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DEVELOPMENT OF A MATHEMATICAL MODEL OF THE HUMAN THERMAL 5y851EM
FINAL TECHNICAL REPORT

Fugene H, Wissler

The University of Texas at Austin

1. Objective of the Project.

The objective of the work performcd under this grant was to develop and
validate @ mathematical model of the human thermal system. Since it is
gererally difficult and expensive to conduct experimental studies on human
subjects under conditions involved in diving, it is important to rclate the
results of experimental studies to a theoretical model. Of course, all thermal
physiologists have theoretical models, but they are generally more qualitative
than quantitative, and have little predictive valuc for situhations other than
those closely related to previous laboratory studies. Therefore, it was con-
sidered to be worthwhile to develop a model fivmly based on the princinles of
heat transfer and incorporating as much thermal physiology as possible.

It was intended that the model could be used in three ways. One is to
evi:luate physiological phenomena which are not amenable to direct evaluation,
such as the effect of countercurrent heat exchange between arterics and veins
during cold exposure. Another is to predict bechavior for conditions outside
of the range studied in the laboratory, after prior evaluaticn using laboratory
studies. Tlor example, diver performance was predicted for various conditions
while wearing the new Thinsulate dry suit developed at the Naval Coastal
Systems Center, after it was established that computed results were in agree-
ment with measured values for conditions studicd in the laboratory. The third
application is prediction of human behavior under circumstances that cannot
be studied experimentally. Typical among these are various survival situations,
such as accidental immersion in cold water and eptrapment on the bottom of the
sea in 2 "lost bell.' Ethical considerations severely limit the duration of
experiments involving cxpoesure of human subjects to conditions which eventually
beceme life threatening and, therefore, prédiction of survival time involves
a considerable extrapolation of experimentally mcasurced values. 1Yf the pre-
diction is to be meaningful, the extrapolation must be based on a tfirm theorcti-
cal basis, which implies that a mathematical model must be used. Duaring the

coursc of this contract, development and application of the model progressed
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as pianned,

il. Summacy of Work Completed.

Since the work completed under this contract has already been reported in
progress reports and scientific papers, a complete discussion will not he
included in this report. Instead, the work will only be summarized and refer-
ences provided to principal papers in which more complete discussions are to
be found. Anyone who wants copies of these papers can obtain them from the
principal investigator,

Ref. A: Wissler, E. H., "Mathematical model of the human thermal

system," Bull. Math. Biophysics, 26: 147-166 (1965).

The basic mathematica1~m0delvof thé human thermal system was developed by
the principal investigator in 1965. This model was béézéélly a passive physi-
cal mwodel in which such physioiogical parameters as the perfusion and sweat
rates were specified a priori as appropriate for the particular situation being
simulated. Although this model was rudimentary in many respects, it provided -
the basic framework for subsequent developments which led to the current model.
In this model the human is modeled geometrically as 15 elcﬁents which repre-
sent the head, upper and lower trunk, and proximal, medial and distal segments
of each arm and leg. Each element is further divided into 15 concentric
shells, and standard finite-difference techniques are used to approximate the
heat conduction equation‘as applied to living systems. Heat generation by
metabolic reactions, convective trahsport of heat Ly circulating blood, and
variable physical properties were included explicitly in the original model.

Ref. B: Wissler, E. H., "Simulation of thermal transients during

deep diving," pp. 477 to 488 in Procee&ings of the 1977
Summer Computer Conference, Chicago, July 18-20, 1977.

During the ihterveﬁiﬁg years, the original model was improved by incorpora-
ting additional elements of thermal physiology into the model. Tncluded were
control equations for cardiovascular responses to thermal stress and exercise,
swoating, shivering, and ventilatibn. Since cardiovascular and ventilatory
controllers respond to humoral factors, adding material balances fér oxvgen,
carbon dioxide, and lactic acid was thought to be worthwhile. A simplified set
of metabolic reactions wQS‘devéloped based on glucose as the substrate and
allowing complete oxidatiduytdfcuz and'Hzo for the aerobic production of ATP

or yielding lactate for anaerobic production.
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In addition to the biochemical additions made to the model, techniqucs
were developed for simulating various garments, including liquid perfused suits
for cooling astronauts during extravehicular excurs.uns and heating divers
working in cold water. The work referred to in Refs. A and B was completed
before Navy sponsorship of the project was initiated.

