g ik GOEY o @

AD.

REPORT NO_T23-87

HUMAN THERMOREGULATORY MODEL
FOR
WHOLE BODY IMMERSION IN WATER
AT 20 AND 28°C

o
o
ol'g U S ARMY RESEARCH INSTITUTE
E OF
é ENVIRONMENTAL MEDICINE
< Natick, Massachusetts
DTIC
JUNE 1987 é;;[;‘: s ffj’

- -

UNITED STATES ARMY
MEDICAL RESEARCH & DEVELOPMENT COMMAND



The findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other authorized

documents.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed.

Do not return to the originator.

A e MESCAZIVE L. AL @e arowwi o




&
2.
A
!

i

| 20. OISTRIBUTION / AVAILABILITY OF ABSTRACY

§ 22a. NAME OF RESPONSIBLE INDIVIDUAL

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE ADn. A £S5 O St
Fi A
REPORT DOCUMENTATION PAGE Ome N oo0e0188
1a. REPORT SECURITY CLASSIFICATION ib. RESTRICTIVE MARKINGS
NCLASSIFIED

2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release; distribution
is unlimited

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(?)

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATICN

U.S. Army Rsch Inst of Env Med (f applicable) U.S. Army Rsch Inst of Env Med
SGRD-UE~MEB

6c. ADDRESS (City, State, and 2IP Code) 7b. ADDRESS (City, State, and ZIP Code)

Kansas St. Kansas St.

Natick, MA 01760-5007 Natick, MA 01760-5007

8a. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATION (if applicable)
Same as 6a.
& ADDRESS (City, State, :nd 2IP Code) 10 SOURCE OF FUNDING NUMBERS
PROGRAM PROJEC TASK WORK UNIT
Notick, MA 01760-5007 ELEMENT NO. | NO. 35E162777 NO. ACCESSION NO.
A878 878/AE 083

T1. TITLE (include Security Classification) 1

(U)Human Thermoregulatory Model for Whole Body Immersion in Water at 20 and ZQ/p

12. PERSONAL AUTHOR(S)

Peter Tikuisis, Richard R. Gonzalez and Kent B. Pandolf

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) [15. PAGE COUNT
Technical Report FROM 10 June 1987 46

16. SUPPLEMENTARY NOTATION
17. COSAT! CODES 18. SUBJECT TERMS (Continue on reverse if necessery and identify by block number)

FIELO GROUP $UB-GROUP thermoregulation; mathematical model; cold-water immersion;
convective heat loss: thermal neutrality
A
19. ABSTRACT (Continue on reverse if necestary and identify by block number) J
\\\ﬁkThe mathematical models of thermoregulation of Stolwijk and Hardy and Montgomery were used

to develop a model suitable for the simulation of human physiological responses to cold-water
immersion. Data were obtazined from experiments where thirteen healthy male volunteers were
totally immersed under resting and nude conditions for 1 h in water temperatures of 20 and
28°C., Mean measured rectsl temperature (Tpg) fell by about 0.9 and 0.5°C in 20 and 28°C
water for all subjects, yet mean measured metabolic rate (M) rose by about 275 and 90 W for
the low body fat group (n=7) and 195 and 45 W for the moderate body fat group (n=6). To
predict the observed T,, and M values, the present mode* a) included thermal inputs for
shivering from the skin independent of their inclusion with the central temperature to
account for the observed initial rapid rise in M, b) determined a thermally neutral body
temperature profile such that the measured and predicted initial values of T,  and M were

dicted initial rate of rectal cooling, and d) calculated the steady-state convective heat -
i i L ) sat srorase ln the skin compartment to circumvent the acute .

matched, c¢) confined the initial shivering to the trunk region to avold an overly large pre- i

21 ABSTRACT SECURITY CLASSIFICATION
DI uncLassIFiEOUNLIMITED [ SAME AS RPT  [T] DTIC USERS UNCLASSIFIED

42b TELEFMONE (Intiude Area Code) | 22c QFFICE SYMBOL

Peter Tikuisis 617/651-4838 SGRD-UE~MEB

DD Form 1473, JUN 86 Previous editions are obiolete. SECURITY_CLASSIFICATION OF THIS ngr 3 7
UNCLASSIFIED




« g Wy e T

19. Abstract (cont'd)

sensitivity to the small gkin~water temperature differencg when using conventional
methods. The last three modifications are unique to thermoregulatory modeling. A
BASIC computer listing of the model and a sample simulation are provided.

R

\




The views, opinions, and/or findings contained in this report are those of the
author(s) and should not be construed as an official Department of the Army

position, policy, or decision, unless so designated by other official

documentation.

. | Accesion For
| s CRASI

OHC  1aB @]
Uagano:eod £3
‘ Ju-bhgat.

CrASARS S Ao
-re —

BY . C st e Se s ca e ctgamnd
(ot
P
Avcadl 10y 2l %es
| N e . ¢ = - - ——
¥ . .
] A\‘ﬁ.‘ RN
Ot

e
PSSR |

LI




AD

Report NoT23 /87

HUMAN THERMOREGULATORY MODEL FOR
WHOLE BODY IMMERSION IN WATER AT 20 AND 280C

by
S Peter Tikuisis®, Richard R. Gonzalez, and Kent B. Pandolf
q
US Army Research Institute of Environmental Medicine
Natick, MA 01760-5007
{

*On MOU Personnel Exchange from Defence and Civil Institute of Environmental Medicine,

Downsview, TUinada MIA 383




TABLE OF CONTENTS

Page
ABSTRACT v
I.  INTRODUCTION !
2.  METHODS 3
Data 3
Model 3
Initial and Set-Point Temperatures 5
Convective Heat Loss 6
Efferent Shivering Command
Counter-Current Heat Exchange ‘ 9
Simulation Procedures ' 9
3. RESULTS 9
4. DISCUSSION i
Efferent Shivering Command It
Set-Point Temperatures 13
Tissue Conductance and Heat Transfer Coefficient 13
Mean Body Temperature 13
Conclus oa 16
TABLES 17
REFERENCES , ' 19
FIGURES 23
APPENDIXES ' 30
Convective Heat Transfer Coetficient 30

Basic Statements lmplementing Thermoregulatocy Model
and a Sample Simulation 3l

ii

R

S T e e




o,

il

ABSTRACT

The mathernatical models of thermoregulation of Stolwijk and Hardy and

Montgomery were used to develop a model suitable for the simulation of human

‘physiological responses to cold-water immersion. Data were obtained from

experiments where thirteen healthy male volunteers were totally immersed
under resting and nude conditions for 1 h in water temperatures of 20 and 23°C.
Mean measured rectal temperature (T;¢) fell by about 0.9 and 0.5°C in 20 and
2380C water for all subjects, yet mmean measured metabolic rate (M) rose by about
275 and 90 W for the low body fat group (n=7) and 195 and 45 W for the moderate
body fat group (n=6). To predict the observed T;e and M values, the present
model a) included thermal inputs for shivering from the skin independent of their
inclusion with the central temperature to account for the observed initial rapid
rise in M, D) determined a thermally neutral body temperature profile such that
the measured and predicted imitial values of Tye and M were matcaed, )
confined the wmutial shivering to the trunk region to avoid an overly large
predicted 1ntial rate of rectal cooling, and d) caiculated the steady-state
convective heat loss by assuming a zero heat storage in the skin compartment to
circumvent the acute sensitivity to the small skin-water temperature .. 'ference
when using conventional methods. The last three modifications are unique to
thermoregulatory modelling. A BASNC computer hsung of the modi: and a

sample simulation are provided.




INTRODUCTION

Nude immersion in water colder than the deep body body temperature
represents an acute exposure to cold since convective heat loss is many times
greater than in air. Temperature gradients become large and physiological
responses are dramatic. These factors contribute to the complexity of
mathematically modelling the human thermoregulatory response. Since the
inception of mathematical models of human thermoregulation (see reviews by
Hardy (15) and Hwang and Konz (18)), data to test these models for cold-water
immersion have been available yet have been only recently applied.
Mathematical models of thermoregulation can be steady-state or dynamic.
Sieady-state models apply where a heat balance exists, and therefore, are
limited to the prediction of physiological responses that do not change with time.
Most studies of cold-water immersion are, however, concerned with the transient
responses upon immersion.  Dynamic models can be applied to predict these
respanses.

Dynamic models of thermoregulation use physical representations of the
human body, principlies of heat conduction, and control theory to simulate
physiological responses to a change in the enviconment. Such models provide a
useful theoretical device to evaluate and interpret experimental data, and
potentially can be apphed to a wide range of subject classifications and
environmental conditions.  The dynanuc models assessed by Hardy in 1972 (£5)
were {ound inadequate for predicting human respoases to cold enviroaments.
Among these was the Stolwyk-Hardy model (29) o iginally developed to predict
the physiological responses of nude sman in an air enviconment. In 1976, Gordon
et al. (13) extended the concepts of Stolwik and Hardy (25) and Wisster (29) to
model the physiological responses (o a transient coid air exposure. Iy 1984,
Wissler (30} evaluated this model's predictive capability for cold-water

wnersion and found it unsuitable. Qther models that Wissler evaluated included
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his own and Stolwijk-Hardy, yet, the agreement between measured and predicted
values of temperature, metabolic rate, and net sensible heat loss was found to be
less than satisfactory. Although a more recent application of the Wissler model
to other cold water immersion studies has provided improved predictions (3 , a
difficulty with this model is its inability to match measured and predicted initial
core temperatures and metabolic rates. Strong and Goldman (28) developed a
linearized model for predicting skin and rectal temperatures specitically for cold
water immersicn. However, their model did not include conductive heat
exchange between tissue and blood which is known to critically affect the heat
storage of the body, nor did they model for a muscle compartment where
shivering activity increases the body's metabolic rate (the model requires the
experimentally determined inetabolic rate as ar: inpui).

