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Knowlton J. Caplan, while at the Division of Occupational
Health, Michigan Department of Health, supervised the
preparation of a field manual on industrial ventilation. That
manual became the basis of the first edition of Industrial
Ventilation in 1951. For the next forty-six years, the Ventila-
tion Committee has felt Caplan’s presence as we published
the “Vent Manual.” This 23" edition is no different. Although
“Cap” has not been an active member of the Committee for
the past eleven years, his presence was felt at almost every
meeting. Frequently we punctuated discussions with a quota-
tion from Cap or a reference to one of his published works.
Because of his influence, we proudly dedicate this edition to
Knowlton J. Caplan.

During his 50-year career, Cap was a pioneer in the fields
of industrial hygiene, industrial ventilation, and air pollution
control. He conducted basic research on cyclone and fabric
filter dust collectors and holds several patents for these de-
vices. As an associate professor in the public health depart-
ment of the University of Minnesota, Cap advised numerous
Master’s degree students in industrial hygiene, occupational
health and air pollution control. He has been an instructor at
the industrial ventilation conferences at Michigan State Uni-
versity (thirty years) and the University of Washington (ten
years). As an author of more than 70 technical papers, he was
a frequent presenter at the American Industrial Hygiene Con-
ference and the American Society of Heating Refrigeration
and Air Conditioning Engineers (ASHRAE) meeting. In ad-
dition he wrote chapters in Air Pollution by Stern, Industrial
Hygiene and Toxicology by Patty, Uranium Production Tech-
nology by Harrington and Rueble, and was the Associate
Editor of Industrial Hygiene Aspects of Plant Operations:
Volume 3 - Engineering Considerations in Equipment Selec-
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tion, Layout and Building Design by Crawley and Crawley.

Besides his innovative ventilation design, Cap developed a
method for testing laboratory fume hoods which won the Best
Paper of the Year award of the Michigan Industrial Hygiene
Society in 1982, which later became the basis for the
ASHRAE Standard 110-1995, “Method of Testing Labora-
tory Fume Hood Performance.” Cap was a significant partici-
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“American National Standard for Laboratory Ventilation.” He
was the first to employ “clean air islands” to supplement local
exhaust ventilation where necessary.
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tee on Industrial Ventilation), Air Pollution Control Associa-
tion (Committee on Dust, Fume, and Mist Control), American
Industrial Hygiene Association (Board of Directors, Air Pol-
lution Control Committee), ASHRAE ( Industrial Ventila-
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Standards Committee (Air Pollution Committee, Health and
Safety Committee), American Board of Industrial Hygiene.

Cap was born in St. Louis, Missouri. He earned his bache-
lor’s and master’s degree in chemical engineering from Wash-
ington University in the 1940s. He served in the
Commissioned Corps of the U.S. Public Health Services. He
worked as a chemical engineer and ventilation engineer at
Ralston Purina Company and Mallinckrodt Chemical, Ura-
nium Division. He also worked for the St. Louis County
Health Department and the Michigan Department of Health
as an industrial hygienist. In addition, Cap did consulting
work, primarily as a ventilation engineer for Industrial Health
Engineering Associates (co-founder), Pace Incorporated, and
Rust Environment and Infrastructure.






FOREWORD

Industrial Ventilation: A Manual of Recommended Practice
is the outgrowth of years of experience by members of the
ACGIH Industrial Ventilation Committee members and a com-
pilation of research data and information on design, mainte-
nance, and evaluation of industrial exhaust ventilation systems.
The Manual attempts to present a logical method of designing
and testing these systems. It has found wide acceptance as a guide
for official agencies, as a standard for industrial ventilation
designers, and as a textbook for industrial hygiene courses.

The Manual is not intended to be used as law, but rather as a
guide. Because of new information on industrial ventilation
becoming available through research projects, reports from en-
gineers, and articles in various periodicals and journals, review
and revision of each section of the Manual is an ongoing Com-
mittee project. The Manual is available as a hardbound book and
on CD-ROM. In a constant effort to present the latest techniques
and data, the Committee desires, welcomes, and actively seeks
comments and suggestions on the accuracy and adequacy of the
information presented herein.

In this 23rd edition, the Committee has made a number of
minor revisions. Chapter 5 includes updated duct calculation
sheets designed to aid in calculations. The “3 eye” duct friction
charts have been replaced with tables to permit easier determi-
nation of the duct friction factor. The metric supplement has been

deleted and the Committee has developed a separate metric
manual.

This publication is designed to present accurate and
authoritative information with regard to the subject matter
covered. It is distributed with the understanding that nei-
ther the Committee nor its members collectively or indi-
vidually assume any responsibility for any inadvertent
misinformation, omissions, or for the results in the use of
this publication.

COMMITTEE ON INDUSTRIAL VENTILATION

R.T. Hughes, NIOSH, Ohio, Chair

A.G. Apol, FEOH, Washington

W.M. Cleary, Retired, Michigan

M.T. Davidson, The New York Blower Co., Indiana
T.N. Do, NFESC, California

Mrs. Norma Donovan, Editorial Consultant

S.E. Guffey, U. of Washington, Washington

G.S. Knutson, Knutson Ventilation Consultants, Minnesota
G. Lanham, KBD/Technic, Ohio

K. Mead, NIOSH, Ohio
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A.L. Twombly, Pfeiffer Engineering Co. Inc., Kentucky
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DEFINITIONS

Aerosol: An assemblage of small particles, solid or liquid,
suspended in air. The diameter of the particles may vary
from 100 microns down to 0.01 micron or less, e.g.,
dust, fog, smoke.

Air Cleaner: A device designed for the purpose of remov-
ing atmospheric airborne impurities such as dusts,
gases, vapors, fumes, and smoke. (Air cleaners include
air washers, air filters, eletrostatic precipitators, and
charcoal filters.)

Air Filter: An air cleaning device to remove light particu-
late loadings from normal atmospheric air before intro-
duction into the building. Usual range: loadings up to
3 grains per thousand cubic feet (0.003 grains per cubic
foot). Note: Atmospheric air in heavy industrial areas
and in-plant air in many industries have higher loadings
than this, and dust collectors are then indicated for
proper air cleaning.

Air Horsepower: The theoretical horsepower required to
drive a fan if there were no loses in the fan, that is, if its
efficiency were 100 percent.

Air, Standard: Dry air at 70 F and 29.92 in (Hg) barometer.
This is substantially equivalent to 0.075 Ib/ft3. Specific
heat of dry air = 0.24 btuw/Ib/F.

Aspect Ratio: The ratio of the width to the length; AR =
W/L.

Aspect Ratio of an Elbow: The width (W) along the axis
of the bend divided by depth (D) in plane of bend; AR
= W/D.

Blast Gate: Sliding damper.

Blow (throw): In air distribution, the distance an air stream
travels from an outlet to a position at which air motion
along the axis reduces to a velocity of 50 fpm. For unit
heaters, the distance an air stream travels from a heater
without a perceptible rise due to temperature difference
and loss of velocity.

Brake Horsepower: The horsepower actually required to
drive a fan. This includes the energy losses in the fan
and can be determined only by actual test of the fan.
(This does not include the drive losses between motor
and fan.)

Capture Velocity: The air velocity at any point in front of
the hood or at the hood opening necessary to overcome
opposing air currents and to capture the contaminated
air at that point by causing it to flow into the hood.

xiii

Coefficient of Entry: The actual rate of flow caused by a
given hood static pressure compared to the theoretical
flow which would result if the static pressure could be
converted to velocity pressure with 100 percent effi-
ciency. It is the ratio of actual to theoretical flow.

Comfort Zone (Average): The range of effective tempera-
tures over which the majority (50% or more) of adults
feel comfortable.

Convection: The motion resulting in a fluid from the
differences in density and the action of gravity. In heat
transmission, this meaning has been extended to in-
clude both forced and natural motion or circulation.

Density: The ratio of the mass of a specimen of a substance
to the volume of the specimen. The mass of a unit
volume of a substance. When weight can be used with-
out confusion, as synonymous with mass, density is the
weight of a unit volume of a substance.

Density Factor: The ratio of actual air density to density
of standard air. The product of the density factor and
the density of standard air (0.075 1b/ft3) will give the
actual air density in pounds per cubic foot; d x 0.075 =
actual density of air, 1bs/ft3.

Dust: Small solid particles created by the breaking up of
larger particles by processes crushing, grinding, drill-
ing, explosions, etc. Dust particles already in existence
in amixture of materials may escape into the air through
such operations as shoveling, conveying, screening,
sweeping, etc.

Dust Collector: An air cleaning device to remove heavy
particulate loadings from exhaust systems before dis-
charge to outdoors. Usual range: loadings 0.003 grains
per cubic foot and higher.

Entry Loss: Loss in pressure caused by air flowing into a
duct or hood (inches H,0).

Fumes: Small, solid particles formed by the condensation
of vapors of solid materials.

Gases: Formless fluids which tend to occupy an entire
space uniformly at ordinary temperatures and pres-
sures.

Gravity, Specific: The ratio of the mass of a unit volume
of a substance to the mass of the same volume of a
standard substance at a standard temperature. Water at
39.2 F is the standard substance usually referred to. For
gases, dry air, at the same temperature and pressure as
the gas, is often taken as the standard substance.
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Hood: A shaped inlet designed to capture contaminated air
and conduct it into the exhaust duct system.

Humidity, Absolute: The weight of water vapor per unit
volume, pounds per cubic foot or grams per cubic
centimeter.

Humidity, Relative: The ratio of the actual partial pressure
of the water vapor in a space to the saturation pressure
of pure water at the same temperature.

Inch of Water: A unit of pressure equal to the pressure
exerted by a column of liquid water one inch high at a
standard temperature.

Lower Explosive Limit: The lower limit of flammability or
explosibility of a gas or vapor at ordinary ambient
temperatures expressed in percent of the gas or vapor in
air by volume. This limit is assumed constant for tem-
peratures up to 250 F. Above these temperatures, it
should be decreased by a factor of 0.7 since explosibility
increases with higher temperatures.

Manometer: An instrument for measuring pressure; essen-
tially a U-tube partially filled with a liquid, usually
water, mercury or a light oil, so constructed that the
amount of displacement of the liquid indicates the pres-
sure being exerted on the instrument.

Micron: A unit of length, the thousandth part of 1 mm or
the millionth of a meter (approximately 1/25,000 of an
inch).

Minimum Design Duct Velocity: Minimum air velocity
required to move the particulates in the air stream, fpm.

Mists: Small droplets of materials that are ordinarily liquid
at normal temperature and pressure.

Plenum: Pressure equalizing chamber.

Pressure, Static: The potential pressure exerted in all di-
rections by a fluid at rest. For a fluid in motion, it is
measured in a direction normal to the direction of flow.
Usually expressed in inches water gauge when dealing
with air. (The tendency to either burst or collapse the

pipe.)
Pressure, Total: The algebraic sum of the velocity pressure
and the static pressure (with due regard to sign).

Pressure, Vapor: The pressure exerted by a vapor. If a
vapor is kept in confinement over its liquid so that the
vapor can accumulate above the liquid, the temperature
being held constant, the vapor pressure approaches a
fixed limit called the maximum or saturated vapor pres-

sure, dependent only on the temperature and the liquid.
The term vapor pressure is sometimes used as synony-
mous with saturated vapor pressure.

Pressure, Velocity: The kinetic pressure in the direction of
flow necessary to cause a fluid at rest to flow at a given
velocity. Usually expressed in inches water gauge.

Radiation, Thermal (Heat) Radiation: The transmission of
energy by means of electromagnetic waves of very long
wave length. Radiant energy of any wave length may,
when absorbed, become thermal energy and result in an
increase in the temperature of the absorbing body.

Replacement Air. A ventilation term used to indicate the
volume of controlled outdoor air supplied to a building
to replace air being exhausted.

Slot Velocity: Linear flow rate of contaminated air through
slot, fpm.

Smoke: An air suspension (aerosol) of particles, usually but
not necessarily solid, often originating in a solid nu-
cleus, formed from combustion or sublimation.

Temperature, Effective: An arbitrary index which com-
bines into a single value the effect of temperature,
humidity, and air movement on the sensation of warmth
or cold felt by the human body. The numerical value is
that of the temperature of still, saturated air which
would induce an identical sensation.

Temperature, Wet-Bulb: Thermodynamic wet-bulb tem-
perature is the temperature at which liquid or solid
water, by evaporating into air, can bring the air to
saturation adiabatically at the same temperature. Wet-
bulb temperature (without qualification) is the tempera-
ture indicated by a wet-bulb psychrometer constructed
and used according to specifications.

Threshold Limit Values (TLVs): The values for airborne
toxic materials which are to be used as guides in the
control of health hazards and represent time-weighted
concentrations to which nearly all workers may be
exposed 8 hours per day over extended periods of time
without adverse effects (see Appendix).

Transport (Conveying) Velocity: See Minimum Design
Duct Velocity.

Vapor: The gaseous form of substances which are nor-
mally in the solid or liquid state and which can be
changed to these states either by increasing the pressure
or decreasing the temperature.




