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INTRODUCTION

The dynamics of temperature regulation in man have been of interest
to physiologists for years. This interest has manifested itself in
over 4000 papers (6) published on the subject of thermoregulation during
the last thirty years or so. However, as we progress in the study'of
body temperature regulation, it is evident that the compiexity of the
system is such that it becomes increasingly difficult to rely on an
intuitive approach to the design of optimal experiments or to the inter-
pretation of experimental data. This is probably an important reason
why it is useful to formulate quantitative models of the thermoregulatory
control system. Models of this nature have been proposed by Wyndham
et al (51), Wissler (49), Smith and James (37), Stolwijk and Hardy (42),
Crosbie et al {i5), and others.

Development of a mathematical model of the thermoregulation system
is an educating experience. Important contributions of mathematical
models are in the areas of evaluation and interpretation of experimental
results. Models may also sugpest the way for suitable experiments to
challenge expressed concepts. I1f a proposed mechanism of thermoregulation
is expressed in quantitative form, it describes the relationship between
the input sigmals and the resulting thermoregulatory response. The model
can be used te compare the quantitative response resulting from a
proposed mechamism with the response obtained by measurements. It is
understood that such models are to be used in close connection with an
experimental program. An excellent review on mathematical models of human

thermoregulaticon has been given by Fan et al (18).



LITERATURE REVIEW

Early work on the nature of thermoregulation can be traced to
Liebermeister (30). As far back as 1871, he discussed fevers in terms
of imbalance of heat production and heat loss controlled by centers in
the brain, Later, Richet (35) and Ott (32) furnished experimental evi-
dence about the role of the hypothalamus in the control of body temper-
ature. Barbour (3) demonstrated in 1929 that the hypothalamus functioned
much like a thermostat. Work of Bazett and Penfield (4), Keller and
Hare (25), Hemingway (23), Thauer (44) and others have identified more
clearly the function of the nervous system in thermoregulation. The
role of the anterior hypothalamus in physiological control of mammalian
body temperature was first clearly demonstrated by Magoun, Harrison,
Brobeck, and Ranson (30).

With the passage of time, a greater amount of information became
available regarding heat transfer within the body and the nature of
heat exchange between the body at its skin surface and the environment.
Several attempts were made to treat thermoregulation as a system.
Burton (11), Hardy (20), and Wyndham et al (51) made attempts in this
direction. This stimulated further experimental work directed at
achieving a better understanding of the various elements of the system
and the operation of the system as a whole (Hardy and Hammel (21),
Crosbie et al (15)). In most instances, conceptual models of thermo-
regulation were elaborated to account for specific experimental findings
(Benzinger (5), Hammel et al (19)). Many attempts were also made to

construct analytical models from available data. Considerable literature



has been published about analytical models. Some of the models have
been established on the basis of experiments. Others have been formu-
lated on the theories of thermodynamics and transport processes. These
analytical models were used to prediect physiological results by simu-
lating thermal disturbances so that comparisons between theory and
experiment were possible. Wyndham and Atkins (51), Hardy (20},

Wissler (48), Smith and James (37) and others constructéd models of
physiological temperature regulation.

Wyndham and Atkins (51) approximated the body by a series of
concentric cylinders corresponding to the core, muscle, and skin. In
their analysis, they only considered the radial heat flow. By using
a numerical technique and an analog computer, they obtained transient
solutions for their model.

Crosbie et al (15) employed a similar technique and applied it to
a one—dimensional slab model, They assumed the slab to be divided into
three layers corresponding to the core, muscle, and skin. Each of the
layers was assigned constant, uniform, but different temperatures. The
simulation results were compared with physiological data, Neither of
the latter two approaches explicitly included a blood flow term.

In 1961 Wissler (46) initiated his study of modeling of the human
thermal system., He divided the body into six cylinders corresponding
to the arms, legs, trunk, and head. Including a blood flow term, he
obtained analytical solutions for radial heat transfer for both the
steady and transient states. He also introduced the concept of a

central "pool", where blood from all regions is gathered, mixed, and



redistributed, and the idea of the lumped heat exchange between
arteries and veins., In 1964 he improved his model by dividing the
bodﬁ into fifteen circular cylinders interconnected by blood vessels
(48). Hsu, in 1971 (24) presented a model of human thermoregulation
based upon one of Wissler's models. A

Perl, in 1962 (33), advanced the idea of indirect measurement of
blood flow rates by employing Fick's second principle. He solved
analytically the steady state and the transient problems and compareé
his results with experiments.

An analog computer was employed by Brown in 1963 (9) for simulating
temperature regulation in man. He divided the body into four regions
(central, muscle, subcutaneous region, and'skin). He studied heat
distribution within the body and also the interaction between the body
and the environment. Numerical solutions for a unidimensional, four
layer transient model were also obtained by Layne and Barker (28) in
1965 and by Stolwijk and Cunningham (40).

In 1966 Stolwijk and Hardy (42) represented the human body by three
cylinders corresponding to the head, trunk, and extremities. The ends
were assumed to be perfectly insulated. Each of the cylinders was sub-
divided into two or more concentric layers to represent the skin,
muscle, viscera, brain etec., and each sublayer was_ assumed to be at a
constant temperature. Only radial heat flow was assumed. The effect of
blood flow, as well as metabolic heat production, was included. Eight
simultaneous differential equations were written for the various sub-

layers and three "controller" equations. The three controller equations



corresponded to evaporative heat losses, musele blood flow changes with
temperature and exercise rate. The effects of shivering on heat transfer
were also included. The set of equations was solved on an analog
_computer, Transient temperature distributions for various environmental
and metabolic conditions were obtained. Stolwijk and Hardy were the
first to introduce the concept of the passive system and an active con-
troller as applied to the human thermoregulatory system. According to
this concept, the passive system represents a complex transfer funcfion
between the controller and the disturbance. The controller is respon-
sible for maintaining the human body within the narrow limits of ac-
ceptable thermal conditions by activating the four thermoregulatory

mechanisms, i.e., vasoconstriction, vasodilation, sweating, and shivering.



PROBLEM

Controllers. When man is exposed to‘a heat stress environment, the body
thermoregulatory system adjusts the various regulatory functions to
maintain a state of thermal neutrality. The body has four active con-
trollers for maintaining itself in an essentially isothermal state. The
active contrcllers are:
(1) Sweating
(2) Shivering
(3) Vasodilation
(4j Vasoconstriction

Man's best protection against heat is his ability to use the evapor-
ative cooling resulting from his sweating. Sweating is caused by temper-
ature stimulii from both the skin and core. There are both local controls
and central controls. Sweating is not an uncomfortable process as long
as moisture can evaporate freely from the skin surface. Discomfort occurs
when the same rate of sweating requires a larger wetted surface on the
skin from which it must evaporate. Sweating at very high levels is
generally accompanied by active vasodilation. Excessive sweating can
cause swelling of the extremities, skin irritatiom, headaches and throbbing
due to increased heart action.

The purpose of active shivering is analogous to, but has the opposite
effect of, sweating. Heat is generated by shivering. The body shivers
to increase the metabolic rate in order to compensate for excessive heat

loss. Shivering can only occur in cold environments.



Vascular control of blood flow to and from the skin surface is a
method by which the body can change the flow of heat from its central
core to the environment. Vasodilation always occurs during regulatory
sweating. Vasoconstriction is usually associated with a cold stress.

The equations describing the active human thermoregulatory control
are highly‘empirical. The state of the art is such that these equations

and coefficients are especially subject to change.

Artificial controllers. The active controllers described above are not

sufficient for body thermoregulation in excessively severe hot environ-
ments (over 40 deg C) and over prolonged exposures. This means that
man's natural physiological abilities have to be augmented to cope with
increased heat stress. The required artificial systems provide micro-
climates to man that are capable of reducing environmental heat stresses.
The two most widely used methods for providing micro-climates are:

(1) gas-ventilated garments,

(2) 1liquid cooled garments.

Conceptually the two processes are drastically different. The gas-
ventilated garment is designed to provide a gas flow (e.g. alr or oxygen).
This gas flow over the body provides both sensible cooling (heating of
the gas stream) and latent cooling (evaporation of sweat). If the gés
temperature is less than the body's, the heat load is reduced by con-
vection also. In the liquid cooled garment, cooling is provided by
conduction. A network of cooling tubes is held in contact against the

body surface.



An interesting altemative system for providing a mlicro-climate to
man is currently under investigation at Kansas State University by Konz
et al (27). This system utilizes a dry ice garment to provide the
cooling effect. Model A of the dry ice garment was used in the experi-
ments by Konz et al {27). The garment consists of pockets sewed to
a net, stitched in the shape of a vest. The outside of a pocket is
felt-like. Inside there are two layers of insulation-- 'an inner one
of plastic foam and an outer one of plastic film with entrapped air
bubbles. Dry ice slabs are put in the pockets of the vest which is
then worn over the bare skin, The dry ice garment provides cooling
by conduction. The garment picks up heat from the body (some heat
is also drawn from the environment) -and the dry ice sublimes in the
process. The sublimation of dry ice ﬁrovides a cooling capacity of
160 kcal/kg as shown below if skin temperature is assumed to be 35 C:
Sublimation ' 137 kecal/kg
Gas temperature rise .208*(35-(-?§)) 23 kcal/kg
Total 160 kcal/kg

Initially the dry ice cooling investigation was carried out by
using a Japanese garment of six pocket design. Later the garment was
modified to have twelve pockets-- Model A. An improved version,

Model B, is umder development, but this paper will use data only from
Model A.

This control of the body's microthermal environment may be called

substitutive thermoregulation as the objective is to suppress natural

thermoregulatory mechanisms...No attempt was made to present a detailed



comparative analysis of the three systems Aescribed above (gas cooling,
liquid cooling, and dry ice cooling). However, a dry ice cooiing system
offers advantages in the following areas:

(1) Low initial cost of the dry ice cooling garment (below $50.00 for
models presently available). ¥

(2) Low operating cost. Dry ice is available @ 35¢per kg in most areas.
The twelve-pocket garment uses about 5 kgs of dry ice per 8 hours,

Cost per hour is 25¢.

