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Chapter

HVAC Engineering Fundamentals:
Part 1

1.1 Introduction

This chapter is devoted to “fundamental” fundamentals—certain prin-
ciples which lay the foundation for what is to come. Starting with the
original author’s suggested thought process for analyzing typical prob-
lems, the reader is then exposed to a buzzword of our time: value
engineering. Next follows a discussion of codes and regulations, polit-
ical criteria which constrain potential design solutions to the bounds
of public health and welfare, and sometimes to special interest group
sponsored legislation. The final sections of the chapter offer a brief
review of the basic physics of heating, ventilating, and air conditioning
(HVAC) design in discussions of fluid mechanics, thermodynamics,
heat transfer, and psychrometrics. Numerous classroom and design
office experiences remind us of the value of continuous awareness of
the physics of HVAC processes in the conduct of design work.

1.2 Problem Solving

Every HVAC design involves, as a first step, a problem-solving pro-
cess, usually with the objective of determining the most appropriate
type of HVAC system for a specific application. It is helpful to think
of the problem-solving process as a series of logical steps, each of
which must be performed in order to obtain the best results. Although
there are various ways of defining the process, the following sequence
has been found useful:

1. Define the objective. What is the end result desired? For HVAC
the objective usually is to provide an HVAC system which will control
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the environment within required parameters, at a life-cycle cost com-
patible with the need. Keep in mind that the cost will relate to the
needs of the process. More precise control of the environment almost
always means greater cost.

2. Define the problem. The problem, in this illustration, is to select
the proper HVAC systems and equipment to meet the objectives. The
problem must be clearly and completely defined so that the proposed
solutions can be shown to solve the problem.

3. Define alternative solutions. Brainstorming is useful here.
There are always several different ways to solve any problem. If re-
modeling or renovation is involved, one alternative is to do nothing.

4. Evaluate the alternatives. Each alternative must be evaluated
for effectiveness and cost. Note that “doing nothing” always has a cost
equal to the opportunity, or energy, or efficiency “lost” by not doing
something else.

5. Select an alternative. Many factors enter into the selection
process—effectiveness, cost, availability, practicality, and others.
There are intangible factors, too, such as an owner’s desire for a par-
ticular type of equipment.

6. Check. Does the selected alternative really solve the problem?

7. Implement the selected alternative. Design, construct, and op-
erate the system.

8. Evaluate. Have the problems been solved? The objectives met?
What improvements might be made in the next design?

Many undertakings fail, or are weak in the end result, due to failing
to satisfy one or more of these problem-solving increments. There is
an art in being able to identify the key issue, or the critical success
factors, or the truly beneficial alternative. Sometimes the evaluation
will be clouded by constraint of time, budget, or prejudice. Occasion-
ally there is an error in assumption or calculation that goes un-
checked. The best defense against disappointment is the presence of
good training and good experience in the responsible group.

1.3 Value Engineering

Value analysis or value engineering (VE) describes a now highly so-
phisticated analytical process which had its origins in the materiel
shortages of World War II. In an effort to maintain and increase pro-
duction of war-related products, engineers at General Electric devel-
oped an organized method of identifying the principal function or ser-
vice to be rendered by a device or system. Then they looked at the
current solution to see whether it truly met the objective in the sim-
plest and most cost-effective way, or whether there might be an alter-
native approach that could do the job in a simpler, less costly, or more
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durable way. The results of the value engineering process now per-
meate our lives, and the techniques are pervasive in business. Con-
sider our improved automobile construction methods, home appli-
ances, and the like as examples. Even newer technologies such as
those pertaining to television and computers have been improved by
quantum leaps by individuals and organizations challenging the
status quo as being inadequate or too costly.

Alphonso Dell'Isolo is generally credited as being the man who
brought value engineering to the construction industry, which indus-
try by definition includes HVAC systems. Dell’Isolo both “wrote the
book™ and led the seminars which established the credibility of the
practice of value engineering in architectural and engineering firms
and client offices across the land.

There is a national professional society called SAVE (Society of
American Value Engineers), headquartered in Smyrna, Georgia. The
society certifies and supports those who have an interest in and com-
mitment to the principles and practices of the VE process.

Value engineering in construction presumes an issue at hand. It can
be a broad concern such as a system, or it can be a narrow concern
such as a device or component. The VE process attacks the status quo
in four phases.

1. Gather information. Clearly and succinctly identify the pur-
pose(s) of the item of concern. Then gather information related to per-
formance, composition, life expectancy, use of resources, cost to con-
struct, the factors which comprise its duty, etc. Make graphs, charts,
and tables to present the information. Identify areas of high cost in
fabrication and in operation. Understand the item in general and in
detail.

2. Develop alternatives. First ask the question, Do we even need
this thing, this service at all? Or are we into it by habit or tradition?
If the function is needed, then ask, How else could we accomplish the
same objective? Could we reasonably reduce our expectation or ac-
ceptably reduce the magnitude of our effort? Could we eliminate ex-
cess material (make it lighter or smaller)? Could we substitute a less
expensive assembly? Could we eliminate an element of assembly la-
bor? Could we standardize a line of multisize units into just a few
components?

In this phase, we learn not to criticize, not to evaluate, for the “cra-
zies” spawn the “winners.” “Don’t be down on what you are not up on.”
Be creative and open-minded. Keep a written record of the ideas.

3. Evaluate the alternatives. Having developed ideas for different
ways of doing the same thing, now evaluate the objective and subjec-
tive strengths and weaknesses of each alternative. Study performance

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



HVAC Engineering Fundamentals: Part 1

4 Chapter One

versus cost—cost both to construct and to operate. Look for the alter-
native which will work as well or better for the least overall cost. This
will often be a different solution from the original.

Note that an analysis effort solely for the purpose of cutting cost is
not really value engineering; for the objective of minimized life cycle
cost is often compromised. There are enough buildings in this country
with fancy finishes and uncomfortable occupants to attest to this as-
sertion. As John Ruskin said many years ago:

It is unwise to pay too much but it is worse to pay too little. When you
pay too much you lose a little money. When you pay too little you some-
times lose everything, because the thing you bought was incapable of
doing the thing it was bought to do. The common law of business balance
prohibits paying a little and getting a lot—it can’t be done. If you deal
with the lowest bidder it is well to add something for the risk you run.
And if you do that you will have enough to pay for something better.

4. Sell the best solution. This ties back into a weakness of many
engineers and designers: They have great ideas, but they have a hard
time getting these ideas implemented. By first understanding the pur-
pose of a device or system, then producing good data to understand
current performance, and finally developing an alternative with doc-
umented feasibility, the sales effort is greatly supported.

Gas forced-air furnaces are an example of an HVAC unit which has
been improved over time by value engineering. The purpose of the
furnace now, as before, is to use the chemical energy of a fuel to warm
the environment, i.e., to heat the house. But there is a world of dif-
ference between the furnace of the 1930s, with its cast-iron or heavy-
metal refractory-lined firebox and 4-ft-diameter bonnet, and the high-
technology furnaces of today. Size is down, capacity is up, weight is
down, relative cost is down, fuel combustion efficiency is up, and re-
liability is debatably up.

Variable-speed drives for pumps and fans are devices which have
been improved to the point of common application. The operating-cost
advantages of reduced speed to “match the load” have been known
and used in industry for a long time, but technology has taken its time
to develop reliable, low-cost, variable-speed controllers for commercial
motors, such as variable-frequency drives now used in HVAC appli-
cations.

If value engineering seems to share some common analytical tech-
nique with Sec. 1.2 on problem solving, the dual presentation is in-
tentional. Both discussions are approaches to solving problems, to im-
proving service. The first is an interpretation of a mentor’s example,
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the second is a publicly documented, formal procedure. The HVAC
system designer will benefit greatly if she or he can commit to an
analytical thought process which defines the problem, proposes solu-
tions, identifies the optimum approach, and finally presents the so-
lution in a credible and compelling way.

1.4 Codes and Regulations

No HVAC designer should undertake a design task without first hav-
ing an awareness of and hopefully a working familiarity with the var-
ious codes and ordinances which govern and regulate building con-
struction, product design and fabrication, qualification of engineers in
practice, etc. Codes generally are given the force of law on the basis
of protecting the public safety and welfare. Penalties may be applied
to those who violate established codes, and the offending installation
may be condemned and regarded as unsuitable for use by enforcement
authorities. As young design practitioners, we were advised to “curl
up with a good code book” until we became thoroughly familiar with
its precepts.

Codes are particularly definitive regarding a building’s structural
integrity, electrical safety, plumbing sanitation, fuel-fired equipment
and systems, fire prevention detection and protection, life safety and
handicapped accessibility in buildings, energy conservation, indoor air
quality, etc. Each of these areas has an impact on the design of HVAC
systems.

Particular codes are sufficiently diverse in their adoption and im-
plementation that it is unwise for this book to list any specifics. The
HVAC system designer should simply know that life is not without
constraint; that systems will conform to codes, or else a permit to build
and use will be denied; and that willful violation of codes by the de-
signer is done only at great personal risk.

The recommended practice for every HVAC design assignment is to
make an initial review of the locally enforced codes and regulations,
to become thoroughly familiar with the applicable paragraphs, and to
religiously follow the prescribed practices, even though such an ap-
proach seems to stifle creativity.

Occasionally code constraints seem to violate or interfere with the
objective of a construction. At these times, it is often possible to re-
quest a variance from the authority. There is no guarantee of accep-
tance, but nothing ventured, nothing gained. Good preparation gen-
erates hope and understanding, and differentiates you from the
unending stream of charlatans who seek to sidestep codes and regu-
lations for personal financial gain.
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Variance procedures notwithstanding, in general the best idea is to
know the codes and to design within them. See Ref. 2 for further dis-
cussion of this topic.

1.5 Fluid Mechanics*

Fluid mechanics, a fundamental area of physics, has to do with the
behavior of fluids, both at rest and in motion. It deals with properties
of fluids, such as density and viscosity, and relates to other aspects of
physics, such as thermodynamics and heat transfer, which add the
issues of energy to the functions of the basic fluid flow. For this brief
reminder paragraph, remember:

m The static pressure at a point in a fluid system is directly propor-
tional to the density of the fluid and to the height of the fluid col-
umn. Static pressure is exerted equally in all directions.

m The velocity pressure of a flowing fluid is proportional to the square
of the fluid velocity; i.e., doubling the velocity quadruples the veloc-
ity pressure.

m The friction loss of a fluid flowing in a conduit is proportional to the
square of the velocity.

®m The pumping power required to move a fluid is proportional to the
fluid density and viscosity, as well as the volume of fluid handled
and the pressure against which the fluid is pumped.

m Since the friction loss is proportional to the square of the flow, the
pumping power in a defined system is proportional overall to the
cube of the flow rate.

For HVAC purposes, air is considered to be an incompressible fluid.

For incompressible fluids, the amount of fluid in a closed system is
constant. Any outflows must be offset by equivalent inflows, or there
must be a change in the amount of fluid held in the system. This is
the Law of Conservation of Mass and allows us to account for fluid in
a process just as we count money in the bank. See Ref. 3 for further
discussion of this topic.

*See also Chap. 16.
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1.6 Thermodynamics*

Thermodynamics has to do with the thermal characteristics of matter
and with the natural affinity of the universe to go from a higher to a
lower energy state. Thermodynamics deals with the ability of matter
to accept changes in energy level (relates to specific heat as a property
and to enthalpy as a scale of measurement of energy level). For this
reminder paragraph, remember:

m The energy acceptance capacity of a substance is called specific heat
with English units of Btu per pound per degree Fahrenheit. Water
with a specific heat of 1.0 Btu/(Ib - °F) is one of the best heat-
accepting media.

m The energy acceptance capacity in a change of phase is called the
latent heat of vaporization from liquid to gas (i.e., water to steam)
and latent heat of fusion from liquid to solid (i.e., water to ice).
Again, water with a latent heat of vaporization of approximately
1000 Btu/lb and a latent heat of fusion of 144 Btu/lb is very good
at involving large quantities of energy at constant temperature in
the phase change.

® Thermodynamics can be used to examine the refrigeration cycles
with mathematical tools and techniques to analyze performance of
equipment and systems.

m The first law of thermodynamics says that “energy is conserved.” For
matter as for money, we can account for energy inputs, outputs, and
storage. Combining thermodynamics with fluid mechanics allows us
to calculate energy flows piggybacked onto fluid flows with accuracy
and confidence.

m The second law of thermodynamics says that energy left to itself
always goes from high to low, from fast to slow, from warm to cold.
To make things go uphill, to go otherwise, we must expend energy.
There is no such thing as a perpetual-motion machine.

m Psychrometrics is a specialty of thermodynamics involving the phys-
ics of moist air, a mixture of air and water vapor. See Ref. 4 for
further discussion of this topic.

