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It is the initial steady state value of Hb or R, which
jg required, any further change in H, is tuken into account
by the term AH, which is a function of Ty nnd T, equation 5-1.

The value of R (= l/Krc) is given ' equation 3%-28,

namely

KI‘C

"

(6,02 + 8,28(p_/1013)016 y0:6),

20,1 W/°C for V = 0,67 m/s. 5-3%2

The total thermal capacitance of the body , Cc+ C.,
pay be calculated from a knowledge of the weight of the
subject and the specific heat of tissue, 3ince the specific
neat of blood ie similar to that of tissue it is not necessary
to separate the blood from the tissue in this ctudy.

Therefore
cc+ C8 = gubject weight x specific heat
= 207 000 J/°C (refer to Table 3.1) 5=-33

The value of C8 may be calculated from a knowledge of
the initial slope of the skin temperature transient. Thea
initial slope at time t = O, ie determined from equation 5- 24
and is given by

d'l‘8
o = -ony -Pa, S

Assume for the moment that the values of A, and Ay,
are small (this is confirmed later), then according to
hppendix A4,

R (for t = 0,) 5-35

R C.

re 8

Since the air velocity is conatant, the value of Cg i8 given
by )
l - ”~
., - . 5~36
8 ﬁrc aTB (for t = 0+)
Et
?mles 1 lists calculnted values of dT /dt and Cg taken from
hatranﬂient curves illustinted in Figures 4,10 or 2.1. A
“Warison is made of the initial slope of each skin Temper=

‘“recurve for three different values of air temperatures



and air velocities,
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The calculated value of the slope is
paged upon that of a normalised curve, that is, account is

taken of the umwplitude of each step change in air temperature.
It may be seen that the slope is dependent upon air velocity
and that the calculated value of C_ is relatively constant.

therefore = 28 654 = 28 500 J/°*¢ 5-737
and = 207 000 - 28 500
= 176 500 J/°C 5-38
TAB 5.1
A summary of a few measurements taken from the first
series of experiments
—
Air temp. Alr veloc.| Settling Slope of ch ()
time TB
(*C) (m/s) (minutes) (*c/sec) (*c/w) (d/°C)
45 0,67 30-~100 0,000 85 0,05 2% 530
7
3,11 75=-930 4 0,000 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
3911 54 0,001 3 0,028 27 500
0,67 70 0,000 68 0,05 29 411
49 7,11 50 0,001 2 0,035 23 800
3,11 | 48 0,001 2 0,028 29 800
Mean value of Cs 28 654
3 467

Standard deviation
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1t is important to understnnd how the control coefficients
influence the response of the cystem before determining the

pest method of identifying the coefficients.

In order to clarify thio study, the predominant source
of control (Atkins and Wyndham, 1969), that is the components
of the control action which are initiated from the core,

Ay and Ae' are gtudied first., The regponse of the model to
yarying values of Ay and Ae is examined by analysies and by
computer gimulation. The computer simulation of the model
jemonstrates that when control is initiated from the core
alone, the model can reproduce the steady state experimental
temperatures, but, 1t can not reproduce the transient

temperature response of man.

The four coefficients, Ay, Ay ., A, and A, are identified
in the second study. The model is then nnalysed in order to
ex:mine the importance of control initinted from the skin.

The skin temperature multiplication term, which repre-
gents the sensitivity of the ' neurc - motor'to temperature
( equation 3=12) is examined in the third study. PFinally,

the rate control coefficients, "bd and Aed are examined.

5.4.1 Proportional control initinted from the core

temperature,

In this section the control action components initiated

only by the core temperature are examined. The control actions

are denoted by
5=%9

Hy = (T, - Tt)ke
and B 5=40
oy = (T = Ty) Ay

The transient expressions for Tc and Ta’ taken from

equations 5-7 and 5-8, with At);;"A’bci'AG’B
are therefore given by

and Aed = 0'
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AT (s) 1
- T o%(R_R.C.C)
AQJB) 8 (RpRpCoCy +B((ch+ Rb)cc * RLCL(L + RyAp)) +
& contd, 1 + chAe+ RbAb 5-41
i (8) » 6 8R,C, + (1 + RbAb)
Aﬁﬁa) g“(chRbCCCS) + s(ch+ Rb)cc 4 chca(l + RbAb))+
d
T NS 5-4%
s chRb cca
. 1 5
G. = 9=44
2 chcs
2= (1 + Rk )/(R,C,) 2-43
- (R .+ R)C + R C (1 + RiA) 5-46
- K. R
t'rc e s
- 1+ RoAyt R oAg 5-47
R.cRoCoby

