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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.

Xi
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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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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
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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.



14

CHAPTER ONE

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
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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,
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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
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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,
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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.
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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&