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Preface

This book was written to provide the knowledge
required for the job position of technologist in the
building industry. This job position also carries the
title of draftsman, junior designer, field service
engineer, inspector and technician, depending on

the company, the project and the type of work in-
volved.

The building process generally can be divided

into three phases: the planning phase, the con-
struction phase, and the maintenance and field
service phase after beneficial occupancy of the fa-
cility. The technologist will find opportunities to
apply his or her knowledge in all three phases.

The planning phase of a building project involves

the architect and the engineering consultants. The
function of the architect is programming and space
planning. The architect confers with the various
project engineers with respect to mechanical and
electrical systems in order to determine the type of
systems that will best suit a facility. At this stage
of planning, the technologist generally is not in-
volved. Once the overall system planning is com-
pleted, the project mechanical (HVAC), electrical

and plumbing engineers begin detailed design. It is
at this stage that the technologist is called upon.
The usual arrangement for a project at the design
stage, in an engineering office, involves the follow-
ing technical positions:

Project engineer.
Design engineers (designers).
Technologists (junior designers, draftsmen).

In addition, specialists such as lighting designers,
computer personnel and energy specialists may be
involved, depending on the type and size of the job.
The project engineer coordinates with the architect
and the various design specialties. The design en-
gineer (s) perform the actual system design and cal-
culations, with the assistance of one or more tech-
nologists. The technologist is responsible for pro-
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ducing the working drawings; that is, he or she is
primarily concerned with the "nuts and bolts" of

the job. The working drawings are contract docu-
ments that, along with the job specifications, tell
the contractor, in detail, what the job regquirements
are. Their preparation involves a thorough knowl-



edge of basic principles, design procedures, equip-
ment and hardware, installation procedures and

the techniques of drawing preparation

Working drawings were, until recently, generally
produced by a draftsman or junior designer who

sat at a drafting table and physically drew them,
usually with pencil on paper but also sometimes
with ink on vellum or cloth. The advent of comput-
ers, CAD (computer aided design) programs and
plotters has, in large measure, replaced hand draw-
ing, although manual preparation of working
drawings is still found occasionally in design of-
fices and frequently in field construction offices.
For the most part, however, the job title of drafts-
man is no longer applicable; technologist or junior
designer is more appropriate. Although this person
may now "draw" at a computer console, the knowl-
edge required for the job is the same as previously
required.

Once the planning is complete and contracts let,
the construction phase of building begins. At this
stage, technologists in the engineer's office handle
design changes (of which there are always some),
shop drawings (manufacturer's detailed equip-

ment drawings), some material inspection and a
considerable portion of the field construction in-
spection work, including solving coordination and
space allocation problems. Technologists in the
contractor's office prepare large-scale, detailed, co-
ordinated installation drawings, for the use of the
trade construction personnel. Much of this work is
still hand drawn. They also handle equipment shop
drawings and sometimes are involved with mate-

rial acquisition. Technologists on the contractor's
staff may work in the contractor's field office on
large jobs, doing many types of field work and
coordination work with equipment suppliers.
Technologists working for equipment manufac-

turers prepare detailed equipment drawings and
provide the necessary coordination with the engi-
neer and contractor. When construction is complete,
technologists from the engineer's and con-
tractor's offices will assist in the very extensive
job of field testing, adjusting and balancing of
mechanical and electrical systems.

After a building is turned over to the owner

for "beneficial occupancy," it becomes the owner's
responsibility to maintain the building's systems.
With today's complex M/E systems, this is not a
simple task. Often the owner hires a service com-
pany to perform this function, which, in turn, hires
field service engineers and technicians who have

a construction and/or manufacturing background.
Here again, the M/E technologist can find construc-



tive use for his or her knowledge and capabilities.
From the foregoing it should be evident that

the building industry has a continuing need for
competent mechanical and electrical technolo-

gists. It is to provide the necessary technical back-
ground for such persons that this book is intended.
Since the publication of the first edition of this
book 20 years ago, the building industry has under-
gone many changes. Design must meet the ever

more demanding requirements of energy codes,

laws delineating the needs of handicapped persons,
environmental impact standards and improved hu-

man comfort criteria. Also, modern buildings not
only must meet the complex technological needs of
its occupants but also must be designed for ex-
treme flexibility in order to meet the rapid techni-
cal changes that typify our society.

In the construction phase, new materials and
installation techniques have been developed that

are less labor-intensive yet provide better service-
ability and longer life. No field has developed more
rapidly than that of controls and automation,

which make life easier for the user but much more
complicated for the engineering staff.

All of these developments have been considered

in the preparation of this completely revised sec-
ond edition. In addition, the underlying (and un-
changing) principles upon which all technical de-
sign is based have been restated, refreshed, and
re-presented in what I trust is an interesting and
informative fashion.

Benjamin Stein
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BUILDING
TECHNOLOGY

1. Heat and
Human
Comfort

The first seven chapters of this book are devoted
to a study of indoor heating, ventilating and air
conditioning, universally known by the abbrevia-
tion HVAC. Study of this first chapter will enable
you to:

1. Appreciate the problems that an HVAC system

is designed to solve.

2. Learn the difference between heat and temper-
ature.

3. Convert temperatures between Fahrenheit,
Celsius, Kelvin and Rankine scales.

4. Understand the basic temperature control
mechanisms of the human body, the concept of
human metabolism, its relation to activity

level and the effects of thermal stress on the
body.

5. Understand the basic physics of heat, includ-
ing units, specific heat, sensible heat, latent
heat, enthalpy and the essential laws of ther-
modynamics.

6. Understand the properties of moist (atmo-



spheric) air including dry and wet bulb tem-
peratures, and absolute and relative humidity.
7. Be familiar with important HVAC instru-
ments, including the sling psychrometer, a
thermal comfort meter and an indoor climate
analyzer.

8. Understand the three fundamental steady-
state heat transfer mechanisms of conduction,
convection and radiation.

9. Understand the operation of evaporative cool-
ing as a body temperature control mechanism.

10. Learn about human thermal comfort criteria.



1. 1 Human Comfort Indoors

The basic purpose of HVAC design is to provide a comfortable, usable indoor
"climate" throughout the year. Since outdoor temperatures and other climate
factors vary widely with the season, it is apparent that the HVAC system must be
dynamic to compensate for these changes. Similarly, the indoor comfort needs of
occupants vary greatly, depending on the type of space occupancy. A gym, a
residential bedroom and a chemistry laboratory have widely different
requirements, which the HVAC system must satisfy to provide the conditions that
will permit the space to be used as intended. The first question that must be
answered before any design can begin is how to define human thermal comfort. The
best definition of human thermal comfort is a negative one; that is, thermal
comfort is the absence of thermal discomfort. A thermally comfortable person
feels nothing at all; he or she is simply unaware of the thermal environment.
This means that the space occupant is neither too warm nor too chilly, is not
uncomfortable due to stuffiness or drafts, is not conscious of perspiration (a
feeling of body wetness) and is not disturbed by strong odors. Ventilation is
included in the concept of thermal comfort used here. To achieve this desirable
thermal environment, HVAC designers rely on a flexible HVAC system and on the
automatic temperature control system of the human body. The HVAC system could be

called upon to do any or all of the following:

Maintain a uniformly warm indoor temperature in cold weather.

Maintain a uniformly cool indoor temperature during hot weather.

Add humidity to the indoor air in winter and reduce it in summer.

Assure that interior wall surfaces in winter will not have a chilling

effect on nearby occupants.

Recirculate interior air and filter out air-borne dust.



Control the velocity of the recirculated air; it should be fast enough to

provide freshness and slow enough to avoid drafts.

Exhaust odor-laden air from rooms such as kitchens and laboratories.

Introduce appropriately tempered (warm or cool) makeup fresh air to reduce

indoor stuffiness and to replace the air exhausted from rooms.

In densely occupied commercial or institutional buildings, all the foregoing
functions may be provided. In structures of lesser demand, such as residences,
it is not always considered essential to include all these items, which
constitute a complete air conditioning system. The most basic function of any
HVAC system is heating, which is required throughout the United States for at
least some part of the year. Cooling, and perhaps more important,
dehumidification, was once considered a luxury. Today it is recognized to be
almost as important as heating, particularly in the hot and humid summer
climates of coastal regions. The HVAC indoor design requirements are chosen to
meet human body needs under the specific occupancy conditions of a space. In
order to understand the basis of these conditions, it is first necessary to

understand the fundamentals of body temperature

control and the physical principles of heat transfer.

1.2 Body Temperature

Control

Human beings are constant-temperature (warm-

blooded) creatures, with a normal deep body tem-

perature of 98.60F (370C). We emphasize that this is

an internal temperature, because the external

(skin) temperature can vary from a low of about

400F (4.40C) to a high of about 1060F (41.10C). These



extremes can be maintained for a limited time

without physiological damage. Indeed, wide varia-

tion in skin temperature is one of the techniques

used by the body's highly sophisticated automatic

temperature control system to regulate heat trans-

fer to the environment.

The amount of heat generated by the body de-

pends on the person's activity. Table 1.1 shows

roughly the amount of energy generated by the

body during different activities. This energy is pro-

duced by metabolizing ("burning") the food we eat

and is, therefore, referred to as the body's meta-

bolic rate. The entire process is known as metabo-

lism. The body is only about 20% efficient in con-

verting food to muscular energy; the other 80% is

converted to heat that must be disposed of continu-

ously, to avoid overheating the body. (Food not

required to sustain bodily functions and body ac-

tivity is stored as fat on the body.) The body dis-

poses of heat by one or more of the four physical



processes for heat transfer and exchange: conduc-

tion, convection, radiation and evaporation. In or-

Table 1.1 Human Metabolic Activitya

Metabolic Horsepower

Units, Power,

Activity Btuhb Wattsc
hp

Running up stairs 3600 1055 10.0 907 1.41

Running uphill 3250 952 9.0 819 1.28

Wrestling 2890 846 8.0 728 1.13

Basketball 2525 740 7.0 636 0.99

Running 2165 634 6.0 546 0.85

Very heavy work 2000 586 5.5 504 0.79

Walking uphill 1800 527 5.0 454 0.71

Heavy work 1600 469 4.4 403 0.63

Rapid walk 1445 423 4.0

0.57

Medium machine

Metd Kcallh

364



work 1200 351 3.3 302 0.47

Ballroom dancing 1085 318 3.0 273 0.43
Light bench work 800 234 2.2 202 0.31
Light sendentary

work 720 211 2.0 181 0.28

Sitting at rest 400 117 1.1 101 0.16

Sleeping 361 106 1.0 91 0.14

aChart of approximate rate of human energy expenditure for various activities.

The wvalues

are for an average-size adult male. See Table 1.3 for more exact figures and

their breakdown
into sensible and latent heat.

bBtuh is the common abbreviation for Btu per hour. It is also written Btu/h,

which is
mathematically more accurate. 1 Btuh = 0.2929 w.
cl w = 3.412 Btuh.

dl met = 18.43 Btuh/ft2. Since an average adult male is assumed to have 19.6 ft2
of body

surface area, an activity rate of 1 met is equal to an energy rate of 361 Btuh:

19.6 ft2 x 18.43 Btuh/ft2 = 361 Btuh



der to understand these concepts and processes, it

is first necessary to familiarize oneself with the

basic concepts of thermal engineering, including

temperature, sensible and latent heat, thermody-

namic laws and units of measurement.

1.3 Heat and Temperature

Heat is a form of energy. Temperature is simply an

arbitrary scale invented in order to indicate the

amount of heat energy contained in an object. In

other words, temperature is a measure of the den-

sity of heat energy in an object; the higher the heat

content of an object (including air), the higher its

temperature. In the United States, the temperature

scale most commonly employed is the Fahrenheit

scale, on which water freezes at 32x«F and boils at

212«xF. In recent years the more logical Celsius scale

has made some inroads into HVAC work, although

Fahrenheit is still the most commonly used. On the



Celsius scale, water freezes at 0oC and boils at

100oC (hence the name formerly used-"centi-

grade"-that is, 100 degrees). Conversion between

the two is quite simple using the relations

and

A simple conversion chart is given in Figure 1.1.
The technologist may also come across two other
temperature scales in advanced HVAC work-Ran-

kine and Kelvin. Both scales are absolute tempera-

ture scales, starting at 0«, which represents a com-

plete absence of heat. The Rankine scale is related

to the Fahrenheit scale by the relation



oR = oF 4+ 460 (1.3)

Figure 1.1 Conversion chart between Fahrenheit and Celsius temperature

and has the same degree size as the Fahrenheit
scale. The Kelvin scale is related to the Celsius

scale by the relation

oK = oC 4+ 273 (1.4)

and has the same degree size as the Celsius scale.
The unit of heat energy in the English system of
units (which is the system used in the United States
in HVAC work) is the British thermal unit, or Btu.

It is defined as the amount of heat required to raise

1 1b of water by 1 Fw. Put another way, the addition

of 1 Btu of heat energy to 1 1lb of water can be

scales.



measured as a l«oF increase in the water tempera-

ture. The international system of units (SI) does
not have an equivalent heat energy unit. The older
CGS (centimeter-gram-second) system used the
calorie, which is defined as the amount of heat

required to raise the temperature of 1 g of water by

1 Cw. Since this unit is very small, the kilocalone is

used more often. It is obviously the amount of heat

required to raise the temperature of 1 kg of water (1

liter) by 1 Cw. Conversion factors for Btu, calories,

kilocalories and joules (the SI unit of energy) can

be found in Appendix A.

The amount of heat that must be added (or re-
moved) from a unit mass of a substance in order to
change its temperature by one degree is known as

the specific heat of that substance. In the English



system of units used in this book, specific heat is

expressed in Btu/lb/«F. By definition, the specific

heat of water is 1.0. The specific heat of most other
substances, both liquid and solid, are less than
1.00. For instance, the specific heat of copper is
0.0918, that of iron is 0.1075, that of silver is
0.0558, that of gasoline is about 0.5, that of alcohol
varies between 0.5 and 0.7, depending on the type,
that of concrete is 0.15 and that of wood varies
between 0.4 and 0.7. These lower values indicate
immediately the usefulness of water to transfer

(and store) heat, as in hot water heating systems.
1.4 Sensible Heat and

Latent Heat

Sensible heat is that which causes a change in
temperature when it is added or removed. Latent

heat is that which causes a change of state in the

substance, as for instance, from solid to liquid or

liquid to gas while the temperature remains con-



stant.

To illustrate the meanings of these terms, we can

use water as an example. Refer to Figure 1.2. If we

begin adding heat to a container holding 1 1lb of

water, we will be able to measure a temperature

increase of 1 P for every Btu added. Thus, if we

start with water at room temperature (70«xF), the

water will come to a boil after adding 142 Btu:

Total added sensible heat

= Specific heat x Temperature change

=142 Btu

(This relation assumes an ideal heating process in

which no heat is lost, that is, 100% efficiency.) This

amount of heat energy-142 Btu-is sensible heat,

because all of it caused a corresponding tempera-

ture change. The sensible heating process is shown

on Figure 1.2 as a straight line whose slope is

loF/Btu.



Water at atmospheric pressure cannot get hotter

Figure 1.2 Heat content (enthalpy) chart of water in Btu per pound. At the 32«F

(0oC) lower change-of-state point, freezing water loses 144 Btu/lb and melting

ice

gains 144 Btu/lb of latent heat. At the 212«F (100«C) upper change-of-state

point, va-

porizing water absorbs (gains) 970.3 Btu/lb and condensing steam releases

(loses)

970.3 Btu/lb of latent heat. In the liquid state between 32 and 212«F, water

gains or

loses 1 Btu of sensible heat per pound, for each 1 Feo of temperature change,

that is,

180 Btu/lb for the 180 Fx temperature change between 30 and 212«F.

than 212«F. Therefore, i1f we continue to add heat,

the water will turn to steam at a temperature of



212xF (100xC). All the heat added after the water

temperature reaches 212«xF is used to vaporize the

water, that is, to change its state from liquid (wa-

ter) to gas (steam). This heat is called latent heat.

Quantitatively, it takes 970 Btu to vaporize 1 1b of

water at 212«F. This quantity is called the latent

heat of vaporization. The total heat change in 1 Ib

of water, beginning at 70«F and ending with the

vaporization of the entire 1 1lb of water is, therefore,

the heat required to raise the water temperature

to 212«F (sensible heat) plus the heat required to

vaporize the water at 212«F (latent heat); that is,

Heat change = Sensible heat + Latent heat

142 Btu+ 970 Btu

1112 Btu

Notice that water will vaporize at temperatures

all the way down to freezing (32xF, 0«C). This effect



is the familiar phenomenon of evaporation, in

which water seems to disappear spontaneously

into the air. In actual fact, this wvaporization, or
evaporation, requires the addition of heat in the
qgquantities listed in Table 1.2. The heat comes from
the water that is evaporating, causing it to cool.
This is the physical reason for the cooling effect of
evaporation. This subject is discussed in detail in
Chapter 6. The speed at which water evaporates
depends on a number of factors, including temper-
ature, humidity and air movement.

The latent heat of vaporization of water wvaries
inversely with the water temperature. It is highest
at low temperatures and lowest at the boiling
point. Table 1.2 shows this effect.

Table 1.2 Latent Heat of Vaporization

of Water

Temperature

Heat of Vaporization

«F «C (Evaporation), Btu/lb



32 0 1075.5

40 4.4 1071

60 15.6 1059.7

70 21.1 1054.0

75 23.9 1051.2

80 26.7 1048.4

90 32.2 1042.7

100 37.8 1037.1

120 48.9 1025.6

150 65.6 1008.2

180 82.2 990.2

212 100 970.3

Returning to Figure 1.2, and again beginning at

70oF room temperature, 1 lb of water will release 1

Btu of sensible heat for each degree of temperature

drop. At 32wF (0xC), a change of state from liquid to

solid (or vice versa) occurs. Removing 144 Btu/lb

from liquid water will cause it to freeze into ice.

This quantity is known as the latent (change-of-



state) heat of fusion. Conversely, adding 144 Btu

will convert 1 lb of ice to water at 32«xF (0xC) .

1.5 Properties of

Atmospheric Air

In order to understand human comfort conditions,

we must first understand the basic properties of

atmospheric air, which surrounds the body at all

times. The study of the physical properties and

thermal processes of atmospheric air is called psy-

chrometrics. We shall have more to say on this

subject in our discussions on warm air heating,

humidification, dehumidification and cooling pro-

cesses. At this point, we will limit the discussion to

definitions and their explanations.

a. Dry Bulb (DB) Temperature

This is the air temperature that is registered by a

thermometer with a dry bulb, that is, a bulb that

has not been deliberately made wet. See Figure 1.3.

The dry bulb temperature is that which is meant,

in normal speech, when referring to the air temper-



ature. It is the temperature stated by the weather

bureau in its reports and that which shows on an

ordinary household thermometer.

b. Humidity

This term refers to the amount of water vapor in

the atmosphere. The higher the (dry bulb) tempera-

ture of the air, the more water vapor the air is

capable of carrying. The actual amount of water in

the air is expressed in two ways: absolute humidity

in pounds of water per cubic foot of dry air or

specific humidity in terms of weight of water (grams

or pounds) per pound of dry air. (Specific humidity

is also referred to as humidity ratio.) None of these

terms is as important to the technologist as relative

humidity. Relative humidity (RH) is the ratio of the

actual amount of water vapor in the air to the

maximum amount of water wvapor that the air can

absorb at that dry bulb temperature, expressed as

a percentage. It is, therefore, a measure of the

"wetness" of the air at that temperature.



When air has absorbed as much water as it can

hold at that dry bulb temperature, it is saturated.

Any additional moisture in the air can exist only as

water droplets that are visible to the eye (as in a

steam room) and not as water vapor, which is

invisible. When moist air is cooled, it will eventu-

ally reach saturation, since, as stated previously,

the amount of water vapor that air can hold is

proportional to the dry bulb temperature. The tem-

perature at which the air becomes saturated (dur-

ing cooling) is known as the dew-point (tempera-

ture), since at that point droplets of water (dew)

begin to form on surfaces. If moist air is cooled

rapidly, the water vapor that condenses does not

have time to settle on surfaces (as dew droplets).

Instead, the droplets simply appear suspended in

the air, as fog. In humid climates, fog normally



forms just before dawn, when temperatures are

lowest. The fog is then "burned off" by the sun.

What actually happens, of course, is that the sun

causes a rise in air temperature, in turn, causing

the water droplets in the fog to re-evaporate into

the air as water vapor.

c. Wet Bulb (WB) Temperature

Wet bulb temperature measures the cooling that

results from evaporation. As we have seen from

Figure 1.2 and Table 1.2, when water evaporates, it

absorbs heat from the surrounding air and from

the surface on which the water rests. This is the

reason that we feel chilled when stepping out of a

shower, even in a very warm but relatively dry

bathroom. The exposed skin from which water is

evaporating is actually giving up large amounts

of sensible heat, which is being absorbed by the

evaporating water as latent heat, thus rapidly cool-

ing the body. This action is the basis of evaporative

cooling. However, this is not the case in a steam



room where the air is completely saturated with

water vapor. In that environment, the water on the

body cannot evaporate, and, therefore, no cooling

is felt. Consequently, we see that the cooling effect

of water evaporation can be used as a measure of

the relative humidity of the surrounding air. The

higher the air humidity, the slower water evapo-

rates and the lower its cooling effect on the surface

from which it evaporates.

This effect is used to advantage in a device called

a sling psychrometer, which is illustrated in Figure

1.3. The device is simply a piece of wood or other

rigid material onto which are affixed two ordinary

thermometers. One thermometer simply reads the

air temperature, that is, the dry bulb temperature.

Figure 1.3 Sling psychrometer, so called because the de-

vice is whirled around like a sling, until the tempera-

ture on the thermometer with the wet sock stabilizes.

This is the wet bulb temperature. Given the dry bulb



and wet bulb temperatures, the relative humidity of the
air (and other pertinent data) can be determined from
tables or from a psychrometric chart. From Bradshaw,
Building Control Systems, 2nd ed., 1993, reprinted by per-

mission of John Wiley & Sons.)

On the bulb of the other thermometer, a piece of
absorbent cloth, called a sock, is placed and the
sock is then wet by immersion in water. Water
evaporating from the sock will cool the bulb on

which it is placed. The amount of cooling is in-
versely proportional to the relative humidity; the
drier the air, the greater the cooling by evaporation
and the lower the temperature reading of this wet
bulb thermometer. The drop in temperature of the

wet bulb is called, logically, the wet bulb depression
and its reading is called the wet bulb (WB) temper-
ature. By comparing the DB and WB readings

using a table or a psychrometric chart, the relative



humidity and all the other relevant characteristics
of the air can be read off directly. The entire device
is called a sling psychrometer, because it is whirled
in the air like a sling via its rotating handle (see
Figure 1.3) until the wet bulb thermometer reading
stabilizes. The purpose of the whirling is to prevent
formation of a layer of wet (saturated) air around
the wet sock that would prevent evaporation. This
same air motion effect is used in a hot air blower-
type hand dryer, such as is found in public rest
rooms. The heat from this device increases the DB
temperature of the air surrounding the hands, thus
permitting rapid water evaporation. The air move-
ment prevents accumulation of a wet air layer

around the hands that would slow or halt evapora-
tion. The evaporative cooling effect is so strong
that, despite the high temperature of the air being

blown onto the hands, the skin feels cool until all



the water evaporates, at which point the heat of

the blower is quickly felt.

1.6 Body Heat Balance

As stated in Section 1.2, the human body produces

heat continuously, in quantities that depend on the

body's physical activity. Table 1.3 shows the total

heat generated for typical activities plus the divi-

sion between sensible heat and latent heat. Note

that the latent portion is constant, because it repre-

sents the water vapor that we exhale. Human

breath is essentially saturated air (100% RH) at

Table 1.3 Heat Generated by Typical Physical

ActivitiesO

Heat, Btuh

Activity Total Sensibleb Latentc

Seated, reading 400 295 105

Seated, desk work 450 345 105

Office work, general 475 370 105

Standing light work 550 445 105

Moderate work, walking 600 495 105



Light factory work 800 695 105

Medium factory work 1200 1095 105

Heavy factory work 1500 1395 105

Active athletics 2000 1800 200d

aFigures are average for an average size adult male.

bBetween 20 and 60% of the sensible heat is radiated, de-

pending on air velocity, assuming a 750F dry bulb air temper-

ature.

cLatent heat loss is constant with normal breathing rate.

dLatent heat loss increases with the rapid breathing associ-

ated with active athletics.

body temperature of about 980F. This is the reason

that we can "see our breath" in winter; the satu-

rated exhaled air is immediately cooled to the

dew point, producing a mini-fog, as was explained

previously. The remaining heat produced by the

body (in the form of sensible heat) must be re-

moved to maintain the body's heat balance.

The thermal processes by which the body inter-



acts with its environment are conduction, convec-

tion, radiation and evaporation. The net heat gain

or loss between the body and the environment

must be such that the body's heat balance is main-

tained within body temperature limits. These rela-

tions are shown schematically in Figure 1.4 and

will be discussed individually. Expressed mathe-

matically, the body's sensible heat thermal equa-

tion is

where

M is the body metabolic heat production,

CD is the conductive heat gain or loss,

CO is the convective heat gain or loss,

R is the radiation heat gain or loss

E is the evaporate heat loss, and

HS is the body heat storage gain or loss.

Notice that the body can gain or lose heat by



conduction, convection or radiation. Evaporation,
however, always cools the body and results in a

heat loss. The net result of these processes is the
heat storage factor, which may be positive, nega-
tive or zero. If it is positive, the body overheats and
is subjected to heat stress; if negative, the body
cools and is subjected to the unpleasant and even
dangerous effects of chilling. If it is zero, we are
thermally balanced, although not necessarily com-
fortable.

1.7 Basic Rules of

Thermodynamics

Throughout the following discussion, and indeed

in all HVAC work, it is important to remember
several basic rules of thermodynamics.

a. Energy Can Be Neither Created

Nor Destroyed

This rule is variously known as the law of conserva-
tion of energy or as the first law of thermodynam-

ics. To the HVAC technologist, it simply means



that, when heat is transferred, a gain in one place is

balanced by an equal and opposite loss in anoth

Figure 1.4 Body heat balance is maintained by transferring heat with the

environ-

ment. The transfer processes are conduction, convection, radiation and

evaporation.

The net heat gain or loss appears as heat storage gain or loss in the body.

Conduc-

tion, convection and radiation are all two-way processes that can result in body
heat

gain or loss; evaporation always results in body heat loss.

place. Sensible heat can be converted to latent heat
by evaporation, and latent heat can be converted

to sensible heat by condensation. Stated another
way, we can say that the net change of energy in a
system is the difference between the energy added
and the energy removed. In terms of body heat

balance, this means that the difference between the



(heat) energy gained and the heat energy lost by

the body must equal the change in heat storage;

that 1is,

Body heat storage change = Heat gained - Heat lost

If the gain exceeds the loss, the body overheats. If

the loss exceeds the gain, the body overcools.

b. Heat Flows "Downhill"

Heat flows from an area or object of higher temper-

ature to an area or object of lower temperature.

Indeed, heat is sometimes denned as the form of

energy that is transferred by temperature differ-

ence. In general, the larger the temperature differ-

ence, the more rapid is the heat transfer. In order

to reverse this flow, energy must be added to the

system. Thus, to keep the inside of a refrigerator

cold in a warm kitchen, energy must be removed

by the refrigerator's cooling system. Conversely, to

keep a body warm in a cold climate, energy must

be added by the body's internal heating system,

that is, the metabolic system.



c. There Is No 100% Efficient

Thermal Process

This is the essential meaning of the second law

of thermodynamics. Every heat transfer involves

losses in the form of wasted heat. Losses can be

minimized, however. Two of the factors that in-

crease losses are large temperature differences and

friction. At this point, we will return to the discus-

sion of the processes involved in the transfer of

sensible heat between the body and its envi-

ronment.

1.8 Mechanics of Sensible

Heat Transfer

a. Conduction

Heat is transferred by conduction when two items

at different temperatures physically touch each

other. The rate of heat transfer depends on the

temperature difference and on the conductivity of

the item at lower temperature. When we place our
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hands on a metal surface, it feels cool to the touch,

because the metal is an excellent conductor of heat.

It therefore conducts heat rapidly away from our

warm hands, giving us the sensation of coolness.

(This excellent heat conduction that is characteris-

tic of metals accounts for the very hot handle of a

frying pan and the extreme rapidity with which a

metal teaspoon heats up when placed in a cup of

boiling hot tea or coffee.) However, when we touch

a piece of wood or cloth at the same temperature

as the metal, we feel warmth, because wood and

cloth are good insulators and do not conduct heat

easily.

Alr is an excellent thermal insulator. (Indeed, the

trapped air pockets in thermal insulation provide

the material's insulating property.) Since only a

small portion of the body is directly exposed to the

air (hands and head) and the remainder through a



layer of insulation (clothing), the body's heat loss

by conduction to the surrounding air is very small.

b. Convection

Cool air immediately adjacent to the body is

heated by conduction. Since warm air is lighter

than cool air, it rises, and cooler air takes its place.

When this cool air, in turn, is heated by contact

with warm skin, it too rises. This constant air

movement is called a connective air current. It is

"fueled" by the temperature difference between the

body and the air surrounding it. See Figure 1.5.

The larger the temperature difference between the

skin and the surrounding air, the faster the convec-

tive air current will move, and the more heat it

will transfer. If air motion is increased by a fan

or other device, heat transfer is also obviously

increased and convection becomes more effective

as a heat transfer process.

Convection is also useful as a heating process

when the air temperature is above that of the body.



In that situation, warm air contacting the body is
cooled when it transfers heat to the skin. It be-
comes heavier and falls, to be replaced by lighter,
warmer air. Heating convectors operate on this
principle by establishing a convection loop within
a room. See Figure 1.6. Convectors will be dis-
cussed at length in the heating sections of this
book. Notice in Figure 1.4 that convection (and
radiation) are most effective in heat loss transfer
when the ambient temperature surrounding the

body is low, that is, when the temperature differ-
ence driving the convective air currents is large.

The convective factor CO in the heat balance equa-

(a) Skin temperature higher than air temperature

(b) Ambient air temperature higher than skin temperature

Figure 1.5 A convective air current is set up when air is

warmed (a) or cooled (b) by contact with the skin. In (a),



the effect is cooling; in (b), it is heating (see Figure 1.6).

Figure 1.6 Warm air con vectors are best placed under

windows to temper the cold air dropping from the win-

dow cooled by conduction; falling due to cooling; see

Figure 15b. As the warm air rises, it is cooled by the

window and other cool surfaces in the room, including

occupants. As the air cools, it drops and returns to the

bottom of the convector, to be reheated.
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tion will be negative if the body loses heat to

the surrounding air and positive if it gains heat

convectively.

c¢. Radiation

Radiation is the transfer of heat through space

from a mass at a higher temperature to a mass at a

lower temperature. The classic example of radia-

tion occurs between the sun and the earth, through



a vast expanse of vacuum. The air is not necessary;

the atmosphere actually interferes somewhat with

radiant heat transfer by absorbing and dispersing

some of it. Radiation of heat occurs between all

bodies that exist in line-of-sight to each other.

Thus, in a kitchen with a stove at 1600F, a con vec-

tor at 150«xF, a person at about 80xF, walls and

furnishing at 70xF and a window at 50«F, the stove

radiates to everything; the convector, to the occu-

pant, furnishings, walls and window; and every-

thing, to the window. See Figure 1.7. We emphasize

line-of-sight, because radiant heat cannot go

around corners; it is blocked by any solid object.

For this reason, standing in the shade of a tree on a

sunny day is effective in making a person feel

cooler. All the sun's powerful radiant energy is

blocked. As a result, the body can regulate its

temperature more easily.

The amount of radiant energy transferred from

one mass to another is proportional to the tempera-



Figure 1.7 Arrows indicate the radiant heat inter-

change in this space. Each body radiates heat to every

other body at a lower temperature. The net radiant heat

gain or loss is different for each mass in the space.

ture differential, the thermal absorption character-

istic of the receiver (the mass at lower tempera-

ture) and the angle of exposure of the cooler mass

to the warmer one. This angle is inversely propor-

tional to the distance between them, as will be

explained in detail later. The exact calculation of

these factors is complex and beyond our scope

here. Suffice it to say that, in still air (where con-

vection and evaporation are minimized), radiation

is the principal form of heat exchange between the

human body and its environment. This accounts

for the fact that even in cold winter air, with no

wind, a person exposed to strong sunlight actually

feels uncomfortably warm even when very lightly



dressed. This person would immediately feel cold

if the sun were blocked by a tree, because he or she

would then be radiating more heat to the cold

surfaces surrounding the body than the body re-

ceives from the sun.

We mentioned previously, in passing, that one of

the factors involved in radiant heat transfer is the

heat absorption characteristic of the receiver-that

is, the mass at lower temperature. This factor is

extremely important in building insulation but

much less so for interior surfaces. We all know that

a black matte surface exposed to the sun gets hotter

than a white surface or a reflective aluminum sur-

face. This effect is related to a material's surface

absorption characteristic. Since interior room sur-

faces are normally finished with a paint that is

neither specifically absorptive nor reflective, we

can assume that radiative heat transfer is propor-

tional to temperature difference only and ignore

the type of interior surface finish. (Surface absorp-



tion characteristics are very important in thermal

insulation and are discussed at length in Section

In order to quantify the radiant heating effect of

the environment on the human body in an enclosed

space, a concept called mean radiant temperature

(MRT) was developed. This is simply the weighted

arithmetic average of the surface temperatures in

the room. See Figure 1.8, which shows the basis of

an MRT calculation for the room of Figure 1.7.

Strictly speaking, the solid angle between a room

occupant and each room element should be used in

the calculation. However, in spaces that do not

have radiant floors or heated ceilings, an accept-

able approximation of the space's MRT can be

made using the angles in a two-dimensional plan

view, such as an architectural plan. This assumes

that walls, floors and ceilings are at approximately

70-750F and, therefore, do not appreciably affect a
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Figure 1.8 Approximate calculation of the MRT of this room with respect to an

occCcu-

pant at the location shown. An occupant at another location would have a
different

MRT. The calculated MRT of 79«F (26xC) is so close to body surface temperature
that

net radiation heat loss of the occupant is approximately zero. This will make

the oc-

cupant feel uncomfortably warm unless humidity is low and air motion is

sufficient

to permit adequate heat loss by convection and evaporation.

lightly clothed occupant whose average surface

temperature is 78-80x«F. Further approximations in

this calculation assume that all hot or cold surfaces

are the same height and that occupants can be

approximated by narrow vertical cylinders. In a

room with a hot or cold floor, wall or ceiling, these

approximations are not applicable.

The calculation of the approximate MRT for the



room occupant in Figure 1.8 is performed as

follows:

where 2$. A is the subtended (exposure) angle be-
tween the occupant and surface A,
1A is the average temperature of surface A, and so

on, and

The following rules of thumb are useful in design-
ing a space where the previously stated approxima-
tions are reasonable and in evaluating the results

of an MRT calculation:

(1) Design the space so that wall temperatures are

not more than 5 Fo different from the air

temperature and the ceiling not more than +10

Fo different from the air temperature.

(2) The relative humidity of the space should be in



the range of 35-50%, assuming occupants are

lightly clothed.

(3) Air velocity in the room should not exceed 40

ft/min (fpm) .

(4) If the calculated MRT is 100F or more hotter
colder than the design air temperature, the
occupant will feel uncomfortable, given the hu-
midity and air velocity conditions in rules 2
and 3.

(5) An MRT above average body temperature

[about 80xF (270C)] indicates a net radiant heat

gain in the heat balance equation; an MRT

below 80«xF (270C) indicates a net radiant heat

loss.

(6) A calculated MRT of 70«F and an air tempera-

ture of 70«F will be satisfactory to most people.

Every degree of MRT above or below 70x«F must

be compensated by a 1.50F change in air tern-

or
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perature in the opposite direction, in order to

maintain the 70/70 comfort condition.

(7) The preceding calculation procedure is not ap-

plicable to space using radiant ceilings or floors

for heating.

d. Evaporation

As stated before, the human body can either gain

or lose heat by conduction, convection and radia-

tion. By contrast, evaporation is a one-way thermal

process, causing bodily heat loss only. The reason

should be evident from what has already been

discussed. Moisture on the skin (perspiration)

evaporates into the air to become air-borne water

vapor. In so doing, it absorbs sensible heat from

the skin and changes it to the latent heat of the

water vapor. Total heat energy remains the same,

according to the first law of thermodynamics. (As



we will learn later on, evaporative coolers-so-

called desert coolers-operate on the same princi-

ple; they remove sensible heat from the air by

converting it to latent heat. In so doing, they both

lower the air temperature and increase the RH to

more comfortable levels.)

As mentioned previously, the average overall

surface temperature of a lightly clothed person

indoors is about 80xF (270C). When the ambient

temperature is below this figure, the body can

easily rid itself of the heat it generates by convec-

tion and radiation, particularly if there is air move-

ment to help convection. When the ambient tem-

perature approaches 80xF (270C) and the room

surfaces approach this temperature, radiation and

convection drop sharply. This is because both pro-

cesses depend on a temperature difference to drive

them, and this differential has disappeared. The

body's internal heat-regulating mechanism reacts

by pumping blood into the skin and by activating



the perspiration process. The increased blood flow

increases the skin temperature and by so doing re-

energizes the radiation and convection loss pro-

cess. More important, however, it causes the per-

spiration on the skin to evaporate rapidly, thus

removing large amounts of sensible heat from the

body. From Table 1.2, we see that, at 80«F skin

temperature, the body can lose about 1050 Btu/lb

of water (perspiration) by evaporation.

The effectiveness of this evaporative cooling pro-

cess is increased by air motion, which serves to

continually remove the saturated layer of air adja-

cent to the skin. See Figure 1.9. This is the reason

that an electric fan makes us feel cooler even

Figure 1.9. The evaporative cooling process is assisted

by air motion. The saturated layer of air immediately

adjacent to the skin is blown away by air motion. This

permits dryer air to contact the skin, resulting in fur-

ther evaporation and resultant cooling.



though its motor is adding heat to the room. In the

absence of air motion, a saturated layer of air

remains adjacent to the skin, since convective air

motion is absent due to the high ambient air tem-

perature. (See Figure 1.5.) This results in a feeling

of wetness, causing considerable thermal dis-

comfort.

Conversely, the effectiveness of the evaporative

cooling process is reduced by high ambient relative

humidity. Without going into the technicalities of

partial vapor pressures, the reaction is easy to

understand. When the air already contains a large

amount of water vapor, the addition of more water

vapor by evaporation is slow. It comes to a com-

plete halt at 100% RH, that is, saturated air. On

the other hand, dry air with a low RH readily

absorbs additional moisture. This is why we are

not conscious of perspiring in hot dry air, such as a

desert climate, despite the fact that we can lose



as much as a quart of water per hour through

perspiration! In a desert-like situation, the body

gains heat by radiation from hot surfaces and can

keep cool only by constant and intensive evapora-

tive cooling.

e. Summary of Heat Transfer

Processes

The interaction of the four heat transfer processes

with the body's metabolic rate (heat production) is

complex. The variables in the equation are DB air
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temperature, RH, amount and type of clothing,

MRT of the space, air motion, activity level of the

person involved and that person's physical position

in a room. A typical situation is graphed in Figure

1.10 for a lightly clothed seated person at rest

(reading) and producing about 400 Btuh. (Btu per

hour is normally written Btuh, although more



properly it should be Bth/h.) See Table 1.3.