1.7 Heat Transfers

In studying heat transfer, we study energy in motion—through a mass
by conduction, from a solid to a moving liquid by convection, or from
one body to another through space by radiation. Remember:

*See also Chap. 17.
tSee also Chap. 18.
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m Heat is transferred from warmer to colder—always, without excep-
tion.

m Heat transfer for conduction and for convection is directly propor-
tional to the driving temperature differential. Double the difference
to double the heat transfer rate (T} — T,).

m Heat transfer by radiation is proportional to the fourth power of the
absolute temperature difference (7' — T'3). Small changes in tem-
perature can create relatively large changes in radiation heat trans-
fer rates.

m For heat transfer between fluids, counterflow (opposite direction) is
much more effective than parallel flow (same direction).

m Insulation to reduce heat transfer follows a law of diminishing re-
turns, the reciprocal of the amount of insulation used, for instance,
1, Y, Y%, Y4, . . .. The first insulation is most valuable, with every
succeeding increment less so. It is a design challenge to find the
cost-effective happy median.

m Fouling of heat transfer surfaces is detrimental to equipment per-
formance.

®m Quantitative heat transfer is directly proportional to the heat trans-
fer surface area.

m Although it is not a classic form of heat “transfer,” heat can be trans-
ported by a fluid (e.g., air in ducts and water in pipes) from one
point to another. This action is better classified as a combination of
fluid mechanics and thermodynamics (mixing of fluids of different
thermodynamic conditions). See Ref. 5 for further discussion of this
topic.

1.8 Psychrometrics*

Psychrometrics is the science of the properties of moist air, i.e., air
mixed with water vapor. This subset of thermodynamics is important
to the HVAC industry since air is the primary environment for all
HVAC work. Whereas oxygen, nitrogen, and other components of dry
air behave similarly in only a vapor phase in the HVAC temperature
range, water will undergo a change of state in the same temperature
range based on pressure, or in the same pressure range based on tem-
perature. In the human comfort temperature range, the comfort of
people and the quality of the environment for health, for structures,
and for preservation of materials are also related to the moisture in

*See also Chap. 19.
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the air. Control of the moist-air condition is a primary objective of the
HVAC system. Remember the following:

m Air is considered to be saturated with moisture when the evapora-
tion of water into the air at a given temperature and atmospheric
pressure is offset by a concurrent condensation of water vapor to
liquid. Cooling of saturated air results in dew, fog, rain, or snow.
Warm air can hold more moisture than cold air.

m Percent relative humidity measures how much water vapor is in the
air compared to how much there would be if the air were saturated
at the same temperature. The adjective relative is appropriate be-
cause the absolute amount of water that air can hold is relative
to both temperature and barometric pressure. Changes in baromet-
ric pressure related to altitude or to weather conditions affect the
moisture-holding capacity of air.

m A psychrometric chart which presents properties of mixtures of
moist air on a single graph is a most useful tool for quantitatively
calculating and analyzing HVAC processes. Familiarity and facility
with these charts are a must for the HVAC designer.

m [t is impossible to remove moisture from air in a heat exchange
cooling process without bringing the air near to the saturation line.
Moisture may be removed by desiccants without approaching satu-
ration.

®m Optimum conditions for human health and comfort range from 70
to 75°F and 40 to 50 percent relative humidity. In terms of perceived
comfort, a little higher relative humidity can offset a little lower
ambient temperature.

m Moist air in cold climates is a problem and a liability for building
designers. Since the inside environment usually is moister than the
outside air, insulation and vapor barriers are required to prevent
condensation in the structural cavities. Failure to respect this lia-
bility may lead to early deterioration of a building. Swimming pools
and humidified buildings (hospitals, etc.) are particularly vulnera-
ble. See Ref. 6 and Chap. 19 for further discussion of this topic.

1.9 Sound and Vibration*

Sound and vibration have become a topic of interest for the HVAC
designer, not that they are part of the primary heating, cooling, and

*See also Chap. 20.
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air conditioning functions but because they are secondary factors
which, if not properly handled, can destroy an otherwise successful
HVAC installation.

All sounds and vibrations are forms of kinetic energy, and in the
HVAC world they are usually derived from moving equipment, moving
air, pressure-reducing equipment, or other moving fluid. A problem
arises when an HVAC system component generates noise or vibration
within, or adjacent to, a habited or process-sensitive space. If the gen-
erated sound or vibration level exceeds the local tolerance level, the
HVAC system is deemed unacceptable.

For an HVAC system to be acceptable in terms of sound and vibra-
tion, an occupant or a process in a served space must be essentially
unaware of, or at least not impaired by, the active functions of the
HVAC system. Airborne sound in an office or theater must not draw
attention to itself. The space must seem quiet when all is still, and
allow conversation or music to go on without intrusion. The same is
true for vibration. Operation of the HVAC system should not, often
must not, be apparent to building occupants in the sense of a vibrating
floor or desk, or visibly moving structural components like a light fix-
ture. Recognize that in less sophisticated spaces like shops or equip-
ment rooms, some sound and vibration is expected and tolerated at
higher levels, so the HVAC designer must understand first the origins,
then the level of acceptable performance, and finally the mechanisms
of control of sound and vibration to achieve an acceptable level of ser-
vice.

“Sound” is a generic term for airborne vibrations transmitted to the
ear or equivalent acoustic sensing device. When sound offends, it is
called “noise.” Sound power levels are measured in watts, and with
10712 W being a threshold of hearing, this is defined as being 0 decibels
(dB). Sound is usually measured within and for each octave band,
where the frequency of each successive octave band is twice that of
the previous. A vibration frequency of 31.5 hertz or cycles per second
(Hz) defines the midpoint of the first octave band. Middle C is in the
middle of the fifth octave band at 504 Hz.

Sound or noise is generated by something in motion which sets up
airborne vibration. The sound “radiates” from the point of origin to
the point of detection. Sound power levels in open air diminish with
the square of the distance, but in a smaller confined space, with high
reflectance, the sound power level may be relatively constant over dis-
tance. Sound may be controlled by absorption or confinement. Dense
fibrous mats and accoustical duct liner are examples of absorptive ma-
terials. Masonry or concrete structure, and lead fabrics around a noise
generator are examples of confinement (containment). Combinations
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of confinement and absorption are often used to control or eliminate
system-generated sound.

Vibration becomes a problem when the effects of the cyclical motion
of a piece of equipment are carried into and through the structure to
a point where it is sensed, by definition, as an irritation or offense.
Any rotating piece of equipment that is slightly out of balance can set
up a vibration. Vibrations are often carried in structures to remote
points. A person sitting at a desk may sense the floor or the desk
vibrating. A pan of liquid on a laboratory table may exhibit waveforms
on the surface from structural vibrations. Even as windstorms can
cause buildings to shake and tremble, so can air moving in ducts or
fluid moving in pipes give rise to vibrations and noise.

Vibration is best controlled by balance and isolation. Balance of
moving components eliminates vibration at its origin. For large ele-
ments such as fans, compressors, and engines, isolation with springs
or resilient pads is common practice. Lower-frequency vibrations re-
quire more initial spring deflection to be effective. The vibrating ele-
ment must be relieved of any hard physical connection to its environ-
ment. Hence all pipe and conduit or duct connections must be flexibly
connected. This is also helpful in making sure that the equipment does
not carry the weight of the attached piping.

See Chap. 20 and Ref. 7 for further discussion of this issue.

1.10 Energy Conservation

Periodic international events remind us of the vital role of energy in
the economic well-being of developed countries. The ability of common
folk in the industrial nations to live more opulent lives than the kings
and queens of yesteryear is directly related to the energy servant.
Transportation, communication, agriculture, housing, manufacturing,
health care services, and the like are all facilitated by the readily
available supplies of energy, both fuel and power.

At the same time, there are recognizable limits to available energy
sources. Despite new discoveries, coal, oil, gas, and other fossil or or-
ganic fuels can be estimated in total volume, with less this year than
there was last. There is a finite limit to the potential development of
renewable energies, all derived from the sun, such as wood, wind, hy-
dropower, etc. In terms of magnitude, nuclear power (the fusion con-
cept, at that) is the only known energy source that offers hope of being
able to industrialize the third world and to sustain a growing world
population over centuries rather than decades. Yet the use of nuclear
power is mired in political quicksand in the United States.

The conclusion for the designer of HVAC systems, all of which by
definition are energy-managing and energy-consuming, is that there
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is an international mandate as well as a moral and economic imper-
ative to design systems which are modest in their use of energy. Al-
though the United States lacks a well-defined national energy policy,
local and regional energy codes give some direction to the HVAC sys-
tems designer. These codes encourage the construction of buildings
which have lower inherent energy requirements, lighting systems
which derive more illumination from fewer watts, and air-handling
systems which move more air and water with less fan, pump, and
compressor power. Most of these codes are based on the American
Society of Heating, Refrigerating, and Air-Conditioning Engineers
(ASHRAE) Standard 90.1.

In a time when much HVAC design involves the renovation and
retrofit of older buildings and systems, there is good opportunity for
substitution of components and system concepts which will provide
similar or improved comfort by using less energy. Thus we suggest the
five T’s of energy conservation in both new and retrofit construction:

1. Turn it off! There is no substitute for the off switch. Provide a
mechanism to turn off energy-using systems when they are not
needed.

2. Turn it down! If it has to run, design it to run at the lowest level
which will still meet the duty. Try to provide modulating control
for all energy consumers.

3. Tune it up! To operators: Keep things in good operating condition.
To designers: Design for reliability and for maintainability.

4. Turn it around! For retrofit designers: If you find a system which
consumes disproportionate amounts of energy, improve it.

5. Throw it away! If a system is an energy hog and does not lend
itself to rehabilitation, be willing to take it out. The retrofit design
market for the year 2000 on into the next decades is a major in-
dustry market.

One good thing about energy conservation is that it nearly always
pays for itself. But sometimes a bit of teaching and long-term vision
are needed to get the message to the person controlling the purse
strings.

A word of caution. Energy conservation is important in HVAC de-
sign, but it is not the purpose or function of the HVAC system. HVAC
systems are intended to provide comfort, or a controlled environment.
If we conserve energy to the point that we lose sight of the system’s
function, then we have failed in our duty. There is no glory in owning
a building that drives tenants away with its energy-conserving but
uncomfortable HVAC systems. Nor is there gratitude to an energy
manager in an electronics plant where the production yield drops for
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lack of proper air quality even though energy costs are low. “Waste
not, want not” is the energy motto. “Use what you need, but need what
you use” is a corollary. See Ref. 8 for more on this topic.

1.11 Summary

A first-hand knowledge of engineering fundamentals is a must for
HVAC designers. All problems are helped toward solution by an ability
to think clearly, to move from problem definition to identification of
alternatives, to evaluation of alternatives, to selection and implemen-
tation of preferred action. Knowledge of political constraints (codes
and regulations) as well as technical and ethical factors is an impor-
tant part of the designer’s tool kit. Knowledge of fundamental engi-
neering physics in fluid mechanics, thermodynamics, heat transfer,
psychrometrics, and sound control is absolutely essential to the HVAC
designer. Energy conservation in system design has become a moral
imperative. An understanding of these fundamentals will make all
other issues treated in this book easier to understand.
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Chapter

HVAC Engineering Fundamentals:
Part 2

2.1 Introduction

A heating, ventilating, and air conditioning (HVAC) system is de-
signed to satisfy the environmental requirements of comfort or a pro-
cess, in a specific building or portion of a building and in a particular
geographic locale. Designers must understand a great deal beyond ba-
sic HVAC system design and the outdoor climate. They must also un-
derstand the process or the comfort requirements.

In addition, designers must understand how the building is (or will
be) constructed and whether that construction is suitable for the stip-
ulated use of the space. For example, a warehouse cannot be used as
a clean room without a great many modifications and improvements;
to attempt to air-condition it to clean-room specifications without mak-
ing the necessary architectural and structural revisions would be fu-
tile. While most examples are more subtle than this, many HVAC
systems do not perform satisfactorily because the basic building is
unsuitable. Designers must be able to recognize this.

