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g' EI%(XCOHEC E;ts.lg;s Ea[l}as Units ii; In the past, when environmental or heating, ventilating, and air con-
D- HVAC Equat;gns—M'e t.ricIiJnits 447 ditioning (HVAC) systems were less complex and when system de-
E' Metric UCIllitS and Equivalents 451 signers, owners, and occupants of indoor environments were less de-
F. Sound Desien E ua%ions 455 manding, system balancing was considered to be a simple adjustment
d Logarithmsgn q 459 of some dampers in the ductwork and perhaps a few valves in the

piping. Systematic measurements with test instruments were scarcely,
Index 461 if ever, undertaken.

Later, some serious attempts were made to balance HVAC system
airflow with little or no thought to the hydronic flow. In recent years
HVAC installations have become sophisticated systems of complex en-
vironmental control, not only for human comfort in schools, hospitals,
auditoriums, offices, and hotels, but for a variety of industrial pro-
cesses as well. Testing, adjusting, and balancing (TAB) personnel can
no longer be just instrument readers; they must have a comprehensive
knowledge of system function fundamentals, theory of fluid flow, heat
transfer, psychrometrics, and state-of-the-art control systems. :

Today’s TAB specialists must have an exhaustive understanding of
indoor air quality (IAQ) and be certified to perform sound and vibra-
tion measurements as well as cleanroom performance testing. Pat- *
ently, system designers and design engineers must be responsible to
provide the proper equipment and accessibility to that equipment, so
that HVAC systems can be adequately tested, adjusted, and balanced
to meet the expectations of today’s owners and users who have become
better educated and critical consumers.

Unfortunately, published work in the general TAB field is still some-
what meager, and the educational community has not met the chal-
lenge of training large numbers of TAB personnel to coincide with new
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energy conservation needs and the demands of an expanding technol-
ogy in environmental controls. Design engineers, although largely rec-
ognizing the need for the TAB function, have not made adequate ad-
vances with regard to system designs more congruent with the test
and balance technician and the field mechanic tasks.

Before 1965, when a small group of individuals from TAB firms,
including John Gladstone, banded together to form the Associated Air
Balance Council (AABC) and write the first industry standard for
TAB, few engineers or contractors had ever heard of the term “TAB.”
In 1970, the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE) published a “Testing, Adjusting,
Balancing” Chapter for the first time in their Handbook series. The
following year the National Environmental Balancing Bureau (NEBB)
was founded. Today NEBB is the foremost and largest national and
international organization producing an ongoing systematized body of
information on TAB and related subjects.

In 1974 Gladstone wrote the first independently published book on
this subject, Air Conditioning Testing/Adjusting/Balancing: A Field
Practice Manual (Van Nostrand Reinhold, New York), and in 1984,
NEBB published W. David Bevirt’s Environmental Systems Technol-
ogy, a 768-page textbook that received wide acclaim across the nation.
In this present collaborative effort, W. David Bevirt and John Glad-
stone offer a practical handbook for contractors and engineers, TAB
specialists, teachers and students, plant engineers and managers, and
building executives who have a special interest in making well-
designed building systems work the way they were intended to work.
All equations and examples with solutions are presented in this hand-
book in both U.S. and metric units.

References

Figures, tables, and other reference data and materials used in this
handbook without specific notation as to source generally have been
developed by the National Environmental Balancing Bureau (NEBB)
or jointly developed by NEBB and the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) and/or the
Sheet Metal and Air Conditioning Contractors National Association
(SMACNA) over many years of mutual cooperation. Some of the others
have been developed by one of the above three national organizations
and traditionally interchanged under blanket copyright agreements
and then updated and revised as needed, until the original source may
no longer exist or be recognizable. Some others of the unidentified
figures and tables were copied from the second edition of Air Condi-
tioning Testing | Adjusting/Balancing: A Field Practice Manual by
John Gladstone.

Where identified, the figures or tables have been reprinted with per-
mission of the noted source for use in this handbook. No artwork,
figures, or tables have been developed for exclusive use in this hand-
book only, as all have been or are being used in various editions of the
many other NEBB publications.

The authors and NEBB wish to thank the following organizations
for allowing the use of the noted materials in this publication:

Air Movement and Control Association, Inc. (AMCA)
Alnor Instrument Company

American Society of Heating, Refrigerating and Air-Conditioning
Engineers, Inc. (ASHRAE)

Amtrol Inc.
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Shortridge Instruments Inc.

Stanford Research Institute

TAB Background

Since the late 1960s, heating, ventilating, and air conditioning (HVAC)
system designers have realized that even “well-designed” HVAC sys-
tems require testing, adjusting, and balancing (TAB) to make them
function properly. As the need for qualified TAB supervisors and tech-
nicians developed, international, national, and local certification pro-
grams for organizations of TAB firms were established during that
period of time. Procedural standards for TAB work were published,
training programs and study courses were established, the passing of
written and practical examinations were required for TAB personnel,
and proof of sound business practices became a certification require-
ment for TAB firms.

The National Environmental Balancing Bureau (NEBB) is a non-
profit organization cosponsored by the Mechanical Contractors’ Asso-
ciation of America (MCAA) and the Sheet Metal and Air Conditioning
Contractors’ National Association (SMACNA). The function of NEBB
is to establish and direct a management-oriented national and inter-
national program to upgrade and maintain uniform standards for the
testing, adjusting, and balancing of environmental systems, for the
performance testing of cleanrooms and clean air devices, for building
systems commissioning, and for the measuring of sound and vibration
in environmental systems. NEBB has over 600 certified firms through-
out the world, with over 900 qualified supervisors.

The Certification Programs

The purpose of NEBB certification programs is to offer tangible proof
of competent firms qualified in the proper methods, skills, and pro-
| cedures for:

s
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Introduction

. The testing, adjusting, and balancing (TAB) of environmental sys-

tems

2. The performance testing of cleanrooms and clean air devices

Building systems commissioning

The measuring of sound and vibration (S&V) in environmental sys-
tems

Objectives of the NEBB TAB Program

The purpose will be accomplished by meeting the following objectives:

® To establish industry standards, procedures, and specifications of

the testing, adjusting, and balancing (TAB) of environmental sys-
tems

To set minimum education standards and other requirements for
the qualification of supervisor personnel employed by firms who per-
form this work

To establish an educational program of instruction to train super-
visory personnel in the proper methods and procedures in the test-
ing, adjusting, and balancing of environmental systems; to accredit
schools established by local NEBB chapters; and to publish the nec-
essary procedural standards, books, manuals, and study courses

To certify for the performance and supervision of testing, adjusting,
and balancing of environmental systems those firms who meet the
requirements for certification as established by NEBB, who comply
with the objectives of NEBB, and who employ supervisor personnel
who have met the qualifications established by NEBB

To promote the concept of total responsibility for the testing, ad-
justing, and balancing of environmental systems

Other NEBB Programs

1. Cleanroom performance testing

The NEBB Cleanroom Performance Testing Certification Program:

a. Establishes and promotes industry procedural standard and
specifications for cleanroom performance testing.

b. Sets minimum educational and experience requirements for the
qualification of cleanroom performance testing supervisory per-
sonnel.

c. Develops educational programs, procedural standards manuals,
and study courses for cleanroom performance testing.

d. Certifies firms that meet established requirements of the pro-

gram.

Introduction Xi

2. Building systems commissioning

Building systems commissioning is an authorization to act in a pre-

scribed manner to ready all building mechanical and electrical sys-

tems for active service. Essentially, building systems commission-

ing is the process of providing a building owner with a building

that is complete, in compliance with the plans and specifications,

and operationally and functionally ready to be taken over by the

owner. This includes:

a. Verifying the operation of system components under various
conditions

b. Verifying interactions between systems and subsystems

e. Documenting system performance in reference to design criteria

d. Instructing operators how to operate the building systems and
equipment

The work is performed according to the NEBB Procedural Stan-
dards for Building Systems Commissioning manual by technicians
coordinating, witnessing, verifying, and reporting on the work of
specialist contractors and manufacturer’s representatives under
the supervision of the NEBB Certified System Commissioning
Agent.

. Sound and vibration measurement

The NEBB Sound and Vibration Measurement Certification Pro-

gram:

a. Establishes and promotes industry procedural standards and
specifications for measuring sound and vibration (S&V) in en-
vironmental systems.

b. Sets minimum education and experience requirements for the
qualification of S&V supervisor personnel.

c. Develops educational programs, texts, procedural standards
manuals, and study courses for measuring sound and vibration.

d. Certifies firms that meet established requirements of the pro-
gram.




Chapter

Standard TAB Procedures

1.1 Introduction

Well-performed testing, adjusting, and balancing (TAB) work is essen-
tial to the proper performance of building HVAC systems and the re-
sultant indoor air quality. Chapter 34 of the ASHRAE 1995 HVAC
Applications Handbook gives the following definition of TAB:

System testing, adjusting, and balancing is the process of checking and
adjusting all the environmental systems in a building to produce the
design objectives. This process includes (1) balancing air and water
distribution systems, (2) adjusting the total system to provide design
quantities, (3) electrical measurement, (4) establishing quantitative per-
formance of all equipment, (5) verifying automatic controls, and (6) sound
and vibration measurement. These procedures are accomplished by (1)
checking installations for conformity to design; (2) measuring and estab-
lishing the fluid quantities of the system, as required to meet design
specifications; and (3) recording and reporting the results.

The following ASHRAE definitions also are used by NEBB firms:

Test. To determine quantitative performance of equipment.

Adjust. To regulate the specified fluid flow rate and air patterns
at the terminal equipment (e.g., reduce fan speed, adjust a damper).

Balance. To proportion flows within the distribution system (sub-
mains, branches, and terminals) according to specified design quan-
tities.

Procedure. An approach to and execution of a sequence of work
operations to yield repeatable results.

Report forms. Test data sheets arranged for collecting test data in
logical order for submission and review. The data sheets should also
form the permanent record to be used as the basis for any future test-
ing, adjusting, and balancing.
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Terminal. A point where the controlled medium (fluid or energy)

enters or leaves the distribution system. In air systems, these may be
variable air or constant volume boxes, registers, grilles, diffusers, lou-
vers, and hoods. In water systems, these may be heat transfer coils,
fan coil units, convectors, finned-tube radiation or radiant panels.

1.2 Preliminary Procedures

1.

. Review approved shop drawings and equipment submittals.
. Prepare system schematics.

(L SN SR \V]

Review contract documents and plans for all of the HVAC systems.

. Insert preliminary data on test report forms.

. Review electrical characteristics of equipment and assure that

safety controls are operating and that all motor starters have the
proper heater coils or overload protection.

. Complete Systems Ready To Balance checklists and verify that bal-

ancing devices have been installed.

Confirm tha.t all HVAC and temperature control systems have been
tested, strainers cleaned, systems flushed, etc., and are ready to

b;lgnce. Clean or temporary air filters should be in place as spec-
ified.

. Confirm that all building components, such as ceiling plenums that

affect system balance, are in place and sealed, and that all win-
dows, doors, etc., are installed and closed.

Confirm that all TAB instruments are in good order.

1.3 Air System Preliminary Procedures

1.

Set all volume control dampers and variable air volume (VAV)

boxes to the full open position, unless system diversity requires bal-
ancing in zones.

Set outside air dampers to the minimum position.
Verify correct fan rotations and speeds.

Check fan drives and adjust fans to design conditions or slightly
above, on all systems.

. Check motor amperages and voltages; make necessary adjust-

ments.

Standard Tab Procedures 3

1.4 Hydronic System Preliminary Procedures

1. Set all balancing devices to full open position.

2. Set mixing valves and control valves to full coil flow; close coil by-
pass valves.

3. Verify correct pump rotations and proper drive alignments.

4. Measure and record pump motor amperages and voltages.

5. Confirm that systems are filled and expansion (compression) tanks
correctly connected and charged; check basin levels of cooling tow-
ers.

6. Confirm that all automatic air vents are operational and system
and all coils properly vented.

7. Confirm operation of boiler(s), chiller(s), and cooling towers. Set
flows and temperatures to approximate design conditions.

8. Proceed with air systems TAB work.

1.5 HVAC Air System TAB Procedures
1. All related HVAC and exhaust air systems should be operating.

2. Determine whether any other HVAC or exhaust air systems could
affect the system ready to be balanced.

3. Make Pitot tube traverses on all main supply and major branch
ducts where possible to determine the air distribution.

4. Adjust balancing dampers of each major branch duct that is high
on airflow. A minimum of one branch duct balancing damper shall
remain fully open.

5. Measure and record the airflow of each terminal device in the
system without adjusting any terminal outlet. Flow measuring
hoods are the preferred airflow-measuring device.

6. The total airflow for the terminal outlets should be close to the
Pitot tube traverse air measurement of that branch, and the main
duct traverse air measurement should be within 10% of the total
of all terminal outlet air measurements.

7. Check for excessive duct leakage if total terminal outlet air mea-
surements are less than 90% of the main duct traverse air mea-
surement.

8. Adjust the terminals that are highest on airflow to about 10%
under design airflow.
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9. Next, .adjus.t each terminal outlet throughout the zone or system
to design airflow and record measurements and make any neces-
sary branch damper adjustments.

10. An additional adjusting pass throughout the system may be nec-

essary. Make final adjustments to the f: i .
Record all data. e fan drives where required.

. . . -
amwr dlS tl lb u thI]..

12. Measure and record system static pressures.

1 . q s > s
3 MeaSule alld IeC()ld a.l]. re u.l[ed ()lltd()()l aly Ietlllll alr Illlxe(l aly

and supply air drybulb and wetbulb tem
eratures. M
record all plenum static pressures. p easure and

14. Measure and record all coil entering air and leaving air drybulb

and wetbulb temperatures. Measur .
differentials. e and record all coil pressure

15. Measur d
i e and record final fan motor full load amperages and volt-

16. Proportional balancing procedures may be found in the NEBB
Procedural Standards for Testing, Adjusting, Balancing of Envi-
ronmental Systems. Many TAB technicians may find these pro-

cedures more accurate and easier to use. Others may find them
more complicated.

1.6 Hydronic System TAB Procedures

1. Continually check system and vent air from high points and cir-

cuits with lower flows during h i : ) B
g hydronic bala :
check and clean strainers. Homg; Rerodicallly:

. Using “pump shutoff head,” verif
. ) y each pump h .
curve and impeller size. pump head, operating

N

w

. Adjust pumps to design flow and record data.

. Adjust boilers and/or chillers to desi
and record data. esign flows and temperatures

B

5. If flow-measuring devices are u
sed, record flow data th
the systems before making adjustments. roughout

6. Measure and record i
‘ pressure drops through all coils and uni
Compare with submittal data for high and low flows. —

Adjust high flows to near design.

=~

Standard Tab Procedures 5

8. Adjust pump flows to design and check pressures, amperages, and
voltages.

9. Set bypass balancing cocks to 90% of maximum flow through coils
that have three-way control valves.

10. Repeat the above procedures until all coils and units are operating
+10% of design.

11. Measure and record final pump pressures, amperages, and volt-
ages.

12. Measure and record all coil and unit pressure drops and entering
and leaving water temperatures.

13. Measure and record data from all flow measuring devices.

1.7 Makeup Air System TAB Procedures

1. Follow items 1 through 16 listed in Section 1.5 where they apply
to the installed makeup air system.

9. Confirm that all related system fans serving each area within the
space being balanced are operating. If they are not, pressure dif-
ferences and infiltration or exfiltration may adversely influence the
balancing. Preliminary studies will have revealed whether or not
the supply air quantity exceeds the exhaust air quantity from each
area. Positive and negative pressure zones should be identified at
the time.

3. In most building pressurization applications, space pressure may
be a primary consideration. Pressure differentials may be as high
as 0.25 inches water gauge (in.w.g.) (63 Pa) static pressure but nor-
mally are in the range of 0.05 to 0.10 in.w.g. (12.5 to 25 Pa). These
differentials must be maintained during all airflow balancing. If
the differential pressures were allowed to vary during the balanc-
ing or testing procedure, it would be difficult to repeat the test
results, making the final TAB results unacceptable.

4. If the building is served by a primary system for airflow, air con-
ditioning, and filtration, and a secondary system for makeup air
and room pressurization, all systems should be in operation during
all balancing work. If a system has a return air fan, the modulation
of the dampers may adversely affect the TAB procedure.

5. Use an electronic manometer, inclined manometer, or differential
pressure gauge to verify space pressure differentials with all HVAC
and exhaust air systems operating and all doors and openings

closed.
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Chapter One

The sound level readings used must be for HVAC noise only. Values
should be corrected for ambient background noise.

Approximate room decibel-A scale [dB(A)] readings are not a sub-
stitute for NC levels or RC(N) levels.

. Outdoor dB(A) readings at specified distances from equipment
should be made in an acoustic free field.

Chapter

Airflow Measurement Equations

2.1 Free Area and Duct Airflow

The basic airflow equation for any free area is found below. Free area
is defined as the total minimum area of openings in an air outlet or
air inlet device through which air can pass. Free area of return air
grilles may be as low as 50% of the duct connection size. The free
cross-sectional area of a duct normally is 100%. If other data are not
available, it may be assumed that all similar return air grilles would
have similar free areas when measured with the same instrument.

Equation 2.1 (U.S.) Equation 2.1 (Metric)
Q = AV @ = 1000AV
Where: @ = airflow (cfm) Where: @ = airflow (L/s)
A = area (ft?) A = area (m?)
V = velocity (fpm) V = velocity (m/s)

The cross-sectional area of rectangular, round, and flat oval ducts may
be calculated from equations found in Chapter 25.

Example 2.1 (U.S.) Find the velocity in a 24 X 12 in. duct handling 2000 cfm.

Solution
1ft2=144in% A = 2412412 = 2 ft2
Q = AV or V= %
= g(%oftczﬂ = 1000 fpm
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Example 2.1 (Metric) Find the velocity in a 600 mm X 300 mm duct handling
1500 L/s.

Solution 1 meter (m) = 1000 millimeters (ram);

600
mm _ o . ‘300mm=

1000 8™ g0 C 03 m

A=06mXx03m = 0.18 m?

Q
= 1000 AV;V =
Q i ¥ 1000 A
1500 L/s
=833 m/s

~ 1000 x 0.18 m?

Exa.imple 2.2 (U.S) A 48 X 36 in. return air grille has a measured average ve-
locity of 370 fpm. A Pitot tube traverse of the connecting duct indicates an air-
flow of 2975 cfm. Find the return grille free area (percentage).

Solution

48 X 36

YV 12 ft% free area A = Q/V = 2975/370 = 8.04 fi2

_ 8.04 ft2 X 100

%
v 12 ft2

= 67%

Example 2.2 (Metric) A 1200 mm X 900 mm return air grille has a measured
average vg10c1ty of 1.85 m/s. A Pitot tube traverse of the connecting duct indi-
cates an airflow of 1340 L/s. Find the return grille free area (percentage).

Solution
12 X 0.9 = 1.08 m% A = /1000 V = 1340/1000 X 1.85 = 0.724 m?>

_ 0.742 m? X 100

9 = =
i 1.08 m? s

Example 2.3 (U.S.) Find the nearest standard size round duct to handle 4600
cfm at a velocity of 1070 fpm.

Solution

@ 4600 cfm
J— V; — —_ - 2. — M
Q =AV;A = V= 1070 fom 4.3 ft?; 4.3 X 144 = 619 in.2

Using Equation 25.2 from Chapter 25:

A = 7R?, where R is radius.

A _ 61
R=\/:= 89 _ 1404in
w v

D = 2R (where D is diameter)

D = 2 X 14.04 = 28.08 in.; use standard size = 28 in. diameter duct.

Airflow Measurement Equations 11

Example 2.3 (Metric) Find the nearest standard size round duct to handle 2300
L/s at a velocity of 5.3 m/s.

Solution

Q@  2300L/s
1000 V' 1000 X 5.3 m/s

Q = 1000 AV: A = = 0.434 m? = 434,000 mm?"

Using Equation 25.2 from Chapter 25:

Azﬂz;Rz\/‘Ez (224900 _ 3717 mm
a a

D = 2R = 2 X 371.7 = 743.4 mm; use standard size = 750 mm diameter duct.

2.2 Air Changes

To find the amount of infiltration or ventilation air needed for room
or space air changes per hour, the following equation may be used:

Equation 2.2 (U.S.) Equation 2.2 (Metric)

Q_Vol><N _ Vol XN
60 T 36
Where: @, = outside air (cfm) Where: @, = outside air (L/s)
Vol = volume of space (ft?) Vol = volume of space (m®)
N = number of air N = number of air
changes/h changes/h

Example 2.4 (US) A 20 X 20 X 10 ft room requires one air change per hour.
Calculate the amount of outside air one air change requires.

Solution

Vol XN 20X 20x10Xx1
T 60 60

= 66.7 cfm

o2

Example 2.4 (Metric) A 6 X 6 X 3 m room requires one air change per hour.
Calculate the amount of outside air one air change requires.

Solution

Vol x N _6X6X3Xx1

=30
36 3.6 el

Q; =

Example 2.5 (U.S.) During the summer, a 100 X 60 X 10 ft space requires an
air change every 3 min. Calculate the amount of outside air one air change
requires.

Solution

60 min/h

= —————— = 20 air changes per hour
3 min/air change

N
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Vol X N 100 X 60 X 10 x 20

Q=% 60

= 20,000 cfm

Example 2.5 (Metric) During the summer, a 30 X 18 X 3 meter space requires
an air change every 3 minutes. Calculate the amount of outside air one air

change requires.

Solution

60 min/h

T3 min/air change

= 20 air changes per hour

_ Vol XN 30 x 18X 3 X 20

Q“ = =

3.6

2.3 Percentage of Outdoor Air

36 = 9000 L/s

To set outside air dampers to maintain a required percentage of out-
side air, the following equations may be used:

Equation 2.3 (U.S.)

XT, +XT
T — 0" O I"T
= 100

Where: T, = temperature of mixed
air (°F)

X, = % of outside air
T, = temperature of outside

air (°F)
% of return air

= temperature of return
air (°F)

Il

"1H NN

Equation 2.4 (U.S.)

_ (T, -T.)

X, = 100 G —=

Equation 2.5 (U.S.)
T -T)
T -T)

Equation 2.3 (Metric)

T - XT, + XT.
™ 100
Where: T,, = temperature of mixed

air (°C)

X, = % of outside air

T, = temperature of outside
air (°C)

X, = % of return air

T, = temperature of return

air (°C)

Equation 2.4 (Metric)

_T - T
T, -T)
Equation 2.5 (Metric)
_ (T, -T)
(T, -T)

Example 2.6 (U.S.) Twenty percent of outside air is required. Find the dry bulb
temperature of the mixed air when the outside air is at 95 °F and the return

air is at 76 °F.

Solution

T

_ ST, +XT, 20X 95° + 80 x 76°

i 100

100

Airflow Measurement Equations 13

_ 1900 + 6080 _ 7980
. 100 100

=798 °F

Example 2.6 (Metric) Twenty percent of outside air_is .requiredo. Find the drybulb
temperature of the mixed air when the outside air is at 35 °F and the return
air is at 24 °C.

Solution

XT,+ XT, 20 X35 + 80X 24°
o 100 - 100

700 + 1920
T = 100

= 26.2°C

2.4 Measuring Airflow
Through Orifice Plates

2.4.1 Orifice sizes

The use of sharp-edged orifice plates to balance airflow to c_:u‘tl.ets or
branches induces a high level of accuracy, but 1osgs the flexibility in-
herent in dampers. Where the flow is determined in advance, the fol-
lowing procedure can be used to determine the airflow and the total
ressure loss ately. ‘
3 "el‘};: 15?1;{1':;—;?;:3 ori%lce has more resistance to flow but is easily
constructed. It also can be made readily interchangeable for sev_eral
orifice sizes. The orifice is mounted between tw.o ﬂan.ged sectlo.ns
sealed with rubber gaskets (Figure 2.1). Three orifice sizes, 1.40 in.

1IN. OR 25 MM

PIPE TAPS \’1 e
! -~

®_ GASKETS
SHARP EDGED ORIFICE
1/8 IN. (3 MM) STEEL PLATE

Figure 2.1 Orifice Detail
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(35.6 mm), 2.625 in. (66.7 mm), and 4.90 in. (124.5 mm) diameters, TARLEZ2| (OsficalElow.Rates(Stancard i s)i(Metic)

can be used to meter flow rates from 50 to 8000 fpm (0.25 to 40 m/s). Orifice size Orifice size
If the orifice and pipe taps are made to exact dimensions, the calcu- AP (Pa) 35.6mm 66.7mm 124.5mm AP (Pa) 356 mm 66.7mm 124.5 mm
latf)d air volume will be w1th1n. 1% of_ actual flow fo? standard air. 249 158 =73 =T T o pr—
Orifices for larger ducts can be sized using data found in Chapter 2 of 49.8 19.5 80.1 672.3 20.1 711 986.5
the eighth edition of the Fan Engineering Handbook published by the 74.7 23.8 97.5 697.2 20.4 72.4 291.6
Buffalo Forge Company, Buffalo, New York. 99.6 27.5 112.1 722.1 20.8 73.6 296.7
) . . . . 124.5 8.7 30.7 125.0 747.0 21.1 74.9 301.7
The orifice can be calibrated with a standard Pitot tube. A micro- 149.6 95 337 136.7 796.8 1.8 R i
manometer is needed to read velocity pressures below 2000 fpm (10 174.3 10.3 36.3 147 .4 846.6 29.5 79.7 320.9
m/s). At 2000 to 3000 fpm (10 to 15 m/s), with a 10:1 inclined ma- 199.2 11.0 38.8 157.4 896.4 23.1 82.0 330.1
nometer, an accuracy of +0.3 to =1.0% can be expected. At 3000 to e L) R 166.8 946.2 23.7 84.2 339.0
_ N ... o 249.0 12.3 43.4 175.6 996.0 24 .4 86.4 347.7
4000 fpm (15 to 20 m/s), an accuracy of £0.25 to £0.3% can be ex- 9739 12.9 45.6 184.1 1046 925.0 88.5 356.4
pected. If the orifice is made to the precise dimensions in Tables 2.1 2088 135 475 1921 1096 255 906 3644
and 2.2, no calibration is needed and the tabulated calculation can be 323.7 14.0 49.4 199.8 1145 26.1 92.6 372.4
used. Tables 2.1 and 2.2 give computer calculations for the three sizes _— 18D Bl 207.3 1135 26.7 94.6 380.4
¢ orifi Betad sbav Th if Z ¢ <urabl 373.5 15.0 53.1 214.4 1245 27.2 96.5 388.0
of orifices listed above. The orifice Gizes Cover-a Tange oL MEASUTADE 3984 155 54.8 2213 1370 285 101.1 406.9
airflows from 18 to 1155 cfm (9 to 578 L/s). 423.3 16.0 56.5 228.0 1494 29.8 105.6 4243
448.2 16.4 58.1 234.5 1619 31.0 109.9 441.3
473.1 16.9 59.7 240.9 1743 32.1 113.9 457.8
TABLE 2.1 Orifice Flow Rate (Standard cfm) (U.S. Units) LU e 61.2 247.0 1868 33.2 118.0 4734
522.9 17.7 62.7 253.1 1992 34.3 121.7 489.0
Orifice size Qrifice size 547.8 18.1 64.2 258.9 2117 35.4 125.5 503.6
. = - - . - - = 572.7 18.6 65.6 264.7 2241 36.3 129.1 517.8
AP (in.w.g) 140in. 2.625in. 4.901in. AP (in.wg.) 140in. 2.625in. 4.90in. 597.6 18.9 67.0 270.3 2366 373 1395 5319
0.10 293 121.5 2.60 41.7 147.8 596 622.5 19.3 68.4 275.8 2490 38.3 135.9 545.2
0.20 41.3 169.6 2.70 42.5 150.6 607
0.30 50.5 206.5 2.80 43.3 153.3 618
0.40 583 2375 2.90 440  156.0 629 242 Calculati
0.50 18.5 65.1 264.9 3.00 44.8 158.7 639 . Hiationfofiiomn
0.60 20.2 71.3 289.6 3.20 46.2 163.8 660 The airflow for a sharp-edged orifice with pipe taps located 1 in. (25
8;8 3;2 ;gg gégg 328 igg i‘;gg Sgg mm) on either side of the orifice (Figure 2.1) can be accurately com-
0.90 o417 s72 3533 3.80 50.3 1784 718 pute;i from the follgwmg equations f01-* standard air density of 0.075
1.00 26.0 91.9 3721 4.00 51.6 183.0 737 1b/ft? (1.2041 kg/m3) for ducts 2 to 14 in. (50 to 350 mm) in diameter.
1.10 27.3 96.3 390.0 4.20 52.9 187.5 755 Airflow measurements through orifice plates may be found in Equa-
1.20 285 1006  407.0 4.40 541 1919 772 tion 2.6 (f <)
1.30 99.6 1047 4234 4.60 553 1962 789 -6 (for standard air):
1.40 307 1086  439.1 4.80 565  200.4 806 Equation 2.6 (U.S . 5
1.50 318 1124 4543 5.00 57.6 2044 822 d (U.8) Equation 2.6 (Metric)
1.60 328 1161 4689 5.50 60.4 2143 862 Q = 21.8KDZ Vh Q = 0.00101KD2 Vh
1.70 33.8 119.6 483.1 6.00 63.1 223.8 899 .
1.80 34.8 1231 4969 6.50 65.6 232.8 935 Where: @ = air volume (cfm) Where: @ = air volume (L/s)
1.90 35.7 126.4 510.4 7.00 68.1 241.4 970 K = coefficient of airflow K = coefficient of airflow
2.00 36.6 1297 5234 7.50 70.4 249.9 1003 D, = orifice diameter (in.) D, = orifice diameter (mm)
2.10 37.5 132.9 536.2 8.00 72.7 257.9 1036 h = pressure drop across h = pressure drop across
2.20 384 136.0 5486 8.50 749 2658 1067 oritice GRT .
2.30 39.3 1390  560.8 9.00 770 2734 1097 g suificelE e
2.40 40.1 142.0 572.6 9.50 79.1 280.8 1127 The constant K is affected by the Reynolds number, a dimensionless

2.50 40.9 1449 5843 10.00 81.1 2879 1155 value expressing flow conditions in a duct. Equation 2.7 gives a sim-
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Figure 2.2 Flow coefficients K for square-edged orifice plates and flange taps in smooth
pipe.

plified method of calculating the Reynolds number for standard air.
The constant K can also be selected from Figure 2.2.

Equation 2.7 (U.S.) Equation 2.7 (Metric)

Ngg = 8.56DV, Ngg = 66.4DV,
Where: Nz; = Reynolds number Where: Nz = Reynolds number
D = duct diameter (inches) D = duct diameter (mm)
V, = velocity of air through V, = velocity of air through
orifice (fpm) orifice (m/s)

Chapter

Fan Equations

3.1 Fan Laws

The fan laws relate the performance variables for any similar series
of fans. The variables are fan size, rotation speed (rpm), air density,
volume flow rate, static pressure, power, and mechanical efficiency.
The fan laws apply only to similar fans at the same point of rating on
the performance curve. They can be used to predict the performance
of any fan when test data are available for any fan of the same series.

Fan laws also may be used with a particular fan to determine the
effect of speed change. However, caution should be exercised in these
cases, since they apply only when all flow conditions are similar.
Changing the speed of a given fan changes parameters that may in-
validate the fan laws.

Equation 3.1 (U.S. & Metric)

% _ pm,
€, Tpmy;

Equation 3.2 (U.S. & Metric)
SP; _ (%) _ <&>

SP, rpm, Q,
Equation 3.3 (U.S. & Metric)

2 )5
I, FP, rpm, @

17
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Where: @ = airflow (¢fm or L/s)
rpm = fan revolutions per minute
SP = static pressure (in.w.g. or Pa)
FP = fan power [brake horsepower (BHP) or kW]
I = current draw [Amps (A)]

Example 3.1 (U.S)) A fan is operating at 0.5 in.w.g. static pressure at a speed of
1000 rpm and moving 2000 cfm of air at 1.5 BHP. Using Equations 3.1, 3.2, and
3.3, find the new SP, rpm and FP if the design calls for 2200 cfm.

Solution
(4] 2200
Tpm, = rpm; X Q_j = 1000 X 5000 1100 rpm
SP SPx AN 0.5 X 2200\ 0.61 in
= —] =0 — =0. w.g.
: 1\, 2000 mn.w-g

Q,\° 2200\°
FP,=FP, x [ 2] =15x (=) = 2.
p 1 <Q1 0 0 BHP

Example 3.1 (Metric) A fan is operating at 125 Pa static pressure at a speed of
1000 rpm and moving 950 L/s of air at 1.1 kW fan power. Using Equations 3.1,
3.2, and 3.3, find the new SP, rpm, and FP if the design calls for 1050 L/s.

Solution
Q 1050
rpm, = rpm XQ—j= 1000 X " = 1105 rpm
SP, = SP, X &2—125>< l(@2—153P
2 1 Ql 950 a
FP, = FP, x 3—11>< 200 3—149kw
8 1N\Q, : 950 i

Rated fan capacities are based on air at sea level under standard
conditions: 14.7 psi, 70 °F and a density of 0.075 lb/ft® (101.3 kPa,
20 °C and a density of 1.2 kg/m?3). In actual applications, the fan may
be required to handle air or gas at some other density. The change in
density may be caused by temperature, the composition of the gas, or
altitude. As indicated by Equation 3.4, fan performance is affected by
gas density. With constant size and speed, the horsepower and pres-
sure vary in accordance with the ratio of gas density to the standard
air density. The airflow (cfm or L/s) remains constant because
a centrifugal fan is a constant-volume machine.

Density correction tables may be found in Tables 10.1 and 10.2 in
Chapter 10 and in Appendix C, Table C-8 (U.S.) or Appendix D, Table
D-6 (Metric). The correction factors in the tables substitute for d,/d,
in Equation 3.4.

Fan Equations 19

Equation 3.4 (U.S. & Metric)

d2 SP2 FP2
F=Cp =rp  WhenQ = @, (cfmorL/s)
d, SP, FP, when @, Q, (cfm or L/s

Where: d = air density (Ib/ft?® or kg/m®)
SP = static pressure (in.w.g. or Pa)
FP = fan power (BHP or kW)
(Fan size and fan speed (rpm) also are constant)

Example 3.2 (U.S) A fan is rated to deliver 6000 c¢fm at 1.5 in.w.g. SP and it
requires 3.1 BHP. Find the airflow, SP and BHP if the fan and system are moved
to 7000 ft elevation and the air is at 40 °F.

Solution From Table 10.1 in Chapter 10 and Table C-8 in Appendix C, the cor-
rection factor (d,/d,) for 45 °F and 7000 ft. is 0.82. The cfm remains the same
at 6000 cfm (constant volume). Using Equation 3.4:

SP, = SP, X % =15 x 0.82 = 1.23 in.w.g.

1

FpP, = FP; X % = 3.1 X 0.82 = 2.54 BHP

1

Example 3.2 (Metric) A fan is rated to deliver 3000 L/s at 375 Pa and it requires
9.3 kW. Find the airflow, SP, and kW if the fan and system is moved to a 2000
m elevation and the air is at 5 °C.

Solution From Table 10.2 in Chapter 10 and Table D-6 in the Appendix, tl}e
correction factor (d,/d,) for 5 °C and 2000 m is 0.84 (by interpolation). The air-
flow remains at 3000 L/s (constant volume).

SP, = SP, x % = 375 x 0.84 = 315 Pa

1

FP, = FP, X % = 2.3 % 0.84 = 1.93 kW

1

Additional equations and use of HVAC systems in other air density
situations can be found in Chapter 10.

3.2 Fan Power

To find the theoretical fan power of a fan in brake horsepower [watts
(W)], use Equation 3.5.

Equation 3.5 (U.S.) Equation 3.5 (Metric)

Q X SP W = @ X SP

BHP = 53556 x Bff 1000 X Eff
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Where: W = watts
Q = airflow (L/s)
SP = static pressure (Pa)
Eff = fan efficiency

Where: BHP = brake horsepower
@ = airflow (cfm)
SP = static pressure (in.w.g.)
Eff = fan efficiency

Where the fan efficiency is not available, a good rule of thumb to
use is a factor of 0.63. When the fan power is known, by rearranging
Equation 3.5, the fan static efficiency may be calculated.

Equation 3.6 (U.S.) Equation 3.6 (Metric)

Q X SP
6356 x BHP

Q X SP

Effsp = 1000 X W

Effsr =

If total pressure (T'P) is used in the above equations, then the fan total
efficiency may be calculated.

Equation 3.7 (U.S.) Equation 3.7 (Metric)

Q@ X TP
6356 X BHP

Q X TP

Effre = 1000 X W

Effre =

Example 3.3 (U.S.) A fan delivers 8000 cfm at 0.75 in.w.g. static pressure. If the
fan efficiency is 65%, find the brake horsepower.

Solution

Q X SP 8000 X 0.75
6356 X Eff. 6356 X 0.65

BHP = = 1.45 BHP

Example 3.3 (Metric) A fan delivers 4000 L/s at 185 Pa static pressure. If the
fan efficiency is 65%, find the fan power in watts and kilowatts.

Solution

Q X SP 4000 x 185
W= = = 1138
1000 X Eff 1000 x 0.65 .

1138 W
KW = Too0 wykw ~ MW
3.3 Fan Tip Speed

The tip speed of a fan wheel may be found by using Equation 3.8.

Equation 3.8 (U.S.) Equation 3.8 (Metric)

_ @ XD X rpm 7w XDXrxls
== 12 Ol 1000
Where: TS = tip speed (fpm) Where: TS = tip speed (m/s)
= wheel diameter (in.) D = wheel diameter (mm)

revolutions per second

rpm = revolutions per minute r/s

Fan Equations 21

Example 3.4 (U.S.) A 42-in. diameter fan is operating at 360 rpm. Determine
the tip speed.

Solution

7 X D Xrpm X 42 X 360

= 12 12

= 3958 fpm

Example 3.4 (Metric) A 1050 mm diameter fan is operating at 6 r/s. Determine
the tip speed.

Solution

XD Xrls o X1050 X 6
TS = 1000 = 1000 =19.8 m/s

3.4 Fan Speed/Coil At

Often there is a need to adjust the temperature drop (A¢) through a
cooling coil or heating coil in HVAC units. An increase in fan speed
(and airflow) will lower the temperature drop. The fan speed may be
adjusted using the following equation:

Equation 3.9 (U.S. and Metric)
rpmy %

rpm; A,

Where: rpm = fan revolutions per minute
At = coil temperature drop (°F or °C)

Example 3.5 (U.S.) The measured At for a coil is 24 °F that was specified to be
20 °F. The fan is running at 820 rpm. Find the required rpm.
Solution Using Equation 3.9:

At 24 °F
rpm, = rpm; X Kt_; = 820 X 20 °F

= 984 rpm

The change in pulley size equations may be found in Chapter 5.

Example 3.5 (Metric) The measured At for a coil is 13.3 °C that was specified to
be 11.1 °C. The fan is running at 820 rpm. Find the required rpm.

Solution Using Equation 3.9:

At 13.3 °C
rpmz—rpmle—;—820 111°C

= 983 rpm

The change in pulley size equations may be found in Chapter 5.




Chapter

Fan and System Curves

4.1 Centrifugal Fans and Curves

The first of the two basic types of fans normally encountered in HVAC
systems is the centrifugal fan. Three variations of the centrifugal fan
are commonly used: the forward curved fan, the backward inclined
fan, and the airfoil fan.

4.1.1 Forward curved (FC) fans

The forward curved centrifugal fan travels at a relatively slow speed
and generally is used for producing high volumes at low static pres-
sures. The fan curve in Figure 4.1 shows that the FC fan may “surge”
(see Section 4.1.5, Fan Surge, for an explanation of surge). The surge
magnitude is less than for other types, because of the steep “hump”
or peak of the fan curve.

The typical operating range of this type of fan is from 30 to 80% of
wide open volume (see Figure 4.1). The horsepower curve has a con-
tinuous upward slope, so the FC fan is referred to as an overloading
type fan.

4.1.2 Backward inclined (BIl) fans

Backward inclined fans travel at about twice the speed of the forward
curved fan. The normal selection range of the backward inclined fan
is approximately 40 to 85% of wide open volume (Figure 4.2). Gener-
ally, the larger the fan, the more efficient for a given selection. The
magnitude of surge for a BI fan is greater than for an FC fan, as shown
by the gentle “hump” in the fan curve. The horsepower curve peaks

23
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Figure 4.1 Characteristic curves for FC fans.

o

and then drops off with increased airflow, so the fan is a nonoverload-
ing type.

4.1.3 Airfoil fans

The airfoil fan is a refinement of the flat-bladed backward inclined fan
using airfoil-shaped blades. This improves the static efficiency, so that
it is the highest of all centrifugal fans, and reduces the noise level
slightly. The magnitude of surge also increases with the airfoil blades.
Characteristic curves for airfoil fans (Figure 4.3) are similar to the BI
fans shown in Figure 4.2. The horsepower curve peaks and then drops

=
=
(=)

]
(=)

SE, SP and BHP

----- Static pressure [
curve v
Static effiency
curve -
susenne BHP curve [0 o s s L
0 30 80 100
Percentage of CFM

Figure 4.2 Characteristic curves for B1 fans.
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Figure 4.3 Characteristic curves for vaneaxial fans.

off with increased airflow, so the fan is a nonoverloading type. The
airfoil fan operates at the highest speed of all centrifugal fans.

4.1.4 Tubular centrifugal fans

Tubular centrifugal fans generally consist of a single-width airfoil
wheel arranged in a cylinder to discharge air radially against the in-
side of the cylinder. Air is then deflected parallel with the fan shaft to
provide straight-through flow. Vanes are used to recover static pres-
sure and to straighten air flow.

Characteristic curves are similar to the Bl fan curves shown in Fig-
ure 4.2. The selection range is generally about the same as the scroll-
type BI or airfoil bladed wheel—50 to 85% of wide open volume. How-
ever, because there is no housing of the turbulent airflow path through
the fan, static efficiency is reduced and noise level is increased.

4.1.5 Fan surge

Fan surge may occur when a fan is operating at the peak or “hump”
of the fan curve. Surging means that the airflow volume will rise and
fall as the operating point moves back and forth across the hump of
the fan curve to the same static pressure level on each side. For ex-
ample, in Figure 4.1, the SP is at a 90% level at both 30% and 60%
airflows. This back-and-forth rapid change of airflows causes the fan
to become noisier and it may cause severe damage to the fan.
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4.2 Axial Fans and Curves

The second basic type of HVAC fan is the axial fan. Axial fans are
divided into three groups—propeller, tubeaxial, and vaneaxial.

4.2.1 Propeller fans

The propeller fan (Figure 4.4) is well suited for high volumes of air at
little or no static pressure differential. With low efficiency, the fan is
usually of inexpensive construction. The impeller is made of two or
more blades of single-thickness metal attached to a relatively small
hub.

4.2.2 Tubeaxial and vaneaxial fans

Tubeaxial and vaneaxial fans are simply propeller fans mounted in a
cylinder with the vane-type straighteners. These vanes remove much
of the swirl from the air and improve the efficiency. A vaneaxial fan
is more efficient than a tubeaxial and can reach higher pressures. Note
that with axial fans, the fan power is maximum at the blocktight static
pressure. With centrifugal fans, the fan power is minimum at block-
tight static pressure.

Tubeaxial and vaneaxial fans generally are used for handling large
volumes of air at low static pressures. They have higher noise levels
and lower efficiencies than centrifugal fans.

S
:
.
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7
100 7 ; 7
Z % g Normal
o - 7" s operatin
o 7 ol e /A P g
= 4 e 274 range
SRR 7% % % AV —
‘: 50 ; it Static pressure
U{ '/;-' A ﬁi/ 7z \ curve
3] % 7 =
“ 7 /% Stati
2 vy tatic effiency
//;”‘ ; 4 Zas = \\ curve
/". /o o “-
4 / / o 7 » Py
0 ¢ st BHP curve
g 65 100

Percentage of CFM

Figure 4.4 Characteristic curves for propeller and
tubeaxial fans.
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4.3 System Curves

43.1 Plotting a system curve

The system resistance curve for any HVAC system is represented by a
single curve that is a plot of the static pressure required to move a
specific amount of air through that system (Figure 4.5). For example,
a system handling 1000 cfm (500 L/s) has a total measured resistance
of 1 in.w.g. (250 Pa). If the airflow is doubled, the static pressure re-
sistance will increase by that ratio squared to the 4 in.w.g. (1000 Pa)
shown in Figure 4.5 (by using Equation 3.2 from Chapter 3).

4.3.2 System operating point

When a system curve is plotted on a fan curve of the fan being used
(Figure 4.6) for the system, the operating point at which the fan and
system will perform is determined by the intersection of the system
curve and the fan performance curve. Every fan operates only along
its performance curve for a given rpm. If the designed system resis-
tance is not the same as the resistance in the installed system, the
operating point will move along the fan curve and the static pressure
and volume of air delivered will not be as calculated.

In Figure 4.6, the actual system pressure drop may be greater or
less than that predicted by the system designer, so a new system curve
indicates a lower or higher airflow volume. The point of operation
would move along the fan curve to the new system curve. When a

5
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5
g 3 (750)
. /
2 7
Z / (500)
o
a /|
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w
0 =
1000 2000
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Airflow (e¢fm or L/s)

Figure 4.5 System resistance curve.
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Figure 4.6 Interaction of system curves and fan curve. (Reproduced with permission
from AMCA)

typical fan power curve is included, it would indicate a change in fan
power (BHP or kW).

Duct system B has a greater static pressure resistance than de-
signed; therefore, the volume of air is less (operating point 2). Duct
system C has less static pressure resistance than designed, so it has
more air being delivered at a lower static pressure as indicated by
operating point 3.

4.4 Fan/System Curves

There is a different fan curve for every fan speed or rpm. Two fan
curves for two different fan speeds are shown in Figure 4.7. Fan laws
in Chapter 3 may be used to predict the results of changes. Increases
or decreases in fan speed will alter the airflow rate through a system.
Figure 4.7 illustrates the 10% increase in airflow when the speed of a
fan is increased 10% to operating point 2. The 10% increase in airflow,
however, creates a severe fan power penalty. According to the fan laws,
the fan power increase is 33%. The static pressure also increased 21%.

On the other hand, a 10% reduction in fan speed has a somewhat
similar decrease in fan power (25% decrease from the higher fan
power).
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Figure 4.7 Effect of 10% increase in fan speed. (Reproduced with permission from
AMCA)

Example 4.1 If the BHP of the fan (operating point 1) in Figure 4.7 is 10 HP
(7.5 kW), find the new BHP and percentage increase if the fan speed is increased
10% (operating point 2).

Solution Using Equation 3.3 from Chapter 3:

FP rpm,\° rpm
i J (s ; i 1.1 (a 10% increase)
FP, rpm,

rpm,
US.: FP, = 10(1.1)®* = 13.31 BHP
Metric: FP, = 7.5(1.1)® = 9.98 kW
Both are 33% increases in fan power.

Example 4.2 If the static pressure of the fan (operating point 1) in Figure 4.7
is 4 in.w.g. (1000 Pa), find the new SP and percentage increase if the fan speed
is increased 10% (operating point 2).

Solution Using Equation 3.2 from Chapter 3:

SP. rpm,\’ rpm
it Y o G 0 P, 1.1 (a 10% increase)
SP, rpm,;/ ~ rpm;
US.: SP, = 4(1.1)? = 4.84 in.w.g.

Metric: SP, = 1000(1.1)> = 1210 Pa

Both are 21% increases in static pressure.
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4.5 Multiple Fan Operation

4.5.1 Parallel fans

Many HVAC units contain multiple similar fans driven by a single
motor. If the installation of the fans has unrestricted airflow, the total
airflow is the total of all of the fans, but the static pressure does not
change. Some fans have a “positive” slope in the pressure—volume
curve to the left of the peak pressure point. If fans operating in par-
allel are selected in the region of this “positive” slope, unstable oper-
ation may result. Figure 4.8 shows the combined volume—pressure
curve of two such fans in parallel.

The closed loop to the left of the peak pressure point is the result
of plotting all the possible combinations of volume flow at each pres-
sure. If the system curve intersects the combined volume—pressure
curve in the area enclosed by the loop, more than one point of opera-
tion is possible. This may cause one of the fans to handle more of the
air and could cause a motor overload if the fans are individually
driven. This unbalanced flow condition tends to reverse readily, with
the result that ‘the fans will intermittently load and unload. This

- FAN OPERATION NOT
RECOMMENDED IN THIS x
RANGE

PARALLEL FANS
COMBINED
CHARACTERISTIC
CURVE(S)

\
A
SINGLE FAN \

\
\

A

PERCENT OF FAN STATIC PRESSURE

200

PERCENT OF VOLUME FLOW RATE
Figure 48 Parallel fan operation. (Reproduced with permission from AMCA)
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“surging” often generates noise and vibration and may cause damage
to the fans, ductwork, or driving motors (see Section 4.1.5).

452 Fans in series

Sometimes it is necessary to install two or more fans in series in the
same system. When the fans make up a single assembly, the assembly
is usually known as a multi-stage fan. This combination is seldom used
in conventional HVAC systems.

In theory the combined volume—pressure curve of two fans operat-
ing in series is obtained by adding the fan pressures at the samé air-
flow volumes (Figure 4.9). In practice, there is some reduction in air-
flow because of increased air density and a significant loss of
performance caused by nonuniform flow into the inlet of the second-
stage fan.

4.6 Fan Tables

Figure 4.10, copied from a fan catalog, shows both fan curves and a
fan capacity table for a specific size and type of fan. Normally, fan
curves are not shown, and sometimes not available if requested.

=

o=
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[%5]

W 200%
o]
[}
0
o SERIES FANS
o COMBINED CHARACTERISTIC
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<
o w7
pd L
Z 100% \
w
w
(o) SINGLE FAN
= CHARACTERISTIC
pd CURVE
w
2 \
T
w
) \

100%
PERCENT OF VOLUME FLOW RATE

Figure 4.9 Fans operating in series. (Reproduced with permission
from AMCA)
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Fan curves may be developed by plotting data from a fan capacity
table, but often the exercise will result in inaccurate curves if suffi-
cient plot points are not available. For example (using Figure 4.10), to
plot the 500 rpm curve, the closest rpm values from the fan capacity
table are 504, 521, 496, 502, 489 or 511, and 502 (5600 cfm to 10,100
cfm lines). Using the airflow and static pressure values as plot points,
a rough 500 rpm fan curve could be drawn as noted by the points in
Figure 4.10.

Chapter

Fan Drives and Equations

5.1 Fan Drives—Pulleys

5.1.1 Pulley sizes

Since the motor pulley or sheave is usually the smallest of the two
drive pulleys, it is more economical and common to change only this
pulley if the desired results can be obtained. However, greater changes
in fan speeds may require a change of both fan and motor pulleys.
Hopefully, the motor and fan shaft center-to-center dimension can re-
main the same as the initial condition to prevent major revisions to
the motor base and position. Drastic speed changes, requiring more
powerful motors and larger electrical service, may complicate the
physical modifications. Assuming that the fan pulley does not change
in size, the following equations may be used to determine the new
motor pulley pitch diameter. The pitch diameter (D) is smaller than
the pulley outside diameter (D,) as shown in Figure 5.1.

Equation 5.1 (U.S.)

d (motor)  RPM (fan)
D (fan)  rpm (motor)

Equation 5.2 (U.S.)
D X RPM = d X rpm

Equation 5.1 (Metric)

d (motor)  R/S (fan)
D (fan)

r/s (motor)
Equation 5.2 (Metric)
D XR/S=d Xr/s

Where: d = motor pulley
pitch diam. (in.)
D = fan pulley pitch
diam. (in.)

Where: d = motor pulley
pitch diam. (mm)
D = fan pulley pitch
diam. (mm)

rpm = motor speed
RPM = fan speed

r/s = motor speed
R/S = fan speed
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Figure 5.1 Adjustable sheave. D and d = pitch diam-
eter, large and small sheave; D, and d, = outside
diameter, large and small sheave.

Example 5.1 (U.S.)) The fan motor speed is 1800 rpm, the fan pulley pitch di-

ameter is 10.4 in. If the fan is to operate at 620 rpm, find the motor pulley pitch
diameter.

Solution

_ D XRPM _ 10.4 X 620
T 1800

d

= 3.58 in.
rpm

Example 5.1 (Metric) The fan motor speed is 30 r/s, the fan pulley pitch diam-

eter is 264 mm. If the fan is to operate at 10.3 r/s, find the motor pulley pitch
diameter.

Solution

D xR/S 264 x 103
30

d

= 90.6 mm
r/s

5.1.2 Speed-O-Graphs

1.

To use the Speed-O-Graphs in Figure 5.2, connect the known values
of the two similar items forming a “box” and draw a diagonal line
through that intersecting point parallel to the other diagonal lines.

Connect the other known item value to the diagonal line.

. From that intersection, draw a line to obtain the missing value.

Example 5.2 (U.S))

a. A fan drive has a motor running at 1800 rpm with a 4.5-in. pitch diameter
pulley. The fan is to operate at 540 RPM. Determine the fan pulley pitch
diameter size using the Speed-O-Graph in Figure 5.2.

b. Confirm the solution using the appropriate equation.

Diameter of the driver (d) (in. or mm)
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Figure 5.2 Speed-O-Graph: Pulley laws.

Solution _

a. Intersect lines from 540 RPM and 1800 rpm (upper right—hand_ corner) and
draw a diagonal line to intersect the line drawn from the 4.5 in. diameter
driver (from the left side of the graph). Drawing a line downward from the
intersection determines a driven pulley of 15 in. pitch diameter.

b.

_dXrpm _ 45X 1800

RPM 540

D = 15 in. pitch diameter

Example 5.2 (Metric) _ '

a A fan drive has a motor running at 1800 rpm with a 115 mm pitch dlame_ater
pulley. The fan is to operate at 540 RPM. Determine the fan pulley pitch
diameter size using the Speed-O-Graph in Figure 5.2.

b. Confirm the solution using the appropriate equation.

Solution
a. Intersect lines from 540 RPM and 1800 rpm (upper right-hand corn.er) and
draw a diagonal line to intersect the line drawn from the 112.5 mm diameter
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driver (from the left side of the graph). Drawing a line downward from the
intersection determines a driven pulley of 375 mm pitch diameter.

b.

_dXr/s 1125 X 1800

N R/S 540

= 375 mm pitch diameter

5.2 Fan Drives—Belts

5.2.1 V-Belts

V-Belts are classed by cross-section size, outside circumference, nom-
inal pitch length, and the power they can transmit (Figures 5.7 and
5.8). All V-belt manufacturers use the same classifications. Nominal
section sizes used in HVAC industry may be found in Figure 5.3 and
Table 5.1, but dimensions and shapes may vary with different man-
ufacturers. However, they may operate on the same pulleys, but mixed
manufacturer belts never should be mixed on the same drive.

Equipment, using fractional horsepower motors such as in residen-
tial HVACs, uses special L sizes, which are lighter and more flexible.
They will fit around the smaller diameter motor sheaves used in res-
idential work.

5.2.1.1 Single V-belts. Single V-belt numbers consist of a letter—
numeral combination designating cross-sectional size and length of
belt. For example, one manufacturer designates an 8.5-in. belt as
21.085, a 52.0-in. belt as 31520, and a 100.0-in. belt as 4L.1000. The
first digit indicates the cross-section size for light duty (L-type) belts.

5.2.1.2 Variable-speed V-belts. Variable-speed V-belts of the same
manufacturer have a standard numbering system that indicates the
nominal belt top width in sixteenths of an inch by the first two num-
bers. The third and fourth numbers indicate the angle of the groove
in which the belt is designed to operate. The digits following the letter
“V” indicate the pitch length to the nearest 1/10 in. A belt numbered
1530V450 is a V-belt of 15/16 in. nominal top width designed to op-

V-belts Joined V-velts

- i

A }
L T
v i I |

Figure 5.3 Standard V-belt sizes. See Table 5.1 for dimensions. (ANSI / RMA IP-20-1888
Engineering Standard.)

22.0
30.0
43.0

Deep S,

In.
0.875
1.250
1.750

15.9
19.0
254
36.5

Std. S,

In.
0.625
0.750
1.000
1.438

10.4
12.7
16.8
21.4

h'bb

.In.

0.41
0.50
0.66
0.84

7.9

10.4
13.5
19.1

hy,

In,
0.31
0.41
0.53
0.75

12.7
16.8
22.4
31.8

by,

In.
0.50
0.66
0.88
1.25

13C, 13CX
16C, 16CX
22C, 22CX

32C
belt height (single)

Cross section

Nork: Joined belts will not operate in deep groove sheaves.

b, = belt width

b,
S, = sheave groove spacing

hy, = belt height (joined)

TABLE 5.1 V-Belt Nominal Dimensions (see Figure 5.3)
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erate in a sheave of 30° (groove angle) and have a pitch length of 45.0
in. Other drive manufacturers use similar numbering systems.

For metric work, a soft conversion must be used, i.e., multiplying
the data in inches by 25.4 millimeters per inch.

5.2.2 Changing drives

When it is necessary to change pulley sizes, the new pulley or sheave
usually would be the same type. However, if a motor change is re-
quired, a new bore and keyway would be required, and the number of
belts may increase to make the belt horsepower rating high enough,
perhaps 150% of brake horsepower rating. Obviously, if the number
of belts increases, the number of pulley grooves increases, and the
motor and fan pulleys must be changed to suit.
To determine the required belt length, use Equation 5.3:

Equation 5.3 (U.S. & Metric)

D —-ar

= : +d)+
L=2C+ 157D + d) 1c

Where: L = Belt length (in. or mm)
C = Shaft centerline to shaft center (in. or mm)
D = Fan pulley pitch diam. (in. or mm)
d = Motor pulley pitch diam. (in. or mm)

5.2.3 V-belt drive conditions

Regardless of whether drives consist of stock or special items, there
are certain primary conditions to observe with respect to the instal-
lation of satisfactory drives. Those most commonly encountered are:

1. Drives should be installed with provisions for center distance ad-
justment. This is essential since all belts stretch.

2. Centers should not exceed 2% to 3 times the sum of the pulley
diameters nor be less than the diameter of the larger pulley.

Arc of contact on the smaller pulley should not be less than 120°.
Ratios should not exceed 8:1.

Never replace a belt with a smaller cross-section.

AN AN =

Replace multiple belts only with similar belts from the same man-
ufacturer.

Example 5.3 (U.S.) The center-to-center distance between shafts is 29 in. The
fan pulley pitch diameter is 14.1 in. and the motor pulley has a pitch diameter
of 4.3 in. Find the length of belt needed (to the nearest inch).

Fan Drives and Equations M

Solution
(D — d)?
= =
L=9C+157D +d) o
a1+ g4 281 ~ 437
L=(2x29)+ 15T (141 + 43) + =
96.04
N %
L= 58+2889+ =2

L =58 + 28.89 + 0.83
L = 8772 in.
Use an 88-in. belt or closest standard size.

Example 5.3 (Metric) The center-to-center distance between shafts is 737 mm.
The fan pulley pitch diameter is 358 mm, and the motor pulley has a pitch
diameter of 109 mm. Find the length of belt needed.

Solution

(D —d)y?

L=2C+15TD+d)+ ic

(358 — 109)?

L = (2 x 737 + 1.57 (358 + 109) + 1< 737

= 44»73319—%@(E
L =147 : 9948

L = 1474 + 733.2 + 21.0 = 2228.2 mm

Use closest standard size to 2228 mm.

5.2.4 Multiple V-Belts

V-Belts are rated also by the power they transmit. To determine the
number of V-Belts needed in a specific drive, use Equation 5.4.

Equation 5.4 (U.S. and Metric)

motor power X service factor
belt power rating

No. of belts =

Example 5.4 (U.S.) A fan has a 30 HP motor. The V-Belt drive has a service
factor of 1.5. Determine how many belts with a 16 HP rating are needed.

Solution

motor power X service factor

No. of belts =

belt power rating
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30 X 1.5

No. of belts =
o. of belts 16
No. of belts = 2.8 (three belts are needed)

Example 5.4 (Metric) A fan has a 22.5 kW motor. The V-Belt drive has a service
factor of 1.5. Determine how many belts with a 12 kW rating are needed.

Solution
No. of belts = motor power X servi.ce factor
belt power rating
4 X1,
No. of belts = % = 2.8 belts (three belts are needed)

5.2.5 V-belt tension—general rules

Tension of the belts on a V-belt drive is usually not critical. A few
simple rules about tensioning will satisfy most requirements.

1. The best tension for a V-belt drive is the lowest tension at which
the belts will not slip under the highest load condition, usually
1/64-in. (0.4-mm) deflection as shown in Figure 5.4.

2. Check the tension on a new drive frequently during the first day
of operation.

Check alignment (Figure 5.5).
Check the drive tension periodically, thereafter.

Too much tension shortens belt and bearing life.

SRl

Keep belts and sheaves free from any foreign material that may
cause slip.

7. If a V-belt slips, tighten it.

Deflection

1/64" per
"t""':‘:‘Span lengty, , inch of span

Figure 5.4 Belt tension. (Gates Rubber Company.)
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Figure 5.5 Drive Alignment.

5.2.6 V-belt tension—numerical method

Many users of V-belt drives rely on their experience and the above
general rules for tensioning drives, but it has become common practice
actually to measure the tension in a drive. Numerical methods for
measuring tension have several advantages. For example, they pre-
vent inexperienced personnel from drastically overtensioning or un-
dertensioning a drive, thus preventing possible bearing or belt dam-
age. Even with experienced personnel, it helps the individual get a
feel for the tension needed in a particular drive. This is especially
important with modern drives, where each V-belt is rated for higher
horsepower than previous belts have been. If a belt is to carry more
horsepower, it must be installed proportionally tighter. Experience
with older drives may lead to undertensioning of modern drives unless
tenision is measured at least once to help get the feel for correct ten-
sion.
The procedure in numerically tensioning a drive is:

1. Check alignment (see Figure 5.5).
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2. Determine the correct tension for the stopped drive, called static
tension, so that the tension will be correct when the drive is oper-
ating.

3. Measure the static tension so that it can be set at the correct value
with a tension tester (Figure 5.6) following the manufacturer’s in-
structions.

4. Do not use this method if the drive uses a spring-loaded idler or
other means of automatic drive tensioning.

5.3 Variable Speed Drives

The wide use of variable air volume (VAV) systems and variable-speed
pumps has increased the need for efficient methods of controlling
larger motor speeds. Small fan motors are easily and economically
controlled, but using fan inlet vanes, adjustable blades, and discharge
dampers to control large fan air volumes has not proved to be the most
efficient method.

5.3.1 Variable sheave drives

Variable-pitch sheave drives are relatively simple and inexpensive and
can provide a satisfactory, economical means of speed control in some
applications. Speed ranges typically are limited to about 3 to 1, al-
though ranges of up to 10 to 1 are possible. Belt wear is always a
problem, the drive unit is relatively bulky, and they usually create
more noise and vibration.

5.3.2 Multispeed motors

Multispeed induction motors can be used if universal speed control is
not required, providing the advantages inherent in squirrel-cage mo-
tors. The number of speeds that can be provided is limited by the
number of windings that can be placed on the stator or the manner
in which poles can be reconnected external to the motor. It is seldom
practical to provide for more than two speeds. Top speed also is limited
to 3600-rpm synchronous speed.

Wound-rotor induction motors can be used to provide stepless speed
control over a fairly broad range. Motor cost is higher than that of an
induction motor, especially in smaller sizes. Overall system cost may
be lower than that of static AC or DC drives. On the minus side are
maintenance problems and problems of environmental compatibility—
and the exclusions on use in hazardous (classified) locations that are
inherent with any wound-rotor machine.

Fan Drives and Equations
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Figure 5.6 Tension tester. (Gates Rubber Company)
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5.3.3 Eddy-current clutches

Eddy-current clutches can provide economical stepless speed control
over a broad speed range. Whereas fairly small in size, they must be
interposed between the motor shaft and the load input shaft. First
cost is fairly low, but efficiency is lower than for static AC and DC
drives, especially at low speeds. Some units with large speed ranges
require liquid cooling.

5.3.4 DC motors

In the past, the most common method of providing speed control with
DC motors called for the motors to be served from a DC bus supplied
by a motor generator set or from a static DC power supply. Few such
systems are installed today. For most new installations, such fixed-bus
DC systems have given way to packaged static DC drives dedicated to
serving a single motor. For most types of variable-speed applications,
when stepless control or very fine control is needed, the two most
workable choices are packaged static DC drives and variable-
frequency AC drives.

5.3.5 Variable-frequency drives (VFD)

If it were not for the fact that the variable frequency drive (VFD) can
be used with a squirrel-cage inductor motor, the VFD would be hard
pressed to compete with the static DC drive. In most applications, the
VFD costs more initially and operates less efficiently. There are, how-
ever, many applications that can be served at lower first cost and
higher efficiency by VFD.

Typical of applications that can be served at lower first cost with
the VFD are those in which the speed of a number of motors must be
synchronized. If used with synchronous-reluctance motors, a single
VFD maintains all motors of the group in perfect synchronism. Control
circuitry is simplified if speed is to be controlled automatically, because
a single control feedback loop serves the entire operation.

A VFD decreases overall motor efficiency and increases motor heat-
ing. Fan cooled motors require a minimum speed to receive adequate
cooling. Also, actual current flow to a VFD motor may be higher than
at the constant-speed rating, but the voltage is lower so that the total
power consumed by the motor is lower.

When checking motor performance, the current flow (amperage) to
the drive must be checked at normal line voltage. Most VFDs have a
manual override mode that allows the TAB technician to adjust the
output speed. Section 19.7.3 also contains some practical information
on amperage readings.
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Duct System Pressure Losses

6.1 Duct Pressures

There are two sets of duct system pressures. One set is used to design
the duct systems and to select the fans, and the other set is the actual
system operating pressures.

6.1.1 Duct design pressures

The duct system designer calculates the static pressure losses of the
straight sections of ductwork using engineering tables and charts. To
these losses, the losses of all the duct fittings are calculated and added
along with the pressure loss data of all manufactured items such as
filters, coils, dampers, and diffusers or grills. The duct system fan(s)
are selected from the total static pressure losses of the longest run(s)
of the supply air and return air ducts connected to the fan(s).

6.1.2 Duct operating pressures

The three duct pressures that TAB technicians measure in the field
are total pressure (TP), static pressure (SP), and velocity pressure (V).
The three pressures are related by the following equation:

Equation 6.1 (U.S. and Metric)

TP = SP + V,

Where: TP = total pressure (in.w.g. or Pa)
SP = static pressure (in.w.g. or Pa)

V, = velocity pressure (in.w.g. or Pa)
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6.1.3 Total pressure

Total pressure (TP) of a duct is measured by the impact of the moving
airstream on the end of a Pitot tube directly facing and perpendicular
(Figure 6.1) to the airflow. Total pressure determines how much energy
is in the airflow at any point in the system. Total pressures always
decline in value from the fan to any terminal device (diffuser or grille).

6.1.4 Static pressure

Static pressure (SP) is exerted equally in all directions at any point or
cross section of the duct (similar to the “blowup” or internal pressure
of a balloon). It also is a measure of the potential energy to produce
and maintain airflow against duct resistance. Static pressures may be
positive or negative to the atmosphere.

6.1.5 Velocity pressure

Velocity pressure (V) is exerted only in the direction of airflow and is
a measure of kinetic energy resulting from the airflow. Velocity pres-
sure cannot be measured directly by a Pitot tube and pressure gauge
or manometer, but it can be measured indirectly by subtracting the
static pressure from the total pressure (see Figure 6.1) based on Equa-
tion 6.1, V, = TP — SP. If the airflow velocity is known, the velocity

pressure may be calculated using the following equations:
Equation 6.2 (U.S.) Equation 6.2 (Metric)

V, = (V/4005) V, = 0.602V?

SP TP
Flow —» kFlow —
A B C ‘
static pressure total pressure velocity pressure |

Figure 6.1 Airflow pressure measurements.
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Equation 6.3 (U.S.) Equation 6.3 (Metric)
V = 4005 VV, V =V166V,

Where: V, = velocity pressure (in.w.g. or Pa)
V = velocity (fpm or m/s)

(Equations 6.1 through 6.3 are for standard air at sea level.) Tables
of velocities or velocity pressures in both U.S. and metric units may
be found in Appendix A, Tables A-4 and A-5. Velocity pressures are
always positive.

Example 6.1 (U.S)) A 48 X 16 in. duct handles 10,700 cfm at 2.3 in.w.g. static
pressure. Find the total pressure of the duct.

Solution

Using Equation 2.1: V = Q/A = 10,700/48 X 16/144 = 2006 fpm
Using Equation 6.2: V, = (V/4005)* = 0.25 in.w.g.

Using Equation 6.1: TP = SP + V, = 2.3 + 0.25 = 2.55 in.w.g.

Example 6.1 (Metric) A 1200 X 400 mm duct handles 5030 L/s at 575 Pa static
pressure. Find the total pressure of the duct.

Solution

Using Equation 2.1: V = /10004 = 5030/1000 X 1.2 X 0.4 = 10.5 m/s
(1200 mm X 400 mm = 1.2 m X 0.4 m)

Using Equation 6.2: V, = 0.602 (10.57 = 66.4 Pa
Using Equation 6.1: TP = SP + V, = 575 + 66.4 = 641.3 Pa

6.2 Pressure Measurements

6.2.1 Supply ducts

A section of duct is capped at both ends and sealed tight (Figure 6.2).
Pressurized at 0.06 psi (0.414 kPa), this pressure converts to 1.66
in.w.g. (414 Pa). Since the air is at rest, velocity equals 0, so V, = 0.
Both total pressure and static pressure would equal 1.66 in.w.g. (414
Pa).

If a fan is connected to one end of the duct and air flows through
the duct at 4900 fpm (25 m/s), as seen in Figure 6.3, the airflow ve-
locity would convert to 1.5 in.w.g. (375 Pa) velocity pressure using
Equation 6.2 or the tables in Appendix A, Tables A-4 and A-5. Sub-
tracting the velocity pressure from the total pressure:

SP = 1.66TP — 1.5V, = 0.16 in. SP (415 Pa — 375 Pa = 40 Pa SP)
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Figure 6.2 Pitot tube connections for supply air-
stream.

The manometer does not sense the actual velocity pressure directly,
but by using the Pitot tube hookup with the static opening connected
to the low-pressure side of the gauge, and the total pressure opening
connected to the high-pressure side of the gauge, the manometer will
read the difference between the two, or the velocity pressure.

Velocity pressure and static pressure increase or decrease in the
ductwork with every change in the duct configuration, but the total
pressure remains in a constant decrease from the fan to the end of the
system because of the fitting pressure losses and straight duct friction
losses. Hence, at a point when the velocity pressure decreases, the
static pressure increases, and vice versa, because the static pressure
is always the difference between the total pressure and the velocity
pressure. When the static pressure increases with a drop in velocity
and velocity pressure, the change is called static regain.

6.2.2 Return or exhaust ducts

The static pressure in a return air or exhaust air system is always
below atmospheric pressure, and it is customary among air ventilation

Duct

0.16 (40)
Air ﬂow 8

Pitot—] 1.5 (375) ]

e //@%%ﬂ
TP '

~ 1.66 (414)

==

Figure 6.3 Pitot tube connections for supply air-
stream.
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TP ;
\ 0.4 (100)
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Figure 6.4 Pitot tube connections if airstream is ex-
hausted from duct and TP is positive.

- -1.1(-275)
Air flow (%

system designers to omit the minus sign affecting the static (gauge
pressure). These system designers know that the total pressure is
higher than the static pressure by the amount of the velocity pressure
(Figure 6.6). But total pressure seldom is considered in the field of
ventilation; most computation for design and testing being based on
static pressure.

When the airstream is exhausted from the duct, the static pressure
is negative and the hose connections to the manometer or gauge will
depend on whether the velocity pressure is greater or smaller than
the numerical value of the static pressure. If it is greater, the total
pressure will be positive; if it is smaller, the total pressure will be
negative.

In Figures 6.4 and 6.5. the ducts are connected to the inlet or suction
side of the fan. With a negative static pressure of 1.1 in.w.g. (275 Pa)
in Figure 6.4, the total pressure of 0.4 in.w.g. (100 Pa) will be positive
(TP =8SP+V,=-11+15=04inwg. or TP = —275 + 375 =
100 Pa).

In Figure 6.5, a negative static pressure of 2.0 in.w.g. (500 Pa) re-
sults in a negative total pressure of 0.5 in.w.g. (125 Pa); (TP = SP +
V,=-2.0+ 15 = 0.5in.w.g. or TP = =500 + 375 = —125 Pa).

Duct

B —2.0 (-500)
%) Air flow (% / g :
s /o msen
TP\

-0.5 (-125)
==

Figure 6.5 Pitot tube connections if airstream is ex-
hausted from duct and 7P is negative.
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Figure 6.6 Pressure changes during flow in ducts,

6.2.3 Gauge connections

The various connections between the Pitot tube and the gauges or
manometers frequently are made with rubber hose. Precaution must
be taken so that all passages and connections are dry, clean, and free
of leaks, sharp bends, and other obstructions. Pressure connection
branches can be made by using T-fittings or using two-stem nipple
adapters.

6.3 Air Density Changes

Chapter 10 discusses air density effects on HVAC systems in detail.
The following equations, plus others, also may be found in Chapter
10.

When the airflow being tested is at a higher or lower temperature
than used in the normal HVAC range, or at altitudes above 2000 ft
(600 m), the following equations may be used:

Equation 6.4 (U.S.) Equation 6.4 (Metric)

v\ e
Vp:dx<ﬁ> Vp_ZXV

Equation 6.5 (U.S.)
V =1096 VV, /d

Equation 6.5 (Metric)
V=1414 VV,/d
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Where: V, = velocity pressure (in.w.g. or Pa)
V = velocity (fpm or m/s)
d = density (Ib/ft? or kg/m?)

The same velocity pressure (V) reading from a duct system airflow of
a lesser density will result in a higher velocity.

Example 6.2 (U.S)) The measured velocity pressure (V) for airflow at 250 °F and
an altitude of 6000 feet is 0.32 in.w.g. Calculate the airflow velocity.

Solution The air density correction factor from Table C-8 of the Appendix for
250 °F at 6000 feet is 0.60.

d = 0.60 X 0.075 1b/ft> = 0.045 Ib/ft3
Using Equation 6.5:
V = 1096 V0.32/0.045 = 2923 fpm
Or, using Equation 6.3, corrected V, =0.32/0.6
V = 4005VV, = 4005V/0.32/0.6 = 2925 fpm
Example 6.2 (Metric) The measured velocity pressure (V,) for airflow at 125 °C
and an altitude of 1750 m is 80 Pa. Calculate the airflow velocity.
Solution The air density correction factor from Table D-6 of the Appendix for
125 °C and 1750 m is 0.60.
d = 0.60 X 1.204 kg/m?® = 0.7224 kg/m?

Using Equation 6.5:

V = 1414 VV,/d = 1.414 V80/0.7224 = 14.88 m/s
Or, using Equation 6.3, corrected V,=80/0.6

V =V1.66 X 980/0.6 = 14.88 m/s

6.4 Duct Air Leakage

The amount of air leakage from duct systems is not a mystery. The
results of extensive leakage research by SMACNA and ASHRAE co-
incides with similar research done in Europe. Tables 6.1 and 6.2 and
Figure 6.7 are based on these results. Now TAB technicians can pre-
dict the amount of air leakage based on the duct plans and specifica-
tions. The calculated amount of air leakage should be added to the fan
capacity unless so noted either in the specifications or on the drawings
that estimated air leakage has been included. If air leakage has been
added, the TAB technician can easily verify actual system conditions,
and the specified fan drive sizes should be usable after completion of
the TAB work.

Many fan drives, fan motors, and electrical services to the fans have
had to be changed because duct system air leakage was ignored by
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TABLE 6.1 Applicable Leakage Classes? TABLE 6.2 Leakage as a Percentage of System Airflow
Y, 1, 2 in.w.g. 4, 6,10 in.w.g. System airflow Average static pressure [in.w.g. (Pa)]
Duct class (125, 250, 500 Pa) 3 in.w.g. (750 Pa) (1000, 1500, 2500 Pa) Leakage Lis 1/2 1 9 3 4 6
Seal class None C B A class cfm/ft? per m? (125) (250) (500) (750) (1000) (1500)
All joints, seams,
Applicable Transverse Transverse joints and wall = 2 5 ig 7 ig ?3 gg
sealing N/A joints only and seams penetrations 3 15 10 16 25
Leakage class (C;) cfm/100 ft2 (L/s per m?) at 1 in.w.g. (250 Pa) 4 20 7.7 12 19
5 25 6.1 9.6 15
Rectangular 48 24 12 6
metal 24 2 10 7.7 12 19
Round and 30 12 6 3 2.5 12.7 6.1 9.6 15
oval metal 3 15 5.1 8.0 13
Rectangular N/A 6 N/A N/A 4 20 3.8 6.0 94
fibrous glass 5 25 3.1 4.8 7.5
Rotind fibrous N/A 3 N/A N/A 12 9 10 3.8 6 04 12
S 2.5 12.7 3.1 48 75 9.8
The leakage classes listed in this table are averages based on tests conducted by ASHRAE. 3 15 2.6 4.0 6.3 8.2
Leakage classes listed are not necessarily recommendations on allowable leakage. The de- 4 20 1.9 3.0 4.7 6.1
signer should determine allowable leakage and specify acceptable duct leakage classifications. 5 25 15 24 3.8 4.9
6 2 10 1.9 3 4.7 6.1 74 9.6
. ) 2.5 12.7 1.5 24 3.8 4.9 5.9 7.7
the system designer. The leakage classes in Table 6.1 are based on seal 3 15 1.3 2.0 3.1 41 49 6.4
classes (how the ductwork is sealed with mastic). The leakage class 4 20 1.0 15 2.4 31 37 4.8
designation is based on the average amount of leakage (cfm or L/s) of ° 2 d 1.2 - i T -
100 ft* (or m?) of duct surface with an average internal static pressure 3 2 10 1.0 1.5 24 31 37 48
of 1 inch water gauge (250 Pa). 2:5 12,7 8 1.2 1.9 24 3.0 3.8
2 of t lar duct at 1 i . 1el 3 15 .6 1.0 1.6 2.0 2.5 3.2
For examplg, 5000 ft? of rectangular duct at 1 in.w.g. using seal class 4 20 5 8 13 16 2.0 26
C (transverse joints only) would leak 1200 ¢fm (5000 X 24/100 = 1200 5 25 4 6 9 1.2 1.5 1.9
cfm).
Using seal class B, the same ductwork would leak 600 cfm (5000 X
12/100 = 600 cfm). Using seal class A, the same ductwork would leak
300 cfm (5000 X 6/100 = 300 cfm). The above ductwork also would
be constructed in the related pressure classification gauges and rein- 60 9"" ——'o“v": : & Z 15
&0 T =
forcement. | T T 7T '35 - 0}
. e A 1 LA = 1 W Ea
ST A % 5 | A s
B . | s iy
6.4.2 Leakage prediction g = /\f* | % | //}.f x }ﬁ/ — | //T’
. ) ' 3 / A 3
Table 6.2 allows a system designer to predict the percentage of duct E R / ,/ /// pd | gm o // 19 >
air leakage by dividing the HVAC unit fan capacity by the total square e — || v ' — —— % | / L~ / //
feet (square meter) of duct surface, using the leakage class and then g F A AT = ,/ e,
. - g < -
the average internal duct static pressure. For example, if the above S = 11T | / // L~
5000-ft* duct system had a 15,000-cfm fan, the cfm/ft? in the second I i : o1 2 v :
column of Table 6.2 would be 3 (15,000/5000 = 3). A duct system with | P | / /‘[ !
a leakage class of 6 (seal class A) would have 4.1% air leakage at 3 L A | 1 ! L1 P w e se w0z
. . 2 3 4 €6 810
n.w.g. average or 3.1% leakage at 2 in.w.g. average. Table 6.2 does Static pressure (in w.g) Static pressure (Pa)
not include HVAC unit or terminal unit connection leakage. This leak- A (US. units) B (metric units)

age also must be added by the TAB technician. Figure 6.7 Duct leakage classifications.
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6.4.3 “One percent leakage”

The often specified “maximum of 1% leakage” is almost impossible to
attain under normal system design conditions (1% leakage or less are
the bold numbers in Table 6.2). Two percent to 10% duct air leakage
generally is found throughout the industry for average size HVAC sys-
tems. Note in Table 6.2 that the larger the system and/or the higher
the average duct static pressure, the greater the duct leakage will be,
even in the best, totally sealed duct systems.

Using the fan laws, a 3.1% air leakage will increase 10 fan brake
horsepower to 10.96 BHP (using Equation 3.3 from Chapter 3):

FP, (Q,\° 1.031)\° :
E— —_ N = _— = . HP
7P, ( Q1> s FPy = 10 (=5 19 96 B

So, 3.1% leakage causes almost a 10% increase in the fan power re-
quirements. A more realistic 6% leakage would increase the 10 BHP
requirements to 11.91 BHP, a 19% increase.

1.06\°
=10[=—=] =11.91
FP, 10< 1.0)

Unfortunately, many system designers do not include this extra air-
flow and energy requirements in their HVAC unit fan selection. How-
ever, TAB technicians should determine the amount of duct air leak-
age using field measurements.

6.5 System Effect

System effect is the derating or loss of capacity of a fan caused by
poorly designed duct fittings at or close to the fan discharge and inlet.
In addition to the generally unknown problem of system effect, TAB
technicians cannot measure system effect in the field. Approx-
imate fan capacity losses caused by system effect only can be calcu-
lated using dimensional measurements of the ductwork connections
and data from tables and charts found in the Air Movement and Con-
trol Association (AMCA) Publication 201, Fans and Systems. This in-
formation also has been reprinted in ASHRAE and SMACNA duct
design publications.

6.5.1 System effect curves

The diagonal lines in Figure 6.8 are called system effect curves. Any
deviation from a piece of straight fan discharge duct within the “ef-
fective length” distance shown in Figure 6.9 may create a system ef-
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Figure 6.8 System effect curves. (Reproduced with permission from AMCA)

System effect factor, pressure loss (in w.g. or Pa)

foct. The reason is that centrifugal fans are tested and rated by AMCA
exactly as shown in Figure 6.9, i.e., no inlet duct and a straight dis-
charge duct of at least 2% duct diameters long.

For example, an exhaust fan on a roof without a discharge duct
(assume a blast area ratio of 0.7 in Figure 6.9) would have an “S”
system effect curve. Using Figure 6.8 [assume an outlet velocity of
2000 fpm (10 m/s)], a pressure loss of 0.2 in.w.g. (50 Pa) is obtained.

A0e Hsuy 5 REATLs
and ' 1
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last area Discharge
Centrifugal Cutc;ﬁ' [~ Outlet area gt

i\l
\\/ 100% effective length

To calculate 100% effective duct length, assume a minimum of
2-1/2 duct diameters for 2500 fpm (12,5 m/s) or less. Add 1 duct
diameter for each additional 1000 fpm (5 m/s).

Example: 5000 fpm (25 m/s) = 5 equivalent duct diameters. If
the duct is rectangular with side dimensions a and b, the
equivalent duct diameter is equal to (4ab/x)05.

I

12% 25% 50% 100%
No effective | effective | effective | effective
duct duct duct duct duct
Pressure
recovery 0% 50% 80% 90% 100%
Blast area
Dutlet area System effect curve
0.4 P R-S U w —_
0.5 P R-S U w —
0.6 R-S S-T U-v W-X —
0.7 S U W-X —_ —
0.8 T-U T-U X — —
0.9 V-W W-X — —_ —
1.0 — — — — —

Figure 6.9 System effect curves for outlet ducts. (Repro-
duced with permission from AMCA)

That means that the rated fan static pressure capacity is lowered by
0.2 in.w.g. (50 Pa).

6.5.2 System effect from fittings

If an elbow (position C) was installed directly at the fan discharge, a
“P” system effect curve would be obtained from Figure 6.10. Using the
same 2000 fpm (10 m/s) in Figure 6.8 the system effect loss is 0.5
in.w.g. (125 Pa).

System effect losses also must be calculated for most fan inlet duct
connections. Combined losses for both ends of the fan easily can exceed
1 in.w.g. (250 Pa) for each HVAC system fan.

6.5.3 Fan operation point

Figure 6.11 illustrates deficient fan or system performance caused by
system effect. Curve A shows the HVAC system airflow capacity and
pressure loss that has been calculated. The system designer selected
the fan to operate at point 1 on system curve A. However, no allowance
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For DWDI fans determine SEF using the curve for
SWHSI fans. Then apply the appropriate multiplier from
the tabulation below

MULTIPLIERS FOR DWDI FANS
Elbow position A = AP X 1.00
Elbow position B = AP X 1.25
Elbow position C = AP X 1.00
Elbow position D = AP x 0.85

Figure 6.10 OQutlet elbows on SWSI centrifugal fans.
(Reproduced with permission from AMCA)
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Figure 6.11 Effects of system effect. (Reproduced with permission from AMCA)

has been made for the effect of duct system connections on the fan
performance. To compensate, a system effect factor must be added to
the calculated system pressure losses to determine a new system curve
that should be used to select the fan.

