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SUMMARY

This final report on NASA Grant No., NGR-14-005-103 consists of
three parts. Part I is a summary of the owerall work; Part II con-
sists of the major reports; Part IIl is a list of publications re-

sulting from this wark.
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Part I
SUMMARY

OF THE PROGRAM



INTRODUCTION

This study was initiated to explore various new aspects of thermo-
regulation in a protective garment, such as.an extravehicular space suit.
There were three main thprusts in the work with numerous minor investi-
gations of the details. Two of the main efforts were concerned with hard-
ware concepts while the third effort was an analysis and modeling of the
human- thermal system. In the following sections each of these three
parts will be described after which a brief description of .gsome of the

results of the minor investigations will be given,
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REGIONALLY INDEPENDENT COOLING IN PROTECTIVE SUITS

In thermally hostile envircnments, such as.in outer space, the
human body needs a protec¢tive "micro-climate" in order to function
Properly. During the past decades the concept of water cocled gar-
ments -has evolved. into the practical designs-of the Apolle extra-
vehicular activity (EVA) space suits. In these units the excess heat
of the body is remocved by cooling water circulating through flexible
tubes in direct.contact with the skin. There is a single water supply
wifh.a single, manually controlled inlet temperature. Although these
space suits performed well, they proved inadequate . at the highest.
metabolic rates developed during explorations of the moon surface.

Preliminary studies with uniform cooling-ofithe human . body [1]*#
indicated that one of the limits of such a system was the comfort sen-
sation of the individual at the most sensitive part of the body. With-
scme individuals, the lowest uniform coeclant temperature tolerated
proved to be Inadequate to reduce the sweat rate to near the required
minimum level. Thus, it became épparent that one way to improve the.
cooling capacity of a water cooled garment was to provide different
coolant temperatures to different parts of the body depending on local
need and tolerance levels. To this end a cooling garment with a cool-
ing heed was constructed. The garment consisted of 16 individual pads
made of Tygon tubes: These pads were. grouped to provide an independent
supply of cooling water to six separate regions of the body: head,
upper torso, lower torso, arms, thighs, and lower legs. Experiments.
with ‘the cooling garment were directed at exploring the characteristics

of independent control of  temperature and. removal of excess heat from

*Numbers in brackets refer to entries in REFERENCES.
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separate regions of the body. Five activity schedules consisting of

alternate sessions of standing and treadmill walking were used with

five test subjects. Quasi-steady state and, . te some extent, transient-

characteristics of the proposed scheme of independent regional cooling

were atudied.

The .following results and conclusions were reached in this phase.

of the study [2]:

(1)

(2)

(3)

()

(5)

(6}

There are regions in the beody that require more coeling dur-
ing walking than others, e.g., thighs, head, and lower legs.
During standing, an almost uniform water inlet temperature
was requested for all regions of the bedy by the test subjects.
This situation changed significantly during exercise. Con-
clusions 1 and 2 indicate that -independent regional cooling
may “be more efficient than the present scheme of uniform
cooling. .

Cooling of the head during exercise has a profound effect on
comfort,

Transient times for reaching a thermal steady state from the
onset of exercise are of the order of two hours. This
transient time, however, includes a relatively slow active
response of the human thermoregulatecry system to changes in
exercise rates, e.g., the shifting of the deep body tempera-.
ture..

During exercise the thermal effectiveness of the cooling
suit.decreased as compared teo the values cbtalned for
standing.

Intermediate changes in the level of activity between an

initial and a.final level do not have a noticeable effect.

H<



(7)

(8)
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‘on the, thermal state so long as sufficient time is allowed.

for reaching a steady state corresponding to the final level
of activity.

Although the .ceoling suit increased.the heat stress of the
subjects, the heat strain seemed to be somewhat diminished as
indicated by lower heart rates.

The regional order of preferred changes in water inlet tem-
peratures from the onset of a change in the level of activity
could not.be determined. More experiments are required to
identify the .regions of the bedy that require faster cooling

(or warning) than-others.

Based on the comparative experiments with and without the coeling

suit, the following cobservations were made:

(1)

(2)

(3)

(%)

Metabolic rates were, iIn most cases, higher during the experi-
ments with the ceooling suit indicating that a certain energy.
cost was associated with wearing the suit, i.e., the subject
was-under higher heat stress.

Ear canal temperatures were usually lower during the experi-.
ments without the ceoling suit.

Heart rates seem to have been lewer during the experiments,
with the cooling suit.

Weight losses were usually lower during the experiments-

with the cooling suit.

Thus, the cooling suit seems to have reduced the heat strain even

though the heat stress was increased slightly.

Recommendaticens for future work were the following:

(1)

Application of optimization techniques to obtain design

Q<
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guidelines  for the construction of more efficient cooling
suits,

(2) Extensions of the model to include.the local and temperature
dependent variations of the physiological properties (this.
phase, however, should be delayed until more detailed physio-
logical data beceme available),

(3) Experimentation with various combinations of individual:
cooling pads, e.g., hood and thigh pad, to determine the
local effects of coeling at various heat stresses and
activities, and

(4) Experimentation with cooling suits while exercising other
parts .of the body, e.g., arms, in order to determine pre-
ferred .temperature patterns for the coolant.

In the mext.phase of the study the interaction between.different
types :of individual cooling pads and the human body was investigated [3].
Three cooling pads with different cooling tube sizes and spacings were
constructed and tested,.  These pads were equipped with thermocouples to
measure the temperature profiles between adjacent. tubes on the skin surp-
face on the thigh of a male subject while he was. performing various
activity schedules on a bicycle ergometer. All pads were tested under
identical experimental conditions. The pad with the highest. tube density
removed the greatest amounts of heat with the least temperature vari-
ations on the skin. Alsoc, the transient. times for this pad were the
shortest.

The transient times associated with a change from a high metabolic
rate of 1800 Btu/hr (528 w) to a low level of 300 Btu/hr (88 w) were
found t¢ be about 120 minutes. A change from 900 Btu/hr (264 w) to

300 Btu/hr (88 w) resulted in 90 to 100 minute transients. However, the

18<



transient times.for a change in metabolic rate in the oppoesite direction
from 300 Btu/hr (88 w) to 1800 Btu/hr (528 w) were 40 te 60 minutes.
When an-intermediate step of 900 Btu/hr (264 w)} was introduced between
the last two metabolic rates, the transient times associated with the
individual steps varied from 40 te 80 minutes. However, the overall
transient times for each double stap were appreximately the same in
either directiom.

Some of the steady state experimental results were used for com-
parison with amalytical predictions for the temperature distribution
on the skin surface using both the cylindrical and rectangular models [2].
Agreement between measured and predicted temperature profiles was
found te be fairly .good. Improved techniques for measuring skin and,
poésibly, internal temperatures and physiological quantities, e.g.,
blood perfusion and metabolic heat generation rates, are required to
render the comparison mcre reliable.

The results indicate clearly that both tube size and spacing have
a noticeable effect on overall cooling efficiency. In order to opti-
mize the relatiopship between these two parameters, the magnitude of
the maximum expected metabolic rate should be established. Once ob-.
tained,; a cooling pad .can be designed that will remove heat from the

body at :any predetermined rate.
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THE APPLICATION OF HEAT PIPES IN PROTECTIVE SUITS

The final stage of heat.rejection in the current Apclla EVA space
suits cccours across sublimator plates in the back pack. Here, ice is,
sublimated into the ever present vacuum of outer space. Thus, the
length of a mission is 1limited by the amount of water and ice that, can
be accommodated in the back pack. Any method that would provide ad-
ditional copling would increase either the length of the mission or
the .payload. The development of anew type .of hard suit at NASA Ames.
Research Center [U] inspired the idea of incorporating the heat pipe
concept inte the -available free surfaces of the sult., The idea was to-
utilize as much.of the surface as possible teo radiate heat to outer
space.,  Since the astronauts moved about a great deal, it was impera-
tive that the heat be transferred rapidly from one side to another as
different parts.of the suit became exposed to outer space. The heat
pipe is essentially multi-directional; i.e., the direction of heat.
floﬁ,depends only on where heat is supplied and rejectgd. Thus, the
application of the heat pipe concept to the hard suit was deemed feasi-
ble and was examined. .

First a simple system was developed for determining the fluid trans-
fer capabilities -of various wick cenfiguratioens Withéutgthe heed for a
complete heat pipe or for any heat transfer [5]. Then-a versatile heat
pipe with variable dimensions was designed for the study of steady state
and transient heat pipe performance using different fluids and wicking
materials.

An open-ended dewar was designed and constructed for housing the
heat pipe system. The maximum length of wicking materials was 82 cm;

this distance was. considered the mazimum.length of ‘heat transfer required.

1<<



in future space suits. Distilled water was.the transfer medium used.in
the wicking chamber.

The heat input to the dewar was supplied by electric heaters,. Cir-
culation of cocl water was used te remove heat from the condenser end
of the dewar. Approximately 45 thermocouples were used for measur-
ing temperatures in the system.

The maximum heat. transfer capability or wick "burn out™ point was
10 watts with a wick length of 81.2 cm and coperating temperatures of
26.7°C (B0°F) +5°C. For the Refrasil #C100-28 used, the 10 watt "burn
ocut" point corresponds to 0.594 watts per em width of the wick.

The required transport rate per em® area at "burn out" (10 watts)
was.0.361 em®/min-em®. This value was well within the 0.299 to 0.42u
em®/min-em? range predicted by horizontal wicking tests performed on the
Refrasil #C100-28 using the simple system menticned above.

Throughout the entire wicking chamber, a maximum temperature vari-
ation of +0.5°C was encountered during normal heat pipe operation. No
transient temperature lag from one end of the wicking chamber to the
other end was cbserved during heat input changes. Apparently the time
constants .of the heat input changes were much larger than the tempera-
ture equalizing time censtant of the wicking chamber.

Further studies extended the capabilities of the simple wicking

I-9

test [5] to allew the use of relatively volatile fluids [6]. The influence

of a liquid filled gap between a wick and another surface was also investi-

gated. It was found that such a gap increases the liquid transfer several

fold. Consequently, it can be recommended that a wick should always be de-

signed with an adjacent gap provided by either another layer of wicking

or a suitable wall. The gap should be as narrow as possible since refill-

ing a'wide gap inside a sealed heat pipe could be practically impessible.
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For the same reason, during the initial filling of the heat pipe, steps-
should be taken to insure complete filling of all such gaps with the
working fluid. The results of Shaffer [7] indicate that gaps of any
appreciable size tend to lose their liquid fill, i.e.,.if the wick is
not touching the wall or the next layer forming the gap, particularly in
an adverse .gravity gradient.

In a wick limited heat pipe, the addition of water to alcohol does
not impreove the performance but tends te affect it adversely. A tem-.
perature difference, however, can be established acress the heat pipe .
by the use of such mixtures. The property parameter, phfgq/u*, seems
to give good qualitative predictioens for the performance of mixtures in
a wick limited heat pipe. If the heat pipe is vapor limited, however,
the effect of higher vapor densities occurring with the mixtures could.
improve the heat transfer rates,

More specifically, in Part I, wicking material tests were performed
on Refrasil #Cl00-28. The tests were run.en 9-in. by 1-in, Refrasil
strips. Displacement time curves were extrapolated for predicting the.
performance of a 21-3/4 in. (51 cm) heat pipe.

In Part II, heat pipe tests were run with a well defined wick length
of-Ql—B/u;in. and a total width of 7 in. (17.8 cm). The same Refrasil was
the wicking material. An open ended dewar housed the heat pipe system
which consisted of heat input, mass transfer, and heat removal sections. -
Twe electric heaters supplied heat input,; while circulating water was
used for heat removal.

The results showed water to be a much better operating fluid than.

ethyl alcohol . or 50 percent ethyl .alcohol by weight. Ethyl alcchol.

density, hf = latent heat ef vaporization, 0 = surface tensiern, and
b .= .viscosity.

‘5
"
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appeared.to be only slightly better than the 50 percent mixture. At an
angle of zero degrees, i.e., horizontally, the maximum heat transfer
capacities were 15, 4, and 2 watts, respectively, for the three fluids. '
The predicted wattages from Part'I were generally higher due to greater
ease in saturating the wicking material with fluid.

A gap effect created by sewing two layers of wicking material to-
gether . greatly enhanced the heat pipe performance. At an angle of zero.
degrees, water transferred over 80 watts, as compared to 15 watts pre-.
vicusly. B

While these studies were performed, the hard suit models at NASA
Ames Research Laborateries underwent considerable change including the
addition of bellews at several places. Some of these alterations sub-.
stantially reduced the available free surfaces for heat pipes. In ad-
dition, studies conducted elsewhere indicated that the constyuction of
a practical heat pipe system will be a.very difficult manufacturing

problem. Consequently, no further heat pipe studies were made.
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MODELING OF THE HUMAN - THERMAL SYSTEM

The thermal system of homeotherms, particularly that of the human-
body, has long been of interest to many researchers. With the progféss*
of scientific knowledge and methods, emphasis has shifted from mere ch-
servations of this system and its functiens to more systematic studies

including more and more analytical and numerical modeling techniques.

These studies provide improved understanding of the mechanisms of thermo--

regulation as well as means for predicting the thermal performance  of
humans in varieus environments, e.g., space suits. Thus, parallel to ex-
perimental studies on.space suits and cooling pads, analytical models of
the ‘human body were developed which included explicitly the effects of
blood flow, leocal heat generation, conduction, and storage of heat. as
well as nmon-uniform cooling of the skin surface.

A second-order, partial differential equation, the 'bie-heat"
equation, was obtained for the model. The tissue was assumed te be iso-
tropic and hemogeneous and all properties were assumed to be constant,
Transient, as well as steady-state, closed form, analytical soclutions:
were obtained for cylindrical and rectangular gecmetries and for various
parameters (2,31,

Based on the analysis, the following observations were made:

I-12

(1) Because bleoed flow plays such a significant role in the transfer

of heat inside the living tissue, models which do not include a

separate bleood flow term will generally be inadequate to describe

properly the thermal effects in living systems.

(2) Transient times for reaching a so-called "fully developed' tem-

perature profile in the tissue were estimated te be of the order

of 5-20 minutes with the shorter times associated with higher

j6<



final metabolic rates. These transient times were alse found
1o be strongly dominated by a geometrical parameter;

(3) At elevated metabolic rates, maximum temperatﬁre may cccur in
the muscle tissue rather than in the inner core.

(4) Knowledge of the exact shape of the heat flux on the skin was
found to be unimportant for the determination of the tempera-
ture distribution away from the skin -surface.

(5) Résults obtained for the cylindrical and rectangular models
were remarkably close for the practical range of variables.
The rectangular geometry, however, was easier for computatioen.

The analysis was partially validated by measuring the temperature
profiles on the skin of the thigh cooled by parallel tubes in contact
with the skin as described in a' previous section.

The transient models  [2,8] can form a basis for systems modeling
of the human body in combination with an environment. For example, the
thermal control system of a space suit can be studied with one of the
appropriate transient models of the human body serving as part ¢f the
overall medel of the entire suit-body system,

On a supplementary grant, the steady-state analysis was applied to
the problem of local, transcutaneous cooling of a blood vessel [9].

This study was undertaken as a result of experiments on localized cool-

ing of the meck skin above the carotid artery which indicated a signifi-
cant effect of this cooling on the thermal comfort sensation of the in-

dividual [10].

The results indicated that . the optimum-width of a cooling strip was
approximately three times the depth to the centerline of the artery. The
heat extracted from a typical carctid artery with such a strip was about
0.9 w/m-°C which was too small to affect significantly the temperature of
the bleod flow through a main blood vessel such as the carotid artery. .

1'7<
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SUMMARY OF AUXILIARY STUDIES

There were a number of auxiliary studies performed, not.all of which
were directly supported by this grant. The most significant studies were,
as follows:

(1) An experimental study was performed to determine the degree of
essentially uniform, overall cocling necessary to suppress
sweating. The results indicated that under some circumstances.
and, in particular, with certain individuals, complete suppres-
sion of sweating is not feasible by uniform skin cecoling
alene [1],

(2) A probe for the measurement of thermophysical properties of
bielogical tissues "in vitro" and "in vivo" has been developed
and used, e.g., [11].

{(3) A ventilated capsule system for quantitative measurement of
sweat output from a local ares was constructed. This technique
was applied in a study to determine the influence of ingestions
of water on .sweating [1]. A drinking reflex which causes quick,
transient increase of sweat rate was observed when.the subjects
drank either cold or bhody temperature water. The amount of
ligquid.ingested had a very definite effect on sweat rate. A
small amount (250 ml) fed through a stomach tube caused little
or no increase in sweating; a larger amount Introduced the same
way caused a transitory increase in sweating. As longer lasting
responses, hot water caused an increase in sweating, while cold
water caused & decrease. These responses were attributed to the
thermal effect of the ingested water on . the alimentary tract.

(4) The analytical work shewed the.frequent‘reéurrence-of a linear

combinatien of modified Bessel functions for the ecylindrical,

18<



(5)

I-15
models of the human thermal system. The behavior of these.
functions were examined and their values were tabulated . for
easy reference [12].

Preliminary analyses were performed to determine the feasibility
of an "all-sweat" cooling scheme. Thé results indicated that the
human body could be cooled by evaporation of water from the sur-
face of the skin alone, provided that the moisture could be re-
moved locally by the suit, One method may be the incorporation
of porous sublimator plates into the space suit itself. The
method could reduce the complexity of the system by eliminating
the currently used water system and by utilizing the control

system of the body [13].
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ABSTRACT

A heat pipe with variable dimensions was designed for the study of
steady state and transient heat pipe performance using different fluids
and wicking materials.

An open ended dewar was designed and constructed for housing the
heat pipe system. The maximum length of wicking material was 82 cm;
this distance was considered the maximum length of heat transfer re-
quired in future space suits. Distilled water was the transfer medium
used In the wicking chamber.

The heat input to the dewar was supplied by electric heaters, Cir-
culation of cool water was used to remove heat from the condenser end
of the dewar. Approximately 45 thermocouple points were used for meas-
uring important temperatures in the system.

The maximum heat transfer capability or wick "burn ocut” point,
was 10 ﬁatts with a wick length of 81.9 cm and cperating temperatures
of 26.7°C (80°F} *5°C. For the Refrasil #Cl00-28 used, the 10 watt
"burn out" point corresponds to 0.59% watts per cm width of the wick.

The required transport rate per cm® area at "burn out" (10 watts)
was 0.3561 cm®/min-em®. This value was well within the 0.299 to 0,424
em® /min-cm? range predicted by horizental wicking tests performed by
the author on the Refrasil #C100-28,

Throughout the entire wicking chamber, a maximum temperature vari-
ation of *%°C. was encountered during normal heat pipe operation. No
transient temperature lag from cone end of the wicking chamber to the
other end was observed during heat input changes. Apparently the time
constants of the heat input changes were much larger than the tempera-

ture equalizing time constant of the wicking chamber.
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l. INTRODUCTICN

Luring future space exploration, astronauts will remalin in outer
space for extended periocds of time. Extravehicular tasks will be per-
formed by the astronauts and their only protection from the surrounding
space will be a space suit.

A thermoregulatory system will, by necessity, be incorporated in the
space suit. Its purpose will be to control the temperature of the at-
mesphere immediately surrounding the astronaut (the space between the
astronaut's body and the inner layer of the space suit) and, in general,
to provide a satisfactory thermal environment for him.

At present, liquid cooled undergarments are used for the tempera-
ture regulation. An intricate system of wvalves, pumps, and auxiliary
equipment is required. Need for a more efficient, less complicated,
and self-contained thermoregulatory system seems apparent.

A new system must be capable of rejecting heat from the space suit
and of transferring heat from one part of the suit to another part.

The heat rejection coculd be either by radiation to outer space or by
heat exchange with a porous plate sublimator.

A heat pipe system for transferring heat has many advantages over
the water-cooled undergarment. First, the heat pipe is a completely
closed system and needs no recharging after initial assembly. Heat
conducting capabilities of 100 to 1C00 times that of the best conducting
metals can be obtained using heat pipes. There exists no need for pumps,
compressors, or auxiliary equipment during the operation of the heat
pipe. If & temperature difference exists between the ends of the heat

pipe, heat will be transferred down (evaporator to condenser) the pipe.
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Regardless of the heat pipe orientation, relative to the gravitational
field, the pipe will transfer heat in either direction as long as a
wicking assembly is present to return the liquid to the heated end.
The heat pipe is particularly suitable for "hard" suits now under con-

sideration for future space exploration.



2. HEAT PIPE OFERATION

There are three distinct portions or sections to a heat pipe;
1. a heat input (evaporator) section,

2. a mass (vapor state) transfer and a mass (liquid state)
return section, and

3. a heat rejection (condenser) sectioen.

The heat input evaporates the liquid to the transfer section.
As a result of a very small pressure gradient, the vapor is forced down
the pipe to the heat rejection section where the vapor is condensed.
Either by capilliary action or gravitational feed, the liquid is then
carried back to the heat input section for recycling.

When capillary action is required for returning the liquid to the
heat input section, some type of wicking material must be used. The
wicking materials normally used are: fine wire screens, porous solid

materials, and natural or synthetic cloths.



3. GENERAL THEORY

The heat pipe considered in this paper is shown in Fig. 1. The
double open-ended dewar is assumed to be a perfect insulator in the
radial direction. All heat added at the heat input section is trans-
ferred axially down the dewar. The major design consideration for the
setup was to provide means for the evaluation of wick performance with
a well defined transfer length within the heat pipe.

A temperature gradient of less than %°C existed over the entire
length of the mass transfer section. This nearly constant temperature
existed because of the very small pressure gradient down the length of
the transfer section.

The power transfer capability of a heat pipe depends on the fol-
lowing basic parameters:

i, the capillary pumping head APC,

ii. the vapor pressure drop APV,

iii, the liguid viscous drag APL, and

iv. the gravity head ﬂPg [1]%.
There also is a pressure drop term caused by a momentum change in the
flow of the returning liquid. This term, however, is negligible when
compared to the other four terms [2]. From a pressure balance stand-

point only, the equation for heat pipe operation is

AP > AP+ AP. + AP, (1)
c ~— v L g

"Numbers in brackets designate references.
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In other words, the avallable pumping head must be sufficient to over-
come the pressure losses caused by vaper transport, and by the viscous
drag of the returning liquid. Gravity can aid¢ or hinder, depending on
the orientation of the evaperator with respect to the condenser. The
following theory is patterned, in part, after Feldman's [3] analysis

of heat pipe operation.
3.1 CAPILLARY PUMPING IN WICK

The capillary pumping term, APC, may be written

r r

cos B cos B
AP = 20 S . <, (2)
\ e c

where d is the surface tension of the liquid, GE is the ligquid contact
angle at the evaporator section, ec iz the liquid centaet angle at the
condenser section, r, is the effective radius of the wick pore at the
evaporator section, and r, is the effective radius of the wick pore at
the condenser section.

The maximum vaiue of Egq. (2) is obtained when ee = 0°, ec = 909,
and . is the actual pore radius of the wicking material. Equatiocn (2)

becomes
-w (1] &2, (3)
T

where r = 1 _.
e
3.2 VISCOUS LOSSES IN VAPCOR

Pressure losses caused by vapor flow in the heat pipe may be

34<



determined by using existing theory for either laminar or turbulent
flow in pipes [4]. When the vapor flow pressure drop was calculated,
it was found to be negligible when compared to other pressure losses

in this heat pipe.
3.3 VISCOUS LOSSES IN LIQUID

FPlow rates and velocities encountered with capillary flow in wicks
may be assumed to be laminar® and relatively free from inertial effects.
Darcy's Law [5] for flow through porous media then can be applied to

yield

uLm  uLv
= e D e u
AP " ORA T KA ()
where 1 i1s the liquid viscosity, L is the wicking material length, m
is the liquid mass flow rate, p is the liquid demsity, K is the wick

permeability, A is the total cross sectional area of the wick, and v

is the volume flow rate.
3.4 GRAVITATICNAL FIELD EFFECTS

The gravitational field can aid, hinder, or have no effect on the
liquid flow in the wick. This effect depends upon the orientation of
the evaporator and condenser sections relative to the direction of the

~gravitational field. The general equation for the pressure loss in the

wick caused by gravity is

#For the heat pipe considered in this report, the Reynolds numbers were
56.3 and 14.5 for the water flow in the Refrasil and the vapor flow in
the wicking chamber, respecuively.
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APg = pgl cos ¢ , (5)

where p is the liquid density, L is the wick length, g is the acceler-
ation of gravity, and ¢ is the angle between the heat pipe axis and the
gravitational field as shown in Fig. 1. The algebraic sign in Eq. (5)
is

(+) when the evaporator is above the condenser in the gravitational
field (hinders),

(-) when the condenser is above the evaporator in the gravitational
field (aids),

and when the evaporator and the condenser are in a horizontal plane
gravity has no effect, the term is zero.

The gravitational effects opn the vapor flow are neglected in this
report, since the density of the vapor is approximately 4000 times less

than that of the liguid at 26°C.
3.5 MAXIMUM FLOW RATE IN THE WICK

By substituting Egqs. (3), (&), and (5) into Eg. (1), the maximum

fiow rate is ¢btained as

. 2 i
m:%ﬁ-(;ﬂ-ngCOS@J- _ (6)

If the heat pipe is horizontal, Eq. (6) reduces to

= vp . ' (7)

gince ¢ = 902,



For given operating conditions, wicking fluid, and wicking material

O, P, U, K, A, and r are constant and Eq. (7) becomes

ol = QfliKA = wpl, = C = constant. (8)

3.6 MAXIMUM HEAT TRANSFER RATE

Because the rate of heat transfer attyibuted to latent heat trans-
port is large and the temperature gradient aleng the heat pipe is small,
conduction, radiation, and sensible convecticn heat transfer will be
negligibly small. Therefore, assuming all thermal energy is trans-

ferred as latent heat, the heat transfer rate is

(9)

where hfg is the latent heat of vaporization at the operating pressure

and temperature of the system.

Combining Egs. (6) and (9), the maximum heat transfer rate becomes

_ PKA [ 20
Q= TR pegl cos ¢ ) hfg . (10}

If the heat pipe is horizeontal, Eq. {10} reduces to

(11)

gsince ¢ = 90°.



(11):

The following assumptions were made in obtaining Egs. (10) and

Gravity effects on vapor flow are negligible,
Liquid flow in wick capillaries is laminar.
Viscous vapor flow losses are negligible.

Conduction, radiaticn, and sensible convection heat trans-
fer along the heat pipe are negligible.

Liquid properties are constant along the heat pipe.
Flow and heat transfer are essentially one-dimensional.
Wick is uniform and evenly saturated.

Heat transfer is uniform over the evaporator and condenser
gurfaces.

L8<
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4, EXPERIMENTAL WORK
4.1 HEAT PIPE DESICH#®

Dewar

A 7.82 cm inside diameter, 8.90 cm outside diameter, and 101.5 cm
long double open-ended, silvered glass dewar was used to contain the
entire test setup. The inside and outside diameters were attained by
using concentric glass cylinders with a high vacuum between them and
sealed on the ends. This vacuum, between the silvered surfaces, pro-
vided the necessary insulation between the heat transfer area and the
surrounding atmospherei.  The three main elements of the heat pipe
previously mentioned were then fitted inside this dewar with a com-
biration of c-rings and gaskets sealing axially down the dewar. A
radial connection between the inside of the dewar and the exterior was
provided. This connection was needed to allow charging the wicking
chamber with the desired transfer medium or fluia and to provide access

to the wicking chamber for thermocouple wires.

Heat Input Section (Evaporator)

The main requirement here was to have a heat input which could be
measured accurately. The final system chosen was to use twe electrical
heaters. The main heater, closer to the heat transfer area, was used

for the total heat input and the distant guard heater was used to

#Initial design of the heat pipe was by Prof. John C. Chato of the
University of Illinois, Urbana, Illinois.

TUnsilvered window strips allowed inspection of the intericr after
assembly.
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minimize heat flux in the outward axial direction. By measuring the
input wattage to the main heater, an accurate measurement of heat in-
put to the system could be obtained. Both heaters were supplied elec-
trical energy from variable transformers and the wattage inputs were

measured by wattmeters (see Fig. 2).

Heat Transfer Section (Wicking Chamber)

The wicking material used was Refrasil #Cl00-28. This material
had a water 1lift rate and horizontal transfer rate® which were deemed
the best from past experience.

Rather than arranging the wicking material in a cylindrical
fashion, concentric with the dewar as is normally done, it was decided
to assemble the wicking material in four horizontal layers. The two
center strips were 5.0 cm wide while the top and bottom strips were ap-
proximately 3.8 cm wide. This arrangement eliminated any gravitational
effects on a given cross section while the dewar was maintained in a
horizontal attitude. Alsoc a wicking cage was utilized for suspending
the Refrasil (see Fig. 3). This cage consisted of four teflon disks,
two stainless steel rods, and three intermedizte supports. The three
intermediate supports were required because the wicking cage was the

primary device separating the twc aluminum disks. Since a vacuum of

approximately 107% mm of Hg. was pulled in the chamber between the disks,

the wicking cage was required to support a load of approximately 100
pounds in compression. Finally, circular sections of Refrasil were at-

tached to the insides of the aluminum disks for the purpose of

“See p. 27 for a plet of Transfer Distance vs. Time for the Refrasil
#C100-28 and other Refrasils commonly used.
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Figure 3. Wicking Cage Assembly
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equalizing the distribution of fluid on each disk. These sections of

Refrasil were lightly spot-epoxied te the aluminum disks.

Heat Removal Section (Condenser)

The heat transferred down the dewar by the wicking chamber was
dissipated through the condenser aluminum disk. After the heat was
conducted through the condenser aluminum disk, it was removed by cir-
culating cool water through the condenser chamber and expending the
water. An alternate method, which will be used in the future, uses a
Freon in a liquid-vapor state circulating in a closed system. The
closed system consists of the condenser end of the dewar and a storage
tank (see Fig. 4). Copper cooling coils are located inside the storage
tank and will he used to remove the heat from the Freon so that the
pressure of the Freon in the tank remains within a reasonable range
and that the temperature can be controlled to remove sll the heat trans-
ferred. Water or any other cocling agent can be circulated through the
cooling coils since the coils are iscolated completely from the Freon

inside the tank.

Temperature Measurement

Temperatures throughout the system were measured by copper-con-
stantan thermocouple wires. Approximately forty-five different points
in the system Were‘monitored. Thermocouples were placed across mica
disks between the two heaters for measuring the gradient existing there.
Next, thermocouples were placed across the heater aluminum disk in
order to determine the temperature gradient for heat input calculations.
In the wicking chamber, six thermocouple points were distributed, two

at each end and two distributed down the center of the wick for

a3~
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neasuring temperatures and for determining when "burn out" (desiccation
of the wick material) cccurred. At the condenser end, thermocouples
were used again to determine the temperature gradient for determining
the heat flux cut of the system. Accurate determination of the con-
ductivity of the aluminum disks was made before the system was assembled.
The product of conductivity and temperature difference indicated the

heat flux.

Wicking Chamber Manifold

A manifcld was constructed for use with the wicking chamber.
First, the manifold had a large vacuum valve (see Fig. 5) which con-
nected to a vacuum system (see Fig. 6) capable of vacuums to 107 ° mm
of Hg. for evacuating the wicking chamber. A transfer plug was adap-
ted to the manifold for extracting the thermocouple wires from the
wicking chamber. A small needle valve was attached to the manifold for
charging the chamber with the working fluid. A union was also adapted
to the manifold for connecting a combination pressure-vacuum gage for
indicating the pressure in the chamber. Another union was adaplod to
the manifold for making the direct connection to the wicking chamber.
The entire manifold, along with the valves and unions, was mounted to
the dewar mounting stand near the wicking chamber ocutlet tube (see
rig. 7). Then, all of the necessary connecticns to the wicking chamber

were made through the wicking chamber manifold.

Temperature Recording

A& twenty-cne point Leeds and Northrup millivolt recorder was used
(see Fig. 2). Since all forty-five thermccouple peints could not be
recorded, the most representative points were chosen after monitoring

L3<

iy



= =3

> |

ke

Ll A

(S |

Bl I N S B BE e s

E3 E3I Ea

Figure 5. Wicking Chamber Manifold

46 <

=

18



Lai

=

Figure 6.

Vacuum System

6T



e3

E.d

E

Ea ka

Ed E2 o s b ks

Wicking Chamber
Manifold '

Figure 7. Heat Pipe and Vacuum S&stem

8

4 L2

Heater End

0¢



all forty-five peints for a pericd of time. A potentiometer was used
to continucusly menitor the temperature gradient between the main and
guard heaters so that the guard heater variable transformer could be

adjusted to minimize the heat loss from the main heater.
4,2 INITIAL TESTING PRCCEDURE

The wicking chamber was evacuated to an initial absolute pressure
of 8 x 107% mm of Hg. However, under this first evacuation, the wick-
ing cage collapsed by buckling the stainless steel rod columns. After
sufficient strengthening of the cage, the chamber was evacuated to 15
x 1072 mm of Hg. ©Six hundred milliliters of distilled water was then
injected into the chamber. This large amount of water proved to be
much more than was necessary.

During the first application of heat to the wicking chamber, no

heat was transferred to the condenser end and a temperature distribution

of 5 to 10°C was established. Much purging of the wicking chamber was
required before the temperature in the chamber equalized and a tempera-
ture gradient across the condenser aluminum disk was established.®
After establishing the heat flux, further purging was required at about
fifteen minute intervals. Without this purging, the temperature dis-
tribution in the wicking chamber widened and the wicking material ap-
peared to begin "burn out” at less than 10 watts input power. With the
Intermittent purging, the.maximum heat transpert rate was approximately

10 watts.

*Purging of the wicking chamber was performed by cracking (opening
very slightly) the large vacuum valve while the mechanical vacuum
pump was running. This procedure drew oul of the chamber the non-
condensible gases which had formed a barrier between the aluminum disk
and the newly evaporated water vapor. The valve was opened for 1 to

5 second durations.
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During testing, heat inputs were varied from an initial zero watts
to a maximum of 60 watts at 5 watt intervals. Each input wattage was
maintained until all temperature in the system stabilized. After sta-
bilization, the heat input was stepped up or down, depending upon the
test being performed. Even though runs of greater than 10 watts were
obtained, 10 watts was the maximum repeatable heat flux before "hurn
cut" occurred,

Since the time constant of the heater assembly and, in particular,
the heater aluminum disk temperature were large (approximately seven
minutes for 63.2% response of steady state for the aluminum disk), the
"burn out" wattage was, at first, difficult to determine experimentally.
When a given heat input was maintained for at least 10 to 15 minutes,
10 watts was the maximum maintainable input wattage. At wattage inputs
above 10 watls, the heater aluminum disk temperature continued te in-
crease without reaching a steady state value. This fact would indicate
that the circular section of Refrasil attached to the aluminum disk
began to dry out. Then the aluminum disk temperature could continue

to increase and begin to diverge over the surface of the disk,
4.3 NORMAL TEST RUN

After initial charging of the wicking chamber, the heat pipe con-
tinues to operate until either non-condensible gases collect at the con-
denser surface or both the heater and condenser ends are at the same
temperature. Lf a temperature difference exists and the heat pipe is
not operating, the wicking chamber must be purged lightly. The heat
pipe shaquld be allowed to operate without adding heat until both

|

ends arﬁ at the same temperature. Then the main heater should be set
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at 2 or 5 watts, depending upon the size input change utilized. The
temperature difference between the main and puard heaters should be
monitored continucusly. Then the guard heater is adjusted so that the
temperature difference is approximately zero. The temperature differ-
ence should be monitored and the guard heater adjusted throughout the
entire test run.

When the heater aluminum disk temperature stabilizes, the main
heater input should be increased by the 2 or 5 watt change required.
The guard heater wattage should also be increased accordingly to mini-
mize the main to guard heater temperature difference. The variance of
the wicking chamber temperatures should be observed continucusly. When
the variance exceeds %°C, the chamber should be lightly purged. If the
temperatures do not equalize within 20 seconds after the purge, the
main heater should ne longer be increased, for "burn out" is impending.
At the same time, the temperature of the heater aluminum disk on the
wicking chamber side should be observed. If these five temperatures on
the disk continue to rise without reaching a steady state value or start
diverging from each other, "burn out" could be impending. At "burn out"
these temperatures will continue to diverge from each other regardless
of the amount of purging. It is to be noted that the "burn out" can be
a very gradual process.

Step down runs of the system were not performed successfully. The
heat retention and time constants of the heater assembly and aluminum
disk were too large.

After the wick "burn out", the heaters should be turned off. The

wick must be allowed to resaturate before additional tests can be run.
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h.4%  WICKING MATERIAL TESTS

The wicking material, Refrasil #C100-28, used in the heat pipe
was performance tested outside the heat pipe. Figure 8 shows the test
apparatus used in these tests. The two objectives of the tests were to
obtain fluid front displacement and volume input as functions of time
data. Then the volume transport rate of the wick for any length was
calculated in two ways. First, the transport rate was found using the

equation

<.
11

AV (12)

where v is the volume transport rate, A is the measured cross section-
al area of the wick, and V is the velocity of the wetting front. The
V term was determined by differentiating the displacement-time equation
determined from Fig. 9. Second, the volume transport rate was deter-
mined by summing the total volume input to the wick over a given
length. When this total volume was divided by the total elapsed time,
the volume flow rate for a wick of one-half the total wick length used
was determined. Equation (8) shows that the mass transport rate is in-
versely proporticnal to the total wick length. The volume rate for
the length of wick desired can be scaled by multiplying by the appro-
priate ratio. This procedure for scaling the volume transport rates
for different wick lengths was applicable only to the horizontal wick
configuraticns, as can be seen from Eq. (6).

The wicking test apparatus, Fig. 8, consisted of three main ele-
ments. First, the distilied water was supplied by a 100 ml burette:

all excess water dripping from the saturated end of the wick was

52<
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collected in a 50 ml receiver burette. The total volume transferred
down the wick at any time was the difference between the readings of
the supply and receiver burettes. Second, the wick was supported on

a 1 cm-square mesh screen; a 3.2 com inside diameter plexiglass tube

was used to house the entire wick, except for the area where the water
was introduced. This tube minimized losses from the wick by evapora-
tion. Before each test, a saturated wick was placed inside the tube
for several hours in order to saturate the atmosphere there. Third,
pairs of copper wires were attached to the support screen at every

5 cm distance down the length of the wick. The insulation was removed
from the ends of all the wires and the ends were then inserted into
pores in the wick. The wires in each palr were separated by approxi-
mately 1 c¢m in a given cross section of the wick and each pair of

wires was separated by a 5 cm distance down the wick. All the wires
were connected to a 25-point thermocouple switch; the main connection
of the switch was connected to an chmmeter. When the wick was dry, the
chmmeter indicated an infinite resistance for any pair of wires. Im-
mediately after the pores of the wick cccupled by a pair of wires in
any cross section were wetted, the resistance between wires changed
(within approximately 2 sec) from an infinite to approximately 1M:
resistance. When one cross section was wetted, the thermocouple switch
was advanced to the next palr of wires to detect wetting of the wick at
the next 5 cm interval. When the wetting front reached each pair of
wires, all readings were taken. The readings included: supply and re-
ceiver burette volumes, total distance of wetting front down the wick,
and total elapsed time of the test measured using a stop watch. From

the distance and time data, a graph (Fig. 9) was ccnstructed.
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Figure 9. Wick Performance Graph
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Maximum test wick width and length were 2.5 cm and 95 cm, respectively,

for the test apparatus constructed.
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5. DISCUSSION

For a "burn out" heat flux of 10 watts, which for the Refrasil
#C100-28 used corresponds to 0.59% watts per cm width of wick, the
volume transfer rate of water in the Refrasil wicking material re-

quired was

v = —— = 0,247 en®/min , (9)
fg

where § equals the "burn out" wattage transi™ 'red and hfg is the en-

thalpy of evaporation of water at 26.7°C (80°F). With a wick cross

2, the volume transfer rate per unit area

sectionel area of 0.685 cm
becomes 0.361 cm’/min-cm?. The wicking chamber temperatﬁres for all
tests were within 5°C of the 26.7°C temperature used for the calcu-
laticns.

From the wick performamce tests on the Refrasil #Cl00-28, the
volume flow rates per area were 0.299 to 0.L24 cma/min—cmz. The
lower valus was determined from the wvolume input measurements, where-
as the upper value came from velocity calculations on the test data
(Fig. 8). This wicking material was unused.

Another wick performance test was conducted on the actual wick
used in the heat pipe. The results indicated approximately 45% less
than the wvolume transport rates per e’ area for the unused material;
the values were 0.163 to ¢.229 ocm®/min-cm? for volume and velocity
calculated, respectively. This decrease in wicking capability could
be due primarily to wick contamination during the four months while
it was used in the heat pipe. The used wick had acquired a yellow-

brown appearance in contrast to the white color of the unused wick.
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References [6] and [7] give water flow rates through horizontal
wicks for different specimens of Refrasil. When scaled to the 81.9 cm
length used in this heat pipe, the volume transfer rates per em? area

2 for the 0.954 and 0.635 cm

from [6] were 1.39 and 2.82 cm®/min-cm
diameter sleeving, respectively. These values are from 365% tc 567%
greater than the wicking tests performed by the author. The results

of [7] lie between the data of [6] and those obtained in this work.
There are three main reasocns for large variations in liquid transfer
rates. First, the Refrasil used in this experiment probably had a
different pore size than the samples used by the other authors. As
shown in Egs. (6) and (7), the pore radius is one of the independent
variables for the mass cor volume flow rates. Second, the sleevings were
flattened for the horizental tests in the previous references. The
interaction of the touchiné surfaces of the inside diameter may have
caused eprors in the transport rate. Third, in [6] the water was re-
moved from the end of the wick by adding heat from a gas burner. This
addition of heat created a large temperature rise and a resulting
possible 20% change in the surface tension of the water. Since sur-
facé tensiocn is the main pumping pressure, the temperature rise could
cause error in the transfer rate. TFigure 8 shows the comparison among
the wicking materials.

