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ABSTRACT 

A biothermal model of  l i v i n g  t i s s u e  has been s tud ied  which allows f o r  
t h e  inc lus ion  o f  t h e  effects of blood flow, l o c a l  hea t  generat ion,  conduc- 
t i o n ,  and s to rage  o f  heat  on t h e  hea t  t r a n s f e r  processes  occurr ing  i n  t h e  
l i v i n g  t i s s u e .  
heat" equat ion,  was obtained f o r  t h e  model. 
d e t a i l e d  da t a  on t h e  thermophysical p r o p e r t i e s  involved, t h e  t i s s u e  was as- 
sumed t o  be i s o t r o p i c  and homogeneous and a l l  p rope r t i e s  were assumed t o  be 
constant .  
t i o n s  were obtained f o r  c y l i n d r i c a l  and rec tangular  geometries,  and f o r  var i -  
ous parameters. 

A second o rde r ,  p a r t i a l  d i f f e r e n t i a l  equat ion,  t h e  "bio- 
Due t o  t h e  l a c k  of reliable and 

Trans ien t ,  as we l l  as s t eady- s t a t e ,  c losed form, a n a l y t i c a l  solu-  

Based on t h e  a n a l y s i s ,  a f e w  observat ions were made: 

(1) Blood flow p lays  a s i g n i f i c a n t  r o l e  i n  t h e  t r a n s f e r  of  hea t  i n s i d e  
t h e  l i v i n g  t i s s u e .  

( 2 )  Transient  t i m e s  f o r  reaching a so-ca l led  " f u l l y  developed" tempera- 
t u r e  p r o f i l e  i n  t h e  t i s s u e  were est imated t o  be of t h e  order  o f  
5-20 minutes. These t r a n s i e n t  times were found t o  be s t rong ly  
dominated by a geometr ical  parameter. 

( 3 )  A t  e l eva ted  metabolic r a t e s ,  maximum temperature may occur i n  t h e  
t i s sue  r a t h e r  than i n  t h e  i n n e r  core .  

(4) Knowledge of  t h e  exac t  shape of t h e  hea t  f l u x  on t h e  sk in  was 
found t o  be unimportant f o r  t h e  determinat ion of t h e  temperature 
d i s t r i b u t i o n  away from t h e  sk in  su r face .  

( 5 )  Resul ts  obtained f o r  t h e  c y l i n d r i c a l  and rec tangular  models were 
remarkably c lose  f o r  t h e  p r a c t i c a l  range of  va r i ab le s .  
r ec t angu la r  geometry, however, was easier for computation. 

The 

The a n a l y s i s  was p a r t i a l l y  va l ida t ed  by measuring t h e  temperature pro- 
f i l e s  on t h e  sk in  o f  t h e  th igh  cooled by p a r a l l e l  tubes i n  contac t  with t h e  
skin.  

P a r t i c u l a r  app l i ca t ions  of t h e  biothermal  model were d i r e c t e d  t o  t h e  
Providing a problem o f  extending t h e  thermophysical c a p a b i l i t i e s  of  man. 

"micro-climate" t o  man by means of cool ing  tubes  t h a t  a r e  i n  d i r e c t  contac t  
with t h e  s k i n ,  e .g ,  , ex t r aveh icu la r  space s u i t s ,  w a s  a major concern i n  t h i s  
s tudy,  To t h i s  end, a cool ing garment, inc luding  a cool ing hood, was con- 
s t r u c t e d .  
tubes.  These pads were grouped t o  provide independent supply of  cool ing 
water  t o  s i x  sepa ra t e  reg ions  of  t h e  body: head, upper t o r s o ,  lower t o r s o ,  
arms, t h i g h s ,  and lower legs .  Experiments wi th  t h e  cool ing garment were 
d i r e c t e d  a t  explor ing t h e  c h a r a c t e r i s t i c s  of  independent con t ro l  of t e m -  
pe ra tu re  and removal of  excess hea t  from sepa ra t e  reg ions  of  t h e  body. 
Five a c t i v i t y  schedules cons i s t ing  o f  a l t e r n a t e  se s s ions  of  s tanding  and 
t r e a d m i l l  walking were used with f i v e  t es t  s u b j e c t s .  Quasi-steady state 
and, t o  some ex ten t ,  t r a n s i e n t  c h a r a c t e r i s t i c s  of  t h e  proposed scheme of 
independent r eg iona l  cool ing were s tud ied .  
are reg ions  t h a t  r e q u i r e  more cool ing f o r  t h i s  t ype  of a c t i v i t y  than  o the r s  
( t h i g h s ,  lower l e g s ,  head).  
reduced as a r e s u l t  of  wearing t h e  cool ing garment. 

The garment cons is ted  of  s i x t e e n  ind iv idua l  pads made of Tygon 

The r e su l t s  show t h a t  t h e r e  

It was also demonstrated t h a t  hea t  s t r a i n  was 
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NOMENCLATUE? 

h a l f  d i s t ance  between cool ing tubes ,  [L]  

c o e f f i c i e n t  i n  Eqs. (3.61) and (3.62) 

t o t a l  sk in  su r face  area, [L2 1 

def ined  by Eq.  (3.69) 

depth of t i s s u e  l a y e r ,  EL] 

c o e f f i c i e n t  i n  Eqs. (3 .61)  and ( 3 . 6 2 )  

def ined by Eq. (E.1.9) 

def ined  by Eq. (E.20) 

s p e c i f i c  hea t  of blood [L 

c o e f f i c i e n t  i n  Eqs. (3 .61)  and (3 .62 )  

s p e c i f i c  hea t  of  t i s s u e ,  [L2em2T-’ 1 

Four ie r  cos ine  t ransform ope ra to r ,  def ined by Eq. (3 .28)  

def ined by Eq. (3 ,13) ,  [ T I  

hea t  flux, [Mew3] 
average hea t  f l u x ,  def ined by Eq. (3.161, 

uniform hea t  f l u x ,  [Me-’ 1 

def ined  by Eq.  (3.141, C L - l T I  

defined by Eq, (3.21) 

he igh t ,  E L 1  

def ined by Eq. (3.151, [Me T 3 

modified Hessel func t ion  o f  t h e  first kind of o rde r  i 

Bessel func t ion  of t h e  f i rs t  kind o f  o rde r  i 

thermal  conduct iv i ty ,  CML0 T 1 

2 

-3 -1 

-3 -1 

?Units i n  bracke ts  are: M ,  mass; L ,  l eng th ;  8 ,  time; T ,  temperature.  
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r a t i o  of thermal conduc t iv i t i e s ,  defined. by E q .  (33.8) 

modified Bessel func t ion  o f  t h e  second kind of  order  i 

def ined  by E q s .  (3.40) or (3.421, [ L - l T I  

rate o f  hea t  t r anspor t ed  by blood, def ined by E q .  ( 3 . 1 ) >  
[ M L - ~  e-3 I 

-1 -3 
i n t e r n a l  hea t  generat ion r a t e  p e r  u n i t  volume, [ML 0 I 

iiefined. by Eq .  (3.101, [L-'T] 

T T 2  -> t o t a l  metabolic r a t e ,  6 1 

radia l .  coordinate  [L: 

def ined under E q .  (D.61, [L] 

rad ius  of  inner  co re  i n  c y l i n d r i c a l  model, [L] 

radii-is of i n t e r f a c e  between s k e l e t a l  muscle and s k i n  
l a y e r  i n  c y l i n d r i c a l  model, [ L l  

r a d i u s  of  t h e  s k i n  su r face  i n  c y l i n d r i c a l  modei, [L] 

def ined under E q .  ( D . 6 )  

t i m e ,  E01 

c h a r a c t e r i s t i c  t i m e ,  [a]  
t i s s u e  temperature ,  [TI 

a r t e r i a l  blood temperature,  [ T I  

constant  temperature a t  i nne r  core ,  [ T I  

re fe rence  temperature , [TI 

U ( W )  def ined under E q .  (D. 6) 

17 volume CL' 1 

W 

bz_ blood per fus ion  ra te  p e r  u n i t  volume, [HL 0 1 

4 i  weight CML8-2 1 

defined by E q .  (3 .91,  EL-'] 
-5 -1 
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W[@, 3@2 .3 Wronskian, defined 

coordinate ,  normal 
su r face ,  CL1 

coordinate ,  normal 

Bessel func t ion  of 

by Eq, (3.24) 

t o  cool ing tubes along t h e  

t o  s k i n  surface, CL] 

t h e  second kind of order  i 

sk in  

def ined by Eq. (3.261, [ T I  

coordinate ,  p a r a l l e l  t o  t h e  axis of cool ing tubes ,  E L I  

thermal d i f f u s i v i t y  , CL2 e-' I 

defined by Eq. (3 .19) ,  CL-lT] 

r a t i o  of width of cool ing tube +o cool ing tube 

Euler's constant  

defined by Eq. (3.51), EL-'] 

defined by Eq, (3.501, EL-' 1 

defined by Eq. (3.601, [L-'] 

defined by Eq, (3 .171,  [L-' 1 

def ined by Eq. (3 .46)  

defined by Eq. (3.81, [ T I  

va r i ab le  blood siipply temperature,  [ T I  

defined by Eq. (3.181, EL-'] 

def ined by Eq. (3.381, [ T I  

defined by Eq. (3.591, [L-'] 

defined by Eq. (3.311, [ii-.'] 

dummy va r i ab le  of  i n t e g r a t i o n ,  C L I  

s p e c i f i c  g rav i ty  of t i s s u e ,  [ ML-3 1 

r a t i o  of r a d i i ,  def ined by Eq. (E.8) 

def ined by Eq. (3 .551 ,  [L-'] 

spacing 
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dummy v a r i a b l e  o f  i n t e g r a t i o n ,  [L] 

angular  coordinate  i n  c y l i n d r i c a l  model 

plane angle  between two adjacent  tubes  i n  c y l i n d r i c a l  model 

def ined by Eq. (3.22a) 

defined by Eq.  (3.58) 

P s i  or Digamma funct ion  

combination of modified Bessel func t ions ,  def ined by Eq. ( 3 - 3 7 )  

-3 -1 def ined by E q ,  (3.39), [Me T ] 

Subscr ip ts  

1 

2 

b blood 

i i n t ege r  

j i n t e g e r  

k i n t ege r  

II i n t e g e r  

lil i n t ege r  

n i n t e g e r  

pe r t a in ing  t o  sk in  l a y e r  or i n i t i a l  s t a t e  

pe r t a in ing  t o  s k e l e t a l  muscle o r  f i n a l  s t a t e  
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I. INTRODUCTION 

The thermal system of homeotherms, and t h a t  of t h e  human body 

The i n  p a r t i c u l a r ,  has long been of i n t e r e s t  t o  many researchers .  

a b i l i t y  t o  maintain a f a i r l y  constant  "deep body" temperature and 

t o  d i s s i p a t e  or preserve hea t  under widely varying environmental 

condi t ions have been among t h e  most f a sc ina t ing  aspec ts  of t h i s  sys- 

tem. 

With t h e  progress  of  s c i e n t i f i c  knowledge and methods, emphasis 

has s h i f t e d  from mere observat ions of t h i s  system and i ts  func t ions  

t o  more systematic s tud ie s .  The e f f o r t s  were d i r ec t ed  t o  provide 

more understanding and in s igh t  i n t o  t h e  na tu re  and behavior o f  t h e  

mechanisms t h a t  govern such thermal phenomena. For  completeness, a 

b r i e f  o u t l i n e  of t h e  thermoregulatory system of homeotherms, as cur- 

r e n t l y  understood, i s  given i n  APPENDIX A. 

I n  common with many branches of physiology, t he  study of t h e  

thermoregulatory system is approaching a s t age  i n  which work of de- 

s c r i p t i v e  na ture  w i l l  y i e l d  progress ive ly  less i n  t h e  way of i m -  

proved in s igh t .  Consequently, a n a l y t i c a l  approaches become more and 

more necessary. 

regula tory  system i s  expected t o  provide improved understanding of 

t h e  mechanisms of thermoregulation and heat  t r a n s f e r ,  From t h e s e  

models new experimental d i r e c t i o n s  are expected t o  emerge. 

Analyt ical  modeling of var ious aspec ts  of  t h e  thermo- 

In  our e r a  of advanced technology, man has a l s o  been ventur ing 

i n t o  and exploring environments t h a t  are, among o the r  t h ings ,  thermally 

h o s t i l e  t o  l i f e .  

had t o  be augmented t o  render t h e s e  h o s t i l e  environments habi tab le .  

A s  a r e s u l t ,  man's n a t u r a l  phys io logica l  a b i l i t i e s  
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The requi red  a r t i f i c i a l  systems had t o  provide "micro-climates" t o  

man t h a t  were capable of countering any adverse thermal changes i n  

t h e  environment. 

A s  an example, t h e  first such system used f o r  p i l o t s  i n  t h e  Royal 

A i r  Force was a gas-vent i la ted  s u i t  [lit. 

of l imi t ed  capac i ty  f o r  t h e  removal of  metabolic heat  and hybrid sys- 

tems emerged. These "second generation" s u i t s  were composed of two 

sub-systems; a water cooled garment, first suggested by Billingham 

i n  1959 [21, f a b r i c a t e d  from f l e x i b l e  tubes i n  contac t  with t h e  sk in  

and an overlying gas-vent i la ted  system. In t h e  cur ren t  Apollo s u i t s  

t h a t  are of t h i s  hybrid type Cl], a change i n  body temperature and 

a c t i v i t y  l e v e l  i s  compensated by a uniform change i n  t h e  cooling wa- 

t e r  i n l e t  temperature. I t  would seem reasonable ,  however, t o  cool  

a c t i v e  muscles f irst ;  i . e . ,  where heat  i s  generated.  Moreover, t h e r e  

are regions i n  t h e  body t h a t  a r e  more temperature s e n s i t i v e ,  e .g . ,  

t h e  back, t h a t  may render  a uniform change i n  temperature l e s s  t o l -  

e rab le  from a comfort s tandpoin t .  

Such s u i t s  proved t o  be 

Consideration of t h e  above-mentioned po in t s  l e d  t o  formulation 

of  t h e  s p e c i f i c  ob jec t ives  f o r  t h i s  s tudy:  

Analy t ica l  modeling o f  t h e  thermal behavior o f  t h e  l i v i n g  

b io log ica l  t i s s u e .  

t h e  model e x p l i c i t l y  because heat  t r a n s f e r  i s  an important 

concomitant of  t h e  c i r c u l a t o r y  system. 

(1) 

Blood flow e f f e c t s  were included i n  

( 2 )  Experiments with cool ing pads d i r e c t e d  a t  p a r t i a l l y  

+Numbers i n  bracke ts  refer t o  e n t r i e s  i n  REFERENCES. 
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va l ida t ing  t h e  temperature d i s t r i b u t i o n s  obtained from t h e  

ana lys i s  

Explorat ion of t h e  c h a r a c t e r i s t i c s  of r eg iona l  cool ing ,  

i . e . ,  independently cooling various regions of t h e  body. 

( 3 )  
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2. E V I E W  OF RELATED WORKS 

During t h e  last f e w  decades, t h r e e  major avenues have been pur- 

sued t o  study and modify t h e  thermal behavior of  b io log ica l  media, 

namely : 

(1) Analyt ical  modeling of t h e  thermal system and p a r t i t i o n a l  

calor imetry r e l a t i n g  t o  homeotherms. 

Experimental s t u d i e s  o f  man-environment i n t e r a c t i o n s  in- 

volving whole-body or p a r t i a l  cool ing devices ,  e .g . ,  cool- 

ing garments, hoods. 

Measurements of pe r t inen t  thermophysical and phys io logica l  

p rope r t i e s ,  both " i n  vivo" and " i n  v i t r o . "  

( 2 )  

(3) 

The following i s  a b r i e f  review of works done i n  these  t h r e e  

areas .  