Note that the metabolic rate of 400 Btuh (about
130 w) for a person at rest is constant, since meta-
bolic rate is governed only by a person's activity
level. The graph is drawn for a room at 45% RH

and an air velocity between 50 and 100 fpm. At low
ambient temperatures the major portion of the
body's heat loss is by radiation to the cool room
surfaces with a small convection loss and an even
smaller evaporation loss. As the ambient tempera-
ture rises, all the room surfaces are warmed to

about air temperature except for the windows. At

about 80«F, the radiation/convection and evapora-

tion components are equal. At higher room temper-
atures, skin body temperature rises as does the
evaporative cooling component of the heat transfer

equation. When the room temperature reaches

over 100«F, the radiation/convection component

goes to zero and the body relies completely on



evaporation for cooling. At this point, air motion

becomes absolutely necessary to avoid body over-

heating. Table 1.4 summarizes the factors involved

in body heat transfer processes with the envi-

ronment.

f. Thermal Stress

The question that immediately arises when looking

back at the body heat balance equation (1.5) is:

What happens when the heat storage factor is not

zero? The answer is that very serious physical

Figure 1.10 The total body heat generated remains substantially constant regard-

less of room temperature, depending only on the body's activity level. The
methods

that the body uses to rid itself of this heat vary with ambient temperature,

relative

humidity and air motion. For a fixed RH of 45%, the relation between

convection/ra-

diation loss and evaporation loss is shown by the curves, as a function of room

tem-

perature. (From Stein and Reynolds, Mechanical and Electrical Equipment for
Build-

ings, 8th ed., 1992, reprinted by permission of John Wiley & Sons.)



15

Table 1.4 Factors in Human Heat Balance
Factor Affected by

Metabolism

(heat production) Physical activity
Conduction Temperature and conductivity

of contact surfaces (including

air)

Convection DB air temperature
Air motion

Amount and type of clothing

Radiation Room MRT

Finish of room surfaces

Overall body temperature

Evaporation DB temperature

RH

Air motion

Amount of exposed skin surface



effects occur. As the body gains heat, skin tempera-

ture rises and sweating begins. If heating contin-

ues, the deep body temperature will rise above

normal (as with a fever). If this rise continues, it

will result in nausea, exhaustion, fainting (heat

stroke or prostration), eventual brain damage at

about 1070F and finally death.

The same finality results from overcooling. As

the body is chilled, shivering and "goosebumps"

appear as a heating mechanism. Further chilling

results in the loss of the power of speech, body

rigidity, loss of consciousness and finally death.

These extremes are, of course, not relevant to

HVAC work. They are mentioned simply to show

the extreme sensitivity of the human body to even

small body temperature changes and the impor-

tance of designing a flexible thermal comfort con-

trol system.

1.9 Thermal Comfort Criteria

The HVAC standards universally accepted in the



United States are those published by the American
Society of Heating, Refrigerating and Air Condi-
tioning Engineers, Inc. (ASHRAE, 1791 Tullie Cir-
cle, N.E., Atlanta, GA 30329). ASHRAE Standard
55-1992, Thermal Environmental Conditions for
Human Occupancy, defines the indoor conditions
that 80% (and 90%) of the population will find
comfortable, for summer and winter. It describes
the interactions between DB temperature, MRT,

RH, air speed, weight of clothing and activity level.
All these conditions are interrelated, as we have

shown in the preceding discussion. The standard

gives approximately the following comfort criteria:
(a) For summer comfort, lightly dressed people
(short sleeves) doing light office work (450

Btuh) will be comfortable at DB temperatures
between 73 and 790F (23 and 290C), RH of

40% (range of 25-60%) and an air speed not

exceeding 50 fpm. The lower the temperature



in the 73-790F range, the lower should be the

air speed. (Elderly people are particularly dis-

turbed by high air speeds.) Higher tempera-

tures require lower RH.

(b) For winter comfort, people dressed in indoor

winter clothing (heavy suit, dress, sweater) will

be comfortable in a DB temperature range of

68-740F (20-230C), RH of about 40% and an air

speed not exceeding 40 fpm.

In general, comfort is maximal when the MRT is

about the same as the DB air temperature and air

speed is about 20-40 fpm. Below 20 fpm, the room

feels stuffy; above 50 fpm, the space feels drafty.

RH below 20-25% will cause static electricity

problems; RH above 60% will cause wetness, mil-

dew and condensation on single glazing in winter

months.

The HVAC technologist is not usually responsible

for establishing indoor design criteria, except for

small projects in which comfort criteria are not



critical. He or she should consult the referenced

ASHRAE standard and experienced HVAC design

engineers before deciding on design comfort crite-

ria for any project.

1.10 Measurements

As we have seen, thermal comfort depends on six

factors-DB temperature, RH, MRT, air velocity,

metabolic rate (activity) and insulation (clothing).

In testing an existing installation or testing and

balancing a new one, the first two factors can be

measured with a sling psychrometer (Figure 1.3);

air velocity can be measured with an anemometer;

and MRT can be calculated by measuring surface

temperature with a pyrometer. Metabolic rate and

the effect of clothing are input data when using a

comfort chart. Sophisticated electronic instru-

ments exist that not only perform the required

measurements of ambient conditions but also pre-

dict the indoor comfort acceptability.

The device shown in Figure 1.11 is called a Ther-



mal Comfort Data Logger by its manufacturer.

Since it is made by a foreign manufacturer, it uses
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Figure 1.11 Thermal Comfort Data Logger with

attached screen for data display. The unit accepts tem-

perature, humidity and air motion data from sensors

(Figure 1.12) and calculates thermal comfort indices via

an on-board computer. (Photo courtesy of Br,el &

Kjaer.)

a comfort equation somewhat different from that

of the ASHRAE standard. The sensors shown in

Figure 1.12 provide input data on temperature,

humidity and air velocity. The temperature data

include not only dry bulb air temperature but

also radiation from surrounding surfaces and air

convection. These data are processed by the on-

board computer and thermal comfort indices cal-



culated. The data are displayed on the device
screen, as seen in Figure 1.11.

1.11 Units and Conversions

With this chapter, we began our study of HVAC,
plumbing and electrical systems. The design of
these systems requires expressing quantities of en-
ergy, flow, length, velocity, diameter, resistance,

time and so on. In the United States, these quanti-

Figure 1.12 Tripod stand with sensor/transducers that
provide the required input data to the Thermal Comfort

Data Logger. (Photo courtesy of Br,el & Kjaer.)

ties have been expressed historically in units
known as English units, or units in the English
system. The other major system of units in use
almost every place else in the world today is the
metric system, abbreviated SI for Systeme Interna-
tionale.

All measurement systems are based on three



basic units-length, weight (mass) and time. The
English unit uses foot, pound and second for these
three units. The SI system uses meter, kilogram

and second. For this reason, the SI system used to
be called the MKS system. The English system uses
odd subdivisions and divides fractionally. Thus, we
have 12 inches to a foot, 16 ounces to a pound and
V4, Vs, and V?2 parts of an inch. This makes the
system extremely unwieldly and makes calculation
time-consuming. In contrast, the SI system divides
and multiples decimally. Thus, there are 1000 mil-
limeters, 100 centimeters and 10 decimeters (a unit
rarely used) to the meter. Unfortunately, as of this
writing, the movement to change over to SI units

in the United States in general is slow, and in the
building trades it is barely perceptible.

Many authors (including this writer) have duti-
fully supplied dual sets of units in their books, at
least in part. In the field, however, the English

system continues to hold sway almost exclusively.



As a result, we have decided to avoid the clumsi-

ness of dual units and have supplied only English
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units in this book. The two exceptions to this have

been the use of degrees Celcius (0C) for tempera-

tures and meters per second for air velocities, since

these units are beginning to be used in the United

States. Even so, dual units are only shown where

we feel it will be helpful, rather than throughout.

Appendix A provides an extensive listing of conver-

sion factors that will enable you to convert English

units to SI units (or the reverse) easily.

In all types of technical design work, it is con-

stantly necessary to convert from one unit to an-

other, not between systems, but within one system.

In HVAC work, it is necessary to convert air

changes per hour to cubic feet per minute (cfm) or

gallons per minute (gpm) to cubic feet per second



(cfs) and so on. In plumbing work, we make conver-

sion of flow from cubic feet per hour (cfh) to gpm,

of volume from cubic feet (cf) to gallons, of pressure

from the weight of cubic feet of water to pounds

per square inch (psi) and so on. Of course, you can

always do these conversions in a single step by

simply consulting a table of conversion factors,

such as the one in Appendix A. However, some-

times such a table is not handy, or it is simply

inconvenient. On such occasions, you can convert

simply and accurately by going through a step-by-

step conversion of units, with cancellation at each

step. In order to do this, of course, it is necessary

to know, from memory, a few basic conversion

equivalences in either their exact or approximate

forms. Some of these conversions are between stan-

dard English units and SI (metric), but most are

within the English system. They include the fol-

lowing:



Unit Exact Approximate

Length 1 meter = 3.28 feet 1 m = 3.3 ft

1 foot 12 inches 1 ft = 12 in.

1 inch 2.54 centimeters 1 in. = 2.5 cm

1l inch = 25.4 millimeters 1 in. 25 mm

Volume 1 cubic foot = 7.481 gallons 1 cf=7.5 gal

1 cubic foot = 28.32 liters 1 cf = 28 1

Weight 1 cubic foot of water

weighs 62.41 pounds 1 cf=62.4 TIb

1 kilogram = 2.204 pounds 1 kg = 2.2 Ib

Pressure 1 foot of water = 1 ft water =

(head) 0.433 pounds per square 0.43 psi

inch

Time 1 minute = 60 seconds 1 min = 60 sec
Power 1 watt = 3.412 Btuh 1 w = 3.4 Btuh

1 horsepower = 746 watts 1 hp = 3A kw

With these few equivalences, a technologist can

handle the vast majority of unit conversions that



must be done. The technique consists of simply
multiplying the original quantity by a series of
conversions, each of which is equal to one and,
therefore, does not change the original quantity
but does change the units. At every step, units are
cancelled. This method is foolproof, unlike use of
conversion factors that can easily be misapplied. A
series of examples of increasing complexity follow,
to show both the technique and its simplicity,

(a) Convert 14 feet to inches

(b) Convert 148 square inches to square feet

(c) Convert 8.1 cubic feet to cubic inches

(d) Convert 8.6 cubic foot per second to gallons

per minute

(e) Convert a pressure of 0.31 kilograms per square

millimeter to pounds per square inch



(f£) Convert a pressure of 6 inches of water to pounds
per square inch

Since we want pressure in pounds per square inch
(psi), we will calculate the weight of a 6-in. column
of water, 1 in.2 in cross section. Its volume 1is,

obviously, 6 in.3. Therefore,

This weight, exerted on 1 in.2 of area, give a pres-
sure of 0.2167 psi. Alternatively, remembering that
the pressure exerted by a column of water 1 ft high
is 0.43 psi (see previous list),

6 in. water = 0.43/2 = 0.215 psi,

which is close enough for most requirements. For a
detailed explanation of water pressure calculation,

see Section 8.6 and Figures 8.1 and 8.2.
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(g) Calculate ventilation rate



What ventilation rate in cubic feet per minute is
required to give 6 air changes per hours (ACH) to a
room 3 m by 4 m by 2.8 m high?

Although the calculation can be done in a single
step, it will be clearer in two steps. A ventilation
rate of six air changes simply means that the entire
volume of air in the room is changed six times per
hour. Therefore,

Room volume = 3 x 4 x 2.8 = 33.6 m3

6 ACH = 6 x 33.6 m3 = 201.6 m3/h

Converting this to cubic feet per minute is now a

simple procedure:

Using the approximation of 3.3 ft/m, and doing the

entire calculation in one step, we have

again, sufficiently accurate,
(h) Calculate heat generated
How much heat in Btuh is obtained from a 7.5-kw

auxiliary electric heater in a heat pump?



Key Terms

Having completed the study of this chapter, you should be familiar with the
following key terms. If any

appear unfamiliar or not entirely clear, you should review the section in which

these terms appear. All

key terms are listed in the index to assist you in locating the relevant text.

Absolute humidity

Anemometer

Btu (British thermal unit)

Conduction

Convection

Degree Celsius

Degree Fahrenheit

Degree Kelvin

Degree Rankine

Dew point

Dry bulb (DB) temperature

Enthalpy



Evaporative cooling

Humidity ratio

Latent heat

Latent heat of fusion

Latent heat of vaporization

Mean radiant temperature (MRT)

Met

Metabolic rate

Metabolism

Psychrometrics

Pyrometer

Radiation

Relative humidity (RH)

Sensible heat

Sling psychrometer

Specific heat

Specific humidity

Thermal comfort criteria

Wet Bulb depression



Wet bulb (WB) temperature

Supplementary Reading

ASHRAE Handbook of Fundamentals, 1993, Chap-

ters 1 and 2.

Pita, E.G. Air Conditioning Principles and Systems,
Wiley, New York, 1981, Chapters 1 and 2.

Stein, B., and Reynolds, J. Mechanical andElectri-

cal Equipment for Buildings, 8th ed., Wiley, 1992,
Chapters 2 and 4.

McQuiston, F. C., and Parker, J. D. Heating, Venti-
lating and Air Conditioning, 3rd ed., Wiley, New

York, 1988, Chapters 1 and
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Problems



1. Express the boiling point and freezing point of

water in «F, «C, «K, Rankine.

2. A block of ice, 1/2 ft3 in volume, is taken from a

freezer, where it was stored at 32«xF (0«xC). How

many Btu of heat will be required to convert

the ice to water at 750F?

3. What conclusions about room humidity can you

draw from the following results of measure-

ment with a sling psychrometer?

(a) DB >> WB

(b) DB = WB

(c) DB < WB

4. A silver spoon, a marble ashtray and a newspa-

per have been lying on a wooden table in a

room for several hours. List the items in order

of coolness to the touch of a normally warm

hand. Why is this so?

5. Why does a person standing in the shade of a

tree when the surrounding air is at 900F and



75% RH with a 1-mph breeze feel warmer than
with the same conditions but with 30% RH?

6. Explain why a person wearing dark-colored
clothing feels warmer standing in the sun than
a person wearing light-colored clothing of the
same weight. Is this true regardless of air tem-

perature and RH?

2. Thermal
Balance of

Buildings

This chapter will concentrate on the four basic
areas of study that form the foundation of all HVAC
work. They are

Elements of heat transfer theory.

Building heat loss transfer theory.

Building heat gain calculations.

Elements of psychrometrics.



Study of this chapter will enable you to:

1. Understand the fundamental heat transfer pro-

cesses of conduction, convection and radiation

as they apply to the building "envelope."

2. Calculate conductive heat loss through build-

ing envelope components.

3. Calculate heat loss through air spaces.

4. Calculate heat loss through built-up wall sec-

tions.

5. Calculate heat loss through surfaces on and

below grade.

6. Calculate heat loss through glass doors and

windows.

7. Calculate heat loss of air infiltration and me-

chanical ventilation.

8. Calculate heat gain (cooling load) from all the

sources listed in items 2-7.

9. Select outside design conditions and under-

stand degree-day calculations.

10. Understand the construction and use of the



psychrometric chart in analyzing HVAC pro-

cesses.
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Heat Transfer

2.1 Heat Transfer in

Buildings

We learned in Chapter 1 how the human body

maintains its thermal balance. The same principles

can be applied to the thermal balance of a building,

if we make the necessary analogies. The interior

design temperature for which we will design the

HVAC system is the equivalent of the deep body

temperature that was discussed in Chapter 1. The

heat transfer mechanisms of a building are similar

to that of the body except for the absence of evapo-

rative skin cooling. That is, a building loses (or



gaing) heat by conduction, convection and radia-
tion. The amount of the heat transferred by each of
these mechanisms depends on the construction of

the building envelope (skin), that is, how the walls,
roof and ground level are built. If we use internal
heat gain as the analogy of body metabolism, then
the heat storage (HS) term in Equation (1.5) would
be the amount of heating required in the winter.
Summer cooling is more complex because of the
energy required to remove latent heat, where dehu-
midification is necessary. For the moment, how-
ever, we will confine our discussion to heating.
The building steady-state heat balance equation

is

Heating + M = CD + CO + R (2.1)

where CD, CO and R are the conduction, convec-
tion and radiation heat losses and
M is the internal heat gain.

Note that the E term (evaporative cooling) of Equa-



tion (1.5) is absent. As we shall see, the CD and CO

terms are always a heat loss in winter. The radia-

tion term R is usually a loss, although buildings

with large glass areas in their outside walls can

show a radiative heat gain from strong sunlight,

even in winter. The term M in equation (2.1) is

always a positive number because it represents the

total internal heat gain from occupants, lighting

and machinery. The heating energy required is,

therefore, the total of the building envelope's net

heat loss less the internal heat gain. Although the

three heat transfer mechanisms (conduction, con-

vection and radiation) are the same as previously

studied, the factors affecting them in a building are

somewhat different from those of the body. It is

these factors that we will discuss in the following

sections.

2.2 Conduction

Conductive heat transfer takes place through a

solid material any time there is a temperature



difference between the two sides of the material.

See Figure 2.1(a). This temperature difference can

be thought of as the driving force that causes the

heat transfer. Therefore, the rate at which heat is

Figure 2.1 (a) Heat flow by conduction through any homogeneous solid material

oC-

curs from the side at higher temperature Tl to the side at lower temperature T2-
The

flow of heat is continuous, uniform and uninterrupted as long as the temperature
dif-

ference exists, (b) The temperature gradient through a homogeneous material x

inches thick is a straight line whose slope is (T1-T2)/x degrees per inch. The

temper-

ature at any point inside the material is, therefore, T1-(T1-T2)/x. X (Depth in

inches from the outside surface).
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transferred is directly proportional to temperature

difference: the larger the difference, the faster the

heat flow. As we have learned, the direction of heat



flow is from the higher temperature to the lower

one. The heat transfer will continue, without inter-

ruption, as long as the temperature difference re-

mains. If the material is homogeneous throughout,

then the temperature gradient between the two

sides can be represented as a straight sloping line.

See Figure 2.1 (b). This means that we can easily

determine the temperature at any point within the

material. The importance of this item will become

clear in Section 2.6.

As stated, the rate of heat transfer is proportional

to the temperature difference. It is obviously also

proportional to the area of the piece of material;

the larger it is, the more area is exposed to the

temperature difference and, therefore, the more

heat i1s transferred. The heat transfer rate is also

proportional to the thermal conductivity of the

specific (homogeneous) material involved. Differ-

ent materials conduct heat at different rates. Met-

als are very good conductors. This is the reason



that they feel cool to the touch; they are simply
conducting away body heat rapidly, leaving the

skin cool. Hence, the metal feels cool, although
what we are actually feeling is our cool skin. In
point of fact, the metal is no cooler than anything
else in its wvicinity. Other materials such as wood,
fibers, cloth and cork are poor thermal conductors.
They feel warm to the touch because they do not
conduct away body heat rapidly; consequently,

the skin at the contact point remains warm. Such
materials are called thermal insulators. (As we will
learn, the best of these insulating materials owe
their insulating properties to entrapped air.)
Thermal conductivity is usually represented by

the lowercase letter k. In the English system its
unit is Btu per hour, per square foot of surface area

(exposed to the temperature difference), per inch of

material thickness, per «F of temperature dif-

ference.

Obviously, the thicker a material, the slower it



will conduct heat because the heat has that much
farther to go to get to the other side. Since most
building materials are made in specific thicknesses
(e.g., 4-in. brick, 8-in. block, 5/s-in. plywood), it
usually more convenient to speak of the overall
thermal conductance C of a specific building mate-
rial rather than its conductivity per inch of thick-

ness. Obviously then,

Overall conductance C is smaller than k for materi-
als thicker than 1 in. and larger than k for materials

thinner than 1 in. In units.

that is, Btu per hour, per square foot of area, per «F

of temperature difference between the two sides.
The rate of heat transfer Q through any homoge-
neous material of given thickness, is

Q = CxA(T2-T1) (2.3)

is



where

O is the overall rate of heat transfer in Btuh,

C is the material's conductance in Btuh/ft2-«F or

Btu/h-ft2-«F,

A is the material surface area in square feet and

(T2-T1l) is the temperature differential in «F.

Checking units we have

To avoid confusion, remember that k (conductivity)

is the thermal heat transfer characteristic of a type
of material-stone, wood, plaster, and so on-per

inch of thickness. The symbol C (conductance) re-

fers to a specific material of specific thickness. Both
of these factors have largely fallen into disuse in
recent years because of the emphasis on energy
conservation that began more than two decades

ago.

Prior to the Arab oil embargo of 1973, fuel was

cheaper than insulation. Building design then took



little if any notice of energy use. Designers dealt
with thermal conductance figures and another fac-
tor called overall thermal transmittance U, which
we will explain later. When the price of fuel sky-
rocketed in 1973, it rapidly became apparent that
previous design techniques were producing build-
ings that were too expensive to operate because of
energy costs. The solution to this problem was to
redesign building envelopes to reduce heat transfer
drastically. A very important part of this redesign
involved the use of materials with low conductivity
plus the addition of insulation, particularly in ret-
rofit work. Because the goal of the design was to
resist heat loss (and gain), the concept of thermal
resistance became easier to use than thermal con-
ductance. Thermal resistance R is simply the recip-

rocal of conductance, that is,

(2.4)



where R is measured in «F-ft2-h/Btu.
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It can be thought of as the number of hours it takes

for 1 Btu to penetrate 1 ft2 of the material, for each

P temperature difference. Thermal resistance is a

more logical gquantity to use than conductance,

because the thicker the material the higher its

resistance. Furthermore, in built-up ceiling or wall

sections consisting of different materials, the over-

all thermal resistance is simply the arithmetic sum

of the thermal resistances of the components; that

is,

RT=R1+R2 +...+ RN (2.5)

(See Figure 2.5 for typical resistance calculations

of built-up wall sections.) Calculation of overall

conductance is much more laborious. To use an



electrical analogy (see Figure 11.9, page 636), ther-

mal resistances of built-up sections are similar to

electrical resistances connected in series. The use

of thermal resistance R has become so common,

that today insulation is described as R-19, R-40

and so forth.

Although it is not often used, thermal resistivity

r is the resistance of a material per inch of thick-

ness; that is,

and its units are h-ft2-oF-in./Btu.

Typical values of k, C, R and r are given in Table

2.1 for some common building materials. For more

information, refer to the second reference in the

supplementary reading list at the end of this chap-

ter. Figure 2.2 shows conductivity k, conductance

C, resistivity r and resistance R calculations for a



Figure 2.2 Heat transfer coefficients (k,r,C,R) for two very common construction

ma-

terials, per unit area of 1 ft2 and unit temperature difference between the two

sides
of 1 Fw. Glass fiber board is a good heat insulation material. A 4-in. thickness
has a

resistance of 16 and is, therefore, called R-16 insulation. Ordinary concrete

has poor

thermal resistance. A 4-in. thickness has a resistance of only 0.33. It is,

therefore, a
good heat conductor. (From Stein and Reynolds, Mechanical and Electrical Equip-

ment for Buildings, 8th ed., John Wiley 1992, reprinted by permission of John
Wiley

& Sons.)
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Table 2.1 Typical Thermal Properties of Common Building Materials-Design ValueO
Resistance0 (RJ

For

Per Inch Thickness

Conductivityb Conductance Thickness (1/k), Listed (1/C),



Density, (k) ,Btu-ind
Description
h-ft2-«F Btu-in.

BUILDING BOARD

Asbestos-cement board 120
0.25 _

Asbestos-cement board, 0.25 in.
16.50 -
Gypsum or plaster board, 0.5 in.
- 2.22
Plywood (Douglas fir)

0.80 -
Plywood (Douglas fir), 0.375 in.
- 2.13
Plywood (Douglas fir), 0.5 in.

- 1.60
Plywood (Douglas fir), 0.625 in.
- 1.29

Vegetable fiber board

Sheathing, regular density,

Shingle backer, 0.375 in. 18 -

Sound deadening board, 0.5 in.

Tile & lay-in panels, plain or

0.5 in.

(C),

18

Btu/ «F-ft2-h/

1b/ft3

Btu

0.76 - 1.32

- 0.94

0.74

- 1.35

.06

120

50

34

34

34

oF-ft2-h/
h-ft2-«oF
0.45
34
0.47
0.62
0.77



acoustic 18 0.40
2.50 -

0.5 in.

- 0.80

0.75 in.

- 0.53

Hardboardé

Medium density 50 0.73
1.37 -

High-density, service-tempered

grade & service grade 55
1.22 -

Particleboarde

Medium density 50 0.94
1.06 -

High density
1.18 -

Underlayment, 0.625 in.

- 1.22

Wood subfloor, 0.75 in.

- 1.06

BUILDING MEMBRANE

Vapor-permeable felt - -
- 0.06

Vapor-seal, 2 layers of mopped

18

- 1.25
18

- 1.89

0.82 -
62.5
0.85 -
40
- 0.82
- 0.94

16.70



15-1bfelt - - 8.35
0.12

Vapor-seal, plastic film -

- - - Negl.

FINISH FLOORING MATERIALS

Carpet & fibrous pad --0.48 -2.08

Carpet “fe rubber pad --0.81 -1.23

Cork tile, 0.125 in. --3.60 -0.28

Terrazzo, 1 in. --12.50 -0.08

Tile-asphalt, linoleum, vinyl, rubber --20.00 -0.05

Wood, hardwood finish, 0.75 in. --1.47 -0.68

INSULATING MATERIALS

Blanket and batte

Mineral fiber, fibrous form processed

from rock, slag, or glass

approx. 3-4 in. 0.4-2.0 - 0.091 - 11

approx. 3.5 in. 1.2-1.6 - 0.067 - 15

approx. 5.5-6.5 in. 0.4-2.0 - 0.053 - 19
approx. 6-7.6 in. 0.4-2.0 - 0.045 - 22
approx. 8.25-10 in. 0.4-2.0 - 0.033 - 30
approx. 10-13 in. 0.4-2.0 - 0.026 - 38



Board and Slabs

Cellular glass 8.0 0.33 -
3.03 -

Glass fiber, organic bonded 4.0-9.0 0.25 -
4.00 -
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Table 2.1

Resistance0 (RJ

Per Inch For Thickness

Conductivityl3 Conductance Thickness (1/k), Listed (1/C),

Density, (k) ,Btu-in./ (Q,Btul wF-ft2-h/ oF-ft2-h/
Description Ib/ft3 h-ft2-«F
h-ftz-«oF Btu-in. Btu

Expanded perlite, organic bonded 1.0 0.36 -
2.78 -

Expanded polystyrene, molded beads 1.0 0.26

- 3.85 -

1.5 0.24 - 4 .17 -



Mineral fiber with resin binder 15.0
3.45 -

Mineral fiberboard, wet felted

Core or roof insulation 16-17 0.34
2.94 -

Acoustical tile 18.0 0.35
2.86 -

Acoustical tile 21.0 0.37
2.70 -

Interior finish (plank, tile) 15.0
2.86 -

Cement fiber slabs (shredded wood

with Portland cement binder) 25.0-27.0 0.50-0.53

2.0-1.89 -

Loose Fill

Cellulosic insulation (milled paper

or wood pulp) 2.3-3.2 0.27-0.32
3.13 -

Perlite, expanded
0.27-0.31

4.1-7.4 0.31-0.36 -

7.4-11.0 0.36-0.42 -

Mineral fiber (rock, slag or glass)*

3.7-3.3

3.3-2.8

2.0-4.1

2.8-2.4

3.70-



approx. 3.75-5 in. 0.6-2.0 -
_ 11.0

approx. 6.5-8.75 in.
- - 19.

approx. 10.25-13.75
_ - 22.0

Spray Applied
- 30.0

Polyurethane foam
0.18 - 6.25-5.56

Cellulosic fiber
0.29-0.34 - 3.45-2.94

Glass fiber
0.26-0.27 - 3.85-3.70

ROOFING

Asbestos-cement shingles 120 - 4.76 - 0.21

Asphalt roll roofing 70 - 6.50 - 0.15

Asphalt shingles 70 - 2.27 - 0.44

Built-up roofing, 0.374 in. 70 - 3.00 - 0.33

Slate, 0.5 in. - - 20.00 - 0.05

Wood shingles, plain & plastic

film faced - -

0.94

PLASTERING MATERIALS

0.

.06

0.6-2.0

6-2.0 -

1.5-2.5

3.5-6.0

3.5-4.5

0.16-



Cement plaster, sand aggregate 116
0.20 -

Gypsum plaster:

Lightweight aggregate, 0.5 in. 45
- 0.32

Lightweight aggregate on metal

lath, 0.75 in. - -
0.47

Perlite aggregate
1.5 -

Sand aggregate

- 0.18

Sand aggregate on metal

lath, 0.75 in. - -
0.13

Vermiculite aggregate

- 0.59

MASONRY MATERIALS

Masonry Units

Brick, fired clay 150
0.12-0.10 -

100 4.2-5.1 -

8.4-10.2

.0
2.13
0.67
105
7.70
45
0.24-0.20

0.40-0.33

45

.12
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Table 2.1

Resistance0 (R)

Per Inch For Thickness

Conductivityl3 Conductance Thickness (1/\a), Listed (UC),

Density, (k), Btu-in.l (C), Btu/ wF-ft2-h/ «F-ft2-h/
Description Ib/ft3 h-ft2-«oF

h-ft2-«F Btu-in. Btu

Concrete blocks

Normal weight aggregate (sand & gravel)

8 in., 33-36 Ib, 126-136 Ib/ft3 concrete,

2 or 3 cores - - 0.90-1.03 -
1.11-0.97

Same with verm.-filled cores - -
0.52-0.73 - 1.92-1.37

12 in., 50 Ib, 125 Ib/ft3 concrete,

2 cores - - 0.81 -
1.23

Lightweight aggregate (expanded shale,

clay, slate or slag pumice)



6 in., 16-17 Ib, 85-87 Ib/ft3 concrete,

2 or 3 cores - -
1.93-1.65

Same with perlite-filled cores

0.24 -

Same with verm.-filled cores
0.33 -

8 in., 19-22 Ib, 72-86 Ib/ft3

concrete - -
3.2-1.90

Same with perlite-filled cores
0.15-0.23 -

Same with verm.-filled cores
0.19-0.26 -

12 in., 32-36 Ib, 80-90 Ib/ft3 concrete,

2 or 3 cores - -
2.6-2.3

Same with verm.-filled cores
0.17 -

Gypsum partition tile

3 by 12 by 30 in., solid -
- 1.26

Concretes

Sand & gravel or stone aggregate

0.52-0.61
4.2
3.0
0.32-0.54
6.8-4.4
5.3-3.9
0.38-0.44
5.8

.79



concretes 150 10.0-20.0 - 0.10-0.05

Lightweight aggregate concretes

Expanded shale, clay, or slate;

expanded slags; cinders; pumice

(with density up to 100 Ib/ft3) 100 4.7-6.2 -
0.21-0.16 -

80 3.3-4.1 - 0.30-0.24 -
40 1.3 - 0.78

Perlite, vermiculite, and

polystyrene beads 50 1.8-1.9 -
0.55-0.53 -

30 1.1 - 0.91

Foam concretes 120 5.4 -
0.19 -

80 3.0 - 0.33 -

Foam concretes and cellular

concretes 40 1.4 -
0.71 -

SIDING MATERIALS (on flat surface)

Shingles



Asbestos-cement 120 - 4.75
0.21

Wood, plus insulation backer

board, 0.3125 in. - - 0.71
_ 1.40

Siding

Asbestos-cement, 0.25 in., lapped - -
4.76 - 0.21

Asphalt insulating siding

(0.5 in. bed) - - 0.69
1.46

Wood, bevel, 0.5 x 8 in. lapped -
1.23 - 0.81

Aluminum or Steelg over sheathing

Insulating-board backed nominal

0.375 in. - - 0.55
1.82
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Table 2.1

Resistance (R)

Per Inch For Thickness



Conductivity*1 Conductance Thickness (1fla),
Density, (\a) ,Btu-in.1 (C), Btu/
Description Ib/ft3
h-ft2-«F Btu-in. Btu
Insulating-board backed nominal

0.375 in., foil backed - -

- 2.96

Architectural (soda-lime float)

glass 158 6.9 -
WOODS (12% moisture content)

Hardwoods

Oak 41.2-46.8 1.12-1.25 -

Birch 42.6-45.4 1.16-1.22 -

Maple 39.8-44.0 1.09-1.19 -

Ash 38.4-41.9 1.06-1.14 -

Softwoods

Southern pine 35.6-41.2 1.00-1.12 -

Listed

(1/¢),

wF-ft2-h/ oF-ft2-h/

h-ft2-«oF

0.89-0.80

0.87-0.82

0.92-0.84

0.94-0.88

1.00-0.89



Douglas fir-larch 33.5-36.3 0.95-1.01 - 1.06-
0.99 -

Southern cypress 31.4-32.1 0.90-0.92 - 1.11-
1.09 -

Hem-fir, spruce-pine-fir 24.5-31.4 0.74-0.90 -

1.35-1.11 -

West Coast woods, cedars 21.7-31.4 0.68-0.90 -

1.48-1.11 -

California redwood 24.5-28.0 0.74-0.82 - 1.35-
1.22 -

aValues are for a mean temperature of 75x«F (24«C). Representative values for dry

materials are intended as design (not specification)

values for materials in normal use. For properties of a particular product, use

the value supplied by the manufacturer or by

unbiased tests.

bTo obtain thermal conductivities in Btuh-ft-«F, divide the -factor by 12 inVft.

cResistance values are the reciprocals of C before rounding off C to two decimal

places.

dDoes not include paper backing and facing, if any. Where insulation forms a

boundary (reflective or otherwise) of an air space, see

Tables 2.3 and 2.6 for insulating value of an air space with the appropriate

effective emittance and temperature conditions of the space.



eConductivity varies with fiber diameter. Batt, blanket, and loose-fill mineral

fiber insulations are manufactured to achieve specified

R-values, the most common of which are listed here.

fInsulating values of acoustical tile vary, depending on density of the board

and on type, size, and depth of perforations.

gValues for metal siding applied over flat surfaces vary widely.

Source. Data reprinted by permission of the American Society of Heating,

Refrigerating and Air-Conditioning

Engineers, Atlanta, Georgia, from the 1993 ASHRAE Handbook-Fundamentals.

common insulating material and a common con-

struction material. See also Table 2.2 for a sum-

mary of the terms that relate to heat transfer by

conduction.

2.3 Convection

As described in Section 1.8, convection is a heat

transfer mechanism that relies on fluid flow to

carry the heat from one place to another. Although

convective currents can occur in any fluid, convec-

tive heat transfer in building work is caused by air

movement. The basic natural, or free convective

flow is illustrated in Figure 1.5. (Forced convection,



as illustrated in Figure 1.6, is not under discussion

here.) This same natural convection occurs at a

cold window in a heated room. See Figure 2.3 (a).

The cold outside air reduces the temperature of the

inside surface of the window (by conduction). This

in turn cools the layer of air immediately adjacent

to the window, making it heavier than the warm

room air. As a result, it drops towards the floor and

is replaced by warm room air. This air in turn is

cooled and falls, thus creating a convective air

current, as shown. (For this reason, heaters are

placed below windows-to reheat the cold air

dropping from them. This practice prevents what

can be a gquite strong and unpleasant cold "draft"

on a cold day from a single-glazed window
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Table 2.2 Summary of Heat Transfer Terms



and Symbols

Symbol Term Units Definition
k Conductivity Btuh/ft2- The rate of heat flow
in. -«F through a homoge-

neous material, per

inch of thickness,

per ft2, per h, per «F

¢ Conductance Btuh/ft2- The rate

F through a given

thickness of homo-

geneous material,

per ft2, per h, per «F

r Resistivity ft2-oF-in./ The

Btuh a specific homoge-

neous material that

defines its resis-

tance to the pas-

sage of heat by con-

ductance.

of heat flow

characteristic

of



Numerically, the re-

ciprocal of k

R Resistance ft2-oF-h/ The resistance of an

Btu homogeneous ma-

terial of given thick-

ness to the passage

of heat, by conduc-

tion; the reciprocal

of C
U Overall con- Btuh/ft2- The overall conduc-
ductance oF tance of a number

of materials com-

bined into a single

construction as-

sembly; the recipro-

cal of total resis-

tance.

RT Overall re- ft2-oF/ The overall thermal

sistance Btuh resistance of a num-



ber of materials

combined into a

single construction

assembly; the arith-

metic sum of all the

individual resist-

ances; the recipro-

cal of U

When a window is double-glazed, the heat trans-

fer is more complex. The warm inside air loses

heat through the inside pane, cools and becomes

heavier, falls along the window and sets up an

inside-the-room convective current. Because the

inside glass pane is warmer than the outside pane,

a circulating current, which transfers heat across

the space, is set up in the air between the two

panes. Finally, a convective air current is set up

on the outside of the outside pane. Thus heat is



transferred through a double-pane window by

three convective air currents and direct conduction

through the two panes of glass. See Figure 2.3 (b).

The best thermal (and acoustic) insulation would

be achieved if the space between the two panes

of a double-glazed window were evacuated. The

reason that this is not done is simply that air

pressure would easily crack the glass. (A recent

patent for an evacuated double-glazed window

uses transparent glass supports between the panes

to prevent this breakage. Also, sealed double-

glazed windows that contain inert gases are avail-

able and show excellent insulation characteristics.)

Convective currents are easily established when

the barrier between the high and low temperatures

is vertical, as with a window. When the barrier 1is

horizontal, the establishment of a convective air

flow depends on the direction of heat flow, that is,

whether the heat flow is up or down. In Figure 2.4

(a), which represents a winter condition, with heat



flow upward, convective air currents are set up in

the attic. Their strength depends on the type and
location of insulation, which governs the amount

of conductive heat transfer. In Figure 2.4 (b), which
represents a summer condition, with heat flow
downward, there is no convective air current in the
attic because the hottest and, therefore, lightest air
is trapped against the attic ceiling. This is also true
inside the room below, where a hot blanket of

stagnant air forms at the ceiling and stays there.
This example demonstrates that convective air cur-
rents in horizontal air spaces will flow only if the
heat flow direction is upward. (It also demon-

strates the need for an air outlet near the peak of a
sloped roof, which will permit hot air to escape,

thus establishing a convective air current. An open-
ing for air to enter at the attic eaves is also re-

quired.)

2.4 Radiation



The basic mechanism of radiation was explained

in Section 1.8. Radiant heat energy is an electro-

magnetic wave phenomenon in the infrared range.

When such a wave strikes a barrier, part of the

energy is reflected, part is absorbed and, some-

times, part is transmitted, depending on the mate-

30

Figure 2.3 (a) Since heat flow through a single pane of glass

convec-

tive currents will exist on both sides of the glass (assuming
With a dou-

is large, strong

still air), (b)

ble-glazed, fixed-sash window, overall heat transmission is reduced.

Consequently,

the inside and outside convective currents are also smaller than for single

glazing.

The air in the space between the panes of glass transfers heat from the warmer

in-

side surface of the inside pane to the cooler inside surface of the outside pane

by



means of a circulating convective current. This current, shown by arrows on the

dia-

gram, is driven by the temperature difference between the two inside surfaces of
the

glass panes.

rial of which the barrier is made. Transparent
materials such as glass transmit much of the en-
ergy, particularly if the energy is in the short wave-
length portion of the infrared range such as is the
energy from the sun. Long wavelength infrared
energy, such as is typical of heat radiated from
low temperature objects, is blocked by glass. This
causes the familiar greenhouse effect. Heat from
the sun enters through the glass in the space's
envelope and heats up the objects in the space.
They then reradiate heat in the long wavelength
range because of their low temperature. This heat
is largely blocked by the same glass that transmits

the short wavelength infrared energy of the sun,



causing the temperature in the Space to rise

rapidly.