The point of intersection between the initially selected fan perform-
ance curve and this new “phantom” system curve B is point 4. There-
fore, the actual system flow volume is deficient by the difference from
point 1 to point 4.

To achieve the design airflow volume, a system effect factor equal
to the pressure difference between point 1 and point 2 should be added
to the calculated system pressure losses. The fan should be selected
to operate at point 2, where a new, higher corrected rpm curve crosses
system curve B. A higher fan brake horsepower also will occur.

When a TAB technician measures the actual HVAC system condi-
tions with the corrected fan rpm, the airflow volume and static pres-
sure will be established as point 1, because that is where the system
actually is operating. The system is not operating on system curve B,
which was used only to select the derated capacity fan rpm. System
effect cannot be measured in the field, but can only calculated after a
visual inspection is made to the fan and duct system connections.
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Because system effect is velocity related, the difference between
points 1 and 2 is greater than the difference between points 3 and 4.
The system effect factor includes only the effect of the system config-
uration on the fan’s performance. All duct fitting pressure losses were
calculated as part of the HVAC system pressure losses and remain a
part of system curve A.

6.6 Increased System Pressures

If inspections are not made during HVAC system installation, extra
high-pressure drop fittings may be installed to avoid obstacles without
the knowledge of either the design engineer or the TAB technician.
Some sheetmetal contractors also may leave out every other turning
vane in mitered 90° elbows.

Example 6.3 To avoid obstacles, eight 90° elbows are added to a primary air
duct system designed with a 4.0 in.w.g. (1000 Pa) pressure loss, which includes
six 90° elbows. Every other 4% in., single-thickness turning vane is missing from
all 14 of the installed elbows. The fitting loss coefficient with every other turning
vane missing is 0.46. Find the new system pressure loss.

Solution Use duct fitting pressure loss data from the design tables in Table A-
9 of Appendix A, [assume a velocity of 2000 fpm (10 m/s)]. For fourteen 90°
elbows, with every other vane missing:

Actual: 14 X 0.25 (V) X 0.46 (C) = 1.61 in.w.g. (403 Pa)
Design: 6 X 0.25 (V) X 0.23 (C) = 0.80 in.w.g. (200 Pa)

SP increase = 0.81 in.w.g. (203 Pa)

Therefore the actual system loss is 4.81 in w.g. (1203 Pa), a system
static pressure (SP) increase of 20%: 4.0 + 0.81 = 4.81 (1000 + 203
= 1203).
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Use of TAB Instruments (Airflow)

7.1 TAB Instruments

Instruments for the measurement of airflow, water flow, rotation, tem-
perature, humidity, and electric current are the “tools of the trade” of
the testing, adjusting, and balancing (TAB) firm and its employees.
Recommended uses and limitations for most of the TAB instruments
may be found in Tables 7.1 to 7.4, which by experience, are reliable
and accurate. Many of the newer electronic types also are accurate
and reliable, and they may measure several different functions. Cer-
tified NEBB TAB firms are required to own, maintain, and periodi-
cally calibrate a required list of TAB instruments (see the NEBB Pro-
cedural Standards for Testing Adjusting and Balancing of
Environmental Systems). Airflow TAB measuring instruments are dis-
cussed in this chapter and all other TAB instruments are discussed
in Chapter 8.

7.2 Pitot Tube

: As shown in Figure 7.1, a Pitot tube contains an impact tube for mea-
} suring total pressure, fastened concentrically inside a second tube of
| slightly larger diameter that senses static pressure through radially
located sensing holes near the tip. The air space between the inner
and outer tubes serves to transfer pressure from the sensing holes to
these static pressure connection at the opposite end of the Pitot tube.
When the static pressure outlet is connected to the low or negative
pressure side of a manometer and the total pressure connection of the
Pitot tube is connected to the high-pressure side of the manometer,
velocity pressure is indicated directly on the instrument (see Figures
6.2 to 6.5 in Chapter 6). The Pitot tube is an important measuring
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TABLE 7.1 Airflow-Measuring Instruments

Instrument Recommended Uses Limitations
U-Tube Measuring pressure of air and Manometer should be clean and
manometer gas above 1.0 in.w.g. (250 Pa) used with correct fluid.

Vertical inclined
manometer

Micromanometer
(electronic)

Pitot tube

Pressure gauge
(magnehelic)

Anemometer
rotating vane
(mechanical
and electronic)

Anemometer
deflecting
vane

Anemometer
thermal

Measuring low manifold gas
pressures

Measuring pressure of air and
gas above 0.02 in.w.g. (5 Pa)

Normally used with Pitot tube
or static probe for
determination of static, total,
and velocity pressures in
duct systems

Measuring very low pressure or
velocities

Used for calibration of other
instrumentation

Used with manometer for
determination of total, static,
and velocity pressures

Used with static probes for
determination of static
pressure or static pressure
differential

Measurement of velocities at
air terminals, air inlets, and
filter or coil banks

Measurement of velocities at
air terminals and air inlets

Measurement of low velocities
such as room air currents
and airflow at hoods, troffers,
and other low-velocity
apparatus.

Should not be used for readings
under 1 in.w.g. (250 Pa) of
differential pressure.

Field calibration and leveling is
required before each use.

For extremely low pressures, a
micromanometer or some
other sensitive instrument
should be used for maximum
accuracy.

Because some instruments
utilize a time-weighted
average for each reading, it is
difficult to measure pressures
with pulsations.

Accuracy depends on
uniformity of flow and
completeness of duct
traverse.

Pitot tube and tubing must be
dry, clean, and free of leaks
and sharp bends or
obstructions.

Readings should be made in
the midrange of the scale.

Should be “zeroed” and held in
same position.

Should be checked against
known pressure source with
each use.

Total inlet area of rotating
vane must be in measured
airflow.

Correction factors may apply;
refer to manufacturer data.
Instruments should not be used
in extreme temperature or

contaminated conditions.

Care should be taken for proper
use of instrument probe.

Probes are subject to fouling by
dust and corrosive air.

Should not be used in
flammable or explosive
atmospheres.

Temperature corrections may
apply.
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TABLE 7.1 (Continued)

Instrument

Recommended Uses

Limitations

Flow-measuring
hood

Measurement of air

distribution devices directly
in CFM (L/s)

Flow-measuring hoods should
not be used where the
discharge velocities of the
terminal devices are
excessive.

Flow-measuring hoods redirect
the normal pattern of air
diffusion, which creates a
slight, artificially imposed
pressure drop in the duct
branch.

Capture hood used should
provide a uniform velocity
profile at sensing grid or
device.

TABLE 7.2 Hydronic Measuring Instruments

Instrument Recommended Uses Limitations
U-Tube Measuring pressure drops Manometer should be clean and
manometer through heat exchange used with correct fluid.

Pressure gauge
(calibrated)

Pressure gauge
(differential)

Flow-measuring
devices

equipment, orifices, and
venturi tubes

Static pressure measurements
of system equipment and/or

piping

Differential pressure
measurements of system
equipment and/or piping

Used to obtain highly accurate
measurement of volume flow
rates in fluid systems

Use collecting safety reservoirs
on each side of a mercury
manometer to prevent
discharge of mercury into
hydronic system, which can
cause rapid deterioration of
any copper it touches in the
system.

Should not be used for readings
under one in.w.g. (250 Pa) of
differential pressure.

Pressure gauges should be
selected so the pressure to be
measured fall in the middle
two thirds of the scale range.

Gauge should not be exposed to
pressures greater than or
less than dial range.

Pressures should be applied
slowly to prevent severe
strain and possible loss of
accuracy of gauge.

Same as pressure gauge.

Must be used in accordance
with recommendations of
equipment manufacturer.
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TABLE 7.3 Rotation Measuring Instruments

Instrument Recommended Uses Limitations
Revolution Contact measurement of Requires direct contact of
counter rotating equipment speed rotating shaft.
Must be used in conjunction
with accurate timing device.
Chronometric Contact measurement of Requires direct contact of
tachometer rotating equipment speed rotating shaft.

Contact Contact measurement of Requires direct contact of

tachometer rotating and linear speeds rotating shaft or device to be
measured.

Electronic Noncontact measurement of Readings must be started at
tachometer rotating equipment lower end of scale to avoid
(stroboscope) reading multiples (or

harmonics) of the actual rpm.

Optical Noncontact measurement of Must be held close to object
tachometer rotating equipment and at correct angle.

Rotating device must use
reflective markings.
Contact or noncontact Same as optical tachometer.
measurement of rotating

equipment and linear speeds

Dual function
tachometer

device and for accuracy, it must be carefully made. They are available
in various lengths, normally from 8 to 60 in. (200 to 1500 mm).

Because the Pitot tube can be used to measure any one of three
basic pressures (total pressure, static pressure, and velocity pressure),
when used with the proper hose hookups between the Pitot tube and
the manometer (as shown in Figures 6.2 to 6.5 in Chapter 6) it is
accurate and reliable and is the preferred method of measuring air
velocities and pressures in the field.

Smaller pocket-sized Pitot tubes can be used in ducts smaller than
8 in. (200 mm) in diameter. To ensure accurate sensing of total pres-
sure, any size Pitot tube tip must be pointed directly into, or parallel
with, the airstream. The Pitot tube tip is parallel with the static pres-
sure outlet tube, and so the latter can be used as a pointer to align
the tip properly.

The accuracy of the readings of the Pitot tube in a duct depend on
the uniformity of the airflow in a cross section of the duct. Pitot tube
traverses should be taken in a length of straight duct, preferably 6 to
10 duct diameters downstream from any elbows, branches, transitions,
or other obstructions to uniform airflow and at least several duct di-
ameters upstream.

Pitot tubes have smooth, well-rounded tips to minimize turbulence.
They should be treated with care so that they do not become bent or
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TABLE 7.4 Temperature Measuring Instruments

Instrument Recommended Uses Limitations
Glass tube Measurement of temperatures Ambient conditions may impact
thermometers of air and fluids measurement of fluid

Dial thermometers

Thermocouple
thermometers

Electronic

thermometers

Psychrometers

Electronic

thermohygrometer

Measurement of temperatures
of air and fluids

Measurement of surface
temperatures of pipes and
ducts

Measurement of temperatures
of air and fluids

Measurement of surface
temperatures of pipes and
ducts

Measurement of dry and wet
bulb air temperatures

Measurement of dry and wet
bulb air temperatures and
direct reading of relative
humidity

temperature.

Glass tube thermometers
require immersion in fluid or
adequate test wells.

Some applications prohibit use
of instruments containing
mercury within the work
area.

Ambient conditions may impact
measurement of fluid
temperature.

Stem or bulb must be
immersed a sufficient
distance in fluid to record
accurate measurement.

Time lag of measurement is
relatively long.

Surface temperatures of piping
and duct may not equal fluid
temperature within because
of thermal conductivity of
material.

Use instrument within
recommended range.

Use thermal probes in
accordance with
recommendations of
manufacturer.

Accurate wet bulb
measurements require an air
velocity between 1000 and
1500 fpm (5 to 7.5 m/s)
across the wick, or a
correction must be made.

Dirty or dry wicks will result in
significant error.

Accuracy of measurement
above 90% relative humidity
is decreased because of
swelling of the sensing
element.
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Figure 7.1 Pitot tube.

mashed; the noses should be protected so they do not become dented
or otherwise roughened, and the small static pressure sensing holes
should be kept open and clean.

7.2.1 Rectangular duct traverses

The primary use of the Pitot tube by the TAB technician will be mea-
suring velocity pressures (velocities) in ducts to determine the duct
airflow. Because the velocity pressures are not uniform across the
duct, a series of readings must be made. The procedures for this are
listed in the following sections.

7.2.1.1 Duct area. Measure the size of the duct. This means the free
inside dimensions of the duct where the air is passing through. If the
duct has a fibrous glass lining, the dimensions inside the insulation
lining are what you use. From these dimensions, determine the cross-
sectional area by multiplying the height in inches times the width in
inches divided by 144. This will give you the duct cross-sectional area
(A) in the required square feet. The duct cross-sectional area is in
square meters in the metric system.

7.2.1.2 Method no. 1 (equal area). To perform a Pitot tube traverse of
a duct, the readings must be taken in the duct at equal intervals (Fig-
ure 7.2). A rectangular duct, such as a 48 X 36 in. (1200 X 900 mm)

METHOD No. 1
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Figure 7.2 Pitot tube traverse points (rectangular ducts).
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duct, should be divided into equal areas and 48 readings taken. A
minimum of 16 readings should be taken in small ducts and the read-
ings should be no more than 6 in. (150 mm) apart for maximum ac-
curacy. Rectangular duct traverse reports should be prepared in ad-
vance for each duct traverse to be made. Readings must be taken in
the center of each area.

7.21.3 Method no. 2 (log). To perform the log “Tchebycheff” Pitot tube
traverse procedure, the traverse points shall be located at the inter-
section of the traverse lines (see Figure 7.2). The total number of read-
ings would vary from 25 to 49 based on data from Table 7.5.

Example 7.1 A 36 X 24 in. (900 X 600 mm) duct would have seven traverse
lines in the 36 in. (900 mm) dimension and five traverse lines in the 24-in. (600
mm) dimension. Determine the dimensions for the total of 35 readings.

Solution Measured from the Pitot tube entry side, the dimensions for the read-
ings [36 in. (900 mm)] depth would be (using the table in Figure 7.2):

U.S. Inches

Metric mm
0.053 X 36 = 191 0.053 X 900 = 477
0.203 X 36 = 731 0.203 x 900 = 182.7
0.366 X 36 = 13.18 0.366 X 900 = 3294
0.500 X 36 = 18.0 0.500 X 900 = 450.0
0.634 X 36 = 22.82 0.634 X 900 = 570.6
0.797 X 36 = 28.69 0.797 X 900 = 7173
0.947 X 36 = 34.09 0.947 X 900 = 852.3

From Example 7.1, it is easy to see that using metric dimensions
makes the TAB work easier, as the decimal number in U.S. units must
be converted to the nearest fraction of an inch. The dimensions for the
five traverse lines [24 in. (600 mm)] depth would be calculated in a
similar manner.

7.2.2 Round duct traverses

In round ducts, readings should be taken at the centers of equal con-
centric areas. Preferably 20 readings should be taken, 10 along each
of two diameters. The divisions between each reading are to be of

TABLE 7.5 Duct Size and Traverse Lines

Number of
Duct side dimension traverse lines
<30 in. (750 mm) 5
30 to 36 in. (750 to 900 mm) 6
>36 in. (900 mm) 7
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equal area. This means that the dimensions themselves will not be
the same (Figure 7.3). Fewer readings may be taken with smaller
ducts. A convenient chart (Table 1 in Figure 7.3) can be used for round
ducts up to 36 in. (900 mm) in diameter, which gives the dimensions
in inches from the pipe center for the test locations. For larger ducts,
Table 2 in Figure 7.3 has the necessary constants, which are multi-
plied by the diameter of the duct being traversed. Once these dimen-
sions have been determined, round duct traverse reports for each set
of traverses being made can be readied.

Example 7.2 (U.S.) A 10-point traverse is made both horizontally and vertically
across the duct. A 20 in. diameter duct requires 10 readings in each direction
or 20 readings (see Table 2 in Figure 7.3). Calculate the dimensions for the
traverses.

Solution Reading points can be calculated from Table 2 in Figure 7.3 as follows:

No. 1 =20 X 0.1581 = 3.16 in. from the center
No. 2 = 20 X 0.2738 = 5.48 in. from the center
No. 3 = 20 X 0.3535 = 7.08 in. from the center
No. 4 = 20 X 0.4183 = 8.37 in. from the center
No. 5 = 20 X 0.4743 = 9.49 in. from the center

Example 7.2 (Metric) A 10-point traverse is made both horizontally and verti-
cally across the duct. A 500 mm duct requires 20 readings (see Table 1 in Figure
7.3). Calculate the dimensions for the traverses.

Solution
No. 1 =500 X 0.1581 = 79.1 mm from the center
No. 2 = 500 X 0.2738 = 136.9 mm from the center
No. 3 = 500 X 0.3535 = 176.8 mm from the center
No. 4 = 500 X 0.4183 = 209.1 mm from the center
No. 5 = 500 X 0.4743 = 237.2 mm from the center

Note that the dimensions in Example 7.2 check with those in Table 1
of Figure 7.3, and that the readings are numbered from the center of
the duct. Reading point 1 is 3% inches (79 mm) from the center of the
duct. All of the number 5 readings are about 12 inch (13 mm) from the
outside of the duct or 9% inches (237 mm) from the center. These
points will divide the round duct into equal areas and assure an ac-
curate velocity pressure profile at five different points in each quad-
rant of the duct.

7.2.3 Using the Pitot tube

1. Once the Pitot tube traverse hole dimensions have been deter-
mined, the TAB technician can mark off the Pitot tube. Electrical

L R _ -
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Fig. 1 shows the locations for Pitot tube tip making a 10-point traverse across one circular pipe
diameter. In making two traverses across the pipe diameter, readings are taken at right angles to
each other, The traverse points shown represent 5 annular zones of equal area.
TABLE 1
Duct diam. Distances of Pitot Tube Tip From Pipe Center
Readings in Point 1 Point 2 Point 3 Point 4 Point 5
inches (mm) onediam. inches (mm) inches (mm) inches (mm) inches (mm) inches (mm)
3 75 6 812 163 1.061 26,5 1.369 342
4 100 6 812 204 1.414 35.4 1.826 45.6
5 125 6 1.021 255 1.768 44,2 2.282 57.1
6 150 6 1.225 306 2121 53.0 2.738 685
7 175 6 1.429 357 2475 61.9 3.185 80.0
8 200 6 1.633 408 2.828 707  3.651 91.3
9 225 6 1.837 459 3.182 795 4.108 1027
10 250 8 1.768 442 3.082 766 3.950 988 4677 11698
12 300 8 2122 53.0 3.674 91.1 4740 1186 5.612 1403
14 350 10 2.214 55.3 3.834 95.8 4.950 123.7 5.857 1464  6.641 1660
16 400 10 2.530 63.2 4.382 1095 5657 1414 6693 167.3 7589 1897
18 450 10 2.846 711 4929 1232 6.364 159.1 7.530 188.2 8538 2134
20 500 10 3.162 79.1 5477 1369 7.077 1768 8367 2091 9487 237.2
22 550 10 3.478 87.0 6.025 1506 7.778 1944  9.203 2301 10.435 260.9
24 600 10 3.795 948 6.573 164.3 8.485 212.1 10.040 251.0 11.384 2846
26 650 10 4111 1028 7.120 1780 9.192 229.8 10.877 271.9 12222 3083
28 700 10 4.427 1107 7.668 1917 9.900 2475 11713 2928 13.282 3320
30 750 10 4743 1186 8216 2054 10.607 265.1 12550 3137 14230 3557
32 800 10 5060 1265 8764 219.0 11.314 2828 13387 3346 15179 3794
34 850 10 5376 1344 9311 2327 12021 300.5 14.233 355.6 16.128 4032
36 900 10 5692 1423 9.859 2464 12728 318.2 15.060 376.5 17.176 4269
For distances of traverse points from pipe center for pipe diameters other than those given in
Table No, 1, use constants in Table No, 2.
TABLE 2
Readings Constants To Be Multiplied By Pipe
in one Diameter For Distances of
Diameter Pitot Tube Tip From Pipe Center
P.1 P2 P.3 P.4 P5
6 2041 3535 .4564
8 .1768 3062 .3953 4677
10 1581 2738 3635 4183 4743
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plastic tape will work well and can usually be reused several
times.

. Using the dimensions determined in Example 7.2, mark off the

locations on the duct where you will need holes for the Pitot tube.
The holes should be located in a section of straight duct from 6 to
10 duct diameters long. They should be nearer to the downstream
end of a straight section of duct. Quite often, this much straight
duct is not available. Therefore, you will have to use the best or
longest straight section available, possibly with a sacrifice in ac-
curacy.

Never traverse in an elbow, offset, or transition. Allow room to
swing the Pitot tube while inserting and removing it from the
duct. Many times you may need to use Pitot tubes of different
lengths in the same hole because of a lack of room beside the duct
to move the tube in and out. Do not locate holes in the bottom of
ducts that carry moisture- or grease-laden air; instead, put these
holes in the side of the duct where possible.

Drill holes in the duct slightly larger than the Pitot tube diameter,
usually % in. (9.5 mm) diameter. Where the duct is insulated
make provision for neat repair of insulation.

. The holes will have to be capped when the testing is complete.

Snap-in plastic and rubber caps are available. Some specifications
will call for metal test ports with a screw-on cap. These are avail-
able in various lengths for use with insulated ducts.

Set up the manometer in a convenient location. After connecting
the tubing from the manometer to the Pitot tube, be sure to level
and zero the manometer if required. Use a good grade of tubing
that is thick enough that it will not kink, but thin enough to be
flexible. Clear plastic or rubber tubing that has a %s-in. (5 mm)
inside diameter [usually %e-in. (8 mm) outside diameter] works
well.

. Take velocity pressure readings at each location and record the

readings on test report forms in the appropriate places. It is im-
portant that the Pitot tube be held straight and directly into the
airstream. Notice that the static pressure port faces the same di-
rection as the Pitot tube and can be used as a guide. Be sure to
hold the Pitot tube at each position long enough to let the ma-
nometer fluid settle into position. If the fluid does not stay steady
while the Pitot tube is at any one location, air turbulence may be
indicated. Record the average reading midway between the points.

. Turbulence should be noted on the test report form because tur-
bulent readings will not be accurate. It is always advisable to take
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static pressure readings at the Pitot tube duct opening. Some
specifications require it, and it can be very useful for future ad-
justments or troubleshooting.

9. Once the readings are recorded they will have to be converted to
duct velocities before they can be totaled and averaged. When add-
ing the readings, the values must be velocities in feet per minute
or in meters per second. Velocity pressures cannot be totaled
and averaged. Unless every reading in the traverse has been
identical (a very unlikely condition) adding and averaging the ve-
locity pressures will result in erroneous results. Since many in-
clined manometers have scales that also read velocities in feet per
minute or in meters per second, you can record these figures in-
stead of the velocity pressures. These figures can be added and
averaged; otherwise it will be necessary to convert the velocity
pressures to velocities.

10. When measuring internally insulated or fiberglass ducts, it is wise
to stop occasionally and blow out any glass fibers that collect in
the Pitot tube to maintain as accurate a set of readings as possi-
ble. Passing the tube through the fiberglass does dislodge small
amounts of fiberglass and will eventually clog the tube. Remove
the plastic tube connections to the manometer and blow into the
bottom of the inside tube to discharge any fiberglass fibers from
the head end of the tube.

11. Tt is not unusual to get a negative pressure reading in ducts with
considerable turbulence. The negative readings are added in at
zero value but are counted in the number of readings to obtain
the average velocity. Assume a duct with 16 positive pressure
readings and four negative pressure readings. The 16 positive
pressure readings would be added together and averaged by all
20 readings (16 positive plus 4 zero readings).

7.3 U-Tube Manometer

The U-tube manometer is a simple and useful means of measuring
partial vacuums and pressures. It is so universally used that both the
inch (millimeter) of water and the inch (millimeter) of mercury have
become accepted units of pressure measurements. A manometer con-
sists of a U-shaped glass or plastic tube partially filled with a liquid
such as tinted water, oil, or mercury. The difference in height of the
two fluid columns denotes the pressure differential. U-Tube manom-
eters are made in different sizes and are recommended for measuring
pressure drops above 1.0 in.w.g. (250 Pa or 25 mm w.g.) across filters,
coils, fans, terminal devices, and sections of ductwork, but are not
recommended for readings of less than 1.0 in.w.g. (250 Pa).
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Mercury-filled manometers may not be used in many environments.
Extreme care must be taken when they are used, following instruc-
tions for use of overpressure traps or three-valve cluster manifolds.
Also see subsection 8.21 in Chapter 8.

7.4 Inclined and/or Vertical Manometer

The inclined and/or vertical manometer (Figure 7.4) for airflow pres-
sure readings is usually constructed from a solid transparent block of
plastic. It has an inclined scale that provides accurate air pressure
readings below 1.0 in.w.g. (250 Pa) and a vertical scale for reading
greater pressures. Note that all air pressures are given in inches of
water (millimeters or pascals). For example, 3.0 in. of water (75 mm

Figure 7.4 Inclined—vertical manometer. (Courtesy of
Duwyer Instruments Inc.)
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of water or 750 Pa) means that the air pressure on one end of a U-
shaped tube is enough to force the water 3 in. (75 mm) higher in the
other leg of the tube. Instead of water, this instrument uses colored
oil, which is lighter than water. This means that although the scale
reads in inches of water (millimeters), it is longer than a standard
rule measurement. Whenever a manometer is used, the oil must be
at normal room temperatures or the reading will not be correct. The
manometer must be set level and mounted so it does not vibrate. Note
the leveling screw and the magnetic clips.

Some manometers have two scales—one indicating some pressure
in inches (millimeters) of water and the other indicating velocity in
feet per minute (meters per second).

The manometer (or inclined draft gauge) is the standard in the in-
dustry. It can be read accurately down to approximately 0.03 in.w.g.
(7 Pa) and contains no mechanical linkage. It is simple to adjust by
setting the piston at the bottom until the meniscus of the oil is on the
zero line. This instrument is used with a Pitot tube or static probe to
determine pressures or air velocity in a duct.

7.5 Electronic Manometer

The electronic manometer (Figure 7.5) is designed to provide accurate
readings at very low differential pressures. Some multimeters mea-
sure an extremely wide range of pressures from 0.001 to 60.00 in.w.g.
(0.025 to 15,000 Pa). Airflow and velocity are automatically corrected
for the density effect of barometric pressure and temperature. Read-
ings can be stored and recalled with average and total functions. A
specially designed grid enables the reading of face velocities at filter
outlets, coil face velocities, and exhaust hood openings. Some multi-
meters provide additional functions such as temperature measure-
ment.

7.6 Pressure Gauge (Magnehelic)

The Magnehelic gauge is a dry type diaphragm operated differential
pressure gauge. Although Magnehelic is a proprietary name, its gen-
eral use in the TAB industry has almost made it a generic one. The
gauge is extremely sensitive and accurate, but it is resistant to shock
and vibration. A zero calibration screw is located on the plastic cover.

Common ranges are 0 to 0.5 in.w.g. (125 Pa), 0 to 1.0 in.w.g. (250
Pa), and 0 to 5.0 in.w.g. (1250 Pa). There are approximately 30 pres-
sure ranges of this instrument available.

When using the Magnehelic gauge:
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;‘igure 7.5 Electronic manometer. (Courtesy of Shortridge Instruments
ne.)

® Readings should be made in midrange of the scale.
® The gauge should not be mounted on a vibrating surface.

® The gauge should be held in same position as zeroed, and in the
vertical position.

B It should be checked against a known pressure source with each
use.

7.7 Rotating Vane Anemometer

The basic propeller or rotating vane anemometer consists of a light-
weight, wind-driven wheel connected through a gear train to a set of
recording dials that read the linear feet of air passing through the
wheel in a measured length of time. The instrument is made in var-
lous sizes, 3 in. (75 mm), 4 in. (100 mm), and 6 in. (150 mm) sizes
being the most common.

At low velocities, the friction drag of the mechanism is considerable.
To compensate for this, a gear train that overspeeds is commonly used.
For this reason, the correction is often additive at the lower range and
subtractive at the upper range, with the least correct in the middle of
the 200 to 2000 fpm (1 to 10 m/s) range. Most older instruments are
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not sensitive enough for use below 200 fpm (1 m/s). Newer instru-
ments can read velocities as low as 30 fpm (0.15 m/s).

The rotating vane anemometer reads in feet (meters), and so a tim-
ing instrument must be used to determine velocity. Readings are usu-
ally timed for 1 min, in which case the anemometer reading (when
corrected according to a calibration curve) will give the result in feet
per minute or meters per minute (divide by 60 for m/s). For moderate
velocities, it may be satisfactory to use a % min timed interval, re-
peated as a check. A stop watch should be used to measure the timed
interval, although a wristwatch with a sweep second hand may give
satisfactory results for rough field checks.

In coils or filters, an uneven airflow is frequently found because of
entrance or exit conditions. This variation is taken into account by
moving the instrument in a fixed pattern to cover the entire amount
of time over all parts of the area being measured so that the varying
velocities can be averaged.

If the opening is covered with a grille, the instrument should touch
the grille face but should not be pushed in between the bars. For a
free opening without a grille, the anemometer should be held in the
plane of the entrance edges of the opening. The anemometer always
must be held so that the airflow through the instrument is in the same
direction as was used for calibration (usually from the back toward
the dial face). The manufacturer’s recommendations must be followed
very carefully when using this instrument.

Each reading must be corrected by a calibration chart, and the out-
let correction factor (A, or k factor) of a grille or register being mea-
sured must be used in calculating air quantities. Newer, electronic
rotating vane anemometers (Figure 7.6) are battery operated, with
direct digital or analog readouts with interchangeable remote rotating
vane heads. The digital readout of the velocity is automatically aver-
aged for a fixed time period depending on the measured velocity and
the type of instrument. Analog instruments are direct readout with a
choice of velocity scales.

7.8 Deflecting Vane Anemometer

The deflecting vane anemometer (Figure 7.7) operates by having a
pressure exerted on a vane that causes a pointer to indicate the mea-
sured value. It is not dependent on air density because of the sensing
of pressure differential to indicate velocities. The instrument is pro-
vided and always used with a dual hose connection between the meter
and the probes, except as noted below.

A deflecting vane anemometer set traditionally has met the needs
of TAB work, because most major air distribution device manufactur-

p——
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Figure 7.6 Electronic rotating vane anemometer.
(Courtesy of Alnor Instrument Company.)

ers have published area (A,) factors. However, many no longer furnish
A, factors. The set consists of the meter, measuring probes, range se-
lectors, and connecting hoses. Meters are scaled through the following
velocity ranges: 0 to 300 fpm (0 to 1.5 m/s); 0 to 1250 fpm (0 to 6.25
m/s); 0 to 2500 fpm (0 to 12.5 m/s); 0 to 5000 fpm (0 to 25.0 m/s); 0
to 10,000 fpm (0 to 50 m/s).

The deflecting vane anemometer may be used for the following:
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Figure 7.7 Deflecting vane anemometer set. (Courtesy of Alnor Instrument Co.)

m Measurements of air velocity through both supply and return air
terminals using the proper jet and the proper air terminal “% or A,
factors” (when available) for the airflow calculation

®m Measuring some lower velocities where the instrument case 1s
placed in the airstream

B Measuring static pressure

Equation 7.1
Q = Vc X Ak

Where: @ = airflow (cfm or L/s)
V. = velocity (or corrected velocity) (fpm or m/s)
A, (or k) = outlet correction factor

Example 7.3 (U.S.) A manufacturer has published an A, factor of 0.43 f(?r the
grille being measured. The corrected velocity reading for the anemometer is 987
fpm. Find the airflow.

Solution

Q =V, X A, = 987 X 0.43 = 424 cfm

Example 7.3 (Metric) A manufacturer has published an A, factor of 40.2 f_or the
grille being measured. The corrected velocity reading for the anemometer is 4.96
m/s. Find the airflow.

Use of TAB Instruments (Airflow) 83

Solution
Q =V, XA =496 X 40.2 =199 L/s

Example 7.4 (U.S.)) A diffuser manufacturer states that four readings are to be
taken equally spaced around the outer ring of the diffuser. The k factor for an
8-in. diameter diffuser with the cones up is 0.20. The readings are 920 fpm, 1160
fpm, 1200 fpm, and 1045 fpm. Find the diffuser airflow.

Solution Obtain the average velocity reading. Multiple the average velocity
(fpm) times the & factor to obtain the cfm.

Reading Velocity
bl 920 fpm
2 1160 fpm
3 1200 fpm
4 1045 fpm
Total 4325 fpm/4 = 1081 fpm
Q = Vc X Ak

@ = 1081 fpm X 0.20 = 216 cfm

Example 7.4 (Metric) A diffuser manufacturer states that four readings are to
be taken equally spaced around the outer ring of the diffuser. The k factor for
a 200 mm diameter diffuser with the cones up is 18.8. The readings are 4.60
m/s, 5.78 m/s, 6.01 m/s, and 5.21 m/s. Find the diffuser airflow.

Solution Obtain the average velocity readings. Multiple the average velocity
(m/s) times the % factor to obtain the L/s.

Reading Velocity

1 4.60 m/s

2 5.78 m/s

3 6.01 m/s

4 5.21 m/s
Total 21.60 m/s/4 = 5.4 m/s

Q =V, XA, =54 x 188 = 102 L/s

7.9 Thermal Anemometer

The operation of a thermal-type anemometer depends on the fact that
the resistance of a heated wire will change with its temperature. The
probe of this instrument is provided with a special type of wire ele-
ment that receives current from batteries contained in the instrument
case. As air flows over the element in the probe, the temperature of
the element is changed from that which exists in still air, and the
resistance change is indicated as a velocity on the indicating scale of
the instrument.
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Most thermal anemometers can be used to measure very low airflow
velocities and to make duct velocity traverses. The probe that is used
with this instrument is quite directional and must be located at the
proper point on the diffuser or grille as indicated by the manufacturer.
They should not be used in flammable or explosive atmospheres. Cor—
rections also must be made for the temperature of the measured air
and the sensing tip must be kept clean to maintain accuracy.

7.10 Flow Measuring Hood

The flow measuring hood (Figure 7.8) rapidly is be_zcoming f.he most
popular instrument in the TAB industry for measuring tpe a]rﬁpws of
all types of registers, grilles and diffusers. They read directly in cﬁ:u
(L/s), and they eliminate the need for calculations and for obtaining

Figure 7.8 Flow-measuring hood. (Courtesy of Short-
ridge Instruments, Inc.)

— e e e —
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“k or A, factors” and other exact data from the manufacturer. Because
they are easy to use, many building owners and consulting engineers
now have them and they are using them to verify the TAB contractor’s
readings.

The two main advantages of the flow measuring hood are speed of
operation and accuracy. The hood is held up to the ceiling around the
diffuser for several seconds, and then the airflow can be read and
recorded directly in ¢fm with no further calculation. Many diffusers,
particularly those with perforated faces, are very difficult to read ac-
curately with any other instrument. Some diffuser manufacturers now
have discontinued testing for and publishing “%& or A, factors.” Instead
they are recommending using a flow measuring hood.

The flow measuring hood consists of a measuring section that has
an air-measuring device somewhat similar to those installed in ducts
for monitoring ¢fm for control purposes. Inside is a series of Pitot tubes
arranged in a pattern similar to a traverse. Pressures from these sens-
ing elements are directed into a manometer or a deflecting vane an-
emometer that is calibrated directly in ¢fm (I./s). From the measuring
section, a variety of sizes of collector skirts are available. A gasketed
frame is provided on the larger end so all that has to be done is to
hold it up tight against the surface around the diffuser and read the
dial.

Most flow measuring hoods are available with from two to four
ranges. A selector switch is provided to change ranges and switch from
supply airflow to exhaust airflow. For very low airflows, some are
equipped with a perforated plate or blank off panels that are inserted
In the measuring section to reduce the area and increase the velocity
of the air. There also are models that use a solid state digital electronic
manometer that will read from 25 to 2500 cfm (12 to 1250 L/s) with
no range switch required. The hood also will read supply or exhaust
automatically. A minus sign appears on the display when a return or
exhaust is being read. With the correct attachments, some hoods have
manometers that can be removed and used with a Pitot tube. When
reading higher airflows, the hood will create some static pressure in
the system while being used. This will reduce the airflow coming from
the outlet being tested. A curve is furnished so that a correction can
be made if needed. Also, hoods should not be used where the discharge
velocities from the diffusers are excessive.

Because of the weight and from having to hold it up tight, contin-
uous use may cause fatigue. Inaccurate readings will result if the hood
is not held up in a tight position. The hoods, even when packed for
transport, are large and bulky. Electronic models will need to have
their batteries charged or changed frequently.
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7.11 Micromanometer (Hook Gauges)

Micromanometer (hook gauges) are manometers made to give very
precise readings, accuracy within +0.001 in. (0.025 mm) being pos-
sible. These are delicate instruments, in general being more adapted
to precise industrial and laboratory testing rather than field testing.
However, they have some application in commercial testing and bal-
ancing, where it may be necessary to measure very low pressures such
as at exhaust hoods and air distributing ceilings. They are also useful
for measuring air velocities below 600 fpm (3 m/s), where the corre-
sponding velocity pressures are very low [approximately 0.025 in.w.g.
(6 Pa) and less]. Using water as the liquid, these are primary mea-
suring devices and can be used to calibrate other instruments.

Each of the two vials of this U-tube-type micromanometer contains
a pointer (often called a hook) and a micrometer. To use the micro-
manometer, the vials are set at precisely the same level by using a
gauge rod of precise length or using a longer gauge rod, the vials can
be set at a precise distance, one above another, for a greater pressure
range such as up to 4 in.w.g. (1000 Pa). The position of each hook is
adjusted until it dimples the water surface, and its micrometer is then
set to zero. When the pressure to be measured is imposed on one of
the vials, the hooks are again adjusted to dimple the water surface.
The pressure, as determined by the difference in height of the two
water surfaces, is determined by reading the two micrometers and
adding their readings together.

Although these are very precise instruments, there are disadvan-
tages in using them. Both instruments must be very carefully leveled
immediately before each reading, and they should be checked after
being read to be sure they have not moved. Also, they are difficult to
use if mounted on a surface that vibrates, or if there are pulsations
in the pressure to be measured.

Chapter

Use of TAB Instruments
(Hydronic, Thermal,
Rotational, Electrical)

8.1 Other TAB Instruments

Recommended uses and limitations of most of the normally used TAB
instruments may be found in Chapter 7, Tables 7.1 to 7.4. Airflow
measuring instruments are discussed in detail in Chapter 7. This
chapter discusses the rest of the instruments generally used in HVAC
TAB work.

As stated in Chapter 7, instruments for the measurement of airflow,
water flow, rotation, temperature, humidity, and electric current are
the tools of the trade of the testing, adjusting, and balancing (TAB)
firm and its employees. Recommended uses and limitations for most
of the TAB instruments may be found in Tables 7.1 to 7.4. Most have
been proved by experience to be reliable and accurate. Many of the
newer electronic types also are accurate and reliable, and they may
measure several different functions. Certified NEBB TAB firms are
required to own, maintain, and periodically calibrate a required list
of TAB instruments (see the NEBB Procedural Standards for Testing
Adjusting and Balancing of Environmental Systems).

8.2 Hydronic Measuring Instruments
8.2.1 U-tube manometer

Since the pressures to be measured in hydronic systems are usually
considerably greater than those associated with airflow, U-tube ma-
nometers for hydronic use usually contain mercury rather than water
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or oil. A manometer of the type in Figure 8.1 is available in tube
lengths up to 36 in. (900 mm). When filled with mercury, such a ma-
nometer can measure pressures up to 36 in.Hg, or 36 X 0.491 pounds
per square inch = 17.7 psi, or 17.7 psi X 2.31 = 41 ft.w.g. In the metric
system, 36 in.Hg equals 914.4 mm Hg or 122.04 kPa. Manometers are
therefore useful for measuring pressure drops through coils, chillers,
condensers, and other heat exchangers, and also across orifices and
venturis. They should not be used for measurements under 1 in. (25
mm) of water. One objection to the use of manometers is the possibility
of excess pressure beyond the range or length of the manometer, which
would blow the mercury out of the tube. A particularly annoying con-
dition can easily occur when, even though the manometer selected
may be of adequate range for the normal pressure to be measured,
sudden surges that are caused by air in the system can momentarily
exceed the range of the instrument and blow out the mercury.
Another case of blowout is the accidental disconnection of one of the
two tubes or hoses that connect the manometer to the piping system.
In such a case, the usual result is that static pressure in the pipe,
being exerted against only one leg of the manometer, will be sufficient
to blow out the mercury. Aside from the delay and expense of replacing
the mercury, it is very objectionable for mercury to enter the water
system because it can cause rapid deterioration of any copper (includ-

®
3-Valve bypass (open valves @
; and (3) with valve (1) open, close
@ 6 valve (1) slowly)

Safety reservoirs (V > liquid
volume when using mercury

U-Tube (usually glass for mercury
L~ and plastic for tinted water)

Measurement scale (U-tube and scale
1 vertically moveable with respect to
each other for zero adjustment)

N

Fluid (mercury for water AP,
/ tinted water for air AP)

]
—

Figure 8.1 U-Tube manometer.
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ing copper alloys) with which it comes into contact in the system. En-
vironmental laws also may restrict or prohibit the use of mercury in
manometers.

8.2.2 Pressure gauge, calibrated

The calibrated pressure gauge (Figure 8.2) shall be of a minimum
“grade A” quality; have a Bourdon tube assembly made of stainless
steel, alloy steel, monel, or bronze; and have a nonreflecting white face
with black letter graduations conforming to ANSI Specification
U.S.A.S. B40-1. Test gauges are usually 3% to 6 in. (90 mm to 150
mm) in diameter, with bottom or back connections. Many dials are
available with pressure, vacuum, or compound ranges. Dial-type pres-
sure gauges are used primarily for checking pump pressures; coil,
chiller, and condenser pressure drops; and pressure drops across ori-
fice plates, valves, and other flow calibrated devices.

1. Pressure ranges should be selected so the pressures to be measured
fall in the middle two thirds of the scale range.

Figure 8.2 Calibrated Pressure Gauge. (Courtesy of
H. O. Trerice Co.)
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2. The gauge should not be exposed to pressures greater than the
maximum dial reading. Similarly, a compound gauge should be
used where exposed to vacuum.

3. Reduce or eliminate pressure pulsations by installing a needle
valve between the gauge and the system equipment or piping. Un-
der extreme pulsating conditions install a pulsation dampener or
snubber (available from gauge manufacturers).

4. In using a gauge, apply pressure slowly by gradually opening the
gauge cock or valve, to avoid severe strain and possible loss of ac-
curacy that sudden opening of the gauge cock or valve can cause.
Likewise, when removing pressure, slowly close the gauge cock or
valve, to avoid a sudden release of pressure.

8.2.3 Pressure gauge, differential

In practically all cases of flow measurement, it will be necessary to
measure a pressure differential, that is, a pressure drop across a piece
of equipment, a balancing device, or a flow-measuring device. Nor-
mally, this requires two pressure measurements, one on the high-
pressure side and one on the low-pressure side. The differential pres-
sure, or pressure drop, is then the difference between the two pressure
readings.

The differential pressure gauge is a dual-inlet, grade A dual-
Bourdon tube pressure gauge with a single indicating pointer on the
dial face which indicates the pressure differential existing between the
two measured pressures. It can be calibrated in psi, in.w.g., ft.w.g., or
in.Hg (Pa, kPa, mm w.g., or mm Hg). The differential pressure gauge
will automatically read the difference between two pressures.

8.2.4 Differential pressure with calibrated gauge

When using a single calibrated pressure gauge, the gauge is alter-
nately valved to the high-pressure side and the low-pressure side to
determine the pressure differential. Such an arrangement eliminates
any problem concerning gauge elevations and virtually eliminates er-
rors resulting from gauge calibration.

Figure 8.3 illustrates the application of one type of gauge modifi-
cation that uses a single standard gauge and eliminates the need for
subtraction to determine differential. The gauge glass is calibrated to
ft.w.g. (kPa) at its outer periphery. During operation, the gauge glass
is left loose so it can be rotated. To measure a pressure differential,
the high pressure is applied to the gauge by operating the valve to the
high-pressure side, and the gauge glass is then rotated so that its zero
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Figure 8.3 Single gauge for measuring differential
pressures,

is even with the gauge pointer. Next, the high-pressure valve is closed
and the valve to the low-pressure side is opened. The gauge pointer
will now indicate a pressure that is directly equal to the pressure
differential in ft. w.g. (kPa). If the gauge is of large diameter, such as
8-in. (200 mm) diameter, differential pressures can be read accurately
to the order of 0.25 ft. w.g. (750 Pa).

8.3 Flow-Measuring Devices

8.3.1 Venturi tube and orifice plate

The venturt tube or orifice plate is a specific, fixed, area reduction in
the path of fluid flow, installed to produce a flow restriction and a
pressure drop. The pressure differential (the upstream pressure minus
the downstream pressure) is related to the velocity of the fluid. The
pressure differential also is equated to the flow in gallons per minute
(gpm) (L/s), but the pressure drop is not equal to velocity pressure
drop. By accurate measurement of the pressure drop with a manom-
eter at flow rates from zero fluid velocity to a maximum fluid velocity
established by a maximum practical pressure drop, a calibrated flow
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range may be established. The flow range may then be plotted on a
graph that reads pressure drop versus flow rate (gpm or L/s) or the
manometer scale may be graduated directly in the flow rate values.

8.3.2 Annular flow indicator

The annular flow indicator (Figure 8.4) is a ﬂow sensing and indicat-
ing system that is an adaptation of the principle of the Pitot tube. The
upstream sensing tube has a number of holes that face the ﬁgw and
so are subjected to impact pressure (velocity pressure plus static pres-
sure). The holes are spaced so as to be representative of equal ann}llar
areas of the pipe, in the manner of selecting Pitot tube traverse points.
An equalizing tube arrangement within the upst'ream tube averages
the pressure sensed at the various holes, and this pressure is trans-
mitted to a pressure gauge. The downstream tube is s1m11.ar to a re-
versed impact tube, and it senses a pressure equal‘ to static pressure
minus velocity pressure at this point; this pressure 1s also transmitted
to a gauge. The difference between the two pressures, when refgrred
to appropriate calibration data, indicates flow in gpm L/ s'). A'dlffer-
ential pressure gauge is used to read the pressure differential directly.

4§ 56 /4
7 i\“\\\\\\mmhm!|||.nfm;;.--r-g}m/,w»}mcéﬂ 3
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Figure 8.4 Annular Flow Indicator.
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8.3.3. Calibrated balancing valves

Calibrated balancing valves (Figure 8.5) perform dual duty as flow
measuring devices and as balancing valves, but the manufacturer has
provided pressure taps into the inlet and outlet; and has calibrated
the device by setting up known flow quantities while measuring the
resistance that results from the different valve positions. These posi-
tions may be graduated on the valve body (as a dial) with a handle
that has a pointer to indicate the reading. The manufacturer publishes
a chart or graph that illustrates the percentage open to the valve (the
dial settings), the pressure drop, and the resulting flow.

8.3.4 Location of flow devices

Flow measuring devices, including the orifice, venturi, and other types
described above, give accurate and reliable readings only when fluid
flow in the line is quite uniform and free of turbulence. Pipe fittings
such as elbows, valves, etc., create turbulence and nonuniformity of
flow. Therefore, an essential rule is that flow-measuring elements
must be installed far enough away from elbows, valves, and other
sources of flow disturbance to permit turbulence to subside and for
flow to regain uniformity. This applies particularly to conditions up-
stream of the measuring element, and it also applies downstream,
although to a lesser extent.

The manufacturers of flow measuring devices usually specify the
lengths of straight pipe required upstream and downstream of the
measuring element. Lengths are specified in numbers of pipe diame-
ters, so that the actual required lengths will depend on the size of the
pipe. Requirements will vary with the type of element and the types

Figure 8.5 Calibrated balancing
valve. (Courtesy ITT Bell and
Gossett.)
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of fittings at the ends of the straight pipe runs, rar}ging from at;o:; Ii
to 25 pipe diameters downstream and 2 to 5 pipe diameters upstr
from the fitting to the measuring element.

8.4 Temperature Measuring Instruments

8.4.1 Glass tube thermometers

Mercury-filled glass thermometers have a usef;ul t'elz‘r}rllperatu;elali“?;ﬁz
from minus 40 °F to over 220 °F (—40 °C to 105 °C). eydaretions =
in a variety of standard temperature ranges, scale gradua ,

lengths.

8.4.1.1 Complete stem immersion. The complete stem imr.nirtsllon ;:earlr-l
ik-)r-ated thermometer, as the name implies, lxinust lie used “;:;I . ilse tso .be
i in the fluid in which the tempera .
completely immersed in ‘ s sl
1 f the thermometer stem 1s p
easured. If complete 1mmersion 0
gilble or practical, then a correction must be made for the amount of

emergent liquid column.

8.4.1.2 Partial stem immersion. The thermometers calibrateddf9r p(:)i;:
ti.a.l stem immersion are more commonly used.(;I‘l;ey are uesih ;Irrtl cN0
j i i lls designed to recelv .
unction with thermometer test wells : . '
Jemergen’c stem correction is required for the partial stem immersion

type.

8.4.1.3 Radiation effects. When the temperatures of the sgrroindmi
s;u:fr;lces are substantially different from the measureddf'luédi,ftle(fe;“i1 Il1
1 jati he thermometer reading, -
considerable radiation effect upon the er I ; ot un
i i from these radiation effects. Prop
shielded or otherwise unprotected per
shielding or aspiration of the thermometer bulb and stem can minli

mize these radiation effects.

8.4.1.4 Testwells. Thermometer test wells are used to housg the :e::l
tiu;rmometer at the desired location and permit removal anfcll 1.1(115?r »the
of a thermometer without requiring removal or loss of the fluid in

system.

8.4.1.5 Prohibitions. Nuclear work and many cleanrooms prohibit the
use of instruments containing mercury.

8.4.2 Dial thermometers

Dial thermometers are of two general types: th? stem _type z_md ;i};ﬁ
flexible capillary type. They are constructed with various size

—
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heads, 1% to 5 in. (45 to 125 mm), with stainless steel encapsulated
temperature sensing elements. Hermetically sealed, they are rust,
dust, and leak proof and are actuated by sensitive bimetallic helix
coils. Some can be field calibrated. Sensing elements range in length
from 2% to 24 in. (60 mm to 600 mm) and are available in many
temperature ranges with and without thermometer wells.

8.4.2.1 Bimetallic type. The advantage of dial thermometers is that
they are more rugged and more easily read than glass-stem thermom-
eters, and they are fairly inexpensive. Small dial thermometers of this
type usually use a bimetallic temperature sensing element in the
stem. Temperature changes cause a change in the bend or twist of the

element, and this movement is transmitted to the pointer by a me-
chanical linkage.

8.4.2.2 Capillary type. The flexible capillary type dial thermometer
has a rather large temperature sensing bulb that is connected to the
instrument with a capillary tube. The instrument contains a Bourdon
tube, the same as in pressure gauges. The temperature sensing sys-
tem, consisting of the bulb, capillary tube, and Bourdon tube, is
charged with either liquid or a gas. Temperature changes at the bulb
cause the contained liquid or gas to expand or contract, resulting in
changes in the pressure exerted within the Bourdon tube. This causes
the pointer to move over a graduated scale as in a pressure gauge,
except that the thermometer dial is graduated in degrees. The advan-
tage of this type thermometer is that it can be used to read the tem-
perature in a remote location.

8.4.23 Use. In using a dial thermometer, the stem or bulb must be
immersed a sufficient distance to allow this part of the thermometer
to reach the temperature being measured. Dial thermometers have a
relatively long time lag, so enough time must be allowed for the ther-
mometer to reach temperature and the pointer to come to rest.

8.4.3 Thermocouple thermometers

Digital thermocouple thermometers (Figure 8.6) and analog or digital
pyrometers normally used in measurements of surface temperatures
in HVAC applications use a thermocouple as a sensing device and a
millivoltmeter (or potentiometer) with a scale calibrated for reading
temperatures directly.

Electronic-type thermometers have an instrument case containing
items such as batteries, various switches, knobs to adjust variable
resistances, and a sensitive meter. Thermocouple temperature sensing
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Figure 8.6 Thermocouple thermometer. (Courtesy of
Cole-Parmer Instrument Company)

elements are remote from the instrument case and connected to it by
means of wire or cables. Electronic-type thermometers have advan-
tages of remote-reading, good precision, and flexibility as to temper-
ature range.

Additionally, some electronic-type thermometers have multiple con-
nection points on the instrument case and a selector switch, enabling
the use of a number of temperature sensors that can be placed in
different locations and read one at a time by use of the selector switch.

In piping applications, it should be remembered that surface tem-
perature of the conduit is not equal to the fluid temperature and that
a relative comparison is more reliable than an absolute reliance on
readings at a single circuit or terminal unit.
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8.4.4 Electronic thermometers

There are many types of rugged, light weight, battery powered digital
electronic thermometers that have precision accuracy with inter-
changeable probes and/or sensors. Types included are: resistance tem-
perature detectors (RTD), thermistors, thermocouples, and diode sen-
sors, with either liquid crystal or LED displays. Response time and
ease of use will vary from model to model and type to type. Typical
units are shown in Figures 8.7 and 8.8.

8.4.5 Psychrometers

The sling psychrometer can be used in determining the psychrometric
properties of the conditioned spaces, return air, outdoor air, mixed air,
and conditioned supply air. The readings taken from the sling psy-
chrometer can be spotted on a standard psychrometric chart from
which all other psychrometric properties of the measured air can be
determined.

Figure 8.7 Resistance temperature detector. (Courtesy
of Cole-Parmer Instrument Qpr{;pany)
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Thermometer

Figure 8.8 FElectronic thermometer. (Courtesy of Cole-

Parmer Instrument Company)
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The sling psychrometer (Figure 8.9) consists of two mercury filled
thermometers, one of which has a wetted cloth wick or sock around
its bulb. The two thermometers are mounted side by side on a frame
fitted with a handle by which the device can be whirled with a steady
motion through the surrounding air. The whirling motion is periodi-
cally stopped to take readings of the wet and dry bulb thermometers
{in that order) until such time as consecutive readings become steady.
Because of evaporation, the wet bulb thermometer will indicate a
lower temperature than the dry bulb thermometer, and the difference
is known as the wet bulb depression.

Accurate wet bulb readings require an air velocity of between 1000
and 1500 fpm (5 and 7.5 m/s) across the wick, or a correction must be
made; therefore, an instrument with an 18 in. (450 mm) radius should
be whirled at a rate of two revolutions per second. Significant errors
will result if the wick becomes dirty or dry, so a constant supply of
distilled water should be used.

Digital battery powered versions are available that blow the ambi-
ent air over the wetted wick. These instruments are accurate and they

Figure 8.9 Sling psychometer.
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can be placed into confined areas where there is insufficient room to
whirl a sling psychrometer.

8.46 Electronic thermohygrometers

Unlike the psychrometer, the thermohygrometer (Figure 8.10) dogs not
utilize the cooling effect of the wet bulb to determine the m01st1‘1re
content in the air. A thin film capacitance sensor is used as a sensing
element in many instruments. As the moisture content 'fmd tempera-
ture change, the resistance in the sensor changes proporthnally. Read-
out is normally in percent relative humidity. Because the 1nstru1.nents
do not rely upon evaporation for measurement, the neeq for airflow
across the wetted wick or sock is eliminated. The sensing element
needs only to be held in the sampled air. Typical measuring ranges
are 10 to 98% RH, 32 °F to 140 °F (0 °C to 60 Q).

Figure 8.10 Thermohygrometer (Courtesy of Cole-
Parmer Instrument Company)
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The thermohygrometer can be used to determine the psychrometric
properties of air in much the same way as the sling psychrometer. The
reading can be spotted on a standard psychrometric chart from which
all other psychrometric properties of the measured air can be deter-
mined.

It can be used for measuring and monitoring of areas sensitive to
change in relative humidity such as cleanrooms, hospitals, museums,
and paper storages. Continuous monitoring of conditions in areas sen-
sitive to humidity is possible with a greater accuracy and ease of mea-
surement. At relative humidities above 90%, the accuracy of the sen-
sor is decreased because of swelling of the sensing element.

A multipurpose meter is shown in Figure 8.11 that measures air

velocities and temperatures as well as humidities using various
probes.

8.5 Rotation-Measuring Instruments

A tachometer is an instrument used to measure the speed at which a
shaft or wheel is turning. The speed is usually determined in revolu-
tions per minute (rpm), but some have many other ranges such as
r/s, r/h, ft/s, in/s, em/s, r/s, and r/m.

The several types of tachometers described below vary in cost, in
dependability, and in accuracy of results obtainable. One basic differ-

ALNDR

APM 380

Figure 8.11 Multipurpose meter. (Courtesy of Alnor Instrument Company)
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ence between the different types of tachometers is that many have
digital readouts directly in revolutions per minute (rpm), whereas
older types are primarily revolution counters that must be used with
a timing device such as an accurate stop watch.

8.5.1 Tachometer, chronometric

The chronometric tachometer (Figure 8.12) combines a revolution
counter and a stopwatch in one instrument. In using this type of ta-
chometer, its tip is placed in contact with the rotating shaft. The ta-
chometer spindle will then be turning with the shaft but the instru-
ment will not be indicating. To take a reading, the push button is
pressed and then quickly released. This sets the meter hand to zero,
winds the stop watch movement, and then simultaneously starts both
the revolution counter and the stopwatch. After a fixed time interval,
usually 6 seconds, the counting mechanism is automatically uncoupled
so that it no longer accumulates revolutions even though the instru-
ment tip is still in contact with the rotating shaft. After the meter
hands have stopped, the tachometer may be removed from the shaft
and read. The meter face has two pointers and two dials, the smaller
one indicating one graduation for each complete revolution of the
larger pointer, and the reading will be directly in rpm (r/s). Some
instrument spindles must be rotating in order to be reset without dam-
age.

Since the timing is automatically synchronized with operation of the
revolution counter, the human error that can occur when a revolution
counter and separate stop watch are used is eliminated. In general,
the chronometric tachometer is the preferred type of instrument when
the shaft end is accessible and has a countersunk hole.

Figure 8.12 Chronometric tachometer.
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There are new hand tachometers capable of producing instantane-
ous rpm measurement readings on a dial face (Eddy-current type) and
solid-state instruments with a digital readout. Some have a “memory”
button to recall the last reading as well as maximum and minimum
readings.

8.5.2 Optical tachometer
{photo tachometer)

The optical tachometer or photo tachometer (Figure 8.13) uses a pho-
tocell that counts the pulses as the object rotates. Then, by use of a
transistorized computer circuit, it produces a direct rpm (r/s) reading
on the instrument dial that is either digital or analog. Several features
make it adaptable for use in measuring fan speeds. It is completely
portable and is equipped with long-life batteries for its light and power
source. It has good accuracy and any error can be reduced by using
more than one reflective marker on the rotating device. Its calibration
can be checked continually on most jobs by directing its beam to a
fluorescent light and comparing the indicated reading against 7200 on
the rpm scale.

Figure 8.13 Digital optical tachometer.




104 Chapter Eight

The optical tachometer does not have to be in contact with the ro-
tating device. It indicates instantaneous speeds, not average speed—
whether constant or changing—thereby reading the speed as it is. It
is easy to use: To read rpm, one need only place a contrasting mark
on the rotating device by using chalk or reflective tape. It is a good
instrument to use on inline fans and other such equipment where
shaft ends are not accessible. It also has good application for use on
equipment rotating at a high rate of speed.

8.5.3 Electronic tachometer (stroboscope)

The Stroboscope (Figure 8.14) is an electronic tachometer that uses an
electrically flashing light. The frequency of the flashing light is elec-
tronically controlled and adjustable. When the frequency of the flash-
ing light is adjusted to equal the frequency of the rotating machine,
the machine will appear to stand still.

The Stroboscope (another proprietary name universally used in the
TAB industry) does not need to make contact with the machine being
checked but need only be pointed toward the machine so that a moving
part is illuminated by the Stroboscope light and can be viewed by the
operator. The light flashes are of extremely short duration, and their
frequency is adjustable by turning a knob on the Stroboscope. When
the frequency of the light flashes is exactly the same as the speed of
the moving part being viewed, the part will be seen distinctly only
once each cycle, and the moving part will appear to stand still. The

Figure 8.14 Stroboscope. (Courtesy of Cole-Parmer In-
strument Company)
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corresponding frequency, or rpm, can be read from an analog or digital
scale on the instrument.
Care must be taken to avoid reading multiplies (or harmonics) of

thelactual rpm (r/s). Readings must be started at the lower end of the
scale.

8.5.4 Dual function tachometer

The dual function tachometer (Figure 8.15) provides both optical and
contact measurements of rotation and linear motions. Many allow a
choice of 19 ranges depending on the application. A digital display
always indicates the unit of measurement to identify the operating
range. The “memory” button may be used to recall the last, maximum,

Figure 8.15 Dual-function tachometer.
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minimum, and average readings. It measures rotation speeds by direct
contact or by counting the speed of a reflective mark.

8.6 Electrical Measuring Instruments

8.6.1 Volt ammeter

The testing, adjusting, and balancing of mechanical systems requires
the measurement of voltages and electrical currents as a routine mat-
ter. The clamp-on volt ammeter with digital readout (Figure 8.16) is
one of the types used for taking field electrical measurements. The
clamp-on volt ammeter shown has trigger operated, clamp-on trans-
former jaws that permit current readings without interrupting elec-
trical service. Most meters have several scale ranges in amperes and
volts. Two voltage test leads are furnished that may be quickly con-
nected to the volt ammeter.

TRUE RIS

Figure 8.16 Clamp-on  volt-
ammeter. (Courtesy of Fluke
Corporation)

T
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Meters with “true RMS” (root-mean-square) on them can more ac-
curately measure nonlinear loads such as personal computers, adjust-
able speed drives, and HID lighting. All of these draw current in short
pulses, causing harmonics in the load current (see subsection 19.7.4
in Chapter 19).

8.6.2 Safety and use of volt ammeters

When using the volt ammeter, the proper range must be selected if
the instrument does not do it automatically. When in doubt, begin with
the highest range for both voltage and amperage scales and read the
manufacturer’s instructions.

Before using, be aware of the following safety precautions:

First. Be careful not to make contact with an open electrical
circuit. Hands should never be put into the electrical boxes.
Do not attempt to pry wires over into position. Do not force
the instrument jaws into position. These precautions reduce the
risk of causing a short circuit, which could injure both the equipment
and personnel.

Second. When taking amperage readings, do not attach the
instrument and then start the motor. Position the instrument
and read it after the motor is running at full speed. The inrush
current required to start a motor is from three to five times higher
than the nameplate full-load current. Therefore, starting the motor
with the instrument attached could damage the instrument.

Readings may be taken at the motor leads or from the load termin-
als of the starter. To determine the amperages of single-phase motors,
place the clamp about one wire (often called a leg). When involved
with three-phase current, take readings on each of the three wires
and average the results. A somewhat higher amperage reading on one
wire (leg) may cause the heater coils to trip.

To measure voltage with portable test instruments, set the meter to
the most suitable range, connect the test lead probes firmly against
the terminals or other surfaces of the line under test, and read the
meter, making certain to read the correct scale if the meter has more
than one scale. When reading single-phase voltage the leads should
be applied to the two load terminals. The resulting single reading is
the voltage of the current being drawn by the motor.

When reading three-phase voltage, it is necessary to apply the volt-
meter terminals to pole 1 and pole 2; then to pole 2 and pole 3; and
finally to pole 1 and pole 3. This will result in three readings, each of
which will likely be a little different, but which should be close to each
other.

If the average voltage delivered to the motor varies by more than a
few volts from the nameplate rating of the motor, several things can
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oceur. A rise in voltage may damage the motor and it will cause a drop
in the amperage reading. A drop in the voltage will cause a rise in t.he
amperage and can cause the overload protectors on the starter to “kl?k
out.” In either case, it is advisable to report high- or low-voltage sit-
uations promptly.

Chapter

HVAC Unit Air Measurements

9.1 Introduction

In today’s world, it almost is impossible to find either a factory-built
or a field-built HVAC unit in which it is easy to make airflow or tem-
perature measurements. The design of some rooftop HVAC units may
not allow any accurate measurements to be made.

Determining the correct proportion of outside air to total supply air
15 basic to the proper balancing of any system. Because of close con-
nections between the outside air duct and the equipment or the ab-
sence of an outside air duct, the Pitot tube traverse method of mea-
suring outside air quantities is either extremely difficult or altogether
impossible. Therefore, the most practical method of setting outside air
proportional dampers is the mixed air temperature method. Air strat-
ification within a rooftop HVAC unit may prevent the use of this
method also.

9.2 Outside Air Measurements

9.2.1 Damper adjustments

Most systems are designed to operate with a minimum amount of out-
side air whenever the building is occupied. Everyone is more conscious
of outside air quantities now that energy has become so expensive and
indoor air quality has become a problem. The procedure for setting
the outside air (OA) quantities will depend on the system and damper
scheme.

Where a separate minimum and maximum OA damper are pro-
vided, start with the minimum OA dampers and the return air (RA)
dampers open. The maximum OA dampers and exhaust air (EA)

109
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dampers should be closed. The airflow adjustment will be made by fan
speed changes or minimum OA damper adjustment. Most systems use
just one OA damper in conjunction with a minimum position control-
ler, which will open the outside air and exhaust air dampers while
closing the return air damper. Adjustment is made at the controller.
Always ask the temperature control system technician to assist where
possible.

9.2.2 Temperature method

The quantities of outside air should be tested by making a Pitot tube
traverse of the OA duct where possible. Otherwise, calculate the
amount of outside air by subtracting the actual return air flow volume
from the actual supply air flow volume. If either actual flow volume
test is not possible, the temperature method, using Equation 9.1, may
be the only method left. Accurate temperature readings are essential
to this method. (Equations 9.1 to 9.3 also may be found in Chapter 2
as Equations 2.3 to 2.5.)

Equation 9.1 (U.S.) Equation 9.1 (Metric)

XT,+XT XT, + XT
T =t Tt T = Zeto  ferx
- 100 - 100
Where: T, = temperature of mixed Where: T,, = temperature of mixed
air (°F) air (°C)

X, = % of outside air
T = temperature of outside

X, = % of outside air
T, = temperature of outside

air (°F) air (°C)
X, = % of return air X, = % of return air
T. = temperature of return ' = temperature of return

air CF) air (°C)

Equation 9.2 (U.S.) Equation 9.2 (Metric)

(T, - T,) (T, - T,)
X = 100-——=——m X, = 100 ——*
- = 10077 =7 NI

Equation 9.3 (U.S.) Equation 9.3 (Metric)

_ T.-T
Tm — T x - 100 T = L)

X, =100
T 0 (Tr — TO) (Tr - Tn)

Example 9.1 (U.S) The supply air fan of the HVAC system furnishes 12,500
cfm, and the specified outside air quantity is 2500 cfm. Measurements indicate

OA = 92 °F and RA = 74 °F. Calculate the mixed air temperature that would
allow the correct amount of outside air.

.
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Solution

% OA = 2500 c¢fm
% = —12’500 m X 100 = 20%; % RA = 100% — 20% = 80%

Using Equation 9.1:

p KT+ XT, _ (20% X 92°) + (80% X 74°)
= 100 100

_ 1840 + 5920

X 50 = 776 °F

Therefore, to obtain the correct amount of outside air (2500 cfm), the

d?mpers will need to be adjusted to obtain a mixed air temperature
of 77.6 °F.

Example 9.1 (Metr.ic) The supply air fan of the HVAC system furnishes 5900
L/s. and tihe specified outside air quantity is 1180 L/s. Measurements indicate
OA = 33 °C and RA = 23 °C. Calculate the mixed air temperature that would
allow the correct amount of outside air.

Solution

1180 L/s

= 5900 L/s X 100 = 20%; % RA = 100% — 20% = 80%
Using Equation 9.1:

p o XTo + XT, _(20% X 33°) + (80% X 239) _ 660 + 1840
3 100 100 h 100

T, = 25.0°C

Therefore, to obtain the correct amount of outside air (1180 L/s), the

d;n;lpe(rjs will need to be adjusted to obtain a mixed air temperature
of 25 °C.

9.3 Temperature Measurements

Quite often, the TAB technician is going to find that the mixed-air
Lem.perature is very difficult to test accurately. The duct configu-
rz.mons of many systems may create a considerable amount of
airstream stratification. Mixed-air temperatures will vary consid-
erabl.y, depending on where the readings are taken. In the case of air
§trat1ﬁcation, it will be necessary to take several temperature read-
Ings in the form of a careful thermometer traverse. Average the read-
Ings to obtain the correct mixed-air temperature. This can be a time-

consuming process and a quick reading digital thermometer will speed
up the process.
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A helpful way to lay out the temperature traverse is to use the cen-
ter of each filter section. Readings downstream of filters usually are
acceptable. Mixed-air temperature readings should never be taken
downstream of a coil (in use or not) or a fan, because the readings
usually will be unreliable. Drastic air stratification also can cause
other problems such as coil freezeup and bothersome freezestat trip-
ping. If this is observed, it should be reported immediately so that the
conditions may be corrected.

Wet bulb readings within HVAC units using wick soaked thermom-
eters require velocities of 1000 to 1500 fpm (5 to 7.5 m/s). Small wet
bulb temperature measurement errors of 3 °F (2 °C) may cause large
errors in calculating total heat (enthalpy) performance of a cooling coil
with the use of a psychrometric chart. (See Chapter 12 for use of psy-
chrometric charts.)

Example 9.2 (U.S)) Outdoor air (OA) at 91 °F dry bulb (DB), 79 °F wet bulb (WB)
is mixed with return air (RA) at 78 °F DB, 55% relative humidity (RH). Find
the percentage of OA that will result in a 70 °F WB mixture.

Solution Plot the OA and RA on the psychrometric chart (Figure 9.1) and con-
nect the slope. Now find 70 °F WB on the saturation curve and follow its line to
the point where it intersects the OA/RA slope. From the point of intersection,
drop down to the dry bulb scale and read 81.2 °F DB (see Figure 9.1).

Using Equation 9.2:

(T, - T) _
G

(78 - 812) _ _ (-3.2) _
(75— oy = 100 g5, = 246% OA

X, = 100

Example 9.2 (Metric) Outdoor air (OA) at 33 °C DB, 26 °C WB is mixed with
return air (RA) at 25.5 °C DB, 55% RH. Find the percentage of OA that will
result in a 21 °C WB mixture.

Solution Plot the OA and RA on the psychrometric chart (Figure 9.2) and con-
nect the slope. Now find 21 °C WB on the saturation curve and follow its line

to the point where it intersects the OA/RA slope. From the point of intersection,
drop down to the dry bulb scale and read 27.4 °C DB (see Figure 9.2).

Using Equation 9.2:

(T, - T _

(T.-T,)

(255 — 27.4) (-1.9) .
_ _ 95.3% OA
55 33 07 - 203%0

X, = 100 100
Care also must be taken to avoid the radiation effect when taking dry
bulb temperature readings, particularly on the heating cycle. Figure
9.3 iliustrates the correct location for measuring the air temperature
rise in a warm air furnace. The leaving bonnet temperature should be
read as close to the heat exchanger as possible without being exposed
to the radiation effect.
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The mixture conditions for any number of airstreams may be found

by using the following equation:

Equation 9.4 (U.S. and Metric)

- XoTo + XrlTrl + XrZTr2 s XnTn
100

T

m

Where:
The sum of X, = 100%.

Example 9.3 (U.S.) Conditions for a multizone unit are:

RA zone 1 = 1000 cfm at 78 °F
RA zone 2 = 1500 ¢fm at 76 °F

RA zone 3 = 2000 cfm at 77 °F
OA = 500 cfm at 91 °F

Find the temperature of the air mixture entering the coil.
Solution
1000 cfm + 1500 c¢fm + 2000 cfm + 500 cfm = 5000 cfm total airflow

1000/5000 = 20%
1500/5000 = 30%

2000/5000 = 40%
500/5000 = 10%

_ (20 X 78°) + (30 X 76°) + (40 X 77°) + (10 X 91°)
B 100

T

m

T 1560 + 2280 + 3080 + 910
i 100

=783 °F

Example 9.3 (Metric} Conditions for a multizone unit are:

RA zone 1 = 500 L/s at 16 °C
RA zone 2 = 750 L/s at 24 °C

RA zone 3 = 1000 L/s at 25°C
OA = 250 L/s at 33 °C
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Find the temperature of the air mixture entering the coil.
Solution

500 + 750 + 1000 + 250 = 2500 L/s total air flow

500/2500 = 20% 1000/2500 = 40%
750/2500 = 30% 250/2500 = 10%

(20 X 26°) + (30 X 24°) + (40 x 25°) + (10 X 339
m = 100

520 + 720 + 1000 + 330
T, = 100

= 25.7°C

Chapter

10

Effects of Air Densities

10.1 Standard Conditions

Standard conditions for air in U.S. units are, at sea level, 70 °F, an air
density of 0.075 1b/ft® at a barometric pressure of 29.92 in.Hg, or 14.7
Ib/in.%. Standard conditions for air in metric units are at sea level,
20 °C, an air density of 1.2041 kg/m?® at a barometric pressure of
101.325 kPa or 760 mm Hg.

The sensible heat flow in HVAC work may be determined by the
following equation:

Equation 10.1 (U.S.) Equation 10.1 (Metric)
Q=60 xC,xd X cfm X At @ =C, xdxXL/s X At

Where: @ = Heat flow (Btu/h or W)
C, = Specific heat [Btu/lb * °F or kJ/(kg + K)
d = Density (Ib/ft? or kg/m?)
At = Temperature differential C°F or °C)

The specific heat (C,) for standard air is 0.24 Btu/lb « °F [1.005 kJ/
(kg « K)]. When the values for standard air specific heat and densities
are substituted in Equation 10.1, the following equation is obtained:

Equation 10.2 (U.S.) Equation 10.2 (Metric)
@ = 1.08 X cfm X At @ = 1.23 X L/s X At

This is the most used equation for air heat transfer.

10.2 Air Density Changes—Fans

If one multiplies “cfm X 60 X d” (L/s X d/1000) taken from Equation
10.1, an airflow rate in pounds per hour (kilograms per second) is
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. - : . 5, B Q| ® MDD
obtained. If the air density is smaller, as it is when warmer or at a glezZlesseeg § E E ﬁ g E § § § S8R
. - . . . > SO OO
higher altitude, the mass or weight of air that the fan handles in the S|4
HVAC system is less. If the weight of the air is less, then the fan does
not have to .WOI'k as hard. This is reflected by the following equation s (B SR eSSt s ESs
(also found in Chapter 3) for fans: Slif|[eceSSeSceSsSSsSssSsesSass
N
Equation 10.3 (U.S. and Metric)
2|8~ | FIEIRESBERISSIZEITRRR
d, SP, FP a3 :
_2:__2:_2 (WhenQ1=Q2) % S COO OO0 COOCOOCOOCO
d, SP, FP, &
1 Q = airfl fim
Where: @ = airflow (c orLs/s) , 2|8 |ERREREIBIRIEITRRLRYR |
d = air density (Ib/ft® or kg/m?) Slay CcocoScdococ ool IS |
SP = static pressure (in.w.g. or Pa) «®
FP = fan power (BHP or kW)
. . . . . ) ) 2B« SRR L@IBBERILITSEERY |
The ratio d,/d; is called the density ratio or air density correction fac- g|lgg| eSS ssssosSsses I
tors (see Tables 10.1 and 10.2). ”
Example 10.1 (U.S.) A fan is rated to deliver 5000 cfm at 2.0 in.w.g. SP at 2.8 = coq o | SERBRTEER 3. LEEIIRBER
BHP. Find the airflow, SP and BHP at 5000 ft. elevation when handling 150 °F 23 § I A e e e e e e A A
air.
Solution From Table 10.1 (or. Table C-8 in' Appendix _C), the correction factor olz.lgzasseargenasvaasan
(d,/d,) for 5000 ft. and 150 °F is 0.72. The airflow remains constant at 5000 cfm. SRS R RO OO0 W H RN NN
/ \ (=) HOOOOOOOOOoOOoOOoOOoOOoOODOoOOoOOoOC
Using Equation 10.3: Al
— d, — : o
SPZ—SPIXd—172.0X0.72—1.441n.W.g. = 3 0001.9, NRRPROE AR ARG w0 [T
= 2188 S ccodoocsSsSscossasass | B
d 2 7] g
BHP, = BHP, X d—2 = 2.8 x 0.72 = 2.02 BHP @ 3
1 o] -
) ) ) 7l 2|2 |FEEEREIREBEIZEEERER 5
Example 10.1 (Metric) A fan is rated to deliver 2350 L/s at 500 pascals SP at H glgg|""ceccccScssosesSsSose &
2.1 kW. Find the airflow, SP, and fan power at 1500 m elevation when handling ‘g ™ =
75 °C air. L 2
€ 2
Solution From Table 10.2 (or Table D-6 in Appendix D), the correction factor 2 = % o |[JAE&S IELETIBEIREISEH|°
3 ; i 7] Sltd|dmmcscos s > !
(dy/dy) for 1500 m and 75 °C is 0.71. The airflow remains constant at 2350 o| S|ag S Sle Sle slewslaala ||
L/s. Using Equation 10.3: o o
(8] =~
2 o 3
SP2:SP1><Z—2:5OO><0.71:355Pa gl =zl eSS 28 EE8eR 328 3983 g
n 9
1 é | [ §
FP, = FP, X % = 2.1 % 0.71 = 1.49 kW = I £
) - ) 5555555555885 | g
= @E Y OYESERESBESSIBIRIRE|
Zl.BE~ — kS
~ [}
10.3 Air Density Changes—Systems 5 %:, g z a E
.y E & = E =]
A common error in testing, adjusting, and balancing of HVAC systems g < S E ) E
is the neglect of correcting data for nonstandard air conditions. Pro- g s |2 =

119
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TABLE 10.2 d,/d, Air Density Correction Factors {Metric Units)

Sea
level
101.3

3000
71.9

2500
76.0

2000
80.0

1750
83.1

1500
85.1

1250
88.2

1000
90.2

750
93.2

500

96.3

250
98.3

Altitude (m)
Barometer (kPa)

0.76
0.71
0.64
0.60
0.56
0.52
0.49
0.46
0.44
0.42
0.40
0.38
0.36
0.35
0.33
0.32
0.31
0.30
0.29
0.28
0.27
0.26

0.81
0.75
0.68
0.63
0.59
0.55
0.52
0.49
0.47
0.44
0.42
0.40
0.38
0.37
0.35
0.34
0.33
0.32
0.31
0.29
0.28
0.27

0.86
0.79
0.72
0.67
0.63
0.59
0.55
0.52
0.49
0.47
0.45
0.43
0.41
0.39
0.38
0.36
0.35
0.33
0.32
0.31
0.30
0.29

0.88
0.82
0.75
0.69
0.65
0.60
0.57
0.54
0.51
0.48
0.46
0.44
0.42
0.40
0.39
0.37
0.36
0.34
0.33
0.32
0.31
0.30

0.91
0.84
0.77
0.71
0.66
0.62

0.59

0.93
0.87
0.79
0.73
0.68
0.64
0.60
0.57
0.54
0.51
0.49
0.47
0.45
0.43
0.41
0.39
0.38
0.37
0.35
0.34
0.33
0.32

0.96
0.89
0.81
0.75
0.70
0.66
0.62
0.59
0.56
0.53
0.50
0.48
0.46
0.44
0.42
0.41
0.39
0.38
0.36
0.35
0.34
0.33

0.99
0.92
0.84
0.78
0.72
0.68
0.64
0.62
0.57

1.02
0.95
0.86
0.80
0.75
0.70
0.66
0.62
0.59

1.05
0.97
0.89
0.82
0.77
0.72
0.68
0.64
0.61
0.58
0.55
0.52
0.50
0.48
0.46
0.44
0.43
0.41
0.40
0.38
0.37
0.36

1.08
1.00
0.91
0.85

0.79

0°
20°
50°
75°
100°

Air temp.

°C)

74

0.

125°

0.70
0.66
0.62
0.59
0.56
0.54

0.51

150°

175°

0.52
0.50
0.47
0.45
0.43
0.41
0.40
0.38
0.37
0.35
0.34
0.33
0.32
0.31

200°

225°

0.52
0.49
0.47
0.45
0.43
0.42
0.40
0.39
0.37
0.36
0.35
0.34

0.53
0.51
0.49
0.47
0.45
0.43
0.41
0.40
0.38
0.37
0.36
0.35

250°

275°

300°

0.49
47
0.46
0.44
0.42
0.41
0.39
0.38
0.

325°

0.

350°

375°

400°

425°

450°

475°

500°

525°

1.2041 kg/m? at 101.325 kPa.

Standard air density, sea level, 20 °C
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cess exhaust and drying systems, commercial kitchen exhaust, and
warm air systems for thermal comfort demand exacting attention to
problems of air density variation, as well as changes in elevation. At
higher temperatures and elevations other than sea level, the velocity
{(fpm or m/s) and the volume of air (cfm or L/s) will increase as the
reciprocal of the density ratio (d,/d;). Corrections normally are not
made for elevations up to 2000 ft (600 m) and for the normal temper-
atures found in HVAC comfort systems.

The following equation may be used to find the actual dry air den-
SITV.

Equation 10.4 (U.S.) Equation 10.4 (Metric)

P P
d =1325 = 348"
325 7 d =848

Where: d = air density (Ib/ft® or kg/m?®)
P, = barometric pressure (in.Hg or kPa)
T = absolute temperature (°F + 460° or °C + 273°)

Il

The correction factor (CF) used to correct HVAC airflow velocities and
volumes at nonstandard air conditions may be calculated by Equation

10.5. It is the square root of the reciprocal of the d,/d, correction fac-
tor.

Equation 10.5 (U.S.) Equation 10.5 (Metric)

0.075
CF = [~
v d d

Equation 10.6 (U.S.) Equation 10.6 (Metric)

V=V_ xCF V=V_xCF
or or

Equation 10.7 (U.S.) Equation 10.7 (Metric)

0.075 [1.204
': rﬂ. V:T.’-v"ﬁ III
v d =\ d

Where: V' = actual velocity (corrected)
(fpm or m/s)
., = measured velocity (fpm or m/s)
CF = correction factor
d = actual air density (Ib/ft® or kg/m?)

-
4
Il

A quick, approximate correction for nonstandard air may be made
bv allowing a 2% increase in velocity pressure for each 10 °F above
70 °F (each 5 °C above 20 °C) and 4% for each 1000 ft (300 m) altitude

A L
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TABLE 10.3 Temperature Corrections (U.S.) TABLE 10.5 Altitude Corrections (U.S.
Temp. (°F) d,/d, CF Temp. (°F) dy,/d, CF and Metric)
—40° 1.26 0.89 400° 0.62 1.27 2] L byl dy &
0° 1.15 0.93 450° 0.58 131 Sea level Sea level 1.00 1.00
40° 1.06 0.97 500° 0.55 1.35 1,000 300 0.96 1.02
70° 1.00 1.00 550° 0.53 1.39 2,000 600 0.93 1.04
100° 0.95 1.03 600° 0.50 141 3,000 900 0.89 1.06
150° 0.87 1.07 650° 0.48 1.44 4,000 1200 0.86 1.08
200° 0.80 1.12 700° 0.46 1.47 5,000 1500 0.83 1.10
250° 0.75 1.15 800° 0.42 1.54 6,000 1800 0.80 1.12
300° 0.70 1.20 900° 0.39 1.60 7,000 2100 0.77 1.14
350° 0.65 1.24 1000° 0.36 1.67 8,000 2400 0.74 1.16
9,000 2700 0.71 1.19
10,000 3000 0.69 1.20

above sea level. When using Tables 10.3, 10.4 and 10.5 or Figures 10.1
and 10.2 for correcting for both temperature and altitude, the correc- From Table 10.5, CF for 3000 f& = 1.06
tion factors must be multiplied together.

To find the barometric pressure where the elevation is known, use
the approximate correction of 0.1 in.Hg pressure reduction per 100 ft

V=V, XCF=1791 X 1.06 = 1898 fpm

Example 10.2 (Metric)

of elevation (1.13 kPa per 100 m). a. Estimate the airflow velocity of a 50 Pa velocity pressure (Vp) reading at 900
m elevation and 20 °C.
Example 10.2 (U.S.) b. Also calculate the answer using tables and equations.

a. Estimate the airflow velocity of a 0.20 in.w.g. velocity pressure (Vp) reading
at 3000 ft. elevation and 70 °F.
b. Also calculate the answer using tables and equations.

Solution

a. 900 m equals approximately 12% (3 X 4%)

Solution 50 Pa X 1.12 = 56 Pa

a. 3000 ft. equals approximately 12% (3 X 4%) V = V166 V, = V1,66 X 56 = 9.64 m/s (Equation 6.3)

0.20 in.w.g. X 1.12 = 0.224 in.w.g.