2 . 1  ANALYTICAL THERMAL MODELING 

The fact t h a t  t h e  body exchanges water vapor with t h e  environ- 

ment w a s  f irst  es tab l i shed  by Santor io ,  an I t a l i a n  physician l i v i n g  

i n  t h e  s ix t een th  and seventeenth cen tu r i e s  [31. 

t h e  l a t t e r  p a r t  of h i s  l i f e  i n  a l a r g e  balance; h i s  food in t ake  and 

excre ta  were accuratelyweighed. Santor io  a t t r i b u t e d  t h e  d i f f e rences  

he found i n  t h e  two weights t o  l o s s e s  of water evaporated from t h e  

sk in  and c a r r i e d  by r e s p i r a t i o n .  He termed these  lo s ses  " insens ib l e  

persp i ra t ion ."  Although not concerned with t h e  heat  t r a n s f e r  as- 

pec ts  of  t h e  processes  he had observed, Santor io  can s t i l l  be con- 

s idered  as one of t h e  founders of t h e  "bio-heat t r ans fe r ' '  school.  

He spent  a por t ion  of 

However, it w a s  no t  u n t i l  t h e  second h a l f  of t h e  eighteenth cen- 

t u r y ,  t h a t  Lavois ier  [ 4 l  conceived t h e  idea  of t h e  human body being 

a heat  generator .  With t h i s  concept, more r igorous  s tud ie s  of t h e  
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man-environment hea t  exchanges and t h e  hea t  t r a n s f e r  processes  oc- 

cur r ing  i n s i d e  t h e  body , have become f e a s i b l e .  

I t  appears t h a t  Burton C51 i n  1934 was t h e  first t o  apply hea t  

t r a n s f e r  equations t o  t h e  human body. 

s teady  s t a t e  model with constant  p r o p e r t i e s  and uniform hea t  gener- 

a t i o n  i n  t h e  t i s s u e .  

a parabol ic  temperature d i s t r i b u t i o n .  

H e  assumed a uni-dimensional, 

Solving t h e  equation a n a l y t i c a l l y ,  he obtained 

Eichna, e t  al .  [SI  i n  1945, and Machle and Hatch C71 i n  1947 

adopted t h e  concept o f  “core and s h e l l ”  and appl ied it t o  t h e  human 

body, In t h i s  method, two temperatures a r e  assigned t o  t h e  body, 

i . e . ,  deep body ( r e c t a l )  and s k i n  temperatures.  Skin temperature 

was taken as a weighted average of temperatures of var ious regions 

of t h e  sk in ,  Heat exchange between man and h i s  environment w a s  then  

ca l cu la t ed  as a func t ion  of  conductance and core  and s h e l l  temperature 

d i f fe rences .  This approach t o  t h e  problem has s ince  then  been popular 

p a r t i c u l a r l y  with phys io logis t s .  However, it i s  not concerned with 

t h e  d e t a i l s  of temperature d i s t r i b u t i o n  and e f f e c t s  o f  blood flow. 

In 1948 Pennes C81 introduced t w o  new concepts i n t o  t h e  problem 

of modeling t h e  thermal behavior of t h e  human body. 

p i c t ed  t h e  human body as cons i s t ing  approximately of cy l inders  with 

c i r c u l a r  c ros s  sec t ion .  Second, he r e a l i z e d  t h e  important r o l e  t h a t  

blood flow plays i n  t h e  process of hea t  t r a n s f e r  i n  t h e  t i s s u e  and 

introduced an add i t iona l  t e r m  i n t o  t h e  hea t  equation, making t h e  heat-  

ing e f f e c t  due t o  blood flow propor t iona l  t o  i t s  heat  capaci ty  r a t e  

and t o  i t s  temperature change wi th in  t h e  t i s s u e .  Further ,  assuming 

t h e  body t o  be homogeneous and i s o t r o p i c  with constant phys ica l  

p rope r t i e s  and uniform r a t e  of hea t  production, he obtained a s teady 

F i r s t ,  he  de- 
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state  s o l u t i o n  i n  terms of Ressel func t ions  f o r  t h e  temperature d is -  

t r i b u t i o n  i n  t h e  forearm. The boundary condi t ion s a t i s f i e d  a t  t h e  

sk in  w a s  i n  accordance with Newton's cool ing l a w  (convective boundary 

condi t ion) .  Pennes a l s o  commented t h a t  a x i a l  temperature grad ien ts  

of t h e  ex t remi t ies  can be neglected when compared t o  r a d i a l  g rad ien ts  

and t h a t  t h e  heat  product icn i n  t h e  sk in  and subcutaneous f a t  i s  of  

low order  of magnitude. 

A s  i s  suggested by t h e  t i t l e  o f  t h e i r  a r t i c l e ,  Wyndham and co- 

workers i n  1952 E91 examined t h e  use of heat  exchange equations t o  

determine changes i n  body temperature. 

Pursuing t h e  concepts advanced by Pennes, Hertzman i n  1953 [lo] 

obtained c o r r e l a t i o n s  between skin temperature and cutaneous blood 

flow. 

The "computer era" i n  thermal modeling began i n  1955 when 

Taylor [ll] advanced t h e  idea of using an e l e c t r i c a l  analog t o  simu- 

l a t e  hea t  t r a n s f e r  modes occurr ing in s ide  t h e  human body and between 

man and h i s  thermal environment. He divided t h e  body i n t o  f i v e  

l aye r s :  s k i n ,  func t iona l  pe r iphe ra l  s h e l l  (subcutaneous t i s s u e  and 

p a r t  of  t h e  muscles),  func t iona l  c e n t r a l  s e c t i o n  ( s k e l e t a l  muscle, 

h e a r t  and blood) ,  core  organs ( l i v e r ,  kidneys,  c e n t r a l  nervous system) 

and t h e  i n e r t  t i s s u e  ( ske le tonand  alimentary t r ac t ) .  He a l s o  assigned 

values  of thermal capac i ty ,  conductance, and hea t  generat ion t o  these  

l aye r s .  Taylor proposed an e l e c t r i c a l  analog c i r c u i t  composed of re -  

s i s t a n c e s ,  capaci tances  and p o t e n t i a l  sources t o  s imulate  t h e  human- 

environment thermal system. 

Herrington, i n  two a r t i c l e s  i n  1958  E121 and 1959 C131, discussed 

a f u i l  s c a l e  human body model f o r  thermal exchanges. Using a lgebra ic  



and leas t - square  concepts,  he der ived a f i v e  element l i n e a r  d i f f e r -  

e n t i a l  equat ion t o  desc r ibe  ex tens ive  ca lo r ime t r i c  d a t a  co l l ec t ed  

from sea ted ,  c lothed human sub jec t s .  

pe ra tu re  with r e spec t  t o  metabolic hea t  i npu t ,  evaporat ive cool ing ,  

ambient a i r  and ambient r a d i a t i o n  temperature ,  were t h e  r e s u l t  of t h e  

former work. I n  t h e  l a t t e r ,  t h e  d a t a  were compared with those  ob- 

t a ined  f o r  an e l e c t r i c a l l y  heated body model ("copper man" ). 

Rate of  change o f  t h e  s k i n  t e m -  

I n  1958 Westland [IYj followed up t h e  ideas  developed by Taylor 

of  a biothermal  analog t o  s imula te  and s tudy i n t e r i o r  and e x t e r i o r  

hea t  t r a n s f e r  nechanisms r e l a t e d  t o  t h e  human body. Assuming one- 

dimensional hea t  flow and equiva len t  conductance t o  account f o r  blood 

flow and t h e  thermal conduct iv i ty ,  he  s tud ied  t h e  t r a n s i e n t  response 

o f  t h e  human body t o  thermal  exposures. 

and improved on Westland's work. 

Osman i n  1962 ClS] r e f ined  

A similar approach t o  t h e  problem o f  hea t  t r a n s f e r  a s soc ia t ed  

with t h e  human body was used by Wyndham and Atkins i n  1960 C161. 

They approximated t h e  body by a series o f  concent r ic  cy l inde r s  cor- 

responding t o  t h e  co re ,  muscle, and sk in ;  and considered r a d i a l  h e a t  flow 

only. Using a numerical technique and u t i l i z i n g  an analog computer 

they  obtained t r a n s i e n t  s o l u t i o n s  f o r  t h e i r  model. 

t i m e ,  Crosbie,  e t  a l . ,  L171  employed a similar technique and appl ied  

it t o  a one-dimensional s l a b  model. They assumed t h e  s l a b  t o  be  d i -  

vided i n t o  t h e  same Three l a y e r s  and assigned cons tan t ,  uniform, b u t  

d i f f e r e n t  temperatures t o  each of  t h e  l a y e r s  and compared t h e i r  re- 

s u l t s  with phys io logica l  da ta .  

A t  about t h e  same 

Neither  of  t h e  l a t t e r  two approaches 

included a blood flow term e x p l i c i t l y ,  

In  1961 Wissler [18,191 i n i t i a t e d  a s tudy of  mathematical 
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modeling of t h e  human thermal system. 

cy l inders  corresponding t o  t h e  ex t r emi t i e s ,  t runk ,  and head, Includ- 

ing  t h e  blood flow term, he obtained a n a l y t i c a l  so lu t ions  f o r  r a d i a l  

heat  t r a n s f e r  f o r  both t h e  s teady and t r a n s i e n t  s t a t e s .  H e  a l s o  in-  

troduced t h e  concept of  a c e n t r a l  "p001,~' where blood from a l l  re- 

gions i s  gathered,  mixed, and r e d i s t r i b u t e d ,  and t h e  idea  of  lumped 

hea t  exchange between arteries and veins.  Later, i n  1964, he improved 

h i s  model by d iv id ing  t h e  body i n t o  f i f t e e n  c i r c u l a r  cy l inde r s  i n t e r -  

connected by blood vessels C201. These cy l inders  were subdivided 

i n t o  f i f t e e n  l a y e r s  and numerical so lu t ions  were obtained on a d ig i -  

t a l  computer. Jus t  r ecen t ly ,  Wissler increased t h e  number of compart- 

ments i n t o  which t h e  body is  divided t o  include some 250 elements C211. 

H e  d ivided t h e  body i n t o  s i x  

P e r l ,  i n  1962  c221,  conceived of a method o f  i n d i r e c t  measurement 

of blood flow rates by employing F ick ' s  second p r inc ip l e .  

a n a l y t i c a l l y  t h e  s teady s t a t e  and t h e  t r a n s i e n t  problems and compared 

h i s  r e s u l t s  with experiments. Extensions of t h e  i n i t i a l  work were 

published by him and co-workers i n  1963 C231, 1965 C241, and 1 9 6 6  [251. 

H e  solved 

The idea  of us ing  an analog computer f o r  s imulat ing temperature 

r egu la t ion  i n  man w a s  f u r t h e r  u t i l i z e d  by Brown i n  1963 C261. 

divided t h e  body i n t o  four  regions ( c e n t r a l ,  muscle, subcutaneous re- 

gion and sk in )  and s tudied  i n t e r a c t i o n s  with t h e  environment as w e l l  

as heat  d i s t r i b u t i o n  within t h e  body. 

biothermal analog computer w a s  given by him i n  1966 [27]. 

Numerical so lu t ions  f o r  a uni-dimensional, four  l a y e r  t r a n s i e n t  

H e  

Further  development of t h e  

model were a l s o  obtained by Layne and Barker  C281 i n  1965 and by 

Stolwijk and Cunningham C291. I n  1966  Birkebak, e t  a l . ,  considered 

t h e  app l i ca t ion  of  hea t  t r a n s f e r  equations t o  t h e  animal system C301. 
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I n  1966  Sol twijk and Hardy C311 represented t h e  human body by 

t h r e e  cy l inders  corresponding t o  t h e  head, t runk ,  and ex t r emi t i e s  

and assumed t h e  ends t o  be p e r f e c t l y  insu la ted .  

was subdivided i n t o  l aye r s  t o  represent  t h e  sk in ,  muscle, v i s c e r a ,  

b r a i n ,  e tc . ,  and each sublayer  was assumed t o  be at a cons tan t  tem- 

pera ture .  

f low, as w e l l  as metabolic hea t  product ion,  was included. 

multaneous d i f f e r e n t i a l  equations were w r i t t e n  f o r  t h e  var ious sub- 

l a y e r s  and t h r e e  "cont ro l le r"  equations.  These equations corresponded 

t o  evaporat ive hea t  l o s s e s ,  muscle blood flow changes with temperature 

and exercise r a t e ,  and a l s o  took i n t o  cons idera t ion  t h e  e f f e c t s  of 

sh iver ing  on hea t  t r a n s f e r .  

l og  computer y i e ld ing  t r a n s i e n t  Temperature d i s t r i b u t i o n s  f o r  var ious 

environmental and metabolic condi t ions.  These two researchers  were 

Each of  t h e  cy l inders  

Only radial heat  flow was assumed and t h e  effect of blood 

Eight si- 

The set  of  equations w a s  solved on an ana- 

t h e  first t o  in t roduce  t h e  concept of t h e  pass ive  system and a c t i v e  

c o n t r o l l e r  as appl ied  t o  t h e  human thermoregulatory system. 

t o  t h i s  concept,  t h e  pass ive  system rep resen t s  a complex t r a n s f e r  func- 

According 

t i o n  between t h e  c o n t r o l l e r  and t h e  dis turbance.  The c o n t r o l l e r  i s  re-  

spons ib le  for maintaining t h e  human body wi th in  t h e  narrow l i m i t s  of  

acceptable  thermal condi t ions  by a c t i v a t i n g  t h e  var ious thermoregulatory 

mechanisms, i . e . ,  vasocons t r ic t ion  or d i l a t a t i o n ,  sweating, and sh iver -  

ing. 

A group from t h e  Universi ty  of Washington became i n t e r e s t e d ,  i n  

1967 C321, i n  t h e  effects of  e lectromagnet ic  hea t ing  p a t t e r n s  i n  human 

t i s s u e .  

acous t i c  waves and t h e  r e s u l t i n g  thermal e f f e c t  i n  b io log ica l  materials. 

In  1 9 6 9 ,  two so lu t ions  t o  t h e  problem, one using an a n a l y t i c a l  method 

One year  l a te r  C331, they  a l s o  s tudied  t h e  propagation of 



[34] and t h e  o ther  a f i n i t e  d i f f e rence  method C351, were presented 

by t h i s  group, 

Richardson and Whitelaw i n  1968 C361 s tudied  t r a n s i e n t  hea t  t r ans -  

They constructed two probes: a c y l i n d r i c a l  and fer  i n  t h e  human sk in .  

a rec tangular  s l ab .  

c r y l a t e  (Fwspex) ,  r e spec t ive ly ,  and had thermocouples embedded i n  them 

a t  known loca t ions .  

ba th ,  t h e  probes were brought i n t o  contac t  with t h e  sk in  (enclosed 

a reas  of arm-pit and clenched hand) and t h e  temperature of t h e  themno- 

couples w a s  recorded. 

conduction equation i n  s o l i d s ,  t h e  conductance of  t h e  human s k i n  was 

evaluated. I t  was found t h a t  t h e  change i n  conductance was independent 

of t h e  su r face  temperature and heat  f l u x  t o  which t h e  sk in  w a s  exposed, 

The probes were made of  nylon and methyl metha- 

Af te r  being immersed i n  a constant  temperature 

Using ava i l ab le  a n a l y t i c a l  so lu t ions  t o  t h e  hea t  

In f r a red  thermometry w a s  u t i l i z e d  by Gros and Gautherie i n  1968 

C371 t o  study t r a n s i e n t  changes i n  human sk in  temperature as a func t ion  

of  ambient temperature. 

change between t h e  organism and t h e  environment (only one-dimensional, 

t r a n s i e n t  conduction w a s  considered) ,  a mathematical l a w  w a s  der ived.  

This l a w ,  obtained by using Laplace t ransform,  w a s  expressed by e r r o r  

func t ions  and gave s a t i s f a c t o r y  r ep resen ta t ion  o f  t h e  experimental  

data .  

By means of  a s impl i f i ed  model o f  hea t  ex- 

A t  about t h e  same t i m e  Mitchel l  and Myers C381 developed an ana- 

l y t i c a l  model f o r  countercurrent  hea t  exchange between a r t e r i e s  and 

veins .  They proposed t w o  d i f f e r e n t  conf igura t ions  f o r  t h e  counter- 

cu r ren t  heat  exchange t h a t  can be found i n  animals, These were: equal 

number of  a r t e r i e s  and veins  (arm of man, l e g  of  b i r d , r e t e  of a s l o t h ' s  

l e g )  and veins  enc i r c l ing  a s i n g l e  a r t e r y  ( f i n s  of  whales and 
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porpoises) .  Applying -the p r i n c i p l e  of conservat ion of  energy they  ob- 

t a i n e d  a n a l y t i c a l  s o l u t i o n s  t o  t h e  var ious  conf igura t ions  and compared 

t h e i r  r e s u l t s  with a v a i l a b l e  experimental  da ta .  

