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1. INTRODUCTION 

For several years now the BBC has allocated substantial 

finance to ergonomics research projects aimed at improving 

working conditions in stressful hot environments. These 

research projects were carried out partly in the laboratory 

and partly under real conditions. The aim of this report is 

to consider the main ideas and findings of those researches 

against the general background of hot environments in indus

try and the problems these entail. 

This re~ort is intended for the practitioners of ergono

mists and therefore does not set out to be either a criti

cal review of new basic developments in the thermal regula

tion of the human body, or an exhaustive inventory of tech

nical means of providing protection against extre1~e cond1-

tions of environmental heat and humidity. 

It aims only to provi~e the rendLr with a rational proce

dure for making an objective evaluation of the overall se

verity of the conditions in a work situation and, on the 

basis of this evaluation, for applying ergonomics to impro

ve or correct the situation. 
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2. THE CONCEPTS OF STRESS AND STRAIN 

In the animal kingdom human beings come in the homiotherm 

class, i.e. the internal temperature of the human body only 

fluctuates physiologically within a narrow temperature band, 

between 35.5 and 38.5°C. This means that the heat generated 

by the human body plus any additional heat from external 

sources and the amount of heat which man can lose to the 

thermal environment are in a state of equilibrium almost all 

the time. This equilibrium is represented by the following 

equation: 

Equation No 1: 

H + H Hd p r 

where H = heat £roduced by the human body; p 

Hr any additional heat £eceived from the immediate 

environment; 

Hd heat ~issipated by the body in the environment. 

In this equation Hr = 0 for certain thermal environment va

lues, and increases in direct proportion as the environment 

becomes 'hotter'. Consequently it appears that Hd, which 

is a function of the thermal environmental conditions by 

virtue of the equilibriuru expressed by equation Nol, measu

res heat stress. This stress ('contrainte' in French and 

'Belastung' in German) depends solely on body heat produc

tion and the physical parameters which determine heat ex

ahange between the body and the environment. 

In equation No 1 the term H can be varied over a wide 
d 

range by means of various physiological mechanisms. The 

different physiological responses imposed by a given heat 
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stress all come under the heading of "strain" ("astreinte" 

in French and "Beanspruchung" in German). Physiological 

strains take various forms, all dependent on the severity 

of the heat stress and on an individual factor representing 

certain physiological aptitudes. Equation No 2 defines 

physiological strain as follows: 

Equation No 2: 

Physiological strain = a•Hd 

where a = individual reacitivity; 

Hd = heat stress. 

For a closer definition of the concepts of stress and 

strain we must first analyse the methods of measuring heat 

stress and their classification in the context of industrial 

work. We shall then e~tablish the methods for measuring 

physiological strains and the upper tolerance limits for 

these strains which are compatible with 8 hours' work in an 

industrial situation. Lastly we shall try to establish a 

methodology for applying ergonomics to the study and impro

vement of working conditions in a hot environment. 
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3. ASSBSSMBNT HBAT STRBSS 

As seen above heat stress may be defined as the total physi

CBl input on man of the thermal conditions to which he is 

subjected. The term 'thermal conditions' includes both the 

thermal environment to which man is exposed and the produc

tion of secondary heat when energy is expended in muscular 

work. 

Bquation No 1 accnunts for this dual origin of heat stress, 

i.e. metabolism and environment. Metabolic heat stress is 

also called endogenous heat stress, as opposed to exogenous 

heat stress caused by the environment. 

3.1. Analysis of metabolic heat stress 

Life, i.e. the functioning of the cells constituting all the 

tissues and organs of the body, consists of continuous phy

sical movement, i.e. work in the physical sense. Work is 

performed using the energy produced by the chemical reac

tions of metabolism. Directly or indirectly the major pro

portion of this energy is turned into heat. When man is 

resting, in the fasting state, and is exposed to a 'neutral' 

environment, i.e. one which does not constitute an external 

source of heat, he expends approximately 50 W/m2 or 44 kcal/ 
2 h/m (rate of energy produced per unit of body area). This 

output, known as 'basal metabolism' is converted entirely 

into heat. The energy involved comes from oxidation of the 

glucids, lipids and protide obtained from food. The volume 

of oxygen consumed in these oxidation processes is thus a 

good indicator of the amount of energy expended. 

When man performs physical work he expends extra energy. 

This extra energy is expended on muscular contraction, which 

generates the mechanical work performed outside the body. 

It is reflected in increased oxygen consumption. The gross 

efficiency of muscular work is below unity, partly because 
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of the chemical reactions which generate the energy used in 

cell function, and partly because of the mechanical condi

tions under which contract1le forces are applied to the 

body structure. 

If one considers merely the increase in oxygen consumption 

compared with basal consumption, i.e. if one merely takes 

account of the increase in metabolic energy flux, the (net) 

efficiency of muscular work yield is approximately 30%. 

In other words, for every 100 kcal of energy co~sumed by 

man 30 are converted into heat outside the body and 7C are 

converted 1nto heat 1n the active muscles themselves. On 

the other hand, if the calculation is based on the total 

amount of energy consumed by a man {including basal metabo

lism which is completely converted into heat), the efficien

cy of muscular work is reduced to 20-22% (gross efficiency). 

Oxygen consumption is an indicator of the total amount of 

energy used by the human body. This total amount of energy 

is called metabolism for short. It is an energy flux. Not 

all this energy is converted into heat within the body, as 

some of it is expended in mechanical work outside the body 

and some into caloric energy within the organism. If we 

know the energy yield of a muscular activity we can calcu

late the proportion of energy used in each case. 

Equation No 3 

where Mb 

r' 

H 
p 

M 

basal metabolism; 

net mechanical efficien~y of muscular work; 

production of heat by the human body; 

total energy metabolism. 

More generally we can write: 



11 

Bquation No 4 

H M - W p 

where W mechanical work performed per time unit (powP.r). 

H and M are as defined above. 
p 

The metabolism M is generally estimated by measuring oxygen 

consumption. Rohmert (1974) has made a detailed analysis 

of the problem of measuring energy metabolism in an indus

trial environment. 

collsvs
Text Box
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Type of 

activity 

Light work 

Moderate work 

Heavy work 

Table No 1 

12 

Seated - no movement 

Seated - small movements of 

arms and torso 

Seated - small movement of 

arms and legs 

Standing - light work at 

machine or bench 

Seated - considerable move

ment of arms and legs 

Standing - light work plus 

walking 

Metabolism, 

kcal/h 

100 

100-140 

140-160 

140-160 

160-200 

160-200 

Standing - moderate work plus 200-250 

walking 

Walking - moderate lifting 250-400 

or pushing 

Lifting, pushing or pulling 

heavy loads intermittently 

Bxhausting work 

400-500 

500-600 

Bnergy metabolisms for various types of 

activity. 
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The mechanical power developed during work can be estimated 

by a detailed time and motion study (Rohmert et al., 1974). 

If it is impossible to determine directly the mechanical 

work performed it is recommended that it should be assimi

lated to 25% of the energy expended is excess of the 'seated 

-no movement' figure (100 kcal/h). The following equation 

can be Eed to calculate heat production in the organism 

when the energy metabolism is known: 

Bquation No 5 

using the symbols defined above. 

A dynamic type of work requiring, for example, energy ex

penditure of 300 kcal/h will generate heat in the body equal 

to (300 - 100) {1 - 0.25) + 100 = 250 kcal/h. 

The figure of 30% for gross mechanical efficiency is only 

valid for dynamic work. This figure drops considerably as 

the static component of the work increases. For work which 

is completely static (e.g. supporting a load) the external 

work performed is nil, i.e. all the energy expended during 

static work is converted into heat inside the body. Bsti

mation of the relative proportions of static and dynamic 

work is analysed in Rohmert's review (1974). 

Where it is not possible to measure oxygen cons•mption 

approx~mate evaluations of the energy metabolism must be 

made using tables proposed Dy Spitzer and Hettinger {1966) 

or Fanger (1970). An example is provided by Table No 1, 

which gives energy expenditure values for certain standard 

types of activity. 

The values given in this table refer to energy metabolism. 
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When calculating the flow of heat produced in the body a 

correction must be made to take account of the energy expen

diture for different activity levels. Fanger (19?0) gives 

a table of energy ex?enditure for various tasks. These 

values can be used according to equation No s. 

3.2 Analysis of ambient heat stress 

In a given work environment the human body exchanges heat 

with that environment. Heat e~change may result in a net 

gain or net loss of heat for the body. We shall first de

fine the main physical parameters which set these heat ex

change values and then consider the various physical proces

ses of heat exchange involving the body. 

3.2.1 Physical parameters determining heat exchange between 

man and the environment. 

Heat exchange is a function of two types of parameter, viz. 

physical parameters relating to the temperature and humi

dity of the environment and physical parameters relating to 

the skin. 

3.2.1.1 Phys1cal parameters for the thermal env1-

ronment. 

To describe a thermal environment fully 4 physical 

parameters are necessary, viz. a1r temperature, 

radiant temperature, a1r velocity and humidity. 

3.2.1.1.1. Definition and measurement of dry bulb 

temperature 

Dry bulb temperature is the temperature measured with 
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a temperature sensor. The sensit1ve sect1on of the 

J_nstruF~ent .:u.; (:ry ,;lJ(~ s111e.l dcct tram the surJ'llUJidJ_ng 

surt3ces. These conditions are satisfactory when the 

sensor is placed within the axis of a tubular screen, 

to which it is connected only by very thin threads of 

very low thermal conductivity. Air is blown axially 

inside the screen at a speed of 3 mfs to give good con

vection exchange between the sensor and the atmosphere. 

Different types of sensors are available, viz. liquid 

expansion thermometers (using mercury, alcohol, etc.), 

solid expansion thermometers (bi-metal), resistance 

thermometers, thermocouples and thermistors. The ad

vantages and disadvanta~es of these different types of 

temperature sensors are discussed in an article by 

Metz (1967). In practice an accurate measurement can 

be using the dry bulb of an Assman type psychrometer. 

3.2.1.1.2 Definition and measurement of effective 

mean radiant temperature 

The effective mean radiant temperature is the virtual 

uniform temperature of the walls of a spherical enclo

sure with which the body exchanges an amount of radia

tive heat theoretically equal to the amount actually 

exchanged with the environment. The real environment 

is usually heterogeneous as regards the temperatures 

of its nearer and further surrounding surfaces. This 

measurement can thus only be taken with an instrument 

which sums together the radiant heat flows in all di

rections. 

To make this measurement a temperature sensor must be 

placed in a device which is either spherical or which 

corresponds to the shape of the human body. The main 
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feature must be a surface absorption coefficient equal 

to unity. The resulting temperature is a function of 

the radiation temperature of all the surrounding sur

faces, the dry bulb temperature and air speed. The 

average radiation temperature can be calculated by ma

king a correction for the dry air bulb temperature and 

the air speed. 

The instrument most commonly used is the black globe 

thermometer. The globe is made of a metal which is a 

good conductor, such as copper. The metal must be very 

thin (O.l-0.2mm), the bulb is 15 em in diameter and 

its external surface is painted matt black. Missenard 

(1959) recommends a cylinder 7 em in diameter and 20 em 

high as corresponding more closely to the shape of the 

human body. In both cases the mean radiant temperature 

is obtained from the following equation: 

Equation No 6 

Te 4 kc 
(Tg + 273) + ;- (Tg - Ta) 

I 
JVa - 273 

where Te =effective mean radiant temperature (°C); 

Tg black globe or black cylinder temperature 

(OC); 

kc convection coefficient of the globe or 

cylinder; 

s = universal radiation constant: 

5.75 • l0-8 (W/m2 • 0 14 ) 

Ta dry bulb temperature (°C); 

Va =air speed (mfs). 

The convection coefficient of the 15 em diameter globe 
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This method can only be used for radiations on wave

lengths totally absorbed by the human skin. If a pro

portion of the radiation is in the visible part of the 

spectrum it is partly reflected by the skin. This is 

not the case for the surface of the black globe. 

3.2.1.1~3 Definition and measurement of air velocity 

The air velocity to be considered is that of air flow

ing across the skin. Consequently it is a function of 

the actual air velocity in the immediate environment 

of the subject and also of any motion made by the body 

or limbs, since such movements can reduce or increase 

the effective air speed if the flow is along a straight 

axis. 