ABBREVIATIONS

A area
acfm . . . .. ... flow rate at actual condition
AHP .. ..o air horsepower
AR . . aspect ratio
A o Slot area
B. .. .. barometric pressure
bhp . ... .. brake horsepower
bhp, . ... ... ... brake horsepower, actual
bhp, . ... . ... ... brake horsepower, standard air
btu ... British thermal unit
btuh . .. .. btu/hr
Ce . ... . coefficient of entry
cfm ... o cubic feet per minute
CLR . ... .. . centerline radius
D .. diameter
df .. density factor
S effective temperature
Foo o o degree, Fahrenheit
Fo oo oo duct entry loss coefficient
Foy oo o elbow loss coefficient
Fao o o o o oo entry loss coefficient
fom ... L feet per minute
fps . feet per second
Fo oo slot loss coefficient
fe . square foot
fe cubic foot
g gravitational force, ft/sec/sec
gpm ..o gallons per minute
Gr o grains
hy o duct entry loss
he © .o overall hood entry loss
hy — o elbow loss
New - o entry 1oss
HEPA . .. .. .. high-efficiency particulate air filters
hee oo loss in straight duct run
5 duct loss coefficient
hp . .. horsepower
hr oo hour
hy oo slot or opening entry loss
1 inch

XV

in? .o square inch
“WE L inches water gauge
o, . pound
bm. . ... pound mass
LEL . ... . ... ... ... lower explosive limit
ME................ mechanical efficiency
ME . o milligram
min. .. ... minute
MM . ..o e millimeter
MRT .. ........... mean radiant temperature
MW . molecular weight
Do density of air in [b/ft’
ppPm ... parts per million
psi . ..o pounds per square inch
PWR ... oo power
Q. . flow rate in cfm
Qe+ v v e e corrected flow rate at a junction
R degree, Rankin
RH........ ... . ... relative humidity
Mmoo revolutions per minute
sefm . .. ... ... .. flow rate at standard condition
sfpm . ..o surface feet per minute
SPEr . specific gravity
] static pressure
SPyyy - v v higher static pressure at junction of 2 ducts
SP, .. hood static pressure
SP, ... ... Sp, system handling standard air
STP . ... ... .. standard temperature and pressure
TLV . oo o Threshold Limit Value
TP total pressure
Voo velocity, fpm
Vi oo duct velocity
VP oo velocity pressure
VPy. o oo duct velocity pressure
VP, . ... . resultant velocity power
T S slot velocity pressure
Ve oo Slot velocity
Vo oo duct transport velocity
W watt
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1.1 INTRODUCTION

The importance of clean uncontaminated air in the indus-
trial work environment is well known. Modern industry with
its complexity of operations and processes uses an increasing
number of chemical compounds and substances, many of
which are highly toxic. The use of such materials may result
in particulates, gases, vapors, and/or mists in the workroom
air in concentrations that exceed safe levels. Heat stress can
also result in unsafe or uncomfortable work environments.
Effective, well-designed ventilation offers a solution to these
problems where worker protection is needed. Ventilation can
also serve to control odor, moisture, and other undesirable
environmental conditions.

The health hazard potential of an airborne substance is
characterized by the Threshold Limit Value (TLV®). The TLV
refers to the airborne concentration of a substance and repre-
sents conditions under which it is believed that nearly all
workers may be exposed day after day without adverse health
effects. The time-weighted average (TWA) is defined as the
time-weighted average concentration for a conventional 8-
hour workday and a 40-hour workweek which will produce
no adverse health effects for nearly all workers. The
TLV-TWA isusually used to determine a safe exposure level.
TLVs are published annually by the American Conference of
Governmental Industrial Hygienists (ACGIH); revisions and
additions are made regularly as information becomes avail-
able. Appendix A of this Manual provides the current TLV
list for chemical substances as of the date of publication.

Ventilation systems used in industrial plants are of two
generic types. The SUPPLY system is used to supply air,
usually tempered, to a work space. The EXHAUST system is
used to remove the contaminants generated by an operation
in order to maintain a healthful work environment.

A complete ventilation program must consider both the
supply and the exhaust systems. 1f the overall quantity of air
exhausted from a work space is greater than the quantity of
outdoor air supplied to the space, the plant interior will
experience a lower pressure than the local atmospheric pres-
sure. This may be desirable when using a dilution ventilation
system to control or isolate contaminants in a specific area of
the overall plant. Often, this condition occurs simply because
local exhaust systems are installed and consideration is not
given to the corresponding replacement air systems. Air will
then enter the plant in an uncontrolled manner through cracks,
walls, windows, and doorways. This typically results in: 1)
employee discomfort in winter months for those working near
the plant perimeter, 2) exhaust system performance degrada-
tion, possibly leading to loss of contaminant control and a
potential health hazard, and 3) higher heating and cooling costs.
Chapter 7 of this Manual discusses these points in more detail.

1.2 SUPPLY SYSTEMS

Supply systems are used for two purposes: 1) to create a

comfortable environment in the plant (the HVAC system);
and 2) to replace air exhausted from the plant (the REPLACE-
MENT system). Many times, supply and exhaust systems are
coupled, as in dilution control systems (see Section 1.3 and
Chapter 2.)

A well-designed supply system will consist of an air inlet
section, filters, heating and/or cooling equipment, a fan, ducts,
and register/grilles for distributing the air within the work
space. The filters, heating and/or cooling equipment and fan
are often combined into a complete unit called an airhouse or
air supply unit. If part of the air supplied by a system is
recirculated, a RETURN system is used to bring the air back
to the airhouse.

1.3 EXHAUST SYSTEMS

Exhaust ventilation systems are classified in two generic
groups: 1) the GENERAL exhaust system and 2) the LOCAL
exhaust system.

The general exhaust system can be used for heat control
and/or removal of contaminants generated in a space by
flushing out a given space with large quantities of air. When
used for heat control, the air may be tempered and recycled.
When used for contaminant control (the dilution system),
enough outdoor air must be mixed with the contaminant so
that the average concentration is reduced to a safe level. The
contaminated air is then typically discharged to the atmos-
phere. A supply system is usually used in conjunction with a
general exhaust system to replace the air exhausted.

Dilution ventilation systems are normally used for con-
taminant control only when local exhaust is impractical, as
the large quantities of tempered replacement air required to
offset the air exhausted can lead to high operating costs.
Chapter 2 describes the basic features of general ventilation
systems and their application to contaminant and fire hazard
control.

Local exhaust ventilation systems operate on the principle
of capturing a contaminant at or near its source. It is the
preferred method of control because it is more effective and
the smaller exhaust flow rate results in lower heating costs
compared to high flow rate general exhaust requirements. The
present emphasis on air pollution control stresses the need for
efficient air cleaning devices on industrial ventilation sys-
tems, and the smaller flow rates of the local exhaust system
result in lower costs for air cleaning devices.

Local exhaust systems are comprised of up to four basic
elements: the hood(s), the duct system (including the exhaust
stack and/or recirculation duct), the air cleaning device, and
the fan. The purpose of the hood is to collect the contaminant
generated in an air stream directed toward the hood. A duct
system must then transport the contaminated air to the air
cleaning device, if present, or to the fan. In the air cleaner, the
contaminant is removed from the air stream. The fan must
overcome all the losses due to friction, hood entry, and fittings



inthe system while producing the intended flow rate. The duct
on the fan outlet usually discharges the air to the atmosphere
in such a way that it will not be re-entrained by the replace-
ment and/or HVAC systems. In some situations, the cleaned
air is returned to the plant. Chapter 7 discusses whether this
is possible and how it may be accomplished.

This Manual deals with the design aspects of exhaust
ventilation systems, but the principles described also apply to
supply systems.

1.4 BASIC DEFINITIONS

The following basic definitions are used to describe air flow
and will be used extensively in the remainder of the Manual.

The density (p) of the air is defined as its mass per unit
volume and is normally expressed in pounds mass per cubic
foot (Ibm/ft?). At standard atmospheric pressure (14.7 psia),
room temperature (70 F) and zero water content, its value is
normally taken to be 0.075 lbm/ft’, as calculated from the
perfect gas equation of state relating pressure, density, and
temperature:

p=pRT [1.1]

where:
p = the absolute pressure in pounds per square foot
absolute (psfa)
p = the density, 1bm/ft?
R = the gas constant for air and equals 53.35 ft-
Ib/Ibm-degrees Rankine
T = the absolute temperature of the air in degrees
Rankine
Note that degrees Rankine = degrees Fahrenheit + 459.7.

From the above equation, density varies inversely with
temperature when pressure is held constant. Therefore, for
any dry air situation (see Chapter 5 for moist air calculations),

pPT=(pTsto
or
Tsto 530
= =0.075—
P =Psm T T [1.2]

For example, the density of dry air at 250 F would be

p= 0.075—>20__ _ 0,056 Ibm/#°
460 + 250
The volumetric flow rate, many times referred to as "vol-
umes," is defined as the volume or quantity of air that passes
a given location per unit of time. It is related to the average
velocity and the flow cross-sectional area by the equation

Q=VA [1.3]

where:
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Q = volumetric flow rate, cfm
V = average velocity, fpm
A = cross-sectional area, ft?

Given any two of these three quantities, the third can readily
be determined.

Air or any other fluid will always flow from a region of
higher total pressure to a region of lower total pressure in the
absence of work addition (a fan). There are three different but
mathematically related pressures associated with amoving air
stream.

Static pressure (SP) is defined as the pressure in the duct
that tends to burst or collapse the duct and is expressed in
inches of water gage ("wg). It is usually measured with a water
manometer, hence the units. SP can be positive or negative
with respect to the local atmospheric pressure but must be
measured perpendicular to the air flow. The holes in the side
of a Pitot tube (see Figure 9-9) or a small hole carefully drilled
to avoid internal burrs that disturb the air flow (never
punched) into the side of a duct will yield SP.

Velocity pressure (VP) is defined as that pressure required
to accelerate air from zero velocity to some velocity (V) and
is proportional to the kinetic energy of the air stream. The
relationship between V and VP is given by

v = 1006 Y2
p

or

2
v
vP= p(1096) (1.4

where:
V = velocity, fpm
VP = velocity pressure, "wg

If standard air is assumed to exist in the duct with a density
0f 0.075 1bm/ft’, this equation reduces to

V = 4005vVP
or
2
\4
v~ 2055 115

VP will only be exerted in the direction of air flow and is
always positive. Figure 1-1 shows graphically the difference
between SP and VP.

Total pressure (TP) is defined as the algebraic sum of the
static and velocity pressures or

TP=SP+VP [1.6]

Total pressure can be positive or negative with respect to
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FIGURE 1-1. SP, VP, and TP at a point

atmospheric pressure and is a measure of the energy content
of the air stream, always dropping as the flow proceeds
downstream through a duct. The only place it will rise is
across the fan.

Total pressure can be measured with an impact tube point-
ing directly upstream and connected to a manometer. It will
vary across a duct due to the change of velocity across a duct
and therefore single readings of TP will not be representative
of the energy content. Chapter 9 illustrates procedures for
measurement of all pressures in a duct system.

The significance of these pressures can be illustrated as
follows. Assume a duct segment with both ends sealed was
pressurized to a static pressure of 0.1 psi above the atmos-
pheric pressure as shown in Figure 1-2. If a small hole
(typically 1/16" to 3/32") were drilled into the duct wall and
connected to one side of a U-tube manometer, the reading
would be approximately 2.77 "wg. Note the way the left-hand
manometer is deflected. If the water in the side of the ma-
nometer exposed to the atmosphere is higher than the water
level in the side connected to the duct, then the pressure read
by the gauge is positive (greater than atmospheric). Because
there is no velocity, the velocity pressure is 0 and SP=TP. A
probe which faces the flow is called an impact tube and will

measure TP. In this example, a manometer connected to an
impact tube (the one on the right) will also read 2.77 "wg.
Finally, if one side of a manometer were connected to the
impact tube and the other side were connected to the static
pressure opening (the center one), the manometer would read
the difference between the two pressures. As VP = TP — SP,
a manometer so connected would read VP directly. In this
example, there is no flow and hence VP = 0 as indicated by
the lack of manometer deflection.

If the duct ends were removed and a fan placed midway in
the duct, the situation might change to the one shown on
Figure 1-3. Upstream of the fan, SP and TP are negative (less
than atmospheric). This is called the suction side. Down-
stream of the fan, both SP and TP are positive. This is called
the pressure side. Regardless of which side of the fan is
considered, VP is always positive. Note that the direction in
which the manometers are deflected shows whether SP and
TP are positive or negative with respect to the local atmos-
pheric pressure.

1.5 PRINCIPLES OF AIR FLOW

Two basic principles of fluid mechanics govern the flow of
air in industrial ventilation systems: conservation of mass and
conservation of energy. These are essentially bookkeeping
laws which state that all mass and all energy must be com-
pletely accounted for. A coverage of fluid mechanics is not in
the purview of this manual; reference to any standard fluid
mechanics textbook will show the derivation of these princi-
ples. However, it is important to know what simplifying
assumptions are included in the principles discussed below.
They include:

1. Heat transfer effects are neglected. If the temperature
inside the duct is significantly different than the air
temperature surrounding the duct, heat transfer will
occur. This will lead to changes in the duct air tem-
perature and hence in the volumetric flow rate.

2. Compressibility effects are neglected. If the overall
pressure drop from the start of the system to the fan is
greater than about 20 "wg, then the density will change

|

\
\
l
i

FIGURE 1-2. Measurement of SP, VP, and TP in a pressurized duct
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SUCTION SIDE PRESSURE SIDE

3000 fom 3000 fpm

...... P

SP+ VP = TP SP + VP = TP
~1.1 + 056 = ~0.54 0.20 + 0.56 = 0.76
PRESSURES BELOW PRESSURES ABOVIE
ATMOSPHERIC ATMOSPHERIC

FIGURE 1-3. SP, VP, and TP at points in a ventilation system

change (see Chapter 5).

