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SYNOPSIS

The aIn of this work was to investigate aspects of
the effects of thermal radiation (within the infrared
spectrum) on a worker. It is part of a general study

of industrial heat stress.

For this purpose the radiation surface areas of subjects
in different working postures (8) and clothing (4) were
determined. An investigation of the emissivity of
different types of clothing was aaso made. As a result,
it was found that the radiation area of typical working
postures varied between 89.0'S and 65.0S of the total skin
area of nude subjects. For the two extreme postures,

the radiation surface area of clothed subjects was
determined to be (maximal) 113.9% (mine suit) and (minimal)

77.5% (overalls) of the nude total skin area.

Emissivity was found to have values between 1.02 i 0.111
(common canvas garment) and 0.74 * 0.108 (special high re-

flecting firemanl" ee' it).
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INTRODUCTION

The aim of this work was to make a contribution to

the knowledge of industrial heat stress, caused by
thermal radiation, on a worker. This is intended to

be one part of a general study of his entire heat
b..lanco (convective heat transfer, respiration, evapora-

tion, etc)

In order to show its importance, a short survey of the

problem is first given.

2.1 Heat stress in industry

Thermal stress is an important primary or complicating
factor in many industrial situations. As a primary

factor, it cm seriously affect the health of the worker,
ard as a co: Heating factor, it can diminish the tolerance
of the worker to other industrial hazards. The problem
discussed xn this ther.is can therefore be considered

partly as an ergonomic problem. We will later see that

an equally important aspect of the problem has a purely

engineering character.

The determination oi the thermal stress arising from an
industrial environment and the translation of this stress

in terms of physiological and psychological strain is a
con;lex problem, yet for practical industrial situations,
acceptable limits for thermal exposure are established and

m ;-hods for evaluating and predicting the thermal impact of
an industrial environment must be available. Such limiting
levels must take into account all of the factors that might
affect heat exchange between the worker and his environment
as well as all the factors that might influence the responses

and tolerance of the worker to the total heat stress.

In order to illustrate heat stress situations in industry,

a few examples will bv given:



(@) A man is operating a glass moulding machine for
forming molten glass into bottles. The bottles, still
red-hot, leave the machine on a conveyor belt, passing

the operator at a distance of approximately 2 m.

(b) Near a submerged-arc furnace a labourer is
shovelling material into the furnace. After shovelling,
the man pushes the material against the arc with long
metal pokers, standing at a distance of about 3 to 4.5 m

from the furnace [1] .+

(c) In a semi-automatic rolling mill, a man with a pair
of tongs has to catch the front end of a long red-hot bar
coming out of the first rolling mill and put it into the

next one.

(d) Finally, rot only are industrial workers often faced
with exposure to an extreme radiant environment, but
soldiers also sometimes find themselves exposed to direct
solar radiation. It is reported that helicopter pilots
flying AH-IG "Huey" Cobra gunships in Vietnam frequently
return from missions showing definite symptoms of moderate
heat strain, typically with complaints of dizziness, stomach
cramps and prolonged fatigue [2]. It was found that the
cockpit canopy absorbs large amounts of solar radiation and

emits it as thermal radiation of considerable intensity.

Returning to industrial conditions, a typical (constructed)
daily environment profile for one position in an aluminium
plant is shown in Fig 1. It is evident that the thermal

load in industry can be severe.

2.2 Physiological aspects of the problem

The normal human body is capable of making remarkable adapta-
tions in buffering the effects of extreme environmental

temperatures and of maintaining, in all naturally hot climates,

+ Numbers in square brackets refer to the references
listed at the end.
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its internal temperature within rather narrow limits.
Nature has endowed us with en excellent thermostat
which, on the one hand, controls mechanisms.that can
maintain heau dissipation from the bb'-.y against sur-
prisingly large environmental hen resistances, and,

on the other hand, controls mechanisms which can husband
the body's heat store when the cooling power of the

environment becomes large.

In order to maintain a constant internal body temperature

the organism must balance its rate of heat dx sipation
against its heat gain from metabolism plus*nny heat

gained from the environment, by radiation, convection and
conduction. Deviations from this balance involve altera- - —
tions of the body's stored heat and thus its temperature.

This balance can be expressed by the equation
MtS-EtRiC-0

where the sign of M (rate of metabolic heat production) is
always positive; E, rate of evaporation, is always negative
because heat is always removed from the body; S, rate of
heat storage, with a positive sign, indicates a lowering

of the body temperature; R, rate of radiant heat exchange,

4bsltive when the surrounding surfaces are of higher

temperature than the body surface and thus add heat to the
body by raiiation, and is negative when these surfaces are
of lower temperature than the body surface; C, rate of con-
vective heat transfer, is positive when the air temperature
exceeds that of the body surface, and is negative when it

is lower than that of the skin.

The three external heat exchange terms in this equation are
only physically - but not physiologically - different. As
far as the body is concerned, it does not matter how the heat
exchange with the environment takes place; the effect of
radiation, for instance, is not, by its nature, significantly
different from that of the effect of the other heat exchange
terms. From the point of view of physiology, it is only the

sum of the three terms contributing to che external heat



exchange, according to the physical laws in operation,

that must be taken into consideration.

As far as our problem of heat stress is concerned, it

has been repeatedly demonstrated that sweat loss correlates
with the total heat 1load, including both metabolic and
environmental heating. Two other physiological responses
which reflect the level of thermal stress are work and
recovery pulse rates, and internal body temperatures. The
pPulse rate response can be used to assess the cardiovascular
cost of meeting the combined load of the heat and the

work. The internal body temperature will indicate how
successful the body has been in meeting the thermoregulatory

challenge.

2.3 Parameters describing heat stress situations

Several methods and indices have been proposed for assessing
and predicting the thermal stress of a hot environment.
However, most recent critical reviews emphasize the point
that the indices are valid only fcr situations comparable
with those upon which the indices were based. They are not
therefore applicable to industrial situations in general.

To further complicate the problem, the acquisition of the
basic physiological and environmental data required to
calculate an index of thermal stress is extremely difficult
under conditions of routine plant operation. Many of the
methods and instruments are designed primarily for use in
the laboratory and are not adaptable to workshop conditions
where the climatic factors vary over short intervals both

in space and in tine. Ideally, the determination of the
heat stress in an industrial environment (from the point of
view of determining potential physiological and psychological
strain) requires data on factors related to the environment
(eg, air temperature, vapour pressure, air movement, 1long
wave and solar radiation), to the worker (eg, clothing,
acclimatization, physical and mental capacities, age, sex,
nutritional and health states , body hydration, and ethnic
origin), and the job (eg, patterns of heat exposure, intensity

of physical work, and required Jjob performance). Data on many



of these factors are, of course, difficult to obtain,
because many cannot be controlled, reliably measured

or. thfully described, yet in estimating thermal

stress and the associated physiological and psychological
strain, we are concerned with the total man in his total

working and living environment.

At least a substantial part of the total environment can

be described with va'i.i.able.6. Of these a group of four
represents an attempt at describing the thermal environ-
ment. The first one, the mean radiant tempen.atule (T_r),
describes marfs radiant environment most conveniently, and

is defined as that uniform temperature of black surroundings
which will give the same radiant heat loss from a person as
in the actual case under study. The mean radiant temperature,
together with the a-tA <empc-'iatu-'te, the Relative ain velocitt/
and the ail humidity make up the four main environmental
variables. Also influencing man's thermal comfort are his
metabolic rate, which may be assumed to be a function of the
activity he undertakes, and the theimui letiltance oh hié&
clothing. The matter is measured by the clo-value [3] , which
is a unit of insulation and is the amount necessary to main-
tain comfort and a mean skin temperature of 92°F (33.3°C) in
a room at 70°F (21.1°C) vith air movement not exceeding 10
feet per minute (0.0506 m/s), humidity not over 50%, with a
metabolic rate of 50 kcal/m2 h (50 W/m2). On the assumption
that 76% of the heat is lost through the clothing, a do nay
be defined in physical terms as the amount of insulation that
will allow the passage of 1 kcal/m2 h (1.16 W/m2) with a tempera-

ture gradient of 0.18°C between two surfaces:

l1do » 0.18 cal/m2 h (1)

This unit is the reciprocal of the overall heat flow constant

h in.

A = h .A AT (2)

Ordinary business clothing has an insulation wvalue of about

1 do. The best clothing has in practice a value of about



4 clo per inch (2.74 cn) of thickness []].

All these C variables are of importance in man's thermal
balance and it is therefore meaningless to give (comfort)
values for a single variable (eg, temperature) unless

values for all the other variables are established.

In one study, Fanger [4] has set up a general comfort
equation, which establishes for each activity and type of
clothing all combinations of air temperature, mean radiant
temperature, humidity and relative air velocity which are
claimed to create optimal thermal comfort. But as a
criticism one should remember that many other factors, some-
times of a psychological nature, also contribute to tne
sensation of "comfort". It is therefore suggested tuat
Fanger's conditions be termed a "sensation equation" rather
than a "comfort equation". But nevertheless this equation
allows us to compare the importance or the 6 variables among
themselves, especially that of radiation, which is, after all,

the subject of this study.

2.4 Importance of the radiant part of the general

heat exchanne
In the application of Fanger's comfort equation and diagrams,
the following examples have been chosen to show the influence

of radiation on men.

lst Fxanple; A seated, nude person is in an environment

of 25>°C temperature, 0.2 m/s air velocity and 35°C mean
radiant temperature. The radiant environment Is now changed
by increasing the mean radiant temperature by 5°C to 40°C

(eg, by switching on an infrared heater). 1In order to have
the same total thermal sensation, this change in radiation
would have to be compensated for either by increasing the air
velocity by a factor of 2.2 or by decreasing the air tempera-

ture by 3.C°C.

2nd Examples A seated nude person * in an environment of
28°C air temperature, 0.5 m/s air velocity and 35°C mean

radiant temperature. The radiant environment is now changed



by decreasing T(r by 5°C to 30°C. 1In order to have the
same total thermal sensation, this change In radiation
would have to be compensated for cither by decreasing the
air velocity from 0.5 to 0.2 m/s or by increasing the air

temperature to 31cC.