The influence of the sensitivity of the control orf
sweat rate and blood flow, A, and A,, on the response of the

body are now examined.,
|

The time constants of the two exponential components

in equations 5-2% are the same as those in equation 5-24,
Their values are given by

Teo L/ (aee 5=20) 5-48
T = 1/p (see 5 -21) 5-4Y

p

he skin surface, C
is much greater

S8ince the thermal gradient is near t o

1o much greater than ¢, and, therefore, Tg

th&n T
o

that is, when Ae and

When a control action does occur,
, will

A, are greater than zero, the large time constant, Tg
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jecrease eonsiderably and the small time congtant will
increase slightly (refer to equations 5-20,5-21,5-46 and
5-47). The change in the value of the time congtant is due
painly to an increase in the value of R (equation 5-47)

which, in turn, results in a decrease of the gquare root
term in equations 5-20 and 5-21,

Sfnce A, appears in both the Q and R components, equat-
jons 5-46 and 5-47, Ay has less influence than A, in reducing
the time constant Ta_

Although the Bettling time'of a system is not clearly
defined, it is a more valuable term of reference than the
time constunts of a system, if the system has more than one
time constant. For the purpose of this study 'settling time'’
is defined as the time taken for a transient to reach and
remain within 10 per cent of its finul 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 settling time of a passive body in gtill =ir 1s muny
hourse.

If the control gain js increased to a certain value
(A, = 150) the time conatants become equal and the square
root term of equations 5-70 and 5-21 1s zero. This condition

is called critical demping, that 1is
of = 4R
vk =1 5-50

Larger values of control gain cause the damping coefficient

Q/Q/E. to decrease. GConjugate roote cccur in the closed
loop equation and there ie an tovershoot' or damped oscillat-
The larger the value of the

or

ory response to a disturbance.
control gain, the lese damping and the longer the oscillatory

response.,

se of the skin and core temperatures
rature, and calcu-

The trangient respon

f°llowing a unit step change in air tempe

lated from equations 5-23 and 9-24 are illustrated in

contd, page 144
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The broken verticul lines in the lower graph of
Figure 5.5 mark the settling time, il

The modelsresponse demonstrates t' .. the steady state E@j

=k

e
| g

remperature increments, the settiling time and the damping
sotor nre raduced by the evaporative control nction. There

s
i o sl
s

i a noticeable overshoot in the skin temperature trancient
. the value of A 18 increasced.

i T i
] ’IMAA-
e

The first overshoot in the positive direction of the
-xin temperature transient does not indicate an undercamped
.ntrol veriable. The peak is dependent upon the time
.opatants (v and B) and the amplitude coefficients (a, and a,)
.{ the two exponential terms in equations 5-23 and 5-24. A
yeak value of ATB(L) occurs if, and when the derivative of ’;“
ewuation 5-24 is gero, that 1s when

n
!

1

-

(t) B -
= yn€ ol 4 a,pe LAY

.r wher. the two exponentinl terms huve equnl amplitude E:
.1 opponite signa., Critical dnmping occurs before n
“paord overshoot in the negative direction of the skin
rappersture transient or a positive overshoot in the core i
‘expernture transient. The iwo runs represented by
A 00 and A, = 350 show an underdamped response. T

Figure 5.6 illustrates the influence of the blood ‘ g
itrol action on the reduction of the values of the skin i
i core temperature disturbances. Note that both temper- s
iture nxes have beern expanded; the change in either of :

2se temperatures refers to u unit change in air temper- e
ture, In this example the sweat rate control gain 1is
cunstant and is equal to 100 w/'C. Fivc values representing 1
‘lve values of peripheral blood flow control gain, A,, are ¥
own., The largest value of A, wWas chogen by increasing i?
“ilo value arbitrarily until the records were similar to t

‘€ experimentanl results.

i

When A, = 0, the steady gtate increments, Tc and Ts, }
ire equal. As the blood flow control gain ig increased, the l
{
4
|
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state increment T i: 1a T 4
steady T, is reduced while T increases.

The transient records illustrated in Figures 5.5 and
5,6 confirm that the initial slope of the skin temperature
transient is not influenced by changes in either A_ or A
as the records overlap during the first 10 tc 15 minutes?

