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1 

ABSTRACT 

A theorotical analysis of the factors influoncins; stress in 
warm and hot environmonts is developed usin^ physical equations of 
heat and moisture transfer, Tiwo 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 amount of sweat which can be evaporated. In the former case, 
stress is a function of dry-bulb temperature alone and depends on 
the amount of sweat secreted, which may vary considerably among 
individuals. In the latter case, tolerance is shown 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 critical 
lependence of tolerance on wet-bulb temperature. Consideration is 
ilso given to the practical case of complete evaporation from some 
areas of the skin and incomplete evaporation from others. Graphical 
presentation is used to demonstrate the separate and combinedeffects 
of various environmental factors and to indieite hw clothing alters 
these effects. The theoretical results are shown to agree with the 
experimental findings of others. 
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KA«»S THStJIAL BAUIICS IS KNVIi.0»ai3ST3

!• Introduction

It has been reco,inizod that the physiolo'^ical sente oi' waruth is not 
al/iays closely correl?.t<nl v; ith environr< ntal tenyerat ^e. Other factors, 
such as wind and hujniuity, have an effrrt, Haldane^ O in 1905 recognised 
the effect of hunidity and suggested that v.ct-bulb t«r.perature was a 
critical 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 rooiua 
where controlled conditions wore possible(5,ll,15), Houghton and Yaglou 
in a series of papers introduced the concept of ’effective temperature 
by which the subjective comfort of individue.ls was used to rate the 
environment, "effective temperature" is still widely used although 
Yaglou(l9) himself has questioned its accuracy. The experimenta of 
Robinson et alUD have indicated environiaents of "equal physiological 
effect," “Here recently, MoArdlo ®t have produced a nomogram relating
weat rate, which they consider as an index of hent stress, to temperature, 
humidity, air movement, radiation, and metabolism for both nude and clothed 
man,

While all these experiments yieln data which are descriptive of the 
ways in which various environmental I'actors affect man, they frequently 
not explain the reasons for these resuUs, iuch inl’ormation can be obtained 
by setting up the equations of heat transfer bebiveen a heated, moistened 
surface representing the skin, and various environments. This approach is 
followed here to ahor 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 Sqmtiona

The basic equations() which apply to a simple idealised physical model 
of the hanan being in equilibrium are as follossi

H - ♦ Hp

H - k

H - k _ e c a

I ^ - V
3 (p_ - p_)

♦ R (T^ - T^)

k (T^ - TJ 

R (T^ - T^)

(la)

(1)

(2)

(5)

(4)



where 

H ■ net heat loss from the skin surface to the envircmr.ent (kg-oal/m2/hr) 

He ■ «vaporativo heat los« from the skin surface (kg-cal/m /hr) 

H :' convective and conductive heat loss from the 3Kin surfaoe(kg-oal/n2/^r) 

H ■ net radiant energy loss from the skin surface (kg-cal/ra2/^) 

T ■ the skin temperature (eC) 
8 

Pg ■ the skin vapor pressure (mnt H^) 

Ta " the ambient air temperature (*C) 

Pa ■ the ambient vapor pressure (mm, Hg) 

Tr ■ mean radiant temperature of the surroundings (#C) 

k   ■ thermal conductance between skin surface and ambient air (kg-cal/mVhr/'c) 

S   ■ the negative reciprocal of the slope of the wet-bulb lines on a psychro- 
metrio chart (0C/mn) 

o   ■ the inverse ratio of the moisture permeability of the clothing to that 
of an air film of equal conductance (dimensionl^se) 

R   ■ a coefficient of radiant energy exchange (kg-cal/m2/6ir/*C) 

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

H.   ■ evaporative heat loss from the skin surface when all weat is 
evaporated (kg-cal/m2/™*) 

iiHs 
a relative humidity at the skin surface  (■'), i.e., vapor pressure of 

the skin divided by saturated vapor pressure of pure water at the 
same temperature, multiplied by 100 (c f./agre^6 M. 

