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INTRODUCTION

1.A. GENERAL

This publication includes two & (architectural engineering) hand-
books, this one dealing with the design of mechanical systems and related
components, the other doing the same with structural systems. Each vol-
ume also contains an interactive CD-ROM of its algebraic formulas that
enables each equation to be solved quickly and accurately by computer.

These handbooks and their accompanying disks contain architec-
tural engineering information and algebraic equations for conceptualiz-
ing, selecting, and sizing virtually every functional component in any kind
of building, from shed to skyscraper, anywhere in the world. With these ref-
erences, an /& designer can quickly determine whether a functional compo-
nent is large enough to be safe for its intended purpose, yet not so large
that money is wasted. Certainly these volume-cum-disks are thorough com-
pilations of technical knowledge acquired from academic study, official
research, and established office practice. But they also contain countless
practical, insightful, and even a few horrifying anecdotes gleaned from
construction experiences, water-cooler dissertations, trade magazine edi-
fications, and numerous other in-the-field events as they relate to our
species’ ongoing need for safe and comfortable shelter.

These publications also emphasize the latest computerized controls
being incorporated into every functional aspect of today’s buildings.
Today’s £ designers cannot claim to be up with the times if they do not
understand TBM systems. This includes the incredible production and
energy savings they can bring, the problems they create, and the solutions
today’s engineers are evolving to eliminate the latter.

These volumes also stress that a vital aspect of any functional com-
ponent’s design involves adequate access for maintaining it after con-
struction; because it can be said that no matter how good any part is, it
always fails eventually. Architects may think, and rightfully so, that main-
tenance is not their problem; but accessing maintenance is no one else’s
problem. More than ever before, occupants of modern buildings are pris-
oners of maintenance; and today’s £ designers should be an ally to these
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often-overlooked confinements and not an adversary.

These volumes also emphasize environmentally appropriate archi-
tecture whenever possible. They expostulate the view that not only should
every building inflict minimum damage to its site and environs, but every
material in them should inflict minimum environmental damage, undergo
minimum processing, create minimum packaging waste, and consume mini-
mum energy on its journey from its home in the earth to its grave on the
site. Indeed, the hallmarks of environmental design —more than econo-
mizing energy use and minimizing tfoxic waste— are creating maximum com-
fort in minimum volume and assembling natural materials simply. There is a
vital reason for this: the wilderness ratio, which states that

Every urban square mile requires about fifty square miles of wilderness
to purify its air, recycle its water, absorb its wastes, modify its climate,
and provide a substantial portion of its food and fiber needs without
economic cost or human management.

In architecture this is the ultimate catchment. The wilderness ratio indi-
cates that we all must do everything we can to preserve nature as much as
possible —not so our children may enjoy its serene majesty someday, but
simply so they may breathe. This is especially important with buildings, for
their construction and operation is a conspicuously consumptive use of
natural resources; thus this publication promotes every possible energy-
conserving measure involved in erecting and occupying built environ-
ments. Such concern certainly includes conservation of electricity; as in
the United States an estimated 35 percent of all CO, (a greenhouse gas),
65 percent of all SO, (a leading contributor of acid rain), and 36 percent
of all NOy (a major ingredient of smoq) are produced by the generation of
electricity. ¥ But such concern also involves advocating thicker envelope
insulation, structure with maximum strength-to-weight ratios, efficient
lighting and climate control systems, occupancy sensors that turn lights
and heating off when a space is unoccupied, daylight harvesters that dim
artificial lights when sunlight enters interior spaces, plumbing fixtures
with no-touch controls that reduce water consumption, TBM systems that
lead to lower energy use, and any other means of producing the greatest
effect with the smallest mass or means. Each comprises environmental
design so far as architecture is concerned, as a way of providing greater
opportunity to do the same in the near and far future.

Also let it never be said that these two volumes, in their preoccupa-
tion with a building’s solid parts, imply that they are more important than
the spaces they enclose. On the contrary! Obviously the Essence of
Architecture is creating habitable and comfortable interior spaces —for
without the voids, you have no solids. But just as obviously, you cannot
have the spaces without their defining solids, a fact that Laotze poetical-
ly described twenty-five centuries ago when he said:

T The Ecological House, Robert Brown Butler (Morgan & Morgan, Dobbs Ferry,
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Thirty spokes converge in the hub of a wheel;
But use of the cart depends on the part
Of the hub that is void.

A clay bowl is molded by its base and walls;
But use of the bowl depends on the hole
That forms its central void.

Floor, walls, and roof form the shape of a house;
But use of the place depends on the space
Within that is void.

Thus advantage is had from whatever there is;
While use derives from whatever is not.

In this endless architectural interplay, the essence of habitable space un-
derlines the need for its physical imperatives —and these books, by their
preoccupation with the latter, hope to ennoble the nature of the former.

Finally, these volumes” methods of selecting and sizing virtually
every functional component in a building —of paring each down to its ele-
mental nature and nothing more— promote all that is beautiful in architec-
ture. For the truest beauty results from doing what is supremely appropri-
ate and the subtraction of all else. For example, take the caryatids of the
Erechtheion in Athens, perhaps the loveliest columns ever devised: only when
each slender feminine waist was given the slimmest section that would support
the mass above could these graceful forms transcend the bland loyalty of
posts to become a beauty so supreme that they hardly seem like structural
supports at all. Such functional modeling is all a building needs to be beau-
tiful. No excess. No frills. No confections masquerading as purpose. No
appliques as are so often borrowed from the almsbasket of historically worn
architectural motifs whose perpetrators typically have no more concept of
their meaning than did Titania of the donkey she caressed.

Indeed, regarding architectural beauty, an £ designer needs no
more inspiration than a simple flower. From what does its beauty derive? Not
from perpetrators of vanity lurking within that blossom’s corm, yearning to
conjure a titillating aspect upon an innocent eye. And not from any external
molders who aver to do the same. No, its beauty derives from nothing more
than the stern utilitarian arrangement of each tiny part, wherein each ele-
ment has the most utilitarian size, each has the most utilitarian shape, each
connects to each other in the most utilitarian way, and each interfunctions
with the others in the most utilitarian manner, wherein each molecule in each
part is located for a purpose —in which even the dabs of garish color on the
frilly petals are, at least to a bee’s eye, no more than applications of stern
utility.

So be it with buildings.

NY, 1981) * from p. 2: Occupancy Sensor and Lighting Controls, a product i
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1.A.1. Terms & Symbols

The architectural symbols and abbreviations used throughout this
text are listed below. Familiar quantities have the usual letters (e.g. d for
the depth of a beam), but most are symbolized by the letter that best typi-
fies them in each problem. Thus one letter may denote different values in
different formulas. In this book, formulas contain no fractions unless una-
voidable (e.qg. A = 5/ is written as A C = B or B = A (), partial integers
appear as decimals instead of fractions (e.qg. ', appears as 0.5), feet-and-
inch dimensions usually appear as decimals to the nearest hundredth of a
foot (thus 2-4%4" is written as 2.39 ft), and degree-minute-second angle
measures are expressed in degrees to four significant figures (thus 31°-
43'-03" becomes 31.7175°); as in each instance such notation is cleaner
and fakes up less space. Also, numerical values are usually faken fo three
significant figures in exact-value equations (A4 = B) and to two significant
figures in estimate-value equations (A = B); and most weight and measure
abbreviations are not followed by a period (e.g. ft, Ib, sec). However, inch
is abbreviated as in. to differentiate it from the word in; but even this
measure may have no period after it if its meaning is obvious, as in in/LF.

Throughout this text, take care to use the same units of measure as
listed in each equation’s menu of unknowns. For example, if a quantity is
in feet and your data are in inches, be sure to convert your data to feet
before solving the equation.

1.A.1.a. Mathematical Symbols
Symbol Meaning

Left side of equation equals right side.
=~ Left side of equation approximately equals right side.
z Left side of equation does not equal right side.
> Left side of equation equals or is greater than right side.
< Left side of equation equals or is less than right side.
1 Two straight lines or flat plane are perpendicular to each
other.
[l Two straight lines or flat surfaces are parallel to each other.
A% Square root of A; A to the 0.5 power. This book’s exponential
expressions are not written with square root signs.
Al Use only the integer portion of value A. E.g. [2.39] = 2.
[A®| Use next highest integer above value A. E.g. 12.39 #| = 3.
[A®|, s Use the next highest multiple of 0.5 above A. E.g. 12.39 »|, - =
2.50. Similarly, |A #|, , means to use the next highest multiple

brochure for Leviton Mfg. Co. (Little Neck, NY, 1996), p. 3.
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of 2 above 4; e.qg. 12.39 »|, , = 4.00.

Sine of angle A. In a right triangle, sin A = opposite
side/hypotenuse, cos A = adjacent side/hypotenuse, and tan
A = opposite side/adjacent side.

Arcsin A, or sine of the angle whose value is A. If sin A = B, then
sin™! B = A; also true for cos™" A and tan™" A. This book does not
use the terms asin, acos, and atan.

Pi, equal to 3.1416.

Five ft eleven in, or 5.92 ft.

31 degrees, 43 minutes, 3 seconds; or 31.7175°. 1° = 1.0000°,
01'=0.0167°, and 01" = 0.000278°. In this book, angle meas-
ures are never in radians.

(1) The most desirable of several values under consideration.
(2) Desirable characteristics of a building component.
Undesirable characteristics of a building component.

1.A.1.b. Abbreviations and Terms in the Text

Symbol

A
A
a
ac

ach
apsi

ASL

Btu

Meaning

Amp, amps, ampere, amperes.

Acronym for architectural engineering.

Sabin(s): a measure of sound absorption

Acre(s). 1ac =43,560 2. A square acre = 208.71 ft on each
side. 640 ac = 1sqg mi.

Air changes per hour.

Atmospheric pressure based on 0 psi at a complete vacuum.
14.7 apsi = 0.0 spsi.

Above sea level; e.qg. 5,280 ft asL.

Total ray or beam concentration factor: a light fixture’s ratio
of spherical-to-axial output.

British Thermal Unit(s): amount of heat required to raise the
temperature of 1 [b of water 1°F. 1 Btu = 0.293 watts.

Celsius, a unit of temperature measure based on the Kelvin
scale; also Centigrade. Water freezes at 0° C and boils at
100°C. 1°C=1.8°F. 0°C=273K=32°F.

Cooling load: a term used in climate confrol system design.
Candela: the basic metric unit of luminous intensity.

1.00 candelas = 12.6 footcandles.

Centerbeam candlepower, measured in candelas; light output
along the axis of a lamp with a specified beamspread.
Centerline. Center-to-center is ¢-¢, and ¢ of gravity refers to

[l
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a shape’s enter of gravity.

¢ Unit cost in cents.

@ Circuitry load: capacity of an electrical circuit or component
in amps, volts, or watts.

cf Cubic feet. cfm = cubic feet per minute.
cmil  Circular mil, (also CM),a unit of size for electric wire. 1 cmil =
area of a circle 1 mil (0.001 in.) in diameter. C-S area of a 1
in. diameter wire = 1,000,000 cmil.

v Room Coefficient of Utilization: the ratio of useful light to
actual light in an architectural space.

D Amount of daylighting arriving at an interior space or visual
task, measured in footcandles (fc).

B Decibel, or decibels: a measure of sound intensity.

A difference or change of a quantity such as temperature,
pressure drop, operating costs, etc.

6 (1) diameter of a circle; (2) depreciation of illumination due to
factors such as voltage fluctuation, dirt accumulation, temper-
ature increase, maintenance cycles, and rated lamp life.

$ Unit or fotal cost in dollars.

€ Efficiency of a mechanical or electrical component or system,
usually measured in percent.

€ Total electrical load of a conductor or system.

F  Fahrenheit: a unit of temperature based on the Rankine
scale. Water freezes at 32° F and boils at 212°F. 1°F =
0.556°C. 32°F=0°C =273 K =492°R.

fc  Footcandle(s): a unit of light intensity arriving from a natu-
ral or artificial light source; also illuminance. 1.0 fc = amount
of light incident on a L surface 1.0 ft from a candle.

ft  Foot, or feet. fi? = square foot, ft> = cubic foot. 1> of water =
7.48 gal = 62.4 Ib.

ft%min  Square feet per minute.
fall/ft  Fall per linear foot: e.g. 0.5 in/ft =, in. downward for each
horizontal foot outward. Also known as slope, incline, or pitch.
All these terms are denoted by the symbol 4.
fom  Feet per minute. fps = feet per second.
f.u.  Fixture unit: a unit for estimating waterflow into or out of @
plumbing fixture. 1 f.u. = 2 gpm of fluid flow.
gal Gallon(s). gpm = gallons per minute.
gr Grain: a unit of weight. 7,000 gr = 1 Ib.
H Heating load: a term used in climate control system design.
H  Horsepower. 1 WP = 746 watts = 33,000 ft-1b.
hr Hour(s). 8,760 hr = 1yr. 720 hr = 1 month.
Hz Hertz, or cycles per second: (1) a unit of frequency for alternat-

ing electrical current, usually 60 Hz.; (2) the vibration frequency
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of a sound, usually between 20 and 8,000 Hz.

Illuminance: the amount of illumination, measured in footcan-
dles (fc), arriving at a visual task from a light source.

Impact isolation class: a unit for measuring solid-borne
sound absorbed by a type of building construction; also /..
Inch(es). in? = square inch. in®= cubic inch.

inches water column: a measure of air pressure; also in. wg
(inches water gauge). 407.4 in.wc = 33.95 ft wc = 14.7 psi =
30.0 in. Hg (mercury) = 1.00 atmosphere at 62° F.

A term used to denote a constant or coefficient.

unit of thermal conductivity for an insulation or type of con-
struction. k= U per in. thickness of insulation.

Kelvin: a unit of absolute temperature on the Celsius scale.
1K =1°C. 0°K = absolute zero = 273° C.

Kilowatt-hour: a unit of electrical power equal to 1,000 watts
of electricity consumed per hour.

(1) unit light source length or width factor: the effective dis-
tance between a light source and its task plane based on a
ratio of the light source’s face length or width and the dis-
tance between it and the task plane; (2) wavelength of a
sound, measured in cycles per second (Hz).

Pound(s). 13.8 cf of dry air at room temperature weighs 1 Ib.
Pounds per square foot; also psf. Lb/in? = psi = pounds per
square inch; Ib/in® = pounds per cubic inch; [b/If = pLF =
pounds per linear foot.

Output of an artificial light source, measured in lumens (Im).
Linear foot or feet.

Lumen: a unit of light energy emitted from a natural or artifi-
cial light source. One candle emits 12.6 Im of light.
Logarithm. In this volume all logarithms are to the base 10.
Loudness limit: difference between the emitted and received
sounds of two adjacent spaces, measured in 8.

Maximum.

(1) minimum; (2) minute.
Mile(s); mi? = square mile(s).
Month.

Unit near-field length or width factor: the effective amount of
light emitted from a natural or artificial light source based
on a ratio of the light source’s face length or width and the
distance between it and the task plane.

Light source near-field factor: the effective amount of light
arriving at a task plane based on the light source’s lamp and
near-field factors A, A,,,n, and n,,.

No good: the value being considered is not acceptable.

mph = miles per hour or mi/hr.

[l
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N2G Not too good: the value being considered may be acceptable
but is not very satisfactory.

n  Number or quantity of a building material, component, or sim-
ilar entity; usually an unknown factor.

® Occupancy factor: the number of feasible or actual occu-
pants occupying a floor area in a building.

o.c. On center: refers to a dimension from the center lines of two
materials or assemblies; also center-to-center or ¢-¢.
OK  Okay: the value being considered is acceptable.

? A quantity or term whose value is presently unknown.

¢ Phase factor (e.q. single or three phase) for electric wiring.

P Pipe flow: volume of liquid or gas flowing through a plumbing
pipe, conduit, or system.

pLF  Pounds per linear foot.
ppd  Pipe pressure drop: the amount of pressure loss experienced
by a liquid or gas flowing through a length of pipe due to
friction; also known as AP.
ppm  Parts per million.
psf Pounds per square foot.
psi  Pounds per square inch.

Q Airflow velocity: speed of supply or return air through a duct,
measured in fps, mph, or cfm.

Q Rated power (wattage) of a generator, motor, pump, or other
component that either produces or consumes electricity.

R (1) Rankine, a unit of absolute temperature on the
Fahrenheit scale. 1°R = 1°F. 0°R = absolute zero = —460° F.
(2) thermal resistance of an insulation or construction
assembly; also known as R-factor. R="/,.

p Ray concentration factor. A light fixture’s spherical rays may
be concentrated due to an enclosure factor p,, a geometric
confour factor p,, and a reflector finish factor py.

r.h.  Relative humidity: amount of moisture in the air relative to its
saturation at a given temperature.

4 Slope, incline, or pitch of a linear direction or surface.

sec Second(s). 60 sec = 1 min.

® Solar heat gain: a measure of solar heat energy entering an
interior space during cold weather; also insolation or inci-
dent clear-day insolation.

o Specific gravity: the unit weight of a solid or liquid compared
to that of water (o of water = 1.00), or the unit weight of a
gas compared to that of air (o of air = 1.00).

sf Square foot (feet). 100 sf = 1 square.
spsi  Standard pressure based on 0 psi at atmospheric pressure.

0.0 spsi = 14.7 apsi.
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Sound Transmission Class: a unit for measuring sound
absorbed by a type of building construction; also S;.

(1) a measure of weight that equals 2,000 Ib; (2) a measure of
heating or cooling capacity that equals 12,000 Btu. 1 ton is
also the approximate weight of 32 ft> of water.

Transmittance: portion of light passing through glazing or
other transparent or translucent material.

A unit of thermal conductivity for an insulation or type of build-
ing construction, usually part of a building envelope; also
known as U-factor. U ="/, = k x thickness of insulation (in).
Unless otherwise noted: a popular abbreviation in architec-
tural working drawings.

Kinematic viscosity of a contained liquid, usually measured in
ft?/sec.

Velocity, usually measured in fps or mph.

Volt(s): unit of electromotive force in an electrical circuit.
Very good: the value being considered is desirable.

Watts: a unit of power in an electrical circuit, appliance, or
electrical component. 1 watt = 1 amp x 1volt; or W =AV.
Yard(s). Yd? = square yard(s). yd>=cubic yard(s).

Year(s): a unit of time. A mean solar year is 365 days,

5 hours, 48 minutes, and 49.7 seconds long.

1.A.1.c. Unusual Terms in the Text
aspect ratio  Ratio of a long side to a short side of a rectangular duct.

azimuth

belvedere

berm

bus
busway

cobrahead

Downloaded from

The sun’s orientation from true north, degrees; e.q. 136° E
of N describes an angle with one side aimed at due north
and the other side aimed 136° east (clockwise) of due north.
A box-like ventilator with louvers on each side located on
the peak of a gable roof; it utilizes the prevailing windflow
to draw warm air from interior spaces below.

A usually long, narrow, several-foot-high rise in terrain
that is often artificially made to shield a building from cli-
matic forces, block unwanted sight lines, direct water
runoff, infroduce sloping contours, protect utility con-
veyances in the ground below, and the like.

A rigid copper or aluminum bar, tube, or rod that conducts
electricity; also bus bar or busbar.

A rigid metal conduit that encloses and protects a bus or
busbar; also bus duct or busduct.

A roadway luminaire mounted on a tall post whose top
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extends outward several feet and whose end has a hooded
reflector resembling a serpent’s head.

A stucco-like material used as an exterior finish.

The usually convex end of an electric motor.

Abbreviation for electromotive force, a type of electronic
interference on electric wiring.

A light source’s output divided by its total power input.
The quantity of heat contained in air as a function of its
temperature and relative humidity, measured in Btu/lb. Air
at 78° F and 50% r.h. (standard room temperature during
warm weather) has an enthalpy of approximately 30 Btu/Ib,
a value which is considered as the optimal enthalpy value
for comfortable warm weather.

The outermost surface of a building (lowest floor, outer
walls, and roof) which usually contains thermal insulation.
a thermodynamic term pertaining to the nature of heat
transfer between two media at the heat of solidification
(freezing) temperature of one medium.

Sunlight entering a solar collector or interior space
through glazing facing the sun.

A primarily vertical duct for carrying rainwater from the
gutter to the ground. Also downspout.

An electrical conductor whose voltage/amperage ratio
remains constant. A conductor in which this ratio is not
constant is non-ohmic.

The siting of a building, landmark, or architectural detail
according to a direction of the compass.

Abbreviation for percolation: seepage of water through a
porous material, usually soil. A perc testis a method of
testing a soil’s porosity.

A floor-mounted electrical outlet with a stem through which
wiring extends from a conduit or plenum in the floor below.
A unit of roof area measure equal to 100 fi2.

A usually marshy depression in an area of fairly level land.
A quantity of heat equal to 100,000 Btu that is used to
measure amounts of natural gas.

The horizontal or vertical axial distance an airstream
travels after leaving an airduct grille to where its velocity
is reduced to a specific value. Also called blow.

(1) a usually small surface in a folded plate structure that
braces similar surfaces through their edges-in-common
and is also braced by them; (2) a thin surface that
receives sound waves on one side and magnifies them to
usually annoying levels on the other side.
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1.A.1.d. Metrication

In 1994 the U. S. Government mandated that all future federal proj-
ects be constructed according to the International System of Units, com-
monly known as the metric or S/ system. Thus has begun our society’s offi-
cial, if dilatory, march toward conversion from the traditional inch-pound
(IP) system to the more worldly SI. In order to foster and facilitate the use
of the Sl system, this book includes in its Appendix of Useful Formulas a
full page of common IP-to-Sl conversions, each of which is accompanied by
a DesignDisk access code number that enables its mathematics to be per-
formed automatically, either from IP to Sl or vise versa, by computer.

The Sl system of measures has six basic units as listed below:

Unit IP std. Sl std. Conversion
Length ................ foot....... meter ................. 3.28ft=1m
Mass ...l ounce ..... gram .............. 10z =28.35gm
Time ..o second ... second .................. same

Temperature .......... CFoo °Co...... 1.8°F=1°C,32°F=0°C
Electric current ...... ampere ... ampere .................. same

Luminous intensity .... lumen ..... candela ............. 126 Im="1cd

SI quantities are further defined by the following prefixes :

pico- (p) = 1/1,000,000,000,000 or 1072
nano- (n) = 1/1,000,000,000 or 10™°
micro- (p) = 1/1,000,000 or 10°°

milli-(m) = 1/1,000 or 102
centi- (¢) = 1/100 or 1072
deci-(d) = 1/10 or 107"

deka- (da) = 10 or 107
hecto- (h) = 100 or 10

kilo- (k) = 1,000 or 10°

mega- (M) = 1,000,000 or 10°

giga- (G) = 1,000,000,000 or 10°
tera- (T) = 1,000,000,000,000 or 10'?

Sl units are also combined to create numerous derived units, an example
being 1,000 grams x 1 meter/sec? = 1 Newton (an inertial quantity).

The U. S. government recognizes three levels of conversion from IP
to Sl: rounded-soft, soft, and hard. Rounded-soft conversions involve
rounding an IP unit fo an approximate Sl unit (e.g. 12 in. = 300 mm); soft
conversions equate an Sl unit to its exact IP equivalent (e.g. 12 in. = 304.8
mm); and hard conversions involve retooling of manufacturing processes
to make products with Sl dimensions (e.qg. retooling a former 12.0 in. dimen-
sion to become 300 mm). In architecture the biggest SI changes usually
involve plan dimension scales. Several Sl scales commonly used in
European architectural plan measures are fuoirly easily adapted to
American plan measures, as described below:

[l
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Sl scale Replaces IP scale of Size difference

Tl actual size ...l same

15 3= 120" (1:4) oo 20% smaller

110 oo, 1" =1-0" (1:8) .oovviviiinia, 20% larger
"= 120" (1:12) oo 20% smaller

1:20 0o, V"= 120" (1:24) oo 20% larger

1:50 0, V)= 120" (1:48) ooviviiiiiiiin. 4% smaller

1100 e, V"= 150" (1:96) wvoeveeeeeneennnn 4% smaller

1:200 ..., V' = 1-0" (1:192) ....ooiiiiiiinn 4% smaller

1:500 ... 1"=32"(1:384) ..., 23.2% larger

1:1000 ...onen.... 1" = 64" (1:768) ..., 23.39% larger
1"= 100" (1:1200) ...ooevennnnn... 20% smaller

At some future time each architect may convert to SI measures on a
particular project. This is usually done as follows: (1) agree with the owner
and contractor in advance on how completely the project will be measured
in SI; (2) decide at what stage along a continuum of plans, working draw-
ings, shop drawings, product specifications, and operation manuals all
parties will begin using the new measures and discarding the old; (3) pre-
pare a complete list of exact conversions and their abbreviations to be
used by all parties; and (4) before performing calculations convert all
base data to Sl; don’t start with one system and try to end up with the
other. In this work do not use double-unit notation, e.g. 12 in. (300 mm).

In this volume, all numerical values are in IP measurements. However,
an Sl edition of this volume is being prepared for those users who may pre-
fer it to the IP edition.

1.A.2. Jurisdictional Constraints

Before initiating a building’s design, the architect or engineer must
thoroughly review all official codes and ordinances in the jurisdiction in
which the building will be erected. This process typically involves deter-
mining which codes and ordinances govern each part of a particular
design, contacting the appropriate authorities, then working with them to
determine the specificity and extent of all applicable regulations. Such
analysis generally proceeds from MACRO to MICRO as follows:

Zoning ordinances. These are general requirements regarding a
building’s relation to its property and surrounding areas that often influ-
ence permitted uses, construction types, installation of life safety meas-
ures, and even character of design. They include:

> Environmental considerations (selection of wilderness areas,
preservation of endangered species, elimination of toxics, etc.).
> Designation of historical and archaeological landmarks.

Much of the data in the section on metrication was obtained from Plumbing En-
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Determination of adequate open spaces, recreation, and other
public amenities.

Classification of land uses and building occupancies.
Developmental regulations for residential subdivisions, office
parks, industrial complexes, and the like.

Public fransportation requirements (vehicular traffic flow,
access, onsite parking, pedestrian flow, etc.).

Site development limitations (excavation, tree removal, erosion
prevention, grading, etfc.).

Lot and yard requirements (area, frontage, width, length, etc.).
Building setbacks (front, side, rear, number of floors, maximum
heights, efc.).

Property locations (access to outdoor spaces, projection limits
beyond exterior walls, party wall requirements between multiple
occupancies, minimum spatial dimensions outside openings, spec-
ifications for courtyards and connecting arcades, etc.).

Signage requirements and restrictions.

Special requirements for commercial, industrial, and institution-
al occupancies.

Deed restrictions. These include easements, mineral rights, water

rights, grazing rights, other agricultural regulations, environmental re-
strictions, and the like. They are usually described in the owner’s deed or
subdivision regulations.

Code requlations. These are construction requirements that are

meant to ensure safe structure and adequate fire protection. The architect
should also incorporate into design specifications all relevant NFPA
(National Fire Protection Association) bulletins, especially the Life Safety
Code NFPA 101), then proceed to any other applicable documents refer-
enced therein. Other building code requirements involve:

>

v

vVvVvyVvywyy

Specification standards for building materials including wood,
steel, concrete, masonry, gypsum, glass, plastics, and adhesives.
Proper installation of electricity, gas, and other local utility
services, including power generating systems.

Provision of adequate water supply and sanitary drainage.
Interior space requirements (room sizes, ceiling heights, window
areas, doorway widths, stair dimensions, etc.).

Provisions of adequate light and fresh air for occupied spaces.
ADA (Americans with Disabilities Act) accessibility and use.
OSHA (Occupational Safety & Health Administration) regulations.
Special requirements for mixed occupancies.

Methods of emergency evacuation and exit.

Proper construction and operation of elevators, dumbwaiters,
escalators, and moving walks.

gineer magazine (TMB Publishing, Northbrook, IL), April 1995, “Construction ||
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> Proper construction and operation of mechanical systems (heat-
ers, coolers, humidifiers, dehumidifiers, blowers, exhausts, etc.).

> Energy conservation standards.

> Construction inspection schedules, including issuing of building
permits and certificates of occupancy.

> Protection of buildings from degradation and destruction by

weather, water, adverse subsoil conditions, corrosion, decay, lack
of aeration, and other damage that could occur over time.

An /& designer should make every effort to comply with all codes and
ordinances that may apply to a building’s design and construction; for, if
anything, the Code is a minimum requirement, which is often less than rec-
ommended, which is often less than optimal. However, if the designer or
owner believes a certain exception to a code ordinance would not violate
the spirit for which it was intended, he or she may be granted a variance
for said exception by jurisdictional authorities. Indeed, although official
building codes are often considered to have a timeless aura, each is
revised every few years to remain current with changes indicated by ongo-
ing natural disaster research, shifting sociological priorities, and
improved energy conservation measures.

1.A.3. Preparation of Drawings

While the clarity of all working and mechanical drawings associated
with a building’s design is the responsibility of the architect, the task of
assigning responsibility for the specific design of engineered components
is often not so clear. For example, if a contractor hires a steel fabricator
to prepare shop drawings that facilitate construction work and the draw-
ings are okayed by the architect, then the connection fails, who is liable?
In most cases this responsibility reverts to the architect, because all
aspects of design —essentially those parts of the building that do not
exist before construction and do remain after construction— are the
architect’s domain, and because he or she is expected to snoop, pry, and
prod regarding the fulfillment of said obligations. Accordingly, usually the
only way that anyone other than the architect may be held liable for any
part of a building’s design is for all five of the following to occur:

1. The architect must obtain in writing the services of the authority to
whom he or she will delegate part of the original design obligation.
2. The delegated authority performing the services must be a
licensed professional, not a proprietary detailer; then the onus of’
implied warranty typically falls on the authority whose field of

Industry Moves Inch by 25.4 mm to New System of Measurement”, by Chas
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expertise is of a more specialized nature.
3. The delegated authority must be hired by the architect, not by the
contractor or owner or any of their assigns.
The delegated authority must sign his or her drawings in writing.
During construction the architect should receive from the dele-
gated authority a written report that the latter has inspected the
work and found it to be in compliance with the Plans.

o

Note that if the architect’s request is not in writing (i.e. is not a bona
fide effort to delegate responsibility), or the specialist is not licensed (i.e.
does not have official status as a professional in the eyes of the law), or
the specialist is hired by the contractor or the owner (i.e. is someone whose
project responsibility lies outside the domain of design), or the architect
does not receive the engineer’s drawings and inspection reports in writing
(i.e. the delegation of responsibility is not fully consummated), then the
architect is not considered to have really surrendered that portion of the
domain of design to another party —in which case any delegation on the
architect’s part may be considered as merely de gratia, even spurious. This
concept of “eminent domain” as the controlling factor in matters of archi-
tectural liability goes far toward enabling an architect to pick his or her
way successfully through today’s litigation minefields.

1.A.4. Computerization

Inside this volume’s back cover is the DesignDISK, a CD-ROM that is
a computerized version of all the book’s formulas which enables them to be
solved quickly and accurately. However, despite these extremely useful
features, the disk cannot be used effectively without the text; because
much related £ information, not to mention drawings, is often required to
select the proper formula to solve, which is best presented where it won't
take up the screen space needed to use the formula windows; and due to
electronic limitations the data for each unknown in the DesignDISK’s no-
math menus is limited to one line while the data needed to fully understand
many unknowns often takes several lines to describe. Examples are con-
stants or coefficients whose value is selected from several numbers which
are easily listed in two or more lines in the text’s no-math menu, or a bar
graph a few lines away, or in a nearby graph or drawing or the text itself;
and unknowns that require minor math operations to determine its numer-
ical value, whose full descriptions can be presented only in the text. So,
while the disk is quick and accurate, the book is more accessible, depend-
able, and thorough. Thus, as marvelous as the DesignDISK is, you simply
cannot fully utilize its advantages with the book opened next to you.

Magdanz, p. 39. Much of the information in the section on Jurisdictional Con- ([
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MECHANICAL SYSTEMS Formula Directory ™ =1 B9

|| File Help |

Using the DesignDISK

Enter your| Error Messages: Causes and Corrections ||he Directory, then click OK.
About this Publication

I

3E, Air Filtration 4]
4. CHAPTER 4, PLUMBING

4A1a, Initial Estimate of Building Water Load: Average Demand

4A1b, Initial Estimate of Building Water Load: Peak Demand

4B1, Number of Plumbing Fixture Units

4B2, Required Number of Plumbing Fixtures

4Ca, Water Pressure due to Height

4Cb, Waterflow Rate vs. Pipe Diameter

4Cc. Waterflow Rate: Gallons/Minute vs. Feet/Second

4Cd, Contained Weight of Piping

4Ce, Pipe Pressure Drop due to Flow Friction

4Cf, Equivalent Length of Piping Elbows _
4Cg, Equivalent Length of Piping Gate Valves

4C1a, Change in Pipe Length due to Thermal Expansion

4C1b, Optimal Width of Pipe Chase

4c1c, Optimal Depth of Pipe Chase g

Fig, 1-1. The DesignDisk’s Formula Directory window.

Related to this is the text that describes how to use computer soft-
ware, which is typically accessed from its Help pulldown menus, as is shown
in this disk’s Formula Directory in Fig. 1-1. In this publication this text is
duplicated below, where it will not fake up any screen space, and where it
can be accessed when the computer is malfunctioning or not running.

USING THE DesignDISK

The DesignDISK that accompanies this book is a computerized ver-
sion of the volume’s algebraic formulas. This software enables you to solve
any unknown in the book's equations quickly and error-free without using
any other mathematical method, device, or operation.

Use of this disk begins by installing it properly on your computer.
Then, open the disk by clicking on its icon. First a proprietary JAVA.exe
splashscreen (the ‘black box’) appears on your monitor, then a few seconds
later the DesignDisk’s Formula Directory appears on the screen [Fig. 1-1].
The Formula Directory is a dialog box that has beneath its title bar a small
data enfry pane with an OK button on its right, and below this pane is a
much larger window that displays a long list of all the book’s formulas. In
the Directory, each line lists the title of one of the book’s formulas, or the
title of a multi-step design sequence that may contain several formulas;

straints was prepared for the author by the late Michael Hayes, Architect, of
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4C1A dL = kt LI dt ™ =] B3

I— dL, change in pipe length due to change in temperature, in.
I— kt, coefficient of thermal expansion for pipe material, in/in.
I— LI, length of pipe at lower temperature, in.
I— dt, change in pipe temperature, deg F.

COMPUTE | REFRESH I CLOSE |

Enter values for each unknown in the box to its left. When you enter the value for the next-to-last
unknown, click the COMPUTE button and the value for the final unknown will appear.

O TGO IO O |

Fig. 1-2. A formula window of the DesignDisk.

and beside each title is an alphanumeric access code, such as 2C2a1, that
also appears as miniature typewriter keys beside the same formula or
design sequence in the book. Thus, after noting the alphanumeric access
code of the formula you want to solve in the book, find the same code num-
ber in the Directory by moving the scroll bar on the directory window’s
right, then click anywhere on the formula’s access code or title: the access
code immediately appears in the data entry pane above. Then click the
pane’s OK button, and the formula’s dialog box quickly appears on the mon-
itor. You can also “direct dial” the desired formula by typing its access
code directly in the data entry pane then clicking OK. Also, instead of
scrolling through the entire list of formulas to find the one you want, you
can go directly to the head of any chapter in the Formula Directory by sim-
ply typing its chapter number in the data entry pane.

Each formula has a dialog box that has a header that displays the
formula, below which extends a vertical row of data entry panes in which
each pane represents a formula unknown [Fig. 1-2]. To the left of each pane
is a radio button, to each pane’s right is one of the equation’s unknowns
with a one-line description further to the right; and below these items are
three rectangular buttons named COMPUTE, REFRESH, and CLOSE. To
solve any unknown in a formula, do the following:

1. Click the radio button beside the data entry pane for the unknown
you want to solve: the button fills with a big black dot.
2. Enter numerical values in all the other panes.

3. Click COMPUTE: your answer quickly appears in the pane beside
the black dot.

If your answer is unsatisfactory, enter new values in one or more of the
entry panes whose radio buttons are blank; or click REFRESH to clear all
values from the panes. If you want to solve another unknown, click the

Atlanta, GA. i
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radio button beside its pane and repeat steps 2 and 3 above. When you are
finished with a formula, click CLOSE, and the formula window will disappear
and you will return to the Formula Directory. You can also operate a
Formula Window from the keyboard by (1) pressing the TAB key to cycle the
cursor down through the entry panes and across the COMPUTE,
REFRESH, and CLOSE buttons then back to the top pane (you can reverse
this cycle by by pressing TAB + SHIFT), then by (2) pressing to COM-
PUTE an answer, (R) to REFRESH the panes, or (X]) to CLOSE the window.

If a design example requires a series of steps to solve, the Formula
Window first displays the equation for Step 1. Then when you press COM-
PUTE to finish this step, the Window for the next step appears —until all the
example’s steps that contain equations appear in a nearly vertical cascade
with only their title bars and part of their data entry panes visible. You
need to return to a step? Click on its title bar, and its Window moves to the
front of the cascade. You can even go directly from the Formula Directory
to any step in any design sequence by typing in the Directory’s data entry
pane the formula's access code, then 's' (for step), then the step’s number.
For example, if you want to use Step 4 in Example 3E3a, type 3E3as4.

USING THE TRANSFER FORMULAS

A number of equations in the volume, Structural Systems, have a
black keyboard key with a white letter and number in it. These keys indi-
cate the use of transfer formulas, which are the beam load formulas that
appear in that volume’s Table 2-2, Allowable Live Loads, and the geometric
section formulas that appear in Table 2-6, Properties of Geometric
Sections. These formulas may be used to find values that are subsequent-
ly used in their parent formulas as follows:

1. When an equation in the book has a black keyboard key in it [e.qg.
[®1, note the white letter in the key: it may be a V (for a beam’s
maximum shear load), U (other beam shear load), M (a beam’s max-
imum bending moment), N (other beam bending moment), D (maxi-
mum beam deflection), A (a geometric shape’s section area), S (a
shape’s section modulus), or | (a shape’s moment of inertia).

2. Knowing the particular beam load or geometric condition for
which the parent equation is being used to solve, go to Table 2-2
or 2-6 in the Structural Systems volume and find the formula that
best describes the condition under consideration. Beside each
formula is a black key with a white lefter and number in it: this is
the parent equation’s transfer formula.

3. Enter the appropriate transfer formula's access number in the
Directory's data entry pane, then click OK. When the transfer for-
mula’s window appears, reposition its window and the parent for-
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mula’s window so each are adjacently visible on the monitor.

4.  Solve for the value in the transfer formula that appears in the
parent formula, enter this value into the proper entry pane of the
parent formula, then solve the parent formula.

TIPS YOU'LL BE GLAD WE TOLD YOU ABOUT

You can ftile or overlap any number of windows so only part of their
entry panes are visible, enabling you to work on several equations at once.

Before working with any formula dialog box, you may find it less dis-
tracting to minimize the proprietary JAVA.exe window that opened before
the Formula Directory appeared.

In the equations, exponents to the 2nd power are displayed as As,
exponents to the 3rd power appear as Az, and all other exponents except
1.00 are described by a carat followed by the exponent, as in A0.75.

This software can display only alphanumeric characters (the 26
upper and lower case letters and 10 numbers). Thus some of the unique
symbols that appear in many of the two books” equations are replaced by
an appropriate alphabet letter.

When typing an access code into the data entry pane of the Formula
Directory, you can use either upper or lower case letters regardless of how
they appear in the Directory. For example, you can enter 2B1 as 2b1.

When entering the values of a variable, do not insert commas in long
numbers. Enter 1800000, not 1,800,000, and 0.0000098, not 0.000,009,8.

Numbers longer than 6 significant figures on either side of a decimal
are displayed in exponential form (e.g. 8 significant figures to the left of
the decimal reads as 1.44e+008, and 8 significant figures to the right of
the decimal reads as 1.44e-008)

In multi-step examples, the formula window for each subsequent step
appears only if you activate the radio button beside the top data entry
pane in the open window before clicking COMPUTE. If you have solved an
unknown other than the top variable, you must click the radio button beside
the top pane to access the next step.

In a multi-step sequence, any steps without equations have no for-
mula windows. Thus if a seven-step sequence has equations only in Steps
1, 4, and 6, it has only four formula windows whose step sequence is 1, 4,
and 6 (not 1, 2, 3, 4, 5, 6).

A COMPUTING TOOL WITH NEAR-UNIVERSAL APPLICATIONS

The DesignDISK can be used for much more than solving the equations
found in its parent volumes. For example, do you need to use the Pyth-
agorean theorem? Or the quadratic equation? Or do you want the value of
three numbers multiplied together? From the Formula Directory you can

[l
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access a formula that contains the exact algebra you seek, then use it to
quickly find your answer. A few such No-Math possibilities are listed below.

Desired Equation Formula Access Code
Pythagorean theorem (A = [B2+C2]%°) ................... MS or S5 A35a
Quadraticequation ... MS or SSA11
Value of two multiplied numbers (A=B +C) .......... MS 2C1, SS 2B5a
Value of three multiplied numbers (A=BCD) ......... MS 3D1, SS 8B1
Value of four multiplied numbers (A=BCDE) ........ MS 3D2, SS 8F4
Value of up to 7 multiplied numbers (A=BCDEFGH) ...... MS 6A1d
Value of one number divided by another number (A = B/C) ... MS2C25
Value of two added numbers (A=B +C) ............ MS 2E8b, SS5C1s5
Value of up to nine added numbers (A =B + C + D, efc.) M54B1, SS 8F3
Value of one number minus another number (A=B-C) ........ MS 2Ba

Value of two numbers minus a third number (A=B+C-D) ... MS3Bla
Comparative costs of 2 similar products (lamps, motors, efc. .. MS 6B4

Each volume, Structural Systems (SS above) and Mechanical Sys-
tems (MS above), also contains a lengthy Appendix of Useful Formulas
—more than 300 in all, which may used fo solve many algebra, geometry, or
physics equations and perform many metric or nonmetric conversions that
may appear in many architectural engineering design scenarios.

ERROR MESSAGES: CAUSES AND CORRECTIONS ||

While using the Formula Directory and the dialog boxes for each for-
mula, you may occasionally make an error which will cause one of the fol-
lowing messages to appear:

ERROR MESSAGE 1. Your formula access number is invalid. Please re-
enter a different formula access number.

Cause: You entered an invalid formula access number in the Formula
Directory’s data entry pane.

Correction: Choose a valid number from the Directory or the
DesignDISK’s accompanying volume.

ERROR MESSAGE 2: Your variable input is invalid. Please entfer a valid
number.

Cause: You entered a non-numeral in a formula window data entry pane.

Correction: Enfer a valid number in the pane.

ERROR MESSAGE 3: You cannot divide by zero or take the root of a neg-
ative number. Please re-enter your values.

Cause: Avariable functioning as a divisor has been given a value of zero;
or a log, trig, or exponential function is not structured properly.
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Correction: Check all your variable input values for the formula being
used and re-enter the variable(s) causing the error.

ERROR MESSAGE 4: You cannot solve for this variable in this equation.
Please choose a different unknown for which this equation should
be solved.

Cause: A very few equations have variables that appear twice and have
different exponents that make

them quadratically unsolvable.

Correction: Do not try to solve the equation for these variables (do not
turn their radio buttons ON).

1.A.5. Designer’s Responsibility

Although the information presented in this volume is based on sound
engineering principles, test data, and field experience of respected
authorities over a period of several decades as well as the author’s forty
years” experience in architectural design and construction, no part of the
information herein should be utilized for any architectural engineering
application unless the design is thoroughly reviewed by a licensed archi-
tect or professional engineer who is competent in the particular applica-
fion under consideration. Moreover, said authority shall accept legal
responsibility for all applications of said information.

The author, by making the information in this professional handbook
and its accompanying disk, publicly available cannot be considered as
rendering any professional service; nor does he assume any responsibili-
ty whatsoever regarding the use of any of said information by any other
individual or organization whether they are licensed or otherwise.

Furthermore, neither the author nor the publisher make any repre-
sentation or warranty regarding the accuracy or conceptual propriety of
any information contained in this handbook or its disk. Neither shall the
author or the publisher be liable for any demand, claim, loss, expense, lia-
bility, or personal injury of any kind arising directly, indirectly, or remote-
ly from the use or omission of any information contained in this handbook
or its accompanying disk. Any party using said information assumes full
liability arising from such use.

These legal precepts are explained here once and for all so that they
need not be described repeatedly throughout this lengthy text.

0
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CLIMATIC FORCES

2.A. GENERAL

Sun, rain, wind, heat, and cold shape architecture in many ways. The
forces these elements rail against a building vary from subtle to stupen-
dous, from intermittent to unceasing, from tranquil absence fto several
occurring at the same time. Designing a building to resist them also has its
subtle and dominant elements, which may be distilled to three aspects:

1. Designing a building’s exterior to resist the forces of climate.
This is covered in this volume’s Sec. 2.A. to 2.D.

2. Quantifying a building’s thermal loads and optimizing the possi-
bility of utilizing solar energy based on local climate patterns
and extremes. This is covered in Sec. 2. E.

3. Maintaining constant comfort inside a building by properly
selecting and sizing its climate control system. This is covered in
Chapter 3.

2.A.1. Microclimate Factors

Frank Lloyd Wright said: “I think it far better to go WITH the natural cli-
mate than try to fix a special artificial climate of your own.” Indeed, a little
weatherwise jujitsu —of tricking the natural features and forces around a
building into working for you instead of against you— can be worth an inch
or two of extra insulation in its facades as well as a substantial portion of
its ongoing energy expenses.

Design for climate begins with analyzing the building’s surrounds for
at least 200 ft in every direction if it is two stories tall or less, regardless of
the location of its property lines. If the building is taller, as good a general
rule as any is to analyze its surroundings in every direction for a distance
of 150 ft plus twice its height.

[l
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2,A.1.a. Breezes t

In the continental United States, winds generally blow from west to
east. Warm breezes born in the Pacific or Gulf of Mexico usually arrive from
the southwest, while cold fronts originating in the Arctic and northern
Canada arrive from the northwest. In temperate and cool climates (average
annual temperature is less than about 65°), a building should generally be
exposed to the southwest and sheltered from the northwest, and where
temperatures are warmer the opposite should be done.

? SMALL HIGH- ? LOW GENTLY

SILLED WINDOWS PRI SLOPING
‘ [ — | ROOFS
MINIMUM __ e FENCE

EXPOSURE
OF ROOF
& FACADE

T HIGH | RISING
MASONRY X SHRUBBERY | TERRAIN

/

FACADE | EARTH \ ST ! /
FEW OPENINGS LOW DEEP
WIND SHIELDS EAVES
BELVEDERE
—

V7

RN \\i&m
LOW EARTH ¢ FOLIAGE

WIND OPENINGS TERRACE

Fig. 2-1. Wind shields and openings.

As prevailing winds glide over frees, roofs, and prominences in ter-
rain, eddies of swirling or stagnant air fill yards, streets, and other open
areas below. When these currents sluice though narrow openings or slide
down the sides of hills, bluffs, and long buildings, they increase in speed.
Where such breezes are desirable insofar as nearby architecture is con-
cerned, the building should open fo them with broad lawns, other low
ground covers, porches, terraces, exposed facades with large openable
windows, and casement windows whose opened sashes can scoop passing
breezes indoors. Where such breezes are undesirable, the building should
shield itself from them with berms, solid fences, shrubs, low eaves, mason-
ry walls with small windows, and added insulation.

T Much of the information in Sections 2.A.1.a., 2.A.1.b., and 2.A.1.c. were taken
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2.A.1.b. Foliage

A building shrouded in foliage will experience gentler breezes, more
equable temperatures, and more humid air than one in a clearing nearby.
This is desirable in some regions and undesirable in others. In temperate
and cool climates, high-branched deciduous frees should rise around the
building’s southern half and low-branched evergreens around the north. In
warmer climates, high-canopied evergreens (e.qg. palm trees) are desirable.

SUNMY

ABOVE
THE
CANOPY

UNDER
THE
CANOPY

ABOVE
THE

UNDER-

STORY

UNDER
THE

UNDER-

STORY

UNDER~
GROWTH

FOREST
FLOOR

Fig. 2-2. How foliage affects microclimate.

Foliage is beneficial in other ways. Dense arrays muffle sounds from
neighboring areas and are excellent at maintaining privacy. Masses of
foliage, by generating oxygen, also freshen the breezes flowing above
them; and their leaves absorb carbon dioxide, sulphur dioxide, chlorine,
nitric oxide, and other noxious gases as well as collect airborne particu-
late pollutants. Indeed, almost 200 years ago Washington Irving described
the biomechanical advantages of foliage well when he said:

As the leaves of trees are said to absorb all noxious qualities of the air,
and breathe forth a purer atmosphere, so it seems as if they drew from us
all sordid and angry passions, and breathed forth peace and philanthro-
py. There is a serene and settled majesty in woodland scenery that enters
into the soul, and dilates and elevates it, and fills it with noble inclinations.

from the Ecological House, Robert B. Butler (Morgan & Morgan, Dobbs Ferry, ||
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2.A.1.c. Terrain

Wind blows over a landscape much as water flows over the bed of a
stream. Where the ground is smooth, currents flow evenly; where it is
rough, air flows fast over the high spots and slowly over the low. Over
depressions, stagnant ‘air ponds’ tend to form which are cooler and clam-
mier than air only a few yards away. Where the ground slopes, during warm
sunny weather air typically flows uphill until midafternoon, then downbhill
till dawn, to offer free ventilation to any building in its path. Also, concave
terrain (a slight depression of usually soft wet soil) is typically a bad place
to build, while convex terrain (a slight rise of usually hard dry soil) is typ-
ically a good place to build. Ground surfaces also affect the temperature of

G = GooD PLACE STEEP GENTLE
TO BUILD \SILOPE SLOPE. CONCAVE
B- »aD PLACE X 7 TERRAIN:
TO BUILD é g‘%ﬁ SOFT MOIST
) 2\, SoIL
TURBULENT ~S6 L=
WINDS OVER %) S/ [V, CONVEX
RUGGED — TERRAIN:
TERRAIM S HARD DRY
solL
SMOOTH “~—
WINDS ?{,EE% N SAIR POMD:”
TERRAIN DEPRESSION
OF COLD
LONG, CLAMMY AIR
GENTLE
SLOPE: W RISE IN
GENTLE 7. v TERRAIN:
BREEZES GOOD VIEWS,
UP & DOWN m STRONG
ALL DAY WINDS

THRO'
NARROW OPENINGS IN TERRAIN

Fig. 2-3. Warming & cooling features of terrain.

the air above. On a sunny day when the thermometer reads 80°, nearby air
may be 73° above a pond, 78° above a lawn, 83° over a wood deck, 87° above
bare earth, and 103° above asphalt. The more heat the ground absorbs dur-
ing the day, the warmer the air above it is at night. Light surfaces are cool-
er and more reflective than dark. Also, an area cast in sunlight will be about
12°warmer than a shaded area a few feet away. All these factors can add up
to a big difference in a building’s seasonal heating and cooling loads.

What is the density of air if its temperature is 82°F, its elevation above
sea level is 4,250 ft, and the barometric air pressure is 29.92 in?

New York, 1981), pp. 12-21.
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2JA)1)c)a) Airpressureisin. Hg: D (459.7+ F) = 1.325x, B
b) Air pressure is psi: D (459.7 + F) = 2.697 P

D = density of air, ? pcf. Air at sea level at room temperature (68°)
and normal atmospheric pressure has a density of 0.073 pcf.

F = temperature of air, 82° F

K. = elevation coefficient, based on elevation above sea level, from the
bar graph below. At an elevation of 4,250 ft asL, k. = 0.85.

Elevation above sea level
1.00 0.962 0.925 0.890 0.856 0.824 0.793 0.763 0.734 0.705 0.677

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
K. = elevation coefficient

B = effective barometric pressure, in. Hg. This is typically an air pres-
sure adjusted for a local elevation that is used to forecast the
weather. If B is the air’s actual pressure in in. mercury (Hg.), disre-
gard the air’s elevation above sea level, in which case kg in formula
a = 1.00. Here B = 29.92 in. Hg.

P = Actual air pressure, psi. Not applicable.

D (459.7 + 82) = 1.325 x 0.85 x 29.92 ... D=0.062 pcf

2.B. SUN

The angle and intensity at which the sun’s rays strike the ground are
a function of the site’s local latitude as well as the time of day and time of
year. The formulas in Example 3 below are used to find the sun’s altitude
and azimuth for any northern latitude at any time of year. By setting the
sun’s altitude at zero, the sunrise and sunset time for any date can be
found; and by setting the sun’s azimuth at zero (due south), its altitude at
noon on any date can be found. Using these formulas with a computer
allows one to plot solar frajectories across the sky quickly and accurate-
ly. The formulas do not consider daylight savings time.

To determine the amount of solar energy, or solar heat gain, that a
building may ufilize tfo heat its inferior spaces, see Sec. 2.E.5.

Example 1. On February 21 what is the sun’s maximum altitude above
level terrain that is located at N 41°-23" [atitude?

2)8)a) L= x4-L

/= solar altitude: vertical angle of sun above horizon at noon due

[l
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south on Feb. 21, ? °. Interpolate for intermediate values between
the 21st days of consecutive months.

solar altitude coefficient. From Table 2-1, x, for Feb. = 78.5°.
local latitude; round off to nearest half degree. 41°-23'® 41.5°

L = 785-415 = 37°

~
Q
o

Example 2. What is the length of a shadow on level terrain from the
peak of a 66 ft tall church in Concord, New Hampshire if the sun is 48°
above the horizon?

QJ_B]Q] H = Stan L

H = height of object casting the sun’s shadow, ft. H = 37 ft.
S = length of cast shadow, horizontal projection, ? ft
/= solar altitude: vertical angle of sun above horizon, °. / = 48°.

37 = L tan 48° .. L= 333ft

Note: To determine the length of a shadow on nonlevel or uneven terrain,
cut a vertical section through the apex of the building in the direction of
the solar azimuth, then measure the shadow’s length on the ground.

Example 3. What is the sun’s altitude at noon, Dec. 21, on a site in
Ashland, Oregon? On this date what is the sun’s azimuth at 9:15 AM?

2)B)c) Altitude:

sin /£, = sin Lsin [23.5sin 0.98 (D - 81)] - cos L cos (157) cos [23.5sin 0.98 (D - 81)]

2)B)d) Azimuth:

sin (15 7) cos [23.5 sin 0.98 (D - 81)]

tan £, =
[23.55in 0.98 (D - 81)] + sin L cos (15 7) cos [23.5 sin 0.98 (D - 81)]
TABLE 2-1: SOLAR ALTITUDE ANGLES =———
MONTH & DATE ALTITUDE, ° at noon due south
Jan. 21..... 69.5° - local latitude  July 21..... 110.5° - local latitude
Feb. 21..... 78.5° - local latitude Aug. 21.... 101.5° - local latitude
Mar. 21..... 90.0° - local latitude Sep21...... 90.0° - local latitude
Apr. 21.... 101.5° - local latitude Oct. 21 ..... 78.5° - local latitude
May 21..... 110.5° - local latitude Nov. 21 ..... 69.5° - local latitude
June 21 .... 113.5° - local latitude Dec. 21 ..... 66.5° - local latitude
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L, = solar altitude: vertical angle of sun above horizon, ? °. At sunrise
or sunset, £, =0°. Round off £, and £, to nearest half degree.

L, = solar azimuth: horizontal angle of sun from due south, ? °
Minus values indicate Z, is east of south; plus values indicate 2,
is west of south. At noon due south, £, = 0°.

L = latitude of site, °. From atlas, Ashland, OR, is at 42.2° N. latitude.

D = day of year: number of day in year, as in schedule below:

Jan. 1=1 Apr. 1=91 Jul. 1=182 Oct. 1=274
Feb. 1=32 May 1 =121 Aug. 1=213 Nov. 1 =305
Mar. 1= 60 Jun. 1=152 Sep. 1= 244 Dec. 1=335

Dec. 21 =335 + 21 = day 356
T = fime of day, decimal hr. Atnoon, T=12.0. At 9:15 am, T =9.25.
Substituting in the above equations:
Altitude: £, = 14° above horizon
Azimuth: /., - -38.5° = 38.5° east of south

Note: To find sunrise and sunset azimuths, in formula 2)B)c) set 2, = 0
and solve for 7. Then, knowing L, D, and T, in 2)B)d] solve for £,

2.B.1. Angle of Incidence

The formula below allows one to compute the angle formed between
the sun and a planar surface no matter where the sun is in the sky or in what
horizontal or vertical direction the plane is facing.