3. The air is assumed to be dry. Water vapor in the air
stream will lower the air density, and correction for
this effect, if present, should be made. Chapter 5 \

describes the necessary psychrometric analysis. @ . \*‘/ ) /

7/

4. The weight and volume of the contaminant in the air A > 3000 fpm
stream is ignored. This is permissible for the contami- / N\
nant concentrations in typical exhaust ventilation sys- "{"’
tems. For high concentrations of solids or significant i /
amounts of gases other than air, corrections for this /‘;’
effect should be included. \ ~,
s a
Conservation of mass requires that the net change of mass fom s k\/
flow rate must be zero. If the effects discussed above are 0. Qi= 02

negligible, then the density will be constant and the net change
of volumetric flow rate (Q) must be zero. Therefore, the flow
rate that enters a hood must be the same as the flow rate that
passes through the duct leading from the hood. At a branch
entry (converging wye) fitting, the sum of the two flow rates
that enter the fitting must leave it. At a diverging wye, the
flow rate entering the wye must equal the sum of the flow
rates that leave it. Figure 1-4 illustrates these concepts.

Conservation of energy means that all energy changes must
be accounted for as air flows from one point to another. In
terms of the pressures previously defined, this principle can
be expressed as:

b. Q1 +Q2=Q3

1-5

FIGURE 1-4. Volumetric flow rates in various situations. a. Flow through a

TP, = TP, +h, hood; b. Flow through a branch entry
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FIGURE 1-5. Variation of SP, VP, and TP through a ventilation system

SP,+ VP, =SP, +VP, +h, [17]
where;
subscript 1 =  some upstream point

subscript2 = some downstream point

hi = all energy losses encountered by the air as
it flows from the upstream to the down-
stream point

Note that, according to this principle, the fotal pressure
must fall in the direction of flow.

The application of these principles will be demonstrated by

an analysis of the simple system shown in Figure 1-5. The
normally vertical exhaust stack is shown laying horizontally
to facilitate graphing the variation of static, total, and velocity
pressures. The grinder wheel hood requires 300 cfm and the
duct diameter is constant at 3.5 inches (0.0668 ft* area).

1.6 ACCELERATION OF AIR AND HOOD ENTRY
LOSSES

Air flows from the room (point 1 of Figure 1-5) through
the hood to the duct (point 2 of Figure 1-5) where the velocity
can be calculated by the basic equation:



Q 300

A 00668

=4490fpm

This velocity corresponds to a velocity pressure of 1.26 "wg,
assuming standard air.

If there are no losses associated with entry into a hood, then
applying the energy conservation principle (Equation 1.7) to
the hood yields

SP,+VP, = SP, + VP,

This is the well known Bernoulli principle of fluid mechan-
ics. Subscript 1 refers to the room conditions where the static
pressure is atmospheric (SP; = 0) and the air velocity is
assumed to be very close to zero (VP = 0). Therefore, the
energy principle yields

SP, =-VP, =-126 "wg
Even ifthere were no losses, the static pressure must decrease

due to the acceleration of air to the duct velocity.

In reality, there are losses as the air enters the hood. These
hood entry losses (hy) are normally expressed as a loss coef-
ficient (Fy) multiplied by the duct velocity pressure; so hy =
F4VPy(where VP4 = VP;). The energy conservation principle
then becomes

SP, = —(VP, +hy) [1.8)
(See 3.5.1,3.5.2, and Figure 5-1 for a discussion of hyand h,.)

The absolute value of SP, is known as the hood static
suction (SPy). Then

SP, = —SP, = VP, +h, [1.9]

For the example in Figure 1-5, assuming an entry loss coeffi-
cient of 0.40,

SPy,

VP, + F;VP,
1.26 +(0.40) (1.26)
1.26 +0.50 = 1.76 "wg

In summary, the static pressure downstream of the hood is
negative (less than atmospheric) due to two effects:

1. Acceleration of air to the duct velocity; and
2. Hood entry losses.

From the graph, note that TP, = — h,, which confirms the
premise that total pressure decreases in the flow direction.

An alternate method of describing hood entry losses is by
the hood entry coefficient (C,). This coefficient is defined as
the square root of the ratio of duct velocity pressure to hood
static suction, or

VP
C.= /S—Ph [1.10]
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Ifthere were no losses, then SP,=VP and C,= 1.00. However,
as hoods always have some losses, C, is always less than 1.00.
In Figure 1-5,

c.= |VP _ 128 _a4s
Sk, 176
An important feature of C, is that it is a constant for any given

hood. It can, therefore, be used to determine the flow rate if
the hood static suction is known. This is because

Q = VA =1096A /E =1096A C, /—S& [1.11]
p p

-For standard air, this equation becomes

Q = 4005 A C,,/SP, (112

For the example in Figure 1-5,

Q = 4005(0.0668)(0.845) +/176 = 300 cfm

By use of C, and a measurement of SP,, the flow rate of a
hood can be quickly determined and corrective action can be
taken if the calculated flow rate does not agree with the design
flow rate.

1.7 DUCT LOSSES

There are two components to the overall total pressure
losses in a duct run: 1) friction losses and 2) fitting losses.

1.7.1 Friction Losses. Losses due to friction in ducts are
a complicated function of duct velocity, duct diameter, air
density, air viscosity, and duct surface roughness. The effects
of velocity, diameter, density, and viscosity are combined into
the Reynolds number (R,), as given by

Re=— [1.13]

p = density, Ibm/ft?

d = diameter, ft

v = velocity, ft/sec

p = the air viscosity, Ibm/s-ft

The effect of surface roughness is typically given by the
relative roughness, which is the ratio of the absolute surface
roughness height (k), defined as the average height of the
roughness elements on a particular type of material, to the
duct diameter. Some standard values of absolute surface
roughness used in ventilation systems are given in Table 1-1.

L. F. Moody" combined these effects into a single chart
commonly called the Moody diagram (see Figure 1-6). With
a knowledge of both the Reynolds number and the relative
roughness, the friction coefficient (f), can be found.
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TABLE 1-1. Absolute Surface Roughness sionless)
Duct Material Surface Roughness (k), feet L = duct length, ft
d = duct diameter, ft
Galvanized metal 0.00055 Y
VP = duct velocity pressure, "wg
Black iron 0.00015 . . .

. There are many equations available for computer solutions
Aluminum 0.00015 to the Moody diagram. One of these is that of Churchill,(*?
Stainless steel 0.00015 which gives accurate (to within a few percent) results over the

_ 0.01005 entire range of laminar, critical, and turbulent flow, all in a
Flexible duct ‘ single equation. This equation is:
(wires exposed)
Flexible duct 0.00301 8 \12 112
(wires covered) f=8 [R—) +(A +B)‘3/ : [1.15]
e .
The above roughness heights are design values. It should be noted that
significant variations from these values may occur, depending on the
manufacturing process. where:
. . . 0.9 16
Once determined, the friction coefficient is used in the A=d_2457 In (_7_) +( k )
Darey—Weisbach friction coefficient equation to determine ’ Re 3.71D
the overall duct friction losses:
16
L 37,530
hf—fEVP [1.14] B—( Re )
where: o While useful, this equation is quite difficult to use without
h; = friction losses in a duct, "wg a computer. Several attempts have been made to simplify the
f= Moody diagram friction coefficient (dimen- determination of friction losses for specialized situations. For
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FIGURE 1-6. Moody diagram (adapted from reference 1.1)



many years, charts based on the Wright!"-» equation have been
used in ventilation system design:

(V /1000)*®

hy =274 [1.16]

where:
V = duct velocity, fpm
D = duct diameter, inches

This equation gives the friction losses, expressed as "wg per
100 feet of pipe, for standard air of 0.075 Ibm/ft’ density
flowing through average, clean, round galvanized pipe having
approximately 40 slip joints per 100 feet (k = 0.0005 ft).

The later work by Loeffler!¥ presented equations for use
in the "velocity pressure" calculation method. Using the
standard values of surface roughness, equations were ob-
tained that could be used with the Darcy—~Weisbach equation
in the form:

f
he = (12-5}_ VP =HL VP [.17]

where the "12" is used to convert the diameter D in inches to
feet.

Simplified equations were determined for the flow of
standard air through various types of duct material with good
accuracy (less than 5% error). The equations thus resulting
were:

b
He =121 = 2
D Q°

[1.18]
where the constant "a" and the exponents "b" and "c¢" vary
as a function of the duct material as shown in Table 1-2.
Note that no correlation was made with the extremely rough
flexible duct with wires exposed. This equation, using the
constants from Table 1-2 for galvanized sheet duct, were
used to develop the friction Tables 5-5 and 5-6. Note that
the value obtained from the chart or from equation 1.18 must
be multiplied by both the length of duct and the velocity
pressure.

1.7.2 Fitting Losses. The fittings (elbows, entries, etc.) in
a duct run will also produce a loss in total pressure. These
losses are given in Chapter 5.

The fitting losses are given by a loss coefficient (F) multi-
plied by the duct velocity pressure. Thus,
Ren = Fen VP [1.19]

In contractions, entries, or expansions, there are several dif-
ferent velocity pressures. The proper one to use with the loss
coefficient will be identified where the coefficients are
listed.

In Figure 1-5, 15 feet of straight, constant diameter galva-
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TABLE 1-2. Correlation Equation Constants
Duct Material k, Ft a b c

Aluminum, black iron,  0.00015  0.0425 0.465 0.602
stainless steel
Galvanized sheet duct  0.00051 0.0307 0.533 0.612

Flexible duct, fabric 0.0035 0.0311 0.604 0.639

wires covered

nized duct connects the hood to a fan inlet. Because the duct
area is constant, the velocity, and therefore the velocity pres-
sure, is also constant for any given flow rate. The energy
principle is:

SP, + VP, = SP; + VP, +h,

where subscript 3 refers to the fan inlet location. Because VP,
= VP,, the losses will appear as a reduction in static pressure
(there will, of course, be a corresponding reduction in total
pressure). The friction loss can be found from Equation 1.17
with the aid of Equation 1.18:

VO.533

H, = 0.0307 ——
Q

0612

44900°-533

= 0.0307 ——— = 0.0828
300

0.612
From Equation 1.17, he = (0.0828)(15)(1.26) = 1.56 "wg.
Using this in the energy principle,

SP; = SP, —h; = —176 "wg—156 "wg = —3.32 "wg

Another 10 feet of straight duct is connected to the dis-
charge side of the fan. The losses from the fan to the end of
the system would be about 1.04 "wg. Because the static
pressure at the end of the duct must be atmospheric (SPs = 0),
the energy principle results in

8P, =SP5 +h; =0 "wg+104 "wg =104 "wg

Therefore, the static pressure at the fan outlet must be
higher than atmospheric by an amount equal to the losses in
the discharge duct.

1.8 MULTIPLE-HOOD EXHAUST SYSTEMS

Most exhaust systems are more complicated than the pre-
ceding example. It is usually more economical to purchase a
single fan and air cleaner to service a series of similar opera-
tions than to create a complete system for each operation. For
example, the exhaust from 10 continuously used grinders can
be combined into a single flow which leads to a common air
cleaner and fan. This sitvation is handled similarly to a simple
system, but with some provision to ensure that the air flow
from each hood is as desired (see Chapter 5).
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FIGURE 1-7. Blowing vs. exhausting

1.9 AIR FLOW CHARACTERISTICS OF BLOWING AND
EXHAUSTING

Airblown from a small opening retains its directional effect
for a considerable distance beyond the plane of the opening.
However, if the flow of air through the same opening were
reversed so that it operated as an exhaust opening handling
the same volumetric flow rate, the flow would become almost
non-directional and its range of influence would be greatly
reduced. For this reason, local exhaust must not be contem-
plated for any process that cannot be conducted in the imme-
diate vicinity of the hood. Also, because of this effect, every
effort should be made to enclose the operation as much as
possible. Figure 1-7 illustrates the fundamental difference
between blowing and exhausting.

This effect also shows how the supply or replacement air
discharge grilles can influence an exhaust system. If care is

3
t
f 400 FPM

VELOCITY
SSURE

Tt

M PRE

EXHAUSTING

APPROXIMATELY 10% OF FACE VELOCITY
AT ONE DIA AWAY FROM EXHAUST
OPENING.

not taken, the discharge pattern from a supply grille could
seriously affect the flow pattern in front of an exhaust hood.

