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PREFACE TO SECOND EDITION

Air conditioning, or HVAC&R, is an active, rapidly developing technology. It is closely related to
the living standard of the people and to the outdoor environment, such as through ozone depletion
and global warming. Currently, air conditioning consumes about one-sixth of the annual national
energy use in the United States.

At the beginning of a new millennium, in addition to the publication of ASHRAE Standard
90.1-1999 and ASHRAE Standard 62-1999, often called the Energy standard and Indoor Air Qual-
ity standard, the second edition of Handbook of Air Conditioning and Refrigeration is intended to
summarize the following advances, developments, and valuable experience in HVAC&R technol-
ogy as they pertain to the design and effective, energy-efficient operation of HVAC&R systems:

First, to solve the primary problems that exist in HVAC&R, improve indoor air quality through
minimum ventilation control by means of CO,-based demand-controlled or mixed plenum con-
trolled ventilation, toxic gas adsorption and chemisorption, medium- and high-efficiency filtration,
and damp surface prevention along conditioned air passages. ANSI/ASHRAE Standard 52.2-1999
uses 16 minimum efficiency reporting values (MERVs) to select air filters based on particle-size
composite efficiency.

Energy conservation is a key factor in mitigating the global warming effect. Electric deregula-
tion and the use of real-time pricing instead of the time-of-use rate structure in the United States
have a significant impact on the energy cost. ANSI/ASHRAE Standard 90.1-1999 has accumulated
valuable HVAC&R energy-efficient experiences since the publication of Standard 90.1-1989 and
during the discussions of the two public reviews.

For buildings of one or two stories when the outdoor wind speed is normal or less than normal,
the space or building pressurization depends mainly on the air balance of the HVAC&R system and
on the leakiness of the building. A proper space pressurization helps to provide a desirable indoor
environment.

Second, there is a need for a well-designed and -maintained microprocessor-based energy man-
agement and control system for medium-size or large projects with generic controls in graphical
display, monitoring, trending, totalization, scheduling, alarming, and numerous specific functional
controls to perform HVAC&R operations in air, water, heating, and refrigeration systems.
HVAC&R operations must be controlled because the load and outside weather vary.

The sequence of operations comprises basic HVAC&R operations and controls. In the second
edition, the sequence of operations of zone temperature control of a single-zone VAV system, a
VAV reheat system, a dual-duct VAV system, a fan-powered VAV system, and a four-pipe fan-coil
system is analyzed. Also the sequence of operations of a plant-building loop water system control,
the discharge air temperature control, and duct static pressure control in an air-handling unit are dis-
cussed.

Third, new and updated advanced technology improvements include

» Artificial intelligence, such as fuzzy logic, artificial neural networks, and expert systems, is
widely used in microprocessor-based controllers.

e BAChnet is an open protocol in control that enables system components from different vendors to
be connected to a single control system to maximize efficiency at lowest cost.

e Computational fluid dynamics is becoming an important simulation technology in airflow, space
diffusion, clean rooms, and heat-transfer developments.
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e Scroll compressors are gradually replacing reciprocating compressors in packaged units and
chillers because of their higher efficiency and simple construction.

e Ice storage systems with cold air distribution shift the electric power demand from on-peak
hours to off-peak hours and thus significantly reduce the energy cost.

¢ Desiccant-based air conditioning systems replace part of the refrigeration by using evaporative
cooling or other systems in supermarkets, medical operation suites, and ice rinks.

¢ Fault detection and diagnostics determine the reason for defects and failures and recommend a
means to solve the problem. It is a key device in HVAC&R operation and maintenance.

Fourth, air conditioning is designed and operated as a system. In the second edition, HVAC&R
systems are classified in three levels. At the air conditioning system level, systems are classified as
individual, evaporative, space, packaged, desiccant-based, thermal storage, clean-room, and central
systems. At the subsystem level, systems are classified as air, water, heating, refrigeration, and con-
trol systems. At the main component level, components such as fans, coils, compressors, boilers,
evaporators, and condensers are further divided and studied. Each air conditioning system has its
own system characteristics. However, each air conditioning system, subsystem, and main compo-
nent can be clearly distinguished from the others, so one can thus easily, properly, and more pre-
cisely select a require system.

Fifth, computer-aided design and drafting (CADD) links the engineering design through calcu-
lations and the graphics to drafting. CADD provides the ability to develop and compare the alterna-
tive design schemes quickly and the capability to redesign or to match the changes during construc-
tion promptly. A savings of 40 percent of design time has been claimed.

Current CADD for HVAC&R can be divided into two categories: engineering design, including
calculations, and graphical model drafting. Engineering design includes load calculations, energy
use estimates, equipment selection, equipment schedules, and specifications. Computer-aided draft-
ing includes software to develop duct and pipework layouts and to produce details of refrigeration
plant, heating plant, and fan room with accessories.
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PREFACE TO THE FIRST EDITION

Air conditioning, or more specifically, heating, ventilating, air ventilating, air conditioning, and re-
frigeration (HVAC&R), was first systematically developed by Dr. Willis H. Carrier in the early
1900s. Because it is closely connected with the comfort and health of the people, air conditioning
became one of the most significant factors in national energy consumption. Most commercial build-
ings in the United States were air conditioned after World War I1.

In 1973, the energy crisis stimulated the development of variable-air-volume systems, energy
management, and other HVAC&R technology. In the 1980s, the introduction of microprocessor-
based direct-digital control systems raised the technology of air conditioning and refrigeration to a
higher level. Today, the standards of a successful and cost-effective new or retrofit HVAC&R pro-
jects include maintaining a healthy and comfortable indoor environment with adequate outdoor
ventilation air and acceptable indoor air quality with an energy index lower than that required by
the federal and local codes, often using off-air conditioning schemes to reduce energy costs.

The purpose of this book is to provide a useful, practical, and updated technical reference for the
design, selection, and operation of air conditioning and refrigeration systems. It is intended to sum-
marize the valuable experience, calculations, and design guidelines from current technical papers,
engineering manuals, standards, ASHRAE handbooks, and other publications in air conditioning
and refrigeration.

It is also intended to emphasize a systemwide approach, especially system operating characteris-
tics at design load and part load. It provides a technical background for the proper selection and op-
eration of optimum systems, subsystems, and equipment. This handbook is a logical combination of
practice and theory, system and control, and experience and updated new technologies.

Of the 32 chapters in this handbook, the first 30 were written by the author, and the last two
were written by Walter P. Bishop, P. E., president of Walter P. Bishop, Consulting Engineer, P. C.,
who has been an HVAC&R consulting engineer since 1948. Walter also provided many insightful
comments for the other 30 chapters. Another contributor, Herbert P. Becker, P. E., reviewed Chaps.
1 through 6.
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selection, 7.33-7.34
total head, 7.30-7.32
volume flow, 7.30
Centrifugal refrigeration systems, 13.1-13.7
compressor, 13.3-13.4
free refrigeration, 13.31-13.33
free refrigeration, principle of operation,
13.31-13.32
free refrigeration capacity, 13.32-13.33
purge unit, 13.5-13.7
refrigerants, 13.2-13.3
system components, 13.4—13.5
Chilled-water storage systems, stratified,
31.18-31.23
basics, 31.18-31.19
case-study, 31.23-28
charging and discharging, 31.18,
31.26-31.27
charging and discharging temperature,
31.22-31.23
chilled water storage system, 31.23-31.25
concentric double-octagon diffusers,
31.24-31.26
diffusers, 31.20-31.22
figure of merit, 31.19
inlet Reynolds number, 31.21-31.22
part-load operation, 31.27-31.28



Chilled-water storage systems, stratified (Cont.)
self-balancing, 31.22
storage tanks, 31.19
stratified tanks, 31.19-31.20
system characteristics, 31.10
system description, 31.18
system performance, 31.28
thermocline and temperature gradient,
31.20-31.21
Chlorofluorocarbons (CFCs), 1.12
Clean room, 4.31
Clean space, 4.31
Clearness number of sky, 3.26
Clothing:
efficiency, 4.6
insulation, 4.7
CLTD/SCL/CLF method of cooling load calcu-
lation, 6.26—6.32
exterior walls and roofs, 6.26—-6.28
fenestration, 6.28
infiltration, 6.31
internal loads, 6.29—-6.31
night shutdown mode, 6.32
wall exposed to unconditioned space,
6.28-6.29
Codes and standards, 1.23-1.25
Cogeneration, 12.25-12.26
using a gas turbine, 12.28-12.29
Coil accessories, 15.56-15.57
air stratification,15.58 -15.59
air vents, 15.56
coil cleanliness, 15.57
coil freeze protection, 15.58—15.60
condensate collection and drain system,
15.57-15.58
condensate drain line, 15.58
condensate trap, 15.58
drain pan, 15.58
Coil characteristics, 15.32—-15.39
coil construction parameters, 10.3-10.4
contact conductance, 15.37-15.39
direct-expansion (DX), 15.33
fins, 15.33-15.37
interference, 15.38
steam heating, 15.33
types of, 15.33-15.34
water circuits, 15.38-15.39
water cooling, 15.33
water heating, 15.33
Coils, DX (wet coils), 10.2-10.10
(See also DX coils)
Coils, sensible cooling and heating (dry coils),
15.39-15.48
Chilton-Colburn j-factor, 15.41

Coils, sensible cooling and heating (dry coils)
(Cont.)
effectiveness &, 15.42
fin efficiency 7, 15.41-15.42
fin surface efficiency 7, 15.41
fluid velocity and pressure drop, 15.44
heat transfer in sensible cooling process,
15.39-15.41
heating coils, 15.44
JP parameter, 15.41
number of transfer units (NTU), 15.43
part-load operation, 15.44
surface heat transfer coefficients,
15.41-15.42
Coils, water cooling (dry-wet coils),
15.48-15.52
dry-part, 15.50
dry-wet boundary, 15.48-15.49
part-load operation, 15.50—15.51
selection, 15.51-15.52
wet-part, 15.50
Cold air distribution, 18.28 —18.30
case-study, Florida Elementary School,
18.29
characteristics, 18.29
vs. conventional air distribution, 18.28
with fan-powered VAV boxes, 18.30
high induction nozzle diffusers,
18.28-18.29
performance of ceiling and slot diffusers,
18.29-18.30
surface condensation, 18.30
Commissioning, 32.1
cost of HVAC&R commissioning, 32.5
necessity of HVAC&R commissioning,
32.1-32.2
scope of, 32.2-32.3
team of HVAC&R commissioning, 32.4
when to perform, 32.4-32.5
Compound systems with flash cooler:
coefficient of performance, 9.33, 9.38
coil core surface area F, 15.40
enthalpy of vapor mixture, 9.32-9.33
flow processes, 9.31
fraction of evaporated refrigerant in flash
cooler, 9.31-9.32, 9.35-9.37
three-stage, 9.35-9.38
two-stage, 9.31-9.33
Compound system with vertical intercooler,
two-stage, 9.38-9.40
comparison between flash coolers and inter-
coolers, 9.40
Compressibility factor, 2.2—2.3
Compressors, reciprocating, 11.5



Computational fluid dynamics (CFD),
18.51-18.54
conducting CFD experiments, 18.54
numerical methods, 18.52-18.53
Reynolds-averaged Navier-Stokes equations,
18.52
velocity vectors of the airflow in a duct sec-
tion, 18.53
Computer-aided design, 1.25-1.26
Computer-aided design and drafting (CADD),
1.25-1.26
Computer-aided design and interface, 17.73
Computer-aided drafting, 1.26
Computer-aided duct design and drafting,
17.72-17.73
Computer-aided duct drafting, 17.72
Computer-aided running processes of duct sys-
tem, 19.73
Computer-aided schedules and layering,
17.72-17.73
Computer-aided piping design and drafting,
7.58-7.60
computer-aided design capabilities,
7.59-7.60
computer-aided drafting capabilities,
7.58-7.59
input data and reports, 7.60
pressure losses and network technique,
7.59
pump and system operations, 7.59
system and pipe size, 7.59
Condensation:
in buildings, 3.17-3.18
concealed condensation in building en-
velopes, 3.18
visible surface, 3.17-3.18
Condensation process, 10.20—10.21
heat rejection factor, 10.21-10.22
total heat rejection, 10.21-10.22
Condensers, 10.20-10.36
automatic brush cleaning for, 13.13-13.15
effect of brush cleaning system,13.14—-13.15
principle and operation, 13.13-13.14
type of, 10.22
Condensers, air-cooled, 10.26—-10.30
clearance, 10.29
condenser temperature difference,
10.28-10.29
condensing temperature, 10.29,
construction, 10.26-10.28
cooling air temperature rise, 10.28
dirt clogging, 10.29
heat transfer process, 10.26-10.28
low ambient control, 10.29-10.30

INDEX

Condensers, air-cooled (Cont.)
oil effect, 10.29
selections, 10.30
subcooling, 10.29
volume flow, 10.28
warm air circulation, 10.29
Condensers, evaporative, 10.30—10.33
condensation process, 10.30
cooling air, 10.32
heat transfer, 10.30—-10.32
low ambient air control, 10.33
selection and installations, 10.33
site location, 10.32—-10.33
water spraying, 10.32
Condensers, water-cooled, 10.22-10.26
capacity, 10.26
double-tube condenser, 10.22-10.23
effect of oil, 10.25
heat transfer, 10.24-10.25
part-load operation, 10.26
performance, 10.25-10.26
shell-and-tube condensers, 10.22-10.25
subcooling, 10.25
types of, 10.22
Conduit induction system, 1.11
Constant-volume multizone system with reheat,
20.74-20.78
control systems, 20.75-20.76
operating parameters and calculation,
20.76-20.78
reheating, recooling and mixing,
20.74-20.75
system characteristics, 20.78
Constant-volume single-zone systems, cooling
mode operation, 20.53-20.59
air conditioning cycle, cooling mode opera-
tion, 20.53-20.54
cooling mode operation in summer,
20.53-20.56
cooling mode operation in winter with space
humidity control, 20.55-57
cooling mode operation in winter without
space humidity control, 20.55-57
outdoor ventilation air and exhaust fans,
20.58-20.59
part-load operation and controls, 20.58
two-position or cycling control, 20.58
water flow rate modulation, 20.58
Constant-volume single-zone systems, heating
mode operation, 20.69—-20.74
dual-thermostat, year-round zone temperature
control, 20.73-20.74
heating mode with space humidity control,
20.71-20.73
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Constant-volume single-zone systems, heating
mode operation (Cont.)

heating mode without space humidity control,

20.69-20.70
part-load operation, 20.73
Constant-volume systems, 20.40—20.41
energy per unit volume flow, 20.41
system characteristics, 20.40—-20.41
Control loop, 5.5
closed, 5.5
open, 5.5
Control medium, 5.11
Control methods, 5.7-5.9
comparison of, 5.8—5.9
direct-digital-control (DDC), 5.7
electric or electronic control, 5.7-5.8
pneumatic control, 5.7
Control modes, 5.9-5.16
compensation control or reset, 5.15
differential, 5.9
floating control, 5.11
modulation control, 5.10
offset or deviation, 5.13
proportional band, 5.12
proportional control, 5.11-5.13

proportional-integral-derivative (PID) control,

5.14-5.15
proportional plus integral (PI) control,
5.13-5.14
step-control, 5.10-5.11
throttling range, 5.12
two-position, 5.9-5.10
Control systems, 5.2
direct digital control (DDC), 1.9
dual-thermostat year-round zone temperature
control, 20.73-20.74
Control valves, 5.26-5.31,
actuators, 5.26-5.27
equal-percentage, 5.28
flow coefficient, 5.31
linear, 5.28
quick-opening, 5.29
rangeability, 5.29
three-way, 5.27
two-way, 5.27
Controlled device, 5.5
Controlled variable, 5.2
Controllers, 5.21-5.26
direct-acting and reverse-acting, 5.21-5.22
direct digital, 5.23-5.26
electric and electronic, 5.23
electric erasable programmable read-only
memory (EEPROM), 5.24

Controllers (Cont.)
flash erasable programmable read-only mem-
ory (flash EPROM), 5.25
normally closed or normally open, 5.22
pneumatic, 5.22-5.23
random-access memory (RAM), 5.24
read-only memory (ROM), 5.23
system, 5.23-5.26, 5.38-5.39
unit, 5.23-5.26, 5.39
Controls:
alarming, 5.60
discriminator, 5.60
functional, 5.58-5.61
generic, 5.59-5.60
graphical displays, 5.59
scheduling, 5.59-5.60
specific, 5.60-5.61
trending, 5.59
Cooling coil load, 6.32-6.34
duct heat gain, 6.33
fan power, 6.33
temperature of plenum air, 6.34
ventilation load, 6.34
Cooling coil load, components, 6.7—6.8
Cooling load:
components, 6.6—6.7
external, 6.7
internal, 6.7
Cooling load calculations:
historical development, 6.11-6.12
heat balance, 6.12—6.14
transfer function, 6.14—-6.16
Cooling media, 9.3
Cooling towers, 10.34-10.36
approach, 10.36, 10.41
blowdown, 10.36
construction materials, 10.43
counterflow forced draft, 10.35-10.36
counterflow induced draft, 10.34—-10.35
crossflow induced draft, 10.34-10.35
factors affecting performance, 10.40
fill configuration, 10.42-10.43
heat and mass transfer process, 10.37-10.39
makeup, 10.36
optimum control, 10.43-10.44
outdoor wet-bulb temperature, 10.41
part-load operation, 10.43
performance, 10.40-10.43
range, 10.36, 10.40
thermal analysis, 10.36—-10.39
tower capacity, size, 10.37-10.39
tower coefficient (NTU), 10.36-10.39, 10.41
water-air ratio, 10.41



Cooling towers (Cont.)
water circulating rate, 10.40
water distribution, 10.43
Cooling towers, operating considerations,
10.46-10.48
blowdown, 10.47
fogging, 10.46-10.47
freeze protection, 10.46
interference, 10.46
Legionnaires’ disease, 10.47
maintenance, 10.47-10.48
recirculation, 10.46
Coordination, 1.19
Copenhagen Amendments and Vienna Meeting,
9.10-9.11
Corrosion, 7.25

Daily range, mean, 4.39
Dalton’s law, 2.3-2.4
Dampers, 5.32-5.38
actuators, 5.33
butterfly, 5.32
characteristic ratio, 5.35-5.37
gate, 5.32
opposed-blade, 5.33, 5.35-5.37
parallel-blade, 5.33 , 5.35-5.37
sizing, 5.37-5.38
split, 5.32-33
DDC programming, 5.53—-5.55
evolution, 5.53
graphical, 5.53-5.54
for mechanical cooling control, 5.55
templates, 5.54
DDC tuning controllers, 5.55-5.56
adaptive control, 5.56
PI controllers, 5.55
self-tuning, 5.55
Degree days:
cooling with a base temperature of 50 °F, 4.39
heating with a base temperature of 65 °F, 4.39
number of, 4.39
Degree of saturation, 2.8
Demand-controlled ventilation (DCV), CO,-
based, 23.5-23.12
application of, 23.11-23.12
ASHRAE Standard 62—1999, 23.7
base ventilation, 23.9-23.10
CO,-based DCV system, 23.10-23.11
CO, sensor or mixed-gases sensor, 23.7
location of CO, sensor, 23.7-23.8
minimum outdoor air recirculation mode,
23.6

INDEX

Demand-controlled ventilation (DCV), CO,-
based (Cont.)
purge mode, 23.10
substantial lag time in space CO, concentra-
tion dilution process, 23.8-23.8
vs. time-based constant-volume control,
23.5-23.6
Depletion of the ozone layer, 1.15
Desiccant-based air conditioning systems,
29.22-29.27
applications, 29.34-29.35
conditions to apply, 29.34—29.35
desiccant dehumidification and sensible cool-
ing, 29.22-29.24
desiccants, 29.24-29.26
lithium chloride, 29.26
molecular sieves, 29.26-29.27
rotary desiccant dehumidifiers, 29.27
silica gel, 29.26
system characteristics, 29.21
Desiccant-based air conditioning systems, for
operating rooms, 29.32-29.34
indoor environment, 29.32-29.33
system description, 29.33-29.34
Desiccant-based air conditioning systems, for
retail store, 29.31-32
operating characteristics, 29.31-29.32
performance, 29.32
system description, 29.31-29.32
Desiccant-based air conditioning systems, for
supermarket, 29.27-29.31
air conditioning cycle, 29.30—29.31
gas heater, 29.30
heat-pipe heat exchanger, 29.29-29.30
indirect evaporative cooler, 29.30
loads in supermarkets, 29.27
operating parameters in rotary desiccant de-
humidifier, 29.29
part-load operation and controls, 29.31
refrigeration, 29.30,
space conditioning line, 29.28-29.29
system description, 29.25, 29.28
of the control systems, 1.20—1.21
Design
documents, 1.21-1.22
Design-bid, 1.17
Design-build, 1.17
Design intent, 32.1
Desorption isotherm, 3.11
Diagram:
pressure-enthalpy, 9.17-9.18
temperature-entropy, 9.18-9.19
Direct expansion (DX) coil, 1.4
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Discharge air temperature controls,
23.18-23.23
basics, 23.18
discharge air temperature reset,
23.22-23.23
operation of air economizer, 23.21-23.22
outdoor air intake, 23.21-23.22
system description, 23.19-23.21
Distribution of systems usage, 1.10
Diversity factor, 1.20
Drawings, 1.22
air duct diagram, 1.22
control diagrams, 1.22
detail, 1.22
equipment schedule, 1.22
floor plans, 1.22
legends, 1.22
piping diagram, 1.22
sections and elevations, 1.22
Duct cleaning, 17.74-17.75
Duct construction, 17.12-17.18
duct hanger spacing, 17.17
fiberglass ducts, 17.18
flame speed and smoke developed, 17.13
flat oval ducts, 17.17-17.18
flexible ducts, 17.18
material, 17.12-17.13
maximum pressure difference, 17.12
rectangular ducts, 17.13
rectangular metal duct construction, 17.15
round ducts, 17.17
thickness of galvanized sheets, 17.14, 17.17
transverse joint reinforcement,17.16
Duct friction losses, 17.22-17.31
absolute and relative roughness, 17.22-17.24
circular equivalents, 17.27-17.31
Colebrook formula, 17.24
Darcey-Weisbach equation, 17.22
duct friction chart, 17.24-17.26 17.25-17.26
duct roughness, 17.25
friction factor, 17.22-17.24
Moody diagram, 17.22-17.23
roughness and temperature corrections, 17.25
Rouse limit, 17.24
Swamee and Jain formula, 17.24
Duct insulation, 17.19-17.22
duct insulation by ASHRAE Standard
90.1-1999,17.19-17.21
temperature rise and drop, 17.19
temperature rise curves, 17.21-17.22
Duct liner, 17.74
Duct sizing methods, 17.53-17.56
constant velocity method, 19.53-19.54
equal friction method, 17.53

Duct sizing methods (Cont.)
static regain method, 17.54—-17.55
T-method, 17.55-17.56
Duct static pressure and fan controls,
23.23-23.26
comparison between adjustable-frequency
drives and inlet vanes, 23.24—-23.26
duct static pressure control, 23.23-23.24
sensor’s location, 23.24
set point, 23.24
Duct systems with certain pressure losses in
branch takeoffs, 17.56—-17.66
condensing two duct sections, 17.59-17.60
cost optimization, 17.56-17.59
design characteristics, 17.56
local loss coefficients for diverging tees and
wyes, 17.60-17.62
return or exhaust duct systems, 17.63
Duct systems with negligible pressure loss at
branch ducts, 17.66-17.72
local loss coefficients, 17.68 —17.69
pressure characteristics of airflow in supply
ducts, 17.66-17.68
rectangular supply duct with transversal slots,
17.67
return or exhaust duct systems, 17.71-17.72
supply duct systems, 17.66
DX coils, wet coils, 10.2—-10.10
air-side pressure drop, 10.8
construction and installation, 10.3-10.4
DX coil effectiveness, 10.6—10.7
face velocity, 10.7-10.8
part-load operation, 10.8—-10.10
selection of DX coils, 10.10
simultaneous heat and mass transfer,
10.5-10.6
superheated region, 10.5
two-phase region, 10.4-10.5
two-region model,10.4-10.5
Dynamic losses, 17.31-17.38
converging and diverging tees and wyes,
17.34-17.37
elbows, 17.31-17.34
entrances, exits, enlargements, and contrac-
tions, 17.38

Earth-sun distance, 3.25
Economizer cycle, economizers, and econo-
mizer control, 21.8-21.16
air economizers, 21.8
ANSI/ASHRAE Standard 90.1-1999 econo-
mizer control specifications,
21.14-21.16



Economizer cycle, economizers, and econo-
mizer control (Cont.)
comparison of air and water economizers,
21.14
comparison of enthalpy-based and tempera-
ture-based, 21.10-21.12
differential enthalpy, electronic enthalpy, and
fixed enthalpy, 21.8-21.9
enthalpy (-based) economizer control,
21.8-21.9
fixed dry-bulb and differential dry bulb,
21.9-21.10
sequence of operations of a differential dry-
bulb, 21.10
sequence of operations of a differential en-
thalpy, 21.9
water economizer, 21.8,
water economizer control, 21.12-21.14
Effective temperature, 4.14
Electric heating fundamentals, 8.15-8.16
electric duct heaters, 8.17
electric furnaces and electric heaters,
8.16-8.17
Electricity deregulation, 25.14-25.15
California approach, 25.15
case-study: automatic control of RTP,
25.16-25.17
prior to deregulation, 25.14
real-time pricing (RTP), 25.15-25.16
Energy conservation measures, 25.10—25.11
case-study-for an office, 25.12
Energy cost budget method, ASHRAE/IESNA
Standard 90.1-1999, 25.28
Energy efficiency, 1.13—-1.15, 25.1-25.2, 25.5 -
25.10
during design, construction, commissioning,
and operation, 25.2
energy audits, 25.6
energy retrofits, 25.6—25.7
energy service companies (ESCOs), 25.7
federal mandates, 25.5
performance contracting, 25.7—25.8
reduction of unit energy rate, 25.2—25.3
Energy management and control systems
(EMCS), 5.3
Energy management systems, 5.3
Energy use (energy consumption), 1.13-1.15,
25.1-25.2
between HVAC&R system characteristics,
25.12-25.13
building energy consumption and thermal
storage systems, 31.2
fan, motor, and drive combined efficiency,
25.13-25.14

INDEX

Energy use (energy consumption) (Cont.)
heating-cooling equipment, 25.13
Energy use, index, 9.55-9.55
energy efficiency ratio (EER), 9.55
energy use intensities, 25.5-25.6
heating season performance factor (HSPF),
9.55
integrated part-load value (IPLV), 9.56
kW/ton, 9.55-9.56
seasonal energy efficiency ratio (SEER),
9.56
Engineering responsibilities, 1.18—1.19
Engineer’s quality control, 1.20
Environment:
cleanest, 1.13
most precise, 1.13
quietest, 1.13
Environmental problems, 1.15
Equation of state:
of an ideal gas, 2.2
of a real gas, 2.2
Evaporative coolers, add-on, 27.18-27.24
indirect-direct cooler to a DX packaged sys-
tem, 27.18-27.20
tower and coil combination, 27.22-27.23
tower coil and rotary wheel combination,
27.20-27.22
Evaporative cooling, 27.1
air washers, 27.4
direct, 27.2
direct evaporative coolers, 27.3-27.4
evaporative pads, 27.4
operating characteristics, 27.6
rigid media, 27.4
rotary wheel, 27.4-27.6
saturation efficiency, 27.2—27.4
Evaporative cooling, indirect, 27.6-27.13
effectiveness, 27.10-27.11
heat transfer process, 27.7—27.10
operating characteristics, 27.11-27.12
part-load operation and control, 27.12-27.13
process, 27.6
Evaporative cooling, indirect-direct two-stage
systems, 27.13-27.18
case study: Nevada’s College, 27.16—27.18
energy efficiency ratio and energy use intensi-
ties, 27.16
indirect-direct two-stage evaporative cooler,
27.13-27.15
system characteristics, 27.17-27.18
using outdoor air as cooled and wet air,
27.15
using return air as wet air and outdoor-return
air mixture as cooled air, 27.15-27.16
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Evaporative cooling systems, 27.1-27.2
beware of dampness, sump maintenance, and
water leakage, 27.24
design considerations, 27.24-27.26
scope of applications, 27.24
selection of summer outdoor design condi-
tions, 27.24-27.26
Evaporative heat loss, 4.7—4.9
diffusion, 4.8—4.9
maximum, 4.7-4.8
due to regulatory sweating, 4.7—-4.8
respiration losses, 4.7
from skin surface, 4.7
Evaporators, 10.2—-10.20
air-cooler, 10.2
circulating rate, 10.20
counterflow or parallel flow, 10.20
direct-expansion liquid cooler, 10.18
down-feed or up-feed, 10.20
DX coil (wet coils) 10.2—10.10
flooded liquid cooler, 10.12—1020
liquid cooler, 10.2
liquid overfeed cooler, 10.18-10.20
mechanical pump or gas pump, 10.20
Energy, 9.19
Expansion tank:
closed, 7.21
diaphragm, 7.21-23
fill pressure, 7.21
open, 7.20-7.21
water logging, 7.24-7.25