The incremental steady gtate temperatures may be
jetermined from the coefficients a, and a, of equations 5-27
and 5-24 when t= 0, or from 5.41 and 5.42 when 8 = 0

therefore,
T = ;_ .'f o
and 1+ Abgg

- T 5-5

s~ T % AgR,* AR, @& 2
The influence of control gain on the steady stute

increments may be predicted from equations 5-52 and 5-53.

Let T, = 1.

1) If A and A =.0, then T and T =1, (With no
control, the change in skin and core temperature:z
will be equal to the cihang® in air temperature.)

2) 1f A, 0 and A »1l, then Tc aad T ure equal and

«fl (Wwith on¢y evaporative cnntrol, the core and
gkin temperature increments are equnl,

smaller than the change in air tempera

and much

\;UIG-)

3) I1f A, and A » 1, then T is quite large because
A R in the numerutor of equatio

of the term
will be even smaller than in the

The increment Tc
previous ¢C
denominator of 5=53.
blood flow control;

is quite large while the core temperatu

ment is even less.)

(With both GVdporﬂth$ and

re incre-

It is possible to expreas Ag and

Ts from equations 5-52 and 5-=5% a8 folloua.

R BT S VE)
S by
S Bl A ¥

n 5-53.

age due to the additional term A in the

the skin temperature increment

A, in terms of Tc and

s
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change in air tlemperature The three curves represent three
values of bl i flow control gain. The figure shows that

the increase in peripheral blood flcw controcl has relatively
little influ P + typlcal warm condition where
the value of A is approrimately 550. The core %temperature
inecrement is less than one-~tenth of the change in air

temperature,

‘%7.—. >

FIGURE 9.7

Al
. g !“OJ- -':Tlll.' A ' on A'I o
The influence of sweat cont - e -



In SWLATY , the analysis has shown that

1) The control actions recuce the vulue ol the long time
constant and hence the settling time of the cloéed

loop syetem.

2) The sweal control action reduces the incremental
steady state change in both skin and core temperatures
while the peripheral blood flow control action reduces
the core temperature and increases the skin temperature
increment.

3) The transient temperature reeponse, that is , the
peakx value of the T8 and the damping factor are
determined by the value of Ab and Ae.

The coefficients Ab and Ae \assuming that Aba’ Abd'
Sad and Aed are zero) may be determined from one of the
above three observatlons. Thz fact that A, has the opposite
effect to Ab on the value of TB. provides a convenient methcd
of determining A, and Ae.

Consider the steady state relationship given by equat-
ions 9-54 and 5-55. The coefficients Ay and A, may be
calewlated from the steady statc vaiues of Tr and Ts given
in Table 4, 9 . The results are listed in Table 5.2,

It is clear that neither control is linear as the
valuee of Ap and A, vary with temperature, or heat stress.
The evaporative control gain increanes with temperature
while there is a sudden decreage in the value of A once
the rectal temperature exceeds 37,15°C. The control
characteristics, tuat 16 the relation between Kb and TC and
the relation between he and Tc may be determined from the
values of Ab and A .

The steady state valued of Kb are given in Table 5.¢
and plotted as a functioo of rectal temperature in Figure 5.85.
The figure shows that the phyaiological conductance 18
constant once the rectal temperature exceeda 37,15°C.
Figure 4,15 shows that this condition occurs when a resting
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0

The steady-state relation between physiological conductan
and rectal temperature. The curve represents the mean of

of the experimental resulta.
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pan is exposed to an ambient temperature in excess of %4°C.
The temperature gradient between the rectum and the skin is
constant.

This is a very important condition, it was noticed in
the first series of experiments (Mitchell et al., 1968 ).
The author supggested that it could be due to the 'saturation'
of the vego-motor tone., The condition is discussed later
in the texij for the purpose of this study one must accept
that Kb igs constant and the value of Ab 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 A , or it can be determined
from experimental values of He. The experimental values
can be either direct meagsurements of evaporative heat loss
or values cclculated from the steady state equation repre-
senting heat balance.

He = Hm - Hh - Hrc 5-56

Pigure 5.9 illustrates the evaporative control charac-
terigstics. The solid line drawn through the small points
{g derived from calculated values of He (equation 5-56)
using the mean data from geries 1,2,3 and 4 experiments.

