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I t  is tne initial steady state value of H« or R which
b b

is r e q u i r e d ,  any fuither change in i n  taken into account 
hy the term AH, which is a lunction of T and T , equation 5-7
J C {)

The value of Rrc (= 1/Krc) is given ’ equation 3-20, 
namely

t = (6,02 4 8,28(P /1013)0 V°’°)A rc it
= 20,1 W/*G for V = 0,67 m/s. 5-32

The total thermal capacitance of the body , C + Cc,,c s
may be calculated from a knowledge of the weight of the 
subject and the specific heat of tissue. Since the specific 
heat of blood is similar to that of tissue it is not necessary 
to separate the blood from the tissue in this study.

Therefore
Cc+ Cg = subject weight x specific heat

= 207 000 J/*C (refer to Table 3.1) 5-33

The value of C may be calculated from a knowledge of 9
the initial 6lope of the skin temperature transient. The 
initial slope at time t - 0+ is determined from equation 5-1 ̂  
and is given by

dT-ifi = _wa 5-34ora, p.i4

Assume for the moment that the values o 1 and A ^
are am̂ ll (this in confirmed later), then according to 
Appendix A4,

1T,b 1 (for t = 0.) 5-35
R <Trc a

3ir‘ce the air velocity io constant, the value of is given 
1

'rcR dT (for t = 0 ) rc u T

,5bl« 5.1 liats calculated values of dT./dt and Cg taken from
the transient curves illustrated in Figures 4.1b or 5.1. A 
'“»pari80n ia ma4e of the i n U i..l elope of each skin temper-
r» curve for three different values of air temperaturessti



aDd air velocities. The calculated value of the slope is 
based upon that of a normalised curve, that is, account is 
taken of the amplitude oi each step change in air temperature. 
It seen that the slope is dependent upon air velocity
and that the calculated value of is relatively constant.

Therefore Cq = 26 654 * 28 500 J/*C 5-37
and = 207 000 - 26 500

= 176 500 J/*C 5-38

lAbLB -3. i

A summary of a few measurements taken from the first
series of experiments
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Air tecp.

Cc)

Air veloc.

(m/s)

3e ttling 
time
(minutes)

Slope of 
Tb
(* C/sec)

Rrc
CC/V)

C
8

(J/*C)

'■55 0,67 90-100 0,000 85 0,05 23 530

3,11 75-90 C,000 1 0,028 32 500

0,67 65 0,000 62 0,05 32 300

40,5 1,86 57 0,000 94 0,035 30 395

3,11 54 0,001 3 0,028 27 500

0,67 70 0,000 68 0,05 29 411

49 3.11 50 0,001 2 0,035 23 800
3,11 48 0,001 2 0,028 29 800

Mean vnlue of Cs 28 654
Standard deviation 3 467



It io important to understand how the control coefficients 
influence the response of the rystem before determining the 
te3t method of identifying the coefficients.

In order to clarify this study, the predominant source 
0f control (Atkins and Wyndham, 1969), that is the components 
of the control action which are initiated from the core,
I and A » nre studied first. The response of the model to 
varying values of A0 and kQ ia examined by analysis and by 
computer simulation. The computer simulation of the model 
demonstrates that when control is initiated from the core 
alone, the model can reproduce the steady state experimental 
temperatures, but, it can not reproduce the transient 
temperature response oi man.

The four coefficients, Afc, Ab;J, A0 and Aeg are identified 
in the second study. The model is then analysed in order to 
examine the importance of control initiated Irom the skin.

The skin temperature multiplication term, which repre­
sents the sensitivity of the ' neuro - motor'to temperature 
( equation 3 - 1 2 )  is examined in the third study. Finally, 
the rate control coefficients, A ^  and Ae  ̂are examined.

5.4.1 Proportional control inly. from t.h>- core
toa.i ervitur1'.

In this section the control notion components initiated 
only by the core temperuturo are examined. The control action.- 
are denoted by

5-39H = (T - T )A e c t o
5-40

tHfc = (Tc - Tt) Ab

m t , taken fromThe transient expressions ior Tc a ^
equations 5-7 and 5-8, with Ab8»Abd»Aesan ed
are therefore given by
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j t < > >  =  _______________________________________________________________________ 1  _______________________________________________________________

,1 (B) s2(RrcRbCoCa) + u«Rrc+ Rb)0o + Rrc0c(1 + hbAb)) +a
contd. 1 + R A + R, A, c and rc e b b 5-41 

aTals) |_  »RbCc ♦ (1 4 R bA h) 

tTa(B) ' »:i»rc«b! A )  + «(Rrc- Kb)0c - RrcC3(l + HbAb)) +

oontd. l 4 R rcAe+ RbAb 5 - 4 2

G’ = h_.hJc (3_ 5-43rc fc c a

5-44
rc s

If. * (1 ♦ HtAt)/(RtCc) 5-45

(»„♦ gt) V  HrcC,Jl « R,.AL) 5_
9 ’ RbRroCceB

, . 1  ̂M t *  Rro*e 5-47
R Rr,C cn rc D C 8

The influence of the aoneitivity of the control ol 
sweat rate and blood flow, A0 and Â » on the response ol the 
body are now examined.