\ SUN IS 50°
ABOVE HORIZON ROOF

When the altitude of the

west of south, what angle
does it make with a roof’

facing south-southeast SEI;{O&S
that slopes 60°? SOUTH-
WEST

2)B8l1)a)

sin/, = sin/,cos Lg+

€cos L sin/lscos (Lp+ Lp)

/L 4= angle of difference

between incident sun-
rays and surface, ? °

SLANTS

sun is 50° above the hori- AB%O\;E
zon and its azimuth is 45 HORIZON

I””//mlhulmr\\m\\\\\\\
ROOF FACES
SOUTH- SOUTHEAST

Fig. 2-4. Sun angle on sloping roof.

[l
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/., = solar altitude: vertical angle of sun above horizon, 50°

L s = slope of planar surface to horizontal, 60°

/ = solar azimuth: at southwest, horiz. angle of sun from due south = 45
/ = orientation of planar surface from due south, 22.5°

sin £, = sin 50° cos 60° + cos 50° sin 60° cos (45° + 22.5°)
L, = 36.5°

o

2.B.2. Overhangs

A roof eave or other projection above a predominantly south-facing
window, and even east- and west-facing windows, can shield the glazing
below from high-angle summer sunrays while letting low-angle winter rays
enter indoors. But in the spring and fall this technique is only partly suc-
cessful, because then the sun’s trajectories are alike the same number of
days before and after the winter solstice while the weather is usually not.
For example, in southern New York, on September 10 the average daily tem-
perature is 64°, while on April 1, when the sun’s path through the sky is the
same, the average daily temperature is only 41°. Thus in this area in early
September an occupant most likely wouldn’t want the sun shining through
his or her window, while on April 1 he could use all the free heat he could
get. Similar conditions exist in most of this nation’s central latitudes.
Obviously certain heating and cooling savings can be realized by careful-
ly placing permanent overhangs over such openings, but maximum savings
can be realized only with overhangs that move or can be adjusted.

Example 1. If a roof extends 48 in. from a vertical facade oriented
due south and the sun’s angle above the horizon at noon is 35°, how
much of the facade is cast in shade?

2)B)2)a) Hcos L, = Ltan /, ;

H = height of shadow on facade, measured
down from lowest tip of overhang, ? in.
/.= angular difference between facade
orientation and solar azimuth.
Here /,=0°# cos 0°= 1.00.
L = horizontal length of overhang, 48 in.
/., = solar altitude: vertical angle of

sun above horizon, 35°. Fig. 2-5. Shaded overhang.
H = 48 tan 35° = 33.6in.
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Example 2. A roof extends 30 in. beyond a vertical facade oriented
south-southeast, and when the sun’s azimuth is south-southwest its
altitude is 52°. At this time how much of the facade is cast in shade?

2)B)2)a) Hcos L, = Ltan L,

H = height of shadow on facade, ? in.

L, = angular difference between facade orientation and solar azimuth.
If facade faces SSE (22.5° east of south) and sun’s azimuth is
SSW (22.5° west of south), /, = 22.5 + 22.5 = 45°.

L = horizontal length of overhang, 30 in.

/., = solar altitude: vertical angle of sun above horizon, 52°

30 fan 52° = Hcos45° ... H = 54.3in.

2.C. WATER

In a building, about the only place where water belongs is inside
refrigerators and plumbing systems. Anywhere else, and the building’s life
is in mortal danger. The most immediate strategy, obvious to all engaged in
architectural design and construction, is to thwart and divert the ap-
proaching liquid at every outer surface of the building. This includes
watertight roofing and flashing, networks of gutters and downspouts from
eave to finished grade, watertight foundation walls, and accurately-laid
networks of perforated drains below grade.

If waterproofing were only this simple, designers of buildings would
enjoy more pleasant nights of sleep. Unfortunately, water has an insidious
way of materializing out of thin air via the laws of condensation, a contra-
dictory way of flowing uphill via the laws of osmosis, and a downright dia-
bolical way of converting seemingly well-thought-out assemblies of barri-
er walls, weep holes, flashing, and sealants into conduits that actually
send the water indoors —to become a welcome mat for rotting, spalling,
rust staining, and colonies of carpenter ants and termites.

Regarding potential water damage to buildings, an excellent pre-
ventive technique is to insert a layer of 90 Ib rolled roofing —noft tarpa-
per— between every contiguous surface of wood-to-metal, wood-to-
masonry, or metal-to-masonry, as well as between any two metals that are
far apart in the galvanic series. Perhaps the only exception to this is flash-
ing imbedded in masonry. A layer of this material absolutely prevents mois-
ture penetration that would otherwise occur due fo water condensation
and temperature differentials between the surfaces-in-common. This lami-

[l
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na is also a far superior vapor barrier than polyethylene; because its
granular texture contains tiny airspaces which retain minuscule collec-
tions of moisture, whereas polyethylene’s slick surface actually collects
moisture and within a few years it usually becomes brittle and cracks —
then it will promote what it was meant to prevent. A layer of 90 [b rolled
roofing is also thick, strong, and insulating, and is impregnated with as-
phalt, which in addition to being water-repellent is impervious to all kinds
of acids, alkalis, and electrolytes that commonly leach out of woods,
cements, bricks, rocks, and metals. Thus insertion of 90 Ib rolled roofing
—or pieces of asphalt shingles, which is the same material— between every
seam of wood-to-metal, wood-to-masonry, and metal-to-masonry should be
a Code-mandated axiom in building construction.

Another important moisture preventive is venting, particularly in
roofs between insulation and sheathing. In warm humid regions, this space
may need to be 8 in. deep and accompanied by wide continuous screened
vents at every eave and peak in a building’s roof.

2.C.1. Hydrostatic Head

The force of water in the earth below an area’s local water table can
turn a building’s basement into an empty boat and pop it out of the ground
—a phenomenon well-known to swimming pool confractors. Where moist sub-
soil conditions could rise above a basement’s floor level during any part of
the year, the basement should have foundation drains laid no more than 16
ft apart beneath its floors as well as around them, and each drain should
slope down at least V¢ in/LF to an outfall well away from the building.

A 20 x 40 ft concrete basement floor in a residence lies below the sur-
rounding water table during part of the year. What is the total pres-
sure potential beneath this floor if no sub-slab drains are laid?

2)C0)1) P=AH

P = total pressure against underside of construction, ? Ib

A = area of underside of construction, sf. A of basement floor, 24 x 40 =
960 sf.

H = hydrostatic head, psf. Water-saturated soil tends to act as a stat-
ic fluid in which an immersed object obeys the lays of buoyancy;
thus such soil can exert an upward force that equals its unit weight
which may be as much as 140 pcf, or 140 psf against a surface.

P = 960 x 140 = 134,000 Ib ... 67 tons!
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2.C.2. Precipitationt

Precipitation is the descent from the sky of several kinds of mois-
fure, particularly rain and snow, and its deposit on buildings and ferrain.
If the moisture falls on a building, its upward surfaces shed the water or
snowmelt by gravity, usually to nearby terrain; if the moisture falls on ter-
rain, its vegetation absorbs the moisture and its fopography drains it to
lower levels. Whether shed by a building or topography, the water often
flows through an open channel known as a gutter or a storm drain. Even if
the channel is covered, as are storm drains, the drainage is still open;
because the waterflow, even if it completely fills the channel, moves by
gravity and not pressure as it does in plumbing supply systems.

Every open channel that carries water has a wetted perimeter (the
portion of the channel’s perimeter that is submerged by the waterflow) and
a hydraulic radius (the section area of the channel’s waterflow divided by
its wetted perimeter). Thus the formula for a channel’s hydraulic radius is

R, = Asec/pw

Formulas for obtaining the hydraulic radius of certain circular pipes, box
channels, and half-hexagonal channels are given below.

2)C)2)1) Ppipe flowing half full: SECTION
R, = 05T r205x2nr = 0.5r AREA
2)JC)2)2) pipe flowing full: N 1
R, =mr?2nr =05r \ /A
2)C)2)3) Box channel flowing full: 2c21. WETTED
R, = bd/b+2 d) PERIMETER
2)C)2)4) Half-hex channel flowing full:
R, = 0.5 rx0.866 rx3/3r = 043 r
The half-hex channel section above is also 2022,

known as a semi-hexagonal or regular trape-
zoidal open channel. It is generally the most

efficient noncircular channel section.
; 2C23. | |

What is the hydraulic radius of a circle
that flows one-third full?

2)¢)2)5) Ry = A/p 2c24.

w

Solution: Finding A in the above formula is .
easy (A = 0.33 wtr?), but finding P, is often Fig. 2-6. Open
tedious. It is done as follows: channel geometry 1.

T Much of the information regarding the open channel formulas in this section |
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Referring to the sketch at right, the shaded

area S is a spherical segment whose area is
A = 1{0.5[h(r- h)°> + h?}
—
Thus A for any fractional or decimal portion \ /L‘

of a circle when the portion is a spherical P.
segment may be written as below, wherein F

equals the fractional or decimal portion of hor
the circle:
A= Frr? = {05 [h(r- hI%5+h?} o
s F = w{0.5[h(r- mM% + h2}/r? -“J\

r Py

3>

T T

T TT

>

Solve for h. Then, knowing hand r, find r- h
as sketfched fo the right.

From cos © = (r- h)/r, find ©
Then from r® = 57.3 P, find P,

Fig. 2-7. Open
channel geometry 2.

Due to the above complicated mathematics, R, is generally solved only for
the simplest circular relationships or where an open channel’s section
dimensions are known. Thus one usually begins by knowing a channel flow’s
section area A (or its flow in cfm) and its wetted perimeter P,,, then uses
these values to find the section’s hydraulic radius R, whose value is then
used to size almost any channel of gravity-induced waterflow, from a cus-
tom gutters to an irrigation canals. However, these formulas are accurate
only if the waterflow is smooth-flowing, which usually occurs if its slope is
below about 11°(0.19 or 2.33:12 pitch). For steeper slopes and turbulent
waterflows, the formulas may still be useful for general estimating.

The formulas that follow for sizing gutters, leaders, footing drains, and
storm drains are simplified variations of the above mathematics. Also, it is a
good idea to size channels at 0.8 capacity, to leave room for extreme situa-
tions. A round pipe’s hydraulic radius at 0.8 capacity = 2.26 r.

A general formula for finding the maximum waterflow in any open chan-
nel of any cross-section is

section area of waterflow in channel (in.)
_2]92]_6] 508 Kp Q = 4% A won " " : 0.67
wetted perimeter (in.)

1.67

Kp = roughness coefficient of channel’s inner surface, from Table 2-3.

Q = volume of waterflow, cfin

4 = average slope of channel from inlet to outlet, ft/ft. This equals
(upper elevation - lower elevation) + horizontal distance between
upper and lower elevations.

This formula may also be used to estimate the highest flood stage
level of a stream or river valley.

was obtained from /nfroduction to Fluid Mechanics, William Haberman & James
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2.C.2.a. Gutterst

A gutter collects rainwater draining from a roof, then leads it away
from the building it falls on. These long narrow channels may be made of
aluminum, copper, galvanized steel, plastic, and wood; and their sections
may be the common ogee profile, semicircular, rectangular, any other
shape, or simply a trough of flashing installed near the bottom of a roof,
as were the gutters of Frank Lloyd Wright’s Robie House (see Fig 2-7A).
Such elegance is testimony to this man’s genius, as it shows how he often
created beauty out of simple utility —an outstanding ability of his that has
gone largely unnoticed down through the decades.

Today the most common gutter section nationwide for residences and
small commercial buildings of almost any size, economic situation, and cli-
matic exposure is one with a rectangular back and an ogee front known as
K-style. This secfion is shown in Fig. 2-8B.

Gutters must be designed precisely if they are to maximize the long-
evity of the parent architecture; yet, unfortunately, designing gutters will
never be an exact science. This is primarily due to the vagaries of rainfall,
whose intensity in any area can only be estimated. For this and numerous
other reasons, an £ designer must be especially alert when selecting and
sizing this component. Thus he or she should know the subject well, never
hesitate to oversize this relatively low-costing component, and always
insist that the installer meticulously adhere to construction specifica-
tions. Beyond this, long-lasting gutters are designed as follows:

> A guftter can be any width, but this usually varies from 4-8 in. A
gutter is usually at [east 4 in. wide so one’s hand can clean it.
Narrower gutters are often installed below very small roofs.

> A gutter’s depth should be 0.5-0.75 its width and its top should
be slightly wider than its bottom. Half-round gutters drain better
than do other sections and less water generally remains in one’s
curved bottom. For this reason flat-bottomed gutters should
pitch more steeply than half-round ones to keep stagnant water
from remaining in them which can breed mosquitoes.

> Every gutter should pitch at least ;4 in/LF to facilitate drainage.
Do not for aesthetic reasons run a gutter level for appearance;
because the only reason for a gutter is functional —and if this is
violated, much damage can occur to the parent building.

> A gutter exceeding 50 ft in length requires an expansion joint,
which must be at a pitch peak because water cannot flow over an
expansion joint; thus such a gutter requires a downspout on
each side. Downspouts are usually located at a gutter’s ends or
quarter-lengths; thus in the latter position a properly-pitched
gutter would have a very slight “W” elevation profile.

> A gutter’s top front edge should be (1) at least %, in. below the

John (Prentice-Hall, Englewood Cliffs, NJ, 1971); pp. 224-31. T A primary i
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Fig. 2-8. Gutter details.

plane of the roof’s pitch above to prevent sliding branches,
clumps of leaves, and snow from tearing the gutter from the
building; (2) no more than %, in. below the roof’s pitch plane to
keep descending roof rainwater from shooting over its top; and
(3) at least 1in. lower than the gutter’s back edge so if it fills it
will overflow away from the building. Remember that the steeper
the roof, the greater is the rainwaterflow’s velocity at its base.

> The sheeting for aluminum gutters (the most popular kind) is
usually .028 or .032 in. thick. The thicker sheeting is only slight-
ly more expensive but is considerably more durable. Copper gut-
ters, especially custom-made ones, should be thicker.

> Where a roof valley drains into a gutter, during heavy rains the
intersecting roof planes may concentrate the collected waterflow
so much that it can overshoot the gutter at its corner or tear the
gutter from the building. This is especially a problem if the roof
is large and steep. Then an L-shaped sheet metal baffle may be
installed in the valley above the gutter.

> Copper gutters develop an attractive verdigris patina after a few
years, but water dripping from them can form green stains on
surfaces below, and cedar-shingle roof runoff corrodes copper.

> A gutter is usually attached to the building by one of several
kinds of hangers. The best hangers do not extend over the top
of the gutter but cradle it from underneath, as then the gutter is
easier to clean from below.

> Large flat roofs may have interior rain-leader traps located at
slight depressions toward which the surrounding roof slopes at
least %, in/LF. Such roofs typically have at least 4 in. high cant
strips around their perimeters.

source for the information in this and the following two sections was Andy Engel’s
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Fig. 2-9. Rainfall intensity map.

Unfortunately, there is probably not a single standardized gutter
sold in the nation’s building supply stores today that does a perfect job of
satisfying all the criteria above. For example, a semicircular gutter’s front
is rarely 1 in. lower than its back, the most widely-sold gutter has a mos-
quito-breeding flat bottom, the vast majority of gutter hangers extend over
the gutter’s top, and valley baffles are rarely found in any [umberyard.
Even costly custom-made gutters are typically formed by machines with
standard dies, which do not satisfy all the above criteria. Thus if you want
to design the perfect gutter for a client, today you almost have to teach
someone how fo do it. This must be one reason why Frank Lloyd Wright
turned his office into a school or ‘Fellowship’, where his employees were
often ‘students’ who went to the site to construct the Plans.

The primary determinants of a gutter’s size are the maximum local
rainfall intensity and the roof’s watershed area. The rainfall intensity is
generally the most intense 5-minute rate of rainfall to be expected in the
region, which is taken to be 1.5 its maximum hourly rainfall intensity. A gut-
ter’s watershed area is not the surface area of the roof that drains into
the gutter, or even its horizontally projected area, but its horizontally pro-
jected area plus half'its vertically projected area; because rain rarely falls
vertically. Thus a 4-in-12 pitch rectangular roof that is 12 ft wide and 4 ft
high has a watershed area of (12 + ', x 4) x the roof’s length. Such alge-
bra also leads to proper gutter sizing if a large facade rises above the
roof that drains into the gutter; as then any rainfall intercepted by the
facade is accounted for. If the seam of two pitched roofs at right angles to
each other forms a valley, the waterflow from both roof planes drains into
a continuous L-shaped gutter; then the roof’s watershed length = 0.5 (roof
eave length + roof peak length).

“All About Rain Gutters”, Fine Homebuilding magazine (Taunton Press, New- i
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Example 1. If a residence near Tampa, FL, has a 54 x 32 ft gable roof
with a 6/12 pitch and semicircular gutters, how wide should the gutter
along each eave be if it has a downspout at each end?

2JCJ2)a)1]) ogee section: WR = 800 n ik w257
2] Half-round section: WR = 390 nx_ 625 Nt
3) Rect. section: WR = 2,500 0%, (wd)"7 (w+2d) 06
4) Anysection: WR = 2,500 nx, (A)"7 (p,)067

<
I

watershed area of roof drained by each gutter, sf. W = area of

horizontal projection + 0.5 area of vertical projection if roof

slopes + 0.5 area of any facade above roof that drains into gutter.

Assume gabled roof drains to gutters on each side # 2 gutters. At

6/12 pitch, W= 54 x 32/2 + 0.5 x 54 x 6/12 x 16 = 1,080 sf.

R = maximum rainfall intensity, based on 50-year-frequency storm,
in/hr. From Fig. 2-9, R for northern Florida = 5 in/hr.

n = number of leaders each gutter drains into. Here assume at least 1
leader at each end ® n = 2. If 6 computed below is undesirably
large, consider adding a third leader near the gutter’s center.

K, = gutter slope coefficient based on its pitch, from bar graph below.

The more visible the gutter, usually the shallower its pitch. Here gut-

ter is prominently visible # use '/, in/LF pitch # x = 0.072.

kp = roof pitch coefficient
0.972 0.102 0.125 0.144 0.161 0.176 0.191 0.204 0.250 O.2E|59
| Il L L L Il Il Il
| 1 I I | I I I I |
ie 8 e Vao Ve s The V2o 4 1.0
Roof pitch, in/LF

Fig. 2-10. Roof pitch coefficient bar graph.

= min. top width of gutter if it is an ogee or rectangular section, in.
= minimum diameter of gutter if it is a half-round section, in.
minimum depth of gutter if it is a rectangular section, in.

= section area of gutter if it is any section, in2.

, = wetted perimeter of gutter if it is any section, in.

1,080 x5 = 390 x 2 0.072 x 6%¢7 ... 6 = 5.5 6 in. dia.

T QS I
I

Example 2. A restored turn-of-the-century bank in Cripple Creek, CO,
has a flat roof with a cornice on the front and party walls on each side.
If the roof is 62 ft deep and 46 ft wide and a rectangular gutter along
the back has a downspout at each end, size the gutter.

town, CT); Aug/Sep 1999, pp. 96-103.
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2)C)2)a)3) Rect. section: WR = 2,500 nx_ (wd)" (w+2d) 67

W = watershed area of roof drained by each gutter, sf. As roofis flat
or nearly so and drains on only 1 side ® 1 gutter. .. W =62 x 46 =
2,850 sf.

R = maximum rainfall intensity, based on 50-year-frequency storm.
From Fig. 2-9, R for central Colorado = 3 in/hr.

n = number of leaders gutter drains into. Assume 1 leader at each end
»qn=2.

K = qutter slope coefficient depending on its pitch, from bar graph on
previous page. Here the gutter is at rear of building where attrac-
tiveness matters little ® use maximum pitch of %, in/LF # x_, = 0.204.

w = minimum top width of gutter if it is an ogee or rectangular section,
in. Here try w=4 in. and solve for d.

d = min.depth of gutter if it is a rectangular section, ? in. d = 3% in.

2,850 x 3 = 2,500 x 2 x 0.204 x (4 d)""%7 (3 d)%%7 ... 5=1.73 % 3% in.

Example 3. A 12-story apartment in Dubuque, IA, has a 16 x 24 ft flat
entrance canopy near the base of its front facade. If half-round gut-
ters on each side of the canopy drain into downspouts at their back
ends and the facade rises 135 ft above the canopy, size the gutters.

2JC)2)a)2) Half-round section: WR = 390 nx, 627

W = watershed area of roof drained by each gutter, sf. W = area of
horizontal projection + 0.5 area of vertical projection if roof
slopes + 0.5 vertical area of any facade above roof that drains into
gutter. Roof is flat and drains on 2 sides » 2 gutters. W, = 16 x
24/2 = 192 sf. W,,,.of wall above each roof gutter = 24/2 x 135 =
1,620 ft. .. W= 192 + 0.5 x 1,620 = 1,000 sf.

R = maximum rainfall intensity, based on 50-year-frequency storm.
From Fig. 2-9, R for eastern lowa = 4 in/hr.

K= qutter slope coefficient depending on its pitch, from bar graph on
previous page. Here gutters are at side of canopy where attractive-
ness is neither a plus or minus; but the steeper the pitch, the small-
er the gutter # try maximum pitch of % in/LF ® x, = 0.204.

n = number of leaders each gutter drains into.
1 leader at the gutter’s back end # n = 2.
6 = minimum width of semicircular gutter, ? in.

1,000 x 4 = 390 x 2 x 0.204 x 6257 ... 6 = 3.34 ® 4 in.

Note: Since an ogee section’s width wis usually 4.5 in, formula 2)C)2)a)1]
is commonly used to determine this section’s number of leaders.

[l
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2.C.2.b. Leaders

Also called downspouts, leaders generally have round or rectanqu-
lar sections with plain or corrugated profiles. The latter are more resist-
ant to damage from freezing. Every gutter should have at least two lead-
ers in case one is clogged, each should have a minimum section area of 7
in? for the first 100 sf of horizontal roof area and 1 in? for each added
100 sf, and leaders should not be more than 50 ft apart on any gutter. Any
leader that is not vertical or nearly so should have its section area
enlarged according fo Formula 2.C.2.b.3. below. Other guidelines:

> Wide downspouts clog less easily than narrow ones.

> If a gutter is connected to its downspouts with sheet metal
screws, flowing debris can catch on them; but if blind rivets are
used they must be drilled out if the assembly ever needs to be
taken apart for cleaning or painting. Instead, rivet the leader to
the bottom art of the gutter’s inlet flange, and screw the inlet
flange’s upper part to the gutter’'s bottom so the screw tips pro-
trude from the gutter’s underside. Use short screws and paint
their tips if they will be unsightly.

> Use as few elbows as possible, have a long vertical run above
each, and avoid slanting leaders if possible.

> Secure each leader to the building with a U-shaped holddown at
its top, bottom, and at each floor level.

> Install basket strainers at the top of every downspout; especial-
ly if it empties into any subsurface piping below it.

Regarding interior downspouts: the inlet of each should be fitted
with a strainer, the downspout diameter should be 1 in. larger than the
gutter outlet diameter, and no wood or masonry or metal should touch the
downspout’s outer surface other than at structural supports. Both inlets
and downspouts should be wrapped in double vapor barrier or equal and
enclosed with 4 in. batt insulation to keep surface condensation and any
subfreezing temperatures from damaging adjacent construction.

Roof runoff management doesn’t end at the bottom of the leaders
but only when the runoff is well away from the building. Under the base of
leaders that drain small roof areas locate a metal or concrete splash pan.
If this is unsightly or impractical, lay subsurface drain piping that con-
veys the water to an outfall at least 20 ft from the building. This piping
should be large enough, steep enough, and smooth enough (flexible cor-
rugated piping is a poor choice here as it collects silt) to keep silt and
leafy debris from potentially clogging it. The outfall should empty into a
pebbled or cobbled retainage area, its opening should be covered with
mesh or porous cap that bars entry by vermin and is easily removable for
cleaning, and the outfall should be accessible for servicing in deep snow.
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GUTTER/INLET FLANGE
CONNECTIONS:
ROUND BLIND RIVETS
|

OO/

PLAIN CORRUGATED

20-50 FT ———4-
BTWN. :
LEADERS

18" MIN.
WIDT

- RECTANGULAR I
30" MIN. T m INLET FLANGE/LEADER
LENGTH CONNECTIONS: SHEET METAL
PLAIN CORRUGATED SCREWS
SPLASH
PAN : STANDARD GUTTER-TO-LEADER

" MIN. HT PROFILES ASSEMBLY

Fig. 2-11. Gutter leader details.

Example 1. A bank in Cripple Creek, CO, has a 62 x 46 ft flat roof that
drains into a gutter with a round downspout at each end. What is the
downspouts’ diameter?

Q

304 6297 .. O
420 (wd)'33

2)JC)2)bJ1) Round sections: WR

2] Rectangular sections: W R

Y

W = watershed area of roof drained by each leader, sf. W = area of hor-
izontal projection + 0.5 area of vertical projection if roof slopes +
0.5 vertical area of any surface above roof that drains onto it.
Roof is drained by 2 leaders & W = 62 x 46/2 = 1,430 sf.

R = maximum rainfall intensity, based on 50-year-frequency storm.
From Fig. 2-9, R for central Colorado = 3 in/hr.

S = minimum diameter of round leader section, ? in. d=2.5in.

w = width of rectanqular section, in. b= 2 in. Not applicable.

b = depth of rectangular section, in. b= 2 in. Not applicable.

1,430 = 28.5 x 3 x 5267 ...0 = 2.88% 3in.

Example 2. If part of the downspout in the above example slopes at a
6-in-12 pitch over a shed roof behind the bank’s first floor, what is the
downspout’s minimum diameter above this area?

2JC)2)b)3) Ay = A, (1+cos?/)

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



CLIMATIC FORCES

42 [EX T EERIS
A, = required section area of nonvertical leader, ? in?. A, < 2A,.

section area of vertical leader, in>. From Step 1, d = 2.61 in.
S A, =0.785 d? = 0.785 x 2.612 = 5.35 in.
= angle from horizontal of leader, °. Z = tan™' 6/15 pitch = 26.6°.

Ay, = 5.35 (1 +cos? 26.6°) = 9.62 in” # 3.5 in. dia.

<

~Nox

2.C.2.c. Footing Drains

Every foundation wall below grade should be as waterproof as the
hull of a boat. This is done by covering the wall’s outer surface below
grade with a layer of thick gooey asphalt laid on with a frowel —notthe lig-
uid kind that is painted on with a brush— down to the wall’s base, over the
top of the footing protruding below, and down the side of the footing down
to its bottom edge. Then a minimum 4 in. diameter perforated drain should
be laid completely around the building with its crown 4 in. below the floor
inside the wall. The drain should slope at least ;4 in/ft both ways from its
crown to a dry well or surface outfall some distance from the building, it
should be covered with gravel 1 ft deep, and a wide strip of resin paper
should be laid over the gravel to retard siltation around the drain. Failure
to heed these strict guidelines is the chief cause of leaky basements. For
these reasons, one of the most important occasions for an £ designer to
make a periodic inspection of the construction site is just before the foun-
dation is backfilled. Otherwise, caveat emptor.

FOUNDATION OR FOUNDATION
BASEMENT WALL DRAIN

AN
\

\
TROWELLED BASEMENT A ) DRY
ASPHALT FLOOR

'\\ T~
T~ T~
~ \ SCREEN
4" MIN. BTWN. LEVEL  MIN. 4" MIN. 4" DIA. GRAVEL
OF INTERIOR FLOOR  FALL PERFORATED BED
4 PEAK OF DRAIN PER FT. FON. DRAIN

Fig. 2-12. Footing drain & outfall design details.
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Several springs outside a shopping center basement wall have a water
discharge rate of 70 gpm. If a PVC drain installed outside the footing
slopes 1/8 in. fall/ft, what is the drain’s minimum diameter?

g—]gggj_] 56n Q = X, 62.67

n = roughness coefficient of footing drain. From Table 2-3, n for PVC
piping = 0.010.

Q = water discharge rate into footing drain, 70 gpm

x_, = footing drain slope coefficient, depending on pitch, from Fig. 2-10
on page 38. At Vg in/tF, x_, = 0.102.

6 = minimum diameter of footing drain, ? in. 6 =4 in. dia.

5.6 x 0.010 x 70 = 0.102 x 5257 ...0 = 8.2in. »use9in.

2.C.2.d. Storm Drains

Waterflow collected by storm drains may include direct rainfall, water-
flow from paved surfaces that arrived from other areas, overflow from ponds
and other bodies of water, snowmelt from roofs, melting snow from spring
thaws, subsoil waterflow from springs and seeps, foundation drainwater, pump
or ejector drainage, and clearwater waste from industrial operations. These
waterflows are quantified in three ways:

Runoff. Surface drainage of excess rainfall or snowmelt from a
roof or area of terrain. Usually around 60-70 percent of a region’s rainfall
becomes runoff; but its flow may vary greatly according to the amount of rain-
fall, type of ground cover, saturation and permeability of the underlying soil,
slope of terrain, and horizontal area of drainage.

Discharge. Waterflow from such non-rainfall sources as under-
ground springs, excavation seeps, dehumidifier and air-conditioner con-
densate, pump and ejector drainage, and industrial operation wastes.
Once the discharge’s source is found, its flow is usually easy to measure.

Fixture unit waste. Drainage from spigots and other plumbing out-
lets that do not empty info sewage or septic systems. Such flow may empty
into turnaround drains, street gutters, storm drains, terrain depressions,
and the like. One fixture unit = 2 gpm =~ 48 sf of horizontal area receiving
4.0 in/hr of rainfall.

After these flows have been quantified for a particular drainage area,
an open or closed channel is usually sized to carry the flow to safe discharge
areas such as stormwater retention basins and terrain depressions. If the
largest flow is storm drainage, the chief measure of one’s design is a severe

[l
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‘superstorm’ that is expected to occur at a certain interval based on empir-
ical data: e.g. a 6 in/hr rainfall for 30 minutes every 50 years. But it is diffi-
cult to predict such storm drainage accurately because (1) the rainfall itself
can’t be predicted accurately; (2) it is difficult to determine the porosity of
the soil hidden beneath the drainage area; (3) the water absorption of any
foliage growing on the drainage area varies depending on its biology, sea-
son of year, and density of growth; (4) in northern latitudes the drainage
may include snowmelt during spring thaws; and (5) normally porous soil may
be fully saturated after recent rains. Indeed, analysis of all the great floods
indicates that each resulted from prolonged rains that had thoroughly sat-
urated normally porous soils until they were as impermeable as pavement.
Thus, it is prudent to assign a porosity value of 1.0 for the subsoil of any
drainage area whose overflow could endanger human welfare —but then, the
channel might be so large that its initial cost would be unaffordable.
Regarding such conflicts, what are the optimal solutions? As a way of’
answering this question, the author describes an event that occurred on his
property during the incredible rainfall of Hurricane Floyd in September
1999. Twenty-five years earlier, he had installed under his driveway a 36 in.
diameter culvert that received the drainage from a 54 acre watershed of
mature woodland forest, an environment that had the maximum water reten-
tivity it could have. A few years later he converted a topographic depression
beside his driveway into a one-third-acre pond whose outflow was over a
small dam in front of the culvert. During this work the local Department of’
Environmental Conservation paid the site a visit, and after inspecting the
premises ordered him to build a concrete channel spillway from another part
the pond’s edge; because, they said, if the pond ever overflowed, it could
flood a neighborhood of houses downstream. At this time the author hadn’t
had the vaguest thought of building a spillway. But then he got to thinking:
if any rainfall was so heavy that it would make the pond overflow, its erosive
power could wash away a spillway too, especially if it was small. So, instead
of building the recommended concrete spillway, he graded a nearly flat 50 ft-

= TABLE 2-2: RUNOFF COEFFICIENTS FOR GROUND SURFACES * =
GROUND SURFACE Runoff coefficient, k,
Forests ..... 0.05-0.15; Saplings, orchards, chaparral ......... 0.10-0.20
Gardens, lawns, meadows, ground COVEr ..........coveiuieinnnn.. 0.10-0.25
Gravel roads & walks ... ..o 0.25-0.60
Loose block pavements with uncemented joints ................... 0.40-0.50
Stone & brick pavements with uncemented joints ................. 0.50-0.70
with tightly cemented joints ... 0.75-0.85
Asphaltic & concrete pavements in good condition ............... 0.85-0.90
Watertight roof surfaces .........oooooviiiiiiiii i 0.95-1.00

T This table’s values were abstracted from the Standard Handbook of Engineering
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wide area extending from one side of the pond, covered the whole area with
a 6 in. layer of softball-sized rocks, covered the rocks with 4 in. topsoil, then
planted the topsoil with a ground cover of hardy grass —to create a mead-
ow-like soft-path spillway that would spread the erosive power of any poten-
tial outflow gently over a 50 ft wide area. Subsequently, the biggest storm his
pond ever experienced was a summer afternoon “50 year superstorm” of
three severe thunderstorms in a row that filled the 36 in. culvert to within 6
in. of its top. That experience instilled in the author a smug sureness that he
had designed his system well.

Then came “Flood Floyd” in September 1999. At this storm’s intensity,
not only was the 36 in. culvert was filled with thundering outflow, the pond
spillway was under a 7 in. sheet of water that was 75 ft wide! Counting the
filled culvert and the 7 in. x 75 ft section area of the spillway overflow, the
system’s overflow was more than seven times its designed capacity for a 50
year superstorm! The author’s design had failed! Or had it? The next morn-
ing he surveyed the scene. The grassy spillway was lushly combed with leafy
debris from the 54 acre forested watershed upstream. Amid the litter lay a 13
in. fish that a day before had dwelled in the quiet depths of the pond.
Otherwise the grass and its environs were completely undamaged.

What lessons can be learned here? First, the worst storm an area may
ever experience will likely be not just a litfle worse than the second-worst
storm, but much worse! Thus wise design includes not only ample safety fac-
tors, but an orchestration of several soft-path methods that would minimize
any damage that could conceivably result if failure did occur. Second, think
of the Department of Environmental Conservation here: how many times
when a government authority orders an owner or designer to do something,
they whiningly resist, or piously apply for a variance, or fudge the drawings,
or hide a Code violation in construction that can’t be inspected, or otherwise
devise a minimal design? But here the designer allowed the authority’s order
to give power to his imagination —to create a design that worked even bet-
ter than they could have imagined. Third, think of the larger picture for a
moment. What if this design scenario was not just a little pond in a little
neighborhood, but a wide river sluicing with millions of cfin of waterflow that
drained thousands of square miles of watershed, one with hundreds of thou-
sands of people living along its banks? What then?

Below are several added guidelines for designing storm drains:

> Storm drain design requires analysis of watershed areas, dis-
charge paths, recharge basins, erosion potential, ground cover
regeneration, and limnological factors, for which topographic and
foliage data of the drainage area are absolutely necessary.

> Soil retainability may be increased with landscaping, porous pave-
ments, onsite infiltration, strips of ground cover alternating with
areas of paving, efc.

Calculations, 3rd Edition; Tyler Hicks, Editor (McGraw-Hill, New York, 1995) 0
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»  Storm and sanitary sewers ~— LOWER @
should be designed for 0.8 full CONDUIT -
capacity. A pipe’s hydraulic
radius at 0.8 capacity = 2.26 r.

> A storm drain should slope
steeply enough to remove
deposits that may accumulate
during periods of low flow. :

> The minimum flow velocity in REINF; CONC.1PAD
sanitary sewers is 2.0 fps, but :

2.5 fps is better; this keeps l %@ l

solids from settling out of the

i UPPER
{CONDUIT

—+

— ¢

fluid. The minimum flow in storm " T 5
sewers 2.5 fps but 3.0 is better,
because in them sand and grit UPPER
usually enter the flow. CONCLLT

> The maximum flow in storm and T
sanitary sewers is 8 fps.

> Every storm drain should have REINF.
a flared end section at the Cg:JDC.

inflow end to guide runoff into
it and one at the outflow end to
minimize undercut erosion.

> Intersecting drains of different

diameters should be laid crown- Fig. 2-13. Concrete pad

fo-crown with the larger diame- potyeen crossing storm drains.
ter on the downstream side.

2" MIN.

A serious problem with storm drains occurs when they cross over or
under water supply mains or any other plumbing waste piping, sanitary
sewer, or storm drain. When such crossings cannot be avoided, a square
concrete pad must be laid between the two conduits that is at least 8 in.
deep, is centered over the vertical intersections of the pipes’ centerlines,
has sides that are at least 4 ft longer than the pipes’ maximum diameters,
and contains #4 rebars spaced 1-0" o.c. each way. Technically the pad must
be designed either to support the load of the upper conduit when full or to
bridge the void of the lower conduit when empty; but the above specifica-
tions are adequate for all but very large conduits in soft soil.

Another perennial problem with storm drains is the groundwater that
may enter its seams. If the conduit is below the surrounding soil’s water
table, such leaks are almost impossible to repair unless the conduit is large
enough for a worker with a wheelbarrow to walk into. Even worse, any hole
through which adjacent groundwater can leak into the conduit is a hole that
its flow can leak out of —sometimes with calamitously erosive effect to the

p. 11.13.
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enveloping terrain. Even a minor defect in a storm drain’s joinery can fail
years later and create a sudden major problem in the community where the
conduit is laid. Thus, ideally, after every multisectioned storm drain is laid,
it should be given a compression test as is done with common household
plumbing after it is installed. But we live in a practical world; so here the
bestwe can usually do is to see that every joint is perfectly aligned and per-
fectly sealed —with cement if the pipe is masonry, with mastic if it is vitre-
ous or plastic, with lead and oakum if it is cast iron; then loads of imper-
meable soil should be packed around every seam. Such installations are
often so vital to public welfare that it is wise to have a certified inspector
onsite at all times. Certainly one’s salary would be minor compared to the
money spent in laying the conduit or repairing any subsequent damage.
Another reason for such careful joinery is that a storm drain often experi-
ences so much thermal expansion due to the temperature differential
between its flow and the enveloping subsoil that even perfect joinery will
loosen after a few decades. Then all that can be said of “perfect work” is
that it extends the life of the installation from the near to the far future.

BANDED
FITTING

FLARED END SECTION,
12 TO 96 IN. DIA.

Fig. 2-14. Flared end section for storm drains.

Storm drain design generally proceeds as follows:

1. Draw longitudinal section profiles through the general ground
area where the conduits will be installed.
2. Compile and analyze extensive subgrade data of surrounding

soils, groundwater characteristics, local soil surface conditions,
any nearby building foundations, and all underground utility serv-
ices in the vicinity of the conduits that will be laid.

3. Draw a plan of the storm drainage system showing all inlets, mains,
branches, and outlets with accompanying topographic references.
4. Size the system, link by link, from the inlets downstream to the out-

let; then check that all flow rates are within acceptable limits.

[l
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Example 1. The 54 x 128 ft flat roof of an office near Atlanta, GA, is
drained by four vitrified clay pipe leaders which empty beneath the
building into a similar main carrying 82 fixture units of graywater
waste. What diameters are required for the branches and the main?

2)¢2)d1) nRW+39F) = 11.7x,6 267

n

roughness coefficient of inner surface of conduit.

From Table 2-3, n for vitrified clay sewer pipe = 0.013.

R = maximum rainfall intensity, based on 50-year-frequency storm, in/hr.
From Fig. 2-9, R for Atlanta = 4.5 in/hr.

W = watershed area drained by roof parking area, or other surface,

horizontal sf. Roof area drained by each branch = 54 x 128/4 =

1,728 sf; area drained by the main = 54 x 128 = 6,912 sf.

number of fixture units, if any, emptying into conduit. 0 units empty

intfo the branches and 62 units empty info the main.

K, = conduit slope coefficient depending on its pitch, from Fig. 2-10. As
steep pitches may not be feasible beneath the building, use 0.125
in. »x,=0.102.

6 = minimum diameter of conduit, ? in.

Branch: 0.013 (4.5x 1,728 +0) = 11.7 x 0.102 x 0.125%>
6 = 5.26in. % 6 in.

Main: 0.013 (4.5 x6,912 + 3.9 x82) = 11.7x0.102 x 0.125°>
o = 8.86in. » 9in.

~'.I
1

— TABLE 2-3: ROUGHNESS COEFFICIENTS FOR CONDUITS t ——
PIPE OR CHANNEL SURFACE Roughness coefficient, x,
Sheet steel, aluminum, or galvanized metal piping or ducting ......... 0.009
Copper or steel pipe, neat cement, PVC other smooth plastic piping .. 0.010
Finished concrete, planed wood, castiron ..................oooevinn.. 0.012
Vitrified sewer pipe, riveted steel pipe, unplaned wood ................ 0.013
Unfinished concrete .....oooiiiii e 0.014
Poorly jointed concrete pipe .......ooieiiii i 0.015
Smooth brick .. ... 0.016
Rough brick, fuberculated iron pipe, smooth stone .................... 0.017
Smooth earth, firm gravel ... ... 0.020
Rough earth, rubble ... ... 0.025
Laid untamped gravel ...... ..ot 0.028
Muddy ditches & riverbeds with some stones & weeds ................. 0.030
Earth with loose stones orweeds ...........ovviiiiiiiiiniiiin e, 0.035
Ditches & riverbeds with rough bottoms & thick vegetation ........... 0.040

T This table’s values were abstracted from the Standard Handbook of Engineering
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Example 2. A grassy swale about 480 x 55 ft in size beside a 3.6 acre
parking lot near Chicago requires culvert drainage under an entrance
drive. If half the parking lot drains into the swale, which drains into an
annular metal culvert that slopes at 1 in. fall/ft, size the culvert.

2)C)2)d)2) n(RW,Kp;+ RWoKpo+-+RW,Kp,+3.9F) = 11.7x_, 6 257

n = roughness coefficient of inner surface of conduit. From Table 2-3,
n for metal pipe with annular corrugations = 0.024.

R = maximum rainfall intensity. From Fig. 2-9, R for Chicago = 4 in/hr.

W = watershed area drained by each kind of terrain or surface, sf. W,
= drea drained by parking lot = 0.5 x 3.6 x 43,560 = 78,400 sf. W,
= drea drained by swale = 480 x 55 = 26,400 sf.

Kp = permeability factor for each terrain or surface drained, from Table
2-2. Xp; for paved parking lot = 0.90; x5, for grassy swale = 0.25.

F = number of fixture units, if any, draining intfo conduit, 0 units.

K = conduit slope coefficient depending on its slope, from Fig. 2-10.
Minimum slope =V, in/LF. Slope = 1in/iLF % x_, = 0.289.

6 = minimum diameter of conduit, ? in.

4 % 0.024 x (0 + 78,400 x 0.90 + 26,400 x 0.25) = 11.7 x 0.289 x §2%7
d = 17.8 # 18 in. dia.

2.C.2.e. Drywells

Adrywell is a covered pit with walls of open bricks or concrete blocks
laid on their sides through which flows water discharged from roofs, base-
ments, turnarounds, and the like. If the wall is brick, each horizontal pair
has a 2-3 in. space between them and the areas of contact between verti-
cal bricks is mortared. If the wall is concrete block, three-celled blocks
should be used, and the blocks” inner corners should be mortared to rigid-
ify the wall. After the wall is built, the space between it and the exposed
excavated earth is filled with clean coarse gravel or crushed stone.

A drywell’s effective absorption area is the cylindrical area of the
edge of excavated earth between the top and bottom plane of the well’s wall
plus the floor area inside the wall; but the floor is usually omitted to simpli-
fy calculations and create a slight safety factor. Drywells should be af least
10 ft from septic tanks and lot lines, 20 ft from buildings, and 100 ft from
water supply sources. Their bases must lie above the highest annual [evel
of the local water table; they cannot accept toilet wastes; and they cannot
be built in rock, hardpan, dense clay, or other soil whose permeability is less
than 1 min/in. If soils of two or more permeabilities lie within the well’s

Calculations, 3rd Edition; Tyler Hicks, Editor (McGraw-Hill, New York, 1995) 0
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Fig. 2-15. Drywell construction details.

depth, their average permeability is found from

aver

=Aip, +..+AZp,

A six-unit apartment near St. Louis has four leaders draining from a
2,600 ft? roof into a drywell located near a rear corner of the build-
ing. If the property perc tests are 4 min/in. drop, what is thedrywell’s
optimal size?

2JC)2)e) WR ~ 188 6 h P

W = roof or watershed area (1.0 horizontal + 0.5 vertical projection)
drained by drywell, sf. Use roof area = 2,600 sf.
R = maximum rainfall intensity. in/hr. From Fig. 2-9, R for St. Louis =

4.5 in/hr.

6 = diameter of drywell, measured at inner face of wall, ft. A good ini-
tial diameter to try is 5 ft.

h = minimum height of drywell, from local frost depth to base, ? in.

P = perc test result of surrounding soil, 4 min/in. drop.

p. 11.16.
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2,600 x4.5 = 188 x5x hx4 ..h=31ft
Base of drywell = 3.1 ft + 2.5 ft local frost depth = 5.6 ft below grade

2.C.3. Flood Force

The damage that can be caused by even a small stream that has risen
to flood stage is staggering. This is primarily because the erosive power of’
water relates to the fifth power of its speed. Thus if a stream’s speed dou-
bles, its erosive force is 2° = 32 times greater; and if its speed quadruples,
its erosive force is more than a thousand times greater. For example, take
a peaceful woodland creek averaging 12 ft wide and 1 ft deep that flows at
a barely perceptible one-half mile an hour. If very heavy rainfall —and
perhaps some heedless site clearing upstream— turns this waterway into a
floody torrent that is 60 ft wide and 12 ft deep and flows at 10 miles an
hour, its erosive power is increased nearly 100,000,000 times. This is
enough to tear centuries-old oaks from their deep-pile foundations along
the banks and convert them into battering rams whose impact force
depending on the water’s sluice velocity may exceed the lateral resistance
of vehicular bridge abutments.

When siting a building near a lake or stream, examine the land beyond
the water’s edge. If it slopes gently for a few yards from shore, then rises
steeply a few feet, then becomes fairly level again, these contours may indi-
cate the flood level of once-a-century superstorms. Then no building should
be placed below the crest of the rise.

2.D. TEMPERATURE

Owing to changes in temperature, no part of a building is ever still.
Such expansion and contfraction not only creates problems in long exteri-
or walls and large roofs, it can also cause trouble in large interior spaces
if vacancies, blackouts, or acts of terrorism shut down a building’s climate
control system during very hot or cold weather.

To avoid damage to a building due to thermal movement, expansion
joints are installed in any dimension exceeding about 100 ft. Although
each such joint is designed primarily fo accommodate thermal stress in a
single direction, each must accommodate thermal movement, lateral shear,
impact, and vibration loads from every direction. Each joint must also be
able to move freely, must allow its elastic seal to expand when fully com-

[l
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pressed, must not separate when fully extended, should never be painted,
its surfaces sliding against each other must have low coefficients of fric-
tion, and its horizontal joints must not have slots that could fill with dirt
or debris. An expansion joint must also be strong, watertight, sound-
retarding, and resistant to decomposition by sunlight, ozone, winter main-
tenance chlorides, and abrasives. And every expansion joint should be
field-adjusted for exact temperature when it is installed.

All this is a tall order for a thin piece of material. Fortunately, many
expansion joints listed in Sweet’s Catalogue do all the above jobs well.
Some expand and contract as much as 6 in, and they have a wide variety of
cross-sections such as elastomeric pads, accordion glands, fluted slip-
plates, tongue-and-groove fittings, and steel springs.

When designing an expansion joint for a given temperature range, it
is wise design to add 10° to the maximum temperature differential.

A 320 ft brick wall between two buildings has a maximum temperature
of 140° F when exposed to summer sunlight and a minimum temperature
of -30° F on a cold winter night. If the wall’s expansion joints are 1 in.
wide, how many should the wall have?

=——— TABLE 2-4: THERMAL EXPANSION COEFFICIENTS =—=
MATERIAL

Rate of exp., in/in°®F.  MATERIAL Rate of exp., in/in° F.
Brick ...l 0.000,0035  Cement, Portland ..... 0.000,0070
Concrete ...t 0.000,0065 Glass ......ccovvnvnnn.. 0.000,0047
Granite, slate .......... 0.000,0040 Limestone............. 0.000,0038
Marble ................. 0.000,0056  Plaster ................ 0.000,0092
Sandstone ............. 0.000,0044  Tile, structural clay ... 0.000,0033
Aluminum .............. 0.000,0128  Copper ..........c.c.... 0.000,0098
Iron, cast .............. 0.000,0059  Iron, wrought......... 0.000,0067
Llead ... 0.000,0157  Steel, structural ...... 0.000,0067
Zinc, rolled ............ 0.000,0173  Fiberglass ............ 0.000,0098
Acrylics ...t 0.000,0450  Polycarbonates ...... 0.000,0375
Polyvinyl chloride (PVC) 0.000,0300  Chlorinated PVC ..... 0.000,0340
Polyethylene ........... 0.000,0900 ABS ..............oiil 0.000,0600
Polybutylene (PB) ..... 0.000,0720
WOODS expansion || grain, in/in®F.  WOODS expansion | grain, in/in°F.
Fir oo 0.000,0021  Fir.....cocvvviinannn.. 0.000,0320
Maple .......oooiiiaat 0.000,0036 Maple ......covvnien.... 0.000,0270
(070] 0.000,0027 Oak ........ccooivnint. 0.000,0300
Pine ...........oooonl 0.000,0030 Pine......covvnennnn.. 0.000,0190
Plywood ............... 0.000,0034 Plywood ............... 0.000,0034
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Step 1. Compute the length of construction required for each joint.
2]D) A, = 12, E(At+8)

A. = maximum length of increase in expansion joint, 1.00 in.

K, = coefficient of thermal expansion for construction between two
expansion joints. From Table 2-4, x for brick = 0.000,0035 in/in.

E = maximum length of construction between expansion joints, ? ft

At = temperature differential of construction, °F. 140°- (-30°) = 170° F.

1.00 = 12 x L x 0.000,0035 x (170 + 8) ... L = 130 ft max.

Step 2. Find the number of expansion joints required.
n = e e xo+l

= total number of expansion joints required in construction, ? units

total length of construction, 320 ft

E = maximum length of construction between expansion joints, from
Step 1, 130 ft

K. = end factor. x. = 0 if the construction containing expansion joints

abuts no construction at either end, 1 if it abuts construction at

one end, and 2 if it abuts construction at both ends.

As this wall exists between two buildings, x, = 2.

n = 1(320/130) + 2+ 1] = |5.46] = 5 joints

~
I

Note: To promote uniform thermal expansion throughout the construction,
the joints should be placed at fairly even intervals. Thus in the wall above,
a joint could be placed at each end and the remaining three joints spaced
at, say, 320/3 £10 percent = 96—118 ft intervals in the wall.

2.E. HEATFLOW?

A comfortable indoor environment has a year-round temperature be-
tween about 67° F in winter and 77° F in summer. When outdoor tempera-
tures range higher or lower, heat migrates through the building’s envelope
(its outer surface formed by its lowest floor, exterior walls, and roof’) from
the warmer area to the cooler. The greater the temperature difference
between the indoor and outdoor areas, the faster the heat flow; the thick-
er the thermal barrier between the two areas, the slower the heat flow. The
amount of heat flowing outdoors during the average coldest part of winter
—the winter design temperature— determines heating loads, while the
amount of heat flowing indoors during the average warmest part of summer

T The author’s knowledge on the subject of this section was obtained largely 0
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—the summer design temperature— determines cooling loads. These loads
must be computed for a building’s every interior area where human comfort
is a priority before the building’s heating and cooling systems can be
sized: in large buildings, this may involve hundreds of calculations. As
they are highly interrelated, this section’s problems comprise a sequence
that is generally followed from beginning to end to determine a building’s
total thermal loads. Then the resulting loads may be used to select and
size the building’s climate control systems as described in Chapter 3.

As heat flows through any portion of a building envelope, so does
water vapor. Unfortunately, the moisture carries most of the heat. Even
worse, as the moisture passes through the envelope’s insulation from its
warm side to its cold side, the moisture’s temperature steadily lowers, until
it often falls below the air’s dewpoint whereupon its precipitates out of the
air and condenses in the insulation, where it instantly reduces its ability
to insulate and eventually can degrade this thermal barrier and the con-
struction around it. Thus this moisture migration must be minimized, espe-
cially in warm humid regions. A common way to do this fo install aluminum
foil facing, polyethylene sheeting, or other water vapor barrier on the warm
side of the insulation. Obviously in cold climates the warm side is on the
interior side, and in cold climates it is on the exterior side. But what about
temperate climates, where the average annual temperature is near 65° F?
Then where does the barrier go? Whether inside or outside, it seems mois-
ture will collect in the insulation during a good part of the year. The
answers to this dilemma are few but finite: (1) in temperate climates use
insulations that are least affected by water: styrofoam boards instead of
batts if possible; (2) install imperfect vapor barriers so most of the mois-
ture is kept out of the insulation while usually enough air travels through
in the opposite direction soon afterward to remove what little moisture is
there (this usually works well with foil-faced fiberglass insulation because
each batt has a thin seam between each side and the adjacent wood fram-
ing that allows the batt to breathe a little); and (3) superinsulate whenev-
er possible, as thicker insulation means less airflow means less waterflow
means less condensation in the insulation.

There are four kinds of heat flow that affect a building’s interior
spaces, as described below:

Conduction of heat through the building envelope. This is heat
migrating through the envelope construction and insulation. It is quanti-
fied by cataloguing the nature and thickness of every material that com-
prises every surface area of the envelope. It is reduced by installing thick-
er insulation, using smaller windows fitted with double glazing, surround-
ing facades with foliage, installing multizone controls in large floor areas
and behind different facade orientations, and the like.

Convection of heat via air infiltration through seams and openings

as a result of a grant he received from the 1919 HUD Cycle Program for his de-
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in the building envelope. Infiltration airflow is one of the most poorly
understood aspects of architectural physics; thus its thermodynamics are
explained here. The theory behind infiltration loss is that according to
Boyle’s Law, a gas’s pressure x volume + absolute temperature remains
constant (PV/7 = k). Thus as air temperature goes down, either its pres-
sure or volume must go down; and because a region’s air pressure varies
only within a narrow barometric range, it is its volume that goes down.
Thus cold air is denser than warm, because the same molecular mass has
shrunk. Thus, normally, if the temperature inside a building is 70° F while
the temperature outside is 0° F, the outdoor air is 13 percent denser than
the indoor air; and this causes the outdoor air to press against every seam
and crack and pore in the building’s envelope in an effort to equalize the
pressure of the indoor air. Thus, according to Boyle's Law, infiltration air-
flow varies directly according to the temperature differential between
indoors and outdoors. So if it is a nice spring day and the temperature on
both sides of a building envelope is 68°, the infiltration airflow through the
envelope is not “0.5 airchanges per hour of the building’s interior volume”
—as one ‘authoritative” text on this subject has stated— but zero!
Because if you have no AT you have no infiltration airflow. Similarly, if it is
-20° F outside the building and a snuggly 70° inside, again the infiltration
airflow is not “0.5 airchanges per hour of the building’s interior volume”
but probably twice this amount. Thus, according to Boyle’s Law, a build-
ing’s infiltration heat loss must be a function of a specific temperature to
be meaningful. Accordingly, the building air infiltration losses listed in
this text's Table 2-6 are based on an outdoor design temperature of 20° F.
Then if a building’s infiltration heat loss is computed at an indoor temper-
ature of 65° and the outdoor design temperature is other than 20°, the
building's actual number of air changes per hour of infiltration airflow =
(65-T5)/(65 - 20) x no. AC/hr from Table 2-6. This algebra accurately esti-
mates the infiltration heat loss for a building in any climatic region.

A building’s infiltration air loss is also difficult to quantify due to the
following additional variables:

> The amount of heat conveyed in infiltration airflow varies
according to the relative humidity at the moment of airflow.