(3) Lack of moving parts.

(4) No tether such as in liquid cooled garments.

Thus, considering all its advantages, dry ice cooling is an interesting

potential system for further investigation.

Objective. The objective of this study was to develop a revised mathe-
matical model of the human thermoregulatory system with dry ice cooling.
Specifically, it was proposed to model the dynamic response of the
human thermal system exposed to a heat stress environment (43.3 C,
RH = 45%). The mathematical model was validated using experimental data
already obtained by Konz et al (27) in their experiments in the summer
of 1972. This data is shown in Table 1.

The mathematical model described by Stolwijk (38) formed the basis
of this study. This model divides the human body into six segments:
1) head, 2) trunk, 3) arms, 4) hands, 5) legs, 6) feet, Each segment
is further subdivided into four layers: 1) core, 2) muscle, 3) fat,
4) skin. In addition, a central blood compartment links the six segments

together via appropriate blood flow to each of the segments. This makes
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a total of twenty-five compartments into which the whole human body
was divided. Fig. 1 shows a schematic of the human trunk based upon
Stolwijk's original data (38).

The study involved:

oy

A: Development of a revised mathematical model of the
h@m thermoregulatory system. It consisted Of. 1) re-
vised model. 2) Determination of the overall heat
transfer coefficient. 3) Computer program necessary
to carry out simulations.

B: The revised mathematical model was used to simmlate
the pesponse of the human thermoregulatory system for
a mam exposed to a hot environment,

C: Validation/updating of the revised model.

Modes of heat tramsfer

It is necessary at this stage to consider the mode of heat transfer
between the human thermal system and its environment. The heat exchange
between the human thermal system and the environment takes place at the
skin surface. Heat is produced by the oxidation of fuel for energy
and heat is dissipated by conduction, convection, radiation, and mass
transfer at the skin surface. Heat produced in excess of that which
can be dissipated will be stored in the tissues with a resulting rise
in body temperatures. Heat storage in excess of 100 kcal (a rise in
body temperature of about 1.2 26 ) represents the omset of physiological
stress. Heat generated in the body compartments is transmitted by

convection te blood, and by conduction to adjacent compartments. From
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the skin, the heat transfer is by: 1) convection to the air, 2) radiation
to walls or to the garment interior surfaces, 3) evaporation and 4) con-
duction to the cooling garment.

The equation for the body heat balance can be written as follows:

M+S=-E+R+C+K-W

Where M - Metabolic production, keal/h
E - Evaporative heat loss, kecal/h
R - Radiant heat exchange, kcal/h

C - Convective heat exchange, kcal/h
K - Conductive heat exchange, kcal/h
W - Work, kecal/h

S - Rate of storage of body kcal/h
heat,

{S = 0.0 at equilibrium)

Subject. In the simulation model the data gathered by Konz et al (27)
was used to compare predicted results with actual responses obtained
during experiments. These experiments were carried out at Kansas State
University on a subject whose mean body weight was 77 kg and height was
177 cms. His mean calculated surface area usiny.-DuBeis' formula was
1.9 mz.

It was mecessary to convert the various control coefficlents used
by Stolwijk to fit our subject as the weight and body dimensions of

Stolwijk's subject differed from our subject. (Stolwijk used the DuBois'
J

formula to calculated a surface are of 1.89 m2 for his 74.1 kg man).



14

Model outline

Fig. 2 represents a simple division of the thermoregulatory system.
The figure shows a controlling system and a controlled system.

The controlled system is the biothermal mass of the body. In the
controlled system, the body is divided into six segments. Each segment
is further subdivided into four layers. The six segments are linked
together by the central blood compartment via the appropriate blood flows
to each of the segments. Thus we have a total of twenty-five comparﬁments.
Twenty-five basic heat balance equations-- one for each compartment--
form the core of the model.

The temperature in each of the twenty-five compartments is an input
into the controlling system. The resulting effector output from the
controlling system can be applied to any part of the controlled system.
In addition, all the appropriate parts of the controlled system can
interact with the environment.

The controlling system receives from all layers in each segment
1) the instantaneous temperature, and 2) the rate of change of temperature.
Thus there can be any number of combinations of receptor outputs. Any
combination of receptor outputs so derived can be integrated in a number
of different ways, and translated into effector command signals. These
signals are distributed to the appropriate layers in each segment, where
they may be subject to local modulation. The resulting effector actlons
are applied to the controlled system.

Yamamoto and Raub (52), in their proposed models of the respiratory

control system, have presented symbol tables and equations in a Fortran
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notation., The same conventibn was also followed in this work. It is
hoped that the symbols will be found acceptable for use by others. A
complete list of the symbols used in the controlled system, with their

definitions and dimension, is given in Table 2.

The controlled system

Fig. 3 represents a schematic diagram for one segment of the
controlled system, in this case the head. Each compartment represents
a lumped heat capacitance with its own metabolic heat production. Each
compartment exchanges heat by conduction to adjacent layers, and by
convection via the blood. Associated with each ;:ompartment is an evapor—
ative heat loss.

Meeh (31), DuBois and DuBois (16), and Bradfield (7) carried out
measurements for surface area on ten men and ten women each. Their
works formed the basis for the surface area and volumes values shown
in Table 3. Wolume measurements by Stolwijk (38) were carried out on
five men gznd five women by measuring the circumferences and lengths
of the warious segments. The volumes of the hands and feet were measured
by displacement. |

Using the data in Table 3 and the equation proposed by DuBois and
DuBois {17), Stolwijk estimated the surface area and weight of each
segment. The DuBois equation for surface area is;

425 ,.725

8 = ,007184 W’ H

]

in which 5 = surface area in mz,

=
i

welght in kg,

=
]

height in cms.
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The DuBois surface area for our subject worked out to 1.9 m?.
However, van Graan (45) has reported that the DuBois formula under-
estimates the surface area of the body. Using the modification pro-

2

posed by him,we obtained a new surface area for our subject of 2.0367 m .

Wilmer (46) has given the distribution of tissue in the adult human

body as:

Tissue %

Skin and fat 25

Viscera 11

Nervous tissue 3

Muscle 43

Skeleton _18
100

Scammon (36) gives the average weights of different body parts
and structures. This formed the basis for the values given in Table 4.

For calculating the heat capacitances (C(N)), given in Table S
assumptions about the specific heats of various tissue types were made

as follows:

-1

0.6 gcal. gm_l.C
-1

1) Fat tissue

0.5 gcal.gmfl.c
-1

2) Skeleton

3) All other tissues - 0,9 gcal.gm—l.c

Aschoff and Wever (1) have estimated that the total basal metabolic
rate in the resting man can be allocated to the various segments as

follows:
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TABLE 5

C(N),HEAT CAPACITANCE OF COMPARTMENT N, KCAL/DEG C

e 8 0 e o o ok ke o ok o sl e e ook oK o e ke e ok ok o ok e ok e ool o o o o e ol ol oK sk ol ok ol ek ok Rk

OLD MODEL

CORE MUSCLE FAT SKIN
HEAD 3.029 0.675 0.225 0.243
TRUNK 9. 465 15.920 4.280 1.222
ARMS 1.260 3.060 0.585 0. 440
HANDS 0.143 0. 067 0.090 0.168
LEGS 3,992 9.250 1.440 1.088
FEET 0.241 0.067 0.135 0.225

CENTRAL BLOOD 2.25

NEW MODEL

CORE MUSCLE FAT SKIN
HEAD 2.570 0.390 0.260 0.280
TRUNK 11,440 18.8040 4.940 l.410
ARMS 1.640 3,540 0.5670 0.500
HANDS 0.160 0.700 0.100 0.200
LEGS 4,930 10.670 1.660 1.250
FEET 0.270 0.070 0.150 0.260

CENTRAL BLOBD 2.60

e s s s ke o e e o o e oo A e speoe el o ok s e e e ol ol sl oo e e s e e o ke e e ek ok ok ok ek koK e ofe e ok e e o
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1) Brain - 16 %
2) Trunk core - 56 %
3) Skin and musculature - 18 %
4) Skeletqn and connective tissue - 10 %

-~

They have also reported the resting metabolic rate as 0.3 I-.ct.:al/l«'.g"l.h-1

for skin and 0.48 for skeletal muscle.

Basal metabolic rate has been assumed equal to 86.5 kcal.h_l. Basea
upon the above assumption, a basal heat production (QB(N)), has been
assigned to each compartment. These values are given in Table 6.