V = 4005 VV, = 4005 V/0.224 = 1896 fpm (Equation 6.3) T \\ | | [
1.20 | |
b. V = 4005 V0.20 = 1791 fpm . !
110
(=]
TABLE 10.4 Temperature Corrections (Metric) '§ . \\
Temp. (°C) dy/d, CF Temp. (°C) dy/d, CF 2 NE
o 085 }
0 1.08 0.96 275° 0.54 136 2w | ™~
20° 1.00 1.00 300° 0.51 1.40 5
50° 0.91 1.05 325° 0.49 143 oss || S
75° 0.85 1.08 350° 0.47 145 oo | NS
100° 0.79 1.13 375° 0.46 1.47 ors || ™~
125° 0.74 1.16 400° 0.44 151 | RN
150° 0.70 1.20 425° 0.42 1.54 oml L L | e —
175° 0.66 1.23 450° 0.41 1.56 2322232888 €8 K
200° 0.62 1.27 475° 0.39 1.60 $ 81122 8EE8BEEEGSEE
225° 0.59 1.30 500° 0.38 1.62 e i -7
250° 0.56 1.34 525° 0.37 1.64 Temperature [*F (C)

Figure 10.1 Temperature corrections for standard air.
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Air density ratio

1.25

100 \\ l
975 .,
[ N

1950 | \..\
925 \\
900 | - \\
875 | \‘\\

|
850 : \\
825 ~
800

' r
775 L ]

S 95 95 95 95 28 o5 o8 o8 o8 o8

Elevation [ft (m)]

Figure 10.2 Altitude corrections for standard air.

b. V=V1.66 X 50 = 9.11 m/s
From Table 10.5, CF for 900 m = 1.06
V=V, XCF =911 X 1.06 = 9.66 m/s

Example 10.3 (U.S.) An exhaust air system at 4000 ft. with 250 °F air has an
indicated velocity of 3000 fpm. Find the actual velocity.

Solution
From Table 10.3, CF = 1.15 (temperature)

From Table 10.5, CF = 1.08 (altitude)
Total CF = 1.15 X 1.08 = 1.242
V =V, X CF = 3000 fpm X 1.242 = 3726 fpm

Example 10.3 (Metric) An exhaust air system at 1200 m with 125 °C air has an
indicated velocity of 15 m/s. Find the actual velocity.

Solution
From Table 10.4, CF = 1.16 (temperature)

From Table 10.5, CF = 1.08 (altitude)
Total CF = 1.16 X 1.08 = 1.253
V=V, XCF=15m/s X 1.253 = 18.79 m/s

Example 10.4 A Pitot tube traverse is made in a 36 X 24 in. (900 X 600 mI:l)
duct located at an altitude of 5000 ft (1500 m) with an air temperature of 300 °F
(150 °C). The Pitot tube traverse readings are found in Table 10.6 with the
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TABLE 10.6 Pitot Tube Traverse Readings for

Example 10.4
Velocity Measured
Pitot tube pressure velocity

traverse n.w.g. Pa fpm m/s
1 0.056 13.9 946 4.80

2 0.068 16.9 1045 5.30

3 0.028 7.0 670 3.40

4 0.078 194 1119 5.68

5 0.081 20.2 1140 5.78

6 0.084 20.9 1161 5.89

7 0.086 21.4 1175 5.96

8 0.088 21.9 1188 6.03

9 0.088 21.9 1188 6.03

10 0.087 21.7 1181 5.99

11 0.083 20.7 1154 5.86

12 0.080 19.9 1133 5.75

13 0.072 17.9 1075 5.45

14 0.052 12.9 913 4.63

15 0.052 12.9 913 4.63

16 0.051 12.7 904 4.59

Grand total (velocities) = 16,905 fpm (85.77 m/s).
Average (velocities) = 1056 fpm (5.36 m/s).

average velocities calculated. NOTE: Do not average velocity pressures.
Find the actual airflow volumes and velocities (both U.S. and metric).

Solution (U.S.)

36 X 24 X 1056

Rl SIS 144

= 6336 cfm

From Table 10.3, CF = 1.20 for 300 °F
From Table 10.5, CF = 1.10 for 5000 ft.
Total CF = 1.20 X 1.10 = 1.32

Actual velocity = 1056 X 1.32 = 1394 fpm

Actual airflow = 6336 X 1.32 = 8364 cfm

Solution (Metric)
Q = 1000 AV = 1000 X 0.9 X 0.6 X 5.36 = 2894 L/s

From Table 10.4, CF = 1.20 for 160 °C

From Table 10.5, CF = 1.10 for 1500 m

Total CF = 1.20 x 1.10 = 1.32

Actual velocity = 5.86 m/s X 1.32 = 7.08 m/s
Actual airflow = 2894 L/s X 1.32 = 3820 L/s
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10.4 Air Density Changes

When the airflow being tested is at a higher or lower temperature
than used in the normal HVAC range, or at altitudes above 2000 ft.
(600 m), the following equations may be used:

Equation 10.8 (U.S.) Equation 10.8 (Metric)

v\ d
Vp—dx<m> ‘71;,—§XV2

Equation 10.9 (U.S.)
V = 1096 VV,/d

Where: V;, = velocity pressure (in.w.g. or Pa)
V = velocity (fpm or m/s)
d = density (Ib/ft* or kg/m?)

Equation 10.9 (Metric)
V = 1414 VV,/d

The same velocity pressure (V;) reading from a duct system airflow of
a lesser density will result in a higher velocity.

Example 10.5 (U.S.) The measured velocity pressure (V3,) for airflow at 250 °F
and an altitude of 6000 ft. is 0.32 in.w.g. Calculate the airflow velocity.

Solution The air density correction factor from Table C-8 of Appendix C for
250 °F at 6000 ft is 0.60.

d = 0.60 X 0.075 lb/ft® = 0.045 Ib/ft?
Using Equation 10.9:
V = 1096 V/0.32/0.045 = 2923 fpm, or
Using Equation 6.3 from Chapter 6; corrected V, = 0.32/0.6
V = 4005 V'V, = 4005 V0.32/0.6 = 2925 fpm

Example 10.5 (Metric) The measured velocity pressure (V;) for airflow at 125 °C
and an altitude of 1750 m is 80 Pa. Calculate the airflow velocity.

Solution The air density correction factor from Table D-6 of Appendix D for
125 °C and 1750 m is 0.60.

d = 0.60 X 1.204 kg/m?® = 0.7224 kg/m?

Using Equation 6.5:
V =1.414 VVp/d = 1.414 V80/0.7224 = 14.88 m/s

Chapter
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Heat Transfer

114
11.1.1

Heat

Heat intensity

The intensity of heat of a substance is called temperature and is mea-
sured by a thermometer or other temperature indicating device. The
Fahrenheit scale is used in the United States, whereas the Celsius
(formerly called centigrade) scale is mostly used elsewhere (see Table
11.1).

The following equation can be used to convert temperature from the
Celsius scale to the Fahrenheit scale:

Equation 11.1
F=18°C + 32°

Equation 11.2 can be used to convert Fahrenheit scale temperatures
to Celsius scale temperatures.

Equation 11.2
(°F — 32°)
1.8

The temperature at which the continued removal of heat from a
substance results in the substance having no molecular action is called
absolute zero, which is —460 °F on the Fahrenheit scale and —273 °C
on the Celsius scale. The thermodynamic absolute temperature (7
used in temperature—pressure calculations can be obtained in degrees
Rankine by using Equation 11.3, and in degrees Kelvin by using Equa-
tion 11.4. The relationship between the temperature scales is shown
in Figures 11.1 and 11.2. In metric equations where there is a tem-
perature difference (A¢), degrees Kelvin (K) may be used instead of
degrees Celsius (°C). Note that K does not use the degree symbol.

:C:
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100° 373 212° 672° r— Steam
0 273° 32 492° Ice
0°
Absolute
-27% o —460° 0°| Zero
°C K °F °R

Figure 11.1 Relationship between temperature scales.

Equation 11.3 (U.S.)

°R = °F + 460

Where: °R = Absolute temperature (Rankine)
°F = Fahrenheit temperature

Equation 11.4 (Metric)

K =°C + 273

Where: K = Absolute temperature (Kelvin)
°C = Celsius temperature

230 [{} iH 110
212 || L|- WaterBoils _| 11} 109
184 |4+ 4+ 90
176 |4 H 4+ 80
158|HF 1r] 70
140 |4 |- 4| 60
122 |4} i} 50
104 40
86 30
68 20
50 10
ap |B|..lcoMelts | R| o

14 -10
-4 -20
-22 -30

Figure 11.2 Comparison of Fah-
renheit and Celsius thermome-

ters.
Degrees F Degrees C
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11.1.2 Heat quantity

The quantity of heat is found by measuring the temperature and
weight of a substance. In the United States the quantity or amount
of heat in a substance is measured in British thermal units (Btu),
which is defined as the amount of heat required to raise the temper-
ature of one pound of water from 59 °F to 60 °F. In the metric system,
the unit of measurement is called one calorie (also equal to 4.19
joules), which is the amount of heat required to raise the temperature
of one gram of water from 4 °C to 5 °C. For electrical resistance heat-
ing, 1 W = 3.412 Btu/h, and in refrigeration work, 1 ton of cooling
equals 12,000 Btu/h (3.517 kW).

The Btu (kilojoule) is seldom used without further definition either
as flow rate with time or as a limited quantity of heat contained in
some weight or volume of matter. By using the Btu per hour (watt), it
1s possible to determine the amount of heat flowing or heat transferred
in a given amount of time. A thousand Btu per hour is abbreviated
MBH.

11.1.3 Specific heat

As a thermodynamic process, heat transfer is a function of weight,
specific heat, and temperature difference. It is expressed mathemati-
cally as: Heat equals weight of the transfer medium times spe-
cific heat times temperature difference.

Equation 11.5 (U.S. and Metric)
Q=MxC, XAt

Where: @ = heat (Btu or kJ)

M = weight (Ib or kg)
specific heat [Btu/Ib°F [or kdJ/(kg-K)]
At = temperature difference °F (°C or K)

P
Il

Specific heat (C) is a reference index. It is used to measure the
amount of heat necessary to raise the temperature of 1 lb (kg) of any
substance 1 °F (°C or K). For the TAB technician, it is important to
remember that the specific heat of standard air is 0.2388 Btu/lb°F
[1005 J/(kg'K)] and the specific heat of standard water is 1.0 Btu/
Ib°F [4190 J/(kgK)].

So for standard air, substituting in Equation 11.5:




132 Chapter Eleven

(U.S.) @ = 60 min/h X C, X d X cfm X At

Q = 60 X 0.24 X 0.075 X cfm X At
Q (in Btu/h) = 1.08 X cfm X A¢
(Metric) @ = C, X d X L/s X At = 1005 X 1.204 X L/s X At

Q (in watts) = 1.23 X L/s X At

11.2 Heat Transfer
11.2.1 Methods of heat transfer

In HVAC systems, as in natural processes, heat is transferred by three
means:

1. Radiation
2. Convection

3. Conduction

11.21.1 Radiation. Radiation is a form of energy transfer similar to
that of light waves and radio waves, without heating the intervening
space. Energy waves of the sun, for example, can be felt by a person
until a heavy cloud layer passes in front of it. The change is felt im-
mediately, but the air in the space in between was not heated directly
by the sun’s rays.

11.2.1.2 Convection. Most of the heat transfer in the HVAC industry
is by convection. Convection is the transfer of heat by movement of a
fluid such as air or water over a substance. The heat flow can be either
to or from the substance or object.

When a fan is used to propel the air across a hot or cold surface,
heat transfer generally increases with an increase in air velocity.
Forced convection (air moved across the surface by a fan) is therefore
a more efficient method of heat transfer and produces a greater vol-
ume of transferred heat. Major factors in the transfer of heat by con-
vection are:

1. Temperature difference

2. Flow velocity

3. Type of fluid (or gas)

4. Conductivity of heat transfer material
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5. Size and shape of the transfer surfaces

6. Condition of the transfer surfaces

11.21.3 Conduction. Conduction is the flow of heat through a sub-
stance or the flow of heat from one body to another when the bodies
are in direct physical contact with one another. The heat of the handle
of a poker placed in a fire is a good example.

11.2.1.4 Thermal conductivity (k). The ability of a substance to transfer
heat by conduction is called thermal conductivity (k). Conductivity is
defined as the amount of heat in Btu per hour flowing through 1 in.
thickness of 1 ft2 of a homogeneous material when the difference in
temperature between the faces is 1 °F [W/(m*K)]. Therefore, materials
having the lowest conductivity numerical values are the best insula-
tors.

11.2.1.5 Thermal conductance (C). Thermal conductance (C) is a heat
flow property of an object made of nonhomogeneous material, such as
hollow clay tile or concrete blocks, wherein each succeeding inch of
thickness is not identical with the preceding inch. Therefore, it is nec-
essary to indicate the heat flow rate through the entire object. Con-
ductance is defined as the heat flow rate in Btu per hour per 1 ft* of
nonhomogeneous material of a certain specified thickness for a 1 °F
difference in temperature between the two surfaces of the material.
[W/(m2K)] Care should be taken not to confuse conductivity and con-
ductance.

11.2.1.6 Thermal resistance (R). Thermal resistance (R) or resistivity
is the reciprocal of the heat transmission coefficient (U). The overall
resistance (R,) is equal to the sum of the resistances and resistivities
of the insulation and substances from which the wall, ceiling, floor,
etc., is built. R values can be added together along with the k& values
and C values.

11.2.2 Coefficient of heat transfer (U)

The coefficient of heat transfer, U, can be obtained by taking the re-
ciprocal of the resistance as shown in the following equation:

Equation 11.6

1 1

Le‘v:—:
R, R, +R,+R,.. +R,
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Where: R, = overall resistance total [ft>°F/Btu/h or (m*K)/W]
U = coefficient of heat transfer [Btu/h/ft>°F or W/
(m*K)]

Rl' + R, ... R, = individual resistances
Equation 11.7
Q =AxXUX At

Where: @ = the rate of heat transfer (Btu/h or W)
A = the area of a surface (ft> or m?)
U = coefficient of heat transfer [Btu/h/ft?>°F or W/(m?2K)]
At = °F (°C or K) temperature difference between the temper-
atures on each side of the surface

Example 11.1 (U.S.)) An exposed wall of 800 ft® in a building has a U factor or
coefficient of heat transfer of 0.78. By insulating the wall, the U factor becomes
0.08. In a 10 hour period with 65 °F inside and 0 °F outside, find how many Btu
would be saved.

Solution Using Equation 11.7:
Q@ =AXUX At
Q@ = 800 X (0.78 — 0.08) X (65° — 0°)
@ = 800 X 0.7 X 65°
@ = 36,400 Btu/h difference
Heat saved = 10 hr X 36,400 Btu/h = 364,000 Btu

Example 11.1 (Metric} An exposed wall of 75 m? in a building has a U factor or
coefficient of heat transfer of 6.01. By insulating the wall, the U factor becomes
0.62. In a 10 hour period with 18 °C inside and —18 °C outside, find how many
kilojoules would be saved.

Solution Using Equation 11.7:
Q=AXUXAt=175X(6.01L -0.62) X [18°C — (—18 °C)]
Q@ = 75 X 5.39 X 36°C = 14553 W difference
1 W = 1 joule per second; 1000 J/s = 1 kJ/s;
Heat saved = 10 h X 14.55 kJ/s X 3600 s/h
Heat saved = 523,800 kJ

Example 11.2 (U.S.) The R values for materials in a frame wall are 1.5, 3.2, 2.1,
9.0, and 0.8. Find the value of U.

Solution
R, =15+32+21+90+08=16.6

11
U===-—==0.
R 166 06
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Example 11.2 (Metric) The R values for materials in a frame wall are 0.23, 0.48,
0.32, 1.35, and 0.12. Find the value of U.

Solution

R, =023 + 043 + 032 + 1.35 + 0.12 = 2.50

U=5=-—-=04

11
R, 25

11.2.3 Types of heat transfer

11.2.3.1 Sensible heat. Sensible heat is any heat transfer that causes
a change in temperature that can be measured with a thermometer.
Heating or cooling of air or water, measured with a thermometer, in-
dicates an increase or decrease in sensible heat.

11.2.3.2 Latent heat. Latent heat is any heat transfer that causes a
change of state from a solid to a liquid, a liquid to a gas, or vice versa.
Evaporation of water is an example of a latent heat transfer. Latent
heat transfer at terminal coils may be defined as any process that
humidifies or dehumidifies the air. Both processes result in a change
of actual moisture content in the air.

11.2.3.3 Total heat (enthalpy). 7Total heat is the sum of the sensible
heat and latent heat in an exchange process. In many cases, the ad-
dition or subtraction of latent and sensible heat at terminal coils ap-
pears simultaneously. Total heat also is called enthalpy, both of which
can be defined as the quantity of heat energy contained in that sub-
stance.

At any given time, a substance has only one value of enthalpy and
a related specific temperature value on the thermometer. If the en-
thalpy is increased, the temperature increases. Conversely, if the tem-
perature is decreased, the enthalpy decreases. The ability to increase
or decrease enthalpy and temperature together is the basis for heat
transfer in environmental systems and only differences in enthalpy
and temperature are normally of importance.

11.3 Air Heat Flow Equations

11.3.1 Sensible heat

Sensible heat was defined as the heat associated with temperature
differences as measured by a dry bulb thermometer. The sensible heat
flow equations for air are:
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Equation 11.8 (U.S) Equation 11.8 (Metric)

Q. = 1.08 X cfm X At Q. =123 X L/s X At
for standard air conditions

Where: @, = Sensible heat flow (Btu/h or watts)
cfm = Airflow (ft?/min)
L/s = Airflow (liters per second)
At = Temperature difference (°F or °C or K)
Equation 11.9 (U.S.) Equation 11.9 (Metric)

Q, =60 X C, X d X cfm X At Q. =C, XxdXL/s XAt

for non-standard air conditions

Where: C, = specific heat [Btu/lIb=F or kJ/ (kg*K)]
d = density 1b/ft® or kg/m?®)

For standard air, C, = 0.24 and d = 0.075 (C,=1.005andd = 1.204).

11.3.2 Latent heat

Latent heat is the heat used to convert a liquid into a gas or vapor
without a change in dry bulb temperature (such as water boiling at
212 °F or 100 °C) or the heat released when vapor condenses into a
liquid, again without a change in dry bulb temperature.

Equation 11.10 (U.S.) Equation 11.10 (Metric)
@, = 0.68 X cfin X AW (gr.) Q;, = 3.0 X L/s x AW
or

Q, = 4840 X cfm X AW (Ib.)

Where: @, = latent heat flow (Btu/h or watts)
cfm = airflow (ft3/min)
L/s = airflow (liters per second)
AW = humidity ratio (Ib water/lb dry air or grains water/lb
dry air in U.S. units, or (grams of water per kilogram of
dry air in metric units)

The humidity ratio (AW) is obtained from a psychrometric chart (see
Chapter 12).

Heat Transfer 137

11.3.3 Total heat (enthalpy)

Changes of enthalpy or the total heat content of air (obtained from a
psychrometric chart) use the following equation:

Equation 11.11 (U.S.) Equation 11.11 (Metric)
Qr = 4.5 X cfm X Ah Qr = 1.20 X L/s X Ah

Where: @ = total heat flow (Btu/h watts)
cfm = airflow (ft*/min)
L/s = airflow (liters per second)
Ah = enthalpy difference (Btu/lb dry air or kJ/kg dry air)

A total of the heat flow answers obtained from Equations 11.9 and

11.10 should approximately equal the answer obtained when using
Equation 11.11.

11.3.4 Hydronic heat flow equation

The heat flow equation used for water systems is:

Equation 11.12 (U.S.) Equation 11.12 (Metric)

@ = 500 X gpm X At @ (in W) = 4190 X L/s X At

Where: @ = heat flow (Btu/h) or
gpm = gallons per minute
(water only) @ (in kW) = 4190 X m3/s X At
At = temperature
diffeli"ence CF) Where: @ = heat flow (W or kW)

L/s = liters per second
(water only)
m?/s = cubic meters per second
(water only)
At = temperature difference
(°C or K)

Example 11.3 (U.S.) Fifty gallons per minute of 200 °F water enters the coil of
an HVAC unit and exits at 180 °F. If the unit fan handles 13,000 c¢fm of 70 °F
entering air, find the leaving air temperature.

Solution Using Equation 11.12:
@ = 500 X gpm X At = 500 X 50 X (200° — 180°)
® = 500,000 Btu/h
Using Equation 11.8:
Q@ = 1.08 X efm X At; At = @/1.08 X cfm
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At = 500,000/1.08 x 13,000 = 35.6 °F
Leaving air temperature = 70° + 35.6° = 105.6 °F

Example 11.3 (Metric) A flow of 3.15 L/s of 93 °C water enters the coil of an
HVAC unit and exits at 82 °C. If the unit fan handles 6100 L/s of 21 °C entering
air, find the leaving air temperature.

Solution Using Equation 11.12:
Q@ = 4190 X L/s X At = 4190 X 3.15 X (93° — 82°)
Q = 145,184 W
Using Equation 11.8:
@ =123 X L/s X At; At = @/1.23 X L/s
At = 145,184/1.23 X 6100 = 19.4 °C
Leaving air temperature = 21° + 19.4° = 40.4 °C

Example 11.4 (U.S)) A condenser is operating at 100 gpm. Water enters at
60 °F and leaves at 70 °F. The condensing temperature is 80 °F and the con-
densing area is 300 ft%. Find:

a. Btu/h capacity
b. Arithmetical mean temperature difference (AMTD)
c. Rate of heat transfer, Btu/h/fi?°F

Solution
a. @ = 500 X gpm X At = 500 X 100 (70° — 60°) = 500,000 Btu/h
b. 80 °F — 60 °F = 20 °F water in

80 °F — 70 °F = 10 °F water out
20 °F + 10 °F = 30 °F

Ave. = 30 °F/2 = 15 °F AMTD

Btu/h 500,000
ft2 X At 300 X 15 AMTD

¢. Rate of heat transfer = = 111.1 Btu/h/ft?/°F

Example 11.4 (Metric) A condenser is operating at 6.3 L/s. Water enters at 15.6
°C and leaves at 21.1 °C. The condensing temperature is 26.7 °C and the con-
densing area is 27.9 m® Find:

a. Watts capacity
b. Arithmetical mean temperature difference (AMTD)
c. Rate of heat transfer, W/(m?°K)
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Solution
a. @ = 4190 X L/s X At = 4190 X 6.3 X (21.1° — 15.6°) = 145,184 W
b. 26.7°C — 15.6 °C = 11.1 °C water in

26.7 °C — 21.1 °C = 5.6 °C water out
11.1°C + 5.6 °C = 16.7 °C

Ave. = 16.7 °C/2 = 8.35 °C AMTD

W 145,184
c. Rate of heat transfer = = .

= = 6232 2K
mIx A 279 x 835 AMTD _ 0202 W/m*K)

11.4 Log Mean Temperature
Difference (LMTD)

Where two fluids are used in a heat transfer process the temperature
difference at the end of the process will be less than at the beginning.
Thus a square foot of exchange surface at the end will do less work
than an equal area at the beginning. The heat exchange will follow a
logarithmic curve. The LMTD will give correct values for calculating
heat transfer rates in double pipe energy recovery systems:

Equation 11.13 (U.S. and Metric)
At — Af, At, — At,

s

" Log, (A /At) 2.3 Log,, (Af,/AL)

LMTD

Where: At; = the larger temperature difference (°F or °C)
At, = the smaller temperature difference (°F or °C)
log, = Napierian or natural logarithm
Log,, = logarithm to base 10

Example 11.5 (U.S.) Fluid enters a heat exchanger at 80 °F and leaves at 46 °F.
Water enters in the opposite direction (counter flow) at 20 °F and leaves the
other end of the exchanger at 40 °F. Figure 11.3 illustrates the log flow. Find
the logarithm mean temperature difference.

80°F
T~

I
At =34
is j \4001;‘

Prieess S 1 Aty =20
20°F

——

Figure 11.3 Mean temperature difference in heat ex-
changer.
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Solution Using Equation 11.13:

AR - Af, (80° — 46°) — (40° — 20°)
Ly Log, (At,/At) Log, (34° — 20
14 14
= = — =264°F
IENTD log, 1.7 0.53 g

Example 11.5 (Metric) The problem works the same as above except tempera-
tures are in °C instead of °F.

11.5 Hot Water Coil Heat Transfer

Hot water coils in HVAC and fan coil units transfer most of the heat
to the airstream even when the water flow rate is greatly reduced in
low-temperature systems. Figure 11.4 shows the percentage of full
rated heat flow into the airstream versus hydronic (water) flow capac-
ity for 20 °F (11.1 °C) and 60 °F (33.3 °C) temperature drops.

For example in a typical 20 °F (11.1 °C) At heating coil, 50% of the
rated water flow in the coil will still transfer about 90% of the heat to
the airstream. To reduce heat output of the coil to 50% at a 20 °F (11.1
°C) At, water flow through the coil would need to be reduced to about
10%.

100 T T I —
20°F (11.1°C) At | /_/./ ;/
90
/.)’ //
80 . /(
/] > ~60°F (33.3°C) At

J L
NIV
i 17 .
AV
A/

Percentage of heat capacity

0 10 20 30 40 S50 60 70 80 50 100
Percentage of full flow

Figure 11.4 Heat emission versus flow, hot water heat-
ing coils.
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11.6 Duct Heat Gain/Loss

Figures 11.5 and 11.6 contain duct heat transfer coefficients (U)) for
lined, insulated, and uninsulated rigid ducts and flexible ducts. Using
these values and Equations 11.14, 11.15, and 11.16, duct heat transfer
and entering or leaving duct air temperatures may be calculated.

500 1000 1500 2000 2500 3000 3500 4000
Duct velocity (ft/min)

0.8 T T
ARIGID DUCTS
ML —1
=t W el
0.7 =0 SHEE =
o .-45\.3\';‘:'1-‘:/—
= A
. /
~ 06 =
= it
L] B 5"(\.‘2 )
= MECHANICALLY FASTENED © .
3 o0s LINERS, AIR SIDE — T —
= SPRAY COATED e
= ~ / - \DL“J
N / -7 '“-‘2
= o L e
S -~ =" it
E // ",— /‘17{‘;":’.?
s Leetie® o et |
Z 03 o LAt B
S Le=" =75
5 poetlezzfs
7 boe== JLASS FISER BOARD,
2 02pet— o RIGIDGLASST 50 COMPRESSION—
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:. 0.4 \35’\}2—?‘/
= o
g | ?y
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x
2 03
:{:
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Figure 11.5 Duct heat transfer coefficients (U.S. units).
(Courtesy of ASHRAE.)
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4 : Equation 11.16 (U.S.) Equation 11.16 (Metric)
A RIGID DUCTS _
| L et _ty =D+, _tly -1+ 2,
4 T SHEE 4 b
NEUSTED =T (y+ 1 (y +1)
I UNIE

g 35 ‘ Where: y = 2.4AVp/UPL for Where: y = 2.01AVp/UPL for
° - b rectangular ducts rectangular ducts
g | =2 ~ 0.6DVUL d — 05DVAIUL § d
£ 8 MECHANICALLY FAS“ENED%LL_ y=0 p or roun y . P or roun
E L LINERS, AIR SIDE A ,Lmz.ll“‘ ducts ducts
E 25 SPRIAY COATED = ?-5:“:;“;“@«\"‘ i A = cross-sectional area of A = cross-sectional area of
g L " .- "536‘““?_, L, duct (in.2) duct (mm?)
g 2 P ] - gt ap @™ V = average velocity (fpm) V = average velocity (m/s)
g // A ~ LT D = diameter of duct (in.) D = diameter of duct (mm)
5 [ 2 «"z%":f‘;% - L = duct length (ft.) L = duct length (m)
E - -".,_—:W | @, = heat loss or gain & = heat loss/gain through
g ) iy RIGID GLASS FIBER BC;%Q? COMPRESSION through duct walls duct walls [W (negative
k5 1 0% COMPRESSION Btu/h (negative for for heat gain)]
z ot Z EXTERNALLY INSULATED SHEET M[ETAL heat gain)] U = overall heat transfer

0.5 (50 mm, 12 kg/m3 GLASS FIBER, FACED) — U = overall heat transfer coefficient of duct wall

- coefficient of duct wall (W/m%K)
0

8 10 12 14 16 18
Duct velocity (m/s)

20

(Btu/h/{t%°F)
P = perimeter of bare or

P = perimeter of bare or
insulated duct (mm)

p = density [kg/m? (Std. =
1.204 kg/m®)]
t, = temperature of air

entering duct (°C)

temperature of air

leaving duct (°C)

t, = temperature of air
surrounding duct °C)

insulated duct (in.)
3 T T T p = density [Ib/ft® (Std. =
| B FLEXIBLE DUCTS 0.075 1b/ft%)]
25 R t. = temperature of air
L oS entering duct (°F) =
el t, = temperature of air
5 i leaving duct °F)
5 t, = temperature of air
surrounding duct (°F)

IMPERVIOUS LAYER

Example 11.6 (U.S.) One hundred feet of 48 X 24 in. (inside dimensions) duct
lined with 1 in., 1.5 Ib/ft? duct liner containing an airflow of 16,000 cfm passes
- . through a 32 °F attic. If 120 °F air is required at the end of the duct, find the
entering air temperature and duct heat loss.

Heat transfer coefficient U (W/m?2 ¢ K)

2 4 6 8 10 12 14 16 18 20

Duct velocity (m/s) Solution Using Equation 2.1 (Chapter 2):

Figure 11.6 Duct heat transfer coefficients (metric g
units). (Courtesy of ASHRAE.) _Q _ 16,000
V=4~ Z0xz20_ 2000fpm

Equation 11.14 (U.S.) Equation 11.14 (Metric)

From Figure 11.5, U = 0.35; P = 2(48 + 24) = 144 in.
UPL | (t, + ¢ UPL | {t, + ¢
- - e ) — il e Ay _ ¢
©Q=5 [( 2 ) t“} @ = 1000 2 :

24 AVp 24 X 1152 X 2000 X 0.075
y = =

= 82.29
UPL 0.35 X 144 X 100
Equation 11.15 (U.S.) Equation 11.15 (Metric) g
Using Equation 11.15:
Rkt B S Vi ty + D — 2, 120(82.20 + 1) — 2(32)
‘ (vy-1 : vy -1 t, =22 : = '

‘ (y - D (82.29 — 1)
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9994.8 — 64
fe = 3129

UPL [ (t, + ¢
9= Tz [(—2 l) - ta]

g, = 035 x 144 X 100 [(12217 + 120') B 32]
‘ 12 2

Q, = 420 (121.09 — 32) = 37,416 Btu/h heat loss

= 122.17 °F entering air

Using Equation 11.14:

Example 11.6 (Metric) Thirty meters of 1200 X 600 mm (inside dimensions) duct
lined with 25 mm, 24 kg/m? duct liner containing an airflow of 7500 L/s passes
through a 0 °C attic. If 49 °C air is required at the end of the duct, find the
entering air temperature and duct heat loss.

Solution Using Equation 2.1 (Chapter 2):

Q 7500

= = 1042 m/s
1000A 1000 X 1.2 X 0.6

V=
From Figure 11.6, U = 2.0; P = 2 (1200 + 600) = 3600 mm

= 84.06

2.01 AVp 2.01 X 1200 X 600 X 10.42 X 1.204
T TurL 2.0 X 3600 X 30
Using Equation 11.15:

Hly + 1) — 2t, 49(84.06 + 1) — 2(0)
E y-10 (84.06 — 1)

 4167.94 - 0
fe = 73306

UPL (rl_ - t,) ]
= —t
@ = 000 [ 2 2

2 X 3600 x 30 [(50.18 * 49) ~ o]

= 50.18 °C entering air

Using Equation 11.14:

@= 1000 2
@, = 216 (49.59 — 0) = 10,711 watts heat loss

Chapter
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Psychrometrics

12.1 Moist Air

Psychrometrics is the study of the behavior of air—water mixtures.
Moist air has five variable properties:

1. Dry bulb temperature
2. Wet bulb temperature
3. Dewpoint temperature
4. Relative humidity

5. Humidity ratio

If any two of the above properties are known and are plotted on a
psychrometric chart, the other three can be determined (Figure 12.1).

12.1.1 Basic properties

121.1.1 Dry bulb temperatures. Dry bulb air temperatures are mea-
sured by an ordinary thermometer or temperature sensing device.

12.1.1.2 Wet bulb temperatures. Wet bulb temperatures are read from
a thermometer that has a bulb covered by a wet wick. The wet bulb
temperature is different from the dry bulb temperature, at the same
ambient temperature conditions, because a cooling effect is produced
by the evaporation of moisture from the wick, which reduces the tem-
perature of the bulb and the temperature reading. The dryer the air,
the faster the rate of evaporation and the lower the reading. Conse-
quently, the difference in the dry and wet bulb temperature readings
is a measure of the dryness of the air.

145




' """__'ﬁi -

146 Chapter Twelve

/ 7
,/ S’c A /
A A ol
-‘S‘I’»&z // P;F/ 2>/l
p P4 S1
A /1Y
/ /17
/ \ /
/M‘t’rgm / //
Dew Point N%’Gra-ns {gfams) bf mojstur
// f // '\\
P / . /’ { \ .
// {/ ‘\\
"/ _./ .
// — § '\ ~
[T
NERR

Figure 12.1 Properties of moist air.

12.1.1.3 Dewpoint. Dewpoint temperature is the temperature at
which moisture leaves the air and condenses on objects, such as when
dew forms on grass and other objects on a cool night. When the dew-
point, dry bulb, and wet bulb temperatures are the same, the air is
saturated; it can hold no more moisture. When air is in a saturated
condition, moisture entering the air displaces moisture within the air.
The displaced moisture leaves the air in the form of fine droplets. This
condition occurs in nature as fog. The curved top line on the left hand
side of the psychrometric chart is a series of saturation points called
the saturation curve.

12.1.1.4 Relative humidity. Relative humidity is a comparison of the
amount of moisture within the air to the amount of moisture the same
air (at the same dry bulb temperature) could hold if it were saturated.
Relative humidity is given in percent. For example, if the relative hu-
midity of the air is 50%, it contains one half the amount of moisture
possible at the existing dry bulb temperature.

12.1.1.5 Humidity ratio. Humidity ratio describes the actual weight of
water in a mixture of water vapor and air, expressed in grains of water
per pound of dry air, or pounds of water per pound of dry air (1 lb =
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7000 grains). In the metric system, grams of moisture per kilogram of
dry air is used.

12.1.2 Other properties

Other properties and terms used in psychrometrics are listed below.
Some have been discussed in Chapter 11.

12.1.3 Enthalpy

Enthalpy is a measure of the total heat energy of the air. Although
there are some rather complex definitions of enthalpy, for practical
purposes, enthalpy is the sum of the sensible heat and the latent heat
content of the air. Changes in wet bulb temperature are indicative of
changes in enthalpy.

In order to have specific values for practical use, enthalpy is stated
as the amount by which the heat content is greater than the heat
content that exists at some base point condition of the air. For general
information, currently published data use a base point at which the
enthalpy of dry air is taken to be zero at 0 °F (—17.8 °C), and the
enthalpy of the water component is taken to be zero at 32 °F (0 °C).

12.1.2.2 Vapor pressure. Vapor pressure is the pressure exerted by the
water vapor contained in the air in inches (millimeters) of mercury.

12.1.2.3 Volume. Volume is the cubic feet of the mixture per pound of
dry air (m®/kg of dry air).

12.1.2.4 Sensible heat factor. Sensible heat factor is the ratio of sen-
sible heat to total heat load.

12.1.25 Weight of dry air. Pounds (kilograms) of dry air is the basis
for calculations so that they would remain constant during all psy-
chrometric processes.

12.1.2.6 Barometric pressures. Atmospheric pressures differing from
standard conditions of 29.92 in.Hg by 1 in. (760 mm Hg by 25 mm) of
mercury or less may be assumed as standard in problems not requir-
ing precise results, as in comfort HVAC work.

When dry bulb and dewpoint temperatures are known for air at
nonstandard barometric pressures, values of percentage relative hu-
midity and grains of moisture per cubic foot are correct as obtained
from the standard chart. However, for any given dry bulb and wet bulb
temperatures at nonstandard barometric pressures, all other proper-
ties of air must be corrected.
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12.2 The Psychrometric Chart

12.2.1 What lines indicate

Sample psychrometric charts are shown in Figures 12.2 (U.S.) and
12.3 (metric). The direction to move on the chart from a reference point
for a specific condition of air is shown in Figure 12.4 for each basic
change to the condition of the air.

Psychrometric charts are graphic representations of psychrometric
equations superimposed upon one another. A square grid is formed
that is made up of air dry bulb (DB) temperature lines that run ver-
tically with temperature values across the bottom, and the moisture
content of the air lines that run horizontally with the values shown
along the right side of the chart. Wet bulb (WB) lines run on a diag-
onal, upper left to lower right. The dry bulb lines and the moisture
content lines are linear and each is the same distance from the adja-
cent line.

Wet bulb lines are not linear, but are straight lines unevenly spaced.
There is less distance between the 25 °F and 30 °F (—4 °C and —1°C)
lines than there are between 80 °F and 85 °F (27 °C and 29 °C) lines,
with one set being about three times as far apart as the other. Since
wet bulb lines are normally coincident with enthalpy lines, then en-
thalpy lines are also not linear.

Curved relative humidity (RH) lines are superimposed over all of
the other grids. Air density lines, although straight, are slanted dif-
ferently.

Any point on a psychrometric chart indicates everything about the
conditions of air at that point. If two different air measurements are
noted on the chart, the differences in the conditions between those two
points can be measured. For example, for a change in dry bulb tem-
perature only, the two points would be on a horizontal line; for a
change in moisture content of the air only, the two points would be on
a vertical line.

A combination of the two changes in a particular ratio would result
in a slanted line, which would then conform to some sensible heat
factor line. Changes in enthalpy also can be determined between these
two points by reading the difference between the values at the ends
of the slanted wet bulb lines.

Notice that moisture content lines can be read on the right side in
either pounds of moisture per pound of dry air or in grains of moisture
per pound of dry air using a U.S. chart. Grams of moisture per kilo-
gram of dry air are used on a metric chart.

12.2.2 Psychrometric chart processes

12.2.2.1 Sensible heating and cooling (U.S.). When air at 70 °F DB and
20% RH is heated to 105 °F DB, this “heat-only” process establishes
the conditions of the air at each point on the chart as shown in Figure

z
s

ek E1 4, vt il il shtetin o o ot b

Figure 12.2 Psychrometric chart in U.S. units. (Courtesy of Carrier Corporation.)
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12.5. (Sensible cooling would reverse the process.) Using a U.S. unit
psychrometric chart (as in Figure 12.2), all of the data for the two
points, can be verified.

Normally AQ; = AQg + A@y; but AQ, = 0 as the moisture content
of the air and the dewpoint temperature stay the same. Then AQy =
AQg. Using Equation 11.8 (assume an airflow of 1000 cfm):

Qr = 1.08 X 1000 x (105 °F — 70 °F) = 37,800 Btu/h
Using Equation 11.11:
Qp = 4.5 X 1000 X (29.0 — 20.3) = 39,150 Btu/h

(Answers are 3% different because it is impossible to read the numer-
ical values on a small psychrometric chart accurately).

12.2.2.2 Sensible heating and cooling (metric). When air at 21 °C DB
and 40% RH is heated to 41 °C DB, this heat-only process establishes
the conditions of the air at each point on the chart as shown in Figure
12.6. Using a metric unit psychrometric chart (as in Figure 12.3), all
of the data for the two points can be verified.

/ 3
/&\ \
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/N b % ™
/ ~~\\ \‘\
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. \\ ™
/q\ \'\ B
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Figure 12.5 Sensible heating and cooling (U.S.).
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Figure 12.6 Sensible heating and cooling (metric).

Normally AQ; = AQg + AQ;; but AQ, = 0 as the moisture content
of the air and the dewpoint temperature stay the same. Then AQ; =
AQq. Using Equation 11.8 (assume an airflow of 1000 L/s):

Qs = 1.23 X 1000 X (41 °C — 21 °C) = 24,600 W
Using Equation 11.11:
Qr = 1.20 X 1000 X (58.9 — 37.1) = 26,160 W

(Answers are 6% different; see explanation in Section 12.2.2.1).

12.2.2.3 Humidification. Air at 95 °F DB and 68.2 °F WB (41 °C DB
and 20.1 °C WB) has moisture added by a humidifier until the final
conditions are at 95 °F DB and 78 °F WB (41 °C DB and 28.2 °C WB).
Using the proper psychrometric chart [Figure 12.2 (U.S.) or 12.3 (met-
ric)], verify all of the data in Figures 12.7 (U.S.) and 12.8 (metric).
Now AQg = 0, so AQ = AQy. This may be verified by using Equations
11.10 and 11.11. (Note that the U.S. and metric conditions and tem-
peratures used in this example are not conversions.)
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Figure 12,7 Humidification and dehumidification (U.S.)

12.2.2.4 Cooling and dehumidification. Figures 12.9 and 12.10 illus-
trate what happens when both sensible heat and latent heat changes
are made. Equations 11.8, 11.10 and 11.11 may be used, because

AQr = AQg + AQ;.

12.2.2.5 Chemical dehumidification. In most of the other processes,
cooling accompanies dehumidification with the use of cooling coils. The
chemical dehumidification “process line” on the chart is different in
that dehumidification occurs, but the air gets warmer so that it is not
a 90° vertical line. Many people have come in contact with this process
without knowing it. When dryers are installed in refrigerant liquid
lines, the refrigerant passes over a chemical, usually silica gel, to re-
move undesirable water vapor from the refrigerant. This moisture,
which can be present in field-installed piping, generates enough heat
during removal that a difference in the temperature between the dryer
and the connecting piping can be noticed.

12.3 Using Psychrometric Charts

The charts in Figures 12.11 (U.S.) and 12.12 (metric) show two typical
condition points, A and B. Once a point is located, everything can be
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Figure 12.8 Humidification and dehumidification (metric).

determined about the conditions of the air at that point. The defini-
tions of dry bulb lines, density lines, wet bulb lines, enthalpy, and
relative humidity lines are given in Section 12.2.1.

If air is cooled without a change in moisture content, the relative
humidity rises progressively until saturation is reached. This is the
point, at which moisture begins to condense out of the air, called the
dewpoint (DP). This also is the point where moisture condenses on the
outside of a glass containing ice, because the air nearest the surface
of the cold glass has become saturated and its dewpoint has been
reached. Psychrometric charts in U.S. and Metric units are similar in
lavout and they work the same way. Only the values of the numbers
and terms are different.

12.3.1 Heat flow example
12.3.1.1  U.S. units

a. 14000 c¢fm is flowing through an HVAC duct system, the sensible
heat change from point A to point B is 86,400 Btu/h (using Equation
11.8):
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Figure 12.12 Psychrometric chart—Typical condition points (metric),
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Qs = 1.08 X cfm X At = 1.08 X 4000 X (95 °F — 75 °F)
Qs = 86,400 Btu/h
b. The latent heat change is 147,136 Btu/h (using Equation 11.10):
Qp = 4840 X cfm X AW = 4840 X 4000 X (0.0169 — 0.0093)
Q. = 147,136 Btu/h

(Note that AW values are obtained from the psychrometric chart in
Figure 12.11.)

c. The enthalpy or total heat change is 239,400 Btu/h (using Equa-
tion 11.11):

Qp = 4.5 X cfm X Ak = 4.5 X 4000 X (41.6 — 28.3)
Qr = 239,400 Btu/h

(Note that Ah values are obtained from the psychrometric chart in
Figure 12.11.)

d. To check the total heat change:
Qr = Qs + @, = 86,400 + 147,136
@y = 233,536 Btu/h

The “check answer” is about 2%% lower because it is impossible to
read the values closely on a small chart. However, all answers repre-
sent the accuracy normally found in TAB field work.

12.3.1.2 Metric units

a. If 2000 L/s is flowing through an HVAC duct system, the sensible
heat change from point A to point B is 29,520 W (using Equation 11.8):

Qs = 1.23 X L/s X At = 1.23 X 2000 X (36 °C — 24 °C)
Qs = 29,520 W (29.52 kW)
b. The latent heat change is 58,200 W (using Equation 11.10):
Qp = 3.0 X L/s X AW = 3.0 X 2000 X (19.0 — 9.3)
Q. = 58,200 W (58.2 kW)

{Note that AW values are obtained from the psychrometric chart in
Figure 12.12.)
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¢. The enthalpy or total heat change is 87,120 W (using Equation
11.11):

Qr = 1.20 X L/s X Ah 0 1.20 X 2000 X (85.3 — 49.0)
Q. = 87,120 W (87.12 kW)
(Note that Ak values are obtained from the psychrometric chart in
Figure 12.12.)
d. To check the total heat change:
Qr = Qs + Q. = 29,520 + 58,200 = 87,720 W
The “check answer” is 0.7% higher or very close. Because it is im-

possible to read the values closely on a small chart, all answers rep-
resent the accuracy normally found in TAB field work.

12.3.2 Mixing airstreams—dry bulb temperatures

When two airstreams are mixed (Figure 12.13) and are plotted in
graph form on a psychrometric chart, the following steps should be
used to avoid a common error.

S
&3 CONDITION
’.““ &0 R

L7 e
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\

75F DB
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Figure 12.13 Mixing of two airstreams (adiabatic).
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1. Assume that the airstreams are being mixed in a 50% ratio that
causes the mixed point to be directly between points 18 and 19.

2. Then assume that a damper moves to a position to take in less hot
outside air. This will cause the point to move away from 19 (because
the distance from 19 to 20 gets longer when less air is taken in).
By the time it reaches 18, 100% of the air of quality 18 will be used.

3. The mixed-air temperature will be closest to the air temperature
of the largest airstream.

4. Only the dry bulb air temperature can be obtained accurately by
using this method or by using Equation 9.1 (from Chapter 9):

XT, + X.T.
T = 100

12.3.3 Mixing airstreams—enthalpy

The wet bulb of the mixed airstream can be obtained by entering the
values of the enthalpies of the two airstreams in Equation 12.1 and
calculating the enthalpy of the mixed airstream. From this value, the

mixed airstream wet bulb temperature can be obtained from the psy-
chrometric chart.

Equation 12.1 (U.S. and Metric)

y - XH, + XH,
= 100

Where: H, = mixed-air enthalpy (Btu/lb or kJ/kg)
X, = percentage of outside air
H, = outside air enthalpy (Btu/lb or kJ/kg)

X, = percentage of return air
H, = return air enthalpy (Btu/lb or kJ/kg)

Example 12.1 (U.S.) Calculate the dry bulb and wet bulb temperatures of the

mixed airstream of Figure 12.13 using the equations in the text and by plotting
in graph form.

Solution
a. Using Equation 9.1 (for dry bulb temperature):

XT X1
T _ O 0 1) r
m 100
p _ 20% X 95° + 80% X 75°
. 100
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~ 1900 + 6000 _ 7900
m 100 100

=179 °F (DB)

b. Using the enthalpy values from a psychrometric chart in Equation 12.1:

_XH, + X.H,
Hi = 100
_ 20% x 43.6 + 80% X 28.6
H, = 100
_ 872+ 2288 _ o) 6 Btu/lb
L2 100

Using H,, = 31.6 Btu/Ib and 79 °F DB, a wet bulb of approx.imat.ely 67 °F may
be determined using the chart. The solution also is shown in Figure 12.13 as
plotted on a psychrometric chart.

12.3.4 Adiabatic saturation

Changes in airstream conditions caused by adiabatic satu'mrion are
shown in Figure 12.14 where the dry bulb can change dra_stlca}lly from
85 to 66 °F without a change in enthalpy. This change in airstream
conditions occurs in cooling towers, when sprayed coils are used, and
in evaporative cooling such as the fan—wet burlap combination or
swamp cooler still found in Southwest desert areas. It.does not oceur
when refrigerated cooling coils and dry-air evaporative coolers are

used.
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4
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Figure 12.14 Example of adiabatic saturation.
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12.3.5 Typical HVAC process example

Figure 12.15 shows a typical air conditioning application on a metric
unit psychrometric chart. The path used to plot the cooling and de-
humidification process does not matter. Consider what path air actu-
ally does take in cooling and dehumidification. As air leaves point C,
it is sensibly cooled. This increases the relative humidity. As it ap-
proaches 70 to 90% relative humidity (depending on the conditions),
the path begins to curve downward. Some dehumidification is now
occurring. This happens even though the air is not at saturated tem-
peratures, because the conditions in the air are not uniform. The air
closest to the cold coils has moisture being condensed, whereas that
further away has not reached condensing temperatures.

As air dry bulb temperatures become colder and colder and ap-
proach the “saturated line,” more and more dehumidification takes
place. The chart “air process line” is beginning to cross wet bulb lines.
It can never cross them faster than dry bulb lines, but it is crossing
them reasonably fast. The colder the air becomes, the closer it ap-
proaches the saturation line; however it never touches it. To touch it
would mean that all the air across the coil has moisture condensing.

Notice how the “grams of moisture” on the chart drop rapidly. How-
ever, this process stops at the point where the air is discharged from
the coil. That point has been labeled point A.
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Figure 12.15 Typical cooling and dehumidifying process (metric).
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The path that the process takes makes no difference to the total
amount of heat that was transferred, only that it went from point C
to point A. Point A is selected by the designer from experience as not
being too cold for good air distribution. This temperature is approxi-
mately 12 °C when 24 °C is being maintained in the conditioned space.
Notice that the line that leaves from point A and goes to that point
labeled “room and return air” is not totally flat. This line is the line
calculated by the heat loss and heat gain calculations, which have
taken latent heat into account. The amount of latent heat from people,
coffee pots, etc., keeps this line from being perfectly flat (or totally
sensible heat).

Computer rooms have the flattest lines that may be found, whereas
churches, auditoriums, and other places of assembly are frequently
the highest in latent heat gain with the steepest lines. If point A of
this room response line is carefully moved to the point at 26 °C and
50% relative humidity (being sure to keep the angle of the line the
same), the sensible heat ratio can be read at the far right-hand scale.
Notice that the line from the “room and return” point to the point
labeled “outside air” is similar to the one in Figure 12.13. The room
air is returned to the cooling coil mixed with the outside air in the
proportions desired. It is emphasized that the processes of mixing and
cooling of airstreams are most important. This typical example con-
tains one set of each.

12.4 Air-Vapor Relationships
12.4.1 Atmospheric air

Dry air is an unequal mixture of gases consisting principally of nitro-
gen, oxygen, and small amounts of neon, helium, and argon. The per-
centage of each gas normally will be the same from sample to sample.
although carbon dioxide, sulfur dioxide, and other pollutants may be
present in varying quantities.

The air in our atmosphere, however, is not dry but contains small
amounts of moisture in the form of water vapor. The amount of water
vapor in atmospheric air normally represents under 1% of the weight
of the moist air mixture. If the weight of air averages approximately
0.075 lb/ft?, the moisture contained therein will weigh less than
0.00075 1b/ft3. At first glance this would seem to be an insignificant
amount to cause so much concern. Normally, atmospheric air contains
only a portion of the water vapor it is able to absorb.

Air and water vapor behave as though the other were not present.
Each acts as an independent gas and exerts the same pressure as if
it were alone. The barometric pressure is the sum of the two

Psychrometrics 165

pressures—the partial pressure of the air, plus the partial pressure of
the water vapor.

The dry air component of the moist air exists as only a gas under
all environmental conditions and cannot be liquefied by pressure
alone: therefore, it acts as a perfect gas. However, water vapor does
coexist with water as a liquid at all environmental temperatures, and
it can be liquefied by pressure. Because it is not a perfect gas, the
properties of water vapor are determined experimentally.

12.4.2 Condition changes

Although the following is not often used in HVAC calculations, a the-
oretically perfect gas is one in which the relationship of pressure, tem-
perature, and volume may be defined and predicted by the following
equation.

Equation 12.2
PV

R
T

Where: P = absolute pressure (psi + 14.7 or kPa + 101.3 or
gauge pressure plus atmospheric pressure)
V = volume of one pound (1 kg) in ft* (m®)
T = absolute temperature (460° + °F or 273° + °C)
R = gas constant

An air and water vapor mixture behaves as a perfect gas provided
that no condensation or evaporation takes place. As with the dual use
of the symbol @ for airflow and heat flow, the symbol R is used to
represent the gas constant when it is italic and also the absolute tem-
perature in degrees Rankine when it is not italic.

The actual value of R, the gas constant, has little meaning in HVAC
work except for the fact that it remains a constant for a perfect gas.
For a given gas, Equation 12.3 is the most important equation to re-
member and use.

Equation 12.3
PV, PV,
/5 T,

Where: P = absolute pressure (psia or kPa a)
V = volume of air (ft* or m?®)
T = absolute temperature R or K)

Example 12.2 (U.S) A 100 ft* tank is indoors at 70 °F and at a pressure of 200
psi. If the pressure is released to a 50 ft? tank outside at 40 °F, calculate the
new equalized gauge pressure found in both tanks (ignore piping volume).
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Solution

PV, PV, . PVT,

T, T, * T,

P = (200 + 14.7X(100)(460° + 40°) _ 214.7 x 100 X 500°
2 (460° + 70°) (50 + 100) 530° X 150

P, = 135.0 psia — 14.7 = 120.3 psi gauge pressure

Example 12.2 (Metric) A 10 m?® tank is indoors at 20 °C and at a pressure of
1380 kPa. If the pressure is released to a 5 m® tank outside at 4 °C, calculate
the new equalized gauge pressure found in both tanks (ignore piping volume).

Solution

PV, PV, , _PVT,
T, T, % TV,

_ (1013 + 1380)(10)(273° + 20°)  1481.3 X 10 X 293°

p
: (273° + 4°X10 + b) 277° x 15

P, = 1044.6 kPa a — 101.3 = 943.3 kPa gauge pressure

Chapter

13

Indoor Air Quality

13.1 Indoor Environment

Good indoor air quality (TAQ) is important for all types of buildings,
from simple residences to complicated commercial and institutional
buildings. The testing, adjusting, and balancing (TAB) technician
plays an important part in maintaining quality air in the indoor en-
vironment. But many other persons with other skills may be involved.

The building indoor environment is a result of interactions between
the building envelope, the building systems, the outdoor climate, and
outdoor contaminant sources and potential interior contaminant
sources from the building construction and furnishings, processes ac-
tivities, and building occupants.

The five basic elements involved are:

Indoor or outdoor contaminant or pollution buildup
Poor HVAC system air distribution
Poor thermal and/or humidity comfort control

Building occupant perception and activities

ShEe = Colegide G

Distribution of pollutants

13.1.1 Contaminant sources

Contaminants or pollutants may originate within the building or enter
the building by infiltration or through the outdoor ventilation air in-
take. The TAB technician should recognize that these sources are nu-
merous.
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13.1.1.1 Outdoor air contaminants. A partial list of outdoor contami-
nants may include:

Pollen

Dust

Smog

Vehicle emissions

Odors from processes, dumps, or land fills

I

Re-entrained building exhaust air

13.1.1.2 HVAC systems. Contaminants from HVAC systems may in-
clude:

1. Dust or dirt from dirty filters or ductwork
2. Mold or microbiological growth from damp areas
3. Improper venting or combustion products

4. Induction of chemicals or odors into system

13.1.1.3 Building occupants and activities. A partial list of occupant de-
veloped pollutants include:

1. Smoking
2. CO, from respiration, body odors, perfumes
3. Cleaning materials and deodorizers

4. Dust, biocides, paint fumes

13.1.1.4 Building and furnishings. The IAQ problems of newly built
buildings may decrease rapidly with proper system operations, but
some problems can be ongoing:

1. Chemical outgassing from building materials, furnishings, and car-
peting

Dust and mold

Emissions from trash or stored supplies

Housekeeping and maintenance activities

Unsanitary conditions and dry sewer traps
Food odors

Redecorating or repair activities

NS Ov ke W

—
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13.1.1.5 Source concentrations. Indoor air often contains a variety of
contaminants at concentrations that are far below any standards or
guidelines for occupational exposure. It is possible that the effects of
these contaminants may be additive, or synergistic (interacting in a
way that makes their combined effect stronger than their independent
effects) under some circumstances. These factors often make it difficult
to relate complaints of health effects to the concentration of a single
specific pollutant.

13.1.2 HVAC systems

HVAC systems range in complexity from independently functioning
units serving individual rooms to centrally controlled systems serving
entire large buildings. Some buildings, such as warehouses and fac-
tories, use only natural ventilation or exhaust fans to remove odors
and contaminants. In these buildings, indoor air quality problems may
be associated with insufficient outdoor ventilation air, particularly
during the heating season, when occupants tend to keep windows
closed.

Public, institutional, and commercial buildings generally use me-
chanical ventilation systems to introduce outdoor air. Thermal comfort
is maintained by mechanical equipment that distributes conditioned
air, sometimes supplemented by piping systems that carry steam, hot
water, or chilled water to perimeter areas of the building. Figure 13.1
shows the ASHRAE “thermal comfort zone” generally accepted for in-
door environments.

13.1.2.1 Adequate IAQ. To provide adequate indoor air quality, prop-
erly functioning HVAC systems must:

—

. Provide thermal comfort.

o

. Distribute adequate ventilation air to all building occupants.
. Exhaust or dilute contaminants to acceptable levels.

3
4. Control building pressurization.

13.1.2.2 Basic systems. Two of the most common HVAC designs used
in modern public and commercial buildings are constant volume and
variable air volume (VAV) systems. Constant volume systems provide
a constant airflow and vary the air temperature to meet heating and
cooling needs. The percentage of outside air may be held constant, but
it is often controlled to vary with outside temperature, with a mini-
mum setting that allows the system to meet ventilation guidelines.




170 Chapter Thirteen

16
20

-
()]

—
o

—_
o

Dewpoint temperature (°C)

*
TEMPERATURE ET
%
o
1 \I
Humidity ratio (grams water vapor per kilogram of dry air)

i wl
| e
i 5
i AN
: i3
L g -
0 ; lll
5 : t,
20* 26* -
-10 3 !
] \ -
i 1
i i
L i L 1 ! 1 1 L 1 (] { ) L] 1 0
15 20 25 30

Operative temperature (°C)

Figure 13.1 ASHRAE acceptable ranges for temperature (metric) and humidity for hu-
man occupancy. (ASHRAE Standard 55.)

Variable air volume (VAV) systems condition air to a constant tem-
perature and vary the airflow to ensure thermal comfort. Most VAV
systems do not allow control of the outside air quantity. Some more
recent designs address this problem through the use of static pressure
devices in the outside ventilation airstream.

.
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13.1.2.3 Pressurization. Odors and contaminants may be controlled
with the proper pressure relationships between rooms. This is accom-
plished by controlling the air quantities that are supplied to and re-
moved form each room. If more air is supplied to a room than is ex-
hausted, the excess air tends to leak out of the space and the room is
said to be under positive pressure. If less air is supplied than is ex-
hausted, adjacent room or outdoor air tends to leak into the space and
the room is said to be under negative pressure. Control of pressure
relationships is critically important in mixed-use buildings or build-
ings with special-use areas. Bathrooms, kitchens, and smoking

lounges are examples of rooms that should be maintained under neg-
ative pressure.

13.1.3 Air movement

Alr movement between zones and between the building’s interior and
exterior is intimately linked to the building structure and the func-
tioning of the HVAC systems. Walls, ceilings, and floors divert or ob-
struct airflow, whereas openings provide pathways for air movement.
Some openings are intentional (doors, windows, ducts); others are ac-
cidental (cracks, holes, utility chases). It is useful to think of the entire
building, the rooms, and the connections such as chases, corridors, and
stairways between them, as behaving like part of the duct system. Air
must move from supply outlets through a room to return outlets, mak-
ing the room channel the air. Any obstructions or openings in the room
can affect the direction and amount of airflow.

13.1.3.1 Stack effect. Natural forces also exert an important influ-
ence. Stack effect is the pressure-driven flow produced by warm air
rising and other factors, such as wind blowing across the top of a
chimney. It draws outdoor air into openings at the lower levels of
buildings and moves indoor air from lower to upper floors. Stack effect
airflow can transport contaminants between floors by way of stair-
wells, elevator shafts, utility chases, or other openings. The stack ef-
fect is strengthened when indoor air is warmer than outdoor air.

13.1.3.2 Wind effects. Wind effects are transient, creating local areas
of high pressure (on the windward side) and low pressure (on the lee-
ward side) of buildings. Depending on the leakage openings in the
building exterior, wind can affect the pressure relationships within
and between rooms. Both the stack effect and wind can over-

power a building’s mechanical system and disrupt air circu-
lation and ventilation.
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13.1.3.3 Pressure differences. Indoor air contaminants are distributed
within the buildings by pressure differences between rooms and be-
tween floors. Air moves from areas of higher pressure to areas of 'lovyer
pressure through any available openings. Even if adjacent building
zones are both under positive pressure relative to the ou.tdoors, one of
them is usually at a higher pressure than the other. Siml!arly, outdoor
air contaminants are drawn into buildings by pressure dl‘ffe.rences be-
tween the outdoor air and the building interior. If the building or any
zone within it is under negative pressure relative to the oufcdoors, any
intentional or accidental opening can serve as an entry point. For ex-
ample, a small crack or hole in a basement W.all or ﬂoor can admit
significant amounts of radon, if pressure differentials are large
enough. N

Although a building may be maintained under p'051_t1ve pressure,
there is always some location, such as an outdoor air intake, that is
under negative pressure relative to the outdoors. Em'iry of contami-
nants may be intermittent, occurring only when the wind blm{«fs from
the direction of the pollutant source. If the pressure differential thffit
brings the pollutant into the building is intermittent or acts upon dif-
ferent portion of the building, the TAQ problem may move from one
location to another.

13.2 Occupant Response

The TAB technician must be aware that many other factors affgct 1AQ
problems beside adequate ventilation and thermal comfort. Noise, ex-
cessive lighting, job stress, and personal problems are beyond the
scope of TAB work but are some of the other factors that must be
addressed in an TAQ audit.

13.2.1 Building occupants

Building occupants generally are those who spend a full workday in
the facility, as opposed to visitors, who spend only minutes or a few
hours in the facility. ‘ _ _

Sometimes only one occupant is sensitive to a particular 'mdoor air
contaminant, whereas surrounding occupants have no ill effects.
Symptoms that are limited to a single person also can occur when only
one work station receives more of the pollutant. In other cases, com-
plaints may be widespread throughout the building.

People often have different responses to the same p91lutant. Fgrther,
different pollutants may cause similar physical reactions. Respiratory
tract irritation can result from exposure to formaldehyde or other vol-
atile organic compounds, dust, excessively dry air, or other influences.

S
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Allergic reactions are caused by a wide array of materials. For the
purposes of solving IAQ problems it is generally more useful to observe
the pattern of symptom occurrence than to focus solely on the symp-
toms of one individual. However, it is worthwhile to collect symptom
information in hopes that it will help solve the problem.

13.2.2 Acceptable IAQ

ASHRAE Standard 62-1989, Ventilation for Acceptable Indoor Air
Quality, states that acceptable indoor air quality is “air in which there
are no known contaminants at harmful concentrations as determined
by cognizant authorities and with which a substantial majority (80
percent or more) of the people exposed do not express dissatisfaction.”

13.2.3 Sick building syndrome

Sick building syndrome is a term that describes reactions that occu-
pants may experience under certain circumstances. Although there is
no universal agreement on exactly what “sick building syndrome” is,
or even that such a condition exists, the following definition is used
by ASHRAE. “Sick building syndrome exists when more than 20 per-
cent of the occupants complain during a two week period of a set of
symptoms, including headaches, fatigue, nausea, eye irritation, and
throat irritation, that are alleviated by leaving the building and are
not known to be caused by any specific contaminants.” Sick building
syndrome also sometimes is used to describe cases in which a signif-
icant number of building occupants experience acute health and com-
fort effects that are apparently linked to the time they spend in the
building, but in which no specific illness can be identified. The com-
plaints may be localized in a particular room or zone or may be wide-
spread throughout the building. Analysis of air samples often fails to
detect significant concentrations of any contaminants, so that the
problem appears to be caused by the combined effects of many pollut-
ants at low concentrations, with other environmental stresses, such
as overcrowding and noise, as complicating factors.

13.2.4 Discomfort

Some complaints by building occupants are clearly related to discom-
fort rather than to health problems. The distinction is not always sim-
ple. One of the most common IAQ complaints is that “there’s a funny
smell in here.” Odors often are associated with a perception of poor
air quality, whether or not they cause symptoms. Environmental
stresses such as over- or underheating, humidity extremes, drafts, lack
of air circulation, noise, vibration, and overcrowding can produce
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symptoms that may be confused with the effects of poor air quality.
For example, excessive heat can produce fatigue, stuffiness, and head-
ache, whereas low temperatures can cause chills and flulike symp-
toms. Further, physical discomfort or psychosocial problems (such as
job stress) can reduce tolerance for marginal air quality.

13.3 Solving 1AQ Problems

Over recent years, over half of documented TAQ problems h'ave begn
solved by increasing or redistributing outdoor ventilation air within
the building. Generally, most IAQ problems are solved by:

1. Eliminating the contaminant source
2. Dilution with outdoor ventilation air

3. Filtration with high-efficiency particulate air (HEPA) filters and/
or activated carbon filters for odors

13.3.1 Source control

Some sources of pollution, such as smoking particulates, have been
controlled by instituting “no smoking” areas or by banning smoking
altogether. The need for such restrictions may be mitigated by.im-
proving the operation of the HVAC system, or by making modifications
to the air distribution systems. Individual exhaust systems also can
control smoke as well as fumes and gases from specific pieces of equip-
ment such as copy machines. Sometimes new products that do not
have offensive characteristics can be substituted for the offending
products.

Radon gas concentrations can be controlled by sealing all cracks and
openings in basement or lower level area floors, in walls, and Whergver
pipes, sumps, or other objects penetrate. Concrete block foundations
must be thoroughly sealed. Vapor barriers can be used in new con-
struction along with careful sealing procedures. Some crawl spaces
and basements also may need the addition of outdoor air ventilation;
and sumps, foundation drainage areas, and areas under floors may
require exhaust systems.

HVAC ductwork and equipment may be a source of pollution. If air
conditioning systems are not kept clean, they can become a source of
biological contamination. Air conditioning units with poorly con-
structed drip pans often are sources of contamination, because stag-
nant water in the pans becomes an excellent breeding ground for bac-
teria. Ductwork, wet from condensation or moisture carryover, also
may contribute to the pollution.

——
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13.3.2 Dilution

Outdoor air ventilation is the main form of dilution control. ASHRAE
standards have set the ventilation rates for various areas in different
types of buildings. However, zoning of building ventilation creates
problems unless multiple systems are used.

In homes or smaller buildings, insufficient outside air or inadequate
combustion air may create a carbon monoxide problem from back
drafts from fuel-burning furnaces and appliances. The best way to im-
prove safety and air quality is to supply enough outside air so that
air, high in oxygen, circulates throughout the building, and all gases
or products of combustion are exhausted through chimneys or vents.

Many variable air volume (VAV) systems reduce airflow as occu-
pancy increases during the heating season, because the heat gener-
ated by occupants reduces the thermal load. Reduced airflow is thus
counter to the need for additional outdoor ventilation air under these
conditions, and some type of compensation control is needed to in-
crease the percentage of outdoor ventilation air.

13.3.3 Contaminant removal

Whereas dilution controls both particulates and gasses or vapors, en-
ergy for heating or cooling the outdoor ventilation air may be expen-
sive. Air cleaning devices are highly effective in eliminating particles
and require little additional energy (fan power) for HVAC equipment
fan motors. A combination of dilution and removal usually is required
for cost effective control of both gases and particles.

Air filters or air cleaning devices are a part of packaged HVAC units.
However, built-up systems often require a thorough analysis of air
filtration components and how the HVAC system is used. Because of
energy conservation considerations, odor removal or control equip-
ment may be used where excessive dilution of the air by ventilation
would be too costly.

Atmospheric dust is a complex mixture of smokes, mists, fumes, dry
granular particles, and fibers. When suspended in a gas, this mixture
is generically called an aerosol. A sample of atmospheric dust gathered
at any given point generally will contain materials common to the
local environment, together with other components that originate at
a distance but are transported by air currents or diffusion. These com-
ponents vary with the geography of the locality, the season of the year,
the direction and strength of the wind, and proximity of dust sources.

Different applications require different degrees of air cleaning ef-
fectiveness. Unfortunately, the smaller components of atmospheric
dust are the worst offenders of smudging and discoloring building in-
teriors. Electronic air cleaners or HEPA filters are required for small
particle removal.
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Cleaning efficiency is affected to some extent by the velocity of the
airstream. The degree of air cleanliness required and aerosol concen-
tration are both major factors influencing filter design and selection.
Removal of particles becomes progressively more difficult and expen-
sive as particle size decreases.

13.4 1AQ Audit

The investigation of a sick building usually is a team effort. In addi-
tion to the use of normal TAB instruments in establishing ventilation
rates, temperature and humidity, and airflow distribution, the service:s
of an industrial hygienist may be required to test for irritating or toxic
gases and particulates.

13.4.1 Carbon dioxide levels

Carbon dioxide (CO,) measuring instruments are accurate and easy

to use. ASHRAE currently has set a recommended limit of 1000 parts
per million (ppm) to satisfy comfort (odor) criteria. CO, is not a pol-
lutant but an indicator of inadequate ventilating air. Outdoor air lev-
els of CO, normally are near 350 ppm but may vary considerably.
When CO, levels increase in a building, other contaminants also may
increase.

13.4.2 Other contaminants

The following are some of the major contaminants that may requirg
laboratory testing of samples of building air to determine if present
in problem quantities.

13.4.2.1 Moisture. Moisture can be considered an IAQ contaminant
in the sense that the presence of moisture promotes the growth of
microorganisms such as mold and mildew. In addition to obvious res-
ervoirs for microbiological growth such as stagnant water in drip pans,
microorganism growth occurs where water vapor condenses onto sur-
faces. Problem sites include the relatively cool surfaces (and some-
times the interiors) of underinsulated exterior walls and areas around
thermal breaks such as beams above windows, balconies. Carpeting is
also a common site of biological growth.

13.4.2.2 Carbon monoxide. Carbon monoxide pollution occurs where
combustion gases are not properly exhausted or are re-entrained into
the building. Carbon monoxide should be measured if there are com-
plaints of exhaust odors or if there is some other reason to suspect a
problem with combustion gases.
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13.4.23 Formaldehyde. Formaldehyde is a volatile organic compound
(VOC) that is frequently emitted by new furnishings as well as by a
wide variety of cleaning compounds, deodorants, adhesives, and other
materials used in maintenance and housekeeping. IAQ complaints as-
sociated with formaldehyde or other VOCs are most commonly found

under conditions in which there is new construction, new furnishings,
or inadequate ventilation.

13.4.2.4 Tobacco smoke and other respirable particulates. Tobacco
smoke, dust-producing processes, or inefficient or dirty filters can re-
sult in high levels of respirable particulates. The TAB technician
should enquire about the smoking policy for the building and identify
other internal sources of excessive dust. Examination of filters and

dust accumulation in ductwork will reveal whether inefficient filtra-
tion seems to be a problem.

13425 Nitrogen dioxide. Nitrogen dioxide, like carbon monoxide, is
an air pollutant associated with combustion processes. It should be
measured if outdoor sources of combustion gases are suspended (e.g.,

If the exhaust plume from a nearby power plant may be polluting air
outside the building).

13.4.26 Ozone. Ozone problems may occur from outdoor ambient air
or if there are unvented indoor sources such as some types of photo-
copiers or electrostatic precipitators. Ozone should be measured if
someone has noticed its characteristic odor or if its presence is sus-
pected because of identified equipment.

13.4.2.7 Volatile organic compounds (VOCs). Formaldehyde is the best
known VOC causing indoor air quality problems, but many other re-
lated compounds are also emitted by building materials and furnish-
ings. If specific sources are identified, test samples for VOCs such as
styrene, paradichlorobenzene, or perchlorethylene may be required.

13.4.3 Audit procedures

[AQ audits generally are made at three levels depending on the com-
plexity of the problems. Each is likely to improve the TAQ of the build-
ing, but a few IAQ problems have ended up without solution.

13.43.1 Level one—IAQ audit. A majority of problems are solved at
this level by TAB technicians. First check to determine whether all
HVAC systems are operating properly. After checking ventilation rates
and system air distribution of the ventilation air (normal TAB work),

1
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make a checklist-type report of any system deficiencies or suspected
sources of contaminants.

13.4.3.2 Level two—IAQ audit. If the review of the HVAC systems and
building indicates IAQ deficiencies present, possible pollution sources,
lack of ventilation air, or other poor TAQ factors, the first step is to
balance all HVAC systems for proper ventilation air distribution, after
setting the required percentage of outdoor ventilation air. '

Building pressurization levels should be checked and adjusted if
possible. Suspected contaminant sources should be investigated and
corrected or eliminated. Carbon dioxide (CO,) measurements should
be made to verify the ventilation air requirements.

13.4.3.3 Level three—IAQ audit. Severe [AQ problems may require the
help of an industrial hygienist to take and evaluate air samples, a
consulting engineer to make changes to HVAC systems, relocation of
employee work areas, and other more costly corrective actions beyond
the scope of TAB work.

Chapter

14

Energy Recovery

14.1 Recovery Fundamentals
14.1.1 Introduction

With the recent increase in outdoor air ventilation rates because of
indoor air quality (IAQ) problems (see Chapter 13), the cost of energy
to heat or cool this additional ventilation air will become more of a
concern, particularly where there are extremes in climate. In Canada
and parts of the northern United States, the winter use of heat recov-
ery equipment in residences is growing rapidly.

The fundamentals of psychrometrics and heat transfer may be found
in Chapter 11 and Chapter 12. The understanding of these funda-
mental concepts is necessary for calculating heat flow and equipment
efficiencies of energy recovery devices.

14.1.2 Sensible heat devices

Energy recovery devices, which basically do not transfer moisture be-
tween the two airstreams, are called sensible heat devices. Most fixed-
plate exchangers, heat pipe exchangers, run-around coil exchange sys-
tems, and some rotary wheel devices fall into this category. No latent
heat (humidity) is exchanged between the airstreams except where the
exhaust air is cooled below the exhaust air dewpoint in a rotary wheel
drive. When this condensation occurs, some latent heat has been
transferred.

14.1.3 Total heat devices

Total heat devices, such as some rotary wheel exchangers and twin
tower enthalpy recovery loop systems, transfer both sensible and la-
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tent heat (called total heat or enthalpy) between the airstreams. Un-
der typical summer conditions, a total heat device will transfer nearly
three times as much energy as a sensible heat device. Under typical
winter conditions, a total heat device recovers 25% more energy. Fig-
ure 14.1 is a graphic representation of total heat and sensible heat
devices.

14.1.4 Effectiveness

ASHRAE Standard 84-91, Method of Testing Air-to-Air Heat Exchang-
ers, defines effectiveness (e) as the ratio of actual transfer of energy
and/or moisture divided by the maximum possible transfer of energy
between airstreams.

The performance of air-to-air heat exchangers is usually expressed
in terms of their effectiveness in transferring: (1) sensible heat (dry
bulb temperature), (2) latent heat (humidity ratio), or (3) total heat
(enthalpy). However, in the HVAC industry effectiveness (e) and effi-
ciency generally are used interchangeably when evaluating the per-
formance of air-to-air heat exchangers.

Equation 14.1

WX, - X5) _ WX, - X))
W, {X1 = Xg..:' Wmin(Xl . X3)
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Figure 14.1 Comfort sensible heat versus total heat recovery devices (Courtesy
of ASHRAE.)
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Where (see Figure 14.2):

e = sensible heat, latent heat, or total heat effectiveness

X = drybl.llb temperature, humidity, ratio, or enthalpy at the
locations indicated in Figure 14.2 (all differences are
positive values)

W, = mass flow rate of supply (Ib or kilograms of dry air
per hour)
W, = mass flow rate of exhaust (Ib or kilograms of dry air
per hour)
Win = smaller of W, and W,

The leaving supply air condition is then:

Equation 14.2

Wmin
X=X, - et (X, - X))

s

and the leaving exhaust air condition is:

Equation 14.3

W_.
X, = X, + eit (X, — X;)

e

The above assumes that there is no heat transfer between the heat
exchanger and its surroundings, and that there are no gains from
cross leakage, fans, or frost control devices. This is generally true for
largef' commercial applications but not for heat recovery ventilators
(HRVs). Thfa equations used in Canada for HRVs determine energy
recovery efficiency (i.e., the actual energy transfer efficiency) and the

A

X3

1 =
w# W,
| |
X, \

Supply
ur

i

=
=

Energy recovery
device

Exhaust
air

Figure 142 Effectiveness ratin, ti -
o g equation figure. (Cour




. o

182 Chapter Fourteen

apparent sensible effectiveness (i.e., a measure of the temperature rise
of the supply airstream, including that resulting from external gains).

A number of variables can affect heat exchanger effectiveness.
These include whether the device is sensible or total, the humidity
ratio of the warmer airstream, the heat transfer area, air velocities
through the heat exchanger, the airflow arrangement, the supply and
exhaust air mass flow rates, the supply to exhaust air mass flow ratio,
and the method of frost control employed. Because of this, performance
data must be established from each individual type of device. Manu-
facturers of each type may be contacted for detailed performance data.

The effectiveness of sensible heat recovery devices can be rated two
ways:

1. The percentage ratio of the actual recovered portion of sensible
heat to the total potentially transferable heat

2. The percentage ratio of the actual recovered heat to the maximum
transferable sensible heat

The energy recovery device effectiveness numerical value, when
computed with sensible heat transferred/total heat potential, will be
smaller than when both values are sensible heat (sensible heat
transferred/sensible heat potential).

Example 14.1 (U.S.) Four thousand cfm of 40 °F outdoor (supply) air is being
tempered to 56 °F by 3600 cfm of 80 °F exhaust air. Find the effectiveness of the
heat recovery device and the leaving temperature of the exhaust air.

Solution Using Equation 14.1 and Figure 14.2 (differences must be positive val-
ues):

WX, - Xy)
Wmin(Xl - Xs)

e =

4000 cfm X 0.075 1b/ft? X 60 min/h (56° — 40°)
~ 3600 cfm x 0.075 1b/ft? X 60 min/h (80° — 40°)

e

18,000 Ib/h X 16 °FA¢ _ 288,000
¢ = 16,200 Ib/h x 40 "FAt 648,000

= 0.444 or 44.4%

Using Equation 14.3 and Figure 14.2:

Wmin
X=X + e 22X, - X))

e

3600
X, = 80 °F — 0.444 = (80 °F — 40 °F
4= 80 °F — 0.444 5 (80 )

X, =80°F - 17.8 °F = 62.2 °F
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Example 14.1 (Metric) Two thousand liters per second of 5 °C outdoor (supply)
air is being tempered to 13 °C by 1800 L/s of 27 °C exhaust air. Find the ef-
fectiveness of the heat recovery device and the leaving temperature of the ex-
haust air. (1000 L/s = 1 m?®/s)

Solution Using Equation 14.1 and Figure 14.2 (differences must be positive val-
ues):
@i W,{XI = Xg)
Wmm(X‘l = X3)
= 2.00 m®/s X 1.204 kg/m® X 3600 s/h (13° — 5°)
1.80 m®/s X 1.204 kg/m?® X 3600 s/h (27° — 5°)

o — D669 X 8CAL _ 104 or 40.4%
7802 x 22 °CAr o OTENAR

Using Equation 14.3 and Figure 14.2:

Wi 1800
X, =X, +e22 = = °C — oYY (970 _ g
A .t e W, X; — X =27°C — 0.404 1800 27° - 59

X, =27°C - 89°C = 18.1°C

14.1.5 Use of effectiveness percentages

Care should be taken when working with effectiveness percentages.
Mathematically, sensible heat effectiveness is not the same thing as
total heat effectiveness. High sensible heat effectiveness for a device
does not mean it has high total heat effectiveness and vice versa.

None of the energy recovery devices are justified on effectiveness
alone. Rather, they are justified on their ability to recover usable en-
ergy and be adaptable to the many other conditions required by the
system installation. Generally:

1. Sensible heat devices, including sehsible heat wheels, usually are
Justified when most of the energy savings for an application are in
the sensible heating of the supply airstream.

2. Total heat devices usually are justified when significant energy sav-
ings are obtained when it is possible to heat and humidify and/or
cool and dehumidify supply airstreams.

14.2 Energy Recovery Equipment
14.2.1 Airflow configurations

Airflow arrangement refers to the relative flow directions of the supply
and exhaust airstreams. Counterflow is the arrangement with the
highest theoretical performance, but other arrangements are common
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Figure 14.3 Parallel flow airstreams. (Courtesy of
SMACNA.)

because of practical design or construction considerations. Figures
14.3, 14.4, and 14.5 illustrate common airflow arrangements.

14.2.1.1 Parallel flow In parallel flow devices (Figure 14.3), both air-
streams, upon entry, confront each other at maximum difference pf
temperature and humidity. Therefore, maximum heat transfer.wﬂl
take place at this point. In winter, the exhaust airstream progressively
loses heat and the supply airstream absorbs it. The differences in tem-

Figure 14.4 Counterflow airstreams. (Courtesy of
SMACNA.)
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Figure 14.5 Crossflow airstreams. (Courtesy of
SMACNA.)
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perature and humidity will grow smaller, and in time, the two air-
streams will become equal in temperature and humidity ratio. The
maximum energy actually lost by the exhaust airstream and gained
by the supply airstream will be only half of the potential transferable
energy. The theoretical maximum effectiveness of the parallel flow de-
vice 1s 50%.

14.21.2 Counterflow In a counterflow pattern (Figure 14.4), the
high-heat content moist air (hotter of two and having a higher hu-
midity ratio) and the low—heat content air enter the device from op-
posite sides, with the exhaust air giving up some energy and the sup-
ply air gaining this energy. The exhaust airstream becomes colder and
drier while the supply airstream becomes warmer and more humid in
a total heat situation. Given opportunity and time, all potentially
transferrable heat would be transferred. The theoretical maximum ef-
fectiveness of the counterflow device is 100%, although the practical
effectiveness is much lower.

14.2.1.3 Crossflow In the crossflow configuration (Figure 14.5), the
A, portion of airstream A will cross airflow C at its maximum value
and will have excellent heat transfer. The same can be said about the
C, portion of airstream C in relation to the airflow A. But airstream
A, will just begin to transfer energy crossing airstream C after it is
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completely depleted and the same can be said about airstream C,.
Still, given opportunity and time, a 100% theoretical effectiveness is
possible. Because of economic considerations, this maximum is never
obtained and actual effectiveness falls short of that for counterflow
devices.

Multiple towers
airstreams. Multiple
units in a single system.
Efficient microbiological
cleaning of both supply
and exhaust airstreams.

(up to 50,000 L/s)

Sensible
(—40 °C to 46 °C)

Latent transfer from remote

(40-60%)

Latent
(45-55%)

300-450
(1.56-2.3)

0.7-1.2
(175-200)

Independent

Up to 100,000 cfm
—40 °F to 115 °F
Few suppliers

0.025%

14.2.2 Types of exchangers

Table 14.1 gives the essential data on HVAC system energy recovery
equipment and systems. A brief description of each system follows.

oil loop

5
9

14.2.21 Fixed-plate exchangers Fixed surface plate exchangers have
no moving parts. Alternate layers of plates, separated and sealed (re-
ferred to as the heat exchanger core), form the exhaust and supply
airstream passages. Plate spacings range from 0.1 to 0.5 in. (2.5 to 13
mm), depending on the design and the application. Heat is transferred
directly from the warm airstreams through the separating plates into
the cool airstreams. Practical design and construction restrictions in-
evitably result in crossflow heat transfer, but additional effective heat
transfer surface arranged properly into counterflow patterns can in-
crease heat transfer effectiveness.

Normally, both latent heat of condensation (from moisture con-
densed as the temperature of the warm, exhaust airstream drops be-
low its dewpoint) and sensible heat are conducted through the sepa-
rating plates into the cool, supply airstream. Energy is transferred
but moisture is not. A sensible effectiveness as high as 80% may be
attained under ideal conditions.

(560 L/s and up)
can be separated
from supply air

Sensible
be limited by

(55—-85%)

(100-500)

pressure drop
Few suppliers

(1.5-3.0)

100 c¢fm and up
0.4-2.0

C
Counter flow

Parallel flow
Exhaust airstreams

300-600
Effectiveness may
0%

Heat pipe
pressure drop and cost

(50 Li/s and up)
Few suppliers

Sensible
(—40 ° to 35 °C)

No moving parts
No cross leakage

Most sizes
in.w.g. (15 kPa)

(45-65%)
(2.0-4.0)
(100-500)
—40 ° to 66 °F
differential to 60
Effectiveness limited by

100 cfm and up
0.4-2.0
Fan location not critical

Counter flow
Parallel flow
400-800

Allowable pressure
0%

Rotary wheel
(—860 ° to 800 °C)

(25-35,000 L/s)
Latent transfer

Sensible
increase service

Cross air
contamination

(50-80%)
Latent

(45—55%)

possible
1-10%

500-1000
(2.5-5)
(100-175)

=70 ° to 1500 °F

0.4-0.7
Low pressure drop

Counter flow
Parallel flow
50-70,000 cfm
Compact large sizes
High effectiveness
Cold climates may

14.2.2.2 Rotary wheel exchangers Rotary wheel exchange devices
(Figure 14.6) are porous discs, fabricated from some material having
a high heat retention capacity, that rotate through two side-by-side
ducts. The axis of the disc is located parallel to and on the partition
between the two ducts. As the disc is slowly rotated, sensible heat
(and often moisture containing latent heat) is transferred to the disc
by the hot air from the first airstream and then from the disc to the
second, cooler airstream. The pores of heat wheels carry a small
amount of the exhaust stream into the supply side of the exchanger.
Should this result in an undesirable contamination, a purge section
may be added.