The time constants of the two exponential components 
in equations 5-23 are the same as thoae in equation 5- 4. 
Their valuea are divert by

, / x ■ 5-48t * l/o ^see 5-20)
/ / c m ) 5-49

i a  (see 5 -21P
Since the t h e r m a l  gradient la near the akin surface, Cc 

la much greater than 0,. nnd, therefore, t p is much greater 
than t

When a control action doeo oocur, that is, wher A0 
Ab are greater than zero, the large time constant,
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decrease Considerably and the small time constant will
increase slightly (refer to equations 5-20,5-21,5-46 and 
5-47). The change in the value of the time constant is due 
mainly to an increase in the value of R (equation 5-47) 
which, in turn, results in a decrease of the square root 
term in equations 5-20 and 5-21.

Since A£ appears in both the Q and R components, equat­
ions 5-46 and 5-47, A» has less influence than A0 in reducing 
the time constant t .

Although the Settling time'of a system is not clearly 
defined, it is a more valuable term of reference than the 
time constants of a system, if the system has more than one 
time constant. For the purpose of this study 'settling time' 
is defined a3 the time taken for a transient to reach and 
remain within 10 per cent of its final value. Figure 5.4 
shows how the settling time of the model is reduced as the 
value of sweat control sensitivity is increased. Note that 
the Bettling time of a passive body in still u i r is many 
hour:i*

If the control gain is increased to a certain value 
(A = 150) the time constants become equal and the square 
root term of equations 5-20 and 5-21 is zero. This condition 
is called critical damping, that is

= 4R

or Q/2/r - 1

Larger values of control gain cause the dumping coefficient 
Q/2,/r, to decrease. Conjugate roots occur in the closed 
loop equation and there is an 'overshoot' or damped oscillat­
ory response to a disturbance. The larger the value of 
control gain, the loss damping and the longer the oscillatory
response.

The transient response of the akin and core temperatures 
following a unit step change in air temperature, and calcu­
lated from equations 5-2? and 5-24 are illustrated in

contd. page 144
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FIGURE 5.4
The influence of sweat control gain on settling time.

Figures 5.5 and 5.6. It in important to note that the 
curves refer to a unit step change in temperature, and 
therefore, the temperature scales are relative to the change 
in air temperature. Figure 5.5 shows the influence of sweat 
control gain on the reduction ol the changes in core and 
skin temperature. Five curves representing live values ol 
3weat control gain, ranging from 0 to 550 W/*G, are 
illustrated. The largest value of Ae is equal to the slope 
of the evaporative heat loss curves given by Wyndham and 
Atkins (I960).
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T i m e  ( m i n u t e s )

k rt.rjRB L».»_5
r thP model for a unit step change Transient characteristics of

„hp records show five values cl * . , V C- in air temperature, j-he
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The broken vertical linen in the lower graph of
pigure 5.5 mark the settling time.

The models response demonstrates V the steady state 
t e m p e r a t u r e  increments, the settling time and the damping 
factor ;<re rsduced by the evaporative control action. There 
... noticeable overshoot in the skin temperature transient 

the value of A(i is increased.

The first overshoot in the positive direction of the
^in temperature transient does not indicate an underc.imped
-.-■ntrol variable. The peak io dependent upon the time
constants ( and 0) and the amplitude coefficients (a, ana a,)
of the  two exponential terms in equations 5 - 2 3  and 5 - 2 4 .  k

re-ik value of ATt (t) occurs if, and when the derivative of
* s

ation 5-24 is zero, that io when

--  a + a40e ^  = 0 5 - 5 1

 when the two exponential terms have equal amplitude
t.vi opposite signs. Critical damping occuro before 
second overshoot in the negative direction ol the skin
temperature transient or a pooitive overshoot in the core

temperature transient. The two runs represented by
a  00 a*d A =  350 show an underdamped response, e e

Figure 5.6 illustrates the influence of the blood 
:or.trol action on the reduction of the values of the skin 
V.: core temperature diaturbancea. Note that both temper­
ature axes have beer, expanded; the change in either of 
’rose temperatures refers to a unit change in air teoper- 
■ ■ *re. in thia ex;unple the sweat rate oontrol gain 
constant and is equal to 100 W/*0. Five values representing 
five valuea of peripheral blood flow control gain, A,. are 
-.own. The largest value of Ab was chosen by increasing 
this value arbitrarily until the records wore similar o 
“ie experimental results.

atnte increments, T and T , When A =. 0. the steady Sta^e cAb . , , -nin iB increased, the
ire equal. As the blood flow control g
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FIGURE .*■
Transient characteristics of the model for a unit 
change in air temperature.

to-in A The sweat conti ol values of blood flow control &am,A .
gain has a constant value ol 100 W/ C»
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steady state increment ia reduced while Ty increases.

The transient records illustrated in Figures 5.5 and
5 5 confirm that the initial slope of the skin temperature 
transient is not influenced by changes in either  or Ab 
as the records overlap during the first 10 tc 15 minutes.

