50-Hz Voltages

Nominal distribution Motor nameplate voltage
system voltage Below 125 hp 125 hp and up
Polyphase (see note) 200 200

220 —

380 380

415 415

440 440

550 550

3000 3000
Single-phase (see note) 110 —
200 —
220 —

~ote: Distribution system voltages vary from country to country;
therefore, motor nameplate voltage should be selected for the country
in which the motor will be operated.

source: AC Motor Selection and Application Guide, Bulletin GET =
6812B, General Electric Company, Fort Wayne, Ind., 1999, p. 2; used
with permission.

have standardized on 50 Hz; there also may be rural areas of the
United States still operating on 50-Hz power. Tables 2.8 and 2.9 pro-
vide nominal power distribution voltages and standard nameplate
voltages for motors operating at both 60 and 50 Hz. Electric power
utilities are allowed a variation of =5 percent from the distribution

system voltages listed in these tables.
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The most popular power for HVAC applications is 480 V, three-
phase. Single-phase power is seldom used above 7% hp. The 208 V
service is derived from a Y-connected transformer in the building
being served; three-phase motors as high as 60 hp are available for
this voltage. The higher voltages of 2400 and 4160 V are used generally
on motors of 750 hp and larger.

Electrical machinery such as motors and variable-speed drives have
specified voltage tolerances that exceed those of the electrical utility.
The electrical design engineer must develop the building power distri-
bution to ensure that its voltage drop does not exceed the voltage tol-
erances of the electrical equipment. Typically, the voltage tolerance of
most electric motors is =10%, and those for most variable-speed dri-
ves appear to be +10 percent and —5 percent. The actual tolerances
for this equipment should be verified by the HVAC water system de-
signer. For example, the utility voltage at a building transformer may
be 480 V =5 percent, or 456 to 504 V. A 460-V variable-speed drive
has an allowable voltage variation of 437 to 506 V. Therefore, the
building power distribution system must be designed so that the
power supply to the variable-speed drive does not drop below 437 V
under any load condition.

Power factor correction equipment can be required by public utilities
or state law above a certain size of motor. This should be checked by the
designer at the beginning of the development of a specific project.
Generally, public utilities do not require power factor correction at most
places in their electrical distribution until the load approaches 500 kVA.

The popularity of the variable-frequency drive has created a prob-
lem for public utilities. This is the harmonic distortion caused by the
alteration of the sine wave by the variable-frequency drive. The public
utility furnishing power on a project may have a specification on the
maximum allowable harmonic distortion. Also, the owner of the facility
may have tolerances on harmonic distortion.

More information on power factor correction and harmonic distor-
tion is included in Chap. 7.

2.9 Efficiency Evaluations of HVAC
Water Systems

Several expressions of efficiency will be provided in the following
chapters that relate to the effectiveness of pump selection and appli-
cation. These will include:

1. System efficiency, which determines the quality of use of pump
head in a water system. This will be expressed as a percentage,
coefficient of performance, kW/ton, or kW/1000 mbh.
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2. Kilowatt input and wire-to-water efficiency of a pumping system,
which demonstrate the use of energy in a pumping system.

3. Kilowatts per ton efficiency for an entire chilled-water plant,
which includes the energy consumption of the pumps and cooling
towers, not just the efficiency of the chillers themselves.

4. Boiler efficiency as a percentage as related to entering water tem-
perature.

These efficiencies are possible now that digital computers are avail-
able to make the calculations rapidly and accurately. The equations
for HVAC systems and equipment included herein enable the HVAC
operator to observe these water systems and ensure that they are
functioning at optimal efficiency.

2.10 Additional Reading

It is important that the HVAC designer be well versed in the basic flu-
ids and services available at the point of installation of each project.
Local codes and services must be checked for compatibility with the
final design. The manuals of the technical societies are excellent sources
for additional reading, particularly those of the American Society of
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) and
the Institute of Electrical and Electronics Engineers (IEEE).
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Source: HVAC Pump Handbook

Chapter

Piping System Friction

A comprehensive chapter on pipe friction has been included in this
Handbook for HVAC pumps because the sizing of pumps is deter-
mined principally on pump capacity and head. A poor computation of
system friction will have a disastrous effect on pump selection and
operation. There is not a more critical subject facing HVAC water
system designers than the development of better procedures for cal-
culating pump head for these systems.

As pointed out in the introduction to this book, pipe friction analysis
is, at best, an inexact science. Much needs to be done to achieve better
information on pipe and fitting friction. Research work on reducing
pipe friction through the use of additives to water is being carried out;
surfactants are one class of chemicals that are being studied to reduce
piping friction. The increase in cost of energy will provide the driving
force to achieve better piping friction data and better piping design.

Good piping design always balances first cost against operating
cost, taking into consideration all factors that exist on each installa-
tion. These are the two basic parameters that influence pipe sizing in
the HVAC industry, since excessive corrosion or fouling should not
exist in these water systems.

Obviously, piping costs increase and power costs decrease with
increases in pipe diameter. The American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE) has infor-
mation that indicates velocities in the range of 10 to 17 ft/s in HVAC
systems do not create erosion or noise in the larger sizes of pipe. The
overall controlling factor is friction, which increases exponentially
with velocity. Friction in piping is the principal source of increased
operating costs for these water systems.

35
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3.1 Maximum Velocity in Pipe

There are a number of conflicting tables on the maximum allowable
water velocity in HVAC piping. The failure of many of these tables of
maximum velocity is their lack of consideration of the hydraulic radius
of commercial pipe. The hydraulic radius of a pipe is the cross-sectional
area of a pipe divided by the circumference of its inner surface. It is
calculated as follows:

d2
Area = ¢~
ea 1
Circumference = wd
Hydraulic radius = __area  _d (3.1)

circumference 4

where d = inside diameter, in

Obviously, the hydraulic radius increases with pipe diameter, and
therefore, the allowable velocity should increase with the pipe diame-
ter. Hydraulic radii for commercial pipe are shown in Table 3.1. It is
quite clear that 36-in inside diameter (ID) pipe with a hydraulic radius
of 9.0 in must be rated velocity-wise differently than 3-in schedule
40 pipe with a hydraulic radius of 0.8 in.

Hydraulic radius may introduce a new guideline for the reevalua-
tion of friction for flow of water in piping and pipe fittings. The cur-
rent information on pipe friction and recommended velocities in pipe
are too dependent on testing done on small pipe; often the data are
then extrapolated for larger pipe. It is very difficult to test large pipe
fittings such as those with diameters greater than 20 in.

There are several recommendations for allowable velocity in HVAC
pipe; some are based on a maximum friction loss per 100 ft. Actually,
as indicated previously, final pipe velocity is within the province of
the designer who is responsible for first cost as well as operating
costs. Here is an excellent point at which the designer can use com-
puter capability in sizing piping. Several computer runs at different
pipe sizes can be done to achieve the economically desirable pipe
size. This should be done for the major piping such as loops and
headers. The size of smaller branches and coil connections will fall
more into the realm of the designer’s experience. Table 3.2 provides
an elementary example of this program comparing 12-, 14-, and 16-in
diameter commercial pipe.

The operating cost decreases while maintenance and amortization
of the first cost increase with the pipe size. The economic pipe size is
at the minimum point of the sum of the two values or curves.
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TABLE 3.1 Maximum Water Capacities of Steel Pipe (in gal/min)

Maximum Hydraulic

Size,in  Schedule flow, gal/min Velocity, ft/s Loss, ft/100 ft radius, in
2 40 45 4.3 3.85 0.5
2Y% 40 75 5.0 4.10 0.6
3 40 130 5.6 3.92 0.8
4 40 260 6.6 4.03 1.0
6 40 800 8.9 4.03 1.5
8 40 1,600 10.3 3.82 2.0
10 40 3,000 12.2 4.06 2.5
12 40 4,700 13.4 3.98 3.0
14 40 6,000 14.2 3.95 3.3
16 40 8,000 14.5 3.49 3.8
18 40 10,000 14.3 2.97 4.2
20 40 12,000 13.8 2.44 4.5
24 40 18,000 14.4 2.10 5.7
30 20 30,000 14.6 1.61 7.3
36 36-in ID 45,000 14.1 1.18 9.0
42 42-in ID 60,000 13.9 0.95 10.5

TABLE 3.2 Total Owning Cost of Piping

Amortized first Annual Total annual

Pipe size, in cost per year operating cost owning cost
12 $12,000 $16,000 $28,000
14 14,000 12,000 26,000
16 17,000 10,000 27,000

Obviously, the total owning costs of the piping system should be gen-
erated for each application. The derivation of these data is beyond the
scope of this book, but there are programs available for computing
these costs in detail.

3.1.1 Maximum capacities and velocities
of actual piping
Table 3.2 is a general recommendation to designers for the maximum
capacity and pipe velocity for standard sizes of steel pipe. One basis
for this information comes from ASHRAE Design Study RP-450,
which researched the literature available on pipe velocities and result-
ing friction. This research paper is an excellent document for reviewing
the history of and literature on pipe friction and maximum allowable
water velocities.

It is obvious that Table 3.2 is but a preliminary road map for the
knowledgeable piping designer. With the present information avail-
able, the pipe designer must rely on actual, personal experience.
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3.1.2 Pipe velocity is the designer’s

responsibility

It is also very clear from Table 3.2 that sizing all pipe, particularly
large pipe in the range from 20 to 42 in in diameter, requires a detailed
analysis of the entire piping system to achieve the economical size for
a particular installation. It cannot be based on a rule that limits pipe
velocity. Reiterating, it is the designer’s responsibility to determine
pipe size and maximum velocity. There are so many judgment calls in
the final selection of pipe diameter that it is not a simple process. For
a hypothetical example, if you have 12,000 gal/min flowing in a chiller
header in a central energy plant, you could use 20-in-diameter steel
pipe if the header is only 100 ft long. This would reduce the cost of the
piping and tees where the chillers are connected. On the other hand,
if a chilled water supply main runs for 1000 ft to a group of buildings,
you might use 24-in-diameter pipe to reduce the overall friction loss.
The cost of piping accessories and the length of pipe involved affect the
decision on the final pipe size. These are the evaluations that a good
pipe designer must make.

The physical pressure that the pipe must operate under and the
possibilities of corrosion as well as availability determine the schedule
or wall thickness of steel pipe. The designer should make the velocity
calculation and, therefore, the friction calculations based on the actual
inside diameter of the pipe to be used in the water system. The designer
should check the actual project conditions to ensure that the pipe
inside diameter to be used for each pipe size is available at the job site
at the time of construction.

3.2 Pipe and Fitting Specifications

Elements of an HVAC water system are connected together by means
of piping. In most cases, this piping is steel, although various types of
plastic piping are now appearing in this industry.

Most steel piping used in the HVAC industry for low-temperature
applications conforms to American Society for Testing and Materials
(ASTM) Specifications A53 or A120. Higher-temperature applications
such as high-pressure steam and high-temperature water may require
seamless piping per ASTM A106; local and ASME codes should be
checked for detailed pipe, flange, bolting, and fitting specifications for
particular applications such as high-temperature water and high-
pressure steam. Steel fittings follow American National Standards
Institute (ANSI) Specification B16.5, whereas threaded cast iron fittings
comply with ANSI Specification B16.4 and flanged cast iron fittings
with ANSI B16.1.
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TABLE 3.3 Rating of Cast Iron Pipe Fittings
(Threaded Fittings, ANSI B16.4)
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Working pressures,
nonshock, psig

Temperature, °F Class 125 Class 250
—20 to 150 175 400
200 165 370
250 150 340
300 140 310
350 125 280
400 NA 250

nNoteE: NA = not acceptable.

TABLE 3.4 Rating of Cast Iron Pipe Fittings (Flanged Fittings, ANSI B16.1)

Working pressures, nonshock, psig

Class 125 Class 250
Temperature, °F 1-12in 14-24 in 30-48 in 1-12in 14-24 in*
—20 to 150 200 150 150 500 300
200 190 135 115 460 280
225 180 130 100 440 270
250 175 125 85 415 260
275 170 120 65 395 250
300 165 110 50 375 240
325 155 105 NA 355 230
3507 150 100 NA 335 220
375 145 NA NA 315 210
400 140 NA NA 290 200
425 130 NA NA 270 NA
450 125 NA NA 250 NA

nNotE: NA = not acceptable.
*For liquid service, these ratings are for class 250 flanges only, not for class 250 fittings.
7353°F to reflect 125-psig steam pressure.
406°F to reflect 250-psig steam pressure.

The pressure and temperature ratings of steel pipe, fittings, and
flanges are beyond the scope of this book, since there are a number of
codes for specific applications. Tables 3.3 and 3.4 list the temperature
and pressure ratings for cast iron fittings that are in common use in
HVAC water systems. The cast iron data are included in this book
because of cast iron’s greater reduction in allowable pressure with
higher temperatures.
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3.3 Steel Pipe Friction Analysis

As water flows through pipe, friction is generated that resists the
flow. Energy is required to overcome this friction, and this energy
must be derived from (1) pumps, (2) reduction in system pressure, or
(3) changes in static head. How this is done in actual practice requires
an evaluation of the basic equation for fluid systems: the Bernoulli
theorem. The total hydraulic head at any point in a piping system can
be computed by this theorem:

H=Z+hg+ hv (3.2)

where H = total system head, ft
Z = static head, ft
hg = system pressure, ft H,O
hv = V?/2g, velocity head, ft

For example, assume the following:

1. The pipe is 10 ft above the ground, which, in this case, is assumed
to be the datum for all energy measurements. (Often, this datum is
the elevation above sea level.)

2. The pressure in the pipe is 40 psig.

3. 200 gal/min of water at 50°F is flowing in a 4-in-diameter pipe. At
this flow, from Table 3.5, the velocity head V?/2g equals 0.4 ft.
The total head H in the 4-in pipe is 10 + 40 X 2.31 + 0.4 = 102.8 ft.
This is the hydraulic gradient at this particular point in the

piping.

Equation 3.2 is for a frictionless system. For practical applications
of the Bernoulli equation, the friction of the system from one point to
another must be included in the equation. This is usually expressed
as an additional term Hf in feet.

Bernoulli’s theorem must be studied carefully to ensure that it is
understood fully. This theorem states simply that the total energy is a
constant in a system and that all energy must be accounted for, in any
analysis. A typical application of this theorem is in the use of a hot or
chilled water distribution system referred to as distributed pumping,
which will be demonstrated in several places in this book.

Distributed pumping is based on the Bernoulli theorem, which
states that energy for pipe friction can come from three sources: (1) ele-
vation, (2) system pressure, and (3) velocity head. Distributed pumping
derives its system distribution friction head from the second source,
namely, system pressure. Distributed pumping appears to be difficult
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TABLE 3.5 Flow of Water in Steel Pipe

11/4-in schedule 40, ll/z-in schedule 20, 2-in schedule 40,
ID = 1.380 in ID = 1.610 in ID = 2.067 in
Flow, Ve Hf ve Hf, v:

gal/min 'V, ft/s 2g, ft ft/100ft V, ft/s 2g ft ft/100ft V, ft/s 2g ft ft/100 ft

3 0.64 0.006 0.21
0.86 0.011 0.34
1.07 0.018 0.51 0.79 0.010 0.242
1.29 0.026 0.71 0.95 0.014 0.333 0.57 0.005 0.10

1.72 0.046 1.18 1.26 0.025 0.558 0.77  0.009 0.17
1.93 0.058 1.46 142 0.031 0.689 0.86 0.012 0.21
10 2.15 0.072 1.77 1.58 0.039 0.829 0.96 0.014 0.25

5
6
7 1.50 0.035 0.93 1.10 0.019 0.439 0.67 0.007 0.13
8
9

12 2.57 0.103 2.48 1.89 0.056 1.16 1.15 0.021 0.34
14 3.00 0.140 3.28 2.21 0.076 1.53 1.34 0.028 0.45
16 3.43 0.183 4.20 2.52  0.099 1.96 1.53 0.036 0.58
18 3.86 0.232 5.22 2.84 0.125 2.42 1.72  0.046 0.72

20 429 0.286 6.34 3.15 0.154 2.94 1.91 0.057 0.87
22 4.72  0.346 7.58 3.47 0.187 3.52 2.10 0.069 1.03
24 5.15 0.412 8.92 3.78  0.222 4.14 2.29 0.082 1.20
26 5.58 0.483 10.37 4.10 0.261 4.81 2.49 0.096 1.39

28 6.01 0.561 11.9 441 0.303 5.51 2.68 0.111 1.60
30 6.44 0.644 13.6 4.73  0.347 6.26 2.87 0.128 1.82
35 7.51 0.877 18.5 552 0472 8.52 3.35 0.174 2.42
40 8.58 1.14 23.5 6.30 0.618 10.79 3.82 0.227 3.10

45 9.65 1.44 29.7 7.09 0.782 13.7 4.30 0.288 3.85
50 10.7 1.79 36.0 7.88 0965 16.4 4.78  0.355 4.67
55 11.8 2.16 43.2 8.67 1.17 19.7 5.26 0.430 5.59
60 12.9 2.57 51.0 9.46 1.39 23.2 5.74 0.511 6.59
65 13.9 3.02 59.6 10.24 1.63 27.1 6.21 0.600 7.69
70 15.0 3.50 68.8 11.03 1.89 31.3 6.69 0.696 8.86
75 16.1 4.02 78.7 11.8 2.17 35.8 7.17 0.799 10.1
80 17.2 4.58 89.2 12.6 2.47 40.5 7.65 0909 114
85 18.2 5.17 100.2 13.4 2.79 45.6 8.13 1.03 12.8
90 19.3 5.79 112.0 14.2 3.13 51.0 8.60 1.15 14.2
95 15.0 3.48 56.5 9.08 1.28 15.8
100 15.8 3.86 62.2 9.56 1.42 17.4
120 11.5 2.05 24.7
140 13.4 2.78 33.2
160 15.3 3.64 43.0
180 17.2 4.60 54.1
200 19.1 5.68 66.3

NoTE: V = velocity, feet per second; V%/2g = velocity head, feet; Hf = friction loss, feet
per 100 feet of pipe. No aging factor, manufacturer’s tolerance, or any factor of safety
has been included in the friction losses Hf.
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TABLE 3.5 Flow of Water in Steel Pipe (Continued)

2%-in schedule 40, 3-in schedule 40, 4-in schedule 40,
ID = 2.469 in ID = 3.068 in ID = 4.026 in
Flow, vz Hf vz Hf, v Hf

gallmin V, ft/s 28 ft f/100f V,f/s 28 f /100 f V, ft/s 28 ft /100 ft

14 0.94 0.014 0.09
16 1.07 0.018 0.24
18 1.21 0.023 0.30
20 1.34 0.028 0.36 0.87 0.012 0.13 0.50 0.004 0.03

22 1.47 0.034 0.43 0.95 0.026 0.15 0.55 0.005 0.04
24 1.61 0.040 0.50 1.04 0.036 0.18 0.60 0.006 0.05
26 1.74 0.047 0.58 1.13 0.047 0.21 0.66 0.007 0.06
28 1.88 0.055 0.66 1.22 0.059 0.25 0.71 0.008 0.07

30 2.01 0.063 0.75 1.30 0.073 0.26 0.76 0.009 0.07
35 2.35 0.086 1.00 1.52 0.089 0.35 0.88 0.012 0.10
40 2.68 0.112 1.28 1.74 0.105 0.44 1.01 0.016 0.12
45 3.02 0.141 1.60 1.95 0.124 0.55 1.14 0.020 0.15

50 3.35 0.174 1.94 2.17 0.143 0.66 1.26 0.025 0.18
55 3.69 0.211 2.32 2.39 0.165 0.79 1.39 0.030 0.21
60 4.02 0.251 2.72 2.60 0.187 0.92 1.51 0.036 0.25
65 4.36 0.295 3.16 2.82 0.211 1.07 1.64 0.042 0.29

70 4.69 0.342 3.63 3.04 0.237 1.22 1.76 0.048 0.33
75 5.03 0.393 4.13 3.25 0.264 1.39 1.89 0.056 0.37
80 5.36 0.447 4.66 3.47 0.293 1.57 2.02 0.063 0.42
85 5.70 0.504 5.22 3.69 0.354 1.76 2.15 0.071 0.47

90 6.03 0.565 5.82 3.91 0.421 1.96 2.27 0.080 0.52
95 6.37 0.630 6.45 4.12 0.495 2.17 2.40 0.089 0.57
100 6.70 0.698 7.11 4.34 0.574 2.39 2.52 0.099 0.62
110 7.37 0.844 8.51 4.77 0.659 2.86 2.77 0.119 0.74

120 8.04 1.00 10.0 5.21 0.749 3.37 3.02 0.142 0.88
130 8.71 1.18 11.7 5.64 0.846 3.92 3.28 0.167 1.02
140 9.38 1.37 13.5 6.08 0.948 4.51 3.63 0.193 1.17
150 10.05 1.57 15.4 6.51 1.06 5.14 3.78 0.222 1.32
160 10.7 1.79 17.4 6.94 1.17 5.81 4.03 0.253 1.49
170 11.4 2.02 19.6 7.38 1.42 6.53 4.28 0.285 1.67
180 12.1 2.26 21.9 7.81 1.69 7.28 4.54 0.320 1.86
190 12.7 2.52 24.2 8.25 1.98 8.07 4.79 0.356 2.06
200 13.4 2.79 26.7 8.68 2.29 8.90 5.04 0.395 2.27
220 14.7 3.38 32.2 9.55 2.63 10.7 5.54 0.478 2.72
240 16.1 4.02 38.1 10.4 3.00 12.6 6.05 0.569 3.21
260 17.4 4.72 44.5 11.3 3.38 14.7 6.55 0.667 3.74
280 18.8 5.47 51.3 12.2 3.79 16.9 7.06 0.774 4.30
300 20.1 6.28 58.5 13.0 4.23 19.2 7.56 0.888 4.89
320 13.9 4.68 22.0 8.06 1.01 5.51
340 14.8 24.8 8.57 1.14 6.19
360 15.6 27.7 9.07 1.28 6.92
380 16.5 30.7 9.58 1.43 7.68
400 17.4 33.9 10.1 1.58 8.47
420 10.6 1.74 9.30
440 11.1 1.91 10.2

460 11.6 2.09 11.1

480 12.1 2.27 12.0

500 12.6 2.47 13.0

550 13.9 2.99 15.7

600 15.1 3.65 18.6

650 16.4 4.17 21.7

700 17.6 4.84 25.0

NoTE: V = velocity, feet per second; V?%/2g = velocity head, feet; Hf = friction loss, feet
per 100 feet of pipe. No aging factor, manufacturer’s tolerance, or any factor of safety
has been included in the friction losses Hf.
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TABLE 3.5 Flow of Water in Steel Pipe (Continued)

5-in schedule 40, 6-in schedule 40, 8-in schedule 40,
ID = 5.047 in ID = 6.065 in ID = 7.981 in
Flow, v Hf v Hf 2 Hf

gal/min V,ft/s  2& ft f/100fc V, ft/s 28 ft  f/100ft V, ft/s 28 ft  ft/100 ft

30 0.48 0.004 0.024 0.33 0.002 0.010 0.19  0.001 0.003
40 0.64 0.006 0.040 0.44 0.003 0.016 0.26  0.001 0.004
50 0.80 0.010 0.059 0.56 0.005 0.024 0.32  0.002 0.007
60 0.96 0.014 0.081 0.67 0.007 0.034 0.39  0.002 0.009

70 1.12 0.020 0.108 0.78 0.009 0.045 045  0.003 0.012
80 1.28 0.026 0.137 0.89 0.012 0.056 0.51  0.004 0.015
90 1.44 0.032 0.169 1.00 0.016 0.070 0.58  0.005 0.019
100 1.60 0.040 0.204 111 0.019 0.084 0.64  0.006 0.022

120 1.92 0.058 0.286 1.33 0.028 0.118 0.77  0.009 0.031
140 2.25 0.078 0.380 1.55 0.038 0.155 090 0.013 0.041
160 2.57 0.102 0.487 1.78 0.049 0.198 1.03  0.016 0.052
180 2.89 0.129 0.606 2.00 0.062 0.246 1.15  0.021 0.064

200 3.21 0.160 0.736 2.22 0.077 0.299 1.28  0.026 0.078
220 3.63 0.193 0.879 2.44 0.093 0.357 141  0.031 0.093
240 3.85 0.230 1.035 2.66 0.110 0.419 1.54  0.037 0.109
260 4.17 0.270 1.20 2.89 0.130 0.487 1.67  0.043 0.126

280 4.49 0.313 1.38 3.11 0.150 0.560 1.80  0.050 0.144
300 4.81 0.360 1.58 3.33 0.172 0.637 1.92  0.058 0.163

320 5.13 0.409 1.78 3.565 0.196 0.719 2.05  0.066 0.184
340 5.45 0.462 2.00 3.78 0.222 0.806 2.18  0.074 0.206
360 5.77 0.518 2.22 4.00 0.240 0.898 231  0.083 0.229

380 6.09 0.577 2.46 4.22 0.277 0.993 244  0.092 0.253
400 6.41 0.639 2.72 4.44 0.307 1.09 2.567  0.102 0.279

420 6.74 0.705 2.98 4.66 0.338 1.20 2.70  0.113 0.308
440 7.06 0.774 3.26 4.89 0.371 1.31 2.83 0.124 0.338
460 7.38 0.846 3.55 5.11 0.405 1.42 296  0.135 0.369
480 7.70 0.921 3.85 5.33 0.442 1.54 3.08  0.147 0.402
500 8.02 1.0 4.16 5.55 0.479 1.66 321 0.160 0.424
550 8.82 1.21 4.98 6.11 0.580 1.99 3563 0.193 0.507
600 9.62 1.44 5.88 6.66 0.690 2.34 3.85  0.230 0.597
650 10.4 1.69 6.87 7.22 0.810 2.73 417  0.271 0.694
700 112 1.96 7.93 7.77 0.939 3.13 449 0313 0.797
750  12.0 2.25 9.05 8.33 1.08 3.57 4.81  0.360 0.907
800 128 2.56 10.22 8.88 1.23 4.03 513  0.409 1.02
850 13.6 2.89 11.5 9.44 1.38 4.53 545  0.462 115
900 14.4 3.24 12.9 9.99 1.55 5.05 5.77  0.518 1.27
950 15.2 3.61 14.3 10.5 1.73 5.60 6.09  0.577 141
1000  16.0 4.00 15.8 11.1 1.92 6.17 6.41  0.639 1.56
1100 17.6 4.84 19.0 12.2 2.32 7.41 7.05  0.773 1.87
1200 19.2 5.76 22.5 13.3 2.76 8.76 7.70  0.920 2.20
1300  20.8 6.75 26.3 14.4 3.24 10.2 834 1.08 2.56
1400 225 7.83 30.4 15.5 3.76 11.8 898 125 2.95
1500 24.1 8.99 34.8 16.7 4.31 13.5 9.62 144 3.37
1600  25.7 10.2 39.5 17.8 4.91 15.4 10.3 1.64 3.82
1700  27.3 11.6 44.5 18.9 5.54 17.3 10.9 1.85 4.29
1800  28.8 12.9 49.7 20.0 6.21 19.4 11.5 2.07 4.79
1900  30.5 14.4 55.2 21.1 6.92 21.6 12.2 2.31 5.31
2000 32.1 16.0 61.0 22.2 7.67 23.8 12.8 2.56 5.86
2200 24.4 9.27 28.8 14.1 3.09 7.02
2400 26.6 11.1 34.2 15.4 3.68 8.31
2600 16.7 4.32 9.70
2800 18.0 5.01 11.20
3000 19.2 5.75 12.8

NoTE: V = velocity, feet per second; V%/2g = velocity head, feet; Hf = friction loss, feet
per 100 feet of pipe. No aging factor, manufacturer’s tolerance, or any factor of safety
has been included in the friction losses Hf.
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TABLE 3.5 Flow of Water in Steel Pipe (Continued)

10-in schedule 40, 12-in schedule 40, 14-in schedule 40,
ID = 10.020 in ID = 11.938 in ID = 13.124 in
Flow, v Hf v Hf 2 Hf

gallmin V. ft/s 28 ft f/100f V,ft/s 28 ft f/100ft V,ft/s 28 ft /100 ft

120 0.49 0.004 0.010
140 0.57 0.005 0.014
160 0.65 0.007 0.017
180 0.73 0.008 0.022

200 0.81 0.010 0.026 0.57 0.005 0.011 0.47 0.003 0.007
220 0.90 0.013 0.031 0.63 0.006 0.013 0.52 0.004 0.009
240 0.98 0.015 0.036 0.69 0.007 0.016 0.57 0.005 0.010
260 1.06 0.017 0.042 0.75 0.009 0.018 0.62 0.006 0.012

280 1.14 0.020 0.048 0.80 0.010 0.021 0.66 0.007 0.014
300 1.22 0.023 0.054 0.86 0.012 0.023 0.71 0.008 0.015
350 1.42 0.032 0.072 1.00 0.016 0.031 0.83 0.011 0.019
400 1.63 0.041 0.092 1.15 0.020 0.039 0.95 0.014 0.025

450 1.83 0.052 0.114 1.29 0.026 0.049 1.07 0.018 0.032
500 2.03 0.064 0.138 1.43 0.032 0.059 1.19 0.022 0.037
550 2.24 0.078 0.164 1.58 0.039 0.070 1.31 0.026 0.045
600 2.44 0.093 0.192 1.72 0.046 0.082 1.42 0.031 0.052

650 2.64 0.109 0.224 1.86 0.054 0.095 1.54 0.037 0.061
700 2.85 0.126 0.256 2.01 0.063 0.109 1.66 0.043 0.068
750 3.05 0.145 0.291 2.15 0.072 0.124 1.78 0.049 0.078
800 3.25 0.165 0.328 2.29 0.082 0.140 1.90 0.056 0.087

850 3.46 0.186 0.368 2.44 0.092 0.156 2.02 0.063 0.098
900 3.66 0.208 0.410 2.58 0.103 0.173 2.13 0.071 0.108
950 3.87 0.232 0.455 2.72 0.115 0.191 2.25 0.079 0.120
1000 4.07 0.257 0.500 2.87 0.128 0.210 2.37 0.087 0.131

1100 4.48 0.311 0.600 3.15 0.154 0.251 2.61 0.106 0.157
1200 4.88 0.370 0.703 3.44 0.184 0.296 2.85 0.126 0.185
1300 5.29 0.435 0.818 3.73 0.216 0.344 3.08 0.148 0.215
1400 5.70 0.504 0.940 4.01 0.250 0.395 3.32 0.171 0.247

1500 6.10 0.579 1.07 4.30 0.287 0.450 3.56 0.197 0.281
1600 6.51 0.659 1.21 4.59 0.327 0.509 3.79 0.224 0.317
1700 6.92 0.743 1.36 4.87 0.369 0.572 4.03 0.252 0.355
1800 7.32 0.834 1.52 5.16 0.414 0.636 4.27 0.283 0.395
1900 7.73 0.929 1.68 5.45 0.461 0.704 4.50 0.315 0.438
2000 8.14 1.03 1.86 5.73 0.511 0.776 4.74 0.349 0.483
2200 8.95 1.25 2.23 6.31 0.618 0.930 5.21 0.422 0.584
2400 9.76 1.48 2.64 6.88 0.735 1.093 5.69 0.503 0.696
2600 10.6 1.74 3.08 7.45 0.863 1.28 6.16 0.590 0.816
2800 11.4 2.02 3.56 8.03 1.00 1.47 6.64 0.684 0.947
3000 12.2 2.32 4.06 8.60 1.15 1.68 7.11 0.786 1.04
3200 13.0 2.63 4.59 9.17 1.31 1.90 7.58 0.894 1.18
3400 13.8 2.97 5.16 9.75 1.48 2.13 8.06 1.01 1.34
3600 14.6 3.33 5.76 10.3 1.65 2.37 8.53 1.13 1.50
3800 15.5 3.71 6.40 10.9 1.84 2.63 9.01 1.26 1.67
4000 16.3 4.12 7.07 11.5 2.04 2.92 9.48 1.40 1.81
4500 18.3 5.21 8.88 12.9 2.59 3.65 10.7 1.77 2.27
5000 20.3 6.43 10.9 14.3 3.19 4.47 11.9 2.18 2.78
5500 15.8 3.86 5.38 13.1 2.64 3.36
6000 17.2 4.60 6.39 14.2 3.14 3.95
6500 18.6 5.39 7.47 15.4 3.69 4.64
7000 20.1 6.26 8.63 16.6 4.28 5.32
8000 19.0 5.59 6.90
9000 21.3 7.08 8.7

NoTE: V = velocity, feet per second; V?%/2g = velocity head, feet; Hf = friction loss, feet
per 100 feet of pipe. No aging factor, manufacturer’s tolerance, or any factor of safety
has been included in the friction losses Hf.
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TABLE 3.5 Flow of Water in Steel Pine (Continued)

16-in schedule 40, 18-in schedule 40, 20-in schedule 40,
ID = 15.000 in ID = 16.876 in ID = 18.8121in
Flow, Ve Hf, Ve Hf, V2 Hf,

gal/min V, ft/s 2g ft ft/100 ft V, ft/s 2g ft /100 ft V, ft/s 2g, ft ft/100 ft

300 0.55 0.005 0.008 0.43 0.003 0.004 0.35 0.002 0.003
400 0.73 0.008 0.013 0.57 0.005 0.007 0.46 0.003 0.004
500 091 0.013 0.019 0.72  0.008 0.011 0.58 0.005 0.006
600 1.09 0.018 0.027 0.86 0.012 0.015 0.69 0.007 0.009

700 1.27 0.025 0.036 1.00 0.016 0.020 0.81 0.010 0.012
800 145 0.033 0.045 1.15 0.021 0.026 0.92 0.013 0.015
900 1.63 0.042 0.056 1.29 0.026 0.032 1.04 0.017 0.019
1000 1.82 0.0561 0.068 143 0.032 0.039 1.15 0.021 0.023

1200 2.18 0.074 0.095 1.72 0.046 0.054 1.38 0.030 0.032
1400 2.54 0.100 0.127 2.01 0.063 0.072 1.62 0.041 0.042
1600 290 0.131 0.163 2.30 0.082 0.092 1.85 0.053 0.054
1800 3.27 0.166 0.203 2,58 0.104 0.114 2.08 0.067 0.067

2000 3.63 0.205 0.248 2.87 0.128 0.139 2.31 0.083 0.081
2500 4.54 0320 0.377 3.59 0200 0.211 2.89 0.129 0.123
3000 545 0461 0.535 4.30 0.288 0.297 3.46 0.186 0.174
3500 6.35 0.627 0.718 5.02 0392 0.397 4.04 0.254 0.232

4000 7.26 0.820 0.921 5.74 0512 0.511 4.62 0331 0.298
4500 8.17 1.04 1.15 6.45 0.647 0.639 519 0419 0.372
5000 9.08 1.28 141 717 0.799 0.781 5.77 0517 0.455
6000 10.9 1.84 2.01 8.61 1.15 1.11 6.92 0.745 0.645

7000 12.7 2.51 2.69 10.0 1.57 1.49 8.08 1.014 0.862

8000 14.5 3.28 3.49 115 2.05 1.93 9.23 132 1.11

9000 16.3 4.15 4.38 12.9 2.59 2.42 10.39 1.68 1.39
10000 18.2 5.12 5.38 14.3 3.20 2.97 11.5 2.07 1.70

12000 21.8 7.38 7.69 17.2 4.60 4.21 13.8 2.98 2.44

14000 20.1 6.27 5.69 16.2 4.06 3.29
16000 22.9 8.19 7.41 18.5 5.30 4.26
18000 20.8 6.71 5.35
20000 23.1 8.28 6.56

NotE: V = velocity, feet per second; V%2g = velocity head, feet; Hf = friction loss, feet
per 100 feet of pipe. No aging factor, manufacturer’s tolerance, or any factor of safety
has been included in the friction losses Hf.

to understand until this simple fact is realized. Figure 3.1 has been
generated to demonstrate the use of this theorem.

It should be noted in the preceding example that velocity head
V2/2g is so small that it is seldom used in water distribution calcula-
tions. Therefore, it is not included in the pressure gradients described
in this Handbook. The total hydraulic gradient for a water system
does include the velocity head. Velocity head should not be ignored
totally, since it does come into importance when determining the flow
in pipe around chillers and boilers. Also, it is the correct basis for com-
puting friction loss in pipe fittings.
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TABLE 3.5 Flow of Water in Steel Pipe (Continued)

24-in schedule 40, 30-in schedule 20, 36-in inside
ID = 22.624 in ID = 29.000 in diameter
Flow, V2 Hf, V2 Hf, V2 Hf,

gal/min V, ft/s 2g ft f/100ft V, ft/s 2g ft ft/100 ft V, ft/s 2, ft ££/100 ft

300 0.24 0.001 0.001

400 0.32 0.002 0.002 0.19 0.001 0.001
500 0.40 0.002 0.003 0.24 0.001 0.001
600 0.48 0.004 0.004 0.29 0.001 0.001

700 0.56 0.005 0.005 0.34 0.002 0.001
800 0.64 0.006 0.006 0.39 0.002  0.002
900 0.72 0.008 0.008 0.44 0.003 0.002
1000 0.80 0.010 0.009 0.49 0.004 0.003 0.32 0.002 0.001

1200 0.96 0.014 0.013 0.58 0.005 0.004 0.38 0.002 0.001
1400 1.12 0.019 0.017 0.68 0.007 0.005 0.44 0.003 0.002
1600 1.28 0.025 0.022 0.78 0.009 0.007 0.50 0.004 0.002
1800 144 0.032 0.027 0.87 0.012 0.008 0.57 0.005 0.003

2000 1.60 0.040 0.033 0.97 0.015 0.010 0.63 0.006 0.003
2500 1.99 0.062 0.050 1.21 0.023 0.015 0.79 0.010 0.005
3000 2.39 0.089 0.070 1.46 0.033 0.021 0.95 0.014 0.007
3500 2.79 0.121 0.093 1.70 0.045 0.028 1.10 0.019 0.010

4000 3.19 0.158 0.120 1.94 0.059 0.035 1.26 0.025 0.012
4500 3.59 0.200 0.149 2.19 0.074 0.044 1.41 0.031 0.015
5000 3.99 0247 0.181 2.43 0.092 0.054 1.58 0.039 0.019
6000 4.79 0356 0.257 2.91 0.132 0.075 1.89 0.056 0.026

7000 559 0.485 0.343 3.40 0.180 0.100 2.21 0.076  0.035
8000 6.38 0.633 0.441 3.89 0.235 0.129 2.52 0.099 0.044
9000 7.18 0.801 0.551 4.37 0.297 0.161 2.84 0.125 0.055
10000 7.98 0.989 0.671 4.86 0.367 0.196 3.15 0.154 0.067
12000 9.58 1.42 0.959 5.83 0.528 0.277 3.78 0.222 0.094

14000 11.2 1.94 1.29 6.80 0.719 0.371 4.41 0.303 0.126
16000 12.8 2.53 1.67 7.77 0.939 0478 5.04 0.395 0.162
18000 14.4 3.21 2.10 8.74 1.19 0.598 5.67 0.500 0.203
20000 16.0 3.96 2.58 9.71 1.47 0.732 6.30 0.618 0.248

22000 17.6 4.79 3.10 10.7 1.78 0.886 6.93 0.746  0.300
24000 19.2 5.70 3.67 11.7 2.12 1.05 7.56 0.888 0.357
26000 20.7 6.69 4.29 12.6 2.48 1.24 8.20 1.04 0.419

28000 13.6 2.88 1.43 8.83 1.21 0.486
30000 14.6 3.30 1.61 9.46 1.39 0.540
35000 17.0 4.49 2.17 11.03 1.89 0.724
40000 19.4 5.87 2.83 12.6 2.47 0.941
45000 21.9 7.42 3.56 14.1 3.13 1.18
50000 24.3 9.17 4.38 15.8 3.86 1.45
55000 17.4 4.70 1.75
60000 18.9 5.56 2.07
70000 22.1 7.56 2.81

NoTE: V = velocity, feet per second; V%/2g = velocity head, feet; Hf = friction loss, feet
per 100 feet of pipe. No aging factor, manufacturer’s tolerance, or any factor of safety
has been included in the friction losses Hf.
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TABLE 3.5 Flow of Water in Steel Pipe (Continued)

42-in inside

diameter
v? h, ft per
Flow, gal/min V, ft/s 2g, ft 100 ft of pipe
1000 0.232 0.00083 0.00047
1500 0.347 0.00187 0.00098
2000 0.463 0.00333 0.00164
2500 0.579 0.00521 0.00246
3000 0.695 0.00750 0.00343
3500 0.811 0.0102 0.00454
4000 0.926 0.0133 0.00580
4500 1.042 0.0169 0.00720
5000 1.16 0.0208 0.00874
6000 1.39 0.0300 0.0122
7000 1.62 0.0408 0.0162
8000 1.85 0.0533 0.0208
9000 2.08 0.0675 0.0258
10000 2.32 0.0833 0.0314
12000 2.78 0.120 0.0441
14000 3.24 0.163 0.0591
16000 3.71 0.213 0.0758
18000 4.17 0.270 0.0944
20000 4.63 0.333 0.115
25000 5.79 0.521 0.176
30000 6.95 0.750 0.250
35000 8.11 1.02 0.334
40000 9.26 1.33 0.433
45000 10.42 1.69 0.545
50000 11.6 2.08 0.668
60000 13.9 3.00 0.946
70000 16.2 4.08 1.27
80000 18.5 5.33 1.66
90000 20.8 6.75 2.08
100000 23.2 8.33 2.57

NotE: V = velocity, feet per second; V%2g = velocity head, feet;
Hf = friction loss, feet per 100 feet of pipe. No aging factor, manufac-
turer’s tolerance, or any factor of safety has been included in the
friction losses Hf.

sourck: Data in this table have been derived from the
Engineering Data Book, 2d ed., Hydraulic Institute, Parsippany,
N.J., 1990.
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H: (PRESSURE)

HYDRAULIC GRADIENT

H¢ (FRICTION HEAD)

v /2g (VELOCITY)

CONSTANT FLOW

AT VELOCITY, V H

Z,

]

S, (STATIC HEAD)

TOTAL CONSTANT HEAD

POINT 1

Figure 3.1 Bernoulli diagram.

3.3.1 Pipe friction formulas

POINT 2

The amount of friction that is created by flow of water in piping has
been determined by a number of sources. Today, there are two princi-
pal formulas for determining pipe friction. These are the Darcy
Weisbach (Fanning) and the Williams and Hazen formulas:

Darcy Weisbach formula (Basis for Table 3.5)

Hf=f 7

L v

D 2g

where Hf = friction loss, ft of liquid

L = pipe length, in ft

D = average inside diameter, ft

[ = friction factor

(3.3)

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Piping System Friction

Piping System Friction 49

The friction factor fis usually derived from the Colebrook equation:

1 e 251
Vi~ 21°g1°( 37D R\/;r)

where R = Reynolds number
€ = absolute roughness parameter (typically 0.00015 for steel

pipe)

(3.4)

For practical purposes, the friction factor f is calculated from the
Moody diagram described later.

Williams and Hazen formula

(3.5)

1.85 111 1.85
Hf = 0.002083 - L - (100) . gal/min

C d4.8655

where C = a design factor determined for various types of pipe
d = inside diameter of pipe, in

There are a number of sources for securing the data for the afore-
mentioned equations in either tabular or software form. Before any
data on pipe friction are used, either in tabular or computer software
form, be sure that the pipe under consideration has the same inside
diameter as that in the tables or computer software! The following
pages demonstrate some of the sources for pipe friction data in tabu-
lar form. A principal source is the Hydraulic Institute’s Engineering
Data Book. This book is based on the Darcy Weisbach formula, and
Table 3.5 has been developed from Hydraulic Institute data for steel
pipe. It is strongly recommended that this data book be acquired by
anyone who is involved in piping design.

3.3.2 Reynolds number and the Moody diagram

The Hydraulic Institute’s Engineering Data Book contains some
very practical information on the generation and use of Reynolds
number. Reynolds number is a dimensionless number that simpli-
fies the calculation of pipe friction under varying velocities and
viscosities.

V-D

v

Reynolds number R = (3.6)
where V = velocity, ft/s

D = pipe diameter, ft

v = kinematic viscosity, ft*/s
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For example, assume that 50°F water is flowing through 4-in
schedule 40 steel pipe at 200 gal/min. From Table 3.5, the velocity is
5.04 ft/s, and the diameter of the pipe is 4.026 in, or 0.336 ft. From
Table 2.2, the kinematic viscosity for 50°F water is 1.41X 1075 ft%s.
The Reynolds number is

5.04 X 0.336 _ -
T141X105 1.20x10

From the Moody diagram shown in Fig. 3.2, the friction factor f is
0.0198.

The Moody diagram, named after its originator, is described in
Fig. 3.2. This diagram generates the friction factor f of the Colebrook
equation (Eq. 3.4) for a broad variety of Reynolds numbers and, there-
fore, velocities and viscosities. This particular diagram accepts a con-
stant relative roughness factor e of 0.00015 and provides curves for
all popular sizes of steel pipe. This is adequate for most HVAC appli-
cations of steel pipe.

Another diagram that is useful for work with a number of liquids
where the kinematic viscosity is known is shown in Fig. 3.3. The
Reynolds number can be selected from this diagram once the pipe
diameter, water velocity, and viscosity of the liquid are developed.
Also, if the temperature of the liquid is determined, the kinematic vis-
cosity of that liquid can be determined from this figure.

The practical use of Reynolds number and the Moody diagram can
be demonstrated by the following example. Assume that

1. A condenser water system is used for cooling computer air-
conditioners employing a propylene glycol solution of 50% where
the liquid temperature can vary from 30 to 130°F.

2. The flow rate is 750 gal/min at 30°F in a 6-in-diameter steel pipe.

Question. What is the variation in friction loss in feet per 100 feet of
length as the liquid varies from 30 to 130°F?

Factual data

1. From Fig. 2.4, the viscosity of the glycol solution is 8.5 cP at 30°F
and 1.4 cP at 130°F.

2. From Fig. 2.5, the specific gravity of the glycol solution at 30 °F is
1.09 X water at 60°F, or 67.95 1b/ft3. Likewise, the specific gravity
at 130°F is 1.06 X water at 60°F, or 66.08 1b/ft3.

3. From Table 3.5, the inside diameter of 6-in steel schedule 40 pipe
is 6.065 in, or 0.505 ft. Also from this table, with 750 gal/min
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flowing through this pipe, the velocity is 8.33 ft/s, and the velocity
head is 1.08 ft.

Computing the kinematic viscosity first in square feet per second from Eq. 2.2.
At 30°F,

67197 - 85-10"* D
v= 708 = 0.841% 10

At 130°F,

. 6.7197-14-10* D
v= 66 08 — 0.142% 10

The data have now been collected to compute the Reynolds number
at the two temperatures. At 30°F,

VxD  8.33-0.505

= = — = 4
R=- 0841 101 = 5:00x10
At 130°F,
8.33 - 0.505
- - 5
R= 115 105 = 296%x10

The friction factors can now be selected from the Moody diagram
(Fig. 3.2). At 30°F and a Reynolds number of 5.00 X 104, the friction
factor f is 0.022. At 130°F and a Reynolds number of 2.96X 10°, the
friction factor fis 0.017.

The friction in feet per 100 ft can now be calculated from the Darcy
Weisbach equation (Eq. 3.3). At 30°F,

0.022 - 100 - 1.08

Hf = 0505 — 4.71 ££/100 ft

At 130°F,

0.017-100-1.08
Hf = 0505 = 3.64 ft/100 ft

This example demonstrates the use of Reynolds number and the
Moody diagram. It also emphasizes the variation in pipe friction with
viscosity. In this case, the friction at 130°F was 77 percent of that at
30°F. Also, this demonstrates that the friction for water at 60°F from
Table 3.5 of 3.57 ft/100 ft should not be used in calculating friction
losses for this glycol solution.
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3.3.3 Use of the Darcy Weisbach equation

For those who wish to study pipe friction further or use the Darcy
Weisbach equation for generating their own computer program for
pipe friction, the preceding example provides a guide for doing so.
Also, the two figures from the Hydraulic Institute’s Engineering Data
Book (Figs. 3.2 and 3.3) should clarify the use of Reynolds number for
the calculation of pipe friction.

Another source for Darcy Weisbach data is Cameron Hydraulic
Data, published by the Ingersoll Rand Company. Like the data book
of the Hydraulic Institute, it is an excellent source for pipe and water
data and is a necessary reference manual for any serious designer of
piping.

Both these sources do not include any allowance in their tables for
pipe aging, variation in pipe manufacture, or field assembly. The
Hydraulic Institute recommends that 15 percent allowance be made
for these factors; I consider this factor adequate for loop-type systems
such as hot or chilled water systems. It is not adequate for cooling
tower water, which is exposed to air in the water; it is recommended
that a factor of 20 percent be added for this service if steel pipe is
used. This possible increase in friction for steel pipe may demonstrate
the application for plastic pipe on cooling tower water; its use is limited
by size and structural capability.

3.3.4 Use of the Williams-Hazen formula

The Williams-Hazen formula is very popular in the civil engineering
field and can be used for HVAC piping design if it is understood
properly. This formula gives accurate values for liquids that have a
viscosity of around 1.1 ¢St, such as water at 60°F. It is therefore
acceptable for chilled water and even condenser water. It will show an
error as much as 20 percent high if used for hot water over 200°F.

This formula is based on design factors that relate to the roughness
of the pipe involved. These design factors are called C factors that
appear in the preceding equation and range from 80 to 160, 80 being
for the roughest pipe and 160 for the smoothest pipe.

Table 3.6 is taken from an older edition of Cameron Hydraulic Data
and includes the C factors for various types of pipe. If a C factor of
140 is used with the Williams-Hazen formula, it will yield friction
data for steel pipe that is somewhat comparable with the Darcy
Weisbach formula with the 15 percent aging factor as recommended
previously. This is adequate for closed piping such as chilled water
but should not be used with cooling tower piping. Cooling tower pip-
ing should be calculated with a C factor of 130 for steel pipe when
using the Williams-Hazen formula.
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TABLE 3.6 Values of C for the Williams-Hazen Formula

Values of C
Type of pipe Range Average value Design value

Cement = asbestos 160-140 150 150
Fiber — 150 150
Bitumastic- or enamel- 160-130 148 140

lined iron or steel,

centrifugally applied
Cement-lined iron or — 150 140

steel, centrifugally

applied
Copper, brass, or glass 150-120 140 150

piping or tubing
Welded or seamless steel 150-120 140 140
Wrought iron 150-80 130 100
Cast iron 150-80 130 100

source: Cameron Hydraulic Data, 15th ed., Ingersoll Rand Company, Woodcliff, N.J.,
1977; used with permission.

For values of C,

1. Range: High is for smooth and well-installed pipe; low is for poor
or corroded pipe.

2. The average value is for good clean and new pipe.

3. The design value is the common value used for design purposes.

Note. The American Iron and Steel Institute recommends a C fac-
tor of 140 for steel pipe for hot and chilled water systems.

There is some confusion in the industry about the use of the Williams-
Hazen formula. It is very adequate for cold water such as chilled water. A
number of organizations publish Williams-Hazen data for various pipe
sizes; organizations such as the American Iron and Steel Institute provide
manuals on piping that include Williams-Hazen friction data on the water
flow in the commercial sizes of steel pipe. It is very adequate for cold
water such as chilled water. Since it cannot easily accommodate viscosity
or specific gravity corrections, it should not be used for hot water systems.

3.3.5 Review of pipe friction and velocities

The preceding recommendations are the result of my experience;
every designer should develop parameters based on his or her experi-
ence. It should be pointed out that pipe friction is not an exact science.
A study of the available literature will demonstrate the variations
that can exist with pipe friction when manufacturing tolerances and
specific aging processes are included. This has caused some designers
to use much larger safety factors in their design of piping.
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The figures and tables of this chapter provide data that can be
referred to during a piping design procedure. Software is also avail-
able that implements the formulas and eliminates much of the
drudgery in calculating pipe friction. Software packages are available
from various sources at reasonable costs. It is urged that the design
basis for such software be fully understood before it is used on a pro-
ject. Designers with knowledge of software and computers can devel-
op some of their own computer programs for pipe friction by using the
aforementioned equations.

3.4 Steel and Cast Iron Pipe Fittings

A significant part of the friction loss for HVAC piping is caused by the
various fittings that are used to connect the piping. There have been
some very unacceptable practices used for the calculation of fitting
losses. For example, some people recommend that the pipe friction be
calculated and a percentage of that loss be added for the pipe fitting
and valve losses. This is a very poor and inexact method of computing
friction losses for valves and fittings. The proper method of computing
fitting loss is to determine that loss for each and every fitting and
valve. Again, the Hydraulic Institute’s Engineering Data Book and
Ingersol Rand’s Cameron Hydraulic Data are excellent sources for fit-
ting and valve losses. Interesting data on the possible variations in
the friction losses for fittings and valves are included in Table 32(c) of
the Hydraulic Institute’s Engineering Data Book; variations from *+10
percent to as high as =50 percent are described.

Most fitting losses are referenced to the velocity head V#2g of the
water flowing in the pipe. Table 3.5 for steel pipe friction lists the veloc-
ity head at various flows in the pipe. A K factor has been developed for
many of the popular pipe fittings so that the loss through fittings Hf is

V2
Hf=K 22 3.7

The Hydraulic Institute provides various K factors for valves and
fittings in their Engineering Data Book; these are listed in Tables 3.7
through 3.12 as approximate values. Unfortunately, at this writing,
many popular fittings such as reducing elbows or tees have no data.
Also, welded steel pipe reducers have significant losses, and there are
no reliable data on them.

Miscellaneous K factors

Couplings and unions. Couplings and unions depend on the quality of
manufacture. Assume an average K factor of 0.05 for them.
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TABLE 3.7 K Factors for Inlets from

Open Tanks
Type of inlet K factor
Bell-mouth inlet 0.05
Square-edged inlet 0.5
Inward-projecting pipe 1.0%

*K decreases with increases in wall thick-
ness and rounding of edges.

TABLE 3.8 K Factors for Elbows, 90°

Regular Long-radius Regular Long-radius
Size, in screwed screwed flanged flanged
;/2 2.1 — — —
4 1.7 0.85 — —
1 1.5 0.76 0.43 —
1 1.3 0.65 0.40 0.37
1% 1.2 0.53 0.39 0.35
2 1.0 0.43 0.37 0.31
21/2 0.85 0.36 0.35 0.27
3 0.76 0.29 0.33 0.25
4 0.65 0.23 0.32 0.22
6 — — 0.29 0.18
8 — — 0.27 0.15
10 — — 0.25 0.14
12 — — 0.24 0.13
14 — — 0.23 0.12
16 — — 0.23 0.11
18 — — 0.22 0.10
20 — — 0.22 0.09
24 — — 0.21 —

TABLE 3.9 K Factors for Elbows, 45°

Size, in Regular screwed Long-radius flanged
% 0.36 —
% 0.35 —

1 0.33 0.21
1% 0.32 0.20
1% 0.31 0.18
2 0.30 0.17
2Y% 0.29 0.15
3 0.28 0.14
4 0.27 0.14
6 — 0.13
8 — 0.12
10 - 0.11
12 — 0.10
14 - 0.09
16 — 0.08
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TABLE 3.10 K Factors for Tees

Screwed-type, Flanged, Flanged,
Size, in branch flow line flow branch flow

;/2 2.4 — —

/4 2.1 — —

1 1.9 0.27 1.0
1Y 1.7 0.25 0.94
1% 1.6 0.23 0.90
2 14 0.20 0.83
2% 1.3 0.18 0.80
3 1.2 0.17 0.75
4 1.1 0.15 0.70
6 — 0.12 0.61
8 — 0.10 0.58
10 — 0.09 0.54
12 - 0.09 0.52
14 — 0.08 0.51
16 — 0.08 0.47
18 0.07 0.44
20 — 0.07 0.42

NotE: For screwed-type, line flow tees, a K factor of 0.90 is used for
all sizes.

TABLE 3.11 K Factors for Globe and Gate Valves (100 percent

open)
Globe valves Gate valves
Size, in Screwed Flanged Screwed Flanged
A 14 - 0.32 —
3 10 — 0.28 —
1 8.7 14 0.24 —
1Y 8.0 12 0.22 —
1% 75 10 0.20 —
2 6.9 8.5 0.17 —
oY% 6.5 79 0.15 —
3 6.0 7.0 0.14 0.22
4 5.8 6.4 0.12 0.16
6 — 5.9 — 0.11
8 — 5.7 — 0.08
10 — 5.7 — 0.06
12 - 5.6 — 0.05
14 — 5.6 — 0.05
16 — 5.6 — 0.05
18 — 5.6 — 0.04
20 — 5.6 — 0.03
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TABLE 3.12 K Factors for Miscellaneous Valves (100 percent open)

Screwed Angle valve Ball Butterfly
Size, in check Screwed Flanged valve* valve

Y 5.6 — — — —
3 3.7 5.5 — 0.11 —

1 3.0 4.7 5.0 0.10 —
1% 2.7 3.8 3.7 0.09 —
1% 2.5 3.0 3.0 0.09 —
2 2.3 2.2 2.5 0.08 —
PYA 2.2 1.7 2.3 0.07 3.5
3 2.2 1.4 2.2 0.07 3.0
4 2.2 1.0 2.2 0.06 15
6 — — 2.1 0.05 1.0
8 — — 2.1 0.05 0.8
10 — — 2.1 0.05 0.7
12 — — 2.1 0.04 0.7
14 — — 2.1 0.04 0.6
16 — — 2.1 0.04 0.6
18 — — 2.1 — —
20 — - 2.1 - —

~otE: Flanged check valves are assumed to have a K factor of 2.0 for all sizes.

Reducing bushings and couplings. The K factor for reducing bushings
can vary from 0.05 to 2.0. Replace them wherever possible with
threaded tapered fittings.

Sudden enlargements. Sudden enlargements such as reducing flanges
can have a K factor as high as 1.0. Replace them with tapered fittings
wherever possible.

3.4.1 Tapered fittings

There are a number of tests and equations for computing the K fac-
tors for tapered fittings. Like other fitting calculations, they are, at
best, approximate. Two of the most accurate calculations seem to be
those included in Cameron Hydraulic Data.

Tapered reducing fittings
K =08si 9( dlz) (3.8)
= 0.8 sin 9 a2 .

where 6 = total angle of reduction
d, = smaller, leaving pipe diameter
d, = larger, entering pipe diameter
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Tapered enlarging fittings

.6 d,”\?
K= 2.6 sin E - F (39)
2
where 6 = total angle of enlargement
d, = smaller, entering pipe diameter
d, = larger, leaving pipe diameter

Note. Do not use these formula for steel reducing fittings! Steel
reducing fittings are not tapered; they have a reverse, ogee curve that
causes a much greater friction loss. Until better data are available,
use the following equation for the friction loss in steel reducing or
increasing fittings:

= Ve 3.10
f 22 (3.10)

where V| = velocity in the smaller pipe
V, = velocity in the larger pipe

Table 3.13 is for commercially available cast iron tapered fittings,
both reducing and increasing, using Eqgs. 3.8 and 3.9.

The use of equivalent feet of pipe as a means of calculating friction
in fittings and valves does not seem to provide as accurate results as
the K factors of the Hydraulic Institute. Data on fitting and valve
losses, as indicated previously, are at best approximate.