The influence of the movements made by the subject is 

difficult to estimate since they are not linear and 

often only concern one part of the body. Studies by 

Nishi (1973) and Candas (1974} show that pedalling a 

bicycle ergometer at 60 rfmin corresponds to an appa

rent increase in air speed of some 0~4-0.5 mfs. If 

the subject is walking, Nishi states that the linear 

walking speed should be added to the measured air 

speed. Consequently it seems reasonable to increase 

the measured air speed by o.s mfs if the subject is 

stationary while working with important motion of the 

upper limbs, and to add the figure for the linear mo

vement of the body to the measured air speed if ~he 

subject moves about considerably. Fanger (1970) gives 

the air speed increases which should be applied for a 

number of tasks. 
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Measurement of the effective air speed in the enclo

sure around the subject raises two kinds of problems, 

some of them due to the nature of the physical pheno

mena involved, i.e. turbulent or laminar flow patterns, 

and others to the principles applied in manufacturing 

the instruments. 
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PARTIAL WATER VAPOUR PRESSURE 
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Pig~re 1 Psychrometric chart. The thermal environment 

represented in this chart has the following 

characteristics: dry bulb temperature = 30°C, 

wet bulb temperature = 20°C, dew point tempera

ture • 15°C, relative humidity = 4~, partial 

water vapour pressure = 17 mbar or 12 Torr. 
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Since in industrial physiology the p~actical applica

tion of measuring air velocity lies in its influence 

on heat exchange, the most appropriate method 1s to 

value 1t as a function of the heat exchange which can 

occur between a solid and the ambient atmosphere. For 

this reason the hot wire anemometer appears to be the 

best instrument for measuring air speed in an indus

trial environment, particularly when the air flow is 

turbuLent and moving at less than 1 mja. Por laminar 

a1r flows at higher speeds the conventional propeller, 

vane or cup anemometers can be used. The advantages 

and the disadvantages of these different measuring 

instruments are discussed in an article by Metz (1967). 

3.2.1.1.4 Definition and measurement of atmospheric 

humidity 

The main properties of humid air are represented in 

the psychrometric chart in Figure 1. The importent 

quantity in thermal physiology is the partial pressure 

of water vapour expressed in Torr or mbar. No instru

ment exists for measuring this value directly. It is 

therefore always measured indirectly. 

Figure 1 shows that only the dew-point temperature 

relates directly to the partial water vapour pressure. 

The dew point hygrometer therefore appears to be the 

preferreC instrument for measuring atmospheric humi

dity. 

Two other methods for obtaining the partial water 

vapour pressure are available, but they both require 

two parameters to be determined simultaneously, either 

dry bulb temperature related to wet bulb temperature, 

or dry bulb temperature related to relative humidity •. 
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Wet bulb temperature is measured together with dry 

bulb temperature using an instrument called a~ychro

meter. The bulb of the wet thermometer is covered by 

a wick soaked with distilled water. An air speed ex

ceeding 3 mfs is obtained either manually, using a 

sling psychrometer, or by using an Assman psychrometer, 

which has a small fan. The Assman psychrometer may be 

regarded as the preferred instrument for industrial 

measurements since no ancillary instruments are requi

red and it is very robust~ 

Relative humidity is measured using a mechanical hygro

meter, the oldest form of which is certainly the hair 

hygrometer. This type of instrument must be maintained 

carefully and calibrated frequently if air humidity is 

to be measured accurately. 

3.2.1.2 Physical parameters for the skin 

Heat exchange between man and the environment is af

fected by three parameters concerning the skin, viz •. 

skin temperature, skin wettedness and the area over 

which heat exchange takes place. Skin temperature and 

wettedness are specific to each region of skin and can 

vary widely between the different areas of the body. 

In the interests of practicality we shall only consider 

weighted averages of these two values. Weightings are 

made for isothermic areas of body surfaces. 

3.2.1.2.1 Average skin temperature 

Skin temperature does not remain constant. It is a 

function of air temperature and the amount of energy 

expended. The average skin temperature lies between 
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33.5 and 34°C when the subject feels comfortable. As 

long as skin temperature does not exceed 35.5°C the 

work/environment combination is tolerable since a new 

and stable body temperature mechanism can come into 

play. Above this limit body temperatures rise conti

nuously since the situation does not allow the thermal 

balance of the body to be maintained. The relation

ship between average skin temperature and dry bulb 

temperature for a nude subject, according to Candas 

(19?4), is as follows: 

Bquation No ? 

Ts 2?.0 + 0.21 Ta 

where Ts =average skin temperature (°C); 

Ta =dry bulb temperature (°C). 

This empirical equation has been established for air 

temperatures between 10 and 30°C and energy expendi

tures between 290 and 580 w·. The expenditure of energy 

exerts a greater influence as the air temperature rises. 

At an air temperature of 10°C it is O.l°C higher at 

580 W than at 290 W, whereas at an air temperature of 

30°C the difference is l°C. 

When the average skin temperature reaches 35.5°C it 

remains at this level as long as the thermal balance 

can be maintained. In practice, i.e. at work, man is 

clothed and these relations cease to be valid. For 

this reason we must consider a skin temperature which 

approaches maximum comfort since man generally exhibits 

a thermoregulatory behaviour by means of his clothing. 

The average skin temperature thus achieved by choice 

of clothing is approximately 34°C. 
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3.~.1.2.~ Average skin wettedness 

There are two expressions in general use, viz. the 

equivalent fraction of skin wettedness and the relative 

humidity of the skin. If we take the saturation pres

sure of cutaneous water vapour P
8

, sH 20 , and the ac

tual pressure of cutaneous water vapour P H 
0

, the 
s, 2 

relationship between the two defines the relative skin 

wettedness. 

Bquation No 8 

A similar expression involving the intensity of heat 

exchange by evaporation between man and the ambient 

air gives a definition of the equivalent fraction of 

skin wettedness. We shall define this when we have 

described evaporative heat exchange~ 

3.2.1.2.3 Skin surface involved in heat exchange 

The skin surface area of the average person is approx-
2 imately 1.8 m , but heat exchange do not take place 

equally over the whole surface. On the other hand 

convective heat exchange (see 3.2.2.2) does involve 

prautically the whole body surface •. 

Therefore no correcting factor is required for a sub

ject seated or standing in a normal posture. This is 

also true in the case of evaporation exchanges when 
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the whole skin surface is wetted, since evaporation exchange 

can be assimilated to water vapour convection. 

On the other hand some radiative exchange (3.2.2.3} 

occurs by means of mutual radiation between two skin 

surfaces (e.g. legs, arms and trunk ••• ). Therefore 

not all the body surtace contributes to radiation ex

change with the environment. In general, for normal 

postures, both seated and standing, it is considered 

that radiation exchange with the working environment 

takes place over 80% of the body surface. 

3.2.2 Heat exchange between man and the environment 

Like any inert bodies, the human body exchanges heat 

with the environment in three ways, viz. conduction, 

convection and radiation. The ability to secrete sweat 

and thus wet the surface of the body provides a fourth 

way of heat exchange, viz. evaporation. 

3.2.2.1 Conduction 

Conduction is the transmission of heat between the body 

surface and solid objects in contact with it. For each 

unit of surface area this heat flow is a function of 

the thermal conductivity coefficient, of the thickness 

of the conductor and also of temperatures T1 and T2 of 

both faces of the conductor. 

Equation No 9 

p A•-------------
e 



where P 
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2 conductive heat transfer (W/m ); 

thermal conductivity coefficient 

(Wfm
2

.°C.cm); 

e =thickness of conductor (em). 

In industrial practice the conductive heat flow can 

usually be neglected, since body surface in contact 

with another solid are generally a small proportion 

of the total body surface (feet, buttocks or hands). 

In addition, when the temperature of these solid ob

jects is very different from skin temperature a layer 

of protective clothing giving good insulation is inter

posed between the two surfaces. This means that the 

amount of heat flow is kept very small. One can there

fore assimilate it quantitatively with the radiation 

and convection heat exchange which would take place if 

the surfaces in question were not in contact with 

solid objects. 

3.2.2 Convection 

Convection is the transfer of heat from the skin to 

the surrounding air or vice-versa. In quiet air and 

by unit of surface area this heat flow is proportional 

to a convection coefficient and to the difference bet

ween the air temperature and the average skin tempera-

ture. 

Bauation No 10 

C he (Ta - Ts) 

where C =convective heat transfer (W/m2 ); 

h =convection coefficient (W/m2 .°C); c 
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Ta =dry bulb temperature (°C); 

Ts =average skin temperature (°C). 

The convection coefficient depends on the geometrical 

form of the body and also on the speed at which the 

air flows across the skin. 

According to Missenard (1974), and in agreement with 

most of the other authors, equation No 11 or 1~ can 

be used to determine the convection coefficient for a 

nude subject, standing or seated, and subjected to a 

horizontal air flow. 

Bqustion No 11 

If Va ~ lm/s 

he. • 3.5 + 5.~ Va 

Bquation No 1~ 

If Vs > 1 mj's 

he • 8.7 Va 0 •6 

where he= convection coefficient (W/m~.°C); 
Va • air v~ity across the skin (mjs). 

3.2.~.3 Radiation 

Radiation is heat transmission through the immediate 

environment by electromagnetic waves, particularly in 

the infrared range. The body can emit or absorb heat 

in this form through the air, regardless of the air 

temperature. For a given unit of surface area this 

heat flow is proportional to the universal radiation 
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constant,the absorptance of the skin and the diffe

rence of the fourth power of absolute skin temperature 

and absolute effective mean radiant temperature of 

the enclosure. 

Equation No 13 

R • a. s. 

!I where R • radiative heat transfer (~/m ); 

a • 

8 ... 

skin absorptance ( 0~96); 

10
8 multiplied by the universal radiation 

constant (5.75. ~1m2 .oK4 ); 

Te • effective mean radiant temperature of the 

walls (OC); 

Ts average skin temperature (°C). 

The curve relating the radiative heat flow to the ra

diant temperature of the walls is parabolic, but it 

can be broken down into a series of straight lines 

running at gradually increasing angles to the horizon

tal. In this simplified form the following equation 

applies: 

Equation No 14 

R = hr (Te - Ts) 

where R, Te and Ts are as defined above; 

hr =linear radiation coefficient (Wpm
2 .°C). 

The coefficient hr must be varied according to the 

radiation temperature and average skin temperature a8 

in equation No 15 below. 
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hr 0.227 

28 

(
Te + Ts 

200 

where Te and Ts are as defined above. 

3 .. 2~-2 .4 Sweat evaporation 

Evaporation transmits latent heat and almost always 

co~stitutes a heat loss for the body. The evaporation 

of 1 g of water from the organism absorbs 0.6 kcal. 

In man evaporation takes place in the respiratory tract 

and from the skih. The water and heat losses in the 

respiratory tract are approximately 8 watts at rest. 

These can increase substantially during vigorous phy

sical exercice. According to Fanger (1970): 

Bquation No 16 

Ep = 0.0023 M (58 - P~. 0 ) 
2 

where Bp =pulmonary evaporation (W}; 

M = energy metabolism {W); 

PaH 0 = partial pressure of water vapour in the 
2 air (mbar). 

Evaporation from the skin removes the water secreted 

by the sweat glands or water which diffuses through 

the outer skin layers. In the latter case the process 

is termed insensible perspiration, which constitutes 

an unavoidable heat loss of approximately 8 watts. 

Sweat can only be evaporated if previously secreted by 
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the sweat glands. It is proportional to an evaporation 

coefficient and to the difference between the partial 

pressures of ambient water vapour and cutaneous water 

vapour. 

Equation No 1? 

B he (PsH O - P~ 0 ) 
2 2 

where B =evaporative heat transfer (Wjm2
); 

he evaporation coefficient (W/m2 .mb.ar); 

partial skin water vapour pressure {mbar); 

PaH 0 = partial ambient water vapour pressure 
2 (mbar). 

The coefficient he is directly related to the convec

tion coefficient he as defined above. This physical 

relation, known as the Lewis's rule (1922), is as 

follows: 

Equation No 18 

where he 

he 

he = 1 •. 6? he 

evaporation coefficient (W/m2 ~mbar); 

convection coefficient (Wjm2 .oc). 

When the skin temperature is known, the corresponding 

saturating pressure of cutaneous wmter vapour can be 

determined. To estimate the actual pressure of cuta

neous water vapour it is necessary, in vieW' of equation 

No 8, to know the relative humidity of the skin. This 

value is generally not known. Thus it is impossible 

to calculate the effective evaporative heat floK. On 
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the other hand it is possible to calculate a maximal 

evaporative heat flo~, in the hypothesis of a totalLy 

wetted skin surface ( = 1.0) and of a maximal tolera

ble skin temperature of 35.5°C, i.e. a saturating pres

sure of cutaneous water vapour of 58 mbar. 