Pg'  ■ maximal vapor pressure at the skin surface (ram.  Hg),  in this paper 
assumod to be at 90^ HHs 

Tw    3 wet-bulb temperature of the ambient air  ( C) 

Pw    = saturated vapor pressure of water at Tw  (ran. Hg) 

Equation  'la) statas that the heat  loss from the skin is equal to the sum of 
the evaporative,  convective, and radiative heat  losses  (negative values are 
used to derate heat ~ains).    Equation (1) is derived by substituting in Equation 
(la) the values of He, Hai and Hr as  given in Bquationi  fZ),   (5), and  (4), 

If one assures  equilibrium conditions  so that the body is not  storing heat, 
then B  is equal to the metabolic  heat minus energy dissipated such as that from 
the  lun^s and  that converted   into mechanical work.     These   last two factors can 
be estimated  if required. 



Equation (3) is a simple statement that convöotive heat transfer is 
proportional to temperature difference (Ts - Ta) with k the constant of 
proportionality. 

Equation (4) is a first approximation of Stefan's law, and is reasonably 
correct for snatll differences between Tg and Trv2^ Assuming that the skin 
acts as a blaok body with 70^ of its surface area involved in radiation ex- 
ohange^', the value of £ is 4.00 kg-cal/mV^C when both temperatures 
are very close to Z5*C and 4.346 when one is 35*0 and the other 50 C. This 
is a difference of less than 10 percent for a 150C range. 

Evaporative heat transfer ae given iu aquation (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 be re- 
presented by * and apply Equation (la) to a wet-bulb themomoter.   H then 
will represent conduction along the stem of the thermometer, and Hr 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 He become 
large and H and Hr negligible by comparison.   Then Equation (la) becomes 

0   -   *(Ps * pa)    + k (T8 "Ta) 

or «• 
7 

a 
P   - P rs     ra 

In these circumstances, Tf and P8 have the particular values T^ and Pw and 

k 
w 

*w " pa 

By definition, J* *" ^ 
Pw - P, 

•w     equals S.    This quantity S is almost constant since 

the wet-bulb lines on a psyohrometric chart are almost straight and parallel. 
Tables are available from which its value may be calculated^ but for normal 
conditions its value can be considered as 2.00,>C per ram. Hg, 

kS (P. - Pj. The wick on the wet bulb For an uncovered surface, He      «^  \*s       a 
thermometer is not considered AS a coverin- since it is at the same temper- 
ature as the uuerraometer and water extends to its outer surfac*.    If a dry 
covering is placed over the wicjc, it will,  in general, reduce the moisture 
permeability more than would an air layer of equivalent conductance.    The 
factor o is introduced to account for this when considering covered surfaces. 
For air, the value of c is 1 but for clothing c (which is a resistance 
factor) is generally greater than unity and increases as the permeability 
of tne clothing to moisture is reduced. 

3.    Situations  (wet/dr/ skin) limitin- Pooling gewer of gveat. 

Before proeMding farther it would bo Nell to examine Bqwtlon (-) 
and  the paramct'-rs  involved  in more detail.    If the man is evaporating all 
the sweat he  is   leer iting,  thtn He will have the putioular value E^ which 
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equals the latent heat of evaporation times the amount of w»eat secreted. 
He' can, therefore, be considered the potential cooling power of wreat. 
When weat is secreted at a constant rate and all evaporated, (P8 - Pa) 
will be constant for any given value of ks/c.    It follovs that as ambient 
humidity, Fa, increases, the vapor pressure of the skin, P8, also increases. 
When P8 roaches its mximum value,  (P4 - Pa) oan no longer remain constant 
with increasing Pa, and He must become less than H«"0   When this occurs 
the skin is wet rather than dry, and unevaporated sweat accumulates on its 
surface.   Hence cooling by the evapor«tion of sweat is limited by one of 
two alternative situations.    The first is when cooling is limited by the 
supply of sweat but potentiality for evaporation is ample.    The second is 
when sweat secretion is in excess of that which the environment can remove. 
These two situations will be referred to as dry-akin and wet-skin con- 
ditions, respectively.   When dry-skin conditions occur. Equation (1) becomes 