Pour mean experimental values of the direct measurement of
evaporative heat loese at four ambient temperatures, taken

from Table 4.1C, are shown by the four circles., Thes calc-
ulated valuea of A, given in Table 5.2, are checked by
comparing a few values with the slope of the curve. The

broken line represents the data for the Series 4 experiment
and shows '1at these subjects have a higher sensitivity then the
others, They were probably better acclimatised. -

The model is used now to check the analysis ¢f the control
mechanism. The reoponse of the model to a stap change in air
temperature ‘s compered with the experiments mude on subject:
in the climatic chamber. The response 1s calculated with n
digital computer by solving tne differential equations describ-
ing the model, The procedure is given in Appendix © . The
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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
ag 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 th2 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
ijllustrated in Figure ©.10., The record of the expcrimental
results obtained in the climatic chamber, taken from
Figure 4.16 are superimposed on the computer plot.

The sterdy-state values of the model, taken from

Figure 5.10 are listed in Table 5.3, they compare favourably
with the experimental results. The transient skin temper-
ature peaks dif fer considerably, particularly in the case

of the highest air temperature where there 15 a large
overshoot and damped oscillation. This result waa

expected as the analysis had shown that conjugate roots

will occur if the value of Aj ig 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 neak value of the skin temperature
transient can be reduced by increasing the value of Ae;
this chenge will, however, cause less damping and will

alter the steady state value of T, and T .

TABLE 5.2

A comparison between the mean experimental gteady state

results,B, and the model steady state measurements, M.
T i T i X, ]
g 3] c -~ 0 .
35 B 20,1 10 50 50
M 39,2 37,16 78 40,6
E 4 37459 182 40,6
it M 23:4 57,35 182 40,6
B 55,65 37,58 34 4l
e w| 65 | 306 325 40,6
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A Computer plot of the modele response to a step change
“‘.
bl |

~n air temperature from 28°C to 35°C, 40,5°C and 49°

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

erature alone. The core temperature in temperature
and evaporative heat loss records ir: unown., The broken

linegy represent the superimposed experimental records.
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The results of thio study show that either the steudy
gtate or the transient response can be reproduced, depending
upon whether the control characteristico are derived from
gteady state or transient data, respectively. 1t is not
possible to reproduce both statec with a control which is
initiated only by the core temperature. The same condition
will apply if the control lis initiated only by the skin
tepperature., Clearly, the control is initiated by the ,
core temperature and another source whichls probably the i
gkin temperature. The skin temperature control component, 3
Ayg will initiate sweating sooner and it will therefore
reduce the peak value of TS. The influence of this addit-
ional control component on the response of the model 1is 13
examined and the four coefficients, Ap, Abs' Ay and Ay,
are identified in the next study.

5.4.2 Proportional control initiated from the core and
the skin temperatures

In this section the control action components initiated
by the core and skin temperature components are examined.

The control actiona are denoted by
Hy = (T, - Ty)hg + (T - Ty o hes 5-57
and 5.58
oy = (Tg = Tylhy (Tg - LY, -

where & and A re;reurwt the sensitivity of the evapor-
ative and blood flow control actions to skin temperature.

The four control coefficients requiring jidentification

are A, Ay ok and A, The values of the coefficients Ay

and A ' which were ierivod in the previous section, do not

neceesurily apply to thig gection.

The transient expregsions for Tc and Ts’ taken from

equations 5-8 and 5-9 , (Figure 5.3) are
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\H

l- RbAbs
Rbchcccs (Rb+ ch+ Rbch(Aes- Aba))cc N
*A R R C + 14A F
o 2y rc) Aach+AbR +Aench‘Rbch(AbAes-AeAbs)
5=59
RbCCS + (L o+ Ab)
LLhrCCCLS il (Rb‘ ch+ Rbch(Aes' Abs))cc B
tA RpR, )Cs+ l"AceﬁrcMbRb"Aeerc*R R (Aph, o=hohyg)
5-€0

[hese expressions and their numerical solutions retain
nd=- crder' form. Only the coefficients a, to a,,
1iffer because of their additional terms contain-
And Ay e The terms G,, G,, Q and R, which determine

e

efficients and hence the roots,

(refer to equations

-1+ 7-14), are ncw expressed as
. L= Rphpg Sb
RL’chcc 0
i; R l(v 5-02
rc’s |
I(r“' }“f ,,'C":‘ RbRrC(Aert- ;,',)Cg‘ chcs(l . RbAb) 5-65
RLRFC c
4 ¥ - A
CH Rt AL ) + Rpht RyR (A A Ay ) Yy
RbchCcC“
ntate inerements, To and Tﬂ. are given by
L krc(Ae* Acu) ¥ RbAb ! RbRrC(AbAen- e"bs :
1+ RFC(AB+ A0377+ RbAb + Rbch(A,. erbs
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gince there are now four coefficients, both transient
and gteady state data are required for identifying thesze
coefficients.