Shiny surfaces such as aluminum foil, polished

metalized paper or plastic, and the like reflect most

of the heat striking them, absorb very little and

transmit even less. They are essentially opagque to

heat, just as similar surfaces are opaque to light.

These materials, unlike dark-colored, dull-finish

materials, cannot radiate heat well at all. Since

they cannot radiate, they cannot absorb, and since

they do not transmit, they must necessarily reflect

the heat striking them. As a result, these materials

become, in effect, excellent thermal barriers. This

inability to radiate heat is measured by a factor
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Figure 2.4 (a) In winter, convective air currents in the attic continuously

circulate

because heat flow is upward causing the warm light air to rise and cooler

heavier air



to drop, (b) In summer, heat flow is down. The lighter warmer air stays at

top of

a sealed, un ventilated attic and at the ceiling of the rooms in the house.

Convective

currents are negligible.

called emittance, which is the ratio of the radiation

of the material in question to that of an ideal

"black-body" radiator, at a specific temperature.

The emittance of bright aluminum foil is 0.05,

whereas that of wood is about 0.9. Table 2.3 lists

the emittances of common construction materials

both alone and when used on one or both sides of

closed air spaces. It is important to appreciate

the difference in action between a thermal barrier

(such as bright foil) and thermal insulation. Ther-

mal barriers act to reflect radiant heat; insulation

acts to slow down the transmission of conducted

heat. The two actions are frequently combined in

such materials as foil-backed insulation batts.

2.5 Heat Flow Through Air

the



Spaces

Air is a thermal insulator. When there is little or no

air motion, the thin layer (film) of air immediately

adjacent to a surface shows considerable thermal

resistance, depending on the position and emit-

tance of the surface on which the air rests. Refer to

Table 2.4. Notice there that the resistance of an air

film in still air on a vertical highly reflective sur-

face is 1.70. This is the equivalent of t-in. fiber-

board sheathing or of li-in. plywood. On a nonre-

flective horizontal surface with heat direction

down (a plaster ceiling in the summer, for in-

stance), this film has a resistance of 0.92, which is

the equivalent of f-in. plywood or an 8-in. concrete

block. When the surface air layer is dispersed by

air movement, its thermal resistance value rapidly

becomes negligible.

When air is confined between two surfaces so

that it is effectively still air, the heat transfer across



the space is conductive, convective and radiative.

Conduction varies with the width of the space

and the temperature difference between both sides.

Convection varies with the space position (hori-

zontal, vertical, sloped), the direction of heat flow

(up, down, diagonal), the width of the space and

the temperature difference. Radiative heat transfer

depends on the effective emittance of the space (see

Table 1.6), and the temperature between the sides.

(Mean temperature of the space slightly affects

heat transfer by conduction and convection.) Table

2.5 gives the thermal resistance of air spaces of
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Table 2.3 Emittance Values of Various Surfaces

and Effective Emittances of Air SpacesO

Effective Emittance E

of Air Space

One Surface



Emittance e; Both

Average

Surface

Aluminum foil,

bright 0.05

Aluminum foil,

with conden-

sate just visible

(>0.7gr/ft2) 0.30

Aluminum foil,

with conden-

sate clearly

visible

(>2.9gr/ft2) 0.70

Aluminum sheet 0.12

Aluminum-

coated paper,

polished 0.20

Steel, galvanized,

bright 0.25

the Other

Emittance e

.20

Surfaces

.29

.65

.12

.90

.03

.15

.11

Emittances e



Aluminum paint 0.50 0.47 0.35
Building materi-

als: wood, pa-

per, masonry,

nonmetallic

paints 0.90 0.82 0.82

Regular glass 0.84 0.77 0.72

aThese values apply in the 4- to 40-IUA range of the electromagnetic
spectrum.

Source. Data extracted and reprinted by permission of the

American Society of Heating, Refrigerating and Air-Condition-

ing Engineers, Atlanta, Georgia, from the 1993 ASHRAE Hand-

book-Fundamentals.

different thicknesses, taking all these factors into
account. These resistance values are particularly
useful when calculating the overall thermal resis-
tance of built-up wall and roof sections, as we

shall see in subsequent sections. As a rough rule of



thumb, an air space with nonreflective sides (wood,
insulation, plaster, etc.) has a thermal resistance of
about 1, that is, R-I; a narrow space with reflective
sides is R-2; and a wide space is R-4. For accurate
calculations, use the figures in Table 2.5.

The most effective way to take advantage of the
insulating properties of air is to isolate the air
into many small pockets. Doing so prevents the
formation of convective air currents and utilizes
film resistance. This is exactly the situation in
common insulating materials such as mineral fi-

ber, glass fiber and expanded plastic of various

types. (See Table 2.1.) In these materials, air is

Table 2.4 Surface Conductances C5 (Btuh-ft2-«F)

oF-ft2-h

and Resistances R = for Aira
Btu
Surface Emittance

Non-



reflective,

Direction e = 0.90 e = 0.20 e = 0.05

Position of of Heat

Surface Flow C3 R C5 R C5 R

Still Air

Horizontal Upward 1.63 0.61 0.91 1.10 0.76 1.32
Sloping (45x) Upward 1.60 0.62 0.88 1.14 0.73 1.37

Vertical Horizontal 1.46 0.68 0.74 1.35 0.59 1.70

Sloping (45«) Downward 1.32 0.76 0.60 1.67 0.45 2.22

Horizontal Downward 1.08 0.92 0.37 2.70 0.22 4 .55
Moving Air

(any position)

15-mphwind Any 6.00 0.17

(for winter)

7 .5-mphwind Any 4.00 0.25

(for summer)

Note: A surface cannot take credit for both an air space resistance value
and a surface resistance value. No credit for an air space value can be

taken for any surface facing an air space of less than 0.5 in.



aConductances are for surfaces of the stated emittance facing virtual
black-body surroundings at the same temperature as ambient air. Values

are based on a surface-air temperature difference of 100F and for surface

temperature of 70«F.

Source. Reprinted by permission of the American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Atlanta,

Georgia, from the 1993 ASHRAE Handbook-Fundamentals.

trapped between fibers and in closed microcells,
forming millions of small dead-air pockets, which
gives the material its thermal insulating proper-
ties. As a rule of thumb, these materials have an

R-4 rating per inch of material thickness. Thus, a
4-in. batt is about R-16, and an 8-in. batt is approx-
imately R-32. Here, too, accurate calculations re-

quire use of accurate figures from Table 2.1.

2.6 Heat Flow Through

Built-up Sections



In the preceding sections, you have studied the

three processes of heat transfer through materials,
including air. All three usually operate simultane-
ously. Furthermore, practical building construc-

tion almost always consists of wall, floor, ceiling
and roof sections that are built-up of layers of
different materials. To demonstrate overall steady-
state heat transfer calculations for practical build-

ing sections, we will now analyze a few such com-

Table 2.5 Thermal Resistances of Plane Air Spaces, «F-ft2-h/Btua, b

Effective Emittance (E)c Effective Emittance (E)c
Air Spaceb

0.5-in. Air Spaces* 0.75-in. Air Space*

Position of Direction of Mean Temperature

Air Space Heat Flow Temperature?, ooF Difference?, oF 0.03
0.05 0.2 0.5 0.82 0.03 0.05 0.2 0.5
0.82

Horizontal Up , 90 10
2.13 2.03 1.51 0.99 0.73 2.34 2.22 1.61

0.75

.04



1.57
0.77

50
0.84 2.30

0.91 1.83

1.00 2.23

450 Slope

2.44
0.81

0
1.10 2.72

Vertical
2.47
0.84

50
0.91 3.70

.29

.31

.10

.22

.34

.23

2.

50

0.96
10
.21 1.70
20
.79 1.52
10
.16 1.78
Up /£
1.65
50
0.83 1.99
50
0.90 2.90
20
.07 1.72
10
62 2.08
Horizontal
1.67
50
0.90 2.91
.46 2.35

1.

10

30 1.62
0.75 1.71 1.66 1.35 0.99
2.13 2.05 1.60 1.11
1.16 0.87
1.73 1.70 1.45 1.12
1.16 0.93
2.10 2.04 1.70 1.27
1.31 1.02
90 10
1.06 0.76 2.96 2.78 1.88 1.15
30 2.06 1.98
1.92 1.52 1.08 0.82
10 2.55 2.44
2.75 2.00 1.29 0.94
2.20 2.14 1.76 1.30
1.28 1.00
2.63 2.54 2.03 1.44
1.47 1.12
90 10
06 0.77 3.50 3.24 2.08 1.22
30 2.57 2.46
2.717 2.01 1.30 0.94
2.66 2.54 1.88 1.24
.43 1.01



0
1.13 3.14

2
1.15 3.77

450 Slope

2.48 2
0.84

.34

.24

1 50
1.89

1.15 3.75

@)
1.15 4.12

Horizontal
2.48
.22

2.34
0.85

50

0.91 3.77

50
0.92 3.

84

.18

.25

.25

20
3.02 2.32
10
3.59 2.64
Down I
1.67
50
0.91 3.43
0.92 3.81
20
3.57 2.63
10
3.91 2.81
Down
1.67
30
3.52 2.38
10
3.59 2.41
20
3.96 2.83
10
4 .02 2.87

.06

.06

3

.5

8

.73

.23

3

.5

.7

.82

.1

2.93

90

1.

0.77 3.53

10
7

2

.80

.4

4

.45

.81

.82

30

2.

.91

.94

90

.77

.66

.67

.94

.96

24

.4

.2

.5

.0

.30

.31

8

26

0

6

.30

5

2

.02

.72

2.

3

.80

.83

.54

.55

.83

.85

82

.27

2.64

.39

.67

.45

.29

.14

.19

.21

.88

.89

.20

.22

.20

10

.10

2.52

0.99

2.55
1.

02

10

.50

.5

.5

.53

.22

2

3

.24

.25

.53

.53



1.5-in. Air Spaceb 3.5-in. Air Spaceb

Horizontal Up
2.55 2.41 1.71 1.08
0.80
* 50 30 1.87 1.81
0.84
50 10 2.50 2.40 1.81
0 20 2.01 1.95 1.63 1.

0 10 2.43 2.35 1.90
450 Slope Up 90 10
1.97 1.18 0.82

50 30 2.14 2.06
0.86
50 10 2.88 2.74 1.99
0 20 2.30 2.23 1.82 1.
0 10 2.79 2.69 2.12 1.
Vertical Horizontal
3.99 3.66 2.25 1.27
0.85
50
1.84 1.23 0.90 2.67 2.5
50

2.39 1.45 1.02 3.63 3.4

1.

1.

90
0.77 2.84 2.66
1.45 1.04 0.80 2.09 2
21 0.89 2.80 2.66 1.95
23 0.97 2.25 2.18 1.79
1.38 1.06 2.71 2.62
2.92 2.73 1.86 1.14
1.61 1.12 0.84 2.26 2.
29 0.94 3.12 2.95 2.10
34 1.04 2.42 2.35 1.90
49 1.13 2.98 2.87 2.23
90
0.87 3.69 3.40
30 2.58
5 1.89 1.25
10 3.79
0 2.32 1.42

2.

.0

1

1.

1.

0

0.80 3.18

17

7

1.

1.

.54

.15

10

.83 .13

.58 .10

28 0.93

32 1.03

1.47 1.12

2.96

1.67 1.15

34 0.96

38 1.06

1.16

10
.24

.46

.91

3.55

.01



0

1.12 2.88

0

1.23 3.49

450 Slope

5.07
0.90

1.27

0

50

3.81

1.37 4.59

Horizontal

6.09
1.57

50
1.14

50
1.15

11.15

10.90

11.97

2.78

3.33

Down

4 .55

50

1.09 4.74

3.63

4.32

Down

5.35
1.00

9.27

9.52

10.32

.56

20
2.17

10
2.50

1.00 3.51

.79

4.36

20
2.66

10

30
3.86

10
4.09

20
4.87

10
5.08

.36

.43

1.

1

2

1.

0
2

1.

1.

2

.76
51 1.14
3.51
67 1.23
90
0.91 4.81
30
3.30 2.28
.73 1.57
3.85
74 1.27
4.92
.88 1.34
90
0.94 10.07
6.27
88 1.22
6.61
1.93 1.24
7.03
.47 1.62
.31
.52 1.64

.66

.10

3.

6

.66

3

66

.6

8.

.43

.35

.33

3.

1.40

2

19

.63

.90

.10

58

.66

.00

.68

.1

.91

1
.51
.49
3
1.00
2
6
.41
.18
.28
2

.48

.36

.85

10

.22

10

.74

.67

.34

.94

.19

.70

.73



aValues apply for ideal conditions, that is, air spaces of uniform thickness

bounded by plane, smooth, parallel surfaces with no air

leakage to or from the space.

bA single resistance value cannot account for multiple air spaces; each space

requires a separate resistance calculation that applies

only for the established boundary conditions. Resistances of horizontal spaces

with heat flow downward are substantially independent

of temperature difference.

cInterpolation is permissible for other values of mean temperature, temperature

difference and effective emittance E. Interpolation

and moderate extrapolation for air spaces greater than 3.5 in. are also

permissible.

Source. Data extracted and reprinted by permission of the American Society of

Heating, Refrigerating and Air-

Conditioning Engineers, Atlanta, Georgia, from the 1993 ASHRAE Handbook-

Fundamentals.
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pound constructions. (Note that all the discussion



thus far has related to steady-state heat transfer,

that is, heat transfer after all the transient phenom-

ena have passed. The most important of these tran-

sient phenomena-thermal lag-will be discussed

later on.)

Figure 2.5 (a-a) shows how the resistance of

individual components in a wall assembly add

arithmetically to make the overall thermal resis-

tance RT. Such wall assemblies have traditionally

been identified by an overall coefficient of thermal

transmission, called U, whose units are Btuh/ft2-oF.

The relation between overall thermal resistance

and U is simply

(2.7)

Despite the fact that the modern approach is to use

thermal resistance R and not conductance, most

tables still list the transmission coefficient U of

built-up constructions assemblies. Calculation of



the overall resistance of these sections is quite
simple using Equation 2.7. Table 2.2 gives a sum-
mary of heat transfer terms and symbols.

Note that the addition of an uninsulated nonre-
flective air space to the simple block construction
of Figure 2.5a increases the R of the wall by about
16%. Making the air space reflective [Figure 2.5
(c)], increases the original resistance by almost
50%. Adding only 3Va in. of insulation, with or
without a reflective layer, more than triples the
original resistance and more than doubles that of
the air space construction. In modern construction,
3 1/2 in. of insulation is considered insufficient in all
but the mildest climate; 4-6 in. is much more
commonly used. This much insulation will in-

crease the wall section to about R-30.

In actual construction, with the possible excep-
tion of hot dry climates, a vapor barrier would

be installed on the warm side (inside) of built-up

assemblies of the type shown in Figure 2.5. This



barrier, which is usually no more than a sheet of
polyethylene plastic, serves to prevent moisture
from inside the building from "migrating" through
the wall. If such air-borne water vapor, in winter,
is permitted to pass into the wall, it will reach its
dew point someplace inside the wall and condense,
forming droplets of water. This condensation seri-
ously depreciates the R value of insulation and the
effectiveness of reflective layers. Figure 2.6 shows
the technique of calculating the temperature gradi-
ent through a built-up wall assembly, such as in
Figure 2.6 (d). In the absence of a vapor barrier,

and assuming an inside RH of 50%, and inside and

outside temperature of 70 and 200F, respectively,

the dew point of the air is at 50xF. It will be reached

in the center of the insulation, as shown in Figure
2.6. Figure 2.7 shows how the total resistance fac-
tor RT and transmittance factor U are calculated

for two typical roof constructions.



2.7 Heat Loss Through

Surfaces on and

Below Grade

It has been found through testing that most of the
loss from a slab on grade is through its perimeter
and not through the slab itself into the earth. See

Figure 2.8. The formula for use in this calculation is

where
g = heat loss in Btuh of the slab
F2 = perimeter factor (see Table 2.6)

P=length of slab perimeter in feet

tl inside temperature, «oF

to outside temperature, o«F

The perimeter heat loss factor depends not only on

the type and thickness of insulation used (if any)

but also on the severity of the area's winter cli-

mate, the type of wall construction above the slab,



the use of vapor barriers and the exact method of

insulation installation. For this reason, a range of

values is given in Table 2.6. For specific designs,

consult the project architect, engineer and local

insulation supplier for accurate data, based on

local experience and testing.

Calculation of heat loss through below-grade

walls and below-grade floor is a complex procedure

because the earth temperature changes with depth.

The procedure involves calculation of the loss of 1-

foot-high strips of below-grade walls and summing

the total. For a detailed description of the method,

refer to the second supplementary reading refer-

ence at the end of this chapter.

2.8 Heat Flow Through

Windows and Doors

Windows are usually the source of the largest win-

ter heat loss (and summer heat gain) in a building.

For this reason, the technologist/designer per-



forming the heat transfer calculation must take

particular care in determining an accurate R or U
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Figure 2.5 Calculation of total thermal resistance RT and overall transmittance
8)

for built-up wall section assemblies, (a) Simple concrete block wall; (b) block
wall

with a nonreflective air space; (c¢) block wall with a reflective air space; (d)
block

wall with an insulated, reflective cavity. In practical calculations, the

overall wall re-

sistance would be reduced by thermal "bridges" at studs and possibly by the

ceiling

construction.
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Component Temperatures

ITtem

Temperature rise Cold side Warm side



© pir film 500F = 0.5 200F

20.50F

ID.y

@ 8' block x 500F = 13.6® 20.50F
34.10F

ID.y

(D 3V2 insulation T x 50xF = 32.5» 34.10F

66.60F

ib.y

0 gypsum board T! x 50wF = 1.3wx 66.60F
67.90F

ib.y

E Inside air film «-| x 50«F = 2.1l 67.90F

7 QoF

ib.y

Figure 2.6 Calculation of the temperature gradient through the wall section of

Fig-

ure 2.5(d). Refer to Figure 2.5(d) for a description of components and their

thermal



resistances. Note that moisture from the inside air at RH 50% will condense at

50xF.

This temperature occurs exactly in the middle of the insulation blanket. This

mois-

ture will drastically reduce the thermal resistance of the mineral fiber

insulation. A

vapor barrier between the gypsum board and the insulation is required to block
the

movement of water vapor into the insulation.
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Coefficients of Transmission, U (Btu/h ft2«F), of Flat Masonry Roofs with Built-

Up Roofing, with

and Without Suspended Ceilings: Winter Conditions, Upward Flow

Base Case Resistance Rc:

Resistance Construction New Item 7

R (Heat Flow Up) ("Construction")

0.61 1. Inside surface (still air) 0.61
2. Metal lath and light-weight

0.47 aggregate plaster, 0.75 in. 0.47



3. Nonrefiective air space,

greater than 3.5 in. (50 F

mean; 10 Fo temperature

0.93°difference)

4. Metal ceiling suspension

system with metal hanger

O* rods

o) 5. Corrugated metal deck
0

6. Concrete slab, lightweight

2.22 aggregate, 2 in. (30 1lb/ft3)

7. Rigid roof deck insulation

- (none)

0.33 8. Built-up roofing, 0.375 in.
0.33

9. Outside surface (15-mph

0.17 wind)

4.73 Total Thermal Resistance, R
8.90

aUse largest air space (3.5 in.) wvalue shown in Table 2.5.

.22

.93

.17

Ob



bArea of hanger rods is negligible in relation to ceiling area.

cWhen rigid roof deck insulation added, C = 0.24 (R = 1/C = 4.17).

Figure 2.7 (a) Coefficients of transmission, U (Btu/h-ft2-«F), of flat masonry
roofs

with built-up roofing, with and without suspended ceilings; winter conditions,

up-
ward heat flow, (b) Coefficients of transmission, U (Btu/h-ft2-«F), of 45w
pitched roofs.

(Reprinted by permission from: Copyright © by ASHRAE, Atlanta, GA. 1981 Hand-

book of Fundamentals.)
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Coefficients of Transmission, U (Btu/h ft2«F), of 45x» Pitched Roofs

Part A. Reflective Air Space
Resistance for Resistance for

Heat Flow Up: Heat Flow Down:
Winter Conditions Summer Conditions
Between At Between At

Rafters, Rafters, Rafters, Rafters,



Rj Re Construction R R,

0.62 0.62 1. Inside surface (still
0.76

2. Gypsum wallboard 0.5

0.45 0.45 in., foil backed
0.45

3. Nominal 2-in. x 4-in.

-4.35 ceiling rafter
4.35

4. 450 gslope reflective air

space, 3.5 in. (50 F mean,

30 Fo temperature

2.17 - difference), £ = 0.05

5. Plywood sheathing,

0.77 0.77 0.625 in.
0.77 0.77

6. Permeable felt building

0.06 0.06 membrane
0.06

0.44 0.44 7. Asphalt shingle roofing

0.44 0.44

air)

.76

4.330

.45

.06



8. Outside surface (15-mph

0.17 0.17 wind)
0.25%* 0.25b
4.68 6.86
7.06 7.08

To adjust U values for the effect of framing: With 10% framing

rafters at 16-in. o.e.),

Uav values are, respectively:

Uav = 0.206 (3% less heat 1loss)
Figure 2.7 (b)
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Part B. Nonreflective Air Space
Resistance for Resistance for

Heat Flow Up: Heat Flow Down:

Winter Conditions Summer Conditions
Between At Between
Rafters, Rafters, Rafters,
RE R8 Construction

R8

these adjusted

Total Thermal Resistance, R

(typical of 2-in.

t/av = 0.141 (unchanged)
At
Rafters,
R1



0.62 0.62 1.
0.76

2. Gypsum wallboard, 0.5

0.45 0.45 in.
0.45 0.45

3. Nominal 2-in. x 4-in.

-4 .35
4.35

4. 45 glope, nonreflective

air space, 3.5 in. (50 F

mean, 10 P temperature

0.06 - difference)
5. Plywood sheathing,

0.77 0.77 0.625 in.
0.77 0.77

6. Permeable felt building

0.06 0.06 membrane
0.06

0.44 0.44

0.44 0.44

ceiling rafter

Inside surface

7.

(still air)

Asphalt shingle roofing

.76

.90-

.06



0.17 0.17 8. Outside surface

0.25%* 0.25fo
3.47 6.86 Total Thermal Resistance, R
3.63 7.08

Adjusted for 10% framing, as above:

I7av = 0.273 (5% less heat loss) I/ev = 0.262 (5% less heat loss)

"Air space value of 90 F mean, 10F» temperature difference.

Outside wind velocity 7.5 mph.

Figure 2.7 (b) (Continued)
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Figure 2.8 (a) Heat loss from a slab on grade is proportional to its perimeter,
be-

cause it is primarily edge loss. The loss increases with lower exterior

temperatures.

Edge loss is also higher with metal-stud wall construction than with masonry

walls.

See Table 2.6. (b) Insulation can be installed in a number of ways.

Table 2.6 Perimeter Heat



Loss Factor F2; Concrete Slab

on Grade

Insulation F2 Range

R-O0 0.62-0.9

R-5.4 0.45-0.58

R-I1 0.27-0.36

value (overall transmission coefficient) for them.

Among the factors affecting R and U are thickness

and number of glazing panes, size of air spaces

between panes, gas fill type if used (argon or kryp-

ton), operation (movable or fixed), type of opera-

tion movement (slide, swing, hinged), type of sash

construction (aluminum, wood, metal with ther-

mal break), coatings on glass, aspect (vertical, hori-

zontal, sloped), heat flow direction and proportion

of glass to sash and mullion area. Because of the

large number of variables, accurate data must be

obtained from manufacturers for actual designs. In



the absence of such data, tables in various publica-

tions can be used for preliminary calculations.

the first two references on the supplementary read-

ing list at the end of this chapter.)

Table 2.7 lists

some approximate U values for representative win-

dow types. You can readily see that,

because of the

extremely low R values of even the best windows

(R-3), rooms with appreciable glass area will lose

most of their heat through the windows.
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(As we

Table 2.7 Representative U and R Values for

Vertical Windows

U, Btuh/ft2-«F (R, ft2-«F/Btuh)

Type

Single-glazed 1.3(0.77)

Double-glazed,

air-filled 0.85(1.1)

Metal

0.

Frame

0.9(1.1)

5(2.0)

(See

Wood Frame



Double-glazed,

inert gas-filled 0.80 (1.25) 0.40 (2.5)

Triple-glazed

air-filled 0.77(1.3) 0.40(2.5)

Triple-glazed,

inert gas-filled 0.72 (1.4) 0.35 (2.9)

will see, the situation is even more critical in cool-

ing load calculation.)

Doors can also be a considerable heat loss source

not only because of infiltration around the door but

also because of the poor R value of the door itself.

Table 2.8 gives some typical R figures for common

door constructions. Here, too, the technologist

should seek reliable information based on tests of

specific products. In the absence of such data, tabu-

lar data from this or other authoritative sources

can be used for preliminary calculations.

Table 2.8 R-Factors for Typical Door

Constructions



Door -with

Description Door Alone Storm Door

Wood doors

I3Is", I3A" hollow-core

flush door R-2.1 R-3.3

IWl IW solid-core flush

door R-2.6 R-3.8

2 solid-core flush door R-3.

I" Steel doors

Polyurethane foam core,

no thermal break R-3.5

Polyurethane foam core,

with thermal break R-5.0

Solid urethane foam core,

no thermal break R-2.5

Solid urethane foam core,

with thermal break R-5.0

Heating

2.9 Heat Loss from Air



Infiltration and Ventilation

Every building requires ventilation to rid itself of

odors, carbon dioxide and moisture that accumu-

lates as a result of normal occupancy. In almost all

residential and in many commercial buildings, this

ventilation occurs naturally. Outside air enters

through cracks around doors, windows, walls,

crawl spaces, roof and attic doors, fireplaces, cable

and piping entries and the like. Infiltration occurs

on the windward side of the building, and exfiltra-

tion (loss of air) occurs on the leeward side through

similar crack-type openings. With the emphasis on

energy conservation came the realization that in

most buildings the heat loss due to cold air infil-

tration in winter amounted to 25-50% of the build-

ing's heat loss. This caused a revision in construc-

tion techniques that resulted in much "tighter"

buildings. These tight buildings have much lower

infiltration loss but, in many cases, have resulted

in what has come to be known as the Sick Building



Syndrome (SBS), caused by insufficient fresh air.

The solution to both problems-excessive infiltra-

tion heat loss and SBS-has been to design and

construct buildings for controlled infiltration and

deliberate ventilation. There are two methods for

calculating infiltration heat loss: the air change

method and the effective leakage area method. They

are analyzed separately in the discussion that

follows.

The air change method assumes a number of

total air changes per hour (ACH) based on the tight-

ness of construction and then calculates the heat

loss using the heat storage capacity of air. The

number of air changes per hour for residential

buildings, in winter, is given in Table 2.9. Constuc-

tion tightness definitions, on which Table 2.9 is

based, follow:

(a) Tight construction-close fitting doors, win-

dows and framing, no fireplace, and use of a

vapor barrier. Small new houses (less than



1500 square feet) are frequently in this cat-

egory.

(b) Medium tighness-older large houses with aver-

age maintenance. Fireplaces must have a

damper or glass enclosure; windows and doors

of standard commercial construction.

(c) Loose construction-old houses, poorly fitted
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Table 2.9 Winter ACH as a Function of Construction Air Tightnessa

Outdoor Design Temperatures, «oF

50 40 30 20 10 )
-10 -20 -30 -40

Tight 0.41 0.43 0.45 0.47 0.49 0.51 0.53 0.55 0.57 0.59

Medium 0.69 0.73 0.77 0.81 0.85 0.89 0.93 0.97 1.00 1.05

Loose 1.11 1.15 1.20 1.23 1.27 1.30 1.35 1.40 1.43 1.47

aValues for 15-mph wind and indoor temperature of 680F.

Source. Reprinted by permission of the American Society of Heating,

Refrigerating and Air-Conditioning Engineers,

Atlanta, Georgia, from the 1993 ASHRAE Handbook-Fundamentals.



windows and doors, unenclosed fireplace.

Poorly constructed houses fit into this category,

as do most mobile homes.

To calculate infiltration heat loss Q in Btuh/«F,

we use the formula

Q = VXACHXOO0lS (2.9)

where

\Y% = volume of the space in cubic feet
ACH = air changes per hour

Btuh

0.018 * = heat capacity of air in 0 c 3

r-it /n

The effective leakage area method is more accurate

because it is more detailed. It requires accurate

knowledge of window and door construction, over-

all building construction, wind velocity and site

data. The method then uses tables of leakage area

for walls, windows, doors, floor and the like (see,

for instance, Supplementary Reading, Reference 2



[Table 3, Chapter 23] in a formula that combines
leakage area, wind velocity, stack effect and tem-
perature difference to arrive at an infiltration flow
rate in cubic feet per minute (cfm). This figure is
then used in the following formula to arrive at
infiltration heat loss:

Q=1.08(cfm) (£-10) (2.10)

where

Q = the heat loss in Btuh

1.08 = the heat content of air in Btuh/cfm-«F

ti = inside air temperature

to = outside air temperature

*The factor 0.018 is derived by multiplying the density of air

by its specific heat; that is,

The factor 1.08 is derived by using the previously

calculated factor of .018 Btuh/«F x ft3/h and con-

verting air flow to ft3/min (cfm):



This same formula can be used to calculate the

heat loss whenever the air flow in cubic feet per

minute is known, including forced ventilation and

stack effect ventilation.

2.10 Heat Loss to Adjacent

Unheated Spaces

In many buildings, heated spaces adjoin unheated

ones such as garages, basements, utility rooms and

enclosed stairwells. These unheated spaces are al-

ways at temperatures somewhere between the out-

side and inside temperature. Although detailed cal-

culations are possible most designers will use

outside temperature for all such areas except base-

ments. This is because basements are surrounded

by earth, which is at a higher temperature than

outside (winter) air, and because most basements

have a heat gain from building heating plants. As a

result, the ambient temperature in a basement is

estimated as one-half to two-thirds of the way

between outside and inside temperatures de-



pending on heat gain, windows and depth.

2.11 Summary of Building

Heat Losses

We are now able to summarize the preceding dis-
cussion on heat loss calculation. The total heat loss
of a structure is the sum of the following individual

components:
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a. Heat Loss Through Walls

(2.11)

where

Qw is the wall heat loss in Btuh,

Aw is the wall area in square feet,

Rw is the thermal resistance of the wall (or Uw,
the overall thermal transmittance) and

is the temperature difference between the in-



side and outside wall surfaces.

Note that for all walls, and in particular insulated
walls with metal stud construction, the R factor of
the wall must be reduced at thermal bridging

points caused by ceiling beams, wall studs, col-
umns and the like. See for instance Supplemental
Reading, Reference 1 (Table 4.8).

b. Heat Loss Through Ceilings

and Roofs

Heat loss occurs only between spaces with a tem-
perature difference between them. Therefore, in
multistory construction ceiling/roof loss occurs
only on the top floor. Calculation is similar to (a),
using the appropriate R factor for upward heat

flow.

c. Heat Flow Through Floors

This calculation is applicable only to floors above
unheated areas (basements) and those on grade.

With the latter, the heat loss calculation is a perim-

eter calculation as explained in Section 2.7.



d. Heat Flow Through Windows

and Doors

Particular care must be taken here with window

calculations because of the large losses involved.

Include glass doors as a special case of windows.

The direction of heat flow is especially important

with non vertical windows such as skylights.

e. Infiltration (and Ventilation) Losses

For residential work, the air change method of

infiltration calculation is normally adequate. For

commercial buildings that must adhere to increas-

ingly restrictive governmental agency energy

guidelines, the more complex crack-length method

should be used. Ventilation losses are straightfor-

ward calculations using Equation 2.10.

2.12 Building Heat Loss

Calculation Procedure

As should be apparent from Section 2.11, a detailed

heat loss calculation for even a small residence is



time-consuming affair. Furthermore, if the data

are not well organized, the calculations can easily

become confused. Today, most such calculations

are performed on a computer with menu-driven

programs. When they are done manually, as for

instance in small engineering offices or by entry-

level technologists who are learning the proce-

dures, a calculation form is invariably used. Unfor-

tunately, there are about as many styles of such

forms as there are offices. Several are shown in

Figure 2.9.

The form shown in Figure 2.9- is the simplest

type requiring a separate sheet for each space. U

and R factors are taken from tables similar to

Tables 2.1-2.4. Summaries of the total structure

heat loss must be made on a separate form. Figure

2.9b is a similar type of calculation form with

space for calculation of several rooms on a single

sheet. Here, too, U factors are taken from tables

similar to Tables 2.1-2.4. Notice that infiltration



data refer only to door and windows as these are
the principal sources of infiltration air. The 1.1
factor is an approximation of the more accurate
value 1.08 [see Equation (2.10)].

Figure 2.9 (c-1) is a form recommended by the

Air Conditioning Contractors of America (ACCA,
1513 16th Street, N.W., Washington, D.C. 20036).
This form is used primarily for residential con-
struction but can be used for small commercial
buildings as well. Notice that this procedure uses
HTM factors (Heat Transfer Multipliers), which are

nothing more than the U factors multiplied by the

design temperature difference (t/~ffl)) This saves

one calculation step since all that is then required
to obtain the heat loss Q is to multiply the HTM
factor by area, since

Q=A X U X T

where

U X T = HTM



therefore,

Q = A X HTM

A sample page from the extensive HTM tables used

by this method is shown in Figure 2.9 (c-2). Design
conditions are recorded on a separate form; they
are shown here at the bottom of I7IgUrC 2.9 (c-1).

Another contractor-type form is shown in Figure
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Figure 2.9 Typical building heat loss calculation forms. For explanation see
text.

(a) From Bradshaw, Building Control Systems, 2nd ed., Wiley, 1993, reprinted by

per-

mission of John Wiley & Sons, (b) From Pita, Air Conditioning Principles and

Sys-
tems, Wiley, 1981, reprinted by permission of Prentice Hall, Inc., Upper Saddle
River, NJ. (c) Reprinted with permission from ACCA Manual J. (a) Reprinted with

permission from Hydronics Institute, Publication H-22.
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Figure 2.9 (Continued)
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HEAT LOSS CALCULATION

(DO NOT WRITE IN SHADED BLOCKS)

From Table 2

Const.

ASSUMED DESIGN CONDITIONS AND CONSTRUCTION (Heating) : No. HTM

A. Determing Outside Design Temperature -5« db-Table 1

B. Select Inside Design Temperature 70xdb

C. Design Temperature Difference: 75 Degrees

D. Windows: Living Room & Dining Room-Clear Fixed Glass, Double Glazed-Wood
Frame-Table 2 . 3A 41.3

Basement - Clear Glass Metal Casement Windows, with Storm - Table 2 2C
48.8

Others-Double Hung, Clear, Single Glass and Storm, Wood Frame -Table 2 2A
35.6

E. Doors: Metal, Urethane Core, no Storm - Table 2 11E 14.3



F. First Floor Walls: Basic Frame Construction with Insulation (R-11) Vz
"Board-Table2 12d 6.0

Basement wall: 8" Concrete Block - Table 2

Above Grade Height: 3 ft (R = 5) 14b 10.8

Below Grade Height: 5 ft (R = 5) 15b 5.5

G. Ceiling: Basic Construction Under Vented Attic with Insulation (R-19) -
Table 2 l6d 4.0

H. Floor: Basement Floor, 4" Concrete-Table 2 21a 1.8

I. All moveable windows and doors have certified leakage of 0.5 CFM per

running foot of crack

(without storm), envelope has plastic vapor barrier and major cracks and

penetrations have

been sealed with caulking material, no fireplace, all exhausts and vents are

dampered, all

ducts taped.

Figure 2.9 (Continued)
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Figure 2.9



Table 2 (Continued)

Figure 2.9 (Continued)
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Table 2 HEAT LOSS FACTORS (HLF) Transmission

EXTERIOR DOORS

With or without glass, treated the same as Windows.

WINDOWS (GLASS)

Mo. 1. Windows



(a) Single (no storm sash)

(b) With storm sash

(d) Triple glazed with two 1/2" air spaces

EXPOSEDWALLS
The factor for lath and plaster is the same as for 1/2" dry wall (gypsum board).
No. 2. Frame, Not Insulated

(a) Clapboards or wood siding, studs, 1/2" dry wall (gypsum board) (no
sheathing) ....... . .. . .. .33%

(b) Asbestos-cement siding over wood siding, paper, studs, 1/2" dry wall (gypsum

board) (no sheathing) ............ .30

(c) Wood siding, paper, wood sheathing, studs, 1/2" dry wall (gypsum board)
.................................... .25

(d) Asbestos-cement siding over wood siding, paper, wood sheathing, studs, 1/2"

dry wall (gypsum board) ........... .23

(e) Asbestos-cement shingles, paper, wood sheathing, studs, 1/2" dry wall

(gypsum board) ........... . ... . ... .29
No. 3 Frame, Insulated

(a) Wood siding, paper, wood sheathing, studs, 1/2" insulating board,

Plaster ... e e e e e e .19



(b) Wood siding, 2V32" insulating board, studs, 1/2" dry wall (gypsum board)
.................................... .22

(c) Wood siding, paper, wood sheathing, 1/2" flexible insulation in contact
with

sheathing, studs, Vz" dry wall (gypsum board)
.......................................................... .18

(d) Wood siding, paper, wood sheathing, 1/2" flexible insulation with an air

space

on both sides of insulation, studs, 1/2"dry wall (gypsum board)

............................................ .15

(e) Wood siding, paper, wood sheathing, 3%" rockwool or equivalent, studs,
1/2" dry wall (gypsum board) ........... .07

(f) Wood siding, paper, wood sheathing, 2" rockwool or equivalent, studs,
1/2" dry wall (gypsum board) ............. .10

(9) Wood siding, 1 " styrofoam board sheathing, 3%" rockwool insulation

or equivalent, studs, 1/2"dry wall (gypsum board)
........................................................ .06

(h) 5 1/2" wood siding, wood sheathing, 2" ~ 6" studs on 24" centers,

5Vz" rockwool or equivalent insulation, vapor seal, 1/2"dry wall (gypsum board)
.............................. .05

(i) 5 1/2" wood siding, 1" styrofoam sheathing, 2" 7 6" studs on 24" centers,

5Vz" rockwool or equivalent insulation, vapor seal, Vz" dry wall (gypsum board)
.............................. .04

Q) Wood foundation above grade, %" treated plywood, 2" 7 6" studs on 24"

centers,



5Vz" rockwool or equivalent insulation, 1/2"dry wall (gypsum board)

........................................ .06

[

(k) Wood foundation below grade, %" treated plywood, 2" ~ 6" gstuds on 24"

centers,

5Ve" rockwool or equivalent insulation, Vz" dry wall (gypsum board)

........................................ .03

No. 4. Brick, Not Insulated

(a) Q" brick, Vz" plaster one side

(b) 8" brick, furred, lath and plaster one side

(d) 12" brick, furred, lath and plaster one side

(e) 4" brick, 8" hollow tile, Vz" plaster one side

(£) 4" brick, 8" hollow tile, furred, Vz" dry wall

............................................... .23

(gypsum board)

(g) 4" brick, paper, wood sheathing, studs, 1/2"dry wall (gypsum board)

....................................... .29

(h) 4" brick, 4" light weight aggregate block, furred, Vz" dry wall (gypsum

board) ... e .25

No. 5. Brick, Insulated

(a) 8 brick, furred, Vz" insulating board, Vz" plaster one side

.22



(b) 12 brick, furred, Vz" insulating board, Vz" plaster one side
................................................ .20

(c) 4" brick, 8" hollow tile, Vz" insulating board, Vz" plaster one side
........................................... .18

(d) 4" brick, 4" light weight aggregate block, Vz" insulating board, Vz" plaster

one side ... .. e .19

(e) 4" brick, paper, wood sheathing, studs, Vz" insulating board, Vz"

Plaster. . ... e e e .22

(O 4" brick, 2V32" insulating board, studs, Vz" dry wall (gypsum board)
........................................ .23

(g) 4" brick, paper, wood sheathing, 3%" rockwool or equivalent, studs, Vz" dry

wall (gypsum board) ............... .08

(h) 4" brick, paper, wood sheathing, 2" rockwool or egquivalent, studs, Vz" dry

wall (gypsum board) ................ .09
*For this type of construction, use Item No. 22 for Infiltration Factor.

