CHAPTER 38
CONTROL OF EXPOSURES TO HEAT AND COLD
Harwood S. Belding, Ph.D.

HEAT
Introduction

At this point we expect the student to have
acquired an understanding of the several elements
which act to determine the stress of hot environ-
ments (Chapter 31) and of the physiological ef-
fects of heat exposures on the body (Chapter 30).
The task in this section is to identify methods of
control of occupational exposures to heat. These
methods must be adapted to the nature of the
heat stress and, if chosen properly, can be ex-
pected to ameliorate resulting physiologic strains.

Control of heat hazards has been discussed in
several publications, Engineers may wish to con-
sult more comprehensive publications issued by
the American Industrial Hygiene Association® and
the American Society of Heating, Refrigerating
and Air Conditioning Engineers.? These offer
some details not provided here, in particular on
thermal control of large factory spaces by venti-
lation. Engineering aspects of ventilation are also
given in Chapter 39. Earlier, Hertig® and Hertig
and Belding* discussed methods of heat control.
Wason® provided a comprehensive treatment of
many aspects of the subject.

The ultimate goal of heat control engineering
may be to create a climate of work in which true
thermal comfort prevails. However, this seldom is
achievable when large furnaces or sources of
steam or water are present in the work area. In
compromising with his ideal of providing comfort,
the engineer may rationalize his shortcomings with
the knowledge that man evolved as a tropical ani-
mal; he is well-endowed with physiologic mechan-
isms to cope with substantial levels of heat stress,
particularly if he is acclimatized. It has even
been suggested that some exercise of these natural
mechanisms among well individuals may, as in
the case with physical exercise, have beneficial
effects (Chapter 30). This type of justification of
hot working conditions is less warranted when
jobs demand use of mental or perceptual facilities
or of precise motor skills. In such cases thermat
discomfort can distract attention; also, heat toler-
ance of physically inactive workers is less in some
respects than for those whose duties require physi-
cal activity.

Analysis of the Problem and Options for Control

Before initiating control measures the engineer
will wish to partition the components of the heat
stress to which the worker is exposed, or in plan-
ning a new operation, is expected to be exposed.
This informatior may be used not only as a basis
for rational selection of the means of control, but
also may be used, together with similar data ob-
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tained following adoption of control measures, to
demonstrate the effectiveness of corrective actions
that have been taken. It is evident that the heat
stress for the individual worker depends on:

(1) the bodily heat production, (M), of the

tasks which he performs

(2) the number and duration of exposures

{3) the heat exchanges as affected by the

thermal environment of each task; namely
exchanges by radiation (R). convection
{(C) and evaporation (E), as affected by
air temperature (Ta), temperature of
solid surround (Tw), air speed (v), and
water vapor pressure of the skin (Pws)
and the air (Pwa)

(4) thermal conditions of the rest area

(5) the clothing that is worn.

Items 1 and 2 represent elements of behavioral
control; 3 and 4, environmental control; and 5
may be regarded as a combination of both.

The approach toward control may involve
modification of one or more of these determin-
ants of the heat stress. The challenge is to select
specific methods for attack which will be both
feasible and effective. Serious errors can result
from resorting to some single pet engineering
solution, Consider the consequences of ducting
outside air to the task site. This air usually is
blown at the worker at a temperature as warm
as the upper reaches of the shed where the ducts
have been installed. This will enhance cooling
by evaporation of sweat, but if the air is warmer
than the skin (35°C, 95°F), it will increase the
convective heat load. Considerdtion of the trade
off between needed heat loss and increased heat
gain is essential. And, provided that the plant air
is reasonably clean, the same goal might be
achieved less expensively with portable fans. How-
ever, in such a situation the real mistake may be
the failure to recognize that the heat problem de-
rives from radiant load from a furnace and this
is not decreased by air movement. This mistake
has been made less frequently in recent years,
but elaborate ducting across the ceilings of older
plants exists as evidence of inappropriate action to
control radiant heat loads.

Let us examine means and effectiveness of the
five listed modifiers of the heat stress.

(1) Decreasing the physical work of the task.
Metabolic heat can comprise a large fraction of
the total heat load. However, the amount by
which this factor may be reduced by control is
quite limited. This is because an average sized
man who is simply standing quietly while pushing
buttons will produce heat at a rate of 100 kcal/hr



whereas one who is manually transferring fairly
heavy materials at a steady pace will seldom have
a metabolic rate higher than 300 kcal/hr and
usually not more than 250 kcal/hr.* Obviously,
control measures, such as partial mechanization,
can only reduce the (M) component of these
steady types of work by 100 to 200 kcal/hr;
nevertheless mechanization can also help by mak-
ing it possible for the worker to be more isolated
from the heat source, perhaps in an air condi-
tioned booth.

Tasks such as shovelling which involve meta-
bolic heat production at rates as high as 500 to
600 kcal/hr require that rest be taken one-half
to two-thirds of the time simply because of the
physical demands of the labor. Thus, the hourly
contribution of (M) to heat Joad will seldom ex-
ceed 300 kcal/hr. It is obvious that mechaniza-
tion of such work can increase worker productiv-
ity by making possible a decrease in the time
needed for rest.

(2) Modifying the number and duration of
exposures. When the task in a hot environment
involves work that is a regularly scheduled part
of the job, the combined expenience of workers
and management will have resulted in an arrange-
ment which makes the work tolerable most of the
time for most of the workers. For example, the
relief schedule for a task which involves manual
transfer of hot materials may involve two workers
. only because of the heat, and depending on the
duress, these workers may alternate at five-minute
or up to hourly intervals which have been de-
termined empirically. Under such conditions over-
all strain for the individual will be less if the
cycles are short.” Where there is a standardized
quota of hot work for each man, it is sometimes
lumped at the beginning of the shift. This ar-
rangement may be preferred by workers in cooler
weather; however, there is evidence that the strain
of such an arrangement may become excessive on
hot days. The total strain, evidenced by fewer
heart beats, will be less if the work is spread out.

The stress of hot jobs is dependent on vagar-
ies of weather. A hot spell or an unusual rise in
humidity may create overly stressful conditions
for a few hours or days in the summer. Nonessen-
tial tasks should be postponed during such emer-
gency periods, in accordance with a prearranged
plan. Also, assignment of an extra helper can
importantly reduce heat exposure of members of
a working team. However, there is danger in this
practice when unskilled or unacclimatized work-
ers are utilized in this role.

Many of the critically hot exposures to heat
faced in industry are incurred irregularly, as in
furnace repair or emergencies, where levels of
heat stress and physical effort are high and largely
unpredictable, and values for the components of
the stress are not readily assessable. Usually such
exposures will force progressive rise in body tem-
perature. Ideally such physiologic responses
as body temperature and heart rate would be
monitored and used as criteria for limiting such
exposures on an ad hoc basis. Practically, how-
ever, the tolerance limits must be based on ex-
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perience of the worker as well as of his supervisor.
Fortunately, for most workers most of the time
individual perception of fatigue, faintness or
breathlessness may be relied upon for bringing
exposures to a safe ending. The highly motivated
individual, particularly the novice who desires
acceptance, is at greater risk. In the same spirit,
foremen should respect the opinion of an em-
ployee when he reports that he does not feel up
to work in the heat at a particular time. Non-job
personal factors such as low grade infection, a
slecpless night or diarrhea (dehydration affects
sweating) which would not affect performance on
most jobs, may adversely affect heat tolerance.

Perhaps the best advice that car be offered
for control of irregular exposures is (a) that
formal training and indoctrination of effects of
heat be provided supervisors and workers; and
(b) that this include advice to the effect that each
exposure should be terminated before physical
distress is severe. There is abundant evidence
that the physiclogical strain of a single exposure
which raises internal body temperature to 39°C
{102.2°F) is such as to contra-indicate further
exposures during the same day; it may take hours
for complete recovery. More work can be achieved
during several shorter exposures and with less
overall strain.

(3) Modifying the thermal environment. The
environmental engineer will usually identify im-
portant sources of heat stress in a qualitative
sense, without resorting to elaborate measure-
ments, Thus, his experience will suggest that when
air is static and the clothes of the workers be-
come wet with sweat it will help to provide a fan.

Nevertheless, there are advantages in quanti-
tative analysis of the heat stress (and where pos-
sible determination of physiological strains) on
workers. The effects of various approaches to
control can then be predicted and improvements
in thermal conditions at thc workplace can be
decumented for higher levels of management based
on measurements made before and after action
has been taken.

We cite concrete examples to illustrate how
the quantitative analytic approach may be used.

CASE I. First is a casc which is encountered
frequently under ordinary conditions of hot
weather. Let us assume a laundry where the
humidity is high (Pwa=25 mm Hg) despite the
operation of a small exhaust fan on the wall.
There is no high level heat source so Tw is about
the same as Ta.

In the simplest situation we take Ta and Tw
equal to the temperature of the skin, which, under
heat stress, may be assumed to be 35°C (95°F).
This means heat exchange by R and C is zero.*
Let us examine the case on the basis that expos-
ure is continuous and the average physical work
is moderate (M =200 kcal/hr}. The heat load to
be dissipated, Ereq, is then,

M+R+C=Ereq
2004+0+0=200

*In this case R+C is changed by about 17 kcal/hr for
each °C of deviation of Tw and Ta from Tsk.



The workers wear only shorts or shorts and halter.
The air speed is low, 20 m (65 ft.) per minute.
Analysis in accordance with Chapter 31 for the
seminude condition yields indication of maximum
cooling by evaporation of sweat, Emax,

Emax=2.0 v** (42 —Pwa), where 42

mm Hg is Pws of completely wetted skin

at 35°C; or

Emax=2 x 6.0 (42 —25) =200 kcal/

hr {approx.)

Nominally, a worker under these conditions
would be just able to maintain bodily -heat balance
if he kept his skin completely wet. To do this he
would have to sweat extravagantly, which means
some dripping. It is easy to sce why the workers
wear as little clothing as possible. Wearing a long-
sleeved work shirt and trousers would reduce
Emax by about 40 percent, or to 120 kcal/hr.
The resulting excess of heat load over Emax
would result in rise of body temperature and it
can be estimated that the ordinary limit of toler-
ance would be reached in about an hour.

When, as in this case, the heat load is itself

moderate, the attack of the control engineer should
be aimed at increasing Emax. In most such situa-
tions the management or the workers might find
it expedient to bring in fans for spot “cooling.”
Note that since Emax is 0.6 power function of air
speed, tripling of air movement across the skin
would result in doubling of Emax. In this case
an increase from 20 m/min to 60 m/min is easily
achieved and it is predicted that such air speed
will raise Emax to 400 kcal/hr. Sweat would be
reduced to about 0.35 liters/hr and would be
evaporated easily; the skin would no longer be
dripping wet. It is clear that this control measure
has limitations. For example, if air speed were
already 60 m/min tripling would produce a wind
which might disrupt operations.
. A more effective permanent approach would
be to replace the small exhaust fan with exhaust
hoods opening over the ‘principal source of mois-
ture. This would work well in a dry climate, but
in a humid one the make-up air from outside
might have such a high Pwa as nearly to cancel
the value of hoods. It is obvious that in Case I
the use of mechanical air conditioning would
prove expensive.

CASE II. This is selected to show how the
wearing of clothing can be advantageous and the
presence of high air speed a liability under very
hot, dry conditions. Assume Ta=45°C (113°F),
Tw=55°C (131°F), v=100 m (300 ft.) per
minute and Pwa, 10 mm, We use the same M as
in Case I. Long-sleeved shirt and trousers are
worn.*

*The formulae used are explained in Chapter 31 and
summarized here.

NUDE kcal/hr
11{Tw—35) R
1.0 vo-¢ (Ta—35) C 0.6 vo-¢ (Ta—35)

2.0 v08 (42—Pwa) Emax 1.2 vo8 (42—Pwa)
Tw is approximated from temperature readings of a six-
inch blackened globe, Tg, using Tw=Tg+0.24 vo-s
(Tg—Ta); v is in m/min; “35” is assumed Tskin; 42"
is Pws of completely wet skin at Tskin of 35°C.

CLOTHED
6.6 (Tw-135)
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M+R+C=Freq
20041304+ 95=425 Emax=610 kcal/hr

Suppose the worker wore only shorts under these
circumstances. R, C and Emax would be in-
creased:

M+R+C=Ereq
2004220+ 160=580 Emax=1010 kcal/hr

The total heat load is increased about 155 kcal/
hr. The specific cost of baring the skin would
be about 0.26 liter per hour, raising the total re-
quirement of sweating to 1.0 liter per hour, as
compared with 0.71 liter per hour when wearing
shirt and trousers.

Thus under conditions where Tw and Ta are
above 35°C and Pwa is low, the wearing of cloth-
ing reduces heat stress and strain. In examining
the above model it will be apparent that there is
an optimum amount of clothing in such situations.
This is the amount which reduces Emax to a value
only slightly in excess of Ereq. The long-sleeved
shirt and trousers happen to be just about right
for this purpose under the given conditions.

With low Pwa as in a semi-arid area, a more
satisfactory solution probably might be reached
through installation of an evaporative cooler. In
Case 11, inside temperature was usually 5°C hot-
ter than outside, due to process heat and insula-
tion on the roof of the shed. Assuming outside
Ta usually does not exceed 40°C (104°F) and
Pwa is about 10 mm Hg, outside air drawn
through a water spray washer in large volume
theoretically could be reduced to prevailing out-
of-door wet bulb temperature, namely 22°C
(72°F), though in practice probably only 80
percent efficiency could be achieved. Most of the
wash water could be recycled. Pwa of the con-
ditioned air would be raised from 10 to 20 mm
Hg. The temperature of the work space might
actually be reduced by this means to 30°C. If so,
the components of heat load for clothed workers
would be reduced by 35 percent from Ereq=425
to Ereq=280; Emax would still permit free evap-
oration of sweat.

M+R+C=Ereq
200+ 130—50=280 Emax=420 kcal/hr

CASE [II. This case is chosen to illustrate the
dramatic reduction in heat load achievable by
provision of appropriate shielding when radiation
from a furnace is substantial. Practical examples
of the reduction in radiant heat load achievable
by these means are provided by Lienhard, Mc-
Clintock and Hughes,® by Haines and Hatch,* and
by others.* ** This case is chosen from the first
of these references, because the situation is real,
and physiological and environmental data are
available, The task is that of skimming dross from
molten bars of aluminum. The worker stands at
the task. Manipulation of a ladle involves mod-
erate use of shoulder and arm muscles and re-
quires an M of about 200 kcal/hr. The environ-
mental temperatures before the corrective action
were reported as Tg=71.7°C (161°F),
Ta=47.8°C (118°F) and Twb=30.5°C (87°F).
Air was forced from an overhead duct at 275



m/min (900 fpm).* Note that the humidity was
very high (Pwa=24 mm Hg) which is character-
istic of the local climate. In terms of heat load
and Emax the situation was:
M + R + C =Ereq

200+ 870+4220=1290 Emax=630 kcal /hr
1t is obvious from the deficiency of evaporation
and the enormous load that the workers, despite
full clothing and a face shield, were able to per-
form this task only for a few minutes at a time.
Heat exhaustion was not uncommon (and might
partly be attributable to the difficult hot condi-
tions prevailing in the nearby rest area).

