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he = 1587hcP/(P-pa )2 (2.9)

Respiratory heat exchange occurs directly between the core 
and the environment and is calculated from the following 
(Stewart 1982 ) ,

Eres = 0,0017MC£(Two-Twb) (2.10)

where Two * 32,6 + 0,066Tab + 0,2pa (2.11)

The equivalent specific heat of most air, Cp may be 
calculated from the following (Whillier 1977),

Cf, = l,6481e(0,041',Twb) (2.12)

Eres ls significant only in cases of higr ventilation 
rates in dry environments (Atkins 197"}.

The heat balance equation,

M - WQ - Eres - R - C - E = S t (2.13)

can be solved for a value of Ts at iny instant .i.< time 
provided that both physiological conductance, K snd .skin 
wettedness, W are known. The block Gĵ (S) represents the 
transfer function between ri e (S), Ts (S) and M(S)-W0 (S) as 
inputs and K(S) as output. GgR(S) represents the transfer 
function between T re(S), Ts (S) and environmental condi­
tions as inputs and W(S) as output. Together these two 
blocks constitute the controlling system.

The change in the weighted body temperature driving 
signal, Tmb(S) can be calculated by integrating the body 
heat storage and dividing by the mass and specific heat of 
the body. The instantaneous rectal temperature can be 
calculated from a knowledge of Tmb and Ts .
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It is clear from the literature reviewed that the use of 
the model as a dynamic predictor of the physiological 
responses to heat and work depend, to a large extent, on 
the accurate and complete description of GK(S) and GgR(S). 
The literature on overall models of human thermoregulation 
has indicated that sufficient attention to detail has not 
b^en devoted to the controlling system. Their use as 
accurate predictors of rectal temperature and other physio­
logical responses to work and heat is therefore doubted.

The remainder of the current chapter is therefore directed 
at determining, by means of a more specific literature 
review, the current state of knowledge on physiological 
conductance and sweat rate. The two sections which follow 
report "state of the art" representations for Gj;(S) and 
GSr (S) as w'ill as identifying specific areas of these two 
responses requiring further investigation.

2.4 Physiological Conductance - A Review

2.4.1 Definition of physiological conductance

As early as 1934, Burton (1934) and Burton and Bazett 
(1936) described the internal heat transfer coefficient in 
terms of a lumped parameter, physiological conductance, K. 
They expressed the heat flux between the core and shell as 
follows,

K(Tcr-TS ) - M - WQ - Eres - St = M* (2.14)

Implicit in the statement of this equality is the single 
cylxnder core and shell representation of the human body, 
^he driving force for the internal heat transfer is the 
difference between an assumed uniform core temperature and 
the mean skin temperature.
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Two inodes of heat transfer make up physiological conduc­
tance, tissue conduction and convection as a result of 
blood circulation. If the tissue conductance between core 
^nd shell is ht and the mass flow rate of blood is mb , 
physiological conductance may be written in terms of two 
components,

K « h t + rt»bcpb ( 2.15 )

The tissue conductance component, ht accounts for approxi­
mately 20 per cent of the internal heat transfer at rest 
and a negligible amount during exercise (Atkins 1962). 
Since heat conduction takes place across an unperfused 
skin layer, the geometry of the core relative to the skin 
is important and could well change from rest to various 
levels of exercise (Nielsen 1969).

Most of the h.-' -t generated internally is transferred by 
way of vascular convection of warm blood through cooler 
skin vessel . ..ckins (.1975) has given a detailed account 
of the ni-c'?nionf through which the blood exchanges heat 
with body J  -cu* the possible existence of countercurrent 
hra‘ x̂ciid-i'j*- tctwc 'n veins and arteries and the operation 
of th /.e-cap sphincter and arteriovenous anasto­
moses. Paterson (1976' concluded that the site of deli­
very of warm h]ood to the periphery is under active con­
trol and therefore influences the thickness of the skin 
layer over which conduction occurs. The degree of dila­
tion or constriction (tone) of the skin blood vessels is 
adjusted both locally and centrally by the thermoregula­
tory controller (Revow 1981). It follows therefore that 
physiological conductance is primarily a function of skin 
blood flow.
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2.4.2 Empirical descriptions of physiological conductance 
in terms of physiological variables

In keeping with the original definition of physiological 
conductance derived by Burton (1.934), physiologists have 
described the way in which K is controlled in terms of 
various physiological variables.