Equation No 19 

Bmax s 1.67 he (58 - PaH 0 ) 
2 

where Bmax =maximal possible evaporation (Wjm2 ); 

he • convection coefficient (Wjm2 .oc); 

PaH 0 =ambient ~ater vapour pressure (mbar). 
2 

For this maximal evaporation to take place, the total 

skin surface must be wetted. The percentage of body 

wettedness can then be estimated in terms of the equi

valent fraction of skin wettedness on the basis of 

the amount of evaporation required to maintain constant 

temperature. 

Bquation No :;ao 

Br = M - W ~ C ! R 

where Br ==evaporation required (Wjm2 ); 

M =energy metabolism (Wjm2 ); 

2 W = external work performed (W/m ); 

C = convective heat transfer (Wj'm2 ); 

R • radiative heat transfer (Wjm2 ). 

The body tries to effect this evaporation (Br), since 

it is required to maintaining its central temperature 

constant. When the body succeda in carrying out eva-
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poration Br the thermal balance reaches an equil~br~um. 

When Br ~ Bmax it is obvious that the whole skin area 

w~ll be wetted, since the body will increase maximally 

its sweat secretion to increase the evaporative heat 

loss. The evaporation rate actually observed will then 

approach maximal possible evaporation. 

When Br < Bmax it is equalLy obvious that the amount of 

evaporation actualLy observed may be equal to the 

amount required. However, to achieve this evaporation 

it will not be necessary for all the skin surface to 

be wetted, but only the fraction w corresponding to the 

ratio BrfBmax: 

Bquation No 21 

w Br/Bntax 

where w =equivalent fraction of skin wettedness (%); 
Br =evaporation required (W/m

2
); 

Bmax = ma::x:.imal possible evaporation (W/m2 ). 

Factor ~ represents an equivalent fraction of skin 

wettedness. The whole process operates as if the frac

tion w of the skin surface were entirely wetted and the 

evaporative heat flow were localized there, whereas the 

non-wetted fraction (1-w) which were supposed to remain 

dry would not transmit any evaporative heat. 

3.2.3 Influence of clothing on heat exchange 

Clothing constitutes a barrier between the skin sur

face and the environment. This barrier impedes con

ve~tion and radiation heat exchange as well as evapo-
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ration heat exchange. When a man is clothed, he 

creates a microclimate for himself around his skin 

surface. This microclimate has an air temperature, 

Tae' the thermal insulation afforded by the clothing 

and the amount of body heat generated. It has also 

a partial water vapour pressure, fai, which is a func

tion of the external water vapour pressure, fae' the 

vapour permeability of the clothing and the water 

vapour generated by the body. The air speed in the 

microclimate is usually the result of the natural 

ventilation afforded by the clothing. The characte

ristic radiant temperature of the microclimate is 

that of the internal surface of the clothing Tei 

{which is a function of the air temperature Tae, the 

external radiant temperature Tee' the thermal insu

lation afforded by the clothing and the body heat 

generated). 

The influence of the clothing on heat exchange is 

consequently very complex. The problem can be sim

plified using a number of approximations. 

3~2.3.1 Variation of sensible heat exchange 

In view of equations Nos 10 and 14 the convection 

and radiation heat exchange taking place in a given 

environment between man and his environment can be 

ex~ressed as follows: 

Equation No ~2 

R + C = he (Ta - Ts) + hr (Te - Ts) 

Furthermore a virtual environment can be defined, 
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with equal temperatures for air and walls, in which 

the sum of convective and radiative heat exchange is 

equal to that imposed by the real environment. If we 

call the air or wall temperature of this virtual envi

ronment the 'operative temperature' we have the fol• 

lowing equation: 

Equation No 23 

R + C = he (To - Ts) + hr (To - fs) 

where To= operative temperature (°C). 

From equations Nos 2~ and 23, operative temperature is 

defined: 

Equation No ~4 

To Ta + hr (Te - Ta) 

he + hr 

Applying the concept of operative temperature, the 

sensible heat exchange may be expressed as follows: 

Equation No 25 

C + R (he + hr} (To - fs) 

When the subJeCt is clothed this sens1ble heat exchange 

will be reduced in varying proportions depending on 

the thermal insulation a .. fforded by the clothing. Equa

tion No 25 can be used to define the ambient air insu

lation, as follows: 

Equation No 26 

1 
I a = he + hr 

(Tc - fu 
(C + R) 
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where Ia = air insulation (°C/W.m2 }. 

Where appropriate, insulation provided by the clothing 

(Ic
1

) should be added to the air insulation factor to 

give the following: 

Equation No 28 

1 

he + hr 
+ Icl = (To - Ts) 

(C + R)cl 

where (C+R)cl = sensible heat exchange for a clothed 

subject (W/m
2
). 

Equation No 28 may also be written as follows: 

Equation No 29 



35 

Clothing I cl 
clo 

Nude 0 

Shorts 0.1 

Typical tropical clothing 0.3 - 0.4 

Light summer clothing o.s 

Workman's overalxs 0.6 

Top clothing 0 •. 9 

Conventional city wear 1.0 

Table No 2: Thermal insulation expressed in clo units 

afforded by different types of clothing. 
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Equations Nos 25 and 29 give the following equation: 

Equation No 30 

(C + R)cl (C + R) 
1 

(he + Hr) Icl 

Consequently the reduction coefficient for sensible 

exchange fcl is as follows: 

Equation No 31 

1 

f 1 = 
c 1 + (he + hr) Icl 

The insulation afforded by clothing is expressed in 

°C/W.m2 • The clo is a practical unit representing the 

thermal insulation of 0.155 °CfW.m2 afforded by a set 

of clothes (Gagge et al 1954). From a practical point 

of view it corresponds to the thermal insulation affor

ded by standard city wear (shirt, waistcoat, jacket, 

trousers and shoes). 

Table No 2 gives the value in clo units for a number 

of types of clothing. Using Table 2 we can therefore 

determine the coefficient fcl" 

Bquation No 32 

f 1 = 
c 1 + 0.155 (he + hr) clo 

1 

where clo number of clo units of thermal insulation. 

Obviously this method does not take account of certain spe

cific properties of certain fabrics or clothes particularly 
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with regard to their ability to reflect heat. These 

figures assume that the behaviour of the clothing in 

relation to convection and radiation is the same, which 

is not always the case. Nevertheless this simplified 

method is very useful since it does enable the influ

ence of clothing on convective and radiative heat ex

change to be estimated fairly closely. 

3.~.3.2 Variation of latent heat exchange 

By analogy with sensible heat exchange we can define 

a reduction coefficient for clothing, to be applied to 

evaporative heat exchange. 

Equation No 19 enabled us to determine a maximal pos

sible evaporation for a nude subject. The maximal 

evaporative flow is reduced when the subject is clothed. 

Equation l'lo 33 

B = f B max, cl p,c~. max 

where Emax,cl = maximal possible evaporation- subject 

clothed (W"/m
2

); 

E max: 

f p,cl 

maximal possible evaporation - nude 

subject (W/m
2

); 

evaporation reduction coefficient. 

It has been demonstrated that the permeability to water 

vapour of cotton garments is dir~ctly proportional to 

the thermal insulation afforded by the fabric (Nishi 

et al. 1970). By analogy with the equations for con

vective and radiative exchange the following relations 
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can be demonstrated: 

Bquation No 34 

f p,cl 
1 

1 + 0.086•he"clo 

or again by virtue of Bquation No 18: 

Bquation No 35 

f = p,cl 
1 

1 + 0~143•hc•clo 

where he= convection coefficient (W/m2 .°C}; 

c1o = number of clo units for the clothing. 

The last equation only applies to cotton clothes. It 

produces a good estimate of the maximal evaporative 

heat exchange for a subject wearing this type of clo

thing. 
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4. ASSBSSMBNT OF PHYSIOLOGICAL STRAINS 

A number of changes take place in the metabolic mechanism 

when man is subjected to heat stress. To maintain thermal 

equilibrium a number of physiological mechanisms must be 

brought into play. Unless the stress is excessive, these 

physiological mechanisms will mainta1n body temperatures 

within limits compatible with health and normal functioning 

of the central nervous system. 

As a whole, heat transfer satisfy a dual physical identity: 

Bquation No 36 

where 

Hp = T.I.C. = T.B.C. 

Hp heat production (W/m2 ); 

T.I.G. =internal heat transfer (W/m2 ); 

T.B.C. external heat transfer (Wfm
2
). 

The conditions for this duaL identity must be met in order 

to give thermal equilibrium. 

The total quantity of heat produced is equal to the energy 

metabolism from which must be substracted that portion of 

energy which 1s converted into mechanical energy transmitted 

outside the body (see equation No 4). 

Internal heat transfer is mainly through the blood, which 

carries the heat from the point at which it is generated 

(the v~scera and muscles) to the point of elimination, i.e. 

the skin. 

The processes of heat transfer were analysed 1n the chapter 
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on heat stress. The most important heat exchange process 

which the body controls is sweat evaporation. 

Three main physiological strains must therefore be nnalyzed, 

v~z. thermostat1c strain, sweat~ng strain and circulatory 

stra~n. Circulatory strain occurs because there must be 

adequate blow flows for transferring heat within the body. 

Sweating strain is caused by the requirements of the exter

nal heat transfer system, in which the contributior. of 

sweat evaporation is in direct proportion to the level of 

heat stress. Lastly thermostatic strain results from the 

necessity of body temperature changes for actuating the 

sweating and circulatory mechanisms, which constitute the 

two previous forms of strain. 

4.1 Sweat strain 

The most effective physiological mechanism for adjus

ting external heat transfer in a warm environment is 

sweat evaporation. The skin surface contains a large 

number of sweat glands. Their main function is to 

secrete an aqueous liquid containing mineral salts and 

several other constituents of the body fluids. Sweat 

evaporation carries away approximately 0.6 kcal per 

gramme of water evaporated. 

The physical phenomenon of evaporation is analyzed 

above in Para. 3.2.2.4. The effect of sweat secretion 

is to wet entirely a certain proportion of the skin's 

surface, thus producing an adequate evaporative heat 

loss. The term w in equation No 21 represents the 

equivalent fraction of skin wettedness. 

Because of the distances between the orifices of the 

sweat glands on the skin surface and the asynchronism 

of the activity of the different sweat glands, equi-
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valent fraction of skin wettedness of approxim~tely 

0.5, may be the sum 6f a large number of fully wetted 

surfaces separated by surfaces which have remained 

dry. 

In fact it is observed that some skin areas become 

totally wetted while other areas are only partly. To 

give a simplified example, a w of 50% may be made up 

of 20% totally wetted skin, 60% skin wetted to 50% of 

its max~mal capacity and 20% completely dry skin. At 

this point, if the evaporative heat flow is to increase 

it is apparent that the increased sweat output which 

occurs can wet the dry areas, increase the wettedness 

of the partially wetted areas and produce in the com

pletely wetted areas more sweat than can be evaporated, 

with the result that the excess sweat drips from the 

skin surface and therefore does not contribute to its 

evaporative cooling. These phenomena are actually 

observed. We must therefore define the evaporative 

efficiency of thermal sweating as follows: 

Bquation No 37 

i 

where i = evaporative efficiency of thermal sweating; 

B = rate of evaporative water loss {g/h); 

S rate of sweat loss (g/h). 

Consequently it is apparent that under certain condi

tions sweat loss must exceed evaporative loss simply 

to adjust the equivalent fraction of akin w.ettedness 

to the value required to produce qdequate evaporation. 

In equation No 37, B corresponds to the external heat 
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transfer by evaporation but is not the amount directly 

controlled by the organism. In fact the organism re

gulates the sweat rate which, depending on the ambient 

temperature and humidity conditions and the average 

skin temperature, will produce a given evaporative 

heat loss. The maximal sw.eat rate may reach 1200 gfh 

for a period of several hours. Under certain particu

larly dry conditions the figure for evaporative heat 

loss, e~pressed as the mass of water evaporated, can 

be equally high. 