An alternative model is a version of the Stolwijk-Hardy model developed by
Montgomery (£1) also for cold water immersion, but not tested by Wissler (30).
In our study using data of resting nude subjects totally irnmersed in cold water,
we found the Montgomery model not wholly satisfactory for predicting transient
changes in rectal temperature and metabolic rate, yet with certain modifications
of the model, good agreement was obtained. These modifications include adding
a shivering component responsive to skin temperature only, matching the
measured and predicted initial core temperatures and metabolic rates, Confining
the imtial shivering to the trunk region, add determining the steady-state
convective heat joss to the water through use of the heat storage eguation.
Various forms of the LHirst madification have appeared elsewhere i other models
whereas the last three modifications are unique to thermaregulatary modelling
and may be generally applicable.

This report describes these modifications and prasents a comparison
between the measured and predicted thermoregulatory responses for whole body
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immersion in cold water. Data from experiments of nude whole body immersion
were used since skin temperatures quickly reach steady-state values and the heat
fosses to the water are limited to convective heat transfer which, as will be
seen, can easily be determined once a steady-state skin temperature is reached.
A B C computer listing of the model and a sample simulation are given in

APPENDIX 3.

METHODS
Data

Data presently used were available from a series of whole body water
immersion studies (5,12). Thirteen healthy inale volunteers were totally
immersed under resting and nude conditions for | h in water temperatures of 20
and 289C. Since a subject's thermal and metabolic response depends largeiy on
his body composition (8,17,19,20,24,28), this study classified the subjects into
two groups, those of low body fat (LBF) and those of moderate body fat (MBF).

Mean (» 5D} anthropometric values of the LBF gioup (n=7) were:
height = 1269 (8.3) cm, weight « 69.0 (7.5} kg, skinfold = .33 (0.75) mm, body
fat 2 9.67 {1.57)%, and surface area = 1.83 (011 m2. Values for the MBE group
(nz6} were: height = 175.7 (8.8) ¢m, weight = 79.2 {131} kg, skinfold = 11.82
(4.26) mm, body fat = 17.62 (6.11)%, and surface area = 1.9% (0.17) md,

The model used in the present study s based largely on the Monigomery
version (21) of the Stojwijk-Hardy model (23, The human body 15 treated as a
passive heat transfev system and 15> divided into wix dstinct segments, the head
modelled as a sphere and the trunk, arms, hanets, legs, and feet modelled as
cylinders. The model 1s shown schematically in Fig. 1. Heat flows radially in the
model segments and heat transfer detween segments 1s through conduction via

5
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the central blood. Each segment is composed of four concentric annular
compartments, the core, muscle, fat, and skin, as proposed by Stolwijk and Hardy
(25). In addition, the central blood is 3 single compartinent located within the
trunk segment. The Montgomery version of expanding the number of core am’
muscle compartinents by four each is not used. Instcad, the relative weight
distribution, thermal-capacitance values, basal metabolic rates, and basal blood-
flow rates of all compartinents proposed by Montgomery are used. The reader is
referred to Ref. 21 for these values.

The thermoregulatory controlling system intcgrates the thermorecepte:
output signals of certain compartinents and determines the response th. ~igh
efferent commands. For example, cold signals may induce shivering. The
therinoreceptor output signal of each compartment is determined by tne
difference between the compartinent's current temperature and its set-point.
value. Set-point values are established before linmersion and remain constant
throughout the itnmersion. The efferent commands involve sweating, vasomotor
response, and shivering. Unless otherwise indicated, the thermareceptor and
efferent output simulations follow the method of Montgomery (21).

Thermal conductances between compartinents were determined according
to the method outlined by Stolwijk and Hardy (23, Thermal resistances for
spherical and eylindrical geormetries were abtaned from Seking and Emery (3L
Thermal conductivity values for the core and muscle compartments were taken
from Stolwifk (26), and those for the fat and skin compar tments wers taken from
Sekins and Emesy (23).

Since the subjects were totally immersed in water, both radative and
evapaorative heat transfer from the body were coasidered negligible.  Tetal
respitatory heat loss was detenituned by the combined raspired evaporitive and
respited convective hwat laswes of the trunk coee (11} and by the basal
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respiratory heat loss of head core (26). The subjects breathed through a snorkel
and therefore the respiratory heat loss was determined by assuming that the air
breathed was fully saturated and at a temperature equal to the water
temperature.

Initial and Set-Point Temperatures

Initial conditions assume thermal neutrality. By simulating an exposure to
an arbitrary environment in the zone of thermal neutrality, the original Stolwijk-
Hardy model will generate steady-state temperatures for all compartments
including the central blood (26,27). The resultant initial tempecatures are thus
assigned as the set-point temperatures for thermoregulation. One drawback with
this method is that the model's terperature profile, which is based on
“standard" man, does not necessarily match the subject's profile in his pre-
immersion state, and therefore, thermoregulation may be arbitrarily imposed.
Furtherimore, initial offsets between measured and predicted core temperatures
may affect the level of agreement during the subsequent immersion phase.

Ideally, the initial temperature profile of the model should match the
subject's. At present, it is not possible to measure the subject's temperature
profile, so certain assumptions must be made. First, in accordance with Stolwijk
(26), it was assumed that the subject was thermally neutral in his pre-imimersion
state (this is reasonable considering that the subjects in our study were resting in
an air environment within the zone of thermal neutrality before inunersion).
Second, it was assumed that the subject’s measured pre-immersion metabolic
rate represented his basal value (BMR) and- that the model's trunk core
remperature represented his rectal temperature {Tpe).

A thermal neutral temperature profile can thus be determined for any
subject by setting the heat storage of each model compartment equal to zero and
solving the resulting linear equations using inatrix methods. By specifying values

p)
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of the trunk core (rectal) and central blovd temperatures, an iterative solution is
sought such that the heat storage of the central blood is also zero. The
temperature distribution obtained for "standard" man by this procedure agrees
exactly to that obtained using the convention procedure, but for conditions other
than "standard", this procedure has the advantage of matching model and subject
values of Tre and BMR. The predicted neutral temperature profile obtained
using this procedure for the MBF group is shown in Fig. 2.

Convective Heat Loss

A major theoretical obstacle for any thermoregulatory model is the
determination of convective heat loss, especially in water immersion where heat
transfer is many times greater than in air (4,24). Heat transfer is sensitive to
the skin-water temperature difference, especially as the skin temperature (Tgy)
nears the temperature of the water. Because of this sensitivity, small changes in
T can cause large changes in the predicted convective heat transfer (C), as
demonstrated in the DISCUSSION. These large changes in C critically affect the
heat st.- sge of the skin compartment (Sg), and consequently the heat loss of the
sody. This problem 15 exacerbated by the assumptions of body shape and water
moticn that deterimine the heat transfer coefficient (sce APPENDIX A).

It has been shown experimentally that the mean weighted skin temperature
(Tge) of nude subjects falls exponentially during iimmersion in cold water (28),
and that the asymptotic limit is a temperature slightly higher than the water
temperature, although the skin-water temperature difference increases with
fowered water temperature (20,22,23). These experimeﬁtal observations can be
coupled with the theoretical determination of the convective heat transfer
coefficient to arrive at a model prediction of convective heat loss that avoids

the uncertainties discussed above.




First, the rate of change of skin temperature (Ty) must equal Sgi/Cek
where Cgy| is the heat capacity of the skin. Second, :“sk should be proportional to

the difference between the skin compartment's steady-state temperature (Tskss)
and its current temperature to approximate the exponential fall in Tgg and to
allow Ty, to approach TSkss asymptotically. Through numerical integration, the
incremental change in Tg can thus be approximated by:

ATgy = (Tskss - Tk) UL - exp (-Sgi¢* At/Cgi (TSkss - Tsko))J, (1)
where Tsko is the skin temperature before the incremental change and At is the
time increment chosen sufficiently small so that the above constraints are
satisfied.

In the present study, TSkss was assigned the experimentally measured
value, yet an arbitrary value close to the temperature of the water could have
been assigned without incurring a large error in deterinining the convective heat
loss (see DISCUSSION). The heat storage of the skin was determined through a
thermal balance of the skin comnpartiment:

Ssk = Mgk - € - Kgkol * Kesko (2)
where Mg Is the inetabolic rate of the skin, Kgkp| is the conductive heat
transfer rate from the skin to the blood, and K¢y, is the conductive heat transfer
rate from the {at to the skin. The convective heat transfer was determined
through fluid dynanic considerations (see Eq. 6 and APPENDIX A). This
calculation was carried out by asstining & water velocity of 0.005 m/s which
represents the motion produced in "still" water by respiration and inild shivering
(32). Although shivering intensity can be expected 1o mcrease with increased
inmersion time, a steady-state skin temperature was attained well before the
water motion was seriously underestimated.

Once the skin temperature was close to its aessigned steady-state value
{assumed by the model when the difference between Tok and Tskyg V98 less than

7
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0,00.9C), no further change in skin temperature occurred. The convective heat
transfer from skin to water was then determined assuming zero heat storage of

the skin compartment (i.e. setting Sg = 0 in Eq. 2).

Efferent Shivering Command

Central to any thermoregulatory model for cold exposure is the efferent
command for shivering. Montgomery (21) specified the shivering command as a
product of a control coefficient, a central (head core) thermoreceptor output
signal and the appropriate skin (peripheral) thermoreceptor output signal. As
will be seen, such an expression is incapable of predicting the initial rapid rise in
metabolic rate that has been repeatedly observed for cold-water immersion
(1,10,16). There is sufficient evidence to support the view that to some extent,
shivering is independently controlled by skin thermoreceptors (1,3,6,8,14,28). In
fact, the original Stolwijk-Hardy model allowed for this. Since the initial rapid
incre..e in metabolic rate correlates well with the observed initial rapid
decrease in skin :emperature, the controller equation for shivering in the present
mwdel included a shiver:ng component i¢sponsive to skin temperature only.

An increase in the metabolic rate due to shivering entails a corresponding
increase in muscular bl.od ilow which can indirectly affect the core
temperature. If the arin ard leg muscle temperatures are lower than that of the
central blood as indicated in Fig 2, then any sudden increase in blood flow to
these muscles will lower the central blsod temperature. Given that the observed
metabolic rate initially rises rapialy, a model prediction of a cor-esponding
increased biood flow to the li:nb muscles would indirectly cause an initial fall in
trunk core temperature (through conductive heat exchange with the <entral
blood) much more rapidly than observed. To avoid this, the present model
confined initial shivering to the trunk (since its temperature was close to that of
the central blood) and delayed the onset of shivering of the limb inuscles

exponentially.