NOTES: (For new types of construction or materials, use this space to add new

factors.)

(d-2)

Figure 2.9 (Continued)
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2.9 (d-1). This form is published by The Hydronics



Institute (35 Russo Place, P.O. Box 218, Berkeley

Heights, NJ. 07922). It is widely known as the

I =B =R form because it was originally developed

by the Institute of Boiler and Radiator Manufactur-

ers (I = B = R) whose facilities are now operated by

the Hydronics Institute. This form requires the use

of tables of heat loss factors (see column 2 of the

form). These factors are identical with U factors in

ASHRAE tables. A sample page of these factors as

published by The Hydronics Institute is shown in

Figure 2.9 (d-2).

Some forms involve simplifications of the de-

tailed ASHRAE calculation methods. Other simpli-

fications and rules of thumb are used by experi-

enced designers. For the technologist, however, our

recommendation is that detailed calculations be

performed under the guidance of experienced

HVAC engineers. When sufficient experience is ac-

cumulated, the technologist will be capable of us-

ing approximations and rules of thumb where they



are applicable.

2.13 Outside Design

Conditions

Notice that throughout the preceding discussion

no mention was made of how to select the outside

design temperature. This figure is needed to deter-

mine the temperature difference between inside

and outside temperatures (ffl), in order to be able

to calculate heat loss. Many tables exist that list

outside design temperatures for both summer and

winter for almost every area in the United States.

They are all based on weather records. Some tables

list all-time records or 25 year highs and lows;

others list percentages, along with design tempera-

tures. Most designers today use the 97.5% tempera-

ture figure for winter conditions. This means that

the stated temperature will be exceeded 97.5% of

the time. Conversely, the outdoor temperature will

drop below the design temperature 2.5% of the



time. Since most heating systems have a safety

factor built in, these very low temperatures should

not present a problem. Other designers take a more

conservative approach, and use a 99% temperature

figure. This means that weather bureau records

indicate lower winter temperatures only 1% of the

time. The difference between these two approaches

can be significant. Designing for the 99% will in-

crease the size of the heating system by about

10%. The same statistical considerations hold for

summer design conditions, which include both dry

bulb and wet bulb temperatures (or DB and RH).

Actually the summer design conditions are more

critical than the winter figures because both cool-

ing and dehumidification are usually required. For

these reasons, selection of outdoor design condi-

tions should be made by experienced design engi-

neers rather than inexperienced technologists. Re-

fer to Supplementary Reading Reference 1



(Appendix A) for an extensive table of outside de-
sign conditions for the United States and Canada,
plus an explanation of its use.

The HVAC technologist should also be familiar

with another heating season concept-that of de-
gree days. This concept is based on the idea that
heating will be required any time the exterior tem-
perature falls below 650F. (The concept was obvi-
ously developed before the era of energy conserva-
tion and heavy thermal insulation.) The number of

degree days in a winter day is computed as follows:

(2.12)

where

DD - number of degree days

tmax = day's maximum dry bulb temperature
tmin = day's minimum dry bulb temperature

Thus, for a day with a maximum temperature of

700F and a minimum of 50«F, its degree day count



would be

(A negative number of degree days counts as zero

in the season total.) With today's construction and
insulation standards and night thermostat setback,
such a temperature variation would not require
heating. However, in an uninsulated structure
without night setback, such as a pre-1973 house,
the heating plant would probably have operated

for a period of time.

The concept of degree days is very useful in
predicting fuel consumption and energy require-
ments. However, because of the changes in con-
struction and comfort criteria, many modern struc-
tures use a 600F base temperature rather than 650F.
This gives a more accurate and realistic energy use

figure. Figure 2.10 shows a degree-day map of the

United States based on 65xF. This can be useful for

estimating when accurate data are unavailable.
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Figure 2.10 Map of the United States showing heating degree-day lines based on

650F. (From Bobenhausen, Simplified Design of HVAC Systems, Wiley, New York,

1994, reprinted by permission of John Wiley & Sons.)

2.14 Evolution of Modern

Climate Control Systems

Having considered the subjects of human comfort

and heat loss from enclosed spaces, we will now

proceed to a detailed study of heating systems.

When cooling is to be provided, cooling systems

must be considered as separate entities or com-

bined in heating/cooling installations. It would,

however, be a mistake after learning the details

of presently popular climate control methods to

assume that they will necessarily be applicable

after a number of years of technical practice.

Something always occurs to change the aspect of

any technical discipline. Accordingly, let us review



briefly the history of what has happened, study

well what is now current and prepare to accept

something different.

At the present time, energy conservation and

environmental problems predominate. Although

fossil fuels are not in short supply, their use causes

pollution and degradation of the environment. As

a result, recent years have seen the increasing use

of renewable, nonpolluting energy sources, with

particular emphasis on solar energy. Also, comfort

standards have been made more realistic without

affecting thermal comfort to any appreciable de-

gree. A brief history of American heating systems

shows the following developments, practices and

trends.

Circa Petroleum was known but not widely used.

1870 An eight room house was heated by eight

open coal fires, a dirty, labor-intensive

method that provided only fair results. See



Figure 2.11.

1900 Coal-fired boilers supplied steam to one-

pipe systems or gravity-circulated hot water

to cast-iron radiators. Alternatively, coal-

fired furnaces warmed air that circulated

by gravity. These systems were very bulky,

very dirty and a lot of work.

1902 Dr. Willis Carrier developed the compres-

sive refrigeration cycle for cooling, but sev-

eral decades would pass before it was much

used.

1935 Boilers fired by o0il or gas were used to

produce steam. Hot water systems similarly

fired now used forced circulation. Warm air

systems had blowers to circulate the air.

These methods were more compact, auto-

matically controlled and efficient.
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Figure 2.11 Brooklyn, New York, in the 1800s. Party

wall of a demolished brownstone residence. The resi-

dents had to climb three flights up with the coal and

three down with the ashes. Eight chimney flues signaled

the early beginning of air pollution. There was a small

circle of warmth around each fire while the flues carried

away most of the warmed air. To fill this void, outside

cold air was thus drawn in around un-weather-stripped

window sash edges, accelerating the infiltration and

chilling the backs of occupants facing the fires. It took a

hundred years, but designers found several better meth-

ods. Sociologists may find interest in the small fire-

places in the servants' sitting room, ground floor front,

and in the servants' bedroom, top floor front. Adequate

cooking space appears, however, in the large kitchen

hearth, ground floor rear.

1945 The demise of the steam/cast-iron radiator

heating system occurred. Hot water radiant

heating made its appearance, and cooling



started to become popular.

1955 Hot water radiant heating declined in favor

because it was expensive and hard to bal-

ance. Electric heating and air systems were

now much in use. Boilers became smaller

and more efficient. Individual room control

and multizone operation gained promi-

nence.

1976 Figure 2.12 shows three commonly chosen

comfort systems that are still in use. Other

systems still in use are discussed elsewhere

in this book.

1996 Steam heating is rarely used. Buildings

superinsulated to very high R values. Solar-

assisted heating systems with heat recovery

devices are common. Hot water heating,

radiant heating and warm air heating sys-

tems are all in common use, depending on

climate, type of fuel and cooling require-

are



ments. Passive solar heating for at least part

of the year is increasingly used in mild cli-

mate areas. Cooling and dehumidification

are considered to be almost as important as

heating in all types of buildings.

2.15 Heating Systems Fuels

The three principal fuels in use today for both
residential and small commercial buildings are oil,
gas and electricity. Large commenAai buildings
sometimes use commercially available steam or

steam generated on the premises. Since this book
deals only minimally with such large buildings, we
will discount steam as a heating system fuel for

our purposes. Figure 2.12 shows schematically a

hot water heating installation for each of these
fuels and points out the major differences among

the systems. A hot water heating system was cho-

sen arbitrarily, for the purpose of illustration. In
point of fact, hot water (hydronic) heating for resi-

dences is popular only in the Northeast. It is un-



usual in the Midwest and West, where all-air or
combination air/water systems with all-year-round
cooling are used for residential work. On the other
hand, hydronic heating systems for commercial
buildings are found throughout the United States,
probably because of architectural and space con-
siderations.

The choice of fuel type for a heating system is
primarily one of cost and availability. Gas, both
natural and propane, is available at competitive
prices throughout the United States. As a result, it
is the most popular countrywide residential build-
ing fuel. Another advantage of gas is the reliability
of supply. 0il is popular only in the northeastern
states, partly by tradition. Reliability is somewhat
poorer than either gas or electricity because of the
reliance on truck delivery. The use of electricity as

a heating fuel is basically a function of price, which
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LEGEND

A Louver admits air to support combustion

B 0il tank, 275 gal. Larger tanks are usually placed

outdoors and below ground.

C 0il gauge

D Vent pipe relieves tank air

E 0il fill pipe

G 0il supply to oil burner

H Air to support combustion

I Hot water to heating system

J Hot water return to boiler

K Smoke flue

L Chimney flue, terra cotta lined

M Electric panelboard

N Electric circuilit to boiler

O Other electric circuits

P Electric meter on exterior wall

O Oil-fired hot water boiler

R Electric hot water boiler



S Gas-fired hot water boiler

U Gas to other equipment

V Gas service entry (below ground) and master shutoff

W Gas to the burning unit

Z Gas meter

Figure 2.12 Most commonly used heating system fuels are (a) oil, (b)

electricity, and

(c) gas. Gas eliminates fuel storage; electricity also eliminates the flue and

chimney

and the need for combustion air.
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varies widely throughout the United States. In ar-

eas where electricity is cheap such as parts of

the Northwest and Southeast, it is a widely used

heating fuel. In areas such as the Northeast where

prices in excess of 150/kwh are common, the use of

electricity as a heating fuel is unusual except in

superinsulated, all-electric, specially designed



buildings. Among these are the so-called "smart
houses" where the easy control and rapid response

of electric heating units make their use reasonable
despite a high fuel cost. Another advantage of elec-
tricity as a ftiel is low initial cost when the heating
system is decentralized. Such systems use individ-
ual room heaters and controls instead of a central-
ized electric boiler.

2.16 Heating Systems

The selection of the type of heating system to be
used in a building is not the responsibility of the
technologist. However, it is important that he or
she understand the factors that affect the decision.
The systems themselves will be discussed in detail
in the following chapters. The type of heating sys-
tem used depends in large measure on the climate.

In very cold areas, residential buildings are super-
insulated. Since this may cause an internal air
quality (IAQ) problem, mechanical ventilation with

heat recovery is often used. Due to the large heat-



ing load, high efficiency furnaces or boilers are

common. Systems are generally ducted warm air

or radiant heat. Heat pumps are not used due to

their low efficiency in cold climates. In milder

climates, systems are either all-air for heating and

cooling or hybrid systems with hot water coils in

an air delivery system. Heat pumps for both heat-

ing and cooling are common as are condensing

air conditioning systems. In warm climates all-air

cooling systems are the rule, with baseboard or

electric duct heaters supplying the small amount

of heating required.

Cooling

2.17 Building Heat Gain

Components

Calculation of a building's total cooling load is

required to be able to design an adequate and

efficient cooling system. This calculation, which

involves determining all of the building's heat gain



components, is much more complex than the heat
loss calculations that were studied in the previous
sections. This is so for two reasons:

There are many more factors involved in heat
gain than in heat loss.

Heat gain varies sharply during the day. This
makes it necessary often, in nonresidential
work, to do hour-by-hour calculations.
The total cooling load of a structure involves

Sensible heat gain through windows.

Sensible heat gain through walls, floors and
ceiling/roof.

Sensible and latent heat gain from infiltration
and ventilation.

Sensible and latent heat gain due to occupancy.
In order to calculate these four components, sepa-
rate data are required for each structural block
being studied. This is because solar loads and inter-
nal loads are so large that different areas in the

same building may have vastly differing cooling



needs. The data required for these calculations in-
clude

(a) Time of day.

(b) Orientation.

(c) Latitude.

(d) Heat gain through glass.

(e) Type of construction (thermal lag).

(£) Shading, external and internal.

(g) Internal sensible heat loads.

(h) Internal latent heat loads.

(1) Daily temperature range.

(j) Acceptable internal temperature swing.

The complexity of these calculations, whether

they are done manually or by computer program,
requires that an experienced air conditioning de-
signer perform them. A technologist can perform
these calculations, beginning with less complex
buildings, under the direct supervision of a de-
signer. For this reason, we will discuss the forego-

ing factors in the following sections. As will be-



come clear, detailed calculations require extensive

data tables. The methods that we will explain are

those recommended by ASHRAE, as they appear in

the 1993 ASHRAE Handbook-Fundamentals. The

required data tables appear in that volume, which

is a necessary part of every engineering office 1i-

brary.
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a. Time of Day

In heat loss calculations, time of day is not consid-

ered since we assume that the heating system will

be designed to heat adequately whenever the exte-

rior design temperature occurs (usually at night).

With heat gain calculations, the effect of direct

solar radiation is so strong that the time of day

must be known to perform the necessary hour-by-

hour calculations. Eastern exposures have their

maximum solar load in the morning; western expo-



sures, 1in the afternoon; and roofs, at noon. In these

calculations, solar time, and not clock time, is

used.

b. Orientation

Orientation of the building determines which side

of the building is exposed to the sun at a particular

hour. With long narrow buildings, the solar heat

gain can be drastically reduced by orienting the

building's narrow ends east and west, so as to

present minimum area to the sun. In the northern

hemisphere, another solar control technique is to

locate glass on the south side of the building and

to have it shaded properly. Proper shading reduces

summer sun load and permits direct solar insol-

ation during the winter, for "free" warming.

c. Latitude

The position of the sun during the day depends on

the time of day and the latitude (0» at the equator,

90 N at the north pole, 90« S at the south pole).

The sun travels from east at sunrise to west at



sunset. Its altitude above the horizon wvaries from

minimum (O«x) at sunrise and sunset to maximum

at solar noon. Knowledge of the altitude of the

sun is required to determine insolation (heat from
direct solar radiation) and to design shading.

d. Heat Gain Through Glass

This component of the building's heat gain consists
of two parts: direct solar radiation gain through
unshaded glass exposed to the sun and conductive
heat gain through shaded glass and glass not ex-
posed to the sun. Shaded glass is treated the same
as north-facing glass, that is like glass not exposed
to the sun. The glass heat gain factor is frequently
the largest heat gain of a building and must, there-
fore, be accurately calculated, including all shad-
ing influences. Shading can be external, internal

or both.

e. Type of Construction

(Thermal Lag)



In our discussion on heat loss, we explained that
the calculations were steady-state. That means

that the heat loss is continuous. This is appropriate
for long winter nights and dull overcast days where
for many hours the same difference between indoor
and outdoor temperature exists. We did not take

into account any transient phenomena; instead,

we assumed that the inside-outside temperature
difference exists throughout the day. Actually this
is not true, but for heating calculation that are
intended for sizing the heating plant, the transient
phenomena can be neglected. For cooling calcula-
tions, however, we want to avoid oversizing the
refrigeration equipment for both economic and
comfort reasons. One of the common errors in early
cooling design practice was to oversize cooling
units. The result was blasts of cooling with long
periods of shutdown, which permitted humidity to
accumulate to the discomfort of occupants. In re-

cent practice cooling units, especially in resi-



dences, are slightly undersized. This results in al-

most continuous operation and, consequently,

adequate dehumidification.

The phenomenon of thermal lag simply means

that it takes time for heat to get through a struc-

tural element. The more massive the element and

the higher its specific heat, the longer it takes. For

instance, the morning sun strikes the east wall of a

building. If the structure is of light construction

(frame), the heat will penetrate in 1-2 hours, while

the sun is still shining on the \vall, thus causing a

large heat gain. If the structure is heavy (masonry),

it might take 4-8 hours for the heat to penetrate

the wall. By that time the sun has moved to the

south so that the net effect on the building heat

gain is lower. The effect is even more pronounced

with roofs that are exposed to direct sunlight

throughout the day.

It is very important to understand the difference

between the action of insulation and that of struc-



tural mass (thermal lag). Insulation reduces the

rate at which heat can get through a structural

item (wall, roof, ceiling, floor) and establishes a

fixed thermal gradient. That gradient remains as

long as the temperature difference between inside

and outside remains. If a wall is very light, con-

sisting only of plywood and insulation for instance,

it would take only a very short time for the heat to

get through and to cause a (limited) continuous

heat gain. On the other hand, the amount of heat

getting through an uninsulated massive wall
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would be greater, but the time required for the

heat to get through and establish a steady-state

heat gain would be much longer. The time delay is

related only to mass. It would be lengthened only

slightly if the same massive wall were insulated,

since most thermal insulation (rock-wool, fiber-



glass) 1is very light.

These actions are illustrated in Figure 2.13. Wall
(a) is composed of concrete blocks and insulation.
Assuming that the wall has cooled all night to
temperature t and that the wall faces southeast,

the situation a short time after sunrise would be as
shown in Figure (-1). A thin layer of concrete

has been warmed by the sun, which causes a tem-
perature of t0 on the outside of the block. Beyond
this layer the temperature is still tif as indicated by
the sharp drop in the temperature gradient. After
another period of time, the block has warmed to

about two-thirds of its depth, as shown in Figure
2.13(a-2). As soon as the heat penetrates the block,
it relatively rapidly penetrates the insulation to
establish the steady-state condition shown in Fig-
ure 2A3(--3). If the wall had no insulation, then the
situation at time T and 2T would be the same as
previously, as in the gradients in Figure 2.13(b-1)

and (b-2). However, as soon as the heat penetrates



the block, the lack of insulation permits a large
flow of heat into the space, raising the inside tem-
perature ij 2 to a much higher level than in Figure
23(-3), provided the exterior solar load remains

the same.

Absence of any substantial mass to cause ther-

mal lag is shown in Figure 2.13(c). Here the lack

of mass causes the steady-state situation to be
established relatively rapidly Figure 2.13(c-2). This
situation continues as long as the sol-air tempera-
ture remains the same; see Figure 2A3(c-2) and

(c-3). Note that inside temperature £t 3 is lower than
it 2 because of the insulation but higher than fl,-.j
because the wall lacks the R value of the concrete
blocks. (The sol-air temperature is a theoretical
outdoor air temperature that in the absence of

solar radiation, would give the same rate of heat
entry to a surface as the actual combination of

solar radiation and convective heat exchange from

the outdoor air.)



Notice the advantage of mass in a structure as
shown in Figure 2.13(b). Here, if the wall were an
eastern exposure, the outside sol-air temperature
would drop after a few hours because the sun

would move south and away from an east wall.

The result would be a final, steady-state tempera-

ture lower than f-2 and, therefore, a lower cooling

load, even without any insulation in the wall. This
is the principle behind the massive construction of
native desert architecture. The massive (uninsu-
lated) walls delay the transmission of the sun's
heat until after sundown. Then, the low night de-
sert temperature is tempered by the reradiation of
heat from the walls into the interior spaces (and
also outward into the night air).

f. Shading, External and Internal

Since solar heat gain through the building enve-
lope glass can constitute an extremely large cool-

ing load, engineers and architects have developed



three different approaches to solve this problem.

The first is to treat the glazing itself either with

heat-reflecting coatings or by coloring in the glass.

This procedure reduces the transmitted solar load,

and its effect is considered in a factor called the

Shading Coefficient (SC), which is discussed later.

It has nothing to do with either external or internal

shading and is only mentioned here because of the

(misleading) name of this coefficient.

External shading, the second approach, is part of

the architectural design of the building. It consists

of overhangs, baffles, shields and other devices

designed to shade glass from the outside and to

shade other parts of the building "envelope."

Shaded glass is treated as north-facing glass in

calculations. In the tropics where the sun is di-

rectly overhead for most of the day, roofs are espe-

cially vulnerable. There, it is not uncommon to

provide a "roof shade" (a second roof or "sun-

intercepter") some distance above the principal



roof with a fully ventilated air space between.

External shading is much more effective than in-

ternal shading because solar heat never enters the

building.

Internal shading, the third approach, is accom-

plished with devices such as drapes, window

shades and Venetian blinds. These act to reduce

cooling load by adding insulation (drapes and

shades) and by positioning thermal barriers (vene-

tian blinds and some types of shades).

g. Internal Sensible Heat Loads

These loads include lighting and other electrical

loads, heat loads plus a load for each space occu-

pant. The latter is usually taken at about 270 Btuh

for people in sedentary activities (sitting, desk

work, household activities) and more if the activity

warrants. See Table 1.1. For residential calcula-
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Figure 2.13 Effect of thermal lag on heat transmission through (a) a massive

insu-

lated wall, (b) a similar uninsulated wall, and (c¢) an insulated wall with

little mass.

(The diagrams and gradients are simplified for clarity. Additional factors that

would

affect outdoor and indoor temperatures t0 and i, are neglected.)

58

tions, sedentary activities are assumed. Electrical

loads include motors, computers, sound equipment

and office equipment. For nonresidential buildings,

loads are obtained from the electrical designer

or technologist. Additional heat loads come from

kitchen appliances, hobby equipment and any

other electrical or gas-powered equipment in the

space under consideration.

h. Internal Latent Heat Loads

Very often, a third or more of the refrigeration

energy supplied to air-condition a space is required

to condense the moisture in the air in order to



reduce the relative humidity to a comfortable level.

The source of this air-borne moisture is occupants,

showers and baths, floor washing, laundries, infil-

tration of moist outside air and mechanical venti-

lation. Calculation procedures for these latent heat

loads differ between residential and nonresidential

buildings, as will be explained later.

i. Daily Temperature Range

The difference between the 24-hour high and low

dry bulb temperatures is called the daily tempera-

ture range. Mountainous and arid areas have a

high range of up to 30 P. Coastal areas and areas

of high humidity have a daily range as low as 10

Fo. Areas with a low daily range require a larger

cooling capacity than high range areas because the

structure does not cool off at night.

j. Acceptable Interior

Temperature Swing

Recommended practice in residences is to design

the cooling system for continuous operation in hot



weather by slight undersizing. This is the cause of
an indoor temperature rise that is known as swing.
It occurs for an hour or so in the hottest part of
afternoon. It is considered acceptable because the
continuous cooling action has kept the walls and
other room surfaces cool. (They have a low mean
radiant temperature). Thus, occupants have a feel-
ing of surrounding coolness and, therefore, do not
mind the slight temporary increase in indoor air
temperature. ASHRAE recommends that in a resi-
dence, this swing not exceed 30F on a design (tem-

perature/humidity) day, with the thermostat set

at 75«F.

2.18 Residential Heat Gain

(Cooling Load) Calculations

In theory, there should be no difference between
the heat gain calculations for residential and non-
residential buildings. For any structure, the total

heat gain is the sum of the sensible heat gains

the



through windows, walls, roofs, ceilings and floors

plus the sensible and latent heat gain from occu-

pancy, infiltration and ventilation. In practice,

however, it was found that using standard proce-

dures for calculation of the foregoing loads always

resulted in too large a cooling load for residential

buildings. That is, after the residential building

was completed, measurements indicated a smaller

cooling load than calculated. Since oversized cool-

ing equipment will not properly dehumidify, as

noted previously, a more realistic and accurate

procedure for calculation of residential building

cooling loads was developed by ASHRAE. It differs

from the nonresidential calculation in its treat-

ment of heat gain through windows; its simplified

calculation of wall, ceiling and roof gain; and its

calculation of latent heat gain from occupancy and

infiltration. The calculation procedure is detailed

in the material that follows.

Refer to Figure 2.14 while studying the proce-



dure description. Note that the calculation must be

performed on a room-by-room basis. This tech-

nique enables the designer to distribute the cooling

air properly (assuming an all-air system). Note also

that heat gain from above-grade exterior walls only

is calculated. Basement walls are not considered,

since they represent a heat loss and not a heat gain.

Basements are naturally cool and do not normally

require additional cooling.

a. Above-Grade Outside Walls

The heat gain through an outside wall is a combi-

nation of direct solar insolation, conduction/con-

vection and thermal lag effects. The combined ef-

fect is expressed in a factor called Cooling Load

Temperature Difference or simply CLTD. Table 2.10

for single-family residences gives CLTD factors as

a function of design temperature, orientation of the

wall and daily temperature range-low, medium

and high.

Table 2.11 for multifamily residences has as an



additional wvariable: the type of wall construction,

that is, lightweight (LW), medium weight (MW)
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Figure 2.14 Components of residential cooling load. Text reference is shown

adja-

cent to each component.

and heavyweight (HW). This factor is not used in

Table 2.10 for detached single-family residences.

There, an average weight is used to determine the

CLTD given in the table. Multifamily residence

construction, however, varies from lightweight

frame construction in many garden apartments to

heavyweight concrete and masonry in high-rise

residences, necessitating the use of this additional

factor. In both tables, a dark wall color is assumed.

For light colors, the CLTD can be reduced slightly.

Once the CLTD is determined, the wall heat gain

is calculated as



QW=UW A (CLTD) (2.13)

or

QW = A(CLTD) /KW (2.14)

where

Qw is the wall heat gain in Btuh

A 1s the wall area in ft2

CLTD is the cooling load temperature difference

Uw is the wall thermal transmittance in

Btuh/ft2-«F or

Rw is the wall thermal resistance in ft2-«F/Btuh

b. Ceilings and Roofs

This calculation is identical to that for exterior

walls, using Tables 2.10 or 2.11.

Qroof=Ur (A) (CLTD) (2.15)

= A(CLTO) /Rr
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Table 2.10 CLTD Values for Single-Family



Detached Residences a

Design Temperature oF

85 90 95 100

Daily Temp. Range¥* L M L MH L MH M

All walls and doors

North 83 13 8 3 18 13 8 18 13

NE and NW 14 9 19 14 9 24 19 14 24 19

East and West 18 13 23 18 13 28 23 18 28 23

SE and SW 16 11 21 16 11 26 21 16 26 21

South 11 6 16 11 6 21 16 11 21 16

Roofs and ceilings

Attic or flat

built-up 42 37 47 42 37 51 47 42 51 47

Floors and ceilings

Under condi-

tioned space,

over uncondi-

tioned room,

over crawl space 94 12 9 4 14 12 9 14

Partitions

12



Inside or shaded 94 12 9 4 14 12 9 14 12
"Cooling load temperature differences (CLTDs) for single-family de-

tached houses, duplexes, or multifamily, with both east and west exposed

walls or only north and south exposed walls, «F.

bL denotes low daily range, less than 160F; M denotes medium daily

range, 16 to 25«xF; and H denotes high daily range, greater than 250F.

Source. Extracted and reprinted by permission of the Ameri-
can Society of Heating, Refrigerating and Air-Conditioning En-
gineers, Atlanta, Georgia, from the 1993 ASHRAE Handbook-

Fundamentals.

where the U or R factors are the applicable ones
for the specific type of construction, with heat
direction downward.

c. Exposed Floors

Buildings built on columns or with portions of the
building cantilevered over open air have a heat
gain through the underside of the exposed floor.
Since this surface is always shaded, the CLTD is

quite low. (See Tables 2.10 and 2.11.) Use the same



heat gain formula

Qf= U A(CLTD) or A(CLTD)/ (2.16)

where U and R are the floor construction's thermal
transmittance or resistance, respectively

d. Doors

Doors are treated exactly as exterior walls, with

the appropriate U or R factor in Equation 2.12.

Table 2.11 CLTD Values for Multifamily

Rsidences

Design Temperature, o«F

85 90 95 100

Daily Temp. Range¥* LM LMH LMH MH

Walls and doors

Lw 14 11 19 le 12 24 21 17 26 22

N MW 13 10 18 15 11 23 20 16 25
HW 9 6 15 11 7 20 16 12 21 17

LW 23 17 28 22 17 33 27 22 32 26

NE MW 20 15 25 20 16 30 25 21 29 25

HW 16

12 21 17 13 26 22 18 26 22

21



Lw 32

HwWw 23

LW 31

SE

HwWw 21

LW 25

HW 16

LW 39

SW

HwWw 23

LW 44

HW 26

LWw 33

NW

HW 20

27 37 32 27 43 38 32 42 37

MW 30 24 34 29 24 40 34 29 39 33

18 28 23 18 34 29 23 33 28

27 35 31 26 41 37 31 42 37

MW 28 22 32 27 22 37 32 27 37 33

16 26 22 17 32 27 22 31 27

22 29 26 22 35 31 26 36 32

MW 22 18 26 22 18 31 26 22 31 27

11 20 16 12 26 21 17 26 21

36 44 40 35 50 46 40 51 47

MW 33 29 37 34 29 44 40 35 45 40

18 28 24 19 36 31 25 35 30

41 48 45 40 54 51 46 56 52

MW 37 33 41 38 33 46 42 38 48 43

22 31 27 23 37 32 27 37 32

30 37 34 30 43 39 34 44 40

MW 28 25 32 29 24 37 33 29 39 35

16 25 20 16 31 26 21 31 26

Roof and ceiling

Attic

or N,S,W 58 53 65 60 55 70 65

60
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Built-up East 21 18 23 21 18 25 23 21 25 23

Floors and ceiling

Under or over un-

conditioned

space, crawl

space 94 12 9 4 14 12 9 14 12
Partitions
Inside or shaded 94 12 9 4 14 12 9 14 12

"Cooling load temperature differences (CLTDs) for multifamily low-

rise or single-family detached if zoned with separate temperature control

for each zone, «F.

6L denotes low daily range, less than 160F; M denotes medium daily
range, 16 to 250F; and H denotes high daily range, greater than 250F.
Source. Extracted and reprinted by permission of the Ameri-

can Society of Heating, Refrigerating and Air-Conditioning En-
gineers, Atlanta, Georgia, from the 1993 ASHRAE Handbook-

Fundamentals.
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e. Windows and Glass Doors

Tables 2.12 and 2.13 give the glass load factors

(GLF) to be used in calculating the glass heat gain

from the following:

Qgiass = A(GLF) (2.17)

where

Qgiass ES tne glass heat gain in Btuh and

A is the area of the specific glass in ft2.

The variables in Table 2.12 and 2.13 are orientation

of the window or glass door, type of interior shad-

ing, type of glazing and outdoor design tempera-

ture. The GLF includes both solar radiation heat

gain and transmission (conduction/convection)

heat gain.

Shaded glass is treated as north-facing glass.

The shading effect of a simple overhang can be

calculated by using the shade line factor (SLF) given

in Table 2.14. Shading due to other exterior shad-

ing devices must be calculated individually.



f. Infiltration Heat Load

In the previous section we noted that the heat load
of infiltrated air is both sensible and latent. The
sensible heat load can be calculated as

Q=U(CUn) (Af) (2.18)

where

Qin.s is the sensible heat load of infiltrated air,
cfm is the infiltration air flow rate in ft3/min and
is the difference in dry bulb temperatures

between outside and inside

Note that this formula is almost identical to that
of Equation 2.10 except for the factor 1.1 instead of
1.08. The 1.1 factor is correct for cooling calcula-

tions due to the higher specific heat of the more

Table 2.12 Window Glass Load Factors (GLF) for Single-Family Detached

ResidencesO
Heat-Absorbing Double

Regular Single Glass Regular Double Glass

Glass

Design



Temp., «oF 85 90 95 100 85

95 100 85 90 95 100

No inside shading

North 34 36 41 47 30 30 34 37 20 20 23 25

NE and NW 63 65 70 75 55 56 59 62 36 37 39 42

E and W 88 90 95 100 77 78 81 84 51 51 54 56

SE and SW* 79 81 86 91 69 70 73 76 45 46 49 51

South* 53 55 60 65 46 47 50 53 31 31 34 36

Horizontal 156 156 161 166 137 138 140 143 90 91 93 95

Draperies, Venetian blinds, translucent roller shade fully drawn

North 18 19 23 27 16 16 19 22 13 14 16 18

NE and NW 32 33 38 42 29 30 32 35 24 24 27 29

E and W 45 46 50 54 40 41 44 46 33 33 36 38

SEandSW* 40 41 46 49 36 37 39 42 29 30 32 34

South* 27 28 33 37 24 25 28 31 20 21 23 25

Horizontal 78 79 83 86 71 71 74 76 58 59 61 63

Opaque roller shades, fully drawn

North 14 15 20 23 13 14 17 19 12 12 15 17

NE and NW 25 26 31 34 23 24 27 30 21 22 24 26

E and W 34 36 40 44 32 33 36 38 29 30 32 34



SE and SW* 31 32 36 40 29 30 33 35 26 27 29 31
South* 21 22 27 30 20 20 23 26 18 19 21 23
Horizontal 60 61 64 68 57 57 60 62 52 52 55 57

aGlass load factors (GLFs) for single-family detached houses, duplexes, or

multi-family with both east and west exposed walls or

only north and south exposed walls, Btu/h-ft2.

bCorrect by + 30% for latitude of 48« and by - 30% for latitude of 32». Use

linear interpolation for latitude from 40 to 48x» and from

40 to 32w.

Source. Extracted and reprinted by permission of the American Society of

Heating, Refrigerating and Air-Condition-

ing Engineers, Atlanta, Georgia, from the 1993 ASHRAE Handbook-Fundamentals.
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Table 2.13 Window Glass Load Factors (GLF) for Multifamily ResidencesO
Heat-Absorbing

Regular Single Glass Regular Double Glass Double

Glass

Design



Temp., «oF 85 90 95 100 85

95 100 85 90 95 100

No inside shading

North 40 44 49 54 34 36 39 42 23 24 26 29

NE 88 89 91 95 78 79 80 83 52 52 53 55

East 136 137 139 142 120 121 122 125 79 79 81 83

SE 129 130 134 139 109 113 116 119 72 75 77 79

South* 88 91 96 101 76 78 81 84 50 52 54 56

SW 154 159 164 169 134 137 140 143 89 91 93 95

West 174 178 183 188 151 154 157 160 100 102 104 106

Nw 123 127 132 137 107 109 112 115 71 72 75 77

Horizontal 249 252 256 261 218 220 223 226 144 146 148 150

Draperies, Venetian blinds, translucent roller shades, fully drawn

North 21 25 29 33 18 21 23 26 15 17 19 21

NE 43 44 46 50 39 40 41 44 33 33 34 36

East 67 68 70 74 61 62 63 65 50 50 51 54

SE 64 65 69 73 58 59 61 63 48 48 50 52

South* 45 48 52 56 40 42 44 47 33 34 36 39

SW 79 83 87 91 70 72 75 78 57 59 62 64

West 89 92 96 100 79 81 84 86 65 66 69 71

90



NW 63 66 70 74 56 58 61 63 46 48 50 52

Horizontal 126 128 132 135 113 115 117 120 93 94 96 98

Opaque roller shades, fully drawn

North 17 21 25 29 15 17 20 23 14 15 18 20

NE 33 34 35 39 31 32 33 36 29 28 30 32

East 51 52 53 57 48 49 50 53 45 45 46 48

SE 49 50 53 57 46 47 49 52 42 43 45 47

South* 35 38 42 46 32 34 37 40 29 31 33 35

SW 61 65 69 73 57 59 62 65 52 54 56 58

West 68 71 75 80 64 66 68 71 58 60 62 64

NW 49 52 56 60 45 47 50 53 41 43 45 47

Horizontal 97 99 102 106 91 93 95 97 83 85 87 89

aGlass Load factors (GLFs) for multi-family low-rise or single-family detached

if zoned with separate temperature control for each

zone, Btu/h-ft2.

Correct by + 30% for latitude of 48» and by - 30% for latitude of 32». Use

linear interpolation for latitude from 40 to 48» and from

40 to 32w.

Source. Extracted and reprinted by permission of the American Society of

Heating, Refrigerating and Air-Condition-



ing Engineers, Atlanta, Georgia, from the 1993 ASHRAE Handbook-Fundamentals.

humid summer air. Some designers use 1.08 for

both calculations, and others use 1.1 for both. The

difference between the two is less than 2%, which

is within engineering accuracy.

Since the cfm air flow for infiltration is not usu-

ally known, whereas the air changes per hour

(ACH) are known, the formula can be rewritten as

(2.19)

where

V is the room volume in £ft3,

ACH is the air changes per hour and

ffl is the temperature difference, as before.

Note that this formula is essentially identical with

the heating formula, Equation (2.9). The number of

air changes per hour as a function of the outdoor

design temperature is given in Table 2.15. The



latent heat load of infiltrated air will be discussed

later.
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Table 2.14 Shade Line Factors (SLF)

Direction Latitude, Degrees N

Window

Faces 24 32 36 40 44 48

East 0.8 0.8 0.8 0.8 0.8 0.8 0.8

SE 1.8 1.6 1.4 1.3 1.1 1.0 0.9

South 9.2 5.0 3.4 2.6 2.1 1.8 1.5

Sw 1.8 1.6 1.4 1.3 1.1 1.0 0.9

West 0.8 0.8 0.8 0.8 0.8 0.8 0.8

Shadow length below the overhang equals the shade line

52

factor times the overhang width. Values are averages for the 5

hours of greatest solar intensity on August 1.

Source. Reprinted by permission of the American Soci-

ety of Heating, Refrigerating and Air-Conditioning Engi-

neers, Atlanta, Georgia, from the 1993 ASHRAE Hand-



book-Fundamentals.

Table 2.15 Summer Air Change Rates as

Function of Outdoor Design Temperatures

Outdoor Design Temperature, oF

Class 85 90 95 100 105

Tight 0.33 0.34 0.35 0.36 0.37 0.38

Medium 0.46 0.48 0.50 0.52 0.54 0.56

Loose 0.68 0.70 0.72 0.74 0.76 0.78

Values for 7.5 mph wind and indoor temperature of 750F.

Source. Reprinted by permission of the American Soci-

ety of Heating, Refrigerating and Air-Conditioning Engi-

neers, Atlanta, Georgia, from the 1993 ASHRAE Hand-

book-Fundamentals.

g. Building Occupancy Loads

As explained previously, the heat loads due to occu-

pancy consist of lighting, appliances and people.

These loads may have a latent component in addi-

tion to the sensible component. The sensible com-

ponent is calculated by direct conversion of electri-

cal appliance wattage to Btuh (1 w = 3.412 Btuh)

110



and use of 270 Btuh per sedentary occupant. The

heat output of gas appliances such as stoves can

also be converted to Btuh using manufacturer's

data on fuel consumption. The same is true for

oil-burning devices, although these are unusual

in residences.