The experimental "burn out" transfer rate per cm®’ area (at 10 watts)
of 0,361 cm?/min-ecm® lies well within the range predicted by the
author's horizontal wick performance tests. Actually the experimental
value coincides with the average of the predicted rates for the unused

Refrasil #C100-28 and within 36% of the upper predicted value for the

used Refrasil #Cl00-28.

N
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The maximum vapor veleccity in the wicking chamber at "burn out"
was approximately 446 cm/min. This value was far below the speed of
sound in water vapor, 2.60 x 10° em/min at 26.7°C. The corresponding
RFeynolds number at "burn out” was 14.5, indicating laminar flow.

If the entire cross sectional area of the wick were capable of
transporting liquid, the water velocity in the wick while apprcaching
"burn cut" would be approximately 0.361 cm/min. Actually much of the
area is not capable of transporting liquid due to the presence of the
fibers of the Refrasil. The mean velocity of the liquid in the wick
probably would be approximately 2 to 5 times that value stated above.
A maximum value of 1.805 cm/min seems reasonable. The cerresponding
maximum Reynolds number was 56.3 in the wick with water at 26.7°C.

Usable data for the heat flux through the aluminum disks were not
obtained. Thermocouple points had been attached to the aluminum disks
with epoxy for the purpcse of obtaining both absolute temperature
readings on the disks and relative temperatures across the disks. This
relative temperature, along with the accurately determined conductivity
of the aluminum disks, was to be used for calculating the heat flux.
However, a thin layer of epoxy had been applied to the bare thermo-
couple wires before attaching them to the disks in an effort to pre-
vent electrical shorting of the thermocouple wires. The epoxy did in-
deed prevent electrical shorting, but alsc introduced a large thermal
resistance. This resistance was large enough to cause errors in the
differential temperature of 50 to 1500%. The maximum differenfial
temperature times the disk conductivity yielded a heat flux of up to
15 times greater than the heat applied through the main heater. This

measurement was obviously in error,
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With the system used, no transient temperature lag from one end
of the wicking chamber to the other end was observed during heat input
changes. Apparently the time constants of the heat input changes were
much larger than the temperature equalizing time constant of the wick-
ing chamber. The time constant for the temperature on the wicking
chamber side of the heater aluminum disk was approximately seven

minutes for a 63.2% response of steady state.
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6. CONCLUSIONS

The heat pipe construction was completed and initial experimental
operating data were obtained. The maximum heat transport rate was 10
watts. For the Refrasil #C100-28 used, the 10 watt "burn out" point
corresponds to 0.594 watts per cm width of the wick. This value was
well within the power level of 8.27 to 11.8 watts predicted from hori-
zontal wicking tests performed on the Refrasil #C1l00-28. Both vapor
and liquid flows in the wicking chamber were found to be laminar.

Usable temperature drceps across the aluminum disks were not ob-
tained; temperature variances within the wicking chamber were found to
be consistently less than %°C over the entire 81.9 cm wick length.

With the system used, no transient temperature lag from one end of the
wicking chamber to the other end was observed during heat input changes.
Apparently the time constants of the heat input changes were much lapr-
ger than the temperature equalizing time constant of the wicking chamber,

During this initial testing, many problems were encountered. Most
of them were solved during the test runs and the main operating para-
meters of the heat pipe system were determined. Perhaps the most im-
portant fact of the initial testing was the resulting closeness of the
experimental '"burn out" to that predicted from horizontal wicking tests

performed by the author.
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7. RECOMMENDATIONS
7.1 HEAT PIPE MODIFICATIONS

1. A new wicking cage should be made. Narrow supports for lo-
cating the wicking material should be provided at a 10 to 12 cm spacing.
If the cage is made solid (nonadjustable), attachment of the wicking
material may be facilitated greatly.

2. Since high temperature build up was encountered around the
heater pack, several of the mica sheets and the copper disk should be
removed from between the main heater and the heater aluminum disk. With
less thermal insulation, a greater heat flux could be realized with less
temperature differential.

3. Special thermocouple wires should be used. These wires should
have measuring points coated with material having high electrical and
low thermal resistances, The special wires could be placed on each
side of the aluminum disks to accurately measure the differential tem-
perature drops. With these temperature measurements, accurate values
for the axial heat flux could be calculated.

4. A small needle valve should be inserted on the manifold be-
tween the vacuum system and the wicking chamber. This valve would pro-
vide fine control for purging non-condensibles from the wicking chamber.

5. During reassembly of the entire heat pipe, special care
should be taken to double check all joints for possible leaks. After
assembly of the heat pipe, all joints should be ccated with several
thin layers of "Glyptel" or its equivalent.

6. The wicking chamber of the heat pipe should be evacuated to

about 1072 to 107° mm of Hg. before charging the chamber with water.
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When evacuated, the chamber should be charged with approximately 100
to 150 milliliters of distilled water. Over 150 milliliters of water
may result in an excessively large pool of liquid on the bottom of the
wicking chamber. If the heat pipe length 1is changed, the amount of

charge should be changed preporticnately.
7.2 WICKING MATERIAL TESTING

Wicking material testing experiments should be continued to deter-
mine the volume transport gualities of different wicking materials.
The experiment should be carried out under constant temperature con-
diticns. A burner should not be used at the evaporator end of the
wick, since the elevated temperature may change the surface tension
and viscosity of the working fluid. If obtained with heating, the

data may not represent the true operating conditions inside the heat

pipe.
7.3 FUTURE HEAT PIPE TESTS

1. Test runs should be performed on shorter lengths of the wick-
ing chamber to determine what effect the wick length has on the "burn
out” wattage. For the horizontal case Eg. (8) should be further veri-
fied.

2., Fluids other than water should be employed in the wicking
chamber to determine their operating characteristics. These fluids
should then be compared to water for possible future applicaticn,

3. Combinations of two different fluids should be employed in
the wicking charber. Compatibility and other operating characteristics

should be determined for all practical combinations of the fluids.
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4. A new heat input unit with a sufficiently small time constant,
so that the transient phenomena inside the wicking chamber may be ob-

served during heat input changes,should be designed and built.
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LIST OF S5YMBOLS

A cross-sectional areaof wick (&%)%

Ac minimum cress-sectional area of wicking chamber (2%
C arbitrary constant (M-2/t)

g acceleration of gravity (&/t?)

hfg latent heat of vaporization of liquid (g/M)

K wick permeability (£%)

L actual length of wicking material (2)

™ mass flow rate (M/t)

APC capillary pumping head (F/R%)

."_\.Pg gravitational head (F/%%)

APL liquid viscous drag (F/L%)

APV vapor pressure drop (F/8%)

Q heat transfer rate {(g/t)

r mean pore radius of wicking material (%)

e, effective pore radius of wick at condenser (%)
r. effective pore radius of wick at evaporator (%)
v velocity (L/t)

v volume flow rate (&3/t)

W total wick width (&)

BC liguid contact angle in wick at condenser

Ge liguid contact angle in wick at evaporator

u absolute viscosity of liguid (F-t/2%) or (M/t-2)
% kinematic viscosity of liquid or vapor (2%/t)

o liguid density (M/2%)

#Dimensions in parentheses are: F - force, M - mass, % - length,
g - heat (F-%), t - time.
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a

liquid surface tension (F/L)

angle between heat pipe axis and gravitational field
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APPENDIX A: SAMPLE CALCULATIONS

"Burn out" power rating per cm width of wick (Refrasil #C100-28):

Q _ 10 watts _
T Te B o 0.594% watts/cm

Reguired transport rate of water in the Refrasil for a "burn
out" wattage of 10 watts:

Q = pvljf
: Q
Vo= e
hfgp
Q = 10 watts = 143.5 cal/min
= ]
B, = 562 cal/g @ 26.7°C.
v = volume transport rate
0 = 1 g/cm3 @ 26.7°C. for water
5 143.5 cal/min
(582 cal/g)(l g/cm®)
v = 0.247 em®/min

Cross-sectional area of wick:

A = (thickness){(width)

thickness 0.016 in. (4,06)(107%) cm

6,625 in. 16.85 cm

11

width

A= (4.08)(1072)(16.85) = 0.685 cm?

: . 2 .
Required volume transport rate per cm® cross-sectional area:

L] o



_ 0.247 cm®/min
0.685 cn’

= 0.361 cma/min-cm2

|

Avallable volume transport rates from horizental wicking performance
tests:

Wicking material: Refrasil #C100-28
Wicking fluid: distilled water
Fluid temperature: 26.7°C,

Unused material; 2.50 cm wide, 31.0 cm long

l. Calculated from volume input measurements:

L]

o _ total volume
(31.0/2 cm) total time

2.30 cm’
14.33 min

= 0.1605 em®/min

v 0.1605 cm®/min

A (15.5 em) (2.50 cm) (%.06)(107%) em
= 1.58 cm®/min-cm?

i _ (15.5 em)(1.58 em® /min-cm?)

A {81.9 cm) {81.9 cm)

= 0.29¢% cma/min-—cm2

2, Calculated from velocity which was derived from dis-

placement vs time plot:

log x _
log kt

b
=~
ot
1}

E
M

N
94
A
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(25.0)% _ 2, . . , .
k = 5 G0 - 89.4 om®/min (using experimental point)
69.4t = x°
_odx _ 1 .
V = s 3u.7 = cm/min
34,7
= =L = 0,424 i
v 51,9 0.4 cm/min
v _ - PR 3, . 2
o V = 0.428 em/min = 0,424 cm®/min-cm

[

0.424 cm®/min-cn® for 81.9 cm wick length

Used material; 2.5 cm wide, 80.0 om long

1. Calculated from volume input measurements:

; _ total volume
{40.¢ cm) total time

_ b.J4O cm3
T 188.5 min

3.39 X 1072 cm®/min

é_ - 3,39 X 1072 em®/ min
A (H0.0 em) 5 oy (406 X 1072 em)
= 0.334 cmsfmin—cm2
v _ (40,0 cm)(0.33% cm®/min-cm?)
A (81.9 cm) (8L.9 om)

0,163 cm®/min-cm?

G <

g
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2. Calculated from velocity which was derived from displacement
vs time plot:

log x _ 1 = %2
Tog kt = 3 » Xt = *

L (86.0)% _ 2,
k = SET T 37.6 cm*/min
37.6t = %2
V = %% = 18.8 i- cm/min
v _ 18,8 _ .
T- v =573 ° 0.229 cm/min

0.229 cm®/min-cr® for 81.9 om wick length

Liquid velocity in wick as acquired from the required volume
transport rate, also assuming that entire wick area was capable
of transporting liquid:

= 0.361 cm® /min-cm?

<
1l
o R

= 0.361 em/min

If actual wick area for transporting liquid was approximately
1/5 total area, A, due to the Refrasil fibers:

Y 5V = 5(0.,361 cm/min)
{max)

1.805 am/min

n
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Maximum Reynolds number of liquid flow in wick based on LmaX

_ max Lmax v = 1.805 em/min
Re = — max
max V) .
L = assumed to be total wick width-
max

16.85 cm
v = 0.540 cm®/min at 26.7°C for liquid
(16.85 cm)(1.805 cm/min)
(0.540 cm?/min)

n 11

56.3 for water in wick at 26.7°9C.

Maximum vapor veleoeity in the wicking chamber as acquired from
the required volume transport rate:

-
11
e

specific volume of vapor
v specific volume of fluid

v (specific volume)
vapor

max AC (specific volume)fluid

v, = vapor volume transport rate

v = fluid volume transport rate
= 0,247 cm®/min

A, = 21.8 c®

_ €0.247 cm®/min)(633.7)
max

@ 26.7°C.
(21.8 em®)(0.0161)

405 cm/min

Reynolds number of vapor flow in the wicking chamber, based on Lmax

L
_ max max
Re = —
max S
= 446 cm/min
. max
= dewar diameter
nax -

= 7.62 cm

v = 234 cm®/min @ 26.7°C for vapor |



max

- {7.62 cm}(446 em/min)

It

(234 em /min)

14.5 for water vapor @ 26,7°C,

—m
e
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ABSTRACT

In Part I, wicking material tests were made on Refrasil Wo. C100-
28. The tests were run on 9-in. X l-in. Refrasil strips. Displacement-
time curves were extrapolated for predicting the performance of a
21-8/% in. heat pipe.

In Part II, heat pipe tests were run with a well-defined wick
length of 21-3/4 in. and a total width of 7 in. The same Refrasil
was the wicking material. An open-ended dewar housed the heat pipe
system which consisted of heat input, mass transfer, and heat removal
sections. .Two electric heaters supplied heat input, while circulat-
ing water was used for heat removal.

Both Parts I and II showed water to be a much better operating
fluid than ethyl alcohol or 50 percent ethyl alcohol by weight. Ethyl
alcohol appeared to be only slightly better than the 50 percent mix-
ture. At zero degrees the maximum heat transfer capacities were 15,
b, and 2 watts, respectively, for the three fluids. The predicted
wattages from Part I were generally higher due to greater ease in
saturating the wicking material with fluid.

A gap effect created by sewing two layers of wicking material
together greatly enhanced the heat pipe performance. At zero degrees,

water transferred over 80 watts, as compared to 15 watts previously.
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1. INTRODUCTION

Future space exploration will entail more and more extravehicu-
lar activity. Consequently, it becomes necessary that the astronaut's
space suit provide him with a suitable living environment. {ne ne-
cessity is provision of a satisfactory thermal environment.

Present systems utilize liquid-cooled undergarments which need
an intricate system of valves, pumps, and auxiliary equipment. Heat
pipes could be used to create a system of less complexity and greater
efficiency. The complexity of the system could be reduced because
a heat pipe is a closed system which needs no resupply or adjustment
after assembly. No pumps, compressors, or auxiliary equipment are
needed during operation. Efficiency is increased because a heat pipe
commonly transfers heat on the order of 100-100C times faster than
the best conducting metals.

A space suit thermoregulatory system must be capable of trans-
ferring heat from the astronaut's body to an area on the suit where
the heat can be rejected either to space by radiation or to a porous
plate sublimator. In performing such tasks, there are no restrictions
on the orientation of a heat pipe. Wicking materials are used to
provide fluid travel from the heat rejection areas to the heat input
areas, even against the force of gravity.

At temperatures below 32°F, a fluid such as alcohol or an alcohol-
water mixture could be used. A mixture might compensate for the low

latent heat of the alcohol since the two fluids will tend to separate
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and occupy opposite ends of the heat pipes. Thus, the distance across
which the alcohol must transfer heat would be reduced.

In space suit applications, the heat pipe configuration and heat
transfer rates indicate that the ability of the wick to transfer the
fluid will be more of a limiting factor than the pressure drop due
to vapor flow. Consequently, this study was restricted to the per-
formance of the wick.,

During the last few years, there has been considerable activity
in the study of heat pipes as indicated by the numerous technical
sessions on the subject at the meetings of several professional socie-
ties, such as ASME [1]t, AIAA [2], and other combined meetings [3].

A detailed literature survey will not be presented here, however;

only references which have direct bearing on this study will be giwven.

tNumbers in brackets refer to entries in REFERENCES,
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2. HEAT PIPE OPERATION

A heat pipe consists of three distinet sections. First, a heat
input section or evaporator section evaborates the operating fluid.
Second, the small pressure gradient along the heat pipe forces the
vapor through the mass (vapor state) transfer section to the third
section, the heat rejection or condenser section. Here, the vapor
condenses before returning to the heat input section via the mass
(liquid state) transfer section. Capillary action or gravitational
force is the means of returning the fluid,

Mass return to the heat input section by capillary action requires
the use of z wicking material. Commonly used wicking materials are
fine wire screens, porous solid materials, and natural or synthetic

cloths.



3. GENERAL HEAT PIPE THEQRY

Yor the purpose of this work, a relatively simple theory, such
as given in [4,5], is quite adequate. This theory will only be briefly
summarized here.

The temperature gradient along a wick limited heat pipe is very
small due to the small pressure gradient. Consequently, conduction,
radiation, and sensible convecticn heat transfer will all be negli-
gible compared to heat transferred as latent heat of vaporization.
Assuning all heat transferred is due to latent heat, the heat trans-
fer rate (Q) is the product of mass flow rate (m) of fluid in the
wick and latent heat of vaporization (hfg) of the fluid at the cper-
ating temperature of the system. The maximum heat transfer capability
of the heat pipe is then Quax = é}athg where %%ax may be interpreted
as the flow rate occurring when the wicking material is dry at the
evaporator end.

The following four basic parameters may be used to find an ex-
pression for the maximum mass flow rate. They are

(i) the capillary pumping head of the wick (APC),
(i1) the vapor pressure drop (AP ),
(iii) +the liquid viscous drag (APL), and
(iv} the gravity head (APg ).
The acceleration effects in the wick can be ignored [5]. From a bal-
ance of pressure heads, the equation for the operation of a heat pipe

becomes
AP,_. > APV + !_\.PL + APg (1)

Substituting appropriate terms for the pressure heads, Eq. (1) becomes

8c<



26 _ uLm
I s o 2
r 2 oFA + pgl cos ¢ (2)

where APV has been assumed to be negligible. 20/r is a maximum value
for APC which occurs where the wick becomes dry. Rearrangement of

Eq. (2) gives

s ok 20

m < T |7 pgl cos ¢) (3)
Therefore,

. _ prA 120 _

hax UL | T pgl cos ¢ (4)
and

_ pkKA [ 20
Cuax = |y pglL cos ¢} hfg (5)




4, EXPERIMENTAL WORK, PART I
APPARATUS AND TEST PROCEDURE

The apparatus used for testing the wicking material Refrasil
No. Cl00-28 is shown in Fig. 1. The objectives of the tests were to
obtain fluid front displacement and volume transport data as functions
of time.

Fluid was supplied to cne end of the test wick by a 100 milli-
liter supply burette, Excess fluid dripping from the saturated end
of the wick was collected in a 100 milliliter receiver burette. There-
fore, the total volume transferred along the wick was the difference
between readings of the supply and receiver burettes.

The test wick was supported on a 1 centimeter-square mesh screen,
Fluid losses by evaporation were minimized by

(i) placing the wick and screen in a 31 mm inside diameter
plexiglas tube,
(ii) wusing a hood to partially cover the area where the fluid
was Introduced, and

(iii) saturating the atmosphere around the wick by leaving some

of the test fluid in the tube before each test.

A copper wire was attached to the support screen at 2-in. inter-
vals along the wick with an additional wire placed at the first lo-
cation., After removing insulation from the ends of these wires, the
ends were inserted into the wick pores. All wires were connected to

a 25-peint thermocouple switch whose main terminals were connected



to an ohmmeter. When the wick was dry, the ohmmeter indicated an in-
finite resistance between any wire and the additional wire at the Ffirst
location. Immediately after the wick pores occupied by a wire were
wetted, the resistance between that wire and the additional wire changed
(over a period of about 1 second) from infinity to about 1 megohm,
After one cross section was wetted, the thermocouple switch was ad-
vanced tc the next wire to detect wetting there. As the wetting front
reached each wire, as indicated by the first change in resistance,

the total distance of wetting front down the wick and the total elapsed
time of the test, measured by a stop watch, were recorded. At the
9-in. location, supply and receiver burette volumes were recorded as
well., The curves in Figs. 2-6 were constructed using the displacement-
time data, The results will be discussed after the description of

Part II of the experimental work.
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5. EXPERIMENTAL WORK, PART II
5.1 APPARATUS

Figure 7 shows the test set-up which is the same basic set-up
used and described in detail previously [4,5].

Dewar: The three main elements of the heat pipe (heat input,
mass transfer, and heat rejection sections) were housed in a 7.62 cm
I.D., B.90 em 0.D., 101.5 cm long double open-ended, silvered glass
dewar. The dewar was made of two concentric glass cylinders with the
surfaces in the annulus silvered. It provided insulation in the ra-
dial direction between the interior and the surroundings. Unsilvered
window strips located axially along the top and bottom of the dewar
allowed inspection of the interior after assembly. A combination of
O-rings and gaskets was used to seal the dewar in the axial direction.
Also, a radial tube between the inside of the dewar and the exterior
was provided near the condenser end to allow charging of the wicking
chamber with the desired fluicd, and to provide connection of a vacuum
system to the interior and passage of thermocouple wires enfering the
dewar,

Heat Input Section (Evaporator): Two electrical heating elements

were used as the heat input source. The heater closer tc the mass
transfer section (main heater) was used for the total heat input, while
the other (guard heater) was used to minimize axial heat flow away

from the chamber. An accurate measurement of heat input to the mass

transfer section could then be obtained by recording input wattage



to the main heater, Electrical emnergy was supplied to each heater
from a variable transformer. Wattmeters were used to measure the
power inputs. An O-ring sealed aluminum disc wall between the main
heater and the mass transfer section provided a uniform source of heat
t¢ the chamber.

Heat Transfer Section {Wicking Chamber): Wicking material Refrasil

No. Cl00-28 was used because past experience proved it to be supericr
in water 1ift rate and horizontal transfer rate.

Four horizontal strips of wicking material were used to eliminate
gravitational effects over a given cross section of the heat pipe.
The two center strips were 2-1/16 in. wide, while the top and bottom
strips were 1-7/16 in., wide. A wicking capge was utilized to suspend
the Refrasil, as well as to prevent axial movement of the heat input
and heat rejection sections. Also, circular pleces of Refrasil were
attached to the aluminum discs at each end forming the heat input and
heat rejection sections to evenly distribute fluid and to supply fluid
to the horizontal wicking strips.

Heat Rejection Section (Condenser): An O-ring sealed aluminum

disc was used in the heat rejection section, as in the heat input sec-
tion, to provide uniform heat transfer. After being conducted through
the aluminum disc, the heat was removed by circulating cool water through
the condenser section,

Temperature Measurement: Temperatures throughout the system were

measured by monitoring twenty-twe copper-constantan thermocouples., One

thermocouple was placed across a mica disc between the main and guard

0
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heaters. With the desired heat input set on the main heater, the guard
heater was continually adjusted to keep the temperature gradient at
zero. Thus, it was ensured that the desired heat Input would flow

into the mass transfer section. Another thermocouple was placed across
the inlet and outlet cooling water lines as a check on the heat trans-
ferred along the heat pipe. The twenty remaining thermocouples were
used to record temperatures at various locations on the heater and
condenser aluminum discs and in the wicking chamber.

Wicking Chamber Manifold: A wicking chamber manifold was located

near the condenser end to make the necessary connections to the wick-
ing chamber. This manifold contained a large vacuum valve for evacu-
ating the dewar through a glass access tube in the side, as well as

a small nesedle vacuum valve to purge non-condensible gases from the
chamber, Another small needle valve allowed the chamber to be charged
with the working fluid. Fassage of thermccouple wires into the cham-
ber was made possible by a transfer plug. Connection of a pressure-
vacuum gage to the chamber was accomplished by a union on the mani-
fold. This union was later used in connecting a mercury mancmeter

to the chamber. Finally, another union was made available for direct
connection to the chamber itself,

Temperature Recording: A 2l-point Leeds and Northrup milliveolt

recorder was used to record the twenty temperature measuring points,
The temperature gradients between the two heaters and over the cool-

ing water lines were meonitored on a potentiometer.

0
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5.2 TEST PROCEDURE

The wicking chamber was first evacuated to 15 X 1072 mm of mer-
cury. Then, for testing of single layers of Refrasil, 45 ml of work-
ing fluid was injected into the chamber. However, for testing dou-
ble layers of material, difficulty was experienced in initially fill-
ing the gaps with fluid, This made it necessary to fill the entire
chamber with liquid. Then, the greater part of the fluid was removed
using a makeshift sump pump consisting of a gallon jug and the vacuum
pump.

As heat was added through the heaters, non-condensible gases im-
mediately began to build up in front of the condenser aluminum disc.
This caused a temperature gradient to build over the length of the
heat pipe. When the gradient reached 5-10°C, the needle vacuum valve
was opened slightly to purge these gases from the system. At heat
inputs below the burn-out wattage, the temperature gradient along the
heat pipe reduced to about 1°C or a little larger for large heat in-
puts.

After purging several times (over a period averaging thirty min-
utes to an hour), the heat input was increased if burn-out had not
occurred., Naturally, test runs were shorter for testing of double
layers of Refrasil since the fluid flowed more rapidly. At or above
the burn-out wattage, purging did not reduce the temperature of the
heater aluminum disc to previous levels, Instead, the temperatures

indicated by the thermocouples on the disc continued to increase.
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Wher this happened, the heaters were shut off so the wicking material
could resaturate with fluid.

Condensible gases purged from the system were condensed by a cold
trap immersed in dry ice and methanol before they could reach the vacuum
pump. The cold trap was changed every 2-3 hours as very little fluid
accumulated there. The temperature gradient between heaters was moni-
tored constantly during testing and the guard heater was adjusted
accordingly to keep it at zero. Also, before increasing heat input,
the temperature difference between the cooling water inlet and outlet
lines was recorded, as was the cooling water flow rate. Unsuccess-
ful attempts were made during purging of non-condensible gases to meas-
ure the veolume and alccholic content of fluid accumulated in the cold
trap. The volume accumulated during a normal run was much too small

for accurate measurement and analysis.



6. DISCUSSION AND RESULTS

In Part I, the fluid transport rate along the wick was found

using the equation,

* 0, dx
v = A Tt (6)

where v is the volumetric flow rate, A is the cross-sectional area
of flow and dx/dt is the velocity of the wetting front.

The velocity of the wetting front was found by differentiating
the displacement-time equations plotted in Figs. 2-6. The equations
of the curves were found using first-order, least squares approxi-
to the log-log plets.

Since the cross-sectional area of flow was not known, it was
necessary to make an approximation using velumetric flow data. The
total volume input over the test length divided by the total elapsed
time gave the veolumetric flow rate for a wick length about one-half
that of the test length (see develcpment in sample calculations).
Since tests with water at zero degrees inclination produced the most
consistent volumetric flow data, those data were used in finding the

cross-sectional area of flow. Thils area was used as an approximate

area for other tests. All testing in Part I was done on 9-in. X 1-in.

test strips.

The results (see Tables I and II and Figs. 8-14) indicate water

has the highest flow rate, while pure ethyl alcohol and 50 percent ethyl

13



TABLE I

SINGLE LAYER OF REFRASIL NO. C100-28

VOLUMETRIC FLOW RATE AT 21-3/4 IN. (ML/MIK)}
PER INCH WIDTH

HéO E. Ale, 50% E. Alec.
0° 0,073 0.017 0.006 Wick #2
Figs. 2 and 8
'\
Qe 0.030% 0.011
50 0.032 0.004
10° 0.027 0.0017 | Wick #8
Figes. 5, 11, and 12
159 0,023 0.000%t
qQo 0.008 0.0021T )
Refrasil
A - 0.016 in.?
solid ~ °° in. l

2
0.011 in.

u

Area of flow

H

68 percent of A .

tFigure 5 indicates a bad point; therefore, 0.074% ml/min may be more
accurate,

TtThese numbers are only approximate due to the extremely small flow
rates and relatively high evaporation vrates of the fluid.

A
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TABLE II

DOUBLE LAYER OF REFRASIL NO. €100-28
VOLUMETRIC FLOW RATE AT 21-3/4 IN. (ML/MIN)
PER INCH WIDTH

Wick #5
Figs. 3 and 9

Wick #6
Figs. 4 and 10

Wick #9
Figs. 8, 13, and 14

0.016 in.

H20 E. Alc. 50% E. Ale.
00 0.865 0,346 0.617%
Qo 0.809 0.213 0.191
0o 0.735 0.4500
50 0.471 0.182
10° 0.248 0.691
150 0.122 0.034
900 0.016 C.006
-
0.25 in. —* "’7 ‘—‘ -— 0,25 in.
PP |
P2
A0y
Refrasil

Edging material ‘#,,/«”Ljf%;::;ij::ji;;

Area of flow

1l

125 percent of QAS

e

|
Y

K“—‘—l in"'_'-

2
0.040 in.

clid

tAppears

0.01¢ in.

to be inaccurate, comparing Figs. 9 and 10.

93
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alcohol by weight were much lower. The pure alcohol appeared to be
only slightly better than the 50 percent mixture. These results are
in good qualitative agreement with the analytical studies of [6].
Comparison of Figs. 9 and 10 indicates the 50 percent alcohel run at
zero degrees in Fig. 9 is inaccurate. This run is also shown in Fig.
3.

With a single layer of wicking material, the calculated water
flow rate for a 21-3/4-in., X 1l-in, wick was from 0.073 ml/min at zero
degrees to 0,009 ml/min at ninety degrees. The flow rate for pure
alcohol was from 0.011 ml/min at zero degrees to 0,002 ml/min at ninety
degrees.T The 50 percent mixture flowed at 0.006 ml/min at zero de-
grees.

Two layers of wicking material sewn together increased the flow
rate of water by a factor of about ten at zero degrees. This factor
diminished to about two at ninety degrees, indicating that water did
not flow in the vertically oriented gap. The improvement factor for
alcohol was extremely errvatic, although much larger than for water.
The inconsistency suggests either inaccuracies in the extrapolation
of distance-time curves or inconsistent filling of the gap. At zero
degrees, the factor was about 25 and, at ninety degrees, the factor
was 3. The 50 percent mixture increased by a factor of about 30 at
zero degrees, The increase in flow rates due to a gap next to the

wick has been suggested by previous workers [7,8].

tSee second footnote in Table I.
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Results of Part I were used to predict the heat transfer capacity
of a 21-3/4-in. heat pipe operating with similar wicking, fluid, and
inclination. Test results for a single wick gave predicted wattages
of 21.0 at zero degrees and 2.6 at ninety degrees for water and 0.90
at zerc degrees and 0.17 at ninety degrees for pure ethyl alcohol.

A predicted range of 0.5-1.7 watts for the 50 percent mixture at zero
degrees wag found using latent heats of alcohol and water, respectively,

Results tabulated in Table III show that the burn-out wattages
obtained with water in Part II were lower than those predicted from
tests outside the heat plpe. Apparently, there is difficulty in satu-
rating the wicking material in the heat pipe and in keeping the gaps
between the wick completely filled., A bottleneck in the mass return
process occuks at the condenser end where the fluid must travel ver-
tically in the circular Refrasil patches. The differences are espe-
cially large for double layers of wicking material since rapidly mov-
ing fluid must be supplied to the gaps. The situation was alleviated
somewhat by placing several circular Refrasil patches on the condenser
aluminum plate. Inds of the horizontal strips were directed verti-
cally downward between these patches to create a better gap effect.
Also, thin spacers were placed between the aluminum disc and the wick-
ing cage., Finally, the wicking cavity was temporarily filled with
fluid prior to testing. After removing most of the fluid, the gaps
could then resupply themselves by capillary action.

The equation for maximum heat transport in a heat pipe was given

by Eq. (5).

€9
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TABLE II1I

PREDICTED (PART I) AND ACTUAL (PART II) BURN-OUT WATTAGLS

FOR A WICK LENGTH OF 21-3/4 IN, AND
FOR A4 TOTAL WIDTH OF 7 INCHES

Predicted Wattage

Actual Wattage

(Part I) (Part II)
Inclination to| Single Double Single | Double
Fluid | Horizontaltf Wick Wick Wick Wick
Water 0° 21.0 211, 232, 248 |15 T2 | > soft
Water 1° 12 t;
Water 2@ i 11 £1
1

Water 3° 9 *3
Water nue 8 ]
Water 50 9.1 135 7 £l 45 5
Water ge 5 %1
Water 10¢ 7.7 71 5 11 L5 #5
Water 150 6.5 ; 35 5 +1 | 25 %5
Water | gg° 2.6 | 4.5
Ethyl |
Alc? | 0° 0.90, 1.4 17.9, 28.8, 33.5|| 4 *1
Ethyl o
Alc. 5 0.33 i 15.2
Ethyl o
Ale. 10 0.08 5.8
Ethyl 150 0. 00t | 2.8
Ale.
Ethyl o
Alc. a0 0.17 % C.5

|
50% E. o |
Ale. O 0.5-1.7 ? 16-54.,7 2 %1
25% E o
Alc. 0 ! 1 *1

|
75% E. o
e 0 ’ 2 11

tFlow against gravity if not 0°.

++This was the maximum power input of the heater.

t+t+S5ee second footnote in Table I.

g6<
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For the horizontal position, the maximum heat transfer capacity Qrax
becomes inversely proportiocnal to the wick length L. Tests by the
author and by others [4,5] support this velationship with burn-out
wattages of 15 (the author) and 10 for wick lengths of 21-3/4 in. and
32-1/4 in., respectively, for the same total width of 7 in.

Tests with water at variocus angles of inclination produced burn-
outs from 15 watts at zero degrees to 5 watts at eight, ten, and fif-
teen degrees. The reduction in capacity change rate with an increas-
ing cperating angle agrees with the behavior of the cosine function
fsee Eq. (5)].

At zero degrees inclination, the burn-out wattage for pure ethyl
alcohol was 4 watts. This represents a decrease by a factor of 3,75
from water. Egquation (5}, however, predicts a factor of about 13.5,
However, the burn-out wattage of 4 is higher than predicted by tests
outside the heat pipe. This is probably due to inaccuracy of heat
input measurement for such low inputs. Second, the burn-out wattage
of 15 for water is low because the wicking material in the heat pipe
could not be thoroughly saturated with fluid. Part I tests indicated
factors of 15.0-23.1 for a single wick and 6.30-13.9 for a double
wick. Both ranges have the right order of magnitude when compared

to the predicted value of 13,5,%

TIt is notable that wick performance at times varied considerably for
different test sections of Refrasil (see Tables I and II). This is
probably due to variation in pore size,



Fifty percent alcohol had a burn-out wattage of only 2 watts
at zero degrees. This was expected. A burn-out of 1 watt with 25
percent alcohol agrees with Woo [6], but disagrees with Feldman and
Whitlow [9]. However, in a wick limited heat pipe, the effect of
vapor flow is negligible, whereas in Ref. [9], the improvement may have
been due to compression of the vapor. Seventy-five percent aleohol re-
sulted in 2 watts burn-out.

Figure 15 shows temperature vafiation along the heat pipe for
25, 50, and 75 percent alcohol by weight mixtures. Due to the very
low wattages, the 25 and 50 percent curves do not represent steady
state conditions, so these curves may not be very useful for compari-
son of temperature differences. The curves, however, do seem to in~
dicate correctly the location of a transition from alcohol at the con-
denser end to water at the heater end in agreement with Feldman and
Whitlow [9].

Usable data for cooling water temperature change in Part II
tests were not obtained. BSuch data could have been used with the
cooling water flow rate as a check on heat input measurement. Heat
conduction through the water piping and other heat losses prevented
accurate thermocouple recordings. Also, purging of non-condensible
gases from the system caused a refrigeration effect at the condenser
end due to the small amounts of working fluid extracted. The magni-
tude of this effect was estimated to be about 1.5 watts from the ma-
terial collected in the cold trap. Ceoling water was actually cocled
at times, instead of heated. Occasionally, formation of ice near the
manifold in the vacuum hose as well as cooling of the manifcld were

noted,



7. CONCLUSIONS AND RECOMMENDATIONS

The simple experimental sef-up shown in Fig. 1 can be used to
obtain quantitative design data on wick materials with relatively
volatile fluids, toe. Appropriate precautions, however, must be made
to minimize evaporative losses.

A liquid-filled gap adjacent to and running parallel tc a wick
increases the liquid transfer rate severalfold. Consequently, it can
be recommended that a wick should always be designed with an adjacent
gap‘provided by elther another layer of wicking or a suitable wall.
The gap should be as narrow as possible since refilling a wide gap
inside a sealed heat pipe could be practically impossible. For the
same reason, during the initial filling of the heat pipe, steps should
be taken to ensure complete filling of all such gaps with the working
fluid. The results of [7] indicate that gaps of any appreciable size,
i.e., if the wick is not touching the wall or the next layer forming
the gap, tend to lose their liquid fill, particularly in an adverse
gravity gradient.

In a wick limited heat pipe, the addition of water to alcchol
does not improve the performance, but tends to affect it adversely.

A temperature difference, however, can be established across the héat
pipe by the use of such mixtures. The property parameter suggested
by [6], phfgo/u, seems to give good qualitative predictions for the
performance of mixtures in & wick limited heat pipe. If the heat
pipe is vapor-limited, however, the effect of higher vapor densities
occuring with the mixtures could improwve the heat transfer rates as

suggested by [9].
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The following recommendations can be made for future work on

the heat pipes :

(1) Circular Refrasil patches should be placed between the
aluminum dis¢ and the wicking cage at each end of the
heat pipe. Longer wicking strips should then be employed
so that the ends can be run vertically between the patches.
This will increase fluid flow at the ends of the wicks,
particularly at the condenser end.

(2) Larger heater wires will allow finding the maximum heat
transfer capability of double wick layers.

(3) Tests should be run with the condenser end of the heat pipe
kept at a temperature below 32°F. To do so, it would be
necessary to use a fluid, such as Freon, circulating in a
closed system through the cooling chamber at the condenser
end. A refrigeration unit would be needed to cool the cir-
culating Freom.

(4) Investigate chemical methods of determining alcoholic con-
tent of purged gases. This will aid in determining how

the two fluids in a mixture separate in the heat pipe.

160<
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LIST OF SYMBOLS

A cross-sectional area of wick (Eg)f;

g acceleration of gravity (R/tz)

latent heat of vaporization of liquid (gq/M)
K wick permeability (Qz)

L actual length of wicking material (2)

m mass flow rate (M/t)

AP, capillary pumping head (r/2%)

AP gravitational head (F/Qz)

AF,  liquid viscous drag (F/lz)

AP~ vapor pressure drop (F/Ez)

Q heat transfer rate (q/t)

r mean pore radius of wicking materiai ()
v velocity (&/t)

v volume flow rate (ES/t)

U absolute viscosity of liquid (P—t/lz) or (M/t-%)
o 1iquid density (/2°)

o} liquid surface tension (F/L)

¢ angle between heat pipe axis and gravitational field

tDimensions in parentheses are: F--force, M--mass, &--length, q--heat
(F-£}), t--time.

F02<
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APPENDIX

SAMPLE CALCULATIONS

A
I. Finding Area of Flow fn x \
s
nx=s5fint+ ink 1.0
&n B>
3
® = kt
dx 8 -1 -
— = fn t
Iz kst n
' Schematic layout of Figs. 2-6
v = AL v = total velume in a wick of length
o ) 3
L (em® = ml)
v, 1
A = — t = time at which flow reaches L
t (s-1)/s_ 1/% -] .
e L k (min)
v = A dx v = volumetric flow rate at "x" (cm/min)
dt .
(ml/min)
Yo s:u:{ﬁ_l)/ei dx
= - = kajalees 2 11 -
T L(s-l)fs o flow velocity at "x'" (cm/min)
- Skllsxts-—l)/s
Q will be exactly va/to if sx(a—l)/s = L{shl)/s.
Denoting this "x'" by ”xo,” we have
{s=-1)/5s
X 1
L T s
-1
x = L,"S“(s ) {cm)
A = v/{dx/dt)
_ 1/8 (8-1}y/s
A = (v /t, )/ (kL ) (en)

Lk
(28



A.

B.

Single Layer (Water at Zero Degrees)

Ss/(a—l) - (0.437)0.437/—0.553
= 1.8%Q
X = L/l.QQ
1 -1
A =(V°/‘t°)/k/BL(s )/ 8
_ 0,614
- 1/0, 437 0,563/ 0, 437
(15.0) (22.859 ’
= 0.070 em®
= 0.011 in.?

Double Layer (Water at Zerc Degrees)

AT 0. 5147 -0, 486

= (0,514)

2,02

L/2.02

b4
It

llsL(s——l)/a

o
1l

(Vo/to)/k

4,06

1/0.514 -0, 486/0,514
(18.94) (22.85)

0.257 om®

2
0.04%0 in,

1
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II.

3:
Finding Predicted Wattages for Single Wick with Fluid at 80°F
A. Water at Zerc Degrees

.
anx - qnathg

= pvhfg
(1)(0.074)(58L)(1/14.35)

gm | cm’ cal watts
{cmﬁ} min-in. width{ | gm cal/min

3.0 watts/in, of width

-]

[(watts/in. width) (in. width)]

1l

Q

heat pipe

1
(3.0)(2)“23

n

1§

21,0 watts
B. Alcchol at Zero Degrees

(0.79)(0.011)(214)(1/14.35)(2)[{2 1

(
3
cm

0.91 watts

G +

heat pipe

1;_6.H

) {(in. width)}

cal)( watts

gm cal/min

3
cm
(min—in. width

!

C. Fifty Percent Ethyl Alcohol at Zero Degrees

Qheat B Qheat = 1.7 watts
pipe upper limit pipe hfg aof HZO

Qheatl = Qheat = 0.5 watts
PIP® | ower 1imit pipe heg of E. Alec,
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Errata for ME-TR-207

Eq. (3.19), "f(x)" should be "f(£)."

TABLE 3.1, numbers in last row of third and fourth columns

should be interchanged to read:

Heart Muscle Rest of Body
0.0089 ¢.1375
At top of Fig, 3,10, "- §£52~" should be "- Eézl O
1 1

Eq. (3.44), last line, second term in denominator,

1 1 " L1/ 11}
WRan(n+l)(WR2) should be anwEn+l)n(wR1).

L

. 2 2
Eq. (3.49), second line, " EK-” should be " T¥ -

Eq. (3.53), fourth line, "cos (Gix)” should be "cos (ﬁiy)."

Figs. 3.15-3.17, the vertical cocrdinate " g-" should be " I __ B L

b
Fig. 3.20, in the figure the parameter "Q " should be "Q'."

TABLE 3.3, in the next-to-last column, the decimal peints should
be moved in front of the numbers; i.e., "2.484" should be "¢.2484"
and "9.049'" should be "0.,30458."

(2n - l)'fr:l2 "
2b !