The evaporative heat loss is made up from two control
components which are initiated from T, and T, Tae influence
of the latter component on the iransient response of the
system may be determined from equations 5-6% and 95-€4 or
grom a'root locus' plot of the closed lcop equations. The
rpoot locus' plot is illustrated in Pigure 5.11. The locus
represents the roots of equaticon 5-59 for various values of
hos ranging from O to 100. The values of A, and A _are 350
and 0 respectively and the value of Kb is the maximum value
of 40 W/°C. This curve therefore applies to the range of
azbient temperature above 34°C. The broken line represents

the same range cfvalues of Aee’ the values of Ae' Ab and
Kb are 200,150 and 20 respectively. This curve applies to
an smbient temperature in the region of 32,5%5°C.

If Aes is zero, conjugate roots occur. An increacing
valu= of Aes increases damping and eliminates the conjugate
roots. The larger time constant is increased and therefore
the setiling time is increased. The akin temperature
control component will therefore stabilise the concirold

action and reduce the peak value of T_.

The calculated steady state value of physiological
conductance, K,, given in Table 5.2, and the Figure 4.1%
shows that the physiological conductance is almost constant
in the cage of a resting man in an ambient temper=ture
above 34°'C. One can assume, theretore, that the values of
hy and A, are omall, or negligible, ia this region. With

this assumption it is possible to ru-write equation 5-66

30 t“:;ﬁt .
" T 1 5-67
NT = =‘i = 3
8 Ta i+ Rro“‘e+ Aes)
therefore }
Ae+ Aeu - i_:_fzg KrL . TR {
NT |
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The loous of the roots of the closed loop equation 5=59 are
Plotted for values of A varying from O to 100. The solid
8d broken lines m;,r-eng;it the locus when the ambient air
temperﬂlure is in the region of 35°C and 32°C respectively,
ThGEM3ition of the roots ~ and p are indicated by equivalent

Values ne ; -
8lues of 4 on the real axis apply to

m " - e
" an® 'he values of Aes
® s0lid line,
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phe equation 5-68 is identieal to equation 5-55,

trercfore the vulue of AU determined in the provious

gection 1is actunlly the vum of Ae and Aou f”"“ﬁi 3 3400,

The rate of evaporative heatl loss required to main- ;
ain thermal equilibrium in ~n environment with T_ = 28°C |
and V = 0,67 m/s is less than 3 W. 1t is therefo?e safe |
to assume that the steady state values of A, and A are .
spall in this environment. Knowing the values of Aot Ay ‘
1, and T, for T, > 34°C and for T, = 28°C, it is possible |
to estimate the value of Ayt Aes in the region 28'C)Ta>34’c.

The value is probably similar to the value of A, which was
calculated in the previous section. ‘

In order to isolate the value of A, or . . from
equation 5-68, one must examine the transient response.
The damping factor and the peak value of Ta is dependent
upon the value of Ae and Aea' The peak value of TB and the
time, t_, at wnich it occurs after a change in air temper-
ature may be obtained from the experimental results, If
warious sets of wvalues of Ae and Aes' which satisfy
equation 5-68, and the value of t are substituted into
the nuperical solution for T, equation 5-24, then the
set which givea the desired peak value of T, identifies
both Ae and Aes'
A computer model simulation provides a convenient and
more accurate method of evaluatings A, and A,, as the model
is not confined to a smnll disturbance which is the require-
Two non-linear control
Ae and Tc' and

zent of the linear analyeis.
functions representing the relation between
Baci function, or curve, is msde

heg 2nd T are estimated.
glope of the line

ip from a set of five straight lines; the
répresents either A, or A, and the sum A+ A,g is given by
€quation 5-68,

The response of the model is examined and the control
functions altered until both the transient and the steady
tate temperatures agree. The model was tested first with
the initial air temperature equal 1O 35°C and then the |

(R g oy
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jnitial air temperature was decreased to ’8°C. It wngo
necessary 1o include peripheral blood flow control in
these tests. The characteristics derived in the first gec-

tion ( Figure 5.8 ) were used with the assumption that A 0.