Rotary wheel exchangers are commercially available with a number
of different types of discs. Some discs have a metal frame packed with
a core of knitted stainless steel or aluminum wire mesh, not unlike
common kitchen “steel wool.” Other wheels are made of corrugated
metal assembled to form many parallel passages (laminar wheels);

Fixed plate

only in special

(25 L/s and up)
units

Sensible
(50-80%)
(0.5-5)
(5-450)

0.02-1.8
Low pressure drop

No moving parts
No cross leakage
High effectiveness
Easily cleanable
Latent available

All sizes
Most materials

Counter flow
Cross flow
Parallel flow
50 cfm and up
100-1000

0-5%

(typical effectiveness)
[in.w.g. (Pa)]
Temperature range

(airflow)
Type of heat transfer

(m/s)]

Pressure drop range

TABLE 14.1 Comparison of Energy Recovery Systems

Airflow arrangements
Equipment size range
Face velocity [fpm
Unique advantages
Cross contamination

Limitations
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Figure 14.6 Rotary wheel exchanger. (Courtesy of
SMACNA.)

ceramic laminar wheels for higher temperatures; and metal or com-
position wheels coated, impregnated, or treated with a hygroscopic
material so that latent heat may be transferred.

An effectiveness of 80% may be obtained for sensible heat wheels
and as high as 55% for latent heat wheels.

14.2.2.3 Heat pipe exchangers The heat pipe exchanger (Figure 14.7),
although appearing as one large coil, is face divided to provide sepa-
rate exhaust air and supply air sides connected by sealed tubes con-
taining an appropriate heat transfer fluid. The effectiveness of this
fluid depends on the anticipated temperatures involved, because evap-
oration of the fluid takes place on the hot side and condensation takes
place on the cold side.

HOT
EXHAUST

COOL
EXHAUST
AlIR

COLD
SUPPLY AIR PARTITION

Figure 14.7 Heat pipe exchanger. (Courtesy of
SMACNA.)
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The heat pipe exchanger consists of about 100 short lengths of cop-
per tubing sealed at both ends projecting into both airstreams. Within
each sealed tube is a refrigerant charge and a snugly fitting porous
cylindrical wick. There also is a vertical, gravity return type without
the capillary wick. The liquid refrigerant migrates by capillary action
to the warmer end, where it evaporates and absorbs heat. Under high
pressure, the gaseous refrigerant flows back through the hollow center
of the wick to the cooler end where it condenses, giving up its heat
and starts a repeat cycle. Capacity can be easily controlled by merely
tilting one end.

The gravity return type requires the cooler air, which is to condense
the vapor into liquid, always to be at the top of the coil. This limits
this unit to a single season of operation, unless damper arrangements
are employed to alternate the cooler air to the top during each season.

The sensible heat effectiveness ranges from 45 to 65% and the coil

pressure loss for the airstreams varies from 0.35 to 2.0 in.w.g. (87 to
500 Pa).

14.2.2.4 Run-around coil Standard HVAC hot or chilled water coils
can be used for run-around systems, as illustrated in Figure 14.8. A
coil in one or more duct systems transfers heat via some suitable lig-
uid to other coils in another duct system(s). Ethylene glycol is com-
monly used as the transfer fluid, but there are many other commercial
thermal fluids on the market.

A major advantage of the run-around coil system is that it can be
used with widely separated airstreams, with the water solution being
pumped from one to the other. In summer, the effectiveness can be
improved by using air washers on the exhaust air coil. The system
also is seasonally reversible.

Sensible heat recovery effectiveness is in the 55 to 85% range using
chilled water—type coils. An attempt to further increase the effective-

Figure 14.8 Run-around coil exchangers. (Courtesy of
SMACNA.)
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ness by adding more rows of tubing to the .coils is offset by the in-
creased air duct system pressure drop and higher fan power.

14.2.2.5 Multiple tower exchangers The multiple tower_energy Ii;acov;
ery system also permits wide separation of t‘he supply air and ex I?ui

air duct systems. The recovery system consists of a separate multiple
contactor tower, as shown in Figure 14.9., for each of the e'xhaust‘ air
and supply air duct systems involved, w11‘:h a sqrbent liquid c};)nltlnu-
ously being circulated between them. This hqu_ld, usually a ba ogeg
salt solution, acts as the vehicle for transporting both sensible an

1at51?}r112 };}e)zf“;ation of the multiple tower exchange system 1is similar to
that of the run-around coil system, except that a con'tactor towe_:r cor;-
taining an extended packed surface (similar to‘ a coohn.g tower) is S11J: -
stituted for the air coils. Two pumps are required to circulate the kl)?
uid absorbent (halogen solution) allowing the system to be seasonably
reYI‘idslb}i:logen solution is sprayed counterflow to the alrstre:}m
through the extended packed surface. Tot_al heat (enthalpy) trar;s er
takes place as the solution absorbs (or reJect.s) heat and water Ii?rn
the exhaust airstream. During winter operauon, care must be ta1 en
to keep the absorbent solution in a liq}nd form when hand_hng. ow-
humidity (dry) exhaust air. If the solution water concentration 1s re-
duced to 50% or lower, it can solidify and clog the spray nozzles, pump,
anI(ilpallgldrifion to providing a total heat recovery effectivene_ss in ;clhe
range of 45 to 55%, the solution spray may also act as an air washer
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Figure 149 Multiple tower operation. (Courtesy of SMACNA.)
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or scrubber. There is no contamination “carryover” between the two
remote airstreams.

14.3 Recovery Device Problems
14.3.1 Pollutants

Air normally is exhausted from a space because of contaminants, car-
bon dioxide, and moisture. There are many contaminants that may
exist within an exhaust gas, the most common of which are dust,
grease, sulfur dioxide, and chlorine gas.

To remove energy from exhaust air or gases and transfer this energy
to the incoming outdoor airstream, while simultaneously keeping the
pollutants in the exhaust system, a large amount of surface area [ap-
proximately 0.5 ft* of material per efm or (0.1 square meter per liter
per second) of exchanger airflow] must be used. To obtain that amount
of surface in a reasonable volume, the gases must exit and return
through a series of relatively small passageways. This results in gas
pressure losses and the possibility of contaminant entrapment within
the confines of the energy recovery device. Many different heat ex-
changer designs and systems have emerged in an attempt to satisfy
all of the many different requirements.

Any energy recovery device installed in an exhaust duct may be
susceptible to fouling to some degree, depending upon the nature of
the contaminants in the exhaust stream, and upon the dewpoint of
the flowing gas. If allowed to continue, fouling will decrease the heat
transfer performance. Therefore, filters are recommended unless other
economical methods of cleaning the recovery device are used.

14.3.2 Condensation and freezing

Condensation and ice or frost formation results in moisture deposits
on heat exchange surfaces. If entrance and exit effects are neglected,
four distinct air—moisture regimes may occur as the warm airstream
is cooled down from its inlet conditions to its outlet conditions. First
there is a dry region with no condensation. Once the warm airstream
is cooled below its dewpoint, there is a condensing region that results
in wetting of the heat exchange surfaces. If heat exchange surfaces
fall below freezing, the condensation will freeze. Finally, if the warm
airstream temperature is reduced below 32 °F (0 °C) the condensation
will form as frost. The location of these regions and rates of conden-
sation and frosting depend on the duration or frosting conditions, air-
flow rates, the inlet air temperatures and humidities, heat exchanger
core temperatures, the heat exchanger effectiveness, geometry, config-
uration and orientation, and heat transfer coefficients.
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Sensible heat exchangers, which are ideally suited to applications
in which heat transfer is desired but humidity transfer is not, such as
swimming pools and kitchens, can benefit from the latent heat of con-
densation. One pound (kilogram) of moisture condensed transfers
about 1050 Btu (2450 kJ) to the incoming air.

Condensation increases heat transfer rates and thus sensible ef-
fectiveness. It also can increase pressure drops significantly in heat
exchangers with narrow airflow passage spacings. Frosting fouls the
heat exchanger surfaces that was initially improved by the conden-
sation. It then restricts exhaust airflows and reduces energy transfer
rates. In extreme cases, the exhaust airflow (and supply airflow in the
case of heat wheels) can be completely blocked.

Frosting and icing occur at lower temperatures in enthalpy exchang-
ers than in sensible heat exchangers. In rotary enthalpy exchangers
utilizing chemical absorbents, condensation may cause the absorbents
to deliquesce, with permanent damage to the exchanger.

An increase in the pressure drop across a heat exchanger may in-
dicate the onset of frosting or icing. Frosting and icing can be pre-
vented by preheating the supply air or reducing the heat exchanger
effectiveness such as reducing heat wheel speed, tilting heat pipes, or
bypassing part of the supply airflow around the heat exchanger. Al-
ternatively, a method of periodically defrosting the heat exchanger
may be employed. A number of effective defrost strategies have been
developed for residential air-to-air heat exchangers that also may be
applied to commercial installations.

14.3.3 Fouling

Fouling refers to an accumulation of dust or condensates on heat ex-
changer surfaces. Fouling increases the resistance to airflow and gen-
erally decreases heat transfer coefficients, thus reducing heat ex-
changer performance. This increased resistance increases fan power
requirements and may reduce airflow volumes.

A pressure drop increase across the heat exchanger core can be used
as an indication of fouling and, with experience, may be used to es-
tablish cleaning schedules. Heat exchanger surfaces must be kept
clean if system performance is to be maximized.

14.3.4 Corrosion

Moderate corrosion generally occurs over time in HVAC system de-
vices, roughening metal surfaces. Severe corrosion reduces overall
heat transfer coefficients and can result in increased cross leakage
between airstreams because of perforation or mechanical failure.
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14.3.5 Cross contamination

Cross contamination or mixing between supply airstreams and ex-
h.augt airstreams may occur in air-to-air heat exchangers. It may be a
significant problem if exhaust gases are toxic or odorous. Cross con-
tgmination or leakage varies with heat exchanger type and design,
airstream static pressure differences, and the physical condition of the
heat exchanger.

14.3.6 Filtration

Filters are recommended in both the supply and exhaust airstreams
to reduce fouling and the frequency of cleaning. Exhaust air filters are
gspecially important if the contaminants are sticky or greasy or if par-
ticulates can plug airflow passages in the exchangers. Supply air fil-
ters eliminate insects, leaves, and other foreign materials, protecting
both the heat exchanger and HVAC equipment. Snow or frost can
cause severe supply air blockage problems.
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Pumps and System Curves

15.1 Pump and System Pressures

The pressures in hydronic systems are somewhat different from those
in air systems. There are similar friction losses for straight sections
of pipe, the same dynamic losses caused by turbulence for fittings, and
pressure drops through coils, chillers, heat exchangers, and valves.
However, hydronic piping systems have other heads that must be
added to or subtracted from the total head output of the pump(s).

The purpose of a pump for HVAC work is to establish fluid flow and
produce sufficient pressure to overcome the resistance of a system and
the system components at the design flow rate.

15.1.1 Pump heads

When working with pumps, the word head is often used to define pres-
sure. The definitions of common head terms are noted below even
though some may be defined again under other discussions:

15.1.1.1 Friction head Friction head is the pressure in feet (pascals or
meters) of the liquid pumped that represents system resistance that
must be overcome.

15.1.1.2 Velocity head Velocity head is the pressure needed to accel-
erate the liquid being pumped. (For practical purposes, the velocity
head is insignificant and usually can be ignored in HVAC hydronic
system calculations.)
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15.1.1.3 Static suction lift Static suction lift is the distance in feet (me-
ters) between the pump centerline and the source of liquid below the
pump centerline.

15.1.1.4 Suction lift Suction lift is the combination of static suction
lift and friction head in the suction piping when the source of liquid
is below the pump centerline.

15.1.1.5 Suction head Suction head is commonly the positive pressure
on the pump inlet when the source of liquid supply is above the pump
centerline.

15.1.1.6 Static suction head Static suction head is the positive vertical
height in feet (meters) from the pump centerline to the top of the level
of the liquid source.

15.1.1.7 Dynamic suction lift Dynamic suction lift is the sum of suction
lift and velocity head at the pump suction when the source is below
the pump centerline.

15.1.1.8 Dynamic suction head Dynamic suction head is positive static
suction head minus friction head and minus velocity head.

15.1.1.9 Dynamic discharge head Dynamic discharge head is static
discharge head plus friction head plus velocity head.

15.1.1.10 Total dynamic head 7Total dynamic head is dynamic dis-
charge head (static discharge head, plus friction head, plus velocity
head) plus dynamic suction lift, or dynamic discharge head minus dy-
namic suction head.

15.1.2 Static (head) pressure

Static pressure or static head is the pressure resulting from the weight
of a column of liquid; the higher the column, the greater the static
pressure. In closed systems, static pressure on the discharge side of
the pump is balanced by the static pressure on the suction side. How-
ever, static heads must be taken into account in open systems.

For example, the pump in Figure 15.1(A) pumps water from the tank
to a higher elevation. The pump must develop enough pressure to
overcome the friction losses in the pipe lines and fittings and to lift
the water to the higher elevation. The pressure required for the lift is
numerically equal to the height in feet (meters) of the liquid being
pumped. In Figure 15.1(A), this is the difference between the two
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Figure 15.1 Illustrations of static head, suction head, and suction lift.
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levels, equal to A minus B, or the static head (static pressure differ-
ence) expressed in feet (meters) of water.

15.1.3 Suction head

Another related term illustrated in Figure 15.1(A) is suction head,
which exists when the source of supply is above the center line of
the pump. In this example, there is suction head because of the dis-
tance B.

Figure 15.1(B) shows a pump raising water from a reservoir to a
higher level. The pump must develop enough pressure to overcome
friction loses in the piping and it must develop pressure for the lift,
again equal to the distance L in feet (meters) of the liguid being
pumped.

In Figure 15.1(A), the static head is a pressure above atmospheric
pressure, and there is no theoretical limit to the height of the lift; it
can be as great as the pressure that the pump is capable of developing.

15.1.4 Suction lift

In Figure 15.1(B), the partial vacuum created by the pump suction
allows atmospheric pressure to push the liquid up to the pump. The
maximum suction lift theoretically possible would be the pressure of
the atmosphere of 14.7 psi or 34 ft of water (101.325 kPa or 10.32 m).
For ordinary HVAC system pumps, the maximum suction lift is con-
sidered to be about 26 to 30 ft (7.9 to 9.1 m). The suction lift will be
reduced by the friction loss in the suction pipe, and it may be further
reduced if the liquid being pumped should boil or vaporize because of
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the partial vacuum. Such an effect occurs when pumping hot water. If
too great a suction lift is attempted, some of the hot water will flash
to steam, either reducing or eliminating the quantity of liquid water
that can be pumped. This phenomenon, called cavitation, often sounds
like marbles have been dropped into the pump.

15.1.5 Net positive suction head (NPSH)

To eliminate the problem of cavitation, it is necessary to maintain a
minimum suction pressure at the inlet side of the pump. The actual
value in feet of water (kPa or m w.g.) of internal pump losses depends
on the pump size and design, and the volume of water being pumped.
This must be determined by the pump manufacturer and is given by
numerical values of net positive suction head, abbreviated NPSH. Re-
quired NPSH, sometimes designated NPSHR, can be considered to be
the amount of pressure, in excess of the vapor pressure, required to
overcome internal pump losses and to keep water flowing into the
pump.

For a given pump, the required NPSH increases as capacity in-
creases. Each system, as a result of design and physical limitations,
will produce an available NPSH, sometimes designated NPSHA.
When available NPSH is greater than the required NPSH, the prob-
lems of air release, vaporization, and cavitation will not arise.

The required NPSH value for a specific pump, available from the
manufacturer or catalogue data, varies with flow and head. For any
pump, the full range of values for each impeller size and operating
speed is expressed as a curve (Figure 15.2).

Pump Performance Curve

Total Head

Required NPSH

Flow Rate
Figure 15.2 Typical required NPSH curve.
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The TAB technician must remember, however, that for satisfactory
pump operation, NPSHA must always exceed the NPSHR. If it does
not, bubbles and pockets of vapor will form in the pump. The results
will be reduction in capacity, loss of efficiency, noise, vibration, and
cavitation. The net positive suction head (NPSH) of a pump in-
creases as the flow rate increases (see Figure 15.2).

Equation 15.1

NPSHA =P, = P +E—P
a s 2g vp
Where: NPSHA = net positive suction head available
(ftew.g. or m w.g.)
P, = atmospheric pressure at elevation of installation
(use 34 ftew.g. or use 10.32 m w.g.)
P, = pressure at pump centerline (ft*w.g. or m w.g.)

% = velocity head at point P, (fts-w.g. or m w.g.)

P, = absolute vapor pressure at pumping temperature
(ftew.g. or m w.g.)
g = gravity acceleration (32.2 ft/s? or 9.81 m/s?%

15.1.6 Friction pressure losses

Friction is the resistance to a moving fluid caused by the surface of
the pipe walls. The primary purpose of a pump is to produce a des-
ignated volume of fluid at a pressure equal to the frictional resistance
of the system plus the pressure losses of the other components of the
system. For hydronic systems, the straight lengths of pipe losses are
in terms of feet of head (water) per 100 ft of pipe (0.098 kPa/m). The
pressure losses of fittings and valves normally are added in terms of
equivalent length of pipe in feet (meters), based on the calculated
straight pipe losses.

15.2 HVAC Pumps

The pumps used in HVAC systems fall into two major categories, pos-
itive displacement pumps and centrifugal pumps, with the centrifugal
pumps being more widely used.

15.2.1 Positive displacement pumps

The usual types of positive displacement pumps in HVAC systems are
the piston pump (reciprocating), the rotary pump, and the screw pump.
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One of the characteristics that is common to all positive displacement
pumps is their ability to overcome excessive pressures.

The pump curve for the positive displacement pumps is nearly lin-
ear in a vertical direction; that is, at a given speed it will pump the
same volume against whatever pressure is connected at the outlet,
usually from zero to over 200 psi (0 to over 1380 kPa). Many of these
pumps are constructed with a built-in spring-loaded relief valve that
will automatically bypass liquid internally from the discharge side to
the suction side in the event of an excessive pressure buildup. This
prevents damage to the pump or to the pump packing or seals. CAU-
TION: Never close off the discharge valve of a positive displace-
ment pump in an attempt to measure “shut-off pressure,” be-
cause serious damage could result. Large oil transfer pumps are
a good example of a common application of rotary positive displace-
ment pumps in HVAC work.

15.2.2 Centrifugal pumps

Centrifugal pumps are constructed with less stringent tolerances than
positive displacement pumps. There is more fluid slippage, which
means that as the pressures go up, more fluid slips past the impeller
and less fluid is delivered to the outlet of the pump. Staging of the
impellers is one of the ways in which centrifugal pumps overcome
their inability to pump against high heads. Pumping through two or
more stages multiplies the head capacity. A variety of drives is avail-
able, including direct drives and variable-speed drives.

15.2.3 Pump drives

The most common pump drive uses flexible couplings between the mo-
tor and the pump assembly. The alignment or misalignment of the
coupling does not effect the performance of the pump or the speed at
which it is driven. However, a misaligned coupling will have an amaz-
ingly short life as the elastic interface begins to break down. This
sometimes allows the speed of the pump to vary and affects its output.

15.2.4 Pump connections

15.2.4.1 Single suction Single suction pumps are usually constructed
with the inlet at the end of the impeller and shaft with the casing
arranged so that the discharge may be rotated to any position allowed
by the bolt configuration.

" 15.2.4.2 Double suction Double suction pumps do not have the flexi-
bility of rotation, the suction and discharge being fixed and usually
below the shaft centerline, each at a slightly different elevation. In
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either case, the suction connection is normally one or two pipe sizes
larger than the discharge connection.

15.2.5 Pump rotation

Rotation of any pump is fixed by the configuration and type of vanes,
and the suction and discharge connections. An arrow to indicate
proper direction is often cast directly into the casing metal. In addition
to proper position of the pump in the piping, rotation is also dependent
on the motor or driver rotation. Rotation of motor and pump must be
tested before operation. However, pumps with mechanical seals
must not be run dry, even for “bumping” to determine rotation.

15.2.6 Pump packing and seals

15.2.6.1 Packed pumps Packed pumps have a specified number of
rings of packing, selected from the many types available, slipped over
the shaft without undue pressure. The packing gland is installed last,
with considerable care that it is not cocked. When the pump is started,
the packing gland is tightened evenly around until one drop of liquid
per second is leaking, or until the manufacturer’s recommendations
are met.

15.2.6.2 Mechanical seals Mechanical seals are devices used in place
of the packing to retain the system liquid within the pump at the shaft
penetration. There are two major parts to a mechanical seal, a sta-
tionary disc and a rotating disc held in contact by a spring arrange-
ment. One disc may be ceramic and the other carbon. Running causes
a wearing-in process to maintain a complete seal. Foreign matter be-
tween the faces will destroy this seal. Running or “bumping” a
pump without water in the system will damage mechanical
seals.

156.2.6.3 Seal failure Whereas a leaky packed pump may normally al-
low operation until shutdown for convenience, a seal failure may cause
a complete blowout and require immediate system shutdown until re-
paired.

15.3 Pump Curves

Pump curves are similar to fan curves except that most pumps are
directly connected to their motors, so the pump speed (rpm) remains
almost constant. However, pump impellers can be changed or ma-
chined down to a specific size. Otherwise system flows, pressures,
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horsepowers, and efficiencies on the fan curves and pump curves are e Doty Operating
read in the same manner. "
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15.3.1 Efficiency Wb mumn <o ’5,,,)::
In Figures 15.3 and 15.4, the efficiency curve is a measure of the prom- e - T I
ised pump output versus the output of a theoretically perfect pump y e : s oo Y
that would use 100% of its energy. Many design engineers attempt to e T e e
pick pumps at peak efficiency. Pump efficiency has little value to the g Be : y L T T NA ?5__,
TAB technician. If the actual pump horsepower or wattage draw is § sl TN T T us N Sul
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Figure 15.4 Pump performance curve as typically furnished by pump manufacturers
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tested, it is prudent to compare actual test measurements against the
submitted pump curves.

The following procedure outlines performance testing of a centrifu-
gal pump, including pump curve analysis used for the determination
of flow:

1. With the pump(s) off, observe and record the system static pres-
sure.

2. With the pump(s) running, fully close (slowly) the service (or bal-
ancing) valve located on the discharge of the pump. Record the
pump discharge and suction pressures at the pump gauge taps lo-
cated on, or as close as possible to, the pump volute housing. Pres-
sure readings should be taken with one test gauge located at the
same elevation (a good practice is to use a gauge manifold located
at the pump base). Record the motor current and voltage. When all
data are recorded, slowly open the discharge valve to the full open
position.

15.3.5 No-flow testing

Testing of pump operating pressures with the discharge valve fully
closed is known as no-flow testing. No-flow testing is used to determine
the actual impeller diameter and pump operating curve by establish-
ing the pump operating head at a zero gpm (L/s) flow rate. To deter-
mine the pump no-flow head, plot the intersection of the no-flow head
and the zero gpm (L/s) line of the pump curve provided by the man-
ufacturer and compare. If the no-flow head is approximately correct,
continue with full-flow testing. If the no-flow head falls in between
pump impeller sizes, the impeller may have been cut down in size such
as shown in Figures 15.3 and 15.4 at point B.

Extreme care should be taken with no-flow testing since an error in
gauge reading, calculation of head, or interpolation of curve may result
in confusion and additional TAB work.

15.3.6 Full-flow testing

Full-flow testing is similar in procedure to no-flow testing. With the
discharge valve in the full open position, record the pump suction and
discharge pressures, and motor current and voltage. Plot the “oper-
ating point” intersection of the full-flow head and the established
pump capacity curve to determine the actual pump flow rate.
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154 Pump/System Curves
15.4.1 Closed system curves

The hydronic system curve is simply a plot of the change in energy
head resulting from a flow change in a fixed piping circuit on a pump
curve or set of pump curves (Figure 15.5). System curve construction
methods differ between open and closed piping circuits.

From the pipe size and design flow rate, a calculated energy head
pressure drop is determined. It should be particularly noted that sys-
tem static height is of no importance in determining energy head pres-
sure drop in a closed system. This is because the static heights of the
supply and return legs are in balance; the energy head required to
raise water to the top of the supply riser is balanced by the energy
head regain as water flows down the return riser.

In a closed system, the system pressure can be regulated or limited
by the pressure relief valve (safety valve) and the automatic water
makeup valve (line pressure regulator valve). The pressure in various
parts of the system will vary from top (less pressure) to bottom (more
pressure) because of the static head, whether the pump(s) are running
or not.

When the pump(s) are started, the discharge pressure gauge and
the suction pressure gauge (which had similar readings) draw apart,
with the discharge pressure gauge going to a higher reading and the
suction pressure gauge going to a lower reading. If the makeup water
valve is connected to the suction side of the pump, whenever the pump
goes on, the pressure decrease created by the pump may cause the
system automatic fill valve to add water and build the pressure back
up to the pressure setting. Then when the pump is shut off, the pres-

50 ~ ) PUMP CURVE
i | |
w 40 | T
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Figure 1565 System curve plotted on a pump curve,
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sure on the suction side will increase to a higher “pump off” reading,
unless the pressure already was higher than the pressure setting from
an earlier cycle.

15.4.2 Open system curves

This same process takes place in open systems, where the fill valve is
regulating the water level in a sump or basin, that is connected di-
rectly to the suction side of the pump. When the pump draws down
the water level on startup, the makeup water flows until the original
water level is achieved. When the pump stops, the excess water drains
back into the sump, raising the level on the suction side above its
neutral position, and sometimes causing the sump to overflow.

In plotting the system curve for an open system, the statics of the
system must be analyzed in addition to the friction loss. The different
static conditions are illustrated in Figure 15.6.

For example, a typical cooling tower application is illustrated in Fig-
ure 15.7. In this system, the pump is drawing water from the tower
sump and discharging it through the condenser to the tower nozzles,
at a 10 ft (3 m) higher elevation than the sump level.

Total friction loss (suction and discharge piping, condenser, nozzles,
ete.) is 30 ft (9 m) at a design flow rate of 200 gpm (12.6 L/s); the
change in piping pressure drop for a change in water flow rates is
determined and plotted to develop a system curve.

This system curve cannot be applied directly to the pump curve and
the intersection taken as the accurate pumping point for the open

r
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Figure 15.7 Cooling tower application.

system. A false evaluation using this criteria, but without evaluating
the static height of the tower, is shown in Figure 15.8.

The illustration is false because the pump must also provide the
necessary energy to raise water from the tower sump to the spray
nozzles. In this case, the pump must raise each pound (kilogram)
of water a distance of 10 ft (3 m) in height, or it must provide 10 ft

(3 m) of energy head because of the static difference in height between
the water levels.
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Figure 15.6 Typical open systems.
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The static difference of 10 ft (3 m) must be added to the piping
pressure drop to provide total required head for each of the gpm points
previously noted. The correct procedure for plotting a system curve for
the piping circuit shown in Figure 15.7 is illustrated in Figure 15.9.

Figure 15.10 shows two pumps piped in parallel, with a system head

curve as well as the head capacity curves for single pump and two
pump operation. Figure 15.11 illustrates two pumps piped in series

with bypasses for single pump operation, and it indicates the use of
series pumping on a hydronic system with a system head curve con-
sisting of a large amount of system friction.
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Pump and Hydronic Equations

16.1 Pump Laws

Pump laws apply equally to open and closed systems. These laws show
only pump-system relationships and cannot be used to calculate
pump curves. They can be used to calculate only system curves, so
maybe they should have been called system curve laws. If data for one
point of a system curve are known, the pump laws can be utilized to
increase or decrease the flow up and down that system curve. As the
flow is changed, pressure and horsepower will change. So the laws,
which seemingly depend upon the pump, really govern only the system
curve. If impeller diameters are changed, the new flow characteristics
move the operating point along the system curve to a new operating
point. See Chapter 15 for additional information.

When the system curve is changed (such as by adjusting balancing
valves or cleaning strainers), the operating point is moved up or down
along the pump curve to the new system curve. In practice, it is much
easier to change the system curve by adjusting a balancing valve than
it is to make changes to the pump, creating a new pump curve. When
trouble occurs and adjusting balancing valves is not sufficient, the
pump must be involved. The system curve also will change over a
period of time because of pipe corrosion.

16.1.1 Affinity laws

16.1.1.1 Flow. Flow (volume) varies directly as the change in speed
or impeller diameter.

16.1.1.2 Head. Head varies as the square of the change in speed or
impeller diameter.

211
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16.1.1.3 Power. Brake power varies as the cube of the change in
speed or impeller diameter.

16.1.2 Pump equations (based
on affinity laws)

Equation 16.1

@, rpmM,
Equation 16.2
. D

Ql D 1

Equation 16.3

1) - 0
H, rpm, Q,

Equation 16,4
H, _ (&‘)2
H, \D,

Equation 16.5

=4
BP, \rpm, Q.

Equation 16.6

BP, _ (D)’
BP, \D,
Where: @ = flow (gpm or L/s)
rpm = revolutions per minute
D = impeller diameter (in. or mm)

H = head (ft.w.g. or m w.g. or Pa)
BP = brake power (HP or kW)

16.1.3 Use of pump equations

Example 16.1 (U.S.) Specifications call for a pump with a 7.5 in. impeller to
produce 360 gpm at 36 ft.w.g. and 5.0 BHP. TAB measurements indicate 247
gpm at 48 ft.w.g. and 4.2 BHP. Calculate the required head, impeller size, and
BHP to obtain full flow.
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Solution Using Equation 16.2:

Q, (360)
D,=D22=175"%2=
2 'Q, 247

D, = 10.93 in. impeller size

- & 2 - @ 2
.- (@) - oo(37)

H, = 101.97 ft.w.g. Head

Using Equation 16.3:

Using Equation 16.5:
Q,\° 360\°
BP, = == =42(—
i BHP1<Q1 4.2 od7
BP, = 13.0 BHP

Example 16.1 (Metric) Specifications call for a pump with a 190 mm impeller to
produce 22.7 L/s at 108 kPa and 3.8 kW brake power. TAB measurements in-
dicate 15.6 L/s at 144 kPa and 3.15 kW brake power. Calculate the required
head, impeller size, and brake power to obtain full flow.

Solution Using Equation 16.2:

@, 22.7
D, =DX2= ca-d
, = D, * = 190{ 775

D, = 276.5 mm impeller size

Using Equation 16.3:

H, = 304.9 kPa head
Using Equation 16.5:

3 3
22.
BP, = BPI(—%) = 3.15(—15 ;)
i .

BP, = 9.70 kW brake power

16.2 Pump Power Equations

Equation 16.7 (U.S.)

_Q@XHXG
3960

Equation 16.7 (Metric)

WP WP (kW) = 9.81 X m®/s X H (m) X G
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L/s X H(Pa) X G

or WP (W) = 1002

Equation 16.8 (U.S.) Equation 16.8 (Metric)

WP QxHXG WP
BHP = —— =% -~ "< =
E, 3960 X E, BP =%

P P

Equation 16.9 (U.S.) Equation 16.9 (Metric)

_ WP x 100
P BHP

Where: @ = flow (gpm)
H = head (ft.w.g. or m or Pa)
G = specific gravity = 1.0 for water
WP = water power (HP or W or kW)
BP = brake power (W or kW)
BHP = brake horsepower (HP)
E_, = pump efficiency (as a decimal)

_ WP x 100

i P BpP

(in percent) E (in percent)

The pump efficiency must be provided by the manufacturer. Where
the efficiency is not known, a good rule-of-thumb is to allow 70% (0.7)
as the efficiency factor.

Example 16.2 (U.S.) A pump is delivering 450 gpm of water at a 90 ft.head.
Estimate the motor brake horsepower.

Solution Using Equation 16.8:

pip ~ @< H X G _ 450 X 90 x 1
3960 X E, 3960 x 0.7

BHP = 14.6 HP

Example 16.2 (Metric) A pump is delivering 28.4 L./s of water at a 270 kPa head.
Estimate the motor brake power in kilowatts.

Solution Using Equation 16.8:

WP L/s X HXG
E 1002 X E,

P

BP (W) =

28.4 X (270 x 1000) x 1

BP =
W) 1002 X 0.7

= 10,932 W

BP = 10.93 kW

Example 16.3 (U.S.) If the pump in Example 16.2 were pumping a fluid with a
specific gravity (G) of 0.92, estimate the motor brake horsepower.

1
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Solution

450 X 90 X 0.92
=——————=1344 HP
S 3960 X 0.7

Example 16.3 (Metric) If the pump in Example 16.2 was pumping a fluid with
a specific gravity (G) of 0.92, estimate the motor brake power in kilowatts.

Solution

28.4 X (270 x 1000) x 0.92

BP (W) = 1002 X 0.7

BP (W) = 10,058 W
BP = 10.06 kW

16.3 Hydronic Equations

Equation 16.8 (U.S.)
Q = 500 X gpm X At

Where: gpm = gallons per minute
At = temperature differential (°F)
@ = heat flow (Btu/h)

Equation 16.8 (Metric)
Q = 4.19 x L/s X At

Where: L/s = liters per second
At = temperature differential (°C)
@ = heat flow (kW)

Equation 16.9 (U.S.)
AP, _ (gpm,)\® AP, _ (L/s,\* _ (m®/s,\*
AP, \gpm, AP, L/s, m3/s,
Where: AP = pressure differential Where: AP = pressure differential
(psi or ft.w.g.) (kPa)
gpm = gallons per minute L/s = liters per second

m?/s = cubic meters per
second

Equation 16.9 (Metric)

Equation 16.10 (U.S.) Equation 16.10 (Metric)

o-(g) - )
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Where: AP = pressure differential
' (psi)
@ = flow rate (gpm)
C, = valve constant or
flow coefficient

Equation 16.11 (U.S.)

P=F/A

Where: P = pressure (psi)
F = force (1b)
A = area (in.?)

NOTE: 1 Pa = 1 N/m?

Equation 16.12 (U.S.)

_v
H_2gD

Where: A = head loss (ft)
f = friction factor
L = length of pipe (ft)
V = velocity (fps)
g = gravity (32.2 ft/s?)
D = internal diameter (ft)

16.4 Hydronic Equivalents

B One liter water = 1 kilogram

Where: AP = pressure differential
(kPa)
Q = flow rate (L./s)
K, = valve constant or

v

flow coefficient

Equation 16.11 (Metric)

P=F/A

Where: P = pressure (Pa)
F = force (newtons, N)
A = area (m?

Equation 16.12 (Metric)

_ v
h_ZgD

Where: & = head loss (m)
f = friction factor
L = length of pipe (m)
V = velocity (m/s)
g = gravity (9.81 m/s?)
D = internal diameter (m)

m Specific heat (C,) water = 4190 J/kg « °C (at 20 °C)

Specific heat (C,) water vapor = 1886 J/kg « °C (at 20 °C)

One meter water = 9.807 kPa

One millimeter mercury = 133.33 kPa

One cubic meter (m®) = 1000 liters (L)

One inch water = 249 pascals (Pa)

Atmospheric pressure (1 Bar) = 101,325 pascals (Std.)

One pound per square inch (psi) = 6.898 kilopascals (kPa)

One foot water = 0.3048 meter water = 2.988 kilopascals (kPa)

Pump and Hydronic Equations

16.5 Power Equations

Equation 16.13

Amps; — (Ampsy;, X 0.5) % P

BP =
Ampsg; — (Ampsy; X 0.5) -

Equation 16.14

Ampsy; X Voltsyp
Voltsg

Ampsy =

Where: BP = brake power (HP or kW)
Ampsy = running amps
Ampsy;, = no-load amps
Ampsg,
Pyp = nameplate power (HP or kW)
Voltsy = running volts

full-load amps

Voltsyp = nameplate volts
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17

Flow Measurements
of Hydronic Systems

17.1 Hydronic Piping Systems

17.1.1 Classifications

Generally, the most economical distribution system layout has piping
mains that are run by the shortest and most convenient route to the
terminal equipment having the largest flow rate requirements. Branch
or secondary circuits are connected to these mains. Hydronic systems
may be divided into two classifications: small systems or branch cir-
cuits, and main distribution systems.

17.1.1.1 Smaller systems. The smaller systems use:

1. Series loop systems
2. One-pipe systems
3. Two-pipe, reverse return systems

4. Two-pipe, direct return systems

17.1.1.2 Larger systems. Larger systems use:

1. Two-pipe, reverse return systems
2. Two-pipe, direct return systems
3. Three-pipe systems

4. Four-pipe systems

219
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17.1.2 Series loop systems

A series loop system is a continuous run of pipe or tube from a supply
connection to a return connection. Terminal units are a part of the
loop. Figure 17.1 shows a system of two series loops on a supply and
return main (split series loop). The water temperature drops progres-
sively as each radiator transfers heat to the air, the amount of drop
depending on the radiator output and the water flow rate.

17.1.3 One-pipe systems (diverting fitting)

One-pipe systems (Figure 17.2) use a single loop main. For each ter-
minal unit, a supply and a return tee is installed on the same main.
One or both of the two tees is a special fitting that creates a pressure
drop in the main flow to divert a portion of the flow to the unit. One

1

e Radiation

Compr.
Tank

Balancing

valves \

3 &_ —-l-
il—* Boler  umP .1

l«—— Radiation————»

Figure 17.1 Series loop systems—Two circuits.
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H\ 4 \[
Ly T &
——=S— Downleed (Two Special Fittings)

Figure 17.2 One-pipe system.

|
I
)

Pump

(return) d}vertigg tee is usually sufficient to feed units above the main.
Two special fittings usually are required for down-feed units to over-
come thermal head.

17.1.4 Two-pipe systems

Two-pipe systems (Figures 17.3 and 17.4) may be direct return or re-
verse return. In the direct return system, return main flow direction
is opposite the supply main flow; return water from each unit takes
the shortest path back to the boiler. In the reverse return system, the
return main flow is in the same direction as the supply main flow.

After the last unit is supplied, the return main is connected directly
to the boiler.

SLT:

!

Terminal
Units
Pump Boiler
or 4

Chiller

Figure 17.3 Direct return two-pipe system.
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Figure 17.4 Reverse return two-pipe systems.

17.1.5 Three-pipe systems .
The three-pipe system (Figure 17.5? satisfies va'riations in load by Er;)n
viding independent sources of heatmg and cooling to the roc})lqilug -
the form of constant temperature primary and secondary chille
ho’i‘lzveag:/.AC unit contains a single secondary water C?ll. A thre}(i-\t;:vaz
valve at the inlet of the coil admits the water frf)m e1ther. the ot gd
the cold water supply, as required. The water l_eavmg the c011‘1s carll'lli )
in a common pipe to either the secondary. cooling or the heatu‘lg1 i%rei_
ment. The usual room control for three-p1pe systems is a speculid oo
way modulating valve that modulates either the hot or the cold wa

i t does not mix the streams.

mfs)zil'li;fg 2?1? zeﬁod between seasons, if both hl?t gﬂd colfidsecondixt‘y
water is available, any unit can be o_perated mtr.-hln a wi s; ]:a%zlt:litys'
range from maximum cooling to mamnum'heatmg within the -
set by the temperature of the secondary chilled or hot water.
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Figure 17.5 Three-pipe systems.
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17.1.6 Four-pipe systems

Four-pipe systems for induction, fan coil, or radiant panel systems
derive their name from the four pipes to each terminal unit. These
four pipes consist of a cold water supply, a cold water return, a warm
water supply, and a warm water return. The four-pipe system satisfies
variation in cooling and heating to the room unit in the form of con-
stant temperature primary air, secondary chilled water, and secondary
hot water.

The terminal units usually are provided with two independent wa-
ter coils, one served by hot water, the other by cold water. The primary
air is cold and remains at the same temperature year round. During
peak cooling and heating, the four-pipe system performs in a manner
similar to the two-pipe system, with essentially the same operating
characteristics. During the period between seasons, any unit can be
operated at any capacity level from maximum cooling to maximum
heating, if both cold water and warm water are being circulated. Any
unit can be operated at or between these extremes without regard to
the operation of any other unit.

Another unit and control configuration uses a single secondary wa-
ter coil and three-way valves located at the inlet and leaving side of
the coil. They admit water from either the hot or the cold water supply
as required and divert it to the appropriate return pipe. This arrange-
ment requires a special three-way modulating valve that controls the
hot or cold water selectively and proportionally but does not mix the
streams. The valve at the coil outlet is a two-position valve open to
either the hot or cold water return.

17.1.7 Combination piping circuits

Figure 17.6 illustrates a primary circuit and two secondary circuits.
As pipe lengths and the number of units vary, and as circuit types are
combined, basic names for piping systems become meaningless. Flow,
temperatures, and heads must be determined by the TAB technician
for each circuit and then for the complete system.

17.2 System Flow Methods

17.2.1 Constant-volume systems

A constant-volume piping system is where the required system flow
rate does not change during normal system operations. Constant-vol-
ume systems may be classified as straight-through systems or three-
way valve systems.
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Figure 17.6 Example of primary and secondary pumping circuits.

17.2.1.1 Straight-through systems. A siraight-through system does not
contain any automatic temperature control valves in the piping cir-
cuit. Flow through the source, outlets, and piping remains constant.
Temperature control is accomplished by the modulation of system wa-
ter temperature or the use of dampers at terminal units.

17.2.1.2 Three-way valve systems. Constant system flow also may be
achieved with the use of three-way automatic temperature control
valves at the terminal units. Three-way or bypass valves allow circu-
lation around a terminal unit when heat transfer is not required. Sys-
tem water temperatures may remain constant with systems utilizing
three-way control valves allowing closer temperature control than is
found in a straight-through system. Two types of three-way valves are
used, diverting valves and mixing valves.

A diverting valve (Figure 17.7 is primarily used in two-position con-
trol applications (open and closed) where the flow is required to be
diverted from one pipe to another. The valve therefore has one inlet
and two outlets. In the case of terminal units, the valve diverts supply
water from the coil to the bypass.

Similar to a diverting valve in appearance, a mixing valve has three
ports, but this is where the similarity ends. Mixing valves are pri-
marily used where proportional, or modulating, control is required.
The valve contains two inlets and one outlet (Figure 17.8), allowing
the mixture of two fluids. In the case of terminal units, the valve al-
lows the mixing of bypass and coil return flow to the common return
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Figure 17.7 Diverting valve.

piping of the system. It is not uncommon to find these valves
installed incorrectly!

17.2.2 Variable-volume systems

A variable-volume piping system is one in which the required system
flow rates varies during normal system operation. Variable-volume
systems have been created with the use of two-way automatic tem-
perature control valves at terminal units or by varying the speed of
the pump(s).

TWQ methods, differential pressure control valves and variable-speed
pumping, commonly are used to maintain the minimum flow rates and
pressures required to maintain satisfactory system operation.

17.2.2.1 . Two-way valves. Two-way control valves may operate either
two-position or proportionally. Both methods reduce the flow rate
through a terminal unit when heat transfer is not required or is re-
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AB

Out

Figure 17.8 Mixing valve.

duced. The use of two-way valves at system terminal units rgsults in
varied system flow rates and pressures during normal operation.

17.2.2.2 Differential pressure control valve. A differential pressure con-
trol valve normally may be found in smaller variable-volume systems.
As two-way control valves at terminal units close, system differential
pressure increases and is monitored by a differential pressure con-
troller. The controller modulates the differential pressure control valve
to maintain a system differential pressure satisfactory for pump and
primary heat exchange equipment operation.

17.2.2.3 Variable-speed pumps. Similar in control to a differential
pressure control valve, the differential pressure control.ler resets the
pump speed, reducing system differential pressure. T.hlS control ap-
plication is utilized in larger variable-volume applicat1f)ns because of
higher installation costs, but results in lower operating costs than
with the use of a differential pressure control valve. Pump flows and
heads may be calculated using the pump equations in Chapter 16.
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17.3 Equipment Balancing
and Piping Connections

17.3.1 Pump location

Pump location varies with the size and type of system. Figures 17.1,
17.3, and 17.4 illustrate pumps located in the supply main from the
boiler or chiller, whereas Figures 17.2, 17.5, and 17.6 show the pumps
in the return piping. A pump in the boiler return is acceptable for
small systems when pump head is low, such as a 12 t.(36 kPa) head
or less, the compression tank is connected to the boiler (or a nearby
main), and the highest piping and radiation is maintained at a static
pressure greater than full pump head. These conditions apply to most
residential or small systems.

When pump head is equal to or greater than the difference between
the boiler automatic fill valve and relief valve discharge pressures, or
when the highest piping or radiation can be at a static pressure less
than total pump head, the pump must be located on the supply side
of the boiler, with the compression tank at the pump inlet, as illus-
trated in Figure 17.9. This assures that pump cycling will not cause
excessive pressure variations in the boiler and will not cause sub-
atmospheric pressure at topmost system points to produce air leakage
into the system. Pump cavitation is prevented by locating a properly
sized compression tank near the pump inlet.

17.3.2 Compression (expansion) tanks

As a hydraulic device, the compression (expansion) tank serves as the
reference pressure point in the system. Where the tank connects to
the piping, the pressure equals the pressure of the air in the tank plus

— _ | SYSTEM PUWMP —_—

AND TANK JUNCTION CHIULER PUMP

BOILER l

Figure 17.9 Correct compression tank connection.
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or minus any fluid pressure resulting from the elevation or head dif-
ference between the tank liquid surface and the pipe.

Therefore, the location of the compression (expansion) tank connec-
tion in relation to the system pump(s) is critical. A properly located
pump(s) will pump away from the junction of the tank with the system
piping as in Figure 17.9. This location ensures an increase in system
operating pressure over and above that set by the tank and the pres-
sure reducing valve (makeup water line). If the pump discharges into
the tank junction with the system piping (Figure 17.10), there is a
decrease in system pressure during pump operation. When there is a
high pump head, the system pressure can be subatmospheric causing
air to be induced into the system. This could lead to air-bound ter-
minal units, reduced flow, pump damage, and increased system dete-
rioration (caused by new oxygen being brought into the system).

17.3.3 Pump balancing

1. Before the TAB work starts on a hydronic system, verify that the
system has been flushed, cleaned, and vented of air; that valves
open or a “normal” position; and that the TAB work on the air
systems is completed.

2. With the pump(s) off, observe and record system static pressure
at the pump(s).

3. Place the systems into operation again, check that all air has been
vented from the piping systems, and allow flow conditions to sta-
bilize. Verify that the system compression tank(s) and automatic
water fill valve are operating properly. Check pump rotation.

TANK

il

fhl! SEPERATOR T

—_—
—

—

SYSTEM PUMP

AND TANK JUNCTION CHILLER PUNP

» l

Figure 17.10 Incorrect compression tank connection.

CHILLER
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4. Record the operating voltage and amperage of the pump(s) and
compare these with nameplate ratings and thermal overload
heater ratings. Verify the speed of each pump.

5. If flow meters or calibrated balancing valves are installed, which
allow the flow rate of the pump circuit(s) to be measured, perform
the necessary work and record the data.

6. With the pump(s) running, slowly close the balancing cock fully
in pump discharge piping and record the discharge and suction
pressures at the pump gauge connections. Do not fully close any
valves in the discharge piping of a positive displacement
pump. Severe damage may occur.

7. Using shutoff head, determine and verify each actual pump op-
erating curve and the size of each impeller and compare with the
submittal data curves. If the test point falls approximately on the
design curve, proceed to the next step; if not, plot a new curve
parallel with other curves on the chart, from zero flow to maxi-
mum flow. Make sure the test readings have been taken correctly
before plotting a new curve. Preferably one gauge should be used
to read differential pressure. It is important that gauge readings
should be corrected to centerline elevation of the pump.

8. Open the discharge balancing cock slowly to the fully open posi-
tion; record the discharge pressure, suction pressure, and total
head. Using the total head, read the system water flow from the
corrected pump curve established in step 7. Verify the data with
that from flow meters and/or calibrated balancing valves if used.

9. If the total head is higher than the design total head, the water
flow will be lower than designed. If the total head is less than
design, water flow will be greater, in which case the pump dis-
charge pressure should be increased by partially closing the pump
discharge balancing cock until the system water flow is approxi-
mately 110% of design. Record the pressures and the water flow.
Check pump motor voltage and amperage and record. This data
should still be within the motor nameplate ratings. Start any sec-
ondary system pumps and readjust the balancing cock in the pri-
mary circuit pump discharge piping if necessary. Again record all
readings.

10. Additional adjustments to the pump may be necessary during sys-
tem balancing and after the balancing is complete. Record all final

measurements.

17.3.4 Flow-measurement devices

If orifice plates, venturi meters, or other flow-measuring or control
devices have been provided in the piping system branches, an initial
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recording of the flow distribution throughout the system should be
made without any adjustments being made. After studying the sys-
tem, adjust the distribution branches or risers to achieve balanced
circuits as outlined above. Vent air from low-flow circuits and check
strainers for debris. Then proceed with the balancing of terminal units
on each branch. See Section 17.4 for measuring fluid flow through
orifice plates.

17.3.5 Balancing HVAC units (three-way valves)

Where there is a thermostatically controlled three-way valve in series
with balancing valves, and assuming that the HVAC unit coil is under
full load with a stable control loop regulating the flow, additional clos-
ing of the balancing valve X in Figure 17.11 will cause a corresponding
increase in flow through the temperature control valve. Temperature
control engineers say that the balancing valve is within the control
loop. This means that if the balancing valve is partially closed to bal-
ance the main system, the control valve will open to decrease the pres-
sure drop by the exact same amount, thus reestablishing an identical
flow.

However, notice that the valve positions have been changed. The
flow rate has now been established but the balancing valve has less
flow and the control valve has more than before. This illustrates two
things: The first is that all control valves must be fully open during
balancing work and remain nonoperational; the second is that a wider
open balancing valve can allow a control valve to cover a wider range.

Since the intent is not to decrease the operating scale of the control
valve, balancing valve X should be closed as little as possible to
achieve the correct flow rates. The TAB technician should perform the
balancing with full flow being established; the three-way valve open
to the A position, balancing valve X fully open; and the measurements
made with the gauge connected to points 1 and 6 (this is the pressure
drop through the valve and coil assemblies). The automatic control
valve should then be changed to position B and gauges 1 and 6 reread.

Three-\Way Aulomalic

Prassure Gauge AL

Connectlion Points

Supply

—
Shul-OH Valve / 2

By-Pass

Figure 17.11  HVAC unit piping.
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It may be expected (if balancing valve Y is fully open) that the pres-
sure loss would decrease, that is, the pressure of the three-way valve
and the open bypass line. The balancing valve Y is then closed until
the gauge readings of 1 and 6 are identical to those in the beginning,
that is, the valve—coil assembly. This is the position that balancing
valve Y should be in.

The flow is of no concern (whether it is higher or lower). In fact,
after the balancing (since the pressure drops in both paths are equal),
the flows will be adjusted equally in both paths. The valve is reset to
position A and valve X set, based on the gauge readings at 3 and 4,
for the appropriate pressure drop or flow rates. It is generally recog-
nized that the losses between 1 and 3 are too small to be significant.
For this reason the gauge at 3 often is eliminated and the accuracy of
the reading from 1 to 4 is accepted. This method assures that valves
X and Y are not set for too low of a flow. The control valve then can
be placed in proper operation and the TAB technician can be assured
that the control valve has the full range in which to operate.

17.3.6 Balancing cooling tower systems

1. With the system off, confirm that the water level in the tower
basin is at the correct level and that the piping system has been
cleaned and flushed. On towers with variable-pitch fan blades,
verify that the setting of the blades is correct for the test condi-
tions.

2. With pump(s) off, observe and record the system static pressure
at the pump(s).

3. Place the system into operation and allow the flow conditions to
stabilize. Check the operation of the water makeup valve and
blowdown.

4. Record the operating voltage and amperage of all fan and pump
motors and compare these with nameplate ratings and thermal
overload heater ratings.

5. Verify the speed and rotation of each pump.

6. With the pump(s) running, slowly close the balancing cock in each
pump discharge line and record shutoff discharge and suction
pressures at the pump gauge connections. Do not use this
method if a positive displacement pump(s) is used. Follow
the pump balancing procedures in Section 17.3.3.

7. Establish a uniform water distribution within the tower, where
possible, and check for clogged outlets or spray nozzles. Check for
vortex conditions at the tower condenser water suction connection.
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10.

11.

12.

13.

14.

15.

16.

17.
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Record the inlet and outlet pressures of the condenser(s) and
check against the manufacturer’s design pressure difference.

When a three-way control valve is used in the condenser water
piping at the tower, measure the pressure difference with full wa-
ter flow going both through the tower and/or through the bypass
line. Set the bypass line balancing cock to maintain a constant
pressure at the pump discharge with the control valve in either
position.

Start the tower fan(s) and check rotation, gear box, belts, and
sheave alignment. Measure and record fan motor amperes, volt-
age, phase, and speed.

Take inlet and outlet air dry bulb and wet bulb air temperature
readings. Take test readings continually with a minimum of time
lapse between readings. Note wind velocity and direction of the
time of the test.

Take the inlet air temperature readings between 3 and 5 ft. (0.9
and 1.5 m) from the tower at all inlets. These readings shall be
taken halfway between the base and the top of the inlet and then
averaged.

If the cooling tower has a ducted inlet or outlet, make a Pitot tube
traverse of the duct to verify the airflow.

If verification of the HVAC refrigeration equipment data is in-
cluded in the TAB specifications, have the refrigeration system
started. Verify the head and suction pressures and compare with
design. After operation stabilizes under a normal cooling load,
measure and record the condenser water inlet and outlet temper-
atures. Observe and record the percentage of load on the com-
pressor where possible.

After setting the three-way control valve (to control head pres-
sure) in the condenser water line, verify and record that it oper-
ates to maintain the correct head pressure by varying the flow at
the tower. On units that have a fan cycling control, verify that the
fan cycles to maintain design condenser water temperature. If fan
inlet or outlet damper controls are used, verify that the dampers
modulate to maintain the design condenser water temperature
leaving the tower.

Make another complete set of pressure, voltage, and ampere read-
ings at the pump(s). If the pump(s) capacity have fallen below
design flow, open the balancing cock(s) at the pump discharge to
bring flow within 5 to 10% of the design reading, if possible.

Make final measurements of all pump, fan, and equipment data
and record on the TAB report forms.
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18. After all balancing work has been completed and the system is
operating within + 10% of design flow, mark or score all balancing
cocks, gauges, and thermometers at final set points and/or range

of operation.
19.
20.

Verify the action of all water flow safety and shutdown controls.

Prepare all TAB report forms and submit as required.

17.4 Measuring with Flow Devices

17.41 Orifice plates

Depending on the geometry of the orifice, the discharge coefficient will
vary. The discharge coefficient, designated K, will be supplied by the
manufacturer; however, the more common sharp-edged and square-
edged orifices will be found to have a coefficient, K = 0.61. Also, d/D
will usually be Y5 or less, d being the diameter of the orifice and D
being the diameter of the pipe containing the orifice.

Equation 17.1 (U.S.) Equation 17.1 (Metric)

Q_dZXK\/Ah

) = 19.636 X d? X K VAh
900

Where: @ = flow (gpm or L/s)
d = orifice diameter (in. or mm)
Ah = head differential (ft.w.g. or kPa)
K = correction factor (usually 0.61)

Ifd/D, (see Figures 17.12 and 17.13) is greater than 0.3, then multiply
@ by the following:

d/D, Factor x @
0.4 1.014
0.5 1.033
0.6 1.070

17.4.2 Venturis
For any venturi tube (Figure 17.14) in which d = %D, the following
applies:

Equation 17.2 (U.S.) Equation 17.2 (Metric)

d2VAh
Q = 19.17 X d®V/Ah Q=—>
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Figure 17.12 Contraction at an orifice.
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Figure 17.13 Orifice meter.
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l

Head Loss

Figure 17.14 Venturi meter.

Where: @ = flow (gpm or L/s)

d = venturi; throat diameter (in. or mm)

Ah = head differential (ft.w.g. or kPa)

The manufacturer of the orifice plate or venturi tube usually pro-
vides these devices with appropriate pressure taps and instructions.
Figures 17.12, 17.13, and 17.14 illustrate the calculation of d and D,

for orifice and venturi meters.

17.4.3 Control valves

Control valves with known flow coefficients also may be used to mea-

sure flow:

Equation 17.3 (U.S.)

AP
0o B

Where: Q = flow rate (gpm or L/s)
C, = valve constant (U.S.)
K, = valve constant (metric)
AP = pressure differential (psi or kPa)
G = specific gravity (use 1.0 for water)

a C, = 10 is 37 ft.w.g. Find the flow.

Solution

37 ft.w.g./2.31 = 16.0 psi

Equation 17.3 (Metric)

_x [AP
Q_Kv\/;

Example 17.1 (U.S.) The pressure drop across a water system control valve with
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/AP 16
Q=CcC, E—lo\/;—ALngm

Example 17.1 (Metric) The pressure drop across a water system control valve
with a K, = 0.24 is 11.1 m of water. Find the flow.

Solution

11.1 m X 9.807 = 108.86 kPa

/AP [108.86
Q=K &= 0_24\; 18 =250 L/s

17.5 HVAC Coil Alternate Method for TAB

The usual method of balancing water flow at HVAC unit coils is to
take the pressure drop across the inlet and outlet of the coil and check
the drop against the manufacturer’s published data; adjusting the wa-
ter flow to the design data. But there are times on existing jobs, where
the published data for a coil is not available. And even on new work,
where the data are available, gauges and gauge cocks are often omit-
ted, so there is no ready method of determining the pressure drop. In
such cases the water flow across the coil is set by the wet bulb tem-
perature difference or total heat method.

As stated earlier, the air systems should be balanced before to hy-
dronic balancing. Assuming that airflow is at design, the cooling sys-
tem total heat flow may be found by using Equation 11.11 from Chap-
ter 11: @ = 4.5 X ¢fm X AR (@ = 1.20 X L/s X Ah).

The enthalpy or total heat difference (Ak) is found by plotting the
entering and leaving wet bulb (WB) temperatures of the cooling coil
on a psychrometric chart (see Chapter 12). Then use Equation 11.12
to calculate the coil chilled water flow (@ = 500 X gpm X Af or
Q = 4190 X L/s X Ap).

Plotting enthalpy on the psychrometric chart, particularly in the
field, is no simple matter. Field conditions, at best, are not conducive
to paperwork, and the hairline scales of enthalpy saturation are dif-
ficult to see clearly under average lighting conditions, let alone a mea-
gerly lit equipment room. Tables 17.1 (U.S.) and 17.2 (metric) simplify
the enthalpy calculations and eliminate the use of the psychrometric
chart for this task.

Example 17.2 (U.S.) Ten thousand cfm of air enters a cooling coil at 69 °F WB
and leaves at 56 °F WB. The chilled water temperature measurements are
45 °F entering and 55 °F leaving. Find the water flow volume through the coil.
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TABLE 17.1 Enthalpy—Btu/h per cfm for Various Wet Bulb
Temperature Differentials

Leaving

WB Entering wet bulb temperature (°F)

temp

°F) 80 78 76 74 72 70 68 66 64
45 117 108 98.6 90.0 81.8 74.0 66.5 59.3 52.5
46 115 105 96.3 87.8 79.5 71.7 64.2 57.0 50.2
47 113 103 94.0 85.4 77.2 69.3 61.8 54.7 47.8
48 110 101 91.6 83.0 74.8 67.0 594 52.3 45.5
4-19 108 98.2 89.2 80.6 724 64.5 57.0 49.9 43.0
50 105 95.8 86.7 78.1 69.9 62.1 54.5 47.4 40.5
51 103 93.2 84.2 75.6 674 59.5 52.0 44.9 38.0
52 100 90.6 81.6 73.0 64.8 56.9 49.4 42.3 354
53 97.5 88.0 79.0 70.4 62.1 54.3 46.8 39.6 32.8
c:>4 94.8 85.3 76.3 67.7 59.4 51.6 44.1 36.9 30.1
35 92.1 82.6 73.6 65.0 56.7 48.9 414 34.2 274
56 89.3 79.8 70.8 62.2 54.0 46.1 38.6 31.5 246
57 86.4 77.0 67.9 59.3 51.1 43.2 35.7 28.6 21.7
58 83.6 74.1 65.0 56.4 48.2 40.4 32.9 25.7 18.9
59 80.6 71.1 62.1 53.5 45.2 374 29.9 22.7 15.9
60 77.5 68.0 59.0 504 42.2 34.3 26.8 19.7 12.8
61 744 64.9 55.9 47.3 39.1 31.2 23.7 16.6 9.7
62 71.3 61.8 52.7 441 35.9 28.1 20.6 134 6.6
63 68.0 58.5 49.5 40.9 32.7 24.8 17.4 10.2 3.3
64 64.7 55.2 46.2 37.6 29.3 21.5 14.0 6.8 —
65 61.3 51.8 42.8 34.2 26.0 18.1 10.6 3.5 —
66 57.9 484 39.3 30.7 22.5 14.7 7.2 — —
67 54.3 44.8 35.8 27.2 18.9 111 3.6 — —
68 50.7 41.2 32.2 23.6 15.3 7.5 — — —

Solution F rom a psychrometric chart, 2 for 69 °F WB is 33.3 Btu/lb and % for
56 °F WB is 23.9 Btu/lb; then Ak = 33.3 — 23.9 = 9.4. Using Equation 11.11:

@ = 4.5 X 10,000 X 9.4 = 423,000 Btu/h
Using Equation 11.12:

__ @ _ 423000
500 X At 500 x 10°
alternate solution From Table 17.1, the Btu/h/cfm for 69 °F WB entering air

and 56 °F WB leaving air is 42.3. 10,000 cfm X 42.3 = 423,000 Btu/h. The
balance of the solution is the same as above using Equation 11.12.

gpm =846

Example 17.2 (Metric) Five thousand L/s of air enters a cooling coil at 20 °C
YV}S and lgaves at 13 °C WB. The chilled water temperature measurements are
7 °C entering and 12 °C leaving. Find the water flow volume through the coil.

Solution From a metric psychrometric chart, & for 20 °C WB is 57.5 kJ/ kg and
h for 13 °C WB is 36.7 kJ/kg; then AR = 57.5 — 36.7 = 20.8. Using Equation
11.11:
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TABLE 17.2 Enthalpy—Watts per L/s for Various Wet Bulb
Temperature Differentials

Entering wet bulb temperature (°C)

Leaving WB

temp (°C) 27 26 25 24 23 22 21 20 19 18
7] 75.1 69.7 64.7 59.8 55.0 503 461 419 37.8 34.0
8 72.5 67.2 622 572 524 478 436 394 353 314
9 69.4 644 594 545 497 450 408 36.6 325 29.7
10 67.0 616 565 516 468 421 379 33.7 296 258
11 643 589 539 49.0 442 395 353 311 27.0 232
12 61.3 559 509 46.0 412 365 323 281 240 202
13 58.1 527 478 428 380 334 29.2 250 209 170
14 55.0 496 446 39.7 349 302 260 21.8 17.8 139
15 517 463 413 364 316 269 227 185 144 106
16 482 430 379 330 282 235 193 151 110 7.2
17 446 394 343 294 246 199 157 115 7.4 3.6

18 410 358 307 258 210 163 121 7.9 38 —

19 37.3 320 269 220 172 125 8.3 4.1 — —

20 332 277 228 179 131 84 4.2 — — —

21 29.0 23.6 186 13.7 8.9 4.2 — — — —

@ = 1.20 X L/s x Ah = 1.20 X 5000 X 20.8 = 124,800 W

Using Equation 11.12:
Q@ 124,800

= = = 5.96
L/s = 190 x a¢ ~ 2190 x 5°

alternate solution From Table 17.2, the W/L/s for 20 °C WB entering air and

13 °C WB leaving air is 25.0. 5000 L/s X 25.0 = 125,000 W. The balance of the

solution is the same as above using Equation 11.11.

Chapter

18

Recording TAB Data

18.1 Report Form Data

18.1.1 Accuracy of data

To record and interpret the testing, adjusting, and balancing (TAB)
data properly, it is necessary to use a complete set of well-designed
TAB report forms. Such forms are an essential part of the test report
and an important part of the project’s history. They are the only
method of properly enforcing the specifications and ensuring reliable
feedback of empirical data. For the HVAC design engineer or system
designer, the data can be essential. If all field data and measurements
are reliably assembled and presented, the design engineer will know
the job was installed in accord with the design. But even more impor-
tant, with complete and accurate report data, the engineer can verify
the design. The HVAC design engineer can review and analyze system
design operation, accumulate a wealth of practical knowledge from it,
and understand what may need to be changed in future specifications.

18.1.2 Report forms

ASHRAE Standard 111, Practices for Measurement Testing, Adjusting,
and Balancing of Building Heating, Ventilating, Air-Conditioning, and
Refrigeration Systems, does not have sample report forms, but it does
have information and data needed to develop forms for specific equip-
ment reports.

Good TAB report forms organize the report data in such a manner
that they facilitate the test and balance function itself and guide the
technicians through their tasks in a logical succession of steps, avoid-
ing omissions and errors and simplifying calculations. As part of the
operating and maintenance instructions, which are turned over to the
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owner with the job, the TAB reports become a valuable part of the
permanent record of the system operating conditions and serve as a
handy reference for the lifetime of the job.

Accuracy in preparing the final TAB report forms is important for
several reasons:

1. The reports provide a permanent record of actual system operating
conditions after the last adjustments have been made.

2. They confirm that the prescribed TAB procedures have been exe-
cuted.

3. They serve as a reliable reference that can be used by the owner
for system maintenance.

4. They provide the system designer with an aid for diagnosing any
problem areas.

18.1.3 NEBB TAB report forms

NEBB TAB report forms shown in most NEBB publications are copy-
righted. They are available for purchase and use only by those firms
certified by NEBB. CAUTION: Firms not certified by NEBB that
reproduce any NEBB forms or use preprinted forms ff'om
NEBB programs for any purpose, will be subject to copyrlght
infringement actions by NEBB. Generic TAB forms used in ex-
amples in this chapter are for instruction and guidance only, and they
may be copied.

18.1.4 Preparing TAB reports

There are several things to remember when preparing TAB report
forms:

1. A TAB report must be understandable simply by review, so all po-
tential questions regarding the report must be answered by notes
or schematics.

2. The TAB report must be complete. Any “loose ends” will only result
in costly return trips to the project to obtain missed data.

3. All spaces on a TAB report should have some notation. If entries
are not required, then N/A for “not applicable” or a dash should be
inserted in the space.

4. Computer forms should be “custom designed” to suit the equipment
data and the required TAB procedures.

5. All TAB forms should include project identification, HV_'AC system
and/or unit location, the data gathering technician’s signature or
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initials, date of TAB work, and remarks, which include system de-
ficiencies and items outside design tolerances.

18.1.5 TAB report submittal

The TAB firm should prepare bound copies of a professional looking
TAB report as required by the TAB specifications to include, but not
be limited to, the following:

1. Title page with project name and address; TAB firm name, address
and phone number; date; TAB supervisor’s name and signature
who approved the report.

2. Table of contents page.

3. Alisting of all systems (air and hydronic) balanced, with those Sys-
tems highlighted that were found to be performing outside of de-
sign tolerances. The review sheet should also list any system defi-
ciencies (defective thermostats, loose dampers, ete.) noted during
the TAB procedures.

4. System schematic diagrams should be furnished for all multiple

outlet air and hydronic systems (see sample air system in Figure
18.1).

5. All Pitot tube traverse report forms should be included along with
calculations of average velocity from velocity pressure conversions,
airflow volume, static pressure, and ambient conditions.

6. Final equipment test report forms with design data, intermediate
test data when required, and final test data.

-

- Include under “Remarks,” an explanation of variances of final data
from design values.

8. A listing of all test instruments and calibration dates. List all of
the instruments that have been used on the project during the
course of the TAB work on an “Instrument Calibration Report”
form. This includes flow-measuring hoods and other related de-
vices.

18.2 Use of TAB Report Forms

The following brief explanations are for suggested TAB forms of major
HVAC equipment. Report forms should include airflow data, hydronic
data, electrical data, motor and/or drive data, and accessory data
(such as filters) as they apply to the equipment. All items should be
numbered consistent with the contract documents. All unnumbered
terminal units or devices, such as grilles and diffusers, should be num-
bered and shown on a schematic drawing (see Figure 18.1). All forms
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Figure 18.1 Schematic duct system layout.

should contain design data and actual “from the job” motor and equip-
ment data.

18.2.1 Air apparatus test report

The performance or air handling apparatus with heating and/or cool-
ing coils is to be reported on this report form. In addition, there sh01.11d
be space for other information that will be of benefit to the design

. o
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engineer, the maintenance personnel engineer and the TAB firm. Mo-
tor voltage and amperage for three-phase motors should be reported
for all three legs (T, T,, T,). If the design engineer did not specify a
design quantity for any item in the test data section, place an X in
the slot for the design quantity and record the actual quantity. How-
ever, if the equipment manufacturer has furnished ratings, enter them
in the design columns. If motor ratings differ from design, provide an
explanation at the bottom of the page under “Remarks.” Figure 18.2
shows a sample metric form.

Be sure all pertinent data are included on the test report forms. If
test data cannot be obtained or are not applicable, indicate such on
the report forms. Indicate on the test report or on a separate fan test
report form how the actual airflow was obtained (Pitot tube traverse,
total of outlet airflows, or a combination).

18.2.2 Apparatus coil test report

This report form is to be used for recording performance of chilled
water, hot water, steam, or direct expansion (DX) coils, and for run-
around heat recovery systems. The performance of several coils or run-
around systems may be shown on the same sheet (Figure 18.3).

18.2.3 Gas- or oil-fired apparatus test report

Data for gas- or oil-fired devices, such as unit heaters, duct furnaces,
etc., should be recorded on this report form. This report is not intended
to be used in lieu of a factory startup equipment report, but may be
used as a supplement. All available design data should be reported.
“HP/RPM, F.L. AMPS/S.F. (Service Factor), Drive Data” information
should be included to apply to the burner motor, burner fan motor,
unit air fan motor, etc., depending on the application or equipment.
However, be sure to designate the motor of the recorded data.

18.2.4 Electric coil or duct heater test report

A separate report form should be used for electric furnaces or for elec-
tric coils installed in built-up units or in branch ducts. Show the man-
ufacturers recommended minimum airflow velocity.

18.2.5 Fan test report

A fan test report form (see Figure 18.4) may be used with supply air,
return air, or exhaust air fans. Since housings for various types of fans
may have many different shapes and arrangements, not all entry
blanks will be needed for testing a particular fan. The performance of
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AIR APPARATUS
TEST REPORT
prosect Fawnlorook C‘-““%i SYSTEM/UNIT A/C <- 1
Locmo:v_"b_l% o FanSvoou,
UNIT DATA MOTOR DATA
Make/Model No. Cd.V‘Y‘ ey 34 E=| | Make/Frame 6 . E 24T
Type/Size M2 '/‘5 22 H.R/RPM (W) 1.2 k UU'./IA-A,Q_
Serial Number Il X IO z I~ Volts/Phase/Hertz 4]5/3 /50
Arr_/Class FDMM:HQV‘U/IE F.L. Amps/S.F. 20. E’f—z’b -L S
Discharge _b H ’ Make Sheave _5 2

Make Sheave

—bV\OMW lV\.‘lr

Sheave Diam/Bore

VMLD.LIA-&,._
wc:/ég- Mo fen

Sheave Diam/Bore - Sheave & Distance e N
No. Belts/make/size | 3/BF6 /B 17700 Sheave Oper. Diam.
No, Filters/type/size LM
TEST DATA ! DESIGN ACTUAL TEST DATA DESIGN ACTUAL
—— | — 3
Total CFM({V/s) O| B4-2 0] {bishargesP, LS50
Total SP T 82% 1A Ye) Suction S.P. (v B =Ys)
Fan APM 275 | &726€| |Renatcoisse |
External S.P " i Cooling Coil & 5.P, E | 1S
Motor Volts ! ;;,y:z s 41 S '-20/420/44_0 Preheat Coil & S.P,
Motor Amps T, T, T, 19 "//g"}//g Filters 8 S P,
/ I
Outside Air CF! u.-@ (718 200
Return Air CFi (I/s)/> ‘7£p£§ k! 20 Vortex Damp, Position
QOut. Air Damp. Position &Z aw
Ret. Air Damp, Position Me ‘x .
REMARKS:
TEST DATE _Z@Li@ READINGS BY
PAGE _LQOF_(DD

Figure 18.2 Sample AHU report form (metric).
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APPARATUS COIL
TEST REPORT
PROJECT FCRMNLDY\OQI( (:c { IE.QE'__.J
~\
COIL DATA COIL NO. COIL NO. COIL NQ. COIL NO.
System Number C - f < - ,[
Location AHU C' L AHU C-?.
Coil Type w w
No. Rows-Fins/In. 4/0_5; i/a « SS
Manutacturer Cavvrley vrleyr
Model Number 29 EB 32| 29ER 26
Face Area, Sq. Ft, (m?) 2.94% 2.43
TEST DATA DESIGH ACTUAL DESIGN ACTUAL DESIGN ACTUAL DESIGN | ACTUAL
aray, ) 17520 7600 660|710
arvel. FPM@E) | 2,50 2.%9] 2.52] 2.5
Press. Drop, In.w.g{({Pa (SO 1&2 250|252
| Out. Air DB/WB
| Re:. Air DB/WB ) § ,
EncADBMWE O~ pSaYie d280//e 3128 L Aok 239
L ArOBME 4 liaa /.t | fieg 100 /%4
AraT “c [‘5 ) u’,ﬁ (§,5 lé + 2
water Flow, 6PM(s) | 4,23 | 4ot B.5%| 4.47
Press. Drop, PSI (kPa) 1 7,‘5 (1.3 {E.(a | 20.0
Ent. Water Temp. © ¢~ S S| &6.& S,
wo v Tene O | g, G | (SR () | L1.1
Water A T “c q.s 2.0 [ | S.S
Exp, Valve/Refrig, 1
Refrig. Suction Press
Refrig, Suction Temp,
iniet Steam Press

REMARKS:

TesT oAt & 1 Of Vfé __ READINGS BY

/%3

Figure 18.3 Sample coil report form (metric).

T
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up to three fans may be reported on the sample form shown in Figure
18.4.

18.2.6 Rectangular duct traverse report

This report form should be used as a work sheet for recording the
results of a Pitot tube traverse in a rectangular duct. It is recom-
mended that the velocity pressures be recorded in each of the spaces
provided and converted to velocities in an adjacent space at a later
time. The velocities shall be averaged (not the velocity pressures).

Information for both rectangular and round duct traverses may be
found in Chapter 7.

18.2.7 Round traverse report

Record the results of a Pitot tube traverse in a round duct on this
work sheet—type report form (see Figure 18.5). Spaces shown are for
velocity pressures and velocities taken at points across two diameters
of the duct. Instructions for making the traverse may be found in
Chapter 7.

18.2.8 Air outlet test reports

A sample air outlet test report form is shown in Figure 18.6. Be-
cause these report forms can be used as both work sheets and final
report forms, the TAB technician is encouraged to record all readings
on these test report forms. However, it is not necessary to record pre-
liminary velocity readings on the final forms unless specified by the
design engineer. If more than one set of preliminary readings is nec-
essary or required, the data can be entered in the blank column be-
tween “Preliminary” and “Final.” The “outlet number” refers to num-
bers similar to those assigned on the schematic layout of Figure 18.1.
“Minimum” columns for the recommended minimum settings of VAV
boxes should be added to the forms when needed.

Confirm that the air outlet test reports are complete with all appli-
cable k or A, factors and terminal device sizes. If flow measuring hoods
are utilized for outlet readings, indicate their use in the remarks col-
umn (and on the “Instrument Calibration Report”).

If the final adjusted airflow of any outlet varies by more than +10%
from the design airflow, a note should be placed in the “remarks sec-
tion” indicating the amount of variance. The “remarks section” at the
bottom of the sheet should be used to provide known or potential rea-
sons for such deviation.
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FAN TEST REPORT
SROJECT F_—ﬁMJV\lﬂml‘ Cl—OHeﬁie-
FAN DATA FANNOD. (= | FAN NO T o
Location r_-w Yoo nun
[servies Exlhavet
Manufacturer T ne.
Model Number B \22.S
Serial Number \d2.0-AA
Type/Class
Motor Make/Style &GE
Motor H.R/RPM/Frame (W) 4.4
Volts/Phase/Hertz O‘S("k?’;‘/; 0
418, 2, = &)
FL Amps/SF LG hLA.
Wolor Shative Makeféods! Brews h/L J;,q
Mozor Sheave Diam./Bore leoo /] = MM‘
| Fan Sheave Make '6 FD:.U [ -
'rFan Sheave Diam,/Bore A= /2 IN\LA.
Ine Belts/Make/Size \ /é\;pr- ‘omL_
: 7 o
Sheave ¢ Distance Z2SOwmm dga
=
| TEST DATA DESIGN ACTUAL DESIGN ACTUAL DESIGN ACTUAL
[cem fis) 20! o0
Zan APM 1449 | 4S50
S.P. InfOut
Total S P. P —20| 227
Voltose " 415 ¥roflizolazp
Amperage T\ T, T, /. (a I-’Z/[.?./;-f -
77 |

REMARKS:

TesToaTE_ 212 [ F READINGS eY__@ S

Figure 18.4 Sample fan report form (metric).
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ROUND DUCT TRAVERSE REPORT
PROJECT SYSTEM/UNIT
LOCATION/ZONE SERVICE
ALTITUDE DENSITY CORR. FACTOR
ouct REQUIRED AcTuaL
SP AR TEMP *F(*C) SCFM (s’s) SCFM (sl:s).
SIZE AREA FPM {m’s) CFM {iis) FPM (e CFM (Vn)
(SEE REVERSE SIDE FOR INSTRUCTIONS)
Vert. Subtotal _
Horiz. Subtotal
Total
No. of Points
Average
REMARKS:
TEST DATE READINGS BY

PAGE.

Figure 18.5 Sample round duct traverse report form.

B e
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AIR OUTLET
TEST REPORT

SYSTEM C = 4’
TEST APPARATUS A [nov l/eJ . é-C/oUJ Laoé

PROJECTMM@L_G}_“%@_
Tl. '(-US

OUTLET MANUFACTURER

NO TYPE ,sas } AK hv;; ”)fﬂw lq:E} | ARFLOW h:?s "'Zy}" DESIGN
| Boxc-i e ’ ' T '
[ 5L 200 p4.4(3.4] 100 3.5 102 . 3.5 703
2 [ W " u v 122147 \ 327
3 fu Y " " w 197|105 \. 3. 7l109
4| ¢ S LA S I i YA T 307
 Box -2
1AL 300 |45]4.01i80142] 18] 4.1 lIKS
2 1 N " " v 47| 212 \ .4,_3 t9
3 v | 45000 3.6/3kn|3.0/300] | 3.$350
4| n ¢! " nwl u l3’»m»yo 5| 350
_ sl » ¢ Jwel o] »Ts7[370 3,436 C
L Hex C-2 ' .
[ |AS | coo |iko| 4.2|755!3.9/702 N 4. 738
2w | o [ul4d wlaglesd] N 35bo7
3] » 1 " w42 » lagisle " 143774
4 o SN P )7 AL S TA 4,5 1%/0|X
|
| |

e wke 'Dw(ae.r- Lutl ovtbe,u\_

TEST DATE Jp&@ READINGS BY é}—'%

Figure 18.6 Sample air outlet test report form.
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18.2.9 Terminal unit coil check

This report form is used as a work sheet to check the water coil of
terminal units. Any of the methods for determining water flow or heat
transfer should be indicated on the test report form.

18.2.10 Packaged chiller test report

Use this report form as a check sheet to record the control settings
and the entering and leaving conditions at the chiller. Since TAB firms
normally are not responsible for startup or the proper operation of the
machine, this form does not attempt to indicate the performance or
efficiency of the machine except as may be determined by the design
engineer from the data contained therein.

The TAB report form or the equipment manufacturer’s form should
be substantially completed and verified by the manufacturers’ repre-
sentatives and/or the installing contractor before the HVAC distribu-
tion systems are balanced. Temperature and pressure readings of the
chiller unit evaporator and condenser should be entered during the
TAB procedures. The pressures should be measured by refrigeration
technicians furnished by the installing contractor:

18.2.11 Package HVAC unit test report

Test data from package units of all types may be recorded on this
report form, with most of the data being furnished and verified by the
installing contractor. If the unit has components other than the evap-
orator fan, DX coil, compressor, and condenser fan(s), use separate test
report forms such as:

A form for water or steam coils
A form for direct fired heaters
A form for electric coils

A form for return air fans

18.2.12 Compressor test report

The same comments apply to this report form as for the packaged
chiller test report form (see 18.2.10). This form may also be used to
have the installing contractor record data for the refrigerant side of
unitary systems, “bare” compressors, separate air-cooled condensers,
or separate water-cooled condensers.
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18.2.13 Cooling tower or evaporative
condenser test report

This report form should be substantially completed and verified by the
installing contractor before the system is balanced. A “pump data”
section should be used for the recirculating pump in evaporative con-
densers. For the system pump used with cooling towers, use a separate
pump test report form.

18.2.14 Heat exchanger or converter
test report

This report form should be designed to record final conditions for
steam or hot water heat exchangers.

18.2.15 Pump test report

Final data for each pump performance should be recorded on this
form. The actual impeller diameter entry is that indicated by plotting
the head curve or by actual field measurement where possible. Net
positive suction head (NPSH) is an important item for pumps in open
circuits and for pumps handling fluids at elevated temperatures (see
Chapter 15).

Confirm that all test data have been properly entered on the test
report form. Attach the manufacturer’s pump capacity curves, with
the actual pump operating point plotted, to the test report form when
available. Note how the actual pump flow rate was determined (flow
meter, pump curve, etc.)

18.2.16 Balance valve or flow meter

test report

This report form should be used for recording data from balance valves
or flow meters in hydronic systems.

18.2.17 Boiler test report

This report form may be used by the installing contractor to verify
substantially the data on this test report, particularly when factory
startup services are involved. A flue gas analysis is beyond the scope
of TAB procedures, but data could be added in the “Remarks” section
if available and required by the design engineer.

18.2.18 Instrument calibration report

This report form should be used for recording the application and date
of the most recent calibration test or calibration for each instrument
used in the testing, adjusting, and balancing work.
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Basic Electrical Data

19.1 Basic Electricity

19.1.1 Current flow

It is important to know the definitions of volt, amp, and ohm. Notice
the similarities of electrical systems to water and air systems; each
has pressure, flow, and resistances, only in electrical systems it is a
flow of electrons rather than water or air. Direct current (DC) flows
very much as a fluid in an open hydronic system (in one end of a circuit
and out the other end), Alternating current (AC), when viewed as a
hydronic system, would reverse its flow in the conduit 120 times per
second, and flow in the same direction 60 times per second (60 Hertz
or cycles per second) [50 times per second (50 Hz) in some countries].

Equation 19.1 (Ohm’s Law)
E=1IR or I=E/R
Equation 19.2
P=EI
Where: E = volts (V)
I = amperes (A) (current flow)

R = ohms (Q) (resistance)
P = watts (W) (power)

From Equation 19.1, one can see that when the voltage (E) is con-
stant, an increase in resistance (R) will reduce the current flow (I) or
vice versa, similar to hydronic flow. However, unlike the water pipes,
the wire will make an attempt to handle the flow; and in extreme
instances, it will become red hot and glow (as in electric resistance

253
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heaters). This is the reason that fuses and circuit breakers are used
to protect the wiring system and equipment from being overloaded.

19.1.2 Resistance

Parallel electrical circuits resemble HVAC terminal units piped in
parallel circuits. Using a simple circuit with two units and one pump,
it is known that the water flow will split in accordance with the re-
sistance across each unit. If both resistances are the same, the flow
will split 50-50.

Equation 19.3 (Parallel Circuits)
1/R, = 1/R, + 1/R, + 1/R; + 1/R,

Where: R, = total system resistance (ohms)
R

individual resistances (ohms)

n

Equation 19.3 states mathematically that the parallel current flow
will work similar to hydronic flow, with the circuit with the highest
resistance receiving the lowest flow.

Equation 19.4 (Series Circuits)
R,=R,+R,+R; + R,

Where: R, = total system resistance (Ohms)
R individual resistances (Ohms)

n

Resistances are added together with electrical circuits in series as
in hydronic circuits. As more resistances are added, the flow becomes
less and less.