Engineers undertook control of this heat ex-
posure by interposing finished aluminum sheeting
between the heat source and the worker. Infra-
red reflecting glass at face level permitted seeing
the task and space was left for access of the arms
in using the ladle. As a result of these measures it
was recorded that both Tg and Ta were reduced
to 43°C (110°F). The same air speed was pres-
ent as before and if we assume the same Pwa
we obtain:

M +R + C =Ereq

200+50+140=390 Emax= 630 kcal/hr

By this action to reduce R the heat load was
brought to a level that is reasonable for prolonged
work, but did not completely eliminate the heat
stress. The predicted requirement for sweating to
maintain heat balance was reduced from the previ-
ously impossible-to-sustain level of 2.1 liters/hr
to about 0.7 liter/hr. (The before and after aver-
age levels actally observed for two workers were
not far from these predictions, namely 2.1 and 1.1
liters/hr. The same two subjects also showed a
marked reduction in heart rate, as a result of the
changes, from an average of 146 to 108 beats/
min.)

The percent reduction of the radiant load can
be taken as a measure of the effectiveness of the
reflective shielding, and in this instance approxi-
mates 85 percent. Large errors in the estimate of
R are possible at extremely high globe tempera-
tures, but in this case it appears that the maximum
relief one could expect from shielding was
achieved. Haines and Hatch® rted smaller re-
ductions in R of 51 to 74 percent from interposing
a sheet of aluminum at eleven different work sites
in a glass factory. Others® have shown reduction
of 90 percent or more under ideal conditions not
likely to prevail on the plant floor.

Control of Radiation: Further Considerations.
While in Case ITI we have dealt with some aspects
of control of R by shiclding, the two other classi-
cal approaches of industrial hygiene engineering,
namely control at the source and control at the
man, offer possibilities which must be considered.

Application of insulation on a furnace wall
can reduce its surface temperature and thereby the

*High speed air jets (8-inch to 12-inch diameter) are
frequently used for purposes of man-cooling. These
directly affect air speed over only a small portion of
the body. Directed downward, the speed measured
near the legs may be only 10 to 20 percent of that at
the head. The head represents only 10 percent of the
body surface, the legs 40 pereent.
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level of R. A by-product of such treatment is sav-
ing in fue! needed to maintain internal furnace
temperatures. Application of a polished metallic
surface to a furnace wall will also reduce R. How-
ever, a polished metallic surface will not maintain
its low emissivity®* if it is allowed to become
dirty. A layer of grease or oil one molecule thick
can change the emissivity of a polished surface
from 0.1 to 0.9. And the emissivity of aluminum
or gold paints for infrared is not necessarily indi-
cated by their sheen. If the particles are smaller
than about one micron they emit almost like a
black body. (The same is true for fabrics coated
with very fine metallic particles.)

Equal or even more effective reduction of R
is achievable with non-reflective barriers through
which cool water is circulated.

The engineer is frequently baffled in shielding
by the fact that access to the heat source is re-
quired for performance of the task. We have
seen various solutions to this problem. One is a
curtain of metal chains which can be parted as
required and which otherwise reduces emission
like a fireplace screen. Another is a mechanically
activated door which is opened only during ejec-
tion or manipulation of the product. And finally,
remotely operated tongs may be provided, taking
advantage of the fact that radiant heating from
an open portal is limited to line of sight and falls
off as the reciprocal of the square of the distance
from the source.

(4) Thermal conditions of the rest area.
Brouha’ states “It is undeniable that the possi-
bility of rest in cool surroundings reduces consid-
erably the total cost of work in the heat.” This
is demonstrated by responses of heart rate and
body temperature of two groups of men doing the
same job with and without access to an air condi-
tioned space for recovery (Figure 38-1). There
is nmo solid information on the optimum thermal
conditions for such areas but we have laboratory
data which support setting the temperature near
25°C (77°F). This feck chilly upon first entry
from the heat, but adaptation is rapid.

The placement of these areas is of some im-
portance. The farther they are from the work-
place the more likely that they will be used in-
frequently or that individual work periods will
be lengthened in favor of prolonged rest periods.

*Emissivity is the capacity to radiate relative to a black
body, which has a capacity of 1.0. Bright metal sur-
faces are poor emitters, having emissivities of less than
0.1. Absorptivity of materials for radiant energy is
equivalent to their emissivity i, a black body is a
perfect absorber. Reflectivity is 1.0 minus the emissiv-
ity. These characteristics are dependent on spectral
wavelength, which is shorter for bodies at higher tem-
peratures. The radiation dealt with here is in the infra-
red range, of longer wavelength than visible light. The
emissivity and absorptivity of unpolished surfaces in
this range are close to those of a black body, regardless
of color. Thus light-colored oil paint will emit as a
black body, as will skin, regardless of its color, and as
will clothing. The near side of a polished metallic
shield (1} will reflect back 90 percent of the energy
which impinges from a furnace and (2) will emit from
its far side only 10 percent of the energy that was ab-
sorbed. To be doubly effective in this way a shicld
must be exposed to air on both sides,
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Incidentally, the same principle applies for
positioning of water fountains,. When they are
remote from the worker, substantial dehydration
is more apt to occur. The proper temperature
for drinks under hot conditions is often asked.
There is no scientific answer, but most men will
not willingly drink fluids that are close to body
temperature. They welcome chilled water and seek
chilled soft drinks and ice cream when these are
available in rest areas. (Actually a liter of intake
at 8°C (46°F) will contribute to body cooling by
extracting 30 kcal of body heat; a half pint of
frozen sherbet will remove about the same
amount.) Experienced workers recognize that
frequent intake of small amounts of fluid is better
than large draughts.

(5) Clothing: (a) Conventional work cloth-
ing. Heat exposures may be controlled through
selective wearing of clothing, as illustrated by
Cases I and II. In Case II we illustrated effects of
an ordinary work shirt and trousers in reducing
heat transfer by radiation, convection and evapo-
ration by about 40 percent from the values ap-
plicable to seminude men.'’ Design as well as
thickness can be exploited. Note that air move-
ment under clothing, that is provided for by loose
fit and generous openings, will have twice as much
effect on Emax as it does on C (see coefficients).
On the other hand, in dry environments with
high air speed, tighter fit may be employed to re-
duce gain by C without critical reduction of Emax.
Additional thickness may be exploited for further
reduction of gain by R+C and may be of par-
ticular value when altermating between extremes
of heat and cold in open sheds in wintertime. In
such situations long underwear may be advanta-
geous because it acts as a “heat sponge.” Thick-
ness can also be an advantage in clothing for fire
fighting.

(b) Aluminized reflective clothing. We have
reported effects of wearing aluminum-coated
clothing on heat exchanges.'* Somewhat to our
surprise our samples provided only about 60 per-
cent reduction of radiant heat gain as compared
with the 40 percent available from ordinary work
clothing. At high humidities (Pwa=20 mm Hg
and above) a full aluminized suit, consisting of
jong coat, full trousers, spats and hard hat, rep-
resented a greater handicap for prolonged use
than ordinary work clothing. Subjects became
overheated because the suit interferred with evap-
oration of their sweat. In a trial where only the
front of the body was exposed to the high level
radiant source, we found that an aluminized apron
and similar reflective covering for the front of the
legs provided nearly as much protection as the
full suit and permitted necessary evaporation.

(c) Thermally conditioned clothing. Numer-
ous ideas have been incorporated in special cloth-
ing for maintaining comfort in extreme heat (or
cold). Some systems supply appropriately cool
air from a mechanical refrigerator to points under
a jacket or coveralls. When air from a remote
source is used there are two problems. One is the
gain of heat through the walls of the supply tub-
ing. This problem has been solved in some cases
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by using porous tubing which will leak an appro-
priate amount of supply air to keep the wall of the
tubing suitably cool. The other problem is distri-
bution of the air through the suit. With a simple,
single orifice it is difficult to cool a sufficient area
of skin; cooling limited to the face or trunk is
usually not enough. Provision of several orifices,
though better, will create bulk and restrict mo-
bility. In fact, the restriction of movement re-
sulting from tethering the worker to supply line
will often contraindicate this type of system.

The vortex tube source of cool air has been
used successfully in some situations.®* The device
is carried on the belt. Air introduced tangentially
at high velocity is forced into a vortex, which re-
sults in two separable streams of air, one cold
which is distributed under the suit, the other hot
which is discarded. Compressed air requirements
to operate the vortex system are large.

Self-contained sources of conditioned air which
can be back-packed have also been developed.
One contains a liquid which is sealed into a finned
container. After being cooled in a deep freeze
the container is placed in the pack. A small bat-
tery-driven fan circulates air across the fins and
into the suit. A single charging of this device
may extend tolerance for relining furnace walls
from several minutes to 30 or 60 minutes.

More sophisticated devices employ a closed
fluid-filled system and a fairly elaborate network
of small tubing for distribution.

The nuisance factor must be considered with
all such devices. Men will not go to the trouble
of donning them unless they recognize more than
a marginal advantage. On the other hand, with
such devices it has sometimes been possible to
change hot tasks which required long rest pauses
into continuous duty operations involving fewer
workers.

Checklist

The emphasis of this section has been on ra-
tionalization of the options for control of heat
exposures, based on consideration of all elements
of specific situations. Often there are several op-
tions which may be capitalized upon simultane-
ously without conflict. In other cases trade-offs
must be weighed. Table 38-1 is a checklist which
may be helpful in considering options which have
been discussed in the text.

COLD

Introduction

Protection of the body against excessive cool-
ing has not received popular attention of occupa-
tiona! health workers to the extent of protection
against heat, even though many workers are ex-
posed to cold conditions. This is despite the fact
man has much more innate ability to adapt to
heat, attributable to his well-developed sweating
mechanism. In cold, he can only resort to con-
striction of skin blood vessels or shivering. If
pude, at rest ,and in still air the dermal vasocon-
striction will avail to provide heat balance only
down to about 28°C (82°F). Man’s adaptation
to cold has been based on his ingenuity in pro-



TABLE 38-1

CHECKLIST FOR CONTROLLING HEAT
STRESS AND STRAIN

Item

Actions for Consideration

Components of Heat Stress
M, body heat production of task

reduce physical demands of the work; powered assistance

for heavy tasks

R, radiative load

interpose line-of-sight barrier

furnace wall insulation

metallic reflecting screen

heat reflective clothing
cover exposed parts of body

C, convective load

if air temperature above 35°C (95°F)

reduce air temperature
reduce air speed across skin
wear clothing

Emax, maximum evaporative
cooling by sweating

increase by
decreasing humidity

increasing air speed

Acute Heat Exposures
R, C and Emax

air or fluid conditioned clothing;

vortex tube

duration and timing

shorten duration each exposure;

more frequent better than long to exhaustion

exposure limit

self-limited, based on formal indoctrination of workers

and foremen on signs and symptoms of overstrain

recovery

Individual Fitness for Work
in Heat

air conditioned space nearby

determine by medical evaluation, primarily of cardiovascular
status

careful break-in of unacclimatized workers

water intake at frequent intervals

non-job related fatigue or mild illness may temporarily

contraindicate exposure (e.g. low grade infection, diarrhea,
sleepless night)

viding himself with insulative clothing and heated
shelter.
Clothing Requirements

The same heat balance equation that is used
for heat exposures is applied also for cold. Equilib-
rium is achieved when M+R + C=E, but in cold
weather R and C are minus quantities. E will re-
flect activity of the sweat glands as needed to
balance the equation. When not overclothed, E
is still present to the extent that body water dif-
fuses through the skin (about 15 grams per hour
with cooling value of 10 kcal per hour) and the
lungs. The lung loss is also about 15 g per hour
when inactive, but increases in proportion to ven-
tilation of the lungs during activity. There are also
small losses in warming cold inspired air,’? which
are neglected in this treatment. Minimum com-
bined losses by E are commonly assumed to be
about 25 percent of M when clothing requirements
are being considered. Thus, 0.75 M is the heat
available for loss by (R+C) when heat balance
is being maintained without recourse to excessive
sweating.

Over the thermal range of interest, Newton’s
Law of Cooling is applicable; this states that heat
loss will be proportional to the thermal gradient

divided by the insulation. In this instance:
_ Ts—Ta
(R. + C) —m, where

Ts and Ta are skin surface and air temperature,
respectively. In the equilibrium state, and since
(R+C)=0.75 M, insulation requirement for a
known thermal gradient may be expressed as:

(Ts—Ta)
075 M

The unit used for describing insulation needs or
insulation value with respect to clothing of man is
the clo.*** In this unit the insulation required is:

5.55(Ts—Ta)
075 M

The value 5.55 is the coefficient which applies
where Ts and Ta are in °C and M is in keal per
square meter of body surface per hour.
Application of the equation is illustrated in
answering the question: How much insulation is
required to maintain comfort for a man seated at
rest (M =50 kcal/m?shr) at 21°C (70°F)? The

*The unit was selected to represent the approximate in-
sulation value of a business suit. One clo will maintain
a thermal gradient of 0.18°C over an area of one square
meter when the thermal flux is one kcal/hr.

insulation required =

Iclo=
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skin temperature for comfort is known to average
about 33°C, so

Io=2333-21) _,

38

The total insulation need may be met from two
sources, both of which fundamentally involve im-
mobilization of a layer of “still air” (under prac-
tical conditions one-quarter inch of “still air” is
worth about 1 clo). The first source is the film of
air which always overlies the outside of the cloth-
ing, or the surface of the skin when it is bare).
This insulation of air, Ia, is worth about 0.7 clo
when the body is inactive and is exposed to the
natural convection present in a room. Ia varies as
a power function of the reciprocal of air speed:
at 30 m (100 ft) per minute it is 0.5 clo, at 100 m
(330 ft) per minute it is 0.3 clo. The second
source of insulation must be the clothing itself,
Icl. Thus, the clothing needed at 21°C would be
1 clo in still air, because Ia contributes 0.7; at
100 m per minute the clothing per se would have
to be worth 1.4 clo.

