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FOREA QLD

Physiological heat stress in warn and Lot enviromicnts, which
tends to reduce man's efficiency and in severe oases causes collapse,
is a problen of utmost inportance in military operations in hot olimates,
Previous experimental work has indicated what environmental oonditions
impose this stress on man, but they do not indicate how, This paper,
which supplies the ansver not only to what conditions ceuse stress but
also how, gives a much clearer understanding of the phenomens involved,

In addition to indicating the signifioance of environmental
factors such as temperature, wind, and hunidity, and physiologioal
factors sach as metabolism and sweat produotion, this paper indicates
significant olothing faotors. This consideration of the interaction
of clothing faotors and heat stress is ne~x and of special interest to
the Quartormaster Corps in the desizn of hot-and warm=woather olothing.
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ABSTRACT

A theoretical analysis of the factors influencing stress in
warn and hot envirommonts is developed using physical equations of
heat and moisture transfer, Two different situations are considered,
the first where all sweat is evaporated and cooling limited by sweat
secretion, and the second with the skin wet where cooling is limited
by the aumount of sweat which can be evaporated. In the former oase,
stross is a funotion of dry-bulb temperature alone and depends on
the amount of swest secreted, whioch may vary considerably among
individuals, In the latter oase, tolerance is shovn to be mainly
dependent on wet-bulb temporature and depends on the vapor pressure
of wet skin, which does not vary much, giving rise to oritioal
tependence of tolerance on wet-bulb temperature, Consideration is
1180 given to the practical ocase of complete evaporation from some
areas of the skin and incomplete evaporation from others, Graphical
presentation is used to demonstrate the separate and combined ef'fects
of various environmental factors and to indicite how clothing alters
these effects, The theoretical results are shown to agree with the
experimental findiags of others,

v




NMAN'S THERMAL BATANCE IN wAKM RNV IRONMHZNTS

l. Introduction

It has been reco nized that the vhysiolerical sence of warmth is not
alvays closely correlated with enviremrental “enpersture. Other factors,
such as wind and humidity, have an effeet, faldanel’) in 1905 recognized
the effect of humidity and suggested that wet-bulb ternperature was a
oritical factor. He also observed that tolerance to high wet-bulb temper-
ature rose with increasing air movement, Since that time, observations
have been made in deep mines(3,13) and physiologists have worked in roous
where controlled conditions were possible(5,11,15), Houghton and Yaglou(s)
in a series of papers introduced the concent of "effective temperature"
by which the subjective comfort of individuels was used to rate the
environment. "Effective temperature” is still widely used although
Yaglou(19) himsel? has cuestioned ils acouracy. The experiments of
Robinson et al(ll) have indicated environments of "equal physiological
effect." Tore recently, Mcirdle et al(9) have rroduced s nomogram relating
sveat rate, which they consider as an index of hent stress, to temperature,
hunidity, air movement, radiation, and metabolism for beth nude and clothed
man,

while all these experiments yiecla data which are descriptive of the
ways in which various environuental ractors affect man, they frequently do
not explain the reasons Tor these resulis, sSuch information can be obtained
by setting up the equations of heat transfer between a heated, moistened
surface representing the skin, and various enviromments. This approach is
followed here to show the separate and combined effects of environmental
variables on factors associated with heat stress. Throughout the paper it
is pointed out how the theoretical relationships compare with observed
phenomena,

2. Basic Equations

The basic equationa(ls) which apply to a simple idealized physical model
of the hunan being in equilibrium are as follows:

H=H, +H +H (1a)

E-k[ﬁ(P-P)*(T -TH*R(T -1 ) (1)
c S a S a 8 ) 4

H, = k%(?s-Pa) (2)

H = k(Ts-Ta) (3)

Hr-R (Ts'Tr) (4)




where

H = net heat loss from the skin surface to the envircnment (kg-cal/m%/hr)

H, = evaporative heat loss from the skin surface (kg-cal/hz/hr) .