Ref. C: Wissler, E. H., "A mathematical model of the human thermal

system with reference to diving," pp. 187 to 212 in
Thermal Constraints in Diving, L. A. Kuehn, editor,
Undersea Medical Society, Bethesda, Sept. 3, 1980.
A reasonable complete description of the model as it finally evolved is

presented in this paper. During the period of this contract, many improvements
were made in the physiological control equations used to define local perfusion
rates, intensity of shivering, and rate of sweating. Comparison of computed
thermal responses with measured values for a number of cases allowed improve-
ment of the cardiovascular controller for situations involving exposure of both
resting and working subjects to cold stress. Briefly stated it was found that

cold induced vasoconstriction causes perfusion rates to be reduced to the

minimum level necessary to support metabolism. It was also found necessary to

invoke countercurrent heat exchange between adjacent arteries and veins in order
. . . . o

to conserve heat during exposure to extreme cold, such as immersion in 10 C

water. However, countercurrent heat exchange caused excessive central tempera-

tures to occur when simulations were conducted for situations involving heat
stress. This provided the motivation for adding vasomotor control equations
which cause venous return from the extremities to pass through deep veins
lying adjacent to arteries when it is desireable to conserve heat and through
superficial veins near the surface when it is desireable to enhance heat trans-
fer to the environment.

~ In addition to vasomotor response, human thermoregulation involves
shivering during exposure to cold. Several control equations for shivering
have been proposed by various investigators, but none of them appeared capable
of describing all of the available data. Therefore, nine sets of published
data were selected as a basis against which possible control schemes could be
compared. In this way, a shivering controller was developed which described
quite satisfactorily all nine sets of data. Afferent signals processed by the
controller included the mean skin tenperature, hypothalamic temperature and
their rates of change. A unique féature of the new controller is that it
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correctly predicts the transient peak in shivering metabolism which occurs

\j during the first five minutes of exposure to fairly intense cold strezs. The

3% new controller, which has proven to be quite satisfactory in subsequent appli- ‘
:; cations, is described in detail in this paper.

N Another interesting feature of the shivering controller is that it allows i
i for fatigue during prolonged intense shivering. The motivation for including

:E: this factor is that shivering is essentially a form of muscular work which is

,ﬁ; known to be limiteu by fatigue if sufficiently intense, and experiments involv-
;ﬁ ing long-term immersion in cool water have had to be terminated when the subjects
25 developed severe cramps which could not be relieved. The basic premise of the
;ﬁg fatigue model is that for metabolic rates in excess of approximately 50 percent
7% of the maximum rate for a particular activity, glycogen is consumed at a rate
4 - sufficient to deplete the muscle stores and produce a state of fatigue. This

é\ concept appears to be consistent with experimental data relating to endurance

e studies for running, bicycling, lifting and shivering. However, there is a real
‘ﬁa need for additional data which could be used to validate the fatigue model more

! fully or to reveal its deficiencies so that they can be corrected. Survival

- studies to be discussed later in this report indicate that survival time in

E situations which involve moderate cooling rates is often determined by omne's

3 ability to maintain an elevated metabolic rate by shivering. When this ability

i is lost owing to fatigue, a state of deep hypothermia develops rapidly. Details
& of the fatigue model are presented in Ref. C, and examples of its application

Ei in two survival studies will be discussed later.

:; Several papers dealing with survival have stated that shivering is inhibited
= when the central temperature falls below 35°C. Although this feature was incor-
G porated into earlier versions of the model, serious questions about the validity
}E of the concept were raised by several physiologists who had observed unimpaired

5 shivering at considerably lower central temperatures. Therefore., it was removed
s from the model at about the same time that fatigue was added.

;3 Ref. D: Nuckols, M. L., '"The development of thermal protection

:3 equipment for divers," pp. 132-166 in Thermal Constraints

ai in Diving, L. A. Kuehn, editor, Undersea Medical Society,

2 Bethesda, Sept. 3, 1980.

% During the period of this contract, the principal investigator cooperated

;: with the group at the Naval Coastal Systems Center which was developing new

Zé thermal protection equipment for divers. The model was used to definc design

;r
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parameters during the initial phase of the project, to analyze experimental
data obtained on prototype systems, and to evaluate the performance of the final
system for conditions other than those studied in the laboratory. This activity
provided an excellent example of the value of such models in designing and
evaluating systems containing a human as one component. This paper describes
the development of the new system and presents an illustration of the capability
j of the model for describing human thermal response under various circumstances.
Ref. E: Nunneley, S. A. and E. H. Wissler, "Immersion Hypothermia:
Validation of Computer Model and Prediction of Cooling

Rates," pp. 213-239 in Thermal Constraiats in Diviay,

N L. A. Kuehn, editor, Undersea Medical Society, Bethesda,
. Sept. 3, 1980.