> The velocity of any wind blowing around a building greatly
affects its infiltration airflow heat losses. Winds create a posi-
tive net pressure against a building’s windward facade, a nega-
tive net pressure against its lee facade, and a slightly negative
net pressure on any facades perpendicular to the windflow due
to the aerosol effect; and these values change with every fre-
quent shift in the wind’s speed and direction.

> Since hot air rises (due to its lighter density as described
above), even a one-story building will experience more infiltra-

sign of a passive solar residence and his subsequent atfendance at a week- 0
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Fig. 2-16. Residential envelope spreadsheet.

tion airflow at its top than its base.

> The introduction of fresh air into the HVAC system of a commer-
cial building unravels any effort to equate the above-listed vari-
ables. This is also true of any industrial processes that draw in
or release outdoor air during its operation.

> In an occupancy that has a fireplace or furnace flue, warm air
flowing up the flue during winter also unravels any efforts to
equate the variables listed above.

Altogether, the above aberrations render almost meaningless any
effort to quantify infiltration heat losses in a building. Still, a formula that
is only slightly accurate —especially if its vagaries are known—is better
than one that is less so. Beyond this, infiltration heat flow through a build-
ing envelope is reduced by sealing all envelope seams, using nonporous
construction materials (e.q. plaster instead of drywall), installing buffered
entfries, and the like. The colder the climate, the more cost-effective these
measures are.

Auxiliary heat gain radiated within the building envelope via
occupants’ metabolism and Btus emitted from lights and machines. The
amount of this internally generated heat is often considerable, and thus

long seminar in Washington, D.C. in 1979.
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Fig. 2-17. Office envelope spreadsheet.

should be included in any thermal heat flow calculation. It is obviously
desirable in cold weather and undesirable in warm. In warm weather it may
be reduced by installing efficient lighting and machinery, using occupancy
sensors that turn off heating and lighting when a space is vacant, isolat-
ing and reducing the output of heat-producing industrial processes,
installing exhaust fans that remove heat from its source before it spreads
to adjacent areas, incorporating total management systems that adminis-
trate energy flow in a building, and the like.

Solar heat gain arriving through areas of glazing in the building
envelope. This heat flow is also desirable in cold weather and undesirable
inwarm. It is controlled by installing movable insulation inside any glazing
exposed to the sun, constructing overhangs and other sunshields outside
such glazing, giving floorplans efficient configurations and optimal orien-
tations, surrounding the building with deciduous foliage, and the like.

Heat flow calculations may be design temperature or energy audit.
The first are used to size heating and cooling systems, and the second are
used to estimate the energy cost of a proposed system or compare two or
more such systems. Performing either calculation requires local climatic
data. If this is unavailable, the U.S. Department of Commerce offers month-

[l
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ly degree-day data for nearly 300 U.S. cities in its publication, Comparative
Climatic Data, which may be purchased from the National Climatic Data
Center, 151 Patton Ave, Asheville, NC 28801; (704) 271-4800. Even if local
climatic data is available, microclimatic conditions for a particular build-
ing site may differ from reported data, as the latter is often obtained at a
local airport, not down at the lakeshore or near a hilltop.

An organized way to perform thermal calculations is to begin with a
building envelope spreadsheet. This involves mentally peeling away all
architectural appendages —chimneys, cornices, attics, entrance canopies,
crawlspaces, garages, and the like— down to the building's outer skin of
occupied spaces, then arranging the skin as a foldout drawing that is used
to enter thermal data related to each surface. Figs. 2-16 and 2-17 show
how such a spreadsheet may be prepared for a small residence and a large
commercial building.

Perhaps “average” rarely has less meaning than when it comes to
computing a building’s heating and cooling loads, because most of the
unknowns vary so greatly. Thus, often the more detailed this work becomes,
the more inaccurate may be the results. Therefore, as one uses the detailed
guidelines of this section fo frack every Btu migrating through a building
envelope, be ever mindful that a conceptually simpler approach may lead
to equally accurate results and be quicker besides.

2.E.1. Insulation

Since any undesired heat loss or gain through a building envelope
is an economic loss, architectural materials that impede heat flow are
commonly installed in building envelopes. These materials’ selection is
based on relative values such as C (thermal conductivity), K (thermal
conductance), U (heat flow coefficient), and R (thermal resistance). The
first three terms describe the speed at which heat migrates through a
given material, while R, being the reciprocal of these terms, describes a
material’s ability to resist heat flow. Thus, because it is resistance that
you want, a material’s "R value” is generally the most conceptually appro-
priate term to use in thermal calculations. Also, a material’s R-value
increases linearly as its thickness or insulation ability increases, while the
other terms have a high-low relation that can be confusing.

Other thermodynamic considerations influence the choice of insu-
lation and its supporting consfruction, as described below:

> Perimeter Heat Flow. When many small pieces of insulation are
fitted into a network of construction (as within the studs and
plates of a wood stud wall), the pieces of construction forms a

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



CLIMATIC FORCES

CLIMATIC FORCES 59

“thermal grille,” much like the fins on a motorcycle motor,
through which heat migrates more swiftly than it does through
the insulated areas. If such construction is excessive, the insu-
lation’s effectiveness is largely negated.

> Surface air film. A thin film of insulating air covers the inner
and outer exposed surfaces of the building envelope. The
rougher the surfaces and the less exposed they are to prevail-
ing winds, the thicker the airfilm and the slower the heat flow
through the envelope.

> Moisture. Whenever moisture collects within the building enve-
lope, it must be removed or it will degrade the construction. Thus a
little air infiltrating through the envelope is usually desirable. In-
deed, it is often wiser to omit the vapor barrier and compensate for
its absence with thicker insulation.

2,E.1.a. Types of Insulation

Insulation is generally made as batts, boards, and fills. Each is de-
scribed below. Standard insulation R values are listed in Table 2-5.

Batts

These are fluffy masses of spun glass that are usually fitted snugly into
the voids of wood frame construction. The batts are 14 in. wide for mem-
bers spaced at 16 in. o.c. and 227, in. wide for members 24 in. o.c. Batts
resist heatflow most efficiently if compressed slightly and no air voids
remain along their sides or corners.

@  Economical, effective. Small pieces may be stuffed into any size
void. Effective as acoustic insulation.

@ Loses its Rvalue if saturated with moisture. Must be completely
enclosed as its fibers are a particulate air pollutant.

Boards

These are plywood-like sheets of rigid foam or fiber attached to walls or
roofs or laid under concrete floor slabs. A few popular foams in ascending
order of R value (usually at increasing price) are beadboard, styrofoam,
urethane, and isocyanurate. A thin layer of styrofoam is often installed
behind aluminum siding. Two fiberboards are Celotex® and corkboard;
their R values are lower than foams.

[l
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@ Won't decompose when placed in contact with earth; thus they are
excellent below-grade insulations. Styrofoam, urethane, and iso-
cyanurate have high Rvalues and are surprisingly strong; each will
support a surface load of 3,000 psf, thus they are acceptable insu-
[ation under some interior loadbearing walls.

@  Most foam insulations emit volumes of poisonous gasses when
exposed to fire; thus they should not be installed indoors.

Fills

These are usually granules poured info small construction voids such as
cells in concrete blocks, but they may also be foams placed in uninsulated
wall cavities in old buildings by inserting a nozzle through a hole in a fin-
ished surface, then patching the hole afterward.

@  Often the economical choice in unusually shaped or highly inac-
cessible locations.

@ Any obstructions within the construction cavity create a void in the
insulation, an unknown and unremediable situation.

Regarding the most eco-
nomical thickness of insulation,

a common misconception cur- - : ‘ il ‘
rently exists as exemplified by - ‘ ‘ ‘ -
the graph shown in Fig. 2-18, \-—*\* :

which actually appeared in a S\ ]
respected engineering journal. ™ N \\ - /

The caption under the graph 5 x<o (09(9/

. W . (4 LN\ Er=l o -
said, “The most economical ul \\Mc gy
thickness of insulation for a SNEEAN /'7 ]
given project is based on the z\j B4
cost of the insulation and the 2| | 2E o8] on | Cex
cost of energy.” This graph indi- Z| ST || T=R6v cosT
cates that by adding the Y-axis | | ; C

values of insulation and local INSULATION THICKNESS, IN.
energy costs anywhere along the \ \ \
X—ox?s, one may obtain the insu- Fig. 2-18. Economic thickness
lation’s life-cycle cost for any of insulation: Part 1.
thickness; then by plotting these

values for a number of thicknesses one may obtain the insulation’s trough-
shaped “economic thickness” profile, whose optimal thickness (e.g. 6 in. for
a residence’s exterior walls) as indicated by the bottom of the trough is the
most economical, and that any greater or lesser thickness will have diminish-

T Anil Ahuja, “Thermal Insulation, A Key to Conservation”, Consulting-Specifying
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ing returns during the life of the construction.

However, this graph has three flaws. (1) As the unit cost of insulation
usually decreases as its thickness increases (e.qg. if 4 in. batts cost $1.00 per
sf'of area then 10 in. batts will cost somewhat less than $2.50 per sf of area),
the insulation cost line should not sag downward as in Fig. 2-18 but should
bulge upward as shown in the second graph shown in Fig. 2-19. This alone
would flatten the economic thickness curve slightly and push its trough fur-
ther to the right, thus indicating a greater optimal thickness. (2) Insulation
cost is a present cost while energy cost is a future cost, and if the latter
rises considerably during the life of the construction, the total cost of
energy flowing through the insulation will be correspondingly greater than
the insulation’s initial cost; then the energy cost line would slope more
steeply. (3) It is not the annual energy cost that is relevant here but the

fotal energy cost dur-
ing the life of the con-
[ ' [ struction; thus the
RUE | & fotal energy savings
__*\ L realized by thicker
:\ ) ] | insulation during this
| 4\ | period would be still
N N\ | greater than ifs initial
f‘ \ . cost even if the latter
AN AT remained stable over
Ng,L time.
3 Thus the graph’s
- energy cost line should
N 7 - be positioned higher
§ // - still, as appears in the
- N\ ARV 58P |7 second graph in Fig.
P 2-19. This would cause
<7 this graph’s economic
AT > thickness line to have
/Gl T~ ~——— an entirely different
orRIET] i profile, as indicated by
INSULATION THICKNESS, IN. its ‘revised E{ line.

Fig. 2-19. Economic thickness mﬁ ﬁ:r?el “inneslunl(;ﬁgfz

of insulation: Part 2. optimal thickness is

much more than what

was originally thought —that especially in cold regions you can't put

enough insulation in a building’s roof and outer walls; that in reality long-

term economy depends on other factors, chiefly any increased cost of con-
struction that may be required to house the thicker insulation.

ANNUAL ENERGQY COST
3

Engineer magazine (Cahners Publishing Co., Des Plaines, IL); Jan. 1995, p. 104. |
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2,E.1.b. Superinsulation

As a result of the Energy Crisis of the late 1970s, architects found
that by increasing the thickness of insulation in a building’s walls from the
then-standard 4 inches to 10 inches or more, the building'’s life-cycle ener-
gy costs would be significantly reduced. Unfortunately, no cost-effective
method of actually building such superinsulated walls ever gained popu-
larity in this country. However, during that time the author developed the
Insulation Cage, a superinsulated wall that is simple to build, economical,
requires no new tools or techniques, and is even an improvement on con-
temporary construction methods in several ways. It is described below.

The Insulation Cage is a wood frame construction that includes an
outer 2x4 bearing wall, an inner 2x3 nonbearing wall, and a 3% in. air-
space between. Thus the Cage’s actual thickness = 3% in. outer wall + 3,

9% WIDTH x 5 “L" CAPS AT COR-
PCS. + 4 KERFS  NERS § “T" CAPS
= NO WASTE AT JUNCTIONMS
GREATLY STIFFEN
THE CAGE
LY cAP— _
/“ ;i}
24 2%&: 7
_ ALL PAIRS

OF STUDS

3" PLYWOOD
CAP PLATE
WON'T SHRINK
VERTICALLY

ALL SHEATH'G
§ ROOFING
INSTALLED
AS USUAL

2x4 OUTER
WALL T

4

2x3 INNER— [
WALL

T —
7 12" NOM. BATT INSUL.
COMPRESSED SLIGHTLY
7 INTO 9%" DEEP VOID

3" SPACE

BTWN. WALLS j

1

ROUGH WIR-
ING TACKED ; \
TO SUBFLOOR Z \
IN WALL OTHER UTILITIES MAY BE

CAVITY INSTALLED IN WALL CAVITY \

SHEATHED SUBFLOOR~ \

Fig. 2-20. The Insulation Cage.
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in. airspace + 2% in. inner wall = 9%, in. This construction has three advan-
tages over other superinsulation wood framing. (1) The Cage can be built
with the same tools and skills used for wood framing. (2) Its outer and inner
walls can be built separately and, as each is light, can be raised quickly.
(3) The 2x10s normally used as cap plates on a 10 in. nom. wall are re-
placed by 97, in. wide strips of %, in. plywood, which alone has ten advan-
tages: (1) the ¥, in. plywood top plate is lighter and easier to handle than
the 2x10; (2) the plywood’s laminated %, in. thickness is actually stronger
across its width than a 2x10; (3) five 9%, in. wide pieces of plywood can be
cut from one 48 in. wide sheet at absolutely no waste counting the four
in. saw kerfs in each 48 in. width; (4) L-shaped and T-shaped cap plates
can be cut easily and fitted perfectly onto the framing’s L and T corners,
which automatically aligns and strengthens these structural intersections;
(5) the flat plywood caps won't shrink vertically over time; (6) after the cap
plates are nailed down all sheathing and roofing proceed exactly as nor-
mal; (7) when the electricians arrive they can lay their wiring directly on the
floor in the 37, in. wide space between the Cage’s outer and inner walls
instead of drilling holes in every stud (which weakens them), then labori-
ously pulling the wiring through each one; (8) the 3% in. void between the
walls facilitates other utility installations in the Cage; (9) since each pair
of 16 in. o.c. studs in the two walls are aligned to create a series of neat
rectangular voids between the studs, 12 in. batts of insulation can be
tucked snugly into these 9% in. deep voids (batts are more thermally ef-
ficient if compressed slightly); and (10) all interior finishes are applied to
the insides of the 2x 3 studs exactly as with normal 2 x4 framing.

Thus the Insulation Cage contains 12-in-10 in. of superinsulation
and the 3, in. airspace between the two walls breaks perimeter heat flow.
Indeed, this wall is so thermally superior that the usual poly vapor barrier
may be omitted —more labor eliminated— which further extends the wall’s
life by lefting it breathe better. And the Cage is stronger and more rigid
than that of any 2x6 framing at little extra cost.

2.E.2. Conduction & Infiltration Heat Flow

Conduction is heat gained or lost through the building envelope’s
solid surfaces while infiltration is heat gained or lost through any open-
ings such as pores, cracks, flues, and vents. Since both heat flows are
functions of the building’s indoor/outdoor temperature differential, their
calculations may be combined. Design heating or cooling loads that are
computed to size climate control systems are design temperature calcula-
tions, while design heating or cooling loads computed for a period of time,

[l
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usually a month or a heating or cooling season, are energy auditing cal-
culations. Winter and summer design temperatures are considered to
occur at 7:00 A.M. on Jan. 21 and 3:00 p.M. on July 21. A little-known fact
about these dates is that, on the average for most U.S. localities, around
Jan. 21 is when half the winter degree-days are usually experienced during
each winter season and around July 21 is when half the summer degree-
days are usually experienced during each summer season. Thus these
dates can be said to represent the statistical halfway mark for each winter
and summer season: i.e. winter is “half over” on about Jan. 21, and summer
is “half over” on about July 21.

Below is a rudimentary heat flow equation that may be used for quick-
ly estimating the conduction heat [oss or gain through a building envelope
for purposes of preliminary design. Surprisingly it can be nearly as accu-
rate as far more detailed and time-consuming analysis.

SHorYC = (T,-T) Surface area of’ builo.lin.q envelope
Average R value of building envelope

2.E.2.a. Design Heating Load

A 24 x 40 ft two-story residence near Albany, NY, is nestled into an ever-
green-forested hill rising to the northwest, the direction of prevailing
winds. Ifs thermopane windows and exterior doors are weather-
stripped, its outer walls and upper ceiling have a vapor barrier be-
tween the framing and interior sheetrock finish, all utility penetrations
are sealed, and light fixtures are not recessed. The roof is asphalt
shingle on plywood sheathing on Warren trusses 24 in. o.c., with 10 in.
nom. batt insulation above the ceiling, and attic access is by a pulldown
ceiling staircase. If the rooms are standard height, what is the design
conduction-infiltration heating load through the second floor ceiling?

2JEJ2)a) step 1. Find the thermal resistance of each surface area of
the building envelope depending on its construction, as follows:

a. Envelope has one construction type and no unheated voids:
R =R +R;t
b. Envelope has more than one construction type:
AR = A;(Res+ Ryt + ...+ Az (Rez+ Rz 1)

c. Anunheated void (aftic, garage, efc.) is between the
indoors and outdoors:
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= TABLE 2-5: INSULATING VALUES OF BUILDING MATERIALS t =
R-VALUES OF BUILDING MATERIALS
MATERIAL Thermal resistance, R per in. thickness
Fiberglass batts ............. 3.5 Mineral wool loose fill ............. 3.3
Styrofoam boards ........... 5.0 Urethane or isocyanate boards .. 6.5
Vermiculite loose fill ........ 2.1 Tripolymer foam ................... 4.5
Roof deck slabs ............. 2.6  Sawdustorshavings .............. 2.2
Reflective surface on batts or boards (exposd to min. % in. airspace) +2.0
Mineral fiberboard, core or roof insulation, acoustic tile, perlite ....... 2.7
Oak, maple, other hardwoods 0.9  Plywood, fir, pine, other softwoods 1.3
Granite, marble, other hard stones ...t iiiiiiiin., 0.06
Soft stones, sand, clay tile, concrete block, face brick ................ 0.11
Gypsum, plaster, stucco, cement, common brick, hollow clay ftile ...... 0.20
Roofing: asphalt, roll roofing, or built-up roofing on plywd sheathing 1.5

Yyin. slateonly ..........oooeann. 0.05; Sheeft metalonly...... negl
Siding, shingles, 7% in. exposure .... 0.9; w insulated backing .. +0.5
Glazing: single pane2 ............ 1.7/unit;  plus storm windw ... 2.8/unit
Glazing: thermopane, ¥%¢ in. airspace 1.3; Y in. airspace .......... 1.5

Above w low -E coating: Eggp ... +0.2; Egog.eveveeiiennennnnn. +0.7

Above w insect screens over openable windows ................... +1.5
Doors: wood solid-core, 1in. thick .... 1.6; 1% in. thick............. 1.8

1 in. thick ... 2.0; 2in.thick............... 2.3

1%, in. steel w mineral fiber core ... 1.7; w urethane core ........ 2.5

Above w metal storm door .... + 1.1, w wood stormdoor.... +1.7
Flooring: /g in. asphalt or linol. tile  0.05; /g in. cork tile ........ 0.3

1in. ceramic tile or terrazzo ..... 0.08; ¥, in. hardwood ........ 0.7

Concrete, 4 in. on 4 in. gravel, no insulation below ................. 0.6
Carpet: synthetic, %, in. thick .......... 1.0; Eachadded %, in. T.... +0.4

Above w %, in. mat, foam, or rubber waffle under ... +0.7; % in. .. +1.5

Above if wool ... multiply above values x 1.5

Above w 2 in. styrofoam below ...... 11; w4 in. styrofoam below 21
Airspaces, %,—4 in.: vert. or hor. heat flow up, 0.8; hor. heat flow down 1.1

PERIMETER HEAT FLOW FRACTIONS

CONSTRUCTION P per envelope surface
Concrete floor slab, rigid insulation under & around edges .......... 0.93
Masonry wall, rigid insulation inside, outside, or between withes .... 0.95
Concrete block wall, cavities filled w/ loose insulation ................ 0.68
Curtain walls: glazing .............. 1.20; spandrels ................ 0.77
Wood stud wall, batts in cavities ... 0.77; wrigid insul. outside .... 0.83
Metal stud wall, batts in cavities ... 0.80; wrigid insul. outside .... 0.87
Stud wall w much glass or doors ... 0.30; wrigid insul. outside .... 0.50
Wood or metal stud wall, cavities empty, rigid insulation on outside .. 0.93
Wood or metal frame roof, batts in cavities, 0.86; rigid insul. on top . 0.89
Concrete roof w rigid insulation onfop ..., 0.93
Roof or ceiling insulation w large skylight, flue, or hatch area ....... 0.42
Wood frame floor above crawlspace or unfin. basement w stairentry ... 0.83

Large windows ... 1.10; Large doors (garage doors, etfc.) ...... 1.05
Wood frame construction w no insulation ...........ooooeiiiiiiinn... 1.00

T The primary source for this table’s values was Time-Saver Standards for

[l
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R=R.+R t+R, .. O

R = total thermal resistance of building envelope, ? units
R c2 c5..cz = unit R-value of each
uninsulated envelope const.: R, = 3
if roof, wall, or wood floor; 2 if conc.
floor; 1if glazing. Here R, = 3. =5 UPPER
Ri; iz 5. iz = unit R-value of each ©lLiviNG f| CEIHING
envelope insulation, if any, per in. b =
thickness. From Table 2-5, R of | l
batts/in. thickness = 3.5. T eouTu
;1 2 5. > = thickness of each envelope
insulation, in. 10 in. nom. = 9.5 in.
A = surface area of total envelope
construction, sf. Not applicable.  Fig. 2-21. Partial envelope
Ay 2 5.2 = surface area of each type of  gpreadsheet of building.
envelope construction if more than
one, sf. Not applicable.
R, = R-value of second part of envelope if unheated void is between in-
doors and outdoors. R of outer roof = 3.

R = 3+35x95+3 = 39.3

LOWER FLOOR

Step 2. Find the temperature at the outer surface of the envelope:

a. Envelope is above fin. grade (if grade is sloping,
use average height of exposure):

T, = 65-x,(65-T, .. ®
b. Envelope is a wall below finished grade down to 20 ft:
TO = TO_KD'(TG_TC/)

c. Envelope is a floor area within 20 ft of finished grade,
measured down wall and in under floor from ground level:

To = Ta_Kad(Ta_ Td)

d. Envelope is a wall or floor area more than 20 ft below
finished grade, measured down and in from ground level:

T, = T,

e. Envelope is floor area above unfinished basement
or crawlspace:

7_o = Ti+9_Kw(T/’_Td)

T, = effective air temperature at outer surface of envelope, ? °F

Architectural Design Data; John Callender, Editor (McGraw-Hill, New York, 1974);
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INNER VOLUMES WITH ELEVATOR € STAIR COUNT VOLUMES

WALLS EXPOSED TO SHAFTS: COUNT WITH BOTTOMS
OUTDOORS: COUNT VOL-  VOLUME DOWN TO  EXPOSED TO OUT-
UME IN TO DEPTH OF . 14 FEET DOORS /
14 FEET =
g
COUNT VOLUMES

OF TOP FLOORS

s

COUNT VOLUMES COUNT ROOMS VENT SHAFTS: COUNT

DOWN TO | FOOT WITH TOPS VOLUMES TO 12 FEET
BELOW GROUND EXPOSED TO OUT, THEN MULTIPLY
LEVEL OUTDOORS BY 10.

Fig. 2-22. Building interior air changes per hour.

TABLE 2-6: BUILDING INTERIOR AIR CHANGES PER HOUR'

Single glass, Storm sash or
TYPE OF SPACE no weatherstrip weatherstrip
No windows or exterior doors ................. 0.7 i _—
One room surface exposed to outdoors ...... 1.2 0.8
2 roomsurfaces " " " 1.6, 1.1; 3 roomsurfaces " " " ......... 1.9, 1.3
Enfrance halls ....... ..., 20 1.4
Small rooms w/ large openings .............. multiply above amount x 1.2

Ceilings & outer walls w/ plaster (not sheetrock) interior finish,

stucco exterior finish, or vapor barrier  multiply above amount x 0.4
Rooms having exterior walls w/ all seams and utility penetrations
sealed and/or top floor ceilings w/ insulation on top of interior

walls and/or no recessed illumination. ....... multiply above amount x 0.7
Unopenableglass ..o, multiply above amount x 0.7
Awning or casement windows .................. multiply above amount x 0.9
Rooms w/ HVAC ducts outside bldg. envelope .. add 0.3 to above amounts
Fireplace: loose damper .................... add 2,500 f3/V to above total
Tight damper or glass doors .............. add 1,000 f*/V to above total
Woodstove: non-airtight envelope ........ add 1,500 f>/V to above total

Airtight envelope ....................... add 300 ft>/V to above total

1. When using this table, do not count shaded interior volumes in Fig. 2-22.

pp. 733-36. i
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x,, = windchill exposure factor. Building is on evergreen-forested hill-
side rising to NW, envelope is well-shielded from winds # from Table
2-7, x,, for roof = 1.03.

T, = winter design temperature, °F. From Fig. 2-24, T, for Albany = -3°F.

T, = average annual temp. for region, from Fig. 2-23. Not applicable.

Kk, = depth coefficient, based on maximum depth of soil d (ft) at bottom
of envelope surface, according to the bar graph below:

Maximum depth of soil at bottom of envelope, ft
0 2 4 6 8 10 12 14 16 18 2|0
L 1 1

| ! |
1.00 0.75 0.57 0.45 0.35 0.27 0.20 0.16 0.11 0.06 0.00
K, = depth coefficient

= depth coefficient, based on average depth of soil d (ft) at bottom
edge of envelope. Find maximum depth of soil d (ff) at bottom of
envelope surface, then enter 0.5 d in bar graph above to find k.
T; = ambient indoor temperature, deg F.

T, = 65-1.03[65-(-3)] = -5°F

Step 3. Compute the design heating load through the envelope.
H, = A/RP+0.018 V) (T,-T,)

H_; = design heating load due to conduction-infiltration through area of
envelope construction during cold weather, ? Btu/hr

A = surface area of envelope construction, sf.

Area of upper story ceiling = 40 x 24 = 960 sf.

R = thermal resistance of building envelope. From Step 1, R = 39.3.

P = perimeter heat flow fraction, a heat flow adjustment for const.
types. From Table 2-5, P for frame roof w batt insulation = 0.86.

V = volume of room(s) behind envelope, cf. From Fig. 2-22, count vol-
umes of top floors. V=40 x 24 x 8 = 7,700 cf.

n = no.airchanges/hr for room behind envelope. n =0.022 (7, - T,) x
no. airchanges/hr from Table 2-6. Since building is small, most 2nd
floor rooms have a side wall + end wall + ceiling (3 surfaces) ex-
posed to outdoors. .. from Table 2-6, weather-stripped openings:

Rooms w 3 surfaces exposed to outdoors ..........coovvveiiinennn..n. 1.3
Ceilings & outer walls w plaster interior finish, stucco exterior finish, poly
vapor barrier, or Tyvek® wrapping ...... multiply above amount x 0.4

Rooms having exterior walls with all seams & uftility penefrations
sealed & top floor ceilings w insulation on interior walls &
recessed illumination ................... multiply above amount x 0.7

n = 0.022[65 - (-5)]x 1.3 x0.4 x0.7 = 0.55

T, = ambient indoor air temperature, usually the thermostat setting, ° F.
For general comfort occupancies (homes, hotels, offices, etc.) T; =
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65-75°; for retail (stores, supermarkets, banks, beauty shops, etc.)
T, = 63-73°% for assembly (auditoriums, restaurant, churches, bars,
etc.) T, = 68-75° for industrial (assembly lines, fabrication areas,
machinery areas, and mechanical equipment rooms for any occu-
pancy) T; = 60-70°. Use lower values where energy efficiency is a
priority. Here assume T; = 65°.

T, = effective air temperature at outer surface of envelope construc-
tion, °F. From Step 2, T, = -5°F.

H, = (960/39 3« 0.86 + 0.018 x 7,700 x 0.55 )[65 - (-5)]

The next few pages
show several tables and
graphs that are used for
estimating heating and
cooling loads.

The Windchill Factor
Table at right measures the
influence of windspeeds on
effective temperatures just
outside a building’s fa-
cades and roof. The more
exposed these surfaces
are to local winds, the
lower the effective temper-
ature just outside.

The Average Annual
Temperature (AAT) map of
Fig. 2-23 is useful in sever-
al ways. First, the ground
temperature 20 ft below
grade is about the same as
the local AAT all year
round; thus summer and
winter temperatures just
outside any below-grade
portion of a building will
orient toward this thermal
norm more than above-
ground temperatures; so
the deeper a building is
nestled in the ground, the
more the temperature of its

H. = 7,300 Btu/hr

TABLE 2-7: WINDCHILL FACTORS %
CONDITION Exposure factors 1

ENVELOPE IS:
Well-shielded:
solid wind screen
around whole
surface

Mostly shielded:
few openings in

surrounding wind
screen

Partly shielded:
+ 50% gaps in
surrounding
windscreen

Mostly exposed:
little protection
from direct or
diagonal winds

Highly exposed:
Facade or roof’
on exposed hill;
or upper part of
tall building

1. Numbers beside buildings are for walls,
numbers above them are for roofs.

0
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Fig. 2-23. Average annual temperature map.*

lowest rooms will approach the local AAT. In cooler regions, the earth sur-
rounding such interiors may insulate them in winter and keep them cool in
summer; but in regions with perennially high humidity, the cooler walls and
floors below grade may cause the moisture in the air to condense on their
surfaces and grow mildew if the moisture isn’t removed by dehumidifiers or
air conditioning. In warm regions where the AAT is above 65°, the ground
beneath a building has little cooling power in summer, but during cold win-
ter weather the surrounding earth can help keep the spaces above warm.
This heat flow is promoted by making the bottom floor a concrete slab on
grade with 4 in. styrofoam insulation laid beneath it several ft in from its

Y o -30°
FEAG— O, ), ¢ 58 A4
WAl

W \ / 14 , " '/, /’,0' 0
N X< 52

A

Fig. 2-24. Winter design temperature map.

T This map graph first appeared in the Ecological House, Robert B. Butler (Mor-
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Fig. 2-25. Summer design temperature map.

perimeter with no styrofoam in the center, which creates a heat reservoir
below the floor's central area that sends heat into the rooms above as it
escapes through the room’s envelopes. Finally, as a region’s ground water
temperature is usually the same as its AAT, Fig. 2-23 may be used fo deter-
mine a building’s water heating or cooling loads.

The Winter Design Temperature Map of Fig. 2-24 shows the average
lowest temperature a region experiences during 95 percent of its winter
heating season; and the Summer Design Temperature and Summer Design
Humidity Maps of Fig. 2-25 and 2-26 show the average highest temperature
and humidity a region experiences during 95 percent of its summer cooling

Fig. 2-26. Summer design humidity map.

gan & Morgan, Dobbs Ferry, NY, 1981); P. 4. i
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90
sea-
son. It
is gener- 4,
ally more
economical

to size climate
control systems
according to de-
sign femperatures =
than more extreme
values, since the latter
leads to larger and more
costly systems that rarely
run at full capacity.

The Enthalpy Graph of
Fig. 2-27 is used tfo size a cooling system given the local summer design tem-
perature and humidity, as enthalpy is a thermodynamic measure of the air’s
heat content, which is a function of its temperature and humidity. For exam-
ple, an enthalpy of 30 Btu/lb of dry air is considered the optimal comfort
level of interior air, a condition that occurs at temperature/humidity levels
of 67790 percent, 72770 percent, 77750 percent, and 88730 percent. Thus
88° in Aspen may be delightful while 88° in Miami is unbearable.

Fig. 2-27. Enthalpy graph.

2.E.2.b. Design Cooling Load

The 72 x 98 ft west facade of a building in Dallas, TX, has offices that
are 12'-0" high (floor-to-floor), 12'-0" wide, and 16'-0" deep; and each
floor has a thermopane ribbon window with caulked frames (R = 2.7,
weight = 10 psf). Each window has louvers behind it that are closed
about two-thirds of the time due to warm sunny weather, its sill and
head heights are 2'-6" and 6-6", and the horizontal panels between
them are light brown insulated wall panels (R = 16, wt = 17 psf). What
is the design cooling load through the facade?
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2)E)2)b) Step 1. Find the average total thermal resistance of each part
of the envelope construction, as follows:

a. Envelope has one constfruction type and no unheated voids:

R =R.+R T
b. Envelope has more than one consfruction type:
AR = A;(RC7+R7T7)+-.-+A2(RC2+RZTZ) 9

c. Anunheated void (attic, garage, etc.) is between the
indoors and outdoors:

R = RC+RI‘T+RO

, R = total thermal resistance of enve-
f lope construction, ?

Re1 c2 c5.. cz = unit R-value of each
- ] uninsulated envelope const.: = 3
. if roof, wall, or wood floor; 2 if
.~ concrete floor; 1if glazing. R,

- of const. 1 (glazing) is given as
TYPICAL 2.7. R.,of construction 2 (insu-

i bipp]c’g's'”g;:ﬁﬁm_ lated wall panels) is given as 16.

— — Ri1 iz i5.. i1z = unit R-value of each

- envelope insulation if any. Here

I the R for each insulation is in-

LOBBY cluded in the R-values for each

% construction in the envelope.

t; 2 5.~ = thickness of each envelope

insulation if any, in. These are

og'
12x7=84"

14'

Fig. 2-28. Envelope

spreadsheet of building. also included in the R-values for
each const. in the envelope.
A = surface area of total envelope construction, sf. Ignore areas more

than 1 ft below finished grade. From Fig. 2-22, if offices begin 14 ft
above ground level, A = (98 - 14) x 72 = 6,050 sf.

A; 2 5.z = surface area of each type of envelope construction, sf. As all
office units in facade are uniform in area, portion of facade glazing
= portion of glazing in each office. .. 4; = 66" - 2-6")/12'-0" x
6,050 = 2,000 sf'and A, = area of facade - area of wall panels =
6,050 - 2,000 = 4,050 sf.

R, = R-value of outer part of envelope construction if an unheated void
is between indoors and outdoors: R, = 3 if roof, wall, or wood floor;
2 if concrete floor; 1 if glazing). Not applicable.

6,050 R = 2,000 x 2.7+4,050x 16 ...R = 11.6

[l
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Step 2. Find the temperature at the outer surface of the envelope:

a. Envelope surface is above grade and exposed to direct
sunlight at least 2 hours daily (if grade is sloping, use
average height of exposure):

T, = Ty-Ko+ Ky K Ko [1200/6 oy )] )

b. Envelope surface is above grade and receives little sunlight
daily (if grade is sloping, use average height of exposure):

T0: Td

c. Envelope surface is a wall below finished grade down to
20 ft below grade:

TO = TG+Kd(Td_ TG)

d. Envelope surface is a floor area within 20 ft of finished
grade, measured down the wall and in under the floor
from ground level:

To = Ta+Kad(Td_ Ta)

e. Envelope surface is a wall or floor area more than 20 ft be-
low finished grade, measured down and in from ground level:

T, = T,

f. Envelope surface is a floor area above an unfinished
basement or crawlspace:

T, = T;-9+Ta= T/

effective air temperature at outer surface of envelope construc-
tion, ? °F

= summer design temperature, °F. Use local data when available.

From Fig. 2-25, T, for Dallas area = 99° F.

= latitude-orientation factor: adjustment for latitude and orientation

of envelope construction according to degree deviations below.
Interpolate for intermediate values.

LAT, ° N. S SE/SW E/W NE/NW N Horiz.
24 -6 3 0 2 1 1
32 3 1 0 1 1 1
40 1 0 0 2 1 1
48 4 3 1 0 0 0

For 32°N. lat., x,, for Dallas area = 0.

umbra fraction: portion of envelope that is unshaded during day.
K, = 1.0 if unshaded all day and 0 if shaded all day. Interpolate
for intermediate values. As adjustable louvers shade interiors
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about ?/5 day during warm sunny HORIZ

weaﬂ:jer, inferiors are unshaded 30° 1.8 30°

0.33 day # x, = 0.33. 0 3

N ; /N9 15\ °

K, = incidence factor, if envelope ©0 17 i 07 °©
faces other ‘rhqn vertical ordue o0 3 8 [, 7 | M 4o verT
south. From Fig. 2-29, x, for X :
vertical facade facing west = 1.5. SOUTHN\ 1.4 || o 1 0.9 )/ NORTH

K. = color coefﬁcneq‘r. Ke = 1.0 if SE OR SW NE OR NW
envelope exterior is black or E OR W

very dark, 0.8 if medium grey, 0.5 . .
if light or white, and 0.7 if glass. Fig. 2-29. Incidence factors.
Interpolate for intermediate val-
ues. At 0.7 for glazing and 0.55 for light brown, average x. = 0.7 x
0.33 facade for glazing + 0.55 x 0.67 facade for panels = 0.60.
R = R-value of envelope construction. From Step 1, R = 11.6.
® = unit weight of envelope const., psf of surface area. If w of ribbon
windows = 10 psf and w of wall panels = 17 psf, @ = 0 x 0.33 facade
area for glazing + 17 x 0.67 facade area for wall panels = 14.7 psf.
T, = average annual temp. for region, from Fig. 2-23. Not applicable.
K, = depth coefficient, based on maximum depth of soil d (ft) at bottom
of envelope surface, according to the bar graph below:

Maximum depth of soil at bottom of envelope, ft

(I) 2 4 6 8 10 12 14 16 18 2|0
| | | 1 L L L 1 1

I T T T T T T T 1 1 |

1.00 0.75 0.57 0.45 0.35 0.27 0.20 0.16 0.11 0.06 0.00
K, = depth coefficient

K,q= depth coefficient, based on average depth of soil d (ft) at bottom
edge of envelope. Find maximum depth of soil d (ff) at bottom of
envelope surface, then enter 0.5 d in bar graph above to find k.

T, = ambient indoor indoor temperature, °. Not applicable.

x,, = windchill exposure factor, from Table 2-7. Not applicable.

T, = 99-0+0.33x 1.5 % 0.60 [1,200/(6 x 11.6 + 14.7)] = 103°F.

Step 3. Compute the design cooling load through the envelope.
ch = 0.074 Vrl (HO + H,) + A Kf‘(TO_ TI)/RP

C.; = design cooling load due to conduction-infiltration through one
area of envelope construction during warm weather, ? Btu/hr
V= volume of room(s) behind envelope, cf. From Fig. 2-22, count vol-
umes to depth of 14 ft. V=14 x 86 x 72 = 87,000 cf.
n = number of airchanges/hr for room(s) behind envelope.
n =0.022 (T, - T;) x no. airchanges/hr from Table 2-6.
From Table 2-6, n for weatherstripped openings:

[l
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One surface exposed to outdoors .........coovvviniineinn.... 0.8
Small rooms w/ large openings ........ multiply above amount x 1.2
Unopenableglass ...................... multiply above amount x 0.7

n=0.022 (103 -77) x 0.8 x 1.2 x 0.7 = 0.38

H, = enthalpy of outdoor air during warm weather, Btu/Ib,
from summer design temperature and relative humidity, as below:

From Fig. 2-25, summer design temperature for Dallas area .... 99°
From Fig. 2-26, summer design humidity for Dallas area ........ 65%

From Fig. 2-27, enthalpy at 99° & 65% r.h. = 53 Btu/Ib

H; = enthalpy of indoor air during warm weather, Btu/Ib.
At 77° F. and 50% r.h. (summer indoor conditions), H = 30 Btu/Ib.

A = surface area of envelope, sf. From Step 1, A = 6,050 sf.

K, = fan factor. If'a ventilation fan is within envelope (as between a
roof and suspended ceiling or in afttic), kr = 0.75; otherwise k- =
1.0. Here xp = 1.0.

T, = air temp. at envelope’s outer surface, °F. From Step 2, T, = 103° F.

T, = ambient indoor air temperature, usually the thermostat setting, ° F.
For general comfort and assembly occupancies, 7, = 74-78°; for
retail, T, = 76—80°; for industrial, T, = 77-82°. Use the lower values
where energy efficiency is a priority. Here T, = 77°. T, is generally
considered to occur at 50% relative humidity.

R = average thermal resistance of envelope. From Step 1, R= 11.6.

P = perimeter heat flow fraction. From Table 2-5, P for curtain wall
glazing = 1.2 and for curtain wall spandrels = 0.77. ... average P =
1.2 x 0.33 facade area for glazing + 0.77 x 0.67 facade area for wall
panels = 0.91.

C. = 0.074 x 87,000 x 0.38 (53 - 30) + 6,050 x 1.0 (103 = 77)/(11.6 x 0.91)
C. = 71,000 Btu/hr

2.E.2.c. Energy Auditing

Example 1. A residence near Albany, NY, has a design heating load of’
24,900 Btu/hr and a winter design temperature of -2° F. If the area
normally experiences 1,349 heating degree-days in January, how much
energy is needed to heat the house during this month?

2)E)2)c)1) Heating Load: 24 d,H. = € (65 - T,)

d, = number of heating degree-days during period of energy audit.
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d, for January in Albany, NY = 1,349 heating degree-days.

H_; = design heating load (conduction-infiltration) through building en-
velope during period of energy auditing, 24,900 Btu/hr

€ = total heating energy used by building during period of energy
audit. € for Jan., ? Btu.
T, = design temperature at design heating load, from Fig. 2-25 or local

data. T,= - 2°F.
24 x 1,349 x 24,900 = €[65-(-2)] ...€=12,000,000 Btu

Example 2. An office building in Dallas, TX, has a design cooling load
of 387,000 Btu/hr and a summer design temperature of 104° F. If the
normal cooling degree-days for Dallas in July is 614, how much energy
is required to cool the building during this month?

2JE)2)c)2] cCooling load: 24 d,H, = € (T,-77)

d,; = number of cooling degree-days during period of energy audit.
d, for July in Dallas area = 614 cooling degree-days.

H_; = design cooling load (conduction-infiltration) through building en-
velope during period of energy auditing, 387,000 Btu/hr

€ = total cooling energy used by building during period of energy
auditing. € for July, ? Btu.

T, = design temperature at design cooling load, from Fig. 2-25 or local
data. T, = 104°F.

24 x 614 x 387,000 = € (104 -77) ...€=211,000,000 Btu

2.E.3. Auxiliary Heat Gain

This is the heat added fo interiors by occupants, lighting, appli-
ances, and other internal heat sources. In warm weather these gains are
usually maximum around the warmest time of day (mid-afternoon), and thus
are added fto conduction-infiltration cooling loads. During cold weather
they are usually minimal during the coldest time of day (before sunrise);
thus only the gains occurring at this time are added to heating loads.

Although auxiliary heat gain can comprise a significant portion of a
building’s heating or cooling load, it is difficult to estimate accurately
because (1) human metabolic rates vary according to one’s weight and
activity, (2) where lighting and machines add heat to indoor spaces, their
amounts often vary widely due to their specific nature, (3) the nameplate

[l
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ratings of most electric motor-driven appliances overstate the actual
power consumption by a factor of 2 to 4 because such equipment rarely
runs at full speed, (4) the shedded heat may be radiant or convective, and
radiant heat generally moves outward radially from the source and does
not become a heating load until it strikes a distant surface, while convec-
tion heat is a warm air current that becomes an interior heating load imme-
diately on leaving the source, and (5) these thermal migrations can be
highly eccentric in unusually-shaped spaces and where sunlight or day-
light enters an occupied area. Still, it is wise design to include whatever
values that are obtainable for the heating loads in the equations below.

Conduction, infiltration, and auxiliary heat gain are often all that is
needed to compute a building’s total heating and cooling loads.

2.E.3.a. Heating and Cooling Loads

Example 1. What is the design auxiliary heat gain in winter for a resi-
dence for a family of four near Albany, NY?

2)E)3)a)1) Design heating load: H, = M+ H+342 WQ .. &

H, = auxiliary heat gain added to interior spaces at time of design heat-
ing load (usually 7 A.M.), ? Btu/hr

M = metabolism of occupants at time of design heating load, Btu/hr. At7
A.M. in winter occupants are probably sleeping. From Table 2-8, M =
250 for sleeping man, 210 for sleeping woman, and 190 for sleeping
child. .. M=250+ 210+ 2 x 190 = 840 Btu/hr.

H = average heat gain from appliances and motors in use at time of’
design heat load. Use Table 2-8 as a guide for determining H for
each occupancy and time. Here H = 0.

W = average wattage of lighting in use at time of design heating load.

At 7 a.m., Wis probably near zero. Here assume 30 wafttfs.

Q = portion of lighting wattage emitted as heat at time of design heat-
ing load. Q= 0.88 for incandescent, 0.85 for quartz, 0.66 for fluo-
rescent, 0.63 for mercury or metal-halide, 0.59 for sodium. Here
assume Q is half incandescent and half fluorescent = (0.66 +
0.88)/2 = 0.77.

H, = 840 + 0+ 3.42 x 30 x 0.77 = 920 Btu/hr

Y
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Example 2. What is the summer auxiliary heat gain ina 12 x 16 ft of-
fice in Dallas, TX, if the space is typically used by one person and is
illuminated by four ceiling-mounted 4 x 40 watt fluorescent fixtures?

2JEJ3)a)2) Design cooling load: €, = M+ H+3.42 WQ ... &

C, = design auxiliary heat gain added to interior spaces at time of de-
sign cooling load (usually 3 p.m.), ? Btu/hr

M = average metabolism of occupants at time of design cooling load,
Btu/hr. Assume half men and half women. From Table 2-8, M for
seated, writing, or light work = 480 for men and 410 for women.

.. M=0.5 (480 + 410) = 445 Btu/hr.

H = average heat gain from appliances and motors in use at time of’
design cooling load. Use Table 2-8 as a quide for determining H for
each occupancy and time. From Table 2-8, H for general office
space = 2.5 Btu/hr-sf. .. total H= 12 x 16 x 2.5 = 480 Btu/hr.

W = average wattage of illumination in use at design cooling load, watts.
If 4 fluorescent fixtures w 4 lamps each at 40 watts/lamp are on at 3
PM., W=4 x4 x40 = 640 watfs.

Q = portion of illumination wattage emitted as heat at time of design
cooling load. Q = 0.88 for incandescent, 0.85 for quartz, 0.66 for
fluorescent, 0.63 for mercury or metal-halide, 0.59 for sodium.

Here Q = 0.66.

C, = 445+ 480 + 3.42 x 640 x 0.66 = 2,200 Btu/hr

= TABLE 2-8: METABOLISM OF HUMAN ACTIVITIES ——=
METABOLISM, Btu/hr
ACTIVITY OF OCCUPANT Man Woman Child
SIEEPING « vt 250 210 190
Seated: quiet, asintheater ..................... 360 300 270
Writing or lightwork ............o oo 480 410 360
Eating (includes heat emitted by food) ......... 520 450 400
Typing or clerical ..........cooiiiiiiiiiiinn... 640 540 480
Standing: slow walking ......................... 800 680 600
Light machine work ........... ..., 1,000 850 600
Heavy work, lifting ..., 1,600 1,300 1,100
Walking, 3 miles perhr. ...l 1,000 850 750
Jogging, gym athletics ..............oooiiall 2,000 1,700 1,500

[l
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Example 3. What is the maximum heat loss through the walls of a 28 ft
long 4 in. diameter uninsulated type K copper pipe that conveys hot
water whose maximum temperature is 140° through an unheated crawl
space that is as cold as 35° in winter?

2)E)3)a)3) HIR f.+ R t+(0.53 - 0.0014AT)] = Ak, AT

H = fotal heat loss through wall of duct or pipe through which heat flows,
? Btu/hr

R. = unit R-value of duct or pipe material, R/in. thickness. R =0.034 for
steel, 0.029 for copper, 0.057 for aluminum, 0.91 for wood, and 0.115
for concrete. R. for copper = 0.029.

t. = thickness of duct or pipe material, in. From p. 260, thickness of 4
in. dia. type K copper pipe = 0.134 in. Metal must be < % in. thick
for this formula to be valid.

R; = unit R-value of any insulation around duct or pipe, R/in. thickness.
Here R; = 0.

t; = thickness of any insulation around duct or pipe, in. f; = 0.

AT = temperature difference between inside and outside of duct or pipe, °
F. AT=140 - 35 = 105°F.

A = surface area of duct or pipe, sf. A of pipe or circular duct = 0.26
Lg Sip o A=0.26 x 28 ft x 4.125 actual in. dia. = 30.0 sf.

K, = orientation coefficient for each duct or pipe surface based on if it
faces up, down, or to the side. x, for surfaces of metal pipes and
ducts w circular or rectangular sections = 1.00. Otherwise x,, =
1.00 for sides of any material, 1.03 and 0.94 for wood tops & bot-
toms, and 1.08 & 0.93 for concrete tops and bottoms. Here x,, =
1.00 for total surface.

H [0.029 x 0.134 + 0 + (0.53 - 0.0014 x 105)] = 30.0 x 1 x 105
H = 8,140 Btu/hr

Example 4. How much heat is lost through the above pipe if it is
wrapped in 1in. molded mineral wool insulation whose R-value = 3.33?

2)E)3)a)3) HIR .+ R t;+(0.53-0.0014 AT)| = Ax,AT

R;
fi

unit R-value of insulation around duct or pipe, 3.33.
thickness of insulation around duct or pipe, in. f; = 1.0.
All other values are as defined in previous example.

H[0.029 x 0.125 + 3.33 x 1.0 + (0.53 - 0.0014 x 105)] = 30.0 x 1 x 105
H = 726 Btu/hr
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Example 5. How much heat is lost through the walls of a 24 x 42 in.
rectangular HVAC duct made of 22 ga. galvanized sheet steel if the
duct is 46 ft long and it carries air at 140° F above the suspended ceil-
ing of the office area below whose temperature is typically 70°?

2)E)3)aJ3) HIR.t.+ R t;+(0.53 -0.0014 AT)| = Ax,AT

H = total heat loss through walls of duct or pipe through which heat
flows, ? Btu/hr

R. = unit R-value of duct or pipe material, R/in. thickness. R =0.034 for
steel, 0.029 for copper, 0.057 for aluminum, 0.91 for wood, and
0.115 for concrete. R.for galv. sheet steel = 0.034.

. = thickness of duct or pipe, in. From outside reference, thickness of’
22 ga. sheet metal = 0.0313 in. Metal must < ¥, in. thick for this
formula to be valid.

R; = unit R-value of any insulation around duct or pipe, R/in. thickness.
Here R; = 0.

t; = thickness of any insulation around duct or pipe, in. 7; = 0.

AT = temperature difference between inside and outside of duct or pipe, °
F. AT=140-70=70"F.

A = surface area of duct or pipe, sf. A = (2 sides x 24/1> + 2 sides x
42/12) x 46 = 506 sf.

K, = orientation coefficient for each duct or pipe surface based on if it
faces up, down, or to the side. ¥, for all metal surfaces of pipes
and ducts w circular or rectangular sections = 1.00. Otherwise x,, =
1.00 for sides of any material, 1.03 and 0.94 for wood tops & bot-
toms, and 1.08 & 0.93 for concrete tops and bottoms. Here x, =
1.00 for total surface.

H [0.034 x 0.0313 + 0 + (0.53 - 0.0014 x 70)] = 506 x 1 x 70
H = 72,400 Btu/hr

Example 6. How much heat is lost through the walls of the above duct
if it is wrapped in 6 in. nom. batt insulation?

2)E)3)a)3) HIR .+ R t;+(0.53-0.0014 AT)| = Ax,AT

R; = unit R-value of insulation enveloping container material, R/in.
thickness. From Table 2-5, R; for batt insulation = 3.5.
thickness of insulation enveloping container material, 6 in.

All other values are as defined in previous example.

H[0.034 x 0.0313 + 3.5 x 6 + (0.53 - 0.0014 x 70)] = 506 x 1 x 70
H = 1,460 Btu/hr

fi
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Example 7. What is the energy payback span of the duct insulation in
Example 6 if it costs $520 in materials and labor to install, the #2 fuel
oil that heats the airflow costs $1.96 per gallon, and during the win-
ter the parent HVAC system runs an average 6 hr/day?

2JE)3)a)4) $,Er = 1,$,1(Q,- Q)

$, = initial cost of energy-saving insulation, $520

Ey = energy content of fuel consumed, Btu/unit of energy. From
Table 4-5, energy content of #2 fuel oil = 147,000 Btu/gal.

t, = operating time of system that consumes the fuel, hr/unit of time.
Here 7, = average 6 hr/day.

$, = operating cost of system that consumes the fuel, $/unit of time.
Here $, = unit cost of fuel consumed in operating system =
1.96/gal. However, it is wise design tfo double this amount to
include maintenance operation costs. .. $,= 1.96 x 2 = $3.92/qgal.

t = timespan of energy payback span, days, months, years, etc.
Here T = unit of time used for ¢ above = ? days.

Q, = energy lost when ducting or piping is uninsulated, Btu/hr.

From Example 3 above, H, = 72,400 Bfu/hr.

energy lost when ducting or piping is insulated, Bfu/hr.

From Example 4 above, H, = 1,460 Btu/hr.

520 x 147,000 =6 x 3.92 x T (72,400 - 1,460) ... T =46 days!

Q;

Note: Although this energy payback span is extremely desirable, in reali-
ty the system’s operating costs should also include the energy required to
run the HVAC system’s supply and return air fans, chiller, and cooling
tower plus all maintenance costs associated with the system’s operation.
Still, the payback for this installation is probably less than 17/ years.

2,E.3.b. Energy Auditing

Seasonal auxiliary heat gains may vary widely according fto building
type, occupancy patterns, and time of year. They may be estimated by aver-
aging their unknowns for the months of January and July. If these two
amounts differ, interpolate for the intervening months.

Example 1. What is the total auxiliary heat gain for January ina 2,000
ft? residence for a family of four near Albany, NY?
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2)E)3)b)1) Heating season: H, = t+(M+ H+3.42 W Q) .. &

H,

t =
M =

auxiliary heat gain added to interior spaces in Jan., ? Btu/hr

period of heat flow, days. ffor jJan. = 31 days.

average daily metabolism of occupants, Btu/day. Assume average
400 Btu/hr x 4 occupants x average 0.5 occupancy x 24 hr/day =
400 x 4 x 0.5 x 24 = 19,200 Btu/day.

average heat gain from appliances and motors, Btu/day.

From Table 2-9, H for residences = 1 Btu/hr-sf.

. total H= 2,000 x 24 = 48,000 Btu/day.

average wattage of illumination used per day, watts/day. If' 8
incandescent lamps averaging 75 watts/lamp are on 6 hours/day,
W=28x75x6=3,600 watts/day.

portion of lamp wattage emitted as heat. Q = 0.88 for incandes-
cent, 0.85 for quartz, 0.66 for fluorescent, 0.63 for mercury or
metal-halide, 0.59 for sodium. Here Q = 0.88.

H, = 31(19,200 + 48,000 + 3.42 x 3,600 x 0.88) = 2,420,000 Btu

Example 2. What is the total auxiliary heat gain for July in the Dallas,

X,

office described in Example 2.E.2.b. above?

2JE)3)bJ2) Cooling season: €, = t(M+ H+3.42 W Q) .. Q&

C,-

t =
M =

H =

design auxiliary heat gain added to interior spaces at time of de-
sign cooling load (usually 3 p.m.), ? Btu/hr

period of heat flow, days. ffor july = 31 days

average daily metabolism of occupants, Btu/day. For 1 occupant at
445 Btu/hr x 2/5 of 8 hr workday, 445 x 0.67 x 8 = 2,400 Btu/day.
average heat gain from appliances and motors, Btu/day. From
Table 2-9, H for offices, general = 2.5 Btu/sf. If office is used 8
hr/workday, H= 12 x 16 x 2.5 x 8 = 3,840 Btu/day.

=——— TABLE 2-9: AUXILIARY HEAT GAINS FOR MACHINERY
TYPE OF SPACE Heat gain, Btu/hr-ft2

Single family residences......... 1 Apartments, condominiums ...... 1.5
Restaurants: eating areas ..... 3 Commercial kitchen areas ... 30-50
Hospitals ...t 2 Laboratories ................ 5-50
Offices: general ............... 2.5; computer display areas ........... 4
Purchasing and accounting departments ........... ...l 6-7
Manufacturing: assembly, stamping, etc. ......... 15-20, but varies widely
Plating, forming, curing, etc. ................... 50-200, but varies widely

!
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W = average wattage of illumination used per day, watts/day. If 4 fluo-
rescent fixtures containing 4 lamps each at 40 watts/lamp are on 9
hr/day, W =4 x 4 x 40 x 9 = 5,760 watts/day.