It is also necessary to understand the use of the building and in
most buildings the use of each part. How does this use affect occu-
pancy, activity level, humidity, temperature, and ventilation require-
ments? Designers must have answers to these and many other ques-
tions before they can design a suitable HVAC system.

2.2 Comfort

Comfort is a highly subjective word, reflecting sensations which vary
greatly from one individual to another. Comfort can be defined only in
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general or statistical terms. Research by ASHRAE over many years
has identified the major factors contributing to comfort: temperature,
relative humidity, air movement, and radiant effects. Attempts have
been made to combine these factors to obtain a single-number index
called the effective temperature! or comfort index. The type and quan-
tity of clothing and the level of activity also affect comfort, but these
factors vary so greatly that they cannot be quantified.

Typically, the air system is designed to control temperature always
and humidity sometimes. Good control of air movement (from supply
grilles and diffusers) is also needed to improve the comfort index. Most
people do not like a draft (local air velocity over about 100 ft/min),
but in some hot industrial environments, a high rate of airflow at the
workstation may be necessary. Radiant effects are often beyond the
control of the HVAC designer but should be taken into account in the
HVAC design. Typical radiant effects are caused by windows (cold in
winter, hot when exposed to the sun), by lighting fixtures (especially
incandescent), and by cross-radiation among people in large groups.
Radiant effects can sometimes be offset by providing radiant panels
which are cooled or heated as needed.! There is an interesting graph
in the ASHRAE Handbook which plots the percentage of people who
are dissatisfied at any given temperature. It can be interpreted to read
a range of general comfort between 70 and 75°F, but it also shows that
there is no temperature at which everybody will be satisfied.?

2.3 Use of Psychrometrics

Psychrometrics is the study of the physical properties of air-water va-
por mixtures, commonly called moist air. Because air is the final en-
ergy transport medium in most air conditioning processes, it is an
essential tool in HVAC design. Chapter 19 discusses psychrometric
principles, and a more detailed discussion can be found in the ASH-
RAE Handbook Fundamentals.® Many different psychrometric charts
are available from various sources. This book uses the ASHRAE charts
and tables.

The author (Haines) constructed high altitude psychrometric charts
in the 1950s, for use in his design work when such charts were not
readily available. The charts were made to the same format as the
ASHRAE sea-level chart of that period. Tabular values for several
altitudes were hand calculated and hand-drafting techniques were
used.

ASHRAE now has a chart for 5000-ft elevation above sea level.

2.4 HVAC Cycles

Figure 2.1 is a schematic representation of an elementary mechanical
cooling cycle. While dehumidification is not an essential part of the
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Figure 2.1 Mechanical cooling cycle.

cooling cycle, it usually occurs where the cooling medium is colder
than the dew point temperature of the air. The cooling load @ in the
conditioned space is a combination of internal and external loads (e.g.,
people, lights, solar) and is usually removed by circulating air through
the space, with the entering air having a lower temperature and hu-
midity than the desired space condition. To offset the cooling load, the
temperature and humidity of the supply air are increased to equal
those of the space, and then air is returned to the air-handling unit
(AHU), where it is recooled and dehumidified. Most spaces require
some (outside) ventilation air, which is mixed with the return air at
the AHU, thereby imposing an additional cooling load . If the out-
side-air enthalpy is less than the space enthalpy, then @y, will be neg-
ative and some “free cooling” will be obtained. Work energy is required
to circulate the air—usually a fan driven by an electric motor—and
this work @y becomes a part of the cooling load. The total load rep-
resented by @, + @, + @y must be removed by the heat rejection
equipment, usually a refrigeration system. Some additional work is
done here by pumping fluids and driving refrigeration machines and
condenser or cooling-tower fans. Ultimately all this heat energy is
dumped to a heat sink—sometimes water, most often atmospheric air.

Note that the work portions of this cycle are parasitical. They con-
tribute additional heat which must be removed, reducing the overall
system efficiency.

Figure 2.2 shows schematically an elementary heating cycle, again
using an air-handling unit. In this cycle, the ventilation load is usually
negative, requiring additional heating, but the work factors contribute
to the available heat. Thus, most heating systems are more effective
overall than most cooling systems, when effectiveness is defined as
the heating or cooling done, divided by the energy input.

In Figs. 2.1 and 2.2, convective and radiation losses from piping,
ductwork, and equipment have been neglected for simplicity. These
factors may become important, particularly in large systems.
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Figure 2.2 Mechanical heating cycle.

There are many different ways to accomplish the functions indicated
in these diagrams. Some of these methods are described in later chap-
ters.

2.5 Control Strategies

No HVAC system can be designed without a thorough knowledge of
how it is to be controlled. Psychrometrics is helpful in control system
design, since the psychrometric chart which describes the HVAC cycles
and provides data for equipment selection also indicates control points
and conditions to be expected. Controls are discussed in Chap. 8.

2.6 Architectural, Structural,
and Electrical Considerations

The architectural design of the building provides the basis for those
heating and cooling loads relating to the building envelope and to floor
areas. In particular, the orientation, amount, and type of glass—
together with any shading materials—are critical to the proper cal-
culation of solar loads and daylighting effects.

Structural and architectural factors define the space and weight car-
rying capacity available for HVAC equipment as well as piping and
ductwork.

Electrical requirements for the HVAC equipment must be carefully
and completely communicated to the electrical designer. The charac-
teristics of the electrical service (voltage, frequency, etc.) affect the
HVAC specifications and design.

Detailed and careful communication and coordination among the
members of the design team are required. That statement is more
than a tacit acknowledgment of the obvious. It underscores an abso-
lute necessity in the design process.
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2.7 Conceptual Design

The problem-solving process of Chap. 1 should be a prelude to estab-
lishing any HVAC design concept. In most cases, a formal study is not
made, but the general process is followed informally. Then the final
decision is heavily biased by the desires of the client and architect as
well as the experience and strengths of the HVAC design engineer. It
is easy, under these conditions, to do things as they have always been
done and to avoid innovation. This approach is also less expensive for
the designer and avoids discussion and possible argument with the
client, who is more often concerned with cost than with innovation.
Still, the competent designer must be conversant with all types of
systems and control strategies, in the event that the client wants sug-
gestions for something new and different. This background is only de-
veloped through experience and study. Study is simply learning from
the experience of others. This book and others like it were written for
that purpose.

There is a fundamental rule of any design: Keep it simple. No matter
how complex the criteria may be, look for the simple way to solve the
problem. This way is most likely to work in the real world.

2.8 Environmental Criteria
for Typical Buildings

A Dbuilding or space within a building may be used in many different
ways. For each of these applications, the HVAC designer must deter-
mine the general criteria from personal experience or study and then
add the special requirements of the user of the particular facility. The
ASHRAE handbooks contain chapters on many common and exotic
applications. The discussions which follow are limited to some of the
more common applications. In every environment there are concerns
for temperature, relative humidity, sound level and character, and the
general quality of breathable air. In general, the higher the standard
to be met, the more expensive the system will be to install, and prob-
ably to operate.

2.8.1 Residential

Two essential residential criteria are adequate comfort and the need
of occupants to be able to adjust the controller set point. In larger
residences (over 2400 ft?), the use of multiple HVAC systems should
be considered, to allow zoning. These criteria extend to apartments
and hotel or motel guest rooms. First cost and operating cost are con-
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cerns, as are simplicity and an acceptable sound level [from 30 to 40
noise criteria (NC)].

2.8.2 Commercial offices

Two basic needs are comfort and an adequate ventilation rate (airflow
in cubic feet per minute per square foot or per person)—so that oc-
cupants will not complain of stuffy or dead air. Where smoking is al-
lowed, the ventilation rate and the amount of outside air must be
increased. The general subject of indoor air quality is discussed in
Chaps. 5 and 21.

Controls are often designed to be nonadjustable by occupants. Zon-
ing must be provided to compensate for use, occupant density, and
exterior exposure. Conference rooms and corner offices should be sep-
arate zones. The ideal HVAC system is flexible enough to allow for
adding or rearranging of zones as use changes. Noise levels should be
stable in a range of 30 to 40 NC.

2.8.3 Hotels and motels

A small residential motel must meet only residential criteria. A large
resort or conference hotel has many varying needs. The building may
include not only such public areas as lobbies, restaurants, health and
recreation facilities (swimming pool, sauna, etc.), meeting rooms, re-
tail and service shops, and ballrooms, but also such behind-the-scenes
facilities as kitchens, warehousing and storage for food and materials,
shops (carpentry, electrical, plumbing, furniture repair), offices, cen-
tral plant equipment (HVAC, electrical), laundry, employee lounge and
eating areas, and others. Each area has different HVAC requirements.
Comfort requirements will govern in most areas, with due allowance
for occupant density and activity level. In rooms with a high occupant
density, the cross-radiation effect among occupants may necessitate a
lower space temperature to maintain comfort. Kitchens are seldom
directly cooled, although indirect cooling using transfer air from other
areas is common. Such reused air must be filtered. Laundries and
health club areas have high-humidity problems, and exhaust rates
must be adequate to keep humidities low enough to avoid condensa-
tion on walls and ceilings, with resultant water damage. Service and
work areas may or may not be cooled, depending on the outdoor cli-
mate, but adequate ventilation must be provided. Because the main
function of a hotel is to provide comfort for its guests, control, zoning
and avoidance of drafts are important. The background noise level
generated by the HVAC system is very important and is often over-
looked. Auxiliary heating at entrances is needed even in mild climates.
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A wide variety of systems may be used to satisfy these various re-
quirements. Good practice is to use AHUs of various kinds with a
central chiller and heating plant. Common practice in motels and
some hotels is to use through-the-wall independent units in guest
rooms. These are frequently noisy and do not always provide a good
comfort level, but they respond to the “first-cost” market.

2.8.4 Educational facilities

A school is much more than classrooms and offices, although these
constitute the major portion of many schools. Comfort criteria apply
in classrooms and offices, including special-purpose classrooms, e.g.,
music, chemistry, physics, and biology rooms. There are special ex-
haust requirements in laboratory rooms, especially chemistry labs.
Auditoriums, with or without stages, have criteria peculiar to
theaters—somewhat lower temperatures because of dense occupancy,
a low background noise level, and avoidance of drafts in what is typ-
ically a high-airflow-rate situation. Many elementary schools and high
schools have smaller, distributed AHUs, single or multizone, with a
central plant source of heating and cooling. This approach is most
suitable in campus-style schools with several buildings, but there are
many other ways of air-conditioning these facilities.

At the college and university level, the facility takes on an institu-
tional character, with emphasis on higher-quality HVAC equipment
and systems, with longer life and lower maintenance costs. There are
many special-purpose buildings, including auditoriums and theaters,
radio and TV studios, laboratory facilities of many kinds, physical ed-
ucation facilities, natatoriums, sports arenas, dormitories (residence
criteria), support facilities such as maintenance shops and ware-
houses, and central plant facilities for heating and cooling, including
sometimes elaborate distribution systems.

The acoustic design of a good theater or concert hall should be such
that no electronic amplification is needed. The HVAC system must not
produce a noise which will interfere with the audience’s enjoyment of
the performance. (See the discussion of sound in Chap. 20, and note
the recommendation that the background noise level in a concert hall
not exceed 25 NC.) This is not easy to achieve; it requires careful
design and construction of both the building and the HVAC and elec-
trical systems.

Laboratory facilities associated with education, public health, or in-
dustry can have very complex requirements, including humidity con-
trol and high levels of cleanliness. Most laboratories require high rates
of exhaust and makeup air. The HVAC designer must work with the
user to determine the exact criteria for the facility. Because the user
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in a research lab seldom knows “exactly” what will be needed, the
HVAC design must be flexible enough to satisfy a wide range of con-
tingencies. This tends to be costly, but is necessary in order to properly
utilize the lab facility. Heat reclaim systems of various kinds are es-
pecially helpful here.

2.8.5 Hospitals

Hospitals are always interesting and challenging for the HVAC de-
signer because of the wide variety of environmental conditions
required in various departments. For example, the operating
suite—with heavily-clothed staff, working under hot lights—requires
a design temperature of about 65 to 70°F, with the relative humidity
held to a range between 50 and 60 percent, and a high percentage of
outside air when the suite is in use. To achieve the clean conditions
needed, the supply air must be filtered through high-efficiency filters,
preferably at or near the discharge into the room, and a high airflow
rate is needed. These requirements all have a rational basis in re-
search; 50 to 55 percent relative humidity (RH) is the value at which
bacteria propagate least readily. Public health authorities prescribe
most of these criteria. Some authorities are allowing reduction of air-
flow and some recirculation when the operating rooms are not in use.
Nurseries do not require high airflow rates but do require about 55
percent RH. Offices, public areas, cafeterias, shops, and other support
areas have similar criteria to other types of buildings. Air is often not
recirculated from patients’ rooms, so individual fan-coil units are com-
mon, combined with a small central ventilation system which provides
makeup air for exhaust. Laboratories have criteria similar to those
described in Sec. 2.8.4.