If we were to try to compensate for the cooler radiant
environment" by using light clothing of 0.5 do, this would
yield such an enormous overcompensation that we would need,
for instance, an additional wind speed of 15 m/s (a factor
of 30) to re-establish the original sensation of comfort.
This shows how great the influence of clothing (even very

light clothing) can be in protecting against radiation.

Th next example will make this point even more clear.

3rd Example; A seated person is in an environment of air
temperature 25°C and an air velocity of 0.2 m/s. The follow
ing mean radiant temperatures would be necessary to achieve

comfortt

Tnir = 35°C for a nude person ( 0 do)

Tmr = 29°C with light clothing (0.5 do)
T * 22°C with medium clothing (1.0 do)

mr

Trr = 130C with heavy clothing (1.5 do)



THEORY OF RADIANT HEAT EXCHANGE

The radiant component of heat exchange is governed
essentially by the sane laws which are used in engineering
to calculate the heat transmission from pipes, plates or
any other body. From this point of view, the problem has
a purely engineering aspect in addition to the ergonomic

aspect mentioned above.

The wavelengths occurring in Industrial irradiation lie
mainly in the infrared spectrum. This can be seen in

Fig 2, where intensity (energy density) is plotted as a
function of wavelength. From the red-hot stove at 1 000 K
down to the human body at 300 K, the radiant source? occur-
ring in industry contribute a great part of their energy
within the 1-50 ym waveband, ie, the infrared spectrum.
For this reason all of the following discue ion refers only

to this waveband.

The radiant heat transfer between a man and his environment

can generally be described by the equations
«.,b - s ° r<T*e- 1;> , (I,'ib) (3)

This relation was first derived by C Christianson in 1883
from the Stefan-Doltzmann law. Thr following ass imptions are

made in this formula:

1st Assumption; The body is considered as convex and the

surrounding surfaces as concave.

2nd Assumption: The area of the surrounding surfaces x>
area of the body, which is generally justified (cf the wall

area of a room, for instance).

3rd Assumption: The rauiation is within the Infrared spectrum

(no short-wave radiation).

4th Assumption: In any discussion of the heating effect of
radiation it should be remembered that radiant energy is con-
verted to heat only at a point of absorption, such as on

clothing. It is therefore extremely important, as far as man
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is concerned, how near to the skin level this point is,
and also what the insulation from the point towards the
skin and towards the environment ja. The efficiency of
generation of heat by radiation at a point near the skin

can be expressed by

"err - Hi.xt/'tot «>

The assumptions relating to the insulation problem must be
examined in each particular case. It should be remembered
that the overlying air layer is also part of this insulation.
Generally, it can be said thw.*: the point of absorption lies

on the very outside of any article of clothing. It was found,
for instance, that in water the mean p-4nt of absorption is
only approx. 40 iim under the surface [5j. Since this distance
depends only on the emissivity of the material and tne
emissivities of clothing and water are very similar (see II.6),

the assumption of surface absorption is Justified.

5th Assumption- The radiation flux is nearly isotropic, or
if not, we take the mean radiant temperature to be . In
mines, for instance, where the environment consists of an
entire rock enclosure of almost the same temperature and
physical quality, we may assume that Tp B TrOi:k* eg, we have

a nearly homogeneous environment (see Fig 3).

This situation is not found, for instance, in glass works,
foundries or where warm and cold surfaces occur "passively"
(windows, badly insulated alls), or where a person is exposed
to radiation coning from a defined point or area such as
lighting fixtures, machines or goods as well as irradiation

from the sun.

It is useful in this connection to outline a few details of

the way to handle this problem. Two cases must be considered:

3.1 Irradiation from non-uniform surroundings (Fig 4)

Such non-uniform surroundings consisting of isothermal sur-

faces, and having temperatures Ti, i??,.... f£* (within '-he norma-



FIGURE 3

The radiant situation in a homo-
geneous environment, eg, in a mine



FIGURE 4

Irradiation from non
uniform surroundings



low temperature range), can be described most conveniently

by the mean radiant temperature T * defined above (2.3).

In the absence of short-wave radiation T is most con-
nr
veniently determined with a globe thermometer, which is

described in [G]

3.2 Irradiation from high-lntensity radiant sources (Fig 5)

When a person is exposed to irradiation from a high-lntensity
radiant point source another method is necessary to determine
the mean radiant temperature: first, the mean radiant
temperature *ur. in relation to the unlrradlated person can

be determined in relation to a person as if he were not ex-
posed to direct radiation from the heater. An exact calcula-
tion can be made with the globe thermometer, but in many
practical cases one can with sufficient accuracy set T

equal to the air temperature. If the person is now irradiated
with a mean radiant flux density gq.”, and the area of the
person projected onto a plane perpendicular to the mean
direction to the heater (centre of body I centre of heater)

is called F , the irradiation upon the person will be equal to
q.r.F (Fig 6). (The radiation from a heater can be assumed

to be largely parallel, since the distance of the subject from
the heater is usually large.) Of this, qg’r. will be
absorbed, where a.” is the absorptivity of the outer surface
of the person at the actual wavelength of the irradiation.

The equation to be set up for the determination of the mean

radiation temperature for the irradiated person T * is then:

H - H
e*b Ty e—*b P + &diator*b
mr nr

uur

By rearranging Eq (5) we obtain:



FIGURE 5

Irradiation from a high intensity
radiant source



FIGURE 6

The projected area Fp , used
for calculating radiant heat

transfer from a high-intensity
source
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F
The introduction of fP = =1- (= projected area factor)

makes the calculation independent of the size of the actual
person. Such values are determined in [4] and plotted in
diagrams from which fp (for seated and standing persons)

can be obtained for all possible directions of radiation.



OBJECT OF THIS WORK

7Tn the foregoing, equations have been set dowr. from which
it can be seen what radi ;lon data for the human body are

necessary for the calculation of radiant heat transfer.

The general picture emerging from the use of these ;quations
for calculating industrial heat stress shows that two
important items are still missing: the assessment of surface

area; and emissivity values of clothing.
This work was undertaken to £fill in these gaps.

As far as the surface area is concerned two different
definitions are required: the true geometric;larea of the
human body is the area of the outer surface of the skin,
assuming that this surface is smooth. This area is dependent
on posture, muscle tone, state of "stretch" of skin and other

factors.

That area of the body which is available for exchanging radia-
tion with the environment is described as the radiation sur-
face area. The exact definition of the radiation surface area

is given by the Stefan-Boltzmann equation:

q=0F c T' (7)

where the radiation surface area occurs as F and describes the
geometrical circumstances of the radiant emission(or

absorption).

The value of F naturally depends on the posture assumed. A
knowledge of the radiation surface area can be very important
when investigating or predicting body heat stress and the
heat balance in working places exposed to radiation, as des-

cribed above (2.1)

In the past, surface measurements have been mainly taken for

a very few common postures, eg, standing and seated postures,

19



and were mostly based on only a few subjects [13]. A
deeper knowledge of the radiation areas for typical work-

ing postures was therefore required.

Another factor affecting heat stress under high radiation
levels is the clothing. Again the surface areas of clothed
men in typical working postures, wearing typical working
clothes was required. The conversion of radiant energy to
heat furthermore depends on the absorption of the type of
clothing (or skin), expressed by the emissivity e, and this
also had to be considered in this work. Naturally the heat
generation by radiation as it influences a man is a function
of many other factors such as surface and environmental tempera-
tures and the point where (ie, in which layer of clothing)
radiant energy is converted to heat. But these latter items

may change from case to case and were therefore not examined.

The results of this work may be ur”d in assessing the heat
stress in industrial environment here radiation will be
one effect among many others. Furthermore, recommendations
on the types of clothing to be worn - particularly at working

places exposed to radiation - may also as a result be made.



SURVEY OF LITERATURE

The effective radiation area of the human body in different
postures has been the subject of several investigations

using surprisingly varied experimental techniques. It must

be remembered, however, that the majority of these experiments

were made with only a few subjects, sometimes only one.

Rohnenkamp [7j, [s] at the beginni » of the 1930's measurrl
the electrical capacitance of standing subjects, claiming that
this is a parameter related to the radiation area. He found

a similarity between the theory of an electrostatic field
around a body which determines its capacitance and the radia-

tion field which determines its radiant heat exchange.
From this comparison, he arrived at the equation
F - 4rC2 [cm2] (8)

where the iadiation surface area is a function of the
capacitance C or the body only. C is determined by means o'
an electrometer, by connecting the measuring system (including
the body whose capacitance is to be measured) with a battery
until it is charged. The voltage of the measuring system
charged in this way is V. After connecting another known
capacitance C1l, which was previously earthed, the voltage is
decreased to the new voltage W. Hence the capacitance of the

measuring body was determined by

where B represents the additional capacitance of the lead betwee

the capacitance C1l and the measuring system.

This method of determining the radiation surface area appears
simple but in reality the sources of errors are serious. The
main difficult/ comes about as a result of the environmental
conditions of such an c'peiiment. It is obvious that this

kind of experiment must take place in a laboratory with limited



dimensions. For such a large body as the human body,

the influence of the surrounding walls in increasing

the capacitance is considerable. In ordinary buildings, no
rooms are usually large enough to keep this error negligible,
as compared with the errors of the measuring method. Further-
more, it must be mentioned that such an error would bo a
systematic one which should be avoided under any circumstances,
in spite of the fact that Bohncnkamp carried out his experi-
ments in an especially large room in a hospital and even

in a hangar on an airfield, this effect is still considerable

as a few calculations may easily demonstrate.

If we take the most simple case and assume the human body
to be roughiy a sphere (of radius r”) and the environmental
room walls to be a concentric sphere (of radius ré&), the
capacitance oi this system can be calculated from:

C = f_l * ra_ I[.cm]’ (10)

If we assume a diar.eter of 0.5 m for the inner sphere re-
presenting the human body, the capacitance will change considerably

as we vary the diameter of the outer sphere representing the

walls of the laboratory room (see Table 1).

rB [cm] C  [cm]
50 50
100 33.3
150 30
200 2P .6
250 27.7
500 26.3
750 25.8

1 OCX) 25.6

Table 1

Furthermore, the influence of any eccentricity of the object

of measurement within the environment is difficult to estimate.
In order to eliminate these errors, the apparatus was calibrated
by substituting for the human body calibration bodies of

varying, but basically similar shane. There is no doubt, however.
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that the results of this method depend largely on the

shape of these calibration bodies.