Factors affecting control processes, 5.56—5.58
climate change, 5.56—5.57
disturbance, 5.57
intermittent operation, 5.57
load, 5.56
performance of control processes, 5.57—-5.58
system capacity, 5.57
thermal capacitance, 5.58
turndown ratio, 5.57
Fan capacity modulation, 15.20—15.24
ac inverter, 15.20-15.21
adjustable pitch, 15.24
blade pitch, 15.24
controllable pitch, 15.24
fan speed with adjustable frequency drives,
15.20-15.21
inlet cone, 15.23-15.24
inlet-vanes, 15.21-15.23
pulse-width-modulated inverter, 15.21
variable-speed drives (VSDs), 15.20-15.21
Fan coil, 1.5

Fan coil systems, 28.3-28.5
operating characteristics, 28.3-28.5
system description, 28.3
Fan coil systems, four-pipe, 28.9-28.15
chilled water supplied to coils, 28.11-28.12
dedicated ventilation system, 28.10—28.11
exhaust air to balance outdoor ventilation air,
28.12
general description, 28.9—-28.10
operating parameters, 28.14—28.19
part-load operation, 28.13
space recirculation systems, 28.11
system characteristics, 28.14-28.15
zone temperature control and sequence of op-
erations, 28.13-28.14
Fan coil systems, two-pipe, 28.20-28.24
applications, 28.24
changeover two-pipe systems, 28.23 -28.24
nonchangeover two-pipe systems,
28.20-28.23
system characteristics, 28.15
Fan coil units, 28.5-28.9
coils, 28.7
cooling and dehumidifying, 28.8—28.9
fan, 28.6-28.7
filters, 28.7
sound power level, 28.9
volume flow rate, 28.7-28.8
Fan combinations, 22.4
operating modes, 22.4—-22.5
Fan combinations, supply and exhaust fans,
22.8-22.14
air-economizer mode, 22.13
operating characteristics, 22.9-22.10
pressure variation at the mixing box,
22.13-22.14
recirculating mode and design volume flow
rate, 22.9-22.12
recirculating mode, 50% design flow rate,
22.12-22.13
system characteristics, 22.8—-22.9
warmup and colddown mode, 22.13
Fan combinations, supply and relief fans,
22.14-22.18
air economizer mode and design volume flow
rate, 22.14-22.16
air economizer mode, 50% design flow, 22.17
design considerations and controls,
22.17-22.18
recirculating mode, 22.14-22.15
warmup and cool-down mode, 22.17
Fan combinations, supply and return fans,
22.18-22.21
air economizer mode, 22.20-22.21



Fan combinations, supply and return fans
(Cont.)
comparison of three fan combination systems,
22.21-22.22
controls, 22.21
recirculating mode, 22.18-22.20
Fan construction and arrangements,
15.25-15.29
drive arrangements and direction of dis-
charge, 15.26-15.28
high-temperature fans, 15.27
safety devices, 15.28—-15.29
sizes and class standards, 15.25-15.26
spark-resistant construction, 15.28
width and inlets, 15.26—15.27
Fan-duct systems, 20.14— 20.17
fan laws, Buckingham 77 method,
20.15-20.17
inlet system effect, 20.18-20.19
inlet system effect loss, 20.19
inlet system effect loss coefficient,
20.19-20.20
outlet system effect, 20.20—-20.22
outlet system effect loss coefficient,
20.22-20.23
selecting fans considering system effect
losses, 20.23-20.24
system effect, mechanism, 20.17,
system operating point, 20.15
Fan-duct systems, combination, 20.24-20.31
connected in series, 20.25-20.26
fan combined in parallel and connected in se-
ries with a duct system, 20.26—-20.27
two parallel fan-duct systems with another
duct system, 20.28-20.30
Fan-duct systems, modulation, 20.31-20.38
blade pitch variation of axial fan, 20.35-20.36
modulation curve, 20.31-20.32
using dampers, 20.33
using inlet cone, 20.34—-20.35
using inlet vanes, 20.34
varying fan speed, 20.35-20.36
Fan energy use, criteria of Standard 90.1-1999,
17.10-17.12
for constant volume systems, 17.10-17.11
for VAV systems, 17.11-17.12
Fan-powered VAV box, 1.8
Fan room, 16.24-16.28
isolated, 16.24 -16.25
layout considerations, 16.25-16.28
open, 16.24
types of, 16.24-16.25
Fan selection, 15.29-15.32
case-study, 15.32

INDEX

Fan selection (Cont.)

comparison between various type of fans,
15.31-15.32

estimated fan sound power level,
15.30-15.31

Fans, fundamentals, 15.2—-15.7

air temperature increase through fan, 15.5

blower, 15.2

compression ratio, 15.2

functions, 15.2

influence of elevation and temperature,
15.6-15.7

performance curves, 15.5-15.6

power and efficiency, 15.4-15.5

pressure, 15.4

types of, 15.2-15.3

volume flow rate or capacity, 15.4

Fan stall, 15.24-15.25
Fan surge, 15.24
Fans, axial, 15.14-15.20

hub ratio, 15.14-15.15

number of blades, 15.20

performance curves, 15.17-15.19

power-volume flow curves, 15.18—-15.19

pressure-volume curves, 15.17

propeller, 15.15

reverse operation, 15.20

static pressure developed, 15.17

tip clearance, 15.20

total efficiency-volume flow curves,
15.18-15.19

tube-axial, 15.15-15.16

typical vane-axial fan, 15.19-15.20

types of, 15.14-15.16

vane-axial, 15.15-15.16

velocity triangles, 15.16—-15.17

Fans, centrifugal, 15.7-15.4

backward-curved, 15.8-15.10

blades, 15.7

blast area, 15.8

energy losses, 15.9

forward-curved, 15.11-15.12

impeller (fan wheel), 15.7-15.8

power-volume flow curves, 15.10—15.11

pressure-volume curves, 15.9

radial-bladed, 15.10-15.12

roof ventilators, 15.14

total efficiency-volume flow curves, 15.10

total pressure increase at fan impeller,
15.7-15.8

tubular or in-line, 15.12-15.13

unhoused plug/plenum,15.12-15.14

velocity triangles, 15.8

Fans, crossflow, 15.3-15.4

.13



.14

INDEX

Fault detection and diagnostics, 5.61-5.65
ANN models, 3.64
ARX models, 5.63-5.64
comparison of ARX and ANN models, 5.65
expert systems rule-based, 5.62-5.63
system and component models, 5.64
Fenestration, 3.29-3.31
Fiberglass in HVAC&R systems, 19.17-19.18
problems, 19.17-19.18
recommendations, 19.18
Field experience, 1.21
Finite difference method, 6.34—6.39
cooling loads, 6.39
interior nodes, 6.36—6.37
simplify assumptions, 6.36
space air temperature, 6.38—6.39
surface nodes, 6.37—-6.38
Flooded liquid cooler, 10.12—-10.20
construction, 10.12—-10.14
cooling capacity, 10.17
evaporating temperature, 10.16
fouling factor, 10.14-10.15
heat transfer, 10.14
oil effect, 10.17
part-load operation, 10.17-10.18
performance, 10.16—-10.17
pool boiling and force convection model,
10.15-10.16
temperature difference 7, - 7, 10.16—
10.17
Flow resistance, 17.38-17.43
connected in parallel, 17.41-17.42
connected in series, 17.40—-17.41
of duct system, 17.42-17.44
of Y-connection, 17.42-17.43
Flow sensors, 5.19-5.20
Fouling factor, 10.14-10.15
Fuzzy logic, 5.45-5.47
fuzzy logic controller, 5.47
fuzzy sets, 5.45
membership function, 5.45
production rules, 5.45-5.47

Gas cooling, 12.25-12.29
engine jacket heat recovery, 12.28
exhaust gas heat recovery, 12.27-12.28
gas-engine chiller, 12.25-12.27
gas engines, 12.27
Gaseous contaminants adsorbers and chemisor-
bers, 24.8-24.12
activated carbon adsorbers, 24.9
chemisorption, 24.11
chemisorption performance, 24.11

Gaseous contaminants adsorbers and chemisor-
bers (Cont.)
granular activated carbon (GAC) applications,
24.10-24.11
granular activated carbon (GAC) perfor-
mance, 24.9-24.10

indoor gaseous contaminants, 24.8-24.9
Gibbs-Dalton law, 2.4
Global radiation, 3.27-3.28
Global warming, 1.15, 25.3-25.5

CO, release, 25.4

effect, 1.15

Kyoto Protocol, 25.3

mitigating measures, 25.4-25.5

refrigerant emissions, 25.4—25.5

total equivalent warming impact, 25.3-25.4
Goal to provide an HVAC&R system, 1.17
Green buildings, 25.8—-25.10

basics, 25.8—-25.9

case-studies, 25.9-25.10

green building assessment (GBA), 25.9
Greenhouse effect, 1.15

Heat:
convective, 6.2
latent, 2.10
radiative, 6.2
sensible, 2.10
stored, 6.2
Heat capacity, 3.8
Heat of sorption, 3.12
Heat pipe heat exchangers, 12.23-12.24
Heat pump, 12.1-12.3
classification of, 12.3
cycle, 12.2-12.3
Heat pump systems, air-source, 12.5-12.13
capacity and selection, 12.13
compressor, 12.6—12.7
controls, 12.13
cooling mode, 12.9
cycling loss and degradation factor, 12.11
defrosting, 12.12-12.13
heating mode, 12.9
indoor coil, 12.7-12.8
outdoor coil, 12.8
reversing valve, 12.7-12.8
Standard 90.1—-1999 minimum efficiency re-
quirements, 12.12
suction line accumulator,12.8-12.9
system performance, 12.9-12.11
Heat pump systems, ground-coupled and surface
water, 12.17-12.19
Heat pump systems, groundwater, 12.13-12.17



Heat pump systems, groundwater (Cont.)
groundwater systems, 12.14
for hospital, 12.14-12.15
for residences, 12.15-12.16
Standard 90.1-1999 minimum efficiency re-
quirements, 12.17
Heat recovery, air-to-air, 12.19-12.24
comparison between various heat exchangers,
12.24
effectiveness, 12.19-12.20
fixed-plate heat exchangers, 12.20-12.21
heat pipe heat exchangers, 12.23-12.24
rotary heat exchangers, 12.12.21-12.23
runaround coil loops,12.21
types of, 12.19
Heat recovery systems, 12.3-12.5
heat balance and building load analysis,
12.4-12.5
Heat rejecting systems, 10.48—-10.51
comparison between various systems,
10.48-10.50
Standard 90.1-1999, 10.50-10.51
types of, 10.48
Heat transfer:
conductive, 3.3-3.4
convective, 3.4-3.5
fundamentals, 3.2
overall, 3.6-3.7
radiant, 3.5-3.6
Heat transfer coefficients, 3.8—-3.11
forced convection, 3.9
natural convection, 3.10
radiant, 3.8—-3.9
surface, 3.10-3.11, 4.5
Heating load, 6.39-6.42
basic principles, 6.39
heat loss from products, 6.41
infiltration, 6.41
latent heat loss, 6.41
night shutdown operation, 6.41-6.42
pickup load and oversizing factor, 6.42
setback, night, 6.41-6.42
transmission loss, 6.38 —6.40
unheated spaces, 6.40—6.41
Heating systems, 8.1—8.2
control and operations of multizones, 8.30—-8.31
design considerations, 8.30
design nomograph, 8.30
low-pressure ducted warm air, 8.17-8.22
radiant floor panel, 8.27-8.31
selection of, 8.2
system characteristics, 8.31
thermal characteristics of floor panel,
8.28-8.29

INDEX

Henry’s equation, 7.23

Hot water heating systems:
design considerations, 8.25-8.26
finned-tube heaters, 8.24-8.25
part-load operation and control, 8.26
two-pipe individual loop, 8.23-8.24
types of, 8.23
using finned-tube heaters, 8.23-8.26

Humidifiers, 15.72—15.85
humidifying load, 15.72-15.73
selection and design, 15.83-15.84
space relative humidity, 15.72
types of, 15.73

Humidifiers, atomizing and wetted element,

15.76-15.78
air washers, 15.79-15.82
bypass control, 15.81
characteristics, 15.82-15.83
construction of air washer, 15.79-15.80
case study: White Plains ultrasonic project,
15.77

centrifugal atomizing, 15.77-15.78
functions of air washer, 15.80
humidification process, 15.76
oversaturation, 15.81
performance of air washer, 15.80—15.81
pneumatic atomizing, 15.78
single-stage or multistage, 15.81-15.82
ultrasonic, 15.77
wetted element, 15.78

Humidifiers, steam and heating element,

15.73-15.76
characteristics and requirements, 15.76
heating element, 15.75
steam grid, 15.73-15.74
steam humidifiers with separators,
15.74-15.75

Humidity:
comfort air conditioning systems, 4.23—4.24
process air conditioning systems, 4.24

Humidity ratio, 2.7

Humidity sensors, 5.18—-5.19

HVAC&R industry, 1.15

h-w chart, 2.19

Hygrometers:
capacitance, 2.17-2.18
Dunmore resistance, 2.16—2.17
electronic, 2.16-2.17
ion-exchange resistance, 2.16—2.17
mechanical, 2.16

Hysteresis, 3.11-3.12

Ice point, 2.4-2.5
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Ice storage systems:
comparison of various systems, 31.17-31.18
types of, 31.5
Ice storage systems, encapsulated, 31.13-31.15
charging and discharging, 31.15
chiller priority and storage priority, 31.15
controls, 31.14-31.15
encapsulated ice containers, 31.13
location of chiller and storage tank, 31.14
system characteristics, 31.10
Ice storage systems, ice-harvesting,
31.15-31.17
chiller operation, 31.17
ice making or charging, 31.16-31.17
system characteristics, 31.10
system description, 31.15-31.16
Ice storage systems, ice-on-coil, external melt,
31.10-31.13
case-study, 31.13
ice builders, 31.11
ice-charging control, 31.11
refrigeration feed, 31.1
system characteristics, 31.10, 31.11-31.13
system description, 31.10-31.11
Ice storage systems, ice-on-coil, internal melt,
31.6-31.10
brine and glycol solution, 31.6—31.7
case-study: operation modes, 31.7-31.8
direct cooling, 31.9
ice-burning or ice melting, 31.9
ice-charging or ice making, 31.8
ice storage tank, 31.7—-31.8
on-peak, 31.9
system characteristics, 31.9-31.10
system description, 31.6
Indicator, 2.6
Indoor air contaminants, 4.27 -4.28
bioaerosols, 4.28
combustion products, 4.28
nicotine, 4.28
occupant-generated contaminants, 4.28
radon, 4.28
total particulates concentration, 4.28
volatile organic compounds, 4.28
Indoor air quality (IAQ), 4.27
acceptable, 4.29
basic strategies to improve, 4.29
TAQ problems, 24.1-24.2
IAQ procedure, 4.29
ventilation rate procedure, 4.29-4.31
Indoor design conditions, 4.1 4.2
Infrared heaters:
electric, 8.32-8.33
gas, 8.32

Infrared heating, 8.31-8.35
basics, 8.31-8.32
beam radiant heaters, 8.32
design and layout, 8.33-8.35
Insufficient communication, 1.17
Insulation material, 3.19
moisture content, 3.19-3.21
Interoperability, 5.41
system integration, 5.41

Knowledge-based systems (KBS), 5.47-5.51
development of KBS, 5.49
expert-systems, 5.47—-5.51
knowledge acquisition, 5.49
knowledge-base, 5.48
inference engine, 5.48
testing, verification, and validation, 5.49
user interface, 5.48-5.49

Legal responsibility for IAQ cases,
24.13-24.15
HVAC&R engineer, 24.14-24.15
sick building syndrome or IAQ cases, 24.13
who is legally responsible, 24.13-24.14
Legionnaires’ disease, 10.47
Liquid absorbents, 9.3
Lithium-bromide solution, properties of,
14.3-14.6
enthalpy-concentration diagram, 14.5-14.6
equilibrium chart, 14.4
mass balance in solution, 14.3
vapor pressure, 14.3-14.4
Load:
block, 6.9-6.10
coil, 6.3
DX coil, 6.3
heating coil, 6.3
peak load, 6.9-6.10
profile, 6.9
refrigeration, 6.3
space cooling, 6.3
Load calculation method:
CLTD/SCL/CLF method, 6.15, 6.26—-6.31
finite difference, 6.34—6.39
TETD/TA method, 6.15-6.16
transfer function (TFM), 6.14—-6.26
Load ratio, 5.13

Machinery room, refrigerating, 9.58-9.59
Maintenance, HVAC&R, 32.5-32.6
contractors and personnel, 32.5-32.6



Maintenance, HVAC&R (Cont.)
fault detection and diagnostics assisting pre-
dictive maintenance, 32.6
Maintenance to guarantee IAQ, 24.12-24.13
coils and ductwork, 24.12-24.13
inspection, service, and access, 24.12
monitoring of operation conditions, 24.12
Mass-transfer coefficients, convective, 3.15
Masterformat, 1.23
Measurements, pressure and airflow,
17.75-17.78
equal-area method, 17.77-17.78
log-linear rule for round duct, 17.77-17.78
log Tchebycheff rule, 17.7717.78
manometer, 17.75-17.77
measurements in air ducts, 17.76-17.77
Pitot tube, 17.75-17.77
Mechanical work, 4.4
Metabolic rate, 4.4
Microbial growth, eliminating, 24.4—24.6
basics, 24.4
eliminate water leaks, 24.5
microbial growth, 24.4-24.5
pressurization control, 24.5
prevent damped surface and material, 24.5
purge, 24.5
ultraviolet germicidal irradiation, 24.5-24.6
Moist air, 2.1-2.2
calculation of the properties of, 2.3
density, 2.10
enthalpy, 2.8-2.9
moist volume, 2.9-2.10
sensible heat, 2.10-2.11
Moisture content, 3.11
Moisture migration in building materials,
3.13-3.14
Moisture permeability index, 4.8
Moisture-solid relationship, 3.12-3.13
Moisture transfer, 3.11-3.17
from the surface, 3.14-3.15
in building envelopes, 3.16—3.17
Montreal Protocol and Clean Air Act, 9.10-9.11
Multistage vapor compression systems,
9.29-9.31
compound systems, 9.29-9.30
interstage pressure, 9.30-9.31
flash cooler and intercooler, 9.31

Network technology, 5.43—5.44

Night shutdown operating mode, 6.3—6.6
conditioning period, 6.6
cool-down period, 6.4—6.6
influence of stored heat, 6.6

INDEX

Night shutdown operating mode (Cont.)
night shutdown period, 6.3 6.4
warm-up period, 6.4—6.6

Noise, 4.32
airflow, 19.5-19.6
from chiller and pumps, 19.4-19.5
diffusers and grilles, 19.6
maximum duct velocities, 19.5-19.6
poor fan entry and discharge, 19.6

Noise control, recommended procedure,

19.3-19.4

Noise control for typical air system,

19.25-19.26
combination of supply fan noise and terminal
noise, 10.25
environment adjustment factor, 19.26
estimated sound pressure level for space
served by terminal units, 19.25-19.26
plenum ceiling effect, 19.26

Nomenclature, A.1-A.6
Greek letter symbols, A.8—A.9
subscripts, A.6—-A.8

Open data communication protocol, 5.41
application layer, 5.42-43
ARCNET, 5.44
BACnet, 5.41-5.44
data link/physical layer, 5.43-5.44
Ethernet, 5.43-5.44
local area networks (LANSs), 5.43
LonTalk, 5.44
LonTalk LAN, 5.44
master-slave/token passing (MS/TP), 5.44
network layer, 5.43
network technology, 5.43-5.44
point-to-point, 5.44
proprietary network, 5.44
Outdoor air requirements for occupants,
4.30-4.31
Outdoor design conditions, 4.38—4.42
Outdoor design temperature, 4.38—4.42
1.0% summer wet-bulb, 4.39
summer dry-bulb, 4.39
summer mean coincident wet-bulb, 4.39
winter dry-bulb, 4.39
Overlooked commissioning, 1.17

Packaged systems, 29.2 -29.4
applications, 29.3-29.4
comparison between packaged and central
systems, 29.2-29.3
types of, 29.4
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Packaged systems, fan-powered VAV,
29.18-29.22
case-study: rooftop packaged unit,
29.20-29.22
controls, 29.20,
supply volume flow rate and coil load,
29.19-29.20
system characteristics, 29.21
system description, 29.18-29.19
Packaged systems, perimeter-heating VAV,
29.18
system characteristics, 29.6
Packaged systems, single-zone constant-volume,
29.4 -29.6
controls, 29.5
energy use intensities, 29.5
supply volume flow rate and coil loads,
29.4-29.5
system characteristics, 29.5-29.6
system description, 29.4
Packaged systems, single-zone VAV, 29.7-29.8
controls, 29.7-29.8
system calculations, 29.7
system characteristics, 29.6
system descriptions, 29.7
Packaged systems, VAV cooling, 29.9-29.12
duct static pressure control, 29.10—29.12
pressure characteristics, 29.10
supply volume flow rate and coil load, 29.10
system characteristics, 29.6
system description, 29.9-29.10
Packaged systems, VAV reheat, 29.12-29.18
air-cooled, water-cooled, and evaporative-
cooled condensers, 29.17
air-side economizer mode, 29.15
case-study for precision manufacturing,
29.17-29.18
discharge air temperature control,
29.15-29.16
evenly distributed airflow at DX coils,
29.14-29.15
fan modulation, 29.16-29.17
initiation of cooling stages, 29.15-29.16
night setback and morning warm-up, 29.14
reset, 29.16
sound control, 29.17
supply volume flow rate and coil load,
29.12-29.14
system characteristics, 29.6
system description, 29.12-29.13
Packaged terminal air conditioner (PTAC), 1.4
Packaged terminal heat pump (PTHP), 1.4
Packaged units, 16.12-16.23
controls, 16.18—16.19

Packaged units (Cont.)
indoor air quality, 16.18
indoor environmental control, 16.17-16.18
scroll compressors and evaporative con-
densers, 16.18
selection of, 16.19-16.22
Standard 90.1-1999 minimum efficiency re-
quirements, 16.19
types of, 16.12
Packaged units, indoor, 16.15-16.16
Packaged units, rooftop, 16.12-16.15
compressors, 16.14—-16.15
condensers, 16.15
curb, 16.13
DX-coils, 16.13-16.14
electric heating coil, 16.14
gas-fired furnace,16.14
heat pump, 16.15
humidifiers, 16.14
supply, return, relief, and exhaust fans,
16.14
Packaged units, rooftop, sound control,
19.29-19-32
basics, 19.29
discharge side duct breakout, 19.31
sound source on return side, 19.31-19.32
sound sources and paths, 19.30-19.31
structure-borne noise, 19.32
Packaged units, split, 16.16—-16.17
Panel heating and cooling, 28.33
Personal computer workstation, 5.39-5.40
Plant-building-loop, 7.43-7.51
balance valves, 7.49-7.50
building loop, 7.43
coil discharge air temperature control, 7.43
common pipe thermal contamination, 7.51
low AT, 7.49
plant-loop, 7.43
pressure differential control, 7.45
sequence of operations, 7.46—7.49
staging control, 7.43-7.44
system characteristics, 7.45-7.46
variable-speed pumps connected in parallel,
7.49
water leaving chiller temperature control,
7.43
Plant-distributed pumping, 7.52-7.53
Plant-through-building loop, 7.40—7.42
bypass throttling flow, 7.40-7.41
distributed pumping, 7.41
variable flow, 7.41-7.42
Point or object, 5.25
Poor indoor air quality, 1.17
Precision, 2.6



Pressure flow characteristics, 22.22-22.24
fan characteristics, 22.7
mixing-exhaust section and conditioned
space, 22.8
supply and relief fan combination, field sur-
vey system pressure characteristics,
22.23-22.24
supply and return fan combination system,
22.22-22.23
system pressure diagram, 22.5-22.8
VAV systems, fixed part, 22.5
VAV systems, variable part, 22.5
variation of pressure in mixing box, 22.23
Pressure sensors, 5.19
reference pressure, 5.19
Primary ambient-air quality standard, 4.29
Profile angle, 3.42
Properties of air, physical, A.15
Properties of moist air, thermodynamic,
A.13-A.14
Properties of water, physical, A.15
Psychrometric chart, A.12
Pump-piping systems, 7.34-7.38
connected in series, 7.35-7.36
modulation of, 7.36-7.37
operating point, 7.34-7.35
parallel-connected, 7.35-7.36
pump laws, 7.37
system curve, 7.34
Psychrometer, 2.12—2.13
aspiration, 2.14-2.15
sling, 2.14-2.15
Psychrometrics, 2.1

R-value, 3.7
overall, 3.7
Radiant heat loss from building, 3.46—3.47
Radiated noise, 19.18—-19.19
break-out and break-in, 19.18-19.19
break-out and break-in sound power level,
19.19-19.20
duct rumble, 19.19
Radiation, atmospheric, 3.47
Reciprocating compression, performance,
11.29-11.34
condenser, 11.33-11.34
evaporator, 11.32-11.33
power input, 11.30-11.32
refrigeration capacity, 11.30
Reciprocating refrigeration systems,
11.2-11.42
air-cooled reciprocating chiller, 11.2—11.3
air-cooled reciprocating DX cooler, 11.2

INDEX

Reciprocating refrigeration systems (Cont.)

balance of capacities of selected components,
11.35-11.36

capacity control, 11.24-11.26

compressor components, 11.5-11.8

crankcase heater, 11.7-11.8

cylinder block and piston, 11.7

cylinder unloader, 11.24

filter dryer and strainer, 11.10—11.11

frost control, 11.27

hot-gas bypass control, 11.26

liquid overfeed,11.3-11.4

liquid receiver, 11.8

liquid-suction heat exchanger, 11.8-11.10

low-pressure and high-pressure controls,
11.26-11.27

low-temperature control, 11.27

minimum performance, ASHRAE/IESNA
Standard 90.1-1999, 11.41-11.42

motor overload control, 11.29

multistage, 11.4

oil lubrication, 11.7

oil-pressure failure control, 11.27-11.29

on/off control, 11.24

pressure relief valves, 11.11-11.12

real cycle of a single-stage, 11.4—11.5

reciprocating compressors, 11.5

refrigerant charge valve, 11.12

safety controls, 11.26—-11.29

service valves, 11.11-11.12

solenoid valves, 11.11

speed modulation control, 11.24-11.26

suction and discharge valves, 11.7

system balance, 11.34-11.36

Reciprocating refrigeration systems, air-cooled

direct-expansion, 11.36—11.42
compressor short cycling, 11.40
defrosting, 11.40-11.41
liquid slugging, 11.40
main problems, 11.40-11.42
oil returns, 11.40
operating balance, 11. 36—-11.37
part-load operation using an unloader,

11.38-11.39

pressure characteristics, 11.37-11.38
proper refrigerant charge, 11.41-11.42
pump-down control, 11.39-11.40

Refrigerant flow control devices, 10.51-10.58

advantages of electric expansion valves, 10.56
analog valves, 10.55-10.56

capacity superheat curve, 10.52

capillary tubes, 10.57-10.58

cross charge, 10.53-10.54

electric expansion valves, 10.55-10.56

1.19



Refrigerant flow control devices (Cont.)
external equalizer, 10.52-10.53
float valves, high-side, 10.56
float valves, low-side, 10.56-10.57
hunting of thermostatic expansion valve,
10.10.54-10.55
limited liquid charge, 10.53-10.54
liquid charge, 10.53-10.54
operating characteristics, 10.51-10.52
pulse-width-modulated valve, 10.55-10.56
step motor valve, 10.55
straight charge, 10.53-10.54
thermostatic expansion valves, 10.51-10.53
Refrigerant piping for reciprocating refrigera-
tion system, 11.12—-11.23
copper tubing, 11.12-11.13
discharge line, 11.20-11.21
discharge line sizing, 11.20—-11.21
double riser, 11.16—-11.17
liquid line, 11.21-11.23
liquid line sizing, 11.22-11.23
maximum pressure drop, 11.17
minimum refrigeration load for oil entrain-
ment up hot-gas riser, 11.20
minimum refrigeration load for oil entrain-
ment up suction riser, 11.19
oil trap and piping pitch, 11.15-11.16
parallel connections, 11.23
piping design, 11.13
pressure drop of valves, and fittings
11.15-11.16
size of copper tubing, 11.14
sizing procedure, 11.14-11.15
suction line, 11.15-11.20
suction line sizing, 11.18-11.19
suction line sizing chart, 11.17-11.18
Refrigerants, 9.3
azeotropic, 9.3
blends, 9.3
CFCs replacements, 9.13
classification, 9.13-9.16
concentration shift, 11.46-11.47
conversions and replacements, 9.11
glide, 9.3-9.4, 11.46-11.47
global warming potentials, 9.7—9.10
chlorofluorocarbons (CFCs) and halons, 9.16
hydrochlorofluorocarbons (HCFCs),
9.15-9.16
hydrofluorocarbons (HFCs), 9.13-9.14
inorganic compounds, 9.16
near azeotropic, 9.3
numbering of, 9.4
ozone depletion potentials, 9.7—9.10
phase-out of CFC’s and halons , 9.10