There are criteria for air-pressure relationshps between occupancies
to keep air moving from high-quality to lower-quality environments.
Air is always exhausted (and scrubbed) from contaminated spaces.

2.8.6 Manufacturing facilities

Process environments dominate the manufacturing area of HVAC ap-
plications. Typical requirements include very close control of temper-
ature (plus or minus 1°F or less is not unusual) and humidity (plus or
minus 3 to 5 percent RH is typical). These criteria can be met only by
the use of carefully designed HVAC systems and very high-quality
control devices. Clean rooms often require high airflow rates but have
normal or low heating and cooling loads. One design solution is to use
a small system to provide heating and cooling with supplemental fans
and filters to provide the necessary airflow. Research laboratory facil-
ities are also part of the manufacturing complex. Electroplating op-
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erations require high rates of exhaust and makeup air, with a means
of removing contaminants from the exhaust. Machining operations
usually generate an oil mist which is carried in the air and deposited
everywhere. The HVAC system can be designed to control this problem
to some degree. Painting processes also involve large quantities of ex-
haust and makeup air, control of space pressure, and removal of con-
taminants from the exhaust air. Flammable vapors are often of con-
cern; some processes generate heat and combustion products. Many
processes offer opportunities for heat reclaim. Manufacturing provides
many opportunities for innovative HVAC design. Industrial hygiene
criteria complement HVAC criteria in these environments.

2.9 Designing for Operation
and Maintenance

Over the life of the HVAC system, the operating and maintenance
costs of installed systems will greatly exceed the initial cost. The sys-
tem design can have a substantial effect on both energy and labor
costs. A system that is difficult to maintain will likely not be properly
maintained, with a consequent increase in energy costs or loss of sys-
tem function. The HVAC designer should observe the following basic
criteria.

1. Keep it simple. Complexity breeds misunderstanding and is a
seedbed for dissatisfaction, even failure.

2. Provide adequate space and accessibility for equipment. This in-
cludes ease of access, space for maintenance and repair, and access for
removal and replacement of large equipment items. Because this in-
volves the cooperation of the owner and the architect, the HVAC de-
signer must be prepared to justify the needs on a long-term economic
basis that takes into account the life-cycle cost.

3. In the specifications, require written maintenance and operation
procedures. A collection of manufacturers’ descriptive and main-
tenance bulletins is useful as a reference but is not a procedure. A
well-written operating or maintenance procedure should be simple
and straightforward, not longer than one or two pages, and easy for
personnel to understand and even memorize. Anything more complex
or lengthy simply will not be used. The schematic flow and control
diagrams from the contract drawings become primary reference ma-
terial for these procedures.

4. Require the contractor to provide basic training for opera-
tors. List the items to be covered and the training procedures. In this
connection, the HVAC designer should remind the building owner or
manager of the need for continued training and retraining of operating
and maintenance personnel. The manager has an economic stake in
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doing this, because inadequate maintenance will result in higher op-
erating costs. This is also a part of System Commissioning, which is
discussed later in this book. Reference 4 provides more information on
this area of design.

2.10 Summary

In this chapter we discussed the fundamentals and philosophy of de-
signing HVAC systems in very broad terms to provide a background
for the technical details in succeeding chapters. While all the details
are necessary to develop a functional system, the designer must never
lose sight of the objective of the HVAC system: to provide a suitable
environment for comfort or for a process.
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Chapter
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Load Calculations

3.1 Introduction

All solutions to engineering problems start with a calculation or es-
timation of the duty which must be met (i.e., quantifying the problem).
The purpose of heating and cooling load calculations, then, is to quan-
tify the heating and/or cooling loads in the space(s) to be conditioned.
Rough estimates of load may be made during the concept design
phase. During design development and final design, it is essential to
make orderly, detailed, and well-documented load calculations, be-
cause these form the basis for equipment selection, duct and piping
design, and psychrometric analysis. Today’s energy and building codes
also require detailed documentation to prove compliance.

The necessity for order and documentation cannot be overempha-
sized. While it may sometimes seem unnecessary to list all criteria
and assumptions, these data are invaluable when changes or ques-
tions arise, sometimes months or years after the design is completed.

This chapter refers to a great many data tables from the ASHRAE
Handbook. Many of these tables require several pages in the 8%-in
by 11-in format of the Handbook and are presented here in abstract
form. For the complete tables refer to the Handbook.

3.2 Use of Computers

Current practice is to use computers for load calculations. Many load
calculation programs exist, with varying degrees of complexity and
accuracy. Most can be run on small personal computers while some
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require large computer systems. There are several important things
to consider when a computer is used:

1. The program to be used must be credible and well documented.
Any automated procedure should be capable of being supported in a
legal review or challenge.

2. The input must be carefully checked for accuracy. This is not a
simple task since the complete input can be voluminous and complex.
In fact, it often takes at least as long to properly input and check the
data as it does to manually calculate the loads.

3. The output must be checked for reasonableness. Many people
look on a computer printout as perfect and final. This is seldom true
in HVAC work. The old rule of “garbage in, garbage out” (GIGO) is
never more applicable than in HVAC calculations.

4. Different load calculation programs may yield different results
for the same input data. In part, this is due to the way the programs
handle solar effect and building dynamics. The differences may be
significant. When using a new program, the designer is advised to
manually spot-check the results.

There are also many computer programs for estimating energy con-
sumption. Many include subroutines for calculating heating and cool-
ing loads. These calculations are seldom suitable for design, because
they tend to be “block loads” or have other limitations.

Computer calculation has one great advantage over manual calcu-
lation. With manual calculation a specific time (or times) of day must
be used, with separate calculations made for each time needed. The
computer can calculate the loads at 12 or more different hours from
one set of input data. This is extremely valuable in organizing zones,
determining maximum overall loads, and selecting equipment.

In this book, we describe manual calculations so that the reader can
develop a personal understanding of the principles of HVAC load cal-
culation and will be better able to evaluate the input and output of
computer analysis.

3.3 Rule-of-Thumb Calculations

Every HVAC designer needs some handy empirical data for use in
approximating loads and equipment sizes during the early conceptual
stages of the design process. These are typically square feet per ton
for cooling, Btu per square foot for heating, and cubic feet per minute
per square foot for air-handling equipment. The values used will vary
with climate and application and are always tempered by experience.
These numbers can also be used as “check figures” during the detailed
calculation procedure to alert the designer to unusual conditions or
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computational errors. As an example only, the cooling load values in
Table 3.1 are based on traditional empirical data and will not be ap-
plicable in all cases. Energy conserving practice in envelope construc-
tion, in lighting design, and in system design has resulted in decreased
loads in many cases. But increased use of personal computers and
other appliances has the opposite effect of increasing the air condi-
tioning requirements. Designers must develop their own site-specific
data if the data are to be reliable.

3.4 Design Criteria

The first step in any load calculation is to establish the design criteria
for the project. These data should be listed on standard forms, such
as those shown in Figs. 3.1, 3.2, and 3.3, and are needed for either
manual or computer calculations.

For manual calculations, some specific times of day must be as-
sumed because it is impractical to calculate manually for every hour
of occupancy. Due to solar effects, maximum loads in exterior zones
depend on exposure—in a typical office building, east-facing zones
peak at about 10 a.m. to noon, south-facing at noon to 2 p.m., and
west- and north-facing at 3 to 6 p.m., sometimes later. Because solar
factors for south-facing glass are greater in winter than in summer, a

TABLE 3.1 Rough-Estimate Values
for Cooling Loads

Building type ft?/ton
Residence 600-700
Classroom 200-250
General office 300-350
Conference room 100-200
Bowling alley “
Clean room 100-300°
Hospital patient room 300-350°
Manufacturing 250-350¢
Arenas, etc. 150-200
Hotel meeting room 200-250
Data processing room 80-100°

%One ton per lane, plus additional for
spectator areas, food service, etc.

®Eight to 10 (ft3/min)/ft? required.

¢Most codes do not allow recirculation
of return air from patient rooms.

9Special areas may have other require-
ments.

¢Mainframe computers and auxilia-
ries.
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(COMPANY NAME)

COOLING AND HEATING LOAD ESTIMATES

Job Name
Location
Job No. By
Date
Sheet 1 of
DESIGN CRITERIA
Outdoor Temp: Summer °F db, °F wb, % rh h=
Winter °F db
Indoor Temp: Summer °F db, °F wb, % rh h=
Winter °F db, °F wb, % rh =
Sumnmer: AT= F, &h= Winter:AT=
Elevation above sea level ft
Air Density Ratio
Air Density ib/cu ft3
Air Factor Btu/h/CFM-E°
Latitude
Basis for design: ASHRAE Handbook, Fundamentals, 1985
Factors:
People: Sensible Btu/h/person, Latent Btu/h/person
Lights: Type W/t
Allowance factor (1)
Multiplier (3.41 x Allowance factor)
Appliances: W/t
Power w/it?
Infiltration:

Occupancy Schedules:
People:
Lights:
Appliances:
Power:

CLF (Cooling Load Factors):
People:
Lightss
Appliances:
Power:

(1) Ballast factor or equivalent correction.

Figure 3.1 Design criteria form, sheet 1.

south-facing space may have a greater peak cooling load in November
or December than in June or July, even though the outdoor ambient
condition is cooler. Load factors described below must be determined
for all these times. In addition to assumed maximum loads, all zones
must be calculated for one building peak time, usually 3 p.m. for an
office building. Public assembly buildings such as churches and arenas
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(COMPANY NAME)
COOLING AND HEATING LOAD ESTIMATES

Job  Name
Job No. By
Date,
Sheet 2 of

U Factors

Ref: ASHRAE Handbook, Fundamentals 1985

Heatini
Construction Code v Mul(.g

Root (1)

Roof (2)

Wall (1)

wall (2)

Glass (1)

Glass (2)

Partition (1}
Partition (2)

Floor (1)

Floor (2)

SHGF & SC

Ref: ASHRAE Handbook, Fundamentals 1985, Chapter 27

SHGF sC

Facing Time —p

Glass (1)
Glass (1)
Glass (1)
Glass (1)

Glass (2)
Glass (2)
Glass (2)
Glass (2)

Figure 3.2 Design criteria form, sheet 2.

will usually peak 2 to 3 h into the occupied period. The thermal mass
of the building structure creates a load leveling or flywheel effect on
the instantaneous load.

There are some local and regional conditions the designer should be
aware of, in setting up calculations. For example, for a building on the
ocean- or lakefront, the designer may see a very high reflective solar
gain on the east, south, or west face. A similar effect can occur in snow
country. A reflective building across the way also may impose unex-
pected solar loads, even on the north side.
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(COMPANY NAME)
COOLING AND HEATING LOAD ESTIMATES

Job Name
Job No. By
Date
Sheet 3 of

CLTD, CLF & AT

Ref: ASHRAE Handbook, Fundamentals 1985

CLTD CLF
Time aT

Roof (1)
Roof (2)

Wall
Wwall
Wwall
Wwall

Wall
Wall
Wall
Wall

Glass
Glass
Glass
Glass

Glass
Glass
Glass
Glass

Partition (1)
Partition (2)
Floor (1)
Floor (2)

People
Lights
Appliances

Power

Figure 3.3 Design criteria form, sheet 3.

3.4.1 Name of project, location, job ID,
date, name of designer

That a job notebook should include the project name, location, job ID,
date, name of designer, etc., is obvious. What’s not so obvious is the
need to show job ID, date, and designer’s initials on every page of the
calculations. Location defines latitude, longitude, altitude, and
weather conditions. Latitude is important when dealing with solar
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heat gains. Altitude is important because it defines standard local air
density, which affects airflow rates and equipment performance. Lon-
gitude places the job in a time zone, which may have an almost 1-h
(plus or minus) effect on correlation between local and solar time.

3.4.2 Outdoor and indoor design
temperature and humidity

Indoor design conditions are determined by comfort or process re-
quirements (see Sec. 1.9). For comfort cooling, conditions of 75°F and
40 to 50 percent maximum relative humidity are usually recom-
mended, although some energy codes may require higher summer
temperatures. For comfort heating, an indoor design temperature of
70 to 72°F is usually satisfactory. Many people will try to operate the
systems at lower or higher temperatures than design, and this will be
possible most of the time. Most HVAC systems tend and need to be
oversized for various reasons, some of which will be pointed out later.