Buchberg and €jarrah [39] i n  1968 t r i e d  a numerical s o l u t i o n  of  a 

two-dimensional, s teady state model cooled by a network of tubes a t  

t h e  sk in .  They divided t h e  s l a b  i n t o  four l a y e r s  corresponding t o  t h e  

co re ,  musclature ,  a so-cal led func t iona l  per iphery ,  and t h e  sk in .  

They assumed t h e  thermal conduct iv i ty  of t h e  t i s s u e  t o  be a func t ion  

o f  temperature and no heat  t o  be  generated i n  t h e  sk in .  

not  inc lude  a blood flow term e x p l i c i t l y .  

They d i d  

Chato i n  1968 C401 repor ted  on a method f o r  measuring both l o c a l  

thermal  d i f f u s i v i t y  and blood per fus ion  ra te .  

as an i n f i n i t e l y  l a r g e  medium with a s p h e r i c a l  hea t  source ( the rmis to r  

bead) embedded i n  it. H e  obtained a n a l y t i c a l  so lu t ions  and satisfac- 

t o r y  r e s u l t s  were obtained experimental ly .  

He modeled t h e  t i s s u e  

I n  1968  Trezek and Jewett [411 i n i t i a t e d  a s tudy of t h e  thermal 

f i e l d  emanating from a c y l i n d r i c a l  probe embedded i n  a t i s s u e ,  i n  

gene ra l ,  and i n  a b r a i n ,  i n  p a r t i c u l a r .  They were i n i t i a l l y  i n t e r e s t e d  

i n  app l i ca t ions  t o  cryo-surgical  probes.  Other works on t h e  sub jec t  

were publ ished l a t e r  by Trezek and Cooper i n  1968 [421, Trezek i n  1969 

[431, and Cooper i n  1970  C44.1. 

A s tudy o f  t h e  s t a t i o n a r y  hea t  t r a n s p o r t  from a heated s p h e r i c a l  

probe loca ted  i n  a t i s s u e  was made i n  1969 by Pr iebe  and Betz C451. 

The t i s s u e  was assumed t o  be of s p h e r i c a l  shape, too,  and w a s  considered 

t o  be i s o t r o p i c  and homogeneously perfused by blood. Assuming t h e  

d i s c r e t e  c a p i l l a r y  hea t  s i n k s  as w e l l  as t h e  venous heat  sources  t o  



12 

be ''smeared'' over t h e  whole volume of t h e  t i s s u e ,  they  obtained ana- 

l y t i c a l  so lu t ions  t o  t h e  problem. 

f o r  es t imat ing  l o c a l  blood flows. Also, thermal conduct ivi ty  as a 

func t ion  o f  blood flow was obtained. 

This t reatment  provided a method 

J u s t  r ecen t ly ,  Kel le r  and S e i l e r  E461 repor ted  on an ana lys i s  

of pe r iphe ra l  hea t  t r a n s f e r  i n  humans. 

dimensional continuum model, they accounted f o r  e f f e c t s  of  hea t  

conduction, convection by blood flow and vascular  hea t  exchange. 

They did not assume hea t  t o  be generated i n s i d e  t h e  t i s s u e .  

t h e  r e s u l t i n g  t h r e e  simultaneous d i f f e r e n t i a l  equat ions,  they ob- 

t a i n e d  genera l  expressions for t h e  e f f e c t i v e  conduct ivi ty  of  t h e  tis- 

sue. 

t e r i a l  precool ing by t h e  ves se l  spacing. 

I n  a s teady  s t a t e ,  one- 

Solving 

They a l s o  discussed a method f o r  es t imat ing  t h e  degree of  ar- 

2 .2  WATER COOLED GARMENTS 

A most complete review on water cooled garments (WCG) w a s  r e -  

cen t ly  given by s. A. Nunneley C471. She discussed t h e  h i s t o r y  o€ 

water cooled garments i n  t h e  United S t a t e s  and i n  t h e  United Kingdom. 

The d iscuss ion  a l s o  includes va r i ab le s  a f f e c t i n g  WCG design and oper- 

a t i o n ,  t h e  development of  automatic con t ro l  and poss ib l e  uses f o r  r e -  

g iona l  cooling. Some 118 re ferences  a r e  c i t e d  i n  t h i s  work and form 

a complete l i s t  of works p e r t i n e n t  t o  t h e  sub jec t .  

2 . 3  MEASUREMENT OF THERMOPHYSICAL PROPERTIES 

A l a r g e  number of works descr ib ing  methods and techniques f o r  

measuring t h e  thermophysical p rope r t i e s  of b io log ica l  t i s s u e s  has 
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been published. 

" i n  vivo" measurements. 

These include both " in  v i t r o "  and, t o  a l e s s e r  e x t e n t ,  

Webb i n  1964 [48l published a monograph e n t i t l e d  "Bioastronaut ics  

Data Book" i n  which he l i s t e d  extensive da t a  on t h e  human body. 

a l s o  included a chapter  on thermophysical p rope r t i e s .  

He 

I n  1966 Chato [491 made a r a t h e r  ex tens ive  survey of  thermal d i f -  

f u s i v i t y  and conduct ivi ty  d a t a  on b i o l o g i c a l  mater ia l s .  This work was 

extended i n  1968 [SO]. He repor ted  t h e  d a t a  ava i l ab le  a t  t h a t  t i m e  t o  

include p rope r t i e s  of i n t e r n a l  organs,  s k i n ,  b i o l o g i c a l  f l u i d s ,  f rozen 

and then  thawed ma te r i a l s  and animal integuments. 

Pond i n  1968 [511 measured t h e  thermal conduct ivi ty  o f  r a t  b ra in .  

For t h e  measurements he u t i l i z e d  a thermis tor  bead and used t h e  same 

concepts as those  suggested e a r l i e r  by ChatoC401, 

Recently, Cooper C441 completed t h e  development of  a needle-probe 

The needle probe i s  f o r  measuring thermal p rope r t i e s  o f  human organs. 

e s s e n t i a l l y  a copper-constantan thermocouple i n  t h e  shape of a long,  

t h i n  cy l inder .  This probe, while being a t  a temperature d i f f e r e n t  than  

t h a t  of t h e  organ, is  suddenly plunged i n t o  t h e  t i s s u e .  The changes 

i n  temperature of t h e  probe a r e  then recorded u n t i l  it reaches t h e  

temperature of t h e  medium. Thermal d i f f u s i v i t y  values  a r e  ca l cu la t ed  

from t h e  i n i t i a l  po r t ion  of t h e  response curve. This method was developed 

t o  allow f o r  blood flow e f f e c t s  t o  be taken i n t o  account and thus  may 

be used for both " i n  vivo" and " i n  v i t r o "  measurements. 

Trezek r epor t  da t a  obtained v i a  t h e  needle ppobe technique elsewhere C521. 

Cooper and 

Chato and co-workers f u r t h e r  appl ied  t h e  thermis tor  bead t o  measure 

e f f e c t i v e  conduct ivi ty  values  of cat b ra in  and hind l e g  muscle " i n  vivo'' 

and " in  vitro! '  [ 53 1. 



3 __ THEORETICAL ANALYSIS 

3 . 1  DEVELOPMENT OF THE GOVEF.NING PARTIAL DIFFERENTIAL EQUATION 

Among t h e  f a c t o r s  t o  be  considered when at tempting t h e  modeling 

of t h e  human thermal system are t h e  fol lowing:  

(1) Geometry of t h e  body. 

(2) Heat capac i ty  of t h e  body ( thermal  i n e r t i a ) .  

( 3 )  Conduction of  hea t  due t o  thermal grad ien ts .  

( 4  j Ms:tabol-ic hea t  production. 

( 5 )  The r o l e  of  blood flow i n  hea t  t r a n s f e r ;  i . e . ,  t r anspor t  

of  hea t  by c i r c u l a t i n g  blood and countercurrent  hea t  exchange 

between l a r g e  blood vesse ls .  

( 6 )  Thermoregulatory mechanisms i n  t h e  body and t h e i r  func t ions ;  

i. e. vasomotor a c t i v i t y  , sweating sh ive r ing ,  increased 

metabolism due t o  g landular  a c t i v i t y  , and pilo-.motor a c t i v i t y  

(goose f l e s h ) .  ( I n  warm-blooded spec ies  o the r  than  humans, 

an add i t iona l  niechanism o f  pant ing is  a l s o  of  importance. ) 

( 7 )  Thermophysical and phys io logica l  p rope r t i e s  of var ious  or- 

gans and t i s s u e s ;  e.g.  ¶ thermal conduct iv i ty ,  s p e c i f i c  h e a t ,  

dens i ty ,  blood perfusion rates , e t c  e , and t h e i r  dependence 

upon temperature  and loca t ion .  

( 8 )  The i n t e r a c t i o n  with the  environment and i ts  condi t ion ;  

i . e . ,  dry and w e t  bulb temperatures ,  p re s su re ,  and a i r  mo- 

t i o n  r e l a t i v e  t o  t h e  body. 
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In  what fol lows,  t hese  f a c t o r s  w i l l  be considered while a hea t  

balance on a d i f f e r e n t i a l  element of t i s s u e  w i l l  be es tab l i shed .  

Storage,  conduction, and production of hea t  wi th in  t h e  t i s s u e  

w i l l  be assumed t o  be  represented by t h e  well-known heat  equation. 

The a d d i t i o n a l  t e r m  represent ing  t h e  heat  t ranspor ted  by t h e  blood 

stream w i l l  be der ived using F ick ' s  p r i n c i p l e .  

appl ied t o  b i o l o g i c a l  systems, can be s t a t e d  as, " the  amount of a 

substance taken up by an organ (or by t h e  whole body) per  u n i t  time 

i s  equal t o  t h e  a r t e r i a l  l e v e l  of t h e  substance minus t h e  venous l e v e l  

t imes t h e  blood flows' C541. When appl ied  t o  t h e  amount of  hea t  gained 

( l o s t )  by t h e  blood perfusing an element of t i s s u e ,  it y i e l d s  

This p r i n c i p l e ,  when 

q, = w c (Tin b b  - T  I o u t  

Equation (3.11, when combined with t h e  hea t  equat ion,  ob ta ins  

Equation ( 3 . 2 )  i s  t h e  mathematical statement o f  t h e  first l a w  of t he r -  

modynamics descr ib ing  t h e  " in  vivo" r e l a t i o n s h i p  between t h e  var ious 

modes of heat  transfer,  s to rage ,  and production wi th in  a b i o l o g i c a l  

t issue.  I t  may be  r e f e r r e d  t o  as t h e  P'bio-heat" equation. S i m i l a r  

forms were obtained by Pennes C81, Hertzman [lo], Wissler [18], Per1 

[221, Chato 1401, Trezek [421, and Kel le r  and S e i l e r  C461. 

I n  view of t h e  complexity of  t h e  thermal behavior and s t r u c t u r e  

of a l i v i n g  t i s s u e  and a l s o  because of t h e  lack  of accura te ,  d e t a i l e d  



da ta  o f  t h e  1 herwcphysical p r o p e r t i e s  and t h e  dis-L-ribution of  blood 

perfusiori  and metabolic heat: production rates i n  t h e  body, a nunber 

of assumpticns should be made t o  f a c i l i t a t e  a n a l y t i c a l  modeling. 

(1) The thermophysical p rope r t i e s  of  t h e  t i s s u e  w i l l  be  assumed 

constant  and -?he t i s s u e  w i l l  be assumed t o  be homogeneous 

and i so t rop ic .  

The temperature of blood leaving  the t i s s u e  w i l l  be assumed 

q u a l  t o  the L-emperarure of t h e  t i s sue .  This assumption 

can he j u s t t f i e d  by t h e  s t r u c t u r e  of  thE c a p i l l a r y  bed and 

-the slow ra te  of' flow of blood through the c a p i l l a r i e s  

which makes chem almost p e r f e c t  hea t  exchangers. 

The t ezpe ra tu re  of  blood en te r ing  t h e  t i s s u e  w i l l  be assumed 

constant  arid equal  t o  t h e  temperature o f  t h e  a r t e r y .  Later, 

however, t h i s  assumptjon w i l l  be  changed and an a r b i t r a r y  

func t ion  wiX- be assumed t o  represent  t h e  i n l e t  temperature 

( 2 )  

( 3 )  

of blood per fus ing  -the t i s s u e .  

( 4 )  Blood per fus ion  and metabolic hea t  production rates w i l l  

be assumed uniform and constant  throughout t h e  e n t i r e  l a y e r  

of t i s s u e  and w i l l  be assumed t o  represent  average values .  

Accordii2gly, Eq. ( 3 . 2  1 becomes 

2 
- kV T + W. c ('I" '- T )  + R 2T pc, - - a t  ~ ; h  a 

Equation ( 3  3 )  w i l l  be appl ied  to  -the var ious  l aye r s  of t i s s u e  

and a n a i y t i c a l  s o l u t i o n s  w i l l  be given for d i f f e r e n t  geometries and 

( 3 . 3 )  

boundary condi t ions e 



The var ious thern,oregulatory mechanisms ou t l ined  above a r e  included 

;n t h e  present  nodel i n d i r e c t l y .  

? lay i n  t h e  thermoregulation of  t h e  homeothemn C55l i s  expressed, 

among o t h e r  e f f e c t s ,  by t h e  modif icat ion of l o c a l  heat transfer char- 

a c t e r i s t i c s ,  such as blood per fus ion  (vasomotor a c t i v i t y )  and meta- 

b o l i c  heat  production rates ( sh ive r ing  and glandular  ac t iv i ty ) ,  and 

i-he boundary condi t ions  (sweating and pilo-motor a c t i v i t y ) .  Accord- 

i ng ly ,  the e f f e c t  of t h e  thermoregulatory mechanisms on t h e  t r anspor t  

of hea t  i n  t h e  t i s s u e  can be  incorporated by properly changing t h e  

values  o f t h e  r a t e  of blood flow and hea t  generat ion.  The in t e rac -  

t ion  with t h e  erwironment w i l l  be accounted for i n  t h e  following sec- 

t i o n  v i a  t h e  boundary condi t ions.  

The major r o l e  t h a t  t hese  mechanisms 

3.2 GEOMETRIES, BOUNDARY AND INITIAL CONDITIONS 

This s tudy  w i l l  be pr imar i ly  concerned with t h e  removal of meta- 

b o l i c  heat  produced i n  t h e  body by means of  a network o f  cool ing tubes 

t h a t  a r e  i n  d i r e c t  contac t  with t h e  skin.  

b l e  t o  approximate t h e  very involved geometry of t h e  body by c i rcu-  

lar cyl inders  or even by s t r i p s  of rec tangular  c ross  sec t ion .  

Consequently, it i s  poss i -  

To t h i s  end, t h e  t i s s u e  i s  assumed t o  be divided i n t o  t h r e e  l aye r s :  

(1) A s k i n  l a y e r  composed of  epidermis,  dermis,  and subcutane- 

ous f a t  as shown i n  Fig. 3.1. The a c t u a l  th ickness  of t h e  

Layer v a r i e s  from 1-6  mm [561. 

w i l l  be assumed t o  be removed a t  t h e  contac t  areas between 

t h e  epidermis and t h e  cool ing tubes.  

A l l  excess metabolic heat  



18 

Figure 3.1 Cross section of the normal skin. Copyright, 1967, 
CIBA Corporation, reproduced with permission from 
the Clinical Symposia by Frank H. Netter, M.D. 



( 2 )  A l a y e r  ca l l ed  s k e l e t a l  muscle composed of a l l  t h e  muscles. 

(3) An inner  core  l a y e r  cons i s t ing  of t h e  skeleton and a l l  t h e  

i n t e r n a l  organs. A t  s teady  s t a t e ,  t h i s  l a y e r  w i l l  be as- 

sumed t o  be a t  a constant  temperature which w i l l  vary with 

metabolic r a t e s  C571. 