Hy * convestive and conductive heat loss [rom the skin surfaco(kg—cal/hz/hr)

H. ® net radiant energy loss from the skin surfuce (kg-cal/mé/hr)

T = the skin temperature (°C)

P, = the skin vapor pressure (mm. Hg) .
T ~ the ambient air temperature (°C)

P, = the ambient vapor pressure (mm. Hg)

Tp = mean radiant temperature of the surroundings (°C)

k = thermal conductance between skin surface and ambientair(kg-cal/m?/hr/°C)

S = the negzative reciprooal »f the slcpe of the wet-bulb lines on a psychro-
metric chart (°C/mn)

o = the inverse ratio of the moisture permeability of the olothing to that {
of an air film of equal oconductance (dimensionl~ss) 0
R = a coefficient of radiant energy exchange (kg-oal/m2/hr/°C) a

In addition to these symbols, others used in this paper are:

Hy = evaporative heat loss from the skin surface when all sweat is
evaporated (kg=cal/m2/hr)

KHg = relative humidity at the skin surface (%), i.0., vapor pressure of
the skin divided by saturated vapor pressure of pure water at the
same temperature, multiplied by 100 (c f,cagelb)),

P, = maximal vapor pressure at the skin surface (mm. fg), in this paper
assumed to be at 904 RHs

T = wet-bulb temperature of the ambient air (°C)

saturated vapor pressure of water at T, (mn. lg)

Equation {la) statss that the heat loss from the skin is ecual to the sum of

the evapcrative, convective, and radintive heat losses (nogative values are

used to dencte heat rains). Equation (1) is derived by substituting in Equation
(1a) the values of Hg, Hy, and Hy as given in Equaticns (2), (3), and (4).

If one assumes equilibrium conditions so that the body is not storing heat,
then ¥ is equal to the metabolic heat minus energy dissipated such as that from
the lunzs and that converted into mechanical work. These last two factors can

te ectimated if required,

faN]




Equation (3) is a simple statement that convective heat transfer is
proportional to temperature difference (Tg = Ty) with k the constant of
proportionality,

Equaticn (4) is a first approximation of Stefan's law, and is reasonably
correct for small differences between Tgq and Ty 2), Assuming that the skin
aocts az % black body with 70% of its surface area involved in radiation ex-
ohange(10), the value of R is 4,00 kg-cal/m2/hr/°C when both temperatures
are very olose to 35°C and 4,346 when one is 35°C and the other 50°C., This
is a difference of less than 10 percent for a 15°C range,

Evaporative heat transfer as given iu “quation (2) is seen to be propor-
tional to vapor pressure difference between skin and ambient air, the pro-
portionality factor being k{}» To derive the quantity k §, let it De re-
presented by % and apply Equation (la) to a wet-bulb thermomoter. H then
will represent conduotion along the stem of the thermometer, and Hp will
represent radiant energy exchange between the bulb and its surroundings.

If the wet bulb is in a rapidly moving stream of air, both H? and H, become

large and H and By negli;ible by comparison. Then Zquation (1la) becomes

0 = #(Pg =P,) *+k(Tg-Ty)

In these circumstances, T, and P, have the particular values T, and F, and
g _ta-n
k By = Pg

By definiticn, Ta = Tw equals S, This quantity S is almost consiant since
Pw"Pa

the wet-bulb lines on a psychrometric chart are almost stra%igt and parallel,

Tables sre available from which its value may be calculated but for normal

conditions its value can be considered as 2,00°C per mm. Hg.

For an uncovered surface, H, = kS (Fg - Py)s The wick on the wet bulb
thermome-er is not considered as a coverinr since it is at the same temper-
eture as the Lnermometer and water extends to its outer surfacz. If a dry
covering is placed over the wick, it will, ir general, reduce the moisture
permeability more than would an air layer of equivalent conductance. The
factor ¢ is introduced to account for this when considering covered surfaces,
For air, the value of c¢ is 1 but for clothing ¢ (which is a resistance
factor) is generally greater than unity and increases as the permesbility
of tne clothing to moisture is reduced,

3. Situations (wet/Bry skin) limiting cooling pover of sweat,

Before procoeding farther it would be well to examine Equation (2)
and the paramctors involved in more detail, If the man is evaporating all
the sweat he is secreting, then Hg will have the particular value Hﬁ' which
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eqt'xala the latent heat of evaporation times the amount of sweat secreted,
He' oan, therefore, be considered the potential cooling power of sweat,