Q = portion of lamp wattage emitted as heat. Q = 0.88 for incandes-
cent, 0.85 for quartz, 0.66 for fluorescent, 0.63 for mercury or
metal-halide, 0.59 for sodium. Here Q = 0.66.

C, = 31(2,400 + 3,840 + 3.42 x 5,760 x 0.66) = 596,000 Btu

2.E.4. Pickup Heating Load

When interior spaces are unheated for an extended time during cold
weather, heat drains out of the solid masses within the spaces —furniture,
interior construction, and other indoor objects— as the enveloping indoor
air temperature becomes lower; then when the heat turns back on, a por-
tion of the Btfus in the warming air flow back into the solids. In an occa-
sionally heated building, this effective heat loss can considerably influ-
ence the heating system’s size. Thus pickup heating load is usually a
design calculation. Since these loads vary according to the masses and
surface areas of the solids within the building envelope, computation is
rarely precise; still, it aids in determining the building’s actual energy
demands. During warm weather, the above-described heat massing occurs
in reverse; thus if the temperature in an uncooled room rises appreciably,
some of the air heat migrates into the room’s solid masses; then when the
air temperature cools, the heat stored in the solids flows back into the sur-
rounding air. This could be called a pickup cooling load. However, these
loads are usually much less than pickup heating loads because the tem-
perature differentials are less, and the excess indoor heat is often large-
ly removed by ventilating. Thus pickup cooling loads are rarely computed.

Although the above-described pickup heating load occurs only in
occasionally heated interior spaces, a second kind occurs in nearly every
heating or cooling system every time it is turned on. This is because the
usually metallic machinery and ducting of most heating systems weigh a lot
and have a high specific heat. Therefore, if a system turns on after it has-
n't run for a while (i.e. is cold), part of the produced heat is absorbed by
the system’s machinery and ducting. This occurs in the solid parts of an
electric baseboard heater, in the boiler and floor loops of a radiant floor
heating system, in the burner box and metal tube of a radiant ceiling
heater, and in the compressor and radiator of a heat pump every time these
units turn on and off. The absorbed Btus can even be computed by know-
ing the weight of the machinery and ducting, its specific heat, and its tem-
perature when cold and warm. This quantity could be called mass heating
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load, and it also occurs in reverse in the solid parts of every cooling sys-
tem when it turns on and off (although then the Btus are usually absorbed
by nearby interior spaces). Theoretically this heat should be added to a
system’s design heating load to determine the full effective load the sys-
tem requires to operate as desired; but in reality such computation isn't
necessary because in continually heated spaces the system rarely cools
down completely, and the system rarely needs to deliver the full amount of
its design heating load the moment it turns on. Another example of mass
heating load occurs every time a plumbing hot water faucet is turned on or
off. If the faucet has been off for a while, the standing hot water in the pipe
between the hot water heater and the faucet has cooled; then when the
faucet is turned on, the cold water flows out before the hot water arrives.
Thus with each on/off cycle the water heater heats an added volume of
water equal to the displaced cold water.

A small church in Dubois, WY, is used for services every Sunday. If the
heat is turned on two hours before morning services in winter and the
assembly area’s design heating load is 216,000 Btu/hr, what is the
building’s estimated pickup heating load?

2JE)4) H, ~ PH,

H, = design pickup heating load for interior space(s) during cold weath-
er, ? Btu/hr

P = pickup heating load fraction: portion of heat load absorbed by in-
terior masses based on frequency of heat flow as described below.
Interpolate for intermediate values.

Type of heat flow Pickup heating load fraction P
Heat off for 6 hr or nightly setback of 10°F ......................... 0.1
Heat off for 12 hr or nightly setback of 20°F ........................ 0.2
Heat off for 18 hr or nightly setback of 10°F .............coooie... 0.3
Heat off for 30 hrormore ... 0.4

P for heat turned off for 30 or more hours = 0.4.

H_., = design heating load of interior space(s) due to
conduction-infiltration during cold weather, 216,000 Btu/hr

H, ~ 0.4 (216,000) = 86,000 Btu/hr

[l
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2.E.5. Solar Heat Gain

Solar heat gain is the amount of the sun’s energy that enters indoors
through glazing in the southerly surfaces of a building envelope during
cold weather. Although this heating load is conceptually simple, it has
numerous variables. First, the sun’s energy fluctuates according to sun-
spots and other hyperactivity occurring on its surface. Second, the
amount of solar energy that enters the earth’s atmosphere varies from
about 445 Btu/sf-hr on Dec. 21 when the sun is closest to the earth to
about 415 Btu/sf-hron Jun. 21 when it is farthest away. Third, as this ener-
gy enters the earth’s troposphere, some is scattered by the air’s molecules
and some is absorbed by the molecules depending on the air’s temperature,
chemical composition, and moisture content. Fourth, as a site’s elevation
above sea level increases, the sun’s energy increases (at mile-high Denver
it is about 7 percent greater than at sea level). Fifth, as the sun descends
from directly overhead tow near the horizon, the air its rays travel through
becomes thicker, which decreases their intensity. However, even when the
sun is only 15° above the horizon, its intensity is still 95 percent of what it
is when it is directly overhead. Thus, for all practical purposes, the sun’s
average intensity as it reaches the earth’s surface at sea level at noon on
a clear day when it is at least 15° above the horizon is normally taken to be
about 300 Btu/sf hr on a surface perpendicular to the arriving rays.
However, when the sun descends below 15° its intensity decreases so rap-
idly that for all practical purposes its heating value is nil. This is just as
well, because on most building sites low obstacles such as surrounding
foliage, nearby rooftops, and rises in terrain often block the incoming rays.
Finally, during cloudy weather, the sun’s incoming energy is diffused so
greatly that the little amount that reaches the earth is also unusable. Thus
an important aspect of solar heat gain is a given day’s average percent-
age of sunshine due to cloudy weather based on local climate data. *

From all the above, the following facts can be gleaned. (1) On almost
every building site in the United States, the sun’s intensity is about 300
Btu/sf-hr. (2) This energy is available from about 9:00 A.M. to 3:30 p.M. even
in late December almost everywhere in the country (Alaska excepted). (3)
Most regions in this country experience at least 50 percent clear weather
all winter long. (4) Most buildings in America have large surface areas that
are exposed fo the sun almost all day long.

The conclusion from these four facts is irrefutable: a huge amount of’
free solar energy is potentially available for heating interior spaces in
buildings all over America. Indeed, during the energy crisis of around
1980, numerous methods of utilizing this energy were devised. During this
time, no solar energy device received more media support than did the
solar flat plate collector. This was typically a plywood-sized sheet of glaz-
ing laid over a similarly sized box only a few inches deep whose inside was

T The facts in this paragraph were obtained from Direct Use of the Sun’s Energy,
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painted black so the shallow container would retain a maximum amount of
the solar radiance that passed through the glass; then the retained heat
was conveyed via piping or ducting to the building’s interior spaces. By
arranging many of these wafer-like boxes all over a building’s roof or
south facade, a large part of the occupants’ fossil fuel heating bills could
conceivably be eliminated. But when word got out that these devices were
abysmally inefficient, their sales plummeted to nearly nothing, all within a
few months in 1981. Sadly, not only did the public lose confidence in bad
solar energy concepts, but in good ones also.

Specifically, why did solar flat plate collectors fail? (1) They were too
shallow. Imagine trying to collect enough energy in a container a few inch-
es deep to heat a container that is 30 feet deep? (2) Too little insulation
(usually 1 or 2 in.) was added to the collectors’ sides and backs while the
parent container —the building— was wrapped in 6 in. or more. Storing
heat in such a porous thermal barrier was like using a sieve to hold the
gasoline that runs your car. (3) The collected energy was usually trans-
ferred several times between the collector and the indoor spaces as fol-
lows: the collected radiance (itself a media transfer) was usually absorbed
by water circulating in pipes (media transfer 2) which carried the energy to
the building’s basement where it was emptied into a room-sized “rock stor-
age unit” (media transfer 3); then at night air passing through the storage
unit rocks ducted the energy indoors (media transfer 4). Forgetting the
fact that some of the energy escaped from the pipes and ducts as it was
conveyed, such flow ignored a basic principle of physics: whenever energy
is transferred from one medium to another, some is irretrievably lost.

From all the above, how could one create an efficient collector of
solar energy? One way to begin would be to do the opposite of what was
mistakenly done before: i.e. (1) make the containers deep, maybe as deep
as the building itself; (2) add much insulation to the collector’s sides and
back, maybe as much as is fitted into the building’s envelope; (3) keep the
energy media transfers to a minimum. If the sunrays passing through the
glazing entered directly into interior spaces, there would be only one
media transfer. And if the glazing were nearly as high and wide as the
building itself... Aah, but that would be too simple!

Indeed, a skeptic might ask: “This big solar collector the size of a
house you're making that’s so deep and thickly insulated and simple: what
about the side with all the glass in it?”

“What about it?”

“How’re you going to keep all the energy you've collected during the
day from flowing back out through the glass at night?”

“Cover the glass with movable insulation.”

“But how? Those areas of glass are big.”

“True.”

“So where are you going to find any insulation that’s big enough to

Farrington Daniels (Ballantine Books, New York, 1964), pp. 14-34. i
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cover all that glass and move out of the way when it should?”

“How about garage doors? They're big, and they move. When closed
they could cover the glass, and when open they could lay against the ceil-
ing above.”

“But garage doors aren’t insulated.”

“Then we'd insulate them.”

“But how?”

“An overhead garage door is just a few horizontal panels that are
hinged together; so if you built thick insulated panels the same size as the
garage door panels then bolted them together with the same hardware,
you'd have an insulated overhead garage door.”

... But it would be heavy, wouldn't it?”

“Sure. But in Sweet’s Catalog there’s an overhead garage door built
for a shipyard that’s 40 feet high and 150 feet long. I'm sure that door is
heavy, but I'm sure it works too. In fact, the firehouse here in town has
garage doors that are 26 feet wide and 13 feet high, and they’re made of
the same panels and hardware as any other garage door, and it goes up
and down pretty easy. | know, ‘cause | tried it.”

“But if these doors are really big and filled with insulation, when
they’re closed the rooms behind them are gonna be dark.”

“Then use translucent insulation.”

“Aw, come on.”

“No, really... you ever heard of bubblepak?”

... Sure.”

“Well, bubblepak is just a thin sheet with a lot of little airspaces
which light can pass through. In a way it's no different than fiberglass
insulation, which is nothing but glass, which as a solid is actually a bad
insulator. So if you stacked a dozen sheets of bubblepak together, you'd
have thick translucent insulation.”

Y. Hmm!”

“Not only that, but you know that thin transparent film that’s mount-
ed between the panes of certain kinds of thermopane windows to increase
their R-value? Heat Mirror® it’s called. A company out in California will sell
it to you by the roll. And if you sandwiched a sheet of Heat Mirror® between
the layers of bubblepak, you’d have a high-R-value insulation. One that
was translucent too. And it'd be so light that you could easily make it go
up and down.”

“I guess you could....”

Someday, solar energy will be a very practical and economical means
of keeping a building’s interior spaces warm in winter in nearly every part
of this country. But when that time has come, the incoming rays will likely
not reduce the overall size of the building’s mechanical heating system;
because the system’s maximum heating load usually occurs just before
dawn when no incoming radiance is available to reduce it. But solar ener-
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gy could greatly reduce the amount of fossil fuels the building’s heating
system may consume during a 24 hour period. Thus solar heat gain is typi-
cally an Energy Audit calculation.

An important consideration for any solar collector is the angle its
glazing makes with the ground, because the angle the sunrays make with
the glazing affects the amount of energy that enters indoors. The glazing
can be vertical, which is usually the easiest to construct; but if you want to
collect the most energy, the glazing should tilt at an angle equal to the
site’s latitude plus 20°. This is because the day on which half of a region’s
winter degree-days have occurred is, on the average, around Jan. 20, which
statistically is also around the coldest part of the year; and on this date
the sun’s angle at noon due south is 70° minus the local latitude anywhere
in the country; and the angle perpendicular to this is the local latitude
plus 20°. Thus Table 2-10 lists two insolation values: the clear-day insola-
tion that strikes vertical glazing, and the clear-day insolation that strikes
glazing tilting at an angle from horizontal equal to local latitude plus 20°.

A 24 x 40 ft solar house near Albany, NY, has a two-story south wall of
Andersen window units mounted in front of an innovative arrangement
of counter-balanced panels of thick tfranslucent insulation (see Fig.
2-30) that is activated by a computerized thermostat, which opens the
panels when the sun is shining, then closes them when a cloud passes
in front of the sun, when sunrays are weak (i.e. early morning and late
afternoon) and at night . The solar glass is vertical, faces south-
southeast, and is shaded during the summer by three large maple
trees whose trunks are 40 ft away; and in front of the facade is a level
lawn that is snow-covered an average 25 days in January. What is the
solar heat gain from this system in January?

Step 1. Compute the incident clear-day insolation on a vertical surface
based on the site’s latitude and period of the energy audit.

2]JE)5) . x O, -0.125 (b, - O (L~ L)

®. = incident clear-day insolation (solar heat gain) for latitude of site
and period of audit, from Table 2-10, ? Btu/day-sf.
From atlas, latitude of Albany area = 42°-40".

®, = greatest incident insolation value below site latitude; select from
24,32, 40, or 48°, Btu/day-sf. Greatest &, below 42°-40"is 40°.
.. as period of audit is for month of Jan., from Table 2-10, ¢, for
Jan. at 40° [at. = 1,500 Btu/day-sf.

&, = smallest incident insolation value above site latitude; select from
24, 32,40, or 48°, Btu/day-sf. Smallest ®_ above 42°-40' is 48°.
From Table 2-10, &, for Jan. at 48° lat. = 1,310 Btu/day-sf.

[l
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Fig. 2-30. South elevation and section of solar house.

L = latitude of site, decimal degrees. 42°-40'=42.7°.
greatest latitude value below site latitude; select from 24, 32, 40,
or 48°. Greatest latitude value below 42°-40" is 40°.

@, = 1,500 - 0.125 (1,500 - 1,310) (42.7 - 40) = 1,440 Btu/day-sf

~
Q
1

Step 2. If additional sunshine reflects from the ground in front of the so-
lar glazing, compute the glazing’s ground reflection factor.

—— TABLE 2-10: INSOLATION, BTUS/CLEAR DAY, SF ———
INSOLATION ON GLAZING THAT IS VERTICAL

LATITUDE, ° Nov. 21 Dec. 21 Jan. 21 Feb. 21 Mar. 21
24° 1,350 1,445 1,385 1,075 610
32 1,450 1,515 1,490 1,310 900
40° 1,460 1,470 1,500 1,500 1,185
48° 1,280 1,095 1,310 1,540 1,395
INSOL. ON GLAZING THAT TILTS AT Z FROM HORIZ. = LOCAL LAT. + 20°
LATITUDE, ° Nov. 21 Dec. 21 Jan. 21 Feb. 21 Mar. 21
24°% 1,950 1,965 1,995 1,835 1,380
32 1,855 1,915 1,890 1,885 1,570
40° 1,695 1,720 1,735 1,865 1,690
48° 1,385 1,395 1,415 1,775 1,725

T This table’s values are based on data obtained from Direct Use of the Sun’s
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Ky ® Kslke+ S5(0.7 - x )]

K, = ground reflectance factor: portion of sun reflected onto solar
glazing from ground in front. Use only if glazing is vertical or
nearly so, glazing is at or near ground, and ground is fairly level in
front of glazing; otherwise x, = 0. Herex, = ?

K = ground smoothness factor. k= 1.0 if ground is fairly smooth, 0.5
if varied or slightly rocky. Interpolate for intermediate values. As
lawns are usually smooth, x, = 1.0.

K. = ground color factor. The darker the ground, the lower its k.. From
Table 2-11, x.. for vegetation, medium-dark green (most lawns) = 0.17.

S = snow cover reflectance. From Table 2-11, S for snow cover for av-
erage 25 days/month in Jan. = 0.5.

Ky # 1.0[0.177+ 0.5 (0.7 - 0.17)] = 0.44

Step 3. Compute the solar heat gain through the solar glazing.
®, = 0.010 0. FPAT K, K K, (T+%,) (1+0.000014 E)

&, = average solar heat gain through solar glazing during period of en-
ergy audit, ? Btu

®. = incident clear-day insolation based on latitude of site and month
of audit, from Step 1, 1,440 Btu/day-sf

t = period of energy audit, days. For January audit, =31 days.

P = average percentage of local sunshine during period of audit.
From Comparative Climatic Data, © U.S. Department. of Commerce,
average percent of possible sunshine for Albany, NV, in Jan. = 46%,.

A = surface area of glazing, sf. From Andersen Window Catalog, glazing
area of windows shown in Fig. 2-30:

———— TABLE 2-11: GROUND REFLECTANCE FACTORS
NATURE OF GROUND just outside collector surface Reflectance factor
Ground color: new asphalt, slate, other very dark surfaces .......... 0.05
Dark dirt surface: dark brown, dark grey, deep red, etc. ......... 0.10
Medium dark surface: red brick, weathered wood deck, etc. ...... 0.13
Vegetation, medium to dark green (most lawns) ................... 0.17
Concrete, yellow vegetation, light gravel, light dirt, light sand .... 0.25
Sand, white or near-white ... 0.50
White smooth surface ....... oo 0.70
Snow cover reflectance: less than 3 days permonth .................. 0.00
Average 5 days/month ...... 0.10  Average 10 days/month .... 0.20
Average 15 days/month ..... 0.30  Average 20 days/month .... 0.40
Average 25 days/month ..... 0.50  Average all month long ..... 0.60

Energy, Farrington Daniels (Ballantine Books, New York, 1964), pp. 18—-34. 0
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Fig. 2-31. Collector inclination/orientation incidence factors.

Glazing areas A & D (unit A41): 2 x 6 x 433/16" x 19%," ... 71.1sf

Glazing areas B (unit A42): 6 x 433/16" x 43%" ........... 78.5 sf'
Glazing areas C (unit A43): 6 x 433/16" x 67%," .......... 121.0 sf
Total surface area of glazing ........coooviviiiii i, 271.0 sf

T = transmittance fraction: portion of solar energy passing through

glazing. From Table 6-10, t for clear standard thermopane = 0.78.

K, = umbra fraction: portion of collector area exposed to daily sun.

K, = 1.0 if area is exposed to sun all day, 0 if area is in shade all
day. Interpolate for intermediate values. Typical x,, for sunrays
passing through deciduous tree branches in winter = 0.8.

K, = incidence factor: portion of sunlight absorbed by collector if its
surface varies from vertical due south. From Fig. 2-31, k; at 40°
latitude for vertical surface facing south-southeast = 0.95.

K, = local clarity fraction: clearness of local atmosphere depending on
location, smog, and other environmental factors as described below:
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Region or Condition Clarity fraction during winter months (x,,)
Deep SoUth ..o 0.90
Florida, Gulf Coast, mid-south, West Coast ................cooiint. 0.95
Northern plains, Rocky Mountains, near Canadian border ....... 1.05
All other areas in conterminous 48 states ......................... 1.00
Continuous light smog or local haze .. subtract 0.1 from above values
Continuous heavy industrial smog .... subtract 0.2 from above values

From atlas, Albany is in ‘All other areas’ zone. .. x, = 1.0.

A
1l

ground reflectance factor. From Step 2, x, = 0.44.
elevation above sea level, ft. Albany is near sea level » £ = 0.

®, = 0.010 x 1,440 x 31 x 46 x 271 x 0.78 x 0.8 x 0.95 x 1.0 (1 + 0.44)
o, = 4,750,000 Btu for January

™
I

2.E.6. Thermal Massing

For many, the concept of thermal massing evolves from the archi-
tecture of the pueblos in the Southwest, whose thick south-facing adobe
walls absorb sunrays during the day and radiate the stored Btus into in-
terior spaces at night to reduce these buildings” heating loads. However,
the efficacy of this method of utilizing solar energy depends on several
local climatic factors that exist in few other areas. They are:

High ratio of sunshine-to-cloudiness. In the Four Corners region
of the Southwest, the sun in January shines 80 percent of the day, com-
pared to about 50 percent in New York City, 40 percent in Chicago, and less
than 30 percent in Seattle. But even more important than percentage of
sunshine is the ratio of sunny-to-cloudy sky, because during sunshine the
solar radiance is driven into the thermal massing while during cloudy
weather it ‘shifts into reverse” and backs out. Thus 80 percent sunshine
has an ‘in/out ratio” of 80/20 = 4 while this ratio for 50 percent sunshine =
only 1; thus the theoretical net gain of thermal massing at 80 percent sun-
shine is actually four times greater than it is at 50 percent sunshine.

Large daily temperature range. Inthe high desert of the Southwest,
the difference between daily high and low temperatures is often 35° —nearly
twice that in most other areas of the country, which causes greater amounts
of midday heat to be driven more deeply into the masonry than would occur
in areas of lower daily temperature differences.

High elevations. At six thousand feet above sea level, the air is
thinner and sunrays are 10—15 percent stronger than at lower elevations.

Highly reflective terrain. The Southwest’s smooth, mostly bare
light-orange rocky earths reflect much more radiance onto nearby south-
facing facades than do more earthen terrains covered with foliage.

[l
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Cooler indoor temperatures. 55° indoor temperatures are quite
comfortable for pueblo dwellers while anything less than 65° is considered
uncomfortable in so-called modern buildings. Cooler indoor temperatures
increase the amount of effective heat that flows indoors.

These factors combine to drive great amounts of radiance deep into
the exposed pueblo masonry where after sunset it migrates readily to inte-
rior spaces. But in other regions where these factors are absent, thermal
massing must be carefully located well indoors, have maximum surface-to-
volume exposure to interior spaces, be enclosed by a superinsulated
building envelope, have windows covered with thick movable insulation to
keep the collected heat indoors when the sun isnt shining, and be con-
structed economically.

Otherwise, the result won't be worth the effort.

If thermal massing is built as described above, it works as follows:
When the sun’s rays become strong enough near mid-morning, the panels
of movable insulation covering the solar glass open, then the sun shines
through the glass and heats the indoor air and adjacent thermal massing,
until by early afternoon the temperature of both is, say, 75° (if the massing
is exposed to direct sunlight its temperature may be 8—10° higher). As the
sun weakens in late afternoon, the movable insulation closes over the solar
glass; then during the night as indoor air heat flows slowly through the
superinsulated envelope, heat flows equally slowly from the thermal mass-
ing back into interior spaces; so the indoor air cools more slowly than if
the massing weren’t there. If indoor temperatures fall to, say, 65° by sun-
rise the next morning, the massing has released (75 - 65 = 10)° Btus per unit
mass x its capacity to hold heat. Most masonry holds heat effectively only
to depths of 4-6 in. Liquid massing often works better, because it can dis-
perse heat within its mass via convection as well as conduction.

Although concrete or masonry floor slabs usually form the bottom of
a building, they thermomass rather well because the At between the air
above and the earth below is usually low, and, since heat rises, the massed
heat will not tend to migrate downward. A good floor under a wall of ther-
mal massing is 6 in. concrete on 4 in. styrofoam insulation. Styrofoam is
surprisingly strong, as it has a compressive strength of 20 psi = 3,000 psf;
thus it will support an 8 ft high grouted 8 in. concrete block wall if rebars
are laid in the concrete beneath the wall as shown in Fig. 2-32.

Another approach to thermal massing is electric thermal storage
(ETS) units. These are cabinet-sized electric heaters (typical dimensions
are 24, in. high, 10%, in. deep, and 30-58 in. long) that contain a number
of high-density ceramic bricks that can store much heat for extended peri-
ods of time. During off-peak hours each unit stores electrically produced
heat in the bricks which are stacked in an insulated chamber, then when the
heat is needed during on-peak hours when energy rates are higher, a small
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Fig. 2-32. Effective thermal massing.

blower circulates interior air slowly and quietly through the bricks. The
units are intended for residential and small commercial occupancies, each
requires a 240 V outlet, and a humidifier can be added. Thus, instead of
thermomassing the sun’s energy, this appliance does the same with elec-
tricity. Its bricks are removable, which suggests a host of apparently yet-
unexplored applications for them. For example, the manufacturer uses the
bricks in a heat pump booster and a furnace it makes, but would they also
work if exposed to sunlight? And could they be used to build the walls of
a fireplace? ETS units are made by the Steffe Corp. of Dickinson, ND.

—— TABLE 2-12: CAPACITANCE OF BUILDING MATERIALS t ——
MATERIAL Capacitance, Btu/cf - ° F. Latent Heat of Fusion, ° F.
Red brick ...l 246 —
Fire brick ...................... 436 —
Sand ... T8.T —
Gypsum ......oooiiiiiiiii 203 =
FreshWater .................... 62.4 —
Concrete, granite .............. 31=32 =
Growing soil ...l 13.9 =
Stillair ... 0.018 o —
Paraffin ........................ 384 3,570 at 115°
Glauber'ssalt.................. — 7,760 at 73°
Sodium Sulphate ............... — 6,600-9,000 at 65-89°

T the primary source for this table’s values was The Solar Home Book, Bruce [
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2.E.6.a. Heating Load

A two-story solar residence in Albany, NY, has a 24 ft long, 8 ft high, 4
in. thick red brick wall running down the center of the lower floor. If
indoor temperatures rise to 76° on a clear day and nightly tempera-
tures fall to 65°, how much heat does the wall store?

g.]E.]Q@.] H;, = CV(TG— Te)

H,, = design latent heat stored by thermal massing, ? Btu/day

C = capacitance of thermal massing: capacity to store thermal enerqy,
Btu/cf - °F. From Table 2-12, C of brick = 24.6 Btu/cf- °F.

V = volume of thermal massing, cf. 24 x 8 x 4 in/12 ft = 64 cf.

T, = temperature of thermal massing at maximum heat absorption, 76° F

T. = temperature of thermal massing at maximum heat depletion, 65° F

H,, = 24.6 x 64 x (76 - 65) = 17,000 Btu/day

2.E.6.b. Energy Auditing

In the previous example, how much heat does the thermal massing
store during the month of January?

2)E)6)b) H,, = 0.0107CVP(T,-T,)

H,, = latent heat stored by thermal massing for period of energy audit,
? Btu. Formula is valid only if envelope is superinsulated and
insulation covers glazing atf night.

t = period of energy audit, days. For January audit, =31 days.

C = capacitance of thermal massing, Btu/cf-°F.

From previous example, C = 24.6 Btu/cf-° F.

V= volume of thermal massing, from previous example, 64 cf

P = average percentage of local sunshine during period of energy
audit. From Comparative Climatic Data, © U.S. Department. of
Commerce, P for Albany, NY, area in Jan. = 46%,.

T, = temperature of massing at maximum heat absorption, 76° F

T. = temperature of massing at maximum heat depletion, 65° F

H,, = 0.070 x 31 x 24.6 x 64 x 46 (76 - 65) = 247,000 Btu

Anderson (Cheshire books, Harrisville, NH, 1976).
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2.E.7. Total Solar Energy Savings

To determine a solar heating system’s cost-effectiveness, one must
compute the energy savings of the parent building as below:

If the backup heating system in a superinsulated solar house near Al-
bany, NY, is electric baseboard and the electricity costs 11¢ per kWh,
what is the building’s estimated January heating bill? Its design heat-
ing loads for this month are conduction/infiltration = 12,000,000 Btu,
auxiliary heat gain = 2,420,000 Btu, solar heat gain = 5,050,000 Btu,
and thermal massing = 200,000 Btu.

Step 1. Find the solar heating system’s Solar Load Ratio for the period of
the energy audit.

2)87) Ker = Pa/(H + Hy + Hyy - Hyy)

K,-= Solar Load Ratio: ratio of solar heat gain to design heat loss
through the building envelope, ?

&, = average solar heat gain through solar glazing during period of en-
ergy audit, Btu. &, for Jan. = 4,690,000 Btu.

H_.; = design heating load due to conduction-infiltration through build-
ing envelope during period of energy audit, Btu. H, for Jan. =
12,000,000 Btu.

H, = design pickup heating load for interior spaces during cold weather
during period of energy audit, 0 Btu

H,, = average latent heat stored due tfo thermal massing during period
of energy audit, Btu. Hy, for Jan. = 200,000 Btu.

H,,= design auxiliary heat gain added to inferior spaces during period
of energy audit, Btu. H,, for Jan. = 2,420,000 Btu.

Kg = 4,690/(12,000 + 0 + 200 - 2,420) = 0.48

Step 2. Find the building’s Heating Load Fraction. In the bar graph of Fig.
2-33, if the Solar Load Ratio = 0.48, Heating Load Fraction = 0.52.

HEATING LOAD FRACTION

0 08 0.6 0.4 0.2 O.l 0.05 0.0l

IH'I|I\I\I\I I|| I‘.‘.\.H.Iwwlwll ] | J
[ HH H au .‘Hl.‘\ + T T r

L RN | LARALY LAARNRAALY ALY
O 020 040 0.60 080 lOO 1.20 140 IGO .80 200 2.20 240
SOLAR LOAD RATIO

Fig. 2-33. Solar Load Ratio vs. Heating Load Fraction.

Step 3. Compute the cost of heating the solar architecture for the period
of the energy audit.

[l
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$h Keg = 100 Kh/f$u (HC,' + Hp + Hrm - Hah)

$, = costof heating the solar architecture during period of energy
audit, ? dollars for Jan.

K. = energy conversion factor. From Table 3-1, 1 kWh = 3,413 Btu.

€ = efficiency of backup heating system, %,.
From Table 2-13, € for electric baseboard heaters = 90 %,

$, = unit cost of energy, dollars. From local data, ¢ = $0.08/kWh.
Kpp Hesy Hy, By, and Hy,, are as previously defined

3,413 x 0.9 = 0.52 x 0.08 (12,000,000 + 200,000 + 0 - 2,420,000)
$ = $133

$

X

Note: The building’s heating cost is very low because (1) its heat losses
are low due to its superinsulated envelope, (2) much of the remaining loss
is replenished by solar energy, and (3) further heat is conserved with ther-
mal massing.

2.E.8. Summary of Loads
2,E.8.a. Total Heating Load

Example 1. What is the total design heating load of a solar house
near Albany, NY, if its design conduction/infiltration heating load is
24,900 Btu/hr, auxiliary heat gain is 930 Btu/hr, thermal massing load
for January is 200,000 Btu, and the average solar heat gain for
January is 5,050,000 Btu?

2JE)8)a) H = &,+H;+H,+H, - Hg,
H = fotal heating load at design temperature, ? Btu/hr

———— TABLE 2-13: EFFICIENCY OF HEATING SYSTEMS

TYPE OF HEATING SYSTEM Approximate efficiency, %
Electric baseboards, infrared electric units, kerosene space heaters . 90
Gas-fired furnaces w makeup air, gas-fire radiant ceiling units ........ 80
Oil-fired furnaces w air ducts, hot water boiler w/ water baseboards .. 70
Wood or coal stoves (non-airtight), Rumford fireplaces ................ 40

Above stoves, airtight ... 60
Fireplaces w conventional open hearths ...t 20
ADOVe W glasS dOOTS ...t 40
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®,, = solar heat gain, Btu/hr. As solar heat gains typically have little
effect on design heating load around sunrise in Jan., ¢ = 0.

H., = design heating load due to conduction-infiltration through build-
ing envelope during cold weather, 24,900 Btu/hr

H, = design pickup heating load for interior spaces during cold weath-
erinjan., 0 Btu/hr

H,, = design latent heat stored by thermal massing, Btu/hr.
As thermal massing typically has little effect on design heating
load around sunrise in Jan., Hy, = 0.

H,, = design auxiliary heat gain added to interior spaces at heating
load design temperature, 930 Btu/hr

H = 0+24,900+0+0-930 = 24,000 Btu/hr

Example 2. What is the total design heating load of a small church in
Dubois, WY, if its conduction-infiltration heating load is 216,000
Btu/hr and its pickup heating load is 86,000 Btu/hr?

2JE)8)a) H=9,+H,+H,+H,-H,

H = total heating load at design temperature, ? Btu/hr

®, = solar heat gain, Btu/hr. Assume 0.

H_; = design heating load due to conduction-infiltration through build-
ing envelope during cold weather, 216,000 Btu/hr

H, = design pickup heating load for interior spaces during cold weather,
86,000 Btu/hr

H,, = design latent heat stored by thermal massing, Btu/hr. Assume 0.

H,, = design auxiliary heat gain added to interior spaces at heating load
design temperature, 0 Btu/hr

H = 0+216,000 + 86,000 + 0 - 0 = 302,000 Btu/hr

2.E.8.b. Total Cooling Load

What is the total design cooling load of an office unit in a building in
Dallas, TX, if its design conduction-infiltration cooling load is 2,800
Btu/hr and its auxiliary heat gain is 2,560 Btu/hr?

2)E)8)b) C - C,+Cy,

[l
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€ = total cooling load at design temperature, ? Btu/hr

C.; = design cooling load due to conduction-infiltration through building
envelope during warm weather, 2,800 Btu/hr

C,, = design auxiliary heat gain added to interior spaces at cooling load
design temperature, 2,560 Btu/hr

C = 2,800+ 2,560 = 5,360 Btu/hr

2.E.8.c. Total Energy Auditing

As the length of heating and cooling seasons varies greatly in dif-
ferent regions of the country, an easy way to perform a building’s energy
auditing calculations is on a monthly basis. If local monthly degree-day
data for heating and cooling seasons is not available, this information may
be obtained from the U.S. Department. of Commerce publication,
Comparative Climatic Data; then energy auditing involves filling in the
schedule below. This schedule may be enlarged on a photocopier. In many
regions, spring and fall months often have heating and cooling loads.

ENERGY AUDITING SCHEDULE
Month H, C, H, H, o, A, H c

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
ocT
NOY
DEC

ANNUAL
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PROJECT DESIGN WEATHER DATA

Data Amount
LOCALLATITUDE.........oovveiennens °
MAXIMUM RAINFALL INTENSITY.......... in/hr
MAXIMUM WIND PRESSURE .............. psf
EARTHQUAKE ZONE .............cvuvvnes
AVERAGE ANNUAL TEMPERATURE........ °
WINTER DESIGN TEMPERATURE........... °
SUMMER DESIGN TEMPERATURE......... °
AVERAGE RELATIVE HUMIDITY........... %
SUMMER DESIGN ENTHALPY............. Btu/lb
LOCAL CLARITY FRACTION ...............

SUN ANGLE DUE SOUTH, NOON JUN 21... °alt.
SUN ANGLE DUE SOUTH, NOON DEC 21... °alt.

INSOLATION DATA, BUT/FT? PER DAY:
NOV.21 DEC.21 JAN.21 FEB.21 MAR.21 APR.21

SPECIAL CONSIDERATIONS:

(This databox may be duplicated and
affixed to drawings or specifications)

0
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IEXS Q RGP
CLIMATE CONTROL

3.A. GENERAL

During periods of thermal imbalance between indoors and outdoors,
a building’s climate control system creates the opposite effect of the
weather outside to keep its interior spaces continually comfortable. In
addition to maintaining ideal temperatures such systems optimize humidi-
ty, freshen the air, remove airborne contaminants, and eliminate odors. The
result is what HVAC engineers call 1AQ: indoor air quality.

Modern climate control system design is complex due to a number of
factors, as summarized below:

Interchanging componentry. Today’s interior environments can be
made comfortable with a number of different systems whose componentry
can be combined in many ways.

Complex requirements. Many modern buildings have continually
changing occupancies that impose constantly changing comfort demands
on existing climate contfrol systems.

Computerization. The computerized controls that operate many
buildings today are often difficult to learn, not yet fully developed, and
have high initial costs which often obscure their long-term economies.

Systems integration. Many climate control systems contain plumb-
ing, wiring, and other componentry which may introduce integration prob-
lems with other mechanical systems.

Public utility options. As some electric utilities have found it more
economical to promote energy efficiency than build more power plants, they
may offer energy-saving perquisites that can reorder an architect’s priori-
ties for designing cost-effective buildings.

The Energy Policy Act of 1992. As a way of making our nation’s
future more secure and emphasizing the importance of energy conserva-
tion as an investment, the government has mandated more stringent energy
efficiency standards for a number of climate control systems and related
componentry. This may create fundamental changes in the selection of
some of these components in the future.

0
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T The basis for this chart and related text was the Handbook of Air Conditioning
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3.A.1. Psychrometry

The psychrometric chart is a cleverly constructed nomogram that
describes several properties of atmospheric air. Although the arrange-
ment of crisscrossing lines is based on semi-empirical research and its
parameters are essentially arbitrary, this graph has evolved into a highly
authoritarian ‘air atlas’ that possesses the highest credibility in our engi-
neering culture. Like what the periodic chart does for the elements and
quantum physics does for the atom, the psychrometric chart makes
supreme sense and order of something we cannot see.

The psychrometric chart shown in Fig. 3-1 contains four different
graph coordinates. They are

1. Dry-bulb temperature (in ° F). ||HH lines; the thermometer tem-
perature. The scale for these I|nes extends along the bottom of
the graph.

2. Wet-bulb temperature (° F) ...\ lines, as measured by a
thermometer whose bulb is covered by a wetted wick and exposed
to rapidly moving air. Wet-bulb temperature is always lower than
dry-bulb temperature except at 100 percent humidity; then the
wet-bulb temperature becomes the dew-point temperature; then
if the temperature falls any lower, water falls out of the air —i.e.
becomes dew or collects in tiny droplets on surfaces exposed to
the air. The scale for these lines extends along the prominent
upper-left curve and then the top of the graph. Related to wet-
bulb temperature is enthalpy, measured in Btu/Ib of dry air.
Enthalpy (H) is the amount of moisture that air holds at a given
temperature: it is the true “effective temperature” of warm air; as
such it is a function of dry-bulb temperature and relative humid-
ity. The enthalpy scale is the inclined straight-line scale beyond
the upper left of the graph.

3.  Air moisture (grains/Ib of dry air) ... = lines. Also known as
humidity ratio, this is the weight ofwofer (Ib or gr) per Ib of dry
air. The scale for these lines is along the right of the graph.

4.  Relative humidity (percent)... 22 lines. This is the percent ratio
of actual water vapor in the air to the saturated water vapor in
the air at a given temperature. Typical percentages for a partic-
ular region are often given in published climatic data. The scale
for these lines extends in a downward curve through the central
part of the graph.

Regarding the above scales, the dry-bulb temperature and relative
humidity scales describe what we feel every day. Equally important for £
design is enthalpy and air moisture, because these values define the adia-
batic processes that underlie the selecting and sizing of climate control

System Design, prepared by the Carrier Corp. (McGraw-Hill, New York, 1965); |l
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systems. Another commonly used term is atmospheric or barometric pres-
sure (in. Hg). This is the pressure of the air or atmosphere as measured by
the height of a column of mercury whose norm at standard conditions of
temperature (0° C. or 32° F.) and gravity (sea level) is 760 mm (29.91 in. or
1,013 millibars). In other words, at sea level the atmosphere’s pressure is
normally 29.91 in, which may vary from about 27.3 to 31.1 in. depending on
the weather. Atmospheric pressure also decreases as the elevation above
sea level increases. However, at any elevation above sea level, the barom-
eters of local meteorologists are usually adjusted to provide readings
that relate to sea-level norms. Atmospheric pressure is commonly record-
ed by an aneroid barometer, an instrument that contains no liquid, oper-
ates independently of gravity, and is portable so it can be used under con-
ditions that are prohibitive for mercury barometers.

The effect of increasing altitude on the various scales of the psy-
chrometric chart is as follows: the dry-bulb temperature lines are un-
changed, the wet-bulb temperature lines move farther part, the air mois-
ture lines move upward, the relative humidity curves move farther apart,
and the specific volume lines move upward to the right.

The many different kinds of climate control systems installed in
today’s buildings use several different kinds of fuel. Thus it is helpful to
have the energy conversion table below. Its heat content values are
approximate: e.qg. that of oak varies slightly according to subspecies, den-
sity, and local growing conditions. Even the heat content of oil and gas
vary slightly from one region to another.

TABLE 3-1: ENERGY CONVERSION FACTORS
COAL OIL  PROPANE ELECTRIC OAK SOLAR
FUEL (Ib) (gal) (therm) (kWh) (Ib) (square)
COAL (Ib) ....... 14,600 0.160 0.195 4.28 3.73 0.487
BTU
OIL (gal) .......... 6.23 91,000 1.213 26.67  23.27 3.033
BTU
PROPANE (therm) 5.137 0.824 75,000 21.97 19.18 2.500
BTU
ELECTRIC (kWh) . 0.234 0.038 0.046 3,413 0.87 0.114
BTU
OAK (Ib) ......... 0.268 0.043 0.052 1.15 3,910 0.130
BTU
SOLAR (square) . 2.055 0.330 0.400 8.79 7.67 30,000
BTU
pp. 115-117.
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Example 1. What is the enthalpy of indoor air whose temperature is
68° F and relative humidity is 50 percent?

o

From the psychrometric chart of Fig. 3-1, at a dry-bulb temperature of 68
and relative humidity of 50 percent, enthalpy = 24.5 Btu/Ib of dry air.

Note: An enthalpy of about 25 Btu/Ib of dry air is considered to be the
most comfortable temperature and humidity during cold weather.

Example 2. What is the dew point of the air in Example 1? I

The dew point of air at a certain temperature and humidity is found from the
psychrometric chart of Fig. 3-1 as follows: After locating the point of 68 °
F and 50 percent r.h. on the chart, proceed horizontally to the left to the
upper leftmost curve of the graph, then read the scale ® dew point = 49°,

Example 3. What's the volume of 1 [b of air whose enthalpy = 25 Btu/Ib? I

From Fig. 3-1, at H = 25 Btu/lb, 1 [b of air has a volume of 13.4 cf.

Example 4. What is the enthalpy of indoor air whose temperature is
78° F and relative humidity is 50 percent?

From Fig. 3-1, at a dry-bulb temperature of 78° and relative humidity of
50%, enthalpy = 30.1 Btu/Ib of dry air.

Example 5. What is the dew point of the above air? I

After locating the point of 87° and 50 percent r.h. in Fig. 3-1, proceed hor-
izontally to the left to the upper leftmost curve of the graph, then read the
scale » dew point = 58°.

Example 6. What's the volume of 1 Ib of air whose enthalpy = 30 Btu/Ib? I

From Fig. 3-1, at H = 30 Btu/Ib, 1 Ib of air has a volume of 13.8 cf.

0
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3.B. SYSTEM COMPONENTS

Climate confrol systems have numerous components-in-common
which are described in detail in the following sections. Typical IAQ param-
eters for these systems are:

Temperature: 67-78°year-round. A room’s temperature should not
vary more than 5° F between 4 in. and 67 in. above its floor.

Humidity: 40-60 percent all year round.

Airflow: 10-50 fpm.

CO,: should not exceed 800 parts per million.

Static air pressure: positive for spaces that generate clean air,
negative for spaces that generate dirty or foul air.

Pollution: low levels of dusts, molds, odors, noxious gases, VOXs
(volatile organic compounds), microbes, chemicals, etc.

Adequate illumination: at least 50 fc in all areas related to moni-
toring and maintaining climate control system componentry.

Since a climate control system’s operating costs during its expected
life usually far exceed its initial cost, the unit cost of the energy a partic-
ular system consumes may often determine which system is most feasible for
a given installation. Thus the following four heat content equations may be
used to determine whether electricity, fuel oil, propane, or natural gas is
the most economical energy for a given installation. But even these equa-
tions cannot inform a designer or client how much the energy costs in a
given locality may vary in the future.

3)B)1]) Electric resistance heat:  Eupy, = ¢/kWh x 293
2] No. 2 fuel oil: Evprn = $/gal x 7.14
3) Propane: Evgr = $/gal [100 psi] x 422

4) Natural gas: Evpru

¢/therm x 10.0

Eypre = million Btus of energy consumed by the energy used

3.B.1. Sensors?

A good guide for providing sensors in today’s climate control sys-
tems is: if you can’t measure it, you can’t manage it. Thus today’s comput-
erized climate control systems often have extensive networks of “slave”
sensors that detect a single indoor air quality —temperature, humidity,
CO,, etc.— then emit an electronic impulse that informs “master” sensors
how to operate the system’s motors, dampers, and other controls. The most
common master sensor is the thermostat. One often has Hl and LO tempera-

T Much of the information for indoor air quality sensors in general and CO, sen-
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ture settings, START and STOP time settings, SETBACK and SETFORWARD
temperature settings, and other IAQ monitoring controls. A thermostat
should be visible anywhere in the space it serves, and should be located
away from heating and cooling units, supply registers, windows, major
doorways, motors, and other hot or cold spots. Several kinds of slave sen-
sors are described below.

Temperature. These usually dime-size detectors measure tempera-
ture levels in a duct or near a piece of equipment. They are inexpensive,
respond quickly to temperature changes, have excellent long-term sta-
bility, are virtually unaffected by wiring distances, and are highly accurate
over short temperature ranges. Some can even perform self-tests and
notify host controls if they need recalibrating and can perform other diag-
nostic sensing that ensures system integrity.

Humidity. These sensors measure the relative humidity in outdoor,
supply, or interior air. When combined with temperature sensors they be-
come enthalpy sensors, which are the surest means of maintaining com-
fortable indoor air. During warm weather, air is considered to be optimal-
ly comfortable at an enthalpy of about 30 Btu/Ib of dry air, which occurs at
a temperature of 77° and relative humidity of 50 percent. Enthalpy also
equals 30 Btu/Ib when the air’s temperature and humidity is 65° at 100 per-
cent, 67° at 90 percent, 70° at 76 percent, 75° at 58 percent, 80° at 44 per-
cent, 85° at 33 percent, and even 90° at 24 percent. At all these tempera-
tures and humidities air usually feels comfortable.

Dew point. These are enthalpy sensors that tell when a cold airflow
is about to become saturated with water vapor. This is often necessary in
air conditioning systems, particularly in humid regions where such sensing
keeps moisture from condensing in ducting by informing precoolers or
dehumidifiers to remove additional moisture from preconditioned air.

Smoke. These sensors range from isolated ceiling-mounted detec-
tors containing a battery and buzzer to extensive networks in which each
sensor is connected by a double-jacketed wire run through fire-resistant
steel conduit to central controls. Maximum unit coverage is usually 900 sf
and pairs should be placed no more than 41 ft apart. In extensive systems,
sensing of fire or smoke typically causes the affected area’s floor-level
return air ducts to close, ceiling-level return air ducts to open, all supply
ducts to close, and all exhaust air to be directed outdoors. When smoke
sensors and static air pressure (s.a.p.) sensors are combined, controls
can activate emergency ventilators that pull combustion gases from fire
exit zones and toward dead-end areas, thus moving the smoke away from
the direction occupants are fleeing. Thus fire exit routes should be
designed as positive static air pressure zones and each should have
return air grilles in its ceiling or high in its walls. Beyond these logistics,
effective location of smoke sensors is difficult, because air micromovement

sors in particular was obtained from (1) Mike Schell, “Solving the IAQ-Energy I

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



CLIMATE CONTROL
110 [EET RIS

in the vicinity of a fire is unpredictable since some smokes are lighter than
air while others are heavier; thus different smokes can stratify within a
small area or move in layers and not activate sensors only inches away.
Smoke sensors should also be activated automatically and not manually,
because when a fire breaks out, occupants often flee to a safe area before
thinking of sending an alarm; then their notification from safe refuges
could send inaccurate locational data to controls, which could cause
smoke to flow foward safe areas instead of from them.

Static air pressure. Also known as s.a.p. sensors, these detect air
pressure in an interior space. A positive (+) s.a.p. indicates a clean area
from where fresh air may flow into adjacent areas, while a negative (-) s.a.p.
indicates a dirty or foul area (kitchen, rest room, industrial operation, etc.)
into which cleaner air should flow. Thus these detectors can induce air to
flow from any one space to another. For example, odors may be removed from
a public restroom by locating a positive s.a.p. sensor near a supply air grille
above the entrance door and a negative s.a.p. sensor near a return air
grille above the toilets. The greater the pressure differential between two
such sensors, the faster the airflow between them. S.a.p. sensors can be
calibrated to accuracies of 0.001 in. wg. The general formulas for comput-
ing static air pressure losses in HVAC systems are

3)Bl1)a) APy = AP+ AP, - AP,

APy = total static air pressure (s.a.p.) loss from beginning to end of any
continuous length of HVAC ducting, in. wg.

AP; = initial s.a.p. loss at the beginning of duct, in. wg. This loss is usual-
ly due to the operating pressure of the discharge fan, and it is a
function of the velocity of the duct airflow as follows:

3)8J1)b) AP; = (Vi/4005)°
3)BJ1)¢) AP; = (Qi/4005 4,)°
v; = initial velocity of airflow in duct, fpm

I
Q; = initial volume of airflow in duct, cfm
A; initial section area of ducting, sf’

AP, = unit s.a.p. loss due to duct friction. As air flows through a duct it
experiences a continual loss in pressure depending on the airflow
velocity, the duct’s section area, the duct’s length, and the roughness
of the duct’s inner surface as follows:

3)BJ1])d) 10,700,000 AP, s'22 = x, L V"2 wherein
s = width of one side of duct if it is square, in. If duct is rec-
tangular, s = 0.5 b d; if duct is round, s = 0.785 6.
K, = innerwall surface roughness coefficient. x, = 0.009 for gal-

vanized sheet steel. This value may be used for almost any
duct metal or smooth duct lining.

Dilemma”, Engineering Systems magazine (Business News Publishing Co., Troy, Ml)
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L = length of ducting run, ft. L may be the duct’s total length
or it may be taken as 1.0 ft so that a unit AP, throughout the
ducting system is obtained.

v, = initial velocity of ducting airflow, cfin.

AP, = s.a.p. regain at duct outlet, in. wg. As a duct’s airflow nears its out-
let, the impeding mass of air immediately in front of it becomes absent
and thus the airflow velocity increases slightly (thus its pressure
decreases slightly) as it leaves the ouflet. This pressure regain
depends on the airflow’s initial velocity at the face of the discharge
fan (v,) and its theorefical outlet velocity (v,) as follows:

3)Bli)e) If V> v,: AP, = 0.75 [(Vi/4005)% - (Yo/4005)?]
BB If V<V, AP, = - 1.1 [(Yo/4005)% - (Vi/4005)°]

v, = velocity of airflow at duct outlet, cfm

CO,. When humans exhale, their breath contains about 3.8 percent
or 38,000 ppm of CO,. This amount normally dissipates into the surround-
ing air, which if outdoors has a concentration of about 0.04 percent or 400
ppm in rural areas and about 550 ppm in urban areas. If several people are
in an indoor space with unopenable windows, as they breathe they slowly
deplete the room’s supply of oxygen and increase its level of CO, by the
same amount. However, while a room’s oxygen may be depleted from a nor-
mal 21 percent to about 16 percent before its occupants feel un-
comfortable, if the CO, level increases from 0.04 percent to about 0.15
percent —1/50th the depletion of oxygen— occupants begin to feel un-
comfortable. Thus CO, is a far more accurate indicator of indoor fresh air
than oxygen. CO, levels are also more easily equated with occupancy loads
and activities (e.qg. sedentary, dancing, athletic); they are generated by
humans at fairly predictable rates, their concentrations are easily meas-
ured, they degrade slowly, and CO, does not react readily with other gases.
Average O, depletion/CO, production levels for various human activities
are sleeping = 0.5 cf/hr, office work = 0.85 cf/hr, walking at 2%, mph = 1.2
cf/hr, and heavy exercise = 2.5 cf/hr.

The OSHA-proposed maximum CO, level for human occupancies is 800
ppm, a level that is considered as optimal for indoor human occupancy.
Also, never confuse carbon dioxide (CO,) with carbon monoxide (CO).
Nofice the extra oxygen molecule that carbon dioxide has. Carbon monox-
ide has a craving for it —which makes this gas deadly to humans.

In an HVAC system CO, sensors may be installed as follows. Each
HVAC zone has a CO, sensor just inside its supply air grille and another
justinside its return air grille (or as part of a wall thermostat located away
from doors, openable windows, vents, efc.), then the whole building has a
CO, sensor inside its outdoor air intake which monitors the level of out-
door air. When the return air sensor in any zone detects a CO, level above,

Oct. 1995, p. 40; and (2) Mike Schell, “"Making Sense out of Sensors”, Engin- |l
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Fig. 3-2. Typical CO, concentration levels in air.

say, 1,000 ppm, it notifies host controls, which command the splitter damper
between the outdoor air intake and the zone’s supply air grill to open
wider, then the zone’s air becomes diluted with outdoor air whose CO, level
is typically about 400 ppm. This "AC” of 1,000 - 400 = 600 ppm represents
a fresh airflow of about 18 cfin per sedentary occupant in the zone. After
fresher air arrives, the CO, level steadily lowers; then when it falls below,
say, 550 ppm, host controls readjust the splitter damper. In well-tuned sys-
tems, the damper cycles on and off less frequently if the system is pro-
grammed to continually deliver fresh air (as opposed to cycling on and off
according to a prescribed timespan). This continuous-airflow strateqy is
known as demand-controlled ventilation (DCV), or CO,-based DCV, and it
allows spaces to be ventilated not in terms of their design occupancy (i.e. fully
occupied) but by actual occupancy, which conserves energy during periods of
low occupancy or vacancy. A related strateqgy is frend measurement, in which
a CO, sensor records periodic readings for an intermittent and predictable
occupancy (e.g. classrooms, cafeterias, auditoriums), then host controls mix
the required fresh air just before the space is to be occupied.

CO, sensors typically have a range from 0-0.5 percent (0-5,000 ppm)
and are accurate to +0.002 percent (x20 ppm). Each should be easily
accessible, as they usually need to be recalibrated annually.

Example 1. A cafeteria in an office building with landscaped grounds
typically seats 220 people plus a staff of 15 during lunch. Based on CO,
levels, what is the optimal ventilation load for this space?

eering Systems magazine (Business News Publishing Co., Troy, M), Feb 1996, p. 108.
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318l19) 500 Q = 0n (G- G

Q = optimal ventilation load based on CO, concentration, ? cfm
© = fresh air requirement per occupant, based on activity, cfim/occ.
From Table 3-7, © for cafeteria = 20 cfm/occupant

= number of occupants in zone. 220 + 15 = 235 occupants.

indoor CO, setpoint, use 1,000 ppm unless otherwise noted.

, = outdoor CO, level, ppm. As building surrounds are landscaped,
assume normal outdoor CO, level of 400 ppm. In highly polluted
urban areas, C, may equal 600-700 ppm.

500 Q = 20 x 235 (1,000 - 400)
Q = 5,640 cfm during lunch

o0S
11

Example 2. Inthe above example, between 1:30 and 2:55 the cafeteria
typically contains only 20 people and 8 staff members. What is its opti-
mal ventilation load during this time?

500Q = O (G- C)

optimal ventilation load based on CO, concentration, ? cfm

= fresh air requirement per occupant, based on activity, cfim/occ.
From Table 3-7, 6 for cafeteria = 20 cfm/occ.

= number of occupants in zone. 20 + 8 = 28 occupants.

indoor CO, setpoint, 1,000 ppm

, = outdoor CO, level, 400 ppm

500 Q@ = 20 = 28 (1,000 - 400) .. Q = 672 cfm

CFe)
I

o0S
11

VOC. When these sensors are exposed to certain volatile organic com-
pounds —aerosols, hydrocarbons, carbon monoxide, other odorless gases,
products of combustion, and other noxious aromatics— they emit an elec-
tronic pulse that activates an alarm or increases fresh airflow that dilutes a
zone’s undesired air to acceptable levels. Rather than being calibrated to
known measures, these sensors are basically ON/OFF switches whose facto-
ry-made setpoints are programmed to say “yes” or “no” to the presence of a
certain quantity of pollutant in the air. Their setpoints can be precisely tai-
lored to detect almost any compound at any temperature, humidity, or con-
centration.

