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FIGURE 3,2

Ine important components of the controller.

FIGURE 3,3

A simple model of the neuro-integrating centre

of the controller.
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and

%y = ze), + Tlzw)_ + E(zw)ap s 5w s Zat

where (zw) and (zc), are the warm and cold sensors in the
hypothalamus, respectively

(zw)8 and (zc)8 are the warm and cold sensors in the

i skin respectively, and,

(zw)sp and (zc)ap are the warm and cold sensors in the
spine respectively.

The warm and cold ‘'eignals' combine to form the three
gontrel action ‘driving signalas', Ze' Zb, and Z which in
turn initiate the control actions. ”

The sweat control signal is uped tc prevent the development
of & heat stress and therefore responds only to warm signals.
The warm aisnal may be inhibited totally or partially by the
cold signal. The metabolic term is used to prevent the devel=-

opment of a cold stress and responds only to a cold signal.
The cold signal is similarly inhibited by the warm signal.

The peripheral blood-flow control asction ree€ponds 1o
hoth warm and cold causing vasodilation or vagsoconstriction,
respectively. The driving aignal Zt 18 agsumed to be an inter-

“action of both warm and cold signals. In order to aimplify

mathematical analyais, the cold sefsors are given negative
signs so that

&y = (zw)h+ (zw)9+ (zw)up+ s %

- (z2c), - (zc)B- (zc)ap- v & 5 A=

h

If the temperature characterietics of the control action
are required, the components of equation 3-7 must be grouped
in pairs according to vheir source references, that is, the
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ny pothalanus, the skin and the spine. Therefore

2, - (landp= (2edy) + ((aw) = (ze) ) + ((aw)g - (ze), ) + . 3-8

2z + 2 & Z + ¢ e 3"9

meve 2z, Zg and z__ are the resultant signals from the

hypottalamus, skin and spine respectively.

’re combined neuro-temperature characteristic of either

conent, for example the hypothalamus, will have the form

‘1lnatrated in Figure 3.4A. The resultant solid line is made
typical warm and cold neuro-temperature sensor character-

«, repregented by the broken lines. The resultant curve
re represented as a first approximation, by a straight line

er a linited range of temperature. That is,

2 = K h') 3=10

n' T T

SRR iz the slope of the line and

:r' iz the intercept.

- - T i - ' . s . “ll
ATy ‘h') + kB(T8 Ts ) + xap(l‘Bp TBp ) 4 3

e tinal driving evignal ie therefore the sum of the
twrt 'signals' from the varioua zones of the body .
“xicerimentnal evidence suggests that the skin neuro-sensors
c:oitive to both a proportional and a rate of change of
tenperature o and there ..o o modulation term cauagd by
Lo ro-motor eontrol being temperature pencitive,
complete 'driving s.gnal' may therefore be

rovented by

£ T [l (T, =T, )4k (T=T," )4k, 00T /40 +

K (ﬂ", _TB')+...O] 3-12

sp  “@p p




where kiulis a constant representing thermal sensitivity of
the neuro-motor control, and
kds is a constant representing the thermal sensitivity
of the rete of change of skin temperature.

The driving signale for evaporation and metabolism may be
repregented in a similar manner, with two exceptions:

a) 4a negative value of Ze will repres::mt a predominantly
cold signal with the result that the evaporation He
will be zeroj

v) a positive value of Zm will represent a predominantly
warm signal with the result that AHm is zero. (Refer
to Figures 3.,4B and 3.4C)

It is important to note that the threshold temperature
forms part of the linear expression which is assumed to relate
a control action with temperature. This does not imply,
however, that there is a reference temperature source. Figure 3.5
{1lustratea the difference between a control system witn a
reference source and a control system with opposing feedbsack
sources, Phyasically they are different though analytically

they are similar.

In order to understand the controller characteristics it
ie neceseary to evaluate the equation 3.12., if the character-
istices are non-linear then the covfficients,k( X will vary

with body temperature.

There is no evidence and no reason to suppose that the
controller has a significent time lag. For this reason it

‘is ignored.,




3 - iy Tl vee 158 1IN DY o \ 4
The .emperature characteristics of the hypothalamic

component of peripheral blood Tlow control.

FIGURE 2.4
The temperature characteristics of the hypothaiamic
component of aweut rate control.