In conclusion, it may be said that this method suffers
from great practical difficulties in spite of the evident

appeal of the associated theory.

Bedford [9] made use of a much simpler graphical construc-
tion method. He determined the effective radiation area of
a nude and of a clothed body by measuring the overall girth
in a suitable number of places. Assuminn an elliptical body
silhouette he applied Simpson's rule to obtaintiie area by
integration from tha measurements. He found values for two

subjects in both standing and crouched positions.

This method must be regarded as a very rough approach towards
determining the radiation surface area. The results must
therefore be judged in this light and more accurate results
may not be expected from such an approximate method. The
only criticism of the method must therefore be directed at
the relatively time consuming nature of the procedure by

comparison with the simplicity of its physical background.

Nielsen and Pedersen [10] employed a therm, il method in which
radiant heat transfer was determined by establishing a heat

bal 3 for the human body. They found values for a stand-
ing 1 one seated subject. This method is derived directly
fron ve definition of the radiation surface area (see 5q 7)
and mu. herefore be regarded as the best method as far as
reliabil v is concerned. The heat loss by radiation plus con-
vection from the human body can be determined as the difference
between the heat production and the heat 1loss by evaporation
plus or minus the change in body heat content (see 2.2). It

is therefore possible to determine the heat less by radiation
and by convection sepat itely if the mean air temperature of

the surroundings, that is, the mean radiant temperature, is
equal to the mean surface temperature of the subject. 1In the
test room used by Nielsen, it was possible to vary the radiant
temperature and the air temperature independently of one

another without significantly influencing the air velocity.



For comparison with the experiments on a man, a parallel
series of experiments was performed on a clothed thermo-
statically controlled dummy of the same shape and size

as a grown-up man, and with the average surface tempera-
ture beneath the clothing maintained at a constant value.

The heat loss from this dummy could be determined in a simple
way and with a much higher degree of accuracy than is possible
to obtain from experiments on a man. The clothing of the
dummy was quite similar to that of the subject and covered in
both cases about 90 per cent of the surface? further, since
the emissivities of the unclothed areas were of the same magni-
tude, it was reasonable to assume that the heat loss by radia-
tion per unit area from the dummy and from the subject wou'd
be practically the same under equivalent conditions. On the
other hand the convective heat loss might be expected to he
somewhat greater for the subject than for the dummy due to the

small movements of the former.

When the clothing temperature is equal to the air temperature
the convection heat loss is zero, and when the clothing tempera-
ture is equal to the radiant temperature the radiation heat

loss is =zero. For these conditions, therefore, the heat less

by radiation and the heat loss by convection, as well as the
corresponding air and radiant temperatures, can be determined

directly.

Once the radiant heat transfer has been determined, the other
data necessary to calculate the effective radiation area ara
the body surface temperature and the emissivity of the

body surface e*. The temperature was measured by means of a
number of thermocouples distributed over the entire body, in
order to obtain a mean body temperature. For the emissivity of

the clothed subject a value of 0.9' was taken.

The radiation surface area was obtained by rewriting Eq 3 as



It is clear that this method is enormously tine con-

suming . However, the method has the advantage that it

is based directly on the definition of the radiation

surface area and does not therefore involve consideration
of area similarities. The determination of the radiant

heat exchangehowever, also involves calculation of

heat losses by convection, evaporation and processes of
metabolism. As these other items are not measured (by
calorimctric means, for instance) but are instead calculated,
the final radiant heat exchange is a result of so many
assumptions that the advantages of the method are no greater

than those of the direct method.

Guibert and Taylor [ll] employed a photographic method and
obtained values for 3 subjects in seated and standing postures.

FangiT f'4] used a very similar but slightly improved method

and tr measurements of 20 subjects in all in standing and
sitting positions. A description of this method is given to
conclude this survey of the literature. First the projected

areas Fp (see 3.2) of the test person was measured from a
number of directions. The experimental set-up is shown in

Fig 7. The subject was placed on a vertical movable platform
which could at the same time be pivoted about a vertical axis.
Around the test person was mounted a system of mirrors, con-
sisting of (1) a small, plane precision mirror which could

be pivoted about a horixontal axis, and (11) 6 large fixed
plane mirrors placed in a vertical quadrant, with the subject
in the centre. By turning the snail mirror, the test person
could be viewed and photographed with a fixed camera from 6
different angles in the vertical plane. The reflexion of

the light rays by means of the mirrors is shown diagrammatically
in Fig 8. By turning the platform,a total of 13 horizontal
angles could be obtained, or 13 x 6 = 78 exposures within a
quarter-spherical solid angle. It is sufficient to take
measurements within a quarter-spherical angle because of the
right/left symmetry of the body, and because the projected area

from 2 opposite directions is the same.

The projected areas were measured by double planinet-fing, the
negatives being projected upward onto a table with a glass top,

the projected and natural sizes being in the approximate ratios
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FIGURE 8

Notation pertinent to calculation
of the effective radiation area by
the photometric method



of 1:5. From these projected areas, the effective radia-
tion area was then obtained by calculation. Consider a
person located in the centre of a spherical coordinate
system, where any direction in relation to the person is
defined by the azimuthal angle a and the altitude angle

P (see Fig 8). Consider further a differential surface
element dA on the sphere with angular coordinates («,B).
The effective radiation surface area can then be determined

by integration and becomes

o* m
F = £ Fp cosPdadP 12)
0=0
where is the persorfs area projected onto a plane per-
pendicular to the direction of dA;. F is calculated for the

4 posture-clothing combinations for each subject by numerical
integration of the double integral on the basis of the
experimentally-determined Fp - values for 78 angles within a
quadrant. Interpolation formulae for Fp between the observed
values were deduced for the seated person on the basis of a
detailed examination of a single subject, for which, in all,

273 Fp - values were determined.

Compared with the methods mentioned above the sources of errors
arc obviously very few. However, the amount of work and the
time required to obtain readings are considerable. A consequence
of this prolonged experimental procedure" is that there is a
certain danger that the test subject may change his position
slightly duringthe photographic sequence. With this method,

such a slight movement could introduce serious errors.



PART I : SURFACE APEA “EAR"D™EUTS

CHOICE OF POSTURES

1.1.1 V7or]:inn postures

It was an important aspect of this study to select the

most frequent working postures. Judging from the litera-

ture consulted, such a selection of typical working postures
does not seem to have been made previously. various postures
have been intensively discussed in the large body of
physiological 1literature, but these discussions represent

a study of degrees of freedom or a study of one particular
posture for the purpose of investigating the conditions of

a certain jolL. (Many items of this kind may be found in the
literature of aerospace medicine, for instance.) For materia’,
the author had therefore to fall back on his own experience
while working at 5 different industries in Switzerland as veil
as on observations made on numerous industrial visits in be*-h
Switzerland and South Africa and on observations from every-

day 1life.

As will be seen later, the method of measurement employed Cr.ly
allows for the use of stationary postures. But as almost all
work has to be done during movement and not while the body is
in a stable posture, the selected postures had to be such that
interpolation between then was possible in order that any

activity could be described in terms of elemental postures.
The best example of this may be the walking movement. An

analysis of this movement reveals the following two

typical positions:
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If now a measure of surface area can be attributed Lo

each of these two postures, the resulting average surface
area can be roughly approximated by the synthesis of the

two extreme positions in a harmonic movement:

surface Qrea

Similar considerations apply in the case of the movement

of standing up from the kneeling posture:



V/]_ Vi z

or in the case " %' 1lifting movement:

Posture No 6 is also the typical posture for picking up

light objects.

Finally the most frequent working posture, namely the
sitting posture, should be considered. Here the influence
of the back of a chair is certainly important, considering
the fact that many activities demand a backrest txr.d others
not. But there remain many working activities which involve
a continuous change between the bending-forward and the
leaning-back positions. 1In the case of the two postures

illustrated below, it should also be possible to establish an



approximate average position from a time sequence of

the motions involved (work study).

IV

All these considerations were taken into account in the

final choice of typical working postures shown in Fig 9.

1.1. 2 The spread-eagle posture (see Fig 10)

This posture was used for reference purposes. The way in
which it was referred to in describing the working posture
measurements is given in 1.5. Its merit lay in its easy
reproducibility as well as the fact that this particular pos-
ture yields the largest possible radiation surface area [1l1].
For this reason, the danger of errors arising from accidental
variations in taking up this posture was proportionately

lessened.

1.1.3 Detailed description of wvarious postures

It!'£ 2P1[£2d;;eaglt2_oosture (Fig 10) i Legs apart, straight.
Feet parallel with their outer edges, 9G cm apart. (This
distance is chosen arbitrarily to correspond with the dimen-

sions of the grid on which the subject is standing.)

Petture 1 (Fig 11): Standing posture. Heels together. Angle
between feet ca 30°. Arms slack and hanging loosely down.
Body upright. Subject 1looking horizontally ahead. Fingers

loose in their most comfortable position.
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FIGURE 10



FIGLHE 11

Post are 1 s Standing Posture



Pojturo 2 (P'ig 12): Walking posture. Stcplength (from
heal to point of foot) : 96 cn (chosen for the sane reason
as for the spread-c xgle posture). The left (backward-
positioned) forearm is vertical and its hand is Jjust behind
the body. The hard of the right (forward-positioned) arm

is approximately at chin level. The fingers are loose as

in Posture 1.

Poctture 3 (Fig 13): Kneeling posture. Thighs and upper

part of the body are upright. Arms and hands are both forward-

positioned as in Posture 2.

Ponture 4 (Fig 14): Kneeling on one knee. Shank ol the
forward-positioned leg and thigh of the kneeling leg both

vertical. Arms and hands positioned as for Posture 3.

Pontui'e i (Fig 15): Squatting posture - sitting on heels.

Upper part of the body upright. Arms and hands positioned as

for Postures 3 and 4.

Poeture 6 (Fig 16): Lifting posture. Legs slightly (com-

fortably) angled so that finger tips easily touch the floor.