These sensitive probes are best installed where quick and dangerous
changes in indoor air quality could be caused by airborne chemicals whose
presence is difficult to detect by smell. A prime example is the possibility of
deadly carbon monoxide near generators, furnaces, water heaters, and
other fuel-operated appliances. Such machines should be separated from

0
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habitable spaces by solid construction and be vented fo the outdoors. VOC
sensors are also desirable in chemical, industrial, and other environments
that may endanger occupant welfare, and they also double as occupancy
sensors —for after all, people are volatile organic compounds. Each probe
is usually installed as a wall-mounted unit that may emit audible or visual
alarms, provide a readout of detected concentrations, or interoperate with
programmed controls that activate ventilation systems. Each unit should be
accessible for maintenance and have reset capabilities.

Drawbacks of VOC sensors are that they cannot measure CO, lev-
els, they react differently to different contaminants, and they cannot dis-
tinguish between harmful and harmless volatile compounds (e.qg. benzene
vs. perfume).

3.B.2. Ducts and Fittings *

A common method of conveying conditioned air is through tubes of
sheet aluminum or steel that have square, rectangular, round, or oval sec-
tions and which are connected with several kinds of joints as shown in Fig.
3-3. Ducts whose diameters or short-side dimensions are 6 in. or less are usu-
ally made in multiples of 1 in, while larger ducts are made in multiples of 2 in.
Ordinary work consists of slip-in ducts with screwed fittings, good work has
machine-formed bolted ducts with cleaned and degreased interior surfaces,
and best work has flanged and gasketed connections. A special high-speed
variable-air-volume (VAV) duct known as rigid spiral tubing has machine-
formed round or oval lengths with spiral-lock seams and welded joints.

The most frequently used material for air ducting is hot-dip galva-
nized sheet steel, the familiar metal with a spangle finish. Its zinc coating
is classified from GO1 to G360, the G indicating galvanized and the number
indicating the amount of zinc per sf of sheet. Thus the bigger the number
the thicker the galvanizing. Common grades are G60 for dry indoor ducts
and G90 for wet indoor installations or outdoor exposures. The yield
strength of the underlying steel is typically 30,000 psi at a temperature
limit of 650° F. A similar material is electrogalvanized cold-rolled steel: this
has a dull grey matte finish minus the spangle. This finish may seem more
atfractive to some eyes, but it is not as durable. The underlying steel may
also be coated with aluminum (used where ducting is subjected to temper-
atures as high as 1,000° F) or polyvinyl chloride (used for below-grade and
fume exhaust ducts). Ducting may also be stainless steel (used for kitchen
and laboratory fume exhausts), aluminum (used for indoor swimming pool
exhausts), or copper (used as decorative ducting in restaurants, etc.). Due
to aluminum’s low modulus of elasticity, it must be 44 percent thicker to

T The information in this and the following two sections was obtained largely from
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Fig. 3-3. Types of duct joints.

equal the deflection of steel. If two pieces of ducting or their supports,
accessories, or connectors are different metals such as aluminum, steel,
and copper, they should never be installed next to each other without an
isolating medium placed between them, the most common such media being
zinc chromate primer and gasketing.

Ducting should generally run as straight and clear of obstructions
as possible, contain no corners or crannies that could collect dust and
dirt, and have access portals that allow inspection and cleaning of every
LF of length. Horizontal runs should pitch at least '/ in/LF to prevent mois-
ture collection. Minimum metal gauge thicknesses for ducting are:

Rectangular ducts: Round ducts: Minimum f,
max. dimension, in. max. dia., in. U. S. metal gauge
up to 30 8 24
up to 60 24 22
up to 90 48 20
more than 90 72 18

A serious airflow problem in ducting is stratification. This is the
forming of different horizontal or vertical layers of temperature, humidity,
or other air property in the airflow within a section area of ducting. This
causes airflow properties to be other than their computed or expected val-
ues; which can lead to discomforting air delivery, excessive cycling and
breakdown of subcomponents, and wasted energy. Stratification typically
occurs where two different kinds of air —e.g. supply and return air— are
mixed. The best way to eliminate it is to infroduce a little turbulence info
the airflow immediately downstream of the mixing area, usually by intro-
ducing vanes or other minor obstructions into the airflow. Filters also help

the Handbook of Air Conditioning System Design, prepared by the Carrier i
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here, as they diffuse the airflow. For this reason ducting should not zeal-
ously promote laminar airflow.

Ducts may be wrapped with sound-absorbing materials or thermal insu-
lation on the outside, or they may be lined with the same on the inside. Inner
surfaces should always be inert, impermeable, non-outgassing, noncom-
bustible, non-shedding, and easy to clean. Lined ducts are slightly more
resistant to airflow (thus they require more powerful fans which increase
energy costs) but they attenuate sound more effectively. The best liners have
sleek surfaces that foster smooth airflow up to 6,000 cfm and temperatures to
250° F. Duct insulation is usually 1 or 2 in. fiberglass batts wrapped with va-
por barriers and taped at seams and support penetrations. These thermal
barriers eliminate condensation and corrosion on cooling ducts and they typ-
ically reduce heat flow through the metal by about 1 Btu/hr-sf-Af F, which may
allow slightly smaller ducts and central units to be installed.

Ducting requires many kinds of fittings that connect them at inter-
sections and obstructions, where runs are not straight, and where controls
are installed. The most common fittings are described below:

Elbows. The most common of many kinds are shown in Fig. 3-4. Gen-
erally the higher the air velocity through the elbow, the larger should be its
radius. Long-radius elbows should be used wherever possible. Square-
vaned elbows are generally used where limited space prevents the use of

round elbows.
EI

\km\muse %D

!

\RADIUS ER))

]

RADIUS 22D

N

90° elbow for rectangular ducting

90° elbow for round ducting

Square-vaned elbow for rectangular ducting

45° elbow for round ducting

Fig. 3-4. Duct elbows.

Corp. (McGraw-Hill, New York, 1965), chapters 2 and 6.
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Fig. 3-5. 90° Tees used for rectangular ducting.

Tees. These may be round or rectangular, one’s stem may form an
angle of 45 to 90° with its top, and the three intersecting ducts may have
different sizes. Round tees rarely have redirecting vanes in them, and 90°
tees are usually installed only where air velocities are low.

WARM o cooL
AIR nd AIR

—_—

CEILING
DIFFUSER

Fig. 3-6. Duct mixing box.

Mixing Boxes. These are used for mixing proper proportions of hot
and cold air to create the desired temperature in a space. They usually
contain a thermostatically operated movable damper and vanes to redirect
the airstream in a confined volume.

Takeoffs. Also known as splitter dampers, these duct intersections
contain a thermostat-controlled damper that divides the air for two spaces
with different heating and cooling loads. This chapter’s frontispiece figure
on page 102 shows three takeoffs in which a typical heating/cooling load of
one of them is described as follows: in winter, space A has a slightly higher
heating load than space B; but in summer, space B has a much higher cool-
ing load than space A (this could happen if the building is in a warm region
and space B has an exterior wall with a large area of glass facing south-
west). The takeoff continually divides the incoming air according to the
variable loads required in each space.

0
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Fig. 3-7. Flexible ducts.

Flexible Ducts. These are usually 3 or 4 in. diameter flexible con-
duits that carry small amounts of incoming air from the end of branch ducts
to registers in small spaces. Since friction loss is higher than in round
ducts, they are best used only for short runs. They may be used in high-
velocity as well as low-velocity systems.

L=650D
0.4L, O6L

0.6L |04L

)4 MAX. SLOPE _o \'\1:1 MAX. SLOPE FOR
FOR LOW VELOCITY HIGH YELOCITY

Fig. 3-8. Easements.

Easements. These are installed inside a duct to streamline any
hangers, circular obstructions more than 4 in. diameter, stays, or other
shapes more than 3 in. wide. If the easement exceeds 20 percent of the duct
ared, the duct openings on each side should be designed separately.
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Fig. 3-9. Transformation.

Transformations. These are used to change the shape of a duct
that passes obstructions or fo increase or decrease a duct area. They may
be round, rectangular, or round-to-rectangular.
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Fig. 3-10. Baffled stove hood exhaust vent.

Exhaust Vents. When stale or foul air is removed from a building, it
usually exits through one or more exhaust vents on the roof or high on an
exterior wall. Such vents usually face downward; but if the wall is tall, dur-
ing windy rainy weather strong updrafts can flow up the building’s side and
send rain into such vents. This common occurrence has a simple solution:
install baffles inside the vent that keep rain-laden updrafts from entering
it as sketched in Fig. 3-10. A baffled vent can be as small as a residential
kitchen stove hood vent or as large as an office tower HVAC exhaust air
vent. The baffles inside should not be horizontal —as then they collect
water and make ideal perches for the nests of pigeons and other birds.
When one thinks of how bats and cliff swallows build their homes, even
vents with slanted baffles should be located where they can be periodical-
ly inspected and cleaned if necessary.

0

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



CLIMATE CONTROL

DRIP EDGE
120 P HORETPS
|
Mljg‘l'g#r MINIMUM HEIGHT RAIN SLEEVE
e ABOVE EXIT CONE |
= ! 3
ROOF =10' 2X FLUE DIA. | %, IN.OPENING

ALL AROUND

'

| — EXITCONE

CENTRIFUGAL FAN VENT
INTERSECTS EXHAUST
FLUE AT 45° ANGLE

| EXHAUST FLUE

FAN REQUIRES
STRUCTURAL SUPPORT
AND MANUAL DRAIN

PLUG AT BASE

PLAN VIEW OF
FLUE ASSEMBLY

3 ANCHOR BLOCKS
SPACED AT 120°
AROUND FLUE

A

Fig. 3-11. Roof-mounted HVAC return air vent.

Another exhaust vent problem has to do with HVAC return air vents
on the top of large buildings. Such openings often handle great volumes
of air which is best ejected straight upward; but then rain could easily
enter the ducting. This problem is solved as sketched in Fig. 3-11: mount
a slightly larger-diameter vertical duct sleeve above the vertically orient-
ed return air vent so the rain striking its inside surfaces flows outside the
circumference of the return air vent. This technique utilizes the fact that
rain rarely falls straight downward. Still, the sleeve’s length should be at
least 4 times its diameter, and the lower part of the return air vent should
have a 45° elbow in which the airflow enters from the side and any rain that
enters the vent drains out the bottom.

T The primary source for this figure was Amanda McKew, "HVACR Designer Tips:
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Probably the exhaust vent that causes the most trouble for its size
is the little residential clothes dryer vent. Indeed, 14,000 fires peryear are
caused by faulty dryer venting, and this doesn’t count the vastly larger
number of such vents that disintegrate due to corrosion. Through these
usually 4 in-diameter openings flow much moisture- and lint-laden hot air;
and this mixture of water, contaminant, and heat can destroy all but per-
fectly designed exhaust vents, especially ones that may empty where simi-
lar conditions exist outdoors, as often occurs in automotive and industri-
al urban environments. Thus this vent’s ducting should not be too large
(as then the force of the airflow is diminished which allows lint to fall out
and remain in the ducting, which creates a fire hazard), or too small (as
then the airflow is restricted and lint again collects inside), or too long (25
ft is maximum, minus 5 ft for each elbow). The ducting to each vent should
also be rigid (as the ridges inside the length of a flexible duct catch lint,
which creates a fire hazard), the duct lengths should not be connected
with hose clamps or tape and not screws or rivets (as these project inside
the duct and snag lint, which creates a fire hazard), and the vent opening
should not be screened (as this collects lint, which creates a fire hazard)
but should have a back-draft damper (a spring- or gravity-controlled flap
that remains shut until the airflow pushes it open).

Another duct that causes a lot of trouble is the common commercial
kitchen stove hood. One’s exhaust is usually hotter than most duct air-
flows and is laden with grease which drops out of the airflow as it cools. If
the grease has had an unsupervised opportunity fo build up through the
duct’s length, a stove-top fire can send torch-like flames into the hood
which ignite the grease buildup —then even if the duct contains fire sup-
pressant activators the incipient fire can quickly overwhelm the suppres-
sant and roar like a giant Roman candle through the length of the duct-
ing. This is the cause of 7 percent of all commercial building fires. The
Code-mandated fireproofing for this ducting is multiple layers of % in.
gypsum; but when gypsum is subjected to temperatures exceeding 212° —
which happens routinely here— it experiences calcination (loss of its
hydrated moisture content), which reduces its fire-protective power. Thus
have evolved special design and construction parameters for commercial
kitchen stove hoods. The prime purpose of each is to prevent flame pene-
fration into the exhaust ducting, with secondary requirements being fo
keep duct temperatures below 200°, remove any particles in the airflow,
and be easily cleaned. A stove hood duct is a complexly infegrated system
that has several distinct partfs. First is the hood; each has an architec-
tural and fire-rated classification. Architectural classes are low wall (a
low canopy that is installed where ceiling height is limited; it may also have
a back shelf), wall (a tall canopy mounted against a wall; it usually has a
cornice on three sides), and is/and (a tall canopy suspended from the ceil-
ing; it has a cornice all around). Fire-rated classes are Type I (the unit col-

Stack Exhaust”, Engineered Systems magazine (Business News Publishing Co., |l
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lects and removes grease and smoke) or
Type [l (the unit removes only steam,
vapors, heat, and odors). AType Il hood is
usually just a canopy that contains a thin
removable filter; but a Type | hood re-
quires a high-velocity airflow and a UL-
certified grease filter or extractor, which
may be one of three kinds: water-wash
extractor (the airstream flows through a
series of baffles which extract the grease

OFTEN A
CENTRIFUGAL
FAN MOUNTED

ON ITS SIDE

VENT CAP

by centrifugal force then the grease is —+—
cleaned from removable gutters by a daily MIN. 40 IN.
wash cycle), baffle filter (same as above, #
except the extracted grease collects in /\
removable filters), or removable extractor of
(the grease is extracted from the @0
airstream by a removable filter or car- DUCT
tridge). Then there’s the ducting. This CLEANOUT
should run as straight as possible from DOORS NO
the hood to the exhaust fan at the duct’s MORE THAN
end, each length should pitch at least Y, 12 FT APART
in/LF toward the hood or grease reservoir
(this pitch should be 1 in/LF if the duct is
more than 75 ft long), the duct’s top or FOIL-FACED
sides should have gasketed cleanout SEALED
doors no more than 12 LF apart through LIQUID-TIGHT
FIRE SPRINKLER CERAMIC
FIBER
AIQF;%‘gTTEV;%AEIFDUCT NOZZLE HEADS INSULATION
16 GA. BLACK
STEEL OR 18 GA.
STAINLESS BACK VALVE
STEEL CANOPY ¢ REQUIRED
BELOW
\ ik MIN. SLOPE DUCT TEE
OF DUCT
=, IN/FT
DRAIN PAN
REMOVABLE W/ SEWER
ﬁ EXTRACTOR, FILTER, / ACCESS

—~ OR BAFFLE
w -

PILOT LIGHT STOVE TOP

Fig. 3-12. Commercial kitchen stove hood design.*

Troy, MI); Sep 1998, p. 44. T A primary source for this figure and related text was
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which can enter a power washer with revolving brushes, and this cleanabil-
ity requires every duct length to pitch to low points with sewer drain access
(this is done easily by orienting most of the duct vertically and locating a
45°tee at its base). The duct should also be insulated for its whole [ength,
preferably by a recently developed foil-faced, sealed, liquid-tight, ceram-
ic fiber insulation that requires no chase. Then there’s the exhaust fan at
the duct’s end. This is usually an upblast power roof ventilator or a cen-
trifugal fan with backward-inclined blades. It must be at least 10 LF up-
stream of the hood and any other supply air intakes, at least 40 in. above
the roof' line, and its weight requires structural support. Finally there’s a
variety of mechanical and electric controls, which regulate not only the
hood/ducting airflow and required fire sensing and suppression devices,
but often the kitchen area airflow and its makeup air.

Kitchen stove hood design typically involves determining the nature
and volume of the cooling exhaust effluent, selecting the filters, designing
a high-velocity duct stack, selecting and sizing the fan on top, and incor-
porating the controls. Also it is usually not wise design to base the kitchen
area’s cooling requirements on the same room temperature as that of adja-
cent spaces (the dining area for example); instead, create adequate spot
cooling and ventilation for the kitchen occupants without creating drafts
above the stove area that could blow out gas pilot lights. Airflow require-
ments for commercial stove hoods are listed below.

Low wall canopy, w or wo backshelf .... cfm = 300 x hood or shelf length
Wall Canopy «..veeee cfim = 100 x hood area
ISIANd e cfm = 150 x hood area
Ranges, ovens, non-grease-producing units ..................... 150 cfm
Fryers, griddles (for high-capacity units add 50 fpm) .......... 250 fpm
Charbroilers, woks, high-heat producers fueled by gas ......... 300 fpm
Charbroilers fueled by wood, charcoal, or mesquite ............ 500 fpm
Food preparation area air req. ....... 12—15 AC/hr (minimum 1,500 fpm)
Food preparation area makeup air .................... 10-15% of above

3.B.3. Registers

Also known as grilles, supply and return air registers for heating and
cooling systems should be as far apart as possible in each space (ideally
in opposite walls, opposite corners, with one near the ceiling and one near
the floor); and grilles should be located where occupants or furnishings
will not block them. Supply grilles should direct incoming air across wall
and floor surfaces without creating drafts, and their vanes should spread
the air evenly into the space. A register’s total outer dimension is usually
1% in. longer and wider than its duct.

“Technology in Action,” Consulting-Specifying Engineer magazine (Cahners i
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Fig. 3-13. Register sizes & shapes.

An important property of a register is its throw. This is a function
of its vane configuration and the velocity of airflow in the duct behind it.
A wall register’s throw should be about %, the distance between its grille
and the other side of the room if no registers are there. Ideal throw is an
initial velocity of 50 fpm at 6.5 ft above the floor, decreasing to 25 fpm at
the end of throw. Above 50 fpm papers blow off a desk, while below 15 fpm
air feels stagnant. Excessive air at supply grilles may also create a plume
of negative air pressure that can pull air in from adjoining spaces when the
opposite is desired. This is a problem in access floor plenums beneath com-
puter areas, where hot air may be drawn in from above as cool air enters
the plenum. A register’s throw is typically controlled by the angle of its
vanes, three of which are sketched in Fig. 3-14.

THROW 1S THROW IS
- B cvvor: WM s0% Less
= N Z \ THAN A
p— (=) AN 7 [~ 2 _
= <\ N\ Pl 4\
= \6\:\ § = ‘&\
- & >\ >= 4
7: o | 7\ I o f
= L N N o
m J - ——
A. VANE AQNGLE B VANE ANGLE C. VANE ANGLES VARY

=90

= 45°

FROM 45° TO 90°

Fig. 3-14. Register throws.

Business Information, Des Plaines, IL); Jan. 2000, p. 57-8.
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EQUAL THROWS GREATER THROW LESSER THROW

Fig. 3-15. Back-to-back grilles in ducting.

When two grilles are mounted back-to-back, either both throws must
be equal or vanes must be mounted behind them to control the airflow (Fig.
3-15). Register throw ranges are usually listed in product catalogs.

3.B.4. Fans

In air-media climate control systems, fans are what move the airflow.
They may be axial or centrifugal, as described below. Both may move sup-
ply or exhaust air, and their motor drives may be direct or by belt or chain.

Axial fans. Inthese units the airstream moves parallel to the axis of
fan rotation. Axial fans are economical and take up little extra space, but
the duct that contains them is usually larger and they are less efficient
because part the airflow is deflected outward. They are preferred for low-
pressure nonducted airflow, and because they are relatively noisy they are
often used in recreational and industrial settings. Where they are exposed

—— TABLE 3-2: OPTIMAL DUCT REGISTER VELOCITIES —

OCCUPANCY Terminal velocity, fpm
Broadcast studios, dormitories, hospital rooms .................. 300-500
Residences, apartments, hotel & motel bedrooms, classrooms,

laboratories, private offices, assembly & worship areas ...... 500-750
Movie theaters, restaurants, bars, dance halls, barber shops ...... 1,000
General offices, hotel entrance lobbies, small retail areas ... 1,000-1,250
Recreation, sports assembly, large retail areas, shipping areas .... 2,000

0
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FORWARD
CURVED

BACKWARD
INCLINED

PROPELLOR

Fig. 3-16. Types of fans in climate control systems.

to dirty airstreams, they should have belt drives that keep the motor out
of the airflow. There are three types: tubeaxial, vaneaxial, and propeller.
The first two are mounted in ducting, while propeller fans are typically
mounted in walls, roofs, and unitary forced-air systems. Propeller fans
with variable-pitch vanes are often used to satisfy inflow requirements with
long periods of reduced capacity operation and/or s.a.p. sensors.
Centrifugal fans. In these units the exiting airstream moves per-
pendicular to the axis of fan rotation. Centrifugal fans can operate at low
speeds, can be adjusted more accurately for specific airflow requirements,
and are more efficient where air volumes are large and under high pres-
sure. They are better where the fan is installed inside ducting, the ducting
changes direction, inflow/outflow duct diameters are different, hooded
exhausts are installed, and quiet operation is a priority. But centrifugal
fans require more space, are harder to clean, and are more expensive.
There are five kinds, based on blade orientation: forward-curved, radial,
backward-curved, backward-inclined, and airfoil. Straight blades are the
most economical, but airfoil blades are the most efficient, and they are nor-
mally used in high-capacity and high-pressure scenarios where energy
savings outweigh high initial costs. As forward blades are more pressure-
inducing, they are installed in systems with high pressure requirements or
high air friction losses, while backward blades are best where volumes are
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high and ducts are short. Radial blades are rarely used, as their advan-
tages lie between forward and backward curves and thus they have no
optimal features. Centrifugal fans have a variety of drive arrangements,
motor mounts, and discharge orientations.

In addition to primary air fans there are booster fans (they increase
s.a.p. in a particular zone), recirculating fans (they increase supply air
without increasing primary air), and return air fans (they mix return air
and outdoor air in large systems with high air friction losses).

Fan design involves (1) finding the unit’s airflow delivery rate; (2)
determining air friction losses in any ducting; (3) determining the airflow’s
total air pressure differential for its zone; (4) computing the fan horse-
power; and (5) selecting the fan based on required horsepower, desirable
sound levels, allowable space, practical drive arrangements, and feasible
discharge orientations. As these calculations are lengthy for a component
that normally has little impact on other architectural components aside
from choice logistics, they are not included here. Also, optimal capacities
of many fans are created onsite by giving them adjustable vanes, variable-
volume controls, variable-speed motors, or dampers that regulate incom-
ing or outgoing air. Variable-speed motors are the most efficient, though
they cost more, but they are usually more economical over time.

RECTANGLE-TO-CIRCLE TRANSFORMATIONS:
1:4 MIN. FOR LOW-VELOCITY SYSTEMS ELBOW INSIDE

1:7 MIN. FOR VAV SYSTEMS RADIUS = MIN. 6",
& BUT USE 12" IF

SPACE PERMITS

YANES IN LENGTH = MIN. 3X
ELBOWS MINIMIZE 4/ MAX. SECTION
YORTEXES AT FAN INLET DIMENSIONS

Fig. 3-17. Proper inlet and outlet ducting for fans.

An important aspect of an HVAC fan is the nature of its entering and
exiting airflow. If either is turbulent, the fan’s effective airflow can be
reduced by 45 percent. Turbulence is caused chiefly by bends in the duct-
ing just before and after the fan. To promote laminar airflow in these areas,
the fan’s ducting should be straight for at least 10 diameters on each side.
If this is unachievable due to spatial constraints, the elbow should be

0
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vaned and given as large a radius as possible. The incoming and outgoing
ducts should be concentric with the corresponding fan face, and any
branch ducts intersecting the main ducts near the fan should also have
their axes coincide, or else capacity-robbing vortexes will develop outside
the fan openings. Another promoter of smooth airflow is a splitter located
inside the entering duct; this increases the airflow’s straight length-to-
width ratio, which is the essential strategy behind installing straight runs,
turning vanes, and large-radius elbows as mentioned above. Good and bad
examples of a fan’s connecting ducting are sketched in Fig. 3-17.

Two important fan accessories are vibration isolators that reduce
noise transmission and drain pans that collect water condensation. All
parts of every fan should be accessible for servicing.

3.B.5. Thermal Energy Storage

Many public utilities offer reduced rates for off-peak electrical use.
Thus it often pays to convert off-peak electricity into thermal energy that
can be stored for later use during on-peak hours. There are two kinds of
such storage: heatand cold, and there are several kinds of each. Thus the
following is a conceptual encapsulation of this energy storage.

11:30 PM 7AM 10 AM 6 PM H-'?)Q

DAILY, SUMMER
(JUNE, JULY, ¢
ALVGUST)

DAILY, SPRING £
FALL; WEEKENDS
ALL YEAR ROUMD

5 PM 10 PM

DAILY, WINTER
(DECEMBER, JAMU-
ARY, FEBRUARY

D OFF- PEAK: ¥ i MID-PEAK: ON-PEAK:
5.21¢/KWh 10.91¢/KWh 19.25¢/KWh

% RESIDENTIAL TIME-OF-USE ELECTRIC RATES
FOR NYNEX, LOWER HUDSOM VALLEY, NEW YORK

Fig. 3-18. Typical electric meter rate schedule.

Each system contains a large thickly insulated tank usually filled
with water, brine, or glycol-water solutfion into which two serpentine net-
works of pipes, coils, or electric cables are immersed, one near the bottom
of the solution, the other near the top. In heat storage units, during off-
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DUCTS: pegk hours a liquid or gas

HEAT ouT  Which has absorbed heat

BES from cheap electricity

[ flows through the bottom

pipes and empties ifs

.y excess Btus into the tank;

A THERMAL —;-IDES: then during .on—peak
RESERVOIR HEAT IN hours a cold medium flows
IS ONLY AS through the top pipes and
(;‘SSOUDLQ%QLE PIPES: removes the heat and
THAT EN- | COLD N delivers it to indoor spac-
CLOSES IT — es in cold weather during
the day when electrical

rates are high. In cold

:¢ storage units the process

DUCTS: is reversed. In both sys-

coLbd ouT  tfems the warmer ducts are

. on the top, and the ‘ener-

Fig. 3-19. Thermal energy gy in’ ducts are typically
storage schematic. smaller than the ‘energy

out’ ducts.

There are two basic kinds of thermal cold storage: chilled water and
ice. The thermal energy transferred for each equals At + latent heat of
fusion (144 Btu/lb of H,0). For example, a perfectly efficient chilled water
reservoir at 35° F whose temperature rises to 55° during its useful work
theoretically contains 55 - 35 = 20 useful Btu/Ib of stored water, while a
reservoir of ice at 29° under the same conditions contains 55 - 29 + 144 =
170 useful Btu/lb of stored water. Thus ice storage systems produce the
same chilling capacity in a smaller space due to the 144 Btu/Ib heat of
fusion capacity of water. But if the ice buildup in ice systems becomes more
than 1Y, in. thick, it imposes a eutectic penalty on the system; thus at least
most of the ice that forms each day should melt before the next day. Typical
piping is thin-walled copper tubing for chilled water systems and S40 black
pipe or galvanized steel pipe for ice systems.

Thermal energy storage systems work best in areas with large daily
and yearly temperature swings, high electric rates, and large cost dif-
ferences between on- and off-peak rates. System design typically involves
quantifying on- and off-peak heating or cooling loads, sizing the reservoir
and piping fo handle the off-peak load, then sizing the circulation system
to handle the on-peak load. Overall efficiency must exceed about 1.2 x the
ratio of off-peak/on-peak electric rates. For example, if the ratio of off-
peak/on-peak rates is 0.27 (as it is in the author’s locale), system effi-
ciency must exceed 0.27 about 1.2 x 0.27 = 0.33. With each system it is
important to note the following performance specifications: maximum

0
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latent heat storage and net sensible heat storage in ton-hr, charge/dis-
charge cycle flow rates, container dimensions (L x W x H), container oper-
ating weight when full, required floorspace, and maximum operating tem-
perature and pressure.

At Stanford University is one of the world’s largest ice thermal stor-
age facilities. In this system a 160 x 160 x 24 ft deep tank filled with water
contains four huge banks of 1in. galvanized steel pipe through which flow
a 26 percent solution of Dowtherm SR-1 ethylene-glycol-based fluid whose
freezing pointis 10° F. The system’s ice-build mode usually begins at 7 p.m.;
then the SR-1 fluid is cooled to 18° F by three screw chillers housed in a
nearby building then pumped at up to 28,000 gpm through the pipes in the
storage tank, which freezes the water enveloping the coils. Full ice-build
usually takes 8-14 hours depending on the day’s weather and the next
day’s projected cooling load. Around noon the next day the system switch-
es to ice-burn mode; then the SR-1 fluid loops continuously through the
pipes in the water storage tank and several heat exchangers in the nearby
building that interface with water arriving from 70 academic and research
buildings on campus. In the heat exchangers the SR-1 fluid’s temperature
rises from 34 to 53° while the water temperature falls from 58 to 41°; then
the chilled water flows through 13 miles of insulated underground piping
to cool the buildings on campus. t

How much floor area is required for a thermal heat storage facility in
a high-rise apartment building near Chicago if the building’s design
heating load is 600,000 Btu/hr?

Step 1. Draw a daily load profile of the building’s hourly heating loads
based on design heating loads and local climate data. From local climate
data, the design temperature for Chicago is -10° and the diurnal tempera-
ture range in January is 16° thus on the coldest day of the year the tem-
perature may fluctuate as shown in Fig. 3-20. Then compute the hourly
heating loads as shown in the small table below.

Temp. at Atat Hourly heating load = design

Hr. hr,°F hr,°F htg. load x Afar /At . Btu/hr
7AM. =10 70-(-10)=80° 600,000 = 80/80 = 600,000
8 AM. -8 70-(-8) =78 600,000 x 78/80 = 585,000
9 AM. -5 70-(-5)=75 600,000 x 75/80 = 563,000
10 A.M. -2 70-(-2)=72° 600,000 x 72/80 = 540,000

EfC. o

Step 2. Size the thermal heat reservoir. Completing the above table and
blocking the on-peak and mid-peak heating loads in the daily load pro-
file indicates that the reservoir’s required capacity is 8,800,000 Btu/hr.

T“Case in Point”, Engineered Systems magazine (Business news Publishing Co.,
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Fig. 3-20. Daily load profile of building heating load.

3)B)5) H = 62.5 VAt

H = fotal on-peak and off-peak heating load, 8,800,000 Btu/hr.
V = volume of thermal heat reservoir, ? cf of water
At = temperature differential of reservoir, ° F. If system heats water to

160° for conditioned air at 120°, At = 160 - 120 = 40° F.

8,800,000 = 62.5 x40 x V ...V 23,500 cf
If reservoir is 8 ft high:  floor area = 3,500/8 = 440 sf
If floor area is square:  440°° = 21 x 21 ft

Step 3. Estimate the unit’s required floor area for the thermal heat stor-
age unit. By adding 1 ft perimeter insulation/construction and a 3 ft access
aisle all around, the required area is

21+1+3)(21+1+3) = 625sf

3.B.6. Heat Recovery

In almost every building, a certain portion of the energy consumed to
keep occupants comfortable escapes from the building, usually up the
chimney as hot flue gases, through outlet vents as stale air, or down the
drain as warm waste water. Recapturing this wasted energy and rehar-
nessing its Btus to further enhance the occupants’ comfort offers tanta-
lizing opportunities for economically-minded and environmentally con-
scious owners and /4 designers. Such opportunities lurk whenever the cost
of recovery is usually less than about 70 percent of the market value of the
original energy consumed. However, quantifying such operations accu-

Troy, MI); Jun 2001, pp. 30-32. i
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rately is usually quite difficult because each equation unknown usually has
a wide range of foreseeable values. Thus the following formula is highly
conceptual. Still, it may serve as a guide toward furning inefficiency to
advantage in almost any building, whether it be a home, small business,
large corporation, or industrial campus.

3)B)6) H €= €$T

H, = heat lost due to conventional operation, Btus/hr
€ = overdall efficiency of heat recovery operation

€ = unit energy savings of recovery operation, Btu/hr
$ = hourly value of recovered energy, dollars

T = fimespan of recovery operation

3.C. TYPES OF SYSTEMS

A climate control system may be likened to a free with roofs (service
entries, furnaces, air handling units, etc.), a frunk (main ducts, pipes, con-
ductors), branches (lateral ducts, pipes, wires), and buds (thermostats,
humidistats, and sensors). Total building climate control systems have
also been categorized as one “giant tree” or an “orchard of small trees.”
The primary criteria for choosing any climate control system are the advan-
tages versus drawbacks of each system and the owner’s goals. The latter
may be low initial cost, low operating cost, adequate level of performance
that matches the competition, or ultimate in performance no matter what
the cost. A few other criteria are size, weight, noise level of operation, reli-
ability, and serviceability.

The advantages and drawbacks of the most common climate control
systems are listed below.

Electric Heating

@  Units are compact, noiseless, odorless, and easily installed. They
require no fuel storage, flues, ducts, or furnace or extra floor
space. Electric cables have many small applications.

@  Units do not humidify, filter, or ventilate air. Operating costs are
high in areas with high electrical rates. Areas around units must be
kept clear of furniture, drapes, efc.

Radiant Floor Heating

@ May be electric cable or copper tubing embedded in concrete slab.
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Eliminates cold drafts, doesn’t circulate dust and other airborne
contaminants. Efficient where winters are mild.

@ High initial cost, requires precise construction. Settling problems
can crack concrete, resulting in broken wires or leaky tubes that
are expensive to repair. Water systems are NG if the water contains
chemicals that leave deposits in pipes.

Radiant Ceiling Heating

4 Either electric cables or gas-fired tubes. Gas-fired units are eco-
nomical, available in a variety of sizes and shapes, effective in
spaces with high ceilings, and easily relocated as occupancy
requirements change. They also do not produce or disperse air-
borne pollutants. Ceiling-mounted electric cables are quiet, and
may be useful where spaces requiring heating are above.

@  Gas-fired units are mostly an industrial system for poorly insulated
buildings. Correct location is critical. NG for occupancies w cool-
ing operations (ice skating rinks, supermarkets with open freezers,
etc.). Electric cable units are inefficient.

Electric Heating and Cooling

@  Small through-the-wall units are easy to install and usually require
only an electrical outlet to run. Some models humidify, filter, and
freshen air year-round. Useful in architecture with many small
rooms requiring individual climate control; economical in areas with
low electric rates.

@ NG in large spaces. Operating costs are high in areas with high
electric rates.

Hot Water Heating

@  Works well in residences and small buildings with high heating and
low cooling loads. A volume of water can transfer almost 3,500
times more heat than the same volume of air ® much less space is
required to run plumbing instead of ducting to the heating units.

@ Does not humidify, filter, or ventilate air. Central heating system
takes up considerable space. Plumbing must be protected from
freezing in winter and condensation in summer.

Steam Heating

@  Usually smaller than other systems of comparable capacity.

0
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Leftover steam from industrial or other large operations may be
used for cooking, sterilizing, running small industrial processes,
and driving generators.

@ Complicated; heavy, can be noisy, pipes are very hot, high steam
pressures can cause cause componentry to explode, extensive
safety componentry and controls are required. Usually practical
only for large buildings or groups of buildings where economies of’
scale are more advantageous for large-volume systems.

Air Heating

Can ventilate, humidify, and filter incoming air. Practical in homes
and other small buildings in cold regions.

Bulky furnace, ducting, and chimneys take up space and are costly.
Natural convection currents carry the heat upward if registers are
not well located. Drafts stir up dust, excessive air movement has a
cooling effect on the body.

Air Cooling

@ Compact packages are easily installed in walls or roofs and thus are
good for one-story buildings. Can humidify, filter, and freshen air.
Capacities vary from /5 to 50 or more tons. Some units have small
capacity for heating. Efficient in warm climates.

@ Impractical in regions with mild summers.

Air Heating and Cooling

@ Versatile centralized system, most effective in regions with variable
climates. VG in buildings with large interior volumes, multiple zones
requiring constant temperature/humidity contfrol, and/or large
steady loads having modest ventilation requirements.

@  Expensive, usually must be custom-assembled onsite. Requires
considerable component balancing to operate smoothly. N2G for
spaces with large ventilation requirements.

Air-Water Heating and Cooling

@  Versatile, centralized system. Can satisfy a wide variety of heating
and cooling loads, including reversible heat flow requirements
(where heating is required in one area and cooling in an adjoining
area) for a large number of spaces at relatively lower cost. Small
componentry requires less space for installation, making it desir-
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able in tall buildings and other structures with minimum spatial re-
quirements for mechanical equipment. Individual zones are virtually
self-balancing.

@ Complicated, costly. Usually unfeasible unless smaller volume of
componentry can lower architectural costs.

Heat Pump

@  Good where winter temperatures remain above 35° F for prolonged
periods, outside air requirements are low, ratio of heating to cool-
ing loads < 0.6, and where electric rates are low. Operates more
quietly than most other systems and less floorspace is required for
mechanical equipment. Water-source heat pumps are feasible where
water media are available, then they work well in colder climates.
Because no fuel is burned the unit requires no venting.

@  High initial cost, impractical in large multi-zoned buildings. Part of
machinery must be located outdoors. Compressor noise may affect
site planning. Air-to-air systems require backup heating at femper-
atures below 35°.

Humidification

@ Installed either as part of HVAC system controls in large buildings
or as portable stand-alone units in small areas. Good for cooling
interiors with gentle airflow in hot dry weather. Can be used to add
moisture to spaces in cold dry weather or where industrial opera-
tions remove excess moisture from interior air.

@ NG in humid weather, where interior air is not dry, or where interior
airflow is fast. Installations in hermetically sealed interior spaces
require careful design; overdesign in any space can create conden-
sation problems.

Dehumidification

@ Installed either as part of HVAC system controls or as portable
stand-alone units in small areas. Effectively cools interiors in warm
humid weather; works best in hermetically sealed spaces or where
occupancies produce moisture (cooking, swimming, industrial op-
erations, etc.) that can’t be quickly vented outdoors.

@ NG indry climates. Undesirable where interiors create dust or
other airborne particulates that must be removed by large volumes
of circulating air.

0
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Today, each of the above climate control systems is capable of being
operated by advanced computer technology whose initially higher unit cost
is usually offset by improved efficiency, smaller systems, and longer life.
These systems can continually monitor and maintain required outdoor air
volumes and air pressures for each space, tfrack the energy consumed by
the operation of any combination of terminals, document the testing of
smoke controls and other life safety systems, and trend facility operations
for purposes of cuing maintenance personnel to inspect and service com-
ponentry at optimal run times.

However, much can go wrong with modern climate control systems. In
fact, as many as 30 percent of America’s 4.5 million sealed-window offices
and public buildings may be suffering from ‘HVAC havoc” or ‘Sick Building
Syndrome. TA well-publicized situation gone awry was the Imperial Polk
County Courthouse in Bartow, Florida. This “Showcase Courthouse,” a ten-
story building with two three-story wings, had all the most modern design
features associated with halls of justice: separate elevator banks for
police, public, and prisoners; secured linkage of prisoner elevators and
holding cells via an underground tunnel; and secured corridors for the
public, police, and judges. The building’s roof, rising above its prominent
cornice at a gentle 3-in-12 pitch, was attractive clay tile laid on a roll roof-
ing cap sheet over a composite decking of waferboard/rigid insulation/
cement fiberboard. The building’s fucades were a sandwich construction of
elegant brick veneer backed by asphalt waterproofing on concrete block
infill, rigid foam insulation, and metal furring finished with gypsum board,
with PVC flashing installed at every brick relieving angle and around every
window. Inside, all lobby and corridor walls were clad in the finest marble
veneer, all courtrooms and judges’ chambers were paneled with custom mill-
work, and most other interiors were finished with vinyl wallcovering and
broadloom carpeting. The highly efficient variable-air-volume HVAC sys-
tem included 67 chilled-water air-handling units that were oversized to
accommodate any cooling demand in the hot humid climate of central
Florida and were governed by an advanced ddc system that provided
environmental controls for every individual office and courtroom via a cen-
tral computer console. One would think that nothing could possibly go
wrong with such masterly design, advanced technology, and familiar con-
struction details whose durability had been proven over time— all of which
was completed in 1987 at a total cost of $37 million.

Soon after the building was occupied, it was found that rainwater did-
n't drain properly off the roof —because a 3-in-12 pitch is too shallow for
clay tile. Water remaining on the roof in this locale of high rainfall began to
leak through numerous holes in the improperly installed cap sheets under
the clay tile, began to delaminate the decking, started draining into ceilings
and exterior walls, became trapped behind facades of brick veneer with
clogged or missing weepholes, migrated through concrete block infills incom-

T Mark Skaer, “Editor's Page”, Engineering Systems magazine (Business News
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pletely coated with waterproofing and now laced with cracks due to a lack of
control joints, and entered through gaps in the through-the-wall flashing.
More water entered around windows whose flashing did not extend to the
brick facing or lacked turned-up edges at sills. Soon moisture had saturated
ceiling tiles, gypsum wallboard, and broadloom carpeting —a flow that was
increased not only by high vapor pressures from the warm humid climate out-
doors and low vapor pressures from the cool dry air inside, but also by neg-
ative indoor air pressures caused by an unbalanced HVAC system that
exhausted more air than it drew in through its outside air intakes. Because
the outside intakes were protected by insect screens rather than bird
screens with larger mesh openings, the screens soon became clogged with
dust and debris, decreasing the outside airflow and increasing interior neg-
ative pressures even more. The oversized HVAC air handlers also did not
contain reheat coils —thus they satisfied dry-bulb temperatures quickly and
cycled off before dehumidification was complete. Humidity levels rose con-
stantly above 80 percent. Occupants complained.

The HVAC system was retrofitted with reheat coils and thermostatic
controls that automatically adjusted chilled water temperatures. Still the
system failed to dehumidify interior spaces adequately, which prevented
thorough redrying of interior finishes and underlying construction. Mold
began to grow in the gypsum backing behind the marble facing in the lob-
bies and corridors. Interior air circulated into the cavities behind the fac-
ing —because the seams in the marble facing had not been adequately
sealed— allowing the mold in the gypsum to migrate into interior spaces.
Similar colonies of mold flourished behind the vinyl wallcovering and mill-
work paneling throughout the building. Occupants experienced stinging
eyes, runny noses, wheezing, coughing, shortness of breath, chest tight-
ness, headaches, drowsiness, asthma, allergies, and other symptoms of
Sick Building Syndrome.

Investigations followed. The vinyl wallcovering —which was found to
have acted as a vapor barrier between the facade construction and interior
spaces— was removed from the inside of every exterior wall, then the dam-
aged gypsum board behind was sanded and painted.

Still, complaints increased. Consultants were called in. They found
massive blooms of Aspergillus versicolor and Stachybotrys atra through-
out the building. Physicians conducted an extensive study of the occu-
pants. Finally in July, 1992, the local health department condemned the
courthouse as a threat to human health and ordered it closed.

Soon massive remediation began. All contaminated materials were
removed by methods similar to asbestos remediation, which required every
piece of construction removed from the building to be HEPA-vacuumed,
double-sealed, and placed in secured dumpsters by workers wearing full-
face respirators, white gloves, and Tyvek® suits. Much of the marble and
millwork finish was removed to reach the contaminated materials behind

Publishing Co., Troy, MI); Jan. 1996, pp. 6. i
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them, 500,000 sf of ceiling tile were removed and shredded onsite, six miles
of flexible ductwork were removed and discarded, every article of furniture
was HEPA-vacuumed prior to temporary storage offsite, and every file and
document in the whole building was cleaned one page at a time on special-
ly constructed vacuum tables. All interior surfaces, light fixtures, piping,
and remaining ducting inside and out were also thoroughly recleaned by
hand. On the roof, all the clay tile and underlying cap sheets were removed,
each piece of delaminated decking was repaired or replaced, then a bat-
ten-seam copper roof was laid over a rubberized asphalt membrane. Every
square foot of the building’s ten-story brick facades was scaffolded; then
800,000 bricks were removed, all improperly built concrete block infills
were removed and replaced, all cracks in the remaining walls were filled with
mortar, all infills were thoroughly covered with thick asphalt wa-
terproofing, new copper flashing was installed, then new brick facades were
built with proper control joints, anchors, and ties. Every window was also
removed, cleaned, and remounted on new subframing and proper flashing.
Then all 67 of the HVAC system’s chilled-water air handlers were removed
and replaced with new units that forced longer cooling cycles and boost-
ed dehumidification. Reheat capability was again added, existing elec-
trostatic air filters were supplemented with high-efficiency air filters, every
condensate line was pitched and bottom-tapped to ensure complete
drainage, and controls were extensively modified to monitor return air for
precise levels of relative humidity, CO,, and temperature.

In early 1996 the building was reoccupied, eight years after it had
opened. What was the remedial expense of this calamity of faulty design,
poor workmanship, and inadequate supervision that occurred in this 37
million dollar building? Another 37 million dollars! The citizens of Polk
County collected $13 million from the architect, engineers, contractor, and
subcontractors plus $25.8 million from the builder’s insurance carrier. '

In any building large or small, £ designers must have at least a con-
ceptual knowledge of today’s climate control systems, be eager to learn
new methods of solving old problems, be quick to obtain the services of
specialists whenever necessary, and have a sternly objective snoop, pry,
and prod attitude regarding construction supervision.

One new approach to designing modern climate control systems,
especially large ones, is multiple module redundant design (MMRD). This
involves installing several smaller units of the same total capacity as one
large, then adding one more small unit so any one may be serviced on the
fly if necessary without affecting total system operation. For example, if a
building’s computed heating load is 1,000,000 Btus, instead of installing
one large unit of this capacity you might install five 200,000 Btu multiple
module units then add a sixth for redundant design. Then, since a heating
system’s greatest demand usually occurs during a very short period in win-

T Richard Scott, “The High Cost of IAQ”, Engineering Systems magazine (Business
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ter, during most of the season when loads are less, a number of smaller
units can satisfy any momentary heating demand at considerably less cost
(this process is known as step-firing). Each of the smaller units will also
cycle on and off less, which means longer life expectancy and less mainte-
nance. An MMRD system is also more economical because the smaller a unit,
the less its mass and thus the less heat it will absorb while operating (this
is important because all the heat stored in a unit’s mass is eventually shed
as rejected heat according to the principle of mass heating load as de-
scribed in Sec. 2.E.4.). MMRD systems also require less headroom and can
be arranged more flexibly (e.g. in L-shaped plan configurations) than ‘one-
clunker’ systems. Such control strategies allow more efficient operation
for setbacks (nights, weekends, etc.), setforwards (e.g. 1 hour before work
begins), multi-zone occupancies, zones with wide load swings, and other
programmable use patterns. MMRD systems can also be programmed to ro-
tate the on-off cycling of its units —a process known as alternate-lead fir-
ing— so that each unit operates an approximately equal amount of time
over the long haul. Finally, no matter how many units a system has, it should
include staging logic that operates its mixing valves to minimize thermal
shock in any boiler when it refires after a lengthy shutdown. All these logis-
tics apply to cooling systems as well.
General considerations for designing climate control systems are:

> Compare the problem’s magnitude with the cost of the solution.

> Examine local climate conditions and utility costs before making
any conclusions regarding the cost-effectiveness of any system.

> Think of what the system provides instead of the system itself;

because occupants want comfort and production, not fancy

equipment.

Heat or cool the occupants, not the building.

Design for the maximum but remember the minimum.

Be aware of life-cycle costs.

Consider possible escalation of load demands due to future ten-

ancy changes or extensive upgrading.

Isolate unique requirements that demand individual solutions.

> Know the spatial requirements and weight of each system compo-
nent. All units should have ample service access area (generally
a 3 ft spatial envelope around and above each unit).

> Design large heating/cooling networks to have multiple panel
boxes, circuit breakers, and feeder cables. Then any circuitry
overload won’t knock out the whole system and any hot spot has
a better chance of activating only its own circuit breaker.

> Provide maintenance access to all parts of systems. This in-
cludes items requiring periodic cleaning (louvers, grilles, filters,
duct interiors, air-handling equipment, etc.) plus items that need

vvyyy
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periodic recalibrating, adjusting, or replacement (sensors, actu-
ators, valves, lamps, fan belts, efc.). Remember that all equip-
ment, regardless of quality, fails eventually .

> Design systems to operate quietly, especially near offices, class-
rooms, and sleeping areas.

Following is an outline for designing climate control systems:

1. Determine design parameters and prioritize conservation meas-
ures. Determine winter and summer design temperatures, design
relative humidity, average annual temperature, ventilation re-
quirements, pollution problems, lighting levels, machinery loads,
and occupancy loads.

2. Divide the architecture into zones according to spatial func-
tions, envelope exposures, and orientations-in-common. Identify
exposure criteria such as R-values, floor areas, use loads, solar
incidence, efc., for each zone.

3. Compute thermal loads for each zone: design heating and cool-
ing loads, and energy auditing for heating and cooling seasons.

(Generally all the above was described in Sec. 2. E.)

4. Select climate control systems and identify components and
locations. Lay out mechanical rooms (location and size), dis-
tribution trees, and outlets (location and type). Determine if any
conflicts exist with structural, fire safety, and other utility sys-
tems; integrate with these systems whenever possible. Where
thermostats are installed, locate each so it is visible from any-
where in the zone it serves.

5. Check thermal calculations with system layouts, integrate climate
control systems with design, prepare mechanical drawings.

3.C.1. Electric Heating

Electric heating units contain a thick wire-like heating element whose
resistance converts electric current into heat that radiates or is fan-driv-
en info nearby spaces. The units usually operate on 120, 208, or 240 volfs.
Some units include a thermostat, while others are connected to a thermo-
stat mounted in the heated zone. There are several kinds of these units:

Baseboards. Long thin units mounted at the base of walls. Units
may be connected to create any length. Simple, easy to install, unobtfrusive.

Floor inserts. Thin units fitted into floors so the grille on top aligns
with the floor. Good for locations under floor-length glass.
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Spot. Small units for spaces with little wall or baseboard area.

Surface-mounted. A variety of units that can be mounted onto a
wall. Good on masonry and other hard surfaces.

Semi-recessed. Units that fit partly into walls or ceilings. Good for
soft-hard construction such as drywall on masonry walls.

Recessed. Units that fit into walls or ceilings with the grille on or
near the surface. Good for fitting into stud walls.

Fan-driven. Heating units equipped with a fan that pushes the heat
in a desired direction. Not silent, but they circulate heat well. Good for
ceiling-mounted units in garages and industrial areas.

Radiant cables. Also known as heat tracing, these are electric
wires that are installed on eaves, entrance aprons, and the like to melt
snow and ice from these areas. Similar cables keep plumbing, moisture-
filled air lines, refrigeration drain lines, and interior downspouts from
freezing. Still others maintain desirable temperatures in commercial dish-
washers in restaurants and dialysis water systems in hospitals. They are
unacceptable as freeze deterrents in fire sprinkler piping.

Electric heating units cost little to install, take up little space,
require no central units that occupy more space, and need little servicing
or maintenance. Although they waste little energy per se, the more a unit is
recessed, the more its produced heat is absorbed by the surrounding con-
struction. For example, when a baseboard unit is mounted against an exte-
rior stud wall, an estimated 20 percent of its produced heat exits through
the back of the unit into the framing just behind. A more cost-effective ar-
rangement may be to superinsulate the occupancy’s exterior walls and
mount the baseboard heaters against interior walls. Drawbacks of electric
heating units are that the heating elements fatigue with constant use, typi-
cal efficiency losses being 10 percent after 10 years, and they are uneco-
nomical where electricity costs significantly more than oil or gas.

Electric heating cables used to melt snow outdoors generally cost
more to operate than do similar water heating piping; but the cables are
smaller, more flexible, won't break if they freeze, and if they do break for
any other reason no flooding will occur. The operating costs of both elec-
trical and water-based methods of melting snow should also be balanced
against the cost of salting or shoveling otherwise-present snow, the cost
of cleaning entrance areas of tracked-in salt and snow, and the fact that
pavements last longer when not subjected to frost.

Example 1. The conference room in a real estate office has a 12 ft
electric baseboard heater, but in very cold weather the room remains
chilly. If the design heating load of the room is 10,200 Btu/hr, how
much extra baseboard heating should the space have?

0
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3JCJ1)a)  Hs<3LH,,

H = design heating load of 4
space, 10,200 Btu/hr COLD b WARM
L = req. length of electric AR =y =y AR
baseboard heating, ? ft I. INTAKE GRILLE
H.,, = heating capacity of 2. FAN
" selected unit, watts/LF. > ‘S,EZAZSTESSARS
Wattage is usually listed 4. SUPPLY GRILLE

in product catalogs or W/ ADJ. VAMES

on heater package; it = Fig. 3-21. Fan-driven electric

175 watts/LF. . . .
heating unit operation.
10,200 < 3 x L x 175
L<19.4 % 20ft ... Required extra length: 20 - 12 = 8 ft

Example 2. The owner of a bus terminal wants to install an electric
spot heater in the wall of a men’s room that has a design heat loss of
3,900 Btu/hr. What capacity should the unit have?

3)Q)1)b) H<3 Heyp

H = design heating load of space, 3,900 Btu/hr
Hcqp = heating capacity of selected unit (wattage of any electric unit is
listed on its package), ? watts

5,900 < 3 Heqp oo Hegp 21,300 watts

Example 3. A 10 ft length of 3 in. diameter supply main is exposed to
the air in the unheated basement of a 3 story apartment complex near
Mobile, AL. If the lowest temperature ever recorded in the area is 8°F,
what is the required wattage of an electric heat tracing cable wrapped
around this piping?

3)C)1])c) Q =017d>L(177-T,)

= required output of electric heat tracing cable, ? watts
= diameter of pipe to be heated, 3 in.
= length of pipe to be heated, 10 f
= lowest likely local subfreezing temperature, ° F.
Use 5° below area’s lowest recorded temperature. 7,=8 -5=3"F.

Q = 0.17x32x 10 (177 - 3) = 2,660 watts
The cable and piping should be wrapped in nonflammable insulation

SqHm~a
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Example 4. The concrete entrance apron of a synagogue near St.
Louis requires radiant heating to keep ice from forming on it in win-
ter. If the design temperature is 10° F and it rarely snows more than
two in/hr there, how much radiant heating should be installed?

Solution: In the radiant slab output data below, find the area’s specified
design snowfall in the leftmost column, which here is 1-2 in/hr; then move
to the right fo the radiant slab output under the specified design temper-
ature of 10°... the answer is 64 W/sf. Interpolate for intermediate values.

Radiant slab output, W/sf at design temp.

Design snowfall, in/hr 30°F 20°F 10°F 0°F
O—=T e 25 35 43 51
T 46 55 64 74
2= 68 79 90 98

Note: Electric heating cable for concrete slabs is typically made in ca-
pacities of 10, 20, 40, and 60 W/sf. Even in severely cold climates, 60 watt
cable is usually satisfactory. Otherwise an elaborate system of piping con-
taining heated antifreeze is usually devised. Radiant slab surfaces must
be pitched slightly for drainage, and the slabs may contain probe thermo-
stats that activate electric heating systems when the slab is below 32° F
and moisture sensors that activate when the surface becomes wet.

3.C.2. Radiant Floor Heating

By embedding electric cables or [oops of piping containing hot water
in concrete floors at least 5 in. thick poured on 4 in. rigid insulation, the
floor will radiate a comfortable uniform heat into the spaces above.

In electric systems, the cable is prefabricated as imbeddable panels or
field-cut to length, then installed and connected as electricians do with wir-
ing. As every linear foot of a cable’s length gives off the same amount of
heat, equal spacing between cables creates uniform heat.

In water systems, copper, steel, or plastic piping extends from a cen-
tral heating unit, then loops beneath the heated area. Supply mains are
typically %, or 1 in. diameter rigid copper pipe, and heating coils or loops
are ', in. diameter flexible copper or plastic tubing. Flexible plastic tubing
is currently gaining popularity because it is light, costs less, can easily be
bent, and will not corrode. Water heating loops may be arranged continu-
ously, in grids (usually better in larger areas), or in combinations, as
sketched in Fig. 3-22. Layouts should have as few joints as possible, cir-
cuit loops should be placed in parallel rows, bend radii should be as large
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Fig. 3-22. Radiant floor heating systems.
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as possible, and all metal joints should be soldered and not threaded.
Waterflow should be routed from the perimeters of floor areas toward their
centers, and, as the piping in each circuit cools slightly from start to end,
each succeeding length of parallel piping should be placed slightly closer
(say Vg in.) to the upstream length to foster uniform heating. Good water
temperatures are 100-110° at the boiler through the supply mains down to
90-100° at the control valves where the circuits begin, then down to 80°
through the loops. If incoming water temperatures are higher, the floor
may feel hot to the touch, which is NG for children. All control valves must
be easily accessible as they may require periodic readjusting.