FIG.RE 3.4C

The temperature characteristics of the hypothalamic

component of metabolic heat control.
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A controller uaing a reference signal to determine

the magnitude of the control variable.
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FIGURE .98

A controller using the interaction of two opposing
feedback signals to determine the magnitude of the

control variable.
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3,4 The controlled system

3,4.1 Thermal propertieg and metabolic heat input

The object of the investigation described in this thesis
is a study of body temperature control and not a detailed
study of heat flow or temperature distribution throughout the
body. For this reason it is not necessary to study the controlled
system in detail; & simple model which relates the control
actions with the control variables will suffice, The body is
represented by a single ¢ylinder in which there are only radial
heat transfer and radial thermal gradients. The surface temp-
erature of the cylinder represents the mean skin temperature,
A cylindrical modsl differs oligntly from a semi-infinite slab
model in that th2 thermal parumeters of a cylinder are functiong
of radius whereas a slabs parameters are independent of geometry.

The model is illustrated in Figure 3.6. It comprisec four
concentric sections, the core, the muscle, the fatty tiassue
and the ekin. The core includes the akeleton, all organs with
the exception cf those associated directly with the circulatory
system and deep tissue surrounding the organs. The muacle
includes all muscle of the trunk and the limbs. Tissue repre-
gents the layer of fatty timsue between the muscle and tre skin.
The tissue varies in depth at different parta of the body, but
this 18 of little consequence since the modiel represents averaze
body dimensions. The skin includea both the dermis, which
contains the peripheral capillary blood vessels, and the epi-
dermie which has no blood vessela. The circulatory system
incluiing the central blood pool of the heart and lunge is

treated sepsrately.

The core, muocle and tissue are assumed to be homogenous,

that is, the conductivity, capacity, the rate of heat production

due to metabolism and the rate of hea
The skin is examined in futher

t exchange with the blood
stream are uniform in each zone.
detail below. The thermal properties of the cylinder, listed in

Table 3,1, are taken from measurements of a typical man (Atkins,
. ) ’

1968),
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TABLE 3.1
rual properties of the model
Subject weight = 60 kg
Density = 1,035 kg/w’ x 107
?j:refore cylinder volume = 0,057 97 m°
Surface area of man = 1,8 m2
Therefore assumed radius = 0,114 3 m
Therefore length of cylinder = 1,4 m
Surfece area of cylinder = 1,015 m2
(ﬁuscle is regarded to occupy 47% of the total weight)
Therefore muscle volume = 0,024 9 m3
Depth of tissue = 2 mm
Therefore volume of akin = 0,002 m°
Assume a depth of fatty tissue = 10 mm
Therefore volume of tissue = 0,009 6 m3
Aspume & volume of circulatory
gystem = 0,002 m3
Therefore the remaining volume is
the volume of the ocore = 0,019 7 m3

Specific heat of tisoue = 347 8 J/kgm °C
385 5 J/kem °C

fi

Specific heat of blood

The surface area of tne model is less than that of the
body because it does not have limbe. A correction factor
must therefore be used if heat exchange from the body is

expressed aa a function of eurface area.

The mecan metabolic heat input obtained from experimental

observations on a resting and a working subject are illustrated

in Pigure 3.7. The bagal metabolism is divided between the core,

muscle and tissue in the following proportions:
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3.4.2 Heat transfer by conduction

Although the major proportion of metabolic heat is trans-
ferred to the surface by vascular convection when man is in a
warm environment, it is essential to examine direct heat cond-
uction as this is significant in bodies in cold environments.
The analysis applies also to the skin in which there is no
circulation of the blood.

Radial heat flow in any homogeneous material is expressed
by the partial differential equation (Chapman, 1960)

-1 2T _ = . _
%[ (r 3201 = & %%% 317

The equation implies that tissue temperature is dependent
upon both time and radius. The partial differential equation
may be approximated by Taylor's expaneion or by an iterative
difference method (Atkins, 1960, 1962). The iterative method
requires that the cylinder, or each zone of the cylinder, be
divided into a numbver of small concentri: step sections eacn

.

having a width &r and a radius r The temperature in each

section is given by the differential eguation

dT

cn azn = rxn#i

”m . 1-
( - Tn) - Kn-i(‘n Tn-l)] * Hn =14

‘n+l
For the sake of convenience, the conductivity is replaced
by the term K which represents the conductance for the element
n
section at n. Similarly, Cn ig the total thermal capacitance
for that section and H_ the total heat gain other than by
n ,

conduction,

The temperatures at all values of n and time t may be

dete!‘mined px‘ovided the three purameﬁel‘ﬂ. the boundal‘y conditions

and the temperatures at time t=0 are known. The method of

determining the parameters and the boundary values are given in

Appendix A% In order to golve the outer boundary quantities a

knowledge of the rate of heat exchange between the body and



environment is required.

The term H 1includes the net heat ~xchange in the section
at radius r due to metabolic heat input and heat exchange by
vascular convection. Therefore

Hn = Hmn + ﬁbn 7=1%
where Hmn is the rate of metabolic heut gain, and

Hb is the rate of vascular heat exchange.
n

The accuracy with which the thermal gradient can be rep-
resented depends upon tl.e number of iteratione, or finite
steps, n. Where the thermal gradient is large, such &s near
the skin, the field should be represerted by more steps of
smaller dimensions.