Ponture 7 (Fig 17): Sitting, back and backrest not in con-
tact . Upper part of the ody wupright. Arms and fingers

positioned as for Postures 3, 4 and 5.

Poat<.'e 8 (Fig 18): Sitting, back and backrest in contact.

Arms and fingers positioned as for Postures 3, 4, 5 and 7.

SUBJECTS

Twenty—three test subjects were employed for the determination

of surface areas in the nude condition, and measurements

taken of a further 4 subjects in all postures, using 4 di

.e-remn

types of clothing. All subjects were Bantu maleu, and they
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Postur-9 2 : Walking Posture



rir.tmn 13

Posture 3s Kneeling Postures



FIGURE 14

Posture 4; Kneeling on one knee
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Squatting Posture



Posture 6

FIGURE 16

Lift Inn Posture
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FIGURE 17 42

Posture 7 : Sitting, without touching
the back



" "mm

FIGURE 18

Posture 8 : sitting, leaning
backwards



were average in respect of weightand height.

SELECTION OF TY“ES OF CLOTHING

tour types or1. garment in common industrial use were

investigated, namely ;

1. Common track suit, without shoes
2. Overalls, without shoes

3. Mining suit, consisting of overalls, leather

jacket and boots, without helmet *

4. Trousers, shirt, boons

DESCRIPTION OF rnjinrENT

1.4.1 The photcdermoplsnlncter (see Fig 19)

This instrument makes use of the principle that the area

of a body which radiates to its surroundings is the same as

the area available for absorbing 1light from the surroundings.
An isotropic flux of white light is chere'"ore produced in a
large chamber of vertical d mension 10 ft. When a uai enters
the vessel he absorbs some of this light, and so decreases

the light intensity at a frosted glass window in the wall of
the chamber. This decrease in intensity is related to the

light absorbing area by comparing the resulting intensity with
that of a similar window illuminated by 4 comparison lamps.
These lamps are mounted on a trolley which runs along an optical
bench. The position of the trolley (which can be read off

accurately from a sliding rule attached to it) thus determines

* In every tvpe of helmet there is an insulation layer
between the* helmet material and the head. We must expect

a helmet temperature very close to the mean radiant tempera-
ture of the environment because the thermal influence of the
surroundings on the helmet is dominant compared to the
influence from the head — due to this insulation. ihe helmet
docs not therefore differ much from the surroundings as far
as radiation is concerned and in consegucnce, we may neglect

it.
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A) Schematic diaqram of the photodermoplanimefor

(3) Recording Equipment



the light intensity at the reference window. The 1light
intensities at the two frosted windows are compared by an
electronic photometric system and are equal when the
position of two ellipses on the screen of an oscilloscope
coi..-ide. Further details of this device can be seen in
[12] and [1]].

1.4.2 Calibration prisms*

The use of these prisms will be described later (see 1.6.1).
In all, 3 prisms were used, which allowed a cho.ce of 7 area
combinations, the surface areas and their respective combina-

tions being:

II 1 0.66 m1l base s 0.3 m x 0.3 m
III 1 1.26 m'
II t 0.90
IIT t 1.50m
IIT I 1.74 m
I + I" IIT 1 1.98 m

1.4.3 The chair

The -hair which was used for Postures 7 and 0 had the dimen-
sions shown in Fig 20. The seat and back cf the chair were
covered with a 1.2 cm thick layer of rubber foam, in order to
simulate upholstery. All parts of the chair were painted with
the same white paint as was used for the inside of the 1light

chamber.

FORM OF PRESENTATION CF RESULTS

Tha form in which tb results are given influences the ex-
perimental procedure. It is obviously convenient not to

present the results of the surface area readings in absolute

* in pig 19, one of these is described as a "calibrating
body".
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figures, but to refer them to a standard Posture. he
reference posture cb”sen was the so-called spread-eagle
po ore (see 1.1.2) . This choice was expedient because
it is a)ready known how the true geometrical area can be

obtained from the spread-eagle radiation area:

(t'.ue geometrical area) = 1.041 x (radiation surface

area in spread-eagle posture) (13) [13]

This may also be the reason why the iiterature up to the
present refers mostly to the spread-eagle radiation area and

it is therefore easy to compare the results of this work with
those of earlier studies, and, moreover, to extend the results
of earlier measurements on test subjects. It was therefore
also desirable that the surface areas of the clothed subjects

should be referred to the nude spread-eagle posture.

PROCEDUK
1.6.1 Calibration

The phoi.odermoplaniireter was calibrated by a substitution
method. A number of rectangular prisms of known areas (see
1.4.2) wore introduced into the chamber in place of the man.
The shape of these prisms was arbitary (in this particular

case they were rectangular orJ sms), since it was only the
surface area that was important. The only requirement that
these prisms have to satisfy is that they be convex in order
that their radiation surface area coincide with their true
geometrical area. This 1is necessary to relate the reading of
the photodermoplanimeter to the actual (geometrically-measured)

surface area of the prisms.

The prisms have their surfaces coated with a paint with optical
properties matching those of the water strain used to paint

the human subject. A calibration was performed immediately
after each series of measurements (which lasted not more than

3 hours) to prevent systematic errors caused by a temperature
drift of the electronic measuring equipment or by dirt particles
entering the chamber. If two subjects were subjected to

measurement on the sane day, the calibration was performed



bet\ ;en tests in such a way as to maintain the sequence;
measurement - dallocation - measurement. Three measurements
were taken with each combination of prisms. All these three
points (not their average) are plotted in the calibration
graphs, one example of which is shown in Fig 21, so it is

easy to appreciate the degree of accuracy obtained. Although
the inverse square law of optics predicts a dependence on
distance squared in the narrow range of areas used - approximat-
ing to that of the human subject - it was found that the distance
moved by the trolley when a body is introduced is 1linearly
dependent on the radiation area of that body. This linearity
was verified in all calibration curves where each was based

on three combination* of prisms (Fig 21). The entire calibra-

tion sequence consisted of one calibration Mth, and a second

without, the chair in the chamber, because the presence of

an additional absorbing body may obviously change the charac-
teristics of the box (the white paint of the chair is not a
perfect reflector). These two calibration lines are expected
to converge and to intersect at the origin. This was demonstrated
and verified in each case. Furthermore a slight continuous
change of measured distance between the curves representing
conditions with and without the chair in the box was observed,
and especially after the chair had been re-painted. This is
due to the continuous darkening of the chair ttat occurs with
use. In order to calibrate the box with the chair inside, tne
prisms were put on the chair at the very place where the human
subject sat. (See Fig 22 : the edge of the base of the prism
is flush with the front end of the seat.)

1.6.2 Compensation for the area of the chair obscured

by the target
Doth the subject sitting on the chair and the calibration
prisms cover up a part of the absorbing area of the chair. Tne
loss of this absorbing area causes too small a surface area
to be recorded. At first this problem seemed to represent an
obstacle in the way of carrying out measurements with a chair
in the box, as no attempt had previously been made to measure

the radiation surface area of a sitting subject in the photo-
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FIGURE 21

Example of a calibration graph
of the photodermoplanimeter



FIGURE 22

Calibration of the photolermo
planimeter with chair



dermoplanimeter. (This apparatus had originally been
designed to measure the true geometrical surface area

of subjects in the spread-eagle posture. The true
geometrical surface area is generally considered of more
importance in physioiogy than the radiation surface area
because it is a condition related to basal metabolic rates,
oxygen consumption, cardiac output,glomeral filtration rate,
heat loss by convection and evaporation and so on.) The
first step in solving this problem was to keep the chair
surface as reflective as possible, ie, white and clean.

The chair was therefore painted with the same white paint

as the inside of the chamber and the seat and the backrest
of the chair were always coated with blank, new blotting paper
to minimise reflection from this area. Yet in spite of this
small absorption this represented a systematic error that
exceeded the random standard deviation of the system. An
absorption rate of 0.583 units/m2 (after repainting the box
0.669 units/n2) resulting from use of the blotting paper

was recorded. (These "units" are arbitrary readings and
correspond to the distance moved by the trolley.) This means,
for instance, that the error resulting from the loss of the
small area which in covered by the base of the prisms is
(0.3 x 0.3) x 0.583 = 0.052 units (after repainting i 0.061
units) which is about 0.007 m2 or approximately 0.5% of the

spread-eagle posture area.

The second step in handling the problem of the obscured area
was to effect a theoretical compensation: the measurements
taken from the subject sitting on the chair were corrected by
copying and measuring the shape of the covered area on the
blotting paper and then multiplying the area obtained with the
specific absorption rate of the paper. The same procedure

was applied to the area covered by a prisrtfe bare. This correc-

tion was then added to the readings taken.

The change of absorption rate after repainting the box was
due to the fact that in a brighter environment the paper absorbs

more light.



1.6.1 Experimental procedure

Before any readings were taken, a period of 45 minutes

was allowed for the various electronic devices to stabilise.
During this time the subject was painted black all over and
the first reading was taken as soon as the paint had com-
pPletely dried. The paint used for this purpose was a matt
black water stainer ("Evans water stainer-black"). Because
all subjects were painted with the same paint, the amount of
light they absorbed became a function of their absorbing

(and therefore radiating) areas only. The operation of the
photodermoplanimeter was simple. A suitable lamp current was
chosen, and, with the integrating vessel empty, the position
of the trolley was adjusted until the two ellipses on the
oscilloscope screen coincided. The position of the trolley was
then read off. The painted subject then entered the vessel
and the ellipses were again brought into coincidence. The
new trolley position was then noted. The difference between
the readings for these 2positions war a measureof radiating

surface area.

1.6.3.1 Nude subjects

The sequence of readings taken of one subject inone posture
was: Empty box - subject in spread-eagle posture - empty box -
required posture. From each reading with the subject in the
box, there was subtracted the immediately preceding reading of
the empty box in order to ensure that this difference really
represented the pure radiation area and not one affected by

the presence of dirt particles which inevitably entered the

box in the course of time. Each such set of readings was re-
peated three times and an average of the three ratios represent
ing (required posture/spread-eagle posture) was finally

determined.

Since the spread-eagle measurements could not be taken during
the time the chair was in the box because of shortage of space,

another procedure was chosen to obtain the required readings.