Outside design conditions are determined from published data for
the specific location, based on weather bureau records. Table 3.2 is a
list of data for a few selected sites. The ASHRAE Handbook 2001
Fundamentals! lists data for over 1000 sites in North America and
throughout the world. For comfort cooling, use of the 2.5 percent val-
ues is recommended; for comfort heating, use the 99.0 percent values,
except use a median of annual extremes for certain critical heating
applications. Note that the maximum wet-bulb (wb) temperature sel-
dom occurs at the same time as the design dry-bulb (db) temperature.
For sites not listed, data may be obtained by interpolation, but this
should be done only by an experienced meteorologist.

The design temperature and humidity conditions should be plotted
on a psychrometric chart. Then the relative humidity (RH) and en-
thalpy (k) can be read as well as the indoor wet-bulb temperature.
(See Chap. 19 for a discussion of psychrometrics.)

3.4.3 Elevation (above sea level)

Up to about 2000 ft the altitude related change in air density has less
than a 7 percent effect (see Table 3.3). With higher elevations, the
decreasing air density has an increasingly significant negative effect
on air-handling system performance. Heat exchanger (coil) capacities
are reduced. Fans still move the same volume of air, but the heating/
cooling capacity of the air is reduced because the air volume has less
mass. Evaporative condenser and cooling tower capacities are
slightly—but not entirely—proportionately reduced. The psychromet-
ric chart changes are described in Chap. 19. The air factor—sometimes
called the air-transfer factor—is also affected by elevation because it
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TABLE 3.3 Air Factor Change with Altitude (Approximate Values at 60°F)

Atmospheric
Altitude above pressure, Density Density, Air factor,
sea level, ft 1b/in? ratio 1b/ft? Btu/h/[(ft*/min) - °F]
0 14.7 1.000 0.075 1.08
1,000 14.2 0.966 0.072 1.04
2,000 13.7 0.932 0.070 1.01
3,000 13.2 0.898 0.067 0.97
4,000 12.7 0.864 0.065 0.93
5,000 12.2 0.830 0.062 0.90
6,000 11.8 0.803 0.060 0.87
7,000 113 0.769 0.058 0.83
8,000 10.9 0.741 0.056 0.80
9,000 10.5 0.714 0.054 0.77
10,000 10.1 0.687 0.052 0.74

includes an air density effect. The formula defining the air factor (AF)
is

AF = air density X SH X 60 min/h 3.1

where AF = air factor for determining airflow rate, Btu/h/[(ft3/min) -
oF]
Density = air density at design elevation and temperature (for air
conditioning, 60°F is used), Ib/ft3
SH = specific heat of air at design temperature and pres-
sure, Btu/lb-°F (SH for dry air is approximately 0.24
Btu/1b-°F)

For sea level (standard air density) this becomes

AF = 0.075 1b/ft® X 0.24 Btu/lb X 60 min/h

1.08 Btu/h/[(ft*/min) - °F]

Some designers and handbooks use 1.10 Btu/h/[(ft?*/min) - °F] (ob-
tained by rounding off 1.08).

The air factor (AF) at altitude is obtained by multiplying the sea
level air factor (1.08) by the project altitude density ratio (DR).

3.5 Factors for Load Components

3.5.1 Internal heat gains

Internal heat gains are due to people, lights, appliances, and pro-
cesses. Heat gain from people is a function of the level of activity (see
Table 3.4).
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Heat gain from lights is a function of wattage, at a rate of 3.413
Btu/h/W. For fluorescent lighting and industrial-type fixtures, a bal-
last (transformer) factor must be used. A typical multiplier for flu-
orescents is 1.2, resulting in a heat gain of 4.1 Btu/h per nominal
lighting watt. General lighting for offices requires from 1 to 2 W/ft2of
floor area. The actual lighting layout and fixture schedule should be
used whenever possible. With ceiling mounted lights (recessed) some
of the heat may go to the ceiling plenum without being a cooling load
in the room. Lighting manufacturers’ literature may treat this condi-
tion.

Task lighting and appliance loads are difficult to predict. The exten-
sive use of computer terminals and electric typewriters has made this
a significant factor. The typical allowance for task lighting and appli-
ances is 1.0 to 1.5 average W/ft?, although localized loads may be as
much as 3 W/ft2. Some large computer components may impose 10
W/ft?in the vicinity of the installation.

Table 3.5 lists possible heat gains from some miscellaneous appli-
ances. Kitchen appliances, cookers, stoves, ovens, etc., can provide
large amounts of heat gain. These loads should be confirmed prior to
final design effort.

Whether motors and variable-frequency-motor speed drives (VFD)
are specified by the mechanical or electrical designer, the heat release
and environmental criteria for the VFDs must be noted and accom-
modated. Transformers mounted indoors must also be acknowledged
and accommodated. The transformer vaults (or room) normally re-
quire power exhaust for heat removal.

Heat gains from manufacturing processes must be estimated from
the energy input to the process.

3.5.2 Cooling load versus instantaneous
heat gain

The internal heat gains discussed above are often greater than the
actual cooling load due to those gains. This is a result of heat storage
in the building and furnishings—anything that has mass. The effect
is shown in Fig. 3.4. The longer the heat gain persists, the more nearly
the instantaneous cooling load will approach the actual cooling load.
Cooling load factors (CLFs) for various elements of heat gain are
shown in Tables 3.6 through 3.13, pp. 38—42. The lighting-related load
is particularly affected by the type of fixture and ventilation rate of
the air conditioning system, as indicated in Table 3.6.

The load factor criteria pages should include schedules of use and
occupancy, together with cooling load factors to be applied. See Ref. 2
for additional discussion of this topic.
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Heat stored

/

Cooling load
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Stored heat removed

Heat source on Heat source off

Time ———

Figure 3.4 Thermal storage effect. (SOURCE: Copyright 2001, American Society of Heat-
ing, Refrigerating and Air Conditioning Engineers, Inc., www.ashrae.org. Abstracted by
permission from ASHRAE Handbook, 2001 Fundamentals, Chap. 29, Fig. 2.)

3.5.3 Transmission through the
building envelope

Chapter 18 discusses heat transfer and the determination of U
factors—overall heat transmission coefficients—for the elements of
the envelope. The criteria pages must include a description of each
wall, roof, partition, and floor section which forms a boundary between
conditioned and nonconditioned space. From the description a U factor
is determined; note that the direction of heat flow (up, horizontal, or
down) makes a difference. The units of the U factor are Btu per hour
per square foot of area per degree Fahrenheit of temperature differ-
ence from inside to outside air.

For calculating the cooling load due to heat gain by conduction
through opaque walls and the roof, the sol-air temperature con-
cept may be used. For a complete discussion of this concept, see the
ASHRAE Handbook 2001 Fundamentals.®

Figure 3.5 (p. 43) illustrates the energy transfers which give rise to
the sol-air concept in a wall. Both direct and diffuse solar radiation
have a heating effect on the exterior surface of the wall. The surface
temperature will usually be greater than the outside air temperature,
which then has a cooling effect. When the exterior surface tempera-
ture is greater than the internal temperature of the wall, heat transfer
into the wall will take place. Some of this heat will be stored, increas-
ing the internal temperature of the wall. Some heat will be transferred
by conduction to the cooler interior surface and then to the room, as
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TABLE 3.6 Design Values of the Alpha (a) Coefficient Based on Features of
Room Furnishings, Light Fixtures, and Ventilation Arrangements

Air supply Type of
o Furnishings and return light fixture
0.45 Heavyweight, Low rate; supply Recessed,
simple furnish- and return below not vented
ings, no carpet ceiling (V = 0.5)
0.55 Ordinary furni- Medium to high ven- Recessed,
ture, no carpet tilation rate; not vented

supply and return
below ceiling or
through ceiling grill
and space (V = 0.5)

0.65 Ordinary furni- Medium to high ven- Vented
ture, with or tilation rate or fan
without carpet coil or induction-type

air conditioning
terminal unit; supply
through ceiling or
wall diffuser;

return around light
fixtures and through
ceiling space.

(V=05)
0.75 or Any type of Ducted returns Vented or free-
greater furniture through light hanging in air
fixtures stream with

ducted returns

These data are used in Tables 3.8, 3.9, and 3.10 (pp. 42-43).

*V is room air supply rate in ft3/(min - ft2) of floor area.

SOURCE: Copyright 1989, American Society of Heating, Refrigerating and Air Condi-
tioning Engineers, Inc., www.ashrae.org. Reprinted by permission from ASHRAE Hand-
book, 1989 Fundamentals, Chap. 26, Table 41. (Subsequent editions provide more exten-
sive data.)

heat gain. The process is dynamic because the exterior surface tem-
perature is constantly changing as the angle of the sun changes. At
certain times of the day and night, some of the stored heat will be
transferred back to the exterior surface. Only part of the heat that
enters the wall becomes cooling load, and this is delayed by storage
effects. The greater the mass of the wall, the greater will be the delay.

The sol-air temperature derives an equivalent outside temperature
which is a function of time of day and orientation. This value is then
adjusted for the storage effect and the time delay caused by the mass
of the wall or roof; the daily temperature range, which has an effect
on the storage; the color of the outside surface, which affects the solar
heat absorption rate; and the latitude and month. Tables 3.14 and 3.15
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TABLE 3.7 The Beta (B) Classification Values Calculated for Different
Envelope Constructions and Room Air Circulation Rates

Room air circulation and

Room envelope type of supply and return’
construction”
(mass of floor area, lb/ft?) Low Medium High Very high

2-in wood floor (10) B
3-in concrete floor (40) B
6-in concrete floor (75) C C
8-in concrete floor (120) D
12-in concrete floor (160) D

goaw»
caw» »

Capital letters, A, B, C, and D refer to Tables 3.8, 3.9, and 3.10 (pp. 40-41).

*Floor covered with carpet and rubber pad; for a floor covered only with floor tile
take next classification to the right in the same row.

"Low: Low ventilation rate—minimum required to cope with cooling load from
lights and occupants in the interior zone. Supply through floor, wall or ceiling diffuser.
Ceiling space not vented and 2 = 0.4 Btu/(h - ft? - °F) (where h = inside surface
convection coefficient used in calculation of & classification).

Medium: Medium ventilation rate, supply through floor, wall or ceiling diffuser.
Ceiling space not vented and A = 0.6 Btu/(h - ft? - °F).

High: Room air circulation induced by primary air of induction unit or by fan coil
unit. Return through ceiling space and & = 0.8 Btu/(h - ft? - °F).

Very high: High room air circulation used to minimize temperature gradients in a
room. Return through ceiling space and & = 1.2 Btu/(h - ft? - °F).

SOURCE: Copyright 1989, American Society of Heating, Refrigerating and Air Con-
ditioning Engineers, Inc., www.ashrae.org. Abstracted by permission from ASHRAE
Handbook, 1989 Fundamentals, Chap. 26, Table 42.

(pp. 44-45) describe the sol-air data. When these data are combined
with the inside design temperature, a cooling load temperature differ-
ence (CLTD) is obtained. Then the cooling load is

q =UXA X CLTD (3.2)

where g = cooling load, Btu/h, for the given section U is the heat
transfer coefficient for the given construction, and A = area, ft2, of the
given section. Tables 3.16 through 3.20 (pp. 46-52) provide data for
calculating the CLTD for various orientations and solar times.

3.5.4 Conduction and solar heat gain
through fenestration

Fenestration is defined as any light-transmitting opening in the exte-
rior skin of a building. When light is transmitted, so is solar energy.
Up to the end of World War II, fenestrations almost always used
clear glass with outside shading by awnings or overhangs and inside
shading by roller shades, venetian blinds or draperies. With increased
use of air conditioning it was realized that solar heat gains through
this type of fenestration were as much as 25 to 30 percent of the total
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Direct solar radiation
(surface in sun)

Heat storage in wall
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surface surface

Figure 3.5 The sol-air temperature concept.

peak air conditioning load, and efforts were made to reduce the effects.
Reducing the amount of glass has a claustrophobic effect on people,
so much of the effort centered on reducing the transmission through
the glazing material. There are now available a multitude of materi-
als, including heat-absorbing and heat-reflective glass.