The electrical diagram in Figure 19.1 is similar to a piping circuit
with a pump at E, two chillers in series at R, and R,, seven terminal
units piped in parallel, and a strainer, valve, etc., piped in series in

Parallel
Iy—==p R,  (Etc) p A "
AN A" AN
3 [ < s
Series
E » > -
EEREEE
Series
—_—A
- =~
Y AN AAN——AAA- AN
\ J

Y
Series-Parallel

Figure 19.1 Series—parallel circuit.
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6 Q

240V 30

20

Figure 19.2

the pump suction piping. This shows the similarity of electrical cal-
culgtlons to those for hydronic and air systems, where resistances in
series are added and those in parallel are combined.

Example 19.1 Resistors of 6 ohms, 3 ohms, and 2 ohms are connnected across

a 240 volt line. Find the current flow in amps if the th i 1
AL p e three are connected in series

Solution Using Equation 19.4:
R, =R, +R,+R,
R=60+30+20=110
Using Equation 19.1:

E
i
R
240V
“T1a " 21.8 amps

Example 19.2 If the three resistors in Exampl i
ple 19.1 are connected
find the current flow (Figure 19.3): i et

>

Solution Using Equation 19.3:
1/R, = 1/R, + 1/R, + 1/R,
1/R,=1/6 +1/3+1/2 =1

R, =10
Using Equation 19.1:
I=E——24OV—24O
R~ 1q ~ #amps
I=?
240V 60 30 2Q

Figure 19.3
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Example 19.3 If the 3 Q) and 6 () resistors are in parallel with each other, but
in series with the 2 Q resistor (from Example 19.1), find the current flow (Figure
19.4):

Solution Solving the parallel circuit first:
1/R, = 1/6 + 1/3 = 1/2
R, =20
Solving the series circuit (R, from above now becomes R,):
R =R +R,=20+20=40

_240V

. 4Q

= 60.0 amps

Example 19.4 Using the information from Example 19.1, (a) how much power
is delivered to the circuit, and (b) how much power is delivered to the 3 ohm
resistor?

Solution Using Equation 19.2:

a. P=EI
P=240V X 21.8 A = 5232 W

b. P = El and E = IR, so P = 1°R (the amperage remains the same)
P=(218AP%X30=1426 W |

19.1.3 Voltage

A measured voltage may not be exactly one of the values of the |
voltages indicated. Voltages can vary, and in normal situations a var- |
iation of +10% does not adversely affect equipment operation. When
voltage readings are taken with a volt meter there is no apparent way i
to tell the difference between 220 volt single-phase circuits and 220 '
volt three-phase circuits. When measurements are taken, it is found
that voltages do vary somewhat; that three-phase circuits are usually
220 volt, and that single-phase circuits are usually 230 volt. However,
phasing cannot be determined just by voltage readings.

20

240V V V'V

Figure 19.4
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19.2 Electric Power
19.2.1 Electric service

The standard electrical service in the Unites States is alternating cur-
rent (AC) at 60 hertz (Hz), formerly known as cycles per second (cps).
The two most common types of service normally used with HVAC sys-
tems are single-phase and three-phase circuits.

Single-phase, three-wire circuits are used for most residential ser-
vices as well as for light commercial services. For heavier commercial
or industrial systems, or where even larger motors are used, three-
phase, three- or four-wire service is provided.

19.2.2 Single-phase circuits

A n‘zeasure:'d voltage may not be exactly one of the values of voltages
1ndlce}te(.i in Figure 19.5. Voltages can vary, and in normal situations
a variation of +10% does not adversely affect equipment operation.

FUSE
HOT — 3 e i
MAIN SWITCH 3 =
115V TO LOAD
L i
GROUND I >
/ . 10
GROUNDS L GROUND LINE > ERRETENT
PANEL ( =
(A) TWO-WIRE CIRCUIT
GROUND LINE
= sRoUND TO |
= EQUIPMENT
FUSE

MAIN FRAME I
1

HOT s TN\

i ]
| A g
MAIN SWITCH
A 115y
; 115V LOAD éj#

NEUTRAL b 4 230 v
L i A LOAD
= I maiN 15V

B I Fuse |8V LOAD Ee:,
HOT c\j\"\;— <

/

CIRCUIT
FUSES

I GROUND LINE

(B) THREE-WIRE CIRCUIT
Figure 19.5 Single-phase AC service.
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The basic 115 V two-wire circuit shown in Figure 19.5(A) is very com-
mon. There is a potential or pressure of 115 V between the hot wire
and the neutral or ground. This service is obsolete but is still found
in some areas.

The neutral or ground wire is another matter. The neutral normally
has no voltage potential. Theoretically, if the neutral contacts a pipe
or a person, nothing will happen. The neutral is connected to the gen-
erator. The word theoretically is used because in actual field condi-
tions, stray currents can find their way into the neutral and then it
can become dangerous. A neutral should be treated with the same
respect as a known hot wire.

Figure 19.5(B) shows another common single-phase (1¢) circuit,
which serves homes or buildings that require greater power with items
such as ranges, clothes driers, and central air conditioners. This cir-
cuit represents the type of three-wire service normally entering a mod-
ern residence. Two of the three wires are “hot” wires and one is “neu-
tral.” The voltage potential between either of the hot wires and the
neutral is the same 115 V previously discussed. There are actually
three circuits, two separate 115 V circuits (from each of the hot wires
to the neutral) and a 230 V circuit (between the two hot wires). The
neutral in a 230 V connection serves as a ground only for safety and
is not connected as part of the power circuit. It is connected to the
frame of the machine, to carry off any stray currents or short circuits
resulting from failures. Ground or neutral wires are never
switched or fused. The main advantage of the 230 V, two—hot wire
circuit is that it allows each of the hot wires to carry half of the current
flow. Therefore, twice the current will be handled by the same wire
sizes.

19.2.3 Three-phase circuits

The three-phase (3¢) concept is somewhat more difficult to under-
stand. In the case of the single-phase, three-wire circuit, two different
electrical pulses are being sent down two different hot wires. After one
starts, the second starts 1/120th of a second later. These pulses con-
tinue indefinitely at the same frequency and having the same phase
relationship between the two wires. This can be thought of as plus 115
V and minus 115 V between the hot wires and the neutral wire.
Applying the same analysis to three-phase circuits, the 3¢ generator
sends a pulse down an additional (third) wire. There are now three
combination voltage—current pulses going down each of three wires.
After the first set of pulses start in the first wire, the second wire set
of pulses starts 1/180th of a second later, and the third wire set of
pulses starts 1/180th of a second after that. Each set of pulses will be
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Figure 19.6 Current and voltage—time curves and power factor.

1/60th of a second long and each of the three wires will be out of phase
with each other by one third of a pulse.

In large buildings, the use of many large motors running under light
loads and other electrical loads can cause these pulse sets to get out
of phase (Figure 19.6). This causes what is known as a low power
factor. Utility companies penalize the user for this low power factor
by increasing the charge per kilowatt of electrical power used. TAB
technicians should not get involved in power factor corrective actions,
but they should be aware of the problem.

Three-phase circuits are shown in Figures 19.7, 19.8, and 19.9.
Three-phase circuits will have three hot wires with equal voltages,
usually 208, 230 or 460 V between each “leg.” A fourth neutral wire
may be included to provide single-phase 110, 120, or 277 V circuits
for lighting and small power applications.

When voltage readings are taken with a volt meter, there is no ap-
parent way to tell the difference between 220 V single-phase circuits
and 220 V three-phase circuits. When measurements are taken, it is
found that voltages do vary somewhat; that three-phase circuits usu-
ally measure 220 V, and that single-phase circuits usually measure
230 V. However, the type of current phase cannot be determined
from measured voltage readings.

The voltage readings between any two of the three “hot legs” of
three-phase equipment should essentially be the same. Variations ex-
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Transtormar Mair; Switch Fuse 3 L ] Trree-Phase
. 220V 220V Motor
d\c L2 ¥ (220V)

! <\~ F

S~ N L3 3
Figure 19.7 220 V three-wire delta three-phase circuit (415 V in Australia).
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Figure 19.8 220 (415) V three-wire delta three-phase circuit with 110 (240) V single-
phase supply.

ceeding +2% could damage equipment and should be reported to the
proper authorities (after the equipment is turned off) so that correc-
tions can be made.

19.3 Electric Wiring
19.3.1 Wire

Wire used in electric circuits can be made from many different ma-
terials. When electricity (electrons) flows easily in the material, it is
called a good conductor. If it is difficult to pass an electric current
through a material, it is known as an insulator.

Some good conductors of electricity are copper, silver, and alumi-
num. Most wire is made from copper because it is a good conductor
and can be purchased at a reasonable price. Silver is a better conduc-
tor of electricity than copper, but its higher cost usually prevents it
from being used as ordinary wire.

Copper wire is used the most, whereas aluminum wire may be used
for high-voltage lines that carry electricity long distances from power
plants to users and for some local wiring. The wiring used in HVAC
work and in the service connections to equipment can be a single solid

1 Fusa L1
S N\ - -
1 oo
Transtormer | Main Switch 208V | 208V
1 = L2
i = ‘ L b
13
i L [ 208V
il - L3
| & Three-Phase
Motor
Fuses (208 V)

Single-Phase Loads 120 V

Neutral

Figure 19.9 120/208 V four-wire wye circuit (240/415 V in Australia).
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wire or an encased wire made up of many strands of smaller wires.
Stranded wiring normally is more flexible.

Wire with braided covering, called shielded cable, is used exten-
sively in control and communications work. A coaxial cable uses two
conductors, one surrounding the other. The outer braided conductor
shields magnetic fields from the inner conductor.

19.3.2 Wire sizes

The size of electrical wires is given by a number ranging from 18 to
2000. This numbering system is known as the American Wire Gauge
(AWG), which gives specific information about the various sizes of
wire.

Sizes from 18 to size 0, the larger the wire number, the smaller the
diameter of the wire; then the opposite is true from size 00 to size
2000. It is important that the proper size of wire be selected for the
job.

Round wire is measured in circular mils. A mil is a one thousandth
of an inch (0.001 in.). A circular mil is the cross-sectional area of a
wire that has a diameter of 1 mil (1 mil = 25 pm).

Circular mils are easier to visualize through an example. Five (5)
squared is equal to 25. Therefore, a wire 5 mils in diameter would
have a cross-sectional area that would contain 25 circular mils. An-
other wire has a diameter of 8 mils. Its area then would be 64 circular
mils.

There is a good reason for converting the diameter of wire into cir-
cular mils. Working with the cross-sectional area of the wire makes it
possible to select the right size of wire to carry safely the prescribed
number of amps in the circuit.

19.4 Transformers

Look at the transformer diagram illustrated in Figure 19.10. For the
voltage reduction indicated, the number of turns of wire shown on the
primary side should be twice the number of turns shown on the sec-
ondary side. Voltage is “transformed” by the transformer stepping
down the voltage to one half the original voltage (one half of the wire
turns). If the primary and secondary connections were swapped, this
same transformer could step up the voltage from 440 V to 880 V. The
ballasts in fluorescent lights in buildings step up the voltages near
2500 V, the required voltage to produce light in the tubes.

19.4.1 Center taps

The function of the center tap of the transformer is illustrated in Fig-
ure 19.11. If a 220 V difference exists between the legs of the second-
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Figure 19.10 Basic transformer.

ary side (half of the wire turns of the primary side), it is logical that
a 110 V difference would exist between one leg and a center tap (a
fourth of the wire turns of the primary side). Most single-phase resi-
dential transformers have high voltages on the primary side, but the
secondary voltages use a “center tap” (the ground) to furnish two
110 V circuits along with the 220 V power (Figure 19.11). This size
transformer, when used with overhead services, looks like a large can
and usually is attached to a pole near the residence. It can supply
power to several residences or buildings, or just to a single building.
Transformers for use with underground power services usually are
found in square metal boxes sitting in yards.

19.4.2 Large transformers

Larger transformers are ground mounted and, if outside, are usually
In a large metal housing or a wire fence enclosure. These transformers
can be either single phase or three phase.

19.4.3 Small transformers

Many small transformers, such as 110 V/24 V or 220 V/ 24V, are
used in control circuits for HVAC equipment. When working in electric

110 V Secondary

—
=

220 V
Secondary

440V =
Primary < (Center Tap)

.
-

110 V Secondary

Y Y

Figure 19.11 Transformer with tapped secondary.
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panels, TAB technicians must be aware that transformers often are
powered from external electrical circuits and may be “hot,” even
though the main power switch has been pulled for the equipment.

19.5 Motors

19.5.1 Types of motors

Motors used on HVAC equipment are designed for alternating current,
except in rare cases. Most small motors will use single-phase current,
whereas the larger motors will use three-phase current. However,
some rural areas have only single-phase current. There are many dif-
ferent motor speeds, but approximately 1800 rpm and 3600 rpm are
the most common. The actual speed of the motor will vary with the
load imposed. Split-phase, capacitor start, synchronous, induction,
shaded-pole—all are part of the many different types of motors that
the TAB technician will need to know (Table 19.1). The characteristics
of each is important for troubleshooting, as the wrong type of motor
often is used. The TAB team also should be aware of special applica-
tions, such as explosion proof or totally enclosed motors.

19.5.2 Rotation direction

Motors rotating in the wrong direction are a common occurrence when
a new system is first started. The normal TAB procedures deal with
this situation, as correct motor rotation is vital to the performance of
the unit. The direction of the motor usually is changed in three-phase
motors by switching any two of the three phase power-wires. In single-
phase motors, the change of direction is accomplished by switching
two of the internal motor leads that connect to the motor line terminal
lugs.

A word of caution: Certain fans and most pumps will develop meas-
urable pressures and some fluid flow when the rotation is incorrect.
Rotation arrows can be found on many types of equipment. Correct
rotation is obvious on some units. Flow and amperage readings also
can be used to determine whether something is amiss. Whenever a
piece of equipment does not perform as specified and the current flow
is much lower than design, rotation is one item to be checked.

19.5.3 Motor power equations
Single-Phase Circuits
Equation 19.5 (U.S.) Equation 19.5 (Metric)

I X E X PF X Eff pp - [ X E X PF X Eff
746 - 1000

BHP =
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TABLE 19.1 AC Motor Characteristics

Full voltage

Starting Starting
current

Speed
characteristics

Remarks

torque

HP rating

Motor type

Polyphase

High to

Most widely used for constant-speed service

Low to normal

Constant and

Small to large

Squirrel-cage

normal

High

multispeed

induction

For applications requiring high starting

Low

Constant or

All

Wound-rotor

torque and low starting current, or
limited variation in speed control
For constant-speed service and where

variable

Normal to Low to normal

Strictly constant

Medium to

Synchronous

power factor correction is required

low

large

Single-phase
High

General purpose

Normal

Constant

Small®

Capacitor-start,

induction-run

High efficiency

Constant High Low

Small?

Capacitor-start,

capacitor-run

Least expensive of higher starting torque

Normal

Fractional Constant Normal

Split-phase

types, general purpose
Quiet, efficient; low running current; poor

Low Normal

Constant or

Fractional and

Permanent

starting torque

adjustable
varying
Constant or

small integral

split-capacitor

Inexpensive; poor starting torque; least

Low

Fractional

Shaded-pole

efficient; high running current

adjustable
varying

“Up to 7.5 HP (5.6 kW).
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Three-Phase Circuits
Equation 19.6 (U.S.) Equation 19.6 (Metric)

I X E X PF X Eff X 1.73 BP_IxExPFxEﬁfxl.73
746 B 1000

BHP =

Where: BHP = brake horsepower (HP)
BP = brake power (kW)
I = amps
E = volts
PF = power factor (decimal value)
Eff = efficiency (decimal value)

In Equations 19.5 and 19.6, the power factor and efficiency values
must be used to obtain the actual motor brake horsepower. Because
these values usually are difficult to obtain, a reasonable estimate can
be used. The normal range of both is between 80 and 90%. Therefore,
80% might be used for one value and 90% for the other value to obtain
a brake horsepower estimate.

Motor brake power is calculated to verify that the proper size motor
has been installed, i.e., that the installed motor is not overloaded and
is operating within its service factor. It also is used to determine that
the pump or fan is operating with the required efficiencies. The system
designer usually has specified the total amount of power or energy
that may be consumed to perform a specific function.

The following equations can be used to obtain an accurate (but not
exact) brake power by measuring motor amperages and voltages under
no load and full load conditions.

Equation 19.7

Ampsp; X Voltsyp
Voltsg

Ampsy =

Equation 19.8

_ Ampsp — (Ampsy;, X 0.5)
Ampsg, — (Ampsy;, X 0.5)

' BP X Pyp

Where: BP = Brake power (HP or kW)
| Amps; = Running amps
Ampsy; = No-load amps
Ampsg;, = Full-load amps
Py = Nameplate power (HP or kW)
Voltsg = Running volts

Voltsp = Nameplate \fl’gs
Bi%

i Y

e ey
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Example 19.5 Find the brake horsepower (kW) of a motor rated at 10 HP 7.5
kW) that is drawing (each leg) 22, 20, and 21 A at 211 V (assume PF and Eff)

Solution (U.S. and Metric) Using Equations 19.6:
_I X E X PF x Eff x 1.73

BHP

746
) X 8 X 0. N
BHp _ 2L (Ave) X 211 X 0.8 X 0.9 X 1.73
746
BHP = 7.4 HP
_IXE XPF X Eff x 1.73
L 1000
pp - 21 (Ave) X 211 X 0.8 X 0.9 X 1.73
h 1000
BP = 552 kW

Example 19.6 A 10 HP (7.5 kW) 208 V motor is rated at 24 A full load. It is
drawing (each leg) 19, 19, and 20 A at 210 V. Find the BHP (kW) if the no-load
amps measures an average of 8.5 A.

Solution Using Equation 19.8:

~19.33 — (8.5 X 0.5)
== 24.0 — (8.5 X 0.5)

15.08
= =764 H S.
1075 X 10 = 7.64 HP (U.S.)

_ 15.08
19.75

X 10 (U.S)

X 7.5 = 5.73 kW (metric)

19.6 Motor Controls

19.6.1 Motor overload devices

A simple on—off toggle switch, a safety switch, or an individual circuit
breaker in an electrical power panel is not an overload protection de-
vice for a motor. Many “ordinary looking” toggle switches do contain
overload protection for smaller single-phase motors. Many small mo-
tors do have built-in overload protection and do not need additional
protection. The circuit breaker provides overload protection only for
the wiring circuits, but not for any connected motor(s).

The electric current to a motor must be switched off and on to stop
and start the motor (manually or automatically). The switching device
is commonly called a motor starter. This is not to be confused with a
“safety switch,” which is a device that must be placed in the “off”
position before any work is done on a motor or electrical equipment.
This prevents the motor from accidently starting from remote control
devices.

If starting current passes through a motor for any length of time,
which is considerably greater than the full load rating, the windings
will be overheated and damage may occur to the insulation, resulting
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in a burned up motor. Motors must be provided with protection to
prevent this. Many smaller single-phase motors often have built-in
protection. A device is included in the motor that senses the overload
and breaks the circuit and stops the motor. A manual reset button
usually is provided to restart the motor, or it may reset automatically.
Most larger single-phase and three-phase motors must have external
protection.

The starting current “inrush” may be from 300 to 1000% greater
than the full-load amperage (FLA) rating for the motor. It will depend
on the type motor, the load, and how long it takes to get up to speed.
The starter has to allow for the starting current inrush without trip-
ping out and still provide protection against exceeding the motor FLA
during continuous service.

19.6.2 Motor starters

There are a larger number of different types of starters, each with
various advantages and limitations. In most cases, a specific type of
starter is required by a particular type of motor. For example, a full
voltage magnetic starter (Figure 19.12) usually is used with an induc-
tion motor. Reduced voltage or reduced current starters, although more
expensive than a magnetic starter, often must be used with larger
motors to prevent disruption (by producing large drops in line voltage)
of marginally adequate power services. There are two basic types of
push-button stations used with magnetic starters, the maintained con-
tact station and the momentary contact station. The important point
to remember is that after an interruption of the motor current with

3 PHASE LINE
AUX[%'ARY
CONTACT
PUSH-
U:TAT?gLTgN Ll MAIN CONTACTS
2'T
sTop _I_t? | HOLDING CorL
START 3 — CONTACTS
- ——1— HEATER
coiL
TIPT T3

OVERLOAD
* 5 RELAY
Momentary Contact C C
MOTOR

Figure 19.12 Three-wire magnetic starter and control
switch.
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the momentary contact station, the motor will not restart until the
“start” button is pushed.

Motors are protected by putting a small electric heater in the starter
in series with the phase line and locating it by a bimetallic, heat-
sensitive switch. Since the heaters will take a short time to heat up
the bimetallic switch, the motor will have time to get started and up
to speed. These heater coils are available in different sizes or amper-
age ratings. They should be matched to the rating of the motor being
protected. If the motor is overloaded, the heater coils will remain hot
and the bimetallic switch will shortly trip out, breaking the circuit to
the magnetic holding coil and shutting down the motor.

When fuses are used with motors, they must be dual-element fuses.
These are the only type that allow for large intush currents without
blowing out.

19.6.3 Heater coil sizing

Heater coil sizing is affected by the ambient or surrounding temper-
ature at the starter location. If this surrounding temperature is ap-
preciably higher than the motor operating temperature, one size
larger heater may be required. A motor operating right at full-load
amperage may go into the allowable service factor range occasionally
because of low line voltage or intermittent loads. To prevent nuisance
tripping, heater coils one size larger may be required. TAB technicians
should not replace heater coils with oversize ones unless directed to
by the persons responsible for the equipment. Never jump out or
bypass heater coils or fuses in order to run motors. With no
protection you may be held responsible for any malfunctions or dam-
age that may occur.

On larger motors, the starter may have provisions for reduced volt-
age starting. This allows a motor to start running at a lower speed
before full voltage is applied. An adjustable timer is used to determine
how long the reduced voltage is applied.

The problem most likely encountered by the TAB technician will be
improperly sized heater coils. Quite often, the motor will not be draw-
ing its full-load amperage but will be tripping out the starter. All
heater coils have a number on them. A chart is often located in the
starter cover that tells how many amps various heaters are rated for.
The TAB technician should verify that the heater coils are large
enough to handle the full-load amperage of the motor. If not, the
proper heater will have to be installed. Of course, if the heater coils
are too large, the motor will not be properly protected and this should
be corrected also.
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19.7 Taking Electrical Measurements

19.7.1 Motor starter measurements

The motor starter or the safety switch is the main source of access to
motor terminal leads for measurement of voltage and amperage. The
starter also can contain holding coils, auxiliary contacts, control trans-
formers, and a push-button station or a “hand—off-automatic” selector
switch. This last item is useful in troubleshooting. If the switch is
turned to the “hand” position, the motor should run if each phase line
is hot, unless there is trouble in the motor. This is because the “hand”
portion of the switch bypasses the various controls in this circuit. The
“automatic” portion of the switch is connected to the circuit containing
auxiliary devices such as thermostats, safety lockouts and other ex-
ternal switches used to control or turn off the motor. If the motor runs
on “hand”, but not on “automatic,” one of the control or safety inter-
locks usually is open.

19.7.2 Safety

Emphasizing safety, the TAB technician can find many different volt-
ages around starters and starter combinations (Figure 19.13). If a re-
mote room thermostat was added in series with the push-button sta-
tion of the A unit, the 110 V control circuit might have been required
to be 24 V. It is not good practice to use line voltages (110 V or higher)
for control circuits, but to save money, 240 V control circuits are not
uncommon.

If line phase terminals need to be changed to correct for polyphase
motor rotation, the changes can be made either in the starter or at
the motor terminal connections. Amperage and voltage readings must
be taken “live” in the vicinity of voltages up to 480 V. Extreme care
must be exercised when using the test instrument inside a
“live” electrical junction box or starter. One wrong move could
cause serious burns or electrocution.

19.7.3 Amp/volt readings

19.7.3.1 Constant-speed motors. To take amperage readings (see Fig-
ures 19.12 or 19.13), the clamp-on ammeter would be placed around
line L1, then line 1.2, then line L3 (one line at a time). The amperages,
which are recorded, seldom have the same values, but should be
within 10% of one another. The two voltage test probes are placed
across the different pairs: L1/L2, L1/L3, and L.2/L3. Again, the volt-
ages should be recorded and the values should be within 10% of each
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Figure 19.13 Interlocked starters with control transformers.

other. When the voltages or amperages are not within 10% of one
another, there is an indication of trouble. If the voltage and amperage
readings of one phase line is zero, single phasing could be occurring,
and the equipment must be shut down immediately. o

Single phasing results when one phase of a polyphase circ‘ult is open
(no current). Motors can continue to run under this condition, Wlth a
lower power output and possible overheating. Motors usually will not
start under this condition but will produce a loud hum.

19.7.3.2 Part-winding motors. On part-winding, three-phase motors,
all six motor leads must be measured, i.e., amps from lines L1 and L4
added, lines L2 and L5 added, and lines L3 and L6 added to obtain
the total load.

19.7.3.3 Variable frequency drives. The solid-state components of
variable-frequency drives (VFD) and some newer controls can cause
distorted amperage readings because the current flow occurs in short
pulses instead of the normal sine wave. The average clamp-on volt-
ammeter typically will read low. A true RMS (root mean square) type
of instrument is required to take these amperage readings.
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19.7.4 Root mean square (RMS)

RMS (root mean square) comes from a mathematical equation that
calculates the effective or heating value of any alternating current
(AC) wave shape. In electrical terms, the alternating current RMS
value is equivalent to the DC heating value of a particular wave form,
either voltage or current.

For example, if a resistive heating element in an electric furnace is
rated at 15 kW of heat at 240 V AC RMS, then the same amount of
heat from 240 V of direct current would be obtained.

Electrical power systems components, such as fuses, bus bars, con-
ductors, and thermal elements of circuit breakers, are rated in RMS
current because their main limitation has to do with heat dissipation.

If a volt-ammeter is labeled and specified to respond to the true-
RMS value of current, it means that the internal circuit calculates the
heating value according to the RMS equation. This method will give
the correct heating value regardless of the current wave shape.

Some low-cost volt-ammeters, which do not have true-RMS circuitry,
use a shortcut method to find the RMS value. These meters are spec-
ified to be “average responding—RMS indicating.” These meters cap-
ture the rectified average of an AC waveform and multiply the number
by 1.1 to calculate the RMS value. The value they display is not a true
value but is based on an assumption about the wave shape. The av-
erage-responding method works for pure sine waves, but can lead to
large reading errors when a waveform is distorted by nonlinear loads,
such as adjustable-speed drives or computers. Figure 19.14 gives some
examples of the way the two different types of meters respond to dif-
ferent wave shapes.

Multimeter Response to Response to Response to Response to
Type sine wave square wave single phase 3 @ diode
diode rectifier rectifier

/\/I'LI'LI'L._n_er—LN-

Average
responding Correct 10% high 40% low 5-30% low
True RMS Correct Correct Correct Correct

Figure 19.14 A comparison of average-responding and true RMS units.
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Figure 19.15 Looped conductor doubles ammeter read-
ing.

19.7.5 Volt-ammeter

An accurate clamp-on volt-ammeter, preferable a true-RMS unit, is the
electrical testing instrument required by the TAB technician. These
devices have several scales for different ranges of volts and amps. Am-
perage is measured by clamping the probes around a single conductor.
Figure 19.15 shows a method that doubles the amperage reading when
there is a low current flow. This allows a more accurate reading (if
there is enough slack in the wire), but the amperage reading must be
divided by two.

Most TAB report forms require that electrical measurements be sup-
plemented by motor speed (rpm) measurements. See Chapter 8 for
data on rotation-measuring instruments. »

Chapter

20

HVAC Control Systems

20.1 HVAC System Control Basics

The proper operation of automatic temperature control (ATC) systems
lies with the temperature control contractor and/or the installing me-
chanical contractor, and it is not the responsibility of the TAB tech-
nician. However, TAB technicians should now realize how important
good automatic control systems and ATC valves and dampers are to
good HVAC system operation. A TAB technician must know how
changes in control settings can affect the operation of a unit or of a
whole system. Without this knowledge, TAB technicians may not be
able to accomplish testing and balancing work, and troubleshooting
work may become an impossibility.

For example, using the three-pipe system with terminal units shown
in Figure 20.1, each terminal unit is controlled by a three-way “blend-
ing” valve. To balance the chilled-water side of this system, all three-
way valves must be opened to the chilled-water supply main. These
valve position settings then become important to the TAB technician.
One valve in a system left indexed to the hot water main could inval-
idate the entire set of readings, causing the work to be done again.
This is but one example to show that a good working knowledge of
automatic temperature control systems is necessary for TAB techni-
cians.

Automatic temperature controls are used in HVAC systems to main-
tain design conditions within an occupied space. Maintaining design
conditions involves the control of temperatures, humidities, and duct
and space pressures. Other automatic controls provide for the safe and
economical operation of the entire HVAC system.

20.1.1 Types of ATC systems

Control systems are classified by the source of power. Four basic types
of control systems are used:
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Figure 20.1 Arrangement of a three-pipe hydronic system.

1. Electric control

2. Electronic and/or direct digital control (DDC)
3. Pneumatic control
4

. Self-contained controls

20.1.1.1 Electric controls. Electric controls use low-voltage and line
voltage current to modulate control devices such as dampers or valves.
Electric controls usually are two position and are used in smaller ATC
applications. Larger and more complex systems normally use pneu-
matic, electronic, or DDC control systems.

20.1.1.2 Electronic controls. Electronic control systems use electricity
as a source of power. Small electric currents are used to transport
signals to amplifiers where the signal is strengthened and used to
operate a control device similar to those used in electric systems. Di-
rect digital control (DDC) and energy management control (EMC) sys-
tems fall under this category.

20.1.1.3 Pneumatic controls. Compressed air is used as the power
source of pneumatic control systems. This system provides propor-
tional, or modulating control of diaphragm- or piston-type control de-
vices.

20.1.1.4 Self-contained controls. Self-contained controls differ from all
of the previous control systems in that they do not use an external
source of power. Power to control is developed internally, or from pres-
sures within the system. Condenser water regulating valves and ther-
mostatic expansion valves are examples of self-contained controls.
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20.1.1.5 Control systems mix. Even though there are four distinct
classifications of control systems, it is possible and likely that a project
may utilize a combination of the above systems to satisfy the scope of
control requirements.

20.1.2 Control loops

No matter which type of control system is used, or whether the pur-
pose is to control cooling, heating, humidity, or pressure, all control
applications must involve a fundamental control loop. A control loop
consists of four components:

1. A controller (thermostat, receiver—controller)
2. A controlled device (valve, damper)
3. A controlled agent (steam, hot or chilled water)

4. A sensing device (transmitter, bimetal strip)

For example, a duct temperature sensing device such as a remote bulb,
monitors the temperature of a supply air duct and sends a signal to
the controller.

The controller monitors the signal as sent by the sensing device and
reacts by either opening or closing a controlled device, such as a steam
valve. As a result of more or less of the controlled agent (steam in a
heating coil), the action of the controlled device creates a change in
the air temperature of the duct and causes the sensing device to
change the signal once again to the controller.

The operation of the control loop is never ending during normal
operation of the HVAC system.

20.1.3 Types of control action

Controllers (such as thermostats, humidistats, and receiver—
controllers) have two possible sets of control actions:

1. Modulating or two position

2. Direct or reverse acting

20.1.3.1 Modulating or two position. Modulating control (also called
proportional control) is obtained when the control signal sent by the
controller to the controlled device is constantly changing in small in-
crements to increase or decrease the capacity of a terminal unit grad-
ually to the load conditions. Two-position control, which also can be
on—off, may only assume two positions: fully open or fully closed. Two-
position controllers are normally used with equipment that may only
operate in an on—off application. Equipment such as gas valves or
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small hermetic air conditioning compressors would fall under this cat-
egory.

20.1.3.2 Direct or reverse acting. Pneumatic controllers may increase
or decrease the output (branch) control pressure with changes in space
conditions monitored by the sensing element. A direct acting controller
will increase the output (branch) control pressure as the controlled
variable (temperature, humidity, pressure) increases. A reverse acting
controller increases control pressure as the controlled variable de-
creases. The action of the pneumatic controller must be properly
matched with the control device or the control loop will produce un-
expected results or those opposite of that desired.

The position of a controlled device when deenergized is considered
the normal position. Control devices (such as valves or dampers) are
either normally open (NO) or normally closed (NC). Some electric de-
vices also contain switches that are normally open or normally closed
until moved to the opposite position by a controller.

20.1.3.3 Safety controls. As stated earlier, control systems maintain
design conditions within a space but also provide for the safe and
economical operation of the HVAC system. The devices discussed up
to now are considered operating controls. The other type of control
that the TAB technician must be aware of is the safety or limit control.
Safety or limit controls are used to provide safe system operation and
may interrupt the operating controls at any given time to ensure safe
system operation. Examples of safety controls are freezestats, fires-
tats, flow switches, smoke detectors, and refrigeration high—low pres-
sure cutouts.

20.2 ATC System Components
20.2.1 Control diagrams

In a typical job specification, there are general descriptions of various
types of control applications, which the automatic temperature control
(ATC) contractor translates into a set of drawings called control dia-
grams. These control diagrams, after approval by the system designer,
are used by the ATC contractor for control system installation in co-
ordination with the HVAC system contractor. The data found in these
diagrams are extremely important to the TAB technician. These dia-
grams frequently are the only description of how the HVAC systems
will operate.
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20.2.2 Troubleshooting with ATC diagrams

Control system diagrams also can be used to assist the TAB technician
in troubleshooting. For example, it is found that when the
“hand-off-automatic” switch of a fan motor starter is in the “auto-
matic” position, the fan will not run. But the fan will run when the
switch 1s in the “hand” position. This may indicate that some type of
automatic temperature control device or safety switch is preventing
the fan from running. A review of the system control diagrams and
the sequence of operation indicates that there are auxiliary contracts
and a low-limit safety control in the fan control circuit. The two de-
vices are inspected to verify if one or both is responsible for the “open”
in the control circuit.

The TAB technician needs to have enough knowledge about differ-
ent types of control systems and to be able to read control diagrams
so that an improperly used or an improperly located device can be
found before a system is damaged or before time is wasted in an at-
tempt to do the TAB work under fluctuating conditions.

20.2.3 Control relationships

All control system sensors and controllers are generally linear (which
means “straight line”). Figure 20.2 indicates the error induced by non-
linear control devices such as dampers and valves. Linear control in
pneumatic systems may translate to 1° of temperature change from 1
psi (6.9 kPa) of air pressure change. One pound per square inch (6.9
kPa) of fluid pressure change on the discharge side of a pump also
could result in a 2 or 3 psi (13.8 to 20.7 kPa) of control pressure
change. These systems are linear as long as each increment of “con-
trolled variable” produces the same increment of “signal.” The system
would be nonlinear if different amounts of signals emanated from a
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Figure 20.2 Valve throttling characteristic comparison.
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fixed increment of the controlled variable. For example, a system is
nonlinear if at 68 °F (20 °C) a 1° change produces a 1 psi (6.9 kPa)
control signal; but at 95 °F (35 °C) a 1° change produces a 2 psi (13.8
kPa) control signal.

Most actuators are linear; that is, if an actuator has a signal range
of 10 psi (69 kPa) from fully open to fully closed, a 5 psi (34.5 kPa)
signal will cause a 50% travel. However, if the actuator device is used
on a valve or damper, an actuator change of 50% will seldom change
the fluid flow by the same 50%. From Figure 20.2 it can be seen that
a 50% stem travel of a gate valve from wide open will have little effect
on the fluid flow.

20.2.4 ATC valves

The pressure drop across an ATC valve is proportional to the square
of the fluid flow rate. This relationship is indicated by the general
curve shown in Figure 20.2, which can apply to most systems, al-
though the numbers may vary. The nonlinearity of the controlling de-
vice is shown by this curve. To minimize the resulting control inac-
curacies, the controller and the controlled device must be carefully
matched so that an average linearity is achieved. This cannot be done
across the entire range of the device; therefore, the devices are
matched for a “normal operating range,” which is a matter of judgment
of the system designer or the ATC Contractor.

Equation 20.1 (U.S.) Equation 20.1 (Metric)

(3] - (2]

v

Equation 20.2 (U.S.) Equation 20.2 (Metric)

CU=Q\/g=Q\/% K.=Q =

Where: AP = pressure differential (psi or kPa)
H = head loss (ft.w.g.)
Q = flow rate (gpm or L/s)
C, (K,) = valve constant (U.S. or metric)

Example 20.1 (U.S.) A control valve with a C, of 40 has a flow rate of 70 gpm.
Find the pressure drop across the valve (a) in psi and (b) in feet of water.
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Solution Using Equation 20.1:

B 22_ EZ_ .
(a) AP_(C,) _<40> = 3.06 psi

v

(b) H= AP X 2.3 = 3.06 X 2.3
H = 1704 ftwg.

Example 20.1 (Metric} A control valve with a K, of 1.1 has a flow rate of 4.5
L/s. Find the pressure drop across the valve.

Solution Using Equation 20.1:

2 2
o (2)'= () < sormnon

20.2.5 Valve and damper categories

ATC valves and dampers generally fall into two categories, modulat-
ing and two-position (open or closed). Modulating means that the de-
vice can assume infinite positions of control as required by the sensor.

Three-way valves also fall into two categories, mixing valves and
diverting valves. A three-way mixing valve, Figure 20.3(A), has two
inlet connections and one outlet connection, and a double-faced disc
operating between two seats. It is used to proportionally mix two
streams entering through the inlet connections and leaving through
the common outlet.

A three-way diverting valve, Figure 20.3(B), has one inlet connec-
tion, two outlet connections, and two separate discs and seats. It is
used to divert the flow to either of the outlets or to proportion the flow
to both outlets.
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Figure 20.3 Typical three-way mixing and diverting
valves.
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Pneumatic valves and valves with spring return electric operators
can be classified as normally open or normally closed.

A normally closed valve will assume a closed position when all op-
erating force is removed.

A normally open valve will assume an open position when all op-
erating force is removed.

20.2.6 Control system adjustment
and calibration

In most control systems, with the exception of some DDC systems,
controllers can be adjusted in range, set points, sensitivity, and differ-
ential. This often is done at the ATC system control panels, which,
like motor starters, are the heart of the control systems. There usually
is some calibration and control adjustment in sensing devices and ac-
tuators that may be located in other areas. The TAB technician is not
authorized to make changes to the control system. It would be advan-
tageous to everyone concerned with HVAC systems to have the ATC
contractor on the job to make adjustments during the system balanc-
ing process. Initial position settings of valves and dampers can be
made for the ATC contractor before the TAB work. Coordination and
cooperation between the TAB firm and the ATC contractor is the key
to a smoothly running, well-balanced HVAC system.

20.3 Direct Digital Controls (DDC)
20.3.1 Introduction

Direct digital controls (DDC) use microprocessors that perform control
logic functions instead of conventional components such as thermo-
stats, receiver controllers, and other electromechanical or electropneu-
matic devices. DDC systems can interface with pneumatic systems but
tend to be mostly electronic.

20.3.2 DDC operation

All control logic is performed by microprocessor-based controllers.
These controllers receive inputs from field sensors, contact closures,
or other types of equipment. The controllers then process this infor-
mation based upon their software programs and send signals to HVAC
equipment. They can be programmed to start and stop equipment,
open and close valves and dampers, or execute very sophisticated rou-
tines based upon the way they are programmed. These controllers may
operate central HVAC systems and/or terminal units.

In addition to HVAC systems and units, DDC systems also can be
tied into security, life safety, lighting, and other building systems.
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A conventional control loop (electric, electronic, or pneumatic) is
shown in Figure 20.4 for a heating coil. A DDC system does the same
thing (Figure 20.5) except the computer or microprocessor takes the
place of the receiver or controller.

20.3.3 Microprocessor inputs

There are two basic types of inputs to the microprocessor. The first is
the analog input (Al), which is a variable input such as temperature,
humidity, pressure, static pressure, water or airflow, or any variable
medium that can be sensed. The second is the digital input (DI) or, as
called in some literature, the binary input (BI). DI and BI are the same
and show an on or off, open or closed, flow or no-flow, etc., condi-
tion. The on or off signal can be very rapid and is called a pulsed
signal, which would simulate a varying rate such as heat flow (kW or
MBtu/h).

The digital input (DI) is easily converted to a signal that the com-
puter can understand, because it speaks the same language as the
computer, i.e., digital or on or off. The analog input (Al) must be con-
verted from the analog form (i.e., a needle or pointer on a gauge) to a
digital form (exact numbers to an assigned decimal accuracy). This is
done through an analog-to-digital converter. Assuming that the sensor
is accurate, the value of a temperature Al to the DDC system can be
accurate to 0.1 °F (0.05 °C).

Once the computer has digitized the very close approximation of the
analog value, it can compare it to the set point it retains in memory
(in software) to provide a digital output (make a decision) to operate
a controlled device (hot water valve) to assure that the actual sensed
analog value (temperature) is the same as its set point.

20.3.4 Microprocessor outputs

To convert a digital percentage value to a variable voltage, current or
pneumatic air pressure that can automatically operate a hot water
valve, a digital-to-analog converter is used to furnish an analog output
(AO). When examined very closely, the AO is a very finely stepped
digital signal. For example, 65.0% of full flow might indicate an analog
or current output of 14.40 mA within a signal range of 4 to 20 mA,
which is hardly detectable. In some systems where the output is di-
rectly to a pneumatic system, the output would be referred to as a
pneumatic output (PO).

The other type of output, the digital output (DO) or in some systems
the binary output (BO), is easily converted from the computer’s digital
signal to the on or off, open or closed, etc., signal needed to start or
stop a motor or open and close a valve.
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20.3.5 DDC example

Using the DDC control loop example in Figure 20.5, for the duct sup-
ply air temperature (SAT) there will be one Al, and for the hot water
valve there will be one AQ, each wired to the DDC panel. Set point of
the SAT on the heating coil is maintained by the DDC microprocessor,
which continually monitors the SAT, compares the Al SAT sensor
value to the set point, and calculates an AO (makes a decision) to
reposition the hot water valve to allow more, or less, hot water flow
such that the AT SAT sensor value comes into line with the set point.

20.4 Building and HVAC Communications

20.4.1

There are many DDC systems being used for HVAC systems that can-
not interface with each other. Many items of HVAC and electrical
equipment used today come factory assembled with some type of mi-
croprocessor control module. Requiring each manufacturer to be com-
patible with individual proprietary control systems to integrate the
control of all components is becoming increasingly expensive and slow-
ing the pace of technological advancement.

Many in the HVAC industry believe that the development of com-
munication protocol standards will solve industry problems with DDC
controls, by simplifying the process by which control systems are de-
signed and procured. A standard protocol will permit designers to
treat DDC components as interchangeable components with a stan-
dard or uniform formatting of data.

Protocol standards

20.4.2 BACnet protocol

A proposed ASHRAE Standard SPC-135P, BACnet—A Data Commu-
nication Protocol for Building Automation and Control Networks, is
attempting to set an industry communication standard that is focusing
on HVAC controls. This open standard protocol, if accepted industry-
wide, would allow automation and other building component systems
to interface with each other as shown in Figure 20.6. BACnet also
would provide a building owner with the broadest set of options when
upgrading or expanding HVAC systems without replacing any of the
original DDC controls.

20.4.3 Open protocols

In lieu of BACnet, all manufacturers of automation systems and con-
trollers could open up their proprietary protocols and give everyone
“translator books.” However, as shown in Figure 20.7, the DDC system
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is still closed, as system A always will be in control of the building

bl owner’s options when upgrading or expanding HVAC systems.
[ ] A number of open protocols are competing to set their own “industry
standard” for building control communications. Building communica-
System A System B System B tion preprogrammed computer chips, which provide network services,

can be provided to HVAC equipment manufacturers that may be com-
patible with most open protocols. System costs probably will decide
which communications networks will survive.

The malfunction of HVAC equipment and systems because of control

system networking problems can only add to the problems facing TAB

Figure 20.6 BACnet typical schematic. (Courtesy of apms
Heating/Piping/Air Conditioning) technicians.

System A
— System B
Translator
Open. ..
Figure 20.7 Open protocol typi-
cal schematic. (Courtesy of
L] Heating/Piping/Air Condition-

ing)

or still closed?
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Cleanroom Testing

21.1 Cleanroom Basics

21.1.1 Federal standard 209E

21.1.1.1 Development. Federal Standard 209, Airborne Particulate
Cleanliness Classes in Cleanrooms and Clean Zones, is probably the
most widely referenced contamination control document in existence.
Although it is nominally a U.S. government publication intended for
use by federal agencies, it has been adopted as the standard for air
cleanliness classification by American industry and most other coun-
tries with high-tech capabilities.

The original version of the document was released in December of
1963 as Federal Standard 209. The first revision, Federal Standard
209A, was published in August of 1966. A second revision, Federal
Standard 209B, was issued in April of 1973, and Amendment Number
1 to Federal Standard 209B in May of 1976. No significant changes
were made to the original document by any of these revisions.

Major changes were made to the document, which was published in
October of 1987 as Federal Standard 209C. For the first time meth-
odology for statistical analysis of the particle count data was included
as well as changes to classification levels and data collection methods.
The most recent version, Federal Standard 209E, was released Sep-
tember 1992, with significant changes including the addition of SI
(metric) unit designations for cleanrooms.

211.1.2 Airborne particles. Airborne particulate matter can be or-
ganic or inorganic, viable or nonviable. Most contamination control
problems concern the total (gross) contamination within the air, but
applications exist for specific contamination control of bacteria, spores,
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Figure 21.1 Characteristics of particles and particle dispersoids. (Courtesy of Stanford
Research Institute.)

21.1.2 Cleanroom airflow

The types of cleanroom systems can be described in terms of combi-
nations of the following parameters: air change rates, airflow patterns,
method of filtration, and method of handling bypass or recirculated
air. It is important that return air outlets be sized with correct air
velocities [such as 500 to 700 fpm (2.5 to 3.5 m/s)] to ensure that the
proper pressurization of the cleanroom can be maintained.

21.1.2.1 Air change rates. Air change rates, the number of times the
total volume of a given room in cubic feet (m?) is changed and filtered
in a minute (or a hour), together with filter efficiency, are the two most
important factors in providing and maintaining environmental con-
ditions free of contaminants.

Air change rates in cleanrooms vary from as few as 30 per hour in
class 100,000 (M6.5) rooms to as many as 600 to 700 per hour in class
100 (M3.5) and class 10 (M2.5) rooms (see Table 21.2). Care must be
taken when testing rooms with 600 complete air changes per hour to
ensure temperature and relative humidity control under such dynamic
airflow conditions.

21.1.2.2 Airflow patterns. Air from the high-efficiency particulate air
filters should be directed so that the cleanest air is at the most critical
work areas. As contaminants are entrained, they should be conveyed
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TABLE 21.2 Typical Cleanroom Air Change Rates and Velocities

Room air velocity Airchange rates®

Cleanroom class Feet per minute Meters per second Per hour Per minute

1 90-120 0.45-0.60 720 12

10 80-100 0.50-0.50 600-720 10-12

100 80-100 0.40-0.50 600-720 10-12
1000 25-30 0.12-0.15 180240 34
10,000 8-10 0.04-0.05 60-120 1-2
100,000 4-6 0.02-0.03 30 0.5

“Eight foot (2.4 m) ceiling height.

to less critical portions of the room for removal by the return air sys-
tem.

These criteria generally result in (1) the introduction of large quan-
tities of air at low velocities in the area of the most critical work sur-
faces and (2) unidirectional movement, usually downward through the
room, prior to removal from the space. The choice of a specific airflow
arrangement should be based on the criticality of the conditions to be
maintained in the space, the size of the room, and the ratio of space
occupied by critical operations to the overall room size.

21.4.2.3 Multidirectional airflow. A satisfactory arrangement for con-
ventional or multidirectional flow air distribution is shown in Figure
91.2. Air is supplied through large ceiling outlets, flows generally
downward, and is removed near the floor level.

Multidirectional air systems function satisfactorily for many appli-
cations. When they are supplemented by local unidirectional flow work
stations, they can provide a high degree of contaminant control for
critical operations.
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Figure 21.2 Multidirectional flow cleanroom.
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21.1.2.4 Unidirectional airflow. In a unidirectional flow or laminar flow
system, air is introduced evenly from filter banks from an entire sur-
face of the room, such as the ceiling or a wall, flows at constant velocity
across the room, and is removed through the entire area of an opposite
surface. Unidirectional flow provides a direct, predictable path that a
submicrometer size particle will follow through the cleanroom, with
minimum opportunity for contaminating room components. It also
captures the particles constantly generated within the room and in-
troduced into the airstream, thereby reducing the potential for cross-
contamination.

To provide good dilution and sufficient air motion to prevent settling
of particles, airflow velocities of approximately 90 fpm = 20 fpm (0.45
m/s * 0.1 m/s) are recommended as standard design for unidirec-
tional flow cleanrooms.

21.1.2.5 Vertical unidirectional flow cleanroom. The vertical unidirec-
tional or laminar flow cleanroom (Figure 21.3) has a ceiling consisting
of high efficiency particulate air (HEPA) filters. As the numerical class
of the cleanroom gets lower, a greater percentage of the ceiling will
require HEPA filters. For a class 100 (M3.5) room, almost the entire
ceiling will consist of HEPA filters. Ideally, a grated or perforated floor
may serve as the air return or exhaust. Air in the unidirectional room
moves uniformly from the ceiling to the floor. After moving through
the ceiling filters, it enters the cleanroom essentially free of all par-
ticles.

A pressurized ceiling plenum of filters, individual ducted filters, or
fan module filters may provide filtered air to the clean space. Care
must be taken with the pressurized ceiling plenum to diffuse the air
in order to keep the velocity through each filter uniform. Each HEPA
filter should be factory tested and the pressure drop recorded. Filters
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Figure 21.3 Vertical unidirectional or laminar flow
cleanroom.
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within the same plenum should have equal pressure drops. Airflow
balancing can be accomplished by volume dampers built into the per-
forated floor, in the sidewall returns, or in the ducts connected to the
plenums. Individual ducted filter boots should have dampers for each
filter to facilitate balancing. It should be noted that when ducted fil-
ters are used, the area above the ceiling is not normally a clean area.

21.1.2.6 Horizontal unidirectional flow cleanroom. The horizontal uni-
directional or laminar flow cleanrooms (Figure 21.4) uses the same
filtration airflow technique as the vertical unidirectional system, ex-
cept that the air flows from one wall of the room to the opposite wall.
The supply wall consists entirely of HEPA filters supplying air at ap-
proximately 90 fpm (0.45 m/s) across the entire section of the room.
The air then exits through return air devices at the opposite end of
the room. As with the vertical unidirectional room, this design re-
moves contamination generated in the space at a rate equal to the air
velocity and does not allow cross-contamination perpendicular to the
airflow.

In this design, the air first coming out of the filter wall is as clean
as air at the ceiling in a vertical unidirectional room. The process
activities can be oriented to have the most critical operations at the
cleanest end of the room, with progressively less critical operations
located toward the return air end of the room.

21.2 Cleanroom Air Filters

21.2.1 Rating air filters

The three operating characteristics that distinguish the various types
of HVAC air filters are efficiency, airflow resistance, and life or dust-
holding capacity. Efficiency measures the ability of the air filters to
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Figure 21.4 Horizontal unidirectional flow cleanroom.
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remove particulate matter from an airstream. Average efficiency dur-
ing the life of the filter is the most meaningful characteristic for most
types and applications.

Airflow resistance (or merely resistance) is the static pressure drop
across the filter at a given airflow rate. The term pressure drop is used
interchangeably with resistance.

Dust-holding capacity defines the amount of a particular type of
dust that an air filter can hold when it is operated at a specified air-
flow rate to some maximum resistance value or before its airflow is
seriously reduced as a result of the collected dust.

Complete rating of air filters then requires data on efficiency, resis-
tance, dust-holding capacity, and the effect of dust loading on efficiency
and resistance.

21.2.2 Air filter tests

Air filter testing is complicated by a number of technical and practical
considerations to the extent that no individual test adequately de-
scribes all filters. Ideally, performance testing of equipment should
simulate the operation of the device under operating conditions and
furnish performance ratings in terms of characteristics important to
the equipment user. In the case of air filters, this is made difficult by
the wide variations in the amount and type of particulate matter in
the air being cleaned. Another complication is the difficulty of closely
relating measurable performance to the specific requirements of users.
Recirculated air tends to have a larger amount of lint than does out-
side ventilation air.

In general, three types of tests, together with certain variations, are
employed to determine air filter efficiency.

21.2.21 Weight arrestance. A standardized synthetic dust consisting
of various particle sizes is fed into the air filters and the percentage
of the weight of the dust removed is determined. Under ASHRAE
Standard 52.1-1992, this type of efficiency measurement is named syn-
thetic dust weight arrestance to distinguish it from other efficiency
values. The term often is abbreviated as weight arrestance.

21.2.2.2 Dust-spot efficiency. Atmospheric dust is passed into the air
filter, and the discoloration effect of the cleaned air is compared with
that of the incoming air. This type of measurement is named dust-spot
efficiency under the ASHRAE Standard 52.1-1992.

21.2.2.3 Particle size. Uniformly sized aerosol particles are fed into
the air filter and the percentage removed by the filter is determined.
For example, particle size concentration is measured upstream and
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downstream of the air filter. This is referred to as fractional removal
efficiency under proposed ASHRAE Standard 52.2P.

21.2.3 HEPA filters

The ability to obtain the level of cleanliness required in present-day
cleanrooms rests solely upon the use of high-efficiency particulate air
(HEPA) filters. The HEPA filter medium is composed of glass fibers of
a variety of sizes—Dboth lengths and diameters. They are bound to-
gether primarily by the interlacing of the fibers with the help of a
binder. This medium is much more dense than the media in less effi-
cient filters, which causes a higher pressure drop and requires greater
filter area. In the HEPA filter, this is accomplished by folding and
pleating the medium (Figure 21.5).

Because HEPA filters operate at such low velocity rates through the
medium, the pressure drop versus airflow volume curve is linear
(straight line). HEPA filters are tested and systems are designed to
have the initial filter pressure drop at approximately 1 in.w.g. (250
Pa). HEPA filters reach about 90% of their maximum holding capacity
at twice the initial pressure drop.

In testing and handling HEPA filters, the medium should never be
touched, because it is easily damaged. Media damage also can occur
if the filter frame is dropped or banged against a hard object.

21.2.4 Cleanroom filtration

Cleanroom air filtration involves several steps. The secondary air sys-
tem (used for temperature and humidity control) should provide pre-

FRAME

Figure 21.5 HEPA filter, isometric cutaway.
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filtering and intermediate air filtering to remove larger airborne par-
ticles. Final high-efficiency particulate air (HEPA) filters, located in
the primary airstream, are used to remove the smaller airborne par-
ticles. These filters can be placed in the air handling unit or in the
cleanroom ceiling or wall, depending on the class of cleanroom and its
use.

HEPA filters have a large increase in pressure drop as they load up
with particulate matter. This will cause the cleanroom airflow volume
to decrease as the operating point moves up the fan curve unless the
fan speed is modulated automatically to compensate for the pressure
increase.

Supply air for the cleanroom must be distributed very uniformly in
the plenum above a nonducted HEPA filter ceiling to obtain uniform
flow through the ceiling-mounted filters and the cleanroom itself. This
also applies to the plenum of a wall-mounted HEPA filter system.

21.3 Cleanroom HVAC Systems

Cleanroom HVAC systems are somewhat different from general com-
mercial HVAC systems. Room walls may become duct walls, rooms
become pressure vessels, walls or ceilings may be used as air diffusers,
and a single room or space may have three separate fan—duct systems.
A TAB technician NEVER should enter an existing cleanroom
area without instructions from the facility manager. Gowning
procedures may be required, even outside the cleanroom, and proce-
dures vary from facility to facility.

21.3.1 Room pressurization

A cleanroom facility may consist of multiple rooms with different re-
quirements for contamination control. All rooms in a clean facility
should be maintained at static pressures sufficiently higher than at-
mospheric to prevent infiltration by wind or other effects. Differential
pressures should be maintained between the rooms sufficient to assure
airflow outward progressively from the cleanest spaces to the least
clean during normal operation and during periods of temporary upsets
in the air balance, as when a door connecting two rooms is suddenly
opened (Table 21.3).

Static pressure regulators can maintain desired room pressures by
operating dampers, fan inlet vane controls, vaneaxial fans, controlla-
ble pitch-in-motion controls, or a combination of these to vary the ratio
of supply air to makeup air or exhaust air. To provide control over
room pressures, airflow variations should be minimized. Exhaust air-
flow from rooms through hoods should be maintained constant by con-
tinuous hood operation or appropriate bypasses. In many systems,
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TABLE 21.3 Air Pressure Relationships

Application Pressure differential
General 0.05 in.w.g. (12 Pa) higher than
surroundings
Between cleanroom and uncontaminated section 0.05 in.w.g. (12 Pa), minimum
Between uncontaminated and semicontami- 0.05 in.w.g. (12 Pa)
nated section
Between semicontaminated section and locker 0.01 in.w.g. (2.5 Pa)

area

door openings to the outside are protected by airlocks, and provision
is made for offsetting the pressure loss variations across filters as the
dust loading increases.

21.3.2 Room temperatures

Temperature controls provide stable conditions for materials and in-
struments and for personnel comfort. Heat loads from lighting are
high but stable; personnel loads vary; the heat generated by process
operations, including soldering, welding, heat treating, and heated
pressure vessels, is usually high and variable.

The large quantities of air supplying the cleanroom diffuses internal
heat gains such that the temperature differential, between the room
entering supply air and the room air, is quite low. However, areas of
concentration of heat-producing equipment and supply air patterns
should be analyzed to determine resulting temperature gradients (Ta-
ble 21.4). Large cleanrooms have multiple zones of temperature con-
trol because of radically different cooling requirements of the various
localized areas.

21.3.3 Room humidity

In cleanrooms, humidity control is affected more by external influ-
ences (such as weather changes) than by variations in moisture gen-

TABLE 21.4 Cleanroom Temperature and Humidity

Temperature Humidity

Capacity range 67°—77 °F (19°-25 °C) 40-55%
Control point 72 °F (22 °C) 45%
Control tolerance

General applications +2°F (x1.1°C) *5%

Critical applications +0.5°F (£0.3 °C) +2%
Capacity and control 2.5°-4 °F (1.4°-2.2 °C)

response rate change per hour
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eration within the space. When processes involving evaporation take
place within the cleanroom, they usually are confined within venti-
lated enclosures. Some precision manufacturing processes require hu-
midities lower than 35%. Precautions often are taken to control static
electricity by using ionization grids and grounding straps.

Corrosion of precisely manufactured surfaces, including bearings,
electrical contact surfaces, ballbearing raceways, and miniature-gear
trains, occurs with above 50% relative humidity. At relative humidities
much below 40%, static charges may form, attracting dust particles
that later may become airborne in objectionable concentrations.

21.3.4 Makeup and exhaust airflow

Ventilation and makeup air is required for both room and unitary
equipment application. In the use of suction exhaust benches, where
the exhaust air is discharged out of the area through ductwork, the
makeup air may be supplied from within the area or may be ducted
in. If this supply air is ducted from an external source, it should be
prefiltered and conditioned. If the air is supplied from within the area,
the space air conditions must not be adversely affected.

Activities in the cleanroom often require the use of exhaust air
equipment. Work stations emitting toxic fumes, ovens emitting heated
fumes, small machinery operations, and the like, all must have ex-
haust air capability. Work stations use the cleanroom air as their
source of makeup air; therefore, the cleanroom makeup air volume is
increased by the volume of exhaust air. The exhaust air ducts for the
equipment should be carefully adjusted to maintain unidirectional air-
flow within the cleanroom and room pressurization.

Exhaust air systems, in which contamination control is necessary,
may be contained within unitary equipment or may be remote with
central ducts. In addition, special pollution control systems may also
be necessary before the air can be discharged to the atmosphere. As
a safety precaution, exhaust air ducts for highly toxic materials should
be kept at a negative pressure within the entire confines of the build-
ing. Exhaust air filter housings NEVER should be opened by
TAB technicians.

21.4 Typical Cleanroom Systems
21.4.1 Class 10 (M2.5) cleanrooms

The system shown in Figure 21.6 is an example of a class 10 (M2.5)
cleanroom with three fan—duct systems. The primary air is supplied
through a pressurized plenum and filtered through ultra-low penetra-
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Figure 21.6 Class 10 (M2.5) cleanroom example.

tion air (ULPA) filters. A raised floor or grating provides laminar air-
flow within the cleanroom area.

The primary air is supplied to the pressurized plenum by a con-
trollable pitch, axial flow fan provided with a sound attenuator. The
large volume of primary air [540 air changes per hour for a cleanroom
of 10 ft height (3 m) and 90 fpm (0.45 m/s) air velocity through the
ULPA filters] requires the use of vaneaxial fans.

The secondary air is provided by an air handling unit consisting of
a mixing box, a coil section with cooling coil for cooling and dehumid-
ification, a heating coil for heating and reheat, and a supply fan sec-
tion with a centrifugal fan.

The outside air required for room pressurization and makeup air for
the process equipment exhaust, if applicable, is supplied by a makeup
air handling unit. The makeup air handling unit consists of an outside
air intake, a filter section with 2 in. (50 mm) prefilters and 95% effi-
clent bag filters, a coil section with a preheating coil with face and a
bypass damper and a cooling coil, and a supply fan section with a
centrifugal fan provided with a frequency inverter. The preheating coil
and the cooling coil maintain a fixed leaving air temperature year
round. The preconditioned outside air and the return air from the
cleanroom to the secondary air handling unit are mixed in the mixing
box of the secondary air handling unit.

Room pressurization is provided by the makeup air handling unit.
A static pressure sensor installed in the room modulates the supply
fan electric motor speed through the frequency inverter to maintain
the required positive pressure.
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21.4.2 Class 100 (M3.5) cleanrooms

The system shown in Figure 21.7 is an example of a class 100 (M3.5)
cleanroom. The primary air is provided by a primary air handling unit
and distributed through medium pressure ductwork. The primary air
is supplied to the room by individually ducted final HEPA filters.

The entire cleanroom ceiling area is covered with final HEPA filters
installed on the T-grid ceiling system.

The primary air handling unit consists of a mixing box, a filter sec-
tion with prefilters, and a supply fan section with an internally iso-
lated controllable pitch, axial flow fan with a builtin sound attenuator.

The secondary air handling unit consists of a mixing box, a coil
section with a cooling coil and a heating coil, and a supply fan section
with a centrifugal fan.

Outside air is provided by a makeup air handling unit, which has
the same components as shown in Figure 21.6.

The return air from the cleanroom is transferred through floor-
mounted registers into an air-tight return air plenum (or basement).
The air flows through a chase area ceiling into the plenum and is
ducted back to the mixing boxes of the primary and the secondary air
handling units. The chase areas are used for returning the air. Branch
exhaust ducts (for work station exhaust) are located in these chases
and connected to the main exhaust ductwork located in the basement
area. Since the return air chases are used for process equipment con-
nections and services, the return air is prefiltered.

The cooling coil and the heating coil, in the secondary air handling
unit, maintain a fixed leaving air temperature on the discharge side
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Figure 21.7 Class 100 (M3.5) cleanroom example.
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of the primary supply fan. The design temperature for each room is
maintained by an electric or hot water reheat coil mounted in the
supply ductwork to the zone. If the relative humidity in any zone in-
creases above the set point, the secondary air handling unit cooling
coil provides more dehumidification, and at the same time the heating
coil will be in the reheat mode to maintain design temperature. When
the relative humidity decreases below the set point, a duct-mounted
humidifier provides humidification.

21.4.3 Class 10,000 (M5.5) cleanrooms

The system shown in Figure 21.8 is an example of a Class 10,000
(M5.5) cleanroom with local class 100 (M3.5) areas.

The air handling unit consists of a mixing box, a filter section with
2 in. prefilters and 95% NBS bag filters, a coil section with a cooling
coil (with an opposed blade damper installed above the cooling coil)
and a heating coil, and a supply fan section with an internally iso-
lated, airfoil, centrifugal fan, provided with an inlet vane damper. The
2 in. (50-mm) prefilters are used only for the startup of the system.

The air is distributed through medium pressure ductwork and sup-
plied to the space by individually ducted final HEPA filters. HEPA
filters tested for 99.97% efficiency are provided for the class 10,000
(M5.5) area. Canopies with HEPA filters tested for 99.99% DOP effi-
ciency on 0.3 pm are provided above the work stations to provide a
local class 100 environment.

The air from the room is transferred through low sidewall registers
into return air chases. From the ceiling return plenum the air is
ducted to the mixing box of the air handling unit.
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The corridor adjacent to the cleanroom has a class 100,000 (M6.5)
cleanliness level. The air is supplied through duct-mounted HEPA fil-
ters and ceiling diffusers.

Outside air is provided by a central makeup air handling unit con-
nected to several air handling units. The preconditioned outside air
and the return air from the cleanrooms is mixed in the air handling
unit mixing box. A part of the mixed air is cooled and dehumidified
by the cooling coil and the rest of the mixed air bypasses the cooling
coil. The quantity of the air passing through the cooling coil is constant
and is dependent upon the room sensible and latent loads. The concept
of primary and secondary air is used with a single air handling unit.

21.5 Cleanroom Systems TAB
21.5.1

Before the cleanroom facility is tested for airflow patterns, volumes,
and velocities, the quantities of airflow must be measured for the main
supply air to the cleanroom and for the makeup supply air system.
The reserve air handling capacities needed to accommodate a loaded
filter capacity also must be determined.

It is very important that the proper testing instrumentation be se-
lected and calibrated (if required) before the cleanroom TAB proce-
dures are initiated. Chapters 7 and 8 have a description of basic in-
strumentation used for testing HVAC systems.

Main supply air systems

1. Confirm that every item affecting the airflow of the main supply
air duct system is ready, such as doors being closed, ceiling tiles
(supply air or return air plenums) in place, etc.

2. Confirm that all automatic control devices will not affect the test-
ing, adjusting, and balancing (TAB) operations.

3. Establish the conditions for the maximum demand system airflow,
which generally is a cooling application with “wetted” coils.

4. After verifying that all dampers are open or set, start all related
systems (return, exhaust, etc.) and the system being balanced
with each fan running at the design speed (rpm). Upon starting
each fan, immediately check the fan motor amperage. If the am-
perage exceeds the nameplate full-load amperage, stop the fan to
determine the cause or to make the necessary adjustments.

5. Again confirm that all related system fans serving each area
within the space being balanced are operating. If they are not,
pressure differences plus any infiltration or exfiltration pressures
may adversely influence the balancing. Preliminary studies will
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have revealed whether or not the supply air quantity exceeds the
exhaust air quantity from each area. Positive and negative pres-
sure zones should be identified at the time.

In most cleanroom applications, pressure zones will be a pri-
mary consideration. The pressure differentials may be as high as
0.25 in.w.g. (63 Pa) static pressure but normally are in the range
of 0.05 to 0.10 in.w.g. (12.5 to 25 Pa). These differentials must be
maintained during all airflow balancing and cleanroom certifica-
tion testing. If differential pressures were allowed to vary during
the TAB procedures, it would be difficult to repeat the test results,
making the final results unacceptable.

. If the cleanroom is served by a primary system for filtration and

a secondary system for makeup air, room pressurization, and air
conditioning, all systems should be in operation during all TAB
work and cleanroom certification testing. If the fan systems have
a return air system and an outside air intake, the modulation of
the dampers also may adversely affect the balancing and testing
procedure.

Determine the volume of air being moved by the supply fan at

design rpm by one or more of the following methods:

a. Pitot tube traverse of main duct or ducts leaving fan discharge.

b. Fan curves or fan performance charts. To determine fan per-
formance using a fan curve or performance rating chart, it is
necessary to take amperage and voltage readings. In addition,
a static pressure reading across the fan must be recorded. With
rpm, brake horsepower (watts), and static pressure, the fan
manufacturer’s data sheets may be used to determine the air-
flow (cfm or L/s) predicted by the manufacturer. Fan perform-
ance can deviate substantially from the fan curves if a “system
effect” is present or a substantial amount of extra duct fittings
have been installed.

c. Velocity readings taken across coils, filters, and/or dampers on
the intake side of the fan. This must be used as an approxi-
mation only.

d. Filter velocity profile.

. If the supply fan volume is not within + 10% of the design capacity

at design rpm, determine the reason by reviewing all system con-
ditions, procedures, and recorded data. Check and record the air
pressure drop across filters, coils, eliminators, sound traps, duct
elbows, etc., to see whether excessive loss is occurring. Particu-
larly study duct connections and casing conditions at the fan inlet
and outlet for “system effect.”
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9. If the measured airflow of the supply air fan, central return air
fan, or central exhaust air fan varies more than 10% from design,
adjust the drive of each fan to obtain the approximate required
cfm (L/s). Record fan suction static pressure, fan discharge static
pressure, amperage, and cfm (L/s) measurements. Confirm that
the fan motor is not overloaded and the proper heater coils are
installed.

10. Make a preliminary spot check of filter velocities and area pres-
sures.

11. The HVAC systems are considered balanced in accordance with
NEBB cleanroom procedural standards when the value of the air
quantities is measured and found to be within 10% of the design
air quantities (unless there are conditions beyond the control of
the TAB firm).

21.5.2 Makeup air systems

The same TAB procedures used in Section 21.5.1, Main Supply Air
Systems, should be followed for makeup air systems.

21.5.3 Reserve air handling capacity

This test is to determine the amount of excess capacity beyond design
amounts available in the main supply air handling unit to compensate
for increased system resistance caused by maximum allowable filter
loading. Reserve air handling unit capacity is to be expressed in in.
w.g. (Pa).

Determine the external static pressure of the main supply air sys-
tem (see Section 21.5.1). Calculate the “reserve system capacity” by
either of the following methods:

1. Plot a point on the fan curve at actual rpm and minimum accept-
able system airflow. Determine the external static pressure at
which this occurs. The difference between this value and the mea-
sured external static pressure is reserve capacity expressed in in.
w.g. (Pa).

2. At the measured value of airflow, plot the static pressure that can
be developed without exceeding the BHP (W) of the air handling
unit motor. The difference between this static pressure and the
measured external static pressure is the reserve capacity in in. w.g.
(Pa).

..
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21.5.4 Reporting

1. Report the measured or calculated main supply air velume and
makeup air volume in total standard cfm (std. L/s). scfm per square
foot (std. L/s/m?) of work area, and air changes -per hour, to the
nearest 10 scfm (5 std. L/s) or 0.1 air change per hour. ,

2. Report the calculated reserve air handling unit capacity in static
pressure to the nearest 0.01 in.w.g. (2.5 Pa).

21.6 Cleanroom Pressurization Tests

T.hf: purpose of cleanroom pressurization tests is to verify the capa-
bility (_}f the cleanroom systems to maintain the specified pressure dif-
fer?ptlal in the cleanroom. These tests should be performed after the
facility has met the acceptance criteria for airflow velocity, uniformit

parallelism, and other applicable tests. ‘ 4

21.6.1 Test instruments

Use inclined manometer(s) or a mechani 1 i
anical differential
gauge (see Chapter 7). S

21.6.2 Procedures

1. Verify that all doors of the cleanroom enclosure are closed.

2. Measure and record the pressure differential between the room and

the vestibule (if present), and between the vestibule and the exte-
rior ambient.

3. If no vestibule is present, measure and record the pressure differ-
ential between the room and the exterior ambient.

4. If the clean space is subdivided into more than one room measure
the pressure differentials between the innermost room anél the next
room in order. Continue until the last room (or vestibule), has been
measured against the exterior ambient. ’

21.6.3 Reporting

Report all measured values to the nearest 0.01 in.w.g. (2.5 Pa).
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21.6.4 Acceptance

Pressurization levels and acceptance values such as 0.03 to 0.05
in.w.g. (7.5 to 12.5 Pa) normally are specified by the cleanroom owner
or operator.

21.7 Cleanroom Certification Testing

Two basic types of certification tests for cleanroom systems are em-
ployed by NEBB Certified Cleanroom Performance Testing Firms to
evaluate a facility properly: initial performance tests and operation
monitoring tests. The initial performance tests may result in correc-
tions of problems within the system and, therefore, are normally con-
ducted before occupancy of the facility. However, a cleanroom facility
cannot be fully evaluated until it has performed under full occupancy
and the manufacturing process to be performed within it is opera-
tional. The techniques for conducting initial performance tests and
operation monitoring are similar.

21.7.1 Initial tests

Sources for contamination are external and internal. For both multi-
directional flow and unidirectional flow cleanrooms, the major source
for external contamination is through the primary air loop. Therefore,
similar leak testing of the HEPA filter banks may be conducted. Ac-
cording to Federal Standard 209E, equipment applying light scatter-
ing principles shall be used for detection of particle sizes 0.5 pm and
smaller. For particles sizes 5.0 pm and larger, microscopic counting is
allowed, with the particles collected on a membrane filter through
which a sample of air has been drawn. In general, the light scattering
method is required for evaluation of class 10 (M2.5) and class 100
(M3.5) rooms, whereas either method may be used for class 10,000
(M5.5) or class 100,000 (M6.5) rooms.

HEPA filters, for class 1000 (M4.5) and better cleanrooms, should
be tested both before installation and while in place. HEPA filters for
class 10,000 (M5.5) and above may be tested after installation. Field
tests for pinhole leaks are required at the following places: the filter
medium, the sealant between the medium and the filter frame, the
filter frame gasket, and the filter bank supporting frames. A pinhole
leak at the filter bank can be extremely critical since the concentration
of the leak varies inversely as the square of the pressure drop across
the hole.

When the filter bank is properly sealed, other sources of external
contamination must be tested. In laminar flow facilities, this consists
of physical barriers such as walls, partitions, windows, doors, and the
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like. In conventional flow rooms, in addition to the above, all ductwork
Fiownstream of the filter bank must be tested. If the primary air loop
1s properly pressurized, sufficient control will be obtained.

21.7.2 Operational monitoring tests

Interna'l sources of contamination may be generated by the process
by service equipment, or by operating personnel. Therefore, to evalu-,
ate the .performance of the cleanroom properly in controllin’g internal
con.t_amlnation, tests must be conducted at critical areas within the
facility. The contamination level with a conventional flow cleanroom
reaches a plateau and the level of contamination tends to equalize
throughout, whereas in a laminar flow cleanroom, contamination
stratiﬁes. It is therefore critical to sample work areas properly within
a lamlr.lar flow facility. This sampling should also be done with a light
scattering particle counter, providing a high rate of sampling. Since
Fhls test is to evaluate a work area with respect to both external and
internal contamination, a DOP challenge need not be introduced
However, the cleanrooms should be occupied and in operation. .
Average velocity readings throughout the cleanroom should be
tgken with thermal anemometers to determine velocity gradients and
air patterns. Several readings should be taken to obtain an average
of ea:;ch glter indthe bank of a laminar flow cleanroom, since their
construction produces a defini i
gyt ball)anced_ finite gradient and must be properly eval-
Other tests, such as temperature and humidity gradients, lighting
levels, and sound and vibration levels, often are required in evaluating
the performance of a cleanroom facility. All testing within cleanrooms

§houl§ be done only by NEBB Certified Cleanroom Performance Test-
ing Firms.
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Sound and Vibration

22.1 Fundamentals of Sound
22.1.1 Sound Waves

Sound can be defined as vibrations transmitted through an elastic
medium, similar to waves in water, that are perceived by the human
ear. Noise can be defined as unwanted sound or sound that is disturb-
ing.

Sound waves travel through air at 68 °F (20 °C) at 1125 fps (343
m/s). They travel through water at approximately 5000 fps (1520 m/
8). The wavelength of the sound is the distance it travels during one
vibration or cycle (Figure 22.1), which is similar to a sine wave. The
period of vibration is measured in seconds. The number of complete
cycles of vibration that oceurs per unit of time is the frequency, mea-
sured in cycles per second or hertz (Hz). The relationship between
frequency, speed of sound, and wavelength is shown by Equation 22.1.

K

Figure 22.1 Sound wave.
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Equation 22.1

Where: A = wavelength in feet (meters)
¢ = speed of sound, 1125 ft/s (343 m/s)
f = frequency in hertz (cycles per second)

Example 22.1 What is the wavelength of 20 Hz?
Solution
A = 1125/20 = 56.3 ft. (U.S.)
A = 343/20 = 17.15 m (Metric)

Example 22.2 What is the wavelength of 20,000 Hz?

Solution
1125
A= = 0. ft. .68 in.
20,000 0.056 ft. or 0.68 in
343
A= 20,000 = 0.017 m or 17 mm

22.1.2 Octave bands

The audible frequency range extends from about 20 to 20,000 Hz.
Within the frequency range of interest, a sound source is characterized
by its sound power output in octave or -octave bands, although nar-
rower bandwidths may be appropriate for certain analyses. An octave
is a frequency band with its upper band limit twice the frequency of
its lower band limit.

Table 22.1 lists the preferred series of octave bands and the upper
and lower band limit frequencies. One third—octave band center fre-
quencies and upper and lower band limits also are listed in Table 22.1.
Octave and 4-octave bands are identified by their center frequencies,
not by their upper and lower band limit frequencies. Analysis in octave
bands is used for rating acoustical environments in rooms, while }-
octave bands are used in vibration analysis and troubleshooting.

22.1.3 Relationships among sound terms

The relationship among sound power level (L), sound pressure level
(L), and sound intensity level (L;) must be thoroughly understood. In
practice, the terms sound pressure level and sound power level are used
most frequently. The definitions of these terms follow.
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TABLE 22.1 Center Frequencies for Octave and {-Octave Band
Series

Octave bands (Hz)

4-Octave bands (Hz)

Lower Center Upper Lower Center Upper
22.4 25 28
22.4 31.5 45 28 31.5 35.5

35.5 40 45

45 50 56

45 63 90 56 63 71
71 80 90

90 100 112

90 125 180 112 125 140
140 160 180

180 200 224

180 250 355 224 250 280
280 315 355

355 400 450

355 500 710 450 500 560
560 630 710

710 800 900

710 1,000 1,400 900 1,000 1,120
1,120 1,250 1,400

1,400 1,600 1,800

1,400 2,000 2,800 1,800 2,000 2,240
2,240 2,500 2,800

2,800 3,150 3,550

2,800 4,000 5,600 3,550 4,000 4,500
4,500 5,000 5,600

5,600 6,300 7,100

53,600 8,000 11,200 7,100 8,000 9,000
9,000 10,000 11,200

11,200 12,500 14,000

11,200 16,000 22,400 14,000 16,000 18,000
18,000 20,000 22,400

22.1.3.1 Sound power level (L,). The fundamental characteristic of an
acoustic source (fan, etc.) is its ability to radiate power. Sound power
level cannot be measured directly; it must be calculated from sound
pressure level measurements. The sound power level of a source (L,,)
is the ratio, expressed in decibels, of its sound.

A considerable amount of confusion exists in the relative use of
sound power level and sound pressure level. An analogy may be made
in that the measurement of sound pressure level is comparable to the
measurement of temperature in a room, whereas the sound power
level is comparable to the cooling capacity of the equipment condition-
ing the room. The resulting temperature is a function of the cooling
capacity of the equipment and the heat gains and losses of the room.
In exactly the same way, the resulting sound pressure level would be
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a function of the sound power output of the equipment together with
the sound reflective and sound absorptive properties of the room.

Given the total sound power output of a sound source and knowing
the acoustical properties and dimensions of a room, it is possible to
calculate the resulting sound pressure levels.

22.1.3.2 Sound power level of a source (L,). The ratio, expressed in de-
cibels, of a source’s sound power to the reference sound power, which
is 107'* (or 107! watts, now obsolete). The reference power should
always be stated.

22.1.3.3 Sound power of a source (W). The rate at which sound energy
1s radiated by the source. Without qualification, overall sound power
is meant, but often sound power in a specific frequency band is indi-
cated.

22.1.3.4 Sound pressure. Sound pressure is an alternating pressure
superimposed on the barometric pressure by sound. It can be mea-
sured or expressed in several ways, such as maximum sound pressure
or instantaneous sound pressure. Unless such a qualifying word is
used, it is the effect of root-mean-square (RMS) pressure that is meant
(see Section 19.7.4 for RMS discussion).

22.1.3.5 Sound pressure level (L). A measure of the air pressure
change caused by a sound wave expressed on a decibel scale reference
to a reference sound pressure of 2 X 107% Pa or 0.0002 microbar.

22.1.4 Decibel

The term decibel (abbreviated dB) is a combination of two words.
“Bel,” in honor of Alexander Graham Bell, is a dimensionless unit for
the logarithmic ratio of two power qualities. “Deci,” meaning “10,” in-
dicates that the decibel is one tenth of a bel. The decibel scale counts
ratios in powers of 10. A small amplifier with a gain of 10 dB has
multiplied the input power by a factor of 10. An amplifier with a gain
of 40 dB has multiplied the power at the input by a factor of 10,000
(10 X 10 X 10 X 10) or 10*. Therefore the decibel is a logarithmic
term. Because sound pressure and sound power both can be expressed
in decibels, to avoid confusion it is always best to say, “decibels, sound
power level” or “decibels, sound pressure level.”

On the decibel scale, the sound power level of 0 dB does not indicate
an absence of sound. Zero decibel does indicate a level of sound at a
frequency of 1000 Hz, which is just barely audible to a person with
normal, unimpaired hearing. A difference in sound level of 1 dB is
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about the smallest relative change that the average person may be
able to detect paying very close attention.

22.1.5 Sound power level

Simply stated, sound power level (L) is the total acoustic power ra-
diating from a sound source. One does not hear sound power, as one
does not see the candle power of a 100 W incandescent light bulb. But
the output from any incandescent 100 W light bulb is always the same.

If the sound radiates uniformly in all directions (Figure 22.2), the
radiated power is spread equally over the surface of an imaginary
sphere enclosing the source. The sound intensity, i.e., the sound power
passing through a unit area of the spherical surface, is inversely pro-
portional to the surface area of the sphere. If the radius of the sphere
is doubled, the surface area increases four times and the sound inten-
sity is reduced to one fourth.

The sound intensity itself is proportional to the sound pressure,
which can be measured with a sound meter. If the total area of a
surface enclosing a sound pressure amplitude on that surface is mea-
sured, it is possible to calculate the sound levels found normally in
the everyday workplace.

The sound power level (L) in decibels is expressed by the following:

Equation 22.2

w
L._.v. =10 logm [W_}
ref.

Where: L, = sound power level (dB)
= sound power (watts)
W..s = reference sound power (10712 W)

=
!

rf Area of sphere

Intensity I
power per
unit area

P

Square root of
mean square
sound pressure
Surface S

Figure 22.2 Nondirectional sound radiation.

Power W, watts

E 11C
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Note that the word “level” is always used to indicate that a ratio,
expressed in decibels, of two quantities proportional to power is in-
volved.

The most recent standard reference for sound power levels has be-
come 1072 W and it is consistent with metric units. Some older texts
and data give 107 W as a reference which is consistent with English
units. Conversion may be as follows:

Equation 22.3
dBre 1072 W = dBre 107 W — 10

22.1.6 Sound pressure level

Sound pressure level (L) is the acoustic pressure at a point in space
where a listener’s ear or a microphone of a sound level meter is lo-
cated. One can hear sound pressure measured in decibels, the loud-
ness depending on the distance from the sound source. As with the
100 W incandescent light, the greater the distance, the less sound
(light) is received. However, obstructions or walls may affect the sound
just as light colored walls or mirrors may reflect the light.

The amplitude of air pressure fluctuations can vary over a wide
range within the audible range. The quietest sound at a frequency of
1000 Hz, which can be heard by an average person (threshold of hear-
ing), corresponds to a pressure fluctuation amplitude of 20 micropas-
cals (20 uPa). The loudest sound, just bearable, corresponds to about
100 Pa (Table 22.2). There is a ratio of 5,000,000:1 between the loudest
and the quietest sounds that can be heard by an average person. Ap-
plying a linear scale to a measurement of sound pressure fluctuations
would give large, unusable numbers. Therefore sound pressures are
expressed as a logarithmic ratio of the measured sound value to a
standard reference value. This standard reference value has been
fixed as 20 uPa. Since acoustic intensity (or loudness) of a sound is
proportional to the square of the sound pressure fluctuation, the sound
pressure level is defined as:

Equation 22.4

2

B P
L, = 10 logy, | 3= | = 20 log,, =™
Prel ref

Where: L, = sound pressure level (Pa)
P... = RMS value of sound pressure (Pa)
P_.; = reference sound pressure (Pa)

The reference sound pressure has a value of 2 X 107° Pa (20 uPa)
or 0.0002 microbar. To repeat, this is the amplitude of the sound pres-

|
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TABLE 22.2 Typical Sound Pressures and Sound Pressure Levels

Sound
Sound  pressure
pressure level
Sound source (Pa) (dB) Subjective response

Military jet takeoff at 100 ft (30 m) 200 140 Extreme danger
Artillery fire at 10 ft (3 m) 63.2 130 Extreme danger
Passenger’s ramp at jet airliner (peak) 20 120 Threshold of pain
Loud rock band?® 6.3 110 Threshold of discomfort
Platform of subway station (steel 2 100

wheels)
Unmuffled large diesel engine at 130 0.6 90 Very loud

ft (39 m)
Computer printout room? 0.2 80
Freight train at 100 ft (30 m) 0.06 70
Conversation speech at 3 ft (0.9 m) 0.02 60 Moderately loud
Window air conditioner® 0.006 50
Quiet residential area 0.002 40
Whispered conversation at 6 ft (1.6 m) 0.0006 30 Quiet
Buzzing insect at 3 ft (0.9 m) 0.0002 20
Threshold of good hearing 0.00006 10 Silent
Threshold of excellent youthful 0.00002 0 Threshold of hearing

hearing

“Ambient.

sure that roughly corresponds to the threshold of hearing at a fre-
quency of 1000 Hz. Because a pascal (Pa) is equal to a newton per
square meter (N/m?2), sometimes one will see P, = 2 X 107° N/m?.