Following is a list of the fittings and valves that are encountered in
HVAC systems:

1. Tees, straight or reducing, with flow through the run and through
the branch

Elbows, straight or reducing, of various radii

Valves, ball, gate, globe, or butterfly

Reducers and increasers, cast iron taper type

Reducers and increasers, steel type

Strainers

Flow meters

® N oA w

Entrance and exit losses from tanks

It should be noted that the following devices are not included in the
preceding list of fittings. All these devices waste energy and should be
avoided if possible and used only as a last resort:
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TABLE 3.13 K Factors for Cast Iron Tapered Fittings

Pipe size, in K Factor
Large end Small end As an increaser As a reducer
2Y% 1% 0.11 0.05
2Y% 2 0.02 0.01
3 1% 0.18 0.07
3 2 0.07 0.04
3 2Y% 0.01 0.01
4 1% 0.34 0.12
4 2 0.21 0.08
4 PYA 0.10 0.05
4 3 0.04 0.02
5 2Y% 0.23 0.09
5 3 0.13 0.06
5 4 0.02 0.02
6 2% 0.34 0.13
6 3 0.24 0.10
6 4 0.09 0.05
6 5 0.01 0.01
8 4 0.26 0.11
8 5 0.13 0.07
8 6 0.05 0.03
10 6 0.18 0.08
10 8 0.03 0.02
12 6 0.31 0.13
12 8 0.11 0.06
12 10 0.02 0.02
14 6 0.42 0.16
14 8 0.22 0.10
14 10 0.08 0.05
14 12 0.01 0.01
16 10 0.16 0.08
16 12 0.05 0.04
16 14 0.01 0.01

NoteE: Computed from Egs. 3.8 and 3.9.

1. Sudden enlargements such as screwed bushings on small pipe or
reducing-type flanges on larger pipe

Balance valves, manual or automatic
Pressure-reducing valves
Pressure-regulating valves

Bull-head tee connection

o vk W

Multiple-duty valves

Item 5 refers to connecting a pipe tee with a supply on each run of
the tee and the discharge on the branch connection. This is a wasteful
connection and should be avoided. None of the usual references for
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friction losses through tees includes any data for this type of connec-
tion, which is known to have a sizable friction loss.

Item 6, multiple-duty valves, refers to a combination check, balancing,
and shutoff valve. These valves can be wasteful of energy, since they can
be set at an intermediate position and left there at a high friction loss.
These valves should not be used without downstream shutoff valves,
since the check-valve portion cannot be repaired without draining the
system. In most cases, the cost of this multiple-duty valve is so much
more than that for an ordinary check valve and shutoff valve that they
are not economical. Also, their friction loss is usually greater than that
for an individual check valve and butterfly valve (see Fig. 5.8).

Certain crossover bridges can be piping practices that waste energy
by using return pressure-reducing valves. The additional piping losses
also can increase the energy consumption of the total piping system.

3.4.1 Effect of fabrication on steel fitting loss

The great variation in steel pipe fitting friction loss is due to some
extent to the method of fabricating steel pipe assemblies. The fitting
losses listed previously are for factory-formed fittings such as tees
and elbows. Figure 3.4a describes the three ways that a steel tee can
be fabricated: (1) a factory-fabricated tee with dimensions conforming
to ANSI Specification B16.5, (2) a “fishmouth” fabrication in which
the end of the branch pipe is cut to a curve equal to the outside diam-
eter of the main pipe, and (3) an unacceptable fabrication that should
never be used. Unfortunately, if the inspection is of questionable qual-
ity, this type of fabrication may result. A fourth method that is avail-
able is an acceptable practice and is called a saddle tee.

It is obvious that the friction loss for the factory-fabricated tee will
be less than that for the field-fabricated tees, particularly for the type
3 tee, where the branch pipe projects into the main pipe. The loss for
the latter may be two to three times that for the factory-fabricated
tee. The smooth radii of the factory-fabricated tee reduce appreciably
the friction of the sharp corners of the type 2 tee and the reentrant
loss of the type 3 tee.

Another case of fabricated fittings is the 45- and 90-degree elbows.
Figure 3.4b describes (1) a standard production elbow and (2) a typical
field-fabricated mitered elbow. If a sizable radius is maintained on the
mitered elbow, its friction loss will be similar to that of the factory-
fabricated elbow. Often designers reduce their fitting losses through
elbows by specifying long-sweep elbows with a greater radius.

Field fabrication and selection of fittings have a great impact on the
overall friction loss in the piping of an HVAC water system. Continued
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O) @ ®)

FACTORY " FISHMOUTH" UNACCEPTABLE

FABRICATED CONSTRUCTION CONSTRUCTION
TEE

a. Methods of fabricating a steel tee.

(1) (3)
FACTORY FIELD FABRICATED FIELD FABRICATED
FABRICATED ELBOW WITH HIGH ELBOW WITH REASONABLE
ELBOW FRICTION LOSS FRICTION LOSS

b. Methods of fabricating a steel eibow.

Figure 3.4 Fabrication of steel pipe fittings.

vigilance should be provided to maintain the quality of field-fabricated
fittings and to eliminate the use of screwed bushings and reducing
flanges.

3.4.2 Results of recent laboratory testing

of fittings

ASHRAE has recognized the antiquity of the data on the friction loss
of water flowing in pipe fittings. They have embarked upon an expen-
sive program of testing steel and plastic pipe fittings to verify and
update the information on these friction losses. They have done this
at their own expense even though it will be of great value to many
professional societies and to the entire piping industry. ASHRAE is
offering for sale this information in the form of papers presented on the
results of these tests. They can be secured from ASHRAE in Atlanta,
Georgia by referencing the following research project numbers. There
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are five different test projects completed as of this date. Other tests
on copper fittings are under consideration.

Some of these data should supplant the information in Tables 3.8
through 3.13. However, these tables provide information on fittings
not included in these tests.

The completed ASHRAE tests are:

Project no. Fitting size, in Material
968-RP 2,4 Iron and Steel
1034-RP 12, 16, 20, 24 Steel
1035-RP 4 Steel*
1116-RP 6,8,10 Steel

1193-RP 6,8,10 PVC, Sch. 80

*The purpose of this test was to determine the effect of closely con-
nected fittings. The tests consisted of connecting two welded steel elbows
in four different configurations, which were (1) in plane, “Z” connection,
(2) in plane, “U” connection, (3) out of plane, torsional connection, and (4)
out of plane, swing connection.

Some very significant findings resulted from these tests. The follow-
ing is a synopsis of them:

968 RP. The K factor for these fittings demonstrated an apprecia-
ble variation, as the velocity changed from 2 to 12 fps. This varia-
tion is described in Fig. 3.6 for standard 2 and 4 in steel elbows.
Reducing elbows of the 2 and 4 in sizes are shown in Fig. 3.7.

The actual K factors when compared with published data are
shown in Table 3.14. New data for reducing elbows are shown in
both the reducing and expansion modes.

1034 RP. The variation in K factor for these larger-sized fittings
was not as pronounced as for the smaller sizes. Table 3.14 describes
this variation and compares the test data with past values for these
fittings. Significant, new data are provided for reducing fittings in
both the reducing ad expansion modes.

1035 RP. These tests proved that there is a reduction in the in the
friction loss of fittings when they are closely connected. There has
been an erroneous belief that bunching fittings together increases
the overall friction loss. This belief has been disproved before on
pump test stands. This report provides specific information on this
subject and Fig. 3.5 is typical of these findings. These tests are very
important, as some people in the pump industry have resisted the
development of factory-assembled systems and have argued that
closely assembling pipe fittings increases the friction loss of the
pumping system. These projects demonstrated that there may be an
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Table 3.14 Data Summary of Test Data for Ells, Reducers, and Expansions

USU USU USU
Past 4 fps 8 fps 12 fps
2” S.R. Ell (R/D = 1). Thread 0.60 to 1.0 (1.0)* 0.60 0.68 0.736
4” SR.Ell (R/D =1) Weld 0.30 to 0.34 0.37 0.34 0.33
1”7 L.R. Ell (R/D = 1.5) Weld 039t01.0 e e e
2” L.R. Ell (R/D = 1.5) Weld 0.50t0 0.7  seeem e e
4” L.R. Ell (R/D = 1.5) Weld 0.22 to 0.33 (.22)* 0.26 0.24 0.23
6” L.R. Ell (R/D = 1.5) Weld 0.25 0.26 0.24 0.24°
8” L.R. Ell (R/D = 1.5) Weld 0.20 to 0.26 0.23 0.20 0.19°
10” L.R. Ell (R/D = 1.5) Weld 0.17 0.21 0.17 0.16°
12”7 L.R. Ell (R/D = 1.5) Weld 0.16 0.17 0.17 0.17
16” L.R. Ell (R/D = 1.5) Weld 0.12 0.12 0.2 0.11
20” L.R. Ell (R/D =1.5) Weld 0.09 0.12 0.10 0.10
24” L.R. Ell (R/D = 1.5) Weld 0.07 0.098 0.089 0.089
Reducer (2”7 x 1.5”) Thread =~ ------ 0.53 0.28 0.20
Reducer (4” x 3”) Weld 0.22 0.23 0.14 0.10
Reducer (12”7 x 10”) Weld - 0.14 0.14 0.14
Reducer (16”7 x 12”) Weld - 0.17 0.16 0.17
Reducer (20” x 16”) Weld - 0.16 0.13 0.13
Reducer (24”7 x 20”) Weld - 0.053 0.053 0.055
Expansion (1.5” x 2”) Thread = ------ 0.16 0.13 0.02
Expansion (3” x4”) Weld - 0.11 0.11 0.11
Expansion (10” x 12”) Weld ~  ------ 0.11 0.11 0.11
Expansion (12”7 x 16”) Weld ~  --—--- 0.073 0.076 0.073
Expansion (16” x 20”) Weld ~  ------ 0.024 0.021 0.022
Expansion (20" x 24”) Weld =~ ------ 0.020 0.023 0.020

~orte: Past (published data by Freeman, Crane, Hydraulics Institute)

USU (Utah Sate University Data)

S.R. short radius or regular Ell; L.R. = long radius EIl

()* Data published in ASHRAE Fundamentals.

‘Data received from ASHRAE Research Project No. 1116 RP by University of Minnesota.

source: Copyright 1999. American Society of Heating, Refrigerating and Air-Conditioning
Engineers, Inc. www.ashrae.org. Reprinted by permission from ASHRAE Transactions,
Vol. 105, Part 1.

energy savings for factory assembled pumping systems by having
closely connected pipe fittings.

1116 RP. These tests on 6, 8, and 10 in steel pipe fittings indicate
the same findings as those for 968 RP and 1034 RP, namely, that
the K factors for them vary with the velocity of the water.

All of the above projects were for steel fittings. This significant
new fact that the K factor varies with the velocity of the water in
the fittings is shown in Fig. 3.6 and 3.7. Publication of tables simi-
lar to 3.12 is needed for all pipe fittings to insure that the K factors
are accurate.

1193 RP. This project for plastic pipe fittings was quite significant,
as this may be the first precise laboratory tests for such fittings.
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Figure 3.5 Summary plot of the effect of close-coupled 4 in ells. (Copyright © 2002.
American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.
www.ashrae.org Reprinted by permission from ASHRAE Transactions, Vol. 108, Part 1.)
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Figure 3.6 Loss coefficients for ells. (Copyright © 1999. American Society of Heating,
Refrigerating and Air-Conditioning Engineers, Inc. www.ashrae.org Reprinted by
permission from ASHRAE Transactions, Vol. 105, Part 1.)
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Figure 3.7 Loss coefficients for reducing ells. (Copyright © 1999. American Society
of Heating, Refrigerating and Air-Conditioning Engineers, Inc. www.ashrae.org
Reprinted by permission from ASHRAE Transactions, Vol. 105, Part 1.)

Tests were conducted on 6, 8, and 10 in fittings, and they can be
compared to tests on steel fittings that were completed under
Research Project 1116 RP.

It has been believed for some time that the friction loss in plastic
pipe fittings was less than for steel pipe fittings of the same nominal
size. These tests demonstrated that this is not the case. The reason is
the smaller radii of the elbows as shown in Fig. 3.8a, and the sharp
edges of the reducers, as shown in Fig. 3.8b. Comparable K factors for
steel and plastic pipe fittings are available from these tests. Figure 3.9
shows the piping arrangement for these tests.

3.5 Thermoplastic Pipe

Thermoplastic pipe is being used in the HVAC industry for cold water
services such as cooling tower and chilled water systems. It can offer
distinct advantages cost-wise on some installations. It has a decided
advantage on cooling tower water that may be laden with oxygen and
where steel pipe is susceptible to rusting. The pressure and temperature
ratings of plastic pipe and fittings are available from the principal
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a. Comparison of PVC elbows with steel.

K=0.124 K=0.675 K=0.411

HE—

A

N
K=0.536 K=0.618
b. Shapes of plastic pipe reducers.

Figure 3.8 Cross-sections of steel and plastic fitting. (Copyright © 1999. American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. www.ashrae.org
Reprinted by permission from ASHRAE Transactions, Vol. 105, Part 1.)

manufacturers of this pipe. Most thermoplastic pipe as used on HVAC
water systems is manufactured in PVC (polyvinyl chloride), schedule
40 and 80 pipe, and CPVC (chlorinated polyvinyl chloride), schedule
80 pipe.

Thermoplastic pipe is manufactured in sizes up to 16 in, but
many common pipe fittings may not be readily available over 12-in
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Figure 3.9 Comparison of 4-in PVC and steel elbow fitting loss
coefficients. (Copyright © 1999. American Society of Heating,
Refrigerating and Air-Conditioning Engineers, Inc.
www.ashrae.org Reprinted by permission from ASHRAE
Transactions, Vol. 105, Part 1.)

pipe size. This is its principal drawback for larger cooling tower
installations.

Thermoplastic pipe offers a lower resistance to water flow than steel
pipe. It is the plastic pipe industry’s standard to use the Williams-
Hazen formula for calculating pipe friction with a C factor of 150. This
is acceptable, since most applications of plastic pipe are for water near
60°F. On warmer water, the manufacturer of the plastic pipe under
consideration should provide friction loss data comparable with those
secured from the use of Reynolds numbers and the Darcy Weisbach
equation.

There are a number of types of plastic pipe now available to the
HVAC industry, from PVC, schedule 40, to Fiberglas. ASHRAFE’s 1992
issue of the System and Equipment Handbook provides information
on the various types of plastic pipe. Table 10, “Properties of Plastic
Pipe,” page 42.13, provides a summary of this important type of
piping. In assessing plastic material for a particular application,
the following factors should be evaluated:

1. Temperature. The temperature and pressure ratings of some
types of plastic pipe and fittings decrease appreciably above 100°F.

2. Expansion. Most plastic pipe has a coefficient of expansion
greater than steel pipe; expansion must be taken into considera-
tion on HVAC systems where variations occur in both ambient air
temperature and the liquid being transported.
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3. Hydraulic shock. Plastic pipe does not have the withstandability
of steel pipe. The actual configuration of the plastic pipe installa-
tion, including methods of support, should be approved by the
manufacturer of the plastic pipe.

4. Maximum allowable velocity. Table 3.2 outlines maximum veloci-
ties for steel pipe. These velocities are excessive for most types of
plastic pipe. Actual maximum velocities under consideration for a
specific installation of plastic pipe should be approved by the man-
ufacturer of the plastic pipe.

Most manufacturers of plastic pipe have very good application man-
uals that provide most of the answers to the preceding installation
variables.

3.5.1 Types of plastic pipe used in HVAC

Following is information on the some of the more common plastic pipe
used in HVAC water systems:

PVC. Polyvinyl chloride pipe: ASTM D-1784 Class 12454-B

CPVC. Chlorinated polyvinyl chloride pipe: ASTM D-1784 Class
23447-B

PVC pipe has been the preferred plastic pipe for HVAC water sys-
tems for many years. For installations operating at higher tempera-
tures, CPVC has provided an excellent material for piping. The
pressure-temperature relationships for these types of plastic pipe are
provided in Table 3.15.

TABLE 3.15 Maximum Operating
Pressure (psig) versus Temperature (°F)

Operating

temperature PVC CPVC

Up to 100 150 150
110 135 140
120 110 130
130 75 120
140 50 110
150 N.R. 100
160 N.R. 90
170 N.R. 80
180 N.R. 70
190 N.R. 60
200 N.R. 50
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TABLE 3.16 PVC and CPVC Plastic Pipe: Inside Diameters (in)

Schedule 40 Schedule 80

Y —0.622 3 - 3.068 Y% — 0.546 3-2.900

3 —0.824 4-4.026 3 —0.742 4-3.826

1-1.049 6 - 6.065 1-0.957 6 - 5.761

1% - 1.380 8- 7.981 1% -1.278 8-17.625

1% - 1.610 10 — 10.020 1%~ 1.500 10 — 9.564
2-2.067 12 - 11.938 2-1.939 12 -11.376
oY% — 2.469 14 - 13.124 oY% —2.323 14 — 12.500
16 - 15.000 16 - 14.314

Hydraulic shock and ambient temperature are factors that must be
considered with plastic pipe; greater care must be exerted with plastic
pipe than while designing with steel pipe of equivalent sizes.

Like other types of piping, the inside diameter of the pipe under
consideration must be checked before consulting a pipe friction table.
Table 3.16 provides the inside pipe diameters for the Schedules 40
and 80 PVC and CPVC pipe. Friction losses for Schedule 40 PVC and
CPVC pipe can be determined from Fig. 3.10 and Schedule 80 PVC
and CPVC pipe from Fig. 3.11.

3.6 Copper Pipe and Tubing

Copper pipe is not used extensively in HVAC systems like steel pipe.
It is of value on HVAC equipment assemblies, and tables for friction
of water in it up to 2 in size are included in Table 3.17. The friction
losses in copper fittings should be evaluated as has been done for
plastic pipe; ASHRAE has under consideration the testing of the
flow of water in the smaller copper fittings. Questions about friction
of refrigerant flow in copper pipe should be referred to the refriger-
ant manufacturers.

3.7 Glycol Solutions

Few special liquids are used in the HVAC industry, but both ethylene
glycol and propylene glycol are found in these water systems. The
friction for ethylene glycol-based, heat transfer solutions can be com-
puted using Fig. 2.4, which shows the variation in viscosity for vari-
ous temperatures and percent of solution. Once the viscosity is
known, the Reynolds number can be determined, and then the f fac-
tor can be computed for the Darcy Weisbach equation. The pump
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Figure 3.10 F'riction loss in schedule 40 PVC and CPVC, IPS-OD. (Reprinted by permission
from “ Engineering & Specifications Manual,” IPEX, Inc., 2000.)

horsepower is increased due to the higher specific gravity; this will be
discussed in Chap. 6. The specific gravity of ethylene glycol-based
heat transfer solutions is provided in Fig. 2.5. For heat transfer
work, Fig. 2.7 provides specific heat data.

Care should be taken in selecting the percentage of glycol used in a
water system. This percentage should be such that the pumps never
operate near the freezing curve shown in Figs. 2.1 and 2.2. Slush can
form as the freezing temperature is approached, causing poor pump
performance.
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The maximum recommended velocity for this pipe is 5 fps. Consult
pipe manufacturer on installations requiring higher velocities.

Figure 3.10 (Continued)

3.8 Hydraulic-Gradient Diagrams

The hydraulic-gradient diagram was first mentioned in Chap. 1. It
will be found throughout this book as a tool for describing the various
pumping and circuiting procedures for HVAC water systems. It
should be pointed out that hydraulic-gradient diagrams include only
static and physical pressures. Velocity head is a dynamic head and is
therefore not included in hydraulic-gradient diagrams.

The hydraulic-gradient diagram is an excellent method of check-
ing energy transformations in a building. It is somewhat a graphic

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Piping System Friction
74 The Basic Tools

1/211 - 3"

PRESSURE RATING VARIES BY SIZE . A
Nominal Size (in.)

100 T % 7, 1T
Vi ~ 5 7 VA oy
7 < A
T T 7 ST
u AR v VAL
0 N/ b NI/
/ / N/ / Mo
Z S SpIR
2 4
N S
N NN N
10 / ~ ~
/ / /1
/ A /
g / /
=t / / A o
s s / N
2 / AL/ /PN
2 A / N /T
& /TR /
3 N/ /N
AN S \‘\}
[~ &
1 7 7 v 7 7 7 7 D
/ / \é’
A / K
/ / / A / /
/| / N /
0.4 S / M s
N o
0.3 7 7
0.2 ]\
/1) / 1 N
NS
0.1 Sl
01502 0.3 04 1 2 3 4 10 20 30 40 100 200 300

Flow (U.S. Gallons/min.)

The maximum recommended velocity for this pipe is 5 fps. Consult
pipe manufacturer on installations requiring higher velocities.

Figure 3.11 Friction loss in schedule 80 PVC and CPVC, IPS-OD. (Reprinted by permis-
sion from “Engineering & Specifications Manual,” IPEX, Inc., 2000.)

representation of Bernoulli’s theorem. The vertical dimension of these
diagrams is to scale and is shown normally in feet of head (see Eq. 4.1
for computing feet of head from known pressures and temperatures).
The horizontal dimension is not to scale and is used to separate the
specific changes in static and friction losses in various parts of the
system.

Pump head is usually shown vertically upward, while friction losses
can be shown vertically downward or diagonally. Computer programs
are now being evaluated to facilitate the development of diagrams
similar to those shown here.
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The maximum recommended velocity for this pipe is 5 fps. Consult
pipe manufacturer on installations requiring higher velocities.

Figure 3.11 (Continued)

Figure 3.12b illustrates the generation of a hydraulic-gradient dia-
gram for the simple secondary system of Fig. 3.12a. This diagram is
for a building of horizontal development. The static pressure, or fill
pressure, of the system is shown as a horizontal line; in this case, it is
40 psig or 92 ft. The pump head in this figure is 90 ft H,O, while the
pressure drop across the coil, its control valve, and piping, is 20 ft. The
nodes, A through F, indicate the pressure, in feet, at each of them.
These pressures are for the gauge pressure in the building. For campus-
type operations, where there are buildings at different elevations, the
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TABLE 3.17 Friction Losses for Copper Pipe and Tubing

Friction Losses in Smooth Tubing and Pipe

Copper Tubing (Type K, L and M)—S.P.S. Copper and Brass Pipe, Plastic
and Glass Pipe.

Smooth copper tubing and pipe, brass pipe, plastic, and glass pipe are
available in various sizes and types to meet individual requirements as
specified —sizes may be different than standard. To avoid the necessity of
interpolation and applying correction factors to the values for cast iron and steel
pipe, a special set of tables is included herewith on pages 3-34 to 3-48 figured on
the basis of commercially available copper tubing, and S.P.S. copper and brass
pipe.

These tables are calculated using the Darcy-Weisbach equation (see page 3-3)
and basis an absolute roughness parameter of 0.000005 (see page 3-5); since this
roughness parameter applies to very smooth pipe or tubing a safety factor
should’ be applied in those cases to compensate for possible questionable
conditions; as discussed on page 3-5 it is suggested that for most commercial
design purposes a safety factor of 15 to 20% be added to the head loss values in
the tables.

It should be noted that the head loss data can apply to any fluid having
a kinematic viscosity v = 0.000 012 16 ft*/sec (1.130 centistokes), which is
the viscosity for pure fresh water at 60°F. Greater viscosities (colder water)
will increase the friction; lower viscosities (warmer water) will decrease the
friction.

Friction losses for tubing and pipe sizes between those listed in the tables may
be determined with reasonable accuracy using a ratio of the fifth powers of the
diameters; for example: ia A\S

Desired: friction loss pipe B = known friction loss pipe A ( Dx.a )
Friction of Water Dia B
(Based on Darcy's Formula)

Copper Tubing—*S.P.S. Copper and Brass Pipe

% In
Type K tubing Type L tubing Type M tubing *Pipe

Flow 402" inside dia 430" inside dia 450" inside dia 494" inside dia
— 049" wall thk 035" wall thk 025" wall thk 0905 wall thk
uUs

gal Head Head Head Head
per Velocity loss Velocity loss Velocity ioss Velocity loss
min ft/sec /100 ft f/isec /100 ft f/sec /100 ft fsec /100 ft
0.2 051 0.66 0.44 0.48 0.40 0.39 0.34 0.26
0.4 1.01 2.15 0.88 1.57 0.81 1.27 067 0.82
0.6 1.52 4.29 1.33 3.12 1.21 2.52 1.00 1.63
08 2.02 7.02 1.77 5.11 1.61 4.12 1.34 2.66
1 2.52 10.32 220 7.50 2.01 6.05 1.68 3.89
1v2 378 20.86 3.30 1515 3.02 1221 2.51 7.84
2 5.04 34.48 4.40 20.03 4.02 20.16 3.35 12.94
22 6.30 51.03 5.50 37.01 5.03 29.80 419 19.11
3 7.55 70.38 6.60 51.02 6.04 41.07 5.02 26.32
3 882 92.44 770 66.98 7.04 53.90 5.86 34.52
4 10.1 1171 8.80 84.85 8.05 68.26 670 43.70
4avz 1.4 144.4 990 104.6 9.05 84n 7.53 53.82
5 12.6 174.3 10 126.1 10.05 101.4 8.36 64.87
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Friction of Water (Continued)
(Based on Darcy's Formula)

Copper Tubing—*S.P.S. Copper and Brass Pipe

V2 In
Type K tubing Type L tubing Type M tubing *Pipe
Flow 527" inside dia 545" inside dia .569" inside dia 625" inside dia
— .049" wall thk .040" wall thk .028" wall thk 1075 wall thk
us
gal Head Head Head Head
per Velocity loss Velocity loss Velocity loss Velocity loss
min ft'sec /100 ft ftisec /100 f#t ft/sec /100 # ft/sec /100 #t
V2 0.74 0.88 0.69 0.75 0.63 0.62 052 0.40
1 1.47 2.87 1.38 2.45 126 2.00 104 1.28
1 2.20 5.77 2.06 4.93 190 4.02 157 2.58
2 294 9.52 275 8.1 253 6.61 209 4.24
22 3.67 14.05 3.44 11.98 3.16 9.76 261 6.25
3 4.40 19.34 412 16.48 3.79 13.42 313 8.59
3v2 5.14 25.36 4.81 21.61 4.42 17.59 366 11.25
4 587 32.09 550 27.33 5.05 22.25 418 14.22
a'y 6.61 39.51 619 33.65 568 27.39 470 17.50
5 7.35 47.61 6.87 40.52 6.31 32.99 522 21.07
6 8.81 65.79 8.25 56.02 7.59 45.57 6.26 29.09
7 103 86.57 9.62 73.69 8.84 59.93 731 38.23
8 118 109.9 11.0 93.50 10.1 76.03 835 48.47
9 13.2 135.6 124 115.4 1.4 93.82 940 59.79
10 14.7 163.8 13.8 139.4 12.6 1133 104 72.16
% In
Type K tubing Type L tubing Type M tubing *Pipe
Flow .652” inside dia .666" inside dia .690" inside dia
_ .049" wall thk .042" wall thk .030" wali thk
us
gal Head Head Head
per Velocity loss Velocity loss Velocity loss
min ft/sec /100 ft ftsec f1/100 #t ftisec #/100 ft
V2 0.48 0.31 0.46 0.29 043 0.24
1 0.96 1.05 0.92 0.95 0.86 0.76
12 1.44 211 1.38 1.91 129 1.53
2 1.92 3.47 1.84 3.14 1.72 2.51
2v2 2.40 51 2.30 4.62 214 3.68
3 2.88 7.02 275 6.35 257 5.07
3%z 3.36 9.20 3.21 8.32 3.00 6.64
4 3.84 11.63 3.67 10.51 3.43 8.40
4v2 4.32 14.30 413 12.93 3.86 10.35
5 4.80 17.22 4.59 15.56 4.29 12.49
6 5.75 23.76 551 21.47 51% 17.21
7 6.71 31.22 6.42 28.21 6.00 22.58
8 7.67 39.58 7.35 35.75 6.85 28.54
9 8.64 48.81 8.25 44.09 7.71 35.35
10 9.60 58.90 9.18 53.19 8.57 42.48
1 10.6 69.83 10.1 63.06 943 50.47
12 1.5 81.59 110 73.67 10.3 59.1
13 125 94.18 1.9 85.03 1.2 68.8
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Friction of Water (Continued)

(Based on Darcy’'s Formula)
Copper Tubing—*S.P.S. Copper and Brass Pipe
s In

Type K tubing Type L tubing Type M tubing * Pipe
Flow 745" inside dia 785" inside dia 811" inside dia 822" inside dia
065" wall thk 045" wall thk 032" wall thk 114" wall thk
uUS
gal Head Head Head Head
per Velocity loss Velocity loss Velocity loss Velocity loss
min ftisec w100 ft ft/isec /100 tusec 100 ft ft/sec /100 ft
1 074 0.56 066 0.44 0.62 0.38 0.60 0.35
2 147 1.84 133 1.44 124 1.23 1.21 1.16
3 221 3.73 1.99 2.91 1.86 2.49 1.81 2.34
4 294 6.16 265 4.81 2.48 4.12 242 3.86
S 367 9.12 331 7.1 310 6.09 3.02 5.71
6 441 12.57 398 9.80 3.72 8.39 362 7.86
7 514 16.51 464 12.86 434 11.01 423 10.32
8 588 20.91 530 16.28 4 96 13.94 483 13.07
9 6 61 25.77 596 20.06 5.59 1717 544 16.10
10 735 31.08 6.62 24.19 6 20 20.70 6.04 19.41
n 809 36.83 7.29 28.66 6.82 24.52 6.64 22.99
12 883 43.01 795 33.47 7.44 28.63 7.25 26.84
13 956 49.62 8.61 38.61 8.06 33.02 7.85 30.96
14 103 56.66 927 44.07 868 37.69 845 35.33
15 10 64.11 9.94 49.86 9.30 42.64 905 39.97
16 ARR:] 71.97 106 55.97 992 47.86 9.65 44.86
17 125 80.24 11.25 62.39 10 55 53.35 10.25 50.00
18 132 88.92 11.92 69.13 1117 59.10 1085 55.40
11In
Type K tubing Type L tubing Type M tubing * Pipe
Flow 995" inside dia 1.025" inside dia 1.055" inside dia 1.062" inside dia
- 065" wall thk 050" wall thk 035" wall thk .1265" wall thk
uUs
gal Head Head Head Head
per Velocity loss Velocity loss Velocity foss Velocity loss
min ft/sec /100 ft ft/sec U100 ft ft/sec /100 ft ft/sec U100 it
2 082 0.47 078 0.41 073 0.36 0.72 0.35
3 124 0.95 1.7 0.82 1.10 0.72 1.08 0.70
4 165 1.56 1.56 1.35 1.47 1.18 1.45 1.14
5 2.06 2.30 1.95 2.00 183 1.74 181 1.69
6 248 3.17 234 2.75 220 2.40 217 232
7 289 4.15 272 3.60 256 3.14 253 3.04
8 330 5.25 311 4.56 293 3.97 2.89 3.85
9 371 6.47 3.50 5.61 3.30 4.89 325 4.74
10 412 ?7.79 389 6.76 3.66 5.89 361 5.71
12 4.95 10.76 467 9.33 4.40 8.13 434 7.88
14 577 14.15 5.45 12.27 513 10.69 5.05 10.36
16 6 60 17.94 622 15.56 586 13.55 5.78 13.13
18 7.42 22.14 7.00 19.20 6.60 16.72 6.50 16.20
20 824 26.73 7.78 23.18 7.33 20.18 7.22 19.55
25 10 30 39.87 974 34.56 9.16 30.09 9.03 29.15
30 1237 55.33 11.68 47.96 11.00 41.74 10.84 40.43
35 14.42 73.06 13.61 63.31 12.82 55.09 12.65 53.37
40 16.50 93.00 15.55 80.58 14.66 70.11 14.45 67.90
45 18.55 115.1 17.50 99.72 16.50 86.75 16.25 84.02
50 20 60 139.4 19.45 120.7 18.32 105.0 18.05 101.7
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79

Friction of Water (Continued)

(Based on Darcy’s Formula)
Copper Tubing—*S.P.S. Copper and Brass Pipe
1% In

Type K tubing Type L tubing Type M tubing * Pipe
Flow 1.245" inside dia 1.265" inside dia 1.291” inside dia 1.368" inside dia
— .065" wall thk .055" wall thk .042" wall thk 146" wall thk
us
gal Head Head Head Head
per Velocity loss Velocity loss Velocity loss Velocity loss
min ft/sec /100 ft ft/sec /100 ft ft/sec /100 ft ft’sec /100 ft
5 1.31 0.79 1.28 0.74 1.22 0.67 1.09 0.51
6 1.58 1.09 1.53 1.01 1.47 0.92 1.31 0.70
7 1.84 1.43 1.79 1.32 1.7 1.20 153 0.91
8 21 1.81 2.04 1.67 1.96 1.52 1.75 1.15
9 237 2.22 2.30 2.06 220 1.87 1.96 1.42
10 263 2.67 2.55 2.48 245 2.25 218 1in
12 3.16 3.69 3.06 3.42 293 3.10 262 2.35
15 3.95 5.47 3.83 5.07 3.66 4.60 327 3.49
20 5.26 9.13 5.10 8.46 4.89 7.67 436 5.81
25 6.58 13.59 6.38 12.59 6.1 11.42 546 8.65
30 7.90 18.83 7.65 17.44 7.33 15.82 6.55 11.98
35 9.21 24.83 8.94 23.00 8.55 20.86 7.65 15.79
40 10.5 31.57 10.2 29.24 9.77 26.51 8.74 20.06
45 11.8 38.03 11.5 36.15 11.0 32.717 9.83 24.80
50 13.2 47.20 128 43.71 122 39.63 10.9 29.98
60 15.8 65.65 15.3 60.78 14.7 55.10 13.1 41.66
70 18.4 86.82 17.9 80.38 171 72.86 153 55.07
80 211 110.7 204 102.5 19.6 92.85 17.5 70.16
90 237 137.2 23.0 127.0 22.0 115.1 19.6 86.91
100 26.3 166.3 25.5 153.9 24.4 139.4 218 105.3
1% In
Type K tubing Type L tubing Type M tubing *Pipe
Flow 1.481" inside dia 1.505" inside dia 1.527" inside dia 1.600" inside dia
—_— .072" wall thk .060" wall thk .049" wall thk 150" wall thk
us
gal Head Head Head Head
per Velocity loss Velocity loss Velocity loss Velocity loss
min ft/sec /100 ft ft/sec /100 #t ft/sec #/100 tt ft/sec /100 ft
8 1.49 0.79 1.44 0.73 1.40 0.68 1.27 0.55
9 1.67 0.97 1.62 0.90 1.57 0.84 1.43 0.67
10 1.86 117 1.80 1.08 1.75 1.01 1.59 0.81
12 2.23 1.61 2.16 1.49 2.10 139 1.91 1.12
15 279 2.39 270 2.21 2.63 2.07 2.39 1.65
20 3.72 3.98 3.60 3.68 3.50 3.44 3.19 2.75
25 4.65 5.91 451 5.48 438 5.11 3.98 4.09
30 5.58 8.19 5.41 7.58 5.25 7.07 478 5.65
35 6.51 10.79 6.31 9.99 6.13 9.31 5.58 7.45
40 7.44 13.70 7.21 12.68 7.00 11.83 6.37 9.45
45 8.37 16.93 8.1 15.67 7.88 14.61 7.16 11.68
50 9.30 20.46 9.01 18.94 8.76 17.66 7.96 14.11
60 1.2 28.42 10.8 26.30 10.5 24.53 9.56 19.59
70 13.0 37.55 12.6 34.74 12.3 32.40 12 25.87
80 149 47.82 14.4 44.24 14.0 41.25 128 32.93
90 16.7 59.21 16.2 54.78 15.8 51.07 14.4 40.76
100 18.6 71.70 18.0 66.34 175 61.84 15.9 49.34
110 20.5 85.29 198 78.90 19.3 73.55 17.5 58.67
120 223 99.95 216 92.46 21.0 86.18 19.1 68.74
130 24.2 115.7 234 107.0 22.8 99.73 207 79.53
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TABLE 3.17 Friction Losses for Copper Pipe and Tubing

Friction of Water (Continued)
(Based on Darcy’'s Formula)

Copper Tubing—*S.P.S. Copper and Brass Pipe

2in
Type K tubing Type L tubing Type M tubing *Pipe
Flow 1959 inside dia 1.985" inside dia 2.009 inside dia 2.062" inside dia
- 083" wall thk 070" wall thk 058" wall thk 1565 wall thk
us
gal Head Head Head Head
per Velocity loss Velocity loss Velocity loss Velocity loss
min ft sec /100 ft ft'sec /100 ft ft:sec /100 ft ft sec /100 ft
10 107 0.31 104 0.29 1.01 0.27 96 0.24
12 128 0.43 124 0.40 121 0.38 115 0.33
14 149 0.56 145 0.52 1.42 0.50 1.34 0.44
16 170 0.71 166 0.66 1.62 0.63 153 0.55
18 192 0.87 1.87 0.82 1.82 0.77 1.72 0.68
20 213 1.05 207 0.98 2.02 0.93 1.92 0.82
25 266 1.55 2.59 1.46 2.53 1.38 239 1.22
30 319 215 ain 2.01 3.03 1.90 2.87 1.68
35 373 2.82 362 2.65 3.54 2.50 335 2.21
40 426 3.58 414 3.36 405 317 383 2.80
45 479 4.42 4.66 4.15 455 3.92 4.30 3.46
50 532 5.34 517 5.01 505 4.73 4.80 4.17
60 639 7.40 621 6.95 6.06 6.56 575 5.79
70 745 9.76 725 9.16 707 8.65 6.70 7.63,
80 8.52 12.4? 828 11.65 8.09 11.00 7.65 9.70
90 9.58 15.36 93 14.41 9.10 13.60 861 12.00
100 1065 18.58 104 17.43 101 16.45 957 14.51
110 1mMn 22.07 14 20 1 19.55 10.5 17.24
120 1278 25.84 124 24.25 121 22.88 15 20.18
130 1385 29.88 134 28.04 131 26.45 125 23.33
140 149 34.18 145 32.07 142 30.26 134 26.69
150 16.0 38.75 155 36.36 15.2 34.30 144 30.25
160 170 43.58 165 40.89 16.2 38.58 153 34.01
170 181 48.67 176 45.66 17.2 43.08 16.3 37.98
180 192 54.01 186 50.67 182 47.81 17.2 42.15
190 20.2 59.61 19.6 55.92 192 52.76 18.2 46.51
200 213 65.46 207 61.41 202 57.94 19.2 51.07
210 224 71.57 217 67.14 212 63.34 201 55.83
220 234 77.93 228 73.10 222 68.96 210 60.78
230 245 84.53 238 79.29 232 74.80 220 65.93
240 25.6 91.38 248 85.72 243 80.86 230 71.26
250 266 98.43 259 92.37 253 87.14 239 76.79
260 217 105.8 269 99.26 263 93.63 249 82.51
270 288 1134 2789 106.4 273 1003 258 88.42
280 298 121.3 290 113.7 283 107.3 268 94.52
290 309 129.3 300 1213 294 114.4 278 100.8
300 320 137.6 311 129.1 30.4 121.8 287 107.3

Calculations on pages 3-34 to 3-48 are by Ingersoll-Rand Co.

Note: No allowance has been made for age. difference in diameter, or any abnormal condition of interior
surface. Any factor of safety must be estimated from the local conditions and the requirements of each
particular installation. It is recommended that for most commercial design purposes a safety factor of 15 to
20% be added to the values in the tables—see page 3-5.

SOURCE: COYRIGHTED MATERIAL FROM “CAMERON HYDRAULIC DATA” REPRODUCED BY PERMISSION OF
FLOWSERVE CORPORATION
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nodes must indicate elevations above sea level to demonstrate changes
in static pressure.

Typical buildings with their hydraulic-gradient diagrams are
shown in Figs. 3.13 and 3.14 for both horizontal and vertical
developments. A very important use of the hydraulic gradient is
demonstrated in Fig. 3.14. Note that the circulating pump is located
on the discharge of the generator; this reduces the pressure on the
generator. If the pump were located on the inlet to the generator, it
would have to withstand 160 psig of pressure. If the generator were a
chiller, it might require high-pressure water boxes.

The hydraulic-gradient diagram should be developed with no flow
on the building with the pumps running at shutoff head or no-flow
condition. This condition provides the maximum possible head on the
system. The second condition for the pressure-gradient diagram
should be at the full flow or design situation for the system. The max-
imum pressure for the system can be computed easily by adding
the pump shutoff head to the operating pressure of the building. In
Fig. 3.14b, if the water system is 231 ft high from the highest point to
the lowest point and the desired minimum pressure is 10 lb/in? at the
highest point, the operating pressure is 231 divided by 2.31 + 10, or
110 psig. If the pump shutoff head (no-flow condition) is 115 ft or 50
psig, the maximum pressure that can be exerted on any part of the
building is 110 + 50, or 160 psig. It is important that this zero-flow
condition be computed to secure the maximum possible pressure that
can be exerted on a water system. Just because a pump is variable-
speed does not mean that this calculation should not be made. If the
variable-speed pump controls fail, the pump could be operated at
maximum speed.

Examples of the hydraulic-gradient diagram will be included
throughout this book. It is a very useful tool for calculating operating
pressures, as well as in determining system overpressure that may
occur due to incorrect piping or pumping design. The overpressure
indicated by the hydraulic-gradient diagram demonstrates energy-
saving possibilities that can be achieved by revision of the pumps or

piping.

3.9 Piping Network Analyses

Multibuilding or multizone installations create friction analysis prob-
lems due to the various flow rates that can occur in parallel and series
piping loops. Special software has been developed to compute the fric-
tion for such complex chilled or hot water systems. This software is
now available for use on personal computers. Calculation of friction
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b. Hydraulic gradient — horizontal development.

Figure 3.13 Hydraulic-gradient diagram for a horizontal building.
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for piping networks was originated in the municipal water field; typi-
cal of this was the Hardy Cross method developed by Hardy Cross at
the University of Illinois in 1936. Development of such software for
contemporary computers has been completed by several universities
and software companies. An example of this software is that produced
by Donald Wood and James Funk at the University of Kentucky. This
software is known as KYPIPE Hydraulic Modeling Software.

Figure 3.15 provides a typical application of this procedure.
Although this figure is for municipal water distribution, a chilled
water distribution for a campus type installation is similar. The sys-
tem is divided into nodes, and the friction loss is computed for each
segment of pipe between nodes. A number of simulations are made
for various loads on the system so that the maximum possible fric-
tion loss can be ascertained for design of the chilled water pumps.
Table 3.18 provides the data for one of a number of simulations. This
procedure can be helpful in determining the type of chilled water
pumping system that should be used to achieve minimum energy
consumption.

TABLE 3.18 Tabulated Computer Results for Simulation No. 2

External  Hydraulic Note Pressure Node
Node Node demand grade elevation head pressure
name title (gpm) (ft) (ft) (ft) (psi)
J-1 9.00 748.10 607.00 141.10 61.14
J-10 15.00 745.98 611.00 134.98 58.49
J-11 45.00 745.31 610.00 135.31 58.64
J-12 0.00 748.22 610.00 138.22 59.90
J-13 60.00 745.58 630.00 115.58 50.08
J-14 0.00 746.37 610.00 136.37 59.09
J-15 0.00 748.16 605.00 143.16 62.03
J-16 0.00 748.19 605.00 143.19 62.05
J-2 75.00 744.24 617.00 127.24 55.14
J-3 0.00 748.18 605.00 143.18 62.04
J-4 0.00 746.37 602.00 144.37 62.56
J-5 45.00 746.01 613.00 133.01 57.64
J-6 21.00 746.48 611.00 135.48 58.71
J-7 0.00 746.07 613.00 133.07 57.66
J-8 18.00 746.88 611.00 135.88 58.88
J-9 30.00 746.53 615.00 131.53 56.99
Pump-1 0.00 610.00 610.00 0.00 0.00
R-1 — 610.00 605.00 5.00 2.17
T-1 — 750.00 630.00 120.00 52.00
T-2 — 749.00 625.00 124.00 53.73
Pump-1 0.00 748.18 610.00 138.18 59.88
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3.10 Summary

Care in determining pipe friction for a prospective HVAC water sys-
tem cannot be overemphasized! There are so many systems in opera-
tion where too much pump head has been applied, and this excess
head is destroyed by balance valves and pressure-reducing valves.
System efficiency is described in Chap. 8; it emphasizes the need for
care in computing pipe friction and in the avoidance of piping acces-
sories that waste pumping energy.
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Source: HVAC Pump Handbook

Chapter

Basics of Pump Design

4.1 Introduction

A pump is a wheel rotating on stick. Some wheel; some stick! So much
has been written on pumps, but often this material had to be in tech-
nical terms that made it difficult for the HVAC designer to under-
stand how a pump functions. It is the intent of this Handbook to pre-
sent pumps so that it is easy for the HVAC water system designer or
operator to understand their operation. This can be done because
most HVAC systems use water, not hydrocarbons or other liquids
with broad ranges of viscosity and specific gravity. Several chapters
are devoted to pumps to clarify (1) the basics of pump design, (2) the
pump’s physical arrangement, (3) pump performance, (4) motors and
drives for pumps, and finally, (5) applying pumps to HVAC systems.
The centrifugal pump creates pressure on a water stream that can be
used to move that water through a system of piping and equipment. The
amount of pressure that the pump can create depends on the flow
through it. Its fundamental performance curve is called a head-capacity
curve and is described in Fig. 4.1a. The flow measured in gallons per
minute, is plotted horizontally, while the head measured in feet, is
plotted vertically. Pump head is always shown in feet of liquid rather
than pounds of pressure. With head measured in feet, the pump curve
is applicable to any liquid of any specific gravity. Only when calculating
the brake horsepower of the pump does specific gravity become involved.
The feet of head per pound of pressure for any liquid is

Feet ofhead H  _ 144
Pounds of pressure oY

(4.1
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Figure 4.1 Typical pump head-flow curves.
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where v is the specific weight of the liquid in pounds per cubic foot. For
example, from Table 2.3, water at 180°F has a specific weight of 60.57
Ib/ft3. Thus H, for 180°F water, is 144/60.57, or 2.38 ft/1b of pressure.

The words pump duty are often used when describing a pump’s per-
formance. Pump duty is usually defined as a certain flow in gallons
per minute at a specific head in feet. This is the point at which the
pump has been selected for a particular application. Usually, this
point is selected as closely as possible to the best efficiency of a pump
impeller, which, for Fig. 4.1a, is 86 percent.

Other common terms that are encountered in the pump industry are:

1. Carry out or run-out. This means that the pump is operating at the
far right of its curve, where the efficiency is poor.

2. Shutoff head. This is the head produced by a pump when it is run-
ning at the “no flow,” or zero capacity, point.

3. Churn. A pump is said to be in churn when it is operating at shut-
off head or no flow.

4.2 Centrifugal Pump Impeller Design

Centrifugal pumps, as their name implies, depend on centrifugal force
to produce flow through the pumps. When an impeller rotates, the
water in the impeller rotates as well, so there are two forces acting on
that water, namely centrifugal and rotational. The impeller of the
pump rotates in a body to utilize these forces which are imposed on
the water in the impeller. These forces are aided by the shaping of the
impeller to produce the correct passages in the impeller that will use
this centrifugal force as well as the rotating velocity of the water in
the impeller. Internal vanes are designed into the impeller that direct
the flow through and out of the impeller. The relatively high efficien-
cy of HVAC pumps, up to 90 percent, is due to the fact that the pump
designer can design these vanes for maximum efficiency without con-
cern for dirty or stringy material and without consideration for
corrosive or erosive liquids. Figure 4.2a illustrates a cross section of a
centrifugal pump impeller with vanes that direct the water through
the impeller.

This figure provides the basic vector diagram for a centrifugal
pump. It describes the forces imparted on a molecule of water leaving
the impeller. W, is the centrifugal force and V, is the rotational force
developed by the rotating energy of the impeller. These two forces pro-
duce the pump head and flow. The net force acting on the water is the
vector diagram for these two forces. The vector diagram that the pump
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+ VANES

a. Centrifugal pump vectors.

DIFFUSER VANES

IN' BOWL
b. Single volute.
BOWL

IMPELLER

SUCTION BELL

c. Double volute.

d. Diffuser type.
(Axial flow)

Figure 4.2 Basic centrifugal pump configurations.

designer works with during the actual design of an efficient impeller is
much more complicated, since it must take into consideration entrance
losses and other factors such as friction losses inside the impeller. The
net angle of this vector diagram is the angle at which the water leaves
the impeller and is particularly important to the pump designer because
it plays a great part in determining the efficiency of a pump. Figure 4.3
describes all of the vector diagrams that must be evaluated by the pump
designer.
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Figure 4.3 Inlet and discharge vector diagrams. (From Karassik et al., Pump
Handbook, 3d ed., McGraw-Hill, used with permission.)

Inspection of an HVAC centrifugal pump impeller will reveal slots on
the periphery of the impeller. These slots are narrow for low-capacity
pumps and wide for higher-capacity pumps. The angle of the vane as
it reaches the periphery of the impeller reveals the angle that the
pump designer has selected for the vector W, (Fig. 4.2a).

Pumps are highly specialized devices designed for very particular
applications in order to achieve maximum efficiency and ease of use.
HVAC pumps come under the broadest classification of centrifugal
pumps—those for clear water service. Since corrosion and erosion are
not factors in this pump service, the designer can concentrate on first
cost, efficiency, and ease of operation and maintenance, the three dri-
ving forces in any product design. Much work is done by the pump
designer in developing the internal passages of the impeller to
achieve maximum, economical smoothness that will provide a mini-
mum of friction to the water passing through the pump. Here lies a
simple evaluation that can be made by any buyer of pumps. How
smooth and how well are the internal passages of a pump impeller
developed? How uniform are the internal vanes and leaving ports of
the impeller? How uniform and smooth are the vanes at the suction
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Figure 4.4 Comparison of pump impellers.

port of the impeller? How smooth are the internal surfaces of the
pump body, namely, the volute, or the bowl.

Figure 4.4 illustrates these points and describes the difference
between a pump impeller with quality finish and one with poor finish.
It is obvious which impeller will develop the highest pump efficiency.

Likewise, the quality of the volute or bowl will determine the pump’s
efficiency. A critical point in a volute pump’s construction is at the
tongue or cut water where water continues to the discharge connection
or is recirculated inside the pump; Figure 4.5 describes this. A poorly
defined or cast tongue will increase turbulence and loss of energy. A
well defined and cast tongue will improve pump performance. One
ongoing effort that must be made in pump manufacturing is mainte-
nance of the patterns for the pump castings.

4.3 General Performance of a Centrifugal Pump

Figure 4.1a provides general performance of a centrifugal pump, as
well as typical hydraulic efficiencies for that pump. It should be noted
that this efficiency drops to zero at zero flow and then increases to a
point called the best efficiency point for the pump. As flow increases

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Basics of Pump Design

Basics of Pump Design 97

\ N N\

Poorly defined \) I Accurately defined
or cast tongue Il

|\ and cast tongue

J

l
Turbulence with t Smooth flow with
energy loss little turbulence
a. Poor construction. b. Quality construction.

Figure 4.5 Comparison of pump constructions.

through the pump beyond this point, friction increases internally, and
the efficiency starts to fall again. The best efficiency point of a pump
will be emphasized in many parts of this book. Every water system
designer should know where the best efficiency point occurs for each
of the pumps involved in an HVAC water system.

The pump designer develops a basic configuration of a pump impeller
and then selects various pump impeller diameters and speeds to cre-
ate the vector diagrams that will produce the flow-head relationships
needed for the broad application of that pump to HVAC water services.
The capacity or flow range for a volute-type pump is determined by
the size of its discharge connection. Therefore, the pump designer
works with the vector diagrams and discharge connection areas to pro-
duce a number of pumps that will cover this broad range of flows and
heads. The result is a number of head-capacity curves, as shown in
Fig. 4.1b. This is often called a family of pump curves and provides a
quick guide to the water system designer as to which size of pump
may fit the needed flow and head for a particular application.

4.4 Sizing Centrifugal Pumps

As will be shown later, two types of centrifugal pumps are used in
HVAC service, namely, volute and axial-flow pumps. Volute pump size
is designated by the sizes of the suction and discharge connections, as
well as by the pump diameter. A typical sizing for such a pump would
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be 6 in X 4 in X 8 in. This indicates that the pump has a 6-in diame-
ter suction, a 4-in discharge, and an 8-in nominal size impeller. The
impeller may have been trimmed to a specific diameter such as 7% in
to achieve the best efficiency at the specified flow and head. Many
pump companies would call this a 4-in pump, since they use the dis-
charge connection size to classify their pumps.

Axial-flow pump sizing is determined by the suction and discharge
connections of the body or bowl. The suction and discharge connec-
tions are almost always the same size. A 6-in suction and discharge
would indicate a 6-in pump or bowl.

4.5 Specific Speed of a Pump

The experienced pump designer uses a formula called specific speed N
to develop a pump impeller for a specific range of flows and heads,
knowing that a certain specific speed will produce the desirable ratio
between pump head and pump capacity. This formula (Eq. 4.2) is of great
importance to the designer but of little interest to the user of pumps.

L _sVe

. (4.2)
h3/4

where S = pump speed, in rev/min
@ = pump flow, in gal/min
h = pump head, in ft

For example, assume that a pump has a capacity of 1500 gal/min at
100 ft of head and is rotating at 1760 rev/min. Then,

1750 - V 1500
Specific speed = ————— = 2143
1003/4

With the aid of this formula and a great amount of experience and
testing, the designer can develop the above-mentioned family of pump
curves.

Most HVAC pumps are of moderate specific speed in the range of
1000 to 5000; some large cooling tower pumps may have specific speeds
as high as 8000. High-specific-speed pumps, as the preceding formula
would indicate, are high capacity with low head, while low-specific-
speed pumps are high head with low capacity. Figure 4.6 describes the
variation of impeller types with specific speed. The high-head pumps
with low specific speed have narrow vanes indicating high head and
low flow. The high-specific-speed pumps have the shorter and wide
vanes for high delivery at low-pump heads.
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4.6 Critical Speed of a Pump

Every rotating device has a natural frequency at which vibrations
become pronounced; the vibrations can increase until noise becomes
objectionable, and there is danger in a pump that the rotating equip-
ment will become damaged. The speed at which this occurs is called
the critical speed of that rotating element. Some pumps will actually
have more than one critical speed. Fortunately, for HVAC pumps, the
impeller diameters are relatively small and the rotational energy low.
All pump designers must take critical speed into consideration in the
structural design of their pumps, but it is of little concern to the
HVAC system designer in the selection of pumps.

The diameter or stiffness of the impeller shaft determines the criti-
cal speed of a pump. Therefore, the pump designer ensures that the
critical speed of the pump is out of the normal range of pump opera-
tion. If a pump has a normal operating range of up to 1800 rev/min,
the pump designer will ensure that the critical speed of that pump is
at some speed such as 2500 rev/min. Therefore, in most cases, critical
speed of HVAC pumps is not part of the HVAC pump selection process.

4.7 Minimum Speed for a Variable-Speed Pump

Minimum speed for a variable-speed HVAC pump will be discussed
here, where information is also included on specific and critical
speeds. There is no minimum speed for these HVAC pumps. Misinfor-
mation about specific, critical, and minimum speeds for HVAC pumps
has caused misapplication of them along with the installation of
unnecessary speed controls. As will be reviewed in Chap. 6, variable-
speed centrifugal pumps can be operated down to any speed required
by the water system. Since they are variable-torque machines, very
little energy is required to turn them at low speeds. Information on
this subject is included in Chap. 7 on pump drivers and drives as to
the minimum speed required by motors for their cooling.

The HVAC water system designer really has no need to be con-
cerned with the specific, critical, or minimum speeds of these pumps.
Only on extremely low speed operations where variable-speed pumps
are connected in series does the designer need to verify pump motor
performance with respect to heating.

4.8 Minimum Flow for HVAC Pumps

The question often arises as to the minimum flow that is required
through a pump to prevent it from overheating. The following equa-
tion provides this flow:
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pump bhp - 2544
AT - 60(y/7.48)

Minimum flow @, =

317.2 - pump bh
. Db (4.3)
AT - v
where pump bhp = brake horsepower of the pump near the shutoff or
no-flow condition
AT = allowable rise in temperature in °F of the water

v = specific weight of the water at the inlet water
temperature

The difficulty with this equation is getting the actual brake horse-
power consumed by the pump at very low flows. Some pump compa-
nies do publish pump brake horsepower curves down to zero flow.
Other equations that use pump efficiency have the same problem,
since the efficiency of a centrifugal pump approaches zero at very low
flows. If this information is not available, the pump company should
provide the minimum flow that will hold the temperature rise to the
desired maximum. The obvious advantage of the variable-speed pump
over the constant-speed pump appears here because there is much
less energy imparted to the water at minimum flows and speeds.

For most HVAC applications, there should not be temperature rises
in a pump higher than 10°F. Do not bypass water to a pump suction!
This continues to elevate the suction temperature. Bypass water
should be returned to a boiler feed system or deaerator on boiler feed
systems or to the cooling tower, boiler, or chiller on condenser, hot, or
chilled water systems. Since it is desired to maintain supply tempera-
ture in hot and chilled water mains, flow-control valves should be
located at the far ends of these mains to maintain their water tem-
perature. Usually, the heat loss or heat gain for these mains requires
a flow that is greater than that required to maintain temperature in
the pump itself.

4.9 Two Types of Centrifugal Pumps for
HVAC Service

As indicated earlier, there are two basic types of centrifugal pumps for
HVAC water systems. These are volute and axial-flow pumps. Volute
pumps are found in most of the low-flow applications, while axial-flow
pumps are used in the very high volume or low-flow, high-head appli-
cations. Chapter 5 will describe the various applications in detail.
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4.9.1 Volute-type centrifugal pumps

The pump impeller produces the pump head, but it must be housed in
a body that collects the water and delivers it to the system piping. In
volute-type pumps, the body collects the water from the impeller and
moves it around to the pump discharge connection (Fig. 4.2b, ¢). This
body is called the volute. Unlike the axial-flow pump, normally, there
are no collecting vanes in the body or volute to aid the flow. The cost
of adding these volute vanes or diffusers would be prohibitive in volute-
type pumps.

Most small HVAC centrifugal pumps are volute pumps, since this
type of pump lends itself to many different configurations that will be
described in Chap. 5. Larger volute pumps may be equipped with
what is called a double volute (Fig. 4.2¢). This pump has a second volute
cast into its casing. Radial thrust on a pump shaft can be reduced by
means of the double-volute construction. The second passage in the
volute should not be confused with the diffusers of axial-flow pumps.
There is very little need for double-volute pumps in HVAC work, par-
ticularly with variable-speed pumps, in which the radial thrust is very
low under most operating conditions. Radial thrust will be described
in detail in Chap. 6.

4.9.2 Axial-flow centrifugal pumps

Axial flow pumps are arranged to pass water through a body that is
called a bowl. This bowl has suction and discharge ports and contains
diffuser vanes that aid the flow of water through the bowl. Because of
the vanes, these pumps are often called diffuser pumps. Water flows
out uniformly 360 degrees around the impeller; Fig. 4.7 illustrates
this flow. The pump body or bowl vanes are similar to the impeller
vanes and they aid the diffusion of water out of the impeller into the
bowl and then into the discharge pipe or another bowl.

4.10 Open or Closed Impellers

There are several types of impellers available for clear service (clean
water): closed, semiopen, and open. Most of the impellers of pumps in
the HVAC industry are of the closed type. Closed-type impellers have a
shroud and utilize case wear rings to impede bypassing. Other impellers
are open type without shrouds or case wear rings. Usually, they are
found in larger axial-flow pumps. For most HVAC applications, the
closed impeller with case wear rings provides the highest efficiency;
this efficiency is sustained longer due to the ability of the pump designer
to develop the smallest possible clearance between the impeller and the
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Figure 4.7 Cross-section of an axial flow bowl. (Courtesy
Peerless Pumps.)
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case wear ring. This reduces the flow of water from the discharge area
with its higher pressure back to the suction connection with its lower
pressure. This unwanted water flow is called bypassing or suction recir-
culation in the pump industry. Certified testing, which is discussed
later, proves the quality of the pump designer’s work and the pump
manufacturing to produce the lowest amount of water bypassing at the
case rings and therefore the highest pump efficiency.

