MODEL FOR THE THERMOREGULATION

OF SEA LIONS

A Thesis
Presented to
the Faculty of the Graduate School

University of Missouri

In Partial Fulfillment
of the Requirements for the Degree

Master of Science in Chemical Engineering

by
V. Natarajan

August 1974



ACKNOWLEDGEMENTS

The author is indebted to Dr., Richard Luecke for
his guidance and patience during the course of this vork.

In addition, thanks is given to Dr. Frank South and
his staff for their valuable advice.

Duringvthe preparation of the manuscript, the author
was fortunate to have the assistance of his wife. Without
her understanding and encouragement this work would not have

been possible.



CHAPTER

I

IT

III .

TABLE OF CONTENTS

INTRODUCTION . + & ¢ o o o o o =

MATHEMATICAL MODEL OF HEAT EXCHANGE.

A'

Passive System . . . . . . .

l. General Discussion . . .

.

2. Heat Transfer Inside the Animal

3. Heat Transfer to Environment.

a. Evaporative Cooling. .

.

b. Radiation and Convection

c. Respiration. . . . . .
4. Basal Blood Flow . . . .
5. Metabolism. . . . . . . .
a. Basal Metabolism . . .
b. Exercise Metabolism. .
Controlling System . . . . .
1. Evaporative Cooling . . .
2. Vésometer Action. . . . .

3. Blood Flow During Diving.

Development of Equations Describing the

Model. . ¢+ ¢ ¢ ¢ ¢ ¢ ¢ o « &
1. Head. . « ¢« ¢« ¢ ¢ o« « & &
a. Core . ¢« ¢ o ¢« o o o
b, Muscle . . ¢« « & « . .
c. Blubber. . . . . .« . .

do Skin L] . 3 . . . . . .

.

PAGE

14
15
17
17
19
21
23
23
24
27
28
30
32

34
34
34
36
37
37



iv

CHAPTER PAGE

2. Trunk ¢ ¢« v o o o o o o @ o o e s s e e 37
Q. COTE v v o o o o o o o o o o o« o o o 37
b, Muscle « ¢« o« o« o o o ¢ o o s o o o = 38
C. Blubber .+ ¢ ¢ ¢ o o o o o o o o o @ 38
de SKIN v 4 ¢ v 4 o o e o e s e s e e e 38
3. FOre-Flipp@rs « v v o« o o o o o o o o @ 38
a. Core . . . . ; e s e e o o s e o e 38
b, Muscle . . ¢ ¢ ¢ ¢ ¢ ¢ o o ¢ o o o = 38

C. BIUBDEE & ¢ o v ¢ o 4 e e e e e e 38
d. SKkin . ¢ 4 i i s e e e e e e e e e . 39
4. Hind-Flippers . . « « o o o o« o « o o+ = 39
8. COTE@ v v ¢ o o o o o o o o o o o o = 39
b. Muscle . . ¢« o o« ¢ o ¢« o o o o o o o 39
C. Blubber. . . ¢ ¢ ¢ ¢« « ¢« ¢ ¢« o o o | 39
de Skin . . . . 0 s e e e e e e e e e 39
5. Central Blood Compartment . . . . . . . 39
B. Boundary Conditions . . . « « ¢ « ¢ « « & 40
C. Known Parameters . . .« o « o o o o o o o @ 41
1. Thermal Conductivity . . .« . ¢« ¢« « .+ 41
2. DenSity ¢ ¢ ¢ 4 e e e e 6 e e e e e e e 42
3. Specific Heat . « « ¢ ¢ ¢ ¢ o ¢ o o o« & 42
D. Solutions to the Partial Differential
Equations .« ¢ ¢ o o o o o o o o o o s o 43
E. Calculations for the Blood Temperature . . 50
Iv. RESULTS AND DISCUSSION . & & & o« o o « o o o & 52

AQ Airt e . . . . . L] . . . L] . ] L} . . [ 3 . 52



CIAPTER | PAGE
B, Swimming . « « « « v ¢« ¢« ¢« ¢« s « o o o o & o 59

C. DiVING v v « o o o o o o o o « o o o « o » « 59

V. SUMMARY. v v o o o o o o o o o o o o o 0 o 0 oo 12
TABLE OF SYMBOLS « v + v o o o o o o o o o o o o« o o o « 14
BIBLIOGRAPHY + o v o o o o o o o o o o v o e e e o e w17
APPENDIX T + o v o o o o + o o o o« o o« o o« o« o « o« o« 81
APPENDIX IT. « « o « o o o o o o o o« « o« o o o« o o« o« o . 88

APPENDIX TIT v v o o o « o o o o o o o o o o o o o o o o 92



TABLE

1
2

LIST OF TABLES

Physical measurements of sea lion . . . « « « .

Anatomical dimensions of the animal.of body
weight 31.413 Kg: o ¢ o ¢ o o o o o o o o o o o

Blood flow to different organs under basal

"conditions for humans . . « « ¢ o o o s o o o =

Distribution of basal blood flow and metabolism

Computed temperature of the last (outer)
differential layer of the skin at 4.0 hours

and at various air temperatures when the animal
is hauled out on land . . .« ¢« ¢« ¢ ¢ ¢ o o « o =

Computed temperature of the last (outer)
differential layer of the skin at 2.0 hours
and at various water temperatures when the
animal is swirming at 6 miles/hour. . . . . . .

Computed temperature of the last (outer)
differential layer of the skin at 2.0 hours and
at various water temperatures when the animal
is swimming at 7 miles/hour . . . . . . . . . .

Computed average temperature of the trunk core,
while the animal is diving at 9 miles/hour. . .

Computed .temperature of the last (outer)
differential layer of the skin at 16.2 minutes
and at various water temperatures when the
animal is diving at 9 miles/hour. . . . . . . .

PAGE

12

13

22

25

58

63

64

67

71



FIGURE

1
2

10

11

12

13

14

15

LIST OF FIGURES

Sagittal view of California sea lion. . . . . .
Left posterior limb of California sea lion. . .
Left anterior limb of California sea lion . . .

Cross-sectional view of a section . . . . . . .

" Block diagram of thermal model of sea lion. . .

Block diagram of relationships between the
various compartments of the thermal model of
Sea 1ion‘ L] . L] L] L3 L3 . Ll - Ll . . L] L3 L] . - L] -

Diagram depicting the time increments and the
special steps used. . . ¢+ ¢ ¢ 4 ¢ e e e e e e

Measured body temperature of the animal in
air as a function of time . . . . . . . . . . .

Computed average temperature of the trunk core
of the animal in air as a function of time. . .

Measured heat loss as a function of air
temperature . . - . ) o L] . L ] L ] L ] L] L 3 L ] L ] [ ] . L]

Computed>heat loss as a function of air
temperature . . . ¢ ¢ ¢ 4 ¢ e 6 4 e e s e e s W

Computed average temperature of the trunk
core of the animal, swimming at 6 miles/hour
as a function of time . . . . ¢ ¢ ¢ ¢ e ¢ e o .

Computed average temperature of the trunk core
of the animal, swimming at 7 miles/hour as a

function of time. .« ¢ & ¢ ¢ ¢« ¢ o ¢ o ¢ o o o

Computed heat loss when the animal is
swimming as a function of water temperature . .

Computed average temperature of the trunk core
of the animal when it is diving at 9 miles/hour
in water of temperatures 0°, 5%, 10°, 15° and
20°C as a function of time. .« « « « ¢ « ¢ « o+

vii

PAGE

10

16

35

44

53

54

56

57

60

61

62

66"



FIGURE

16.

17

III-1

Computed temperatures at 16.2 minutes as a

function of differential layers in the

trunk of the animal when it is diving at

9 miles/hour . « v v ¢« v v ¢ 4 o o o .

Computed heat loss as a function of water
temperature when the animal is diving at

9 milesS/hOUY « v v v v 4 4 o o o o o .

'Flow chart for the program . . . . o

.

viii

PAGE
. 69
. 70
. 94



CHAPTER I
INTRODUCTION

Mathematical modeling in biological systems is a
relatively new and challenging field for chemical engineers.
MApplication of heat and mass transfer and reaction kinetics
allows development of these models for biological systems in
accordance with the basic4physical laws of nature.