3.4,3 Heat transfer by vascular convection

Assume a uniform dietribution of blood in the core, muscle
ard tissue., Ascume also that the heat exchange between tissue
and blood is the game at all points on the same radius. This
condition patisfies the agsumption that heat flows in the radial

direction only.

Consider a small segment, of unit volume, from elther
section of the cylinder, Let the volume of blood per unit of
time entering the segment be m . If the temperature of the
blood entering the segment ia T , the rate of heat exchange

n
with the tissue is given by

h, =m ¢ (T =T ) 3=16

If there is good thermal contact between the blood and the
tissue it is safe to assume that the temperature of the blood
leaving the tissue, Tv“’ is equal to the temperature of‘the
of the tissue, T For t is simple model it is also safe to




agsume that no counter-current heut exchunge takes place
retween arteries and ve'lna, apart from in the capillary beds.

The arterial temperature is, therefore, uniform in all sections
of the cylinder. Equation 3-16 may be rewritten us

hbn = mncb(Tar- Tn) 1217

Equation 3-17 implies that the rate of heat exchange
petween blood and tissue, in any given segment of radius r, is
proportional to

a) the rate of blood flow in that segment; and
k) the difference between the temperatures nf the arterial
blocd and the tissne.

The total heat exchange for a section is given by

n

9% 2 “
- In)J X Lﬂ(rh** - Ty ) 3-18

i = {hmn* mncb(‘u
The additional term on the right repregents the volume of
the section at n. Heat exchange is expressed as a total for

each section.

Pigure 3.8 iilustrates a model of heat exchange in a segment
n expreased by equation *-15. The components of heat flow at
each node are illupstrated, the horizontal components representing

conduction and the lower vertical conponents heat storage,

A simple heat transaction model such as that illustrated in
Pigure 3.5 1s not sufficiently representative of the peripheral
vascular heat exchange mechanism. DBazett (1949) and B, Nielson
(1969) have shown that there is a large and variable thermal
gradient within millimetrea of the skin surface. (Refer to
8ection 2.%.1 and Figure 2,1) It ie difficult to explain the
true nature of the presence of the peak in the temperature
profile, if it does exist, anu hence of & negative temperature

gradient within a body which 18 losing heat.
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The important fact io that there is a large temperature
gradient in the peripheral region. Though little is known of
the function and the distribution of the arterio-venous anasto-
moses and the capillaries, the heat exchange in this region should
pe congidered rather carefully as this is wher2 most of the
heat is released from the circulatory system. The model of the
controlled svstem should avoid the complexity of a peak in the
temperature profile but retain a steep temperature gradient in,
or near, the dermia,

A simple model of the periphery which takes account
of the arteriolar plexus and the venous plexi, described above,
is illustrated in Pigure *, 9., This model should be compared
with Pigure 2.1. The radial sections of the model are chosen
auch that the first cection in the skin (81), adjacent to the
fatty tissue, is in contact with 8 venous plexus. The second is
in contact with the arteriolar plexus and the tnird contalns
the outer venous plexus, Section S4 containa the capillary
loops beneath the epidermis, The epidermis 1s represented uy
section 8% through which heat i. tranaferred by pure conduc%ion.
The nuter section of nubcutaneous fat and tissue, F..has capill-
ary lo¢ o between arterial and venoun vesoela similar to thoce |
tenorited for the musele and core, It ir accumed tiat there are
arterio-venous shunts from section 3¢ to seation S1 and from
section 82 to section 83.

A portion of the arterial blood entering section 82 is shunted
via the arterio-venous anantomoses to section 81 and to 83, the
remainder flows through capillary loops in section S84 to the
venules, The quantity of blood flowing through the 'shunts'
w1ll depend upon the extent ol vacodilation or vasoconstriction
(vasomotor- tone), The quantity af blood flowing through the
capillaries wili depend upon the notivity of the pre=-capillary
“phimeter which cpen and close in a random manner, Because there
are a large n.mber of capillaries, the mean value of blood flow-
ing through the capillarien i probably steady for a given
control action, The mean value of the rate of blood flow
through the capillaries changes with temperature. It is not
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known whether the activity of the vphimeter is controlled by
the same control action ag that which controls the contrac-
tile walls of the arterio-vencus anastomoses. For the purpose
of this study, and unless there is a reason to cnange this
nypothesis, it in assumed that the rate of blood flow through
the capillaries and through the arterio-anastomoses are ‘

governed by the same control action,

Because neither the disturbance of the peripheral blood
nor the boundaries of eacn section are clearly defined, 1t is
not possible to evaluate the proportion of heat distribution
in each section of the dermis., For this reason a simple
mathemstical medel, which can represent the thermal gradient
in the periphery and take into account changes in capillary
action or vaso-motor tone, will be suitable for this study
of the control actions.