According to Stolwijk (39), basal evaporative heat loss rate EB(N)

is about 21 kcal.h-l. This heat loss has been assigned (Table 7) as

follows:
Compartment Kcal.h—l
1) Trunk core 10,45
2) Head skin 0.81
3) Trunk skin 3.78
4) Arms skin 1.40
5) Hands skin 0.52
6) Legs skin 3,32
7) Feet skin 0.72
Total 21.00

The first term accounts for the evaporative heat loss from the respiratory
tract. The remaining kcal.h_l assigned to the various skin areas repre-

sent vaporization from the skin.
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TABLE 6
QB(N) ,BASAL METABOLIC HEAT PRODUCTION IN N, KCAL/H

k28 2 23 b ofe ke 2 e o s o e o e ok ade ol ok o e ol e ok o o o o ok e e e o e sl ok ke ek ok 3k e 3¢ e ofe e e oo ke e e o o 3 e o o

OLD MODEL

CORE MUSCLE FAT SKIN
HEAD 11.200 0.270 0.125 0. 061
TRUNK 39,200 54380 2.341 0.307
ARMS 0.688 1.245 0.325 0.110
HANDS 0.087 0.027 0.050 0.041
LEGS 2.226 3.700 0.800 0.270
FEET 0.145 0.027 0. 075 0. 054
NEW MODEL

CORE MUSCLE FAT SKIN
HEAD 14. 950 0.120 0.130 0.090
TRUNK 52.600 5.810 2.490 0.470
ARMS 0.820 1.110 04200 04150
HANDS 0.090 0.230 0. 030 0.060
LEGS 2.590 3.320 0.500 0.370
FEET 0.150 0.020 0.050 0.080

e ol e e s o ok ok oot ok o oot ol ok kol R ok kR s ok ok R ok ok Rk
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TABLE 7
EB(N) +BASAL EVAPORATIVE HEAT LOSS FROM N, KCAL/H

0 3 8 e 2l ook o e e ok ok e e ole e e o o o e ofe e ok e o e e o e ol e ol o s sl el ol el ok e Rk ko ko kR bk

OLD MODEL

CORE MUSCLE FAT SKIN
HEAD 4.500 0.0 0.0 0.612
TRUNK 4.500 0.0 0.0 3.270
ARMS 0.0 0.0 0.0 1.185
HANDS 0.0 0.0 0.0 0.432
LEGS 0.0 0.0 0.0 2.980
FEET 0.0 0.0 0.0 0.600
NEW MODEL

CORE MUSCLE FAT SKIN
HEAD 0.0 0.0 0.0 0.810
ARMS 0.0 0.0 0.0 1.400
HANDS 0.0 0.0 0.0 : 0.520
LEGS 0.0 0.0 0.0 3.320
FEET 0.0 0.0 0.0 0.720

e o o o o o e oo e o o e e e e sl o o ok el ok b e o e o e ok sk otk ok e o ol otk ke ok e
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Table 8 also shows the estimate for basal blood flow, BFB(N),
to the various compartments in all six segments. Stolwijk and Hardy (42)
have listed the considerations on which the values for blood flow to
trunk core and head core have been based. Values for the resting muscle
blood flow and the flow to other relatively inactive areas were based on
the minimﬁm blood flow required to supply the oxygen requirements for
the metabolic rate listed for each area. The hands and the feet possess
special circulatory structures and this requires blood flow far in excess
of the metabelic requirements, at least in the basal state. The same
considerations apply to the assignment of blood flows to the other skin
areas. Based upon the assumptions giveﬁ above, the total cardiac output
adds up to 5.2 1/min, which appears reasonable in the light of the ag-
gregate of assumptions made.

Table 9 shows the heat conductances betﬁeen layers within one
segment, TC(N). The calculations for the heat conductances were carried
out in the manner indicated by Stolwijk and Hardy (41). Table 9 also
shows the intermediate steps. In the calculations shown in Table 9
the head has been considered a sphere. Where feasible, as in the case
of the trunk, arms, and legs, the lengths of the segments were measured.
For the hands and feet an equivalent cylindrical length and radius were
obtained from volume and surface area measurements. TC(N) represents
the estimated thermal conductance in kcal.h—l.oc—l between layer N and

layer N+1.
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TABLE 8

BFB{N),BASAL EFFECTIVE BLOCD FLOW TO Ny LITRES/H

sk ok s xie v e afe o o o g o e o e ale ofe oo o o e e e s ol e ol o o e o e ol ode ol e e o Ak ok g Rk e ok o e ek ok ok R ok ke

OLD MODEL

CORE MUSCLE FATY SKIN
HEAD 48.000 0.270 0.120 1. 440
TRUNK 232.000 6.400 2300 2.100
ARMS Q.690 1.240 0.320, 0.500
HANDS 0.100 0.050 0.050 2.000
LEGS 2.200 3. 700 0.800 2.850
FEET 0.150 0,030 0.080 3.000
NEW MODEL

CORE MUSCLE FAY SKIN
HEAD 45.000 0.120 0.130 1.440
TRUNK 210.000 6.000 2.560 2. 100
ARMS 0. 840 1.140 0.200 0.500
HANDS 0.100 0.240 0. 040 2.000
LEGS 2.690 3.430 0.520 2. 850
FEET 0.160 0.020 0.050 3.000

s o g e o ot e e o ok oo ok ook ool o ool e ok ke o o o e ok s e ol sk ool kol e ok koo ok ok
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The overall environmental heat transfer coefficient has been showm
in Table 10. Because the segments have different dimensional character-
istics, each has a different value for the overall environmental heat
transfer coefficient. Using the dimensions adopted in Table 10 and
estimated effective radiant surface areas, the calculations for the
combined énvironuental heat transfer coefficients were carried out with
the help of conventional methods of heat transfer calculations. The
values given in Table 10 are said by Stolwijk to be within +5 percent for
an ambient temperature range of 10 to 40 °C and for air velocities upto
10 m.sec—l. The calculated combined coefficients are higher than those
found experimentally. The reason for fhe discrepancies lies in the fact
that Stolwijk's experimental values were obtained with the subject wearing
shorts and seated on a stool. Both these deviations from the nude
standing man tend to reduce the values of bofh the radiant and convective
heat transfer coefficients.

Using the values given in Table 10, we can calculate the combined
environmental heat transfer coefficlent for any experimental situation.

The formula used is:

H(I) = (HR(I) + 3.16 * HC(IL) * V¥*.,5) * S(I)

where H(L) - Total environmental heat transfer coefficient for segment

I in kcal.h-l.oc—l

HR(I)- Radiant heat transfer coefficient for segment I in
kcal.h-l.mfz.oc-l

HC(I)- Convective and conductive heat transfer coefficient
for segment I in kc:al.‘n_.l.m-z.GC-l

v - Ar velocity in 5, 5EE
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S{I) = Surface area of segment I in n:l2

Stolwijk's controlling system

The controlling system represents the thermoregulatory control
functions of the autonomic nervous system. It is important to note that
the biothermal control system is a negative feedback system with two
controlled outputs, namely the mean skin temperature, TS, and the true
mean body temperature, 1B, .

The controller concept is formulated so as to keep the controller
as flexible as possible. This approach keeps the number of constraints
in the expression of a particular regulator comcept to the minimum.
Simultaneously, it is possible to add to the formulation without having
to make extensive changes in other parts of the modei. To accomplish
these objectives, the controller is divided into three parts. The
first part represents the thermoreceptors. The second part integrates
the afferent signals and determines the natufe and magnitude of efferenﬁ
commands. The third part represents the effector mechanisms; the effector
commands are distributed and the different effector activities are
translated into changes in metabolic heat productioen, evaporative heat-
loss rate, and blood flow for each compartment. Tazblellgives a listing
of symbols used in the description of the controlling system.

In the first part of the controlling system, thermoreceptor output

is determined. The expression used is:

ERROR(N) = T(N) - TSET(N) + RATE(N) * F(N)



32

uyys puR 9102 proy jo jonpoxd woij purwmod SuliaaTys

uTys WOoXJ puPRwWHOoD JUTISATYS

2100 peoyY wWoaJ puewmwoo SUTIDATYS

ULjS PUE 210D pEI JO Jonpold WOl pPUPMIOT UOTIDTIISUODOSBA
UTYS WoXJ pUBIWLOD UOTIDITIISUOIOSEA

9109 pE9Yy WOXJ PUBUIOD UOTIDTIISUDDIOSBA

UTYS pue 2100 pEaY JO Jonpord wWOIF pUPWWOD UOTIBRIBTIPOSEA
UTHS WOoII pUBWNOD UOIIBIBTTIPOSBA

2100 pEOY WOIJ PUEUMOD UOIIRIBRTIPOSEA

uTys pur 810D peay jo jonpoad woly purwmod SUTIROMS

UTHS wolj purwmod 3JUTIEIMS

9I00 pEIY WOl putunod SULIBIMS

103
103
107
103
xa7
TERY
103
1og
103
103
103
1oy

1 03 pueumod SUTILSATIYS T[EI03

1 ur SUTIAINDIDO ISTOATXD TEIO]

1 03 pPUBWWOD UOTIDTIJSUODIOSEA

.03 PUBUIOD UOTIEIETFPOSEA

T 3usufas 03 pueumod Bupjpams

jndano upys [e303 SuruTmIalep uf juswdas Yoea JO urs Jo ydtem oaATIERTSY
_ Jualalla TEBI0]

JuaIais TBIOL
juaiajis TeIOY

PUBTWOD UOT3DFIJSUODOSEA
PUBTINOD UOTIBIBTIPOSEA
pueumod BUTIaATYS
pueumo> Furivoms

JuaI?TII=0)
JUSTOTII=0)
JUITITI =200
JURTITIIB0O)
IUBTITIIB0]
JUSTOTII=0D
IUITOTIID0N
JUBTITII 0]
JUBSTITII=0)
JUSTVTIIB0D
IUSTITIIR0D
JUITD1I3I90D
Jo uotr3joeaj
Jo uorjoeijg
Jo uorjoeag
Jo uotiloelyg
Jo uotjoelyg

Jjuax=3iia [BI0]

o s103daoer wrem urys woij indino pejeadojur [BIO]
Jo s103deoax pTo2 upys woxl indino pailmildazur [rIO]
2y N ur saojdeosi mies moxI 3inding
Jg N UF sxojdsosx pToo moiJ jnding
s1noy N ut siojdsoax jo £3TATITSUSS DTWRUAQ
2 N ur sxozdesoex wmoxj TerudTs jndino TeIO]
9 N ur siojdaoai xoF ainjexadmel ployseiyj io ,Jujod 3ag,

TIHDd
TIHDS
TIHDD

NODd
NODS
NODD
11ad
1148
1102
Msda
MSS
MSD

(I)TIHOR

(1)0M

(I)ONIS

(I)ANINS

(1) SNIMS

(I)UININS
OT4I1S
IVIIa
T1IHD
IVANS
SV M
SA100

(N) VM
(N)T100
(N)TIVY
(o d
(N)I3SL

WALSAS ONITICELNOD THL A0 NOILJTHOSIA HHIL NI dSN STOGWAS A0 NOILINILIQ

1T T8V



33

This equatiom states that the thermoreceptor output from compartment

N is equal to the difference between the instantaneous temperature T(N)
and the set—point temperature for that compartment, TSET(N). To this
difference is added the product of the dynamic sensitivity factor of
the receptors in compartment N (RATE(N)) and the rate of temperature
change F(N). 1In the above expression T(N) and F(N) are calculated con-
tinuously, and TSET(N) and RATE(N) are constants suppli:'ad with the
initial conditions. For example, since there seems to be no dynamic
sensitivity in the hypothalamic receptors (13), RATE(1), which expresses
the dynamic sensitivity of the receptors in the head core, is zero.