REFERENCES

1.1. Moody, L.F.: Friction Factors for Pipe Flow. ASME
Trans. 66:672 (1944).

1.2. Churchill, S.W.: Friction Factor Equation Spans All
Fluid Flow Regimes. Chemical Engineering, Vol. 84
1977).

1.3. Wright, Jr., D.X.: A new Friction Chart for Round
Ducts. ASHVE Trans., Vol. 51, Appendix I, p. 312
(1945).

1.4. Loeffler, J.J.: Simplified Equations for HVAC Duct
Friction Factors. ASHRAE J., p. 76 (January 1980).



Chapter 2
GENERAL INDUSTRIAL VENTILATION

2.1 INTRODUCTION . . .. .. ... .. . . ... 2-2 2.11 ACUTE HEAT DISORDERS . . ... .. ... ...
2.2  DILUTION VENTILATION PRINCIPLES . ... .. 2-2 2.11.1 HeatStroke . ... ... ... ... .....
2.3 DILUTION VENTILATION FOR HEALTH . . . . . . 2-2 2.11.2 Heat Exhaustion . . . . .. ... ... ....
2.3.1  General Dilution Ventilation Equation . . . . . 2-2 2.11.3 Heat Cramps and Heat Rash . . . . . . .. ..
2.3.2  Calculating Dilution Ventilation for 2.12 ASSESSMENT OF HEAT STRESS AND HEAT
Steady State Concentration. . . . . . ... .. 2-5 STRAIN . . .. ... . ...
233 Contaminant Concentration Buildup . . . . . . 2-5 2.12.1 Evaluation of Heat Stress . . . . . ... ...
234 RateofPurging . ... ............. 2-6 2.12.2 Evaluation of Heat Strain . . . . . . . . ..
24 MIXTURES—DILUTION VENTILATION 2.13  WORKERPROTECTION . . .. .. ... ......
FORHEALTH . ... .................. 2-6 2.14 VENTILATIONCONTROL . . . . ... .......
2.5 DILUTION VENTILATION FOR FIRE 2.15 VENTILATION SYSTEMS . . . . . . . . ... ...
ANDEXPLOSION . .. .. ... .. .. ....... 2-7 216 VELOCITY COOLING . . . . . . ..
2.6  FIRE DILUTION VENTILATION FOR MIXTURES 2-8 217 RADIANT HEAT CONTROL .
2.7 VENTILATION FOR HEAT CONTROL .. .. .., 28 218 PROTECTIVE SUITS FOR SHORT EXPOSURES
28  HEATBALANCE AND EXCHANGE . ... ... .- 28 219 RESPIRATORY HEAT EXCHANGERS . . . . . . .
2.8.1 Convection . . . . . . ... ... .. 2-9 220 REFRIGERATED SUITS . . . . . . . . . ... ...
282 Radiation . ... ................ 2-9 221 ENCLOSURES . . . . o o
2.8.3 Evaporation . ... ... ... ... ... .. 2-9 229 INSULATION . . o o o,
2.9 ADAPTIVE MECHANISM OF THE BODY . . . . .. 2-9 REFERENCES . . .« oo
2.10 ACCLIMATIZATION .. ... ... ........ 2-10
Figure 2-1 "K" Factors Suggested for Inlet and Exhaust Figure 2-7 Recommended Heat-Stress Exposure Limits . .
Locations . . . ... ............... 2-4 Figure 2-8 Natural Ventilation . . .. ... .. ......
Figure 2-2 Contaminant Concentration Buildup . . . . . . . 2-6 Figure 2-9 Mechanical Ventilation . . .. . .. ... ...
Figure 2-3 Rate of Purging . . . . . .. ... ... .. ... 2-6 Figure 2-10  Spot Cooling With Volume and Directional
Figure 2-4 Heat Losses, Storage, and Temperature Relations 2-10 Control . .. ... ... ... ... .......
Figure 2-5 Determination of Wet Bulb Globe Temperature  2-11 Figure 2-11 Heat Shielding . . . . ... .. ... ......

Figure 2-6 Recommended Heat-Stress Alert Limits . . . . . 2-13



2-2 Industrial Ventilation

2.1 INTRODUCTION

"General industrial ventilation" is a broad term which refers
to the supply and exhaust of air with respect to an area, room,
or building. It can be divided further into specific functions
as follows:

1. Dilution Ventilation is the dilution of contaminated air
with uncontaminated air for the purpose of controlling
potential airborne health hazards, fire and explosive
conditions, odors, and nuisance-type contaminants.
Dilution ventilation also can include the control of
airborne contaminants (vapors, gases, and particu-
lates) generated within tight buildings.

Dilution ventilation is not as satisfactory for health
hazard control as is local exhaust ventilation. Circum-
stances may be found in which dilution ventilation
provides an adequate amount of control more eco-
nomically than a local exhaust system. One should be
careful, however, not to base the economical consid-
erations entirely upon the first cost of the system since
dilution ventilation frequently exhausts large amounts
of heat from a building, which may greatly increase
the energy cost of the operation.

2. Heat Control Ventilation is the control of indoor at-
mospheric conditions associated with hot industrial
environments such as are found in foundries, laun-
dries, bakeries, etc., for the purpose of preventing
acute discomfort or injury.

2.2 DILUTION VENTILATION PRINCIPLES

“The principles of dilution ventilation system design are as
follows:

1. Select from available data the amount of air required
for satisfactory dilution of the contaminant. The values
tabulated on Table 2-1 assume perfect distribution and
dilution of the air and solvent vapors. These values
must be multiplied by the selected K value (see Section
2.3.1).

2. Locate the exhaust openings near the sources of con-
tamination, if possible, in order to obtain the benefit
of "spot ventilation."

3. Locate the air supply and exhaust outlets such that the
air passes through the zone of contamination. The
operator should remain between the air supply and the
source of the contaminant.

4. Replace exhausted air by use of a replacement air
system. This replacement air should be heated during
cold weather. Dilution ventilation systems usually
handle large quantities of air by means of low pressure
fans. Replacement air must be provided if the system
is to operate satisfactorily.

5. Avoid re-entry of the exhausted air by discharging the

exhaust high above the roof line or by assuring that no
window, outdoor air intakes, or other such openings
are located near the exhaust discharge.

2.3 DILUTION VENTILATION FOR HEALTH

The use of dilution ventilation for health has four limiting
factors: 1) the quantity of contaminant generated must not be
too great or the air flow rate necessary for dilution will be
impractical; 2) workers must be far enough away from the
contaminant source or the evolution of contaminant must be
in sufficiently low concentrations so that workers will not
have an exposure in excess of the established TLV; 3) the
toxicity of the contaminant must be low; and 4) the evolution
of contaminants must be reasonably uniform.

Dilution ventilation is used most often to control the vapors
from organic liquids with a TLV of 100 ppm or higher. In
order to successfully apply the principles of dilution to such
a problem, factual data are needed on the rate of vapor
generation or on the rate of liquid evaporation. Usually such
data can be obtained from the plant if any type of adequate
records on material consumption are kept.

2.3.1 General Dilution Ventilation Equation: The venti-
lation rate needed to maintain a constant concentration at a
uniform generation rate is derived by starting with a funda-
mental material balance and assuming no contaminant in the

air supply,

Rate of Accumulation = Rate of Generation —
Rate of Removal

or
VdC = Gdt-Q'Cdt [2.1]
where:
V = volume of room
G = rate of generation
Q'= effective volumetric flow rate
C = concentration of gas or vapor
t= time
At a steady state, dC=0

Gdt = Q’Cdt

t2 t2
J Gdt=J‘ Q'Cdt
tq tq

At a constant concentration, C, and uniform generation rate, G,
G(t, -t,)=Q'C (t, - t,)
== [2.2]

Due to incomplete mixing, a K value is introduced to the rate
of ventilation; thus:
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TABLE 2—1. Dilution Air Volumes for Vapors

The following values are tabulated using the TLV values shown in parentheses, parts per million. TLV values are subject to revision if further research or
experience indicates the need. If the TLV value has changed, the dilution air requirements must be recalculated. The values on the table must be
multiplied by the evaporation rate (pts/min) to yield the effective ventilation rate (Q') (see Equation 2.5).

Ft3 of Air (STP) Required for Dilution to TLV*

Liquid (TLV in ppm)**

Per Pint Evaporation

Acetone (500) 11,025

n-Amyl acetate (100) 27,200
Benzene (0.5) NOT RECOMMENDED
n-Butanol (buty! alcohol) (50) 88,000

n-Butyl acetate (150) 20,400

Buty! Cellosolve (2-butoxyethanol) (25) NOT RECOMMENDED
Carbon disulfide (10) NOT RECOMMENDED
Carbon tetrachloride (5) NOT RECOMMENDED
Cellosolve (2-ethoxyethanol) (5) NOT RECOMMENDED
Cellosolve acetate (2-ethoxyethyl acetate) (5) NOT RECOMMENDED
Chloroform (10) NOT RECOMMENDED
1-2 Dichloroethane (ethylene dichloride) (10) NOT RECOMMENDED
1-2 Dichloroethylene (200) 26,900
Dioxane (25) NOT RECOMMENDED
Ethyl acetate (400) 10,300

Ethyl alcohol (1000) 6,900

Ethyl ether (400) 9,630
Gasoline (300) REQUIRES SPECIAL CONSIDERATION
Isoamy! alcohol (100) 37,200
Isopropyl alcohol (400} 13,200
Isopropyl ether (250) 11,400

Methyl acetate (200) 25,000

Methyl alcohol (200) 49,100

Methyl n-butyl ketone (5) NOT RECOMMENDED
Methyl Cellosolve (2-methoxyethanol) (5) NOT RECOMMENDED
Methyi Cellosolve acetate (2-methoxyethyl acetate) (5) NOT RECOMMENDED
Methyl chloroform (350) 11,390

Methyl ethyl ketone (200) 22,500

Methy! isobuty! ketone (50) 64,600

Methyl propy! ketone (200) 19,900

Naphtha (coal tar)
Naphtha VM&P (300)

REQUIRES SPECIAL CONSIDERATION
REQUIRES SPECIAL CONSIDERATION

Nitrobenzene (1) NOT RECOMMENDED
n-Propyl acetate (200} 17,500
Stoddard solvent (100) 30,000-35,000
1,1,2,2-Tetrachloroethane (1) NOT RECOMMENDED
Tetrachloroethylene (25) 159,400
Toluene (50) 75,700
Trichloroethylene (50) 90,000
Xylene (100) 33,000

*The tabulated dilution air quantities must be multiplied by the selected K value.

**See Threshold Limit Values 1397 Appendix A.
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[2.3]

Q = actual ventilation rate, cfm
Q’ = effective ventilation rate, cfm
K = a factor to allow for incomplete mixing

Equation 2.2 then becomes:

G
Q= (5) K [2.4]

This K factor is based on several considerations:

1. The efficiency of mixing and distribution of replace-
ment air introduced into the room or space being
ventilated (see Figure 2-1).

2. Thetoxicity of the solvent. Although TLV and toxicity
are not synonymous, the following guidelines have
been suggested for choosing the appropriate K value:

Slightly toxic material: TLV > 500 ppm

Moderately toxic material: TLV<100-500 ppm
Highly toxic material: TLV< 100 ppm

3. A judgement of any other circumstances which the
industrial hygienist determined to be of importance
based on experience and the individual problem. In-
cluded in these criteria are such considerations as:

a. Duration of the process, operational cycle, and
normal locations of workers relative to sources of
contamination.

b. Location and number of points of generation of the
contaminant in the workroom or area.

c¢. Seasonal changes in the amount of natural ventilation.

d. Reduction in operational effectiveness of mechani-
cal air moving devices.

e. Other circumstances which may affect the concen-
tration of hazardous material in the breathing zone
of the workers.

The K value selected, depending on the above considerations,
ranges from 1 to 10.

2.3.2 Calculating Dilution Ventilation for Steady-State
Concentration: The concentration of a gas or vapor at a
steady state can be expressed by the material balance equation

“=c
Therefore, the rate of flow of uncontaminated air required to
maintain the atmospheric concentration of a hazardous mate-
rial at an acceptable level can be easily calculated if the
generation rate can be determined. Usually, the acceptable
concentration (C) expressed in parts per million (ppm) is
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considered to be the TLV. For liquid solvents, the rate of
generation is

_ CONSTANT xSGxER
MW

G

where:
G = generation rate, cfm

CONSTANT = the volume in ft* that | pt of liquid, when
vaporized, will occupy at STP, ft*/pt

SG = Specific gravity of volatile liquid
ER = evaporation rate of liquid, pts/min
MW = molecular weight of liquid

Thus, Q"= G + C can be expressed as

Q,:403><106><SG><ER -
MWxC 2]
EXAMPLE PROBLEM

Methyl chloroform is lost by evaporation from a tank at a
rate of 1.5 pints per 60 minutes. What is the effective venti-
lation rate (Q”) and the actual ventilation rate (Q) required to
maintain the vapor concentration at the TLV?

TLV = 350 ppm, SG =132, MW = 1334, Assume K=15

Assuming perfect dilution, the effective ventilation rate (Q") is

_ (403)(10°) (132) (15/60)
- (133.4) (350)

Ql

For incomplete mixing, the actual ventilation rate (Q) is

_ (403) (10°) (132) (15/60) (5)

Q
(133.4) (350)

2.3.3 Contaminant Concentration Buildup (sce Figure
2-2): The concentration of a contaminant can be calculated
after any change of time. Rearranging the differential material
balance results in

dc_ _dt
G-QC V

which can be integrated to yield

In[e-o’cz) _ Qh—ty)

G-QCy ) v [26]

where subscript 1 refers to the initial condition and subscript
2 refers to the final condition. If it is desired to calculate the
time required to reach a given concentration, then rearranging
t, —t,, or At, gives

Vv G-Q'C
A=l S22
% { n( G-ac, ):| [2.7]
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FIGURE 2-2. Contaminant concentration buildup

If C, = 0, then the equation becomes

__VJ[ (G-Qc,
Mt=- [In(—G )J [2.8]

Note: the concentration C, is ppm or parts/10° (e.g., if C, =
200 ppm, enter C, as 200 + 10°).

If it is desired to determine the concentration level (C,)
after a certain time interval, t, — t; or At, and if C; = 0, then
the equation becomes

G[1_e(_ Q’Atﬂ
v
C,= o1 [2.9]

Note: to convert C, to ppm, multiply the answer by 106.

EXAMPLE

Methyl chloroform vapor is being generated under the
following conditions: G = 1.2 ¢fm; Q" =2000 cfm; V =100,000
cu ft; C; = 0; K = 3. How long before the concentration (C,)
reaches 200 ppm or 200 + 1067

A=Y [,n(_@:_gﬁﬂ = 20.3min

QI

Using the same values as in the preceding example, what
will be the concentration after 60 minutes?

(-57)
G|1-e* Y
c, =—Elw-—><106 =419 ppm

2.3.4 Rate of Purging (see Figure 2-3): Where a quantity
of air is contaminated but where further contamination or
generation has ceased, the rate of decrease of concentration

over a period of time is as follows:

VdC = -Q’Cdt

J‘Cz 92 . Q’ ledt
Cq c c tq

C Q’
In| =21==(t, -t
"[01) V(z 1)

or,

[_ O’(tz—T1)]
C,=Cet " [2.10]

EXAMPLE

In the room of the example in Section 2.3.3, assume that
ventilation continues at the same rate (Q” =2000 cfm) but that
the contaminating process is interrupted. How much time is
required to reduce the concentration from 100 (C;) to 25 (C,)
ppm?