7

When at rest as in the example, each added
clo of insulation will protect to a 6.8°C (12°F)
lower temperature. This means a total require-
ment for thermal equilibrium of 4.8 clo while
sitting at 0°C (32°F). On the other hand when
working at a fairly hard M of 200 a total of only
1.2 clo should suffice for heat balance at the tem-
perature; i.c., 5.55(33/150) =1.2. The require-
ments for various levels of work at various tem-
peratures are shown in Figure 38.2. The disparity
of requirements for work and rest gives rise to one
of the biggest problems for workers who are out-
of-doors for prolonged periods in cold weather.
The tendency of the inexperienced is to overdress.
The result is copious sweating in the body’s at-
tempt to maintain heat balance while working.
The heavy clothing will not permit sufficient evap-
orative cooling. A substantial amount of the sweat
is accumulated in the clothing and continues to
evaporate during subsequent rest, thus counteract-
ing available insulation at a time when it is most
needed.

‘When in sunlight the nct heat loss by (R+C)
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Figure 38-2.

Prediction of Total Insulation Required for Prolonged Comfort at Various Ac-

tivities in the Shade as a Function of Environmental Temperature. From reference 14.
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is reduced. The amount of reduction depends on
the intensity of the solar energy as well as the
thickness and color of the clothing. When nude the
effect of sunlight may be considered the same as
elevation of Ta by about 10°C (18°F). In heavy
clothing the effect will be much less, probably 2
to 3°C.

It has been estimated that when clothing in-
sulation is less than adequate to maintain heat
balance some 40 to 80 kcal/'m? may be withdrawn
in body cooling before undue discomfort devel-
ops.** Thus, if exposures are time-limited there is
margin for error in selection of insulation.

Materials and Design of Clothing

The thermal worth of clothing may be deter-
mined by human calorimetry. A volunteer sub-
ject wears the garment assembly while engaged in
constant activity in a room of fixed thermal con-
ditions. M is estimated from measurement of oxy-
gen consumption; Ts and internal body tempera-
ture by thermocouples; and evaporative heat loss
by change in body weight. The data can be ap-

plied to finding Iclo with the equation. Alterna-
tively, an electrically heated copper manikin can
be brought into thermal equilibrium, and on the
basis of knowledge of the heat input and Ts and
Ta, the insulation value can be calculated.

The insulating value of clothing depends on
the thickness of air which it effectively immobil-
izes, not on specific insulation of the materials
themselves. Thus an equal thickness of steel wool
and eider down will provide about the same insu-
lation. To adjust for vagaries of weather and
variables of work load cold weather outfits should
be multilayered. Even so, it is difficult to raise
the total protection above 3 clo without markedly
interfering with body movements. The outer layer
and perhaps a secondary layer should be of wind
resistant fabric. Lightness of garments is achieved
through use of resilient, low density materials
{quilted fibers, pile, loosely woven wool or syn-
thetics). Looseness of fit and easily adjustable
closures will provide help in modifying the insula-
tion to meet variable needs for work and rest.
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Figure 38-3.

Diagrammatic Cross Section through Skin and Clothing To Show Factors Af-

fecting Efficiency of Protection against Long-Wave Radiant Energy.
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In extreme cold, there is no adequate protec-
tion for hands during periods of inactivity; this is
because thruflow of warm blood is reduced to al-
most nothing. Mittens are better than gloves be-

_cause they present less surface area for heat loss,
Blood flow to the feet is similarly curtailed when-
ever overall Iclo falls below the requirement for
heat balance. The best known foot protection is
provided by insulated boots sealed inside and out-
side by vapor barriers. The face, which has good
circulation of blood, will usually be adequately
protected if a forward-projecting fur ruff is avail-
able to protect against wind. Masks are not recom-
mended for prolonged use in extreme cold because
frostbite may develop unnoticed.

A principle of clothing applicable to both hot
and cold weather was illustrated in this chapter
by our finding that 40 percent of radiation imping-
ing on ordinary work clothing does rot reach the
skin. Actually, the effect is dependent on the ratio
of insulation lying outside the locus of absorp-
tion (including Ia) to the total insulation, as shown
in Figure 38-3. The same principle applics to heat
absorbed or emitted from other sources. For ex-
ample, the effectiveness of electrically heated gar-
ments depends on proximity of the wires to the
skin.

In hot or cold weather clothing the efficiency
of evaporative cooling by sweat is likewise de-
pendent on the locus of the evaporation. If di-
rectly from the skin the efficiency is 100 percent.
However, if the sweat is wicked outward and evap-
orated at some distance from the skin the efficiency
is lowered accordingly and extra sweat must be
produced to achieve the same amount of body
cooling.

Further details on protection against cold ap-
pear in references (12) and (13).
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CHAPTER 39

PRINCIPLES OF VENTILATION
John E. Mutchler

INTRODUCTION

Ventilation is one of the most important en-
gineering control techniques available to the in-
dustrial hygienist for improving or maintaining
the quality of the air in the occupational work en-
vironment. Broadly defined, ventilation is a
method of controlling the environment with air
flow. In industrial ventilation this air flow may
be used for one or a combination of the following
reasons:

1. Heating or cooling;

2. Removing a contaminant;

3. Diluting the concentration of a con-
taminant;

4. Supplying make-up air.

These basic uses of industrial ventilation can
be divided into three major applications:

1. The prevention of fire and explosions;
2. The control of atmospheric contamina-
tion to healthful levels;
3. The control of heat and humidity for
comfort.

All of these applications are important to the
industrial hygienist, and each must be understood
thoroughly in order to provide safe, healthful and
comfortable working conditions. The control of
heat and humidity is covered in Chapter 38. This
chapter, “Principles of Ventilation,” together with
Chapters 40, 41 and 42, deals primarily with the
control of atmospheric contamination for assuring
2 healthful work environment,

CLASSIFICATION OF VENTILATING
SYSTEMS

The control of a potentially hazardous air-
borne contaminant by ventilation ¢an be accomp-
lished by either one or both of two methods:
diluting the concentration of the contaminant be-
fore it reaches the worker’s breathing zone by
mixing with uncontaminated air, or capturing and
removing the contaminant at or near its source or
point of generation, thus preventing the release
of the contaminant into the workroom. The first
of these methods is termed “general ventilation”
or “dilution ventilation™; the second is called
“local exhaust ventilation.” Dilution ventilation
does not reduce or eliminate the total amount of
hazardous material released into the workroom
air; local exhaust ventilation prevents the release
of the contaminant within the workroom. Nor-
mally, local exhaust ventilation is the preferred
and more economical method for comtaminant
control compared with dilution ventilation.

The differences between dilution and local ex-
haust ventilation are not always clearly defined.
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Nevertheless, the following criterion is used in

classifying a ventilation system as one type or the

other:*
A ventilation system is a dilution ventila-
tion system if the concentration of con-
taminant in the exhaust air stream is not
significantly higher than in the general
room air; it is a local exhaust system if the
concentration of material in the exhaust
air stream is significantly higher than that
in the general room air.

General Ventilation

The term “general ventilation” suggests that a
room or an entire building is flushed by supplying
and exhausting large volumes of air throughout
the area. Properly used, general ventilation can
be very effective for the removal of large volumes
of heated air or for the removal of low concentra-
tions of non-toxic or low toxicity contaminants
from minor and decentralized sources. General
or dilution ventilation is achieved by either natural
or mechanical means. Often the best overall re-
sult is obtained with a combination of mechanical
and natural air supply with mechanical and nat-
ural exhausters.

Natural General Ventilation. The natural means
by which buildings or enclosures can be ventilated
include wind and thermal convection. These two
effects, usually in combination, result from natural
pressure differences and air density differences re-
spectively, causing natural displacement and in-
filtration of air through windows, doors, walls,
floors and other openings. Obviously, if it were
sufficient, natural ventilation would be much
cheaper than mechanical ventilation, but wind cur-
rents and thermal convection are erratic and some-
times hard to predict. Therefore, natural ventila-
tion is unreliable as a primary control method.
Erratic wind direction alone makes this aspect
of natural ventilation undependable as a primary
method of solution to any critical dilution venti-
lation problem.

When the wind is blowing, a pressure is ex-
erted on the upwind side and a suction is exerted
on the downwind side of the building. Wind
forces can be accurately predicted for a flat ter-
rain, but the determination of wind forces within a
cluster of industrial buildings defies the inherent
simplicity which design parameters must exhibit
to be useful and applicable to ventilation en-
gineering problems.

The amount of air that enters a building under
a natural ventilation scheme depends both upon the
wind and upon thermal effects occurring within
the building. Warmer air inside a building rises



and leaks out of openings, cracks, and vents in
the upper areas; colder air leaks into the building
by the same in the lower areas, assuming
the same degree of tightness throughout.

Thermal (air density) effects are more pre-
dictable than wind forces, and these effects can
be reduced by calculation to useful engineering
parameters.® * Air density differences are often
significant in hot, dry, industrial areas such as
foundries and steel mills. The combined effect of
wind and temperature differences can be signifi-
cant under certain conditions, and can be char-
acterized quantitatively in some applications.

The design of modern industrial buildings has

increased the problem of controlling man’s work-
ing conditions. Older buildings often provided a
significant amount of natural ventilation because
they were tall and narrower in width than length.
Heated air rose to the roof and was expelled at
the top of the building, while replacement air en-
tered the building at the lower perimeter. This
type of design is still used in many hot industries
such as foundries but obviously this arrangement
cannot provide acceptable working conditions
under all circumstances.
Mechanical General Ventilation. The modemn
large-area, low-height industrial plant and most
multi-story buildings of masonry and glass con-
struction, present entirely different ventilation
problems. In these cases, natural ventilation forces
are practically nil, and mechanical ventilation must
be relied on almost completely. To this end, me-
chanical exhaust of contaminated air is required
and mechanical! air supply must be provided all
year round to reach interior areas, provide ade-
quate air distribution and prevent creation of neg-
ative pressures in the building.

In large open industrial buildings, general ven-
tilation can be achieved by roof fans used with or
without gravity ventilators. Where little or no heat
is available to furnish natural ventilation or where
roof head-room is low, roof fans should be used
in place of gravity ventilators to provide a mea-
sure of general exhaust ventilation.

The best method of providing general venti-
lation in a closed building is to supply air through
duct work and distribute it .nto the work areas
in a manner that will provide both humidity and
temperature control.

Local Exhaust Venfilation

A local exhaust system is one in which the
contaminant being controlled is captured at or
near the place where it is created or dispersed.
In contrast to dilution or general ventilation, local
ventilation places much more reliance on mechan-
ical methods of controlling air flow. A local ex-
haust system usually includes the use of hoods or
enclosures, ductwork leading to an exhaust fan,
an air cleaning device for air pollution abatement
and finally, discharge to the outside air. Local
exhaust systems usually contain more mechanical
components than general exhaust systems, offer
more operational parameters to be controlled
within acceptable ranges, and therefore require
more maintenance.

The term “local exhaust”™ does not necessarily
imply that the system is small. For example, the

hood over a basic oxygen furnace in a steel mill is

a local exhaust hood even though it may exhaust a

million cubic feet per minute of air. A local ex-

haust system is usually superior to general ventila-
tion if the main p of the ventilation is con-
taminant control. These advantages include the

following:* *

1. If the system is properly designed, the cap-
ture and control of a contaminant can be
complete. Consequently, the exposure to
workmen from the sources exhausted can
be prevented. With general ventilation the
contaminant has been diluted when the
exposure occurs, and at any given work-
place this dilution may be highly variable
and therefore inadequate at certain times.

2. The volume rate of required exhaust is
less with local ventilation; as a result, the
volume of make-up air required is less.
Local ventilation saves in both capital in-
vestment and heating costs.

3. The contaminant is contained in a smaller
exhausted volume of air; therefore, if air
pollution control is needed, it is less costly.
As a first approximation, the cost of air
pollution control is proportional to the
volume of air handled.

4. Many local exhaust systems can be de-
signed to capture large settleable particles
or at least confine them within the hood
and thus greatly reduce the labor required
for good housekeeping.

5. Auxiliary equipment in the workroom is
better protected from the deleterious ef-
fects of the contaminant, such as corrosion
and abrasion.

6. Local exhaust systems usually require a
fan of fairly high pressure characteristics
to overcome pressure losses in the system.
Therefore, the performance of the fan sys-
tem is not likely to be adversely affected
by wind direction or velocity, or inade-
quate make-up air, etc. This is in contrast
to general ventilation which can be greatly
affected by seasonal factors.

Glossary of Terms in Industrial Ventilation
The following list of terms have a special

meaning within the field of industrial ventila-

tion: > %o

Blast gate. A device for restricting airflow in a
duct, usually consisting of a flat sliding plate
which moves perpendicularly to the duct cen-
ter line.

Capture velocity. The air velocity at a point
within or in front of an exhaust hood neces-
sary to overcome opposing air currents and
particle inertia, causing the contaminated air
to flow into the hood.

Coefficient of entry. The ratio of the actual
rate of air flowing into an exhaust opening to
the theoretical rate, calculated by assuming
that the negative static pressure in the exhaust
opening is completely converted to velocity

sure.

Control velocity. The air velocity required at
the face of an enclosing hood to retain the
contaminant within the hood.
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Damper. A device for restricting the airflow in
a duct, usually consisting of a flat disc
mounted on a shaft which is perpendicular to
the direction of airflow.

Entry loss. Loss in static pressure caused by
air flowing into a duct or hood opening.

Entry loss factor. A factor derived from the
coefficient of entry which, when multiplied by
the velocity pressure at the hood, yields the
entry loss in inches of water gauge.

Exhaust rate.  The volumetric rate at which air
is removed.

Grain, A unit of weight equal to 1/7000 of a
pound.

Micron. A unit of length ¢qual to 0.001 milli-
meter or 0.0000394 inches.

Plenum. A receiving enclosure for gases in
which the static pressure at all points is rela-
tively uniform.

Reynolds number. A dimensionless parameter
computed by dividing the product of pipe
diameter, average velocity and fluid density
by the fluid viscosity.

Slot velocity. Linear flowrate of air through a
slot.
Standard air.  Dry air at 29.92 inches of mer-

cury absolute pressure and 70°F, weighing
0.075 pound per cubic foot.

Static pressure.  The pressure of a fluid exerted
in all directions equal and opposite to the
pressure tending to compress the fluid. In
ventilation applications, static pressure is us-
ually the difference between the absolute pres-
sure in an exhaust system and atmospheric
pressure, such that static pressure less than
atmospheric pressure is termed “negative static
pressure.”

Sull air.  Air with a velocity of 25 feet per
minute or less. Under practical circumstances
there is always random air motion of 10 to
20 feet per minute even in rooms regarded as
tightly constructed. This non-zero convection
results from thermal circulation due to tem-
perature differences, leakage in the building
due to wind pressure and thermal head, and
the ordinary movement of people.

Tempered air.  Supply air which has been heated
sufficiently to prevent cold drafts.