H- He' ♦ k(T8 -Ta) ♦R (*■ - Tr) (6) 

and when the skin is wet it becomes 

E-k[f (p.'■p.)*(T.■V]*E(T•"I^, (7) 

a. Environmental and clothing factors under dry-skin conditions. 

Under dry-skin conditions. Equation (6), the heat removed from the 
skin is independent of ambient humidity and the permeability of clothing to 
moisture.    If it is assumed that the mean radiant temperature, Tr, is equal 
ho ambient air temperature, Tft, then the only environmental factors which 
affect H are the environmental temperature and the wind speed, which affects k. 
k is also affected by the insulation of the clothing,    H^ is a physiological 
factor which depends on sweat rate.    Because sweat rates are variable, the 
amount of heat dissipated by different people varies in any one environment. 
In consequence, physiologists have not yet been able to establish the upper 
limit of tolerable dry-bulb temperature in very dry environments in which 
equilibrium can be maintained. 

b, Enviromr-ental and clo^nnp; factors under wet-skin conditions. 

In Equation (7) the quantity H is independent of sweat rate.    The 
heat dissipated by botn evaporation and convection is directly proportional 
to k.    That is, R can be  inoreftsed by increasing k, which can be achieved 
either by increasing wind speed or decrrasing clothing insulationo    If 0 is 
equal to 1, I.«., nude MB« then because Tft - Tw * S  (P* - Pft), Esuation 
(7) can be put in the form: 

H » k fs (P.*  - 1W) * i% ' Twr| ♦ R  (T, - Tr) (8) 

If the radiation factor R (T8 - Tr) is snail and considered negli- 
gible    then the wet-bulb temperature  is the only environmental factor aiiect- 
Lnc heat dissipation with w, '..-skin conditions with the exception of k, which 
increases «ith air movement.    Hence, as Haldane observed^, tolerance to 
hoVwet SOnditiOBI  Ll a function of wet-bulb temperature, and higher wet- 
bulb t«Bperatur«l  can be tolerated  if air movement  is  increased,    Kcweverp 
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there is a theoretical upper limit at infinite air »ovement when the 
Values of P.' and T. oorreepond to the wet-hulh temperature.    Sinoe 
£• ^iLmval™ of RHs doS. not vary greatly from one person to 
w£*Z lino' »an olnnot tolerate a rise in sldn t«^^* ^ & 
tZZrml average (35#C) of more than a few degrees, one would expeot a 
ffirlJTellSed tolerable upper limit to wet-bulb temperature, at a 
given wind speed aud metabolism. 

It has been reported that one of the results of heat ^°1^£^on 

is reduction in salt concentration of secreted sweatW.   emulations 
ÜvIeSown that this changed concentration does not appreciably affect 
fhl^r pressure   f STsweat.   Euerer, when <>^itio^ are such that 
Tla^e proportion of the secreted sweat is ^Porf ed'^t^h "" 
Lf«. LJ become quite concentrated with accompanying Iwer vapor 
TrZvJ   S 2uch conditions more dilute sweat will assist to main- 

US i ZVX delaying the -ou^lation of salt.     Mopping the 
browTerves the same purpose by removing concentrated «.eat. 

4.      (htphieal rapresentation of relationship be^een environmental 
Tao^rs and heat dissipation i'rom sm. 

There Is a graphical method of interpreting the fjJf^JJj «' 
pressed in the equaUcms for an unclothed surface, as illustrated in 
Figure 1« 

I 

20 25 30 35 40 
AMBIENT    TEMPERATUREJ/O 

J 
55 

FIGURE Is     Graphical method for analyiing evaporative 
and oonvective heat exohangu. 