The incremental steady state temperatures may be 
determined from the coefficients a, and a4 of equations 5-23 
and 5-24 when t = 0, or from 5.41 and 5.42 when a = 0.
Therefore,

if - --- - t 5-52
<= 1 + Ab V  e rc a

and t - 1 * AbRb f 5-53
Ta - 1 + AbRb- *eRrc a

The influence of control gain on the steady state 
increments may be predicted from equations 5 - 5 Z  and 5 - 5 } .

Let Ta = 1.
1) If A and Ae =-C, then Tc and f0 = 1- (With no 

control, the change in akin and core temperatures 
«ill be equal to the cha:.ge in air temperature.)

2) if* = 0 and A »1» then and Te are equal and
«l.(With only evaporative control, the core and 
skin temperature increments are equal, and much 
smaller than the change in air temperature.)

3) If Av and Ae »  1, then Tfl is quite l a r g e  because 
of the term A K in the numerator of equation 5- 
The increment T^ -ill b. even smaller than in the

to the additional term Ab in the previous case due to ine c
r c; CX (With both evaporative anddenominator of P-v). th6 picin temperature increment blood flow control, the ski , ,1(1 core temperature increis quite large while the core

ment is even leso.)
a nnd A in terms of T andIt is possible to express A0 an Afc

T from equations 5-52 and 5-53 as foil
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5-54

5-55

temperature increment.

Figurt 5.’If illustrates the steud.y state incremental 
ch'ir̂ e in T , j lotted against sweat control gain for a unit 
change in lir temperature. The three curves represent three 
values of Dioci flow control gain. The figure shows that 
the increase in peripnoral blood flew control has relatively 
little influence or. T, in a typical warm condition where 
the value of is approximately 350. The core temperature 
increment i. lei:-, than one-tenth cf the change in air 
temperature.

NT - NT. _ 3_____ C
b NT Kb

and
1 - NT..

Ae NT ^roc
where N refers to a normalised

yTtrl'kE 5.'L-
The influence of sweat control gain, A0» c
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tn summary, the analysis has shown that
The control actions reduce the value oL' th*' long tiino 
c o n s t a n t  and hence tne settling time ol’ the closed 
loop system.

,) ^ e  sweat control action reduces the incremental
steady state change in both skin and core temperatures 
whii^ the peripheral blood flow control action reduces 
the core temperature and increases the skin temperature 
increment.

3) The transient temperature response, that is , the 
peak value of the Ty and the damping factor are 
determined by the value of Ab and Ae*

The coefficients  and Ag (assuming that Abg, Abd» 
and A are zero) may be determined from one of the 

above three observations. The fact that Ae has the opposite 
effect to A, on the value of T8» provides a convenient method
of determining A-0 and Afi.

Consider the steady state relationship given by equat­
ions 5-54 and 5-55. The coefficients Afc and A0 may be 
calculated from the steady state values of Tr and Tg given 
in Table 4 . 9 .  The results are listed in Tabl^ ...

It is clear that neither control is linear as the 
values of  and A vary with temperature, or heat stress.
The evaporative control gain increases with temperature 
while there is a sudden decrease in the value of AD once 
the rectal temperature exceeds 37,15 C. The co. 
characteristics, that la the relation between K, and T and 
the relation between hfi and T0 may be determined . rom the

A

values of Av and A,U c
* v «re «iven in Table 5.<_Th« steady etate values of Kb »r g virure 5.6.

and plotted as a function of rectal tempera ure ^
The figure shows that the physiological con “

exceeds ; i »J--constant once the rectal temperatur metingoccurs when a resiant, figure 4.15 shows that this condition occu
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FI GURU  ,8
The ateady-utate relation between physiological conductance 
and rectal temperature. The curve represents the mean of 
of the experimental reoulta.
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man is exposed to an ambient temperature in excess of 34*G. 
iphe temperature gradient between the rectum and the skin is
constant.

This is a very important condition, it was noticed in 
the first serien of experiments (Mitchell et ■ ., .1968 ).
The author suggested that it could be due to the •saturation' 
of the vrso-motor tone. The condition is discussed later 
in the texv; for the purpose of this study one must accept 
that is constant and the value of A( is small once the 
rectal temperature exceeds 37,15*C.

The evaporative control characteristics can be const­
ructed from a set of straight lines the slopes of which 
are given by the values of AQ, or it can be determined 
from experimental values of Hg. The experimental values 
can be either direct measurements of evaporative heat loss 
or values calculated from the steady state equation repre­
senting heat balance.