The maximal sweat loss and the ability to maintain it 

over several hours depends on the degree of acclima

tization and the amount of water and minerals availa

ble in the organism. Acclimatization increases sweat

ing in two ways, by accelerating its onset on initial 

exposure and by increasing the maximal loss during 

exposure. Prolonged and intense sweating causes water 

and mineral depletion in the body. Dehydration can be 

very severe and water must be replaced during exposure 

in order to maintain the correct amount. Salt deple

tion can be very severe in non-acclimatized subJects, 

but is practically non-existent in an acclimatized 

subject, since losses are adequately replaced by in

gestion. The problems regarding the type and extent 

of these depletions, and also their prevention and 

treatment, are considered in Chapter 9, which deale 

with protection against heat stress. 

4.2 Circulatory strain 

The only mechanism for adjusting the internal heat 

transfer plays on the blood flow between the sites 

where heat is produced and these where it is lost out

side the body. To simplify matters we can regard 
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metabolic heat as being entirely produced within the 

body and being lost entirely through the skin surface. 

G1ven the average thickness of the epidermis, the mi

n1mal tissue heat conductance is very low, viz. 5.3 

Wjm
2 .oc. Internal heat transfer takes place partly by 

means of th1s tissue conductance, but mainly through 

the cutaneous blood flow. 

When the subject is at rest and in a thermally neutral 

environment this cutaneous blood flow is equivalent to 

a conductance of 7.3 Wfm2 .oc. Allowing for the speci

fic heat of blood this conductance can be compared to 

that of a blood flow equal to 6.3 l/m2 .h leaving the 

deep-body region at the temperature of that region and 

returning at sk1n temperature. At rest total conduc

tance is therefore equal to 12.6 Wfm2 .•c.. It can remo

ve 50 Wjm2 of metabolic heat when the temperature dif

ference between the deep-body region and the skin is 

4°C. 

Vasomotricity enables the organism to regulate cuta

neous blood flow within very wide limits. Under ex

treme conditions vasodilatation can p-roduce a blood 

flow to the skin of 300 ljm2 .h. A flow of this magni

tude equals a tissue conductance of 350 Wjm2 .°C. This 

level of conductance would allow total evacuation of 
2 a basal metabolism of 50 W/m at a difference of O.l5°C 

between deep-body and skin temperature. At the other 

extreme intense vasoconstriction can reduce cutaneous 

blood flow to almost nil. Even if there is no blood 

flow a minimal conductance of 5.3 Wfm2 .°C persists, 

which corresponds to the tissue conductance. The fluc

tuation margin is therefore much narrower for cold 

conditions than for hot. 

Since the main function of the blood flow is to carry 
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the respiratory gases it is easy to imagine situations 

where the two functions conflict. The oxygen transfer 

function and the heat transfer function must be carried 

out at the same time. If we consider for example the 

work performed by the lower limbs, it is easy to ima

gine that the same blood flow can perform both functions. 

It is true that the blood supplied by the femoral ar

teries can first of all supply the active muscle masses 

and then, through an offshoot of veins to the network 

of superficial veins, act locally as an efficient car

rier of heat towar~s the skin. Consequently this 

blood flow carries out the oxygen transfer function and 

a heat transfer function simultaneously, and the skin 

covering the lower limbs plays an active part in heat 

exchange with the surrounding air. 

However, when ambient conditions are very severe it is 

essential for a progressively larger fraction of the 

skin area to play an active part in the external trans

fer of heat. Consequently the blood flow must carry 

heat to skin areas which are not adjacent to active 

muscle masses. Naturally this fraction of the blood 

wdll only perform a heat transfer function, and will 

necessitate a further increase in cardiac output, but 

with no change as regards oxygen consumption. 

Vogt (1966, 1968), Vogt et al. (1971) have demonstra

ted that it is possible to partition these two compo

nents of cardiac output. Taking the heart rate as an 

indicator of cardiac output, the number of additional 

heart beats obtained by deducting the heart rate mea

sured on the subject sitting at rest from his total 

heart rate, can be subdivided into "metabolic extra 

heart beats", which act mainly as oxygen carriers while 

performing a local heat transfer function for the skin 

areas adjacent to the active muscles, and "thermal 
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e~tra heart beats", which perform an exclusively heat 

transfer function in the skin areas which are not ad

jacent to the active muscles. 

The practical interest of this partition is obvious. 

The heart rate, which can easily be recorded in an 

industrial situation, can thus provide an estimate of 

the work stress and also of the heat stress. A method 

of evaluating these two stresses in an industrial si

tuation has been developed with financial help from 

the BGSC. The method (Vogt et al. 1970, 1972) has 

since been validated and used for practical purposes 

in the iron and steel industry and 0ther industrial 

branches. 

4~3 Thermostatic strain 

By thermostatic strain we mean the variations in body 

temperature which result from heat stress with or 

without muscular work stress. Two aspects should be 

analyzed, their cause and their functional signifi

cance. 

Variations in body temperature are caused exclusively 

by temporary thermal imbalances. In fact temporary 

imbalances are mainly caused by the necessity of at

taining the off-set levels required by the physiolo

gical thermoregulatory system. These are attained at 

the end of a certain time lapse which depends on the 

time constants of the different parts of the body and 

the transfer functions of the regulating mechanisms, 

which temselves have latency and a time constant (and 

perhaps also a threshold). 

Thermostatic strain must thus be interpreted in terms 
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of off-set levels (load error). When body tempera

tures are at their basal levels, the external and in

ternal heat transfers are close to their basal levels. 

No sweating takes place and the normal cutaneous blood 

flow is 6 l/m2 .h. When the heat transfers become in

sufficient a change in body temperature is observed. 

In turn their off-set levels determine adequate read

justments of the internal and external heat transfers 

which are more or less proportional to them. We may 

therefore write the following equation (Nadel et al. 

19?4; Libert ~tal. 1914): 

Equation No 38 

S = a.(Tre- 36.9)+ b (Ts- 34.0) 

where Sa sweat rate (g/h); 

Tre =rectal temperature (°C); 

Ts = average skin temperature (°C); 

{Tre - 3b.9)=rectal temperature off-set; 

(Ts - 34.0) = average skin temperature off-set. 

In order to predict sweat loss accurately on the basis 

of body temperatures, it is often necessary to ascer

tain their derivative action (rate of change in func

tion of time). Furthermore sweat loss is determined 

by the temperatures o~ all the skin and deep-body 

sites, not solely by rectal and average skin tempera

ture. 

Integration of all the regulatory off-sets takes place 

in the hypothalamus, where nervous impulses are emit

ted at a rate which is a function of the regulatory 

off-sets detected. The impulses from the hypothalamus 

determine local sweat rates or vasomotor reactions 
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which in turn can be modulated as a function of the 

local temperature {Nadel et al. 1974) of the sweat 

glands or blood vessels. 

For as long as readjustments are possible, provided 

the regulatory mechanisms governing external and inter

nal heat transfer are not overloaded, body temperatures 

keep at a new, stable level which can be maintained for 

a very long period. The absence of a new stable pat

tern indicates that readjustment is impossible and 

means that exposure to the particular climate must be 

interrupted. In that case ~e£ula~o~y_t~e~m£S!a~i~ 

~t~a!n is replaced by ~u~u!a!i~e_t~e~m£s~a!i~ ~t~a!n~ 
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5. PSYCHOSBNSORlMOTO~ STRAINS 

Psychosensorimotor strains are a direct consequence of phy

siological strains in so far as physiological strains im

pair the functioning of the sense organs, nervous centres 

and the muscles. Grivel (1972) has carried out a very com

prehensive bibliographical analysis of these strains and 

has also contributed some personal results which are des-

cribed in detail in an ECSC synoptic review. In 

simple terms Grivel distinguishes on the one hand psycho

sensorimotor strains directly caused by heat, by which he 

means those caused by the reactions which influence thermo

regulation, and on the other hand psychosensorimotor strains 

indirectly caused by heat, by which he means those caused 

by reactions which are not by nature thermoregulatory, but 

which are a non-specific direct consequence of heat stress. 

Of the psychosensorimotor reactions directly caused by heat 

the most important is thermoregulatory behaviour. There are 

several facets to this, such as activity, clothing, posture, 

diet, ventilation, movement etc. It is a known fact that 

these all have a direct effect either on heat stress or 

physiological strains. This feed-back is very important 

and its effects are rather artificially dissociated from 

those of the physiological thermoregulatory loop. 

It is mainly because of such thermoregulatory behaviours 

that caution is necessary when extrapolating laboratory 

results to industrial situations. In thermophysiological 

experiments in the laboratory very strictly controlled con

ditions are laid down which exclude any scope for behavi

oural reaction. Likewise it is thermoregulatory behaviour 

which makes it difficult to define certain physiological 

regulatory mechanisms precisely. 

Among the pyschosensorimotor reactions indirectly caused by 
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heat, perceptual and performance activities must be distin

guished. Perceptual activities, such as perception of time, 

vision and hearing, are influenced by heat stress. These 

effects can be interpreted mainly in terms of nervous sys

tem activation (aromal) due to heat stress. 

The performance activities which involve muscular force 

(industrial work) are always adversely affected by heat 

stress. This deterioration, which is apparent at effective 

temperatures as low as 28°C (see chapter 6) results from 

the competition between the oxygen transfer and heat trans

fer functions of the blood flow. For a given circulatory 

strain, the capacity to carry oxygen is reduced as the need 

to carry heat rises. 

Variations in performance activities not requiring muscular 

force (watching, memorizing, intellectual activities, deci

sion-making etc.) under the effect of heat stress are much 

more complex. The speed indicators (reaction times, rythm 

of activity) evolve in two phases. On initial exposure, 

performance rate often improves. This improvement persists 

for 20 - 40 minutes depending on the intensity of the heat 

stress and suDsequently givea way to a deterioration. The 

turning-point generally comes at a deep Dody temperature of 

38°C. Th1s critical temperature is affected by other envi

ronmental factors such as noise, dazzling, lack of sleep, 

work, etc. 

Indicators of accuracy (errors and omissions) are always 

immediately deteriorated by heat stress. A similar dete

rioration is observed for all adverse physical factors in 

the environment. 

The variations which have been observed in speed 1ndicators 

and accuracy 1ndicators become more sensitive to heat stress 

as the task becomes more complex. Modern trends are making 

supervisory tasks more and more complex. It can be conclu-
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ded from this that it is becoming 1ncreasingly essential to 

provide ambient temperature and humidity levels which are 

conduc1ve to the pertormance of these tasks. 
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6. OVERALL ASSESSMENT OF ENVIRONMtiNTS - PERMITTED MAXIMUM 

TEMPERATURES 

An analysis of heat stress and of physiological strains 

shows clearly the complexity of the problem of working in a 

hot environment. Since the beginning of the century nume

rous authors have tried to establish a compound index which 

would express a climatic condition as a single figure and so 

enable it to be compared to other conditions. If such an 

index could be devised and validated it would also provide 

a simple means of formulating maximum admissible limits or 

a system of legally binding standards. 

A great number of indexes have been proposed. Since we can• 

not review them all we shall confine ourselves to discussing 

those for which limit values have been proposed. First of 

all we must define the concept of a single figure 'index', 

or more generally that of the overall estimation of a heat 

environment. 

One type of overall estimate can ma4e on the basis of single 

figure indexes derived directly from a combination of physi

cal measurements which does not take explicit account of the 

physiological or psychological effects. This artificial com

bination is supposed to take account of the overall severity 

of conditions. This is so in the case of the wet bulb globe 

temperature, whi~h is the only indicator in this category 

which we shall consider. 

An alternative kind of overall estimate can be made on the 

basis of indexes which have been obtained from a combination 

of physical measurements on the basis of observed physiolo

gical or psychological effects. These sealings take account 

of the severity of a combination of hot conditions judged on 
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the basis of the physiological or psychological criterion 

used in drawing up the index. This is so in the case of the 

corrected effective temperature (the criterion used being 

the instantaneous impressions of subjects moving back and 

forth from one conditioned room to another); as well as in 

the case of the required sweat rate and of the predicted 

four hour sweat rate (the criterion used being observed 

sweat rates). 

A third type of overall estimate can be made on the basis 

of the physiological indicators themselves, these being re

corded during exposure. This applies to the continuous or 

intermittent recording of the heart rate and/or the internal 

temperature (oral, axillary or rectal) and for the intermit

tent recording of sweat loss (by a series of w.eighings) • 

Separate consideration should be given to the simulation on 

a digital or analog computer of the probable evolution pat

tern of the main physiological p~rameters. These are simu

lation models which enable the maximum permitted exposure 

period to be determined with a minimum of error. 