Assuming t h e  body t o  be  represented by cy l inders  of c i r c u l a r  

c ross  s e c t i o n ,  two configurat ions of  cooling tubes  seem conceivable:  

(1) The tubes running perpendicular  t o  t h e  a x i s  of t h e  cy l in-  

de r ,  Fig. 3.2.  

The tubes running p a r a l l e l  t o  t h e  a x i s  of t h e  cy l inde r ,  

Fig. 3 .3 .  

( 2 )  

Other intermediate  conf igura t ions  of t h e  cool ing tubes can be 

represented as a combination o f  t h e s e  two. However, as t h e  i n s i d e  

diameter of t h e  cy l inders  becomes l a r g e r  (which i s  t h e  case with t h e  

t r u n k ,  t h ighs ,  and lower l e g s  and approximately with t h e  arms, t o o ) ,  

t h e  c y l i n d r i c a l  conf igura t ion  can be rep laced  by s t r i p s  of rectangu- 

lar cross sec t ion ,  Fig. 3.4. The ca l cu la t ions  of  t h e  temperature 

d i s t r i b u t i o n  i n s i d e  t h e  t i s s u e  thus  become simpler  and e a s i e r  with- 

out  any s i g n i f i c a n t  l o s s  of accuracy, as i s  demonstrated l a t e r .  

A s  mentioned above, t h e  temperature of t h e  i n t e r f a c e  between 

t h e  s k e l e t a l  muscle and t h e  inner  core  i s  assumed constant  and uni- 

form and equal  t o  t h a t  of t h e  inne r  core.  An assumption of  a cons tan t ,  

uniform f l u x  a t  t h i s  i n t e r f a c e  i s  a l s o  poss ib l e  and t h e  two w i l l  be 

considered separa te ly .  A t  t h e  sk in  su r face ,  a hea t  f l u x  correspond- 

ing  t o  t h e  amount of  hea t  t o  be removed by t h e  tubes  w i l l  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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/ -V 

Skeletal 
Muscle 

Figure 3.3 Representative section of the cylindrical model 
with the cooling tubes on the skin running paral- 
l e l  to the axis of the cylinder. 
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Cool i ng Cool i nq 

Skin 

Skeleta I 
Muscle 

Inner  
Core 

Figure 3.4 Representat ive sec t ion  of t h e  rec tangular  model. 



2 3  

F i r s t . ,  an a r b i t r a r y  d i s t r i b u t i o n  of thc? f l u x  1 . 7 i . X  hc assumed,? b u t ,  

l a t e r ,  it w i l l  be  shown rhat knowledge of t h e  a c t u a l  shape of t h e  

flux func t ion  i s  no t  necessary as long as t h e  hea t  is  removed only 

by t h e  tubes [ 5 8 ] .  

of  symmetry running through t h e  tubes and half-way between two adja-  

cent  tubes can be assumed ad iaba t i c .  A t  t h e  i n t e r f a c e  between t h e  

s k i n  l aye r  and t h e  s k e l e t a l  muscle, two ma-t.chi!Ig condi t ions w i l l  be 

s a t i s f i e d :  equal  temperatures and equal  hea t  f l uxes .  

Because of  t h e  symmetry of t h e  problem, t h e  l i n e s  

The s teady  s ta te  temperature d i s t r i b u t i o n  i n  t h e  t i s s u e  a t  a 

given metabolic ra te  w i l l  be assumed t o  be t h e  i n i t i a l  condi t ion f o r  

t h e  t r a n s i e n t  s ta te .  

3 . 3  ANALYTICAL SOLUTIONS 

It  w i l l  be assumed t h a t  t h e  changes along t h e  axes of t h e  cool- 

i ng  tubes are small compared t o  those  occurr ing  i n  t h e  d i r e c t i o n s  

perpendicular  t o  t h e  tubes .  I n  mathematical no ta t ion ,  t h i s  s ta tement  

becomes 

and,  consequen-ily, t h e  probiem becones two dimensional, Steady s t a t e  

so lu t ions  i n  t h e  two most r e l evan t  coordinate  systems, i . e ,  , rectan-  

gu la r  and c y l i n d r i c a l ,  w i l l  be given first, These s o l u t i o n s  w i l l  

tBy properly modifying t h e  d i s t r i b u t i o n  of  t h e  spec i f i ed  f l u x  func- 
t i o n  over  t h e  skin, hea t  removed by swear; evaporation and convection 
can be incorporated,  too. 

(3 .4)  



bz used a:; i n i t i a l  condi’;i:;ns for t h e  more genera l  tranaiei: t  cases. 

3.4 STEADY STATE, RECTANGULAR COORDINATES 

The first case t o  be  s tud ied  i s  t h e  one wi.th t h e  s k i n  and s k e l e -  

t a l  nusci.e considered as sepa ra t e  reg ions  us ing  rec tangular  coordi-  

nates. 

t h e  po r t ion  contacted by t h e  cool ing  tubes .  No heat  is  assumed t o  

be removed a t  t h e  r e s t  o f  t h e  sk in  sur face .  A t  t h e  i n t e r f a c e  between 

t h e  s k e l e t a l  muscle and t h e  inne r  co re ,  a cons tan t  temperature ,  equal  

t o  t h a t  of  t h e  inne r  core ,  i s  assumed. Because of  t h e  symne-tpy of 

t h e  problem, t h e  boundaries a t  x = 0 and x a are assumed t o  be  adia- 

b a t i c .  Two matching condi t ions of equal  temperature and equal  hea t  

f l u x  are s a t i s f i e d  a t  t h e  i n t e r f a c e  between t h e  s k i n  and t h e  skele-  

- ta l  muscle. Although t h e  problem as formulated above neglec ts  end. 

effects ,  it can s t i l l  be  considered genzra% f o r ,  t h e  s o l u t i o n  presented 

below p e r t a i n s  t o  t h e  areas covered by t h e  cool ing  pads,  modeled as 

r ec t angu la r ,  symmetrical, two-dimensional s t r i p s .  Temperature d i s -  

All rc:etabol.ic heat  i s  assuned to be  removed a t  t h e  s k i n  along 

t r i b u t i o n s  i n  t h e  t i s s u e  underneath t h e  areas not  covered by t h e  cool- 

ing  pads can be  obtained by proper ly  modifying t h e  hea t  f l u x  a t  t h e  

s k i n  while  using t h e  same approach as presented below, 

in mathematical no ta t  i on ,  becomes : 

The problem, 
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where 

wi ‘b 2 -  b 

ki 
w. = (3 .9 )  

_. Qi’ 
ki 

Qi = - (3.10) 

f ( x )  i s  an a r b i t r a r y  func t ion  represent ing  t h e  f l u x  of  heat  removed 

by t h e  cool ing tubes a t  t h e  sk in .  Figure 3 .5  shows t h e  two reg ions ,  

t h e  coordinate  system, and t h e  boundary condi t ions for t h i s  case.  

The so lu t ions  t o  t h e  above two simultaneous sets were obtained 

by us ing  appropr ia te  t ransformations and Fourier  series expansions. 

In  terms of  r eg iona l  temperatures ,  t h e s e  so lu t ions  a re :  

For t h e  sk in  l a y e r ,  

D 1 sinh  (wly, k, G tanh (w2b2 ) 
t 

w1 cosh (w,b, 

(3.11) 
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Inner Core y2 

* T2 = T, 

S keleta I 
Muscle 

Skin 

Figure 3.5 Geometry and boundary condi t ions for t h e  rectangu- 
l a r  model. 
considered as separa te  regions.  

Skin layer and s k e l e t a l  muscle are 
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For t h e  s k e l e t a l  muscle l a y e r ,  

(3.12) 

where 

(3.14) 

- n'Ti h = -  
n a 

Sa 

0 
1 

Equations (3.11) through (3 .19)  were programmed on t h e  d i g i t a l  

computer and temperature d i s t r i b u t i o n s  for var ious  va lues  of  parame- 

t e r s  and metabolic rates were obtained. TABLE 3.1 gives  dimensions 

(3.17) 

(3.18) 

(3.19) 

and thermophysical p rope r t i e s  of  t h e  model used for t h e  numerical 
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computations. 

numerical so lu t ion .  

e r r o r  introduced was l e s s  than  0 .01;  i . e . ,  

A t y p i c a l  temperature d i s t r i b u t i o n  i n  t h e  t i s s u e  f o r  one set o f  parame- 

t e r s  i s  shown i n  Fig. 3.6. 

The first twenty terms of  t h e  s e r i e s  were used i n  t h e  

It w a s  found t h a t  by doing so t h e  t runca t ion  

I - la2l I < 0.01 OF/ f t .  

Three observat ions were made based on t h e  preceding ana lys i s :  

If y /x  > 2 ( t h e  r a t i o  o f  b /a  i n  t h e  present  rec tangular  

model was about 2 . 3 1 ,  t h e  i6otherms become e s s e n t i a l l y  in-  

dependent of x; :.e., t h e  isotherms become p a r a l l e l  and 

a func t ion  o f  depth only as i l l u s t r a t e d  i n  Fig. 3.6.  This 

observat ion leads  t o  t h e  conclusion t h a t ,  a t  t h e  i n t e r f a c e  

between t h e  inner  core  and t h e  s k e l e t a l  muscle, t h e  boundary 

condi t ions of cons tan t ,  uniform f l u x  or temperature become 

i d e n t i c a l  for any p r a c t i c a l  purposes, From a phys io logica l  

s tandpoin t ,  t h i s  conclusion is  not  su rp r i s ing .  It i s  known 

t h a t ,  i n  a s teady  s ta te ,  inne r  body temperature is maintained 

a t  a f a i r l y  constant  l e v e l  whi le ,  a t  t h e  same t i m e ,  most of 

t h e  hea t  generated i n s i d e  t h e  body i s  removed a t  t h e  sk in ,  

The heat  t o  be removed a t  t h e  sk in  i s  t ranspor ted  t h e r e  

by t h e  blood stream and by conduction through t h e  t i s s u e ,  

mechanisms t h a t  a r e  included i n  t h e  present  mathematical 

model. 

One of t h e  most d i f f i c u l t  parameters t o  a s ses s  is  t h e  shape 

of t h e  f l u x  a t  t h e  por t ion  of  t h e  s k i n  contacted by t h e  

cooling tubes.  Fortunately,  it was demonstrated C581 t h a t  

t h e  a c t u a l  shape of t h i s  func t ion  is  not  of g r e a t  importance 
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99.7O F 

Muscle 

C 
c i n  

Figure 3.6 Temperature d i s t r i b u t i o n  i n  t h e  separa ted  t i s sue  
f o r  t h e  rec tangular  model. Dashed curves ind i -  
c a t e  Temperature d i s t r i b u t i o n  obtained by Buchberg 
and Harrah [391 without blood flow. 
Btu/hr,  (760 w), f3 0 . 1  and constant  temperature 
a t  inne r  core. 

Q, = 2600 
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so  long as it provides f o r  t h e  removal of a l l  t h e  excessive 

heat  a t  t h e  skin.  

l i n e a r  hea t  f l u x  func t ion  a t  t h e  sk in .  This func t ion  va r i ed  

from i t s  maximum value a t  x = 0 ( c e n t e r l i n e  of  t h e  cool ing 

t u b e )  t o  2/3 of  t h e  maximum a t  x = Ba (edge of t h e  cool ing 

tube)  o r  f2/fl  = 1.5. The mean value of t h e  f l u x  over t h e  

a r e a  covered by t h e  cooling tube  was taken t o  correspond 

t o  t h e  appropr ia te  amount of  hea t  t o  be  removed. 

ond choice,  t h i s  func t ion  was reversed;  i . e . ,  f 2 / f l  = U1.5. 

With t h e s e  two extreme assumptions, t h e  temperature d i s t r i -  

bu t ion  i n  t h e  t i s s u e  w a s  evaluated. The e f f e c t  of  select- 

ing  d i f f e r e n t  f l u x  func t ions  a t  t h e  s k i n  w a s  no t iceable  

only i n  t h e  v i c i n i t y  of  t h e  cool ing tubes  and became ind i s -  

t i ngu i shab le  a t  a very s h o r t  d i s t ance  away, Thus, knowl- 

edge of  t h e  exact  shape of  t h e  f l u x  func t ion  i s  not  essen- 

t i a l  and t h e  e r r o r  introduced by var ious func t ions  is in-  

s i g n i f i c a n t  so  long as t h e  above obvious condi t ion is sat- 

i s f i e d .  Figure 3.7 demonstrates t h i s  f ind ing .  Figure 3.8 

shows t h e  e f f e c t  of inc reas ing  t h e  contac t  area between 

t h e  cooling tubes  and t h e  sk in  ( inc reas ing  6) while f2 / f l  

i s  maintained a t  1.5. 

This w a s  done by assuming an a r b i t r a r y ,  

A s  a sec- 

11 2 ( 3 )  I t  was found t h a t  , i f  b e (wbcb/k) > 2.3 t h e  maximum 

temperature of t h e  body occurs i n  t h e  skeletal  muscle r a t h e r  

than  i n  t h e  inne r  core.. This observat ion demonstrates, 

among o t h e r  t h i n g s ,  t h e  important r o l e  t h a t  t h e  blood stream 

p lays  i n  t h e  t r a n s p o r t  o f  hea t  i n  t h e  body; for, without 
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t h e  temperature of  t h e  sk in  f o r  t h e  rec tangular  
model. 
cons tan t  temperature a t  i nne r  core .  
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t h i s  mode of hea t  t ransfer ,  t h e  occurrence of  a maximum 

temperature i n s i d e  t h e  t i s q u e  w i l l  mean i n a b i l i t y  t o  adequately 

d i s s i p a t e  hea t  with a l l  t h e  acute  phys io lcg ica l  consequences. 

Only hea t  t ranspor ted  by t h e  blood stream can by-pass t h i s  

"bar r ie r"  and reach t h e  s k i n  where it w i l l  eventual ly  be 

removed. 

r e sen t ing  blood flow i s  not  included i n  Eq. (3.31, as was 

done by Buchberg and Harrah C391, t h e  above-mentioned phe- 

nomenon does nQt occur (Fig.  5.6, dashed l i n e s ) ,  However, 

t h e r e  arq cases  when blood flow reduces s i g n i f i c a n t l y  or 

even vanishes;  e .g . ,  vasocons t r ic t ion .  Therefore,  a solu- 

t i o n  f o r  t h i s  l i m i t i n g  case, w,, + 0, i s  presented and com- 

pared i r ) .  APPENDIX B with t h e  more genera l  resu l t  t h a t  in-  

cludes blood flow and t h e  r e s u l t s  of Re$. C391. 

From a mathematical standpOint , when t h e  t e r m  rep- 

A s  was mentioned before ,  v e q  l i t t l e  accura te  and r e l i a b l e  d a t a  

are ava i l ab le  pe r t a in ing  t o  t h e  thermophysical p rope r t i e s  of t h e  t i s -  

sue ,  l o c a l  blood per fus ion  and metabolic hea t  production rates. 

The most comprehensive source of thermophysical p rope r t i e s  was given 

by Chato C501. 

phys io logica l  textbooks,  such as t h e  one by Brad C591. 

any attempt t o  improve on t h e  preceding a n a l y s i s  w i l l  have t o  be de- 

layed u n t i l  such d a t a  become ava i l ab le .  

Scant phys io logica l  da t a  can be found i n  medical or 

Consequently, 

Nevertheless ,  two a d d i t i o n a l  s e t s  of so lu t ions  w i l l  be given. 

The first a d d i t i o n a l  s o l u t i o n  i s  l e s s  d e t a i l e d  than  t h e  previous one. 

11 is  obtained when t h e  s k i n  and S k e l e t a l  muscle zones are combined 
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t o  form a s i n g l e  zone.? The r e s u l t  i s  o f  gross na tu re ,  b u t ,  i n  view 

of t h e  inadequacy of t h e  a v a i l a b l e  d a t a ,  it i s  almost as good as t h e  

more complete one with t h e  two zones separated and i s  easier f o r  com- 

puta t ion .  This case i s  presented and discussed i n  APPENDIX C. 