. 2
Item (2), seventh line from bottom, ”(kTI/a 3" should be "(le/bz)."

2
Eq. (3.70), "(%g)" should be "[

TABLE 3.4, last two lines should be

2 2
f(on - 1)w] 1/m 4,950 | Lu,720

2b

1/£t% 460 4,160

Figs. D.1 and D.3, in the figures delete the parameters 'K
and "L" and add the identification, wR , for the numbers in

columns on the right-hand sides.
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ABSTRACT

A biothermal model of living tissue has been studied which allows for
the inclusion of the effects of blood flow, local heat generation, conduc-
tion, and storage of heat on the heat transfer processes occurring in the
living tissue., A second order, partial differential equation, the '"bio-
heat" equation, was obtained for the model., Due to the lack of reliable and
detailed data on the thermophysical properties involved, the tissue was as-
sumed to be isotropic and homogeneous and all properties were assumed to be
constant. Transient, as well as steady-state, closed form, analytical solu-
tions were obtained for cylindrical and rectangular geometries, and for vari-
cus parameters,

Based on the analysis, a few observations were made:

(1) Blood flow plays a significant role in the transfer of heat inside
the living tissue,

(2) Transient times for reaching a so-called "fully developed" tempera-
ture profile in the tissue were estimated te be of the order of
5-20 minutes. These transient times were found to be strongly
dominated by a geometrical parameter.

(3) At elevated metabolic rates, maximum temperature may occur in the
tissue rather than in the inner core.

(4) Knowledge of the exact shape of the heat flux on the skin was
found teo be unimportant for the determination of the temperature
distribution away from the skin surface.

(5) Results obtained for the cylindrical and rectangular models were
remarkably close for the practical range of variables. The
rectangular geometry, however, was easier for computation.

The analysis was partially validated by measuring the temperature pro-
files on the skin of the thigh cocled by parallel tubes in contact with the
skin,

Particular applications of the biothermal model were directed to the
problem of extending the thermophysical capabilities of man. Providing a
"micro-climate" to man by means of cooling tubes that are in direct contact
with the skin, e.g., extravehicular space suits, was a major concern in this
study. To this end, a cooling garment, including a cooling hood, was con-
structed. The garment consisted of sixteen individual pads made of Tygon
tubes. These pads were grouped to provide independent supply of cooling
water to six separate regions of the body: head, upper torso, lower torso,
arms, thighs, and lower legs. Experiments with the cooling garment were
directed at exploring the characteristics of independent control of tem-
perature and removal of excess heat from separate regions of the body.

Five activity schedules consisting of alternate sessions of standing and
treadmill walking were used with five test subjects. Quasi-steady state
and, to some extent, transient characteristics of the proposed scheme of
independent regional cooling were studied. The results show that there

are regions that require more cooling for this type of activity than others
(thighs, lower legs, head). It was alsc demonstrated that heat strain was
reduced as a result of wearing the cooling garment.

4 i<
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a: half distance hetween cooling tubes, [L]

coefficient in Egs. (3.61) and (3.62)

A total skin surface area, [Lz]

A, defined by Eq. (3.69)

b depth of tissue layer, [L]

b coefficient in Egs. (3.61) and {3.62)

e, defined by Eg. (E.19)

Cq defined by Eq. (E.20)

e, specific heat of blood [tfe 1,

¢ coefficient in Egs, (3.61) and (3.62)

e, specific heat of tissue, [LZBHZT—13

ol Fourier cosine transform operator, defined by Eq. (3.28)
E(y) defined by Eq. (3.13), LT]

£ heat flux, [MG_SJ

£, average heat flux, defined by Eq. (3.16), [Me'3]
F,F_ uniform heat flux, [Me™" ]

G defined by Eq, (3.1u), [L™'T]

Gly,T) defined by Eq. (3.21)

h height, [L]

H{L)} defined by Eg. (3.15), [MB“STnlj

% modified Bessel function of the first kind of order i
J, Bessel function of the first kind of order i

k thermal conductivity, [MLG—ST_I]

tUnits in brackets are: M, mass; L, length; 8, time; T, temperature.
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i ratic of thermal conductivities, defined by Eq. (B.8)

K, : modified Bessel function of the second kind of order i

M defined by Eas. (3.40) or (3.42), [L_IT]

9 rate of heat transported by blood, defined by Eq. (3.1),
[ML-18-3]

q_,Q' internal heat generation rate per unit volume, (ML 877

Q defined by Eq. (3.10), [L_ZT]

Qn total metabolic rate, [MLFG_EJ

n radial coordinate, [L]

R defined under Eq. (D.6), [L]

R radius of inner core in cylindrical model, [L]

R12 radiug of interface between skeletal muscle and skin

layer in cylindrical model, [L]

R2 fadius of the skin surface in cylindrical model, [L]
s defined under Eq. (D.6)
t time, [0]

W characteristic time, [8]

T tissue temperature, [T]

T, arterial blood temperature, [T]

Tl,Tz* congtant temperature at inner core, [T]

T}ef reference temperature, [T]

U(gR) defined under Eq. (D.6)

\ volume,‘[L3]

w defined by Eq. (3.9), [L7'1

W, blood perfusicn rate per unit volume, [ML—SG—lj

W weight [MLsz}



WL, 49, ]

vii

Wronskian, defined by Eq. (3.24)

coordinate, normal to cooling tubes along the skin

surface, [L]

coordinate, normal to skin surface, [L]

Bessel function of the second kind of order i

defined by Lg.

(3.26), [T]

coordinate, parallel to the axis of cooling tubes, [L]

2 =1
thermal diffusivity, [L°87']

defined by Eq.

ratio of width

(3.19), [L7T]

of cooling tube to cooling tube spacing

Tuler's constant

defined by Eg.
defined by Eq,
defined by Eq.
defined by Eq.
defined by Eq.
defined by kgq.
variable blood
defined by Eq.
defined by Eq.
defined by Eg.
defined by Eq.

dummy variable

(3.51), (L]
(3.50), [L7]
(3.60), [z
(3.17), (L7
(3.u6)

(3.8), [T]
supply temperature, [T]
(3.18), [L7]

(3.38), [T}

(3.59), [17"]

(3.32), [L7]

of integration, [L]

specific gravity of tissue, [ML_SJ

ratic of radii,

defined by Eq.

defined by Eg. (E.8)

(3.55), [L']
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T dummy variable of integration, [L]

o) angular coordinate in cylindrical model

@1 plane angle between two adjacent tubes in cylindrical model
% ,0 defined by Eq. (3.22a)

x(u r) defined by Eq. (3.58)
Y(n) Psi or Digamma function

¢ﬁ2(glr) combination of modified Bessel functions, defined by Eq. (3.37)

Q(r=) defined by Eq. (3.33), [M&™>T™')
Subscripts

i pertaining to skin layer or initial state
2 pertaining to skeletal muscle or final state
b blood

i integer

i integer

k integer

L integer

il integer

n integer
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1, INTRODUCTION

The thermal system of homeotherms, and that of the human body
in particular, has long been of interest to many researchers. The
ability to maintain a fairly constant '"deep body" temperature and
to dissipate or preserve heat under widely varying environmental
conditions have been among the most fascinating aspects of this sys-
tem,

With the progress of scientific-knowledge and methods, emphasis
has shifted from mere observations of this system and its functions
to more systematic studies. The efforts were directed to provide
more understanding and insight into the nature and behavior of the
mechanisms that goverm such thermal phenomena. For completeness, a
brief outline of the thermoregulatory system of homeotherms, as cur-
rently understood, is giﬁen in APPENDIX A.

In common with many branches of physiology, the study of the
thermoregulatery system is approaching a stage in which work of de-
seriptive nature will yield progressively less in the way of im-
proved insight. Consequently, analytical approaches become more and
more necessary. Analytical modeling of various aspects of the thermo-
regulatory system is expected to provide improved understanding of
the mechanisms of thermoregulation and heat transfer. From these
models new experimental directions are expected to emerge.

In our era of advanced technology, man has alsoc been venturing
into and exploring environments that are, among other things, thermally
hostile to life. As a result, man's natural physiolegical abilities

had to be augmented to render these hostile environments habitable.
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The required artificial systems had to provide "micro-climates" to
man that were capable of countering any adverse thermal changes in
the environment.

As an example, the first such system used for pilots in the Royal

Air Force was a gas-ventilated suit [1]t. Such suits proved to be
of limited capacity for the removal of metabolic heat and hybrid sys-
tems emerged, These "second generation" suits were compesed of two
sub-systems; a water cocled garment, first suggested by Billingham
in 15859 [2], fabricated from flexible tubes in contact with the skin
and an overlying gas-ventilated system. In the current Apollo suits
that are of this hybrid type [1], a change in body temperature and
activity level is compensated by a uniform change in the cooling wa-
ter inlet temperature. It would seem reasonable, however, to cool
active muscles first; i.e., where heat is generated., Moreover, there
are regions in the bedy that are more temperature sensitive, e.g.,
the back, that may render a uniform change in temperature less tol-
erable from a comfort standpoint.

Consideration of the above-mentioned poihts led to formulation

of the specific objectives for this study:

(1} - Analytical modeling of the thermal behavior of the living
bioclegical tissue. Blcod flow effects were included in
the model explicitly because heat transfer is an important
concomitant of the circulatory system.

(2) Experiments with cooling pads directed at partially

tNumbers in brackets refer to entries in REFERENCES.
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validating the temperature distributiona cbtained from the
analysis.
(3) Exploration of the characteristics of vegional cooling,

i.e., independently cooling varicus regicns of the body,



2. REVIEW OF RELATED WORKS

During the last few decades, three major avenues have been pur-
sued tolstudy and modify the thermal behavior of biclogical media,
namely:

(1) Analytical modeling of the thermal system and partitional

calorimetry relating to homeotherms,

(2) Experimental studies of man-environment interactions in-
volving whole-body or partial cooliné devices, e.g., cocol-
ing garments, hoods.

(3) Measurements of pertinent thermophysical and physiological
properties, both "in vive" and "in vitro."

The following is a brief review of works done in these three

areas.
2.1 ANALYTICAL THERMAL MODELING

The fact that the body exchanges water vaper with the environ-
ment was first established by Santerio, an Italian physician living
in the sixteenth and seventeenth centuries [3]. He spent a portion of
the latter part of his life in a large balance; his food intake and
excreta were accuratelyﬁeighed. Santorio attributed the differences
he found in the two weights to losses of water evaporated from the
skin and carried by respiration. He termed these losses "insensible
perspiration.’ Although not concerned with the heat transfer as-
pects of the processes he had cbserved, Santorio can still be con-
sidered as cone of the founders of the "bio-~heat transfer' schcol.

However, it was mot until the second half of the eighteenth cen-
tury, that Lavoisier [U4] conceived the idea of the human body being

a heat generator. With this concept, more rigorous studies of the

242<



man-envivonment heat exchanges and the heat transfer processes oc-
curring inside the body, have become feasible.

It appears that Burton [5] in 1934 was the first to apply heat
transfer equations to the human body. He assumed a uni-dimensional,
steady state model with constant properties and uniform heat gener-
ation in the tissue. Solving the equation analytically, he obtained
a parabolie temperature distribution.

Eichna, et al. [63 in 1945, and Machle and Hatch [7] in 19u7
adopted the concept of ''core and shell" and applied it to the human
body. In this methed, two temperatures are assigned to the body,
i.e., deep body {rectal) and skin temperatures. Skin temperature
was taken as a weighted average of temperatures of various regions
of the skin. Heat exchange between man and his envircnment was then
calculated as a function of conductance and core and shell temperature
differences. This approach to the problem has since then been popular
particularly with physiclogists, However, it is not concerned with
the details of temperature distribution and effects of bLlood flow.

In 1948 Fennes [8] introduced two new concepts into the problem
of modeling the thermal behavior of the human body. First, he de-
picted the human body as consisting approximately of cylinders with
circular cross section. Second, he realized the important role that
blood flow plays in the process of heat transfer in the tissue and
introduced an additicnal term inte the heat equation, making the heat-
ing effect due to blood flow proportional to its heat capacity rate
and to its temperature change within the tissue. TFurther, assuming
the -body to be homogeneous and isotreopic with constant physical

properties and uniform rate of heat production, he obtained a steady
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state solution in terms of Bessel functions for the temperature dis-
tribution in the forearm. The boundary condition satisfied at the
skin was in accordance with Newton's cooling law (convective boundary
condition). Pennes also commented that axial temperature gradients
of the extremities can be neglected when compared *to radial gradients
and that the heat producticn in the skin and subcutaneous fat is of
low order of magnitude.

As 1s suggested by the title of their article, Wyndham and co-
workers in 1952 [9] examined the use of heat exchange equations to
determine changes in body temperature.

Pursuing the concepts advanced by Pennes, Hertzman in 1953 [10]
obtained corpelations between skin temperature and cutanecus blood
flow;

The "computer era" in thermal modeling began in 1955 when
Taylor [11] advanced the idea of using an electrical analog to simu-
late heat transfer modes cccurring inside the human body and between
man and his thermal envircnment. He divided the body. into five
tayers: skin, functional peripheral shell (szubcutanecus tissue and
part- of the muscles), functional central section (skeletal muscle,
heart and bloed), core.organs (liver, kidneys, central nervous system)
and the inert tissue (skeleton and alimentary tract). He also agsigned
values of thermal capacity, conductance, and heat generation to these
layers: Taylor propesed an electrical analeg circuit composed of re-
sistances, capacitances and potential sources to simulate the human-
environment thermal system,

Herrington, in two articles in 1958 {12] and 1858 [13], discussed

afull scale human body model for thermal exchanges. Using algebraic
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and least-square concepts, he derived a five element linear differ-
ential equation to describe extensive calorimetric data collected
from seated, clothed human subjects. Rate of change of the skin tem-
perature with respect to metabolic heat input, evaporative cooling,
ambient air and ambient radiation temperature, were the result of the
former work, In the latter, the data were compared with those cb-
tained for an electrically heated body model ("copper man').

In 1958 Westland [14] fellowed up the ideas developed by Taylor
of a biothermal analcg to simulate and study interior and exterior
heat transfer mechanisms related to the human body. Assuming one-
dimensional heat flow and equivalent conductance to account for blood
flow and the thermal conductivity, he studied the transient response
of the human body to thermal exposures. Osman in 1982 [15] refined
and improved on Westland's work.

A similar appreoach to the problem of heat transfer assoclated
with the human body was used by Wyndham and Atkins in 1960 [1s6].

They approximated the body by a series of concentric cylinders cor-
responding to the core, muscle, and skin; and considered radial heat Flow
only. Using a numerical technique and utilizing an analog computer

they obtained transient soluticns for their model. At about the same
time, Crosbie, et al,, [17] employed a similar technique and applied

it to a cone-dimensional slab model. They assumed the slab to be di-
vided into the same three layers and assigned constant, uniform, but
different temperatures to each of the layers and compared their re-

sults with physioclogical data, Neither of the latter two approaches
included a blood flow term expiicitly.

In 1961 Wissler [18,19) initiated a study of mathematical

o g y
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medeling of the human thermal system, He divided the body into =zix
cylinders corresponding to the extremities, trunk, and head. Includ-
ing the blood flow term, he obtained analytical solutions for radial
heat transfer for both the steady and transient states. He also in-
troduced the concept of a central "poecl," where blood from all re-
gions is gathered, mixed, and redistributed, and the idea of lumped
heat exchange between arteries and veins. Later, in 1964, he improved
his model by dividing the body into fifteen circular cylinders inter-
connected by blood vessels [20]. These cylinders were -subdivided
into fifteen layers and numerical solutions were obtained on a digi-
tal computer. Just recently, Wissler increased the number of compart-
ments into which the body is divided to include some 250 elements [21].

Perl, in 1962 [22], conceived of a methed of indirect mezsurement
of blood flow rates by employing Fick's second principle. He soclved
analytically the steady state and the transient problems and compared
his results with experiments: Extensions of the initial work were
published by him and co-workers in 1863 [23], 1865 [24], and 1966 [25].

The idea of using an analog computer for simulating temperature
regulation in man was further utilized by Brown in 1963 [26]. He
divided the body into four regions (central, muscle, subcutaneous re-
gion and skin) and studied interactions with the environment as well
as heat distribution within the body. Turther development of the
biothermal analog computer was given by him in 1966 [271.

Numerical solutions for a uni-dimensional, four layer transient
model were also obtained by Layne and Barker [28] in 1965 and by
Stolwijk and Cunningham [29], 1In 1966 Birkebak, et al., considered

the application of heat transfer equations to the animal system [30].
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In 1966 Soltwijk and Hardy [31] represented the human body by
three cylinders corresponding to the head, trunk, and extremities
and assumed the ends to be perfectly insulated. Each of the cylinders
was subdivided intc layers to represent the skin, muscle, viscera,
brain, ete., and each sublayer was assumed to be at a constant tem-
perature. Only radial heat flow was assumed and the effect of blood
flow, as well as metabolic heat production, was included. Eight si-
multanecus differential equations were written for the various sub-
layers and three "controller" equations. These equations corresponded
to evaporative heat losses, muscle blood flow changes with temperature
and exercise rate, and alsc tock intc consideration the effects of
shivering on heat transfer. The set of equationé was solved on an ana-
log computer yielding transient temperature distributions for various
environmental and metabolic conditions. These two researchers were
the first to introduce the concept of the passive system and active
controller as applied to the human thermoregulatory system. According
to this concept, the passive system represents a complex transfer func-
tion between the controller and the disturbance. The controller is re-
sponsible for maintaining the human body within the narrow limits of
acceptable thermal conditions by activating the various thermoregulatory
mechanisms, i.e., vasoconstriction or dilatation, sweating, and shiver-
ing.

A group from the University of Washington became interested, in
1967 [32], in the effects of electromagnetic heating pattérns in human
tissue. One year later [33], they also studied the propagation of
acoustic waves and the resulting thermal effectulﬁ biological materials,

In 1969, two solutions to the prdblem, one using an analytical method
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[34] and the other a finite difference method [35], were presented
by this group.

Richardson and Whitelaw in 1968 [36] studied transient heat trans-
fer in the human skin. They constructed two probes: a cylindrical and
a rectangular slab. The probes were made of nylon and methyl metha-
crylate (Perspex), respectively, and had thermocouples embedded in them
at known locations. After being immersed in a constant temperature
bath, the probes were brought intc contact with the skin (enclosed
areas of arm-pit and clenched hand) and the temperature of the thermo-
couples was recorded. Using available analytical sclutions to the heat
conduction equation in solids, the conductance of the human skin was
evaluated. It was found that the change in conductance was independent
of the surface temperature and heat flux to which the skin was exposed.

Infrared thermometry was utilized by Gros and Gautherie 'in 1968
[37] to study transient changes in human skin temperature as a function
of ambiént temperature., By means of & simplified model of heat ex-
change between the organiem and the environment {only one-dimensiocnal,
transient conduction was considéered), a mathematical law was derived,
This law, obtained by using Laplace transform, was éxpressed by error
functions and gave satiéfactory representation of the éxperimental
data,

At about the same time Mitchell and Myers [38] developed an ana-
lytical model for countercurrent heat‘exchanée between arteries and
velns. They proposed two different configurations for the counter-
current ﬁeat exchange that can be fqﬁﬁd%in animals, These were: equal
number of arteries and veins (agmqof man, leg of bird,rete of a sloth's

leg} and veins encircling a single artery (fins of whales and
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porpoises). Applying the principle of conservation of energy they ob-
tained analytical solutions to the various configurations and compared
their results with available experimental data.

Buchberg and Harrah [39] in 1968 tried a numerical sclution of a
two-dimensional, steady siate model cooled by a network of tubes at
the skin. They divided the slab into four layers corresponding to the
core, musclature, a so-called functiomal periphery, and the skin,

They assumed the thermal conductivity of the tissue to be a function
of temperature and no heat to be generated in the skin. They did
not include a blood flow term explicitly,

Chato in 1968 [40] reported on a method for measuring both local
thermal diffusivity and blood perfusion rate. He modeled the tissue
as an infinitely large medium with a spherical heat source (thermistor
bead) embedded in it. He obtained analytical soluticns and satisfac-
tory results were obtained experimentally.

In 1968 Trezek and Jewett [41] initiated a study of the thermal
field emanating from a cylindrical probe embedded in a tissue, in
general, and in & brain, Iin particular. They were initially interested
in applicaticns to cryo-surgical probes. Other works on the subject
were published later by Trezek and Cooper in 1968 [42], Trezzk in 1969
[43], and Cooper in 1870 [44].

A study of the stationary heat transport from a heated spherical
probe located in a tissue was made in 1963 by Priebe and Betz [45].
The tissue was assumed to be of spherical shape, too, and was considered
to be isctropic and homogeneously perfused by blood. Assuming the

digcrete capillary heat sinks as well as the venous heat sources to
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be "smeared" over the whole volume of the tissue, they obtained ana-
lytical scluticns to the problem., This treatment provided a method
for estimating local blood flows. Also, thermal conductivity as a
function of blood flow was obtained.

Just recently, Keller and Seiler [46] reported on an analysis
of peripheral heat transfer in humans. In a steady state, one-
dimensicnal continuum model, they accounted for effects of heat
conduction,'convectién by blood flow and vascular heat exchange.
They did not assume heat to be generated inside the tissue. Solving
the resulting three simultaneous differential equations, they ob-
tained general expressions for the effective conductivity of the tis-
sue. They alsc discussed a method for estimating the degree of ar-

terial precocling by the vessel spacing.

2.2 WATER COOLED GARMENTS

A most complete review on water coocled garments. (WCGE) was re-
cently given by S, A, Nunneley [47]. She discussed the history of
water cooled garments in the United States and in the United Kingdom,
The discussion also includes variables affecting WCZ design and oper-
ation, the development of automatic control and possible uses for re-
gicnal cooling. Some 118 references are cited in this work and form

a complete list of works pertinent to the subject,:
2.3 MEASUREMENT QF THERMOPHYSICAL PROPERTIES

A large number of works describing methods and techniques for

measuring the thermophysical properties of biological tissues has
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been published. These include both "in vitro" and, to a lesser extent,
"in vivo'" measurements.

Webh in 1964 [48] published a monograph entitled "Bicastronautics
Data Book" in which he listed extensive data on the human body. He
also included a chapter on thermophysical properties.

In 1966 Chato {49} made a rather extensive survey of thermal dif-
fusivity and conductivity data on biological materials. This work was
exXtended in 1968 [50]. He reported the data available at that time to
include properties of internal organs, skin, biological fluids, frozen
and then thawed materials and animal integuments.

Pond in 1968 [51] measured the thermal conductivity of rat brain,
Fér the measurements he utilized a thermistor bead and used the same
concepts as those suggested earlier by Chato [40].

Recently, Cooper [44] completed the development of & needle-probe
for measuring thermal properties of human organs. The needle probe is
essentially a copper-constantan thermocouple in the shape ofng long,
thin cylinder. This prebe, while being at a temperature different than
that of the organ, is suddenly plunged intec the tissue. The changes
in temperature of the probe are then recorded until it reaches the
temperature of the medium. Thermal diffusivityrvalues are calculated
from the initial portion of the response curve. This method was developed
to allow for blood flow effects tc be taken into account and thus may
be used for both "in vive" and "in vitro" measurements. Cooper and
Trezek report data obtained via the needle probe technique elsewhere [52].

Chate and co-workers further applied the thermistor bead to measure
effective conductivity valug§;of cat brain and hind leg muscle "in wvivo"

and "in wvitro" [53].
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3. THECRETICAL ANALYSIS
3.1 DEVELOPMENT OF THE GOVERNING PARTIAL DIFFERENTIAL EQUATION

imong the factors to be considered when attempting the modeling

of the human thermal system are the- following:

(1) Geometry of the body.

(2) Heat capacity of the body (thermal inertia}.

(3) Conduction of heat due to thermal gradients,

(4) Metabolic heat production.

(5) The role of blood flow in heat transfer; i.e., transport
of heat by circulating blocd and countercurrent heat exchange
~b§tween large blocd vessels.

(6) Thermoregulatory mechanisms in the body and their functions;
i.e., vasomotor activity, sweating, shivering, increased
metabolism due to glandular activity, and pilo-motor activity
{goose flesh). (In warm-blooded species other than humans,
an additional mechanism of panting is alsc of importance.}

(7) Thermophysical and physiological propérties of variqus or-
gans and tissues; e.g., thermal conductivity, specific heat,
density, blood perﬁusion rates, etc., and their dependence
upon temperature and lecaticn.

(8) The interacticn with the environment and its condition;

i.e., dry and wet bulb temperatures, pressure, and air mo-

tion relative to the body.
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In what follows, these factors will be considered while a heat
balance cn a differential element of tissue will be established.
Storage, conduction, and production of heat within the tissue
will be agsumed to be represented by the well-known heat equation.
The additional term representing the heat transported by the blood
stream will be derived using Fick's principle. This principle, when
applied to biclegical systems, can be stated as, "the amount of a
substance taken up by an organ (or by the whole body) per unit time
is equal to the arterial level of the substance minus the venous level
times the blood flow" [54]. When applied to the amount of heat gained

(lost) by the blood perfusing an element of tissue, it yields

q = e, (f, =T ) (3.1)

out

Equation (3.1), when combined with the heat equation, obtains

3T _
pcp i Vik VT) + wbcb(Tin =T )t 4, (3.2)

Equation (3.2) is the mathematical statement of the first law of ther-
modynamics describing the "in vivo" relationship between the varicus
modes of heat transfer, storazge, and production within a biological
tissue. It may be referved to as the "bio-heat" equation. Similar
forms were obtained by Pennes [8], Hertzman [10], Wissler [18], Perl
[22], Chato [40], Trezek [42], and Keller and Seiler [u48].

In view of the complexity of the thermal behav%p: and structure

of a living tissue and also because of the lack ofréécurate, detailed
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data of the thermophysical properties and the distribution of blood
perfusion and metabolic heat production rates in the body, a number
of assumptions should be made to facilitate analytical modeling.

(1) The thermophysical properties of the tissue will be assumed

‘constant and the tissue will be assumed to be homogeneous
“and isotropic.
(2) The temperature of blood leaving the tissue will be assumed
equal to the temperature of the tissue. This assumption
' can be justified by the structure of the capillary bed and
the slow rate of flow of blood through the capillaries
which makes them almost perfect heat exchangers.

(3) The temperature of blocd entering the tissue will be assumed
constant and equal to the temperature of the artery, Later,
however, this assumption will be changed and an arbitrary
function will be assumed to represent the inlet temperature
cof blcod perfusing the tissue. |

(4) Blocd perfusion and metzbolic heat production rates will
be assumed uniformland constant throughout the entire léyer
of tissue andlwill be.assﬁmed to represent average values,

Accordingly, Eq. (3.2) beccmes

o

ST__ 2 . - . -
e, 5T = kV'T + w%cb(T; -T) + Q | (3.3)
Equation (3.3) will be applied to the various layers of tissue

and analytical solutions will be given for different geometries and

boundary conditions.
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The various thermoregulatory mechanisms outlined agbove are included
in the present model indirectly.’ The major role that these mechanisms
play in the thermoregulation of the homeotherm [55] is expressed,
among other effects, by the modification of local heat transfer char-
acteristics, such as blood perfusion (vasomotor activity) and meta-
bolic heat production rates (shivering and glandular activity), and
the boundary conditions (sweating and pilo-motor activity). Accord-
ingly, the effect of the thermoregulatory mechanisms on the transport
of heat in the tissue can be incorporated by properly changing the
values of the rate of blood flow and heat generation. The interac-
tion with the enviromment will be accounted for in the following sec-

tion via the boundary conditions.

3.2 GEOMETRIES, BOUNDARY AND INITIAL COKDITIONS

This study will be primaprily concerned with the removal of meta-
belic heat produced in the body by means of a network of cooling tubes
that are in direct contact with the skin. Consequently, it is pessi-
ble to approximate the very involved gecometry of the body by circu-
lar cylinders or even by strips of rectangular cross section.

To this end, the tissue is assumed to be divided into three layefs:

(1) A skin layer composed of epidermis, dermis, and subcutane-

ous fat as shown in Fig, 3,1l. The actual thickness of the
layer varies from 1-6 mm [(56]. All excess metabolic heat
will be assumed to be removed at the contact areas between

the epidermis and the cooling tukbes.

135<



18

Figure 3.1

Cross section of the normal skin. Copyright, 1867,
CIBA Corporation, reproduced with permission from
the Clinical Symposia by Frank H. Netter, M.D.
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(2) A layer called skeletal muscle composed of all the muscles.

(3) An inner core layer consisting of the skeleton and all the
internal organs. At steady state, this layer will be as-
sumed to be at a constant temperature which will vary with
metabolic rates [57].

Assuming the body to be represented by cylinders of circular
cross section, twe configurations of cooling tubes seem conceivable:

(1) The tubes running perpendicular tc the axis of the cylin-

der, Fig., 3.2,
(2) The tubes running parallel to the axis of the cylinder,
Fig. 3.3.

Other intermediate configurations of the cooling tubes can be
represented as a combination of these two. However, as the inside
diameter of the cylinders becomes larger (which is the case with the
trunk, thighs, and lower legs and approximately with the arms, too),
the cylindrical configuration can be replaced by strips of rectangu-
lar cross section, Fig. 3,4, Tﬁe‘calculations of the temperature
distribution inside the tissue thus become simpler and easier with-
out any significant loss of accuracy, as is demconstrated laterp,

As mentioned above, the temperature of the interface between
the skeletal muiscle and the inner core is assumed constant and uni-
form and equal to that of the inner core. An assumption of a constant,
uniform flux at this interface is also possible and the two will be
considered separately. At the skin surface, a heat flux correspond-

ing to the amount of heat to be removed by the tubes will be assumed.
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Skeletal
Muscle

" Figure 3.2 Representative ‘Section of the cylindrical model
with the cooling tubes on the skin running per-
pendicular to the axis of the cylinder.
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Skeletal
Muscle

Figure 3.3 Representative sectien of the cylindrical model
with the cooling tubes on the skin running paral-
lel to the axis of the cylinder.
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Figure 3.4 Representative section of the rectangular model.
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First, an arbitrary distribution of the flux will be assumed,T but,
later, it will be shown that kncwledge of the actual shaps of the
flux functien is not necessary as long as the heat is removed only
by the tubes [58]. Because of the symmetry of the problem, the lines
cf symmetry running through the tubes and half-way between two adja-
cent tubes can be assumed adiabatic. At the interface between the
skin layer and the skeletal muscle, two matching conditions wiil he
satisfied: equal temperatures and equal heat fluxes,

The steady state temperature distribution in the tissue at a
given metabolic rate will be assumed to be the initial condition for

the transient state.
3,3 ANALYTICAL SCOLUTIONS

It will ke assumed that the changes along the axes of the cool-
ing tubes are small compared tc those occurring in the directions
perpendicular to the tubes. In mathematical notation, this statement
becomeas

o _
32 " C
and, consequently, the problem becomes two dimensicnal. Steady state

solutions in the two most relevant coordinate systems, i.e., rectan-

gular and cylindrical, will be given first. These solutions will

TBy properly modifying the distribution of the specified flux func-
tion over the skin, heat removed by sweat evaporation and convection
can be inceorperated, too.

i6i<

(3.4)
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be used as initial conditions for the more general transient cases.
3.4 STEADY STATE, RECTANGULAR CODRDINATES

The first case to bé studied is the one with the skin and skele-
tal muscle considered as separate regions usihg rectangular cocrdi-
nates., All metabolic heat is assumed to be removed at the skin along
the portion contacted by the cooling tubes. No heat is assumed to
be removed at the rest of the skin surface. At the interface between
the skeletal muscle and the inner core, a constant temperature, equal
to that of the inner core, is assumed. Because of the symmetry of
the problem, the boundaries at x = 0 and x = a are assumed to be adia-
batic. Two matching conditions of equal temperatﬁre and egual heat
flux are satisfied at the interface between the skin and the skele-
tal muscle. Although the problem as formulated above neélects end
effects, it can still be considered general; for, the.solﬁtion presented
below pertains to the areas covered by the cooling pads, modeled as
rectangular, symmetrical, two-dimenslional strips. Temperature dis-
tributions in the tissue underneath the areas not covered by the cool-
ing pads can be obtained by properly modifying the heat flux at the
skin while using the same approach as presented below.. The problem,

in mathematical notation, becomes:
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+ - w e =-Q (3.5a)
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0x ayl
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= - <
ayl - kl s 0 <x<fa
at y. = b, , (3.5b)
1 1 }
881
w—— = () . Ba <x<a
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381
at x = 0 , el 0 (3.5c)
X
BBI
at x = a , w—= 0 (3.5d)
matching conditions at Yy, =Y, = 0,
k

SKELETAL MUSCLE
2o, o%0,
st - wzez = --Q2 (3.6a)
dx Byz
Oixia,o<y2<b2
aty, =b, , 8 =0 (3.6b)
392
at'x = 0, z—=0 {3.6c)
38,
atx =a, 5==0 (3.6d)
6 =8, (3.7a)
ELE, 26
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1 5—3;:— —kz‘é—}?z— {3.7b}
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where

6. = T, (x,y, 2 - TX
W, G
2 _ lbb
i T X
1
1
Qi _E—

f(x) is an arbitrary function representing the flux of heat removed
by the cocling tubes at the skin. Figure 3.5 shows the two regioné,
the coordinate system, and the boundary coenditions for this case.

The solutions to the above two simultaneous sets were obtained
by using appropriate transformations and Fourier series expansions.
In terms of regional temperatures, these solutions are:

For the skin layer,

Q Bf, G
T, (x,y,) = TF + :F + E(C) cosh (wy, ) - k. t Soem (W1b1)

1
1722

2 + cosh (wl b1 )
1

cosh [w, (b, - y, )] = o
’ H(w) + k1. Z .cosh (Clbl)

{tanh(ﬁzbz) cosh [Cl(bl - jrl)]

sinh (wlyl) [Q k. w k, G tanh (wzbg)]

W

1 W

H(ZT)

sinh (Clyl)
+ -—-—k—1—c-l——--—— cos ()Lnx)

164<
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(3.9)

(3.10)

(3.11)
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Figure 3.5 Geometry and boundary conditions for the rectangu-
lar model. Skin layer and skeletal muscle are
considered as separate regions.
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For the skeletal muscle layer,

W

sinh (w b )
b, _G]
1

Q
Tz(x,yz) = TF + E(yz) + [

) k, sinh [w, (b, - yz)] . AN
H(w) cosh (wzbz) 1
n =1
o sinh [Z,(b, - yz)]
H(Z) cosh (tzbz)

cos.(lnx)

where

_Q, cosh (w,y) Bf; sinh [wz(b2 - vy)l
Ely) = ;5'[ ~ TCosh (wébz) - K, W, cosh (wzbz)
2
BEf,
G E le(O) sinh (wlbl) - E:—-[cosh (W1b1) - 1]
H(Z) = kT, cosh (L b)) + k& sinh (b ) tanh (Z,b,)
. Ba
£ =1 ff(z—;)d%;
a Ba
]
D
o=
n T a
Ba
o = %--[h fé?l cos (lnE) d&
G

Equations (3.11) through (3.19) were programmed on the digital
computer and temperature distfibutions for various values of parame-
ters and metabolic rates were obtained., TABLE 3.1 gives dimensions

and thermophysical properties of the model uzed for the numerical

i6e<

(3.12)

(3.13)

{3.14)

{3.15)

(3.186)

(3.17)

(3.18)

(3.19)
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TABLE 3.1

PHYSICAL AND PHYSIOLOGICAL PROPERTIES OF THE RECTANGULAR BIOTHERMAL MODEL CORRESPONDING
TO A 139 LB (63 KG) ADULT MALE WITH 90 MM HG MEAN ARTERIAL

BLOOD PRESSURE AND TOTAL METABOLIC RATE QF 290 BTU/HR (85 W).

IN PARTS FROM BUCHBERG AND HARRAH [39] AND BRAD [53].%

REPRODUCED

Property Region
Skin Skeletal Inner Core Whole Body
Muscle Heart Muscle Rest of Body
_ kg 3.6 31.0 0.3 28.1 63,0
Mass
1b 7.9k 68.40 0.66 62.00 139.00
n 0.0035%0 0.02800 0.00028 10.02700 .05878
Volume " -
It 0.125 1,000 0,010 0.9565 2.100
m G.02475 0,019800 - 0.019350 0.041625
Depth
Ea 0.00812 0.06500 -— 0,06350 0.13662
Width of m 0.01845 0.,019u5 -- 0.01945 -=
StZip £t 0.06u 0,064 -- 0.084 -
Elocd ml/min 462 840 250 3848 5400
Flow s
Rate £t /min 0.0185 G.0300 0.1375 0.6089 0.1929

TThese numerical values were
ing to the number of digits given.

used in the computations, but they do

not imply accuracieg correspond-

(continued)

B¢



TABLE 3.1 continued

" _ Region

Property
Skin Skeletal Inner Core Whole Body
tusele Heart Muscle Rest of Body
ml/min 12 50 29 _ 159 250
Oxygen o .
Consumption £t°/min - || o.ovos29 [ 0.001785 0.001035 0.005675 0.008924
Blood Flow - ' '
Percent et 8.6 15.6 u.7 71.1 100.0
of
Total - Oxygen 4,8 20.0 11.6 63.6 '100.0
Consumption - ]
— - = — ~
Thermal w/m-°C 0.41¢9 0.540
fivi
CORMUSTIVITY | pru/hr-£e-9F || 0.242 0.311 -- -- .-

0g
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computations, The first twenty terms of the series were used in the
numerical golution. It was found that by deing so the truncation

error introduced was less than 0.01; i.e., |u20| - ]u21] < 0.01 °F/ft.
A typical temperature distribution in the tissue for cne set of parame-
ters is shown in Fig. 3.6.

Three cobservations were made based on the preceding analysis:

(1) If y/x > 2 (the ratio of b/a in the present rectangular
model was ébout 2.3), the isotherms become essentially in-
dependent of ®; 1.e,, the isotherms become parallel and
a function of depth only as illustrated in Fig. 3.6. This
obgervation leads to the conclugion that, at the interface
between the inner core and the skeletal muscle, the boundary
conditions of constant, uniform flux or temperature become
identical for any practical purposes. From a physliological
standpoint, this comnclusion is not surprising. It is known
that, in a steady state, inner bhody temperature ig maintained
at a fairly constant level while, at the same time, most of
the heat generated inside the body is removed at the skin,
The heat to be reméved at the skin is transported there
by the blood stream and by conduction through the tissue,
mechanisms that are included in the present mathematical
model,

(2) One of the most difficult parameters to assess is the shape
of the flux at the portion of the skin contacted by the
cooling tubes. Fortunately, it was demonstrated [58] that

the actual shape of this functien is not of great importance

163<



32

99.7°F

99.85

227 e (311)8(312)

Skeletal
—— Ref. [39] Muscle

—
——— o]

Figufe 3.6

Skin

Temperature distribution in the separated tissue
for the rectangular model. Dashed curves indi-
cate temperature distribution obtained by Buchberg
and Harrah {391 without blood flow. Q = 2600
Btu/hr, (760 w), R = 0.1 and constant temperature
a2t inner core.
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so long as it provides for the remeval of all the excessive
heat at the skin., This was done by assuming an arbitrary,
linear heat flux function at the skin, This funection varied
from its maximum value at x = 0 (centerline of the cooling
tube) to 2/3 of the maximum at x = fa (edge of the cooling
tube) or fz/f1 = 1.5. The mean value of the flux over the
area covered by the cooling tube was taken to correspond

tc the appropriate amount of heat to be removed. As a see-
ond choice, this function was reversed; i.e., fz/f1 = 1/1,5.
With these two extreme assumptions, the temperature distri-
bution in the tissue was evaluated. The effect of select-
ing different flux functions at the skin was noticeable

only in the vicinity of the cooling tubes and became indis-
tinguishable at a very short distance away. Thus, knowl-
edge of the exact shape of the flux function 1s not essen-
tial and the error introduced by various functions is in-
significant so long as the above cbvious condition is sat-
isfied. Tigure 3.7 demonstrates this finding. Figure 3.8
shows the effect of increasing the contact area between

the cooling tubes and the skin (inqreasing B) while fz/f1

is maintained at 1.5,

It was found that, if b * (Wbc:h/‘k)”2 > 2.3, the maximum .
temperature of the body occurs in the skeletal muscle rather
than in the inner core. This observation demonstrates,
among othepr things, the important role that the blood stream

plays in the transport of hedt 'Tn the body; for, without

7
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04 06 08 10

Effect of changing the specified flux function on
the temperature of the skin for the rectangular
model. .Qm = 2600 Btu/hr, (760 w), B = 0.1 and
constant temperature at inner core.
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Figure 3.8
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0.2 04 06 08 1.0
x/d

Effect of increasing the contact area between the
cooling tubes and the skin on the temperature dis-
tribution on the skin surface. Qn = 290 Btu/hr

(85 w), fp/f, = 1.5 and constant temperature at
inner core.
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this mode of heat transfer, the occurrence of a maximum
temperature inside the tissue will mean inability to adequately
dissipate heat with all the acute physiological.Qonsequences.
‘Only heat transported by the blood stream can by-pass this
"barrier" and rea;b the skin where it will evenfually be
removed. From a mathematical standpeint, when the term rep-
resenting blood flow is not inqluded in Eq. (3.3), as was
done by Buchberg and Harrah [39], the aﬁoveémentioned phe-
nomenon does not occur (Fig. 3.6, dashed lines)}. However,
there are cases when blood flow reduces significantly or
even vanishes; e.g., vasoconstriction, Therefore, a solﬁ—

‘tion for this limiting case, w_~+ 0, is presentéd and com-

b
pared in APPENDIX B with the more general reéult that in-
cludes blood Fflow and the resulta of Ref. [39].