From the 18 spread-eagle readings taken for Postures 1-6

(each reading being taken three timesl, an average was determined



for purposes of comparison with the 8 subjccts-on-chair
readings. This time the ratio (required posturc/snread-
eagle oosture) was not taken from the readings of distance
moved by the trolley, but from the real radiation areas
determined by the respective calibration curves, in order

to take care of the different calibration characteristics
obtained with and without the chair in position. For this
part of the work measurements were taken of 23 subjects

in each of C different postures. Postures 1 - 6 required

6 measurements or 12 readings each (6 readings of the empty
box, 3 readings in spread-eagle position and 3 readings in
the required posture). Postures 7 and 8 required 4 measure-
ments each (because of the bigger scatter) or 8 readings (4
of the empty box, 4 of the required posture). Thus

23 x (6 x 6 + 2 x 4) or 1012 measurements * 2024 readings were

taken of the nude subjects.

1.6.3.2 Clothed subjects

For the reasons mentioned in section 1.5, it was clear that

the areas determined for the clothed subjects should also be
referred to the spread-eagle area of the nude subject. 1In

order to save time, the routine whereby each subject took off
his clothes after each posture reading was modified, as follows.
A set of 10 spread-eagle measurements was taken before the
series of 8 posture measurements and was followed by a sub-
sequent set of 5 spread-eagle readings in order to register anv
significant change in box characteristics. However, in all
these cases no deviation between these two sets of readings was
found and the average of the first set of spread-eagle measure-
ments was therefore then taken as a basis for comparison. ...e
rest of the procedure remained the same. For this part readings
of 4 subjects in each of 4 different typ**? of clothing were
taken. The total number of measurements xor the examination

of clothed subjects in different postures was therefore:

10 + 4 X 4 (6x3+2x3)+5= 399, ie, 798 readings.

1.6.4 Tine required to take measurements

For the sake of another person who might want to repeat on

experiment, the description thereof would be incomplete i. no



reference were made to the time spent in taking a series of

measurements.

During the time required by the electronic equipment to
stabilise, the subject was painted and dried in front of a
heater. This usually took 45 minutes. Measurements on one
subject in all 8 postures (nude) with 44 measurements or 88
readings in all therefore took approximately 90 minutes.
Measurements of a clothed subject (a total of 72 readings) took
approximately 75 minutes. (The time of changing clothes twice
is included.) Calibrations involving 30 readings in all took

approximately 40 minutes.

ACCURACY

In all experimental measurements it is important that the
random error of the apparatus is not greater than the scatter
of readings of the event. 1In this study thi latter refers to
the actual scatter of the surface area readings as a result of
the many slightly different configurations associated with any
one particular posture. Obviously it is important that the
sane subject repeat the same posture exactly. In this study
interest thus attaches not only to the average of all subjects
in one posture, but the scatter expressed as a standard devia-
tion must also be considered to be an important result of

the experiment, since this information enables one to estimate
the range of different possiole ways of taking readings to
cover one posture. After all, a highly accurate and reliable
apparatus was required to enable the scatter of the event to
be recorded. The above-described photodermoplanimeter, when
used In conjunction with the compar_son technique, guarantees
the utmost accuracy in this respect. However, it must be men-
tioned that the measuring system as a whole also includes the
operator of the apparatus who may well introduce a certf in ran-
dom error into the system by his particular way of bringing the
two ellipses on the screen into coincidence. It has been
demonstrated that this part of the operation depends to a large
extent on the skill of the operator. Sufficient practice in
the operation of the instrument is therefore necessary to

guarantee reliability of readings. In order to illustrate the
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scatter of the readings and the effective scatter of the
surface area, the following two series of measurements,
taken on the same day, are quoted below. The spread-eagle
posture, here taken as the reference, is seen to be that

with the lesser scatter.

Spread-eagle posture readings Calibration prlsn read!

10.910 (units) 7.025
10.665 7.020
10.845 7.045
10.900 7.000
10.870 7.015
10.855 7.030
10.865 7.025
10.910 7.035
10.810 7.020
10.895 7.015
Average: 10.876 5 Average: 7.023
Standard deviation: 0.023 68 Standard deviation: 0.011
ol 0.002 m2 = 0.001 m2
= 0.22% of spread-eagle 0.11% of spread-eagle area

area

The error associated with measurements on a man is significantly

higher than that, associated with measurements on an inert body.

RESULTS

For all types of clothing the order of the results of the

8 postures is:

2>1>4>3>6>75>5>28

The only change in this order was recorded with shirts and

trousers (3 and 8 being then interchanged).



27316
71609
66281
59803
86053
30325
31348
52807
14991
88056
17450
76848
73070
75601
90867
72990
73830
Ayuatino
David
92266
59919
91197

90816

1.) 3.

Height Weight

163.8cm 59.56kg 36.5:"' 96.34#
167.8cm 67.50kg 85. 2# 91.8#
165.2cu 63.71k: 86 .24 93.44
170.6cm 67 .2kg 86.3# 91.94
168.8cm 60.3kg 88.5# 94. 84
168.6cm 59.45kg 87.7# 90.94#
170.7cm 55.43kg 88 .1# 94 .44
171.4cm 61 .83kg 89 .2¢# 93.34
169.6cm 62.13kg 87.6 ' 93.7;
159.0cm 58.95kg 87.5' 92 .84#
170.2cm 55.1kg 86.34# 92.94
164 .3cm 51.95kg 87.2# 92 .8#
177 .5cm 66 .1kg 88.5# 93.31
163.6cm 57.72kg 38.0# 94. 24
176.1cm  76.1kg 87. 44 92.0#
171.0cm 56 .0kg 88.8 : 93.24
162.5cm 52.74kg 86 .0# 92.4#
168.0cm 72 .85kg 87. 3# 92 .6#
164.9cm 61.6kg 88.0# 91.74#
172.0cm 56.45kg 87.9# 92.94#
171.0cm 67.1kg 86 .2# 91 .2#
168.8cm 65.33kg 87.8#% 90.04#
172.8cm 69.05kg ; 87.9%# 91.0#

TMJITE 2

Radiation surface areas of 24 subjects
(nude) (8 postures) as percentage of
spread-eagle area
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81

82.

81.

81

80.

82

80

80.

78.

82.

82.

80.

81.

78.

78.

80.

78.

78.

77.

76.

80.

.3#
80.

T#
o#
6#

. 3%

5#

E

.54%
82.

14
14
8#
o#
61
4%
24
T#

4.)

83.

83.

86

85.

84.

84.

85.

86.

84.

86.

84.

86.

86.

87

82.

86

81.

86

85.

83.

83.

82.

84.

5#
.5#
1#
6

7#
5#

44
T#

71

.51

2%
81
14
T#
3#
5#
6#
o#



a.) 6.) 7.)
0 0
«2 Hsight Weight
3

27316 163.8cm 59.56kg 71.7 ' 78.5" e

71609 167.8cm 67.5kg 70.9' 78.13 68.63 65.13
66281 165.2cn 63.71kg 74.1.5 78.7 e 75.63 69.9
59803 170.6cm 67.2kg 74.0» 77.13 71.03 6":.C>
86053 168.8cm 60.3kg 71.53 76.43 73.23 66.6"
30325 168.6cm 59.46kg 74.33 77.73 74.13 66.33
31348 170.7cm 55.45kg 74 .43 78.43 73.53 66.2.1
52807 171.4cm 61.83kg 73.63 78.53 71.83 68.8 -
34991 169.6cm 62.13k. 71.93 76.73 73.83 69.31
88056 159.0cm 58.95kg 76.03 80.73 75.43 70.43
17450 170.2cm 55.1kg 71.03 77.53 73.53 69.03
76848 164.3cm 51.95kg 73.13 77.03 75.53 68.93
73970 177.5cm 66.1kg 73.0,. 78.03 73.23 67.91
73601 163.6cm 57.72kg 74.44 78.13 75.33 68.83
90867 176.1lcm 76.1kg 71.73 77.33 72.63 66.71
72990 171.0cm 56.0kg 72.13 76.33 73.43 65.73
73830 160.5cm 52.74kg 72.43 76.33 73.53 65.31
Aguetino 168.0cm 72.85kg 72.33 76.23 72.13 67.71
David 164.9cm 61.6kg 73.13 77.4 1 73.13 68.73
92266 172.0cm 56.45kg 73.23 75.63 74.83 68.83
59919 171.0cm 67.14kg 75.23 74.03 73.43 69.41
91197 168.8cm 65.33kg 64.81 71.13 71.03 64.21
90816 172.8cm 69.05kg 72.73 77.33 72.53 67.51

TATLE2 (COOT)
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Track suit:

Subject Ernesto Eric Bernardo Michael
Height 17C.5cm 157.1cm 171.0cm 164.6cm
Weight 61.24kg 60.15kg 62.35kg 59.30kg

103.5%* 100.6* 100.5%* 103.2%*
g

106.3* 109.6%* 107.3* ; 106.9%*
3.)

0

97.1%* 97.2%* 92.9%* 94 .4%*

100.1~* 101.8* 96.8%* 98.7*
5.)

82.1%* 90.2%* 86.1%* 81.9%*
6.)

/') 94 .8% 90.7% 96.5% 93.2%

E( 90.5* 98.3%* 93.3%* 86.6%

82.4%* 90.4~* 81.8%* 79.8%*

* of nude spread-eagle area

Table )



Overalls:

Subject Ernesto Eric
Height 170.5cm 157.1cm
Weight 61.24kg 60.15kg
1.) O
0
l 112.24 106.6#
2.)Q
g 114 .44 114.8%
I 96.8# 97.1#%
1 100.1# 101.2#
5
84.0# 85.94
6.
? 97.6# 92.54#
0
7,
07.5# 92.7#
8 o
.
.
m 79.94 84.74#

of nude spread

eagle area

Table 4

Bernardo

171.0cm

62.35kg

108.1#

109.04#

95.3#%

79.54#

90.44#

86.5#

77.0#

Michael

164.6cm

59.30kg

106.2#

ior.7#

92.1#

99-54

81.9#

90.4#

87.94%

81.0#



Mine-suit (Overall,leather-jacket,boots):

Subject Ernesto
Height 170.5cm
Weight 61.24kg

I 117.4%*

2
117.4%
\\\ 99.1%
4in

102.8%*.