Refrigerants (Cont.)
recovery, recycle, and reclaiming, 9.11-9.13
reducing leakage and preventing deliberate
venting, 9.11-9.13
restrict production of HCFCs, 9.10-9.11
storage of, 9.59
use of, 9.7
zeotropic, 9.3
Refrigerants, properties, 9.5-9.7
effectiveness of refrigeration cycle, 9.5
evaporating and condensing pressure, 9.6
inertness, 9.6
leakage detection, 9.6—9.7
oil miscibility, 9.6
physical properties, 9.6
refrigeration capacity, 9.6
safety requirements, 9.5
thermal conductivity, 9.6
Refrigerants safety, 9.56
Refrigerating machinery room, 9.58-59
storage of refrigerants, 9.59
Refrigeration, 9.2
unit of, 9.17
Refrigeration compressors, 9.51-9.56
direct-drive, belt drive, and gear drive, 9.53
energy use index, 9.55-9.56
hermetic, semihermetic, and open, 9.53
isentropic, and polytropic analysis, 9.54—-9.55
motor, mechanical, and compression effi-
ciency, 9.54
performance, 9.53-9.56
positive displacement and nonpositive dis-
placement, 9.51-9.53
volumetric efficiency, 9.53-9.54
Refrigeration cycles, 9.17
air expansion , 9.45-9.49
Carnot, 9.19-9.21
coefficient of performance, 9.21-9.22
cycle performance, 9.22-9.24
determination of enthalpy by polynomials,
9.24-9.25
ideal vapor compression, single stage,
9.22-9.26
performance, 9.19-9.21
Refrigeration effect, refrigerating load, refriger-
ating capacity, 9.25-9.26
Refrigeration processes, 9.16—9.17
Refrigeration systems, 9.2
absorption, 9.2, 14.1-14.3
air or gas expansion, 9.2
cascade, 9.40-9.43
centrifugal, 13.1-13.7
classifications, 9.49-9.51
compound, 9.31-9.40



Refrigeration systems (Cont.)
developments, recent ,9.51
high-probability systems, application rules,
9.56-9.57
low-probability systems, application rules,
9.57-9.58
multistage vapor compression, 9.29-9.31
reciprocating , 11.2-11.42
vapor compression, 9.2
Refrigeration systems, absorption, 14.1-14.3
applications, 14.3
cost analysis, 14.2—14.3
historical development, 14.2
types of, 14.1-14.2
Refrigeration systems, rotary, 11.42—-11.43
main components, 11.43
rotary compressor, 11.42—11.43
system performance, 11.43
Refrigeration systems, screw, 11.55
air-cooled screw chillers, 11.55
ASHRAE/IESNA Standard 90.1—1999 mini-
mum performance, 11.54-11.55
capacity control, 11.53-11.52
controls, 11.53
economizer, 11.54
electric expansion valves, 11.55
location of installation, 11.55
oil cooling, 11.51, 11.53
performance of twin-screw compressor,
11.52-11.53
screw compressors, 11.50-11.52
system performance, 11.55
types of, 11.50
variable volume ratio, 11.54
Refrigeration systems, scroll, 11.43-1150
capacity control and part-load performance,
11.47-11.48
chillers, 11.48-11.49
circulating concentration shift, 11.46—
1147
compressor performance, 11.46
concentration shift, 11.46—-11.47
heat exchanger flow configuration, 11.47
radial and axial compliance, 11.44-11.45
scroll compressors, 11.44—11.45
system characteristics, 11.48
temperature glide, 11.46—11.47
types of, 11.43-11.44
Relative humidity, 2.7-2.8
Residuals, 5.61
normalized, 5.62
Resistance temperature detectors (RTDs), 2.6,
5.18
Retrofit, remodeling, and replacement, 1.19

INDEX

Return and exhaust inlets, 18.17-18.20
exhaust inlets, 18.19
light troffer diffuser, 18.19-18.20
return grilles, 18.18-18.19
return slots, 18.18—-18.19
troffer diffuser slot, 18.18—-18.19

Return and exhaust systems, 22.2-22.3
ANSI/ASHRAE Standard 90.1-1999

dampers specifications, 22.3

enclosed parking garage ventilation, 22.3
exhaust hoods, 22.3
low-level return systems, 22.2—22.3
return ceiling plenum, 22.2
types of, 22.2

Room, 6.2

Room air conditioner, 1.4

Room heat pump, 1.4

Room sound power level and room sound pres-

sure level, relationship, 19.23-19.24
array of ceiling diffusers, 19.24
single or multiple sound sources,
19.23-19.24

Safety factor, 1.20
Semiheated space, 3.49
Sensible heat exchange, 4.5
Sensing element, 5.16
Sensitivity, 2.6
Sensors, 2.6, 5.16—5.17
air, 5.16-5.18
air quality (VOC), 5.20
CO,, 5.20
drift, 5.16
intelligent network, 5.21
occupancy, 5.20-5.21
resistance temperature detectors (RTD), 5.18
temperature sensors, 5.18
wireless zone, 5.21
Sequence of operations, 5.5-5.6
Set point, 5.5
Shading coefficients, 3.36
Shading devices, 3.40-3.43
draperies, 3.41
external, 3.42-3.43
indoor, 3.40-3.42
overhang, 3.42
roller shades, 3.41-3.42
side fin, 3.42
venetian blinds, 3.40-3.41
Shading from adjacent buildings, 3.43-3.44
Sick building, 4.27
Sick building syndrome, 1.17, 4.27
Silencers, 19.12-19.17
characteristics, 19.14-19.15
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Silencers (Cont.)
dissipative, 19.14
free area ratio, 19.15
insertion loss, 19.15
locations of, 19.15-19.16
packless, 19.14
pressure drop of, 19.15
reflection-dissipative, 19.14
selection of, 19.17
self noise of, 19.15
sound-attenuating plenum, 19.13-19.14
types of, 19.13-19.14
Silencers, active, 19.14
frequency limits, 19.16
operating characteristics, 19.16
performance, 19.17
system characteristics, 19.16—19.17
Simulation, energy software DOE-2.1E,
25.25-25.28
energy efficiency measures, 25.27
energy simulation software, 25.25-25.26
loads, 25.25
plant, 25.27-25.28
systems, 25.26—25.27
Simulation, system, 25.17-25.19
dynamic simulation, 25.18
energy simulation, 25.17
performance equations, 25.17-25.18
physical modeling, 25.18
sequential, 25.19
simultaneous, 25.19
steady-state, 25.18-25.19
Simulation of a centrifugal chiller, 25.19-25.25
centrifugal compressor model, 25.23-25.25
condenser model, 25.22
cooling tower model, 25.23
evaporator model, 25.20-25.21
operating parameter, 25.20
simulation methodology, 25.20
system model, 25.19-25.20
Skin wetness, 4.9
Smoke control and fire safety, 22.24-22.38
ANSI/NFPA 92A and 92B, 22.28
automatic sprinkler on fire protection,
22.27-22.28
effective area and flow rates, 22.27
fire safety in buildings 22.24-22.25
smoke control in atria, 22.28
smoke management in atria, malls, and large
areas, 22.28
smoke movement in buildings, 22.25-22.27
zone smoke control, 22.31-22.32
zone smoke control, design considerations,
22.32

Software, load calculations and energy analysis,
6.42-6.49
building load analysis and system thermody-
namics (BLAST), 6.42
TRACE-600, 6.42-6.49
Sol-air temperature, 3.47
Solar angles, 3.22-3.25
altitude angle, 3.23-3.24
angle of incidence, 3.23-3.25
hour angle, 3.22-3.24
latitude angle, 3.22-3.24
relationships, 3.23-3.24
solar azimuth angle, 3.23-3.24
solar declination angle, 3.22-3.24
surface-solar azimuth angle, 3.23-3.24
Solar constant, 3.25
Solar heat gain coefficient (SHGC), 3.33
Solar heat gain factors, 3.37
Solar intensity, 3.24-3.25
direct normal radiation, 3.26
Solar radiation, 3.25-3.29
apparent, 3.26
diffuse radiation, 3.26
direct radiation, 3.26
extraterrestrial intensity of, 3.25
for a clear sky, 3.26—3.283.28-3.29
reflection of, 3.28
Sorption isotherm, 3.11-3.12
Sound, 4.32
airborne, 4.32
octave bands, 4.33
power, 4.32
power level, 4.32—4.33
pressure level, 4.32-4.33
Sound attenuation, along duct-borne path,
19.6-19.12
duct-borne crosstalk,19.11
in ducts, 19.6-19.9
at elbows and branch takeoffs, 19.9-19.10
end reflection loss, 19.10—-19.11
inner-lined round ducts, 19.7
lined flexible ducts, 19.8—-19.9
lined rectangular ducts, 19.8
unlined rectangular sheet-metal ducts, 19.7
unlined round ducts, 19.7
Sound control, 19.1-19.2
control at design stage, 19.3
Sound control criteria, 4.34
A-weighted sound level, 4.34
noise criteria (NC), 4.34
room criteria (RC), 4.34
Sound paths, 19.2-19.3
airborne, 19.2
duct-borne, 19.2



Smoke paths (Cont.)
radiated sound, 19.2
structure-borne, 19.2—-19.3
Space, 6.2
Space air diffusion, mixing flow, design proce-
dure, 18.31-18.34
choose an optimum throw/characteristic
length ratio, 18.33
design characteristics of slot diffusers in
perimeter zone, 18.33-18.34
drop of cold air jet, 18.34
final layout, 18.34
select the type of supply outlet, 18.31-18.32
sound level, 18.34
total pressure loss of supply outlet, 18.34
volume flow rate per outlet or unit length,
18.32-18.33
Space air diffusion, principles, 18.2—18.5
age of air, 18.4-18.5
air change effectiveness, 18.4
air diffusion performance index (ADPI),
18.3-18.4
draft, 18.2
draft temperature, effective, 18.2—18.3
nominal air change effectiveness, 18.5
nominal time constant, 18.5
space air velocity vs. space air temperature,
18.3
space diffusion effectiveness factor, 18.4
turbulence intensity, 18.2—18.3
ventilation effectiveness, 18.4
Space airflow pattern, displacement flow,
18.38-18.43
ceiling plenum, 18.41
supply air velocity, 18.41
unidirectional flow, 18.38 -19.39
unidirectional flow for clean rooms,
18.39-18.40
ventilating ceiling, 18.40-18.41
Space airflow pattern, mixing flow, 18.20—-18.28
airflow pattern, 18.20
principles and characteristics, 18.21
reverse air streams in the occupied zone,
18.21
stratified mixing flow, 18.25-18.28
stratified mixing flow using nozzles,
18.27-18.28
types and locations of return and exhaust in-
lets, 18.21
types and locations of supply outlets, 18.21
using ceiling diffusers, 18.23-18.24
using high-side outlets, 18.21-18.23
using sill or floor outlets, 18.24-18.25
using slot diffusers, 18.24

INDEX

Space airflow pattern, projecting flow,
18.44-18.48
applications of desktop task conditioning sys-
tems, 18.48
benefits of, 18.44
desktop task conditioning systems,
18.46-18.48
distance between target zone and supply out-
let, 18.44
horizontal vs. vertical jet, 18.44—18.46
industrial spot cooling systems, 18.44-18.46
performance of desktop task conditioning
systems, 18.47-18.48
recommendations in spot cooling design,
18.46
target velocities, 18.46
thermal sensation, 18.46
Space airflow pattern, stratified displacement
flow, 18.42—-18.43
comparison of stratified displacement flow
and mixing flow, 18.43
operating characteristics, 18.42-18.43
two-zone stratified model,18.42
Space airflow pattern, upward flow underfloor
air distribution, 18.48-51
applications, 18.51
consistent access plenum temperature,
18.50
design considerations, 18.50-18.51
floor plenum master zone air temperature
control, 18.50
heat unneutralized, 18.50
thermal storage of floor plenum, 18.49
upward flow from floor plenum, 18.48-18.49
Space heat extraction rate, 6.3
Space heat gain, 6.3
Space pressurization and return/relief volume
flow controls, 23.16-23.18
characteristics of space pressure control,
23.16-23.17
VAV systems return/relief fan volume flow
control, 23.17-23.18
volume flow of air leakage and effective leak-
age area, 23.17
Space pressurization control, 24.13
Space pressurization or building pressurization,
4.37-4.38,20.7-20.14
airflow balance, 20.11-20.13
air systems and mechanical ventilation sys-
tems, 20.11
characteristics, 20.7
by differential flow, 20.11-20.13
differentials, 4.37—-4.38
neutral pressure level, 20.7—20.9
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Space pressurization or building pressurization
(Cont.)
stack effect, 20.7-20.8
stack effect for high-rise buildings,
20.9-20.10
wind effect, 20.10-20.11
Specifications, 1.22-1.23
Stairwell pressurization, 22.29-22.34
bottom single injection or bottom and top in-
jection, 22.34-22.35
characteristics, 22.29-22.30
overpressure relief and feedback control,
22.30-22.31
pressure drop coefficient, 22.34
stair and shaft vents, 22.31
system pressure loss, 22.33-22.35
volume flow rate, 22.32-22.33
Standard 90.1-1999 for building envelope,
3.48-50
Standard 90.1-1999, simplified approach op-
tion for small and medium HVAC&R sys-
tems, 29.8-29.9
Steam point, 2.4-2.5
Subcooling, 9.26
Superheating, 9.26-9.27
Supply air condition, determination,
20.62-20.66
air conditioning rules, 20.63
graphical method, 20.63-20.64
influence of sensible heat ratio, 20.64 —20.66
Supply outlets, 18.11-18.17
ceiling diffusers, 18.12—-18.14
gang-operated turning vanes, 18.17
grilles, 18.11-18.12
induction, 18.14
nozzle diffusers, 18.16—-18.17
nozzles, 18.16—-18.17
plenum box, 18.14-18.15
registers, 18.11-18.12
slot diffusers, 18.14-18.16
split dampers, 18.17
Supply volume flow rate, 20.59—-20.62
based on space cooling vs. heating load,
20.59-60
rated volume flow of supply and return fans,
20.61-20.62
requirements other than cooling load,
20.60-20.62
temperature difference vs. enthalpy differ-
ence, 20.60
volumetric vs. mass flow rate, 20.60
System pressure diagram, 22.5-22.8
duct static pressure control, 22.5-22.7

Supply volume flow rate (Cont.)
fan characteristics, 22.7-22.8

Temperature, 2.4
dew point, 2.11
globe, 4.9
mean radiant, 4.9-4.12
mean surface temperature of clothing, 4.5
measurements, 2.6
operative, 4.5
Temperature scales, 2.4-2.5
absolute scale, 2.5
Celsius, 2.4-2.5
Fahrenheit, 2.4-2.5
Kelvin, 2.4-2.5
Rankine, 2.4-2.5
thermodynamic, 2.5
Testing, adjusting, and balancing (TAB),
32.2-324
Thermal comfort, 4.15-4.20
ASHRAE comfort zones, 4..17-4.18
comfort-discomfort diagrams, 4.17-4.20
factors affecting, 4.14—4.15
Fanger’s comfort chart, 4.15-4.17
Fanger’s comfort equation, 4.15-4.17
heart rate (HR), 4.19-4.20
predicted mean vote (PMV), 4.15-4.17
thermal sensational scale, 4.16
Thermal insulation, 3.18-3.22
economic thickness, 3.21
Thermal interaction:
between human body and indoor environ-
ment, 4.2
steady-state thermal equilibrium, 4.3
transient energy balance, 4.3
two-node model, 4.2
Thermal resistance, 3.4
of airspaces, 3.21-3.22
convective, 3.5
Thermal resistance ratio, 3.19-3.21
Thermal storage systems, 31.1-31.5
benefits and drawbacks, 31.2—-31.3
full storage or load shift, 31.3-31.5
ice-storage and chilled water storage, 31.5
impact of electric deregulation, 31.2
partial storage or load leveling, 31.3-31.5
system description, 31.1-31.2
Thermistors, 2.6
Thermodynamic wet bulb temperature, 2.12
Thermometer, globe, 4.9
Total shortwave irradiance, 3.34, 3.37
TRACE 600 input, 6.42—-6.49
external loads, 6.45



TRACE 600 input (Cont.)
internal loads, 6.46—6.47
job, 6.44-6.45
load methodology, 6.43 —6.44
schedules, 6.45-6.46
structure and basics, 6.42—-6.43
TRACE 600, minimum input, run, and outputs,
6.47
Transducers, 5.21
Transfer function, method, 6.14—-6.26
ceiling, floors, and interior partition walls,
6.16-6.17
conversion of heat gain to cooling load,
6.24-6.25
electric motors, 6.21-6.23
equipment and appliances, 6.21-6.23
exterior wall and roofs, 6.16
heat extraction rate, 6.25
heat loss to surroundings, 6.25-6.26
heat to space, 6.20
infiltration, 6.24
lighting, 6.18-6.21
space air temperature, 6.25
window glass, 6.17
Transmission losses, 19.19-19.23
for selecting building structures, 19.23
TL,;, for flat oval ducts, 19.22
TL,, for rectangular ducts, 19.22
TL;, for round ducts, 19.22
TL,,, for flat oval ducts, 19.21
TL,, for rectangular ducts, 19.21
TL,, for round ducts, 19.20-19.21
Transmitters, 5.21
Triple point, 2.4-2.5
T-w chart, 2.19

Unit conversion, Inch-Pound (I-P) units to SI
units, A.15-A.17
Updated technology, 1.17

Valves, 7.16-7.17
balancing, 7.17
check, 7.16-7.17
connections and ratings, 7.17-7.18
gate, 7.16
globe, 7.16-7.17
materials, 7.18
pressure relief, 7.17
Vapor retarders, 3.17, 3.18
Variable-air-volume (VAV) systems, 1.11,
21.2-21.56
comparison between various VAV systems,
21.56

INDEX

Variable-air-volume (VAV) systems (Cont.)

dew point control, 23.27-23.28

diagnostics, 23.28

functional controls, 23.26-23.28

interaction between controls, 23.29-23.30

nighttime setback and warmup or cooldown
control, 23.26-23.27

override, 23.29-23.30

recommendations for VAV controls,
23.28-23.29

sequence control, 23.29

specific controls, 23.2

steam humidifier control, 23.27

types of, 21.2-21.3

VAV systems, dual duct, 21.33-21.44

case-study, 21.42-21.44

discharge air temperature control,
21.40-21.41

mixing mode operation, 21.38

mixing VAV box, 21.36-21.38

number of supply fans, 21.36

part-load operation, 21.43-21.44

system description, 21.33-36

winter heating and winter cooling mode oper-
ation, 21.43

zone control and sequence of operations,
21.38-21.40

zone supply flow rate, 21.41-21.42

VAV systems, fan-powered, 21.44—-21.56

design considerations, 21.55-21.56

fan energy use, 21.54-21.55

fan-powered VAV box, 21.48-21.50

parallel fan-powered VAV box, 21.48-21.50

parallel fan-powered VAV box, fan character-
istics, 21.50-21.51

series fan-powered VAV box, 21.48-21.49

supply volume flow rate,21.53-21.54

system description, 21.44—-21.47

zone control and sequence of operations,
21.52-21.53

VAV systems, single-zone, 21.2-21.18

air conditioning cycle and system calcula-
tions, 21.4, 21.16-21.17

system description, 21.3-21.5

year-round operation of, 21.5-21.8

zone temperature control - sequence of opera-
tions, 21.17-21.18

VAV systems, VAV cooling, VAV reheat, and

perimeter heating VAV systems,
21.18-21.33
air skin VAV system, 21.21
ANSI/ASHRAE Standard 90.1-1999 specifi-
cations, 21.20
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VAV systems, VAV cooling, VAV reheat, and
perimeter heating VAV systems (Cont.)
minimum ventilation, discharge air tempera-
ture, and duct static pressure controls ,
23.30-23.34
perimeter heating VAV systems, 21.20-21.21
reheating VAV box, 21.23
sequence of operations, primary considera-
tions, 23.30-23.35
stability of zone control, 21.26-21.27
VAV box, 21.21-21.23
VAV box, pressure dependent and pressure in-
dependent, 21.23
VAV box, sound level, 21.23-21.25
VAV cooling systems, 21.18—-21.19
VAV reheat system, case-study, 21.27-21.33
VAV reheat system, cooling mode part-load
operation, 21.29-21.30
VAV reheat system, dead-band mode,
21.25-21.26
VAV reheat system, winter cooling mode in
interior zone, 21.32-21.33
VAV reheat system, winter reheating in
perimeter zone, 21.30—21.32
VAV reheat system, volume flow rate and coil
load, 21.28-21.29
VAV reheat systems, 21.19
VAV reheat zone temperature control se-
quence of operations, 21.25-21.26

Ventilation, 24.2

air economizer, 24.2-24.3

minimum outdoor air damper and economizer
damper, 24.3

minimum ventilation control, 24.3

outdoor air requirement, 24.2

purge operation, 24.2—24.3

time of operation, 24.2

Ventilation control, minimum, 23.2-23.5

ASHRAE Standard 62—1999, 23.3 -23.4

basic approach, 23.2

conference rooms, 23.16

direct measurement of minimum outdoor air
intake, 23.15

fan tracking systems, 23.15-23.16

high-occupancy areas, 23.5

indoor air quality procedure, 23.3-23.4

outdoor air injection fan, 23.14-23.15

recirculation of unused outdoor air,
23.4-23.5

types of, 23.2-23.3

ventilation rate procedure, 23.3

Ventilation control, minimum, mixed-plenum

pressure, 23.12-23.14
applications, 23.14

Ventilation control, minimum, mixed-plenum
pressure (Cont.)
monitoring plenum pressure, 23.12-23.13
monitoring pressure drop of louver and
damper, 23.13-23.14
supply and return fans, 23.13
Volume flow control, 5.33-5.35
branch flow control, 5.33-5.34
bypass control, 5.35-5.34
mixed-air control, 5.33-5.34

‘Warm air furnace, 8.3-8.9
annual fuel utilization efficiency (AFUE),
8.7
circulating fan, 8.3-8.4
condensing or noncondensing, 8.7
control and operation, 8.8—8.9
gas burners, 8.3
gas-fired, 8.3
heat exchangers, 8.3
ignition, 8.3
minimum efficiency, 8.8
power vent or natural vent, 8.7
steady state efficiency (SSE), 8.7
thermal efficiency, 8.6—8.7
types of, 8.3
venting arrangements, 8.4
Warm air heating system, low-pressure ducted,
8.17-8.23
duct efficiency, 8.20
duct leakage, 8.20-8.21
location of furnace, 8.20
part-load operation and control, 8.21-8.22
supply and return duct, 8.18
supply duct and return plenum, 8.18
system efficiency, 8.20
thermal stratification, 8.21
Water:
chilled, 1.8
column (WC), 4.38
condenser, 1.8
valves, 5.26
vapor, 2.1-2.2
Water heat gain factor, 10.21
Water impurities, 7.25-7.26
Water piping, 7.7-7.16
dimensions, copper, 7.10-7.11
dimensions, steel, 7.8 7.9
expansion and contraction, 7.14-7.15
fittings, 7.18-7.19
insulation, 7.7.15-7.16
material, 7.7
supports, 7.14-7.15



Water piping (Cont.)
system accessories, 7.19
Water-source heat pumps, 1.5, 28.26-28.27
control, 28.30-28.3
energy performance by ASHRAE Standard
90.1-1999, 28.27
Water-source heat pump systems, 28.24-28.33
air system and maintenance, 28.29
case-study, 28.31-28.32
close-circuit evaporative water cooler,
28.27-28.29
controls, 28.30-28.31
design considerations, 28.32-28.33
loop temperatures, 28.25-28.26
operating characteristics, 28.24—28.25
safety controls, 28.30
storage tank, 28.29
system characteristics, 28.15
system description, 28.24-28.35
water heater, 28.29
water-loop temperature control, 28.30
Water systems, 1.8, 7.2
accessories, 7.18—-7.19
air in, 7.23-7.24
campus type, 7.53-7.58
chilled, 7.2
chiller plant, 7.39
closed, 7.2
condenser or cooling, 7.2
dual-temperature, 7.2
evaporative-cooled, 7.2
friction chart, copper pipes, 7.6
friction chart, plastic pipes, 7.7
friction chart, steel pipes 7.6
hot, 7.2
maximum allowable pressures, 7.12—7.13
once through, 7.4
open, 7.2
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Water systems (Cont.)

oxidation, 7.24-25

pressure drop, 7.5-7.7
pressurization control, 7.19-7.20
pump location, 7.23

temperature difference, 7.4-7.5
types of, 7.40

variable flow, 7.40

volume flow, 7.4-7.5

volume flow, chilled water, 7.38-7.39
water velocity, 7.5

waterlogging, 7.24-25
wire-to-water efficiency, 7.37-7.38

Water treatments, 7.27-7.28

chemical feeding, 7.27
microbiological control, 7.26
scale and corrosion control, 7.26

Wet bulb:

constant, 2.13
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Air conditioning is a combined process that performs many functions simultaneously. It conditions
the air, transports it, and introduces it to the conditioned space. It provides heating and cooling from
its central plant or rooftop units. It also controls and maintains the temperature, humidity, air
movement, air cleanliness, sound level, and pressure differential in a space within predetermined
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1.2 CHAPTER ONE

limits for the comfort and health of the occupants of the conditioned space or for the purpose of
product processing.

The term HVAC&R is an abbreviation of heating, ventilating, air conditioning, and refrigerating.
The combination of processes in this commonly adopted term is equivalent to the current definition
of air conditioning. Because all these individual component processes were developed prior to the
more complete concept of air conditioning, the term HVAC&R is often used by the industry.

1.2 COMFORT AND PROCESSING AIR CONDITIONING
SYSTEMS

Air Conditioning Systems

An air conditioning, or HVAC&R, system is composed of components and equipment arranged in
sequence to condition the air, to transport it to the conditioned space, and to control the indoor envi-
ronmental parameters of a specific space within required limits.

Most air conditioning systems perform the following functions:

1. Provide the cooling and heating energy required

2. Condition the supply air, that is, heat or cool, humidify or dehumidify, clean and purify, and
attenuate any objectionable noise produced by the HVAC&R equipment

3. Distribute the conditioned air, containing sufficient outdoor air, to the conditioned space

4. Control and maintain the indoor environmental parameters—such as temperature, humidity,
cleanliness, air movement, sound level, and pressure differential between the conditioned space
and surroundings — within predetermined limits

Parameters such as the size and the occupancy of the conditioned space, the indoor environmental
parameters to be controlled, the quality and the effectiveness of control, and the cost involved deter-
mine the various types and arrangements of components used to provide appropriate characteristics.

Air conditioning systems can be classified according to their applications as (1) comfort air
conditioning systems and (2) process air conditioning systems.

Comfort Air Conditioning Systems

Comfort air conditioning systems provide occupants with a comfortable and healthy indoor envi-
ronment in which to carry out their activities. The various sectors of the economy using comfort air
conditioning systems are as follows:

1. The commercial sector includes office buildings, supermarkets, department stores, shopping
centers, restaurants, and others. Many high-rise office buildings, including such structures as the
World Trade Center in New York City and the Sears Tower in Chicago, use complicated air condi-
tioning systems to satisfy multiple-tenant requirements. In light commercial buildings, the air con-
ditioning system serves the conditioned space of only a single-zone or comparatively smaller area.
For shopping malls and restaurants, air conditioning is necessary to attract customers.

2. The institutional sector includes such applications as schools, colleges, universities, libraries,
museums, indoor stadiums, cinemas, theaters, concert halls, and recreation centers. For example,
one of the large indoor stadiums, the Superdome in New Orleans, Louisiana, can seat 78,000 people.

3. The residential and lodging sector consists of hotels, motels, apartment houses, and private
homes. Many systems serving the lodging industry and apartment houses are operated continu-
ously, on a 24-hour, 7-day-a-week schedule, since they can be occupied at any time.

4. The health care sector encompasses hospitals, nursing homes, and convalescent care facilities.
Special air filters are generally used in hospitals to remove bacteria and particulates of submicrometer



INTRODUCTION 13

size from areas such as operating rooms, nurseries, and intensive care units. The relative humidity in a
general clinical area is often maintained at a minimum of 30 percent in winter.