Total pressure.  The algebraic sum of static
pressure and velocity pressure.

Transition. A change in the cross-sectional
shape or area of a duct or hood.

Transport (conveying) velocity.  That velocity
required to prevent the settling of a contami-
nant from an air stream, usually related to
the flow of air in a duct.

Velocity pressure.  The kinetic pressure due to
flow, equal to that required to bring a fluid
at rest to flow at a given velocity. Velocity
pressure is always positive and in the direction
of air flow.

FUNDAMENTALS OF VENTILATION
AIR FLOW

The basic laws describing the complete motion
of a fluid are complex and largely unknown. In
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the simple case of laminar flow the motion of the
fluid may be computed analytically. However, for
turbulent flow omly a partial analysis can be
made using the principles of fluid mechanics. The
air flow in a local exhaust system is always turbu-
lent to some degree; that is, the Reynolds num-
ber, an index of turbulence, is greater than 4,000.
Therefore, the analytical solution to motion of
air in exhaust systems is largely empirical and
depends on experimental data.

Conservation of Mass
A basic consideration in the principles of air

flow is the continuity equation or conservation of
mass. This equation states that the mass rate of
flow remains constant along the path taken by a
fluid. Therefore, for any two points in a fluid
stream:

Av, 3, =Av, 8,
A =cross sectional area, ft*
v=velocity, ft/min.
8 = specific weight, Ib/ft*

In most applications in industrial ventilation,
3 is relatively constant because the absolute pres-
sure within a ventilation system usually varies
over a very narrow range and the air remains
relatively incompressible. Therefore,

A vi=A, v,

and Q,=Q,
where Q=Av, the volumetric rate of air flow,
ft*/min.

Conservation of Energy
The basic energy equation of a frictionless,
incompressible fluid for steady flow along a single
stream line is given by Bernoulli’s Theorem:
P, k6 v
H+ 3 + T C
where H=the elevation above any arbitrary
datum piane, ft
P =absolute pressure, 1b/ft?
8 = specific weight, 1b/ft
v=velocity, ft/sec
g = gravitational acceleration, ft/sec?
C =;1i constant, different for each stream-
ne.
Each of the three variable terms in Bernoulli’s
equation has the units foot-pounds per pound of
fluid, or feet of fluid, frequently referred to as
elevation head, pressure head and velocity head,
respectively.

When Bernoulli’s equation is applied to indus-
trial exhaust systems the elevation term, H, is
usually omitted since only relatively small changes
in elevation are involved. \Since all streamlines
originate from the atmosphere, a reservoir of
nearly constant energy, the constant, C, is the
same for all streamlines and the restriction of the
equation to a single stream line can be removed.
Furthermore, since the pressure changes in nearly
all exhaust systems are at most only a few percent
of the absolute pressure, the assumption of incom-
pressibility may be made with negligible error.

where



Velocity Pressure
Air in motion exerts a pressure called velocity
pressure. Velocity pressure maintains air velocity
and is analogous to kinetic energy. It exists only
when air is in motion, it acts in the direction of air
flow, and it is always positive in sign. In Ber-
2

noulli's equation, the term represents the ve-

¥
2g
locity head. The relationship between the velocity
of air and velocity pressure is:

v=Y 2gh
Where v=velocity, ft/sec
g = gravitational acceleration, ft/sec?
h=head of air, ft

When g=32.17 ft/sec® and the density of air is
0.075 pound per cubic foot, then:

V=4005 Y VP fpm

where VP =velocity pressure, inches of water.
Table 39-1 presents standard air velocity equiva-
lents for velocity pressures between 0.01 and 14
inches of water.
Static Pressure

Static pressure produces initial air wvelocity,
overcomes the resistance in a system caused by
friction of the air against the duct walls, and over-
comes turbulence and shock caused by a change in
direction or velocity of air movement. Static pres-
sure is analogous to potential energy and it exists
even where there is no air motion. It acts equally
in all directions and either tends to collapse the
walls of the duct upstream from the fan or tends
to expand the walls of the duct on the down-
stream side. Static pressure is wsually negative in
sign upstream from a fan and positive in sign
downstream. It is measured as the difference be-
tween duct pressure and atmospheric pressure. The
most common units of static pressure are inches
of water.

Total Pressure

The driving force for air flow is a pressure dif-
ference. Pressure is required to start and maintain
flow. This pressure is called total pressure and has
two components: velocity pressure and static pres-
sure. Static pressure, velocity pressure and total
pressure are all interrelated:

SP+VP=TP

Figure 39-1 shows the relationship between static,
velocity and total pressure at different points in a
duct system.

¥ gas flowing through a duct system under-

goes an increase in velocity, a part of the available

TOTAL PRESSURE = STATIC PRESSURE + VELOCITY PRESSURE
" 0" 0.80"

L& oas it
Y4 o B
- -

American Conference of Governmental Industrial Hy-
gienists — Commiittee on Industrial Ventilation: Indus-
trial Ventilation — A Manual of Recommended Practice,
12th Edition. Lansing Michigan, 1972.
Figure 39-1. Relationship Between Static
Pressure, Velocity Pressure, Total Pressure.

static pressure is used to create the additional
velocity pressure necessary to accelerate the flow-
ing gas. Conversely, if the velocity is reduced at
some point in a duct system, a portion of the
kinetic energy or velocity pressure at that point is
converted into potential energy or static pressure.
Static and velocity pressure are, therefore, mu-
tually convertible. However this conversion is al-
ways accompanied by a net loss of total pressure
due to turbulence and shock; i.e., the conversion
is always less than 100% efficient.

Friction Losses

Air in motion encounters resistance along any
surface confining the flowing volume. Conse-
quently, some of the energy of the air is given up
in overcoming this friction and is transformed into
heat. The rougher the surface confining the flow
or the higher the flow rate, the higher the frictional
losses will be.

Frictional loss in a duct varies directly as the
length, inversely as the diameter, and directly as
the square of the velocity of air flowing through
the duct. This loss can be calculated from charts®
using the Fanning friction factor, which is an em-
pirical function of Reynolds number, duct ma-
terial and type of construction.

Dynamic Losses

Another type of encrgy loss encountered in
air flow results from turbulence caused by a change
in direction or velocity within a duct. The pres-
sure drop in a duct system due to dynamic losses
increases with the number of elbows or angles and
the number of velocity changes within the system.
The resulting pressure drop from these energy
losses is expressed in units of “equivalent length.”
Fomexample, an elbow of 12-inch diameter and
24-inch centerline radius is said to have an equiva-
lent length of 17, meaning that the loss through
the clbow will be the same as the loss through
17 feet of straight pipe with the same diameter
operating under the same conditions (see Indus-
trial Ventilation,* Fig. 6-11).

Another method of defining the losses due to
turbulence and friction is to express the losses in
terms of velocity pressure. For example, a loss of
0.28 VP in a transition or elbow means that the
incremental pressure drop is equal to 0.28 of the
velocity pressure of the air stream at that point
(see Industrial Ventilation,* Figure 6-12, 6-13).
Acceleration and Hood Entrance Losses

This type of dynamic loss, h., is a drop in
pressure caused by turbulence when air is acceler-
ated from rest to enter a duct or opening. Turbu-
lence losses of this type vary with the type of open-
ing and are defined for ducts and common types of
hoods in Fig. 4-8, Industrial Ventilation*.

This entry loss plus the acceleration energy
required to move the air at a given velocity {one
VP) comprise the hood static pressure, SP.
SP, is expressed algebraically as:

SP,=h.+ VP.
SP. can be measured directly at a short distance
downstream from the hood entrance. The calcu-
lation of SP, is the first step in the design or evalu-
ation of a local exhaust system, discussed in Chap-
ters 41 and 42.
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TABLE 39-1

Velocity Pressures for Different Velocities —
Standard Air*

V = YELOCITY FPM
FROM: v = 4005°Y/vP YP = VELOCITY PRESSURE, INCHES OF WATER
VP v vP v VP v vP v vP v vP v
0.01 400 0.52 2888 .03 4064 1.54 4970 2.05 5734 3.10 7051
0.02 556 0.53 2916 1.04 4084 1.55 4966 2.06 5748 3.20 Ral:}
.03 694 0.54 2943 1.05 4103 1.56 5002 2.07 5762 . 3.30 7275
0.04 81 0.55 2970 1.06 4123 1.57 5018 2.08 5776 3.40 7385
0.05 a9%s 0.56 2997 1.07 4142 1.58 SQ34 2,09 5790 3.50 7492
0.06 281 0.57 3024 1.08 ane2 §.59 SOS0 2.10 5804 3.60 7599
0.07 1060 ©.58 3050 1.09 4181 §.60 5066 2.1 s817 3.70 7704
0.08 1133 0.59 3076 1.10 4200 1.61 5082 2,12 5831 3.80 7807
0.08 1201 0.60 3102 1.1 4219 1.82 5098 2.13 5845 3.90 7909
0.10 1266 0.61 nz7 1.12 4238 1.63 S114 2.14 5859 4.00 8010
a.11 1328 0.62 3153 1.13 4257 .64 s123 2.15 5872 4,10 a109
0.12 387 0.62 3179 1.14 4276 1.65 s144 2.16 5886 4.20 28208
Q.13 1334 Q.64 3204 1.15 4295 1.66 S160 217 5899 4.30 8305
0.14 1498 0.85 3229 1186 ana 1.67 5175 218 5913 4.40 8401
0.15 1551 0.66 3254 1.17 4332 1.68 S191 2.19 5927 4.50 8496
0.16 1602 0.67 3279 118 4350 1.69 5206 2.20 5940 4.60 8590
0.17 1651 0.68 3303 1.19 4368 t.70 5222 2.21 5954 4.70 8683
o.18 1699 0.69 327 1.20 4386 1.71 5237 2.22 5967 4.80 a774
0.19 1746 0.70 3351 1.21 4405 1.72 5253 2.23 5981 4.90 2665
0.20 17 0.7 3375 t.22 4423 1.73 5268 2.24 5394 5.00 2955
0.21 1835 0.72 3398 1.23 4442 1.74 5283 2.25 6008 5.10 9044
0.22 1879 0.73 3422 1.24 4460 1.75 5298 2.26 6021 5.20 9133
0.23 1921 0.74 3445 1.25 4478 1.76 5113 2.27 6034 5.30 9220
0.24 1962 0.75 3468 1.26 4485 1.77 5328 2.20 6047 5.40 9307
0.25 2003 0.76 3491 1.27 4513 1.78 5343 2.29 6061 5.50 9392
Q.26 2042 0.77 3514 1.28 4531 1.79 5359 2.30 6074 5.60 9477
0.27 2081 0.78 3537 1.28 4549 1.80 5374 2.31 €087 5.70 9562
Q.28 2119 0.79 3560 1.30 4566 1.81 5388 2.32 6100 5.80 9645
0.29 2187 0.80 3582 1.31 4583 1.82 5403 2.33 6113 5.90 5728
Q.30 2193 0.61 3604 1.32 4601 1.83 5418 2,34 6128 6.00 9810
o.3 2230 0.82 3825 1.33 4619 1.84 5433 2.35 6140 6.10 36891
0.32 2260 0.83 3857 1.34 4636 1.85 5447 2.36 6153 6.20 9972
0.33 2301 0.84 3669 1.3% 4653 1.86 5462 2.37 6166 6.30 10052
0.34 233s 0.85 3690 1.36 4671 1.87 5477 2.38 6179 6.40 10132
Q.35 2359 0.686 3709 1.37 4688 1.88 5491 2.39 6192 6,50 10210
0.36 2403 0.87 3729 +.39 4705 1.89 5506 2.40 6205 6.60 10289
0.37 2436 0.88 3758 .39 4722 1.90 5521 2.41 6217 6.70 10366
0.38 2469 0.89 3779 1.40 4739 .91 $535 2.42 £230 6.80 104484
0.39 25t 0.90 3800 .4 A756 1.92 5550 2.43 6243 6.90 10520
Q.40 2533 o LR 1.42 4773 1.93 5564 2.44 6256 7.00 10596
0.4 2563 0.92 3842 t.43 4790 1.94 5579 2.45 6269 7.50 10968
0.42 2595 0.93 3863 1.44 4806 1.85 5583 2.46 6282 8.00 11328
0.43 2626 0.94 3884 1.45 4823 1.96 5608 2.47 6294 8.50 11676
Q.44 2656 0.9% 3904 1.46 4840 1.97 5623 2.48 6307 9.00 12015
0.45 2687 0.96 3924 1.47 4856 1.98 5637 2.4 6320 9.50 12344
0.48 2716 0.97 3545 1.48 4873 1.99 5651 2.50 6332 10.00 12665
0.47 2746 0.98 3965 1.49 489 2.00 5664 2.60 6458 11.00 13283
0.48 2775 0.99 3985 1.50 4505 2.0 5678 2.70 6581 12.00 13874
0.49 2004 1.00 4005 1.51 4921 2.02 5692 2.80 6702 13.00 14440
0.50 2832 1.01 4025 1.52 4938 2.03 5706 2.90 6820 13.61 14775
0.5 2860 1.02 4045 1.53 4954 2.04 5720 3.00 6337 14.00 14986

The coefficient of entry, C., is a measure of
how efficiently a hood entry is able to convert
static pressure to velocity pressure. The coefficient
of entry is defined as the ratio of rate of flow by
the hood static pressure to the theoretical flow if
the hood static pressure were completely converted
to velocity pressure. This term is computed as

follows:
4005AV VP _V vP

4005AYSP, YSP,
Pressure Drop through Ductwork
The result of the friction and dynamic losses
to air flowing through ductwork is a pressure drop
in the system. Bemnoulli’s Theorem can be re-
stated in a simplified expression of conservation of
energy as follows:*

SP, + VP, =58P, + VP, + losses.

Static pressure plus velocity pressure at a point
upstream in direction of air flow equals the static
pressure plus velocity pressure at a point down-
stream in direction of air flow plus friction and dy-
namic losses.

PROPERTIES OF AIRBORNE MATERIALS

Dusts

Dusts are solid particles generated by han-
dling, crushing, grinding, and detonation of organic
and inorganic materials such as rock, metal, coal,
wood, and many other materials. Dust particles do
not diffuse in air in the classical sense, but the finer
particles of diameters <20 microns are carried with
air currents because the settling rate is so low as
to be of no practical significance. Dust particles
must be about 5 microns or smaller to reach the
lungs; larger particles are filtered out in the nasal
passages or other parts of the breathing apparatus.
Fumes

Fumes are small, solid particles created by
condensation from the gaseous state, generally
after volatilization or by chemical reaction such as
oxidation. Fumes are usually submicronic in size.