Of course the upper tolerant limits are based on the physio

logical strains to which subjects are exposed. The limiting 

parameters are physiological. The determination of maximum 

stress limits consequently implies knowledge of the link 

between strain and stress. All the physiological strains 

are interconnected. Priority must be given to limiting in

ternal thermostatic strain. It is imperative not to exceed 

certain deep body temperature levels for fear of serious 

accident due to hyperthermia. The l1mits expressed in sin

gle figure stress indexes which we review below are based on 

experiments during which thermostatic strains were recorded 

continuously. 

In order to be practical in the analysis given below we 

shall d1stinguish between single figure indexes requiring 
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physical measurements and those involving physiological in

dicators. 

6.1 Single figure index~s based on the measurement of 

several physical environmental values 

The overall sever1ty of a set of climatic conditions can be 

evaluated on the oasis of certain hypotheses by using an 

appropriate combination of environmental parameters. One 

problem which arises immediately is that of whether the me

tabolic, mmperature or hum1dity conditions are homogeneous 

or heterogeneous. Where working conditions remain constant 

over long periods of time it is convenient to use single 

figure indexes. When, on the other hand, working conditions 

are not constant as regards either time or place, the use of 

these indexes becomes problematic, since an average estimate 

of the work and heat exposure conditions has to be made 

beforehand. 

6.1.1 Homogeneous heat and humidity conditions 

When the heat, humidity and metabolic conditions are 

stable, or can be considered as a stable average condi

tion over a period of time, one of the four single 

figure indexes mentioned in the introduction to this 

chapter can be used. 

6.l.l.L Wet bulb globe temperature 

This equivalence index was described in 1957 by Yaglou 

and Minard under the title of Wet Bulb Globe Tempera

ture, better known under the abbreviation WBGT~ It is 



54 

calculated on the basis of three environmental parame

ters, viz. dry bulb temperature, (Ta), black globe tem

perature (Tg) and natural wet bulb temperature (Thn). 

This latter value is obtained by using a thermometer 

with the bulb kept wet by means of a wick of wetted 

gauze ~h!c~ !s_n£t_a~t!f!c!a!lX ye~t!l~t~d~ Thus this 

parameter takes account of the partial pressure of water 

vapour in the air and also of the natural air velocity. 

Equation No 39 

Indoors or outdoors under cover: 

WBGT 0.? Th + 0.3 Tg ,n 

Equation No 40 

Outdoors, exposed to the sun: 

WBGT 0.? Th,n + 0.2 Tg + O~l Ta 

where Th , Tg and Ta are as defined above in the text. ,n 

For a semi-nude subject, and taking account of the air 

velocity (Va), it is recommended that the following 

values should not be exceeded for a continuous working 

period of 8 hours with a ten-minute rest period per 

hour of work (Musacchio, 19?4) 



Work 

Light 

M < 200 w· 

Moderate 

200 W < M < 300 W 

Heavy 

M < 300 W 
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Va < 1.5 mfs 

WBGT max. 

30 °C 

26 °C 

Va > l •. s mf s 

WBGT max. 

32.5 °C 

30.5 °C 
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Figure 2 Corrected effective temperature scale. In the 

e~Bmple illustrated in this figure black globe 

temperature = 32 °C, wet bulb temperature = 19 C, 

air velocity = 1 m/s. These conditions produce 

an effective temperature of 22 C. 
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6.1.1.2 Corrected effective temperature 

The effective temperature scale is the oldest of the 

equivalence scales described. It was established in 

1927 by Yaglou. According to this system two environ

ments which differ in their various physical properties 

are regarded as equivalent if a person passing directly 

from one to the other does not perceive any thermal 

change. The original scale has been modified several 

times to take account of radiation, clothing and meta

boli&m. 

Figure 2 represents the corrected effective temperature 

(C.B.T.) scale which applies to men when semi-nude. 

This seale takes account of thermal radiation since it 

is recommended to use the black globe temperature ra

ther than dry bulb temperature if there is a large dis

crepancy between these two values. 

The maximum C.B.T. values permissible for an 8 hour 

working period per day are given below as a function 

of the metabolic level (WHO report 1969) 

Metabolisms 

2 .. 6 kc.al/kg.h 

4.3 

C.B.T. 

non-acclimatized 
subject 

30 °C 

28 °C 

26.5 °C 

C.B.T. 

acclimatized 
subject 

32 °C 

30 °C 

28 .s °C 



6.1.1.3 Required sweat rate 

Re have already defined the evaporation rate required. 

to maintain the heat balance. Equation Number 20 gave 

us this definition: 

Equation No 20 

where Br 

M 

c 

R 

Br M - R ! C ! R 

evaporation required (R/~2 ); 

energy metabolism (Rfm2 ); 

2 
=external work performed (R/m ); 

=convective heat transfer (R/m2 ); 

m radiative heat transfer (R/m2 ). 
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Figure 3 Principle for calculating required sweat rate and 

the amximum period of exposure to a hot environ

ment. The symbols are explained in the annex. 

(D.L.B. =maximum period of exposure). 
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In order to achieve this rate of evaporation t~o con

ditions must be met simultaneously. The organism must 

reach a sufficiently high degree of skin wettedness 

for the required rate of evaporation to take place and 

it must be physiologically capable of the corresponding 

sweat rate. 

The first condition implies that the required evapora

tion rate should not exceed the maximal evaporation 

rate permitted by the environment. If this condition 

is satisfied it should be seen whether the required 

sweat rate does not exceed the amount which is physio

logically possible. Determination of required sweat 

rate implies a knowledge of the evaporative efficiency 

of thermal sw·eating as defined in equation No 37. A 

study made by Givoni (1963) gives a method of determi

ning the evaporative sweat efficiency taking account 

of the relation between the required evaporation rate 

and the maximal permitted evaporation rate, i.e. in 

accordance with equation No ~1 taking account of the 

equivalent fraction of skin wettedness {W). According 

to Givoni, the relation between the evaporative yield 

of thermal sweating (i) and the equivalent fraction of 

skin wettedness (w) is as follows: 

Bquation ~o 41 

i. 
-2WI 

l.Se 

w.here e is the base of natural logarithms. 

Once the evaporative efficiency of thermal sweating 

has been determined it is possible, when knowing the 

required evaporation rate, to calculate the rate of 

sweating necessary to achieve this evaporation. 



Equation No 42 

Sr Br 
i 
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where Sr = required sweat rate (Wjm2 ); 

Br required evaporation rate 2 (W/m ) ; 

i = evaporative efficiency of thermal sweating. 

Figure 3 gives the basic diagram for calculating the 

Required Sweat Rate. Values exceeding 0.7 1/h for a 

non-acclimatized subject and 1 1/h for an acclim~~ized 

subject must be regarded as intolerable in the long 

term. A series of nomograms drawn by Vogt and Metz 

(1967) provide a quick method of determining the 

Required Sweat Rate for an individual in light work 

clothes. 



Figure 4 
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PIO. 11.-The Predicted Four-hour S-.t Ra1e index (P.j.SR). 
(From: 1'/r.1sWIDptJ /luJ»ttus w Hoi~. ed. R. K. Macphcnon, Sp.Wl 

IUJ-1 s.riu No. ~g8. H.M S.O., 1g6o.) 

N.B. 100 ftfmin o·s mfs. 
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6.1.4 Predicted four hour sweat rate 

This scale was proposed in 1947 by McArdle et al. and 

is abbreviated to P4 SR. 

This diagram was constructed empirically on the basis 

of the results of a very long series of observations 

of sweat loss in men wearing just shorts or a boiler 

suit. Tests were carried out at different energy ex

penditure rates. All the subjects were acclimatized. 

Figure 4 shows the method of using this index, which 

is used to predict the amount of sweat which will be 

secreted during a four-hour exposure period. Metabo

lism is taken into account indirectly, in so far as it 

has been assimilated to an equivalent increase in wet 

bulb temperature (see left upper section of figure 4). 

The value obtained from the basic nomogram (B4SR) has 

to be further corrected to take account of the activi

ty and clothing of the subject, for getting P4SR values, 

as follows: 

Conditions 

Subject in shorts 

seated at rest 

Subject in shorts 

working 

Subject in outer clothes 

seated at rest 

Subject in outer clothing 

working 

where M is in kcal/h•m2 • 

Corrections 

B4 SR + 0.014 
(M - 54) 

B4 SR + 0.25 + 

0.02 (M-54) 
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P4SR values exceeding 4.5 litre must be avoided since 

at this level there is a sharp increase in the number 

of men who find these conditions intolerable, even 

though they are acclimatized. 

The four single figure indexes which we have just exa

mined have the advantage o~ being easy to use~ Unfor

tunately it is never possible to make an exact correc

tion for the clothing worn by the subject. Furthermore, 

if the value recorded ex«~eds the maximum permitted 

limits it is not possible to determine a maximum period 

beyond which there is a risk of organic damage. Lastly, 

since exposure and/or work are not constant, the use 

of these indexes is very problematic. It would require 

a model to simulate the different physical and physio

logical phenomena involved to predict results with 

sufficient accuracy in the case of a fluctuating acti

vity level and intermittent exposure to heat stress. 

6.1.2 Heterogeneous heat and humidity conditions 

Heat and humidity conditions are most often heteroge

neous in the industrial situation~ Energy metabolism 

and ambient conditio~s vary as a function of time. In 

addition to this variation of physical conditions with 

time the subjects move about, and in so doing are often 

exposed to widely differing heat and humid~ty condi

tions. 

Experimental conditions in the laboratory are in stark 

contrast to industrial reality. Laboratory condi

tions are usually uniform as regards time, since there 

are great practical difficulties in producing and par

ticularly in controlling heterogeneous heat and humi

dity conditions. For this reason studies under such 
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conditions are rare. The use of the single figure 

indexes defined above raises certain problems, e.g. 

as to whether the index should be determined on the 

basis of a time-weighted average for the main heat and 

humidity parameters. At present we cannot give a cate

gorical answer. This problem can only be solved by 

simulation on a digital or analog computer. 

The present state of knowledge regarding external heat 

transfer, internal heat transfer and its physiological 

regulation has opened the way to a simplified model of 

the thermoregulatory process in man. The model propo

sed in an annex is derived from a model published by 

Gagge et al. (1971). 

Most of the equations discussed above were used in 

setting up this model. It takes account of the clo

thing worn by the subject and also his physical charac

teristics such as weight and size, and physiological 

features such as acclimati~tion. 

This model can simulate the time evolution of the main 

physiological parameters for exposure to heat. The 

total exposure time is subdivided into elementary time 

spans of constant exposure and work rate, whose number 

and length are illimited. For every elementary time 

span, following input data are requir~d: 

Energy efficiency of the work (0. WB 

2 
Energy metabolism (W/m ); 

1.); 

Thermal insulation value of clothing (in GLO units); 

Dry bulb temperature ( 0 G); 

Black globe temperature- globe 15 em in diameter ( 0 G); 

Air speed (m/s); 
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Atmospheric relative humidity; 

Time span (min.). 

The model simulates the evolution in time trends of 

the following physiological output variables: 

average skin temperature (°C); 

deep body temperature (°C); 

2 total heat storage (Wfm ); 

rate of rise in average body temperature ( 0 G h); 

2 heat equivalent of non evaporated sweat loss (W/m ); 

pulmonary evaporation rate (W/m2 ); 

insensible perspiration rate (W/m2 ); 

sweat evaporation rate (W/m2 ); 

maximal possible evaporation (W/m2 ); 

time (min). 

This model can be used to evaluate the physiological 

reactions of a person subjected to any sequence of 

heat, humidity and muscular work conditions. 

The forms and numerical values of the equations for 

this model have been established on the basis of ex

periments which have generally been carried out in 

stable ambient conditions. They must therefore be va

lidated in practice for transient conditions. Initial 

experiments in the laboratory show that the predictions 

made by this model are satisfactory for a nude subject. 

However, many more experiments are necessary to test 

its general validity, particularly for a clothed sub

ject. 
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In homogeneous conditions, as long as the physiological 

parameters remain stable, the conditions may be rated 

as tolerable over a long period~ Where the conditions 

vary, an upper limit must be fixed to the internal tem

perature which must not be exceeded without taking spe

cial care. This limit value will be discussed in a 

later paragraph on the maximum limits for thermostatic 

strains. 