4.11 General Pump Design Information

This chapter offers some very preliminary information on pump design.
The pump types used in the HVAC industry are very standard designs
that have been available for many years. Much has been done to secure
maximum efficiency from these pumps. Like any other industry, there
are practices that reduce the quality of pump design and manufactur-
ing. Poor casting and finishing of impellers and volutes as well as
eliminating casing wear rings on some designs reduces the possibili-
ties of sustained, high pump efficiencies.

There is considerable additional information available in the pump
industry for the HVAC design engineer who desires to study pump
design further. Most of the pump manufacturers provide extensive
information on their pump designs. Hydraulic Institute maintains
pump design and testing standards that are available to water sys-
tem designers.

412 The Quality of HVAC Pumps

Over the years, the industrial and municipal pump industries have
been derisive of HVAC pumps, calling them “throw-away” pumps.
Such may have been the case in the past, but most of the pumps sold
for HVAC installations now are of a quality equal to those of other
industries. Energy is of concern in this industry causing development
of pumps equal in efficiency to other pumps. As in any pump applica-
tion, concern should be made to ensure the quality of the pumps.
Figures 4.4 and 4.5 should be reviewed to discern the difference
between quality and inferior pumps. A simple inspection of the pump
suction can reveal the difference. Figure 4.8a provides how the quality
of an end-suction pump can be determined by inspecting its suction.
The throat of the suction should transform smoothly to the internal
diameter of the impeller as shown in Fig. 4.8a. There should be no
abrupt change from the throat to the internal diameter of the impeller
as described in Fig. 4.8b. On large installations involving a number of
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pumps, a random selection of a pump should be made, and it should be
dissembled for full inspection of the impeller and interior finish of the
volute.
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Source: HVAC Pump Handbook

Chapter

Physical Description of
HVAC Pumps

5.1 Introduction

A number of different types of centrifugal pumps are used to handle
all the various pump applications in the HVAC industry. HVAC
pumps can vary from small in-line circulators with a capacity of 20
gal/min at 10 ft of head and fractional horsepower motors to large
cooling tower pumps with capacities of 50,000 gal/min at 100 ft of
head and equipped with 1500-hp motors. These pumps can be con-
stant speed or variable speed. This chapter provides a physical
description of the various pumps that are popular with HVAC design-
ers for chilled, hot, and condenser water service.

5.2 Physical Description of HVAC Pumps

Centrifugal pumps account for most of the pump applications in the
HVAC industry. Some positive-displacement pumps are found on
HVAC systems, but they are used for specific applications with small
capacities, not for distributing water in hot, chilled, and condenser
water or cooling tower applications. A specific duty for positive-
displacement pumps in the HVAC field is the metering of chemicals
into water systems.

Table 5.1 provides a chart that describes the various types of cen-
trifugal pumps found on HVAC systems. There is not universal agree-
ment on some of the generic names applied to these pumps. For exam-
ple, the double-suction pumps listed are often called horizontal split
case pumps. The words diffuser, axial flow, and turbine are used inter-
changeably for one class of centrifugal pumps; axial flow appears to

107
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TABLE 5.1 Classification of HVAC Pumps
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be the least confusing and will be the name used herein. Hopefully,
this chart will prove to be a guide for the designer to the most popular
types of pumps used on these water systems.

5.3 Two Basic Types of Centrifugal Pumps

As demonstrated in Chap. 4, there are two principal types of centrifu-
gal pumps for HVAC water systems; these are volute and axial-flow
pumps. The volute pump is offered in many configurations and han-
dles much of the pump duty on HVAC systems.

Although not as popular as the volute pump, the axial-flow pump
handles some very important services. The words axial flow best
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describe these pumps, because water is diffused around the entire
periphery of the impeller and flows axially through the pump. There
is no volute to collect the water from the impeller. Instead, the
impeller is housed in a bowl assembly that has a suction connection
and a discharge section. Water enters the pump bowl and passes
through the impeller and the bowl vanes to the discharge connection.
With this arrangement, it is very easy to make up these pumps in
what is called stages. A two-stage pump merely indicates that two
bowls and impellers are installed in series together, as shown in
Fig. 4.2d. How pumps operate in series or parallel is described in
detail in Chap. 6.

5.3.1 Volute-type pumps

Volute-type pumps are provided in many different configurations and
sizes to accommodate all the HVAC applications. They can be broken
down into two fundamental types, single suction and double suction.
These pumps are shown in Fig. 5.1a and b. There are no clearly defined
conditions where each of these pump types are applied. Generally, the
use of double-suction pumps begins with capacities around 500 gal/min
and up to many thousands of gallons per minute. Single-suction pumps
are applied in the smaller capacities, although there are excellent single-
suction pumps that function with capacities as high as 4000 gal/min.

a. Single suction. b. Double suction.

Figure 5.1 Basic configurations of volute impellers.
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b. Flexible coupled single-suction pump.

Figure 5.2 Horizontally mounted end-suction pumps. (From Patterson Pump Company
HVAC Pumps and Systems Manual, 2004.)

The actual factors that determine which type of pump is to be selected
for a particular application are discussed in Chap. 6.

Single-suction pumps are furnished in a number of configurations
for the many small applications in HVAC; these are as follows:

1. Close coupled (Fig. 5.2a). This configuration is so named because
the motor is connected directly through an end bell flange to the volute
casing of the pump. The motor is special because it must have a type
JM extended shaft on pumps with mechanical seals and a type JP
extended shaft on pumps with packing.
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The advantage of this configuration is the fact that the motor and
pump cannot be misaligned with each other. Many designers prefer
this pump over the flexibly coupled single-suction pump because of
this. Another advantage of this pump is its physical space require-
ments, which are less than those required by the flexibly coupled
single-suction pump. As indicated previously, the motor is special
because of the end bell mounting and the shaft extension and is not
stocked as readily as the standard motor.

2. Flexibly coupled (Fig. 5.2b). This pump is mounted on a base and
connected through a coupling to a standard motor. It can be equipped
with a spacer-type coupling that allows removal of the pump bracket
and impeller without moving the motor or its electrical connections.

This arrangement requires more equipment room space and must
be aligned carefully after the pump base is set in place. The flexible
coupling always must have a coupling guard in place before the pump
is operated. The principal advantage of this pump is the fact that it
uses a standard motor. In large motor sizes, it is less expensive than
the close-coupled pump. The pump base must be grouted to maintain
alignment of pump and motor.

3. Vertical mount (Fig. 5.3). The vertically mounted single-suction
pump is a close-coupled pump mounted on a pedestal-type long-sweep
elbow that provides the suction connection as well as the support for
the pump and motor. This pump, like the in-line pump, can save
equipment room floor space. A unique advantage of this pump is its
ability to rotate the discharge to accommodate the discharge piping.

4. In-line (Fig. 5.4). This configuration is so named because the
pump can be inserted directly in a pipeline. The suction and discharge
connections are in the same line, so there is no need for offsets or
elbows in the connecting piping.

MOTOR WITH / @

JMORJP |
SHAFT -

EXTENSION TH

Figure 5.3 Vertically mounted,
end-suction pump.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Physical Description of HVAC Pumps
112 HVAC Pumps and Their Performance

SPECIAL

1
1 :
[ MOTOR WITH i
| TYPE JM

EXTENDED
[

SHAFT |

DO NOT ALLOW ANY
FORCES FROM PIPING
ON THESE FLANGES

a. Circulators b. Vertically mounted, separately coupled pump.

Figure 5.4 In-line pumps. (From Patterson Pump Company HVAC Pumps and Systems
Manual, 2004.)

This pump was built in small motor sizes initially, but it is now
available in motor sizes as large as 400 hp. Great care must be taken
with these pumps to ensure that the piping does not impose stress on
the pump connections. If this happens, excessive maintenance on
bearings and mechanical seals will result.

This pump can save considerable floor space in an HVAC equip-
ment room. It can be mounted directly in the pipeline, or it can be
mounted on a base like any other pump.

5. Multistage (Fig. 5.5). This single-suction pump is often mis-
named as a multistage horizontal split case pump, a name that does
not recognize that it is a single-suction pump. This pump has two to
five stages with internal passages that carry the water from one stage
to the next. The pump is flexibly coupled to a standard motor when
mounted horizontally. It can be mounted vertically and still be flexi-
bly coupled to a vertical, solid-shaft motor.

This pump is not seen often on HVAC water systems. Its principal
use is in pumping condenser water in tall buildings with indoor
sumps that require high pump heads.

6. Self-priming (Fig. 5.6). The self-priming pump is always a single-
suction type. It can be close coupled or flexibly coupled to the motor
like other single-suction pumps.

The principal feature that these pumps have is the ability to prime
themselves. Water can be lifted from below-grade tanks into the pump
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Figure 5.5 Horizontal, multistage, volute pump, flexible coupled for clear service. (From
Patterson Pump Company HVAC Pumps and Systems Manual, 2004.)

without special priming equipment. Typical applications are chiller
sumps and open energy storage tanks such as are used in cold water
or ice storage systems.

Because of their self-priming requirements, the efficiency of these
pumps is lower than the efficiency for other single-suction pumps of
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Figure 5.6 Horizontal, self-priming, volute pump, flexible coupled for clear service.
(Courtesy Gorman Rupp Co.)

equal size. The impellers are usually of the open type without casing
rings, which reduces the overall, lasting efficiency of this type of
pump.

This pump is designed to operate on reasonable NPSH available
conditions and can handle gases; therefore, it can be self-priming. The
maximum dry-priming lift conditions for these pumps are usually
shown on the head-capacity curves for them. The maximum allowable
suction lift is the allowable lift or height of the pump above the mini-
mum tank water surface. Under this condition, the pump is assumed
to be dry. This means that within these lift conditions, the pump will
prime itself as long as the NPSHR conditions are not exceeded.
Manufacturers of self-priming pumps should provide information on
the priming, repriming, and suction lift capabilities of their pumps
before they are applied to an actual installation.

The suction pipe for most self-priming pumps should be the same
size as the pump suction. This adds friction loss to the pumping
installation and must be charged to the friction loss of the pump
fittings. Due to this and the overall efficiency of self-priming pumps,
the wire-to-water efficiency for such pumping systems is much lower
than that for other centrifugal pumping systems of equal capacity
and pump head.
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5.3.2 Double-suction pumps

The workhorse of the HVAC field is the double-suction pump. It is by
far the preference of most designers when the flow in a water system
exceeds 1000 gal/min. The principal reasons for this popularity are its
relatively high efficiency and its ability to be opened, inspected, and
serviced without disturbing either the pump rotor, motor, or the con-
necting piping.

The latter feature is available if the pump casing is split parallel to
the pump rotor or shaft. With this construction, called axially split,
the top half of the casing can be removed, affording internal inspection
of the impeller, case rings, and internal surfaces of the casing.
Usually, there is no need for realignment of the pump and motor after it
has been inspected, since the rotating element has not been disturbed.

The double-suction pump can be furnished in a casing that is split
vertically or perpendicularly to the pump shaft. This construction
requires pulling the rotating element out of the pump end to inspect
the impeller interior; the pump should be realigned with its motor
after being inspected and reassembled. This pump is almost always
mounted horizontally. Contrary to claims, this pump does not save
equipment room space in most cases because of the distance required
at the pump end for removal of the rotating element.

The double-suction pump (Fig. 5.7) that has a casing split parallel
to the pump shaft can be furnished mounted horizontally or vertically.
This is why the popular name horizontal split case should not be
used. The double-suction pump is always flexibly coupled to the elec-
tric motor, never close coupled. The vertically mounted double-suction
pump uses a vertical, solid-shaft motor.

5.3.3 Axial-flow pumps

Axial-flow pumps are furnished in a number of different configura-
tions. They are classified by impeller design and by their general con-
struction and arrangement. An axial-flow pump consists of four basic
subassemblies: (1) the bowl assembly that houses the impellers, (2)
the column assembly that consists of pump shafting and piping to
transfer the water from the bowl assembly to the discharge head, (3)
the discharge head that receives water from the column assembly and
delivers it to the system piping, and (4) the motor or other type of dri-
ver that powers the pump.

The three principal impeller classifications are turbine, mixed flow,
and propeller.

1. Turbine. Turbine pumps are designed with lower specific speeds and
are the type usually found in HVAC applications. Most of these pumps
are equipped with enclosed impellers, although some manufacturers
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Figure 5.7 Double-suction axially split, volute pump. (Courtesy Patterson
Pump Company, A subsidiary of The Gorman-Rupp Company.)

provide semiopen impellers. These impeller configurations are shown
in Fig. 5.8a and b.

Turbine-type pumps with enclosed impellers and bowl rings usually
offer the highest sustained pump efficiency due to the ability to con-
trol more closely the amount of bypassing that occurs between the
impeller and the bowl. Semiopen impellers must be checked periodi-
cally for the right clearance between the impeller and the bowl. The
correct clearance between the impeller and the bowl is called the lat-
eral setting. This setting can be accomplished by adjusting the top
drive coupling of a vertical, hollow-shaft motor or by a special spacer
coupling below a vertical, solid-shaft motor.

2. Mixed flow. Mixed-flow pumps are used on high-capacity,
moderate-head applications; they are found in the HVAC industry on
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2 Impeller

6 Shaft, pump

8 Ring, impeller

10 Shaft, head

12 Shaft, line

13 Packing

17 Gland

29 Ring, lantern

39 Bushing, bearing
40 Deflector

55 Bell, suction

63 Bushing, stuffing-box
64 Collar, protecting
66 Nut, shaft-adjusting
70 Coupling, shaft

77 Lubricator

79 Bracket, lubricator
83 Stuffing-box

84 Collet, impeller lock
85 Tube, shaft-enclosing
101 Pipe, column

103 Bearing, lineshaft,

enclosing

183 Nut, tubing

185 Plate, tension, tube

187 Head, surface discharge

189 Flange, top column

191 Coupling, column pipe

193 Retainer, bearing, open line
shaft

197 Case, discharge

199 Bowl, intermediate

203 Case, suction

209 Strainer (optional)

211 Pipe, suction

a. Semiopen impeller
open lineshatft

hollow shaft driver b. Enclosed impeller
enclosed lineshaft
hollow shaft driver

Figure 5.8 Turbine type, axial-flow pumps. (From Hydraulics Institute Standards.)

large cooling tower pump installations. These pumps have medium to
high specific speeds. The impellers are almost always semiopen type.

3. Propeller. These impellers, as the name implies, look like multi-
bladed propellers. They have high specific speeds and are designed for
very high capacity, low-head applications. They are not found very
often in the HVAC field.
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Axial-flow pumps also can be classified by the method of lubricating
the pump bearings. The pumps can be of open- or enclosed-line shaft-
ing, as shown in Fig. 5.8a and b.

Most HVAC axial-flow pumps are of the open-line shafting, where
the water cools and lubricates the bearings. There should be no corro-
sive or erosive elements in HVAC water that require enclosed-line
shafting. Enclosed-line shafting separates the water from the bear-
ings by an internal tube. This tube is filled with oil, grease, or clear
water that lubricates the bearings. Enclosed-line shafting requires an
oil lubricator, grease cup, or source of clear water for lubrication.

Axial-flow pumps can be furnished in open construction, as shown
in Fig. 5.8a and b, for installation in a tank or sump; they also can be
supplied in a metal pipe with support, which is called a can. This con-
struction is illustrated in Fig. 5.9.

The preceding description of axial-flow pumps is for the larger pumps
used in cooling tower service with capacities in excess of 500 gal/min.
Small multistage turbine pumps are being applied in the HVAC field
on low-flow, high-head applications such as feeding high-pressure
boilers, as shown in Fig. 5.10. The four preceding subassemblies for

()
/— Motor

Pump head
\— Discharge
flange
|
| Suction barrel
y
Suction
flange |
} Figure 5.9 Axial-flow pump

| can type.
| _—— Base plate

| ——
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Figure 5.10 Vertical, multistage pump, flexibly coupled. (Courtesy
Grundfos Pumps Corporation, Clovis, CA.)
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this type of pump are furnished in a compact assembly and vertically
mounted, which saves equipment room space. The smaller pumps are
flexibly coupled through an integral bracket to a vertical, solid-shaft
electric motor. A slightly larger pump of this configuration can be fur-
nished mounted vertically with the same motor, or it can be supplied
mounted horizontally and connected through a flexible coupling to a
standard, horizontally mounted motor. The motor and pump are
mounted on a structural base, as is the case with many volute-type
pumps. These small turbine pumps are equipped with high-temperature
mechanical seals for 250°F water.

5.4 Positive-Displacement Pumps

Positive-displacement pumps as used in HVAC applications are small
in size because, typically, they are used only for chemical feed service in
other applications where a positive amount of material is required.
Most of these pumps are of the rotary or reciprocating type. Since these
pumps seldom enter into the overall performance of HVAC water sys-
tems, no further discussion of them will be included. Hydraulic
Institute’s Centrifugal Pump Standards is an excellent reference man-
ual for these pumps.

5.5 Regenerative Turbine Pumps

A specialty pump that cannot be classified as a centrifugal pump or a
positive-displacement pump is the regenerative turbine pump, as
shown in Fig. 5.11. This pump is used in the HVAC field primarily for
low-flow, high-head applications such as boiler feed service. It has very
tight clearances and, therefore, must be equipped with a very good
suction strainer. Its efficiency is lower than other centrifugal pumps of
similar size. It has been replaced on many applications by the small,
multistage, turbine-type centrifugal pump, as shown in Fig. 5.10.

5.6 Pump Construction

Most centrifugal pumps for the HVAC industry do not require the
rugged construction found in industrial and power plant installa-
tions. Compared with other pump applications, HVAC pumping is
easy pump duty. All the major liquids used in this field should be
noncorrosive and nonabrasive. Therefore, these pumps must offer
long life with very little in the way of repairs. Chapter 25 on mainte-
nance of pumps will review, in detail, the causes for abnormal wear
in pumps.
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Figure 5.11 Horizontal, regenerative turbine, flexible coupled. (Courtesy Aurora
Pumps.)

The description that follows pertains to most of the HVAC pumps.
Understanding the basic parts of a pump, regardless of the type, will
be helpful in selecting and observing the operation of a pump.

5.6.1 Typical parts of a centrifugal pump

Figure 5.12 describes a typical cross section of a single-suction, flexi-
bly connected pump. The purpose of this drawing is to familiarize
designers with the generic parts of a pump. This pump drawing illus-
trates the case rings mentioned below, and it also points out most of
the parts found in HVAC pumps; some of the more important parts
are as follows:

Part name Part number
Casing, body, or volute 01
Impeller 02
Shaft 06
Inboard bearing 16
Outboard Bearing 18
Case rings 7
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Figure 5.12 Cross-section of an end-suction, volute type pump.

Other pump parts relating to axial-flow pumps can be found in Fig. 5.8,
the drawings for the turbine pump.

5.6.2 Materials of construction

Since most HVAC pumps do not operate under corrosive or erosive
operating conditions and are not of extremely high pressure, they are
normally cast iron, bronze fitted. This means that the pump body is
cast iron and the internal trim is bronze. The impeller and case rings
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are bronze, while the pump shaft is either carbon steel or stainless
steel.

Other materials such as cast steel, stainless steel, and ductile iron
are found in HVAC applications where specific conditions require
their use. Some manufacturers of small pumps are now using stain-
less steel fabrications for impellers because they have found them to
be less expensive than bronze castings. Stainless steel shafts are used
by some pump manufacturers when mechanical seals are furnished
without any sleeves under them.

Higher-temperature operations above 250°F, such as medium- and
high-temperature water, will require ductile iron, cast steel, or fabri-
cated steel casings to withstand the system temperatures and pres-
sures (see Chap. 21). The working pressures and temperatures of
standard cast iron casings are always rated by the pump manufacturer.
They will provide a pressure-temperature chart similar to Table 5.2 for
a specific class of pumps and will state whether the pump nozzles are
furnished with 125- or 250-1b flanges. In the case of Table 5.2, the var-
ious letters from A to F are for different sizes of nozzles with different
ratings for each. Some of the higher ratings are for ductile iron cas-
ings. It is very important, even on a small, low-pressure project, that
the design engineer check the pressure-temperature ratings of the
pumps. It is wise to have a rating chart similar to Table 5.2 in the job
file for each application.

5.6.3 Mechanical seals or packing?

Most HVAC pumps today are equipped with mechanical seals. Many
different types of mechanical seals are offered by a number of manufac-
turers. The books listed in the Bibliography at the end of this chapter

TABLE 5.2 Typical Pressure-Temperature Limitations for HVAC
Centrifugal Pumps (Pressure in psig)

Casing and nozzle

designation 0-150°F  175°F  200°F 250°F
A 510 487 467 426
B 450 430 412 375
L 425 406 390 360
K 400 384 367 336
J 350 336 325 300
c 300 290 280 270
H 275 265 255 240
D 250 240 232 215
E 175 170 164 150
F 150 143 137 125

~NotE: The temperature limitation for all these casings and nozzles is 250°F.
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Figure 5.13 Common packing arrangement. (From Karassik et al.,
Pump Handbook, 3d ed., McGraw-Hill, used with permission.)

have much information on the types of seals and their application.
Although the trend is toward mechanical seals, there are still places
where packing may be a better answer for ease of maintenance.

5.6.4 Packing or seals

Typical packing for these centrifugal pumps is shown in Fig. 5.13, and
the basic parts of a mechanical seal are described in Fig. 5.14.

.
PRIMARY RING
SNAP RING
0 RING
SEAL HEAD / (SECONDARY SEAL) MATING RING MATING-
(ROTATING) ) pgisc — O RING RING
SPRING (STATIC ASSEMBLY
RETAINER SEAL) (STATIONARY)

\SET SCRE’W/ N : ;
e ‘
SEAL SIZE IS \DYNAMIC

DIAMETER OF
SHAFT (OR SLEEVE, SEAL FACES

IF USED)
SHAFT (ROTATING)
/ - /

Figure 5.14 Basic parts of a mechanical seal. (From Karassik et al., Pump Handbook,
3d ed., McGraw-Hill, used with permission.)
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Any application that has a possibility of dirt or other foreign matter
may be an application for packing. Typical of these are condenser
pumps taking water from cooling tower sumps. Also, large facilities
with full-time maintenance personnel who are experienced in the
technique of installing packing in all types of rotating elements may
be candidates for packed pumps. Properly installed packing can elimi-
nate waste water caused by continuous dripping.

Why use packing? A mechanical seal, when it fails, may throw water
around the equipment room, while packing, as it starts to fail, just
leaks water from the gland. Its failure is much more gradual than that
of mechanical seals. The other reason may be because the client’s per-
sonnel prefer packing; therefore, this is one question that the designer
should ask when considering the pumps on a particular installation.

5.7 Internal Forces and Leakages in
Centrifugal Pumps

The centrifugal pump, regardless of type, is subjected to dynamic forces
and leakages, which must be controlled to ensure that a successful
design is achieved for each particular application. It is important that
the water system designer understand these basic conditions of cen-
trifugal pump operation. Figure 5.15 describes these forces and leakages
for a volute-type pump, while Fig. 5.16 provides the same for an axial-
flow-type pump, which has a common name of “vertical turbine.”

RANALTHRUST—W\\

BACK WEAR SURFACE
AXIAL THRUST
THRUST BEARING
o T It Z\\_
7\ B | \— LEAKAGE PAST
i IMPELLER TO SUCTION
SHAFT FOR COUPLING LEAKAGE FROM | %
TO DRIVER SEAL OR PACKING :
!
podlg al

Figure 5.15 Forces and leakages in a volute-type pupm.
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Figure 5.16 Forces and leakages in an axial-flow (turbine) pump.
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5.7.1 Forces on centrifugal pumps

The forces exerted on a volute-type pump are: (1) axial and (2) radial,
as shown in Fig. 5.15 for a volute-type pump. The axial thrust is com-
puted by the pump designer who provides the correct type of thrust
bearing to withstand the imbalance of radial thrusts that exist in
such a pump. Figure 5.17 illustrates these forces for both a single and
a double-suction pump.

The axial forces for a double-suction pump appear to be balanced,
and such is the case for a perfect design and installation of this type
of pump. This assumes that the flows into each of the suctions are
equal. In actual practice, this may not be true due to uneven machin-
ing of the suction passages of the impeller or by not having the
impeller centered in the casing. Also, improper configuration of the
suction piping may cause the flow into the two suctions to be unequal.
The pump designer realizes this can happen and provides a thrust
bearing that will withstand the thrust of some unequal flow. Since the
direction of thrust can be either way, the bearings must be designed
for the force in both directions. This is unlike the single-suction pump
where the axial thrust is almost always toward the pump suction.

The single-suction impeller for the volute pump does have unequal
axial thrusts since the suction pressure exerts less force on the
impeller than that generated by the higher discharge pressure. The
thrust bearing for this pump must be designed to accommodate this
difference. It is obvious that single-suction, volute pumps designed for
high heads must have thrust bearings capable of handling such
higher differences in radial thrusts.

When axial-flow pumps are installed vertically, the axial thrusts are
named “downthrust” or “upthrust.” Due to the weight of the rotating
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Figure 5.17 Axial thrust in volute-type pumps. (From Karassik et al., Pump Handbook,
3d ed., McGraw-Hill, used with permission.)
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THE PHYSICAL DESIGN OF CENTRIFUGAL PUMPS FOR WATER
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Figure 5.18 Axial thrust vs. rate of flow curves for axial-flow pumps.

assembly and the water pressure developed by the pump, most axial-
flow impellers exert a downthrust on the rotating assembly at the
design condition. Upthrust, if great enough, can create problems in
motor bearings. Figure 5.18 describes typical upthrust and down-
thrust curves for various axial-flow pumps with different types of
impellers and, therefore, different specific speeds. Generally, open
impellers are free of upthrust while enclosed impellers have pronounced
upthrust when they run out to capacities in excess of 120 percent of
flow at the best efficiency point (BEP). It is obvious from the curves of
Fig. 5.18 that great care should be exerted to avoid operation of pumps
with enclosed impellers at flows greater than 110 percent of that at the
BEP. The actual thrust curve should be provided with the purchase of
an axial-flow pump.

Radial thrust is not a problem in most axial-flow pumps, since the
flow of water from the impeller into the bowl exit should be uniformly
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distributed around the 360 degree area of the bowl. The pump
designer provides adequate bearings in the bowls and column to
ensure that any unevenness in flow will not disturb the rotating ele-
ment of the pump.

Such is not the case with volute pumps where the radial forces on
the impeller vary greatly at various points in the volute. This imbal-
ance varies with the flow of water through the pump. On most volute
pumps as shown in Fig. 5.15, the radial thrust is highest at the point
of zero flow in the pump. This is demonstrated in Fig. 5.19 that
describes typical radial thrust for a volute pump at 1,780 rev/min and
at 1,150 rev/min. This demonstrates that radial thrust is reduced
appreciably with reduction in pump speed. Therefore, double-volute
construction, Fig. 4.2c, may be needed for constant speed pumps that
run continuously at full speed and high radial thrusts. There may be
no need for it on variable speed pump applications where the pumps
run most of the time at lower speeds and, therefore, with very little
radial thrust.

Figure 5.19 is one of the most important figures in this book for the
water system designer and user of volute-type pumps. Is it not obvious
that it is imperative that these pumps be selected at capacities of not
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Figure 5.19 Radial thrust curves for volute pumps.
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less than 70 percent or greater than 120 percent of the flow at the
BEP? Unfortunately, this is not the case in actual practice. Many
pumps are selected at 40 to 60 percent of BEP flow with the result-
ing wear on bearings and case rings. Many HVAC pumps require
continuous maintenance due to improper selection that results in
high radial thrusts in the pumps. A volute type pump operating near
its best efficiency point should run for years without maintenance.
The author has personal experience with variable speed, volute
pumps that have run for over 25 years without any evidence of wear
in the pump. There was no replacement of bearings, shaft sleeves, or
wear rings; mechanical seals were replaced periodically due to water
conditions.

5.7.2 Leakage control in centrifugal pumps

The unwanted flows in centrifugal pumps are from the packing or
mechanical seal on the pump shaft and from the impeller discharge
back to the impeller suction. Controlling these flows is an integral
part of the pump designer’s work. Both of these flows can affect the
performance of a pump. The packing or mechanical seal must limit
shaft leakage without affecting greatly the torque required to turn
the pump. Leakage from the impeller discharge to the suction reduces
the pump efficiency.

The leakage is a most undesirable flow in a centrifugal pump. The
basic method of controlling this flow is through the use of a ring on
the pump casing as shown in Fig. 5.20a. This ring is called flat, as it is
a simple ring with constant internal and external diameters. Large
pumps may have L-shaped rings to control bypassing. This ring is
also called a case wear ring, but there should be no wear on such
rings with proper control of radial thrust that is described elsewhere
in this book.

It is important that the clearance between the casing ring and the
impeller be controlled. This is a key part of volute pump design, as
the pump designer must design the rigidity of the pump shaft so that
the shaft does not touch the case ring during maximum allowable
radial thrust. Opening the radial clearance between the shaft and the
case ring will cause greater leakage and lower pump efficiency.

There has been a tendency to cheapen HVAC pumps by eliminating
the case ring as shown in Fig. 5.2056. This results in the bronze
impeller running against cast iron, and it diminishes the ability to
control the actual radial clearance. If the cast iron rusts or is worn
away, the entire volute must be replaced, while only the case ring
needs to be replaced when it is provided in the pump.
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Figure 5.20 Pump casing ring construction.

5.8 Mechanical Devices for Pumps

Most HVAC pumps do not require many special mechanical devices
for them to sustain long life. Their useful life is much more depen-
dent on their selection and operation. All of this will be covered in
detail in the remaining chapters of this book. Air is a bothersome
entity to pumps, so it never hurts to find methods to get air out of a
pump. The best way, of course, is to never let it in the pump. A useful
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and inexpensive device is a manual petcock installed on top of the
pump volute that will allow manual removal of air that collects
there. If air continually enters the pump and cannot be stopped, this
pet cock can be replaced with an automatic air vent. The automatic
air vent should have a discharge line near to a floor drain, since they
are notorious for leaking water. If the water carries grit or other
small particulate matter, a cyclone separator can be installed on each
flushing line to the seals or packing. Methods of venting air from
water systems are included in Chap. 9.

There is much argument over the value of strainers on HVAC sys-
tems other than condenser water flowing to chillers. Many similar
industrial applications are not equipped with strainers. The normal
location of the strainer is on the suction of the pump. In the case of
cooling tower water feeding a chiller, the strainer should be installed
on the discharge of the pump, as shown in Chap. 11. The strainer is
there to protect the tubes of the condenser, not the pump. The cooling
tower sump strainer is adequate to keep rocks and other debris out of
the pump. Installing the strainer on the pump discharge prevents the
strainer from being obliterated with algae and ruining the pump. If
the strainer becomes clogged when located on the pump suction, a
vacuum will be generated on the pump suction, and it will be
destroyed by steam and heat. For other HVAC applications, some
engineers prefer to use strainers for start-up service only. After the
system has been flushed and operated for a while, the strainer
screens or baskets are removed.

Coupling guards conforming to Occupational Safety and Health
Administration (OSHA) or particular state codes should be located
over the rotating coupling and pump shaft where it is exposed.
OSHA’s requirements should be checked from time to time to ensure
that their requirements are met.

Balance valves should never be installed on the discharge of any
pump, let alone variable-speed pumps. Some designers feel that they
are a safeguard to prevent overpressuring a system; this is a terrible
waste of energy. On constant-speed pumps, the amount of overpres-
sure should be determined and the impeller trimmed to eliminate as
much of the overpressure as possible. See Chap. 29 on the procedure
for trimming an impeller. On variable-speed pumps, the pump con-
trols should be designed to prevent this overpressuring by limiting
the maximum speed of the pump.

Multiple-duty valves that include the features of a check valve, a
balance valve, and a shutoff valve should never be used on the dis-
charge of any pump and particularly on the discharge of a variable-
speed pump (Fig. 5.21). Some multiple-duty valves can be closed
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Figure 5.21 Discharge valves
for variable-speed pumps.
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partially without any indication of this condition. This creates a terri-
ble waste of pumping energy. Also, some multipurpose valves must
have another valve downstream of them to repair the check-valve fea-
ture of the multipurpose valve. A separate check valve and shutoff
valve should be provided instead. They are lower in cost and usually
have a lower friction loss than comparable multiple-duty valves.

On continuously running pumps taking suction from a tank below
the pumps, the greater efficiency of the standard centrifugal pump
should give it priority over a self-priming pump. It will be necessary
to provide a priming means to get the pump started. This can be a
priming tank or a separate source of water. This tank holds enough
water to keep the pump flooded until it has primed the suction line.
With a properly sized priming system, the standard centrifugal pump
evacuates the air in the suction line and continues to pump water
from the lower tank. There are manufacturers of priming systems for
centrifugal pumps, and there is considerable information in the pump
references on the actual design of a priming system. The NPSHR
characteristics of the pump must be checked carefully when taking
suction from lower tanks.
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Chapter

HVAC Pump Performance

6.1 Introduction

This evaluation of HVAC pump performance is limited to centrifugal
pumps. The use of positive-displacement and regenerated turbine
pumps in HVAC systems is for highly specialized low-volume, high-
head applications. They are not used on the water services that con-
sume most of the pumping energy in HVAC systems. Their applica-
tion is so specialized that the performance required of these pumps,
when encountered, should be sought from the manufacturer of the
pump under consideration.

This review of HVAC pump performance will attempt to provide a
general approach that is applicable to all pumps from small circulators
to very large condenser pumps. It is imperative that we understand
how to select HVAC pumps and then how to operate them so that the
energy consumed is as low as economically possible. Efforts will be
made to describe pump performance so that the pumps are selected
properly and operated closely to the pumps’ best efficiency curves.

6.2 Pump Head-Flow Curves

A study of centrifugal pump operations must begin with an evalua-
tion of the basic performance of such a pump. The pressure or head
that is developed by any pump depends on the flow through that
pump. This basic head-flow relationship is called the pump’s head-
flow curve. This was shown in elementary form in Chap. 4 and is now
demonstrated with other accompanying curves in Fig. 6.1. Figure 6.1a

135
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Figure 6.1 Typical head-flow curves for most HVAC pumps.

is the head-flow curve for a medium-sized constant-speed pump, and
it is in the form normally found in pump manufacturers’ catalogs.
Included in this figure are the efficiency curves, the brake horsepower
curves, and a net positive suction head (NPSH) curve. The NPSH
required curve will be discussed later in this chapter.
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6.2.1 Constant-speed head-flow curves

Most HVAC pump head-flow curves provided by the pump manufactur-
ers are constant-speed curves for a particular speed such as 875, 1150,
or 1750 rev/min. These curves are derived from dynamometer tests in
the pump manufacturer’s plant. The newer, high efficiency motors have
higher, full speeds such as 885, 1180, and 1775 rev/min. Pump manu-
facturers are now furnishing flow-head curves at such speeds.

Head-flow curves for pumps can have several shapes depending on
the specific speed of the pump. Figure 6.1a is for a pump of moderate
specific speed, 1560, and is called a continuously rising characteristic
curve because the head increases continuously to the shutoff, or no-flow,
condition. High-specific-speed pumps such as mixed-flow or propeller
pumps can have a looped head-flow curve, as shown in Fig. 6.2a.
Normally, manufacturers of such pumps do not provide a complete
head-flow curve in their catalogs. Only the right-hand portion of the
curve where the pump is to be operated is provided, as shown in Fig. 6.2b.
These pumps require some care in their application due to the fact
that they can operate at several flows at the same head; this is
shown in Fig. 6.2a, where the pump at 34 ft of head can operate at
800, 1700, and 2700 gal/min. The pump can shift from one flow to anoth-
er, causing shock and vibration in the pump itself and in the water sys-
tem. Only experienced pump application engineers should handle the
selection, installation, and operation of these large pumps.

The head-flow curve describes the net head available for useful
pumping after all internal losses of the pump are deducted from the
theoretical head that could be produced by an impeller of a particu-
lar diameter and operating at a certain speed. The efficiency curves
superimposed on the head-flow curve demonstrate how efficient the
pump is when operated at a specific point on its head-flow curve.
Some pump manufacturers provide efficiency curves similar to those
in Fig. 6.1. Others provide a separate efficiency curve from zero effi-
ciency at zero flow to maximum flow, as shown in Fig. 6.3. This is a
rising curve to the point of maximum efficiency at the optimal flow.
This maximum efficiency point on such a curve is called the best effi-
ciency point. Great emphasis will be placed on the importance of this
best efficiency point in Chap. 10. Some pump manufacturers, partic-
ularly of small pumps, do not provide efficiency curves; instead, they
provide a performance curve for a certain impeller diameter and
with a specific size of electric motor. Such pump curves should not be
used for selection of HVAC pumps. If the manufacturer cannot pro-
vide an efficiency curve for a pump, another manufacturer should be
consulted.
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Figure 6.2 Head-flow curves for a high specific speed, axial-flow
pump.

6.2.2 Power balance curves

The best efficiency point of a pump will be emphasized in many parts
of this book. Every water system designer should know where the best
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Figure 6.3 Total efficiency curve.

efficiency point occurs for each of the pumps involved on the water sys-
tem under consideration. It should be of interest to the HVAC system
designer as to how the efficiency curve of Fig. 6.3 is developed.

The efficiency of a pump at any flow is dependent upon a number of
conditions within the pump. The losses that exist in a centrifugal
pump and reduce the efficiency are: (1) mechanical, (2) leakage, (3) recir-
culation, and (4) hydraulic. Figure 6.4 describes these losses for a 12 in
double suction, volute-type pump with a specific speed of 1900 and
operating at a constant speed of 1750 rev/min. This diagram is called
a “power balance diagram” in the pump industry. The mechanical
losses are incurred primarily in the bearings and mechanical seals or
packing. The leakage loss, which is discussed in Chap. 5, is caused by
water flowing past the case rings from the impeller discharge back
the impeller suction.
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Figure 6.4 Power balance at constant speed. (From Centrifugal and
Axial Flow Pumps, A.J. Stepanoff, Ph.D, John Wiley and sons, New
York, NY 1957.)

Recirculation losses are caused by circulation of the water within
the volute or bowl. The water does not flow smoothly in and out of the
impeller. At flows through the pump that are less than that at the
best efficiency point, the water recirculates and causes substantial

losses.

Hydraulic losses are the losses that are caused by the friction devel-
oped by the water flowing through the impeller and volute or bowl.
Again, this demonstrates that the losses in small pumps with low spe-
cific speeds are going to be greater than those for large, low-specific-

speed
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The pump engineer works at reducing all of these losses to achieve
the highest possible efficiency at all allowable flows through the
pump. Obviously, large-capacity pumps have much higher efficiencies
than small-capacity pumps. Again the high-quality pump has better
efficiencies than the poorly designed and constructed pump.

6.2.3 Effect of specific speed
on pump curves

Specific speed of centrifugal pumps was discussed in the previous
chapters. Its effect upon centrifugal pump performance is described in
Fig. 6.5. The shape of the head-flow and horsepower curves vary
greatly, as the specific speed increases. Most HVAC pumps have a
specific speed of less than 2600 rev/min; large cooling tower pumps
may have higher specific speeds.
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Figure 6.5 Head-flow and horsepower curves compared to specific speed and
impeller profiles. (From Turton, Rotodynamic Pump Design, Cambridge Press, used
with permission.)
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6.2.4 Typical constant-speed pump
head-flow curves

Figure 6.6 through d describes typical pump head-flow curves for a
broad range of HVAC applications. No particular type of centrifugal
pump is represented. These curves are for pumps with good formation
and have best efficiencies that are at the level desired for these water
systems. Almost all HVAC applications should have pumps with the
best efficiency above 80 percent, excepting small pumps or pumps in
low-flow, high-head applications.

Velocity head, V?/2g of the pump connections, must be considered
when the head-flow curve is developed. On pumps with suction pipes,
the difference between the velocity head for the water flowing out of
the discharge connection and for the water flowing into the pump suc-
tion is included in these head-flow curves. On axial-flow pumps tak-
ing water directly from a sump, there is no inlet velocity head deducted
from the discharge velocity head. There may be an efficiency reduc-
tion for single-impeller performance that does account for some entrance
losses.

Normal pump head-flow curves are provided by manufacturers at
particular induction motor speeds such as 875, 1150, and 1750 min.
The newer, high efficiency, induction motors have higher, full load
speeds such as 885, 1180, and 1775 rev/min. Pump manufacturers are
now providing pump curves at such full speeds. A range of impeller
diameters will be shown on each curve. A pump is considered to be
trimmed to a specific diameter for each particular application. The
range of impeller trimming is shown on a typical head-flow curve,
from minimum to maximum diameter. For example, the pump curve
described in Fig. 6.6d has an unusual impeller diameter range, from
8.2 to 13.0 in diameter. Although this much trimming is allowed, cut-
ting the impeller to such an extent has a great effect on pump
efficiency. This particular pump has a peak efficiency of 87 percent;
cutting the impeller to its minimum diameter would reduce the effi-
ciency to 75 percent. Great care must be taken in trimming pump
impellers; an alternative is to install a variable-speed drive and
operate the pump at a lesser speed. Pumps must never be trimmed
below the minimum diameter shown by the pump manufacturer on
the published head-flow curves.

Note. All manufacturers’ pump head-flow curves are dynamometer
curves at a fixed speed such as 1750 rev/min. Actual field performance
will be different from these curves when the pumps are operated by
induction motors whose speed varies from 1750 rev/min fully loaded to
1800 rev/min unloaded. Manufacturers’ pump curves should not be
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Figure 6.6 Examples of good pump performance.

used to program pumps; they can be used for estimating pump perfor-
mance and initial calculations required for wire-to-water efficiency and
energy consumption. See Fig. 23.1 for a typical variation in the pump
head-flow curve due to induction motor speed variation.
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6.2.5 Variable-speed pump head-flow curves

Since speed variation is an added factor, the variable-speed pump’s
head-flow curves must be provided for at least one diameter of im-
peller. If another impeller diameter is desired, a second set of curves
should be provided for that diameter. The speed variation is usually
shown from around 45 to 100 percent speed, or typically from 800 to
1750 rev/min. Below 45 percent speed, pump performance becomes a
variable, and the pump manufacturers do not like to certify pump
performance at such low speeds for most HVAC pumps. Figure 6.156
describes a typical set of pump curves for a large centrifugal pump
operating at a maximum speed of 1750 rev/min. This pump has a spe-
cific speed of 1860. It must be remembered that this group of curves is
for one impeller diameter, while Fig. 6.1a is for another pump at con-
stant speed and various impeller diameters.

Due to the many variable-speed pumps that are now used in the
HVAC field, it is important that the HVAC water system designer
become familiar with what happens when the speed of a pump is var-
ied from minimum to maximum speed. Figure 6.15 is one of the most
important figures in this book. Of particular importance in this figure
is the curve describing the parabolic path of the best efficiency point
as the pump changes speed. This curve will help the water system
designer understand how the efficiency of a pump varies as the speed
changes. The variations in efficiency at different points on the pump
head-flow curves are also provided in this figure as lines of constant
efficiency. Lastly, this figure is a graphic representation of the pump
affinity laws that are so important.

6.2.6 Best efficiency curves

In variable-speed pumping, the most important pump curve is the
best efficiency curve; it was first seen in Fig. 6.16. This is the parabol-
ic curve that the best efficiency point follows, as the speed of the
pump is reduced. As will be seen later, it is the basic rule of variable
speed pump control that the pump operate as closely to this curve as
is possible. Programming of multiple pumps operating in parallel is
based upon keeping the pumps in operation close to this curve.
Other best efficiency curves are seen in Fig. 6.7 and 6.13. Figure 6.7
describes the best efficiency curves for four small but popular end-
suction pumps.

There will be a number of pump operations in this book that place
great emphasis on the best efficiency curve. Radial thrust discussions
will emphasize that this thrust is the lowest at the best efficiency
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Figure 6.7 Best efficiency curves for small single-suction volute pumps.

point for all volute type pumps which constitute the bulk of HVAC
pumps.

6.2.7 Steep versus flat head-flow curves

There is much discussion in the industry as to when a pump head-
flow curve is steep or flat. If a pump head-flow curve rises more
than 25 percent from the design point to the shutoff head or no-flow
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point, it is considered to be steep; it is considered flat if this rise is less
than 25 percent. For example, if the design condition of a pump is
500 gal/min at 100 ft of head and the shutoff (no-flow) condition is
120 ft, it would be considered a flat-curved pump. If the shutoff condi-
tion were 135 ft, the pump would be considered steep-curved. The
pump curves in Fig. 6.8 are considered to be flat. The shape of the
pump curve was of great concern when constant volume-water sys-
tems were popular. It was desired to have relatively steep pump curves
for these operations so that a minor change in system head would not
make a great change in system flow. Steep curves were preferred, and
flat-curved pumps were avoided. Small, constant-speed pumping sys-
tems with three-way control valves on the heating or cooling coils
must be concerned with the shape of the pump curve. A flat-curved
pump may create instability in the operation of the three-way valves.

With the advent of variable-volume water systems utilizing variable-
speed pumps and system differential pressure controls, there is very lit-
tle need to be concerned about the shape of the pump curve. Peak effi-
ciency is what is sought, not the shape of the curve. In fact, flat-curved
pumps are desired. Pumps with flat-curved head-flow characteristics
should be sought for variable-speed pumping applications, provided
there is no loss in pump efficiency. There is less speed reduction with a
flat-curved pump than with a steep-curved pump. With less speed
reduction, the wire-to-shaft efficiency of the variable-speed drive and
motor is greater because the speed reduction is less.

6.3 Series/Parallel Operation of
Centrifugal Pumps

The broad variation in water requirements in HVAC systems usually
requires more than one pump to handle all the system flows from mini-
mum to maximum capacities. Likewise, condenser water service in some
tall buildings requires pump heads that cannot be handled economically
by a single-stage pump. The first condition requires parallel operation of
more than one pump, and the second condition requires more than one
impeller operating in series. By far most HVAC applications consist of
multiple pumps in parallel with few of them in series operation. Figure
6.8 describes the various resulting head-flow curves when operating
pumps in parallel and in series.

Parallel operation enables the water system designer to select a num-
ber of pumps that will produce efficient operation from minimum to
maximum system flow. Operating pumps of equal size and head in par-
allel results in the capacities of the pumps being multiplied together, as
shown in Fig. 6.8a. This figure describes two pumps with such equal
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head-flow curves operating in parallel; the head is the same for one or
two pumps operating, but the capacity is doubled for two-pump opera-
tion. Parallel operation of pumps requires great care to ensure that the
number of pumps running is the most efficient for a particular flow and
head condition. When operating pumps in parallel, the total capacity
and head of the pumps must be that required by the uniform system
head curve or any point within the system head area. (See Chap. 9 for a
description of uniform system head curves and system head areas.)

The great mistake that is often made with operating pumps in par-
allel is to measure the capacity of one existing pump at a certain
head, install another equal pump, and find out that the two pumps do
not produce twice the capacity. Pump operation cannot be predicted
without computing the system head curve or system head area of the
water system. This is pointed out here because of the danger of trying
to run pumps in parallel without evaluating the head of the water
system. This will be covered, in detail, in Chap. 10.

Considerable care should be exercised in trying to operate pumps
in parallel that have different head-flow curves; this is described in
Fig. 6.8b. There is great danger that the pump with the lower head-
flow curve, pump A in this figure, can be operated at the shutoff
head condition and cause heating in the pump. This will happen
if these pumps are operated together at any less than 62 percent
capacity of one pump. Also, it may be very difficult to program and
operate the pumps together at an adequate wire-to-water efficiency.

Pumps are operated in series when the flow can be handled by one
pump throughout the operating range but the head is so high that a
number of pumps in series is needed. Figure 6.8c describes the fact
that with pumps in series, the head developed by all the pumps is
added together at the same system flow. Turbine-type pumps are ex-
cellent for such high-head, low-flow service. Two or more bowls or
stages are connected in series to provide the required head.

Some large HVAC systems exist in which multistage pumps must
operate in parallel; in this case, the resulting pump curves for two
pumps are a combination of Fig. 6.8a and ¢ with 200 percent capacity
and 200 percent head of one pump impeller.

6.3.1 Pumps operating in parallel

The broad variation of water requirements in HVAC water systems
usually requires more than one pump in parallel to handle all of the
system flow-head requirements. Also, standby capacity may necessitate
the installation of an extra pump. By far, most of these pump applica-
tions consist of multiple pumps operating in parallel with few of them
in series operation.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



HVAC Pump Performance
150 HVAC Pumps and Their Performance

Parallel operation enables the water system designer to select a
number of pumps that will produce efficient operation from minimum
to maximum system flow. Parallel operation of pumps requires great
care to ensure that the number of pumps running is the most efficient
for a particular flow and head condition. When operating pumps in
parallel, the total capacity and head of the pumps must be that re-
quired by the uniform system head curve or any point within the sys-
tem head area. (See Chap. 9 on “Configuration of a Water System” for
a description of uniform system head curves and system head areas.)

The great mistake that is often made when operating pumps in par-
allel is to measure the capacity of one existing pump at a certain head,
install another equal pump, and find out that the two pumps do not
produce twice the capacity. Pump operation cannot be predicted with-
out computing the system head curve or system head area of the water
system. This is pointed out here because of the danger of trying to run
pumps in parallel without evaluating the head of the water system.
This will be covered, in detail, in Chap. 10 on pump application.

Figure 6.9 is a composite of head-flow curves for three pumps each
with a capacity of 1700 gal/min at 60 ft head operating at a speed of

90
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Figure 6.9 Head-flow curves for three equal pumps operating in parallel.
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1780. A system head curve is shown with a static head of 26 ft and a
friction head of 34 ft for a total head of 60 ft. A discussion of system
head curves will be included in Chap. 10. These typical multiple pump
curves are for three pumps operating at a constant speed or full speed
for variable-speed pumps. What happens when the pumps become
variable speed?

Figure 6.10 is a pump operating area for one variable speed pump
while Fig. 6.11 is for two pumps, and Fig. 6.12 is for three pumps.

90
\{@0%
80 RN
/ 75%
70 85%
. Best
88% — efficiency

60

/ 88%

85%
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U

System and pump head—t.

20

968 RPM

10

0 1000 2000 3000
System flow—GPM

Figure 6.10 Single pump performance under variable speed.
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Figure 6.11 Two-pump performance under variable speed.

The minimum speed for these pumps with the 26 ft of constant head
on the system is 935. These figures of operating areas are shaded to
show the best efficiency are a in white and the worst operating areas
in dark cross-hatching. This is a pictorial representation of the con-
trol algorithm for the operation of this pumping system. Pump addi-
tion and subtraction points will be superimposed upon these figures
in Chap. 11 to demonstrate the control protocol necessary for effi-
cient control of these pumps in the application chapters of this book.

Pump selection with variable-speed pumping allows great latitude
in the selection of the actual pump diameter. Chapter 11 will provide
information on the over speeding and under speeding of these pumps
to achieve maximum wire-to-water efficiency.

It should be noted that the system head curve in Fig. 6.9 is not a
smooth curve as is often shown. This is due to the variation in the
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Figure 6.12 Three-pump performance under variable speed.

friction loss in the pump fittings around each pump. The flow in an
individual pump is not the same as the total flow for a water system.
This will be explained further in Chap. 9, Section 9.3.3, “Pumping
System Losses.”

6.4 Affinity Laws of Pumps

Centrifugal pumps are variable-torque machines, like centrifugal
fans, and they obey the same laws as do centrifugal fans. The term
variable torque indicates that the horsepower required to turn the
pump or fan does not vary directly with their speed. It varies with the
cube of the speed. Constant-torque pumps, like most positive-
displacement pumps, are those in which the horsepower does vary
directly with the speed.

The laws that define centrifugal pump performance are called the
affinity laws. They dictate the changes in pump performance with
variations in speed, flow, head, and impeller diameter. The basic affin-
ity laws are as follows.
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For a fixed-diameter impeller:

1. The pump capacity varies directly with the speed.

S
&_5 (6.1)
QZ SQ
2. The pump head varies as the square of the speed.
hl ‘S'l2
— = 2
h, 8,2 6.2)
3. The pump brake horsepower required varies as the cube of the
speed:
bh S
Lo 6.3)
bhp, S}

Figure 6.13a describes these three laws graphically. These are the
basic laws that must be understood in any attempt to comprehend
centrifugal pump performance. It must be remembered that these
laws pertain to the pump itself. They do not describe pump perfor-
mance when the pump is connected to a system of piping containing
both constant and variable head.

Figure 6.13b describes the variation in flow, head, and power for a
variable-speed pump operating with a constant head of 20 ft; data for
these curves are provided in Table 6.2 later in this chapter. This con-
stant head can be static head on a cooling tower or constant differen-
tial pressure on a secondary chilled or hot water system. It is obvious
that there is no comparison between the curves in Fig. 6.13a and b. At
50 percent speed and 885 rev/min, the flow is 36 percent, not 50 per-
cent, the head is 30 percent, and the brake horsepower is 10 percent,
not 12.5 percent. This demonstrates the need to evaluate pump per-
formance with the actual system conditions and not depend on the
classic affinity laws of Fig. 6.13a.

This is emphasized at this point because it may appear from Fig. 6.1a
that pump impellers can be changed just through observation of the
basic affinity laws of Fig. 6.13a. Pump impeller diameter should not be
changed without a thorough evaluation of the system head curve or
area.

Changing the pump impeller diameter changes pump performance,
as does pump speed.
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For a fixed pump speed:

1. The pump capacity varies directly with the impeller diameter:

Q _d

1
== (6.4)
QZ d2
2. The pump head varies as the square of the impeller diameter:
hy _d?
h—2 = d_22 (6.5)

3. The pump brake horsepower required varies as the cube of the
impeller diameter:

bhp, d?
P S (6.6)
bhp,  d,?

It should be reemphasized that pump impellers should not be
changed without a thorough review of the water system characteristics.

6.4.1 Affinity laws

Unfortunately, the specific speed of the pump may change from mini-
mum allowable impeller diameter to maximum diameter. Therefore,
the affinity laws for impeller change may not be accurate. Figure 6.14
describes an actual set of pump curves for a particular pump with
different impeller diameters and a constant dynamometer speed of
1750 rev/min. The parabolic path of the best efficiency point is drawn
on this curve. The best efficiency point with a full diameter is shown
as point A at 1335 gal/min and 72 ft of head with 88 percent efficiency.
If the affinity laws were to prevail, the equivalent point for a 7 in diam-
eter impeller should be at point B or 960 gal/min at 38 ft. Instead the
actual point for this impeller diameter is at Point C or 900 gal/min at
33 ft. This is about a 6 percent loss in pump duty. One might argue
that this isn’t much considering that the maximum and minimum
allowable impeller diameters were used. However, any anomaly in
these calculations creates a feeling of distrust of the whole program.
As demonstrated in the previous section, as the pump impeller
diameter changes, the specific speed of the pump may change also
so that the pump performance does not follow these affinity laws for
impeller diameter change. (Specific speed has been defined in Chap.
4.) Not all pumps evince this variation in specific speed with impeller
diameter, but there is appreciable evidence of changes in specific
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Figure 6.14 Aberration on affinity laws pertaining to pump impeller diameter.

speed with impeller diameter change as shown in Fig. 6.14. Often
it is found only after the pump has been tested at various impeller
diameters. This makes it difficult to use impeller change in computer
programs for predicting pump performance without a careful evalua-
tion of the actual pump curves.

The next question is: why would anyone want to chop away the
best part of an impeller? The efficiency of this pump (Fig. 6.14) is a
maximum of 88 percent at full diameter compared to around 71 per-
cent at minimum diameter. Obviously, if the desired design condition
is 900 gal/min at 38 ft, there is some manufacturer that has a pump
that would give a higher efficiency than 71 percent at this condition.
Suppose, however, that the design condition is 1100 gal/min at 55 ft?
This would require the pump to have its impeller cut to some diame-
ter near 8.5 in. Why not slow the pump to reach the desired head-
flow point but equip the pump with a full size impeller to get the
maximum efficiency? This does require torque calculations to ensure
that the motor can handle the pump at the design condition and
reduced speed. This is not difficult when in the hands of experienced
hydraulics engineers who are knowledgeable about pump and motor
performance. The best selection may be an impeller diameter less than
the full diameter but still greater than 8.5 in. The engineer conducting
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the computer calculations will determine the impeller diameter that
provides the maximum wire-to-water efficiency throughout the load
range for the pump. These computer calculations include taking into
consideration the flow and head ranges of the water system as well
as the number of pumps provided in parallel for that system.
Further, the pump efficiency and the wire-to-shaft efficiency of the
motor/variable speed drive combination must be computed as the
water system conditions vary from minimum to maximum water
flow. All of these factors will be discussed in the chapters on pump
application.

6.5 Pump Suction Limitations

Centrifugal pumps operate on water, a liquid stream that can change
its state under certain pressure-temperature relationships. Some par-
ticular characteristics of water were included in Chap. 1 to help under-
stand these conditions. One of the first rules of thermodynamics is
that there is a temperature for every absolute pressure at which
water will change its state from a liquid to a gas. A little understood
word is cavitation. Cavitation is the result of the changing of part of a
water stream from a liquid to a gas. It occurs when the temperature
of the water reaches the evaporation temperature for the absolute
pressure of that stream. The specific gravity of the gas (steam) is
much less than that of the liquid water, so the result is “hammering”
as dense water and then “light” steam hit the internal parts of a
water system. Such hammering can erode the internal parts of the
impeller or casing of a pump. Cavitation can damage many parts of a
water system; the damage usually occurs first in a pump due to the
fact that the suction of a pump may be the point of lowest pressure in
the water system.

For example, assume that a hot water system requires 240°F water.
From Table 2.4, the vapor pressure for 240°F water is 24.97 psia or
10.27 psig with an atmospheric pressure of 14.7 psi. At least a 10-psia
cushion, or 21 psig, should be maintained on this hot water system so
that no part of the system approaches the vapor pressure of the 240°F
water. If the pressure does drop, cavitation will occur whenever this
hot water pressure falls below 24.97 psia.

How can cavitation be avoided in a water system? Simply by ensur-
ing that the water pressure in every part of the water system is
greater than the evaporation pressure for any potential temperature
of water in that system. Tables 2.3 and 2.4 provide vapor pressures
for water at different temperatures. There is so much information
available and tools such as the pressure-gradient diagram that there
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is no excuse for cavitation to occur in a normally operating HVAC
water system. Since the pump appears to be the HVAC equipment
most vulnerable to cavitation, it is a good place for the designer to
start the evaluation process needed to avoid cavitation.

6.5.1 Net positive suction head

Centrifugal pumps are tested very carefully to determine the net pos-
itive suction pressure that must be placed on the pump suction at
various flows through that pump to eliminate cavitation. This is called
the net positive suction head required (NPSHR) curve and appears in
Figs. 6.1a and 6.156 as the net positive suction head required by the
pump. Most of the centrifugal pumps used in the HVAC field cannot
pull water into the pump casing; it must be pushed. The NPSHR
curve merely defines the amount of push. If this amount of pressure
is maintained on the pump suction, cavitation will not occur in the
pump. Figure 6.1a provides the type of NPSHR curve found on most
pump curves; more precise NPSHR curves are shown in Fig. 6.1b.
Figure 6.15a describes the pressure gradient along the liquid path into
a pump.