In the absence of more accurate data, approxi-

mate sensible heat loads of typical residential

pliances can be found in Supplementary Reading,

References 1 and 2. Since the spaces (rooms) in

residences are individually calculated in order

be able to size cooling system terminals, an est

mate must be made of people occupancy in the

ap-

to

i-

various rooms. It is customary to spread the occu-

pancy throughout the house rather than concen-

trate all the occupants into one room. The laten

component of the occupancy load is discussed nex

h. Cooling Load for Latent Heat

The sources of latent heat for which cooling mus

t

t.

t



be provided are occupants (approximately 130

Btuh per sedentary occupant), infiltrated air and
mechanical ventilation air, plus water vapor re-
sulting from such normal residential activities as
cooking, bathing, laundry and cleaning. However,
because of the use of exhaust fans and appliance
vents, most of the actual latent load is due to
infiltration. Experience has shown that the ratio
of total cooling load (sensible plus latent) to the
sensible load rarely exceeds 1.3 and varies with
construction tightness and design humidity ratio.
See Figure 2.15. Construction tightness was dis-
cussed in Section 2.9. Humidity ratio, also known
as specific humidity, was discussed briefly in Sec-
tion 1.5b and is explained in greater detail in the
following psychrometry section. The total cooling
load, for residential buildings only, is the sum of
all the sensible loads (items a-g) times the latent
load factor selected from Figure 2.15.

2.19 Nonresidential Heat



Gain Calculations

As stated at the beginning of Section 2.18, the

theoretical basis of all heat gain calculations is the

same for any type of building. The cooling load

consists of the total sensible and latent heat gain of

the building envelope plus the sensible and latent

heat gain due to occupancy. The ASHRAE calcula-

tion techniques, however, are different for nonresi-

dential calculations in that they are more exact

and more detailed. Thus, for instance, CLTD fac-

tors for walls and roofs as in Table 2.10 are re-

placed by much more detailed data, depending on

the specific type of wall or ceiling construction,

including the surface color. The same is true for

calculation of solar load through glass, occupancy

cooling loads and infiltration cooling load. Further-

more, many of the load calculations are hourly

rather than the daily maximum used in residential

work. Of course, these detailed calculations are not
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Figure 2.15 Latent load factor (LF) as a function of con-
struction tightness and outside air humidity ratio, in res-
idential buildings, with a 2.5% design humidity ratio.

The factor is the ratio of total cooling load to sensible

load, that is,

(Reprinted by permission of the American Society of
Heating, Regrigeration and Air-Conditioning Engineers,
Atlanta, Ga., from the 1993 ASHRAE Handbook-Funda-
mentals. }

required for small, relatively simple nonresidential
buildings. The choice of method and permissible
approximations requires the judgement of an expe-
rienced designer. For our purpose, we will restrict
our study to residential and small commercial
buildings. Large complex structures are beyond

the scope of this text.

2.20 Cooling Load



Calculation Forms

As with heating load calculation forms, so too with
cooling load calculation forms, there are many

types in circulation, each with its own characteris-
tics. The form shown in Figure 2A6(-) is a general
one applicable to both residential and nonresiden-
tial use. Note that there are blanks for wall and
roof color, solar heat gain factor (SHGF), peak load,

date and time, and full latent load. This form is

intended primarily for calculation of the peak load
of a nonresidential building. It can be adapted to a
residential building by using the tables and factors
explained in Section 2.18. Figure 2.16(b) is a some-
what older cooling load calculation form for a
single room of a residential building. The ETD
(equivalent temperature difference) and CLF (cool-
ing load factor) factors in the form have been re-
placed with the more up-to-date CLTD and GLF

factors of Tables 2.10,2.11,2.12 and 2.13. The total



room sensible heat gain (RSHG) can be modified

by the latent load factor (Figure 2.15) as explained
at the end of Section 2.18 to arrive at the total
cooling load.

The form shown in Figure 2.\6(c) is published by

the ACCA [see Figure 2.9 (cJd\ as part of their Manual
J: Load Calculation for Residential Winter and Sum-
mer Air Conditioning. The form is used with tables
of heat transfer multipliers (HTM) for cooling
loads, parts of which are shown in Figure 2A6d and
e. This form calculates each room of the residence
individually, as is necessary. Design conditions and
construction details are filled in at the bottom of
the form. Ignore the numbers filled in on the form;
they are part of an illustrative example in Manual.)
Note that on the form in Figure 2A6(-) the hu-
midity ratio of the outside air is required, and on
the form in Figure 2.16(c) the specific humidity
(grains of water) is required. These numbers and

terms are part of the science of psychrometrics,



which is the study of the characteristics of moist
air. A knowledge of the fundamentals of psychro-
metrics is absolutely essential to the understand-
ing of air conditioning processes, both heating and
cooling. An explanation of the elements of psychro-
metrics is presented next.

Psychrometrics

2.21 The Psychrometric

Chart

The psychrometric chart is simply a graphic repre-

sentation of the seven interrelated characteristics

Figure 2.16 Cooling load (heat gain) calculation forms, (a) From Bradshaw,
Build-

ing Control Systems, 2nd ed., 1993, reprinted by permission of John Wiley &

sons.

(b) From Pita, Air Conditioning Principles and Systems, 1981, reprinted by

permis-

sion of Prentice-Hall, Inc., Upper Saddle River, NJ. (c-e) Reprinted with

permission

from ACCA Manual J.
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COOLING LOAD CALCULATIONS
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Figure 2.16 (Continued)

of moist air, which are, in conventional (English)

units:

(a) Dry bulb (DB) temperature, «F.

(b) Wet bulb (WB) temperature, «F.

(c) Moisture content of air, which is is expressed

in one of two ways:

(1) grains of water per pound of dry air. This is



called specific humidity.

(2) pounds of water per pound of dry air, as a

percentage. This is called humidity ratio.

As a matter of interest, a pound of dry air

can absorb 0.001-0.025 pounds of water

(7-175 grains), depending on the DB tempera-

ture. There are 7005 grains in a pound. One

pound of air occupies about 14 ft3.

o\°

(d) Relative humidity (RH),

(e) Dew point, «F. (The dew point is that tempera-

ture at which the moisture in a given mixture

of dry air and water vapor will condense. As

explained previously, it is called dew point

because this is the process in nature by which

dew is formed.)

(f) Heat content, Btu/lb of dry air. (As mentioned

previously, the total heat content of air is

known as its enthalpy. It consists of the sum of
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HEAT GAIN CALCULATION

DO NOT WRITE IN SHADED BLOCKS

NOTE: USE CALCULATION PROCEDURE D TO CALCULATE THE EQUIPMENT COOLING LOADS

"Answer for "Entire House" may not equal the sum of the room loads if hall or

closet areas are ignored or if heat flows from
one room to another room.

From Tables 4 & ?7?

Const.

ASSUMED DESIGN CONDITIONS AND CONSTRUCTION (Cooling) No. HTM

A. Outside Design Temperature: Dry Bulb 88 Rounded to 90 db 38 grains-
Table 1 ... ... e

B Daily Temperature Range: Medium - Table 1

C. Inside Design Conditions: 75F, 55% RH Design Temperature Difference
e e e e e e e e e e (90-75= 15)

D. Types of Shading: Venetian Blinds on All First Floor Windows-No

Shading, Basement.......... ...

E. Windows: All Clear Double Glass on First Floor-Table 3A



All Clear Single Glass (plus storm) in Basement-Table 3A Use Double Glass

East

........... 70

South

.......... 36

F. Doors: Metal, Urethane Core, No Storm, 0.50

L@ 175 5 N lle

3.5

G. First Floor Walls: Basic Frame Construction with Insulation (R-11) ~
Vz" board-Table 4 ...... ... .. 12d 1.5

Basement Wall: 8" Concrete Block, Above Grade: 3ft (R-5)- Table
A e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 14b 1.6

8" Concrete Block Below Grade: 5 ft (R-5) - Table 4
............................................. 15b O

H. Partition: 8" Concrete Block Furred, with Insulation (R-5), f Tapprox.
O0F-Table 4 ... .. it e e e e e e e 13n O



I. Ceiling: Basic Construction Under Vented Attic with Insulation (R-

19), Dark Roof - Table 4. ... ... ... led 2.1

J. Occupants: 6 (Figured 2 per Bedroom, But Distributed 3 in Living, 3 in
Dining) it e e e e e e e e e e

K Appliances: Add 1200 Btuh to Kitchen

L Ducts: Located in Conditioned Space - Table

=

M. Wood & Carpet Floor Over Unconditioned Basement, f Tapprox. OOF
.......................................... 19 )

N. The Envelope was Evaluated as Having Average tightness - (Refer to the

Construction details at the Bottom of Figure

3-3)

0. Equipment to be Selected From Manufacturers Performance Data.

Figure 2.16 (Continued)
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Table 3C

Glass Heat Transfer Multipliers (Cooling)



External Shade Screen, Shading Coefficient = .25

Clear Glass

Double Pan, Tripla Pan

Single PiM Single Pine Low Coating Double Pane & Low e Coating

Design Temperature Difference 10 15 20 25 30 35 10 15 20 25 30
35 10 15 20 25 30 35

DIRECTION WINDOW FACES NO INTERNAL SHADING

N 23 27 31 35 39 43 19 21 23 25 27 29 17 18 19
20 21 22

N E and NW 31 35 39 43 47 51 26 28 30 32 34 36 24
25 26 27 28 29

E and W 38 42 46 50 54 58 31 33 35 37 39 41 28 29
30 31 32 33
SE and SW 35 39 43 47 51 55 29 31 33 35 37 39 26

27 28 29 30 31

S 27 31 35 39 43 47 23 25 27 29 31 33 20 TT
22 23 24 25

DRAPERIES OR VENETIAN BLINDS

N 14 18 22 26 30 34 12 14 16 18 20 22 10
11 12 13 14 15
NE and NW 19 23 27 31 35 39 16 18 20 22 24 26 14
15 16 17 18 19
E and W 23 27 31 35 39 43 20 22 24 26 28 30 17 16 19

20 21 22



SE and SW 21 25 29 33 37 41 18 20 22 24 26 28
16 17 18 19 20 21

S 17 21 25 29 33 37 14 16 18 20 22 24 12
13 14 15 16 17

HOLLER SHADES - HALF DRAWN

N 17 17 17 17 17 17 16 18 20 22 24 26 14
15 16 17 18 19

N E and NW 23 27 31 35 39 43 22 24 J6 28 30 32 19 20 21
22 23 24

E and W 28 32 36 40 44 48 26 28 30 32 34 36 23 24
25 26 27 28

SE and SW 26 30 34 38 42 46 24 26 28 30 32 34
21 22 23 24 25 26
S 20 24 28 32 36 40 19 21 23 25 27 29 17 18 19
20 21 22

Tinted (Heat Absorbing) Glass
Double Pine Tripla Pine
Single Pine Single P ne t Low e Coiling Double Pine 4 Low e Coiling

Dotign Temperature Dfflerenci 10 [ 15 20 25 30 35 10 15 20 25 30
35 10 15 20 25 30 35

DIRECTION WINDOW FACES NO INTERNAL SHADING

N 16 20 24 28 32 36 12 14 16 18 20 22 9
) 11 12 13 14



NE and NW 22 26 30 34 38 42 16
12 13 14 15 16 17
E and W 26 30 34 38 42 46 20
15 16 17 18 19 20
SE and SW 24 28 32 36 40 44 18
14 15 16 17 18 19
S 19 23 27 31 35 39 14 16
12 13 14 15 16
DRAPERIES OR VENETIAN BLINDS r
N 12 16 20 24 28 32 9 11
7 8 9 10 11
NE and NW 17 21 25 29 33 37 12
9 10 11 12 13
E and W 20 24 28 32 36 40 15
10 11 12 13 14 15
SE and SW 18 22 26 30 34 38 14
10 11 12 13 14
S 14 18 22 26 30 34 11 13
8 9 10 11 12
ROLLER SHADES-HALF DRAWN
N 14 18 22 26 30 34 10 12
8 9 10 11 12
NE and NW 19 23 27 3 35 39 ?4
12 3 14 15
E and W 23 27 31 35 39 43 17
12 13 14 15 16 17

18

22

20

18

13

14

17

16

15

14

&8

19

20 22 24 26
24 26 28 30
22 24 26 28

20 22 24 11
15 17 19 6

16 18 20 22 8
19 21 23 25

18 20 22 24 9

17 19 21 7

6 18 20 7
20 22 24 10 TT
21 23 25 27



SE and SW 21 25 29 33 37 41 15 17 19 21 23

25 11 12 13 14 15 16
17 21 25 29 33 37 12 14 16 18 20
22 9 10 11 12 13 14

Reflective Coated Glass

Double Pine Triple Pane
Single Pine Single Pine * Lew e Coiting Double Pine 4 low e
Coiling
Tudgn Temptfilure Difference" 10 [ 15 [ 20 25 30 35 10 [ 15
20 25 [ 30 [ 35 10 [ 15 zO0 [ 25 [ 30 35
DIRECTION WINDOW FACES ........ NO INTEBNAL SHADING
N J4 Js8 22 26 30 J4 J0 J2 J4 1I6 18 20 6 7 8 9 10
11
NE and NW 19 23 27 31 35 39 14 16 18. 20 22 24
8 9 10 11 12 13
E and W 23 27 31 35 39 43 16 16 20 22 24 26
10 TT 12 €3 14 15
SE and SW 21 25 29 33 37 41 15 17 19 21 23 25
9 10 11 12 13 14
S 17 21 25 29 33 37 12 14 16 18 20 22 7 8
9 10 11 12

DRAPERIES OR VENETIAN BLINDS

N 11 15 19 23 27 "IT 8 10 12 14 16 &8
6 T 8 9 10



NE and NW 15 19 23 27 31 35
8 9 10 11 12
E and W 18 22 26 30 34 38
8 9 10 TT 12 13
SE and SW 17 21 25 29 33 37
8 9 10 TT 12 13
S 13 17 21 25 29 33
8 10
ROLLER SHADES - HALF DRAWN
N 12 16 20 24 28 32
6 78 9 10
NE and NW 17 21 25 29 33 37
789 10 11 12
E and W 20 24 26 32 36 40
10 11 12 13
SE and SW 19 23 27 31 35 39
89 10 11 12 13
S 15 19 23 27 31 35
7 8 9 10 11
(d)
Figure 2.16 (Continued)

11

11 13 15 17 19
14 16 18 20 22
13 15 17 19 21
& 12 €4 16 &8 20
9 11 13 15 17
<2 14 16 18 20 22
15 17 19 21 23 25
14 16 18 20 22
13 15 17 19

21

24

23

19

21

24
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Table 4

Heat Transfer Multipliers (Cooling)

Footnotes to Table 4 are found on page 84.

Figure 2.16 (Continued)
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the sensible heat content of the dry air plus the

latent heat content of the moisture in the air.)

(g) Density of the air, ft3/1lb of dry air.

As we shall see, knowledge of any two of the

seven factors will immediately give us the other

five by inspection of the psy chrome trie chart. (An

exception to this rule occurs with dew point and



moisture content, which are essentially the same

piece of information, as will become clear shortly.)

The chart describes all possible conditions of moist

air. Since the purpose of air conditioning is to

"condition" the air (so that it is comfortable), it

follows that all HVAC processes can be shown on

the psychrometric chart. It is this HVAC process

plotting that makes the chart so useful.

In our discussion we will demonstrate only the

basic processes as they are shown on the chart. Use

of the chart to plot complex processes, select coils

based on sensible heat ratio and perform other

advanced pyschrometric design functions is be-

yond our scope here. However, once the psychro-

metric principles involved are grasped, these ad-

vanced techniques can be learned fairly readily.

2.22 Components of the

Psychrometric Chart

Refer to Figure 2.17. Do not be put off by the

apparent complexity of the chart. Actually, the



chart in Figure 2.17 is a simplified version of the

full chart, which can be found in Figure 2.19. For

our purposes, however, this simplified version con-

tains all the data necessary to learn our way

around the chart.

a. Dry Bulb (DB) Temperature Lines

The vertical lines on the chart represent dry bulb

temperatures. We have drawn a heavy line on 75«F,

DB. This means that every condition of air that has

as one of its characteristics a 75«F DB will fall

somewhere along this line.

b. Specific Humidity Lines

The horizontal lines on the chart represent specific

humidity. We have drawn a heavy line at a specific

humidity of 80 grains (per pound) of air. Notice

that this corresponds to 0.011 Ib of water on the

second vertical scale. That this is correct can easily

be checked:

We stated previously that setting any two of the



seven characteristics of air, establishes the other

five. The intersection point of the 75«F DB line and

the 80 grain specific humidity line fixes the other

aspects of the air. We will call this intersection

point A and so label it on the chart.

c. Wet Bulb (WB) Temperature Lines

The lines that are drawn diagonally from upper

left to lower right at an angle of 30x from the

horizontal are the WB lines. The lines extend be-

tween the curved left edge of the diagram to the

horizontal and vertical axes of the diagram. The

curved left edge is labelled on its extension "satura-

tion 1ine-100% RH," and along its center "wet

bulb temperature, «oF." If we now return to the

intersection of the DB 75«F line and the 80 grain

line, we find that the WB temperature at this point

is 66wF (by visual interpolation). We have drawn in

this line for explanation only.



d. Relative Humidity Lines

These are the curved lines that extend from lower
left to upper right. They are labeled in percent,
from 10 to 100%. The 100% RH is the left boundary
of the chart. Referring again to intersection point
A, we see by wvisual interpolation that it corres-
ponds to an RH of 61%. Here again, we have drawn
in this RH line for explanation only.

e. Enthalpy Lines

The heat content (enthalpy) lines correspond al-
most exactly to the slope of the WB temperature
lines and are, therefore, not drawn in separately.

Their values are shown on the diagonal scale at the

left of the chart. Therefore, by extending the 66«F

DB line to this scale, we find that the enthalpy of
the air corresponding to point A is 30.6 Btu/lb of

air. This value is the sum of the sensible and la-

tent heat in the air whose mixture is indicated by

point A.

f. Density Lines



These lines extend steeply from the upper left to
the lower right and are labelled 12.5-15 ft3/1b of
dry air. We have drawn in the density line of the
alr that we are studying and find it to be 13.7 ft3/1b

of dry air.
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Figure 2.17 Psy chrome trie chart in conventional units. See text for an

explanation of the lines

drawn on the chart. From Bobenhausen, Simplified Design of HVAC Systems, 1994,
reprinted by per-

mission of John Wiley & Sons.)
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g. Dew Point

As we explained previously, the dew point of an air
mixture is reached when its dry bulb temperature

is lowered until the water in the air condenses. At

that point, the air is completely saturated. This, of



course, corresponds to 100% relative humidity

since the air at that point cannot absorb any addi-

tional water. To find the dew point on the chart,

we simply extend the specific humidity line to the

left of point A, until it strikes the 100% RH line.

That is, we graphically take air containing a given

amount of water and cool it (left extension) until

the RH is 100%. At that point the WB temperature

is 61lwF. If we then drop a vertical line to the DB

line, we find that it too is 61lwF. That is, at the dew

point the DB and WB temperatures are equal. A

moment's thought will confirm that this must be

so always. When we measure the WB temperature

of air with a sling psychrometer, it is usually lower

than DB because of the evaporative cooling effect

of the wet sock on the WB thermometer. However,

at 100% RH, no water can evaporate from the wet

sock, and the WB temperature does not drop; that

is, it remains the same as the DB reading. There-

fore, we have established that at the dew point and



the DB and WB temperatures are always equal.

At this point we have shown that knowing two
facts about any air/water vapor mixture deter-
mines all seven characteristics. We began with

DB temperature and specific humidity. From the
intersection of these two lines, we determined WB
temperature, RH, density, enthalpy and dew point.
Notice, however, that the dew point can be deter-
mined by specific humidity alone, because both
are essentially the same fact. Simply extend the
specific humidity line to the left until it strikes

100% RH line to determine the dew point. Thus,

air with 50 grains of water has a 48xF DB/WB dew

point; 100 grains condenses at 67«F DB/WB, 150

grains at 79«F DB/WB and so forth. Therefore,

knowledge of specific humidity and dew point con-

the

stitutes only one piece of information about the air,

and another is needed to establish a particular air

condition. This i1s what we meant when we stated



at the beginning of this section that knowing any

two facts about air establishes all the others, ex-

cept moisture content (specific humidity) and dew

point.

It is very important that you not confuse specific

humidity and relative humidity. Specific humidity

is exactly what it says-a specific amount (weight)

of water per pound of air. For this reason we

strongly advise against using the alternate "humid-

ity ratio" formulation since it can lead to confu-

sion. Specific humidity tells us simply how much

water there is in the air. On the other hand, relative

humidity is a ratio between the amount of water

vapor in the air and the maximum water-carrying

capacity of the air. For this reason, it is expressed

as a percentage. You must understand that for a

given specific humidity, a whole range of RH is

possible, and vice versa. Using our example on the

chart of Figure 2.17, for a specific humidity of 80



grains, relative humidity can vary between 20 and

100% as the DB temperature varies between UQxF

and 6lwF. That is, 80 grains of water per pound of

air represents only 20% of the air's water-carrying

capacity at UOxF DB, and all (100%) of the air's

water earring capacity at 61«F DB,

Example 2.1

(a) At what DB temperature will a specific humid-

ity of 80 grains of water represent 50% RH?

(b) What is the maximum specific humidity and

dew point at that temperature?

Solution:

(a) Follow the 80 grain line on the chart to the

point where it intersects the 50% RH line. At

that point, drop down vertically to the DB scale

and read 81.5«F DB.

(b) If 80 grains is the specific humidity (SH) at

50% RH, then by definition



Graphically, maximum SH occurs at 100% RH.

Therefore, extending the 81.5xF DB line verti-

cally to the saturation line (100% RH), we find,

as we expect, 81.5«F WB. Extending horizon-

tally across, we find 160 grains of water, also

as expected. Of course, since we know that at

the dew point DB = WB, we could have gone

directly to 81.5% WB on the 100% RH satura-

tion line, without going through the additional

step of extending a line vertically from the

DB scale.

As stated, for a given RH, a whole range of

specific humidities is possible. Taking 50% RH as

an example, the SH varies from 207 grains at 110«F

DB down to 10 grains at 25«F DB. The 50% RH
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means that at each DB temperature, the air is

capable of carrying (absorbing) twice the amount

of water, at which point it will be saturated.

Example 2.2

(a) What is the range of specific humidities shown

on the chart of Figure 2.17 for a 40% RH?

(b) What specific humidity corresponds to

a 40% RH at 50xF DB and 90«F DB?

(c) How much water must be removed from a

pound of air at 80% RH and 90«F DB to "condi-

tion" it to 50% RH when it is cooled to 78wF?

Solution:

(a) By inspection, the 40% RH line runs between

165 grains of water at UO«F DB to 6 grains at

20«FDB.

(b) By inspection of the chart,

(1) at 40% RH and 50«F DB, SH

22 grains.

(2) at 40% RH and 90«F DB, SH 86 grains.



(c) By inspection of the chart,

(1) at 80% RH and 90«F DB, SH 176 grains/lb.

(2) at 50% RH and 78«xF DB, SH 72 grains/lb.

Amount of water to be removed is 104 grains/

Ib of air.

A simple and very practical example of the appli-
cation of the psychrometric chart is to find the dew

point of a specific air-water vapor condition.

Example 2.3 Cold water piping at 40«F DB runs

along the ceiling of a restaurant kitchen. During

cooking hours the air in the kitchen reaches 95«F

DB and 70% RH. Does the piping require insula-
tion to keep water from condensing on it and

dripping?

Solution: Refer to Figure 2.1(b). Follow the 95«F

DB line vertically up to 70oF RH and then horizon-

tally across to the 100% RH saturation line. Read

83.40xF WB. If we drop vertically, we will, of



course, also read 83.40«F DB since at the dew point,

WB = DB. Since the pipe wall temperature is only

slightly above 40xF (the metal pipe has wvery little

insulation value), water will certainly condense
on the pipe. The pipe, therefore, requires enough

insulation so that its outside surface is above

83.4xF. The insulation should also have an outside

vapor barrier to prevent condensation inside the
insulation.

2.23 Basic HVAC Processes

on the Pgsychrometric Chart

Now that you understand the data presented in the
pychrometric chart, we can begin to use it to show
basic HVAC processes. There are four fundamental
actions involved in any air-conditioning process:
iSensible heating.

iSensible cooling.

ilatent heating (humidification).



iLatent cooling (dehumidification).

Any HVAC process can be described (and plotted)

as some combination of these four actions, simply
because there are no others. A process is plotted
from one point on the chart representing a specific
condition of air to a second point, representing
another condition of air.

a. Sensible Heating Only

Any horizontal line drawn from left to right repre-
sents a process of sensible heating only. Since the
line is horizontal, the water content (grains) is
constant (i.e., there is no change in latent heat).
Because the line is drawn from a lower to higher

DB temperature (left to right), it must represent a
sensible heating process. Referring to Figure 2.18,
line O-SH represents a sensible heating process. A
closed space containing an electric resistance
heater or a fan coil unit with a hot water coil would
be two examples of a space containing equipment

that produces such an HVAC process.



b. Sensible Cooling Only

It follows from the preceding explanation that a
horizontal line drawn from right to left, such as
line 0-SC on Figure 2.18 would represents a pro-
cess of sensible cooling only. A space containing
an air conditioner with a dry cooling coil would
represent such a sensible cooling process. (A wet
coil dehumidifies also.)

c. Latent Heating Only

This is simply a process of humidification. You
must become accustomed to the fact that the addi-

tion of water vapor to a space simply means that
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Figure 2.18 Psychrometric chart with HVAC processes plotted and analyzed.

Processes in the upper

right quadrant represented by line O-SH + LH indicate sensible heating (SH) and
latent heating (hu-

midification). Lines proceeding down and to the right indicate sensible heating

and latent cooling (de-



humidification). Lines drawn from upper right to lower left indicate sensible

and latent cooling

(SC+ LC). Finally, lines drawn up and left indicate sensible cooling and latent

heating. A summary of

these process lines is shown by the process "star" at the upper left of the

illustration. (The psychromet-

ric chart is from Bobenhausen, Simplified Design of HVAC Systems, 1994,

reprinted by permission of

John Wiley & Sons.)
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latent heat has been added to the space. The

amount of latent heat is the (latent) heat of wvapor-

ization of that quantity of water. In Figure 2.18,

line O-LH is a latent heating line because the

amount of water has changed while the DB temper-

ature remains the same. Any vertical process line

that extends upward such as line O-LH is a latent-

heating-only line. In more conventional language,

such a line represents humidification only. The

change in latent heat can be read off the enthalpy



scale. Remember that

Enthalpy = Sensible heat + Latent heat

Since there is no change in sensible heat, the entire
enthalpy change represents latent heat change. A
humidifier with its own source of heat that intro-
duces water vapor into a space at room tempera-

ture would entail such a process. A steamer-type
humidifier adds sensible heat also. A cold-spray
humidifier removes sensible heat from a space by
evaporative cooling, as will be explained later.

d. Latent Cooling Only

It should be apparent that a process line extending
vertically downward, such as line O-LC represents

a latent cooling process. In other words, such a line
shows dehumidification only; that is, the dry bulb
temperature remains unchanged while the specific
humidity decreases. Dry dehumidifiers and liquid
absorption equipment are representative equip-

ment used in this type of process.

Most HVAC processes, however, are not pure



sensible or pure latent heat actions but rather a

combination of two of the preceding processes.

They are also easily shown on the psychrometric

chart.

e. Heat and Humidify

In more technical terms, this process adds sensible

heat and latent heat (humidification). It is repre-

sented graphically by line O = SH + LH, extending

from the index point O up to the right. You should

understand that any line in the upper right quad-

rant represents heating plus humidification. We

have drawn it at a 45« angle, but it can be at any

angle between 0x and 90«x. The vertical component

of such a sloped line represents added latent heat

(humidification) and the horizontal component

represents added sensible heat. A steamer-type hu-

midifier, as already mentioned, would be one de-

vice that performs this HVAC process. The line for

such a device's HVAC process would be at a steep



angle of 70x to 85» from the horizontal, since most

of its energy is expended in humidification (vertical
component) and only a little incidental energy in
sensible heating (horizontal component). Another
device that provides heating and humidification

is a common residential hot air furnace with a

humidifier. The line for this device would be shal-

low, probably less than 30x. This is because the wvast

majority of its energy is used to provide sensible
heating and only a bit for humidification.

f. Cool and Humidify

Proceeding counterclockwise, line O = SC 4- LH rep-
resents sensible cooling plus latent heating. Again,

any line pointing at an angle upward and left,

between 90x and 180« from the 0»x axis (shown as

the SH line), represents this process. This process
is best illustrated by evaporative cooling devices.
These "desert coolers" take hot dry air and simply

add water by blowing air through a wetting device



of some sort. Water, picked up by the air, wvapor-

izes. In order to do so, it needs to absorb its heat of

vaporization. This it does by absorbing sensible

heat from the air in the air stream and in the room

into which it is pumped. In so doing, it cools the

air. The result is a lower DB temperature (sensible

cooling) and a higher humidity (latent heating), at

a constant WB temperature.

g. Cool and Dehumidify

Continuing around the "star" drawn on Figure 2.18,

we reach the lower left quadrant. Any line drawn

from upper right to lower left represents sensible

and latent cooling (cool and dehumidify). It is

shown on the diagram as line O = LC+ SC. This is

the action of the classic wet coil air conditioner,

which cools by pumping cold air into a space and

dehumidifies by condensing room moisture on a

cold coil.

h. Heat and Dehumidify

The last combination action is represented by lines



extending from upper left to lower right, that is, in

the lower right quadrant. We have drawn on such

a line O = SH+ LC in Figure 2.18. This process,

heating and dehumifiying, is not a common one. It

can be represented by absoption dehumification

equipment.
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Figure 2.19(a)
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Figure 2.19(b).
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2.24 Air Equations for

HVAC Processes

We are now in a position to use the air equations



and a psychrometric chart plot to solve actual

HVAC problems. Remember that we calculated

the sensible heat gain of infiltrated air by using

Equation 2.18 (Section 2.18):

Sensible load= 1.1 (cfm) (Ai) in Btuh (2.18)

Example 2.4 What size electric convector is re-

guired to heat a space from 60«F DB to 80xF DB,

assuming a 1000-cfm blower? Assuming an initial

60% RH, what is the final RH?

Solution: Using Equation 2.18, we have

Sensible load= 1.1 (cfm) ()

= 1.1 (1000) (80-60) = 22,000 Btuh

kw

22.000 BtUhX3 412Btuh = 6.5kw

For a graphic solution, draw the process line on

the accurate psychrometric chart of Figure 2 9(-)

from point A to point B. Since it is purely a sensible

heating process, the line is horizontal, as shown on

the chart. We can read off the chart that the new

RH is 30%. The change in enthalpy is from 21.6



Btu/lb at point A to 26.55 Btu/lb at point B. The

heat load/enthalpy equation is

Heat load = 4.45 (cfm) (f enthalpy, Btuh) (2.20)

Using this formula, we have

Heat load = 4.45 (1000) (26.55-21.6) = 22,000 Btuh

which corresponds to the preceding solution.

Example 2.5 We wish to add a humidifier to the

air stream heated by the convector of Example 2.4

that will raise the relative humidity of the heated

air to 50%. The humidifier should have a built-in

heater just large enough to supply the latent heat

required for the vaporization. The humidifier has a

100-cfm blower. What must be the rating of the

humidifier heating element?

Solution: The chart shows the specific humidity in

pounds of water per pound of air. We need to

convert this to grains. The process is purely latent

heating (humidification) and is shown on the chart

in Figure 2.19(a) as vertical line BC. Point C is at



the desired air condition of 80«F DB and 50% RH.

The SH of point B is

The SH of Doint C is

The formula for latent load is

Latent load = 0.68 (cfm) ( grains) (2.21)

Therefore, the latent load = 0.68 (100) (77.2-

46.2) = 2108Btuh.

1000 w

2108BtuhX34EYBeruh = 618w

The humidifier, therefore, requires a 600-w heater.

Checking this result with the enthalpy equation

(2.20), we have

Heat load = 4.45 (cfm) (Aenthalpy)

= 4.45 (100) (31.3-26.55) = 2113 Btuh

This is well within engineering accuracy and con-

firms the previous calculation.

Note that if the two processes, that is, heating

and humidification, can be combined into a single



process using a heater with a built-in humidifier,

the process would then be plotted from point A at

60«F DB and 60% RH directly to point C at 80«F DB

and 50% RH. This process line could then be bro-

ken down into its sensible component AB and its
latent component BC, with exactly the same results

as calculated previously. You can find detailed
explanations of advanced graphic techniques for
solution of complex HVAC process problems with

the psycrometric chart in the supplementary read-

ing references listed at the end of the chapter. They
are not presented here because they are beyond the

scope of this text.
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Key Terms

Having completed the study of this chapter, you should be familiar with

following key terms. If any

the



appear unfamiliar or not entirely clear, you should review the section in which

these terms appear. All

key terms are listed in the index to assist you in locating the relevant text.

Air changes per hour (ACH)

Air equations

Btuh

Coefficient of thermal transmission (U)

Cooling load temperature difference (CLTD)

Conduction

Convection

Degree days (DD)

Dew point

Effective leakage area

Emittance (e)

Enthalpy

Evaporative cooling

Glass load factor (GLF)

Grains of water

Heat transfer rate (Q, q)

Humidity ratio



Infiltration

Interior temperature swing

Latent cooling

Latent heating

Natural (free) convection

Outside design conditions

Perimeter heat loss factor

Psychrometrics, psychrometric chart

Radiation

Radiation barrier

Radiative heat transfer

Relative humidity

Sensible cooling

Sensible heating

Shade line factor (SLF)

Shading

Shading coefficient (SC)

Sick Building Syndrome (SBS)

Sol-air temperature



Solar heat gain factor (SHGF)

Specific humidity

Temperature gradient

Thermal conductance (C)

Thermal conductivity (k)

Thermal insulation

Thermal lag

Thermal resistance (R)

Thermal resistivity (r)

Supplementary Reading

Stein, B., and Reynolds, J. Mechanical and Electri-

cal Equipment for Building, 8th ed., Wiley, New

York, 1992, Chapter 4.

ASHRAE Handbook-Fundamentals, 1993, Chap-

ters 3, 6, 20, 21, 22, 25, and 27.

McQuiston, F. C., and Parker, J. D. Heating, Venti-

lating and Air Conditioning, 3rd ed., Wiley, New



York, 1988, Chapters 3, 5, 6, 7, 8.

Pita, E.G. Air Conditioning Principles and Systems,

Wiley, New York, 1981, Chapters 3, 6, and 7.

Problems

1. Calculate the hourly heat loss of a small one-

story, slab-on-grade industrial building in Bos-

ton, Massachusetts, with the following condi-

tions:

a. Plan dimensions: 50 x 100 ft

b. Orientation: long dimension facing south

c. Height: 12 ft to the underside of the roof

construction
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d. Walls: use the wall shown in Figure 2.5 (d)

e. Roof: use the roof detail in Figure 2.7 (a),



base case

f. Windows: North wall, 200 ft2, single-

glazed metal frame

South wall, 360 ft2 glass area, single-glazed

metal frame

East and West walls, 120 ft2, double-

glazed, air-filled space, metal frame (use

Table 2.7)

g. Doors: If-in. steel, polyurethane foam core,

no thermal break; total area 260 ft2

h. Edge insulation: R-5.4

i. Infiltration: Assume ACH = 3
j. Outside winter 97.5% design condition: 9«F
DB

Make any assumptions necessary to per-

form the calculations, and justify the as-

sumptions.

2. Recalculate the hourly heat loss of Problem 1

using wall insulation of 6-in. glass fiber instead

of the original 3e in. of insulation. What is the



percentage reduction in overall heating load?

3. Recalculate the hourly heat loss of Problem

1 using

a. reflective air space with e = 0.05 or

b. roof deck insulation as in "new item 7" of

Figure 2.7 (a)

Which method is more effective in winter?

Which method is more effective in

summer?

4. Draw the temperature gradient through the

roof section of Problem 1, in winter, with the

a. Original roof.

b. Reflective air space roof.

c. Insulated roof.

5. Inspect and sketch the heating plant in your

classroom building, dormitory or home. Dis-

cuss the following:

a. Fuel and fuel storage.

b. Provision for combustion air.

c. Flue and chimney.



d. Space required for the plant.

Do not include controls, ducts, piping or

heating elements in the occupied space.

6. Refer to Figure 3.38 for The Basic House plan.
Using the construction data given there plus

the following data, calculate the heat losses for
each room in Btuh. Use the calculation form

shown in Figure 2.9 (b) amended as required to

use the ACH method of air infiltration heat

loss. Assume medium tight construction.

The windows are double hung, wood frame,
with sizes as follows:

Living Room: 2 @ 4 ft x 3 ft

Kitchen: 2 @ 2 ft 6 in. x 2 ft 2 in.
Dining Room: 2 @ 3 ft x 3 ft 6 in.

Bath: 1 @ 1 ft 6 in. x 2 ft 6 in.

BR #1 and BR #2: 2 @ 3 ft x 3 ft in.
There are two doors:

Front: P/4-in. solid, flush, weather stripped,



with storm sash

Back: 13/s-in., hollow core, with glass panes, no
storm sash

Make any necessary assumptions and justify

them briefly. Indicate the source of all data
used.

7. The Basic House is to be constructed in a
cold area of the United States where insulation
standards call for the following insulation
values:

Ceilings below unheated, uninsulated attic: R-
33

Floors over unheated basement or crawl
space: R-22

The windows are double-glazed, with a storm
sash, and the air space between window and
storm sash is 3| in.

Recalculate all the room losses with this
revised data. Again, make all necessary as-

sumptions and indicate the source of any data



used.

8. Calculate the maximum cooling load (heat

gain) of each room of The Basic House plan in

Figure 3.38. Use the following design data:

Outside design temperature (2.5%): 87«xF DB

Orientation: due South

Daily temperature range: medium

Windows: no exterior shading devices; interior

Venetian blinds

Assume four occupants and normal household

activities. Show all calculations. Select any

cooling load calculation form, or make one of

your own. As in all previous calculations, jus-

tify all assumptions, and indicate the source of

all data.

9. Psychrometrics. Use the chart in Figure 2.19.

a. What is the specific humidity, in grains, of

air whose dew point is 65«F?

b. What 1is its ©relative humidity at 65xF?



750F? 85wF?

c. Alr at 85xF DB and 80% RH is cooled and

dehumidified to 75«F DB and 50% RH.
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What is the sensible cooling in Btu/lb?

What is the latent cooling in Btu/lb? What

is the total cooling in Btu/lb?

Show the process line on the psychrometric

chart.

10. Use the data in Table 2.7 for metal frame

windows. Calculate the maximum outdoor

temperature at which condensation will form

on the inside of the windows, if the room air is

held at 75«F DB and 50% RH, for

a. single-glazed.

b. double-glazed, air-filled.

c. triple-glazed, inert gas-filled.



(Hint: Use the technigque shown in Figure 2.6

to calculate the inside glass temperature. The

inside and outside air films are the other ther-

mal resistance components.)

11. Based on the data given in Table 2.7, prepare

two tables-one for wood frame windows and

one for metal frame windows-showing the

maximum indoor humidity for no window

condensation, as a function of outdoor temper-

ature, for

a. single-glazed.

b. double-glazed, air-filled.

c. double-glazed, inert gas-filled.

d. triple-glazed, air-filled.

Use the following outdoor temperatures: 40«F,

30wF, 25wF, 15«wF, 10xF, bwF, QwxF, -5«xF, -10xF,

-20xF. The indoor air is at 75«F DB. The table

format follows:



Maximum RH (%) for No Condensation

Outdoor
Temperature, Window Window Window Window
oF (a)a (b)b (c)c (d)yd

aWindow (a) is single-glazed.

bWindow (b) is double-glazed, air-filled.

cWindow (c) is double-glazed, inert gas-filled.

dWindow (d) is triple-glazed, air-filled.

3. Hydronic

Heating

Active heating and cooling systems for buildings

use either air or water as the heat transfer medium.