A model of this type also has the advantage that it can 

simulate the evolution in time of its physiological 

output variables during recovery, when the heat, humi

dity and metabolic conditions for this recovery are 

known. In extreme cases this model should make it pos

sible to determine the minimal recovery time necessary 

for the main physiological variables to return to 

their initial levels or levels compatible with a fur

ther exposure period of useful length. However, use 

of the model in this way is not to be recommended since 

it has been set up on the basis of experimental results 

relating to homogeneous heat and humidity conditions. 

Deliberate extrapolation to extremely variable condi

tions is still problematic and could lead to erroneous 

predictions. It should therefore be interpreted with 

care. 

6~2 Use of physiological parameters 

A man subjected to a sequence of widely varying exogenous 

and endogenous heat stresses exhibits cumulative strain pat

terns. The evolution of any physiological strain in func

tion of time shall therefore accrount for the time pattern 

of the stresses. The time integral of the strains shall 

further be related to the time integral of the stresses. 

The three physiological strains described in the preceding 
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chapter can be used to make this kind of global evaluation 

of a set of conditions. 

6.2.1 Thermostatic strain 

It is theoretical1y possible to measure body tempera

ture in the industrial situation. A rectal probe, 

such as a thermistor, resistance thermometer or thermo

couple, can be used to record the rectal temperature. 

This value can be transmitted by microwaves. The oral 

temperature, which is most easily measured, is diffi

cult to interpret. The buccal mucous membranes are 

generally cooled to a large extent by respiration. 

This cooling affects the oral temperature so that it 

is not representative of the internal body temperature. 

Skin temperature can also be recorded in several places 

using thermo-couples placed against the skin. Remote 

recording is possible. Skin temperature can also be 

measured with a thermistor with a very low time cons

tant. A few seconds are sufficient to give a proper 

value of skin tempera~ure. 

Upper limits for body temperatures have been proposed. 

A local skin temperature of 4S°C is near the pain thre

shhold~ It will be difficult to exceed this value sim

ply because of the defence mechanisms against pain. An 

upper limit for rectal temperature is more difficult to 

propose. When the rectal temperature is stable 38.S°C 

can be tolerated (Wyndham 1974). On the other hand, 

in unstable conditions 38°C should not be exceeded. 

Due to the thermal inertia of the pelvic cavity con

taining the rectum, rectal temperature at any aiven 

moment Lags behind any temperature change in deep-body 

temperature.. The upper limit of 38°C moreover has 
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been recommended by a group of experts work1ng for 

WHO (1969). 

6.2.2 Sweat strain 

This would appear to be a simple measurement because 

it can be assimilated to a variation in body weight. 

In the industrial situation it is in a fact a more 

complex matter and requires a detailed weight balance 

which takes into account the weight of ingested foods 

and beverages, of excreta other than sw.eat, and also 

the weight of any clothing wh1ch may be put on or taken 

off between weighings of the subject. 

When it 1s possible to measure it, 1t is obvious that 

sweat loss gives a good estimate of the heat stress ex

perienced. A sweat loss of I 1 per hour can be main

tained for several consecutive hours. This, however, 

is a maximum. An hourly loss in excess of this value 

would make it necessary to interrupt exposure. Further

more, the total amount of sweat secreted during one 

shift must be lim1ted. Providing water intake is ade

quate, a total volume of 5 litres per sh1ft should not 

be e~ceeded, according to the WHO group of experts 

(1969). 

6. 2. 3 c·irculatory strain 

In practice this is the most convenient measurement 

of physiological strain. There is a wide choice of 

telemetry equipment which gives very satisfactory re

sults when recording heart rate throughout a shift. As 

we have seen above, the heart rate reflects circulatory 

strain. By virtue of the dual function of the blood 



70 

flow this strain enables heat stress and metabolic 

stress to be estimated simultaneously (see paragraph 

4.2). 

Measuring methods have been developed and validated. 

These are described in detail in an article by Vogt et 

al. (1970). The instantaneous heart rate values also 

lead to several specific conclusions. The heat trans

fer function of the blood flow involves, in physiolo

gical terms, that there is a close relationship between 

heart rate and rectal temperature. A study involving 

more than 50 subjects has demonstrated that a rise of 

l°C in rectal temperature produces an average increase 

in heart rate of 30 b/min. There are wide differences 

between individuals, which can only be accounted for 

by testing each indivicual in a climatic chamber. On 

the basis of the reLationship established between in

creased rectal temperature and increased heart rate 

the thermostatic strain limits proposed in paragraph 

6.2.1 can be expressed as circulatory strain limits. 

For a given physical activity the progressive rise in 

heart rate between starting and interrupting work 

should not exceed 30 b/min. Thus, for a seated sub

ject performing a moderately light job such as manipu

lating controls, which requires in a comfortable envi

ronment a heart rate of 90 b/min, a heart rate of 

120 b/min should not be exceeded for the same activity 

in a hot environment. In addition, of course, the 

factors regarding diet, alcohol intake and tobacco 

smoking should be the same. Account must also be ta

ken of any changes in the circadian rhythm of the 

heart rate. If any one of these values changes the 

30 bfmin rule ceases to apply. 

Beyond this limit, which is a normally tolerated in

crease in heart rate, an upper tolerance limit for the 
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heart rate should be fixed. The rate recommended by 

the WHO experts (1969) as a maximum is 160 bfmin. As 

regards a maximal average heart rate which should not 

be exceeded over the whole duration of a shift the fi

gure of 120 b/min may be suggested. In fact no figure 

has been proposed on the basis of long-term morbidity 

or mortality criteria which could be used to demonstra

te circulatory wear resulting from circulatory strain 

over several years. 
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?. THERMAL NEUTRALITY AND COMFORT 

In Chapter 6 w.e examined the problem of environmental ex

tremes which should be avoided for a working period of eight 

hours, and also the problem of setting a maximum period for 

exposure to a given thermal environment. When heat and hu

midity conditions are within these limits it is known that 

this presents no immediate danger to the subject. His phy

sical wellbeing is assured, at least in the short term. Ne

vertheless physiological strains, although not dangerous, 

can still be very severe and a source of severe discomfort 

to the subject. 

In order to avoid severe physiological strains thermal envi

ronments must be designed which approach thermal neutrality 

as closely as possible. If in addition it is desired to 

induce in the subject a pleasant sensation of thermal com

fort optimal heat and humidity conditions must be achieved 

within very fine limits. 

Thermal neutrality exists when there is no sweating and no 

shivering. In fact no dis•greeable sensations are observed 

when there is light sweating, i.e. not exceeding 100 g/h. 

On this basis, taking account of energy metabolism and the 

insulation provided by clothing, it is possible to calcu

late a range of temperature and humidity which will insure 

a sweat rate of less than 100 g/h, while no shivering will 

be observed. The mapping of such a neutral zone has been 

defined by Vogt et al. ( 19?0) • 

Thermal comfort, implies rather more than physiological 

neutrality, since it also implies an impression of pleasant

ness produced by the ambient heat and humidity conditions. 

Fanger (1970) has developed a comfort scale on the basis of 

experiments carried out on students from North America. 
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The author tested the validity of this scale for Danish stu

dents, both male and female and also for elderly people. 

Its validity seems to be well established. In his work 

c1ted above, Fanger gives a number of diagrams which can be 

used to determine graphically the main comfort parameters 

regarding the environment. 

When these ambient conditions are achieved not all the sub

jects are satisfied. Accnrding to Fanger it is impossible 

to exceed 95% satisfaction. This means that out of 100 per

sons exposed 5 will always consider that it is too hot or 

too cold. 

The practical use of these comfort scales raises a problem. 

lf it is a question of determin1ng a comfortable thermal en

vironment for a single individual the problem is easily sol

ved. Only details of his metabolism and clothing need to 

be known in order to determine the opt1mal physical parame

ters of the environment. 

When it is quest1on of determin1ng a com~ortable thermal 

environment for a group of individuals who must share the 

same premises the problem is more comples. They generally 

wear a wide variety of clothing. Metabolic levels are a 

function of the activities of each person. Consequently 

each individual would like an environment tailored to his 

metabolism and clothing. 

The answer may be found in behavioural regulation of each 

individual's clothing. To do this the heat and humidity 

conditions must be such that persons with the most active 

metabolism are not too hot when most clothes are removed 

and that those persons with the least active metabolism are 

not too cold in normal dress. 

With this end in view, two limits should be determined bet-
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ween which the optimal condition lies. The upper limit is 

the comfort temperature for individuals with the most active 

metabolism, minimal permitted clothing and who are placed 

in the minimal observable air movement. The lower limit is 

the comfort temperature for those individuals with the 

least active metabolism, maximal permitted clothing and si

tuated in the maximal observable air movement. There are 

tw,o possibilities. When , thus calculated, the lower limit 

is not lower than the higher limit this means th3t it is 

impossible to satisfy all individuals in the same premises, 

since some of them will never feel comfortable. When the 

lower limit is lower than the higher limit intermediate 

ambient conditions will enable each person to reach thermal 

comfort by behavioural adjustments. Conditions arrived at 

in this way can only b,e too cold for the subject with the 

most active metabolism. But as the upper limit has been 

calculated on the hypothesis of minimum clothing these sub

jects are able to put on adequate clothing, and vice versa 

for subjects wd.th the least act:i.ve metabolism and maximum 

clothing. 
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8. ERGONOMIC METHODOLOGY IN THE STUDY AND DESIGN OF HOT 

WORKPLACES 

When placed in a given thermal environment man reacts to it 

by a number of physiological adjustments and psycho-sensori

motor changes. The optimalization of an industrial thermal 

environment implies reduction to a minimum of these physio

logical adjustments and psychosensorimotor changes, which 

at the same time involves the optimalization of the end

effects in terms of health, safety and productivity. 

It is possible to seek to optimalize heat and humidity con

ditions at three distinct levels. At the very least thermal 

environments can under no circumstances be tolerated if they 

constitute a danger to the health of any of the individuals 

exposed. As an intermediate step it is recommended that an 

environment should be provided which w~ll draw near to ther

mal neutrality as closely as possible, in which everybody 

keeps a constant body temperature at the cost of moderate 

physiological adjustments. At the best, it is obviously 

desirable to provide a comfortable thermal environment for 

all individuals. 

The ergonomist must provide as a minimum a working environ

ment which will be considered tolerable by all the workers 

for a working period of eight hours. The limit values are 

given in Chapter 6. 

As far as possible ergonomic correction should strive to

wards a thermal environment which draws near to thermal 

neutrality as closely as possible. At best, heat and humi

dity comfort should be provided. At each of these stages 

the two factors of clothing and metabolism should be borne 

in mind. This problem has already been considered in the 

chapter on heat and humidity neutrality and comfort. 
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8.1 Ergonomics methodology 

Once he has set himself a target in this way, the ergonomist 

must divide his task into three stages, viz. diagnosis, 

treatment and verification. 

Diagnosis should reveal the main source of thermal discom

fort or hindrance. This investigation requires a series of 

measurements which include all the physical parameters for 

the work environment, such as radiation temperature, dry 

and wet bulb temperatures and air velocity. The measuring 

instruments and the appropriate technical precautions are 

discussed in Chapter 3. 

These measurements should be repeated at frequent intervals 

so as to identify the times of greatest stress during the 

shift. Likewise these measurements must be made at all the 

points where the subjects perform work. 

Concurrent estimation of the working metabolism and clothing 

wi11 provide the basis for calculating summary indexes or 

for simulating the trends of the main physiological para

meters on a digital computer. The last part of the diagno

sis stage is the identification of the main source of dis

comfort. This may be common to all workers in the area 

under study, or specific to a particular job. 

Once the main source or sources of thermal discomfort or 

hindrance are known we can proceed to the treatment stage •. 

There are several technological means of protecting men who 

are subjected to hot environments. Two groups of protecti

ve methods must first be distinguished, those which influ

ence the physical parameters for thermal environments or 

the parameters tor individuals (metabolism or clothing) and 

which consequently reduce heat stress, and those which do 
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not mod1fy heat stress but reduce physiological strain in 

the individuals exposed to it. 

Correction of heat stress 

There are several ways of counteracting heat stress. They 

cannot be discussed in detail in this chapter. We can only 

list, in the form of a summary, the main categories of pro

tective methods analysed in a recent article by Vogt {1973}. 

Effective reduction of heat stress has four objectives. 

a) Protection against external heat sources, particularly 

the sun, shall be sought both for the opaque building 

components and for the glazed surfaces. 