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

control characteristics, is illustrated in Figure 5.12. Sweat
control is initiated from both core and skin temperature.

1f this record 1s compareéd with the superimposed experimen-
tal results and with the previous computer simulation in
Figure 5.10, the improvement caused by the term A 1
obvious. The transient skin temperature peaks sre much

smaller, the settling a of Tc has increased, the traic-
ijent shape of Tc and t srorative heat loss are more
accurate and the secc «wiwnoot in the skin temperature

transient has dissapeared,

The evaporative control characteristics are illustrated
in the top drawing of Figure 5.13. The value of A, and A
were determined for each of the four transient recorda ahown
in Pigure 5.1. The value of the coefficients increases with
temperature, the value of Ae ig approximately ten times

greater than the value of A

Thie study has examined the influence of the term Aes
on the responce of the controlled system; the gkin temper-
ature component of peripheral blood flow control action A .,
was excluded, The condition in which the peripheral blood
flow control ias initiated by both T, and o iz examined now.

The term A has a negative sign in the numerator of
equation 5-59 and 5-65. If R \Apg= 1s then ¥ = 0; this means
that there will be no change in T when T causec a distur-
bance., However, if R A >l tth the steady gtate incre-
Wz, T , will have a polnrity which is opposite to that of
s increm(nt T . A rise in air temperature will cause a
- This does nct occur with man.
calte that T hag a finite value and
go that the value of the term
e model would be

fall in core temperature.
Experimental results indl

has the same polarity as T K
R by < 1., If RA > 1 the response of th
“nBtable and drift into a condition of saturation.
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FIGURE 5.12

A computer plot of the models response to a step

change in air temperature from 28 ‘C to 35 'C,
40,5 'C and 49 'C, V = 0,67 m/s. Control is initiated

from the core and skin temperature.
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IfAbs does exist, it must have a small value, namely < 25

gince Ry = 9,04.

The term Abs appears 1in the numerator of equation 5-63%
and 5-64. Thie term decreases the influence of A and it
wiu_thekefore increase the peak value of the skigstemper—
ature trensient. The peripheral blood flow does, however,
gttain a maximum value rather rapidly and it will influence
the transient response of the body to change:c only ut

azbient temperatures below 34°C.

The values of A, and A - may be determined in a manner
gimilar to that described for identifying A_and A
: e es’

The relation between ¢ ) .
en A and AbS may be derived from

t
the ratio between the equations 5-€5 and 5-66, namely,

T - R
e _ i Rphros B

T 1 « R A 69
a 0 0

Thip 1iim &4 A . ! <4 o
Thie equation represents the ratio between the slope of the

steadvern t: s Ay e 3
steady-atate core and skin temperature curves given in

’,

Figure 4,15, pagelZ6 . Consider a change in air temperature

from 28°C tc 6 ° ' T T
8°C to 32,5°C. The values of T and TB are given in
Tab & By et g . ;

le5.2. By assuming values for AL it 18 possible to rAl -

rule
*ulate correspond ing values for A, . A few examples are
10

listed in Table %.4.

S8ince the increase in skin temperature ie ten times
e value of A, ,

0. An_\'

greater than that of the core temperature, th
f PO

F Ab = 0, iz one tenth of that for Ab' when Abs
within the range of values

8et of values for Al Aan:i At ,
the steady-state experimental

€iven in Table 5.4 will satisfy
results , but they will, altex
res

tivonse significantly. The correc

t opae
‘refore be determined by substitut
‘alues of b, and A into the model and then comparing the

tnhe transient temperature
{ get of values may

ing various gets of
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TABLE 5.4
gets of values of Ab and Aba which satisfy equation 5-69.

NTS = 0,99, NTC = 0,055, Kb = ')3'250 Rb = 0,043

FO_-Ab Abs
| <09 0
200 0, 9%
150 5,9
100 10,9
50 16
0 20,9

trancient response of the model with the experimental results.
The traneient 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
step change in air tempersture from 28°C to 72,%'C, with air
velocity = 0,67 w/s. The four records represent four seis
of values for AL and Aba' Note that as the value of ALs
increnses, so does the skin temperature transient rise-tire
increase, The skin temperature transient has a distinct
'overshoot' which lasts for the duration of the record. The
term AtJ does, in fact, cause a slow damped oscillatory res-
onse. No 'overshoot' was noticed in the skin temperature
tr .ent determined experimentally. By comparing the
résponse of the model with the superimposed broken line,
Wiich represents the experimental results, it is clear that
the value of A is small and that it may therefore be neg-

bs ) _
lected in these conditions which represent a resting man in

& warm environment. A small value of A will have even less

{nfluence on the transient temperature response of the body
When the tody is exposed to a higher ambient temperature