Radiant floor heating is feasible in one-floor buildings with slab-on-
grade construction, especially if they have large interior spaces, high ceil-
ings, or large exterior doors that may be opened and closed frequently. As
this heating requires much lower temperatures than other water heating
systems, it has lower fuel costs (which makes it more advantageous in
areas with high energy costs), inherently higher efficiency, less scale
buildup in boilers, and several lesser advantages than other water sys-
tems. Traditionally the biggest drawbacks of radiant floor heating systems
have been high initial cost, the need for meticulous onsite construction,
and operation failures due to cracked concrete slabs and cracked and
corroded piping; but these drawbacks have been reduced by the recent
introduction of flexible plastic piping.

Regarding waste emitted or rejected by radiant floor heating sys-
tems: perhaps only 15 percent of the heat radiated from the cables or
pipes migrates downward if the slab is well insulated below and around its
edges. Electric systems also lose a few percentage points of efficiency due
to resistance in the cables, and in piping systems the water should not con-
tain any minerals or other impurities that could leave deposits in the pip-
ing. As the maximum capacity of these systems is rather small compared to
other systems, they are usually feasible only in climates not exceeding
about 4,000 winter degree-days or in superinsulated buildings.

Water-based radiant floor heating systems can also melt snow from
outdoor areas in winter. Known as hydronic snow-melting systems, each is
typically a dedicated loop of copper or plastic piping that runs through a
heat exchanger, then loops back and forth beneath a concrete slab area
that receives the snow. The heat exchanger is critical because without it
the hot water (= 140-180°) from the central heating unit would likely cause
serious cracks in the slab (= 0-32°) that receives the snow. Thus the ex-
changer’s heat-source side may operate at 140° while the slab-side piping
is filled with glycol solution whose flow is requlated by a circulating pump
and temperature sensors that keep its solution from rising much above
freezing. Embedded in the slab should be one or more snow/ice detectors
that initiate pipeflow upon a simultaneous sensing of slab temperatures
below, say, 34° and moisture on the slab. The detectors must be located not
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only in areas that receive snowfall but also where wind-blown snow could
accumulate well under roof areas that block direct snowfall. Every part of
the slab surface must slope enough to shed the melted snow; otherwise the
system could operate long after the snow has fallen if temperatures remain
below the detector sensor setpoint.

Although hydronic snow-melting systems are a viable method of
removing snow from outdoor areas, their multiple subcomponentry is cost-
ly, every subcomponent requires careful design, and they are usually eco-
nomical only where electric rates are high. These systems typically require
an output of 100—150 Btus/sf, and they can be sized according to the for-
mula below, which includes typical losses incurred in the heat exchanger:

3)C)2)a) A= 245Q(T,-T,)

= floor area of surface receiving snowfall, sf

= required waterflow to melt snow from area, gpm

= highest temperature of liquid in piping, °. This is usually 35-40°,
= lowest temperature of liquid in piping, °. This is usually the
region’s winter design temperature.

SNo >
I

An interesting application of hydronic snow melting is at the Wiggins
Airway airport hangar in Manchester, NH. The hangar doors, which are
large enough for two Lear jets to enter and leave the building at the same
time, ride on metal tracks recessed into the concrete floor, and during the
area’s very cold and snowy winters the tracks tend to clog with thick lay-
ers of ice which makes it difficult to operate the doors. Thus a single radi-
ant floor heating loop was installed alongside the track’s entire length to
keep ice from building up at the base of the doors. *

A day-care center near Jacksonville, FL, has a concrete floor on which
children play and take naps on padded mats. If the 24 x 42 ft floor has
a radiant floor water heating system and the building’s design heat-
ing load is 14,000 Btu/hr, size the system’s supply main, return main,
and circuits if they are plastic pipe and the water’s initial temperature
is 110° F. What is the system’s required waterflow?

Step 1. Size the system’s piping, as described below:

Mains: As this a fairly small floorplan, use %, in. piping. Otherwise
size the mains according to Sec. 4.C.

Circuits: These are parallel runs of typically % in. flexible copper or
plastic tfubing in which the optimal spacing between runs is determined by
the formula below.

3)C)2)b) HS = 17x,A(T,-T)

T The author regrets that he has lost the reference that describes this installa-
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H = design heating load of interior spaces above radiant floor water
heating system, 14,000 Btu/hr

S = optimal spacing of parallel runs in system piping, ? in. If S< 6 in,
a floor water radiant heating system is not strong enough to satisfy
load ®» select another heating system or supplement floor heating
with other systems. If' S = 18 in, select a lower average water tem-
perature.

K, = comparative heating value of water if it contains glycol. If water
contains no glycol, x, = 1.0; if 30% glycol, x,, = 0.976; if 50% gly-
col, x, = 0.904. Here x, = 1.0. Interpolate for intermediate values.

A = floor area of system, sf. Subtract 1 ft from perimeter of heating
area all around. A= (24 - 1) (42 - 1) = 943 sf.

T, = supply orinitial water temperature of system, 110° F.

Feasible T, usually = 95-120°F.
T, = return water temperature of system, 85° F.

14,000 x S = 17 x 943 x (110 - 85) ... S5 = 28.6in.
28.6 in. spacing is too wide # use a lower initial tfemperature
Recomputing Tyat S= 18 in. & T, = 99°
Step 2. Determine the system’s pipe flow requirements.

H = 490k, b (T.- T,)

H = design heating load of floor area above system, 14,000 Btu/hr
P = required pipe flow of system, ? gpm
T, = supply or initial water temperature of system, from Step 1, 99° F.

K, and T,are as previously defined.

14,000 < 490 x 1.0 x b x (99 - 85) ..b = 2.0gpm

3.C.3. Radiant Ceiling Heating *

Radiant ceiling heating is performed by a variety of ceiling-mounted
units that contain tubes of hot gases, infrared heating elements, or quartz
lamps. The emitted radiance typically heats spaces from the bottom up by
warming floors, occupants, and furnishings first, then the air above is
heated via convection.

In a typical gas-fired unit, a sealed fireproof box contains a burner
activated by a spark ignitor or glow-bar (the latter is unaffected by chem-
icals, moisture, and dust and thus is better in harsh environments), then a
blower sends outdoor air across the burner into a thin metal tube on the
other side. The tube may have an |, L, T, and Z configuration up to 40 ft long,

tion; it appeared in an engineering magazine. * Much of the information in i
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which may be mounted at up to 45° inclines (always with the burner at the
lower end), and it typically has a 180° U-bend at half its length so the
return half doubles on itself to average heat losses along its length, then
a half-cylindrical polished aluminum reflector is mounted above the tube
to direct the radiance downward. The units run cleanly and quietly, ca-
pacities range from 80,000-200,000 Btu/hr, thermostatic controls offer low
and high firing modes, and close-area fittings allow mounting near walls,
over doorways, and in corners. The best units have factory-assembled burn-
er boxes, which if enamel-coated are more attractive and longer-lasting.
There are also more efficient direct-fired units that release heat directly
into indoor spaces, but they introduce water vapor into the air. In some
occupancies this may be desirable, while in others resulting condensation
can degrade insulation, invite rot, and lead to other problems.

WALL ISOLATES
FIREBOX FROM
HEATED AREA

RESILIENT HAMNGERS MINIMIZE
STRUCTURAL-BORMNE SOUND

AO FT. MAX. =

EXHAUST AIR

N
FIREPROOF
COLLARS

HEATED ZOME

SUPPLY AIR INTAKE
BLOWER

IGNITOR

BURNER BOX

S.A.P. TAPS

aron-

Fig. 3-23. Gas-fired ceiling heating componentry.

Gas-fired heaters work best where ceilings are high, floors are con-
crete, large exterior doors are frequently opened, occupants engage in
mild physical activity, and the presence of airborne dust particles makes
air heating systems undesirable. Optimal mounting heights are 4-6 ft
above occupant activities, and simple chain hangers allow units fto be relo-
cated easily to satisfy changing occupancies. The units should be placed
at least 3 ft from all light fixtures, utility conveyances, and structural mem-
bers; and they are NG above areas containing flammable substances or
where volatile gases could contact the tubing.

Infrared ceiling-mounted heaters are usually small individual units
made in a variety of sizes (including portable units), wattages from 2—-50

in this section was obtained from the Roberts-Gordon Gas-fired Heating Equip-
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kW, and voltages of 120, 208, 277, and 480 V. They are installed like
fluorescent light fixtures; their heating elements when turned on provides
low-level lighting; and they have no ducts, vents, blowers, or moving parts.
They are suitable for small industrial spaces and outdoor areas in cold
regions where they can also melt snow and ice from walks, building entries,
railroad waiting platforms, ATM aprons, and similar pedestrian areas.

Quartz lamp heaters have one or two tubular quartz infrared lamps
up to 40 in. long mounted in cylindrical reflectors. They utilize the large
amounts of heat wasted by these lamps and illuminate the spaces below.
They are an excellent heat source in small spaces that need constant illu-
mination at night, but in summer they are N2G unless the space they are
in is well ventilated and the units are connected to occupancy sensors.

Example 1. A cabinetmaking shop in Reno, NV, desires a gas-fired
overhead radiant heating system since air heating creates airborne
dust in woodworking areas. If the 40 x 120 ft floor area has a design
heating load during work hours of 275,000 Btu/hr, what is the sys-
tem’s optimal number of units, length, and spacing?

3JC)3)a) Gas-Fired Units: H = L H,,

H = design heating load of interior space(s), 275,000 Btu/hr
L = required linear footage of selected unit, ? ft
Hcqp= heating capacity of selected unit, Btu/tLF. Typical capacity for

high-firing mode = 3,000 Btu/LF. Use more specific figures from
manufacturers’ catalogs when available. Here use 3,000 Btu/LF.

275,000 = 3,000 L ... L = 92 ft & fry 3 units at 30 LF each
If area is 40 x 120 ft, arrange units as shown in Fig. 3-24

40' 40 40

Fig. 3-24. Ceiling plan of radiant ceiling heaters.

ment Catalog (Roberts-Gordon Co., Buffalo, NY, 1995). ]
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Example 2. A taxi waiting area inside the enfrance of an airport in
Springfield, IL, needs to be heated to 60° F when it is 0° outside. If the
space is 12 ft wide, 22 ft long, and 11 ft high, what size ceiling-mount-
ed infrared heater should the space have?

3JC)3)b) Infrared Units: 190H = Vn (T,- T,

H = design heating load of interior space(s), ? watts

V = volume of space to be heated, cf. 12 x22 x 11 = 2,900 cf.

n = number of air changes per hour (ach). For areas near building
entries, assume 6 ach unless otherwise noted.

= design indoor temperature, 60° F

design outdoor temperature, 0° F

190 H = 2,900 x 6 (60 - 0) ...A = 5,500 watts

SE
I

3.C.4. Electric Heating/Cooling

An electrical heating and cooling system is typically a small unit
mounted under a window if the sill is high enough, or in a wall where its gril-
lage can disperse conditioned air into the heart of the room. Each unit is
thermostatically controlled and it heats, cools, filters, and ventilates the
air in its zone. Some units have high-ventilation fans and grilles with
adjustable vanes. Capacities range from about 6,500 to 30,000 Btu/hr for
cooling and to 35,000 Btu/hr for heating, and power is usually 120 or 240
volt single phase. When these units produce cooling air, they usually pro-
duce a condensate which must be drained. In small units this usually drips
onto the ground just outside the wall the unit is mounted in, and in large
units it falls into a pan that empties into a sanitary or storm drain.
Condensate pans require periodic cleaning, which requires service access;
or else any standing water can become an incubator of mosquitoes,
Legionnaire’s disease, and other microbial proliferations.

System design involves determining the capacity and number of units
required and locating the units.

The drafting room of a local tool and die company has four [arge win-
dows with 40 in. sills in its two exterior walls. If the room has a design
heating load of 57,000 Btu/hr, design cooling load of 44,500 Btu/hr,
and low ventilation requirements, what size heating-cooling units
should the room have?
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Fig. 3-25. Electric heating/cooling unit componentry.

Solution: Find the units heating and cooling capacity from the formulas
below. The larger load determines the minimum wattage of each unit.

3JC)4)a) Heating load: H<4n Heap

b) Cooling load: €< 3n Ceap

H = design heating load of interior space(s), 57,000 Btu/hr
C = design cooling load of interior space(s), 44,500 Btu/hr
n = number of units required to condition space. The best arrange-

ment is one unit under each window ® 4 units.
H.., = heating capacity of selected heating unit, ? watts

/2
Ceqp = cooling capacity of selected cooling unit, ? watfs
Heating: 57,000 <4 x4 H.,, ... Heyp = 3,560 watts
Cooling: 44,500 <3 x4 Crppy .. Cogp = 3,710 watts ... @

From product catalogs select a unit whose capacity = 3,710 watts

3.C.5. Hot Water Heating

Hot water heating systems include a boiler and piping loops to sever-
al heating circuits or zones, each of which includes a number of baseboard
convection heating units or fin tube convectors usually located under win-
dows. These versatile systems are also used to heat domestic hot water,

0
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swimming pools, hot tubs, radiant floor heating loops, and outdoor snow
melting aprons as well as heating coils inserted into forced-air heating
units. The piping can also extend from heat pumps and can even be used
for cooling; for chilled water can run through them in summer as well as hot
water in winter. Thus a creative £ designer can leverage the strengths of
several climate control systems to achieve what none can do alone.

In the boiler, the water flows through a cast iron or steel heat exchang-
er suspended above an oil or gas burner and is heated to temperatures of
anywhere from 140 to 200°. The heat exchanger may be water tube (water
flows through tubes around which the combustion gases flow) or fire tube
(hot combustion gases flow through tubes around which the water flows); and
the fuel may be gas, oil, or even wood products such as scrap lumber, saw-
dust pellets, recycled paper, and crop residues. Combustibility of wood
product fuels is greatly affected by their moisture content; thus each must
be dried first. If the design heating load exceeds 200 MBtu/hr, a multiple-
module boiler system is usually installed. Then during mildly cold weather the
smaller boilers can operate one at a time; so the overall efficiency of these
systems increases as the number of boilers increase. Multiple boilers also
allow one boiler at a time to be serviced without interrupting the system’s
operation, and smaller lighter boilers require narrower doorways and fewer
people to install. Efficient boiler operation also includes clean-burning
fuels, low excess-air firing, low-NOX burners, and flue-gas recirculation.
Heating efficiencies range from about 50—75 percent depending on age, duty
cycle, fineness of adjustment, and cleanliness of heat exchange surfaces.
One drawback to these systems, multiple-boiler systems in particular, is
that each separate boiler requires adequate airflow intake and a flue.

Several piping layouts are used in these systems, depending on the
size and arrangement of the spaces served. If a zone has more than three
units, its piping should be two-pipe reverse-return. Sophisticated con-
trols enable each loop to have different temperature gradients and water
circulating rates if necessary. Straight runs should not exceed 30 ft due
to thermal expansion, all runs should slope at least Vg in. fall/ft, pitch
peaks should have vents so any air trapped in the system can be bled, pitch
valleys should have spigots so the system can be drained, and the piping
main to each zone should be valved so it can be drained without shutting
down the whole system. A mixing valve should also connect the supply and
return lines just outside the boiler, and thermal sensors should be
installed on each line, as these controls minimize thermal shock in the boil-
er when it refires after a lengthy shutdown. Supply water design tempera-
tures are usually 170, 180, 190, or 200° F., with a 20° drop assumed through
zones, and water velocities are 1-4 gpm (higher velocities create noise
while lower velocities require larger and more costly piping).

If the piping could freeze, an antifreeze such as ethylene or propy-
lene glycol may be added to the water. Both these fluids are stable over a
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Fig. 3-26. Hot water heating componentry.

wide range of temperatures and when used with an inhibitor are noncorro-
sive; but glycol solutions require 20 percent larger air expansion tanks,
cannot be run through galvanized piping, and need a strainer or other
means of sediment removal in the piping. As ethylene glycol transfers heat
better and is less viscous, it requires a less powerful pump for a given
design. Solution design involves determining the system’s minimum temper-
ature, then computing the proper percentage of glycol. Avoid overcon-
centrated systems, as they are more costly and reduce system efficiency.
Although hot water heating is strongly associated with baseboard
units, the end-use piping can be configured into any kind of radiant heat-
ing panel: horizontal, vertical, inclined, large, small, square, bizarre
shapes, seat warmers, bed warmers, you name it. Some manufacturers’ cat-
alogs offer everything from towel racks to imitations of old steam radia-
tors, with many products available in no-polish brass and enameled cast
iron finishes, as well as many colors available fo match any decor. This is
big business. The opportunities for custom-fabricating are even greater.
Think of the shapes that flexible copper tubing can be bent into. Or how
about arranging a few short lengths of thin copper pipe and a dozen 90°
elbows into a row of towel racks whose continuous hot-water piping weaves
in and out of a bathroom wall? The author saw such a row of hot-water cop-

0
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per pipe towel rack warmers in a house near Monterey, CA, in 1971.

Hot water heating system wastes are primarily heat losses through the
piping and hot gases up the boiler flue. The first is minimized by insulating all
piping and fittings, the second by efficient boiler operation. The thermal
plume in the flue also offers opportunities for heat reclamation.

Specifications for three boilers made by one company are below:

Input, Btu «..oooviiii 500,000 750,000 1,000,000
Output, Bfu ..oovvvviiiiiii 420,000 630,000 840,000
HxWxL,in oo 49x26x27  56x27x27  66x30x27
Footprint, sf ... 4.75 4.85 5.5
Flue connection, in. diameter ......... 6 8 9
Hot water piping (in & out), in. dia. ... 2 2 2",
Gas piping connection, in. ............ 1 1 1%
Combustion air inlet, in. dia. ... ...... 5 5 6
Electric power, volts/amps ........... 115/6 115/7 115/8
Shipping weight, b ............... ... 550 580 610

Example 1: Pipe Size. If the hot water heating system for a 2,800 fi2
residence near Hartford, CT, has a design heating load of 52,000
Btu/hr, what are the optimal pipe diameters for its supply circuit, base-
board heaters, and return circuit?

Solution: Pipe sizing for hot water heating systems is as follows:

1. Organize the interior spaces to be heated into zones.
Determine the piping length for each zone. This is roughly the
perimeter of each zone plus twice the distance (horizontal plus
vertical) from boiler to zone.

3.  Compute the number of fixture units for each zone by dividing the
total piping length by 10.

4. Knowing the initial pressure, head, pipe length, and minimum fixture
pressure, estimate the pipe pressure friction loss from Sec. 4. C.

5. Knowing the number of fixture units and pipe pressure loss, find

the supply circuit pipe diameter from Fig. 4-7, page 267.

For most residential and small commercial buildings with one- or two-
pipe reverse return systems, the above procedure boils down to 1 in. diam-
eter pipe for supply circuits (maybe 1%, in. for larger first-class jobs), and
%, in. pipe for zones and return circuits.

Example 2: Boiler Capacity. If the design heating load for an indus-
trial building near Chicago is 270,000 Btu/hr, size the boiler for its
hot water heating system.
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3]C)5)a) Heop = H(1.25 +0.000,034 E)

Hcap= heating capacity of selected boiler, ? Btu/hr
H = design heating load of space, 270,000 Btu/hr
E = elevation above sea level, ft. If less than 1,000 ft, use £ = 0.

Hegp = 270,000 (1.25 +0) = 338,000 Btu/hr

Example 3: Boiler Access Floor Area. What floor area is needed for
a water boiler with a 32 x 34 in. base?

3)C)5)b) A= (L+5) (W+5)

A = approximate floor area for boiler and perimeter access, ? sf
L = length of boiler base, ft. 34 in. = 2.83 ft.
W = width of boiler base, ft. 32 in. = 2.67 ft.

A = (2.83+5)(2.67+5) = 60sf
Area should be nearly square and doesn’t include base of chimney

Note: The above formula may be used to estimate the floor area required
for almost any floor-mounted climate control system unit.

Example 4: Baseboard Heater Unit Length. A manager’s office has
a design heating load of 5,500 Btu/hr and three windows. If the water
baseboard heaters under each window are rated at 640 Btu/hr-LF at
190° F and 20° drop, what are their lengths?

3)¢)8)e H = L Hegp

= design heating load of space, 5,500 Btu/hr

total length of heating units installed in space, ? ft
heating capacity of selected unit (rating as listed in
product catalog), 640 Btu/hr-LF

5500<640 L ...L = 8.60 ft total length » 3 ft each

H
L
H, cap

Example 5: Flue Size and Height. What is the optimal chimney size
and height for an H.B. Smith G300-7W boiler?

Solution: Inthe H. B. Smith product catalog find the Dimensions and Rat-
ings page. Beside G300-7 and under Chimney size are the numbers 8 x 12
x 20 » the flue should be at least 8 in. wide, 12 in. deep, and 20 ft tall.

0
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3.C.6. Steam Heating *

Superficially, steam heating is similar to hot water heating, except the
water is heated fo above-boiling temperatures which delivers more energy in
a smaller volume to the radiators in the occupied spaces, which theoretical-
ly allows the system’s componentry to take up less space and cost less.
However, the nature of steam requires additional componentry that raises
system costs to levels that often make its economic benefits questionable.

In a steam heating system, water is heated in a boiler to above its
boiling point, which changes it to steam. At normal atmospheric pressure,
each pound of water, whose volume is about 27 cubic inches, absorbs 970
Btus of energy and expands until its volume is 27 cubic feet. Due to the
great heat and pressure involved, the boiler is usually cast iron, the pipes
through which the steam flows up are steel, and the radiators in the heat-
ed spaces are usually cast iron. Inside each radiator the steam is exposed
to a large surface area of thin metal, whose near-room temperature on the
outside lowers the steam’s temperature back to below its boiling poinf,
which reduces the steam’s volume and releases its 970 Btu/Ib of heat to the
radiator metal, which conducts the Btus to the interior air. The steam is
now water, which flows back down to the boiler where the cycle starts anew.
Obviously these systems must be airtight; yet each must have valves or
vents that allow the steam to expand and contract safely; and the valves
must mainfain an even pressure throughout the system.

Another difficulty with steam heating is that just after the steam has
formed immediately above the turgidly boiling water, it contains much mois-
ture —a condition known as wet— most of which must be removed. Thus the
airspace above the water cant be too small (then the steam propagation
space is reduced and ifs pressure becomes dangerously high) or foo large
(then the steam pressure won't be enough to propel it upward to all the
radiators). Also, the outlets in the boiler’s top must be just the right num-
ber to minimize the entrained moisture that rises from the boiler, the verti-
cal outlets must connect to a horizontal header that must be the right
diameter and length to collect all the steam from the outlets while keeping
any entrained moisture from rising further, and the riser extending from
the header must be the right diameter to make the steam flow at the prop-
er velocity (too slow and the steam will not have enough momentum to reach
all the radiators; too fast and the steam will be noisy and its pressure will
be dangerously high). Essentially all this anatomy converts the initially
wet steam to dry steam, the definition of dry being less than 2 percent of
entrained moisture. In today’s systems, the crucial zone above the boiler’s
water level is usually outfitted with digital controls that maintain optimal
pressure/moisture conditions throughout the system.

Another crucial aspect of a steam heating system is its operating
pressure. Whether measured in psi, psia, psig, in. Hg, or 0z/in?, it is a major

T The primary source for this section was Simplified Design of HVAC Systems,
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Fig. 3-27. Thermodynamic relation between water and steam.

system design parameter. These terms are interrelated as follows. Psia is
simply psi in terms of the atmospheric pressure (e.g. 0 psi = 14.7 psia); psig
is the same as psi when it is above normal atmospheric pressure (e.g. 5 psig
=5 psi above normal pressure); in. Hg is the amount that psi is below nor-
mal atmospheric pressure, measured in inches mercury (e.g. 1 in. Hg =
-0.491 psi below normal pressure); and oz/in? is merely another way of
describing psi (e.q. 8 0z/in® = 0.5 psi). Most systems operate at the lowest
pressure required to drive the steam to the remote radiator, as then they
are safer and less costly to manage. The steamflow may also be enclosed in
avacuum, as then the boiling point is lower. For example, in a system oper-
ating at a vacuum pressure of 20 in. Hg (- 9.82 psi), the water converts to
steam at a safer 161°. A system’s pressure can also be made to vary from
well below to well above normal, then the system can more efficiently con-
vert water to steam at well below 212° in mild weather and well above 212°
in very cold weather. These are known as variable vacuum systems. They
are highly efficient; but if one develops the slightest leak, its efficiency

William Bobenhausen (Wiley, New York, 1994); pp. 227-48. * This graph was I
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plummets. Thus variable vacuum systems usually have an expensive high-
horsepower backup vacuum pump. These systems are rarely used today.

A steam heating system boiler may be fire-tube or water-tube, and its
piping may be one-pipe or two pipe. In a fire-tube boiler, a plurality of
tubes carry hot gases that heat the enveloping water; while in a water-tube
boiler the tubes carry water that is heated by enveloping hot gases. In a
one-pipe system, one pipe carries the steam up to the radiators and car-
ries the water condensate back down. These systems are simpler and less
expensive, but are less efficient because the steam and water flow against
each other in the same pipe. One-pipe systems are usually found today only
in old buildings. In a two-pipe system, the steam flows up one pipe to the
radiators and the water flows back down a second pipe. All piping should
be thickly insulated to minimize heat loss, to keep condensation from form-
ing on their surfaces, and to protect anyone who might fouch them, as they
are very hot. As for the radiators, they may be cabinet convectors, shield-
ed fin-tube units, loops of radiant floor piping, or a number of unit section
assemblies that are fitted tfogether to produce the required output. The
heat outputs of factory-made units are typically listed in manufacturers’
catalogs, so all a designer needs to do is select one or more units of ade-
quate output. The radiators are usually activated by the same kind of ther-
mostats that activate other heating systems.

Steam systems have a few drawbacks. When water converts to steam,
its greatly expanding volume can cause any part of its highly pressurized
container to explode. The high pressure also causes the steam to move
through the pipes at speeds of 100-200 feet per second —so if the piping
springs a leak, the hot steam jets out at dangerously high velocities. Thus
all steam containers —boilers, pipes, radiators— must be made of thick
castiron or double extra-heavy steel, and all connections must be thread-
ed and sealed. Steam heating systems can also be noisy if the piping isn’t
sized accurately. Also, due to the high operating temperatures, the boilers
can be corroded on the inside by water impurities and on the outside by
water vapor that forms as a byproduct of the combustion fuels. Thus the
supply water should be softened, filtered, and treated until it is reasonably
pure; the boiler should have one or more blowdown taps; and the combus-
tion gases must not leave the boiler too quickly (then their temperature
remains well above boiling and excess heat is lost up the flue) or too slow-
ly (then the temperature drops below boiling and water vapor forms). Also,
the system designer must always be aware that the pipes could freeze.

A steam heating system is best designed by envisioning its water as
a medium that experiences a cycle with an absorption side and a radiation
side. On the absorption side, the water enters the boiler at a temperature
of, say 50°, then is heated to an above-boiling temperature of, say, 240°
(this amount should be at least 20° above boiling to account for the steam’s
temperature drop as it flows from the boiler to the radiators). In this case,

adapted from Bobenhausen'’s p. 229, Table 14.1.
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Fig. 3-28. Two-pipe steam heating system.

assuming the heating occurs at normal atmospheric pressure, the heat
that each Ib of water absorbs is

(boiling pt. - T,;,) + heat of vaporization + (T,,, - boiling pt.)
Typical numbers for this scenario would be
(212 - 50) + 970 + (240 - 212) = 1,160 Btu absorbed per [b of H,0

On the cycle’s radiation side, the amount of heat that each Ib of steam re-
leases inside the radiators is

(Tenter - boiling pt.) + heat of condensation + (boiling pt. - T,

Assuming that the steam’s temperature drops from 240° to 220° in the sup-
ply piping and the water condensate exits the radiators at a below-boiling
point temperature of, say, 170°, the numbers for this scenario would be

(220 - 212) + 970 + (212 - 170) = 1,020 Btu released per [b of H,0

Thus, if a space requires 10,000 Btu/hr to remain warm in winter based on
its design heating load, it requires 10,000 = 1,020 = 9.8 [b of steam; then
the amount of energy required to send the steam to the radiators would be
9.8 x 1,160 = 11,400 Btu/hr. However, to this amount must be added a pick-
up heating load due to the amount of heat that is absorbed by the system’s
heavy masses of boilers, piping, radiators, and other componentry plus a

0
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few other inefficiencies here and there. This inefficiency factor is usually
taken to be 1.6. Thus the approximate amount of energy required to heat
the space would be 11,400 x 1.6 = 18,000 Btu/hr. In similar fashion, the
designer finds the weight of the steam flowing through each pipe in the sys-
tem, then sizes the pipe. These mathematics are all formalized below.

A steam heating system is designed as follows.

Step 1. Knowing the building’s total design heating load, find the design
heating capacity of the steam heating system from

é]gé] Hcap = 1.6H (Tmax + Q- Tmm)/(Tenrer + Q- Texir)

Heqp = heating capacity of selected unit, Btu/LF.

H = design heating load of interior space(s) or building, Btu/hr

Q = heat of vaporization/condensation of H,0; this = 970 Btu/Ib of
H,0 if the system operates at normal atmospheric pressure.
If otherwise, find Q from the bar graph below.

Air pressure, in. Hg or psig
-~— in. Hg vacuum —|~—————— psig pressure
20 10 4 2 0 1 2 3 4 5 10 15 50

161 192 205 209 212 216 218 222 225 227 240 250 281
Heat of vaporization/condensation, Btu/Ib of H,0

Tmax = maximum temperature of steam in boiler, °F. This is usually at
least 20-25° above the boiling point of water.

Tnin = temperature of incoming water, °F. This is initially the tempera-
ture of the building’s cold water supply, but after initial cycling it
is more likely to be 150-170 °F.

Tonter= temperature of steam as it enters the radiators, °F. This should
be a few degrees above the water’s boiling point.

Texir = temperature of water as it exits the radiators, °F. This should be
below the water’s boiling point, but the cooler the water is while it
is still in the radiator, the more heat it imparts to the adjacent
interior space. Optimal T,,;,= 150-170°.

Step 2. Determine the unit pressure drop per 100 LF of the system’s pip-
ing (Ap below). This is usually 1-8 0z/in? depending on the system’s total
heating capacity and the length of its supply piping. Generally the larger
the system, the greater the pipe pressure drop between the boiler and the
remote radiator; and the steam’s total pressure drop (AP below) must
always exceed this amount (otherwise the steam won’t reach the remote
radiator). In most small systems (H,, < 250,000 Btu/hr), Ap = 2 oz/in°.
Once Ap is determined, find the system’s total pressure drop from

AP = 0.02Ap L

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



CLIMATE CONTROL

CLIMATE CONTROL 161

AP = total pressure of steamflow in system, 0z/in? or psig

Ap = unit pressure drop of steamflow per 100 LF of pipe, 0z/in?

L = maximum length of piping in system: length of piping from boiler to
remote radiator, ft

Step 3. Determine the amount of the building’s total heating load that
flows through each pipe in the system, then size each pipe according to

Co,. = 19.6 Q V62

C = portion of system’s design heating capacity that flows through each
pipe section, Btu/hr
0,s = specific volume of steam at system pressure, cf/Ib. This is found by
entering the system’s total pressure of steamflow (psig) which was
found in Step 2 in the bar graph below:
Air pressure, in. Hg or psig
-— in. Hg vacuum —~—————— psig pressure
20 10 4 2 0 1 2 3 4 5 10 15 50

75 39 31 29 27 25 24 22 21 20 16 14 8
Specific volume of steam, cf/lb

Q = heat of vaporization/condensation of H,0; this = 970 Btu/Ib of H,0
if the system operates at normal atmospheric pressure. If other-
wise, find Q from the bar graph in Step 1.

v = velocity of steamflow through piping, normally 100-140 fps. Vel-
ocities to 200 fps are OK in industrial and other setftings where
pipe noise in not a major concern. Normally this is set at about 125
fps, then the formula is solved for 6 below; then after & is sized the
formula is rerun to solve for Vv to see if its value is acceptable.

6 = diameter of pipe through which steam flows (interior dimension), in.
Solve for this value, then increase to nearest standard diameter.

Note: The above is a general formula for sizing steam piping. Several more
specific formulas for sizing this piping in low-pressure systems are below.

3)C)6)a) One-pipe systems, supply risers, upfeeds® C = 11 Q 62-°
b) Radiator valves, vertical connections®.. € = 7 Q 6258

<) Radiator & rise runouts .................. C =7Q6%
d) Branch vertical piping € .................. C =14 Qs27°
&) Branch horizontal piping ................. C = 14 Q6257

) Two-pipe systems (1-6 psig boiler press.) C = 76 Ap©®-5* §2:60

a. If Ap=0.063 psi/100LF, use formula 6.
b. Pipe diameter must < 2 in.
c. If Ap =0.042 psi/100LF, use formula 6.

0
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Step 4. Lay out the piping system. Make sure enough space exists around
every part, especially at the ends of long runs, because steam piping expe-
riences much more thermal expansion than other piping due to the higher
temperatures involved. Supply pipes should pitch upward in the direction
of flow at least %, in/10 LF (this is the minimum pitch that is allowed where
a sag might occur; thus /g in/LF is wiser design), and, similarly, return pip-
ing should pitch downward in the direction of flow at least %, in/10 LF.
Finally, as scale and corrosion occur in steam piping more than almost any
other kind, every LF of length must be drainable by drain or blowoff valves
installed at the lowest elevations of each run.

3.C.7. Air Heating

An air heating system includes a furnace in which an ignited fuel
warms fan-driven air to 120-145° F, which flows through ducts to registers
in the occupied spaces. Higher temperatures lead to high duct airflow
velocities that create resonant noise, while lower temperatures lead to low
duct airflow velocities that require larger and more costly ducting. The
maximum run from furnace to farthest register should < 80 ft, and the duct-
ing is most efficient if round or nearly square. All ducts should be wrapped
in insulation, especially where they pass through unheated voids, and flex-
ible connections are often installed between the furnace and main ducts to
reduce sound fransmission from the furnace. If return air ducts are
installed, computerized controls may include setbacks, setforwards, oc-
cupancy sensors, and sensors for static air pressure, VOCs, and CO,. The
thermal plume of waste heat in the furnace flue also offers heat recla-
mation opportunities for hot water heating and heat pump cycling.

A furnace must have fresh air to ensure full combustion of its fuel. In
southerly climes and where the furnace is not confined, combustion airflow
is never a problem. But in northerly regions where the furnace is usually
completely indoors, often within airtight construction, a sized conduit
should run as straight as possible from the outdoors to within 24 in. of the
furnace’s air intake; otherwise the unit’s operation may be dangerously
inefficient. Both ends of the conduit should be screened with at least, in.
mesh, the outside opening should face downward, and the area around it
should be clear of any possibly accumulating snow and growing foliage. In
large systems this conduit often connects directly to the furnace, which
has a motorized damper that turns on when the igniter needs fresh air.

As good a rule as any for sizing the air intake conduit is 2 in? of con-
duit section area per 1,000 Btu/hr of fuel consumed. Never obtain the
fresh airflow from nearby occupied spaces. Thus, where these conduits are
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Fig. 3-29. Air heating system componentry.

installed, the furnace area should be partitioned from adjacent spaces
and the intervening door weatherstripped. Also, since the conduit will
carry cold air during extremely cold weather, clad it in insulation and keep
it well away from any water pipes, floor drains, and other water-filled equip-
ment. A few other variables regarding the conduit’s optimal size are the
temperature of its intake air and the ratio of its section area vs. the net
free area of its intake screen. Here it is impossible to quantify all the vari-
ables involved, that the finest solutions require adroit conceptualizing.

In air heating systems, wall-mounted registers should be close to
floors and under windows, floor-mounted registers should be near exterior
walls and also under windows, and grilles should direct airflow across
nearby wall or floor surfaces or in directions that avoid drafts. For details
on register design, see Sec. 3.B.3.

Example 1: Furnace Capacity. A residence in Denver, CO, has a de-
sign heating load of 62,000 Btu/hr. If the house has an air heating
system, size the furnace.

0
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3]0 7)a) Heop = H(1.15 +0.000,034 £)

Hcqp= heating capacity of selected furnace, ? Btu/hr.

Use net ratings as listed in product catalogs.

design heating load of space, 62,000 Btu/hr
elevation above sea level, ft. E for Denver = 5,280 ft.

Heap = 62,000 (1.15 + 0.000,034 x 5,280) = 82,400 Btu/hr
Select furnace whose capacity = 82,400 Btu/hr

H
E

Note: The catalog or specifications from which the furnace is selected
should also give the unit’s minimum flue section area and height.

Example 2: Duct Size. What is the optimal size for two main ducts of’
equal capacity for the above furnace?

é]gl]g] H < 065 A Ky (T/—, - T,)

H = design heating load of space or heating capacity of selected fur-
nace, 89,000 Btu/hr

A = minimum section area of duct (not including insulation), ? in?

Ky = duct velocity factor. From Table 3-3, x, for main duct in res. = 8.

T, = temperature of heated air, 130° F

T, = temperature of indoor air, assume 68° F unless otherwise noted

89,000 < 0.65 x A x 8 (130 - 68) ... A = 276 in? for both ducts
One duct = 276/2 = 138 in°= 12 x 12", 10 x 14", 14" diameter, etc.

Note: If the duct is more than 40 ft long or its width-to-depth ratio ex-
ceeds 2.5, ifs size should be increased according to its air friction losses
and/or aspect ratio as described in Sec. 3.C.i.1.

TABLE 3-3: DUCT YELOCITY FACTORS
~——DUCTS

BUILDING TYPE Main  Branch Outlet
ReSIAENCES ..ot 6.5 5 3.5
Theaters, assembly areas ...............coiiiia.. 8 6 4
Apartments, hotel & hospital bedrooms ........... 10 7 4
Private offices, conf. rooms, libraries, schools ... 12 8 6
General offices, banks, fine restaurants, stores .. 15 9.5 7
Average retail, cafeterias ...l 18 12 9
Industrial, recreation, service, rest rooms ........ 22 18 12
1. These duct velocity factors are for low-velocity systems.
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3.C.8. Air Cooling

Generally known as air conditioning, air conditioners, or AC units,
air cooling systems are compact units usually installed in windows, exteri-
or walls, or on flat roofs. The incoming air may be cooled in an air-to-air
heat exchanger or by refrigerating coils, then in smaller models the cooled
air flows directly indoors through the machine’s supply air grilles while in
larger units the air may pass through a small network of ducts into sever-
al spaces. The best units have environmental controls, can handle up to 50
percent outside air, are fitted with air filters, operate quietly, and are usu-
ally easily maintained via hinged access panels, accessible fan motors, and
easy pull-out filters. The newest models also have computerized controls,
which enable them to be incorporated info tfotal building management sys-
tems. Some systems also have return air ducting, and many include a small
heating coil to satisfy moderate heating loads in winter, a feature that
makes these units popular in the southern half of the United States.
Typical cooling capacities run about 400 cfm of cooling air per ton of
refrigeration, and sizes range from 0.5-20 tons. The mechanics of these
systems have changed little since the 1950s.

If an air cooling system humidifies air, it should not be oversized, as
then the system will tend to overcool the space, which (1) induces its humid-
ity to rise rapidly fo levels that turn the system back on, which resulfs in
frequent cycling and increased wear and tear; and (2) causes the humidi-
ty to rise above the dew point which makes moisture precipitate out of the
air, which can lead to massive buildups of mildew that can practically
destroy the building —as it did to the Imperial Polk County Courthouse in
Barstow, FL, as described in Sec. 3.C.

An air cooling system’s registers should be located in ceilings or at
least 66" high on walls. Ceiling registers should be round or square and
near the center of the zone, and wall registers should be no farther than
10 ft apart to prevent dead air spots. Grilles should prevent drafts from
forming in the lower 6 ft of the zone, which is best done by directing air
across nearby wall or ceiling surfaces. For detailed information on regis-
ter design, see Sec. 3.B.3.

When an air cooling unit removes water from air, the water collects on
its cooling coils, and then must be drained. In small wall-mounted AC units,
the condensate often simply drips onto the ground just outside the wall the
unit is mounted in; but in large systems, it usually empties info a conden-
sate pan that must be carefully designed in terms of local summer design
temperature, total system capacity, cooling coil size, pan pitch, drain diame-
ter, U-trap height, and even coordination of static air pressures. Since
condensate pans are notorious collectors of particulate debris, each
should have an oversize-diameter drain with a removable filter screen and
U-frap, and each must be accessible for periodic cleaning.

0
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Fig. 3-30. Rooftop AC unit componentry.

Air cooling system wastes are primarily cooling losses through the sur-
faces of the ducting. This is minimized by wrapping the ducts in insulation,
which should always be done with ducts located in unconditioned voids.

Example 1: Unit Capacity. If the design cooling load of the living-
den-dining area in a house near Dallas is 51,000 Btu/hr, what is the
capacity of a unit air conditioner serving this zone?

3JC)8)a) cCooling, Btu/hr: 12,000 C.yp = €y, (1.15 +0.000,034 £)
b) Cooling, tons: Ceap = Crop (1,15 +0.000,034 £)

Ccap = cooling capacity of selected AC unif, ? fons
C,,, = design cooling load, Btu/hr. Not applicable.
C,,, = design cooling load, tons. € = 51,000 Btu/hr/12,000 = 4.25 tons.

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



CLIMATE CONTROL

CLIMATE CONTROL 167

E = elevation above sea level, ft. From atlas, E of Dallas = 500 ft.
If E< 2,000 ft, use £= 0.

Cegp 2 425(1.15+0) ... C = 4.89 fons
Install two 2.5 ton units in fwo windows in the area

Example 2: System Capacity. A large one-floor auto dealership near
Atlanta is to be air-conditioned with roof-mounted AC units. If the
building plan and design cooling loads for each space are as shown
in Fig. 3-31, how many AC units are required, what are the cooling ca-
pacities of each, and how should each space be cooled?

Space Cooling load, tons —
A. Showroom ................... 10.30
B. Owner'soffice............... 0.53 F E
C. Sales & secretarial ......... 1.09
D. Service manager’s office ..... 0.39 ‘
E. Garage ...l 14.50
F. Parts department............ 1.41 ¢ |[B|D
A
Fig. 3-31. Floor plan and .
g P o\

cooling loads of spaces.

Solution: Select by trial and error a unit whose tonnage supplies all of a
larger space (showroom or garage) and one or more smaller spaces.

Step 1. Due to the shape of showroom A, two rooftop units will cool this
space, so fry a unit size based on two units. Cooling load/2 units = 10.3/2
=5.15 fons/unit ® two 5 ton units w no cooling remaining for other spaces.

Step 2. Assume that parts department F will be cooled by the units in-
stalled for garage E, then investigate the loads for these areas. Load E +
Load F = 14.5 + 1.41 = 15.9 fons » four 5 ton units, with possibly enough
cooling left for spaces B, C, and D. Leftover load from E and F =4 x 5 -
15.9 = 4.1 tons.

Step 3. Add the cooling loads for spaces B, C, and D and compare the sum
with the leftover load from spaces E and F.

Loads B+ C+D=0.53+1.09+0.39=2.01<4.1
.. four 4 ton units are OK for spaces B-F

0
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Note: Two 5 fon units and two 4 ton units will also work for spaces B-F.
Either way, locate the units over the spaces as shown in Fig. 3-32A.

o . UNIT 4

GARAGE

OWNER'S SERVICE MAN-
. OFFICE AGER'S OFFICE
L S

Fig. 3-32. Floor plan with ducts and grilles located on it.

Example 3: Duct Size. Part of the one-floor auto dealership above is
cooled by a roof-mounted 5-ton AC unit as shown in Fig. 3-32B. If
most of the cooling from this unit flows into the garage and the rest
flows into two offices whose loads are 0.39 and 0.53 tons, what is the
size of the main duct from the AC unit into the offices?

3)C)8)c) cCooling, Btu/hr: Cow = 15K, A
d) Cooling, tons: 800C,,, = x, A .

C,.,= cooling capacity of selected unit, Btu/hr. Not applicable.

C,,,= cooling capacity of selected unit, tons. V =0.39 + 0.53 = 0.92
tons.

Ky = duct velocity factor. From Table 3-3, x, = 22 for main duct in in-
dustrial area (garage) and 12 for main duct in office.
Use smaller value of 12.

A = minimum section area of duct (not including insulation), ? in?

800x0.92 = 12 A
A= 61.6in°>*%8x8in,6x12in,9 in.dia., etc.

Note: If the duct exceeds 40 ft in length or its width-to-depth ratio exceeds
2.5, its size should be increased according to air friction losses and/or the
duct’s aspect ratio as described in Sec. 3.C.9.a, Example 2, Step 8.
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3.C.9. Air Heating/Cooling

An air heating and cooling system may be as small as a refrigerator-
sized unit that heats, cools, humidifies, and filters but does not ventilate
air; or as vast as a heating, ventilation, and air conditioning (HVAC) sys-
tem whose air handling unit alone is the size of a mobile home, whose main
duct may be as large as a hallway, and whose tentacles of ducting snake
hundreds of feet into every corner of the building. Regarding small sys-
tems, one company makes an aftractive 33 x 33 x 94 in. standup unit that has
a capacity of 3 or 5 tons, has frontal access to all components (allowing it
to fit into a corner or snugly between other furnishings), and contains
microcontrols that intelligently determine air requirements and maintain
efficient operation. The unit can discharge conditioned air upward (good
for normal spaces) or downward (good for cooling under raised floors),
and “has everything in one cabinet from one supplier” except a plumbing
connection tfo a remote condenser or chiller.

In large HVAC systems, a central air handling unit drives conditioned
air through an extensive distribution network of ducting, often called a
supply tree, to all interior spaces, then a similar refurn tree draws stale air
back to the central unit for reconditioning. Each system typically main-
tains desirable temperatures and humidities, keeps air fresh, and removes
odors and particulates everywhere in the building; thus they are especially
appropriate in large hermetically sealed ‘air aquarium” occupancies. Many
such systems today also have computerized fire-control overrides, which in
case of fire switch supply plenums to 100 percent outdoor air, activate
dampers to remove accumulating gases from areas of incipient fires, and
draw undesirable air from affected areas after the fire is out. In such sys-
tems sensor location is strategically important.

The most important components of large HVAC systems are the air
handling unit, ducting, and cooling fower. These are described below.

An air handling unit is a little factory that makes clean air. Raw out-
side air and previously-used stale air enter one end of this production
line; then impurities are removed, additives are added, and the air is fur-
ther refined until it is continually comfortable to the occupants. Each unit
typically has two fans that keep the air moving through it (one fan pulls
stale air in from the return ducts while the other pushes fresh air out into
the supply ducts), and each has two or more dampers that during hot or
humid weather mix return air with outdoor air to meet fresh air demands, as
it is often more economical to recondition part of the return air rather than
continually use 100 percent outdoor air as supply. In large buildings
whose occupants, lighting, machinery, and other internal heat sources
generate so much heat that even during cold weather interior spaces
require cooling rather than heating, an oufside air economizer may use
chilly outdoor air to cool interior spaces instead of doing the same with
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fossil fuels, which saves energy and allows system componentry to be sim-
pler and smaller. An air handling unit’s primary subcomponents are further
described below. T

Intake louver. This is a usually rectangular opening that is sized to
receive the building’s required intake airflow, its design parameters being
a minimum 4 x 4 ft face area and 1 sf opening area/400 cfm of required air.
As this opening must minimize the entry of rain, snow, paper, trash, birds,
roof dust, and any particulate exhausts from nearby buildings, it is usual-
ly hooded, fitted with a louver of horizontal vanes, and contains one or two
', in. wire mesh screens before the louver. Also a pair of center-opening
doors are often installed outside the opening to protect the area just
inside during hurricanes, blizzards, and other extreme weather. Thus the
opening must be accessible by maintenance personnel for periodic clean-
ing and removal of collected debris. The opening’s sill should be at least
2.5 ft above the area in front (higher if local snowfall may be deeper) and
it should be 6-12 ft back from the edge of a fairly flat roof because (1) if
placed farther back, during hot weather the intake air will flow over a long
hot roof area and be heated before entering the air handling unit, which
increases cooling loads, (2) if placed closer, during rainy weather possible
updrafts against the side of the building will send water into the air han-
dling unit, and (3) the 6-12 ft flat width provides comfortable access for
maintenance personnel. An HVAC intake louver should never be near motor
vehicle activity, trash dumpsters, or discharge air from cooling towers.

Air heating/cooling systems often require exhaust air louvers
through which may flow much of the system’s stale air. These openings are
designed similarly as intake louvers with the air flowing in reverse.
Parameters for sizing them are minimum 3 x 3.5 ft face area and 1 sf open-
ing area/500 cfm of required air.

Primary damper. Located just behind the air intake louver, this is a
second louver with rotatable horizontal vanes that requlate the incoming
airflow based on momentary system loads and the amount of return air
entering the system. The blades may be up to 12 in. wide and are usually
made of 16 ga. galvanized steel. A similar relief damper is usually placed
on return air openings as an exhaust system check valve and to relieve the
building of excess air pressure. The floor below each such damper should
have a floor drain with a 4 in. curb beyond.

Air intake filter. Behind the intfake damper is usually an air filter,
after which the air that enters the handling unit is essentially clean. The
pressure drop through this semi-barrier must be included when totalling
the static air pressure against the operating fan.

Heating coils. During cold weather this mechanism adds heat to the
intake/return airflow. Each coil is typically a panel of finned steam pipes
that warms the airflow to desired temperatures. Preheater coils may also

T The primary source for air handling componetry was the Handbbook of Air Con-
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Fig. 3-33. Air handling unit, large HVAC system. !

ditioning System Design, prepared by the Carrier Corp. (McGraw-Hill, New
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be installed before and after any return air intake, and, if winter tempera-
tures are well below freezing, just inside the primary damper to eliminate
any ice buildup further inside. The number of rows and fin spacing in each
panel of coils is usually determined by the manufacturer based on the
required temperature rise at each panel. An additional floor drain with
curbs all around is installed under each panel, and a drain valve is
installed on the lowest pipe in each coil so it can be drained in case the
system fails during subfreezing weather.

Cooling coils. During warm weather this mechanism subtracts heat
from the intake/return airflow. Each coil is a panel of looped piping
through which flows chilled water from the HVAC system’s refrigeration
unit, or chiller. Since HVAC systems usually do more cooling than heating,
these units can be quite large. The pipe diameter, pipe spacing, and over-
all design of each coil is usually done by the manufacturer based on the
system'’s total cooling load and the required temperature drop at each coil.
As with heating coils, each coil requires a floor drain below it with curbs all
around plus a drain valve on the lowest pipe to protect the coil if the sys-
tem fails during subfreezing weather. £

Sprayers. These are additional panels of piping that humidify or
wash the airflow at various stages of conditioning. Each is usually followed
by an eliminator that prevents entrained water in the airflow from entering
the ducting beyond the air handling unit.

Filters. These are usually porous panels fitted across the airflow’s
full section area where they strain particles from it. There are several
kinds, as described in Sec. 3.D.1. As no one filter removes every pollutant,
an air handling unit often has more than one kind which together maintain
clean indoor air. Since most filters slow the airflow, a correspondingly
stronger fan and motor is needed to maintain required airflow. All filters
must have access area for inspection, cleaning and replacement.

Supply fan. This whirling bladed or vaned device drives the condi-
tioned airflow into the main supply duct and ultimately through every out-
let grille in the building. Thus this fan must be powerful, which means it is
large, heavy, and noisy. The fan and its motor are typically sized by the
manufacturer based on their operating loads; then the two machines are
mounted on vibration isolators sized according to the fan’s blade fre-
quency, the fan’s inflow and outflow openings are fitted with flexible con-
nections between the air handling unit and the discharge ducting, and its
electric wiring is suspended from acoustic hangers. After this componen-
try is designed, the weight of the fan, motor, mount, and all accessories is
added to the building’s structural loads.

Unit casing. This is the shell that encloses the air handling unit
componentry. It alone is an important system component, and in large
HVAC systems it may be the size of a mobile home. It must be shaped to
enhance linear airflow, which minimizes air stratification and irreqular flow

York, 1965); pp. 2-1t0 2-16. T From p. 171: This figure was adapted from a full-
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Fig. 3-34. Intake louver componentry.

patterns; and its subcomponents should be centrally aligned, which
increases operation efficiency and minimizes plenum air pressure losses.
The casing is usually sheathed with sheet steel that is thick and strong
enough to support itself and withstand the inner pressures and vibrations
created by the moving airflow. Every seam and edge of the sheathing’s
walls and ceilings are screwed to edge supports and diagonal bracing,
both of which are usually 1%, x 1Y, in. steel angles whose thicknesses are
based on the structural loads of each piece. The base of the walls are typ-
ically anchored with small expansion bolts placed 12-16 in. o.c. in con-
crete curbs that are at least 3 in. high x 4 in. wide. Every few linear yards
of the casing’s length should have a hose inlet to facilitate cleaning of the
numerous areas served by the floor drains under each damper, coil, and
sprayer; and the airflow inlet and outlet connections at each end must be
structurally strong, acoustically absorbent, and vibration-resistant. If the

page ad by Miller-Pickering, a subsidiary of York International, in Engineered |l
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unit is so large that each section is a small room that one can walk in, each
such section needs a ceiling light activated by a wall switch outside and a
sheet steel access door faced with %, in. sound-absorbing insulation and
rimmed with felt gasketing. As every air handling unit casing is usually
lined with access doors or smaller access portals on both sides, each
requires an access aisle on each side whose width equals half the casing’s
width: i.e. if the casing is 8 ft wide, each access aisle must be ', x 8 = 4 ft
wide. This width is necessary so that maintenance personnel can pull the
coils and filters out and service them when necessary.

Part of an air handling unit’s design involves knowing how its com-
ponentry will be installed. It does not promote good contracting politics to
have to tear down recently-built walls to maneuver an AHU’s modules into
place, or —as happened in Kansas City recently— cut a particular unit into
28 pieces so it can be taken up an elevator. Here a little design foresight
can lead to lower budgets and happier coffee breaks later on.

The second major component of large HVAC systems is the cooling
tower. In large HVAC systems all of the cooling load —heat transmission,
lighting, occupants, outside air, fans, pumps, etc.— is usually conveyed via
warmed water to one or more of these units where the excess heat is reject-
ed into the atmosphere. There are two basic cooling towers: absorption
and chiller. Absorption units are usually older, about 60 percent larger
than electric chiller towers, and require more energy to run. One’s primary
size determinant, aside from its cooling load, is the local wet-bulb temper-
ature. 78° is representative of most temperate areas in the U.S., but this
may be as low as 61° in dry regions such as central Arizona (where a cor-
respondingly smaller tower is required) and as high as 82° in a place like
New Orleans (where a larger tower is required). In cooling fower operation
the dew-point air temperature is usually detected by a sensor, which mod-
ulates the chilled water supply valve plus outdoor and return air dampers.
Other cooling tower design parameters are:

Flow: typically 2.5 to 3.0 gpm/ton of chiller.

Range: the design At of condenser water cooling is usually from
95° entering temperature to 85° exiting temperature.

Approach: the At between the water’s exiting temperature and the
system’s wet-bulb temperature. Trying to reduce the approach below
about 7° greatly increases the tower’s required size.

Cooling towers should be located well away from any air intake or win-
dows of the parent or adjacent buildings, and plenty of space must exist
around each unit to allow smooth airflow into its fans. As the incoming air
mixes turgidly with the water as its heat is removed, the water becomes high-
ly oxygenated, which fosters corrosion, scaling, and growth of microorgan-
isms. Thus cooling towers are usually made of noncorrosive materials (stain-
less steel, fiberglass, reinforced polyester, efc.), which typically cost 20-40

Systems magazine (Business News Publishing Co., Troy, MI); Jan. 1994, p. 25.
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A VARIETY OF OUTLET
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AIR :
HANDLING N CENTRIFUGAL FAN \
UNIT R ~—— TRANSFORMATIONS
IF
INFLOW/OUTFLOW
DIRECTION 1S

STRAIGHT, USE
AXIAL FAN

‘ 3 INLET MOUNTS: END, TOP, & EITHER
SIDE; & THE OUTLET AT EACH
MOUNT HAS ANY DIRECTION:
STRAIGHT, UP, DOWN, RIGHT, LEFT, ETC.