Most physiological control systems are very complex
and are difficult to describe on an intuitive approach.
Prediction or interpretation of experimental results may
involve separation of many interacting factors. Although
thermoregulation has this characteristic in common with most
physiological éontrol systems, it has the distinction that
parts of the overall systeﬁ obey relatively simple physical
”1aws which can be combined in quantitative form.

Marine mammals face particularly severe thermal
challenges from their environment. An animal diving in the
ocean not only encounters the latitudinal and seasonal temper-
ature changes in oceanic waters, but also goes through a
vertical stratification of temperatures on a very short term
basis. While on land they encounter great seasonal and
diurnal changes in temperature. So the study of the
thermoregulatory system during both surface activity and
diving could be of considerable importance to the understanding

of thermoregulation of mammals in general.



Develdpment of mathematical models enables us to
iﬁterpret experimental data, design experiments and predict
the outcome in situations where it would be difficult to
make experimental measurements.

In the present study, a distributed parameter model
is developed for the thermal behavior of the Califérnia sea

lion (Zalophus californianus), while it is swimming, diving

or hauled out on land. Many of the physiological parameters,
such as local metabolic heat generation rates, local blcod
flow rates etc., are not available. Approximations for many
of these system characteristics are taken from anaiogous
situations in other mammals. The major source of these
approximations is human models which havé been used to study
the thermal behavior of the miners in the hot humid environ-
ments (Wyndham and Atkins, 1968) of South African mines and
for the development of space suits (Chambers et al., 1973).

A model for the thermal behavior of humans in the
unsteady state was developed by Wissler (1964). The human
body was divided into fifteen cylindrical sections. In each
section, the large arteries and veins were represented by
arterial and venous pools which were distributed radially
throughout the section.

A study of temperature regulation in humans was done
by Stolwijk and Hardy (1966). This model was largely a

lumped parameter model. The body was represented by just



three cylindrical sections: the head, the trunk and the
extremities. Each cylindef was divided into three homogeneous
concentric volumes. All three skin layers exchange heat with
the environment by conduction, convection, radiation and
évaporation. The muscle layer exchanges heat by conduction
with the skin and the core. The core likewise exchanges heat
by conduction with the muscle. |

It was assumed ip this model that the central blood
flows so fast through the arteries and veins that-it loses very
little heat directly to the external environment. Much
greater amounts of heat are exchanged with various compartments
of the core, muscle and skin by convective heat transfer in
‘the small vessels. For this reason, the blood reservoir was
separated from the other compartments.

The preceding model was refined later by Stolwijk
(1972). The body was divided into six, instead of three
segments: the head, the trunk, and left and the right arms
and the left and the right legs. The head was considered as
spherical in shape while the other body sections were taken
.as cylindrical. Each section had four layers: the core,
the muscle, the fat and the skin. In addition, a central
blood compartment linked the six sections together via the
appropriate blood flows. There was a total of twenty-£five
compartments.

Initial conditions were obtained by simulating exposure
to a 31°C environment with a 10 cm/sec air movement without

any thermoregulation. The values computed were in reasonable
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agreement with their experimental counterparts.

Recently efforts have been made in developing mathe-
matical models for animals other than human beings.

A mathematical model, describing the dynamic generation
and transfer of heat in marmots was used to analyze thermo-
regulatory behavior during. hibernation (Luecke et al., 1970).
In this'model, a spherical shape was selected to approximate
the shape of the flattened ellipsoid of the hibernating
marmot as it tucks its head under its tail. The sphere was
divided into three concentric layers, the simultaneous partial
differential equations, describing the heat transfer were
solved numerically. By a small adjustment in the overall
heat transfer coefficient to thé environment the cooling
curve measured as the animal entered into‘hibernation was
closely reproduced.

This modélwas later used to correlate heart rate,

EMG activity and metabolic heat generation by the marmot during
hibernation (ILuecke and South, 1971).

Most of the general biological information on sea
lions has appeared in several review articles (Anderson, 1969;
Ridgeway,‘l972; Pierce, 1970; and Irving, et al., 1935).

In the present study, the model takes the form of
seventeen non-linear, coupled, partial differential equations.
Since they cannot be solved analytically finite difference
techniques are employed for a numerical solution. The
numerical results are compared with those from experiments

and some of the estimated parameters and constants in the



control system'and the model is adjusted so that computed
résults agree closely with the experimental data.

Since only the experimental thermoregulatory data
for the animal in air are available at this time, the model

- has been validated only for this case.



CHAPTER II
MATHEMATICAL MODEL OF HEAT EXCHANCE

2. DPassive Systen:
l. General Discussion:

For computationally practical models it is necessary
to mathematically lump the body into a relatively small
number of sections. In this model, the animal is represented
by four main sections: the head, the trunk, the fore-flippers
and the hind-flippers.

The sagittal view of a California sea lion was given
By Ridgeway (1972) which is reproduced here as Figure 1. The
head and the trunk of the animal are shaped somewhat like a
flat ellipsoid.

The general anatomy of the left posterior limb and
the left anterior limb of the animal were given by Howell
(1929) which are produced here as Figures 2 and 3. The flip-
pers extend so that the flattened parts divide naturally into
triangles, connected by short cylindrical limbs to the body.

An ellipsoid model for the head, and the trunk and
the flat triangular models for the flippers were not used
because the mathematical description would be too complicated.
A cylindrical model for each section was selected to simplify
the development and solution of the mathematical description.

Fach cylindrical section is divided into four concentric
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Figure 4.

Cross sectional view of a section.
Layer I, central core; Layer II,
muscle; Layer III, blubber; Layer
IV, skin; Ry Ry, Ry, R,-radii of
core, muscleg, b%ubber and skin
respectively.

10
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contains visceral organs, layer II is the muscle, the layer
III is the blubber, and layer IV is the skin.
Physical measurements were taken from two sea lions
used as experimental subjects. This data ié shown in table 1.
VRelationships between surface area of the animal (TSA)
in cm2 and the weight of the animal in kg., were computed
using the equation given by Irving et al., 1935:

2/3 -1

TSA = 800 TW
The calculated surface area is 7979.2 cm2 compared with the
measured values given in table 1.

The weight fractions (FW) of the different sections
are computed on the basis of thé measurements taken on the
radii and lengths of the sections.

Since the physiological data on the weight distri-
butions within different sections of the animal are not
a?ailable, values are assumed or adopted for the most part
from the human model (Stolwijk, 1972). Sea lions have more
blubber than fat in humans. It is assumed that 20% of the
animal weight is blubber, instead of 15% of the human body and
adjustmeﬂts are made. |

The skin in each section is assumed to take up the
outer 2mm. so the mass of the skin on each cylinder is found
with only a slight error, by multiplying this 2mm thickness
by the surface area of each section. The masses and physical
dimensions of the various compartments are given in Table 2.

The central blood compartment (CB) has no clearly

defined anatomical counterpart. The arcas of heat transfer
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Date: 3/26/74
TABLE 1

PHYSICAL MEASUREMENTS OF SEA LION

NAME Joy Noel
SEX _ Female Female
WEIGHT 31.5 kg. 31.6 kg.
LENGTH:
Trunk 94.5 cm 95.5 cm
Head 22.0 cm 22.0 cm
Fore-flippers 30.0 cm 30.0 cm
Hind-flippers 30.0 cm 30.0 cm
CIRCUMFERENCE::
Trunk (ave.) . 50.0 cm 49.0 cm
Head (ave.) 20.0 cm 20.0 cn

AVERAGE WIDTH: A
Fore-flippers 15.0 cm ) 15.5 cm
Hind-flippers 8.0 cm 8.0 cm

SURFACE AREA:

Trunk 4725.0 cm® 59.62% 4679.5 cm® 58.94%
Head 440.0 cm®  5.55% 440.0 cm®  5.54%
Fore-flippers 1800.0 cm2 22.,72% 1860.0 cm2 23.43%
Hind-flippers  960.0 cmz 12.11% 960.0 cmi 12.09%

TOTAL 7925.0 cm™ 100.00% 7939.5 cm™ 100.00%
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for blood in capillaries are much larger than that in the
heart, arteries and veins. It is assumed, therefore, that
the blood exchanges heat with the compartments by convection
only in the capillary beds. For this reason, the heart,
arteries and veins forming the blood pool are considered as
a separaté compartment.