The analyaie of the modiel is given in Appendix 5. The
analysis shows that there {g a neat exchange between the
eirculatory system and the tissue in sectiona 81, 82, 87 and
34, of the dermir. The heat exchange 18 proportional to the
rate of blood ~._ow and the difference in temperature between
the arterial biccd and the tissue. The rate of blcea flow
ir sections 81, 82, and 57, namely M1 and M3, depends upon
the state of the arterlilor-venous anastomoses and the rate

of blood flow in section S4 depends upon the activi _ of the

pre-capillary sphimcter.

The temperature of the blood leaving the skin is T o

(see Appendix 9)

The venous bloed from the skin will mix with tha. “yrom
the fatty tissue. The temperature of the venous blood
leaving section F is calculated in the same manner as Tvs'
agsuming perfect mixing of the components from sections
F and 8.

Therefore
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The blood leaving the capillary beds of all the sections
of the body returns to the central blood pool,which is the heart
and lungs. The temperature of the central pool will depend
upon the temperature of the incoming venocus blood,

Let the total volume rate of blood flow from the muacle
region be denoted by Mm and the temperature of the venous blood
returning from the muscle region be Tvm' The rate of vascular
heat exchange with the muscle is, therefore, given by

Hmcb(Tar- l.vm) 3=20
This is equal to the sum of the heat exchange components

in each section in tne muscle zone:
2 2
b\ - 1 - . -
) > (Mncb(‘ar Tn)) Ln (rmi l‘n_* ) Bl

The same will apply to the core and the falty tissue zones.
Applying the First Law of Thermodynamics to the central blood
pool, the rate of change of heat atorage in the central blood
pool will be equal to the net heat exchange with all the sectiouns

of the body plus respiration heat loss. Therefore

dT
——u - T e m - = ’
CHL dt N Mccb(‘ar ‘vc) % Mm“b(Tar rvm) N

MoCy (Ty - T,p) + Mgty (Tap™ Tvs) + Hy, 5

where Hh i8 the rate of respiration heat losa.

As one of the control mechansims, & change in temperature

will cause either vasodilation or vasoconstriction to take place.

e in the rate of blood flow to a

region as well as an increase in the volume of blood in that

region, The period in which this change in volune takes place
1 changes; however, the

Vasodilation causes an increas

is short in comparison with the therma

change in volume does account for a change in heat content.



Let the volume of blood in the muscle zone be denoted by

Vg + A more precise expression for heat balance in this section
is, therefore, given by

- - _ 2 P
Mmcb('l‘ar Tvm) =& M (T -T) L (rn+ir - Ty )) +

dT
c.V L 307

where T represents the mean muscle temperature.

At the onset of work additional blood is redirected from
the core and periphery to the muscle. The core contains a large
reserve supply of blood. Wurk causes an increase in heart rate
and, therefore, an increase in cardiac output. It is assumed
that the increase in cardiac output will cause a proportional
increase in the rate of blood flow throughout the body. The
need for an increase in muscle bLlood in order to remove the
additional heat from the muscle during work might exceed tre
increase in blood flow caused by an increase in cardiac cutput
(Atkins, 1972).

The rate of blood flow at any part of the body is devendent
upon both the vusomotor toneé in that region and the cardiac
output., If Mn(re:ﬂ) ie the rate of blood flow in sectiowu n
when a subject ie at rest {n a neutral environment, the rate of
blood flow for any other condition may be expressed as

M = 2at) B B 3=2d
n =M (res ) BB,

¥

where B and B are coefficients denoting cardiac output and
e v
vasomotor tone. Both of these coefficients
have a value of unity for a resting sutject

in a neutral environment,

The above expressions are sufficlent to explain the thermal
state of the body provided the magnitude of the parameters are
known, The parameters are listed in Table 3.1. The coeffic-
iente B, and B, will have to be verified experimentally with

& model,
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3,4.,4 Heat exchange with the environment

The subject of heat exchange with the environment has been
explained by Mitchell (1972) and Mitchell et al (1769).

The three main modes of heat exchange from the body are
radiation, convection and evaporation of sweat (Hr' H,, and E ) e
e
A small amount of heat is also lost by respiration (Hh).