L R

= PR P e gt

e

i
2
-

\
%
£
i
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FIGURE 5.14

k computer plot of the models response to a step change
in air temperature from 28°C to 32,5'Cc, V= 0,67 m/s.
The four records represent four sets of values of Ab
“id Ay which satiafy equation 5-69. The runs are

48ed to cetermine the value of Ab and Abs'
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pecause maximum vasodilation occurs very rapidly after

The term A, might be significant in a situstion i
which the body is exposed to cold. This analycic ha
confirmed the results obtained recently by Brengelman et zl.
(1973) who reported that they could not find any correlation
petween vasomo.or tone and skin temperature ss a source of
control in a warm environment,

7he control characteristice illustrauted in Figure 5.13
are therefore valid for the full range of ambient air
temperatures between 28°C and 49°C. They apply to a resting
pan exposed to an increase in umblent temperature.

Both Nadel (1971) and Mitchell (1977) have found that
te skin tempernture hau a locul modulation effect on
gweating. This means that the neuro-motor control ig
tepperature sensitive. Nadel suggests a small non-linear
multiplication term which 18 effective only when the skin
temperature is above 35°C, namely

B, = 197(T - 36,7) + 23(T, = 34) o0r1(T g 34) 5-70

where THs in the weighted skin temperature.

This multiplication term will cartainly reduce the
skin temperature transient peck yet have very littie effect

on the steady state temperatures.

The response of the model with an evaporative control
action given by Figure 5,15 and with multiplication term

~ - 25 € ) -
H =H_ x g " (Tq 33427 e
e e

S L e
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FIGURE 5.19

A computer o1 .
computer plot of the response of the model to step changes

in ajp temperature from 28°C to 32,5°C, 35°C, 40,5°C and 49°C,
is initiated from the

the ajr velocity = 0,67 m/s. Control
Core and gkinp temperatures, the latter having 2n additive and

a . ;
Mltiplication term,
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. jlluctrated in Figure 5.15. The multiplication term
,ipilar to that suggested by Nadel

1

i

proportionnl and rate control

reciuse thermo=-detectors have been shown to ve gencitive
~ite of change of skin temperature it hae been suggested
control action could be initiated by a scurce which
prorortional to the rate of change of skin temperature,
qefer to Chupter 2 ), Nadel et al. (1971) and Banerjee gt al.
ticed that the decrease in the rate of sweating is
srtent apon the rate of change of eskin temperature. The

never been examined analytically.

Tre closed loop equationa (5-8 and 5-9 ) may be written

|
- WO

!
Ga (1 = RyAp .~ anAOd)/(RLchqggg(lQCs(Aed—ALd))) -
- g + 8Q + R

1
1+ RyAyt R e)/(RyR O 0, (140 (R = Apg))) 573

8" + 8Q + R

~ . ‘[‘1 _’
khf*“rc’xhnrc(Aes-Abn))”c* (ch+AbRbch)cs+ Aed rc
_ contd.‘RLch}A A g~ AeALd) .
: a{krcccﬁuix ¥ (Agy~ Abdjl's)

\
Lo HoA o ch(ke* Aeu) E Sg?zﬁ(AgAea' Ae"bg‘ 575
RbRrCECEa(l + (Agq= Apa’/%e

Meximum rate of change of askin temperature ocours
lediutely nfter m change in air tomperature. The ruFe
01trol uetion will therefore only influence the transient
“Uporve within the first few minutes after a disturbence,
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mhe term Aug and Aed'have little effect on the values of
g and R (equaticns 5-74 and 5-75) and do not alter the time
constants gignificantly.

the initial slope of the skin temperature trunsient ig
given by

aT

= S— (for t = O ) 5__76
XE& RpoCqd R;‘%rc“ed- Ryl

+

| (refer to Apperndix A4)

The term Aed 1111 cause the value of eouation 5-74 to
decresse slightly while Abd will cause it to increase slightly.

1P the sweat control action is sensitive tc 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 was 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 step change in temperature.
Part of this heat losa is due to the insensible respiration
heat loss from the subject, the value of this loss being
conatant for the duraticn of the experiment.