As wés mentioned before, very little accurate and religble data
are available pertaining to the thermophysical properties of the tis-
sue, local Dbloed perfusion and metabolic heat production rates.
The most comprehensive source of thermophysical properties was given
by Chato t50]. Scént physidlogical data can be found in medical or
physiological textbooks, such as the one by Brad [53], Consequently,
any attempt to improve on the preceding analysis will have to be de-
layed until such data become available. |

Nevertheless, two additipnal sets of solutions will be given.

The first additional solution is less detailed than the previcus one.

It is obtained when the skin and skeletal muscle zones are combined
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to form a single zone.T The result is of gross nature, but, in view
of the inadeguacy of the avallable data, it is almost as good as the
more complete one with the two zones separated and is easier for com-
phtation. This case is presented and discussed in APPENDIX C.

The second additional solution assumes a variable, arbitrary
blood supply temperature rather than a constant one, Since this so-
lution is more detailed and requires more information on the actual
changes that the temperature of the bloed perfusing the tissue under-
goes, it seemed sufficient to assume a one-dimensional model with
uniform flux at the skin. It is believed that the extension of this
sclution to two dimensions should not present any major difficulties.

In mathematical notation,

a1

E= 4 W' [85(y) - T] = -0

dy

and the boundary conditions are

_ dT F
at v = 0 , a;—— ”
aty =b , T =T

where F is the uniform fiux at the skin.

This set was integrated using a Green function [60],

TThis procedure amcunts to carrying the above solution to the limit
By * 0 and bp * b, or by * 0 and by * b, while assuming ¥ = k,,

W, T Wy and Ql = Qz and reversing the sign of the flux at the skin.

(3.20a)

(3,20b)

(3.20c)
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where @r(y) and @ﬁ(y) are two independent solutions of the homogene-

ous differential equation,

31(y) - waly) = 0

‘satisfying,
) o
¢,(b) =0
namely,
¢, (y) = cosh (wy)
@z(y) = sinh [w(b - y}]

and W{©1’®2] is the Wronskian defined

The solution obtained is-

. 476<
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I cosh (wy) | _ F_sinh fw(b - y)]
Tyl = Tt w2 [l ~ cosh fwb5] kw cosh (wbk)

y
- coshw(wbi {Sinh [w(b - y)] f Y(T) cosh (wt) 4T
0

b ~
+ cosh (wy) f ¥Y(T) sinh [w(b - T}] d'fj (3.25)
y

where, with the dummy variable T replaced by y,

Y(y) = T, - B%(y) ‘ (3.28)

1

and €*(y) is an arbitrary funection describing the variations of the
blood supply temperature. Figure 3.9 shows typical results obtained
for assumed linear temperature variations of the blood supply. It
can be seen that, as the slope of bloed supply temperature increases,
skin temperature decreases and the maximum temperature of the tissue
is shifted toward the inner core,

If the boundary condition at the inner core, Eq. (3.20c¢) is changed

P
at
a.tyzb . ~d_§-=-]','<i (3.27)

{(uniform flux instead of uniform temperature), a soluticn for the
temperature inside the tissue can be obtained by employing the finite

cosine Fourier transform

b
cle(y)) = f 5(T) cos (v 1) dr (3.29)
Q
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Figure 3.9 Steady state, one.dimensional temperature distri-
bution in the combined tissue with variable, linear
blood supply temperature for the rectangular model.
Dashed line indicates locus of maxima. Q = 2600
Btu/hr (760 w}, and constant temperature at inner
core,
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clor ()} = vicley)} + (~1)%e (b) - e7(0) (3.29)
to obtain
q 1 F, cosh (wy) - F cosh [w(b - y)]
Ty) = Tygp ¥ 7 SInh Gib)
b
b @ f 8%(1) cos (v_T) dt
1 . 2 0
+ = f g5(T) dT + 2w Z > 3 (3.30)
o = w o+ vn
where
nw
vn = _5_. : (3-31)

and ©*(y) is the arbitrary function defined above,
3.5 STEADY STATE, CYLINDRICAL COORDINATES

In many cases, a closer approximaticn of the geometry of the
human body is achieved by representing it as a set of cylinders.

This is particularly true for the extremities and was used by many
iﬁvestigators (8,16,18,31,33].

Two general cases were studied: the cooling tubes running on the
skin perpendicular to the cylinder (limb) axis, Fig. 3.2, and the tubes
vunning parallel to the axis, Fig. 3.3. The first case was studied
with the twe zones separated, whereas only a solution for the combined
tissue was cbtained for the second.

The geometry of the first case (assuming the gradients along
the axis of the cylinder to be negligible compared to those in the
plane perpendicular to it) is essentially rectangular and similar
to the one shown in Fig. 3.5. Tor completeness, the exact geometry
and boundary conditions are shown in Fig. 3.10.

The mathematical formulation for this case is

4%9<
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Figure 3.10 Geometry and boundary conditions for the cylindrical
model with the cooling tubes on the skin running per-
pendicular to the axis of the cylinder. Skin layer
and skeletal muscle are considered as separate regions.
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dz
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1 f(=z)
el . 0 <z <Ba
at r = R, , (3.32b) at r
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1
T o a o, Ba<z <a
861
at z =0 , o = O (3.32¢) at =z
_ 36,
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2
) 881 382
1 dr 2 3r

1
o

1]

SKELETAL MUSCLE

98
2 2
+ - w0, =
BZ2 22
R12 ; 0<z<a
82 = 0
382 .
9z
882 .
9z

(3.

(3.

(3.

(3.

(3.

(3.

33a)

33b)

33¢c)

33d)

34a)

3ub)

(]



44

where all the parameters are defined by Egs. (3.8), (3.9), and (3.10).

The solution obtained is:
For the skin layer (R, <r < Rz)’

12 12
' by, (wy 1) BE, Vo lwy )
T (ryz) = TF + Aw,R ) —33 TR 12
i W
Wor (0 R0 LTy G Rp)

M
-
lelZwlei
1 1
Ky X G Ry MW G Ry ) - kg X (o R Do G, R )
Q(lez)

¢§1 Gopr) - X (wlr)]

1 2 o
Q - Wy Uy (g Ry MW, (v 7) ) Z %
. clKl(r‘;le)

~+

2 Q(lez)

W) Lo

1
. kzczKo(glﬁﬁz)wlo(clez) + klclKl(ClR12)¢%0(c2R12)
ﬂ(chz)
. Wzl(ﬁlr) - Ko(Clr)‘} cos (Anz) (3.35)
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For the skeletal muscle (R, <r <R ),

Q Wlkluff(wlRlz)U):)o(wzr)

T,(r,z) = T§ + A(wzr) t -5 R
Wy 12
klM
+ KIZWIRZ)
2 2
. Ky Gy Ry W (o Ry + KGR OY (0 R )
Q(lez)
= 0
-k —_
) e
1V 51t
n=1

2 2
K1(C'1R12 )¢01(E1R12) + Ko(glRlz)wll(ElRlﬂl)

o0 LR, )

‘iiloo (t,r) cos (A z)

where

B ey = L (g R+ DL R K (g
Q, W;f(wr‘) Bfa Ibfljo(wr)

AGur) =l - 13 T kw1 °
W Uy (WR,) 27 Y (R,

(R ,) =k GV (G R (ER )

- KT, (BRI (LR )

2701 19g°727° 12
12
, ) Bfa . IPIO(WIRZ)
K V3w r )
10 1712

1 12
Kywy Woo iRy, WL (o R))

+
IO

k. ow 1
2
2 wlO(WZRlz

Observing that [61]

]‘D,k, ke (VR D =

)
HWiF
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Fquation (3.40) can be rewritten

"2
BT, 12 kpwiRpy
M= - " 1l - (wlRlz)wlo(WlRQ) + T
1 22
1 12
W (w_ R Y (w R )
, 0077271277110 2 (3.19)

1
V1o (R p)

Ii and Ki are the modified Bessel functicns of the first and second
kind of order i and LA fa, Q . An, and o are defined by Eqs. (3.9),
(3.16), (3.17), (3.18), and (3.19), respectively,

The solution to the cylindrical'case exhibits the same charac-
teristics as the one for the rectangular case, However, it is more
difficult to obtaiﬁ numeriéal results because of the presence of the
Bessel functions in the series part of the solution. Still, tempera-
ture distribution of limited accuracy for this case for the skin layer
and skeletal muscle considered as one combined tissue is shown in
Fig. E.l1. TFortunately, it was found that, without any significant
loss in accuracy, the reqtangular case yields results that are remarka-
" bly close to the cylindrical ones, as will be demonstrated in a sepa-
rate chapter, |

A special functicn, dkg(cir),'wasldefined to siﬁplify the mathe-
matical derivation, Eq. (3.37). It is a combination of modified Bessel
functions of the first and second kind which was found to recur in
the solution many timgs. This function is further discussed in some
detail in APPENDIX D, |

As was done for the rectangulaf model, additional solutions for
the combined tissue, including the limiting ones for no blood flow,

are presented in APPENDIX E.
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The second steady state case in cylindrical coordinates is the

one with the cooling tubes running parallel to the ¢ylinder axis.,

Figure 3,11 shows the geometry and boundary conditions for this case.

The mathematical formulation for this case is

13 [ se) 1 %8 2,
rw |t |t oY
r oo
R1 fr j-RE . 0 f_¢-§ @1
with the boundary ccnditions,
atr =R , 0 =20
5 £(9) )
- B
at r = R2 s
Kl 0 Bd <9 <@
T Be <9 29
- CAZ
at ¢ = 0 —‘,a—q-.;—o
- 90 _
at ¢ =@ a—¢“o

Sclution for this set was

as before to yleld

T(e,$) =T, + 2 |1 -
W

obtained by using the same technique

2
Py, (W)

W GaR))

BE, Wy, (wr)

L )

_Rzn,Z:L”

1

oy {wr)
: z 0N cos (ng)
v

1
TIY](WRZ )+ szlfJn(m_l)(sz)

(3.43a)

(3.43b)

(8.43c)

(3.43d)

fB.HBe)

(3.44)
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Figure 3.11 Geometry and boundary conditions for the cylindrical
model with the coeling tubes on the skin running
parallel to the axis of the cylinder., Skin layer and
skeletal muscle are considered as a combined tissue.
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where

o = %— [1 £8). cos (ng) dg (3.45)

(3.48)

=3

n
ju]
=]

m is the number of equally spaced tubes on the circumference.

The presence of the function ﬁ%n(wr) in the series of Eq. (3.44)
hindered accurate computation of the temperature distributions in
the tissue. This was true particularly in the vicinity of the cool-
ing tubes. Tor example, if one assumes m = 20, the capacity of the
computer is exceeded after the first two terms of the series for a
low metabolic rate, Also, when R increases (while stiil being mean-
ingful physiolegically), the accuracy of the computation is further
limited. Consequently, the temperature distribution obtained for
this case was considered of limited value and is not presented here,
This computatioﬁal limitation was also one of the reésons why this
case was not studied with the zones sepapated,

Soluticns for cases where the tubes run diagonally on the skin,
i.e., not parallel or perpendicular tc the cylinder axis, can bg ob-
tained as linear combinations of the above two extreme cases. . This
can be done by resolving the flux functicon at the skin into two com-
ponents corresponding to the above two cases. Because of the linearity
of the equation,'a linear combination of solutiqgiyconstitutes a so-

lution to this more general case,

i87<
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3.6 TRANSIENT STATE, RECTANGULAR COORDINATES

Available experimental evidence shows that the thermal transients
in the human body are of the order of é half hour [62]. Consequentiy,
the steady state solutions become of limited importance and transient
golutions should be sought.

The lack of accurate and detailed thermophysical and physiologi-
~ cal data hinders any detailed analysis. This is even more noticea-
ble in the transient cases. Therefore, the analysis presented below,
although successful in obtaining solutions to the problem, should
be considered approximate only. In view of these limitations, the

following assumptions will be made:

(1) The two outer zones, i.e., skin and skeletal muscle, will
be conside?ed to constitute one combined tissue.

(2)7 All properties will be assumed to be constant and independ-
ent-of time, temperature, and location.

(3) Tﬁe temperature at the interface between the irner core
apd thg combined tissue will be assumed uniform and constant
and will éqrrespond to the final conditicn.

(4) Stép—iiké functions will be assumed to represent changes
in blogdlﬁerfusion and metabolic heat generation rates; that
is, at t > 0, values of blood perfﬁsion and heat genmeration
rates correqund to the f;nal ones. This assumption can
be justifiéd on the grounds that the transient time for
changes in these quantities is much shorter than the ther-

mal transients.

188<
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(5) The initial temperature in the tissue will be taken as the
steady state distribution. The final temperature distribu-
tion, as t > ®», was expected to coprrespond to the steady
state at the new metabolic activity level.

Two cases will be studied: one with a uniform heat flux at the

skin, i.e., one-dimensional, and the other with variable flux over

the skin, similar to the steady state case presented in APPENDIX C.

CASE 1:
1936 38 2
Eﬁ'{:'é;-z_- WZB + Q2 (3.‘475.)

F
98 2
at y = 0, g};-— T . (3.47b)
aty=b, 0 =0 (3.47c)
Q, cosh (wly} F,
< = —— - -
att <0, ® 2 * cosh (w b) K,

sinh [wl(b - v)]

’ cosh (wlb)' (3.47d)

where
6= T(y,t) - T, (3.48)

and all the other parameters were defined before. Index 1 indicates

values prior to the step,t £ 0, and index 2 values after the step,t > 0.
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The solution to this case is

sinh [w, (b - y)]

Q, cosh (Wéy) Fz
(y,t) =T +—|1- = |-
Ty, 1 2 cosh (w_ b) kw cosh (w_b)
W2 2 ? 2
— F T nrQl Q
2 2 1 (-1} 2 1 '
+ = Sk < * T [—E—— '?r] cos (8 y)
- exp (—ow:t)' (3.49)
where
- (2n - L)
8, = ~2—=0 (3.50)
Yf = wf + Gi (3.51)

Figure 3.12 shows results obtained for step changes in metabolic

rates.

It is clearly seen that most of the changes in temperature

oceur during the first five minutes when the step is from the low to the

high rate, and during the first twenty minutes when the step is from

the high to the low rate,

After these periods, the temperature

of the tissue is essentially equal to the steady state temperature.

It should be noted that the temperature at the interface between the

inner core and the combined tissue was assumed constant.

tion, however, does not conform to the actual situation.

This assump-

Deep body

temperature is known to change almost linearly with changes in meta-

[57].

bolic rates

However, the transient times of thege changes are

much longer than those obtained for the temperature profile inside

the tissue.

Conseqguently, the'final configuration of the temperature

distribution inside the tissue will be reached after about 5-20 min-

utes from the onset of a change in metabolic rate.

from then omn,

only a shift of the "fully‘deVeloped” temperature profile will occur,

' 4190<
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Transient temperature distribution in the combined tissue for the
one-dimensional rectangular model. Step changes:

(a) from 290 Btu/hr (85 w) to 2600 Btu/hr (760 w)

(b) from 2600 Btu/hr (760 w) to 290 Bru/hr (85 w)

Constant temperature at inner core.
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When a variable flux is assumed at the skin, the problem becomes

CASE 2:

Q>

0

Z= V0 - w040 . (3.522)

Q-
]

o

fx<a, 0<y<h, 0=t

with the boundary and initial conditicas,

£, ()

ab 2

--a-s-r—z % R 0ix<Ba
aty = 0, (3.52b)

iB—=E} Bfa < x <a -

oy * -
aty = b, 6 =0 (3.52¢)
stx=0, S2=0 (3.52d)
at x = a , %?{.;0 : (3.52e)

it

< —_ - :
at t 20, o 2 cosh (Wlb) I,

W

9 [ cosh (w,y) ] BEL
1

sinh [wl.(b - yv)] 2,
] cosh (w b) * Z

n=1

o, sinh [L, (b - y)]

n; 1.
T cosh (Cllﬂ

1 cos (?\n' 1,X) (3.52f)

The solution to this set was obtalned by using transformations

and a double Fourier series expansion to yield
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Q, [ cosh (wzy)] BE,, sinh [w,(b - y)l
1l - -
2

T(x,y,t) = T, + ;?" cosh fﬁzb) cosh(w,b)
2
= g inh {2 (b - y)]
sinh [T, -y
_ 2 1,2 R . cos (A, x)
ak r |2 cosh (% 2b) i

o0 ~ Bf
2 § ( 1)
+ R { di

Q; Q cos (5 ®) ex ( +
. P OCY t) 4+
[ 2 -—E—} abk
L £
DD (s
62 L, o * 62
* cos (A x) cas (S y) exp (waG:t) (3.53)
where
Ba
o = f fj (£) cos (AiE) dg (3.54)
0
. N I I 2 [Ilr (m - 1) )
2 —-w2+ n+ m_-w2+’!T -g +—-m4b2 (3'55

and v, , £, , T, ki, Si’ and Y, are defined by Egs. (3.9), (3.186),
(3.17), (3.18), (8.50), and (3.51), respectively,

Temperature variations on the skin are shown for this case in
Fig. 3.13. These results exhibit the same basic characteristies as

do those for the one-dimensional ¢ase; i.e., most of the changes in

temperature occur during the first 5-20 minutes from the onset of a

o,
193< h (L

change in level of activity.
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Figure 3.13

t =20 min (—= ®©)

Transient temperature distributicon on the skin of the
combined tissue for the two-dimensicnal rectangular
model. Step change assumed from 290 Btu/hr (85 w) to
2600 Btu/hr (760 w), B = 0.1 ‘and constant temperature
at inner core.
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Examination of the time dependent exponent in Eq., (3.49) leads

to the following two conclusions:

(1) The exponent is s%rongly dominated by the separation coef-
ficient ln rather than by the blood flow term., This becomes
even more noticeable for low blcood flow rates. The effect
of the blood can, in any case, be neglected for n > 2,

(2) Time constants (transients) appear to be in the range of
5-20 minutes. This observation is supported by experimen-
tal evidence and partially validates the analysis,

Extension of the transient solutions cutlined in this section

to account for the actual changes occurring in the tissue will have
to be delayed until more reliable experimental data become available.
This extension, however, appears to Le possible by using Duhamel's

method [63].
3.7 TRANSIENT STATE, CYLINDRICAL COORDINATES

As a result of the preceding analysis, it was felt that an ex-
tensive solution of the transient problem in cylindrical coordinates,
i.e., variable flux at the skin, c¢ould be neglected at present: for,
the small amcunt of additional information obtained from such a solu-
tion would not justify the effort required. Consequently, only the

case with uniform flux at the skin was studied as présented below,

(3.56a)

195<
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with the boundary and initial conditions,

atr =R , g =90 (3.56b)

F
_ 98 _ 2
at r = R2 el v (2.56¢)
' Q ¢F (w, r) F ‘¢1 (w, 1)

1 o1t 1 001

at t i 0 . » 8 = ;2‘ 1l - 5 - ow 2 (3.56d)
1

Yo, (w R 1 1.Um(wlRl)

Using the same techmique as for the rectangular case, the fol-

lowing solution was obtained

‘ _ 2 .= 1
.t} = Y ) Uy i) 1 Ey W luym)
rot) = =l - 5 C kw2
Yl Yor (R ) 2 Yo Gk )
Q 4. F, B
i [T—T]Yl(unRz)_Un[TFT]Yo(.Uan)
+ E 7 €2 E1 E2 E1
k 2 2 .
n?'l Y‘cu(uan) - Yl (unRZ)
. Yl(un'Rz }xn(.pnr) exp -(—cxezzt) : (3.57)
where
Xo (Har) = I (M )Y (W R D) - J (1 RIY (ur) | (3.58)

and un are the roocts of

n
2 _ 2 2
NS (3.80)

1 1

3, (L ROY, (R = I, LRV (LR ) = 0 | (3.59)

J, and Y, are Bessel functions of the first and second kind, respec-

tively, of order i.
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No numerical solutions were obtained for this case because of
the appearance cof the combination of Bessel functioms in the time
dependent series in Eq. (3.57). These functions reach high numeri-
cal values at relatively small arguments and, therefore, exzceed the
calculating capacity of the computer. However, the first six roots
of Eq. (3.59) were computed using Newton-Raphsen's method as a func-
tion of the ratio R.Z/R1 and are presented in TABLE 3.2. As this ra-
tio approaches unity {(rectangular model), the roots approach the lim-
iting value for the rectangular case; i.e., W, > Sn, as was to be

expected,

3.8 COMPARISON OF STEADY STATE SOLUTIONS FOR RECTANGULAR AND CYLIN-
DRICAL COORDINATES

As was noted above, the human body can be more closely approxi-
mated by cylinders rather than by rectangular slabs. Aécording to
Wissler [18], the outside radii of these cylinders vary from 0.15
ft for the arm to about 0.43 ft for the trunk. Unfortunately, the
expressions cbtained for the cylindrical coordinates are more diffi-
cult for numerical evaluation because of the presence of the combi-
nation of medified Bessel function in the solution for the cylindri-
cal case, Egs. (3.35) and (3.36). This corbination, when programmed
on a digital computer, caused an overflow after the first few terms
of the series and rendered the numerical vesults inaccurate.

A comparison of the simpler, rectgngular and the cylindrical
cases revealed that the temperature‘égéiifgutions obtained for the

two cases do not differ significantiy. This fact became even more

apparent as E increased. For R, 2 0.20 ft, the results obtained

157«



FIRST SIX ROCTS OF EQ.
OF THE OUTER TO INNER RADII OF THE CYLINDRICAL MOIEL, R /R .
THE RIGHTMOST COLUMN GIVES THE ASYMPTOTIC VALUES

([{2n ~ 1)m)/2b, RECTANGULAR MODEL) AS R+ @ AND R /R - 1.

&0

TABLE 3.2

{3,59) AS A FUNCTION OF THE RATIO

R, /R, 2,48 1.73 1.37 1.24 1.18 1,15 1
xz‘\gg (Ft)}| 0.05 0.10 0.20 0.30 C.40 0.50 %
1 .17.85 19.18 | 20.16 | 20.55| 20.76 | 20.90 21.4§
2 63.79 | 63.74 | 6Bu.0u| 64,16 | 84,23 | E4.27 | 6U4.UB
3 106,74 | 107.01 | 107.19 | 107.26 | 107.30 | 107.33 | 107.44
b 149,93 | 150.11 | 150.24 | 150.29 { 150,32 | 150.34 | 150,42
5 193,00 | 193.15 | 193,24 | 193.30 | 193,32 | 193,33 | 193.39
6 236.05 | 236.17 | 236.25 | 236.29 { 236.30 | 236,32 | 236.37
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for the rectangular model were adequate for any practical purpose.
Figures 3.14, 3.15, 3.16, and 3.17 demonstrate this finding for uni-
form and variable heat fluxes at the skin (see APPENDIX E).

A partial explapnation to this similarity of the sclutions can
be given as follows. If the argument of the modified Bessel function
is greater than 10, which is mostly the case here (wR > 10), the
following expressions can be used to approximate the modified Bessel

functions of the first and second kind [64],

. - b
. J k ak k
2 8z 2-
z 128z

"~

+ _—EE—__],} (3.81)

3
1024z

1.2533 exp (2z) ; by

. ; k+1 T %
K (z) = A7z 11 + (-1) ['é'z_ *

1282°

+ _,_E_?;] ‘ (3.62)
10u2° 1 J

where a , bk’ and ¢, are constants and k = 0 or 1, When these expres-
sions are substituted into Eq. (8.37}, an essentially exponential ex-
pression results, This expression corresponds to the hyperbolic fune-
tions that appear in the sclution for the recténgular case.

It should be ncted that the above compariscon is wvalid for the
cylindrical case with the cooling tubes running perpendicular to the

axis of the cylinder, I'ig. 3.2. The reason is the similarity of the

resulting rectangular geometry.
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99.7 °F

Eq.(E.2), cylindrical

P S — d— —-—__ﬂ

Eq.{C.2),rectangulor

Figure 3.14 Comparison between the steady state, two-dimensional
solutions for rectangular and cylindrical meodels
(tubes running perpendicular to the axis of the cy-
linder, R} = 0.15 ft, V and b are constant).
Qm = 290 Btu/hr (85), B = 0.1 and constant tempera-
ture at inner core.
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1.0 ]

0.6 -

b [ Qm=290 Btu/hr
04l Qm=2600 Btu/hr

0.2

9 94 9% 98 100 102

Figure 3.15 Comparison between steady state, one-dimensional solutions
cbtained for the rectangular and c¢ylindrical models (V and
b are constant). Constant temperature at inner core.
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Figure 3.16 Comparison between steady state, one-dimensional seolutions
obtained for the rectangular and cylindrical models (V and
A are constant). Constant temperature at inner core,
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1.0 T T T T ]
0.8 - _
06 L Qm = 290 Btu/hr |

' Qm = 2600 Btu / hr
= F R, ft -
04| @ -

0.5
— Q.05 —
0.2 N
0 |
92 94 96 98 100 102
T,°F

Figure 3.17 Comparison between steady state, one-dimensional solutions
obtained for the rectangular and ‘cylindrical models (A and
b are constant). Constant temperature at inner core,
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3.9 DIMENSIONLESS PARAMETERS ASSOCIATED WITH THE THERMAL BEHAVIOR
OF LIVING BIOLOGICAL TISSUE

It is always desirable, from an engineering viewpoint, to have
aﬁpropriate dimensionless parameters for the description of ‘any physi-
cal phenomena. The best method for cbtaining these parameters is
via an analytical model.

Consider a cne-dimensional, steady state case in rectangular
coordinates. The analytical expressions for the temperature distri-
butions in the tissue can be obtained from Egs. (C.2) and (C.H) to

vield, for constant temperature at the inmner core,

F sinh [w(b - y)]

Q cosh (wy)

Tyl = Tl * ;E-[ " cosh (wb) ]_ Tw cosh (wh) (3.62)
and, for a constant heat flux at the inner core,
M) =+t mrsmrny (F cosh () ‘
W
- F_ cosh (b - )1 (3.64)

Figures 3.18 and 3.19 show results obtained for‘Eqs. (3.63) and
(3.64), respectively, for both low (290 Btu/hr, 85 W) and high (2600
Btu/hr, 760 W) metabolic rates.

As was ncted above, a maximum temperature was found to cccur
in the combined tissue rather than in the inner core (Fig. 3.18).

In ofder to obtain the location of these maxima, Eqs. (3.63)

and (3.64) were differentiated and équated with zerc to obtain [65],
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Figure 3.18 GSteady state temperature distributions in the combined
tissue for the one-dimensional rectangular medel. Con-
stant temperature at inner core.
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Q. = 290 Btu/hr —

0.6 +

04 -

2600 Btu/hr

0.0 -
92 249 26 28 100 102

Figure 3.19 Steady state temperature distributions in the combined
tissue for the cne-dimensional rectangular model. Con-
stant flux at inner core.
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tanh [ () L] = mppr—coSh Gib) (3.65)
[ b] 9-Q£ -+ sinh (wb)
fss
tanh |(wb) L |= ; sioh (b) (3.66)
[ b ] QQAb - 1 + cosh (wbh)

No maximum temperature was found to occur inside the tissue for
the case with a specified flux at the inner core, Egs. (3.64) and
(3.66). This result i1s to be expected since, by imposing a heat flux
from the inner core into the combined tissue, the temperature gradi-
ents must sustain heat flow toward the skin only. Equation (3.65),
however, was solved for the y/b values for which the maximum tempera-
ture ocecurs as a function of the parameters present in it. The lo-
cation of the maximum was found to be independent of inner body tem-
perature. Results are shown in Fig. 3.20.

Based on the preceding analysis, three dimensionless parameters,
which have significant effects on the steady state heat transfer in
the living tissue, emerged. These are:

(1) wb = (wbcb/k)llzb——ratio of heat transported by the blood

stream to the heat transferred by conduction through the
tissue. i

(2) Q‘Ab/Qm——ratio of rate of heat generated in the tissue to

the total metabelic heat generation rate.

-1/2_-1
! b ]--the quotient of the first and

(3) (Q'ab/Q (W ¢, /k)
second groups which contains most of the physical and physio-
logical properties describing the thermal condition of the
human body. I'rom the scant physiclogical data available

[59], this third group appeared to be almost constant at

Q.2 for a wide range of metabolic rates. If this value

2L 7=
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2.2

Figure 3.20 Location of the maximum -témperature in the combined
tissue for the one-dimensional rectangular model.
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cculd be verified experimentally, which is beyond the scope
of this work, a very strong physiclogical teool would become
available, which would facilitate the calculation of quan-
tities such as blocd perfusion or heat generation rates
that are very difficult to measure.

TABLE 3.3 summarizes the physiological quantities and the cor-
responding values of the above parameters.

No additional information was obtained from studying the corre-
sponding cylindrical case. It is, howevar, presented below for com-
pleteness,

The temperature distribution in the cylindrical shéll, which
is uniformly cocled at the skin and has a constant temperature at

the inner core, is

e (3.67)

) =T, + &
W

with the resulting expression for the location of the maximum tempera-

tures
o
T [(le) ﬁ"J AT (wR ) - I (wR )
1 - 171 2 ] 1 (3 68)
K {(WR )| EL—] AIKl(WRz) t KG(le) ‘
1 1° R
: 1
where
QAR
i1
A = —_— ‘ (3.69)




TABLE 3.3

PEYSIOLOGICAL QUANTITIES AND THE CORRESPONDING DIMENSIONLESS PARAMETERS.
o =1, Btu/1p-°F (4187 J/kg-°C), k = 0.311 Btu/ft-hr-°F (0,540 w/m-°C), b = 0,0731 £t (0.0223 m),
AND A = 15.4 £t (1.43 o)

Q Qr W (woo, /K0 b | Q' ABb/Q [ (Q'Ab/Q )(1/ub)

m b

Btu/hr | w Btu/hr—ft3 w/m lb/hr—ft3 kg/hr—nF

280 85 Bl 660 94 1,510 1.273 2,484 0.195

2,600 {760 2,090 21,600 1,120 18,000 L. 3oy S.049 0.206
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In the cylindrical model, two groups appear, le and sz, repre-
senting ratios of heat transported by blood tc that conducted through

the tissue.

For the transient case, an additional dimensionless parameter

appears [from Eq. (3.49)],

' 2
o',[w2 + ki}t = B%—-[f%fg-i- G}E) ] t (3.70)
P
Equation (3.70) may be resclved into two expressions after multiply-
ing and dividing it by the temberature of the inner core, T,. The
results are the following two dimensiconless groups:
(1) (Wbchl)/(pcPTl/t*)~—ratio of rate of heat transported by
the blood stream to rate of energy stored in the tissue,
(2) (le/az)/(Qcplet*)ﬂmratio of rate of heat conducted
through the tissue to rate of energy stored in it.
In the above two expressions,t® is some characteristic time.
TABLE 3.4 pives values of the two expressions in the brackets
of Eq. (3.70). It élearly demonstrates the dominance of the geomet-

rical” separation coefficient relative to the term contalining blood

flow for n > 2,

zid<



COMPARISON OF MAGNITUDES OF THE TERMS IN EQ.

i

TABLE 3.4

{3,70).

c. = 1 Btu/lb-°F (4187 J/kg-°C), k = 0.311 Btu/hr-ft-°F
{0.540 w/m-°C}), AND a = 0,032 £t (0.00975 m)
w ! 85 760
Btu/hr 290 2,600
1/m 3,230 38,750
wbcb/k
N 1/ft 300 3,600
n 1 2
5 1/m 103,200 427,000
{nn/a)
1/ft 9,600 39,700
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4, LXPERIMENTS
4.1 OBJECTIVES

The experimentzl phase of this work was undertaken with the

following cbjectives:

(1) Exploration of the feasibility and operating characteris-
tics of independently cooling separate regions of the body
regional cooling). This part was to determine preferable
water inlet temperatures, amount of heat removed at each
region and the order of ccoling or warming preferences at
different metabolic rates., The subjecis' own sense of
comfort was the criterion for determining these data.

(2) Partial validation of the analytical predictions., This
was planned to be achieved by measuring skin temperatures
between two adjacent ccecling tubes. No penetration of the

skin was contemplated.
4,2 DESCRIFPTION OF THE EXPERIMENTAL SETUPS
4,2.1 Cooling Suit

A water ccoled suit was constructed for the purpose of
testing the characteristics of the proposed diffefential scheme of
cecoling the body. The suit consisted of sixteen indi%idual pads
made of 3/32 in.I.0. by 5/32 in. 0.D. Tygon tubes runﬁiné parallel
5/8 in. apart. The spaciﬁgs between the tubes were maintained Ly the
use of Mylar strips and heavy cotton thread.‘ This assembly was

stitched onto cotton fabric pieces, cut te fit the dimensions of the

vis ?ﬁf:%gﬁgc
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varicus parts of the body. "Velcro" strips were glued to the fabric
to facilitate quick fastening and to accommodate subjects of differ-
ent sizes (Fig. 4.1).

The cooling pads covered the head (2)t, front and back, upper and
lower torsc (4), upper and lower, right and left arms (4), right and
left thighs (%), and right and left lower legs (2). The face, neck,
hands and feet were not covered with cooling tubes. TABLE 4,1 gives
pertinent dimensions of the cooling pads and the whole suit.

All the pads, excluding the one for the head, were stitched onto
the inside of a No. 44 long sleeve, Towncraft, Raschel knit, men's ther-
mal union underwear garment. The cooling hood was made of a snow suit
hood with the cocling tubes stitched onto the inside. The 3/8 in. 0.D.
main supply Tygon tubes were stitched on the outside of the garment,

The body was divided into six separate regions:

(1) Head,

(2) Upper torsc,

(3) Lower torso,

(4) Arms,

(5} Thighs, and

(6) Lower legs.

These regions were supplied with water from cold and hot headers.
Inlet pressure of the water was maintained at 20 bsig‘b? preséure régu-
lators, Before entering the codling pads, the two streams were mized,
thus alloﬁing for continuous fégulétion of water inlet temperature, B

Water inlet temperatures were measured by means of No. 30 gage copper-

iNumbers in parentheses here represent number of pads in region.
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Figure 4.1 Ceneral view of the
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TABLE 4,1la

DATA ON THE CCOLING GARMENT

. Pad Number Number of Area Covered Total Area Percent
of Pads Tube Rows by Pad Covered. by Pads Area

in Pad .2 2 .2 2 Covered

in. - am in. CIL
Head 2 iz 65 419 130 838 9.6
Front and Back, Upper " 14 111 716 i 2861 33.0
and Lower Torso ‘
Upper Arms 2 11 62 L4oo 124 800 9.2
Lower Atrms 2 12 60 387 120 774 8.9
Upper Thighs 2 7 83 535 186 1070 12.3
Lower Thighs 2 10 96 618 192 1238 14,2
Lower Legs 2 16 85 555 172 1110 12.8
Tetal 16 - - - 1348 8694 160

8L



>£ 12

TABLE 4.1b

DATA ON THE COOLING GARMENT

Cooling Garment

Insulating Suit | Cooling Hood ! Insulating Hood Total
kg 1b kg 1b kg 1b kg b | kg 1b
Weight, dry 4,41 9.72 0.80 1.61- | 0.25 0,55 0.31 0.68 5.77 12.56
Weight, wet 4,88 10.77 — — 0.30 0.66 - - 6.29 19,33

6L
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congtantan thermocouples using a Leeds and Northrup millivolt potenti-
ometer. At a later stage, the thermocouples were replaced by inter-
changeable, multipurpose No, 40l thermistors using a Yellow Springs
Instrument Co. Tele-Thermometer,

The difference between outlet and inlet temperature of each in-
dividual pad was measured by thermopiles consisting of five No. 3¢
gage copper-constantan thermoccuples. These were connected in series
to increase the sensitivity of the measurement. The thermopiles were
glued to special Plexiglas connectors using 910 Eastman adhesive.

The temperatures were continuously recorded on a Leeds and Northrup
Speedomax Type G recording potentiometer. Water flow rates of each
of the regions were measured by a Fisher and Porter rotameter. All
the thermocouple assemblies and thermistors were precalibrated in a
constant temperature bath against a precision platinum resistance

thermometer, Figure 4.2 shows a schematic of the cooling pads and
the control, supply, and measuring systems. Figure 4.3 shows the

water supply system, the rotameter, and the potentiometer recorder.

On top of the underwear garment, the subjects donned an insulat-
ing suit which thermally isclated them from the environment. A heavily
furred hood was used for the sane purpose on the head. On the feet,
all test subjects wore tennis shoes,

An A. R. Young treadmill was used for the walking sessions.

The speed of the treadmill belt was controlled to correspond to the
desired level of activity and was timed by a stop watch.

For metabolic measurements, expired air samples were taken with

metalized Douglass bags [66]. The bags were placed inside a tightly
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sealed Plexiglas chamber that was under vacuum of about 5 mm Hg [67].
Air was inhaled and exhaled through a mouth piece while the nostrils

were blocked with a noseclip. Two sets of one-way rubber valves in-

sured the separation of the two streams. The expired air was then di
rected through a 1 in., I.D. rubber hose into a mixing chamber. One
minute sampliné was achieved by copening a one-way stopcock valve thus
exposing a previously evacuated metalized bag to the exhaled air.

Air volumetric flow pates were measured by means of a Parkinson-
Cowan dry gas meter. Iniet and outlet air temperatures were measured
by two interchangeable, multipurpose, No. 401 Yellow Springs thermi-
stors using the company's Tele-Thermometer, Figure 4.4 shows pért of
the treadmill and the system used for collecting air samples, Alr
samples were analyzed for CO2 and G, content, A Godart-Mijnhardt 002
thermal conductivity meter, Pulmo Analysor Type 44-A-2 and a Beckmann
Paramagnetic 02 analyzer, Model C2, were used. The results of this
analysis together with the corresponding air flow rates were then used
to‘evaluate the energy expenditure [68],

The temperature of the ear canal was taken as a measure of deep
body temperature. This was done by an ear thermistor No. 510 and a
Yellow Springs Instrument Co. Tele-Thermometer. The thermisteor was in-
serted approximately one-half inch into the ear canal and was held in
place by a specially prepared ear plug made of medical grade silicone‘
rubber. The cutside ear was covered by a piece of polyurethane foam
to exclude possible effects of the cooling tubes. The reasons for
neasuring the teﬁperature of the ear canal rather than the more com-
monly used rectal temperature were twefold: first, it was more conveni-

ent for walking; and second, it gave a closer indication to the
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ng samples for determining metabolic rates.
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temperature regulated by the body, i.e., the temperature of the hypo-
thalamus, Figure 4.5 shows a general view of the experimental set-up
with a test subject dressed up with the cooling and insulating suits
walking on the treadmill, Ear canal thermistor is not shown connected
in this picture,

A Buffalo special phyéiological beam scale was used to weigh the
subjects before and after the experiments. The capacity of this scale

is 125 kg and the sensitivily is 10.25 gr.
4.2.2 Individual Cooling Padsy

Three different individual cooling pads were constructed
fer the purpose of partially validating the analytical predictions.
These pads were designed to fit over the thigh of a test subject.

They were all made of gum rubber with parallel Tygon tubing glued onto
one side using RTV glue. TABLE 4.2 gives pertinent data on the indi-
vidual pads.

Number 30 gage copper-constantan thermocouples were used fo meas-
ure cooling water temperatures and skin temperatures between two ad-
jacent tubes., The thermocouples were equally spaced along a diagonal
betwsen the tubes and were pressed against the skin to insure good
thermal contact. Figure 4.6 illustrates one of the cooling pads and
the thermocouples.

The cooling pads were supplled with water by the same system as
described in the preceding section. Water supply temperature and the

difference between water outlet and inlet temperatures were

TThis set-up was built and these experiments were performed by Mr., R. J.
Lec under the supervision of the author.

B3 <
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Figure 4.5 General view of the set-up used for the experiments with
| the cooling suit. A test subject is shown dressed up in
the cooling suit walking on the treadmill. No tennis
shoes are shown in this picture and the ear canal thermi-
stor is not connected.
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TABLE 4.2

DATA OW THE INDIVIDUAL COOCLING PADS

Outside Spacing Number Total Area Approximate | Percent
Diameter of Tubes of Rows Length Covered Contact of Area
of Tubes of Tubes of Tubes by Pad Area with in Contact
the Skin with Tubes
. . . Lo 2 2 .2 2
in. am in, cm in. cm im, cm in. cm
Pad No. 1 |} 5/32 { 0.397 1 2.54 10 163 | 414 I 1HO 910 22.9 | 1u8 16.4
Pad No, 2 5/32 | 0,397 | 5/8 | 1,59 14 228 | 580 | 132 852 § 32.1 4§ 207 24.3
Pad No. 3 7/32 | 0.556 1 2.54 10 163 | 414 | 145 937 28,51 184 18.7
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Figure 4.6
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View of one of the individual pads.
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continuously recorded by a Brush Mark 280 Recorder, Thermopiles con-
sisting of five copper-constantan thermocouples connected in series and
a Brush pre-amplifier were used to increase the sensitivity of the
reading of the difference between outlet and inlet water temperatures.

For metabolic measurements,the same system as described in the
preceding section was used. ZIar canal temperatures were taken using the
same technique as was used for the experiments with the cooling suit.

A Leeds and Northrup Speedomax W, l2-point potentiometer-rscorder
was used for continucusly monitering and recording the temperature of
the cooling water and the skin temperatures between the adjacentrfubes.

During the experiﬁents the subject pedalled a Moﬁgrk bicycle ergcme-

ter at a constant preset speed and load.
4.3 EXPERIMENTS WITH THE COOLING SUIT
4.3.1 Activity Schedules

Five different schedules of activity were use¢ for all the
test subjects. The schedules consisted of alternate periods of stand-
ing and level walking on the treadmill with or without the cooling suit.
The wvaricus levels of activity were chosen to cover a variety of differ-
ent activity loads. The steady state and, to some extent, transient
state characteristics of the cooling suit were studied under those con-
ditions. Each of the schedules started with the subject standing still
‘for at least 45 minutes. During this period water inlet temperatures
were adjusted to correspaond to the subject's own sense of comfort. The
duration of each of the standing and walking sessions (except the second

part of Schedule V) was 45 minutes. It was assumed that after 45 minutes
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from the onset of a change in activity level the subjects reached a
thermal gquasi-steady state. Figure 4.7 illustrates schematically the
details of the five activity schedules.