Estimation of the size and location of the central
blood compartment becomes very difficult since little
anatomical data is available. A reasonable assumﬁtion would
be that all blood in the heart and in vessels with a diameter
greater than 1 cm belongs to the "central pool". Further
difficulty was experienced in finding information for the
'total weight and distribution of the central pool in the sea
lion. For the human model, Stolwijk and Hardy (1966),
assumes that the central pool has a volume of roughly 1,350 ml:
300 ml for the heart, 375 ml for the venae cavae and 100 ml
each in carotid arteries and jugular veins, bronchial arteries
and veins. In this model, the central pool is assumed to
have the volume, ratioed on the basis of weight of the human
and the sea lion models. It is also assumed that it has
the same distribution as the human model.

In order to create this pool, appfopriate masses
have to be subtracted from the core compartments of the trunk,

head, fore-flippers and hind-flippers.

2. leat Transfer Inside The Animal:

The heat transfer inside this rodel is assumed to
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convection, via the blood flow and that part which occurs
through direct tissue conduction.
The driving force for the convective heat transfer
is the difference in temperature between the tissue and the
blood. Because of the high surface area in tissue capillaries,
complete heat transfer befween the blood and the tissue is
assumed. The blood leaves the tissue at the tissue temperature.
Conductive heat transfer occurs within each layer
and is assumed to be occuring only in the radial direction.
The surfaces on the ends of each section is assumed to be
perfectly insulated and having no heat exchange. Axial
temperature gradients in each section are neglected and all
properties of each layer are assumed to be homogeneous with

linear temperature profiles.

3. Heat Traﬁsfer To Environment:

The sea lion has a layer of short hair which does not
seem to contribute much insulating walue. The short hair on
the body is completely wetted and lies so flat that its
thickness is probably less than 1 mm. In this model, the
effect'of the hair on heat transfer has been neglected.

A representation of the entire model showing all of
the channels of heat transfer is shown in Figure 5.

In general, heat transfer with the environment can
occur by conduction, convection, radiation and evaporation.
The rate of heat transfer for each mode with the environment
depends on the physical properties of the surrounding medium.

The type of heat transfer mechanism which is going to
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contribute to the heat transfer to the environment varies
with secticons of the body and the surrounding mediun.

YWhen the sea lion is on land, it will lose heat toi‘
environment by conduction, convection, radiation and evapora-
tive cooling via respiration aﬁd insensible moisture losses.

When the animal is swirming in water, since nost of
its body is under water, it loses very little heat to the
environment by radiation and skin evaporation. But it still
exchanges heat with the environment by respiration.

YThen it is diving essentially all of the heat loss to

the environment is by convection.

a.) Evaporative Cooling:

The actual sites and mechanisms of evaporative cooling
invoive active sweat secretion from the flippers (Matsura
and Whittow, 1972) as well as from excessive salivation which
may soak the fur of the entire ventrum of the neck. Since
urination was observed, (South et al., 1973), to have occurred
rather freguently during exposure to the higher temperatures,
wetting of the circumanal area may also be a source of evap-
orative cooling. The method of evaluating the heat lost by

evaporative cooling will be discussed in detail later.

bh.) Radiation and Convection:

The radiation and convection heat transfer coefficients
for a particular set of conditions can be estimated using
empirical correlations.

The coefficient for radiant heat transfer (HR) is



most easily determined. Ieat lost by radiation per unit area

is given by Wissler (1961) as,

~12 4 4
= 4 : T -~ T {ce -
QRAD A.4846 x 10 (.,S a ) Kcal 2
crm hr
vhere,
Ts = temperature of the skin in °k.
Ta = ambient temperature in Oy,

Defining the heat transfer coefficient for radiation (HR) to

be O

_RAD/(LS - Ta), one obtains:

(T 3+T 2T +T T 2+T 3) Kcals - 3
s s "a "s"a a

cmzhroc

H, = 4.4846 x 10712

Over the range of temperatures from 10°¢ to 40°C the

*

value for "o increases from 0.000522 to 0.000599 Rcals/cmzhréc.
Thus the heat transfer coefficient for radiation is nearly
constant and can be readily determined.

The convective heat transfer coefficient (Hc) was

taken to be that for forced convection across a flat plate as

given by Knudsen and Katz (1958).

H = 0.324 X (Lv)1/? pr1/3

L v

where,
K = thermal conductivity of the fluid. (Kcals/cm'oc hr)
Y = kinematic viscosity of the fluid. (cmz/hr)
Pr = Prandtl number of the fluid.
U = velocity of the fluid. (cm/hr)

L = Length of the animal. (cm) -
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In this model, the effective area while the animal
is swimming and diving is taken to be the same as the total
- surface area.

The effective area for radiative and convective heat
transfers when the animal is on land can not be easily
determined because of the complex geometry of the sea lion.
The area of heat transfer varies markedly as the posture of
the animal changes. As the body temperature rises, the
animal changes its posturé to expose the maximum possible
surface area. It is assumed that 90% of the total surface
area of this model represents maximal exposure. Posture
change is assumed to occur when the ambient air temperature
is above 20°C. At ambient air temperature of 20°C the
animal is assumed to expose about 80% of its body. As the
ambient air temperature falls, the animal folds its fore-
flippers inside the hind-flippers to conserve heat. An

exposure ratio of 65% is assumed for the lower temperatures.

c.) Respiration:

The expired air is assumed to be saturated with
moisture at the core temperature. Thus the total rate of
heat loss through the respiratory tract depends only on the
respiration rate, the temperature of the core and on the
temperature and humidity of the ambient air.

The respiration rate in turn is dependent on the

total heat production in the body. Every kilocalorie of
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heat liberated requires approximately 0.207 liters of
_oxygen. The inspired air has 20.9% volume of oxygen and the
expired air has 15.9% volume of oxvgen (South 1274). The
respiratory volume (RV) in liter/hr can be calculated from

the following equation:

RV

4.145 x TQ -5

where,

Il

0 Total heat production (Kcals/hr).

Some of the heat lost through the respiratory tract
occurs in the core of the heat and some in the trunk but
there is no available data on the actual distribution. It is
assumed that 10% of the heat loss through the respiratory
tract came from the head core and 90% from the trunk core.
Further it is assumed that the expired air is saturated with

3

"water vapor at a mean temperature Tm'

where the head core temperature (T,.) and trunk core temp-

. HC

erature (TTC) are measured in °C.
The rate of heat loss through the respiratory tract

(QP) can be calculated from the following equation (Wissler

1961), knowing the ambient partial pressure of water (pc) in

mm of Hg and the relative humidity of air (H).

0. = 15.12 x 10 14

R RV {Tm - ('I‘A - 0.37 (1-H) pc)}

Kcals/hr - 7
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4. Basal Blood Flow:

In addition to its other physiological functions,
blood performs a vital role as a heat exchange medium. For
this reason, reliable data on the amount of blood flow and-
its distribution to different parts of the body would be
véry useful. However, unfortunately very little information
for these values is available.

For a standard man of weight 70.94 kg., Stolwijk and
Hardy (1966) report a basal blood flow of 5.407 liters/min.
In the model for the sea lion, it is assumed that the total
basal blood flow is the same as that of a human of the same
weight.

Blood flow distribution is also modeled from that
of human beings. Average values of the blood flow distribution
in humans, given by Guyton (1966), are shown in Table 3. 1In
this model, it is assumed that of the total blood flow
73.5% goes'to core, 20% to the muscle, 3.5% to the blubber
and 3% to the skin (South 1974).