Mitchell (1972) compared the correlations between experi­
mentally determined K and various individual and combined 
body temperatures. He concluded that the best correlation 
was obtained with skin temperature and the worst with 
rectal temperature. Correlations of K with mean body 
temperature and oesophageal temperature were highly signi­
ficant and not different from each other. He concluded 
that it was difficult to confirm that the same inputs 
controlled the level of K during exercise and during rest. 
When men worked, their conductances increased above rest­
ing levels. He explained this observation by saying that 
the gain of the thermoregulatory system increased during 
exercise. He did not however establish a functional 
relationship between K, body temperatures and level of 
exercise .

Nielsen (1969) plotted physiological conductance against 
mean skin temperature at rest and at two levels of exer­
cise. Their results indicate that for the same level of 
mean skin temperature, K increases from a value at rest to 
values which rise with increasing level of exercise. A 
relat’onship between K, mean skin temperature and meta­
bolic rate was not mathematically derived.

MacDonald and Wyndham (1950) and Wyndham (1965) investi­
gated the relationship between control actions and bod/ 
temperatures. The relationships between K and rectal 
temperature and K and skin temperature were highly non­
linear. The sensitivity of K to changes in rectal 
temperature was between 4 and 10 times greater than the
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sensitivity of K to changes in skin temperature. The 
possible effect of metabolic rate was r.ot considered. 
Wyndham et al (1965) plotted K against rectal temperature. 
The shape of the curve was sigmoidal (see Figure 2.5(a)) 
and indicated that K saturated at both low (36’C), and 
high (41°C) rectal temperatures. Experimentat.on lasted 
five hours and plots of K versus rectal temperature for 
each nour indicated that physiological conductance was 
.̂ dependent of time after the first hour of exposure. No 
ndication of the dynamics within tne first sixty minutes, 
■ the possible influence of metabolic rate was gi'en.

Th'. equation they derived has been adjusted so that K can
•xpressed -.n tne units W/m^°C,

Wyndham and Atkins (2968) determined the average physio­
logical conductance response of acclimatized men to rest 
ind exercise over a wide range of environmental condi-
• ions. The.r results show that physiological conductance 
varies with both rectal and mean skin temperatures. Cohen 
and Stewart (1982) have shown that when rectal and mean 
skin temperatures are combined into a weighted body 
temperature driving signal, TmC) such that

the separate curves of Figure 2.5(b) appear to collapse 
into the single curve shown in Figure 2.6. The equation 
which describes the relationship depicted in the above 
F^ure is as follows,

0,9Tre + 0,1TS (2.17)

(2.18a)

where X 1 1 (2.18b)(Tmb“34)
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a)

b)

RECTAL TEMPERATURE (°C )

LEGEND
SYMBOL fs (°C)
t 35.5 - 36,8
X 33.0 - 3i.e
D 29.0 - 31,0
o 22.0 - 2L,D

r ec t a l  TEMPERATURE (°C )

Figure 2.5 PHYSIOLOGICAL CONDUCTANCE AS A FUNCTION 
OF RECTAL TEMPERATURE

a) based on Wyndham et ai (1965)
b) based on Wyndham and Atkins (1968)
(from Stewart 1981)
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Figure 2.6 PHYSIOLOGICAL CONDUCTANCE VERSUS WEIGHTED 
BOD\ TEMPERATURE DRIVING SIGNAL

(from Cohen and Stewart 1982)
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Unfortunately Wyndham and Atkins (1968) did not obtain a 
wide enough range of Tmb for each metabolic group and it 
was therefore not possible to identify whether a metabolic 
rate effect was present in their data.