22.2 Use of Decibels
2221 Weighting networks

The sound levels associated with different sound sources are usually
measured as a function of frequency. They often contain sound energy
over a broad band of frequencies. When it is desired to determine
whether or not a noise problem exists or to obtain a measure of the
overall sound level in an area, a sound level meter with weighting
networks normally will be used. This type of sound level meter usually
contains two weighting filters that pass all of the sound energy be-
tween the frequencies of 16 Hz and 20,000 Hz. The weighting filters
are labeled A and C. Figure 22.3 shows the attenuation characteristics
of these filters. Table 22.3 lists the attenuation values as a function
of octave band center frequencies. The A-weighted filter is most often
used when making overall noise measurements. The attenuation of
the sound signal with an A-weighted filter at the lower frequencies
corresponds to the fact the human ear is not as sensitive to sound at
these lower frequencies as it is at the higher frequencies.

L ) " |
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Figure 22.3 A and C weighting networks.

The weighted sound level meter gives only a single number reading
for sound level. It does not give any information relative to the fre-
quency content of the signal. However, a weighted sound level meter
can be used to tell whether a noise signal contains frequencies pri-
marily above 1000 Hz or below 1000 Hz. To do this, make sound read-
ings using both the A and C weighting networks. Subtract the A-
weighted sound pressure level in dB(A) from the C-weighted sound
pressure level in dB(C). If the difference is large, the signal is pri-
marily composed of frequencies less than 1000 Hz. If it is small, the
signal is primarily composed of frequencies above 1000 Hz.

22.2.2 Octave bandpass filters

Generally, more information is desired concerning the frequency con-
tent of a sound signal than that afforded by weighting networks. Such
a refinement can be achieved by using octave or third octave bandpass
filters. Figure 22.4 shows a set of octave band filters. Table 22.4 lists

TABLE 22.3 Attenuation Associated with
Weighting Networks

Frequency (Hz) Curve A (dB) Curve C (dB)

16 -56.7 -85
31.5 -394 -3.0

63 —26.2 -0.8
125 -16.1 —0.2
250 -89 0.0
500 -3.2 0.0
1,000 0.0 0.0
2,000 1.2 -0.2
4,000 1.0 -0.8
8,000 -11 -3.0

16,000 —6.6 —8.5
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Figure 22.4 Octave band filter set.

the upper and lower band limits and the corresponding band center
frequencies for the octave frequency bands from 31.5 to 16,000 Hz.

When a set of octave or third octave bandpass filters are used to
analyze a sound signal, only the sound energy with frequency com-
ponents contained in the frequency bandpass of each filter is allowed
to pass through the respective filters. For example, only those parts
of a sound signal that have frequencies between 710 Hz and 1420 Hz
are allowed to pass through the 1000-Hz octave bandpass filter. All
the components of the signal that have other frequencies are pre-
vented from passing through this filter. Thus, if octave bandpass filters
are used to analyze a sound signal, it is possible to determine the
sound energy that is contained in the octave frequency bands from
31.5 Hz to 16,000 Hz.

2223 Combining decibel levels

Because decibels are logarithmic units, normal addition or subtraction
cannot be used to combine decibel pressure levels. The nomograph in

TABLE 22.4 Band Limits and
Center Frequencies for Octave
Frequency Bands

Lower Band Upper
band center band
limit frequency limit

22 31.5 44

44 63 88

88 125 177
177 250 355
355 500 710
710 1,000 1,420
1,420 2,000 2,840
2,840 4,000 5,680
5.680 8,000 11,360
11.360 16,000 22,720
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Figure 22.5 can be used, as it is quite accurate for all HVAC system
work. The calculation procedure may be used for combining the levels
of two sound sources and for combining the octave band levels of a
single noise source to determine the overall sound pressure or sound
power level.

1. The combining of octave band data may be done in any convenient
sequence. However, combining adjacent levels is probably the most
error-free method.

2. The amount added from Figure 22.5 must be added to the higher
level of the two levels.

3. Sound pressure levels may be combined or sound power levels may
be combined (but not to each other). Both must have the values in
decibels re: 0.0002 microbar.

4. Values may have decimals to one place during the combining pro-
cess, but the final dB value should be rounded off to a whole num-
ber.

Example 22.3 Determine the total sound pressure level for the following sound
pressure levels: L, = 78 dB, L, = 83 dB, L; = 89 dB

Solution Using the nomogram in Figure 22.5, 83 dB — 78 dB = 5 dB difference.
Using the bottom scale, 5 dB lines up with approximately 1.2 dB on the top
scale. So 1.2 dB is added to the higher pressure level (83 + 1.2 = 84.2 dB).

Next, 89 dB — 84.2 dB = 4.8 dB difference on the bottom scale lines up with
about 1.2 dB, which is added to the higher number (89 + 1.2 = 90.2 dB). The
total sound pressure level is 90 dB (use whole numbers).

22.2.4 Background sound

Often when measuring the sound pressure levels associated with
sound from a specified sound source, sound from other sound sources
may be present. When this occurs, the sound pressure levels associ-
ated with the sound from the other sources must be subtracted from
the measured sound levels to obtain the correct source sound pressure

Leomp — L1 — dB
3 2 1 0.5 0.3 0.2 0.1 0.05

01 23 45 67 848 10111213 14151617 1819 20
L1—L2—dB

Figure 22.5 Nomogram for combining the sound levels of uncor-
related sound sources.

v"”
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levels. The nomogram in Figure 22.6 can be used to accomplish this.
Let L, urce-backgrouna) P€ the sound pressure level associated with a
specified sound source in the presence of background sound from other
sound sources, and let L, yacgrounay € the background sound pressure
level with the specified sound source turned off. The sound pressure
level, L, ource) @ssociated with only the specified sound source is ob-
tained by subtracting the upper scale difference from the total sound
pressure.

Example 22.4 Determine the specified source sound level when the following
levels are present: Total sound level is 80 dB and Background level is 78 dB.

Solution Using the nomogram in Figure 22.6, 80 dB — 78 dB = 2 dB difference.
Using the bottom scale, 2 dB lines up with approximately —4.4 dB on the top
scale. So —4.4 dB is subtracted from 80 dB (80 — 4.4 = 75.6 dB). The specified
source therefore is about 76 dB (answer rounded off to a whole number).

22.2.5 Combining octave band levels

Each octave band or third octave band segment is a part of the whole.
Therefore, the addition of the sound pressure levels in all of the octave
or third octave bands will give the “overall” sound pressure level as
read on the “C weighting” or “flat” scale of the sound level meter.

Example 22.5 A small room in a plant contains a compressor with known octave
band sound pressure levels re: 0.0002 microbar measured at a distance of 10 ft
(3 m). Find the total octave band sound pressure levels in the room at 10 ft (3
m) if a fan is added. The fan data were obtained in an acoustically similar room
at the same distance (use the nomogram in Figure 22.5).

Solution
Octave band center

frequency (Hz) 63 125 250 500 1000 2000 4000 8000
L, Compressor (dB) 94.0 820 80.0 82.0 88.0 88.0 88.0 79.0
Fan (dB) 96.0 820 76.0 T72.0 68.0 62.0 56.0 50.0
dB difference 2.0 0.0 40 100 200 26.0 32.0 29.0
Add to higher L, 2.1 3.0 1.5 04 0.0 0.0 0.0 0.0
Total L, in room 98.1 85.0 815 824 88.0 88.0 88.0 79.0

at 10 ft (3 m)

Laource Laourcei—bacquaund - d8

=] =3 4 =3 -2 -1 -0.7 -0.5 0.4 -0.3 -0.2

L dB

source+background ~ Lbnckground -

Figure 22.6 Nomogram for determining the sound pressure level
of a sound source in the presence of background sound.
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Example 22.6 Calculate the overall sound pressure level (dB) from the solution
to Example 22.5 (use the nomogram in Figure 22.5).

Solution
Cent. L,
Freq. dB
63 98
>98.
125 85

250 8
85
500 82
1000 88
>91
2000 88
4000 8
86.5

8000 78

99.5 (Use 100 dB)

22.3 Response to Sound

22.3.1 Frequency ranges

Table 22.5 and Figure 22.7 indicate some of the significant frequency
ranges associated with hearing. As can be seen from the 'table, the
audible frequency range for a normal youth with no hearing loss 1s
from around 16 Hz to 20,000 Hz. For a large number of adults the
upper frequency limit may be around 10,000 Hz t.o 12,000 Hz. The
speech intelligibility range of 200 to 6000 Hz contains those frequen-

TABLE 22.5 Significant Frequency Ranges for Hearing

Description Frequency range (Hz)

16 to 20,000

Range of human hearing

Speech intelligibility 200 to 6000
Contains the frequencies most necessary for
understanding speech
Speech privacy range o 250 to 2500
Contains speech sounds that intrude most objectionably
into adjacent areas
Typical small table radio 200 t§550000
Male voice
Energy output tends to peak -

Female voice
Energy output tends to peak
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cies which are most essential for understanding sentence communi-
cation. The speech privacy range of 250 to 2500 Hz includes those
frequencies that tend to interfere most with speech when they intrude
Into an area from another area.

Most noise control problems require information on sound levels
over the frequency range of 63 to 4000 Hz. Originally, this frequency
range was 64 to 4096 Hz. The octave band center frequencies origi-
nally were 64 Hz, 128 Hz, 256 Hz, 512 Hz, 1024 Hz, 2048 Hz, and
4096 Hz. For convenience, and since the small changes in frequency
are not detectable by the ear, the original octave band center frequen-
cies were changed to those listed in Table 22.4.

223.2 Subjective response

Hearing can be defined as the subjective response to sound. From a
mechanical standpoint, the response of the ear to sound is fairly pre-
dictable. Table 22.6 gives the relation between the mechanical char-

acteristics of sound and the subjective response characteristics of the
ear.

TABLE 22.6 Subjective Response Characteristics of

the Ear
Subjective response
Mechanical characteristics characteristics of
of sound the ear

Amplitude, pressure, intensity Loudness
Frequency Pitch, timbre
Spectral distribution of Quality

energy
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22.3.3 Loudness

Loudness is the physiological response to sound pressure and inten-
sity. It was found that the sound pressure levels of pure tones over a
wide range of frequencies were judged to be equally as loud as a
1000 Hz reference tone set at a fixed sound pressure level. These
“equal loudness contours” for pure tones are shown in Figure 22.8.
The figure indicates that the human ear is much more sensitive to
sound at high frequencies (>500 Hz) than it is to sound at low fre-
quencies. For example, a pure tone at 100 Hz must have a sound pres-
sure level of around 54 dB to be perceived as having the same loudness
as a 40 dB pure tone at 1000 Hz.

Loudness describes the magnitude of the auditory sensation an in-
dividual experiences relative to sound; i.e., a sound is twice, half, three
times, etc., as loud as a reference sound. Table 22.7 shows the subjec-
tive response of the ear to changes in sound levels. The table indicates
that it is usually necessary to have a change of sound level of at least
5 dB for a change in loudness of a sound to be clearly noticeable. A 5-
dB reduction in sound level is generally a good “rule of thumb” number
to attempt to achieve before the cost of expensive noise control mea-
sures can be justified.

22.3.4 Pitch

Pitch is the subjective response of the ear to frequency. Even though
pitch is primarily a function of frequency, it is also a function of in-
tensity. For example, if a musical note of 200 Hz frequency is sounded
at a moderate and then a high loudness level, nearly all listeners
would agree that the louder sound has a lower pitch, in spite of the
fact that the frequency remains unchanged.

22.3.5 Timbre

Timbre is the subjective response of the ear to sound that makes it
possible to distinguish between two tones that have the same intensity
and fundamental frequency but different waveforms. For example, it
is easy to recognize the sound of a violin as being different from that
of a trumpet, even though these two instruments are sounding the
same note with equal intensity. Timbre is primarily a function of wave-
form, but it is also a function of intensity and frequency.

22.3.6 Quality

Quality of a sound signal refers to the frequency composition of the
sound energy contained in the signal. Almost every sound source has
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Figure 22.8 Equal loudness contours for pure tone in a free field.

its own unique characteristics that can be associated with the source.
The distribution of sound energy associated with a particular sound
source within the audible frequency range yields a distinct and unique
character to the sound from the source.

22.4 Indoor Noise

HVAC and other types of mechanical and electrical equipment noise
are often the primary types of intruding or background noise that exist
in many indoor spaces. With regard to the design of HVAC and other
types of mechanical and electrical systems, it is necessary to quantify
and to determine the acceptability of the noise generated by these
systems that intrudes into building spaces. Room criterion (RC) and

TABLE 22.7 Subjective Effects of
Changes in Sound Levels

Change in Change in perceived
sound level loudness
3dB Just perceptible
5dB Clearly noticeable
10 dB Twice or half as loud
20 dB Much louder or quieter
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noise criterion (NC) procedures are used to determine the acceptability
of indoor HVAC-related noise.

22.4.1 Room criterion curves

The primary method recommended by the American Society of Heat-
ing, Refrigerating, and Air-Conditioning Engineers (ASHRAE) for de-
termining the acceptability of background HVAC-related sound in un-
occupied indoor areas is the method which employs the use of the room
criterion (RC) curves shown in Figure 22.9. The curves, as they relate
to HVAC system background noise, are based on sound pressure lev-
els, spectrum shape or balance, tonal content of spectrum, and tem-
poral fluctuations in the sound pressure levels.

The RC curves shown in Figure 22.9 extend from the 16 Hz octave
band through the 4000 Hz octave band. These are the general fre-
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Figure 22.9 Room criterion curves.
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quency limits for noise produced by HVAC systems. When determining
the RC criterion based on measured octave band sound pressure lev-
els, the lower frequency limit of the analysis is determined by the
capabilities of the instrument(s) used to make the sound measure-
ments.

22.4.2 RC curve procedures

Two parts are used in the procedures to determine the RC noise rating
associated with HVAC background noise. The first is the calculation
of a number that corresponds to the speech communication or masking
properties of the noise. The second is designating the quality or char-
acter of the background noise.

1. Calculate the arithmetic average of the measured octave band lev-
els in the 500 Hz, 1000 Hz and 2000 Hz octave bands. Round off
to the nearest integer. This is the RC level of the room or space.

2. Draw a line with a —5 dB per octave slope that passes through the
calculated RC level at 1,000 Hz. For example, if the RC level is RC
33, the line will pass through a value of 33 at the 1000 Hz octave
band. This average value sometimes may not be equal to the mea-
sured value of the octave band sound pressure level of the back-
ground noise in the 1000 Hz octave band.

3. At a distance 5 dB above the —5 dB per octave slope line, draw a
parallel dotted line from 16 Hz to 500 Hz (Figure 22.10). At a dis-
tance 3 dB above the —5 dB per octave slope line, draw a parallel
dotted line from 500 Hz to 4000 Hz. The location of the measured
octave band levels in relation to these lines will determine the sub-
jective character of the background noise.

22.4.3 Subjective character

22.4.3.1 Neutral noise. Noise that is classified as neutral has no par-
ticular identity with frequency. It is usually bland and unobtrusive.
Background noise that is neutral usually has an octave band spectrum
shape similar to the RC curves in Figure 22.9. If the octave band data
do not exceed the RC curve by 5 dB at frequencies of 500 Hz and below
and by more than 3 dB for frequencies of 1000 Hz and above, the
background sound is neutral and (N) can be placed after the calculated
RC level.

22.4.3.2 Rumbly noise. Noise has a rumble from an excess of low-
frequency sound energy. If any of the octave band sound pressure
levels below the 500 Hz octave band are more than 5 dB above the
RC curve associated with the background noise in the room, the noise




326 Chapter Twenty-Two

70 g :.// T I p o p = o .
% i ¥ i ¥ i 3
z NG - ¥ T T 3 T ;
z °° - N T T S T b
u o 3 x + I %+ I T ]
w - e <+ - -+ — - - .
5 3 3 T I T E =3 b
2 E I\ B ¥ * + = 4 ]
EOFE O I\VE OR NELE OO
s = £\ F :\ N O FOF O
z 3 T ¥ ¥ 3 <3  : : 3
3 3 F \¥ ¥ - oy 3 % # 3
S 40 F * T = F——F - -
e F ¥ ¥ I I DXXE i
E F F T OF O OEIONEDLE G
w o5 E T £\ = T + IN T 3
< 3 T T & 2 I + A
5 F X I \f i % =£ >
o E + T T 2 + ¥ g RC

20 E I = 3 o = T 33

16  31.5 63 125 250 500 1000 2000 4000

OCTAVE BAND CENTER FREQUENCY, Hz
Figure 22.10 RC level for example 22.7.

will be judged to have a “rumbly” quality or character. If the back-
ground sound has a rumbly quality, place (R) after the RC level.

22.43.3 Tonal noise. Noise that has a tonal character usually con-
tains a humming, buzzing, whining, or whistling sound. When a back-
ground sound has a tonal quality, it will generally have one octave
band in which the sound pressure level is noticeably higher than the
other octave bands. If the background sound has a tonal character,
place (T) after the RC level.

22.4.3.4 Acoustically inducted perceptible vibration. The cross-hatched
region of the RC curves in Figure 22.9 indicate the sound pressure
levels in the 16 to 63 Hz octave frequency bands at which perceptible
vibration in the walls and ceiling of a room can occur. These sound
levels can be associated with rattles in cabinet doors, pictures, ceiling
fixtures, and other furnishings in contact with walls or ceilings. If the
background sound levels fall in this region, place (PV) after the RC
level.

22.4.4 Noise spectrum

It is desirable to have background sound that has an octave band
spectrum that has a neutral character or quality. If the noise spectrum
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is such that it has a rumble, hiss, or tonal character, it will generally
be judged to be objectionable.

Room criterion procedures can be easily used to determine the ac-
ceptability of sound in an area based on measured sound pressure
levels in the area. However, care must be exercised in using room
criterion procedures for determining the acceptability of sound in an
area based on calculated sound pressure levels. A balanced sound
spectrum in a room is comprised of sound from the fan and duct sys-
tem and sound from air flow through the air diffusers in the room.
Sound from both sources must be present in the system sound calcu-
lations when using room criterion procedures to determine the ac-

ceptability of sound.

Example 22.7 The measured octave band sound pressure levels of background
noise in an office area are given below:

Octave band center
frequency (Hz) 31,5 63 125 250 500 1000 2000 4000

L, (dB) 63 62 54 46 40 33 27 20

Determine the RC level and the corresponding character of the noise.

Solution The RC level is determined by obtaining the arithmetic average of the
octave band sound pressure levels in the 500 Hz, 1000 Hz, and 2000 Hz octave

bands, or

=33dB

40 + 33 + 2
o[22

Thus, the RC level is RC 33. The measured octave band sound pressure levels
for the background noise are plotted in Figure 22.10. The —5 dB octave slope
line (level in 1000-Hz octave band is 33 dB) is shown in Figure 22.10. A dashed
line 5 dB above the RC 33 slope line or curve for frequencies below 500 Hz and
a dashed line 3 dB above the RC 33 curve for frequencies from 500 Hz and above
also are shown in the figure. An examination of the figure indicates that at
frequencies below the 250 Hz octave band, the octave band sound pressure levels
of the background noise are 5 dB or more above the RC 33 curve. Thus, the
background noise has a “rumbly” character. The octave band sound pressure
levels above 500 Hz are equal to or below the RC 33 curve, so there is no problem
at these frequencies. The RC rating of the background noise is RC 33(R).

22.4.5 Noise criteria curves

Noise criteria (NC) curves are shown in Figure 22.11. These curves
apply to steady noise and specify the maximum noise levels permitted
in each octave band for a specified NC curve. For example, if the noise
requirements for an activity area call for a NC 20 rating, the sound
pressure levels in all eight octave frequency bands must be less than
or equal to the corresponding values for the NC 20 curve. Conversely

L————h‘
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.l I ¥ + - T = : I levels in unoccupied indoor areas (Table 22.8). However, many HVAC
F £ £ F F X F = design engineers still specify and use NC levels.
EE EE EE = EE EE T EE Example 22.8 The following octave band sound pressure levels were measured
80 + + + = - = i X in a laboratory work area. Find the NC rating of the noise in the work area.
—= S -— + =+ + 4= =+ Octave band center
:\ I E T E T ¥ 5 frequency (Hz) 63 125 250 500 1000 2000 4000 8000
2 =, . e~ = T T t
::%: g \g: = - = L,(dB) 50 55 58 58 55 50 45 39
ES FNF N T —— & nNCS5E Solution Figure 22.12 shows a plot of the above data relative to the NC curves
] I - T I Nesst gu p )
& :;\ 'x N F s O ¥ s found in Figure 22.11. Since the octave band sound pressure level in the 500-
3 60 - N NF + = NCeo+ Hz octave band penetrates to the NC 55 curve, the NC rating of the work area
8 T o o = “:‘---..__‘ 5 3
® . 5 T F T + T is NC 55.
EEENACN ]
E 50 X -5\ < = S E - TABLE 22.8 Design Guidelines for HVAC System Noise in Unoccupied Spaces®
[ - N = E +  — 1 NCEOT
2 N\RNEN\FF = - s RC(NY Space RO(N)°
E - R S - T ace
% I . - F C L
a I = C -+ = T NC4SF Private residences, apartments, 25-35  Laboratories (with fume hoods)
o = - - P - .« e
[ == ™ - ~—~_ T - T condominiums Testing or research, minimal 45-55
S = o - y:\g: *’1“‘*--..:' NC-40 T Hotels or motels speech communication
3 3 P -+ S jo = =) ¥ Individual rooms or suites 25-35  Research, extensive telephone 40-50
@ — =N = T T - . N
. T C C :\;: __“"---....:;____'Eff_i‘_' Meeting or banquet rooms 25-35 use, speech communication
=i = i L Z§\\ = ~ & o s Halls, corridors, lobbies 35-45 Group teaching 35-45
. = 1 L 3 5 4 T T NC3T Service and support areas 35-45 Churches, mosques, synagogues 25-35°
= I C i N 23 & I L Office buildings with critical music programs
3 - =T N\F __':' _gf— NG25 T Executive and private offices 25-35 Schools
APPRGRMATE :& + N T o e Conference rooms 25-35 Classrooms up to 750 ft? 40 (max)
20 THRESROLD OF . =1 8 = \_ ~ ¥ ozt Teleconference rooms 25 (max) (70 m?)
ggz?mg;gs Fl = 1) <. ::\\;:\'_-h_:: Open plan offices 30-40 Classrooms over 750 ft? 35 (max)
NOISE - +— = e - =+ Circulation and public lobbies  40-45 (70 m®)
1 T :\ e i = N Hospitals and clinics Lecture rooms for more than 35 (max)
10 T T i = L . Private rooms 25-35 50 (unamplified speech)
63 125 250 500 1000 2000 4000 8000 Wards 30-40 Libraries 30-40
OCTAVE BAND CENTER FREQUENCIES, Hz Operating rooms 9535 P
Figure 22.11  Noise criteria curves. Corridors 30-40 unamplified speech 25-35
Public areas 30-40 amplified speech 30—40
Performing arts spaces Indoor stadiums and gynasiums
0 0 ) ) . i —50¢
the NC rating of a given noise equals the highest penetration of any o N (IflaX) Sehool and plleesfeymasitins “0
X Concert and recital halls and natatoriums
of the octave band sound pressure levels into the curves. If the farthest Music teaching studios 25 (max)  Large seating capacity spaces 45-55¢
penetration falls between two curves, the NC rating is in the inter- Music practice rooms 35 (max) (with amplified speech)
polated value betwe‘en t_he two curves. i ‘These values and ranges are based on judgment and experience, not on quantitative eval-
In the past, NC criteria curves have been used to spe01fy acceptable uations of human reactions. They represent general limits of acceptability for typical building
HVAC backg—round sound levels in indoor areas. However’ experience occupapcies. Highgr or lower values may be appropriate and should be bascd on a careful
T d wh A Kk . . analysis of economics, space use, and user needs. They are not intended to serve by themselves
as indicated when HVAC background noise is present, the use of NC as 2 basis for a contractual requirement.
levels has often resulted in a poor correlation between the calculated *When the quality of the sound in the space is important specify criteria in terms of RC(N).
E T s . . . If the quality of the sound in the space is of secondary concern, the criteria may be specified
NC levels and an individual’s subjective response to the corresponding in terms of NC criteria.
backg‘round noise. ‘An experienced acoustical consultant should be retained for guidance on acoustically crit-
ASHRAE no longer recommends the use of NC criteria curves as a ical spaces (below RC 30) and for all performing arts spaces.
- I *Spectrum levels and sound quality are of lesser importance in these spaces than overall
method for determining the acceptability of HVAC background sound sound levels,
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22.4.6 Indoor measurements

22.4.6.1 Near field region Many sound measurement errors are made
by locating the microphone of the sound level meter in the “near field
region” of a sound source. The near field region is approximately one-
fourth the distance of the sound wavelength in feet (meters) when
making octave band measurements.

22.4.6.2 Wavelengths A knowledge of the wavelength of the sound
also is important when determining the effectiveness of sound barri-
ers. Sound waves radiating from a source will be reflected by objects
in their paths. If the objects are large compared with the wavelength
of sound, the objects will have a large effect upon the sound wave. On
the other hand, if the objects are small, they will have little effect on
the sound.

In general, low-frequency waves (long wavelengths) are only af-
fected by large obstructions, attenuated by heavy sound barriers, or
absorbed by thick sound absorption materials. High-frequency waves
(short wavelengths) are affected by both large and small obstructions,
may be attenuated by relatively light-weight sound barriers, and are
absorbed by thin sound absorption materials.

Example 22.9 A compressor is radiating a pure tone of about 1000 Hz. What is
the wavelength of 1000 Hz? What is the absolute minimum distance between
the compressor and the wavelength location?

Solution (U.S.)

¢ 1300
A===——=-=1. ; .6 in.
7~ 1000 13 ft. (13.6 in.) length
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A 1
A (near field) = 1 = % = 0.28 ft. (3.36 in.)

Solution (Metric)

c 343
=_="2="_—. 1
A =10 0.343 m length

.34
A (near field) = g = % = 0.086 m (86 mm)

22.4.6.3 Discussion of Example 22.9. The closest microphone location
1s about 3.4 in. (86 mm) from the compressor. However, the more pref-
erable location would probably be at least one wavelength of 13.6 in.
(343 mm) from the compressor. It should be noted, however, that this
applies to the measurement of the pure tone (1000 Hz) only. The com-
pressor will generate lower frequencies and the accurate measure-
ments of these lower frequencies will require a microphone location
further away.

A rule of thumb is that the measurement should be made
away from the machine at least two to three times the largest
radiating dimension of the machine, or at a distance corre-
sponding to one wavelength of the lowest frequency to be
measured—whichever is the greatest.

22.46.4 Erroneous readings. Erroneous readings also occur when the
directivity of a sound source is not adequately determined. Always be
alert for unusual readings. Check equipment connections and check
the sound level meter with the calibrator.

If the background noise levels are at least 8 dB(A) less than the
sound pressure levels with the noise source operating, then no correc-
tion normally is required.

Operator interference or carelessness also can cause measurement
errors. If a tripod for the microphone cannot be used, the microphone
should be held at arms length, oriented so the meter or microphone
is not directly between the sound source and the operator.

22.46.5 Normal sound measurements. Interior sound measurements
normally require A-weighted measurements, linear measurements, and
octave band measurements using a “random-incidence” microphone. A
“pressure” microphone also may be used. The sound level meter must
be calibrated and used according to the manufacturer’s instructions.
The contract specifications should be checked as to the distance from
the microphone to the noise source(s) or, if the noise source is not in
the same room, the specified location where the sound pressure levels

-
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are to be measured. If this information is not contained in the contract
specifications, the following locations should be used:

1. Ceiling, wall, sill, or floor diffuser outlets: Set tripod or hold the
sound level meter so that the microphone is around 4 ft. (1.2 m)
from the floor, 5 ft. (1.5 m) from the center of a diffuser, and at least
3 ft. (0.9 m) from a wall or other sound reflecting surface. If there
is more than one diffuser in the room, select a diffuser location that
is near the center of the room or a location in the room where the
sound level is highest.

2. Return air grilles: Same as diffusers.

3. Adjacent mechanical equipment room or duct pipe shaft: Place mi-
crophone around 4 ft. (1.2 m) above the floor and at nearest desk
location to the partition or floor that separates the occupied space
from the mechanical equipment room. The microphone must be at
least 3 ft. (0.9 m) from the nearest wall or sound reflecting surfaces
(does not include floor).

4. Air pressure reduction devices, terminal devices, air valves, single
and double duct units, noise generating ductwork located above a
suspended ceiling: Place microphone around 4 ft. (1.2 m) above the
floor and directly below the location where audible observation in-
dicates noise is at a maximum.

5. Inside mechanical equipment room: Make a sketch of the room, lo-
cating noise generating equipment and sound measurement points.
Make sound level measurements at indicated points with the mi-
crophone located around 5 ft. (1.5 m) above the floor. Key points
include walls that are adjacent to noise-sensitive rooms, return air
openings to open-ceiling plenums, outdoor air inlets, and equip-
ment with exceptionally high noise levels.

22.4.6.6 Background noise measurements

1. Check for the possible intrusion of noise from sources other than
that being measured in accordance with building specifications.
This intruding noise is called background noise. The only com-
pletely effective way to determine whether background noise is in-
fluencing the measurements is to turn off the noise source being
measured. When this can be done, the sound level measurements
must be made at the same location. If the background sound pres-
sure level is at least 8 dB(A) less than the sound pressure level
with the noise source operating, no background noise level correc-
tion is required. If the background noise level is less than 8 dB(A)
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below the noise source, use the proper procedures to correct the
measured sound pressure level of the sound source for the presence
of background noise.

2. If the noise source to be measured cannot be turned off, several
procedures may be followed to determine the influence, if any, of
the background noise on the sound level measurements.

3. If space permits, move the sound level meter very slowly away from
the noise source but not closer than 3 ft. (1 m) to a wall or another
noise source. If the sound levels decrease by 3 dB(A) or more every
time the distance between the noise source and the microphone is
doubled, and if, at the maximum distance, the reduction totals 8
dBA or more, it is probable that background noise levels are not
influencing the measurements.

4. Insert the input plug of monaural headphones into the sound level
meter AC output and listen for audible extraneous signals above
the level of the steady noise source signal.

224.7 Outdoor measurements

Many sound sources can be characterized as emitting sound equally
in all directions. These sound sources are referred to as spherical
sound sources (see Figure 22.2). With respect to spherical sound
sources, there are four radiation fields of interest. Two are associated
with the position relative to the sound source. They are the acoustic
near field and the acoustic far field (Figure 22.13).

22471 Near field. The extent of the near field depends upon the fre-
quency of the sound being generated, the radiation characteristics of
the source, and the characteristic sound source dimensions. If the
sound source is a simple spherical source, the near field can extend to
a distance of around two wavelengths from the source. However, in
many cases, reasonably accurate sound pressure measurements can
be made, beginning at distances of a quarter wavelength from the
sound source.

If the sound source is rather irregularly shaped and large and has
a definite direction radiation pattern (i.e., it does not radiate evenly
in all directions), the near field can extend to a distance of about two
to five times the largest characteristic dimension of the source.

224.7.2 Far field. As the wave continues to move away from the
source, the sound pressure and particle velocity approach the state
where they are in phase. This region is called the acoustic far field.
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Figure 22.13 Radiation fields of a spherical sound source.

The sound pressure in the far field is inversely proportional to the
distance r from the source. The relation between sound pressure and
distance from the sound source is shown by Equation 22.5.

Equation 22.5

p, =
2 r2
Where: P = sound pressure (Pa)
r = distance from sound source (ft or m)

Every doubling of the distance from the sound source results in a
halving of the sound pressure, or as will be shown later, a doubling of
distance from the sound source results in a 6-dB decrease in the sound
pressure level.

22.4.7.3 Free field. There are two other radiation fields that are im-
portant: the free field and the reverberant field. The free field is the
field in which only direct radiated sound waves moving away from the
sound source are present (Figure 22.13). There are no reflected sound
waves present in the free field. A free field exists when a sound source
is located a large distance from reflecting surfaces or when nearby
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surfaces are highly absorbent, such that no sound waves are reflected
from the surfaces.

22474 Reverberant field. If there are reflecting surfaces that have
little or no sound absorption at a specified distance from a sound
source, reflected sound waves will be generated and superimposed on
the directly radiated sound waves. Thus, the sound field will consist
of both directly radiated and reflected sound waves. The region in
which this occurs is called reverberant sound field. If there are many
reflected waves crisscrossing from all directions, the reverberant field
is referred to as a diffuse sound field.

22475 Measurements near the source. 'When measuring a nondirec-
tional noise source with the microphone located within about 100 ft.
{30 m) of the source, and with no nearby reflecting surfaces, the fol-
lowing relationship can be assumed:

Equation 22.6
L,=L, + 20log,, D, — 20 logy, D,

Where: L, = sound pressure level, dB re 0.0002 microbar (or dBA
sound level), at position 1.

L,, = sound pressure level, dB re 0.0002 microbar, (or dBA
sound level), at position 2.

D, = distance (in feet or meters) from noise source, posi-
tion 1.

D, = distance (in feet or meters) from noise source, posi-
tion 2.

As stated above, under free-field conditions where the noise source
is in the air far from any reflecting surfaces, the sound pressure is
halved for each doubling of distance from the source. This change re-
sults in a 6 dB reduction in noise level for every doubling of distance.

If the sound power (L,) of the noise source is known, the sound
pressure level at any distance can be calculated from the following:

Equation 22.7 (U.S.)
L,=L, - 20log,D — 0.5dB

Equation 22.7 (Metric)
L,=L, — 20log,, D — 10.5 dB

Where: L, = sound pressure level, in dB re 0.0002 microbar.
L, = sound power level of the source, in dB re 10712 W.

D = distance in feet (meters) from the point source to the
point where the sound pressure is measured.

If the noise source is directional, such as a mechanical equipment

N ==
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|
room louver opening in the side of a building or a fan discharge, the l TABLE 22.9 10 Log,, D in dB at Frequency (Hz)
sound pressure level of Equation 22.7 shall be corrected for directivity | Distance
as shown on the graph in Figure 22.14. Dft(m)]  31-250 500 1000 2000 4000 8000
) 100 (30) 38 38 38 38 39 39
22.4.7.6 Measurements away from the source. When the noise source 112 (34) 39 39 39 39 40 41
is 100 ft. (30 m) or further from the measuring point, the 6 dB per ii? (Zg) j(l’ 40 40 40 41 42
doubling of distance (also called the inverse square law) relationship 158 E 47; 42 g g i; g ﬁ |
N B B . |
must be corrected for air absorption, which has greater effect at high 178 (53) 43 43 43 43 44 46
frequencies. The air absorption correction added to the results of L 200 (60) 44 44 44 44 46 47 |
Equations 22.6 and 22.7 is given in Table 22.9 for distances in excess | g?; E%; ig ig ig i‘; i; ‘513 ‘ ‘
. | 2
of 100 ft. (30 m) from the source. These numbers should be used in I 289 (85) 47 47 e 48 49 51 “
place of 20 log,, D. 316 (95) 48 48 48 49 50 53 .
356 (107) 49 49 49 50 52 54 .
Example 22.10 Figure 22.15 shows the distance relationship between the air I 400 (120) 50 50 51 51 53 56
intake louvers of a new building and a nearby residential area. Measurements 448 (134) 51 51 52 52 54 57
cannot be made at the residential boundary because a large topsoil storage pile 504 (151) 52 52 53 54 56 59
blocks the line of sight between the nearest residence and the air intake louvers. 564 (169) 53 53 54 55 57 61 |
Measurements can be made at a distance of 50 ft. (15 m) from the air intake (_532 (190) 54 54 55 56 59 63 ‘
louvers. The nearest residence is on the same line. The noise level (L)) at the 712 (214) 55 56 56 57 60 65 |:
50 ft (15 m) location, designed as D, is 72 dB(A). Find the estimated noise level 800 (240) 56 57 57 58 62 67
(Lyp), at the residential boundary (D,) which is 182 ft. (55 m) from the air intake 900 (270) 58 58 58 60 64 70
louver. 1000 (300) 58 59 59 61 66 72 ;
Solution Using Equation 22.6:
L, =L, + 20]log,, D, — 20 logy, D, L,=172+34-45
L,y = 72 + 20 log 50 — 10 log 182 L, = 61 dB(A)
Using logarithm tables found in Appendix G or on a calculator:
22,5 Vibration

20 log 50 = 20 X 1.70 = 34.0
Vibration is the movement of an object or group of objects moving back
20 log 182 — 20 x 2.26 = 45.2 and forth from a state of rest. Vibration of HVAC equipment is caused l

by a force that is changing in its direction or its amount. The resulting

T I T b T * T =+
T T S = T T I T
= ¥ F EF £ EF F F RESIDENTIAL |
1 + ¥ + 3= + p = + + BOUNDARY 'J
T iE i o 5 T i T i o LINE
& F E X Z F F FE e \
E :;'_ T = 1= =l T = b = 4 60 (<] |
= —F ——F = Sk =T ” | {
8 o — T - 0° 600 -~
= T T _F+ = T T = AR X |
= o = 75° N 2
2 T F—= o 5, TR = I 75 INTAKE X TOP SOIL |
E x i < :':\;: T x T I / 90° -3 STORAGE |
Q T + - i 2 T X = ¥ (TEMPORARY) |
=-10 = = T i 3 > =+ <+ 50~ FAN |
i i T T T e T I ROOM |
+ T + ¥ e * + + D, = 50 ft. (15 mm) ]
-20 - = . - - = — s f > D, = 182 ft. {55 mm) I
63 125 250 500 1000 2000 4000 8000 —— 3 lf

Figure 22.14 Directivity Correction Octave band midfrequencies (Hz). Figure 22.15 Drawing for example 22.10.
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characteristics of the vibration will be determined by the manner in
which the forces are generated.

The most important of these vibration characteristics are frequency,
displacement, velocity, acceleration, and phase.

22.5.1 Vibration terms

22.51.1 Period and frequency. The amount of time required to com-
plete one full cycle of a vibration pattern is called the period of vibra-
tion (Figure 22.16). If a machine completes one full cycle of vibration
in 1/60th of a second, the period of vibration is said to be 1/60th of a
second. The period of vibration is a simple and meaningful character-
istic that often is used in vibration detection and analysis. A charae-
teristic of equal simplicity and more meaning is vibration frequency.

Vibration frequency is the measure of the number of complete cycles
that occur in a specified period of time, usually the number of cycles
per minute (cpm). The cpm also relates to the rpm of rotating equip-
ment, since a 1800 rpm pump may cause vibration problems at a fre-
quency of 1800 cpm.

Frequency also may be measured in Hertz (Hz):

Equation 22.8
cpm = Hz X 60
22.5.1.2 Displacement. The total distance traveled by the vibrating
object, from one extreme limit of travel to the other extreme limit of

travel is referred to as the peak-to-peak displacement (Figure 22.16).
Peak-to-peak vibration displacement is usually expressed in mils,

PEAK ACCELERATION

PHASE
PEAK VELOCITY

TIME

PERIOD

PEAK TO PEAK Figure 22.16 Vibration terms.
DISPLACEMENT
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where 1 mil equals one-thousandth of an inch (0.001 in.). In metric
units, the peak-to-peak vibration displacement is expressed in mi-
crometers (um), where 1 um equals one thousandth of a millimeter
(0.001 mm). One mil equals 25.4 pum.

225.1.3 Velocity. Since a vibrating object is moving, it must be mov-
ing at some speed. However, the speed of the object is changing con-
stantly. At the top limit of the motion, the velocity is zero since the
weight must come to a stop before it can go in the opposite direction.
The peak velocity or greatest velocity is obtained as the object passes
through the neutral position. The velocity of the motion is definitely
a characteristic of the vibration, but since it is constantly changing
throughout the cycle, the highest peak velocity is selected for mea-
surement. Vibration velocity is expressed in terms of inches per second
(in./s) peak [or millimeters per second (mm/s) peak].

22.5.1.4 Acceleration. As a vibrating object stops at the upper and
lower limits, it must accelerate to pick up speed as it travels toward
the other limit of travel. Vibration acceleration is another important
characteristic of vibration and is the rate of change of velocity.

The acceleration of the object is maximum at the extreme limits of
travel where the velocity is zero. As the velocity of the object increases,
the acceleration decreases. At the neutral position, the velocity is max-
imum and the acceleration is zero. As the object passes through the
neutral point, it must now decelerate as it approaches the other limit
of travel (Figure 22.17).

Vibration acceleration is normally expressed in terms of “G” peak,
where 1 G is the acceleration produced by the force of gravity at sea
level—32.2 ft/s? (9.8 m/s?).

MAXIMUM
ACCELERATION
—
E MINIMUM
s ACCELERATION
Ll
(@)
<
- TIME
2]
(] .
MAXIMUM Figure 22.17 Acceleration.
ACCELERATION
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Figure 22.18 90° phase relation-
ship.

|CYCLE

22.5.1.5 Phase

Vibration phase is the relationship of one vibrating object to another
vibrating object at a fixed point. For example, if two objects are vi-
brating at the same frequency and displacement but one is at the
upper limit of travel at the same instant the other is at the lower limit,
the two objects are vibrating 180° out of phase. By plotting one com-
plete cycle of motion of these two objects, starting at the same given
instant, the points of peak displacement are separated by 180° (one
complete cycle = 360°).

Figure 22.18 graphically shows two objects vibrating 90° out of
phase.

Table 22.10 summarizes the characteristics of vibration.

22.5.2 Vibration isolation

22.5.2.1 HVAC equipment. The requirement for HVAC equipment iso-
lators with a large amount of static deflection has been caused by the
location of machinery on light-weight structures adjacent to critical
areas. Pad materials such as rubber, cork, lead, etc., provide minimal
deflections, which are adequate to isolate high-frequency noise. Since
these deflections are small when compared to upper floor deflections,
their use should be limited to the isolation of equipment on grade.
Steel springs can be used to obtain as much as 5 in. (125 mm) of
deflection and are now widely used to isolate equipment located on

TABLE 22.10 Vibration Characteristics

Vibration
characteristics U.S. units Metrie units
Frequency cpm cpm
Displacement Mils, peak-to-peak mm, peak-to-peak
Velocity in./s RMS mm/s RMS
in./s peak mm/s peak
Acceleration G peak G peak

Phase Degrees Degrees
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upper floors. Preference has been given to stable single springs that
do not require housings. The equivalence of 7 to 8 in. (175 to 200 mm)
of deflection can be obtained from the ever more popular air spring,
which basically is a large rubber bladder designed to hold as much as
100 psi (690 kPa) of air pressure.

225.2.2 Theory of HVAC machinery bases. The HVAC machinery base
must perform several functions:

a. Keep equipment in alignment—such as to maintain a structural
tie between a fan and motor, or to provide a common base for a
turbine driven compressor.

b. Provide stability for a tall machine such as an absorption machine.

c. Tie a complete package together as in the case of a long, many
sectioned HVAC unit.

d. Floating concrete bases are normally used for pumps because pump
bases are designed to be grouted to concrete.

e. For inertial reasons, when an increase in mass is required to resist
either the imbalance of the equipment or external forces.

f. Offer resistance to external forces such as fan thrust. This is es-
pecially important for units operating above 6 in.w.g. (1500 Pa)
static pressure.

22.5.3 Vibration measurements

225.3.1 Measurement terms. Measurement of vibration using the
sound level meter and vibration integration system can be made in
terms of RMS displacement, RMS velocity, and RMS acceleration, de-
pending on which term is required. If not specified, obtain values for
all three terms at all center frequency octave bands. The sound level
meter, octave band analyzer, and vibration integration system will
read out in decibels using the references and definitions in Table
22.11.

Conversion from decibel levels to acceleration velocity and displace-
ment (re noted references) can be made using equations or by means
of graphs, tables, or a circular slide rule often furnished with the S&V
equipment.

TABLE 22.11 Vibration Definitions

Vibration level Definition Reference

= 20 logy, a/a, Re: ay = 107° m/s?
= 20 log,, v/v, Re: vy = 1075 m/s
= 20 log,, d/d, RE:d, = 10" m

Acceleration Level (L) L,
Velocity Level (L) L,
Displacement Level (L) Ty




342 Chapter Twenty-Two

22.53.2 Measurements. The great majority of the measurements of
vibration will be to determine whether the excitation of a portion of
the building structure resulting from vibration from HVAC equipment
is radiating noise in excess of criteria or is the source of “feelable” and
“annoying” vibration. Table 22.12 submits maximum acceleration val-
ues for acceptable vibration environments.

In normal use, accelerometers or pickups often are subjected to
quite violent treatment. When dropped onto a concrete floor from hand
height, an accelerometer can be subjected to a shock of many thousand
G. It is necessary, therefore, to make a periodic check of the sensitivity
calibration to confirm that the accelerometer has not been damaged.
The most convenient means of performing a periodic calibration check
is by using a battery powered, calibrated vibration source that has a
small builtin shaker table that can be adjusted to vibrate at precisely
1G.

The vibration integrator system used with sound level meters has
some limitations not present in special purpose equipment that is used
solely for measuring vibration. The vibration integrator system has a
low-frequency cutoff of about 10 Hz. Since mechanical systems tend
to have most of their vibration energy contained in the relatively nar-
row frequency range between 10 Hz and 1000 Hz, this cutoff is not
serious if the S&V report clearly indicates the range of the measure-
ments that have been made.

22.6 Sound and Vibration Instruments

22.6.1 Sound level meters

The American National Standards Institute (ANSI) Standards S1.4,
American National Specification for Sound Level Meters, and S1.11,
American Standard Specification for Octave-Band and Fractional Oc-
tave-Band Analog and Digital Filters, establishes the accuracy requi-
rements for the measuring instruments. NEBB certified sound and
vibration firms use type 1 precision instruments.

TABLE 22.12 Maximum Acceleration Values

Use of space Time RMS acceleration®
Critical areas such as hospital operating rooms Anytime 0,0036/\_? m/s?
Residences Day 0.072/Vt m/s*
) Night 0.005/\ t m/s*
Offices Anytime 0.14/V ¢ m/s®
Factories or workshops Anytime 0.28/Vt m/s?

2% = time in seconds up to 100 s. For times longer than 100 s, use ¢t = 100 s. (All values are
in m/s? for the frequency range of 1 to 80 Hz.)

Sound and Vibration 343

It should be emphasized that the accuracy requirements given in
ANSI S1.4 refer to a single-frequency signal (pure tone) with the
meter setting at 80 dB and not to the random-type noise usually en-
countered in field measurements. Although the instrument accuracy
is =0.5 dB, the overall accuracy for general measurements in the field
is +1.5 dB.

22,6.1.1 SLM requirements. At a minimum, the sound level meter
(SLM) should have:

A, C, and linear weighing networks

Octave and third octave band filter sets

Fast, F, and slow, S, exponential time averaging

RMS and peak detectors

Overload detector

[l

»

Peak-hold capability for measuring impulse or short-duration
sound levels

7. AC and DC outputs for external recording devices
8. Accuracy: +0.5 dB

9. Matching calibrator for sound level meter

226.1.2 Microphone Diffuse-field sound measurements are generally
associated with making sound measurements in an environment
where sound waves can arrive at the microphone from many angles
simultaneously. Most indoor sound measurements are diffuse-field
measurements. The random-incidence microphone is recommended for
this type of sound measurement. Pressure microphones may also be
used for diffuse-field sound measurements.

22.6.1.3 SLM filters. If the sound signal being measured has no pure
tones or contains no significant energy levels within narrow frequency
bandpasses, the measurement of octave band levels is usually suffi-
cient. However, if pure tones or significant narrow band levels exist,
it may be necessary to measure third octave band levels.

The octave band filter set will cover the octave band center frequen-
cies from 31.5 Hz to 16,000 Hz. The third octave band filter set will
cover the third octave band center frequencies from 25 Hz to 20,000
Hz.

22.6.1.4 Windscreen. Often it is necessary to make sound measure-
ments in areas where there is an unwanted airflow. Indoors, this can
be related to sound measurements around air handling equipment and

.. _ _ =- =
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air distribution or ventilating systems. Outdoors, this can be associ-
ated with making sound measurements in the presence of wind.

A spherical light foam windscreen placed over the microphone can
be used to minimize the errors resulting from air turbulence acting
on the microphone. Sound measurements should not be attempted in
moving air streams that have velocities significantly greater than 25
mph (11.2 m/s). Windscreens should be used for all sound measure-
ments in moving airstreams with velocities greater than 5 mph (2.2
m/s).

22.6.2 SLM calibrators

All type 1 precision sound level meters and corresponding micro-
phones are individually calibrated at the factory with appropriate
traceability to National Institute of Standards and Technology (NIST).
However, the performance of sound level meters must be checked each
time they are used for sound measurements. This can be accomplished
with a calibrator that applies a known sound pressure level at a fixed
frequency (or at fixed frequencies) to the microphone. The calibrator
should be obtained from the manufacturer of the sound level meter.
and it must fit the specific microphone to which it is to be coupled.
Most common calibrators fit directly over the microphone and gener-
ate a known pressure level (usually 94 dB, 114 dB, or 124 dB) within
the enclosed volume around the microphone. The sound pressure level
comes from the “back and forth” motion of a piston, from a small loud-
speaker, or from another microphone used as a loudspeaker.

Calibrators are intended to indicate small changes that must be
made to the sound level meter readout to achieve accurate sound mea-
surements. These changes should be less than =2 dB. If larger ad-
justments are required, the sound level meter and calibrator should
be sent to the manufacturer for a complete checkup and recalibration.
The calibrator should be recalibrated at least once every 12
months.

22.6.3 Vibration equipment

The same instruments used for sound measurements may also be used
for vibration measurements. Equipment for vibration measurements
should consist of:

1. Accelerometer or vibration pickup

2. Sound level meter with integrated or attached third octave band
filter set, or a frequency analyzer

3. Calibrator
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4. External recording device (optional).

22.6.3.1 Field measurements. For field measurements, the acceler-
ometer should have integrated electronics so that the output of the
accelerometer is a voltage signal proportional to acceleration. If a fre-
quency analyzer is used that allows for a charge input, then the ac-
celerometer can have a charge output proportional to acceleration.

If occupant comfort or vibration exposure of sensitive equipment is
being investigated, the analysis frequency range is usually 1 to 100
Hz. If vibration induced noise is being investigated, the analysis fre-
quency range may go as high as 1000 Hz. It is often difficult to obtain
accurate field vibration measurements at frequencies above 1000 Hz.

If an integrated or attached third octave band filter set associated
with a sound level meter is used for vibration measurements, the filter
set must go down to the 1 Hz third octave band center frequency. Most
frequency analyzers will have third octave band filters that range from
1 Hz to 20,000 Hz. In general, third octave band vibration measure-
ments are sufficient for most vibration analyses.

22.6.3.2 Attaching the vibration pickup. The point at which the vibra-
tion pickup (accelerometer or transducer) should be placed is usually
obvious. When it is not obvious, some exploration of the vibration pat-
tern over a portion of the building structure or machinery is necessary
to locate maximum vibration. The method of attaching the vibration
pickup can seriously affect its performance.

Most vibration pickups are most sensitive to vibrations in the di-
rection perpendicular to the largest flat surface on the pickup. Consult
the manufacturer’s manual for position of maximum sensitivity. The
directivity of maximum motion may also be determined by experi-
ment.

The vibration pickup or accelerometer should load the vibrating
body on which it is mounted as little as possible because any addi-
tional load may change the original motion of the vibrating body.
When obtaining measurements of concrete constructions or heavy ma-
chinery parts, this additional loading may have inconsequential re-
sults; however, when the vibration pickup is attached to light-gauge
sheetmetal, some damping may occur.

The method of attaching the accelerometer is one of the most critical
factors in obtaining accurate data. Sloppy attachment results in a re-
duction in the resonant frequency. The ideal way is with a threaded
stud. However, this rarely is possible when measuring the vibration
of a concrete slab.

A common alternative attachment method is the use of a thin layer
of beeswax for sticking the accelerometer into place. However, the sur-
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face of the concrete must be cleaned before the beeswax is applied.
Because beeswax becomes soft at higher temperatures, this method is
restricted to a maximum temperature near 100 °F (18 °C).

A hand-held probe with the accelerometer mounted on top is very
convenient for quick-look survey work, but can give gross measuring
errors because of the low overall stiffness.

22.6.4 Vibration calibration

There are two primary methods that can be used to calibrate an in-
strument system that is used to make vibration measurements. One
involves the use of a vibration calibrator shaker calibrated to NIST
standards and the other involves comparison measurements using an
accelerometer calibrated to NIST standards.

22.6.4.1 Vibration calibration shaker. A vibration calibration shaker is
a small shaker that generates a known acceleration amplitude (usu-
ally 1 G) at a specified frequency. An accelerometer can be attached
to this shaker and then excited at the known (usually 1 G) acceleration
amplitude. The voltage output of the accelerometer can then be re-
corded. The accelerometer calibration is obtained by dividing the mea-
sured voltage amplitude by the known acceleration amplitude. If Eng-
lish units are used, the sensitivity or calibration of the accelerometer
is usually given in the units of mV/G.

22.6.4.2 Accelerometer calibration. When a calibrated referenced ac-
celerometer is used to calibrate an accelerometer, both the reference
accelerometer and the accelerometer to be calibrated are attached to
a vibration shaker. The amplitude of the shaker acceleration at a spec-
ified frequency is measured with the calibrated reference accelerom-
eter. The voltage output of the accelerometer that is being calibrated
is recorded. As before, the calibration of the accelerometer (mV/g) is
obtained by dividing the measured voltage amplitude (mV) by the
known acceleration amplitude (G).

22.7 Duct System Problem Noises

22.7.1 Generated noise

Duct system noise that is generated by air turbulence in the duct or
fittings is called generated noise. The maximum noise generation takes
place at elbows, branch ducts, dampers, and other locations where an
abrupt change of air direction occurs or where an abrupt change in
air velocity takes place. Higher pressure duct systems that operated
in excess of 2000 fpm (10 m/s) and 4 in.w.g. (1000 Pa) are most prone
to generated noise problems.
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Generated noise is predominantly low frequency (63 through 500
Hz) and transmits without noticeable loss through suspended acous-
tical ceilings. In general, the noise generated by airflow through el-
bows, branches, and other duct fittings, will depend upon:

1. The size and shape of the fitting
2. The extent of the air turbulence created
. The airflow rate

3
4. The pressure drop across the fitting

22.7.2 Short branch ducts

A common problem found in all terminal outlets connected by a short
branch duct to a main supply air duct is the lack of airflow or an actual
reverse airflow on the upstream side of the branch duct. This phenom-
enon will cause the supply air to the terminal outlet to be effective in
only one half to two thirds of the unit, which can double outlet velocity.
The increase in sound level over that indicated in the manufacturer’s
literature may be as much as 15 dB.

22.7.3 Balancing dampers

The pressure in a supply air duct system must be sufficient to move
air through the entire length of the system. Pressures near the fan
will be considerably higher than those near the end of the system.
Therefore, volume control dampers are used in ducts to obtain an even
distribution of air throughout the system. If a damper is located near
the terminal outlet with no sound absorptive lining between the
damper and the outlet, the noise generated by a partially closed
damper can be 15 to 20 dB higher than the noise being generated by
the terminal outlet.

22.7.4 Mixing boxes

Qne of the functions of mixing boxes is to regulate airflow by reducing
air pressure; noise is then generated. The noise has two transmission
paths:

1. Through the orifices of the box containing the valve and into the
duct system
2. Through the casing (usually sheet metal) of the box containing the

valve and into space outside of the duct system

Most manufacturers of these mixing boxes or terminal units publish
noise ratings indicating the sound power levels that are discharged
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from the low-pressure end of the device. Some also indicate the re-
quirements, if any, for sound attenuation that is recommended in the
low-pressure ductwork between the terminal unit and outlet devices.

Some manufacturers also test the noise radiated from the box con-
taining the valves; however, these data are not usually published. Ob-
viously, if the terminal unit is located away from occupied spaces, its
noise radiation may be of no concern. If, however, the unit is located
over a suspended acoustical ceiling (which has little or no sound trans-
mission loss properties at low frequencies), the noise from the unit
may exceed specified noise criteria in the space below.

22.7.5 Terminal device noise

In general, there are three classifications of terminal devices:

1. Air distribution supply outlets—ceiling diffuser, side wall, sill, or
floor outlet

2. Return air grilles or registers

3. Terminal boxes—dual duct mixing boxes, variable air volume boxes

The manufacturers of air distribution terminal devices publish com-
prehensive data of the sound pewer ratings of their products when
used within the recommended ranges of airflow and static pressures,
A ceiling, side wall, sill, or floor diffuser should be selected to meet
the acoustical requirements specified. However, a diffuser can be prop-
erly selected and still exceed specified levels if the duct leading to the
diffuser is not well designed and installed, or if the system is not bal-
anced properly.

Chapter

23

Troubleshooting

23.1 HVAC System Problems

23.1.1 Introduction

Theoretically, HVAC system problems should not be the job of the test-
ing, adjusting, and balancing (TAB) technician to solve. However, to
the experienced, well-educated TAB technician, helping solve prob-
lems generally may allow the TAB work to proceed without too much
Interruption.

The first step in solving a problem is to understand the symptoms.
If the symptom points to a system design error, the condition and
solution may become obvious rather quickly; although the solution
could be both costly and time consuming.

If the problem is a result of confirmed TAB measurement readings,
that do not match the specified equipment, then the solution often
belongs to the installing contractor. If the problem is traced to inop-
erative equipment, the fault generally can be isolated with the help
of all parties involved.

If a simple adjustment solves the problem, this often can be made
by the TAB technician or the responsible contractor. If the problem is
more complicated, a procedure must be established to determine re-
sponsibility and to direct a solution.

23.1.2 Problem solving

23.1.21 Know the systems. A thorough knowledge of the HVAC sys-
tems being balanced often allows TAB technicians to go to the problem
source. Often some of these simple problems are anticipated, so the
TAB technicians are prepared when they occur.

349
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23.1.2.2 Complaint or problem? The TAB technician should first de-
termine whether a complaint is real or imaginary. Compare “too hot”
complaints to actual drybulb and wetbulb temperatures in the space,
and compare these to design conditions, considering outside ambient
conditions also. Maybe the complainant’s inexpensive desk thermom-
eter is inaccurate, or maybe the space is at 76 °F (24 °C) when design
is 78 °F (26 °C), but the occupant wants 72 °F (22 °C).

23.1.2.3 Symptom analysis. Often the problem or symptom may dis-
appear when the investigation is being made during a later time pe-
riod. Conditions at the time may need to be reconstructed if possible.
Sometimes there may be overreactions that solve themselves.

23.1.2.4 Isolate probable causes. Determine whether the problem is
from the system, from individual equipment, or from some other
cause. For example, damage from a suspected system water leak may
be from a well-traveled roof leak. Begin with investigating the most
obvious possible cause, progressing toward the more complex. Repre-
sentatives from the responsible firms should become involved.

23.1.2.5 Solution actions. Some problems may be self-solving. Many
are solved by simple adjustments. Remedial action may allow more
complex problems to be minimized so that the TAB work can proceed
and be completed.

23.2 Air Systems

23.2.1 System or fan noise

The most common duct system complaints, other than “too hot” or “too
cold,” are about “noise.” Duct system noise can be generated by the
fan, regenerated within the duct system, caused by duct expansion or
“o0il canning,” and caused by air velocity through the grilles and dif-
fusers. Obviously, there are many other noise-producing sources to in-
vestigate.

23.2.2 Fans

A fan should be selected to operate at the peak of the static efficiency
(SE) curve where it is the quietest (Figure 23.1). However, there are
many fan problems other than noise. The experienced TAB technician
can usually trace the source of mechanical or vibrational noise quickly.
A stethoscope should be the only instrument needed. If the problem
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Figure 23.1 Centrifugal fan curves.

cannot be isolated, the possibility of surge, system effect, resonance,
or unbalance must then be checked in that sequence.

?3.2.2.1 Surge. Surge is a common condition that occurs when a fan
1s operating somewhere in the unstable area to the left of or at the
fgn curve “hump” or peak of the static pressure curve (see the dashed
line part of the SP curve in Figure 23.1). The surge also creates a
characteristic noise that is easily recognized by the experienced TAB
technician. A static pressure problem may be relieved by reducing the
system static pressure. Duct blockage, jammed fire dampers, plugged
filters, or improper fan selection can be the cause. An analysis of the
fan curve, using the actual measured air volume and static pressure,

should determine the solution, assuming the correct fan has been in-
stalled.

23.2.2.2 System effect. A visual inspection of the duct connections to
the fan should indicate whether system effect may be reducing fan
capacities (Chapter 6).

In addition to fan capacity losses, poor fan—duct connection design
and/or installation may create other problems. Fan performance may
also be seriously impeded by a drive guard restriction. Belt and drive
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guards should be kept as far as possible from the inlet openings and,
wherever possible, fabricated from expanded metal mesh rather than
solid sheet steel. Be alert for fan inlet restrictions.

23.2.2.3 Inlet spin. Inlet spin, resulting from a poor inlet connection,
is probably the most frequent cause of poor fan performance and/or
system effect. When air is introduced into a fan plenum it should be
directed at the center line of the fan inlet. If the return air velocity
spin is imparted in the direction of wheel rotation, the fan volume,
static pressure, and horsepower are lowered. If the air spin is opposite
to the wheel rotation, the volume, static pressure, and horsepower will
be greater than expected. Either situation of spin will cause a reduc-
tion in fan efficiency or capacity.

By inserting a Pitot tube through the flexible connection at the fan
inlet it is easy to demonstrate the condition of spin. With the Pitot
tube connected with two tubes to a draft gauge or inclined manometer
to read velocity pressure, probe the connection carefully, holding the
Pitot tube parallel to the fan shaft (Figure 23.2). Eccentric flow will
be indicated by higher readings on the top, bottom, or side of the con-
nection. The angle of airflow will be indicated by slowly oscillating the
Pitot tube back and forth. By carefully observing the pressure read-
ings as the Pitot tube is slowly twisted back and forth, it is possible
to determine the angle of spin. To figure the loss in capacity equivalent
to the angle of spin, the TAB technician may consult a reliable inlet
damper characteristic curve.

23.2.2.4 Resonance. Resonance usually is caused by transmitted vi-
bration to the HVAC unit casing or attached apparatus panels. By
changing the fan speed in either direction by more than 10%, the res-
onance should vanish. Correction or alteration can then be made by

7/-<— Pitot tube

Figure 23.2 Probing for re-
turn air inlet spin.
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damping, absorbing, or stiffening the noisy panels if the original fan
speed must be used.

23.2.25 Fan unbalance. Another serious and somewhat common
problem is fan unbalance. The only solution is to have the fan properly
balanced after the vibration isolation has been checked and confirmed
to be satisfactory.

23.2.3 Duct system air leakage

In addition to duct leakage discussed in Chapter 6, there may be air
leakage in the HVAC units, in the volume controlling air terminal
units, and in the connections to the supply air diffusers or outlets. The
loses in the ductwork may be as low as 2 to 3%, but all other air
leakage may increase the total to 8 to 12% of the duct system airflow.
The difference in airflow from Pitot tube traverses at the fan and the
total outlet airflow should account for this leakage.

23.2.4 High-pressure drop fittings

Duct systems rarely are installed exactly as shown on the project me-
chanical drawings and as specified. Extra fittings may be added to
avoid obstacles, turning vanes may be left out of square turn elbows,
and unusually shaped fittings may be required, especially under roof-
top HVAC units. Some of these duct fittings may be hidden from view
and have very high pressure drops. The solution to this problem is for
the TAB technician to review the duct system installation before the
ceilings are installed. If changes cannot be made, at least calculations
can be made to see whether the specified fan, motor, and drives are
adequate.

23.3 Fan Troubleshooting Chart

Table 23.1 has been extracted with permission from the Air Movement
and Control Association (AMCA) Fan Application Manual, Publication
202-88.

23.4 Hydronic Systems
23.4.1 System and pump noise

Other than the most usual lack of heating or cooling complaint about
hydronic system supplied HVAC units, noise from air bubbles flowing
in the system, piping or fin-tube expansion noises, and pump vibration
or motor hum noise top the list.
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Association (AMCA)]

TABLE 23.1 Fan Troubleshooting Chart [Courtesy of the Air Movement and Control

A. Fan noise

Source

Probable cause

1. Impeller hitting inlet or housing

2. Impeller hitting cutoff

3. Drive

4. Coupling

5. Bearing

6. Shaft seal squeal

7. Impeller
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Impeller not centered in inlet or housing
Inlet or housing damage

Crooked or damaged impeller

Shaft loose in bearing

Impeller loose on shaft

Bearing loose in bearing support

Bent shaft

Misaligned shaft and bearings

Cutoff not secure in housing

Cutoff damaged

Cutoff improperly positioned

Sheave not tight on shaft (motor or fan)
Belts hitting belt tube

Belts too loose. Adjust for belt stretching
after 48 hours operating

Belts too tight

Belts wrong cross-section

Belts not “matched” in length on multibelt
drive

Variable-pitch sheaves not adjusted so each
groove has same pitch diameter (multibelt
drive)

Misaligned sheaves

Belts worn

Motor, motor base, or fan not securely an-
chored

Belts oily or dirty

Improper drive selection

. Loose key

Coupling unbalanced, misaligned, or loose,
or may need lubricant

Loose key

Defective bearing

Needs lubrication

Loose on bearing support

Loose on shaft

Seals misaligned

Foreign material inside bearing

Worn bearing

Fretting corrosion between inner race and
shaft

Bearing not sitting on flat surface

Needs lubrication

Misaligned

Bent shaft

Bearing loose on support

Loose on shaft

Defective impeller. Do not run fan. Con-
tact the manufacturer

Unbalance

Coating loose

r________________________*'*—__________""—?.'-FT_____________________f___________________q
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TABLE 23.1 Fan Troubleshooting Chart (Courtesy of AMCA) (continued)

A. Fan noise

Source

Probable cause

Worn as result of abrasive or corrosive ma-

e.
terial moving through flow pasages
f. Blades rotating close to structural member
g. Blades coinciding with an equal number of
structural members
8. Housing a. Foreign material in housing
b. Cutoff or other part loose (rattling during
operation)
9. Motor a. Lead-in cable not secure
b. AC hum in motor or relay
¢. Starting relay chatter
d. Noisy motor bearings
e. Single phasing on a three-phase motor
f. Low voltage
g. Cooling fan striking shroud
10. Shaft a. Bent
b. Undersized. May cause noise at impeller,
bearings, or sheave
11. High air velocity a. Ductwork too small for application
b. Fan selection too small for application
¢. Registers or grilles too small for application
d. Heating or cooling coil with insufficient face
area for application
12. Obstruction in high-velocity a. Dampers
airstream may cause rattle or b. Registers
pure tone whistle c. Grilles
d. Sharp elbows
e. Sudden expansion in ductwork
f.  Sudden contraction in ductwork
g. Turning vanes
13. Pulsation or surge a. Restricted system causes fan to operate at
poor point of rating
b. Fan too large for application
c. Ducts vibrate at same frequency as fan pul-
sations
d. Rotating stall
e. Inlet vortex surge
f.  Distorted inlet flow
14. Air velocity through cracks, a. Leaks in ductwork
holes or past obstructions b. Fins on coils
c. Registers or grilles
15. Rattles and/or rumbles a. Vibrating ductwork
b. Vibrating cabinet parts
c. Vibrating parts not isolated from building
B. Insufficient fan airflow
1. Fan Impeller installed backwards

o po T

Impeller running backwards

Improper blade angle setting

Cutoff missing or improperly installed
Impeller not centered with inlet collar(s)
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TABLE 23.1 Fan Troubleshooting Chart (Courtesy of AMCA) (continued)

2. Duct system

3. Filters
4. Coils

5. Recirculation

6. Obstructed fan inlets

7. No straight duct at fan outlet

8. Obstructions in high-velocity
airstream

R

TR e e T

T

a.

e o

Fan speed too slow

Impeller or inlet dirty or clogged

Improper running clearance

Improper inlet cone to wheel fit

Improperly set inlet vane or damper

Actual system is more restrictive (more re-

sistance to flow) than expected

Dampers closed

Registers closed

Leaks in supply ducts

Insulating duct liner loose

Dirty or clogged

Replacement filter with greater than speci-

fied pressure drop

Dirty or clogged

Incorrect fin spacing

Internal cabinet leaks in bulkhead separat-

ing fan outlet (pressure zone) from fan in-

lets (suction zone)

Leaks around fan outlet at connection

through cabinet bulkhead

Elbows, cabinet walls, or other obstructions

restrict airflow. Inlet obstructions cause

more restrictive systems but do not cause

increased negative pressure readings near

the fan inlet(s) (see System Effects in Sec-

tion 6.5). Fan speed may be increased to

counteract the effect of restricted fan in-

let(s). CAUTION: Do not increase fan

speed beyond the manufacturer’s rec-

ommendations.

Fans that are normally used in duct system

are tested with a length of straight duct at

the fan outlet. If there is no straight duct

at the fan outlet, decreased performance

may result. If it is not practical to install a

straight section of duct at the fan outlet,

the fan speed may be increased to overcome

this pressure loss (see System Effects in

Section 6.5). CAUTION: Do not increase

fan speed beyond the fan manufactur-

er’s recommendations.

Obstruction near fan outlet or inlet

Sharp elbows near fan outlet or inlet

Improperly designed turning vanes

Projections, dampers, or other obstruction
in a part of the system where air veloc-
ity is high

C. Fan airflow too high

Source

Probable cause

1. System

a.

b.

Oversized ductwork
Access door open
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TABLE 23.1 Fan Troubleshooting Chart (Courtesy of AMCA) (continued)

2. Fan

opme e

Registers or grills not installed
Dampers set to bypass coils
Filter(s) not in place

System resistance low

Fan speed too fast

Improper blade angle setting

D. Static pressure low, airflow correct

Air density

Pressures will be less with high-temperature
air or at high altitudes

E. Static pressure low, airflow high

Source

Probable cause

1. System

2. Fan

T pm o pe o

Fan inlet and/or outlet conditions not same
as tested. (See discussion and System Effect
Factors in Section 6.5).

Impeller installed backwards

Impeller running backwards

Improper blade angle setting

Cutoff missing or improperly installed
Impeller not centered with inlet collar(s)
Fan speed too slow

Impeller or inlet dirty or clogged

Improper running clearance

Improper inlet cone to wheel fit
Improperly set inlet vane or damper

F. Static pressure high, airflow low

1. Duct system a. Actual system is more restrictive (more re-
sistance to flow) than designed
b. Dampers closed
c. Registers closed
d. Insulating duct liner loose
2. Filters a. Dirty or clogged
b. Replacement filter with greater than speci-
fied pressure drop
3. Coils a. Dirty or clogged
b. Fin spacing too close
G. Fan power high
Source Probable cause
1. Fan a. Backward inclined impeller installed back-
wards
b. Fan speed too high
¢. Forward curve or radial blade fan operating
below design pressures
d. Blade angle not set properly
2. System a. Oversized ductwork
b. Face and bypass dampers oriented so coil
dampers are open at same time bypass
dampers are open
c. Filter(s) left out
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TABLE 23.1 Fan Troubleshooting Chart (Courtesy of AMCA) (continued)

d. Access door open
NOTE: The causes listed in this table section
pertain primarily to radial blade, radial tip,
and forward curve centrifugal fans, i.e., fans
that exhibit rising horsepower curves. Nor-
mally, backward inclined, backward curve, or
backward inclined airfoil centrifugal fans and
axial flow fans do not fall into this category.
3. Air density a. Calculated horsepower requirements based
on less dense (e.g., high-temperature) air,
but actual air is denser (e.g., cold startup)
4. Fan selection a. Fan not selected at efficient point of rating

H. Fan does not operate

Source Probable cause

Mechanical and electrical problems are usually
straightforward and are normally analyzed in
a routine manner by service personnel. In this
category are such items as:

Blown fuses or circuit breakers

Broken belts

Loose pulleys

Electricity turned off

Impeller touching housing

Wrong or low voltage

Motor too small or load inertia too large
Seized bearing

Electrical or mechanical

pPmse an op

23.4.2 Pumps

Much like fans, pumps operate the quietest at the point on the pump
curve of highest efficiency. Unlike fans, pumps often work in parallel
with other similar sized pumps. Depending on the system designer’s
choice of efficiencies based on the number of pumps operating at the
same time, pumps may operate at several different capacities and ef-
ficiencies. Variable-flow systems also can impose excessive wear on
pumps, especially when operating near the shutoff condition and when
fluid flow is beyond the maximum efficiency point. See Chapter 15 for
additional information on pumps.

23.4.21 Cavitation. When a pump sounds like it is pumping “mar-
bles,” the chances are that cavitation is occurring. Cavitation is the
formation of vapor bubbles in a pump and occurs when the vapor pres-
sure of the water is equal to or greater than the absolute pressure of
the water stream. Cavitation causes hammering in a pump and can
quickly destroy a pump impeller. It must be avoided! Cavitation is
avoided by ensuring that the absolute pressure is always greater than
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the vapor pressure. This is true for closed systems, such as hot water
heating systems, and open systems that include cooling towers.

In a closed system, it is easy to control cavitation simply by ensuring
that the system pressure is adequate throughout the water system.
Cavitation is more difficult to handle with open water systems, since
the system is exposed to atmospheric pressure.

Centrifugal pumps, used in most HVAC applications, generally can-
not draw water into themselves; the water must be “pushed” into
them. The amount of push needed is called the net positive suction
head required (NPSHR).

Net positive suction head available (NPSHA) is the pressure avail-
able at a pump suction to push the water into the pump. Cavitation
cannot occur if the NPSHA is always greater than the NPSHR.

Cavitation can be a problem that TAB technicians need to look for,
especially when the system is operating at maximum capacity.

23.4.2.2 Misalignments. Although pump piping stresses and motor
misalignment are not the responsibility of TAB technicians, they
should be reported and corrected immediately.

Piping stresses should never exist on pump connections. If they do,
the pump volute may be knocked out of alignment and wear will occur
on bearings, sleeves, and case rings. Flexible joints on the pump con-
nections should not be counted on to eliminate this problem. They can
be extended to their limits, thus imposing stress on the pump connec-
tions. The only way to avoid this problem is to ensure that the piping
1s supported in a manner that prevents the exertion of force on the
pump connections.

There is a very simple procedure that will verify whether there is
pressure on pump connections. With the pump shut down, the pipe
flange bolts should be removed. If the mating flanges come apart or
shift, there is pressure on the connections, and the piping supports
should be adjusted until the flanges mate without any force.

The pump and its motor must be in alignment; otherwise the flexible
coupling insert and the bearings in the pump and motor will wear
rapidly. The instrumentation and procedures for aligning pumps and
motors are well known in the industry, and there is no excuse for such
misalignment.

234.2.3 Entrained air in pump. Air exists in water in two forms, dis-
solved and entrained. Entrained air exists as bubbles in the water
stream. Dissolved air does not bother pumps mechanically; entrained
air does and can create the same problems as cavitation. It must be
remembered that air converts from dissolved to the entrained state
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when the water temperature is increased or the system pressure is
decreased.

23.4.2.4 Pump inlet piping. Review the suction pipe sizes, strainer
screen sizes, and fitting and valve configurations to assure that the
pump will operate at full capacity without cavitation.

23.4.3 Hydronic System Air Control

Entrained air or air bubbles affect water flow throughout the hydronic
system. Even though air is vented from an empty system when it is
filled, residual air often remains. Entrained air always exists in
makeup water because the pressure of the water normally is reduced
and the temperature increased (in hot water systems) as it enters the
system. When the water velocity is not high enough to keep air en-
trained, the air rises to the high points in the piping or coils.

23.4.3.1 Air venting. Entrained air can be removed from HVAC hy-
dronic systems by the use of mechanical separators and air vents. All
air vents should be equipped with an air chamber ahead of them, and
automatic or manual air vents may be used.

Once the air has been separated from the system fluid, it must be
eliminated from the system. This assumes that in a system utilizing
a compression tank, the tank has the proper air charge to compensate
for fluid expansion caused by the temperature rise. Any additional air
may be detrimental to system operation. During the initial system fill,
most of the air that occupied the system volume must be vented off
through manual vent valves or by loosening fittings.

The problem arises when all of the air is not initially removed from
the system. The air continues to travel and it has a tendency to stop
piping circuit flow by collecting in unvented high points, or the air
may partially or totally stop heat transfer in coils. TAB technicians
often waste considerable amounts of time tracking down unvented air.
However, air venting is the responsibility of the installing con-
tractor.

23.4.3.2 Compression tank. A compression tank(s) (or expansion
tank), if too small or waterlogged (no air charge), will cause the pres-
sure relief valve to discharge extra pressure and water as a hot water
system heats up. When the system cools, the makeup water pressure
reducing valve will add new water to the system along with additional
entrained air. Often air will enter backwards through automatic air
vents as the system water cools and the pressure is lowered. Some-
times the system water level is lowered, causing air to enter.
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A similar problem may exist if the compression tank is connected
to piping on the discharge side of the pump instead of the suction side
as shown in Figure 23.3.

23.4.3.3 Fill valve. The pressure gauge on the boiler should read,
when cold, about 9 ft. w.g. or 4 psi (27.6 kPa) above the highest point
In the system, normally a heating or cooling coil. This pressure setting
1s used for the automatic fill valve or makeup water pressure reducing
valve. For example, if the highest radiation is 42 feet above the fill
valve or boiler:

42 ft. X 0.433 = 18.2 psi

Cold 4.0 psi

Fill pressure = 22.2 psi (cold boiler)

23.5 HYDRONIC TROUBLE-
SHOOTING CHART

Table 23.2 contains some frequent pump and hydronic system prob-
lems. Many field experience problems can be added to this list by ex-
perienced TAB technicians.