Schedule I, with the lowest activity levels, consis%ed of four
step changes: standing; walking at 2 mph; standing; walking at 2.5
mph; and standing. Two mph was the slowest speed thqt could be ob-
tained from the treadmill with the subject on it. Once the subject's
comfort was achieved while standing, nc deliberate changgs in water
inlet temperatures were made., The small changes in water inlet tem-
peratures were due to the instability of the water supply system.
The purpose for maintaining constant tempgrature was to test the cool-
ing capacity of the suit at higher metabolic rates while operating at
the same temperature levels which were considered comfortable at the
lower metabolic rate.

Schedule II was designed to compare the effect of changing the

water inlet temperature at the same activity level, It coﬁsisted of
two identical, periodic step changes: standing; walking at 3 mph;
standing; and again ﬁéiking atIB:mph and standing. During the first
walking sessiomn, no adjustméhté.in water inlet temperatures were per-
mitted. Dufing-the second cycie, however, the water temperatﬁres
were adjusted to correspond to the-subjectis comfort,

Schedule III consisted of four step changes: standing; walking at

2 mph; walking at 4 mph; walking'at-2 mph; and étanding. The purpose
of this schedule of activities was to study the characteristics of the
suit at a mdﬂerately-ﬁigh activity level. (Approximately 1650 Btu/hr,

482 v ) The intermediate 2 mph walking sessions were used for two

2%8<
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reasons: first, to allow a gradual change to the high activity level
and, second, to some extent, toacquaint the subjects with the relatively
high speed that was alsoligcluded in the last two schedules. Adjust-
ments of water inlet temperatures were permitted throughout the entire
duration of the experiment, |

Schedule IV was almost identical to Schedule III, but it included

an additional walking session at 3 mph immediately preceding the 4 mph
walking peried. This was done to study the effect of a more gradual
change in activity level.

§9hedule V was used to study two features: first, to examine the
performance of the suit at a step from standing to the moderately high
activity level without any intermediate changes and, second, to deter-
mine the characteristics of the suit with thermal transient changes at
the same activity levels. This schedule consisted of the following
step changes: standing; walking at Y4 mph and standing followed by four.
short identical periodic sessicns of walking at 4 mph and standing.
The duration.of each of the short walking and standing sessions was 15
minutes. Readjustments in water inlet temperatures were permitted

throughout this entire schedule.
4.3,2 Test Subjects

Five male students, ranging in age from 18 to 29 years,
volunteered to serve as test subjects. They were all required to pass
a thorough physical examination. They represented a variety of physi-
cal fitnesses ranging from poor to athletic. There were limits on the

height and weight of the subjects dictated by the size of the cooling
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suit, The physical characteristics of the test subjects are summarized
in TABLE 4,3. Surface areas were determined from the Dubels height/
weight formuia [69]t., All but cone subject completed all five experi-
ments. Subject PF did not complete Schedule V due to a stiff thigh mus-

cle,
4.3.3 'Experimental Procedure

A1l the experiments were performed at the Laboratory for
Ergonomics Research, University of ITllinocis at Urbana-Champaign. This
laboratory is permanently air conditioned at about 23°C and 60 percent
relative humidity. The experiments were all run during July and August
1970 and were scheduled at the subject's convenience. The subjects
performed at ieast once a week and usually more often.

A total of 2% experiments were run. Of these, 24 were performed
with the cocling suit., Five pilot runs were performed by subject SKB
repeating the regular activity schedules without the suit. During the
pilot runs subject SKB wore tennis shoes, shorts and a light T shirt.
All subjects started with Schedule I and, in order, completed the other
schedules sequentially. The subjects were permitted to listen to the
radio, and read while standing, but no eating, drinking or smoking was
allowed during the experiments.

At the beginning and end of each experiment the subjects were
weighed, and their oral temperature and bloed pressure were taken. The
last two measurements were taken only as precauticnary measures against

any acute effects of the experiment on the subject. Also the barometric

0, 425 |
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TSurface area [cnﬁ] = 71,84 Wlkgl hlem] .



CHARACTERISTICS OF THE TEST SUBJECTS

9y

TABLE 4,3

Subject | Age Height Welght Surfaée Area | Percent Area

P 2 Covered by

em | in. kg 1b m ft Cooling Pads
A, sgp| 20 | 173 | &8 |65.7 | 1uk.8)1.78 | 19.2 48.8
5. SkB| 22 | 170 | &7 |[se1.1[13u.7{1.71 |18.L 50.8
c. mnT| 27 | 170 | 67 {eu.2|181.5|1.74 | 18.7 50.0
D. RET| 18 | 169 | 66.5 | 6u.2| 141.5{1.71 | 18.7 50.0
E. PF | 20 | 161 | 3.5|55.8|123.0/1.58 | 17.0 55,0
Means |23.21 169 | 66.4 | 62,2 | 137.1]1.71 | 18.4 50.9




a5

pressure was measured. During the experiments the following data were
collected: ear canal temperatures, water inlet temperatures, differences
between water inlet and outlet temperatures at each of the six regioms

of the body, water flow rates, respiratory volumetric rates and tempera-
tures of expired air. During the runs of Schedule V and during the pilot
runs without the suit, pulse rates were also taken. All measurements
were taken at the end of each activity in the schedule and were assumed
to represent the guasi-steady state values,.

Aftev the preliminary meésurements, the subjects donned the cooling
garment. FEach of the cooling pads was fastened in place to insure good
thermal contact. The thermally insulated suit was then put over the
cooling garment. Next, the ear thermistor was inserted into the ear and
the ear was covered to exclude possible thermal effects of the cooling
hood. Finally, the water inlet and outlet tubes were connected, flow
was started and the leads of the thermopiles were commected to the po-
tentiometer recorder. Figures 4.8 through 4.11 show one of the subjects
at various stages of dressing.

The subjects stood cn z hench and water inlet temperatures were ad-
justed to conform to their sense of comfort. When a thermal quasi-steady
statet was reached, as indicated by the potentiometer recorder, the tread-
mill was started. With the support of the supervisor of the éxﬁeriment,
the subjects stepped on the moving belt and started to walk. The speed
of the treadmil] was then quiékly adjusted to the desived level. Itep
changes from walking to standing were done in the same manner. Figure 4.12

shows one of the subjects while walking and breathing through the system

tQuasi-steady state was defined as that state wherein no significant
changes in the difference in outlet and inlet water temperatures was
noticeable,

A IS



Figure 4.8
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Front view of the cooling garment.
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Figure 4.9

Side view of the cocling garment.
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Figure 4.10 Back view of the cooling garment.
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Figure 4,11 Front view of a test subject dressed up in the
cocling and insulating garments.
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Figure 4.12 A test subject shown walking on the treadmill and
breathing through the system for measuring metabolic
rates. No tennis shoes are shown in the picture.
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for measuring the metabolic rate,

L4.3.4 Measured, Recorded and Calculated Quantities

The following quantities were measured, recorded, or cal-

culated from other measured data:

(1)

(2)

(3}

Total metabelic pate. This was calculated from velumetric
flow rate of the expired air and the oxygen content obtained
from the gas analysis. The caloric value of oxygen was as-
sumed at 5.0 kcal/lit [70]. This value, although slightly
high, conformed well with the respiratory quotients found in
most of the runs. llaximum deviation from the actual caloric
value was assumed to be about 4 percent.

Rate of heat removed by the suit at each region, This was
taken as the preduct of the difference between water inlet

and outlet temperatures and water flow rate. Specific heat

of water was assumed to be unity.

Rate of heat lost by respiration., Flow rale, temperature

and enthalpy of the expired air, assuming it *o be saturated,
were used for calculating this quantity.

Weight loss during the experiment.  Taken as the difference
between the initial and £inal weights of the subject,

Ear canal temperature. Measured by an ear thermistor and

vas assgmed to simulate closely the temperature of tﬁe body
that 1s regulated by the central {emperature control mechanism,
Watcer inlet temperatures to each of the regions at the various

activity levels. These were measured by thermistors that were
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ingerted inte the water streams.

(7) Order of preferred changes in water inlet temperatures to
the different regions, This was recorded for the purpose of
identifying those regions of the body that require changes
in water temperature and the preferred order of the changes
as a function of activity level.

(8) Conmfort vote. Based on the subject's own evaluation of his
state of comfort. Only three choices were suggested: slightly
cold, thermally comfortable, too warm.

(3) Pulse rate. This was measured only during the experiments of
Schedule V and the pilot runs without the suit. The pulse
rate was assumed to be an index of the metabolic and cardiac
costs of the physical work. Pulse rate was not taken during
the experiments of the gther schedules because these schedules

were considered to represent quasi-steady states.
4.4 EXPERIMENTS WITH THE INDIVIDUAL PADS

Three identical tests were conducted with the indivi&ual cooling
pads. These tests were designed to compare the steady state temperature
distribution on the skin for different ccoling pads at the same level of
activity. All experiments consisted of riding the bicycle ergometer at
a constant speed and load for about twe hours, corresponding to a total
metabolic raté of about 1200 Btu/hr (352 w).

Oﬂe male student volunteered to serve as a test subject for the ex-
periments with the individudl cooling pads. The physical characteristics

of this subject are summarized in TABLE 4.4, At the beginning and end of

<dd<
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TABLE 4.4 CHARACITERISTICS CF SUBJECT TEK

. Lieight Height Surface Area
Subject | Age o in. ke ib. = Fi2
TEK 19 189 4.5 79.7 | 175.,5% 2.02 21.7

each of the experiments, the same procedure as was used for the ex-
periments with the cooling suit was repeated (w2ighing, measuring
blood pressure, etc.). Then the cooling pad was put in place on the
thigh of the right leg. The water supply tubes were then connected,
flow was started and the leads of the various measuring devices were
connected to the apprepriate recording instruments.,

The subject started te bicyecle at the preset speed and leoad and

*

continued to do so until a steady state was reached. The steady state
was cobtained when no changes could be noticed in eny of the measured
parameters.

Figure 4.13 gives a general view of the set-up used for the ex-
periments with the individual cooling pads with a test sﬁbject shown

pedalling the bieycle ergometer.

<dd<
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Figure 4.13 General view of the set-up used for the experiments
with the individual cooling pads. A test subject is
shown pedalling the bicycle ergometer.
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5, DISCUSSICN

5.1 EXPERIMENTS WITH THE COOLING SUIT

3

In order to present the large amount of data that was gathered
during the experiments, most of the results of each schedule were
averaged and are presented in this form. Wherever it was feasible,
entire ranges of individual variations wevre also shown. All the
data, excluding the weight losées, were measured or calculated at
the end of each of the step changes in activity level.

Figures 5.1 through 5,5 show mean values of metabolic rates
and of heat removed by the suit and by respiration during the vari-
cus schedules of activity. Alsoc shown are the ranges of metabolic
rates included in the mean values. It is seen that during the stand-
ing sessions of Schedules I through IV and the first part of Sched-
ule V, most of the heat produced in the body was removed by the coal-
ing suit. In many cases the amount of heat removed by the suit even
exceeded slightly the total metabolic rate. This phenomenon is be-
lieved to be due to possible thermal transients indicated by a de-
crease in "deep body" temperature following a change in activity from
walking to standing (Fig. 5.8) and cumulative measurement errors,

During all of the walking sessions the relative amount of heat
removed by the suit dropped significantly. At best, only about 70
percent of the total metabolic rate was removed by the suit during
the walking sessions; this value was usually closer to 50 percent.
Possible explanations to account for the portion of the total meta-

bolic rate that was not removed by the cooling suit are the following:

<d3<
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Figure 5.1 Mean values of metabolic rates and of the amounts

of heat removed by the cooling suit and by respiration
for Schedule I.
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Figure 5.2 Mean values of metabolic rates and of the amounts
of heat removed by the cooling suit and by respiration
for Schedule II.
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Figure 5.3 Mean wvalues of metabolic rates and of the amounts
of heat removed by the cocling suit and by respiration
for Schedule TII.
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Figure 5.4 Mean values of metabolic rates and of the amounts
of heat removed by the cooling suit and by respiration
for Schedule IV.
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Figure 5.5 Mean values of metabolic rates and of the amounts
of heat removed by the cooling suit and by respiration
for Schedule V.
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(1) Thermal transient states with heat still being stored in-
side the body. {Increase in ''deep body' temperatures,
Fig. 5.6.)

(2) Heat dissipated to the environment from the uncovered sur-

faces, e.g. ., face; forehead and hands.

(3) Heat removed by the respiratory system.

(4) Heat removed by perspiration aided by air that was pumped

under the somewhat loose thermal insulating suit,

(5) Work done by the muscles.

(6) Measurement errcrs and inaccuracies.

(7) Heat lost to the environment through the clothing assembly.

From these, only the centribution of item 3, i.e., respiration, was
estimated. It was calculatéd that the amount of heat dissipated by the
respiratory system ranged from 7.3 percent to 1l4.8 percent of the total
metabolic rate. These values are consistent with values reported by
Bazett [55]. With the increase in metabolic rate the amcunt of heat
carried away by respiration also increased. However, the‘relative
amount of heat removed by the exhaled air decreased. The remaining un-
accounted-for portion of the metabolic rate is assumed to have been
removed by the other channels that were mentioned above.

It was found that, from the comfort standpoint, the present cool-
ing system was not sufficient to accommedate for metabolic rates in
excess of about 1200 Btu/hr (352 w). This finding was manifested by
the consistent comfort votes of "too warm” at the mo&erately high
activity levels (TABLE 5.1). It is assumed that the insufficieny of

the cooling system was due to two reasons: teoo small a contact area

<30<
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ORDER OF PRETERRED CHANGES IN WATER INLET

TABIE 5.1

TEMPERATURES AND THE COMEORT VOTE FOR THE VARIOUS ACTIVITIES

Change in Subjects
Water Inlet
Temperature SGP SKB HNT RET FF
SCHEDULE II
1. Upper Torso
Standing to Decrease All over Not . Not ?. Lower Legs A11 over
3 mph © the body Recorded Recorded 3, Thighs the body
i, Lower Torso
Comfort Vote Comfortable Comfortable Comfortable Comfortable Comfortable
All over
3 mph to No Not Hot the body No
. Increase
Standing ‘ Changes -Recorded Recorded but the Changes
lower legs
Comfort Vote Comfortable Comfortabie Comfortable Comfortable Comfortable

{ continued)
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TABLE 5.1 continued

257

Change in Subjects
Water Inlet
Temperature 5GP SKB HNT RET PF
SCHEDULE IZXII
Standing to Decrease Not ) No 1. Legs All aver 1. Head
2 mph ] ' Recorded * Changes 2. Arms the body 2., Upper Torso
Comfort Vote Comfortable Comfortable Comfortable Comfortable Comfortable
] 1. Legs
2 mph ¢ Not 2. Lower Torso All ovep 1. Lower Torso 1. Head
te . Decrease Recorded 3. Head the bod 2. Lower Legs 5 Upper Torso
4 mph 4. Avrms y 3. Upper Torso | ' “PPST.
5. Upper Torsc
Comfort Veote o Too Warm 'Too Warm Too Warm Too Warm Too Warm
* mph . Not 1. Upper Torso No 1. fead No
R Increase Recorded 2. Arms Changes 2. Arms Changes
2 mph e ’ £ 3. Upper Torso g
Comfort Vote o Comfortabie Comfortable Comfortable Comfortable Comfortable
2 mph to : Not No 1. All over 1. Arms No
Standing Increase Recorded Changes the body 2. Upper Torso Changes
2. Lower Torso | 3. Thighs
Comfort Vote Comfortable Comfortable Comfortable Comfortable Comfortable

{(continued)
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TABLE 5.1 continued

Change in Subjects
Water Inlet
Temperature 5GP SKB HNT RET PT
SCHEDULE 1V
. 1. Lower Torso
Standing to | 1. Thighs No 2. Lower Legs No No
Decrease 2. Arms
2 mph Changes 3. Upper Torso Changes Changes
3. Upper Torso
4. Arms
Comfort Vote Comfertable Comfortable Comfortable Comfortable Comfortable
e s —
2 mph 1. Thighs 1. Lower Torso 1. Lower Legs
2. Upper Torsc | 1. Lower Legs 2. Lower Torso No
to Decrease 2, Lower Legs .
3 moh 3. Arms 2., Upper Torso 3. Head 3. Thighs Changes
P L. Lower Torso * 4, Upper Thighs
Comfort Vote Comfortable Comfortable Comfortable Comfortable Comfortable
1. Lower Torsec |l. Lower Torsc
3 mph A1l over A1l over 2. Lower Legs 2. Thighs
to Decrease the bod the bod 3. Head 3. Lower Legs Head
4 mph ¥ € y b, All over 4, Head
the body 5. Lower Legs
Comfort Vote Too Warm Too Warm Too Warm Too Warm Too Warm

(continued)
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TABLE 5.1 continued

Change in Subjects
Water Inlet
Temperature SGP SKB HNT RET FF
SCHEDULE IV
cont.
% mph All over 1. Upper Torso No All over No
to Increase the bod 2. Lower Torso Changes the bod Changes
2 mph © y 3. Arms & y &
Comfort Vote Comfortable Comfortable Comfortable Comfortable Comfortable
;' EPPE; g:;so 1. A1l over
2 mph to Tncrease No 3' Aowe S0 the body All over No
Standing. ® Changes 4' szg 2. Lower Torsc the body Changes
5. Lower Legs 3. Lower Legs
Comfort Vote Sléigily Comfortable Comfortable Comfortable Comfortable

{continued)
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TABLE 5.1 continued

Change in Subjects
Water Inlet
Temperature SGP SKB HNT RET
SCHEDULE V
1. Upper Torso
Standing to 2. Lower Torso Lower Legs
. All over All over All over
4 mph Decrease 3. Thighs
. the body the body the body
(45 min run) L, Upper Tovso
Head
5. Head
Comfort Vote Too Warm Too Warm Too Warm Too Warm
1. Thighs
N mph'to 1. Upper Torso 2, Upper Torso |1. Lower Torso All over
Standing Increase 2. Arms
(45 min run) 3. Thighs 3. Arms 2. Lower Legs the body
} 4. Upper Torso
Comfort Vote Comfortable Comfortable Comfortable Comfortable
Staﬁd;g% to Decrease No No All over No
(15 min run) Changes Changes the bedy Changes
Comfort Vote Comfortable Comfortable Comfortable Comfortable
m T
Rest of
Experiment Alternate
{upmph and ch No oh No Chaioes Changes
standing anges anges g All over
alternately) the Body
Comfort Vote Comfortable Comfortable Comfortable

Comfortable

L1T
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between the skin and the cooling tubes and too high water inlet tem-
peratures. The actual contact area between the skin and the cooling
tubes was estimated to be about 10 percent of. the total skin surface
area. The lowest water inlet temperature that was obtained in most
of the experiments was about 16°C. Increasing the contact area be-
tween the skin and the cooling tubes and/ocr lowering water inlet tem-
peratures should improve the cooling capacity of the suit. This con-
élusion was suggested by the resulis obtained by Webb and Annis [711,
who also reported experiments with a cooling suit. They estimated
that 22 percent of the total skin surface area was in contact with
the cooling tubes in their experiments. All of their subjects were
reported to have been comfortable with the lowest water inlet tem-
perature of 16°C and high metabolic rates of 2400 Btu/hr (700 w} for
two hours.

It is evident that during the second part of the experiments of
Schedule V, a quasi-steady state was never reached. This finding was
true for the metabelic rates and amounts of heat removed by the cocl-
ing suit (Fig. 5.5) and also for the heart rates and ear canal tem-
peratures (Fig. 5.7). These quantities show a clear trend of increase
with time at least during the two hours of the short {15 minutes each)
alternate changes in levels of activity. The amount of heat removed
by respiration, however, seems to have reached a quasi-steady state
after 10 minutes or less from the onset of a change in the exercise
level (Fig. 5.5 and’ TABLE f.l). ‘This result indicates that the transi-
ent time of the respiratory system is much sherter than that of the

thermal system of the human body within the investigated range.

w56<
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Figure 5.7 Individual variations in the ear canal temperatures
and heart rates for Schedule V.
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During the second part of the experiments of Schedule V, heart
rates not only showed a trend to increase with time but also exceeded
the values found in the first part., This cbservation is a possible
indicatién of a fatigue effect that was supported by the feeling of
all the subjects. It is also indicative of a lack of steady state.

During the experiments of Schedules III, IV, and V, the effects
of gradual and abrupt step changes from standing to walking at 4 mph,
were considered. No significant differences were found in total me-
tabolic rates and amounts of heat removed by the cooling suit
(Figs. 5.3, 5.4, and 5.5). Of those two guantities, only the cool-
ing effectivenesst of the cooling suit seemed te have changed during
the experiments of thét schedule which included two intermediate
steps (Schedule 1V}, This result may mean that during the experi-
ments of Schedule IV the thermal steady state of the moderately high
activity level was more nearly attained because of the two intermediate
step changes preceding it. However, there were differences in the
temperature of the ear canal. It was found to be lower by about
0.5°C when a step change from standing to walking at 4 mph was intro-
duced without any intermediate changes (Fig. 5.6). There were no ma-
jor differences between the temperatures of the ear canal measured
during both experiments that involved gradual changes (Schedules III
and IV). This observation probably indicates that the transient time
for a thermal steady state in the human body is longer than 45 minutes
and is more likely of the order of two hours,

TABLE F.1 in APPENDIX T summarizes the mean values and the ranges

of the total metabolic rates and of the amounts of heat removed by the

tCooling effectiveness of the cooling suit was defined as the ratio of
the rate of heat removed by the suit to the total metabolic rate.

S B<
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suit and by respiration at the various schedules of activity.

Figures 5.8 through 5.12 show the relative amounts of heat re-

moved by the suit at the various regions of the body as functions of

the different schedules of activity. Based on these data, the follow-

ing observations were made:

(1)

(2)

The relative amount of heat removed from the arms by the

arm pads was the lowest in most cases. It ranged from 1.7
percent to 7.2 percent of the total removed by the suit.and

was usually around 3 to 4 percent. This was despite the

fact that the arm pads covered about 18 percent.of the total
skin surface area covered by the suit. It is assumed that

this finding should bhe attributed to the nature of the sched-
ules of activity used in thils study; these were composed pri-
mariiy cof work of the leg muscles and did not involve much

arm work. This assumption is supported by the fact that the
relative value of the heat removed at the arms increased dur-
ing the walking sessions with the subjects swinging thelr afms.
The largest amount of heat removed by the suilt from a single
region came from the thighs. It rapged from a low of 25,8 per-
cent (while standing) to a high of 41.7 percent (while walking
at 3 mph) of the total removed by the suit, As the metabolic
rate exceeded the upper limit that” could be accommodated by the
suit, the relative amount of heat remcved from the thighs de-
creased. This is probably due to the too high water inlet tem-
peratures and the too small contact areas between the skin
overlying the thighs and the cooling tubes, As a result, heat

-
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wés proﬁabiy carried away from tﬁé thighs by tﬁe'bléod‘
stream to be dissipated elsewhere where gonditions were
move favorable. Also,lthe ”deep.body”itemperature in-’
creased and sweating was enhanced, as indicated by higher

weight losses (TABLE 5.2).

A relatively high percenfage of the.total heat removed

by the suit came from the head which constitutes abéut 7
percent of the total surface area. It rénged from 10.é
percent to 36.9 percent. The highest values were obtained
during the second part of the.experiments of Schedule V
(Fig. 5.12). 'This result seems to indicatelthat-during
the thermal transient period frém the onse% éf akchange in
activity level, relatively high amounts of heat are re;
moved from the head. According to Nunneley [72], up to 40
percent of the total metabolic rate was removed from the
head during resting and steady states by a cap consisting

of cooling tubes. In her study, however, she did not use

" a cooling suit along with the hood. Another study with a

cocling suit that included a cocling hood was reported by
Shvartz [73]. He found that during steady. states, the
hood removed about 40 percent of the totél removed by the
cooling suit assembly., However, 12 peréent of the total
surface area was covered by the hood in his studies as
compared to only about 5 percent that was covered by the
hood in the present study.

During the experiments of Schedule I more heat was removed
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TABLE 5.2

WEIGHT LOSSES DURING TREADMILL EXPERIMENTS

Subject Schedule
I 1T III IV v
Height loss-bu -+ | 50 875t | 738 472
(gr)
scp tw/w (gr/kg) -- 5.89] 13.02| 1l.1s 7.25
Aw/t (gr/hr) - 94,7 | 145.8 | 118.1 { 75.5
tw/w/t (gr/kg,hr) — 1.45 2.17 1.79 1.16
Weight loss-duw 390 346 516 478 B12HF
(gr)
: . .74 o . .
SKE M /v 6.468] 5.7 g.uul  7.781  6.75
M/t 78 65.9 | 114.7 95.8 | 91.6
Musw/t : 1.29] 1,09} 1.88! 1.56| 1,50
| Weight loss-dw 262 370 768 718 930
(gr)
HNT Aw fw 4,01]  5.81{ 11.92{ 1l.c4| I.u9
M/t 61.6 | 70.5 | 126.3 | 131.7 | 160.1
Aw/fwit 0,94 1.11 2.00 2.03 2.63
Weight loss-&w 2372 456 468 506 536
(gr)
RET bw/w 3.6l 7.05 7.31 7.96 9,87
M/t 48,8 | 96.0 | o8.5 | 113.7 | 127.2
Aw/w/t . 6.76{ l.s48] 1.s4{ 1.79] 1.37
Welght loss-bw " gy | uaw | 500 | 662 —t
(gr)
- M /w 6.88] 7.su| 1o.u7| 1l.82| -
Aw/t 63.7 g4.8 | 131.1 { 132.4 -
bw/w/t . 1.15 1.53 2,33 2.38 —

TDid not complete the schedule.
ttIrregular schedule.
Tt+Shorter activity schedule.

{continued)

~866<
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TABLE 5.2 continued

Subject Schedule
I 11 111 v v
Weight loss-Aw n 317+ | 409 583t | 620 6791+
(gr)
MEAN D /v 5.62 | 6.83| 9.53] 9.,95! 9,59
M/t Bu.4 | 82.4 |117.7 [118.3 | 115.8
Mtult 1,05| 1.33| 1.0u] 1.91| 1.82
Weight loss-Aw 41y 352 382 654 646
(gr)
SKB M/ 6.72| 6.18| 6.15] 10.60| 10.52
WITHOUT |_Z¥7¥ . . : : X
SUIT M/t 82.8 | su.5 | 89.9 |102u.6 | 143.5
Mwsw/t 1.34 | 1.38( 1.45) 2,02 2.34

tAverage of 4 runs.

ttAverage of 3 runs.
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by the cooling suit during the first walking session at

two mph than that removed during the second at 2.5 mph
(Fig. 5.8). The reason was the unexpected drop in "deep
body" temperature as indicated by the temperature of the
ear canal (Fig. 5.6). It should be noted that ne readjust-
ments in water inlet temperatures were permitted during
these experiments. All changes were due te the instability
of the ccoling system, Therefore, this phenomenon of less
heat removed by the suit at a higher metabolic rate is not
considered to have any physiclogical meaning.

(5) During the experiments of Schedule II readjustments of the
water inlet temperatures at the same level of activity re-
sulted in the following changes:

(a)} The total metabolic rate decreased, (Fig. 5.2),

(b) The amount of heat removed by the cooling suit in-

creased, (Fig. 5.8), and

(c) The temperature of the ear canal dropped, (Fig. 5.6).
Consequently,lthe cooling effectiveness of the suit in-
creased from 0.39 to 0.56, (TABLE F.l). Alse, it is clear
that adjustments of water inlet temperature actually did di-
‘minish the subjects' heat strain.t This reduction of heat

strain was in spite of the consistent comfort vote of

tHeat strain is often referred to as the physiological response in com-
sequence of a heat load [74]. This should be distinguished from the
heat stress which is used to denote the heat load imposed on man [74].
A commonly used index to assess physiological strain was developed by
Craig [75] and medified by others [76]. It is a linear combination of
heart rate, rise in rectal temperature and sweat production rate.

<E8<
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"ecomfortable" obtained throughout the experiments of
Schedule II (TABLE 5.1). The findings of this section in-
dicate that additional cooling provided by some artificial
means, e.g., & cooling suit, may reduce heat strain beyond
that which is considered "comfortable" by human subjects.

A similar conclusion was reached by Gold and Zornitzer [77].

Figure 5.13 shows the average values of water inlet tempera-
tures at the various regions of the body for Schedule 11. This sched-
ule was selected for comparative presentation for two reasons:

(1) The effect of additional cooling at the same level of ac-
tivity was studied during the experiments of this schedule
and

(2} The metabolic rates encountered during the experiments of
this schedule did not exceed the cooling capacity of the
suit.

It can be seen that during the initial standing session, most of
the subjects preferred an almost uniform temperature all over the body
(Fig. 5.13a). This situation did not change during the first walking ses-
sion where no additicmal cooling was permitted (Fig., 5.13b). Immedi-
ately following the first walking session, ths restriction on the addi-
tional cooling was xemoved. A decrease in most water inlet temperatures
was then requeated by all of the subjects (Fig. 5.13c}. The average
changes requested for the arms and thighs were about}%?z\to l.39C,
the head and upper and lower torse 0.2 to 0.6°C; and fhe ﬁighest de-

crease in water inlet temperature, 2,3°C, was requested for the lower
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{a) Standing {b} Walking at 3 mph (¢} Standing
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(d) Wolking at 3 mph {e) Standing
(with additional cooling)

Figure 5.13 Mean water inlet temperatures at the various regions
of the hody for Schedule II.

<~'70<



133

legs. During the second walking session at 3 mph (Fig. 5.124) the. re-
quests for decreases in water inlet temperatures were as follows:
arms, upper teorsc, and thighs, 3.4 to 3.8°C; head, 1.4°C; lower torso,
2.5%C;and, again, the highest decrease in water inlet temperature,
4,7°C, was requested for the lower legs. During the last standing
period, requested changes in water inlet temperatures to the varicus
regicns of the body were essentially such that they retraced the situ-
ation that prevailed during the second standing‘session. Only minor
changes were notliceable, (Fig. 5.13e).

As a consequence of the results presented in the preceding section,

the following observations were made:

(1) The working muscles, i,e., thighs and lower legs, exhibited
the highest wvariability in water inlet temperatures. This
was expected and does not seem to require any further dis-
cussiomn,

(2) The changes in water inlet temperatures to the head were
the smallest., At the same time, the temperature of the
water entering the cooling hood was, on the average, the
lowest water inlet temperature of all. This indicates that
coeling the head may have a profound effect on the sensation
of comfort, as noted by Nunneley [72] and Shvartz {731,

A complete listing of the water inlet temperatures and their

ranges at the various schedules of activity is gi?éﬁ'in TABLE F.2.
It should, however, be kept in mind that the values shown there for
the moderately high activity levels (walking at 4 mph) are of limited

meaning. This is because the limited cooling capacity of the present
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cooling system was definitely exceeded during these schedules of ac-
tivity.

In TABLE 5.1, the orders of preferred changes in water inlet
temperatures, from the onset of a change in the level of activity,
are shown. There does not seem to be any consistency in the crder
of changes requested by different subjects., Many more experiments-
with more subijects are needed to identify those regions in the body
which require faster cooling or warming as a result of a change in
the level of activity.

Weight losses during treadmill experiments are shown in TABLE
5.2. The mean values of weight losses range from about 65 gr/hr (Sched-
ule. I) to about 118 gr/hr (Schedules III and IV). These values, al-
though slightly higher, are consistent with wvalues reported by Webb
and Annis [71]. In four out of five cases, the sweat rates were higher
during the runs without the suit as compared to the runs with the
suit. No fundamental explanation was found for the one run (Sched-
ule IIT) that exhibited a higher weight loss with the suit. The rea-
son for that may have been due to a measurement error.

Total metabolic rates for subject SKB with and without the cool-
ing suit are compared in Figs. F.1 through F.5. Also compared in
these figures are the temperatures of the ear canal. In most cases,
the total metabolic rate was higher during the experiments with the
cocling suit. This finding is probably due to the fact that there
is a certain energy cost for wearing the suit (higher heat stress).
At the same time, the temperature of the ear canal seemed to have

been slightly lower during the experiments without the cooling suit.

~7R<
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Also, as shown in Fig. T.6, the heart rate was usually lower during
at least the comparative experiments of Schedule V with the coocling
suit. Heart ‘rate was not measured during the other experiments with
the suit.. These twe, i.e., slightly higher "deep body" temperatures
and lower heart rates, indjcate that the heat strain prokbably wés re-

duced during the eﬁperiments with the cooling suit.

5.2 EXPERIMENTS WITH THE INDIVIDUAL COOLING PADS

Temperature distributions on the skin between twe adjacent tubes
were measured for the three individual cocling pads. The measure-
ments were taken after the test subject had been pedalling for two
hours on the bicycle ergometer at a constant lcad and speed [corre-
sponding to a total metabolic rate of about 1200 Btu/hr (352 w)1.

The measured values were assumed to represent steady state data.

The theoretical steady state temperature distribution on the

skin for the rectangular medel with the skin layer and skeletal mus-

cle considered as one combined tissue was obtained from Eq. (C.2)

to yield
REf
Q! 1 a
T(x,0) = T+ 1- : -1 - - tanh (wb)
WS [ cosh (WE)] v ok
= o tanh (Zb) |
- E z cos (knx) {(5.1)

n-=1

As can be seen from Eq. (5.1), the parameters affecting the steady
state temperature of the skin are:

(1) Temperature of the inner core, T, -

&73<
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(2) - Specific heat of bleod, c, .
(3) Thermal conductivity of the combined tissue, k.

(4) Ratio of cooling tube width to cooling tubé spacing, B.
(5) Cooling tube spacing, a.

(6) Average heat flux at the skin surface, fa.

(7) Number of terms in the seriesused for computation.

(8) Shape of the specified flux fupetion, f(x).

(9) Average heatlgeneration rate per unit volume of tissue;

Q'.

(10) Average blood perfusion rate per unit volume of tissue;
_ LA
(11) Depth of tissue, b.

From these parameters, the first seven could eitheér be measured
or estimated. The remaining four, i.e., £(x), Q', w , and b, were
left to be estimated by the method of fitting a theoretical curve
to the experimental data. Curve fitting was done with the aid of
a digital computer. A program was written for evaluating Eq. (5.1)
for various combinations of the unknown parameters. The computer
output was then analyzed to determine that combination of parameters
which yielded a curve fitting closely with the experimental data while
the parameters met a éet“of predetermined ¢riteria. These criteria
were:

(1) The lowest température of the skin should not be below 60°F.

This assumption was based on the cooling water temperature

which was measured at 55°F,
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(2) The depth of tissue should not exceed 0.2 ft or be less
than 0,05 ft.

(3) Oﬁly measurements taken away from the coeling tubes were
considered accurate. Measuremepts underneath the cooling
tube were assumed questienable because of the interference
of the thermocouple with the contact between the cooling
tube and the skin.

(4) The blood perfusion and heat generation rates per unit vol-
ume of tissue should not exceed values found in the litera-.
ture.

The results obtained for the three individual pads are shown

in Figs. 5.14, 5.15, and 5.16. In view of the complexity of the prob-
lem, the agreement between the measured and calculated values is re-
markably good. It should, however, be noted that the set of parame-
ters that yilelded a good fit to the méasﬁred data is not unique.
Improved techniques for measuring the unknown parameters are required
to render the analysis presented In this chapter physiologically more

meaningful.
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Pigure 5.14 Comparison of measured and calculated temperature

distribution on the surface of the skin for the 3
rectangular model. Pad No. 1, w, = 83.4 1b/hr-ft",
Q' = 711 Btu/hr~ft3 and constant temperature at
inner core.
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Figure 5.15 Comparison of measured and calculated temperature
distribution on the surface of the skin for the
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Figure 5.16 Comparison of measured and calculated temperature
distribution on the surface of the skin for the
rectangular meodel. Pad No. 3, W, = B3.4 lb/hr—fts,
Q' = 848 Btu/hr-ft® and constant temperature at
inner core.
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6. SUMMARY AND CONCLUSIONS

This study was directed to the exploration of two aspects re-
lated to thermal comfort of man:

(1) The analytical modeling of the thermal behavior of living
bioclogical tissue and partial experimental validation of
the analytical predictions.

(2) The exploration of the characteristics of independent re-
gional cooling of the bedy by means of a water-cooled gar-
ment (thermal protective suit).

A biothermal model of living bioclogical tissue has been proposed
and studied. This model includes the effects of blood flow, local
heat generation rates, conduction and storage of heat on the heat
transfer processes occuring in the living tissue. A second order,
partial differential equation (referred to as the "bio-heat" eguation)
was obtained and analyzed, Closed form, steady and transient state
analytical solutlons were cbtained for two relevant geometries (cy-
lindrical and rectangular). Good agreement was obtalned between the
measured and predicted temperature profiles on the skin surface.

Based con the analysis, the following conclusions were reached:

(1) Bloed flow plays a significant role in the transfer of
heat in the living tissue and, therefore, should be ex-
plicitly included in any analytical model of the thermal
bekavior of the tissue,

(2) Much more detalled and accurate data of the thermcphysical
and physicleogical properties of the boig,.e.g., thermal con-

ductivities and local blood flow rates, are required

=7G<
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before any extension of the present model should be attempted.
Transient times for reaching a so-called "fully developed"
temperature profile in the tissue are of the order of 5 to

20 minutes.

Transient changes in tissue temperature are sirongly dominated
by a geometrical parameter (separation coefficient).

Under certain conditions, maximum temperature may occur in

the tissue rather than in the inner core (wb > 2.3). The lo-
cation of the maximum temperature was found to be independent
of "deep body" tempefature.

For y/b > 2, isotherms.in the tissue become parallel,

This obser;étion renders assumptions of constant temperature or
constant flux at the interface between the skeletal muscle and
the inner core equivalent.

The exact shape of the heat flux on the skin has an insignifi-
cant effect on the temperature distribution inside the tissue
at a short distance away from the skin surface, It does have,
however, @ noticeable effect on the temperature on the skin
surface,

For R > 0.15 ft (radius of inner core in the cylindrical
model) the results obtained from the eylindrical and rectangu-
lar models are so close.that the simpler, rectangular model

can be used without loss of accuracy.

A water cooled garment was constructed and used to study the char-

acteristics of independent regional cooling of the body in contrast to

the current practice of uniform cooling. The cocling garment congisted

<8<
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of sixteen individual cooling pads made of 5/32 in. 0,D. Tygon tubes,
The pads were grouped to provide independent control of water inlet
temperatures and flow rates to six regions: head, upper torso, lower
torsc, arms, thighs and lower legs. Experiments with and without the
cooling sult assembly were conducted with the five test subjects
standing and walking on a treadmill on selected schedules, Steady
and, to a lesser extent, transient state characteristics of the cool-
ing suit were obtained.

Based oﬁ the experiments with the cooling suit the following con-

clusions were reached:

(l)..There are regions in the bedy that require mere cooling dur-
ing walking than others, e.g., thighs, head and lower legs.

(2) During standing, an almost uniferm water inlet temperature
was requested for all regions of the body by the test sub-
jects. This situation changed significantly during exercise,
Conclusions 1 and 2 indicate that independent regicnal ccol-
ing may be more efficient than the present scheme of uniform
cooling.

(3) Cooling of the head during exercise has a profound effect on
comfort.

(t+} Transient times for reaching a thermal steady state from the
onset of exercise ave of the crder of twe hours. This
transient time, however, includes a relatively slow active
respoﬁse of fhe human thermeoregulatery system to changes in
exercise rates, e.g., the shifting of the desp ﬁbdy.fempera—

ture.
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During exercise the thermal effectiveness of the. cooling suit
decreased as compared to the values obtained for standing.
Intermediate changes in the level of activity between an
initial and a final level do not have a noticeable effect
on the thermal state so long as sufficient time ;s allowed
for reaching a steady state corresponding to the final

level of activity.

The cooling suit did actually diminish the heat strain of
the test subjects beyond what was cecnsidered comfortable

by them.

The regional order of preferred changes in water inlet tem-
peratures from the onset of a change in the level of activi-
ty could not be determined. More experiments are required
to identify the regiofis of the body that require faster cool-

ing {or warming) than others.

Based on the comparative experiments with and without the cooling

guit, the following observations were made:

(1)

(2}

(3)

Metabolic rates were, in most cases, higher during the experi-
ments with the ceocling suit, indicating that a certain energy
cost was associated with wearing the sult, i.e., the subject
was under higher heat stress.

Ear canal temperatures were usually .'I_cn«fe:;1 during the experi-
ments without the cooling suit.

Heart rates seem to have been lower during the experiments

with the cooling suit.
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Weight losses were usually lower during the experiments

with the cooling suit.

Thus, the cooling suit seems to have reduced the heat strain

though the heat stress was increased slightly.

Recommendations for future work are the following:

(1)

(2)

(3)

(%)

Application of coptimization techniques to cobtain design
guidelines for the construction of more efficient cooling
suits.

Extension of the model to include the local and temperature
dependent variations of the physiclogical properties. This
phase, however, should he delayed until more detailed physio-
logical data become availzable,

Experimentation with various combinations of individual ccol-
ing pads, e.g., hood and thigh pad, to determine the local
effecte of cooling at varicus heat stresses and activities.
Experimentaticn with cooling suits while exercising other
parts of the body, e.g., arms, in order to determine pre-

ferred temperature patterns for the coolant.
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AFPPENDIX A

THE THERMCREGULATORY SYSTEM CF THE HOMEQTHERM

A homeotherm, or warm-blooded animal, exhibits a tendency to
stability in the normal body states (fixed internal environment).
The objective of the thermoregulatory system is counter any ex-
ternal or internal changes in heat stress while maintaining the tem-
perature and metabolism (the transformation by which energy is made
available for the uses of the organism) at the levels essential to
life, This thermoregulatory system is composed of three interconnected
elements: control, sensory, and regulatory mechanisms.