5. The transportation sector includes aircraft, automobiles, railroad cars, buses, and cruising
ships. Passengers increasingly demand ease and environmental comfort, especially for long-
distance travel. Modern airplanes flying at high altitudes may require a pressure differential of
about 5 psi between the cabin and the outside atmosphere. According to the Commercial Buildings
Characteristics (1994), in 1992 in the United States, among 4,806,000 commercial buildings hav-
ing 67.876 billion ft> (6.31 billion m?) of floor area, 84.0 percent were cooled, and 91.3 percent
were heated.

Process Air Conditioning Systems

Process air conditioning systems provide needed indoor environmental control for manufacturing,
product storage, or other research and development processes. The following areas are examples of
process air conditioning systems:

1. In textile mills, natural fibers and manufactured fibers are hygroscopic. Proper control of hu-
midity increases the strength of the yarn and fabric during processing. For many textile manufactur-
ing processes, too high a value for the space relative humidity can cause problems in the spinning
process. On the other hand, a lower relative humidity may induce static electricity that is harmful
for the production processes.

2. Many electronic products require clean rooms for manufacturing such things as integrated cir-
cuits, since their quality is adversely affected by airborne particles. Relative-humidity control is
also needed to prevent corrosion and condensation and to eliminate static electricity. Temperature
control maintains materials and instruments at stable condition and is also required for workers who
wear dust-free garments. For example, a class 100 clean room in an electronic factory requires a
temperature of 72 + 2°F (22.2 £ 1.1°C), a relative humidity at 45 = 5 percent, and a count of dust
particles of 0.5-pum (1.97 X 1072 in.) diameter or larger not to exceed 100 particles/ft> (3531 parti-
cles/m?).

3. Precision manufacturers always need precise temperature control during production of preci-
sion instruments, tools, and equipment. Bausch and Lomb successfully constructed a constant-
temperature control room of 68 * 0.1°F (20 = 0.56°C) to produce light grating products in the
1950s.

4. Pharmaceutical products require temperature, humidity, and air cleanliness control. For in-
stance, liver extracts require a temperature of 75°F (23.9°C) and a relative humidity of 35 percent.
If the temperature exceeds 80°F (26.7°C), the extracts tend to deteriorate. High-efficiency air filters
must be installed for most of the areas in pharmaceutical factories to prevent contamination.

5. Modern refrigerated warehouses not only store commodities in coolers at temperatures of
27 to 32°F (— 2.8 to 0°C) and frozen foods at — 10 to — 20°F (— 23 to —29°C), but also provide
relative-humidity control for perishable foods between 90 and 100 percent. Refrigerated storage
is used to prevent deterioration. Temperature control can be performed by refrigeration systems
only, but the simultaneous control of both temperature and relative humidity in the space can only
be performed by process air conditioning systems.

1.3 CLASSIFICATION OF AIR CONDITIONING SYSTEMS
ACCORDING TO CONSTRUCTION AND OPERATING
CHARACTERISTICS

Air conditioning systems can also be classified according to their construction and operating
characteristics as follows.
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Individual Room Air Conditioning Systems

Individual room, or simply individual air conditioning systems employ a single, self-contained
room air conditioner, a packaged terminal, a separated indoor-outdoor split unit, or a heat pump. A
heat pump extracts heat from a heat source and rejects heat to air or water at a higher temperature
for heating. Unlike other systems, these systems normally use a totally independent unit or units in
each room. Individual air conditioning systems can be classified into two categories:

* Room air conditioner (window-mounted)

 Packaged terminal air conditioner (PTAC), installed in a sleeve through the outside wall

The major components in a factory-assembled and ready-for-use room air conditioner include
the following: An evaporator fan pressurizes and supplies the conditioned air to the space. In tube-
and-fin coil, the refrigerant evaporates, expands directly inside the tubes, and absorbs the heat en-
ergy from the ambient air during the cooling season; it is called a direct expansion (DX) coil. When
the hot refrigerant releases heat energy to the conditioned space during the heating season, it acts as
a heat pump. An air filter removes airborne particulates. A compressor compresses the refrigerant
from a lower evaporating pressure to a higher condensing pressure. A condenser liquefies refriger-
ant from hot gas to liquid and rejects heat through a coil and a condenser fan. A temperature control
system senses the space air temperature (sensor) and starts or stops the compressor to control its
cooling and heating capacity through a thermostat (refer to Chap. 26).

The difference between a room air conditioner and a room heat pump, and a packaged terminal
air conditioner and a packaged terminal heat pump, is that a four-way reversing valve is added to all
room heat pumps. Sometimes room air conditioners are separated into two split units: an outdoor
condensing unit with compressor and condenser, and an indoor air handler in order to have the air
handler in a more advantageous location and to reduce the compressor noise indoors.

Individual air conditioning systems are characterized by the use of a DX coil for a single room.
This is the simplest and most direct way of cooling the air. Most of the individual systems do not
employ connecting ductwork. Outdoor air is introduced through an opening or through a small air
damper. Individual systems are usually used only for the perimeter zone of the building.

Evaporative-Cooling Air Conditioning Systems

Evaporative-cooling air conditioning systems use the cooling effect of the evaporation of liquid
water to cool an airstream directly or indirectly. It could be a factory-assembled packaged unit or a
field-built system. When an evaporative cooler provides only a portion of the cooling effect, then it
becomes a component of a central hydronic or a packaged unit system.

An evaporative-cooling system consists of an intake chamber, filter(s), supply fan, direct-contact
or indirect-contact heat exchanger, exhaust fan, water sprays, recirculating water pump, and water
sump. Evaporative-cooling systems are characterized by low energy use compared with refrigera-
tion cooling. They produce cool and humid air and are widely used in southwest arid areas in the
United States (refer to Chap. 27).

Desiccant-Based Air Conditioning Systems

A desiccant-based air conditioning system is a system in which latent cooling is performed by
desiccant dehumidification and sensible cooling by evaporative cooling or refrigeration. Thus, a
considerable part of expensive vapor compression refrigeration is replaced by inexpensive evapora-
tive cooling. A desiccant-based air conditioning system is usually a hybrid system of dehumidifica-
tion, evaporative cooling, refrigeration, and regeneration of desiccant (refer to Chap. 29).

There are two airstreams in a desiccant-based air conditioning system: a process airstream and a
regenerative airstream. Process air can be all outdoor air or a mixture of outdoor and recirculating
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air. Process air is also conditioned air supplied directly to the conditioned space or enclosed manu-
facturing process, or to the air-handling unit (AHU), packaged unit (PU), or terminal for further
treatment. Regenerative airstream is a high-temperature airstream used to reactivate the desiccant.

A desiccant-based air conditioned system consists of the following components: rotary desiccant
dehumidifiers, heat pipe heat exchangers, direct or indirect evaporative coolers, DX coils and vapor
compression unit or water cooling coils and chillers, fans, pumps, filters, controls, ducts, and piping.

Thermal Storage Air Conditioning Systems

In a thermal storage air conditioning system or simply thermal storage system, the electricity-driven
refrigeration compressors are operated during off-peak hours. Stored chilled water or stored ice in
tanks is used to provide cooling in buildings during peak hours when high electric demand charges
and electric energy rates are in effect. A thermal storage system reduces high electric demand for
HVAC&R and partially or fully shifts the high electric energy rates from peak hours to off-peak hours.

A thermal storage air conditioning system is always a central air conditioning system using
chilled water as the cooling medium. In addition to the air, water, and refrigeration control systems,
there are chilled-water tanks or ice storage tanks, storage circulating pumps, and controls (refer to
Chap. 31).

Clean-Room Air Conditioning Systems

Clean-room or clean-space air conditioning systems serve spaces where there is a need for critical
control of particulates, temperature, relative humidity, ventilation, noise, vibration, and space pres-
surization. In a clean-space air conditioning system, the quality of indoor environmental control
directly affects the quality of the products produced in the clean space.

A clean-space air conditioning system consists of a recirculating air unit and a makeup air
unit—both include dampers, prefilters, coils, fans, high-efficiency particulate air (HEPA) filters,
ductwork, piping work, pumps, refrigeration systems, and related controls except for a humidifier in
the makeup unit (refer to Chap. 30).

Space Conditioning Air Conditioning Systems

Space conditioning air conditioning systems are also called space air conditioning systems. They
have cooling, dehumidification, heating, and filtration performed predominately by fan coils, water-
source heat pumps, or other devices within or above the conditioned space, or very near it. A fan
coil consists of a small fan and a coil. A water-source heat pump usually consists of a fan, a finned
coil to condition the air, and a water coil to reject heat to a water loop during cooling, or to extract
heat from the same water loop during heating. Single or multiple fan coils are always used to serve
a single conditioned room. Usually, a small console water-source heat pump is used for each con-
trol zone in the perimeter zone of a building, and a large water-source heat pump may serve several
rooms with ducts in the core of the building (interior zone, refer to Chap. 28).

Space air conditioning systems normally have only short supply ducts within the conditioned
space, and there are no return ducts except the large core water-source heat pumps. The pressure
drop required for the recirculation of conditioned space air is often equal to or less than 0.6 in. wa-
ter column (WC) (150 Pa). Most of the energy needed to transport return and recirculating
air is saved in a space air conditioning system, compared to a unitary packaged or a central
hydronic air conditioning system. Space air conditioning systems are usually employed with a
dedicated (separate) outdoor ventilation air system to provide outdoor air for the occupants in the
conditioned space.

Space air conditioning systems often have comparatively higher noise level and need more
periodic maintenance inside the conditioned space.
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Unitary Packaged Air Conditioning Systems

Unitary packaged air conditioning systems can be called, in brief, packaged air conditioning sys-
tems or packaged systems. These systems employ either a single, self-contained packaged unit or
two split units. A single packaged unit contains fans, filters, DX coils, compressors, condensers,
and other accessories. In the split system, the indoor air handler comprises controls and the air sys-
tem, containing mainly fans, filters, and DX coils; and the outdoor condensing unit is the refrigera-
tion system, composed of compressors and condensers. Rooftop packaged systems are most widely
used (refer to Chap. 29).

Packaged air conditioning systems can be used to serve either a single room or multiple rooms.
A supply duct is often installed for the distribution of conditioned air, and a DX coil is used to cool
it. Other components can be added to these systems for operation of a heat pump system; i.e., a cen-
tralized system is used to reject heat during the cooling season and to condense heat for heating
during the heating season. Sometimes perimeter baseboard heaters or unit heaters are added as a
part of a unitary packaged system to provide heating required in the perimeter zone.

Packaged air conditioning systems that employ large unitary packaged units are central systems
by nature because of the centralized air distributing ductwork or centralized heat rejection systems.
Packaged air conditioning systems are characterized by the use of integrated, factory-assembled,
and ready-to-use packaged units as the primary equipment as well as DX coils for cooling, com-
pared to chilled water in central hydronic air conditioning systems. Modern large rooftop packaged
units have many complicated components and controls which can perform similar functions to the
central hydronic systems in many applications.

1.4 CENTRAL HYDRONIC AIR CONDITIONING SYSTEMS

Air System

Central hydronic air conditioning systems are also called central air conditioning systems. In a cen-
tral hydronic air conditioning system, air is cooled or heated by coils filled with chilled or hot water
distributed from a central cooling or heating plant. It is mostly applied to large-area buildings with
many zones of conditioned space or to separate buildings.

Water has a far greater heat capacity than air. The following is a comparison of these two media
for carrying heat energy at 68°F (20°C):

Air Water
Specific heat, Btu/lb- °F 0.243 1.0
Density, at 68°F, 1b/ft? 0.075 62.4

Heat capacity of fluid at 68°F, Btu/ft*- °F 0.018 62.4

The heat capacity per cubic foot (meter) of water is 3466 times greater than that of air. Trans-
porting heating and cooling energy from a central plant to remote air-handling units in fan rooms is
far more efficient using water than conditioned air in a large air conditioning project. However, an
additional water system lowers the evaporating temperature of the refrigerating system and makes a
small- or medium-size project more complicated and expensive.

A central hydronic system of a high-rise office building, the NBC Tower in Chicago, is illus-
trated in Fig. 1.1. A central hydronic air conditioning system consists of an air system, a water
system, a central heating/cooling plant, and a control system.

An air system is sometimes called the air-handling system. The function of an air system is to
condition, to transport, to distribute the conditioned, recirculating, outdoor, and exhaust air, and to
control the indoor environment according to requirements. The major components of an air system
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are the air-handling units, supply/return ductwork, fan-powered boxes, space diffusion devices, and
exhaust systems.

An air-handling unit (AHU) usually consists of supply fan(s), filter(s), a cooling coil, a heating
coil, a mixing box, and other accessories. It is the primary equipment of the air system. An AHU
conditions the outdoor/recirculating air, supplies the conditioned air to the conditioned space, and
extracts the returned air from the space through ductwork and space diffusion devices.

A fan-powered variable-air-volume (VAV) box, often abbreviated as fan-powered box, employs
a small fan with or without a heating coil. It draws the return air from the ceiling plenum, mixes it
with the conditioned air from the air-handling unit, and supplies the mixture to the conditioned
space.

Space diffusion devices include slot diffusers mounted in the suspended ceiling; their purpose is
to distribute the conditioned air evenly over the entire space according to requirements. The return
air enters the ceiling plenum through many scattered return slots.

Exhaust systems have exhaust fan(s) and ductwork to exhaust air from the lavatories, mechani-
cal rooms, and electrical rooms.

The NBC Tower in Chicago is a 37-story high-rise office complex constructed in the late 1980s.
It has a total air conditioned area of about 900,000 ft> (83,600 m?). Of this, 256,840 ft> (23,870 m?)
is used by NBC studios and other departments, and 626,670 ft> (58,240 m?) is rental offices located
on upper floors. Special air conditioning systems are employed for NBC studios and departments at
the lower level.

For the rental office floors, four air-handling units are located on the 21st floor. Outdoor air
either is mixed with the recirculating air or enters directly into the air-handling unit as shown in
Fig. 1.2. The mixture is filtrated at the filter and is then cooled and dehumidified at the cooling coil
during cooling season. After that, the conditioned air is supplied to the typical floor through the
supply fan, the riser, and the supply duct; and to the conditioned space through the fan-powered box
and slot diffusers.

Water System

Central Plant

The water system includes chilled and hot water systems, chilled and hot water pumps, condenser
water system, and condenser water pumps. The purpose of the water system is (1) to transport
chilled water and hot water from the central plant to the air-handling units, fan-coil units, and fan-
powered boxes and (2) to transport the condenser water from the cooling tower, well water, or other
sources to the condenser inside the central plant.

In Figs. 1.1 and 1.2, the chilled water is cooled in three centrifugal chillers and then is distrib-
uted to the cooling coils of various air-handling units located on the 21st floor. The temperature of
the chilled water leaving the coil increases after absorbing heat from the airstream flowing over the
coil. Chilled water is then returned to the centrifugal chillers for recooling through the chilled water
pumps.

After the condenser water has been cooled in the cooling tower, it flows back to the condenser of
the centrifugal chillers on lower level 3. The temperature of the condenser water again rises owing
to the absorption of the condensing heat from the refrigerant in the condenser. After that, the con-
denser water is pumped to the cooling towers by the condenser water pumps.

The refrigeration system in a central plant is usually in the form of a chiller package. Chiller pack-
ages cool the chilled water and act as a cold source in the central hydronic system. The boiler plant,
consisting of boilers and accessories, is the heat source of the heating system. Either hot water is
heated or steam is generated in the boilers.

In the NBC Tower, the refrigeration system has three centrifugal chillers located in lower level 3
of the basement. Three cooling towers are on the roof of the building. Chilled water cools from 58
to 42°F (14.4 to 5.6°C) in the evaporator when the refrigerant is evaporated. The refrigerant is then
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FIGURE 1.2 Schematic drawing of air system for a typical floor of offices in the NBC Tower.

compressed to the condensing pressure in the centrifugal compressor and is condensed in liquid
form in the condenser, ready for evaporation in the evaporator.

There is no boiler in the central plant of the NBC Tower. To compensate heat loss in the perime-
ter zone, heat energy is provided by the warm plenum air and the electric heating coils in the fan-
powered boxes.

Control System

Modern air conditioning control systems for the air and water systems and for the central plant con-
sist of electronic sensors, microprocessor-operated and -controlled modules that can analyze and per-
form calculations from both digital and analog input signals, i.e., in the form of a continuous variable.
Control systems using digital signals compatible with the microprocessor are called direct digital
control (DDC) systems. Outputs from the control modules often actuate dampers, valves, and relays
by means of pneumatic actuators in large buildings and by means of electric actuators for small
projects.

In the NBC Tower, the HVAC&R system is monitored and controlled by a microprocessor-based
DDC system. The DDC controllers regulate the air-handling units and the terminals. Both commu-
nicate with the central operating station through interface modules. In case of emergency, the



1.10 CHAPTER ONE

fire protection system detects alarm conditions. The central operating station gives emergency
directions to the occupants, operates the HVAC&R system in a smoke control mode, and actuates
the sprinkler water system.

Air, Water, Refrigeration, and Heating Systems

Air, water, refrigeration, heating, and control systems are the subsystems of an air conditioning or
HVAC&R system. Air systems are often called secondary systems. Heating and refrigeration sys-
tems are sometimes called primary systems.

Central hydronic and space conditioning air conditioning systems both have air, water, refrigera-
tion, heating, and control systems. The water system in a space conditioning system may be a
chilled/hot water system. It also could be a centralized water system to absorb heat from the con-
denser during cooling, or provide heat for the evaporator during heating.

For a unitary packaged system, it consists of mainly air, refrigeration, and control systems. The
heating system is usually one of the components in the air system. Sometimes a separate baseboard
hot water heating system is employed in the perimeter zone.

A evaporative-cooling system always has an air system, a water system, and a control system. A
separate heating system is often employed for winter heating.

In an individual room air conditioning system, air and refrigeration systems are installed in in-
door and outdoor compartments with their own control systems. The heating system is often a com-
ponent of the supply air chamber in the room air conditioner. It can be also a centralized hot water
heating system in a PTAC system.

Air conditioning or HVAC&R systems are therefore often first described and analyzed through
their subsystems and main components: such as air, water, heating, cooling/refrigeration, and con-
trol systems. Air conditioning system classification, system operating characteristics, and system
selection must take into account the whole system.

Among the air, water, and refrigeration systems, the air system conditions the air, controls and
maintains the required indoor environment, and has direct contact with the occupants and the manu-
facturing processes. These are the reasons why the operating characteristics of an air conditioning
system are esssentially represented by its air system.

1.5 DISTRIBUTION OF SYSTEMS USAGE

According to surveys conducted in 1995 by the Department of Energy/Energy Information
Administration (DOE/EIA) of the United States, for a total floor space of 58,772 million ft* (5462
million m?) in commercial buildings in 1995 and for a total of 96.6 million homes in 1993 (among
these, 74.1 million homes were air conditioned), the floor space, in million square feet, and the
number of homes using various types of air conditioning systems are as follows:

Percent of Million Percent
Million ft? floor space homes of homes

Individual room systems 12,494 22 33.1 45
Evaporative-cooling systems 2,451 4
Space conditioning systems (estimated) 8)
Unitary packaged systems (including air-source heat

pump as well as desiccant-based systems) 26,628 48 41.0 55
Central hydronic systems (including thermal storage

and clean-room systems) 13,586 24

Others 949 2
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Much of the floor space may be included in more than one air conditioning system. Given the
possibility that the floor space may be counted repeatedly, the original data listed in the DOE/EIA
publication were modified. The 8 percent of the space system includes part in central hydronic sys-
tems and part in unitary packaged systems. Among the air conditioned homes in 1993, the unitary
packaged system is the predominate air conditioning system in U.S. homes.

1.6 HISTORICAL DEVELOPMENT

The historical development of air conditioning can be summarized briefly.

Central Air Conditioning Systems

As part of a heating system using fans and coils, the first rudimentary ice system in the United
States, designed by McKin, Mead, and White, was installed in New York City’s Madison Square
Garden in 1880. The system delivered air at openings under the seats. In the 1890s, a leading con-
sulting engineer in New York City, Alfred R. Wolf, used ice at the outside air intake of the heating
and ventilating system in Carnegie Hall. Another central ice system in the 1890s was installed in
the Auditorium Hotel in Chicago by Buffalo Forge Company of Buffalo, New York. Early central
heating and ventilating systems used steam-engine-driven fans. The mixture of outdoor air and re-
turn air was discharged into a chamber. In the top part of the chamber, pipe coils heat the mixture
with steam. In the bottom part is a bypass passage with damper to mix conditioned air and bypass
air according to the requirements.

Air conditioning was first systematically developed by Willis H. Carrier, who is recognized as
the father of air conditioning. In 1902, Carrier discovered the relationship between temperature and
humidity and how to control them. In 1904, he developed the air washer, a chamber installed with
several banks of water sprays for air humidification and cleaning. His method of temperature and
humidity regulation, achieved by controlling the dew point of supply air, is still used in many indus-
trial applications, such as lithographic printing plants and textile mills.

Perhaps the first air-conditioned office was the Larkin Administration Building, designed by
Frank L. Wright and completed in 1906. Ducts handled air that was drawn in and exhausted at roof
level. Wright specified a refrigeration plant which distributed 10°C cooling water to air-cooling
coils in air-handling systems.

The U.S. Capitol was air-conditioned by 1929. Conditioned air was supplied from overhead
diffusers to maintain a temperature of 75°F (23.9°C) and a relative humidity of 40 percent during
summer, and 80°F (26.7°C) and 50 percent during winter. The volume of supply air was controlled
by a pressure regulator to prevent cold drafts in the occupied zone.

Perhaps the first fully air conditioned office building was the Milan Building in San Antonio,
Texas, which was designed by George Willis in 1928. This air conditioning system consisted of one
centralized plant to serve the lower floors and many small units to serve the top office floors.

In 1937, Carrier developed the conduit induction system for multiroom buildings, in which re-
circulation of space air is induced through a heating/cooling coil by a high-velocity discharging
airstream. This system supplies only a limited amount of outdoor air for the occupants.

The variable-air-volume (VAV) systems reduce the volume flow rate of supply air at reduced loads
instead of varying the supply air temperature as in constant-volume systems. These systems were in-
troduced in the early 1950s and gained wide acceptance after the energy crisis of 1973 as a result of
their lower energy consumption in comparison with constant-volume systems. With many variations,
VAV systems are in common use for new high-rise office buildings in the United States today.

Because of the rapid development of space technology after the 1960s, air conditioning systems
for clean rooms were developed into sophisticated arrangements with extremely effective air
filters. Central air conditioning systems always will provide a more precisely controlled, healthy,
and safe indoor environment for high-rise buildings, large commercial complexes, and precision-
manufacturing areas.
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Unitary Packaged Systems

The first room cooler developed by Frigidaire was installed about in 1928 or 1929, and the “Atmos-
pheric Cabinet” developed by the Carrier Engineering Company was first installed in May 1931.
The first self-contained room air conditioner was developed by General Electric in 1930. It was a
console-type unit with a hermetically sealed motor-compressor (an arrangement in which the motor
and compressor are encased together to reduce the leakage of refrigerant) and water-cooled con-
denser, using sulfur dioxide as the refrigerant. Thirty of this type of room air conditioner, were built
and sold in 1931.

Early room air conditioners were rather bulky and heavy. They also required a drainage connec-
tion for the municipal water used for condensing. During the postwar period the air-cooled model
was developed. It used outdoor air to absorb condensing heat, and the size and weight were greatly
reduced. Annual sales of room air conditioners have exceeded 100,000 units since 1950.

Self-contained unitary packages for commercial applications, initially called store coolers, were
introduced by the Airtemp Division of Chrysler Corporation in 1936. The early models had a refrig-
eration capacity of 3 to 5 tons and used a water-cooled condenser. Air-cooled unitary packages
gained wide acceptance in the 1950s, and many were split systems incorporating an indoor air han-
dler and an outdoor condensing unit.

Packaged units have been developed since the 1950s, from indoor to rooftops, from constant-
volume to variable-air-volume, and from few to many functions. Currently, packaged units enjoy
better performance and efficiency with better control of capacity to match the space load. Comput-
erized direct digital control, one of the important reasons for this improvement, places unitary pack-
aged systems in a better position to compete with central hydronic systems.

Refrigeration Systems

In 1844, Dr. John Gorrie designed the first commercial reciprocating refrigerating machine in the
United States. The hermetically sealed motor-compressor was first developed by General Electric
Company for domestic refrigerators and sold in 1924.

Carrier invented the first open-type gear-driven factory-assembled, packaged centrifugal chiller
in 1922 in which the compressor was manufactured in Germany; and the hermetic centrifugal
chiller, with a hermetically sealed motor-compressor assembly, in 1934. The direct-driven hermetic
centrifugal chiller was introduced in 1938 by The Trane Company. Up to 1937, the capacity of cen-
trifugal chillers had increased to 700 tons.

During the 1930s, one of the outstanding developments in refrigeration was the discovery by
Midgely and Hene of the nontoxic, nonflammable, fluorinated hydrocarbon refrigerant family
called Freon in 1931. Refrigerant-11 and refrigerant-12, the chlorofluorocarbons (CFCs), became
widely adopted commercial products in reciprocating and centrifugal compressors. Now, new re-
frigerants have been developed by chemical manufacturers such as DuPont to replace CFCs, so as
to prevent the depletion of the ozone layer.

The first aqueous-ammonia absorption refrigeration system was invented in 1815 in Europe. In
1940, Servel introduced a unit using water as refrigerant and lithium bromide as the absorbing solu-
tion. The capacities of these units ranged from 15 to 35 tons (52 to 123 kW). Not until 1945 did
Carrier introduce the first large commercial lithium bromide absorption chillers. These units were
developed with 100 to 700 tons (352 to 2460 kW) of capacity, using low-pressure steam as the heat
source.

Positive-displacement screw compressors have been developed in the United States since the
1950s and scroll compressors since the 1970s because of their higher efficiency and smoother rotary
motion than reciprocating compressors. Now, the scroll compressors gradually replace the reciprocat-
ing compressors in small and medium-size refrigeration systems. Another trend is the development of
more energy-efficient centrifugal and absorption chillers for energy conservation. The energy con-
sumption per ton of refrigeration of a new centrifugal chiller dropped from 0.80 kW/ton (4.4 COP,)
in the late 1970s to 0.50 kW/ton (7.0 COP,) in the 1990s. A series of rotary motion refrigeration
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compressors with small, medium, to large capacity and using scroll, screw, or centrifugal compressors
will be manufactured from now on.

1.7 POTENTIALS AND CHALLENGES

Air conditioning or HVAC&R is an industry of many potentials and challenges, including the
following.

Providing a Healthy and Comfortable Indoor Environment

Nowadays, people in the United States spend most of their time indoors. A healthy and comfortable
indoor environment provided by air conditioning is a necessity for people staying indoors, no mat-
ter how hot or cold and dry or humid the outside climate might be. According to the American
Housing Survey conducted by the U.S. Census Bureau in 1991, of 92.3 million homes, 66 million,
or 71 percent of the total, were air conditioned, and 81.9 million, or nearly 89 percent of the total,
were heated. According to the Energy Information Administration (EIA), in 1992, for a total floor
area of 67.8 billion ft? (6.3 billion m?) of commercial buildings, 84 percent were cooled and 91 per-
cent were heated.

The Cleanest, Quietest, and Most Precise and Humid
Processing Environment

A class 1 clean room to manufacture integrated circuits in a semiconductor factory may be the
cleanest processing environment that is provided in the semiconductor industry in the 1990s. The
dust particle count does not exceed 1 particle/ft* (35 particles/m?) of a size of 0.5 um and larger,
with no particle exceeding 5 wm. A constant-temperature room of 68°F £ 0.1°F (20 %= 0.56°C) is
always surrounded by other constant-temperature rooms or by a buffer area of lower tolerance to
maintain the fluctuation of its sensed temperature within = 0.05°F (0.028°C) during working
hours.

A recording studio in a television broadcasting station often needs a noise criteria (NC) curve
(refer to Chap. 4) of NC 15 to 20, in which a sound level less than that of a buzzing insect can be
heard. A refrigerated warehouse that stores vegetables such as cabbage, carrots, and celery needs a
temperature of 32°F (0°C) and a relative humidity of 98 to 100 percent to prevent deterioration and
loss of water.

Air conditioning or HVAC&R systems will provide not only the cleanest, precisest, quietest, and
most humid environment with fluctuations of the controlled variable within required limits, but also
at optimum energy use and first cost.