Counter-Current Heat Exchange

To conserve body heat, counter-current heat exchange of the limbs (i.e.
arms, hands, legs, and feet) may occur. A simple yet effective means of
modelling this is to assume an effective temperature of the blood in the limb
which is used to determine the conductive heat exchange in that compartment
temperature (in which case the counter-current heat exchange is 100%
effective). The expression used to determine this value is

TBL() = T() + (Tp - T() Jrexp (-A*COLDS) (3
where TBLI{i) is the effective blood temnperature in the ith compartment, T(i) is
the compartment temperature, Ty is the central blood temperature, X is a
proportional control coefficient, and COLDS is the weighted skin thermoreceptor
output signal. The dependence on COLDS allows for an increase in the counter-
current heat exchange with increasing severity of exposure.

Simulation Procedure

The anthropometric characteristics of the model subject assumed the
average values for the group it was simulating. The neutral (and set-point)
temperature profile was determined separately for each body fat group and
exposure based on the group's mean ineasured pre-immersion Tpe and M. Values
of air temperature (T4, _neytral) and central blood temperature determined for a
condition of thermal neutrality are histed in Tablq 1. During the tmnersion, the
compartinents' heat storage were detecrnined  using the  finite  difference
procedure outlined by Stolwijk (26).  The incremental change wm tempecature of

any compartinent could not exceed 0.10C.

RESULTS
Figures 3 to 6 illustrate the measured (+3E) and predicted values of the
rectal (modelled as the trunk core) temperature and metabolic rate. To obtain

9
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these predicted values, the following controller expression for shivering was

used:

CHILL = Ap*(5*COLD(D-COLDS + 65(COLDS/PBF)!*) )
where CHILL is the metabolic response (W) to the cold stress, Ap is the subject's
surface area (m2), COLD(1) is the head core thermoreceptor output (equal to the
difference between the current temperature of the head core and its set-point
value only when the head core temperature is less than its set-point value,
otherwise the output value is zcro), and PBF is the subject's percent body fat.
For the MBF group immersed in 280C water, a value of 2 instead of 5 was used
for the proportional control cocfficient of the first term. In all cases, the value
of XA was zero indicating that it was not necessary to use the counter-current
heat exchange mechanism, aithougn it remains in the model as an option. In the
Montgomery model (21), only the first term of Eq. 4 is present, and the product
of Ap times the control coefficient was assigned a value of 24.4 W (21 kcal/n).

To avoud the excessive nitial decrease in trunk core temperature discussed
carlier, initial shivering was confined to the trunk and a portion of this shivering
was shifted to the arm and leg imuscles exponentially according to:

CHILM (trunk) - 0.8 « 0.12 exp (-0.9t/PBF)

CHILM (arm) - 0.05 (1-exp (-0.5-t/PBF)) (5)

CHILM (leg) = 0.07 (1-exp (-0.5:t/PBF)),
where CHILM is the weighing {actor of the corresponding muscle's contribution
to the overall shivering, t 1s the clapsed time (mun) since immersion, and the
control coetficients 9.85, 0.0 and 0.07 were taken from Stolwijk and Hardy (27).
Note that as t increases, the CHILM factors revert to the values given by
Stolwik and Hardy (27) which were also used by Montgomery (21).  The
attenuation by the group's PBF of both the shuvering command n Eq. & and the
exponent n Eq. 9 was a necessary nodelling construct to obtamn the results

0
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shown in Figs 3 to 6. Also shown in thes= figures are the predicted values using
the present model but without the independent shivering command from the skin
and without the delayed onset of shivering of the limb muscles.

The predicted temperature protile for the MBF group after 1 h of
immersion in 200C water is illustrated in Fig. 2. Every compartment except the
trunk muscle shows a decrease in tempevature; the increase in temperature in
the trunk muscle is slight, from 37.10 to 37.339C. Decreases in temperature in
the other compartments range from small changes in the core and muscle of
active compartiments to large changes in the inactive compartments and the fat
and skin compartments of all segments. Figure 2 is representative of the model
prediction (in a qualitative sense) of the LBF group and for immersion in 28°C
water of both groups.

Figure 7 shows the mode! prediction of mean body ternperature ('}b), trunk
core temperature, mean skin temperature, metabolic rate, and convective heat
loss for the MBF group immersed in 200C water. The mean body teinperature
was determined by weighting cach compartment's teimperature according to its
heat capacity (26). The wean skin temperatuce (Tgy) was similarily determined
from all skin compartments. The overall convective heat loss was determined by

summing the convective heat loss of vach segment.

DICUSSION

Efferent Shivering Command

To obtain agreement with the measured metabolic and thermal response to
cold-water iminersion, an  eifferent shawvering command based, in  paet,
independently on the skin temperature, and a delayed onset of Limb shivering was
vequired. The possibility of an wdependent skin temperature etfect on shivering
was not excluded in the Mtolwik-Hardy and Montgomery models (although it was
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not used by Montgomery (21)), and as pointed out by Cabanac (6), the debate over
additive versus multiplicative combinations of thermoreceptor output signals has
not been rescived. In the present inodel, the shivering command from the skin
appears to be dependent on the skin thermoreceptor output signal raised to the
power 1.5. Furthermore, this signal is attenuated by the subject's percent body
fat, also raised to the same power. Differences in the shivering response to the
same core and skin temperatures between low and moderate body fat groups has
been previously reported for the data used in this study (28).

The independent efferent commmand from the skin was necessary to predict
the observed initial rapid rise in metabolic rate. This is demonstrated by the

dashed lines in Figs. 3 through 6 where only the first term of Eq. 4 was used and

its coefficient was adjusted to correspend to the value used by Montgomery (21).
One reason that the rapid initial rise in metabolic rate cannot be predicted with
the shivering command based on the product CCLIL) « COLDS (see Eq. 4) alone
is that the head core temperature is very slow to change initially (i,3), and
therefore, despite the rapid imtial change in skin temperature, the product of
cold signals from the head core and skin has a depressed value in the initial stage
of immersion. In fact, the central temperature miay uuitially increase {(10) in
which case the product has a zero value.

An alternative shwvening command could have been based on the time
derivative of the skin temperature (30). Such a command would produce a
transient increase in shivering intensity. Considering the.rapidky falling Ty upon
iminersion, this transient would decay well before any appreciable decrease in
Tre- Instead, our data indicated that witial values of M peaked between 6 and 13
minutes after immersion, much loager than the few minutes 1t took for a steady-
state skin temperature to be reached. Because of the high variability an
individual responses, no attempts were made to model this behavior.

12
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T . delayed onset of limb shivering was necessary to avoid a model
prediction of a large initial decrease in trunk core temperature. Such a decrease
would stem from increased blood flow from the cooler muscles of the arms and
legs thereby lowering the central blood temperature which in turn would lower
the trunk core temperature (27). The exponential factor governing the delayed
onset (see Eq. 5) suggests that limb shivering of the LBF group began sooner
than that of the MBF group. At present, direct experimental evidence to test
this dependence con body fat is lacking.

Set-Point Temperatures

The thermal neutral temperature profile and hence the set-point values for
therimoregulation were determined according to the pre-immersion data of the
subjects and not on the expected values for the standard man as used in the
Stolwijk-Hardy model (26,27). Th~ possibility of adjustable set-point
temperatures, which our method inherently assumes, has been reported
previously (14). The advantage that the present method provides over the
Stolwijk method is to assure that the model subject 1s thermally neutral at the
outset of an exposure and that the measured and predicted initial values of core
temperature and metabolic rate are matched. This procedure is not limited to
cold water imunersion and may be potentially useful for all environmental
conditions.

Tissue Conductance and Heat Transfer Coeflicient

An amportant test and useful application of the present model 1s its
prediction of average tisaue conductance, Rk, and the convective heat transfer

coefficient, he, Thew values can be calcuiated fromn the madel predictions as

()

k= ChTpe - Ty, (6)
and -
i3

Y )
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where Tpe is represented by the trunk core temperature and T, is the water
temperature. Table 2 lists these values for both body fat groups and exposures
after 1 h of immersion. Steady-state conditions can be assumed at this time (2),
as demonstrated in Fig. 7. The values of average tissue conductance shown in
Table 2 are in good agreement with other reported values (4,10,20,24). In fact,
the predicted increase of average tissue conductance with lowered water
temperature is consistent with the decreasing insulative value of increasingly
active muscie (19). Such a decrease was nnted by both Craig and Drovak (10) and
McArdle et al. (20) where T, was lowered from 28 to 249C. Further support of
the model stems froin its prediction of higher average tissue conductance for the
LBF group cornpared to the MBF group.

The model-predicted values of the convective heat transfer ccefficient
(see Table 2) are in agreement with the values reported by Witherspooun et al.
(32), Nadel et al. (22), and Strong et al. (28); but are much higher than those
reported by Boutelier et al. (2). The potential for such 3 disparity has already
been noted by Boutelier et al. (2) and reasons given stem from differences in the
reasurement and theoretical determination of convective heat loss. [t should be
noted that the heat transfer coefficient 13 highly sensitive to the skin-water
temperature difference.  For instance, complete agreement between  the he
values for the 20 and 289C exposures of either body fat group can be obtained by
increasing the steady-state skin temperature by less than 0.49C for the exposure
to 28V water.

Yre procedure by which the present model determuned the convective heat
foss  to the water avorded this sensitivity once steady-state of the skin
temperature was reached. Recall that the expenimentaily-measured vailues of
the steady-state sxun temperature were used, however, the choice of Ty could
have been nade arbitrarily without sigmhicantly affscting the final result siace

is




the convective heat loss during steady-state of the skin temperature is largely
determined by the conductive heat transfer from the fat to the skin. This heat
transfer is only slightly affected by small changes in the steady-state value of
the skin temperature. For example, if TSkss was raised from 21.0 to 21.50C for
the MBF group immersed in 20°C water, the predicted convective heat loss to
the water would change by less than 4% from 166.0 to 160.2 W/m2. Note,
however, that changing the skin temperature from 21.0 to 21.59C would decrease
the convective heat transfer coefficieni (See Eq. 7) by 67% which further
demonstrates the potential isparity among reported values of h¢ as pointed out
by Bouteiier et al. (2).