How do we calculate the net positive suction head needed to avoid
cavitation? The actual NPSH on the pump suction must always be
equal to or greater than the NPSH required by the pump. The actual
suction pressure is called the net positive suction head available
(NPSHA), so

NPSHA > NPSHR (6.7)

The problem for the uninitiated designer when calculating NPSHA
is the attempt to do so in absolute pressures (psia). If the calculations
are made in feet of head, they become much easier. This is reasonable,
because the NPSHR curve of the pump is always in feet of head.
Equation 6.8 is acceptable for HVAC operations at temperatures up to
85°F. The amount of “push” available, or net positive suction pressure
available, is simply the atmospheric pressure plus the system pres-
sure minus the vapor pressure of the water minus the friction of the
suction pipe. Figure 6.156 demonstrates this using the most common
point in HVAC systems for calculating NPSHA, namely, a cooling
tower. As shown,

NPSHA =P +P - Pvp — Pf, in ft of head (6.8)

where P, = atmospheric pressure in feet at the installation altitude
(This can be done by reading the value directly from Table
2.1 for water from 32 to 85°F.)
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P_= static head of water level above the pump impeller (This
is negative if water level is below the impeller.)
Pvp = vapor pressure of water, in feet, at operating temperature
(see Tables 2.3 and 2.4)
Pf = friction of suction pipe, fittings, and valves, in feet of head

Equation 6.8 can be used for higher temperatures and elevations.
Assume the following:

1. The maximum cooling tower water temperature is 95°F, so P, =
1.9 ft of vapor pressure. From Table 2.3.

2. The cooling tower sump is above the pump impeller, and P, = 5 ft.

3. The installation altitude is 1000 ft; From Table 2.1, the atmospheric
pressure, P = 32.8 ft.

4. The friction loss of the suction pipe, fittings, and valves Pf is 6 ft.
Thus

NPSHA =328 +5—-1.9 -6 =299 1t

Any pump handling this water must have an NPSHR of less than
29.9 ft at any possible flow through the pump.

Warning. Calculation of NPSHA for a cooling tower should be made
at the maximum possible operating water temperature in the tower, not
the design water temperature.

6.5.2 Air entrainment and vortexing

A companion to cavitation is air entrainment in the suction of cen-
trifugal pumps. Air can enter the water system at several points, as
shown in Fig. 6.16a. The effect of air entrainment on pump perfor-
mance is described in Fig. 6.16b; it indicates the drastic reduction in
both head and capacity when air is present. Every effort must be
made to ensure that the water in a pump is free of air.

Air entrainment is often confused with cavitation when drawing
water from a tank. It is thought that air entrainment cannot happen
when a tank of water is 10 to 15 ft deep. Air entrainment can occur eas-
ily when water is taken from a free surface of water regardless of the
depth of the water. Figure 6.17 describes the air entrainment that can
occur if water is not removed properly from an open tank. As shown
in Fig. 6.17a, a small whirlpool occurs on the surface, and this deep-
ens into a vortex that will extend down to the water outlet from the
tank, and finally, air will pass into the impeller of the pump, causing
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Figure 6.16 Entrainment of air in HVAC pumps. (From John H. Doolin,
Centrifugal pumps and entrained-air problems, Chemical Engineering,

January 7, 1963, p. 103.)

hammering similar to cavitation. Tank depth does not deter the devel-

opment of the vortex.

Cavitation and air entrainment can cause similar noises in a pump.
A simple method of eliminating cavitation as a source of noise is to
run the pump at full speed and close the manual discharge valve on
the pump until only a small flow is passing through the pump.
Cavitation should cease, but air noise will persist at the low flow

through the pump.
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a. Vortexing in an open tank. b. Baffle for bottom connection in an
open tank.”
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Figure 6.17 Vortexing in HVAC pumps. (From James H. Ingram, Suction side problems:
Gas entrainment, Pump and System Magazine, September 1994, p. 34.)

Vortexing can occur easily when water is taken from a tank, partic-
ularly if the water outlet is on the side or bottom of the tank, as
shown in Fig. 6.17a; a fully developed vortex is shown in this figure.
Vortexing can be eliminated by placing an antivortexing plate above a
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bottom inlet, as shown in Fig. 6.17b; a side inlet can be corrected by
placing an antivortexing plate above the inlet (Fig. 6.17¢). On shallow
cooling tower sumps, if vortexing persists, it may be necessary to in-
stall a slotted vortex breaking tube, as shown in Fig. 6.18d. As an al-
ternative, an elbow can be installed on the suction connection of a
side inlet and pointed downward, as shown in Fig. 6.17e. If vortexing
still occurs, a square plate can be installed on the suction of the elbow.
Vortex-breaking devices must be designed to avoid substantial addi-
tional friction losses. Normally, the friction loss of an entrance from a
tank is equal to about 0.5 X V?%/2g, where V is the velocity of the
water in the entering pipe. The vortex-breaking device should not
increase this entrance loss if possible.

A simple method to determine if vortexing is occurring is to place
mats or rafts on the water surface above the inlet from the tank. This
prevents the vortex from forming and can be done without draining
the tank.

Vortexing should not occur in HVAC tanks and sumps. The precau-
tions are so simple that the design of these tanks and sumps should
always accommodate them.

6.5.3 Submergence of pumps in wet pits or
open tanks

Pumps installed in a tank, such as vertical turbine pumps, have a
specific submergence requirement. The submergence, or distance
above the inlet bell of such a pump, must be great enough to ensure
that the friction loss of the water passing through the bell and enter-
ing the pump is made up by the static height of the water over the
suction bell. This height is determined by whether the suction of the
pump is or is not equipped with a suction strainer. Most manufactur-
ers of axial-flow pumps have adequate data on submergence and
clearance from the bottom of the tank for the water system designer;
their recommendations should always be followed. Table 6.1 describes

TABLE 6.1 Typical Submergences for Vertical Turbine Pumps (for Operation at
1750 rev/min)

Bowl size, in Submergence, in Bowl size, in Submergence, in
4 7 13 23
6 11 14 30
8 12 15 32
10 16 16 36
11 20 18 36
12 24 20 42
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typical submergences for vertical turbine pumps operating at 1750
rev/min; these submergences should not be applied to any specific
manufacturer’s pumps.

6.6 Pumping Energy

Following is a review of the various energy equations that must be
used in determining the energy requirements of a water system and
the energy consumed by pumps and their drivers in satisfying those
requirements. It is important that the HVAC system designer under-
stand the difference between the energy absorbed by the water and
that consumed by the pump or its motor.

6.6.1 Water horsepower

The energy required by a pump, as indicated by the affinity laws,
depends on its speed and the diameter of its impeller. The energy
imparted to the water by a pump is called the water horsepower
(whp). Its equation is

whp = ~——— (6.11)

where @ = flow, in gal/min
h = head, in ft
s = specific gravity

Most HVAC water systems operate from 32 to 240°F water, where
the specific gravity can vary from 1.001 at 32°F to 0.948 at 240°F. For
these applications, the specific gravity is generally assumed to be
1.00; systems designed to operate at 240°F must be able to function at
startup with water temperatures near 50°F or at specific gravities of
around 1.00. Water horsepower for these systems usually ignores the
specific gravity and assumes it to be 1.00. This should not be the case
with medium- and high-temperature water systems, where the oper-
ating temperatures can vary from 250 to 450°F. The specific gravity of
450°F water is 0.825 and should not be ignored in calculating pump
operating energy for these systems. Again, pump motor or driver
brake horsepower should recognize that the pump may be required to
operate with colder water and specific gravities near 1.0.

Following is an example of water horsepower: If a pump is deliver-
ing 1000 gal/min at a total head of 100 ft, the water horsepower is

_ 1000 x 100

whp 3960

— 25.25 whp
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6.6.2 Pump brake horsepower

The energy required to operate a pump is determined in brake horse-
power (bhp); the difference between water horsepower and pump
brake horsepower is the energy lost in the pump. The pump brake
horsepower equation is therefore
whp
bhp = ——
P=7p

mn

(6.12)

where P is the pump efficiency as a decimal.
For example, if the pump in the preceding example is operating at
an efficiency of 85 percent,

25.25
bhp = W =29.7 hp

6.6.3 Pump motor power in kilowatts

The electrical energy, pump kilowatts, for a motor-driven pump must
take in consideration the efficiency of the motor on constant-speed
pumps and the wire-to-shaft efficiency of the motor and variable-
speed drive on variable-speed pumps. Again, the difference between
the pump brake horsepower and electric power input to the motor or
variable-speed drive and motor is the efficiency of these devices. The
power must be converted from brake horsepower to kilowatts, so the
pump brake horsepower must be multiplied by 0.746. The equation is

bhp - 0.746
E

n

Pump kW = (6.13)
where E_ is the efficiency of the electric motor or the motor and vari-
able-speed drive as a decimal.

For example, if the preceding pump is variable speed with a wire-
to-shaft efficiency of 89 percent for the variable-speed drive and high-
efficiency motor, then

29.7-0.746

0.89 =249 kW

Pump kW =

Summarizing Eqs. 6.11 through 6.13,

Q- -h-s

—x -7 14
5308 - P - Em (6.14)

Pump kW =
As will be explained in Chap. 7, the combined efficiency of an elec-
tric motor and a variable-speed drive cannot be just the multiplication
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of the efficiencies of the motor and the variable-speed drive. It must be
determined by the variable-speed drive manufacturer with recognition
of the manufacturer and the quality of the electric motor.

Steam turbine—driven pumps also will be reviewed in Chap. 7; the
energy required by them is usually based on a water rate in pounds
per pump brake horsepower. Equation 6.12 is used to compute the
maximum water rate at maximum flow and head.

6.6.4 Actual energy consumed

by variable-speed pumps

The energy consumed by variable-speed pumps requires knowledge of
the water system head curve or area on which they are operating.
These curves and areas will be described in Chap. 9. Table 6.2 describes
the variation in pump efficiency, pump brake horsepower, speed,
motor kilowatts, and overall wire-to-water efficiency of the pump,
motor, and variable-speed drive with a system head curve that con-
tains a constant head of 20 ft. The pump fitting losses are accounted for
in these calculations. The pump head-capacity curve in Fig. 6.1a is used
in these calculations.

The computer program for calculating the wire-to-water efficiency
for this pump is available from manufacturers of variable-speed
pumping systems. The data for the wire-to-shaft efficiency included in
this table are secured from the variable-speed drive manufacturer.
The overall wire-to-water efficiency of variable-speed pumping sys-
tems that have two or more pumps operating in parallel is discussed
in detail in Chap. 10.

TABLE 6.2 System and Pump Variables

Pump Pump Wire-to-shaft Wire-to-water
System Pump speed, efficiency,  Pump efficiency, Total efficiency,
gal/min  head, ft rev/min % bhp % kW %
100 20.9 626 41.1 1.3 58.1 1.7 23.8
200 23.4 674 63.2 1.9 61.4 2.3 384
300 27.2 742 74.3 2.8 65.8 3.1 47.9
400 32.2 826 79.7 4.1 70.7 4.3 54.7
500 38.6 918 82.6 5.9 75.4 5.8 59.9
600 46.1 1013 84.1 8.3 79.5 7.8 63.8
700 54.7 1113 85.0 11.4 83.0 10.2 66.8
800 64.5 1217 854 15.3 85.9 13.3 69.1
900 75.4 1324 85.6 20.0 88.1 17.0 70.6
1000 87.5 1433 85.7 25.8 89.7 214 71.7
1100 100.6 1544 85.8 32.6 90.7 26.8 72.2
1200 114.8 1656 85.8 40.5 91.3 33.1 72.5
1300 120.0 1770 85.7 49.8 91.7 40.5 72.6
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6.7 Pump Noise

Pump noise in HVAC water systems is objectionable since it can
travel through the piping to other areas of the building outside the
equipment rooms. Also, the noise may indicate trouble in the pump
or its motor with the possibility of expensive maintenance. Further, a
noisy pump often indicates inefficient pump operation. An interest-
ing article appeared in the September 2004 issue of HPAC
Engineering Magazine on how low-frequency noise impairs learning.
There is absolutely no reason to allow noisy pump operation; noise in
pumps comes from improper installation, selection, or faulty opera-
tion. Pump noise is much more prevalent in constant-speed pumps
than in variable-speed pumps. Pump noise originates from outside of
or inside the pump.

6.7.1 Noise outside the pump

The outside noises stem from the motor or misalignment of the pump
and motor. Motor noise comes basically from speed. Most HVAC pump
motors operate quietly at either 1200 or 1800 rev/min synchronous
speeds. At these speeds there should not be any objectionable noise.
Often, there are opportunities to achieve higher pump efficiencies by
operating the pumps at 3600 rev/min synchronous on high-head, vari-
able-speed applications. Care should be taken, in this case, to ensure
that objectionable noise will not travel outside the equipment room
when the pump must operate near its design condition.

The other major outside sources of noise are caused by misalign-
ment of the pump and motor or distortion of the pump by the con-
nected piping. These are easily corrected by realignment of the
pump and its motor and checking the piping to ensure that it is
supported properly. Standard procedures for pump alignment are
available from pump manufacturers and the Hydraulic Institute.
Misalignment may also be caused by a poor pump foundation or the
pump base itself. See Chap. 25 for the proper installation of HVAC
pumps.

Most of the pump companies and the Hydraulic Institute have very
good instructions and diagrams for proper design of pump founda-
tions. Pump bases vary; some have more than adequate strength to
maintain pump and motor alignment while others may be question-
able. The design of pump bases should be scrutinized carefully to ensure
adequate construction. Dowling of pump bases is not required in most
HVAC installations other than large cooling tower pumps and some
large chilled water pumps. Likewise, vibration and temperature detec-
tors are seldom required on HVAC pumps and motors.
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6.7.2 Pump noise within the pump

Much of the objectionable noise coming from a pump installation orig-
inates within the pump itself. There are two basic causes for internal
pump noise, namely, improper selection or operation. Both of these
are caused by operating the pump far from the best efficiency curve
for a pump. The following description of noise sources will describe
how noise is generated within the pump.

Internal pump noise comes from: (1) mechanical losses; (2) hydraulic
loss caused by the water flowing through the impeller and casing, and
(3) circulation loss caused by water flowing past the tongue or cut
water of the pump. Figure 6.4 describes these losses. Obviously, noise
is a form of energy, so a noisy pump is usually an inefficient pump.

The noise in a pump is at it lowest when the pump is operated at
the flow at the best efficiency point (BEP), Fig. 6.18. This figure is
typical of volute pumps and does not represent any particular pump.
Also, there are three procedures needed to avoid noise in an HVAC
pump installation: (1) Ensure quality in the construction of the
pump and its installation (2) select the pump at a point within the
allowable operating point (AOP) specified by the manufacturer, and

Noise - DB

0 Bep Max.
Flow

Figure 6.18 Typical variation in noise with flow through a
pump at 1780 RPM
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(3) ensure that the pump always operates within this flow range, par-
ticularly with constant-speed pumps. It is obvious that one of the great
advantages of a variable-speed pump, properly controlled, is the ability
to operate it near its BEP curve at all loads on the water system.

6.8 Sources of Pump Information

It is obvious that the information included in this chapter on pump
performance requires substantial data from the pump manufacturers
on the selection and operation of pumps on HVAC water systems.
Most of the pump manufacturers active in this market have gone to
great lengths to provide technical information on their pumps.

Traditionally, pump catalogs contain detailed information on pump
physical dimensions and general arrangement as well as pump head-
capacity curves at 1150, 1750, and 3500 rev/min. Data on slower speeds
such as 850 and 720 rev/min are provided for larger-capacity pumps.
The development of computers has enabled pump manufacturers to
provide these data in software form such as diskettes or CD ROM.
Some pump manufacturers are furnishing computer selection programs
where the required pump head and capacity are inserted and the pump
selection is made for the designer. This selection can be on the basis of
(1) the most efficient, or (2) the most economical in first cost.

6.9 Summary

The increase in cost of energy has thrust efficiency of operation to the
forefront. Highly efficient centrifugal pumps are now available at lit-
tle added cost over less efficient pumps. The first and foremost evalu-
ation of HVAC pumps should therefore be efficiency. Since so many of
these pumps are now variable speed, efficiency throughout the oper-
ating range must be considered.

Ease of pump maintenance was of major concern in the past. The
reduction of pump maintenance due to variable speed has lessened
the concern for maintenance capability. Traditionally, pumps have
been given much more space for operation than centrifugal fans.
Many fans are tucked up in air handling units where repair is quite
difficult. With the application of variable speed and greater care in
pump operation, the large spaces around HVAC pumps are no longer
needed. Most HVAC pumps should operate for years without any seri-
ous maintenance.

Along with efficiency and first cost, these pumps should be evaluat-
ed for the space they require. As can be seen in Chap. 5, there are
many different pump configurations for all the applications in the
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HVAC industry. The development of vertical pump assemblies has
reduced the space needed without sacrificing ease of maintenance.
Typical of this is the large in-line double-suction pump, which offers
space saving as well as ease of maintenance.

The HVAC industry has many capable manufacturers of pumps and
pumping systems that can provide efficient pumping for any applica-
tion encountered in heating ventilating and air conditioning.
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Source: HVAC Pump Handbook

Chapter

Pump Drivers and
Variable-Speed Drives

7.1 Introduction

HVAC pumps are driven by electric motors, steam turbines, and gas-
or oil-fueled engines. By far most of the pumps are operated by electric
motors. Steam turbine—driven pumps are found on large central
chilled water or cogeneration plants where steam is available from
boilers or exhaust steam from turbine-driven chillers or electric gener-
ators. Engine-driven pumps are found on large pumping installations
where a source other than electricity is needed; this can be in areas of
power curtailment or where emergency pump operation is required.

7.2 Electric Motors

The following discussion makes reference to two principal organizations
in the electrical industry. These are (1) the Institute of Electrical and
Electronic Engineers (IEEE) and (2) the National Electrical
Manufacturers Association (NEMA).

Most electric motor—driven pumps in the U.S. HVAC market are single-
or three-phase, 60 Hz. Table 2.8 provides the motor nameplate voltages
and the accompanying distribution system voltages. This table provides
the best match of motor voltages to distribution voltages and meets
current motor design practice.

Although 50-Hz power is generally not used in the United States,
HVAC designers will encounter it occasionally in the United States and
when working in foreign countries. Table 2.9 also includes information
on 50-Hz power and motors. Standard pump curves are available from

173
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the pump manufacturers for operation with 50-Hz motors at induction
motor speeds of around 960 and 1450 rev/min, compared with 1150 and
1750 rev/min for such motors operating on 60-Hz power.

Almost all electric motors in the HVAC field are induction-type. Large
cooling tower or condenser motors over 1000 hp may be synchronous-
type, running at 1200 and 1800 rev/min. Wound rotor and direct-current
motors offer few advantages for most of these pump applications.

7.2.1 Electric motor power characteristics

All electric motors are designed to operate with some variation in the
electric power supplied to them. Following are some general rules for
the variation in power characteristics:

1. Voltage variation must be limited to =10 percent at rated frequency.
2. Frequency variation must be limited to =5 percent at rated voltage.

3. Combined variation of voltage and frequency must be limited to
the arithmetic sum of 10 percent.

4. On polyphase motors, the voltage imbalance should be kept within
1 percent between phases. Table 7.1 describes the great decrease in
motor rating caused by greater imbalances. Balancing of loads
between phases in a building becomes a necessity to ensure maxi-
mum output from the polyphase electric motors.

TABLE 7.1 Derating Factors Due to Voltage
Imbalance for Polyphase Motors

Percent voltage imbalance Derating factor
0 1.00
0.5 1.00
1.0 1.00
1.5 0.97
2.0 0.95
2.5 0.93
3.0 0.89
3.5 0.85
4.0 0.82
4.5 0.78
5.0 0.76

SOURCE: AC Motor Selection and Application
Guide, Bulletin GET-6812B, General Electric
Company, Fort Wayne, Ind., 1993, p. 3; used with
permission.
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7.2.2 Motor output ratings

The following discussion pertains to induction-type electric motors,
since most of the pump motors in the HVAC industry are of this design.
These ratings are for 104°F ambient air and for motors installed
between sea level and 3300 ft of elevation. For motors installed at
higher elevations:

1. A motor with a service factor of 1.15 can be operated at higher ele-
vations with a service factor of 1.0.

2. A motor can be operated at its normal service factor at higher ele-
vations at lower ambient temperatures. Refer to the manufacturer’s
nameplate information.

3. Medium- and high-voltage motors should be operated at higher
elevations with caution due to a corona effect.

All high-altitude motor operations should be referred to the motor
manufacturer for approval.

7.2.3 Motor speed

The speed at which an induction motor will operate depends on the
input power frequency and the number of electrical magnetic poles for
which the motor is wound. The speed of a pump varies linearly with
the frequency; the higher the frequency, the faster the motor runs.
This is how the present electronic-type variable-speed drives are
designed and why they are therefore called variable-frequency drives.
Conversely, the more magnetic poles in a motor, the slower it runs.
For an induction-type motor, the speed of the rotating magnetic field
in the stator is called the synchronous speed, and it is determined by
the following equation:

60 - 2 - frequenc
Synchronous speed, rev/min = quency (7.1)
number of poles

For example, a motor operating at 60 Hz with four poles would have
a synchronous speed of

60-2-60

1 = 1800 rev/min

In the pump industry, a 1200 rev/min motor is called a six-pole machine,
an 1800 rev/min motor, a four-pole machine; and a 3600 rev/min
motor, a two-pole machine.
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7.2.4 Types of polyphase motors and code letters

NEMA has established four different motor designs and has given
them a letter for each design, namely, A, B, C, and D. Each of these
four designs has unique speed-torque-slip relationships. The type
used on HVAC pump motors is usually design B.

Polyphase motors from 1 to 200 hp have been designated by NEMA
with reference to their speed-torque relationships; NEMA has developed
these code letters that include percentage of slip. Full-load speed for an
induction motor differs from synchronous speed by the percentage of
slip. All induction motors are designed to various amounts of slip and
are included in the design letters from A to D as described in Table 7.2.

Most HVAC pump motors are NEMA design B with a maximum
slip of 5 percent. There is little need for high-slip motors since they
are used on pump applications with high starting torques. There may
be some very large cooling tower pumps that are high specific speed,
mixed flow pumps that do require high-slip motors.

In the past, 1200 rev/min, six pole, induction motors had full-load
speeds of around 1150-rev/min speeds while 1800-rev/min, four-pole,
induction motors had full-load speeds around 1750 rev/min. Today,
most HVAC pump installations utilize high-efficiency motors where
the full-load speeds are nearer to 1180 and 1770 rev/min.

TABLE 7.2 Comparison of NEMA Designs for Induction Motors

NEMA Locked-
design  Percentage  Starting rotor Breakdown
letter of slip current torque torque Applications
A Max. 5% High to Normal Normal Broad application
medium including fans
and pumps
B Max. 5% Low High Normal Normal starting
torque for fans,
blowers, and
pumps
C Max. 5% Low High Normal For equipment
with high inertia

start such as
positive displace-
ment pumps

D — Low Very high — Very high inertia
starts, choice
of slip to match

the load
5 to 8% — — — Punch presses, etc.
8 to 13% — — — Cranes, hoists, etc.

soURCE: AC Motor Selection and Application Guide, Bulletin GET-6812B, General
Electric Company, Fort Wayne, Ind., 1993, p. 7; used with permission.
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7.2.5 Torque and horsepower

Torque is the turning force acting through a radius and is rated in
pound feet. Horsepower is the rate of doing work and is rated in foot
pounds per minute. Thus

1 hp = 33,000 (ft - Ib)/min (7.2)

There are several torques for an induction motor, and they are
described in Fig. 7.1 for torque, speed, and motor current curves.
Locked-rotor torque is also called starting torque. This is the torque
that the motor can develop when at rest or zero speed. Pull-up torque
is the minimum torque developed by the motor as it runs from zero to
full-load speed.

Since most centrifugal pumps in the HVAC field are variable-
torque machines, where the torque varies as the cube of the speed, the
locked-rotor or pull-up torque developed by NEMA design B motors is
adequate for most of these pumps. The only torque required of the
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% OF FULL LOAD CURRENT

% SYNCHRONOUS SPEED

SPEED VS. TORQUE, CURRENT CURVES

Figure 7.1 Electric motor performance curves. (From AC Motor
Selection and Application Guide, Bulletin GET-6812B, General
Electric Company, Fort Wayne, Ind., 1993, p. 5.)
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motors for these pumps is the inertia of the motor rotor and the pump
rotating element. This is called the starting-load inertia WR? for the
pump shaft and impeller and WK? for the motor rotor and shaft. This
inertia is low enough for most centrifugal pumps used in this field
that it is of no concern. On very large condenser pumps with large-
diameter impellers, it may be necessary to check the inertia, particularly
when reduced-voltage types of starters with reduced starting torques
are used.

Full-load torque is the torque required to produce the rated horse-
power of the motor at full-load speed in pound feet. The equation for
this torque is

bhp - 5250

Full-load torque, 1b - ft = —————
max. rev/min

(7.3)

where bhp = maximum brake horsepower
rev/min = maximum speed

7.2.6 Motor currents

Figure 7.1 describes a typical motor current curve for a NEMA design
B motor. The locked-rotor current is the maximum steady-state cur-
rent that the motor will draw at 0 rev/min with rated voltage and fre-
quency applied to the power terminals. NEMA has developed a set of
code letters for various locked-rotor amperes for electric motors.
These code letters run from A to V. The code letter for most HVAC
pump motors is G, which indicates that the locked-rotor current is
approximately 650 percent of the full-load current of the motor. This
code letter appears on the nameplate of every NEMA-rated motor.
Full-load current is the steady-state current of a motor operating at
full-load torque with rated voltage and frequency applied to the power
terminals of the motor.

There may be several reasons for reducing the locked-rotor or start-
ing current. The electric utility may require it or the electrical distrib-
ution of the building may be better served with reduced starting cur-
rents. A number of different devices are available for this, and they
are known as reduced-voltage starters.

1. Autotransformer. This method provides several taps to adjust the
starting voltage.

Starting voltage at motor, % Line current, % Starting torque, %
80 64 64
65 42 42
50 25 25
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With the preceding three taps of 80, 65, or 50 percent, the start-
ing current is limited to approximately 125 to 390 percent of full-
load current. This starter is large and expensive.

2. Primary resistor. Starting characteristics are fixed; starting cur-
rent is 390 percent of full-load current. This starter has an added
power loss in the resistors.

3. Part winding. Starting characteristics are fixed; starting current is
390 percent of full-load current. It requires special motor connec-
tions for 460-V service. It is the smallest and least expensive reduced-
voltage starter.

4. Wye delta. Starting current is approximately 200 percent of full-
load current; starting torque is low, only 33 percent of full-load
torque. This starter requires special motor design and more com-
plex control than the other reduced-voltage starters.

5. Solid state. Solid-state starters are being used on both constant-
speed and variable-speed pumps due to their adjustability and
size. A typical range of adjustable starting currents is from 100 to
400 percent of full-load current. They may or may not be less expen-
sive than other types of reduced-voltage starters.

6. Variable-frequency drive. The variable-frequency drive has proved
to be an excellent method for reducing the current inrush. Since
the starting torque on most HVAC pumps is limited to inertia
torque WR?, the variable-frequency drive can be used on almost all
HVAC pump motors. It is usually more expensive at this date than
other reduced-voltage starters; its ability to be programmed into
the overall duty cycle of HVAC pumps often results in its selection
due to the energy savings achieved through variable speed.

Due to special motor windings, the part winding and wye delta
types of reduced-voltage starters cannot be used as standby starters
for variable-speed drives at 460-V power supply.

7.2.7 Output horsepower

A motor is designed to produce its rated horsepower with nameplate
voltages and frequency applied to its power terminals. Most HVAC
pump motors have a service factor that has been developed by NEMA
for standard polyphase motors. These service factors are defined as
the permissible overload beyond nameplate rating with standard
voltage and frequency. Most NEMA design B, open-frame, drip-proof
motors have a service factor of 1.15 up to 200 hp and 1.0 for over 200
hp. Totally enclosed, fan-cooled (TEFC) and explosion-proof (class 1,
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group D) motors may have a service factor of 1.0 and no overload or
1.15. The manufacturer or supplier of a motor should verify the actual
service factor for a motor. Also, the nameplate for existing motors
should be inspected to confirm the allowable service factor.

7.2.8 Power factor

The power factor for a three-phase motor recognizes the magnetizing
current of the motor. Its equation is

watts applied
V3 - volts - amps

Power factor = (7.4)

Power factor is a characteristic of a polyphase electric motor’s opera-
tion. Electric utilities may charge penalties for low power factor. Like-
wise, some governing bodies may establish a minimum power factor.

Power factor can be improved by purchasing motors with high
power factor ratings, providing no loss in efficiency results. A more
satisfactory method may be the installation of power factor correction
capacitors. Total power factor correction programs are within the
province of the consulting electrical engineer, but the HVAC designer
should have a working knowledge of power factor and its correction.

One advantage for some variable-speed drives, particularly pulse
width modulation type, is that the input power factor of the variable-
speed drive and the motor as a combination is equal to the power fac-
tor of the drive itself. Most of these drives have a power factor close to
95 percent. More on power factor will be discussed later in Sec. 7.3 of
this chapter.

7.2.9 Motor efficiency

Motor efficiency is an important design consideration and has been
the object of much redesign and rating in the motor industry. The
equation is

hp output - 746
watts input

IEEE has established and NEMA has adopted Standard 112, Method
B for the Testing of Electrical Motors. This test establishes uniform
methods of testing and rating electric motors and is the basis for rating
motors for compliance with the latest government requirements.

The Energy Policy Act of 1992 establishes nominal full-load effi-
ciencies for both open and closed motors. Table 7.3 lists these efficien-
cies for up to 200-hp motor sizes. These efficiencies apply to all motors
manufactured after October 1997.

Motor efficiency = (7.5)
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TABLE 7.3 Nominal Full-Load Efficiency Levels Covered by EPAct

Enclosed Motors Open Motors
6-pole 4-pole 6-pole 4-pole
Motor HP 1200 rev/min 1800 rev/min 1200 rev/min 1800 rev/min

1 80.0 82.5 80.0 82.5
15 85.5 84.0 84.0 84.0
2 86.5 84.0 85.5 84.0

3 87.5 87.5 86.5 86.5

5 87.5 87.5 87.5 87.5
7.5 89.5 89.5 88.5 88.5
10 89.5 89.5 90.2 89.5
15 90.2 91.0 90.2 91.0
20 90.2 91.0 91.0 91.0
25 91.7 92.4 91.7 91.7
30 91.7 92.4 924 924
40 93.0 93.0 93.0 93.0
50 93.0 93.0 93.0 93.0
60 93.6 93.6 93.6 93.6
75 93.6 94.1 93.6 94.1
100 94.1 94.5 94.1 94.1
125 94.1 94.5 94.1 94.5
150 95.0 95.0 94.5 95.0
200 95.0 95.0 94.5 95.0

Courtesy General Electric Company Bulletin No. GEP-500Q

All electric motor companies must develop a bell curve of efficiency
distribution where the minimum or guaranteed efficiency can only be
10 percent less than the nominal efficiencies shown in Table 7.3. Some
manufacturers list this minimum efficiency on their motors as the
guaranteed efficiency. Motors manufactured prior to October 1997
should comply with the efficiencies listed in NEMA Bulletin G-1-1993.

Table 7.4 provides efficiencies for NEMA PREMIUM™ Efficiency
motors. Both minimum and nominal efficiencies are shown. Most
motor manufacturers guarantee the nominal efficiency. Generally, pre-
mium efficiency motors cost around 10 percent more than the stan-
dard motors of Table 7.3; in return, the efficiency will be improved by
more than 1 percent. It is up to the HVAC system designer to deter-
mine the feasibility of the investment in premium efficiency motors.

7.2.10 Wire-to-water efficiency for constant

speed pumps

Wire-to-water efficiency will be discussed in detail in Chap. 10.
Basically, it is the energy imparted to the water divided by the energy
input to the motor. For individual pumps, it is simply the efficiency of
the motor multiplied by the efficiency of the pump.
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TABLE 7.5 Wire-to-water Efficiency of Pump-Motor Combinations

System Data Wire-to-water
GPM Head ft.  Motor Hp Pump Eff. % Motor Eff. % Eff. %
20 10 1/4 38 50 19
50 10 1/3 50 57 29
60 15 1/2 53 60 32
75 20 3/4 57 63 36
80 25 1 57 82 47
100 40 2 59 84 50
120 50 3 60 86 52
250 60 5 79 87 69
300 70 TV 80 88 71
400 70 10 81 89 75
500 80 15 80 91 73
800 80 20 84 91 74
900 90 25 82 92 75
1000 90 30 84 92 77
1000 110 40 86 93 78
1600 100 50 87 93 80
1800 110 60 87 94 81
2000 120 75 89 94 84

note: These are typical wire-to-water efficiencies for small circulators as well as for larger
centrifugal pumps, several pump manufacturers’ data was used for this information.

A study was made to determine such a wire-to-water efficiency for
small and medium size, 1750-rev/min motors. Table 7.5 and Fig. 7.2
describe the results of this evaluation. Motors under 1 hp were single-
phase, capacitor type; motors 1 hp and larger were three phase. It is
evident that small fractional motors and pumps are very inefficient
and that the improvement in efficiency is pronounced between 3- and
5-hp sizes.

There have been attempts to exchange cooling and heating coil con-
trol valves with individual variable-speed pumps. It is obvious from
these data that the resulting efficiency would be questionable to try
this on smaller coils requiring pumps with fractional-size pumps. A
moderately sized system with several large air-handling units might
be economically feasible if the pump motors were 5 hp and larger.

Obviously, small circulators must be used for very small installa-
tions. However, heating and cooling loads requiring a total pumping
energy of 5 hp and above, should not be broken down into a number of
small pumps.

7.2.11 Motor construction

Most horizontally mounted and some vertically mounted electric motors
for HVAC pumps are manufactured in three different enclosures,
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Figure 7.2 WWE of pump-motor combinations.

namely, drip-proof; totally enclosed, fan cooled; and explosion-proof.
Particular atmospheres that are dusty or contain specific chemicals may
require special motor enclosures.

Drip-proof motors are designed for cooling by ambient air and are
called open-frame on horizontal motors and weather-protected (WP1)
on vertical motors. Open-frame drip-proof motors are designed for
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relatively clean indoor applications, whereas weather-protected
motors can be used outdoors and are so constructed to minimize the
entrance of rain, snow, and airborne particles. Drip-proof motors are
adequate for most HVAC equipment room installations.

Totally enclosed, fan-cooled motors are cooled by an external fan
mounted on the motor shaft. This enclosure is available for applica-
tions where the motor is wetted periodically. It should not be used for
routine motor applications in this industry. Usually, it does not have
any higher efficiency than an open-frame drip-proof motor.

Explosion-proof class 1, group D construction is for applications
where the ambient air may contain combustibles such as gasoline,
petroleum, naphtha, or natural gas. There are other types of explosion-
proof constructions for other hazardous atmospheres. Most HVAC
atmospheres do not contain any combustibles. If a specific hazardous
material is encountered, the insuring agency should verify the correct
motor enclosure. These motors should not be used with variable-
frequency drives without approval of the motor manufacturer. They
may not be certified for this use.

Vertical motors are available in two physical constructions, vertical
hollow shaft (VHS) and vertical solid shaft (VSS). The hollow-shaft
construction is usually applied to vertical turbine pumps due to the
ability to adjust the lateral setting on these pumps without disassem-
bling the motor. This motor has a top drive coupling with an adjust-
ment nut that provides this adjustment.

Most motors for HVAC pumps are single speed. Although two-speed
motors are available for these applications, the variable-speed drive
has all but eliminated the use of multispeed motors for these pumps.
The added cost of the special two-speed motor and two-speed starter
is usually less than the cost of a variable-speed drive. However, the
complex control and the energy loss due to only two speeds, i.e., two
pump head-flow curves, usually result in the selection of a variable-
speed drive instead of a two-speed motor. Another disadvantage for
two-speed motors on large HVAC water systems is the hydraulic
shock that is produced when the motor changes from one speed to the
other.

7.2.12 Motor sizing for constant and
variable speed HVAC pumps

The important factors on most HVAC installations in the proper sizing
of an electric motor are long life and efficient operation. These factors
dictate that the motor should not operate beyond its nameplate rating.
For example, assume that a pump is selected for 2000 gal/min at 125 ft
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of head and a 75-hp motor is fully loaded at the pump’s selection point.
If the pump can carry out to (operate at) capacities greater than 2000
gal/min, the brake horsepower required will exceed 75 hp, and the
motor will be overloaded. For long life and efficient operation, a 100-hp
motor should be selected for this pump. It is recommended that the
specification for electric motors for pumps include the statement that
the motor will not be overloaded beyond its nameplate rating when the
pump operates at any point on its head-flow curve.

The above recommended procedure is necessary for all constant-
speed pumps. Fortunately, motors equipped with variable-frequency
drives can be sized to the brake horsepower required at the pump
design condition. The drive can be sized by the maximum motor horse-
power at this design condition.

A simple control technology is now available that eliminates the
normal oversizing of pump motors and drives. This is the development
of the “running limit” that prevents the motor from overloading the
drive. For example, in Fig. 7.3 if we must comply with the requirement
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Figure 7.3 Running limit for variable frequency drives.
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that the pump should not overload the motor beyond its nameplate
rating, a 40-hp motor would be required with a drive equaling the
nameplate rating of the motor in amperage.

With the running limit of the drive, it is possible to furnish a 25-hp
motor and drive since that is the motor horsepower required at the
design condition of 700 gal/min at 116 ft. The drive prevents the pump
from overloading the motor beyond 25 hp. The pump follows the motor
horsepower curve, not the pump curve. This does not guarantee higher
pump performance, i.e., efficiency, since that is determined by the
speed control and sequencing described in Chap. 10, “Basics of Pump
Application.”

7.3 Variable-Speed Drives
for Electric Motors

7.3.1 History

Up to about 1970, variable-speed drives in the HVAC industry usually
meant eddy-current or fluid couplings between a fixed-speed induc-
tion motor and a variable-speed pump. The coupling was controlled
electrically or hydraulically to allow a variable slip between the motor
speed and that of the coupled load. These drives established a high
order of reliability and were quite satisfactory for pump loads in
which the torque requirements dropped off rapidly as the speed was
reduced. In such applications, the losses inherent in the coupling
between the motor and the pump were offset by the reduction in
losses due to overpressuring caused by a constant-speed pump. For
new installations, however, this arrangement has largely been super-
seded by variable-frequency drives. On applications that have environ-
ments hostile to variable-frequency drives, mechanical variable-speed
drives should still be used. This includes dusty or corrosive atmos-
pheres and high ambient temperatures where it is impossible to pro-
vide adequate cooling for the variable-frequency drive.

The advantages of variable-frequency drives (VFDs) for fans,
pumps, and chillers have been known for many years. They permit
the use of simple, reliable, and inexpensive induction motors yet pro-
vide the operating economies of variable speed. Unfortunately, motor
generator sets, thyratrons, and ignitrons, the only methods of obtain-
ing a variable-frequency source, were too expensive for all but the
most critical applications.

The invention of the thyristor (SCR) in the mid-1960s changed the
picture dramatically. Here was a device that could control power at
the megawatt level yet was both economical and reliable.

Variable-speed drives soon appeared for direct-current (dc) motors
and shortly thereafter for alternating-current (ac) induction motors.
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The early variable-frequency thyristor drives, which were mostly volt-
age source inverters, were sometimes less than ideal in their charac-
teristics; they opened up a huge new field of application in the HVAC
industry. Now, drive designs have matured, but there are still impor-
tant new developments that solve some of the major application prob-
lems on the electrical side.

7.3.2 Types of variable-frequency drives

For many years the variable-frequency drive field has been dominated
by six-pulse voltage-source and current-source thyristor inverters
(Fig. 7.4). Block diagrams of these drives are shown in Fig. 7.4a. Both
generate the output ac voltage by alternately switching between three
pairs of thyristors. Capacitor banks are used to force the load current
to switch from one set to the other. In the voltage-source inverter, a
set of six diodes in a rectifier is used to charge a filter capacitor bank
to a dc voltage equal to the peak output voltage of the load. The filter
capacitor bank serves to isolate the inverter from the ac line. This fil-
ter capacitor bank is, in addition to the capacitors, used for switching.

The current-source inverter replaces the filter capacitor bank with a
large inductor that serves the same purpose of isolation and filtering
but makes the drive more tolerant of line and load disturbances. It also
permits regenerating energy from the load to the line, an important
advantage when high-inertia loads must be brought to rest quickly.

Both these drives, in their basic form, generate a six-step output
waveform, voltage for the voltage source, and current for the current
source. Typical waveforms are shown in Fig. 7.4b. The magnitude of
the voltage is directly proportional to the load frequency so that the
volts-per-hertz ratio remains constant. The motor operates at a con-
stant flux level and, except for ventilation considerations, is able to
operate at constant torque. Harmonics in the output current cause
additional heating, however, and this generally results in a derating
of 10 to 15 percent in horsepower for standard motors.

PWM Drives. The development of large power transistors in the 1980s
spawned a new type of variable-frequency drive (Fig. 7.5). The
acronym PWM stands for pulse-width modulation, a totally different
technique from the six-step unit for obtaining voltage control and a
variable output frequency. Whereas the six-step voltage and current
source drives vary the amplitude of the switched voltage, PWM drives
vary the output voltage by repetitively connecting and disconnecting
a fixed voltage at rapid intervals. The ratio of “on” to “off” periods deter-
mines the voltage magnitude. Figure 7.5a illustrates this process in
generating a 320-V rms, 40-Hz sine-wave approximation from a
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Figure 7.4 Current-source and voltage source drives. (From Keith H.
Sneker, private communication, Halmar Robicon Group, Pittsburgh,
Pa., 1994.)

675-V constant-potential bus. This is an actual requirement for a
PWM drive on a 480-V, 60-Hz motor. The switching frequency is about
1 kHz in this example.

At the beginning and end of the 40-Hz sine wave, the switching is
mostly “off,” but the duty cycle rises to two-thirds at the peak to generate
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b. Simplified schematic of PWM VFD.

Figure 7.5 Pulse-width-modulating (PWM) drives. (From Keith H.
Sneker, private communication, Halmar Robicon Group, Pittsburgh,
Pa., 1994.)

the required 453-V peak for 320-V rms. In this fashion, the output
voltage frequency and magnitude are controlled for the motor. More
sophisticated switching techniques are used in practice, but this exam-
ple illustrates the basic approach. Motor current is nearly sinusoidal.

A PWM drive consists of a diode rectifier, a filter capacitor bank,
and a set of six switching transistors. A simplified schematic is shown
in Fig. 7.5b. The rectifier diodes charge the filter capacitors to a con-
stant potential for approximately 675 V dc. The transistors are con-
trolled so that one transistor in each phase is always conducting, and
a path for current exists through a transistor or its inverse diode.
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The diode rectifier and filter capacitor act to greatly reduce the
harmonic effects on the power system. Although the low-frequency
harmonic currents remain, line notching is virtually eliminated.
The interference potential is much less, but elimination of the low-
frequency current harmonics still requires corrective measures at
increased cost. Power factor is also much better for the PWM drive
than for the six-step units. It is always 90 percent or better and is
nearly independent of motor speed.

Multipulse input circuits. An input transformer or autotransformer can
be used to power two or three input rectifiers to a drive. Phase-shifted
voltages cancel the low-frequency current harmonics and greatly reduce
the line-current distortion. Block diagrams of 12- and 18-pulse sys-
tems are shown in Fig. 7.6. The disadvantage of multipulse systems is
an increase in cost over the simpler systems. In drives over 500 hp,
however, multipulse operation is usually the arrangement of choice. In
general, a 12-pulse drive is sufficient, and the added cost and complex-
ity of an 18-pulse drive are seldom warranted.

Clean power variable-speed drives. A dramatic series of technical devel-
opments has recently yielded variable-frequency drives that will meet
the requirements of IEEE Standard 519-1992 with no filters or multi-
pulse circuitry. All these new PWM drives are based on fast-switching
power transistors. Most use an active filter that detects the current
distortion and injects corrective currents to cancel the harmonics.
Some manufacturers, however, employ an ingenious switching algo-
rithm that eliminates the harmonic currents in the first place. This
arrangement requires transistors in place of the rectifier diodes, but it
needs no active filter. It also permits regeneration for rapid decelera-
tion of an overhauling load. These clean power drives are currently
available through 1000 hp.

A
~

Figure 7.6 Twelve- and eighteen-
@ pulse drives. (From Keith
H. Sneker, private communi-
cation, Halmar Robicon Group,
Pittsburgh, Pa., 1994.)
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Medium-voltage drives. Medium-voltage drives (2300 and 4000 V)
have become available for large chilled water pumps with horse-
power ratings of 750 hp and larger. These motors can be synchro-
nous or induction types. Smaller motors may be economically feasible
for medium voltages if the chillers are equipped with medium-voltage
motors.

It is obvious that motors of this size and type need quality drives to
achieve the efficiency and reliability required for such large installa-
tions. The complexity of these drives necessitates that they be evalu-
ated and selected by an electrical engineer experienced in variable
speed drive technology.

A detailed paper evaluating most of the current types of medium-volt-
age drives has been provided by Mr. Richard H. Osman, Vice President
of Technology for Robicon titled “Medium-Voltage Variable
Frequency Drives for Induction and Synchronous Motors.” This is an
important document that should be studied by electrical engineers
involved in large chiller plant design.

The following is a condensation of this material that describes the
four types of medium-voltage drives that may be encountered in the
HVAC industry.

Filter commutated current-fed inverter. The electrical circuit for
this drive is shown in Fig. 7.7 and the wave forms for output torque,
voltage, and current are described in Fig. 7.8.

Current-fed VFD using GTO/IGCT inverter stage. The electrical
circuit for this drive is shown in Fig. 7.9, and the wave forms for
voltage and current are shown in Fig. 7.10.

¥ ¥ ¥ X ¥ X Series thyristors
r ox x
%‘ ’!! ;- ’!-
r o x x
3-Phase MV input ¥ ¥ % Typical snubber Induction
; motor
and sharing
.
%E HEO
I F4d . 35
M L r X o x {I]
%‘_‘ Y ’!- ;- ’!-
R b ¥
Input filter for * F S ¢ v 2 y Output filter
power factor and 9000 I ’] 7]
harmonic correction . § .
12 Pulse thyrister converter Filter commutated MV inverter

Figure 7.7 MYV filter-commutated thyrister drive.
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100% Torque at rated speed 100% Torque at 75% rated speed 100% Torque at 50% rated speed

Figure 7.8 Output voltage, current, and torque of a filter commutated VFD. (From
Richard H. Osman, Medium-Voltage Variable Frequency Drives for Induction and
Synchronous Motors.)

Neutral point clamped inverter. The electrical circuit for this drive
is shown in Fig. 7.11 and the wave form for voltage in Fig. 7.12.

Multilevel series-cell inverter. This drive is a patented device with
an excellent wave form as shown in Fig. 7.13. The electrical circuit
is described in Fig. 7.14.

All of these drives provide highly reliable operation at full load effi-
ciencies above 95 percent.

7.3.3 Harmonics and variable-frequency drives

A problem common to all types of variable-frequency drives is harmon-
ics on the ac power line. Harmonic currents generated by the converter

“Jo00
3 b . 4 s 4 Y Series GTO’s
¥ 1 3 Typical GTO snubber ] 7 7
Iﬂl a_vl v 2
K| 7 K|
1 )
3-Phase MV input Iy ¥ % x x X Induction

motor
{
° \
F O K l
‘ AL
7 "

Input filter for x 3 * ¥ Output capaciters
power factor and
harmonic correction

¥
7

y y

Ng

¥ ¥
7 7

IO
12 Pulse thyrister converter Series GTO current fed inverter

Figure 7.9 Current-fed VFD using GTO/IGCT inverter stage. (From Richard H. Osman,
Medium—Voltage Variable Frequency Drives for Induction and Synchronous Motors.)
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Figure 7.10 Output voltage (top) and current of a GTO/SGCT current-fed VFD.
(From Richard H. Osman, Medium—Voltage Variable Frequency Drives for Induction
and Synchronous Motors.)
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thyristors cause distortion of the power-line voltage (the infamous
notching), and this distortion may affect equipment in the building or
in neighboring facilities. The problems may become acute when power
factor correction capacitors are installed. The capacitors resonate with
the power-line inductance and may amplify harmonic currents to many

.
»
:
"
»
¢
e
|
e

at
r .
3 Induction

motor

Typical 7
snubber

)
1
»
T
P

3-Phase MV input

:l}]r

’[} ]
- -~ -4 V§
Input filter for

harmonic correction

.4
JER
o
»
¢

=
tyr

m W

»l
»r
3,
e

G

12 Pulse rectifier GTO Neutral-point-clamped inverter

Figure 7.11 GTO/IGCT voltage-fed neutral-point-clamped inverter. (From Richard H.
Osman, Medium-Voltage Variable Frequency Drives for Induction and Synchronous
Motors.)
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Figure 7.12 Raw and filtered output voltage waveform of an IGCT neutral-point-
clamped inverter. (From Richard H. Osman, Medium-Voltage Variable Frequency
Drives for Induction and Synchronous Motors.)

times their original values. This can result in failed capacitors, interfer-
ence with data-processing equipment, overvoltages, and other undesir-
able effects. If capacitors are used on variable-frequency drives, the
motors should be installed as closely as possible to those drives.

Power Power Power
cell cell cell  |—
Al A2 A3

Induction
motor

Power Power Power
cell cell cell @
B1 B2 B3
Power Power Power
- cell cell cell
C1 Cc2 C3
A AIEAFAE A e
Phrmckt 3 Phase MV input Series cell MV drive (perfect harmony)

Figure 7.13 Series-cell multilevel VFD. (From Richard H. Osman, Medium-Voltage
Variable Frequency Drives for Induction and Synchronous Motors.)
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Figure 7.14 Output voltage and current of a series-cell multilevel VFD. (From
Richard H. Osman, Medium-Voltage Variable Frequency Drives for Induction and
Synchronous Motors.)

Harmonics were addressed by the IEEE, which, in 1981, issued
Standard 519-1981 establishing limits on the allowable voltage dis-
tortion on a feeder common to several facilities. In most cases, the
total harmonic voltage distortion was limited to 5 percent. The use of
a current-source or voltage-source thyristor inverter often required
the installation of a high-pass filter to control the distortion. In addi-
tion to increasing the cost of the installation, the filter introduced
losses that reduced operating efficiency. Nonetheless, these filters did
the required job, and thousands are presently in service.

In 1992, an IEEE committee revised the standard and issued
Standard 519-1992, IEEE Recommended Practices and Requirements
for Harmonic Control in Electrical Power System. This document
spelled out, for the first time, the allowable levels of harmonic cur-
rents injected into the utility system. The limit values depend on how
“stiff” the supply system is and on the particular harmonic involved.
In general, the limits are much more severe and difficult to meet than
were the previous limits on voltage distortion only.

Harmonic distortion is of great concern to electric utilities and
building or plant operators. The projected harmonic distortion can be
computed for a new or existing installation of variable-frequency drives.
Figure 7.15 is a form that can be used by the variable-frequency drive
manufacturer to estimate the harmonic distortion for most installa-
tions. The following information is required:
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1. Size in kilovoltamperes and percentage impedance of the distribu-
tion transformer

2. For current source and voltage source drives, the wire sizes and
lengths between any sensitive equipment and the distribution
transformer as well as wire sizes and lengths between any sensi-
tive equipment and the variable-speed drive installation (Wire
sizes and distances between variable-speed drives should be
secured where more than one is installed.)

Most public utilities or electrical designers will specify a maximum
allowable harmonic voltage distortion in percent for a specific instal-
lation. Typically, this can be 3 or 5 percent.

7.3.4 Advantages of variable-frequency drives

Variable-frequency drives are available for nearly any HVAC applica-
tion and have been the preferred means of varying the speed of a
pump. They have become the drive of choice for new applications for
many reasons, such as

1. First cost is lower in most sizes.
2. All are air-cooled. Larger slip-type drives require water cooling.

3. Wire-to-shaft efficiency is much higher than any slip-type drive.
For typical wire-to-shaft efficiencies for variable-frequency drives,
see Table 10.2.

4. Tt is very easy to integrate drive-control software into the software
of pumping systems or building management systems.

7.3.5 Application of variable-speed drives

The application of variable-frequency drives requires some care to
ensure proper operation and reasonably useful life. The manufac-
turer’s installation instructions should be reviewed carefully.
Following are some of the more pertinent concerns for installation.
Contemporary variable-speed drives are very reliable and will provide
years of uninterrupted service if installed and operated properly.

1. Ventilation. On variable-torque applications such as centrifugal
pumps, the heat expended by the variable-speed drive can be computed
easily.

Btu/h = max. kW of drive - 3412 - (1—En) (7.6)
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where 3412 = thermal equivalent of a kW in btu/h
E_ = efficiency of the drive as a fraction at maximum speed

If the energy consumption of the drive is 100 k€W and the efficiency
is 95 percent, the heat expended would be 100 - 3412 - (1 — 0.95), or
17,060 Btu/h.

2. Cleanliness. Most commercial variable-frequency drives operate
very well in normal HVAC equipment rooms. Industrial applications
that are dusty may require special enclosures to keep the dust away
from the internals of the variable-speed drive. NEMA 12 enclosures
with internal air-conditioners may be required. The air-conditioners
are usually air-cooled, so provisions must be made to keep clean the
condenser coil on any air-conditioner.

Some terribly dusty or dirty applications should be equipped with a
water-cooled drive instead of a variable-frequency drive. The water-
cooled drive could be a slip-type drive using an eddy-current or fluid
coupling.

Sometimes a variable-frequency drive can be cooled with clean out-
side air through ducts that eliminate the dirt or dust problem.
Adequate duct size or auxiliary fans must be furnished so that there
is no external static on the ventilating fans inside the drive.

3. Chemical attack. Variable-frequency drives contain many copper
or copper-alloy parts that are susceptible to attack by acids or other
sulfur-bearing compounds. Again, most HVAC installations do not
have such atmospheres, but some industrial cooling and heating sys-
tems do. For example, very small quantities of hydrogen sulfide in
the air can have a deleterious effect on variable-speed drives. When
these conditions exist, special construction must be used such as
NEMA 12 enclosures with internal air-conditioners or ducted fresh air
as described above for dusty atmospheres (see Fig. 7.16a). The con-
denser coils for these air-conditioners must be coated with a compound,
such as heresite, that resists attack from the hydrogen sulfide.

4. Maximum temperature. The maximum ambient temperature for
most variable-speed drives is 104°F (40°C); for higher ambient tem-
peratures, internal air-conditioners or ducted cool air should be con-
sidered for these applications.

5. Location. Variable-speed drives should be located in dry areas
where they cannot be wetted by either surface water or water from
overhead pipes. When there is no other location than under water or
steam pipes, the cabinets should be equipped with drip shields. Never
locate variable-speed drives outdoors in the open where they are exposed
to sunlight! If it is necessary to install them outdoors, locate them
under a sun shield that will protect them from direct sunlight.
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6. Power supply. Variable-frequency drives are like any other com-
mercial power equipment in that they are capable of withstanding the
acceptable variations of commercial power that were defined earlier
in this chapter. Likewise, they may not be able to operate properly
with harmonic distortions in the power supply that exceed the accept-
able percentages established by the IEEE.

7. Number of drives. The simplest arrangement for HVAC pumps is
one drive for each pump that is to be variable speed. More than one
pump can be operated on a single drive. Usually, the cost of transition
equipment to add motors to an operating drive is so expensive that it
is cheaper to purchase multiple drives instead. Also, a multiplicity of
drives provides better standby capability. Almost without exception in
the HVAC industry, a variable-speed drive is furnished for every
pump that is to be variable speed.

7.3.6 Variable-speed drive accessories
and requirements

Following are popular accessories and requirements for variable-
frequency drives:

1. Certification. Variable-frequency drives are often part of pumping
systems that bear the label of various approving agencies such as
Underwriters Laboratories (UL), Electric Testing Laboratories
(ETL), or in Canada, the Canadian Standards Association (CSA).
Care must be taken in evaluating these drives and their accessories
when compliance is required with such standards.

For example, some drive manufacturers have a certain approval
on their basic drives, but they do not have such approval on the
drive’s accessories or enclosures. It is imperative that such approval
be ascertained to avoid expensive field approvals or changes.

2. Bypass starters. Bypass starters were required for variable-frequency
drives when they were new and untried. These drives have
become so reliable and low in cost that standby starters are not
needed on most HVAC installations. Their cost has remained high
so that there are other economical means to achieve standby capa-
bility. Often, adding a standby drive or even an additional pump,
motor, and drive offer a better solution. It is the decision of the
system designer to determine the best solution for a particular
installation. If a standby starter is determined to be the optimum
solution for standby power, it should be designed around the fol-
lowing recommendations.

a. Configuration. Bypass starters are often used to keep a pump in
operation during failure of the variable-speed drive. The designer
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must determine how critical the standby operation of a pump is

during drive failure. The designer should not just indiscriminately

put a bypass starter on every drive.

The designer also must realize that the use of bypass starters
forces the pump to full speed when operating with the bypass
starter. On high-pump-head applications, it may be necessary
for the operator to adjust the pump discharge manual valve to
alleviate some of the pressure on the water system.

Facilities with critical operations such as hospitals, computer
centers, and research facilities should have consideration for
these starters. It is doubtful that commercial buildings or edu-
cational facilities require them. It is the responsibility of the
designer to make this decision.

Bypass starters must be designed properly. First, the decision
must be made as to whether across-the-line starting is accept-
able or whether some form of reduced-voltage starting is required.
When this decision is under consideration, if reduced-voltage
starting is required, the type used must have the same motor
wiring as that required by the variable-speed drive. Usually,
this eliminates part-winding or wye delta types of starters on
460-V power service. The solid-state starter is proving to be a
very acceptable means of accomplishing reduced-voltage
starting.

The arrangement of the bypass starter is critical to ensure
that adequate safety is provided to the operator or service per-
sonnel. Figure 7.16b describes a bypass starter arrangement
that provides some safety for operators. Although it is recom-
mended that the variable-speed drive be serviced with both the
drive and bypass starter depowered, it is recognized that this is
impossible on some facilities. Only qualified electricians should
service this equipment. As indicated in the previous section, it
is imperative that the bypass starter, its enclosure, and the
arrangement be approved by the same standard as the basic
drive.

b. Starting. Transferring pump operation from a variable-speed
drive to a bypass starter can be accomplished two ways, manu-
ally and automatically by transferring the pump motor from
the drive to the bypass starter and returning the pump to full
speed.

(1) Manual transition. Under this procedure, the operator rec-
ognizes a failure because the pump is usually stopped on
drive failure. The power is transferred manually from the
drive to the bypass starter, and the pump is returned to
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full speed. This procedure has several advantages: (a) the
operator can inspect the equipment and ensure that it is
acceptable to return the pump to duty, and (b) the operator
can adjust the discharge valve on the pump to avoid the
imposition of excessive water pressures on the system.
This is the recommended procedure for utilizing standby
starters with variable-speed drives. The use of multiple
pumps in parallel provides the best method of handling
variable-speed drive failure.

(2) Automatic transition with stopped pump. If the water sys-
tem cannot accept a stopped pump until an operator can
transfer the pump to a bypass starter, the pump motor can
be transferred automatically. The pump-control system,
upon sensing a drive failure, transfers the pump motor to its
standby starter and starts the pump. This has disadvan-
tages, since there is no visual inspection during the transi-
tion, and there may be a possibility that the pump operat-
ing at full speed may overpressure the water system.

3. Drive enclosures. Standard NEMA 1 enclosures are adequate for most
indoor HVAC installations of variable-speed drives (see Fig. 7.16b).
Figure 7.16b describes a typical variable-speed drive assembly
with control center and bypass starters. There is seldom any need
for closed, nonventilated enclosures such as NEMA 3, 3R, or 4.
Special ambient conditions such as the presence of water may
require these enclosures. For hazardous locations, NEMA 7 or 9
enclosures may be required. Local and insurance codes will dictate
the use of these special types of enclosures.

If there is a need for a nonventilated enclosure for use with internal
air-conditioners or ducted cooling air, the Nema 12 type is usually the
best enclosure (see Fig. 7.16a).

4. Instrumentation. All drives should have at least the following
instrumentation.

Ammeter for supply power

Percent speed meter

Hand-off-automatic switch

Manual speed potentiometer

Common fault alarm

Some drives have a number of diagnostic indications and proce-
dures that replace the common fault alarm. Others provide addi-
tional information digitally.

5. Control. Variable-speed drives can be furnished with internal
microprocessors for controlling the speed of pumps. However,
pump speed control is only part of the pump-control algorithm.