Fig. 3-35. Inlet and outlet fan connections for air handling units.

percent more; but this is almost always recouped after a few years of oper-
ating life, and stainless steel is strong and rigid —important properties for
a container that may hold tons of water and be exposed to high winds.
Although the thermodynamics of cooling towers are conceptually
simple, they require extensive understanding of many details that are typ-
ically the province of mechanical engineers. Important specifications are:

Capacity: fons.
Dimensions: footprint, height.
Weight: total weight as well as psf of the unit’s footprint.

0
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Volume and prevailing Direction of entering/exiting airflow.

Enclosure: how the surrounding architecture will affect tower
performance. This also includes any nearby buildings or landmarks
that could appreciably affect entering and exiting airflow.

Freeze protection of piping: the interiors of large buildings
often require air conditioning in subfreezing weather.

Service access: routes, portals, and emergency exits from
inside the tfower.

Installation: placing a cooling tower in the center of a roof
usually requires a heavier crane than placement of the tower near a
side, and the crane’s staging area must be located in advance and
designed to be structurally adequate; unless the tower is delivered by
helicopter, which is sometimes done. Other installation problems are
interruption of traffic, hauling permits, time restrictions, police and
fire escorts, etc. Although these are primarily the concern of the con-
tractor, designer input can often shrink these problems considerably.

The third major component of large HVAC systems is the ducting that
extends from the air handling unit to every interior area in the building.
Each may be a low-velocity or high-velocity system. In [ow-velocity systems,
maximum airflow is normally 1,200-2,200 fpm but in certain industrial
applications it may exceed 2,500 fpm, while in high-velocity systems the
maximum airflow may be as high as 5,000 fpm. The primary criterion for
choosing one system or the other is that high duct velocities require con-
siderably smaller ducts, which means lower duct installation costs and
possibly lower floor-to-floor heights; but they also require larger fans and
motors, which means higher operating costs, more sound generated, and
more extensive soundproofing. The choice is essentially low initial costs
vs. low operating costs; but the larger the system, the more the balance
generally leans toward lower initial costs and a high-volume system.

A problem with all HVAC component piping is that it tends to clog and
corrode over time. A clever method of cleaning it is the brush-and-basket
system. This involves interference-fitting intfo each pipe a cylindrical
nylon or steel brush whose diameter is slightly larger than that of the pipe
and which has a polypropylene nose cone on each end to provide a piston
seal, installing a catch basket at each end of the pipe, then turning water
alternately on and off from each side of the brush which pushes it back and
forth inside the pipe. The result: automatic in-line scouring of inner pipe
walls that greatly reduces fouling, pitting, leaking, and shutdowns.

HVAC system design includes establishing fresh air requirements,
sizing the unit, sizing supply and return ducting, selecting desirable duct
layouts and fittings, and designing and locating the outlet grilles. Typical
HVAC system operating temperatures are:

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



CLIMATE CONTROL

CLIMATE CONTROL 177

WARM HUMID EXIT AIR

FAN— o
TOWER CASING—
ELIMINATORS ~ | — — <
HeATER — | /\ /\/\/\/\/\/\4 ~95° IN
W NozzLes |- T T
pLL— o o
_———— —
L__ N
COOL DRY mh S e
ENTRY AIR
) . ™~
T
COLD —N S #85°0
WATER =~ . 4 VAC
OVERFLOW
DRAIN J
/
/ STRUCTURAL
FREEZE PROTECTION ~ SUPPORTS
DRAIN VALVES 15 SANITARY OR
STORM DRAIN
Fig. 3-36. cooling fower componentry.
Heating il ... e 120-145°F
Heating indoor temperature ...t 68° F at 50% r.h.
COOlING QI e e e e 50-60°F
Cooling indoor temperature ...........cccoovvvnenn.... 77° F at 50% r.h.

The whole system should be designed before the building’s structure is
designed, because the weight of every component and any size constraints
should be known first. However, an /& designer may be confronted with a
Catch-22 dilemma because he or she may need to know the structure size
before sizing the AHU and may need to know the AHU size before sizing the
structure. Two solutions to this dilemma are estimates by experienced
designers and extensive collaboration between specialists.

Every part of a large HVAC system should be accessible for monitor-
ing and maintenance.
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3.C.9.a. Low-Velocity Air Ducting Systems *

Also known as conventional ducting, low-velocity air ducting in
HVAC systems is usually defined by the static airflow pressure differential
between one’s discharge fan and remote outlet. For these systems this dif-
ferential is typically divided into three static air pressure classes:

Low pressure: s.a.p.2.50-3.75 in. wg.
Medium pressure: s.a.p.of 3.75-6.75 in. wg.
High pressure: s.a.p.of 6.75-12.75 in. wg.

Static air pressure is the key to successful system design, because
once all the ducts’ theoretical airflows are known, the s.a.p. differentials at
each outlet can be adjusted so the airflow in occupied spaces between
adjacent outlets can be directed as desired. The design method for sizing
low-velocity HVAC ducting that follows is known as the equal friction
method. It is generally superior to another method, the static-regain
method, for most low-volume HVAC systems. A fact of life about any low-
velocity ducting is airflow leakage. It usually varies from 5-30 percent
depending mostly on quality of workmanship. Anything less than 10 per-
cent is usually acceptable. This quantity is usually not added to duct
design calculations because the leakage is usually conditioned air that
enters the building’s interior spaces.

The formula in Example 1 below is useful for estimating the size of an
HVAC air handling unit at the preliminary stages of a building’s design.

Example 1: Preliminary Design. For preliminary design, estimate the
size of an air handling unit for a 3 story rectanqgular building that is
64 = 90 (north facade) ft. Basis is 72° wet-bulb temperature, 55° dis-
charge air, and 15 percent outside air.

Step 1. Estimate the building’s required air supply.
3)C)9)a) Q = nl12L,+12L.+21Ls+24 L, +(L,-24) (L, - 24)]

estimated required building supply air, ? cfm

number of floors in building (perimeters aligned), 3 floors
length of north facade, 90 ft. L, = 48 ft.

length of east facade, 64 ft. L, =48 ft.

length of south facade, 90 ft. [, =48 ft.

length of west facade, 64 ft. L, = 48 ft.

Q = 3[12x90+ 12x64 +21x90 + 24 x 64 + (90 - 24) (64 - 24)]
Q = 24,000 cfm

3

%)

NSO
I

<

Step 2. Estimate the air handling unit’s cooling capacity.

T The primary source for this and the following section was the Handbook of Air
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1,200C =~ Q(3+4S,)

C = capacity of air handling unit, ? tons
Q = required building supply air, from Step 1, 24,000 cfm
S, = portion of outside air used as supply air. 15% =0.15

1,200 C = 24,000 (3 +4 x 0.15) ... C = 72tons

Step 3. Estimate the air handling unit’s height and width. This is based on
the surface area of the unit’s chilled-water coil.

Q = 400 A

required building supply air, from Step 1, 24,000 cfm
required surface area of a.h. unit’s chilled-water coil, ? sf

24,000 = 400 A .. A = 60sf

Unit height: h=4ftif A<30sf,6ftif A<72sf,9ftif A< 108 sf,and 12 ft
if A< 144 sf. If A = 144 sf, install more than one unit. Here A = 60 sf'»
h=6 ft. Add minimum 3 ft clearance above unit.

Unit width: A= hw. IfA=60sfand h=6ft, then60 =6 w » w= 10 ft.
Add 3.5 ft access aisles on each side.

Unit length: Rough out the HVAC system, determine the unit’s required
components and estimate their depths as shown in Fig. 3-37, then add
them to obtain the unit’s estimated length.

=0
non

Example 2. An eight-story corporate office building near Cleveland,
OH, has a total heating load of 2,560,000 Btu/hr and a total cooling
load of 1,414,000 Btu/hr. If the building has a conventional or low-
velocity HVAC system and the most feasible ducting layout for each
floor is shown in Fig. 3-37, size the system’s ducting.

Design strategy: This system has several initial considerations and con-
clusions derived therefrom that are customarily made before any calcula-
tions are performed, as follows:

Consideration 1. The HVAC system’s three most important nonduct-
ing components (air handling unit, chiller, and cooling tower) should be
located as near each other as is practical fo minimize initial and operating
costs. If any one component is so large that it would be more economical
to have two or more smaller units, it is often more practical to divide the
whole system into a corresponding number of smaller systems and locate
them strategically throughout the building.

Conclusion 1. An experienced designer of these systems would like-
ly conclude that the above-described building is so large that it is hard to

Conditioning System Design, prepared by the Carrier Corp. (McGraw-Hill, New [l
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Fig. 3-37. Plan of low-velocity air ducting system.

York, 1965); pp. 2-30 fo 2-63.
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tell whether a low-velocity or high-velocity HVAC system would be more
economical overall. Since low-velocity systems are usually impractical in
buildings that are more than 120 ft tall and this eight-story building is cer-
tainly lower than that, the designer may well say, “Let’s go with a low-V sys-
tem first and see what happens.”

Consideration 2. The system’s air handling unit should be located
where its sound propagation can be most tolerated: e.g. away from any
conference, sleeping, and assembly areas. As sound typically travels hor-
izontally through a building’s occupied spaces more easily than vertically,
usually the best location for the air handling unit is on the building’s top
or its bottom. If the unit is on top, sound propagation is even less of a
problem, but then the unit's considerable weight must be added to the
building’s structural loads for the height of the building. But a top loca-
tion has other advantages: (1) fresh intake air is usually more available,
especially in urban environments, (2) foul air is exhausted more easily, and
(3) slightly less power is required to drive the airflow through the ducting,
because a column of air has a ‘head’ as surely as does a column of water.
For example, if a building is only 270 ft tall, the air at its top is 1 percent
thinner than the air at its base (the air at the top of the Empire State
Building is 5 percent thinner than the air at its base); so when an AHU dis-
charge fan must drive the ducting airflow upward, it has to ‘pump” a tiny bit
harder than when it sends the air downward. Although the difference in
power consumption is very slight, when it is summed for the length of «
building’s rated life, its total amount may be less than the building’s initial
increased structural costs due to the unit’s top location.

Conclusion 2. Locate the air handling unit, chiller, and cooling
tower on the building’s roof. Then the system is a central station system or
a unitary equipment installation. From Table 3-3 the recommended maxi-
mum velocity of the ducting’s airflow can now be determined: for general
offices, main ducts, duct velocity factor = 15; V., = 15 x 100 = 1,500 fpm.

Consideration 3. A large HVAC system is usually packaged and
shipped with all major components completely built so that they only need
to be assembled after being positioned onsite. But getting them to their
proper positions requires logistical planning.

Conclusion 3. The componentry of this large rooftop package will
probably be lifted into place by a crane. At this time visualize how a crane
of the proper height and tonnage capacity will load, lift, and unload the
system’s componentry to the building’s roof. A ground-level staging area
must be provided that is large enough and has adequate bearing strength
to support the crane’s operation. This is also a good reason to locate the
componentry not near the center of the roof but near one side, as then the
horizontal vector of the crane’s load path will be less.

0
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Consideration 4. Wherever the air handler is located, consider its
size and shape. A unit for an HVAC system this size will likely be 30-40 ft
long. The unit’s dehumidifier or air-handling section usually dictates the
unit’s overall height and width, which is important in basement installa-
tions; but on rooftops the unit’s weight is a more serious matter.

Conclusion 4. Align the air handling unit’s ¢ with the ¢ of a girder
spanning two of the building’s columns below: this is the most efficient
location for this structural load. Avoid center-of-bay locations as they
greatly increase maximum deflections in this roof area.

Consideration 5. Knowing that the system’s air handling unit is on
the building’s roof, that one or two main feeder ducts will extend from the
AHU down through the building’s full height, and that on each floor a net-
work of branch ducts will fan out from the feeder ducts to every outlet
grille on the floor, map out the longest duct run from FAN to remote outlet.
This is the duct path that creates the highest resistance to the ducting air-
flow and for which the ducting should be designed.

Conclusion 5. This longest duct run is skefched in Fig. 3-37. Re-
garding further design, the equal-section segments of this duct path are
denoted as follows: FAN® B C® D% £» & G» outlet 1.

Now the ducting may be designed as follows:

Step 1. Locate the air duct grilles or outlets in their most feasible posi-
tions on each floor. In a general office area this is usually done by arrang-
ing them in a grid pattern, then determining the most feasible and efficient
route of branch ducting to each outlet on the floor. This has been done in
Fig. 3-37. Note that each ceiling outlet in the general office area serves a
specific floor area, or outlet bay area, of approximately 22 x 20 = 440 sf.
Also note that each rest room, elevator shaft, stairwell, and electrical clos-
et (E) has an outlet (each may be mounted in the ceiling or high on a wall).

Step 2. Determine the portion of the building’s heating load that must be
delivered to each outlet on each floor in the building. To the extent that
each floor has the same plan, this work may need to be done for only one
or two floors. This labor is also made easier by analyzing the building’s
envelope spreadsheet or whatever tabulations were made to determine the
building’s total heating and cooling loads.

A crucial consideration: although each duct outlet generally serves
an equal floor area or zone, the heating and cooling loads of each zone
may vary widely, because any floor areas bordered by exterior walls usu-
ally require different loads. For example, in Fig. 3-37 compare outlets 1, 2,
and 9. Although each outlet serves the same floor area, zone 1 is bordered
by 42 F of exterior wall, zone 2 by 20 F, and zone 9 by zero LF. Thus the
three outlets should have different supply air delivery rates to satisfy
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their different heating and cooling loads. If the outlets’ primary intent is
to satisfy ventilation requirements, that’s a different story; but two of the
most widely-used texts on this subject wrongly describe the sizing of such
duct outlets only in proportion to their floor areas served —and this may
be why many HVAC systems require so much balancing and tinkering after
they are installed and still they cause a lot of Sick Building Syndrome.
Since the top story’s ceiling and the bottom story’s floor are part of the
building’s envelope, these two stories also have different heating and
cooling loads than the interior floors, and thus they tfoo have correspond-
ingly different supply air delivery rates. A third load imbalance occurs
because during certain times of year the zones behind one facade may
require heating while similarly occupied zones behind another facade may
require cooling. For example, on a sunny mid-May morning in Cleveland, the
perimeter office areas behind the building’s shaded west facade will likely
require heating while the areas behind the building’s sunlit east facade will
likely require cooling. If the HVAC system supplies only warm or cool air,
both comfort requirements cannot be satisfied at the same time. Three
solutions to this are (1) install adjustable louvers behind the building’s
facades, (2) design the HVAC system primarily to satisfy cooling loads then
install in each zone's branch duct a splitter damper that contains reheat
coils, or (3) install an air-water heating/cooling system as described in
Sec. 3.C.10. Usually the most common solution employed is (2). Also, for
simplicity’s sake only, the heating and cooling loads for all eight floors of
this building are considered as equal in the calculations that follow.

Step 3. Knowing the building’s total heating and cooling loads and v,
and tentatively assuming that the primary feeder duct at the face of the
discharge fan is square, size this duct from the two formulas below. The
larger size governs.

3)C)9)b) a. Heating load: s = 12.4[H/y (7, 7)1°°
b. Cooling load: s = 2.58 (€/y, )°

s = width of one side of duct section if it is square, ? in. This is the
section’s clear width from one inner face to the opposite inner
face. This dimension does not include any lining inside or outside
the duct wall.

H = design heating load of HVAC system, 2,560,000 Btu/hr

€ = design cooling load of HVAC system, 1,414,000 Btu/hr

Vpax= Maximum recommended velocity of ducting airflow, 1,500 fpm

T, = temperature of heated air, assume 140° F unless otherwise noted

T, = optimal temp. of indoor air, °F. Assume 68° F for heating load.

Heating load: s = [165 x 2,560,000/1,500 (140 - 68)]045 =62.5in.
Cooling load: s = [7-13 x 1,414,000/1’50010-5 =83.1in. )

0
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Step 4. Knowing s and v, find the ducting’s unit s.a.p. loss due to duct
friction from
10,700,000 AP 59122 = x, L V"

AP = units.a.p. loss due to duct friction, ? in.wg/LF of ducting.
Here solve for AP at length of duct = 1.00 ft, then use AP as a
reference value in subsequent calculations.

K, = inner wall surface roughness coefficient of duct.
K, for galvanized sheet steel = 0.009.
L = length of duct, ft. From above, unit L = 1.00 ft.

sand v, are as previously defined

10,700,000 x 83.19722 AP = 0.9 x 1.00 x 1,500"82
AP =0.000231 in. wg/LF of duct

Step 5. Make a schedule of the duct lengths that comprise the system’s
longest ducting run from discharge fan to remote outlet. This is the duct
path that was described in Consideration 5 above as Fan» AB» C=» D %
E=» % G#» outlet 1. From examination of Figs. 3-37, the duct segment Fan
®» B extends from the air handling unit’s discharge fan on the building’s

DUCT PATH SIZING SCHEDULE

1 2 Duct airflow vols 5 6 7 8 9 10
Length  at each split, cfm % airflow % section Section area

DUCT of duct T in ducts area in each of each

irflow irflow T — in2

SEGMENT s?r??gln’r into o nto_From branch duct duct, in

P *  longest longest Iong’st long’st Long’st Other Long’st Other

T, run run run run run  run run run
Fan % A 7 70,000 — 100 — 100 — 6,910 —

A®Bg 10+2e 42,800 29,190 59.5 40.5 67.0 485 4,630 3,350
Bg® B, 12 37,460 5,350 87.5 125 89.5 19.0 4,410 880
B, By 12 32,100 5,350 85.7 14.3 88.5 21.0 3,900 930
Bs = B 12 26,760 5,350 83.3 16.7 87.0 235 3,400 920
B; =% B, 12 21,404 5,350 80.0 20.0 84.5 27.0 2,880 920
B,= B; 12 16,050 5,350 75.0 25.0 80.5 32,5 2,320 940
B;=» B, 12 10,700 5,350 66.7 33.3 735 41.0 1,710 950

B, C 12 5,550 5,350 50.0 50.0 58.0 58.0 990 990
C®D 15+2¢ 2,980 2,370 55.7 443 635 525 630 520
D»E 4 2,410 571 80.8 19.2 855 26.0 540 170
E=F 18 1,830 580 759 24.1 81.0 315 440 170
F® G 16+2e 914 914 50.0 50.0 58.0 58.0 260 260
G»H 20 631 283 69.0 31.0 755 375 200 100

He 71 24+1e 345 286 54.7 443 62,5 525 125 —

Fig. 3-38. Duct path sizing schedule.
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roof to junction A where it branches into two feeder ducts A and B, of which
the segment to pt. B is the longer; then duct segment B # C extends down
from the roof to the first floor where it splits intfo branch ducts at each
floor level and into a final branch at pt. C on the first floor; then duct seg-
ment C # D extends horizontally above the first floor’s finished ceiling
where it branches at junction D, then duct segments D F, E®» F, F® G,
and G # 1 extend and branch similarly fo remote outlet 1.

In column 1 of the schedule that comprises the longest duct run of
Fig. 3-38, enter the name of each duct segment in the run.

In column 2, assume that the lengths of each duct segment are
obtained from other parts of the Plans, then enter their lengths in this col-
umn. The letter e denotes the number of elbows in each duct segment.

Regarding columns 3 and 4 of the schedule: first determine the re-
quired cooling load to be delivered to each outlet on each floor (here
assume the outlet lengths on all eight floors are identical). Remember the
loads are not all the same because their floor areas are the same. Next,
find the airflow required to meet each cooling load from the formula

a. C, = 20.2Q  wherein

C, = cooling load of each outlet, Btu/hr. If the system’s heating load
governed the sizing of the primary duct’s side s in Step 3, then
each outlet’s required airflow is found from

b. Ho = 0.87 Q(Th_ T,)
Q = volume of airflow required to satisfy each outlet’s cooling load, cfm

Then, knowing the required cooling or heating airflow for each outlet, sum
the airflows that branch from each duct split on the floor. To obtain these
amounts, work upstream from the outermost ducts toward the central feed-
er ducts B and A, then up through each floor to the discharge fan. Finally,
enter the two airflow rates that stem from each split in the ducting in
columns 3 and 4 of the schedule. For example, if the design airflow rates
for outlets 1, 2, and 3 are 345, 286, and 183 cfm, in columns 3 and 4 the
entries for duct segment H # 1 are 345 and 286 cfm, the entries for duct
segment G # H are 345 + 286 = 631 cfm and 286 cfm, and the entries for
duct segment F® G are 631 + 283 = 914 cfm and (because duct segment F
» 4% 58 6=ductsegment F» G=» H®» 1) also 914 cfm.

After filling in columns 3 and 4, to fill in columns 5 and 6 simply make
a ratio of the numbers in columns 3 and 4 to determine the percent airflows
at each duct split that flow into the longer run (col. 5) and the shorter run
(col. 6). For example, in line H® 1, at duct split H, 345 cfim from col. 3 flows
into the longest duct while 286 cfm from col. 4 flows into the other duct.
Thus in col. 5 enter the percent that flows into duct H# 1= 100(345/345 .
286) 54.7 percent, then in col. 6 enter the remainder (45.3 percent).

0
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Step 6. Determine the percentage section area of each branch duct com-
pared to its stem duct area at each duct split. These are the equivalent
section areas of each branch duct if it is square that will maintain equal
duct friction in each duct after each split. The equivalent areas for each
pair of branch ducts will be entered in columns 7 and 8 of the schedule,
then later these effective square areas will be used to redimension each
duct segment if it is round or rectangular. This time, start at the beginning
of the ducting (e.g. the section area of the primary duct at the face of the
discharge fan) and work downstream toward the outlets. The percent areas
of the two branching ducts is found from the bar graph below as follows: if
the airflow in the longer branch duct is 59.5 percent, enter the bar graph'’s
lowest scale at its left, move to the right to 59.5, then read the number just
above: it is 67 percent of the stem duct’s area. The shorter branch duct’s
section area is found by subtfracting 59.5 from 100 = 40.5 percent, then
entering the same graph scale and proceeding to 40.5 and reading the
number just above: it is 49 percent of the stem duct’s area. Note that the
branch duct area is 67 + 49 = 116 percent of the stem duct area; the area
increase compensates for the friction loss incurred at the duct split and
ensures that the branch airflows have approximately the same unit pres-
sure drop per LF of run as does the stem airflow. The bar graph has been
used to obtain the entries in columns 7 and 8 of the schedule.

Duct area (sf): % of main duct area
0 5 10 15 16.5
I - \‘\ II - ‘I \II - ||I |I

1 3 45 6 7 8 9 10

‘ﬁﬁu//%area (sf): % of main duct area

0 16. 5 20 40 50 60 70 80 90 100
I L | L | L L | L | L ‘ L | L ‘
0

| L e e e e e Y S
10 20 30 40 50 60 70 80 90 100
Duct capacity (cfm): % of main duct capacity

Fig. 3-39. Duct sizing bar graph.

Step 7. Find each duct’s section area. Again start at the fan face and work
downstream toward the outlets as follows. From Step 3, if the primary
duct’s side = 83.1in, its effective section area = 83.1° = 6,910 in?; so enter
this number in Line FAN # A, col. 9 of the schedule. Then in the next line
down, which is line A ® By, 4, if col. 7 says the area of feeder duct B is
67.0% of the stem duct’s areq, this duct’s effective section area = 0.67 x
6,910 = 4,630 in, and similarly the area of feeder duct 4 is 0.49 x 6,910 =
3,360 in®. Thus on line A ® By, 5 in col. 8 enfer 4,630 in® and in col. 10
enter 3,360 in. In like manner find the effective section areas of each
branch duct and enter their values in columns 9 and 10 of the schedule.
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Step 8. Determine the most feasible sections for each length of ducting.
Until now every duct section has been considered as square; but in some
places, such as where little headroom exists between a suspended ceiling
and the structure above where a horizontal duct must be installed, rec-
tangular sections are the rule and not the exception; and in other places,
especially where small ducts run, they are often more efficient and less
expensive if round; and when the ducting is really small, 3 or 4 in. diame-
ter flexible conduit may be the best choice. Here this sizing will be done
only for a few of the duct segments in the schedule.

Referring to the first line of column 9 of the schedule: the section
area of the primary duct that runs from the discharge fan to the A-B split
at pt. A is 6,910 in?. Depending on available space, nearby structural
obstructions, etc., this and all other duct sections are sized as follows:

Step 8a. If section is square: A = s?

Wherein s = length of one side. Solve for s, then:
If' s < 48 in, select the next largest multiple of 2 in.
If's = 48 in, select the next largest multiple of 4 in.

Step 8b. If section is round: Ao = 0.933 62

Wherein 6 = section’s diameter. Solve for 6, then:
If' 6 < 48 in, select the next largest multiple of 2 in.
If' 6 = 48 in, select the next largest multiple of 4 in.

Step 8c. If the section is rectanqular: A, ,=ab

Wherein a and b are the rectangle’s sides, a > b,
and b = 6 in. Select a reasonable value for g,
then find b from b= A, + g, then
If aor b<48in, select the next largest multiple of 2 in.
If aor b =48 in, select the next largest multiple of 4 in.

An important consideration for any rectangular section is its aspect ratio:
the ratio of the rectangle’s long side to its short side, or @/p. If the sec-
tion’s aspect ratio = 2.0, its section area must be increased according to

Step 8d. Uep bojg = Apjg {1 +0.072 [(Aoia/p2) = 1} = A,
Knowing b and A,,,, solve for aor A,., .

For example, say the chase through which vertical duct B® Bgs® B, » B, »
B;» B,=» B; % B, ® Cextends down from the roof to the first floor can be
only 44 in. wide. Then this duct’s width could be 44 in. for its whole 84 ft
length while its long side becomes progressively shorter at each floor, as
sketched in Fig. 3-40. Then at the duct’s top just above the 8th floor it
would be sized as follows:

Aps = 4,630 in?> = a b wherein shorter side b = 44 in.
. a=4,630/44 = 105.2 in.

0
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Check aspect ratio < 2.0: 105.2/44 = 2.39 & NG
Lax44 = 4,630 {1+0.072 [(4630/442) - 1}
a=115.7in.

As a < 48 in, select next largest multiple of 2 in:
44 & 44 in.
As b =48 in, select next largest multiple of 4 in:
115.7 =% 116 in.
Size of duct at top of run: 44 x 116 in.

At the duct’s bottom just above the first floor, it is
sized as follows:

Ac= 990 in? = a b where longer side a =44 in.
b = 990/44 = 22.5 in.
Check aspect ratio < 2.0: 44/22.5 = 1.96 » OK

As a < 48 in, select next largest multiple of 2 in:
44 & 44 in.
As b < 48 in, select next largest multiple of 2 in:
22.5 % 24 in.
Size of duct at bottom of run: 44 x 24 in.

Thus duct B» B;» B, % B;» B;» B,% B;% B,% C,
or duct B-C for short, should be similarly sized at
each junction where its stem divides into two
branches at each floor, as sketched at right. Due \
to this page’s limitations of space, the vertical Fig. 3-40.
length of this duct between each split is signifi- Duct section 1.
cantly reduced.

Now let’s examine the bottom of duct B-C where it splits into the two
horizontal ducts C® D EF& Fand /# /®» K, etc. Here duct segment C—-F
is the larger, and from the schedule of Step 5 its section area at junction
C = 630 in?; then its area becomes progressively smaller toward its far end,
as sketched below. Say the available vertical space between the suspend-

T0¢78,9

T041-6 €
N 10010,11,12

Fig. 3-41. Duct section 2.

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



CLIMATE CONTROL
CLIMATE CONTROL 189

ed ceiling below this duct and the building’s structure above is only 17 in.
Then b = 16 in. (the next lowest multiple of 2 in.) and a is found from

Ac= 630in? = @ wherein shorter side b = 16 in.
. a=630/16 = 39.4 in.
Check aspect ratio < 2.0: 39.4/16 = 2.46 » NG
sax16 = 630 {1+0.072 [(630/162) - 1}
a = 43.51in.
As a < 48 in, select next largest multiple of 2 in: 43.5 ® 44 in.
Size of duct C» D» E£# fat start of run: 16 x 44 in.

Every segment of this duct may now be designed with a uniform depth of
16 in. from junction Cto junction F. For example, at junction F,

Arc= 260in? = ab =16 b
b = 260/16 = 16.3 in.
Here a width of 16 in. is OK
Size of duct at junction FG: 16 x 16 in.

The duct segment F® G # H# can now be designed

, G=200 qs sketched at left. The section dimensions of duct

F® Gis 16 x 16 in; then, similarly as computed

above, the section dimensions of duct G » H are

16 x 14 in, and the dimensions at junction Hare

16 x 8 in. However, the remaining duct seg-

F=260  pentHw1 may be more efficiently designed
if its section is round. Therefore, check

] Ao = 0.933 52
) 125 = 0.933 62
16 6 =11.6%12in.

Fig. 3-42. As 12 in.is less than the maximum allowable head-
Duct section 3 room, duct segment H# 1 can have a 12 in. diam-
eter as sketched below.

|f a ﬁn(}l dUCT Seqmenf 459 ELBOW

is less than 12 ft long

and its airflow is \
25-175 cfm, it may be ,+/
sized as a 3 or 4 in. [
diameter flexible con- 12" DA
duit. Then, knowing

the duct’s airflow, find  guTLET
its effective pressure GRILLE

drop from the graph in ~ 7
fig. 3-44. Fig. 3-43. Duct section 4.

RECTANGLE-TO-CIRCLE
TRANSFORMATION
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Effective AP for 4 in. dia. flexible duct
0.005 0.010 0.020 0.030

|\\\\\|\\\I\l\lllullullluule3in’di0.
L L L L
cfm—30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
4in. diO- > || ‘\ ‘\ ‘\ ‘\ II |\ I\l\l\l |‘ \l \‘ \l \‘ || \‘ |I I\ I| II
0.005 0.010 0.015 0.020 0.025

Effective AP for 4 in. dia. flexible duct

Fig. 3-44. Bar graph for sizing flexible conduits.

Note: If the interior of any duct is fitted with acoustic liners, its section
dimensions as computed above must be the minimum clear width between
the inner faces of the inserted liner.

The ducting system is now essentially designed. Subsequent steps deal
with refinements.

Step 9. Find the effective length of each duct segment. Here this will be
done only with the system’s longest duct run as outlined in the schedule of
Step 5. Usually the effective length of every tee, elbow, contraction, frans-
formation, obstruction, etc. is found either by extensive tables or formu-
lae; then all the fittings’ effective lengths are added to each duct segment’s
actual length to obtain its effective length L.. But in most cases, a much
simpler and reasonably accurate method of finding L. is to borrow a page
from plumbing design: include a safety factor for a normal number of fit-
tings. Then its effective length may be found from

L.~ 12L

L. = equivalent length of ducting: this includes the length of the duct
plus a safety factor for a normal number of fittings, ? ft

L = actual length of ducting, ft. From col. 2 of schedule of Step 5,
L =198 ft.

v, = initial duct airflow velocity at face of discharge fan, fpm.
From initial conclusion 2, v; = 0.9.

L, = 1.2x198 = 238 ft
Step 10. Determine the duct’s units.a.p. drop due to duct friction depend-
ing on the shape of the duct’s section as described below:

a. Circular duct: AP, = 0.00137 (1 - 0.000034 £) x,. L, Q'-82/5486
b. Square duct: AP, = 0.00076 (1 - 0.000034 F) x, L.Q"-8/s486
c. Rectang. duct: AP, = 0.00076 (1 - 0.000034 F) x, L.Q"%/(a b)>*

AP, = unit s.a.p. drop in duct due to airflow friction loss, in. wg/LF

I
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E = elevation of building site above sea level, ft. Any estimate of £ with-
in a few hundred ft is OK. From atlas, E for Cleveland = 600 ft.
L. = equivalent l[ength of ducting, from Step 9, 238 ft
Q, = initial airflow rate in duct at face of discharge fan, cfim.
From col. 3 of schedule of Step 5, Q; = 70,000 cfm.
K, 6, s, a,and b are as previously defined.

Tentatively assuming the duct is square:

AP, = 0.00076 (1 - 0.000034 x 600) 0-9 x 238 x 70,000"%%5 ;4 86
AP; = 0.047 in. wg/LF

Step 11. Find the duct’s initial static air pressure loss due to its initial
velocity from

AP; = 0.0013 (1.0 - 0.000034 E) (Qi/4)?

Aj

I

initial s.a.p. loss due to operation of discharge fan, in. wg/LF

section area of duct at face of discharge fan, in2.

A; of square duct whose side = 84 in. is 84 x 84 = 7,056 in°.
All other values are as previously defined.

AP; = (1.0 - 0.000034 x 600) (70,000/57 5, 7 056)° = 0.125 in. wg

I

Step 12. For each outlet in the ducting find the static pressure regain at
the outlet. Static pressure regain could be called the ‘gush effect,
because as air flows through most of the ducting it has a ‘plug” of air in
front of it that slows it down slightly; but as the air nears an outlet, the
plug dissipates, which creates a ‘loss of normal pressure loss’ —i.e. a pres-
sure regain. Although static pressure regain is usually low in low-velocity
ducting, it can be significant in high-velocity systems.

Before each duct’s static pressure regain can be found, the airflow’s
velocity at the beginning and end of the duct must be known. Here this cal-
culation will be performed only for the ducting’s remote outlet 1.

a. Inlet velocity: v, = 144 Qi/p,
b. Outlet velocity: v, = 144 Qo/4,

Q, = initial volume of airflow rate in duct at inlet, cfm.
From col. 3 of schedule of Step 5, Q; = 70,000 cfm.

A; = section area of duct at inlet, in?. From Step 10, A, = 7,056 inZ.

Q, = final volume of airflow in duct at outlet, cfm.
From col. 3 of schedule of Step 5, Q, = 345 cfm.

A, = section area of duct at outlet, in2. From Step 8, final duct segment
H# 1has 12 in. dia. .. A, =0.785 62 = 0.785 x 122= 113 in?,

a. Initial velocity: v, = 144 x 70,000/7,056 = 1,430 fpm
b. Final velocity: V, = 144 x 345/113 = 439 fpm

0
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Then, knowing the outlet airflow’s initial velocity v; and final velocity v,
find the outlet’s static pressure regain from formula ¢ or d below:

c. If V; = V, (the usual situation):

AP, = 0.75 (1-0.000034 E) [(Vi/4 005)? - (Vo/4,005)%] ... D
d. If Vv, <V,:

AP, = 1.10 (1-0.000034 E) [(Vi/4,005)? - (Yo/4,005)°]

AP, = static pressure regain at outlet, in. wg
All other values are as previously defined.

AP, = 0.75 (1-0.000034 x 600) [(1,430/4,005)? - (345/4,005)]
AP, = 0.088 in. wg
Step 13. Find the total static air pressure loss at each outlet. Here this
calculation is performed only for remote outlet 1.

AP; = L,AP, + AP, - AP,

AP, = total static air pressure loss at outlet, ? in. wg/LF

L. =-equivalent l[ength of duct, from Step 9, 238 ft

AP, = unit static air pressure drop in ducting due to airflow friction
loss, from Step 10, 0.047 in. wg/LF

AP; = initial static air pressure loss due to operating pressure of dis-

charge fan, from Step 11, 0.125 in. wg/LF
AP, = static air pressure regain at outlet, from Step 12, 0.088 in. wg/LF
All other values have been previously defined.

AP, = 238 x 0.047 + 0.125 - 0.088 = 11.2 in. wg.
This is a fairly large total pressure loss;
it suggests there may be a better way to design this system

Step 14. Design the grille for each outlet. This is done by (1) determining
the outlet’s optimal throw by analyzing the space its airflow is entering, (2)
estimating the outlet grille’s throw from the formulas below, (3) comparing
the optimal throw with the actual throw, and (4) making any adjustments if
necessary. Here this is done only for remote outlet 1.

(1) Analyze the space the outlet airflow is entering. From the duct layout
on each floor as sketched in Fig. 3-37, assume a ceiling outlet, then draw
a section through the space as sketched in Fig. 3-45. Assume the spatial
dimensions that are shown. This analysis indicates that the outlet’s aver-
age throw is about 8.5 ft.

(2) Knowing the outlet’s airflow velocity, estimate the outlet’s average
throw from the formulas below:
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AIRFLOW mp m 8-9" - 2-6"=6.25 FT
VERAGE { T=(6.25% + 5.752)0%
= 8.5FT
4 LENGTH OF
THROW = T x /
8'g" o
©
S A S e
2'-6" —e-5.75' 5.75 FT
d
} /‘

Fig. 3-45. Section through space served by outlet 1.

a. Straight throw (outlet vanes arranged as I ):
T = 0.0015 v'>

b. Spread throw (outlet vanes arranged as \\\\1//.2"):
T = 0.0028 v'>

T
v

throw of vaned outlet, ? ft
outlet airflow velocity, fpm

In this space, a spread throw is recommended because the levels of the
office desktops (a good average working height for this occupancy) are
wide compared to their distance from the outlet. As v = Q [outlet airflow
volume, fpm] = A [section area of outlet, sf], and as Q can be obtained from
col. 3 in schedule of Step 5 and A was found in Step 8, the outlet’s airflow
velocity can be found from
c. Q = VA
345 = U x 0.785 x 122/144 ... V = 440 fpm
For spread throw, 7 = 0.0028 x 440" = 13.8 ft

(3) Compare the outlet’s optimal throw with its actual throw:

2
Tap timal ~ Tac tual

8.5 not =~ 13.8 » NG

(4) Make any adjustments if necessary. If T,...q/1S too long, consider one
or more of the four remedies below. If T, iS too short, consider the
opposite of the remedies below.

Remedy 1. Use a wider throw. This could be done here by
installing a grille with ultra-spread vanes.

Remedy 2. Move the grille farther from the task plane.

Remedy 3. Aim the airflow obliquely across the task plane, or

0
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install a grille with ultra-spread vanes.

Remedy 4. Increase the outlet’s section area. Try this by using
Q = V/4 to decrease the outlet’s airflow velocity by increasing
the outlet’s section area as below:

If Toptimar = 8.5 ft, then for an optimal spread throw,
8.5 = 0.0028 v'> ... V=210 fpm
Then 345 = 21074 .. A =345/210 = 1.64 sf or 237 in?

Thus increase the outlet’s section area from 125 in? to 237 in? to create
the grille’s optimal throw. However, this section area is not the grille’s total
area but its net free area, which is the section area of the open spaces
between whatever vanes or lattices the grille’s fauce may have. To find the
grille’s full area, use the formula below:

d. Arorana = Anfa

Asor = required total face area of grille, ? in?

K,z = net free area factor of grille. Say the selected grille’s open spaces
occupy 60% of its face area; then x5, = 0.60. This data is often list-
ed in manufacturers’ catalogs. If not, the grille’s face area may have
to be measured manually; such labor would be worth the few minutes
it would take if many such grilles were to be installed throughout
the building.

Anmm = net free area of grille, in. 12" DIA.

This equals outlet’s originally ¢

12" DIA.

4/ 24" DIA.
-

req. section area, or 237 in?.

Aror x 0.60 = 237

Afor: 395 in2 “iA\\
Tentatively assuming that this grille SPREAD, RADIAL,
is circular, the outlet duct behind it OR ARCUATE VANES

can be now be resized as follows:
A = 395 =0.785 &2 Fig. 3-46. Section through

5=22.4in2 ... use 24 in.dia. duct outlet and grille.

Step 15. Design the return grilles for each outlet. Here only the return
grille for the floor area served by outlet 1 will be designed. First, find the
return air grille’s net free area from

A Appor = 0.8 Appys = 0.8 %237 .. Ayr = 190 in?

Then find the return grille’s required total face area from below. Again say
the selected grille’s open spaces occupy 60 percent of its face area.

b. Arorana = Anfafr
Aor ¥ 0.60 = 190 ... Ay = 317 in?
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If the grille is circular:
A, = 317=0.785 6% ...6=21.7in’ ® use 22 in. dia.

The return air grill should be located where it will promote maximum air cir-
culation throughout the space between it and the supply air grilles.
Sometimes it is wise design to have two return air grilles instead of one.

Example 2. After the HVAC ducting was designed throughout the
building of the previous example, it was found that the static air pres-
sure drop to outlet 15 in the men’s room is 11.9 in. wg, while the s.a.p.
drop to outlet 19 in a public hallway just outside the men’s room is
11.7 in. wg; thus the higher air pressure in the men’s room induces
foul air to flow from that room into the hall. If the diameter of duct
outlet 15 is 10 in. and that of duct outlet 19 is 8 in, how can the foul
airflow be reversed so that air flows from the hall into the men’s room?

Solution: If a duct outlet’s diameter is decreased its airflow velocity
increases, which increases the s.a.p. drop at the outlet. Thus the foul air-
flow may be reversed either by decreasing the diameter of duct outlet 15 or
by increasing the diameter of outlet 19. Usually it is better to do a little of
both. Thus try decreasing the diameter of duct outlet 15 from 10 to 8 in.
and increasing the diameter of duct outlet from 8 to 12 in. The minimum
s.a.p. differential required to move air between two spaces is usually 0.03
in. wg, average is 0.05 in. wg, and maximum is 0.15 in. wg. Recomputing the
pressure drop to this outlet according tfo Steps 12-14 above:

Revised s.a.p. drop fo ouflet 15: 11.9 % 11.7 in. wg at 8 in. dia.
Revised s.a.p. drop tfo outlet 19: 11.7 % 11.8 in. wg at 12 in. dia.

Example 3. What is the weight of a primary duct assembly that is con-
structed of galvanized sheet steel and dimensioned as sketched in
Fig. 3-47 below?

Step 1. Examine the duct assembly’s drawings, then measure and tabulate
the area of every surface.

From said measuring, the assembly’s top, bottom, side, and end surfaces
together are found to have a total area 0f172,000 in?, or about 2,000 sf.

Step 2. Determine the thickness of the duct metal’s surfaces from Table
3-4. This table indicates what a duct’s minimum gauge thickness should be
based on the minimum dimension of its largest surface. Since the assem-

0
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Fig. 3-47. Primary duct assembly.

TABLE 3-4: SHEET METAL WEIGHTS & THICKNESSES —

UNIT WEIGHT, PSF, AT EACH GAUGE THICKNESS
TYPE OF METAL 26 24 22 20 18 16 14

Hot rolled steel 0.750 1.000 1.250 1.500 2.000 2.500 3.125
Galvanized steel 0.906 1.156 1.406 1.656 2.156 2.656 3.281

Stainless steel 0.790 1.050 1.310 1.580 2.100 2.630 3.280
Aluminum 0.015 0.288 0.355 0.456 0.575 0.724 0.914
Copper 0.737 0.932 1.178 1.484 1.869 2.355 2.972

THICKNESS, IN, AT EACH GAUGE THICKNESS
TYPE OF METAL 26 24 22 20 18 16 14

Hot rolled steel 0.018 0.024 0.030 0.036 0.048 0.060 0.075
Galvanized steel 0.022 0.028 0.034 0.040 0.052 0.064 0.080

Stainless steel 0.019 0.025 0.031 0.038 0.050 0.063 0.078
Aluminum 0.015 0.020 0.025 0.032 0.040 0.051 0.064
Copper 0.016  0.020 0.025 0.032 0.040 0.051 0.064
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bly’s various panels are fairly similar in area, it is best to make all the pan-
els the same thickness. Do not consider curved surfaces unless they are at
least twice as large as the largest flat surface.

From examination of Fig. 3-47, the surface with the largest least dimension
is panel A, whose least dimension is 84 in. If the ducting is galvanized
sheet steel, from Table 3-4 the minimum gauge thickness for sheet steel
whose least dimension is 84 in. is 20 gauge.

Step 3. Find the unit weight of the metal used in making the total duct
assembly. From Table 3-4, the unit weight of 20 ga. galvanized steel = 1.656
psf. Thus the total weight of the ducting’s surfaces is

2,000 sf'x 1.656 psf = 3,312 = 3,300 Ib

Step 4. Add to the above amount the weight of the other materials the
ducting is made of: shells, vanes, fire dampers, seam strips, girth reinforc-
ing, corner reinforcing, diagonal bracing, stay bracing, support bracing,
access door framing, acoustic mounts, probably two buckets of screws and
bolts, probably insulation on the outside, and possibly acoustic lining on
the inside. In lieu of more articulate data, assume that all these materials
weigh 2.2 x the sheet metal’s estimated weight. Thus the assembly’s total
estimated weight is
3,300 (1 +2.2) = 10,600 Ib

3.C.9.b. High-Velocity Air Ducting Systems *

Also known as VAV ducting or VAV systems, this ducting is smaller
and lighter than low-velocity ducting, which may lead to lower buildings
and less structure. Balanced against this is the need for more powerful
fans and motors, which means higher operating costs. But slightly lower
buildings may also mean slightly less elevator operation, slightly less
maintenance, and a number of other minuscule advantages relating to
economies of scale. So the decision is usually based on depthful circum-
spection + adroit conceptualizing + extensive experience.

High-velocity ducting can handle airflows as high as 6,000 fpm, and
duct diameters may range from 3—-60 in. Thus these systems can handle vol-
umes of airflow exceeding 100,000 cfm. The ducting is almost always round,
as circular surfaces are more inherently rigid than square or rectangular
ones, and the ducts are typically made of a spirally braced tubing aptly
named SpiriPipe. Elbows, tees, and other fittings are carefully selected in
terms of efficiency more than expense; they are usually located uniformly
apart from each other to promote smooth airflow; and all seams are sealed,

0
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Fig. 3-48. High-velocity air ducting details.
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with the overall goal being to avoid excessive pressure drops and minimize
noise. Thus the air is truly pumped through the network of ducting, where-
as, comparatively speaking, the air in low-velocity ducting is merely
encouraged. However, return air in high-velocity systems is usually via
more conventional low-velocity ducting.

An important frait of VAV systems is that they usually only cool,
because the heating of each interior space is often produced by its occu-
pants, machinery, and lighting and the space’s perimeter surfaces often
have no temperature differentials on the other side through which the
accumulating heat can escape. However, in the large interior volumes typ-
ically served by these systems, the spaces next to exterior walls often need
heating during cold weather while more interior spaces still require cool-
ing. Thus this system has VAV or control boxes, which not only can add heat
to a duct’s airflow via a small reheat coil mounted inside the box, but it can
add fresh air to a space that has become stuffy (this typically happens
when an occupied space requires little or no heating or cooling, which
causes its supply duct spitter damper to close) by again activating the
box’s reheat coil, which notifies the box’s controls that the space needs
cooling which opens the damper to intfroduce the required ventilation air-
flow. Thus a VAV box provides final control of the airflow to the spaces it
serves (thus it may often cure a few design errors that might have occurred
upstream). For these reasons, buildings with high-velocity air ducting may
have as many as 1 VAV box per 500 sf of floor area. These boxes usually
require little design, aside from determining one’s maximum reheat capa-
bility, specifying its digital controls and tethered thermostat, and making
sure it has enough room in an already-cluttered suspended ceiling plenum.

Example 1: Unit Capacity. A hospital near St. Louis, MO, has a design
heating load of 1,190,000 Btu/hr and a cooling load of 640,000
Btu/hr. If the building has a variable air volume heating system, what
are its design heating and cooling capacities?

3JC)9)b)1)a) Heating load: H,,, = H(1.15 + 0.000034 £)
b) cCooling load: €., = € (1.15 + 0.000034 E)

Heqp = design heating capacity of selected system, ? Btu/hr

Ceap = design cooling capacity of selected system, ? Btu/hr

= design heating load of architecture, 1,190,000 Btu/hr
elevation of site above sea level, ft. If £< 1,000 ft, use E=0
design cooling load of architecture, 640,000 Btu/hr

Heap = 1,190,000 (1.15 + 0) = 1,570,000 Btu/hr
Ceap = 640,000 (1.15 + 0) = 736,000 Btu/hr

H
E
C
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Fig. 3-49. High-velocity air ducting layout.
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Example 2: Duct Sizing. The developers of the 8-story office building
near Cleveland, Ohio, that was designed in Example 1 of the previous
section have decided that, due to excess space and added weight
requirements, the building’s HVAC system should have smaller and
lighter high-velocity ducting. Using the same site and building data
presented in the previous section, size the system?

Initial considerations. The following logistical guidelines are important
for designing efficient high-velocity HVAC ducting:

> Network symmetry greatly improves balanced airflow distribution
throughout the ducting. It also reduces design and layout time,
construction costs, and onsite balancing of system componentry.

> The ducting’s initial velocity at the air handling unit’s discharge
fan face usually depends on whether the system is a 12-hr or a
24-hr operation. 12-hr operations are primarily daytime occu-
pancies (e.q. offices), while 24-hr operations are typically hospi-
tals, high-rise apartments, and other occupancies with overnight
sleeping areas. Thus since higher airflow velocities generally
create more noise, 24-hr operations usually have slower airflows.

> The design friction loss from the discharge fan to a point in each
branch header that is immediately before the first riser takeoff’
should be as nearly equal as possible.

> The longest run should have the highest airflow velocities.

> The length-to-diameter ratio of each ducting run should be
approximately the same throughout the system.

> A good design velocity for all terminal runs is 2,000 fpm.

Step 1. As the ducting layout for the low-velocity system described in the
previous section is not symmetrical (the airflow volumes in feeder ducts A
and B were 61 percent and 39 percent), this layout is replaced by the more
symmetrical ducting plan drawn in Fig. 3-49. Note that branch headers A
and B have almost equal loads, as do the risers that branch from pt. C and
the two pair of branches that branch from points D and E.

Step 2. Knowing the building’s design heating and cooling loads and the
nature of its occupancy, determine the ducting airflow’s initial or maximum
velocity, which occurs at the face of the air handling unit’s discharge fan.
The recommended initial velocity for 12-hr operations is 3,000-5,000 fpm
and for 24-hr operations is 2,000-3,000 fpm, but maximum velocities may
be as high as 6,000 rpm. For this generic 12-hr occupancy, tentatively
select a maximum velocity of 5,000, then choose the larger duct diameter as
computed by the two equations below:

0
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0.5
3)C)9)b)2) a. Heating load: & = [&]
vmax (Th - T,‘)
0.5
b. Cooling load: 6 = [8'50C]
v,

max

6 = diameter of round duct at face of discharge fan, ? in.

H = design heating load of building, 2,560,000 Btu/hr

C = design cooling load of building, 1,414,000 Btu/hr

Vyax= maximum velocity of airflow in ducting, 5,000 fpm

T, = temperature of heating load airflow, = 140° F.

T, = ambient indoor temperature of occupancy during winter heating
season, usually 68° F.

0.5
a. Heating load: 6 = [ 196 x 2,560,000 12 575,
5,000 (140 - 68)
0.5
b. Cooling load: ¢ = [8'50 x 1,414,000 1%7_ 4q i, .

5,000

Round off duct diameter to next highest integer up to 12 in,
then next highest multiple of 2 up to 28 in,
then next highest multiple of 4 up to 40 in,
and next highest multiple of 5 up to 60 in.
Here 6 =49 in. » 50 in.

Step 3. Knowing 8 and V,,,, find the duct’s equivalent friction loss per
LF from
9,577,000 AP 6122 = X, L V82

max

P = unit duct friction loss due to airflow, in. wg/LF

diameter of round duct at face of discharge fan, 50 in.

~ = roughness coeff. of inner surface of ducting.

= length of ducting, ft. Here solve equation for AP at L = 1.00 ft, then
use AP as a reference value in subsequent calculations.

Vnax= Maximum velocity of airflow in ducting, 5,000 fpm

9,577,000 x AP x 50722 = 0.9 x 1.0 x 5,000'-82
AP = 0.0043 in. wg/LF

~A D>
1

Step 4. Make a schedule of the duct lengths for the HVAC system’s longest
ducting from its discharge fan to its remote outlet. Here, since the ducting
network is highly symmetrical, all of the peripheral outlets have nearly the
same run, but because the corner outlets have the greatest cooling loads
one should be the remote outlet.

The remainder of this system design will be brief, as it is similar to
that performed for low-velocity ducting and because high-velocity ducting
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usually requires fewer calculations due to its usually greater symmetry.
For the sake of brevity, the following analysis utilizes airflow quantities
from the duct layout shown in Fig. 3-49.

Step 4 a. Duct diameter of remote outlet 1:
Q; = VA
345 cfm = 2,000 fpm x A . A=0.173sf =249 in?
If ductis round, A = 0.785 62 = 24.9 in?
6=5.6in. » use 6 in. dia. duct

Step 4 b. Duct diameter of segment G # H: From the bar graph in Sec.
3.C.i.T, Example 2, Step 6, on page 186, when a duct divides in half (sym-
metry), each branch duct’s section area = 58 percent of the stem duct’s
section area. Thus at each symmetrical split a good shorthand method is
to multiply each outflow area by 58/50 = 1.16.

1.16 Qg = VA

Qgiy = 345 + 286 = 630 cfm, and A = 0.785 62
1.16 x 630 = 2,000 fpm x 0.785 62
... 6=0.68 sf'=8.19 in?

Here select a slightly smaller diameter, as this slightly increases the incom-
ing velocity. If this is done upstream to the discharge fan, the airflow veloc-
ity will ideally increase gradually until it is about 5,000 fpm.

. 8.19 in. » use 7 in. dia. duct

Step 4 ¢c. Recompute vand use its value in the next upstream
calculation:
Q = 0.785 v 62
631 = 0.785 x v x (7 in/12 in/LF)? ... V=2,360 fpm

Duct diameter of segment D » G:
1.16 Qpe = VA
Q=345+ 286 + 160 + 283 + 150 = 1,220 cfm, and A = 0.785 &7
1.16 x 1,220 = 2,360 x 0.785 &2
6=0.87ft=10.5in. » use 9 in. dia. duct
Recompute v # Q = 0.785 v &2
1,220 = 0.785 x v x (9 in/12 in/LF)? ... v=2,760 fpm

Duct diameter of segment C » D:
116 Q = VA
Q=1224 + 230 + 160 + 150 + 120 + 266 + 260 = 2,400 cfm
1.16 x 2,400 = 2,760 x 0.785 &2
6=1.13ft = 13.6 in. » use 12 in. dia. duct
Recompute v # Q = 0.785 v &2
2,400 = 0.785 x v x (12 in/12 in/IF)? ... V=3,060 fpm

Duct diameter of segment B » C:

0
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1.16 Q = VA
Q= 2,400 x 2 = 4,800 cfm
1.16 x 4,800 = 3,060 x 0.785 &
6=152ft=18.3in. » use 16 in. dia. duct
Recompute v # Q = 0.785 v &2
4,800 = 0.785 x v x (16 in/12 in/LF)? ... V=3,440 fpm

And so on, up through the riser to the primary duct, then to the face of the
discharge fan. The final calculation should resemble the following:

Duct diameter of primary duct FAN » Z:
Q= VA
(Here the 1.16 is removed for the initial duct of the run).
Q = 70,000 cfm, and v should be at or near 5,000 fpm.
Solve for 6 and compare with &, found in Step 2 above.
If they are the same or nearly so, use &, and system design is OK.

If the two diameters are not nearly the same, a serious problem exists if &
is less than &;; as then the initial duct airflow velocity is substantially
greater than the system’s maximum design velocity. In this case go back to
duct segment G ® H and increase the duct diameters slightly upstream
until 8= 6,. If §is considerably larger than &,, three choices are available:
(1) use the larger diameter 6 and all the downstream duct diameters
designed thereto, (2) go back to duct segment G #® H and decrease the
duct diameters slightly upstream until 6 = 6,, (3) do an interpolative com-
bination of (1) and (2).

Example 3: Return Duct Size. What is the minimum return duct size for
a 30 x 66 in. supply duct?

3)C)9)b)3) A. = 0.80ab

A, = minimum section area of return duct, ? in?
a wider dimension of duct, 66 in.
b = narrower dimension of duct, 30 in.

A, = 0.80 x66 x30 = 1,590 in®
Use 24 x 66 in, 30 x 52 in, efc.