Systems that use water are properly referred to as

hydronic systems, and their design is called hydron-

ics. Some HVAC engineers reserve this term for

water-based heating systems only, referring to

them as "hydronic heating systems," while using



the term "chilled-water systems" for water-based

cooling arrangements. In this chapter, we will

study hydronic heating systems intensively. Hy-

dronic cooling systems, which are used only in

commercial buildings, including multiple resi-

dences, will only be touched on in this chapter. A

fuller discussion will be found in Chapter 6.

Careful study of this chapter will enable you to:

1. Identify and understand the functioning of all

components of a hot water (hydronic) heating

system.

2. Understand the different control arrangements

used in hydronic heating systems.

3. Design and lay out single and multiple circuit

series loop hydronic heating systems.

4. Calculate temperatures and water flow in se-

ries system piping loops.

5. Design and lay out single and multiple circuit

one-pipe hydronic heating systems.

6. Select residential baseboard radiation units



based on the system temperatures and heat

losses.

7. Establish heating zones in large residential

and nonresidential buildings.

8. Calculate friction head in all types of heating

system piping arrangements.

9. Select commercial finned-tube radiation units

based on the system factors and space heat

loss.

10. Design a two-pipe reverse return hot water

heating system, including pipe sizing.
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3.1 Hydronic Systems

Water is a very efficient means of transmitting heat

to different areas of a building. Because of its very



high specific heat (1 Btu/lb-«F), a relatively small

flow of water can carry a large amount of heat. For

instance, a flow of only 1 gallon per minute (gpm)

will deliver 500 Btu/hour/«F. This is calculated as

follows:

For a system that operates at a temperature drop

of 20«F between outgoing and return water (a com-

mon design figure), this flow of 1 gpm will deliver

You should remember these two important pieces

of data because they are used repeatedly in the

design of water systems:

1 gpm carries 500 Btuh per «F and

1 gpm will deliver 10,000 Btuh for a 20xF drop in

temperature.
Hot water carries almost 3500 times more heat

than the same volume of air. This gives the hy-



dronic system one of its principal advantages-

compactness. Whereas air systems require large

bulky ducts that have a major architectural im-

pact, hydronic systems use small pipes that can be

run unobtrusively to any part of a building, usually

without causing any space coordination problems.

Furthermore, because the piping in a modern hy-

dronic heating system is a closed loop around

which water is pumped (forced circulation) rather

than a system that relies on gravity as in the

older hydronic systems, the piping can be installed

without a slope. This removes another installation

constraint, making the piping installation very

simple. (Water is drained from the lines by using

small drain fittings at system low points.)

Hydronic heating systems have the additional

advantages of quiet operation, long life, very high

efficiency, low maintenance, ease of zoning and

control, choice of fuel (oil, gas, electricity) and

great flexibility. The disadvantages of hydronic



heating systems are the need for a separate build-

ing ventilation system, the requirement for sepa-

rate humidification devices and the difficulty and

expense of incorporating cooling into the system.

Because most small residential air conditioning

systems in today's construction must provide both

heating and cooling, preference is given to air sys-

tems, since cooling is easily incorporated there.

However, in multiple residences and commercial

buildings hydronic heating/cooling systems are fre-

quently used.

The diagrams of Figure 3.1 show, in a purely

schematic fashion, the equipment arrangement for

an hydronic heating-only system [Figure 3.1fajl, a

system that will provide either heating or cooling

[Figure 3.1( )] and a system that will provide heat-

ing and cooling simultaneously [Figure 3.1fcj], The

system shown in Figure 3.1l(c) is actually two sepa-

rate and distinct systems: a heating system and



a cooling system, operating simultaneously. This

arrangement is also called a four-pipe system for

the obvious reason. Because the large amount of

piping makes this system expensive, a cheaper ver-

sion uses a three-way inlet valve to each fan coil

unit and a single return pipe for all units. The

three-way inlet valve selects either hot or cold

water as needed. The disadvantage of this arrange-

ment is that the single return water pipe mixes hot

water from some terminal units with cold water

from others. This practice wastes a large amount

of energy. For this reason, three-pipe systems have

fallen into disuse despite their lower first cost.

The terminal units in system of Figure 3 (-) are

suitable for heating only. The terminal units of the

systems in Figure 3.1 (b) and (c) are suitable for

either heating or cooling. Fan coil units are shown

because they are the most common dual-use termi-

nal units. (See Figure 3.19.) The remainder of this

chapter will deal with hydronic heating systems



only.

3.2 Components of a

Hydronic Heating System

Although systems vary in design, all hydronic heat-

ing systems contain certain basic elements. These

elements are

(a) A hot water boiler and its controls and safety

devices.

(b) An expansion tank, also referred to as a com-

pression tank.

(c) A water pump, also called a circulator.

(d) Terminal devices that transfer heat from the

circulating water to the various building

spaces.

(e) Piping, including valves and fittings.
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Figure 3.1 Schematic diagrams of typical hydronic

heating loop. Controls are not shown for the sake of clarity,

heating

systems,

(a)

(b)

Series hydronic

Hydronic



and cooling system with single-coil, fan coil units. All units are supplied
either hot

or cold water. Either the hot water boiler or the cold water chiller operates,

not

both, (c) Four-pipe heating/cooling hydronic system. Both the boiler and the
chiller

operate. Each double-coil, four-pipe fan coil unit operates independently to

supply

heating or cooling as required for a specific space.

86

(f) Controls that regulate the operation of the
boiler burner, the system circulators), and any

zone and flow valves.

These items will be discussed individually.

3.3 Hot Water Boilers

Boiler is the term applied to a device that produces
either hot water or steam. By contrast, furnace is

the term normally applied in HVAC work to a

device that heats air. We are restricting our study



to hot water systems because steam is no longer

widely used except in high-rise buildings, and they

are beyond the scope of this book. Therefore, when

we use the term boiler, we are specifically referring

to a hot water boiler. Refer to Figure 3.2, which

shows the principal parts of a typical medium-size

cast-iron boiler, suitable for multiple residences

and commercial buildings. Figure 3.3 shows the

hydronic and electrical controls usually found on

a hydronic heating boiler. Figure 3.4 shows two

common piping arrangements for a boiler with

A. Front-mounted boiler controls

B. Tankless domestic hot water heater

C. Adjustable lock-type damper

D. Steel flue canopy

E. Cost iron vertical flue

F. Wet base

G. Burner mounting plate and observation port

H. Gasi oil-or dual-fuel burner



(a)

Figure 3.2 (a) Cutaway photo of a typical medium-size cast-iron boiler suitable

for

multiple residence or commercial use. Standard equipment not specifically
labeled

includes pressure/temperature safety relief valve(s), pressure and temperature

gauges, burner controls and safety devices. (Photo courtesy of Burnham Corp.)
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Figure 3.2 (b) Cast-iron packaged boiler, fired with light oil. Side panel has

been re-

moved to expose the firebox, the water channels and the tankless domestic hot

water

heater. DOE capacity ratings for this design range from 91 to 250 MBH. All units

are

18 in. wide and 35 in. high. Length varies from 33 in. overall (including the

burner

assembly) for the smallest unit (91 MBH) to 47 in. long for the largest unit
(250

MBH) . Standard working pressure is 30 psi. (Courtesy of Smith Cast Iron

Boilers.)

either vertical or horizontal supply piping and the



location of a tankless coil for domestic hot water.
Boilers are built in accordance with the Boiler
and Pressure Vessel Code, Section IV, published

by the American Society of Mechanical Engineers
(ASME) . The usual hydronic heating boiler is rated
for a 30-psig (pounds per square inch, gauge) work-
ing pressure and a maximum pressure of 160 psig.
(See Section 8.6 for an explanation of static pres-
sure measurement, gauge pressure, and absolute

pressure.) Boilers can produce hot water up to a

temperature of 250«F, although the usual residen-

tial and commercial setting is somewhere between

160xF and 200«xF. The temperature setting depends

on the type of terminal units employed, the length
of the piping circuits and whether the boiler is
used to heat domestic hot water (in which case

the higher temperatures are used). Temperatures

lower than 160xF are employed when boilers sup-

ply floor or ceiling panels in radiant panel system



arrangements. Boilers designed to supply water at

temperatures below 240«F are referred to as low

water temperature (LWT) units.

Boilers, baseboard radiation and finned-tube ra-

diation are tested and rated by The Hydronics

Institute [formerly the Institute of Boiler and Radi-

ation Manufacturers (I = B = R) and the Steel Boiler

Institute (SBI)]. (Radiation is the term employed to

describe the terminal units that perform the actual

space heating, because in early systems these units

were cast-iron radiators.) The Hydronics'Institute,

whose members are manufacturers of these items,

publishes lists of equipment that meet its efficiency

and other operational standards. Such units carry

an I = B = R emblem. A1l I = B = R-rated boilers are

manufactured in accordance with the require-

ments of Section IV of the ASME Boiler and Pres-

sure Vessel Code. This is the universally recognized

code (in the United States) covering the manufac-



ture of heating boilers. Boilers with capacity rat-
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A Compression Tank. Accommodates the expansion of

the water in the system.

B Air Control Fittings. Vent out unwanted air in the

boiler and maintain the level in the compression

tank.

C Pressure Relief Valve. Usually set for 30 psi. Initial cold

pressure about 12 psi. Relieves excessive system

pressure.

D 0il Burner. Responds to aquastat or thermostat.

E Stack Temperature Control. Senses stack temperature

and stops oil injection if ignition has not occurred.

F Drain Valve. At low point in the water system.

G Aguastat. Maintains temperature of boiler water by

starting the o0il burner when temperature of water

drops below the aquastat's setting. Set between 140 and

200xF.



H Remote Switch. At a safe distance from the boiler so

that the plant can be turned off in case of trouble,

without approaching the boiler.

I Electrical Control Center.

J Thermostat. When the room temperature drops below its

setting, it turns on either the burner or the circulating

pump or both, depending on the control arrangement.

K Electrical Power Source. Operates from an individual

circuit at the electric panel.

L Hot Water Supply. Copper tubing to convectors or

baseboards (radiation) .

M Hot Water Return. Copper tubing from convectors or

baseboards.

N Draft Adjuster. Regulates the draft (combustion air)

over the flame.

0 House Cold Water Main. (Make-up water line) from

which water is fed automatically into boiler..

= Flow Control Valves. Prevent casual flow of water by

gravity when the circulator is not running.



Q Temperature /Pressure Gauge. Indicates water

temperature and pressure. Sometimes supplemented

by immersion thermometers in supply and return

mains.

R Pressure Reducing Valve. Admits water into the

system when the pressure there drops below about 12

psi. Has a built-in check valve to prevent backflow of

boiler water into the water main.

S Shutoff Valves. Normally open. Can be closed to

isolate the system and permit servicing of components.

T Circulator. Centrifugal circulating pump that moves

the water through the tubing and heating elements.

Figure 3.3 Isometric schematic of a typical oil-fired boiler, showing the usual

electri-

cal and hydronic controls and indicating devices.
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Boiler with Vertical Supply Tapping



A Supply pipe

B Return pipe

C Pump. Location may be either in a

horizontal or vertical position, depending

on instructions supplied with unit

C' Pump, alternate location

D Air cushion tank

E Altitude gage

F Safety relief wvalve

G Overflow from safety relief wvalve

H Make-up water line (house cold water

supply line). Always install between pump

and air cushion tank

H' Make-up water line, alternate location

I Globe valve

J Drain cock

K Vertical supply tapping

L Boiler return tapping



M Dip tube

N Purge valve (optional)

O Direction of flow water

P Pressure reducing valve and check wvalve

R Yoke return into both return tappings, if

recommended by manufacturer

Figure 3.4 Schematic piping for boilers with (a) vertical supply tapping (b) and

hori-

zontal supply tapping. Typical valving and the location of a tankless coil for

domes -

tic hot water is shown in (c). (Courtesy of The Hydronics Institute.)
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Boiler with Horizontal Supply Tapping

A Supply pipe



B Return pipe

C Pump. Location may be either in a

horizontal or vertical position, depending

on instructions supplied with unit

C' Pump, alternate location

D Air cushion tank

E Altitude gage

F Safety relief wvalve

G Overflow from safety relief valve

H Make-up water line (house cold water

supply line). Always install between pump

and air cushion tank

H Make-up water line, alternate location

I Globe valve

J Drain cock

K Horizontal supply tapping

L Boiler return tapping

M Direction of flow of water

N Purge valve (optional)



O Pressure reducing valve and check valve
P Yoke return into both return tappings, if

recommended by manufacturer

Figure 3.4 (Continued)
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Figure 3.4 (Continued)

ings of up to 300,000 Btuh (usually written 300

MBH) are referred to as residential boilers. Boilers
with higher ratings are known as commercial boil-
ers. I = B = R standards now include the require-
ments of the U.S. Department of Energy (DOE) and

the National Appliance Energy Conservation Act
(NAECA) of 1987.

When selecting a boiler for a particular installa-



tion, the designer frequently applies a safety factor

to the maximum calculated heating load, de-

pending on the type of building. Commercial build-

ings, which cool down on weekends and holidays

when not in use, require a quick heat pickup. To

provide this rapid pickup, their boilers are over-

sized up to 25%. On the other hand, residential

units operate continuously during the heating sea-

son (even with night setback) and, therefore, re-

quire minimum oversizing, if any at all. ASHRAE

Code 90.1/1989, Energy Efficient Design of New

Buildings Except Low Rise Residential Buildings,

calls for a maximum of 25% system oversizing in

the interest of energy conservation. Boilers are

most efficient when operated at or near their full

rating.

All residential boilers and commercial boilers up

to about 2000 MBH (2,000,000 Btuh) are made of

cast iron. Cast iron is highly corrosion-resistant,



making such boilers relatively maintenance-free

and giving their users long years of service. Cast-

iron boilers are also highly efficient, easy to cast

and relatively simple to field assemble where nec-

essary. Larger commercial boilers are made of

steel. Residential boilers and small commercial

units are usually supplied as preassembled pack-

age units that include the boiler body, burner with

controls and safety devices, circulating pump, wir-

ing, operating controls and safety devices.

In recent years, small, wall-mounted, gas-fired

package boilers intended for individual apart-

ments have been manufactured. These units enable

apartment occupants to control their own heating

rather than rely on a central heating system. Fur-

ther, these units eliminate any need for heat-use

billing, which has become common recently. The
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units have sealed combustion chambers and are
vented directly through an outside wall. They also
draw combustion air through the outside wall on
which they are mounted.

3.4 Definitions and Basic

Equipment Functions

Because many of the items that appear in Figures
3.3 and 3.4 and in subsequent figures may not be
familiar to you, the following list of terms is pro-
vided for easy reference. Major items of equipment
are discussed in individual sections and are so
indicated in the list.

Air Cushion Tank See Expansion Tank, Section

Air Vent A device intended to release air from
the closed hydronic heating system. The devices,
which may be manual or automatic, are placed

at high points in the system where air accumu-
lates and on terminal units. See Figure 3.5.

Altitude Gage See Pressure Gage.



Balancing Valve See Valves.

Baseboard See Terminal Units, Section 3.7.

Branch Piping The piping that connects a termi-

nal unit into a hot water circulation loop. The
pipe feeding the terminal unit is called the supply
branch, and the pipe returning water to the main
loop is called the return branch. (See Figures
3.24, 3.25, and 3.43.)

Circuit Also called loop. A water circuit is a com-
plete, closed piping loop originating at the boiler
and returning to the boiler. Hot water heating
systems can be single circuit or multiple circuit.
See Section 3.8 and Figure 3.23.

Circulator See Pump.

Compression Tank See Expansion Tank, Section

Convector See Terminal Units, Section 3.7.

Diaphragm Tank See Expansion Tank, Section

Dip Tube A piping arrangement or special fitting



at the boiler that acts to release air accumulation

in a closed, forced hot water heating system. The

fitting shown in Figure 3.6 discharges air that

rises into the top of the boiler through its side

connection, into the expansion tank located

above the boiler. The lower tube of the fitting is

an extension of the vertical water supply, inside

the boiler.

Drain Valve Valves installed at the base of the

boiler and at low points of the piping circuits,

for the purpose of draining the entire system.

Expansion Tank Also referred to as the air cush-

ion tank, the compression tank and the dia-

phragm tank. Its purpose is to absorb the addi-

tional water volume in the closed system, due to

water heating. This item is discussed separately

in Section 3.5.

Finned-Tube Radiation See Terminal Units, Sec-

tion 3.7.



Flow Control Valve See Valves.

Heat Distribution Units See Terminal Units, Sec-

tion 3.7.

Main, Main Pipe A single pipe coming from the

boiler that supplies all branch piping and multi-

ple circuits. Also, the pipe that carries return

water to the boiler from all the branches and

separate piping circuits. (See Figure 3.27.)

Make-up Water Pipe The connection to the

boiler that is used for filling the system and add-

ing water as it becomes necessary. (See Figure

3.4 for location.)

Mono-Flow Fitting See One-Pipe System.

Multiple Circuit System A hot water heating (or

cooling) system comprising more than one pip-

ing loop. (See Figures 3.23 and 3.27.)

One-Pipe System A system of piping in which the

terminal units are connected to a single closed

pipe loop with water diverter fittings, also

called MONO-FLO fittings. (See Section 3.8.)



Pressure Gage Also known as an altitude gage,

this meter indicates the boiler water pressure.
Calibration is usually in psi and/or feet of water.
Occasionally the meter is a combination type,
including a boiler water thermometer. Most of-

ten the temperature gage is a separate in-
strument.

Pressure Reducing Valve See Valves.

Safety Valve See Valves.

Pump Also known as a circulator. (See Section

Purge Valve See Valves.

Radiation, Radiator See Terminal Units.
Return Branch See Branch Piping.

Supply Branch See Branch Piping.

Terminal Units The devices that deliver heat
into the building spaces by radiation and con-
vection. Typical terminal units include base-
boards, finned-pipe radiation, cast-iron radia-

tors, radiant panels, unit heaters, con vectors



and fan coil units. (See Section 3.7.)

Valves

a. Balancing Valves

Valves used in multiple loop (circuit) systems to

control the amount of hot water in each circuit.
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Figure 3.5 (a)Air vents should be installed at high points of a hydronic
heating sys-

tem, as shown schematically. They are typically placed at heaters, baseboards

and

con vectors and at the high point of the return piping, (b) Section through a
float-

type air vent. The valve assembly automatically varies the vent opening (port)

in ac-

cordance with the amount of air to be vented, (c) A typical float vent is 3-4

in. high

and about 2 in. in diameter, (a) Air is removed from the water in a hydronic

system

by using an air purger in the water line and a float vent. The purger separates
the

air from the circulating water, and the air vent releases it to the atmosphere,

(e) Typ-



ical air purger for a 1 Va-in. pipe measures 8 in. long by 5 in. high and 3 1/2

in. deep.

(Photos and drawing courtesy of Amtrol.)
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Figure 3.6 Boiler air control fitting or "dip-tube." (See
Figure 3.3, item Bl.) Air collecting at the top of the
boiler rises into the compression tank through the side
connection of this fitting. See Figure 3.10 (b) for piping

connections. (Courtesy of ITT Fluid Handling Sales.)

These valves are usually placed in the return pip-
ing of each loop. They serve to balance the heat
distribution of the entire system. Additional wvalves
can be placed in the return lines of terminal units,
branches, risers and headers. Each valve is pro-
vided with a metering connection to permit accu-
rate flow measurement during system operation.
Valves are sized for flow rather than pipe size.

b. Flow Control Valve



A check wvalve that prevents reverse flow due to
gravity, when the pump is not operating. Used

in systems containing indirect water heaters and
frequently in zoned systems. Installed in the supply

piping. See Figure 3.7.

Figure 3.7 Flow control valve. (See Figure 3.3, item P.)
Usually placed near the boiler on both the supply and

the return mains. The valve opens when the circulator
(pump) 1s activated and closes when the circulator

stops, to prevent gravity flow. (Courtesy of the ITT Fluid

Handling Sales.)

c. Pressure-Reducing Valve

A valve installed in the make-up water line, for the
purpose of reducing the pressure of the city water
supply to that of the boiler. The wvalve pressure
setting is field adjustable. (See Figure 8.26, page.
449.)

d. Purge Valve



A valve installed in piping between the pressure-
reducing valve on the make-up water line and the
drain valve. Its purpose is to purge the system of
trapped air by forcing water through the system at
high velocity.

e. Safety Valve

A pressure relief valve that operates when boiler
pressure exceeds the preset operating pressure. It
will reset automatically when boiler pressure falls
below the valve setting. The valve outlet is piped
to a drain so that hot water (and steam) released
when the valve opens will not cause injury or
damage. (See Figure 8.25, page 448.) Some safety
valves are combined high pressure, high tempera-
ture valves and will open when subjected to exces-

sive pressure or excessive temperature.
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f. Zone Control Valve



A thermostatic valve that controls the flow of hot
water in a single zone of a multizone heating sys-
tem. See Figure 3.8.

3.5 Expansion Tank

The expansion tank is a closed vessel normally
located just above the boiler. See Figures 3.3 and
3.4. Its purpose is to compensate for the increase in
volume of the water in the closed hydronic system,

when the water is heated. Water volume increases

Figure 3.8 Cutaway view of a typical motor-operated

zone control valve. The valve motor is actuated by the
zone thermostat, and it acts either to admit or cut off
hot water to the zone piping circuit. The wvalve contains
auxiliary contacts that can be used for burner control.
The valve assembly is small enough to fit inside the end
space of a normal baseboard heater. (Courtesy of Ed-

wards Engineering.)

approximately 1% for every 40 Fo of temperature



increase. If a hydronic heating system were not

provided with some means of absorbing this

expansion in volume, it would simply leak at some

point in the piping due to the high pressure caused

by the volume increase. The traditional approach

to this problem was to install a tank (as in Figures

3.3 and 3.4) in such a fashion that when the system

is initially filled, air is trapped in the upper portion

of this tank. Then, when the heated water expands,

the air cushion in the tank simply compresses, thus

allowing space for the water to expand. This action

gave rise to the various names-expansion tank,

air cushion tank and compression tank.

The tank is designed and sized to absorb the full

water volume expansion over the entire range of

boiler operating temperatures, without the pres-

sure relief valve operating. A typical tank of this

design is shown in Figure 3.9. The water level in

the tank can be controlled by using a tank air-

control fitting, as illustrated in Figure 3.10. This



arrangement, however, has a disadvantage. The

direct contact between hot water and pressured air

in the tank can cause air to be entrained in the

water. This in turn can cause air blockages in

the piping, accelerated pipe and fitting corrosion,

noisy water flow and even total water logging of

the tank. Trapped air is released by installing man-

ual or automatic air vents at all high points in the

piping system and at all terminal units. The latter

are particularly susceptible to trapped air, which

can considerably reduce their effectiveness. (Figure

3.5 illustrates air vents.)

To avoid the problem of air/water contact in the

expansion tank, modern systems use a diaphragm

tank. See Figure 3.11. These tanks have a flexible

inert diaphragm that physically separates the air

Figure 3.9 Typical expansion tank. Bottom tappings

are for connection to the boiler. See Figure 3.10 (c¢) for

piping connections to air vent/air passage fitting and to



the boiler. The tappings on the end of the tank are in-

tended for gauge glasses. (Courtesy of ITT Fluid han-

dling Sales.)

Figure 3.10 Air control fitting (a) is installed in the bottom of the expansion
tank (b).

By venting air through the vent wvalve at the bottom, the water level in the tank

can

be controlled, (c) Piping of the tank, tank air fitting and boiler air fitting
(Figure 3.6).

(Courtesy of ITT Fluid Handling Sales.)
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Figure 3.11 (a) Diaphragm tank mounted directly on the main piping of a small

hy-

dronic heating system. Trapped air is separated by the purger and expelled to

atmo-

sphere by the automatic air vent. (Courtesy of Amtrol.) (b) The combination of

air



purger, air vent and diaphragm tank is mounted directly on the main supply

piping,

immediately above the boiler. (Courtesy of The Hydronics Institute.)
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in the top of the tank from the water in the bottom.
As shown in Figure 3.11, diaphragm tanks for small
hydronic heating systems, such as in one-family
residences, are frequently installed directly in the
piping, in conjunction with an air purger and an
automatic air vent. The purger extracts and iso-
lates any air trapped in the water, which is then
vented to the atmosphere by the air vent devices.
Air venting is a continuing process since air is
always entering the system via make-up water,

which contains dissolved air. Air also enters during
maintenance and repair procedures.

Expansion tanks are frequently furnished as part

of the overall boiler package and are, therefore,

sized by the supplier. In small systems, the tank



size is based on the system Btuh capacity and to a

lesser extent on the piping arrangement. A good

rule of thumb for tanks calls for 1 gal of capacity

per 5000 Btuh of system capacity. In large systems,

the tank size depends on the volume of water in the

system, system temperature and system pressure.

These parameters are not the responsibility of a

technologist. Since the expansion tank effectively

determines the system operating pressure, only one

tank may be used in any system.

3.6 Circulator

At this point, we strongly advise that you study

Sections 8.5-8.8 and Sections 9.5 and 9.6 or, hav-

ing already studied them, review the material.

These sections deal with basic hydraulics, static

and friction head and the use of friction head

charts. A thorough understanding of these subjects

is necessary to understand the material that

follows.

A circulator is simply a small pump whose pur-



pose is to circulate the water in the hydronic heat-
ing system. Refer to Figure 3.12( , which shows a
sample pump curve. This curve is typical of small
centrifugal pumps, which are the type normally

used as circulators. The curve shows that the pump
can 1lift 20 gpm to a height of 10.5 ft. That is, the
pump has a capacity of 20 gpm at 10.5 ft of head.
The curve also shows that the same pump can 1lift

10 gpm to 16 ft above the pump inlet. Put another
way, 1t can pump 10 gpm while overcoming 16 ft

of head. At O gpm, it can lift water 17.5 ft. This
simply means that the impeller of the pump (see
Figure 3.13) will churn away inside its casing to
sustain a column of water 17.5 ft high. Therefore,
if this pump were connected to a vertical pipe 20 ft

high (and open at the top), it would run continu-

ously, raising the water to 17.5 ft inside the pipe,
but no higher. (This assumes zero suction head.) In

such a case, the pump is operating only against



static head, with no friction, because there is no
flow.

In an open system, such as the one illustrated in
Figure 3.12(b), the pump operates against static

head and friction. The static head is the vertical
lift, and the friction is the resistance of the piping
to the water flow. In the diagram of Figure 3.12(b),
the pump delivers 10 gpm against a total head of

16 ft; this total head can be any combination of 1lift
and friction that totals 16 ft of water head.

Modern hydronic heating systems are closed, as
compared, for instance, to domestic water systems,
which are open to the atmosphere. In a closed

system, there is no static head for the pump to
overcome since the weight of water in riser piping

is exactly counterbalanced by an equal weight of
water in the return piping. The circulator, there-
fore, must overcome only the friction head in the
piping, which rarely exceeds 15 ft of head, and is

most often about one half that figure. See Figure



3.12(c) and (d). Hydronic heating systems are com-

monly designed for friction heads between 3 and

15 ft. The circulator is, therefore, usually driven

by a small, fractional-horsepower electric motor.

Figure 3.13 illustrates a typical hydronic system

circulator.

Circulator pumps are normally low head, low

flow units; they are low head, as explained pre-

viously, because of the absence of static head, and

low flow, as was explained in Section 3.1, because

of the high heat-carrying capacity of water. They

either are installed in-line when the water flow

from pump inlet to outlet is in the same direction

or are base mounted where a right angle change in

water direction from inlet to outlet is desired. Most

circulators are installed in-line. The circulator can

be installed either in the main supply line, outgo-

ing from the boiler (item T, Figure 3.3), or in the

main return line coming back to the boiler [item C,

Figures 3.4 (a,b)]. In systems with high head (10 ft



or more), it is normal practice to place the pump

so that it pumps away from the expansion tank

and boiler.

Figure 3.14 (a) shows a typical graphical design

solution. The pump curve is obtained from manu-

facturer's literature and is selected to supply the

head and flow design requirements. The system

design curve is simply a plot of system friction

versus flow. Once the piping system has been laid

out, lengths are measured on the drawings, losses

in fittings are either estimated or calculated (d
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Figure 3.12 (a) Typical performance curve of a centrifugal pump. This is the

type

used as a circulator in hydronic heating systems, (b) When the pump is used in

an

open system, the total developed head is the sum of the static (lifting) head
and the

friction head caused by flow in a pipe. In the illustration, the pump will

deliver 10



gpm at a static head plus friction head of 16 ft of water, (c¢) In a closed

system, the

pump has to overcome only friction head because the water being lifted in the

riser

leg is exactly counterbalanced by the weight of water in the return leg.

Therefore,
the pump in a one-story system (c-1) does exactly the same amount of work as the

pump in a two-story system (c-2) provided the piping is the same length. In both

sys-

tems, the pump has to overcome only the friction head (pipe friction) in the

system

to circulate the water. No lifting (static head) is involved because both

systems are

completely closed.

pending on the accuracy required) and total system
friction is calculated for different flow rates, using
pipe friction charts of the type shown in Figures

3.34 and 9.6. The system design curve is then

drawn. The point A where it intersects the pump

curve will be the operating point. This point must
correspond to the head and flow requirements.

Note that the system design curve starts at zero



head for zero flow. This shows that the system is

closed and has no static head. In an open system,

the pump must develop the full head before any

flow begins. In open systems, the design curve

begins somewhere along the vertical axis, at a head
corresponding to the system's static head.

The lower system curve, labelled "installed sys-
tem, " represents the actual field condition more
closely because it shows lower friction head. In
design calculation, most designers are generous

with friction calculations for fittings. Actual fric-

tion is often much lower. The result will be a lower
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Figure 3.13 Typical circulating pump for a small hot water heating system.

Motors
are usually fractional horsepower. The sectional view shows the pumping action.

Water is drawn in through the upper opening and flows through the pump body to



the receiving opening of the centrifugal impeller element. Fast rotation throws
the

water into the volute under pressure and from there it goes to the lower

opening.

(See Figure 3.3, item T.) Flow may be horizontal or vertical. (Courtesy of ITT
Fluid

Handling Sales.)

operating point corresponding to higher flow at

lower (friction) head. Typical actual pump curves

are shown in Figure 3.14 (b).

3.7 Terminal Units

The term terminal units is normally used to de-

scribe the various devices that deliver heat into the

spaces in which they are placed. They are referred

to as terminal units since they are the final stage,

or terminal, of the hydronic heating system. The

term used in the past was radiation. It described

the most common (and unsightly) terminal unit of

steam heating systems-the ribbed cast-iron radia-

tor. (See Figure 3.21.) Although cast-iron radiators



are still in use in both steam and hydronic heating

systems, they have largely been replaced in new

construction hydronic systems by finned-tube radi-

ation and convectors of various designs. In any

case, the term radiation is misleading since most of

the heat from these units, at least in hydronic

systems, is from convection and not radiation.
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Figure 3.14 (a) Graph of typical circulator (pump)

curve superimposed on a system design curve. The point

of intersection A is the system operating point. Since the

installed system friction head is generally less than the

design-calculated head, the actual system operating

point will be at B.

The terminal units used in modern hydronic

heating systems are

iBaseboard radiation.



iFinned tube (commercial) radiation.

iCon vectors.

iUnit heaters.

iUnit ventilators.

iFan coil units.

iRadiant panels.

iCast-iron radiators.

iSteel panel radiators.

a. Baseboard Radiation

These units, illustrated in Figure 3.15, are the most
common terminal units in use today in hydronic
heating systems. They are called baseboards be-

cause they are installed at the base of a wall, in the
same position that a baseboard molding is placed.

A typical baseboard unit consists of a , or

Figure 3.14 (b) Typical performance curves for curculat-
ing pumps commonly used in hydronic heating systems.
The sizes marked on each curve represent the pipe size

that the circulator is constructed to accommodate.



Figure 3.15 Cutaway of typical residential-type base-

board terminal unit for hot water heating systems. The

illustrated unit is 8Vs in. tall and 2 in. deep overall.

is mounted at floor level for maximum effectiveness.

Output varies from a minimum of 450 Btuh/ft for a flow

of 1 gpm of 160xF water, to a maximum of 820 Btuh/ft

for a flow of 4 gpm of 210xF water, for -in. tubing.

(Courtesy of Edwards Engineering.)
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1-in. copper tube on which are mounted sqguare
aluminum or copper fins. This finned-tube assem-

bly is then installed in a metal enclosure designed
to encourage the establishment of a convective air
current over the finned pipe. Hot water passing
through the copper pipe heats the pipe and, in turn,
the fins. Cool air enters the baseboard enclosure at

the bottom (floor level), is heated as it passes over

It



the hot finned pipe assembly and exits the top of
the enclosure. The heated air then rises into the
room, is cooled by the room heat loss, drops to the
floor and reenters the baseboard to be reheated,
thus completing the heating cycle in the room.

This room air circulation pattern is similar to that
shown in Figure 1.6.

Residential baseboard (and commercial finned-

tube radiation) rated by the Hydronics Institute
carries an I = B = R emblem. These ratings are
based on the active length of baseboard, that is,
the length of finned pipe rather than the total
baseboard length. The latter includes space at both
ends for valves and piping connections. Ratings of
baseboards are based on a flow of 1 gpm (500 Ib/h).
Many manufacturers also publish a heat rating for

a flow of 4 gpm (2000 Ib of water/h). As can be
seen from Table 3.1, the heat output of a typical
baseboard increases only slightly with this in-

creased flow. This is because heat output is deter-



Table 3.1 Typical I = B = R Output Ratings for

Residential Baseboard Radiation, Btuh/ft

Water Flow

Water
Temperature, 1 gpm 4 gpm
oF oC (SO01blhr) (2000 lbihr)

160 71 450 480

170 77 520 550

180 82 580 610

185 85 610 640

190 88 650 690

195 91 680 720

200 93 710 750

210 99 780 820

220 104 840 890

Notes:

1. Figures are for 3/4-in. copper pipe, unpainted aluminum fins
23/8-in. square, 55 per foot.

2. Ratings include 15% increase due to low level installation,



as approved by I = B = R.

Source. Ratings extracted, with permission, from pub-

lished literature of Edwards Engineering Corp., Model

B-34B.

mined by the temperature of the finned pipe and

the quantity of air passing through the unit. Nei-

ther of these is appreciably affected by the quantity

of water flow through the unit above the 1 gpm

minimum. I = B = R ratings begin at a water tem-

perature of 150«wF (65x«C) and increase to 220«xF

(104xC) . For water temperatures lower than 150«F,

output reduction factors are listed in Table 3.2.

b. Finned-Tube (Commercial)

Radiation

This terminal unit is essentially the same item

as the residential baseboard unit described and

illustrated in the preceding section, except for con-

struction details. Finned-tube commercial units

can use multiple finned tubes in a single enclosure,



either side by side (not more than two) or in verti-
cal tiers (not more than three). See Figure 3.16. The
units can be placed at the base of a wall or in a
trench or mounted on a wall as desired and re-
guired architecturally. Like baseboard radiation,
commercial finned-tube radiation is rated by the
Hydronics Institute and given an I = B = R heat
output rating. The basis of the rating is, however,
quite different than residential baseboard ratings.
Important aspects of commercial finned-tube

I =B =R ratings follow.

1. The heat output rating in Btuh/ft is based on hot

water flowing through the tube at 3 fps (ft per

Table 3.2 Output Derating Factors
for Baseboard Radiation Operated
at Low Water TemperaturesO

Water

Temperature

Copper-Aluminum



oF oC Construction

150 66 1.0

140 60 0.85

130 54 0.69

120 49 0.55

110 43 0.41

100 38 0.28

90 32 0.17

"For 1 gpm flow and 65«F (18.3»C) ambient

air temperature.

Source. Reproduced, with permission,

from I = B = R Ratings of The Hydronics

Institute.

103

second), at 215«F (102«C). Multiplying factors for

temperatures other than 215«xF are given in Ta-

ble 3.3; multiplying factors for water velocities



other than 3 fps are given in Table 3.4.

Note from Table 3.4 that heat output drops

only 10% at 25% water flow rate. This corres-

ponds to what we saw in Table 3.1 for heat

output of residential baseboard, for flows of 1

and 4 gpm. The conclusion is clearly that heat

output of finned-tube-type radiation is almost

independent of water flow. This is a particularly

useful characteristic of these terminal units be-

cause actual water flow is often quite different

from the design figure due to inaccurate as-

sumptions in the design process.

Table 3.3 Correction Factors for
Commercial Finned-Tube

Radiation Operating at

Temperatures Other Than 215«F

(102=C)

Average

Radiator



Temperature

oF ooC

100

110

120

130

140

150

155

160

165

170

175

180

185

190

195

200

205

210

38

43

49

54

60

66

68

71

74

77

79

82

85

88

91

93

96

99

.15

.21

.26

.33

.40

.45

.49

.53

.57

.61

.65

.69

.73

.78

.82

.86

.91

.95

Factor



215 102 1.00

220 104 1.05

225 107 1.09

230 110 1.14

235 113 1.20

240 116 1.25

Source. Extracted, with permission,

from I = B = R Ratings of The Hydron-

ics Institute.

Table 3.4 Derating

Factors for Commercial

Finned-Tube Radiation

Operating at Water Flow

Rates Below 3 fps

Flow Rate Factor

3.0 1.00

2.75 0.996

2.5 0.992

2.25 0.988



2.0 0.984

1.75 0.979

1.5 0.973

1.25 0.966

1.0 0.957

0.75 0.946

0.5 0.931

0.25 0.905

Source. Extracted, with per-

mission, from I = B = R Rat-

ings of The Hydronics In-

stitute.

2. The height above floor level at which the radia-

tion is installed is important since it seriously

affects the convective air flow through the enclo-

sure. I = B = R output ratings are based on the

manufacturers recommended installed height

(also referred to as mounting height). Installa-

tion at other than the recommended height re-

guires adjusting the rated heat output by the



factors in Table 3.5 as follows:

Installed heat rating = (I = B = R rating)

Installed height factor

Recommended height factor

3. Commercial finned tubing may be 3/4, 1 or I1A

in. Output ratings wvary only slightly with the

different pipe sizes.

An example will demonstrate the use of Tables

3.3-3.5.

Example 3.1 A commercial finned-tube heater is

rated at 1320 Btuh/ft, with a recommended in-

stalled height of 16 in. The unit is actually installed

at 26 in. Water flow is 2 fps, and water temperature

is 180xF. Determine the actual heat rating.

Solution: From Table 3.3 we obtain a temperature

factor of 0.69. From Table 3.4 we obtain a flow
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Figure 3.16 Finned-type radiation. Units can be installed adjacent to glass

walls (a),

recessed into the floor at a glass wall (b) or installed in single tier (c) or

double tier

(d) at the base of a wall. Commercial units are available in a wide variety of

architec-

tural enclosures including top outlet enclosures e-1, e-2), front outlet

enclosures (f-1,

f-2), low enclosures (c, h), and single- and double-slope enclosures (g-1, g-2).