As the'function of the blood and that of the muscle,
blubber and skin in different sections are the same, it is
éssumed that the basal blood flow to the blubber and skin
are distributed to different sections according to their
respective weights. The distribution of basal blood flow
" to the core of different sections is assumed to be the
same as that in humans. The blood flow to the bones is
distributed among different sections using the following

assumptions:
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TABLE 3

BLOOD FLOW TO DIFFERENT ORGANS UNDER BASAL
CONDITIONS FOR HUMANS

Percent ml/min

Brain - 14 700
Heart 3 150
Bronchial 3 150
Kidneys 22 1100
Liver ' 27 1350

Portal (21) (1050)

Arterial - (6) (300)
Muscle (inactive state) 15 750
Bone 5 250
Skin (cool weather) 6 300
Thyroid Gland 1 50
Adrenal Glands 0.5 25
Other Tissues 3.5 175

Total 100.0 5000.00
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i) The fore-flippers of the animal are the same as

the arms of the humans.

ii) The hind-flippers are just 1/3 of the fore-
flippers.

iii) The trunk of the animal includes the trunk and
legs of the human.

iv) The head of the animal is the same as that of
the human.
So it is found to be that of the total blood flow to the
core, 19.87% goes to the'head, 78.36% goes to the trunk,
1,33% goes to the fore~flippers and 4.4% goes to the hind-

flippers.

5. Metabolism:

Basal metabolism and exercise metabolism contribute
to the total metabolic heat generation. These are discussed
separately below. |

| a.) Basal Metabolism:

Kleiber (1947) developed the following
equation, whicﬁ relates the basal metabolism (QB) to the
weight of the mammals "from mouse to elephant".

Kilogram calories per day = 70 x weight 3/4 - 8
But Irving and Hart (1957) reported that when the basal
- metabolic rates of harbor seals were plotted against their
weights, the basal metabolism found in threce separate studies

was about the double the rate for the mammals of their size,

as defined by Kleiber's formula. They also reported that the
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basal metabolism of the two harbor seals was about 1.5-2 times
the "standard" values of their size. The experimental data

on basal metabolism for the sea lion reported by South et al.,
(1973) was about 2.06 Xcal/kg/hr. To match this, a correction
1.8 was made to the'Kleibers formula so thaf it is applicable

for this model.

"There are no reported data available for sea lions for.
the distribution of basal metabolism to the various organs,
muscles, etc. In this model, the distributions of weights
and basal blood flow were assumed to be the same as that
of humans where applicable. Likewise it is assumed that
the distribution of basal metabolism is equivalent to that
of the human model (Stolwijk ana Hardy, 1966). The detailed
distribution of basal metabolism along with the distribution
'of basal flow is given in Table 4.

b.) »Exercise Metabolism

| During exercise, heat is generated in the
muscle layers of the trunk and fore-flippers. When the
animal is swimming or diving, it must develop enough work to
overcome the resistance due to acceleration and fluid
frictioh;

The amount of resistance offered by the fluid around
the animal's body can be evaluated if the pattern of flow of
the fluid around the animal was known. Lang (1966b) reports
that whales maintain a laminar flow over a high proportion of
the body while in water.

If the animal is swimming below the surface in deep



TABLE 4

DISTRIBUTION OF BASAL BLOOD FLOW AND METABOLISM

Basal Metabolism

Basal Blood Flow

Compartment in Xcal/hr in lit/min -
Core 53.020 1.763
Muscle 12.049 0.481
Blubkber 3.838 0.084
Skin 0.897 0.073
Total 69.804 2.401

Head Core 11.191 0.350
Muscle 0.268 0.011
Blubber 0.128 0.003
Skin 0.070 0.004

Head Total 11.657 0.368

Trunk Core 40.677 1.382
Muscle 9.884 0.389
Blubber 3.150 0.069
Skin 0.597 0.043

Trunk Total 54.308 1.883

Fore-Flippers Core 0.775 0.023
Muscle 1.276 0.054
Blubber 0.377 0.008
Skin 0.155 0.017

Fore-Flippers Total 2.583 0.102

Hind-Flippers Core 0.377 0.008
Muscle 0.621 0.027
Blubber 0.183 0.004
Skin 0.175 0.009

Hind Flippers Total 1.256 0.048

Animal Total 69.804 2.401




water (when the submersion depth of the body axis is eqgual

to three times the body of revolution), the flow around the
animal is laminar, (Anderson 1969). If the animal swims
closer to the surface, it creates waves on the surface of
the water. The consecquent change in flow pattern increases
the resistance. This does not quite create.a turbulent
motion of the fluid arcund the animal. It is said to be in
the critical region, which is a transition between laminar to
turbulent flow.

The drag coefficients were taken from experimental
tests reported by Hoerner (1957) on rigid, smooth, streamlined
bodies. The empirical equations were developed as a function
of the Reynolds number (Re) to fit these experimental results.
They are given (Rose 1956) as follows: |

Ce = l;%%z -9

Re
critical region,

Cf = 0.074 - 10
Rel/5

Turbulent region,

= 4.15 log Re Cf - 11

Al
ke

where Ce is the coefficient of frictional drag,
Ry is the Reynolds number which determines the flow
pattern of the fluids.

P = -
Ra XLV 12

Y



where, V is the speed at which the animal is swimming.
X, is its length
RS

and y is the kinematic viscosity of seawater.

The power required to overcome the frictional drag

(P,) can be calculated usinc Lang's equation (1966)

PF - é 0’,{' f TSA 'U'3 - 13
Iy

where'Q;is the efficiency of conversion of muscle energy to

the power to overcome the drag.

Since no reported data is available it is assumed
that the muscles of the animal convert the energy to work at
50% efficiency and the flippers convert this work to the
power required to overcome the drag at 25% efficiency.

There is also resistance offered by the inertia due
to acceleration. Aithough this is not taken into consider-
ation in this model, provision has been made in the program for
inclusion in future work.

b.) The Controlling System:

The feed hack control parameters represent
a part of the model that is particularly difficult to
evaluate. The objective of this section is to formulate a
controller concept which allows good simulation of observed
phenomena. At the same time, it should be as flexible as
possible so that the formulation can be modified without
making extensive changes in the other parts of the model.

The controller is divided into two parts: sensor

mechanisms and effector action. The sensor mechanisms are
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not accessible to observation and study, but it is generally
accepted that‘the temperature sensitive structures in the
hypothalamus play an important role in thermoregulation
(Nakayama et 2&.,-1969).

‘Similarly, there is general agreement that thermal
receptors in the skin play an important role (Hardy and
Stolwijk, 1966). In addition there are indications that
temperature sensitive structures exist in the voluntary
muscle (Robinson et al., 1965).

The effector actions are well known in a qualitative
sense: variations in skin blood flow and muscle blood flow
and sweating with conseguent evaporative loss.

The regulator which will be discussed below is by
no means tb be taken as final. It is anticipated that this
hypothetical regulator will be useful in suggesting additional
experimental work to challenge its wvalidity.

The signals received from the sensors vary linearly
with the 16cal temperature (Stolwijk and Hardy, 1966). These
sensors are assumed to be in the head core, in an even
distribution over the skin and the muscles. FEach of these
sensor systems is taken to have zero output at a local temp-
erature corresponding to a set point for the head core, (%HC)'
mean skin (%S) and muscle (%m) temperatures. The head core
temperature determines whether the major effector response is
that for increasing heat loss by sweating and vasodilation or
for increasing heat storage via vasoconstriction.

1) Evaporative Cooling:
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Evaporative cooling depends on the amount
of surface area wetted by perspiration, urination and
salivation. Since the sweat glands are found only in the
flippers, it is easy to evaluate.the surface area wetted by
perspiration. But the determination of surface area in the
trunk and the head where the evaporative cooling occurs due
to salivation and urination poses a great difficulty. Since
the quantitative information is unavailable it is assumed
that the animal wets about 10% of its surface area of the
trunk by urination and salivation. Therefore, the total
evaporative cooling is distributed among different sections
according to the surface area available for the evaporative
cooling.