-t =- v In G =69.3 min
Q {C

In the problem above, if the concentration (C,) at t; is 100
ppm, what will concentration (C;) be after 60 minutes (At)?

(<)
C,=Ce' v /=301ppm
2.4 MIXTURES—DILUTION VENTILATION FOR HEALTH

In many cases, the evaporating liquid for which dilution
ventilation rates are being designed will consist of a mixture
of solvents. The common procedure used in such instances is
as follows.
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FIGURE 2-3. Rate of purging




When two or more hazardous substances are present, their
combined effect, rather than that of either individually, should
be given primary consideration. /n the absence of information
to the contrary, the effects of the different hazards should be
considered as additive. That is, if the sum of the following
fractions,

c, G, Ch
+ ot
TV, TLV, TLV,

ete. [2.11]

exceeds unity, then the threshold limit of the mixture should
be considered as being exceeded. "C" indicates the observed
atmospheric concentration and "TLV" the corresponding
threshold limit. In the absence of information to the contrary,
the dilution ventilation therefore should be calculated on the
basis that the effect of the different hazards is additive. The
air quantity required to dilute each component of the mixture
to the required safe concentration is calculated, and the sum
of the air quantities is used as the required dilution ventilation
for the mixture.

Exceptions to the above rule may be made when there is
good reason to believe that the chief effects of the different
harmful substances are not additive but independent, as when
purely local effects on different organs of the body are pro-
duced by the various components of the mixture. In such
cases, the threshold limit ordinarily is exceeded only when at
least one member of the series itself has a value exceeding

unity, e.g.,

C1 C2
or
TV, TLV,

Therefore, where two or more hazardous substances are pre-
sent and it is known that the effects of the different substances
are not additive but act independently on the different organs
of the body, the required dilution ventilation for each compo-
nent of the mixture should be calculated and the highest cfm
thus obtained used as the dilution ventilation rate.

EXAMPLE PROBLEM

A cleaning and gluing operation is being performed,;
methyl ethyl ketone (MEK) and toluene are both being re-
leased. Both have narcotic properties and the effects are
considered additive. Air samples disclose concentrations of
150 ppm MEK and 50 ppm toluene. Using the equation given,
the sum of the fractions [(150+200) + (50+50) = 1.75] is
greater than unity and the TLV of the mixture is exceeded.
The volumetric flow rate at standard conditions required for
dilution of the mixture to the TLV would be as follows:

Assume 2 pints of each is being released each 60
min. Select a K value of 4 for MEK and a K value of
5 for toluene; sp gr for MEK = 0.805, for toluene =
0.866; MW for MEK = 72.1, for toluene = 92.13.
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(403) (0805)(10°) (4) (2/60) _ 00 o

Qfor MEK =
721x200

6
Q for toluene = (403) (0.866) (107) (5) (2/60) =12,627 cfm
9213 x50

Q for mixture = 3000 +12,627 = 15627 cfm

2.5 DILUTION VENTILATION FOR FIRE AND
EXPLOSION

Another function of dilution ventilation is to reduce the
concentration of vapors within an enclosure to below the
lower explosive limit. It should be stressed that this concept
is never applied in cases where workers are exposed to the
vapor. In such instances, dilution rates for health hazard
control are always applied. The reason for this will be appar-
ent when comparing TLVs and lower explosive limits (LELS).

The TLYV of xylene is 100 ppm. The LEL of xylene is 1%
or 10,000 ppm. An atmosphere of xylene safe-guarded against
fire and explosion usually will be kept below 25% of the LEL
or 2500 ppm. Exposure to such an atmosphere may cause
severe illness or death. However, in baking and drying ovens,
in enclosed air drying spaces, within ventilation ductwork,
etc., dilution ventilation for fire and explosion is used to keep
the vapor concentration to below the LEL.

Equation 2.5 can be modified to yield air quantities to dilute
below the LEL. By substituting LEL for TLV:

- (403)(sp gr liquid)(100)(ER)(S;)

- (for Standard Air) [2.12]
(MW liquid)(LEL)(B)

Q

Note 1. Since LEL is expressed in % (parts per 100) rather
than ppm (parts per million as for the TLV), the
coefficient of 1,000,000 becomes 100.

2. S is a safety coefficient which depends on the
percent of the LEL necessary for safe conditions.
In most ovens and drying enclosures, it has been
found desirable to maintain vapor concentrations
at not more than 25% of the LEL at all times in all
parts of the oven. In properly ventilated continuous
ovens, a S¢ coefficient of 4 (25% of the LEL) is
used. In batch ovens, with good air distribution, the
existence of peak drying rates requires an S¢ coef-
ficient of 10 or 12 to maintain safe concentrations
at all times. In non-recirculating or improperly
ventilated batch or continuous ovens, larger S;
coefficients may be necessary.

3. B is a constant which takes into account the fact
that the lower explosive limit of a solvent vapor or
air mixture decreases at elevated temperatures. B
= 1 for temperatures up to 250 F; B = 0.7 for
temperatures above 250 F.
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EXAMPLE PROBLEM

A batch of enamel-dipped shelves is baked in a recirculat-
ing oven at 350 F for 60 minutes. Volatiles in the enamel
applied to the shelves consist of two pints of xylene. What
oven ventilation rate, in cfm, is required to dilute the xylene
vapor concentration within the oven to asafe limitat all times?

For xylene, the LEL = 1.0%; sp gr = 0.88; MW = 106; Sf
=10; B = 0.7. From Equation 2.12:

q - (403)(0.88)(2/60)(100)(10)

(106)(10)(0.7) =159 cfm

Since the above equation is at standard conditions, the air
flow rate must be converted from 70 F to 350 F (operating
conditions):

Q, =(Qgp) (Ratio of Absolute Temperature)

(460 F + 350 F)
(460 F+70 F)

Q, =159[ﬂ]

=(Qgtp)

530

= 243 cfm
EXAMPLE PROBLEM

In many circumstances, solvent evaporation rate is non-
uniform due to the process temperature or the manner of
solvent use.

A 6 ft diameter muller is used for mixing resin sand on a
10-minute cycle. Each batch consists of 400 pounds of sand,
19 pounds of resin, and 8§ pints of ethyl alcohol (the ethyl
alcohol evaporates in the first two minutes). What ventilation
rate is required?

For ethyl alcohol, LEL = 3.28%; sp gr = 0.789; MW =
46.07;Sf=4;B=1

q = (403)(0.789)(3/2)(100)(4) _ aer et

(46.07)(3.28)(1)

Another source of data is the National Board of Fire Un-
derwriters’ Pamphlet #86, Standard for Class A Ovens and
Furnaces.®» This contains a more complete list of solvents
and their properties. In addition, it lists and describes anumber
of safeguards and interlocks which must always be considered
in connection with fire dilution ventilation. See also Refer-
ence 2.4.

2.6 FIRE DILUTION VENTILATION FOR MIXTURES

It is common practice to regard the entire mixture as
consisting of the components requiring the highest amount of
dilution per unit liquid volume and to calculate the required
air quantity on that basis. [This component would be the one

with the highest value for sp gr/(MW)(LEL).]

2.7 VENTILATION FOR HEAT CONTROL

Ventilation for heat control in a hot industrial environment
is a specific application of general industrial ventilation. The
primary function of the ventilation system is to prevent the
acute discomfort, heat-induced illness and possible injury of
those working in or generally occupying a designated hot
industrial environment. Heat-induced occupational illnesses,
injuries, or reduced productivity may occur in situations
where the total heat load may exceed the defenses of the body
and result in a heat stress situation. It follows, therefore, that
a heat control ventilation system or other engineering control
method must follow a physiological evaluation in terms of
potential heat stress for the occupant in the hot industrial
environment.

Due to the complexity of conducting a physiological evalu-
ation, the criteria presented here are limited to general con-
siderations. It is strongly recommended, however, that the
NIOSH Publication No. 86-113, Criteria for « Recommended
Standard, Occupational Exposure to Hot Environments,?>be
reviewed thoroughly in the process of developing the heat
control ventilation system.

The development of a ventilation system for a hot industrial
environment usually includes the control of the ventilation air
flow rate, velocity, temperature, humidity, and air flow path
through the space in question. This may require inclusion of
certain phases of mechanical air-conditioning engineering
design which is outside the scope of this manual. The neces-
sary engineering design criteria that may be required are
available in appropriate publications of the American Society
of Heating, Refrigeration and Air-Conditioning Engineers
(ASHRAE) handbook series.

2.8 HEAT BALANCE AND EXCHANGE

An essential requirement for continued normal body func-
tion is that the deep body core temperature be maintained
within the acceptable range of about 37 C (98.6 F)+ 1 C

(1.8 F). To achieve this, body temperature equilibrium re-
quires a constant exchange of heat between the body and the
environment. The rate and amount of the heat exchange are
governed by the fundamental laws of thermodynamics of heat
exchange between objects. The amount of heat that must be
exchanged is a function of 1) the total heat produced by the
body (metabolic heat), which may range from about 1 kilo-
calorie (kcal) per kilogram (kg) of body weight per hour (1.16
watts) at rest to 5 kcal’kg body weight/hour (7 watts) for
moderately hard industrial work; and 2) the heat gained, if
any, from the environment. The rate of heat exchange with
the environment is a function of air temperature and hu-
midity; skin temperature; air velocity; evaporation of
sweat; radiant temperature; and type, amount, and charac-
teristics of the clothing worn, among other factors. Respi-




ratory heat loss is of little consequence in human defenses
againstheatstress.

The basic heat balance equation is:
AS=M-W)+CxR-E [2.43]

where:

AS = change in body heat content

(M —W) = total metabolism - external work per-
formed

C = convective heat exchange
R = radiative heat exchange
E = evaporative heat loss

To solve the equation, measurement of metabolic heat
production, air temperature, air water vapor pressure, wind
velocity, and mean radiant temperature are required.

The major modes of heat exchange between man and the
environment are convection, radiation, and evaporation.
Other than for brief periods of body contact with hot tools,
equipment, floors, etc., which may cause burns, conduction
plays a minor role in industrial heat stress. Because of the
typically small areas of contact between either body surfaces
or clothing and hot or cold objects, heat exchange by thermal
conduction is usually not evaluated in a heat balance equation
for humans. The effect of heat exchange by thermal conduc-
tion in human thermal regulation is important when large
areas of the body are in contact with surfaces that are at
temperatures different from average skin temperature (nomi-
nally 95 F), e.g., when someone is prone or supine for long
periods. It is also important when even small body areas are
in contact with objects that provide steep thermal gradients
for heat transfer, e.g., when someone is standing on very cold
or very hot surfaces.

The equations for calculating heat exchange by convection,
radiation, and evaporation are available in Standard Interna-
tional (SI) units, metric units, and English units. In SI units
heat exchange is in watts per square meter of body surface
(W/m?). The heat exchange equations are available in both
metric and English units for both the seminude individual and
the worker wearing conventional long-sleeved work shirt and
trousers. The values are in kcal/h or British thermal units per
hour (Btu/h) for the "standard worker" defined as one who
weighs 70 kg (154 1bs) and has a body surface area of 1.8 m?
(19.4 ft2).

2.8.1 Convection: The rate of convective heat exchange
between the skin of a person and the ambient air immediately
surrounding the skin is a function of the difference in tem-
perature between the ambient air (t,), the mean weighted skin
temperature (t,) and the rate of air movement over the skin
(V). This relationship is stated algebraically for the "standard
worker" wearing the customary one-layer work clothing en-
semble as:
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C =065V (t,~tg) 214

where:
C = convective heat exchange, Btu/h
V, = air velocity, fpm
t, = air temperature, F

ty = mean weighted skin temperature, usually as-
sumed to be 95 F

When t, > 95 F there will be a gain in body heat from the
ambient air by convection. When t, <95 F, heat will be lost
from the body to the ambient air by convection.

2.8.2 Radiation: Infrared radiative heat exchange between
the exposed surfaces of a person’s skin and clothing varies as
a function of the difference between the fourth power of the
absolute temperature of the exposed surfaces and that of the
surface of the radiant source or sink, the exposed areas and
their emissivities. Heat is gained by thermal radiation if the
facing surface is warmer than the average temperature of the
exposed skin and clothing, and vice versa. A practical ap-
proximation for infrared radiant heat exchange for a person
wearing conventional clothing is:

R =150 (tw—t,) [2.15]

where:
R = radiant heat exchange, Btu/h
ty = mean radiant temperature, F
ty = mean weighted skin temperature

2.8.3 Evaporation: The evaporation of water (sweat) or
other liquids from the skin or clothing surfaces results in a
heat loss from the body. Evaporative heat loss for humans is
a function of air flow over the skin and clothing surfaces, the
water vapor partial pressure gradient between the skin surface
and the surrounding air, the area from which water or other
liquids are evaporating and mass transfer coefficients at their
surfaces.

E=24V)%(py —p,) [2.16]

where:
E = evaporative heat loss, Btu/h
V, = air velocity, fpm
p, = water vapor pressure of ambient air, mmHg

ps = Wwater vapor pressure on the skin, assumed to be
42 mm Hg at a 95 F skin temperature

2.9 ADAPTIVE MECHANISM OF THE BODY

Even people in generally good health can adjust physiologi-
cally to thermal stress only over a narrow range of environ-
mental conditions. Unrestricted blood flow to the skin, an
unimpeded flow of dry, cool air over the skin surface and
sweating are prime defenses in heat stress. Although heat
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FIGURE 2-4. Heat losses, storage, and temperature relations

produced by muscle activity reduces the impact of cold stress,
it can add substantially to the total challenge during heat
stress. Diminished health status, medications, limited prior
thermal exposure, among other factors, increase danger from
thermal stresses.