In the presemt model, RATE(N) is set equal to zero for all the compart-
ments.

Each of the twenty-five values of ERROR(N) is tested for its sign.
Since ERROR(M) terms can become negative as well as positive, each of
the commands is protected against becoming négative. If ERROR(N) has
a positive value, we assume that it represents a warm-receptor output;
if negative, it indicates an output from cold receptors. When ERROR(N)
is positive, its value is assigned to WARM(N); when it is negative, its
absolute value is entered under COLD(N). The resulting lists of WARM(N)
and COLD(N) represent all possible afferent thermal information potentially
available to the controlling system. We will limit discussion for the
present to assumed thermal receptors in the head core and in the skin.

The total warm receptor output from the skin WARMS can be obtained
by summing SKINR(I)*WARM(4*I) for the skin compartments of all six
segments. The total cold receptor output from the skin can be inte-

grated from a similar summation. If it is desired to take other possible
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the rmoreceptors into account, they can also be integrated by similar
processes.
Next, the type and magnitude of effector command signals which
go out to the periphery is determined. These effector commands are
SWEAT, DILAT, STRIC, and CHILL for sweating, vasodilation, vasocon-
striction, and shivering respectively. Two possible types of integration
of afferent signals are being considered here: integrati'on by linear
addition of central and peripheral receptors which expresses the con-
cept of the adjustable set point (19), and integration by multiplication
of central and peripheral receptor outputs which expresses the gain control
concept (22,42). The expression for efferent sweating command then becomes
SWEAT=CSW*ERROR(1)+SSW*(WARMS—COLDS )+PSW*ERROR(1) *(WARMS—-COLDS)
in which ERROR(1), WARMS, and COLDS are thermorecepter outputs continu-
ously generated by the model, and in which CSW, SSW, and PSW are supplied
as controller constants. If CSW and SSW are set to zero, and PSW has a
distinct value, the controller has gain control characteristics as
outlined in Hardy and Stolwijk (22). 1If, on the other hand, PSW is zero
and CSW and SSW have non-zero values, the controller has adjustable
set point characteristics as outlined in Hammel et al (19). Similarly,
the expressions for DILAT, STRIC, and CHILL are, obtained using the pro-
cedure outlined above, and are shown below
DILAT=CDIL*ERROR(1)+SDIL*(WARMS-COLDS)+P DILAWARM(1) *WARMS
STRIC=—CCON*ERRDR(1)-SCON*(WARMS—COLDS)-’:—PCON*COLD(H *COLDS
CHILL= (CCHLL*ERROR(1)+S CHIL*(WARMS-COLDS) ) %P CHIL*(WARMS- COLDS)

The values for the controller constants were supplied by Stolwijk (39).
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The next step consists of the estimation of effector actions in the
various compartments in each segment. The effector actions are BF(N),
Q(N), and E(N) and the process of estimating their values is best done
by segment, each segment consisting of four distinct layers. The sub-
script N refers to the core of a segment, N+l refers to the muscle layer;
N+2 to the subcutaneous fat, and N+3 to the skin layer. The metabolic
heat production in each layer of a segment can be expressed as

core---Q(N)=QB(N)

muscle-Q(N+1)=QB (3+1)+WORKM {1)*WORK+CHILM(I)*CHILL

fat—--——Q (N+2)=QB(N+2)

skin---Q(N+3)=QB (¥+3)

According to the first expression, metabolic heat production in the
core of each cylinder always remains at the basal level. This is not
strictly true for the trunk where the heat prﬁduced by the heart is especially
variable, but the thermal error introduced by imserting this heat into
working skeletal muscle instead of into the trunk core is quite small. The
heat production in the brain is quite constant, and in the extremities the
heat production in the core is low under all circumstances. Heat produced
in the musculature consists of the basal production plus the fraction of
total shivering assigned to the segment. Both of these fractions are intro-—
duced with the initial conditions.

The blood flow to the core of each segment is considered a constant and

equal to the basal blood flow:

BF (N)=BFB(N)

As a first approximation, we can consider muscle blood flow to comsist
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of the basal blood flow, to which we can add 1.litre.h L for each keal.h ™t
of heat production due to work, or shivering by the muscular compartment

in question. Thus,
BF (N+1)=BFB (N+1)+Q (N+1)-QB (N+1)

Blood flow in the subcutaneous fat has a low basal level, and as a first
approximation it is not considered to vary as a result of thermoregulatory
responses!

BF (N+1)=BFB (N+3)
Skin blood flow is highly dependent on the thermoregulatory comtroller.
The basal blood flow at thermal neutrality can be diminished by vaso-
constriction or increased by vasodilation. These adjustments are accompanied
by changes in the peripheral resistance. The sensitivity of different skin
areas is sufficiently different to require special terms as shown in the

expression:
BF(N)=(BFB(N)+SKINV(I)*DILAT)/(1.+SKINC(I)*STRIC)

SKINV(I) and SKINC(I) represent the relative responsivity of the skin of
different segments and are supplied with the controller constants. The
controller can add to the basal skin blood flow, or the basal blood flow
can be reduced by dividing it by a number determined by the controller.
This expression allows for special skin regions such as on the hands and
the feet which are highly responsive to both vasodilation and vasocon-
striction and other less responsive regions such as the trunk skin with
a response largely limited to vasodilation.

Evaporative heat loss occurs from the trunk core and from each of
the skin areas. Evaporation from the trunk core is via respiration.

Although it depends to some extent on the vapor pressure in the inspired
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air, it is here considered a constant at rest. During excercise when a
higher respiratory minute volume occurs an avérage‘value of respiratory
water vapor loss is about 8 percent of the increased metabolic heat pro-
duction in total. All of this loss is assigned to the heat flow in the
central blood.

The response to sweating stimulation is different in different skin
areas., 1In order to allow for this difference, the efferent command is
multiplied with a factor SKINS(I) for each segment. According to Bullard
et al (10) the local temperature of the skin has a modifying influence
on the local sweat secretion in response to a given level of efferent

commands. The following expression, as a first approximation, incorporates

the above requirements:
E(N+3)=EB (N+3)+SKINS (1) *SWEAT*2 . %% ((T (N+3)-TSET (N+3)) [4.)

The term SKINS(I)*SWEAT includes the responsiveness of the skin area of
segment I and the efferent sweating command signal. This term is then
multiplied by another term 2.%%((T(N+3)-TSET(N+3))/4.) 1If the local skin
temperature is at the undisturbed thermally neutral level, the latter term
then becomes equal to 1. For every four-degree rise in local skin temper-
ature, the value of this term doubles; and for every four-degree fall in
local skin temperature, the local sweat secretiom is reduced to half. This
is, of course, only an approximation of the findings of Bullard et al, but
over normal physiological ranges the deviation from their curves is not
very great.

Unless special precautions are taken, E(4*%1I) the rate of evaporative

heat loss from the skin of segment I, could assume values dictated by the
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controller which are physically impossible due to high ambient water vapor
pressure. This can be checked by determining the maximum rate of evapor-
ative heat loss possible from segment I. The following expression will
compute EMAX:

EMAX (I)=(PSKIN-PAIR)*2,14% (H(I)-HR(I)*S(I))

PSKIN and ‘PAIR are the water vapor pressure at the skin surface and in
the environment in mm Hg; 2.14*%(H(I)-HR(I)*S(I)) is the product of a
surface area and a coefficient for evaporative power as found by Brebner
et al (8). If E(4*I) in any skin area exceeds EMAX(I), then it must be
reduced to EMAX(I). Note that the ratio E(4*I) / EMAX(I) for each segment
glves the fractional wetted area.

There is a very small amount of direct information concerning the
values of SKINR, SKINS, SKINV, SKINC, WORKM, and CHILM. The simplest ap-
proach would be to insert values which are proportional to the surface
areas or the weights of the different tissues. These weights and proportions
are shown in Table 12 for skin and‘muscle layers. There is reason to adopt
the relative sensitivities and numbers of skin receptors proposed by
Aschoff and Wever (1). The factual basis for these values is somewhat
obscure. Bader and Macht (2) show a relatively higher semsitivity in
head and chest than in the extremities, but there is reason to suspect
that in their case the heat applied to the skin was sensed by deepef thermo-
receptors after having warmed the blood.

It is quiie clear that the trunk skin plays a more than proportionate
role in skin thermoreception as evidenced by the difference in response
to a uniform skin temperature and to an identical average skin temperature

with divergent local temperatures.
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Hertzman anrd Randall (24) surveyed the skin with respect to local
blood flow. Although their measurements were photoelectric and conse-
quently hard to quantitate, the relative proportions can probably be
accepted. After rearrangement, the following fractions of the total
blood flow are obtained for the basal and maximally dilated state re-
sﬁectively: head 0.288 and 0.132, trunk 0.265 and 0.322, arms 0.078 and
0.095, kands 0.10 and 0.122, legs 0.186 and 0.23, and feet 0.083 and 0.10.