The total evaporative cooling control (Ev) can be

written as,

A A

Ev = Evl (THc - THC) (TS - TS) Kcals/hr - 14
where,

Ev, = Gain for evaporative cooling

THC = Average temperature of the head core (°c)

TS = Weighted average temperature of the skin (°c)

It is assumed that the positive deviation facilitates heat
loss and negative deviation facilitates heat storage, however
if the product is negative it is rejected. Since the evap-
orative heating is not possible, the restriction Ev>o is
imposed.

The set temperatures for the head core (T,.) and the

HC
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skin (TS) were taken as those values found with no control

. o} s . .
with 20°C ambient air. The gain Evl was taken as 10.0.

2) Vasometer Action:

Blood performs two important functions. In
addition to the function of serving as a transport medium for
6xygen and nutrients, it also transports heat to the surface
to prevent overheating of any sections. Control of blood
flow to different sections enables the animal to control its
overall body temperature.

The metabolic heat production in the core -of each
section is assumed to remain always at the basal level. This
is not strictly true for the trunk where the heat produced
by the heart, especially, is variable. This effect on heat
‘production, however, is small. The heat production in the
brain is quite constant. In the core of the flippers the heat
production is lqw under all circumstances. So the oxygen
and nutrient demand by the core of all the sections remains
relatively constaﬁt. Thus the blood flow to the core of
all the sections is taken to remain constant at the basal
level.

The total heat production in the muscles can change
over a wide range due to exercise. This variation in heat
production requires different amounts of oxygen which, in
turn, requires variation in blood flow to muscles.

The variation in blood'flow to muscles can be evaluated

from the oxygen demand. Every kilocalorie of energy produced
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requires 0.207 liters of oxygen and every liter of blood

flow makes 0.20 liters of oxygen potentially available for the
muscle tissue (Guyton, 1966). Thus at least one liter of
blood is circulated in the muscles for every Kcal of energy
liberated. The minimal blood flow to the muscle (BFM) is

evaluated as
BFM = BF(2) + Exer x 1000 cm>/hr - 15

The blubber plays an important role as a heat insulator
It has a low thermal conductivity compared to other tissues.
The blood flow to the blubber varies the effective thermal
conductivity of the blubber. One of the principle ways the
animal preserves heat from colder environments is by reducing
its blood flow to the blubber from the basal level (BF(3)).

The blood flow to the blubber BFB is evaluated as

BFB - BF(3) + CoB (THc - T - 16

HC)

The gain for blood flow to the blubber CoB is‘to the
value of 1000.0 to fit the experimental data. Since it is
not possible to have a negative blood flow to the blubber, a
restriction BFB>o is introduced.

$kin blood flow is highly dependant on the thermo-
regulafory controller. The basal blood flow to skin BF (4)
at thermal neutrality can be diminished by vasoconstriction
or increased by vasodilatation.

The animal is able to withstand colder environment, .
but is not able to withstand the hotter environment. This

is an indication that the animal is able to decrease the
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blood flow to the skin more efficiently to preserﬁe heat
than increase the blood flow to the skin to lose more heat.
So in the model, vasodilatation and vasoconstriction are
treated separately.

The guantitative relationships for the blood flow to

skin (BFS) can be expressed separately as

cm3/hr - 17

= >

* BFS

i

BF(4) + VASOD (THC - HC)

BF (4) + VASOC (T... - T cm>/hr - 18

BFS HC HC)

with the restriction BFS>o.
The correction factors for the vasodilatation (VASOD)
and vasoconstriction (VASOC) are adjusted to experimental

data.

3) Blood Flow During Diving:
When the animal is diving, bradycardia -

a reduction in heart rate - 1is developed. The bradycardia
is not an isolated vascular activity but is associated with
decreased cardic output and a generalized peripheral arterial
vasoconstriction for maintenance of blood pressure. There is
reduced blood flow in viscera, skeletal muscle and skin but
cerechral and coronary flow is apparently less affected.
(Anderson, 1969). |

Elsner (1969) measured cardiac output by directly
recording the blood flow in the pulmonary artery of zalophug

californianus. Slowing of heart rate was clearly visible
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while the stroke volume remained unchanged during the
immersion. The heart rate fell from about 140 in air to
30-40 in water.

The above clearly demonstrates that the blood cir-
culation during diving is reduced. 2 problem arises in
evaluating the amount of reduction of blood flow to different
parts of the body.

Flow practically stops in the muscles during diving
(Scholander, 1940). 1In the mesenterial blood vessels flow
is much reduced and it is often arrested in the flippers
(Irving et al., 1941). The kidneys are effectively isolated
from blood circulation during prolonged submersion (Murdough
et al., 1961) or reduced. (Stone et al., 1973.)

In this model, it is assumed that during the diving
the eyes, ears, cranial nerves and the base of the brain are
receiving blood flow at the basal level. The organs in the
trunk core such as liver etc., receive blood flow at half the
basal blood flow. This amounts to about 37.5% of the total

blood flow at steady state.



CHAPTER III
A. DEVELOPMENT OF EQUATIONS DESCRIBING THE MODLL:

The block diagram in Figure 6 summarizes heat flow
relationships between various compartments of the model.

These relationships can be expressed in the form of seventeen
simultaneous partial differential equations. For clarity
these equations will be presented in open loop form, that is,
describing the system without control. When the relationships
for the effector feedback actions are included, the loop

is effectively closed.

The heat transfer equations describing the heat
production and heat transfers in the four cylindrical sections
are developed below:

1. Head

a. Core
The head core exchanges heat with the head
rnuscles through conduction and with the blood compartment
via convection. IHeat input via generation by metabolism and
heat output through respiratory tract also occurs in the
head core. The combined mass and energy balance lead to the

equation:

(’.Cp,(%fé_ct,ﬂ) CL 2 (v W) B E_v&_“@\_/ﬁ_ Ay Ty T)
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where,

py = Density of ith layer (kg/cmB);
Co; = Specific heat of ith layer (Kcal/kg—OC)

Ti = Temperature of the ith layer (°c)

t = time (hr)

Ki = Thermal conductivity of the ith layer

(Kcal - cm/cmzvhr-oc)

Y = Radius (cm)

Qi = Basal metabolism of the ith layer (Kcal/hr)
v, = Volume of the ith layer (cm3)

Evri = Respiratory water loss of ith layer (Kcals/hr)

BFi = Blood flow to ith layer (cm3/hr)

A = Dimensionless function accounting for the effect
of counter current heat exchange between veins
and arteries (assumed to be unity).

¥ = Product of density and specific heat of blood

3 o0

(Kcal/cm™ ~C)

TBL = Temperature of the central blood compartment

(°c)
b. Muscle
The muscle has a conductive heat path to the
core and the blubber, a convective heat flow path to the

central blood compartment and heat input from the metabolism

of the muscle. The equation describing this layer is

G, 1L €0 | r K - - 20
b P2\ 2" }= 12 fr zbjz)ﬂh + BF My(Te~ To
. at r Br( el oW, Vz <L )

R,<r& Ry
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c. Rlubber
There is a conductive path tc the muscle
and the skin, a convective path to the central blood compart-
ment and the heat input from the metabolism of the blubber.