3,4.,5 Regpiratory heat 1osg

The quantity is determined by the respiration rate, and tre
temperature and the humidity of the inspired air. There are
two componenta; convection or sensitile heat loss and evapor=-
ative heat loss, These guantities are obtained from psychrometric
charts and, therefore, obtained by simple calculation. The total
respiratory heat loss constitutes only about 16 per cent of the
metatolic heat input of a resting man, Some results, determined
by Mitchell (1972), are illustrated in Figure 3.10.

3.4.6 Radiant nheat exchange

The rate of radiant rheat exchange between a body and its
surrounding ie proportional to the difference in the fourth
powers of their absolute tvemperatures, their emissivity and
their effective expoved aurea, Mitchell has shown how the
experimental results verify the theoretical expression, the
emissivity of both a white and a black akin being very close to
uni‘y, He has sugpested a aimple linear expression which nnplies

over the range of ambient temperature encountered in the climatic

Chamber experiments:
3
v > = q
H, = A /A [ 6,02 (Tq= Tg) * 847 ] (watts/m”) 3= 2"

where A /Ab ig the ratio of the effective radiation area to the
r

total body area, and

? . 1is the temperature of radiation.
rad
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The error in the value of HP calculated by this expression
{s of the same order as the experimental error in measuring
mean skin temperature with a fifteen-point scan. (Chapter 4)

puring work, the fractional area available for radiation is
affected because the mutual radiation between one part of the
pody and another is altered and the effective radiation area
increases. Mitchell noted a constant 1l per cent increase in
radiation area with exercise, that 1s,

Ar(rest) L .
Ar(exercise) 1,11 26

3,4,7 Convection heat exchange

The rate of heat exchange by convection depends upon the
difference between the temperature of the body surface and the
air temperature, the air velocity, and the shape and size of
the body. The air velocities used during the experiments were,
by necesaity, in a range above that at which free convection
was significant, Mitchell (1972) derived the following expres:zion
for heat exchange by convection:

' 0,6 0,6
HC = (8,28 1 0,0c)(Pq/lOlf) v (Tq— Tﬂ) watts/m2 B 27

where P 1is atmospheric pressure (gtar), and
11

Vv is the air velocity (m/e).

The coefficient applies only to the casge of an upright
body in horizontal air flow. This {g the only equation whicn
has been derived from direct experimental meagsurement., Other
similar expressions have becn suggested on the basis of data
obtajned by indirect calorimetry. Body movements during exer-
cise increase the relative rate of air movément over the body
surface, Mitchell noted that air velocitiea of 0,67 m/s and
3,11 m/s were increased by 0,33 m/s and 0,37 m/s, respectively,

when the subject pedalled an ergometer at a rate of 60 r.p.m.

NP ————— e



1t is safe to assume, therefore that there will be a mean

increase in air velocity of 0,35 m/s, when the subject pedals
at 60 I'eDollie

The two compenents of heat losa, Hr and H_, may be combined
to form & single linear expression if the temperature of rad-
ijation is equal to air temperature, namely

B =8, 8,

: p 10,6 0,6

B I : W T v

6,02 An + 8,28 (1013) (Ts- 'I‘a)J\.b watte
= KTC\T - TB) J= 28
where . P 0,6 0,6
_r - a v A
o = 6,02 Ab - S.cq (—-—1013) Y

3.4,8 Bvaporstive heat losg

A large proportion of heat is loat from the body as the
latent heat of evaporation of sweat. Thd body controls the
rate at which sweat ig secreted to the surface. There is a
maximum rate at whi.ch this sweat will evaporate. If all the
eweat does not evaporate tne remaining portion merely drips
off the body.

The maximum rate at which sweat will evaporate dependas

upon

a) the difference between the water vapour
pressure of the air and the saturated water vapour

pressure at the skin temperature, and

b) the air velocity.




It is not entirely correct to assume the heat of evapor-
ation of sweat to be equal to the latent heat of vaporization
of water at skin temperature. A discrepancy of approximatly
7 per cent has been reported by Snellen et al,(1970), and
others. No explanation hae been found for thie error.
(Surprisingly, no one has challenged the accuracy of the deter-
pination of metabolic heat input from oxygen intake)

Taking this discrepancy into account, Mitchell found the
heat of evaporation of sweat to be 2 600 J/g or 43,3 W min/g.

The maximum amount of heat lost by evaporation from
gseni-nude or nude men in transverse windflow is given by
Mitchell (1972) as:

B (max) = (15 200/2,) (B, /2 00)OOvOeC(R - » )n, watrn 3-c3

-

where P, 15 water vapour presssure of alr, and

Ps ig the saturated water vapour pressure at skin temp.

When the body is not saturated the sweat rate, and hence
the rate of loss of heat by evaporation of sweat, is dependent
upon the thermo-regulatory mechansim.