The fractions for the maximally dilated state are taken as the dis-
tribution of wasodilation over the skin, SKINV{I}, in Table 12, Vaso-
cogstriction js also not uniform over the skin area. Also, the effects
of counter current heat exchange will tend to exaggerate the effects of
vasoconstriction in the distal extremities. On the other hand, counter
current heat exchange is not so pronounced in the skin of the head and
the trumk. ‘Based on this, the assignment of SKINC(I} are made as shown
in Table 12,

The relative distribution of sweat secretion in the absence of infor-
mation based on local secretion measurements is perhaps best approximated
by the distribution of sweat glands. Randall (34) made such observations
and the different skin areas were weighted as to the number of sweat

glands, and the fractional distribution is given as SKINS(I) in Table 12.

Measurements and Procedures

The 18 sessions took place in the KSU-ASHRAE large climatic chamber
during the summer of 1972. The subject read a pocketbook or dozed while
sitting on a stool which was placed in a tub with mineral oil. The tub

plus subject were on a platform scale in the chamber. Any sweat that did
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not evaporate but dripped off him went below the film of oil. Thus by
weighing the tub, the clothing and the nude subject before and after the
experiment, we were able to measure evaporation as well as weight loss.
Weighings durinmg the experiment permitted estimation of the combined rate
of evaporatiom of dry ice and water. In addition, the 12 chunks of dry
ice were weighﬁd and dimensions measured approximately ten minutes before
entry to the chamber and ten minutes after departure.

Depending on the session, YSI 409 thermistors were attached to 15 to 31
skin locations. In all sessions, one sensor was on the head below the ear,
one on the right upper arm, one on the right calf and on on the right thigh.
Rectal temperature was sensed by a YSI rectal prébe. Temperatures were
recorded every ten minutes with a Digitec digital thermometer and printer.

Every 20 minutes the EKG was recorded for approximately one minute;

a count of the r waves for a 30 second period was used to determine heart
rate. The subject, a graduate student in physiology, took his blood pressure
every 20 minutes. Air velocity normally was low (0.1 mfs). For the higher
velocity (0.4 m/s), a large fan 25 feet away produced a turbulent breeze.
With the fan en, it was turbulent with a mean velocity of 0.2 m/s on the
left side and in front of the subjecﬁ and 0.5 m/s on the right side and in
back. Velocity was measured with a Velometer for the higher velocity and

a DISA D5580 low velocity anemometer for the low velocities. The CO2 con-
centration was measured with a Bendix-Unico 400 Precision Gas Detector.

For each session the subject was weighed and thermistors taped on
various locations. The ice jacket was then put on and the pockets held
against the body with an EKG strap. He then entered the chamber at ap-—

proximately ©:30 a.m., sat on the stool and was weighed while heart rate
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and temperatures were recorded. He then took his blood pressure. Temper-
atures were recorded every ten minutes and weights, heart rate and blood
pressure were recorded every 20 minutes. He normally remained 120 minutes
although some tests were for 100 or 240 minutes. All environments were
43.3 QtO.ﬁ)OC dry bulb, with the mean radiant temperature at 42.8 (tl.Z)OC.
(Wall and air temperatures are controlled independently in this chamber;
the difference was due to an error in the settings for the initial experi-
ments which we continued for consistency.) The relative humidity was

either 45 or 55% (vapor pressures of 29.7 or 36.3 mm Hg).
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RESULTS

Nude man

For the purpose of validating/updating the Stolwijk model, the
data from experiments carried ocut by Konz et al (27) was compared
with predicted response from the model. Simulations were carried out
1) for a nude man and 2) for a man wearing a dry ice vest. We started
by using the Stolwijk model presented in 1970 (38) but in the middle
of this study we obtained a copy of Stolwijk's new model (39) in which
the input data was drastically different from the input data in the
earlier model. While the new model gave better ;esults vis a vis our
experiments, it was decided to compare results from the two Stolwijk
models for brimging out the differences in their predictive capabilities.
Thus all the figures showing the comparison between the experimental
and simulation results and incorporated in this study show the output
from both the original and the new Stolwijk model. The differences
between the input values in the old model and those in the new model
are substantial. For instance, HC(2), representing the convective heat
transfer coefficient for the head, hés a value of 0,57 in the o0ld model
whereas it is assigned the value 3.00 in the new model. Similar dif-
ferences are present in most of the other input variables.

The experimental data for the nude man pertains to the three
control days viz. July 5, July 24, and July 31. The experimental
temperatures were recorded for the following locations: 1) rectal
2) head skin 3) trunk skin 4) arm skin 5) leg skin. In addition, heart
rate and blood pressure and sweat rate were measured on all three days.

The model output consisted of 1) trunk core temperature 2) head skin
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temperature 3) trunk skin temperature 4) arm skin temperature 5) leg
skin temperature 6) sweat rate and 7) cardiac output.

Trunk core temperature from the model was compared with the
measured rectal temperature as rectal temperature was taken to be
representative of the trunk core temperature. Figure 4 shows the ex-
perimental rectal temperatures for the three control days plotted along
with the simulated temperatures for the trunk core. Figure 4 shows the
compariscn between the experimental rectal temperature and the simulated
trimk core temperature. For the purposes of input to the model at time
zero, the average of the three control days' ten;peratures at time -10
was used (-10 was used to represent the temperatures of the subject in
the pre-test chamber). The input to the model for the trunk core was
36.59 €. Both the old and the new simulations seem to fit the experi-
mental data pretty well, In the experimental data, the rectal temper-
ature rose from an average of 36.6 C to 37.3 C over a 120 minute period.
The simulated temperature for the trunk core (new model) showed a rise
from 36.6 C to 37.3 C over the same period. Thus there seems to be a
close fit between simulated and experimental temperatures for the
trunk core.

Figure 5 shows the head skin temperatures. In the experimental
results, there was a sharp rise in the head skin temperature during the
first 20 minutes and then there was a steady drop probably indicating
the benefit of sweat loss from the head skin. On an average, the head
skin temperature rose from 33.8 C to 37.3 C in the first 20 minutes and

then there was a decline down to around 36 C at the end of the 120 minutes.
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In the simulation with the original Stolwijk.modei, the head skin temper-
ature rose steadily from 33.8 C to 37.4 C at the end of the 120 minute
and never showed any drop in the intervening period. However, with the
‘new model there was a drop in the head skin temperature after a sharp
rise in the first 20 minutes. The head skin temperat;re from the new
model seemed to sit well in the middle of the experimental data.

Trunk skin temperatures are plotted in Figure 6. In the experiments,
there were twelve sensors taped on the torso of the subject at various
locations and the plotted values represent the average of the twelve
readings, The trunk skin temperature in the experimental data shows
a rise from an average starting value of 31.7 C to about 37.1 C at the
end of the 120 minutes. The two simulation results from the old and new
Stolwijk models show a rise in the trunk skin temperature to 36.5 C,
thus indicating a difference of about 0.5 C between the simulated and the
experimental temperatures for the trunk skin. However, there seems to
be reason to accept the experimental values for the trunk skin temper—
ature as more valid since they represent the average of twelve readings;
Thus the predicted values for the trunk skin temperature from the two
models are about 0.5 C lower than the experimental results.

Figure 7 shows the arm skin temperature. The experimental values
range from an average of 31.5 C at 0 minute to 37 C at 120 minutes. The
old model showed a rise in the arm skin temperature to about 35.5 C at
120 minutes. In the new model, the arm skin temperature rose to 36.3 C
during the same time. Thus the predicted results for the arm skin

temperature from both the models are lower than the experimental values
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by 1.5 C and 0.7 C. However, it should be pointed out that there was
only one thermistor taped to the arm during the three control days.
Considering the wide variations in the skin temperatures of the human
body even over relatively small areas, it is still open to question
whether the one temperature reading from the arm skin gives the true
arm skin temperature. If we assume that the experimental temperature
for the arm skin is the true arm skin temperature, the ﬁew model is
closer to reality than the old model.

The comparison between the experimental leg skin temperature and
its simulated counterpart is shown in Figure 8. . For the plot repre-
senting the experimental leg skin temperature, the mean of calf and
thigh temperatures was used, On July 5, the leg skin temperature rose
from 32 C to 35.8 C over 90 minutes while on July 24 and July 31 this
temperature rose to about 37 C over 120 minutes. Thus it is apparent
that there is a wide variation in the temperatures of the same segment
of the same human body over different days. This variation may be due
to various physiological factors as well as dietary factors. It has
been reported that the body temperature of a subject may be lower on
a day if the subject had consumed alcoholic beverages on the previous
night. While this difference points out the natural variability of
human beings as well as the difficulty of replicating even the same
subject over different periods of time, at the same time the inherent
limitation of a model becomes apparent. The model has no built-in
mechanism for taking into account this natural variability of human

subjects. Despite this shortcoming of the model, we can compare the
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simulated response with the experimental data. For the leg skin segment
the predicted temperature from the old model rises to about 35.7 C while
in the new simulation the leg skin temperature rises to about 35.5 C.
‘Thus the new simulation gives a better fit with the experimental data

in the case of the leg skin temperature.

Heart rate and systolic blood pressure measurements had been taken
on the subject. For making a guesstimate of cardiac output of the subject,
heart rate (HR) and systolic blood pressure (SBP) were multiplied together
and the resulting term was plotted as a percentage; e.g. value of this
term at 0 minute was taken to be 100% and all the succeeding values up
to 120 minutes were expressed as a percentage of the initial value. In
Figure 9 this term (HR*SBP) was compared with CO, litres/minute, the
cardiac output given by the model. CO was also plotted as a percentage.
The simulated value of CO rose 33% over 120 minutes in the new model
whereas in the old model the rise was only 7Z. HR*SBP value increased
36%Z on an average over the same period. While it cannot be stated with
any certainty that the HR*SBP term represents the true cardiac output
of the subject, it is used here strictly for the purpose of comparison
with CO.