One of the survival situations analyzed using the mode¢l involves accidental

l. ¢

immersion in cold water. Since human response can be studied only briefly under

the conditions encountered in such accidents, prediction of survival time

RS

'

inevitably involves use of a mathematical model to extend the experimental
observations. After establishing that the model developed under this contract
is in reasonable agreement with the results of experimental studics involving
subjects immersed in 5 to 18°C while nude, lightly clothed, or wearing anti-
exposure suits, it was used to predict survival time for various water tempera-
tures and clothing ensembles. The validation studies and predictions are
discussed in detail in this reference.

Ref. F: Wissler, E. H. and S. A. Nunneley, "Human Themmal Response
. to Accidental Immersion in Coid Water: A Theuretical

Study,'" Preprints of the Scientific Program of the 1983

4 Aerospace Medical Association Meeting, Houston, May, 1985.
; Ref. G: Wissler, E. H., "An analysis of the 'lost bell' problem."

pp. 315-345 in Thermal Constraints in Diving, L. A. Kuehn,

editor, Undersea Medical Society, Bethesda, Scpt. 3, 1980,
Another survival situation analyzed during this grant involves an 1solated

personnel transfer capsule trapped on the ocean floor. One cf the sericus.

SCACIA NN

life-threatening factors in such accidents is exposure ta severe cold wh h can

rapidly produce hypothermia in inadequately protected divers. The importance

by of this problem became apparent several years ago when two divers perished in
(]

each of two accidents which occurred in the North Sea with hypothermia implr-
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cated as contributing strongly to the deaths.

Subsequently, experimental studies were conducted at the Norwegian uUnder-
water Technology Center in Bergen and by the Royal Navy which conducted an
open-sea trial. The mathematical model developed under this contract was used
to simulate various conditions in order to provide a theoretical basis for
interpretation of the experimental studies and to analyze other conditions which
were not studied directly.

In this paper, detailed results are presented for one set of conditions
which are typical of those existing in the North Sea. The following assumpticns
summarize these conditions:

1. There is complete loss of contact between the PTC and the surface

support vessel.

2. The bell contains two divers.

3. The bell is 1.7 m inside diameter, has a steel wall 20 mm thick, and
is insulated on the outside with a 22 mm thick layer of foam.

4. The atmosphere within the bell is 20 ata heliox initially at a
temperature of 28°c.

5. The temperature of the ocean is approximately 2°C.

6. Survival for at least 24 hours is necessary.

In analyzing this problem, one must consider a number of factors, each of
which potentially affects in a significant way the final conclusions. When
there are no external sources of heat available, the divers must generate meta-
bolically all of the heat which is transferred to the sea. If there is suffi-
cient thermal resistance between the divers and the sea, they will be able to
maintain body temperatures within an acceptable range; otherwise, generalized
cooling will occur. The following factors must be taken inte consideration.

1. Excessive loss of heat beccmes life threatening to the divers.
Enhanced heat generation owing to shivering, and vasomotor uaction
serve to reduce the rate of hodily heat loss.

2. Heat transfer from the body can be reduced by increasing the theimal
resistance of the diver's garment.

3. The gas space which surrounds the divers can provide an appreciacle
thermal resistance between the external surtace of the garment and
the interior surface of the hell. However, natural convection and
heat transfer by radiation tend to reduce the resistance of the

gas space.
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4. If the bell is warm when contact with the surface 335 lost, Scveral
S hours will pass before the walls cool to nearly the temperature of
iﬁ the sea. Even after the wall cools, it still provides seme therwal
:23 resistance. Rigid foam applied to the exterior of the bell can
= significantly prolong the cooling time and enhance the thermal
N resistance of the wall.
€£ 5. Although it is generally small, there will be some thermal resistance
fj at the bell-sea interface.
) Results presented in this paper define in quantitative terms the factors
mentioned above. Parameters which are not accurately known were allowed to
‘ﬁ vary over the expected range of values to determine the sensitivity of final
7£ conclusions to assumptions made in the analysis. Fortunately, those parameters
'E which are known least accurately have a relatively small influence on the final
' result, and, therefore, the conclusions drawn from the study have valuec.
;; Following the presentation of this paper at the Underse:z Medical Socicty
ii Workshop on Thermal Constraints in Diving, the model was modified slightly,
o and additional cases were considered. In particular, suppression of shivering
: metabolism at central temperatures below 35°C was removed from the model, but
‘j fatigue was still considered to be an important factor in determining one's
i ability to survive. These results are described in two additional papers
“ listed below.
o Ref. H: Wissler, E. H., "An Analysis of the ‘'Lost Bell' Problem,"
. in Workshop B - Aids to Underwater Operations, Proceedings
E: of the Divetech '81 International Conference, Societv for
2 Underwater Technology, London, Nov. 1981.
;- Ref. I; Wissler, E. H.,, "Predicted Survivability of 'lost Bell'
:% Accidents under Various Conditions,'" to he published in |
“i Proceedings of the 8th Symposium on Underwater Physiology,
o