 - H H - H ^-56He m h rc

Figure 5.9 illustrates the evaporative control charac­
teristics. The solid line drawn through the small points 
is derived from calculated values of He (equation 5-56) 
using the mean data from 3eriea 1,2,3 and 4 experiments.
Four mean experimental values of the direct measurement of 
evaporative heat loos at four ambient temperatures, taken 
from Table 4.1C, are shown by the four cirolee. Ih- calc­
ulated values of A„, given in Table 5.2. are checked by- 
comparing a few values with the slope of the cur 
broken line represents the data for the Series 4 experiment 
and shows .hat those subjects have a highar sensitivity than the
others. They were probably better acclimatised

thP Hnalvsis  the controlThe model is used now to check
ih* model to a stap change in air mechanism. The response of the moae

temperature ‘a compared with the experiments made on .ubj.o., 
in the climatic chamber. The response is calcula ed vi a 
digital computer by solving the differential equations describ­
ing the model. The procedure is given in Appen
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F I'ibRJb
be oteady-atate relation between the calculated value of evap­
orative heat Iobh and rectal temperature. Four experimental 
mea3ured va]ues of evaporative heat lose are by circles on the 
raPh. The broken line represents the Series 4 experiment.
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non-linear control characteristics, given in Figure 5.8 
and 5.9 are approximated by sets of five straight lines.
The experiment records illustrated in Figure 5.1 are chosen 
as a source of comparison in preference to the small step 
changes in air temperature as it is important to test the 
complete non-linear range of th”? control characteristics.

The transient recordings of the model which was 
tested with the same set of ambient conditions as men in 
the climatic chamber, were plotted by a computer and are 
illustrated in Figure .10. The record of the exp*, rimental 
results obtained in the climatic chamber, taken from 

jut 4. ;• are superin] the computer plot.

The steady-state values of the model, taken from 
Figure 5.10 ure listed in Table 5.3, they compare favourably 
with the experimental results. The transient skin temper­
ature peaks differ considerably, particularly in the case 
of the highest air temperature where there is a large 
overshoot and damped oscillation. This result was 
expected as the analysis had shown that conjugate roots 
will occur if the value of Ae is greater than 150. The 
settling time for the core temperature of the model is 
less than the settling time for the experimental rectal 
temperature. Tne reak value of the skin temperature 
transient can be reduced by increasing the value Oi Ag, 
this change will, however, cause less damping and will 
alter the steady state value of Tg and Tc«

TAhLE 5.:
A comparison between the mean experimental steady state 
results,B, and the model steady state measurements, M.

" T -
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T
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A computer plot of the models response to a step change 

~n air temperature from 28*C to 3rj 'C ,  40 ,5*0  and 4 9 *C;

0 ,67  m /s. Control is initiated from the core temp­

erature alone. The core temperature in temperature 

^ d  evaporative heat loos records unown. The broken 

lines represent the superimposed experimental records.
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The results ot this study show that either1 the ateady

,,tate or the transient response can be reproduced, depending

upon whether the control characteristics are derived from

steady state or transient data, respectively . It is not

possible to reproduce both states with a control which is

initiated only by the core temperature. The same condition

•will apply if  control Is initiated only by the skin

temperature. Clearly, the control is i n i t i a t e d  by the

core temperature and another source which is probably the

skin temperature. The skin temperature control component,

4 tiate sweating sooner and it will therefore
e31

reduce the peak value of To. The influence of this addit­

ional control component on the response of the model i3 

examined ani the four coefficients, Ab , Afes, Ae and Afin 

are identified in the next study.

5,4.2 Protortior. ti cont rol initiated from the core ancj 

the skin temperatures

In this section the contro.l action components initiated 

by the core ar.d skin temperature components are examined. 

The control actions are denoted by

He = <Tc "  V Ae + lTe '  5’ 5?
and . u c,p

^ b  * (Tc “ Tt^Ab 4 ^Ts "  Tts^ bs

where k t and JL represent the sensitivity of the evapor 

ative and blood flow control actions to skin temperature.

The four control coefficients requiring identification 

are A , A .,A, and A, . The values of the coefficients Afe 

and Ag, which wore derived in tiie prevlouo soction, do not 

neceoaarily apply to this section.

fr.m t and T , taken from
The transient expressions for Tc e

equations 5-8 and 5-9. (Fitfure are



- 
31

o' RbRrcCc ° S + B < V  Rrc+ V r o ^ e a ’  A b B ) ) 0 o +

conM (Krc-AtHbRrc)C6 ♦ ltAA c +Ab V AenHr ^ RbRrc< V e a ^ A s 1

5-59

' r wi

■I !■■' RbCcB -> ( I  t i.bAb)

"  ' * RbHrcCcCa * 3 < V  Rrc+ RbRrc<A88- Ab a » ° 0 +

—  1 A c +AtRbRr c > V  ltAeRrc+Ab V Ae8Rrc*RbRrc<AbAo s * V b e >  

5-60

The^e expreaaion3 and their numerical solutions retain

their 1 recor.d- order’ fora. Only the coefficiente a, to a«,

>,3 >: ; > differ becauae of their additional terms contain-

::v A am  A. . The terms Q . , 0 3, Q and K, which determine 
„ ba ’ * '  ’

:r.e coefficients and hence the roots, (refer to equations 

--i-i to 3-1 j ) ,  are new expreaaed ao

1 ~ RbAbs
■  R,.Kp 6 

t rc c a

5-61

'= '  RreC.