89.6%*

98.3%

%
o

84.0%*

Eric

157.1lcm

60.15kg

114.8%*

118.5%*

98.2%*

102.9%*

90.3%*

96.7%*

95.3%*

87.8%

it of nude spread eagle area

Table 5

Bernardo

171.0cm

62.35kg

113.3*

118,0%*

94 . 7%

101.1~*

86.0%*

96.3*

92.3%*

82.5%*

Michael

164.6cm

59.30kg

102.8%*

120.5%*

99.9%*

101.8%*

88.3*

97.2%

94 .6%*

93.5%*
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Shirt and trousers,

Subject Ernesto
Height 170.5cm
Weight 61.24kg
112 8#
2
3.)
101.3#
80.8#

boots

Eric

157.1lcm

60.15kg

110 .1#

~ of nude spread eagle area

Table 6

Bernardo Michael
171.0cm 164.6cm
62.35kg 59.30kg
110.5#

97.4#%
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Average values and standard deviations:

(in * of nude spread eagle area)

Type of
clothing

4 Jo

102. Cf.

+1.41%

107.5#
+1.25#

95.4#
+1.83#%

99-3#
+1.83#

85.1#
+3.44%

93.7#
+2.13#

92 .2#
+4.26#

83.6'
+4.04"

track-suit overall

108.3#

+2.

374

111.74

+2.

93.

924

8i

3.354#

99
+2

82.
+2.

92
+2.

88.
+2.

80.

42 .76t

.24
.24%

8#
75%

vk

944

6#
424

T#

Table 7

mine-suit

112.1#
+5.55#

118.6#
+1.16#

93.

o#

+1.83#

102.1#

+0.

88

+1.

97
+0

94

+1.

84.

744

5#
644#

14
.754%

3%

944

a4

| +2"01#

shirt+trou-
nude

sers+boots

11cC.8#
+1.53#

115. 94
+1.52#

96.0#
+2.0#

101.2%
+1.37#

88.5#
+1.66#

97.1#
+0.47#

90.2#
+1.50#

81.8#
+1.67#

87
+0.

92.
+1.

80
+1.

84.
+1.

72.
+2.

77
+1.

73
+1.

67.
+1.

L4

986#

76#
3784

.38%

562#

88#
5294

68#
1474

.08#

8244

.224

6114

78#
590#



Average values and standard deviations:

(in # of total nude area)

Type of shirt+trou-

clothing track-su* t overall mine-auit sers+boots

1.) 0
97.9% 104.0*  107.8* 106,1*
+1.35% +2.27%  +5.33% +1.47%
2.)0
103.2% 107.1*  113.9% 111.1%

t1.20% +2. 00/3 +1.11%* +1.46*

91.5%* 90.0%* 94 . 1% 92 .1%*
+1.75%* +3.21%* +1.90%* +1.93%

95, 3% 95.2% 98.0%* 97.1%*
+1.75%* +2.15%* +0.71%* +1.13%*

81.7% 79.5% 84.9% 84.9%
+3.3% +2.64% +1.57* +1.59%
90.0% 89.0% 93.2% 93.2%
+2.04% +2.32% +0.70% +0.45%
88.5% 85.1% 90.5% 86.5%
+4.08% +2.32% +1.86%* +1.44%
8.)
80.3* 77.4% 81.0% 78.5%
k +3.88%* +2.65% +1.93% +1.60%
Table 8

72

nude

83.
+0.

89.
+1.

77.

+1

81

+1.

69.
+2.

74

+1.

70.
+1.

65.
+1.

ox
94

0*
32%*

1=*

.50%

.4x

47*

7%
06*

.0*

75%*

4%
55*

0*
53*



11,1

PART II ; E*ISSIVITY MEASUREMENTS

METHOD

The method used Is based on the fact that the rate of
transfer of radiant heat between a target and a radiometer
used to measure the radiation depends not only on the
temperature of the target but also on the temperature of
the radiometer. The emissivity of the target can be
extracted from the relationship between the radiometer's
output and its tempe. ature, the temperature of the target
being kept constant. The method has the advantage of not
requiring any actual measurement of target temperature to

be made [16]

The rate of energy exchange produces an output signal §$ in
the radiometer, and in this study $ is directly proportional

to H, that is $ = kH, where k is a constant.

Thus

* « kA o tt er [T* - T*] (14)
If the target temperature is kept constant and

$ - $ -kAe. e a T& (15)
v Vo t r r
a plot of radiometer output $ against T* (at a constant target

temperature) would therefore yield a straight line of slope
- = *
m E kA € ¢, ©° (1%)

If an experiment were to be carried out to obtain such a

plot for a black body surface and a target, the slopes of the
resulting two lines would be m* B - kA o (black body)
and m - kA e f%c (target). If the same rreonetrical con-

figuration ismaintained for both target and black body (A can
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2

be kept the same), we get

si*t > (v D (11>

All that is required, therefore, is a radiometer whose
temperature can be varied, a target at a constant tempera-

ture, and a reference black body of known emissivity.

APPARATUS

A radiometer built at the National Mechanical Engineering
Research Institute and improved by Mr A R Atkins of the

Human Sciences Laboratory was employed [25]. The radiation
detector was a commercially available thermal decector at the
end of a 300 mm long barrel containing collimating diaphragm®
to allow only parallel rays to pass. It must be stressed

that the radiometer was non-selective with respect to the
wavelengths to which it was sensitive, ie, measurements were
taken over the whole spectrum. However, as can be seen from
Pig 2, in Chapter 3, an overwhelming part of the radiant

energy occurring in industrial situations lies in the infrared
spectrum. The human body, for instance, emits radiation
mainly in the waveband 6-42 um, 90S of the energy lying between
these limits i14] . Therefore a radiometer measuring only within
the infrared spectrum would have sufficed. By using a non-
j».jlective radiometer, however, wavelength selectivity as a

source of error is excluded.

At the front end of the barrel a segmental disc chopper was
employed for two purposes: first, to supply an alternating

signal to the amplifier and secondly to provide a self-contained

reference. When the chopper (with its mirror surface towards
the sensor) was closed off, the radiometer "saw" only -self,
so providing a reference zero signal. However, this mirror had

no permanently highly-reflective surface in the relevant wave-
band and therefore to some extent it "saw" the radiation from
the chopper. Another stationary mirror of identical construc-
tion was therefore Introduced (see Fig 31). The radiometer

now alternately "sees" either itself reflected off the chopper
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Znc/ cyc/e
«/: Textile) (Target:6/0(4 body)

ecadiomtitr

FIGURE 32

Radiometer and temperature output with
textile (left) and black body (right)
as target



or the target reflected off the mirror. Provided the
m*rror an<* chopper are at approximately the same tempera-
ture and age equally, the effects of the chopper tempera-

ture are thus eliminated .*

The temperature variation of the radiometer was obtained

by a water circuit in connection with an electronically
programmed heating/cooling device. The maintenance of a
constant target temperature was greatly facilitated by the
availability of a constant-temperature environment in the
climatic chamber of the Human Sciences Laboratory, in which

all measurements were made.

The black body used took the form of a conical cavity of
approximately 11 cm depth and 40° apex angle. Its aperture
was reduced to 6 cm by means of a circular diaphragm. The
cavity was painted with matt black paint and immersed in a
well-stirred water bath controlled by a mercury contact

thermostat.

PROCEDURE

Each measurement involved two heating/cooling cycles of the
radiometer, one with the textile to be investigated, and one
with the black body as target. The output plot of the 3-channel
graphical recorder showed the temperature and radiation output
of the radiometer during the first cycle and in addition, the
black body temperature during the second cycle (see Fig 32).
From these two plots the graph of radiometer output for target

and black body as a function of the radiometer temperature could

be plotted (Fig 33)

This diagram was the basis for calculating the target's

emissivity according 'eo Eg 17.

B n c e

obviously simplifies the apparatus considerably.
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Radiometer output as a function of
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Two targetst textile and black body
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11.4

11.5

11.6

TIME REQUIRED TO TAKE MEASUREMENTS

each cycle lasted 62 minutes, and before each cycle, the

water circuit had to be cooled down, which took approximately
30 minutes. Two cycles (target and black body) were necessary
to obtain one emissivity value. 10 to 15 values were con-
sidered satisfactory for obtaining a statistically correct

value within set limits of confidence.

SELECTION OF TARGETS

A common canvas overall was taken as a typical specimen of

an ordinary clothing textile, and it was assumed that neither
the texture nor the colour had a dominant influence on its
emissivity. Another target was the material of the special
suiting with a metallic coating, as used sometimes by firemen
(see Fig 34). These two targets are felt to cover the large

range of target materials likely to be found in working

garments.
RESULTS
Overalls : e * 1,02 *0.111 (s.d.)
Metal-coated textile i cHE 0.74 * 0.108 (s.d.)
Results of other authors
Paper i £ 0.93 0.94 [15]
Water (wet clothing) . £ 0.95 0.96 [15]
0il paints, 16 different
colours (to show that
colour has no in-
fluence i cm0.92 - 0.96 [15]
(Black) Bantu skin
(excised) t £ * 0.997 ¢t 0.006 [14]
(White) Caucasian
skin (excised) 1 £ - 0.997 t 0.001 € 4]
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FIGURE 34

Textile material of protective clothing
into which thin aluminium ribbon is woven



11,7 SOURCES OF ERROR

A considerable uncertainty attaches to the radiometer
output signal, which is subject to random drift as a
result of the extremely high amplification employed.
The drawing of a line through the scattered recorder
output data is therefore influenced by a certain amount
of subjective estimation. Since errors of this kind are
random errors, the only way tc nrevent them is.to repeat
the experiment until a statistically acceptable average

value can ba found.

Other possible sources of error are discussed elsewhere
[16], but it is found that none of them would result in
an error in emissivity, but only in an extension of the
confidence limits, a situation which again can be improved

by taking a sufficient number of measurements.