® QA0 oe
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Total pump control is so dependent on the water system character-
istics that it is often included with its software in a pumping sys-
tem control center (see Fig. 7.16b).

Contemporary software is so flexible that the pump-control cen-
ter can be interfaced with the rest of the building management
system through data-gathering panels or protocols such as
BACnet that is being developed by ASHRAE. Practically, there is
seldom any need for any special software or interfacing at the
point of installation.

Variable-frequency drives have become so standard for the HVAC
pumping industry that there is no reason why there should not be a
reliable variable-frequency drive with a minimum of service for any
HVAC variable-speed pumping system.

7.4 Steam Turbine Drives for HVAC Pumps

On a central energy plant with high-pressure boilers, there may be
high-pressure steam available for operating HVAC pumps. These
turbine-operated pumps could be for boiler feed service as well as
chilled and hot water system pumps. Steam turbine drives on pumps
may be economical where large chillers are driven by steam turbines.
The overall heat cycle for the boiler plant may indicate economies if
the pumps are turbine-driven as well, taking exhaust steam from the
chiller turbines. This is a detailed economic evaluation that must be
made by the boiler room designer.

On installations where high-pressure steam is available but the
chillers or other major boiler house equipment are not turbine-driven,
it may be economical to equip certain pumps with turbines for use
during periods that have high electrical demand charges. Typical of
this are systems using storage chilled water to reduce the peak power
during these periods of high demand charges.

Steam turbines usually operate with horizontal double-suction
pumps. Steam turbine selection is based on the maximum brake
horsepower required by the pump. Other parameters that must be
determined are minimum supply steam pressure and maximum
exhaust pressure.

Turbines are rated in brake horsepower capability at a certain
water rate. Water rate is the pounds of steam per hour consumed
when the turbine is operating at a particular speed and brake horse-
power.

Turbine speed control consists of a supply steam pressure regulator
that receives an analog signal from the pumping system controller.
Turbine speed control is much like that for variable-frequency drives.
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7.5 Engine-Driven Pumps

Engine-driven pumps are not common today in the HVAC field. They
are used for emergency backup in event of power failure on critical
installations or for peak shaving where high demand charges occur
during a specific period of the day. Their value is contingent on the rela-
tive costs of electric power, fuel oil, and natural gas. Natural gas—driven
engines may become more common as the peak cooling loads increase
on electric power distribution systems. They can be an economic alter-
native to ice or chilled water storage on some installations.

Engines for this purpose normally operate on natural gas, while
some may operate on no. 2 fuel oil. All parts of the fuel storage or deliv-
ery installation must meet the requirements of an approving agency
such as Underwriters Laboratories or the attending insuring agency.

Noise abatement may be a problem with the use of these engines.
Also, the exhaust effluent of these engines must meet local environ-
mental codes, particularly oil-fired engines with the higher carbon
percentage in the fuel.

7.6 Summary

The selection of motors and drives for HVAC pumps is critical for the
realization of a cost-effective and efficient installation. It is obvious
that there are a number of calculations and decisions that must be
made by the designer to actualize such a pumping installation. Care
should be taken in the selection of electric motors, ensuring that the
best type, rating, and enclosure have been selected for each application.
Too often the motor is just specified as a three-phase induction motor.
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Chapter

The Use of Water
in HVAC Systems

8.1 Efficiency of Operation

The use of water in HVAC systems has been much like the ordinary
use of water in our civilization. Water has been plentiful and cheap, so
why not use it? Such has been the situation in HVAC water systems.
Now the cost of energy to move water through these systems is no
longer less than a penny per kilowatthour, and water itself should be
conserved. Conservation must be practiced, and we have the tools to
achieve the efficient use of pumping energy in HVAC water systems.
The development of digital electronics has opened the door to the
achievement of higher efficiency in the movement of water through
these systems. This added efficiency is most pronounced in hot water,
chilled water, and condenser water systems in the HVAC field. The
elimination of energy-consuming mechanical devices, the use of variable-
speed pumps, and the wiser control of water temperatures to increase
the efficiency of boilers and chillers have all brought conservation of
energy in the HVAC field.

The major users of water and pumping energy in the HVAC field
are chilled, condenser, hot, and boiler feed water. This chapter reviews
the design considerations that are common to all these systems. Later
chapters will be devoted to the specific design requirements for each
of the water systems. Energy consumption is a major concern for all
these systems.

For hot water systems, the development of the condensing-type
boiler has brought a much higher level of boiler efficiency, over 90 per-
cent compared with the traditional 80 percent for noncondensing boil-
ers. This means also that hot water systems need not be designed with

209
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higher water temperatures to avoid condensing. Noncondensing boil-
ers cannot operate with water at temperatures below 140°F. The
development of the condensing boiler has enabled the designer to
select great differential temperatures between the supply and return
temperatures. This has reduced appreciably the water flow and,
therefore, the pump flow and horsepower.

Likewise, on chilled water systems, it is recognized that chillers
operate at lower kilowatt per ton rates with higher chilled water tem-
peratures. In recognition of these facts, HVAC water systems should
be designed for lower hot water temperatures and higher chilled
water temperatures. Reset of system water temperature at boilers or
chillers should be used rather than zone reset in most cases. Zone
reset should use efficient pumping such as distributed pumping,
which will be described in Chaps. 15 and 20 on chilled and hot water
distribution systems.

Condenser water systems are realizing greater efficiencies through
the use of variable-speed pumps. The types of controls that are avail-
able today for removing heat from the chillers have allowed the use of
these variable-speed condenser pumps. The consumption of energy for
boiler feedwater is relatively less than that for the other major HVAC
water systems.

8.1.1 Determination of useful energy

The advent of digital electronics, as discussed in Chap. 1, provides the
means to determine rapidly the efficient use of pumping energy for all
HVAC water systems. It remains for us to develop what is efficient
use and what is not. Following are some guidelines that will help us
in this determination of the value of various practices that consume
pumping energy.

Useful consumption of pumping energy
Pipe friction required to transport water
Friction in fittings to connect the pipe
Friction in heating and cooling coils
Properly sized pumps and motors

Properly selected variable-speed drives

o Otk W o

Friction in properly evaluated chillers and boilers

Inefficient use of energy

—

. Temperature-control valves

2. Balance valves, manual or automatic
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3. Pressure-reducing or pressure-regulating valves
4. Most crossover bridges
5. Any other mechanical device that regulates water flow

6. Constant-speed pump overpressure

There may be some question about the preceding categories of effi-
cient and inefficient uses of pump energy, particularly temperature-
control valves on heating and cooling coils. Any device that forces
water into a certain path or circuit must be considered inefficient
even if it is useful, as are these temperature-control valves for heat-
ing and cooling coils. A perfect system would be one that did not need
a control valve to regulate the water flow through a coil. Unfortunately,
the inefficiency of small pumps (see Table 7.5) makes the control
valve a more efficient answer than the individual pump on most
installations. Typical of this would be a water system with a variable-
speed pump for each coil and no control valve. The objective here is to
establish a means of determining the overall efficiency of a water sys-
tem. Likewise, it should be our objective to reduce pumping energy by
eliminating, wherever possible, the devices listed above as inefficient
users of energy.

8.1.2 Calculation of system efficiency

There has been little effort to determine how efficient are HVAC
water distribution systems. It is quite simple to develop a coefficient
of performance (COP) for these systems. This, of course, would be
accomplished by determining how much heating or cooling would be
transferred per hour divided by the energy required for this distribu-
tion. Therefore, the following equation would define the system COP.

useful energy transferred to the system per hour

System COP = energy applied to the system per hour

(8.1)

Equation 8.1 is applicable to three basic types of HVAC water sys-
tems. These are: (1) hot water systems consisting of direct radiation
only, (2) hot or chilled water systems utilizing direct radiation and
fan-driven radiation such as fan-coil and air-handling units, and (3)
condenser water systems. This comprises most of the HVAC water
distribution systems.

In all of these systems, if energy is applied in any other form than
electric motors, it must be included in the calculations. In most of
them, the energy is applied only through pump and fan motors. The
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central plant generation of hot and chilled water is not included in
the distribution system COP. Plant COP is determined in the chap-
ters on chillers and boilers.

All hot water radiation system. This system consists of just radiation of
various types without fans or blowers and is shown in Fig. 8.1. The
equation for COP is:

_500-Q; - (T~ Ty _ 0.147-Q, - (T>~ Ty

CcoP 3413 - W, W,

(8.2)

where @ =hot water system flow, gal/min
T, = system supply water temperature, °F
T, = system return water temperature, °F
Wp = kilowatt input to pump motors

Air-water system. This system is a combination of radiation and air-
handling units and is typical of a large percentage of hot water and
chilled water systems. They are shown in Fig. 8.2 and the equation for
the COP is developed in Eq. 8.3.

0.147 - Q, - (Te—T)
= W, + Wy (8.3)

where W.=kilowatt input to fan motors
(T, — T,) =difference between the supply and return water
temperatures

@

\ From boilers
Radiators

]
e @ 0T

Figure 8.1 All-radiation system.
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CVater flow meter
Pumps \ @
From chillers
or boilers
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Coil
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Fan

=

To chillers
( or boilers @

Figure 8.2 Air-water system.

Condenser water systems. Condenser water systems are represented
by Fig. 8.3. The COP for them is computed by Eq. 8.3, but Wf is the
kilowatt input to the cooling tower fans.

The development of a COP for distribution of cooling, heating, and
disposal of condenser heat appears to be the most usable factor for
determining the efficiency of movement of energy in HVAC water

@

[ — 1
&5

Cooling ——»
tower

Chiller
condenser

A

/

Condenser /‘

pumps

Figure 8.3 Condenser water systems.
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systems. For example, an analysis can be made of a chilled water
system utilizing fan-coil and small air handlers versus all large air
handlers with extensive duct systems. A first cost evaluation against
energy consumption can be conducted to determinate the optimum
selection for a particular application.

The overall efficiency of a water system is like any other equation
for efficiency—the useful energy divided by the energy input. The use-
ful energy is the friction of the piping, fittings, and heating and cool-
ing coils; their sizing obviously affects the amount of useful energy.
The engineer must, as indicated in Chap. 3, balance friction against
first cost of the pipe to achieve an economical answer for the water
system under design.

The efficient energy for an HVAC water system K, can be calculated
in kilowatts as follows:

useful frictions (ft) - system flow (gal/min) - 0.746

e 3960
K - useful frictions (ft)5-3sgf§tem flow (gal/min) 8.4)

The energy consumed by such a system K, can be the energy input
to the system if it is known, or it can be calculated (in kilowatts) as
follows:

_ total system head (ft) - system flow (gal/min)
P 5308 P, -E,

(8.5)

The efficiency of a water system WS, utilizing electric motor—driven
pumps can be computed by dividing the useful kilowatts by the kilo-
watt input to the pump variable-speed drives or motors K:

K
WS, = X 100% (8.6)

13

Using as an example a chilled water system with variable-speed
pumping, if the friction of the piping, fittings, and cooling coils on this
system with a capacity of 1000 gal/min amounted to 75 ft of head, the
useful energy would be

_ 100075 _
K, == oog = 41kW

To calculate K, assume that the friction loss through control valves
and other appurtenances amounts to 20 ft; the total pump head would
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then be 75 + 20 for a total of 95 ft. If the equipment efficiencies were
83 percent for the pumps and 90 percent for the wire-to-shaft efficiency
of the motor and variable-speed drive, the input energy K; would be

1000 - 95
K= 5308083090 ~ 240KW
The efficiency of the system WS, would be
_ 141 00—
WS, = 94.0 100 = 58.8 percent

The preceding calculations are for the system at full flow and with
no overpressure generated by the pumps. It is apparent that for this
equation to be meaningful, similar calculations must be made under
part-load conditions.

For example, assume that the system is operating at 50 percent
load, where the system flow is 500 gal/min and the useful system
head has dropped to 40 ft. The useful kilowatts, therefore, are

% 500 - 40

.= Teaog = 38KkW

Also assume that a constant-speed pump is used on the preceding
application at 50 percent load. At this point, the pump has moved up
its curve and is operating at 500 gal/min, 105 ft of head, and an effi-
ciency of 78 percent. Since no variable-speed drive is involved, E_ is
the efficiency of the electric motor, which would be near 91 percent.
K, therefore, becomes

K 500 - 105

i~ 5308078091 _ 139KW

The overall efficiency of the water system becomes

_3.8-100

WS, 13.9

= 27.3 percent

This demonstrates that only slightly more than one-fourth of the
energy applied to the pump motors is being used for efficient trans-
portation of the water through the system. As dramatic as this may
seem, there are water systems utilizing constant-speed pumps and
mechanical devices to overcome the pump overpressure where less
than 10 percent of the energy applied is used to move the needed
water through the system at moderate and low loads on the system.
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These equations for energy consumed, energy applied, and system
efficiency are for the water system in total. Similar evaluations for
energy consumption must be made for all parts of a water system to
ensure that maximum system efficiency is achieved. In Chap. 6, wire-
to-water efficiency for pumping systems was addressed. Examples of
this efficiency will be found throughout this book.

The use of Eq. 8.3 to evaluate the efficiency of pumping for an
HVAC system may be cumbersome and the answer difficult to deter-
mine. Also, the use of small pipe and high friction losses may provide
a relatively high efficiency for a poorly designed system. The use of
Eq. 8.3 is more relative than absolute in comparing different piping
system designs with the same level of pipe friction.

Energy consumption of water distribution. There are other equations
for chilled water and hot water systems that are useful to determine
the effectiveness of pumping. They are easier to compute than Eq. 8.3
and provide absolute values. For example, for chilled water,

0.452-H
kW/100 tons = P_-E - AT—F (8.7
where H = system head
P = pump efficiency
E_ = motor efficiency or wire-to-shaft efficiency of a variable-

speed drive and motor for variable-speed pumps
AT = system temperature difference

For example, if the system head H is 100 ft, the pump efficiency 82
percent, the wire-to-shaft efficiency 89 percent, and the temperature
differential 12°F, then

0.452 - 100
kW/100 tons = 082-089.12 5.16 kW/100 tons

If flow and watt transmitters are measuring system flow and kilo-
watts of the pumps for the chilled water, an alternate equation (Eq. 8.5)
utilizes values measured from the actual system. This equation
enables the operators of the water system to measure continuously
the energy consumed in distributing the chilled water.

2400 - > pump kW
gal/min - AT—°F

kW/100 tons = (8.8)

For example, if secondary pumps are pumping 1000 gal/min at a sys-
tem temperature difference of 12°F and are consuming 25.8 kW, then
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_ 2400-25.8 _
kW/100 tons = 2000-12_ 5.16 kW/100 tons

for hot water,

2348 -H
KW/1000 mbh = = 7o (8.9)

where v is the specific weight of the hot water at operating tempera-
ture. See Tables 2.3 and 2.4.

Like chilled water, if watt transmitters are available to measure the
energy input to the hot water pumps, the following equation can be
used:

124,700 - > pump kW

KW/1000 mbh =
o gal/min - AT—°F - y

(8.10)

For example, if the secondary hot water pumps are pumping 500
gal/min of 180°F water at a system temperature difference of 40°F
and are consuming 10.2 kW, then

124,700 - 10.2

kW/1000 mbh = 2= =

= 1.05 kW/1000 mbh

where 60.57 is the specific weight of water at 180°F.
Examples of these energy rates in kilowatts per 100 tons or kilo-
watts per 1000 mbh will be included in various chapters of this book.

8.1.3 Energy lost to mechanical
flow-control devices

In this day of concern over energy conservation, as we begin the
design of an HVAC water system, it is imperative that we reevaluate
our standard practices to see where we are wasting energy. With
computer-aided design, it is much easier to develop part-load informa-
tion and a closer evaluation of diversity on hot and chilled water sys-
tems. This provides the basis for more efficient piping designs that do
not need mechanical devices to circulate the water throughout the
system. For example, on a recent evaluation of a Midwestern univer-
sity, a chilled water pumping system was in operation with balance
valves on the pump discharges. There was a 58-1b/in? pressure drop
across these balance valves, and each year around 900,000 kWh was
wasted by them.

As discussed in Chap. 2, the thermal equivalent of a brake horse-
power is 2545 Btu/h, and that for a kilowatthour is 3412 Btu/h. This
energy must be accounted for in the calculation of heating and cooling
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loads. Motor horsepower is, therefore, a plus for heating loads and is a
deduction when computing the total heating load for a building. It is
an added load on chilled water systems and must be included in the
total cooling load of a building. It is important that we watch for
energy wasters, particularly on chilled water systems. Following is an
evaluation of such mechanical devices that are used on hot and
chilled water systems. Appreciable energy is used to circulate water to
all the terminal units that are on such a system. The HVAC industry
is full of various devices that regulate the flow of water to achieve a
desired flow distribution of hot or chilled water in a building.

Typical energy consumers

Balance valves, manual and automatic
Pressure-regulating valves
Pressure-reducing valves

Three-way temperature-control valves

ov ok L+

Most crossover bridges

The most popular of the preceding are balance valves; many of
them may be installed in a single building. Usually, a manual-type
balance valve has two ports that are used to measure the pressure
loss across the valve. Each manufacturer publishes a table for the
valve that will provide the flow in gallons per minute at the measured
pressure loss.

8.1.4 Energy losses for an element of a
water system

All the calculations and formulas in this chapter are based on electric
motor—driven pumps. Following are calculations that can be used to
determine how much energy is being consumed by any element in or
part of a water system such as a single balance valve on a hot or
chilled water system. This procedure also can be used for pressure-
reducing and pressure-regulating valves, but it may be difficult to
accurately determine the flow through these valves.

The basic formula for computing pump horsepower also computes
the energy loss AP for part of a system such as a balance valve. This
formula is as follows, where @ is the flow in gallons per minute
through the part of a system being evaluated or for a balance valve;
likewise, H  is the loss in feet of head for that part of a system or for a
balance valve.
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hp, = 2 A, (8.11)
Pv ™ 3960 - P, :
To convert to kilowatts,
hp, - 0.746
kW = ——— (8.12)
v E
m
or
-H
kW Q, . (8.13)

v~ 5308-P -E
Mmoo

where P = pump efficiency
E_ = motor efficiency for constant-speed pumps and wire-to-
shaft efficiency for variable-speed pumps

This formula (8.11) computes the energy lost through part of a system
such as a balance valve by inserting the flow and head difference
recorded for each balance valve. The following discussion will be
based on balance valves.

A quick formula for estimating this energy loss without knowing
the pump and motor efficiencies is as follows: Assuming that the aver-
age pump efficiency is 75 percent and the average motor efficiency is
90 percent, Eq. 8.5 can be reduced to the following:

Lost kW = 2oL (8.14)
0% ™ 73600 '
If the pressure drop H, is indicated in psig, multiply it by 2.31.
The annual lost energy is
Annual kWh = kW - annual hours (8.15)

Although Eq. 8.11 is an approximation, it is accurate enough to deter-
mine generally how much energy is being lost in a building due to
balance valves. If the loss is appreciable, a further study should be
made using Eqs. 8.8 and 8.9 with actual pump and motor efficiencies.

Serious studies of the energy consumption of condenser, chilled, and
hot water systems are now under way. Out of this work has come evi-
dence of the great loss that can be incurred by balance valves on cool-
ing coils in particular. A specific study was conducted by a balancing
contractor and supervised by a consulting engineer that showed a
pronounced reduction in energy consumption by opening wide exist-
ing balance valves on a variable-volume, variable-speed chilled water
system in a high school. Table 8.1 is a summary of these data.
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TABLE 8.1 Energy Data for an Existing High School

Balance valves Balance valves Percent
Ttem set traditionally opened completely change
Flow, gal/min 700 750 +7
Cooling load, tons 215.8 278.1 +29
Supply temperature, °F 45.0 454 —
Return temperature, °F 52.4 54.3 +4
Differential temperature, °F 7.4 8.9 +20
Secondary pump
discharge pressure, psig 67 58 -13
Pump speed, rev/min 1232 1032 -16
Pumping system kW 18 16 -11
Secondary pumping, 0.083 0.058 -30
kW/ton

source: Ben L. Kincaid and Andrew Spradley, Removing Manual Balancing in a High
School, 1995.

The increase in system flow with the balance valves opened was
caused by the addition of the auditorium air-handling units. Some sig-
nificant system changes were achieved, namely, reduction in pump
speed and discharge pressure and an increase in the differential tem-
perature.

Although these are very specific data for a single installation, the
over 30 percent reduction in pumping energy demonstrates that the
use of mechanical devices such as balance valves and any kind of
pressure-regulating valve should be reviewed carefully to determine
their effect energywise on an HVAC water system.

8.1.5 Effect of energy consumption
on chillers and boilers

On chilled and hot water systems, it must be remembered that all the
energy lost through a flow-regulating device such as a balance valve
results in heat in the water. Therefore, on chilled water applications,
this heating effect must be taken into consideration as an additional
load. On hot water systems, it is beneficial and should be deducted
from the energy lost. This is one reason why the energy lost in bal-
ance valves on heating systems was seldom questioned.

Following is a procedure for checking the total energy lost to bal-
ance valves on a particular chilled water system. When the balance
valves are checked or set for a desired flow, the flow and pressure
drops should be recorded for each valve and the preceding equations
used to compute the energy loss for each valve. All the balance-valve
losses can be totaled for an annual energy loss. Table 8.2 can be used
for this computation.
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TABLE 8.2 Energy Calculations for Balance Valves on Constant-Volume Systems

Building: Date:
Valve number Head loss Energy loss,
or location Flow, gal/min in ft kW
Total kW for building:
Annual hours:
Annual energy loss = Total kW X hours

= kWh

NoTE: See text for calculation of added chiller energy consumption due to balance valves.
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This annual energy loss in kilowatthours can be used to determine
the additional annual energy consumption of the chillers due to the
balance valves:

annual kWh, - 3412 - average kW/ton

Added chiller kWh = 12,000

annual kWh_ - average kW/ton

= 3592 (8.16)

where total annual kWh  is for the balance valves, and average kilo-
watts per ton is the annual kilowatthour consumption of the chillers
divided by the annual ton-hours of cooling produced by the chillers.

For example, if the annual loss due to balance valves is 100,000
kWh and the average kilowatthours per ton-hour is 0.80, then

100,000 - 0.80
3.52
= 22,727 kWh

Added chiller kWh =

The total annual loss for the balance valves is therefore 100,000 +
22,727 kWh, or 122,727 kWh.

The energy loss for the balance valves on hot water systems must
recognize the heating effect of the energy consumed in these valves.
This is done as follows for gas fired boilers. The equivalent fuel per
kilowatt EF/KW in cubic feet is calculated first, and then the net
deduction in percent is developed:

EF _ 3412 Btu/kW
kW B _-1000 Btu/ft?
where B is boiler efficiency as a decimal. The heating value of nat-
ural gas is assumed to be 1000 Btu/ft3. Thus, heating effect H, in
percent is
_ EF/kW - fuel cost (cents/ft?) - 100
o overall power cost (cents/kW)

= ft3 gas/kW (8.17)

= % reduction (8.18)

Using these equations, with a natural gas cost of $4 per 1000 ft3, or
0.4 cents/ft?, overall power cost of 6 cents/kW, and a boiler efficiency of
80 percent,

_ 3412 _ 3
EF/kW 081000 4.265 ft3/kW
H,= 4.265 - 2'4 - 100 _ 28.4 percent reduction
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If the annual loss to balance valves is 100,000 kW, recognizing
the heating value of this energy is achieved by multiplying
100,000(1—-0.284), which gives a net energy loss of 71,600 kW/year.

On hot and chilled water systems, the advent of variable-speed
pumping and digital control has made possible the conversion of
constant-volume systems to variable-volume systems. This is
accomplished through the replacement of three-way control valves
by two-way valves and adjusting of the balance valves to the full-
open position. The procedure included herein for computing energy
losses of balance valves can be used to help determine the energy
savings that could be achieved by installing variable-speed pumps
with proper control, replacing the three-way valves with two-way
valves, and opening the balance valves.

8.2 Efficient Use of Water in HVAC Systems

The preceding discussion points the way to efficient use of water and
pumping energy in HVAC systems. The remainder of this chapter will
be used to develop the load range for a water system and to describe
the various uses of water in these systems.

8.2.1 Load range for a water system

All of this chapter has been devoted to an analysis of energy at
design load or maximum water flow. Unfortunately, in many
instances on actual water systems this is the last part of the analy-
sis. It is of utmost importance that the minimum load as well as the
maximum load be determined for a water system to achieve an accu-
rate consumption of energy. Part-load calculation is a subject of con-
siderable study by the American Society of Heating, Refrigerating,
and Air Conditioning Engineers (ASHRAE). Its Handbook on
Fundamentals describes the “bin” method for computing part-load
system flows. Using the formula for pipe friction, the system heads
can be calculated for these part-load conditions. Likewise, with
proper use of the affinity laws, the energy consumption of the pumps
can be computed from minimum to maximum load. In all the system
evaluations that will be discussed in this book, minimum load will
always be included when computing pumping system performance
and energy consumption.

8.2.2 Energy consumption and water uses in HVAC

The use of the energy consumers, as described in the previous section,
develops a possibility that the water system could have been designed
differently; this would have eliminated the need for their use and
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reduced the energy consumption in the system. It must be remem-
bered that many existing systems were designed at a time when
energy was lower in cost and the use of these mechanical devices was
the most economical procedure at that time. The following discussion
will review the use of water in hot and chilled water systems. A simi-
lar evaluation will be made for condenser water in Chap. 11.

8.3 Hot and Chilled Water Systems

There are three zones of different activity in a hot or chilled water sys-
tem. The first zone is energy generation, the second zone is transporta-
tion of that energy, and the third zone is use of the energy (Fig. 8.4).

Zone 1: Energy generation. Energy for hot and chilled water systems is
generated in boilers and chillers. The efficiency of the boilers and
chillers may be affected appreciably by how the water is circulated
through them. The development of bypasses and special piping
arrangements has been achieved to enhance their efficiency.

VALVES
USE
| TERMINAL UNITS

-— RETURN WATER SHOULD BE

[ AT DESIGN TEMPERATURE
AT ALL LOADS ON COILS

| ~——— 0 USE COIL BYPASS
\__/_/ CIRCULATING PUMPS TO

MAINTAIN RETURN
| TEMPERATURE ON

l LARGE COIL BANKS

TRANSPORT
DISTRIBUTION PUMPS

l TRANSPORT ENERGY

SHOULD BE COMPUTED
TO ACHIEVE MOST
EFFICIENT PUMPING SYSTEM
—— —T

- I
Y GENERATION
CHILLERS OR BOILERS

Figure 8.4 Three zones of a chilled or hot water system.
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The efficiency of boilers and chillers should not be compromised in
an effort to save pumping energy. Here lies one of the major responsi-
bilities of the water system designer, who must evaluate various con-
nections and pumping arrangements to acquire the optimal configu-
ration for a particular system.

Zone 2: Transportation of energy. Once the hot or chilled water has been
generated, it must be moved out to the heating or cooling coils. Com-
bining the pumps for this transportation with the pumps for the boil-
ers or chillers may or may not improve the efficiency of the entire
water system.

Often, the most efficient system of delivering the water to the end
uses is to develop the transportation pumps strictly for the purpose of
distributing the water and not to generate the energy. A number of
different pumping and piping arrangements are provided herein to
assist the designer in selecting the most efficient system for a particu-
lar water system.

Zone 3: Use of the energy. Water in hot and chilled water systems is
used by hot and chilled water coils, heat exchangers, and process
equipment. Most of these energy users are equipped with a control
valve to regulate the flow of water through them.

Some coils are operated without control valves and are called “wild”
coils. They are often equipped with face and bypass dampers that con-
trol the use of energy by them. The water flows continuously through
the coil, and the air flows around the coil on low heating or cooling
loads. Wild coils should not be used on systems with high pumping
heads and broad load ranges due to the pumping energy wasted by
them. Some designers use these coils on outside makeup air to pre-
vent freezing in the coil. There are other methods to prevent freezing
besides wild coils that control the flow and therefore conserve pumping
energy. The other problem with these uncontrolled coils is the return of
the water unused to the boilers and chillers. This raises the return
water temperature on hot water systems and lowers the return water
temperature on chilled water systems.

Much will be made of different coil connections to develop the effi-
ciencies or inefficiencies of the various systems that are used in
HVAC systems today. It is obvious that the three-way valve on a heat-
ing or cooling coil is a wasteful device like the wild coil with a face
and bypass damper. Water is bypassed around the coil and returned
to the boiler or chiller unused.

Sizing of coils from a standpoint of water friction loss is becoming a
very detailed task. From a standpoint of pumping energy, if the coil is
sized with too great a friction drop, energy is wasted. If the coil is
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sized with a low velocity in the tubes and low friction loss, laminar
flow develops and excessive water flow results. The designer must
balance the selection of coils between high water pressure loss and
laminar flow. The flow of water in the coil should not pass into the
laminar range at any known load on the coil.

How well we use hot or chilled water will determine the efficiency
of operation of the entire water system. Hot and chilled water systems
are described together here, because there is so much similarity
between hot water and chilled water coils in their use and in their
connections.

Hot and chilled water coil connections must be studied in detail to
ensure that the supply water is being used efficiently. There are a
number of ways to connect these coils, and many are being advocated
in the HVAC industry. Some of them are being sold to solve a particu-
lar system problem.

The system problems that are being addressed with these connec-
tions are:

1. Laminar flow in coils
2. Dirty coils—water side, air side, or both
3. Improperly sized coil control valves or valve actuators

4. Poorly constructed control valves

8.3.1 Three-way valves for hot and chilled water coils

When three-way valves were used predominantly on these coils, the
systems were constant flow, and there was little concern for energy
savings. The three-way control valve wastes energy by bypassing the
supply water around the coil, as shown in Fig. 8.5a. On variable-
volume chilled water systems, this has a negative effect on the
chillers, since the return temperature to the chillers is reduced. The
chillers reach rated water flow long before they achieve design load in
tons. This forces more than one chiller to operate when the cooling
load is less than the capacity of one chiller.

8.3.2 Two-way valve with circulator

Recognizing the deficiency of the three-way valve, efforts have been
made to control the return water temperature by replacing the three-
way valve with a two-way valve using a circulator on the coil (see
Fig. 8.5b). Laminar flow was eliminated with this arrangement, but
dirty coils could still pass water through the control valve below
design temperature on chilled water systems. The significant defect of
this arrangement is the continuous operation of the coil pump whenever
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c. Contemporary coil with two-way valve.

Figure 8.5 Coil connections for hot and chilled water systems.

the building chilled water system is in operation. Also, the wire-to-
water efficiency of many coil pumps is low, around 35 to 45 percent,
when compared with most secondary pumps that have similar efficien-
cies of 60 to 70 percent. Further, the added piping and wiring raises
the first cost and increases the total friction head of the system.
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8.3.3 Contemporary two-way valve connection

The ability to evaluate more accurately the pressure drops that could
occur across control valves has resulted in the selection of valves bet-
ter fitted to a specific application. This has culminated in use of the
two-way valve directly connected to its coil and the supply and return
headers (see Fig. 8.5¢). With proper calculation of maximum possible
pressure drop across the valve, the valve and its actuator can be sized
to operate under these pressures without damage or lifting of the
valve head off the valve seat.

8.3.4 Energy evaluations for three different
coil connections

Following are energy analyses using these three coil and control-valve
connections. This energy audit should demonstrate the need to elimi-
nate three-way valves and coil circulators on most variable-volume
systems. Circulators in coil bypasses do have specific uses on existing
systems, and these will be demonstrated in this chapter.

It is difficult to locate the right place in this book for the following
energy discussion. This is so important that it must be addressed
before specific installations are reviewed. Chapter 9 will develop the
primary/secondary pumping systems that were used with the older
coil circulator and three-way valve installations shown in Fig. 8.6a
and 8.6b. Variable primary pump will also be described there; it is

3—constant speed pumps
1000 GPM EA. @ 84 ft.

8 ft. loss l’ Supply header loss = 25 ft.

across pump

fittings i

— Ten

From coils

chillers 26 Ft. loss

Chiller across coil,
X valve, and

loop bypass i

T— Return header loss = 25 ft.

To chillers

a. Secondary chilled water system with three-way control valves.

Figure 8.6 Water systems with the three coil connections.
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b. Secondary chilled water system with coil circulators.

From variable
primary 2000 GPM
pumping at 76 ft. head

l l . :

Chiller Ten
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flow valve cotls
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c. Contempory system with two-way control valves.
Figure 8.6 (Continued.)

the recommended system now for contemporary two-way coil valve
projects. Also, the remote differential transmitter shown in these fig-
ures for pump speed control is described in Chap. 10.

Energy consumption in HVAC water systems is very dependent on
the proper use of water in these systems. The following coil connec-
tions impinge heavily on energy consumption in hot and chilled water
systems. The great variation in energy use will be demonstrated for

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



The Use of Water in HVAC Systems
230 The HVAC World

the three systems using different coil and control-valve arrange-
ments. Similar energy evaluations will be made for condenser water
in Chap. 11.

Three-way valve system. Figure 8.6a describes a secondary system
with 10 air-handling units, each with a requirement of 200 gal/min,
for a total design flow of 2000 gal/min. Three-way valves are
installed on the air handlers so that the flow is constant regardless
of the load. The coil, control-valve, and piping loss is 26 ft, the pump
fitting loss is 8 ft, and the header losses are 50 ft, for a total pump
head of 84 ft. If the pumps have an efficiency of 86 percent and the
motors have an efficiency of 92 percent, the total electrical consump-
tion at any load is 40 kW. Equations 6.12, 6.13, and 6.14 are used for
this calculation.

Two-way valve system with coil circulators. This system is similar to
the three-way valve system above and is described in Fig. 8.3b. Each coil
is fitted with a 1%-hp circulator that has a pump duty of 200 gal/min at
16 ft. The head of 16 ft results from a coil loss of 10 ft, pump fittings
of 2 ft, balance valve of 2 ft, and pipe friction and fittings of 2 ft. The
pump has an efficiency of 67 percent, and the pump motor has an effi-
ciency of 84 percent if it is of the high-efficiency type. This pump runs
continuously whenever the coil is in operation, and its energy con-
sumption is 1.1 kW.

The secondary pumps have a total head of 72 ft, consisting of 8 ft of
loss in the pump fittings, 50 ft in the system headers, and 14 ft of dif-
ferential pressure across the coil, and its control valve and piping.
Each pump has an energy consumption of 17.5 kW at design flow
with a pump efficiency of 86 percent and a wire-to-shaft efficiency of
90 percent. Adding the circulator pump kilowatts to those of the sec-
ondary pumps produces a total kilowatts of 10 X 1.1 + 2 X 17.5 for a
total energy consumption of 46.0 kW at full load with a system flow of
2000 gal/min.

Contemporary two-way valve system. The same chilled water distribu-
tion system when equipped with two-way coil control valves would
utilize variable/primary pumping (see Fig 8.6¢). It is no longer neces-
sary to use primary/secondary pumping since chillers can now accept
variable flow in their evaporators. This will be explained in detail in
Chap. 9. Without the friction loss in the secondary pump fittings, the
friction loss of the chilled water system consists of 26 ft across the
coils, control valves, and piping with 50 ft loss in the supply and return
headers for a total of 76 ft. The total energy consumption at 2000
gal/min is 37 kW with a pump efficiency of 86 percent and a wire-to-
shaft efficiency of 90 percent for the variable-speed drive and motor.
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8.4 Energy Comparison of the Three Systems

Table 8.3 is a comparison of the three coil and valve arrangements or a
system that has a system load range from 25 to 100 percent of maxi-
mum load. Data are provided at 25, 50, and 100 percent system load.
The wire-to-water efficiencies of the variable-speed drives and motors
were computed from the data shown in Table 8.6. The pump affinity
laws (see Chap. 6) were used to compute the efficiencies of the sec-
ondary pumps at reduced loads. Table 8.3 provides the energy con-
sumption of the pumps, while Table 8.4 lists the kilowatt effect on any
chillers involved, Table 8.5 gives the net kilowatt effect on a chilled
water system.

For the system as chilled water, assuming that the chiller kilowatts
per ton is 0.80 and using Eq. 8.10, Table 8.4 provides the chiller effect
for the three different valve and coil arrangements.

TABLE 8.3 Comparison of Pump Energy Consumptions (kW)

Two-way valve Contemporary
Percent Three-way valve with circulator two-way valve
load (Fig. 8.6a) (Fig. 8.6b) (Fig. 8.6¢)
25 40.0 13.9 3.9
50 40.0 18.9 9.7
100 40.0 46.0 37.0
TABLE 8.4 Chiller Effect (kW)
Two-way valve Contemporary
Percent Three-way valve with circulator two-way valve
load (Fig. 8.6a) (Fig. 8.6b) (Fig. 8.6¢)
25 9.1 3.2 0.9
50 9.1 4.3 2.2
100 9.1 10.5 8.4

TABLE 8.5 Total Energy Consumption (in kW) for the Three Coil/Valve
Arrangements on a Chilled Water System

Table 8.3 + Table 8.4

Two-way valve Contemporary
Percent Three-way valve with circulator two-way valve
load (Fig. 8.6a) (Fig. 8.6b) (Fig. 8.6¢)
25 49.1 17.1 4.8
50 49.1 23.2 11.9
100 49.1 56.5 45.4
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Adding Tables 8.3 and 8.4 together into Table 8.5 gives the total
energy effect that the three coil and valve arrangements will have on
a chilled water system. It is obvious from this table that by far the
two-way valve without a circulator is the most efficient arrangement
of cooling coils and their control valves.

Tables 8.3 through 8.5 demonstrate the great variation of energy
caused by the various coil and control-valve arrangements. It must be
remembered that these tables were computed using specific chiller
and boiler efficiencies. A comparison of actual coil and valve arrange-
ments requires the determination of these efficiencies.

Table 8.6 lists wire-to-shaft efficiencies used in the above calculations
that were provided by a manufacturer of variable-frequency drives.

It should be pointed out that systems that are constantly loaded can
utilize three-way valves with some energy savings. Most HVAC water
systems, however, have variable loads due to building occupancy, light-
ing and machine loads, and variable outdoor air conditions.

These calculations should put to rest the use of three-way valves or
circulators on most coils on variable-volume hot and chilled water
systems. Much of this comparative information is 10 years old. Recent
studies have demonstrated that the energy consumption of constant-
speed pumps with manual balancing valves is as much as three times
the energy needed to operate the same system with variable-speed
pumps and automatic control of pump speed and without balance
valves. There are specific uses of circulators on coils to eliminate lami-
nar flow and freezing conditions; Fig. 8.7 describes this use. It should
be noted that the circulator is in the bypass, so it does not run except
when there are low loads on the coil. Usually, its motor is one-third to
one-quarter the size of a circulator installed on the supply connection
to the coil, as shown in Fig. 8.7. For elimination of freezing possibili-
ties, the circulator can be programmed to run whenever the outdoor
temperature is below 32°F and/or the load on the coil is at some dis-
creet level such as 70 percent.

TABLE 8.6 Wire-to-Shaft Efficiencies for Variable-
Speed Calculations

Percent speed 25-hp motor 30-hp motor
40 58 61
50 70 72
60 79 80
70 84 84
80 87 87
90 89 89
100 90 90
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Figure 8.7 Heating or cooling coil pump for freeze
protection or laminar flow. (From The Water
Management Manual, Systecon, Inc., West Chester,
Ohio, 1992, Fig. 4.3.)

8.5 The Use of Balance Valves on
Variable-Volume Systems

Most HVAC chilled and hot water systems are variable volume, not
constant volume. Figure 8.8 describes why balance valves cannot be
used on these systems.

Figure 8.8 describes the problem with trying to balance a variable-
volume system with manual-balance valves. Two cooling coils demon-
strate the problem with mechanically balancing direct return systems
through the use of balance valves. Coil No. 1 has no load on and yet
has 96 ft of head on its control valve while Coil No. 2 is fully loaded
with 88.9 ft of head on its coil and control valve. This demonstrates
the great amount of head that can be imposed upon the coil valves
where the coils are located near the central plant. If the coil, its pip-
ing, and control valve have a total loss of 20 ft, the balance valve
would be set to eliminate around 76 ft of head. If you try to manually
balance out this high head at full flow in the system, you will starve
the coils when they operate at full flow but with reduced total load on
the system. Therefore, a variable-volume system cannot be balanced
with manual or automatic balance valves. This demonstrates that the
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Chilled water distribution system (no scale)

Figure 8.8 Hydraulic gradient full load. (From Patterson Pump Company, HVAC
Pumps and Systems Manual, 2004.)

coil control valve must be selected correctly to maintain the desired
flow in the coils, whether there is near full load or little load on the
chilled water system.

8.6 Elimination of Pump
Head-Wasting Devices

Whenever we add a mechanical device to a water system, we should
ask why do we need it and what energy does it cost in the form of lost
pump head? Here are four mechanical devices that must be removed
wherever possible.

Balance valves, manual and automatic. As we saw in the previous
section, variable-volume water systems cannot be balanced with
any kind of a balance valve. Since most, sizable HVAC water sys-
tems are variable volume with variable speed pumps, there is no
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reason to use any balance valves on them. There are thousands of
efficient HVAC water systems in operation that have no balance
valves whatsoever. Small constant-volume water systems can be
balanced using manual-balance valves.

Three-way coil control valves. These valves are a holdover from the
days of constant-volume water systems. They should be eliminated
when these systems are converted to variable-volume water sys-
tems. There are special and useful applications for three-way valves,
such as in diverting water on cooling towers, changing water flows
in chilled water and ice storage systems, and for blending water
temperatures.

Multiple-duty valves. As shown in Chap. 5, these valves are also
holdovers from the days of constant-volume systems. They are great
energy wasters and should be removed or opened fully when found on
variable-volume systems.

Crossover bridges. Here again, we have a device from the con-
stant-speed days that is unnecessary today and should be avoided
due to its energy waste and the increased pressure that it adds
to the water system. Figure 8.8 describes a typical installation
of a crossover bridge to a variable primary pumping system, and
Fig. 8.9 is its hydraulic gradient.

Figure 8.9 demonstrates the great energy waste of 96 ft across the
return valve. Also, since the main system pump and the building
pump are in series, the overall system pressure is increased to 227 ft
or 98 psig. Both of these unsatisfactory conditions can be eliminated
by changing the building pump to a booster pump which will be
described later in this chapter. Fig. 8.10 shows the hydraulic gradient
for Fig. 8.9.

Figure 8.11 describes the old method of connecting a four-building
system to a central chilled water plant while Fig. 8.12 shows the
simplicity of a contemporary variable primary system. Forty check
valves with bypass piping, four crossover bridges with return valves,
ten multiple-duty valves, four building pumps, and three secondary
pumps are eliminated. If the buildings are far apart, distributed
pumping with small circulators in the central chilled water plant
may be more efficient, Fig. 8.13. These circulators are started when
the system flow drops to the minimum allowable flow for the
chillers.

Throughout this manual will be examples of how to reduce pump
head by eliminating these four types of mechanical devices that waste
pump head.
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Figure 8.9 Energy waste of crossover bridges on variable speed systems.
(From Patterson Pump Company, HVAC Pumps and Systems Manual, 2004.)
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8.7 Categorization of HVAC Water Systems

HVAC water systems can be categorized by whether they are open or
closed. Any classification will create some confusion, but these cate-
gories should be adequate for evaluating pumps on all HVAC water
systems.

Open systems have no external pressures placed on them, and usu-
ally, they include an open tank holding a reservoir of water. Water
makeup is made to these systems at the reservoir or tank. Following
is a listing of open-type systems and chapter of this book that
describes them.

Cooling tower pumps Chap. 11
Pumps for process cooling Chap. 12
Open thermal storage systems Chap. 13
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Figure 8.10 Hydraulic gradient for figure 8.9. (From Patterson Pump
Company, HVAC Pumps and Systems Manual, 2004.)

Closed systems utilize external pressure to maintain the desired
operating pressure. This is accomplished through the use of makeup
water that is fed through a pressure regulator. Since they are closed
systems, they have an expansion tank to accommodate thermal expan-
sion and contraction caused by changes in system water temperature.
Following is a similar listing for closed systems described in this book.

Chillers and their pumps Chap. 14
Chilled water systems Chap. 15
Closed condenser water systems Chap. 16
Closed thermal storage systems Chap. 17
District heating and cooling Chap. 18
Hot water boilers Chap. 19
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Low-temperature hot water heating Chap. 20
Medium- and high-temperature hot water Chap. 21

8.8 Suggested Design Rules

Generally, water consumption is not a concern in most HVAC sys-
tems, since most systems are circulatory. The use of energy is impor-
tant! If the recommendations and equations developed herein are
used, efficient pumping procedures will result for these water sys-
tems. Following are some additional recommendations.

1. The prospective water system should be designed to the specific
requirements of the owner, utilizing the following principles to
achieve the most efficient system possible within the first cost bud-
get of the project.

2. The water system should be configured to distribute the water effi-
ciently with a minimum use of energy-wasting devices. These
devices are listed here:

a. Three-way temperature-control valves

b. Balancing valves, manual or automatic

c. Pressure-reducing or pressure-regulating valves
d. Crossover bridges and return valves

3. The piping should be designed without
a. Reducing flanges or threaded reducing couplings
b. Bullhead connections (e.g., two streams connected to the run

connections of a tee with the discharge on the branch of the tee)

4. The friction for the piping should be calculated for all pipe runs,
fittings, and valves.

5. Distribution pumps should be selected for maximum efficiency at
the design condition and within the economic constraints of the
project.

6. Distribution pumps should be added and subtracted to avoid oper-
ation of pumps at points of high thrust and poor efficiency. Pump
sequencing should achieve maximum possible system efficiency.

7. Coil control valves and their actuators should be sized to ensure
that they can operate at all loads on the system without lifting the
valve head off the valve seat.

It is obvious from the preceding section that the design of HVAC
water systems is not a simple task. Much analysis must be done, bal-
ancing many cost factors against operating costs to achieve the eco-
nomically feasible design for each installation. Reiterating, the use of
computers enhances this effort and eliminates much of the drudgery
of this design work.
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8.9 Eliminating Energy Waste
During Commissioning

Every effort should be made in the design, testing, and initial opera-
tion of HVAC water systems to eliminate the waste of energy in such
systems. Typical of this is the testing and balancing procedures that
are used to commission a new chilled or hot water system. In the past,
a calibrated balance valve was used to check the flow through an indi-
vidual coil. This balance valve was adjusted until the design flow was
achieved through that coil. This is shown in Fig. 8.14a; Fig. 8.14b
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b. Permanent loss of balance valve is eliminated
by measuring friction loss of coil or control valve
and determining flow from this data.

Figure 8.14 Testing for coil flow.
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describes the correct method for checking the flow through such coils.
The differential pressure across the coil or control valve in Fig. 8.14b
is checked, and the flow is verified from technical data on that coil.
This is just as accurate as the balance-valve method; it may provide
greater accuracy because a much larger differential signal is achieved
by measuring the pressure drop across the coil. The permanent loss
across the calibrated balance valve is eliminated. The flow through
the coil during commissioning should be controlled by its control
valve, not any other device. This should check the coil flow and the
control-valve operation at the same time.

Every traditional practice during initial operation of a water sys-
tem such as this coil testing must be evaluated to determine if any
energy waste is occurring.

8.10 Bibliography
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Source: HVAC Pump Handbook

Chapter

Configuring an HVAC
Water System

9.1 Introduction

This chapter continues the evaluation of water use and configuration
of HVAC water systems. The economical and proper application of
HVAC pumps depends totally on proper system design. An under-
standing of these principles of good water system configuration
should result in the economical selection of pumps and in efficient
pump operation. The continuing theme of this book is the intelligent
application of HVAC pumps to eliminate the mechanical devices used
in the past, to overcome the overpressure of these water systems that
was caused by improperly sized and misapplied pumps.
Reviewing the basic equation for pumping energy,

Q- -H-0.746
3960 - P -E

___QH
5308 -P - E
m M

Pump kW =

(6.14)

the energy required by a pump rises with increase in system flow or
head and with decrease in pump efficiency and motor or motor and
variable-speed drive efficiency. It is therefore incumbent on the HVAC
designer to develop a water system with a minimum of flow and head
for a particular duty. This chapter addresses the piping for these
water systems in an attempt to secure the optimal design that recog-
nizes the preceding equation. This chapter embraces hot and chilled

245
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water systems, whereas the energy economies of condenser water sys-
tems are included in Chaps. 11 and 16.

Figure 9.1 describes the basic pump head losses in a chilled water
distribution system. A condenser water or cooling tower circuit would
be similar by changing the chiller evaporator to the chiller condenser
and replacing the cooling coil with the cooling tower. Likewise, hot
water systems would be similar by exchanging the chiller evaporator
with the loss through the boiler. The losses through both of these sys-
tems are usually much less than those for the chilled water system.
Figure 9.2 describes the hydraulic gradient and the losses for Fig. 9.1.
Note that unnecessary losses such as balance valves or multiple-duty
valves are not shown.

9.2 Selection of Temperature Differential

The first decision a designer of a chilled or hot water system must
make is the selection of the temperature differential. Temperature dif-
ferential is the difference between the supply water and the return
water temperatures. A number of conditions must be recognized before
making the final selection of temperature differential:

1. An increase in temperature differential decreases water flow and
therefore saves pumping energy.

2. An increase in temperature differential may increase the cost of
coils that must operate with a higher mean temperature difference.

3. Higher temperature differentials increase the possibilities of loss
of temperature difference in coils due to dirt on the air side and
chemical deposits on the water side of them.

4. Laminar flow on the water side due to lower velocities at low loads
on a coil is always a concern of the water system designer. The possi-
bility of laminar flow is greater with higher temperature differences.

The quick promise of energy savings with higher temperature dif-
ferences can be offset later by problems in system operation due to
failure to have enough pumping capacity after the system has aged.
Only experienced designers should entertain water temperature dif-
ferences in excess of 12°F on chilled water and 40°F on hot water sys-
tems. A careful balance between energy savings and first cost should
be made by the designer. There is no one temperature difference for the
chilled or hot water systems.

Following are two formulas for calculating the water flow, in gallons
per minute, for hot and chilled water systems:
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. system Btu/h
Hot water gal/min = 500 - temperature difference ©.1)
tem load (t - 24
Chilled water gal/min — Yo load (tons) 9.2)

temperature difference

These are general formulas based on a specific gravity of 1.0 for
water. If it is desired to secure more exact water flows for hot water,
then specific gravity and specific heat of water at the average temper-
ature of the system should be considered; Eq. 2.4 should be used.
Computer programs for load calculations should insert the specific
gravity automatically for the water temperature at all parts of the
water system.

The actual temperature difference that is selected for a specific
installation is determined by the cost of the coils for various tempera-
ture differences and the effect that higher differences may have on
the operating cost of the chiller or boiler. Reducing the leaving water
temperature of a chiller increases its energy consumption and may
offset the savings of higher temperature differences; likewise, elevat-
ing the leaving water temperature of a boiler decreases its efficiency
and can have the same effect on a hot water system. These are the
decisions that must be made by the designer for each application.

9.3 Modeling a Water System for System
Head and Area

The first task confronting the designer of a water system is to com-
pute the water flow and pump head required by that system after the
temperature differential is determined. It can be a daunting task to
compute these values by hand from minimum to maximum load on
the system.

As described in Chap. 1, the advent of high-speed computers and
special software has eliminated the drudgery of such water system
analysis. This enables the engineer to evaluate a system rapidly and
determine system flows and head losses under variable loads on the
water system. The designer can evaluate the building under various
load conditions, develop a better understanding of the energy con-
sumptions of the mechanical systems, and achieve an accurate esti-
mate of the diversity of the heating, ventilating, and cooling loads.

The significant fact that has been found about building loads is that
very few multiple-load chilled or hot water systems are ever uniformly
loaded. Analysis of many systems has demonstrated a decided varia-
tion in the water loading on the heating or cooling coils. Some coils on
a system will be fully loaded, while others will have very little load on
them. This fact must be taken into consideration during the system
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analysis, as well as during the piping and control design. Computer-
assisted evaluation allows the designer to study the many load varia-
tions that can occur on the prospective water system.

Chapter 3 provided the means to calculate pipe friction in HVAC pip-
ing systems. This chapter will use those data to demonstrate how the
head changes in a water system as the flow varies in that system. It
should be remembered that most hot and chilled water systems are
actually a number of small systems using common supply pipes. Each
heating or cooling coil is a water system in itself, since each coil has a
different total friction head. These friction loads for a specific coil consist
of the supply main loss, branch main loss, and loss through the coil itself
with its piping and control-valve losses. If the designer recognizes this
individuality of every coil and seeks to design the water system with
recognition of this fact, a simpler and more efficient system will result.

Traditionally, the pump head required for a water system has been
shown as a curve that results when the system head in feet is plotted
against the system flow in gallons per minute. Therefore, this curve
has been named the system head curve. Through many years of work
with HVAC water systems, it has been demonstrated that the head
requirements for many water systems cannot be represented by this
simple parabolic curve. Instead, the head varies through a broad area
that may be difficult to calculate. Before tackling this knotty problem,
the elements of a system head curve or area should be reviewed.

9.3.1 System head curve components

A system head curve consists of plotting the flow in the system, in gal-
lons per minute, horizontally and the system head vertically, in feet of
head. The system head must be broken down into variable head and
constant head. Variable head is the friction head of the water distribu-
tion system. Constant head can be divided into either static head or
constant friction head. Static head is simply raising water from one
level to another. Typical of this is the height of a cooling tower.
Constant friction head can be the loss across a heating or cooling coil,
its control valve, and connecting piping, as shown in Fig. 9.3a. This
constant head is typified by the differential pressure maintained
across a heating or cooling coil and its appurtenances at a constant
value by a differential pressure transmitter. This is the signal used to
control the system to which the coil is connected. Constant friction
head occurs in many systems with two-way temperature-control
valves on the coils; it is not found in old systems that used three-way
temperature-control valves. Constant friction head is plotted vertically
similar to static head of a cooling tower. A typical system head curve is
that for a variable-volume system with two-way temperature control
valves or a system head curve for a cooling tower installation.
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As described in Part 1 on pipe design, the formulas for pipe friction
reveal that pipe friction varies as parabolic curves with exponents
from 1.85 to 2.00. The total system head curve is achieved by adding
the static or constant friction head to the system friction head; the fol-
lowing equation can be used for calculation of the uniform system
head curve for a hot or chilled water system:

Q 1.90
Q—) - (H,~H,) ft of head (9.3)
1

where H, = total head in feet on the system at the design flow @,, in
gallons per minute
H, = constant head on the system in feet
Q, = flow at any point on the curve between points 1 and 2
H_, = head at any point on the curve between points 1 and 2 at
a flow of @,
1.90 = the exponent that has been found to follow the Darcy-
Weisbach equation closer than the normally accepted 2.0

Ha=H2+(

The use of this equation can be demonstrated by the following
example. Assume that

1. The maximum system flow is 1000 gal/min at 100 ft of head. This
is the maximum point on the uniform system head curve and is
identified as @, and H, in the equation.

2. The maximum pressure loss in a coil with its control valve and
branch piping is 20 ft. This is the zero point on the system head
curve with no flow in the system. This point is H,, in the equation.

3. The preceding two points set the ends of the uniform system head
curve.

Table 9.1 provides the system head curve points from a minimum
flow of 100 gal/min to the maximum of 1000 gal/min for this example.

Reiterating, this is the uniform system head curve for an HVAC
system where all heating or cooling loads are loaded to the same per-
centage of design load.

A closed chilled or hot water system with three-way valves has only
system friction, and such a system does not have a system head curve
because it operates at only one point, maximum system flow and head.
In the preceding example, the system always operates at 1000 gal/min
and 100 ft of head when the coils are equipped with three-way control
valves. This is a beginning indication of the terrible waste of energy in
a constant-volume system equipped with three-way control valves on
the heating or cooling coils; no matter what the load is on the system,
the pumps continue to operate at full system flow.
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TABLE 9.1 System Head Curve
Coordinates

System flow, gal/min System head, ft
100 21.0
200 23.8
300 28.1
400 34.0
500 414
600 50.3
700 60.6
800 72.4
900 85.5

1000 100.0

9.3.2 System head areas

The preceding example and data describe systems with uniform flow in
all heating or cooling coils. Obviously, this does not exist in most actual
buildings, since some coils will be loaded while others will not have any
load on them. If the building has windows, as the sun moves around
the building during the day, the loads on the various coils will change
even with constant outdoor temperature and internal load. This is also
demonstrated by the term diversity, which was defined in Chap. 1.
Recognizing that systems are not loaded uniformly and that diver-
sity does exist, we must evaluate chilled and hot water systems to
determine how to compute and display graphically the actual head on
them. Figure 9.3a describes a typical building with 10 air-handling
units on different floors; this will be our model building to illustrate a
typical system head area. The uniform system head curve for this
building is shown in Fig. 9.3b. Assume that a 40 percent uniform load
occurs on each of the 10 air-handling units; this is detailed graphi-
cally in Fig. 9.4a. Now, let the 40 percent load shift so that only the
four bottom coils are fully loaded and the top six coils have no load on
them (see Fig. 9.4b). Since these four coils are nearer to the pumps
than all 10 coils, the system friction will be less than that for all 10
coils uniformly loaded at 40 percent each, namely 2 ft of friction, next,
transfer all the 40 percent load to the upper four coils (see Fig. 9.4¢).
Now the load is farther than all the 10 coils uniformly loaded, and the
system friction head will be greater than that for the uniformly loaded
condition, in this case, the system friction will be 72 ft. This procedure
can be done for various loads on the building, from 10 to 90 percent
load. The result of these moves of the load on the building is shown in
Fig. 9.5a; this is a system head area, and it exists for almost any build-
ing with more than one heating or cooling coil. This is one of the most
important figures in this entire book, since it makes the designer
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Figure 9.4 Model building loading.

aware of how complex true system evaluation can be and that a HVAC
water system cannot be represented by a simple system head curve.

Figure 9.5b describes an analysis made of actual data from a
chilled water system. This demonstrates that the load never reached
design flow or head and did not have the broad head range calculated
for Fig. 9.5a.
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Figure 9.5a System head area.

One of the great opportunities available to us now with contempo-
rary computers is the ability to actually track and develop a system
head area for an existing system. Figure 9.6 describes the instrumenta-
tion needed, namely, a flow meter and a differential pressure transmit-
ter located across the headers of the pumping system. The computer
simultaneously reads these two signals and plots a point within the
actual system head area. This can be done once a minute, an hour, or
whatever is needed for a particular installation. After a period of time,
the actual system head area will evolve with all of the flow-head points
plotted on a head-flow diagram. The result may be something like that
shown in Fig. 9.5b where the actual system head area is plotted over a
period of time.

Of what value is this? This diagram provides the true head-flow
relationship for a variable-speed pumping system. From this, an
analysis can be made of the actual compatibility of the pumping sys-
tem with the water system.
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Figure 9.5b Actual system head area.

This is elementary manual modeling of a water system. With com-
puters, such system head areas can be developed easily. Without a com-
puter, a simple procedure that works practically is to adjust the distrib-
ution friction at 50 percent water flow, i.e., 11 ft in our model building
at 50 percent load. This variable or distribution friction can be multi-
plied by 20 percent for the lower curve and then by 150 percent for the
upper curve. Drawing curves similar to Fig. 9.5a through these points
will generate an approximate system head area. This system head area
will give designers a rough idea of what the system head area will be,
and it will enable them to predict pump performance within this sys-
tem head area. A further discussion of the operation of pumps with the
system head area will be presented in Chap. 15.