Azer and Hsu (1977) developed an equation describing 
physioxogical conductance in terms of core and mean skin 
temperatures. Data on which they based their equation was 
obtained from the literature and covered a wide range of 
exposures to varying environments and work rates. Their 
equation is as follows,

6 , 7 5 + 4 2 , 4  5 ( T c r - 3 „ , 9 8 ) + 8 , 1 5 ( Tc r - 3 5 , 1 5 ) 0 ' 8 ( Ts - 3 3 , 8 )
K = 5,3 + ------------------------------ ----------------------

1 + 0,4(32,1-Ts )
(2.19)

They specified a maximum value for K equal to 75 W/m2oC. 
Equation (2.19) can predict values of K higher than 75 
W/m^°C but the output is prevented from exceeding 75 
W/m^°C. When using Equation (2.19) as part of an overall 
thermoregulatory model, the discontinuity in K at 75 
W/m2oC results in sudden sharp changes in skin and rectal 
temperatures responses which do not occur during experi­
ment;^ studies.

Van Pe.tsburg and Stewart ( 1977) and Stewart (1981) 
explored the concept of saturation levels of K pertaining 
to die highly non-1inear form of the relationship between 
K and TmD. The maximum level of K attained by resting men 
in experiments reported by Wyndham et al. (1968, 1970) was 
approximately 42 W/m2oC. Both Figures 2.5(a) and 2.6 show 
that much higher levels of conductance may be achieved and 
it is clear that the saturation level of conductance must 
be variable and cannot be associated with a single level 
of body temperature. Stewart (1981) concluded that these 
observations raised the possibility that conductance might 
saturate at different levels for different metabolic 
rates. He went on to show that conductance could be
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expressed as a function of rectal, skin t- oeratures and 
metabolic rate. Experimentation was carried out on a 
large number of unacclimatized men. Unfortunately not a 
wide enough range in Tmb (comp-ted from Equation {? 
was achieved and it was only possible to derive a 
tional relationship over a limited range of response. 
empirical equation he derived is,

for 36,5 - Tmb £ 39,3

The saturation levels of K at low and high values of Tmb 
could not be determined from the range of experimental 
data.

The abovementioned equations provide the means for predict­
ing values of K from a knowledge of body temperatures. 
Stewart's (1981) equation includes M as another independ­
ent vanaole, a factor which has not been physiologically 
explained. The following theoretical analysis attempts to 
explain why K could be modulated by M.

During rest, the single cylinder core and shell model of 
the human body could be considered as being adequate. The 
basal metabolic energy production is distributed more or 
less evenly throughout the core. During steady state, a 
single temperature such as the rectal temperature is 
representative of core temperature and the calculation

K = 22,46 - 0,2503M - 11,23(Tmb-36,5)0»5 + 
0,3569M(Tmb-36,5)0'5 (2 .2 0 )

M - WQ “Eres

(Tre-Ts )
, st = 0 (2 .2 1 )

gives an accurate measure of physiological conductance.
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During exercise however, the single cylinder core and 
shell model does not adequately represent the human body. 
The metabolic energy over and above the basal level is 
produced in the muscles actively involved in exercise. As 
such regions of the core associated with these muscles 
will be at a higher temperature than the rest of the core. 
The average core temperature would not be equal to the 
rectal temperature, but could be somewhac higher depending 
on the lev'el of exercise. The weighted body temperature 
driving signal , Tmb calculated from a weighted sum of 
rectal and mean skin temperature could well be an under­
estimate of the true mean body temperature during exer­
cise. The "error" involved in calculating K as in Equa­
tion (2.21) above would therefore depend on the extent to 
which regions of the core are hotter than the rectum.

During experimentation carried out in this study, exercise 
consisted of block stepping involving only the legs. The 
two cylinder mode^ to be described was therefore con­
structed to mathematically determine the cause of the 
"error" mentioned above.

Consider the two cylinder model represented in Figure 2.7. 
The upper cylinder depicts the trunk of man and has a 
surface area Ai and metabolic heat production equal to the 
basal rate, Mj_. The lower cylinder represents the meta- 
bolically active legs having area A2 and metabolic heat 
production M->. Therefore the total surface area, A is 
eqjal to the sum A ^ A 2 and the total metabolic heat pro­
duction, M is equal to M^+M2 *

The shells of the two cylirdera have equal thermal conduc­
tivity h^ and equal thickness x. The conductances of the 
shells are therefore both equal to h^/x=ht.