Although it is diflicult to evaluate the rate control
action, because of experimental limitation, it 1 useful ‘¢
examine the regponsc of the model with a rate control action.
Stefg

Pigure 5,16 illustrates the response of the model to a
change in air temperature from 28'C to 46°C. The twc records
illustrate a sweat control action with and without a rate

( - O respectively). The
500 and Aed p .

eontrol component (Aed =
perimposed broken line

recorq should be compared with the su
which represents the experimental results taken from
Figure 4, 0. The rate coptrol component although large in
value, causes little change Lo the trangient temperature
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it

TEMP - (]

il

EVRAP--

FIGURB 5.16

ponge to a step change in
67m/s. The two reccrde

model with,

A computer plot of the models Te®
air temperature from 28°'C to 46°C, V= 0,

show the difference between the response of the
and without a sweating rate contrdl action. The gsuperimposed

broken lines are the experimental repults taken from
Figure 4,9,
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Wctaristics as predicted. The small additional evapor-
ative heat loss due to the rate component which occurs within
tne first three minutes of starting the record, is evident.
The experimental evaporative results for 0 <t <5 suggest

wat if there is a rate control component, it is unlikely
inat ite value will exceed the value of Aed demonstrated

py the model.

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

A“ is very large, the rate control action will cause little
change in the transient characteristics of either T or T .
c 8

A very significant term occurs ia the numerator of
equation 5-72, namely, -aRbAbd. This term ie time-dependent
and has & negative sign. It was shown in Section 5.4.2 that
the steady state term

-RbAbs < 1

If the rate control component A, ., 18 large enough to

pake
SRbAbd > 1

then the transient compcorent ATa(s) will have a negative
sign when there is a rapid change in skin temperature. The
negative component will dissapear as soon as +he rate of
change of skin temperature decreases and stAM <1l, The
Series 4 experiments were designed epecifically for the
observation of the rectal and the cesophageal temperatures.
ALl the records show that the oesophageal temperature has &
significant negative slope during the first five minutes
after a step change in air temperature. With the exception
of the experiments in which the aubject wag exposed to a
very high ambient temperature, the rectal temperature had
& initial pegntive elope (refer to Figure 4.9 and Figures
A21t0A25 1n Appendix A2). Clearly, peripheral blood flow
is dependent upon the rate of chenge of skin temperature.
There is no other factor in the tranglent expression which
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FIGURE 5.17

A computer plot of the models response to a gtep
?hange in air temperature from 28°C to 40,5°C,

V=0,67 n/s, The peripheral blood flow control action
is initiated by a signal which is proportional to the

Core temperature and the rate of change of skin temp-

erature, Note tne small decrease in core temperature

Caused by the rate control term within the first three

Minuteg of the record.
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l‘ansubjected to an increase in air temperature., The control
omugcteristicu have been identified from botlh the trancient
ond steady gstate data and therefore apply to the full dynamic
range of temperature. The test in the first section of this
chapter showed that it is not possible to determine the true
control characteristics from steady state data alone.

The evaporative control characteristic is non-linear,
both components are similar in shape to the lower portion
of the warm neuro-sengor characteristics described in Chapter
2, Figure 2,2 « The peripherasl blood flow control action,
repreeented by the change in physiological conductance, has
s paximum value when the rectal temperature exceceds 37,15°C,
The value of physiclogical conductance decreases with temp-
erature =znd is likely to continue to decrease when man is
exposed to a cold stress. The temperature characteristic is
umi;ar to that illustrated in Figure 2.4 which shows the
cozbined response of warm and cold neurc-sensors.

The important thermoregulatory characteristics ere
sunmarised as follows:

1) Bwi yorative heat loso is responagible mainly for the
control of core temperatura in A warm environment,
Thie control action can reduce the disturbance in core
temperature, cauced by a change in environment temp-

erature, by a factor of 1/20,

2) The sweat control action is initiated by both the core
The senaitivity of the core

approximutely ten times
kin temperature

and skin temperatureds.
temperature component 18

greater than the senoitivity of the 8
gitivity of the control action
e heat stresde. The

been jdentified

component, The 8@n
depends upon the magnitude of ti
control characteristics whiich have
they may be rapresented by a
linear exprezoion only over a 1imited range of temper=-
atures, The control gensitivity inereases with
temperature until some upper 1imit is reached. This

limit is determined either by the peak thermo-sensor

activity or by some other physiological factor.

are very non-linear,
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