Campus-type installations with a number of buildings, as shown in
Fig. 9.7a, create another dimension in system head areas and system
modeling. As demonstrated in this figure, there are buildings near the
central energy plant and buildings far from it. This figure has two of
our model buildings, building A near the central plant and building B
far from the central plant. It is obvious that the campus loop loss will
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Figure 9.6 Instrumentation for generating an actual system head area.

be greater for building B than for building A. If the loop loss is 30 ft in
the distribution mains out and back for building B with all the build-
ings fully loaded, this loss will be determined by how active are all the
intermediate buildings. There are two ultimate conditions that must
be checked: first, with all the intermediate buildings fully loaded, and
second, with all these buildings having no load. Using the preceding
procedure for determining system head produces the system head area
of Fig. 9.7b. The upper curve is for the first condition, where all the
intermediate buildings are fully loaded, and the bottom curve is for
the second condition, where these buildings have no load. This figure
demonstrates the great variation that can occur in the head required
for a campus building located far from the central energy plant. Here
again, computer modeling can produce system head areas for every
building on a campus under a number of different load conditions.
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Figure 9.7b is a typical head variation for many campus buildings.
Most college and university campuses now utilize many energy-wasting
devices such as balance valves, pressure-reducing valves, and
crossover bridges to overcome this friction variation. This system head
area demonstrates how broad are the actual head requirements of a
campus-type system. For example, at 50 percent load on the building,
the pump head can vary from 27 to 74 ft. With constant-speed pumps,
all this head difference must be destroyed by mechanical devices to
maintain adequate flow to all parts of the building. With the correct
pumping arrangement and variable-speed pumps, all this wasted head
can be eliminated. With proper control, the variable-speed pump will
always operate at the needed system flow and head without any over-
pressure or wasted energy. A careful review of this figure will be made
in Chap. 15, as well as how pump performance is affected by such
broad variations in system head.

9.3.3 Pumping system losses

All the foregoing discussion has been for water system flow and head
evaluation. Losses through pumping systems themselves are often
ignored or included with the system head losses. It has been learned
that pumping system losses can be significant and should be analyzed
separately from the water system losses. Figure 9.8a describes an end
view of an actual pumping system consisting of five pumps, each with
a capacity of 700 gal/min, for a total system capacity of 3500 gal/min.
The individual loss for each fitting is shown along with its K factor.
The total loss for the pump fittings is 6.9 ft. Recognizing Hydraulic
Institute’s estimate that the losses in pipe fittings can vary by as
much as 10 to 35 percent, these losses have been multiplied by plus
20 percent to achieve a reasonable loss for the fittings. The losses for
this system would therefore be 8 ft with 700 gal/min flowing through
an individual pump. Figure 9.8b6 is the pump curve for this system,;
each pump could operate at a maximum flow of 1100 gal/min if
improperly controlled. At 1100 gal/min, the pump fitting loss becomes
(1100/700)199 x 8, or 18.9 ft. A loss of only 8 ft may not raise much
concern, but a loss of close to 19 ft should be of concern to anyone
making a serious energy evaluation of this water system.

This system had a differential pressure of 30 ft across the largest
coil and its control valve and a system loss of 78 ft. With the esti-
mated 8 ft of loss throughout the pump fittings, the total system loss
becomes 116 ft. Figure 9.8¢c describes the uniform system head curve
for this system, which has been adjusted to recognize the variable
loss through the pump fittings. Again, no longer is the uniform sys-
tem curve a smooth curve, but rather it is one of scalloped shape. It is
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Figure 9.8 Friction losses for a pumping system.

difficult to select the most efficient pump add points without a com-
puter program similar to the energy programs that will be described
in Chap. 10. In this example, the pump add/subtract points in Fig.
9.8¢c were set arbitrarily at 800 gal/min for each pump. This is not
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necessarily the most efficient point to change the number of operat-
ing pumps. This curve demonstrates conclusively that the old tradi-
tion of just running one pump until it cannot pump any more is a
wasteful practice.

It is obvious that the system head curves and areas described ear-
lier in this chapter are affected by this variation in pump fitting
losses. How do designers incorporate pump fitting losses into their
calculations for a proposed system? It is difficult unless a computer
program is available for system friction loss calculation that includes
such fitting loss calculations. The energy evaluations that will be
reviewed in various chapters account for pump fitting losses. These
evaluations separates the pump fitting losses from system losses to
achieve a reasonable procedure for estimating system performance
and sequencing of pumps on multiple-pump systems.

System flow and head evaluation are very important matters, since
efficient pump selection depends on them. The preceding discussion
demonstrates that it can be a complicated subject. Any time devoted
to such an evaluation is well worth its cost.

One important factor that emerges from true system evaluation is
the indication of losses that are caused by energy wasters such as bal-
ance valves, pressure-reducing valves, and the like. Their losses
become pronounced under this type of careful scrutiny. It should be
noted that most of the HVAC water systems that are reviewed in this
book seldom use these devices.

The advent of computer software has enabled the designer to
achieve better part-load evaluation as well as a closer estimate of the
true diversity of the system under examination. Many different hypo-
thetical loads can be inserted as data in the computer by the designer,
who can then select the design that most closely fits the economic
parameters of the proposed system.

9.4 Static Pressure

The static pressure of an HVAC system is the system pressure that
avoids (1) drying out the tops of the water system or (2) imposing too
high a system pressure on the water system. Basically, the static pres-
sure for most systems consists of the height of the building plus a
cushion at the top of the building. Usually this cushion is around 5 to
10 1b/in? or 10 to 20 ft. With a 200-ft-tall building and a cushion of 20
ft on top of the building, the static pressure would be 200 + 20, or 220
ft minimum (95.2 psig at 60°F). When the water system is totally
within a building, the actual elevation above sea level of the building
can be ignored.
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Such is not the case with a campus-type installation consisting of sev-
eral buildings. With this application, actual elevations of the buildings
must be included. The elevations of the tops of all the buildings must
be recorded as well as the elevation of the expansion tank at the oper-
ating level in the central plant. Static pressure is the elevation at the
top of the highest building minus the elevation at the operating level
of the central energy plant plus the required cushion at the top of the
tallest building. That is,

Z,+7 ~Z
c P

Static pressure = W

psig (9.4)

where Z, = elevation of the top of the tallest building
Z = elevation of the operating floor of the central energy plant
. = cushion required on top of that building in ft of head
v = specific weight of the water at the operating temperature

For example, assume that the top of the tallest building is 650 ft,
the desired cushion on that building is 10 ft, the operating level of the
central energy plant is 420 ft, and the system is a hot water system
operating at 180°F (60.57 1b/ft?). Thus,

650 + 10—420

(144/6057) _ 1olpsig

Static pressure =

Distributed pumping, which relies on static pressure for movement
of the water in the system, requires special calculation of the static
pressure. The remote building whose height, cushion, and distribu-
tion loss are the greatest determines the static pressure. Equation 9.4
becomes

Z,+Z —Z +H,
c P
(144/v)

Static pressure = (9.5)

where H, = distribution loss in feet H,O from central plant to the
building that determines the static pressure

If the building in the preceding example were the building that
determines the static pressure for the system and the friction loss
between it and the central energy plant was 50 ft at design flow, then
the static pressure would be

650 + 10 — 420 + 50
(144/60.57)

= 122 psig
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This will be explained further in this book with other design criteria
for this important method of water distribution.

9.5 Three Zones of HVAC Water Systems

Almost all HVAC water systems are of the loop type; this means that
the water is returned to its source such as a chiller, cooling tower, or
boiler. In rare cases, groundwater is used for cooling and is dumped
into a sewer or stream after use.

Most of these water systems consist of three zones, namely, (1) an
energy source, (2) energy transportation, and (3) energy use as
described in Fig. 8.4 for chilled or hot water. Cooling towers are simi-
lar in arrangement. Chapter 8 discussed the use of water, or the third
zone. It is important to understand that each of these three zones
must be designed individually for optimal use of energy. Therefore,
these zones often are combined together with resulting poor energy
generation, transportation, or use. Each zone must be evaluated sepa-
rately; the first and second zones will be reviewed in the chapters on
chillers and boilers. True energy conservation in HVAC systems
begins with careful analysis of energy consumption in boilers, chillers,
or cooling towers. Chapters 11, 14, and 19 of this book will study this
analysis of energy consumption.

Many times the second zone, energy transportation, is mixed with
energy generation; this can result in poor energy generation and
transportation if care is not used in evaluating the total energy con-
sumption of the system. Efficient energy transportation will be dis-
cussed in Chaps. 15, 16, 18, and 20 on cooling and heating systems.

Finally, the use of water in cooling and heating coils or heat
exchangers must be efficient or pumping costs will be excessive. As
indicated in Chap. 8, the indiscriminate use of balance valves, three-
way control valves, and improper heating and cooling coil connections
results in poor system efficiency. If these three zones are remembered
during design and each treated as efficiently as possible, this effort
should result in a good pumping and piping system.

9.6 Piping Configurations

A number of different piping configurations are used in HVAC water
systems; only the more popular types will be discussed here. These are:

1. Open or closed systems and how water is returned to the source,
namely, direct or reverse return

2. Number of pipes to transport the water through the system
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9.6.1 Three types of systems

There are three basic system arrangements in HVAC piping: (1) direct
return systems for loop piping, (2) reverse return systems for loop pip-
ing, and (3) open piping systems for open tanks such as cooling towers
and energy-storage systems. Figure 9.9a and b describes direct and
reverse return piping, and Fig. 9.10a describes an open piping system
utilizing a cooling tower.

At one time, reverse return piping was always used to balance the
friction to all terminal units, particularly when they were equipped with
three-way temperature-control valves. Today, with the great emphasis
on energy savings, three-way temperature-control valves have very few
logical applications. Reverse return piping can be useful on buildings
where it may be the most economical arrangement. This is shown in
Fig. 9.11, where the supply pipe can go up one side of a building and
down the other. One advantage for reverse return piping is the reduc-
tion in maximum pressure drop across the temperature-control valves.
Figure 9.9¢ is a pressure-gradient diagram for a reverse return system
that demonstrates this fact. This diagram demonstrates why reverse
return piping should be used on constant-volume systems. With the
same pressure drop across each cooling coil, its control valve, and pip-
ing, balancing the system is much easier than with direct return. This
diagram also demonstrates why reverse return piping is no longer
needed with contemporary control valves on variable-volume systems.

Direct return piping is the most economical arrangement for most
contemporary buildings utilizing the energy savings of variable-volume
systems. It requires a minimum of piping and usually has less pipe
friction than an equivalent reverse return system. The pressure-
gradient diagram for a direct return system is shown in Fig. 9.6.
As seen in this diagram, the full pump head can be exerted across
the temperature-control valves. This is not a problem for the
designer of contemporary control valves as long as the maximum
head that can be imposed across the control valves is recognized.
The maximum head is not imposed on the valves except during
full-load conditions.

Open piping systems usually are encountered with cooling towers
or open energy-storage tanks; Figure 9.10a describes a typical open
system with a cooling tower serving the condenser of a chiller. The
pressure-gradient diagram for this system is shown in Fig. 9.106.
Pressure-gradient diagrams are seldom needed for elementary cooling
tower applications because the operating pressures are relatively low.
On some complex cooling tower applications and process cooling oper-
ations, they are valuable for determining pump head and system
arrangement.
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Figure 9.11 Reverse return for low control valve differential
pressures.

9.6.2 Number of pipes in a loop system

There are three different numbers of pipes found in HVAC systems.
These are:

Two-pipe. Two-pipe systems have been used where there is only
heating or cooling; digital control has brought back the use of the
two-pipe system. Chapter 30 describes this in detail.

Three-pipe. This is an old configuration that is seldom used
today. There are two supply pipes and one return pipe; one supply
pipe is for heating, and the other is for cooling. There is a common
return pipe for both the heating and cooling systems. The possibili-
ties of energy waste are obvious with improper control.

Four-pipe: This has been the preferred piping arrangement for
buildings that have simultaneous heating and cooling loads. Most
buildings in the temperate zones are of this configuration and have
simultaneous heating and cooling loads, particularly in the spring
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and fall. All the systems discussed in this book will be of the four-
pipe variety, two pipes for cooling and two pipes for heating.

9.7 Location of Expansion Tanks

Expansion tanks should be located at the point where the system is to
be stabilized, not necessarily at the suction of the pumping system.
With the advent of variable-speed pumps and their digital control, the
operation of a pump is not dependent on its suction pressure being
constant. In the past, the expansion tank was always located at the
pump suction and took its air from the air separator. This expansion
tank was of the plain type without an internal bladder that separates
the air from the water. The result was absorption of air by the water
and waterlogging of the tank.

This nuisance was eliminated by the bladder-type expansion tank.
This expansion tank is located away from the air separator, and this
enables the designer to locate the expansion tank at the desired point
of pressure regulation in the water system, not just at the point of
installation of the air removal equipment.

On low-rise buildings, the expansion tank for both hot and chilled
water systems can be located at the suction of the pumps. On high-
rise buildings, the expansion tank and water makeup equipment
should be located at the top of the building to ensure continuous pres-
sure at that point in the system.

9.8 Elimination of Air in HVAC Systems

In the past, air elimination from HVAC water systems depended on
mechanical devices such as air vents and mechanical separators. The
development of better chemical treatment for these systems has
resulted in the use of chemicals for complete removal of air. The
mechanical separator did not remove any of the dissolved air from a
water system. The so-called pot feeder is an economical chemical
feeder that can accept a passivating chemical such as sodium sulfite
for removing all the oxygen from an HVAC water system. It is much
less costly than a mechanical separator for many sizes of pipe.

On chilled water systems, mechanical separators do very little air
separation except at the initial fill of the water into the system. The
reason for this is the fact that the temperature of the makeup water
is equal to or greater than the chilled water operating temperature.
For example, the makeup water may be at 60°F and then reduced to
40 to 50°F. The solubility of air in the water is actually increased.
Table 2.5 demonstrates this.
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Chilled water systems should be equipped with manual air vents at
the high points of the system. These air vents should be equipped
with air-collection chambers below them. The chemical feeder should
be installed at the central energy plant for complete treatment of the
entire water system. Larger systems might be equipped with auto-
matic chemical feeders. Chemical feeders offer a better and in many
cases less expensive method of removing air from these systems than
depending on a mechanical separator, which cannot eliminate all the
oxygen from a water system. Reiterating, mechanical separators can-
not remove dissolved air!

Hot water systems can use mechanical separators to remove some
of the air, as is shown in Figs. 3.6a and 3.7a. Seldom should they be
located on the discharge from boilers. Little additional air removal is
achieved on most installations, and the location on the discharge pipe
from boilers may be cumbersome. The use of dip tubes on boilers,
manual air vents, and a chemical feeder may produce a more econom-
ical and better method of removing air from hot water systems than
large mechanical separators.

9.9 Control of Return Water Temperature

As we began this chapter with system temperature difference, so we
will leave it. Return water temperature is one of the most important
operating values for a chilled or hot water system. It tells the operator
just how good a job the control system and coils are doing in convert-
ing energy from the chillers or boilers to the air or water systems
that are cooling or heating the building. This is such a basic criterion
that it should be addressed early in the design of a chilled or hot
water system. Individual coils should be equipped with thermometers
or insertion plugs on their return connections, as described in Fig. 9.12a;
zone or building returns should be equipped with temperature transmit-
ters, as also shown in this figure. This information should be displayed
and recorded at the central data-acquisition point for the entire system.

There is a great argument ongoing in the HVAC industry about
how to control return water temperature in loop-type systems such
as chilled and hot water systems. The proper method of controlling
return temperature is through the correct selection of control
valves and heating and cooling coils. The use of return temperature-
control valves, as shown in Fig. 9.12b, is a quick way to solve many
system operating problems, but it is fraught with its own problems.
For example,

1. The return temperature-control valve adds head loss to the entire
system and is therefore an energy waster.
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2. There is a danger that warm return water will be bypassed through
the crossover bridge back to the supply side of a coil that is fully
loaded and needs design supply temperature at that moment. The
result is that the coil will not supply the load required of it. For
example, in Fig. 9.12, the fully loaded coil no. 5 needs 44°F water
to produce 10 tons of cooling; since it is receiving 50°F water, it can
produce only around 5 tons of cooling.

3. If certain coils are exhibiting laminar flow, circulating pumps can be
installed on the coils to avert this problem, as described in Fig. 8.4.
This is an excellent method for controlling laminar flow in a heating
coil. It was stated in Chap. 8 that, in most cases, pumps or circula-
tors should not be piped in series with the coil but in the bypass, as
shown in Fig. 8.7.

4. Return temperature-control valves obliterate the true return water
temperature from the system and prevent the operating and main-
tenance people from understanding which coils or control valves
are creating problems. Return temperature is the operator’s guide to
efficient use of water in HVAC systems.

5. Return water temperature control lulls maintenance people into
believing that there is no problem with any of their coils when
some of those coils may be very dirty on the air or water side.

In conclusion, one of the designer’s most important tasks is the
selection of a sound temperature differential that will provide
maximum possible system efficiency. The second step in this
process is to ensure that differential is maintained after the system
is commissioned.

9.10 Heat Exchangers for Hot
and Chilled Water

High-rise buildings, as shown in Fig. 9.12b, can create static pressure
problems on water systems where the remainder of the system is low
rise. The answer to this problem, often, is the use of a heat exchanger,
as shown in Fig. 9.13. The heat exchanger eliminates the static pres-
sure of the tall building from the water system pressure. The supply
temperature to the building is controlled by the supply control valve. If
this is a critical load or at the highest pressure loss of the system, a dif-
ferential pressure transmitter should be connected across the supply
side of the heat exchanger to ensure that adequate water is available to
the building at all loads on it.
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Figure 9.13 Heat exchanger for high risk building. (From Patterson Pump
Company HVAC Pumps and Systems Manual, 2004.)

One of the concerns for the control valve of Fig. 9.13 is the great loss
that may be incurred in it at light loads on the building. Through
adaptive control, the set point for the differential pressure transmitter
can be reset on light loads through a valve position indicator/transmitter
on the control valve as per Fig. 9.14. The differential pressure across

Valve position indicator-
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Topumpspeed  Twy _-—7 777777 ——
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Figure 9.14 Valve position control on heat exchanger.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Configuring an HVAC Water System
272 The HVAC World

Valve position indicator-
transmitter \

To pump speed _—
control <*+———-——"-

ol

From pumps

Topump «—
speed control

To pumps
Set point is adjusted by Air-handling
valve position to hold unit coil

valve to 80 to 85% open

Figure 9.15 Valve position control on air-handling unit coil.

the heat exchange is adjusted so that the control valve is always 80 to
85 percent open. For example, if the set point is 20 ft at design load, it
may be only 5 ft at minimum load. Not only is friction loss reduced
through the control valve, but the constant pressure established for
the system is reduced by the lower set point. Similar control can be
utilized on large air-handling units, Fig. 9.15, where high set points
such as 35 ft are required for them, and only 15 ft is required for the
other coils. The set point for the large air handler may be down near
the 15 ft for other coils much of the time when part-load conditions
exist on the air-handling unit.
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Source: HVAC Pump Handbook

Chapter

10

Basics of Pump
Application for HVAC Systems

10.1 Introduction

The configuration of a hot or chilled water system was emphasized in
Chap. 9 to achieve the desired heating or cooling with a minimum of
flow and head. This chapter undertakes evaluation of the pumps
themselves to achieve optimal energy consumption for the pumps. It
was necessary for the readers to have a basic understanding of HVAC
water systems before initiating this application of pumps.

Before embarking on the actual application of pumps to HVAC
water systems, there should be a discussion of when to use constant-
speed pumps and when to use variable-speed pumps. With the rapid
reduction in the cost of variable-speed drives, there is almost no limit,
in terms of motor size, for the use of variable-speed pumps. Very low
head pumps, i.e., less than 50 ft, can still be constant-speed pumps
when applied to small systems. Otherwise, the rule should be constant-
speed pumps for constant-volume systems and variable-speed pumps
for variable-volume systems.

If a water system has a large variation in its flow, from less than 50
to 100 percent of design, it is probably a candidate for variable speed.
Likewise, if the flow rarely changes and there is little variation in
temperature or viscosity, this is a constant-speed pump application.

As was pointed out elsewhere, variable-speed pumping offers great
savings in maintenance as well as in energy. Further, variable-speed
pumps, if controlled properly, operate at the system’s flow and head
requirements, not necessarily at the design conditions. They eliminate
overpressuring, which causes operational problems as well as loss of
pumping energy.

273
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10.2 Point of Selection

With the advent of variable-speed pumping, the point at which a cen-
trifugal pump is selected has become more complicated. The basic rule
that has been offered in the industry and in this book is to select the
pump as closely as possible to its best efficiency point. This rule must
be expanded to achieve efficient performance from both constant- and
variable-speed pumps. Figure 10.1 will be used to demonstrate some of
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Figure 10.1 Points of pump selection and operation.
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the points that should be brought out for selecting a pump for a partic-
ular duty.

10.2.1 Selecting constant-speed pumps

The pump head-flow curve shown in Fig. 10.1a is for an excellent
pump for a pump duty of 2500 gal/min and 120 ft of head. The peak
efficiency for this pump is 86 percent. For constant-speed operation,
this would be satisfactory for system flows between 2000 and 2700
gal/min. To operate this pump at lesser or greater flows would pro-
duce poorer efficiencies, and the radial thrust would increase so that
there could be increased wear within the pump. One pump company
urges that constant-speed pumps operate at no greater flow range
than *=25 percent of the flow at the best efficiency point. Normally,
pumps for constant-speed operation would be selected just to the left
of the best efficiency point, or at 2200 to 2500 gal/min for the preced-
ing pump.

A dangerous point to operate a pump is at 1000 gal/min and 130 ft
of head, as shown in Fig. 10.1a. Often, inexperienced pump represen-
tatives who do not have a smaller pump at higher heads will operate
this pump improperly. This is an unacceptable selection because of
the poor efficiency and the high radial thrust existing at this point.
Additional wear may occur due to hydraulic imbalance within the
pump. When a pump shaft breaks, it may be an indication that the
pump is running too closely to the no-flow or shutoff head.

Sometimes, HVAC water systems are designed with more estimated
pump head than actually exists in the system. The result is that the
pump does not operate at the design point but at a point farther out
on its curve. This is shown in Fig. 10.156. This pump was selected for a
capacity of 1000 gal/min at a head of 100 ft. When new, the system
had much less head requirements, and this resulted in the pump
being operated at 1200 gal/min at 80 ft of head.

Another example of this so-called carryout of a pump’s operation is
given in Fig. 10.2 for the model building of Chap. 9 when located at
the end of a campus chilled water loop. This figure uses the system
head area of Fig. 9.4a. If a constant-speed pump is selected at the
design condition of 300 gal/min at 90 ft of head for this broad system
head area, the pump can operate at capacities as high as 540 gal/min.
At this point, the pump would operate noisily, at a poor efficiency, and
with a high radial thrust.

In an attempt to avoid poor pump operation, and recognizing the
inability to compute system head accurately, the usual practice with
constant-speed pumps has been to add a pump head conservation factor
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Figure 10.2 Pump operation with system head area.

and then pick the pump to the left of the best efficiency point to ensure
that the pump will operate without damage at the higher flows and
lower heads. The other practice has been to install a balancing valve
on the pump discharge, either manual or automatic, and add enough
friction to prevent some of the operation at higher flows. One of the
advantages of variable-speed pumps is that this “carryout” condition is
eliminated by their controls without all the inefficiencies of pump
head conservation factors and balancing valves.
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10.2.2 Selecting variable-speed pumps

Selection of a variable-speed pump is more complicated than that for a
constant-speed pump because the efficiencies of the motor and variable-
speed drive must be evaluated along with the efficiency of the pump
itself. The point of selection is less critical because the pump controls
should not allow the pump to “carry out,” as was the case with the
constant-speed pump in Fig. 10.2.

The variable-speed pump should be selected slightly to the right of
the best efficiency point where possible. Figure 10.1c¢ describes this
point. If this were a constant-speed pump, the pump would be picked
at or just to the left of point A. As a variable-speed pump, it should be
selected at point B or to the right of the best efficiency point. As the
pump speed is reduced to minimum speed point C, the pump passes
closer to the parabolic curve for best efficiency, from maximum to
minimum speed. This demonstrates graphically what may need to be
done with a computer program to make the best possible selection.
Several pump selections should be made at various points, letting the
computer make the wire-to-water efficiency run at each point. Compu-
tation of wire-to-water efficiency will be described in detail later in
this chapter. The “carryout” condition described above for the constant-
speed pump is eliminated by the variable-speed pump and its controls,
so it can be selected to the right of the best efficiency point without
fear of improper pump operation.

10.3 Pump Speed

Traditionally, pumps have been selected for the HVAC industry at
1750 or 1150 rev/min, and in large pumps, speeds of 720 and 850
rev/min are not uncommon. The advent of the variable-frequency
drive has brought a new dimension to pump selection that is often
overlooked. Pumps now can be selected at speeds other than these
standard induction motor speeds due to the flexibility of the speed
output of the variable-speed drive.

Pump speeds as high as 5 to 10 percent greater than electric motor
induction speed can be used to increase the overall performance of a
pump. Most variable-speed drive manufacturers allow this speed
increase on their drives. The nameplate rating in amperes must not
be exceeded, and the available torque for the drive at such maximum
speeds must be greater than that required by the pump at any point
on its head-flow curve. Likewise, the electric motor must be selected
for the maximum horsepower required by the pump at the maximum
speed. This enables the water system designer to secure more effi-
cient selection of variable-speed pumps.
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Following is an example of this pump selection procedure. Assume
pump duty at 700 gal/min at 70 ft of head. There is one selection at
1750 rev/min: a 6 X 6 X 9 pump with a 25-hp motor and efficiency of
72 percent at the design point (Fig. 10.3a). A desirable pump would be
the 6 X 4 X 9 pump, but it does not quite achieve the head capacity
required at 1750 rev/min (Fig. 10.3b). An alternate selection would be
the same 6 X 4 X 9 pump with a 20-hp motor operating at 1789
rev/min and at 87 percent efficiency at the design point (Fig. 10.3¢).

The alternate selection was determined by computing the capacity
of the smaller pump at a higher speed using the pump affinity laws.
The pump speed was calculated at a point where the required condi-
tion of 700 gal/min at 70 ft was achieved by the smaller pump.
Following is the method of computing the desired speed. From the
affinity laws:

@ _ Q)
h,  h

1 2

where @, and A, are the desired conditions of 700 gal/min and 70 ft.
Q, and h, are the equivalent points on the known pump curve.

By trial and error, the equivalent flow @, can be computed and is 685
gal/min (see Eq. 10.1 developed in Sec. 10.4 on the use of the affinity
laws for pumps). The required speed S, of the pump, therefore, is

S, = % - 1750 = 1789 rev/min

Figure 10.3c describes the actual operating curve for the 6 X 4 X 9
pump operating at 1789 rev/min. It is obvious that a 20-hp motor and
variable-speed drive will be adequate because the maximum brake
horsepower at any point on this curve is 16.8 bhp. The motor and
drive manufacturers can certify that their equipment is acceptable for
operation at this speed and brake horsepower.

An examination of Figs. 10.3b and c reveals that the use of this tech-
nique has increased the pump efficiency from 72.5 to 87 percent and
has reduced the nonoverloading motor horsepower from 25 to 20 hp.
This demonstrates the added dimension that variable-speed drives can
provide in the selection of pumps. Engineers should not be concerned
about the operation of a pump near its maximum impeller diameter;
pump manufacturers will certify their pumps within the impeller
diameters listed in their catalogs. Other engineers are reluctant to
select pumps at maximum impeller diameter in anticipation of future
increases in pumping requirements. This procedure of using speeds as
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high as 1210 or 1840 rev/min provides an additional load factor.
Reiterating, in all this work, the maximum pump horsepower must be
calculated to ensure that the motor and the variable-speed drive are
not overloaded. Likewise, it is wise to verify that the pump manufac-
turer approves the operation of the pump at the proposed speed.

10.3.1 Variable-speed pump operation

Most variable-speed pump operations in HVAC water systems track a
system head curve as was defined by Eq. 9.3 in the previous chapter.
Both the flow and head vary with this curve. As will be seen in the
chapters on chilled and hot water distribution, a remote differential
pressure transmitter is utilized to cause the pump head and flow to
follow the system head curve or the desirable point in the system
head area.

There are other useful variable-speed operations in the HVAC field,
such as constant flow, variable head. In this case, the pump flow
remains constant while the pump head and speed change with system
conditions. Typical of this is constant flow through a chiller condenser.
The head increases as more chillers are placed in operation as shown
in Fig. 10.4. The flow is a constant 2000 gal/min as the system head
increases and decreases. Such an operation can result in relatively
high pump efficiency, as shown in Fig. 10.5.

This figure describes the pump efficiency, as it cuts across the
curves of constant efficiency. In all variable-speed operations, this
should be observed to ensure that the pumps are operating at the best
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Figure 10.4 Constant flow, variable head process.
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Figure 10.5 Pump effiency during constant flow, variable
head process.

possible efficiencies. Multispeed head-flow curves should be secured
from the pump manufacturer, and the actual proposed operation
should be drawn on them. Another example of a proposed variable
flow, variable head operation is shown in Fig. 10.6 which is an exam-
ple of mapping the variable-speed pump performance.
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Figure 10.6 Variable flow, variable head process.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Basics of Pump Application for HVAC Systems
282 The HVAC World

10.4 Proper Use of Affinity Laws

It must be emphasized that the affinity laws apply to pump perfor-
mance alone. They cannot be used directly for calculating pump per-
formance with an actual water system. The reason for this is the fact
that a pump changes its point of operation on its head-flow curve as
the system flow and head change. This point of operation on the pump
head-flow curve can be developed through the use of the affinity laws
as follows:
Referring to the affinity laws (Egs. 6.1 and 6.2),

h D2
—=— and 71:_12
Q2 Dz hs Dz

and substituting Eq. 6.1 in Eq. 6.2 and transposing, we get

2
@ m o Ngam o

Q22 - hZ

If @, and h, are the desired flow and head, the point of operation on
the pump head-flow curve, @, and h, can be computed by Eq. 10.1.
This is accomplished by trial and error, solving for @, by inserting
various heads %, until the resulting values for @, and %, land on the
pump curve.

Referring to Fig. 10.7a, which includes the system head curve of
Fig. 9.16 for the model building of Chap. 9, assume that it is desired
to determine the speed and efficiency of the pump when operating at
500 gal/min and 50 ft of head, point 2, or @, and h,. Inserting these
values in Eq. 10.1, the solution of the equivalent pump flow @, can be
achieved by selecting values for %, in this equation until @, and A,
land on the pump curve. The equivalent point in this case is point 1,
or 561 gal/min at 63 ft. The pump speed would be @, +~ @, - 1750
rev/min, or 561 <+ 600 - 1750, which equals 1636 rev/min. The effi-
ciency of a variable-speed pump would be 83 percent when running at
point 2, which is the efficiency of the pump when operating at point 1
on the 1750-rev/min curve.

If this were a constant-speed pump and it was desired to determine
the impeller diameter that would produce 500 gal/min at 50 ft, Eq. 6.1
would apply, and the impeller diameter would be 561 <+ 600 - 10 in, or
9.35 in. The pump efficiency would be 75 percent at this point. Only
by these equations can pump performance or impeller diameter be
determined. If one were to try to determine pump impeller diameter
by just dividing the two flows, 500 and 600 gal/min, an undercut
impeller would result, namely, 500 + 600 - 10 = 8.33 in.
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The preceding examples demonstrate the proper and improper use
that can be made of the pump affinity laws in the field when trying to
change the pump diameter for a specific application. Similarly, the
calculation of pump energy must use the preceding equations, not just
the affinity laws themselves. Figure 10.7b6 includes the true pump
horsepower for the same system head curve. At 50 percent flow, the
pump horsepower is 35 percent, not 12.5 percent, of full flow as would
appear from the affinity law curves.

10.5 Computing Pump Performance

Equation 10.1 is one of the most important equations in this book,
as it is the basic calculation for determining variable-speed pump
performance. By its use, a computer program can be developed to
determine rapidly the pump efficiency and speed at any system
flow and head. A single point was developed in Fig. 10.4. Now we
should show this procedure for an entire water system, from mini-
mum to maximum flow. Assume a 3000 gal/min chilled water sys-
tem with a pump head of 100 ft served by two 1500 gal/min pumps.
At maximum flow of 1500 gal/min, the pump fitting loss is 10 ft, the
system friction loss at 3000 gal/min is 70 ft, and the differential
pressure maintained for the coil loss is 20 ft for a total of 100 ft of
pump head.

The results of the calculations are shown in Table 10.1. They have
been rounded up, so there are slight discrepancies between the table
and Fig. 10.8.

Figure 10.8 includes the flow-head curves for single pump and two
pump operation with the pump efficiencies included. The system head
curves with one and two pumps running are also shown. The system
head curve points, @, — &, are connected to the head-flow points, @, — .,
on the pump curves. This demonstrates graphically how the equiva-
lent points are developed. The value, Q2 + h,, is included in the calcu-
lations to demonstrate the procedure for calculating the equivalent
points.

This is also the procedure used to determine the point of transition
from single pump operation to two pump operation. In this case, this
transition is made at 1100 gal/min flow as shown in Fig. 10.9 for the
kW input to the pump motors. This procedure can be used for any
number of pumps operating in parallel. It is the easiest when all
pumps are of the same size; it can be done with pumps of different
capacities.
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10.6 Number of Pumps

Most HVAC water systems have a broad range of operation due to the
variation in heating, cooling, and ventilating loads. As was discussed
in Chap. 8, it is imperative that the minimum load as well as the
maximum load on a HVAC water system be computed before any
additional evaluation be made of that system.

Most HVAC systems also have more than one pump per water sys-
tem due to (1) the broad range of loads and (2) to provide some redun-
dancy in case of pump failure. Thus, HVAC systems can range from
one pump on small systems with a specific flow range and little need
for standby pump capability up to a number of pumps operating in
parallel to accommodate load range and reliability.

It is obvious that the water system designer must make decisions
early in the system design to ensure that the desired levels of effi-
ciency and reliability are achieved for a water system. Let us review
the two factors that affect the number of pumps operating in parallel.

“Fear of pump failure” has affected the determination of the number of
pumps when it should not be considered. Pumps have a reliability com-
parable with that of other HVAC equipment. Seldom are two fans
installed in parallel because of fear of failure. The consequences of sys-
tem failure should be determined to develop the redundancy needed on
every water system. Hospitals and institutions and critical facilities such
as research laboratories and computer centers obviously should have
standby pump capability to ensure that there is continuous service.

The question on critical installations is how much standby capacity
should be provided? The two most frequent selections are two 100
percent capacity or three 50 percent capacity pumps. The three 50
percent capacity pumps are usually the best selection because they
offer three chances to total failure and the pumps and motors are
smaller. For example, assume a chilled water system for a hospital
has a maximum requirement of 2500 gal/min at 100 ft of head and a
system head curve as shown in Fig. 10.10a. This curve shows a con-
stant friction head of 20 ft that is maintained across all the cooling
coils and control valves. Two pumps at 100 percent capacity would
require two 75-hp motors, while three pumps at 50 percent capacity
each would require three 40-hp motors. Figure 10.105 provides the
pump head-flow curve for the pumps of the two-pump system, while
Fig. 10.10¢ does so for the three-pump system. The total horsepower
for the two pumps would be 150 hp compared with 120 hp for the
three pumps. If space is available for the three pumps, it would appear
that the three pumps would be more acceptable for this application; a
final decision should be made after a wire-to-water evaluation is
made. This will be discussed later in this chapter.
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Noncritical installations such as some office and commercial build-
ings do not require as much redundancy or standby as the buildings
mentioned in the previous paragraph. For example, if a commercial
building had a system head curve as shown previously for a hospital
(Fig. 10.10a), only two 50 percent pumps could be installed, since one
pump would have a maximum capacity of 1750 gal/min, or 70 percent
of the total system capacity. It would be a decision for the water system
designer or the owner of the building as to whether two or three pumps
would be installed. With the reliability and reduced wear of variable-
speed pumps, the two-pump installation would offer a desirable
arrangement for this office building.

10.7 Mixing Constant- and Variable-Speed Pumps

It should be understood that pumps in parallel must always operate
at the same speed! There may be some unusual, sophisticated cases
where parallel pumps are operated at different speeds, but only expe-
rienced pump designers should make evaluations for such a proposed
operation. Also, it is better on most HVAC operations to use pumps of
the same size when operating them in parallel. This ensures that the
operating pumps are producing the same flow, and this simplifies
evaluation of the efficiency of operation of the pumps. Small jockey
pumps that operate the system on low loads are not justified on most
systems. Variable-speed pumps should be controlled so that pumps
operating in parallel never have over a 1 percent difference in actual
operating speeds.

Mixing of constant- and variable-speed pumps is encountered in the
HVAC field, often with disastrous results. Following is a discussion of
the problems that can occur when a constant-speed pump is operated
in parallel with a variable-speed pump (use Fig. 10.11a to follow this
discussion):

1. Assume that one variable-speed pump is operating at point A.

2. Next, assume that the flow in the system increases until the
variable-speed pump operates at full speed at point B.

3. Let the system load now increase to point C, where one pump can-
not handle the load.

4. The system controls will turn on the next pump in an attempt to
maintain the system flow.

5. Let the next pump be a constant-speed pump of the same size as
the operating variable-speed pump. It will operate at point D,
because it cannot vary its speed.
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6. Since the constant-speed pump is handling most of the load, the
variable-speed pump is forced to operate at point D,. This is a very
inefficient point with the pump running with a high radial thrust.

7. If the system load subsides slightly, the variable-speed pump will
be forced to run at zero flow, with resulting heating inside the
pump casing. If the controls are of the wrong configuration or are
set improperly, the variable-speed pump may run at this condition
until it is destroyed by heat.

This demonstrates that mixing a variable-speed pump with a con-
stant-speed pump can have disastrous results. This unacceptable
operation can be contrasted with the proper operation of two variable-
speed pumps. Using the preceding procedure, assume that steps 1
through 4 are the same. Then

5. Let the standby pump be a variable-speed pump instead of a con-
stant-speed pump. The resulting satisfactory operation is demon-
strated in Fig. 10.115.

6. The standby pump will ramp up, and the controls will reduce the
speed of the lead pump until both pumps are operating at point D,.
Both pumps are operating at a high efficiency and a low radial thrust.

7. If the system load subsides slightly, both pumps will slow down, and
the controls can stop the standby pump when it is efficient to do so.

It is not recommended that a pumping system with four or more
pumps consist of constant- and variable-speed pumps operating in
parallel. Usually, more energy is consumed with a mixture of con-
stant- and variable-speed pumps. If it is imperative that some of the
pumps be constant-speed pumps, the two lead pumps must be variable-
speed pumps. Since one of these pumps may be out of service, it is rec-
ommended that at least three pumps be variable-speed pumps.
Systems with four or more pumps can consist of constant-speed
pumps, as demonstrated in Table 10.2, but this forces all the normal
operation on the variable-speed pumps. Also, if the load does increase

TABLE 10.2 Number of Variable- and Constant-Speed Pumps in Parallel

Operation
Number of pumps Variable-speed pumps Constant-speed pumps
1 1 None
2 2 None
3 3 None
4 3 1
5 3 2
6 3 3
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often to where the fourth pump is required, higher operating effi-
ciency is achieved by making it a variable-speed pump.

A careful evaluation of the constant-speed pumps must be made
when they are used, including calculating where they will operate on
their head-flow curves, to ensure that they do not operate at an ineffi-
cient or high radial thrust point.

10.8 Efficiency of a Pumping System

The efficiency of a pumping system is more than just the efficiency of
the individual pumps. There are three different energy losses in a
constant-speed electric motor—driven pumping system:

1. Loss in the motor
2. Loss in the pump

3. Friction loss in the pump and header fittings

The variable-speed pumping system has a fourth loss, that of the
variable-speed drive.

There may be some concern as to why the pump fitting and header
losses are included in the efficiency evaluation for a pumping system.
These losses must be computed separately because they are part of
the pumping system, not part of the water distribution system. Also,
on multiple-pump systems, they must be separated from the water
system loss because they do not vary with the total flow on the sys-
tem. Rather, they vary with the flow through the pump to which they
are connected. The flow rate through these fittings affects appreciably
the overall efficiency of such a pumping system. The friction loss for
these fittings varies closely with the square of the flow through them.
The points at which pumps are programmed on and off on a multiple-
pump system have a definite impact on the efficiency of the overall
pumping system; these points are affected by the variation in friction
in the pump fittings and valves.

There can be six to ten specific losses in the fittings and valves on a
pumping system:

1. Entrance loss from suction header
. Suction shutoff valve

. Suction strainer

. Suction piping

Pump suction reducer

. Pump discharge increaser

. Check valve

SIS < N JUR X
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8. Discharge shutoff valve
9. Discharge piping
10. Exit loss into discharge header

Wire-to-water efficiency is an old term that has been used for many
years in the pumping industry to determine the overall efficiency of a
pump and motor combination. This efficiency was used first for constant-
speed pumps of considerable size, where large motors were involved.
When these pumps were equipped with variable-speed drives, the
wire-to-water efficiency represented the overall efficiency of drives,
motors, and pumps. Wire-to-water efficiency has now been applied to
smaller pumping systems because the computer capability is now
available to accomplish the tedious calculations.

The wire-to-water efficiency of a proposed pumping system can be
estimated using the following procedure:

1. A computer program can be developed to calculate the overall
wire-to-water efficiency of a pumping system from minimum to
maximum system flow. This program utilizes a standard curve-
tracing technique through the calculation of binomial equations for
the following curves:

a. Pump head-flow curve

b. Pump efficiency curve

c¢. Motor efficiency or wire-to-shaft efficiency curve for the variable-
speed drive and motor

d. System head curve

e. Pump fitting loss curve

2. These equations are then used to compute system performance
using the pump energy equations of Chap. 6; values computed are:

System flow and head

Water horsepower

Pump gallons per minute

Pump fitting loss

Pump brake horsepower

Pump revolutions per minute

Pump efficiency

System brake horsepower

Wire-to-shaft efficiency (variable-speed drive and motor effi-

ciencies combined)

J. Input kilowatts

k. Wire-to-water efficiency

S0 TR Q0 o R

For variable-speed pumping systems using variable-frequency drives,
the wire-to-shaft efficiency for the motor and variable-speed drive
listed in the previous paragraph, is a single efficiency developed by
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TABLE 10.3 Typical Wire-to-Shaft Efficiencies for Variable-Speed Drives with
High-Efficiency Motors

Motor horsepower

Percent
full load 15 50 75 100 150 200
0 0 0 0 0 0 0

40 50.2 63.0 61.5 59.2 67.2 67.0
60 73.2 81.3 80.5 79.6 84.4 84.7
80 84.4 88.3 88.3 88.6 90.9 90.6
920 86.5 89.8 90.9 91.0 91.8 91.8
100 87.7 90.9 91.4 92.2 92.9 93.1

the drive manufacturer from calculations and tests of various motor
and drive combinations. It cannot be just a multiplication of the motor
and drive efficiencies. All variable-frequency drives notch or disturb
the sine wave, which affects the efficiency of the motor.

Typical wire-to-shaft efficiencies for high-efficiency motors and
variable-speed drives from 10 through 200 hp are shown in Table 10.3.
Actual wire-to-shaft efficiencies for a specific application should be
secured from the variable-speed drive manufacturer after receipt of
information on the proposed pump motor.

10.8.1 Wire-to-water efficiency for two pumps

An example of this wire-to-water efficiency program is given in
Table 10.4. This table is for the two-pump system for the hospital

TABLE 10.4 Wire-to-Water Efficiency Calculations for Two 100 Percent Capacity Pumps

System System Water Fitting Pump Pump Pump  Input W/W
gal/min head, ft hp loss, ft head, ft rev/min efficiency kW efficiency

500 23.6 3.0 0.4 24.0 723 67.0 4.8 45.9
625 25.4 4.0 0.6 26.0 771 73.1 5.8 51.2
750 27.5 5.2 0.9 28.4 827 77.0 7.1 55.2

1000 32.9 8.0 1.6 34.5 947 81.3 10.2 60.6
1250 39.4 12.4 2.5 41.9 1071 83.3 14.5 63.9
1500 47.2 17.9 3.6 50.8 1204 84.2 20.2 65.9

1625 51.5 21.2 4.2 55.8 1273 84.4 23.7 66.7
1750 56.2 24.8 4.9 61.1 1343 84.5 27.5 67.2
1875 61.1 28.9 5.6 66.7 1414 84.5 31.9 67.7

2000 66.3 33.5 6.4 72.7 1486 84.6 36.8 68.0
2125 71.8 38.5 7.2 79.0 1559 84.5 42.2 68.1
2250 77.6 44.1 8.1 85.7 1632 84.5 48.3 68.1

2375 83.7 50.2 9.0 92.7 1706 84.5 55.0 68.1
2500 90.0 56.8 10.0 100.0 1780 84.4 62.6 67.7

NotE: Pump and wire-to-water efficiencies are in percent.
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project discussed earlier, and the pump curve is shown in Fig. 10.1065.
Only one pump runs at a time.

10.8.2 Wire-to-water efficiency for three pumps

The wire-to-water efficiency for the three-pump system for the hospi-
tal discussed earlier is listed in Table 10.5, and the pump curve is
described in Fig. 10.10c. One or two pumps run depending on the wire-
to-water efficiency.

TABLE 10.5 Wire-to-Water Efficiencies for Three 50 Percent System Capacity
Pumps

System System Water Fitting Pump Pump Pump  Input W/W
gal/min head, ft hp loss, ft head, ft rev/min efficiency kW efficiency

One pump running

500 23.6 3.0 1.6 25.2 845 84.6 3.3 66.3*
625 25.0 4.0 2.5 27.9 927 86.8 4.4 67.7*
750 27.0 5.2 3.6 31.1 1012 87.3 5.8 67.2%
875 30.0 6.6 4.9 34.9 1104 86.8 7.5 65.7*
1000 32.9 8.3 6.4 39.3 1201 85.9 9.7 63.7

1125 36.0 10.2 8.1 44.1 1302 85.0 12.4 61.7

1250 39.4 12.4 10.0 49.4 1406 84.0 15.5 59.9
1375 43.2 15.0 12.1 55.3 1511 83.0 19.2 58.2
1500 47.2 17.9 14.4 61.6 1619 82.1 23.6 56.6

1625 51.5 21.2 16.9 68.4 1728 81.3 28.7 55.1
1685 53.7 22.9 18.2 71.9 1780 81.0 314 54.3

Two pumps running

875 30.0 6.6 1.2 31.3 924 78.2 7.7 64.4
1000 32.9 8.3 1.6 34.5 978 80.7 9.3 66.7*
1125 36.0 10.2 2.0 38.0 1035 82.5 11.2 68.2%

1375 43.2 15.0 3.0 46.2 1158 84.7 16.0 69.9%
1500 47.2 17.9 3.6 50.8 1222 85.4 19.0 70.4*
1625 51.5 21.2 4.2 55.8 1289 85.9 22.3 70.6%*

1750 56.2 24.8 4.9 61.1 1356 86.3 26.2 70.8%*
1875 61.1 28.9 5.6 66.7 1425 86.5 30.5 70.9%
2000 66.3 33.5 6.4 72.7 1494 86.7 35.2 70.9%

2125 71.8 38.5 7.2 79.0 1565 86.0 40.5 70.9%*
2250 77.6 44.1 8.1 85.7 1636 87.0 46.4 70.9%*

2375 83.7 50.2 9.0 92.7 1707 87.1 52.9 70.7*
2500 90.0 56.8 10.0 100.0 1779 87.1 60.3 70.3%

NoTE: Pump and wire-to-water efficiencies are in percent.
*Denotes most efficient operation and correct number of pumps to operate at each sys-
tem gallons per minute.
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This table demonstrates that, in this case, the three-pump system
provides a higher wire-to-water efficiency throughout the load range
than does the two-pump system of 2500-gal/min pumps. The actual
pump selection has some bearing on these results, so this should not
imply that in every case it would be more efficient to use three
instead of two pumps. Such a wire-to-water efficiency program should
be run on every application where substantial motor horsepowers are
involved. A significant fact that can be secured from this particular
calculation is that two pumps should be operated from 1000 gal/min
upward even though one pump could hand the water system up to
1685 gal/min.

10.8.3 Wire-to-water efficiency for
constant-speed pumps

Wire-to-water efficiency can be computed for both constant- and
variable-speed pumping systems. One of the unique advantages of
this program is the ability to compute the wire-to-water efficiency
for a pumping system with constant- and variable-speed pumping.
Table 10.6 describes the wire-to-water efficiency of the two-pump
constant-speed system. The pump curve of Fig. 10.115 applies in this
case, and only one pump runs at a time.

TABLE 10.6 Wire-to-Water Efficiency Calculations for a Constant-Speed Pumping

System
System System Fitting Pump Pump  Pump W/w
gal/min head, ft Water hp loss, ft head, ft rev/min efficiency Input kW efficiency
500 23.6 3.0 0.4 145.0 1780 34.0 44.8 5.0
625 25.4 4.0 0.6 144.0 1780 41.0 46.0 6.5
750 27.5 5.2 0.9 1429 1780 47.5 47.2 8.3
875 30.0 6.6 1.2 1415 1780 53.4 48.3 10.2
1000 32.9 8.3 1.6 139.9 1780 58.7 49.5 12.5
1125 36.0 10.2 2.0 138.1 1780 63.4 50.6 15.1
1250 394 124 2.5 136.1 1780 67.6 51.7 18.0
1375 43.2 15.0 3.0 133.8 1780 71.3 52.7 21.2
1500 47.2 17.9 3.6 1312 1780 74.5 53.7 24.8
1625 51.5 21.2 4.2 128.3 1780 77.2 54.7 28.8
1750 56.2 24.8 4.9 125.1 1780 79.5 55.6 33.3
1875 61.1 28.9 5.6 121.6 1780 81.3 56.5 38.2
2000 66.3 33.5 6.4 117.8 1780 82.6 57.3 43.6
2125 71.8 38.5 7.0 113.8 1780 83.6 58.1 49.5
2250 77.6 44.1 8.1 109.5 1780 84.2 58.7 56.1
2375 83.7 50.2 9.0 1049 1780 84.4 59.1 63.3
2500 90.0 56.8 10.0 100.1 1780 84.4 59.5 71.3

NotE: Pump and wire-to-water efficiencies are in percent.
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Figure 10.12 Wire-to-water efficiency curves for Tables
10.4, 10.5, and 10.6.

Figure 10.12 provides the data of Tables 10.4, 10.5, and 10.6 as
curves plotted with system gallons per minute. This figure demon-
strates the advantage of the three-pump variable-speed system
energy-wise over the two-pump variable-speed system. It also shows
the dramatic energy savings of either variable-speed system over the
constant-speed system. Not only do the variable-speed systems save
energy, but they also reduce appreciably the overpressure on the
water system and the radial thrust on the pumps themselves.

It should be noted that these tables are based on standard water at
50°F. If wire-to-water efficiencies are computed for liquids of other
densities or viscosities, the head inserted in the tables should be cor-
rected for the actual density and viscosity.

10.9 Wire-to-Water Efficiency Indication

Wire-to-water efficiency indication for an actual pumping system can
be developed easily through the recording of the system flow, net
pump head, and pumping system kilowatts. This instrumentation for
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wire-to-water efficiency is shown in Fig. 10.13a and includes a system
flowmeter, a differential pressure transmitter across the pumping
system headers, and a watt transmitter.

Wire-to-water efficiency is computed by dividing the energy applied
to the water (water horsepower) by the power input to motor or variable-
speed drive. Using the equations of Chap. 6 for pumping energy, the
equation for wire-to-water efficiency WWE is

water horsepower (whp) - 0.746 - 100
input kW

WWE (%) =

@ (gal/min) - H (ft)
~ 53.08 - input kW

(10.2)

where @ = flow through the system in U.S. gallons per minute
H = net pumping system head in ft measured by the differen-
tial pressure transmitter connected across the headers of
the pumping system
input kW = power input to the pumping system (The watt transmitter
must be located ahead of any variable-frequency drive.)

Equation 10.2 demonstrates that the acquisition of the three values
of flow, head, and kilowatts can produce continuously the wire-to-
water efficiency of a pumping system. No allowance for changes in
specific gravity or viscosity need be made, since the kilowatt input
changes automatically with these conditions. Actual wire-to-water
efficiencies from a test program on a four-pump system are listed in
Table 10.7. This test is typical of those used to search for peak wire-
to-water efficiency for a four pump system.

Wire-to-water efficiency can provide a record of pumping perfor-
mance that enables the operator to compare the present operation
with that in the past when the system was new and properly
adjusted. This procedure allows the operator to determine if a partic-
ular pump is operating inefficiently; the operator can cycle various
pumps and record the differences in efficiency. The pump that is oper-
ating inefficiently can be taken out of service and repaired or cleaned.
Wire-to-water efficiency indication is a must for large or medium-
sized pumps in areas that have high electrical rates.

Wire-to-water efficiencies for a pumping system can be plotted
against system flow and used for system evaluation as well as control,
which will be described later in this chapter. Figure 10.13b describes
the wire-to-water efficiency curves for the five-pump system that was
described in Fig. 9.8¢. This type of information can be secured directly
from a computer capable of curve plotting.
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Figure 10.13 Wire-to-water efficiency instrumentation and typical wire-to-water effi-
ciency curves for a five-pump system.
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TABLE 10.7 Wire-to-Water Efficiencies from an Actual Test Program

No. of System flow, System Pump Wire-to-water
pumps gal/min head, ft rev/min Input, kW efficiency, %

1 2475 28.3 1170 34.6 474

2 2475 28.3 852 30.7 53.4%*

2 3960 42.7 1123 62.6 58.4

3 3960 42.7 977 62.4 58.6%*

3 4950 55.4 1124 91.7 62.5

3 7425 97.0 1518 211 67.0

3 7425 97.0 1394 210 67.3%

4 9900 153.6 1759 404 71.7

*Transition points from one to two, two to three, and three to four pumps for peak wire-
to-water efficiency.

10.10 Kilowatt Input for a Pumping System

Wire-to-water efficiency can be calculated using Eq. 10.2 and it can be
displayed on the pump controller for the pumping system. However,
wire-to-water efficiency instrumentation requires a differential pressure
transmitter located across the pumping system headers and a system
flow meter, as shown in Fig. 10.13a. Three instruments, and therefore,
three instrument errors are involved. There are many applications of
this instrumentation that have proved it to be an effective method of
evaluating the overall operating efficiency of a pumping system.

Field experience has proved that total kW input for a pumping sys-
tem provides a better indicator and means of programming multiple
pump systems, particularly variable-speed pumps. The only instru-
mentation required for this is the watt transmitter and flow meter as
shown in Fig 10.14. This simplifies the equations for evaluating
energy input to a pumping system and results in one equation for all
types of systems.

Q-h
5308 - ), My OF Ny

kW input = (10.3)
where @ = Water system flow, gal/min
h = Water system head, ft
1, = Pump efficiency
1, = Motor efficiency for constant-speed pumps
Nyw = Wire-to-shaft efficiency for variable-speed pumps

Kilowatt input can be calculated at all loads and with different
numbers of pumps in operation. There is no requirement for deter-
mining the friction loss through the pump fittings or dividing the
total system flow by the number of pumps in operation. The operator
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Figure 10.14 Instrumentation for kW input control.

can easily observe the kW input and the number of pumps in opera-
tion from the computer screen.

The following evaluation is from an actual study to determine the
value of using three 50 percent pumps in lieu of two 100 percent pumps
as well as two constant-speed pumps. The pumps’ head-flow curves and
the system head curves are shown in Fig. 10.15. These tables provide
the energy consumption for all the above pumps. This study reveals
several factors that must be taken into consideration when selecting
the number and size of pumps operating in parallel. These are:

1. Load curve. At what percentages of the design load do actual loads
occur on the water system? Does the system operate at light loads
much of the time or at heavy loads?

2. Power supply. What is the quality of the power supply and the cost
of power?

3. Reliability. How important is reliability? Is the double standby of
the three 50 percent pumps desirable?

4. Constant or variable speed. What are the energy savings for vari-
able speed?

Three energy evaluations will be made: (1) kW input for one 100
percent capacity variable-speed pump; (2) kW input for two 50 percent
capacity, variable-speed pumps, and (3) kW input for a constant-speed,
100 percent capacity pump.
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Figure 10.15 Percent head-flow and system head curves.

A third computation was run with all three pumps in operation.
There were no energy savings for this system with all three pumps
running, so the calculations were not included. Such is not the case
with many three-pump systems where operating all three pumps,
save energy at the highest flows in the water system.

The data of Tables 10.8, 10.9, and 10.10 demonstrates the advan-
tages of each of the three installations. A summary of the kW inputs
is shown graphically in Fig. 10.16. This indicates the following:
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TABLE 10.8 kW Input Calculations for a System with Two 100 Percent Capacity
Pumps (Only one pump runs at a time)

System  System  Water Fitting Pump Pump Pump Drive Input
gal/min  head, ft hp loss, ft  head, ft rpm effy effy kW

300 30.9 2.3 0.1 31.0 845 36.9 70.6 6.7

600 33.2 5.0 0.3 33.5 898 59.2 75.3 8.5

900 36.7 8.3 0.7 37.4 972 72.5 79.5 11.0
1200 414 12.5 1.3 42.0 1057 80.5 83.2 14.4
1500 47.2 17.9 2.0 49.2 1162 84.8 86.1 19.1
1800 54.1 24.6 2.9 50.8 1273 87.2 88.4 25.1
2100 62.0 32.9 3.9 57.0 1393 88.4 89.9 32.8
2400 71.0 43.0 5.1 66.0 1516 89.0 91.3 42.4
2700 81.0 55.2 6.5 87.5 1645 89.2 92.4 54.0
3000 92.0 69.7 8.0 100.0 1780 89.2 93.0 68.1

Note: Pump efficiencies are in percent.

1. The single 100 percent capacity, variable-speed pump, from 1200 to
3000 gal/min is the most efficient. This is due to the higher pump
and wire-to-shaft efficiencies.

2. For very light loads less than 1000 gal/min, the 50 percent capacity
pump is the most efficient.

TABLE 10.9 Total kW Input for Two 50 Percent Capacity Pumps

System  System  Water Fitting Pump Pump Pump Drive Input
gal/min  head, ft hp loss, ft  head, ft rpm effy effy kW

One pump running

300 30.9 2.3 0.3 31.2 879 59.1 66.0 4.5x%

600 33.2 5.0 1.3 34.4 970 83.0 74.1 6.3

900 36.7 8.3 2.9 39.6 1097 87.0 81.1 9.5%
1200 414 12.5 5.1 46.5 1265 82.9 85.9  14.8%
1500 47.2 17.9 8.0 55.2 1451 77.4 89.2 226
1800 54.1 24.6 11.5 65.6 1654 72.7 914 335

Two pump running

300 30.9 2.3 0.1 31.0 853 35.2 62.1 8.0

600 33.2 5.0 0.3 33.5 912 57.6 68.1 9.7

900 36.7 8.3 0.7 37.4 980 71.7 73.1 12.1
1200 41.4 12.5 1.3 42.7 1067 79.8 778 155
1500 47.2 17.9 2.0 49.2 1164 84.2 81.8  20.2%
1800 54.1 24.6 2.9 57.0 1266 86.3 85.0  26.3%
2100 62.0 32.9 3.9 66.0 1387 87.1 87.2  34.4x
2400 71.0 43.0 5.1 76.2 1510 87.2 89.3  44.2x
2700 81.0 55.2 6.5 87.5 1638 86.9 90.9  56.3%
3000 92.0 69.7 8.0 100.0 1760 86.5 919  71.2%

~NoteE: Pump efficiencies are in percent.
“Denotes most efficient operation and correct number of pumps to operate at each system
gal/min.
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TABLE 10.10 Total kW Input Calculations for a 100 Percent Constant-Speed Pump

System  System  Water Fitting Pump Pump Pump Motor Input
gal/min  head, ft hp loss, ft  head, ft rpm effy effy kW

300 30.9 2.3 0.1 138 1780 20 96.0 40.6

600 33.2 5.0 0.3 137 1780 37 96.0 43.6

900 36.7 8.3 0.7 136 1780 50 96.2 479
1200 414 12.5 1.3 133 1780 60 96.2 52.1
1500 47.2 17.9 2.0 129 1780 68 96.2 55.8
1800 54.1 24.6 2.9 126 1780 74 96.1 60.1
2100 62.0 32.9 3.9 122 1780 80 96.1 62.8
2400 71.0 43.0 5.1 117 1780 84 96.1 65.5
2700 81.0 55.2 6.5 110 1780 88 96.1 66.1
3000 92.0 69.7 8.0 100 1780 90 96.1 65.4

~ote: pump efficiencies are in percent.