The total expression for the blubber is:

¢ BT3 (t\r)‘] = 1 2 rkK 5'& 4+ @ BF . —-T
93 PBKS—E) 7‘5?“( 5.,:’)'\'..2’1',__\73%\}@%1_ 3)

ar. V;a 3

- 21

~

R3< r <L R"i‘

d. Skin
Heat is exchanged between the skin and the
environment through convection, conduction and radiation.
There is a conductive path to the muscle, a convective path
to the central blood compartment and a heat input from the

basal metabolism of the skin. The total expression is:

Py Cpg | (O} = L %r(w g Q) t o By )
ot or “ % - 22

Ry 1< Rs
Similar heat transfer equations can be developed
for the core, the muscle, the blubber and the skin of the
trunk, the fore-flippers and the hind-flippers. They are

summarized below:

2, Trunk
a, Core
Cpfots (o] = L 3 [rks a"rgJ 4+ Qs _ Evg,
S —

+ Bfs Ay (YPJL‘TE) o=Rpgrg Ry

\/
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. Muscle
e(’ [ ‘N( 6 Wr* Ve v
+ 2R x v (Ta— Te) P
where,
Exeri + Exercise Metabolism assigned to the ith
layer (Kcals/hr)

c. Trunk Blubber
T. = L 2 (v Ky ér] + 9
&, P ¢ ’ (el = r or {; ar 7

+8f %y (™ ™) - 25
V4 Rs & T & Rq
d. Trunk Skin

0 Cre [ (600] = L& [rxe o] 4 G
i af.' Vg

.,,r,~
+ @’,% XW@BL- 2 Rg S & Rie =~ 26

3. Fore-Flippers

a. Core
0, C [aq br) 2 \“KE’T‘!]—%.@
UL S R i
- 27
+ BF ToL— T
“\Tqi ¥ (m’ ) o= RyLrsd Ry
b. Muscle
CP Y‘.)T.o (7 r)] { Kio 3’“01 4 Qo 4+ Exery
P ar Yie Vio
+ 2R AV @ei™ o) R.grg Ry 28
Vie
c. Blubber
) T = a_
Cu CPH [6-52 (t,r)] 'lr‘ ’é\"[ © ¥ hj}l t _@_'_L - - 29

or Vi

+ BNy trm_"" Tw}
Ve Ris< rg Ry
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d. Skin
Co V0T (6,07 2 [v K, _b_Iy_.] Qx _ Ev,y
QLP\LW‘]-_LPM *SEl TP e
+ BF Ay (o ~Ti2) Ry = 2°
V‘L ‘Q)L‘--éh& il »
where,
Evi + Heat lost from the ith layer by evaporative
cooling (Kcals/hr)
4. Hind-Flippers
a. Core
Pl T (em)] = L 2 (rKa 3"‘33) Qi3
el 2 ] - & 5 ( ) T Ve
+ BFz X ¢ T~ Tz -
s ¢ (T =) 0= Ry4r<Rs 31
b. Muscle
¢, Cp [ﬂw@@] . L "&EKW Mg 4 Su
L Y ror dr Vig
+@ A Y Crm_“Tut) Riy £r& Re - 32
Vi
c. Blubber
T (e ]2 L 2 [r ks 35 ) 4 Qs
Bis P13 [75% (& ] r ”bi‘[ or Vis
T REs Ny @BL“T@ Ris¢ t< Riq | 45
V<
15
d. Skin
Cp aletr)J =4 2(r Ky 0T ) x Qe
B '5;Q’ r Br( 3 Vie

+ BFp N Y Q—&-'T'b) Ry v < Rep _ 34
Vu .
5. Central Blood Compartment

Central blood compartment exchanges heat by
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convection with the sixteen other compartments. The mass
and ecncrgy balance for the central blood compartment is
given below:

- l6 _
¥ [ ] - 2 ey (e

=l

where,

VBL + Volume of central blood compartment (cm3)

T; = Rverage temperature of the ith layer (°c)
Ry ‘

J Tt 2mede L

| S

L; » Length of the ith layer (cm)
B. BOUNDARY CONDITIONS:

In order to solve the seventeen partial differential
equations developed in the proceeding section, constraining
conditions must be specified. Some of these take the form
of initial conditions which specify all of the temperatures
at the instant the transient begins:

Ti (o, r) = Toi(r) - 36

TBL (o) = TBLO - 37

Also needed are the boundary conditions which relate the
animal to its environment. In general, they are based on

the fact that the local rate of conduction of heat to the
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surface through the skin is equal to the rate of heat

transfer from the surface to the environment.

- 38

,[K;- y_} = Mg [T (4R -Ta]
r=R¢ '

or

Finally since each element possesses axial symmetry

éIyJ = 0
or oo - 39

C. RNOWN PARAMETERS:

The values of many parameters in the partial differ-
ential equations such as thermal conductivity of the layers,
ﬁhe density and the specific heat of the layers and the
blood for the sea lions are not available in the literature.
It is neéessary to assume these values from analogous
situations in other mammals. Because of basic similarities
of mammals these assumptions should introduce very minor
error. The sources and the values of these parameters are
given below:

| 1. Thermal Conductivity
The specific conductivity of the core, the muscle
and the skin are taken from the human model (Stolwijk and
Hardy, 1966) to be 0.0036 Kcal - em/cm®-hr-°C.
Scholandar et al., (1950) measured the thermal

-
conductivity of the dead blubber for seals as 1.6 cal/cm“'hr-OC
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Hart and Irving (1959) made measurements of heat flow through
local skin areas as harbor seals in different gradients
induced by varying water temperatures. It indicated the

- conductivity of living blubber to be 2.5 cal/cmz'hr°°C. This
difference can be ascribed to the heat transport by the
vascularization which provides the variable componeht in the
insulation.

Bryden (1964) has investigated the insulating capacity
of the subcutaneous fat of Southern Elephant Seal and found
the specific conductivity to be .00017 + .0004 cal/sec-cm-°C.
In this model, specific conductivity given for Sou£hern
Elephant Seal's subcutaneous fat is assumed.

2. Density

Density of human tissue is .001 kg/cm3 (Stolwijk
and Hardy, 1966), therefore it is assumed that the densities
of the core, muscle, skin and the blood are to be that of
the human tissue.

Reid and Mackay (1968) report the density of dolphins'
blubber to be ,98 g/cm3. There is not much difference
between the densities of the human tissue and the dolphin's
blubber. The density of the sea lion's blubber is taken to
be that of the dolphin's blubber.

3. Specific heat

The specific heat of the human tissue and blood
were reported by Stolwijk and Hardy (1966) to be 0.83 and
0.92 Kcal/kg~°C, respectively..‘These values are assumed in

this model, as there are no data available for the sea lions.
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D. SOLUTIONS TO THE PARTIAL DIFFERENTIAL EQUATIONS:

The partial-differential equations are solved using
the finite-~difference technique, since this method allows
variation of phvsical properties with position.

Basically, the procedure consists of subdividing
each of the circular elements into a number of annular shells
and assigning a single characteristic temperature to the
material'in each of the shells. A marching procedure is
employed in which the initial temperatures are used to
compute the temperatures after a short interval of time At.
These new temperatures are then used to compute the temp-
eratures at time 2At and so on as long as necessary.

Normally, the temperatures in a given region are all
specified at t=o by the initial conditions. The problem
is to compute the temperatures in the next row (t=At) as
shown in Figure 7.

fhere are formulations explicit or implicit to express
these partial differential equations in finite-difference
form. The major‘drawback in the explicit method is that in
order to insure stability only very small increments in the
time variable are permissible. This frequently leads to
excessive computation time.

An implicit-recurrence formula is one in which two
or more unknown values of the function at ti+l are expressed
in terms of previous values. Such formulations require

solutions of sets of simultaneous equations.
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The Crank-Nicholson formulation scheme, which is an
implicit-recurrence formula with the weighing factor of 1/2
is used here. This method is theoretically stable for all
net sizes.

Equation 19 which represents the mass energy balance
for the head core will be used to illustrate the development
of the finite-~difference formulation.

‘The second order partial derivatives are reduced to
first order by a method suggested by Wissler (1964). The
partial differential equations are integrated once with
respect to "R" assuming the temperature in each cell to be
homogeneous.