Mean Body Temperature

The present model can provide insight into the thermal response of the
whole body from its prediction of the rate of change of mean body temperature.
Assuming that the mean body temperature can be approximated by (9):

Tb =X Tsk v (1 -x) Tre, (8)
where x varies depending on the environment, then the rate of change of mean
body tempevature (;'b) should te less than the rate of change of rectal
PARer3ure (i;e) after the skin temperature hay reached its steady-state value.
Since the rectai temparalure Can e represented by the trunk Core temperature,
this prediction holds true, as can be sweon fraa e estime "ed (based on the slope
of temperature aganst tine) values of ";}, and i}g, histed in Table <.

To check on the internal consistency of the model, the rate of change of
mean body temperature can alternatively be determined through the thermal
balance equation for a body totaily immersed in water by (21);

T - (M-C-HR)Cy, (9)
where Hi is the rate of total respiratory heat loss {(from head and trunk core
compar tinents) and Cp 15 the heat capecity of the whoir body. The values of %b
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determined by Eq. 9 and shown in Table 2 are in close agreement with those
estimated from the slope of temperature change with time. This confirms that
the model is self-consistent with the prediction of changing body temperature
during cold-water immersion.

Conclusion

Nude immersion in cold water summons dramatic physiological responses
not fully considered in the early development of thermoregulatory models. To
model this response mathematically requires refinement of certain mechanisms
that are otherwise adequate for less acute exposures. This was the rationale for
the modifications of the Stolwijk-Hardy and Montgomery inodels from which the
present model evolved. Although these modifications were derived explicitly for
cold water iinmersion, they may be generally applicable to other conditions.

The inclusion of an independent shivering command from the skin was
optional in the Stolwijk-Hardy and Montgomery models although it was not used
by Montgoinery (21). Without thus .mdependent shivering comimand, t is not
postible to predict the imitial rapid increase m metabolic rate for nude
uvmnersion in cold water using only the praduct of signals from the head core and
the skin.

The remaiing madifications are umque to thermoregulatory modelling.
The present method of deteruming a theemally neutrai temperature peofile
atlows matching of the predicted and measured mitial core temperatures and
metabolic rates.  The deluyed caset of himb shiveriny, eaws the tranution of
uxreawd blood How to the hmb nuiwles thereby avoiding too rapid a decrease in
central Liood tt-:ﬁgera%me. The yw of the hest storage cguation of the simn
compariment 19 pradicl the convective heat loss during steady-state of the kin
temperature circumvents the high seasitivity 1o the skin-water temperatute
dcﬂerence‘w’iwn using conventional methods.
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Table 1t Measured* and mode! values for thermal neutrality in air _and for

response to cold water imtaersion

Ty, (°C) 20

Group Classification LBF MBF
BMR (W/m2)* 49.4 47.2
Tre (CO)* 37.43 37.4%
Tajr-neutral (°C) 23.60 23.35
Thi (°C) 37.26 37.25
L (°c)* 21.0 21.0

¥

LBF

50.5
37.32
28.25
37.10
28.4

28

MBF

42.5
37.52
29.80
37.32
28.4

R 4




Table 2: Model prediction after | h of water iinmersion

Ty (°C)

Group Classification
M (W/m?2)

C(W/m?)

HR (W/m2)

Tee (°C)

k (W/m2/0C)

he (W/m2/0C)

Te" (0T

T,* (oc/)

T 2% o
T‘D (CC™y

*slope of temperature against time

¢ *calculated using Eq. v,

LBF
221.1
2149
i7.6
36.54%
13.83
214.9
-0.87
-0.36
-0.32

20

MBEF

154.0

166.0
12.9
36.61
10.63

166.0
SHE
-0.72
-0.67

LBF
94.8
99.7

6.4
36.93
11.69

249.3
-0.36
-0.32
-0.32

23
MBF
64.4%
32.3
5.1
37.00
9.57
205.3
-0.64
-0.62
-0.62
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APPENDIX A: Convective Heat Transfer Coefficient

The convective heat transfer coefficient for flow across spherical and
cylindrical segments is determined by (21)
he = Kw Nu/d (A1)
where Kw is the thermal conductivity of water, Nu is the Nusselt number, and d
is the segment diameter. Convective heat transfer involves both forced and free
convection. |
The Nusselt number for forced convection is determined by (7)

Nugo = 0.66 Rel/2 prl/3, (A2)
where Re is the Reynolds number and Pr is the Prandtl number. The Reynolds
number is determined by

Re =V, d/ v, (A3)
where V,, is the water velocity and v is the kinematic viscosity of water. The
Prandtl number is determined by

Pr = v/D, (A4)
where D is the molecular diffusivity of water.
The Nusselt number for free convection is determined by (7)
Nugp = 0.54 (Pe-Gr)1/4, (A5)
where Gr is the Grashof number determined by

Gr = BgD3 (Tg - Ty)/V2, (A6)
and where B is the coefficient of thermal expansion of water and g is the
acceleration due to gravity. .

If the ratio G,/ Rez is small, then forced convection dominates, otherwise
free convection dominates (7). When the ratio is near unity, it is assumed that

the two terms are additive.
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APPENDIX B:  3ASIC Statements Implementing Thennoregulétorz Model and A
Sample Simulation

The source program typed out by the computer is listed below. The first
section (lines 10 to 21) lists all the references used to develop the program. This
is followed by the identification of body segments and compartments (lines 29 to
38) and a glossary of terms not identified elsewhere in the program (lines 50 to
33).

Next begins the description of the CONTROLLED SYSTEM (lines 100 to
1760). Here given inputs of subject height, weight, percent bady fat, and basal
metabolic rate, an extensive physical and physiological description of the model
compartinents is computed.  Cowmpartinent  weight, dimensicn, thermal
capacitance, basal heat production, basal blood flow, and thermal conductance
are given n order of head, trunk, arms, hands, legs, and {eet from top to bottom,
and core, muscle, fat, and skin from left to right.  An example follows the source
histing.

The nexi section describes the CONTROLLING SYSTEM (hnes 4090 w
2720)  Estunates of the aw temporature and central blood temperature jor
condition of thermal neutrality are entered; if tihus condition 15 not satisified (to
be detérmmed Oy the user later), then the prograca is re-eun with new estunates.
The water temperature, steady state san temperature, aet armount of wternal
power produced to exercise, Ume step o pewntout of resuits, and the tétal
sinulation tune are enteted. Fm_auy.,ti\é vaides of the control coeflicients, CO
through CF, are entered: GO specifrer the half-wtnne i the onset of limd
shuvering; Ci through Cé_ afte the parameters that @ehm‘ the suvering fesponse
see €4 ¥ in texth and U deternunes the extent of counter-Cutrent heat
exchange. v addition O caiculating the neutral temperature distribution from
wihuch the ﬁuusel‘s sef-poiil values are assigned {a printout 13 optional), Gus
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section specifies the skin thermoreceptor inputs and efic:tor outputs and the
distribution factors of heat production for muscle due to exercise and shivering.
Simulation of vhe exposure begins on line 2730. Warin and cold signals are

established by comparing a compartment's set-point value to its current

temperature. [Initial signals upon immersion in cold water arise predominantly

from the skin compartments and to a much lesser extent from core temperatures

affected by the respired heat loss. The efferent outflow or amount of shivering

“and vasoconstriction are determined in lines 2930 and 2980. The cfferent output

or metabolic rate, blood fiow, and respired evaporative and convective heat loss
are determnined in lines 3010 to 3270. Convective heat transfer coefficients for
the initial transient cooling of the skin are determined in lines 3310 to 3580.
Heat flow values for all compartments including the central blood are
determined in lines 3610 to 3790. The optional counter-current heat exchange is
declared by specifying C7 as aen-zeio. The integration step is then determined
i lines 3810 to 3871 under the constraint that the change in tewmperature of any

comipartment cannot exceed 0.19C during that step.  Before the simulation

continues, a screen printout of the predicted initial trunk core temperature (Tpo)

and Viieat 3témgé of the central blood (Fbload) is displayad. i Tpe does not
match the mtial measured rectal teﬁig)eratme or if |Fhiood| exceeds 0.19C min,
then enter aew citimates of Tneutral and Thisod. Otherwise, the program
calcubates t « new comgertment temperatures am& the s“.ﬁm&éeiw{ continues until
the exposure - over. A printout of .me model temperature distribution is
optiona’. ‘ |

An example run foilows. This simulation was for the MBF group immersed
W 0e¢ Qstet see Fégs. 2, & and ) i’oltow'mg the description of the
CONTROLLED SVSTEM, the aeutral temperature distribution is given in the
compartental ordet destribed earlier where 1, “3"2. ) and T4 refer 16 the

32
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core, muscle, fat and skin, respectively. Following this are (he results for the
simulated immersion given every 6 min up to [ h. TIME is the time in min, TB is
the mean body temperature in °C, MR is the metabolic rate in W, EV is the total
evaporative heat loss in W, TBL is the central blood temperature in “C, TCR is
the trunk core (rectal) temperature in ©C, THD is the head core (hypothalmus)

temperature in °C, and HFSK is the convective heat loss in W/m2 (values greater

than 999 are indicated as 999).