The reflex control of blood flow is the body’s most effec-
tive and important first line of defense in facing either cold or
heat stress. Reducing blood flow to the skin of the hands, feet,
fingers and toes is an important measure for reducing heat loss
in a cold environment. Blood flow to the skin, however,
increases many-fold during heat stress. Its effect is to increase
rates of heat distribution in the body and maximize conduc-
tive, convective, radiative and evaporative heat losses to the
environment (Figure 2-4). Its cost is often to reduce perfusion
of other organs, especially the brain, and reduce systemic
arterial blood pressure, leading to reduced consciousness,
collapse, heat exhaustion and other heat-induced illnesses.

Reflex sweating during the physical activities of exercise,
work and/or heat stress brings often large volumes of body
water and electrolytes (salts) to the skin surface. Heat is lost
when the water in sweat evaporates. Whether the electrolytes
remain on the skin surface or are deposited in clothing, they
are nonetheless permanently lost to the body. The electrolyte
content of a typical American diet usually provides adequate
electrolyte replacement for these losses. Electrolyte replace-
ment fluids, however, may be necessary for people on salt-re-
stricted diets and those who commonly sustain periods of
prolonged and profuse sweating. It is essential for everyone
that the lost body water and electrolytes are replaced in the
same volume and proportion as lost in sweat. Muscle spasms,
cramps, gastrointestinal disturbances and general malaise,

among other signs and symptoms, commonly develop when
they are not.

2.10 ACCLIMATIZATION

People in generally good health normally develop heat
acclimatization in a week or so after intermittently working
or exercising in high heat. Its effect is to improve the comfort
and safety of the heat exposure. It occurs because of an
increase in total circulating blood volume, an improved ability
to maintain systemic arterial blood pressure during heat stress,
and a developed ability to produce larger volumes of more
dilute sweat at rates of production more precisely matched to
the heat load. Heat acclimatization rapidly diminishes even
after a day or so of discontinued activity in the heat. Most is
lost after about a week.

2.11 ACUTE HEAT DISORDERS

A variety of heat disorders can be distinguished clinically
when individuals are exposed to excessive heat. A brief
description of these disorders follows.

2.11.1 Heat Stroke: Heat stroke (also known as "sun
stroke") is a life-threatening condition which without excep-
tion demands immediate emergency medical care and hospi-
talization. Before medical care arrives, move the person to a
shaded area, check for other injuries, ensure there is an
unobstructed airway, remove or loosen clothing, and flood the
body surface with free-flowing, tepid (not cold) water. Vig-
orous fanning helps cooling. Heat stroke develops when body
heat gains from exercise, work and/or a hot environment
overwhelm normal thermoregulatory defenses. Charac-
teristically, sweating has ceased, the skin is hot and dry, and
deep body temperature is above about 104 F. The person may
be either diaphoretic, semiconscious, unconscious or agitated,
delirious and in convulsions. Demand medical care even if
consciousness returns—Ilethal effects may develop in the next
24 to 72 hours.

2.11.2 Heat Exhaustion: Heat exhaustion (also called
"exercise-induced heat exhaustion" and "heat syncope") most
commonly occurs in people who are not heat acclimatized and
who are in poor physical condition, obese, inappropriately
dressed, and exercising or working energetically in the heat
at unaccustomed and/or demanding tasks. It is characterized
by lightheadedness, dizziness, vision disturbances, nausea,
vague flu-like symptoms, tinnitus, weakness, and occasion-
ally, collapse. The person’s deep body temperature is typi-
cally in a normal range or only slightly elevated; the skin is
moist and cool but may be reddened by its high rate of blood
flow. Heat exhaustion develops when there is reflex demand
for blood flow to the skin to dissipate body heat and a
simultaneous reflex demand for blood flow to exercising
muscles to meet metabolic needs of increased activity. These
peripheral distributions of blood volume reduce systemic
arterial pressure and brain blood flow, causing most of the




TABLE 2-2. Estimating Energy Cost of Work by Task Analysis®?

A. Body position and movement kcal/min*
Sitting 0.3
Standing 0.6
Walking 20-30
Walking uphill Add 0.8/meter rise

Average Range

B. Type of Work kcal/min kcal/min
Hand work - light 04 0.2-1.2
Hand work — heavy 0.9
Work one arm — light 1.0 0.7-25
Work one arm - heavy 1.7
Work both arms - light 15 1.0-3.5
Work both arms - heavy 25
Work whole body - light 35 25-15.0
Work whole body — moderate 50
Work whole body - heavy 7.0
Work whole body - very heavy 9.0

C. Basal metabolism 1.0

D. Sample calculation **

Assembling work with heavy hand tools
1. Standing 0.6
2. Two-arm work 35
3. Basal metabolism 1.0
TOTAL 5.1 keal/min

*For stazmdard worker of 70 kg body weight (154 Ibs) and 1.8 m? body surface
(19.4 ft°).

*Example of measuring metabolic heat production of a worker when performing
initial screening.

symptoms of heat exhaustion. Resting in a cool environment
where there is free flowing, dry air usually remediates symp-
toms quickly. Although heat exhaustion is debilitating and
uncomfortable, it is not often a long-term health threat. There
are considerable dangers, of course, for anyone operating
machinery when consciousness is impaired because of heat
exhaustion or for any other reason.

2.11.3 Heat Cramps and Heat Rash: Heat cramps (also
known as "muscle cramps") are spontaneous, involuntary,
painful and prolonged muscle contractions that commonly
occur in otherwise healthy people when both body water and
electrolyte levels have not been restored after extended peri-
ods of heavy sweating during exercise and/or heat stress. Full
recovery can be expected in about 24 hours with the use of
electrolyte replacement fluids and rest. Heat rash (also known
as "prickly heat" or "miliaria rubia") is an acute, inflammatory
skin disease characterized by small red, itchy or tingling
lesions, commonly in areas of skin folds or where there is
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abrasive clothing. It commonly disappears when these areas
are kept dry, unabraded and open to free flowing, dry air.

2.12 ASSESSMENT OF HEAT STRESS AND HEAT
STRAIN

Heat Stress is defined by environmental measurements of
air temperature, humidity, air flow rate, the level of radiant
heat exchange and evaluation of a person’s metabolic heat
production rate from exercise and/or work. Heat stress is the
load on thermoregulation. Heat Strain is defined as the cost
to each person facing heat stress. Although all people working
at the same intensity in the same environment face the same
level of heat stress, each is under a unique level of heat strain.
Almost any environmental thermal exposure will be comfort-
able and safe for some, but endangering, even lethal to others.
Because disabilities, danger and death arise directly from heat
strain, no measure of heat stress is a reliable indicator of a
particular person’s heat strain or the safety of the exposure.

2.12.1 Evaluation of Heat Stress: Dry-bulb air tempera-
ture (DB: so-called "dry-bulb" temperature) is measured by
calibrated thermometers, thermistors, thermocouples and
similar temperature-sensing devices which themselves do not
produce heat and which are protected from the effects of
thermal conduction, evaporation, condensation and radiant
heat sources and sinks. Relative humidity is evaluated psy-
chrometrically as a function of the steady-state difference
between dry-bulb temperature and that indicated by the tem-
perature of a sensor covered with a freely evaporating, water-
saturated cotton wick. Such a measure reports "NWB"
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(USED ONLY OUTDOOR
IN SUNSHINE)

NATURAL W. B.
THERMOMETER

GLOBE
THERMOMETER

125 mi FLASK WITH

DISTILLED WATER 6" COPPER SHELL
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FIGURE 2-5. Determination of wet-bulb globe temperature
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(natural wet-bulb temperature) when the wetted sensor is
affected only by prevailing air movement, and "WB" (when
it is exposed to forced convection). Free air movement is
measured with an unobstructed anemometer. Infrared radiant
"heat transfer" is typically measured by a temperature sensor
at the center of a 6-inch, hollow, copper sphere painted flat
("matte") black. Such a measure reports "GT" (globe tempera-
ture) (Figure 2-5). A person’s metabolic heat production is
usually evaluated from an estimated level of average physical
activity (Table 2-2).

Although there are a number of different indices for evalu-
ating heat stress, none is reliable as a sole indicator of heat
strain for a specific person. Dry-bulb temperature is the least
valuable measure of heat stress because it provides no infor-
mation about ambient relative humidity, or heat exchange by
convection or radiation, and gives no estimate of the metabo-
lic heat production. Wet-bulb, globe temperature (WBGT) is
often used as an index of heat stress. When there is a source
of radiant heat transfer (solar radiation, hot surfaces of ma-
chinery):

WBGT =0.7t,,, +0.2t,+01t, [2.17]

where
tp = natural wet-bulb temperature
t, = globe temperature

When radiant heat transfer is negligible:
WBGT =07 t,,, +0.3 t, [2.18]

WBGT evaluates more factors contributing to heat stress than
does dry-bulb temperature alone. It does not, however, effec-
tively evaluate the importance of energy transfer from human
skin by convection which is essential for the removal of heat
from the skin surface and the formation of water vapor from
secreted sweat. Nor does WBGT evaluate the importance of
metabolic heat production in the heat stress. Under some
environmental conditions, heat produced by metabolism is the
predominant stressor.

2.12.2 Evaluation of Heat Strain: The incidence and se-
verity of heat strain will vary greatly among people exposed
to the same level of heat stress. Paying attention to the early
signs and symptoms of heat strain is the best first line of
defense against debilitating heat-induced discomfort and in-
juries. It is dangerous, inappropriate and irresponsible to
consider a heat stress as safe for all when some exposed to it
show heat strain signs and symptoms, while others do not.
Acute heat strain is indicated by:

Visible Sweating: Thermoregulatory reflexes nor-
mally fine-tune with precision the rate of sweating to
the rate at which body heat must be lost to maintain
homeostasis. Normally, there is no liquid water on the
skin surface in a tolerable heat stress because water
brought to the skin surface by sweating readily forms

invisible water vapor in the process of evaporative
cooling. Although an all too common occurrence in
the workplace, liquid sweat either on the skin surface,
or soaked into clothing, is a sure sign of heat strain. [t
indicates the level of sweating required to keep body
temperature in a normal range cannot be matched by
the rate of water evaporation from the skin surface to
the environment. It is necessary either to increase the
air flow rate over skin and clothing surfaces, lower
ambient temperature and relative humidity, reduce
radiative heat gain, and/or reduce metabolic heat pro-
duction if progressive heat disabilities are to be
avoided.

Discontinued Sweating: A hot, dry skin for someone
exposed to heat stress is a dangerous sign. It indicates
suppression of sweating, perhaps exacerbated by pre-
scription or over-the-counter medications. The appear-
ance of a hot, dry skin for someone in a heat stress
demands immediate attention and corrective actions.

Elevated Heart Rate: Short-term increases in heart
rate are normal for episodic increases in work load. In
a heat stress, however, a sustained heart rate greater
than 160/min for those younger than about 35 years,
or 140/min for those who are older, is a sign of heat
strain.

Elevated Deep Body Temperature: A sustained deep
body temperature greater than 100.4 F is a sign of heat
strain in someone exposed to heat stress.

Decreased Systemic Arterial Blood Pressure: A fall
in blood pressure of more than about 40 Torr in about
3.5 minutes for someone working in a heat stress
indicates a heat-induced disability. Reduced con-
sciousness, feeling of weakness, vision disturbances,
and other signs and symptoms are likely to follow.

Personal Discomfort. Heat strain may be indicated in
some heat-stressed individuals by severe and sudden
fatigue, nausea, dizziness, lightheadedness, or faint-
ing. Others may complain of irritability; mental con-
fusion; clumsiness; forgetfulness; general malaise; the
development of sometimes vague, flu-like symptoms;
and paradoxical chills and shivering.

Infrequent Urination: Urinating less frequently than
normal and the voiding of a small volume of dark-col-
ored urine is a sign of whole body dehydration. Dehy-
dration compromises the body’s ability to maintain a
large enough circulating blood volume so that normal
blood pressure is maintained in the face of the com-
bined stressors of exercise and heat exposure. People
who work or exercise in the heat need to develop the
habit of drinking adequate volumes of water at fre-
quent enough intervals to maintain the same patterns
of urination they have when not heat stressed. Those
who sweat heavily for long periods need also to discuss




with their physicians a possible need for using electro-
lyte replacement fluids.

2.13 WORKER PROTECTION

There is improved safety, comfort and productivity when
those working in the heat are:

1. In generally good physical condition and not obese,
are heat acclimatized, and are experienced in the heat
stressing job. They also need to know how to select
clothing and maintain whole body hydration and elec-
trolyte levels to provide the greatest comfort and
safety.

2. In areas that are well-ventilated and shielded from
infrared radiant heat sources.

3. Knowledgeable about the effects of their medications
on cardiovascular and peripheral vascular function,
blood pressure control, body temperature mainte-
nance, sweat gland activity, metabolic effects and
levels of attention or consciousness.

4. Appropriately supervised when there is a history of
abuse or recovery from abuse of alcohol or other
intoxicants.

5. Provided accurate verbal and written instructions, fre-
quent training programs and other information about
heat stress and strain.

General Industrial Ventilation 2-13

6. Able to recognize the signs and symptoms of heat
strain in themselves and others exposed to heat stress
and know the appropriately effective steps for their
remediation (Figures 2-6 and 2-7).

2.14 VENTILATION CONTROL

The control method presented here is limited to a general
engineering approach. Due to the complexity of evaluating a
potential heat stress-producing situation, it is essential that the
accepted industrial hygiene method of recognition, evalu-
ation, and control be utilized to its fullest extent. In addition
to the usual time-limited exposures, it may be necessary to
specify additional protection which may include insulation,
baffles, shields, partitions, personal protective equipment,
administrative control, and other measures to prevent possible
heat stress. Ventilation control measures may require a source
of cooler replacement air, an evaporative or mechanically
cooled source, a velocity cooling method, or any combination
thereof. Specific guidelines, texts, and other publications or
sources should be reviewed for the necessary data to develop
the ventilation system.