Tank fitting Compression tank
\@ D Service valve

Reducing valve
Air separator

Cold water supply

Relief with strainer Supply to
valve system
|
Y Triple-duty
Return ! valve
from
system Hot water Blowdown
boiler 4
\ Service vy 1
valve
- Suction
- diffuser

Figure 23.3 Typical hydronic boiler and pump installation (Courtesy of Heating/
Piping/Air Conditioning).



adeoss 0} are FuUImo[

Guiddey seddn ur aq A[eyI] jsowr pynom—3utdde) ooy -1e 1no sorip joysed dog ssvl3 egned ur yea| o m
aoe[dai—uornios deos y)rm y2oyp) Juej ui yeey 'q yue)
WSSAS [01JU0D I18 [[BISUT Jyue} PUB I9[I0( USIMIOQ UOTIR[NOIID KJIARLY) B uotssaxduwioo pedfolrorep ‘T
uony asneo 9[qIssog weqor]
[0I3U0D ITY ¢
OpIX0 UOJI DTJ0USBI O
waYSAs 9} 0jUl USFAX0 SOLLIBd SUIpos) Jorem Uselq UOISOLIOD UadAX() °q
uafAx0 va1y
JBO] JUBISUOD B 9ARY ABW ‘WDISAS H{29Y)) JO SJIUNOUIB DAISSOIXD pue Jeom A(Q pesne)) ‘e Bunyd Beg '9
uorjeasdo a1ojoq powtid aq snw sdwng png jnoyjim unit sdung 7
I8INYOBJNUBW
woay aanjeradwe) Surjesado wnuwixew pue [8as Jo ad£1 yoay) saanjeredwa) SAISSOOXG O
anpoa dund woly are Jusp (199BM) JUBOLIQN] JNOYILM [BIS ITY P
(dwnd jo apts uorjons uo juey uoissarduiod) dund peey-y3rg uorjed0] Juey uoissexdwo)) 'z
3urpeolraao—aaind s31 uo uoryetsdo dwnd ooy uorpares Jadoadwy ‘T
uoygejiaed dwing o
Jsangoenuew dund weSAs posord
WI04j SUOI)epUITIUI0dal juaurjear) 19jem Jadoad 10y ooy Jusuryear) Jorem Jodordw 10 9AISSOIXY ‘q © ur sso[ a0 poriad 1804
waIsAs uBa[) SOPIXO PUB ‘DUES “)IIP OAISSSIXY ‘B T UIy)Is Sainfrel [8s8g ‘g
yroddns adid xedoxd epiaoag peo1 3urdid earsseoxy Y
9AIND JO
wa)sAs gourieg qurod pue puofaq 10 07 asod Sunjeredo dung '3
SUOTIONIISUI §I8INJOBJNUBUI 2B dumnd jo Jurqro xepupn 7§
SUOTIONIISUL §,10INJ0BINUBW JI8Y() dwnd jo 3urfio sea() ‘8
SUOTJINIISUL S I8INJOBINUBW J08Y() JUIWI}BOI) JOTBM DAISSIOXY P
udreey juowugiesiu dwng o
91B00[9Y uorgeoo] dwnd sedoxdwy - sjuouodwoo durnd
aoeydey (od£y) (oz1s) dwnd redoadwy ‘e JO aanjiej aanjewdid
uorOy 98SNED I[ISSO] woqo.LJ
woysAs pue dwng 'y
(penupuon) Heyo Bupooysa|qnouy djuoIpAH  Z'€Z 318VL
1xoddus adid ajenbepe opraoig uoljerqia adyy 8
Surnoid ejenbope YIim UOIjBPUNO) PLILL OPIAOL] (pojunow-sseq) uoyepunoy 1004 ¥
Juidid [ereted 1o syo0d umuereq [[eIsu] £9100[0A J9TJBM DAISSOIXE] 'O
Juswudi[e Yooy ‘eoe(day a9[dnod duind wropy, °p
dwnd ugesy yuswudresiwt dwng -9
ageoo[ar 1o aanssaid astes 1o dwund 1omor] uonjejiaed duing g
WalsAs JUsp Iie peuleIjuy ‘e as1ou we)sAs 10 dung ‘g
ade)jjoa pue SuLiim ¥dy) poads aojowr aedoaduy -l
SpEd] 1030w 0M) AU 9SIADY] (aseyd-eaayy) spremyoeq Juruuny dung T
Suiseo dwund quep dwnd punog-ire Ajenred Y
Jorpoduut 1o dund eoerdey [rews ooy dwng 8
(peoy
9382001 10 danssaxd asred 10 dund Jomo uorjons varyisod 19Uy HSAN jusoyynsuy  J
aoe[dey poSewrep Jojodwr dwng o
UQAIIS UBI[D PUB SAOWIY Jeurer)s peddor) p
UOTJOTLIISHO QAOWRIL PUB 8380 Juidid 10 rofjeduar ped3o[) ‘o
Suiseo dwund jusp dund punog-ary ‘q
wIa]SAS JUdp wa)sAs punog-1ry ‘e uolje[naIo ajenboperul ‘g
S3INoar 98e)[0A AUI| PUB MO PJBIAL [[B HoaY)D ue¥0q 4INDI [edrrpele dumg Y
uad() PosOId dA[eA WAISAg 3
UOTIINIISO SAOWDL PUE 93ed0] Suidid a0 aofjedur paddor) J
quowudife yooyd ‘eoeidey 1o1dnoo dwind ueyorg o
Suiseo dwund jusp dwnd punog-ary °p
WSYSAS JUSA WPIsLs punoq-iry o
nu Joedwr ueysL],
yeys oyj Jo Lemkay oy) uo peoed st asffodur J1 938 03 Y23 yeys uo Jurddips teqjedwy °q
1JeYs 9} UI SS9991 Ul MAIds 108 Udjy3L], qyeys uo 9s00] Jo[dnod ‘yysdr} J0U MaIdS J88 B uoIjB[MIID ON T
uonoy asneo 9[qIssog waqodd
waysLs pue dung 'y
yeys Bunooysajgnol J1uoIpAH 2'gg 314Vl a




J9[I0q SNy pue ues[) (spunodwiod [eJeurwr) SwWI[ Jo [[N] Io[log ‘B punos uryoer) ‘§
SWAYSAS OTUOIPAY U0 9sn J0u O(] SOA[BA PIOUS[OS O
woysds ay)
0jut 981eYISIp pue Jajoq ayj jo o dund o} dund SA0 g sdwnd
o[qissod J1 peoy dwind saoqe aanssaad o13e)S aseaIou] I peoy ysry uisn Jaioq oy} ojut Jurdwing ‘p 8
aA[BA aanjetodurs) I9[10q SAISSIOXY i
[91Yy JONIS—IB[10( YSnoay] SUIIB[NOID ST J3JeM JI 998 0} I yue) uoissordwod pazIsIoa() 'q JoW
Wo)SAS 10§ 9004100 ST I JT 90S—W9)SAS Jo ainssard 919e)s Yooy ) aanssaad welsAs Jo yoe] e -weyIeyem 10 Juipunod ‘g
¥oey) Arxadoad Surperado jou sjoajuo) '8
poposu J1 soe[dal ooy uoryisod uado ur Jonjs aajeA [aNg ]
JA[BA 9SOT)) uorgtsod uado Ul WS [0IJU0O-MO[] 'O
aoerdaa yoay)) Buryeasdo jou jejsounioy], P
aoeydaa 10 1redal (Yoay) uonyisod usdo Ul Yonjs 9A[BA AUOZ D
so[daua 10 aredaa 1o ues[) [013U0D MO 9ATIORJo(] 'q I9Yjeam prIux
QATBA [0IJU0D—MO]J [[BISUT UOTIB[NIID AJIARIY) ‘B 10 p[0o—S3UnesyIeA) G
901108 18M0d—SUO0I109UU0D [ROLIPIB[S YY) Jo memod 4
dwnd jo 1ojowr 39y nouwang JIo0j0py 8
dwnd o8y dund uo 1e1dnoo usyorg 7§
aanjerodue) I0)BM 9SRAIOUI—UOTIR[NSUL 310U 10 UOIJBIPRI PPY UOTIRIPRJ POZISIOpU[] o
sour[eg $7IMOIID paouR[RqU[) P
aoe[dar a0 tredey] SA[BA DUOZ DAIOQJ3(] 'O
UOTIITLIISAO SAOWSL PUB 8180 durdid auoz paddorn 'q SOUO0Z aI0UI JI0
(013100 IT8 [[BISU] Gutpuiq a1y B QU0 Ul JBSY JUSIPNSU] ‘T
U0y 9STIBD S[qISSO] we[qoId
SNOQUB[[OISTIN (T
UBo[d—o[RIS
[BIouIwW Jo dnpjing J0J J8OS pUB Wd)S UBI[O PUB {IOY)) 189S 10U [[IM 9A[BA A[qUIISSE [BaS JunPI)g "D
SUOTIIAUUO0) [BILINI[D Hoeys—ade[dal pue }Iay) N0 powIng JIun I8mMoJ ‘g (910U 998) 83BIS
1BISOULISY) Y81 1BISOULIDY], ‘B -do J0U [[I1M SOA[BA BUOY °),
aA[BA 9[due uory
10 JySrea)s osn ‘[ejuozLioy 0} adueys ‘uorjisod [EOT)ISA B UI JT -1s0d [BJUOZIIOY B UT Pa[[BISUL J0U APOq DATBA 'O UOIJRIMOITD A}TABLY)
189S PUB ABM B[] [[B WIS U0 9[pUBY WinJ, Aem o) [[€ UMOD pouIng j0u wang 'q swa|
1895 adIm puUB JJO I9A00 OYE], 189S U0 L] ‘B -qoxd OA[BA [019U02-MO[)] 9
D00
Aressadou J1 aor[dad ‘0ATeA Moy uonsod uado w1 Fundpns aara Juapay v 10 qjoy—sdod aajua ._uw_m&_ G
- uonray asney R0 wajqoudg
Rasjuy D
(PONUWU0D) MVYD BUNICOUSHIQGNOIL DIVOIPAN E'CE 3T18VA
AABA auanssoad 20npod
pojut vanssoad 1oydyg yirm ooe[dad pur uorjRiIuUuI] dAJRA YOI OA[BA 10) yS1y 003 aanssaad A1y v joU S00p dAjBA JuNpay
oA[BA dor[daa
‘7, US90D 11 JI—oad] 0] UMOP ABMm 91} [[B MII08 juaunsnipe winy, INUS PO[BIS JBIS DA[BA O
aoerdeur 10 ues[) peddnid teureng 'q
poTeds SI 9A[BA JI {I9YD) Po9J J0U SI0p SA[BA B seanyIe} aAjea Jumnpoy ‘¢
A1prdea uadQ 1808 U0 I B sdLp aATep g
uorjeredo sanjeredure) pue ainssald o1)e)s Mooy ) Y81y o00g aanssaiad Juryraodo waysdg T
goerdad 10 ues|) ur)1es 10 eATeA Jutonpad 9A13091O( Y
[013100 323YD) s[reJ [049u0d JrwT-ys -8
dwnd yoay) 8urjesedo jou duing ¥
JATBA Y0OUD uontsod uado U yon3s sAJeA [9n] ‘O
S[0I3U0D Y0aY)) IouIng Aemeuny] °p
JUB] ULRIP 10 WISAS [0JJU0I ITB [[BISU] Jue) uorssoadwoo peddolrerep o
aoe[deu ‘ez1s sedoad 10y yooyH pozisiepun yuej uorssoxdwo)) ‘q
soerday OA[BA JOI[OI OAIPRI(] ‘B suado aA[RA JoI[8Y T
SOATBA D
UOTIB[NOI ON
Burdid 0 100 Juep punoq Iy e uorjeIpRI J89Y ON ‘¥
SB[ 10J YOO Fuidid weysds ur syeer] ‘p
yuey uorssaaduron ayj} piemoj paysiid aq o3 odid [eyuozLIOy sue} oy 01 Surdid ur yojid aedoag o
Alao
SUOTJONIISUL S IOINJBINUBW YO8 ) -doad peurtojred jou dnjae)s wagsds feryuy °q
uoneredos
oz1s adid ayj sB awres oY) aq p[noys H—IUI} JO 9ZIS }9Y)) are 10j Sunly ysnoayj £3100[0A & Y3y oo, ‘e 3ury eutl-uy
s3uryy jepgno dog
yrede Jar1oq o) uo Jurdid J9[10q I9TI0q ‘SITAIP [0IJU0D ITR
A1ddns oyy Surye) moyjim puy o3 s(qissoduIl sowye ST SIyJ, Ul JUI[ I9)Bm MO[8q "UI 847 jou aqn) diq ‘e Ul [0X)U0d T8 JUSBIYINSU] ‘g
uonoy 9STIBD S[qISSO] woqoI]
[OIU00 ITY g
(penunuoy) veyo Bunooyssjgnouy dluospAH g'ez T1avlL m




Chapter

24

Tab Cost Estimating

24,1 Task Man-Hours

24.1.1 Introduction

As stated in Chapter 1, TAB work is essential to the proper perform-
ance of building HVAC systems and the resultant indoor air quality.
It is the responsibility of the TAB firm to review the project plans and
specifications carefully when preparing a proposal for the TAB work.

If accurate records of man-hour requirements for each task are kept
for each project, this chapter could be used only to verify the data.
Unfortunately, some TAB firms cut corners when doing balancing
work by using unqualified technicians and supervisors, and labor costs
vary considerably.

241.2 Man-hour variables

Task man-hours also may vary considerably because of difficulty of
access to the building area, systems, and equipment; height from the
floor; whether space is occupied or unoccupied; type of system and/or
equipment installed; repetitive sizes and functions; type of controls;
and cooperation of other trades, building owner, HVAC system oper-
ator, or tenant occupying the space. The experienced TAB firm will
have multipliers for each of the above items to use on the average
calculated man-hours for each function. Figure 24.1 may be used for
a rough labor estimate for TAB work for ordinary HVAC systems.

24.2 Estimating Man-Hours
2421 Report forms

Sample test report forms are published by many organizations in the
TAB field, such as NEBB test report forms used only by NEBB Cer-

367



368 Chapter Twenty-Four

1.000 ,
800 :
600 ! L
500 | 7
400 : = 7
300 v

200 7 =
100 H 7/

60— ——
50 e 1
40

30 ,

Total system tons

20 7

|
|
|
o o0 ©
T HO ®

10
20
30
100 f——
200
300
400
500
600
800
1,000

Total man hours per system

Figure 24.1 Rough labor estimate for ordinary HVAC systems.

tified TAB Firms. ANSI/ASHRAE Standard 111-1988, Practices for
Measurement, Testing, Adjusting and Balancing of Building Heating,
Ventilation, Air-Conditioning and Refrigeration Systems, does not con-
tain sample forms but does contain a list of items for each type of
equipment or system being tested. Good TAB procedures used with
accurately and honestly reported data on the TAB test report forms
will assure the HVAC system owner that the systems perform as spec-
ified. Also they will provide a permanent record that may be used
when building system alterations or additions are made.

24.2.2 Using man-hour tables

The man-hour tables in this chapter are average, basic values to be
modified by factors discussed in Section 24.1.2 and found in Table
24.13 and experience factors based on the experience and qualifications
of the TAB technicians used on the project. Where a specific task or
operation is not found, the data for a similar task or operation should
be used. All normal activities for each TAB task, such as moving lad-
ders, drilling holes, calibrating instruments, taking readings, and re-
cording data, are included in the man-hour estimates.
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For example, using data from Table 24.1 for a basic HVAC unit (up
to 25 HP or 19 kW), essential TAB items should total 7.0 man-hours.
A return air fan, if used, would add 2.0 man-hours for a total of 9.0
man-hours. A basic multizone unit with five zones (no return air fan)
would total 7.0 plus 5.0 (zones) or 12.0 man-hours.

24.3 Tab Man-Hour Tables—Air Systems
TABLE 24.1 HVAC Units (Air Side)

Operation Man-hours

Base fan—coil-filter unit, TAB (up to 25 HP or 19 kW) 3.0°
Base fan—coil-filter unit, TAB (30-75 HP or 22-56 kW) 4.0*
Base fan—coil-filter unit, TAB (100 HP or 75 kW up) 5.0°
Supply air duct traverse, TAB 1.5
Return air duct traverse, TAB 1.0
Mixing box, OA dampers, TAB 0.8-1.5
Vortex dampers, elec./electronic 0.3-0.8
Vortex dampers, pneumatic 0.1-0.2
Variable frequency drives 0.3-1.3
Final adjustments 0.7
Return air fan, TAB 2.0
Face and bypass section 1.0
Multizone unit (per zone) 1.0
Roof top unit (add) 2.0

“Does not include changing drive components.

TABLE 24.2 Fans

Operation Man-hours

Centrifugal fan, TAB:

Direct drive 1.2

To 5000 cfm (2500 L /s)—belt drive 2.5

5100 to 25,000 cfm (2550-12,500 L/s) 3.2

25,100 to 50,000 cfm (12,550-25,000 L/s 5.0
Roof exhauster, TAB:

Direct drive 1.5

Belt drive 3.0
Propeller fan, airflow and electric 1.0
Ceiling exhaust fan 0.8
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TABLE 24.3 Ventilation

Operation Man-hours

Duct traverse:

Small 1.2

Medium 1.9

Large 2.5
Hood general or dishwasher:

Small 1.2

Large 2.0
Hood, range or oven:

Small 2.0

Large 3.0
Cabinet hood (lab):

Without fan 1.5-3.0

With fan 2.54.5

TABLE 24.4 Terminal Units

Operation Man-hours

Constant volume boxes (TAB):

Single duct 1.0-2.0

Dual duct 1.5-3.0
VAB boxes (TAB):

DDC controls 1.0-2.0

Electric controls 1.0-1.5

Pneumatic controls 0.8-1.5

Fan powered 1.3-2.5
Fan powered—DDC 1.5-3.0
Reheat coil (add) 0.5-0.8

TABLE 24.5 Terminal Devices

Operation Man-hours

Ceiling diffusers (TAB):
Flow measuring hood
Small—anemometer
Large—anemometer
Linear slot diffusers (TAB):
Flow measuring hood (unit length)
Anemometer to 10 ft. (3 m)
Grilles and registers (TAB):
Flow measuring hood
Anemometer

0.4
0.6
0.8

0.5
0.8

0.3
0.5
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TABLE 24.6 Air-to-Air Exchangers

Operation Man-hours

Plate exhanger (TAB):

Small 3.0

Large 4.5
Heat pipe exchanger (TAB):

Small 35

Large 5.5
Heat Wheel (TAB):

Small—sensible heat 3.0

Large—sensible heat 5.0

Small—total heat 4.0

Large—total heat 6.0

24.4 TAB Man-Hour Tables—
Hydronic Systems

TABLE 24.7 HVAC Units (Water Side)

Operation Man-hours
Hot or chilled water coil (TAB):
With flow valve or station 1.2
Without flow valve or station 2.0
DX coil 1.5
Steam coil 1.0

TABLE 24.8 Pumps

Operation Man-hours

Circulator, in line (TAB) 1.0
Water pump (TAB):

5 to 75 HP (56 kW) with flow valve or station 2.0-2.5

100 to 200 HP (150 kW) with flow valve or station 3.0-3.5

5 to 75 HP (56 kW) without flow valve or station 2.8-3.0

100 to 200 HP (150 kW) without flow valve or station 4.0-5.0
Basin pump (evaporative condenser or cooler) 1.5

TABLE 24.9 Cooling and Heating Equipment

Operation Man-hours

Boiler (TAB) 1.8
Boiler and burner package (TAB) 3.6
Chiller package (TAB) 5.5
Chiller only 2.0
Condenser only 2.0
Cooling tower (TAB):

Airflow or electric 4.0

Water flow (to 750 tons) 5.0

Water flow (over 750 tons) 8.0
Air cooled condenser—airflow or electric 3.0

Heat exchangers (steam or water to water) 2.5
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TABLE 24.10 Terminal Units {Hydronic)

Operation Man-hours
Convectors and fin radiation (per unit) 0.5
Fan coil units and unit ventilators—2 pipe 0.7
Fan coil units and unit ventilators—4 pipe 1.0
Induction units (includes airflow) 1.2
Ceiling units—add each 0.3
Duct-mounted coils 0.8

Deduct 30% with flow valves

24.5 Room Conditions and TAB Reports

TABLE 24.11 Indoor and Outdoor Air

Operation Man-hours
Small room or area—DB/ WB conditions 0.5-0.8
Large room or area—DB/ WB conditions 1.0-1.2
Outdoor—DB/ WB conditions 0.5-0.8
Room pressurization to ambient 1.5-2.0
Room to room pressurization 1.0-1.6

TABLE 24.12 TAB Reports

Operation Man-hours

Review, calculations, report assembly:
Small project 12.0-20.0
Medium project 20.0-28.0

Large project 24.0-36.0

24.6 Job Conditions

TABLE 24.13 Multiplier Factors
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Condition

Factor range

Poor access to building

Poor access to floor or area

Poor access to equipment or system
Work height over 12 ft. (3.36 m)
Work height over 18 ft. (5.4 m)
Occupied by people

Furniture and equipment in place
Partitions in place

Open area

Repetition of size or type

Season (rooftop units), ice or extreme heat
Off-season TAB work

Overtime conditions

Poor coordination with others
Construction incomplete

Familiar or favorite equipment used
5% tolerance in lieu of 10%

1.05-1.20
1.05-1.25
1.05-1.25
1.10-1.30
1.20-1.50
1.00-1.15
1.00-1.10
1.00-1.10
0.80-1.00
0.90-1.00
1.10-1.25
1.00-1.20
1.20-1.50
1.05-1.25
1.15-1.35
0.85-1.00
1.10-1.30

Notes:
1. Factors can be accumulative

2. Factors may apply to part or all of the TAB work.
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TAB Mathematics

25.1 Areas

25.1.1 Squares and rectangles

25.1.1.1 U.S. units. The cross-sectional area of a duct must be calcu-
lated to determine the amount of air flowing in a duct. Duct dimen-
sions are always given in inches, but duct area must be expressed in
square feet (Figures 25.1 and 25.2). This is because airflow is not sim-
ply a measurement of a plane but is a measurement of volume, and
volume within a duct is always stated in cubic feet per minute (cfm).

To obtain the area in square feet, the duct dimensions in inches
must be changed to feet. If the duct dimensions are left in inches, the
result in square inches must then be converted to square feet by di-
viding the square inches by 144.

Equation 25.1 (U.S.)

A=WXH

|e———H—»

Y

B W

Figure 25.1 Area of rectangle.
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|==—14 in. (350 mm)—3=|

~t————— 20 in, (500 mm)————>

Figure 25.2 Duct cross-sectional area.

Where: A = area (square inches or square feet)
W = width (inches or feet)
H = height (inches or feet)

Example 25.1 (U.S.)) Find the cross-sectional area of a 20 X 14 in. rectangular
duct.

Solution
A=WXxXH=20X14 = 280 in.2
280/144 = 1.944 ft.2
or A =20/12 X 14/12 = 1.167 X 1.667 = 1.945 ft.2

25.1.1.2 Metric units. Duct dimensions generally are given in milli-
meters. Although some countries use cubic meters per second (m?/s)
for airflow, NEBB and ASHRAE use liters per second (L/s). As
1 m®/s = 1000 L/s, the following equation is used as a base for
both answers:

Equation 25.1 (Metric)
A =W X H/1,000,000

Where: A = area (m?)
W = width (mm)
H = height (mm)

TAB Mathematics 377

Example 25.1 (Metric) Find the cross-sectional area of a 500 X 350 mm rectan-
gular duct (in square meters).

Solution

A =W x H/1,000,000 = 500 x 350/1,000,000
A = 0.175 m?

25.1.2 Circles

25.1.21 Full circle area. The mathematical equation for the area of a
circle is:

Equation 25.2

A = 7R?

Where: A = area (in.? or mm?)
R = radius (in. or mm)

Example 25.2 (U.S.) Find the area of a 6 in. radius circle in square inches and
square feet.
Solution

A = 7R?

A = 3.1416 X (6)®> = 113.1 in.?

A = 118.1/144 = 0.785 ft?

Example 25.2 (Metric) Find the area of a 250 mm radius circle in mm? and m?2.
Solution

A = 7R?

A = 3.1416 X (150)* = 70,685.8 mm?

A = 70,685.8/1,000,000 = 0.071 m®

Often only the circumference of a circle can be measured. Use the
following equation to calculate the radius.

Equation 25.3

C=mD = 7w2R;
C
R=5
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Where: R = radius (in. or mm)
D = diameter (in. or mm)
C = circumference (in. or mm)

25.1.2.2 Circle sector area. The following equations may be used for
the area of a sector of a circle with angle © (Figure 25.3):

Equation 25.4 Equation 25.5
A, = Y%RS _©°A  ©O°nR?
* 360°  360°

Where: A, = area of circle sector (in.? or mm?)
A = area of full circle (radius = R) (in? or mm?2)
R = radius (in. or mm)
S = length of arc (in. or mm)
O° = angle in degrees

Example 25.3 (U.S.) Find the area of a circle segment with an angle of 45° and
a radius of 10 in. Calculate the arc length(s) and use both Equation 25.4 and
Equation 25.5.

Solution 45°/360° = 0.125; circumference = 7D = 720 = 62.83 in.
S = 0.125 X 62.83 = 7.854 in.
A, = ¥%RS = % X 10 X 7.854 = 39.27 in.2

_ O6°mRE 45° X X (100

= — — 1 2
A= s 2607 39.27 in.

Example 25.3 (Metric) Find the area of a circle segment with an angle of 45°
and a radius of 250 mm. Use both Equation 25.4 and Equation 25.5.

Solution 45°/360° = 0.125; circumference = 7D = #7500 = 1570.8 mm
S = 0.125 X 1570.8 = 196.3 mm
A, = %RS = % X 250 X 196.3 = 24,543.7 mm?

_0°A _ 0°mR?_ 45° X m X (2500 ]
el 60" = 24,543.7 mm

&

Figure 25.3 Circle sector.
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25.1.2.3 Circle segment. The following equations may be used for the
area of a segment of a circle with angle O (Figure 25.4):
Equation 25.6
_ O°7R*  sin OR?
: 360° 2

Example 25.4 (U.S.) Find the area of a circle segment with an angle of 45° and
a radius of 10 in.

Solution sin 45° = 0.7071 (from Table 25.1)

1= 0°7R®  sin OR? _ 45°m(10F  0.7071(10)
s 360° 2 360° 2

A, = 39.27 — 35.35 = 3.02 in.2

Example 25.4 (Metric) Find the area of a circle segment with an angle of 45°
and a radius of 250 mm.

Solution sin 45° = 0.7071 (from Table 25.1)
_ O°7R? _sin O°R? _ 457(250) _ 0.7071(250)*
s 360° 2 360° 2
A, = 24543.7 — 22,093.8 = 2449.9 mm?

A

25.1.3 Triangles

The area of a triangle is equal to one-half of the base times the altitude
(Figures 25.5 to 25.7). The altitude is the height of the triangle.

Equation 25.7
A = Yeab

Where: A = area (in.? or mm?)
a = altitude or height (in. or mm)
b = base (in. or mm)

o

Figure 25.4 Circle segment.
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TABLE 25.1 Natural Trigonometric Functions

Angle Angle
in in
degrees sin cos tan cot sec cse degrees
1 0.0175 0.9999 0.0175 57.2900 1.0001 67.299 89
2 0.0349 0.9994 0.0349 28.6363 1.0006 28.654 88
3 0.0523 0.9986 0.0524 19.0811 1.0014 19.107 87
4 0.0698 0.9976 0.0699 14.3007 1.0024 14.335 86
5 0.0872 0.9962 0.0875 11.4301 1.0038 11.474 85
6 0.1045 0.9945 0.1051 9.5144 1.0055 9.5668 84
7 0.1219 0.9926 0.1228 8.1443 1.0075 8.2055 83
8 0.1392 0.9903 0.1405 7.1154 1.0098 7.1853 82
9 0.1564 0.9877 0.1584 6.3137 1.0125 6.3924 81
10 0.1737 0.9848 0.1763 5.6713 1.0154 5.7588 80
11 0.1908 0.9816 0.1944 5.1445 1.0187 5.2408 79
12 0.2079 0.9782 0.2126 4.7046 1.0223 4.8097 78
13 0.2250 0.9744 0.2309 4.3315 1.0263 4.4454 77
14 0.2419 0.9703 0.2493 4.0108 1.0306 4.1336 76
15 0.2588 0.9659 0.2680 3.7320 1.0353 3.8637 75
16 0.2756 0.9613 0.2867 3.4874 1.0403 3.6279 74
17 0.2924 0.9563 0.3057 3.2708 1.0457 3.4203 73
18 0.3090 0.9511 0.3249 3.0777 1.0515 3.2361 72
19 0.3256 0.9445 0.3443 2.9042 1.0576 3.0715 71
20 0.3420 0.9397 0.3640 2.7475 1.0642 2.9238 70
21 0.3584 0.9336 0.3839 2.6051 1.0711 2.7904 69
22 0.3746 0.9272 0.4040 2.4751 1.0785 2.6695 68
23 0.3907 0.9205 0.4245 2.3558 1.0864 2.5593 67
24 0.4067 0.9135 0.4452 2.2460 1.0946 2.4586 66
25 0.4226 0.9063 0.4663 2.1445 1.1034 2.3662 65
26 0.4384 0.8988 0.4877 2.0503 1.1126 2.2812 64
27 0.4540 0.8910 0.5095 1.9626 1.1223 2.2027 63
28 0.4695 0.8830 0.5317 1.8807 1.1326 2.1300 62
29 0.4848 0.8746 0.5543 1.8040 1.1433 2.0627 61
30 0.5000 0.8660 0.5774 1.7320 1.1547 2.0000 60
31 0.5150 0.8572 0.6009 1.6643 1.1666 1.9416 59
32 0.5299 0.8481 0.6249 1.6003 1.1792 1.8871 58
33 0.5446 0.8387 0.6494 1.5399 1.1924 1.8361 57
34 0.5592 0.8290 0.6745 1.4826 1.2062 1.7883 56
35 0.5736 0.8192 0.7002 1.4281 1.2208 1.7434 55
36 0.5878 0.8090 0.7265 1.3764 1.2361 1.7013 54
37 0.6018 0.7986 0.7536 1.3270 1.2521 1.6616 53
38 0.6157 0.7880 0.7813 1.2799 1.2690 1.6243 52
39 0.6293 0.7772 0.8098 1.2349 1.2867 1.5890 51
40 0.6428 0.7660 0.8391 1.1917 1.3054 1.5557 50
41 0.6560 0.7547 0.8693 1.1504 1.3250 1.5242 49
42 0.6691 0.7431 0.9004 1.1106 1.3456 1.4945 48
43 0.6820 0.7314 0.9325 1.0724 1.3673 1.4662 47
44 0.6947 0.7193 0.9657 1.0355 1.3902 1.4395 46
45 0.7071 0.7071 1.0000 1.0000 1.4142 1.4142 45
Angle cos sin cot tan cse sec Angle
in in
degrees degrees
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Figure 25.5 Area of a triangle.

' The logic of this equation can be seen in Figure 25.5. The triangle
1s one half of the rectangle shown by the dashed lines. Since the area
of the rectangle is 4 = ab, then the area of one triangle is Y4ab.

Example 25,5 (U.S) Find the area of the right triangle in Figure 25.6.
Solution

A=Yab=1%xgxS§
A=24in2

Exampie 25.5 (Metric) Find the area of the triangle in Figure 25.7 if a equals
250 mm and b equals 150 mm.

Solution

A=1/2ab:1/z><250><150mm

A = 18,750 mm?

25.1.4 Trapezoids

The area of a trapezoid (Figure 25.8) (sides b, and b, parallel) may be
found from the following equation.

6" ——
i}

b

—— ]

Figure 25.6 Triangle example 25.5 (U.S.).

-

—__—l




382 Chapter Twenty-Five

Figure 25.7 Triangle for Exam-

ple 25.5 (Metric).
e————— b *.{

Equation 25.8

A = Y%(b, + byh

Where: A = area (in.2 or mm?)
b, = top side (in. or mm)
b, = base (in. or mm)
h = height (in. or mm)

Example 25.6 (U.S) Find the area of a trapezoid where b, = 10 in., b, = 16 in.,
h =12in.

Solution
A = Y%(b, + b)h = %(10 + 16)12

A = 156 in2

!

h

| .

Figure 25.8 Trapezoid.
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Example 25.6 (Metric) Find the area of a trapezoid where b, = 250 mm, b, =
400 mm, 2 = 300 mm.

Solution
A = (b, + by)h = %(250 + 400)300

A = 97,500 mm?

25.1.5 Flat oval

To find the cross-sectional area of flat oval ducts (Figure 25.9), use

Equation 25.9. To find the surface area of a flat oval duct, use Equa-
tion 25.10.

Equation 25.9
A, = wh + Yamh?

Equation 25.10 (U.S.) Equation 25.10 (Metric)

Q2w + wh)L Qw + wh)L
A = 12 4 = 1000
Where: A, = area of cross-section (in.2 or mm?)
A, = area of perimeter times length (ft2 or m2)
w = width of flat side (in. or mm)
a = overall width (w + &) (in. or mm)
L = length (ft. or m)

Example 25.7 (U.S.)} Find the cross-sectional area of a flat oval duct where a
40 in. and A = 12 in.

Solution
w=a—h=40 — 12 = 28 in.
A, = wh + Yamh? = 28 X 12 + Yan(12)2

A, =336 + 113.1 = 449.1 in.2

i

L, )
l i
| 1]

Figure 25.9 Flat oval area.
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Example 25.7 (Metric) TFind the cross-sectional area of a flat oval duct in square
millimeters and square meters where ¢ = 1000 mm and ~ = 300 mm. (1 m* =
1,000,000 mm?)

Solution
w=a — h = 1000 — 300 = 700 mm
A, = wh + Yamh® = 700 X 300 + Ym(300)
A, = 210,000 + 70685.8 = 280,685.8 mm?

. = 0.281 m?

25.2 Volumes

Volumes used in HVAC and TAB work normally would be room or
space volumes (for air changes, etc.), rectangular sump volumes, and
tanks, which generally are spherical.

25.2,1 Cubic volumes

For any volume measurements (Figure 25.10) with parallel sides and
right angles, Equation 25.11 may be used.

Equation 25.11
V = HWL

Figure 25.10 Cubic volume measurements.
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Where: V = volume (ft° or m?)

H = height (ft or m)
W = width (ft or m)
L = length (ft or m)

Example 25.8 (U.S.) Find the volume of a room 25 ft. by 12 ft. with a 9 ft. ceiling.
Calculate the ventilation airflow (cfm) to the room if two air changes per hour
are required.

Solution
V =HWL =9 X 12 x 25 = 2700 ft?
Airflow = 2 X 2700/60 min/h = 90 cfm ventilation air

Example 25.8 (Metric) Find the volume of a room 7.5 m X 3.6 m with a 2.7 m
ceiling. Calculate the ventilation airflow (L./s) to the room if two air changes per
hour are required.

Solution
V=HWL =27X36X175=729m?

Airflow = 2 X 72.9/3600 s/h = 0.0405 m?/s
Airflow = 40.5 L/s (1 m3®/s = 1000 L/s)

25.2.2 Cylindrical volumes

A

vertical round tank with flat heads shown in Figure 25.11 is a cyl-

inder that uses Equation 25.12:

Equation 25.12

Vv

|

= haR?

N

Figure 25.11 Cylinder.
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Where: V = volume (ft? or m?)
! = length (ft or m)

R = radius (ft or m)

If the heads of the tanks are true hemispheres, then the volume for
one full sphere must be added to the above volume. The volume of
standard tank dished heads may be found in Table 25.2.

Example 25.9 (U.S.) Find the volume of a horizontal 5 ft. diameter fuel oil tank
that is 15 ft. long (Figure 25.11). a) How many gallons does the tank hold? b)
Find the capacity if the tank has dished heads.

Solution
V = IaR? = 157(2.5)? = 294.5 ft?

a) 294.5 X 7.49 gal/ft? = 2206 gal (1 ft* = 7.49 gal; see Table C-4 in Appendix

9}
b) 50.37 (Table 25.2) + 2206 = 2256 gal

i i i diameter fuel oil
Example 25.9 (Metric) Find the volume of a horizontal 1.5 m ]
tank that is 4.5 m long. a) How many liters does the tank hold? b) Find the
capacity if the tank has dished heads.

Solution

V = Im7R? = 4.5m(0.75* = 7.95 m®

a) 7.95 m® X 1000 L/m?® = 7950 L
b) 190 (approx. — Table 25.2) + 7950 = 8140 L

TABLE 25.2 Liquid Volumes of Horizontal Standard Tank
Dished Heads

Head diameter Tank full Tank %4 full
Inches Millimeters Gallons Liters Gallons Liters
12 305 0.40 1.51 0.05 0.19
18 457 1.36 5.15 0.17 0.64
24 610 3.22 12.19 0.41 1.55
30 762 6.30 23.85 0.79 2.99
36 914 10.88 41.18 1.39 5.26
42 1067 17.28 65.40 2.16 8.18
48 1219 25.79 97.62 3.31 12.53
60 1524 50.37 190.65 6.49 24.56
72 1829 87.04 329.45 11.15 42.20
84 2134 138.22 523.16 17.78 67.30
96 2438 206.32 780.92 26.60 100.68

NOTE: Tank half full, use hailf of full tank values.
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25.2.3 Duct surface

The surface area of a round duct, which is a cylinder, is:
Equation 25.13

A, = LD

Where: A, = area of perimeter (ft? or m?)

L = length of duct (ft or m)
D = diameter (ft or m)

25.2.4 Sphere
The volume for a sphere may be obtained by using Equation 25.14.
Equation 25.14

_ 4nR?
3

Vv

Where: V = volume (ft* or m?®)
R = radius (ft or m)

25.3 Equivalent Areas
25.3.1 Piping

TAB technicians must understand the principles of equivalent areas
in order to determine whether a problem exists in environmental sys-
tems. For example, what arrangement of pipes would be required to
carry the fluid flow where the main pipe is 10 in. in diameter? Would
two 5 in. pipes provide the equivalent area of the 10 in. diameter pipe?
The answer is “No.”

Figures 25.12 and 25.13 illustrate the equivalent area for a 10 in.
(250 mm) diameter pipe. The area of a 10 in. (250 mm) diameter circle
is 78.5 in.? (49,087 mm?) according to the equation A = 7R2. The com-
bined area of two 5 in. (125 mm) diameter circles is 39.2 in.2 (24,544
mm®). An 8 in. (200 mm) diameter pipe and a 6 in. (150 mm) diameter
pipe connected to the 10 in. (250 mm) diameter pipe provide equal
areas. If technicians see branches that are not the equivalent area of
the main pipe or duct, they should be noted and reported. It is the
design engineer’s or installing contractor’s responsibility to determine
whether they were intended to be the sizes shown for some special
reason.

In SMACNA and ASHRAE manuals, tables can be found for “cir-
cular equivalents of rectangular ducts for equal friction and capacity.”
These tables are to be used only for determining duct sizes and friction
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A
5in. (125 mm) Diam./

19.6 in® (12,272 mm?) j
—— = 3

10 in. (250 mm) Diam. T
78.54 in® (49,097 mm?)

5 in. (125 mm) Diam.— 7|
19.6 in® (12,272 mm?)

Figure 25.12 Incorrect equivalent areas.

losses. They are not to be used to determine the area used for duct
average velocities and for calculating duct fitting losses.

Duct average velocities (fpm or m/s) are obtained by dividing the
airflow (cfm or L/s) by the cross-sectional area in square feet or square
meters and using appropriate constants (see Chapter 2).

Example 25.10 (U.S.) Ifthe 10 in. diameter duct in Figure 25.12 is split into two
equal airflows, calculate the theoretical size of the two branches. What would
the closest standard size duct be with total area?

Solution %2 area of 10 in. duct = 78.54/2 = 39.27 in.2
A = 7R?;

R=VA/mr=vV3927/%

\ 8 in. (200 mm) Diam,

50.26 in.? (31,415 mm?)

<

4
10 in. (250 mm) Diam.
78.54 in” (49,097 mm?)

A 6 in. (150 mm) Diam.
28.2 in® (17,671 mm?)

Figure 25.13 Equivalent areas.
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R =3.541in.;D = 7.07 in.
Two each 7 inch Std. size = 27R? = 27(3.5)2 = 76.97 in.2

Example 25.10 (Metric) If the 250 mm diameter duct in Figure 25.12 is split
into two equal airflows, calculate the theoretical size of the two branches. What
would the closest standard size duct be with total area?

Solution %2 area of 250 mm duct = 49,087/2 = 24,544 mm?2
A = 7R?

R =VAlm=V24544/7

R =88.39 mm; D = 176.78 mm

Two each 175 mm Std. size = 27R? = 2#(87.5)2 = 48,106 mm?
or

Two each 180 mm Std. size = 27R? = 27(90)2 = 50,894 mm?

25.4 Fractions

Dimensions in U.S. units often include fractions of inches that must
be converted to decimals of inches or feet to use in equations or when
converting to metric units. Table 25.3 is a convenient table to use for
this purpose.

TABLE 25.3 Inch-Foot-Decimal Conversion

Inches, Inches, Feet, Inches, Inches, Feet, Inches, Inches, Feet,
fractions decimals decimals | fractions decimals decimals | fractions decimals decimals

1/64 0.0156 0.0013 11/32 0.3438 0.0287 43/64 0.6719 0.0560
1/32 0.0313 0.0026 23/64 0.3594 0.0299 11/16 0.6875 0.0573
3/64 0.0469 0.0039 45/64 0.7031 0.0586
1/16 0.0625 0.0052 3/8 0.3750 0.0313 23/32 0.7188 0.0599
5/64 0.0781 0.0065 25/64 0.3906 0.0326 47/64 0.7344 0.0612
3/32 0.0938 0.0078 13/32 0.4063 0.0339
7/64 0.1094 0.0091 27/64 0.4219 0.0352 3/4 0.7500 0.0625
7/16 0.4375 0.0365 49/64 0.7656 0.0638
1/8 0.1250 0.0104 29/64 0.4531 0.0378 25/32 0.7813 0.0651
9/64 0.1406 0.0117 15/32 0.4688 0.0391 51/64 0.7969 0.0664
5/32 0.1563 0.0130 31/64 0.4844 0.0404 13/16 0.8125 0.0677
11/64 0.1719 0.0143 53/64 0.8281 0.0690
3/16 0.1875 0.0156 1/2 0.5000 0.0417 27/32 0.8437 0.0703
13/64 0.2031 0.0169 33/64 0.5156 0.0430 55/64 0.8594 0.0716
7/32 0.2188 0.0182 17/32 0.5313 0.0443
15/64 0.2343 0.0195 35/64 0.5469 0.0456 7/8 0.8750 0.0729
9/16 0.5625 0.0469 57/64 0.8906 0.0742
1/4 0.2500 0.0208 37/64 0.5781 0.0482 29/32 0.9063 0.0755
17/64 0.2656 0.0221 19/32 0.5938 0.0495 59/64 0.9219 0.0768
9/32 0.2813 0.0234 39/64 0.6094 0.0508 15/16 0.9375 0.0781
19/64 0.2969 0.0247 5/8 0.6250 0.0521 61/64 0.9531 0.0794
5/16 0.3125 0.0260 41/64 0.6406 0.0534 31/32 0.9688 0.0807
21/64 0.3281 0.0273 21/32 0.6563 0.0547 63/64 0.9844 0.0820
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394 Appendix A
TABLE A.1 Duct Material Roughness Factors
Absolute
Roughness _&hness,_q_
Duct material category ft mm 28
Dlet Diamet
Uncoated carbon steel, clean (Moody, 1944) Smooth 0.0001 0.03 inches (mm?
25
(0.00015. ft) (0.05 m'm) | | L —T" d(125)
PVC plastic pipe (Swim, 1982) (0.0003 to . | L+
0.00015 ft) (0.01 to 0.05 mm) 24 ! -~
Aluminum (Hutchinson, 1953) (0.00015 to v | ]
0.0002 ft) (0.04 to 0.06 mm) . L pu LT 8i200)
Galvanized steel, longitudinal seams, 4 ft (1200 Medium 0.0003 0.09 | I I ‘ / | /./12‘ b
mm) joints (Griggs, 1987) (0.00016 to 0.00032 smooth 22 —
ft) (0.05 to 0.1 mm) | // | >
Galvanized steel, spiral seam with 1, 2, and 3 G I T : /‘ // ﬂ/ — o s, Lo
ribs, 12 ft (3600 mm) joints (Jones, 1979; . i / L
Griggs, 1987) (0.00018 to 0.00038 ft) (0.05 to (New Duct Friction Loss Chart) 2ol L] AL o I .
0.12 mm) | | A %l / ® / | L
I [ LA 1 Q\O‘)O/ J// |_—T780](1500)
Hot-dipped galvanized steel, longitudinal old 0.0005 0.15 . !9 R 4 A — — —
seams, 2.5 ft (760 mm) joints (Wright, 1945) average 2 | / | // // / /,/ |_—] 10012500
(0.0005 ft) (0.15 mm) T Ve /,/ »AB% 4 /i
c ) /
Fibrous glass duet, rigid Medium 0.003 0.9 = 4 // |
O / / / |
rough 2 L ///,/ - A -
Fibrous glass duct liner, air side with facing 8 | ' AT 1 | L—1"5j1125)
material (Swim, 1978) (0.005 ft) (1.5 mm) , ,/ // L L] ﬁ// A5 2001
i A 1 =T
Fibrous glass duct liner, air side spray coated Rough 0.01 3.0 // vd /Jj/ /‘/ ] /: //: : m:zi
(Swim, 1978) (0.015 ft) (4.5 mm) Vs WA LA A A = L (AR
Flexible duct, metallic (0.004 to 0.007 ft) (1.2 to ////// B fo\ﬁ/ //..--—-"-:’nnom )
2.1 mm) when fully extended e A T %Eo\\)\w\/“/: |1 _L+—"T700|tz500) g
Flexible duct, all types of fabric and wire / | Pt AT G L g3t
(0.0035 to 0.015 ft) (1.0 to 4.6 mm) when / //ﬁj/ /j,éw’/ &
fully extended e P e T &
Concrete (Moody, 1944) (0.001 to 0.01 ft) (0.3 to A A k=
3.0 mm) T //Af/[ [ /// | g
L1+ | Q
"B 5 i (ALY SIZES) O
- OLDAVERAGE | o
o — ——T 11 NEW QUCT FRICTION LOSS CHART (ALU S1ZES) %
= | =
[ ———t1 1] _Emzall}g-———:,-_.h_________ &
09 } \[\—-—T— [oalizs00) §
| [ 51(125)
| | o
05‘00 200 300 400 500 600 B0O 1000 2000 3000 4000 5000 <.
105) (o (15 @ @5 e @ ® (10) (15 (200 (29 ®
-1
Velocity—fpm (m/s) i.%
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TABLE A.2 continued Circular Equivalents of Rectangular Ducts for Equal Friction and Capacity (U.S. Units)

Side
rectangular
duct
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rectangular
duct

Equation for circular equivalent of a rectangular duct:

bHY 0|

30[(ab)" 0 (a

1

D

angulnre i

g sty wiobes

Ao mides of rec

whisire o

TABLE A.3 Circular Equivalents of Rectangular Ducts for Equal Friction and Capacity (Metric Units)

Dimensions in Millimeters
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TABLE A.2 continued Circular Equivalents of Rectangular Ducts for Equal Friction and Capacity (U.S. Units)

imensions in Inches
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Appendix A

TABLE A.4 Velocities and Velocity Pressures (U.S. Units)

Velocity Velocity Velocity Velocity Velocity
Velocity pressure | Velocity pressure | Velocity pressure | Velocity pressure | Velocity pressure
(fpm) (inwg)| (fpm) (inwg)| (fpm) (nwg)| (fpm) (inwg)| (pm) (nwg)
300 0.01 2050 0.26 3800 0.90 5550 1.92 7300 3.32
350 0.01 2100 0.27 3850 0.92 5600 1.95 7350 3.37
400 0.01 2150 0.29 3900 0.95 5650 1.99 7400 3.41
450 0.01 2200 0.30 3950 0.97 5700 2.02 7450 3.46
500 0.02 2250 0.32 4000 1.00 5750 2.06 7500 3.51
550 0.02 2300 0.33 4050 1.02 5800 2.10 7550 3.55
600 0.02 2350 0.34 4100 1.05 5850 2.13 7600 3.60
650 0.03 2400 0.36 4150 1.07 5900 2.17 7650 3.65
700 0.03 2450 0.37 4200 1.10 5950 2.21 7700 3.70
750 0.04 2500 0.39 4250 1.13 6000 2.24 7750 3.74
800 0.04 2550 0.41 4300 1.15 6050 2.28 7800 3.79
850 0.05 2600 0.42 4350 1.18 6100 2.32 7850 3.84
900 0.05 2650 0.44 4400 1.21 6150 2.36 7900 3.89
950 0.06 2700 0.45 4450 1.23 6200 2.40 7950 3.94
1000 0.06 2750 0.47 4500 1.26 6250 2.43 8000 3.99
1050 0.07 2800 0.49 4550 1.29 6300 2.47 8050 4.04
1100 0.08 2850 0.51 4600 1.32 6350 2.51 8100 4.09
1150 0.08 2900 0.52 4650 1.35 6400 2.55 8150 4.14
1200 0.09 2950 0.54 4700 1.38 6450 2.59 8200 4.19
1250 0.10 3000 0.56 4750 1.41 6500 2.63 8250 424
1300 0.11 3050 0.58 4800 144 6550 2.67 8300 4.29
1350 0.11 3100 0.60 4850 1.47 6600 2.711 8350 4.35
1400 0.12 3150 0.62 4900 1.50 6650 2.76 8400 4.40
1450 0.13 3200 0.64 4950 1.53 6700 2.80 8450 4.45
1500 0.14 3250 0.66 5000 1.56 6750 2.84 8500 4.50
1550 0.15 3300 0.68 5050 1.59 6800 2.88 8550 4.56
1600 0.16 3350 0.70 5100 1.62 6850 2.92 8600 4.61
1650 0.17 3400 0.72 5150 1.65 6900 2.97 8650 4.66
1700 0.18 3450 0.74 5200 1.69 6950 3.01 8700 4.72
1750 0.19 3500 0.76 5250 1.72 7000 3.05 8750 4.77
1800 0.20 3550 0.79 5300 1.75 7050 3.10 8800 4.83
1850 0.21 3600 0.81 5350 1.78 7100 3.14 8850 4.88
1900 0.22 3650 0.83 5400 1.82 7150 3.19 8900 4.94
1950 0.24 3700 0.85 5450 1.85 7200 3.23 8950 4.99
2000 0.25 3750 0.88 5500 1.89 7250 3.28 9000 5.05

. velocity \?
Velocity = 4005 \/VP orV, = ( 4005}')
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Figure A.4 Correction factor for unextended flexible
duct.
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404 Appendix A Duct Design Data 405
TABLE A.5 Velocities and Velocity Pressures (Metric Units) TABLE A.6 Angular Conversion
Velocity Velocity Velocity Velocity Velocity Degrees  Radians Degrees Radians
Velocity pressure | Velocity pressure | Velocity pressure | Velocity pressure | Velocity pressure 10° 0.175 70° 1.99
(m/s) (Pa) (m/s) (Pa) (m/s) (Pa) (m/s) (Pa) (m/s) (Pa) 20° 0.349 80° 1.40

1.0 0.6 10.0 60 19.0 217 28.0 472 37.0 824 30° 0.524 90° 1.57 (w/2)

1.2 0.9 10.2 63 19.2 222 28.2 479 37.2 833 40° 0.698 135° 2.36

14 1.2 10.4 65 19.4 227 28.4 486 37.4 842 50° 0.873 180° 3.14 (m)

1.6 15 10.6 68 19.6 231 28.6 493 37.6 851 60° 1.05 360° 6.28 (2

1.8 2.0 10.8 70 19.8 236 28.8 499 37.8 860

2.0 2.4 11.0 73 20.0 241 29.0 506 38.0 870 TABLE A.7 Loss Coefficients for

2.2 2.9 11.2 76 20.2 246 29.2 513 38.2 879 Straight-Through Flow

2.4 3.5 114 78 20.4 251 29.4 421 38.4 888

2.6 41 11.6 81 20.6 256 29.6 528 38.6 897 c

2.8 47 11.8 84 20.8 261 29.8 535 38.8 907 V.V, | 75% regain | 90% regain

3.0 5.4 12.0 87 21.0 266 30.0 542 39.0 916

3.2 6.2 12.2 90 21.2 271 30.2 549 39.2 925 0.95 0.03 0.01

34 7.0 12.4 93 21.4 276 30.4 557 39.4 935 91 0.04 0.02

3.6 7.8 12.6 96 21.6 281 30.6 564 39.6 944 817 0.06 0.02

3.8 8.7 12.8 99 21.8 286 30.8 571 39.8 954 .83 0.08 0.03

4.0 9.6 13.0 102 22.0 291 31.0 579 40.0 963 .80 0.09 0.04

4.2 10.6 13.2 105 22.2 297 31.2 586 40.2 973 0.77 0.10 0.04

44 11.7 13.4 108 22.4 302 314 594 40.4 983 14 0.11 0.04

46 12.7 13.6 111 22.6 308 31.6 601 40.6 993 a1 0.12 0.05

4.8 13.9 13.8 115 22.8 313 31.8 609 40.8 1002 69 0.13 0.05

5.0 15.1 14.0 118 23.0 319 32.0 617 41.0 1012 67 0.14 0.06

5.2 16.3 14.2 121 23.2 324 32.2 624 41.2 1022 0.65 0.15 0.06

5.4 17.6 14.4 125 234 330 32.4 632 41.4 1032 .63 0.15 0.06

5.6 18.9 14.6 128 23.6 335 32.6 640 416 1042 61 0.16 0.06

5.8 20.3 14.8 132 23.8 341 32.8 648 41.8 1052 -39 0.16 0.07

6.0 21.7 15.0 135 24.0 347 33.0 656 42.0 1062 57 0.17 0.07

6.2 23.1 15.2 139 24.2 353 33.2 664 42.2 1072 0.56 0.18 0.07

6.4 24.7 15.4 143 24.4 359 33.4 672 42.4 1083 54 0.18 0.07

6.6 26.2 15.6 147 24.6 364 33.6 680 42.6 1093 .53 0.18 0.07

6.8 27.8 15.8 150 24.8 370 33.8 688 42.8 1103 51 0.18 0.07

7.0 29.5 16.0 154 25.0 376 34.0 696 43.0 1118 .50 0.19 0.07

7.2 31.2 16.2 158 25.2 382 34.2 704 43.2 1124 -

74 33.0 16.4 162 25.4 389 34.4 713 434 1134 V, = downstream velocity; V. = up-

7.6 34.8 16.6 166 25.6 395 34.6 721 436 1145 pallgitlalsg

78 36.6 16.8 170 25.8 401 34.8 729 43.8 1155

8.0 385 17.0 174 26.0 407 35.0 738 44.0 1166

8.2 40.5 17.2 178 26.2 413 35.2 746 442 1176

8.4 425 17.4 182 26.4 420 35.4 755 44.4 1187

8.6 445 17.6 187 26.6 426 35.6 763 44.6 1198

8.8 46.6 17.8 191 26.8 433 35.8 772 44.8 1209

9.0 4838 18.0 195 27.0 439 36.0 780 45.0 1219

9.2 51.0 18.2 199 27.2 446 36.2 789 452 1230

9.4 53.2 18.4 204 27.4 452 36.4 798 45.4 1241

9.6 55.5 18.6 208 27.6 459 36.6 807 45.6 1252

9.8 57.8 18.8 213 27.8 465 36.8 815 45.8 1263
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Figure A5 Air density friction chart correction factors. Minimum Free Area
When an air distribution system is designed to operate above 2000 ft (48-Inch Square Test Section) 45% 45%
(610 m) altitude, below 32 °F (0 °C), or above 120 °F (49 °C) temper- e e
ature, the duct friction loss obtained must be corrected for the air Oz/(f-15 min) ' egligible
| ) i (less than 0.2) Not Applicable
density. The actual air flow (cfm or L/s) is used to find the duct friction Meximum Static Pressure
loss, which is multiplied by the correction factor or factors from Figure | Drop, in.w.g. (Pa) 0.15 (37) 0525623
A.5 to obtain the actual friction loss.

Figure A.6 Recommended Criteria for Louver Sizing
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TABLE A.8 Typical Design Velocities for Duct Components

Actual face

Actual face

velocity velocity
Duct element [fpm (m/s)] Duct element [fpm (m/s)}
LOUVERS HEATING COILS
A. Intake: A. Steam and hot 500-600
1. 7000 cfm (3500 400 (2.0) water (2.5-3.0)
L/s) and greater (most common)
2. Less than 7000 See Figure A.6 200 (1.0) min,
cfm (3500 L/s) 1500 (7.5) max.
B. Exhaust: B. Electric:
1. 5000 cfm (2500 500 (2.5) 1. Open wire Refer to mfg.
L/s) and up data

2. Less than 5000
cfm (2500 L/s)
FILTERS
A. Fibrous media unit
filters:

1. Viscous
impingement

2. Dry type

3. HEPA

B. Renewable media
filters:

1. Moving curtain
viscous
impingement

2. Moving curtain
dry media

C. Electronic air
cleaners:

1. Ionizing plate-
type

See Figure A.6

250-700
(1.2-3.5)

Up to 750 (3.5)

250 (1.2)

500 (2.5)

200 (1.0)

300-500
(1.5-2.5)

2. Finned tubular

COOLING OR

DEHUMIDIFYING
COILS

A. Without eliminators

B. With eliminators

ATR WASHERS
A. Spray-type

B. Cell-type

C. High-velocity spray-
type

Refer to mfg.
data

500-600
(2.5-3.0)

600-800
(3.0-4.0)

300-700
(1.5-3.5)
Refer to mfg.

data
Refer to mfg.
data
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TABLE A.9 Elbow Loss Coefficients
A. Elbow, Smooth Radius (Die Stamped), Round
Fitting loss (TP) = C x V., Use the velocity pressure V, of the upstream section.
Coefficients for 90° Elbows: (see Note 1
R/D 05 | 075 1.0 15 2.0 2.5
C 0.71 [ 0.33 0.22 0.15 0.13 0.12
B. Elbow, Round, 3 to 5 pc—90°
Fitting loss (TP) = C x V, Use the velocity pressure V, of the upstream section.
Coefficient C
No. of R/D
F, :
\_/[ _|9 ope Pleces 0.5 0.75 1.0 15 2.0
-l 5 — 0.46 0.33 0.24 0.19
4 — 0.50 0.37 0.27 0.24
3 0.98 0.54 0.42 0.34 0.33
C. Elbow, Round, Mitered
Fitting loss (TP) = C x V, Use the velocity pressure V, of the upstream section.
2 Coefficient C
- -’ ] 20° 30° 45° 60° 75° 90°
] g |
DN C 0.08 0.16 0.34 0.55 0.81 1.2
D. Elbow, Rectangular, Mitered
Fitting loss (TP) = C x V, Use the velocity pressure V, of the upstream section.
Coefficient C
H/IW
0.25 0.5 0.75 1.0 1.5 2.0 4.0 6.0 8.0
0.08 | 0.08 | 0.08 | 0.07 | 007 | 0.07 | 0.06 0.05 | 0.05
018 | 0.17 | 0.17 | 0.16 | 0.15 | 0.15 | 0.13 0.12 | 0.11
45° | 038 | 037 | 0.36 | 034 | 0.33 | 0.31 027 | 025 | 0.24
60° | 0.60 | 0.59 | 0.57 | 0.55 | 052 | 0.49 043 | 0.39 | 0.38
75° | 0.89 | 0.87 | 0.84 | 0.81 | 0.77 | 0.73 063 | 0.58 | 0.57
90° | 1.3 1.3 1.2 1.2 1.1 1.1 092 | 0.85 | 0.83
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E. Elbow, Rectangular, Smooth Radius Without Vanes '
Fitting loss (TP) = C X V, Use the velocity pressure V, of the upstream section.

Coefficients for 90° Elbows: (see Note 1)
Coefficient C
H/W
025 | 05 | 0.75 | 1.0 1.5 2.0 4.0 6.0 | 80

0.5 1.5 14 1.3 1.2 1.1 1.0 1.1 1.2 1.2

0.75 | 0.57 | 0.52 | 0.48 | 0.44 | 0.40 | 0.39 | 0.40 | 0.43 | 0.44
1.0 0271 025|023 | 021 | 0.19 | 0.18 | 0.19 | 0.27 | 0.21
1.5 022|020 | 019 | 0.17 | 0.15 | 0.14 | 0.15 | 0.17 | 0.17
2.0 020 | 0.18 | 0.16 | 0.15 | 0.14 | 0.13 | 0.14 | 0.15 | 0.15

F. Elbow, Rectangular, Mitered with Turning Vanes .
Fitting loss (TP) = C X V, Use the velocity pressure V, of the upstream section.

Loss Coefficients (C) for Single-thickness Vanes

X S<R Dimensions, inches
AR~ DX (mm) Velocity, fpm (m/s)]
FLOW 1
- 1000 1500 2000 2500
R S 5) (7.5) (10) (12.5)
K 2.0 (50) 1.5 (38) 0.24 0.23 0.22 0.20
'\ 45(114) | 3.25(83) | 026 | 024 | 023 | 022
w
=y
RS

Loss Coefficients (C) for Double-thickness Vanes

Dimensions, inches

(mm) Velocity [fpm (m/s)]
1000 | 1500 | 2000 2500
R S (5) (7.5) (10) (12.5)

2.0 (50) 1.5 (38) 0.43 0.42 0.41 0.40
2.0 (50) 2.25 (56) | 0.53 0.52 0.50 0.49
4.5(114) | 3.25(83) | 0.27 0.25 0.24 0.23

Note 1: For angles other than 90° multiply by the following factors:
6 0° 20° 30° 45° 60° 75° 90° 110° 130° 150° 180°

K 0 0.31 0.45 0.60 0.78 0.90 1.00 1.13 1.20 1.28 1.40
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TABLE A.10 Transition Loss Coefficients

A. Transition, Round, Conical
Use V,, of the upstream section.

R, = 856DV

where:

D = Upstream Diameter (inches)
V = Upstream Velocity (fpm)

When: g = 180°
Coefficient C (see Note 1)
6
R, A/A 16° 20° 30° 45° 60° 90° 120° 180°
0.5 x 10° 2 0.14 0.19 0.32 0.33 0.33 0.32 0.31 0.30
4 0.23 0.30 0.46 0.61 0.68 0.64 0.63 0.62
6 0.27 0.33 0.48 0.66 0.77 0.74 0.73 0.72
10 0.29 0.38 0.59 0.76 0.80 0.83 0.84 0.83
=16 0.31 0.38 0.60 0.84 0.88 0.88 0.88 0.88
2 x 10° 2 0.07 0.12 0.23 0.28 0.27 0.27 0.27 0.26
4 0.15 0.18 0.36 0.55 0.59 0.59 0.58 0.57
6 0.19 0.28 0.44 0.90 0.70 0.71 0.71 0.69
10 0.20 0.24 0.43 0.76 0.80 0.81 0.81 0.81
=16 0.21 0.28 0.52 0.76 0.87 0.87 0.87 0.87
=6 X 10° 2 0.05 0.07 0.12 0.27 0.27 0.27 0.27 0.27
4 0.17 0.24 0.38 0.51 0.56 0.58 0.58 0.57
6 0.16 0.29 0.46 0.60 0.69 0.71 0.70 0.70
10 0.21 0.33 0.52 0.60 0.76 0.83 0.84 0.83
=16 0.21 0.34 0.56 0.72 0.79 0.85 0.87 0.89

B. Transition, Rectangular, Pyramidal
Use V,, of the upstream section.

5

Ay

[ 3
A
When 8 = 180°
Coefficient C (see Note 1)
9
AJA 16° 20° ‘ 30° ‘ 45° 60° 90° 120° 180°
2 0.18 0.22 0.25 0.29 0.31 0.32 0.33 0.30
4 0.36 0.43 0.50 0.56 0.61 0.63 0.63 0.63
6 0.42 0.47 0.58 0.68 0.72 0.76 0.76 0.75
=10 0.42 0.49 0.59 0.70 0.80 0.87 0.85 0.86

Note 1: A = area of entering airstream, A, = area of leaving airstream.




412 Appendix A Duct Design Data 413

C. Contraction, Round and Rectangular, Gradual to Abrupt : g T‘(;e, ?e}ftang‘ular Main. to Round Branch
Use the velocity pressure (V) of the downstream section. se V,, of the upstream section.
Coefficient C (see Note 2)

Branch, Coefficient C (see Note 1)

- ; |

@/ Q.
AJ/A | 10° | 15°-40° | 50°-60° | 90° | 120° | 150° | 180 | Vo/Ve | 01 | 02 | 03 | 04 | 05 | 06 | o7
9 1005 | 005 0.06 | 012 | 018 | 024 | 0.26 0z T 1o
4 | 005 | 004 007 | 017 | 027 | 035 | 0.41 os | vo1 ll 107
6 | 005 | 0.04 0.07 | 018 | 028 | 0.36 | 0.42 06 | 11¢!] 110 | 108
10 | 005 | 005 008 | 019 | 0.29 | 037 | 043 o8 | 118 | 131 | 112 | 113

1.0 1.30 1.38 1.20 1.23 1.26

AN o 1.2 1.46 1.58 1.45 1.31 1.39 1.48
% A 14 1.70 1.82 1.65 1.51 1.56 1.64 1.71
.h\. 1.6 1.93 2.06 2.00 1.85 1.70 1.76 1.80

1.8 2.06 2.17 2.20 2.13 2.06 1.98 1.99

‘ When & = 180° For main loss coefficient (C) see Table K below.
3 = f entering airstream, A = area of leaving airstream.

‘ SO =FERS QHORTELINE ’ C. Tee, Rectangular Main and Branch

Use V, of the upstream section.

|

I

|

Branch, Coefficient C (see Note 1)
TABLE A.11 Rectangular Branch Connection Loss Coefficients

Q,/Q,
A. Tee, 45° Entry, Rectangular Main and Branch
Use V, of the upstream section. 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Branch, Coefficient C (see Note 1) 1.03
1.04 1.01

Q/ Q. 111 | 1.03 1.05

7 : 1.16 1.21 1.17 1.12

- . 08 . . i 2 1.0 1.38 1.40 1.30 1.36 1.27

0.91 1.2 1.52 1.61 1.68 191 1.47 1.66

0.81 0.79 1.4 1.79 2.01 1.90 2.31 2.28 2.20 1.95

0.77 0.72 0.70 1.6 2.07 2.28 2.13 2.71 2.99 2.81 2.09

. 0.78 0.73 0.69 0.66 1.8 2.32 2.54 2.64 3.09 3.72 3.48 2.21

1.0 0.78 0.98 0.85 0.79 0.74
1.2 0.90 111 1.16 1.23 1.03 0.86 For main loss coefficient (C) see Table K below.

14 1.19 1.22 1.26 1.29 1.54 1.25 0.92
1.6 1.35 1.42 1.55 1.59 1.63 1.50 1.31

D. Tee, Rectangular Main and Branch with Extractor
1.8 1.44 1.50 1.75 1.74 1.72 2.24 1.63

Use V, of the upstream section.

For main loss coefficient (C) see Table K below. Branch, Coefficient C (see Note 1)
@/ Q.
v./v, | o1 0.2 0.3 0.4 0.5 0.6 0.7

0.2 0.60
0.4 0.62 0.69
0.6 0.74 0.80 0.82
0.8 0.99 1.10 0.95 0.90
1.0 1.48 1.12 141 1.24 1.21
1.2 191 1.33 1.43 1.52 1.55 1.64
14 2.47 1.67 1.70 2.04 1.86 1.98 2.47
1.6 3.17 2.40 2.33 2.53 2.31 2.51 3.13
1.8 3.85 3.37 2.89 3.23 3.09 3.03 3.30

For main loss coefficient (C) see Table K below.
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E. Wye, Rectangular
Use V, of the upstream section.

Branch, Coefficient C (see Note 1)

@/ Q.
0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.55 0.50 0.60 0.85 1.2 1.8 3.1
0.35 0.35 0.50 0.80 1.3 2.0 2.8
0.62 0.48 0.40 0.40 0.48 | 0.60 | 0.78
0.52 0.40 0.32 0.30 0.34 | 044 | 0.62
0.44 0.38 0.38 0.41 0.52 | 0.68 | 0.92
0.67 0.55 0.46 0.37 0.32 | 0.29 | 0.29
0.70 0.60 0.51 0.42 034 | 0.28 | 0.26
0.60 0.52 0.43 0.33 0.24 | 0.17 | 0.15
Main, Coefficient C (see Note 1)
@/ Q.
AJA, | A/A, | 01 | 02 | 03 | 04 | 05 | 06 | 07
0.25 0.25 -01 ]| —-03 | —-.01 0.05 0.13 | 0.21 | 0.29
0.33 0.25 0.08 0 -.02 | -.01 0.02 | 0.08 | 0.16
0.5 0.5 -03| —.06 | —.05 0 0.06 | 0.12 | 0.19
0.67 0.5 004 | —02 | —04 | —03 | —.01 | 0.04 | 0.12
1.0 0.5 0.72 0.48 0.28 0.13 0.05 | 0.04 | 0.09
1.0 1.0 -02| —-04| —-.04 | —-.01 0.06 | 0.13 | 0.22
1.33 1.0 0.10 0 0.01 | —.03 | —.01 | 0.03 | 0.10
2.0 1.0 0.62 0.38 0.23 0.13 0.08 | 0.05 | 0.06
F. Converging Tee, 45° Entry Branch to Rectangular Main
Use V, of the downstream section.
ic.f’r When: A,/A, A /A, A,/A,
0.5 1.0 0.5
Qs
.4,_'9: A?
Branch, coefficient C (see Note 1)
@,/ Q.
V. 0.1 0.2 0.3 04 | 05| 06 | 0.7
< 1200 fpm (6 m/s) | —.83 | —.68 | —.30 | 0.28 | 0.55 | 1.03 | 1.50
> 1200 fpm (6 m/s) | —.72 | =52 | —.23 | 0.34 | 0.76 | 1.14 | 1.83

For main loss coefficient (C) see Table K below.
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G. Converging Tee, Round Branch to Rectangular Main
Use V, of the downstream section.
;:-o: Branch, Coefficient C (see Note 1)
v Q/Q,
V., 0.1 0.2 03 | 04| 05| 06 | 07
ﬁf =2 < 1200 fpm (6 m/s) | —.63 | —.55 | 0.13 | 0.23 | 0.78 | 1.30 | 1.93
e A" > 1200 fpm (6 m/s) | —.49 | —.21 | 0.23 [ 0.60 | 1.27 | 2.06 | 2.75
For main loss coefficient (C) see Table K below.
When:
A /A, AJA, Ay /A,
0.5 1.0 0.5
H. Converging Tee, Rectangular Main and Branch
Use V, of the downstream section.
Branch, Coefficient C (see Note 1)
E‘G: Q,/Q,
V. 0.1 0.2 03 { 04| 05| 06 | 0.7
) 2 < 1200 fpm (6 m/s) | =75 | —.53 | —.03 | 0.33 | 1.03 | 1.10 | 2.15
-‘:acn -~ *> 1200 fpm (6 m/s) | —.69 | —.21| 0.23 | 0.67 | 1.17 | 1.66 | 2.67
For main loss coefficient (C) see Table K below.
When:
Ap/A, AJA Ay /A,
0.5 1.0 0.5
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TABLE A.12 Round Branch Connection Loss Coefficients

A. Tee or Wye, 30° to 90°, Round
Use the V, of the upstream section.

1. Converging Wye, Rectangular
Use V,, of the downstream section.

Branch, Coefficient C (see Note 1)

Q &/:10 Q./Q Wye 6 = 30
A =
AJA, | AJA, | 01 02 | 03] 04| 05 | 06| o7 Branch, Coefficient C (see Note 1)
Ao % 0925 | 025 | —50] o 050 | 1.2 22 | 37 5.8 2Q
Q As b c
- 033 | 025 | -1.2 | —-40]| 040 16 3.0 | 48 6.8
05 | 05 -50| -20/ 0 025| 045| 0.70| 1.0 A4, | 01 0.2 0.3 0.4 0.5 0.6 0.7
067 [ 0.5 -10 | —.60} —20Y 0107 0.30 8'28 égo 0.8 075 | 055 | 040 | 028 | 021 | 0.16 | 0.15
10 105 fi=22 [-15 §=86|~50] 0 3| 021| o029 0.7 072 | 051 | 036 | 025 | 018 | 0.15 | 0.16
o . 60} —80)—-107 .04 0.13 o016l o001 0.6 069 | 046 | 031 | 021 | 017 | 016 | 020
183 | 1.0 §-12 | —.80} .40 ~.20 02 0 0.0 0.5 065 | 041 | 026 | 019 | 018 | 022 | 032
Al 10 _j-21 | -14 §-90) =50} —-20 : 0.4 059 | 033 | 021 | 020 | 027 | 040 | 0.62
Main, Coefficient C (see Note 1) 0.3 0.55 0.28 0.24 0.38 0.76 1.3 2.0
0.2 040 | 026 | 058 | 13 2.5 - =
Q,/Q. 0.1 028 | 15 — = . = —
AJA, | AJA, | 01 02 | 08| 04| 05 | 08| 07
075 | 025 | 030| o030] 020] -10| —45|-92] -15
10 | 05 017 | 0.16] 0.10] 0 —0.08 | —.18| -.27 Wye 6 = 45°
075 | 05 027| 035| 032| 025| 0.12| -.03| —.23
05 | 05 12 11 | 090| 065| 035| 0 — 40 e
1.0 | 1.0 018 | 0.24] 027| 026| o023]| 018 0.10
0.75 | 1.0 075 | 0.36| 038 0.35| 027] 018 005 Q./Q.
05 | 1.0 0.80| 0.87| 0.80| 068| 055| 040 025 asa, [ o1 T - = = = =

0.8 0.78 0.62 0.49 0.40 0.34 0.31 0.32
0.7 0.77 0.59 0.47 0.38 0.34 0.32 0.35

dJ. Tee, Rectangular Main to Conical Branch 0.6 0.74 | 056 | 044 | 037 | 035 | 036 | 043
Use V, of the upstream section. 05 | 071 | 052 | 041 | 038 | 040 | 045 | 059
. 04 | 066 | 047 | 040 | 043 | 054 | 069 | 095
15 T O il OB TN 03 | 066 | 048 | 052 | 073 | 12 | 18 | 27
0.40 0.50 0.75 1.0 13 15 02 | 056 | 056 | 1.0 | 18 = e =
] . 2. _ — _ _ —
0.80 0.83 0.90 1.0 11 14 01 | 060 1

Wye 6 = 60°
K. Main Duct Loss Coefficient for Table A.11 Fittings Branch, Coefficient C (see Note 1)
Main, coefficient C (see Note 1) @/ Q.
V!V, 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 18 A /A, 0.1 0.2 0.3 04 0.5 0.6 0.7
C 0.03 0.04 0.07 0.12 0.13 0.14 0.27 0;30 0.25 0.8 0.83 0.71 0.62 0.56 0.52 0.50 0.53

- ) 0.7 082 | 069 | 061 | 056 | 054 | 054 | 0.60
Note 1: A = area (in.* or mm?), @ = airflow (c¢fm or L/s), V = Velocity (fpm or m/s). 0.6 081 | 068 | 060 | 058 | 058 | 061 | 072

0.5 0.79 0.66 0.61 0.62 0.68 0.76 0.94
0.4 0.76 0.65 0.65 0.74 0.89 11 14
0.3 0.80 0.75 0.89 1.2 1.8 2.6 3.5
0.2 0.77 0.96 1.6 25 — — —
0.1 1.0 2.9 — — -— — -

L—_——_—‘
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E. Converging Wye, Round
Use the V, of the downstream section.
Tee 6 = 90°:
Branch, Coefficient C (see Note 1)
Branch, Coefficient C (see Note 1)
1 A A,
/Q. Yb
@/Q V, 0.1 0.2 0.3 0.4 0.6 0.8 1.0
A /A, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 |
o 0.4 —-.56 —.44 -.35 -28 | -.15 | —.04 | 0.05
0.8 0.95 0.92 0.92 0.93 0.94 0.95 11 0.5 -.48 -.37 -.28 -21 | -.09 | 002 011
0.7 0.95 0.94 0.95 0.98 1.0 1.1 1.2 0.6 —-.38 -.27 -.19 =12 | © 0.10 | 0.18
0.6 0.96 0.97 1.0 1.1 1.1 1.2 1.4 0.7 -.26 —-.16 —.08 —.01 | 0.10 | 0.20 | 0.28
0.5 0.97 1.0 1.1 1.2 1.4 1.5 1.8 0.8 -.21 -.02 0.05 0.12 | 0.23 | 032 | 040
0.4 0.99 1.1 1.3 1.5 1.7 2.0 2.4 0.9 0.04 0.13 0.21 0.27 | 037 | 046 | 0.53
0.3 1.1 14 1.8 2.3 - — — 1.0 0.22 0.31 0.38 044 | 053 | 0.62 | 0.69
0.2 1.3 1.9 2.9 — — — — 1.5 14 1.5 1.5 1.6 1.7 1.7 1.8
0.1 2.1 — — — — — — 2.0 3.1 3.2 3.2 3.2 3.3 3.3 3.3
2.5 5.3 5.3 5.3 5.4 5.4 54 54
3.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
B. 90° Conical Tee, Round .
Use the V, of the upstream section. Main, Coefficient C
Ap/A,
V. | o1 0.2 0.3 04 | 06 | 08 | 10
v Branch, Coefficient C (see Note 1) 01| —-86 -4.1 -25 -17 -.97 | —58 | —.34
0.2 | —-6.7 -3.1 -19 -1.3 —.67 | —.36 | —.18
o Vi/V. | 0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 82 _gg _ig _1.28 _gg _gi _(l)g ng
. E . X .52 42 | 0.36 | 0.32 | 0.32 : . . d . E G .
€ 10]085]0.74 | 062 05 0 05| -23 -.95 -.51 -.28 | —.06 | 0.06 | 0.13
Ac=Ag v For main loss coefficient (C) see Table D below. 06| -13 —-50 —.22 —.09 0.05 0.12 0.17
s 0.7 —.63 -.18 —.03 0.04 | 0.12 | 0.16 | 0.18
0.8 -.18 0.01 0.07 0.10 | 0.13 | 0.15 | 0.17
C. 45° Conical Wye, Round 0.9 0.03 0.07 0.08 0.09 | 0.10 | 0.11 | 0.13

Branch, Coefficient C (see Note 1)

V!V, | O 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

C 1.0 | 0.84 | 0.61 | 0.41 | 0.27 | 0.17 | 0.12 | 0.12 | 0.14

For main loss coefficient (C) see Table D below.

D. Diverging Fitting Main Duct Loss Coefficients

Main, coefficient C (see Note 1)

VIV, 0 0.1 0.2 0.3 04 0.5 0.6 0.8 '
c 0.35 0.28 0.22 0.17 0.13 0.09 0.06 0.02

‘ Use the V,, of the upstream section. 1.0 | —0.01 0 0 010 | 0.02 | 0.04 | 0.05
|
|
I
I
|
|
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F. Converging Tee, 90°, Round
Use the V, of the downstream section.

ApQ. 8
=)

Branch, Coefficient C (see Note 1)

- A/A,
Q./Q. 0.1 02 0.3 0.4 0.6 0.8
."‘"‘Q 0.1 040 | -37 | -51 | —46 | -50 | -51
0.2 3.8 072 | o017 | -o02 | -.14 | -18
0.3 9.2 2.3 1.0 0.44 | 021 | 011
04 16 43 2.1 094 | 054 | 040
0.5 26 6.8 3.2 11 0.66 | 049
0.6 37 9.7 47 16 0.92 | 0.69
0.7 43 13 6.3 2.1 1.2 0.88
0.8 65 17 7.9 2.7 15 11
0.9 82 21 9.7 3.4 18 1.2
1.0 101 26 12 40 2.1 14

For main loss coefficient (C) see Table H below.

Duct Design Data 421
G. Converging Wye, Conical, Round
Use the V, of the downstream section.
Branch, Coefficient C (see Note 1)
@/ Q.
0.4 06 |08 |10 | 12| 14| 16| 1.8
-01|20 (38 |53 |66 |78 |89 |98
-12 | 01211 |19 |26 |32 [3.7 |42
. . 093| 28 |45 |59 |72 (84 |95 10
03| -16 -27| 08117 |24 [3.0 |36 |41 |45
04| -1.8 -72| 0.07|066|11 |15 |18 |21 |23
05/02| —-46| 15 | 338 |49 |64 |77 |88 |99 01
03| —-94| 025| 12 |20 |27 |33 |38 |42 |47
04| -11 -24| 042/1092|13 (16 |19 |21 |23
05| -1.2 -38|0.18|058|088(11 (13 |15 |16
06/02| —-55| 13 |31 |47 |61 (74 |86 |9.6 [1
03| -11 0 08816 |23 |28 |33 |37 |41
04| -12 —48| 010|054/089|12 |14 |16 |18
0.5|-1.3 -62|-.14|0.21|047|0.68|0.85|099 |11
06| —-1.3 —-69|—.2610.04|0.26|0.42|0.57|0.66 | 0.75
08/02| 0.06| 18 |35 |51 |65 |78 [89 10 i1
03| —-.52| 0385|11 (17 |23 |28 [32 |36 |39
04| —-67| —-.05| 043|080|11 |14 [16 |18 |19
05| —.73| —.19| 0.18|0.46|0.68|0.85|099|1.1 |1.2
06| -.75| —.27| 0.05|0.28|0.45|0.58 | 0.68 | 0.76 | 0.83
07| —-.77| —-.31|—-.02|0.18|0.32| 0.43 | 0.50 | 0.56 | 0.61
08| —.78| —.34|-.07/0.12|0.24|0.33| 0.39 | 0.44 | 047
1.0(02| — 21 | 37 |52 |66 |78 [9.0 A1 {1
03| — 54| 1.2 |18 |23 |27 |31 |37 |37
04| — 21| 06209612 |15 |17 (2.0 |2.0
05| — 05| 037|060|0.79/093 |11 [12 |12
06| — —-.02| 023]|0.42|0.55|0.66|0.73 | 0.80 | 0.85
08| — —-.10| 0.110.24{0.33[0.39 | 0.43 | 0.46 | 0.47
1.0 — —.14| 0.05|0.16 | 0.23 | 0.27 | 0.29 | 0.30 | 0.30
H. Converging Fitting Main Duct Loss Coefficients
Main, coefficient C (see Note 1)
Q,/Q. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2
Cc 0.16 0.27 0.38 0.46 0.53 0.57 0.59 0.60 0.59

Note 1: A = area (in.2 or mm?), @ = airflow (cfm or L/s), V = velocity (fpm or m/s).
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TABLE A.13 Miscellaneous Fitting Coefficients ' D. Damper, Rectangular, Opposed Blades
Use the V, of the upstream section.

A. Damper, Butterfly, Thin Plate, Round
Use the V, of the upstream section.

Coefficient C Coefficient C
9 0° 10° 20° 30° 40° 50° 60° ‘ 9
C 0.20 0.52 1.5 4.5 11 29 108 |

LR | s0° | 70° | 60° | 50° | 40° | 30° | 20°| 10° | 0o FOY
o open

| 03 | 807(284| 73| 21| 9.0|41|21|085| 0.52
04| 915|332|100| 28|11 |5.0(22(0.92| 0.52

0° is full open

B. Damper, Butterfly, Thin Plate, Rectangular plch gg?gg;‘g’sﬁ w 0.5 /1045|377 122| 3313 |54)23)1.0 0.52
Use the V, of the upstream section. and 1/4" metal o 0.6 | 1121|411 (148| 38|14 |6.0/23]|1.0 0.52
damper frame 0.8 | 1299|495 |188| 54|18 [6.6|24|1.1 0.52
) 1.0 | 1521|547 |245| 65|21 |7.3|2.7|12 0.52
™ Coefficient C 1.5 | 1654 | 677361107 |28 |9.0|32 |14 0.52
o o o g 40° 50° 60°
2} 0 10 20 30 L NW
c 0.04 0.33 1.2 3.3 9.0 . 26 70 R o(H + W) Where:
: N is riumber of damper blades
0° is full open W is duct dimension parallel to blade axis

L is sum of damper blade lengths
R is perimeter of duct
H is duct dimension perpendicular to blade axis

C. Damper, Rectangular, Parallel Blades
Use the V, of the upstream section. E. Perforated Plate in Duct, Thick, Round and Rectangular
Use the V, of the upstream section.

E | Coefficient C
6
T Full
‘\H o o o o o o o o o rully
| L/R| 80° | 70° | 60°| 50° | 40° | 30° | 20° | 10° | O B—
- ..th- ~” 03 |116| 32| 14| 90|50|23|14]|0.79 0.52
Crimbad loaf adges. < 04 |152| 38| 16| 90|60|24]15]085| 052
i 05 |188| 45| 18| 9.0| 60|24 | 15092} 052
. 0.6 | 245 | 45| 21 90|54 |24|15]0.92 0.52
08 | 284| 55| 22| 90|54 25| 15| 0.92 0.52
1.0 | 361| 65| 24 | 10 54|26|16|1.0 0.52 '
15 | 576 | 102 | 28 | 10 54127]16|1.0 0.52 Coefficient C
Loy n
R 2H+W ]"\”,hl‘;rzu mber of damper blades tld 020 | 025 | 030 | 040 | 050 | 060 | 0.70 | 0.80 | 0.90
IV4V iisS silﬁto(t{i?:rﬁs?: b‘l’iﬁiliig}};lade s 0.015 52 30 18 8.2 4.0 2.0 0.97 0.42 0.13
R is perimeter odeuct 0.2 48 28 17 7.7 3.8 1.9 091 0.40 0.13
H is duct dimension perpendicular to blade axis 04 46 27 17 7.4 3.6 1.8 0.88 0.39 0.13
0.6 42 24 15 6.6 3.2 1.6 0.80 0.36 0.13
t/d > 0.015 Where: t = plate thickness
_4, d = diameter of perforated holes
"Ta n = free area ratio of plate
A, = total flow area of perforated plate
A = area of duct




424 Appendix A

F. Rectangular Duct with Four 90° Mitered Ells To Avoid an Obstruction
Use the V, of the upstream section.

Coefficient C

L/H Ratio 05|10| 15| 2
Single blade turning vanes — |0.85(0.83|0.77
Double blade turning vanes — | 1.85[2.84|291
“S” type splitter vanes 061|065 — | —
No vanes—Up to 1200 fpm (6 m/s) | 0.88 | 5.26 | 6.92 | 7.56
No vanes—Over 1200 fpm (6 m/s) | 1.26 | 6.22| 8.82| 9.24
Where: W/H = 1.0 to 3.0
B = 12 in. to 24 in. (300 to 600 mm)
G. Rectangular Duct, Depressed To Avoid an Obstruction
Use of V, of the upstream section.
Coefficient C
L/H
0.125 0.15 0.25 0.30
0.26 0.30 0.33 0.35
0.10 0.14 0.22 0.30

H. Round Duct, Depressed To Avoid an Obstruction
Use the V, of the upstream section.

Where: L/D = 0.33
C =024

I. Exit, Abrupt, Round and Rectangular, with or without a Wall
Use the V, of the upstream section.

C=10
With Screen: C, = 1 + (C from Table K)

-»__.'

Wall (optional)
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d. Duct Mounted in Wall, Round and Rectangular
Use the V, of the upstream section.

po L % Coefficient C
N fH » L/D
W E t/D 0 0.002 0.01 0.05 0.2 0.5 =1.0

2 HW
it e ~0 050 | 057 | 068 | 0.80 | 092 | 1.0 | 1.0

0.02 | 0.50 | 0.51 052 | 055 | 0.66 | 0.72 0:72
=0.05 | 0.50 | 0.50 0.50 [ 0.50 | 0.50 | 0.50 | 0.50

With screen or perforated plate:

a. Sharp edge (¢/D, = 0.05); C, =1 + C,

b. Thick edge (¢/D, > 0.05); C, = C + C,

2HW where:
H+ W) C, is new coefficient of fitting with a screen or perforated

plate at the entrance.
C is from above table
C, is from Table K (screen) or Table E (perforated plate)

Rectangular: D =

K. Screen in Duct, Round and Rectangular
Use the V, of the upstream section.

n=AJ/A
Where:
n = Free area ratio of screen
A, = Total flow area of screen

A = Area of Duct

Coefficient C
n 0.30 0.40 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.90
C 6.2 3.0 1.7 1.3 0.97 0.75 0.58 0.44 0.32 0.14
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1B Water Piping—U.S. Units
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Figure B.1  Friction loss for water in commercial steel pipe (Schedule 40).
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Figure B.2 Friction loss for water in copper tubing (types K, L, M).

A—

427




428 Appendix B Hydronic Design Data 429

30 - I T 17
= g Y 1 i NI A AN 3000
i T q Vi i S Y O - I AW A 7T 17 T
20+ q ASyval z._f]l"- KJ T4 AT N ] 7(' 2000 IS LT T oA ~ A7 ez % \.‘!“;‘
- R A e PR T ST T ST S T g7 T
5 N 2ot | L A YL A TN TA E g I - (N A T :
= = i . 7 X = 100G E— rax e —"'hz 7 .
= > ~ S gooi=g i & ~frit s
z 92 TR £ <7 i i s ¢ scofsRetd =, e 7=t
g ® i = g—-'v B . 5 7 - % 800 L 7 Ty ARES T
] T N \ 5 : S AT A
4 5 = e o1 ]
R 7 AN A TN R N VIS & agol, - A AT N
& Y 4 L F V. : I ?L = s 37 7 \,r r S 5
T e A TTATT 1N N N 7 0 . AN - e A
: S ot A ARV AL TP Ly |
3V -}} TY V\ / o N9 )i.. WTER 80 WL, ] 7 <] s, ,
| M % x AP s A TS o [T N N/ a il | AN Jum g |
e ma - gr 7 = + h—‘? J‘I ﬁﬂ-{; o 7 : = '?: ?'T-;( = r. 7= LF‘;.HPI.J’L :
0.5 ¥ M i 74BN T ! = ""'500“ o AT AT AT DA T TS T
0.3 ! 2 34 5BR 20 J0AIeDAN0 200 00M0 HRRURE 2000300 5000 0500 05 B0 02 0304 06081 2 3 4 6 810 20 D40 S0EIDO 200 300400 W0 MWDo
FLOW RATE, US. gal/min VOLUME FLOW RATE, L/s
Figure B.3 Friction loss for water in plastic pipe (Schedule 80). Figure B.6 Friction loss for water in plastic pipe (Schedule 80).