Budy movement, caused by pedalling the ergometer, will
affect evaporation in the same way A8 convection and increase

the air velocity by 0,35 m/e.

3¢5 Summary

Both the controller and the controlled system have been
analysed, It is assumed that they have a non-linear response,
hOHeVGI" if small excuraions are conaidered the response of

each excuryion may be represented by a linear equation. The
form of the equation representing the controller is given by
3-12. The form of the equation reppLsentxug the controlled

8ystem will depend upon the number of segments 'n' chesen to
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represent this distributed system (see equation 3-14),

It is clear that a mathematical analysis of a distrib-
uted syetem which is represented by a4 large number of
gegments 1s difficult. An initial identification of a
gystem ghould be kept us aimple as possible. The information
derived from =2 aimple examination ie then tested in a more
conplex gituction with a simulation model.

Bxperimental eviderce described in the previous chapter
has shown that there is a large thermal gradient near the
periphery. It is therefore possible that a simple model of
the controlled aystem, represented by two segments, and
proposed by MacDonald and Wyndham (1950), is adequate for
an initial investigation., Before this assuwption is made
the dynamic temperuture response of man must be examined.

The environment temperatures of interest to the mining
industry are in the range from 28°C to 45°C., This study
will include the range from 13'C to 28°C. The steady state
temperature regsponse of the body in this region shows that
if a step disturbance in nir temperature is confined to
a chenge of 2,5'C ( Mitchell , 1G72), the rectnl temperaturc
will not vary Ly more thun 0,2°C. According to the sweating
characteristicu given by Wyndham and Atkins (1968) both
the controller and the controlled system ghould retain a
linear response within this range of disturbance.
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CHAPTER 4

INATION OF THE THERMAL RE Sk O N

CALORIMETRIC WIND TUNNEL

Introduction

The experimr-nts

Experimentel procedure

Froceaaing the experimental data
Experimental resulta

The temperature response of a resting

man in a warm environment



4.1 Introduction

In this chapter ls described the experimental work
‘ﬁrformed on men in the calorimetric wind tunnel (¢ .natic
~humber) with the object of studying their thermal behaviour
in a variety of environuents. 8ix serieso of experimentso
were conducted, the first two may be repgirded as preliminary
cxperiments. After an examination of the data from thece
experiments the author planned the Series 4,9 and € exper-
{pents for more accurate and detailed data. DBecause of the
large quantity of data which was accumulnted only a few
pxanples and & summary of the experimerital results are included
in this chapter. Further experimental results appear in the
sppendix. The reaults are examined in chapters 5,6 and 7.

Figure 4.1 illustrates a subject in position in the
~lipatic chamber during a typical experiment. Figure 4.2
i1lustrates the electronic monitoring equipment which is
cutalde the chamber., Table 4.1 lists the variatles whics

were meagur~d during an experiment.

The climatic chamber and the measuring instruments are
jeseribed in Appendix 1. The jescription shows the vast
ancunt of preliminary denigm that was neceesary to develcp
cquipment for thie type of study. Part of this equipment
«15 made by the author., Reference is made in the Appendix,

ro persons other than the author ,who were responsible for

rart of the design of the equipment.

TABLE 4.3
The physiological variableg which were meapured.

Mea: skin temperature Oxygen consumption
Rectal temperature Reppiration rate
Uegoph: geal temperature work rate

Haiiant heat loss from the body Heurt rate
Convective heat loss from the body Change in weight of

Evﬁporative heat loss from the body the subjects
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The author assisted with the Series 1 and 2 experiments

and personally conducted the Series 4 and 5 experiments.
was responsible at all times for the instruments used for
measuring and recording of data in all the experiments.

Experiments performed in the climati~ chamber must
pe carefully planned as a considerable amount of time is
required in which to select, train and acclimatise a subject
{n preparaticn for an experiment. Bach set of experiments
is time-consuming und expensive,

Three geries of experiméntu were conducted in the
climatic chamber btetween 1966 and 1969. These were tke
first in which use was ever made of direct calorimetry.
The experiments were aesigned for the systematic explora-
tion of the effects of three environmental parameters,
namely, air temperature, wind speed and humidity on the
thermal recponses on mer at rest and when doing positive
wori.,

The two objectives of the experiments were to

(a) derive a reliable expreasicn for heat

exchange between man and his environment;

(b) Anvestigate the thermoregulatory charazteris-
tics of .an so as to be able to predict

physiological atrain.