3. The constant-speed, 100 percent capacity pump is very inefficient
excepting at full load. This is due to the elimination of the ineffi-
ciency of the variable speed drive 100 percent speed.

4. A combination of two 50 percent pumps and one 100 percent pump
would offer the optimum efficiency.

Conclusions. The installed pump horsepower is 200 hp for the two 100
percent pumps, 150 hp for the three 50 percent pumps, and 200 hp for a
system consisting of two 50 percent pumps and one 100 percent pump.

Before a final selection of pump capacity is made, a thorough evalua-
tion must be made of the actual load curve for the water system. If most
of the loads are 1500 gal/min or less with peak loads occurring momen-
tarily, there probably is no justification for the use of a 100 percent
capacity pump. If the daily load is above 2000 gal/min with light loads
occurring during the night hours, the combination of two 50 percent
pumps and one 100 percent pump may be the best selection.

Other factors that must apply are, of course, first cost, cost of power,
and all other pertinent information that must be reviewed in each
case of pump application. This study reveals that the proper selection
of pumps, both in size and number requires a sizeable amount of
information and calculations to determine the most feasible pumping
equipment for a particular installation.

It should be noted that the above tables are based upon standard
water at 60°F. If kW inputs are computed for liquids of other densities
or viscosities, the head inserted in the tables should be corrected for
the actual density and viscosity.

This evaluation was made on a specific installation without any
preconceived results. The important factor about this analysis is the
method used, not the results that are specific for this water system.
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Figure 10.16 kW input for Tables 10.8, 10.9, and 10.10.

10.10.1 Total kW input indication and
pump programming
Total kW input indication for an actual pumping system can be dis-
played easily on the pumping system controller. The operator can
observe the kW input before a pump is added or subtracted.

kW input is an excellent procedure for programming variable-speed
pumps in a multiple-pump installation. Rather than waiting for a system
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condition to start or stop pumps, the k€W input control starts or stops
a pump when these actions indicate a possibility of saving energy. For
example, in Table 10.9 and Fig. 10.16, the data indicates that the sec-
ond pump should be started when the system flow reaches 1300
gal/min and not wait until 1800 gal/min flow where one pump can no
longer sustain the desired water system conditions. At 1800 gal/min,
the kW input with one pump running is 33.5 kW and is 26.3 kW with
two pumps running. This is a 21 percent savings in energy.

The software of the pump controller can include this control proce-
dure to ensure that the most efficient number of pumps is running in a
multiple-pump installation. The points of addition and subtraction for
pumps are easily adjustable in contemporary pump controllers. One of
the advantages of this control is the ability of the operators to check the
control procedure to ensure that the pump addition and subtraction
points are correct. This is as follows and assumes that the desired oper-
ating pressure is maintained as pumps are added and subtracted.

1. The total kW input should drop when a pump is added. If it increases
instead, the pump should not have been added, and the set point for
pump addition should be increased until the kW input drops or does
not change when a pump is added.

2. The total kW input should drop when a pump is subtracted. Like
the pump addition, if the kW input increases when a pump is sub-
tracted, the point of subtraction should be lowered until the kW
input drops or does not change when subtracting a pump.

This is a very simple procedure even for installations with a multi-
ple of large pumps. The operators become familiar with what the kW
input should be at particular flows in the water system and can tell
when adverse conditions appear.

10.11 Pump Control

Since variable-speed pumps have entered the HVAC market, there
are two aspects to pump control: (1) pump start-stop procedures and
(2) pump speed control. These procedures must be developed for both
constant- and variable-speed pumping systems.

Pump start-stop procedures consist of a number of control techniques:

1. With system activation or shutdown

2. By system demands such as flow or pressure

3. By system energy evaluation such as wire-to-water efficiency or
kW input
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4. By emergencies caused by pump failure

5. Duty sharing such as alternation

Pumping systems can be interfaced easily so that they can be
started or stopped by the building management system. When a
chilled or hot water system is actuated, any pumping system involved
can be started automatically at that time.

10.11.1 Sequencing of pumps on system
demands of flow or pressure

Multiple-pump systems require care in the addition and subtraction
of pumps in order to achieve maximum pumping efficiency from mini-
mum to maximum system flow. Items 2 and 3 mentioned previously
list the procedures used for accomplishing this.

Which procedure is used to sequence multiple pumps can have a
great bearing on the efficiency of the pumping system. There are sev-
eral methods of sequencing pumps, and these are:

1. Maximum flow sequencing. This old method let one pump run
until it could no longer handle the system requirements; the controls
then started the next pump in the pumping sequence. This has proved
to be wasteful in energy because the pump operates far to the right of
the design point at a poor efficiency. Also, the pump then operates at a
point of high radial or axial thrust with greater wear on bearings,
sleeves, and mechanical seals. Maximum flow should be used as a
backup control system to maintain system flow on failure of more effi-
cient control systems, such as best efficiency or wire-to-water efficiency
control. Arbitrarily selecting a percentage of speed of the operating
pumps such as 80 percent to add and subtract pumps does not achieve
peak efficiency; this is an attempt to control pumps without evaluating
all the system characteristics that determine operating efficiency.

2. Best efficiency control. Recognizing the problems with maxi-
mum flow sequencing, this procedure was developed to eliminate the
preceding inefficient and high-thrust operation with maximum flow
sequencing. It has been called best efficiency control because the
pumps are sequenced so that they operate as closely as possible to
their best efficiency point. This is achieved by evaluating the system
head for the proposed system and selecting pump sequencing so that
the pumps do not “carry out” but operate near their best efficiency
point. This is demonstrated in Fig. 10.17, a system with two pumps
operating at design load. With maximum flow sequencing, one pump
could operate until 167 percent capacity of one pump was reached; at
this point, the pump efficiency would be very low compared with that
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Figure 10.17 Best efficiency control.

at design condition, and the pump would operate noisily. With best
efficiency control, the second pump would be added at 125 percent
capacity of one pump, and the two pumps would operate at a much
higher efficiency if they are variable-speed pumps. Best efficiency con-
trol does require a system flowmeter if flow is used as the means for
sequencing. Unfortunately, many systems do not have accurate
flowmeters that can be used for pump sequencing.

If the pumps are variable speed on systems without flow meters,
pump speed can be used to start or stop the second pump. The wire-
to-water efficiency calculation, or kW input control, is used to compute
the speeds at which the second pump should be added or subtracted.
These computed speeds can be checked under actual operation to
ensure that the pumps are being sequenced properly, particularly if a
watt transmitter is available to indicate the energy consumption by
the pumps.
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3. Wire-to-water efficiency control. Field experience with best effi-
ciency control has proved that pumps still were not being sequenced
efficiently under all system conditions. This led to further evaluation
of pumping system operation and its refinement by wire-to-water effi-
ciency control, which utilizes the procedures listed in the previous
section for wire-to-water indication.

The wire-to-water efficiency determination can be used to select
approximately the points at which the pumps should be added or sub-
tracted. The transition points can be selected from the wire-to-water
efficiency tables and inserted into the pump-control program. The
actual pump operation can be checked by wire-to-water efficiency
indication, and the set points can be changed in the field until the
pumps are operating on the most efficient program. How the transi-
tion points are secured is shown in Table 10.7, data from an actual
test for wire-to-water efficiency.

The value of wire-to-water efficiency control is shown dramatically
in Table 10.5. If one pump were allowed to operate as high as 1625
gal/min, the input kilowatts would be 28.7 and the wire-to-water effi-
ciency 55.1 percent compared with two pumps operating at 1625
gal/min with an input kilowatts of 22.3 and a wire-to-water efficiency
of 70.6 percent.

4. kW input control. This control is described previously. Adaptive
control accomplishes the same adjustment in the set point, established
to stop one of the running pumps. Typical use of adaptive control occurs
in chilled water systems with a sizeable system head area, Fig. 10.18;
this is for the model building of Chap. 9 and Fig. 9.3. It is impossible to
establish a simple set point based upon one rate of system flow on a
system with such an appreciable system head area.

Adaptive control will be used in other control procedures herein,
such as variable condenser water temperature and add-subtract
points for boilers and chillers.

5. Adaptive control. The perfection of digital control has resulted
in the use of adaptive control to adjust set points to variable condi-
tions. As has been demonstrated in a number of figures in this book,
transition from one to two pumps, two to three pumps, and so forth
can be accomplished by wire-to-water efficiency or kW input control.
With adaptive control, the actual point of transition, such as 1100
gal/min in Fig. 10.19, can be continuously adjusted to secure the opti-
mum point of transition. This is accomplished by sensing the change
in kW input as transition is made, say from one to two pumps. If the
kW increases, the second pump should not be added. The next time the
requirement for a pump addition occurs, the adaptive control proce-
dure adjusts the set point up to 1300 gal/min as shown in Fig. 10.19.
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All this discussion on the efficient control of pumps demonstrates
the great capability now available to HVAC water system designers
through the use of digital electronics in the evaluation of a water sys-
tem and the application of pumps.

10.11.2 Emergency backup on pump failure

Equipment failure is always troublesome, and it should be met in a
way that will cause the least amount of trouble for the water system.
Pump failure must be handled so that the system is not momentarily
out of water. The control system must interrogate operating pumps so
that a standby pump is started when pump failure is sensed, not
when the water system reacts to the failure of a pump. This may seem
to be a minor detail to be included in a pump handbook, but it can be
a terrible operating problem if the standby pump control procedure is
not executed properly. Reiterating, pump failure should be sensed
immediately, and the standby pump started then, not waiting for sys-
tem pressures to indicate the failure.

10.11.3 Alternation of operating pumps

Over the years of automatic control, almost every conceivable method
of alternating the lead or operating pumps has been used in the pump
industry. There are systems called “first on, first off” or “last on, first
off.” There are duty cycle or run time cycles. All these alternation
methods were designed to provide equal wear on all the pumps.

Two facts have resulted from these procedures. First, equal wear is
not necessarily the best procedure. As in several cases with large
pumps, all the pumps wore out during the same month and year,
causing an emergency repair program because all the pumps failed
together. Second, automatic alternation in itself allows the operator to
neglect the pumps.

A third factor has arisen, and that is the reduction in wear of HVAC
pumps. The use of variable-speed pumps and factory-assembled
pumping systems where pumps are programmed correctly has
reduced the incidence of pump failure. This has resulted in the elimi-
nation of most of the preceding alternation cycles. The simplest and
cheapest procedure is manual operation by the operator. Equipping
the pump control center with an elapsed time meter for each pump
motor enables the operator to maintain around 2000 to 4000 operat-
ing hours between pumps so that they do not all fail at the same time.
More on this subject is included in Chap. 26.
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10.11.4 Pump speed control

All the preceding discussion has been on programming the pumps
efficiently. The second part of operating variable-speed pumps is con-
trol of the pump speed itself. Development of the variable-frequency
drive has greatly changed the design, selection, and operation of
pumps. The resulting variable-speed pump offers many benefits such
as reduced power consumption and lower radial thrusts on the pump
shafts. The variable-speed drives themselves have been reviewed in
Chap. 7. Contemporary speed control of a pumping system has
evolved over the past 25 years.

The basic control arrangement for these variable-speed pumps con-
sists of a water system sensor, a pump controller, and a variable-speed
drive (Fig. 10.20a). In most cases, the water system sensor can be for
(1) temperature, (2) differential temperature, (3) pressure, (4) differen-
tial pressure, (5) water level, (6) flow, and (7) kilowatts. Special sys-
tems may use other physical or calculated values for varying the speed
of the pumps.

The pump controller can be of many different configurations
depending on the response time required to adequately control the
pump speed without continual speed changes or hunting. With initial
use of variable-speed drives on HVAC systems, it was assumed that
since the loads did not change rapidly on these water systems, there
was no need for rapid speed regulation of the pumps. It was learned
during actual operation of these pumps on HVAC systems that rapid
speed regulation was required, particularly on systems where pres-
sure or differential pressure sensors were used to regulate the speed
of the pumps. Although the load on these systems was not changing
rapidly, pressure waves within the water systems created changes at
the sensors that caused speed changes. Also, with digital control,
after computation of the Propotional-Integral-Derivative error, an
output signal is given the variable-speed drive to increase or
decrease the speed of the pump. PID error for proportional-integral-
derivative control is the difference between the setpoint and the
process value. This increase or decrease continues until the next sig-
nal change. Attempts to reduce the sensitivity of the pump control
only caused increased variation in the actual pressure or differential
pressure at the point where the sensor was installed. Currently, 500 ms
has proved to be an adequate response time for most HVAC variable-
speed pumping systems. If HVAC variable-speed pumps continuously
change their speed, the response time is inadequate, or another control
problem exists! Properly controlled variable-speed pumps in this
industry should not change their speed so that the changes are
either visible or audible.
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a. Basic speed control for variable speed pump.
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b. Piping and wiring for multiple differential pressure transmitters.

Figure 10.20 Basic speed control for variable-speed pumps.
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Most pump controllers are now based on digital electronics and are
of the proportional-integral-derivative or digital type, which sense a
signal, compute the error, and output the speed signal to the variable-
speed drive. Since the speed of the pump is held at a discrete point by
such a controller until it is updated, there can be continuous speed
fluctuation when rapid control response is not provided. Standard
commercial PID computer chips are available with a rate of response
as fast as 10 to 500 ms. Rate of response should not be a problem on
variable-speed HVAC pumps due to the digital technology that is now
available for the control of such pumps. Any variable-speed pump that
has continuous speed change is not being controlled properly. It may
have too slow a speed response from the transmitters that are con-
trolling the pump speed.

Although standard commercial computer chips are designed for
proportional-integral-derivative control, most HVAC applications do
not require any derivative value inserted in the actual control algo-
rithm. Also, proportional-integral controllers of the analog type are
seldom used in this industry.

10.11.5 Sensors for pump speed control

The preceding description of basic variable-speed control listed the
types of sensors used for pump operation. Some HVAC systems
require more than one sensor to maintain the proper speed of the
pumps. This is due to shifting heating or cooling loads on the water
system. The standard signal-selection technique is utilized to accom-
modate more than one transmitter (Fig. 10.2056). The controller selects
the transmitter at which the signal has deviated the farthest from its
set point. Following is information on the selection and location of
sensors or transmitters.

The location of the sensors is important to ensure that the pumps
can be operated at the lowest possible speed from minimum to maxi-
mum system load. See Chap. 10 for proper sensor location for specific
types of water systems.

When pressure or differential pressure is used to control pumps,
these transmitters must be located so that the distribution friction
pressure loss of the system is eliminated from the signal. For exam-
ple, assume that a distribution system for a hot or chilled water sys-
tem consists of differential pressure with direct return piping and has
a 20-ft loss across the largest coil, its control valve, and piping. Also
assume that the distribution friction loss out to and back from the
farthest coil is 80 ft. The total pump head is therefore 100 ft. If the
pressure transmitter is located at the pump, it must be set at 100 ft to
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accommodate the system when it is operating at 100 percent load. If
the transmitter is located at the far end of the loop, the distribution
loss of 80 ft is eliminated from the control signal. The transmitter can
be set at just 20 ft, the loss across the largest coil and its piping. The
pump speed can be varied to match the load on the system, thus sav-
ing appreciable energy by operating the pump at lower speeds. The
pump will operate with less radial thrust and have less repair.

The water system just described is of the direct return type; if it
were of the reverse return type, differential pressure transmitters
would be required at both ends of the distribution loop. Both the
direct and reverse return systems and their transmitter locations are
shown in Fig. 10.21a. With variable loads in a reverse return loop, if
all the loads are located at one end of the loop, the differential pres-
sure transmitter located at the other end will not provide adequate
control. One transmitter can be located at the center of the loop, but
one-half the distribution loss must be set into the control signal, thus
forcing the pump to run at a higher and less efficient speed. This may
be acceptable on small systems without much distribution friction,
but it would be totally unacceptable on the preceding system with 80 ft
of distribution friction. In this case, the differential pressure trans-
mitter would be required to be set at 60 ft, causing the pumps to run
at a much higher speed than when set at 20 ft with the differential
pressure transmitters at each end of the loop.

Along with the proper location of the differential pressure transmit-
ters, the transmitters must be interrogated properly by the control
system. As indicated earlier, the response time of the controller must
be fast enough to prevent pump hunting, but it must hold the differ-
ential pressure to an error signal of =1 foot or less. Any variation
greater than this for the controlling transmitter is unacceptable; if a
greater variation occurs, it indicates that the pumps are hunting, and
energy is being lost.

Following are several special applications of differential pressure
transmitters on hot or chilled water systems. All these applications
with 2 to 10 transmitters will utilize a low signal selection procedure
that will select the controller that has deviated the farthest from it
set point.

Figure 10.21b. A two-wing building usually requires a differential
pressure transmitter at the end of each wing.

Figure 10.22a. When the chillers, boilers, and pumps are located on
top of a high-rise building, the differential pressure transmitters
should be located at the bottom of the building to eliminate the dis-
tribution friction.
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Figure 10.22b. This building is typical of reverse return systems
requiring a differential pressure transmitter at each end of the loop.
One differential pressure transmitter can be located at the center
point of the reverse return loop if the distribution friction of the sup-
ply and return loops is less than 20 ft.

Buildings that have a great amount of glass and a pronounced sun
load may require a differential pressure transmitter on both the east
and west sides of the building, regardless of the configuration of the
piping.

A number of control procedures are being developed to control
variable-speed pumps; some have been successful, and some have not.
Following are control techniques for loop-type variable-speed pump-
ing systems that have not been successful:

1. Locating the differential pressure transmitter across the pumps
instead of at the end of the loops. There is little reason for using
variable-speed pumps with this control procedure. The design pump
head must be the set point for the differential pressure controller;
therefore, there is very little reduction in pump speed, whatever the
load on the building.

2. Temperature control by valve stem position. This method of con-
trolling chilled and hot water systems can be expensive and difficult to
calibrate. The position of a particular valve stem has no relationship to
the flow of water passing through the valve. Figure 10.23a describes
why this is so. Valve A close to the pumps will have a greater flow at a
specific valve position than valve B at the end of the loop. It is difficult
to correlate an analog representing valve position to pump speed with-
out excessive hunting. Pumps and their controls are designed to
respond to pressure changes; this is why the differential pressure con-
trol method has been so successful over the past 25 years.

A combination of differential pressure control and valve position
reset is possible, as shown in Fig. 10.23b. The differential pressure
transmitter is still the principal means of controlling the pump speed,
but the differential pressure set point is established by the energy
management system, which changes the set point as the valves recede
from full-open position. This is uneconomical unless the valve position
of all the control valves is being sent to the building management sys-
tem as part of the standard control system.

A typical differential pressure—valve position schedule would be

Any valve fully open: 25 ft
All valves 90 percent open: 22 ft
All valves 80 percent open: 19 ft
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a. Problem of using valve position for pump speed control.
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b. Differential pressure reset with control valve position.

Figure 10.23 Use of control-valve position for differential pressure reset.

All valves 70 percent open: 16 ft
All valves 60 percent open: 14 ft
All valves 50 percent open: 12 ft

3. Return water temperature control. Fortunately, this method of
control is not seen very often. It absolutely will not work! Return
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water temperature has no relationship to system load on variable-
volume systems; it should be maintained as closely as possible to a
constant value. For example, a chilled water system operating with
44°F supply temperature and 56°F return temperature should hold
these temperatures whether the load is heavy or light on the system. There-
fore, return temperature cannot possibly be used as a control parameter for
variable-speed pumping. Often there has been confusion of variable
return water temperature that results from the use of three-way
valves; these systems were, of course, constant-volume systems and
not used with variable-speed pumps for most applications.

10.11.6 Communication from
remote transmitters

The method of communication with remote transmitters is particu-
larly important to ensure that a noninterrupted signal is received at
the pump controller at the rate of response specified by the pump con-
trol manufacturer. The route that the signal takes is of importance to
the water system designer.

Most signals from remote transmitters are direct current and 4 to
20 mA in strength. These signals must be protected from electromag-
netic and radiofrequency interference. Therefore, the interconnecting
cabling must be shielded and grounded at the pump controller end.
Table 10.11 provides typical distances between the transmitter and
the pump controller that can be used with various sizes of wire.

These cables can be installed in conduit or cable trays that carry
other instrument, data, or telephone signals. They must be shielded
for electromagnetic and radio frequency interference, and the shield
must be grounded at the end of the cable near the pumping system
controller.

On some large installations, the cable installation for pump control
can become expensive; an alternate procedure is to install modems

TABLE 10.11 Maximum Linear
Distances for Transmitters from Pump

Controllers
Wire size, AWG Linear distance, ft
16 20,000
18 11,000
20 8000
22 5000
24 3500
26 2000
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at the remote differential pressure transmitter and at the pumping
system. This procedure allows the use of ordinary telephone cables for
transmission of the control signals.

Care should be taken to avoid routing the control signals through
building management systems that reduce the rate of response from
the transmitter; the signal and data load on these central manage-
ment systems may be such that the transmitter signal for pump
speed control cannot be processed faster than 2 to 4 seconds. This is
too slow for accurate pump speed control. This must not occur rou-
tinely or when the central management system is responding to emer-
gency conditions such as fire or building power failure.

10.12 Effects of Water Systems
on Pump Performance

The pump is the heart of every water system; when it fails, the sys-
tem fails. Unfortunately, many times pump failure is due to the water
system’s effects on the pump’s performance and physical condition.
The problems with cavitation and entrained air on pump performance
and damage have already been discussed in Chap. 6.

Other deleterious effects on pumps are control systems that force
pumps to run in the high-thrust areas, namely, at very low or high
flow rates. The pump wears rapidly, and it is not the pump’s fault.

One of the most disastrous practices in pump application is the
installation of a relief valve on a pump discharge that returns the
water to the pump suction, as shown in Fig. 10.24a. It should be
remembered that the thermal equivalent of a brake horsepower is
2544 Btu/h. All the energy destroyed by the relief valve is returned to
the pump suction. If the system is operating at low loads, where the
flow through the pump is low, it is very apparent that heat will build
until the pump can become very hot. Also, hot water will surge
through the system when the flow does increase.

Relief valves should be avoided wherever possible on chilled water
systems because every brake horsepower destroyed by the relief valve
adds one-fifth of a ton load on the chillers. If there is no other way to
control the water through the system than by a relief valve, it should
be connected as shown in Fig. 10.24b. The heat is returned to the
chiller, and the pump continues to receive and deliver chilled water.

Heating and cooling coils that are dirty on the air or water side or
are operating with laminar flow increase the system flow beyond the
design flow rates. Often pumps are blamed for their inability to provide
these greater flows; good system control is the answer for many system
problems that cause unnecessary pump wear and maintenance.
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(Not recommended excepting as last resort if relief valve must be used).

Figure 10.24 Pump relief valve connections.

HVAC pumps should be long-lasting with very little repair. Proper
installation and operation will provide many years of operation with a
minimum of service and repair.
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Chapter

11

Open Cooling Tower Pumps

11.1 Introduction

Most of the air-conditioning systems in the HVAC industry or process
cooling systems having a net cooling capacity in excess of approxi-
mately 4,000,000 Btu/h (333 tons) transmit the heat load to the
atmosphere evaporatively through an open cooling tower. Evaporating
a pound of water removes around 1000 Btu from the remaining water.
This equates to about 1 percent of the water flow being evaporated to
cool the balance of the water over a temperature difference of 10°F at
design conditions. This is in contrast to the “once-through” water cool-
ing systems (100 percent makeup), in which only 10 Btu are removed
when 1 Ib of water is cooled 10°F.

Cooling towers were developed to take the place of lakes and spray
ponds, which required considerable space to accomplish the same
amount of evaporative heat transfer. The cooling tower industry pros-
pered as system owners and operators were told that water was a
valuable commodity that should not be wasted. Once-through water
cooling systems have been outlawed in many parts of the world.

Since the evaporative process depends on wet-bulb temperature, a
water-cooled refrigerant condenser is significantly more efficient than
an air-cooled condenser. The air-cooled condenser must be designed
for the highest dry-bulb temperature that will be encountered on each
specific application.

Cooling towers have been the subject of much research to achieve
the most efficient operation and the maximum amount of capacity
per cubic foot of tower volume. Cooling towers are normally rated in
tons of cooling, 12,000 Btu/ton. Alternate ratings are in gallons per

325
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minute with a specific temperature difference between inlet and out-
let temperatures

A detailed description of cooling tower performance is beyond the
scope of this book. This chapter will be devoted to the piping and pump-
ing of cooling towers and chiller condensers and how their performance
affects cooling tower pumps and vice versa. The next chapter will deal
with process cooling using cooling towers and other equipment.

For a detailed description of the thermodynamics of cooling towers
and a comprehensive discussion of the various types of cooling towers,
the reader is encouraged to study Cooling Tower (Chap. 36 of the
Systems and Equipment volume of the ASHRAE Handbook for
Heating, Ventilating and Air-Conditioning, 2004.

Obviously, there are a number of different arrangements of cooling
tower fill and air patterns to achieve the most efficient and economi-
cally feasible cooling tower for the many different sizes and types of
HVAC and industrial installations. Table 11.1 is a general graphic
representation of the type of towers currently being used in these
industries. Basically, a cooling tower is simply a container in which
water and air both flow together. Most often the airflow is either
forced (pushed) or drawn (pulled) through falling water. Usually, the

TABLE 11.1 Classification of Open Cooling Towers

SPARY TYPE
__ NATURAL
DRAFT COUNTERFLOW
HYPERBOLIC
CROSSFLOW
COOLING —
TOWERS
FORCED
DRAFT
COUNTERFLOW SINGLE FLOW
MECHANICAL
— DRAFT CROSSFLOW
INDUCED
DRAFT DOUBLE FLOW
COUNTERFLOW
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falling water cascades over various types of fill or media that are
specifically designed to slow the water fall rate and thus increase the
time that the water is in contact with the air; this increases the evap-
orative process. There are special types of cooling towers that use nei-
ther media (fill) or air-moving systems (fans). The largest cooling tow-
ers without fans are the hyperbolic towers most often associated with
electrical generating plants. The most basic categorization of towers is
by the method used for air movement through the tower, whether nat-
ural or mechanical draft.

Cooling towers also can be characterized as to whether they are
factory assembled or field erected and can be divided into various
shapes such as rectilinear, round, or octagonal. Some cooling towers
are described by their basic material of construction, such as ceramic
towers.

11.1.1 Cooling tower fans

Cooling tower fans, until recently, were always constant speed or two-
speed. The availability and cost of variable-speed drives has made them
economical on many cooling tower installations. Some of the operating
problems with cooling towers have disappeared with the ability to
adjust the fan speed to the actual operating condition. This has
resulted in more precise control of the leaving water temperature.

11.2 Water Flow Conditions for Cooling Towers

A cooling tower has a very specific range of flow that provides accept-
able performance. This flow range can be only 80 to 100 percent of
design flow on most cooling towers. Some towers can have their flow
ranges extended by the manufacturer making modifications in the
cooling tower’s water distribution system. If the actual flow rate is less
or greater than the specified range, operating problems will develop;
the water flow through the tower can become nonuniform with uneven
airflow. It is the responsibility of the designer to ensure that the flow
rate of the water system meets the needs of the cooling tower.
Matching the pump to the cooling tower may compromise other
design requirements such as the flow rates required by chiller con-
densers. It must be recognized that this dichotomy exists, and the
water system design must satisfy both the flow rate of the using equip-
ment and that of the cooling towers. Revelation of this fact has led to
the development of a number of different chiller sumps and pumping
arrangements that satisfy both the tower and the equipment using the
tower water. Some of these solutions are provided later in this chapter.
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The first information that must be obtained in pumping a tower is
to determine the minimum and maximum flow rates required by the
using equipment such as chiller condensers. In the past, there were
simple rules such as 3 gal/min per ton of cooling for an electric chiller.
This assumed that the heat of rejection included the 12,000 Btu/ton
plus 3000 Btu/ton for the chiller compressor and auxiliaries for a total
of 15,000 Btu/ton of cooling. Today, with improved chiller perfor-
mance, the water rates are calculated more carefully. The flow rates
should be checked for the actual chiller or other equipment under con-
sideration at specific design water temperatures such as 95°F return
and 85°F sump water temperatures. If the heat of rejection from the
chiller is expressed in British thermal units per hour at a specific
temperature difference, the following equation can be used to com-
pute the water rate.

Cooline ¢ flow (zal/min) = total heat of rejection (Btu/h) 1L.1)
ooling tower flow (gal/min) = 500 - AT C°F) .

If the cooling load is expressed in tons of cooling, this formula becomes

Cooling ¢ flow (eal/min) = heat of rejection/ton - load in tons (11.2)
ooling tower flow (gal/min) = 500 - AT (°F) .

These formulas assume a specific weight for water of 62.33 1b/ft3.
The specific weight of 85°F water is 62.15 1b/ft?, so these standard for-
mula can be used except on special applications that may require
exact calculations in gallons per minute or pounds of water per hour.
In those cases, Table 2.3 should be used, taking in consideration the
actual specific gravity of the water at operating conditions.

Many chiller manufacturers specify an actual flow rate in gallons
per minute for their machines. They do not provide a heat rejection
rate, so these figures can be used in lieu of the preceding formulas.

Absorption-type steam or hot-water—heated chillers have a higher
heat of rejection per ton than electric chillers. The cooling tower flow
rate is usually specified by the manufacturers of these machines at a
specific temperature difference.

The use of a direct-fired chiller, where natural gas is the source of
heat, requires special sizing of cooling towers. The heat of rejection
must also include the combustion efficiency, so the total heat rejection
per ton of cooling may be in excess of 20,000 Btu/ton. The allowable
temperature difference may be much greater than the traditional
10°F, so the flow rate in gallons per minute through the tower will be
different than that for the more traditional electric chiller.
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11.3 Cooling Tower Piping

The most basic and conventional cooling tower pumping system is
shown in Fig. 11.1a for one tower cell and one chiller condenser. This
configuration is for a constant-speed pump providing constant flow
through the chiller condenser. A three-way valve is included in the
return piping to the tower for cold weather operation; this is a two-
position nonthrottling valve. In very cold weather, the pipe to the cool-
ing tower may freeze when the water flow is in the bypass position for
a long period of time. An alternate way to pipe cooling tower bypasses
is shown in Figure 11.15. The piping is arranged so that the velocity
head of the water is directed toward the bypass valve. Also, this valve
should be sized so that the pressure loss across the bypass valve and
the piping to the chiller sump is relatively low. This results in very lit-
tle water being backed up in the tower pipe. For example, if the
return pipe is 8-in steel carrying 1200 gal/min, the velocity head of
the water is 0.920 ft of head. If a 10-in bypass valve is installed, the
valve and exit loss to the tower sump should not exceed the velocity
head of the 8-in pipe. An advantage of this two-way valve is the fact
that the cooling tower piping drains when the condenser pump is
stopped.

Figure 11.1 describes relatively simple pumping installations, since
the flow through the tower is constant and equal to the needs of the
condenser on the chiller. The tower can be picked directly from a cool-
ing tower catalog or through computer software. The tower is sized to
the approach temperature and actual outdoor wet bulb temperature
at design conditions.

The cooling tower should be piped in such a way as to enable it to
achieve optimal performance. The piping also must aid the flow of
tower water to the using equipment. The water should leave a cooling
tower basin so that air entrainment or water vortexing is avoided.
Vortexing is discussed in Chap. 6.

Piping for cooling towers has been mostly steel. Recognizing the
great amount of oxygen carried by this pipe, many designers are now
using thermoplastic piping. This material is available in sizes up to
12 in in diameter. If steel pipe is selected for a cooling tower installa-
tion, the pipe should either be coated internally or the friction should
be calculated using a 1.2 multiplier on the Darcy-Weisbach data
included in Table 3.5.

It has been a tradition to install strainers on the suction side of
cooling tower pumps. As shown in Fig. 11.1, the strainer should be
installed on the discharge of the pump. The strainer is installed to
protect the tubes in a chiller condenser or process equipment such as
a heat exchanger; it is not there to protect the pump. The strainer in
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the cooling tower sump is normally adequate to keep rocks and other
large debris out of the pump. A suction strainer on a cooling tower
pump hazards a chance that the strainer could be obliterated with
algae; the pump could then overheat and be destroyed before it could
be stopped. Installing the strainer on the pump discharge protects the
pump. If the strainer becomes clogged, the pump will be protected
with only a small flow through the strainer. The equipment being sup-
plied by the cooling tower pump will indicate flow problems long
before the strainer is totally clogged.

11.4 Location of Cooling Tower Pumps

Cooling tower pumping is not severe duty for centrifugal pumps, but
applying pumps to cooling towers is much more detailed than most
HVAC pump installations. This is caused by the cooling tower loops
being open-type water systems with the possibility of oxygen, air-
borne dirt, and chemicals existing in the water.

Every cooling tower installation should be checked to ensure that
adequate net positive suction head (NPSH) available exists for the
pumps selected for that cooling tower. Chapter 6 provides information
on NPSH and how to calculate the available NPSH. Pumps should
not be selected for cooling tower duty without knowing the NPSH
required by them.

As the NPSH available equation (Eq. 6.8) indicates, the friction in
the suction pipe to end-suction and double-suction pumps should be
kept low. The pumps should be located as near as possible to the cool-
ing towers; the suction pipe should contain a minimum of pipe fit-
tings such as elbows (Fig. 11.2a). If there are doorways between the
cooling tower and a chiller, the pump should be located near the cool-
ing tower to avoid a loop in the suction piping (Fig. 11.2b). If the cool-
ing tower location is such that it is difficult to provide adequate suc-
tion conditions for end-suction or double-suction pumps, an alternate
is the use of turbine-type pumps located in the cooling tower sump.
The cooling tower should not be planned for installation at a specific
point with the hope that there is a way to pump the water from it.
Pumping the cooling tower should be settled before final location is
made for the tower.

Cooling tower pumps should not necessarily be located on the sup-
ply side of chiller condensers. On high-rise buildings where there is
adequate NPSH available under all load conditions, the condenser
pumps can be located on the discharge of the condenser, as shown in
Fig. 11.3a. This reduces the pressure on the condenser water boxes and
may eliminate the cost of higher-pressure construction. The maximum
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static pressure must be calculated to determine the working pressure
for these water boxes.

11.4.1 Remote cooling tower sumps

Many of the problems involved in operating cooling towers in cold
weather and with chiller condensers are solved through the use of
special cooling tower sumps. These sumps can be located indoors to
prevent freezing, as shown in Fig. 11.35. When the sump is located
remotely from the tower, as in this figure, the added height Z must be
included in the pump total dynamic head. This indoor sump must
have a drain-down capacity to handle the water of the system when
the pump is stopped. Most tower manufacturers provide the drain-
down volume in gallons for their towers; to this must be added any
pipe capacity that is drained at the same time.

A sump that solves many application problems is the hot-well, cold-
well type of Fig. 11.4a. This sump offers freezing protection and also
separates the cooling tower loop from the process or chiller loop. This
provides maximum flexibility for modulating the heat load that is sent
to the cooling tower. The cooling tower receives the correct water flow
regardless of the load on the equipment being cooled. A hot-well pump
circulates the cooling tower, while the process or condenser pump cir-
culates the process equipment or the condenser on the chiller. In warm
climates where there is no concern about freezing, the primary-
secondary circuiting that is described later in this chapter eliminates
the need for this sump.

The concrete sump and turbine pump of Fig. 11.456 is the typical
installation for large cooling towers. A battery of turbine pumps oper-
ating in parallel can develop an efficient flow program with a sub-
stantial load range.

Large cooling towers require careful evaluation of the cooling tower
sump. The intake of water from the sump to the pumps requires cor-
rect design to avoid suction problems for the pumps.

The Hydraulic Institute has summarized the entire subject of
intake design in their ANSI/HI 9.8-1998 American National Standard
on Pump Intake Design. This document should be considered before
any serious design is initiated for pump intakes. They have intro-
duced a new structure known as a trench-type intake that may sim-
plify sump design for large cooling towers, Fig. 11.5. It is urged that a
designer of large cooling tower installations should have a copy of the
above standard to assist in the design of any type sump, whether rec-
tangular, circular, or trench configuration.

The exit of water from cooling tower sumps should be designed
carefully to avoid vortexing. Figure 6.16 should be reviewed to ensure
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b. Typical cross section of concrete sump pit.3

Figure 11.4 Special sumps for cooling towers. (Source: Marley Cooling Tower Co. used
with permission.)
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Figure 11.5 Trench-type sump as per ANSI/HI 9.8-1998 standard for pump intake

design.

that the possibility of vortexing is eliminated from the cooling tower
water system.

11.5 Selection and Operation of Condenser Pumps

The selection and operation of condenser pumps for water-cooled
chillers embraces a broad range of pump sizes and arrangements. The
smaller chillers need only constant-speed end-suction pumps with a
pump for each chiller (Fig. 11.6a). If a standby pump is needed, it can
be added as shown in this figure. Normally, with this installation, a
cooling tower cell is furnished for each chiller. The programming for
the condenser pumps may consist of just starting and stopping each
pump with its chiller. Headering the condenser pumps as shown in
Fig. 11.6b6 is more expensive than the standby pump of Fig. 11.6a. It
requires another pipe header, and each chiller must be equipped with
a two-way automatic shutoff valve. On both these multiple-tower
installations in cold weather areas, the piping must be arranged to
prevent freezing when a tower or tower cell is taken out of service. A
bypass valve may be needed for each of the towers or tower cells to
prevent freezing in the tower piping.

As chiller installations become larger and consist of different types
of chillers, the pumping procedures become complex and require care-
ful and detailed analyses to achieve the most efficient and cost-
effective installation. The decision to use base-mounted double-suction
pumps or vertical turbine pumps in the cooling tower sump is a major
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one, requiring wire-to-water efficiency analysis and first-cost calcula-
tions. The height of the larger cooling towers alone may dictate the
use of below-grade sumps with turbine pumps. The wire-to-water effi-
ciency analysis of Chap. 9 should be applied to the larger condenser
pumps to achieve the pumping system overall efficiency and the
energy input to the condenser pump motors throughout the load
range of the chillers.

11.6 Special Condenser Water Circuits

The advent of the variable-speed pump has introduced new and inno-
vative methods of pumping chiller condensers. The age-old problem of
operating the chiller and cooling tower at their desired flow rates has
been eliminated by the use of so-called primary-secondary pumping,
as shown in Fig. 11.7. The same procedure as primary-secondary
pumping for hot and chilled water systems is utilized with constant-
speed cooling tower pumps and variable-speed condenser pumps. The
constant-speed cooling tower pumps pressurize the supply to the
variable-speed condenser pumps so that there are no NPSH problems
with the condenser pumps. This pumping arrangement also puts all
the static head of the cooling tower on the tower pumps, letting the
variable-speed pumps operate on a total friction head. This may provide
a higher overall wire-to-water efficiency for the condenser pumping
installation. This procedure also allows the cooling towers to oper-
ate at their optimal flow rates as the water is varied through the
condensers.

Continued experience with variable-speed condenser pumps has
proved that variable flow can be accomplished in most open cooling
towers with proper control of variable-speed cooling tower fans. Most
cooling tower manufacturers can provide a flow range of water
through the tower with reduced airflow. Obviously, the water flow rate,
in percentage, should always be greater than the airflow percentage.
For example, one manufacturer allowed a reduced water flow rate of
30 percent of design with a minimum fan speed at an airflow rate of
25 percent of design. Such variations in water and airflow should be
approved by the cooling tower manufacturer on each application of
cooling towers.

The number and size of the variable-speed pumps for the condenser
flow can be selected for the most efficient installation. On individual
chiller applications where a variable-speed pump is supplied for each
chiller, the condenser pump can have its speed varied by the lift pres-
sure or the refrigerant pressure difference between the high and low
sides of the chiller (Fig. 11.7a). On an installation that consists of a
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TABLE 11.2 Pumping System Analysis for Chillers in Fig. 11.6b

Condenser water  No. of pumps Wire-to-wire
flow, gal/min running System bhp Input kW efficiency, %
1500 1 20.0 17.8 56.6%*
3000 1 36.6 31.0 68.6*
4500 1 66.1 54.1 63.5
4500 2 60.8 52.1 66.0%*
6000 2 86.3 72.0 69.8*
7500 2 121.3 99.4 70.0%*
9000 2 167.8 135.7 68.7
7500 3 122.9 102.5 67.9
9000 3 161.3 132.7 70.3%*

*Optimal number of pumps.

number of chillers (Fig. 11.7b), the variable-speed pumps also can be
controlled by the pressure drop across the condensers. As a chiller is
started or stopped, the control valve on the chiller condenser water
circuit opens and closes. The optimal number and size of pumps
appear to be three 50 percent system capacity pumps on most of the
multiple-chiller applications. Table 11.2 is a tabulated analysis of the
pumps for the chillers in Fig. 11.75.

This wire-to-water efficiency analysis indicates the number of
pumps that should be run with various chillers in operation. Even
though two pumps are required to handle the maximum load of 9000
gal/min, this evaluation indicates that it is more efficient to operate
all three pumps at full load.

11.6.1 Operating absorption and
centrifugal chillers together

A problem that the variable-speed pump is solving is the operation of
an absorption and an electric chiller from the same cooling tower
installation. In the past, this was unacceptable because of the differ-
ence in condenser supply water temperatures. The absorption
machine required fairly constant supply water temperature, while the
electric chiller preferred colder condenser water that improved its
performance. With variable-speed condenser pumps, the inlet water
temperature to the condenser no longer need be a constant. With vari-
able flow through the condenser, the control procedure now is to
maintain the heat balance in the condenser like any other heat
exchanger. The variable-speed pump for the electric machine is con-
trolled by the lift pressure of the chiller, while the absorption machine
is controlled by leaving water temperature and minimum flow. If the
cooling tower water drops as low as 60°F, it may be necessary to reset
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the cooling tower sump to a higher temperature for the absorption
machine. Use of any of these procedures should be approved by the
chiller manufacturer under consideration.

Chiller manufacturers are evaluating many different effects that
variable flow through the condensers have on their equipment. It is
obvious from the preceding examples that the optimal pumping
arrangement for a specific installation requires analysis of several
different pumping arrangements.

11.6.2 Avoiding ice in cooling towers

Ice in certain forms and quantities can be disastrous to cooling tower
performance and to its structural integrity. Some ice is acceptable in a
cooling tower that is designed for operation in freezing climates.
Heavier amounts of ice that impair the cooling tower’s performance or
jeopardize the tower structure must be avoided.

Ice formation varies directly with the amount of air flowing and
indirectly with the amount of water flowing through the tower. There-
fore, pumps and pumping rates can be used to help control ice forma-
tion in a tower. Constant flow in a tower is obviously important in
freezing weather. The primary-secondary pumping of Fig. 11.7 main-
tains a steady flow of water over the tower, regardless of the flow
through the equipment using cooling tower water. The bypass valve
that is used to eliminate flow from the tower should be a two-position
valve for most towers and not be throttling, where the flow rate over
the tower is reduced from the design rate.

Ice control techniques vary between cooling tower manufacturers.
The recommendations of the manufacturer whose tower is under con-
sideration should be the basis of design for the cooling tower pumping
system.

11.6.3 Cooling tower plume abatement with pumps

Cooling towers have exit air plumes that can become quite visible,
particularly in the winter. They can be reduced or their elevation
above the ground can be increased by several techniques. Decreasing
the temperature of the entering water can have some effect on the
size and location of the plume. This can be accomplished by recircu-
lated pumping that lowers the total return water temperature. Often,
there is excess pumping capacity when the plumes occur, and some of
the water can be bypassed around the chiller condensers or process by
special valving back to the cooling tower.

The use of pumps to control these plumes should be as recom-
mended by the cooling tower manufacturer.
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11.6.4 Free cooling with cooling tower water

Free cooling is the name applied to processes that use the tower water for
cooling chilled water systems instead of the chiller. Free cooling can be
developed through a number of piping and equipment arrangements.
Basically, these systems break down into two classes, direct and indirect.

Direct free cooling. Direct free cooling defines the fact that the cooling
tower water circulates directly in the chilled water system instead of
through the chiller condenser. Two-way valves are provided for this
change. The water passes into the chilled water system at the bypass,
as shown in Fig. 11.8a. It circulates water through the chiller bypass
and acts like the primary chiller pump. The secondary or distribution
pumps pick up the cooling tower water and move it through the chilled
water system as with the chillers in operation. The condenser pump
head may be less in the free cooling mode than during normal opera-
tion with the chiller condenser. Both modes of operation must be eval-
uated to ensure that the condenser pump performance is adequate.

The principal drawback of direct free cooling is mixing of the cooling
tower water and its chemistry with the relatively clean chilled water.
Cooling tower water has to have a number of airborne contaminants,
since cooling towers are efficient air washers. Cleaning cooling tower
water can be accomplished with either full filtration such as sand fil-
ters or sidestream filters mounted at the cooling tower. Neither of
these systems can guarantee complete removal of all the objectionable
material that may be in the cooling tower water. The sidestream filter
should not affect the condenser pump performance; the full sand filter
may have a pressure drop greater than that for the chiller condenser.
This must be included in the condenser pump evaluation.

One of the advantages of direct free cooling is the lower water tem-
peratures that are available from the cooling tower compared with
the higher temperature emanating from the heat exchanger on indi-
rect free cooling systems.

Indirect free cooling. Indirect free cooling can be supplied in several
forms. The simplest and most common is through the use of a heat
exchanger that separates the cooling tower water from the chilled
water (Fig. 11.8b). As indicated earlier, some temperature difference is
lost across the heat exchanger. The designer must determine the dif-
ference in head between the friction loss through the chiller con-
denser and the loss through the heat exchange and size the condenser
pump to accommodate both the friction losses.

An alternative method of indirect free cooling is described in Fig. 11.9
where the heat exchanger is located in tandem with the chiller evapo-
rator. This installation is used where chilled water is required with
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Figure 11.8 Free cooling.
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outdoor temperatures of 55°F or less. Valves V, and V, modulate the
water through the heat exchanger when the condenser water supply
temperature is less than the temperature of the return chilled water
from the chilled water system. If the condenser water is too cold for the
chiller, it can be modulated by valve V., which is controlled by the refrig-
erant head pressure in the chiller.

Free cooling and heat recovery have become important subjects in
the HVAC industry. Chapter 32 provides information on advanced
heat recovery and proven methods of reclaiming part of the great
amount of heat discharged by cooling towers.

Refrigerant migration. Another method of free cooling is by refrigerant
migration, which is used on larger chillers when they are shut down.
Valves are opened on these machines that allow refrigerant vapor to
pass from the evaporator to the condenser and liquid refrigerant to
flow from the condenser to the evaporator. This process requires fairly
cold water from the cooling tower, below 50°F. With this type of free
cooling, there is no effect on the condenser pump performance.
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Partial indirect cooling can be accomplished by placing the free
cooling heat exchanger in series with a chiller. This reduces the
return water temperature to the chiller and enables it to operate at a
lower load. Like the heat exchanger above, the friction loss in both
loops must be evaluated.

All these free cooling methods require careful energy and cost eval-
uations by the system designer to determine the optimal procedure
for a particular system.

11.7 Understanding Legionnaires’ Disease

Although cooling tower water pumping in itself has little effect on the
prevention of Legionnaires’ disease, it does not hurt to have some spe-
cific information included in this book on this disease. Legionnella,
the bacteria that causes it, thrives in water of temperatures from 70 to
140°F. This temperature range is the same as that for operation of
most HVAC cooling towers. Therefore, it is urgent that all cooling tow-
ers be equipped with a comprehensive water treatment system that
not only controls corrosion and scale but also limits biologic con-
tamination. The system operator should become familiar with the rec-
ommendations of various authorities as contained in publications
such as those of the Occupational Safety and Health Administration.
Another source for this information is the 1995 ASHRAE Handbook,
Heating, Ventilating, and Air-Conditioning Applications, Chap. 44,
Corrosion Control and Water Treatment. Spills of water around cool-
ing tower pumps and leaks from cooling tower pumps should be elimi-
nated to aid in the control of this disease.

11.8 Summary

Cooling towers remain the best method of rejecting heat in HVAC and
industrial process water systems. It should be emphasized how much
heat is passed out through a cooling tower. Equation 11.3 develops
this as total heat per year:

Btu/year = heat/ton - tons - annual hours (11.3)

For example, if a 1000-ton chiller has an average heat rejection of
15,000 Btu/ton and operates an equivalent of 2000 hours per year at
full load, the annual heat rejection is

Btu/year = 15,000 - 1000 - 2000 = 30,000,000,000

This is 30 billion British thermal units per year! With an overall
boiler efficiency of 80 percent and a cost of $3 per 1000 ft3 of natural
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gas at 1000 Btu/ft3, this is equivalent to 37,500 mcf of natural gas, or
$112,500 per year.

Unfortunately, the average return water temperature to cooling tow-
ers is only 95°F. As HVAC water processes reduce their temperature,
more of this heat will become economically retrievable. Programs are
now being evaluated for raising the condenser leaving water tempera-
ture and balancing the cost of eliminating boiler operation against the
higher kilowatt per ton cost incurred by running the chillers at higher
leaving condenser temperatures.

This is an excellent place to again evaluate kilowatt per ton instru-
mentations and calculations for heat recovery systems. By measuring
the kilowatt consumption of the chillers, pumps, and cooling towers,
as well as the tonnage on the chilled water system, the data are
achieved for measuring kilowatts per ton for the heat recovery sys-
tem. Also, by determining the heat recovered from closed condenser
heat recovery circuits, a total energy statement can be derived that
will provide a guide for the central plant operator to program the
equipment at the maximum possible efficiency. There is no way an
operator can read all these system values simultaneously and develop
a manual algorithm that will give the continuous and accurate data
that are achievable with these computer programs.

The great amount of heat rejected by cooling towers should be
remembered as we go about the business of making chilled and hot
water systems more efficient. Some of the current efforts will be found
in Chap. 16 on closed condenser systems. Also, systems are prime can-
didates for evaluation for heat recovery from cooling towers if they
have chillers and boilers that operate at the same time. Chiller opera-
tion in the winter and boiler operation in the summer may be signals
to evaluate the economics of heat recovery.

11.9 Bibliography
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Source: HVAC Pump Handbook

Chapter

12

Pumps for
Process Cooling

12.1 Introduction

Although, in a strict sense, process cooling is not part of the HVAC
industry, many designers of HVAC systems are also involved with this
cooling due to their experience with cooling towers and chillers. This
chapter reviews some of the basic cooling systems that are used in
industry.

Process cooling systems, like HVAC systems, can receive their cooling
from cooling towers or chillers. The actual temperature of the indus-
trial process determines whether cooling towers or chillers are used for
the cooling. A great many industrial processes require water no colder
than 85°F, so cooling towers can be used for these applications.

Process cooling can consist of cooling liquid or gas streams. Many
liquid cooling processes include heat exchangers with the process lig-
uid on one side and cooling water on the other side. Such heat
exchangers are used when the process liquid is dirty, toxic, difficult to
handle, or too valuable to pass directly through a cooling tower. Gas
streams include many special chemical processes that will not be
reviewed here. Some gas streams will be discussed that are nontoxic
and can be cooled by water injection or water-cooled heat exchangers.

12.2 Liquid Cooling

Liquid cooling in industrial processes can utilize cooling towers
directly, but owing to the conditions mentioned earlier, many of these
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processes use heat exchangers of the shell and tube or plate and
frame types that are cooled by cooling tower water. The piping of such
heat exchangers is similar to that for heat exchangers in the HVAC
field; however, there are some conditions that may be found in these
industrial processes that require special circuiting of the heat
exchangers. There are some industrial processes that use heating or
cooling coils for gas streams. The pumping and piping connections of
these coils are much like those for HVAC heating and cooling coils.

The pressure drops across industrial heat exchangers may be
greater than those of HVAC applications because of the cost of the
heat exchangers. It is imperative that the designer determine exactly
the true pressure drop across the heat exchanger and its control
valve. The manufacturer of such process equipment may provide a
higher overall pressure to ensure that adequate water is available to
the equipment.

Some industrial processes may contaminate the cooling tower
water, and it may be necessary to provide cleaning of the water before
it is returned to the cooling tower. Figure 12.1a describes a cooling
system where the return water is collected in a trough and returned
to a hot well where it is cleaned before being pumped through the
cooling tower. The primary-secondary pumping described in this figure
allows for constant flow through the cooling tower and variable flow
to the process loop. This provides excellent cooling tower operation
throughout the year. A bypass valve is shown for bypassing the water
around the tower under very low process loads in freezing weather.
One method of regulating this valve is through the installation of a
temperature transmitter on the return water line to the tower. A pres-
sure transmitter at the end of the loop controls the system pump
speed and maintains the needed pressure in the supply header. The
set point can be varied with the load or type of cooling being carried
on in the loop.

Other industrial processes may be such that a typical closed loop
can be used on the cooling tower water (Fig. 12.15). If there is still
some contamination of the cooling tower water, cleaning equipment
can be provided at the cooling tower pumps. With the closed loop, a
differential pressure transmitter should be used instead of a pressure
transmitter for controlling pump speed to maintain the desired differ-
ential pressure for the heat exchangers. This is due to the variable
pressure drop in the return header. On some applications, the pressure-
gradient diagram (Fig. 12.2) may be helpful in evaluating the total
installation.

The hot-well, cold-well sump of Fig. 12.1a may be required in cold
areas where the heat from the process load is a variable. The bypass
valve of Fig. 12.16 may be acceptable as long as there is no possibility
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Figure 12.1 General arrangement of process cooling systems.

of continuous shifting of the water from the cooling tower to the
bypass connection and back again.

Cooling industrial processes with chillers is much the same as for
HVAC applications. Chillers are used when water in the range of 40
to 60°F is required. Piping of the chillers should be the same as
described in Chap. 14.
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Figure 12.2 Pressure gradient diagram for a process cooling
system.

There is an intermediate process temperature range of 60 to 80°F
that requires both cooling towers and chillers. This is accomplished
with the cooling tower and chiller in tandem, as shown in Fig. 12.3a.
Special attention must be given to keep the cooling tower water
clean to avoid excessive fouling of the tubes in the evaporator of the
chiller. With this arrangement, whenever the outdoor wet-bulb tem-
perature is reduced, the chiller can adjust its load to make up only
the difference in temperature from the cooling tower and the set
point temperature.

It may be advisable to develop a pressure-gradient diagram as shown
in Fig. 12.3b to determine pump locations and heads. Also, it may be
advisable to determine maximum pressures on the piping, particularly
if thermoplastic pipe is used in the cooling system.

12.2.1 Water flow for process liquid cooling

The water flow in gallons per minute for process cooling is somewhat
the same as for HVAC cooling. Since the cooling water temperatures
can vary over a broader range, the following formula can be used:
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Figure 12.3 Cooling tower and chiller for industrial cooling.
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heat transferred — (Btu/h)
(vy/7.48) - 60 - AT (°F)

Flow (gal/min) =

_ heat transferred — (Btu/h)
8.02 - v - AT (°F)

(12.1

where v is the specific weight of water at cooling tower return water
temperature

12.3 Energy Recovery

Some industrial processes operate with higher return water tempera-
tures to the cooling towers. This increases the possibilities of energy
recovery, as discussed in Chap. 11 on cooling towers and as will be
reviewed in Chap. 16 on closed condenser water systems.

12.4 Gas Stream Cooling

Gas stream cooling with cooling towers or special spray towers is lim-
ited mostly to those gases which are exhausted to the atmosphere.
Typical of these are gas turbine, boiler, and incinerator exhausts.
Many of these processes also scrub the gases, so the water from them
will contain chemicals that may be abrasive or corrosive to pumps.
This is particularly so if scrubbers are used to clean the gases and to
absorb specific chemicals that are known to exist in the gases.

Specific attention should be paid to the metallurgy of the pumps for
scrubbers. Erosion also may be a problem, necessitating the use of
rubber-lined pumps to provide a useful life of the volute. Most pumps
for such services are end-suction pumps to simplify the construction
and repair capabilities. Special mechanical seals with flushing equip-
ment may be required to keep the pumpage out of the seal cavities.
Ease of maintenance, not efficiency, is often the prerequisite for these
pumps, which is the opposite of that for most HVAC pumps.

The water flow rates should be determined by the user or manufac-
turer of the cooling equipment. The actual water flow is determined
not only by cooling rates but also by flushing or filtering requirements.

12.5 Bibliography
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Chapter

13

Pumping Open Thermal
Storage Tanks

13.1 Introduction

Thermal storage in the HVAC industry consists of both hot and chilled
water storage. Hot water storage has not been prevalent, since it is not
necessary for most hot water systems. As energy conservation grows
with large chilled water plants, there may be some economic reasons to
store hot water that is generated by the heat rejection from chillers.

13.2 Cool Thermal Storage

Cool thermal storage in HVAC systems has become popular in
attempts to reduce overall energy costs. The driving force has been
the demand charges put in place by the electric utilities as they
attempted to reduce their electrical demand due to cooling load dur-
ing the afternoon hours of the summer days. This demand charge
necessitated the shifting of this load from the daytime to nighttime
hours. Thermal storage provided this shift, using either ice, chiller
water, or eutectic salt to provide cooling during the peak hours
instead of electric motor—driven chillers.

The disappointing fact of this effort has been that the peak load
was reduced in most cases, but the overall energy consumption was
increased due to the higher kilowatts per ton of cooling required for
chillers making ice or chilled water at night. The mission of many of
these efforts was only peak shaving by the electric utility and demand
charge reduction for the customer, not overall energy conservation.
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A number of studies of the energy consumed by chillers have been
conducted by various companies to determine the value of energy
storage in reducing on-peak demand charges and overall efficient
operation of chillers. The data shown in Table 13.1 are typical of the
findings of some of these studies. This information is for chillers pro-
viding cooling of the chilled water without energy storage.

The data in Table 13.1 demonstrate that the programming of
chillers needs to eliminate the operation of chillers at light loads. One
of the most important advantages of these cool storage systems is the
“flywheel effect” they can have on chiller operation. The proper design
of energy storage systems therefore should provide for chiller opera-
tion at optimal efficiency as well as to ensure adequate cooling during
the peak demand charge period. The actual programming of the
charging of the tanks should not be just to recharge the tanks as fast
as possible but to use the storage and the chillers during light system
loads to achieve optimal overall energy consumption.

For example, in Table 13.1, most of the hours of operation were
from 15 to 50 percent design load on the chiller, where the kilowatts
per ton varied from 1.32 to 0.79. With chilled water storage, the

TABLE 13.1 Chiller Performance
(Mean kw/ton per 5% Increment of Chiller Load)

Percent Number of Kilowatts
chiller load seasonal hours per ton
10-15 108 1.53
15-20 542 1.32
20-25 389 1.15
25-30 303 1.03
30-35 311 0.94
35-40 209 0.87
40-45 225 0.83
45-50 262 0.79
50-55 230 0.76
55-60 137 0.74
60-65 211 0.72
65-70 128 0.70
70-75 120 0.70
75-80 122 0.70
80-85 104 0.70
85-90 32 0.67
90-95 11 0.61
95-100 4 0.59

~NotE: The values for chillers shown in this table
are for chillers manufactured around 1994. Recent
values (circa 2005) have indicated improved chiller
performance; actual data should be secured for any
chiller under consideration.
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chiller could operate at a higher loading with the combined system
and storage load. Obviously, the total economics of the installation
must be evaluated before committing to chilled water storage, but the
possibility of reduced chiller energy is another factor in the evalua-
tion of chilled water storage.

Most studies concentrated on the energy consumption of the chillers
alone and did not include evaluations of pumping energy. Also, many
of the pumping and piping installations for these systems have not
been conducive to energy-efficient pumping.