The outstanding characteristic of most fumes
is their tendency to flocculate and coalesce. Very
small spherical fume particles tend to attach them-
selves together in long chains or clumps of parti-
cles due to Brownian diffusion and electrostatic
attraction.
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Mists

Mists are suspended liquid droplets generated
by condensation from the gaseous to the liquid
state or by breaking up a liquid into a dispersion
such as by splashing, foaming and atomizing. Fogs
are similar to mists but the term is usually re-
served for high concentrations of very fine droplets
that are more frequently airborne.
Smoke

Smoke is the aerosol mixture which results
from the incomplete combustion of carbonaceous
material such as coal, oil, tar and tobacco.
Vapors

Vapors are the gasecus forms of substances
which are normally in the liquid or solid state and
which can be changed to these states either by
increasing the pressure or decreasing the tempera-
ture alone,
Gases

Gases are normally compressible, formless
fluids which occupy the space of an enclosure and
which can be changed to the liquid or solid state
only by the effect of increased pressure and de-
creased temperature or both.
Effective Specific Gravity

Frequently, the location of exhaust hoods is
mistakenly based on a supposition that the con-
taminant is “heavier than air” or “lighter than
air.” In most health hazard applications this cri-
terion is of little value; hazardous dusts, fumes,
vapors and gases are truly airborne, following air
currents and are not subject to appreciable mo-
tion, ¢ither upward or downward, because of their
own density.

APPLICATIONS OF DILUTION
VENTILATION

When considering whether dilution or local ex-
haust is better, it should be remembered that dilu-
tion ventilation has four limiting factors:*

1. The quantity of contaminant generated
must not be excessive or clse the air vol-
ume necessary for dilution will be imprac-
tical.

2. Workers must be far enough away from
contaminant evolution or else the contami-
nant most be in sufficiently low concentra-
tions so that workers will not have an ex-
posure above acceptable concentrations.

3. The toxicity of the contaminant must be
low.

4. The evolution or generation of contami-
pants must be reasonably uniform.

On the basis of these factors, dilution ventila-
tion is usually not recommended for fumes and
dust because: (1) the high toxicities often encoun-
tered require excessively large quantities of dilu-
tion air; and (2) the velocity and rate of evolu-
tion are usually very high, resulting in locally high
concentrations.

Dilution Ventilation for Comfort

Ventilation for heat relief includes certain
aspects of air conditioning or treating of air
to" control simultaneously its temperature, hu-
midity, cleanliness and distribution to meet the re-

578

quirements of the conditioned space. In most resi-
dential, office and commercial ventilation the re-
quirements are comfort for the occupants. In many
industrial situations, however, comfort conditions
are impractical to maintain; and the function of
ventilation and air conditioning along with other
control methods is to prevent acute discomfort
and adverse physiological effects.

Exhaust ventilation may be used to remove
heat and humidity if a source of cooler air 1s avail-
able. If it is possible to enclose the heat source,
such as in the case of ovens or certain furnaces,
a gravity or forced air stack may be all that is
necessary to prevent excessive heat from entering
the workroom.

Dilution Ventilation for Preventing Fires
and Explosions

One function of dilution ventilation is to re-
duce the concentration of vapors within an enclo-
sure to below the lower explosive limit. However,
this concept must not be applied in cases where
workers are exposed to the vapor. In such in-
stances, dilution rates for health hazard control
must always be applied. The reason for this dis-
tinction is fundamental and must be thorcughly
understood.

Threshold Limit Values or Acceptable Con-
centrations for health hazard control are typically
1-3 orders of magnitude below the lower explosive
limit for a given material. A table of comparative
values is shown below.* 7

TLV LEL
Material ppm % ppm
Acetone 1000 2.55 25,500
Ethanol 1000 328 32,800
Isopropanol 400 2.02 20,200
Toluene 100 1.27 12,700
Xylene 100 1.00 10,000

Exposure to atmospheres controlled to concentra-
tions “below™ the lower explosive limit (or some
fraction thereof) could cause narcosis, severe ill-
ness or death. Therefore it is extremely important
not to confuse dilution ventilation requirements for
health hazard control with fire and explosion pre-
vention.

Dilution Ventilation for Health

In general, dilution ventilation is not as satisfac-
tory as local exhaust ventilation for primary con-
trol of health hazards. However, there are occa-
sional circomstances in which dilution ventilation
must be used because the operaticn or process
prohibits local exhaust. Circumstances may oc-
casionally be found in which dilution ventilation
provides an adequate amount of control more eco-
nomically than a local exhaust system. However,
this is the exception. One should be careful,
moreover, not to base economical considerations
entirely upon the initial cost of the system because
dilution ventilation invariably exhausts large vol-



vmes of heated air from a building. This can
easily result in huge operating costs in the form
of conditioned make-up air which will make the
general ventilation scheme much more expensive
over a period of time.

Dilution ventilation for the control of health
hazards is used to best advantage in controlling the
concentration of vapors from organic solvents of
low toxicity. In order to successfully apply the
principles of dilution to such a problem, data must
be available on the rate of vapor generation or on
the rate of liquid evaporation. Usually such data
can be obtained from the plant if it keeps any type
of adequate records on material consumption.

Rate of Air Change
The volume of a room to be ventilated and

the ventilation rate are frequently related to one
another by taking the ratio of the ventilation rate
to the room volume to yield a “number of air
changes per minute” or “number of air changes
per hour.” These are terms that are used quite
frequently in discussions of ventilation require-
ments. Unfortunately, through widespread use
over the years, they are more often employed in-
correctly than properly.

It must be understood that ventilation require-
ments based on room volume alone have no va-
lidity. Calculations of the required rate of air
change can only be made on the basis of a ma-
terial balance for the contaminant under question.
Similar calculations can be made for the rate of
concentration increase or decrease; however, they
require not only the air change rate but also the
rate of generation of contaminant. In the design
of industrial ventilation, “X number of air
changes” has valid application only very rarely.
The term is useful when applied to meeting rooms,
offices, schools and similar spaces where the pur-
pose of ventilation is simply the control of odor,
temperature, or humidity and the only contamina-
tion of the air is from the activity of people.

Dilution ventilation requirements should al-
ways be expressed in cubic feet per minute or
some other absolute unit of air flow, not in “Air
Changes per Minute.”

Calcolating Dilution Ventilation
The concentration of a gas or vapor at any

time can be expressed by a differential material

balance, which, when integrated provides a ra-
tional basis for relating ventilation to the genera-
tion and removal rates of a contaminant.

Let C=concentration of gas or vapor at time t
G =rate of generation of contaminant
Q=rate of ventilation
K =design distribution constant, allowing for

incomplete mixing

¥ =Q/K =effective rate of ventilation, cor-

rected for incomplete mixing

V =volume of room or enclosure
Starting with a fundamental material balance, as-
suming no contaminant is in the supply air,

Rate of Accumulation =Rate of Generation —
Rate of Removal
VdC=Gdt—Q'Cdt
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Consider the following applications:
1. Concentration Buildup
Rearranging the differential material bal-
ance,

fC’L=Lft’ a
c, 6-QC W,
in G-QC, =__Q’_(t-z—t1)
G-—QFC, Y
ifC,=0att,
]n(G-Q’C) o

¢ )-~v!

or,
G—-QC

=g qt/v
G

Example A

V= 100,000 ft*

C,=0

Q= 6000 cfm

K=3

Q' =2000 cfm

G=1.2cfm
How long before the concentration of the con-
taminant reaches 200 ppm?

Solution:

__V G—QC\] _ .

t= 6[ ln(——G ) ] =20.3 minutes
Example B

Using the same values as in the preceding
example, what will the concentration of the
contaminant be after one hour?

Solution:

“(¥)
_G-G. \V

C o =419 ppm

2. Rate of Purging
In the case where a volume of air is contami-
nated, but where further contamination or gen-
eration has ceased, the rate of decrease of
concentration over a period of time is as
follows:

VdC= —-QCdt

C, t,
/ —é—3= - dt
C vV Jy,

1

="

CA_—OQ .
Example:
In the room of the examples above, assume
that ventilation continues at the same rate
(¥ =2000 cfm), but that the contaminating
process is interrupted. How much time is re-

quired to reduce the concentration from 100
to 25 ppm?



1n(—f§j—)= -t

At=69.3 minutes
3. Maintaining Acceptable Concentrations at
Steady State
At steady state, dC=0

Gdt=Q’Cdt

t, L,
f Gdt= f QCdt
L 4

at a constant concentration C, and uniform
generation rate, G,

G (tz—t1)=(yc (t,—t,)
_ G

=<

_XG

Therefore, the rate of flow of uncontaminated
dilution air required to reduce the atmospheric
concentration of a hazardous material to an
acceptable level can be easily calculated, if
the generation rate can be determined. Us-
ually the acceptable concentration is consid-
ered to be the Threshold Limit Value or Ac-
ceptable Eight-Hour Time Weighted Average
Concentration. For liquid solvents the steady-
state dilution ventilation requirement can be
conveniently expressed as:

Q=(6.71) (10°) (SG) (ER) (K)
(MW) (TLV)
Where: Q=actual ventilation rate, cfm
SG = specific gravity of volatile liquid
ER =evaporation rate of liquid,
pints/hr
MW =molecular weight of liquid
K =design safety factor for incom-
plete mixing
TLV =Threshold Limit Value, ppm.
Example:
Methylene chloride is lost by evaporation from
a tank at the rate of 1.5 pints per hour. How
much dilution air is required to maintain the
concentration below the TLV?
For methylene chloride,
TLV =500 ppm
8§G=1.336
MW=8494
Assuming K=5,
o= (6.71)(10°)(1.336) (1.5)(5)
(84.94) (500)
Q=1583 cfm
Specifying Dilution Ventilation
The foregoing discussion introduced the con-
cept of a “design safety factor” (K) for calculat-
ing dilution ventilation requirements. This K fac-
tor is based upon several considerations:*®
1. The efficiency of mixing and distribution of

make-up air introduced into the room or
space being ventilated.
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2. The toxicity of the solvent. Although TLV
and toxicity are not synonymous the fol-
lowing guidelines have been suggested for
choosing the appropriate K value:

Slightly toxic material: TLV >500 ppm

Moderately texic material: TLV 100-
500 ppm

Highly toxic material: TLV <100 ppm

3. A judgment of any other circumstances
which the industrial hygienist determines
to be of importance, based upon experience
and the individual problem. Included in
these criteria are such considerations as:

a, Seasonal changes in the amount of
natural ventilation.

b. Reduction in operation efficiency of
mechanical air moving devices.

¢. Duration of the process, operational
cycle and mormal location of workers
relative to sources of contamination.

d. Location and number of points of gen-
eration of the contaminant in the work-
room or area and,

e. Other circumstances which may affect
the concentration of hazardous ma-
terial in the breathing zone of the
workers.

The K value selected will usually vary from 3 to
10 depending on the above considerations.

Industrial Ventilation* (Table 2-1) lists the air
volumes required to dilute the vapors of twenty-
nine common organic solvents to the TLV level
based upon the liquid volume solvent evaporated
per unit time. These values must be multiplied by
a K factor to allow for variations in uniformity
of air distribution, and other considerations.
Hemeon® includes a table of recommended dilu-
tion rates for fifty-three organic solvents. The
“Ventilation Design Concentrations™ in this table
are not based on threshold limit values alone, but
are based also on odor. All of the concentrations
in this table are lower than the threshold limits,
but those substances which are especially toxic or
which have a very disagreeable odor have the
greatest safety factors.

It must be emphasized that Threshold Limit
Values are subject to revision, and the use of
tables to estimate dilution values may become
obsolete if the Threshold Limit Values are low-
ered; therefore, such a table should be used with
caution, and with reference to the latest TLV list.

MAKE-UP AIR

All local and general exhaust ventilation' sys-
tems must have air to exhaust, and by the basic
consideration of conservation of mass, that air
must be supplied pound for pound by a make-up
air system. The supply and distribution of make-
up air is often overlooked or neglected in the
design of ventilation but remains fundamental to
its successful operation.

Principles for Supplying Make-Up Air
1. The fresh air intake should be located away
from any contaminating sources such as
exhaust stacks or furnace exhausts. It is
advisable to filter the fresh air to protect



the equipment and provide maximum heat
exchange efficiency.

2. The air supply system must be provided
with a fan, otherwise the room or building
will be under a negative pressure.

3. Make-up air sources should be located to
provide cross ventilation. In this way, the
air can be “used twice.” First, it will pro-
vide peneral dilution and secondly it will
provide make-up air for the exhaust sys-
tems. This does not apply for spot-cooling
applications where the air will be intro-
duced directly at the work station and
may vary significantly from room tempera-
ture. The air distribution pattern must be
engineered carefully to provide effective
area coverage without excessive cross
drafts which will interfere with the workers
or the existing systems.

4. Make-up air should be introduced into the
“living zone™ of the plant, that is, below the
8-10 foot level. In this manner, the air
is used first by the people and the best
results of general or dilution ventilation
are obtained. This distribution also pro-
vides closer control of the ambient work-
ing temperature.

5. Make-up air temperature is usually heated
or cooled to approximately the same as
desired in the room being supplied. Since
the air is being used for ventilation and for
replacement purposes, the usual tempera-
ture range will be 65-80°F.

Recirculation of Air from Industrial

Exhaust Systems

Plant Circulation. Tt should be apparent that if
large amounts of air are exhausted from a room or
building in order to remove obnoxious dusts, gases,
fumes or vapors an equivalent amount of fresh,
tempered air should be supplied to the room.
This supplied air must be heated in cold weather,
and heating costs may be large if sizable amounts
of air are handled. Therefore, attempts are some-
times made to eliminate such heating costs by
appropriate cleaning of the exhausted air and sub-
sequent recirculation of the air into the room.
The acceptability of such recirculation depends on
the degree of health hazard associated with the
particular contaminant being exhausted as well as
on other factors.

It is generally accepted as good practice not
to recirculate exhaust air if the contaminants
therein can have an effect on the health of the
worker. The reasons are:

a. Many types of air cleaners do not collect
toxic contaminants efficiently enough to
eliminate the health hazard. This is espe-
cially true for gases and vapors.

b. Poor maintenance of the air cleaner would
result in the return of highly contaminated
air to the breathing zones of the workers.
One of the facts of life is that air cleaners
are not generally production equipment,
and are too often poorly maintained or
not maintained at all.
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c. Improper operation of the air cleaner
through mechanical failure or through ig-
norance or neglect on the part of the oper-
ators can also result in the return of highly
contaminated air.

In general, recirculation should be avoided unless
the reasons indicating its use are truly compelling,
Its use will always require an understanding of the
hazardous nature of the contaminant, the knowl-
edge of the performance of the specific air cleaner,
the general ventilation scheme, and the judgment
of experience.