(Draw-

ings from Architectural Graphic Standards, 8th ed., 1988. Reprinted by

permission of

John Wiley & Sons., Photos e-2, f-2, and h courtesy of Dunham-Bush, Inc. Photo
g-1

courtesy of Slant Fin Corporation.)
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Figure 3.16 (Continued)
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Table 3.5 Corrections Factors for Commercial



Finned-Tube Radiation Installed at Other Than

Recommended Installed Height

Installed

Height, in. Factor

36 Or more 1.00

34 1.01

32 1.02

30 1.03

29 1.04

28 1.05

27 1.06

26 1.07

25 1.08

24 1.09

23 1.10

22 1.11

21 1.12

20 1.13

19 1.14

18 or less 1.15



Note:

Factor for actual installed height

New rating = IBR rating X

Factor tor recommended installed height

Source. Extracted, with permission, from I = B = R rat-

ings of The Hydronics Institute.

factor of 0.984. From Table 3.5 we obtain a height

factor ratio of 1.07/1.15. Combining all these fac-

tors, we have

1.07

New rating = 1320 x 0.69 x 0.984 x =

- 834Btuh/ft

Note that the most important derating factor is

that of water temperature. Table 3.6 gives ratings

for typical commercial finned-pipe radiation.

c. Convectors

These units, which are also called cabinet heaters,

consist of one or more vertical tiers of finned-tube

radiation. See Figure 3.17. They differ from the

commercial finned-tube radiation described in the



preceding section only in that convectors have
larger capacity. Convectors are normally floor
mounted and are either fully exposed, semi-re-
cessed or fully recessed. Units installed on outside
walls should have rear insulation to prevent a
large heat loss through the wall. This is especially

important for recessed units since the R value of

Table 3.6 Typical I = B = R Heat Output
Ratings for Commercial Finned-Tube
Radiation

Enclosure Recommended

Height, Installed Rating,
in. Height, in. Btuhlft

9 9Vie 1380

12 125 1650

18 18 1880

24 24 1950

Notes:

1. Pipe is 3/4-in. copper tube.



2. Fins are 23/8-in. square aluminum, 0.010 in. thick,

mounted 55 per foot of pipe.

3. Each unit contains two finned-pipe elements, side

by side.

Source. Extracted, with permission, from data

of Edwards Engineering Corp.

the wall is usually reduced by the recess for the

convector. Heat output ratings are given in manu-

facturers' literature for individual convector de-

signs.

d. Unit Heaters

All the previously discussed radiation depend on

natural convection for their proper operation. For

this reason, mounting according to the manufac-

turer's recommendation is very important. Indeed,

improper mounting height can reduce the natural

convective airflow severely and, as a result, reduce

the heat output by as much as 50%. A unit heater

does not have this limitation because it contains a

propeller fan or blower, which draws air from



outside the unit and blows it over the heating

element. The heated air then exits the unit at fairly

high velocity to warm the adjacent space. Because

a unit heater does not depend on natural convec-

tive currents, it can be mounted anywhere in a

space. When mounted at floor level, it is frequently

referred to as a cabinet heater. When mounted at

ceiling level, it is often called a space heater. The

heating element in unit heaters is either finned-

tube or a hot water heating coil. Unit heaters are

most often used in large spaces and where ambient

air currents are fairly strong so that natural con-

vection cannot be relied upon. Among such areas

are storage areas, corridors and vestibules. See

Figure 3.18.
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Figure 3.17 Convectors (cabinet heaters). These units

use one to three tiers of finned-tube radiation in re-



cessed (a), semi-recessed, or completely exposed (b) en-

closures. Units can be floor mount (c, d) or pedestal (e)

and can use a forced draft fan (¢, d) or natural convec-

tion (e). Cabinets can be sloped (d) or flat (¢, e). (Draw-

ings from Architectural Graphic Standards, 8th ed., 1988,

reprinted by permission of John Wiley & Sons. Photos

courtesy of Dunham-Bush Ltd.)
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Figure 3.18 (a) Unit heaters can be mounted anywhere since they do not depend on

heat-driven convective air currents. Instead they use a blower as shown to force

air

over the hot water (or steam) coils or finned-tube radiation, (b) Propeller fan

unit

heaters are usually known as space heaters. Units are of horizontal blow design
(i11-

lustrated) or similar vertical (blow down) type (c-1). Piping is shown

pictorially (c-2)

and schematically (c-3). Because of noise, application is limited to industrial

spaces.

(Photos c¢-1 and illustration c-2 courtesy of Dunham-Bush Ltd
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Figure 3.18 (Continued)

e. Unit Ventilators

Unit ventilators are similar to unit heaters except

that they can also provide fresh air via ducted

connection to the outside of the building. The units

generally have large capacities, using blowers

rather than the propeller fans found in some unit

heaters. Heating is provided, as with unit heaters

and space heaters, by blowing room air, or a mix-

ture of room air and outside air, over a hot water

coil. (Large capacity units also use steam as the

heating medium.)

f. Fan Coil Units

See Figure 3.19. As is shown in Figure 3.1, fan coil

units are used to provide heating, cooling or both,

depending upon piping connections and controls.

Essentially, a fan coil unit is a cabinet containing



hydronic coil assembly and a motor-driven blower.

Hot and/or cold water from a central source is

piped to the unit. Control of the blower is often

given to the user in residences and office buildings.

In public spaces and other areas where there is no

fixed occupancy or where it is not desirable that

the blower speed be altered, user controls are omit-

ted. Fan coil units normally do not provide humidi-

fication. Dehumidification is provided automati-

cally by cooling room air below its dew point as it

passes over the cooling coil. (Note the condensate

drain pan and drain line in Figure 3.19.) Recircu-

lated room air is filtered as it passes through the

return air filter at the base of a typical unit.

If it is desired to provide fresh air through a fan

coil unit, it must be mounted on an outside wall

and provided with a manually operated damper or

the through-the-wall connection. Because control

of this damper can be difficult and because of the



problems of noise and dirt entering through this

outside air connection, particular care must be

taken in the design and control of fresh air connec-

tions. Single-coil fan coil units provide either heat-

ing or cooling, depending on the season of the year.

This can be problematic in large buildings (where

fan coil unit use is very common) in "swing" sea-

sons such as spring and fall. Then, parts of the

building may require heating while other parts

require cooling. To solve this problem, dual coil

units are used in high-quality construction, and the

central plant supplies both hot and cold water to

each unit. Local controls then operate the unit's

valves, to permit circulation of hot or cold water,

as required. Single-coil units may be thermostati-

cally controlled, or, in cheaper installations, the

degree of heating or cooling is regulated manually

by user control of the blower speed. Where this is
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Figure 3.19 A standard fan coil unit contains one or two hydronic coil

assemblies, a

multispeed blower and various controls, enclosed in a metal cabinet.

Recirculated

room air is taken in at the bottom of the unit through a filter, forced over the

hy-

dronic coil by the blower and expelled at the top. Humidification is not

provided. (Il-

lustration from Architectural Graphic Standards, 8th ed., 1988, reprinted by

permis-

sion of John Wiley & Sons.)

not desirable, the blower speed is set by the build-

ing's maintenance personnel and is not changed.

In buildings where dual-coil fan coil units are not

used, an electric heating coil is sometimes pro-

vided to furnish a limited amount of heating to

spaces requiring it, when chilled water is circu-

lated.

g. Radiant Panels

As explained in Section 1.8, a person can be quite

comfortable thermally, even at low air tempera-



tures, if the mean radiant temperature (MRT) is

sufficiently high. This fact is applied in spaces that

use radiant heating panels. In hydronic systems,

the only room surfaces that can be used for radiant

panel piping are the floor and ceiling, with the

ceiling taking preference because people frequently

put (insulating) rugs and carpets on the floor. The

principal reason that radiant heating is not often

used is economic; it is simply too expensive to

design and install in small installations. However,

in large tract housing, where hundreds of identical

units are constructed, radiant floor panels can

prove economical both in first cost and operating

costs. The mass of concrete in which the coils are

buried has the great advantage of thermal mass,

which acts to even out temperature changes and

keep a space uniformly heated and comfortable. An

often stated disadvantage of radiant heat is that

there is a considerable time lag, because of this



mass, between turning on the heat and feeling its

effect. In commercial buildings that are shut down

evenings and weekends, this is true; in residences

that are continuously heated, this thermal lag

characteristic is a definite advantage as explained

previously. Heating units with fans or blowers that

operate by heating the air in a space such as those

discussed previously (fan coil units, unit heaters),

have very little carry-over, since the specific heat

of air is negligible and the hot water in the unit

will cool very rapidly. As a result, in such spaces,

chill is felt almost immediately when the units are

shut off. The same is true of hot air heating sys-

tems, as will be discussed later. Cast-iron radia-

tion, which is described later, has some carry-over

due to the mass of the radiator and the relatively

large quantity of hot water that it contains.

Radiant panel heating has the additional advan-

tage of operating at a low water temperature; usu-

ally about 120xF (49«C) for floor panels and 140«F



(60oC) for ceiling panels. An uncarpeted floor op-

erating with 3/4-in. tubing on 12-in. centers, car-

rying 120«F water, will deliver about 50 Btuh/ft2 of
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floor. When covered with carpets and rugs, this
figure is reduced considerably. A panel-type radi-

ant ceiling with 3/s-in. tubing on 6-in. centers car-

rying 140«F water will deliver about 60 Btuh/ft2.

Radiant floors induce convective air currents in the
room because of the natural tendency of heated air

to rise. This adds to the comfort of the occupants.
In radiant ceiling installations, a blanket of heated
air forms at the ceiling and remains there since it
cannot rise. This leads to a condition of stagnant
air in a closed room, which can become uncomfort-
able. Further, in such rooms, there is a consider-

able vertical temperature gradient between the



cold floor and the warm ceiling, which can also
cause discomfort to occupants.

As stated previously, hydronic radiant heating is
expensive to use because of the large amount of

piping and valving involved. In recent years, plas-

tic pipe capable of continuously carrying 120«F

(490C) water has become readily available. As a

result radiant floor heating is being increasingly

used because of its inherent advantages. Typical

construction details of hydronic radiant floor in-
stallations are shown in Figure 3.20.

h. Cast-iron Radiators

The classic rib-type cast-iron radiator was origi-
nally developed for use in steam systems and later
adapted to hydronic hot water systems. Typical
units are shown in Figure 3.21. Each unit is con-
nected to a supply and return branch and is nor-
mally equipped with an air vent, either manual or

automatic. Hot water passing through the unit



heats the cast-iron ribs, which then heats the room
by a combination of radiation and convection. The
thermal mass of the radiator itself plus the con-
tained water cause a thermal lag that acts to
smooth out rapid temperature variations.

Cast-iron radiators are rated in square feet

steam. The rating does not indicate the surface

area of the radiator. It is based on a radiation rate

of 240 Btuh/ft2 of surface, using steam at 215«F

(102«C) as the heat transfer medium. Cast-iron ra-

Figure 3.20 (a) (Partial) floor plan of floor slab piping of a radiant floor

hydronic

heating system. Shaded areas indicate exterior walls and interior partitions.

The cir-
cled letters indicate connections between individual piping loops and the supply

and return mains. (Drawing courtesy of The Hydronics Institute.)
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Piping for Radiant Floor Panel System

A Supply pipe

B Return pipe

C Pump

D Air cushion tank

E Altitude gage

F Safety relief valve

G Overflow from safety relief valve

H Make-up water line. Always install between
pump and air cushion tank

I Globe valve

J Pressure reducing valve and check valve

K Purge valve

L. Drain cock

M Automatic air vents

N Pitch upward in direction of arrow

O Direction of flow water

P Radiator vent wvalves



R Balancing valves

S Return from coils

T Supply to coils

Figure 3.20 (b) Schematic of piping at the boiler supplying the radiant floor

system.

Balancing valves in the three main return pipes and in each of the individual

loop re-

turns (see Figure 3.20 c¢) permit accurate balancing of water flow in each loop

and in

mains. Balancing is performed after the installation is complete. (Drawing

courtesy

of The Hydronics Institute.)
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Figure 3.20 (c¢) Multiple-loop radiant floor hydronic installations require an

installa-

tion and access point for the loop-balancing valves. A floor box is frequently

in-

stalled in a closet, as in this installation. (Drawing courtesy of The Hydronics

In-

stitute.)



HOT WATER HEATING COILS IN FLOOR SLAB ON GRADE

Plastic, ferrous, or nonferrous heating pipes are used in
floor slabs that rest on grade. It is recommended that
perimeter insulation be used to reduce thermal losses at
the edges. Coils should be embedded completely in

the concrete slab and should not rest on an interface.
Supports used to position the coils while pouring the
slab should be nonabsorbent and inorganic. A layer of
waterproofing should be placed above grade to protect

insulation and piping.

Figure 3.20 (a) Typical detail showing the method of

hot water coil installation in the floor slab; in this case,
on grade. Pipe lateral spacing depends on the total

length of pipe required to supply the heat loss for a par-
ticular space. (Drawing from Architectural Graphic Stan-
dards, 8th ed., 1988, reprinted by permission of John Wi-

ley & Sons.)



diators used in hydronic systems have lower heat

emission rates in proportion to the system supply

water temperature. Table 3.7 lists the heat emis-

sion rates for various water temperatures, per

square foot (of radiator rating). An example should

make this clear.

Example 3.2 A particular cast-iron radiator has a

5-ft2 rating. What is its Btuh-rated emission when

supplied with 180xF water?

Solution: From Table 3.7, the heat emission of

cast-iron radiation using 180«F water is 170 Btuh/

ft2. Therefore,

Heat rating = 5(170) = 850 Btuh

Figure 3.2Ib illustrates a baseboard type of cast-

iron radiation. This type uses a finned tube, which

was described previously, mounted in a heavy cast-

iron enclosure. The unit combines the thermal

mass advantage of cast-iron radiation, with the

architecturally pleasing shape. The extended



shape, assists in providing uniform room heating.

i. Steel Panel Radiators

The unsightliness of the classic ribbed radiator and
the physical hazard to children posed by the sharp
edge of the fins (Figure 3.21) were two of the factors

that led to the development of flat steel radiators.
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Figure 3.21 Cast-iron radiation, (a) Column-type ribbed radiator. Radiators are

con-
nected to the hot water piping via supply and return branches, through shutoff

valves. Valves permit removal of an individual radiator without extended

shutdown

of the entire system, (b) Baseboard-type cast-iron radiation. (Reproduced from
Archi-

tectural Graphic Standards, 8th ed., 1988, reprinted by permission of John Wiley
&

Sons.)

Several designs are illustrated in Figure 3.22. The

principle of operation is essentially the same as



described for finned-tube radiation and cast iron

radiation. The units have smaller thermal mass

than cast iron radiation.

3.8 Piping Arrangements

As was pointed out in the beginning of this chapter,

the components of a hydronic heating system are a

boiler, a circulator, an expansion tank, terminal

units and various valves, meters and protective

devices, plus the piping that connects all the com-

ponent parts. In the preceding sections, we dis-

cussed the major components in some detail. At

this point, we will examine the piping arrange-

ments by which the terminal units are supplied

with hot water. After that, we will discuss the

remaining item of importance in hydronic heating

systems, that of system controls.

Four common piping arrangements are used to

connect terminal units in hydronic heating sys-

tems. They are
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Table 3.7 Heat Emission Rates for

Cast-iron Radiators

Design or

Average Water

Temperature

Heat Emission Rates,

wF oC Btuh/ft2

170 77 150

175 79 160

180 82 170

185 85 180

190 88 190

195 91 200

200 93 210

205 96 220

210 99 230

215 102 240



Source. Reprinted with the permission of

The Hydronics Institute.

iSeries loop system.

iOne-pipe system.

iTwo-pipe direct-return system.

iTwo-pipe reverse-return system.

(Note that we are not including radiant floor and

ceiling systems, because in these systems each pip-

ing loop is itself a terminal unit, since it provides

the heating. It is, therefore, not appropriate to

discuss the piping system that supplies the termi-

nal units. Radiant panels are essentially piped as

multiple zones and subzones of a one-pipe system.)

a. Series Loop System

This system is often also referred to (incorrectly) as

a perimeter system, because most small one-story

perimeter-heated structures use this piping ar-

rangement. In point of fact, a perimeter system sim-



ply means a heating system in which the heating
units (terminal units) are installed around the pe-
rimeter of the building or space. Such perimeter
units can be piped in any one of the four methods
mentioned previously.

A series loop system is one in which the terminal
units are piped in series, with the output of the first
unit directly connected to the input of the second
unit, and so on, exactly as devices are connected in
a series electrical circuit. Figure 3.23(a) shows se-
ries loop piping schematically, and Figure 3.23 (b)
shows the same series system in isometric projec-
tion. Figure 3.23(c) shows the equivalent electrical
circuit. The advantage of the series system is its
simplicity and economy. Only a single pipe is used

to connect the terminal units. When they are ar-
ranged in a perimeter loop around the building, a
minimum of piping and fittings is required. The

system also requires a minimum of labor and is,



Figure 3.22 Steel panel radiators. The "ribs" of these units are flat steel

tubes of rect-

angular cross section, arranged either vertically or horizontally. Suply and

return

headers are connected at the top and bottom or at the sides, respectively. (From
Ar-

chitectural Graphic Standards, 8th ed., 1988, reprinted by permission of John
Wiley

& Sons.)
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Figure 3.23 (a) Single-loop series piping system. All the

terminal units are connected in one continuous loop.

This arrangement is sometimes referred to as a perime-

ter system. All auxiliary devices are omitted for clarity.

Figure 3.23 (b) Isometric view of a single-loop series

piping system. (From Architectural Graphic Standards

8th ed., 1988, reprinted by permission of John Wiley &

Sons.)



Figure 3.23 (c¢) A series electrical circuit is the electrical

analog of a series piping system.

Figure 3.23 (d) Schematic of a double-loop series piping

system. The balancing valves, normally placed in the re-

turn piping, as shown, control the division of hot water

between the two loops.

Figure 3.23 (e) The electrical equivalent of a two-loop

series piping system is a series parallel circuit. The two

load sections are in parallel, and the combination is in

series with the voltage source. There is no simple electri-

cal analogy to the balancing valves of the piping system

shown in Figure 3.23 (d).
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therefore, the most economical installation overall.

The principal disadvantage of the system is that

water temperature keeps dropping as we proceed



around the loop, so that the unit nearest the boiler

gets the hottest water and the last unit gets the

coldest. This is usually not a major problem if the

overall system temperature drop is limited to 20«F

or less. Some designers size the radiation for each

space based on the average temperature of the

system. Others calculate the temperature drop in

each terminal unit and size radiation based on the

actual water temperature at each unit. Since there

is no way to control the amount of water flow in

each unit, the only possibility for heat control at

each unit is mechanical. For baseboards, this

means use of the mechanical damper. (See Figure

3.15.)

A second disadvantage of a series loop is that any

problem with any terminal unit requires that the

entire system be shut down, since all the hot water

flows through each unit. Even repairing or replac-

ing a terminal unit means a shutdown at least long

enough to replace the defective unit with a bypass,



and a second shutdown to install a new or re-

paired unit.

In large buildings where the large temperature

difference between the first and last terminal units

would cause design problems, a dual-circuit (loop)

system can be used. This arrangement is shown in

Figure 3.23(d), and its electrical equivalent is

shown in Figure 3.23(e). The flow into each loop is

controlled by a balancing valve. With this system

the temperature drop around each of the two loops

can be reduced, so that radiation design and bal-

ancing is simplified. Do not confuse multiple cir-

cuit systems with multiple zone systems. Multiple

circuit systems have only a single control arrange-

ment that affects all the loops equally. In multiple

zone systems (see Section 3.8.e), each zone has its

own control arrangements and acts independently

of the other =zones.

b. One-Pipe System

This piping system, which is shown schematically



in Figure 3.24(a), in isometric in Figure 3.24 (b) and

in a typical application in Figure 3.24(c), uses a

single-pipe loop (hence the system name) to which

each terminal unit is connected with a supply

branch and a return branch. Water is diverted from

the main loop pipe into the individual terminal

units by use of special diverter tees. These are

usually placed in the return branch but may also

be placed in the supply branch, or both, according

to manufacturers' recommendations and ac-

cording to whether the terminal unit is physically

above or below the main pipe. See Figures 3.25 and

3.26. These tees are frequently called monoflow

fittings after the trade name of one of the major

manufacturers of these fittings. The one-pipe sys-

tem overcomes the disadvantage of the series loop

in that, by wvalving both branch lines, individual

terminal units can be throttled and shut off, and

even removed from the circuit, without disrupting



operation of the entire system.

The major disadvantage of the one-pipe system

is that, like the series loop, each convector causes a

temperature drop in the circuit. This drop is not as

large as in a series circuit because the cooler water

returning to the loop pipe mixes with hotter circu-

lating water. Still, the terminal units closest to the

boiler receive the hottest water. Another disadvan-

tage of this system is the increased system friction

caused by the diverter tees. Despite these disadvan-

tages, the one-pipe system is very widely used

because of its economy, simplicity and reliability.

Large one-pipe systems can use multiple loops, as

already shown with series circuits, or multiple

zones as will be discussed later. Note the use of a

flow control valve in Figure 3.27. This special check

valve is normally placed in the supply main to

prevent reverse flow of water by gravity when the

pump is not running. It is required when the boiler

is physically below the terminal heating units or



when using an indirect domestic hot water heater

(that requires an external heat exchanger).

c. Two-Pipe Direct-Return System

This system, illustrated in Figure 3.28, uses sepa-

rate pipes for the supply and return mains, with

each terminal unit connected to both pipes. Use of

two pipes solves the problem of water temperature

variation at the various heating units because the

cooler return water is separately piped. However,

as you can readily see in Figure 3.28, unit 1 is much

closer to the boiler than unit 5. This means that the

pipe friction to unit 1 is much lower than that to

unit 5. It will, therefore, take a larger flow of water.

This, in effect, "short-circuits" unit 5 and the other

units as well. The same is true for each unit with

respect to the units following it. Attempts to bal-

ance the flow by installing orifice plates with re-

stricted openings at each unit have been only par-

tially successful. Because of the difficulty in

balancing flow to the heating units in this piping



system, it is not commonly used.

Figure 3.24 (a) Schematic diagram of a one-pipe system. In general, the special

ven-

turi tee fittings that divert water from the main pipe to the terminal unit are

placed

in the return branch.

One Pipe Forced Hot Water Heating System-Single Circuit

A Supply pipe

B Return pipe

C Supply branches

D Return branches

E If one pipe fitting is designed for supply

connection to heat distributing units,

install here

F If one pipe fitting is designed for return

connection from heat distributing units,

install here



G Air vent on each unit

H Flow control wvalve required if an indirect
water heater is used and optional if an
indirect water heater is not used

I Direction of flow of water

J Not less than 6 inches

Figure 3.24 (b) Isometric drawing of a three-level, single-circuit, one-pipe

hydronic

heating system. Con vector A, situated below the main pipe, should use special
di-

verter tees at both connections to the main pipe. Con vectors B-E will use only

a sin-

gle special tee. Convectors F and G at the upper level may require special tees

in

both branches. See Figure 3.26. See text for an explanation of the function of a
flow

control valve. (Courtesy of The Hydronics Institute.)
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LEGEND

a. Boiler

b. Expansion tank

c. Circulator (pump)

d. One-pipe main

el. Supply branch (runout)

e2> Return branch

f. Valve

g. Air vent

h. Terminal (heating) unit

i. Diverter tee

Figure 3.24 (c) One-pipe system as applied to a small single-floor residence.

Diverter tees are placed in the return branches only.

Figure 3.25 Details of the special venturi tee fittings used in one-pipe

systems, (a)

The fitting is usually placed in the return branch from the terminal unit, which

can

be any of the types discussed in Section 3.7. (b) Section through the tee

indicates its



venturi action. The tee induces flow through the terminal unit by retarding the
flow

in the main. This forces water into the supply branch and produces a low

pressure
area behind the tee in the main that draws water back through the return branch

and into the main, (c) Photo of a typical one-pipe diverter tee. These tees are

known

as monoflow units, after the trade name of the unit shown. (Photo courtesy of
ITT,

Bell & Gossett.)
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Figure 3.26 Application of special venturi tees in one-
pipe systems, (a) The usual arrangement uses a common
tee in the supply branch to the terminal unit and a ven-
turi tee (monoflow tee) in the return branch, (b) Termi-
nal units requiring greater upfeed flow than is obtained
with a single diverter tee in the return branch can use
an additional special tee in the supply branch. Note that
the supply and return branch tees are different in their

internal construction, (c) Downfeed connections to ter-



minal heating units below the main pipe often use spe-

cial tees in both branches.

d. Two-Pipe Reverse-Return System

To overcome the balancing problem of the direct-
return system, a reverse-return arrangement is

used, as illustrated in Figure 3.29. In this system,
the unit nearest the boiler is connected to the
shortest supply pipe but the longest return pipe.
Similarly, the farthest unit is connected to the
longest supply main but the shortest return main.

In this fashion all the terminal units have equal
length piping circuits, and the flow is automati-
cally equalized to each unit. The price that is paid
for this automatic balancing is the cost of the
additional piping. As with other systems, single or
multiple loops can be used, depending on the size
of the installation. Because of the relatively high
piping cost of this arrangement, most residential

installations use the one-pipe system, either single-



or multicircuit and single- or multizone.

e. zoning

As we already noted, it is important that you un-
derstand the difference between a multiple zone
system and a multiple circuit system. The essential
difference is one of controls. A multiple circuit
(loop) system is a single system with a single set of
controls. It is split into two or more circuits for
technical reasons, such as avoiding excessively
long piping runs or limiting pipe sizes, and for
economic considerations. Multiple zones are really
separate systems with separate controls, equip-
ment and fonctions, all obtaining hot water from a
single boiler. As described previously, the type of
piping system used is independent of the zoning.
Therefore, a heating system can be a multizone
one-pipe system [Figure 3.3Q(a)], a multizone, two-
pipe reverse-return system [Figure 3.30( J], a

multizone, multicircuit series, one-pipe system



[Figure 3.30(cjl, or any other combination that
suits the technical requirements of the building
being heated.

Multiple zones are used in large buildings, in-
cluding residences, that have defined areas with
different heating requirements. In a residence, for
instance, one zone could include sleeping accom-
modations; a second zone, the living area; a third
zone, the basement and garage; and a fourth zone,
the recreation room and shop. In larger buildings,
zoning can be set up for different orientations and
interior/exterior areas or by space usage. Two basic
zoning systems are in common use. One uses a

single pump for the entire system plus zone control
valves that control the water flow in each zone.
The second arrangement uses a separate circulator
for each zone. In both cases each zone is individu-
ally controlled by its own thermostat and other
control devices, independently of the other zones.

The choice of systems and zoning are tasks not



usually assigned to a technologist, although he or

she must understand how such systems operate.

3.9 Hydronic Heating

System Control

The type of control system used to govern the

operation of a residential hydronic heating system

depends on a number of factors. These include

whether or not the heating system also supplies

domestic hot water and, if so, how; the type of

terminal units used; whether the heating system is

multizoned; whether radiant panels are used; and

what outside design temperature is used. As must
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Figure 3.27 Three-level, two-circuit (double-loop), one-pipe hot water heating

sys-

tem. Note that terminal units below the main pipe have special tees in both

branch

pipes, as shown in Figure 3.26. All the other units use only a single venturi

tee in the



return. Balancing valves are required in the loop returns to divide the water
flow

properly between the two piping circuits. (From McGuinnes and Stein, Mechanical

and Electrical Equipment for Buildings, 6 ed., 1979, reprinted by permission of
John

Wiley & Sons.)

Figure 3.28 Schematic (a) and isometric (b) drawings of a two-pipe direct return

sys-

tem. Because of unequal piping circuit lengths to each heating unit, this system

re-

qguires the use of flow-balancing devices (orifice plates) at each unit. This

difficulty in
flow regulation makes the system undesirable for most applications. (Drawing (b)

from Architectural Graphic Standards, 1988, 8th ed., reprinted by permission of
John

Wiley & Sons.)
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Figure 3.29 Two-pipe, reverse-return piping system, (a-1) Drawing shows the

physi-

cal arrangement of the equipment as a perimeter heating system, (a-2) Drawing



shows the same piping schematically, demonstrating clearly that the reverse-

return

pipe results in equal piping circuit lengths to each of the five terminal units.

Figure 3.29 (b) Isometric drawing of a two-pipe, re-

verse-return piping system. This system results in auto-

matic flow balance to each terminal unit but uses more

piping than any of the previously described systems.

(From Architectural Graphic Standards, 8th ed., 1988, re-

printed by permission of John Wiley & Sons.)

be obvious, the decision is not a simple one, and it

is, therefore, the responsibility of the system de-

signer or engineer. We will describe a few of the

principal systems in use, so that the technologist

can become familiar with the different types and

their principal characteristics.

a. Thermostat/Aquastat Control

This is the basic control system, and it is shown

schematically in Figure 3.31Cad. The room (house)

thermostat controls only the system circulator. The



desired water temperature is preset and is con-

trolled by an aquastat (water thermostat), which

operates the burner. When the room thermostat

calls for heat, the pump starts and continues until

the room temperature reaches the thermostat up-

per limit. Independently, the aquastat will start

the burner when water temperature drops to its

lower limit and will shut down the burner when

the water temperature rises to the aquastat's upper

limit. It is understood, of course, that most thermo-

stats and aquastats operate at low voltage (24 v

normally) . Therefore, in the actual circuitry, they

operate relays that, in turn, control the line wvoltage

pump and burner circuits. These intermediate de-

vices are not shown in the schematic control dia-

grams for the sake of clarity.

This control arrangement has a number of disad-

vantages. They are
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Figure 3.30 (a) Multizone, one-pipe system. A residence is split into three

zones-

basement, living area and sleeping area. Each zone has its own controls and

circula-

tor (pump). Note that two special diverier tees are used to connect branches

feeding

heating units below the main pipe as shown in Figure 3.26.

Figure 3.30 (b) Multizone, two-pipe reverse-return system. Zones are completely

in-

dependent except for reliance on the central boiler for hot water supply. (From
Archi-

tectural Graphic Standards, 8th ed., 1988, reprinted by permission of John Wiley
&

Sons.)
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Figure 3.30 (c) Two-zone hybrid system. Zone A is a straightforward one-pipe

loop.

Zone B is a two-circuit series system. Flow in each circuit is controlled by a

balanc-



ing valve.

(1) Frequent cycling of the pump causes excessive
wear and excessive temperature cycling.

(2) Maintaining water at an elevated temperature

in the boiler causes high energy losses.

(3) The system is not suitable when the boiler also
supplies domestic hot water due to the high

boiler water temperature required for this
function.

(4) When heat is not required, the burner will keep
cycling on and off to maintain water tempera-

ture, which serves no function except to waste
energy.

As a result of this last consideration, designers
generally agree that water temperature should

vary with outside temperature and should not be
fixed. That is, as the outside temperature falls,
boiler water temperature should rise and vice

versa. Further, when heat is not required, both the



circulator (also called pump or booster) and the

burner should be shut off. The control schemes

described later operate in this fashion and are

among those most commonly used.

b. Burner Control Only (Pump

Operates Continuously)

This system can be used if the boiler does not

supply domestic hot water. See Figure 3.31fr. When

the room thermostat calls for heat, its contacts

will turn on the boiler burner, provided water

temperature is below the high level cutout. The

circulator operates continuously unless shut off

manually or by an optional exterior thermostat.

This arrangement gives the following results:

(1) When the exterior temperature drops, the room

thermostat will operate the burner frequently,

thus raising the average water temperature.
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Figure 3.31 Heating system control schemes, (a) Ther-
mostat/aquastat control, (b) Thermostatic control only,
with continuous operation of the system pump. Op-

tional pump cutoff with an external thermostat, (c)
Two-stage thermostat control of a three-zone system (A,

B, C). The pump operates continuously except when

shut down by a reverse control that operates when none

of the zones require heat. See text for full description of

the control operation.

This keeps room surface warmer and raises the
space's MRT, making occupants more comfort-
able. When exterior temperatures rise, the
burner will operate infrequently, causing the
average water temperature to drop. The result

is a self-regulating water temperature system.
(2) The continuous water circulation smooths out
temperature variations, increasing the space's

comfort level.



(3) Since water temperature varies with demand,

boiler and piping heat losses are reduced, and

system efficiency is increased. Fuel consump-

tion is considerably reduced.

(4) The additional cost of continuous operation of

the fractional horsepower circulator is mini-

mal. If desired, in areas of high electrical en-

ergy costs, an exterior thermostat can be in-

stalled that will cut out the circulator when

exterior temperatures exceed a preset limit.

Usually, however, a manual switch is sufficient.

This system is obviously not appropriate to in-

stallations requiring domestic hot water from the

heating boiler because of the large drop in water

temperature on warm winter days. The system is

sometimes referred to as water temperature reset

control.

c. Two-Stage Thermostat

The two-stage thermostat system, which is shown



schematically in Figure 3.31(c), is frequently used

in zoned systems. Each zone uses a two-stage ther-

mostat, shown in the diagram as J1 and T2. The

first stage of each zone's thermostat Tl operates the

circulator or zone valve for that zone. When zone

valves are used, the main circulator runs continu-

ously and will shut down only if none of the zones

calls for heat. When the second stage of the thermo-

stat in any zone (which is always set below the first

stage) calls for heat, the burner is activated and

remains on as long as any second stage is calling

for heat. In zones with lower heat requirements,

the first stage of the thermostat will open, shutting

off its circulator or zone valve, thus preventing

overheating.

In addition to these operating controls, all hy-

dronic systems are equipped with a group of safety

devices. Among these devices are a high water

temperature burner cutout, an oil burner relay that

shuts off the fuel valve with loss of flame or a gas



pilot switch that shuts off the gas valve with loss of
the pilot flame, and a low water cutoff that cuts off
the boiler's burner if boiler water level drops below
a specific level.

3.10 Piping Design Factors

Hydronic systems usually use copper pipe and tub-

ing in sizes up to and including 1V2 in., schedule 40
steel pipe in larger sizes and heat resistant plastic
pipe in all sizes, where permitted by building

codes. A detailed description of ferrous and nonfer-
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rous piping materials can be found in Section 8.12
(page 414). Dimensional data for ferrous pipe is
found in Table 8.2 (page 415) and for nonferrous
metallic pipe (copper and brass) in Table 8.3 (page
431) . Particularly important in the design of piping
for hydronic heating systems are the arrangements

made for pipe expansion. Table 8.4 (page 438) gives



the coefficients of linear expansion for metallic and

nonmetallic (plastic) pipe, plus expansion data for

specific temperature rises. Figures 8.17, 8.18 and

8.19 show some typical details of fittings and hang-

ers that are used to accommodate pipe expansion.

When using copper tubing, the maximum length

of straight run that can be installed without an

expansion loop, joint or fitting is roughly as

follows:

Average Water Maximum Length of

Temperature, Straight Run for

oF Copper Pipe, ft

210 28

200 30

190 33

180 35

170 39

160 42

150 47

The relationship between water velocity and



flow (quantity) in pipe depends only on the pipe
diameter. Most hydronic heating systems are de-
signed for a water velocity of 3 fps. At this velocity,
turbulence, noise and wear are minimal. To trans-
late this figure into flow (gpm), we need to re-
member only that flow is the product of pipe
cross-sectional area and flow velocity. Expressed
mathematically,

Q=AV

This subject is fully developed in Section 8.8,
which begins on page 410. Turn to that section now
and study it thoroughly. From that section, we can
copy the equation

Q = 2.45 d2Vv (3.1)

where

Q is flow in gpm,

d is the pipe inside diameter in inches and

V is the water wvelocity in fps.

Using type L copper tubing, we find from Table

8.3 (page 431) that the ID of Va-in. pipe is 0.545 in.,



of 3/4-in. pipe is 0.785 in. and of 1-in. pipe is 1.025

in. Using Equation 3.1, we find that for these three

sizes the flow is 0.728V, 1.51V and 2.57V. We can,
therefore, easily calculate water velocity for vari-
ous flow rates and flow rates for various water
velocities for these three commonly used sizes of
type L copper tubing. The results are tabulated in
Tables 3.8 and 3.9. Similar data for type M copper
tubing, with inside diameters of 0.569, 0.811 and
1.055 in. for 1/2-, 3/4- and 1-in. tubing, respectively,
are given in Tables 3.10 and 3.11.

Note (and remember) that for a design flow of 3

fps, 3/4-in. type L copper tubing will carry 4.5 gpm.

Refer to Section 3.1 where we developed the very

useful facts that 1 gpm carries 500 Btuh/«F and

that, therefore, for a design temperature drop in a

hydronic system of 20«F, a flow of 1 gpm will

deliver 10,000 Btuh. Most systems are targeted for

a velocity of 3 fps and use of 3/4-in. tubing. This



gives, from Table 3.8, a flow of 4.5 gpm. Since 1

gpm can deliver 10,000 Btuh at 20«F water temper-

ature drop, 4.5 gpm will deliver 4.5 x 10,000 Btuh
or 45,000 Btuh (this is also written as 45 MBH) .
These figures were not chosen at random. In resi-
dential work, 3/4-in. tubing and 3 fps water velocity
are in very common use. The significance of the
preceding calculation is that if the heat loss calcu-
lation for a residence totals more than 45,000 Btuh
(and less than 77,000 Btuh) the designer then has
three choices:

(a) Increase the tubing size to 1 in. This raises the
flow (at 3 fps) to 7.7 gpm and the system capac-

ity to 77,000 Btuh (77 MBH).

(b) Use a multiple-loop system as shown, for in-
stance, in Figures 3.23(d), 3.27 and 3.3Q(a) and

(c). The main supply tubing from the boiler

would then be 1 in., and two individual loops

would be 3A in.

(c) Increase the system water velocity to a maxi-



mum of 6 fps. Velocities higher than 6 fps are
undesirable primarily because of noise. From
Table 3.8 we find that, for a 3/4-in. pipe, a
Table 3.8 Water Velocity for Varying Flow Rates
in Type L Copper Tubing

Tubing Velocity, fpm

Size,

in. 1 gpm 2 gpm 3 gpm 4 gpm 5 gpm 6 gpm
V2 1.4 2.7 4.1 5.5 6.9 8.2

3/4 0.66 1.3 2.0 2.7 3.3 4.0

10.390.78 1.2 1.6 1.9 2.3
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Table 3.9 Flow Rates for Varying Water Velocities in Type L Copper

Tubing
Tubing Flow, gpm
Size,

in. 1 fps 1.5 fps 2 fps 2.5 fps
5 fps

V2 0.73 1.1 1.46 1.8 2.2 2.6 2.9 3.6

3 fps

3.5 fps

4 fps



3/4 1.5 2.3 3.0 3.8 4.5 5.3 6.0 7.6

1 2.6 3.95.16.4 7.7 9.010.3 12.9

Table 3.10 Water Velocity for Varying Flow

Rates in Type M Copper Tubing

Tubing Velocity, fps

Size,

in. 1 gpm 2 gpm 3 gpm 4 gpm 5 gpm 6 gpm

V2 1.26 2.5 3.8 5.0 6.3 7.6

3/4 0.62 1.2 1.9 2.5 3.1 3.7

10.37 0.73 1.1 1.5 1.8 2.2

velocity of 3.5 fps gives a flow of 5.3 gpm (53

MBH at 20«F drop) and 4.0 fps gives a flow of

6.0 gpm (60 MBH at 20«F drop). Larger systems

are normally either split into multiple circuits

or multiple zones to avoid the difficulty and

expense involved in using tubing larger than

lin.

3.11 Design Procedure

As with the architectural and structural design of a



building, so also with the hydronic heating system
design, there are many possible solutions, all of

which will provide the necessary thermal comfort.

Designs and design procedures will vary from one
designer to another and even with one designer,

from one project to another. The reason is that the
large number of variables in a hydronic system

lend themselves to a large choice of solutions. All
designers start with the same set of data-an archi-
tectural plan and the results of the heat loss calcu-
lations for the building. In most cases, there is no
specific budget, but there is always the require-
ment to produce a design that is technically satis-
factory, at the lowest possible cost. (Whether "cost"
is first cost or life-cycle cost, that is, owning and
operating cost, depends on whether the construc-

tion is speculative or occupant-builder. This sub-
ject is not in the province of a technologist's work,

but it is very important and should be understood.)