Since the mining industry is concerned with
young healthy acclimatised men, on.y subjects in this
category were used in the experiments. The intluence
of clothing was not investigated, the subjects were clothea

only in athletic shorts. Before each experiment a number

He
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of healthy subjects with typical body dimensions were
1nterviewed. Two of the most intelligent and co-operative
were selected, acclimatised and then trained. When an
experimant involved the performance of work, the subjects
wderwent a period of a few weeks of training on a bicycle
ergometer similar to the type described above.

series 1

The experiments were deslgned to investigate the
influence of environmental temperature and of air velocity
on the heat exchange between acclimutised hydrated men and
their environment. A low humidity was used to ensure
adequate evaporation of aweat. Two subjecta were used for
the experiments. Fach subject was exposed to the 25
environments listed in Table 4,2.(see end of chupter, page 106)

The men reated in an air-conditioned preparation
room with an air temperature of 28 °C for 60 minutes before
entering the climatic chamber in which they sat for 120
minutes. The subtjects were removed from the climatic
chamber after 60 minutes, in experiments 4 and 5 because

of their low rectal temperantures.

derieg 2

Thege experiments were an extension of the first
series and included the addiltional variable work rate.
Twe subjects were used in the experimenta. The number of
environments was reduced because of ghortage of time.
Becauge it was not safe for the subjects to work at the
highest air temperature used in Jeries 1 this condition
wag excluded. The humidity was kept at a low level at
all times. After an initial rest at an ambient temperature
of 28 °C the subject entered the climatic chamber and

rested for a further 40 minutes before working for 120
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pminutes at three levels of work. The experimentul conditions
are listed in Table 4.3. (see end of chapter, pase 107)

Seriea J

Thie was the most comprehensive study. The additional
variable, numidity, was included. Two subjects were used in
the experiments. The ianitial conditions in the preparation
room remained the same, the subjects rested for 90 minutes
in the climatic chambe:r, worked feor 90 minutes, then rested
for another period of JO minutes in the chamber. The effect
of cooling after exercise was examined. The experiment was

conducted in 17 envirenments and at three levels of exercise.
The conditions are listea in Table 4.4. page 10¢)

The first objective of these experiments was achieved
gsuccegsefully. The resultg have been published elsewhere
(Mitchell et al., 1%67a, 1967b and 1967c; Mitchell et _al.,
1966 and 1963). Tne information is all based on the steady
state data. Mitcrell (1972) has used the steady state data

to examine the recond objective, namely the study of the
thermoresuilautory characteristics of man. The data from these
experiments and the dnta from a further three series of
experiments, planned by the author and executed during the
period 1972 tc 1973% are used for the gtudy described in this
thesia.
eries 4

These exveriments were planned after a rtudy had been
made of the results of the first three series of experiments
and the conclusion reached that thore was a need for more

detailed experimental recults.

There were five objectives:
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1. To obtain a better record of the transient
temperature characteristics during a step
change to a warm environment. The mean

akin tesperature was measured more frequently
rnd the rectal temperature was recorded on an
expanded scale with a span of 2,5 °C,

2. To include the measurement of oesophageal
temperature and to identify the difference
between this record and the rectal tempera-
ture record, particularly in the early
transient stages.

3, To measure the transient and steady-state
evaporative heat loss and then to compare
the correlation between these quantities

with body temperature.

4. To examine the response of the body to small step
changesa in ambient temperature so that the control
mecnanism woula remain within a relatively linear
state. The amplitude of the step changes were f
amall and the initial value of air temperature was

varied.

To include a wider range of ambient temper-

atures and thereby to ob*ain a better comparison

between ateady state body temperatures and warm
ambient temperature., These characteristics

v uld indicate the range of ambient temperatures
in which peripheral blood flow varies in a

resting subject.

Two subjects were used for the experime: ts.
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The experimental environments included a number of those
uysed in the first series of experiments as well as three
additional climatic chamber temperatures and four initial

preparation room temperatures. The experimental conditions
are listed in Table 4.5 page 109 .

Serieg 9

These experiments which were the opposite to trnose in
geries 1 and 4, were designed to examine the thermoregulation
during cooling of a resting subject after he had been exposed
to a hot environment. Careful attentirn was paid to sweating
as this component of heat exchange effects the settling time
conaiderably. The subjects rested at various initial hot
temperatures for 90 minutes and then ent.red the climatic
chamber in which the air teumperature wao <8°Cs The cooling
experiments were conducted at two values of air veloecity in
the climatic chamber. The experimental ccnditione are listed
in Table 4.6. Two subjects were used for the experiments.
oel.-‘ gg 6

Ho trace of evaporation from the subject was recorded
in the climatic cnamber during tne cooling experiments
descrived in Series 5. Dbecause of the initial delay in
commencing recording it was not possible to determine how
rapidly the evaporation ceased after the subject had movesd
from the hot %o the cooler room. An experiment waug therefore
planned to record the evaporation continuously from a small
area of the forearm with @4 hygrometer while this change in
air Lempefature took place. The micro-hygrometer, descrived
by Mitchell and Atkins (1366) was upged by Mitchell to observe
the effect of local heat on evaporation (Mitchell, 1972).