The mechanism of solar transmission through glazing is shown in
Fig. 3.6 (p. 53). When direct or diffuse radiation falls on the glazing,
some is reflected. Some radiation is absorbed, heating the glazing ma-
terial and escaping as convective or radiant heat. Some radiation
passes through the glazing after which it is absorbed by materials in
the room, causing a heating effect and thus a cooling load (after some
time delay). If exterior shading is used, only the diffuse solar compo-
nent is effective. If interior shading is used, some additional reflective
and absorptive factors come into play, and the mechanism becomes
even more complex. As indicated, there is also conduction through the
glazing due to the temperature difference between inside and outside.
At certain times of the year, conduction may represent a heat loss.

Many types of glass are treated to increase the reflective and/or
absorptive components. A highly absorptive glazing can become very
hot; then thermal expansion of the glass can create serious problems
unless sufficient flexibility is provided in the support system. Partial
shading of a pane creates thermal stress along the shadow line. In the
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TABLE 3.14 Sol-Air Temperatures for July 21, 40°N Latitude

Air
temp.,
Time °F N NE E SE S SwW w Nw HOR
alh, = 0.15 (light colored surface)
0100 76 76 76 76 76 76 76 76 76 69
0200 76 76 76 76 76 76 76 76 76 69
0300 75 5 75 75 75 75 75 75 75 68
0400 74 74 74 74 74 74 74 74 74 67
0500 74 74 74 74 74 74 74 74 74 67
0600 74 82 95 97 86 75 75 75 75 74
0700 75 82 103 109 97 78 78 78 78 85
0800 77 82 103 114 105 83 81 81 81 96
0900 80 85 101 114 110 92 85 85 85 106
1000 83 89 96 110 112 100 89 89 89 115
1100 87 93 94 104 111 108 96 93 93 123
1200 90 96 96 97 107 112 107 97 96 127
1300 93 99 99 99 102 114 117 110 100 129
1400 94 100 100 100 100 111 123 121 107 126
1500 95 100 100 100 100 107 125 129 116 121
1600 94 99 98 98 98 100 122 131 120 113
1700 93 100 96 96 96 96 115 127 121 103
1800 91 99 92 92 92 92 103 114 112 91
1900 87 87 87 87 87 87 87 87 87 80
2000 85 85 85 85 85 85 85 85 85 78
2100 83 83 83 83 83 83 83 83 83 76
2200 81 81 81 81 81 81 81 81 81 74
2300 79 79 79 79 79 79 79 79 79 72
2400 71 77 77 77 77 77 77 77 77 70
Avg. 83 86 89 91 90 89 90 91 89 91
alh, = 0.30 (dark colored surface)
0100 76 76 76 76 76 76 76 76 76 69
0200 76 76 76 76 76 76 76 76 76 69
0300 75 75 75 75 75 5 75 75 75 68
0400 74 74 74 74 74 74 T4 74 74 67
0500 74 74 74 74 74 74 74 74 74 67
0600 74 90 117 121 99 77 7 77 77 81
0700 75 90 131 144 120 82 82 82 82 102
0800 77 87 130 151 134 89 86 86 86 122
0900 80 91 122 148 141 105 91 91 91 140
1000 83 95 109 137 141 118 96 95 95 155
1100 87 100 101 122 136 129 105 100 100 166
1200 90 103 103 104 125 134 125 104 103 172
1300 93 106 106 106 111 135 142 128 107 172
1400 94 106 106 106 107 129 152 148 120 166
1500 95 106 106 106 106 120 156 163 137 155
1600 94 104 103 103 103 106 151 168 147 139
1700 93 108 100 100 100 100 138 162 149 120
1800 91 107 94 94 94 94 116 138 134 98
1900 87 87 87 87 87 87 87 87 87 80
2000 85 85 85 85 85 85 85 85 85 78
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TABLE 3.14 (Continued)

Air
temp.,
Time °F N NE E SE S Sw w NwW HOR
a’h, = 0.30
2100 83 83 83 83 83 83 83 83 83 76
2200 81 81 81 81 81 81 81 81 81 74
2300 79 79 79 79 79 79 79 79 79 72
2400 77 77 77 77 77 77 71 77 77 70
Avg. 83 89 95 100 99 95 99 100 95 107

The hourly air temperatures in column 2 are for a location with a design temperature of
95°F and a range of 21°F. To compute corresponding temperatures for the other locations,
select a suitable design temperature from column 6, Table 3.2, and note the mean daily range
(column 7). For each hour, take the percentage of the daily range, indicated in Table 3.15,
and subtract from the design temperature.

Example: Calculate the summer dry-bulb temperature at noon for Denver, Colorado.

Solution: From Table 3.2, the daily range is 28°F and the 1 percent design dry-bulb tem-
perature is 93°F. From Table 3.15, the percentage of the daily range at noon is 23 percent.
Thus: dry-bulb temperature at noon = design dry-bulb — daily range X percentage = 93 —
[28(23/100)] = 86.6°F.

SOURCE: Copyright 1997, American Society of Heating, Refrigerating and Air Condition-
ing Engineers, Inc., www.ashrae.org. Abstracted by permission from ASHRAE Handbook,
1997 Fundamentals, Chap. 28, Table 1.

past, there were many incidents of glass cracking, falling out, or
blowing out in a high wind, or sometimes the glazing system leaked
during a rainstorm. Most of these problems have been recognized and
solved.

The cooling load due to solar radiation through fenestration is cal-
culated from

q = A X SC X MSHGF x CLF (3.3

TABLE 3.15 Percentage of the Daily Range

Time, h G Time, h % Time, h % Time, h %
1 87 7 93 13 11 19 34
2 92 8 84 14 3 20 47
3 96 9 71 15 0 21 58
4 99 10 56 16 3 22 68
b} 100 11 39 17 10 23 76
6 98 12 23 18 21 24 82

SOURCE: Copyright 1993, American Society of Heating, Refrigerating and Air Condition-
ing Engineers, Inc., www.ashrae.org. Reprinted by permission from ASHRAE Handbook,
1993 Fundamentals, Chap. 28, Table 2.
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TABLE 3.16 Roof Construction Code

Roof no. Description Code numbers of layers
1 Steel sheet with 1-in insulation A0, E2, E3, Bb, A3, E0
2 1-in wood with 1-in insulation A0, E2, E3, B5, B7, E0
3 4-in lightweight concrete A0, E2, E3, C14, EO
4 2-in heavyweight concrete with 1-in insulation A0, E2, E3, B5, C12, EO
5 1-in wood with 2-in insulation A0, E2, E3, B6, B7, E0
6 6 in lightweight concrete A0, E2, E3, C15, EO
7 2.5-in wood with 1-in insulation A0, E2, E3, B5, B8, E0
8 8-in lightweight concrete A0, E2, E3, C16, EO
9 4-in heavyweight concrete with 1-in insulation A0, E2, E3, B5, C5, EO
10 2.5-in wood with 2-in insulation A0, E2, E3, Bé6, B8, E0
11 Roof terrace system A0, C12, B1, B6, E2, E3, C5, E0
12 6-in heavyweight concrete with 1-in insulation A0, E2, E3, B5, C13, EO
13 . 4-in wood with 1-in insulation A0, E2, E3, B5, B9, EO

These data are used in Table 3.17.

SOURCE: Copyright 1985, American Society of Heating, Refrigerating and Air Condition-
ing Engineers, Inc., www.ashrae.org. Reprinted by permission from ASHRAE Handbook,
1985 Fundamentals, Chap. 26, Table 4.

where ¢ = cooling load, Btu/h
A = net glazing area, ft?
SC = shading coefficient
MSHGF = maximum solar heat gain factor
CLF = cooling-load factor

The shading coefficient is determined by using a combination of
glazing material and indoor shading methods. Because almost an in-
finite number of combinations are available, considerable judgment is
required.

The ASHRAE Handbook* provides tables covering a number of com-
binations. These are reproduced here as Tables 3.21 through 3.25 (pp.
54-58). Figure 3.8 (p. 70) illustrates the various drapery combinations
relating to Table 3.25. Additional information is available from the
glazing manufacturers. These data are best obtained by means of a
solar calorimeter, in which the glazing-shading combination is mea-
sured against unrestricted solar transmission. The value of the SC
must be matched against the need to see through the glazing and the
use of daylighting to minimize lighting energy use.

The maximum solar heat gain factor (MSHGF) is a function of ori-
entation, time of day, and latitude. Table 3.26 (pp. 59-62) provides
values of MSHGF for north latitudes from 8 to 52°.

A note of caution regarding window glazing is in order here. Some
of the processes in manufacturing high-performance glass or multi-
pane systems involve mechanically deposited coatings, laminated
plastic/glass assemblies, and trapped argon. Over time, failure may
occur in any of these features, reducing the glazing effectiveness and
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TABLE 3.20 CLTD Correction for Latitude and Month Applied to Walls and
Roofs, North Latitudes

NNE NE ENE E ESE SE SSE
Lat. Month N NNW Nw WNW ' WwSsW SW SsSw S HOR

8 Dec -4 -6 -6 -6 -3 0 4 8 12 -5
Jan/Nov -3 -5 -6 -5 -2 0 3 6 10 -4
Feb/Oct -3 -4 -3 -3 -1 -1 1 2 4 -1
Mar/Sept -3 -2 -1 -1 -1 -2 -2 -3 -4 0
Apr/Aug 2 2 2 0 -1 -4 -5 -7 -7 -1
May/dul 7 5 4 0 -2 -5 -7 -9 -1 -2
Jun 9 6 4 0 -2 -6 -8 -9 -7 -2

16 Dec -4 -6 -8 -8 -4 -1 4 9 13 -9
Jan/Nov -4 -6 -7 -7 -4 -1 4 8 12 -7
Feb/Oct -3 -5 -5 -4 -2 0 2 5 7 -4
Mar/Sept -3 -3 -2 -2 -1 -1 0 (1] 0 -1
ApriAug -1 0 -1 -1 -1 -3 -3 -5 -6 0
May/Jul 4 3 3 0 -1 -4 -5 -7 -7 0
Jun 6 4 4 1 -1 -4 -6 -8 -7 0

24 Dec -5 -7 -9 -10 -7 -3 3 9 13 -13
Jan/Nov -4 -6 -8 -9 -6 -3 3 9 13 -11
Feb/Oct -4 -5 -6 -6 -3 -1 3 7 10 -7
Mar/Sept -3 -4 -3 -3 -1 -1 1 2 4 -3
Apr/Aug -2 -1 ] -1 -1 -2 -1 -2 -3 0
May/Jul 1 2 2 0 0 -3 -3 -5 -6 1
Jun 3 3 3 1 0 -3 -4 -6 -6 1

32 Dec -5 -7 -10 -11 -8 -5 2 9 12 -17
Jan/Nov -5 -7 -9 -11 -8 -4 2 9 12 -15
Feb/Qct -4 -6 -7 -8 -4 -2 4 8 11 -10
Mar/Sept -3 -4 -4 -4 -2 -1 3 5 7 -5
Apr/Aug -2 -2 -1 -2 ] -1 0 1 1 -1
May/dJul 1 1 1 0 0 -1 ~1 -3 -3 1
Jun 1 2 2 1 0 -2 -2 -4 -4 2

40 Dec -6 -8 ~10 -13 -10 -7 0 7 10 -21
Jan/Nov -5 -7 -10 -12 -9 -6 1 8 11 -19
Feb/Oct -5 -7 -8 -9 -6 -3 3 8 12 -14
Mar/Sept -4 -5 -5 -6 -3 -1 4 7 10 -8
Apr/Aug -2 -3 -2 -2 0 0 2 3 4 -3
May/Jul 0 0 0 0 0 0 0 0 1 1
Jun 1 1 1 0 1 ¢ 0 -1 -1 2

48 Dec -6 -8 -11 -14 -13 -10 -3 2 6 ~25
Jan/Nov -6 -8 -11 -13 -11 -8 -1 5 8 —24
Feb/Oct -5 -7 -10 -11 -8 -5 1 8 11 -18
Mar/Sept —4 -6 -6 -7 -4 -1 4 8 11 -11
Apr/Aug -3 -3 -3 -3 -1 0 4 6 7 -5
May/Jul 0 -1 ] [ 1 1 3 3 4 0
Jun 1 1 2 1 2 1 2 2 3 2

56 Dec -7 -9 ~12 -16 -16 —14 -9 -5 -3 -28
Jan/Nov -6 -8 -11 -15 -14 -12 -6 -1 2 -27
Feb/Oct -6 -8 -10 -12 -10 -7 1] 6 9 -22
Mar/Sept -5 ~6 -7 -8 -5 -2 4 8 12 -15
Apr/Aug -3 -4 -4 -4 -1 1 5 7 9 -8
May/Jul 0 0 0 0 2 2 5 6 7 -2
Jun 2 1 2 1 3 3 4 5 6 1

(1) Corrections in this table are in °F. The correction is applied directly to the CLTD for a
wall or roof as given in Tables 3.17 and 3.19.