Unplanned Recirculation. Unplanned recircula-
tion of exhausted air can be a serious problem.
This usually results from inadequately separated
exhaust stacks and air inlets or insufficient dis-
charge height, either from short stacks relative to
the roof linc or low “effective” stack height re-
sulting from poorly designed weather caps on
stack heads. This subject is treated in more de-
tail in Chapter 42,

AIR MOVING DEVICES

The term “air moving device” is an inclusive
one which denotes machines more commonly
known as fans, blowers, exhausters, turbo com-
pressors and ejectors, By definition, an air moving
device (AMD) is a power-driven machine causing
a continuous flow of air. In more practical terms,
the air moving device manufacturer, to gain ac-
ceptance for his product, must earn membership
to the “Air Moving and Conditioning Association™
by subjecting his product to its test code for air
movers. In addition, air moving devices manu-
facturers must furnish a prospective buyer of his
product, certain data relative to the product and
its applications. This subject is covered in more
detail in Chapter 42.

Because fans are the most commonly used
exhausters in ventilation for industrial hygiene
purposes, they alone are considered in this dis-
cussion.

In the field of industrial ventilation; two major
types of fans are used: axial flow types, where the
air flow is parallel to the fan shaft, and centrifugal
type, where air flow is perpendicular to the fan
shaft. These two major fan types can be further
defined by listing the various units that comprise
each type. The components of an air moving de-
vice which influence its performance most are the
wheel and the air inlet. This will be apparent in
the list below which shows comparative compo-
nents for the two major types of air moving de-
vices.

Axial Flow Fans

1. Propeller: This is an AMD with a pro-
peller or disc wheel within a mounting ring
or plate through which the air flow is pre-
dominantly parallel to the axis of rotation.
This unit is used to move large volumes
of air at relatively low velocity against a
low static pressure (0-%2"W.G.) and low
temperature. This fan is commonly used
for general ventilation.



Duct Fan: This is a step up in the evolu-
tion of fans from the propeller fan, in
that it constitutes a propeller mounted in-
side a section of duct. The improvements
gained in this configuration are elevated
temperature applications (to 600°F in
belt-drive units), and higher static pres-
sures (from 0-2” W.G.)
Tube-Axial: This is an axial fan without
guide vanes. It is used for medium to
volumes apainst static pressures up
to 4” W.G. and temperatures up to 600°F
in belt-driven units. This fan is best suited
for moving an air stream containing ma-
terials that will not collect on fan blades.
Vane-Axial: This is an axial fan with
either inlet or discharge vanes or both,
which impart greater efficiency in deliver-
ing medium to high volumes against static
pressures up to 8” W.G. Higher pressures
are attainable in some units with variable
pitch impellers. Temperature applications
up to 600°F are attainable in belt-driven
units. This type of fan is commonly used
for mine ventilation or industrial systems
whose characteristics vary widely.
Axial-Centrifugal: This is an axial fan
with a centrifugal wheel. The wheel is
available in both backwardly inclined and
airfoil design. This fan is the latest im-
provement in axial flow air moving devices
in that it combines the high efficiency of
the axial unit with the quiet operation and
high static pressure level of the centrifugal
fan. Although temperatures of operation
are relatively low (under 200°F), static
pressures up to 20 W.G. are attainable.
In addition, the non-overloading feature
of the backwardly inclined and airfoil de-
sign wheels is an important advantage of
this fan.

Centrifogal Fans

I. Radial Wheel: This fan is the workhorse
of the dust control industry. It is the least
efficient centrifugal fan type, but is quite
suitable for rough service, including ma-
terial handling applications. Generally it
it is used to handle volumes to about
100,000 CFM at static pressures to 20”
W.G., and temperatures up to 1000°F.
Forward-Curved Blade: This, fan delivers
high volumes at low static pressure with
relatively low noise levels. However, it
is not very efficient, and therefore, has lost
much of its favor to other type units.
Backward-Inclined Blade: Sometimes
known as *‘power limiting” or “non-over-
loading,” this type wheel is used more and
more for general air handling. It is an
efficient fan, with high top speeds and is
a good choice for handling large volumes
of clean air.

4. Airfoil Design: This unit is the latest de-
velopment in centrifugal fan wheels. The
airfoil wheel was developed to reduce noise
levels; however it is also backwardly in-
clined and has the non-overloading feature.
It, too, can deliver large volumes against
high static pressures.

Fan Selection

In order to select the proper fan for a given

application, the following mformation is re-
qQuired:*
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1. Air volume to be moved;

2. Fan static pressure;

3. Namure and extent of airborne particulate
(a radial-bladed centrifugal fan would be
needed if the air stream contains a high
concentration of particulates);

Direct or belt-drive (belt-drive can be
changed for variation in air volume han-
dled; direct drive is inflexible, but occupies
less space and requires less maintenance);
Noise Level — (a function of tip speed,
it is usually a limiting factor in industrial
applications);

Special considerations such as high oper-
ating temperature, corrosiveness, flam-
mable or explosive materials, and space
limitations.

The application of specific fan types in the

design of exhaust systems is described in Chapter
42, after a mare thorough discussion of local ex-
haust ventilation in Chapter 41.
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CHAPTER 40

INSTRUMENTS AND TECHNIQUES USED IN EVALUATING
THE PERFORMANCE OF AIR FLOW SYSTEMS

Richard D. Fulwiler, Sc. D.

INTRODUCTION

Objectives

It is the objective of this chapter to discuss
the topic of evaluation of air flow systems as well
as provide insight on practical approaches to sys-
tem evaluation, utilizing up-to-date instrumenta-
tion and techniques. The material presented herein
is directed to the student as well as the practicing
industrial hygienist and will embrace instruments
and techniques in evaluating both local exhaust
and general ventilation systems.

This chapter will not delve deeply into the
theory of air flow, but will require the reader to
have a basic understanding of the general princi-
ples of ventilation such as the principles of air
flow, pressure drops through ducts, and character-
istics of blowing and exhausting. These subjects
are discussed in some detail in Chapter 39,
“Principles of Ventilation.”

Bases for System Evaluation

To assure adequacy of design and performance.
Independent of the type of system being evaluated,
it should be constructed in accordance with a
design basis be it a sophisticated engineering ap-
proach or the sketches of a sheet metal fabricator.
Once a system is completely installed, various air
flow measurements should be made Before any as-
pect of the process or area to be controlled has an
opportunity to affect the air flow characteristics of
the system.

Sufficient input must go into the design basis

to assure adequacy of system performance in the
control of occupational hazards. Factors to be
considered are toxic vapors, gases or dusts; nui-
sance materials or conditions; and explosive or
flammability hazards. Assessment of the hazard
in terms of environmental monitoring in conjunc-
tion with an evaluation of the air flow system im-
mediately after start up is one sure way to test the
adequacy of the design and installation.
To assure system performance is maintained.
Since in many instances air flow systems are not
an integral part of the process in terms of produc-
tion or output, it is essential to run periodic checks
on their performance. This is especially true for
systems which have dampers, blast gates, etc., as
well as those which may be affected by accumula-
tions of the material they are conveying or con-
trolling.

Maintenance of the entire air low system from
the entry to the exhaust stack cannot be overem-
phasized. Various air flow measurements dis-
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cussed below will prove invaluable in determining
the adequacy of, or the need for, maintenance.
To determine the feasibility for expanding (add-
ing to) the system. The performance of many
well designed and installed air flow systems is ren-
dered inadequate by irrational expansion of the
system. Various air flow measurements will pro-
vide input for judicious expansion while still main-
taining the performance initially designed into the
system. In many instances, relatively minor mod-
ifications may be indicated by such measurements.

To establish improved design parameters for new
systems. The evaluation of existing systems may
provide valuable input related to the specific oper-
ating conditions and characteristics of the hazards
being controlled which may lead to improved de-
sign of new systems. For example, higher con-
veying velocities may be indicated to prevent ducts
from becoming clogged, or turbulence and eddy
currents at a hood entry resulting in contaminant
escape, may require improved hood design.

To assure compliance with federal, state, or other
regulations. QObviously, the purpose of any air
flow system is either the control of hazardous
chemical or thermal stresses, or providing a com-
fortable work environment. To assure that the
former purpose is met, some regulations (laws)
include air flow performance parameters which
must be met. Chapter 1 includes a discussion of
the 1970 Occupational Safety and Health Act.
The initial package of standards embraced by this
Act includes standards requiring certain minimum
air flow requirements be maintained. It is not the
purpose of this chapter to discuss paragraph 1910.-
94 Ventilation® in detail, but merely to cite ex-
amples requiring minimum air flow parameters,

Minimum exhaust volumes for grinding wheels
(Table G-4 of reference 1).

Minimum maintained velocities in spray booths
(Table G-10 of reference 1).

Control velocities for undisturbed locations for
open surface-tanks (Table G-14 of reference
1).

Minimum ventilation rate for lateral exhaust of
open surface tanks (Table G-15 of reference
1).

EVALUATING AIR FLOW SYSTEMS
Introduction

As there are numerous reasons for evaluating
systems, there are degrees to which they may need
to be evaluated. Instruments and techniques are
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Figure 40-1. Schematic of a Local Exhaust System.

described below which may provide only a cursory
evaluation of part of the system or an in-depth
survey of the total system.

Figures 40-1 and 40-2 represent the two gen-
eric systems requiring air flow evaluation. Figure
40-1 is a schematic of a local exhaust system and
Figure 40-2 is a schematic of a general room ven-
tilation system? with the locations requiring eval-
pation identified by A, B, C, etc.

The instruments and techniques described in
this chapter are in the order of increasing precision
and accuracy. This order is reflected by the de-
gree of interaction the instruments and techniques
have with the system. The reader will note that
visualization, the first approach discussed, barely
interacts with the total system, whereas the final
approach is actually titled *“Measurements within
the System.” However, one should not lose sight
of the fact that only by applying a combination
of instruments and techniques can the total per-
formance of any air flow system be evaluated.
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American Conference of Governmental Industrial Hy-

gienists — Committee on Industrial Ventilation: Indus-

trial Ventilation Manual, 11th Edition. Lansing, Mich-
igan, 1970.

Schematic of a General Room
Ventilation System.

Figure 40-2.
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Visualization — A Cuarsory/Qualitative Estimate
of Performance,
Purpose.

~ Visualization is an extremely important as-
pect of performance evaluation which heretofore
has rarely been discussed in chapters or publica-
tions on air flow measurements. The primary ap-
plication of visualization is as a cursory estimate
of local exhaust system performance. Moreover,
it provides an extremely effective technique for
demonstrating the pluses of good design and the
minuses of poor design to management and en-
gineering personnel. Visualization techniques can
also be used in training operating personnel in the
proper use of the ventilation system.
Instruments/Materials.

“Smoke tubes” is a descriptive term applied to
a glass tube containing titanium tetrachloride ad-
sorbed on a granular medium. When the ends
of the glass tube are broken and air passed through
the tube, the moisture in the air reacts with the
TiCl, to generate hydrochloric acid “smoke.”

CAUTION: Direct inhalation of this
“smoke” will be irritating to
the respiratory system and
shouid be avoided.

A squeeze bulb, rubber tubing, and the tubes
can be purchased from numerous suppliers {Ta-
ble 40-1) and are relatively inexpensive,

Titanium tetrachloride is a chemical reagent
available through standard chemical supply com-
panies. It is also available in single use glass am-
pules (Table 40-1).

CAUTION: These fumes and the lig-
uid are corrosive to the skin,
and irritating to the eyes
and respiratory system.

Because of the nature of this material, glass
ampules are recommended.

Smoke candles are available in a range of
sizes and a few colors. They can be purchased
in terms -of the cubic feet of smoke produced or
the duration of smoke evolution (Table 40-1).
Other sources of visualization media. There are
numercus other means of generating visual clouds



TABLE 40-1

Instruments /Purposes/Suppliers
Instruments Purposes Suppliers*

Smoke Tubes Visualization of air flow in and around exhaust E. Vemon Hill Co.
Titanium Tetra- hoods. Quick indication of room pressure. Dem- Mine Safety Appliances Co.
chloride onstrate general room air flow patterns, National Environmental

Smoke Candles System
Rotating Vane Measures air velocity. Bendix Environmental
Anemometers Science Division

Vane Anemometers
static pressure).

Heated Thermocouple
Anemometers

Measures air velocity (some have attachments for

Measures air velocity (some are applicable for
non-directional air velocity).

E. Vernon Hill Co.

Alnor Instrument Co.
E. Vernon Hill Co.
Bachrach Instrument Co.

Hastings-Raydist Co.
Alnor Instrument Co.

Heated Wire Measures air velocity, static pressure, tempera- Anemostat Products
Anemometers ture.
Pitot Tubes Measures total, velocity, and static pressure. Western Precision Co.
Dwyer Instruments, Inc.
Meriam Instrument Co.
E. Yernon Hill Co.
Ellison and Co.
Manometers Measures total, velocity, and static pressure. Dwyer Instruments, Inc.
Meriam Instrument Co.
E. Vernon Hill Co.
Aneroid Gauges Measures total, velocity, and static pressure. Dwyer Instruments, Inc.
(Magnehelic)
Transducers Used for remote readings and when rapid changes Hastings-Raydist Co.

in pressure must be maintained.

*This represents neither a complete list nor endorsement.

to follow air flow, A “heavier than air” cloud
can be generated by simply placing dry ice in an
alcohol bath. A “lighter than air” cloud can be
generated by blowing air through a smoldering
mixture of sawdust and oil>.

Techniques. Visualization media are best suited
for the evaluation of air flow patterns and veloci-
ties at exhaust entries and supply outlets,

1. Smoke tubes

Smoke tubes can be carried with the indus-
trial hygienist on any of his surveys or inspections,
They can be used best as an immediate survey type
tool in assessing the ability of a local exhaust sys-
tem to capture contaminants. Smoke should be
administered close to the hood entry initiafly, and
gradually the smoke source moved away from the
entry to observe the sphere of containment the
exhaust system produces. Larger quantities of
smoke can be generated inside of the hood or en-
closure to estimate rate of clearance as well as to
check for eddy currents, reverse air flows, and
escapement. Small amounts of smoke can be used
to estimate the force and direction of air from out-
lets as well as a qualitative check of the perform-
ance of return air outlets.

2. Titanium tetrachloride
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Titanium tetrachloride is used best by
swabbing it along the periphery of hoods as a
check for eddy currents, reverse air flow, and lack
of control. Once swabbed inside of a hood, the
smoke will persist for several seconds and thus
provide an opportunity for prolonged observation
or photographs.