The second a d d i t i o n a l  s o l u t i o n  assumes a va r i ab le ,  a r b i t r a r y  

blood supply temperature r a t h e r  than  a constant  one. Since t h i s  so- 

l u t i o n  i s  more d e t a i l e d  and r equ i r e s  more information on t h e  a c t u a l  

changes t h a t  t h e  temperature of  t h e  blood perfusing t h e  t i s s u e  under- 

goes,  it seemed s u f f i c i e n t  t o  assume a one-dimensional model with 

uniform f l u x  a t  t h e  sk in .  It i s  bel ieved t h a t  t h e  extension of t h i s  

s o l u t i o n  t o  two dimensions should not  present  any major d i f f i c u l t i e s .  

I n  mathematical no ta t ion ,  

and t h e  boundary condi t ions a r e  

dT - F a t y = O ,  - - -  
dY k 

a t y = b ,  T = T l  

where F i s  t h e  uniform f l u x  a t  t h e  sk in .  

This s e t  was In t eg ra t ed  using a Green func t ion  C601, 

(3.20b) 

( 3 . 2 0 ~ )  

?This procedyre amounts t o  car ry ing  t h e  above s o l u t i o n  t o  t h e  l i m i t  
bl -t 0 and b2 -t b ,  or b2 -+ 0 and bl -t b y  while assuming kl = k 2 ,  
w1 - - w 2 ,  and Q, = Q, and r eve r s ing  t h e  s ign  of t h e  f l u x  at t h e  sk in .  
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(3.21) 

where Q1(y)  and Q,(y) a r e  two independent so lu t ions  of  t h e  homogene- 

ous d i f f e r e n t i a l  equat ion,  

2 
W ( y >  - w @ ( y >  = 0 (3.22a) 

s a t  i s  f y in  g , 

namely, 

@ , ( y >  = cosh (wy) 

Q 2 ( y >  = s inh  Cw(b - y > l  

and ,@,I is  t h e  Wronskian defined 

( P . 2 2 b )  

( 3 . 2 2 ~ )  

(3.23a) 

(3.23b) 

(3.24) 

The s o l u t i o n  obtained i s  
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s inh  [w(b - y ) l  Y ( T )  cosh ( w T )  dT i 0 
w - 

cash (wb) 

b .. 
+ cosh (wy) I Y ( T )  s inh  [w(b - TI1 d r j  

Y 

where, with t h e  dummy va r i ab le  r replaced by y ,  

( 3 . 2 5 )  

( 3 . 2 6 )  

and ef:(y) i s  an a r b i t r a r y  func t ion  descr ib ing  t h e  v a r i a t i o n s  of t h e  

blood supply temperature.  

f o r  assumed l i n e a r  temperature w r i a t i o n s  of t h e  blood supply. 

can be seen t h a t ,  as t h e  s lope  of blood supply temperature inc reases ,  

sk in  temperature decreases  and t h e  maxirpum temperature of t h e  t i s s u e  

i s  s h i f t e d  toward t h e  inne r  core.  

Figure 3.9 shows typical,  r e s u l t s  obtained 

I t  

If t h e  bouedary condi t ion a t  t h e  inne r  co re ,  Eq .  ( 3 . 2 0 ~ )  is chaaged 

dT - Lo a t y = b ,  - - -  
dY k 

(uniform f l u x  in s t ead  of uniform temperature) ,  a so lu t ion  for t h e  

temperature i n s i d e  t h e  t i s s u e  can be obtained by employing t h e  f i n i t e  

cosine Fourier  t ransform 

( 3 . 2 7 )  

( 3 . 2 8 )  

U 
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Figure 3.9 Steady s t a t e ,  one dimensional temperature d i s t r i -  
but ion i n  t h e  combined t i s s u e  with va r i ab le ,  l i n e a r  
blood supply temperature for t he  rec tangular  model. 
Dashed l i n e  ind ica t e s  locus of maxima. Q, = 2600 
Btu/hr (760 w ) ,  and constant  temperature a t  i nne r  
core .  



(3.29) 

t o  ob ta in  

b 
0+;('r) cos ( V n ' r )  d'r 

(3.30) 
2 2 

w t vn 
t ;{[ e + c ( ' r )  dT t 2w2 

n = l  

where 

(3.31) 

and @'c(y) i s  t h e  a r b i t r a r y  func t ion  defined above. 

3.5 STEADY STATE, CYLINDRICAL COORDINATES 

I n  many cases, a c l o s e r  approximation o f  t h e  geometry of t h e  

human body is  achieved by r ep resen t ing  it as a set of  cy l inders .  

This i s  p a r t i c u l a r l y  t r u e  for t h e  ex t r emi t i e s  and was used by many 

i n v e s t i g a t o r s  [8,16,18,31,331. 

Two genera l  cases were s tudied :  t h e  cool ing tubes running on t h e  

sk in  perpendicular  t o  t h e  cy l inde r  (limb) a x i s ,  Fig. 3.2,  and t h e  tubes 

running p a r a l l e l  t o  t h e  a x i s ,  Fig. 3.3. 

with t h e  two zones separa ted ,  whereas only a s o l u t i o n  for t h e  combined 

t i s s u e  w a s  obtained f o r  t h e  second. 

The first case was s tudied  

The geometry of t h e  first case (assuming t h e  grad ien ts  along 

t h e  a x i s  of t h e  cy l inde r  t o  be n e g l i g i b l e  compared t o  those  i n  t h e  

plane perpendicular  t o  i t) i s  e s s e n t i a l l y  r ec t angu la r  and similar 

t o  t h e  one shown i n  Fig.  3.5. For completeness, t h e  exact  geometry 

and boundary condi t ions a r e  shown i n  Fig. 3.10, 

The mathematical formulat ion f o r  t h i s  case  is 
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t 0 - -  
dZ 

R12 

Skin 

Skeletal 
Muscle 

I n n e r  Core 

Figure 3.10 Geometry and boundary condi t ions for t h e  c y l i n d r i c a l  
model with t h e  cooling tubes  on t h e  sk in  running per- 
pendicular  t o  t h e  a x i s  of t h e  cy l inde r .  
and s k e l e t a l  muscle are considered as sepa ra t e  regions.  

Skin layer 
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where a l l  t h e  parameters a r e  def ined by E q s .  (3.81, (3 .9 ) ,  and (3.10). 

The s o l u t i o n  obtained is :  

For t h e  sk in  l a y e r  (Ri2 < r < R2 - 

M - 
w1 Kl ( W l  R2 

(3.35) 
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For t h e  s k e l e t a l  muscle (R1 r < R12) 

- kl 
n = l  

where 

1 1 2  
kl w1 *oo (w2 R1 2 )*I 1 (w, R2 

k2Wz 
1 0  (W2R12 )*lo (Wl R12 

12  t- 

Observing t h a t  E611 

1 - 
WR 

(3.38) 

(3.39) 

(3.40) 

(3.41) 
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Equation ( 3 . 4 0 )  can be r ewr i t t en  

(3.42) 

Ii and Ki 

kind of order  i and wi , f a ,  Gi , An, and 01, are def ined by Eqs. (3.91, 

(3.161, (3.171, (3.181, and (3.191, r e spec t ive ly .  

a r e  t h e  modified Bessel func t ions  of t h e  first and second 

The s o l u t i o n  t o  t h e  c y l i n d r i c a l  case exh ib i t s  t h e  same charac- 

t e r i s t i c s  as t h e  one f o r  t h e  rec tangular  case, However, it is  more 

d i f f i c u l t  t o  ob ta in  numerical r e s u l t s  because of  t h e  presence of t h e  

Bessel func t ions  i n  t h e  s e r i e s  p a r t  o f  t h e  so lu t ion ,  

t u r e  d i s t r i b u t i o n  of  l imi t ed  accuracy f o r  t h i s  case f o r  t h e  sk in  l a y e r  

and s k e l e t a l  muscle considered as one combined t i s s u e  i s  shown i n  

Fig. E . l .  For tunately,  it w a s  found t h a t ,  without any s i g n i f i c a n t  

loss i n  accuracy, t h e  rec tangular  case y i e l d s  r e s u l t s  t h a t  a r e  remarka- 

b ly  c l o s e  t o  t h e  c y l i n d r i c a l  ones,  as w i l l  be demonstrated i n  a sepa- 

rate chapter .  

S t i l l ,  tempera- 

A s p e c i a l  func t ion ,  JlkR(Si r )  , was defined t o  s impl i fy  t h e  mathe- 

matical de r iva t ion ,  Eq. (3 .37) .  

func t ions  of t h e  first and second kind which w a s  found t o  r ecu r  i n  

t h e  s o l u t i o n  many times. 

d e t a i l  i n  APPENDIX D. 

I t  i s  a combination of  modified Bessel 

This func t ion  is  f u r t h e r  discussed i n  some 

A s  w a s  done f o r  t h e  rec tangular  model, a d d i t i o n a l  so lu t ions  f o r  

t h e  combined t i s s u e ,  inc luding  t h e  l i m i t i n g  ones for no blood flow, 

a r e  presented i n  APPENDIX E.  



The second s teady s t a t e  case i n  c y l i n d r i c a l  coordinates  i s  t h e  

one with t h e  cool ing tubes running p a r a l l e l  t o  t h e  cy l inder  ax i s .  

Figure 3.11 shows t h e  geometry and boundary condi t ions fo r  t h i s  case.  

The mathematical formulation for t h i s  case is 

with t h e  boundary condi t ions ,  

a t r = R 1 ,  8 = o  (3.43b) 

(3.43d a a  
a4 a t  :,J = 0 , - =  0 

Salu t ion  for t h i s  s e t  was obtained by using t h e  same technique 

as before  t o  y i e l d  
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Figure 3.11 Geometry and boundary condi t ions for t h e  c y l i n d r i c a l  
model with t h e  cooling tubes on t h e  sk in  running 
p a r a l l e l  t o  t h e  ax i s  of t h e  cy l inder .  
s k e l e t a l  muscle a r e  considered as a combined t i s s u e .  

Skin l a y e r  and 
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where 

TI = nm 

(3.45) 

(3.46) 

m is  t h e  number of equal ly  spaced tubes  on t h e  circumference. 

i 

rlrl 
The presence of t h e  func t ion  I/J ( w r )  i n  t h e  s e r i e s  of Eq, (3.44) 

hindered accura te  computation of  t h e  temperature d i s t r i b u t i o n s  i n  

t h e  t i s s u e .  

ing  tubes.  For example, i f  one assumes m = 2 0 ,  t h e  capac i ty  of t h e  

computer is exceeded a f t e r  t h e  first two terms of  t h e  s e r i e s  f o r  a 

low metabolic r a t e .  

i n g f u l  phys io log ica l ly ) ,  t h e  accuracy of t h e  computation i s  f u r t h e r  

l imi ted .  

t h i s  case was considered o f  l i m i t e d  va lue  and is  not  presented here .  

T h i s  computational l i m i t a t i o n  was a l s o  one of t h e  reasons why t h i s  

case w a s  not s tud ied  with t h e  zones separated.  

Solut ions f o r  cases  where t h e  tubes run  diagonal ly  on t h e  sk in ,  

i . e . >  not  p a r a l l e l  or perpendicular  t o  t h e  cy l inde r  a x i s ,  can be ob- 

ta ined  as l i n e a r  combinaticms of t h e  above two extreme cases .  This 

can be done by reso lv ing  ?he f l u x  func t ion  a t  t h e  sk in  i n t o  two com- 

ponents corresponding t o  t h e  above two cases. Because of  t h e  l i n e a r i t y  

of t h e  equat ion,  a l i n e a r  combination of so lu t ions  cons t i tuees  a so- 

l u t i o n  t o  t h i s  more genera l  case. 

This was t r u e  p w t i c u l a r l y  i n  t h e  v i c i n i t y  of t h e  cool- 

Also, when R, increases (while s t i l l  being mean- 

Consequently, t h e  temperature d i s t r i b u t i o n  obtained f o r  
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3.6 TRAiJSIENT STATE RECTANGULAR COORDINATES 

Available experimental evidence shows t h a t  t h e  thermal t r a n s i e n t s  

i n  t h e  human body are o f  t h e  order  o f  a h a l f  hour C621. Consequently, 

t h e  s teady  s t a t e  s o l u t i m s  become o f  l imi t ed  importance and t r a n s i e n t  

so lu t ions  should be sought. 

The l a c k  of  accura te  and d e t a i l e d  thermophysical and physiologi- 

c a l  d a t a  hinders  any d e t a i l e d  ana lys i s .  This is even more not icea-  

b l e  i n  t h e  t r a n s i e n t  cases.  Therefore,  t h e  ana lys i s  presented below, 

although success fu l  i n  obta in ing  so lu t ions  t o ,  t h e  problem, should 

be considered approximate only.  - In  view of t hese  l i m i t a t i o n s ,  t h e  

following assumptions w i l l  be  made: 

(1) The two ou te r  zones,  ;.e., sk in  and s k e l e t a l  muscle, w i l l  

be considered t o  c o n s t i t u t e  one combined t i s s u e .  

( 2 )  A l l  

en t  

( 3 )  The 

and 

and 

p rope r t i e s  w i l l  be assumed t o  be constant  and independ- 

of  t ime,  temperature,  and loca t ion ,  

temperature a t  t h e  i n t e r f a c e  between t h e  inner  core  

t h e  combined t i s s u e  w i l l  be assumed uniform and cons tan t  

w i l l  correspond t o  t h e  f i n a l  condi t ion.  

$ 4  

(4) Step-l ike func t ions  w i l l  be assumed t o  represent  changes 

i n  blood perfusion and metabolic heat  generat ion r a t e s ;  t h a t  

i s ,  a t  t - > 0 ,  values  of blood per fus ion  and hea t  generat ion 

r a t e s  correspond t o  t h e  f i n a l  ones. This assumption can 

be j u s t i f i e d  on t h e  grounds t h a t  t h e  t r a n s i e n t  t i m e  f o r  

changes i n  these  q u a n t i t i e s  is much s h o r t e r  than t h e  ther -  

m a l  t r a n s i e n t s .  
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( 5 )  The i n i t i a l  temperature i n  t h e  t i s sue  w i l l  be taken as t h e  

s teady  s ta te  d i s t r i b u t i o n .  

t ior_,  as t -f m, was expected t o  correspond t o  t h e  s teady 

s t a t e  a t  t h e  new metabolic a c t i v i t y  l e v e l .  

The f i n a l  temperature d i s t r i b u -  

Two cases w i l l  b e  s tud ied :  one with a u n i f o m  hea t  f l u x  at t h e  

sk in ,  i . e , ,  one-dimensional, apd t h e  o the r  with va r i ab le  f l u x  over 

t h e  s k i n ,  similar t o  t h e  s teady s ta te  case presented i n  APPENQIX C. 

CASE 1: 

with t h e  boundary and i n i t i a l  condi t ipns ,  

a t y = b ,  8 = o  

e =..[,. cosb (w,y) F, 

2 cosh '(wlb') 1- a t  t L O ,  
W. 

s inh  Cw,(b - y ) ]  . 
c0sh '(W, b)  

(3.47b) 

(3.47c) 

(3.47d) 

where 

8 f T(y , t )  - T, (3.48) 

and a l l  t h e  o t h e r  parameters were defined before .  

values  p r i o r  t o  t h e  s tep,  t - < 0, and index 2 values  qfter t h e  s tep,  t > 0 .  

Index 1 i n d i c a t e s  
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The so lu t ion  t o  t h i s  case i s  

cosh (w2y) F, s inh  Cw,(b - y) ]  

cosh (w2b)]-  kWz cosh (w2b) T(y , t )  = TI + 5 2 [l - 
w2 

2 
exp (-ay2t)  (3.49)  

where 

2 + 62 n 

(3.50) 

(3.51) 

Figure 3.12 shows r e s u l t s  obtained f o r  s t e p  changes i n  metabolic 

rates. I t  is  c l e a r l y  seen t h a t  most of  t h e  changes i n  temperature 

occur during t h e  first f i v e  minutes when t h e  s t e p  i s  from t h e  low t o  t h e  

high r a t e ,  and during t h e  first twenty minutes when t h e  s t e p  i s  from 

t h e  high t o  t h e  low rate. After t h e s e  per iods ,  t h e  temperature 

of t h e  t i s s u e  i s  e s s e n t i a l l y  equal  t o  t h e  s teady state temperature. 