Two points will be made here. First, cardiac output for the new
model is substantially higher than forrthe old. Second, the basic
equations for CO are the same in the two models. Basal blood flow
for the skin is the same for both models and changed slightly (maximum
.4 litres/h) for fat and muscle. Trunk core blood flow was increased
to 232 litres/h from 210. QB(basal metabolism) was increased from

70 kcal/h to 86.5. The equation for the skin blood flow has been
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modified by changing the DILAT equations' coefficients so that skin
blood flow at 120 minutes increased from 50 litres/h to 102,

Figure 10 shows the plots for the required sweat loss calculated
from the heat balance equation from the experimental data (EVAPR) and
the predicted value for evaporative heat loss given by the model (EV).
EVAPR rosé from O keal/h at minute O to 152 at minute 120, In the new
model EV rose from 21 kcal/h at 0 minutes to 166 at 120 minutes whereas
in the old model this rise was from 18 to 158. The two models seem
to be reasonably similar to each other and both give a reasonably good

prediction of the experimental data for evaporative sweat loss.

Dry ice vest

Stolwijk's model in its existing form is applicable to a nude man
only; we had to modify the model to make it applicable to a man wearing
a dyy ice vest.

For the dry ice cooling we had to make the best estimate for the
combined environmental heat transfer coefficient for the trunk segment
(the vest covered only the trunk portion of the subject). To incorporate
the effect of cooling provided by the dry ice vest into the model, the
sublimation rate of dry ice was used. Although actual sublimiation varied
greatly with time, the simulation assumes constant sublimation during the
experiment. Each kg of sublimed dry ice was assumed to provide a cooling
benefit of 137 kcal/h. The benefit provided by the gas temperature rise
was taken care of in H(2), the combined environmental heat transfer
coefficient for the trunk segment., DWCO2, the rate of sublimation of

dry ice in kg/h, was multiplied by 137 kcal/kg and a factor K. K accounted
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for the fraction of heat provided by the body of the subject towards the
sublimation of dry ice; (1-K) came from the environment. The modified
equation for heat balance in the trunk skin segment after taking into
account the effect of dry ice cooling was as follows:

HF(8)=Q(8}-BC{S}—E(8)+TD(7)—H(2)*(T(B)-TAIR(Z)}—SUBLM
where SUBLM=DWC02%137.0*K. In Stolwijk's old model, TAIR had the same
value for all the six segments; we used TAIR as a variable to account
for possible differences in radiant temperatures facing different body
segments. H(2Z) had a value of 5.27 in Stolwijk's new model. The experi-
mental trunk skin temperature (.14Tp+.86Tnp where Tp = temperature under
a dry ice pocket and Tnp = temperature on unaffected trumk skin) was
plotted for August 7 and 8th. Then the simulated trunk skin temperature
was plotted using different values of H(2). A pood fit between the simu-
lated and experimental results for the trunk skin temperature was ob—
tained for H(2) = 1.1 kecal/h/C. To obtain a reasonable value for K, plots
of simulated trunk skin temperature were made using different values of
K while H(2) was held constant at 1.1, From these plots we obtained
a value of 0.7 for K which seemed to give a good fit between the simu-
lated and experimental trunk skin temperatures.

Figures 11 to 17 refer to the dry ice vest simulations. Figure 11
shows the experimental rectal temperatures for August 7 and 8 plotted
along with the simulated trunk core temperature. For the purposes of
input to the model at time zero, the average of the two days' (August
7 and 8) temperatures at time -10 was used. The input to the model for

the trunk core was 36.73 C. The simulation seems to fit the experimental
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data pretty well, In the experimental data, the fectal temperature rose
from an average of 36,73 C to 37.2 C over a 120 minute period. The
simulated temperature for the trunk core showed a rise from 36.73 C to
37 C over the same period.

Figure 12 shows the head skin temperature. In the experimental
results, there was a sharp rise in the head skin temperature during
the first 20 minutes and then there was a steady drop. 6n an average,
the head skin temperature rose from 33.53 C to 37.2 C in the first
30 minutes and then there was a decline to around 36.5 C at the end of
120 minutes. The simulated head skin temperature rose sharply from
33.53 C to 37.6 C in the first twenty minutes and then declined to
36.9 € at 120 minutes, thus indicating a good fit to the experimental
data.

Trunk skin temperatures are plotted in Figures 13 and 1l4. In the
experiments, there were twelve sensors placed-under the dry ice pockets
and one sensor was placed on the trunk skin region unaffected by the
cooling. The trunk skin temperature (weighted average) was estimated
as shown before (.14Tp+.86Tnp). The estimated experimental trunk skin
temperature showed a rise from an average starting value of 31.12 C
to about 33.8 C at the end of 120 minutes. Figure 13 shows two simu-
lation lines for the trunk skin temperature with different K values.
Similarly, Figure 14 shows two simulation lines for the trunk skin
temperature with different H(2) values. The simulation lines in Figs.
13 and 14 are intended to show the effect of changing K and H(2) on the

model output, By comparing Figures 13 and 14 it is apparent that a
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better fit is obtained for the trunk skin temperature by using the-
following values for the two parameters: K=0.7, H(2)=1.1. The simulated
trunk skin temperature using the above values for K and H(2) rose from
31.12 C at 0 min. to 34 C at 120 min. It is pointed out here that

the estimated experimental trunk skin temperature is only an approxi-
mation and as such it is difficult to make an exact comparison between
the simulated and the estimated trunk skin temperatures.

Figure 15 shows the arm skin temperature. The experimentél values
range from an average of 30.4 C at O minute to 37 C at 120 min. The
model showed a rise in the arm skin temperature to about 35.9 C at
120 minutes. Thus the simulated result for the arm skin temperature is
lower than the experimental value by 1.1 C.

Figure 16 shows the plot for the leg skin temperature. The
simulated leg skin temperature rose from 31.05 at 0 min. to 36.5 C
at 120 min. whereas the experimental temperatures for the two days lie
on either side of the simulation lgne. Thus a good fit is indicated.

Figure 17 compares the cardiac output given by the model with
HR*SBP. The simulated cardiac output is in close agreement with HR*SBP
(HR*SBP is used strictly as an index of experimental cardiac output
and does not represent the true cardiac output of the subject).

Figure 18 shows the plots for the required sweat loss calculated
from the heat balance equation from the experimental data (EVAPR) and
the simulated value for evaporative heat loss given by the model (EV).
EVAPR rose from O kcal/h at minute O to 108 at minute 120. In the
model EV rose from 21 kcal/h at 0 minute to 80 at minute 120. The

simulated value seems less than the estimated experimental value for EVAPR.
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DISCUSSION

This study used Stolwijk's models (1970, 1974). The new model, although
having the same equations as the old model in most part, differed drastically
from the old model in terms of the input data.

The function of the thermal regulatory mechanism is to balance the
rates of heat production and heat loss at some body temperature that is
near to the optimal temperature for some body functions. This optimal
temperature is referred to as the set-point temperature. Table 13 shows
the set-point temperatures for all the twenty-five body compartments.

Table 14 gives the initial input temperatures. The values of rectal,
heéd skin, trunk skin, arm skin, and leg skin temperatures given in
Table 14 represent experimental measurements taken on the subject. The
remaini;g temperatures were derived using the values given by Stolwijk (38).

The experimental results indicate that personal cooling with dry ice
can appreciably lower the thermal load on a person exposed to a heat stress
environment. Comparing the experimental results for the nude man with those
for the dry ice vest case we see that in the latter case:

(1) Trunk skin temperature is lower (Figs. 6,13,14)

(2) Index of cardiac output HR*SBP is lower (Figs. 9,17) thereby indicating
reduced cardiac output.

(3) EVAPR is smaller (Figs. 10,18). Thus there is redﬁced evaporative
cooling due to the dry ice vest,

The simulation results indicate the same trend in respect of trunk
skin temperature, cardiac output (C0), and evaporative sweat loss (EV).

Thus two things are apparent:
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TABLE 13

TSET{N),SET POINT TEMPERATURE FOR RECEPTORS IN Ny DEG C

sk o o e ol o o oo o e ok ook o sk e o o s ol ok o ok ok ol e ok R Rtk ok ok ok o ok ook ok ok ok

OLD MODEL

CORE MUSCLE FAT SKIN
HEAD 37.000 36.400 36.100 35.900
TRUNK - 37.100 36.800 35.500 34. 700
ARMS 35.600 35.00C 34.500, 34.300
HANDS 35.500 35.400 35,350 35.300
LEGS 36.400 35,800 35.000 34.700
FEET 35.500 35. 300 35.400 35,300

CENTRAL BLOOD 36.9%4

NEW MODEL

CORE MUSCLE FAT SKIN
HEAD 36.960 35.070 34.810 34,580
TRUNK 36. 890 36.280 34.530 33.620
ARMS 35.530 34.120 33,590 33.250
HANDS 35.410 35.380 35.300 35.220
LEGS 35.810 35.300 35,310 34.100
FEET 35.140 35.030 35.110 35.040

CENTRAL BLOOD 36.71

e e e e o o o oo ok o ol ot o e ok e e Ko o e et e sk ok oo ok e ok ok ek o o ok kKR kol ok
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TABLE i4

INITIAL INPUT TEMPERATURES, DEG C

i e ok 3 e e 3 ok e e o o ool e e e e ok e o o ade oo o o o o ek o oo ek ool o e el ok Rk ok kol R Rk kR ok

OLD MODEL

CORE MUSCLE FAT SKIN
HEAD 364550 35.130 34.280 33.720
TRUNK : 36.610 36.050 33.390 31.740
ARMS 35.100 33.500 31.960 31.330
HANDS 344960 33.850 33.300 32.370
LEGS 35.950 34.440 32.590 31.950
FEET 34,950 32.330 34,030 32.490

CENTRAL BLOOD 36.46

NEW MODEL

CORE MUSCLE - FATY SKIN
HEAD 36.550 35.130 34.280 33.720
TRUNK 36,610 36.050 33.390 31.740
ARMS 35.100 33.500 31.960 31.330
HANDS ' 34,960 33.850 33.300 32.370
LEGS 35.950 344440 32.590 31.950
FEET 34.950 32.330 34.030 32.4%0

CENTRAL BLOOD 36.46

st s o e o o o 2 o o e i ok ook o o e ko ot ke ok ko ook ko ke ook ok sl ook ok ko ok ek e Rl e ek R R ROk
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(1) Dry ice cooling provides a useful microclimate for reducing thermal
load on a person exposed to a heat stress environment.
(2) The new model simulates the experimental results very well.