3B Fitting Equivalents (Water)

2B Water Piping—Metric
TABLE B.1 Equivalent Length in Feet of Pipe for 90° Elbows

Pipe size (inches)

oao o <1 7 T AT 40 W ) vimmm,H Iz Velocity
b LA NG ;’“’:‘;{s{i',d S AR f/s) 4 4 1 1+ 14 2 24 3 3% 4 5 6 8 10 12
5 ook L YOS A '”_" £ ;E,L_za / 1 12 17 22 30 35 45 54 67 7.7 86 105 12.2 154 187 22.2
gsoc_zlg‘ r-*l‘—“:a:_ :',1 ¥ in) e aa 2 14 19 25 33 39 51 60 75 86 95 11.7 13.7 17.3 208 248
& «00l] H / ?f_“ff B V( 7 e i e i 3 1.5 2.0 2.7 36 42 54 64 80 92 102 12,5 14.6 184 223 26.5
e 300%#»\, LT S AT IS ".'g?ﬁ,_ - 4 15 21 28 37 44 56 6.7 83 9.6 106 13.1 152 192 232 276
3 TR T RS AL TiPs [ 5 16 22 29 39 45 59 7.0 87 100 11.1 13.6 158 198 242 288
8 LA AN TS gg I VTSSATY VI AL Taseesd 6 17 23 30 4.0 47 60 72 89 103 114 140 163 205 249 29.6
ot 7t ;f’ = j’ r" :’.‘ =5 t !11 i ", \.-.{l',i;’ x ;*‘*;I;; i’é;lrwu’ﬁ.‘:u'.'lr-g 7 1.7 23 3.0 41 48 62 74 9.1 105 11.7 14.3 16.7 21.0 255 30.3
B T A 8 17 24 31 42 49 63 7.5 93 108 119 146 17.1 215 26.1 31.0
e OLUME FLOW RATE Lie 9 18 24 32 43 50 64 7.7 95 11.0 122 149 174 219 26.6 316
o . . - 10 18 25 32 43 51 65 7.8 97 112 124 152 17.7 22.2 27.0 32.0
Figure B.4 Friction loss for water in commercial steel pipe (Schedule 40).
3000 Ty an; - TR TABLE B.2 Equivalent Length in Meters of Pipe for 90° Elbows
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4B Properties of Steam

100
3

§ ':‘\ - TABLE B.4 Properties of Saturated Steam (U.S. Units)

o A 8

< 0 —E— Specific volume Enthalpy

\\ Pressure Saturati (ft3/1b) (Btu/1b)

- ) . = uration

. \\ ..%_ (auge Abso}ute temperature Liquid, Steam, Liquid, Evap., Steam
2 € \‘\ ] ) psi) (psia) °F) Ve V. he he h,
2 = @_@_@ Vacuum
2 ~ 25 in.Hg 2.4 134
2 | —— { . ' 0.0163 1464 101 1018 1119
: s \\\ ~— =~ 9.56 in.Hg 10 193 0.0166 384 161 982 1143
% ! \ \\ @_%_@ 0 14.7 212 0.0167 26.8 180 970 1150
£ - Al 2 16.7 218 0.0168 23.8 187 966 1153
B ) 5 19.7 227 0.0168 20.4 195 961 1156
: \ = 15 29.7 250 0.0170 13.9 218 946 1164
: - - . 50 64.7 298 0.0174 6.7 267 912 1179
: = @'@;JJ 100 114.7 338 0.0179 3.9 309 881 1190

o = 150 164.7 366 0.0182 2.8 339 857 1196

o8 : 200 214.7 388 0.0185 2.1 362 837 1179

03 "'@ ~®

02 e~

ars &N

N
Qi >

[} 10 20 30 40 30 60 T0 BCO 90 100
PERCENTAGE OF WATER FLOWING THROUGH CIRCLED BRANCH

Figure B.7 Elbow equivalents of tees at various
flow conditions. TABLE B.5 Properties of Saturated Steam (Metric Units)
Specific volume
Saturation (L/kg) Enthalpy (kJ/kg)
Pressure temperature Liquid Steam Liqui
b , quid, Evap., S
(kPa) ©C) v, v, h hfp team,
g g
TABLE B.3 Iron and Copper ig-g gg 1.02 7669 251 2358 2609
Elbow Equivalents 101 1.03 3405 335 2308 2643
100 1.04 1672 419 2256 2775
Iron  Copper 199 120 1.06 891 504 2202 2706
Fitting pipe  tubing gflig 140 1.08 508 589 2144 2733
o 160 1.10 307 676 2082
ggow, Zg° é-g (1)-(7) 1003 180 113 194 763 2015 g;gg
o’ : : 1555 200 1.16 127 852 1941
Elbow, 90° long turn 0.5 0.5 2793
Elbow, welded, 90° 0.5 0.5
Reduced coupling 0.5 0.4
Open return bend 1.0 1.0
Angle radiator valve 2.0 3.0
Radiator or convector 3.0 4.0
Boiler or heater 3.0 4.0
Open gate valve 0.5 0.7
Open globe valve 12.0 17.0

‘—‘
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TABLE B.10 Steam Pipe Capacities for Low-Pressure Systems

TABLE B.8 Pressure Drops in Common Use for Sizing
Steam Pipe (For Use on one-pipe systems or two-pipe systems in which ¢
against the steam flow) RISSRSSISHICWS

(For corresponding initial steam pressure)

Capacity in pounds per hour

Initial steam Pressure drop Total pressure drop in |
pressure (psig) per 100 ft steam supply piping One-pipe systems
= Two-pipe systems
Subatmos. or 2-4 oz 1-2 psi .
TN et Norpmal Condensate flowing Radiator
0 3 oz 1oz pipe against steam Supply valves and Radiator
1 10z 1-4 oz ' size risers vertical and riser
9 9 oz 8 oz ‘ (in.) Vertical Horizontal up-feed connections runouts
5 40z 14 psi A a > b
10 8 oz 3 psi | L © B E Fe
15 1 psi 4 psi | oy 8 7 6 _ 7
30 2 psi 5-10 psi 1 14 14 11 7 7
50 2-5 psi 10-15 psi 1% 31 27 20 16 16
100 2-5 psi 15-25 psi 13 48 42 38 23 16
150 2-10 psi 25-30 psi 2 97 93 72 42 23
2% 159 132 116 — 49
3 282 200 200 — 65
3% 387 288 286 . 119
4 511 425 380 — 186
5 1,050 788 _— — 278
) ) 6 1,800 1,400 — = 545
TABLE B.9 Length in Feet of Pipe To Be Added to 8 3,750 3.000 .
Actt..lal Length of Run for Fittings To Obtain 10 7.000 5:700 . - -
Equivalent Length 12 11,500 9,500 _ — ~
Size Length in feet to be added to run e 22,000 19,000 = _ _
of Side NOTE: Steam at an average pressure of 1 psig is used as a basis of calculating
pipe  Standard  outlet Gate Globe  Angle capacities.
(n.) elbow teeb valve? valve? valve® “Do not use column B for pressure drops of less than 1/16 psi per 100 ft of
' eql}nvalent rTun.
1 1.3 3 0.3 14 7 I_)o not use column D fgr pressure drops of less than 1/24 psi per 100 ft of
E 1.8 4 0.4 18 10 | eq:.nyalent run except on sizes 3 in. and over.
1 9.9 5 05 23 12 Pitch of honzqntg] runouts to risers and radiators should be not less than £ in.
13 30 6 06 29 15 grelle; f;ip?}slfzr: ltahr.lseﬁlttﬁh .ca.n.ﬁuii bfe obtained, runouts over 8 ft in length should be
1 35 7 08 34 18 g an called for in this table.
2 4.3 8 1.0 46 22
2% 5.0 11 1.1 54 27
3 6.5 13 14 66 34
3% 8 15 1.6 80 40
4 9 18 1.9 92 45
5 11 22 2.2 112 56
6 13 27 2.8 136 67
8 17 35 3.7 180 92
10 21 45 4.6 230 112
12 27 53 5.5 270 132
14 30 63 6.4 310 152
aValve in full position.
®Values given apply only to a tee used to divert the flow in
the main to the last riser.

___
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440 Appendix B

TABLE B.15 Steam Pipe Capacities for Low-Pressure Systems

(For one-pipe systems or two-pipe systems in which condensate flows
against the steam flow)

Capacity (kg/h)

One-pipe system

Two-pipe systems

Nominal Condensate flowing Radiator Radiator
pipe against steam Supply valves and and
size risers vertical riser

(mm) Vertical Horizontal up-feed connections runouts
A B2 Ce Db E Fe
20 4 3 3 — 3
25 6 6 5 3 3
32 14 12 9 74 7
40 22 19 17 10 7
50 44 42 33 19 10
65 72 60 53 — 19
80 128 91 91 — 29
90 176 131 130 — 54
100 232 193 172 — 84
125 476 357 — — 126
150 816 635 — 247
200 1700 1360 — — —
250 3180 2590 — — —
300 5220 4310 — — —
400 9980 8620 — — —

NOTE: Steam at an average pressure of 7 kPa above atmospheric is used as a
basis of calculating capacities.
aDo not use column B for pressure drops of less than 13 Pa/m of equivalent

run.
¥Do not use column D for pressure drops of less than 9 Pa/m of equivalent run
except on sizes 88 mm and over.

“Pitch of horizontal runouts to risers and radiators should be not less than 40
mm/m. Where this pitch cannot be obtained, runouts over 2.5 m in length should

be one pipe size larger than called for in this table.

TABLE B.16 Return Main and Riser Capacities for Low-Pressure Systems (kg/h)

57 Pa/m

28 Pa/m

14 Pa/m

9 Pa/m

7 Pa/m

Pipe
size
(in.)

Vac. Wet Dry Vac. Wet Dry Vac. Wet Dry Vac. Wet Dry Vac

Dry

Wet

Return main

91
159
272
431
907

1,520
2,430

64
113
193
306
644

1,080
1,720
2,580
3,540
6,210

45

19

65
111
176
370
616
989
1,400

20
25

52
109
171
374
617

1,130
1,620

159
272
431

47

113
193
306
635
1,070

79
136
215
454
762

1,220
1,810

36
76
120
261
431

79
136
215
454
762

1,220
1,810

32

68
107
243
394
708
998

66
112
178
367
717
967

1,500

28
59
93
213
345
662
894

57
97
153
318
535
853
1,250

98
154
336
558

1,020
1,470

32
40

907
1,520
2,430

50
65

1,700
2,490

794
1,130

80

3,630

3,630

90
100
125
150

2,440 4,990

4,990

3,520 2,190

2,490

8,800
14,100

4,390

9,980

7,030

Riser

159
272
431

22

113
193
306
644

22

79
136
215
454
762

1,220

22
51
112
170

65
111

22

22
51
112
170

20
25

51
112
170

51
112
170

51
112
170

176
370

32
40

907
1,520
2,430

3,630
4,990

1,810
2,490

8,800
14,100

4,390
7,030




Appendix

HVAC Equations—U.S. Units

TABLE C.1 Air Equations (U.S. Units)

a.

v,
v, = 109 |2

or for standard air (d = 0.075 1b/f?):

V = 4005 V'V,
To solve for d:
P
d=1.325 Fb
b.
Quuensy = 60 X C, X d X cfm X Az
or for standard air

(C, = 0.24 Btu/lb - °F):

Q(sens.) = 1.08 X efm X At
C

Quat, = 4840 X cfm X AW (Ib)
Quaey = 0.69 X cfm X AW (gr.)
d

Qotany = 4.5 X cfm X Ah
e.
R=AXUXAt

f.
1
E=7
g
PV, PV,
T, = T, = RM

V = Velocity (fpm)
V,, = Velocity pressure (in.w.g.)
d = Density (Ib/ft?)

P, = Absolute static presure (in.Hg)
(barometric pressure + static
pressure)

T = Absolute temperature (460° + °F)

@ = Heat flow (Btu/h)

C, = Specific heat (Btu/lb » °F)
d = Density (Ib/ft?)

At = Temperature difference (°F)

AW = Humidity ratio (Ib or gr. H,0/1b
dry air)

Ah = Enthalpy diff. (Btu/1b dry air)
A = Area of surface (ft2)
U = Heat transfer coefficient

(Btu/fi? « h « °F)

R = Sum of thermal resistances
(ft% « h « °F/Btu)

P = Absolute pressure (Ib/f?)

V = Total volume (ft?)

T = Absolute temp. (460° + °F = °R)
R = Gas constant

M = Mass (Ib)
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h TABLE C.4 Hydronic Equivalents (U.S. Units)

TP =V, + SP

i

TP = Total pressure (in.w.g.)
V, = Velocity pressure (in.w.g.)

SP = Static pressure (in.w.g.)

V = Velocity (fpm)

. One gallon water = 8.33 1b

po TR

. One foot of water = 0.433 psi

- Specific heat (C,) water = 1.00 Btu/Ib - °F (at 68°F)
Specific heat (C,) water vapor = 0.45 Btu/lb « °F (at 68°F)

e = el : e. One psi = 2.3 ft. wg. = 2.04 in.Hg
& 4005 f. One cubic foot of water = 62.4 Ib = 7.49 gal

. g. One inch of mercury (Hg) = 13.6 in.w.g. = 1.13 ft w.g,
e h. Atmospheric pressure = 29.92 in.Hg = 14.696 psi

Vv d (other than standard) V. = Measured velocity (fpm)

- 7| 0.075 (d = Std. air) d = Density (Ib/ft%)

k.

cfm=AXV A = Area of duct cross section (ft?)
1. . . X .

TP =C XV, C = Duct fitting loss coefficient TABLE C.5 Hydronic Equations (U. S. Units)

TABLE C.2 Fan Equations

a. @ =500 X gpm X At

b. @ = 60 min/h X 8.33 X C, X
gpm X At

gpm = Gallons per minute
@ = Heat flow (Btu/h)
At = Temperature diff. °F)
C, = Specific heat (water = 1
Btu/lb « °F)

efm, rpm, cfm = Cubic feet per minute AP, gpm,\?
a —=2--E2 . Tuti T Sy 2 _ i i
cfm, rpm, ” rpm = Revolutions per minute AP, <g‘pm1> AP = Pressure diff. (psi)
P, TpMm, \ _ . i 2
|- P‘_; - (rp_ml) & =Siatc Sraoty) Bresoins EnameD d. AP = <_ggm> C, = Valve constant (dimensionless)
3 v
.. BHP, _ (I'ng) BHP = Brake horsepower WHp - 2m X H X Sp. Gr. WHP = Water horsepower
BHP, \rpm b = 3960 H = Head (ft w.g.)
A2 Sp.Gr. = Specific gravity (use 1.0 for
d. %= (m) d = Density (Ib/ft%) ? wl;z:.ter)1 s
1 TPy, ) ) gpm = Gallons per minute
rpm (fan) _ Pitch diam. motor pulley m X H X So.Gr.  WHP
€ rpm (motor)  Pitch diam. fan pulley f BHp = £P 3960 E:). - = Z, BHP = Brake horsepower
WHP X 100
g E = ~—Bmp (in percent) E, = Efficiency of pump

TABLE C.3 Pump Equations (U.S. Units)

2

h. NPSHA = P, iP5+1—Pvp
2g

NPSHA = Net positive suction head
available

gpm, _ rpm, gpm = Gallons per minute P, = Atm. press. (use 34 ft. w.g.)
a gpm, rpm, rpm = Revolutions per minute P, = Pressure at pump centerline
gpm, D _ . (ft. w.g.)
b. ;mz = Bg D = Impeller diameter P,, = Absolute vapor pressure
1 1
H. m, \> (ft. w.g.)
c. 2= (rp 2) H = Head (ft w.g.) g = Gravity acceleration
By Arem, (32.2 ft./s?)
a H_ (&) oL T h = Head loss (ft
H, D, L s I D 2 f = Friction factor (dimensionless)

BHP = Brake horsepower

L = Length of pipe (ft)
D = Internal diameter (ft)
V = Velocity (ft/s)
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Appendix
TABLE C.6 Converting Pressure in Inches of Mercury to Feet of Water at Various
Water Temperatures
Water temperature (°F) 60° 150° 200° 250° 300° 340°
Feet head differential 1.046 1.07 1.09 1.11 1.15 1.165
per in.Hg
differential

TABLE C.7 Electric Equations (U.S. Units) HVAC Eq u ati O n S— M etri C U n itS

(Single phase)
I X E X PF X Eff

a. BHP = B P a— BHP = Brake horsepower

(Three phase)
b. BHP = IXE X PF7‘4>; Eff X 1.73 2‘ =A{712122 %é;

PF = Power factor
c. E=1IR Eff = Efficiency
d. P=EI R = Ohms (}) TABLE D.1 Air Equations (Metric)
o F.L. amps™ X voltage™ — actual a.
actual voltage P = Watts (W) v V = Velocity (m/s)

full-load amps V=1.414 \/: V, = Velocity pressure [pascals (Pa)]

*Nameplate ratings. or for standard air: d = Density (kg/m?)

P, = Absolute static pressure (kPa)

(d = 1.204 kg/m®): > i
TABLE C.8 Air Density Correction Factors (U.S. Units) V=V166V, s e SeRIT e

To solve for d: pressure)
Sen P T = Absolute temp. (273° + °C = K)
Altitude (ft) Level 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 d= 3-487"
Barometer (in.Hg) 29.92 28.86 27.82 26.82 25.84 24.90 23.98 23.09 22.22 21.39 20.58 b
(in.w.g.) 4075 392.8 378.6 365.0 3517 338.9 3264 314.3 302.1 2911 280.1 Q=C,xdxLis x At Q = Heat flow (watts or kilowatts)
Air Temp or for standard air: C, = Specific heat (kJ/kg -« °C)
CF) (C, = 1.005 kJ/kg * °C) (dry) d = Density (kg/m?)
40° 126 122 117 113 1.09 105 1.01 097 093 090 087 or At = Temperature difference (°C)
0° 115 111 107 103 099 095 091 089 085 082 0.79 . . e :
40° 1.06 102 099 095 092 088 0.85 082 079 076 073 (C, = 1.025 kJ/kg » °C) (moist) I;;S _ grﬂﬂow (lltilfs BEnysecond)
70° 1.00 096 093 089 086 083 0.80 077 074 071 0.69 Qusens (W) = 1.23 X L/s x At m’/s = Airflow (cubic meters per second)
100° 095 092 088 085 081 0.78 075 073 070 068 0.65 Qreens (EW) = 1.23 X m?/s X A¢
150° 0.87 084 081 078 075 072 0.69 067 065 062 060 c. @ = Heat flow (watts or kilowatts)
200° 0.80 0.77 074 071 069 0.66 064 062 060 057 055 QW) = 3.01 X L/s X AW AW = Humidity ratio (g H,0/kg dry air)
250° 0.75 0.72 070 0.67 064 062 060 058 056 058 051
300° 0.70 067 065 062 060 058 056 054 052 050 048 d.
350° 0.65 0.62 060 058 056 054 052 051 049 047 045 Qtoral heaty W) = 1.20 X L/s X Ah Ah = Enthalpy diff. (kJ/kg dry air)
400° 0.62 060 057 0.55 053 051 049 048 046 044 042 e
450° 058 056 054 052 050 048 046 045 043 042 0.40 Q=AXUXxXAt A = Area of surface (m?)
500° 055 053 051 049 047 045 044 043 041 039 038 U = Heat transfer coefficient (W/m? » K)
550° 0.53 0.51 049 047 045 044 042 041 039 038 0.36 £,
600° 050 048 046 045 043 041 040 039 037 035 0.34 1 R = Sum of thermal resistances
700° 046 044 043 041 039 038 037 035 034 033 032 R = U (m? + K/'W)
800° 042 040 039 037 036 035 033 032 031 030 029 g
900° 0.39 0.37 0.36 0.35 0.33 032 031 030 029 028 027 )
1000° 0.36 0.35 033 032 031 030 029 028 027 026 025 PV, _ PV, RM P = Absolute pressure (kPa)
T, i, V = Total volume (m?)
Standard air density, sea level, 70 °F = 0.075 1b/ft* at 29.92 in.Hg. T = Absolute temperature

(273° + °C = K)
R = Gas Constant (kJ/kg * K)
M = Mass (kg)

447
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448 Appendix D

h.
TP =V, + SP
i

vV, = g X V2 = 0.602V?

p

TP = Total pressure (Pa)
V, = Velocity pressure (Pa)

SP = Static pressure (Pa)
V = Velocity (m/s)

V. = Measured Velocity (m/s)

Vv d (other than standard)
- 1.204 (d = Std. air) d = Density (kg/m?)
k.
L/s=1000 X A XV A = Area of duct cross section (m?)
L
TP=CXYV, C = Duct fitting loss coefficient

TABLE D.2 Fan Equations (Metric)

L/s,

L/s, m®/s, rad/s, rev/s,

m®/s, rad/s, rev/s,

a.

P, rad/s,
o W _ (rad/sz>3
kW, rad/s,
o o ()
d, rad/s,

L/s = Liters per second
m3/s = Cubic meters per second
rad/s = Radians per second
rev/s = Revolutions per second
P = Static or total pressure (Pa)

kW = Kilowatts

d = Density (kg/m?)

rad/s (fan) _ Pitch diam. motor pulley

rad/s (motor)  Pitch diam. fan pulley

TABLE D.3 Pump Equations (Metric)

NOTE: m?/h, cubic meters per hour, is used in lieu of m®/s in some countries.

L/s, m?®/s, rad/s, rtev/s,

a L/s, md/s, rad/s, rev/s,
b. m?/s, _D,
m?/s;, D,

L/s = Liters per second
m3/s = Cubic meters per second
rad/s = Radians per second
rev/s = Revolutions per second
D = Impeller diameter

H = Head (kPa)

BP = Brake power

NOTE: m®/h, cubic meters per hour, is used in lieu of m?/s in some countries.

L.

TABLE D.4 Hydronic Equations (Metric)

HVAC Equations—Metric Units 449

a. Q(W)=Cde><L/s><At
b. QkW) = 4190 X m®/s X At
QW) = 4190 X L/s X At

QEW) = 419 X L/s X At

AP, _ (m3/s2>2 _ (L/s,\*
AP, m?/s,; L/s,

3 2 2
d AP = (m /s) _ (L/s)
K, K,

v v

e. WP (kW) = 9.81 X m®/s X H (m) X
Sp.Gr./E,
£, WP (W) = L/s X H (Pa) X Sp.Gr.
1002 X E,
£ - WP x 100 i )
e =" g@p in percent)

2

h. NPSHA=PaiPS+K—P
2g

vp

2
i h=f><£2><1
D 2

@ = Heat flow (W or kW)

At = Temperature difference (°C)
C, = Specific heat (4190 J/kg+ °C
for water)
d = Density (1 kg/L for water)
m?3/s = Cubic meters per second (used
for large volumes)
L/s = Liters per second
AP = Pressure diff. (Pa or kPa)

K, = Valve constant (dimensionless)

WP = Water power (kW or W)

mé®/s = Cubic meters per second
L/s = Liters per second
Sp.Gr. = Specific gravity (use 1.0 for
water)
E, = Efficiency of pump
H = Head (Pa or m)
BP = Brake power (kW)
NPSHA = Net positive suction head
available
P, = Atmospheric pressure (Pa)
(Std. atm. press. =
101,325 Pa)
P_ = Pressure at pump centerline
(Pa)
P,, = Absolute vapor pressure (Pa)
g = Gravity acceleration
(9.807 m/s?)
h = Head loss (m)
f = Friction factor (dimensionless)
L, = Length of pipe (m)
D = Internal diameter (m)
V = Velocity (m/s)
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TABLE D.5 Electric Equations (metric)

I X E X PF X Eff

kW = Kilowatts

Appendix

a. kW 1000 (Single phase)
I X E X PF X Eff X 1.73 I = Amps (A)
b. kW = 1000 (Three phase) E = Volts (V)
PF = Power factor - - .
Eff = Efficiency
. Eff = Bffcenc Metric Units and Equivalents
d. P=EI P = Watts (W)
F.L. Amps® X Voltage*
Actual Voltage = Actual full-load amps
*Nameplate ratings.
TABLE D.6 Air Density Correction Factors (metric units)
TABLE E.1 Metric Units (basic and derived)
Sea 250 500 750 1000 1250 1500 1750 2000 2500 3000
Altitude (m) level . ) Equivalent or
Barometer (kPa) 101.3 98.3 96.3 932 90.2 882 85.1 83.1 80.0 76.0 719 Unit Symbol Quantity relationship
‘Air Temp ampere A Electric current Same as U.S.
“0) candgla cd Luminous intensity 1 cd/m? = 0.292 ft lamberts
0° 1.08 1.05 1.02 099 0.96 093 091 0.88 0.86 0.81 0.76 Celsius °C Temperature F=18°C + 32
20° 1.00 0.97 0.95 092 0.89 087 084 082 0.79 0.75 0.71 coulomb C Electric charge Same as U.S.
50° 091 089 086 084 081 0.79 077 075 0.72 0.68 064 farad F Electric capacitance Same as U.S.
75° 0.85 0.82 0.80 0.78 0.75 0.73 0.71 0.69 0.67 0.63 0.60 henry H Electric inductance Same as U.S.
100° 0.79 0.77 0.75 0.72 0.70 0.68 0.66 065 063 059 0.56 hertz Hz Frequency Same as cycles per second
125° 0.74 0.72 0.70 0.68 0.66 0.64 0.62 0.60 0.59 055 0.52 Joule J Energy, work, heat 1J = 0.7376 ft-1b
150° 0.70 0.68 0.66 0.64 0.62 0.60 059 057 0.55 052 0.49 . = 0.000948 Btu
175° 0.66 0.64 0.62 062 059 057 055 054 052 044 046 kelvin K Thermodynamic K ="°C + 273.15°
200° 0.62 0.61 059 0.57 0.56 0.54 052 0.51 049 047 044 temperature _ °F + 459.67
225° 0.59 0.58 0.56 0.54 0.53 0.51 0.50 0.48 0.47 044 042 1.8
250° 0.56 0.55 0.53 052 050 049 047 046 045 042 040 kilogram kg Mass 1kg = 2.2046 b
275° 0.54 052 051 049 048 047 045 044 043 040 038 liter L Liquid volume 1L = 1.056 qt = 0.264 gal
300° 0.51 0.50 0.49 0.47 046 045 043 042 041 0.38 0.36 lumen Im Luminous flux 11m/m? = 0.0929 ft candles
325° 0.49 048 047 045 0.44 043 041 040 0.39 037 035 lux Ix Mluminance 11x = 0.0929 ft candles
350° 0.47 0.46 0.45 0.43 0.42 041 040 0.39 0.38 0.35 0.33 meter m Length 1m=3281f
375° 0.46 044 043 042 041 039 038 037 036 034 032 mole mol Amount of substance =~ —
400° 0.44 0.43 0.41 0.40 0.39 0.38 0.37 0.36 0.35 0.33 0.31 newton N Force 1N = kg » m/s? = 0.2248 Ib (force)
425° 0.42 041 040 0.39 0.38 037 035 0.34 0.33 0.32 0.30 ohm Q Electrical resistance Same as U.S.
450° 0.41 0.40 0.38 0.37 0.36 0.35 0.34 033 0.32 0.31 029 pascal Pa Pressure, stress 1 Pa = N/m? = 0.000145 psi
475° 0.39 0.38 0.37 0.36 035 034 033 032 031 029 028 = 0.004022 in.w.g.
500° 0.38 0.37 036 035 0.34 0.33 032 031 030 028 027 radian rad Plane angle 1rad = 57.29°
525° 0.37 0.36 0.35 0.34 0.33 0.32 031 0.30 0.29 0.27 0.26 second s Time Same as U.S.
siemens S Electric conductance —
Standard air density, sea level, 20 °C = 1.2041 kg/m?® at 101.325 kPa. steradian sT Solid angle —
volt A% Electric potential Same as U.S.
watt w power, heat flow 1 W =J/s = 3.4122 Btu/hr

1 W = 0.000284 tons of refrig.
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TABLE E.2 Metric Equivalents

Quantity Symbol Unit U.S. relationship
Acceleration m/s? meter per second 1 m/s? = 3.281 ft/s?
squared
Angular velocity rad/s radian per 1rad/s = 9.549 rpm =
second 0.159 rps
Area m? square meter 1 m? = 10.76 ft?
Atmospheric pressure — 101.325 kPa 29.92 in. Hg = 14.696
psi
Density kg/m? kilogram per 1 kg/m® = 0.0623 1b/
cubic meter 3
Density, air — 1.2 kg/m® 0.075 1b/ft?
Density, water — 1000 kg/m3 62.4 1b/ft?
Duct friction loss Pa/m pascal per meter 1 Pa/m = 0.1224
in.w.g./100 ft
Enthalpy kd/kg kilojoule per 1 kd/kg = 0.4299 Btu/
kilogram Ib dry air
Gravity 9.8067 m/s? 32.2 ft/s?
Heat flow w watt 1 W = 3412 Btu/h
Length (normal) m meter 1m = 3.281 ft = 39.37
in.
Linear velocity m/s meter per second 1 m/s = 196.9 fpm
Mass flow rate kg/s kilogram per 1 kg/s = 7936.6 1b/h
second
Moment of inertia kg * m? kilogram X 1kgem?=23731b"
square meter ft2
Power w watt 1 W = 0.00134 hp
Pressure kPa kilopascal (1000 1 kPa = 0.296 in.Hg =
Pa pascals) 0.145 psi
pascal 1 Pa = 0.004015 in.w.g
Specific heat—air 1000 J/(kg« K) 1000 J/(kg « K)
(Cp) =1kJ/(kg+K)
= 0.2388 Btu/lb « °F
Specific heat—air 717 J/(kg + K) 0.17 Btu/lb « °F
(C,
Specific heat—water 4190 J/(kg+ K) 1.0 Btu/lb « °F
Specific volume m®/kg cubic meter per 1 m®/kg = 16.019 ft3/

Thermal conductivity

Volume flow rate

(W« mm)/(m? « K)

m?/s

L/s

m?/h

kilogram
watt millimeter
per square
meter times K
cubic meter per
second
liter per second
1 md/s =
1000 L/s
1 mL = liter/
1000
cubic meter per
hour

b

1 W+ mm/(m?+ K)

= 0.0069 Btu/h ¢+ in./
ft2 « °F

1 m®/s = 2118.88 cfm
(air).

1 L/s = 2.12 cfm (air)

1 m®/s = 15,850 gpm
(water)

1 mlL/s = 1.05 gpm
(water)

1 m®/h = 0.588 cfm
(air)

1 m®/h = 44 gpm
(water)

TABLE E.3 Temperature Equivalents

Metric Units and Equivalents
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To use table: Select temperature to be converted from bold column (°F or °C). Read
Celsius equivalent to left and Fahrenheit equivalent to right.

1° TO 100°

°C  °F/°CC F  °C F/C °F °C °F/I'C °F °C °F/°C °F
-17.2 1 338 -33 26 788 106 51 1238 244 76 16838
-167 2 356 -28 27 806 111 52 1256 250 77 170.6
-161 3 374 -22 28 824 117 53 1274 256 78 1724
-156 4 392 -17 29 842 122 54 1292 261 79 1742
-150 5 410 -11 30 860 128 55 1310 267 80 176.0
-144 6 428 -06 31 878 133 56 1328 27.2 81 17738
-139 7 446 00 32 896 139 57 1346 278 82 179.6
-133 8 464 06 33 914 144 58 1364 283 83 1814
-128 9 482 11 34 932 150 59 1382 289 84 1832
-122 10 500 17 35 950 156 60 1400 29.4 85 1850
-1L7 11 518 22 36 968 161 61 1418 30.0 86 1868
-111 12 536 28 37 986 167 62 1436 306 87 1886
~106 13 554 33 38 1004 172 63 1454 311 88 1904
-100 14 572 39 39 1022 178 64 1472 317 89 1922
—94 15 590 44 40 1040 183 65 1490 322 90 1940
-89 16 608 50 41 1058 189 66 150.8 328 91 1958
-83 17 626 56 42 1076 194 67 1526 333 92 1976
-78 18 644 61 43 1094 200 68 1544 339 93 1994
-72 19 662 67 44 1112 206 69 1562 344 94 2012
-67 20 680 72 45 1130 211 70 1580 350 95 203.0
-61 21 698 78 46 1148 217 71 1598 356 96 2048
-56 22 716 83 47 1166 222 72 1616 361 97 206.6
-50 23 734 89 48 1184 228 73 1634 367 98 2084
~44 24 752 94 49 1202 233 74 1652 372 99 210.2
-39 25 770 100 50 1220 239 75 167.0 37.8 100 212.0

100° TO 1000°

°C F/'C °F  °C °F/'C °F °C °F/°C °F °C °F/C °F
38 100 212 160 320 608 288 550 1022 416 780 1436

43 110 230 166 330 626 293 560 1040 421 790 1454

49 120 248 171 340 644 299 570 1058 427 800 1472

54 130 266 177 350 662 304 580 1076 432 810 1490

60 140 284 182 360 680 310 590 1094 428 820 1508

66 150 302 188 370 698 316 600 1112 443 830 1526

71160 320 193 380 716 321 610 1130 449 840 1544

77 170 338 199 390 734 327 620 1148 454 850 1562

82 180 356 204 400 752 332 630 1166 460 860 1580

88 190 374 210 410 770 338 640 1184 466 870 1598

93 200 392 216 420 788 343 650 1202 471 880 1616

99 210 410 221 430 806 349 660 1220 477 890 1634

100 212 414 227 440 824 354 670 1238 482 900 1652
104 220 428 232 450 842 360 680 1256 483 910 1670

110 230 446 238 460 860 366 690 1274 493 920 1688

116 240 464 243 470 878 371 700 1292 499 930 1706

121 250 482 249 480 896 377 710 1310 504 940 1724

127 260 500 254 490 914 382 720 1328 510 950 1742

132 270 518 260 500 932 388 730 1346 516 960 1760

138 280 536 266 510 950 393 740 1364 521 970 1778
143 290 554 271 520 968 399 750 1382 527 980 1796

149 300 572 277 530 986 404 760 1400 532 990 1814

154 810 590 282 540 1004 410 770 1418 538 1000 1832

NOTE: Absolute temperature (K) = °C + 273.15° = °F + 459.67°/1.8.
Temperature difference: K = °C = °F/1.8.




Appendix

Sound Design Equations

1 L, = Sound pressure level, dB re
) = + — | — 105 P )
1L, =L, + 10 logy, Q 4 105 dB 0.0002 microbar
e A L,, = Sound power level, dB re
1072w
r = Distance from the sound
source (ft)

A or Sa = Total Sabins in the room
@ = Directivity factor

Sa A R = Room constant
2. R= 1-a i-a a = Absorption coefficient of the
surface treatment
S = Surface area in square
feet
a = Average Sabin* absorption
coefficient for the room

1 i
3. Lp =L,—10 loglo ﬁ + 10.5 dB

D D = Characteristic dimension (in.)
4. Strouhal number (V) = v X 5 V = Velocity (fpm)

f = Octave band center frequency (Hz)
5. Octave band sound power level = F = Function (use with charts)
F+G+HindBre 1002W G = Function (use with charts
H = Function (use with charts)

*SABIN—The unit of acoustic absorption. One “sabin” is equal to one square foot of
“perfect” sound absorption material such as an “open” window.
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6. LWB=LWD—TL+1010g10§

7. L, =L, + 10 log,, A — 10 dB

9. L, =10log L

Tef

10. dBre 1072 W = dB re 10" W — 10

P
1L L, = 20 log

ref

C, C C
120 D=2+ 22, ... 20
T, T, T,
X .
13. B, = rpm n(éoof blades

4. L, =K, + 10Ilog @ + 20 log P

15. NR=TL - 10logS + 10log A

16. TL = 20 log M + 20 log F — 33 dB

Ly = Sound power level breakout
Lyy, = Sound power level in duct

TL = Transmission loss of duct wall
S = Radiating surface area of duct
wall (ft?)
A = Cross-sectional area of duct
component (ft?)

L, = Sound power level that enters duct

L, = Sound pressure level in source
room

A = Opening in duct (fi2)

A = Wavelength in feet (m)

¢ = Speed of sound, 1125 fps (343 m/s)
f = Cycles per second (Hz)

L, = Sound power level (dB)

W = Acoustic power output of noise
source
Wee = 1002 W

L, = Sound pressure level in dB

P = RMS sound pressure
P,; = Ref. RMS sound pressure

C, = Actual duration of exposure (h)
T, = Noise exposure limit

B, = Blade frequency

L, = Est. sound power level, dB re
1072 W
K, = Specific sound power level
Q = Volume flow rate (cfm)
P = Pressure (in.w.g.)

NR = Noise reduction (dB)
TL = The transmission loss of the
partition separating the
two spaces
S = The surface area of the partition
(ft*
A = Total of the sound absorptive
materials in the receiving room
(Sabins, ft2)

M = Mass of construction (1b/ft?)
F = Frequency (Hz)

17.

18.

19.

20.

21.

22.

23.

D=05VA

A
NR =10 1ogX2

1

Lp, = Ly, — 20 log D, + 20 log D,

L,=L,—-20logD - 05dB
a = (antilog L,/20)1075
v = (antilog L,/20)10°8

d = (antilog L;/20)1071*

Sound Design Equations 457

D = Distance (in feet) from the noise
source
A = Total absorption in room
(Sabins, ft?)
NR = Noise reduction in dB
A, = Total absorption (Sabins, f?) in
the room before adding the

sound absorption
A, = Total absorption in the room after

adding sound absorption

Lp, = Sound pressure level at
position 1

Ly, = Sound pressure level at
position 2

D, = Distance (in feet) from noise

source to position 1
D, = Distance (in feet) from noise

source to position 2

L, = Sound pressure level in dB

D = Distance (in feet) from the point
source to the point where sound
pressure is measured

a = Acceleration in m/s? (1 G = 9.8
m/s?)
L, = Acceleration level in dB re
1075 (m/s?)
v = Velocity in m/s (1 G at 100 Hz =

0.015 m/s)
L, = Velocity level in dB re

1078 (m/s)
d = Displacement (m)—(1 G at

100 Hz = 0.0249 mm)
L4 = Displacement level in dB re

107 (m)




Appendix

Logarithms
TABLE G.1 Decibel Equivalents of Numbers
10 log N 20 log N 10 log N 20 log N
N (dB) (dB) N (dB) (dB)
1.0 0 0 400 26 52
1.25 1 2 500 27 54
1.6 2 4 630 28 56
2.0 3 6 800 29 58
2.5 4 8 1,000 30 60
3.2 5 10 1.250 31 62
4.0 6 12 1,600 32 64
5.0 7 14 2,000 33 66
6.3 8 16 2,500 34 68
8 9 18 3,200 35 70
10 10 20 4,000 36 72
12 11 22 5,000 37 74
16 12 24 6,300 38 76
20 13 26 8,000 39 78
25 14 28 10,000 40 80
32 15 30 12,500 41 82
40 16 32 16,000 42 84
50 17 34 20,000 43 86
63 18 36 25,000 44 88
80 19 38 32,000 45 90
100 20 40 40,000 46 92
125 21 42 50,000 47 94
160 22 44 63,000 48 96
200 23 46 80,000 49 98
250 24 48 100,000 50 100
320 25 50
459
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Appendix G

TABLE G.2 Five Place Logarithms

No. Logarithm No. Logarithm No. Logarithm No. Logarithm
0.00005 —4.30103 26 1.41497 66 1.81954 250 2.39794
0.0001 —4.00000 27 1.43136 67 1.82607 275 2.43933
0.0003 —3.55287 28 1.44716 68 1.83251 300 2.47712
0.001 —3.00000 29 1.46240 69 1.83885 325 2.51188
0.003 —2.52287 30 1.47712 70 1.84510 350 2.54407
0.01 —2.00000 31 1.49136 71 1.85126 375 2.57403
0.1 —1.00000 32 1.50515 72 1.85733 400 2.60206
0.2 —0.69897 33 1.51851 73 1.86332 425 2.62839
0.3 —0.52287 34 1.53148 74 1.86923 450 2.65321
0.4 -0.39794 35 1.54407 75 1.87506 475 2.67669
0.5 -0.30103 36 1.55630 76 1.88081 500 2.69897
0.6 —-0.22185 37 1.56820 77 1.88649 525 2.72016
0.7 —0.15490 38 1.57978 78 1.89209 550 2.74036
0.8 ~0.09691 39 1.59106 79 1.89763 575 2.75967
0.9 —-0.04575 40 1.60206 80 1.90309 600 2.77815
1 0.00000 41 1.61278 81 1.90849 625 2.79588
2 0.30103 42 1.62325 82 1.91381 650 2.81291
3 047712 43 1.63347 83 1.91908 675 2.82930
4 0.60206 44 1.64345 84 1.92428 700 2.84510
5 0.69897 45 1.65321 85 1.92942 725 2.86034
6 0.77815 46 1.66276 86 1.93450 750 2.87506
7 0.84510 47 1.67210 87 1.93952 800 2.90309
8 0.90309 48 1.68124 88 1.94448 850 2.92942
9 0.95424 49 1.69020 89 1.94939 900 2.95424

10 1.00000 50 1.69897 90 1.95424 950 297772
11 1.04139 51 1.70757 91 1.95904 1,000 3.00000
12 1.07918 52 1.71600 92 1.96379 2,000 3.30103
13 1.11394 53 1.72428 93 1.96848 3,000 3.47712
14 1.14613 54 1.73239 94 1.97313 4,000 3.60206
15 1.17609 55 1.74036 95 1.97772 5,000 3.69897
16 1.20412 56 1.74819 96 1.98227 6,000 3.77815
17 1.23045 57 1.75587 97 1.98677 7,000 3.84510
18 1.25527 58 1.76343 98 1.99123 8,000 3.90309
19 1.27875 59 1.77085 99 1.99564 9,000 3.95424
20 1.30103 60 1.77815 100 2.00000 10,000 4.00000
21 1.32222 61 1.78533 125 2.09691 20,000 4.30103
22 1.34242 62 1.79239 150 2.17609 30,000 4.47712
23 1.36173 63 1.79934 175 2.24304 40,000 4.60206
24 1.38021 64 1.80618 200 2.30103 50,000 4.69897
25 139794 65 1.81291 225 2.35218 100,000 5.00000

Absolute zero, 127
Acceleration, of vibration, 339, 340
Accelerometers
calibration of, 346
vibration measurement and,
345-346
Accuracy, of TAB data reports, 239
Acoustically inducted perceptible
vibration, indoor noise
and, 326-327
Acoustic far field, 333—334
Adiabatic saturation, 162
Adjustment and calibration,
automatic temperature
control, 280
Aerosols, 175
Affinity laws, 211-212
Air, psychrometrics and: See
Psychrometrics
Air apparatus test report, 242-243
Airborne particles, Federal Standard
209E (cleanrooms),
287-288
Air changes
airflow measurement equations,
11-12
density, 54-55
rates of, cleanrooms and, 290
Air control, hydronic system
troubleshooting, 360-361
Air density
effects, 117-126
density changes
and duct system pressure
losses, 54-55
fans and, 117-118
general, 125-126

Index

systems and, 118-125
standard conditions, 117
lines, 148
Air filters, cleanrooms and: See
Cleanrooms
Airflow
configurations, energy recovery
equipment: See Energy
recovery
indoor air quality and, 171
instruments: See Instruments
measurement equations, 9-16
air changes, 11-12
airflow through orifice plates,
13-16
flow calculation, 15-16
orifice sizes and, 13—15
free area and duct airflow, 9-11
outdoor air percentage, 12-13
resistance, of air filters, 293-294
Airfoil fans, centrifugal, 24-25
Air heat flow equations: See Heat
transfer
Air leakage, duct system pressure
losses and: See Duct
systems
Air movement, indoor air quality
and, 171
Air outlet tests, TAB reports on, 246
Air quality, indoor: See Indoor air
quality (IAQ)
Airstream mixing
dry bulb temperatures, 160-161
enthalpy, 161-162
Air systems
man-hour tables, 369-371
preliminary procedures, TAB, 2
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Air systems (Cont.):
troubleshooting: See
Troubleshooting
Air-vapor relationships,
psychrometrics: See
Psychrometrics
Air venting, hydronic system
troubleshooting, 360
Allergic reactions, indoor air quality
and, 173
Alternating current (AC), 253
American National Standards
Institute, American
National Standard
Specifications for Sound
Level Meters, 6
Amperage, 253
curves, pumps, 203
/voltage readings, 269-270
Analog input (AI), 282
Analysis, pump curves, 203-204
Anemometers, 66
Annular flow indicators, 92
Areas: See also Mathematics
equivalent, 387-389
ASHRAE, 1995 HVAC Applications
Handbook, 1
ATC (automatic temperature
control): See HVAC
control systems
Atmospheric air, air-vapor
relationships, 164-165
Audits, of indoor air quality: See
Indoor air quality (IAQ)
Automatic temperature control
(ATC): See HVAC control
systems
Axial fans, curves and, 26

Background noise, indoor noise
measurements, 332-333

Background sound, and decibels, use
of, 318-319

Backward inclined (BI) fans,
centrifugal, 23-24

BACnet protocol, building/HVAC
communications, 283

Balance, defined, 1

Balance valve tests, TAB reports on,
251

Balancing dampers, problem noises
in, 347

Balancing valves, calibrated, flow-
measuring devices, 93

Bandpass filters, octave, 316-317

Barometric pressure, 147

Bases, for HVAC equipment, theory
of, vibration and, 341

Basic electricity: See Electrical data,
basic

Boiler tests, TAB reports on, 251

British thermal units (Btu), 131

Building and furnishings, as indoor
air contaminant source,
168

Building occupants and activities, as
indoor air contaminant
source, 168

Calibration/Calibrators
automatic temperature control
systems, 280
calibrated balancing valves, 93
sound level meters, 344
of vibration instruments, 346
Capacitor-start, capacitor-run
motors, 264
Capacitor-start, induction-run
motors, 264
Carbon dioxide levels, indoor air
quality and, 176
Carbon monoxide, indoor air quality
and, 176
Cavitation, in pumps,
troubleshooting, 358-359
Center taps, transformers, 260262
Centrifugal fans
as constant-volume machines, 18
fan and system curves: See Fan
and system curves
Centrifugal HVAC pumps, 200
Charts
psychrometric: See Psychrometrics
troubleshooting

fans, 353, 354358
hydronic systems, 361, 362-365
Chemical dehumidification, 154
Chronometric tachometer, airflow
measuring instruments,
68, 102-103
Circles, areas of, 377-379
Circular mils, 261
Class 10 (M2.5) cleanrooms,
298-299
Class 100 (M3.5) cleanrooms,
300-301
Class 10,000 (M5.5) cleanrooms,
301-302
Class verification, Federal Standard
209E (cleanrooms), 288
Cleanrooms, 287-307
air filters and, 293-296
filtration, 295—-296
HEPA (high-efficiency
particulate air) filters,
295
ratings for, 293-294
tests of, 294-295
airflow and, 290-293
air change rates, 290
horizontal unidirectional, 293
multidirectional, 291
patterns of, 290-291
unidirectional, 292—293
vertical unidirectional, 292—-293
class 10 (M2.5), 298—-299
class 100 (M3.5), 300-301
class 10,000 (M5.5), 301-302
Federal Standard 209E, 287—290
airborne particles, 287-288
airborne particulate cleanliness
class, 288
class verification, 288
development of; 287
micrometer particle size, 288
HVAC systems and, 296—298
exhaust airflow and, 298
humidity of, 297-298
makeup and, 298
pressurization of, 296-297
room humidity and, 297-298
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room pressurization and,
296297
room temperatures and, 297
temperatures in, 297
testing, 302—307
acceptance, 306
certification, 306307
main supply air systems and,
302-304
makeup air systems and, 304
operational monitoring
certification tests, 307
pressurization and, 305
procedures, 305
reporting and, 305
reserve air handling capacity
and, 304
typical systems, 298—302
Closed system curves, pumps,
205-206
Closed systems, 196
Coefficient (U) of heat transfer,
133-135
Coil apparatus tests, TAB reports
on, 243
Coil check, terminal unit, 250
Coil loop energy exchangers, 187
Coils, delta ¢ and, fan equations for,
21
Combination systems, hydronic
piping flow
measurements, 223
Communications, building and
HVAC: See HVAC control
systems
Complete stem immersion glass tube
thermometers, 94
Compression tanks
equipment balancing and piping
connections, 227228
hydronic system troubleshooting,
360-361
Compressor tests, TAB reports on,
250
Condensation problems, with energy
recovery equipment,
191-192
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Condition changes, air-vapor
relationships, 165-166
Conduction heat transfer, 133
Connections, for HVAC pumps,
200-201
Constant-volume systems, hydronic,
223-225
Contact tachometer, airflow
measuring instruments,
68
Contaminants, indoor air quality
other, 176
removal of, 175-176
sources of: See Indoor air quality
(IAQ)
Control action, types of, automatic
temperature control,
275-276
Control diagrams, automatic
temperature control,
276-277
Control loops, automatic
temperature control, 275
Control relationships, automatic
temperature control,
277-278
Control systems, HVAC: See HVAC
control systems
Control valves, for flow
measurement, 235-236
Convection heat transfer, 132—-133
Cooling, and dehumidification,
psychrometric charts, 154
Cooling and heating equipment,
man-hour table, 371
Cooling tower systems
equipment balancing and piping
connections, 231-233
tests of, TAB reports on, 251
Corrosion problems, with energy
recovery equipment, 192
Cost estimation, 367-373
task man-hours, 367-373
tables for
air systems, 369-371
cooling and heating
equipment, 371
fans, 369

HVAC units (air side), 369
HVAC units (water side), 371
hydronic systems, 371-372
job conditions, 373
pumps, 371
room conditions, 372
TAB reports, 372
terminal devices, 370
terminal units
air system, 370
hydronic, 372
ventilation, 370
Counter airflow energy recovery
equipment, 185
Criteria curves, for indoor noise,
327-330
Cross contamination problems, with
energy recovery
equipment, 193
Crossflow airflow energy recovery
equipment, 185-186
Cubic volumes, 384-385
Current flow, 253-254
Curves
fan and system: See Fan and
system curves
pump: See Pump(s)
Cylindrical volumes, 385-386

Dampers, 279-280
adjustments of, outside air, HVAC
units, 109-110
DC motors, variable, 47
Decibels: See Sound
Dehumidification, psychrometric
charts, 154
Density, air, effects of: See Air
density
Design
duct systems, 49
of HVAC systems, noise and, 329
Dewpoint, 146, 155
Dial thermometers, 94-95
airflow measuring instruments, 69
Differential pressure control valves,
226

Diffuser outlets, normal sound
measurements of, 332
Diffuse sound field, 335
Digital electronic thermometers, 97
Digital input (DI), 282
Digital thermocouple thermometers,
95
Dilution, indoor air quality problem
solving, 175
Direct control
ATC (automatic temperature
control systems), 276
digital (DDC): See HVAC control
systems
Direct current (DC), 253
Direct digital controls (DDC): See
HVAC control systems
Discomfort, occupant, indoor air
quality and, 173-174
Displacement, vibration and,
339-340, 340
Diverting valves, 224
three-way, 279
Double suction HVAC pump
connections, 200-201
Drives
belts, fan drives, equations and,
40
fan: See Fan drives and equations
for HVAC pumps, 200
V-belts and, 40—-41
Dry bulb (DB) temperatures, 145
psychrometric chart lines, 148
Dual function tachometer, airflow
measuring instruments,
68, 105-106
Duct systems
air leakage, troubleshooting, 353
area of, pitot tubes and, 70
design pressures and, 49
heater tests, TAB reports on, 243
heat gain/loss, 141-144
noise generating
normal sound measurements of,
332
problem noises and, 346348
operating pressures, 49
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pipe shafts, normal sound
measurements of, 332
pressure losses in, 49—64
air density changes and, 54-55
air leakage and, 56-58
leakage classes, 56
“one percent leakage,” 58
prediction of, 58
duct pressures, 49-51
measurement of pressure, 51-54
gauge connections, 54
return or exhaust ducts,
53-54
supply ducts, 51-53
system effect, 59-63
curves for, 59, 60
fan operation point
(performance) and, 59-63
system effect and, 59—-63
from fittings, 59
system pressures, increased,
63-64
surface volumes, 387
tests
heaters, TAB reports on, 243
rectangular duct traverse
reports, TAB reports on,
246
traverse duct reports, TAB
reports on, 246
Dust-holding capacity (life), of air
filters, 293-294
Dust problems, with energy recovery
equipment, 192
Dust-spot efficiency tests, of air
filters, 294
Dynamic discharge head, 196
Dynamic suction head, 196
Dynamic suction lift, 196

Eddy-current clutches, 47
Effectiveness, of energy recovery,
180-183
Efficiency
of air filters, 293—-294
curves, for pumps, 202
of fans, 20
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Electrical data, basic, 253-271
basic electricity, 253257
current flow, 253-254
resistance, 254256
voltage, 256
measurements, electrical, 269-272
amp/voltage readings, 269-270
motor starters, 269
part-winding motors, 270
root mean square (RMS), 271
safety, 269
variable frequency drives (VFD),
270
volt-ammeter, 272
motors: See Motors, electric
power, electric, 257260
single-phase circuits, 257-258
three-phase circuits, 258-260
transformers: See Transformers,
electrical
wiring, 260-261
Electrical measuring instruments:
See Instruments
Electric coil heater tests, TAB
reports on, 243
Electric controls, automatic
temperature control, 274
Electricity, basic: See Electrical data,
basic
Electronic controls, automatic
temperature control, 274
Electronic tachometer (stroboscope),
68, 104-105
Electronic thermohygrometers, 69,
100-101
Electronic thermometers, 97
airflow measuring instruments, 69
Electron-type thermometers, 95-96
Energy recovery, 179-193
equipment for, 183—-193
airflow configurations, 183—-186
counter flow, 185
crossflow, 185-186
parallel flow, 184-185
exchangers, types of, 186-191
coil loop, 187
fixed-plate, 186, 187
heat pipe, 187, 188-189

multiple tower, 187, 190-191
rotary wheel, 186-188
run-around coil, 189-190
problems with, 191-193
condensation/freezing,
191-192
corrosion, 192
cross contamination, 193
filtration, 193
fouling, 192
pollutants, 191
fundamentals of, 179-183
effectiveness, 180-183
sensible heat devices, 179
total heat (enthalpy) devices,
179-180
Enthalpy: See Total heat (enthalpy)
Entrained air, in pumps,
troubleshooting, 359-360
Environment, indoor, air quality
and, 167
Equal area (method no. 1), pitot
tubes and, 70-72
Equations, pump: See Pump(s)
Equivalent areas, 387-389
Erroneous readings, indoor noise
measurements and, 331
Evaporative condenser tests, TAB
reports on, 251
Exchangers, energy recovery, types
of: See Energy recovery
Exhaust airflow, cleanrooms, 298
Expansion tanks
equipment balancing and piping
connections, 227228
hydronic system troubleshooting,
360-361

Fan and system curves, 2334,
28-29
axial fans, 26
centrifugal fans, 23-25
airfoil, 24-25
backward inclined (BI), 23
fan surge, 25
forward curved (FC), 23
tubular, 25

fan tables, 31-34
multiple fan operation, 30-31
in parallel, 30-31
in series, 31
system curves, 27-28
plotting, 27
system operating point, 27-28
Fan drives and equations, 35—47:
See also Fan equations
belts, 38—44
drives, changing, 40
V-belts, 38—44
drive conditions, 40—41
multiple, 41-42
single, 38
tension of, 42-44
variable-speed, 3840
pulleys, 35-38
sizes of, 35-36
speed-o-graphs, 36—38
variable speed, 44—47
DC motors and, 47
eddy-current clutches and, 47
multispeed motors, 44
sheave drives, 44
variable frequency drives
(VFDs) and, 47
Fan Engineering Handbook, 14
Fan equations, 17-21: See also Fan
drives and equations
laws, 17-19
centrifugal fans as constant-
volume machines, 18
power, 19-20
speed and coil delta £, 21
tip speed, 20-21
Fans
air density change effects and,
117-118
drives and equations: See Fan
drives and equations
equations for: See Fan equations
laws of, fan equations and, 17-19
man-hour table, 369
operation point (performance), and
duct pressure losses,
59-63
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power of, fan equations and,
19-20
in series, 31
speed of, and coil delta ¢, 21
static efficiency of, 20
surge and, centrifugal fans, 25
and systems curves: See Fan and
system curves
tables for, fans and system curves,
31-34
testing, TAB reports on, 243-246
tip speed of, fan equations and,
20-21
total efficiency of, 20
troubleshooting: See
Troubleshooting
Far field noise, outdoor
measurements, indoor
sources, 333-334
Federal Standard 209E: See
Cleanrooms
Field measurements, of vibration,
345
Fill valves, hydronic systems,
troubleshooting, 361
Filters/Filtration
cleanrooms and, 295-296
octave bandpass, 316-317
problems, with energy recovery
equipment, 193
Final report, TAB procedures, 6
Fittings
high-pressure drop,
troubleshooting, 353
system effect from, 59
Fixed-plate energy exchangers, 186,
187
Flat ovals, areas of, 383-384
Flow calculation, airflow through
orifice plates, 15-16
Flow device location, 93—94
Flow laws, affinity, 211
Flow measurements, of hydronic
systems, 219-238
devices for
control valves, 235-236
equipment balancing and piping
connections, 229-230
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Flow measurements, of hydronic
systems (Cont.):
orifice plates, 233
specific types of, 233—236
venturi tubes, 233-235
equipment balancing and piping
connections, 227-233
compression tanks, 227-228
cooling tower systems, 231-233
expansion tanks, 227-228
flow-measurement devices,
229-230
HVAC units and three-way
valves, 230-231
pump balancing, 228-229
pump location, 227
flow methods, 223—-226
constant-volume systems,
223-225
straight-through, 224
three-way valve, 224
variable-volume systems,
225-226
differential pressure control
valves and, 226
two-way valves and, 225-226
variable-speed pumps and,
226
HVAC coil alternate method for
TAB, 236-238
piping systems, 219-236
classifications, 219
combination, 223
equipment balancing and: See
equipment balancing and
piping
connections (above)
flow methods: See flow methods
(above)
four-pipe, 219, 223
larger systems, 219
one-pipe systems (diverting
fitting), 219, 220-221
series loop systems, 219, 220
smaller systems, 219
three-pipe, 219, 222
two-pipe, direct return, 219, 221

two-pipe, reverse return
systems, 219, 221
Flow-measuring devices: See
Instruments
Flow meter tests, TAB reports on,
251
Formaldehyde, indoor air quality
and, 177
Forms, TAB: See Recording TAB
data
Forward curved (FC) fans,
centrifugal, 23
Fouling problems, with energy
recovery equipment, 192
Four-pipe systems, hydronic piping
flow measurements, 219,
223
Fractional removal efficiency, of air
filters, 295
Free area and duct airflow, airflow
measurement equations,
9-11
Free field noise, outdoor
measurements, indoor
sources, 334-335
Freezing problems, with energy
recovery equipment,
191-192
Frequency
of sound, ranges, 320—321
of vibration, 338, 340
Friction head, 195
Friction pressure losses, 199
Frost problems, with energy
recovery equipment,
191-192
Full-flow testing, pump curves, 204

Gas-fired apparatus tests, TAB
reports on, 243
Gauge connections, duct system

pressure measurement,
54

Generated problem noises, in duct
systems, 347-348
Glass tube thermometers, 94

airflow measuring instruments, 69
Ground (neutral) wires, 258

Head laws, affinity, 211
Hearing, and sound, response to: See
Sound
Heat and energy recovery: See
Energy recovery
Heat converter tests, TAB reports
on, 251
Heater coils, for electric motors, 268
Heat exchanger tests, TAB reports
on, 251
Heat flow example, psychrometric
charts, 155-160
Heat pipe energy exchangers, 187,
188-189
Heat transfer, 127-144
air heat flow equations, 135-139
hydronic, 137-139
latent heat, 136
sensible heat, 135-136
total heat (enthalpy), 137
coefficient (U) of, 133-135
duct heat gain/loss, 141-144
hot water coils and, 140
intensity of, 127-130
latent heat, 135
log mean temperature difference
(LMTD), 139-140
methods of, 132-135
conduction, 133
convection, 132—-133
radiation, 132
thermal conductance (C), 133
thermal conductivity (K), 133
thermal resistance (R), 133
quantity of, 131
sensible heat, 135
specific heat and, 131-132
total heat (enthalpy), 135, 236
types of, 135
HEPA (high-efficiency particulate
air) filters, cleanrooms
and, 295
High-pressure drop fittings,
troubleshooting, 353
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Hoods, flow-measuring, 67
Horizontal unidirectional airflow,
cleanrooms and, 293
Hot water coil heat transfer, 140
Humidity
in cleanrooms, HVAC systems
and, 297-298
humidification, psychrometric
charts and, 153-154
ratio, 146-147
relative, 146
HVAC control systems, 273—285: See
also HVAC equipment/
systems
ATC (automatic temperature
control), 273-280
adjustment and calibration, 280
control action, types of, 275-276
control diagrams, 276-277
control loops, 275
control relationships, 277-278
damper categories, 279-280
direct control, 276
electric controls, 274
electronic controls, 274
mixed control systems, 275
modulating control, 275-276
pneumatic controls, 274
reverse acting control, 276
safety controls, 276
self-contained controls, 274
system components, 276-280
systems, types of, 273-275
troubleshooting with control
diagrams, 277
two position control, 275-276
valves for, 278—-280
building/HVAC communications,
283-285
direct digital controls (DDC),
280-283
example, 283
microprocessor inputs, 282
microprocessor outputs, 282
operation, 280-282
HVAC equipment/systems
air, TAB procedures, 3—4
air side, man-hour table, 369
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HVAC equipment/systems (Cont.):
bases for, theory of, vibration and,
341
cleanrooms and: See Cleanrooms
coil alternate method for TAB,
flow measurement of
hydronic systems,
236-238
control of: See HVAC control
systems
design guidelines, noise and, 329
as indoor air contaminant source,
168
indoor environment and indoor air
quality: See Indoor air
quality (IAQ)
indoor noise and: See Indoor noise
process example, psychrometric
charts, 163-164
pumps: See Pump(s)
sound and: See Sound
three-way valves and, 230-231
troubleshooting problems,
349-350
unit air measurements, 109—116
outside air, 109-111
damper adjustments, 109-110
temperature method, 110-111
temperature measurements,
111-116
mixture conditions, 115-116
vibration isolation and, 340-341
water side, man-hour table, 371
Hydronic equivalents, 216
Hydronic systems
constant-volume, 223-225
flow measurements of: See Flow
measurements, of
hydronic systems
heat flow equation, 137-139
man-hour tables, 371-372
measuring instruments: See
Instruments
preliminary procedures, TAB, 3
pumps equations, 211-217
TAB procedures, 4-5
three-way, 219, 222, 224

troubleshooting: See
Troubleshooting
two-pipe, 219, 221

Ice problems, with energy recovery
equipment, 191-192
Indoor air quality (IAQ)
acceptable, 173
audits of, 176-178
level one, 177-178
level two, 178
carbon dioxide levels, 176
carbon monoxide, 176
level three, 178
contaminants, other, 176
formaldehyde, 177
moisture, 176
nitrogen dioxide, 177
ozone, 177
procedures for, 177-178
tobacco smoke and other
respirable particulates,
177
volatile organic compounds
(VOCs), 177
indoor environment, 167—179
air movement, 171
contaminant sources, 167-169
building and furnishings, 168
building occupants and
activities, 168
HVAC systems, 168
outdoor air, 168
source concentrations, 169
HVAC systems, 169-171
adequate indoor air quality,
169
basic, 169-170
pressurization, 171
pressure differences, 172
stack effect, 171
wind effects, 171
occupant response and, 172-174
acceptable indoor air quality,
173
building occupants, 172-173
discomfort, 173-174

sick building syndrome, 173

audits of: See audits of (above)

problems, solving, 174-176
contaminant removal, 175-176
dilution, 175
source control, 174

Indoor noise, 323-338: See also
Noise
acoustically inducted perceptible
vibration, 326327

background noise, 332—-333

criteria curves, 327-330

erroneous readings and, 331

measurements of
indoor, 330-333
outdoor, 333-337

away from the source,
336-337

far field, 333-334

free field, 335-336

near field, 333-334

near the source, 335-336

reverberant field, 335

near field region, 330

neutral, 325

noise criterion and, 324

normal sound, 331-332

room criterion (RC) and, 323-324
curves, 324-325

rumbly, 325-326

spectrum of, 326-327

subjective character of, 325-327

tonal, 326

wavelengths and, 330-331

Inlet piping, of pumps,
troubleshooting, 360

Inlet spin, in fans, troubleshooting,
352

Instruments

airflow, use of, 65—-108

data, recording of: See
Recording TAB data

deflecting vane anemometers,
80-83

electrical measuring, 106—108

volt ammeter, 106-107
safety and use of, 107-108
electric manometers, 78—-79
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flow-measuring, 91-94
annular flow indicators, 92
balancing valves, calibrated,
93
flow device location, 93—94
location of flow device, 93—94
venturi tube and orifice plate,
91-92
flow measuring hoods, 84-85
hydronic measuring, 67, 87-91
pressure gauges, calibrated,
67, 89-90
differential pressure and,
67, 90-91
pressure gauges, differential,
67, 90
U-tube manometers, 66, 67,
87-89
inclined manometers, 66, 77-78
micromanometer (hook gauges),
66, 85-86
pitot tubes, 65-76
duct area, 70
equal area (method no. 1),
70-72
log (method no. 2), 72
rectangular duct traverses, 70
round duct traverses, 72-74
using, 74-76
velocity pressure cautions,
76
pressure gauge (magnehelic)
manometers, 79
rotating vane anemometers,
79-80
rotation, 68, 101-106
tachometers, 101-106
chronometric, 68, 102—103
dual function, 68, 105-106
electronic (stroboscope), 68,
104-105
optical (photo), 68, 103-104
temperature, 69, 94-101
dial thermometers, 94-95
electronic thermohygrometers,
100-101
electronic thermometers, 97
glass tube thermometers, 94
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Instruments (Cont.):
psychrometers, 97-100
thermocouple thermometers,

95-96
thermal anemometers, 83-84
U-tube manometers, 66, 67,
76-77
calibration tests of, TAB reports
on, 251
Intensity, of heat, 127-130
Isolation, of vibration, 340—341

Job conditions, man-hour table, 373

Laminar flow, cleanrooms and,
292293

Larger piping systems, hydronic flow
measurements, 219

Large transformers, 262

Latent heat, 135

air heat flow equations, 136

Leakage classes, 56

Life (dust-holding capacity), of air
filters, 293-294

Location of flow devices, 93—-94

Log mean temperature difference
(LMTD), 139-140

Log (method no. 2), pitot tubes and,
72

Loops, control, automatic
temperature control, 275

Loudness, of sound, 322

Magnetic starters, for electric
motors, 267-268
Maintained contact push-button
stations, for electric
motors, 267-268
Makeup air
cleanrooms, HVAC systems and,
298
systems, TAB procedures for, 5-6
Man-hours, task, TAB cost
estimation, 367-373
Mathematics, 375-389
areas
circles, 377-379

sector area, 378
segments, 379
equivalent, 387-389
natural trigonometric functions,
380
ovals, flat, 383-384
squares and rectangles, 375-377
trapezoids, 381-383
triangles, 379-382
equivalent areas, 387-389
volumes, 384-387
cubic, 384-385
cylindrieal, 385-386
duct surface, 387
spheres, 387
Measurements
electrical: See Electrical data,
basic
of indoor noise: See Indoor noise
of pressure, duct system pressure
losses: See Duct systems
of vibration, 341-342
Mechanical equipment rooms,
normal sound
measurements of, 332
Mechanical seals, HVAC pumps, 201
Method no. 1 (equal area), pitot
tubes and, 70-72
Method no. 2 (log), pitot tubes and,
72
Micromanometers (hook gauges), 66,
85-86
Micrometer particle size, Federal
Standard 209E
(cleanrooms), 288
Microphones, 343
Microprocessor inputs, direct digital
control, 282
Microprocessor outputs, direct
digital control, 282
Misalignments, of pumps,
troubleshooting, 359
Mixed control systems, automatic
temperature control, 275
Mixing boxes, problem noises in,
348-349
Mixing valves, 224-225

Modulating control, automatic
temperature control,
275-276
Modulating valves and dampers,
279-280
Moist air
indoor air quality and, 176
psychrometrics and: See
Psychrometrics
Momentary contact push-button
stations, for electric
motors, 267-268
Motors, electric, 263—268
characteristics of, 264
controls for, 266-268
heater coils for, 268
overload devices for, 266-267
power equations, 263—266
rotation direction, 263
starters, 267—269
types of, 263, 264
Multidirectional airflow, cleanrooms
and, 291
Multiple fan operation, fans and
system curves, 30-31
Multiple system curves, pumps, 209
Multiple tower energy exchangers,
187, 190-191
Multiple V-belts, 41-42
Multispeed induction motors, fan
drives and equations, 44

Natural trigonometric functions, 380
Near field noise, outdoor
measurements, indoor
sources, 333
Near field region, indoor noise
measurements, 330
NEBB, 1, 6, 240
Net positive suction head (NPSH),
198-199
available (NPSHA), 359
required (NPSHR), 359
Neutral indoor noise, 325
Nitrogen dioxide, indoor air quality
and, 177
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No-flow testing, pump curves and,
204
Noise: See also Sound
criterion: See Indoor noise
in duct systems: See Duct systems
hydronic systems and pumps,
troubleshooting, 353-358
indoor: See Indoor noise
system vs. fan, troubleshooting,
350
Nondirectional noise source, 335
Nonoverloading type fans, 24, 25
Normally closed valves, 280
Normally open valves, 280
Normal sound, indoor noise
measurements, 331-332
Numerical method, V-belt tension,
43-44

Occupant response, indoor air
quality and: See Indoor
air quality (TAQ)

Octave bandpass filters, 316-317

Octave bands, 310

levels of, combining, 319-320

Ohms, 253

Oil-fired apparatus tests, TAB
reports on, 243

“One percent leakage” specification,
duct system pressure
losses, 58

One-pipe systems (diverting fitting),
hydronic filow
measurements, 219,
220-221

Open protocols, building/HVAC
communications, 283—-285

Open system curves, 206—209

Open systems, 196

Operating point, system, fans and
system curves, 27-28

Optical tachometers, for airflow
measurement, 68,
103-104

Orifice plates

airflow measurement equations,
13-15
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Orifice plates (Cont.):
for flow measurement, 233
venturi tubes and, 91-92
Outdoor air
as indoor air contaminant source,
168
percentage of, airflow
measurement equations,
12-13
Out of phase vibration, 340
Ovals, flat, areas of, 383-384
Overloads
electric motor devices, 266—267
fan types, 23
Ozone, indoor air quality and, 177

Packaged tests, TAB reports on, 250
Packing and seals, HVAC pumps,
201
Parallel airflow energy recovery
equipment, 184-185
Parallel fans, 30-31
Partial stem immersion glass tube
thermometers, 94
Particle size tests, of air filters,
294-295
Part-winding motors, measurements,
electrical, 270
Patterns of airflow, cleanrooms and,
290-291
Peak-to-peak displacement, 338—339
Period, of vibration, 338
Permanent split-capacitor motors,
264
Phase
electrical, 256, 258—-260
of vibration, 340
Pickups, vibration measurement
and, 345-346
Piping systems
equivalent areas and, 387-389
flow measurements: See Flow
measurements, of
hydronic systems
hydronic: See Flow measurements,
of hydronic systems;
Hydronic systems

inlet, of pumps, troubleshooting,
360
temperature control and: See
Hydronic systems
Piston pumps (reciprocating),
199-200
Pitch, of sound, 322
Pitot tubes: See Instruments
Pneumatic controls, automatic
temperature control, 274
Pneumatic valves, 280
Pollutant problems, with energy
recovery equipment, 191
Positive displacement HVAC pumps,
199-200 .
Power
electric: See Electrical data, basic
equations
motors, electric, 263-266
pumps, 213-215, 217
pumps
equations, 213-215, 217
laws, affinity, 212
use curves, 202-203
Pressurization
differences in, indoor air quality
and, 172
in ducts, losses and: See Duct
systems
gauges for, airflow measurement
calibrated, 67, 89-90
differential, 67, 90
magnehelic, 66
indoor air quality and, 171
Procedural Standards for the
Measurement and
Assessment of Sound and
Vibration, 6
Propeller fans, curves and, 26
Protocols, for building/HVAC
communications, 283—-285
Psychrometrics, 145-166
air-vapor relationships, 164-166
atmospheric air, 164-165
condition changes, 165-166
barometric pressure, 147
charts for, 148-164
adiabatic saturation, 162

airstream mixing
dry bulb temperatures,
160-161
enthalpy, 161-162
cooling and dehumidification,
154
dehumidification, 154
heat flow example, 155-160
humidification, 153-154
HVAC process example,
163-164
processes, 148—154
reading, 148
sensible heating and cooling,
148-153
using, 154-164
dry air, weight of, 147
moist air, 145-147
basic properties, 145-147
dewpoint, 146
dry bulb temperatures, 145
enthalpy, 147
humidity ratio, 146-147
relative humidity, 146
sensible heat factor, 147
vapor pressure, 147
volume, 147
wet bulb temperatures, 145, 236
psychrometers, 97-100
for airflow measurement, 69
Pulleys, fan drives and equations:
See Fan drives and
equations
Pump(s)
balancing, 228-229
curves, 201-210
amperage, 203
analysis, 203-204
efficiency, 202
full-flow testing, 204
no-flow testing, 204
power use, 202—203
system, 205-210
closed, 205-206
multiple, 209
open, 206-209
equations, 212-217
affinity, 212
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hydronic, 211-217
hydronic equivalents, 216
power, 213-215, 217
use of, 212-213
heads, 195
HVAC, 199-201
centrifugal, 200
connections, 200-201
drives for, 200
mechanical seals, 201
packing and seals, 201
positive displacement, 199-200
rotation and, 201
seals, 201
and hydronic equations, 211-217
pump laws, 211-213
in hydronic systems,
troubleshooting: See
Troubleshooting
laws, 211-213
affinity, 211-212
location of, balancing, and piping
connections, 227
man-hour table, 371
mechanical seals, 201
packing and seals, 201
power equations, 213-215, 217
power use curves, 202—203
rotation, 201
seals, 201
and systems pressures, 195-210
dynamic discharge head, 196
dynamic suction head, 196
dynamic suction lift, 196
friction head, 195
friction pressure losses, 199
net positive suction head
(NPSH), 198-199
pump heads, 195
static (head) pressure, 196—197
static suction head, 196
static suction lift, 196
suction head, 196, 197
suction lift, 196, 197-198
system pressures and, 195
total dynamic head, 196
velocity head, 195
tests of, TAB reports on, 251
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Pump(s) (Cont.):
troubleshooting, in hydronic
systems: See
Troubleshooting
Push-button stations, for electric
motors, 267—-268

Quality, of sound, 322323

Radiation effects, glass tube
thermometers, 94
Radiation heat transfer, 132
Recording TAB data, 239-251
report form data, 239-241
accuracy of, 239
forms for, 239-240
NEBB TAB, 240
report preparation, 240-241
report submittal, 241
use of TAB report forms: See
Reports
Rectangles, areas of, 375-377
Rectangular duct traverses, pitot
tubes and, 70
Rectangular duct traverses, reports
on, 246
Reduced voltage starters, for electric
motors, 267-268
Relative humidity, 146
psychrometric chart lines, 148
Report forms
data and, TAB: See Recording
TAB data
defined, 1
Reports
cost estimation, Cost estimation
data recording for: See Recording
TAB data
man-hour table, 372
TAB: See Recording TAB data
use of, 241-251
air apparatus test, 242243
air outlet test, 246
balance valve test, 251
boiler test, 251
coil apparatus test, 243
coil check, terminal unit, 250

compressor test, 250
cooling tower test, 251
duct heater, 243
electric coil heater, 243
evaporative condenser test, 251
fan test, 243-246
flow meter test, 251
gas-fired apparatus, 243
heat converter test, 251
heat exchanger test, 251
instrument calibration test, 251
oil-fired apparatus, 243
packaged chiller test, 250
package HVAC unit test, 250
pump test, 251
rectangular duct traverse
report, 246
round traverse report, 246
terminal unit coil check, 250
Resistance, electrical, 254—256
Resonance, in fans, troubleshooting,
352-353
Return air grilles, normal sound
measurements of, 332
Return or exhaust ducts, pressure
in, 53-54
Reverberant field noise, 335
Reverse acting control, automatic
temperature control, 276
Revolution counter, for airflow
measurement, 68
Room(s)
cleanrooms: See Cleanrooms
conditions of, man-hour table, 372
criterion (RC): See Indoor noise
Root mean square (RMS),
measurements, electrical,
271
Rotary pump, 199-200
Rotary wheel energy exchangers,
186-188
Rotation
direction, electric motors, 263
measuring instruments, 68,
101-106
pumps, 201
Round duct traverses, pitot tubes
and, 72-74

Round traverse report, 246

Rumbly indoor noise, 325-326

Run-around coil energy exchangers,
189-190

Safety
controls, automatic temperature
and, 276
electrical, 269
Saturation
adiabatic, 162
curve, 146
Screw pump, 199-200
Seals, HVAC pumps, 201
Sector area, of circles, 378
Segments, of circles, areas of, 379
Self-contained controls, automatic
temperature control, 274
Sensible heating and cooling, 135
air heat flow equations, 135-136
devices, energy recovery
fundamentals, 179
factor, 147
psychrometric charts, 148-153
Series loop piping systems, 219, 220
Service factor range, for motors, 268
Shaded-pole motors, 264
Short branch ducts, problem noises
in, 347
Sick building syndrome, 173
audits of: See Indoor air quality
(1AQ)
Single-phase circuits, 257—-258
motor power equations, 263-265
Single suction HVAC pump
connections, 200
Single V-belts, 38
Sling psychrometers, 97-100
Smaller piping systems, 219
Small transformers, 262-263
Sound, 6-8, 309-338: See also Noise
decibels, 311-312, 312-313
use of, 315-320
background sound and,
318-319
combining decibel levels,
317-318
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octave band levels, combining
of, 319-320
octave bandpass filters,
316-317
weighting networks, 315-316
fundamentals of, 309-315
instruments, 342-346
loudness and, 322
microphones, 343
octave bands, 310
pitch and, 322
quality of, 322-323
relationships among sound terms,
310-312
response to, 320-323
frequency ranges and, 320-321
hearing and, 320-323
subjective, 321-323
sound level meters, 342
calibrators, 344
filters and, 343
sound power, of a source, 312
sound power level, 311-312,
313-314
sound pressure, 312
sound pressure level, 312,
314-315
sound waves, 309-310
timbre and, 322
waves, 309-310
windscreens against, 343-344
Source concentrations, indoor air
contaminants and, 169,
174
Specific heat, 131-132
Spectrum, of indoor noise, 326—327
Speech privacy range, 321
Speed-o-graphs, pulleys, 36-38
Spheres, volumes of, 387
Split-capacitor motors, permanent,
264
Split-phase motors, 264
Squares, areas of, 375-377
Squirrel-cage motors, 264
Stack effect, indoor air quality and,
171
Standard conditions, air density
effects and, 117




478 Index

Starters, electric motor, 267-269
Static pressure, 49-53, 196-197
Static suction head, 196
Static suction lift, 196
Straight-through hydronic systems,
224
Subjective response to sound,
321-323
Suction head, 196, 197
Suction lift, 196, 197-198
Supply ducts, pressure in, 51-53
Surge, in fans, troubleshooting, 351
Synchronous motors, 264
System curves, fans and: See Fan
and system curves
System effect
duct system pressure losses: See
Duct systems
fan operation point (performance)
and, 59-63
problems in fans, troubleshooting,
351-352
System pressures
ducts, losses and, 63—64
pumps, 195
Systems, air density change effects
and, 118-125

TAB
coil alternate method for, HVAC
systems, 236-238
cost estimation: See Cost
estimation
data, recording of: See Recording
TAB data
defined, 1
forms: See Recording TAB data
instruments (airflow), use of: See
Instruments
mathematics: See Mathematics
procedures
cost estimation, Cost estimation
final report, 6
HVAC air system, 3—4
hydronic system, 4-5
makeup air system, 5—6
preliminary, 2-3

air system, 2
hydronic system, 3
sound and, 6-8
standard, 1-8
reports: See Reports
technicians, 49
Task man-hours, TAB cost
estimation, Cost
estimation
Temperature: See also Hydronic
systems
heat transfer and, 127-130
measurement, 69, 111-116: See
also Instruments
Temperature method, outside air,
HVAC units, 110-111
Tension, of V-belts, 42—44
Terminal, defined, 1, 2
Terminal devices
duct systems, problem noises in,
348
man-hour table, 370
Terminal units
air system, man-hour table, 370
coil check, 250
hydronic, man-hour table, 372
Testing
adjusting, and balancing (TAB):
See TAB
of cleanrooms: See Cleanrooms
defined, 1
Test wells, glass tube thermometers,
94
Thermal conductance (C), 133
Thermal conductivity (K), 133
Thermocouple thermometers, 95-96
for airflow measurement, 69
Thermohygrometers, electronic,
100-101
Thermometers, 69, 94-97
Three-phase circuits, 258—-260
motor power equations, 265-266
Three-pipe systems, 219, 222
Three-way valves, 224, 279
Timbre, of sound, 322
Tobacco smoke and respirable
particulates, 177
Tonal indoor noise, 326

Total dynamic head, 196
Total heat (enthalpy), 135, 147, 236
air heat flow equations, 137
airstream mixing, 161-162
devices, energy recovery
fundamentals, 179-180
psychrometric chart lines, 148
Total pressure (TP), 49, 50
Transducers, vibration measurement
and, 345-346
Transformers, electrical, 260—263
center taps, 260-262
large, 262
small, 262-263
Trapezoids, areas of, 381-383
Traverses, duct, 70, 72-74, 246
Triangles, areas of, 379-382
Trigonometric functions, natural,
380
Troubleshooting, 349-365
air systems, 350-353
duct system air leakage, 353
fans, 350-353, 354358
chart, 353, 354—358
inlet spin, 352
resonance, 352—-353
surge, 351
system effect problems,
351-352
unbalance, 353
high-pressure drop fittings, 353
noise, system vs. fan, 350
chart, fans, 353, 354-358
with control diagrams, automatic
temperature control, 277
HVAC systems problems, 349-350
hydronic systems, 353—-365
air control, 360-361
chart for, 361, 362—-365
noise, system and pump,
353-358
pumps, 353-360
cavitation, 358-359
entrained air in, 359—-360
inlet piping, 360
misalignments, 359
Tubeaxial fans, curves and, 26
Tubular centrifugal fans, 25

Index 479

Two-pipe systems, 219, 221

Two position control, automatic
temperature control,
275-276

Two-position valves and dampers,
279-280

Two-way valves, hydronic piping
flow measurements,
225-226

Unbalance, fan, troubleshooting, 353

Unidirectional airflow, cleanrooms
and, 292-293

Unit air measurements: See HVAC
equipment/systems

U-Tube manometer, for airflow
measurement, 66, 67,
76-T7

Valves
ATC (automatic temperature
control systems), 278-280
balance valve tests, 251
balancing, flow-measuring devices,
93
control
differential pressure, 226
for flow measurement, 235-236
diverting, 224
three-way, 279
fill, troubleshooting, 361
mixing, 224-225
modulating, 279-280
pneumatic, 280
three-way, 224, 230-231, 279
two-position, 279-280
two-way, 225-226
Vaneaxial fans, curves and, 26
Vapor pressure, 147
Variable systems: See also Fan
drives and equations
air volume (VAV), 170
frequency drives (VFDs), 270
variable-speed pumps, 226
variable-speed V-belts, 38—40
variable-volume hydronic systems,
225-226
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V-belts: See Fan drives and
equations
Velocity, of vibration, 339, 340
Velocity head, 195
Velocity pressure (V,), 4953
Ventilation, man-hour table, 370
Venturi tubes, 91-92, 233-235
Vertical inclined manometers, 66,
77-78
Vertical unidirectional airflow,
cleanrooms and, 292-293
Vibration, 337-346
acceleration, 339, 340
accelerometers, 345-346
acoustically inducted perceptible,
indoor noise and, 326-327
calibration, 346
displacement, 339-340, 340
equipment, 344-346
field, 345
frequency, 338, 340
isolation of, 340-341
measurements of, 341-342
microphones, 343
period, 338
phase, 340
pickups, 345-346

sound level meters, 342
terms used, 338-340
transducers, 345-346
velocity, 339, 340
Volatile organic compounds (VOCs),
indoor air quality and,
177
Volt-ammeters, 106-107, 272
safety and use of, 107-108
Volts/Voltage, 253, 256
Volumes: See also Mathematics
moist air, 147

Wavelengths, indoor noise
measurements and,
330-331

Weight arrestance tests, of air
filters, 294

Weighting networks, decibels and,
315-316

Wet bulb temperatures, 145, 236

psychrometric chart lines, 148

Wind effects, indoor air quality and,
171

Windscreens, against sound,
343-344

Wire, electrical, 260—261

Wound-rotor motors, 264
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