33




+  REM BASIC listing of RWEC (Thermorenulatory model for Whole Boay Cooling of
rude subject immersed in cold water) ’
9 REM ‘ ‘
1@ REM References used in the listing
11 REM . L
12 REM Ref 1| Momtgomery LD, Anrals Hiomed Eng vE2 1374 p19-46
13 REM Ref & Stolwijpk JAJ. Mathematical Model of Thermoreaoudlatiorn. In:
Ffhysiolaegical and Benavicral Temoerature Regulationm 1970, o703-7:1
14 REM Ref 3 Stalwigk JAJ, Hardy JD. Control of Body Temperature. In: Handbook
of Chysiclgy 1977, p4S—-68 ' ‘
15 REM Ref 4 Rullard RW, Raopn GM. Rerospace Med v4l 1970 o 1269-1277
16 REM Ref 5 Gacpe AP, Nishi Y, Bonzalez RR. Stardard Effective Temperature -
. o Single Temoerature Sensatiorn and Thermal Discomfort
17 REM Ref & Witherspoon JM, Goldman RF, Breckerridpe JR. J de Physiclocie v63
1971 o0459-462
18 REM Ref 7 Staolwik JAJ, Hardy JD. #Pflugers Archiv v291 1966 pl29-16&
3 REM Ref 8 Campbell GS. An Introduction to Envirormental Biophysics.
Soringt-Verlaq, 1977
REM Ref 3 Sekins KM, Emery AF. Thermal Science for Physical Medicire. In :
Therapeutic Heat arnd Cold. Baltimore. Williams and Wilkins 1982

i
[

1 REM Ref 1@ Ruch TG, Patteon HD. Physiolooy and Biophysics. W.H.Saunders. 1967
&8 REmM

29 ZEM Ildemtification of body segments and comnartments

3@ REM

32 REMm 1 refers to body segments as follaows

34 REM 1 = head & = trunk 3 = arms 4 = hands S = legs 6 = feet
3& REM N refers to segment comoartments as follows

38 REM 1 = pcore & = muscle 3 = fat 4 = skin

4 REM ’

3@ ReEM Glossary of terms

51 REM

38 REM FEF = fractional bocy fat

I3 REM 56
54 REM AT

body specific pravity

weight (“«g) »f adiocse tissue

535 REM NAT = weight (kp) of ron-adipose tissue

56 REM CH body heat caocacity (kcal/l)

S7 REM MR metabolic rate (kcal/h)

58 RENM GSF (WSF) = dasal metabolism (weight) of the skin and fat
53

5@

I

REM M (WM) = basal metabolism (weight) of the muscle

JEM QT (WC) = basal metabolism (weight) of the skeleton & cormective tissue

REM TR = thermal resistance (C*h/kcal)

REM ¥ = tissue thermal conductivity (keal/h/m/0)

REM Trneutral = air temperature required for thermal neutrality

REM Thlood = central blood temoerature recuired to obtain correct Tre

S REM Note that Trieutral and Tblood are estimated by trial and error until hea:
storage of blocd = @ and T(11) = initial measured rectal temperature

&6 REM S8TSK = steady state skin temperature

€7 REM WORXI = rnet amourt of irternal oower oroduced by exercise (kcal/h)

£8 REM DFRT = time increment (min) for orintout of orediction

59 REM TMAX = tatal simulation time (min)

7@ RZV TIM = time (M); TIME = time (min)

71 REM THRT = time of orintout (h)

72 REM PRIR = vapour pressure (mmHp) .

73 =M TE = mean weighted body temperature (C)
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84
85
86
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REM £V = evavorative heat loss

{keal/h)

REM TBL = central blocod temoerature (C)
REM TCR = $runk core temoerature (C)
REM THD = head core temperature

REM HFSK = convective neat loss to water

403

(keal/h/m™g2)

REM DIFF = difference between compartment temperature and its set—-ooint
(cold) sigrnal

REM WARM (COLD)

= owarm

REM @ = metabolic rate
REM BF = blocd flow (1/h)
REM E = pvaporative heat loss (kecal/h)

REM BC -
REM T
REM H
REM F
REM X
REM

LFRINT "RESTING WHOLE EODY COOLING®

REM

(keal/zh)

LFRINT

REM Description of the CONTROLLED SYSTEM

REM

"

= ponductive heat exchanpe between comoartment and central blood
D = conductive heat excharipe between compartments
F = heat storage of compartment

= rate of chanpe of compartment temperature '
= factor to introduce limb shiverino exocnentially with half-time G

"t LERINT * ®

REM Calculate Body Weight Distribution from Fierson and Eagle (1915),
see Ref 1 pZ4

REM

INPUT "Subject height
FEBF = PBF/10@
SG = S5.5480@1/{(FHF + 5.Q@44)
IF FEF ¢ @ THEN PRINT

AT = FEF*WT

NAT = WT - AT

REM

(cm), weight

{kg),

"ERROR LINE 14@": END

REM Calculate Surface Area (5A)
arnd Assign Segment Lernpths

REM ’
DIM L(7)

SA = .Q@7184%WT". 425#4T™. 725

-&
i.12
. 96
1.6

1. 85

L&
L(3)
L{4)
“is)
()

293 REM
REM Taole of Relative Weipht Distributicn for Model Compartments (CSWTY .

see Ref 1 p2%

31® REMmM

CSWT (1,1, 1)

350 CSWT(1,1,8)
360 CSWT (1,2, 1)
370 CSWT(2,1,1)
380 CSWT(&,1,2)
3290 CBWT (2,2, 1)
400 CSWT(3,1,1)
410 CSWT(3,1,2)
42¢ CSWT(3,2,1)

Wounn R W E

DIM COWT(7, 11,3

- R28232
.R2518
. 22588
. 18704
. Q3Z8B3E
.2834
LA11764
. D23756
. 25228

from DuBols ano Duboas

(w,

35

see Ref

2

and body fat

D728

(%) "5 HT,WT,PBF

(1915), see Ref !
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43
449
45
46
474
48
49
5@
S51@
530
S4
=5
S&Q
sS7a
58@

==

(SY7al
&1@
ec@
&e3@
£4Q
&5
E6R

670
eb@
€85
AT
722
7i@
7c@
73@
740Q
75@
755
760
770

782
732
899
8i2
aza
B82S
820
&40
852
86d
87@
s6@
590
Q2
210
33

CBWT (4, 1, 1) = .Q0Q47d4
CSWT (4, 1, &) = .Q@3E48
CSWT 4,2, 1) = . 001188
COW™ (5,1, 1) = ,03@352
COSWT (S, 1, &) = ,B791EH
COWT (5,2, 1) = . 161
CSWTLE, 2, 1) = .QQAD41E
CEWT (6, 1,2) = .@aSH84
CEWT (6,2, 1) = . Q01188
CSWT(1,3,1) = .D3I33
CSWT(1,4,1) = 00423
COWT (2, 3, 1) = 6333
COEWT (2, 4, 1) = Q213
CSWT (3,3, 1) = .UBG7
CSWI (3, 4, 1) = . Q00764
CSWT (4,3, 1) = .21333
CSWT (4, 4,1) = .Q202%4
COSWT (5, 3, 1) = . 3133

CG1RT4
25
L QA376

CSWT (5, 44 1)

CSWT (6, 3, 1)

CSWTI(E, 4, 1)

REM

REM Caiculate Comparitmernt Weights, SWT(kn), and Thermal Casacitance
C(keal/C), =ee Ref 1 pib

Hon

REM

DIM SWT(7@),C(7
Ce = @

FOR I = 1 70 6

FOR N = 1 70O 4 .
SWT (1A% I+N-1) = (DSWT{I N, 1) + CEWTII, N, 3))xNAT
ClI@xT+N=-1@) = (.I#CSUT (I, N, 1) + CSHCSWT (I, N, 2)) #NAT

NEXT N

SWT(1a*®I~-7) = COBWT(I,3, 12*AT

C(1laxI-7) = ,E#SWT(1A#I-7)

CE = CR + C(1@%37-9) + C(12#1~-8) + Cl1@%I1-7) + Cl1@%1--&)

NEXT I

REM <o account for tne thermal caocacitarnce of blood in trunk core,

see Ref & o708

Ciily = Cl11) -~ 2.85

Ctely = =2.238

REM Calculate thermal cansacitance of immersed suvin (C8)

CsS = @

FOR 1 = 1 TD 6 : L8 = CS + Clo@ael-E) : NEXT 1

REW

REM Calculate Basal Heat fraduction, OR(kcal/h), zee Ref 1 pZ7

REM
INFUT "Resting metadbdolic rate (kcal/h/m™2)"; HEMR
MR = BMR*SR
GSF = . J# (. @5BBZ*NAT + AT)H
oM =, 18¥MR ~ Q5F
G = . 1eMY
WE o= 2 WMo= B s WEF = @
e 1To= 1 70D 6
WE = WC + SWT(L0#]~-9)

36

Valuec,



940 WM = WM + SWT(1a*T~8)

FERQ WSF = WSF + SWT(12%I-7) + SWT(1@%I-8)
7@ NEXT I

380 DIM QR(7Q)

1e¢ FOR I = & TO &

121 QR (L@G*I-3)
1o2@ QER{lA*I-8)
1248 QB(iQO®I-7)
1a5@ QER(1a*1-6)
12E@ NEXT I

1@7@ REWNM To account for extra values for nead ang trunmk cores, see Ref 1 p27
1292 QE(1) = QB(L) + ., 16¥MR

1120 GR(LL) = QB(11) + .SE#MR

1115 QC = .B82+«MR

SWT(12%]1-3) »QC/WC
SWT (12%I1--8) *OM/WM
SWT{LEZ*I-7) #OSF /WG
SWT (1% I-6) ¥QSF /WSF

LI

112@ REMm
113@ REM Calculate Easal Blood Flow, BFRE{(1/n), see Ref 1 028
114@& REM

115@ DIM BFEBE(7&)

1160 FOR 1 = 1 TD & : FORI N =1 7O 4

1170 BFEB1O*I+N-10) = 1,2*QB(12#I+N-1Q)

1182 NEXT N @ NEXT I

1227 BFE(1) = 45

12214 RFE(11) = 212

1232 BFB(4) = S5.34%SWT(4)

124@ BFR(14) 1.56%SWT(14)