The core of the upper cylinder is assumed to be at rectal 
temperature, T re. The core of the lower cylinder is



A: * A, « A

M: * M2 = M*

X; * X, = X

Figure 2.7 TWO CYLINDER CORE AND SHELL
MODEL OF MAN
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assumed to be at muscle temperature, Tm . Both shells are 
assumed to be at the same mean skin temperature, Ts

The temperature of the blood entering the snell of each 
cylinder is assumed to be at mixed mean arterial blood 
temperature, Tb. The flow rate of blood through each 
shell is assumed to be an area weighted multiple of the 
total cutaneous blood mass flow rate, m^, such that

*1 .
mbl = —  mb and mb2 = “  mb A A (2 .2 2 )

Writing a heat balance for each cylinder,

A 1
Mi ^ (Tre-T* ) + nibi^pb (Tb~Ts ) (2.23)

and

A 2^2 " A *H(Tm-Ts ) + mb2cpb^Tb"^s^ (2.24)

Substituting (2.22) inio (2.23) and (2.24),

(2.25)

and

(2.26)

Let Tm = Tre + ATm and Tb * Tre + ATb (2.27)

Adding (2.25^ and (2.26) and substituting (2.27) r e s u l t s  
in,
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A tM1+M2-(Tw -Ts )(ht+mbCpb)+ATbmbCpb+ ^  ^Traht (2.28)

The overall physiological conductance of the two cylinder 
model can be calculated from Equation (2.28) in the same 
way that it is calculated for the single cylinder model,

M i+M2 . ATm A2 £TbmbCpb
----- =—  = K' = (ht+mbCDb) + ------ —  ht —  + -----=—
(Tre-Ts) ° P° (Tre-Ts) * A (Tre-Ts )

(2.29)

but from Equation (2.15), ht+mbCpb is equal to K, the 
physiological conductance for the single cylinder core and 
shell model.

The value of physiological conductance calculated for the 
exercising man from a measure of rectal and mean skin 
temperatures and metabolic rate could therefore be in 
"error" by the quantity

£Tm A2 £Tb
- h t + ~ mb^pb (2.30)

(Tre~Ts; A (Tj-e_Ts )

The first term represents the "error" in the conductive 
component of physiological conductance and the second term 
represents the 'error" in the convective component of 
physiological conductance.

Saltin and Hermansen (1966) and Saltin et al. (1968) 
measured intramuscular temperature during leg exercise. 
Their data indicate that the magnitude of the difference 
between rectal and muscle temperatures could be as much as 
3,5°C from rest to heavy exercise.
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Their findings indicate that Tra is a function of the 
metabolic rate,

Eichna et al. (1951) measured the difference between 
arterial and rectal temperature in resting subjects.
Under steady state conditions, mean arterial temperature 
was 0,25°C lower than rectal temperature. During exer­
cise, Salt in and Herman?en (196b) used oesophageal tempera­
ture as a measure of arterial blood temperature. They 
found that the difference between rectal and oesophageal 
temperature increased from rest to hard work by more than 
0,1°C. AT^ could therefore also be expressed as a func­
tion of metabolic rate,

If Equations (2.31) and (2.32) are substituted back into 
Equation (2.29), it can be concluded that physic logical 
conductance will be subject to a metabolic rate effect.
The fact that both ATm and ATb increase with increasing 
metabolic rate indicates that physiological conductance 
will increase with increasing level of exercise. The pre­
ceding theoretical analysis has been confirmed experiment­
ally by Stewart (1981) (see Equation (2.20)) for unaccli­
matized men.

It is easy to explain why the metabolic rate effe t has 
been missed by other researchers. Experimentation carried 
out by Wyndham (1965), Wyndham et al. (1965) and Wyndham 
and Atkins (1968) did not achieve a range of Tmb values 
for each rate ot metabolic hea;. production. Instead, high 
Tm£, values were a result of low metabolic rates and cool 
environments. Their single curves of K plotted against 
either Tre, Ts or a weighted sum of Tre and Ts were 
therefore founded upon pockets of data at different

(2.31)

ATb = f 2 (M ) (2.32)




