The difference equation used to approximate the first
differential layer in the head core is obtained by integrating
each term in the equation (19) over a cylindrical region

ranging from r=R;=0 to r=Rl+Ar1, in which Arl is the space

~ 2
increment in the Head Core. Then the equation 19 becomes:

Ri+en ] Ri+21
{ eﬁp[éT(tw)JY‘f“ J 5 a(rxon)d
\ \ = » v el ©~
Qe or R0 OF ar>
R+ 4%
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—t L 4 WA Th =T,
R0 Vi Vil Vun( PL tnz] e a0

Applying the boundary condition - 39, equation - 40 becomes:
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For the rest of the differential layers in the head
core (except the last one), the following equation is obtained,
113 be the temperature at the jth radial point, rj,
after (i-1)th time step, t=ti and integrating each term in

letting T

the equation (19) over a cylindrical region ranging from

r~R1+r3 Ary to r—Rl+rj+Arl,

2 2
QLEE([;<§l4-(j“fAY\ (ﬁo'* s — AVPO ;] 0T (a2
z ot T
EQ(,R‘ ""Y:f -+L};—:—"> a‘r‘%""/z) Iy (R\ 4 _é.l> oTy "() '/2)
or ov
+ QU + Q)F[od n \V(TBL \LJ) K\wr X
ZYU ‘L\(‘J Z V"'d

[ Rrgrapf Ruva-eg) ] Y

For the last (outer) differential layer in the head
core and the first differential layer in the head muscle, the
following difference equation is obtained, by integrating

over the range of r=R,-Ar; to r=R,+Ar; and letting Tli,(M(l,l)+

2 2
be the temperature at the boundary between the core and the

muscle of the head.

e P, | (Re40) - (Ka-20)"] af OO+ o [:Kz@wm 0T
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- 45

As the basal metaboiism (@), blood flow (BF), heat
loss through the respiratory tract (Evr) and the exercise
metabolism (Exer) are known for the layers, they are
distributed among the differential layers on weight basis.

For the muscle, blubber and the skin (except the
last layer of the skin), the same procedure is used.

For the outer layer of the skin, the following dif-
ference equation is obtained, by integrating each term in
the equation, over a cylindrical region ranging from

r+R5--Ar4 to r=R5 and using the outer boundary condition

—

2

equation -24.
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It is assumed that the heat loss by evaporation is
lost from the last layer of the skin.
The partial derivatives appearing in the proceeding

equations are approximated as follows:
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Substituting the proceeding approximations into the equations
and using the arithmetic mean of the values of the right-hand
side at time ts and ti+1 to approximate the values of the
right-hand side of time (ti+ti+1)/2 (the Crank-Nicholson

scheme), a set of equations of the following form is obtained:

Ay Tiem-n T By Tieen g T Qg Tiean@

= D 1ej<ly

—

where, A Blj and C1j are constants determined by the

15
physical properties and the mesh size, and Dlj is determined
by the temperature at time ti.

The same procedure is used and the following equations
are obtained for the trunk, fore-flippers and hind-flippers
respectively.
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The detailed expressions for the constants are
given in Appendix I.
The equations (50), (51), (52) and (53) to be solved

can be expressed in the tridiagonal matrix form as follows:

By T, + C T, " D]
A, T, + B, T, + C,T D2
2 71 By Tyt Ty

AT 1y * BT D

Where the subscripts for the sections and the time
steps are suppressed. For the solution of the above equations
concerning Ti's the following recursion formula, which is a

Gaussian elimination procedure, is employed.

T = n--—(a‘ T //93‘) ‘ - - 55
L:Z, et -



where Bi's and ri's are determined frcom

such as

1]

t

the recursion formulae

i 56
o=@ T - 58
ES
R - 59
% AL Ce-1 coz, - L
Be-2
' - 60
Do — Ac rt,'j[ C=2, -+ L

S5
-~

The development of the recursion formula used is given in

Appendix II.

E.

CALCULATIONS FOR THE BLOOD TEMPERATURE:

Blood temperature is an important criteria in keeping

the body temperature at any level, since the blood plays an

important role as a heat exchange medium.

Equation 35 can be rewritten as

. 4

(|

AT
dt

Letting A

and B

i

BT %‘(’ BF TpL 61l
VBL. L=l Vf}L.
%G' R
c=t Vg
s
R T

h‘
l"'—‘-._



51

Equation 61 becomes:

O‘Tn)l—- 4 QT = B
Ak - 62

By solving equation 62, the blood temperature TBL(i+l) at

time t=t(i+1) can be calculated, knowing the blood temperature
TBLi at time t=ti‘ It 1s‘g1ven as follows:
. - B o - ~ A(Een —tS)

- 63

It is assumed that the blood leaving the layers is
at the average temperatures of the respective layers. The
average temperature of the layers are calculated on weight
basis.

Under most blood flow conditions the turnover ratio

is very high and the blood pool temperature remains constant.



CHAPTER IV
RESULTS AND DISCUSSION

The heat lost by the animal to the environment by
conduction, convection and radiation can be calculated by
two methods. One way is on the basis of temperature gradient
between the last differential layer of the skin and the
environment. Another is on the basis of the change in total
internal energy of all the differential layers in the body of
the animal.

The heat lost to the environment was computed by
these two methods, with the animal at steady state in
20°C ambient air. Tt was found that the values given by
fhé first method was about 10% higher than that by the
second method. Although the second method is a more tedious
Qay of célculating the heat loss, it yields a more accurate
value. The reason for this discrepency can be attributed
to the accumulation of round-off errors in numerical solutions

at the last (outer) differential layer of the skin.

Air:

The measured body temperature of the animal as a
function of time, when the animal was éxposed to the air
temperatures of 150, 20° ana 25°c (South et al., 1973) is
shown in Figure 8. Figure 9 shows the computed average temp-

erature of the trunk core as a function of time, when the

52
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animal is hauled out at 0°, 59, 10°, 15°, 20°, 25° and 28°C
air temperatures. These computed values closely reproduce

the measured values. The body temperature of the animal is

o (¢)

relatively constant at 50, 107, 157 and 20° air temperatures.
But at 0°C air temperature, the body temperature drops by
1.5°% over a period of 4 hours. During this time, the animal
mighé move around or use other routes of thermogenesis to
keep ité body temperature from falling.

The animal exhibits discomfort in air temperatures
above 25°C. The reason for this can be attributed to the
‘ high insulation offered by the blubber and the animal's
inability to circulate more blood to the skin, as well as
its limited ability to lose heat by evaporative cooling.

Under tﬁese circumstances the animal might spend most of
thé time in water.

The measured (South et al., 1973) and the computed
heat loss by radiation, convection, respiration and skin
evaporation as a function of air témperatures are shown in
Figure 10 and 11 respectively. It can be seen that the
measured values are quite well reproduced by the computations.
These values indicate that the radiant loss was the most
importaﬁt route (as high as 50 or 55%) for the heat loss to
the environment.

The temperature of the last (outer) differential layer
of the skin at 4 hours and at various ambient air temperatures
are given in Table 5. Hart and Irving (1959) reported the

skin temperature of harbor seals, (mean of two points posterior
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Figure 10. Measured Heat Loss as a Function
of Air Temperature.
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to axilla and differing less than 0.5°C) at an air temperature

of 20°c was 300C. The simulated value is 30.90C.

Swimming:
The computed average trunk core temperature of the’
animal swimming at 6 and 7 miles/hr as a function of temp-

O, 15° and,20O water temperatures are

erature at 00, 50, 10
shown in Figures 12 and 13.

in this model, the same control equations are used
for the animal on land and swimming. Since there are no
reported data available for the animal swimming, it is not
possible to differentiate between the control equations for
the animal on land and the animal swimming in water.

It can be seen from the figures 12 and 13, that the
animal is able to maintain its body temperature in 0°C water
by swimming 1 mile/hr faster.

The computed heat loss is given as a function
water temperature in Figure 14. It clearly indicates that
the convection heat loss (amounts:to as high as 80%) is
the most iméortant single route for the heat loss.

Tables 6 and 7 show the temperatures of the last
differential layer of the skin at various water temperatures

when the animal is swimming at 6 and 7 miles/hour respectively.

Diving:
Figure 15 shows the computed average temperature of

the trunk core of the animal as a function of time when the

animal is diving at 9 miles/hour. A point of interest is
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Heat Loss - Kcals/Kg./Hr.

g v I-Animal Swimming at 7 miles/hr.
M\\-\\\\NNSL\ II-Animal Swimming at 6 miles/hr.
T .
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1 ) [ 'Y
\ AJ v

0 5 10 15 20

Water Temperature - °c

Figure 14. Computed Heat Loss When the Animal is
Swimminag, as a Function of Water
Temperature.
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that the body temperature of the animal incrcﬁses about l.ZOC_
over a period of 20 minutes. This type of response has not
been reported in any literature. However, it is quite possible
as the animal is liberating about 99 Kcals/hour of heat in

the muscles, in addition to the 70 Kcals/hour of basal
metabolism. Furthermore the bloéd, which plays such an
important role as a heat transfer medium, is completely shut

off during diving from all the sections except the head core
and half of the trunk core. Blood flow to the blubber was
pernitted for thermoregulatory purposes.