It is generally accepted that the center of thermal control is
located in the hypothalamus, a structure in the brain which forms
the floor and part of the lateral wall of the third ventricle [78,
79]. There appear to be two centers in the hypothalamus that are
concerned with temperature contrcl; the more posterior one, concerned
with protection against cold, and the anterior one, concerned with
protection against heat. These two centers are mutually inhibitory.
The temperature which is being regulated, usually referred to as "deep
body" temperature, is, however, not constant. It changes, within a
narrow range above and below the '"normal” temperéture, with the meta-
bolic rate. This concept of a "set point" rather than a fixed one
was postulated by Havrdy [80].

Thermal receptors in the skin are the major components of the
sensory system [81]. In addition, there are indications that tempera-
ture-sensitive structures exist in the spinal cord [82], in the vol-

untary muscles [81], in the hypothalamus [55], and in the respiratory

<8<
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tract [83], which play a subsidiary role in thermoregulation. Changes
in skin temperature and probably also in heat flux at the skin [55]
trigger a signal which is received by the thermal receptors and which
is sent through the afferent pathways to the hypothalamus;

There exist regulatory mechanisms in the human body that make

up the third element of the thermal system. These mechanisms are
activated in response to need and, in turn, by the control through
the nervous system, Adjustment to cold stress follows the sequence:

(1) Superficial vasoconstriction that diminishes the amount
of heat transported by the blood stream to the skin. This
is balanced by splanchnic dilatation; i.e., dilatation of
blood vessels in the internzl cavities of the body.

(2) Pilo-motor activity ("goose flesh') that reduces air move-
ment at the skin and tﬁereby diminishes heat convection.

(3) Increased heat production that can take either (or both) of two
forms: mechanical and glandular. The mechanical part is
achieved by the muscles and is manifested as shivering;
the glandular parf invelves secretion of adrenalin Ly the
suprarenal gland. The function cf the circulating adren-
alin is to cause medifications in the circulation which
favor blood supply to active muscles and libevation of glﬁ—
cose from liver glycogen and, consequently, a considerable
increase in heat production (20-30 percent increase in rest-
ing metabolism [55]).

(4) Long-term adaptation~-decreased blood volume and accumula+
ticn of fat in the outer layers to increase thermal insu-

laticn.
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Conversely, the sequence of adjustment to heat stress is as fol-

(1)

(2)

(3)

(4

Superficial vasodilatation that increases blood flecw and,
consequently, the amount of heat transported to the skin.
Sweating which enhances the removal of heat by evaporation
of water vapor from the surface of the skin. Sweating will
follow an increase in deep body temperature caused by heat
sterage in the body. |
Increased respiration that promotes more heat removal by
expired air. In mammals other than humans, e.g., dogs,
this mechanism, known as panting, is of great importance.
This mechanism, as well as sweating, loses its effective-
ness in saturated or very humid environments.

Long-term adaptation--increased blocd volume and decreased
basal metabolism (the minimal energy expended for mainte-

nance of life) due to reduced activity of the thyrcid.

An extensive and detailed description of the thermoregulatory

system and its functions was given by Bazett [55].
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APPENDIX B

STEADY STATE, RECTANGULAR COORDINATES WITHOUT BLOOD FLOW

If the term representing blood flow is eliminated from Eq. (3.3),
the following heat equation is obtained

3T

== KT + a (B.1)

C
PCp
or, assuming a steady state,

KV'T = g (B.2)

which is often referred to as the Polsson equaticon.

Solution te Eg. (B.2) for the geometry shown in Fig. (3.4) is

desirable for two reascons:

(1) There are cases when blood flow diminishes or even vanishes,
e.g., vasoconstriction, and conduction remains as almost
the sole mechanism for heat transfer in the. tissue.

(2) Trom a more general engineering viewpoint, Eq. (B.2) describes
the energy balance in a material wherein heat is conducted
and generated. Such cases occur frequently in engineering
and a solution may be useful. |

Examination of Eqs. (3.11) through (3,15) reveals that obtain-

ing the solution for this limiting case, i.e., w, > 0, is not straight-
forward, but involves fairly complicated limit operations. Therefore,

the complete problem will be formulated and presented below.
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where 8, and Q are defined by Egs. (3.8) and (3.10), respectively.

The soluticns for the two Zcones are: for the skin layer,

T (x,y,) = T % b2 + —-q-Ql [2b.b, + kiy, (2b )]
18 ¥eYp ) B Ay T Dy T ogE LeRy Py T XY N -
[++]
Bfa N OL:D
"k (k"yl +'b2) * k) :> cosh (A b. )
2 n-E-‘l n 1

) " tanh (Ahbz) cosh [?\n(b1 - yl)]
H(A)

sinh (lnyl)
+ —_—F:X:__——]COS (A_x) (B.8)

and, for the skeletal muscle layer,

. QW 2 2 Q
T2y, ) = T + 5= (B -y, ) + ¢ b (b, - y,)

R

a

(b, - y,)

o sinh [A (b, - y, )]
n n 2 ¥ 2 (B
+ kl Z H(A) cosh (‘)\nbz) cos ()\nx) ( ,‘_)W

where

k¥ = = (B.B)

and H(A), £ , and o are defined by Egs. (8.15), (3.16), and (3.19),
respectively,
As was noted in the text (Chapter 3}, no maximum temperature

is found in the tissue. However, in order for all the excess heat
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to be removed at the skin, the temperature gradients become steeper.
As one result, the temperatures on the skin become lower since deep
body temperature is maintained at about the same level as in the case
with blood flow. In the vieinity of the cooling tube, the tempera-
tures may become intolerably low or even dangerous, particularly if
the cooling strip is relatively narrow (small B) [84].

Buchberg and Harrah studied a similar case [39]. They assumed
no heat to be generated in the skin layer (Q1 = 0}, but.assumed the
thermal conductivity to be a function of tgmperature. By such means,
they have tried to account for blood flow effects. Employing a nu-
merical method, they obtained the temperature distribution in the
separated layers for a total metabolic rate of 2600 Btu/hr (760 w)."
Their results are compared with those cobtained here for Q1 =0 in
Fig. B.l [85]. <Considering the major differences in the calculation
procedures, the results are remarkably close. The numerical results
obtained for Eq. (B.6) and (B.7) without blood flow (combined tissue,
b =+ Db,, k, k) and Eq. (C.2) with blood flow are compared in Fig.
B.2. The effect of the blood stream on the temperature distribution
is clearly seen. |

Figure B.3 shows the effect of increasing the contact area be-
tween the cooling tubes and the skin on the temperature distribution
oﬁ the skin surface. When this figure is compared to Fig. 3.8, it
is evident that one of the effgcts of blood flow is a higher tempera-

ture at the skin surface.

<30<
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99.7 °F
95 Eqs. (B.6) & (B.7)
Skeletal
0 Muscle
_______ L0 Rt [39]
1
Skin
4360 l

Figure B.l1 Comparison of steady state temperature distributions
in the tissue for the two-dimensional, rectangular
nmodel without blood flow. Qn = 2600 Btu/hr (760 w),
B = 0.1, constant temperature at inmer core.
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99.7°F

v e e S e S S — — ——— —— - — T — — —

Eq.(C.2), With Blood Flow

Egs. (B.B) & (B.7), Without Blood Flow

24.33
(23.07)

Figure B.2 Comparison of sfeady state temperature distributions
in the combined tissue for the two-dimensicnal rectangu-
lar model with and without blood flow. Q, = 290 Btu/hr

(85 w), 8 = 0.1, constant temperature at inner core.
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Figure B.3 Effect of increasing the contact area between the
copling tubes and the skin on the temperature dis-
tribution on the skin surface. Blood flow effects
are not included. Qg = 290 Btu/hr (85 w), f,/f; = 1.5
and constant temperature at inner core.
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APPENDIX C

STEADY STATE, RECTANGULAR COORDINATES WITH THE SKIN
AND MUSCLE CONSIDERED AS A SINGLE REGION

If the skin and skeletal muscle layers are combined to form one

layer and if both the thermophysical and the physiological properties

are averaged, the problem becomes

at x = 0 , %—}%:o
at x = a , gi =0

30 _ f(x

Fei, osx<p
aty =0,

%%-- o, Ba< x < a
aty=b, 06 =0

The solution to this set is [58]

- cosh (wy) Bfa sinh [w(b - y)]

T{x,y) = T, + _l ~ Zosh (wb) ]_ Tow cosh (wb)

8
2
W

— o sinh [k -~ v)]
- ;> cos (Anx)

L cosh (Zb)

n=1

Figure C.l shows results that were obtained for Eq. (C.2).

~34<
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99.7°F

100

_‘\\\<;:,- *‘#fﬂ_’_,,f———5?5
691%3555&?2

Figure C.l Steady state temperature distribution in the combined

tissue for the rectangular model.
(760 w), B =

Qp = 2600 Btu/hr,
0.1 and constant temperature at inner core.
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If the fourth boundary condition, Eq. (C.le), is changed to uni-
form flux at the interface between the combined tissue and the inner

core, that is,

F
aty =b , %§-= Fi (c.3)
a solution is obtained [581,
Bf F
_ Q 2 cosh [w(b - y)1 _ "o cosh (wy)
T(x,y) = T) MR Sinh Gb) T ¥%w sinh Gwb)
= o cosh [Z(b - y)]
- r sinh (wb) cos (Anx) (c.4)
n=1

Figure C.2 shows results that were obtained for Eg. (C.u4).

Solutions for the corresponding one-dimensional cases, i.e.,
uniform cooling at the skin, may be readily obtained from Egs. (C.3)
and (C.4) by eliminating the x-dependent series and replacing the

term Bfa by F.
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Figure C.2 Steady state temperature distribution in the combined
tissue for the rectangular model. Qn = 29C Btu/hr
(85 w), B = 0,1, constant flux at inner core.
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APPENDIX D

THE FUNCTION u}m( Z,T)

During the mathematical derivation of the cylindrical model,

k+2+1

b (g™ = L mK (g R + (D (g R K (g )

This shorthand definition simplified the derivation considerably.

A few characteristics of this function are giﬁen below.
(1) The function wkz(;ir) satisfies the modified Bessel equa-

tion of order k,

'dd (g, ) - 2
1l4d kL™ 2 k i
= [ _____]-.(;i +——)1pk2(i:,ir)= 0

dr o dr 2
bl
{2) This function obeys the same differentiation rule as dbes

the modified Bessel function of the first kind [64]

d

r E—[w]kl(g: I‘)]: klp’kf,(cl r)+ (;i I"LJJi (CI'P)

(k+1)R

Therefore, it is not a so-called cylinder function [B4].

(3) For two consecutive indices, it satisfies [61]

j 1
ui(k+1)(ci% ) = gi%

(4) If the indices of the function are reversed in order, the

following expression is obtained

k+2+1, i

i _ i
wkzcz;j-m = (-1) ka(;ir)

< 38<

a combination of modified Bessel function was found to recur; namely,

(3.37)

(D.1)

(D.2)
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(3) TFor identical indices the following identity 1s obtained

j —
Y G RI =0 (D.5)
When drawn on a semi-log paper, the function ng(wR) appears
to behave as a straight line away from the minima. (Fig. D.1l, k = 0,
£ =1, 9 =1). Also the slopes of these straight lines appear to

be identical. This phenomenon suggests approximation of the function by

using exponential expressions of the kind,

Y (5T = U(GR) exp (sg7) ~ (D.8)
<
r R

where U is the function describing the dependency on the parameter
- % , s is the common slope, and R is the value of the variable be-
yond which this approximation is valid.

Figures D.2 and D.3 show the functions ¢%0(wR) and wiz(wR).
As can be seen, these two functions exhibit the same characteristics as
nofed above, i.,e., linearity on a semi-log paper, and, thérefore,

can also be approximated by expressions such as Eq. (D.%8).
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Figure D.1 The function wm(wR) drawn on semi-log paper.
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1
Figure D.2 The function lboo(wR).
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Figure D.3 The function V¥, (wR) drawn on semi-log paper,
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APPENDIX E

STEADY STATE, CYLIKDRICAL COORDINATES WITH THE SKIN AND MUSCLE
CONSIDERED AS A SINGLE REGION

Combining the two layers into a single, averaged :layer yields

atr =R , e =0
99 f(z) B
i s 0 <z <PBa

at r = R2 s
KA Ba < z <

= T ’ a<zc<a

]5]

at z =0 'a—z--O

- _ a0 _
atz=a , Sz 0

The solution is

T(r,z)

1}

4 W, Gar) ) BE, W Gr)
L+ T2 T kw
v Vo (WR)

o 1
%, Py (5T
- —p—— €08 (lnz)
1 C¢b1(€R1)

n:

¥ (uR)

Figure E.1 shows results that were obtained for this case.

(E.la)

{E.1b)

(E.1lc)

(E.1d)

(E. le)

(E.2)
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100

100.5

100

99.7

74.43

Figure E.1 Steady state temperature distribution in the combined
tissue for the cylindrical model (cooling tubes on the
skin running perpendicular to the axis of the cylinder).
Qm = 2600 Btu/hr (760 w), B = 0.1, constant temperature

at inner core.
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Modifying the first boundary condition, Egq., (E.1b), to the con-

stant flux case, that is,

F
_ a8 _ o
atr =R , wc {(E.3)
yields
BE Y. (wr) 2 (ur
_ Q 2 Vo (v Fy Yoy (v)
T,2) = T) + 5 - & 2 T T kw2
W ¥, (WR) ¥, (WR )

T, (gr)
- é? ——— cos (lnz) (E.4)
ne==y oy, (CR)

Because of the cylindrical geometry, an additicnal parameter appeared;
namely, WRz. If the hody is assumed to be fepresented by one cylin-
der, an assumpticn which is equivalent to the rectangular case, three
independent combinations arise as R is changed:
(1) The volume and thickness of the eylindrical shell are con-
stant while the skin surface ares changes,

2V

A= b{l + p%)

(E.5)

(2) The volume and surface area of the cylindrical shell are

constant while the thickness changes,

b= Yo VR L N (5.6)

(3) The surface area and the thickness of the cylindrical shell

are constant while the volume changes,

3Ca<
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V = %E-[l + p*] (E.7)
where

Rl
p% = = {(E.8)

Assuming a uniform flux at the skin, the above three cases were
evaluated, as fuunctions of R, and are compared te the limiting case
as R > (rectangular case). The results are presented in Figs.

E.2, E.3, E.4, and E.5.

For completeness, the limiting cases for no blood flow, Wy, * 0,
are presented below.
. Using limit calculation techniques, it can be shown
2
Yy (wr) Ll
lim - = 1 (E.9)
+ 0 Y, (WwR ) -
A 01"
Yo (wr) ' ‘
. 2 2
Lim -1 -2 =i ® -+ 1R X (E.10)
v 0 o2 1P2 (W2 ) T | 272 R
01 PRy
v, ()
. 1 Yoo :
lim o = RZ n . (E.11)
w0 wlo(sz) %
and
¥ (zr) TN
1 oo oo " -
= T — (E.12)

1im =2~ . 90 2
>0 SRy N i 0,R,)

W

Then, the sclution for the cylindrical case with constant temperature
at the interface between the combined tissue and the inner core, Egs.

(E.1a) through (E.le), but w = 0, can be obtained from Eq. (E.2),
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Figure E.? Steady state temperature and surface area of the skin
as functions of R, for the one-dimensional cylindrical

model, V and b are constant and constant temperature at
inner core.
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Figure E.4 Steady state temperature of the skin and volume of
the tissue as funections of R, for the one-dimensional
cylindrical model. A and b are constant and constant
temperature at inner core. '
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Figure E.5 Steady state temperature of the skin as function of
' R, for the one-dimensional cylindrical mogel. Constant

temperature at inner core.
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Bf QR
k Z

_ Q (2 2
T(r',z)-—Tl+E(R1 —r)+[

T o U (AT
- T s () (E.13)
n='1 10(}\ Rz)

Similarly, using the energy balance equation
Qr 2
R,Bf, = RF + 3= (R, - R) (E.14)

Eq. (E.4) can be rewritten
1 2 2,1
. Q 2R, ¥, (WRy) -~ w(R, - R MY, (wr)
1 2R2k wgwi1(WR2)

1 2
E Rld.)m(wr) - Rzl.bm(wr)

T(r,z) = T

R wwil(sz)
= g ‘Pl (Zr)
+ Z -“-1—9—1———-cos (A z) (E.15)
-, wh (R)

and, by using limit calculation techniques, it can be shown

1 2
- 2R, ¥, (WR,) - w(R, - R )tiJ g (wr) 2
lim 7T "Rle['Rl Enr‘—-z—-ﬁ——]
w0 WLU“(WRZ) 1
R +R
+RR21\ [R .QnR—R sanJ+__.__-_
Rz
+ P\.(2°1 - c3) (E.18)
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1 2
R ¥y, Gr) - Ry, (wr)

1im : = Rle in
w+ 0 wwll(sz)
AR 2 4
(R *n R - R XnKg A
+ R, R + 2, - ¢
172 2 2 1 3
Rz. - R1

and

where

o 1
1 Yo ler) 1 ¢01

(wr)

_ POLl) + w(2) + 2 fn 2

c, m

fn 2 - vy

0
I

y(n) is the Psi or Digamma function and v is Euler's constant.

Using the above results, the solution for the cylindrical case

with constant flux at the interface between the combined tissue and

the inner core, Egs. (E.la), (E.lc), (E.1ld),

w = 0, can be obtained from Eq.

o

= Q&
T(r?z)‘- T, + K [

+;[s;i

2

m}!—'
col,o
?\_' -
dﬁm

R

* cos (an)

(E.15),

FJ
- Te

2

_z_]_
r 2.

(e

) +

=+
e

5 PAS

1

(E.le), and (E.3), but

FR

R

o 1

k

gn r
2 2
ER1 n R - R on sz

dh¢£l(wr)

1
-‘-dl )\nlpll (WRZ )

(E.17)

(E.18)
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TABLE F.1

MEAN VALUES AND RANGES COF TOTAL METAERCLIC RATES, HEAT REMOVED
BY SUIT AND BY RESPIRATION AT THE VARIOUS SCHEDULES OF ACTIVITY

Activity Metabolic Rate | Heat Removed | Heat Removed Mean Percent
Btufhr—ftz P?'Su%t , by $esp}?§t;on Heat Removed
Btu/hr-ft Btu/hp-ft Suit | Respiration
SCHEDULE I
Mean 17.7 17.9 2,2
Standing - -- 12.5
Range 15.0-26.1 12.9-22.4 2.0-3.1
Mean 3.9 22,9 4,2
2 mph 52.2 9.7
Range 40.5-50.5 18.3-28.2 3.9-4.9
Mean 17.1 15.8 2.3
Standing : 82.1 13.6
Range 14, 4-22.6 11.6-23.5 1,7-3.3
Mean 50.7 15.4 4.7
2.5 mph 38.4 9.3
Range 39.5-60.1 15.8-25.5 4,1-7.3
Mean 8.0 15.1 2.3
Standing 83.8 12,8
Range 17.0-18.8 12.8-18.,3 2.0-3.3

{continued)
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TABLE F.3i continued

Activity

Metabolie Rate

Heat Removed

Heat Removed

Mean Percent

R 22>

: i 5 ot e X
i Btu/hy-ft by Suit , by Ruaplrat;on Heat Removed
! Btu/hr-ft Btu/hr-ft Suit | Respiration
SCHEDULE II
Mean 17.0 17.0 1.9
Standing 100.0 11.3
Range 1%.8-13.¢6 i4,5-23.4 1.3-2.5
3 mph Mean 82.6 24,5 5.4
{w/o additional 39.1 8.7
conling) Range 54,3-69,5 21,1-28,4 3.0-8.7
Mean 15.1 20.2 2.4
Standing - 14.8
Range 12.9-17.9 15.0-23.3 1.3-4.2
3 mph - Meaan 54.8 30.7 4.9
(with additional 56,0 9.0
cooling) Range 42.5-64.6 24.9-37.9 2.3-7.1
Mean 16.0 20.1 2.1
Standing - 12.9
Range 11.8-19.6 15,6-28.2 1.2-3.5

(continued)

£8T



>Z2E

TABLE F.1 continued

Activity

Metabolic Rate

Heat Removed

Heat Removed

Mean Percent

2 . ) .
Btu/hp—ft by Suit , by Resplrat:on Heat Removed
Btu/hr-ft Btu/hr-ft Suit Respiration
SCHEDULE ITI
Mean 16.6 13,3 2.3
Standing 80.0 13.9
Range 12.3-20.3 11.2-15.3 1,2-3.1
) Mean b1,z 18.8 3.9
2 mph 45,6 9.4
Range 27.2-48,8 14,.7-28.7 2.8-4.8
Mean 89.u4 45,5 7.4
4 mph 50,9 8.3
Range 80.7-100.3 30,0-60,5 5.2-9.6
Mean ue, 8 23.6 4.0
2 mph 50.5 8.5
Range 35.5-56,7 21,3-26.0 2.6-6. U
Mean 18.4 1u.2 2.4
Standing 77.2 13.2
Range 11.8-23.8 6.6-21.9 1.3-4,6

{continued)
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TABLE F.1 continued

f
i Activity Metabelic Rate | Heat Removed | Heat Removed Mean Percent
{ 2 . . .
‘ Btu/hr-ft by Suit , by Resplrat;on Heat Removed
Btu/hr-ft Btu/hr-ft Suit | Respiration
SCHEDULE IV
Mean 15.7 19.5 1.8
Standing - 11.6
Range i4.2-15.9 11.5-23.3 1.3-2.3
Mean 41.1 24.9 3.6
2 mph 60.6 8.9
Range 27.0-47.7 16.7-31.7 2,4-5.0
Mean 51.0 35.5 b,y
3 mph 63,5 8.6
Range 33.0-61.2 31.1-L1.4 3.0-5.9 i
Mean 85.7 49.0 7.7
L mph 57.1 9.0
Range 62.5-98.8 35.7-60.7 4,2-10.0
Mean 4E.1 23.4 3.6
2 mph 50.8 7.7
Range 38.9-52.2 17.5-30.5 3.1-4%.6
Mean 15.0 16.4 2.1
Standing - l3.4
Range 12.9-19.6 9,1-23.5 1.2-3.8

{continued)
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TABLE F.l continued

Activity Metabolic Rate | Heat Removed | Heat Removed Mean Percent
5 . . .
Btu/hr_ £t by Suit . by Resplra‘c;on Heat Removed
Btu/hr-ft Btu/hr-ft Suit | Respiration

SCHEDULE V
Mean 16.1 20.6 2.1

Standing -- 13.0
Range 13.7-17.9 12,9-31.6 1.2-3.1
Mean 91.1 50.9 6.6

4 mph : 55.8 7.3
Range 78.8-101.4 37.6-61.5 3.5-8.9
Mean 15.1 20.9 1.9

Standing -- 12,6
Range i, 1-17.2 10.0-29.0 1.4=2,4

‘ Mean 82.4 249.8 6.1

4 mph 36.1 7.4
Range 64, 3-98.7 26,1-36.8 3.4-8.9
Mean 15.2 28.2 1.9

Standing - 12.2
Range 13,.,8-18,0 27,0-31.3 1.3-2.3
Mean 8G6.8 40,3 6.4

L mph 4o b 7.4
Range 72.4-100.6 28.1-59.3 3.5-8.8

(continued)
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TABLE F.1 continued

Activity Metabolic Rate | Heat Removed Heat Removed Mean Percent
n . . :
Btu/hr- £+ by Suit , by Resplrat;on Heat Removad
Btu/hr- £t Btu/hr-£t Suit | Respiration

SCHELULE V cont.
Mean 17.4 3i1.8 1.9

Standing -— 1.8
Range i4.9-23.3 22.5-37.3 1.3-3.0
Mean 87.3 41.4 6.6

4 mph Y7.4 7.5
Range 69.8-103.8 34, 4-L4,8 3.2-9.0
Mean 18.3 34,8 2.3

Standing -- 12,3
Range 15.9-21.2 22,8~42.8 1.6-2.9
Mean 90.1 2.5 6.6

4 mph b7, 1 7.3
Range 72,7-101,6 34.6-50,9 4,0-9.,2
Mean 18,3 32.2 2.0

Standing - 10.9
Range 17.1-19.3 27.4-35.9 1.6-2,6

LBT



TABLE F.2

MEAN VALUES AND RANGES CF WATER INLET TEMPERATURES FOR THE VARIOUS REGIONS
AT DIFFERENT SCHEDULES OF ACTIVITY

88T

Water Inlet Temperature, deg C
CActivity Region
Head Arms Upper Torsc | Lower Torso Thighs Lower Legs
SCHEDULE It
Mean 19.6 24.9 22.7 23.1 24,5 23.8
Standing
£ Range [ 12.6-22,9 | 22,1-29,4 | 12.7-28.9 12.8-28.5 22.6-28,2 ] 20.2-27.6
J
55 Mean 18.3 24,8 ' 25.5 23.4 2n.2 2u.h
A 2 mph
Range || 14.5-23,3 | 22.3-28,2 20.8~31.1 14,3-31.4 22.1-29.6 | 19.7-29.6
Mean | 19.5 25.6 26.5 23.8 26.0 25.3
Standing
Range || 15.2-24,1 1 22.1-29.0 21.2-32.9 15.1-33.2 22,0-31,7 1 198,5-31.0
Mean 19.6 25,5 26.3 ' 24,2 25.7 25,2
2.5 mph
Range f{ 15,7-24,6 1 21,5-28,7 21,0-32.6 15,86-33.6 | 20,9-31.7 | 19.0-30.9
Mean 20.3 25.0 25,8 24,3 25.3 24,7
Standing
Range jj 15.8-24,6 | 21.3-27.6 20.5-32.1 15,8-3%.1 § 21,2-31,0 | 19,0-30.3

‘tAverages of 5 runs.

{continued)



TABLE F.2 continued

Water Inlet Temperature, deg C

Activity Region
Head Arms Upper Torso | Lower Torsc | Thighs Lower Legs

SCHEDULE ITt

Mean 24.0 24.8 24.3 26,5 23.8 28.8
Standing

Range || 15,5-33.1 | 21,7-27,6 20.2-28.6 21,4-30.1 21.5-25,7 | 26.3-31.1
3 mph Mean 22.8 24.8 24.3 26.2 23.7 28.7
(w/o additional
cooling) Range || 15,5-29.1 | 21.7-28.5 20.6-29.2 21.8-29.8 21.2-26.0 ] 26.4-31.8

Mean 22.2 23.6 24,1 25.8 22.4 26,4
Standing

Range || 15.2-29.7 | 22,3-26.2 | 20,6-27,2 21,8-28.6 | 19.1-25.3 } 18.2-31.4
3 mph Mean 20.8 20.1 20.7 23.3 18.6 21.7
(with additional
cooling) Range | 14.5-26.1 § 14.8-23.0 i4.8-22.6 17.5-2%,1 17.0-19.3 | 16.9-29.,5

Mean 21.8 22.2 24,1 26.3 22.0 22.1
Standing

Range || 15.0-34%.4 [ 19.8-25.8 | 22.0-28.8 24, 4-28.5 | 19,0-26.6 | 17.4-28.8

tAverages of 5 runs.

{continued)
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TAELE F.2 continued

Water Inlet Temperature, deg C

Activity Region
Head Arms Upper Torseo | Lower Torso | Thighs Lower Legs
SCHEDULE IIIt
Mean 22.5% 25.7 27,8 26,5 26.9 28.3
Standing
Range || 18.4-26.0 | 19.1-29.2 | 22,3-32.2 24.6-29.0 | 23.2-29.8 { 25,9-31.3
Mean 19.5 25.3 2z 26.7 25.3 28.3
Z mph ,
Range j| 16.6-25.1 | 19.7-30.1 | 22.1-29.5 23.4-29.0 21,9-30,4 | 25.8-33.4
Mean 17.0 18.7 17.9 18.2 18.8 18.6
4 mph :
Range || 16.1-18.4 [ 16,0-27.1 | 16.0-22.9 16,0-25,6 [ 16.0-28.6 | 16.0-27.7
Mean 19.5 22.0 19.2 21.0 23.8 20,2
2 mwph
: Range || 16.3-25,2 | 16.5-27.2 | 16.5-23.0 16,6~-25.6 | 16.7-32.516,6-27.8
Mean 21.6 22.5 21,6 24,1 25.3 21.7
Standing
Range 1 16,3-28,4 | 16,5-28.6 | 16.5-24.9 16.8-29.2 |} 19.4-33.5 | 16.6-29.3

tAverages of 5 runs.

{continued}
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TABLE F.2 continued

Water Inlet Temperature, deg C

Activity Region
Head Arms Upper Torso | Lower Torso | Thighs Lower Legs
SCHEDULE Iv¥
Mean 22.9 27.6 26.7 25.0 23.8 25,6
Standing
Range [ 17.3-28.2 [ 21.2-36.6 25.1-28.4 18.1-29.4% 19.7-31,7 | 19.3-30.8
Mean 23.3 25.% 26.0 24,8 22,1 2.2
2 mph
Range } 17.1-32.1 | 19.0-31.3 22,6-28,3 20.1-27.7 20,7-25.0 | 20.4-30.5
Mean 22,3 23.6 24,8 21.5 19.5 22.6
3 mph
Range || 17.4-25,1 [ 18.6-29.0 | 20.8-28.1 17.2-25.0 |} 17.3-23.2 | 17.6-30.5
Mean 16.9 19.7 19.¢ 18.% 18.1 18.2
4 mph
Range {| 16,2-17.3 | 16,6-30,3 | 17.0-28.0 16.5-25.8 | 16.6-23.4 ] 16.6-23.9
Mean 18.9 22.2 21.9 20.9 19.8 19.5
2 mph
Range || 17.1-23.2 | 16,8-29.6 | 17.3-28.5 16.8-25.4 | 17.0-23.2 | 15.8-23.6
Mean 23.7 26.5 25,4 24,9 22.5 22.3
Standing
Range (| 17.2-32.5 | 22.0-29.5% | 22.2-28.9 20.5-29.1 | 20.9-24.7 119.9-24.8

tAverages of 5 runs.

{continued)
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TABLE F.?2 continued

>0ee

Water Inlet Temperature, deg C
Activity Region
Head Arms Upper Torso | Lower Torso | Thighs Lower Legs
SCHEDULE Vvt
Mean 22.1 24,9 25.3 28.0 25.7 26.9
Standing
Range || 18.0-25.4 |19.7-32.6 | 20.5-29.9 24.7-31.4 | 21.8-27.8 [ 25,0-29.0
Mean 17.0%t 20.2 118.3 19.7 16.9 16.8
4 mph
Range | 16.8-17.4 |16.6-30,1 | 17,1-21.1 16.5~21.1 |16.7-17.2 {16.5-17.1
Mean 19.8 23.1 27.2 26.1 20,0 20.6
Standing
Range |[17.8-21.7 §17.1-25.6 17.6-38.6 17.4-34.5 21.0-25,4 |17.6-25,2
Mean 15.¢6 23.0 27.0 23.2 21.9 18.6
4 mph
Range [[17.2-21.5 116.8-25,5 | 17.3-38.0 16.8-34.4% | 16.5-25.4 | 16.8-22.5
Mean 19.7 22.9 25.9 23.3 21.9 18.5
Standing
o Range )| 17.0-21,8 {16,7-25.4 | 17,2-33.6 16.7-35,0 116.8-25.4 }16.6-22,0
Mean 13,4 21.9 23.2 21.7 20.6 18.4
L4 mph -
Range [f17.1-21.4 [16.8-26.0 | 17.3-27.8 16.8-29.,1 |16.9-24.4 |16.7-21.9

tAverages of 4 runs.

ttAverages of 3 rums.

{continued)
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TABLE F.2? continued

Water Inlet Temperature, deg C

Activity Region
Head Arms Upper Torso | Lower Torso | Thighs Lower Legs
SCHEDULE V cont.t
Mean 19,2 21.7 22.8 21.4 20.3 17.9
Standing
Range 1116,8-21.3 |16,.6-25,6 17.1-26.9 1l6.5-28.5 16.7-24.2 [16.5-21,4
Mean 13.3 21.7 22.8 21.4 20.4 18.2
4 mph
: Range [|16.9-21.4 |16.7-25.6 17.2-27.0 16.7-28.3 16,8-24.4 [16.6-21,4
Mean 19.3 21.8 23.0 2i.h4 20.4 18,3
Standing
Range (j17.1-21.1 |16.9-26.1 17 .4-27.7 16,9-28.0 17,0-24.0 116.8-21.5
Mean 18.1 21.8 20.3 19,8+t 20.0 18.6
4 mph
Range ||17.3-1%.8 |17.0-28.1 | 17.4-22.6 17.0-25.3 [17.0-22.1 116.9-23.0
Mean 18.7 21.5 21.1 19,3+t 20.3 8.4
Standing : :
. Range [|17.2-20.1 (16.9-26.3 17.5-22.8 17.0-24,1 17.0-22.7 [16.9-22,3

P B

thverages of 4 runs.

ttAverages of 3 runs.
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ABSTRACT

An analytical and experimental study was done on the per-
formance of cooling pads attached to a human thigh. Each cooling
pad consisted of a long, water cooled tube formed inte a serpen-
tine shape with uniform spacing between the parallel sections,

The analytical work developed a cylindrical model for the hu-
man thigh. The transient times predicted by this model ranged
from 25 té 80 minutes, which is reasonably close to the experiment-
2l results. Calculated and measured steady state temperature pro-
files were in falr agreement.

Three cooling pads with different cocling tube sizes and spac-
ings were cconstructed and tested., These pads were equipped with
thermocouples to measure the temperature profiles between adjacent
tubes on the skin surface of a thigh of & male subject while he was
performing various activity schedules. The pad with the highest
tube density removed the greatest amounts of heat with the least
temperature variations. on the skin. Also, the transient times for
this pad were the shortest.

The transient times associzted with a change from a high meta-
bolic rate of 1800 Btu/hr {528 w) to a low level of 300 Btu/hr (88 w),
were found to be about 120 minutes. A change from 900 Btu/hr (284 w)
to 300 Btu/hr {88 w) resulted in 80 to 100 minute transients. How-
ever, the transient times for a change in metabeolic rate in the oppo-~
site directicon from 300 Btu/hr (88 w) to 1800 Btu/hr (528 w) wers
40 to 60 minutes., When an intermediate step of QOOlBtu/hr (2684 w) was
introduced between the last two metabolic rates, the transient times
assoclated with the individual steps varied from 40 to 80 minutes,
However, the coverall transient times for each double step were approxi-

mately the same in either direction.
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NOMENCLATURET

half distance hetween cooling tubes, [L]
2
total skin surface area, [L ]
depth of tissue layer, [L]
. 2 -2 -1 -1 -1
specific heat of blood,[L'6 "T "] or [QM "T "]
.o . 2,.-2_-1 -1, -1
specific heat of tissue, [L'6 T "] or [QM T "]
-3 -2 =1
heat flux, [M6 ] or [QL 6 "]
. -3 -2 ,-1
uniform heat flux, [M& ] or [QL "6 "]
height, [L]
modified Bessel function of the first kind of order 1
Bessel function of the first kind of order i
- - -1 -1 -
thermal conductivity, [MLO 7y or tate T ]
modified Bessel function of the second kind of order i
rate of heat transported by blood, defined by Eq. (2.1),
-1, =3 -3 -1
L7677 or [oL ™07 ]
] -2
defined by Eq. (2.13), [L "T3
-1 = -3 -1
internal heat generation rate per unit volume, ML 6] or [QL™°07 ]
total metabolic rate, [MLzedS] or [QB_I]
radial coordinate, [L]
radius of inner core in cylindrical model, [L]
radius of interface between skeletal muscle and skin layer
in cylindrical model, [L]

radius of the skin surface in cylindrical model, [L]

TUnits in brackets are: M, mass; L, length; 0, time; T, temperature;
G, heat [ML2972 7,

s



time, [6]

characteristic time, [0]

tissue temperature, [T]

drterial blood temperature, [T]

constant temperature at inner core, LT]

volume, [LF]

bloed perfusion rate per unit volume, [ML_SB-IJ
defined by Eq. (2.12), [L "]

weight, [MLO 2]

Bessel function of the second kind of order i
coordinate, parallel to the axis of the ecylinder, [L]
thermal diffusivity, [L267']

defined by Eq. (2.17), [L T]

ratic of width of cooling tube to cooling tube spacing
defined by Eq. (2.22), [L"1]

defined by Eq. (2.15), [L ']

ratic of heat fluxes of the uncontacted to the contacted
skin

defined by Eq. (2.11), [T]

defined by Eq. (2.16), Lt

dummy variable of integration, [L]

defined by Eq. (2.21), [L™]

specific density of tissue, RUT

defined by Eq. {(2.20)

angular coordinate

defined by Eq. (2.19)

combination of modified Bessel functions, defined by Eg. (2.10)
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Subsecripts

1 pertaining to skin layer or initial state

2 pertaining to skeletal muscle or final state
b blocd

i),k 2,0 integer

m metabolic
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at the inmer core, R = 0.15 ft (4.6 em), A and b are
constant.
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Figure 4.2 Results of experiments 4, 5, and 6 with constant experi-
mental conditions and constant metabolic rate 900 Btw/hr
(264 w).

Figure 4,3 Steady state temperature distribution for pads 2 and 3
under constant experimental conditions and constant
metabolic rate at 300 Btu/hr (88 w).

Figure L.4 Steady state temperature distributien for pads 1, 2, and
3 ‘under constant experimental conditions and constant
metabolic rate at 900 Btu/hr (264 w).

Figure 4.5 Steady state temperature distribution for pads 2 and 3
under constant experimental conditions and constant
metabolic rate at 1800 Btu/hr (528 w).

Figure 4.6 Comparison of analysis with experimental results for
cooling pad No, 2. Metabolic rate 1800 Btu/hr (528 w).

Figure 4.7 Comparison of analysis with experimental results for
cooling pad No, 3. Metabolic rate 1800 Btu/hr (528 w).

Figure 4.8 Results of experiments 7 and 8.

Figure 4.9 Development of temperature profile on the skin for pad
No. 2 resulting from an increase in metabolic rate from
300 to 1800 Btu/hr (88 to 528 w).

Figure 4.10 Development of temperature profile on the skin for pad
No. 2 resulting from a decrease in metabolic rate from.
1800 to 300 Btu/hr (528 to 88 w).

Figure 4.11 Development of temperature-profile on the skin for pad
No. 3 resulting from an inecrease in metabolic rate from
300 to 1800 Btu/hr (88 to 528 w).

Figure 4,12 Development of temperature profile on the skin for pad
No. 3 resulting from a decrease in metabolic rate from
1800 to 300 Btu/hr (528 to 88 w).

Figure 4.13 Results of experiments 9 and 10.

Figure 4,14 Development of temperature profile on the skin for pad
No, 2 resulting from increases in metabolic rates from
300 to 900 Btu/hr (88 to 264 w) and from 900 to 1800
Btu/hr (264 to 528 wl.

Figure 4.15 Development of temperature profile on the skin for pad
No. 2 resulting from decreases in metabolic rates from
1800 to 900 Btu/hr (528 to 264 w) and from 900 to 300
Btu/hr (264 to 88 w).

B4'7<



Figure 4.16

Figure 4.17

ix

Development of temperature profile on the skin for pad
No. 3 resulting from increases in metabolic rates from
300 to 900 Btu/hr (88 to 264 w) and from 900 to 1800
Btu/hr (264 to 528 w).

Development of temperature profile on the skin for pad
No. 3 resulting from decreases in metabolic rates from
1800 to 900 Btu/hr (528 to 264 w) and from 900 to 300
Btu/hr (264 to 88 w).

348<



TABLE OF CONTENTS

NOMENCLATURE * = * * & # & s » ¢ = & & & & 2 +»

1. OINTRODUCTION * = = + * = = s+ o = + = s = »
1.1 BACKGROUND * = * = ¢ « o o o o & « &«
1.2 REVIEW OF RELATED STUDIES
1.3 SPECIFIC STATEMENT OF THE PROBLEM -+ -
1.4 SCOPE OF THE STUDY AND LIMITATIONS -

2, THEORETICAL ANALYSIS » = = « =« = & = &« ¢ &
2,1 THE BICTHERMAL MODEL WITH DEVELOPMENT

OF THE

GOVERNING PARTIAL DIFFERENTIAL EQUATION = = -

2.2 GEOMETRY, BOUNDARY AND INITIAL CONDITICNS

RIMENTS--o.......-.--.
OBJECTIVES"""""""

L]

EXPERIMENTAL PROCEDURE AND TEST SCHEDULES = -

EXPE

3.1

3.2 EXPERIMENTAL APPARATUS ¢ o ¢ ¢ o o

3.3

3.4 THE TEST SUBJECT = = * = = » = s o &«

3.5 RECORDED AND CALCULATED QUANTITIES -

L, RESULTS AND DISCUSSION * » + o » ¢ o o o
L} l GENERAL RESULTS L B L T T D Y R T R
4,2

AND MILD WORK = = + @ ¢ & & o s+ a o @

L L L] L

TEMPERATURE DISTRIBUTIONS FOR SITTING, STANDING

4.3 COMPARISON OF THE SURFACE TEMPERATURE TRANSIENTS

FOR THE THREE PADS* ¢ ¢ ¢ » o » & » »

4.4 COMPARISON CF THE STEADY STATE SURFACE TEMPERATURE

DISTRIBUTIONS FOR THE THREE PADS « -

4.5 COMPARISON CF THE EXPERIMENTAL STEADY STATE TEMPERATURE

DISTRIBUTION WITH ANALYTICAL RESULTS
4.6 TRESULTS OF TRANSIENT EXPERIMENTS + »

5. SUMMARY AND CONCLUSIONS = » * = ¢ o « o

REFERENCES"'l'l----ouoooo--

3a8<

Page

(1IN €4 BN SR S B

22
22
22
29
31
33

35
35

38

42

45

49
54

70

72



l. INTRODUCTION

1.1 BACKGROUND

There are many instances in which it may be desirable to regu-
late the micro-climate of an individual who is exposed to a thermally
hostile environment. One may consider, as examples, the necessity to
protect the fire fighter from high temperatures or the need to pro-
tect the deep sea diver from low temperatures, Both require some
sort of thermal assistancé to be able to perform efficiently in their
respective environments, In the case of space travel, the astronaut
must be protected from a hostile environment for reasons other than
strictly thermal ones. Here too, the thermal micro-climate of the
astronaut must be controlled in response primarily to his metabolic
heat generation rate, a variable which changes with his activity
level,

Several attempts have been made at solving the problem of
regulating the micro-climate of an individual. One method that has
been developed to regulate the thermal micro-climate of the human
body is to provide for removal or addition of heat by means of liquid
filled cooling or heating tubes in contact with the skin surface.
So-called thermal suits have been designed [1]% which consist of in-
dividual coecling pads. These cooling pads contact the skin surface
of the various major parts of the body, e.g., legs, arms and trunk.
Each individual cooling pad consists of tubes held in some geometric
pattern.