Undersea Medical Society.
The second reference summarizes the results of the experimental and theo-
. retical studies completed to date. It has been established that the theoretical
model yields results which are consistent with a 24-hour survival test conducted

at the Norwegian Underwater Technology Center. The adcquacy of commercially

available systems was also evaluated for situations other than those uscd n
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the laboratory study - 16 bars and chamber temperature decreasing from 30°%¢ o
7°C. The "worst case" was found to be a welding habitat employed a1t a depth
of 300 meters, for which standard systems are marginally safe. It is bclieved
that this paper and the companion paper describing the experimental study pro-
vide most of the information needed to specify adequate survival systems for
conditions likely to be encountered in current diving operations.

Ref. J: Wissler, E. H., "An Analysis of Heat Stress in Hyperbaric

Environments," pp. 53-74 in Hyperbaric Diving Systems and
Thermal Protection," C. E. Johnson, M. L. Nuckols, and

P. A. Clow, editors, OED - Vol. 6, Am. Soc. of Mech. Fngrs.,
New York, Dec. 1978.

Although the greatest concern in diver thermal protection is keeping divers
warm, there are conditions under which they may be exposed to heat stress.
Hyperbaric helium is particularly difficult to deal with because of its high
thermal conductivity and low diffusivity for water. Hence, the effectiveness
of sweating as a mechanism for dissipating heat is greatly reduced. This
problem has been carefully analyzed in Ref. J, and guidelines are presented
which allow diving superviSOrs to identify conditions that are potentially dan-
gerous. Since the U.S. Navy may be called upon to operate in areas where air
temperatures can be quite high, this paper should be of considerable interest

to those responsible for insuring that the operations are conducted safely

Papers and Oral Presentations
Prepared Under this Contract

Published Papers

"An Analysis of Heat Stress in Hyperbaric Environments,' in Hyperbaric Diving

Systems and Thermal Protection, C. E. Johnson, M. L. Nuckols, and P. A, Clow

(eds.), American Society of Mechanical Engineers, New York, 1978, pp. 53-74.

of the Eleventh Annual International Diving Symposium, Association of Diving

Contractors, New Orleans, February 1981.
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Published Papers (cont.)

" A Mathematical Model of the Human Thermal System with Reference to Diving,"
Pp- 187 to 212 in Physiological Criteria of Diving Equipment--Thermal Aspects,
L. A. Kuehn, ed., Undersea Medical Society, June 1981.

"Immersion Hypothermia - Validation of Computer Model and Prediction of Cooling
Rate," pp. 213 to 239, ibid.

"An Analysis of the 'Lost Bell' Problem,™” pp. 315 to 345, ibid.

"A Theoretical Analysis of the 'lost Bell' Problem,” in Proceedings of the

International Conference, Divetech '81, Society for Underwater Technology,
London (November 1981).

“Estimation of the Error Involved in Using Thermal Flux Transducers linder
Various Conditions," Undersea Biomedical Research, Supp. to Vol. 9, No. 1.
p. 14, March 1982 (with R. B. Ketch).

Oral Presentations

(with Robert Ketch) "An Effective Temperature Scale for Characterizing Heat
Stress in Hyperbaric Environments," Joint Meeting of the North Pacific and
Gulf of Mexico Chapter of the Undersea Medical Soc., San Antonio, Tex.,
October 1978.

"An Analysis of Heat Stress in Hyperbaric Environments,' Winter Annual Meeting

of the American Soc. of Mech. Engrs., San Francisco, Cal., December 1978.

(with M. L. Nuckols) "Integration of Physiological and Physical Factors in the
Design of Passive Thermal Garments for Divers,'" Arnual Scientific Meeting,

Undersea Medical Soc., Key Biscayne, Fla., May 1979.

"An Analysis of Emergency Heating Requirements for Personnel fransfer Capsules,

Undersea Medical Society Meeting, Athens., Greece, July 6, 1980.
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Oral Presentations {(cont.)

A Mathematical Model of the Human Thermal System with Reference to Diving.
Undersea Medical Society Workshop on Physiological Criteria of [iivirg Fgquipment--
Thermal, Bethesda, Md., Sept. 3-4, 1980.

Immersion Hypothermia--Validation of Computer Model and Prediction «f Cooling
Rate, ibid (with S. A. Nunneley).

An Analysis of Emergency Heating Requirements for Personnel Transfer Capsules,
ibid.