3. Smoke candles

Smoke candles can be used to estimate
clearance rates and containment of large hoods
such as paint spray booths, laboratory hoods, or
other high volume exhaust systems. - Minimal per-
formance of the system must be determined before
igniting a smoke candle to assure reasonable re-
moval of the smoke. Smoke candles can be held
by forceps and moved across hood face openings
to estimate the air distribution at the face. Colored
smoke can be introduced in ventilation systems
downstream from the fan to check for leaks.
Limitations. There are two significant limitations.
First, visualization is strictly qualitative and does
not provide any information in terms of design
or performance specifications. Second, the ma-
terials used may be hazardous or at the very least
— a nuisance; thus their use in occupied areas
should be somewhat restricted.



Air Velocity and Flow — Exhaust and Supply
Openings

Relationship of velocity to rate of flow. The ve-
locity to rate of flow relationship is expressed in
Equation 1.
Equation 1: Q=AV
Where: Q=Rate of flow in cfm
V= Average linear velocity in fpm
A=Cross-sectional area of the duct
or hood in ft*

From this equation it is possible to calculate
air flow rate if the velocity (V) and cross-sectional
area (A) are known.

The purpose of a local exhaust system is to
capture and convey the contaminant from the
source through an air cleaner to the atmosphere.
Precise measurements of capture velocities as well
as estimates of exhaust or supply volumes can be
made at the point where the air flow system inter-
acts with the work environment. These points
are identified as “A” on Figure 40-1 and “M”
and “O” on Figure 40-2,
Instruments/Techniques. In using the instru-
ments described below, the need to take multiple
measurements of a given slot, hood, or diffuser
must be kept in mind. Only by making a uniform
traverse of the opening being evaluated will one
be able to arrive at a satisfactory average velocity
to use in the calculation of air flow. The reader
should review Pitot traverse techniques covered
in this chapter, and in greater detail in reference
4, to develop an appreciation for multiple mea-
surements in evaluating air flow.

TABLE 40-2,
Correction factors for rotating vane anemometers.
Correc-
tion
Opening Factor*

Pressure openings, more than 4 in. wide,

up to 600 sq. in. area, with free openin

70% or more of gross area, no directional 1.03
vanes,

Suction opening, more than 4 in. wide, up
to 600 sq. in. area, with flange 2 in. wide, 0.85
free-open area 60% or more of gross area

Volume: For suction openings, cfm= (factor)
{velocity) (gross area)

For pressure openings, cfm= (factor) (velocity)
(gross. arca -+ net area

2

*If the opening is covered with a grille, the instrument
should touch the grille face but should not be pushed
in between the bars. For a free opening without a grille,
the anemometer should be held in the plane of the en-
trance edges of the opening. The anemometer must al-
ways be held in such a manner that the air flow through
the instrument .is the same. direction as was used for
calibration (usually from the back toward the dial face).

From “Industrial Ventilation — A Manual of Recom-

mended Practices”, Committee on Industrial Ventilation,
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American Conference of Governmental Industrial Hy-
gienists, Lansing, Mich 1970.

TABLE 40-3,
Correction factors for swinging vane anemometers.

Correc-
tion
Opening Factor
Pressure
More than 4 in. wide and up to 600
$q. in. area, free opening 70% or more
of gross area, no directional vanes. 0.93
Use free-open area.
Suction
Square punched grille (use free-open
area) 0.88
Bar grille (use gross area) 0.78
Strip grille (use gross area) 0.73
Free open, no grille 1.00
Volume: cfm= (factor) (area)
(velocity)

From “Operating Instructions for the Alnor Series 6000-
P9Vclomer.er" Alnor Instrument Company, Chicago, IIl.,
1970.

1. Rotating vane anemometers

The rotating vane anemometer is com-
prised of a vane or propeller on a shaft connected
to gears. The air movement causes the vane to
rotate. The revolutions of the vane turn the gears
which register the revolutions on the dial of the
instrument as linear feet. Readings are usually
taken over one-minute periods, thus giving air
velocity in Hnear feet per minute. These instru-
ments are available in a number of sizes, however
the most common vane sizes are 3, 4, and 6 inches
in diameter (Table 40-1).

These instruments are best suited for deter-
mining air velocities and estimating air flow
through large openings such as mine shafts and
air supply and discharge grilles. Readings are
generally obtained by traversing the opening at a
uniform rate for a given period of time. Table
40-2 provides information on correction factors,
techniques for taking measurements as well as the
equations for calculating air flow rate.

The optimum range for these instruments is
between 100 and 3000 fpm. They are best suited
for use in relatively clean air and require the use
of a timing device. They require frequent calibra-
tion and must be handled with care.

2. Swinging vane anemometer

The swinging vane anemometer indicates
air velocity as a function of the pressure exerted
by the air stream against a spring loaded swinging
vane. They are quite portable and used exten-
sively by industrial hygienists and ventilation en-
gineers in the field (Table 40-1).

These instruments are used primarily for
measuring velocities of exhaust or supply openings
as shown in Figure 40-3. Fittings are available for
some swinging vane devices which allow these to
be used for a number of applications, such as
measuring static pressures, as well as over a wide
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Applications of a Commercially Available Swinging Vane Anemometer (Alnor
Instrument Company).

Figure 40-3.
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range of velocities from 25 to 24,000 fpm. The
optimum range of performance is 100 to 10,000

fpm.

Openings must be traversed with velocity
measurements taken uniformly over the face
of the the grille or hood being evaluated. Care
must be taken to use probes for small openings
(less than 3 ft?) since the size of the device could
represent a significant portion of the area. It is
important to foflow the operating instructions pro-
vided with the instrument, otherwise significant
errors can be introduced. Correction factors for
supply (pressure) and exhaust openings and in-
formation on calculating air flow are shown in
Table 40-3.

When air temperatures vary more than
30°F from 70°F and/or the altitude is greater
than 1000 ft. above sea level, readings should be
corrected in accordance with the following equa-

tions:
_ / 460+t
Vt=Vr —5-—3'6——

Equation 2:

Where: Vt=true velocity
Vr=velocity read from meter
t=air stream temperature

Vi=Vr JI

d
L4 {_530 B
Where: d-(460+t) (29.92)

=barometric pressure in inches of Hg

Caution must be e¢xercised in using these
devices in a dusty, moist, or corrosive atmosphere,
since it can affect the readings as well as impair
the performance of the instrument. They require
periodic calibration but are a good choice for
general and field applications.

3. Heated thermocouple anemometers

The operating principle of the heated ther-
mocouple anemometer instruments is simply that
air moving past a heated object removes heat.
The amount of heat removed is proportional to
the quanfity of air passing which is a function of
velocity. These instruments have one or more
thermocouples as sensing elements which are
heated by either alternating or direct current. A
change in air flow causes a change in temperature
of the thermocouples, resulting in a change in the
direct current output. Another unheated thermo-
couple is in the direct current circuit to a meter.
As a result of the changes in temperafure, a
change in voltage is developed which is read as
air velocity.

These instruments are usually comprised of
a single probe connected to an operating unit hous-
ing the circuitry, meter, batteries, etc., and arc
about the size of a cigar box. They are quite
portable and commercially available (Table 40-1).
The units incorporate balancing circuits which
render errors due to radiant heat and ambient tem-
perature fluctuations negligible. Since these instru-
ments are direct reading and have a short response
time (less than one minute), they are applicable
for field as well as laboratory use. Some of the

Equation 3:
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instruments may be used in determining non-direc-
tional velocities such as general room air move-
ment, depending upon the type of shielding around
the sensors in the probe.

The limitations are related primarily to
maintaining the integrity of the probe. Heavy dust
loadings or corrosive materials as well as mechani-
cal shock could damage the delicate wires in the
probe. The range of air velocities is quite wide,
with some instruments having advertised ranges
from 10 to 10,000 fpm. A general rule of thumb
is that velocities from 10 to 50 fpm may be esti-
mated while velocities from 100 to 2000 fpm may
be measured with some precision depending on the
calibration of the unit. Periodic calibration is re-
quired.

These devices, as with any probe type ve-
lometer, can be used to measure entry or exit ve-
locities of hoods, slots, grilles, etc., by placing the
probe perpendicular to the direction of air flow
and recording the measurements. The greater the
pumber of measurements distributed uniformly
across the opening being measured, the better the
estimate of air velocity and flow rate will be.

4. Heated wire anemometers

The heated wire anemometer devices de-
pend upon the change in resistance of a wire with
a change in temperature. The degree of temper-
ature change is proportional to the velocity of air
passing the wire. Velocity is read directly on a
meter which is actuated by a change in voltage
from a Wheatstone bridge circuit.

Generally, the advantages and limitations
are the same as those previously described for
heated thermocouple anemometers.

There are some units available which can
measure temperatures ranging up to 250°F and
static pressures up to 10 inches of water. More
precise hot wire anemometers measure velocity ex-
clusively. Static pressure measurements will be dis-
cussed in more detail in the section titled “Mea-
surements within the System.”

5. Other thermal anemometers

a) Heated thermometer anemometer

The principle for the heated ther-
mometer anemometer is the same as for heated
thermocouple anemometers except that two
thermometers are used instead of thermocouples.
It is not amenable to field use because of the fra-
gility of the thermometers and the amount of time
required for the thermometers to reach equilib-
rium. Its primary use is that of a laboratory type
device in the calibration of air samplers requiring
negligible static pressure losses in the calibration
train (e.g., electrostatic precipitators).

b) Kata thermometer”

The Kata thermometer is a special
thermometer with a large bulb, containing alcohol,
and a stem with marks at 95 to 100°F. It is heated
above 100°F and the time required for it to cool
from 100 to 95°F is a measure of the non-direc-
tional air velocity in the room. It was designed
for comfort ventilation measurement, and its sur-
face-to-volume ratio is similar to that of the hu-
man body. The useful velocity range is 25 to 500
fpm. It has the disadvantage of being fragile and



having large radiation and convection areas. A
silvered bulb is necessary to minimize the effect of
thermal radiation. As expected, it has a slow re-
sponse time. The disadvantages are sufficient to
classify this device as a poor choice for the mea-
surement of air velocity.

MEASUREMENTS WITHIN THE SYSTEM

Precise measurements which characterize the
performance of air flow systems are made within
the system. Instead of measuring the velocity of
air going into exhaust hoods or coming from air
outlets, measurements are made inside the duct-
work leading to the point of entry or discharge.
Such locations are depicted as B, C, D, E, F, G,
H and I on Figure 40-1 and J, K and L on Figure
40-2, Measurements within the system are made
to determine static pressure drops associated with
hood entries, ducts, across air cleaners (e.g. filters
an<l bag houses) as well as velocity pressures.
Therefore, the instruments discussed will be pri-
marily those used to measure pressure in terms of
inches of water.

Some of the anemometers previously discussed,
those with relatively narrow probes and fittings,
can also be used to measure air velocities within
the system. Independent of the measuring device,
the accuracy in determining either duct velocities
or flowrate is dependent upon the location and
number of measurements taken in traversing the
duct. Techniques discussed uvnder “Pitot Tra-
verse” below can be applied to the use of most
measurements requiring multiple sensing points
within an air flow system.

Relationship of Velocity to Pressure
Measurements

The total pressure of a system is the algebraic
sum of the static pressure plus the velocity pres-
sure. Air velocity can be computed from the ve-
locity pressure according to equation 4.

L _ [ VP
Equatlon 4: V=1096 'O-T)-.-T—S-a

Where: V =velocity in fpm
VP = velocity pressure in inches of water
d =density factor equal to:

530 + B
460+t 29.92

Where: B =barometric pressure in
inches of mercury

t=air temperature in degrees F.

For air at standard conditions (70°F, 29,92”
Hg), the density factor will equal unity. The
equation then becomes:

Equation 5: V=4005 y VP

Table 1 of Chapter 39 can be used in converting
velocity pressures at standard conditions to veloc-
ities in fpm. A “rule of thumb” in making correc-
tions for density is that they should be made when
the altitude is greater than 1000 ft. above sea
level, the temperature of the air in the system is
= 30°F from standard, and the moisture content
equal to or greater than 0.02 Ib./1b. of dry air.
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TOTAL PRESSURE = STATIC PRESSURE + VELOGITY PRESSURE

TOTAL PRESSURE
Below ormosphere

STATH, PRESSURE
Below olmosphere

VELOCITY PRESSURE
Above ofmosphore

American Conference of Governmental Industrial Hy-

gienists — Committee on Industrial Ventilation: {ndus-

trial Ventilation Manua!, 11th Edition. Lansing, Mich-
igan, 1970.

Figure 40-4.  Relationship of Velocity Pres-
sure to Static and Total Pressure for an Ex-
hausting System.

Pitot Tobe — Velocity Pressure

Equipment. The Pitot tube is the standard instru-
ment for measuring the velocity of air in ducts.
Figure 40-4 is a graphic representation showing
the relationship of velocity pressure to static pres-
sure and total pressure of an exhausting system.*
The Pitot tube consists of two concentric tubes.
The opening of the inner tube is axial to the flow
and measures total pressure (A of Figure 40-4),
while the larger tube with circumferential open-
ings measures static pressure (B of Figure 40-4).
The difference between the total pressure and
static pressure is the velocity pressure (C of Fig-
ure 40-4),

Pitot tubes which are built to Air Moving and
Conditioning Association® and ASHRAE® stan-
dards are considered primary standards and require
no calibration. See Figure 40-5. Standard Pitot
tubes fabricated from type 304 stainless steel are
recommended because of their resistance to cor-
roston and use over wide temperature ranges up to
1000°F. Above this temperature, water-cooled
Pitot tubes are required.

Pitot tubes are used to determine the velocity
pressure contours inside of ducts. These measure-
ments are obtained by connecting the static and
total pressure taps to a manometer as shown in
Figure 40-6. Inclined manometers (10:1) are
normally used since they increase the accuracy and
precision especially for velocities below 2000 fpm.
A brief table appears in reference 4 which shows
that the percent error using a carefully leveled
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Figure 40-5. The Standard Pitot Tube. Note: Other sizes of Pitot tubes, when required, may

be built using the same geometric proportions with the exception that the static orifices on

sizes larger than standard may not exceed .04 in. in diameter. The minimum Pitot tube stem

diameter recognized under this code shall be .10 in. In no case shall the stem diameter
exceed 1/30 of the test duct diameter.