It  should be noted t h a t  t h e  temperature at t h e  i n t e r f a c e  between t h e  

inner  core  and t h e  combined t i s s u e  w a s  assumed constant .  This assump- 

t i o n ,  however, does not conform t o  t h e  a c t u a l  s i t u a t i o n .  

temperature i s  known t o  change almost l i n e a r l y  with changes i n  meta- 

Deep body 

b o l i c  rates C571. However, t h e  t r a n s i e n t  t i m e s  of  t hese  changes a r e  

much longer  than  those  obtained f o r  t h e  temperature p r o f i l e  i n s i d e  

t h e  t i s sue .  

d i s t r i b u t i o n  i n s i d e  t h e  t i s s u e  w i l l  be reached a f t e r  about5-20 min- 

Consequently, t h e  f i n a l  configurat ion of t h e  temperature 

u t e s  from t h e  onset  of a change i n  metabolic r a t e .  From then  on, 

only a s h i f t  of t h e  " f u l l y  developed" temperature p r o f i l e  w i l l  occur. 
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When a v a r i a b l e  f l u x  is assumed a t  t h e  sk in ,  t h e  problem becomes 

CASE 2 :  

1 ae  
(X a t  - - =  $ 0  - w2@ + Q, 

wi th  t h e  boundary and i n i t i a l  condi t ions ,  

a t y = b ,  0 = O  

ae  
ax - 5  0 a t x = O ,  

$0 - =  0 ax a t x = a ,  

( 3  e 52a) 

( 3 . 5 2 ~ )  

(3.52d) 

(3.52e) 

. s inh  C w l ( b  - y) ]  

cosh (wlb) 

The s o l q t i o n  t o  t h i a  s e t  was ab ta ined  by using t ransformations 

and a double Fourier  s e r i e s  expansion ta y i e l d  
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where 

cosh (w2y)"  

cosh (w2b) J kw2 

P f a 2  s inh  Cw2(b - y ) ]  
-7 

cash ( w2 b ) T(x,y , t )  = T, f 

and wi , fa 

(3.171, (3 .18) ,  (3.501, and (3.511, r e spec t ive ly .  

Ti , Ai , 8i , and Yi are def ined by Eqs. (3.91, (3 .16) ,  

Temperature v a r i a t i o n s  on t h e  s k i n  are shown for t h i s  case i n  

Fig. 3.13. These r e su l t s  e x h i b i t  t h e  same b a s i c  characterist ics as 

do those  f o r  t h e  one-dimensional case; i . e . ,  most of  t h e  changes i n  

temperature occur during t h e  first 5-20 minutes from t h e  onse t  o f  a 

change i n  l e v e l  of  a c t i v i t y .  

(3.53) 

(3.54) 

(3.55) 
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Figure 3.13 Transient  temperature d i s t r i b u t i o n  on t h e  sk in  of t he  
combined t i s s u e  f o r  t h e  two-dimensional rec tangular  
model. Step change assumed from 290 Btu/hr (85 w >  t o  
2600 Btu/hr (760  w ) ,  B = 0 . 1  and constant  temperature 
a t  inne r  core.  
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Examination of t h e  t i m e  dependent exponent i n  Eq. (3.49) leads  

t o  t h e  following two conclusions: 

(1) The exponent i s  s t rong ly  dominated by t h e  separa t ion  coef- 

f i c i e n t  A, r a t h e r  than  by t h e  blood flow t e r m .  

even more no t i ceab le  f o r  low blood flow r a t e s .  The e f f e c t  

of  t h e  blood can, i n  any case, be  neglected f o r  n > 2, 

T i m e  constants  ( t r a n s i e n t s )  appear t o  be i n  t h e  range o f  

5-20 minutes. This observat ion i s  supported by experimen- 

t a l  evidence and p a r t i a l l y  v a l i d a t e s  t h e  ana lys i s .  

This becomes 

( 2 )  

Extension of  t h e  t r a n s i e n t  so lu t ions  ou t l ined  i n  t h i s  s ec t ion  

t o  account f o r  t h e  a c t u a l  changes occurr ing i n  t h e  t i s s u e  w i l l  have 

t o  be delayed u n t i l  more r e l i a b l e  experimental  d a t a  become ava i lab le .  

This extension,  however, appears t o  be poss ib l e  by using Duhamel's 

method C63J. 

3.7 TRANSIENT STATE, CYLINDRICAL COORDINATES 

A s  a r e s u l t  o f  t h e  preceding a n a l y s i s ,  it w a s  f e l t  t h a t  an ex- 

t ens ive  s o l u t i o n  of  t h e  t r a n s i e n t  problem i n  c y l i n d r i c a l  coord ina tes ,  

i . e . ,  va r i ab le  f l u x  a t  t h e  s k i n ,  could be neglected a t  p re sen t ;  f o r ,  

t h e  small amount of a d d i t i o n a l  information obtained from such a solu- 

t i o n  would not  j u s t i f y  t h e  e f f o r t  required.  Consequently, only t h e  

case with uniform f l u x  a t  t h e  sk in  w a s  s tud ied  as presented below. 

(3.56a) 
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with t h e  boundary and i n i t i a l  condi t ions ,  

a t  r = R 1 , 8  = O  (3.56b) 

( 3 . 5 6 ~ )  

Using t h e  same technique as f o r  t h e  rec tangular  case ,  t h e  f o l -  

lowing s o l u t i o n  was obtained 

-2 k 
n = l  

where 

and pn a r e  t h e  r o o t s  of 

2 -  2 2 
Ei = l-In + wi 

(3.58) 

(3.59) 

(3.60) 

Ji and Yi a r e  Bessel func t ions  of t h e  f i r s t  and second kind,  respec- 

t i v e l y ,  of order  i. 
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No numerical so lu t ions  were obtained f o r  t h i s  case because of  

t h e  appearance of  t h e  combination o f  Bessel func t ions  i n  t h e  time 

dependent s e r i e s  i n  Eq. (3.57). These func t ions  reach high numeri- 

cal values  a t  r e l a t i v e l y  small arguments and, t h e r e f o r e ,  exceed t h e  

c a l c u l a t i n g  capaci ty  of t h e  computer. However, t h e  first s i x  roo t s  

of Eq. (3.59) were computed using Newton-Raphson's method as a func- 

t i o n  of t h e  r a t i o  Rz/R1 and a r e  presented i n  TABLE 3.2. A s  t h i s  ra- 

t i o  approaches un i ty  ( rec tangular  model), t h e  r o o t s  approach t h e  l i m -  

i t i n g  value f o r  t h e  rec tangular  case; i . e . ,  

expected. 

-+ 8n, as w a s  t o  be 1-In 

3.8 COMPARISON OF STEADY STATE SOLUTIONS FOR RECTANGULAR AND C Y L I N -  

D R I  CAL COORDINATES 

A s  w a s  noted above, t h e  human body can be more c lose ly  approxi- 

mated by cy l inders  r a t h e r  than  by r ec t angu la r  slabs. According t o  

Wissler C181, t h e  ou t s ide  r a d i i  of  t h e s e  cy l inders  vary from 0 . 1 5  

f t  f o r  t h e  a r m  t o  about 0.43 f t  f o r  t h e  t runk .  Unfortunately,  t h e  

expresslons obtained for t h e  c y l i n d r i c a l  coordinates  a r e  more d i f f i -  

c u l t  f o r  numerical eva lua t ion  because o f  t h e  presence of t h e  combi- 

na t ion  of modified Bessel func t ion  i n  t h e  s o l u t i o n  f o r  t h e  cy l ind r i -  

cal case,  Eqs. (3.35) and (3.36).  This combination, when programmed 

on a d i g i t a l  computer, caused an overflow a f t e r  t h e  f i rs t  few terms 

of  t h e  s e r i e s  and rendered t h e  numerical r e s u l t s  inaccurate .  

A comparison of t h e  s impler ,  rec tangular  and t h e  c y l i n d r i c a l  

cases  revealed t h a t  t h e  temperature d i s t r i b u t i o n s  obtained for t h e  

two cases  do not  d i f f e r  s i g n i f i c a n t l y ,  This fact became even more 

apparent as R, increased.  For R, > 0.20  f t  t h e  r e s u l t s  obtained - 



TABLE 3.2 

FIRST SIX ROOTS OF EQ. (3.59) AS A FUNCTION OF THE RATIO 

OF THE OUTER TO IKNER RADII  OF THE CYLINDRICAL MODEL, R2 /Rl .  

THE RIGHTNOST COLUEN GIVES THE ASYMPTOTIC VALUES 

([(2n - l ) ~ r l / 2 b ,  RECTANGULAR MODEL) AS Rl + a AND R2/Rl + 1. 

4 

5 

6 

2.46 

0 .05  

17.83 

63.29 

106.74 

149.91 

193.00 

236.05 

1.73 

0.10 

19.18 

63.74 

107 .01  

150.11 

193.15 

236.17 

1.37 

0.20 

20.16 

64.04 

107.19 

150.24 

193.24 

236 25 

1.24 

0.30 

20,55 

64.16 

107.26 

150.29 

193.30 

236 29 

1.18 

0.40 

20.76 

64.23 

107.30 

150.32 

193.32 

236.30 

1.15 

0.50 

26.90 

64.27 

107.33 

150 e 34 

193.33 

236.32 

1 

co 

21.49 

64.46 

107.44 

150.42 

193.39 

236.37 
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f o r  t h e  rec tangular  model were adequate f o r  any p r a c t i c a l  purpose. 

Figures 3.14, 3.15, 3.16, and 3.17 demonstrate t h i s  f i nd ing  f o r  uni- 

form and va r i ab le  hea t  f l uxes  a t  t h e  sk in  ( see  APPENDIX E ) .  

A p a r t i a l  explanat ion t o  t h i s  s i m i l a r i t y  of  t h e  so lu t ions  can 

be given as follows. 

i s  g r e a t e r  than 1 0 ,  which i s  mostly t h e  case here  (wR1 > lo), t h e  

following expressions can be used t o  approximate t h e  modified Bessel 

func t ions  of t h e  first and second kind C641, 

If t h e  argument of t h e  modified Bessel func t ion  

f- 
0.3989 exp ( 2 )  

I k ( d  - 1 1  2 
Z 

+ 
10242 

rc 

1.2533 exp ( 2 )  

% ( z >  11 2 
Z 

k C 

+ 10242 3Ij 

(3.61) 

(3.62) 

where a,$ b,, and ck a r e  cons tan ts  and k = 0 o r  1. 

s ions  a r e  s u b s t i t u t e d  i n t o  Eq. (3.37), an e s s e n t i a l l y  exponent ia l  ex- 

When these  expres- 

press ion  r e s u l t s .  This expression corresponds t o  t h e  hyperbol ic  func- 

t i o n s  t h a t  appear i n  t h e  s o l u t i o n  f o r  t h e  rec tangular  case. 

I t  should be noted t h a t  t h e  above comparison i s  v a l i d  f o r  t h e  

c y l i n d r i c a l  case with t h e  cool ing tubes running perpendicular  t o  t h e  

a x i s  of  t h e  cy l inde r ,  Fig. 3.2. The reason i s  t h e  s i m i l a r i t y  of t h e  

r e s u l t i n g  r ec t angu la r  geometry. 
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94.9 
(94.3 

99.7 O F  

Eq.(€ .Z) ,  cylindrical 
--------,99 ---- , 

Eq.(C.Z) ,  rectangular 

Figure 3.14 Comparison between t h e  s teady s t a t e ,  two-dimensional 
so lu t ions  f o r  r ec t angu la r  and c y l i n d r i c a l  models 
( tubes  running perpendicular  t o  t h e  a x i s  of t h e  cy- 
l i n d e r ,  R1 = 0.15 f t ,  V and b a r e  cons tan t ) .  
Qm = 290 Btu/hr ( 8 5 ) ,  6 = 0 . 1  and constant  tempera- 
ture at  inner  core .  
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Figure 3.15 Comparison between s teady  s t a t e ,  one-dimensional so lu t ions  
obtained for t h e  rec tangular  and c y l i n d r i c a l  models (V and 
b are cons tan t ) .  Constant temperature a t  inner  core ,  
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Figure 3.16 Comparison between s teady s t a t e ,  one-dimensional s o l u t i o n s  
obtained for t h e  r ec t angu la r  and c y l i n d r i c a l  models (V and 
A are cons t an t ) .  Constant temperature a t  i nne r  core .  
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Figure 3.17 Comparison between-steady s t a t e ,  one-dimensional s o l u t i o n s  
obtained for t h e  r ec t angu la r  and c y l i n d r i c a l  models ( A  and 
b are cons t an t ) .  Constant temperature a t  i nne r  core .  
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3.9 DIMENSIONLESS PARAMETERS ASSOCIATED WITH THE THERMAL BEHAVIOR 

OF L I V I N G  BIOLOGICAL TISSUE 

It i s  always d e s i r a b l e ,  from an engineering viewpoint,  t o  have 

appropr ia te  dimensionless parameters for t h e  desc r ip t ion  of any physi- 

cal  phenomena. 

v i a  an a n a l y t i c a l  model. 

The bes t  method for obta in ing  t h e s e  parameters i s  

Consider a one-dimensional, s teady  state case i n  rec tangular  

coordinates .  

but ions i n  t h e  t i s s u e  can be obtained from Eqs. ( C . 2 )  and (C.4)  t o  

y i e l d ,  f o r  constant  temperature a t  t h e  inne r  co re ,  

The a n a l y t i c a l  expressions for t h e  temperature d i s t r i -  

and, for a constant  hea t  f l u x  a t  t h e  inne r  core ,  

Q 1 ( F  cosh (wy) T(y) = T, -t 2 -t kw s inh  (wb) 

- Fo cash Cw(b - y ) I j  

W 

c 

(3.64) 

Figures 3.18 and 3.19 show r e s u l t s  obtained f o r  Eqs. (3.63) and 

(3.64) ,  r e spec t ive ly ,  for both low ( 2 9 0  Btu/hr,  85 W )  and high (2600 

Btu/hr,  760 W )  metabolic rates. 

A s  was noted above, a maximum temperature was found t o  occur 

i n  t h e  combined t i s s u e  r a t h e r  than  i n  t h e  inne r  core  (Fig. 3.18). 

In  order  t o  obta in  t h e  l o c a t i o n  of t hese  maxima, Eqs, (3.63) 

and (3.64) were d i f f e r e n t i a t e d  and equated with zero  t o  ob ta in  C651, 
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Figure 3.18 Steady state temperature d i s t r i b u t i o n s  i n  the  combined 
t i s s u e  for t h e  one-dimensional rec tangular  model. 
s t a n t  temperature a t  i nne r  core .  

Con- 
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Figure 3.19 Steady s t a t e  temperature d i s t r i b u t i o n s  i n  t h e  combined 
t i s s u e  f o r  t h e  one-dimensional rec tangular  model. 
s t a n t  f l u x  a t  inner  core.  

Con- 
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tanh [(wb) z j  = 

tanh [(wb) 81 = 

cosh (wb) 
-- Q'Ab + s inh  (wb) 

Q, wb 

s i n h  (wb) . .  

- -  Q ' b  1 t cosh (wb) 
Qm 

(3.65) 

(3 .66)  

No maximum temperature was found t o  occur i n s i d e  t h e  t i s s u e  f o r  

t h e  case with a spec i f i ed  f l u x  a t  t h e  inne r  co re ,  Eqs. (3.64) and 

(3.66) .  

from t h e  inner  core  i n t o  t h e  combined t i s s u e ,  t h e  temperature gradi-  

en t s  must s u s t a i n  hea t  flow toward t h e  s k i n  only. 

however, was solved f o r  t h e  y/b values  for which t h e  maximum tempera- 

t u r e  occurs as a func t ion  of  t h e  parameters present  i n  it. 

ca t ion  of t h e  maximum was found t o  be independent of inner  body t e m -  

pera ture .  Resul ts  are shown i n  Fig. 3.20. 

Based on t h e  preceding a n a l y s i s ,  t h r e e  dimensionless parameters,  

This r e s u l t  i s  t o  be expected s i n c e ,  by imposing a hea t  f l u x  

Equation (3.65),  

The lo-  

which have s i g n i f i c a n t  e f f e c t s  on t h e  s teady s t a t e  heat  t r a n s f e r  i n  

t h e  l i v i n g  t i s s u e ,  emerged. These a re :  

(1) wb ( ~ ~ c , , / k ) " ~ b - - r a t i o  of heat  t ranspor ted  by t h e  blood 

stream t o  t h e  hea t  t r a n s f e r r e d  by conduction through t h e  

t i s s u e .  