It is interesting to note from Table 8 that the body
temperature of the animal incréases at a éteady rate at all
water temperatures down to 0°c.

Computed temperatures of the differential layerslin
'tﬁe trunk of the animal after 16.2 minutes of diving at
9 miles/hour are shown in Figure 15. The reason for the
rise in body temperature of the animal while diving becomes
apparent. In the muscles, there is heat liberation of
about 99 Kcals/hr due to exercise metabolism. Since there
is no blood fléw to the muscles this heat cannot be trans-
ferred by convection. There is only the conductive heat
transfer occuring. Because of the temperature gradient
between the muscle and the core, heat is conducted to the
core, and hence the rise in core temperature.

The insulation offered by the blubber against heat
loss to the environment by the animal can be clearly under-

stood from the temperature gradient of about 20°¢ through
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TABLE 8

COMPUTED AVERAGE TEMPERATURE OF THE TRUNK CORE,
WHILE THE ANIMAL IS DIVING AT 9 MILES/HR.

T%me Water Temperature in °c
Minutes 0° 5° 10° 15° 20°
0 37.75 37.75 37.75 37.75 37.75
2" 37.90 37.9¢0 37.90 - 37.90 37.90
4 38.05 38.05 38.06 38.06 38.06
6 38.19 38.20 38.20 38.21 38.21
8 38.33 38.33 38.34 38.35 38.36
10 38.46 38.46 | 38.47 | 38.48 38.50
12 38.59 38.59 38.60 38.62 38.63
14 38.72 38.72 38.725 38.74 38.76
16 38.84 38.84 38.84 38.86 38.89

18 38.96 38.95 38.96 38.98 39.01
20 39.08 39.07 39.07 39.07 39.13
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the blubber, shown in Figure.l6.

The only important route of heat transfer, which is
convective heat transfer, when the animal is diving is shown
as a function of water temperature in Figure 16.

The temperatures of the last (outer) differential
layer of the skin at various water temperatures when the
animal is diving, are given in table 9. Hart and Irving
(1959) reported the skin temperature of harbor seals,
immersed in 0°C water was about 2.5°C after 15 minutes. The

simulated value is 2.31OC.
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Convection Heat Loss - Kcal./Kg./Hr.
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Figure 17.

5 10 15 20

Water Temperature - °c

Computed Convection Ileat Loss as a Function of
Water Temperature, When the Animal is Diving
at 9 Miles/Hr.
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CHAPTER V
SUMMARY

A mathematical model was developed describing the
heat exchange taking place in a sea lion during swimming or
diving or while hauled out on land. The model consisted of
four cylindefs simulating the head, the trunk, the fore-
flippers and the hind-flippers. Iach cylinder was divided
into four concentric layers - core, muscle, blubber and
skin. Both conductive and convective heat exchange were
taking place in the model - conductive heat exchange
radially through the layers and convective heat exchange via
the blood flow.

Much of the data needed for quantification of the
model was unavailable so that many assumptions and estimates
were madé, whenever possible, from analogous situations in
other mammals.

The partial differential equations describing the
heat transfer were solved numerically using a set of
computer .programs on the IBM 360/70 computer (see Appendix
I1I).

The computed temperatures from the model for the sea
lion hauled out on land was compared with experimental
temperatures. They were in good agreement.,

An increase in body.temperature when the animal was

diving was noted. It will be interesting to see whether

72



this can be proved experimentally.
¥With minor changes in the model, such as changing
the parameters, this model can be used for understanding

the thermoregulation of any marine mammal.
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S?mbol

A,B,C,D

BF

Ev

Ev

Ev

Exer

T

'C

EFF

Pr

Pc

QO

TABLE OF SYMBOLS

Meaning
Constants

Blood flow

Frictional drag coefficient

Gain for the blcod flow
to blubber

Specific heat
Diameter

Heat lost by evaporative
cooling

Gain for evaporative
cooling

Respiratory water loss
Exercise metabolism
Relative>humidity

Convective heat transfer
coefficient

Effective heat transfer
coefficient

Radiative heat transfer
coefficient

Thermal conductivity

Power required to overcome

the frictional drag
Prandtl number

Ambient partial pressure
of water

Basal metabolism

Respiration heat loss
p
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Dimension  Eguation
Hone 50
cm3/hr 15
None 9
cm3/hr~oc 16
Kcals/kg-°C 19
cm 4
Kcal/hr 14
Kcal/hr—oc 14
Kcals/hr 19
Kcals/hr 15
None 7

Kcals/cmz—hr—QC 4

Kcals/cmz—hr—oc 19

Kcals/cmz—hruoc 3

Kcals/cm-hr—oc 4

Kcals/h4

None

mm of Hg
Kcals/hr

Kcals/hr

19



Symbol

QRAD

Re

TSA

TC
W

VASOC

VASOD

Meaning

Radiative heat loss
Radius

Renold's number
Respiratory volume

Temperature of the i-th
layer

Ambient temperature

Blood temperature

Head Core temperature

Set head core temperature

Mean temperature of
expired air

Total heat production

Weighted average skin
temperature

Set skin temperature
Total surface area
Trunk core temperature
Total weight

Time

Volume

Velocity

Gain for vasoconstriction
Gain for vasodilatation
Total length

Kinematic viscosity

Density
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Dimension  Equation
Kcals/hr 2
cm 19
None 9
liter/hr 5
°c 19
°c 2
°c 19
(o 6
°c 14
°c 6
°c 5
°c 2
°c 14
cm2 1
°c 6
kg 1
hr 19
cm3 19
cm/hr 12
em? /hr-°c 17
em> /hr-°c 18
cm 12
cmz/hr 4
kg/cm> 19



-Szmbol
X

Meaning

Quantity accounting for
counter current heat

exchange between veins

-and arteries

Product df‘density~and
specific heat of blood
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Dimension Equation

‘None

Kcals/cm3—°C

19

19
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A recursion formula, which is known as a Graussian

procedure, is developed as follows:

Consider the following tridiagonal matrix equation:

B1Xl+C lX2
A2X1+B2X2+C2X3 ‘

L * L d

AjXy By Xi+CiXi g

. L . L]

BXn-1"C%%y

' Let X; = T — C. %in

=

-

Y

(A-1) .

(a-2)

in which'yi and B; are to be determined. Substituting the

equation,(A-Z)‘into i_th rowvin both sides of the}matrix'

equation (aA-1),

B — ACiaa

Bict

From equation (A-3)

(a-4)






T

1

By

Y4

g

1 - (Ai +C4) %z

Ny

Be = Af &y

=
YC - A'L Y‘C-i.

G‘;
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A computer program was written to solve the}seventeen
partial differentiél equations describing the model. The
temperatures of the different parts of the body are printed-
as a function of time; |

The equations are set up for the general case so
that any sea lion weight may be used. Thisvis done by
assuming that thé blood flow, metabolism etc,, are functions
of the total weight of the animal.

| Fortran IV language for the IBM 360 system'is.used
in the program.' The flow diagram for the main program can

be found in Figure III-1.



START

Read, I, Time
Delt '

Calculate Physiological
Dimensions

. ¥ —
A |Calculate Initial Temp. Distri-
, ' bution and Average Temp.

Calculate Basal Blood Flow,
Metabolism, & Exercise Metabolism
Distributions :

Y

W
Adjust Blood Flow With
Feed Back Control

Calculate Heat Transfer Coeffi-
- cient & Evaporation Losses
. and Blood Temperature

Calculate New Temp. Distri-
bution & Ave. Temperatures

—r

- . Time>5.0
"‘tTime=Time+Delﬂf * No

Yes.

Figure III-l. Flow Chart for Program
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