When sweat is seoroted at a constant rate and all evaporated, (Pg = Fy)
will be oonstant for any given value of kS/o. It follows that as amblent
hunidity, F,, inoreases, the vapor pressure of the skin, Py, also increases,
When Pg rounches its maximum value, (Pg = Pa) can no longer remain ccnstant
with inoreasing Py, and He must become less than He'c. When this ooours

the skin is wet rather than dry, and unevaporated sweat accumulates on its
surface, Hence oooling by the evaporation of sweat is limited by one of
two alternative situations, The first is when coolirg is limited by the .
supply of sweat but potentiality for evaporation is ample, The second is

when sweat seoretion is in excess of that which the environment can remove,

These two situations will be referred to as dry-skir and wet-skin con-

ditions, respectively, When dry-skin conditione ocour, Equation (1) becomes

He Hy' + k(Tg = Ta) *R (Tg = Tr) (6)
and when the skin is wet it becomes
= k[%- (P" =R )+ (T, - T‘Z] *R (1, - T,) (1) |

a. Envirommental and clothing factors under drx—skin conditions.

Under dry-skin conditions, Equation (6), the heat removed from the )
skin is independent of ambient humidity and the permeability of olothing to ‘
moisture. If it is assumed that the mean radient temperature, Tr, is equal a
to ambient air temperature, T, then the only enviroumental factors which |
affect E are the enviromme:tal temperature and the wind speed, which affects k,

k is also affected by the insulation of the clothing, Be' is a physiological
factor which depends on swoat rate, Because sweat rates ars variatble, the
amount of heat dissipated by different people varies in any one enviromment,
Ir consequence, physiologists have not yst been able to establish the upper
limit of tolerable dry-bulb temperature in very dry environments in which
equilibrium can be maintained,

g

b. Environmental and clo%hing factors under wet-skin conditions,.

In Equation (7) the quantity E is indeperdent of sweat rate, The
heat dissipated by botn evaporation and convection is direotly proportional
to k. That is, H can be incressed by increasing k, whick can be achioved

either by increasing wind speed or decrrasing clothing insulstion, If o is
equal to 1, i.e,, nude mAn, then because Tq = Ty * S (By = Py), Bauation
(7) oan be put ir the form:

H=k|S (Ps' = By) ¢ (Td-‘rwﬂ*R (Tg = Tr) (8)

If the radiaticn factor R (Tg -~ Tr) is small and considered negli-
gible, then the wet-bulb temperature is the only environmental factor arfect-
ing heat dissipation with we - skin conditions with the ezcsption of k, which
increases with air movement, Hence, as Haldane observed!” , tolerance to
hot-wet conditions ie a function of wet-bulb temperature, and higher wet-
bulb temperatures can be tclerated if air movement is increased, However,




there is a theoretical upper limit at infinite air movement when the
values of Pg' and T4 oorrespond to the wet-buld temperature, Since

the maximm value of RHs does not vary greatly from one person %o
another and sincs man cannot tolerate a rise in skin temperature above
the normal average (33°C) of more than a few degrees, one would expeot &
fairly well-defined tolerable upper limit to wet=bulb temperatures at a
given wind speed aud metabolism,

It has been reported that one of the results of ho3t acclimatization
is reduotion in salt oonoentration of ceoreted sweat(14 . Caloulations
have shown that this ohanged ooncentration does not appreciably affect
the vapor pressure of the sweat, However, when oonditions are such that
a large proportion of the seoreted sweat is evaporated, that whioh re-
mains may become quite concentrated with accompanying lower vapor
pressure, Under such oonditions more dilute sweat will assist in min-
taining a high Pg' by delaying the acoumlation of salts, Mopping the
brow serves the same purpose by removing oonoentrated swoat,

4, Graphiocal representation of relationship between environmental
Yastors and heat dlssipation from skin.