111,1

PART Ills DISCUSSION AND CONCLUSIONS

CORRELATION BETWEEN BODY SURFACE AREA
AND BODY SIZE

As a rather large set of percentage posture area

values (expressed as a function of the spread-eagle
posture) was collected, one night expect a certain
coupling between these values and shir.e of the most
Important body data. It was found, however, that neither
the body size (height), nor the weight, nor the actual
radiaVon surface area, had a significant influence on

these percentage values

In order to illustrate this assertion, the following

graphs were plotted:

E2S_E-sture_lx nude.
Percentag- of spread-eagle posture against height
(Pig 35)

Percentage of spread-eagle posture against weight
(Fig 36)

Percentage of spread-eagle posture against -adiation
area (1 17)

E2r E22ture_ 7x _nude:

Percentage of spread-eagle posture against height
(Fig 38)

Percentage of spread-eagle posture against weight
(Fig 39)

Percentage of spread-eagle posture against radiation
area (Fig 40)

It is obvious that the type of clothing has no positive

influence on an eventual correlation between these percen-

tage values and the body data.
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I11,2 COMPARISON WITH RESULTS OF OTHER AUTHORS

The radiation surface area has been the subject of several
investigations and these involved the use of vartcus
experimental techniques. But, as mentioned in the

survey of literature (5) almost all of these experiments

were carried out for only the two most important postures,
namely, the seated position and the standing position. For
that reason we are able to compare the results of the present
study with those of preceding experiments, at least for these
two postures. It must be remembered, however, that the majority
of those experiments were made with only a few subjects, and
often a precise description of what "seated" and "standing"
means is ncr available. A criticism of their methods and the
reasons for the deviation from the present results are also

given in the chapter referred to.

For reasons of comparison it was necessary to transform the
values obtained in this experiment into the convenient form

of the effective radiation factor feff:

(18)

E tot

This form of presentation is also that most commonly used in

the literature. The percentage values arising from the present
experiment however are not expressed is P/Ftot but as F/F8e# where
Fge - radiation area of the (nude) subject in spread-eagle
posture. But since we have Ftot 1.041 Fge (see Eq 13), we

obtain:

vec F 0.960 (19)
tot

A comparison of percentage values of the total u.ea (true

geometrical area) is now possible, and is shown in Table 9.
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o—Investigator - Standing Seated

Present results (nude subjects) 82.2% 70.2%
Fanger et al [4] (photographic) 72.5% 70.0%
Bohnenkamp [s] (capacitance) 82%

Bedford [9] (graphical) 82% 72%
Hardy * Du Bois [1?] (graphical) 78%

Nielsen A Pedersen [lo] (thermal) 66% 60%
Guibert A Taylor fl1j (photographic:) 76% 70%

Table 9

The results of Bohnenkamp, who employed an electrical method
(capacitance) and Bedford, who applied an approximate method
(graphical), agree surprisingly well with the present results.
The photometric methods of Guibert & Taylos as well as that of
Fanger, however, seem to give results which in both cases are
apparently too low. The fact that both the results arising
from use of the photographic methods are equally low as com-
pared with the other 3 results (Fanger, Bohnenkamp and the
present results), and the fact that although the methods of the
latter investigators differ from one another, the results coin-
cide very well, increase the probability that the photographic

method yields results which are too low.

The conclusion emerges that the present results fit well into

the picture which has existed up to now. But the present results
adduce the new fact that they are based on tests of a considerab.y
greater number of subjects. The demonstrated agreement of the
present results lends confidence when assessing the accuracy of
new results for the 8 working postures, for which no comparison

is available, except as follows: the influence of he clothing

can be described by means of the clothing area factor

cl nude



ITI.3

for a certain posture. The factors fcl for seated and

standing subjects are given in Table 10.

Investigator seated standing clothing

present results 1.26 1.17 track suit

Fanger [4] 1.11 1.19 uniform
Table 10

DISCUSSION OF THE HIGH EMISSIVITY VALUES OF CLOTHING AND SKIN

It has already been mentioned that the emissivity does not
depend on the colour of the material - in the present case,
skin and textile. This can be explained by reference to

Fig 2, where it will be seen that sunlight distributed between
the wavelengths of 0.2 and 3 gm contributes practically nothino
to the thermal emission within the infrared '.aveband. The
emissivity of a surface depends on its nature (physical composi-
tion) and on the topography of its surface. 1In what follows

it will be shown that smoothness of the surface is a factor of
overwhelming importance as far as the emissivity of a surface
is concerned. A description of the surfaces of an ordinary
textile and of the skin will show why the emissivitles of these

surfaces are so high.

The following emissivity values, whichdemonstrate ihestrong

effect of the smoothness of the surface, are taken from [IB]:

Cogeer c
polished 0.04
etched and scratched 0.09
rolled 0.64
matt 0.22
rough 0.74

Iron £
pure, polished 0.06
freshly rubbed with

emery 0.24
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wrought, polished 0.28
wrought, smooth 0.35
cast, freshly turned 0.44
cast, oxidized 0.63
rough, oxidized, cast 0.98

It is a well-known fact that the surface of an ordinary
textile is usually very unsnooth, not only from the point
of view of the texture but also from that of the fibrous
nature of the yarn. This can be seen from a close-up view

of the canvas (Fig 41).

The surface of the skin is also not smooth but is densely
patterned with ridges, furrows, hair follicles and pores.
Superimposed on this system of irregularities is a further
roughness of cellular dimensions, caused by the constant
sloughing of dead cells from the surface. Fig 42 is a micro-
graph made by Sarkany and Caron [iS] of an aluminium-shadewed
replica of the skin surface clearly showing roughness of the
same dimensional order as the wavelength of the radiation

involved.

Another possible explanation of a high skin emissivity lies
inthe high water content of the skin. Water has a high
emissivity even in very thin films, although the quoted values
generally lie between 0.95 and 0.97 [is], that is, appreciably
lower than that found for the skin. If the water content of

the skin is a reason for its high emissivity, then dehydration
of the skin should result in a drop in emissivity. It was in
fact found that with dehydration to the stage where skin became
brittle and glossy (about 10% water content by weight), the
emissivity of a specimen of Bantu skin dropped from 0.997 to

0.919 [14].

111,4 APPLICATION OF THE MEASURED DATA

In what follows an attempt is made to combine the measured
data into handy and illustrative graphs, for use in estimating

the radiant component of the heat exchange. A practical example
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FIGURE 43
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involving calculation of the situation near a submerged-

arc furnace is also given.

Eq 3 can be rewritten as

so as to relate the rate of radiant heat exchange to the
unit of the total (nude) body surface. (It should be
remembered that Eq 3 was obtained subject to certain assump-

tions , as mentioned in the appropriate chapter.)

Recalling that results are expressed in terras of R___ instead
of T , and since we have F m 1.041 F,, , wetoBtain
*86 tot
R-cb.o . (T% - TM | 0.960 (22)
6 e b F8t

The influence of clothing and posture on radiant heat transfer
can now be shown by substituting the experimentally-determined

values into this formula.

The first four graphs (Figs 43-46) show the influence of
posture (nude men) , assuming a range of emissivities between

1.00 and 0.90.

The expected real radiant I it transfer per unit of total body
surface area is plotted as a function of the transfer, cal-
culated according to the Stefan-Boltzmann law. The shaded
areas indicate the range of emissivities between the limits of
0.9 and 1.0. A curve showing the experimentally-determined

skin emissivity is also drawn in.

In the next set of 8 diagrams (Figs 47-54) the influence of
clothing is shown for each of the eight postures investigated.
From these graphs it can be seen that any clothing increases
the effective body area. One would therefore expect an in-
creased radiant heat exchange, but this is generally not so;
this heat exchange also depends very strongly on the tempera-
ture of the surface of the subject, on the temperature of the

nude skin and on that of the clothing. Although exposed to
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the same radiation, each behaves very differently.

Whereas the skin tries to maintain a more or less constant
temperature (within limits) due to the action of the underlying
blood vessels, the temperature of the clothing (outer surface)
may rise to high values under irradiation from a heat source,
or fall to low values in a cold environment. Generally, it
can be said that the temperature of clothing normally lies
somewhere between skin temperature and environmental tempera-
ture. Therefore it can not be concluded that an increased
area due to the clothing also results in an increased heat
transfer. |\ high temperature environment will even partly
compensate for this increased area and yield a lower heat ex-
change due to the high surface temperature of the clothing,
and vice versa. In these 8 diagrams, an emissivity value c- 1
has been shown, taking into account the fact that emissivities
of clothing are usually very close to unity. The consequences
of an emissivity variation between 0.9 and 1.0 can also easily
be estimated from Figs 43-46. If the emissivity of certain
clothing (and naturally its temperatur2) is known, then the
graphs of Figs 47-54, in which an emissivity of 1 is shown,
make it easy to determine the real radiant heat exchange, simply
by reading off values for e = 1 and multiplying them with the
known emissivity. It should be mentioned, however, that the

measurement of clothing temperature is very difficult.

To close this discussion of applications of the measured data,

a practical example is given:

Morrison et al_ [ij have shown that the radiant heat 1l)ad on
labourers when near submeiged-arc furnaces is 405 kcal/m h

of the radiation area of the clothed man. The conditions
were: the mean radiant temperature was determined to be 1C0°C
and that of the mean body surface (including clothing) to be
52°C. The clothing is described as loose fitting, with gloves
and bulky aprons, which were necessary wear under such extreme
environmental conditions. The emissivity of the entire body

(skin and clothes) was assumed to be e - 1.

Provided that a man wore clothing consisting of the special high

reflecting textile which was measured in the present study, he



could therefore decrease the radiant heat load by 26%

01 105 kcal/m2h. A decrease of the same amount by de-
creasing the mean radiant temperature would have required

a new mean radiant temperature of + 16°C instead of 100°C,
provided that the surface temperature of the clothing remained
the same. This shows that such a protecting suit does not
protect as much as would appear from its optically reflecting

and shiny appearance.

A few further exercises may demonstrate the influence of
posture. The heat load of 405 kcal/hm' of radiation sur-

face of the clothed subject referred to is naturally independent
of the type of clothing. Based on our now knowledge of the
relationship between the total body surface area (nude) and

the radiation area of the clothed body for 4 different types

of clothing we art "ow able to determine the radiant heat ex-
change rate per unit area of the total nude body surface area.
This is actually the essential quantity that determines how

much the nan is physiologically stressed.