Note: In an enclosed centralized air system, return airflow should = 80
percent of supply airflow in every space. Thus the section area of each
return outlet, branch duct, and main duct should = 0.8 x supply section
area. For sizing ducts with special ventilation requirements, see Sec. 3.D.

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




CLIMATE CONTROL

CLIMATE CONTROL 205

3.C.10. Air-Water Heating/Cooling

In these complex systems, a large air handling unit conveys fresh air
at high speeds through extensive VAV (variable-air-volume) ducting to all
spaces while heated and chilled water flows to the same areas; then in each
space an air duct and two water pipes converge in small fan-coil units that
portion the required conditioning to the occupants. Thus the system’s
ducting is designed similarly as are high-velocity air ducting systems. As
for this system’s other components, some are of too great a variety to pos-
sibly be described fully here, while others are described elsewhere in this
lengthy chapter. Thus this section describes their basic operation as it
pertains to this system, then concludes with an example of the conceptual
decisions that are typically involved in selecting these systems.

Primary air apparatus. Also known as an air handling unit, this is
a long rectangular fube containing much subcomponentry that was de-
scribed in Sec. 3.C.9.a. Outdoor air is pulled through its intfake louver by
a large primary fan at a face velocity of 500-800 fpm, then the air passes
through inlet guide vanes or dampers that control its volume, preheaters
that prevent freezing air from entering the dehumidifier in winter, high-effi-
ciency filters that remove dirt particles and entrained dust, sprays that
add humidity in winter, dehumidifiers that remove water vapor in summer,
reheaters that warm the air to about 85° F, and finally the primary fan,
which drives the air through the supply ducting. The primary air apparatus
is sized according to the building’s fresh air requirements, usually in cfin.

Chiller. This is a large refrigerator that makes cold water for the
fan-coil units in the occupied spaces and the dehumidifier coils in the pri-
mary air apparatus. The evaporator usually cools the water to 35-48° F,
and the heat buildup in the condenser is piped out as hot water to the cool-
ing tower. More than one chiller is often installed as an application of the
“MMRD” approach described in Sec. 3.C. on page 139. Two units each sized
at 60 percent of the total load is a minimum, 3 x 40 percent is better, and 4
x 30 percent is better still. Before freon was banned, unit choices were usu-
ally limited to either a monolithic R-11 centrifugal or R-22 reciprocating
model; but now an £ designer can choose between a number of refrigerants,
compressors, drivers, fuel streams, and other subcomponentry to custom-
design the most appropriate package for a given application. The variety of
viable choices is mind-boggling: absorption, electric, variable-speed elec-
tric, gas-fired, gasoline-driven, steam turbine, centrifugal, reciprocal,
rotary, single-stage absorbers, dual-effect absorbers, series-flow or paral-
lel-flow piping, hybrid systems, multiple-fuel operation, asymmetric parti-
tioning, chiller/genset packages, chiller/ice-storage systems, efc. Some
chillers require combustion air, flues, and acoustic isolation, and almost
every one requires thick insulation between its outer surfaces and the sur-
rounding air; this includes the piping, which should always be as simple as

0
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Fig. 3-50. Air-water heating & cooling system.

possible. A chiller’s refrigeration load is typically determined by the sum of
the maximum individual room peak loads, not the system’s design peak load.

Cooling Tower. This dissipates the heat carried by the water from
the chiller condenser. The warm water discharges through nozzles at the
tower’s top, falls as spray, is cooled by air flowing through the tower’s
sides, collects in a basin at the bottom, then flows back to the chiller. The
tower should be placed where it is exposed fo prevailing winds, should rise
at least 100 ft from chimneys or other sources of heat or contaminated air,
its airflow should enter and leave rapidly, and it should have a hose bibb.
In subfreezing weather its operation can create ice buildup in its basin,
nozzles, and louvers; thus these parts may require heating. The cooling
tower is sized by the chiller’'s condenser temperature and the wet-bulb
design tfemperature. Higher condenser temperatures mean smaller tfowers.

Water Heater. This heats the water pumped to the fan-coil units and
often supplies the heat for the preheater and reheater in the primary air
apparatus. The heater’s exiting water temperature usually equals the fan-
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Fig. 3-51. Section through air-water HYAC system fan-coil unit.

coil units’ highest required temperature plus 15-20°. The water heater is
sized to handle the design heating load x 1.2 plus any water heat needed to
raise the temperature of the primary air.

Fan-coil Units. These box-like units are located in each occupied
space, usually under windows. In each, supply air mixed with room air pass-
es through a small radiator containing either hot or cold water depending
on the room’s air temperature. Unit size depends on the total heating or
cooling load of the floorspace served.

Ducting. Due to the system’s high air velocities (usually 2,500 to
3,000 fpm in the risers and 1,500-2,000 fpm in the headers), rigid spiral
tubing is used instead of sheet metal ducting and all fitting seams are weld-
ed fo eliminate leakage. VAV ducts also require precise air-volume control
with control boxes or VAV boxes, three of which are shown in this chapter’s
frontispiece figure. Each contains an air guide vane and throttle controls.
Also, duct air friction losses usually = 0.25 in. wg. per 100 LF. Air ducting is
sized according to the required volume of primary air and the air’s velocity.

Piping. This plumbing carries hot and cold water from the heaters
and refrigerating units to the fan-coil units in each space. Each plumbing
circuit requires a pump and ifs layout should be reverse return. Allow-
ances for thermal expansion must be made in all piping, and the total sys-
tfem requires an open expansion tank to permit air venting and water
expansion caused by changes in femperature. All supply water piping
should be wrapped in minimum 1 in. insulation.

0
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Venturi box: an axially located cone
moves in and out of a constricted
cross section, controlling airflow

Damper box: a square or rectangular
damper in a cube-like box controls
airflow.

Pitot tfube: a U-shaped tubular probe
experiences a pressure differential,
then an interpretive sensor operates
the damper.

MYy YS AB

A} Al

DDC controls: a thermostat (T) or air-
flow sensor (S activates direct digital
conftrols that activate an air damper,
fan, and valves to produce the re-

3
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Fig. 3-52. VAY duct damper control strategies.

In an air-water HVAC system, the cooling tower is usually on the roof,
the fan-coil units and related pipes and ducts are on the perimeter of each
floor, and the other components are in the basement. The cooling tower
typically requires about 1sf of roof area per 400 sf of gross building area,
is 15-40 ft high, and when full weighs 125-200 psf. The system’s perimeter
components and enclosing construction usually require 2-3 percent of the
gross floor area, the interior bundling of piping and ducting requires
about 2 percent more, and electrical and plumbing shafts need another 1
percent. The basement is usually 3-5 percent of the gross building area
and 13-18 ft tall. Static air pressure and CO, sensors are typically
installed throughout the ducting system and interior spaces, as optimal
system operation is often created by careful funing of these detectors
throughout the building.
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A developer plans to build an office building on a downtown lot in @
medium-sized city. The Local Building Code describes setbacks and
72 ft envelope height limits for the property as shown in Fig. 3-52. The
developer needs at least 8Y ft clear floor-to-ceiling heights on each
floor; but as conventional steel frame construction requires about 12
ft from floor to floor with ceiling-to-floor heights being 30-36 in., the
developer can fit only six floors of this construction into the 72 ft
envelope height limit. However, she wonders if there may be a way to
squeeze seven floors into the envelope, with each level measuring
slightly more than 10 ft from floor to floor and 18-20 in. from finished
ceiling to finished floor above. What kind of structural/HVAC system
would work well in this situation?

SETBACK
HEIGHT %
)

BUILDING
HEIGHT |
N

Fig. 3-53. Building envelope perspective.

One solution: If the floor system is reinforced concrete flat plate with 6
in. floor slabs, and 8 in. drop panels, the building’s finished ceiling-to-fin-
ished floor heights would measure about 18 in. and thus its floor-to-ceil-
ing heights would be about 8-9". Adding a short cantilever around the
perimeter of each floor slab would create enough clearance beneath the
floor for primary ducts and pipes of an air-water HVAC system and create
enough space above the floor for water supply and return pipes, supply air
headers, and fan-coil housings. A section through this construction
appears in Fig. 3-53.
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3.C.11. Heat Pumps *

In a heat pump, heat is freated as a compressive quantity that exists
independently of ambient temperature gradients. Then, after a certain
quantity is compressed, it can be moved from a lower to a higher tempera-
ture more efficiently than by producing the same amount by exothermic re-
action. As usual, the heat must exist in a medium of some kind, which in the
case of heat pumps is a refrigerant that can be compressed and expand-
ed. Thus a heat pump’s operation is basically a four-step cycle in which a
refrigerant at room temperature (1) is supercooled by expansion to tem-
peratures that may be well below 0° F, (2) absorbs heat via a network of
coils (the absorber) that are immersed in a medium whose temperature is
usually 35-45° F, (3) is compressed, which raises its temperature to well
above 100°, then (4) radiates its heat through a network of coils (the radi-
ator) that are immersed in a medium that is warmed until the refrigerant is
again at room temperature. The process can be reversed, and its cycling is
governed by a thermostat that activates the compressor when heat needs
to be removed from the absorber or added to the radiator.

The nature of the absorber (also known as cold end) and radiator
(also known as hot end) usually defines the heat pump’s operation. The
enveloping medium for either may be air, water, nonwater liquid, or even a
solid. For example, in an air-fo-air heat pump the absorber coils are
mounted where currents of chilly air pass through them and its radiator
coils are placed where currents of air requiring warming pass through
them; in a water-fo-air heat pump the absorber coils are immersed in a
pond, stream, swimming pool, or well; and in a ground-coupled heat pump
the absorber coils are buried about 6 ft below grade. Since the tempera-
ture around the absorber should remain above 32°, water-source and
ground-source installations make heat pumps more feasible in northerly
climates. The absorber coils may also be mounted in a chimney, graywater
holding tank, or solar collector; then if the radiator coils are immersed in
circulating water, an occupancy’s rejected flue heat, warm waste water, or
solar energy can be used fo produce hot water. By mounting the absorber
in an insulated confainer and locating the radiator just outside, the heat
pump cycle becomes the familiar refrigerator, which may be as small as an
under-counter unit in an efficiency apartment or as large as a multistory
cold-storage facility in a meat-packing plant. A heat pump’s cycle may be
reversed simply by reversing the refrigerant flow with a rotating valve,
which allows air conditioners to double as heaters in cold weather. Add to
these possibilities all kinds of heat-rejecting and heat-hungry industrial
processes, and heat pump operation is one of the most useful energy-
saving mechanisms in architecture.

In small heat pump systems, the absorber and radiator may be
housed in a box-like unit that straddles the building envelope. In larger

T A primary source for this section was Modern Refrigeration and Air Condition-
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Fig. 3-54. Heat pump componentry.

systems the absorber is often placed outdoors, preferably behind foliage
or other visual obscuration, and the radiator is located indoors, usually
where its ducting will be short. Above about 1,800 sf of floor area per unit,
duct expense and less flexible climate control become limiting factors.
Capabilities range from about 15,000-50,000 Btu/hr for heating and cool-
ing loads. Sophisticated controls involving multiple thermostats, motor-
ized dampers, and variable-speed blowers and compressors also allow
zoned heating and cooling with one unit.

The initial cost of a heat pump installation may be considerably
reduced if its absorber coils are laid below grade while a related part of
the building is being constructed. If the building’s plumbing system drains
into a leaching field, its drain tile trenches can be dug deeper and an
absorber coil network of %, in. polyethylene piping laid 2 ft beneath the
drain ftile. If a swimming pool is near the building, a similar network of
absorber coils can be laid in the bottom of the pool’s excavation before its
concrete floor is poured. Conceivably the absorber coils could be laid
beside the footing drains extending around a building’s perimeter before
the footing area is backfilled. If a pond at least 8 ft deep is on the prop-
erty, grids of %, in. polyethylene piping whose lengths are spaced 2 ft apart

ing; Althouse, Bracciano, and Turnquist (Goodheart-Wilcox Co., South Hol- ]
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may be lowered into the water (here part of the water’s edge must be exca-
vated so the emerging coils are in the ground below local frost level). On
sites that have a drilled well with a large waterflow rate, the whole wellhead
volume can be used as an absorber coil; and even if the well’s waterflow
rate is inadequate a second well can often be drilled at the same time at
less unit expense. Another approach was taken by the Southeast Element-
ary School near Des Moines, lowa, where no less than 120 vertical wells
were drilled 175 ft deep in wet clay soil within a 60 x 750 ft outdoor area
for the sole purpose of housing the absorber coils for a 130-ton heat pump
system. Then 10 miles of polyethylene piping were laid from the immersed
coils to 42 water-source heat pumps inside the school. The system con-
sumes 54 percent less energy than a similarly sized hydronic system at a
sister school. In each of the above situations, the absorber coil should be
sturdily made and must be pressure-tested before being buried. *

Heat pump design for climate control systems involves selecting the
capacity and number of units, locating the components, sizing the piping or
ducting, locating the outlets, and selecting the registers. The absorber and
radiator coils must be accessible for periodic cleaning, and refrigerant runs
between the four basic processes should be short and insulated when pos-
sible. Also, beware of contaminants in any cold media that could degrade the
absorber coils, such as salty air in coastal installations, corrosive gases in
industrial environments, and chemically impure water.

A vital part of any heat pump or refrigeration system is the refriger-
ant that carries the Btus between the absorber and radiator. Such a fluid
must have a high coefficient of heat transfer and should be noncorrosive,
nontoxic (especially when the cold end is buried below grade), nonflamma-
ble (especially if the warm end is located indoors), and remain stable for
long periods of operation. Since the banning of ozone-depleting Freon,
numerous refrigerants have been used that are more environmentally
acceptable than methane- and glycol-based alternatives. An old standby is
ammonia. Sometimes referred to as R-717, this natural compound is ener-
gy-efficient, occupies little volume, is easily available, and its technology is
simple, proven, and well-known worldwide. Another advantage of ammonia is
that it is “self-alarming” —a polite way of saying its potent smelling-salts
odor offers quick notification of any leak in the system. But any occupancy
containing ammonia must be isolated from other areas, surrounded by fire-
wall construction, well-vented, and directly accessible to the outdoors; and
all piping containing ammonia must be sensor-wired for leaks and connect-
ed to alarms and automatic shutdown devices. On the plus side, sensor-
wiring allows ammonia operations to be coordinated with microprocessor
contfrols and programmed for remote offsite monitoring via modem and
phone linkage. Added advantages and drawbacks of ammonia refrigerant
are: described below.

land, IL, 1975); Chapter 23, esp. Fig. 23-65, p. 827. * Robert Beverly, "A Ground-
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@ Ammonia costs less than $1 per Ib compared to about $3 for R22
and $18 for R-502. Its light weight allows compressors to run more
economically, which means less horsepower, smaller compressors,
and less dead load. It is highly soluble in water and ecologically
safe: it creates no side effects due to global warming or depletion
of the ozone layer. Oil separates easily from it, which may simplify
any recovery and recycling efforts.

@ Ammonia cannot be exposed to copper in any part of a refrigeration
system; thus other metals (usually steel) are used, which transfer
heat less well and cost more. Ammonia’s expansion/evaporation
machinery also generates much heat; thus it must be stronger and
heavier and requires more cooling.

A special heat transfer problem occurs with walk-in freezers. If one’s
floor is placed on the ground, the subfreezing air above can cause mois-
ture in the subsoil directly below to freeze and expand —which has been
known to raise a freezer locker floor a full foot above its intended level.
For large floor areas thick insulation will not eliminate the problem,
because a uniform thermal gradient will soon establish itself through the
floor. The solution? Heavily insulate the floor, install a plenum between
the insulation and the ground, then ventilate the plenum with near-room-
temperature air. Another possibility: install a radiant heating concrete
floor slab under the insulation.

Example 1: Unit Capacity. A 2,600 f? residence near Nashville, TN,
is to be heated and cooled by heat pumps. If the dwelling’s design
heating and cooling loads are 57,000 Btu/hr and 73,000 Btu/hr, what
is the system’s design heating/cooling capacity?

3JC)1)1)a) a. Heating load: H,, = 1.15H
b. Cooling load: (., = 1.15€C

H.qp= heating capacity of selected unit, ? Btu/hr
Ceap= cooling capacity of selected unit, ? Btu/hr
= design heating load of interior spaces, 57,000 Btu/hr

H
C = design cooling load of interior spaces, 73,000 Btu/hr

Heating: H.,, = 1.15x57,000 = 66,000 Btu/hr
Cooling: C,,, = 1.15x 73,000 = 84,000 Btu/hr .. &

Note: Registers for heat pump ducting are the same as those for other air
heating or cooling systems.

breaking Approach”, Engineered Systems magazine (Business News Publishing |l
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Example 2: Number of Units. How many heat pumps should the house
in the above example have?

318 1DL)  [Peapss0,000l + 1 = 0 = [Peap/15, 000l + 1

P.ap= design heating/cooling capacity of heat pump, Btu/hr.
Use larger number from previous example ® M., = 84,000 Btu/hr.
n = number of units required, ? units. Optimal size = 35,000 Btu/hr.

|84,000/50,000] + 1 = n = [84,000/15 oo + 1
2 = n = 6= optimal range of unitsis 2to 6 ... ftry 2 or 3 units
2 unifs: 84,000/2 = 42,000 Btu/hr
3 units: 84,000/3 = 28,000 Btu/hr

The house may have two heat pumps = 42,000 Btu/hr cooling capacity each
or three units = 28,000 Btu/hr cooling capacity each. With two units the
system cost is less, but the ducts are longer and their enclosing construc-
tion cost is greater. The deciding factor is usually the length of ducts.

Example 3: Duct size. If the design heating capacity of a residential
heat pump is 42,000 Btu/hr and the unit heats the supply air to 95° F,
the air flows through one main duct, and the indoor temperature is 68°
F, size the supply and exhaust ducfts.

Solution: If both heating and cooling capacities are given, size the units
according fto the higher load capacity.

3)JCJ1)1)c) a. Heating load, Btu/hr: Hyy, < 0.65 K, A(T,-T) ... &
b. Cooling load, Btu/hr: C,,, < 15k, A
c. Cooling load, tons: 800C,,, < X, A

H,.,= heating capacity of selected unit, 42,000 Btu/hr

C,.,= cooling capacity of selected unit, Btu/hr. Not applicable.

C,,,= cooling capacity of selected unit, fons. Not applicable.

K, = ductvelocity factor. From Table 3-3, x, for main duct
in residence = 8.

A = minimum section area of duct (not including insulation), ? in?
T, = temperature of heated air, 95° F
T, = temperature of indoor air, 68° F

42,000 < 0.65 A x 8 (95 - 68)
A<299in”® 12 x 25 in., 15 x 20 in., 20 in. dia., efc.

Note: If the duct = 40 ft long or its width-to-depth ratio = 2.5, its size

Co., Troy, MI); Mar 1999, pp. 86—89.

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



CLIMATE CONTROL

CLIMATE CONTROL 215

should be increased according to its air friction losses and aspect ratio
as described in Sec. 3.C.i.1., Example 2, on page 187. Also, since heat pump
supply and return air volumes are usually equal, all supply and exhaust
duct sizes as well as register sizes are similar. The formula for duct sizing
depends on if the system is designed primarily for heating or cooling and
whether the cooling load is in tons or Btu/hr. 1 ton = 12,000 Btu/hr.

3.C.12. Water Cooling *

In semi-arid regions that are more than about 4,000 feet above sea
level (this includes one-third of the conterminous United States) an eco-
nomical method of cooling interior spaces in warm weather is with natural-
ly chilled water. This seemingly contradictory technology utilizes the fact
that during the summer semiarid regions often experience clear night skies
that are 30-50° cooler than mid-afternoon temperatures. Thus by midnight
even in summer, the top of a building’s roof can become quite cold. Then if
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Fig. 3-55. Night roof spray cooling system.

T The primary source for this section was Richard Bourne, “Night Moves” i
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water is sprayed or trickled onto the roof from midnight till sunrise, it
becomes chilled; then the following day when temperatures are warm, the
chilled water circulates through cooling coils in the building’s indoor
spaces. Each system includes an array of roof-mounted emitters, roof
drains, a water reservoir, a small electric motor-driven pump with a filter
and controls, and cooling coils, the latter of which typically take the form
of a fan-coil unit, subfloor tubing, or even water baseboard units. Thus it
is possible that the cost of the cooling coil hardware can be allotted to the
building’s heating system.

This method of cooling, known as a night roof spray cooling system,
is simple and affordable, is easily designed and constructed, requires lit-
tle from the parent building other than a nearly flat roof of metal or other
smooth material, has been proven to be economical by detailed monitoring,
and little water is lost during its operation. The system also keeps roofs
clean and protects the building from fire. Indeed, its only drawbacks seem
to be lack of familiarity and industry inertia. An experienced manufactur-
er of these cooling systems is Integrated Comfort, Inc. of Davis, CA.

3.C.13. Humidification

Most likely the first humidifier used in American architecture was a
pan of water on a Franklin stove. Even in colonial days it was known that
wintry air often felt cold because it was dry —that one way to “warm it up a
little” was to boil a little water vapor into it. This principle works as well in
winter weather today, whether the steam arrives from a dedicated vessel
hardly the size of a teapot that is activated by a manual on-off switch or a
unitary boiler in a vast HVAC system operated by digital controls.

Humidification is also performed in a number of other ways. One could
be called pluming. This is done by spraying water against a spinning disk,
discharging compressed air into a thin waterstream to create an atomized
mist, forcing high-pressure water through nozzles fitted with pins that
shatter the impacting nozzleflow into fog, or immersing high-frequency
vibrators in water which forces mist-sized droplets to rise into the air. The
result is always the same: a plume of water droplets tiny enough to evapo-
rate in an expanding airstream within a prescribed carrying distance, with
humidification being maximum at the outlet, diminishing steadily down the
plume and outward from its axis, and ending with complete evaporation of’
the intfroduced moisture and no condensation on any surface. Pure water
is essential, as it minimizes nozzle-head buildup and suspension of impu-
rities in the humidified air. Another common method of humidification is to
enter moisture into duct airstreams with wetted wicks, steam jets, revolving

Architecture magazine; Nov 1999, p. 149.
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Fig. 3-56. Humidifier operation.

wetted screens, open trays, and water pans or vaporizers inside furnaces
and gas-fired heaters. A third method is well-known as evaporative cool-
ing. This involves adding cool moisture fo dry hot air, then the water
droplets suck Btus from the air to lower its temperature. Anyone who has
draped a wet fowel over his or her head while under a hot sun has created
a portable evaporative cooler. On a larger scale this thermodynamic
process is enhanced by air movement —either natural air currents or fan-
induced airflow— wherein optimal airflow is usually about 500 fpm (about
12 mph). In these systems the wetted components are made of noncorrosive
materials, the wetted media is located in dark areas well inside the unit to
discourage the growth of algae, and any water-collecting surfaces are
sloped for draining. The makeup water should be supplied by a drinkable
water source, and every part of the unit or system should be accessible for
maintenance. Evaporative cooling systems have also been integrated info
mechanical cooling systems where they typically act as precoolers to
reduce the mechanical system’s refrigeration load. In desert environments,
evaporative coolers are often accompanied by concrete block screens, lou-
vered doors, transoms, and other perforated construction that promotes
natural air circulation while preserving privacy.

A humidifier can be quite small: one under-the-counter unit measures
only 9.5 x 8.7 x 7.7 in, yet it has four 1, in. diameter flexible distribution
hoses that can deliver 4 Ib/hr of water vapor to computer cabinets, muse-
um exhibit cases, and other small enclosures. A medium-sized system typi-
cally serves a few hundred square feet of floorspace. One’s outlets are

0
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typically sized for airflows of 500-600 fpm and should be at least 18 in.
below ceilings and 8 ft from any seated occupants, and the occupancy’s
optimal humidity level is usually 40—60 percent, as below this level physi-
cal irritations occur while above this level condensation may form on glaz-
ing and other interior surfaces. A large system typically includes (1) a
small atomizing spray or mist nozzle mounted inside each air supply duct
near the center of the duct’s airstream and 10-12 ft before any turns,
obstructions, or grilles; (2) a high-limit sensor placed several feet down-
stream of each nozzle to detect oversaturation; (3) a humidity sensor just
inside each return air grille; and (4) controls that interconnect the nozzles
and sensors to duct dampers and humidistats. Large humidification sys-
tems often maintain optimal hygroscopic conditions in textile mills, print-
ing plants, tobacco processors, and other large industrial environments.
In any system, if local water is not pure enough, the system may have a bot-
tled water or distilled water supply, stainless steel or PFA plastic piping,
and water-quality probes.

Designing any kind or size of humidification system usually involves
little more than finding the required [b/hr of moisture to be added to occu-
pied spaces, which is easily determined once design outdoor and indoor
temperature and humidity levels are obtained. Outdoor levels are usually
based on regional design temperatures at 40 percent relative humidity. In
any system the nozzles or aerosols through which the water vapor enters the
air should be easily removable for cleaning. The supply piping or tubing
should also have a strainer just upstream of the nozzles, because whenever
water circulates through a pump, particles constantly wear off the enclosing
metal and rubber surfaces and enter the waterflow.

Since humidification is often an intermittent, variable, and unpredictable
phenomenon, an essential component of all but the smallest systems is a
humidistat. Each should be strategically located in the conditioned areaq,
preferably as far from the system’s nozzles as possible, about midway between
the top and bottom of the zone, and if possible on the prevailing windward wall
of the conditioned area. A humidistat may be electrically or hygroscopically
operated (the latter is installed where electrical operation could be a fire haz-
ard). Equally as important as the humidistat is a method of circulating the air
in the conditioning area. For this reason many humidifiers, even small ones,
are equipped with circulating fans.

An innovative system of evaporative cooling has been installed in a
factory in Greenville, SC. On the building’s 250,000 sf flat roof was laid a
network of piping with many small water-emitting sprayheads which create
an expansive misting system that considerably lowers the ambient temper-
ature above the roof envelope. The piping is divided into 60 zones, each
controlled by a 24 VAC solenoid valve whose temperature is monitored by
a local thermal sensor that sends its data to a central controller, which
decides when a sprayhead should activate and for how long, thus minimiz-
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AXIS OF APPLICATION
SHOULD AIM AT HUMIDISTAT

HUMIDIFIER

HUMIDISTAT

THE TWO SPREADS
SHOULD NOT OVERLAP

Fig. 3-57. Optimal arrangement for a two-humidifier installation.

ing water waste and runoff. The piping is also mounted a few inches above
the roof on supports that accommodate expansion and contraction caused
by year-round temperature fluctuations. Thus this system reduces the At
through the roof, which decreases this large low building’s cooling load in
this region of long hot summers by a cool $13,000 a year. An additional
$66,000 in roof insulation was eliminated by having the system installed. '

What is the maximum winter humidification requirement for a typical
office of 28 people in Cleveland, OH?

3)¢)13) 12,000 H = n Q (h; ¢; - hy c,)
H = design humidification load for occupied space(s), ? [b/hr
n = number of occupants in space, 28

Q = required airflow for occupied space, cfm. From Table 3-7,
Q for office areas = 20 cfm.

h;, = optimal indoor relative humidity, usually 50%

¢, = water content of saturated indoor air at optimal indoor tempera-
ture (usually 70°), gr/cf. From Table 3-5, ¢; for 70° F = 8.10 gr/cf.

h, = design outdoor relative humidity for site, usually 40%

¢, = water content of saturated outdoor air, usually at winter design
temperature, gr/cf. From Fig. 2-24, winter design temperature for
Cleveland, OH = -6°; from Table 3-5, ¢; for -6°F = 0.34 gr/cf.

12,000 H = 28 x 20 (50 x 8.10 - 40 x 0.34) ... H = 18.3 Ib/hr

T“Case in Point”, Engineering Systems magazine (Business News Publishing i
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3.C.14. Dehumidification

Dehumidifiers remove water from warm humid air to make it feel cool-
er, eliminate hazards such as slippery floors, and minimize mildew growth on
interior fabrics, rotting of wood, and rusting of metals. Such systems are
economical in supermarkets, food preparation areas, schools, libraries,
swimming pools, and other occupancies that may generate unwanted mois-
ture or require its removal. There are two kinds of dehumidifiers: chillers
and absorbers. Chillers use mechanical refrigeration to cool supply air
below a prescribed dew point, causing the water to fall out of the air; then
the drier air is reheated to a specified temperature and humidity. Chillers
can be combined with numerous other mechanical devices —precoolers,
reheating coils, evaporative cooling, energy-recovery systems, etc.— fo
mainfain any indoor air femperature and humidity desired; but they can be
complex and costly. Absorbers draw water from the air with hygroscopic
chemicals which, when saturated, have the moisture removed from them.

A highly efficient absorber of water is the desiccant dryer. In this ma-
chine a water-absorbing chemical known as a desiccant is thinly spread on
a large porous wheel that slowly rotates, then half the wheel’s area is
exposed to a stationary duct through which flows humid air while the wheel’s
other half’'is exposed to a second hot or dry airstream that removes the col-
lected water. The amount of moisture removed depends primarily on the tem-
perature of the regenerating air, and also on the temperature and humidi-
ty of the supply air, velocity of each airstream, type of desiccant, depth and
diameter of the wheel, and the wheel’s rotation speed. If the regenerating
airstream is hot, the system is known as active; if it is dry the system is pas-
sive. Active desiccant systems dry the supply air continuously in any kind
of weather, but their operating costs are higher due to the energy required
to heat the regenerating airstream.

Desiccant dehumidification is a superb method of maintaining con-

——— TABLE 3-5: WATER CONTENT IN SATURATED AIR ——+—
ty,°F ¢, gr t,°F ¢, gr t,°F c¢,qr 1,°F ¢, qr t,°F ¢, qr

15..... 0.99 44..... 3.32  64..... 6.62 84..... 12.5 104..... 22.3
20..... 1.24  46..... 3.56  66..... 7.07  86..... 13.3 106..... 23.6
25..... 1.56  48..... 3.83  68..... 7.57 88..... 14.1 108..... 24.9
30..... 1.95 50..... 4.11  70..... 8.10  90..... 14.9 110..... 26.3
32..... 2.13  52..... 4.41 72..... 8.59 92..... 15.8 112..... 27.8

Co., Troy, MI); Jun 1995, p. 20.
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Fig. 3-58. Dehumidifier operation in chiller unit.

stant air temperature and humidity levels in indoor spaces, which is often
important in industrial operations. However, these machines vary the sup-
ply air volume by 10-15 percent because adding or subtracting moisture
from air has an accordion effect on its volume; so they are N2G in hermeti-
cally sealed ‘air aquariums’. During cold weather a desiccant dryer’s oper-
ation can be reversed by sending the warmed regenerating air into indoor
spaces and the cooled water-removed air outdoors.

An outstanding example of desiccant dehumidification is the Borden
facility in Northbrook, IL, which produces 1,000,000 boxes of Cracker Jacks
each day. As the product’s corn pops, it liberates moisture, which if not
removed quickly from the air is reabsorbed by the popped corn and hygro-
scopic caramel, which would form a gooey brick inside the package —not the
“surprise in every box” one would want. But by passing large volumes of des-
iccant-dried cold air over the popping corn until it is sealed in cartons, as
much as 2,200 Ib of water —more than a ton— is removed from the assembly
lines every hour. '

What is the maximum summer dehumidification requirement for a typi-
cal office of 28 people in Cleveland, OH?

3)C)1)4) 12,000 D = n Q(h, c, - h; c;)

T “Issues & Events”, Engineering Systems magazine (Business News Publishing [l
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D = design dehumidification load for occupied space(s), ? Ib/hr
n = number of occupants in space, 28

Q = required airflow for occupied space, cfm.

From Table 3-7, Q for office areas = 20 cfm.

summer design outdoor relative humidity for site, %,

From Fig. 3-26, h, for Cleveland area = 75%,.

¢, = water content of saturated outdoor air at summer design tempera-
ture, gr/cf. From Fig. 3-25, summer design temperature for
Cleveland area = 90°%; from Table 3-5, ¢, for 90° F = 14.94 gr/cf.

h; = optimal indoor relative humidity, usually 50%

¢, = water content of saturated indoor air at optimal indoor temperature
(usually 75°), gr/cf. From Table 3-5, ¢; for 75° F = 9.45 gr/cf.

12,000 D = 20 x 28 (75 x 14.94 - 50 x 9.45) ... D = 30.2 Ib/hr

>
Q
1

3.D. VENTILATION

By far the best ventilating unit is an open window. Its cost is low, it is
100 percent efficient, its “hands-on” technology is simple, it is made in many
sizes, and is widely available. It is easily the most common ventilator world-
wide. Its airflow is also refreshing, is suggestive of freedom and independ-
ence, and tends to keep us in touch with Nature. A window’s advantages can
be improved by doing the following:

> Make floorplans no more than 36—40 ft wide.

> Locate thermal massing indoors to smooth out daily temperature
swings.

> Locate summer-sun-blocking overhangs or sunscreeens above
the windows.

> Install manually operable thermostatic controls.

> In buildings two or more stories high do not locate ground-level

pedestrian areas directly below the windows. Instead fill these
environs with attractive shrubbery, ground covers, and other
unwalkable vegetation —which also emphasize the natural ambi-
ence enhanced by the ventilation.

Another good natural ventilating unit is the rooftop ventilator. These
units are typically located near the center of a large-roomed building, usu-
ally at the peak of the roof where exposure to the prevailing winds above is
greatest and interior convection currents below are maximum. The units’
tops intercept the prevailing winds, which create a gentle atomizer effect in
them, which draws upward uncomfortably warm indoor air that has risen to
the highest part of the ceiling just below; then as the bad air is drawn upward

Co., Troy, MI); Sep 1994, p. 12.
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Fig. 3-59. Typical ventilation pathways.

fresh air is induced to flow through open windows located around the lower
outer edge of the building. Three common rooftop ventilating units are the
ridge ventilator, circular ventilator, and turbine ventilator. Each is de-
scribed in Figs. 3-60, 61, and 62. Circular and furbine units can be installed
in roofs that slope as much as 6 in 12, but they are much less effective there,
especially if the roof plane is on the lee side of prevailing winds and the
unit’s top is below the roof’s peak. These ventilators also work better if the
roof is not closely surrounded by hilly terrain or tall foliage.

The three natural air ventilators above are sized as follows. Knowing
the local prevailing windspeed and the design temperature difference
between the indoors and outdoors, determine the building’s ventilation
requirements, then select one or more units from Table 3-6 below. Interpo-
late for intermediate values

At times it is necessary to use more mechanical means of supplying
fresh air fo modern interior spaces. A chief method today is the large HVAC
systems that serve hermetically sealed ‘air aquariums.” In such buildings,
outdoor fresh air enters a supply air louver, is impelled by a fan through fil-
ters and conditioners, flows into an occupied space, exits as stale air, then
flows through a return air duct to where a splitter damper sends part of the
stale air outdoors and the rest back info the supply duct where it mixes with
more fresh air. If stale air sensors (usually CO, sensors) notify controls that
interior spaces need more fresh air, the splitter damper sends a greater por-

0
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This galvanized steel ridge vent has a This is a short vertical aluminum duct
slotin its base and a lift damper inside with a cylindrical vent cap on top and a
that is opened by a chain from below; chain-operated disc damper near ifs
then convection air flows through slots base. Opening the damper allows warm
in the unit’s top. air to flow upward and outside.

Fig. 3-60. Ridge ventilator.? Fig. 3-61. Circular ventilator.

=——— TABLE 3-6: ROOFTOP VENTILATOR CAPACITIES
Airflow volumes are in cfm
RIDGE VENTILATORS w 4 IN x 10-0" OPENING
PREVAILING ~——— Atemperature between indoors & outdoors
WINDSPEED 0° 5° 10° 15° 20° 25° 30°
4 mph ....... 205 270 330 380 425 470 510
6 mph ....... 470 340 415 480 540 595 640
8mph ....... 315 415 500 580 655 720 775
10 mph ....... 370 485 590 680 770 845 910
12mph ....... 425 560 675 780 880 970 1,050
GLOBE AND CIRCULAR VENTILATORS '
PREVAILING ~—— Atemperature between indoors & outdoors
WINDSPEED 0° 5° 10° 15° 20° 25° 30°
4 mph ....... 100 110 120 130 140 155 170
6mph ....... 125 135 150 165 180 195 215
8dmph ....... 150 165 180 200 220 240 260
10 mph ....... 175 195 215 235 255 280 305
12mph ....... 200 220 245 270 295 320 350
1. For 8 in. dia. turbine ventilators, multiply above airflow volumes x 1.00.
For 12 in. dia. turbine ventilators, multiply above airflow volumes x 2.27.
For 12 in. dia. circular ventilators, multiply above airflow volumes x 1.94.

T The author regrets that he has lost the source for the rooftop ventilators in
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Also a globe ventilator, this is a short
vertical duct with a vaned furbine on
top. When prevailing winds make the
turbine rotate, it sucks air from below.

Fig. 3-62. Turbine ventilator.
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tion of the stale air outdoors, a ded-
icated exhaust fan draws more stale
air out, or supply fans pull more out-
door air into the ducting. In such
systems fresh-air supply louvers
cannot be near return air outlets,
cooling tower exhausts, exhaust
airstreams from other buildings,
service areas, parking areas (not
even illegal parking zones where a
driver might wait for a passenger),
chimney tops or plumbing vents,
within 8 ft of the ground, or near
areas of standing water (such as
just above flat roofs). Each louver
also must be protected from entry
or obstruction by insects, birds
and nests, rodents, debris,
updrafting rain, and swirling snow.
Exhaust louvers also cannot be
near building entrances, operable
windows, or intake vents.

Other mechanical ventilation design guides are:

> The amount of incoming air in a duct depends on the pressure
differential at the end of the duct and its net open area.
> Poor mixing of airstreams of different densities (e.g. different

temperatures or humidities) can create mixed air temperatures
that are different from what calculations indicate.

> Supply air should not be delivered info a space as much as it
should be delivered to where its occupants are located.

> Too little ventilation results in lower IAQ; too much ventilation
results in wasted energy.

> Using large volumes of outdoor air to dilute indoor contaminants
usually costs more than recirculating and filtering part of the air.

> Where waste-emitting equipment or processes are located, install
exhaust fans that send bad air directly outdoors.

> Installing CO, sensors in densely occupied spaces saves energy.

There are three general kinds of mechanical ventilation, usually
depending on the kind of space to be ventilated:

Flow tracking. Fresh air requirements are based on similar amounts
required by similarly occupied spaces: e.g. floorplans with numerous simi-
lar-sized occupancies such as offices, hotel rooms, and classrooms.

Figs. 3-60, 3-61, and 3-62 and the related ventilator capacities in Table 3-6; I
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Demand confrolled. Fresh air requirements are determined by spe-
cific needs of certain areas or equipment. Examples are public restrooms,
commercial cooking areas, and laboratory fume hoods.

Air pressure management. Fresh air requirements are based on
pressure differentials between s.a.p. sensors located in adjacent spaces.
Examples are large open areas, interpenetrating spaces, public circulation
areas, and rooms with irreqular perimeters. Air flows from the lower s.a.p.
to the higher, and the greater the s.a.p. differential between two areas the
faster the airflow between them.

Computing a zone’s ventilation requirements usually depends on if
its unit fresh airflow requirements are in cf per occupant, cf per floor areaq,
cf per spatial unit (e.g. a toilet stall), or a zone’s number of air changes per
hour. Every mechanical ventilation system also requires one or more return
air vents for exhausting the building’s stale or foul air. The most efficient
ones face straight up and use the exhaust flow’s velocity to send it as high
into the outside air as possible. One such vent is sketched in Fig. 3-11.

Example 1. A bedroom window in a hillside residence a south of Car-
mel, CA, overlooks the Pacific Ocean 400 ft to the west. If the double-
hung window is 32 in. wide x 48 in. high, the room’s floor area is 12 x
14 ft, an open doorway on the wall opposite the window allows incom-
ing air to flow freely through the room, and prevailing winds blowing
off the Pacific Ocean are rarely less than 12 mph, how high must the
window’s lower sash be above its sill to satisfy the bedroom’s fresh air
requirements?

Step 1. Determine the window’s volume of incoming airflow.

301 Q= VAE

Q = volume of incoming airflow, ? cfm

v = velocity of girflow, fpm. 1 mph = 88 fom. As prevailing windspeed
usually = 0.6 ambient breeze speed, V=12 x 88 x 0.6 = 630 fpm.

A = maximum free area of open window, sf. From catalog or manual
measurement, maximum lower sash opening of 32 x 48 in. double-
hung window is about 28 in. wide x 21 in. high = 588 in?.

Converting in. to ft, 588 + 144 = 4.1 sf.

€ = efficacy of opening. € = 0.90 if opening is in a wall or roof surface
that faces prevailing winds, 0.55 if surface is perpendicular to pre-
vailing winds, and 0.15 if surface faces away from prevailing winds.
Interpolate for intermediate values. Here € = 0.90.

Q = 630 x4.1x0.90 = 2,390 cfm

the source was a product catalog.
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Step 2. Determine the room’s fresh air requirements. Assuming the bed-
room is normally occupied by two people engaged in passive to light activ-
ity, from Table 3-7, fresh air requirement for light activity = 20 cfm-occu-
pant. At two occupants, the fresh air requirement = 2 x 20 x 40 cfm.

Step 3. Determine the height of the sash opening that is required to sat-
isfy the room'’s fresh air requirements.

H,eq: Required ht. of opng Q... Required fresh airflow of opng

H,yox: Maximum ht. of opng Quax: Maximum fresh airflow of opng

hyyq = 40/2,300 ... h=0.37 in. » about % in.

Example 2. The same hillside residence overlooking the Pacific as de-
scribed in the previous example has casement windows on the house’s
north and south facades; thus when the windows are half open they
scoop the prevailing wind blowing alongside the house indoors. If the
windows are 32 in. wide x 48 in. high, during average prevailing wind-
flow how much fresh air does each of these manually operated scoop
ventilators redirect indoors?

s
3)D)2) Q< vwhe [
Q = volume of incoming ¢VAILING oW
airflow, ? cfm s ¥iNpFv W
v = velocity of agirflow,
fom. 1 mph = 88 L 2 L

fpm. As prevailing -

windspeed usually
Fig. 3-63. Plan of

= 0.6 ambient
breeze speed,
v=12x88x0.6 casement window ventilator.
= 630 fpm.

w = width of wind scoop area when window is half open, ft. Half open =
45°, . w=sash width x sin 45° =28 x 0.707 = 19.8 in. From catalog
or manual measurement, sash width of 32 in. casement window is
about 28 in; but the horizontal distance from the sash’s frame inset
to the outer surface of the building’s finish must be subtracted
from w. Say this = 3 in. Then w=19.8 - 3 = 16.8 in.

Converting to ft: 16.8/12 = 1.4 ft.

h = height of wind scoop, ft. This is the height of the sash. From man-
ufacturer’s catalog or manual measurement, h for 48 in. high case-
ment window = 44 in. Converting to ft: 44/12 = 3.67 ft.

0
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€ = efficacy of opening. € = 0.90 if opening is in a wall or roof surface

that faces prevailing winds, 0.55 if surface is perpendicular to pre-
vailing winds, and 0.10 if surface faces away from prevailing winds.
Interpolate for intermediate values. Here the window’s opened
sash faces prevailing winds. .. € = 0.90.

Q = 630 x 1.4 x 3.67 x 0.90 = 2,900 cfm

Example 3. The same hillside residence overlooking the Pacific Ocean
as described in the previous two examples has a belvedere mounted at
the peak of a cathedral ceiling over the living area as drawn below.
Given the data in the drawing, how much air is drawn upward through
the house by this method of natural ventilation?

NET FREE AREA =
0.45 TOTAL AREA
py
Z NDF ]
F o
: e WIRIFLoy, 24" HIGH,
pREVAV
= : 30" WIDE
- 82° 4 +
THIS LEVEL 1S 14 FT
30"x30" ABOVE LIVING ROOM
OPEN FLOOR

+ e -

68° IN LIVING ROOM AREA

l

Fig. 3-64. Section through belvedere ventilator.

Strategy: The belvedere as sketched above induces natural airflow in two
ways: the aerosol effect and the stack effect. Each is described below:

a. Aerosol effect: This is a suction created by the prevailing winds blow-
ing through the belvedere’s slatted horizontal openings which are located
above the columnar opening just below. Its airflow is quantified as

3)D)3)a) Q. = 44 AE

Q, = volume of exiting airflow due to aerosol effect, ? cfm

A = area of opening, sf. Here A = smaller of two openings between top
of room and outdoors; opening 1 is the columnar airspace below
the belvedere, and opening 2 is the net free area between the slats
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in one of the belvedere’s walls. From the sketch, opening area 1 =
30 x 30 = 900 sf, and opening area 2 = 0.45 x 24 x 30 = 324 in2.
Use smaller area and convert to ft: A = 324/12 = 22.25 sf.

€ = efficacy of opening. € = 0.90 if opening is in a wall or roof surface
that faces prevailing winds, 0.55 if surface is perpendicular to pre-
vailing winds, and 0.10 if surface faces away from prevailing winds.
Interpolate for intermediate values. Here € = 0.90.

Q, = 44 x2.250.90 = 89 cfm

b. Stack effect: This is the amount of air that is drawn upward due to the
temperature difference between the room’s lowest and highest levels;
because warmer air is less dense and thus rises which pulls up the air
below. These thermodynamics are quantified by

3)D)3)b) Qs = 70 + 3.7 (hAT)?-62

Q. = volume of exiting airflow due to stack effect, ? cfin

h = height of temperature differential, ft. From the sketch, the upper
temperature of 82°is 14 ft above the living room floor. If assumed
lower temperature of 68°is 3 ft above the floor, h= 14 - 3 = 11 ft.

AT = temperature differential between lower and higher level, ° F.
AT =82-68=14"F.

Qs = 70 + 3.7 (11 x 14)962 = 154 cfim

c. Total ventilation airflow:

3)D)3)¢) Qr = Qu+ Qs

Qr = 89 + 154 = 243 cfm

Note: The stack effect occurs not only in large airspaces that are many
feet tall: it may also occur in an uninsulated stud wall in the voids between
the wall’s interior and exterior finishes, and it may occur between the
panes of glass in a thermopane window. In both cases the air rises against
the warm surface, turns at the top, descends against the cold surface, then
turns at the bottom to create a convection loop that can drain much warm
air horizontally through the construction. The remedy? Fill the voids
between the studs with insulation, and place the two glass panes close
enough together so the loop cannot form.

Example 4. The house next door to the residence overlooking the Pac-
ific Ocean as described in the previous three examples has a solar
chimney constructed at the peak of its roof as drawn in Fig. 3-65.
Given the data in this drawing, what is the natural ventilation airflow
induced by this architecture on a hot sunny day?

0
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Strategy: The solar chimney sketched
at right induces natural airflow via the
stack effect, which is quantified from

3)DJ4) Q. = 70+ 3.7 (hAT)O®2 N
o .

h

volume of exiting airflow dueto 9
stack effect, ? cfm @
height of temperature differen-

tial, ft. From the sketch, the

upper temperature of 82°is 18
ft above the living room floor. If
assumed lower temperature of

FLOOR OF

. OCCUPIED
68" is 3 ft above the floor, h = SPACES 1S
18 -3 =15 ft. 18 FT
AT = temperature differential be- BELOW

tween lower and higher level, °
F. Here AT at higher level = ) l
135°. Assume temperature at
lower level is an uncomfortable ’
88°. .. 135 - 88 =47°F.
Qs = 70 + 3.7 (15 x 47)0-62 Fig. 3-65. Sec‘i'ion
Q. ~ 286 cfin through solar chimney.

A question for designers: Could a conventional masonry or metal chim-
ney be converted into a solar chimney by mounting a pane of Pyrex glass
in its south side between the roof and the top of the chimney? Then in sum-
mer the natural airflow could be controlled by the fireplace damper below.

Example 5: Fresh Air Requirement. What are the ventilation require-
ments for an office conference room that seats 24 people?

3)D)5) Required air per occupant:  Q > £, n O
6) Required air per floor area: Q = A
7) Required air per spatial unit: Q > 1.15 F, n
=

8) Required air per air changes: Q > 0.02 F,.V

Q1 QN

Q = required airflow delivery rate, (fresh or exhaust air), ? cfm
F, = unit fresh air requirement per occupant, cfm.
From Table 3-7, F, for conference room = 50 cfm.
n = number of occupants in space, 24 people
F, = unit fresh air requirement of floor area, cfm. Not applicable.
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A = total floor areq, sf. Not applicable.
F, = required fresh air for spatial unit (toilet, urinal, stove hood, etc.),
cfm. Not applicable.
N = number of spatial units served. Not applicable.
F,e = unit fresh air requirement, number of air changes/hr. Multiply by
safety factor of 2.5 unless specific data is given. Not applicable.
V = volume of ventilated space: L x W x H, cf. Not applicable.

Q = 24x50 = 1,200 cfm

Example 6: Exhaust Fan Size. If the painting room in an auto body
repair shop is 28 ft long, 16 ft wide, and 10 ft high, size the exhaust
fan.

3)DJ5) Required air per occupant:  Q > F,n
6) Required air per floor area: Q = A
7) Required air per spatial unit: Q = 1.15 £, n
8) Required air per air changes: Q = 0.02F,.V .. &

Qn N

Q = required airflow delivery rate, (fresh or exhaust air), ? cfin

F, = unit fresh air requirement per occupant, cfm. Not applicable.

n = number of occupants in space. Not applicable.

F, = unit fresh air requirement of floor area, cfm. Not applicable.

T = fotal floor area, sf. Not applicable.

F, = required fresh air for spatial unit (toilet, urinal, stove hood, etc.),
cfm. Not applicable.

n = number of spatial units served. Not applicable.

F,e = unit fresh air requirement, number of air changes/hr. Multiply by

safety factor of 2.5 unless specific information is given. From
Table 3-7, F, of localized bad air = 6 x 2.5 safety factor.
V = volume of ventilated space, 28 x 16 x 10 ft = 4,480 cf

Q = 0.02x6x25x4,480 = 1,340 cfm

Example 7: Exhaust Fan Size. What is the optimal size for an ex-
haust fan in a men’s room with seven toilets and five urinals?

Q]Q]Q] Required air per occupant: Q= F,n
6) Required air per floor area: Q= F,A
Z] Required air per spatial unit: Q = 1.15 F, n .. O
8) Required air per air changes: Q > 0.02 F,.V

0
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Q = required airflow delivery rate, (fresh or exhaust air), ? cfm
F, = unit fresh air requirement per occupant, cfm.

From Table 3-7, F, for conference room = 50 cfm.

N = number of occupants in space, 24 people.
F, = unit fresh air requirement of floor area, cfm. Not applicable.
T = ftotal floor area, sf. Not applicable.
F, = required fresh air for spatial unit (toilet, urinal, efc.), cfin.
From Table 3-7, F, for each toilet or urinal = 50 cfm.
n = number of spatial units served. 7 toilets + 5 urinals = 12 units.
F,e = unit fresh air requirement, number of air changes/hr. Multiply by

safety factor of 2.5 unless specific data is given. Not applicable.
V = volume of ventilated space: L x W x H, cf. Not applicable.

Q = 1.15x 12 x50 = 690 cfm

Example 8: Supply Duct Size. If the conference room in a fish hatch-
ery requires 880 ft> of fresh outdoor air when fully occupied and the
supply air duct is 22 ft long from the outdoor air grille to the confer-
ence room supply grille, size the duct.

3)D)9) Qs Axg

Q = required airflow delivery rate, (fresh or exhaust air), 880 cfm

A minimum section area of duct (not including insulation), ? in?

Ky = duct velocity factor. From Table 3-7, x, for main duct to a con-
ference room area = 12.

880<12A ...A = 75in’® 8 x 10in, 10 in. dia., etc.

Note: If the duct length = 40 ft or its width-to-depth ratio = 2.5, its size
should be increased according to air friction losses and aspect ratio as
described in Sec. 3.C.i.1, Example 2, on page 187.

Example 9: Exhaust Fan Size. A 24-seat conference room requires
1,200 f3/min of fresh air when fully occupied. If the HVAC system sup-
plies 240 ft> of fresh air into the room and an exhaust fan removes
excess smoky air when required, size the exhaust fan.

QQ;‘JQ Qexi + Qadd 2 Qfof

Q.y; = ventilation rate of existing exhaust system, 240 cfin
Q.uq= additional ventilation required, ? cfm
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Q.o+ = total ventilation required of exhaust system, 1,200 cfm

240 + Qadd = 1,200 Qaa’d > 960 Cfm

Example 10: Exhaust Duct Size. A ventilation fan in the ceiling of a
men’s room is rated at 720 ft>/min. If the exhaust air passes through
24 ft of ducting to a louver in the exterior wall, size the duct.

3)bjyd) Q < 0.8Ax,

= TABLE 3-7: FRESH AIR REQUIREMENTS =———
OCCUPANCY Minimum airflow, £, = cfim/occupant 1

Inactivity: reclining, sleeping, bedrooms, dorms, hotel/motel rooms .... 10
Passive activity: auditoriums, churches, theaters, classrooms,

libraries, museums, lounges, rest rooms, apartments .............. 15
Light activity: food prep & eating areas, lobbies, offices,

retail areas, music rooms, school labs, sports assembly ........... 20
Moderate activity: lobbies wo seating, hallways, bars, locker rooms,

beauty parlors, light recreation, cold food service areas,

hospital wards, private offices w smoking, walking activities ..... 25
Active work: shipping rooms, dance halls, kitchens, hot food service

areas, recreation, machinework ..., 30
Strenuous activity: gymnasiums, conference rooms w smoking ........ 50
Smoking lounges, other indoor smoking areas ......................... 60

FLOOR AREA Minimum airflow, F, = cfm/floor area

Corridor ... 0.33 ft>/min/ft? floor area
GATAGES e evtet ettt e e e et 1.5 ft3/min/f2 floor area
Commercial kitchens .................oooovna.. 4.0 3/min/f? floor area

SPATIAL UNIT Minimum airflow, F, = cfm/ spatial unit

Ladies FOOMS ...t e 35 f>/min per toilet
MEN'S TOOMS ..ot 50 ft3/min per toilet or urinal
Canopy or fume hoods .................. 60 ft3/min/ft2 per hood face area

AIR CHANGES/HR Minimum airflow, £, = no. air changes/hr

Localized bad air ... 6-60 air changes/hr
Factory operations ................ obtain specific data for each analysis
Smoke exhaust systems .... 6 ac/hr outside air to interiors affected by fire

1. Recommended airflow for any occupancy = 1.5 ft>/min-occupant.

0
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Q = required airflow delivery rate, (fresh or exhaust air), 720 cfm
A = minimum section area of duct (not including insulation), ? in?

duct velocity factor. From Table 3-7, x, for outlet duct from a serv-
ice area = 12.

720<08x12A ...A = 73in°=* 8 x 10", 10" diameter, etc.

Ky

Note: If the duct length exceeds 40 ft or its width-to-depth ratio exceeds
2.5, its size should be increased according to air friction losses and
aspect ratio as described in Sec. 3.C.i.1., Example 2, on page 187.

Example 11. An enclosed parking garage in downtown Chicago re-
quires ventilation to keep vehicular exhaust emissions at safe levels.
If the 12,400 sf garage has 42 parking spaces, its floor-to-ceiling
height is 9'-1", the vehicles are standard-size automobiles parked by
attendants, and most vehicles remain in the garage from 8 A.M. o 5
P.M., size the ventilation system.

3)D)1)2) AhC,Q = 4861k, €t

A = floor area of enclosed parking area, 12,400 sf
h = clear floor-to-ceiling height of enclosed parking area, ft.
9-1"=9.08 ft.

C, = maximum acceptable level of carbon monoxide in enclosed parking
ared, ppm. This should never exceed 25 ppm.

Q = required airflow of ventilation system, ? air changes/hr [ACH]

€ = emission rate per vehicle, gr/min. € varies significantly according

to size of vehicle engine, whether engine is hot or cold, ambient air
temperature at time of engine startup (e.qg. season of year), and
age of vehicle (older vehicles generally have higher emission
rates). Typical CO emissions of auto engines are listed on the next

page:
Type of engine/starting/season Emissions, grams/min
Cold-engine starting in summer (90°F) .................... 3.7 gm/min
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