Energy Use and Energy Efficiency

Based on the data published in the Annual Energy Review in 1993, the total energy use in 1992 in
the United States was 82.14 quad Btu or 10" Btu (86.66 EJ, or 10'® J). The United States alone
consumed about one-fourth of the world’s total production. Of the total energy use of 82.14 quad
Btu in the United States, the residential/commercial sector consumed about 36 percent of the total,
the industrial sector consumed another 36 percent, and transportation consumed the rest—28 per-
cent. Petroleum, natural gas, and coal were the three main sources, providing more than 85 percent
of the energy supply in 1992 in the United States.

According to DOE/EIA energy consumption survey 0321 for residential buildings (1993) and
survey 0318 for commercial buildings (1995), the average annual energy use of HVAC&R systems
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in the residential/commercial sector was about 45 percent of the total building energy consumption.
Also assuming that the annual energy use of HVAC&R systems was about 1 percent of the total in
both industrial and transportation sectors, then the estimate of annual energy use of the HVAC&R
systems in 1992 in the United States was about 17 percent of the total national energy use, or one-
sixth of the total national energy use.

The world energy resources of petroleum, natural gas, and coal are limited. The population of
the United States in 1992 was only about one-twentieth of the world’s total population; however,
we consumed nearly one-fifth of the world’s total energy produced. Energy use must be reduced.

After the energy crisis in 1973, the U.S. Congress enacted the Energy Policy and Conservation
Act of 1975 and the National Energy Policy Act of 1992. The enactment of energy efficiency legis-
lation by federal and state governments and the establishment of the Department of Energy (DOE)
in 1977 had a definite impact on the implementation of energy efficiency in United States.

In 1975, the American Society of Heating, Refrigerating and Air Conditioning Engineers
(ASHRAE) published Standard 90-75, Energy Conservation in New Building Design. This standard
was revised and cosponsored by the Illuminating Engineering Society of North America as
ASHRAE/IES Standard 90.1-1989, Energy Efficient Design of New Buildings Except New Low-
Rise Residential Buildings, in 1989; and it was revised again as current ASHRAE/IESNA Standard
90.1-1999, Energy Standard for Buildings Except Low-Rise Residential Buildings, in 1999. Many
other organizations also offered valuable contributions for energy conservation. All these events
started a new era in which energy efficiency has become one of the important goals of HVAC&R
system design and operation.

Because of all these efforts, the increase in net annual energy use for residential and commercial
buildings, i.e., the total energy use minus the electrical system energy loss in the power plant, from
1972 to 1992 in the United States was only 1.3 percent, as shown in Fig. 1.3. However, during the
same period, the increase in floor area of commercial buildings in the United States was about 83
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percent. Energy efficiency will be a challenge to everyone in the HVAC&R industry in this generation
as well as in many, many generations to come.

Environmental Problems—CFCs and Global Warming

The surface of the earth is surrounded by a layer of air, called the atmosphere. The lower atmos-
phere is called the homosphere, and the upper atmosphere is called the stratosphere.

In the mid-1980s, chlorofluorocarbons (CFCs) were widely used as refrigerants in mechanical
refrigeration systems, to produce thermal insulation foam, and to produce aerosol propellants for
many household consumer products. CFC-11 (CCI;F) and CFC-12 (CCIL,F,) are commonly used
CFCs. They are very stable. Halons are also halogenated hydrocarbons. If CFCs and halons leak or
are discharged from a refrigeration system during operation or repair to the lower atmosphere, they
will migrate to the upper stratosphere and decompose under the action of ultraviolet rays through-
out their decades or centuries of life. The free chlorine atoms will react with oxygen atoms of the
ozone layer in the upper stratosphere and will cause a depletion of this layer. The theory of the de-
pletion of the ozone layer was proposed in the early and middle-1970s. The ozone layer filters out
harmful ultraviolet rays, which may cause skin cancer and are a serious threat to human beings.
Furthermore, changes in the ozone layer may significantly influence weather patterns. Since 1996,
actions have been taken to ban the production of CFCs and halons, before it is too late.

A cloudless homosphere is mainly transparent to short-wave solar radiation but is quite opaque
to long-wave infrared rays emitted from the surface of the earth. Carbon dioxide (CO,) has the
greatest blocking effect of all; water vapor and synthetic CFCs also play important roles in block-
ing the direct escape of infrared energy. The phenomenon of transparency to incoming solar radia-
tion and blanketing of outgoing infrared rays is called the greenhouse effect. The increase of the
CO,, water vapor, CFCs, and other gases, often called greenhouse gases (GHGs), eventually will
result in a rise in air temperature near the earth’s surface. This is known as the global warming
effect.

Over the past 100 years, global warming has caused an increase of 1°F. For the same period,
there was a 25 percent increase of CO,. During the 1980s, the release of CO, to the atmosphere
was responsible for about 50 percent of the increase in global warming that was attributable to
human activity, and the release of CFCs had a 20 percent share. Some scientists have predicted an
accelerated global warming in the coming 50 years because of the increase in the world’s annual
energy use. Further increases in global temperatures may lead to lower rainfalls, drop in soil mois-
ture, more extensive forest fires, more flood, etc.

CFC production in developed countries has been banned since January 1, 1996. Carbon dioxide
is the product of many combustion processes. Alternative refrigerants to replace CFCs must also
have a low global warming potential. Designers and operators of the HVAC&R systems can reduce
the production of CO, through energy efficiency and the replacement of coal, petroleum, and nat-
ural gas power by hydroelectric, solar, and nuclear energy, etc. More studies and research are
needed to clarify the theory and actual effect of global warming.

Air Conditioning or HVAC&R Industry

The air conditioning or HVAC&R industry in the United States is an expanding and progressing in-
dustry. In 1995, the installed value of nonresidential air conditioning hit $20 billion. According to
American Refrigeration Institute (ARI) and Heating/Piping/Air Conditioning data, from 1985 to
1995, the annual rate of increase of installed value of air conditioning systems is 8.7 percent.
Because of the replacement of the old chillers using CFCs, in 1994, the installed value of retrofit,
remodeling, and replacement accounted for up to two-thirds of all HVAC&R expenditures. This
trend may continue in the beginning of the new century.

Based on data from ARI, in 1995, shipment of packaged units reached a record figure of 5
million products, of which heat pumps comprised a one-fifth share. Centrifugal and screw chiller
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shipments were 7500 units, absorption chillers 502 units, and reciprocating chillers, at a
significantly smaller capacity, were 14,000 units.

1.8 AIR CONDITIONING PROJECT DEVELOPMENT

Basic Steps in Development

The basic steps in the development and use of a large air conditioning system are the design, con-
struction, commissioning, operation, energy efficiency upgrading, and maintenance. Figure 1.4 is a
diagram which outlines the relationship between these steps and the parties involved. The owner
sets the criteria and the requirements. Design professionals in mechanical engineering consulting

Architect
Engineering Air conditioning Owner or
consultant design developer
Equipment and
Contractors Construction instruments from
manufacturers
Commissioning
Air conditionin, Building management,
ESCO energy & . g &
.. (HVAC &R) operating, and
efficiency upgrade .
systems maintenance group
HVAC &R Occupants
services or tenants

FIGURE 1.4 Steps in the development and use of air conditioning systems in buildings.
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firms design the air conditioning system and prepare the design documents. Manufacturers supply
the equipment, instruments, and materials. Contractors install and construct the air conditioning
system. After construction, the air conditioning system is commissioned by a team, and then it is
handed over to the operation and maintenance group of the property management for daily opera-
tion. Following a certain period of operation, an energy service company (ESCO) may often be
required to upgrade the energy efficiency of the HVAC&R system (energy retrofit).

Design-Bid and Design-Build

There are two types of project development: design-bid and design-build. A design-bid project
separates the design and installation responsibilities, whereas in a design-build project, engineering
is done by the installing contractor. Some reasons for a design-build are that the project is too small
to retain an engineering consultant, or that there is insufficient time to go through the normal
design-bid procedures.

According to Bengard (1999), the main advantages of design-build include established firm
price early, single-source responsibility, accelerated project delivery, and performance guarantees.
The market has experienced nearly 300 percent domestic growth since 1986.

The Goal—An Environmentally Friendlier, Energy-Efficient, and
Cost-Effective HVAC&R System

The goal is to provide an HVAC&R system which is environmentally friendlier, energy-efficient,
and cost-effective as follows:

« Effectively control indoor environmental parameters, usually to keep temperature and humidity
within required limits.

* Provide an adequate amount of outdoor ventilation air and an acceptable indoor air quality.
» Use energy-efficient equipment and HVAC&R systems.

* Minimize ozone depletion and the global warming effect.

* Select cost-effective components and systems.

 Ensure proper maintenance, easy after-hour access, and necessary fire protection and smoke con-
trol systems.

Major HVAC&R Problems

In Coad’s paper (1985), a study by Wagner-Hohn-Ingles Inc. revealed that many large new build-
ings constructed in the early 1980s in the United States suffer from complaints and major defects.
High on the list of these problems is the HVAC&R system. The major problems are these:

1. Poor indoor air quality (IAQ)—sick building syndrome. Poor indoor air quality causes the
sick building syndrome. The National Institute of Occupational Safety and Health (NIOSH) in 1990
reported that between 1971 and 1988, 529 field investigations found that lack of outdoor air, im-
proper use, and poor operation and maintenance of HVAC&R systems were responsible for more
than one-half of sick building syndrome incidents. Field investigations found that 20 to 30 percent
of the buildings had poor-air-quality problems. Sick building syndrome is covered in detail in
Chap. 4.

2. Updated technology. In recent years, there has been a rapid change in the technology of air
conditioning. Various types of VAV systems, air and water economizer, heat recovery, thermal stor-
age, desiccant dehumidification, variable-speed drives, and DDC devices have become more effec-
tive and more advanced for energy efficiency. Many HVAC&R designers and operators are not
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properly equipped to apply and use these systems. Unfortunately, these sophisticated systems are
managed, constructed, and operated under the same budget and schedule constraints as the less
sophisticated systems. After years of operation, most HVAC&R equipment and controls need to be
upgraded for energy efficiency.

3. Insufficient communication between design professionals, construction groups, and operators.
Effective operation requires a knowledgeable operator to make adjustments if necessary. The opera-
tor will operate the system at his or her level of understanding. If adequate operating and mainte-
nance documents are not provided by the designer and the contractor for the operator, the
HVACKR system may not be operated according to the designer’s intentions.

4. Overlooked commissioning. Commissioning means testing and balancing all systems, func-
tional testing and adjusting of components and the integrated system, and adjusting and tuning the
direct digital controls. An air conditioning system is different from the manufacturing products hav-
ing models and prototypes. All the defects and errors of the prototypes can be checked and cor-
rected during their individual tests, but the more complicated HVAC&R system, as constructed and
installed, is the end product. Therefore, proper commissioning, which permits the system to per-
form as specified in the design documents, is extremely important. Unfortunately, the specifications
seldom clearly designate competent technicians for the responsibility of commissioning the entire
integrated system. Commissioning is covered in detail in Chap. 32.

5. Reluctant to try innovative approaches. In addition to Coad’s paper, a survey was conducted
by the American Consulting Engineers Council (ACEC) in 1995. For the 985 engineering firms that
responded out of about 5500 firms total, there were 522 legal claims filed against them, 49 percent
of suits resolved without payment. Among the 522 legal claims, 9 percent were filed against me-
chanical engineering firms. Fifty-two percent of 1995 legal claims were filed by owners, and
13 percent were filed by contractors or subcontractors.

Because of the legal claims, insurance companies discourage innovation, and engineering
consulting firms are reluctant to try innovative techniques. Twenty-one percent of these firms said
they were very much reluctant, 61 percent said they were somewhat affected, and 25 percent said
they were a little affected. Support and encouragement must be given to engineering firms for care-
fully developed innovative approaches to projects. In addition to the ASHRAE Technology Awards,
more HVAC&R innovative awards should be established in large cities in the United States to
promote innovative approaches.

1.9 DESIGN FOR AIR CONDITIONING SYSTEM

System design determines the basic characteristics. After an air conditioning system is constructed
according to the design, it is difficult and expensive to change the design concept.

Engineering Responsibilities
The normal procedure in a design-bid project includes the following steps and requirements:

Initiation of a construction project by owner or developer
Selection of design team

Setting of the design criteria and indoor environmental parameters

Ell ol

Selection of conceptual alternatives for systems and subsystems; preparation of schematic lay-
outs of HVAC&R

5. Preparation of contract documents, working drawings, specifications, materials and construc-
tion methods, commissioning guidelines

6. Competitive bidding by contractors

7. Evaluation of bids; negotiations and modification of contract documents
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8. Advice on awarding of contract

9. Review of shop drawings and commissioning schedule, operating and maintenance manuals
10. Monitoring, supervision, and inspection of construction
11. Supervision of commissioning: testing and balancing; functional performance tests

12. Modification of drawings to the as-built condition and the finalization of the operation and
maintenance manual

13. Acceptance

Construction work starts at contract award following the bidding and negotiating and ends at the
acceptance of the project after commissioning.

It is necessary for the designer to select among the available alternatives for optimum comfort,
economics, energy conservation, noise, safety, flexibility, reliability, convenience, and maintainabil-
ity. Experience, education, and judgment all enter into the selection process. If both a complicated
system and a simple system yield the same performance, the simple system is preferred for its relia-
bility, operator convenience, and lower cost.

Coordination between Air Conditioning and Other Trades, Teamwork

Air conditioning, plumbing, and fire protection systems are mechanical systems in a building. Both
mechanical and electrical systems provide building services for the occupants and goods inside the
building. Coordination between the mechanical engineer for HVAC&R and the architect, as well as
between mechanical and structural or electrical engineers, or teamwork, becomes important.

Factors requiring input from both the architect and the mechanical engineer include the following:

1. Shape and the orientation of the building

2. Thermal characteristics of the building envelope, especially the type and size of the windows
and the construction of external walls and roofs

3. Location of the ductwork and piping to avoid interference with each other, or with other trades
4. Layout of the diffusers and supply and return grilles

5. Minimum clearance provided between the structural members and the suspended ceiling for the
installation of ductwork and piping

6. Location and size of the rooms for central plant, fan rooms, duct and pipe shafts

If the architect makes a decision that is thermally unsound, the HVAC&R engineer must offset
the additional loads by increasing the HVAC&R system capacity. Lack of such coordination results
in greater energy consumption.

HVAC&R and other building services must coordinate the following:

1. Utilization of daylight and the type of artificial light to be installed

2. The layout of diffusers, grilles, return inlets, and light troffers in the suspended ceiling
3. Integration with fire alarm and smoke control systems
4

. Electric power and plumbing requirements for the HVAC&R equipment and lighting for equip-
ment rooms

5. Coordination of the layout of the ductwork, piping, electric cables, etc.

Retrofit, Remodeling, and Replacement

Retrofit of an HVAC&R system must be tailored to the existing building and integrated with exist-
ing systems. Each retrofit project has a motivation which may be related to environment, safety and
health, indoor environment, energy conservation, change of use, etc. Because of ozone depletion,



1.20 CHAPTER ONE

the production of CFCs ceased in the United States on January 1, 1996. All refrigeration systems
using CFC refrigerants will be replaced by or converted to non-CFC refrigerant systems. For the
sake of safety, smoke control systems and stairwell pressurization are items to be considered. For
the sake of the occupants’ health, an increase in the amount of outdoor air may be the right choice.
If energy conservation is the first priority, the following items are among the many that may be con-
sidered: efficiency of lighting; energy consumption of the fans, pumps, chillers, and boilers; insula-
tion of the building envelope; and the remodeling or replacement of fenestration. For improving the
thermal comfort of the occupant, an increase of the supply volume flow rate, an increase of cooling
and heating capacity, and the installation of appropriate controls may be considered.

Engineer’s Quality Control

In 1988, the American Consulting Engineers Council chose “People, Professionalism, Profits: A
Focus on Quality” as the theme of its annual convention in New York City. Quality does not mean
perfection. In HVAC&R system design, quality means functionally effective, for health, comfort,
safety, energy conservation, and cost. Quality also implies the best job, using accepted professional
practices and talent. Better quality always means fewer complaints and less litigation. Of course, it
also requires additional time and higher design cost. This fact must be recognized by the owner and
developer.

The use of safety factors allows for the unpredictable in design, installation, and operation. For
example, a safety factor of 1.1 for the calculated cooling load and of 1.1 to 1.15 for the calculated
total pressure drop in ductwork is often used to take into account unexpected inferiority in fabrica-
tion and installation. An HVAC&R system should not be overdesigned by using a greater safety fac-
tor than is actually required. The initial cost of an overdesigned HVAC&R system is always higher,
and it is energy-inefficient.

When an HVAC&R system design is under pressure to reduce the initial cost, some avenues to
be considered are as follows:

Select an optimum safety factor.
Minimize redundancy, such as standby units.
Conduct a detailed economic analysis for the selection of a better alternative.

tl A

Calculate the space load, the capacity of the system, and the equipment requirements more
precisely.

5. Adopt optimum diversity factors based on actual experience data observed from similar build-
ings.

A diversity factor is defined as the ratio of the simultaneous maximum load of a system to the
sum of the individual maximum loads of the subdivisions of a system. It is also called the simulta-
neous-use factor. For example, in load calculations for a coil, block load is used rather than the sum
of zone maxima for sizing coils for AHUs installed with modulating control for the chilled water
flow rate.

The need for a higher-quality design requires that engineers have a better understanding of the
basic principles, practical aspects, and updated technology of HVAC&R systems in order to avoid
overdesign or underdesign and to produce a satisfactory product.

Design of the Control System

Controlling and maintaining the indoor environmental parameters within predetermined limits
depends mainly on adequate equipment capacity and the quality of the control system. Energy can
be saved when the systems are operated at part load with the equipment’s capacity following the
system load accurately by means of capacity control.
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Because of the recent rapid change of HVAC&R controls from conventional systems to energy
management systems, to DDC with microprocessor intelligence, and then to open-protocol BACnet,
many designers have not kept pace. In 1982, Haines did a survey on HVAC&R control system
design and found that many designers preferred to prepare a conceptual design and a sequence of
operations and then to ask the representative of the control manufacturer to design the control sys-
tem. Only one-third of the designers designed the control system themselves and asked the repre-
sentative of the control manufacturer to comment on it.

HVAC&R system control is a decisive factor in system performance. Many of the troubles with
HVAC&R arise from inadequate controls and/or their improper use. The designer should keep pace
with the development of new control technology. He or she should be able to prepare the sequence
of operations and select the best-fit control sequences for the controllers from a variety of the man-
ufacturers that offer equipment in the HVAC&R field. The designer may not be a specialist in the
details of construction or of wiring diagrams of controllers or DDC modules, but he or she should
be quite clear about the function and sequence of the desired operation, as well as the criteria for
the sensors, controllers, DDC modules, and controlled devices.

If the HVAC&R system designer does not perform these duties personally, preparation of a sys-
tems operation and maintenance manual with clear instructions would be difficult. It would also be
difficult for the operator to understand the designer’s intention and to operate the HVAC&R system
satisfactorily.

Field Experience

It is helpful for the designer to visit similar projects that have been operated for more than 2 years
and talk with the operator before initiating the design process. Such practice has many advantages.

1. The designer can investigate the actual performance and effectiveness of the air conditioning
and control systems that he or she intends to design.

2. According to the actual operating records, the designer can judge whether the system is overde-
signed, underdesigned, or the exact right choice.

3. Any complaints or problems that can be corrected may be identified.

4. The results of energy conservation measures can be evaluated from actual performance instead
of theoretical calculations.

5. The designer can accumulate valuable practical experience from the visit, even from the defi-
ciencies.

New Design Technologies

Computer-aided design and drafting (CADD) and knowledge-based system (KBS) or expert system
assisted design are prospective new design technologies that have been used in HVAC&R design.
CADD is covered in detail in Sec. 1.12, and KBS is covered in Chap. 5.

1.10 DESIGN DOCUMENTS

In the United States, the construction (installation) of air conditioning or HVAC&R systems is
usually performed according to a contract between the owner or developer and the installer, the
contractor. The owner specifies the work or job that is committed to be accomplished within a time
period. The contractor shall furnish and install equipment, ductwork, piping, instruments, and the
related material of the HVAC&R system for a given compensation. The construction of an air con-
ditioning or HVAC&R system is usually a part of the construction of a building.
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Drawings

Both drawings and specifications are legal documents. They are legal because the designer
conveys the requirements of the owner or developer to the contractor through these documents.
Drawings and specifications define the work to be done by the contractor. They should be clear and
should precisely and completely show the work to be accomplished. Drawings and specifications
are complements to each other. Things to be defined should be shown or specified only once, either
in drawing or in specification. Repetition often causes ambiguity and error.

The layout of an HVAC&R system and the locations and dimensions of its equipment, instruments,
ducts, pipes, etc., are best shown and illustrated by drawings. HVAC&R drawings consist of mainly
the following:

Floor plans. System layout including plant room, fan rooms, mechanical room, ductwork, and
pipelines is always illustrated on floor plans. Each floor has at least one floor plan. HVAC&R
floor plans are always drawn over the same floor plan of the architectural drawing.

Detail drawings. These drawings show the details of a certain section of an HVAC&R system, or
the detail of the installation of certain equipment, or the connection between equipment and duct-
work or pipeline. Standard details are often used to save time.

Sections and elevations. Sectional drawings are helpful to show the inner part of a section of a
system, a piece of equipment, or a device. They are especially useful for places such as the plant
room, fan room, and mechanical room where lots of equipment, ductwork, and pipelines are
found. Elevations often show clearly the relationship between the HVAC&R components and the
building structure.

Piping diagram. This diagram shows the piping layout of the water system(s) and the flow of
water from the central plant to the HVAC&R equipment on each floor.

Air duct diagram. This diagram illustrates the air duct layout as well as the airflow from the air-
handling unit or packaged unit to the conditioned spaces on each floor through space diffusion
devices.

Control diagrams. These diagrams show the zone level control systems, each type of functional
control system for air-handling units or packaged units, water systems, outdoor air ventilation
systems, sequencing of compressors, network communication, etc.

Equipment schedule. This schedule provides the quatity and performance characteristics of the
equipment or device in tabulated form as drawings. Drawings are always available to the installer
at any time but the specifications are not. This is why the equipment schedule should appear on
drawings instead of inside the specification.

Legends. Symbols and abbreviations are often defined in a legend. ASHRAE has proposed a set
of symbols in the Fundamentals handbook.

Sometimes, three-dimensional isometric drawings are necessay for piping and air duct diagrams.
For a floor plan, a scale of 1/8 in. = 1 ft (1:100) is often used. The size of the drawings should be
selected according to the size of the project. Drawing sheet sizes of 24 X 36 in., 30 X 42 in., and
36 X 48 in. (610 X 915 mm, 762 X 1067 mm, and 915 X 1219 mm) are widely adopted for large
projects. After completion, every drawing should be carefully checked for errors and omissions.

Specifications

Detailed descriptions of equipment, instruments, ductwork, and pipelines, as well as performances,
operating characteristics, and control sequences are better defined in specifications. Specifications
usually consist of the legal contract between the owner and the contractor, installer, or vendor, and
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the technical specifications that specify in detail the equipment and material to be used and how
they are installed.

The Construction Specifications Institute (CSI) has developed a format, called the
Masterformat, for specifications. This Masterformat is widely adopted by most HVAC&R construc-
tion projects. Masterformat promotes standardization and thereby facilitates the retrieval of infor-
mation and improves construction communication. The 1988 edition of Masterformat consists of 16
divisions: 01000 General Requirements, 02000 Site Work, 03000 Concrete, . . ., 14000 Conveying
Systems, 15000 Mechanical, and 16000 Electrical. In mechanical, it is subdivided into the follow-
ing major sections:

15050 Basic Mechanical Materials and Methods
15250 Mechanical Insulation

15300 Fire Protection

15400 Plumbing

15500 Heating, Ventilating, and Air Conditioning
15550 Heat Generation

15650 Refrigeration

15750 Heat Transfer

15850 Air Handling

15880 Air Distribution

15950 Controls

15990 Testing, Adjusting, and Balancing

Each of the above-mentioned sections may contain: general considerations, equipment and mater-
ial, and field installation.

According to whether the wanted vendor is specified or not, specifications can be classified into
two categories: (1) performance specification, which depends only on the performance criteria, and
(2) or-equal specification, which specifies the wanted vendor.

Here are some recommendations for writing an HVAC&R specification:

* The required indoor environmental parameters to be maintained in the conditioned space during
summer and winter outdoor design conditions, such as temperature, humidity, outdoor ventilation
air rates, air cleanliness, sound level, and space pressure, shall be clearly specified in the general
consideration of section 15500.

Use simple, direct, and clear language without repetition.
* All the terms must be well defined and written in a consistent manner.

» Don’t write specifications or refer to other works without having personal knowledge of the con-
tent or even understanding its meaning.

* All the specifications must be tailored to fit the designed HVAC&R system. Never list an item that
is not listed in the specified HVAC&R system, such as the return ducts in a fan-coil system.

1.11 CODES AND STANDARDS

Codes are generally mandatory state or city laws or regulations that force the designer to create the de-
sign without violating human safety and welfare. State and city codes concerning structural integrity,
electrical safety, fire protection, and prevention of explosion of pressure vessels must be followed.
Standards describe consistent methods of testing, specify confirmed design guidelines, and rec-
ommend standard practices. Conformance to standards is usually voluntary. However, if design
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criteria or system performance is not covered in local codes, ASHRAE Standards become the vital
document to assess the indoor air quality in a lawsuit against designer or contractor.

Since the energy crisis of 1973, the U. S. federal government and Congress have published leg-
islation which profoundly affects the design and operation of HVAC&R systems. As mentioned
before, in 1975, the Energy Policy and Conservation Act and in 1978 the National Energy Conser-
vation Policy Act were enacted for energy conservation. Also in 1992, the Clean Air Act Amend-
ments phase out the use of CFCs and recycling of refrigerants, to protect the ozone layer as well as
to provide an acceptable indoor air quality.

Among the HVAC&R related standards published by various institutions, the following by
ASHRAE and some other institutions have greatly influenced the design and operation of air condi-
tioning systems:

» ASHRAE/IES Standard 90.1-1999, Energy Standard for Buildings Except Low-Rise Residential
Buildings, which is often called the Energy Standard. This standard is under continuous mainte-
nance by a standing standard committee (SSPC) for regular publication of addenda or revisions.

* ASHRAE Standard 62-1999, Ventilation for Acceptable Indoor Air Quality, which is often called
the Indoor Air Quality Standard. This standard is under continuous maintenance.

ANSI/ASHRAE Standard 55-1992, Thermal Environmental Conditions for Human Occupancy
* ASHRAE Standard 15-1992, Safety Code for Mechanical Refrigeration.

ANSI/ASHRAE Standard 34-1997, Number Designation and Safety Classification of Refriger-
ants. This standard is under continuous maintenance.

* ANSI/ASHRAE Standard 135-1995, BACnet: A Data Communication Protocol for Building Au-
tomation and Control Networks.

« Air Conditioning and Refrigeration Institute, Standards for Unitary Equipment.

National Fire Protection Association NFPA 90A, Standard for the Installation of Air Conditioning
and Ventilating Systems.

» Sheet Metal and Air Conditioning Contractors’ National Association, HVAC Duct Construction
Standards— Metal and Flexible.

These standards are covered in detail in later chapters.

Recently, many HVAC&R consulting firms seek compliance with the International Organization
for Standardization (ISO) 9000 for quality control. ISO is a specialized international agency for
standardization, at present comprising the national standards institutions of about 90 countries. The
American National Standards Institue (ANSI) is a member that represents the United States.

The ISO 9000 series has now become the quality mangement standard worldwide. It set the guide-
lines for management participation, design control, review of specifications, supplier monitoring, and
services provided. The goal of ISO 9000 is to guarantee that products or the services provided by a
manufacturer or an engineering consulting firm are appropriate to the specifications and are within
the tolerances agreed upon. The ISO 9000 series consists of five quality system standards:

ISO 9000 Guidelines of the Selection and the Application of Quality Management and Quality
Assurance Standards

ISO 9001 Modeling of Quality Assurance in Design Development, Manufacturing, Installation
and Servicing

1ISO 9002 Modeling of Quality Assurance in Production and Installation
ISO 9003  Modeling of Quality Assurance in Final Inspection and Testing

ISO 9004  Guidelines for the Implementation of Quality Management and to Provide Quality
Systems

There are no legal requirements to be registered to ISO 9000 standards. Meeting ISO 9000 stan-
dards does not mean that the firm provides better service or products than those of nonregistered
companies.
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Many companies are assembling quality assurance programs which show that they are accepting
compliance to ISO 9000 standards instead of registration. Such an arrangement will identify the
ISO 9000 standard that can be best applied to your operation and also support your customer’s ISO
9000 quality audit.