1250 BFR(E4) 1. 94%SWT (24)

126@ BFE(3I4) L. S%EWT (34

1272 BFB(44) 2. 38*SWT (44

1282 EFER(S4) 12, S#GWT (S54)

13@2 REM

131@ REM Calculate Comnartmencal Yolume, Viin™3), adii, R{m), Iinterfacial Hreas,
A(m~2), and Thermal Conductarces, “Cirkcal/C/h), see Ref & p7@7 ard
Ref 9 oB4&34

LI}

1315 REM Assumes volume (m™3) = weight (kg) /i@
1320 REM

1332 DIM V(7)) , R(7@Q), A(7@) , RCM(7@) , TC(7@) , TRL72) , X (7@)
1332 FOR I = 1 TO 6

1334 HK{1@*I-9) = .36 : K{la*1-8) = 2334

1336 KO1*I-7) = 1634 : K(1@*I-E) = .88

1338 NEXT 1

134@ K{12) = .2988 : H(z2) = .2988 : HK(42) = .2738
1345 PI = 3.14189

1352 FOR I = 1 TOD 6

1360 FOR N = 1 7O 4

137@ VI(I) = V(1) + SWT(1a#1+N-1Q@) /1Q0@Q
1382 NEXT N

1290 NEXT I

1420 REM head segment as sohere

1412 VOL = V(D)

1420 R4) = (J79%¥V0OL/FP1)~(173)

1425 RCM(4)Y = (R(4)"3 — ,Q8QZ37S#SWT(4) /RIY~(1/3)
1430 Al4) = L4%PI#R{(4) &

1440 FOR N = | T0O 3

1485@ VOL = VOL - SWT(S5~N) /10

37



1460 R{4-N) = (. 75#V0OL/RId (L3 :

L1465 RCOM4-N) = (R{4-N)"™3 ~ , 2@0Q0375%8WT (4=N) /121" (1L/3)

1470 A(4-N) = 4xPI#R{4~N)"E

148@ NEXT N

1520 FOR N = 1 TO 3

18532 TRN) = {(i/RCMINY =~ 1/8 (N3 /(4%CTIRKIN))Y + (1/R(N) = 1/RCM(N+1))/ (4%DT %Y (N+
i) ’

154@ TC(N) = 1/TR((N)

1552 NEXT N

156@ REM remaininc segments as cylinders

157¢ FODR I = & TO 6

i58@a V0L = V(1)

153@ RO1@*I-E&) = (VOL/(PT*L(I))) .5

1595 RCM(12%I-6) = (R(1Q#[-E)"& -~ .Q0ASH*EBWT(1AI~-E) /(PI*L(I1))) .8
160 A(1OxI-6) = Z*FI#R({1Q*I~-6) %L (1)
1612 FOR N =1 TO 3

1620 VL = VOL - SWT(1@#*I-N-5)/122a

1630 RUIA*Y=N-€) = (VOL/(RI*L(I)))"~. 8

1635 RCM{1Q% [~N—~6) = (R{1Q%#I-N—-&)"Z — 2005 *SWT (1@%I~-N~-8) /(FI*L(I1)))". 5
i64@ A(LAHI~N=-€) = ZxDI*R(1A*] -N-G) %L (I)

165@ NEXT N

17¢@ FOR N = 1 7O 3

1705 J = 1@%I+N-10@

1710 TR LOG(R{I /RCMIII Y /(%21 #K T %L (1)) + LOB(REMUII+1) /RIII ) /7 (E#PT ¥ (T
YL (1))

i7e@ TC(I) = 1/7RUD)

173@ NEXT N

174@ NEXT 1

1752 REMm

176@ REM End of Descriotion

177@ REmM

178@ INFUT "Zrter ! for model descrintion, else @"; CODE

179a IF CODE = @2 THEN GOTO Zti1e@

1795 LFRINT » ¢

182@ LPRINT "H7T =" HT © WT =" WT ¢ s6 =" g6 * FERF =" FRF * sSA =" SA
1812 LPRINT *QC =" QC " G o= Om o RSF =" QSF

181% LPRINT "WC =" WC " WM =" WM " WSF =" WG~

182@ LPRINT ¢

1825 _FPRINT " Core Muscle “at Swkin

1832 LLPRINT » " : LPRINT "Weight SWT {(kp)" : LPRINT " ©

1840 FOR I = 1 7O 6
185@ LFRINT USING "#4.### "3 SWT(10%I-3),8WT(1@%]-8),5WT(1@8%*I-7),8WT(1@%-E)
18E60@ NEXT I

187@ LFRINT " " : LFRINT "Radiug R (em)" ¢ LERINT "

i@ FOR I = { TO &

1893@ LERINT USING "##4. ## i 10@#R(1Q%1-9),10@#R{1@*T-8), 12QA*R{(1O#I-7), 12@* (1
2*I—-6?

190G NEXT 1

191Q LFRINT " ® : LFPRINT "Thermal Caocacitarice T {(kecal/C)" : LFRINT » ¢

1920 FOR I = 1 TO & ‘

1930 LPRINT USING "##.##8 "3 C(1A¥I-9),C{1Q0#1-8),C(1@#)1-7),C{1@%1-6)
1340 NEXT I

19350 LPRINT " * 1 LPRINT "Basal Heat Froduction OB (kcal/n)" : LPRINT " »
1960 FOR @I = 1 TO 6

38



197@  LERINT USING “##.9## ": QR(1Q#I-D),OR(1Q#1-8), DR (10%1-7) ,GB(1Q0%1-6)
1980 NEXT I

193@ LFRINT " " 1 LFRINT "Easal Blood Flow BFE (1/h)" @ LFRINT » »

Zeed FOR I = 3 TO €

2@12  LERINT USING "###.#% "; HBFE(1@#I1-9),BFE(1Q0%1~8) ,BFB(1@*1-7),BFB(10*1-&)
222@ NEXT 1 ' :

2Q3@ LERINT " " 1 LERINT “Thermal Conductance TO (keal/C/h)” @ LPRINT * ¢
242 FOR I = 1 TO &
b

SR5@  LERINT USING "#$#, ## s TCU1@#1-9),TC(12#1-8), TC(1A*1I~7), TC(1d#1-6)
SQED NEXT I LI

265 AR = A(4) + All14) + R2Z4) + A(34) + Al44) + A(S4H)

LPRINT "Segpment Surface Area A (m¥m)" : LPRINT * »

2@7@ LPRINT " v =

S@8@ LFPRINT "A1 =" Ad4) " A2 =" A(14) " A3 =" A&4) " QA4 =" A((34)
@81 LPRINT "AS =Y QA(44) " A6 =" A(S4) " AB =" AR : LFRINT " "
Q3@ REM

212 REM Descriotior of the CONTROLLING SYSTEM

2105 REM

211@ KEM Inmitial conditiorns, assumes relative humidity (RH) = i, and air
tenperature (TAIR) = water temperature (TWAT)

REM

DIM ER(7@),HSS(7), T(7@) , TSET(7@) , TF {11, 11V, EF{11), WORKM(7), CHILM(7)

DIM SKINR(7),S8KINS(7),8KINV(7),SKINC(7)

DIM WARM(7@),COLD(7@) ,DIFF (7@)

DIM Q(7@),BF (7Q),E(7@&), THL (7@

DImM BC(7@),TD{(7@) ,HF (7Q),5{(7@)

o Mo N fo
b B b ps e e g
G MY IO o Moo e
SuoNOPNS

TSK, WORKI, DFRT, TMAX
2135 DERT = DERT/6@ : TMAX = TMAX/EQ

2143 TRIR = TWAT
2150 TAIR = EXFP(18.6686 —- 4A3Q. 183/ (TAIR + &335))

gied TIim = @ : TFRT = @

Z1E6S LFPRINT * " ¢ LPRINT "frieutral—-air ="TA"C Thlooe ="TR"C Twater ="TWAT'Z

: LAERINT o ¢
217@ REM Irnout control constants; CA see 2905
2180 INFUT "Enter control constants C@ to C7°
2185 REM
219@ LFRINT " " : LFRRINT “C@ ="C@" Ci1 ="Ci" (2 ="C&» C3 ="C3" C4 ="C4" L=
IICSII CG, =II06" C'7 =IOC7 s L:’RINT " "
2220 REM
2230 REM Calculate initial temperature distribution, T(N), assumirip subiect
thermally reutral for piven Tneutral—-air (RH = ,5) and Tbloog
2 REM -
4 REM Table of basal evaogorative rates, EH(kecal/h), see lines 3160-3230 anc
Ref @ p 788 and Ref & o 246

Cl to C& see 29303 L7 see 3637
Ce.C1.C&,C3,C4,C5,C6,C7

» e
Ty
.
L)

2238 FA = S+EXP(18. 6686 — 4Q3Q.183/7(TA + 235))

Z24@ ERES = ,QQ@1378#MR* (44 ~ PRQ)

Ze4e CRES = ,@QLAIS*MR* (34 ~ TH) )

2244 ER(4) = 120001 : ER(14) = 3.287 : ER(S4) = 1.:185

2245 ZR(34) = 432 : ER(44) = 2,98 : EB{(S4) = .6

2246 EB(L) = 4.5 : ER(1!) = ERES + CRES

2250 REM :

gz REM Table of heat trarsfer coefficients from skin to air, see Ref 3 p &9
2254 REM

2e56

H55(1) = 6. 71#A(4) 1 HSS5(2) = 5,93%A(14)

39

INFUT "Treutral Thiood Twater ssTSK  WORKI D&RINT  TMAX"; TA, TE, TWAT, G
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HES(3) = S5.42#R(24) 1 185 (4) = &.53%A(34)

HES(9) = 5. 423#0(44) @ REG(E) = &, 88*A(54)