H 
But JSjL   - S, and therefore BA - - -^-g- 

Figurel is a standard psychroraetric chart with vapor pressure and 
temperature as ordinate and absoissa, respectively.    Linos of equal 
relative humidities are plotted and marked in percent.   The point C 
represents a skin condition at 90' relative humidity and 35 C.   The 
point K represents an ambient condition where air temperature is above 
skin temperature.    The line AE represents the wet-bulb lino through B| 
its intersection with tK« Wflj? humidity line at X gives the wet-bulb 
temperature of the point E.    The line BC is equal to P8 - Pft and ty 
Equation (2), BC - ^e    .    The line BE is equal to -(Ta-Ta) and by 

kS 
Ha 

Equation (3) BE ■ - ""Y"* 

or  AB -   S -    Thus it followr, that AC, which is represented by BC - BA, 

,mU -^ i- ■   Fro. E,uatlon (!) ^_   ^ - SÄ.    or AC - 

frjje    .     That is   AC rerresents the heat dissipated from the skin less 
kS 

that dissipated by radiation.    BC represents the heat dissipated ty 
evaporation and AB the heat dissipated by oonyoction.    It "ill be seen 
that in this example AB is negative, representing a heat gain by con 
vection.    It should further be realised that if mean radiant temper- 
tture is equal to air temperature in this example, 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 
nositive and convection cools the skin. 

It should be noted that these lines (AB BC,AC) represent heats 
divided by kS so that when wind speed (and k) la increased they repre- 
»cnt increased heats. 

5,    Graphical rapresontation of skin temperature ani skin relative 
humidity as funct->"° of ^Ment temperature and vapor pressure. 

In order to give a more complete picture of the application of 
the heat exohango oqvmtloni  It is necessary to introduce what might be 
called an empirical physiological relationship.    This is an ^Mtrari y 
IVtvmi relationship between man's skin temperature and his sweat sccre- 
tion.    The authors do not  imply that for an actual nan •"•^"^ l8 

a function of skin temperature, although this han b.en assumed for the 
purposes of discussing the  Ideallted nan.    The assumed relationship ior a 
Ltabolisrr: of 130 k,-cal/mvV is plotted in Figure 2    to.otnor .xth in- 
sensible »teat data Tor reeting meß fron   'ieroe üiboratoryU'J and the 
data of nobinsondD from which the curve was derived.    Figur« Z illue- 
tratei .veil the variability or meat rate at any one skin temperature 
and.  therefore, why tolerance to heat under dry-s>in condition« can be 
so extremely variable. 
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FIGDRE 2:   Relationship between »kin temperature and w»eat secretion 
expressed as cooling pwer. 

By varyine the values of son» of the paransters in Equation (1) it 
is possible to'see how the values of others are affected.    In Figure 3, 
lines of constant 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/m2Ar to correspond with the relationship 
of Figure 2, maximum skin relative humidity to be 90 peroent and Tr to 
be equal to TA.) 

It will be seen that at low r ambient temperatures where there is 
little sweat secreted (He is smaU). 1 degree rise in ambient temperature 
is required to produce about 1 degree rise in skin temperature.    Heat 
dissipation from the skin is nftinly by convection and radiation (Equa- 
tions 3 and 4) and therefore (Tg-Ta) i» *^08t constant. 

a•    Dry s^dn condition. 

At low vapor pressures, with dry-skin conditions, as air 
temperature rises secreted sweat regulates skin temperature and it re- 
quires about a T.degree  (C) rise in ambient temperature to cause a 
l-degree  (C) rise  in skin 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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k'IOkg-col/mVhr/^C 
HHSOkg-col/m'/hr 

AMBIENT TEMPERATURE,ToCC) 

Pigur« St   Skin t«»poratur«i and ikln r*l*tlTt humldltUi plotted 
at a function of inrl/onnontal tonporaturo and hnaldlty. 