1.12 COMPUTER-AIDED DESIGN AND DRAFTING (CADD)

Because personal computers (PCs) provide a low-cost tool for computations and graphics and
owing to the availability of lots of design computer software during the 1980s, computer-aided
design and drafting (CADD) for air conditioning systems has grown quickly in recent years. Today,
computer software is often used to develop design documents, drawings, and specifications in com-
mon use in engineering consulting firms. According to the 1994 CADD Application and User
Survey of design firms in Engineering Systems (June 1994), “. . . firms with high productivity
reported that they perform 95 percent of projects on CADD.”

In addition to the CADD, there is software available for computer-aided facilities management
(CAFM) for operation and maintenance.

Features of CADD

Compared with conventional design and drafting, CADD of air conditioning systems has the fol-
lowing features:

* Different trade designers such as those in architecture, HVAC&R, plumbing, fire protection, and
electrical engineers can merge their work in plot output files to produce composite drawings in
different layers. Mechanical system design can integrate with equipment selection programs.

» Graphical model construction of air conditioning systems and subsystems in two-dimensional
(2D) or three-dimensional (3D) presentation uses architectural and structural models as back-
grounds.

* CADD links the engineering design models based on calculation and the graphical model based
on drafting.

« It provides the ability to develop and compare the alternate design schemes quickly as well as the
capability to redesign or to match the changes during construction promptly.

* CADD establishes database libraries for design and graphical models.

* It develops design documents including as-built drawings and equipment schedules.

A saving of design time up to 40 percent has been claimed by some engineering consulting firms.

Computer-Aided Design

Current CADD for HVAC&R systems can be classified into two categories: (1) engineering design
and simulation, and (2) drafting graphical model construction. The software for engineering design
can again be subdivided into the following groups:

* Load calculations, energy simulation, and psychrometric analysis. Software for space load calcu-
lations could be a part of the energy simulation software. However, load calculations are often
mainly used to determine the peak or block load at design conditions. These loads are the inputs
for equipment selection. However, the software for energy simulation is used mainly to determine
the optimum selection from different alternatives. Psychrometric analysis is sometimes a useful
tool for load calculation and energy simulation.
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Equipment selection. All large HVAC&R equipment manufacturers offer software, often called an
electronic catalog, to help customers select their product according to the capacity, size, configu-
ration, and performance.

Equipment schedule and specifications. Software generates equipment schedules or CSI master-
format for specifications.

Price list. Software reports the price of base unit, accessories, and materials.

Computer-Aided Drafting (CAD)

Software to reproduce architectural drawings is the foundation of CADD. Graphical models of
items such as ducts, pipes, equipment, and system components in HVAC&R systems are devel-
oped against backgrounds of architecture and structural models. Automated computer-aided draft-
ing (AutoCAD) is the leading PC-based drafting software used by most design firms to assist the
designer during design with automated drawings, databases, and layering schemes.

Software applications to develop duct and piping work layouts are the two primary CADs used in
air conditioning system design. They can interface with architectural, electrical, and plumbing
drawings through AutoCAD. CAD for duct and piping work can also have hydraulic modeling ca-
pacities. Tags and an HVAC&R equipment schedule including components and accessories can be
produced as well. CAD for ducts and piping work is covered in detail in corresponding chapters.

Software is also available to produce details of the refrigerating plant, heating plant, and fan room
with accessories, duct, and piping layout. Many manufacturers also supply libraries of files for
AutoCAD users to input the details of their products into CAD drawings.

HVAC&R CAD for ducts and piping work layout and details often uses graphical model con-
struction. The elements of the graphical model are linked to its associated information and stored
in the databases. Model construction starts by locating an end device such as a diffuser or termi-
nal. Add the supply and return pipes from different layers. Software for graphical model construc-
tion has the features of copying, repeating, moving, rotating, and mirror-imaging which enable
the designer to construct the graphical models quickly. After supply and return main ducts, equip-
ment, and components are added, this completes the supply and return duct systems of this floor.
Duct and piping layouts can also be accomplished by drawing a single-line layout on the CAD,
and the software will convert to two-dimensional or three-dimensional drawings.

Software Requirements
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2.1 PSYCHROMETRICS

Psychrometrics is the study of the thermodynamic properties of moist air. It is used extensively to
illustrate and analyze the characteristics of various air conditioning processes and cycles.

Moist Air

The surface of the earth is surrounded by a layer of air called the atmosphere, or atmospheric air.
From the point of view of psychrometrics, the lower atmosphere, or homosphere, is a mixture of
dry air (including various contaminants) and water vapor, often known as moist air.

The composition of dry air is comparatively stable. It varies slightly according to geographic
location and from time to time. The approximate composition of dry air by volume percent is the
following:

2.1
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Nitrogen 78.08
Oxygen 20.95
Argon 0.93
Carbon dioxide 0.03
Other gases such as neon, sulfur dioxide, etc. 0.01

The amount of water vapor present in moist air at a temperature range of 0 to 100°F (—17.8 to
37.8°C) varies from 0.05 to 3 percent by mass. It has a significant influence on the characteristics of
moist air.

Water vapor is lighter than air. A cloud in the sky is composed of microscopic beads of liquid
water that are surrounded by a thin layer of water vapor. These layers give the cloud the needed
buoyancy to float in the air.

Equation of State of an Ideal Gas

The equation of state of an ideal gas indicates the relationship between its thermodynamic proper-
ties, or

pv = RTy (2.1)

where p = pressure of gas, psf (Pa)
v = specific volume of gas, ft3/1b (m*/kg)
R = gas constant, ft-1b;/Ib,, - °R (J/kg-K)
Ty = absolute temperature of gas, °R (K)

Since v = V/m, then Eq. (2.1) becomes
pv = mRTy (22)

where V = total volume of gas, ft* (m?)
m = mass of gas, Ib (kg)

Using the relationship m = nM, and R = R,/M, we can write Eq. (2.2) as
pv = nR, Ty 2.3)

where n = number of moles, mol
M = molecular weight
R, = universal gas constant, ft-1b;/Ib, - °R (J/mol - K)

Equation of State of a Real Gas

A modified form of the equation of state for a real gas can be expressed as

pv
RT,

=1+Ap+Bp*+Cp>+ - -=Z 2.4

where A, B, C, -+ - - = virial coefficients and Z = compressibility factor. The compressibility fac-
tor Z illustrates the degree of deviation of the behavior of the real gas, moist air, from the ideal gas
due to the following:

1. Effect of air dissolved in water
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2. Variation of the properties of water vapor attributable to the effect of pressure
3. Effect of intermolecular forces on the properties of water vapor itself

For an ideal gas, Z = 1. According to the information published by the former National Bureau
of Standards of the United States, for dry air at standard atmospheric pressure (29.92 in. Hg, or 760
mm Hg) and a temperature of 32 to 100°F (0 to 37.8°C) the maximum deviation is about 0.12
percent. For water vapor in moist air under saturated conditions at a temperature of 32 to 100°F
(0 to 37.8°C), the maximum deviation is about 0.5 percent.

Calculation of the Properties of Moist Air

The most exact calculation of the thermodynamic properties of moist air is based on the formula-
tions developed by Hyland and Wexler of the U.S. National Bureau of Standards. The psychromet-
ric chart and tables of ASHRAE are constructed and calculated from these formulations.

Calculations based on the ideal gas equations are the simplest and can be easily formulated. Ac-
cording to the analysis of Nelson and Pate, at a temperature between 0 and 100°F (—17.8 and 37.8°C),
calculations of enthalpy and specific volume using ideal gas equations show a maximum deviation of
0.5 percent from the exact calculations by Hyland and Wexler. Therefore, ideal gas equations will be
used in this text for the formulation and calculation of the thermodynamic properties of moist air.

Although air contaminants may seriously affect the health of occupants of the air conditioned
space, they have little effect on the thermodynamic properties of moist air since their mass concen-
tration is low. For simplicity, moist air is always considered as a binary mixture of dry air and water
vapor during the analysis and calculation of its properties.

2.2 DALTON’S LAW AND THE GIBBS-DALTON LAW

Dalton’s law shows that for a mixture of gases occupying a given volume at a certain temperature,
the total pressure of the mixture is equal to the sum of the partial pressures of the constituents of the

mixture, i.e.,

pm:pl+p2+ e (25)
where p,, = total pressure of mixture, psia (Pa)
D1 P2 - . . = partial pressure of constituents 1,2, . . . , psia (Pa)

The partial pressure exerted by each constituent in the mixture is independent of the existence of
other gases in the mixture. Figure 2.1 shows the variation of mass and pressure of dry air and water
vapor, at an atmospheric pressure of 14.697 psia (101,325 Pa) and a temperature of 75°F (23.9°C).

The principle of conservation of mass for nonnuclear processes gives the following relationship:

m,, = m, + m, (2.6)

m

where m,, = mass of moist air, 1b (kg)
m, = mass of dry air, 1b (kg)
m,, = mass of water vapor, 1b (kg)

Applying Dalton’s law for moist air, we have
Pac = Pa T P 2.7

where p,, = atmospheric pressure or pressure of the outdoor moist air, psia (Pa)
p. = partial pressure of dry air, psia (Pa)
p,, = partial pressure of water vapor, psia (Pa)
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Thermometer

T =75°F T =75°F T =75°F

m, =11b m, =0 m, =11b

m, =0 m,, = 0.0092 1b m,, = 0.0092 Ib

Pa = 14.482 psia p, =0 p, = 14.482 psia
P, =0 p, =0.215 psia p,, =0.215 psia

p (pressure of mixture) = 14.482 psia p =0.215psia Par = 14.697 psia

FIGURE 2.1 Mass and pressure of dry air, water vapor, and moist air.

Dalton’s law is based on experimental results. It is more accurate for gases at low pressures.
Dalton’s law can be further extended to state the relationship of the internal energy, enthalpy, and
entropy of the gases in a mixture as the Gibbs-Dalton law:

my,u, = mu; + myu, + - - -

my,h, = mh, + myh, + - - - (2.8)
My Sy = M8y + nmys; + o
where  m,, = mass of gaseous mixture, b (kg)
my, m,, . . . = mass of the constituents, Ib (kg)
u,, = specific internal energy of gaseous mixture, Btu/Ib (kJ/kg)

uy, Uy, . . . = specific internal energy of constituents, Btu/Ib (kJ/kg)
h,, = specific enthalpy of gaseous mixture, Btu/lb (kJ/kg)

hy, hy, . . . = specific enthalpy of constituents, Btu/lb (kJ/kg)
s,, = specific entropy of gaseous mixture, Btu/lb-°R (kJ/kg - K)
s1, 85, . . . = specific entropy of constituents, Btu/lb- °R (kJ/kg - K)

2.3 AIR TEMPERATURE

Temperature and Temperature Scales

The temperature of a substance is a measure of how hot or cold it is. Two systems are said to have
equal temperatures only if there is no change in any of their observable thermal characteristics
when they are brought into contact with each other. Various temperature scales commonly used to
measure the temperature of various substances are illustrated in Fig. 2.2.

In conventional inch-pound (I-P) units, at a standard atmospheric pressure of 14.697 psia
(101,325 Pa), the Fahrenheit scale has a freezing point of 32°F (0°C) at the ice point, and a boiling
point of 212°F (100°C). For the triple point with a pressure of 0.08864 psia (611.2 Pa), the magni-
tude on the Fahrenheit scale is 32.018°F (0.01°C). There are 180 divisions, or degrees, between the
boiling and freezing points in the Fahrenheit scale. In the International System of Units (SI units),
the Celsius or Centigrade scale has a freezing point of 0°C and a boiling point of 100°C. There are
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Kelvin, Celsius, Fahrenheit, Rankine,
K C F R
Steam point - 373.15 T 100 T 212 T 671.67
Triple point \ / 273.16 /0.01 / 32.018
/::\:::::: ::\::::;2:/:: ——————- 4 491.67
Ice point 273.15 0 \ 0 439.67
Absolute
Ze10 -0 -~ -27315 -+~ —-45967 -0

FIGURE 2.2 Commonly used temperature scales.

100 divisions between these points. The triple point is at 0.01°C. The conversion from Celsius scale
to Fahrenheit scale is as follows:

°F = 1.8(°C) + 32 (2.9)

For an ideal gas, at T = 0, the gas would have a vanishing specific volume. Actually, a real gas
has a negligible molecular volume when T} approaches absolute zero. A temperature scale that in-
cludes absolute zero is called an absolute temperature scale. The Kelvin absolute scale has the same
boiling-freezing point division as the Celsius scale. At the freezing point, the Kelvin scale is 273.15 K.
Absolute zero on the Celsius scale is —273.15°C. The Rankine absolute scale division is equal to
that of the Fahrenheit scale. The freezing point is 491.67°R. Similarly, absolute zero is —459.67°F
on the Fahrenheit scale.

Conversions between Rankine and Fahrenheit and between Kelvin and Celsius systems are

R = 459.67 + °F (2.10)
K = 273.15 + °C 2.11)

Thermodynamic Temperature Scale

On the basis of the second law of thermodynamics, one can establish a temperature scale that is
independent of the working substance and that provides an absolute zero of temperature; this is
called a thermodynamic temperature scale. The thermodynamic temperature 7 must satisfy the
following relationship:

Tk _ Q2
TRo Qu (2 12)

where O = heat absorbed by reversible engine, Btu/h (kW)
0, = heat rejected by reversible engine, Btu/h (kW)
Tr = temperature of heat source of reversible engine, °R (K)
Ty, = temperature of heat sink of reversible engine, °R (K)

Two of the ASHRAE basic tables, “Thermodynamic Properties of Moist Air” and “Thermody-
namic Properties of Water at Saturation,” in ASHRAE Handbook 1993, Fundamentals, are based on
the thermodynamic temperature scale.
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Temperature Measurements

During the measurement of air temperatures, it is important to recognize the meaning of the terms
accuracy, precision, and sensitivity.

1. Accuracy is the ability of an instrument to indicate or to record the true value of the measured
quantity. The error indicates the degree of accuracy.

2. Precision is the ability of an instrument to give the same reading repeatedly under the same con-
ditions.

3. Sensitivity is the ability of an instrument to indicate change of the measured quantity.

Liquid-in-glass instruments, such as mercury or alcohol thermometers, were commonly used in
the early days for air temperature measurements. In recent years, many liquid-in-glass thermome-
ters have been replaced by remote temperature monitoring and indication systems, made possible
by sophisticated control systems. A typical air temperature indication system includes sensors, am-
plifiers, and an indicator.

Sensors. Air temperature sensors needing higher accuracy are usually made from resistance tem-
perature detectors (RTDs) made of platinum, palladium, nickel, or copper wires. The electrical
resistance of these resistance thermometers characteristically increases when the sensed ambient
air temperature is raised; i.e., they have a positive temperature coefficient . In many engineering
applications, the relationship between the resistance and temperature can be given by

R = Ry,(1 + aT)
Ry, — R
Q@ ~ 212 32 (213)
180 R,

where R = electric resistance, ()
R3,, Ry, = electric resistance, at 32 and 212°F (0 and 100°C), respectively, ()
T = temperature, °F (°C)

The mean temperature coefficient « for several types of metal wires often used as RTDs is shown
below:

Measuring range,’F a, ()/°F
Platinum —400 to 1350 0.00218
Palladium 400 to 1100 0.00209
Nickel —150to 570 0.0038
Copper —150 to 400 0.0038

Many air temperature sensors are made from thermistors of sintered metallic oxides, i.e.,
semiconductors. They are available in a large variety of types: beads, disks, washers, rods, etc. Ther-
mistors have a negative temperature coefficient. Their resistance decreases when the sensed air tem-
perature increases. The resistance of a thermistor may drop from approximately 3800 to 3250 () when
the sensed air temperature increases from 68 to 77°F (20 to 25°C). Recently developed high-quality
thermistors are accurate, stable, and reliable. Within their operating range, commercially available
thermistors will match a resistance-temperature curve within approximately 0.1°F (0.056°C). Some
manufacturers of thermistors can supply them with a stability of 0.05°F (0.028°C) per year. For direct
digital control (DDC) systems, the same sensor is used for both temperature indication, or monitor-
ing, and temperature control. In DDC systems, RTDs with positive temperature coefficient are
widely used.



PSYCHROMETRICS 2.7

Amplifier(s). The measured electric signal from the temperature sensor is amplified at the solid
state amplifier to produce an output for indication. The number of amplifiers is matched with the
number of the sensors used in the temperature indication system.

Indicator. An analog-type indicator, one based on directly measurable quantities, is usually a

moving coil instrument. For a digital-type indicator, the signal from the amplifier is compared with
an internal reference voltage and converted for indication through an analog-digital transducer.

2.4 HUMIDITY

Humidity Ratio

The humidity ratio of moist air w is the ratio of the mass of water vapor m,, to the mass of dry air m,
contained in the mixture of the moist air, in 1b/1b (kg/kg). The humidity ratio can be calculated as

m w
w=— (2.14)
ma
Since dry air and water vapor can occupy the same volume at the same temperature, we can apply the
ideal gas equation and Dalton’s law for dry air and water vapor. Equation (2.14) can be rewritten as
mw pwVRuTR R pw

a

w = == —
m, PaVRwTR Rw Pat — DPw
53.352 w W
=22 P 98— 2.15)
85.778 Pa — Pw Pa — Pw

where R, R,, = gas constant for dry air and water vapor, respectively, ft-1b;/1b,-°R(J/kg-K). Equa-
tion (2.15) is expressed in the form of the ratio of pressures; therefore, p,, and p,, must have the
same units, either psia or psf (Pa).

For moist air at saturation, Eq. (2.15) becomes

w, = 0.62198 ST (2.16)

Pat = Pws

where p,,, = pressure of water vapor of moist air at saturation, psia or psf (Pa).

Relative Humidity

The relative humidity ¢ of moist air, or RH, is defined as the ratio of the mole fraction of water va-
por x,, in a moist air sample to the mole fraction of the water vapor in a saturated moist air sample
X,,s at the same temperature and pressure. This relationship can be expressed as

¢=—|r, (2.17)
'xWS

And, by definition, the following expressions may be written:

_ nW

Xy = n, +n, (2.18)
nWS

Koy = —2— 2.19)

ng + My
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where n, = number of moles of dry air, mol
n,, = number of moles of water vapor in moist air sample, mol
n,,, = number of moles of water vapor in saturated moist air sample, mol

Moist air is a binary mixture of dry air and water vapor; therefore, we find that the sum of the mole
fractions of dry air x, and water vapor x,, is equal to 1, that is,

x, +x, =1 (2.20)

If we apply ideal gas equations p,V = n,R,Tx and p,V = n,R,T;, by substituting them into
Eq. (2.19), then the relative humidity can also be expressed as

Pw
¢ =
Pws

p (2.21)

The water vapor pressure of saturated moist air p,,, is a function of temperature 7" and pressure p,
which is slightly different from the saturation pressure of water vapor p,. Here p; is a function of
temperature 7 only. Since the difference between p,,, and p, is small, it is usually ignored.

Degree of Saturation

The degree of saturation w is defined as the ratio of the humidity ratio of moist air w to the humid-
ity ratio of the saturated moist air w, at the same temperature and pressure. This relationship can be
expressed as

m=—l, (2.22)

Since from Egs. (2.15), (2.20), and (2.21) w = 0.62198 x,,/x, and w, = 0.62198 x,,,/x,, Egs. (2.20),
(2.21), and (2.22) can be combined, so that
M M
¢ = = (2.23)
1 - (1 - /‘L)st 1 - (l - I’L)(pws/pal)
In Eq. (2.23), p,,s<< py; therefore, the difference between ¢ and u is small. Usually, the maximum
difference is less than 2 percent.

2.5 PROPERTIES OF MOIST AIR

Enthalpy

The difference in specific enthalpy A# for an ideal gas, in Btu/1b (kJ/kg), at a constant pressure can
be defined as

Ah = Cp (Tz - Tl) (224)

where ¢, = specific heat at constant pressure, Btu/1b - °F (kJ/kg - K)
T,, T, = temperature of ideal gas at points 1 and 2, °F (°C)

As moist air is approximately a binary mixture of dry air and water vapor, the enthalpy of the moist
air can be evaluated as

h=h, +H, (2.25)
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where h, and H,, are, respectively, enthalpy of dry air and total enthalpy of water vapor, in Btu/lb
(kJ/kg). The following assumptions are made for the enthalpy calculations of moist air:

1. The ideal gas equation and the Gibbs-Dalton law are valid.

The enthalpy of dry air is equal to zero at 0°F (—17.8°C).

All water vapor contained in the moist air is vaporized at 0°F (—17.8°C).

The enthalpy of saturated water vapor at 0°F (—17.8°C) is 1061 Btu/Ib (2468 kJ/kg).

For convenience in calculation, the enthalpy of moist air is taken to be equal to the enthalpy of a mix-
ture of dry air and water vapor in which the amount of dry air is exactly equal to 1 Ib (0.454 kg).

U

Based on the preceeding assumptions, the enthalpy 4 of moist air can be calculated as
h=h, + wh, (2.26)

where h,, = specific enthalpy of water vapor, Btu/Ib (kJ/kg). In a temperature range of O to 100°F
(—17.8 to 37.8°C), the mean value for the specific heat of dry air can be taken as 0.240 Btu/Ib-°F
(1.005 kJ/kg - K). Then the specific enthalpy of dry air 4, is given by

hy = ¢,y T=0240T (2.27)

where ¢,;, = specific heat of dry air at constant pressure, Btu/Ib- °F (kJ/kg - K)
T = temperature of dry air, °F (°C)

The specific enthalpy of water vapor 4, at constant pressure can be approximated as
hy, = hy + ¢, T (2.28)

where h,, = specific enthalpy of saturated water vapor at 0°F (—17.8°C)—its value can be taken
as 1061 Btu/1b (2468 kJ/kg)
¢,s = specific heat of water vapor at constant pressure, Btu/lb- °F (kJ/kg - K)

In a temperature range of O to 100°F (—17.8 to 37.8°C), its value can be taken as 0.444 Btu/Ib- °F
(1.859 kJ/kg - K). Then the enthalpy of moist air can be evaluated as

h = cpyT + wlhy + ¢, T) = 0.240 T + w(1061 + 0.444 T) (2.29)

Here, the unit of 4 is Btu/lb of dry air (kJ/kg of dry air). For simplicity, it is often expressed as
Btu/Ib (kJ/kg).

Moist Volume

The moist volume of moist air v, ft*/1b (m3/kg), is defined as the volume of the mixture of the dry
air and water vapor when the mass of the dry air is exactly equal to 1 1b (1 kg), that is,

a (2.30)

where V = total volume of mixture, ft’ (m?)
m, = mass of dry air, 1b (kg)

In a moist air sample, the dry air, water vapor, and moist air occupy the same volume. If we apply
the ideal gas equation, then

Vv R.T
y=—=—2f (231
ma pal - pw
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Density

where p,, and p,, are both in psf (Pa). From Eq. (2.15), p,, = p.w/(w + 0.62198). Substituting this
expression into Eq. (2.31) gives

R,Tx(1 + 1.6078 w)
v = 5 (2.32)
at

According to Eq. (2.32), the volume of 1 Ib (1 kg) of dry air is always smaller than the volume of
the moist air when both are at the same temperature and the same atmospheric pressure.

Since the enthalpy and humidity ratio are always related to a unit mass of dry air, for the sake of
consistency, air density p,, in Ib/ft* (kg/m?), should be defined as the ratio of the mass of dry air to
the total volume of the mixture, i.e., the reciprocal of moist volume, or

M 1 233
pa_V_v ()

Sensible Heat and Latent Heat

Sensible heat is that heat energy associated with the change of air temperature between two state
points. In Eq. (2.29), the enthalpy of moist air calculated at a datum state 0°F (—17.8°C) can be
divided into two parts:

h = (cpg + we, )T + whyy (2.34)

The first term on the right-hand side of Eq. (2.34) indicates the sensible heat. It depends on the tem-
perature 7" above the datum 0°F (—17.8°C).

Latent heat &, (sometimes called £;,) is the heat energy associated with the change of the state
of water vapor. The latent heat of vaporization denotes the latent heat required to vaporize liquid
water into water vapor. Also, the latent heat of condensation indicates the latent heat to be removed
in the condensation of water vapor into liquid water. When moisture is added to or removed from a
process or a space, a corresponding amount of latent heat is always involved, to vaporize the water
or to condense it.

In Eq. (2.34), the second term on the right-hand side, wh,, denotes latent heat. Both sensible
and latent heat are expressed in Btu/lb (kJ/kg) of dry air.

Specific Heat of Moist Air at Constant Pressure

The specific heat of moist air at constant pressure ¢, is defined as the heat required to raise its temper-
ature 1°F (0.56°C) at constant pressure. In (inch-pound) I-P units, it is expressed as Btu/1b-°F (in SI
units, as J/kg - K). In Eq. (2.34), the sensible heat of moist air ¢g,.,, Btu/h (W), is represented by

Gsen = mzz(cpd + chx)T = macpaT (235)
where n1, = mass flow rate of moist air, 1b/h (kg/s). Apparently
Cpa = de + chs (236)

Since ¢, and c,, are both a function of temperature, c,, is also a function of temperature and, in ad-
dition, a function of the humidity ratio.

For a temperature range of 0 to 100°F (—17.8 to 37.8°C), ¢, can be taken as 0.240 Btu/Ib-°F
(1005 J/kg-K) and c,, as 0.444 Btu/Ib- °F (1859 J/kg- K). Most of the calculations of ¢,(T, — T})
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have a range of w between 0.005 and 0.010 lb/Ib (kg/kg). Taking a mean value of w = 0.0075
Ib/1b (kg/kg), we find that

Cpa = 0.240 + 0.0075 X 0.444 = 0.243 Btu/Ib- °F (1020 J/kg - K)

Dew-Point Temperature

The dew-point temperature Ty, is the temperature of saturated moist air of the same moist air sam-
ple, having the same humidity ratio, and at the same atmospheric pressure of the mixture p,. Two
moist air samples at the same 7., will have the same humidity ratio w and the same partial pres-
sure of water vapor p,,. The dew-point temperature is related to the humidity ratio by

Wy (P Tgew) = W (2.37)

where w,; = humidity ratio of saturated moist air, 1b/1b (kg/kg). At a specific atmospheric pressure,
the dew-point temperature determines the humidity ratio w and the water vapor pressure p,, of the
moist air.

2.6 THERMODYNAMIC WET-BULB TEMPERATURE AND
THE WET-BULB TEMPERATURE

Ideal Adiabatic Saturation Process

If moist air at an initial temperature 7}, humidity ratio w,, enthalpy /,, and pressure p flows over a
water surface of infinite length in a well-insulated chamber, as shown in Fig. 2.3, liquid water will
evaporate into water vapor and will disperse in the air. The humidity ratio of the moist air will grad-
ually increase until the air can absorb no more moisture.

As there is no heat transfer between this insulated chamber and the surroundings, the latent heat
required for the evaporation of water will come from the sensible heat released by the moist air.
This process results in a drop in temperature of the moist air. At the end of this evaporation process,
the moist air is always saturated. Such a process is called an ideal adiabatic saturation process,
where an adiabatic process is defined as a process without heat transfer to or from the process.

Initial End
state state

Ble s IT I

FIGURE 2.3 Ideal adiabatic saturation process.
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Thermodynamic Wet-Bulb Temperature

For any state of moist air, there exists a thermodynamic wet-bulb temperature 7* that exactly
equals the saturated temperature of the moist air at the end of the ideal adiabatic saturation process
at constant pressure. Applying a steady flow energy equation, we have

hy + (W — wphs = hy (2.38)

where h,, h¥ = enthalpy of moist air at initial state and enthalpy of saturated air at end of ideal adi-
abatic saturation process, Btu/Ib (kJ/kg)
wi,w#¥ = humidity ratio of moist air at initial state and humidity ratio of saturated air at end
of ideal adiabatic saturation process, Ib/1b (kg/kg)
h¥ — enthalpy of water as it is added to chamber at a temperature 7%, Btu/1b (kJ/kg)

w =

The thermodynamic wet-bulb temperature 7%, °F (°C), is a unique property of a given moist air
sample that depends only on the initial properties of the moist air—w;, /; and p. It is also a ficti-
tious property that only hypothetically exists at the end of an ideal adiabatic saturation process.

Heat Balance of an Ideal Adiabatic Saturation Process

Psychrometer

When water is supplied to the insulation chamber at a temperature 7* in an ideal adiabatic satura-
tion process, then the decrease in sensible heat due to the drop in temperature of the moist air is just
equal to the latent heat required for the evaporation of water added to the moist air. This relation-
ship is given by

de(Tl - T+ cpswl(Tl —T%) = wf — Wl)hﬁi (2.39)

where 7, = temperature of moist air at initial state of ideal adiabatic saturation process, °F (°C)
hf = latent heat of vaporization at thermodynamic wet-bulb temperature, Btu/1b (J/kg)

Since ¢,, = ¢,y + WiCy,, We find, by rearranging the terms in Eq. (2.39),
WSX - W _ C[)a (2 40)
T,—T% i '
Also
(Wi — whf;
T"F =T\ — —— (2.41)
Cpa

A psychrometer is an instrument that permits one to determine the relative humidity of a moist air
sample by measuring its dry-bulb and wet-bulb temperatures. Figure 2.4 shows a psychrometer,
which consists of two thermometers. The sensing bulb of one of the thermometers is always kept
dry. The temperature reading of the dry bulb is called the dry-bulb temperature. The sensing bulb of
the other thermometer is wrapped with a piece of cotton wick, one end of which dips into a cup of
distilled water. The surface of this bulb is always wet; therefore, the temperature that this bulb
measures is called the wet-bulb temperature. The dry bulb is separated from the wet bulb by a radi-
ation-shielding plate. Both dry and wet bulbs are cylindrical.