REM

REM Calculate comoartmental temoerature and matrix coefficients for the

4x4 representation of the rnor—homogenecus system of eouations for
cetermining the rneutral temperature distribution
REM ‘
FOR I =1 T0O &6 i
TF(1,1) = .S*BEFE{1A*I-9) + “C(1@a%1-9)
TF(1,8) = —-TC(1@a*I1-9)
EF (1) = QR{12%I-3) — ER(1@%#I-9) + ,I*HFE(12%#I1-9)*TH
TF(4,3) = ~TC(1L@*I-7) .
TF(4,4) = .S#EFR(1Q®I~E) + TC1Q#I-7) + HES(I)
EF(4) = QR(1A@*I-£) — ER(1Q#I-6) + .O#BFE(1O*I-E)#TEB + HSS(I)#TA
FORR N = 2 TD 3 :
TE(NgN—-1) = =TC(1@a*I+nN=-11) -
TEFANG,N) = .I*KEFB(1@#I+N-1@) + TC(LO*I+N=11) + TO(1@*I+N-1d»)
TRINGN+1) = =TC(Ll@*I+N-1Q) :
EF(N) = OQE(1Q%I+N—-1Q) - SH(I1@*%[+N~-12) + . S*BFRB(12*I+N-10) *TH
NEXT N
REM :
REM FEepin Gauss Elimination method by initializing first terms to unity arnc
normalizing accordingly

REM
EF (1) = EF(1)/TE(1, 1)
TE(L, &) = TF(1,8)/TF (i, )
EF{4) = EF(4)/TE(4,3)
TE(4y4) = TF(4,4) /TF (4,3)
FOR N = & 70O 3

EF(N) = EF(N)/TF (N, N=-1)
TEINGN+L) = TFIN,N+1) /7TF (N, N—1)
TE(N,N) = TF(N,N)/TF N, N—1)
NEXT N
‘REM
REM Hegin eliminatior procedure ard normalize
REM
COR M = 2 TO 3
TE(NGN) = TEF(N,N) — TF(N—-1,N)
EF(N) = EF(N) - EF(N-I)
EF(N) = EF(N)/TF (N, N)
TEFINGN+1) = TF(NgN+1)/TF (N, D)
NEXT N
TF{4,4) = TFl4,4) — TF(3,4)
EF(4) = (EF(4) — EF(3))/TF(4,4)
REM
REM Hegin susstitutions
REMm
TIa*I—-6) = EF (4)
FOR N = | TO 3
TI1A#I=N~E) = EF (4~=N) = TE {4~N, S~N) #T (10%# ] ~N=~%)
NEXT N S .
NEXT 1
REEM ‘ .
REM Assion set-ooint temoeratures, TSETI(C)

40



243 REM

24@4 T(61) = TR

426 TOR N = 1 TO 61 : TSETI(N) = T(N) : NEXT N

2412 INFUT “"Enter 1 for neutral temoerature distribution, else @"; CODE

24le IF CODE = @ THEN GOTO 2530

2414 LPRINT " " : LPRINT " T1 T T3 Ta4" ¢ LPRINT " "

416 FOR 1 = { TO 6 - o

2418 LPRINT USING "##.## 3 T{1A#I-9), T{1@O#I-8),T(10%#1-7), T(12%I~E)

2420 NEXT I

2520 REM

253@ REM Table aof skin thermoreceotor inouts and effector cutputs,
see Ref 1 p32

&54@ REM

256@ SKINR(1) = .@269%5 : SKINR(EZ) = ,4935 1 SKINR(3) = ,0@686

237@ SKINR(4) = ,1845 : SKINR(S) = .1525 : SKINR(6), = .0334

2582 SKINS(1) = .@81 : SKINS({E) = .481 : SKINS(3) = .154

590 SKING(4) = @031 @ SKINGS(S) = 218 @ SKINS(6) = .0235

SE@Z SKINVIL) = 1328 : SKINV(Z) = 322 : SKINV(I) = 9,S500001E-@&

T61@a SKINV(4) = 181 : SKINV(S) = .23 : SKINV(E) = ,1

2620 SHINC(L) = @5 : SKINC(E) = .15 : SKINC(3) = ,@5

S63@ SKINC(4) = , 35 : SKINC(S) = ,@5 : SKINC(6) = .35

264@ REM

265@ REM Table of distributiorn factors of heat oroccuction for muscle due to
exercise (WORKM) and to shiverinp (CHILM), see Ref 1| 033

ZE6RQ REM

ZEBG WORKM(L) = @ : WORKM(Z) = .3 : WORKM(3) = .08

2690 WORKM(4) = ,Q@1 : WORKM(S) = .6 : WORKM(E) = .@1

272 CHILM(1) = @2 : CHILM{Z) = .8499999 : CHILM(3) = .@5

27:0 CHILM(4) = @ 2 CHILM((S) = @07 : CRILM(E) = @

2715 REmw

2722 INFUT "Enter 1 for temoerature ogistribution, else @"j; CODE

2725 ReEM :

273@ REM Start of simulation

2742 REM

2745 LPRINT 2 " PRINT v TIME TH MR EV TEL TCR THD

TSK HESK" 3 LPRINT " ©

275@ REM Establish thermoreceotor cutout and intergrate periphneral efferents,
see Ref 1 p 31-32

2769 RCM

2775 INIT = 1

278 FOR n = L TO 6@

2798 WARM(N) = @ : COLD(N) = @

EB8RQ2 DIFF(N) = T(N) — TSET(N)

281@ I DIFF(N)Y > @ THEN WARM(N) = DIFF(N) ELSE COLDINY = =DIFF({(N)

2822 NEXT N

ZH32 WARMS = @ ¢+ COLDS = @

2842 FOR I = {1 TO 6

285@ WARMS = WARMS + WARM(1Q#i-6) #SH{INR(I)

2B86Q@ COLDS = COLDS + COLD(1@#I-E)#SKINR(I?

za87@a NEXT 1 )

Z880 REM

26890 REM Determine efferent outflow, see Ref 1 o 33

2390 REM .

2905 X = EXP(-.693%6a@%TIM/CQ)

41



SPV7 CHILMI(E) = , 3493999 + ,12%X 1 CYILM(E) = ,@5% (1 = X) 3 CHILM(Y%) = ,@7»(1 -

X

291@ SWERT = ZEXDIFF (1) -+ 9% (WARMS - COLDS)

29&@ DILAT = 117#DIFF (1) + 7.5%(WARME -~ COLDS)

2330 CHILL = SA/1. 163 (C1*COLDS~CI/FRF"C4 + C&*CUOLD (1) #COLDSCES/PEFCEH)

2942 STRIC = -3*DIFF(1) + 5% (COLDS - WARMY)

2932 IF SWEAT ( @ THEN SWEAT = @

236@ IF DILAT ¢« @ THEN DILAT = @

&97@a IF CHILL ¢ @ THEN CHILL = @

298@ IF STRIC ( @ THEN STRIC = @

3@ REM

3012 REM Assign efferent ocutout, see Ref 1 p 34-35

@@ REM

JV40 FOR 1 = § TO 6

SREQ G(i1a*1~3) = QR(1A*I-9)

307@ G(1a*I~-8) = OB(1d#I-8) + WORKM(I)#WORHKI + CHILM(I)*CHILL

JBR RBF(1@#1I-9) = BFR(12*xI1-3)

Z09@ EF(12*1-8) = BFER{1Q%1-8) -+ G(12%1-8) — DE{10*1-8)

3112 G(L1a#I-7) = QB(1A*I-7)

312@ QGi1ax1-6) = GR{10*1-6&)

Z130 HBF(1@%1-7) = BFB(1e*1-7)

3140 ERF(1O¥I-E) = ((BFH(1Q*1-6) + SKINVIII#DILATY /(1 + SKINC(I)#*#STRIC) ) *z~{(DIFF

(12%1-6) /6)

315@ NEXT I

F16@ REM evaoorative heat loss from the head, see Ref & p 708 & 712

3163 E(1) = EB(D)

3182 REM resoired eveoorative amd convective heat loss, see Ref 5 p 246

219@ ERES = .Q@1978*MR* (44 — PAIR)

3200 CRES = .001Q32#MR%(34 — TAIR)

2ze@ E(11) = ERES + CRES

323 ReM Calculate total metadbolic rate

3242 MR = @

3282 FOR I = 1 T0 & ¢« FOR N = 1 TO 4

S&6@d MR = MR + Q(1@*1+N-13)

272 NEXT N o NEXT I

3302 REM

2312 REM Determine heat transfer coefficients from skin to water HSS (kecal/h/0C)
for initial mon—-steady state ccoolinog, see Ref € and Ref 8 p 65-7@

3320 REM

I&Z7@ FUR 1 = 1 TOD 6

3380 DELT = T(i@#I-&) - TWAT

342@ REM Initial heat flow is aparoximated by assuming minimal forced convectior

' ~ after steady state is attained, heat flow is determined by assumincg

zero heatstorace for the immersed skin '

3412 VEL = 18

Z42@ REM linear aopr of Kirematic viscosity (cm¥ecm/s) from CRC

2430 VU = 0148 - ,Q20224%TWAT

3440 REM Reynclds No. where factor .36 converts VU to m¥m/h

2458 RE = 2#R(1Q#[-6)+VEL/ (. 36%VU)

Z46@ REM linear aoor of FPrandtl No. basec on 9.5 at 1@C and 7.3 at 2&C

3470 PR = 11.3 - .18%TWAT

3480 REM Nusselt Ne. for forced convection, see Ref 8 p 66

3498 NUFQ = ,GE*RE™, 5#PR~(1/3)

3500 REM linear aoor of thermal exoansion of water (1/0) Ffram CRC
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3%51@
352

353@
3540
3552
356
357@
3580
3600
361@
362@

3EES

3632
3632
3634
3635
3637
3639
3650
3659
366Q
367Q
680
363@
370@
371@
3720
3720
1y -
374@
752
376w
377Q
3782
3790
3802
381@
z8z0
36320
2840
3850
3862
2862
3E64
2866
3868
3872
3871
3872
36874

TE = 9, 999999E-QE* TWAT
KEM Grashof No. where factor 1076 to convert R(m) to Ricm) is imbedded in
coerfficient of NUFR, see Ref 8 p &Y
GR = SBA#TE® (Z#R(1Q#1-6))"3I#(T(1Q#1~-6) = TWAT) /VU"E
REM Nusselt No. for free cornvection, see Ref 8 o €93
NUFR = 17. 1% (BGR*#FR) ™. 25
REM heat transfer coefficient assuming Kw = @.52 kcal/m/h/C from CRC
HSS (1) = .S2#(NUFD + NUFR)#A(10%#]1-6)/(2#R(10%1-6))
NEXT I
REM .
REM Calculate heat flows HF (kcal/h), see Ref 1 o 36
REM