The following assumptions are made: the environmental and

body surface temperature conditions remain the same(Tmr - 10C°C,
surface temperature - 52°C) ; the posture is assumed to be
Posture 1 (standing); the emissivity of the surface is assumed
to be 1; the heat generated by radiation is assumed to be equal
to the heat that affects the man physiologically. This latter
is actually incorrect because there is always an insulation
layer between the pcint of absorption and the skin level, but
we have good reason to assume that these insulation conditions
are more or less the same for all 4 types of clothing, which is
generally not far away from reality (the variations are usually
between 0.5 and 1.5 do) . The following figures are therefore
rather to be regarded as a relative comparison between the <
different type of clothing than between the actual magnitudes
of radiant heat affect<ng the subject. All figures should be
divided by a certain factor to allow for the effect of the
insulation. But since this factor is more or 1less the same for
all types of clothing, a comparison (which is actually the

final aim of this exercise) is possible.
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= radiant heat generation rate
total body surface area (nude) ' (23)

we obtain the results in Table 11.

[radiant heat generation djifference to nude
Posture rate/total body surface subject,kcal/m2 h
area (nude)”*kcal/m2 h

nude 405 0

track suit 396 -9

overalls 421 416

mine suit 436 +31

shirt and trousers 430 +25

Table 11

The influence of posture can be shown in a similar way. Suppose
we are -'ehing for the radiant heat generation rate per unit
area o; he total body surface area (nude) for various postures

in an en ironnent similar to the one described above. We assume
that a mine suit is worn in all postures, that the emissivity

is 1 and. that the temperature conditions of the environment and
the body surface are the same. Furthermore, the same restric-

tions as to the insulation between the point of absorption and

the skin level hold.

For the different postures we obtain the results shown in

Table 12.



fradiant heat generation difference to posture
Posture r*te/total body surface 2, kcal/m2h
(nude) ;, kcal/m h

1 (standing) 436 -25
2 (walking) 461 -0
3 (kneeling) 381 -80
4 (kneeling) 397 -64
5 (squatting) 344 -117
6 (lifting) 377 -84
7 (sitting) 366 -93
8 (sitting) 328 -133
Table 12

By comparing this Table with Table 11, we see the important
influence of posture on the quantity of the radiant heat
transfer. Naturally the posture cannot always be chosen to
accord with the best radiation surface area, and certainly not

in cases similar to that discussed. But in many other cases
improvements can and should be made, as for instance when a

man has to operate a very hot machine (glassblowing); a seated
position instead of a standing one could contribute to a decrease

of the radiant part of his heat load.



All original laboratory records are deposited
in a file at the Human Sciences Laboratory of
the. Chamber of Mines of South Africa, P 0 Box
61809, Johannesburg.



REFERENCES

[1]

[2]

[3]

[4]

[6]

[71

(8l

MORRISON, J F, MITCHELL, D and STRYDOM, N B.
Tie determination of the heat load on labourers
when near submerged-arc furnaces". J cf the

South African Institute of Mining ana~Metallurav.
October, 1966 mmmmmmm

BPECKENRIDGE, J R and LEVELL, C A. "Heac stress
In the cockpit of the AH-1G "Huey* Cobra helicopter".
Aerospace Med. 41(6), 621-626, 1910

NEWBURGH, M D. "Physiology of heat regulation
and science of clothing". W B Saunders t Co,
Philadelphia. 1949

FAMGER, P 0, ANGELIUS, 0 and KJERULF-JENSEN, P.
"Radiation data for the human body". ASHRAE Annual
Meeting, Kansas City, Missouri, 1970

McAILISTER, E D. "Infrared-optical techniques
applied to oceanography; I : Measurement of total

heat flow from the sea surface. "Apol Optics, 3, 609-
612, 1964; "A Two-wavel ngth microwave radiometer for
the measurement of the total heat exchange at air-sea

interfaces", 4, 145-146, 1965

BEDFORD, T and WARNER, C G. "The globe thermometer
in studies of heating and ventilation. J Hyg ,
34, 458, 1934

BOHNENKAMP ,H and PASQUAY, W. "Untersuchungen su den
Grundlagan des Energie-und Stoffwechsels". Ptluger”s
Archlv fur die gesante Physiologic> 228, 79, 1931

BANDOW, F, and BOHNENKAMP, H. "Uber die Bestimmung

Physiologle, 236, 427, 1935

Acta Phvslol Scand> 27, 27%,



REFERENCES

[1]

[2]

[3]

[4]

MORRISON, J F, MITCHELL, D and STRYDOM, N D.
"The determination of the heat load on labourers
when near submerged-arc furnaces". J of the

South African Institute of Mining and Metallurgy,
October, 1966

BRECKENRICIE, J R and LEVELL, C A. "Heat stress
in the cockpit of the AH-1G "Huey" Cobra helicopter"e
Aerospace Mei, 41(6), 621-626, 1970

NEWBURGH, M D. "Physiology of heat regulation
and science of clothing". W B Saunders & Co,
Philadelphia, 1949

FAMGER, P 0, ANGELIUS, 0 and KJERULF-JENSEN, P.
"Radiation data for the human body". ASHRAE Annual
Meeting, Kansas City, Missouri, 1970

McALLISTER, E O. "Infrared-optical techniques
applied to oceanography? I : Measurement of total
heat flow from the sea surface. "Appl Optics, 3, 609-
612, :964; "A Two-wavelength microwave
the mecasurement of the total heat

interfaces", 4, 145-146, 1965

radiometer for
exchange at air-sea

BEDFORD, T and WARNER, C G. "The globe”“thermometer
in studies of heating and ventilation. J Hys ,
34, 458, 1934

F1EssSsi111r1BSF

Physlologie, 236 , 42 7% 1935

act-a Phvsiol scand, 77, 272,



REFERENCES

[1]

23

[4]

[e]

[71

[8l

MORRISON, J F, MITCHELL, D and STRYDOM, N B.

he determination of the heat load on 1labourers
vhen near submerged-arc furnaces". Jj of the

Octoberfrif%966 In9tltute of Mlning anT*~tHTiirgv.

BR*CLwWJRIDGE, J P and LEVELL, C A, "Heat stress

in the cockpit of the AH-1G "Huey" Cobra helicopter".
Aerospace Med. 41(6), 621-626, 1970

NEWBURGH, M D. "Physiology of heat regulation
and science of clothing”". W B Saunders & Co,
Philadelphia, 1949

FANGER, P 0, ANGELIUS, 0 and KJERULF-JENSEN, P.
"Radiation data for the human body". ASHRAE Annual
Meeting, Kansas City, Missouri, 1970

McALLISTER, E D. "Infrared-optical techniques
applied to oceanography; I : Measurement of total
heat flow from the sea surface. "ApoI Optics, 3, 609-
612, 1964; "A Two-wavelength microwave radiometer for

the measurement of the total heat exchange at air-sea
interfaces", 4, 145-146, 1965

BEDFORD, T and WARNER, C G. The globe thermometer
in studies of heating and ventilation." J Hyq ,
34, 458, 1934

BOHNENKAMP, H and PASQUAY, W. "Untarauchungen eu den

Grundlagen des Energie-und Stoffwechsels". Pfluger's
Archiv fur die gesante Ph/sloloqie, 228, 79,1971

BANDOW, F, and BOHNEITKAMP, H. "Ober die Bestimmung
der StrahlungsfIdche der Menschen aus seiner elek-
trlschen KapaeiUt! Pfluger’s Archiv fur die gesamte
Physiologic, 236, 427~ 1935

Acta Physiol Scand. 27, 272, 1952

104



CH-1

Liz]

(111

[14]

[1s]

[16]

[17]

[1s]

[19]

[20]

0 1]

[22]

GUIBERT, A, TAYLOR, L and CRAIG, L. "Radiation
area of the human body? J Appl Physiol,
5, 24-37, 1952 -

HALI.IDAY, E C and HUGO, T J. "The photodemo-
planimeter? J of Appl Physiol. Vol 18, No 6,

VAN GRAAN, C H. "The determination of body surface
area". S A Medical Journal. Vol 43, 952, 1969

MITCHELL, D, WYNPHAM, C H and HODGSON, T.
"Emissivity and transmittance of excised human skin
in Its thermal emission wave band". Journal of
Appl Physiol, 23, 3, 1967

McADAMS, W H. "Heat Transmission", 3rd edition,
McGraw-Hill Series in Chemical Engineering, New
York, 1954

MITCHELL, D, WYNDFAM, C H, HODGSON, T, and UABARRO,
F R N. "Measurement of the total normal emissivity
of skin without the need for measuring skin tempera
ture? Phvs Med Biol, Vol 12, No 3, 1967

HARDY, J D and DU 30IS, E F. "Basal metabolism,
radiation, convection and vaporisation at temperaturer
of 22 to 35 C". J Nutrition, 15, 477, 1938

sHao TI HSU. Engineering heat transfer, 'an Nostrand,
New York, 1963

SARKANY, I and CARON, G A. "Microtopograpby of the
human skin? J Anat, 99, 359-364, 1965

KOVARIK, M. "Flow of heat in an Irradiated protective
cover 'Nature, 201, 1085-1087, 1964

MITCHELL, D, WYNDHAM, C H, VERMEULEN, A J, HODGSON, T,

heat*ransfer*of*nude®en®in dry*ir Vh +qgl
26, 1, 1969



HENSCHEL, A, DUKES-DOtiOS, F, HUMPHREY, W,
CAFLSOW, W and LEE, D H K. "Assessment of

industrial heat stress". J Amer Industrial
Kyq Assoc, 27, 1966

BERCHTOLD, M "ThermodynaMik 71". Akademischer

Maschineningenieur Verein Verlag, ETH, Zurich,
1969

MITCHELL, D. "Measurement ofthe thermal
emissivity of human skin in vl' o" In: Physiological
and Behavioral Temperature Regulation . t::itorst-—

J D Hardy, A P Gacye and J A J StclwTik. f C Thomas
Springfield, 1970, pp 25-33



Author Frei D H
Name of thesis The influence of clothing and posture on radiant heat transfer in men 1971

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