Wet-Bulb Temperature

When unsaturated moist air flows over the wet bulb of the psychrometer, liquid water on the surface
of the cotton wick evaporates, and as a result, the temperature of the cotton wick and the wet bulb
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Shield
plate
Cotton
wick

o /
bulb T /
\ ' w!
Wet bulb

Moist air
T, wy

P

Water cup
FIGURE 2.4 A psychrometer.

drops. This depressed wet-bulb reading is called the wet-bulb temperature 7", and the difference be-
tween the dry-bulb and wet-bulb temperatures is called the wez-bulb depression.

Let us neglect the conduction along the thermometer stems to the dry and wet bulbs and also
assume that the temperature of the water on the cotton wick is equal to the wet-bulb temperature of
the moist air. Since the heat transfer from the moist air to the cotton wick is exactly equal to the
latent heat required for vaporization, then, at steady state, the heat and mass transfer per unit area of
the wet-bulb surface can be calculated as

h(T = T') + h(T,, = T') = hy(wg — whj, (2.42)

where h,, h, = mean convective and radiative heat transfer coefficients, Btu/h- ft*- °F (W/m?- K)
h, = mean convective mass-transfer coefficient, Ib/h - ft> (kg/s - m?)
T = temperature of undisturbed moist air at a distance from wet bulb, °F (°C)
T' = wet-bulb temperature, °F (°C)
T,, = mean radiant temperature, °F (°C)
wy, wy = humidity ratio of moist air and saturated air film at surface of cotton wick, 1b/1b
(kg/kg)
hj, = latent heat of vaporization at wet-bulb temperature, Btu/Ib (J/kg)

Based on the correlation of cross-flow forced convective heat transfer for a cylinder, Nup = C Re”
Pr%333 and based on the analogy between convective heat transfer and convective mass transfer, the
following relationship holds: h, = h./(c,,Le"*7). Here, Nu is the Nusselt number, Re the
Reynolds number, and Le the Lewis number. Also C is a constant.

Substituting this relationship into Eq. (2.42), we have

w,=w — K(T—T) (2.43)

In Eq. (2.43), K' represents the wet-bulb constant. It can be calculated as

L 0.6667 hr Tra - T
K = [1+ ( ,q (2.44)
Iy, h(T— T
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The term 7 — T' indicates the wet-bulb depression.
Combining Egs. (2.43) and (2.44) then gives

Wx/ ! _ CPaLeo'()m hr(Tm - T’)
h(T —T")

245
T-T h, 245

Relationship between Wet-Bulb Temperature and Thermodynamic
Wet-Bulb Temperature

Wet-bulb temperature is a function not only of the initial state of moist air, but also of the rate of
heat and mass transfer at the wet bulb. Comparing Eq. (2.40) with Eq. (2.45), we find that the wet-
bulb temperature measured by using a psychrometer is equal to thermodynamic wet-bulb tempera-
ture only when the following relationship holds:

h(T,y — T')} .

L€0‘6667 1+
h(T —T')

(2.46)

2.7 SLING AND ASPIRATION PSYCHROMETERS

Sling and aspiration psychrometers determine the relative humidity through the measuring of the
dry- and wet-bulb temperatures.

A sling psychrometer with two bulbs, one dry and the other wet, is shown in Fig. 2.5a. Both dry
and wet bulbs can be rotated around a spindle to produce an airflow over the surfaces of the dry and
wet bulbs at an air velocity of 400 to 600 fpm (2 to 3 m/s). Also a shield plate separates the dry
and wet bulbs and partly protects the wet bulb against surrounding radiation.

An aspiration psychrometer that uses a small motor-driven fan to produce an air current flowing
over the dry and wet bulbs is illustrated in Fig. 2.5b. The air velocity over the bulbs is usually kept
at 400 to 800 fpm (2 to 4 m/s). The dry and wet bulbs are located in separate compartments and are
entirely shielded from the surrounding radiation. When the space dry-bulb temperature is within a
range of 75 to 80°F (24 to 27°C) and the space wet-bulb temperature is between 65 and 70°F (18
and 21°C), the following wet-bulb constants K’ can be used to calculate the humidity ratio of the
moist air:

Aspiration psychrometer K' = 0.000206 1/°F
Sling psychrometer K' = 0.000218 1/°F

After the psychrometer has measured the dry- and wet-bulb temperatures of the moist air, the
humidity ratio w can be calculated by Eq. (2.43). Since the saturated water vapor pressure can be
found from the psychrometric table, the relative humidity of moist air can be evaluated through
Eq. (2.15).

According to the analysis of Threlkeld (1970), for a wet-bulb diameter of 0.1 in. (2.5 mm) and
an air velocity flowing over the wet bulb of 400 fpm (2 m/s), if the dry-bulb temperature is 90°F
(32.2°C) and the wet-bulb temperature is 70°F (21.1°C ), then (T' — T*)/(T — T') is about 2.5
percent. Under the same conditions, if a sling psychrometer is used, then the deviation may be
reduced to about 1 percent. If the air velocity flowing over the wet bulb exceeds 400 fpm (2 m/s),
there is no significant reduction in the deviation.

Distilled water must be used to wet the cotton wick for both sling and aspiration psychrometers.
Because dusts contaminate them, cotton wicks should be replaced regularly to provide a clean sur-
face for evaporation.
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FIGURE 2.5 Sling and aspiration psychrometers (a) Sling psychrometer; (b) aspiration psychrometer.
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2.8 HUMIDITY MEASUREMENTS

Humidity sensors used in HVAC&R for direct humidity indication or operating controls are sepa-
rated into the following categories: mechanical hygrometers and electronic hygrometers.

Mechanical Hygrometers

Mechanical hygrometers operate on the principle that hygroscopic materials expand when they
absorb water vapor or moisture from the ambient air. They contract when they release moisture
to the surrounding air. Such hygroscopic materials include human and animal hairs, plastic poly-
mers like nylon ribbon, natural fibers, wood, etc. When these materials are linked to mechanical
linkages or electric transducers that sense the change in size and convert it into electric signals, the
results in these devices can be calibrated to yield direct relative-humidity measurements of the
ambient air.

Electronic Hygrometers

There are three types of electronic hygrometers: Dunmore resistance hygrometers, ion-exchange
resistance hygrometers, and capacitance hygrometers.

Dunmore Resistance Hygrometer. In 1938, Dunmore of the National Bureau of Standards devel-
oped the first lithium chloride resistance electric hygrometer in the United States. This instrument
depends on the change in resistance between two electrodes mounted on a hygroscopic material.
Figure. 2.6a shows a Dunmore resistance sensor. The electrodes could be, e.g., a double-threaded
winding of noble-metal wire mounted on a plastic cylinder coated with hygroscopic material. The
wires can also be in a grid-type arrangement with a thin film of hygroscopic material bridging the
gap between the electrodes.

At a specific temperature, electric resistance decreases with increasing humidity. Because the
response is significantly influenced by temperature, the results are often indicated by a series of
isothermal curves. Relative humidity is generally used as the humidity parameter, for it must
be controlled in the indoor environment. Also the electrical response is more nearly a function of
relative humidity than of the humidity ratio.

The time response to accomplish a 50 percent change in relative humidity varies directly accord-
ing to the air velocity flowing over the sensor and also is inversely proportional to the saturated
vapor pressure. If a sensor has a response time of 10 s at 70°F (21°C), it might need a response time
of 100 s at 10°F (—12°C).

Because of the steep variation of resistance corresponding to a change in relative humidity, each
of the Dunmore sensors only covers a certain range of relative-humidity measurements. A set of
several Dunmore sensors is usually needed to measure relative humidity between 1 percent and 100
percent.

A curve for output, in direct-current (dc) volts, versus relative humidity is shown in Fig. 2.6b
for a typical Dunmore sensor. It covers a measuring range of 10 to 80 percent, which is usually
sufficient for the indication of relative humidity for a comfort air conditioned space. This typical
Dunmore sensor has an accuracy of £3 percent when the relative humidity varies between 10 and
60 percent at a temperature of 70°F (21°C, see Fig. 2.6b). Its accuracy reduces to =4 percent when
the relative humidity is in a range between 60 and 80 percent at the same temperature.

In addition to lithium chloride, lithium bromide is sometimes used as the sensor.

Ion-Exchange Resistance Hygrometer. The sensor of a ion-exchange resistance electric hygrom-
eter is composed of electrodes mounted on a baseplate and a high-polymer resin film, used as a
humidity-sensing material, cross-linking the electrodes as shown in Fig. 2.7a and b. Humidity is
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FIGURE 2.6 Dunmore resistance-lype electric hygrometer. (a) Sensor;
(b) output versus relative humidity ¢. (Reprinted by permission of Johnson

Controls.)

measured by the change in resistance between the electrodes. When the salt contained in the humid-
ity-sensitive material bridging the electrodes becomes ion-conductive because of the presence of
water vapor in the ambient air, mobile ions in the polymer film are formed. The higher the relative
humidity of the ambient air, the greater the ionization becomes, and therefore, the greater the
concentration of mobile ions. On the other hand, lower relative humidity reduces the ionization and
results in a lower concentration of mobile ions. The resistance of the humidity-sensing material
reflects the change of the relative humidity of the ambient air.

In Fig. 2.7b, the characteristic curves of an ion-exchange resistance electric hygrometer show
that there is a nonlinear relationship between resistance R and relative humidity ¢. These sensors
cover a wider range than Dunmore sensors, from 20 to 90 percent relative humidity.

Capacitance Hygrometer. The commonly used capacitance sensor consists of a thin-film plastic
foil. A very thin gold coating covers both sides of the film as electrodes, and the film is mounted
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FIGURE 2.7 Ton-exchange resistance-type electric hygrometer. (a)
Front and side view of sensor; (b) characteristic curve of R versus ¢.
(Reprinted by permission of General Eastern Instruments.)

inside a capsule. The golden electrodes and the dividing plastic foil form a capacitor. Water vapor
penetrates the gold layer, which is affected by the vapor pressure of the ambient air and, therefore,
the ambient relative humidity. The number of water molecules absorbed on the plastic foil deter-
mines the capacitance and the resistance between the electrodes.
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Comparison of Various Methods

The following table summarizes the sensor characteristics of various methods to be used within a
temperature range of 32 to 120°F (0 to 50°C) and a range of 10 to 95 percent RH:

Operating method Accuracy, % RH
Psychrometer Wet-bulb depression *3
Mechanical Dimensional change *3to *5
Dunmore Electric resistance *1.5
Ion-exchange Electric resistance *2to *5
Capacitance Electric capacitance and resistance +3to x5

Psychrometers are simple and comparatively low in cost. They suffer no irreversible damage at 100
percent RH, as do the sensors of electric hygrometers. Unfortunately, complete wet-bulb depression
readings of psychrometers become difficult when relative humidity drops below 20 percent or when
the temperature is below the freezing point. For remote monitoring, it is difficult to keep sufficient
water in the water reservoir. Therefore, psychrometers are sometimes used to check the temperature
and relative humidity in the air conditioned space manually.

Mechanical hygrometers directly indicate the relative humidity of the moist air. They are also
simple and relatively inexpensive. Their main drawbacks are their lack of precision over an exten-
sive period and their lack of accuracy at extreme high and low relative humidities. Electronic
hygrometers, especially the polymer film resistance and the capacitance types, are commonly used
for remote monitoring and for controls in many air conditioning systems. Both the electronic and
mechanical hygrometers need regular calibration. Initial calibrations are usually performed either
with precision humidity generators using two-pressure, two-temperature, and divided-flow systems
or with secondary standards during manufacturing (refer to ASHRAE Standard 41.6-1982, Stan-
dard Method for Measurement of Moist Air Properties). Regular calibrations can be done with a
precision aspiration psychrometer or with chilled mirror dew-point devices.

Air contamination has significant influence on the performance of the sensor of electronic and
mechanical hygrometers. This is one of the reasons why they need regular calibration.

2.9 PSYCHROMETRIC CHARTS

Psychrometric charts provide a graphical representation of the thermodynamic properties of moist
air, various air conditioning processes, and air conditioning cycles. The charts are very helpful dur-
ing the calculation, analysis, and solution of the complicated problems encountered in air condi-
tioning processes and cycles.

Basic Coordinates. The currently used psychrometric charts have two types of coordinates:

* h-w chart. Enthalpy /4 and humidity ratio w are basic coordinates. The psychrometric charts pub-
lished by ASHRAE and the Chartered Institution of Building Services Engineering (CIBSE) are
h-w charts.

* T-w chart. Temperature 7 and humidity ratio w are basic coordinates. Most of the psychrometric
charts published by the large manufacturers in the United States are 7-w charts.

For an atmospheric pressure of 29.92 in. Hg (760 mm Hg), an air temperature of 84°F (28.9°C),
and a relative humidity of 100 percent, the humidity ratios and enthalpies found from the psychro-
metric charts published by ASHRAE and Carrier International Corporation are shown below:
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Humidity ratio, 1b/1b Enthalpy, Btu/lb

ASHRAE’s chart 0.02560 48.23
Carrier’s chart 0.02545 48.20

The last digit for humidity ratios and for enthalpies read from ASHRAE’s chart is an approxima-
tion. Nevertheless, the differences between the two charts are less than 1 percent, and these are con-
sidered negligible.

In this handbook, for manual psychrometric calculations and analyses, ASHRAE’s chart will be
used.

Temperature Range and Barometric Pressure. ASHRAE'’s psychrometric charts are constructed
for various temperature ranges and altitudes. In Appendix B only the one for normal temperature,
that is, 32 to 120°F (0 to 50°C), and a standard barometric pressure at sea level, 29.92 in. Hg
(760 mm Hg), is shown. The skeleton of ASHRAE's chart is shown in Fig. 2.8.

Enthalpy Lines. For ASHRAE’s chart, the molar enthalpy of moist air is calculated from the
formulation recommended by Hyland and Wexler (1983) in their paper ‘“Formulations for the Ther-
modynamic Properties of Dry Air from 173.15 K to 473.15 K, and of Saturated Moist Air from
173.15 K to 473.15 K, at Pressures to 5 MPa.” For ASHRAE’s chart, the enthalpy # lines incline at an
angle of 25° to the horizontal lines. The scale factor for the enthalpy lines C), Btu/lb-ft (kJ/kg-m), is

hy — b, 20
C, = = = 48.45 Btu/lb-ft (370 kI /kg - 2.47
h L, 0.4128 u ( g'm) (247

where L, = shortest distance between enthalpy lines /4, and &, ft (m).

Cooling and
dehumidifying
curve

FIGURE 2.8 Skeleton of ASHRAE’s psychrometric chart.
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Humidity Ratio Lines. In ASHRAE’s chart, the humidity ratio w lines are horizontal. They form
the ordinate of the psychrometric chart. The scale factor C,, 1b/lb-ft (kg/kg-m), for w lines in
ASHRAE’s chart is

wy, —wp  0.020
L, 0.5

C, = = 0.040Ib/1b-ft (0.131 kg/kg-m) (2.48)

where L,, = vertical distance between w, and wy, ft (m). For ASHRAE’s chart, the humidity ratio w
can be calculated by Eq. (2.15).

Constant-Temperature Lines. For ASHRAE’s chart, since enthalpy is one of the coordinates,
only the 120°F constant-temperature 7 line is a true vertical. All the other constant-temperature
lines incline slightly to the left at the top. From Eq. (2.27), T = h,/c,; therefore, one end of the T
line in ASHRAE'S chart can be determined from the enthalpy scale at w = 0. The other end can be

determined by locating the saturated humidity ratio w, on the saturation curve.

Saturation Curve. A saturation curve is a locus representing a series of state points of saturated
moist air. For ASHRAE’s chart, the enthalpy of saturation vapor over liquid water or over ice at a
certain temperature is calculated by the formula recommended in the Hyland and Wexler paper. The
humidity ratios of the saturated moist air w, between 0 and 100°F (—17.8 and 37.8°C) in the psy-
chrometric chart can also be calculated by the following simpler polynomial:

w, = a, + a,T, + a;T> + a, T3 + asT} (2.49)
where T, = saturated temperature of moist air, °F (°C)
a, = 0.00080264
a, = 0.000024525

a; = 2.5420 X 106
a, = — 2.5855 X 10~%
as = 4.038 X 10710

If we use Eq. (2.49) to calculate w,, the error is most probably less than 0.000043 1b/1b (kg/kg). It
is far smaller than the value that can be identified on the psychrometric chart, and therefore the cal-
culated w, is acceptable.

Relative-Humidity and Moist Volume Lines. For ASHRAE’s chart, relative-humidity ¢ lines,
thermodynamic wet-bulb 7* lines, and moist volume v lines all are calculated and determined
based on the formulations in Hyland and Wexler’s paper.

Thermodynamic Wet-Bulb Lines. For ASHRAE’s chart, only thermodynamic wet-bulb 7* lines
are shown. Since the dry-bulb and the thermodynamic wet-bulb temperatures coincide with each
other on the saturation curve, one end of the T* line is determined. The other end of the 7* line can
be plotted on the w line where w = 0. Let the state point of the other end of the 7* line be repre-
sented by 1. Then, from Eq. (2.39), atw; = 0

de(T] - T*) = Wzkh;:,
Solving for 7%, we have
cpaly — wiEh;

Cpa (2.50)

T* =
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Cooling and Dehumidifying Curves. The two cooling and dehumidifying curves plotted
on ASHRAE’s chart are based on data on coil performance published in the catalogs of U.S.
manufacturers. These curves are very helpful in describing the actual locus of a cooling and dehu-
midifying process as well as determining the state points of air leaving the cooling coil.

2.10 DETERMINATION OF THERMODYNAMIC PROPERTIES ON
PSYCHROMETRIC CHARTS

There are seven thermodynamic properties or property groups of moist air shown on a psychromet-
ric chart:

Enthalpy &

Relative humidity ¢

Thermodynamic wet-bulb temperature 7*

Barometric or atmospheric pressure p,,

Temperature 7 and saturation water vapor pressure p,,

Density p and moist volume v

N, kW=

Humidity ratio w, water vapor pressure p,,, and dew-point temperature 7.,

The fifth, sixth, and seventh are thermodynamic property groups. These properties or properties
groups are independent of each other except that the difference in slope between the enthalpy / line
and thermodynamic wet-bulb temperature 7* line is small, and it is hard to determine their intersec-
tion. Usually, atmospheric pressure p,, is a known value based on the altitude of the location. Then, in
the fifth property group, p,,, is a function of temperature 7 only. In the sixth property group, according
to Eq. (2.33), p, = 1/v; that is, air density and moist volume are dependent on each other. In the
seventh property group, for a given value of p,, properties w, p,,, and T, are all dependent on each
other.

When p,, is a known value, and if the moist air is not saturated, then any two known independent
thermodynamic properties can determine the magnitudes of the remaining unknown properties. If
the moist air is saturated, then any independent property will determine the remaining magnitudes.

Example 2.1. 'The design indoor air temperature and relative humidity of an air conditioned space
at sea level are 75°F (23.9°C) and 50 percent. Find the humidity ratio, the enthalpy, and the density
of the indoor moist air

1. By using the ASHRAE chart

2. By calculation

Determine also the dew-point and thermodynamic wet-bulb temperatures of the moist air. The
following information is required for the calculations:

Atmospheric pressure at sea level 14.697 psi (101,325 Pa)

Specific heat of dry air 0.240 Btu/1b- °F (1.005 kJ/kg-K)

Specific heat of water vapor 0.444 Btu/1b- °F (1.859 kJ/kg-K)

Enthalpy of saturated vapor at 0°F 1061 Btu/1b (2468 kJ/kg)

Gas constant of dry air 53.352 ft-1b¢/1b,, - °R (0.287 kJ/kg - K)
Solution

1. Plot the space point » on ASHRAE'’s chart by first finding the space temperature 7, = 75°F on
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FIGURE 2.9 Thermodynamic properties determined from ASHRAE’s psychrometric chart.

the abscissa and then following along the 75°F constant-temperature line up to a relative humidity
¢ = 50 percent, as shown in Fig. 2.9.

Draw a horizontal line from the space point r. This line meets the ordinate, humidity ratio w, at
a value of w, = 0.00927 1b/Ib (kg/kg). This is the humidity ratio of the indoor space air. Draw a
line parallel to the enthalpy line from the space point . This line meets the enthalpy scale line at
a value of A, = 28.1 Btu/lb. This is the enthalpy of the indoor space air. Draw a horizontal line
from the space point r to the left. This line meets the saturation curve at a dew-point temperature
of 55°F (12.8°C). Draw a line parallel to the thermodynamic wet-bulb temperature lines through
the space point r. The perpendicular scale to this line shows a thermodynamic wet-bulb temperature
T7# = 62.5°F (16.9°C). Draw a line parallel to the moist volume lines through the space point r.
The perpendicular scale to this line shows a moist volume v, = 13.68 ft¥/lb (0.853 m?/kg).

2. The calculations of the humidity ratio, enthalpy, and moist volume are as follows:
From Eq. (2.49), the humidity ratio of the saturated air at the dry-bulb temperature is
w, = 0.00080264 + 0.000024525T + 2.542¢-06T* — 2.5855¢-08T* + 4.038e-10T*
= 0.00080264 + 0.0018394 + 0.014299 — 0.010908 + 0.012776
= 0.018809 1b/1b

According to Eq. (2.16), the saturated water vapor pressure of the indoor air is
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W 0.018809 X 14.697
w, + 0.62198  0.018809 + 0.62198

Pws = = 0.4314 psia

From Eq. (2.21), the water vapor pressure of indoor air is
Pw = @Pys = 0.5 X 04314 = 0.2157 psia
Then, from Eq. (2.15), the humidity ratio of the indoor air is

0.62198p,  0.62198 X 0.2157
_ _ = 0.009264 Ib/1b (0.009264 ke /k
P — P 14.697 — 02157 ( g/kg)

wy

From Eq. (2.29), the enthalpy of the indoor moist air is
h. = ¢,qTp + w(hy + ¢, T)
h, = 0.240 X 75 + 0.009264(1061 + 0.444 X 75)
= 28.14 Btu/lb

From Eq. (2.32), the moist volume of the indoor air is

RT 53.352 X 535
P — P (14697 — 0.2157)(144)

= 13.688 ft*/1b

v, =

Then, from Eq. (2.33), the density of the indoor moist air is

1 1
== = 0. Ib/ft3 (1.17 kg/m®
P Trem 0.07306 Ib/ft> (1.17 kg/m?)

Comparison of the thermodynamic properties read directly from ASHRAE’s chart and the calcu-
lated values is as follows:

ASHRAE’s chart Calculated value
Humidity ratio, 1b/1b 0.00927 0.009264
Enthalpy, Btu/Ib 28.1 28.14
Moist volume, ft*/1b 13.68 13.69

Apparently, the differences between the readings from ASHRAE’s chart and the calculated values
are very small.

Example 2.2. An HVAC&R operator measured the dry- and wet-bulb temperatures in an air
conditioned space as 75°F (23.9°C) and 63°F (17.2°C), respectively. Find the relative humidity
of this air conditioned space by using ASHRAE’s chart and by calculation. The humidity ratios
of the saturated air at temperatures of 75 and 63°F are 0.018809 and 0.012355 1b/Ib (kg/kg),
respectively.

Solution. It is assumed that the difference between the wet-bulb temperature as measured by
sling or aspiration psychrometer and the thermodynamic wet-bulb temperature is negligible. At a
measured dry-bulb temperature of 75°F (23.9°C) and a wet-bulb temperature of 63°F (17.2°C), the
relative humidity read directly from ASHRAE’s chart is about 51.8 percent. From Sec. 2.6, the wet-
bulb constant K’ for a sling psychrometer is 0.000218 1/°F. Then, from Eq. (2.43), the humidity
ratio of the space air can be calculated as
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S
Il

wy — 0.000218(T — T') = 0.012355 — 0.000218(75 — 63)
= 0.009739 1b/1b

From Eq. (2.15), the vapor pressure of the space air is

WPa
w + 0.62198

_0.009739 X 14.697
0.009739 + 0.62198

Pw =

= 0.2266 psia

And from Eq. (2.16), the saturated vapor pressure at a space temperature of 75°F is

WSPH[
w, + 0.62198
0.018809 X 14.697

- = 04314 psi
0.018809 + 0.62198 _ A3l4psia

Pws =

Hence, from Eq. (2.21), the calculated relative humidity of the space air is

Pw _ 0.2266
Divs 0.4314

¢ = = 0.5253 or 52.53%
The difference between the value read directly from ASHRAE’s chart and the calculated one is
52.53 percent — 51.8 percent = 0.7 percent.

Computer-Aided Psychrometric Calculation and Analysis

There are two kinds of psychrometric computer-aided software available on the market: psychro-
metric calculations and psychrometric graphics. Most of the psychrometric software is Windows-
based computer programs.

Software for psychrometric calculations can determine any one of the thermodynamic properties
of the moist air if two of the independent properties are known. Psychrometric calculation software
usually also finds the thermodynamic property of the mixture of airstreams and provides altitude
effect adjustments. Software programs for psychrometric graphics are far more powerful tools than
psychrometric calculations. On the computer screen, the following is shown: a psychrometic chart,
any number of labeled air conditioned state points, the corresponding air conditioned processes and
the air conditioning cycle, and the spreadsheet that lists the thermodynamic properties, airflow in
cubic feet per minute, and the heat transfer during the air conditioning processes. The thermody-
namic properties of any of the state points and therefore the characteristics of the air conditioning
process and cycle can be varied. As a result, the operation of the air system at either full load or part
load, under cooling or heating modes, can be investigated and analyzed.
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3.1 BUILDING ENVELOPE

Building envelope consists of the building components that enclose conditioned spaces. Heat,
moisture, and contaminants may be transferred to or from the outdoors or unconditioned spaces and
therefore affect the indoor environment of the conditioned space.

Building envelope used for air conditioned space in buildings consists of mainly walls, roofs,
windows, ceilings, and floors. There are two types of partitions: exterior partitions and demising
partitions. An exterior partition is an opaque, translucent, or transparent solid barrier that separates
conditioned space from outdoors or space which is not enclosed. A demising partition is a solid
barrier that separates conditioned space from enclosed unconditioned space.

* An exterior wall is a solid exterior partition which separates conditioned space from the outdoors.
Exterior walls are usually made from composite layers including any of the following: stucco,
bricks, concrete, concrete blocks, wood, thermal insulation, vapor barrier, airspace, and interior fin-
ish. The gross exterior wall area is the sum of the window area, door area, and exterior wall area.

* A partition wall is an interior solid barrier which separates a conditioned space from others. Parti-
tion walls are usually made from interior surface finishes on two sides, wooden studs and boards,
concrete blocks, concrete, bricks, and thermal insulation. A demising partition wall separates a
conditioned space from an enclosed unconditioned space.

» Wall below grade is a solid barrier below ground level which often separates a basement or a
crawl space from soil.

* A roof is an exterior partition that has a slope less than 60° from horizontal and has a conditioned
space below directly or through a ceiling indirectly. Roofs are usually made from clay tile, water-
proof membrane, concrete and lightweight concrete, wood, and thermal insulation.

* A ceiling is an interior partition that separates the conditioned space from a ceiling plenum. The
ceiling plenum may or may not be air conditioned. Ceilings are usually made from acoustic tile or
boards, thermal insulation, and interior surface finishes.

* An exterior floor is a horizontal exterior partition under conditioned space. A floor placed over a
ventilated basement or a parking space is an exterior floor. Exterior floors are usually made from
wood, concrete, thermal insulation, and face tiles.

* Slab on grade is a concrete floor slab on the ground. There is usually a vapor barrier, thermal
insulation, and gravel and sand fill between the concrete slab and the ground.

* A window is glazing of any transparent or translucent material plus sash, frame, mullions, and
dividers in the building envelope. Glazing is usually made from glass and transparent plastics.
Frames are often made from wood, aluminium, and steel. The window area is the area of the
surface of glazing plus the area of frame, sash, and mullions. A fenestration is any area on the
exterior building envelope which admits light indoors. Fenestrations include windows, glass
doors, and skylights.

* A skylight is glazing having a slope of less than 60° from the horizontal. There is often a condi-
tioned space below skylight(s).