10:1 inclined manometer ranges from 0.25% at  in two planes perpendicular to each other. The
4000 fpm to 4.0% at 1000 fpm, and up to 15%  optimum number of measurements per plane for
at 600 fpm. Thus, Pitot tubes used in the field ducts of stated diameters is suggested below:

are penerally restricted to velocities above the -
600-800 fpm range. Inclined manometers which  Duct Diameter, Inches Number of Measurements
read in fpm and inches of water are commercially
available (Table 40-1). Conventional ranges are 3-6 6
400-12,600 fpm and 600-19,200 fpm. These ma- 548 10
nometers eliminate the need to convert VP to
velocity as previously discussed. 44 and greater 20
Pitot traverse. Aside from instrument error, the - — -
most significant requirement in making valid ve- Reference 4 includes tables giving distances from
locity or air flow measurements is the location se-  the duct walls for the diameters stated above.
lected for the measurements and the traverse of Like round ducts, rectangular ducts are tra-
that location. The reason for these requirements  Versed in terms of equal area segments. Rectang-
is that air flow is not uniform in the cross section  Ular ducts should be divided in a minimum of 16
of a duct. This is especially true near such inter- 10 2 maximum of 64 equal area rectangles with
ferences as elbows, entries, etc. Therefore, for  readings taken in the center of each rectangle as
greatest accuracy, measurements should be taken  shown in Figure 40-7.

at least 8.5 diameters of straight run downstream Once the readings as VP are taken and tabu-
or 1.5 diameters upstream from interferences. Iated, the average velocity, in fpm, should be cal-
Once the location is selected, a Pitot traverse can  culated. Do not average the VP; however the
be conducted. Figure 40-7 shows a cutaway of YVP may be averaged and converted to velocity.
both a round and rectangular duct, exemplifying  From the velocity in fpm (V) and the area of
the principle of measuring the VP of equal areas.  the ductin ft* (A), flowrate (Q) can be calculated
Note that for round ducts it is advisable to traverse  according to Equation 1.
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PITOT TUBE

SECTION ENLARGED TO
SHOW DETAIL

Dwyer Instruments, Inc.: Bulletin No. H-100. Michigan City, Indiana, p. 3.
Figure 40-6.  The Pitot Tube Connected to an Inclined Manometer.
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Figure 40-7.  Traverse of a Round and Rectangular Duct Area.
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In cases when accuracy is not a prime consid-
eration, a single centerline reading can be taken at
least 10 diameters of sfraight duct downstream
from the nearest interference. This VP should be
adjusted by multiplying by 0.81, or the velocity
should be multiplied by 0.90.

When it is not possible to find undisturbed
traverse locations 8.5 to 10 diameters downstream,
alternate locations should be selected on the basis
of a 5:1 ratio between downstream and upstream
interferences. Depending on the situation and need
for accuracy, multiple points for traverse can be
selected and those points within 10% agreement
gveraged and used to determine velocity and air

ow.

Limitations. There are fewer limitations for Pitot
tubes than for other air velocity measuring devices.
Whereas they can be used in corrosive or variable
temperature conditions, the impact and static
openings can become clogged with particulate
matter. Also, as with the other instruments dis-
cussed, corrections should be made if the tem-
perature is = 30°F from standard, the altitude is
greater than 1000 ft., and the moisture content is
0.02 Ib./lb. or greater. They cannot be used to
measure low velocities (less than 600 fpm) and
require an inclined manometer which must be leve!
and free from vibration. They are not applicable
for use in small diameter ducts (less than 3 inches)
or in orifice type openings.

Aneroid Gauges

The most common and best known of the
ancroid gauges is the magnehelic gauge. Aneroid
gauges can be used for total, static, and, in con-
junction with a Pitot tube, velocity pressure mea-
surements. They are small, extremely portable,
and not as sensitive to vibration and leveling as
liquid filled manometers. Since the inches of water
pressure is a function of the location of an indicat-
mg needle on a dial, they are extremely easy to
read. Magnehelic gauges are commercially avail-
able in ranges from 0 to 0.5 WG. (500-2800
fpm) to 0 to 150”7 WG. (2000-125,000 fpm)
(Table 40-1).

The principal limitations are accuracy and
calibration. Accuracy is usuvally below = 2%
full scale. Since they are mechanical, there is a
need to calibrate these devices periodically.

Manometers

Manometers range from the simple U-tube to
inclined manometers already mentioned. A range
of sizes and varieties of U-tube manometers are
available and they may be filled with a variety of
media ranging from alcohol to mercury. Readings
can be converted to inches of water simply by cor-
recting for differences in density (e.g., 1 inch of
mercury is equal to 13.61 inches of water).

When extreme accuracy is not essential or in
high pressure systems, U-tube manometers will
suffice. However, for accuracy and in low pres-
sure systems, inclined manometers are required.
Static Pressure Measurements
Instrumentation and taps. Instruments used in
measuring static pressure include the static leg of
the pitot tube as well as any pressure measuring
device connected to a hole in the side of a duct.
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U-tube manometers and Magnehelic gauges are
quite acceptable. Whereas the exact location of
the hole is not extremely critical, the type of hole
is. Generally, the holes should not be located in
points where there is some basis for turbulence or
non-linear flow such as the heel of an elbow.
Holes should be flush with the inside of the duct
with no projections or burrs. Thus, holes should
be drilled and not punched. The location of holes
90° apart will allow for the averaging of multiple
readings to provide an improved estimate of static
pressure.

Taps can range in complexity from a simple

soft rubber hose held tightly against a X, inch hole,
to soldered pet cocks for use in high pressure
applications.
Applications. Static pressure measurements at
strategic points in a system provide invaluable in-
formation as to the performance. These measure-
ments are neither difficult to obtain nor do they
require expensive or delicate istrumentation.

Estimation of air flow by the throat suction
method* provides a fairly accurate estimation of
flowrate of an exhaust opening if the coefficient
of entry can be determined. Coefficient of en-
tries for varicus hoods are given on Figure 2 of
Chapter 42. Measurements are made between one
and three diameters of straight duct from the
throat of the exhaust inlet (point where the hood
is connected to the branch duct). It is advisable
to take multiple readings 90° apart. The flowrate
in cfm can then be determined according to equa-
tion 6:

Equation 6: Q=4005 CeAy SP,
Where: Q=Rate of flow in cfm
Ce =Ratio of actual flow to theoret-
ical flow (Figure 2 of Chapter
42) (Entry loss in ” WG)
A =Cross-sectional area of duct in
ftz
SP,=Average static pressure reading
in inches of water

Static pressure comparisons provide a means
of either continuously or periodically monitoring
the performance of a system. Additional informa-
tion may be required, but strategically located
static pressure taps can flag malfunctioning equip-
ment, clogged ducts, dirty or broken filters, dented
exhaust hoods, and changes in fan static pressure.

The permanent installation of manometers
immediately downstream from ¢xhaust hoods con-
trolling a hazardous material or critical process is
advisable, as is the placement of such devices
across a filter to determine the need for shaking,
cleaning, or maintenance.

Other Measuring Devices

There are a number of other devices for mea-
suring fluid flow, but their application is restricted
to either laboratory use or the calibration of air
sampling devices. Some are discussed briefly be-
low:

Orifice meter®. An orifice meter is simply a restric-
tion in a pipe between two pressure taps. There are
several types of orifice meters used, but the sim-



plest and most common is the square edged orifice.
If it is properly constructed, the orifice plate will be
at right angles to the fiow, and the surface will be
carefully smoothed to remove burrs and other
irregularities. Orifice meters are seldom used as
permanent flow meters in ventilation systems be-
cause of their high permanent pressure loss. They
are more typically used in the ventilation labora-
tory for calibration purposes. Permanent head loss
will vary from 40 to 90 percent of the static pres-
sure drop across the orifice as the ratio of orifice
diameter to pipe diameter varies from 0.8 to 0.3.
Detailed discussions of orifices and orifice equa-
tions can be found in reference 11.

Venturi meters’. A Venturi meter consists of a
25° contraction to a throat, and a 7° re-expansion
to the original size. This differs from the orifice
meter where the changes in cross section are
abrupt. The advantage of the Venturi over the
standard orifice is that the permanent reduction in
static pressure is smali, because the velocity head
in the throat is largely reconverted to static pres-
sure by the gradual enlargement. A well designed
and constructed Venturi will have a permanent
static pressure loss of only 0.1 to 0.2 inches of
H,O as compared to 0.4 to 0.9 for the orifice plate.
Venturi meters are used in conjunction with a
manometer as an in-line flow measuring device.
A more detailed explanation of the Venturi is of-
fered in reference 11,

CALIBRATION OF INSTRUMENTATION

All too often the need for calibration is not
applied to devices for measuring air flow and ve-
locity, yet as a group, with the exception of the
Pitot tube, they require periodic calibration. Gen-
erally, air flow measuring instrumentation is based
on electrical or mechanical systems which are sen-
sitive to shock. In addition, use of these instru-
ments in corrosive or dusty atmosphere affects
their reliability.

A calibration wind tunnel as shown in Figure
40-8 represents the method of choice for calibrat-
ing the devices described in this section. Reference
12 is an excellent treatment of the design and use
of the calibration wind tunnel. A well designed
wind tunnel must have the following compo-
nents!?:

1. A satisfactory test section. Since this is
the location of the probe or sensing ele-
ment of the device being calibrated, the gas
flow must be uniform, both perpendicular
and axial to the plane of flow. Streamlined
entries and straight runs of duct are essen-
tial to eliminate pronounced vena contracta
and turbulence,

2. A satisfactory means of precisely metering
air flow. A meter with adequate scale grad-
vations to give readings of * 1% is re-
quired. A Venturi or orifice meter rep-
resent optimum choices since they require
only a single reading.

3. A means of regulating air flow. A wide
range of flows are required. A suggested
range is from 50 to 10,000 fpm. There-
fore, the fan must have sufficient capacity
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to overcome the static pressure of the en-
tire system at the maximum velocity re-
quired. A variable drive provides for a
means of easily and precisely attaining a
desired velogity,

Meters must be calibrated in a manner similar
to how they are used in the field. Vane actuated
devices should be set on a bracket inside a large
test section with a streamlined entrance. Low ve-
locity probe type devices may be tested through
appropriate openings in the same type of tunnel,
High velocity ranges of probe type devices and
impact devices should be tested through appro-
priate openings in a circular duct at least 8.5
diameters downstream from any interference.
Straighteners as shown in Figure 40-8 will reduce
this requirement to 7 diameters.

NOTE: Devices must be calibrated at multiple
velocities throughout their operating
range.

AIR FLOW SYSTEM SURVEYS
System Start-up vs. Design Basis

Any ventilation system, be it local exhaust for

contaminant control or general for comfort, is de-
signed in terms of removing or distributing a speci-
fied quantity of air at a specified velocity at a total
system pressure which is the sum of the parts.
An initial survey of the system is the only time a
valid comparison can be made between the design
basis and optimum system performance,
Sketch of the system. A sketch not necessarily to
scale but representative of dimensions should be
drawn noting such items as hoods, elbows, branch-
ings, air cleaner, fan and stack. Supply ducts,
plenums, and diffusers should be shown for gen-
eral systems. Figure 40-1 and 40-2 represent
gross simplifications of this concept.

The sketch should be considered as part of the

permanent record on which future changes in the
systems may be recorded.
Specific air flow measurements. Measurements in
terms of air flow, velocity, and static pressure must
be made to determine that the system is ade-
quately balanced and performing according to the
design basis. These measurements include:

1. Static pressure measurements at:
a) hoods
b) up and downstream of the air cleaner
c¢) up and downstream of the fan
2. Air flow in cfm at:
a) hoods (throat suction method)
b) branches and mains (Pitot tube)
c) up and downstream of fan (Pitot tube)
3. Supply, capture, and conveying velocities
at:
a) diffuser outlets (supply velocity)
b) face or opening of hood (capture
velocity)
¢) branches and mains {conveying
velocity)
4. Fan performance
a) fan speed in rpm
b) horsepower { BHP) calculated using
cfm (Q), total pressure {TP), and
mechanical efficiency (ME) of fan.
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The locations of the measurements must be
identified on the sketch and a record kept for fu-
ture comparisons. A sample form can be found in
reference 4.

The measurements obtained should agree with-
in 10% of the design basis. If not, system modi-
fication should be made until such agreement is
obtained.

Other Checks. Local exhaust systems are installed

Equation 7: BHP=
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The Calibration Wind Tunnel.

for the singular purpose of removing some con-
taminant from the work environment. Visualiza-
tion techniques using smoke tubes or candles can
be most helpful in verifying the system exerts a
sphere of control over a sufficient area to prevent
excessive exposures to operating persomnel. Air
evaluation for specific contaminants is also recom-
mended to verify the system will control contami-
nants to levels known to be safe. Air samples
taken in the breathing zone of operating person-
nel will be most helpful in assessing the adequacy
of contaminant control.



As with the previous measurements, photo-
graphic records of smoke tests and the results of
air evaluation tests should be maintained for fu-
ture reference.

System Operation vs, System Start-up

Once systems are started up and determined
to perform satisfactorily, the degree of evaluation
can be reduced as long as good records of start-up
or initial conditions have been made. Experience
with air flow systems clearly indicates periodic sur-
veys are required to assure system performance is
adequate. Operating personnel cannot be relied
upon as an “indicator” of system performance.
Also, ventilation systems are rarely an integral
part of the operation in terms of quality and
production, and all too often receive inadequate
maintenance.

For most systems simple velocity measure-
ments at exhaust hoods and supply ducts will pro-
vide a crude indication of system performance
when compared with start-up evaluations. For
local exhaust systems, the throat suction method
applied to exhaust hoods and static pressure differ-
entials for air cleaners and fans will suffice in con-
firming the system is performing satisfactorily.

The throat suction method will provide valid
information unless:

1. Thc::d hood entry has been modified/dam-
aged,

2. There are obstructions ahead of the point
of measurement; or

3. The system has been modified.

However, a reduction in throat suction can pro-
vide valuable information, such as an indication
that there has been:

1. Accumulations of material in an elbow,
branch, or main, thus clogging or restrict-
ing air flow, Bui]d-up in the elbows result
from impaction, while build-ups in straight
runs result from insufficient conveying ve-
locity or overloading the system.

2. A change in blast gate setting if the sys-
tem is balanced using blast gates.

3. Additiona! branches and hoods added to
the system. “Adding on” to a system is a
real temptation. It is not sound economics
when it renders the entire system deficient.

4. Excessive build-up on the filter. It is best
to monitor filter build-up by attaching a
static pressure measuring device across the
filter.

5. Reduced fan output resulting from belt
slippage, damaged or worn rotor, or build-
up on the fan blades.

Data Handling and Recording

The sketch of the system made at start-up or
for the initial air evaluation survey and the re-
sults of the ensuing air flow survey must be re-
corded and filed in such a mammer that future air
flow surveys can be conducted in a similar man-
ner. The periodicity of air flow surveys can only
be determined by such conditions as:

1. Nature of the materials being controlled.
The more hazardous the materials, the
more frequently the system should be
checked.
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2. Nature of the system. A blast gate system
will require more frequent checks than
other systems.

3. The degree of maintenance. Air flow sur-
veys can be used to indicate the need for
more frequent and improved maintenance.

Reference 4 provides a sample of a diagram,
check list and additional information regarding
checking and testing systems.
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