In general, it is not practical to provide an individual with

such a cooling or heating suit if, in doing so, his ability to

*Numbers in brackets refer to entries in REFERENCES.
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function efficiently is seriously hindered. Thefefore, for most
applications, the weight and size of the suit become critical fac-
tors. One of the design objectives then would be to minimize the
weight and bulk of the suit while maintaining an adequate cooling
capacity. When considering the parameters of weight and size as
variables governing the efficiency of a man wearing such a suit,
weight seems to be most significant. With respect to weight,
there will be some optimum combination of cooling tube size and
spacing that will provide an a&equate cooling or heating capacity.

To date little work has been done on the problem of defining
an optimum relationship between cooling capacity, tube size and
spacing. A potential contribution to the solution of this prob-
lem would be to develep an analytical model of human tissue in
contact with a network of cooling tubes, Such a model should fa-
cilitate the prediction of heat fluxes and temperature distri-
butions in the tissue, The validity of such a model could be
verified by experimental methods.

The purpose of this work was to obtain a solution for such
a medel [1] ana then to compare the calculated results with ex-

perimental data.

1.2 REVIEW OF RELATED STUDIES

For the past few decades studies have been conducted dealing
with the problem of analytical modeling of the human thermal sys-
tem and with the measurement of thermophysical properties of human
tissue. The results of some comprehensive work done in the area of
analytical modeling is presented in a report by Shitzer, Chato and

Hertig [1]. In their work, the authors develop the so-called
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biothermal model for various geometries.

Some experimental work has been done in an attempt to provide
a thermally controllable micro-climate for an individual. The con-
cept of a water cooled suit was first suggested in 1958 by Billing-
ham [2] and a prototype suit was constructed at the Royal Aircraft
Establishment in 1964 by Burton and Collier [3]. Their primary in-
terest was protection of crewmembers in hot environments such és
sunlit aircraft cockpits, but it was realized that practical personal
cooling would have many possible applications. In general, the suit
was thought of as a form-fitting heat exchanger in which water ab-
sorbed heat from the pilot's body as it passed through tubes over
the skin. The heat was then dissipated by an external heat sink.

By analogy with the circulation, the process is generally called con-
vective cooling [3] although other investigators refer to it as
"conductive cooling” [4,5].

A prototype water cooled garment (WCG) was built {3] of 40 PVC
tubes sewn to a suit of cotton underwear. Water was piped to the
ankles and wrists where manifolds distributed it to smaller tubes
which ran back over the limbs to the cutlet manifolds at the mid-
thorax. The head and neck were not cocled. Preliminary tests in-
dicated excellent thermal coupling between the skin and water stream
[3]. The suit was comfortable even when high heat loads necessi-
tated low water temperatures and despite the existence of wide dif-
ferences in skin temperatures when comparing sites directly be-
neath the cooling tubes with sites lying between the tubes [6,7].

Following a demonstration of the British WCG at Houston [3],

development of similar garments in the United States was undertaken
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for the National Aeronautics and Space Administration (NASA), [8,8].
A series of suits was designed with the distribution of tubing pro-
portional to body mass and with water flow from the extremities
toward the torso, Experiments demonstrated the practicality of the
WCG as a sole heat sink for men working at metabolic rates up to
2000 Btu/hr, which was the expected activity level rate for lunar

surface activity. Cooling virtually eliminated sweating, and for

any given work rate subjective comfort included a surprisingly
wide envelope of water flow and temperature combinations. Other
results showed that heat output rose sharply over working muscle
groups, e€.g., leg versus arm work [8], and that the interposition
of any material between skin and tubing caused significant re-
duction in cooling efficiency [9].

Direct comparison of air and water ccoeoling in pressure suits
showed the latter to be far more effective in reducing signs of
heat stress such as sweat rate and rectal temperature rise. Sub-
jective comfort was alsc much improved by the WCB. These findings
applied whether the heat stress was due to a hot environment [10,
11] or high work rates [12,13].

The Apollo water cooled garment is a system of clear plastic
tubes sewn inside a suit of stretch underwear with an added nylon
slip layer between tubing and skin [%4,5,9]1. Cooling is provided
for the torse and legs but excludes the head and neck. Water flows
through 40 tubes in a loop pattern which begins and ends in mani-
folds located at mid-torso. Flow rate is fixed at 237.6 lb/hr

(1.8 liters/min) with manual operation of a diverter valve to
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5
produce water inlet temperatures of u44,1°F (6.7°C), 59.9°F (15.5°C),

or 71.6°F (22°C). The external heat sink is located in the back

pack where water from a separate supply is sublimated to space. It is
designed to handle continuous loads of 1600 Btu/hr (469 w)} with peaks
to 2000 Btu/hr (586 w), Plans for lunar extra vehicular-activity (EVA)

have been tailored to this limit. Lunar surface activities on Apollo 11

and 12 averaged 800 to 1200 Btu/hr (234 to 352 w) [4]. In the case
of Apollo 14, actual levels of 2500 Btu/hr (720 w) were attained,
exceeding the design limit. The resulting heat storage caused noticea-

ble signs of heat strain and much discomfort [14].

At least one group of researchers [7] has considered the problem
of an optimum relationship between cocoling tube size and spacing. In
this study experiments were performed in which the tube spacing was con-
sidered as the only variable. The experimental work indicated that the
temperature differences on the skin were of the order of 8°F (L.45°C)

" with 1-in. spacing of 1/8-in. 0.D. cooling tubes and 3.5°F (1.94°C)
with 0.5-in. spacing of the same tubes. The temperature profile oﬁ
the skin was found to develop approximately three times as fast with the

closer spacing.

1.3 SPECIFIC STATEMENT OF THE PROBLEM
Consideration of the biothermal model of human tissue in con-
tact with a network of parallel cooling tubes [1] led to the follow-
ing three basic objectives of this study:
1. To obtain the solution of the biothermal model for the
steady state and transient cases in cylindrical coordinates.
2. To construct three different cooling pads and to perform

experiments with them., It is hoped that the results may be
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used to gain s@me insight into the wvalidity of the biothermal
model and its soclution, and
3. To compare experimental data for the three cooling pads,

each pad having a different combination of cooling tube size

and spacing,
The soluticn of the biothermal model should predict the temperature
profile on the skin surface between adjacent cooling tubes. The ob-
jective of the experimental scheme, then, was to construct a cooling
pad and to measure the temperature distribution between the tubes
corresponding to various activity levels. Three different cooling
pad configurations were tested, The corresponding measured results
were then compared to each other and related to the analytical pre-

dictions,

l.4 SCOPE OF THE STUDY AND LIMITATIONS

Experimental measurement of the temperature distribution be-
tween cooling tubes were limited to data taken on the skin surface
of the human thigh., Measurements were taken for three different cool-
ing pads at four metabolic activity levels. In general, the four
activity categories and associated metabolic rates were:

1. Standing, 300 Btu/hr (88 w);

2. Mild work, 600 Btu/hr (176 w);

3. Moderate work, 900 Btu/hr (264 w); and

4. Heavy work, 1800 Btu/hr (528 w).
The metabolic levels associated with mild, moderate and heavy work
were attained by the subject as he rode on a variable load bicycle

ergometer. During the individual experiments the transient temperature
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distribution was also measured as the subject's metabolic rate
changed from one level to another.

Since the experimental measurements of the temperature dis-
tribution was limited to the thigh only, the solution to the
biothermal model was obtained in cylindrical coordinates. En-
gineering judgment, as applied to thermal systems, suggested the
modeling of the leg as a cylinder of finite length. There were,
however, a number of assumptions and limitations to be considered
when modeling the human body. The thermophysical properties of
human tissue and their detailed relationship to the formulation

of the amalytical model will be discussed later.
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2. THEORETICAL ANALYSIS

2.1 THE BIOTHERMAL MODEL WITH DEVELOPMENT OF THE GOVERNING PARTIAL

DIFFERENTIAL EQUATION

The problem of developing an analytical expression to describe
the thermal behavior of living human tissue is indeed very compiex.
At this time, even the most basic of the mechanisms that govern
heat transfer in living tissue remain unexplained, i.e., the exact
nature of blood perfusion and metabolic heat generation rates have
yet to be described and measured in detail., The problem iIs fur-
ther complicated by the lack of accurate data on the thermophysical
properties of living tissue. Thus, several assumptions had to be
made before an analytical model could be developed.

1. The thermophysical properties of the tissue were assumed
to be constant in time and space and the tissue tc be homo-
geneous and isotropic.

2. The temperature of the blood leaving the tissue was as-
sumed to equal the temperature of the tissue,

3. The temperature of the blood flowing into the tissue was
assumed constant and equal to the temperature of the
artery.

4, Blood perfusion rates and metabolic heat generation rates
were assumed uniform and constant throughout the entire
layer of tissue [15].

The values assaciated with these rates were considered as average
values,

The storage, conduction and production of heat within the

tissue could be represented by well known expressions in heat

transfer, An additional term was needed to represent the heat



transported by the blood stream. It was assumed that the amount

of heat gained by the tissue due to blood perfusion was [1]
q, = W, (T, - T) (2.1)

Equation (2.1), when substituted into the heat equation, yields

the general form which describes the biothermal model:

aT
pe, 7 = KPT + woe (T-T)+q (2.2)

Equation (2.2) is a mathematical statement of the first law of
thermodynamics describing the "in vivo' relationship between the
various modes of heat transfer, storage, and production within
biclogical tissue. It was referred to as the "bio-heat" equation
L1]. Similar forms have been obtained by Pennes [16], Hertzman
[17], Wissler [18], Perl [19], Chato [20], Trezek [21] and Keller

and Seiler [22].

2.2 GEOMETRY, BOUNDARY AND INITIAL CONDITIONS
2,2.1 Geometry

The experimental phase of this study was concerned
with the removal of metabolic heat produced in the thigh muscles
as the human subject engaged in various levels of activity. The
experimental cooling pads have been designed such that the cool-
ing tubes were in direct contact with the skin surface. The cool-
ing pad was placed around the thigh with the axis of the tubes
perpendicular to the axis of the leg, as illustrated in Fig. 2.1,
Consequently, the geometry of the thigh was approximated by a circu-
lar cylinder,

The living tissue that composes the thigh can be divided into
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Skeletal
Muscle

Figure 2.1 Representative section of the cylindrical model
with the cooling tubes on the skin running per-
pendicular to the axis of the cylinder.
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three layers:

1. A skin layer composed of epidermis, dermis, and subcut-
aneous fat. The total thickness of these layers varies
from 1 to 6 mm [23]. In the model all excess metabolic
heat was assumed to be removed at the contact areas be-
tween the epidermis and cooling tubes,

2. A layer of skeletal muscle, and

3. An inner core layer consisting of bone and all the in-
ternal members. At steady state this layer was assumed
to be at a constant temperature,

for steady state conditions the first two layers were treated

separately [1], but for the transient cases it was assumed that
these layers could be approximated by a single, combined layer with

averaged properties,

2.2.2 Boundary and Initial Conditions

The temperature of the interface between the skeletal
muscle and the inner core was assumed constant and uniforﬁ and
equal to that of the inner core., At the skin surface, a heat flux
corresponding to the amount of heat removed by the cooling tubes
was assumed. No heat was considered to be removed from the remain-
ing areas of the skin which were not in contact with the cooling
tubes. A representation of the leg as a cylinder covered with
equally spaced cooling tubes running perpendicular to the axis of
the cylinder, Fig. 2.1, rendered the problem geometrically symmetri-
cal. Consequently, the lines of symmetry running through the tubes
and one-half the distance between the twc adjacent tubes could be
considered as adiabatic planes.

Gradients along the cooling tubes were assumed to be negligibly
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small when compared to those cccurring in a direction perpendicular

to the tubes. In mathematical terms

3 _
_¢__ 0 (2.3)

and the problem becomes two-dimensional in r and z.

The steady state temperature distribution in the tissue at a
given metabolic rate was assumed to be the initial conditiecn. for
the transient state. The geometry and asscciated boundary condi-
tions for this problem are shown in Fig. 2.2. In the analysis pre-
sented below, the skin and skeletal muscle were considered to. con-

stitute a combined region. The problem as formulated then becomes

198 13 ( ae) a%e
—e— === |r t—

-0+ Q, (2.4
oz

such that

Rl.i bl f_Rz, 0<z<a; t>0

with the boundary and initial conditions:

at
r=R , 0=0 (2.5)
at
f (z)
96 Tz
e " s 0 <2z <3a
r = > (2.86)
RE 29 =0 Ba < <
yelie s a z <a
at
z = Q . -%-2—:0 (2.7)
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oT _ _ f(2) 9T o
Ar ’/ K or
2 K/ > Z
Combined
Tissue
oT | o1 _
5z - a7V
Ro
* T=T%
Rl - a -
r Inner Core
-~ &
Figure 2.2 GCeometry and boundary conditions for the cylindrical

model with the cooling tubes on the skin running per-
pendicular to the axis of the cylinder. Skin layer
and skeletal muscle are considered as- a combined region.
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at
Z = oa ., %§-= & (2.8)
at
2 1
Q Yoq Gy BE, | Vool )
t<o, 6= 1 -5 - kw’ 5
Y Yoy (1 RyD 1 Yy, (R
w 1
o ¢ (g r)
P i O (2.9)
n=]1 E:lwlf)l(clRl)
where

(5 m) = 1,50 KGR - (L 1R K (g

i

kind, respectively, of order i.

Eq. (2.9) are defined by

(2.10).

I and Ki are the modified Bessel functions of the first and second

The other parameters appearing in

6 = T(r,2) - T} (2.11)
2 b1 %
Wi = ""-']Z""—""‘ (2.12)
% +‘Wb,'i cb(T - Tl)
%. = . (2,13}
Ba
- L
G g | R® (2.14)
0
;f =-wf + ki (2.15)
- T
A, o (2.16)
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(2.17)

win

k

2% £ (5)
Q f cos (A £) d§

n,i.

Q

The special function Lpikg(?;i v) was defined to simplify the mathe-
It is a combination of modi-

matical derivation of Eq. (2.8) [1].
fied Bessel functions of the first and second kinds which was found

to recur in the solution many times.
Soluticn to the above set of equations and boundary and initial

conditions was obtained by employing the technigue of separating

the variables to yield

2 1
Q W A{w 1) BE _ ¢ (w. )
T(I‘,Z,‘t) = Tl + _2 1 - o1 "2 _ 2, 2.-700 "2
2 2 kw 2
Y2 Yoy W Ry) z2 Y Gi,R)

= Otn ZW:)O(E2I‘)
- E Z cos (A =)

2 n
Y01 (5 R))

n=1l
a9, Q £ £
2 1 a, 2 a, 1.
» 2 Z + RO, (LR | —5— - —3
2m 2 El e2 1
+.___
k 2
n=1 on(unRz) ~ 4

. )%(unr') exp [—ou-:-zt]
uo (LR,)

o0 oo
+2“ZZ G, 2 %, 1.
2 2 2 2 2
€t J\m e, + )\m csn(unRz) -4

. X‘n(“nr) cos (Amz) exp {—a[é§:+ Aijt}
©(2.18)
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where
X, (vyr) = J (ur)Y (uR) - I R (r)  (2.19)

J° and Y oare the Bessel functions of the first and second kind,

respectively, of order zero,
o (W R, = w(W RIX (W R)) (2.20)

unﬁ are the roots of

JJ%&WJ%%)—JJ%gﬁg%Q)=D (2.21)
and
af - ui + wf (2.22)

The first fifteen elgenvalues, B, s were computed using Newton-Raphson's
method. Results are present in TABLE 2.l. As the ratio R.Z/R1 ap-
proaches unity (rectangular model)}, or as n increases, the eigenvalues
approach those of the rectangular model, u - [(2n - 1)7])/2b, as

is to be expected.

Numerical values of transient temperature distributions in the
tissue and on the skin surface were obtained with the aid of a digi-
tal computer.

Figures 2.3 and 2.4 show results cbtained for a cne~dimensicnal
model (uniform cooling of the skin). Step changes in activity level
were assumed from low (290 Btu/hr, 85 w) te high (2600 Btu/hr, 760

w) and reversed, respectively. The siubstanfial changes in the
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TO INNER RADII OF THE CYLINDRICAL MCDEL, Ry /R, .

TABLE 2.1

FIRST 15 ROQTS OF EQ, .{2.21) AS A FUNCTION OF THE RATIO OF THE. OUTER

VALUES, [(2n - 1)7/2b], AS Rl =+ o« AND R.Z/R1 + 1 (RECTANGULAR MCDEL)

THE RIGHTMOST. COLUMN. GIVES THE ASYMPTOTIC

R, /R, 2.46 1.73 1.37 1.24 1.19 1.15 1.60
R (£L) 0.05 0.10 0.20 0.30 0.40 0.50 a0
n .
1 17.827850 | 19.184982 | 20.156525 |. 20.550354 | 20,764221 | 20.838514 | 21..48830
2 63.293686 | 63.736526 | 64.037781 | 64.161377 | 64.229202 | 64.272369 | 64.46491
3 106.737122 |107.005951 |107.186890 |107.258667 |107.301025 |107.326599 |107.44152
oy 149.914780 |150.107346 |150.236740 |150.285004 |150.316583 |150,336288 |150.41813
s 193.003647 |193.153230 |193.2u4324 |193.295212 |193.316849 |193.331406 |193.39473
6 236.050980 |236.173935 |236.252670 | 236,29005% |236.304901 |286,319809 |236.37134
7 979.075439 |279.179932 |279.2u9756 |279.279053 {279.293457 |279,30u688 |279,34795
8 322.001553 |322.179932 |322.240234 | 322.263428 |322,278320 |322.287598 |322,32455
9 365.093094 |365.17358Y4 |365.227051 | 365. 244385 | 365,258789 [365.268799 |365,30116
1o 408.092285 |408.152588 |L408,201416 |408.232178 |L0B,241211 |408.249512 |408,27777
11 451.093018 |451.151367 |451,190430 |451,2131385 |451,250000 |451,229492 |451,25438
12 4oL, 078369 |u9k,135498 | 494, 175537 |404,193115 |494,200433 |LOL. 210205 |494,23098
13 537.066895 |537.121094 |537.157959 |537.171143 |537.180664 |537.189453 | 537.20759
14 580.050109 |580.104248 |580.11L4258 | 580,147217 | 580.1563982 |580.167480 |580.18420
15 623.040283 |623.073730 |623.105957 |623,132324 |623.138916 |623.145508 |623,16080
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Temperature distributions in the tissue for the one-
dimensional, cylindrical model. Step change is from
low (290 Btu/hr, 85 w) to high (2600 Btu/hr, 760 w)
activity level. Constant temperature of 99.7°F (37.7°C)
at the inner core, R = 0.15 ft (4.6 cm), A and b are
constant.
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Temperature distributions in the tissue for the one-
dimensional, cylindrical model, Step change is from
high (2600 Btu/hr, 760 w) to low (290 Btu/hr, 85 w)
activity level, Constant temperature of 99.7°F (37.7°C)
at the inner core, R1 = 0.15 ft (4.6 cm), A and b are
constant.
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temperature of the tissue were found to occur during the first 5 min-
utes from the onset of the change from low te high activity level.
When the change is reversed, substantial temperature variaticns.occur
during the first 25 minutes, approximately. The final steady state
temperature profile is attained after 25 (low tc high) and 80 (high.
to low) minutes. The ratic of these time constants was supported
by the experimental results.

In Fig. 2.5 temperature variations on the skin of the gylindri-
cal model are shown. Time constants associated with this two-dimensicnal
geometry were found to be identical to those obtained for one-dimensional

configurations .[1].-
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Figure 2.5 Temperature distributions on the skin surface for the
two-dimensional, cylindrical model. Step change is from
low (280 Btu/hr, 85 w) to high (2600 Btu/hr, 760 w)
activity level. 8 = 0.1, constant temperature of 99,7°F,
(37.7°C) at the inner core, R = 0.15 ft (4.6 cm), A and

b are constant.
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3. EXPERIMENTS

3.1 OBJECTIVES

The basic objective of the experimental phase of the study was
to measure the temperature distribution on the skin surface between
adjacent tubes of cooling pads placed around a human thigh. This
temperature distribution was measured during activity levels corre-
sponding to low, mild, moderate and high metabolic rates. Also,
the temperature distribution was monitored during the transient
periods between those activity levels. A secondary objective was
to evaluate the effect that varicus cooling tube sizes and spacings
have on the temperature distribution and the overall cooling ef-
ficiency. Three cooling pads with different tube size and spac-
ing were tested on a human subject while performing various experi-
mental activity schedules. Figure 3.1 is a schematic diagram of the
experimental setup showing the water supply, cooling pad and tempera-

ture measuring equipment.

3.2 EXPERIMENTAL APPARATUS

3.2.1 The Individual Pads

Three different cooling pads were built and tested.

These pads were specifically designed to fit over the right thigh of
the test subject. All three pads were constructed of a flexible,
elastic sheet of 1/8-in. gum rubber, Tygon tubes were affixed in a
parallel configuration to one side of the pads using Eastman Kodak
9l0 adhesive., The diameter and spacing of tubes were constant for
each individual pad, but varied from pad to pad, TABLE 3.1 gives

the pertinent data on the individual pads. Figure 3.2 shows a view
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Skin Temperatures and
Water Temperature Inside

the Tubing {
12 Point Speedomax W Tygon Cooling
Recarder Tutes

Thermocouples \ ¢ )/
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Thermally Insulated
Water Supply Tubing
Channel A )
Brush Recorder {::[ Thermopile
“Differential Temperature"
. Chﬁrénel Ed Thermocoupls
rush Recorder {
"Input Weter Temperaiure” ::[] = DI(?in’-
Needle
f Valve
Pressure Rotameter
Requlaior
Water
Supply

Figure 3.1(a) Schematic diagram of cooling pad and water supply system
with temperature measuring points indicated.

Cooling Tube

Thermecouples
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[ —]
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Cooling Tube
Gum Rubber Pad

Figure 3.1(h) Cross section A-A showing details of thermocouple

placement,
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TABLE 3.1

Data On the Individual Cooling Pads

Qutside . Number Total Area Approximate | Percent
. Spacing Contact of Area
Diameter of Rows Length Covered X .
of Tubes of Tubes of Tubes £ Tubes b Pad Area with in Contact
© y the ©Skin |[with Tubes
in. cm in. cm in. { cm in.? | cm? in.?2 | cm?
Pad No. 1 5/32 | 0.397 1 2,54 10 163 | 414 140 910 22,9 | 1u8 16.4
Pad No. 2 5/32 0.397 5/8 1.59 14 228 | 580 132 852 32.1 207 24,3
Pad No. 3 || 7/32 | 0.556 1 2.54 10 163 | 414 145 937 28.5 184 19,7

he
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View of
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one of the individual pads.
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of one of the individual cooling pads.

Number 30-gauge copper-constantan thermocouples were usad to
measure cooling water temperatures and skin temperatubes between
the two adjacent tubes. The thermocouples were equally spaced on
a 30 degree diagonal between adjacent cooling tubes. The thermo-
couples were alsc located such that they were pressed against the
skin surface to insure good thermal contact when the pad was
fastened to the thigh. Figure 3.2 illustrates one of the cooling
pads and thermocouples,

A Leeds and Northrup Speedomax W, l2-point potentiometer-
recorder was used for continuous monitoring and recording of the
temperature of the cooling water and the skip temperatures between
adjacent tubes. The water supply temperature and the difference
between the water outlet and inlet temperatures were continuously
recorded by a Brush Mark 280 recorder. Thermopiles consisting of
five copper-constantan thermocouples connected in series and a
Brush pre-amplifier were used to increase the sensitivity of the
reading of the differential water temperature for the pad. The
water supply lines leading to the pad were thermally insulated with

rubber tubing which provided an air-gap type of thermal barrier.

3.2.2 The Water Supply
The source for the water supply was the cold water line
in the léboratory. Before each experiment the cold water was run
continucusly until an equilibrium temperature was reached and the in-
let water temperature became constant at 54,.5°F (12.5°C}, Figure 3.1 shows

the water supply system along with the instrumentation used to record
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the experimental data.

The flow rate was maintained constant by a pressure regulator
and controlled by a needle valve. The flow rate was measured by a
Fischer and Porter Rotameter. All flow rates were maintained con-

stant at 40.5 1lb/hr (1B8.4% kg/hr).

3.2.3 The Metabelic Measurements

For metabolic measurements, expired air samples were
taken with a collecting apparatus and stored in metalized Douglas
bags [24]. These bags were placed inside a sealed Plexiglas cham-
ber whose pressure was maintained at -5 mm Hg. [25]. Air was in-
haled and exhaled through a mouth piece while the nostrils were
blocked with a noseclip., Two sets of one-way rubber flap valves
insured separation of the two streams., The expired air was di-
rected through a l-in., I.D. rubber hose inte a mixing chamber.
OCne minute sampling was achieved by opening a one~way stopcock
valve thus exposing a previcusly evacuated metalized bag to the ex-
haled air., The vacuum in the Plexiglas chamber facilitated the
filling of the Douglas bags as positive exhaled air pressure existed
at the inlet to the bag, and negative chamber pressure surrounded
the bag structure.

Air volumetric flow rates were measured by means of a Parkin-
son-Cowan dry gas meter. Inlet and outlet air temperatures were
measured by a Yellow Springs Instrument, Co. Tele-Thermometer and
two No. 401 interchangeable, multipurpocse thermistofs. Figure 3.3
shows the system used to collect air samples,

Once collected in the individual Douglas bags, the air samples

were analyzed for COQ and O2 content. A Godart-Miinhardt CO2 thermal-
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Figure 3.3 A view of the Tele-Thermometer and system for
collecting samples for determining metabolic rates.
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conductivity meter, Pulmo Analysor Type 44-A-2 and a Beckman Para-

magnetic 0, analyzer, Model C2 were used, The results of this analy-

2
sis were combined with other data to calculate the metabolic heat
generation rate of the subject [26] which is a measure of the energy
expenditure. Various levels of energy expenditure were obtained by

the subject pedallinga Monark bicycle ergometer at a constant pre-

set speed and load.

3.3 EXPERIMENTAL PROCEDURE AND TEST SCHEDULES

At the beginning of each experiment the amblient temperature,
pressure and humidity were recorded. The test subject was weighed
and his blood pressure and oral temperature were recorded. ‘During
the experiments the test subject wore a sweat shirt, track shorts
and tennis shoes. The ear canal temperature was continuously moni-
tored and recorded throughout the duration of the experiment. At
the end of the experiment the subject's weight, blood pressure and
oral temperature were again measured and recorded.

Figure 3.4 shows the work programs for the experiments. In ex-
periments 1, 2, and 3 the temperature distribution on the skin sur-
face was measured using pad No. 2. Temperature distributions were
recorded for these experiments corresponding to activity levels of
sitting, standing and mild work, respectively.

Experiments 4, 5, and 6 were conducted using pads No. 1, 2,
and 3, respectively. In these experiments the steady state tempera-
ture distribution was recorded for a moderate work activity level
of 900 Btu/hr (264 w). In experiments 4, 5, and 6 the work load,

inlet water temperature and flow rate were maintained at an equal
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Figure 3.4% Work program for each experiment.
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level and held constant for each experiment,

In experiments 7 and 8, cooling pads No. 2 and 3 were used to
measure the course of change of the skin temperature distribution
resulting from a change in activity level. The temperature distri-
bution was recorded for a change from a steady state level at 300
Btu/hr (88 w) to an elevated level at 1800 Btu/hr (528 w). The
change in activity levels during experiments B8, 9 and 10 was
achieved by varying the load on the bicyle ergometer. Figure 3.5
shows the tesf subject pedaling the bicycle ergometer. The test
subject continued work at the 1800 Btu/hr (528 w) level until a
steady state skin temperature was achieved. At this point the
subject stopped working and the resulting transient temperature
profile was monitored as he returned to the 300 Btu/hr (88 w)
level,

Experiments 9 and 10 were also run with pads No. 2 and 3,
Here a similar approach was taken: The temperature distribution
was monitored for changes from 300 Btu/hr (88 w) to 900 Btu/hr
(264 w) and from 900 Btu/hr (264 w) to 1800 Btu/hr (528 w). The
skin temperature profile was recorded again as the test subject

decreased activity from 1800 to 900 Btu/hr and finally from $00 to

300 Btu/hr (528, 264, and 88 w, respectively]}.

3.4 THE TEST SUBJECT
The test subject was a caucasian male student of the University
of Illinois at Urbana-Champaign. The subject was in excellent physi-

cal condition. TABLE 3.2 illustrates his personal characteristics.
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i

b

Figure 3.5 General view of the set-up used for the experiments
with the individual cooling pads. A test subject

b is shown pedalling the bicycle ergometer.
'™
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TABLE 3,2 CHARACTERISTICS OF SUBJECT TEK

Subject

TEK

;==== e e —

Height Weight Surface Area
cm in. kg. 1b. m? fr?

Age

19 l8g 4.5 79.7 |175,5 1 2.02 21.7

3.5 RECORDED AND CALCULATED QUANTITIES

3.5,

1 Recorded Quantities

During the course of the experiments the following quanti-

ties were recorded using the corresponding instrumentation:

L.

4,

Temperature distribution on the skin surface between adjacent
tubes was measured with No. 30 copper-constantan thermo-
couples with ice water reference junction and a Leeds and
Northrup Speedomax W Potentiometer Recorder.

Differential temperature measurement for cocoling pad

(T

inlet—T;utlet) was made by thermopiles constructed of five

copper-constantan thermocouples in series mounted in special
plexiglas connectors and a Brush Mark 280 strip chart recorder
with high senstivity Brush Pre-Amplifier.

Inlet water supply temperature was taken with one copper-
constantan thermocouple with ice reference junction angd a
Brush Mark 280 strip chart recorder with a high sensitivity
Brush Pre-Amplifier.

Ear canal temperature was measured with an ear thermistor
No. 510 and Yellow Springs Instrument Co. Tele-Thermometer
with a Brush Mark 220 recorder.

Flow rate was measured with a Fischer-Porter No. 48 Rota-
meter type flow meter. |

Expired air flow rate was measured with a Parkinson-Cowan

I8L<
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dry gas meter. This flow was measured and collected con-
tinuously during transient conditions and periodically dur-
ing steady state conditions,

7. Oxygen content in expired air was obtained by a Beckman
Paramagnetic O2 analyzer, model C2.

8. 002 content in expired air was analyzed with a Godart-

Mijnhardt CO, thermal conductivity type pulmo analyzer.

3.5.,2 Calculated Quantities

1. Total metabolic rate was calculated from the volumetric flow
rate of the expired air and the oxygen and CO2 content ob-
tained from the analysis of this air. The caloric value of
oxygen was assumed at 5.0 Kecal/lit [27]. This value, al-
though slightly high, was confirmed by Shitzer, et al., [1] with
respiratory quotients found in their experiments. Maximum
deviation from the actual caloric value was assumed to be
at about 4 percent.

2. The rate of heat removed by each pad was taken as the-prod-
uct of the difference between inlet and outlet temperatures
and the coolant flow rate. The specific heat of water was
agssumed at 1 Btu/1b-°F or 1 Keal/kg-°C.

3. Tor the determination of the rate of heat loss by respir-
ation; flow rate, temperature and enthalpy of expired air,

assuming it to be saturated, were used,
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4, RESULTS AND DISCUSSION

4.1 GENERAL RESULTS

The equipment functioned well throughout the research and the
test subject, although overstressed in experiments 9 and 10,
was able to complete a2ll of the pre-designed test scheduies. TAELE
4,1 outlines the experimental data pertaining to the test subject,
the environmental conditions, and each of the variations in the ten
experiments, As TABLE 4.1 indicates, the experiments were performed
in an environment with the following average conditions:

Pressure 29,35 Hg.

Relative humidity 42 percent

Temperature 71.5°F
Throughodt the duration of the ten experiments (approximately six
weeks) the test subject maintained an average weight of 176 1b (79.9 kg)
although a weight reduction of 1.5 to 3 pounds (0.68 to 1.36 kg)
were observed during each of the ten experiments due to loss of
body fluid. The test subject's blood pressure and oral temperature
remained normal before and after each of the experiments,

The test subject's thigh was cocled with a constant flow (40.5
lb/hr, 18.4 kg/hr) of water at 54.5°F (12.5°C) during all experiments.
TABLE 4.2 shows the performance of each test pad for the various experi-
mental ccnditicons. The test subject's metabolic rate shown is the
maximum steady state work lecad that was achieved for each of the
experiments. The heat removed Ly the cooling pad given in the takle
corresponds to the maximum heat removed from the thigh at the highest
steady state work lecad. The steady state condition was assumed to

exist when the temperature profile on the skin surface between the

384<
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(Water flow rates and inlet temperatures were identical for all experiments at 40.5 lb/hr and 54.5°F (12.5°C))

TABLE 4,1

Experimental Conditions and Measured Data

Experiment | Pad Weight, 1b Blood Pressure|Oral Temp, °F Pressupe ReiatiVe Temperature
No. No. | Before| After | Before| After |Before | After in. Hg. | Humidity oF
1 2 176.83}175.25 | 120/80|120/80 |98.5 97.86 29.38 H2 72
2 2 177.66|177.52 | 120/80]120/90 }98.2 9B. 4 29.32 4l 72
3 2 176.40)1175.60 | 125/80|125/80 |98.4 98.2 29.38 43 71
4 1 |179,68|177.34 | 120/65]120/90 |97.6 98.0 29.32 40 73
5 2 178.36(176.60 | 120/80{120/80 {97.8 98.2 29.30 41 72
6 3 176.06|175.12 | 120/80]1120/80 |97.8 98.4 29,50 43 73
7 2 175.71|174.12 | 115/60]120/70 {97.7 98.6 29.52 40 72
8 3 176.54§174,09 | 120/80|120/80 |97.6 88,2 29.44 42 70
9 2 173.36[170.39 | 110/80|120/80 |98.3 98.5 29,30 43 73
10 3 175.921172.50 { 110/80|110/80 |98.4 98.0 29.41 L3 72

9¢



TABLE 4,2

Heat Removed by Cooling Pads During Maximum Steady State Metabolic Rates

Maximum Steady State Heat Removed by Percent of Total
Experiment Pad Total Metabolic Rate of Pad During Steady
. Removed by Pad
Subject State
Btu/hr W Btu/hr W
1 2 200 59 -—% ® -— &
2 2 320 oL 148 Ly LE%R®
3 2 600 176 183 Sl 30
4 1 900 264 185 5h 20
5 2 900 264 190 56 21
6 3 900 264 208 61 23
7 2 1800 528 2390 85 16
8 3 1800 528 300 88 17
9 2 1800 528 290 85 16
10 3 1800 528 300 a8 17

*Steady state temperature profile was not attained.

#*Questicnable value.

LE
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cooling tubes was fully developed and did not change as a function

of time.

4.2 TEMPERATURE DISTRIBUTIONS FOR SITTING, STANDING AND MILD WORK

Cooling pad No. 2 was used for experiments 1, 2, and 3. The
objective of these experiments was to investigate the nature of the
human thigh's response to cooling by a pad with a constant
‘water temperature and flow rate but for three activity levels.
Figure #.,1 illustrates the results of experiments 1, 2, and 3. For
each experiment there is one set of data consisting of two
lines. These approximately parallel lines represent the highest and
lowest temperatures which occured on the skin surface between two
adjacent cooling tubes. The higher temperature line represents a
point on the skin surface equidistant between the cooling tubes, and
the lower temperature line represents a point on the skin surface im-
mediately adjacent to the cooling tube., The difference betwsen the
input water temperature and the temperature of the water that leaves
the pad is also plotted.

TABLE 4.3 summarizes the information which is presented in Fig.
4.1. As illustrated, a steady state condition was never achieved
in experiment Neo. 1. After three hours the temperature on the skin
surface of the thigh was still decreasing at a fairly steady rate of
1.35°F (0.75°C) per hour. The metabolic rate of the sitting test
subject remained constant at 200 Btu/hr (59 w). It should be noted
that this measured value of 200 Btu/hr (59 w)} is about 75 to 100
Btu/hr below average for a sitting individual.

In experiment No. 2 all of the experimental parameters remained

387 <
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Figure 4.1 Resulis of experiments 1, 2, and 3 using cooling pad No. 2

with constant experimental conditions and varying work load.
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TABLE 4,3

Summary of the Results of Experiments 1, 2, and 3 with Pad No. 2

Highest Metabolic Rate | Approximate Time lefere?ce Be- Tgmperature Heat Re-
. . tween Highest Rise Across moved by
Experiment | Reached by Subject to Reach Steady dL t Tem- | Pad.Tiw-T Pad at
Number During Steady State State Temperature | -l “OWEST ~em acy'in- tout a
Conditions Profile. min peratures at at Steady Steady
: : Steady State State State
Btu/hr W °F eC oF °C | Btu/hr| w
1 200% 59 >180 ——— —— ] - - ] —m- -
2 320 LR 130 340 1.89 3.6 2,00 | 142 Y3
3 600 176 _L a0 4.50 2.50 4.7 2.81 185 54

*Steady state profile was not attained.

#%Questionable value,

Ot
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the same as in experiment No. 1 with the exception of the test
subject's metabolic rate.The standing position was employed and
the resulting metabolic rate was 320 Btu/hr (84 w), 120 Btu/hr
(35 w) higher than in the case of sitting. This time the tempera-
ture distribution on the surface of the thigh did reach a steady
state in approximately 130 minutes., During the steady stéte con-
dition a maximum temperature difference of 3.4°F (1.9°C) was ob-
served on the skin surface. At the same time a total temperature
rise of 3.6°F (2.0°C) was recorded for the water supply. At a
work load of 320 Btu/hr (94 w) this temperature difference corre-
sponded to a heat removal rate of 142 Btu/hr (41 w).

An assumption was made that a mild work activity level would
correspond to twice the metabolic rate of standing., This mild
work was simulated by anlactivity level of 600 Btu/hr (175 w).
During experiment No. 3 the test subject reached a steady state
temperature distribution in 90 minutes while working at 600 Btu/hr
(176 w). The maximum temperature difference on the skin surface
during steady state was 4.5°F (2.5°C). At steady state the heat
removed from the thigh by the cooling pad was 185 Btu/hr (54 w)
corresponding to a water temperature rise of 4.7°F (2.8°C)., It
should be noted that the highest temperature recorded between ad-
jacent tubes rose from 67.1°F (19.5°C) at 320 Btu/hr (94 w) in ex-
periment No., 2 to 74.3°F (23.5°C) at 600 Btu/hr (176 w) in
experiment No, 3.

At the beginning of experiments 1, 2, and 3 the cooling pad
was strapped on the subject's thigh while cooling water was flow-
ing through the pad. In later experiments the pad was placed on

the thigh and the subject was then allowed to rest for 30 minutes.
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During this time the thigh came to equilibrium with no flow in the cool-
ing pad. Cooling fluid was introduced only after the thigh had reached
a steady state without cooling, This procedure was instituted in order
to gain some additional insight as to the course of change of the skin
temperature on the surface of the thigh during the onset of cooling.
4.3 COMPARISON OF THE SURFACE TEMPLERATURE TRANSIENTS FOR THE

THREE PADS '

During experiments 4, 5, and b, coecling pads 1, 2, and 3 were
tested, respectively. During each of these experiments the inlet
water temperature was maintained constant at 54,5°F (12.5°C); the
flow rate was maintained constant at 46.5 1lb/hr (18.4kg/hr) and
the activity lewvel of the test subject was monitored and regulated
at 8900 Btu/hr (264 w).