It will alio dopend on tho raluo of k ooleotodi tho groator tho Taluo of 
k tho o'oser tho »paolng of tho tkin tonporaturo lino«.    In this rogion 
of oomploto «Taporation, okln tomporaturo ü dopondont on air tmporaturo 
but not on huaidity, a« indioatod hy tho foot that tho Unoi aro ▼•rti«jl 
llnoo.    It will also bo teen that a ohango of 20^ in ikln rolatiTO humidity 
ia oaused by a flxod ohango in air -rapor jroosuro rogardloM of waothor 
HH. Is high or low.    Tho physiologloal slgnifioanoo of skin hunidlty is 
not apparent but my possibly bo rolatod to ooafort in tho poyohologioal 
sense rather than heat «tress in tho physiological sense. 



b. Wet-akin coadltiong.

When akin hunidity reaohea Ita naxlniua (9CX), Inoreaae in ambient 
humidity oan no longer reault in an inoreaae in akin humidity, and a loner 
ambient temperature ia required to maintain akin temperatuie oonatant*
That ia, with Ps oonatant, (Pe-Pa) He deoreaae ao that to maintain H 
oonatant and Hy must bo increased by dooroasing T^. Although Be deoroaaes, 
the amount of sweat seoreted and H©' remain constant, and some wveat is un- 
eTaporated,

In this tone of wet skin conditions, lines of equal skin temperature 
are roughly parallel to the wet-bulb temperature lines of the eunbient air and 
indicate that wet-bulb temperature is a good criterion of heat stress, as 
originally proposed by Haldane^Moreover, a 1-degree (C) rise in ambient 
wet-bulb temperature produces about a 1-degree (C) rise in skin temperature*

6, (braphloal representation of equations holding skin Temperature constant 
and varying otlier factors.

In Figure S, skin temperature was plotted as a function of air temwratxire 
and vapor pressure using a number of values of skin temperature 'and holding other 
parameters constant* In the graphs which follow (figures 4 thru?) only one 
value of skin temperature, namely 35*C, will be used and other parameters 
will be varied*

a* Effect of air movement*

In Figxire 4, k is given 3 values of 5, 10, and 20 kg-oal/m^^r/'C, 
caused by wind speeds of about l/2, 2 and 8 miles per hour, respectively, on 
a nude man(l®). 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. Effbot of the clothing parameters*

Decrease of convective heating in very hot environments can be 
acoonpllshed by addition of clothing, as is done by many desert tribes.
Clothing has separate effects on the parameters k, R, and o in equation (1)*
In Figure 6 these effects are applied one at a time to demonstrate the change 
in ambient requirements* Curve 1 represents the ambient conditions when 
k - 10, R - 4, and c * 1 (i*e*, nude man). When clothing is added, one 
effect is to reduce conductivity. If k is reduced to 5 with the other 
parameters unchanged, then curve 2 represents the ambient condition lander 
which a skin temperature of 35*C can be maintained. Another effect of 
clothing is to act as a radiation shield. If R is reduced by 60^ 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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■    ■„ i™ -v,v teHinraturo. a deor«»« in radiation 
..hen ar.bi«t tanperaturo '• ^J^^Äl« lo"«» »d » deorMM 
Xossaaall^anxncr^^n   vapor    ..r^ «      ^^ ^ above 8kin 

•^a:S;a^.1r:ya;.d",:u:niyH.at gal« all» M^« h-iditiaa. 

•   ,^    .,.  .r-. biP«   afl indloftted by the shift from 
The cecrease in ptraöftblllty to ooisture, a^ ^ ;       sinoe H. 

and racuira l«M aiabient t.,«paraturoa or mmidltiaa. 