5-6

U V  M V  Ah , » > V  RrcC0 (1 * RbAb ) 5-63 

---------------- R.t* «b rc c a

H (A i A ) + K^A,* H,R (A,A - ApAba^ c, ca 
rc ; (,‘U b b b rc es_  ̂ 3-64

r j O X
b  rc c a

U<i I f iy state increments, Tc and are given by

_________ __________ 1 ~ RbAba -------- ----- T.

hrc^Af?+ Aea} + RbAb * KbKrc^AbAea” e bs

rvi

1 4 KbAb________ __________ — --- T 5-66

Hr c ‘Ao4 Aos} + RbAb * KbRrc^ bAes“ e ba
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Since there are now four coefficients, both transient 

and steady state data are required for identifying these

coefficients.

The evaporative heat loos is mad;.' up from two control

components which are initiated from Tc and T(,. Tue influence

of the latter component on the transient response of the

system may be determined from equations 5-63 and 5-64 or

from a'root locus ' plot of the closed loop equations. The

'root locus' plot io illustrated in Figure 5 .31 . The locus

represents the roots of equation 5-59 for various values of

i ranging from 0 to 100 . The values of and A are 350 
ea " b

and 0 respectively and the value of Kb is the maximum value

of 40 W/*C. This curve therefore applies to the range of

ambient temperature *bove 34*C . The broken line represents

the same range cfvalues of ,, the values of Ae , Afc and

Kb are 200,150 and TO respectively. This curve applies to

an ambient temperature in the region of 32,5 G.

If A is zero, conjugate roots occur. An increasing 

v&lu of A Increases damping and eliminates the conjugate 

roots. The larger time constant is increased and therefore 

the settling time is increased. The sKin temperature 

control component will therefore stabilise the concioa. 

action and reduce the peak value of Tg .

The calculated steady state value of physiological 

conductance, K, , given in Table 5 .2 ,  and the Figure 4 .1^

3hows that the physiological conductance is almost ccn.t^ » 

in the case of a resting man in an ambient temperature 

above 34 'C . One can assume, therefore, that the values of 

A, and A , are small, or negligible, in this region With 

this assumption it is possible to re-write equation

30 tnat f  x 5-67

Nfs ■ f  - r - r u ^ T ^

therefore

L . . .
e es

- NT K ’ 5-68
A, + A...  = 1 _  lii rc

NT 1 s
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FIGURE 5 . 11

T*ie locus of the roots of the cloeed loop equation 5-59 are 

Plotted for values of A varying from 0 to 100. The solid 

and broken linen represent the locu3 when the ambient air 

temperature i 3 the region of 35*C and 32*C respectively. 

The position of the roots rv and 0 are indicated by equivalent 

vaiues of A(i . The values of AeG on the real axis apply to

the solid line.
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The equation 5-68 ia identical to equation 5-55, 

therefore the value ot determined in the previous 

o e c t i o n  is actually the sum of A( and Afi,, for T;j > M 'C .

The rate of evaporative heat loon required to main­

tain thermal equilibrium in r>n environment with T^ = 28*C 

and V = 0,67 m/s is less than 3 W. It is therefore safe 

t0 assu®e that the steady state values of Ae and A are 

small in this environment. Knowing the values of Ae* Ae3 ,

I and T for Ty >  M ' C  and for Ta = 28 ‘ C, i t  i s  possible 

to estimate the value of A0+ Aeg in the  region 28*C>Ta>34*C. 

The value is probably similar to the value of Ae which was 

calculated in the previous section.

In order to isolate the value of Ap or Ae3 from

• on® nuat examine the transient response.

The damping factor and the peak value of T  ̂ in dependent 

upon the value of A^ and A0n. The peak value of Tq and the 

time, t , at which it occurs after a change in air temper­

ature may be obtained from the experimental results. If 

various sets of values of A^ and A0O» which satisfy 

equation 5-68, and the value of t are substituted into 

the numerical solution for T0 » equation 5-24, then the 

aet which gives the desired peak value ol Tg identifies 

both Ae and Aefl.

A computer model simulation provides a convenient and 

lore accurate method of evaluating Ae and Aeg as t..e model 

is not confined to a small disturbance which i3 the requir 

sent of the linear analysis. Two non-linear control 

functions representing the relation between kQ and Tc , and 

Aeg and Tr are estimated. Each function, or curve, is made 

,lP from a aet of five straight lines; the slope of the 

represents either A or A and the sum A0+ Aeg is given by
0 vH

equation 5-68.

The response of the model is examined and the c° nt^

functions altered until both the transient and the s a

state temperatures agree. The model was tested rs v 
4» , i .  and then the
“he i n i t i a l  air tem perature  equal  to u



i n i t i a l  air temperature was decreased to I'U’ c. it was 

n e c e s s a r y  to  include peripheral blood flow control in 

these teats. The characteristics derived in the first sec­

tion ( Figure 5 .0  ) were used with tho assumption that A^ = 0.

The response of the model, using the most suitable set of 

control characteristics, is illustrated in Figure 5 .12 . Sweat

d from both core and skin temporal 

Xf this record is compared with the superimposed experimen- 

tal results and with the previous computer simulation in 

Figure 5 .10 , the improvement caused by the term Ae3 is 

obvious. The transient skin temperature peaks ere much 

smaller, the settling  ■ of Tc has increased, the tra*.::- 

ient shape of T and t. oorative heat loss are more

accurate and the secc <«i*-uAoot in the skin temperature 

transient has diasapeared.