For the opaque building components, the aims a~e: 

-increased reflection coefficient of the walls (alumi

nium paint, copper coating, plastic paint, whitewash, 

etc.}; 

-increased coefficient of external heat exchange with 

the walls, obtained by wetting the surfaces; 

-increased thermal insulation (by using different mate

rials, double roofs, etc.). 

For the glazed surfaces the aims are: 

-reduction of incident heat flow (positioning of windows, 

horizontal louvres, exterior blinds, etc.); 

-increased reflection coefficient of the glazing (double 

glazing separated b.y a layer of copper or gold, etc.); 

-absorption of incident heat flux in the glazing (blue 

or green paint}. 

b) Protection against interior heat sources is provided in 

the following ways: 

Protection against convective heat sources such as 
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furnaces! 

-evacuation of the hot air column by natural convection; 

-installation of an extractor hood over the furnace. 

Protection against rad1ative heat sources is obtained by 

installing various screens, e.g.: 

-single or dual layer opaque screen; 

-transparent screen; 

-cooled screens enclosing the heat source. 

c) Vent1htion of the premises on the basis of heat and cold 

balance calculations: 

-using air obtained at roof level (this raises the pro

blem of installing air-intake and blowing systems); 

-using treated air (air conditioning). 

d) In exceptional cases it is also possible: 

-to reduce metabolism {automation); 

-to limit the exposure period; 

-to adjust the inside a1r velocity to an optimal value 

by using air sampled in situ, or pre-cooled air (cold 

air stream); 

-to create a microclimate at the point of work: 

either by air conditioning booths; 

or by means of protective clothing which may or may 

not be ventilated and may or may not be self-regula

ting. 

Heat protective clothing apply four different physical 

princip~e, either separately or in combination (Metz, 1964), 

viz: 
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a) to reduce the quantity of radiant heat absorbed by the 

clothing - this can be achieved by metallizing the exter

nal surface (aluminu-coated clothing); 

b) to reduce the amount of heat conducted through the tex

ture of the clothing - this can be done either by provi

ding an insulated enclosure (static insulation), or by 

forcibly expelling a current of air from the enclosure 

through a large number of interstices, directed so as to 

counter the conductive inflow of heat by repelling it as 

it seeks, by convective transfer, to penetrate (dynamic 

insulation). 

c) to reduce the air temperat~re under the clothing either 

by means of a self-contained source of cold worn under 

the clothing or using an external source of cold which 

can inject a current of cold air under the garment or 

cold liquid distributed by a network of tubes across the 

internal surface of the clothing; 

d) to allow the sweat secreted by the skin to evaporate if, 

in spite of the protection afforded by the clothing, the 

body is still subjecteC to a certain heat load. 

Apart from thermal efficiency, heat-resistant clothing 

should meet several other requirements.. It must not dete

riorate as a result of heat or hinder the movementa of the 

operative; it should provide adequate protection for the 

face, hands and legs, allow acoustical communication and, 

where appropriate, provide protection against certain atmos

pheric pollutants. It must also be easy to put on and 

maintain. 
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sweat loss over a nine day acclimatization period 

(taken from Lind and Bass, 1963}. 
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A detailed study of heat-protective clothing is in progress 

at present. It is subsidized by the BCSC and concerns both 

the coal and steel industries. One objective is to classi

fy existing cloth~ng which is available commercially accor

ding to categories of hazard, and another is to propose new 

heat-protective clothing wh~ch will also be designed to 

give protection against splashes of hot metal in the steel 

industry or against explosions in the coal industry. One 

of the results of this study should be a major drive to

w,ards standardization. 

8.3 Correction of physiological strain 

8.3.1 Acclimat~zation 

As compared with a non-acclimatized subject, an accli

matized subject suffers less physiological strain when 

subJected to the same heat stress. During a nine day 

acclimatization period, the three major physiological 

strains follow the patterns illustrated in figure 5. 

Such an acclimatization can be achieved artificially 

either by means of repeated controlled exposure 1n a 

climatic chamber or naturally, whereby the subject 

performs h1s usual work initially for short periods 

and subsequently for longer periods. Some 10 days ar• 

sufficient to achieve adequate acclimatization. 

8.3.2 Selection 

For exposure to particularly severe conditions, such 

as mine rescue, fire-~ighting etc., personnel must be 

selected. Pathological cases are eliminated first, 
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leaving two further selection stages. The first stage 

may be described as that of negative selection and 

consists of rejecting persons of stocky body built in 

favour of tall persons. Zannini (1964) has demonstra

ted the importance of the surfacejweight ratio in heat 

tolerance. This selection procedure must be followed 

by a positive selection procedure which necessitates a 

physiological examination of the subjects. Leyh et al. 

(1965) sought to lay down simple criteria for this se

lection procedure. According to them, heart rate and 

circulation data taken during a conventional step test 

carried out in a normal environment (25°C), provide 

valid selection criteria. 

8.3.3 Food and drinks 

Where the environment is tolerable over a long period, 

i.e. the average subject is not exposed to any severe 

discomfort during eight hours of work, the question of 

protection assumes the form of the prevention of cer

tain chronic aliments 

As regards drinking, the principle is that water intake 

should equal ~ater loss throught sweat, urine and exha

led air. These losses can exceed one litre per hour. 

Metz (1964 - a) listed the principles of hygiene regar

ding drinks in an article on drinks in the industrial 

situation, and we give his main conclusions below. 

a) Drinks should be taken as a function of the need 

for water, which is physiologically what happens if 

the drinks are non-alcoholic; 

b) the most effective drink for satisfying the need 

for water is pure ~ater; 
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c) drinks should be served cold (about l2°C); 

d) caffeine intake should not exceed 400 mg per day, 

which corresponds approximately to three cups of 

strong coffee. 

e) alcoholic drinks should not be allowed or at least 

limited to quantities which ensure that the amount 

of alcohol never exceeds 0~25 g/kg of body weight; 

f) intake should be spaced out so that no more than a 

quarter of a litre is drunk at one time. 

As regards food, fatty foods should be restricted. 

Ad~itional salt is only j~stified for non-acclimatized 

workers who have recently been put on to a hot jub, in 

which cases additional salt must be administered ex.clu

sively in the form of salted liquid, e.g. meat broth or 

tomato juice slated at the rate of 20 g/1. 

The third stage of the ergonomist's task is to verify 

the effectiveness of the methods used. A further se

ries of physical and physiological measurements must 

be taken to determine the results of the scheme. 
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9. MAIN LINES OF RBSBARCH TO BE ENCOURAGED 

The si~ preceding chapters summarize and coordinate the 

main data constituting our present state of knowledge re

garding thermoregulation. These chapters also serve to 

mention some gaps which ought to be filled, particularly 

when this knowledge is to be used in practical applications. 

Extrapolations from laboratory results to industrial situa

tions is often problematic for reasons which have been gi

ven several times in our report. 

Nevertheless these e~trapolations must be tried, since la

boratory data are the only rational basis for analysis and 

decision-making which can be used in an industrial situa

tion. The most comprehensive and logical way of extrapo

lating these data is to simulate on the computer the pro

bable physiological reactions of a person subjected to a 

given sequence of workihg and climatic conditions. The 

model proposed in this report is derived from Gagge's model. 

It is very simplified and therefore certainly.incomplete. 

It is desirable that such models should be developed so as 

to offer industrial practitioners a better working aid, 

which will enable the~ to make a fairly reliable apprecia

tion of whether a given industrial situation is tolerable 

or not and having simulated the situation, to choose the 

best technical methods of improving it. 

To develop such a model a large number of further research 

projects in the most varied of fields will be required. It 

is appropriate now to list and comment on the main avenues 

of research which should be explored over the next few 

years. 

On the subject of 'heat stress', research should be direc

ted to three distinct fields, viz. sensible heat exchange, 

the measurement of metabolic heat production in industrial 



situations, and clothing. 

Convection and radiation heat exchange is defined in chapter 

~. Quantification of these exchanges uses a number of 

coefficients, most of which have been determined empirical

ly and only for the whole body. It is of particular impor

tance to know precisely the local coefficients for convec

tion and radiation exchange for the various parts of the 

body. Their knowledge would enable us to simulate more ac

curately the phenomena involved when certain parts of the 

body are clothed or unclothed and when their immediate 

thermal environment is heterogeneous.. In addition these 

coefficients should be studied for the different physical 

postures adopted during industrial work. This kind of stu

dy, which would necessarily be fundamental research, would 

have immediate practical implications. 

We need acGurate knowledge concerning metaDolic heat produc

tion, in order to decide whether a given work situation is 

tolerable. The most usual method is to measure oxygen con

sumption. Theoretically this is an excellent method but in 

other respects it has certain disadvantages. In many cases 

it is a considerable hindrance to the performance of the 

work. It does not enable metabolic heat production to be 

calculated reliably since it is essential to know the ener

gy efficiency. This makes it desirable either to review 

and up-date the energy expenditure tables of Sp1tzer and 

Hettinger by incorporating the energy efficiency, or to try 

to develop a simple and sufficiently accurate method of 

measuring metabolic heat production: heart rate conjunction 

w~th body temperature, time and motion study of the type of 

work, etc. 

The analysis of alterations in heat exchange due to clothing 

is without doubt the problem which should have most claim 

on our attention in the next few years. Clothing modifies 
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all heat flows, convection, radiation and sweat evaporation. 

A physical study of fabrics should be undertaken, with the 

aim of proposing simple physical techniques for quantifying 

the main properties of a fabric. This work should then be 

taken a stage further and the fabric made up into an outfit 

of clothing of standard cut, which should be studied from 

a physiological point of view. Th1s physiological study 

should use the physical properties previously determined to 

quantify their influence on the main heat flows. Lastly, 

it would be desirable, keeping to same fabric, to study the 

influence of the cut and size of a garment on the physiolo

gical effects of clothing. This kind of study seems to be 

an essential prerequisite for simulation on a computer with 

any degree of accuracy the evolution of the main physiolo

gical strain indicators over time. 

It is equally necessary to do more work on several aspects 

of physiological strain. The most important of these aspects 

is without doubt the problem of regulating sweat loss. This 

has always been regarded as proportional to the concomitant 

body temperature set-offs. Several experiments demonstrate 

that this regulation process does not explain adequately 

all the results. The derivatives of body temperatures as 

a function of time certainly play a part and perhaps the 

differences between the temperatures of the various body 

sites. Lastly some skin areas or deep body regions may 

have a preferential effect in regulating sweating. Further

more the degree of body hydration seems to play an important 

part in determining sweat secretion, although other factors 

not yet identified may also contribute to sweat fatigue. 

All these questions or hypotheses should be explored in or

der to perfect a quantitative model of the thermoregulatory 

process in the human body. 

The second important problem to be considered is that con

cerning the evaporation efficiency of sweating. The func

tion of the sweat produced is to wet the skin so that eva-
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poration can restore thermal equilibrium. Certain skin 

areas are wetted while others remain dry. If the whole 

skin surface ia wetted this means that a certain fraction 

of the sweat drips to the ground, and the evaporative ef

ficiency of thermal sweating then falls below unity. The 

mass of sweat accumulated on the skin in order to achieve 

an adequate degree of wettedness is cooled by evaporation 

as well as the skin itself. It is a fraction of this amou

nt of chilled water which drips from the skin, thus remo

ving from the body a part of the evaporative cooling power. 

The evaporative efficiency of sweating must be more closely 

analyzed in order to obtain accurate heat balances. It is 

particularly important for a clothed subject, since the 

clothing itself is cooled to some degree by sweat evapora

tion. 

The physiological reactions described when man is exposed 

to heat are those observed in the laboratory, i.e. when 

most of the other parameters are strictly controlled. In 

the industrial situation, man is also subject to a set of 

external factors which he cannot avoid. 

The interaction of the physiological strains due to heat 

and the most important of these auxiliary factors should be 

analyzed. We regard three of them as being particulRrly 

important. The first is the circadian rhythm. It would be 

particularly interesting and useful to use two groups of 

shift warkers to study and quantify the sensitiveness to 

time of day of the peripheral and central thermoregulatory 

mechanisms. The second auxiliary factor is alcohol intake, 

and the effect of alcohol on the thermoregulatory mecha

nisms also calls for our attention. Lastly, the usual 

drugs (sedatives, mild tranquillisers, etc.) certainly in

teract with the thermoregulatory process. These different 

factors must be taken into account if valid conclusions 

are to be drawn regarding a work situation in an industrial 

environment. 
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Acclimatization, or physiological adaptation to heat, has 

already been the subject of much study. However, it is 

still difficult to include it into a simulation model, ex

cept for extreme levels of acclimatization. It would be 

important to make a quantitative analysis of the develop

ment with time of the state of acclimatization and to be 

able to incorporate it in a simulation programme on a digi

tal computer. Particular attention should be paid to the 

de-acclimatization which follows weekly interruptions or 

the holidays and recovery periods allocated to the workers. 