(2) The CLTD correction given in this table is not applicable to Table 3.31, Cooling Load
Temperature Differences for Conduction through Glass.

(3) For south latitudes, replace Jan. through Dec. by July through June.

SOURCE: Copyright 1989, American Society of Heating, Refrigerating and Air Conditioning
Engineers, Inc., www.ashrae.org. Abstracted by permission from ASHRAE Handbook, 1989
Fundamentals, Chap. 26, Table 32.
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Heat storage

Incident ! _
solar radiation ‘/ in glazing
S~ ‘. -
/ \
Direct solar
Reflected transmission
solar radiation
Back radiation ~e——i ﬂ\“ —— Reradiation
- - Conduction
heat transfer
Exterior N ¢ Interior
surface surface

t— Glazing material

Figure 3.6 Heat gain through fenestration.

exposing a marginal HVAC design to criticism. Sealed glass units
manufactured at low altitudes and installed at high altitudes may not
perform as desired. Care must be taken in specifying and installing
these materials.

It is helpful for the HVAC designer to acquire a sense of the maxi-
mum solar heat gain factors for various orientations, time of day, and
season. Real data must be used for final calculations, but approxi-
mations are useful for quick response in early design coordination
architect/engineer meetings and also for checking calculations. A few
key numbers from Table 3.26 are:

® Noon—direct normal radiation:

Summer: 250—-300 Btu/h/ft?
Winter: varies with latitude

®m North wall—varies with latitude, mostly diffuse:
Summer: 45-75 Btu/h/ft?
Winter: 10-30 Btu/h/ft?

m East and west walls—all north latitudes fall in a range of 215-245
Btu/h/ft?
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TABLE 3.21 Shading Coefficients for Single Glass and Insulating Glass*

Shading coefficient

Type of Nominal Solar
glass thickness,' in frans.” h, = 4.0 h, = 3.0

A. Single Glass

Clear 8 0.86 1.00 1.00
7 0.78 0.94 0.95
38 0.72 0.90 0.92
1% 0.67 0.87 0.88
Heat-absorbing % 0.64 0.83 0.85
Va 0.46 0.69 0.73
38 0.33 0.60 0.64
% 0.24 0.53 0.58

B. Insulating Glass

Clear out, clear in 1% 0.71° 0.88 0.88
Clear out, clear in Vi 0.61 0.81 0.82
Heat-absorbing® out, clear in Vs 0.36 0.55 0.58

*Refers to factory-fabricated units with %, Y4, or %-in airspace or to prime windows plus
storm sash.

TRefer to manufacturer’s literature for values.

*Thickness of each pane of glass, not thickness of assembled unit.

SRefers to gray, bronze, and green tinted heat-absorbing float glass.

Combined transmittance for assembled unit.

SOURCE: Copyright 1993, American Society of Heating, Refrigerating and Air Conditioning
Engineers, Inc., www.ashrae.org. Abstracted by permission from ASHRAE Handbook, 1993
Fundamentals, Chap. 27, Table 11. (Later editions have more extensive data).

m South wall—All latitudes peak in the winter months with the tem-
perate latitudes seeing 200-250 Btu/h/ft?, sometimes requiring
cooling on a mild winter day.

With these data in mind, the designer can quickly express the benefits
of external or internal shading, and special glazing. Some of the meth-
ods will allow a portion of the solar energy to be delayed in transfer,
and this must be accounted for in the cooling-load factor calculations
as discussed under Sec. 3.5.2.

The cooling-load factor (CLF) depends on the building construction
and the absence or presence of internal shading, as shown in Tables
3.27 and 3.28 (pp. 63—64). This factor takes into account the heat stor-
age properties of the building and shading and the resultant time lag.

The conduction heat transfer through the glazing is equal to

q=AXUX({,—t) (3.4)

where ¢, and ¢, are the outdoor and indoor temperatures. Typical U
factors for glazing are shown in Tables 3.29 and 3.30 (pp. 65-67).
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TABLE 3.26 Maximum Solar Heat Gain Factors, Btu/(h - ft?), for Sunlit Glass,
North Latitudes

8°N Lat.
NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
N NNW NwW WNW W WSW SW SSW S HOR
Jan. 32 32 71 163 224 250 242 203 162 275
Feb. 34 34 114 193 239 248 219 185 110 294
Mar. 37 67 156 215 241 230 184 110 55 300
Apr. 44 117 184 221 225 195 134 63 39 289
May 74 146 198 220 209 167 97 39 38 277
June 90 155 200 217 200 141 82 39 39 269
July 77 145 195 215 204 162 93 40 39 272
Aug. 47 117 179 214 216 186 128 51 41 282
Sept. 38 66 149 205 230 219 176 107 56 290
Oct. 35 35 112 187 231 239 211 160 108 288
Nov. 33 33 71 161 220 245 233 200 160 273
Dec. 31 31 55 149 215 246 247 215 179 265
12°N Lat.
NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
N NNW Nw WNW w WSW SW SSW 8 HOR
Jan. 31 31 63 155 217 246 247 212 182 262
Feb. 34 34 105 186 235 248 226 177 133 286
Mar. 36 58 148 210 240 233 190 124 73 297
Apr. 40 108 178 219 227 200 142 64 40 290
May 60 139 194 220 212 173 106 40 40 280
June 75 149 198 217 204 161 90 40 40 274
July 63 139 191 215 207 168 102 41 41 275
Aug. 42 109 174 212 218 191 135 62 142 282
Sept. 37 57 142 201 229 222 182 121 73 287
Oct. 34 34 103 180 227 238 219 172 130 280
Nov. 32 32 63 153 214 241 243 209 179 260
Dec. 30 30 47 141 207 242 251 223 197 250
16°N Lat.
NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
N NNW NwW WNW W WSW SwW SSW S HOR
Jan. 30 30 55 147 210 244 251 223 199 248
Feb. 33 33 96 180 231 247 233 188 154 275
Mar. 35 53 140 205 239 235 197 138 93 291
Apr. 39 99 172 215 227 204 150 77 45 289
May 52 132 189 218 215 179 115 45 41 282
June 66 142 194 217 207 167 99 41 41 277
July 55 132 187 214 210 174 111 44 42 277
Aug. 41 100 168 209 219 196 143 74 46 282
Sept. 36 50 134 196 227 224 191 134 93 282
Oct. 33 33 95 174 223 237 225 183 150 270
Nov. 30 30 55 145 206 241 247 220 196 246
Dec. 29 29 41 132 198 241 254 233 212 234

Because of the effects of solar radiation and storage in the glass,
the conduction heat gain must be treated in a manner similar to that
used for walls and roofs. The design temperature difference must be
corrected as shown in Table 3.31 (p. 68). Then the cooling load from
conduction (and convection) can be calculated from
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TABLE 3.26 (Continued)

20°N Lat.
NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
N NNW NwW WNW w WSW SwW SSW S HOR
Jan. 29 29 48 138 201 243 253 233 214 232
Feb. 31 31 88 173 226 244 238 201 174 263
Mar. 34 49 132 200 237 236 206 152 115 284
Apr. 38 92 166 213 228 208 158 91 58 287
May 47 123 184 217 217 184 124 54 42 283
June 59 135 189 216 210 173 108 45 42 279
July 48 124 182 213 212 179 119 53 43 278
Aug. 40 91 162 206 220 200 152 88 57 280
Sept. 36 46 127 191 225 225 199 148 114 275
QOct. 32 32 87 167 217 236 231 196 170 258
Nov. 29 29 48 136 197 239 249 229 211 230
Dec. 27 27 35 122 187 238 254 241 226 217
24°N Lat.
NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
N NNW Nw WNW w WSW SwW SSwW S HOR
Jan. 27 27 41 128 190 240 253 241 227 214
Feb. 30 30 80 165 220 244 243 213 192 249
Mar. 34 45 124 195 234 237 214 168 137 275
Apr. 37 88 159 209 228 212 169 107 75 283
May 43 117 178 214 218 190 132 67 46 282
June 55 127 184 214 212 179 117 b5 43 279
July 45 116 176 210 213 185 129 65 46 278
Aug. 38 87 156 203 220 204 162 103 72 277
Sept. 35 42 119 185 222 225 206 163 134 266
Qct. 31 31 9 159 Ta11 237 235 207 187 244
Nov. 27 27 42 126 187 236 249 237 224 213
Dec. 26 26 29 112 180 234 247 247 237 199
28°N Lat.
N NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
(Shade} NNW NwW WNW w WSW SwW SSwW S HOR
Jan. 25 25 35 117 183 235 251 247 238 196
Feb. 29 29 72 157 213 244 246 224 207 234
Mar. 33 41 116 189 231 237 221 182 157 265
Apr. 36 84 151 2056 228 216 178 124 94 278
May 40 115 172 211 219 195 144 83 58 280
June 51 125 178 211 213 184 128 68 49 278
July 41 114 170 208 215 190 140 80 57 276
Aug. 38 83 149 199 220 207 172 120 91 272
Sept. 34 38 111 179 219 226 213 177 154 256
Oct. 30 30 71 151 204 236 238 217 202 229
Nov. 26 26 35 115 181 232 247 243 235 195
Dec. 24 24 24 99 172 227 248 251 246 179
g =U XA X CLTD (3.5)

This is added to the direct and diffuse solar load above to yield the
total cooling load for fenestration.

The criteria sheets must include the necessary data for each ori-
entation, glass-shading combination, and time of day to be used in the
calculations.
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TABLE 3.26 (Continued)

32°N Lat.
N NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
(Shade) NNW Nw WNW w WSW SW SSW S HOR
Jan. 24 24 29 105 175 229 249 250 246 176
Feb. 27 27 65 149 205 242 248 232 221 217
Mar. 32 37 107 183 227 237 227 195 176 252
Apr. 36 80 146 200 227 219 187 141 115 271
May 38 111 170 208 220 199 155 99 74 277
June 44 122 176 208 214 189 139 83 60 276
July 40 111 167 204 215 194 150 96 72 273
Aug. 37 79 141 195 219 210 181 136 111 265
Sept. 33 35 103 173 215 227 218 189 1711 244
Oct. 28 28 63 143 195 234 239 225 215 213
Nov. 24 24 29 103 173 225 245 246 243 175
Dec. 22 22 22 84 162 218 246 252 252 158
36°N Lat.
N NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
(Shade) NNW NwW WNW w WSW SW SSW S HOR
Jan. 22 22 24 90 166 219 247 252 252 155
Feb. 26 26 57 139 195 239 248 239 232 199
Mar. 30 33 99 176 223 238 232 206 192 238
Apr. 35 76 144 196 225 221 196 156 135 262
May 38 107 168 204 220 204 165 116 93 272
June 47 118 175 205 215 194 150 99 77 273
July 39 107 165 201 216 199 161 113 90 268
Aug. 36 75 138 190 218 212 189 151 131 257
Sept. 31 31 95 167 210 228 223 200 187 230
Oct. 27 27 56 133 187 230 239 231 225 195
Nov. 22 22 24 87 163 215 243 248 248 154
Dec. 20 20 20 69 151 204 241 253 254 136
40°N Lat.
N NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
(Shade) NNW NwW WNW \ WSW SwW SSW S HOR
Jan. 20 20 20 74 154 205 241 252 254 133
Feb. 24 24 50 129 186 234 246 244 241 180
Mar. 29 29 93 169 218 238 236 216 206 223
Apr. 34 71 140 190 224 223 203 170 154 252
May 37 102 165 202 220 208 175 133 113 265
June 48 113 172 205 216 199 161 116 95 267
July 38 102 163 198 216 203 170 129 109 262
Aug. 35 71 135 185 216 214 196 165 149 247
Sept. 30 30 87 160 203 227 226 209 200 215
Oct. 25 25 49 123 180 225 238 236 234 177
Nov. 20 20 20 73 151 201 237 248 250 132
Dec. 18 18 18 60 135 188 232 249 253 113

3.5.5 Infiltration

The heat gain or loss due to infiltration is impossible to calculate with
any assurance of accuracy. The inaccuracy results from three factors
which are outside the control of the HVAC designer: building construc-
tion, chimney effects, and wind direction and velocity.