The e v a p o r a t i v e  control characteristics are illustrated 

in the top drawing of Figure 5 .1 3 .  The value of Ae and Ae„ 

■jere determined for each of the four transient records shown 

in Figure 5 .1 .  The value of the coefficients increases with 

temperature, the value of A(J is approximately ten times 

greater than the value of

This study ha3 examined the influence of the term Aeg 

on the responce of the controlled system; the skin temper­

ature component of peripheral blond flow control action Ab£J» 

waa excluded. Sh* condition in which the peripheral blood 

flow control i 3 initiated by both Tc and Tg is examined

The term A. , has a negative sign in the numerator of

equation 5-59 and 5-65. If  V b e = 1. then ? 0= 0 ; this means

that there will be no change in Tc when cause- a

bance. However, if R, A >1. then the steady state incre-

Bent, T , will have a polarity which Is opposite to that of

the Increment T . A rise in air temperature will cause a

fall in core t e m p e r a t u r e .  This does not occur with man.
?  has a finite value ana 

Experimental results indicate tha c
ST 1 he value of the term

has the same polarity as ^  » 00 , , b
a ths model would be

R A < 1 .  If  R A > 1 the response of 
& bs D of saturation.

unstable and drift into a condition
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A computer plot of the models reaponae to a step 

change In air temperature from 28 *C to 55 *C,

4 0 f5 *C and 49 ‘C, V = 0 ,67  m/s. Control ia initiated 

from the core and skin temperature.
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If I <Joeo exist, it must have a small value, namely < 25 

since Rb =- 0 . 0 4 *

The term Abs appears in the numerator of equation 5-63 

and 5-64. This term decreases the influence of Apg and it 

will therefore increase the peak value of the skin temper­

ature tr n Lent. The pei blood flow does, however, 

attain a maximum value rather rapidly and it will influence 

the transient response of the body to change;;: only at 

ambient temperatures below ' 4 ‘ C.

The values of A. ani A, o may be determined in a manner 

similar to that described for identifying A and A .
G 0S

The relation between A. and may be derived from

the ratio between the equations 5-65 ani 5-6 6 , namely,

*c 1 ’  RbAbs 5-69

F  * “  v *
8

TniP equation re}resents the ratio between the "lope ol the 

steady-state core an: skin temperature curves given in 

Figure 4 .15 , page 126 . Consider a change in air temperature 

from 26 'C to ? ? , 5 ‘ C. The values of Tc and T8 are given in 

Tabled.2 . By assuming values for At it is possible to cal­

culate corresponding values for A> (, . A few examples are 

listed in Table 5 .4 .

Since the increase in skin temperature it- ten times 

greater tlian that of the core temperature, the value of A ^ ,  

f°r A^ -- 0, is onp tenth of t h a t  for A^, when A^fl 0. An,\ 

set of valuer, for A and A , within t h e  range of values 

given in Table 5 . 4 'w i U  satisfy t h e  s t e a d y - s t a t e  experiments, 

resuita , but they w ill , alter the transient temperature 

r«r»onse significantly. The correct set of values may

* 'i'f-fore be determined by substituting various

'^lues of t and A. into the model and then comparing
1) bo
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TABLE 5.4

Sets of values of and Abfj which satisfy  equation 5-69. 

NTS =•• 0 ,5 5 1 NTc - 0 ,0 55 , = 23 ,25 , Rb = 0,043

A
b b3

209 0

200 0,93

150 5 ,9

100 10,9

50 16

0 2 0 ,9

transient response of the model with the experimenti 

The transient response to a small change in ambient temrer- 

ature, where maximum vasodilation does not occur, should be 

examined.

Figure .14 illustrates the response of the model to a

'C t . , wit 

velocity _ 0,67 i:./h . The four records represent four sets

of values for A *nd A, . Note that as the value of A,
b t>s us*

increases, so does the skin temperature transient rise-tirr.e 

increase. The skin temperature transient has a distinct 

'overshoot' which lasts for the duration of the record, 

term Av doeo, in fact, cause a slow damped oscillatory res­

ponse. No 'overshoot' was noticed in the skin temperature 

»ent determined experimentally# By comparing the 

response of the model with the superimposed broken line, 

which represents the experimental results, it is clear t,..t. 

the value of A ^  is small and that It may therefore be neg­

a t e d  in theaeSconditions which represent a resting man in 

a warm environment. A small value of Abg will have even less 

influence on the transient temperature response of the body 

when the body is exposed to a higher ambient temperature
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FIG"HE .14

computer plot of the model a response to a step change 

in air temperature from 2 8 ' C to 52 ,^*0 , V - 0,67 m/s.

The four records rei resent four sets of vaJuen of A,; 

and Ab:; whioh satisfy equation S-blJ. The runu are 

u°ed to uetermine the value of A. and A^ ,.
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b e c a u s e  maximum vasodilation occurs very rapidly after 

exposure to heat.