2.15 VENTILATION SYSTEMS

Exhaust ventilation can be used to remove excessive heat
and/or humidity if a replacement source of cooler air is
available. If it is possible to enclose the heat source, such as
is the case with ovens or certain furnaces, a gravity or forced
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air stack may be all that is necessary to remove excessive heat
from the workroom. If a partial enclosure or local hood is
indicated, control velocities should be used as described in
Chapter 3.

Many operations do not lend themselves to*local exhaust.
General ventilation may be the only alternative. To determine
the required general ventilation, the designer must estimate
the acceptable temperature or humidity rise. The first step in
determining the required volumetric flow is to determine the
sensible and latent heat load. Next, determine the volumetric
flow to dissipate the sensible heat and the volumetric flow to
dissipate the latent heat. The required general ventilation is
the larger of the two volumetric flows.

|

FIGURE 2-8. Good natural ventilation and circulation

The sensible heat rise can be determined by the following;:

Hs = Qg xpx ¢, x AT x (60 min/ hr) [2.19]
where:
H, = Sensible heat gain, BTU/hr
Q, = Volumetric flow for sensible heat, cfin
p = Density of the air, lbm/ft}

¢, = Specific heat of the air, BTU/Ibm- F
AT = Change in temperature, F

For air ¢, = 0.24 BTU/Ibm ~ F and p = 0.075 lbm/ft’;

600 FPM
TARGET VEL.

FIGURE 2-8. Good mechanically supplied ventilation



consequently, the equation becomes
H, =108xQ, X AT
or
Q, =H; = (108 x AT) [2.20]

In order to use this equation, it is necessary to first estimate
the heat load. This will include loads from the sun, people,
lights, and motors, as well as other particular sources of heat.
Of these, sun load, lights, and motors are all completely
sensible. The people heat load is part sensible and part latent.
In the case of hot processes which give off both sensible and
latent heat, it will be necessary to estimate the amounts or
percents of each. In using the above equation for sensible heat,
one must decide the amount of temperature rise which will be
permitted. Thus, in a locality where 90 F outdoor dry bulb
may be expected, if it is desired that the inside temperature
not exceed 100 F, or a 10-degree rise, a certain air flow rate
will be necessary. If an inside temperature of 95 F is required,
the air flow rate will be doubled.

For latent heat load, the procedure is similar, although more
difficult. If the total amount of water vapor is known, the heat
load can be estimated from the latent heat of vaporization, 970
BTU/Ib. In a manner similar to the sensible heat calculations,
the latent heat gain can be approximated by:

H, = Qq xp xcy x Ahx (60min/hr)x (1lb/7000 grains)

where:
H, = Latent heat gain, BTU/hr
Q4 = Volumetric flow for latent heat, cfm
p = Density of the air, lom/ft*
¢, = Latent heat of vaporization, BTU/lbm
Ah = Change in absolute humidity of the air, grains-
water/lbm-dry air

For air, ¢ is approximately 970 BTU/Ib and p = 0.075
Ibm/ft*. Consequently, the equation becomes

H, = 062xQ, x Ah
or

Hy

Q T e—————
17 062x4h [2.21]

If the rate of moisture released, M in pounds per hours, is
known, then

M= QqxpxAhx(1lb/7000gr)x (60 min/ hr)

=QqxpxAh+(116.7)

or
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Qi = 116.7 x M
Toxah [2.22]

The value of the "grains-water per pound-air difference" is
read from a psychrometric chart or table. It represents the
difference in moisture content of the outdoor air and the
conditions acceptable to the engineer designing the exhaust
system. The air quantities calculated from the two equations
above should not be added to arrive at the required quantity.
Rather, the higher quantity should be used since both sensible
and latent heat are absorbed simultaneously. Furthermore, in
the majority of cases the sensible heat load far exceeds the
latent heat load, so the design usually can be calculated on the
basis of sensible heat alone.

The ventilation should be designed to flow through the hot
environment in a manner that will efficiently control the
excess heat. Figures 2-8 and 2-9 illustrate this principle.

2.16 VELOCITY COOLING

If the air dry-bulb or wet-bulb temperatures are lower than
95-100 F, the worker may be cooled by convection or evapo-
ration. When the dry bulb temperature is higher than 95-100
F, increased air velocity may add heat to the worker by
convection. If the wet bulb temperature is high also, evapora-
tive heat loss may not increase proportionately and the net
result will be an increase in the worker’s heat burden. Many
designers consider that supply air temperature should not
exceed 80 F for practical heat relief.

Current practice indicates that air velocities in Table 2-3
can be used successfully for direct cooling of workers. For
best results, provide directional control of the air supply
(Figure 2-10) to accommodate daily and seasonal variations
in heat exposure and supply air temperature.

2.17 RADIANT HEAT CONTROL

Since radiant heat is a form of heat energy which needs no
medium for its transfer, radiant heat cannot be controlled by

TABLE 2-3. Acceptable Comfort Air Motion at the Worker
Air Velocity, fpm*

Continuous Exposure

Air conditioned space 50-75

Fixed work station, general ventilation

or spot cooling: ~ Sitting 75-125

Standing 100-200

Intermittent Exposure, Spot Cooling or Relief Stations

Light heat loads and activity 1000-2000

Moderate heat loads and activity 2000-3000

High heat loads and activity 3000-4000

*Note: Velocities greater than 1000 fpm may seriously disrupt the performance of
nearby local exhaust systems. Care must be taken to direct air motion to
prevent such interference.
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FIGURE 2-10. Spot cooling with volume and directional control

ventilation. Painting or coating the surface of hot bodies with
materials having low radiation emission characteristics is one
method of reducing radiation.

For materials such as molten masses of metal or glass which
cannot be controlled directly, radiation shields are effective.
These shields can consist of metal plates, screens, or other
material interposed between the source of radiant heat and the
workers. Shielding reduces the radiant heat load by reflecting
the major portion of the incident radiant heat away from the
operator and by re-emitting to the operator only a portion of
that radiant heat which has been absorbed. Table 2-4 indicates
the percent of both reflection and emission of radiant heat
associated with some common shielding materials. Addi-
tional ventilation will control the sensible heat load but will
have only a minimal effect, if any, tpon the radiant heat load.
See Figure 2-11.

2.18 PROTECTIVE SUITS FOR SHORT EXPOSURES

For brief exposures to very high temperatures, insulated
aluminized suits and other protective clothing may be worn.
These suits reduce the rate of heat gain by the body but provide
no means of removing body heat; therefore, only short expo-
sures may be tolerated.

L

i
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FIGURE 2-11. Heat Shielding

TABLE 2-4. Relative Efficiencies of Common Shielding Materials
Reflection of

Radiant Heat Emission of

Incident Upon Radiant Heat
Surface of Shielding Surface from Surface
Aluminum, bright 95 5
Zinc, bright 90 10
Aluminum, oxidized 84 16
Zinc, oxidized 73 27
Aluminum paint, new, clean 65 35
Aluminum paint, dull, dirty 40 60
fron, sheet, smooth 45 55
fron, sheet, oxidized 35 65
Brick 20 80
Lacquer, black 10 90
Lacquer, white 10 90
Asbestos board 6 94
Lacquer, flat black 3 97

2.19 RESPIRATORY HEAT EXCHANGERS

For brief exposure to air of good quality but high tempera-
ture, a heat exchanger on a half-mask respirator face piece is
available. This device will bring air into the respiratory pas-
sages at a tolerable temperature but will not remove contami-
nants nor furnish oxygen in poor atmospheres.

2.20 REFRIGERATED SUITS

Where individuals must move about, cold air may be blown
into a suit or hood worn as a portable enclosure. The usual
refrigeration methods may be used with insulated tubing to
the suit. It may be difficult, however, to deliver air at a
sufficiently low temperature. If compressed air is available,
cold air may be delivered from a vortex tube worn on the suit.
Suits of this type are commercially available.

2.21 ENCLOSURES

In certain hot industries, such as in steel mills, it is imprac-
tical to control the heat from the process. If the operation is
such that remote control is possible, an air conditioned booth
or cab can be utilized to keep the operators reasonably com-
fortable in an otherwise intolerable atmosphere.

2.22 INSULATION

If the source of heat is a surface giving rise to convection,
insulation at the surface will reduce this form of heat transfer.
Insulation by itself, however, will not usually be sufficient if
the temperature is very high or if the heat content is high.
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3.1 INTRODUCTION

Local exhaust systems are designed to capture and remove
process emissions prior to their escape into the workplace
environment. The local exhaust hood is the point of entry into
the exhaust system and is defined herein to include all suction
openings regardless of their physical configuration. The pri-
mary function of the hood is to create an air flow field which
will effectively capture the contaminant and transport it into
the hood. Figure 3-1 provides nomenclature associated with
local exhaust hoods.

3.2 CONTAMINANT CHARACTERISTICS

3.2.1 Inertial Effects: Gases, vapors, and fumes will not
exhibit significant inertial effects. Also, fine dust particles, 20
microns or less in diameter (which includes respirable parti-
cles), will not exhibit significant inertial effects. These mate-
rials will move solely with respect to the air in which they are
mixed. In such cases, the hood needs to generate an air flow
pattern and capture velocity sufficient to control the motion
of the contaminant-laden air plus extraneous air currents
caused by room cross-drafts, vehicular traffic, etc.

3.2.2 Effective Specific Gravity: Frequently, the Jocation
of exhaust hoods is mistakenly based on a supposition that the
contaminant is "heavier than air" or "lighter than air." In most
health hazard applications, this criterion is of little value (see
Figure 3-2). Hazardous fine dust particles, fumes, vapors, and
gases are truly airborne, following air currents, and are not
subject to appreciable motion either upward or downward
because of their own density. Normal air movement will
assure an even mixture of these contaminants. Exception to
these observations may occur with very hot or very cold
operations or where a contaminant is generated at very high
levels and control is achieved before the contaminant be-
comes diluted.

3.2.3 Wake Effects: As air flows around an object, a phe-
nomenon known as "boundary layer separation" occurs. This
results in the formation of a turbulent wake on the downstream
side of the object similar to what is observed as a ship moves
through the water. The wake is a region of vigorous mixing
and recirculation. If the object in question is a person who is
working with, or close to, a contaminant-generating source,
recirculation of the contaminant into the breathing zone is
likely. An important consideration in the design of ventilation
for contaminant control is minimizing this wake around the
human body and, to the extent possible, keeping contaminant
sources out of these recirculating regions (see also Section
3.4.6)

3.3 HOOD TYPES

Hoods may be of a wide range of physical configurations
but can be grouped into two general categories: enclosing and
exterior. The type of hood to be used will be dependent on the

physical characteristics of the process equipment, the con-
taminant generation mechanism, and the operator/equipment
interface (see Figure 3-3).

3.3.1 Enclosing Hoods: Enclosing hoods are those which
completely or partially enclose the process or contaminant
generation point. A complete enclosure would be a laboratory
glove box or similar type of enclosure where only minimal
openings exist. A partial enclosure would be a laboratory hood
or paint spray booth. An inward flow of air through the
enclosure opening will contain the contaminant within the
enclosure and prevent its escape into the work environment.

The enclosing hood is preferred wherever the process con-
figuration and operation will permit. If complete enclosure is
not feasible, partial enclosure should be used to the maximum
extent possible (see Figure 3-3).

3.3.2 Exterior Hoods: Exterior hoods are those which are
located adjacent to an emission source without enclosing it.
Examples of exterior hoods are slots along the edge of the tank
or a rectangular opening on a welding table.

Where the contaminant is a gas, vapor, or fine particulate
and is not emitted with any significant velocity, the hood
orientation is not critical. However, if the contaminant con-
tains large particulates which are emitted with a significant
velocity, the hood should be located in the path of the emis-
sion. An example would be a grinding operation (see Chapter
10, VS-80-11).

If the process emits hot contaminated air, it will rise due to
thermal buoyancy. Use of a side draft exterior hood (located
horizontally from the hot process) may not provide satisfac-
tory capture due to the inability of the hood-induced air flow
to overcome the thermally induced air flow. This will be
especially true for very high temperature processes such as a
melting furnace. In such cases, a canopy hood located over
the process may be indicated (see Section 3.9).

A variation of the exterior hood is the push—pull system
(Section 3.8). In this case, a jet of air is pushed across a
contaminant source into the flow field of a hood. Contaminant
control is primarily achieved by the jet. The function of the
exhausthood isto receive the jet and remove it. The advantage
of the push—pull system is that the push jet can travel in a
controlled manner over much greater distances than air can
be drawn by an exhaust hood alone. The push—pull system is
used successfully for some plating and open surface vessel
operations but has potential application for many other proc-
esses. However, the push portion of the system has potential
for increasing operator exposure if not properly designed,
installed, or operated. Care must be taken to ensure proper
design, application, and operation.

3.4 HOOD DESIGN FACTORS

Capture and control of contaminants will be achieved by
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TABLE 3-1. Range of Capture Velocities®*!: 32

Condition of Dispersion of Contamination Example Capture Velocity, fpm
Released with practically no velocity into quiet air. Evaporation from tanks; degreasing, etc. 50-100
Released at low velocity into moderately still air. Spray booths; intermittent container filling; low speed 100-200

Active generation into zone of rapid air motion.

conveyor transfers; welding; plating; pickling
Spray painting in shallow booths; barrel filling; 200-500

conveyor loading; crushers

Released at high initial velocity into zone at very rapid air motion.