This list, which has purposely been left incomplete, empha

sizes the importance of fundamental research regarding the 

practical application of the relevant data. 

Two aspects of psychomotor strains merit our attention. The 

first aspect concerns behavioural thermoregulation in man. 

Various possible behaviour patterns may have a considerable 

effect on the physiological strains and consequently on 

heat tolerance, viz. postural behaviour which effects heat 

e»ehange; clothing habits, which provide or remove a bar-

rier between the skin and the ambient air; diet habits 

which can alter the degree of body hydration and the amount 

of salts in the organism. Other behaviour patterns, such 

as wetting one's forehead, drying one's skin, soaking one's 

bands and forearms in cold water, etc, should also be look

ed at because they interfere directly with the pbysiologi-

cal thermoregulatory mechanisms. Some of these behaviour 

patterns no doubt produce a pleasant sensation but in addi

tion bhey can have an adverse effect on the heat balance. 

Since they are generally observed during industrial work in 

the heat, it is desirable to study them in order to inte

grate them as possible 1nfluencing factors, into a general 

mathematical model. This type of study should be carried 

out in two parts, one analyzing their mode of action and 

the ether analyzing their physiological effects. 
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In addition to studies on behavioural thermoregulation, it 

would be desirable to examine the changes in performance of 

psychosensorimotor tasks induced by hot environments. Many 

stud~es have laready been carried out, which are often con

trad~ctory. Un the basis of the overall review made by 

Grivel we can think of a number of experiments during which 

central and peripheral temperatures would be appl~ed arti

ficially while an analysis was made of the variations expe

rienced during fursnit or choice task, perhaps in conjunc

tion with an additional watching task. There is no need to 

comment on the practical bearing of such studies. Modern 

industrial tasks are becoming increasingly similar to compa

rable artificial laboratory tasks. The errors which the 

operatives can make often have serious consequences and 

influency largely safety in a firm. 

Lastly we consider that four types of more general problems 

should be given some attention by research workers. The 

first is that concerning the physiological severity in a 

work situatiorr. When a person is exposed to heat and is 

made to perform a physical task, the most reliable toleran

ce criterion is deep body temperature. If a limit value is 

exceeded, exposure must be interrupted since there is con

siderable risk of heat distress or heat syncope. It is 

known for certain that a man's sensitivity to the severity 

of a situation is proportional to his deep body temperature. 

It would therefore be useful to investigate what physiolo

gical criterion or combination of criteria are associated 

with the subjective assessment of severity. Experiments 

carried out by Wyndham (1974) tend to show that the heart 

rate is the physiological effect which operatives tend to 

limit by behavioural adjustments. Studies of this type 

should be carried out in the steel industry, since they 

could be used to compare jobs using the criterion of per

ceived severity and the degree of physiological strain un

dergone, these two criteria not necessarily being inter-
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changeable. 

The se~ond category of general problems is that of thermal 

environments which are variable as regards place and time. 

At present there do exist some single figure indexes which 

form a sufficiently valid basis on which to propose stan

dards. In general these indexes can only be used with con

fidence when the physical parameters for the therm~l envi

ronments are stable as regards time and place. These condi

tions are rarely met in industry. Usually air temperatures, 

globe temperatures, humidity and moving speed fluctuate in 

time and differ from one place to another. The problem is 

how to use physical measurements under these circumstances 

to make a quick estimate ot the overall severity of the con

ditions. Ue do not know whether an average weighted as a 

function of time would reflect them accurately. It might 

be necessary to raise the values of the single figure in

dexes thus obtained, in case of wide fluctuations as regards 

time and place. Research should be carried out on physio

logical reactions to heterogeneous thermal conditions. 

This research work would also enable us to perfect the ma

thematical model which would constitute the ideal working 

a~. 

The third category of general proble~ ~s that of breaks. 

Uhen the working conditions are very hot, the operatives 

must be alLowed periodic breaks in order to recover. At 

present there are no set rules regarding breaks. Research 

ought to be done on three specific points. The first point 

is the degree of 'fatigue' at which the break should commen

ce. Should the break come when the organism has reached 

its physiological limits, of before then, and if so at what 

stage~ The second point concerns the recovery environment. 

Uhat is the optimal combination of temperature and humidity 

which will give the quickest rate of recovery? No doubt 

the optimal environment for recovery depends on the type of 
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heat stress undergone. Lastly the third point concerns the 

length of the recuperation period. Should one wait for 

total recovery or should work be resumed after partial re

covery? 

A basic research project should produce answers to all 

these questions. The proJect should be supplemented by 

studies carr1ed out in actual work situations, with the aim 

of taking account of a number of individual parameters 

which are difficult to monitor in the laboratory, such as 

individual preferences, breaks taken with work-mates, pre

ferred occupations during breaks, etc •• 

The fourth category of general problems concerns the ulti

mate effects of hot environments. These ultimate effects 

are observable in the health, productivity and safety of 

the employees. 

These ultimate effect are a function of the working condi

tions as a whole, including those of a sociological and 

economic nature. Thus the evaluation of these results as 

such and of the interaction of thermal conditions with the 

overall conditions entails several methodological difficul

ties. For this reason this type of evaluation could only 

be undertaken as part of a more general study which dealt 

with all the working conditions at once. The conceptual 

framework for an inquiry of this kind could be based on 

'note' No 900-75-74 of the Institut National de Recherche 

pour la Securite, which is entitled 'Essai de classement 

des risques professionnelleset des actions de prevention' 

(An attempt to classify occupational risks and prevention 

techniques). The paper deals with the four interacting 

components of the work system, viz. the operator, h1s task, 

the equipment he uses and the environment in wh1ch he 

works. 

Each of these can be influenced by all the others and can 
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also exert an influence on all the others. Bach of the pos

sible combinations is a potential accident risk factor (sa

fety), s1akneas risk factor (health) and performance factor 

(productivity). 

When restored to its general context, evaluation of the 

ultimate effect of thermal environments would reveal their 

direct incidence and also their relative incidence and would 

provide a rational basis for decision between various pre

vention, correction or prediction techniques. 

Lacking presently of the conclusions from an exhaustive epi

dermiological analysis of this kind, the approach of the 

problems of work in the heat can only be of pragmatic. 

Indeed this is often justified by the excessive or intole-

rable severity of certain work situations. But as such 

cases become more rare, an achievement which is partly due 

to ongoing practical applications, it becomes more difficult 

to decide which is the best action to take on, for example, 

climate noise, hours of work or holidays. 

Considering the problem of hot environments against its 

widest possible background does not by any means reduce the 

usefulness or the necessity of the more functional studies 

and research projects already carried out or which are still 

desirable, since 'these' remain indispensable to a more ra

tional analysis of the problem of hot working environments 

and to a more rational development of the solutions they 

require. 
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Symbols and units 

C convection heat 

B evaporation heat 

B max = maximal possible evaporation 

BP pulmonary evaporation 

Er evaporation required to maintain internal heat balance 

fcl = Coefficient of reduction in sensible heat exchange 

through clothing; 

fp, cl = Coefficient of reduction in latent heat exchange 

through clothing; 

he convection heat exchange coefficient 

he evaporative heat exchange coefficient 

hr linear coefficient of radiation heat exchange 

Hd heat stress 

Hp body heat production 

Hr heat exchange between body and environment 

i = evaporative yield of thermal sweating 

Ia thermal insulation afforded by the air 

Iv thermal insulation afforded by clothing 

It total thermal insulation 

kc black glove or black cylinder convection coefficient 

M = metabolic heat 

Mb = basal metabolism 

P = conduction heat 

PaH o= partial pressure of ambient water vapour 
2 

PsH o= partial pressure of cutaneous water vapour 
2 H 0 Ps, s 2 = saturation pressure of cutaneous water vapour 

R = radiation heat 

r' = net energy yield from muscular work 

s = universal radiation constant 

S sweat loss 

Sr sweat loss required 

Ta dry bulb temperature 

Te average radiation temperature 
Th wet bulb temperature 
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Th,n = natural ambient wet bulb temperature 

Tg = black globe temperature 

Tre = rectal temperature 

Ts = average skin temperature 

TIC internal heat flow 

TEC external heat flow 

v = clothing 

Va = air velocity 

w = equivalent fraction of skin wettedness 

W = external work performed 

a absorption capacity of skin 

A thermal conductivity coefficent 

~ relative skin wettedness 
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CONVERSION OF UNITS 

1. FORCE: D1mens1on: M.L.T- 2 

-2 1 newton (N) = 1 kp •. m.s 
-1 1.02.10 kg = 102g 

1 k1logramme (kg) = 9.98 new~ons (IN = 1.02.10-l kg) 

~. ENERGY: Dimension: M.L 2 .T- 2 

2 -2 1 joule (J) = 1 newton.! metre = 1 kp.m ~s = 102g.m 

1 calorie (cal) = 4.18 joules (lJ = 2.39.10-l cal) 

1 kilocalorie (kcal) = 4~18.103 joules (1J 2.39.10-4 

kcal) 

1 kilogrammefmetre (kgm) = 9.81 joules (1J 

kgm) 

1 kilowatt/hour (kWh) 3.6.106 joules (1J 

kWh) 

1 Hrit1sh thermal unit (Btu) = 1.06.103 joules 

3. POWER: Dimens1on:M.L 2 .T-3 

1 watt (W} = 1 joulejsecond 

1 kilocalor1ejhour (kca1.h-1 ) 

(lJ = 9.47.10-4 Btu) 

2 -3 -1 1 kp.m .s = 102g.m.s 

1.16 watts (lW = 0.86 
-1 

kcal.h ) 

1 kilogrammejmetrejminute (kgm.min-1 ) = 0.163 watts 

4. PRHSSURE: Dimension1 M.L-l.T- 2 

L. pascal (Pa} = 1 new.ton/ square metre 
2 

l02gjm 

-1 -2 
1 kp.m .. s 

-2 
~ millibar (mbar) = lOU pascals (1Pa = 10 mbar) 

L torricelli (torr) 133 pascals (lPa = 7.5.10- 3 torr) 

1 m1ll1metre of water (mm H20) = 9.81 pascals (lPa = 

0.102 mmH 20) 
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1 atmosphere (atm) 
5 1.013.10 pascals (lPa 0.987.10-5 

atm) 

5. TEMPERATURE 

T° CELSIUS 0.55 (T°F - 32) 

T° FAHRHNHEIT = 32 + 1.8 T°C 

T° KELVIN 
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00100 1'41' 

00100 2* 

00100 3"* 

00100 4Jt: ANNOTATED PROGRAMME FOR SIMULATING 

00100 Sit- THERMOREGULATORY SYSTEM IN MAN 

00100 6~ TWO STAGE MODEL 

00100 7« CLOTHING SIMULATION 
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Symbols in the simulation model 

CLO = number of clo units of thermal insulation; 

COLD = central command in response to negative feedback 

from the regulatory system; 

CRSIG deep body temperature feedback from the regulatory 

system; 

DILAT = vasodilation command; 

ERBS 

BDIF 

HFCR 

HFSK 

pulmonary evaporation; 

insensible sweat; 

heat stored in the deep body region; 

heat stored at skin level; 

RBGSW = sweat command; 

SKBF = cutaneous blood flow; 

SKSIG = peripheral temperature feedback from the regulatory 

system; 

SMAX = maximal sweat loss; 

STRIC = vasoconstriction command; 

TCR deep body temperature; 

TSK skin temperature; 

WARM = central command in response to positive feedback 

The simulation model is described in ch8pter 6.1.2. 



TSK I 
I 

(M-W) ERES 
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SKBF 

AT 

I '----'-----' 
I 
I I 
L ~I!S_!Sl!E~C~L -~G~_!O! ______________ ] 

l 
I 
I 
l 

TSK CLO 

EDIF 

I -

---------------, 

(EMAXlv<SWEAT 
E •(EMAX)v 

I 

I 
I 
I 
I 
I 
I 
I 

L~~~~!~~~~~---------

I 
l 
I 
I 
I 
I 

----- ..J 

SWEAT 
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