Mathematical Model for Predicting the Thermal Behavior of Divers: Theory,
Validation and Applications, Winter Annual Meeting of ASME, Chicago. November
16-20, 1980 (with M. L. Nuckols).

A Theoretical Model of Accidental Cold Immersion, 73rd Annual Meeting of AIChE,
Chicago, November 16-20, 1980 (with S. A. Nunneley).

Body Cooling Rate in Hyperbaric Heliox, European Undersea Biomedical Society
Annual Meeting, Cambridge, England, July 19-23, 1981 (with A. Pische and
S. Ténjun).

"A Theoretical Analysis of the 'Lost Bell' Problem," Divetech '81 Conference

sponsored by the Society for Underwater Technology, lLondon, November 1981.

"Estimation of the Error Involved in Using Thermal Flux Transducers under
Various Conditions," Annual Scientific Meeting of Undersea Medical Society,
Norfolk, Va., June 1982 (with R. B. Ketch).

. - - - T . -
R 5 W W -.J



7P
0{'1.'!

)

i
W .
A .
*
.
.

R eT
Y

»
!y
TRV RER

AR
v
& m it

Number of Copies

LA

12

<
7 ar

W

One _copy to each of the following:

A

X

X
r)

Commanding Officer

Naval Medical Research and
Development Command

National Naval Medical Center

Bethesda, MD 20014

-

.

5
WJililte

ryy
&

l“‘

Technical Reference Library
Naval Medical Research Institute
National Naval Medical Center
Bethesda, MD 20014

Office of Naval Research Eastern/Central
Regional Office

Building 114 - Section D

666 Summer Street

Boston, MA 02210

Office of Naval Research Branch Office
536 South Clark Street
Chicago, IL 60605

Dr. Kenneth N. Ackles

Defence Research and Development
Liaison Officer

Canadian Defence Liaison Staff

2450 Massachugetts Avenue

Washington, D.C. 20008

- P S S ST S SR L S s A
* .: o f. .--_:".-..-‘.iw...-‘.- . . .\.-.. \ .....;:' ‘.

Distribution List

Administrator

Defense Technical Information Center
Cameron Station

Alexandria, VA 22314

Director

Naval Research Laboratory

Washington, D.C. 20375

ATTN: Technical Information Division
(Code 2027)

Physiology Program (Code 441)
Office of Naval Research

800 N. Quincy Street
Arlington, VA 22217

Assistant Chief for Technology
Office of Naval Research (Code <L0)
800 N. Quincy Street

Arlington, VA 22217

Office of Naval Research Western
Regional Office

1030 East Green Street

Pasadena, CA 91106

Dr. A. L. Saifkosky

Scientific Advisor, Commandant of
Marine Corps (Code RD-1)

Washington, D.C. 20380

Director

Science and Technology Division
Library of Congress

Washington, D.C. 20540

Commanding Officer

Naval Health Research Center
P. 0. Box 85122

San Diego, CA 92138




T e e T .
.

PR AL

Distribution List (continued)

) USRS s Ey TTEVA P e ol AN, B

One copy to each of the following:

Office of Naval Research Scientific
Liaison Group

American Embassy - Room A-407

APO San Francisco, CA 96503

CDR Robert S. Kennedy, MSC, USN
Naval Aerospace Medical Research
Laboratory/Detachment No. 1
Michoud Station - Box 29407

New Orleans, LA 70129

Director

Air University Library
Maxwell AFB, AL 36112
~ ATTN: AUL-8110

Director

National Library of Medicine
8600 Wisconsin Avenue
Bethesda, MD 20014 °

Director

Life Sciences Division
Office of Scientific Research
U.S. Air Force

Bolling AFB - Building 410
Washington, D.C. 20332

AR -

‘.

P , .
.’ e LSRR T A T ST TR A U e DT
P S S A A A I AL R AL R N Sy

Librarian

Naval Aerospace Medical Institute
Building 1953, Code 012
Pensacola, FL 32508

ATTN: Mrs. Ruth Rogers

Commanding Officer

Naval Air Development Center
Warminster, PA 18974

ATTN: Life Sciences Research Group

Commander
Army Research Office
Research Triangle Park, NC 27709

Commanding General

Army Medical Research and Development
Command

Forrestal Building

Washington, D.C. 20314

Commanding Officer

Naval Health Research Center
P. 0. Box 85122

San Diego, CA 92138

|'-\' .‘l.'

R Tt . - . " e . . . .‘.‘-.-". - t et . ..'-~‘-\ y
WGP TAT TG W SR, T DT DI TR WAE T, T Ve T VS P P v