Figure 4.2 illustrates the result of experiments %, 5, and 6
and theseAresults are also summarized in TARBLE 4.4. As is shown,
the cooling pad was placed on the test subject at t = 0. He was
allowed to rest for the first 30 minutes after which the cooling
fluid was introduced, The temperature profile on the skin surface
decreased afterward. The transient times to reach steady state were
90 minutes for pad No. 2 and 100 minutes for pads No. 1 and 3. It
is interesting to note that at steady state the temperature distri-
butions for pads No, 1 and 3 almest coincide while the temperature
profile fof pad No. 2 is neoticably lower by about 3.5°F (2°C). This
observation can be accounted for by the fact that pad No. 2 has a
higher cooling tube density than pads No. 1 and 3. This high tube

density i1s also veflected in a skin temperature differential of
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Figure 4.2 Results of experiments U4, 5, and 6 with constant experimental
conditicns and constant metabelic rate 900 Btu/hr (264 w).
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TABLE 4.4

Results of Experiments 4, 5, and 6 with Constant Metabolic Rate of 900 Btu/hr (257 w) Using Pads 1, 2, and 3

Highest Meta- Time to Highest Lowest
. bolic Rate at Develop Skin Skin L AT Heat Removed
| Steady State Steady State Temperature | Temperature Pad by Pad
! 1 Temperature
Experiment | Pad | Btu/hr| w Profile, min. °F ec °F ocC °r eC oF oC Btu/hr| w
4 1 900 264 100 78.1 1 25,6 70.61( 21.4% |10.2 | 5,67 | 4,5 § 2.5 185 54
5 2 00 264 90 72.3 | 22.4 | 68.7 20,4 | 6.5 3.6 4.7 | 2.6 190 56
6 3 300 264 100 77.7 | 25.4 71.9 22,2 110.3 | 5,7 4,951 2.75 208 Bl

th
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only 3.6°F (2°C) for pad No. 2 while the differences between the high
and low skin temperatures for pads No. 1 and 3 are 5.67°F (3.15°C)
and 5.76°F (3.2°C), respectively. Consequently, while pad No.
2 provided a lower skin temperature in general, it also previded a
more uniform skin temperature profile between the tubes. With a weork
load of 900 Btu/hr (264 w), pad No. 3 removed the highest amount of
heat; i.e., 208 Btu/hr (61l w) corresponding to a coeling fluid tem-
perature difference of 4.95°F (2.75°C).
L,4 COMPARISON OF THE STEADY STATE SKIN SURFACE TEMPERATURE DISTRI-

BUTIONS FOR THE THREE PADS

Steady state temperature distributions on the skin correspond-
ing té‘adtivit§ levels ofISOG Btu/hr (88 w), 900 Btu/hr (264 w), and
1800 Btu/hr (528 w) are shown in Figs. 4.3, 4.4, and 4.5, respectively,
The results for pad No. 1 are shown in Fig. 4.4 alone Since this pad
was used during experiment No. 4 only (mild work, 900 Btu/hr, TABLE
4.2),

A1l profiles shown in these figures resemble bell-shaped curves.
The same gualitative results have been obtalned by Chate and co-workers
[7]. In general, the profiles obtained from pad No. 2 were the flat-
test and also lowest in temperatures. These results are due to the
higher tube density of pad No, 2 as compared to the other two pads.

Temperatures immediately underneath the cooling tubes could not
be accurately obtained with the present measuring technique. Thus,
only measured skin temperatures in the region not in contact with

the cooling tubes, i.e., B < z/a < (2 - B), are shown in Figs. 4.3,

w34<



>86E

70

Temperature, °F
M
@)

60

22

N
O

Temperature, °C
-
Q

16

| ! | ! |
| .A.—-A"ﬁ'\A.A
“~

i Pad 3, B=0.175
— Yig AN

Lt AN

-’ R
i o ~
_:--"

/O-Pad 2, B=0.225 \%

~

Pad No.2 <©—2 20 Q%O.D.Tubes,%"Spocing

. PadNo.3 © 0o 0 312"O.D. Tubes, 1" Spacing
| I | l | | | | ]

S

. |

O Q.2 04 06 08
Distance Between Tubes, z/a

Figure 4.3 Steady state temperature distribution for pads 2 and 3
under constant experimental conditions and constant
metabolic rate at 300 Btu/hr (88 w).

10

9%



(°F)

Temperature

SOF

-4
n

65

47

28 T , T 1 | 1 | I
26— -
) \ .
S | wFed1, 8014
(3] " \.
= : \
2 : Pad 3, B=0.175 \ ]
o ; OO \
= / ,0/ ..0‘\ \
E} 22 P ‘o” “v. A -1
7 7 Pad 2, B=0.225 \,
= ,', -~ b\ N —
” P /d \\\ \-\.
201" Pad No.1 &—=a—a 20D, Tubes, 1" Spacing
| Pad No.2 <@—o-a o 5 0D. Tubes, 2 Spacing
Pad No.3 ©—0 0o Z0D. Tubes,l"Spacing
] | L i L | ! | I
180 0.2 04 0.6 0.8 10

Distance Between Tubes, z/a

Figure 4,4 Steady state temperature distribution for pads 1, 2,

and 3 under constant experimental conditions and
constant metabolic rate at 900 Btu/hr (264 w),



Temperature, °F

85

@
o

-J
(&)

70

Temperature, °C

30

28

Mo
(o))

Y]
N

22

20

48

ERAP==Y
/{ Pad 3, {3=0.175
-/ A
] \
./ TN \

Pad 2, B=0.225

Pad No.2 <2—0-—0 2 %IO.D.Tubes,—g Spacing

" PadNo.3 © 0 0 0D Tubes, 1" Spacing
| | | | | | 1 I |

0 0.2 Q4 06 08
Distance Between Tubes, z/a

Figure 4.5 Steady state temperature distribution for pads 2 and 3

under constant experimental conditions and constant
metabolic rate at 1800 Btu/hr (528 w).

387 <

10



43

L.4, and 4.5. The profiles in these figures were extrapolated into

the areas covered by the ceoling strips, toc. The extrapolated values.

could not be verified and should be treated as estimates only.

4.5 COMPARISON OF THE STEADY STATE SURFACE TEMPERATURE DISTRIBUTIONS
WITH ANALYTICAL RESULTS
Analyéical expressions for the steady state temperature distri-

bution on the skin surface between adjacent cooling tubes for the

tissue modeled as a rectangular slab or a cylindrical shell are given

in Ref. [1] by Egs. (5.1) and (E.2) (with r = Rz), respectively.

Following is a list of parameters appearing in those eguations that

affect the temperature distribution:
(1) Temperature of the inner core and the arterial blood,levTa,
(2) Specific heat of blood, ¢, ,

(3) Thermal conductivity of the tissue, k,

(4) Ratioc of coeling tube width to ceooling tube spacing, B,

(5) Cooling tube spacing, 2a,

(6) Average heat flux at skin surface, f;,

(7) HNumber of terms used in the series computation, n,

(8) Depth of tissue, b,

(9} Shape of the flux function, f(z),

(10) Average rate of heat generated per unit volume of tissue,
Qs

(11) Average blood perfusion rate pef unit volume of tissue,
W and, in the ¢ylindrical model only due to the additicnal

degree of freedom, .

(12) Radius of cylindrical shell, R or R,.
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The first eight of these parameters and the radius of the ecylin-

drical shell could either be measured or estimated with a fair degree
of accuracy. The remaining three, i.e., f(z), q_, and w_, were not
measured In the present work and were left to be estimated by the
method of fitting theoretical curves to the experimental data. Curve
fitting was done with the aid of a digital computer. Equations (5.1)
and (E.2) of Ref. [1] were programmed and temperature profiles were
computed for various cembinations of the above three pafameters.
The computer output was then analyzed to determine that combination
of ‘parameters which yielded curves fitting closest with the experi-
mental data. Simultaneously, the parameters and the corresponding
temperature profiles were checked against the following criteria:

(1) The lowest temperature on the skin (immediately underneath.
the cocling tube) should not be below the temperature of
the cooling water; in all experiments coolant temperature
was . maintained at 54.5°F (12.5°C).

(2) Blood perfusion and heat generation rates per unit volume
of tissue should not exceed values found in the literature.

(3} Only temperatures measured on the skin away from the cool-
ing tubes were considered for the cemparison.

In addition, the follewing two assumptions were made:

(1} An estimated 25 to 30 Btu/hr (7.3 to 8.7 w) of the total
heat removed by the cooling pads were gained from the en-

vironment.
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(2) Scme heat was removed through the alr gap along the areas
not -in contact with the cooling tubes. A parameter, N,
denoting the ratio of heat fluxes at the uncontacted to
that at the contacted areas was introduced. This ratio
was usually assumed at about 10 percent.

A large number of combinations of the above parameters over a
wide range were considered. Results for pads Ne. 2 and 3 at the high
metabolic rate of 1800 Btu/hr (528 w) are shown in Figs, 4.6 and 4.7,
respectively. In these figures comparison is made between the experi-
mental results and both the cylindrical and rectangular models. The
agreement between experimental and theoretical results is quite good,
particularly for pad No. 2, Also, as can be observed, no significant
differences exist between the cylindrical and rectangular models.

It should, however, be noted that the curves presented in Figs. 4.6
and 4.7 are not unique; nor are the parameters that yielded those
curves to be regarded as. representing the true physiological values,
The only objective that we had in mind while attempting the fitting
of analytical curves to measured data was to explore whether a rea-
sonable correspondence could be obtained. Anything beyond this spe-
cific objective is not implied, Improved techniques for measuring
the unknown parameters and skin temperatures are required to render
the comparison between measured and analytically predicted results

more meaningful.
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4.6 RESULTS OF TRANSIENT EXPERIMENTS

In experiments 7 and 8 the transient response due to a large
and sudden increase in metabolic rate was studied. As shown in
Fig. 4.8, the test subject stood for about three hours in order to
reach a steady state temperature distribution on the skin surface.
With the flow rate and input water temperature held constant, the
metabolic heat generation rate was then raised from 300 Btu/hr
(88 w) to 1800 Btu/hr (528 w). As can be seen, the transition in
metabolic rate from low to high activity level cccurred in about
five minutes. The test subiect maintained the 1800 Btu/hr (528 w)
activity level for 90 minutes. At this time he was allowed to rest
and his metabolic rate returned to 300 Btu/hr (88 w) in about ten
minutes.

The transient response of the skin surface temperature profile
corresponding to sudden change in the total metabolic rate was re-
corded for pads No. 2 and 3 in experiments 7 and 8, respectively,
Figures 4.% and 4.10 show the results of experiment 7. Figure 4.9
shows the course of change of the temperature profile on the skin
surface between adjacent cooling tubes. The lowest curve at t = 0
represents the fully developed temperature profile at 300 Btu/hr
(88 w) and the highest curve at t = 40 min represents the fully de-
veloped profile corresponding to an activity level of 1800 Btu/hr
(528 w}., The curves at t = 10 min and t = 20 min are plotted at the
intermediate stages and show the nature of the development of the

temperature profile.
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Figure 4.10 shows the course of change of the temperature profile
as it changed with a decrease in metabolic rate from 1800 Btu/hr
(528 w) to 300 Btu/hr (88 w). In this case the highest curve at t = O
represents the fully developed temperature profile at 1800 Btu/hr
{528 w). The lower curve at t = 120 represents the temperature pro-
file at steady state corresponding to a metabolic activity rate of
300 Btu/hr (88 w). The intermediate wvalues at t = 20, L0, 60 and 80
.minutes show the nature of the development of the lower temperature
profile,

In the case of the increasing metabolic rate the temperature
distribution reaches a steady state in 40 minutes for pad No. 2.
However, a decrease in the total metabolic rate over the same range
results in a transient time of 120 minutes to reach steady state for
the same pad. Thus, it takes about three times as long to reach steady
state when changing from a high to a low metabolic rate as compared
to changing from a lower to a higher rate for pad No., 2.

The results of experiment 8 (using pad No. 3) are shown in
Figs. 4.11 and 4.12. 1In these figures the same scheme was used to
present the data as in Figs. 4.9 and 4.10, Figure &4.11 represents
the change in the temperature profile for an increasing metabolic
rate and Fig. 4,12 represents the change for a decreasing metabolic
rate. Again, the metabolic rates ranged from 300 Btu/hr (88 w)
at the low end to 1800 Btu/hr (528 w) at the high end. TABLE 4,5
summarizes the results of experiments 7 and B8 and can he used to
compare the performance of pads No. 2 and 3.

The temperature profile develops slightly faster for pad No. 2

at 40 minutes as compared with a time of 60 minutes for pad No, 3
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TABLE 4.5

Results of Experiments 7 and 8

(Flow rate and water temperature remained constant)

Change in Change in Time to Reach
Experiment | Pad | Metabolic Rate | Metabolic Rate | Steady State
Btu/hr W Profile, Min.,
7 2 300 -+ 1800 88 -~ 528 40
8 3 300 - 1800 88 - 528 60
7 2 1800 -+ 300 528 -+ 88 120
8 3 1800 + 300 528 + 88 120

for an increasing metabolic rate. The time for the temperature
profile development was equal for both pads in the case of a de-
creasing metabelic rate., Comparison of Figs. 4.9 and 4.1l re-
veals that the temperature profile is both lower and flatter for
pad No, 2 as compared with pad No. 3., Alsc, the profile was shifted
about 12,5°F (7°C) for pad No. 2 compared with a 169F (9°C) shift forp
pad No. 3, for the case of increasing and decreasing metabolic
rates.

In general then, pad No. 2 provided a lower, more uniform
temperature distribution., This temperature distribution also
proved to be more stable and did not shift as much as in the case
of pad No. 3 under identical conditions of change. This prchbably
is the major factor in accounting for a smaller time constant for
pad No. 2 as compared with pad No. 3.

The results for experiments 9 and 10 are shown in Fig. 4.13.

As 1llustrated in Fig. 5,13, the skin temperatures were monitored
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for pads No, 2 and 3 for several transient metabolic conditions.
The transient intervals analyzed were. as follows: increasing meta-
bolic rates for pads No. 2 and 3 from:

1. 300 Btu/hr (88 w) to 900 Btu/hr (264 w),

2, 900 Btu/hr (264 w) to 1800 Btu/hr (528 w)
and reversed sequence of decreasing metabolic rates for pads No. 2
and 3 from

3. 1800 Btu/hr (528 w) to 900 Btu/hr (264 w)

4, 900 Btu/hr (264 w) to 300 Btu/hr (88 w).

Again, it can be noted that the test subject required very little
time to reach a steady metabolic rate for each new activity. This
fact supports the initial assumption that changes in metabolic .rates
can be regarded as step functions as compared to changes in tempera-
ture,

There are relatively short duration increases in temperature
occurring at the beginning of some of the work loads, particularly
after a reduction in metabolie rate. The vapidity of this change .
indicates a physiological response of some kind, such as a sudden
reduction in blood flow,

Figure 4.14 shows the course of change for the temperature pro-
file reacting to changes from low to moderate and tc high metabolic
activity levels for pad No. 2, Figure 4.15 shows the nature of the
temperature distributions as the metabolic rate decreases from high

to low.
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The results of experiment 10 are shown in Figs., 4.16 and H.17.
In this case pad No. 3 was tested and the temperature-distributions
were measured in accordance with changes in metabolic activity.from
low to high and from high to low. The results of experiments S and
10 are presented in summary form in TABLE 4.6. It can be seen that.
both pads Ne. 2 and 3 required a time of 80 minutes to reach a steady
state temperature distribution in accordance with an increase in meta-
bolic activity ‘from 30C to 900 Btu/hr (88 w to 264 w). Similarly,
pads No. 2 and 3 also required an additional time of sixty minutes
to reach steady state with an increase in metabolic rate from 200

Btu/hr to 1800 Btu/hr (264 w to 528 w).

TABLE U.6
Results of Experiments 9 and 10

(Flow rates and input water temperatures held constant)

Change in Change in Time To Reach

Metabolic Rate Metabolic Rate Steady State

Experiment | Pad Btu/hr W Profile, min.
9 2 300 -+ 3900 88 -+ 264 | 80
10 3 300 -+ 300 88 = 264 80
9 2 900 -+ 1800 264 -+ 528 60
10 3 900 - 1800 264 =+ 528 60
9 2 1800 + 200 528 = 264 Lo
10 3 i800 = 900 528 = 264 BO
9 2 g00 - 300 264 + 88 80
1¢ 3 800 -~ 300 264 - 88 60
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In response to a decrease in metabolic activity, it was noted
that pad No. 3 required 80 minutes to reach steady state, whereas
pad No. 2 required only 40 minutes to reach the same level.

For the transition from 900 Btu/hr (264 w) to 300 Btu/hr (88
W), it can be seen that pad No. 3 required less time (60 minutes)
than did pad No. 2 which required 80 minutes to reach steady state.
It should be noted, however (see Fig. 4.15), that, in the case of
rad No. 2, thé lowest temperature was reached in approximately H#0
minutes., During the remaining 40 minutes of the development of the
steady state temperature profile, only the middle or warmer portion
of the distribution was affected.

Again, some general comments can be made with respect to pad
No. 2 in that it provided a lower, more uniform temperature distri-
bution than did pad We. 3. Also, there was less of a range of tem-
perature variatiocn in the case of pad No. 2 as compared with pad No.
3. All of these cbservations can be accounted for by the higher tube
density of pad No., 2 and the corresponding increase in cooling effec-

tiveness.
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5. SUMMARY AND CONCLUSIONS

Three separate cooling pads with different cooling tube sizes
and spacings were constructed and tested. These pads were equipped
with thermocouples and were used to measure the temperature profiles.
cn the skin surface of the right thigh between adjacent cocling tubes.
All pads were tested under the same experimental conditions with equal
coclant flow rate and temperature. Pad No. 2 which consisted of 5/32
in. tubes spaced at 5/8 in. intervals provided the best coocling ca-
pacity., Pad No. 2 removed 15 percent of the total heat generated
at high metabolic rates and much higher percentages at low metabolic
rates. Pad No. 2 provided the lowest and most uniform skin tempera-
ture profiles throughout:the tests. Also, the temperature profiles
on the skin did net shift as much with changes in metabelic rate for
pad No, 2 than with pads No. 1 and 3. The time constants for surface
temperatures associated with changes in metabolic rate were also small-
est for pad No, 2, In general, it can be concluded that pad No, 2
provided a lower, much more uniform and stable temperature distribu-
tion on the skin surface than was attainable with pads No. 1 and 3.
Times required for reaching a steady state from the onset of
a change in activity level were also recorded. When an increase in
metabolic rate was introduced, the times invelved were found to be
between 40 to 60 minutes, the shorter pericds pertalning to pad No.
2 with the higher density cof tubes. When the change in activity level
was veversed, i.e., high (1800 Btu/hr, 528 w) to low (300 Btu/hr,
88 w), times for reaching a steady state temperature profile were

about equal for pads No. 2 and 3 at 120 minutes. Thus, a ratio of
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about 2-3 was found between the lengths of time required. for. the de-
velopment of temperature profiles for extreme, opposite changes. in
levels of activity. When intermediate changes were used (experiments
9 and 10)the ratics of transient times were found tc be of the or-
der of 1-1.5. Overall transient times.for these double-step changes
were of the same order (~ 140 min) for both increasing and decreas-
ing metabolic rates.

It is clear that both tube size and spacing have a noticeable
effect on overall cocoling efficiency. In order to optimize the re-
lationship between these two parameters then, a definition of maxi-
mum metabolic rate should be secured. Once cobtained, a cooling pad
can be desigred that will remove heat from the body at any predetepr-
mined rate.

A time dependent analytical scolution has been obtained for the
biothermal medel in cylindrical coordinates. Equation (2.18) is the
solution as a function of r, z, and t and was used to predict the tran-
sient temperature distributions on the skin surface between adjacent
cooling tubes and for the one-dimensional geometry (uniform cooling
of the szkin).

A comparison between steady state measured and analytical results
was attempted. The comparison was made with both the cylindrical
and rectangular models of Ref, [1]. Agreement between measured and
predicted results was found to be fair, particularly for pad No. 2.
Improved techniques for measuring skin temperatures and physiologi-
cal quantities, e.g., blood perfusion and metabolic heat generation

rates, are required to render the comparison more meaningful and reliable,
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ABSTRACT

A linear combination of modified Bessel functions is defined,
discussed briefly, and tabulated; namely,

¥ 0w = 1 0w) K, () - (-1)ktE 1,0, ) K (x)

This combination was found to recur in the analysis of various heat
transfer problems and in the analysis of the thermal behavior of liv-
ing tissue when modeled by cylindrical shells.
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1. INTRODUCTION

Many physics and engineering problems are amenable to solutions
in terms of Bessel functions. These functions have been extensively
studied and tabulated. A hitherto undefined linear combination of
modified Bessel functions was found to recur in the analysis of nu-
merous engineering problems dealing with diffusion phenomena. Some
examples in heat transfer are: sﬁeady heat flow in thin rods, taper-
ing fins and thin fins around cylinders, electrical transmission lines,
Laplace transforms applied to flow of heat in cylinders, and the model-
ing of living tissue by the "bio-heat" equation. This combination of

Bessel functions i1s defined, discussed, and tabulated in this paper.
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2. ANALYSIS

Consideration of a steady state energy balance in a heat
generating material whose heat source is linearly dependent on the

temperature leads to the following equation:
ViT - AT =0 (1)

where T is the temperature of the medium and A? is the ratio of the
strength of the source per unit time, degree and unit volume to the
conductivity of the medium. In many cases, and for cylindrical

geometries in particular, Eq. (1) may yield the following equation [1,2]%
Y"+-;L?Y'—(}\2+\)z/x)‘f=0 (2)

Equation (2) is referred to as the modified Bessel equation of order v.
If v is an integer, the following linear combination of modified

Bessel functions is found to recur inm the sclution of Eg. (2):
¥ o0 = 50w K Ox ) - D T O K () (3a)
ke A% = Iy 2 1A% gt ) 5

or

k+2
Ik(kx) (-1)

Kk(kx)

1
Tkg(kx) (3b)

IE(KXI) Kg(lxl) \

This shorthand definition of the linear combination of modified Bessel
functions simplifies the analysis of the problems considerably. Further-

more, it was observed that the function defined in Egs. {3a) or (3b)

#Numbers in brackets refer to entries in REFERENCES.
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exhibits a few interesting characteristics that render the above defi-
niticn even more useful. These characteristics are:
{(a) By definition, the function ?;z(kx) satisfies the modified

Bessel equation of order k,

1
d?kg(lx)A

1d 2 k2 1 _
T F = "(A ';'Z)wkﬂ,()"‘)'o )

X

(b) This function cbeys the same differentiation rule as does

the modified Bessel function of the first kind.
2 ¥ k)l o= k¥, () + Ax ¥l (hx) (5)
dx | k& k& (k+1)%

Therefore, it is not a so-called cylinder functiom.
(c) For two consecutive indices the following identity is ob-

tained [3 (p. 375)}].

1 =
Y1) %) = X%, (6

(d) When the indices are reversed in order, the following ex-

pression is obtained:

1 _ k+8+1 ]
Wkﬁ(hxj) = (-1) Tgk(kxi) (N

{(e) Tor identical indices the following result is obtained
1 =
Wkk(kxl) =0 (8)

The above list of characteristics is not an exhaustive one.
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When plotted on semi-log coordinates,. the function T;(k+1)(lx)
appears to behave as two straight lines as shown in Figs. 1 and 2.
Also, the absolute magnitudes of the slopes of these lines seem to
be identical. These charactéristics suggest the approximation of

the function by an expomential expression of the kind

Tﬁ(k+l)(lx) = exp U(lxl) + SAx (9)

for
wE < Ax < Xz
and

Ax > X,

where X, < A g, and X > A X, . The branches are symmetrical with re-
spect to Ax = lxl with slopes of S = -0.43 and S = 0.43, respectively.

For the right-hand branch, Z.e., Ax > X , U is about -0.5Ax1, whereas

2 ?
for the left-hand branch U is of the order of O.MAxl.
Figures 3 and 4 show the function for repeated subscripts 0 and 1.
A simple computer program was writtem for the purpcse of computing
the funection Tﬁi(kx) = T;E(X). Results for the first four combinations

of indices are given in the tables., Values of the arguments,

¥ as well as X1, in the tables are for the range 0.0l to 100.
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TABLES OF THE FUNCTION

L

1 _ K+
‘PKL(x) = IK(X) }&'(Xl) - (-1 IL(Xl) }g((x)
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ABSTRACT

An analytical method has been developed to estimate the amount
of heat extracted from an artery funning close to the skin surfage
which is cooled in a symmetrical fashion by a ccoling strip.

The results indicate that the optimum width of a cooling strip
is approximately three times the depth to the centerline of the
artery. The heat extracted from an artery with such a strip is
about 0.9 w/m-°C which is too smell to affect significantly the
temperature of the blood flow through a main blood vessel, such as
the carotid artery.

The method is applicable to wveins as well,

L~
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NCMENCLATURE
A through H locations in Fig. 1
a width of tissue, (L)%
2an cooled width of skin, (L)
b depth to centerline of artery, (L)
c, specific heat of blood, (E/M - T)
< specific heat of tissue, (E/M - T)
d depth to body core, (L)
F1’F29F3 constant heat fluxes, (E/L%t)
k thermal conductivity of tissue, (E/t - L - T)
L length of cooled section, (L)
q local volumetric heat generation rate, (E/t - L°)
q heat loss from 1/2 artery per unit length, (E/t - L)
4 heat extracted by cooling strip per unit length,
(E/t - L)
Q a/k, (T/L?)
R radius of artery, (L)
t time, (t)
T temperature, (T)
T, temperature of cocled skin, (T)
T, temperature of uncocled skin, (T)
T, arterial temperature, (T)
T mean temperature, (T)
W (thbfk)%’ @)
W, blood perfusion rate, (M/t - L?)
% . coordinate perpendicular to centerline of artery,

parallel to skin surface, (L)

#Units in parentheses are: E, energys; M, mass; L, length; T, temperature;

t, time.
45h<



v ccordinate perpendicular to centerline of artery,
perpendicular to skin surface, (L)

B length ratioc AA'/AF, approaching zero in the limit
Y length ratio AG/AF
C 2+ A%, ™
n n
n - length ratio CD/CE
8 (T - T )/8
1 o
gt T - T, (T)
8 = -8 T - T, (T)
91 = -90 T, - T, (T)
62 T, - T, (T)
-1
An nw/a, (L )
. . 3
o density of tissue, (M/L)
SUBSCRIPTS
a arterial
o refeprence condition
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INTRODUCTION

Experiments on localized cooling of the meck skin above the
carotid artery indicated a significant effect of this cooling on
the thermal comfort sensation of the individual [1]#. An analyti-
cal study of the thermal interaction between an artery near the skin
and a coeling patch on the skin surface was undertaken to esti-
mate the amount of heat that can be extracted from a blood vessel
transcutaneousiy. The results should help to determine if the
effect on the thermal comfort is due to indirect hypothalamic
cooling by a reduction of the arterial blood supply temperature
or due to some other influence such as that of a local cold re-
ceptor,

It is to be understood that the method is applicable to
veins as well even though the term "artery" is used throughout

this work.

459<
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ANALYSTS

The analysis depends on the solution of the "bio-heat" equation
[2,31:

T _
Pe, 3% * KT+ wbch(TEl -T) +q (1)

The following assumptions were made in developing this equation
£3]:

1. The thermophysical properties of the tissue are constant

and the tissue is homogeneous and isotropic.

2. Blood enters the tissue at a constant arterial temperature,

Ta, and leaves at the local temperature of the tissue, T.
(This last assumption is based on the almost perfect heat
exchange coccurring in the capillary bed.)

3. Blood perfusion, W s and metabolic heat production rates,

q, are uniform and constant everywhere in the tissue.

The boundary conditions depend on the assumed geometry as well
as on considerations which make the solutions easier to obtain while
retaining a reasonable similarity with the physical situation.

Figure 1 depicts the basic tissue geometry considered, It is
assumed that the coecling pateh runs parallel and symmetrically to the
artery. If the temperature gradients along'the artery are neglected
in comparison teo those perpendicular to the artery, the problem be-
comes two dimensional as shown.

The line of symmetry, through the centerline of the artery A-C,
must be adiabatic. Aleong the skin surface, C-D and D-E, temperatures
or heat fluxes can be specified. Since the temperature measurements

are much more reliable than flux measurements at the skin surface,
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Figure 1 Geometrical configuration of the cooling strip and blood vessel.



temperatures are selected as boundary conditions. If the boundary,
E-F, is far enough away from the artery as described below, it may
be considered adiabatic. This assumption is equivalent to saying
that at long distances from the artery and from the cooling patch,
the heat flow is one dimensional, corresponding to a temperature
difference between the uncooled skin and the body core located at
some fixed distance under the skin. By numerical computations it
was found that these two conditions are essentially identical if

n = CD/CE < 1/3. For all calculations n = 0.25 was used thereafter,
At the surface of the artery, B-H, the temperature should be T;n
Since it is difficult to solve a basically rectangular problem with
conditions specified along a curved boundary, an approximation

was developed which depended on the specification of the heat flux
along the inner boundary, A-F. The approximation is based on the
well established fact that the two-dimensional isotherms (ceonstant
temperature lines) around a point heat source are circular, (ctf. [u]).
Consequently, specifying a heat flux of some appropriate intensity
at the centerline of the artery, A, will produce circular temperature
lines, one of which can be made to coincide as nearly as possible
with the surface of the artery. Near the other end of the inner
boundary, F, a uniform heat flux can be specified corresponding to

a temperature difference between the unccoled skin and the body core.
Between A and I, the flux can be somewhat arbitrary, but it must be
zero near A to keep the isotherms circular. As will be seen later,
the flux distribution is expressed in terms of Fourier series which

become more invelved as the flux function becomes more complicated.




It has been found, however, that the most important single result,
i.e., the total heat lost from the artery, is rather insensitive
to the exact shape of the flux function. Therefore, in addition
to the heat source at A, zero flux is assumed along A-G and an ap-
propriate, uniform flux is assumed along G-F. G is arbitrarily
located under the outer edge of the cooling strip, D. Finally,
deep body temperature is assumed to be equal to Ta.

If the origin of the coordinate system is located at the
center of the artery, the problem in mathematical terms becomes

as follows:

VZe' - w?8' = - (2)
where
8' = T~ T, (3)
=9
Q = P (u)
W C
Wz - bkb (5)

The boundary conditions are

1
%g— =0atx=0 (Ba)
r
%%— =0atx=a (6b)
F
an! 1 ,
-a.-;-——:_i_a-to<x<8a,y=0 {6c)
where
_ AAY
B=TF 0
361 < -
—§§—=Oat8a<x Ya, v = O (6d)
F
28! 2
—_— o — . < < - =
5y " at ya<x<ayy=0 {6e)



AG
AF

where ¥y

el

co
CE

where 0

%

81 at 0 < x<na, vy =b

82 atna<x<a, ysb

éni
T1 - Ta
T2 - T;

(6f)

(6g)

(7)

(8)

To non-dimensionalize the problem and to utilize the faet that

'I'1 is the lowest temperature in the system, define

6

=]

-8 :T-T1>

0

(9)

(10)

The solution can be obtained by appropriate transformations

of the variables and by Fourler series expansion of the temperature

and flux functions [3].

-+

+

Q
w o
Q

+11 -

The result is:
P

82 82 cosh

8. * 6 | cosh

i 1

FB + F,(1 - Y [sioh Tw(b - y)]

kwb

[»]
i
V no= l keocn

sin (nwy) ainh
n®

cos (A x)
cosh (Cnb)

L cosh (wh)

sinh [En(b - y)]

E%l(b - y)] -

(wy) ;s -9
{wb) 2
w D
=3
kGOCn
9

2

1

)sin {nm?) ccsh (Cny)

nm

(11)



where
_nm
}\n =3 {12)
2 2 2
En =w + An (13)

F, can be evaluated from the one-dimensional temperature dis-
tribution [3,5] calculated for a depth, d, from the skin surface

to the body core and a temperature difference of (T; - T}).

Fi _ Fy cosh [w(d - b)] Q@ sinh (wb) (1)
kwo kw cosh (wd) 2 cosh (wd)
o ° W 8o
where
Y, o, 1
F, 8 w28, " cosh (wd)
kweD = tanh (wd) (15)

F, must be selected to provide § = 1 at the circumference of the
artery at a distance R from the center. Mathematically, this condition
can be satisfied only at one point, which was arbitrarily chosen to be

8=latx=R,y =0 (16)

Thus, from Eq. (11)

F8 Q+(_9_2)n+9_z 1 Q
kaD - wzeo 8 81 cosh {wb) w20

1

-]

F,(1 - ¥) tanh (wb)

kwo
o
e2
P £ 1 - g—)sin (nmm)
2 sin (amy) 1
t 2 Z, K6 T o tanh (g b) + ——— a7y
n=1 o n
—~  tanh (z b)
* cos (AnR) //// tanh (wb) + 2w E —~——E—Jl-— cos (AHR) (17a)
n =1 n

é Eﬁt ' 'aw(



An alternate selection was

&

1
l._l
o
]
I

i

o
H
e

Then, from Eq. (11)

F B i} Q_, (l . Eﬁ) n Ei cosh (WR) _
kw8 260 6 8 cosh (wb) wzﬁo
RO i s - R
kweo cosh (wb)
+ 2 Em 2 sin (omy) h [2 (b - R)]
k0 T T sin n
n = l 2 n

B
(l - @i—)sin {nm) cosh (& R)
1 i 1 ///

nm cosh (Cnb)

sinh [w(b - R)] + 2w ZE:J sinh [;n(b - R)]

cosh (wb) z cosh (g Db) (17D)

n=1

The two alternmatives, Egs. (17a) and (17b}, gave similar results
as long as the 8 = 1 isotherm was nearly circular, i.e., as long as a
constant arterial surface temperature was closely approximated.
Equation (17) genevally gave slightly higher heat extraction rates
from the artery due to the slightly higher temperature gradients cccur-
ring between B and C (see Fig. 1) with this equation.

For evaluating all the series on a digital computer, at least
30 terms were used to cbtain good convergence.

The heat lost per unit length from the quarter artery shown in
Tig. 1 is equal to

we (T - T) wr?
b b a m
+ - (18)
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where q, is the heat loss per unit time per unit lenpgth of the skin-
side half of the artery.

The first term on the right-hand side is the heat produced by
the source at the centerline. The second term is the heat generated
within the quarter circle, The third term represents an approxi-
mation of the heat supplied by the assumed "blood flow" within the
quarter circle. The mean tissue temperature, Tm, was calculated
as the average of 12 temperatures representing 12 equal areas within
the quarter circle. This last term was usually negative. The heat
removed from the deeper half of the artery must be less than Q3 it
was estimated to be generally less than 15 percent of q - Because
of the uncertainties in establishing the boundary conditions for the
other half of the artery, only q, was considerad for all numerical
work and comparisons.

The heat extracted by the cooling strip per unit length can be
found by integrating the heat flux at y = b from x = 0 to x = na

and deubling the result. In dimensionless form this expression be-

comes
ng B 3]
~5g = 2wh 9 + |1 - gi- n + gi- tanh (wb)
Q WZB 1 1
o
kw0 cosh {(wb) kwb kwd nm
[+] [+ Q
_ n = 1
e2
{1.~ 7 sin (nmM) £  sinh (Z b)
n =1 .
N i sin (nmm)
wnT nT cosh (Enb)
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10
DISCUSSICN

Although the heat lost from the artery is the most signifi-
cant result, it is worth while to investigate other aspects of the
problem as well, Examination of the analytical results indicates

that the following dimensionless parameters occur:

0

2
es —g_ 8_9 Ys Ny, wb, wd
1

ero

In addition, other geometrical parameters such as bo /2na, b/bo .
and RO/R can be considered.

The influence of n was discussed earlier. It was always taken
as 0.25. Variations of ¥ and wd were found to affect the heat lost
from the artery only minimally. Therefore, Y was made equal to n
and d was set equal to b,

For the sake of comparisons, the following additional quanti-

ties were selected for "normal' or "reference" conditions [3,6]:

Width of cooling strip *» * ¢ » * * 2na = 0,0264 m

Depth to centerline of artery- + b =0.0lm= 1 cm
Radius of artery * * « = ¢« = =« « ¢« R = (0,0025m = 0.25 cm
Temperature ratio e e « + B8 /8 = 0.3 and 0.15

Blood heat capacity rate » + « +» w ¢ = 1746 w/m3°C

Heat generation rate = ¢ ¢ » « s ¢ « g 660 W/HF

n

Thermal conductivity of tissue * = ¢« k = 0.54 w/m°C
Figure 2 shows the dimensionless temperature distribution in the
vicinity of the artery under the assumed "normal' conditions. The
@ = 1.0 line is virtually circular, as is required for good modeling

of the arterial wall temperature. The effect of the temperature

GH6R<



~ T~ Tcooled skin
§= —— |
Tartery =T cooled skin

Normal Conditions

6:1.0 | 0.8 0.9

\ 1.0 Asymptote

— 0.9 Asymptote

Artery

) — (0.8 Asymptote
AN Location of 0.8 Isotherm

\0_2 \é//// if Skin Surface Temperature is §=0.85

Cooled Skin Surface, §=0 Skin Surface , 8=0.7

Figure 2 Dimensionless temperature distribution in the viecinity
of a cooled artery under the assumed "normal" conditions.
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ratio, 82/91, is significant only in the relatively unimportant area,
DEFG {(see Fig. 1), as is demonstrated by the § = 0.8 isotherm. The
heat loss from the artery changed little for the two temperature ratios
used because all this heat was extracted through the cooled portion of
the skin as calculated from Eqs. (18) and (19).

Figure 3 should be compared with Fig. 2 to realize the effects of
blood perfusion and internal heat generation rates on the temperature
distributions. Increasing both of these variables shifts the isotherms
toward the skin surface. The effects of the high heat generation rate
are relafively small, whereas the increased blood perfuéion rate
changes the temperature field very significantly, as shown mest dra-
matically by the 8 = 0.B isotherm,

Figure 4 shows the heat extraction rate from an artery per unit
length and unit temperature difference, 80 = 1, as a function of five
dimensionless parameters, all of which have sipnificant influgnce.

One of the curves, showing the effect of b°/2na, behaves anomalously be-
low h°/2na = 0.36. Physical considerations suggest an asymptotic level-
ing off of the curve as this parameter approaches zero, i.e., as fhe
width of the cooling strip BecoMes very wide compared to the depth of
the artery. Instead, the calculations show a decrease of heat ex-
traction rates. Invgstigation of the temperature profiles, however,
revealed that in this regime (b _/2na < 0.36) the § = 1 isotherm ceased
to be circular (it flattened out) the deviation becoming more pro-
nounced as the parameter decreased. In some instances, indications

of a possible numeriﬁallinstability in this regime also occurred. Thus,
the model presented here should be considered inappropriate in this re-

gion. Instead, it should be assumed that the curve asymptotically

F7h<
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No Heat Generation g- T = Tcooled skin

—~= Extremely High Heat Generation,
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Cooled Skin Surface, 8=0

. Figure 3

Skin Surface, 8§ =07

Dimensicnless temperature distributions in the vicinity
of a cooled artery with extremely high blood perfusion
rate (wb = 2) and with extremely high internal heat
generation rate (Q/w29o = 250) within the tissue.

ET



14

Q/w36,
(wb=0)

20 -
\\\\\~ (Q/w Bb—(J)
05+ \ \ S~ Ro/R

Heat Extracted from Artery, w/m —°C

\
04 |- \ -
u \ ]
0.3 N
b/bg
0.2 | 1 | I )
0 50 100 150 200 250 Q/w2b,
L | ]
0 1 2 wb
L I |
0 0.5 10 bo/2am
| I | | | | 1| | | !
06 10 14 18 2.2 26 b/bg
L ! ]
1.0 15 20 Rp/R

Figure 4 Heat extraction rates per unit length of artery, per
unit temperature difference between artery and cocled
skin. 82/61 = 0.15. Circles indicate “normal® conditions.
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reaches a maximum as bO/Qna approaches :zero. ~ This maximum should be
just slightly higher than the maximum of the curve shown. Thus, the
"normal" conditions are close to optimal as far as the width of the
coolinhg strip is concerned. The optimum, i.e., minimum width for
close to maximum heat extraction rate, is around a cooling width to
arterial depth ratioc of 3.

The remaining curves indicate that the heat extraction rate
increases with decreasing internal heat generation rate (Q/wzeo),
with decreasing blood flow rate (wb), with decreasing arterial depth
(b/bo), and with increasing arterial radius (i.e., decreasing RofR).
These are, however, physiclogical parameters which usually cannot be
controlled arbitrarily. It is to be noted, however, that if the
cooling strip temperature could be lowered enough to cause local vaso-
constriction, then the heat extraction rate from the artery would in-
crease not only because of the increased temperature difference, but
also as a result of decreased blood perfusion of the tissue.

The results indicate that under the "normal" conditions a square
cooling patch with an area of 7 cm? (sides, 2an = 2.64 cm) will ex~
tract about 0.025 watts from the artery for each 1°C difference be-
tween the artery and the cooled skin surface. On the other hand, the
blood requires about 0.06 watts to change its temperature by 1°C Ffor
each cc/min of flow. Thus, if 80 = 20°C and the arterial blood flow
is 200 cc/min, the arterial blood temperature is expected to decrease
only about 0.04°C. Even if allowance is made for additional heat
loss from the deep side of the artery, this is indeed a very small
temperature change. The temperature drep is too small to have any

effect on the hypothalamic temperature regulator; consequently, the

Fdw<
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pronounced effects on thermal comfort found by Williams and Chambers
[1} were probably due to some local thermal receptor action rather
than to reduced arterial temperatures reaching the hypothalamus.

To check the magnitude of these results, the maximum possible
heat extraction rate from the artery can be calculated by assuming
an equivalent cne-dimensional conduction problem from an area equal
to that of the skin-side surface of the artery, 27RL, across a dis-

tance equal to the depth of the point on the artery closest to the

skin, b - R.
EL _ 2mRk (20)
B 7 b-R .

Substituting the wvalues for the "normal' condition yields
a value of 1.13 w/m®C, which corresponds to about 0.03 w/°C for a
patch with an area of 7 em®. Thus, the previously estimated value

of 0,025 w/°C 1is quite reascnable,
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CONCLUSIONS AND RECOMMENDATICNS

An analytical method has been developed té estimate the amount
of heat extracted from an artery running near and parallel to the
skin surface, such as the carotid artery in the neck, when the skin
surface is cooled in a symmetrical fashion above the artery.

The results indicate that the optimum width of the cooling strip
is approximately three times the depth to the centerline of the ap-
tery. However, even at the optimum size the amount of heat removed
from a main artery with reasonable skin temperatures is too small to
affect the temperature of the blood significantly.

A three-dimensicnal, finite difference method could be attempted
to obtain a more accurate model of the actual, circular cooling patch
used in the work reported om in [1]. However, the results presented
in this report indicate that the additional accuracy is not going to

change the values sufficiently to alter the conclusions drawn.
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