The capsule was attached to the subject's arm and evaporation
from the area covered wao recorded.

A record of evaporation is i{llustrated with the exper-
imental results in Figure 4.10. The evaporation decreased
to less than 10 per cent of its initial value within

ninety seconda.
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4.% gxpgrimentul procedure
The procedure for a typicul experiment is as follows.
Once a subject had been selected, his mass, height,
total surface area, effective radiation area and maximum
oxygen intake were measured.

The radiant surface area o” the body in the spread-
eagle posture and that adapted for the bicycle ergometer
are measured in the laboratory photodermoplanimeter which
vas designed specifically for the Human Sciences Laboratory
py Halliday and Huge (1963). The instrument, which is
simple and accurate, consists escentially of a large
integrating light sphere. The change in light intensity
within the sphzre due to the presence cf a black body placed
in the g¢phere is proportional to the radiant surface area
of the body. The subject ir painted with a matt black
vater-based paint for this purpose. The total surface
area is taken as being 4,1 % larger than the radiant
surface area of the body in the spread-eagle postion
(Van Graan, 1969).

The maximum oxygen intake is measured by means of
a standard laboratory exercise procedure. This quantity
indicates the maximum rate at which a subject is capable
of working.

An activity programme is planned for each series

of experiments to avoid overlapping or confusion cf personnel

duties. The plan is diasplayed clearly on a board throughout

the duration of an experiment.

The subjects, once they have been trained, are
exposed to a standard laboratory acclimatisation procedure
which lasts for at least ten days. During this period all
the climutic chamber instrumenta are checked and calibrated.
A trial “experimental run" is made %o check the entire

Procedure before the experiments are commenced.
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Each morning the subject is required to report at
7.00 a.m., having had a light meal. In order to stabilive
hig body temperature he han to rect for 90 minutcn in un
air-conditioned temperature-controlled preparntion room.
During the first 15 minutes the phyeiological monitoring
probes for weighted skin temperature, oesophageal temperature,
rectal temperature and heart rate are attached to his body.
All equipment is then checked to ensure that it is
functioning correctly. A get of electrical connectors
in the preparation rcom enables the physiological data
to be monitored in either the climatic chamber or the
preparation room.

During the last 15 minutes of the stabilisatiox
pericd the subject is given an opportunity to drink water
and to urinate. He is then weighed, and his heart rate,
metnbolic rate and mean skin temperature are measured at
least twice. The means of thege measurementa are taken
to represont the initial conditions of the subject. Base
lines for the radiation, convection anc evaporation heat-
exchange instruments in the climatic chamber are esteblished
durirng this time.

When all the preparations have been completed the
subject covers his boay with a light jacket which he wears
while he walks the short diatance of 10 m tc the climatic
chamber. A technician aseists the subject to disconnect
and then reconnect the neresaary plugse and aleo helps him to
mount the ergometer as quickly ae possible. The procedure
for transferring the subject from the preparation room to
the chamber takes approximately 60 seconds. Recording of
data commences the moment after a "start" button is pressed

after the subject has entered the chamber.

The subject is required to sit on ergometer seat

for the duration of the experiment and to pedal when
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necessary. No restriction is placed on his posture, though
there is little choice in this. The mcan skin tempe rature
gecans, the metabolism and weight lose measurements occupy
pie attention at frequent intervals so that there has never
been a complaint of boreiom. He is able to communicate with
the operator and may select and listen to a radio programrs:
if he so desgires.

The subject is encouraged to drink water and to
urinate if he desires during the weighing procedure when
the quantity of liquid is noted. The quantity of water
offered to him as calculated from his weight loss, is
gufficient to replace lcss of moiature due to sweating
and urination. In this way the body weight is kept constant.

At the conclusior of the experiment after the subject
has been dismissed, the baselines for radiation, convection
and evaporation are re-established and these three instruments
are then calibrated. The floating mean calibration {or the
previous three days is taken as the calibration tactor for
that particular day. Once the metabolic measurements have
been completed by the laboratory staff, these and the
calibraticn data are keyed into the data logger and the

record then removed and deppatched for procesaing.

44 Processing experimental duta

The processing of the experimental data was a very
laborious task before a data "logger" was installed. The
present procedure is to despatch the paper tape record to
the computer centre each afternoon. The results in the
form of a print-out and graph are available by the tollowing
morning. The entire programme for this process, including
initial editing, was written by A. Mitcuell in PL-1 language.
The plan of the programme requirements was drafted by
D. Mitchell and the author. A flow diagram of the programue
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