No building is tight. Windows, even when fixed in place, leak air
around the frames and gaskets. Doors leak air even when closed, and
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TABLE 3.26 (Continued)

44°N Lat.
N NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
(Shade) NNW Nw WNW w wsw SwW SSW 8 HOR
Jan. 17 17 17 64 138 189 232 248 252 109
Feb. 22 22 43 117 178 227 246 248 247 160
Mar. 27 27 87 162 211 236 238 224 218 206
Apr. 33 66 136 185 221 224 210 183 171 240
May 36 96 162 201 219 211 183 148 132 257
June 47 108 169 205 215 203 17 132 115 261
July 37 96 159 198 215 206 179 144 128 254
Aug. 34 66 132 180 214 215 202 177 165 236
Sept. 28 28 80 152 198 226 227 216 211 199
Oct. 23 23 42 111 17 217 237 240 239 157
Nov. 18 18 18 64 135 186 227 244 248 109
Dec. 15 15 15 49 115 175 217 240 246 89
48°N Lat.
N NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
(Shade) NNW Nw WNW w WSW SW SSW 8 HOR
dan. 15 15 15 53 118 175 216 239 245 85
Feb. 20 20 36 103 168 216 242 249 250 138
Mar. 26 26 80 154 204 234 239 232 228 188
Apr. 31 61 132 180 219 225 215 194 186 226
May 35 97 158 200 218 214 192 163 150 247
June 46 110 165 204 215 206 180 148 134 252
July 37 96 156 196 214 209 187 158 146 244
Aug. 33 61 128 174 211 216 208 188 180 223
Sept. 27 27 72 144 191 223 228 223 220 182
Oct. 21 21 35 96 161 207 233 241 242 136
Nov. 15 15 15 52 115 172 212 234 240 85
Dec. 13 13 13 36 91 156 195 225 233 65
52°N Lat.
N NNE/ NE/ ENE/ E/ ESE/ SE/ SSE/
(Shade) NNW Nw WNW w WSW SW Ssw S HOR
Jan. 13 13 13 39 92 155 193 222 230 62
Feb. 18 18 29 85 156 202 235 247 250 115
Mar. 24 24 73 145 196 230 239 238 236 169
Apr. 30 56 128 177 215 224 220 204 199 211
May 34 98 154 198 217 217 199 175 167 235
June 45 111 161 202 214 210 188 162 152 242
July 36 97 152 194 213 212 195 171 163 233
Aug. 32 56 124 169 208 216 212 197 193 208
Sept. 25 25 65 136 182 218 228 228 227 163
Oct. 19 19 28 80 148 192 225 238 240 114
Nov. 13 13 13 39 90 152 189 217 225 62
Dec. 10 10 10 19 73 127 172 199 209 42

SOURCE: Copyright 1997, American Society of Heating, Refrigerating and Air Conditioning
Engineers, Inc., www.ashrae.org. Abstracted by permission from ASHRAE Handbook, 1997
Fundamentals, Chap. 29, Tables 15 through 20. Data are for values at noon. Tables in source
provide values at other times.
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TABLE 3.30 Overall Coefficients of Heat Transmission (U Factor)
of Exterior Horizontal Panels (Skylights) for Use in Peak Load
Determination and Mechanical Equipment Sizing Only,

Btu/(h - ft2 - °F)

Description Winter Summer
Flat glass
Single glass 1.23 0.83
Insulating glass; double
{¢-in airspace 0.70 0.57
i-in airspace 0.65 0.54
i-in airspace 0.59 0.49
i-in airspace, low emittance coating
e = 0.60 0.56 0.46
e = 0.40 0.52 0.42
e = 0.20 0.48 0.36
Plastic domes
Single-walled 1.15 0.80
Double-walled 0.70 0.46

SOURCE: Copyright 1985, American Society of Heating, Refrigerating
and Air Conditioning Engineers, Inc., www.ashrae.org. Reprinted by per-
mission from ASHRAE Handbook, 1985 Fundamentals, Chap. 27, Table
13, Part B.

traffic increases air movement. Walls are porous. Airflows have been
measured even through masonry walls, and joints in metal panel walls
are never airtight. Vertical air movement in multistory buildings takes
place through elevator shafts, stairwells, utility chases, ducts, and nu-
merous construction openings.

Wind creates a positive pressure on the windward side of a building
and a negative pressure on the leeward side. These pressures vary
with changes in wind direction and velocity. Wind effects make it dif-
ficult to obtain consistent measurement of interior or exterior pres-
sures for the purposes of control.

The chimney effect in a multistory building (or even in a single-
story building) is related to variations in the air density due to tem-
perature and height and is aggravated by wind. The effect is minor
during warm weather but significant in winter. The buoyancy of the
warm air inside compared to a cold ambient condition outside the
building makes the air rise, creating a pressure gradient, as shown in
Fig. 3.7. The lower floors are negative with respect to the outside,
while the upper floors are positive. The neutral point will vary de-
pending on the building construction and height but can be observed
by a ride up the elevator that stops at every floor. The effect is to cause
infiltration on the lower floors and exfiltration on the upper floors.
This effect is also a driving force for smoke spread in a fire. Even when
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TABLE 3.31 Cooling Load Temperature
Differences (CLTD) for Conduction Through

Glass
Solar CLTD Solar CLTD

time, h °F time, h °F
0100 1 1300 12
0200 0 1400 13
0300 -1 1500 14
0400 -2 1600 14
0500 -2 1700 13
0600 -2 1800 12
0700 -2 1900 10
0800 0 2000 8
0900 2 2100 6
1000 4 2200 4
1100 7 2300 3
1200 9 2400 2

Corrections: The values in the table were cal-
culated for an inside temperature of 78°F, a max-
imum outdoor temperature of 95°F, and with an
outdoor daily range of 21°F. The table remains
approximately correct for other outdoor maxi-
mums of 93 to 102°F and other outdoor daily
ranges of 16 to 34°F, provided the outdoor daily
average temperature remains approximately
85°F. If the room air temperature is different
from 78°F, and/or the outdoor daily average tem-
perature is different from 85°F, the following
rules apply: (a) For room air temperature less
than 78°F, add the difference between 78°F and
room temperature; if greater than 78°F, subtract
the difference. (b) For outdoor daily average tem-
perature less than 85°F, subtract the difference
between 85°F and the daily average tempera-
ture; if greater than 85°F, add the difference.

SOURCE: Copyright 1989, American Society of
Heating, Refrigerating and Air Conditioning En-
gineers, Inc., www.ashrae.org. Abstracted by per-
mission from ASHRAE Handbook, 1989 Funda-
mentals, Chap. 26, Table 33.

the fire is on a lower floor, most deaths due to smoke inhalation occur
on upper floors. The supply and exhaust systems can have a positive
or negative influence on the chimney effect.

The combination of wind and chimney effect can create serious prob-
lems at ground floor entrances during the heating season; this is a
major concern of the HVAC designer. Even when vestibules or revolv-
ing doors are provided, additional heating is needed to offset the en-
trance infiltration. An approximate value for a 30-story office building
with an inside-outside temperature difference of 75°F and a vestibule
entrance is about 4500 ft3/min per 3-ft by 7-ft door, based on a traffic
load of 500 persons per hour.?
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Neutral point
~ —35 to 60% of height

Building height

O 44— - = - - - -

Inside positive _/
with respect to

outside Pressure difference—
inches water

\ Inside negative

with respect to outside

Note: Measured values will not necessarily follow the theoretical curve, due to
construction effects and HVAC supply/exhaust influences.

Figure 3.7 Pressure gradient in a high-rise building (stack effect).

Residential infiltration rates are often estimated on a building vol-
ume basis at 0.5 to 1.5 air changes per hour, depending on the tight-
ness of construction. While infiltration adds to heating and cooling
costs, a higher value may be preferable, since a too low ventilation
rate can result in excessive buildup of objectionable or even toxic gases
from carpets, wall coverings, and other elements within the building.
See Chapter 21, Indoor Air Quality.

3.6 Load Calculations

Once the criteria and multipliers are developed as described above,
the load calculations are simply a matter of accurately determining
areas, internal load densities such as people and watts per square foot,
special process loads, and any unusual conditions. Where more than
one room or zone has the same size, exposure, and internal loads, a
“typical” calculation can be done. Corner zones should always be cal-
culated separately. East-facing zone loads will normally peak from 10
to 12 a.m., while most building loads will peak from 3 to 5 p.m. South-
facing zones are similar but will peak usually from noon to 2 p.m. and
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SHADING COEFFICIENT INDEX LETTER > (A) 8 ©

. Z,
GLAZING INDICATED IN TABLE 39 / YARN 0
DRAPERIES ARE 100% FULLNESS 0.70 REFLECTANCE
(Fabric width two times draped width) lo .10 ZO 253040,
.20., ),
Al

Notes:
. Shading Coefficients are for draped 0.60 \
fabrics.

Other properties are for fabrics in flat
orientation.

. Use Fabric Reflectance and Trans-
mittance to obtain accurate Shading
Coefficients.

Use Openness and Yarn Reflectance or
Openness and Fabric Reflectance to
obtain the Various Environmental
Characteristics, or to obtain Ap-
proximate Shading Coefficients.

CLASSIFICATION OF FABRICS
I = Open Weave
1l = Semi-open Weave
1I = Closed Weave

D = Dark “Color”
M = Medium ‘‘Color”
L = Light “Color"*

bl

A

w

b

FABRIC TRANSMITTANCE

o Q.10 020 030 040 050 060 070
FABRIC REFLECTANCE

To Obtain Shading Coefficient (SC): (1) Locate drapery
To Obtain Fabric Designator (IIl;, Iy, etc.): Using coor- fabric as a point using its known properties, or approximate
dinates (1) Fabric Transmittance and Fabric Reflectance, or using its fabric classification designator. For accuracy, use
(2) Openness and Yarn Reflectance, find point on chart and Fabric Transmittance and Fabric Reflectance. (2) Follow

note designator for that area. If properties are not known, diagonal SC lines to lettered columns in Table 39. Find SC on
classification may be approximated by eye using Fig. 24, line with glazing used. Example: SC ofpoint **X"’ is 0.45 with
Note 2. See Table 40 for application classifications. 0.25 in. Clear Single Glass (Column H).

Note: SC are for 45 deg incident angle. For 30 deg or less,
add 5% to number found in Table 39.

Figure 3.8 Indoor shading properties of drapery fabrics. [SOURCE: Copyright 1997,
American Society of Heating, Refrigerating and Air Conditioning Engineers, Inc.,
www.ashrae.org. Abstracted by permission from ASHRAE Handbook, 1997 Fundamen-
tals (part of Table 29, Chap. 27.)] (These data relate to Table 3.25.)

may peak in winter. All zones should be calculated at both zone peak
(for sizing air-handling equipment) and building peak (for sizing cen-
tral equipment). Buildings such as churches and restaurants will usu-
ally have peaks at times within an hour or two after maximum oc-
cupancy occurs. Judgment and experience must be applied.

Calculations should be done on “standard” forms. There are many
such forms. Designers should use whatever form is found most satis-
factory, or is required. Figure 3.9 (p. 71) is a form which has been used
satisfactorily. Zone and room calculations must then be summarized,
by grouping rooms and zones in the way in which air-handling systems
will be applied. A typical summary form is shown in Fig. 3.10 (p. 72).

The summary includes a column for listing the design airflow in
cubic feet per minute, denoted by CFM, based on the cooling load and
a design temperature difference between the entering air and the
space temperature.
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(COMPANY NAME)
COOLING AND HEATING LOAD ESTIMATES
Job Name
Job No. By

Date

Space
Time of Day

Sheet. of

Conduction Heating Cooling
Surface - Facing Dimen. Area, Ft? U AT Btuh AT/CLTDICLF Btuh

Root ()

Partition { )
Floor ( )

Glass { )
Glass { )
Glass ()
Glass ()

Total Heating Subtotal

Solar
Glass - Facing Dimen. Area, Ft2 SHGF sc CLF Btuh

Glass { )
Giass ()
Glass ()
Glass ( )

Subtotal

Internal Sensible Heat

Quantity Factor CLF Btuh

Occupants pecple
Lights watts

Appliances Btuh
Power watts

Subtotal

Total Sensible Cooling

Latent

Source Quantity Factor CLF Btuh

Total Latent Cooling

Figure 3.9 Calculation form.

The design airflow rate is

CFM = — %5 (3.6)
X
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