A number of pumping and piping arrangements for energy storage
have resulted in too many control valves and piping circuits and inef-
ficient pumping systems. One of the first objectives for the designer of
these systems should be to evaluate the physical configuration of the
installation and find ways to eliminate control valves and branch cir-
cuits. There are some very efficient and simple pumping and piping
systems for energy storage. The pressure-gradient diagram provides
the designer with a working tool to achieve maximum possible effi-
ciency in design and operation.

13.3 Types of Cool Water Storage Systems

There are five basic open-type cool storage systems. They are chilled
water, ice harvester, external ice melt, encapsulated ice, and eutectic
salt. Each has specific advantages and disadvantages; no attempt will
be made here to recommend a particular type of energy storage.
Emphasis will be placed on the pumping requirements for each sys-
tem. Following is a description of these systems that use an open stor-
age tank; particular attention will be paid to the optimal methods of
pumping cold water to and from these tanks.

No matter which cool storage system is selected, the pumping costs
can be appreciable, particularly since the pumps must operate at peri-
ods of high electrical demand charges. Great care must be taken in
the evaluation of variable-speed versus constant-speed pumps to ver-
ify if the power savings of variable-speed pumps are worthwhile.

13.4 Chilled Water Storage

Chilled water storage has the following advantages and disadvan-
tages when compared with other types of cool storage:

1. Standard chillers can be used because the storage temperature is
near that of most HVAC chilled water systems. On existing instal-
lations, the chillers can be reused in many cases.
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2. The electrical power cost is lower than for all other types of cool
storage except eutectic salt. This is due particularly to the higher
leaving water temperature for the chillers, around 40°F instead of
26°F for the ice systems.

3. Special liquids such as the glycols are not needed.

4. The storage cost is much higher than for the smaller ice systems
because of the greater volume. On large systems, the storage cost
may be equal to or less than that for ice systems. The storage cost
is almost always less than for eutectic salt installations.

13.4.1 Chilled water storage
system configuration

There are many different chilled water storage systems; the actual
design for a specific application is often contingent on installation fac-
tors such as size and location of the chilled water storage. One of
the most important design factors in any storage system is to provide
the “flywheel effect” mentioned earlier that can be used to operate the
chillers at the optimal kilowatts per ton. Figure 13.1a provides a
piping circuit for a typical water storage system that uses the stored
water as a chiller bypass and enables the chillers to operate at the
optimal kilowatts per ton.

Table 13.2 provides typical chiller kilowatts per ton data for contem-
porary chillers that include the energy consumption of the condenser
and primary chilled water pumps with the chiller that is delivering
water at 40°F. Also, these data are for 85°F condenser water supplied
to the chiller. Chillers running at lower condenser temperatures will
demonstrate much lower kilowatt per ton figures.

It is obvious from the data in Table 13.2 that the chilled water stor-
age system must be designed so that this chiller never runs below 50
percent of full load. The backpressure valves shown in Fig. 13.1a are
unnecessary if the storage tank is higher than the rest of the chilled
water system, as could be the case for low-rise or single-floor buildings.

In most chilled water systems, it is undesirable to reverse the flow
in the chiller bypass. With the chilled water storage tank serving as
the chiller bypass, the flow reverses automatically through the tank
to provide the flow needed for the chilled water system when the
chillers are stopped, as would be the case during high-demand charge
periods. With the kilowatt per ton data of Table 13.2, the chillers
should run at around 70 percent loading to achieve minimum energy
consumption. In actual operation, it has been found most economical
to operate most chillers as closely to full load as possible. This can be
verified during actual operation if total kilowatts per ton are recorded
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TABLE 13.2 Chiller Kilowatt per Ton Data with Condenser and
Primary Pump Kilowatts Included

Percent load Total kW/ton Percent load Total kW/ton
10 1.69 60 0.69
20 1.05 70 0.68
30 0.84 80 0.69
40 0.74 90 0.70
50 0.71 100 0.72

for all percentages of system load. Operating chillers in off-peak sea-
sons with lower condenser water temperatures also dictates the need
to observe actual kilowatt per ton readings to secure optimal chiller
operation. Obviously, poor operation of chillers at very low loads and
high kilowatts per ton should be avoided.

For existing systems where chilled water storage is to be added to
buildings with high static pressures, Fig. 13.156 describes another sys-
tem in which the water storage system is separated from the princi-
pal chilled water system. The actual system design conditions will
determine the need for this separation of the storage from the water
system and the extra valving and tank pumps.

To aid in understanding the operation of the chilled water storage
system in Fig. 13.15, the five different phases of its operation are as
follows:

1. Standard chilled water system operation without the chilled
water storage system. The storage tank valves A through D are closed,
and the system functions as any other chilled water system without
storage; the tank pumps are stopped.

2. Serve the chilled water system and store chilled water. Valve A is
modulating and valve D is open; valves B and C are closed. Valve E on
the tank is open to the tank discharge position. Valve A is modulated
to provide the flow rate desired into the storage tank. The tank pump
varies its speed to maintain return water pressure in the chilled
water system. This prevents the development of low pressure in the
system caused by water flowing into the tank.

This control procedure allows the operator to adjust the rate of stor-
age, and it enables operation of the chillers at optimal kilowatts per
ton for the entire chilled water plant.

This operation can occur at any off-peak loading on the chilled
water system.

3. Serve the chilled water system with chillers and stored chilled
water. This operation provides peak shaving by allowing the operator

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Pumping Open Thermal Storage Tanks
Pumping Open Thermal Storage Tanks 359

to select the amount of water needed from the storage tank to achieve
the desired chiller operation and reduction in power consumption.

Valve C is open while valves A and D are closed. Valve B is modu-
lating to provide the desired flow from the storage tank. The tank
valve E is open to the cold water connection of the tank.

4. Store chilled water only. This procedure is very similar to phase 2
except that there is no system cooling load. Again, the operator should
program the chillers and operate them at a rate of cooling that will
ensure minimum energy consumption in the overall kilowatts per ton in
the central energy plant. Recognition should be given to the lower kilo-
watts per ton that can be achieved with reduced condenser water tem-
peratures from the cooling tower during lower outdoor temperatures.

5. Serve the chilled water system only from the storage tank. This
phase is similar to 3. excepting that the chillers are stopped, and all
cooling is derived from the storage tank. Valve B is modulating, valve
C is open, and valves A and D are closed. The tank valve E is in the
cold water discharge connection on the tank. Valve B is modulated by
the flowmeter to achieve the desired flow through the storage tank,
and the tank pump’s speed is controlled to maintain the desired pres-
sure on the chilled water system.

The supply temperature to the system can be varied by blending
return water with the tank water. Also, the storage tank flow rate can
be paced by the system flowmeter. The type of control desired for a
specific application will depend on the overall parameters that affect
system operation.

Most chilled water systems do not incorporate the glycols to prevent
freezing, since the water is seldom stored below 40°F. The advantage
of chilled water over the other systems is the lower overall energy
consumption in kilowatts per ton of cooling; the disadvantage is the
lower British thermal units stored per cubic foot of tank volume. If
there is space for a chilled water tank, it should be used in lieu of the
ice-formation types of energy storage.

13.4.2 Temperature control of open thermal
storage tanks

Temperature control of thermal storage tanks is important to ensure
that the thermal cline is maintained, Fig. 13.2, and a maximum per-
centage of the tank volume is used before the leaving water tempera-
ture begins to rise. The temperature must be sensed at several levels
to ensure that the tank is under proper control. ASHRAE’s manual on
cool storage provides the designer with excellent data on the design
and operation of thermal storage tanks.
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Figure 13.2 Typical general arrangement of open chilled water tanks.

13.5 Open Ice Storage Systems

For systems that do not have space for chilled water storage, open ice
storage systems can be used with smaller tanks. When ice storage is
under consideration, the designer must evaluate both open- and closed-
type ice systems. This chapter reviews open-type ice systems, while
closed-type ice systems are part of Chap. 17. Open ice systems consist
of the ice harvester, external melt ice, and encapsulated ice types.

13.5.1 Ice harvester

This system offers compact installations including prepackaged ice-
making machines Fig. 13.3. Its storage cost is lower than that of any

[ Chilled water system

|
|
|
Y
| I
|
|
|
|

= Variable speed

* *i‘L‘ * system pump

Self-priming pump
or standard pump
with priming system

e

Underground
storage

Figure 13.3 Ice harvester system. (From Patterson Pump Company HVAC
Pumps and Systems Manual, 2004.)
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other cool storage systems, but it has the most expensive chiller costs.
Its power costs of generating ice are as high as for any of the cool
energy storage systems. Another disadvantage pump-wise is the com-
mon use of underground tanks for storage, since the ice-making
equipment must be located above the tanks. This enables the ice to
fall by gravity away from the ice machine into the tank. Harvester-
type ice storage systems can be provided with above-ground storage
tanks and are the preferable arrangement if vertical clearance is
available.

With the underground tank, self-priming pumps may be required
for ease of operation. If the system is seldom shut down, standard
centrifugal pumps with priming systems can be used. The disadvan-
tage of self-priming pumps is their efficiency, which can be as much as
20 percent lower than that for standard centrifugal pumps. As men-
tioned earlier, this is not advantageous, since these pumps must run
during periods of high electrical demand charges. Several very impor-
tant points must be made in the use of self-priming pumps:

1. The pump suction piping must be designed with low friction losses.

2. Care must be taken that the NPSH available, is adequate even
when the tank water is at ambient conditions. The system must
start with no ice in the tank, so the water temperature must be
assumed to be equal to the surrounding air temperature.

3. If more than one self-priming pump is installed, each should have
its own suction line sized to the recommendations of the pump
manufacturer. Headered suction lines to pumps offer possibilities
of air leaks and loss of priming water.

4. All pumps taking a suction lift, particularly self-priming pumps,
always should be installed strictly in accordance with the pump
manufacturer’s recommendations.

There are a number of different pumping arrangements for ice
harvesters. Some may have one pump for circulating the chiller
and delivering water to a heat exchanger for the chilled water sys-
tem. Others may have dual pumps with a constant-speed pump for
the chiller and a separate variable-speed pump for the chilled
water system heat exchanger. The actual pumping arrangement is
contingent on the size of the cool storage system and on the load
configuration.

Ice harvesters can be used in conjunction with standard chillers as
peak shaving systems to reduce the overall cost of the installation. It
is obvious that the economics of these systems play a great part in the
final selection of equipment.
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13.5.2 Encapsulated ice systems

Encapsulated ice systems of cool storage use various types and shapes
of bottles or containers filled with water. A low-temperature liquid
such as one of the glycols flows through the tank to either freeze the
water in the containers during the charging cycle or to melt the ice dur-
ing the energy-using cycle. The advantages of these systems are very
low storage volumes with relatively low chiller costs. The storage cost
with respect to the other cool energy systems varies with the size of the
installation.

There are no specific pumping problems with these systems
because they are usually installed above grade with the pumping
equipment beside the tanks. The circuiting of the piping depends on
the manufacturer of the encapsulation containers. Otherwise, the
pumping arrangement can be like many other open tank chilled
water systems.

13.5.3 External ice melt systems

Generally, these systems use an open tank that has refrigerant coils
immersed in it. Some systems are provided in closed pressure tanks.
Cold refrigerant passes through the coils to develop ice around the
coils. When the ice has built up to a specified thickness, the refriger-
ant flow is stopped, and the tank is ready for use as an energy source.
Water flows through the tank much like the encapsulated ice systems
delivering cool water to the chilled water system heat exchanger. Also,
like the encapsulated ice systems, there are no particular problems in
pumping these systems. The pumping equipment is again located
beside the tanks, so there usually are no NPSH problems.

13.6 Eutectic Salt Systems

Eutectic salt systems are much like encapsulated water systems
except that the liquid in the containers is not water but a material
that has a higher melting temperature than the 32°F of water. Some
of these salts freeze at 47°F; current developments indicate that other
salts with freezing temperatures of around 40°F may be available for
the cool storage industry.

Eutectic salts have the advantage of using standard chillers, so
their power costs are similar to those of chilled water and much less
than those of ice storage systems. They have a high storage cost due
to the special materials that are involved with the salts and their
containers. Their tank volume is around one-half that for chilled
water.
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These systems again are much like encapsulated ice and external
ice melt systems as far as pumping equipment is concerned. The
pumping systems are located beside the tanks, so there are no prob-
lems with NPSH or priming.

13.7 Decision as to the Type of Energy
Storage System

The decision whether to use chilled water, ice storage, or eutectic salts
is beyond the scope of this book. The designer for energy storage must
make this decision based on the parameters of each installation, such
as first cost, space for energy storage, electrical charges, and efficien-
cies of various types of chilled water and ice-generation equipment.
This decision requires a number of evaluations and calculations. The
development of the gas-fired engine—driven chiller and absorption
chillers for electric power reduction during high-demand periods has
added to all the evaluations that must be made for a particular instal-
lation.

Most of these cool storage systems require some form of pumping of
the water from open tanks; the location and type of pumping vary with
each system, as described previously. However, with proper application
of the pumps, their required power should not have a great bearing on
the type of energy storage system selected for a specific application.

13.8 Basics of Pump Application to Open
Energy Storage Tanks

Regardless of the type of open energy storage system, there are some
fundamentals on pumping that must be recognized. The following
principles should be adhered to on these applications:

1. The viscosity and specific gravity of the liquids involved should be
checked and used in calculations for pipe and fitting friction and
pumping horsepower. Water at 32°F has a higher viscosity than
water at 50°F, namely, 1.93 X 107° ft*s at 32°F compared with
1.41 X 1075 ft*/s at 50°F.

2. When using glycol systems, ensure that the pumps will never oper-
ate near the freeze curve or slush line of the glycol (see Figs. 2.1,
2.2, and 2.3).

3. On chilled water and all other installations except ice harvester
systems, always locate the working level of the energy storage
tank higher than the chillers if at all possible. This eliminates the
need for backpressure valves on the chiller circuit. It is wise to run
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a pressure-gradient diagram on energy storage systems, since this
diagram will reveal problems with water circuiting and will expose
needless energy waste in control valves.

4. Check the NPSH available for pumps taking water from the open
storage tank. NPSH is not a problem on most of these systems
unless there is a great amount of pipe or valve friction between the
open tank and the tank pumps.

5. Do not locate any control valves between the tank and the tank
pumps (Fig. 13.4a). Control valves reduce the NPSH available for
the pumps, and they can cause cavitation in the pumps. Three-way
two-position valves can be located on the suction of the pumps,
since one of the valves is always open (see Fig. 13.5a). This does
not apply to self-priming pumps or other pumps taking a suction
lift from the tanks, since no valves of any configuration should be
installed in these lines.

TO WATER
SYSTEM

STORAGE TANK PUMP

a. Location of control valve on storage
tank pump.

PRESSURE
TRANSMITTER AT
TOP OF HIGHEST
BUILDING

RETURN

BACKPRESSURE
REGULATORS
CONTROLLED BY
PRESSURE AT TOP
OF HIGHEST a
BUILDING. ]

Figure 13.4 Location of valves

T0
STORAGE TANK
on open storage systems.

b. Use of backpressure regulators to maintain
pressure in building.
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Figure 13.5 (Continued)

6. When pumping closed chilled water systems from open tanks, the
elevation of the working water level in the open tank must be com-
pared with the minimum static pressure of the building. The dif-
ference between the two elevations must be recognized, since this
static head must be accounted for in any energy evaluation of the
system. The energy lost is computed as follows:

_ gal/min - head - 0.746
B 3960 P, -E,

_ gal/min - head
B 5308 P -E,

kW lost

(13.1D
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where gal/min = flow of water from pressurized system
head = pump head required to return the water to the
system
P_ = efficiency of pump
E_ = efficiency of pump motor for constant-speed pumps
or the wire-to-shaft efficiency of the motor and
variable-speed drive for variable-speed pumps

The energy calculation for a system is as follows: Assume that
the top of the building is at elevation 730 ft, and the working level
in the energy storage tank is 520 ft. These elevations are in actual
levels above sea level. Also, assume that there is an expansion
tank located at the top of the building and that 10 psig is main-
tained in this tank by the makeup water system.

The pressure gradient required to maintain the 10 psig at the top
of the building is 730 + (10 X 2.31), or 763 ft. The pressure gradient
for the working water level of the storage tank is 520 ft. The pres-
sure difference between the pressure at the top of the building, 763 ft,
and the open tank, 520 ft, is 243 ft. With 15 ft of pipe friction in the
piping between the storage tank and the water system, the total
head required for the pump is 258 ft. If the system flow is 1000
gal/min, the pump efficiency 83 percent and the wire-to-shaft effi-
ciency of a motor and variable-speed drive is 89 percent,

1000 - 258

kWlost = 208" 0.83 - 0.89

= 65.8 kW

7. If the static pressure of a closed system is greater than the eleva-
tion of the open tank, some means must be used to maintain the
minimum pressure at the top of the building. There are several
methods of achieving this:

a. Backpressure valves (Fig. 13.4b) can be used, but they should
maintain the pressure on top of the building, not the inlet pres-
sure to these valves. Self-operating valves should not be used in
many cases because the friction of the return water main between
the valves and the top of the building is a variable. The valves
should be equipped with a control system that measures the pres-
sure at the top of the building and adjusts the valve position to
maintain that pressure. Normally, a pressure transmitter located
at the top of the building along with a proportional-integral con-
troller can adjust the valve position to maintain the desired
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pressure on top of the building. Usually, this control procedure is
adequate for small buildings where the energy loss from the pres-
surized system to the open tank is minimal.

b. On larger buildings with high pressures, it may be desirable to
save this energy lost from the depressurization of the water.
Figure 13.5a describes a procedure that can be used, that of a
pressure recovery pump. This pump is driven by a similar pump
equipped with a turbine wheel. A typical performance curve for
such a turbine is shown in Fig. 13.5b. The energy recovered by
such a pumping system can vary from 10 to around 67 percent
of the pressure difference between the chilled water system and
the open tank. A variable-speed pump responding to the chilled
water system return pressure is installed in series with the
recovery pump.

The variable-speed pump in series with the energy-recovery
pump provides a more efficient arrangement for most applications
than combining the variable-speed motor with the turbine and
energy-recovery pump on one base. The difficulty of this one-base
arrangement is the fact that the turbine must run at the same
speed as the variable-speed pump. The turbine should operate at
the speed caused by the flow of water from the system and the
force on the turbine shaft created by the driven pump. The variable-
speed pump runs at a speed necessary to maintain the system
pressure. They are seldom the same speed.

An excellent article on the savings of the turbine-driven pump in
lieu of a heat exchanger and where to use it is available in
ASHRAE Transactions DA-88-27-2 by R. M. Tackett. The evaluations
included in this article will assist the designer in the evaluation of
the cost of these pumps versus heat exchangers to determine the
amortization periods.
¢. The use of a heat exchanger to overcome the pressure difference

between the open tank and the pressurized chilled water sys-

tem (Fig. 13.6) may not be an efficient procedure for chilled
water storage systems because of the temperature drop across
the heat exchanger. If it is desired to store chilled water at 40°F
with a temperature approach of 3°F for the heat exchanger,
chilled water must be generated at 37°F, thus increasing the
kilowatts per ton of the chiller. Also, in like manner, only 43°F
water is available for use by the chilled water system. The heat
exchanger therefore causes a total temperature swing of 6°F.

The savings in static pressure for high-rise buildings through

the use of a heat exchanger must be offset with the friction loss

of the heat exchanger as well as this temperature loss across it.
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Figure 13.6 Chilled water storage with building heat exchanger. (From
Patterson Pump Company HVAC Pumps and Systems Manual, 2004.)

The decision to use the heat exchanger does require a careful
first cost and energy evaluation of its installation. On open-type
ice systems, the heat exchanger is the normal procedure
because of the great difference between the water temperature
in the tank and that in the chilled water system. The higher
kilowatt per ton energy requirement for the chiller has already
been expended to generate the ice.

13.9 Types of Pumps for Thermal Storage

When the thermal storage tanks are installed above grade or when the
working water level of the tank is above the pump suction, the best
type of pumps are volute, single or double suction, as would be the
case for cooling towers. These pumping systems should be selected and
programmed to achieve the maximum possible pumping efficiency.
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When the open tank is below grade, the pumps can be vertical tur-
bine installed in the tank with the motors above grade, or they can be
self-priming pumps. Installation of the vertical turbine pumps would be
much like that for large cooling towers. Usually, the self-priming pumps
have a lower efficiency than the turbine pumps, so they should be used
only on smaller installations. As indicated earlier, self-priming pumps
should be installed with individual suction pipes, not with a suction
header. The size of these suction pipes must be the same as that of the
suction connection on the pumps themselves. This can add to the pump
head and reduce further the efficiency of the self-priming pumping sys-
tem. The NPSH required and dry priming capabilities of these pumps
should be checked carefully with the pump manufacturer.

13.10 Operating Pumps on Thermal Storage Systems

The pumps for thermal storage systems deserve the same evaluation
for efficient operation as other HVAC systems. It is wise on larger sys-
tems to run a pressure-gradient diagram at minimum and maximum
loading to determine the value of variable-speed pumping.

Where there is a significant friction loss in the thermal storage and
distribution system, the use of variable-speed pumps may be justified.
On ice systems using glycol solutions, a careful evaluation of the vis-
cosity range of the glycol should be made to determine the variation
in friction head due to changes in viscosity of the glycol solution.

It is not within the scope of this book to evaluate the overall use of
energy in the various types of open energy storage systems. Any audit
of energy consumption for a particular system should include the
pumping energy; the procedures outlined in this book for evaluating
the efficiency of pump operation should be included in such a study.
The overall kilowatts per ton or coefficient of performance should be
run for the cool energy storage system under all phases of operation
and at various loads on the chilled water system.

13.11 Hot Water Storage

With the development of the condensing boiler, greater opportunities
are appearing for the use of rejected heat from chillers and industrial
processes. Some installations may merit the storage of hot water.
Whether this storage would be in open or pressurized tanks will
depend on the physical characteristics of the actual installation. This
will be discussed in Chap. 16 on heat recovery from chiller condenser
systems.
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13.12 Summary

The use of energy storage and the rejected heat of chillers offers new
opportunities for achieving higher coefficients of performance for both
chilled and hot water generating plants. Again, the variable-speed
pump and digital control are the tools that can be applied to these
more efficient systems.

Comparisons between the various types of energy storage are at best
generalizations; each application must be evaluated for first cost and
energy consumption and not depend on the estimates provided herein.
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Chapter

14

Chillers and
Their Pumps

14.1 Introduction

In 1994, when the first edition of this book was being written, the
digitally-controlled chiller was making its entrance into the HVAC
industry. This type of chiller allows variable flow in its evaporator
and frees the chilled water piping designer to seek the most efficient
and cost-effective pumping system. Much of the original version of
this chapter was based upon primary-secondary pumping which
allowed constant flow in the evaporator regardless of the water flow
rate in the chilled water system. Now, variable primary pumping
and distributed pumping have become the most popular and effi-
cient pumping configurations. Chapter 15 describes all of these
water distribution systems.

Most of the information on primary-secondary pumping has been
retained for use in understanding the correct design for them and to
assist in converting them to the more efficient variable primary pump-
ing as explained in Chap. 15. Is it not obvious that variable primary
pumping has simplified greatly the design of the chiller bypass? This
will be demonstrated in the following sections that describe the design
of the bypass with variable primary pumping.

The proper installation and operation of chillers on HVAC chilled
water systems are among the most important factors in the develop-
ment of efficient and cost-effective chilled water generating plants.
This is obvious given the great amount of energy consumed by chillers.

Much work has been done to improve the efficiency of chillers using
the latest state-of-the art-technology. For example, chiller efficiency

375

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Chillers and Their Pumps
376 Pumps for Closed HVAC Cooling Systems

has improved and energy consumption has dropped from around 0.86
kW/ton in 1970 to the current level of approximately 0.52 kW/ton for
an efficient machine operating at its point of design peak perfor-
mance. It is imperative that the chillers be installed to permit them to
take advantage of this level of efficiency.

The pumps for both the chillers and the chilled water system must
be installed and operated so that they aid the chillers’ performance.
Pumping equipment should never be installed in a manner that will
adversely affect the chiller energy consumption and efficiency. The
designer must understand how pumps or pumping can positively or
negatively affect chiller performance; this is the reason for this exten-
sive chapter on chillers and their pumps.

This review of water chillers will be limited to the installation of
connecting piping, the pumping to and from them, and operation and
control of the pumps and chillers as a system. If there are specific
pumping requirements for one type of chiller, that chiller will be dis-
cussed with respect to its particular operation.

Briefly, an HVAC chiller has an evaporator that cools the system
water and a condenser or other means that rejects the heat from the
system to the cooling tower or closed-circuit cooler. All chillers need
an energy source for their operation.

Chillers secure their energy for operation from electricity, natural
gas, or steam. By far the most popular driver for chillers is the electric
motor. Other methods of chilled water generation are becoming popu-
lar in areas where there are high electrical demand charges or short-
ages during the periods of maximum chilled water use.

Electric motor—driven chillers are available in four principal types:
(1) reciprocating, (2) scroll, (3) helirotor (screw), and (4) centrifugal.
Following are approximate ranges in tons for the various types of
chillers. Reciprocating units are for smaller tonnages in the range
from 10 to 200 tons, scroll units from 10 to 60 tons, screw types from
25 to 1200 tons, and centrifugal machines from 100 to 10,000 tons.

Absorption water-chilling machines are available in both steam- or
hot water—heated (indirect-fired) units or fuel-fired (direct-fired)
units. Fuel-fired chillers are currently available in the range of 100 to
1100 tons, while steam- and hot water—heated units are generally
available in the range of 100 to 1600 ton.

Centrifugal machines are also available with engine or turbine dri-
ves in the medium to large models; they may offer energy cost savings
on some installations. Although uncommon today, gas-fired engine—
driven chillers or total energy plants may increase in use as cooling
loads increase on electric power distribution systems. Chilled water
systems under consideration for energy storage such as cold water or
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ice should evaluate gas engine—driven chillers as a possible life-cycle
cost alternative. Currently, the consumer cost of natural gas on an
equivalent basis can be one-fourth to one-fifth of that for electric power.

The condenser water operation of water chillers is described in
Chap. 11 on cooling tower pumps and in Chap. 16 on closed condenser
water systems.

14.2 Rating of Chillers

Water chillers for HVAC systems are rated in tons of cooling; 1 ton of
cooling is equal to 12,000 Btu/h. For pumping and control procedures, it
is convenient sometimes to rate chillers by the amount of chilled water
that is produced by them. As described in Chap. 9, the chilled water
capacity, in gallons per minute, is determined by the following formula

. . . rated tons - 24
Chiller capacity, gal/min = temperature difference, °F (9.2)

where temperature difference is the water temperature drop across
the chiller evaporator. For example, a 1000-ton chiller operating at a
chilled water temperature difference of 12°F will have a chilled water
capacity of 2000 gal/min.

14.3 Chiller Energy Consumption

The efficiency of chillers is a function of their energy consumption; for
example, electric motor—driven chillers are rated in kilowatts per ton.
The efficiency of absorption chillers is stated in either fuel per ton,
pounds of steam per ton, or a coefficient of performance. Coefficient of
performance COP for any type of equipment is

useful energy acquired

COP = (14.1D

energy applied

Coefficient of performance for chillers can be based on either
British thermal units or kilowatts. Another ratio that may be of value
is the energy efficiency ratio EER, which is defined by the American
Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) as the net cooling capacity in British thermal units per
hour divided by the watt-hours applied, or

Btu/h net cooling effect

EER =
Wh applied

(14.2)
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The relationship between the coefficient of performance and the
energy efficiency ratio is

EER = 3.412 - COP (14.3)

To demonstrate the calculations between kilowatts per ton, COP,
and EER, assume that a chiller has an energy consumption rate of
0.52 kW/ton. This energy is equal to 0.52 - 3412, or 1774 Btu/h input.
Therefore, from Eq. 14.1,

12,000
COP = 1774 =6.76
From Eq. 14.2,
12,000
EER = — =23.1
520
From Eq. 14.3,

EER = 3.412-6.76 = 23.1

The energy rate for electric motor—driven chillers varies from 0.50 to
1.00 kW/ton at full load, while the steam rate for steam-heated
absorption machines varies from 12 to 20 1b/ton.

14.3.1 Electric motor—driven
chiller consumption

The cooling load on an electric motor—driven chiller determines to a
large extent the energy consumption, although the temperatures of
both the chiller water leaving the evaporator and the condenser water
coming from the cooling tower or closed-circuit cooler also will affect
energy usage. Following are some simple rules:

1. The kilowatts per ton for an electric motor—driven chiller are usu-
ally lowest in load ranges from 50 to 100 percent of full load and
highest in load ranges below 40 percent of full load.

2. The kilowatts per ton are lowest at high leaving chilled water tem-
peratures and highest for low leaving chilled water temperatures.

3. The kilowatts per ton are lowest for low condenser water tempera-
tures and highest for high condenser water temperatures.

These rules offer some simple guidelines for the application of
chillers to standard installations as well as energy storage systems.
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TABLE 14.1 Typical Kilowatt Per Ton Energy Consumptions
for a 1000-Ton Centrifugal Chiller (Chiller Only)

Percent load kW/ton Percent load kW/ton
10 1.140 60 0.570
20 0.805 70 0.560
30 0.683 80 0.559
40 0.633 90 0.561
50 0.594 100 0.579

From these rules it is obvious that the energy consumption for a spe-
cific chiller must be stated at certain chilled water and condenser
water temperatures. For example, the kilowatt per ton energy con-
sumptions for the 1000-ton chiller in Table 14.1 are for entering and
leaving evaporator (chilled water) temperatures of 55 and 45°F and
entering and leaving condenser water temperatures of 85 and 95°F.
These figures reflect the energy consumptions of the chiller itself and
do not include the energy of required auxiliaries such as cooling tow-
ers, condenser water pumps, or primary chilled water pumps.

14.3.2 Variable-speed and dual
compressor chillers

The problem with constant-speed chillers in the past has been opera-
tion at part-load conditions. This increased the energy consumption as
has been shown in Table 14.1 Here, as in other equipment applications,
the advent of digital control and variable-speed drives has resulted in
sizeable reductions in the energy consumption of chillers. Table 14.2
provides a comparison of constant- and variable-speed drives and shows

TABLE 14.2 Comparison of Kilowatt Per Ton for Constant and Variable Speed Chillers

Entering Constant Variable
condenser speed, speed, Percent
Percent load temp, °F kW/ton kW/ton reduction
100 85 0.58 0.60 -2.9
90 81 0.53 0.50 5.6
80 77 0.50 0.44 11.8
70 73 0.48 0.39 19.3
60 69 0.47 0.34 27.9
50 65 0.46 0.29 36.7
40 65 0.49 0.29 40.8
30 65 0.56 0.33 41.5
20 65 0.70 0.37 46.7
10 65 1.14 0.58 48.7

source: Typical Data for Electric Motor—driven Chillers (Courtesy York Corporation. used
with permission.)
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average energy savings as high as 30 percent. This table is based upon
ARI conditions which allow for reduced condenser water temperatures
at part-loadings on the chiller. The kilowatt data for Table 14.1 is based
upon a constant condenser water temperature of 85°F. Table 14.2
demonstrates that a great advantage of the variable-speed chiller is
operation at light loads of less than 50 percent of design tonnage.

On installations requiring chillers up to around 1200 tons capacity,
another alternative to constant- or variable-speed chillers is those
with dual compressors. Since each compressor can be sized for 50
percent capacity, the part-load performance is greatly improved over
that for the constant-speed chiller. Typical data for a dual compressor
chiller with a design capacity of 1000 tons had the following kilowatts
per ton energy consumption under ARI conditions.

100% Load 0.58 kW/ton 50% Load 0.37 kW/ton
75% Load 0.48 kW/ton 25% Load 0.49 kW/ton

The decision on what type of chiller is optimum for a particular
installation is dependent upon the cost of the installation and energy.
Detailed evaluations are available from chiller manufacturers to
assist this work. Energy consumptions in kilowatts per ton should be
based upon specific condenser water temperatures and supply and
return chilled water temperatures.

14.3.3 Total energy consumption for a
chilled water plant

The great emphasis has been on the efficiency of the chillers them-
selves; the chiller manufacturers have worked diligently to improve
the efficiency of their machines. As this work was being carried out,
very little was done to evaluate the energy consumption of the chiller’s
auxiliaries, namely, the primary chilled water pumps, the condenser
water pumps, and the cooling tower fans. Often, at low-load conditions
on the water chiller, the total energy consumption of these auxiliaries
exceeded that of the chillers themselves. Recognizing this situation,
work has been initiated in the HVAC industry to develop a total kilo-
watt per ton or coefficient of performance for the total chiller plant.
The equation for this calculation is

KWt Z plant consumptions (kW)
on =

; (14.4)
tons of cooling on system

where plant consumptions in kilowatts equals the energy consump-
tion in kilowatts of (1) the water chillers themselves, (2) the con-
denser water pump motors, (3) the primary water pump motors, and
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(4) the cooling tower fan motors or the air-cooled condenser motors.
The secondary or distribution pumps are not included because they
are considered to be part of the chilled water system and figure in the
overall chilled water system efficiency.

The increase in energy cost has fueled interest in actual total energy
consumptions of central chilled water plants. The ASHRAE is cur-
rently developing a guideline for determining the actual kilowatts per
ton for electric motor—driven chiller plants. The committee preparing
this guideline is identified as GPC22. Figure 14.1 describes the instru-
mentation required for developing kilowatts per ton. It should be
noted that the chilled water pumps are not included in this calcula-
tion. The chilled water pumps on most systems are part of the energy
required to distribute the water, not part of the generation process. In
many cases, the economics of chiller plant operation require that the
energy for the chilled water pumps be part of the overall kilowatts per
ton. There is no difficulty with this as long as it is noted that this is
the procedure used; the kilowatts per ton for such a plant will, obvi-
ously, be higher than a plant where the chilled water pump energy is
not included. The most important use of kilowatts per ton should be by
the plant operators who can track the actual kilowatts per ton and be
able to find the source for unplanned increases in the kilowatts per ton
for their plant.

It is hoped that several years of generating actual kilowatts per
ton data will result in benchmark information that can be used for
comparing one chiller plant’s kilowatts per ton with a comparable
plant of similar equipment and size. Ultimately, we should be able to
predict an overall plant kilowatts per ton once the parameters of
that plant have been developed. Eventually, design criteria may
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o S5 water system

SEl|&2%
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Figure 14.1 Kilowatts per ton instrumentation.
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specify a maximum allowable kilowatts per ton at design load and at
certain part-load conditions.
The load in tons of cooling on the system is computed by the formula

500 - Q - (T,~T,)

Tons of cooling =

12,000
Q : (TQ_TI)
== 2 17 14.5
od ( )
where T, = system return water temperature, °F
T, = system supply water temperature, °F
@ = system flow, gal/min

All the data required to compute the kilowatts per ton for a central
chilled water plant are easily available in analog signals for digital
computers to do the calculations shown in the previous paragraph.

The significant fact about central plant kilowatts per ton figures is
their cost-effectiveness for the medium- to large-sized chiller plants.
The instrumentation cost is usually less than $10,000 at current pric-
ing unless the flowmeter or a Btu meter is a required addition. An
accurate flowmeter is recommended, with an accuracy of *+1 percent
of flow rate through a range of 1 to 15 ft/s water velocity.

Kilowatts per ton should be displayed prominently in the equip-
ment room to permit operators to observe the effect on the overall
energy consumption when another chiller, pump, or cooling tower is
put into service. Reiterating, with overall kilowatts per ton, the effect
of pumps and cooling towers on central plant efficiency should be
included in the plant operating displays.

14.4 Circuiting Chilled Water to Chillers

There are fundamentals for the circuiting of chillers that should not
be violated in order to achieve maximum efficiency. Some of these are

1. Design the piping so that energy consumption of chillers is not
increased.

2. Arrange the piping so that all chillers receive the same return
water temperature.

3. Ensure that the required minimum water flow through the evapo-
rators is maintained.

4. Always install the chillers in accordance with the recommendation
of their manufacturers.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Chillers and Their Pumps
Chillers and Their Pumps 383

Much energy is wasted because of improper circuiting of chillers.
Chillers seem to be more vulnerable to incorrect installation than
other equipment owing to the fact that their energy consumption is
greatly affected by the actual piping arrangement. When chillers are
being considered for installation, the designer must ensure that the
piping arrangement does not adversely affect the energy consumption
of this equipment.

Even when the first edition this book was being written, new elec-
tronic controls for chillers were being introduced into the industry
that permitted variation of flow in the chiller evaporator down to a
specific velocity in the evaporator tubes. Variable flow in the evapora-
tor is a subject that must be approved by each chiller manufacturer
and depends on the chiller controls and refrigerant involved. More on
this subject will be presented in Chap. 15.

Variable primary pumping has simplified chiller piping. The chiller
bypass is much simpler as shown in Fig. 14.2. There no longer is any
concern for reverse flow in the bypass which required longer bypasses
and careful circuiting Fig. 14.4 and 14.5. Figure 14.2a shows the pip-
ing with tandem connection of the pumps and Fig. 14.2b for headered,
primary pumps. Tandem connection is often the preferred arrange-
ment when chillers are of different sizes. If all of the chillers are of
the same size, headering the pumps offers flexibility in pump opera-
tion. Also, if there is a possibility of low return water temperature, its
effect can be eliminated by running two pumps with one chiller and
overflow the chiller up to its maximum allowable velocity such as
10 ft/sec in the evaporator tubes.

Figure 14.3 compares the chiller bypass variable primary pumping
with that for a sizeable primary-secondary arrangement. This 12,000
gal/min system requires 24 in pipe for the supply and returns in the
chiller plant. It was good practice to have the bypass the same size
and 10 diameters (24 ft) long. If the minimum flow through any
chiller is 1500 gal/min, the bypass can be 10 in pipe and long enough
only to accommodate the bypass valve and its isolation valves.

The following discussion will be based on primary-secondary pump-
ing with constant flow through the chiller evaporator, since that has
been the preference for existing chillers and some variable-speed
chillers, whether driven by engines or turbines.

Equal return water temperature is probably the most important of
piping fundamentals for chillers, regardless of the type of chiller or
flow through their evaporators. This critical fact can be demonstrated
by the information in Table 14.1. It is obvious that the chiller cannot
be operated below 30 percent load without a sizable increase in
energy consumption for every ton of cooling produced. If one chiller on
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/— Bypass with valve

Short distance

a. Tandem pumps

b. Headered pumps

Figure 14.2 Piping arrangements for variable primary
pumps.

an installation of several chillers is forced to operate at 5 to 20 percent
of design capacity, the kilowatts per ton for that chiller will be exces-
sive. There is considerable argument in the industry about preferential
loading of chillers by water flow. Preferential loading will be discussed
later, and it will be demonstrated how optimal loading of efficient
chillers can be achieved without using special water circuits.

How can we be sure that the return water is the same for all chillers?
By connecting the piping so that all return water and any water from a
bypass are thoroughly mixed before any of the water enters a chiller.
Figure 14.4a demonstrates the proper method of connecting chillers for
primary-secondary systems that include a bypass around them. This
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Figure 14.3 Comparison of chiller bypasses for variable primary
and primary-secondary pumping.

piping design uses the velocity head of the chilled water to ensure that
the water flows in the correct direction in the bypass.

Figure 14.4b—d describes improper methods of connecting chillers.
These connections create uneven water return to them, which results
in excessive energy consumption. The bypasses are installed incorrectly
with the chillers. The system return connections are not connected to
the bypass before returning the water to the chillers. Table 14.3 pro-
vides typical energy consumption, in kilowatts per ton, for two chillers
connected correctly in accordance with Fig. 14.4a and equally loaded
and then incorrectly connected as shown in Fig. 14.45 and unequally
loaded. The energy consumption is definitely increased when the
chillers are sequentially loaded and when the total load on the chilled
water system is 100 to 150 percent capacity of one chiller.

A detailed energy analysis will be made later in this chapter on try-
ing to preferentially load an efficient chiller over an inefficient chiller
by hydraulic procedures. Reiterating, the bypass shown in Fig. 14.4a
is the proper method of installation of the chiller piping.

14.4.1 Preventing water migration in chiller bypasses

It is imperative that the system be piped and controlled so that water
never flows in the reverse direction in the bypass under normal opera-
tion in primary-secondary pumping systems. The reasons for this fact
are that reverse flow can start chillers inadvertently, and if warm
return water gets into the supply pipe, it may take some time to get
the supply water back to design temperature. This process of allowing

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Chillers and Their Pumps
386 Pumps for Closed HVAC Cooling Systems

FLOW METERS

WATER TEPERATURE
DEGREES F. —\ DISTRIBUTION PUMPS

45° 45°
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CHILLER CHILLER
No. 1 No. 2
\-BYPASS
57° 57" 57°

CHILLER PUMPS

RETURN TEMPERATURE IS UNIFORM TO EACH CHILLER REGARDLESS OF
LOAD ON SYSTEM OR NUMBER OF CHILLERS RUNNING.

a. Correct chiller piping.

WATER TEPERATURE-\

DISTRIBUTION PUMPS
DEGREES F.
45°
45°

CHILLER CHILLER
No. 1 No. 2
BYPASS =]
45° 57° 57°

-

RETURN CHILLED WATER TEMPERATURES FOR CHILLER No. 1 VARIES FROM
46.2 DEGREES. AT SYSTEM LOAD OF 110% CHILLER CAPACITY TO 57
DEGREES F. AT 200% WHILE RETURN TEMPERATURE OF CHILLER No. 2

IS ALWAYS 57 DEGREES F.

b. Questionable chiller piping.

Figure 14.4 Correct and incorrect chiller piping. (From The
Water Management Manual, SYSTECON, Inc., West Chester,
Ohio, 1992, Fig. 6.2.)
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Figure 14.4 (Continued)
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TABLE 14.3 Energy Effect of Piping Connections on Chillers

System load, percent kW/ton, two chillers kW/ton, two chillers
of one chiller equally loaded sequentially loaded
100 0.57 Indeterminant
110 0.58 1.24
120 0.58 0.74
130 0.59 0.67
140 0.60 0.64
150 0.60 0.63
160 0.61 0.63
170 0.62 0.64
180 0.64 0.65
190 0.66 0.66
200 0.68 0.68

warm system return water to get into the colder supply water is
called migration.

The bypass must be connected to prevent migration or induction of
water out of the bypass into the supply pipe. This is achieved by recog-
nizing two facts: (1) the velocity head of water is the inertial energy
that causes water to continue in one direction unless it is forced to
turn, and (2) any tee is a crude eductor. Water flowing through the run
of a tee can cause water to be pulled out of the branch into the run.

Both these facts must be used when connecting piping around
chillers and boilers. We must go back to Bernoulli’s theorem and
remember that all water flowing in a pipe has velocity head. Velocity
heads are shown in Table 3.5 for pipe friction. For example, if a 10-in-
diameter pipe is carrying 1200 gal/min, the velocity head of the
water is 0.37 ft. This does not appear to be much, but it is equal to
3700 (ft - Ib)/min. Therefore, the tee connecting the supply pipe of the
chilled water system to the chiller loop should be arranged as shown
in Fig. 14.5; this directs the energy into the bypass pipe, not into the
supply pipe, of the chilled water system. The water must be forced
out the bypass into the system supply pipe when this pipe is con-
nected to the branch of the tee. This forced turn does not aid eduction
of return water into the supply connection.

Likewise, the connection of the system return pipe should encour-
age eduction out of the bypass, and therefore, it should be connected
with the system return pipe on the run of the tee and the bypass con-
nected to the branch of the tee in accordance with Fig. 14.5. The veloc-
ity head is running through the tee and not into the bypass, as
shown in Fig. 14.6a. The return must not be connected closely to the
supply pipe where the velocity head rams into the bypass, as shown in
Fig. 14.6b. This connection is notorious for encouraging migration of
warm return water into the supply pipe.
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SEE FIGURE 14-3b
FOR PROBLEM
WITH THIS

TEE CONNECTION
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g
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REGARDLESS OF LOAD ON SYSTEM OR NUMBER OF CHILLERS RUNNING.

Figure 14.5 Connection of return piping to a chiller loop. (From The Water
Management Manual, SYSTECON, Inc., West Chester, Ohio, 1992, Fig. 6.6A.)

Figure 14.4b—d describes some other piping arrangements that
should be avoided. All return piping should be collected together with
the bypass piping before any water approaches the return connection
of a chiller, as shown in Fig. 14.5. Also, the return pipe should not be
installed next to the supply connection, as designated in Fig. 14.5 as
the wrong connection. This incorrect connection creates an unsatisfac-
tory backflow as described previously and in this figure where return
water flows back into the supply water. The preceding velocity head
rams into the bypass piping, causing this backflow or migration of
return water into the supply water. This increases the supply temper-
ature on chilled water systems and decreases the supply temperature
on hot water systems.

The pipe size of the bypass has created controversy; some designers
make the bypass the same size as the header, while others design the
bypass to the maximum flow of water through one chiller. One impor-
tant fact about sizing the headers on multiple chillers or boilers is the
need to reduce the overall friction loss of the headers and bypass at
full design load. If the bypass is downsized to the flow of one chiller or
boiler, this may cause much greater total friction in the headers and
bypass. This may result in fluctuations in flow through the chillers to
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where a flow-regulating device of some type is needed to maintain
constant flow. On the other hand, with minimal friction in the headers
and bypass, there will be very little flow fluctuation without the regu-
lating device.

14.5 Operating and Sequencing Chillers

The efficient operation of a central energy plant consisting of more
than one chiller is dependent on how this equipment is added and
subtracted as the load on the system increases and decreases. There
are many different methods for sequencing chillers, but the most effi-
cient procedure has been the use of total water flow of the system as
the parameter for sequencing chillers.

This procedure of using system flow is very accurate and can be
applied even when temperature reset is involved. This is so because
chillers can be rated in gallons per minute. For example, assume that
a system consists of three 1000-ton chillers operating at a temperature
difference of 12°F or 2 gal/min per ton. Therefore, each chiller has a
capacity of 2000 gal/min. One chiller should operate when the system
flow is below 2000 gal/min, two chillers from 2000 to 4000 gal/min,
and three chillers when the system flow is in excess of 4000 gal/min.
The sequence schedule would be as follows:

Chillers Running On Off
First chiller Up to 1950 gal/min —
Second chiller 1950 gal/min 3850 gal/min
Third chiller 3950 gal/min 3850 gal/min

In most cases, it is undesirable to add a chiller before the chillers on
line approach 95 percent of design load. Although Fig. 14.7a and b
indicates an increase in kilowatts per ton as centrifugal chillers
approach design load, addition of the energy consumption of the
chiller auxiliaries will change the shape of this curve. If the kilowatt
consumption of the condenser pump, primary chiller pump, and possi-
bly additional energy consumption by the cooling towers are added to
that for the chiller, the total kilowatts per ton curve will appear as
shown in Fig. 14.7a.

If leaving temperature reset is employed to achieve high efficiency in
chiller operation, flow can still be used as a means of sequencing
chillers. The software of the controller involved can be set to include an
algorithm that changes the gallons per minute per ton with changes in
the temperature settings for chiller leaving water temperature.
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14.5.1 Unsatisfactory methods
of sequencing chillers

There are a number of unsatisfactory methods of sequencing chillers:

1. By means of chiller power input in amperes. Amperes cannot be
used owing to the variation in power input with leaving condenser
water temperature or leaving chilled water temperature. Figure 14.7b
describes the variation in energy consumption due to changes in leav-
ing condenser water temperature. Also, electric utilities are allowed a
variation of =5 percent in voltage, which will, of course, change the
amperes consumed by the machine.

2. By chiller leaving water temperature. Leaving water temperature
can be used to add chillers, but it cannot be used to stop a machine
because the running chillers will adjust the leaving temperature to
the load on the system. Stopping the chillers by return temperature
can be approximate due to the fluctuation in return temperature from
the chilled water system. Chillers can be added by leaving tempera-
ture and subtracted by system flow.

3. By reverse flow in the bypass. When reverse flow occurs in the
bypass, a sizable amount of warm return water will have flowed into
the supply piping before the next chiller can be started and begin to
produce cool water.

Sequencing chillers by system flow has proved to be the most pre-
cise method of sequencing chillers. Also, many of the problems just
described with bypasses and hydraulically loading of chillers can be
eliminated by chilled water storage if there is space for its inclu-
sion. Chapter 13 has described in detail the advantages of chilled
water storage in evening out the production of chilled water by the
chillers.

14.6 Preferentially Loading Chillers

This subject was deferred until the discussion on sequencing chillers
was completed. Preferential loading of chillers is desirable to ensure
that the most efficient chillers handle most of the cooling load. Trying to
do this through water circuiting has proven to be futile because of the
poor efficiency of most chillers at very low percentages of design load.
The connecting of an efficient chiller with an older, less efficient chiller
requires special operating procedures to ensure that the most effi-
cient chiller is first loaded as high as possible before starting the less
efficient chiller. The following example will describe this problem.
Assume that two 800-ton chillers, one old and one new, are to be
operated together, and their kilowatt per ton consumptions are as
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TABLE 14.4 Chiller Kilowatts Per Ton with Two Unequal

Chillers
Chiller load, % Efficient chiller Less efficient chiller
10 1.88 2.20
20 1.13 1.30
30 0.87 1.03
40 0.75 0.89
50 0.70 0.84
60 0.68 0.82
70 0.67 0.81
80 0.69 0.81
90 0.71 0.82
100 0.75 0.83

~NotE: Pump kW/ton is included in the chiller kW/ton.

shown in Table 14.4. In each case, these data include the energy
requirements of both their condenser and primary pumps, which will be
assumed as constant speed. The pump motors consume 52 kW for both
the efficient and inefficient chillers. It will be assumed also that the
cooling tower cells will be sequenced in such a manner that they are not
related to one particular chiller but to the total load on the system.

Table 14.5 describes the energy consumption with preferential pip-
ing, as shown in Fig. 14.45. The standby chiller must be started at 100
percent load on the high-efficiency machine. This may cause the
standby, low-efficiency chiller to start and stop frequently because of
the very low load on that chiller.

The total energy expended by preferential piping should be com-
pared with the energy expended by equalized piping (Table 14.6).

TABLE 14.5 Chiller Energy Consumption with Preferential Piping

% Load of % Load and kW % Load and kW on Total kW of

one chiller on efficient chiller inefficient chiller two chillers
80 80442 — 442
90 90-513 — 513
100 100-596 — 596
110 100-596 10-175 771
120 100-596 20-209 805
130 100-596 30-246 842
140 100-596 40-286 882
150 100-596 50-332 928
160 100-596 60-393 989
170 100-596 70-455 1051
180 100-596 80-519 1115
190 100-596 90-592 1188
200 100-596 100-660 1256
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TABLE 14.6 Chiller Energy Consumption with Equalized Piping

% Load of % Load and kW % Load and kW on Total kW of

one chiller on efficient chiller inefficient chiller two chillers
80 80-442 — 442
90 90-513 — 513
100 100-596 — 596
110 55-303 55-362 665
120 60-326 60-393 719
130 65-360 65-442 802
140 70-377 70-455 832
150 75-405 75-484 889
160 80-442 80-519 961
170 85-476 85-552 1028
180 90-513 90-592 1105
190 95-553 95-626 1179
200 100-596 100-660 1256

Tables 14.5 and 14.6 demonstrate that preferential piping uses
more energy than equalized piping for the two chillers in parallel. The
proper method of achieving maximum tonnage from the efficient
machine in a two-chiller installation is (1) to provide equal flow to the
chillers and secure equal return temperatures to them and (2) to
adjust the chiller leaving temperatures to place more load on the
more efficient chiller.

By raising the leaving water temperature 2°F on the inefficient
chiller and lowering the temperature 2°F on the efficient machine,
more of the load is transferred to the efficient machine. The correct
leaving water temperature is still achieved because the flow is equal
in each machine.

Another method to minimize energy use is to hold the percentage of
load on the inefficient machine constant at the point of lowest kilo-
watts per ton and to transfer the remaining load to the efficient
machine. There is no exact method to determine these optimized
points of operation and temperature differences except by actual oper-
ation of the chillers and to record the total kilowatts with various
transition points. These are the proper methods of operating efficient
chillers in the same system with inefficient chillers. Utilization of the
total kilowatt per ton efficiency for a chiller plant enables the opera-
tor to make such adjustments to achieve the lowest possible kilowatts
per ton for the entire chilled water plant.

Note. The data included in Tables 14.5 and 14.6 are typical of electric
motor—driven centrifugal chillers of approximately 800 tons capacity.
These energy consumptions are representations and should not be used
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for any actual installation of chillers of this size. The energy consump-
tion of any chiller, in kilowatts or kilowatts per ton, should be secured
from its manufacturer and verified at the design load point conditions.

14.7 Fuel-Fired Absorption Chillers

Chilled water pumping for fuel-fired absorption chillers should be
treated substantially like that for other chillers. The principal differ-
ence in the two types of chillers is the minimum firing rate for the
burners of fuel-fired chillers. Most burners for this type of chiller have
a minimum firing rate of around 30 percent of maximum fuel con-
sumption. If the load on the chilled water system drops below 30 percent
of the capacity of the smallest chiller, unsatisfactory cycling may occur.
There are several methods of solving this problem. The most common
method with multiple chillers is (1) to select the chillers to handle the
total load on the chilled water system and (2) at minimum load on the
system, to operate the smallest chiller within 30 to 100 percent of its
design load. Another method that may offer a satisfactory solution is
to employ chilled water storage as shown in Fig. 13.1.

With this arrangement, the normal chiller bypass becomes a chilled
water storage tank that allows the chiller to run at a higher firing
rate and cycle on and off in a reasonable manner by storing the excess
chiller capacity in the storage tank. On small systems, a pressure-
type tank can be used, which will virtually eliminate the problems
caused by open tanks. On larger installations, the installed cost and
space requirements of a pressurized tank may preclude its use. When
used, the installation of open storage tanks should be designed in
accordance with the provisions of Chap. 13.

14.8 Connecting Primary Pumps to Chillers
(Primary-Secondary)

There are several methods of connecting primary pumps to multiple
parallel chillers. Figure 14.8a describes the simplest installation with
an individual pump for each chiller that can be sized to the require-
ments of the individual chiller. A simple balancing valve should be
installed on each chiller to set the actual flow through each unit.
Many chiller manufacturers prefer this method of connection,
because each pump can be started and stopped individually by the
chiller control. This enables the chiller manufacturer to program the
pump to operate for a short time after the chiller has been stopped;
this procedure helps to ensure that residual refrigerant will pass out
of the evaporator. If the headers and bypass are sized for minimum

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Chillers and Their Pumps

Chillers and Their Pumps 397

/—MANUAL BALANCE VALVE

CHILLER r—ﬂt
—o—] cHiLLER k-

/— BYPASS

}——O—{ CHILLER L-ﬂﬁ

)

a. Basic installation for primary pumps.
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b. Standby primary pump.

Figure 14.8 Primary pump connections for primary-secondary
pumping systems. (From The Water Management Manual,
SYSTECON, Inc., West Chester, Ohio, 1992, Figs. 8.17 to 8.20.)

friction, expensive motorized valves are not needed to control the
flow through the chillers. The disadvantage to this pumping arrange-
ment is that there is no standby pump. If one chiller plus a different
pump are put out of service, only one chiller would be available for
operation.

This deficiency can be remedied by installing a standby pump, as
shown in Fig. 14.8b. The standby pump can be connected to any
chiller automatically or manually. This is the most popular and eco-
nomical method of providing standby pump capacity.
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d. Variable-speed primary pumps.
Figure 14.8 (Continued)

Some designers prefer to offer primary pump standby by installing
the primary pumps in parallel, as described in Fig. 14.8c. This design
is more expensive, since it requires three headers instead of two; it
also requires a motorized valve on each chiller. If the designer is not
careful, enough friction will exist in the three headers to require
installation of modulating control on the individual motorized valves.
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There are few installations that justify this method of connecting pri-
mary pumps to chillers.

Another method of handling the primary pumping where there is a
number of parallel chillers is to install variable-speed primary pumps,
as shown in Fig. 14.8d. This installation with six chillers will be bet-
ter served by installing three variable-speed primary pumps, each
with 50 percent of the total capacity of all six chillers. With this proce-
dure, the primary pump’s speed is controlled by differential pressure
transmitters that maintain the desired constant differential pressure
across the chiller evaporators. The standby pumps are added and sub-
tracted by the best efficiency or wire-to-water efficiency methods
described in Chap. 10 of this book. The actual control selected will
depend on the size of the primary pumps. The flow through each
evaporator is constant because the differential pressure transmitters
maintain a constant pressure drop across them.

There are several significant advantages to variable-speed pumping
in large, multiple-chiller installations. First, the flow through each
chiller evaporator is relatively constant, whether one or all of the
chillers are in operation. This is due to the precise control by the dif-
ferential pressure transmitter and the digital pump speed control.
Second, since the pressure drop through the chiller loop piping is not
included in the differential pressure set point, this loop can be
reduced to a more economical size without affecting the flow through
any of the chillers.

All the preceding diagrams show the primary pumps on the inlet
side of the chiller. On high-rise buildings where the static pressure is
great, it may be advisable to install the primary pumps on the dis-
charge of the chiller evaporator to help reduce the total pressure on
the evaporators (see Fig. 14.9a). High-rise buildings can create some
special problems owing to the great amount of static head possible on
equipment installed in these buildings. This static head has been
described in a pressure-gradient diagram (Fig. 14.6b) for the building
in Fig. 14.9a. For purposes of this example, this building has an overall
height of 462 ft and a minimum of 10 psig (23 ft) at the top of the build-
ing for a total static head of 485 ft. The diagram shown in Fig. 14.9b6
provides the pressure gradients for both the maximum-flow and the
zero-flow conditions. The zero-flow diagram demonstrates that the cas-
ing pressure for the pumps and the design pressure of piping and
valves at the bottom of the building must be based on the shutoff
head of the secondary pump. In this case, the shutoff head is 264 psig.

Locating chillers and pumps on top of a high-rise building will cer-
tainly reduce the pressure on the equipment, but the piping and coils
at the bottom of the building will still be subjected to the high pres-
sure shown in the pressure gradients of Fig. 14.95.
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14.9 Connecting Multiple Chiller Plants

A common and desirable situation encountered on campus-type
installations and very large building complexes is to connect several
chiller plants together to serve the chilled water requirements of all
the buildings or zones. This provides significant advantages over the
arrangement of individual chillers for each building; these are (1)
standby capacity is provided to all buildings, (2) operating chillers on
very low loads is avoided because one chiller can handle the minimum
loads for a number of buildings, and (3) by connecting the chillers
together, the ability to reduce the chiller plant size is often realized
due to the combined large load diversity of all the buildings. This
increases greatly the efficiency of chiller operation.

Figure 14.10 describes such an arrangement. This installation has
four buildings with chillers and two without. The buildings without
chillers are new; there is no desire or need to install chillers in these
buildings because there is more than enough excess chiller capacity in
the other buildings to serve these two new buildings.

To utilize this excess capacity, it is necessary to install a campus
supply and return loop. The following are other design parameters
that should be followed for such a facility:

1. No new central pump stations are to be used.
2. A minimum of energy-wasting devices is to be used.

3. Any building must be capable of being served by any of the chiller
plants.

4. The central control center operator must have the ability to select
the most efficient chillers without changing any valving in the
buildings.

5. The flow in any chiller evaporator must not be restricted.

6. If a chiller fails, any building load must be picked up automatically
without any changes in coil valve position.

7. Flowmeters must be installed in the loop bypass and in each build-
ing to determine individual building loads and to indicate the
amount of excess capacity occurring in the bypass. A temperature
transmitter also must be located in the bypass to indicate reverse
flow that should not occur under normal operation.

The building connections are described in Fig. 14.10a for buildings
both with and without chillers. The chiller pumps are constant-speed
pumps, and the building pumps are variable-speed pumps. The build-
ing pumps are controlled by differential pressure transmitters located
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