The term A, .. might be significant in a situation ir.
i)b

which the body is exposed to cold. This analysis ha 

c o n f i r m e d  the results obtai ent Jrrngelman et a l *

(1973) who reported that they could not find any correlation 

between vasomo-or tone and skin temperature as a source of 

control in a warm environment.

~he Conti . 1 cteriBti08 Illustrated in Figure 5.15 

are therefore valid for the full range of aicbiant air 

temperatures between 28*C and 49*C. They apply to a resting 

man exposed to an increase in ambient temperature.

Both Nadel (1971) and Mitchell (1972) have found that 

t e ykin temperature has a local modulation etfect on 

sweating. This means that the neuro-motor control is 

temperature sensitive. Nadel suggests a small non-linear 

nsultiplication term which is effective only when the skin 

temperature is above 35*C, namely

H = 197(1 - 76 .7 )  - J J (» 8 - 34) e°-1(Tw8- ,4 )  5-70

where T is the weighted skin tempernture
W3

This multiplication term will certainly reduce the 

skin temperature transient peak yet have very litti  

on the steady state temperatures.

The response of the model with ah evaporative control 

action given by Figure 5-13 and with multiplication ten.

0 ? ( T - "55,5) 5-71
H * H x o 0 

e e



C0{Jiputer plot of the ren ponae of the model to step changes 

1x1 air temperature from 28 *C to 32 ,5*0 , 35*0, 40 ,5*0  and 49*0, 

the air velocity = 0 ,67  m/n. Control in initiated from the 

Core and okin temperatures, the latter having an additive and 

a ^ Itip lication  term.
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illustrated in iigure 5ol5„ The multiplication te^m

similar to that suggested by Nadel

Pro^o ft- ioti,".l and rate co n tro l

Because thermo-detectoro have been shown to ce sensitive 

; I'.tc ot' change of skin temperature it has teen suggested

• , control action could be initiated by a source which 

; roiortiona.1 to the rate of change of skin temperature, 

Refer to Chapter 2 ) . Nadel el a I . (1971) and Banerjee et ,?1 

.. r. ticed that the deciease in the rate of sweating is 

tent upon the rate of change of skin temperature. The 

v.a. never been examined analytically.

The closei loop equations (5-8 and 5-9 ) may be written

q* + sQ + H

U  - KbAt|* Rhc ^ ) / ( H bHrc^ cna-*CeU ^  - * M ))) 5. 7 ;  

a 1' ♦ bQ + K

l V Hrc* RbRro <Ae s ' Ab0) ) C c + lR ro+AbRbRro )0e+ AedRrc +

contd. H,H AA d ^

1<, hrcGc(V i + ^Aed bd >s

J . 1 i

h 1 ’ *■.*>.  ̂ R™ty Ao i v y.y«a' 5-75
RbRrcCcCuU  (Aod

KfixlniUin rate of change of akin temperature occura

Mediately after u change in air temperature. e
influence the transient 

-ontrol action will therefore only .
♦ .ifter a disturbance. 

reuporiue within the first few minutes
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The term Abd and AQd have little  effect on the values of 

q and R (equations 5-74 and 5-75) and do not alter the time

constants significantly .

The initial slope of tho skin temperature transient is 

given by

d T 3 _ _______ JL___-___________ __ (for t = 0 .)  5-76
Tt ” R C (1 + H.K „ ( A Ak ,))  +

rc 3 b rc ed b d ''

(refer to Appendix A4)

The term A g , fill cause the value of eouation 5-74 to 

decreese slightly while will cause it to increase slightly*

if the sweat control action is sensitive to positive 

rate of change of skin temperature, sweating will commence 

rapidly after a step increase in air temperature.

Unfortunately, because of experimental delays mentioned 

in Chapter 4, it wa3 not possible to commence recording from 

the instant at which the subject was moved to the new envir­

onment. All the experimental results show that the insensible 

heat loss commences soon after a otep change in temperature. 

Part of this heat loss is due to the insensible respiration 

heat loss from the subject, the value of thi3 loss being 

constant for the duration of the experiment.

Although it is difficult to evaluate the rate cor.trol 

action, because of exj>erirr»entol limitation, it 1 usef-^* c 

examine the reaponoc of the model with a rate control action. 

Figure 5 .16  illustrates the response of the model to a step 

change in air temperature from 28 'C  to 46 G. The cwc lecord, 

illustrate a sw<*at control action with and without i 

control component (A d « 5 0 0  and Aed - 0 respectively). Th, 

record should be compared with the superimposed broken line 

which represents the e x p e r im e n t al  results taken from 

Figure 4 . 9 .  The rate control component although large in 

value, causes little  change to the transient temperature
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u

*

Ki'rms s . i 6

A computer plot of the models response to a step in ^

air temperature from 28 'C  to 46 C, - . ^

show the difference between the re p oncerimposed
rol action. The superimposed 

and without a sweating rate contro
„ . q1 r e s u lt s  taken irom 

broken lines are the exp er im ental  resu.i v

Figure 4 , 9 .
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characteristics as predicted. The small additional evapor- 

ative ^oss ^ue rate component which occurs within

the first three minutes ol starting the record, is evident.