REM Calculate blooad temperatures for optional counter—-current heat exchant
(set C7 = @ for no effect)

FOR I = 1 TO 6 : FOR N = 1 TO 4

TEL(1@#I+N~-10) = T(E1)
NEXT N ¢ NEXT I
FOR I = 3 TO 6 ¢« FOR N = 1 T0 3 : J = 1Q»xI+N-1@

TEL(JI) = T(J) + (T<(61) - T(I))Y*EXF (~-C7xCOLDS)
NEXT N : NEXT I
FOR I = 1 TO 6

SEOR N =1 T0 3 ¢+ J = 1@%I+N-1102

BC(J) = .9%BF (J)*(T(J) - TBL(I))

TD(IY = TCAII#(T(I) = T(I+1))

NEXT N

BC(1Q%I—~E) = ,I#BF (1A% I-E) % (T(12#1-6) - TBL(12%1-6))

TD(1@*I-6) = HSS(II (VT (1@*I-E) - TWAT)

HF(12%#1-3) = Q(1@a%1-9) - E(1d%#I-9) - EBRC(1@*(-9) - TD(1@%1-9)

FOR N = 2 TO 4

HF (1@%I+N—-1Q@) = Q1% [+N--1@) — E(1Dd#I+N-12) —~ RBC(1QA¥I-+N—-1Q) + TD(1Q*TI-+N-
TD(1@*I+N—-1Q)

NEXT N
NEXT 1
HF(61) = @
FOR 1 = 1 TO & ¢+ FOR N = 1 TO 4

HF(61) = HF(61) + BC(1@*#I+N~-10Q)
NEXT N : NEXT I
REM ,

REM Determine ootimum integration steo, DT (change in T carmact ) 0A.1 C)
REM ‘
DT = TERT - TIM
FOR I = 1 TO 6 ¢+ FOR N =1 TO 3

FOlO%I+N~1@) = HF (1@%I+N-1@) /C{1Q*I+N-1@)

IF J1/ABS(F (1% I+N-12)) ( DT THEN DT = [ 1/ABS(F(1@*I+N-1Q))

NEXT N

F(la*(~6) = HF (12#]1-6)/Cl1a*1-6) L

IF (V(12#I-6) - TWART) ( & THEN GOTO 3872

IF . 1/ABS(F(10%1-6)) ¢ DT THEN DT = ,1/RES(F(1Q*I~K))
NEXT I

F(61)Y = HF(61)/C(61)

REM

REM Check that irnitial conditions are satisfied; if riot, then start cver

with riew estimates of Tneutral and Thlood
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388@ IF INIT ) @ THEN FRINT "Tr a"T(11) "Fblood ="F(&1) & INFUT "Enter 1 to re

astart, else @"j; INIT

389@ IF INIT > @ THEN GOTO 2132

3920 REMm

391@ REM Calculate rew temoeratures

392 REM

393Q TIM = TIM + DT :

3942 FOR I = 1 TO & : FOR N = 1 TO 3

3932 TI@*I+N—1) = T(i@*I+N~1Q) + F{1@*I+N~1@) DT

32355 IF TO1@*I+N—-1@) ( TWAT THEN DRINT "TEMP"1@#I+N-1@"="T(1@#I+N-10) : END

3968 NEXT N

3964 REM Force skin temoerature to aooroach i1ts assiprned steady-state value
exponentially; when Tekin is within 2,0000 of this value, zeroc heat
storage assumed

3963 TDIFF = T(10#I-6) —~ SSTSK : IF TDIFF ( 5, 00QQQA1E--Q3 “HEN TD(1Q*1~6) = [ {(1@*

I-6) — E(1@*I-6) - BC(1@#I-6) + TD(1@o+*I-7) : BOTO 39&7

3966 T(10*#I1-6) = SETEK + TDIFF#EXP(F{(1@*I-—-6)*DT/TDIFF)

3967 NEXT 1 ’

397@a TI(EL) = T(61) + F(61)+*DT
398@ IF TRRT ) TImM THEN GOTO 432a
3985 REM

39%9@ REM Frint results

4228 REM

4@1@ REM Calculate cardiac outout (l1/min) and body temperature (T)

4222 CO = @ = TR = @

4230 FOR I = § TO & + FOR N =1 TO 4

4042 CO = CO + BF(1@Q*I+N-1Q)/6Q

4045 TR = TR + T(1@*I+N—-1Q)*C(10%1+N-1Q) /CR

4052 NEXT N ¢ NEXT I

4072 REM Calculate total evanorative heat loss (kcal/Zh)

4125 EV = E(1) + E(4) + E(11)

4132 REM Calculate skir temoerature and skiv heat flow (xcal/h)

4135 REM Note that when calculating TDskin, transition occcurs when Tskin is
within @.@05C of its steady-state value

4142 TOK = Q ¢ HFSK = @

415@ FOR I = 1 TO 6

41€E@ TEHK = TSK + T(1A*I-E)#C(12d#T-6)/CS

417@ HFSK = HFSK + TD(i1@a%*1-6)

4183 NEXT I

4185 REM Note conversiorn from kcal/h to W

4168 IF 1.163#HFSK/SA ) 999 THEN HFSK = 999%SA/i. 163

419@ LFRINT USING "###.## "3 6@#TIM,TH, 1. 163%MR/GA, 1. 163#EV/SA, T(B1),T(11),T(1)

, TSH, 1. 1E3¥HFSK/SA o

4192 IF CODE = @ THEN GOTO 420

4195 FOR I = 1 TO & : LPRINT USING "###. 8484 »; T{10*1—9),T(i@*l—B),T(l@*I—?),T(i

*I-6) : NEXT I

42@@0 TERT = THFRT + DPRT :

4320 IF TMAX ( TPRT THEN END ELSE GOTO 278&



RESTING WHOLE BODY COOL.ING

HT = 175.7 WT = 79,2 SG = 1.06279% FEF =
QC = 64.9995 oM = 8,930359 QsF = §5,337824
WwC = &8, 392902 WM = 33,0@977 WSF = 17.7911¢&
Core Muscle Fat Skin
Weignht SWT (ko)
3. 485 Q. 384 3. 465 Q. 276
14.737 18.49Q 8.838 1.39a
=.318 3. 476 1,21@ Q. 438
a. 263 Q. @78 2. 186 Q. 192
7.146 1Q.35Q4 2. 977 1.236
Q. 445 @.078 B. 279 Q. 245
Radius R (cm)
S. 4l 2.74 ie. 11 1@, 32
8. 84 13.28 14,34 15. 16
2.97 4, Q6 4. 46 4,62
.94 1.@7 1.33 1. 55
3.77 5.93 6. 41 6. 59
1.26 1.13 1.43 1. 63
Thermal Capacitance C (kcal/L)
. 479 Q. 345 R. 279 Q. 248
10. 202 16.641 . 303 1.2881
1. 466 3.129 . 726 W, 449
Q.147 @.27a Q.112 @b.173
4,365 9. 454 1.786 1.112
Q. 247 @. a7 Q. 167 @. 221
BasaitHeat Praduction QB (kcal/h)
13. 656 Q. 124 2.139 Q. @83
48, 503 5. 002 s. 652 Q. 417
Q. 647 2. 94 Q. 363 2. 15a
R2.075 Q.021 Q. 256 Q. 058
1.994 2. 842 Q. 8393 @.371
. 124 ?.Qa21 . 284 Q. A74
Basal Rlood Flow BFR (1/h)
45. 00 .12 @.17 1.47
2i1@. 20 €. Q@ 3.18 .17
.78 1.13 Q. 44 Q.52
Q.29 @. 03 Q. @7 .21
c. 39 3. 41 1.07 .94
@.15 .03 Q. 1@ 3. 07

45
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sA = 1.953368



Thermal Conductance TC

i.48
2.1
3.71
4,85
5.33
6. 91

6. 47
4. 06
7.8
&.18
11.99
8. 88

8. 52 0. QU
1@. 24 .00
fQ. 87 7, Ay

6.8 a. o2
385. 83 @, @

3. 44 Q. @2

Sepment Surface Area A (mem)

Rl
as

[

. 133337
. E630QRQS

Trieutral—-air =

Az =

(2]

C Tblowmd

CQ = &4.43 Ci = &5 Ce =3
71 T T3 T4

37.42 35.79 35.38 35,01

37.48 37.1@ 35.47 34.@7

35.15 34.58 33.85 33.49

35.34 3S.29 3S.&k4 35.17

36. 43 35.723 34.76 34.35

35.43 3%.38 35.33 35.26
TIiMz TH MR EV
@. Qd 34.97 47.13 5.83
6. 0 33. 42 S5S. 44 D, &4
1&. 02 33.22 1@5.34 3.7a
18. @& 32.73 118.91 la. a6
24. 00 32.49 115.36 19Q. 34
Sa. e .29 120.64 1a.78
36. 2@ 32,13 186.75 11.1@
4. @@ 31.972 133.9%9 11.53
48. 2@ 31.88 141.0QQ 12. 22
S4. Q@ 31.73 147.74 1. 52
ca. 02 321.71 154.Q%3 12.95

(keal/C/M)

THL

37.25

-
37.88

37.17

37. 11
37. 24
36. 4
36.83
36.71
36.59
36. 48
36. 38
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A4 = 9. 346@13E-Q2

15998

TCR

37. 48
37. 45
37. 39
37.34
37.27
37.19
37.08
36. 96
36. 84
36.7¢
36.61

THD

37.42
37.33
37.18
37.09
37.@3
36.95
36. 85
36.75
36. 64
36.54
36.43

TSK

34.28
Z1.03
21i.0
c1. 0@

21,00

21. 00
21.2a
Z21.00
21.02
21.e@
21.00

HF 8K

999, 0@
£76.28
Z2e. 06
198.7¢
186. 16
177.91
172.79
169.65
167.59
166. 43
166. 17
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