Further, there are energy codes that must be com-
plied with and minimum system efficiency stan-
dards that have to be met. These also are not
usually the responsibility of the technologist, and
they are mentioned here only to make a beginning
designer aware of some of the system design con-
straints.

The variables in a design are:

iType of piping system (arrangement) .

iType of terminal units.

iSystem water temperature.

Table 3.11 Flow Rates for Varying Water Velocities in Type M
Copper Tubing

Tubing Flow, gpm

Size,

in. 1 fps 1.5 fps 2fps 2.5 fps 3 fps 3.5 fps 4 fps
fps

1/2 0.79 1.2 1.6 2.0 2.4 2.8 3.2 4.0
3/4 1.6 2.4 3.2 4.0 4.8 5.6 6.4 8.1

12.74.15.56.88.29.510.9 13.6
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i Type and, to an extent, size of piping.

i Characteristic of circulator.

Many of these items are interrelated. Thus, for

instance, a larger pipe size means lower friction

(head), higher flow and greater system capacity.

Most designers will proceed as follows in resi-

dential design.

Step L Select the type of terminal units to be

used, based on the architectural layout and the

quality of construction.

Step 2. Select a piping arrangement based on

the building size and layout and on the total build-

ing heat loss. At this stage, multiple loops and

zoning would be considered.

Step 3. Calculate the size of all terminal units

and the system water flow based on the total heat-

ing load and an assumed water temperature drop.



Also, select the input and return water tempera-

tures.

For residences using baseboard radiation, boiler

output temperatures of 160-180xF are common for

small houses, and 180-200xF, for large houses. (Ex-

posed piping at these temperatures must be insu-

lated to reduce heat loss and to prevent burns from

bodily contact.) Increasing the system temperature

drop increases the delivered Btuh/gpm and, there-

fore, reduces the required flow for a given heat

loss. This in turn reduces the required pipe sizes,

making the entire system more economical. Limits

of temperature drop for the various types of termi-

nal units are:

Baseboard-10-50xF, 20xF most common

Convectors-10-30xF

Cast-iron radiation-maximum of 30«F

In all cases, for specific units, manufacturers'



guidelines and recommendations should be con-

sulted. In series systems with low to average over-

all temperature drop (up to 20«F), an average tem-

perature for all terminal units can be assumed
without introducing excessive error, even though
the units receive different temperature water, as
explained in Section 3.8. With higher system tem-
perature drop or where greater accuracy is desired,
individual unit temperatures should be calculated
in series piping systems, and terminal units should
be sized accordingly.

Step 4. Size the convectors based on room heat
loss, average or actual temperature drop, and flow.
Step 5. Having established the flow rate, calcu-
late water velocities in all parts of the system for

assumed pipe sizes.

Water velocity should not exceed 6 fps to avoid
excessive noise and turbulence. If velocities are

unsatisfactory, pipe size can be altered, or the



system temperature drops determined in the previ-

ous design step can be changed. (The design is

often a trial-and-error procedure, where each trial

brings the design closer to a satisfactory solution.

Seldom are more than two tries necessary, particu-

larly for an experienced designer.) Minimum flow

rates for baseboard radiation and commercial

finned-tube radiation, for which heat output is at

least 90% of rated 3 fps output, are:

1/2-in. tubing 0.3 gpm

3/4-in. tubing 0.5 gpm

1-in. tubing 0.9 gpm

Step 6. Calculate the system head. (This step is

frequently combined with Step 5.)

Step 7. Select a pump that will supply the re-

quired flow and head.

Step 8. Select a boiler.

Step 9. Recheck the system temperature drop

based on actual flow figures.

At this point, illustrative examples of the design



of actual buildings will clarify this procedure.

3.12 Basic Residential

Hydronic Heating

System Design

For the first illustrative example of hydronic de-

sign, we will use a straightforward architectural

plan of a small residence that we call The Basic

House plan. This plan will be used throughout

this book to demonstrate the application of HVAC,

plumbing and electrical design. The house, shown

in Figure 3.32, is a small, well-insulated two bed-

room residence situated in the New York City wvi-

cinity. Figures 3.32(a) and (b) show the house plan,

and Figure 3.32(CJ shows a wall section and gives

the house insulation data plus the results of a heat

loss calculation.

Example 3.3 Design a hydronic heating system for

The Basic House plan of Figure 3.32, using the heat

loss data given there.

Solution: We will follow the design procedure out-



lined in Section 3.11 to the extent possible. The
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following numbered steps correspond to the num-

bers of the design steps in Section 3.11.

Step 1. Select an appropriate type of terminal

unit.

The ideal place for a heating unit in any installa-
tion is at the point of maximum heat loss. In most
buildings, this is at the doors and windows. This is
also true of The Basic House. The simplest and

least objectionable way, architecturally, to do this
is to use finned-tube baseboard heaters below the
windows in each room. In the kitchen, this is not
practical since the window is above the sink count-
ertop. We would, therefore, use the area on one or
both sides of the outside door instead. Rather than
use specific data from one manufacturer, we will

use the typical ratings given in Table 3.1. We en-



courage you to compare these data with actual

catalog data. The differences will be quite small.

Furthermore, even though one manufacturer is

specified, in actual construction, the HVAC con-

tractor may supply another unit with similar but

not identical characteristics. For this reason, we

will use typical data throughout this design

problem.

Step 2. Select a piping arrangement appropriate

to the structure.

This architectural plan is ideal for a perimeter

loop around the outside walls of the main level.

Only a single circuit is necessary because the total

building heat loss (without the basement) is only

34,000 Btuh. As noted several times previously, 1

gpm will deliver 500 Btuh/P temperature differ-

ence. Therefore, a flow of 1 gpm will deliver 10,000

Btuh for a temperature drop of 20«F and 40,000

Btuh for a flow of 4 gpm. Further, the building is

quite small so that a series loop piping arrange-



ment can be used. This design avoids the expense
of the branch piping, balancing and shutoff valves

required in a one-pipe system. If temperature drop

is held to below 20 F«, the difference in water

temperature between convectors at the beginning

and end of the series loop can be ignored, and an
average loop temperature can be used for design.
Step 3. Select the supply and return water tem-
peratures and the system temperature drop.

The total main floor calculated heat loss is 34,000
Btuh [see tabulation in Figure 3.32(cj]. We arbi-

trarily select a flow of 4 gpm and a boiler output

water temperature of 190«xF. (This is somewhat

higher than the 180«F recommended. It is used in

order to avoid excessively long baseboards in a
series loop.) We select a flow of 4 gpm. For these
parameters, the overall temperature drop in the

perimeter loop around the main level would be



Since this is below 20 P, the calculation of base-

board lengths can be based on an average tempera-

ture of

190wF- 17 P/2= 190T-8.5 P= 181.5xF

This is the system average (design) water tempera-

ture. Referring now to Table 3.1 on page 000 for

baseboard radiation output at wvarious tempera-

tures, we will have to interpolate to obtain the

value we need.

Temperature, Output at 4 gpm,

oF Btuh

180 610

181.5 7

185 640

Step 4. Size the convectors based on room heat

loss, average or actual temperature drop and flow.

To demonstrate that the error introduced by

using average water temperature is within engi-

neering accuracy, we will size the baseboard radia-



tion by both methods, that is, by average tempera-

ture and by actual temperature, and then compare

the results.

(a) Average temperature calculation. The length of

each section of radiation is calculated simply

by dividing the loss in that space by the aver-

age heat output of 619 Btuh/ft of radiation. For

instance, the kitchen that has a calculated heat

loss of 4800 Btuh requires

Unfortunately, there is not sufficient space in

the kitchen to place even 7 ft of baseboard. We,

therefore, use two two-tier units; a 3 ft, 6-in.

unit to the left of the door and a 2-ft unit on the

wall containing the sliding (pocket) door to the

right of the outside door. The remainder of the

units do not present any space problem. The

calculation results are shown in Table 3.12.

All lengths are calculated for the average loop

radiation of 619 Btuh/ft.



Figure 3.32 (a, b) Architectural plans of the street level and the basement

level re-

spectively of The Basic House, (c¢) Wall section of The Basic House plus

specification

and heat loss data.

130

131

Specification, Significant Items Only
Superstructure Wood frame

Foundation 8-in. poured concrete

Windows All insulating glass, double,
V2-in. air space

Insulation k value = 0.27 for both batts and
rigid insulation

9-in. mineral wool batts R = 33.3

In ceiling joists between first floor and attic

In floor joists over crawl space



Behind wood gill, entire perimeter

3-in. mineral wool batts R = 11.1

In stud space, all exterior frame walls

2-in. rigid insulation JR = 7.4

Four walls of utility space in basement

NONE In floor joists between living room and utility

room below

Vapor barriers Plastic sheet on warm side of all
insulation
Ventilation Vents to crawl space and attic

Open in summer/closed in winter

Heating Design Data: New York area

Indoor temperature, winter 75«F

Outdoor temperature, winter QoF

Heat Losses

Living Room 9,300

Kitchen 4,800

Dining Room 4,300

Bath 2,900

Bedroom 1 5,200



Bedroom 2 7,500

Total, main floor 34,000 Btuh

Basement 4,900

Total, building 38,900 Btuh

Figure 3.32 (Continued)
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Table 3.12 Baseboard Radiation Calculation

Based on Average Temperature

Baseboard

Length Length

Heat Loss, Required, Used,

Space o ft ft

Kitchen 4800 7.75 see text

Dining room 4300 6.95 7

Bath 2900 4.68 5

BR #1 5200 8.4 8

BR #2 7500 12.1 1 @ 8



l@4

Living room 9300 15 15

The actual lengths of baseboard depend on

the specific manufacturer. Thus, the 15-ft
length required in the living room might be

made up of a 7-ft section and an 8-ft section or
some other combination. The actual overall
length of baseboard is at least 6-12 in. longer
than the active finned-tube section, to allow
space for connections, valves, reducers and
other fittings.

(b) Accurate baseboard radiation calculation. Hav-

ing established the flow (4 gpm) and the boiler

output temperature (190«F), we can calculate

the temperature drop in each room's radiation
individually. First, however, we must deter-
mine the direction of water flow in the loop.
Because the kitchen has limited baseboard
space, we would want it to receive the hottest

water. We would, therefore, establish a loop



that starts at the kitchen, proceeds to the din-
ing room and so on, with the living room re-
ceiving the coolest water. The calculations

must be made in the proper order as we pro-

ceed around the loop. The first calculation is
for the kitchen.

Heat loss-4800 Btuh

Entering water temperature-190«F

Using the fact that 1 gpm delivers 500 Btuh/P
drop and knowing that we have established a

flow of 4 gpm, the water delivers

4 gpm (500 Btuh/gpm/F«) = 2000 Btuh/P

The temperature drop in the baseboard that
will deliver 4800 Btuh is, therefore,

= 4800 Btuh =

2000 Btuh/P 2.4Fw

Therefore, the average water temperature in

the kitchen baseboard is



2 .40F

190«F = 188.8xF

From Table 3.1, the heat output of baseboard

at 188.8«xF is, by interpolation:

Temperature,

oF Output, Btuh

185 640

188.8 ?

190 690

188.8-185

Output = 640 + 19Q 185 x(690-640)

= 640 + (50) = 678 Btuh

Length 4800 Btuh

=7.08 ft, say 7 ft

required 678 Btuh/ft J

Here again we use two-tiered radiation be-

cause of the space limitation. For the purpose

of the calculation, however, we will retain the

7-ft figure. (We are treating the two sections of



baseboard in the kitchen as one, for the purpose

of our study. The outlet water temperature of

the kitchen radiation is 190wF-2.4wF= 187.6xF.

This then is the inlet temperature of the dining

room baseboard. The results of similar calcula-

tions for the other rooms are given in Table

3.13.

Note that the return temperature is 173«F, which

is 17 P below the entering temperature of 190«F.

This corresponds to the temperature drop calcu-

lated in Step 3, as it should, since it is based on the

total building heat loss of 34,000 Btuh. A compari-

son of the results of the average and accurate calcu-

lations follows.

Average T Accurate T

Calculation, Calculation,

Space ft ft

Kitchen 8 7

Dining room 7 7



Bath 5 5
Bedroom #1 8 8
Bedroom #2 12 12

Living Room 15 16
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Table 3.13 Baseboard Radiation Based on Actual Water Temperatures

Heat Entering Average Leaving Baseboard Baseboard Actual

Loss, Temperature, fV, Temperature, Temperature, Output, length,0 Space

Space Btuh «oF FooF oF Btuhlft ft Heating

Kitchen 4800 190.0 2.4 188.8 187.6 678 7 4746

Dining room 4300 187.6 2.15 186.5 185.45 655 6.6/7 4585
Bath 2900 185.45 1.45 184.7 184.0 638 4.5/5 3190

BR #1 5200 184.0 2.6 182.7 181.4 626 8.3/8 5008

BR #2 7500 181.4 3.75 179.5 177.7 607 12.4/12 7284

Living Room 9300 177.7 4.65 175.4 173.1 569 16.4/16 10,104
34,000 34,917

a Calcula ted length/design length.



Note that the differences occur at the ends of

the loop where the difference between actual and

average temperature is greatest. Knowing this, a

designer using the simpler average temperature

method would shorten the baseboard length at the

beginning of the series loop and lengthen it at the

end of the loop, thus obtaining the same results

that are obtained by accurate calculation, with a

lot less work.

The last column in Table 3.13 gives the actual

baseboard output for each space. It shows that in

the kitchen, the two bedrooms and the living room

the output is very slightly below calculated heat

loss. In the kitchen, the heat output of the refrigera-

tor more than adequately makes up the difference.

In the two bedrooms, the 3-4% difference is insig-

nificant. If anything, it is probably desirable since

most people like the bedrooms cool. In the living

room, the 2% difference is also negligible. Finally,

remember that the heat loss calculation is made



for a once-in-a-great-while low temperature (see

Section 2.13). This means that for 97.5% (or 99%)

of the time the heating system will be more than

adequate to maintain design temperatures. Fi-

nally, if desired, the boiler temperature can be

raised slightly several degrees. This will more than

compensate for the 2-4% difference between calcu-

lated and design heat output.

You may have noticed that no radiation has been

supplied in the basement despite the calculated

4900 Btuh heat loss. Experience has shown that

basements receive sufficient heat from the boiler

losses and exposed piping to adequately heat them,

and no additional radiation is required.

Steps 5, 6 and 7. Calculate water velocities and

system head for assumed pipe sizes and select cir-

culator.

The first thing that must be done to proceed with

this stage of the design process is to show on



the building plan the baseboards and the piping
connections between them. These is done on Figure
3.33. Note that we have split the 8 ft of baseboard
in Bedroom #1 into two 4-ft sections in order to
place radiation below both windows. This will give
the room a much more even heat distribution than
placing all the radiation below the double window,
at only a small increase in cost. The basement plan
shows the pipe connections between baseboards.

They are run directly under the main level floor
joists and are insulated with at least 3/4-in. thick
fiberglass sleeves in the unheated crawl space. This
serves to greatly reduce heat loss. In the basement
area, the pipes are left uncovered except in places
where they might be touched by occupants. The
uncovered pipes help keep the basement warm

in winter.

At this point we can measure the total length of
piping in the series loop, including the 3/4-in. pipe

of the finned-pipe radiation. The total length as



measured comes to 194 ft. This is known as the
developed length of piping. Since the piping is in-
stalled in areas where it is not subject to physical
damage, thin wall type M copper tubing can be

used. The pressure loss (in psi) due to friction in
type M copper tubing is given in Table 3.14. In
addition to the straight runs of pipe, there are
various fittings in the loop including couplings,
elbows and valves. The designer can account for

the friction loss in these fittings in one of two ways.
He or she can list all the fittings of each type and
then, using Table 3.15, can find the equivalent
length of straight tubing for the total. This equiva-
lent length is then added to the developed length

of piping (the measured length of piping in the

Figure 3.33 Plans of the main (a) and basement levels (b) of The Basic House,

show-

ing the designed baseboard radiation and the system piping, (c) Isometric

schematic

of the piping arrangment.
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Figure 3.33 (Continued)

Table 3.14 Pressure Loss Due to Friction in Type M Copper Tube

Pressure Loss per 100 ft of Tube, psi

Flow, Standard Type M Tube Size, in.

gpm  3/8 1/2 3/4 1 11/4
3 45 6

11/2

21/2



30 17.0 6.5 2.9 0.8 0.3 0.1

35 8.5 3.8 1.0 0.4 0.2

40 11.0 4.9 1.3 0.5 0.2

45 13.6 6.1 1.6 0.6 0.2

50 7.3 2.0 0.7 0.3

60 10.2 2.7 1.0 0.4

70 13.5 3.6 1.2 0.5 0.1

80 4.6 1.6 0.7 0.2

950 5.7 2.0 0.9 0.2

300 8.0 2.0 0.7 0.3

400 3.3 1.2 0.5

500 1.7 0.7

750 3.6 1.5

1000 2.5

Note: Numbers in boldface correspond to flow velocities of just over 10 fps.

Source. Courtesy of Copper Development Association.
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Table 3.15 Allowance for Friction Loss in Valves and Fittings Expressed as

Equivalent Length

of Tube

Equivalent Length of Tube, ft

Standard Ells 90x Tee

Fitting -

Size, Side Straight Gate Globe

in. 90w 450 Branch Run Coupling
Valve Valve

3/8 0.5 0.3 0.75 0.15 0.15 0.1 4

1/2 1 0.6 1.5 0.3 0.3 0.2 7.5

3/4 1.25 0.75 2 0.4 0.4 0.25 10

11.51.0 2.5 0.45 0.45 0.3 12.5

11/4 2 1.2 3 0.6 0.6 0.4 18

11/2 2.5 1.5 3.5 0.8 0.8 0.5 23

23.525110.7 28

21/2 4 2.5 6 1.3 1.3 0.8 33

353 7.51.51.51 40

3v2 6 3.5 9 1.8 1.8 1.2 50



4 74 10.5 2 2 1.4 63

59513 2.5 2.5 1.7 70

6 10 6 15 3 3 2 84

Note: Allowances are for streamlined soldered fittings and recessed threaded
fittings. For threaded fittings, double the

allowances shown in the table.

Source. Courtesy of Copper Development Association.

circuit), and the total equivalent length (TEL) of

the circuit is determined. An alternative method of

arriving at the TEL is simply to add a percentage

of the developed length, depending on the complex-

ity of the piping. For a relatively simple piping

installation with only couplings, elbows and a few

valves, 50% additional piping is sufficient. For a

complex installation with many fittings and valves,

up to 100% should be added. We will use the

second method here. Since the series loop in The

Basic House is quite simple, a 50% increase in

developed length will be more than sufficient to

account for fittings. The total equivalent circuit



length is, therefore:

TEL= 194 ft x 150% = 291 ft

From Table 3.14 or Figure 3.34 we see that the

friction loss for 3/4-in. type M copper tubing, with a

flow of 4 gpm, is 1.8 psi per 100 ft. Therefore, for

291 ft of pipe, the total friction head loss is

Friction head = 291 ft x 1.8 psi/100 ft = 5.24 psi

Converting this to feet of water (using the conver-

sion factor of 1 ft of water = 0.433 psi), we have

Head, in feet of water

= 5.24psi x ft = 12.1ft

0.433 psi

Thus, the system circulator must provide a flow of

4 gpm at a head of 12 ft of water. The electric

motor required to drive such a circulator pump is

a small fractional-horsepower unit. If it were de-

sired to use a circulator that develops lower head,

as is the case with circulators supplied in some

small package boilers, the piping runs in the crawl



space and basement could be increased to 1 in.
This increase would reduce the friction in the total
developed length to 0.5 psi per 100 ft of pipe (see
Figure 3.31), although the addition of 1 in. to 3/4-in.
reducer fittings at each baseboard would increase
the fittings loss. Overall, the loop head would prob-
ably not exceed 6-7 ft of water.
As a rule of thumb, friction head in heating
system piping should fall between 0.25 and 0.6 in./
ft of TEL, or 25-60 in./100 ft. The friction head in
our system is 1.8 psi/100 ft. This is equal to
1.8psi/100 Ft

=4 .15 ft per 100 ft = 50 in./100 ft
0.433 psi/ft
This indicates that using 3/4-in. type M tubing
throughout results in a reasonable design.
The remaining item in this step of the design is
to check water velocity. This we can do using Table

3.10. Note that the water velocity in 3/4-in. pipe is
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Figure 3.34 Chart showing pressure drop and water velocity for varying flow

rates

of water in copper pipe, types K, L and M. The horizontal line drawn at 1.26 psi

rep-

resents a friction drop of 350 millinches (of water) per foot of pipe. See text

in Exam-

ple 3.5. (Courtesy of Copper Development Association.)
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2.5 fps, and in 1-in. pipe it is 1.5 fps. Both of these

figures are far below the upper limit of 5-6 fps and

will, therefore, not produce any appreciable noise,

turbulence or rapid corrosion.

Step 8. Select a boiler.

This step is purely mechanical. It involves check-

ing through manufacturers' catalogs to find a

boiler unit that will meet the following require-

ments:

(a) Minimum output 45 MBH (45,000 Btuh). This



will provide about a 15% safety factor and will

assist in producing a desirable "quick pickup."

(b) Fuel type as required (gas, oil or dual-fuel).

have selected a gas-fired unit and have shown

the incoming gas line in the basement in Fig-

ure 3.33.

(c) Dimensions of the unit must allow entry into

the basement through the house, without the

necessity to dismantle the unit or any struc-

tural member of the house.

Step 9. Recheck the system temperature drop

based on actual flow figures.

Since we have maintained the 4-gpm flow

throughout the design, the system temperature

drop has remained at 17 P and no change is re-

quired.

This essentially completes the hydronic heating

system design for The Basic House. In the next

section, we will apply what we have learned to the



design of an hydronic heating system to a much

larger residence that does not lend itself to a simple

single series loop arrangement.

3.13 Preliminary Design

Considerations

Having successfully completed the hydronic heat-

ing design of a small residence, we will now pro-

ceed to a large residence that requires multiple

heating zones. The residence shown in Figures

3.35-3.39 presents a typical problem of climate

control that must be solved by the architect and

the mechanical engineer. The house is an actual

building, constructed some years ago. With the

permission of the architect, Mr. Budd Mogensen,

AIA, the structure will be a clinical framework for

our study. As in all well-coordinated projects, the

scheme for interior climate control was considered

as a basic element of the general design. It was

Figure 3.35 Photograph taken during construction of



the Mogensen house, located in Sands Point, Long Is-

land, New York. The photo shows the west elevation of

the house. Terraces face Long Island Sound. (Repro-

duced with permission of B. Mogensen, AIA.)

selected and developed along with the architec-

tural plans. It is not good practice to delay the

heating design until after the architectural design

is complete.

a. General Architectural Information

Located on the north shore of Long Island and

occupying a large plot, this house looks out over

the waters of Long Island Sound. All the principal

rooms face the view. Nestled into a hill, the house

presents a two-story facade to the west. As we

can see in Figure 3.37, the (uphill) east elevation

resembles that of a one-story house. Two skylight

dormers reach up to trap the morning sun, lighting

the entry foyer and the master bedroom. Conven-

tional windows provide east light for the living



room and master bath. The upstairs guest bath

accepts the sun through a plastic roof bubble but

is otherwise windowless. On the drawings, the ele-

vations are identified directly as the points of the

compass. Actually, they are 45» away from these

directions. See the north arrows in Figure 3.38.

Thus, the front elevation faces southwest rather

than directly west. In our discussion, we will call

it west.

b. The Structure

Figure 3.39 shows that the footings and the east

wall below grade are to be of poured concrete. This

east wall turns the corner at both ends to exte
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Figure 3.36 Construction photos, partial views, (a) Mas-

ter bedroom and study. Garages below, (b) Kitchen and

dining room. Two bedrooms below, (c¢) Living room.

Family room below, (d) Living room interior, looking



south. (Reproduced with permission of B. Mogensen,

ATA.)

partially on the south and north elevations. See

Figure 3.38. The construction photograph (Figure

3.35), indicates wood frame construction on the

west facade. The entire upper story is of wood

frame construction. Wood studs, joists and rafters

make up the structural frame. A few steel beams

carry long spans. Otherwise, the house is wall bear-

ing, using stud walls. Throughout there is heavy

thermal insulation. Windows and doors are

weather-stripped. All glazing, fixed and movable,

is of the double (insulating) type.

c. Form and Geometry

The construction photograph (Figure 3.35) shows

clearly that the house is divided into three sections.

The divisions are evident in both floor plans (Fig-

ure 3.38). Views a, b, and c¢ of Figure 3.36 show the



left, center and right-hand sections of this three-
part scheme. Independent of this three-section ar-
rangement, the upper and lower floors are each
planned for their respective uses. The upper or
principal living unit affords access to all rooms
from a central foyer. The lower story, intended for
family and guests, places all its rooms conveniently
around the central hall.

d. Space Study

One sometimes has to search for areas suitable for
boilers, air ducts or other equipment. This house
has no basement or crawl space. The garage is of
conventional width, but it does have a generous

27-ft depth. This, however, would be adequate only
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Figure 3.37 Elevations of the Mogensen house. See north arrows on Figure 3.38

for
exact orientation of the elevations. (Reproduced with permission of B. Mogensen,

ATA.)
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Figure 3.38 Floor plans, Mogensen house. Dimensions are approximate.

duced with permission of B. Mogensen, | i.)
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Figure 3.39 Section through the living room and family
room, looking south. (Reproduced with permission of B.

Mogensen, AIA.)

for long cars, possible boat storage, or a workbench
and a few garden tools. The outdoor storage shed

is intended for terrace furniture. Therefore, no
space is available on the lower level for a boiler
room.

Looking upstairs, the section in Figure 3.39 and

the interior view (Figure 3.36) tell us that there is

no attic above the living room. There is, however,

(Repro-



a very small wedge-shaped passage above the glass

doors. It might be suitable for tubing or air ducts

but not for a boiler. There is, in addition, a some-

what larger attic. See Figure 3.39. It, too, is wedge-

shaped and is about 18 ft wide and 7 ft high. It

extends over the northern two thirds of the upper

story. Heating equipment may, if necessary, be

located at high points in a structure. In selecting a

location for the boiler room of a hot water heating

system, this attic would not be suitable. It would

be a poor decision to place a heavy boiler above

habitable rooms in this light wood structure. Rela-

tively lightweight air-handling equipment could

be placed in such a space, but heavy hydronic

equipment could not.

e. The Boiler Room

It is apparent that we need a boiler room in which

the boiler can stand on a concrete slab. The archi-

tect granted us permission (for study purposes

only) to modify his design. His recommendation is



that we use the south one third of the family room.

This plan involves eliminating the glass on the end

of this new room. Because the assigned space is
larger than required for a boiler room, a beach
shower room is created at the front. Compare the
plans in Figure 3.38 with those in Figure 3.40. A
flue for the boiler can be provided in the masonry
of the chimney. The family room is reduced in size
as indicated.

3.14 Hydronic Heating

Design of a Large Residence

The design of the hydronic heating system for the
Mogensen house follows the same procedure used

for The Basic House. Since the house is large,
custom-designed and owner-occupied, economy is

not the prime consideration. Instead, comfort, con-
venience and quality are of major importance. This
follows the general rule that the gquality of the

mechanical systems in a building must match the



overall quality of the building.

Example 3.4 Design an hydronic heating system

for the residence shown in Figure 3.38. The results
of the engineer's heat loss calculations for the
building are shown in the first two columns of

Table 3.16.

Solution: We will follow the design procedure out-
lined in Section 3.11.

Step L Select the terminal units to be used.
Finned-tube radiation is chosen for its efficiency,
architecturally pleasing appearance and flexibility.
Refer to Figure 3.40, which shows the locations
selected for the required radiation. In rooms where
the exterior glass extends to the floor level, base-
board radiation cannot be used. Therefore, in the
living room, master bedroom, study and foyer on

the upper level and in the family room on the lower
level, finned-tube radiation recessed into the floor
in front of the glass was used. A detail of the

installation, plus typical heat output ratings are



given in Figure 3.41. The remaining spaces on the

upper level (and part of the

maining spaces on the lower level are all heated by

conventional, single-tier baseboard,

in Figure 3.15. Heat output ratings for these base-

foyer) plus the re-

boards are given in Table 3.1.

Notice that the two master-bedroom closets and

the study are provided with electric heaters. The

closets do not normally require heat although they

will be cool because of the outside walls that are

part of both. The electric heaters are intended to
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Figure 3.40 Piping layout of
heat-

ing system for the residence

explana-

tion of the solution.
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such as shown

the solution to Example 3.4, design of a hydronic

shown in Figure 3.38.

See text for a detailed



Figure 3.41 Details of recessed finned-tube radiation for the lower level

and up-

per level (b). This design depends on the convective air current set up by

air

dropping off the glass into the trench, as shown in (a). Trench dimensions

in.

W x 7 in. D for 1-in. finned-tube and 10 in. W x 9 in. D for 11/4-in. tube.

baffle

should be at least 3 in. above the trench bottom for 1-in. tubing and 4 in.

1 1/4-in.

tubing. The trench should begin no farther then 6 in. from the glass.

warm them on the occasions that it is necessary to

spend more than a minute or two in the closet. The

electric heater in the study is there for an entirely

different reason, which will be explained later in

the discussion on zoning.

Step 2. Select the piping arrangement to be

used, and establish zones and multiple circuits.

Large residences can easily be divided into two

or more zones, each of which has a different heat-

ing schedule. In this house, Zone 1 consists of the

(a)

cold

are 8

The

for



living room, dining room, kitchen, powder room,

foyer and study. These areas will be in use during
daytime hours and when entertaining at any hour.

Zone 2, consisting of the family room, bath and

hall on the lower level, will usually be in use in the
evening, when Zone 1 is usually inactive. Zone 3,
consisting of the bedrooms on both levels and the
master bath is the "sleeping zone," which is nor-

mally kept cooler than the remainder of the house.

The study is a special case because its occupancy
may not fit into any of these zones. In today's
homes, the study often serves as a home office from
which business is conducted. As such it may be
occupied during any hours of the day (or night),
requiring heat when the remainder of the house

can be set to lower temperatures. For this reason

we have placed the study in Zone 1 but have added

a fairly large (1-kw) electric heater. This will pro-

vide thermal comfort even when the Zone 1 ther-



mostat is set back to a nighttime setting of 65xF or

possibly lower. The rooms in each zone, the heaters
in each room and the calculated heat loss for each
room and zone are listed in Table 3.16.

The piping arrangement is shown on the archi-
tectural plan of Figure 3.40 and schematically in
Figure 3.42. We have chosen to use the one-pipe
arrangement for all three zones, with separate pip-

ing loops for all zones. An alternative arrangement
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Table 3.16 Zonal Heating Loads-Mogensen House
Calculated Heating Element Baseboard Recessed

Heat Loss,0 No. and Element Element

Zone Room Btuh Rating, 0 Btuh Length, ft Length,
1 Living room 28,600 1-7770 -7d
2-7770 -7d

3-7770 -74

4-7770 -7d

ft



Dining room 8000

Kitchen 5100

Foyer 9400

8-2775 -2.5d

9-2775 -2.5d

Powder room 1500

Study 3900

Zone total 56,500

2 Family room 7900b 12-7700
Hall 3700 13-3900 6
Bath 1500 14-1950 3

Zone total 13,100 13,550

3 Bedroom #2 4900

Bedroom #1 5200

Master 15000 17-5390
bedroom

19-5390 - 7e

Master bath 2800 20-3250
Zone total 27,900

5-7800 12 -

6-5200 8 -

7-3900 6

10-1950 3

11 620 -6e

60,100

15-5200

16-5200

18-5390

29,820

T7e

10e

Te



"Heat losses were calculated for a design condition of 0xoF outside and 70«F

inside.

fcThe heat loss shown is for the shortened family room, as shown in Figure 3.40.

The original family room has a

calculated heat loss of 12,700 Btuh.

CAll radiation ratings are based on an average water temperature of 190«xF. See
text discussion.

d 11/4-in. finned tube.

el-in. finned tube.

might use a two-pipe reverse-return system for

Zone 1. We have decided not to use it in this

study example because the pipe sizing and friction
calculations are very complex and would not be

done by an HVAC or architectural technologist. We
could also have used a single one-pipe loop for all
the rooms fed by Zones 2 and 3, with thermostatic
control valves in each room. The trade-off in such
a plan is the cost of valves and fittings against
the cost of additional zone piping. Here again the

decision involves an economic study that is not the



responsibility of a technologist. For these reasons,

we have decided to use three one-pipe zones, which

will give a satisfactory, cost-effective, flexible heat-

ing system.

Steps 3 and 4. Calculate water flow in all zones

using assumed temperature drop and boiler output

temperature, and calculate the length of all base-

boards and finned-tube radiation.

A system temperature drop of 20«F is commonly

used in residential work and will be used here as

well. Since the residence is large and the piping

runs are fairly long, we will use a boiler output

temperature of 200xF. This gives an average loop

temperature of

We will, therefore, use 190xoF for all the flow calcu-

lations.
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Figure 3.42 Schematic diagram showing the arrange-

ment of terminal units in the three zones of the heating

system for Example 3.4.

The one-pipe loop, like the series loop used in

The Basic House design, has the disadvantage that

the radiation nearest the boiler receives higher

water temperature than the units farther into the

loop. However, as with the series loop, if system

temperature drop is limited to a maximum of 20

P, use of the average loop temperature in calcula-

tion is permissible. The typical connections of

finned radiation in a one-pipe system are shown in

Figure 3.43. In addition to the shutoff valve on the

supply branch, a balancing valve can be used in the

return line to limit the water flow. As mentioned

previously, a thermostatic valve can also be used if

room-by-room control is desired. We will use a



balancing valve that can regulate water flow.

zZzone 1:

Total calculated zone heating load = 56,5000 Btuh

We can calculate the flow and require radiation

length for each of the rooms as follows:

Living Room:

Total load = 28,600 Btuh

Number of baseboard sections = 4 (No. 1,2,3,4)

From Figure 3.41; output per foot of recessed 1V4-

in. radiation at 190xF=Ul0 Btuh. (Use of 1-in.

tubing would result in excessively long units.)

We would therefore use four 7-ft sections, giving a

total output of 31,080 Btuh. The additional length

will ensure quick morning pickup.

These lengths and the average output are entered

in Table 3.16. The result of similar calculations for

the remaining rooms, using 650 Btuh per foot of



baseboard radiation (Table 3.1) and 770 Btuh per

foot for 1-in. recessed finned tube in the study (see
Figure 3.41) are shown in Table 3.16. Work out the
calculations to verify the figures in Table 3.16. The
total radiation designed for Zone 1 is 60,100 Btuh

as compared to 56,500 Btuh required. This gives

the following for the main pipe:

Refer to Figure 3.44, which is a schematic diagram
of Zone 1 piping and radiation. We have calculated
the flow into each radiation unit and the tempera-
tures all along the loop. They are shown on the
diagram. Typical calculations follow.

(a) The flow into units 1, 2 and 3, which are con-

nected as a single extended unit, is

The rating we used in our calculation was for a
flow of 1 gpm. However, since the rating for 4
gpm is only 5% higher, the output at 2 gpm is

only about 21/2% above the figure used (1110



Btuh/ft). This is well within engineering toler-

ance. In any case, adjusting the unit's valve so

that the flow is exactly 2.3 gpm is very difficult

and the actual flow may be considerably differ-

ent. The heat output, fortunately, is almost

independent of flow. Therefore, we need not

readjust the calculation.

(b) The temperature drop between points A and B

is calculated as follows:
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Figure 3.43 Typical piping of finned-tube radiation on a one-pipe loop. See text

and

Section 3.8 (b) for further information.

Figure 3.44 Details of heat output, temperatures and hot water flow in Zone 1
of the

heating system of Example 3.4.

partial load



= Total temperature drop partial load

total load

Note the very important fact that this tempera-

ture drop depends only on the heat output of

the radiation between points A and B. As we

know, this heat output is almost independent

of flow through the finned tube. If flow is low,

temperature drop in the terminal unit will be

higher than the specified (20xF), and vice versa.

However, if flow is higher, say 3.3 gpm instead

of 2.3 gpm in the first group of radiation, then

the water returned to the main line is cooler

than specified. But there it mixes with less

hot water, because it took an extra gpm, and

the result is that the temperature at point B

remains essentially the same. The same thing

happens if the flow is less than designed. As a
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result, the system is effectively self-balancing

and self-regulating, within fairly wide limits.

We can now proceed to the two remaining zones.

Both are arranged as one-pipe loops. Again, using

a design temperature drop of 20«F and referring to

Figure 3.42 for details of the two-zone loops, we

have the following flow calculations.

zone 2:

Total load= 13,100 Btuh

Family room load = 7900 Btuh

Output of recessed 1-in. finned pipe radiation at

190«F average temperature = 770 Btuh/lineal foot

(see table in Figure 3.41).

Required tubing length =
= 10.3, say 10 ft

Actual baseboard output = 10 ft (770 Btuh/lineal

ft)



= 7700 Btuh

Hall load = 3700 Btuh

Using baseboard with an output of 650 Btuh/lineal
ft:

Required baseboard length

Here we would use 6 ft, because flow is less than 1

gpm and average water temperature is below

190xF. Actual output is, therefore, 6 ft x 650 Btuh/

lineal ft = 3900 Btuh.

Bath load= 1500 Btuh

1500 Btuh

Required baseboard length=

650 Btuh/lineal ft

= 2.3 ft

Here we would use 3 ft due to low flow and temper-
ature.

Actual output = 3 ft x 650 Btuh/lineal ft = 1950 Btuh
The total load for Zone 2 is, therefore,

7700 + 3900+41950= 13,550 Btuh



This gives a total zone flow of

7 7f1 = 13,550BtUh

6 10,000 Btuh/gpm (for 20«F drop)

= 1.36 gpm

Zone 3:

Total calculated heat loss = 27,990 Btuh

Bedroom #2 load = 4900 Btuh

Using baseboard with an output of 650 Btuh/lineal

ft, the length required is

4900Btuh
Length = =7.54 ft, use 8 ft
5 650 Btuh/lmeal ft

Actual baseboard output = 8 ft x 650 Btuh/lineal ft

= 5200Btuh

Bedroom #1 load = 5200 Btuh

5200Btuh

Required baseboard length = 19.5 ft

650 Btuh/lineal ft

= 8 ft exactly



Actual baseboard output = 5200 Btuh

Master bedroom load is 15,000 Btuh, which is di-
vided into three sections of recessed finned-tube
radiation. Using 1-in. tubing with an output of 770
Btuh/ft,

15,000 Btuh

Total length required = 19.5 ft

770 Btuh/lmeal ft

Since there are three units, each will be 7 ft long,
with an individual output of 7 ft x 770 Btuh/lineal
ft = 5390 Btuh and a total output of 16,170 Btuh for
all three units. The actual output will be less than

this, because the actual average water temperature

in each unit will be below 190«F.

Master bath load = 2800 Btuh
Using baseboard,

Required baseboard length =
2800 Btuh

4.3 ft, use 5 ft

650 Btuh/lmeal ft



Actual output = 5 ft (650 Btuh/lineal ft)

= 3250 Btuh

The total load in Zone 3 amounts to 29,820 Btuh as
compared to the calculated heat loss of 27,900

Btuh.

The total required supply of 200«F hot water is

Flow =

29,820 Btuh

10,000 Btuh/gpm (for 20«F drop) gpm

The total flow required for all three zones is

Zone 1 6.0 gpm

Zone 2 1.36 gpm

Zone 3 2.98 gpm

Total 10.34, say 10.3 gpm

Ste