The experimental  evaporative results for 0 <t <5 suggest 

that if there i s  a rate control component, i t  i s  unlikely 

*hat its value w i l l  exceed the value of A ^  demonstrated 

by the model.

It may be concluded, therefore, that unless the value of 

a is very large, the rate control action will cause little
6S

change in the transient characteristics of either T^ or Tfl.

A very significant term occurs in the numerator of 

equation 5-72, namely, -sR. A.̂  ,. This term is time-dependent 

and has a negative sign. It was shown in Section 5 . 4 . 2  that 

the steady state term

-R.A, < 1 
b bs

If the rate control component A , .  is large enough to

caice

sRbAbd > 1

then the transient component Al^(s) will have a negative 

aign when there is a rapid change in skin tempera ture. 

negative component will dissapear as soon as -he rato ol 

change of skin temperature decreases and < ^ ’

Series A expei’iments were designed specifically 1or the 

observation of the rectal and the oesophageal temperatures• 

All the records show that the oesophageal temperature has 

significant negative slope during the first live minutet 

after a step change in air temperature, With the exception 

of the experiments in which the subject was exposed 

very high ambient temperature, the recta], temperatuie 

^  initial negative slope (refer to Figure 4 .9  and Figures 

*2ltoA25 in Appendix A2) . Clearly, peripheral blood Ilow 

ia dependent upon the rate of chango of skin tempera,me. 

T**re is no other factor in the transient expression which
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can cause an in itia l  decrease in core temperature following 

an increase in air temperature. A very rapid increase in 

peripheral blood flow causes heat to be transferred rapidly 

to the surface, thus resulting in a temporary fall in core 

temperature. It was shown that if the peripheral blood flow 

aG proportional to akin temperature, a 'ne/^itive change' 

in core temperature could arise but that the change will be 

p e rm a n e n t  and that an uni it iral unstable condition will occur.

The fact that the oesophageal temperature, which is an 

Indication of arterial temperature, decreases substantially, 

confirms the fact that the mean blood temperature has de­

creased. The arterial temperature will decrease more than 

the core temperature as the circulating system has far less 

thermal inertia.

Figure 5 . T  illustrates the response of the model to a 

step change in air temperature from 28 ‘ C to 4C ,C*C. 

peripheral blood flow control action is proportional to 

core temperature and the rate of change of skin temperature. 

The record shows the small decrease in core temperature, due 

to the rate control action, within the first three minutes

• nging the environmental temperature, 

significant change in tne transient skin temperature.

The response of the model confirms the analysis that 

the peripheral blood flow control action is initia 

a signal which is proporti'

temperature. The rate con tion has little

on the temperature response w  -he body when exposed

r.eat stress.

r
&
-

E"

i

- Sum:;,a rv

This study has shown that a simple model can stics

t0 examine the behavioural temperature control c 

and it can simulate the temperature response of



y;r-?<g 5 . 1

computer plot of the models respor;ae to a t-tep 

change in air temperature from 28 'C  to 4 0 ,r>*C,

0,67 m/s. The peripheral blood flow control action 

is Initiated by a signal which is proportional to the 

°ore temperature and the rate of change of skin temp- 

®rature. Note the small decrease in core temperature 

caused by the rate control term within the first three 

Sinutes of the record.
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„ cubiected to an increase in air temperature. The control 
man
characteristics  have been identified from both the transient 

and steady state data and therefore apply to the full dynamic 

range of temperature. The test in the first section of this 

^apter showed that it is not possible to determine the true 

control characteristics from steady 3tate data alone.

The e v a p o r a t i v e  control characteristic is non-linear, 

both components are similar in shnpe to the lower portion 

of the warm neuro-sensor characteristics described in Chajter 

' Figure 2 . 2  . The peripheral blood flow control action, 

^- resented  by the change in physiological conductanco, has

9 maximum value when the rectal temperature exceeds 37 ,15*0 . 

Ths value of physiological conductance decreases with temp­

erature and is likely to continue to decrease when man is 

exposed to a cold stress. The temperature characteristic is 

similar to that illustrated in Figure 2 .4  which shows the 

combined response of warm and coll neuro-sensors.

The important thermoregulatory characteristics are 

sunnarised as foliowr.:

1) Bv, oorative heat loss in responsible mainly for the 

control of core temperature in a warm environment.

This control action can reduce the disturbance in core 

temperature, caused by a change in environment te p 

erature, by a factor of 1 /20 .

2) The sweat control action is initiated b> both the coi e 

and skin temperatures. The sensitivity of the coie

temperature component is approximately 

greater than the sensitivity of the skin temperature 

component. The sensitivity of the control action 

depends upon the magnitude of the heat 8 ^ 68*3' ‘ 

control characteristics which havo been en

are very n o n - l i n e a r ,  they may be represented  by a

linear expression only over a limited range
4 + -i\Mtv increases  wit., 

atureu. The control s e n s i t i  y
i-irnii- is  reached ,  m i o  

temperature until somo upper _____
UI10X u the peak thermo-sensor

limit is determined either y fnetor#

activity or by some other physiolog ca
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