Q 'Ab /k - - r a t io  of  r a t e  of hea t  generated i n  t h e  t i s s u e  t o  

t h e  t o t a l  metabolic hea t  generat ion r a t e .  

( 2 )  

-112 -1 
(3)  (Q'Ab/%)[(w,c,/k> b I--the quot ien t  of  t h e  first and 

second groups which conta ins  most of t h e  phys ica l  and physio- 

l o g i c a l  p rope r t i e s  descr ib ing  t h e  thermal condi t ion  of  t h e  

human body. From t h e  scan t  phys io logica l  da t a  a v a i l a b l e  

C591, t h i s  t h i r d  group appeared t o  be almost constant  a t  

0 . 2  for a wide range of  metabolic rates. If t h i s  value 
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Figure 3.20 Location of t h e  maximum temperature i n  the  combined 
t i s s u e  for t h e  one-dimensional rec tangular  model. 
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could be v e r i f i e d  experimental ly ,  which i s  beyond t h e  scope 

of t h i s  work, a very s t rong  phys io logica l  t o o l  would become 

a v a i l a b l e ,  which would f ac i l i t a t e  t h e  ca l cu la t ion  of quan- 

t i t i e s  such as blood per fus ion  or heat  generat ion rates 

t h a t  a r e  very d i f f i c u l t  t o  measure. 

TABLE 3.3 summarizes t h e  phys io logica l  q u a n t i t i e s  and t h e  cor- 

responding values  of t h e  above parameters. 

Mo a d d i t i o n a l  information w a s  obtained from studying t h e  corre-  

sponding c y l i n d r i c a l  case. It i s ,  however, presented below f o r  com- 

p le teness .  

The temperature d i s t r i b u t i o n  i n  t h e  c y l i n d r i c a l  s h e l l ,  which 

is uniformly cooled a t  t h e  sk in  and has a constant  temperature a t  

t h e  inne r  core ,  i s  

( 3 . 6 7 )  

with t h e  r e s u l t i n g  expression f o r  t h e  loca t ion  of t h e  maximum tempera- 

t u r e s  

K, [(WR, 
Rl 

( 3 . 6 8 )  

where 

Q'AR, 

A, =-- sn wR1 
(3.69) 
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7 3  

In  t h e  c y l i n d r i c a l  model, two groups appear,  wRI and wR2,  repre-  

s en t ing  r a t i o s  of hea t  t ranspor ted  by blood t o  t h a t  conducted through 

t h e  t i s s u e .  

For t h e  t r a n s i e n t  case,  an a d d i t i o n a l  dimensionless parameter 

appears C from Eq. ( 3 e 49 )I , 

(3.70) 

Equation ( 3 . 7 0 )  may be resolved i n t o  two expressions after multiply- 

ing  and d iv id ing  it by t h e  temperature of t h e  inner  core ,  T,. 

r e s u l t s  a r e  t h e  following two dimensionless groups: 

The 

(1) (wbc, ,T1)/(pc T /tg:)--ratio of r a t e  of h?at  t ranspor ted  by 

t h e  blood stream t o  rate of energy s t o r e d  i n  t h e  t i s s u e .  

P 1  

(2)  (kTl/bz) / (pc T / tf :)--ratio of rate of hea t  conducted 
P 1  

through t h e  t i s s u e  t o  r a t e  o f  energy s to red  i n  it. 

I n  t h e  above two expressions, t f ;  i s  some c h a r a c t e r i s t i c  t i m e .  

TABLE 3.4 g ives  values  of t h e  two expressions i n  t h e  bracke ts  

of Eq: ( 3 . 7 0 ) .  

r i c a l  separa t ion  c o e f f i c i e n t  r e l a t i v e  t o  t h e  term containing blood 

flow for n > 2. 

I t  c l e a r l y  demonstrates t h e  dominance of t h e  geomet- 

- 
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n 

[ (2n.--h]2 

TABLE 3.4 

1 2 

l /m" 4,950 ,44,720 

l /f t2 460 4,160 

COMPARISON OF MAGNITUDES OF THE TERMS I N  EQ. (3.70). 

= 1 Btu/lb-OF (4187 J/kg-OC),k =0.311 B'cu/hr-ft-?F b c 

(0.540 w/m-OC), and b = 0.073 f t  (0.0223 m) 
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4. EXPERIMENTS 

4 . 1  OBJECTIVES 

The experimental  phase of t h i s  work was undertaken with t h e  

following ob jec t ives :  

(1) Explorat ion of  t h e  f e a s i b i l i t y  and opera t ing  cha rac t e r i s -  

t i cs  of  independently cool ing sepa ra t e  regions of  t h e  body 

r eg iona l  cool ing) .  

water i n l e t  temperatures ,  amount of hea t  removed a t  e w h  

This p a r t  was t o  de$emnine p re fe rab le  

region and t h e  order  of cool ing or warming prefevences a t  

d i f f e r e n t  metabolic r a t e s .  The s u b j e c t s '  own sense o f  

comfort w a s  t h e  c r i t e r i o n  for determining these  da ta .  

( 2 )  Par t ia l  va l ida t ion  of t h e  a n a l y t i c a l  p red ic t ions .  This 

w a s  planned t o  be achieved by measuring sk in  temperatures 

between two adjacent  cool ing  tubes .  No pene t r a t ion  of  t h e  

sk in  w a s  contemplated. 

4 .2  DESCRIPTION OF THE EXPERIMENTAL SETU?S 

4 . 2 . 1  Cooling S u i t  

A water cooled s u i t  w a s  constructed f o r  t h e  purpose of 

t e s t i n g  t h e  c h a r a c t e r i s t i c s  of t h e  proposed d i f f e r e n t i a l  scheme o f  

cooling the  body. The s u i t  cons is ted  of s i x t e e n  ind iv idua l  pads 

made of 3/32 in. I . D .  by 5/32 in .  O.D.  Tygon tubes running p a r a l l e l  

5 /8  i n .  a p a r t .  

use o f  Mylar s t r i p s  and heavy co t ton  thread .  This assembly w a s  

s t i t c h e d  onto co t ton  f a b r i c  p i eces ,  cut  t o  f i t  t h e  dimensions of  t h e  

The spacings between t h e  tubes were maintained by t h e  
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various p a r t s  of  t h e  body. "Velcro" s t r i p s  were glued t o  t h e  f a b r i c  

t o  f a c i l i t a t e  quick f a s t en ing  and t o  accommodate sub jec t s  of d i f f e r -  

en t  s i z e s  (Fig.  4 .1 ) .  

The cooling pads covered t h e  head (2)?, f r o n t  and back, upper and 

lower t o r s o  (4), upper and lower,  r i g h t  and l e f t  arms (41, r i g h t  and 

l e f t  t h ighs  (41, and r i g h t  and l e f t  lower l e g s  ( 2 ) .  The f ace ,  neck, 

hands and f e e t  were not  covered with cool ing tubes.  TABLE 4 .1  gives 

p e r t i n e n t  dimensions of t he . coo l ing  pads and t h e  whole s u i t .  

All t h e  pads,  excluding t h e  one f o r  t h e  head, were s t i t c h e d  onto 

t h e  i n s i d e  of a No. 44 long s l eeve ,  Towncraft, Raschel k n i t ,  men's t he r -  

m a l  union underwear garment. The cooling hood w a s  made of a snow s u i t  

hood with t h e  cool ing tubes s t i t c h e d  onto t h e  in s ide .  The 3/8 i n .  O.D. 

main supply Tygon tubes were s t i t c h e d  On t h e  outs ide  of  t h e  garment. 

The body was divided i n t o  s i x  sepa ra t e  regions:  

(1) Head, 

( 2 )  Upper t o r s o ,  

(3 ) Lower t o r s o ,  

( 5 )  Thighs, and 

( 6 )  Lower legs .  

These regions were suppl ied with water from cold and hot  headers. 

I n l e t  p ressure  of  t h e  water w a s  maintained at 20 p s i g  by pressure  regu- 

l a t o r s .  

thus allowing f o r  continuous r egu la t ion  of water i n l e t  temperature.  

Water i n l e t  temperatures were measured by means of  No. 30 gage copper- 

Before en te r ing  t h e  cooling pads,  t h e  two streams were mixed, 

'>Numbers i n  parentheses  here  represent  number of pads i n  region.  
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Figure 4 .1  General view of t he  cooling garment. 
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constantan thermocouples using a Leeds and Northrup m i l l i v o l t  po ten t i -  

ometer. A t  a l a t e r  s t a g e ,  t h e  thermocouples were replaced by i n t e r -  

changeable, multipurpose No. 401 thermis tors  us ing  a Yellow Springs 

Instrument Co. Tele-Thermometer. 

The d i f f e rence  between o u t l e t  and i n l e t  temperature of  each in- 

d iv idua l  pad w a s  measured by thermopiles cons i s t ing  of  f i v e  No. 30 

gage copper-constantan thermocouples. 

t o  i nc rease  t h e  s e n s i t i v i t y  of  t h e  measurement. 

glued t o  s p e c i a l  P l ex ig l a s  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 t h e  regions were measured by a Fisher  and Por t e r  rotameter.  A l l  

t h e  thermocouple assemblies and thermis tors  were p reca l ib ra t ed  i n  a 

constant  temperature ba th  aga ins t  a p rec i s ion  platinum r e s i s t a n c e  

thermometer. Figure 4.2 shows a schematic of t h e  cool ing pads and 

t h e  con t ro l ,  supply,  and measuring systems. Figure 4.3 shows t h e  

water supply system, t h e  ro tameter ,  and t h e  potentiometer recorder .  

These were connected i n  s e r i e s  

The thermopiles were 

On t o p  of  t h e  underwear garment, t h e  sub jec t s  donned an in su la t -  

i ng  s u i t  which thermally i s o l a t e d  them from t h e  environment. 

fu r r ed  hood w a s  used f o r  t h e  same purpose on t h e  head. 

a l l  t e s t  sub jec t s  wore t e n n i s  shoes. 

A heavi ly  

On t h e  f e e t ,  

An A. R. Young t r e a d m i l l  was used for t'he walking sess ions .  

The speed of t h e  t r e a d m i l l  b e l t  was cont ro l led  t o  correspond t o  t h e  

des i red  l e v e l  o f  a c t i v i t y  and was timed by a s t o p  watch. 

For metabolic measurements, expired a i r  samples were taken with 

The bags were placed i n s i d e  a t i g h t l y  metalized Douglass bags C661. 
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Figure 4 .2  Schematic diagram of t h e  coo l ing  garment and t h e  
c o n t r o l ,  supply and measuring systems. 
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Figure 4.3 V i e w  of t h e  water suppy system, ro tameter  and p o t e n t i -  
ometer r e c o r d e r  used for t h e  experiments w i th  t h e  
coo l ing  s u i t  
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sea led  P lex ig las  chamber ;ha1 was under vacuum of  about 5 mm Hg C671. 

A i r  was inhaleu and exhaled through a 2iOuth p iece  v h i l e  t h e  n o s t r i l s  

were blocked with a nosec l ip .  Two sets of one-way rubber valves  in-  

sured t h e  separa t ion  of  t h e  two streams. 

rec ted  through a 1 i n .  I.D. rubber hose i n t o  a mixing chamber. One 

minute sampling w a s  achieved by opening a one-way stopcock valve thus  

exposing a previously evacuated metalized bag t o  t h e  exhaled air .  

The expired a i r  was then  d i -  

A i r  volumetric flow r a t e s  were measured by means of a Parkinson- 

I n l e t  and o u t l e t  a i r  temperatures were measured Cowan dry gas meter. 

by two interchangeable ,  multipurpose,  No. 401 Yellow Springs thermi- 

s t o r s  using t h e  company's Tele-Thermometer. 

t h e  t r e a d m i l l  and t h e  system used f o r  c o l l e c t i n g  a h  samples; 

samples were analyzed f o r  CO, and 0, content .  A Godart-Mijnhardt CO, 

thermal conduct ivi ty  meter ,  Pulmo Analysor Type 44-A-2 and a Beckmann 

Paramagnetic 0 ana lyzer ,  ?iode1 C2, were used, 

ana lys i s  t oge the r  with t h e  corresponding a i r  flow r a t e s  were then used 

t o  eva lua te  -the energy expenditure iG81. 

Figure 4.4 shows p a r t  of 

A i r  

The r e s u l t s  of t h i s  
2 

The temperature of t h e  e a r  cana l  w a s  taken as a measure of  deep 

body temperature.  This was done by an ear thermis tor  No. 510 and a 

Yellow Springs Instrument Co. Tele-Thermometer. The thermis tor  w a s  in-  

s e r t e d  approximately one-half inch i n t o  t h e  ear cana l  and was he ld  i n  

p lace  by a s p e c i a l l y  prepared ear plug made of medical grade s i l i c o n e  

rubber.  

t o  exclude poss ib l e  e f f e c t s  of t h e  cool ing tubes.  

measuring t h e  temperature of t h e  ear cana l  r a t h e r  than t h e  more com- 

monly used r e c t a l  temperature were twofold: f i rs t ,  it was more conveni- 

en t  f o r  walking; and second, it gave a c l o s e r  i nd ica t ion  t o  t h e  

The outs ide  ear w a s  covered by a p iece  of polyurethane foam 

The reasons f o r  
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Figure 4.4 View of the treadmill, Tele-Thermometer and system for 
collecting samples f o r  determining metabolic rates. 
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temperature regula ted  by t h e  body, i , e , 2  t h e  temperature of t h e  hypo- 

thalamus. Figure 4.5 shows a genera l  view of t h e  experimental  set-up 

with a tes t  sub jec t  dressed up with t h e  cool ing and i n s u l a t i n g  s u i t s  

walking on t h e  t r eadmi l l .  

i n  t h i s  p i c tu re .  

E a r  cana l  t he rmis to r  i s  not  shown connected 

A Euffalo s p e c i a l  phys io logica l  beam scale w a s  used t o  weigh t h e  

sub jec t s  before  and a f t e r  t h e  experiments. 

i s  1 2 5  kg and t h e  s e n s i t i v i t y  i s  - + 0 . 2 5  gr .  

The capaci ty  of  t h i s  s c a l e  

4.2.2 Indiv idua l  Cooling Pads; '  

Three d i f f e r e n t  i nd iv idua l  cool ing pads were cons t ruc ted  

f o r  t h e  purpose o f  p a r t i a l l y  v a l i d a t i n g  t h e  a n a l y t i c a l  p red ic t ions .  

These pads were designed t o  f i t  over t h e  th igh  of a tes t  sub jec t .  

They were a l l  made of gum rubber with p a r a l l e l  Tygon tubing glued onto 

one s i d e  us ing  RTV glue.  

v idua l  pads. 

TABLE 4.2 g ives  p e r t i n e n t  d a t a  on t h e  ind i -  

Number 30 gage copper-constantan thermocouples were used t o  meas- 

ure  cool ing water temperatures and s k i n  temperatures between two ad- 

jacent  tubes.  The thermocouples were equal ly  spaced along a diagonal  

between the  tubes and were pressed aga ins t  t h e  sk in  t o  in su re  good 

thermal con tac t ,  Figure 4.6 i l l u s t r a t e s  one o f  t h e  cool ing pads and 

t h e  thermocouples. 

The cool ing pads were suppl ied  with water by t h e  same system as 

descr ibed i n  t h e  preceding sec t ion .  

d i f f e rence  between water o u t l e t  and i n l e t  temperatures were 

Water supply temperature and t h e  

-;This set-up w a s  b u i l t  and t h e s e  experiments were performed by Xr. R. J. 
Leo under t h e  supervis ion of  t h e  author.  



86 

Figure 4.5 General view of t h e  set-up used for t h e  experiments with 
t h e  cool ing s u i t .  A test  sub jec t  is shown dressed up i n  
t h e  cooling s u i t  walking on t h e  t r eadmi l l .  No t e n n i s  
shoes are shown i n  t h i s  p i c t u r e  and t h e  e a r  cana l  thermi- 
stor is  not  connected. 
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Figure 4.6 V i e w  of one of'the i n d i v i d u a l  pads. 