It should be possible to use the model to predict the length of time
the human body can survive under a specific hostile environment. Mean body
temperature, TB, is more important in any evaluation of thermal stress on
the body than the surface skin temperature, TS. One formula estimates the

mean body temperature as:

TB = 0.79 TR + .21 T8
where TR is the rectal temperature. From Figures AIand 11 it is quite
clear that the simulated trunk core temperature gives a close fit to the
experimental rectal temperature. Even though the simulated skin temper-
atures are somewhat different than their experimental counterparts, the
simulated mean body temperature should be quite close to the experimental
mean body temperature because of the better prediction for the rectal

temperature TR.



i

SUMMARY AND CONCLUSIONS

The model output 1s quite sensitive to changes in the values of the
combined environmental heat transfer coefficients. H(2), the combined
environmental heat transfer coefficient for the trunk segment, was esti-
mated to be 1;1 kcal.h_l.ocﬂl. This in reality, may not be true. An
extensive study of this important variable should, therefore, be included
jn future studies. In conclusion, it must be mentioned ‘that the new
Stolwijk model simulates the human thermal regulatory system very well
as compared to the old model. The model should also help in designing
suitable experiments for challenging expressed cqncepts of human thermo-
regulation because modeling and experimentation are part of a cycle in
which g;perimental data form the basis of a conceptual proposal which in

turn is challenged by suitably designed experiments. The useful l1life of

a detailed quantitative model is mo longer than one of these cycles.
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APPENDIX

The appendix gives a complete listing of the FORTRAN program

for implementing the revised human thermoregulatory model with

kY

dry ice cooling.
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MAIN

DIMENSION C{25)+T(25),F(25]),HF{25},TC{24),TD(24).QB(24),Q(24),
lEB(Z#l.E(24);BFB(24).BF(241.BCIZ#),HCIél,SIbl-HR(&!ngél'Pllolq
2EMAX(6) ,TSET(25) ;ERROR(25),RATE(25},C0LD(25) ,WARM{25), SKINRL &),
FSKINS(6) s SKINVI6) s SKINC(6) yWORKM({6) 4 CHILMIG) o TI(25)4PSKINIG),
4SWPCP(6),TAIRLIS),PAIR(SG)

REAL LTIME,ITIME

READ CONSTANTS FOR CONTROLLED SYSTEM

100 FORMAT(14F5.2)

200 FORMATILI2)

959 FORMAT{ LHO 3 19X s *CORE® 49Xy "MUSCLEY , 9X, "FAT? 49X, * SKIN*/5X,"HEAD tahl
15X¢F9.3) /5K, " TRUNK* y4(5X,F9431/5X, *ARMS ¥ 34(5X9FFe3) /75Xy "HANDS® 5 4(
25X:F9.31/5Xs 'LEGS " ,4(5XF9.3)/5X,'FEET ' 4 4(5X4FF.3))

960 FURHAT(IHO,qu,'CORE',QX,'WUSCLE',QX,‘FAT',QX,‘SKIN'I5X,'HEAD 'eal
15X sF9.3)/5Xy " TRUNK" 44 (5X4F9.3)/5X+ " ARMS ' 4 {5XsF943)/5X, "HANDS " 4 &4(
25X F9.3)1/5X,"LEGS "44(5XyF9.3)/5X,'FEET ' 4{5X4F9.3)/5X,'"CENTRAL B
3L0CD*,F6.2)

961 FORMAT(1HO,15X,'HEAD® 45X, * TRUNK v ,3X,YARMS® 45Xy "HANDS? 34X,y *LEGS'y 6
IXy YFEET 'y 2Xs "UNITS ')

962 FORMAT(1HO,4Xs*PSKIN 'o6(1X,FBa3)y* MM HG )

963 FORMAT(1HO.4X, "EMAX .60 1X,F8.3)," KCAL/HR ')

964 FORMAT(LHO ,4X,*SWPCP 'y611X,FB.3))

965 FORMAT{1HO4X,y *HI{I) * 6{1XyFBa3)y? KCAL/HR/DEG C *}

966 FORMAT{LHO,4X,*S{I) 601X FBat)y? SQo M )

967 FORMAT(LHO 44X, *HR(T} 1,6(1XsFB.3),y* KCAL/SQs M/HR/DEG C *)

968 FORMAT{1HO4Xs"HC(I) ', 6[1XsFB.3),' KCAL/SQe M/HR/DEG C ')

970 FORMAT(1HO,4X, *SKINRLI) ', 6{1X,FB8.3))

971 FORMAT(LHO 44X *SKINS(I)'46(1X+FBa31))

972 FORMAT(1HO,4X, *SKINV(I}*46(1X,F8.3))

973 FORMAT{LHO y4X,*SKINCII)",6{1X,FB8.3)}

974 FORMAT({1HO ¢4X, "WORKM(I)*,6(1XsFB8.30)

975 FORMAT{1HO,4Xy *CHILM{I)*36(1X,FB8.3))

976 FORMATU(LHO 44X *TAIR(I) *46(1X,F8.2)y"* DEG C ")

101 CONTINUE :

READ(5,100}{C{I},1=1,25)

READ(5,100){QB(I)sI=1,24)

READ(5,100) (EB(I),1=1,24)

READ{5,100){BFB(1)41=1,24)

READ(5,100)(TC(1},1=1,24)

READ(5,100)(S(I}),I=146)

READ(5,100) (HR(I},1=1,6)

READ{S5, 1001 (HC (1} ,1=1+6)

READ(5,1001(P{1},I=1,10)

READ CONSTANTS FOR THE CONTRCLLER

READ{5,100)(TSET(I),1=1,25)

READ{5,100)}(RATE(1),1=1,25)
READIS.IOO}CSH,SSH,PSH.CDIL,SDIL'PDIL,CCDN.SCON,PCDN,CCHIL,SCHIL;
XPCHIL

READ(5,100) (SKINRIL)4I=1+6)

READ(S5, 100} {SKINS{TI),I=1,46)

READ{5,100) (SKINVII),I=1,6)

READ(S5,100}{SKINC(I),I=1,6)

READ(5,100) {WORKM{1),1=1,6)

READ{5,100) (CHILM{ L), I=146)

READ INITIAL CONDITIONS

READ(5,100){T(L},I=1,25)

WRITE(6,49111)

911 FORMAT{1HO,4X,'CONSYANT DATA gtk A dok Aok ok ok ook ok ok o Rk R ook )

WRITE(6,980)



980

981

982

983

984

985

986

890

102

103

894

B96

104

105

106

898

MAIN

FORMAT{1HO,4X, 'C{1), KCAL/DEG C *)
WRITE(6,960)(C(1)s1I=1,25)
WRITE(6,981)

FORMAT(LHO 44X, 'QB(I), KCAL/HR *)
WRITE(64959)(QB([)sI=1,24)
WRITE(6,4982)

FORMAT(1HO y4X,'EB{T), KCAL/HR *)

WRITE(6,959)(EBLI),I=1,24)
WRITE(64983)

FORMATIL1HO 4X+*BFB(1}, LITRES/HR ')
HWRITE(6,959)(BFB{I)sI=1424)
WRITE(6,+984%)

FORMAT(1HO4X,*TC(I}, KCAL/HR/DEG C *)
WRITE{(6,959M{TC(I),1=1,24)
WRITE(6+985)

FORMAT{ LHO ,4X,"TSETI(I), DEG C ')
WRITE(6 4,960} {TSET(I1),1=1,425)
WRITE(6,986)
FORMAT( 1HO . 4Xy "RATE(T} ")
WRITE(6,960(RATE(TI),1I=1,425)
WRITE(6,4961)
WRITE(6,+966)(S5(1),1=14+6)
WRITE(6:96T) (HRIT) ;1=146)
WRITE(6,968)1{HC(I),1=1,6)
WRITE(64,970)(SKINR(I)s1=14+6)
HRITE(6,971)(SKINS{[}vI=116l
WRITE(G6s9T2ISKINVII),1=146)
WRITE(64973){SKINC(I)T1=1+6)
HRITE(&!Q?#'(NDRKM(II'I=1.6}
WRITE(6497S){CHILM{T)41=146])
WRITE(6,890)

FORMAT(1HO, 4X, "INITIAL INPUT TEMPERATURES, DEG C')
WRITE(6,960)(T(I),1=1,25)
TIME=0.
ITIME=0.
DO 102 N=1,25
FIN)=0
CONTINUE ;
READ EXPERIMENTAL CONDITIONS
CONT INUE

READ(5,100)(TAIR{I),1I=1,46)
WRITE(6,9T6)(TAIR(I),1=1,+6)

READ(5, 1001}V

WRITE(6,4894 1V

FORMAT{1HO 44X, AIR VELOCITY=",FBs2," M/SECT)
READ(5,100)RH

WRITE(6,896)RH

FORMATL1HO ,4X ,"RELATIVE HUMIDITY="',F8.2)
READ(5,100 }WORK

IF {WORK-86.5)104,104,105

WORK=0.