3.2 HEAT-TRANSFER FUNDAMENTALS

Heat transfer between two bodies, two materials, or two regions is the result of temperature
difference. The science of heat transfer has provided calculations and analyses to predict rates of
heat transfer. The design of an air conditioning system must include estimates of heat transfer
between the conditioned space, its contents, and its surroundings, to determine cooling and heating
loads. Heat-transfer analysis can be described in three modes: conduction, convection, and
radiation.
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Conductive Heat Transfer

Conduction is the mechanism of heat transfer in opaque solid media, such as through walls and
roofs. For one-dimensional steady-state heat conduction g;, Btu/h (W), Fourier’s law gives the fol-
lowing relationship:
dT
@ = —kA— 3.1
dx
where k = thermal conductivity, Btu/h-ft- °F (W/m- °C)
A = cross-sectional area normal to heat flow, ft*> (m?)
T = temperature, °F (°C)
x = coordinate dimension along heat flow, ft (m)

Equation (3.1) shows that the rate of heat transfer is directly proportional to the temperature gradi-
ent dT/dx, the thermal conductivity k, and the cross-sectional area A. The minus sign indicates that
the heat must flow in the direction of decreasing temperature; i.e., if the temperature decreases as x
increases, the gradient d7/dx is negative, so that heat conduction is a positive quantity.

For steady-state heat conduction through a plane composite wall with perfect thermal contact
between each layer, as shown in Fig. 3.1, the rate of heat transfer through each section of the
composite wall must be the same. From Fourier’s law of conduction,

ksA kzA kcA

qr = T(TI -T)= T(Tz —-Ty = T(Ts - Ty 3.2)

A B C

where Ly, Lg, Lo = thickness of layers A, B, and C, respectively, of composite wall, ft (m)
T, T,, T3, T, = temperature at surfaces 1, 2, 3, and 4, respectively, °F (°C)

Indoor \\
T
13 !
‘dT x
Tempcraturc
T rofile
T;
A B C
Outdoor
1 2 3 4 7,
T, |R; T, Ry, T, Ry T3 Rc I, R, T,
La Ly Le
ksA kgA kcA

FIGURE 3.1 Steady-state one-dimensional heat conduction through a
composite wall.
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ky, kg, ke = thermal conductivity of layers A, B, and C, respectively, of composite wall,
Btu/h-ft-°F (W/m-°C)

Eliminating 7, and T3, we have

T, - T,
qrx = (3.3)
Ly/(kyA) + Lgl(kzgA) + Lc/(kcA)
For a multilayer composite wall of n layers in perfect thermal contact, the rate of conduction heat
transfer is given as

Tl - Tn+l
e = (3.4)
Li/(kiA) + Ly/(kyA) + - - - + L,/(k,A)
Subscript n indicates the nth layer of the composite wall.
In Eq. (3.2), conduction heat transfer of any of the layers can be written as

kA AT

qr — T AT = F
35
L (3.5)

kA

where R* = thermal resistance, h-°F/Btu (°C/W). In Eq. (3.5), an analogy can be seen between
heat flow and Ohm’s law for an electric circuit. Here the temperature difference AT = T, — T, indi-
cates thermal potential, analogous to electric potential. Thermal resistance R* is analogous to elec-
tric resistance, and heat flow ¢ is analogous to electric current.

The total conductive thermal resistance of a composite wall of n layers Ry, h-°F/Btu (°C/W),
can be calculated as

Ri= R¥+ RE+ - - - + Rx (3.6)

where Rf, R¥, - - - R} = thermal resistances of layers 1, 2, - - -, n layer of the composite wall,
h-°F/Btu (°C/W). The thermal circuit of a composite wall of three layers is shown in the lower
part of Fig. 3.1.

Convective Heat Transfer

Convective heat transfer occurs when a fluid comes in contact with a surface at a different tempera-
ture, such as the heat transfer taking place between the airstream in a duct and the duct wall.

Convective heat transfer can be divided into two types: forced convection and natural or free
convection. When a fluid is forced to move along the surface by an outside motive force, heat is
transferred by forced convection. When the motion of the fluid is caused by the density difference
of the two streams in the fluid as a product of contacting a surface at a different temperature, the
result is called natural or free convection.

The rate of convective heat transfer ¢g., Btu/h (W), can be expressed in the form of Newton’s
law of cooling as

q. = h AT, — T..) (3.7)

where h, = average convective heat-transfer coefficient, Btu/h - ft>- °F (W/m?- °C)
T, = surface temperature, °F (°C)
T.. = temperature of fluid away from surface, °F (°C)

In Eq. (3.7), the convective heat-transfer coefficient 4. is usually determined empirically. It is
related to a dimensionless group of fluid properties, such as the correlation of flat-plate forced



HEAT AND MOISTURE TRANSFER THROUGH BUILDING ENVELOPE 35

convection, as shown in the following equation:

N
u;, = X

where C = constant and k£ = thermal conductivity, Btu/h-ft- °F (W/m- °C). In Eq. (3.8), Nu; is the
Nusselt number, which is based on a characteristic length L. Characteristic length can be the length
of the plate, the diameter of the tube, or the distance between two plates, in feet (meters). The
Reynolds number Re; is represented by the following dimensionless group:

= CRe} Pr” 3.8)

pvL  yL
Re, = —=— (3.9
" v
where p = density of fluid, Ib/ft? (kg/m?)
v = velocity of fluid, ft/s (m/s)
= absolute viscosity of the fluid, Ib/ft-s (kg/m-s)
v = kinematic viscosity of fluid, ft*/s (m?/s)
The Prandtl number Pr is represented by
3600uc
Pr = T” (3.10)

where ¢, = specific heat at constant pressure of the fluid, Btu/Ib-°F (J/kg-°C). Fluid properties
used to calculate dimensionless groups are usually related to the fluid temperature 7;. That is,

T, — T.

5 (3.11)

T, =
Convective heat transfer can also be considered analogous to an electric circuit. From Eq. (3.7),
the convective thermal resistance R¥, h- °F/Btu (°C/W), is given as

1
R* = — 3.12
F=a (3.12)

Radiant Heat Transfer

In radiant heat transfer, heat is transported in the form of electromagnetic waves traveling at the
speed of light. The net rate of radiant transfer g,, Btu/h (W), between a gray body at absolute
temperature Ty, and a black surrounding enclosure at absolute temperature Ty, (for example, the
approximate radiation exchange between occupant and surroundings in a conditioned space) can be
calculated as

q: = oA&(Th — Th) (3.13)

where o = Stefan-Boltzmann constant = 0.1714 X 107% Btu/h - ft>- °R* (W/m?- K*)
A, = area of gray body, ft* (m?)
€, = emissivity of surface of gray body

Tr1» Try, = absolute temperature of surfaces 1 and 2, °R (K)

If we multiply the right-hand side of Eq. (3.13) by (Tx; — Tro)/(Tx, — Tgo), and let the thermal
resistance

_ Tri — Tro 1
R} = m = WA (3.14)
oA €/(Tx, %) ra
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where h, = radiant heat-transfer coefficient, Btu/h-ft>-°F (W/m?-°C), we find that as a
consequence,

g, = hA(T, — T)) (3.15)

where T}, T, = temperature of surfaces 1 and 2, °F (°C).

If either of the two surfaces is a black surface or can be approximated as a black surface, as was
previously assumed for the conditioned space surroundings, the net rate of radiant heat transfer
between surfaces 1 and 2 can be evaluated as

q, = GAF| (T — The) (3.16)

where F'|_, = shape factor for a diffuse emitting area A, and a receiving area A,. The thermal resis-
tance can be similarly calculated.

Overall Heat Transfer

In actual practice, many calculations of heat-transfer rates are combinations of conduction, convec-
tion, and radiation.

Consider the composite wall shown in Fig. 3.1; in addition to the conduction through the
wall, convection and radiation occur at inside and outside surfaces 1 and 4 of the composite wall.
At the inside surface of the composite wall, the rate of heat transfer g;, Btu/h (W), consists of con-
vec-tive heat transfer between fluid, the air, and solid surface ¢, and the radiant heat transfer ¢,, as
follows:

qi = 4. + qr = hcAl(Tl - Tl) + hrAl(Tt - Tl)
= nLA(T; — T)) (3.17)

where 7; = indoor temperature, °F (°C). From Eq. (3.17), the inside surface heat-transfer coefficient
h; at the liquid-to-solid interface, Btu/h- ft>- °F (W/m?- °C) is

h;=h,+ h,
and the thermal resistance R} of the inner surface due to convection and radiation, h-°F/Btu
(°C/W), is

1
R¥ =
oA,

Similarly, at the outside surface of the composite wall, the rate of heat-transfer g,, Btu/h-ft*- °F
(W/m?-°C), is

(3.18)

qo = hoAlTy — T) (3.19)

where h, = outside surface heat-transfer coefficient at fluid-to-solid interface, Btu/h - ft>- °F
(W/m?-°C)
A, = area of surface 4, ft*> (m?)
T, = temperature of surface 4, °F (°C)
T, = outdoor temperature, °F (°C)

The outer thermal resistance R¥, h-°F/Btu (°C/W), is

RE = —
C T A,

For one-dimensional steady-state heat transfer, the overall heat-transfer rate of the composite
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wall ¢, Btu/h (W), can be calculated as

T —T,
9=4=q=q,=UAT ~T)=—p (3.20)
T

where U = overall heat-transfer coefficient, often called the U value, Btu/h- ft*- °F (W/m?- °C)
A = surface area perpendicular to heat flow, ft> (m?)

R¥ = overall thermal resistance of composite wall, h- °F/Btu (°C/W)
and
1
R’T“=R,-*+Rj(+R§‘+R§+R3‘=a (3.21)

Also, the thermal resistances can be written as

L L L
Rf=—" Rfj=_—2 RE=_—
kA kyB keC

Therefore, the overall heat transfer coefficient U is given as

U = ! (3.22)
VVh; + Ly/ky + Lglkg + Lelke + 1/h,

For plane surfaces, area A = A; = A, = A; = A,. For cylindrical surfaces, because the inside
and outside surface areas are different, and because UA = 1/R¥, it must be clarified whether the
area is based on the inside surface area A;, outside surface area A,, or any chosen surface area.

For convenient HVAC&R heat-transfer calculations, the reciprocal of the overall heat-transfer
coefficient, often called the overall R value Ry, h-ft*-°F/Btu (m?-°C/W), is used. So Ry can be
expressed as

1
RT:?]:R[+R1+R2+ .« e +Rn+R0 (323@)
where R;, R, = R values of inside and outside surfaces of composite wall, h- ft?- °F/Btu
(m?-°C/W)
R\, Ry, - * -, R, = R values of components 1,2, . . .,n, h-ft*- °F/Btu (m?:°C/W)
and
R_l R_ﬂ R_é R =2 R_i
i h,‘ 1 k[ 2 k2 n k,, o hg (323b)

Sometimes, for convenience, the unit of R is often omitted; for example, R-10 means the R value
equals 10 h - ft>- °F/Btu (m?- °C/W).

A building envelope assembly, or a building shell assembly, includes the exterior wall assembly
(i.e., walls, windows, and doors), the roof and ceiling assembly, and the floor assembly. The area-
weighted average overall heat-transfer coefficient of an envelope assembly U,, Btu/h-ft*:°F
(W/m?-°C), can be calculated as

U A + U,A,+ - - - + UA,
av = (3.24)
A,
where A, A, . . ., A, = area of individual elements 1,2, . . ., n of envelope assembly, ft> (m?)
A, = gross area of envelope assembly, ft* (m?)
U,, U,, . . ., U, = overall heat-transfer coefficient of individual paths 1,2, . . ., n of the

envelope assembly, such as paths through windows, paths through walls,
and paths through roof, Btu/h- ft*- °F (W/m?- °C)
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Heat Capacity

The heat capacity (HC) per square foot (meter) of an element or component of a building envelope
or other structure depends on its mass and specific heat. Heat capacity HC, Btu/ft> °F (kJ/m?-°C),
can be calculated as

HC
7 = pLC (325)

where m = mass of building material, Ib (kg)
¢ = specific heat of building material, Btu/lb-°F (kJ/kg- °C)
A = area of building material, ft> (m?)
p = density of building material, Ib/ft} (kg/m?)
L = thickness or height of building material, ft (m)

3.3 HEAT-TRANSFER COEFFICIENTS

Determination of heat-transfer coefficients to be used for load calculations or year-round energy
estimates is complicated by the following types of variables:

» Building envelopes, exterior wall, roof, glass, partition wall, ceiling, or floor
¢ Fluid flow, turbulent flow, or laminar flow, forced or free convection

» Heat flow, horizontal heat flow in a vertical surface, or an upward or downward heat flow in a
horizontal surface

* Space air diffusion, ceiling or sidewall inlet, or others
» Time of operation— summer, winter, or other seasons

Among the three modes of heat transfer, convection processes and their related coefficients are the
least understood, making analysis difficult.

Coefficients for Radiant Heat Transfer

For a radiant exchange between the inner surface of an exterior wall and the surrounding surfaces
(such as the surfaces of partition walls, ceilings, and floors) in an air conditioned room, the sum of
the shape factors 2F,_, can be considered as unity. If all surfaces are assumed to be black, then the
radiative heat-transfer coefficient h,, Btu/h - ft>- °F (W/m?- °C), can be calculated as

hy = ——— (3.26)

where T%;, = absolute temperature of inner surface of exterior wall, roof, or external window glass,
°R (K)
Treaq = absolute mean radiant temperature of surrounding surfaces, °R (K)

Often Tk,,q is approximately equal to the air temperature of the conditioned space T, when both are
expressed in degrees Rankine (kelvins).

Radiant heat transfer coefficients calculated according Eq. (3.26) for various surface temperatures
and temperature differences between the inner surface of any building envelope and the surrounded
surfaces are presented in Table 3.1. From Table 3.1, 4, depends on the absolute temperature of inner
surface Ty;, and the temperature difference 7;; — T4
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TABLE 3.1 Radiative Heat Transfer Coefficients A,

Tz;lfz i;?lt;]ere Inner surface temperature 7}, °F
Tis—Traa» 60 70 75 80 85
°F (520°R) (530°R) (535°R) (540°R) (545°R)
Btu/h-ft>-°F

1 0.871 0.909 0.935 0.968 0.990
2 0.866 0.910 0.936 0.966 0.990
3 0.862 0.908 0.935 0.963 0.989
5 0.856 0.904 0.930 0.958 0.984

10 0.844 0.892 0.918 0.945 0.971

20 0.819 0.868 0.893 0.919 0.945

Note: Calculations made by assuming that 7,4 = T, and the emissivity of inner
surface € = 1.

Coefficients for Forced Convection

Before one can select the mean convective heat-transfer coefficient 4. in order to calculate the rate
of convective heat transfer or to determine the overall heat-transfer coefficient U value during cool-
ing load calculations, the type of convection (forced or natural) must be clarified. Forced convection
between the surfaces of the building envelope and the conditioned space air occurs when the air-
handling system is operating or there is a wind over the outside surface. In an indoor space, free
convection is always assumed when the air-handling system is shut off, or there is no forced-air
motion over the surface involved.

The convective heat-transfer coefficient /. also depends on the air velocity v flowing over the
surface, the configuration of the surface, the type of space air diffusion, and the properties of the
fluid. According to Kays and Crawford (1980), a linear or nearly linear relationship between £, and
v holds. Even though the air velocity v in the occupied zone may be only 30 fpm (0.15 m/s) or even
lower when the air-handling system is operating, however, the mode of heat transfer is still consid-
ered as forced convection and can be expressed as

h,=A + By (3.27)

where n = exponential index, usually between 0.8 and 1
v = bulky air velocity of fluid 0.5 to 1 ft (0.15 to 0.30 m) from surface, fpm (m/min)
A, B = constants

On the basis of test data from Wong (1990), Sato et al. (1972), and Spitler et al. (1991), as well as
many widely used energy estimation computer programs, the convective heat-transfer coefficient
for forced convection h,, Btu/h-ft2- °F (W/m?- °C), for indoor surfaces can be determined as

h.= 1.0 + 0.008v (3.28)

For outside surfaces, the surface heat-transfer coefficient h, = h, + h,, Btu/h-ft>- °F (W/m?- °C),
can be calculated as

h, = 1.8 + 0.004v,; (3.29)

where vy;,q = wind speed, fpm.
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Coefficients for Natural Convection

For natural convection, the empirical relationship between the dimensionless groups containing the
convective heat-transfer coefficient /. can be expressed as follows:

Nu, = C(Gr/Pr)" = CRa} (3.30)
In Eq. (3.30), Gry, called the Grashof number, is based on the characteristic length L.

Bep(T, — T..)
L= ——
w2 (3.31)
where 8 = coefficient of volume expansion of fluid, 1/°R (1/K)

g = acceleration of gravity, ft/s> (m/s?)
p = density of fluid, Ib/ft* (kg/m?)
C = constant

And Ra is called the Rayleigh number, and Ra = GrPr.

Natural convective heat transfer is difficult to evaluate because of the complexity of the recircu-
lating convective stream of room air that is the result of the temperature distribution of the surfaces
and the variation of temperature profile of the stream. Computer programs using numerical tech-
niques have been developed recently. In actual practice, simplified calculations are often adopted.

Altmayer et al. (1983) in their recent experiments and analyses found that “The ASHRAE free
convection correlations provide a fair prediction of the heat flux to the room air from cold and hot
surfaces.” The errors are mainly caused by the variation of temperature of the convective airstreams
after contact with cold or hot surfaces. In simplified calculations, this variation can only be included
in the calculation of the mean space air temperature 7.

Many rooms have a vertical wall height of about 9 ft (2.7 m). If the temperature difference
T,— T. > 1°F (0.56°C), the natural convection flow is often turbulent. If 7, — 7.. = 1°F (0.56°C),
as in many cooling load calculations between a partition wall and space air, the flow is laminar.

Based on data published in ASHRAE Handbook 1997, Fundamentals, the natural convection
coefficients £, Btu/h - ft?>- °F (W/m?- °C), are given as follows:

Vertical plates:

Large plates, turbulent flow h, = 0.19(AT,,)*> (3.32)
AT, \025
Small plates, laminar flow h.=0.29 <T> (3.33)

Horizontal plates, facing upward when air is heated or facing downward when air is cooled:

Large plates, turbulent flow h, = 0.22(AT,,)*> (3.34)
AT,,\025
Small plates, laminar flow h. = 0.27< LA ) (3.35)
Horizontal plates, facing upward when air is cooled or facing downward when air is heated:
AT,,\02s
Small plates h, = 0.12(T> (3.36)

Here, AT,, indicates the temperature difference between the surface and the air.

Surface Heat-Transfer Coefficients

The surface heat-transfer coefficient z, sometimes called the surface conductance, Btu/h-ft*-°F
(W/m?-°C), is the combination of convective and radiant heat-transfer coefficients; that is,
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TABLE 3.2 Surface Heat-Transfer Coefficients 4, Btu/h- ft?>- °F

Surface emissivity €

0.90 0.20
Indoor surface Indoor surface
Direction of AT, = 10°F Outdoor M
Description heat flow Summer  Winter AT, = 1°F surface Summer  Winter AT, = I°F
Forced convection
<30 fpm 2.21 2.11 2.16 1.46 1.43 1.44
50 fpm 2.37 2.27 2.32 1.62 1.59 1.60
660 fpm (7.5 mph) 4.44
1320 fpm (15 mph) 7.08
Free convection
Horizontal surface Upward 1.36 1.27 1.17 0.62 0.60 0.44
Vertical surface 1.42 1.33 1.15 0.68 0.66 0.30
Horizontal surface Downward 1.03

Note: Assume space temperature T, = 74°F year-round and 7, = T,,4; here T,,, indicates the mean radiant temperature of the surroundings.

h = h, + h,. Table 3.2 lists the h values for various surface types at AT,, = 10°F (5.6°C) and
AT,, = 1°F (0.56°C) during summer and winter design conditions. The values are based upon the
following:

* T..a = T,, where T, is the air temperature, °F (°C).

» AT, indicates temperature difference between surface and air, °F (°C).

* Emissivity of the surface € = 0.9 and € = 0.2.

3.4 MOISTURE TRANSFER

Moisture is water in the vapor, liquid, and solid states. Building materials exposed to excessive
moisture may degrade or deteriorate as a result of physical changes, chemical changes, and biologi-
cal processes. Moisture accumulated inside the insulating layer also increases the rate of heat
transfer through the building envelope. Moisture transfer between the building envelope and the
conditioned space air has a significant influence on the cooling load calculations in areas with hot
and humid climates.

Sorption Isotherm

Moisture content X, which is dimensionless or else in percentage, is defined as the ratio of the mass
of moisture contained in a solid to the mass of the bone-dry solid. An absorption isotherm is a
constant-temperature curve for a material in which moisture content is plotted against an increased
ambient relative humidity during an equilibrium state; i.e., the rate of condensation of water vapor
on the surface of the material is equal to the rate of evaporation of water vapor from the material. A
desorption isotherm is also a constant-temperature curve for a material. It is a plot of moisture con-
tent versus a decreased ambient relative humidity during equilibrium state.

Many building materials show different absorption and desorption isotherms. The difference in
moisture content at a specific relative humidity between the absorption and desorption isotherms is
called hysteresis. Figure 3.2 shows absorption and desorption isotherms of a building material.
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FIGURE 3.2 Sorption isotherms.

Temperature also has an influence on the moisture content of many building materials. At a con-
stant relative humidity in ambient air, the moisture content of a building material will be lower at a
higher temperature.

When a building material absorbs moisture, heat as heat of sorption is evolved. If liquid water is
absorbed by the material, an amount of heat ¢, Btu/lb (kJ/kg) of water absorbed, similar to the
heat of solution, is released. This heat results from the attractive forces between the water mole-
cules and the molecules of the building material. If water vapor is absorbed, then the heat released
q,» Btu/1b (kJ/kg), is given by

g, = a + hy (3.37)

where hy, = latent heat of condensation, Btu/Ib (kJ/kg). Heat of sorption of liquid water g, varies
with equilibrium moisture content for a given material. The lower the X and the ¢ of ambient air,
the higher will be the value of g;. For pine, ¢, may vary from 450 Btu/lb (1047 kJ/kg) for nearly
bone-dry wood to 20 Btu/Ib (46.5 kJ/kg) at a moisture content of 20 percent. Many building mate-
rials have very low g, values compared with /i, such as a g, of 40 Btu/1b (93 kJ/kg) for sand.

Moisture-Solid Relationship

Many building materials have numerous interstices and microcapillaries of radius less than 4 X
107% in. (0.1 wm), which may or may not be interconnected. These interstices and microcapillaries
provide large surface areas to absorb water molecules. Moisture can be bound to the solid surfaces
by retention in the capillaries and interstices, or by dissolution into the cellular structures of fibrous
materials.

When the relative humidity ¢ of ambient air is less than 20 percent, moisture is tightly bound to
individual sites in the monomolecular layer (region A, in Fig. 3.2). Moisture moves by vapor diffu-
sion. The binding energy is affected by the characteristics of the surface, the chemical structure of
the material, and the properties of water.
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When relative humidity ¢ is 20 to 60 percent (region B, Fig. 3.2), moisture is bound to the
surface of the material in multimolecular layers and is held in microcapillaries. Moisture begins to
migrate in liquid phase, and its total pressure is reduced by the presence of moisture in microcapil-
laries. The binding energy involved is mainly the latent heat of condensation.

When ¢ > 60 percent, i.e., in region C of Fig. 3.2, moisture is retained in large capillaries. It is
relatively free for removal and chemical reactions. The vapor pressure of the moisture is influenced
only moderately because of the moisture absorbed in regions A and B. Moisture moves mainly in a
liquid phase.

Because the density of the liquid is much greater than that of water vapor, the moisture content
in building materials is mostly liquid. Unbound moisture can be trapped in interstices having a
radius greater than 4 X 107> in. (1 wm), without significantly lowering the vapor pressure. Free
moisture is the moisture in excess of the equilibrium moisture content in a solid. For insulating
materials in which interstices are interconnected, air penetrates through these open-cell structures,
and, moisture can be accumulated in the form of condensate and be retained in the large capillaries
and pores.

Moisture Migration in Building Materials

Building envelopes are not constructed only with open-cell materials. The airstream and its associ-
ated water vapor cannot penetrate building envelopes. Air leakage can only squeeze through the
cracks and gaps around windows and joints. However, all building materials are moisture-
permeable; in other words, moisture can migrate across a building envelope because of differences
in moisture content or other driving potentials.

According to Wong and Wang (1990), many theories have been proposed by scientists to predict
the migration of moisture in solids. The currently accepted model of moisture flow in solids is
based upon the following assumptions:

* Moisture migrates in solids in both liquid and vapor states. Liquid flow is induced by capillary
flow and concentration gradients; vapor diffusion is induced by vapor pressure gradients.

* During the transport process, the moisture content, the vapor pressure, and the temperature are
always in equilibrium at any location within the building material.

* Heat transfer within the building material is in the conduction mode. It is also affected by latent
heat from phase changes.

* Vapor pressure gradients can be determined from moisture contents by means of sorption
isotherms.

* Fick’s law is applicable.

* Only one-dimensional flow across the building envelope is considered. Building materials are
homogeneous.

If the temperature gradient is small, for simplicity, the mass flux 1, /A for one-dimensional
flow, Ib/h - ft*> (kg/h - m?), can be expressed as

dx
mw/A == walvi (338)
dx
where D, = mass diffusivity of liquid and vapor, ft*/h (m?/h)
X = moisture content, 1b/1b (kg/kg) dry solid
= density of water, Ib/ft* (kg/m? )
x = coordinate dimension along moisture flow, ft (m)
A = area of building envelope perpendicular to moisture flow, ft> (m?)

>
|

Mass diffusivities of some building materials as a function of moisture content are shown in
Fig. 3.3.
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FIGURE 3.3 Mass diffusivity D, of some building materials. (Abridged
with permission from Bruin et al. Advances in Drying, Vol. 1, 1979.)

Moisture Transfer from the Surface of the Building Envelope

At a certain time instant, moisture migrating from any part in the building envelope to its surface
must be balanced by convective moisture transfer from the surface of the building envelope to the
ambient air and the change of the moisture content as well as the corresponding mass concentration
at the surface of the building envelope. Such a convective moisture transfer is often a part of the
space latent cooling load. Analogous to the rate of convective heat transfer [Eq. (3.7)], the rate of
convective moisture transfer n,,, 1b/h (kg/h), can be calculated as

ny, = hy, A, (Cy — C,) (3.39)
where h,, = convective mass-transfer coefficient, ft/h (m/h)
A,, = contact area between moisture and ambient air, ft> (m? )
C,,, C,, = mass concentration of moisture at surface of building envelope and of space air, 1b/ft*
(kg/m’)

It is more convenient to express the mass concentration difference C,, — C,, in terms of a
humidity ratio difference w, — w,. Here w, and w, represent the humidity ratio at the surface of the
building envelope and of the space air, respectively, 1b/1b (kg /kg). In terms of mass concentration
we can write

Cos = paWy (3.40)
Cr = pW, (3.41)

Then the rate of convective moisture transfer can be rewritten as
m,, = ph,A, (W, — w,) (3.42)

In Eq. (3.42), the surface humidity ratio w, depends on the moisture content X, the temperature 7,
and therefore the vapor pressure p,,, in the interstices of the surface of the building envelope. From
the known X, T, and the sorption isotherm, the corresponding relative humidity ¢, at the surface
can be determined. If the difference between relative humidity ¢ and the degree of saturation u is
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ignored, then
WS = I“LSWSS =~ (pSwSS (3’43)

where u, = degree of saturation at surface. In Eq. (3.43), w,, represents the humidity ratio of the
saturated air. It can be determined from Eq. (2.49) since 7 is a known value.

In Eq. (3.42), the contact area A,, between the liquid water at the surface of the building enve-
lope and the space air is a function of moisture content X,. A precise calculation of A,, is very com-
plicated, but if the surface area of the building material is A, then a rough estimate can be made
from

A, = X, A, (3.44)

Convective Mass-Transfer Coefficients
The Chilton-Colburn analogy relates the heat and mass transfer in these forms:
Ju =Jp
h,

h
m
pPr23 = §c2/3
pa VC[JII V

hc v, 2/3 Yy 2/3
- = hm
P “C[’a @ D aw.

where v = air velocity remote from surface, ft/s (m/s)
= specific heat of moist air, Btu/Ib- °F (J/kg- °C)
h,, = convective mass-transfer coefficient, ft/h (m/s)

(3.45)

v = kinematic viscosity, ft?/s (m?/s)
a = thermal diffusivity of air, ft>/s (m?/s)
D,,, = mass diffusivity for water vapor diffusing through air, ft>/s (m?/s)

Sc¢ = Schmidt number

Subs