Grinding; abrasive blasting; tumbling

500-2000

In each category above, a range of capture velocity is shown. The proper choice of values depends on several factors:

Lower End of Range

1. Room air currents minimal or favorable to capture.

2. Contaminants of low toxicity or of nuisance value only.
3. Intermittent, low production.

4. Large hood-large air mass in motion.

Upper End of Range

1. Disturbing room air currents.
2. Contaminants of high toxicity.
3. High production, heavy use.
4. Small hood-local control only.

the inward air flow created by the exhaust hood. Air flow
toward the hood opening must be sufficiently high to maintain
control of the contaminant until it reaches the hood. External
air motion may disturb the hood-induced air flow and require
higher air flow rates to overcome the disturbing effects.
Elimination of sources of external air motion is an important
factor in achieving effective control without the need for
excessive air flow and its associated cost. Important sources
of air motion are

e Thermal air currents, especially from hot processes or
heat-generating operations.

> Motion of machinery, as by a grinding wheel, belt
conveyor, etc.

e Material motion, as in dumping or container filling.
* Movements of the operator.

o Room air currents (which are usually taken at 50 fpm
minimum and may be much higher).

» Rapid air movement caused by spot cooling and heating
equipment.

The shape of the hood, its size, location, and rate of air flow
are important design considerations.

3.4.1 Capture Velocity: The minimum hood-induced air
velocity necessary to capture and convey the contaminant into
the hood is referred to as capture velocity. This velocity will
be a result of the hood air flow rate and hood configuration.

Exceptionally high air flow hoods (example, large foundry
side-draft shakeout hoods) may require less air flow than
would be indicated by the capture velocity values recom-
mended for small hoods. This phenomenon may be ascribed
to:

= The presence of a large air mass moving into the hood.

s The fact that the contaminant is under the influence of
the hood for a much longer time than is the case with
small hoods.

» The fact that the large air flow rate affords considerable
dilution as described above.

Table 3-1 offers capture velocity data. Additional informa-
tion is found in Chapter 10.

3.4.2 Hood Flow Rate Determination: Within the bounds
of flanges, baffles, adjacent walls, etc., air will move into an
opening under suction from all directions. For an enclosure,
the capture velocity at the enclosed opening(s) will be the
exhaust flow rate divided by the opening area. The capture
velocity at a given point in front of the exterior hood will be
established by the hood air flow through the geometric surface
which contains the point.

As an example, for a theoretical unbounded point suction
source, the point in question would be on the surface of a
sphere whose center is the suction point (Figure 3-4).

The surface area of a sphere is 4nX2 Using V = Q/A

SURFACE OF

SPHERE -
Ve POINT SUCTION
/ SOURCE
N
e .
// \\

/ Vo
\ COOAEY T RE
/ / \ CA F \

FIGURE 3-4. Point suction source



(Equation 1.3), the velocity at point X on the sphere’s surface
can be given by

Q = V(41X?) = 1257VX? [3.1]

where:
Q = air flow into suction point, cfm
V = velocity at distance X, fpm
A = 4nX2 = area of sphere, ft?

X = radius of sphere, ft

Similarly, if an unbounded line source were considered, the
surface would be that of a cylinder and the flow rate (neglect-
ing end effects) would be

Q = V(2nXL?) = 6.28 VXL [3.2]

where:
L = length of line source, ft

Equations 3.1 and 3.2 illustrate, on a theoretical basis, the
relationship between distance, flow, and capture velocity and
can be used for gross estimation purposes. In actual practice,
however, suction sources are not points or lines, but rather
have physical dimensions which cause the flow surface to
deviate from the standard geometric shape. Velocity contours
have been determined experimentally. Flow®? for round
hoods, and rectangular hoods which are essentially square,
can be approximated by

Q= V(0X? +A) [3.3]

where:
Q = air flow, cfm
= centerline velocity at X distance from hood, fpm

= distance outward along axis in ft. (NOTE: equa-
tion is accurate only for limited distance of X,
where X is within 1.5 D)

A = area of hood opening, ft2

D = diameter of round hoods or side of essentially
square hoods, ft

Where distances of X are greater than 1.5 D, the flow rate
increases less rapidly with distance than Equation 3.3 indi-
cates. 43

It can be seen from Equation 3.3 that velocity decreases
inversely with the square of the distance from the hood (see
Figure 3-5.)

Figures 3-6 and 3-7 show flow contours and streamlines
for plane and flanged circular hood openings. Flow contours
are lines of equal velocity in front of a hood. Similarly,
streamlines are lines perpendicular to velocity contours. (The
tangent to a streamline at any point indicates the direction of
air flow at that point.)

Flow capture velocity equations for various hood configu-
rations are provided in Figures 3-8, 3-9, 3-10, and 3-11.

Local Exhaust Hoods 3-7

3.4.3 Effects of Flanges and Baffles: A flange is a sur-
face at and parallel to the hood face which provides a barrier
to unwanted air flow from behind the hood. A baffle is a
surface which provides a barrier to unwanted air flow from
the front or sides of the hood.

If the suction source were located on a plane, the flow area
would be reduced (1/2 in both cases), thereby decreasing the
flow rate required to achieve the same velocity. A flange
around a hood opening has the same effect of decreasing the
required flow rate to achieve a given capture velocity. In
practice, flanging can decrease flow rate (or increase velocity)
by approximately 25% (see Figures 3-6, 3-7, and 3-11). For
most applications, the flange width should be equal to the
square root of the hood area ( JA).

Baffles can provide a similar effect. The magnitude of the
effect will depend on the baffle location and size.

Figure 3-11 illustrates several hood types and gives the
velocity/flow formulas which apply.

A summary of other equations for hood velocity and the
impact of cross-drafts on hood performance can be found in
Reference 3.25.

3.4.4 Air Distribution: Slot hoods are defined as hoods

with an opening width-to-length ratio (W/L) of 0.2 or less.
Slot hoods are most commonly used to provide uniform
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FIGURE 3-5. Flow rate as distance from hood
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exhaust air flow and an adequate capture velocity over a finite
length of contaminant generation, e.g., an open tank or over
the face of a large hood such as a side-draft design. The
function of the slot is solely to provide uniform air distribu-
tion. Slot velocity does not contribute toward capture velocity.
A high slot velocity simply generates high pressure losses.
Note that the capture velocity equation (Figure 3-11) shows
that capture velocity is related to the exhaust volume and the
slot length, not to the slot velocity.

Slot hoods usually consist of a narrow exhaust opening and
a plenum chamber. Uniform exhaust air distribution across
the slot is obtained by sizing slot width and plenum depth so
that velocity through the slot is much higher than in the
plenum. Splitter vanes may be used in the plenum; however,
in most industrial exhaust systems, vanes are subject to cor-
rosion and/or erosion and provide locations for material to
accumulate. Adjustable slots can be provided but are subject
to tampering and maladjustment. The most practical hood is
the fixed slot and unobstructed plenum type. The design of
the slot and plenum is such that the pressure loss through the
slot is high compared with the pressure loss through the
plenum. Thus, all portions of the slot are subjected to essen-
tially equal suction and the slot velocity will be essentially
uniform.

There is no straightforward method for calculating the
pressure drop from one end to the other of a slot-plenum
combination. A very useful approximation, applicable to most

hoods, is to design for a maximum plenum velocity equal to
one-half of the slot velocity. For most slot hoods, a 2000 fpm
slot velocity and 1000 fpm plenum velocity is a reasonable
choice for uniformity of flow and moderate pressure drop.
Centered exhaust take-off design results in the smallest prac-
tical plenum size since the air approaches the duct from both
directions. Where large, deep plenums are possible, as with
foundry shake-out hoods, the slot velocity may be as low as
1000 fpm with a 500 fpm plenum velocity.

3.4.5 Rectangular and Round Hoods: Air distribution
for rectangular and round hoods is achieved by air flow within
the hood rather than by pressure drop as for the slot hood. The
plenum (length of hood from face to tapered hood to duct
connection) should be as long as possible. The hood take-off
should incorporate a 60° to 90° total included tapered angle.
Multiple take-offs may be required for long hoods. End
take-off configurations require large plenum sizes because all
of the air must pass in one direction.

Figures 3-12 and 3-13 provide a number of distribution
techniques.

3.4.6 Worker Position Effect: The objective of industrial
ventilation is to control the worker’s exposure to toxic air-
borne pollutants in a safe, reliable manner. As one of the main
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FIGURE 3-7. Velocity contours — flanged circular opening — % of opening
velocity
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HOOD TYPE

DESCRIPTION

ASPECT RATIOW/L

AIR FLOW

X"

0.2 OR LESS

FLANGED SLOT

0.2 OR LESS

PLAIN OPENING

0.2 OR CGREATER
AND ROUND

Q = V(10X" +A)

FLANGED OPENING

0.2 OR GREATER
AND ROUND

Q = 0.75V(10X"+A)

TO SUIT WORK

CANOPY

TO SUIT WORK

Q = 1.4 PV
SEE FIG. VS—99-03
P = PERIMETER
D = HEIGHT
ABOVE WORK

PLAIN MULTIPLE
SLOT OPENING
2 OR MORE SLOTS

0.2 OR GREATER

Q = V(10X +A)

FLANGED MULTIPLE
SLOT OPENING
2 OR MORE SLOTS

0.2 OR GREATER

2
Q = 0.75V(10X" +A)
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SLOT VELOCITY 2000 FPM

OR HIGHER. -——--—\
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DISTRIBUTION

DISTRIBUTION

MTH LOW PLENUM VE_OCITIES AND

HIGH SLOT VELOCHTIES,

Local Exhaust Hoods

INSIDE RADIUS MORE IMPORTAN

THAN OUTSIDE Vs
e oo e e /,/§

~

Ch

MAX. PLENUM

VELOCITY=1/2 SLOT VELOGITY

SLOPE FOR DRAINING IS DESIRABLE —
SLOPE DOES NOT AID IN DISTRIBUTION

BY SLOT RESISTANCE

BY FISH TAIL

GOCD DISTRIBUTION 1S OBTAINED.

SLOTS OVER 10 FEET TO 12 FEET IN LENGTH USUALLY NEED MULTIPLE TAKE~OFFS.
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DISTRIBUTION BY BAFFLES
SEE FiG. 3-10
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I'H CANOPY

[ SAME PRINCIPLES APPLY 10 CANOCPY TYPE

) oto 457

DISTRIBUTION BY DISTRIBUTION BY TAPER
SLOT (OR BAFFLES)
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engineering controls, local exhaust ventilation is designed to
be near the point of contaminant generation. Often, considera-
tion is not given to how the workers will position themselves
with respect to the air flow. Studies® %39 show that the posi-
tion of the worker with respect to the flow direction is an
important parameter in determining the breathing zone con-
centration.

Figure 3-14, Position 2, shows a worker oriented with his
back to the air flow. Immediately downstream of the worker,
a zone of reverse flow and turbulent mixing occurs due to
boundary layer separation. Contaminant released into this
region (e.g., from a hand-held or proximal source) will be
mixed into the breathing zone resulting in exposure. Figure
3-14, Position 1, shows a worker oriented at 90° to the flow
direction; here, the reverse flow zone forms to the side and
there is less opportunity for the entrainment of contaminant
into the breathing zone.

Studies suggest that this phenomenon is important when
large booth-type hoods are employed or in situations where
there is a reasonably uniform air flow. Exposure studies®'
using a tailor’s mannequin to simulate an operator in a booth-
type hood used for the transfer of powders showed, in all
cases, that exposures for Position 1 were less than those in
Position 2 by at least a factor of 2000.

A second case study®® reported women who used a spray
and brush application of a chloroform-based adhesive were
significantly exposed despite working in a ventilated booth.
A 50% reduction in exposure was found when the workers
stood side-on to the air flow (Position I). Subsequent modifi-
cation of spray practices resulted in a determination that a 30°
angle to the air flow and holding the nozzle in the downstream
hand seemed optimal. No alterations to the actual design or
air flow of the booth were needed to achieve acceptable
exposure levels.

The preceding discussion assumes that the worker is not in
the wake of an upstream object and that the contaminant
source has negligible momentum.In cases where the contami-
nant source has significant momentum (e.g., high-pressure
compressed air paint spray operations), the effect of position
on exposure may be reversed — i.e., Position 1 in Figure 3-14
may produce higher exposures. This is associated with the
deflection of the spray upstream of the worker and subsequent
recirculation through the breathing zone. Further research and
field studies are needed to evaluate the tendency for reverse
flow to occur in more complex situations. Although the im-
portance of boundary layer separation effects with smaller
local exhaust hoods has not been thoroughly explored, three
studies G-1'-319 quggest that the 90° orientation is beneficial
even in this instance. It is recommended that the side orienta-
tion (i.e., Position 1) be the preferred orientation in situations
where feasible. Down-draft configurations may provide simi-
lar benefits under certain conditions.

It is recommended that the side orientation (i.e., Position
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FIGURE 3-14. Worker position effect

1) be investigated as a preferred work practice where feasible.
It is important to assess the exposure with personal sampling
pumps to confirm the benefits of one position versus another
as other factors may complicate the issue.

3.5 HOOD LOSSES

Plain duct openings, flanged duct openings, canopies, and
similar hoods have only one significant energy loss. As air
enters the duct, a vena contracta is formed and a small energy
loss occurs first in the conversion of static pressure to velocity
pressure (see Figure 3-15.) As the air passes through the vena
contracta, the flow area enlarges to fill the duct and velocity
pressure converts to static pressure. At this point, the uncon-
trolled slow down of the air from the vena contracta to the
downstream duct velocity results in the major portion of the
entry loss. The more pronounced the vena contracta, the
greater will be the energy loss and hood static pressure.

Compound hoods are hoods which have two or more points
of significant energy loss and must be considered separately
and added together to arrive at the total loss for the hood.
Common examples of hoods having double entry losses are
slot-type hoods and multiple-opening, lateral draft hoods
commonly used on plating, paint dippin