There is a graphiocal method of interpreting the relationship ex-
pressed in the equations for an unclothed surface, as jllustrated in
Figure 1,
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FIGURE 1: Graphioal method for analyzing evaporative
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Figurel is a standard psychrometric chart with vapor pressure and
temperature as ordinate and abscissa, respectively, Lines of equal t
relative humidities are plotted and marked in percent, The point C
represents a skin condition at 90" relative humidity and 35°C., The

oint E represents an ambient condition where air temperature is above h
skin temperature, The line AR represents the viet=-bulb line through E;

its interssotion with the 100% hunidity line at X gives the wet-bulb
temperature of the point E, The line BC is equal to Py - P, and by

Equation (2), BC = He . The line BE is ecual to =(Tg-T,) and by

: n Ha BE Ha
Equation (3) DE = = ¢~ » But —p- = S, and therefore BA = = —pe—

or AB = _%&_. Thus it follows that AC, whioh is represemted by BC - EA,

equals "+.§ﬂ_; Prom Equation (1 _?_9... +_l£l.-§.':..nr... or AC =
3 !E'g kS =4 (1) 33 S~ %8

Eig:_ . That is, AC represents the heat dissipdted from the skin less

that dissipated by rediation, BC represents the heat dissipated by

evaporation and AB the heat dissipated by convection, It will be seen

that in this example AB is negative, representing a heat gain by oon-

vection. It should further be realized that if mean radiant temper- \
iture is equal to air temperature in this exampls, the heat dissipated

by radiation will be negative or radiant energy will be received on the

skin, Figure 1 also illustrates the relationships where air temperature .
(E') is below skin temperature and here it will be seen that A'B! is

nositi7e apd conyection cools the skin,

It should be noted that these lines (AB,BC,AC) represent heats
divided by k8 so that when wind speed (and ks i3 increased they repre-
sert increased heats,

5. Graphical rspresentation of skin temperature aund 3iin relative
hunidity as functions of ambient temperature and vapor pressure.

In order to give a more complete picture of the application cf

the heat exchange equations it is necessary to introduce what might be
called an empirical physiological relationship., This is an arbitrarily
assumed relationship between man's skin temperatwe and his sweat secre-
tion., The authors do not imply that for an actual men sweat sgecretion is
a function of skin temperature, althouch this has bcen assumed for the
purposes of discussing the idenlized man. The assumed relaticnship for a
metabolism of 130 kg-cal/hg/%r is nlotted in Figure 2, torether with in=-
sensible sweat data for resting men from “lerce Laboratory(17 and the
data of Robinson(ll) from which the curve was derived, l'igure 2 illus-
trates well the variability ot sweat rate at any one skin tenperature
and, therefore, why tolerance to heat under dry-sikin conditions can be

so extremely variable,
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By varying the values of soms of tho parameters in Equation (1) it
is possible to see how the values of others are affected, In Pigure 3,
lines of oonstant skin tumperature (solid lines) and skin relative hu-
midity (broken lines) are plotted as functions of ambient temperature
and vapor pressure, (Note: In this figure and all subsequent figures,
H is assumed to be 130 kg-oal/m2/hr to correspond with the relationship
of Figure 2, maximum skin relative humidity to be 90 percent and Tr to

be equal to T,,)

It will be seen that at low v ambient tempsratures where there is
1ittle sweat secreted (He is smal.), 1 degree rise in ambient temparature
is required to produce about 1 degree rise in skin temperatura. Heat
dissipation from the skin is mainly by convection and radiation (Equa-
tions 3 and 4) and therefore (Tg-Ta) is almost constant,

a, Dry sldn oondition,

At low vapor pressures, with dry-skin conditions, as air
temperature rises seoreted sweat regulates skin temperature and it re-
quires sbout a 7-degree (C) rise in ambient temperature to cause a
1-degres (C) rise in akin temperature, The spacing of equal skin
temperature lines will, of course, depend ou the slope of the sweat
secreticn-skin temperature relationsnip which has been selected,
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7t will also depend on the value of k seleoted; the greater the value of

k the o’oser the spacing of the skin temperature iires, In this region

of complete evaporation, skin temperature is dependent on air tomperature
but not on humidity, as indicated by the faot that the lines are vertioal
lines, It will also be seen that a ohange of 20X in skin relative humidity
is caused by a fixed change in air vapor prossure regardless of wuether
RHg is high or low, The physiological significance of skin humidity is
not apparent but my possibly be related to oonfort in the psychologioal
sonse rather than heat stress in the physiologiocal sense,




be Wet-skin conditions.