GO TOQ 106

WORK={WORK—=86.5)*0.78

CONT INUE

READ{ 5,200} INT

WRITE(6,898)INT

FORMAT{ 1HO y4X o *OUTPUT INTERVAL=",12,° MINUTES ')
WRITE(6,893)

78



893

202
301

303

304
302

305

1500
1501

1502
1503

1504
1505

1506
1507

400

MAIN 79

FORMATI{ 1HG . &X 4 tTIME=0.0 o s e 2 e 3 s ol oo e ok oot e e oo e e e e kol e sk ok ek ek Rk 1 )
DO 202 J=1.86
HUJ)=(HR(JI #3 . 16FHC LI =VX*0,5)%S(J)
I=TAIR(J}ZS .
PAIR(J)=RHEE{PLI)+(PLI+1)-P{T))IX(TAIR(J)I-5%])/5.)
CONTINUE
- ESTABLISH THERMORECEPTOR OUTPUT
CONTINUE
DO 302 N=1,25
WARM{N)=0.
COLD{N)=0.
ERROR{N)=T{NI—TSETI{N)I+RATEIN}*F(N) -
IF(ERRORE% ) 31303,302,304
COLD(N)=-ERROR {N}
GO 1O 302
WARM(N)=ERRORIN)}
CONTINUE
INTEGRATE PERIPHERAL AFFERENTS
HWARMS=0.0
COLDS=0.0
DO 305 I=1l.%
K=4%[
WARMS =W ARMS+WARM(K ) *SKINR(I)
COLDS=COLBS+COLDIK)*SKINRLT)
CONTINUE
. DETERMINE EFFERENT OUTFLOW
SHEAT=CSH*ERRDR(1’+SSH*(HARMS'COLDS}+PSN*ERRORlll*{HARMS-CULDS]
DILAT=CDIL*ERRGR(1)+SDIL*(HARMS-CULQS)+PD[L*HARH{1l*HARMS
STRIC=*CC$N*ERRUR(1}-SCUN*‘HARHS—CULDS’+?CDN*CULD(1)*CULDS
CH]LL=(CCH§L*ERRGR(1)*SCHIL*(HARHS*COLDS})*PCHIL*(HARHS'COLDSI
IF{SWEAT?¥1500, 150041501
SWEAT=0.0 '
CONTINUE
IF{DILAT21502,1502,1503
DILAT=0.0
CONTINUE
IF(STRICI1504,1504,1505
STRIC=0.0
CONTINUE
IF(CHILLE1506,1506,1507
CHILL=0,@
CONTINUE
ASSIGN EFFECTOR OUTPUT
CONTINUE
DO 401 I=1:56
SWPCP (I ) =SKINSTI)*SWEAT
N=4*[-3
BF{N)=BFBIN}
QIN}=QB (N}
E{N)=EB[N}
Q(N*13=Q3{N*1]+HDRKM([l*HORKfCHILM{I)*CHILL
E{N+1)=0
BFE{N+L)=8FRIN+1)+Q(N+1)-QB(N+1)
QIN+2) =GB I N+2)
E(N+2)=0
BFIN+2)=BFBI(N+2])
Q{N+3) =08 h+3)
E(N+3’=EE£N*3}+SKINS![l*SHEAT*E.**‘(T(N+3’—TSET(N+3)114-]



MAIN

BFEIN#3)={(BFB{N#3)+SKINV{I)}*DILAT)/{ L. +SKINCIT}*STRIC}
K=T{(N+3}/5.
PSKINII)=P{K)+{P(K+1)-PIK))={T{N+3})-5*K) /5.
EMAX{I)=({PSKIN(I)-PAIR(I))*2.14%(H(T)}-HR(1}*5(1})
IF{EMAX{TI)-E(N#31)402+403,403
402 E(N+3)=EMAX(I)
403 CONTINUE
401 CONTINUE
CALCULATE HEAT FLOWS
DO 500 K=1,+24
BCI(K)=BF{K)*(T(K)-T{251})
TOKI=TCIKIX{T(K)-T(K+1))
500 CONTINUE
00 501 I=1,+6
K=4%]-3
HF (K) =Q{K)-E{K)-BC (K}-TD{K)
HF[K+1)=0({K+1)-BC{K+1)+TD{K}=TD{K+1)
HE(K+#2)=Q(K+2)-BC(K+2)+TD{K+1)-TD(K+2)
HF{K+3)= Q{K+3]-BCIK+3!*E!K+3!+TD(K+2)—HlIi*(T(K+3! TAIR(!II
501 CONTINUE
HF{8)=HF{8) ={0.517*137.%.75)
HF(25)1=0.0
DO 502 K=1,24
HF{25)=HF (25)+BC(K}
502 CONTINUE
HF {25)=HF{ 25)—0.08*HORK
DETERMINE OPTIMUM INTEGRATION STEP
DT=0.0166566667
DO 600 K=1,25
F{K)=HF (K} /C(K}
U=ABS{F(K)}
IF(U*DT-0.1160G,600,601
601 DT=0.1/U
600 CONTINUE
CALCULATE NEW TEMPERATURES
DO 700 K=1,25
TIK) =T{K)+F{K)*DT
700 CONTINUE
TIME=TIME+DT
LTIME=60.%TIME
IF(LTIME-INT~ITIME)301,701,701
701 CONTINUE
WRITE(6,910)SWEAT
910 FORMAT(LHO,// /777777 SWEAT= ',F9.3)
WRITE(6,961}
WRITE(6,962)}{PSKIN(I),I=1,46)
WRITELS 4963 EMAXIT},1=1,6)
WRITE(6,964) {SWPCP(1),1=146)
WRITE(6,965)1{H(I},1=1,6)
WRITE(6,931)
931 FORMAT(1HO,4X, 'TEMPERATURES, DEG C')
WRITE{(64960)(T(K),K=1,25)
WRITE(6,900)
900 FORMAT{1HO,4X, "METABOLIC HEAT PRODUCTION, KCAL/HR )
WRITE(6,9591{Q{N),N=1,24]
WRITE(6,901}
901 FORMAT(1HOs4X, *8LO0OD FLOWS,LITRES/HR?')
WRITE(64959V (BFLTI),1=1,24)
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WRITE(6,906)

FORMAT{ 1HO %X, "EVAPORATIVE HEAT LOSS, KCAL/HR ')
WRITE(H,959 M EIN) {N=1,24)

WRITE(6,902)

FORMAT{1HO %Xy YBC, KCAL /HR')

WRITE(6,959)({BCIK) K=1,24%)

WRITE(6,903)

FORMAT{1HO %X, *TD, KCAL/HR ')

WRITE(6+9533{ TDIK),K=1,24)

WRITEL6,904%]) '
FORMAT(1HO %Xy THEAT FLOUWS, KCAL/HR *)

WRITE(649603 {HFIK)K=1,425)

WRITE(6,905)

FORMAT { LHO %X s TRATE OF CHANGE OF TEMPERATURE, DEG C/HR'}

WRITE(6,960) (F{K),K=1,25)

WRITE(6,3401LTIME

FORMAT(1HO y4XTLTIME=" ,FB.3," MINUTES?')
PREPARE FQOR OUTPUT

C0=0.

HP=0.

EV=0.

75=0.

T8=0.

HFLOW=0,

SBF=0.

DO 800 N=1,24

CO=CO+BF{N}/560.

HP=HP+Q (N}

EV=EV+E(N)

CONTINUE

EV=EV+0.08*4ORK

WRITE(6,950)C0

FDRHAT{KHG'#X,'CO='1F9.3,'LITRES/MINUTE')

WRITE(64S510HP

FDRMAT(].HO '{fx v tHp =" L] F9.3)

WRITE(6,952)EV

FORMAT( 1HO s Xy YEV=1,F9.3)

DO 802 I=1,6

SBF=SBF+BF{4*11/60.

TS=TS+T{4*131*xC{4*1)/3.90

CONTINUE

WRITE(6:9531TS

FORMAT [1HO +4X,'TS=",F9.3, 'DEG c*)

WRITE(6,907])SBF .

FORMAT{ 1HD 4 4X, *SKIN BLOOD FLOWS = ', F9.3," LITRES/MT ')

ITIME=ITIME+INT

WRITE{6,94 13T TIME

FORMAT(1HO 44Xy *ITIME=",F8.0," MINUTES*}

00 801 N=1,25

TB=TB+TI{N}*C{(N)/68.79

HFLOW=HFLOW#HF {N)

CONT I NUE

WRITE(6,954)78

FORMAT (1HO 44X, *TB=",F9.3," DEG ce)

IF(ITIME-120) 301,803,803

CONTINUE

stoe

END
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ABSTRACT

Dry ice cooling can provide a useful micro-climate for the purpose
of personal cooling. Before its use in practical situations, it is
‘desirable to evaluate experimental data. An analytic model based upon
Stolwijk's models (1970 and 1974) was developed to si;ulate the process
of thermoregulatory cooling of the human body when provided with an
external cooling device {a dry ice vest). The model simulated the
response of the human thermal regulatory system exposed to a heat stress
environment {43.3 C and RH of 50%) for two types of situations:

(1) nude man {2) man wearing a dry ice vest.

We compared the simulated response (given by the model) vs the
data gaihered by Konz et al in 1972. This comparison was made for rectal,
head skin, tromk skin, arm skin, and leg skin temperature, cardiac
output, and evaporative sweat loss. The new Stolwijk model gave con-
sistently better results in all the above comparisons than the old model
although in the case of the nude man, both models gave a fairly close
fit to the experimental rectal temperature. For the new model, gimulated
head skin temperature at 120 min. was more than experimental.by 0.5 C,
trunk skin was less by 0.5 C, arm skin was less by 0.8 C, and leg skin
was less by 1.0 C. For cardiac output, simulated was lower than experi-
mental by 15Z. For evapo?ation simulated was higher by 4 kcal/h.

For the case of the man wearing a dry ice vest, only the new model
was employed for simulations. The differences between simulation and
experiment at 120 min. were as follows: rectal temperature -0.2 C,
head skin 4+0.2 C, trunk skin +0.5 C, arm skin -0.8 C, leg skin 0.0C,

cardiac output + 10%, and evaporative sweat loss -Zs'kcal/h.