Thia anaiysla  indioatas ^aa dosirabla Vactora ^ „ar^aath« ^oth- 

in6:    firat, that it bo a. permeabl. *» "^^^"^i^rtS^twr.- 

2^XZ Ä ST^^CMS r» dry-s^n oonditio» 
oocur, to increase clothing, 

c,    "ffoot of solar radiation, 

radiation.    Hwaver, .uulisht oonce irora a „„„^»„t torn for «olor 

that it oontrlbuta. • "^^fj"* ^.H ^ S «'ith the T"M 'h<"n 

radiation «oold hav. to ba addad J»^"»"0" J,^ u „, .„.«ad that tha 
in fignra 6.    In oalculatins th. ourv« in "e«| • ^   f thl3 wns 

intenaity of inold.nt radiation «a. ^^^Tl » aurfaoe at 
effecti». in h.ntln5 a man and «»*•»»'• '^f e J^.    ft „ill h. aaan 
ri5ht angU. to tha aun i5ht ""^„f .^.'^^"i at a^ vapor proa- 

^r4cn^%?r.^:%rru.^^.... tha 
greater the value of k. 

7.    nomrarlson of theoretical With expermentaj^ataa 

The theoretical results shew arreon ect with the experimental ounrea 
The er^erimontal curves 

for 

:01. ..etaboiia^    .. ..     ■• -^ ^ollM „ ^ „ 

necta] curt differ amonf th«..!««.    in C«Mral Aap. th« thawrtloal 
f^; aErö:;'b;ät .ith ^ ^ tak.« fro. «.»di... 

dn^a,    Hwovcr, 

Vd 



*. . .^p corner »hloh none of the ^^r ourve. have     ^«^^^ k 
«hawn in the calculated curve my be cut off oy assuming tnau uu 
iinöt »Uorm over the surfaoe.   for an actual man the "f f "f? 1' 
onUnuSy varialle ov,r the skin eurfao. and 1. 6^r«   ^ ^ *„ »   in 

axilla, and crotch areas and highest in «posed areas.    For sl°-""*y ln 

Ä the effect of a variahl. k on the fkf.o°  Ä^^rTn   Mlf. 

TT^LTl/JZ/'O and a »et-eiS condition on the «-e. «her. k - 6.5 
UÄA.    Th/re.t l^urve 

^i^ ^rteXr^ e^ a   «T^rs^^^r^at^e (T,),^ 
;r(v):-utionu,t.ofo^^^^^^ 
T. : 'ceXVi h o      "l"!^ i? "«eh these found e^r ».ntally. 
?l6ur.?"uo indicate, the fallacy of as.u.lns . uniform value for a 
variable quantity at its average, 

metabolism (H ■ 130 icg-oai/m /or;    ^ plotted for 

Ä^irrf ää -MÄihdd8pend on 
tte skin teraperature-s«eat rate relatlouhlp «hioh is chosen. 

8,    Sumnary and Conclusions. 

.r «-Ma naner  is not to establish the stress or limits The purpose or this paper  is nu*' ^^ « „i«*.*,««» ond ine puxF enviromental cloohmg ana 
of tolerance of nan unaer any  o^011 :       .    , .      fli      T* <■ mthar 
p;8iolo5ical varishle.   ^^^^/Ä pla.^«* 
^Kr^r^M h.2? exchan5e with the s-i—     The 

of the human being. 

Siriiarlv  it can bo sho.n by a s^ple application of Equation (8) that 
Suraiariy W en j function of the wet-bulo tenpera- 

the energy exchange in the l«««« " " '      JavlortlO).    The theory also 
ture of the air as found  by hcCutchan and rajior        .    i 
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establishes that there are three ways in which clothing modifies the heat 
exchange with the environment. The critical criteria 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 belw skin 
temperature but snail when it is above skin temperature, and to adjust 
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 homes 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 physiological reactions 
where direct physiological experiments can be substituted. However, it 
can be used to make qualitative estimates where physiological data are 

not yet available, 
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