When skin humidity reaches its meaximum (9C%), increase in ambient
hunidity can no longer result in an increase in skin humidity, and a lower
ambient temperature is required to maintain skin temperature consteant,

That is, with Pg constant, (Pg-Pa) and He decrease so that to maiutain H
constant Hy and Hy must be increased by decreasing Tq. Although He decreases,
the amount of sweat secreted and He' remain constant, and some sweat is un-
evaporated,

In this zone of wet skin conditions, lines of equal skin temperature
are roughly parallel to the wet-bulb temporature lines of the ambient air and
indicate that wet~buld temporntgso is a good criterion of heat stress, as
originally proposed by Haldane'\'’/, Moreover, a l-degree (C) rise in ambiont
wet-bulb temperature produces about a l-degree (C) rise in skin temperature.

6. Graphical representation of equations holdinz skin temperature constant
and varying other factors,

In Figure 3, skin temperature was plotted as a function of air t rature
and vapor pressure using a number of values of skin temperature and holding other

parameters constant, In the graphs which follow (figurcs 4 thru7) only one
value of skin temperature, namely 35°C, will be used and other parameters
will be varied,

a, Effect of air movement,

In Figure 4, k is given 3 values of 5, 10, and 20 kg-oal/&@/ﬁr/'c,
caused by wind speeds of about 1/2, 2 and 8 miles per hour, respectively, on
a nude man(16), Under wet skin conditions an increase of k or air movement
allows the same skin temperature to be maintained in a hotter environment,
Under dry-skin conditions, whore air temperature is above skin temperature,
increased k or air movement must be compensated by a decrease in air and
mean radiant temperature since He' is constant,

b. Effvct of the clothing perameters,

Decrease of convective heating in very hot environments can be
acocomplished by addition of clothing, as is done by many desert tribes,
Clothing has separate effects on the parameters k, R, and ¢ in equaticn (1).
In Figure 5 these effects are applied one at a tiwme to demonstrate the change
in ambient requirements. Curve 1 represents the ambient conditions when
k=10, R = 4, and ¢ = 1 (i,0,, pude man), When clothing is added, one
effect is to reduce conductivity. If k is reduced to 5 with the other
parameters unchanged, then curve £ represeuts the amtient condition under
which a skin temperature of 35°C can be maintained, Another effect of
clcthing is to act as a radiation shield. If K is reduced by 50% to 2,00
there is a further change to curve 3., The third effect of clothing is to
decrease the permeability to moisture vapor or evaporative heat transfer,
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Jhen ambient temperature is velow skin temperaturc, a decrease in radiation
losses allows an increase in evaporative or convoctive losses and a decrense
in ambient humidity. Similarly, when apbicnt termperature is above skin
temperature, decreased radiant heat gains a2llow higher humidities,

The decrease in permeatility te uoisture, as indiceted by the shift from
curve 3 to ourve 4, has no effect when dry-skin conditions occur, since H%
nder

s limited by sweat secretion and not the evaporative power of the air.
viet-skin conditions where evaporative vower of the air is the critical factor,

any reduction in moisture permeability will reduce this evaporative pover
and recuire lower ambient temperatures or humidities.

This analysis indicates three dosirablie ractors in warm-weather cloth-
ing: first, that it be as permeable to moisture as possible; seoond, that
it be a good radiation screen when anbient temperature is above skin tempera-
ture but a poor radiation screen when it is balow, and third that it nave
tne appropriate insulation value, ¥, hen wet-skin cenditions occur, it is
advantageous to increaso k or decrease clothing and when dry-skin conditions
oocur, to increase clothing.

¢, nffect of solar radiation,

In the equations given above, allovance was made for long wave
radiation. However, sunlight cones from a source at such a high temperature
that it contributes a constant heat load, Lence a oconstant term for solar
radiation would have to be added in Zquations 1 and ia with the result shown
in Figure 6, In caloulating the curves in Figure 6 it was assumed that the
intensity of incident radiation was €00 kg-cal/hz/hr, that 507 of this waes
effective in heating a man end that a man's shadov area on & surface at
risht angles to the gunlight was 25% of his surface area, It will be seen
thet the effect is simply to shift the curve by about 5°C at any vapor pres-
gure. That is, sunlight can be considered equivalent to a rise in dry-bulb
temperature; however, & change in 2ir movement will have an effect on the
amount of displacement of the curve, the displacenent being less the
creater the value of k.

7. Comparison of theoretical with experimental data.

The theoretical results show agreonent with the experimemtel curves
obtained by other workers as ghown in Figure 7. The experimental curves
are a curve of/"g}ual physiolcgical offect" derived from the work OS
Kobinson et.alill) one taken from the nomocraph of ticArdle ct al(9) for
equal swent rete and ona basec on neffective temperature” as_Edgﬁsted
“or metabolism by Smith(12). Each exper imental curve was derived for

conditions with wind speed, radiation, and metebolism as comparable as
possible, and the thdoretical curve calculated for the same conditions.
The theoretical curve does not agree exactly with any of the experi-
mental curves, but does not dirfer from them by any more than the experi-
mertal curves differ among tremselves, 1In general shape the theoretical

curve agrees best with the curve taken from MeArdle's data, However, 1%
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has & sharp corner which none of the other curves have. The sharp corner
shown in the calculated ourve iay be cut off by assuming that the value of k
is not uniform cver the surface. For an actual man the conductivity is
cortinuously varial:le over the skin surface and is generally least in
axillae and crotch areas and hirhest in exposed areas. For simplicity in
showing the effect of & veriable k on the shape of the Jurve, & surface

has teen assumed to have a value of k = 6.5 kg-cal/hz/hr/°c over one half,
and a value of k = 19.5 kg-oal/m2/hr/°C over the other half (mean value of
k=13 kg-cal/hz/hr/'c). The resultant curve is shown as the heavy dashed
line in Figure 7, The heavy solid line is for a uniform value of k = 13,

It will be seen that the effect of the variable value of k is %o cut the
cornor off the original curve, The vertical line up to about 15 mm ambient
vapor pressure represents a dry-skin condition on both areas, The lime
outting off the corner represents a dry~skin condition on the area where

¢ = 19.5 kg-oal/n2/hr/°C and a wet-skin condition on the area where k = 8,5
kg-cal/mz/ﬁr/‘c. The rest of the curve at high humidities represents & wet~
skin oondition over both areas. If a greater number of values of k were
chosen, the curve would have more gections and approach a smooth curve such
as is found experimentally. The quantity k is, of course, not the only factor
which varies over different areas of the skin; skin temperature (Tg), sweat
rate (Hg'), radiation (R) and so forth, also could be considered veriable.
Thus the more closely the theoretical model approximates the human being, the
more closely will the theoretical results approach those found experimentally.
Figure 7 also indicates tre fallacy of assuming & uniform value for a
variable quantity at its average.

In the development of the theory up to this point, the effects of
di-ferent environmental and physiological veriables have been considered,
with the exception of metabolism. There is no reason to expect that the
gweat rate vs. skin temperature relationship which was assumed for one
metabolism (H = 130 kg-oal/hthr) will hold for another. In fact experi-
mental evidence indicates that it does not. Curves can be plotted for
other values of metabolism but their relative poritions will depend on
the skin temperature-sweat rate relationship which i3 chosen.,

8, Swmmary and Conclusions,

The purpose of this paper is not to establish the stress or limits
of tolerance of man under any given set of enviroamental clothing and
physiological variables. This has already been done(l), It is rather
to interpret ard clarify in a qualitative menner the part played by each
variabie in determining the heat exchange with the enviromsent, The
method is not capable of giving accurate predictions of stress because
the physical model selected does not sufficisntly approximate the surface

of the human being.

Similarly it can be shown by a simple application of Lquation (8) that

the energy exchange in the lungs is a function o% tge wet-bulb tempera-
ture of the air as found by cCutchan and Taylor 10), The theory also

13




establishes that there are three ways in which clothing modifies the heat

exchange with the enviromment, The critical oriteria in hot weather cloth-

ing design are to have the coefficient C as close to unity as possible, to
have the coefficient R large when mean ambient temperature is below skin
temperature but small when it is above skin temperature, and to ad just
insulation or the value of k as required by the environment and activity,
The theory could also be used to determine the physiological effect of
different methods of heating homee and buildings, e.g., low vs. high wall
temperature combined with appropriate air temperatures. It is not advis-
able to use the physical theory to predict human physiologicel reactions
where direct physiological experiments oan be substituted, However, it
oan be used to make qualitative estimates where physiological data are
not yet available,
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