89 

continuously recorded by a Brush Mark 280 Recorder. 

s i s t i n g  of f i v e  copper-constantan thermocouples connected i n  series and 

a Brush pre-amplif ier  were used t o  inc rease  t h e  s e n s i t i v i t y  of t h e  

reading of t h e  d i f f e rence  between o u t l e t  and i n l e t  water temperatures,  

Thermopiles con- 

For metabolic measurements,the same system as described i n  t h e  

preceding s e c t i o n  w a s  used. 

same technique as w a s  used f o r  t h e  experiments with t h e  cool ing s u i t .  

E a r  cana l  temperatures were taken using t h e  

A Leeds and Northrup Speedomax W ,  12-point potentiometer-recorder 

w a s  used f o r  continuously monitoring and recording t h e  temperature of 

t h e  cool ing water and t h e  s k i n  temperatures between t h e  ad jacent  tubes.  

During t h e  experiments t h e  sub jec t  pedal led a Monark b i cyc le  ergome- 

t e r  at a constant  p r e s e t  speed and load. 

4.3 EXPERIMENTS WITH THE COOLING SUIT 

4.3.1 Act iv i ty  Schedules 

Five d i f f e r e n t  schedules of  a c t i v i t y  were used f o r  a l l  t h e  

The schedules cons is ted  of a l t e r n a t e  per iods of stand- t e s t  sub jec t s .  

ing and l e v e l  walking on t h e  t r e a d m i l l  with or without t h e  cool ing s u i t .  

The var ious l e v e l s  of a c t i v i t y  were chosen t o  cover a v a r i e t y  of d i f f e r -  

en t  a c t i v i t y  loads.  

s t a t e  c h a r a c t e r i s t i c s  of t h e  cool ing s u i t  were s tud ied  under those  con- 

d i t i o n s .  Each of t h e  schedules s t a r t e d  with t h e  sub jec t  s tanding  s t i l l  

' f o r  a t  l e a s t  45 minutes. During t h i s  per iod  water i n l e t  temperatures 

The s teady s t a t e  and, t o  some ex ten t ,  t r a n s i e n t  

were ad jus ted  t o  correspond t o  t h e  s u b j e c t ' s  own sense of comfort. 

dura t ion  of each of  t h e  s tanding  and walking sess ions  (except t h e  second 

p a r t  o f  Schedule V) w a s  45 minutes. 

The 

It was assumed t h a t  a f t e r  45 minutes 
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from t h e  onset of a change i n  a c t i v i t y  l e v e l  t h e  sub jec t s  reached a 

thermal quasi-steady state.  

d e t a i l s  o f  t h e  f i v e  a c t i v i t y  schedules.  

Figure 4.7 i l l u s t r a t e s  schematical ly  t h e  

Schedule I ,  with t h e  lowest a c t i v i t y  l e v e l s ,  consis ted o f  fou r  

s t e p  changes: s tanding;  walking a t  2 mph; s tanding;  walking a t  2.5 

mph; and standing. 

t a ined  from t h e  t r e a d m i l l  with t h e  sub jec t  on it. 

Two mph w a s  t h e  slowest speed t h a t  could be  ob- 

Once t h e  s u b j e c t ’ s  

comfort w a s  achieved while s tanding ,  no d e l i b e r a t e  changes i n  water 

i n l e t  temperatures were made. 

pera tures  were due t o  t h e  i n s t a b i l i t y  of t h e  water  supply system. 

The purpose f o r  maintaining constant  temperature was t o  t e s t  t h e  cool- 

ing  capac i ty  of  t h e  s u i t  a t  higher  metabolic rates while opera t ing  a t  

The s m a l l  changes i n  water i n l e t  tem- 

t h e  same temperature l e v e l s  which were considered comfortable a t  t h e  

lower metabolic rate. 

Schedule I1 was designed t o  compare t h e  e f f e c t  of  changing t h e  

water i n l e t  temperature a t  t h e  same a c t i v i t y  l e v e l .  

two i d e n t i c a l ,  pe r iod ic  s t e p  changes: s tanding;  walking a t  3 mph; 

It cons is ted  of 

s tanding;  and again walking a t  3 mph and s tanding.  

walking sess ion ,”  no adjustments i n  water  i n l e t  temperatures were per- 

mit ted.  

During t h e  first 

During t h e  second cyc le ,  however, t h e  water temperatures 

were ad jus ted  t o  correspond t o  ’ t h e  sub jec t  ’ s comfort, 

Schedule I11 cons is ted  of fou r  s t e p  changes: s tanding;  walking a t  

2 mph; walking a t  4 mph; walking a t  2 mph; and s tanding.  

of t h i s  schedule of  ac t iv i t i e s  w a s  t o  stu’dy the  c h a r a c t e r i s t i c s  of  t h e  

s u i t  a t  a moderately high a c t i v i t y  l e v e l .  

482 w ) 

The purpose 

(Approximately 1650  Btu/hr 

The intermediate  2 mph walking sess ions  were used f o r  two 
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Figure 4.7 Ac t iv i ty  schedules used for t he  experiments with t h e  
cool ing s u i t .  
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reasons: f irst ,  t o  allow a gradual  change t o  t h e  high a c t i v i t y  l e v e l  

and, second, t o  some e x t e n t ,  t o a c q u a i n t  t h e  sub jec t s  with t h e  r e l a t i v e l y  

high speed t h a t  w a s  a l s o  included i n  t h e  l as t  two schedules.  Adjust- 

ments o f  water i n l e t  temperatures were permit ted throughout t h e  e n t i r e  

dura t ion  of t h e  experiment. 

Schedule I V  w a s  almost i d e n t i c a l  t o  Schedule 111, bu t  it included 

an a d d i t i o n a l  walking se s s ion  a t  3 mph immediately preceding t h e  4 mph 

walking period. . T h i s  w a s  done t o  study t h e  effect of a more gradual  

change i n  a c t i v i t y  l e v e l .  

Schedule V w a s  used t o  s tudy two fea tu res :  f irst ,  t o  examine t h e  
f. n 

performance of t h e  s u i t  a t  a s t e p  from standing t o  t h e  moderately high 

a c t i v i t y  l e v e l  without any in te rmedia te  changes and, second, t o  de te r -  

mine t h e  c h a r a c t e r i s t i c s  of  t h e  s u i t  with thermal t r a n s i e n t  changes at  

t h e  same a c t i v i t y  l e v e l s .  This schedule cons is ted  of t h e  fol lowing 

s t e p  changes: s tanding;  walking a t  4 mph and s tanding  followed by four 

s h o r t  i d e n t i c a l  pe r iod ic  sess ions  of walking a t  4 mph and s tanding.  

The dura t ion  of each of t h e  s h o r t  walking and s tanding sess ions  was 1 5  

minutes e Readjustments i n  water i n l e t  temperatures were permit ted 

throughout t h i s  e n t i r e  schedule.  

9.3.2 T e s t  Subjects  

Five male s tuden t s ,  ranging i n  age from 1 8  t o  29 y e a r s ,  

volunteered t o  se rve  as t e s t  sub jec t s .  They were a l l  requi red  t o  pass  

a thorough phys ica l  examination. 

cal  f i t n e s s e s  ranging from poor t o  a t h l e t i c .  

height  and weight of t h e  sub jec t s  d i c t a t e d  by t h e  s i z e  of t h e  cool ing 

They represented a v a r i e t y  of physi- 

There were l i m i t s  on t h e  



s u i t .  

i n  TABLE 4.3. 

weight formula [69]f. 

ments, 

cle. 

The phys ica l  c h a r a c t e r i s t i c s  of t h e  t e s t  sub jec t s  are summarized 

Surface a reas  were determined from t h e  Dubois he ight /  

A l l  bu t  one sub jec t  completed a l l  f i v e  experi-  

Subject PF d id  not complete Schedule V due t o  a st iff  th igh  mus- 

4 3.3 Experimental Procedure 

All t h e  experiments were performed a t  t h e  Laboratory for 

Ergonomics Research, Universi ty  o f  I l l i n o i s  a t  Urbana-Champaign. This 

labora tory  i s  permanently a i r  conditioned at about 23OC and 60 percent  

r e l a t i v e  humidity. 

1970 and were scheduled a t  t h e  s u b j e c t ' s  conveniexe .  The sub jec t s  

performed a t  l e a s t  once a week and usua l ly  more o f t en .  

The experiments were a l l  run  during Ju ly  and August 

A t o t a l  o f  29 experiments w e r e  run. O f  t h e s e ,  24 were performed 

Five p i l o t  runs were performed by sub jec t  SKB with t h e  cooling s u i t .  

repea t ing  t h e  r egu la r  a c t i v i t y  schedules without t h e  s u i t .  During t h e  

p i l o t  runs sub jec t  SKB wore t e n n i s  shoes,  s h o r t s  and a l i g h t  T s h i r t .  

All sul j jects  s t a r t e d  with Schedule I and, i n  o rde r ,  completed t h e  o the r  

schedules sequen t i a l ly .  The sub jec t s  were permit ted t o  l i s t e n  t o  t h e  

r a d i o ,  and r ead  while s tanding ,  bu t  no e a t i n g ,  dr inking or smoking w a s  

allowed during t h e  experiments. 

A t  t h e  beginning and end of  each experiment t h e  sub jec t s  were 

weighed, and t h e i r  o r a l  temperature and blood pressure  were taken. The 

las t  two measurements were taken only as precaut ionary measures aga ins t  

any acute  e f f e c t s  of  t h e  experiment on t h e  sub jec t .  Also t h e  barometric 

h[cmlo" 7 2 5 .  
2 0.425 ~ %Surface a r e a  [ c m  1 = 71.84 W[kgl 
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Height 

c m  i n .  

173 68 

170 67 

170 67 

169 66.5 

161 63.5 

TABLE 4.3 

CHARACTERISTICS OF THE TEST SUBJECTS 

Weight Surface Area 

2 kg lb m f t2  

65.7 144.8 1.78 19.2 

61.1 134.7 1.71 18.4 

64.2 141.5 1.74 18.7 

64.2 141.5 1.74 18,7 

55.8 123.0 1.58 17.0 

Subject 1 Age 

A, SGP 

B. SKB 

C. HNT 

D. RET 

E. PF 

Means 

20 

22 

27 

18 

29 

23.2 

Percent  Area 
Covered by 

48.8 

50.8 

50.0 

50.0 

55.0 

50.9 
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pressure  was measured, 

co l l ec t ed :  ear cana l  temperatures,  water i n l e t  temperatures,  d i f f e rences  

between water i n l e t  and o u t l e t  temperatures a t  each o f  t h e  s i x  regions 

of  t h e  body, water flow r a t e s ,  r e s p i r a t o r y  volumetric r a t e s  and tempera- 

t u r e s  o f  expired a i r .  

runs without t h e  s u i t ,  pu lse  rates were a l s o  taken. 

were taken a t  t h e  end o f  each a c t i v i t y  i n  t h e  schedule and were assumed 

to represent  t h e  quasi-steady s ta te  values.  

During t h e  experiments t h e  following d a t a  were 

During t h e  runs  of Schedule V and during t h e  p i l o t  

All measurements 

After t h e  prel iminary measurements, t h e  sub jec t s  donned t h e  cool ing 

garment. Each of t h e  cooling pads was fas tened  i n  p lace  t o  in su re  good 

thermal contact.  

cooling garment. 

t h e  e a r  was covered t o  exclude poss ib l e  thermal e f f e c t s  of t h e  cooling 

hood, F ina l ly ,  t h e  water i n l e t  and o u t l e t  tubes were connected, f l o w  

was s t a r t e d  and t h e  l eads  of  t h e  thermopiles were connected t o  t h e  po- 

tent iometer  record.er, Figures 4 * 8  through 4 . 1 1  show one of t h e  sub jec t s  

a t  var ious s t ages  of dressing.  

The thermally in su la t ed  s u i t  was then put  over t h e  

Next, t h e  e a r  thermis tor  was i n s e r t e d  i n t o  t h e  e a r  and 

The sub jec t s  stood cn a bench and water i n l e t  temperztures were ad- 

j u s t ed  t o  conform t o  t h e i r  sense of  comfort. 

s t a t e +  was reached, as indica.ted by t h e  potentiometer recorder ,  t h e  t read-  

When a thermal quasi-steady 

m i l l  was s t a r t e d ,  With t h e  support  of t h e  superv isor  of t h e  experiment, 

t h e  sub jec t s  stepped on t h e  moving b e l t  and s t a r t e d  t o  walk .  The speed 

of  t h e  t r eadmi l l  was then  quickly ad jus ted  t o  t h e  des i red  l e v e l ,  Step 

changes from walking t o  s tanding were done i n  t h e  same manner. Figure %-12 

shows one of t h e  sub jec t s  while walking and brea th ing  through t h e  system 

-~ 

*Quasi-steady s ta te  was def ined as t h a t  s t a t e  wherein no s i g n i f i c a n t  
changes .in t h e  d i f f e rence  i n  o u t l e t  and i n l e t  water texpera tures  was 
no t i ce&le  
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Figure 4.8 Front view of the cooling garment. 
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Figure 4.9 Side view of the cool ing 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 t e s t  s u b j e c t  dressed  up i n  t h e  
cool ing  and i n s u l a t i n g  garments. 
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Figure 4.12 A t e s t  subject shown walking on t h e  t r e a d m i l l  and 
b r e a t h i n g  through t h e  system for measuring metabol ic  
rates. No t e n n i s  shoes are shown i n  t h e  p i c t u r e .  



f o r  measuring t h e  metabolic r a t e .  

4.3.4 Measured, Recorded and Calculated Quant i t ies  

The following q u a n t i t i e s  were measured, recorded,  or cal- 

cu la ted  from o the r  measured da ta :  

(1) Tota l  metabolic r a t e .  This was ca l cu la t ed  from volumetr ic  

flow r a t e  of t h e  expired a i r  and t h e  oxygen content  obtained 

from t h e  gas ana lys i s .  

sumed a t  5.0 k c a l / l i t  [701. This va lue ,  although s l i g h t l y  

high,  conformed we l l  with t h e  r e s p i r a t o r y  quo t i en t s  found i n  

most of t h e  runs,  ;laximum devia t ion  from t h e  a c t u a l  c a l o r i c  

value was assumed t o  be about 4 percent ,  

Rate of hca t  removed by t h e  s u i t  a t  each region.  This w a s  

taken as t h e  product of t h e  d i f f e rence  between water i n l e t  

and o u t l e t  temperatures and water flow rate. Spec i f i c  h e a t  

of water was assumed to be uni ty .  

The c a l o r i c  value of oxygen was as- 

( 2 )  

( 3 )  Ratc oE hzat l o s t  by r c s p i r a t i o n .  Flow ral-c, temperature 

ai;d en-Llialpy of t h e  expired a i r ,  assuming it t o  be s a t u r a t e d ,  

were used for c a l c u l a t h g  t h i s  quant i ty .  

( ' 1 )  Weight loss during the  experiment. Take11 as t h e  d i f f e rence  

between t h e  i n i t i a l  and f i n a l  weights of t h e  sub jec t .  

( 5 )  Ear canal  temperature.  Xeasured by an e a r  t he rmis to r  and 

was assumed t o  s imulate  c lose ly  t h e  temperature o f  t h e  body 

that is  regula ted  by t h e  c e n t r a l  temperature con t ro l  mechanism, 

Wator i n l e t  temperatures t o  each of t h e  regions a t  t h e  var ious  

a c t i v i t y  l e v e l s .  These were measured by thermis tors  t h a t  were 

< 6 )  
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i n s e r t e d  i n t o  t h e  water streams. 

( 7 )  Order of p re fe r r ed  changes i n  water i n l e t  temperatures t o  

t h e  d i f f e r e n t  regions.  This w a s  recorded for t h e  purpose of  

i den t i fy ing  those  regions of t h e  body t h a t  r equ i r e  changes 

i n  water temperature and t h e  p re fe r r ed  order  of  t h e  changes 

as a func t ion  of  a c t i v i t y  l e v e l .  

( 8 )  Comfort vote.  Based on t h e  s u b j e c t ' s  own evaluat ion of  h i s  

s t a t e  of  comfort. Only t h r e e  choices were suggested: s l i g h t l y  

cold,  thermally comfortable,  t o o  w a r m .  

( 9 )  Pulse  rate. This w a s  measured only during t h e  experiments of 

The pu l se  Schedule V and t h e  p i l o t  runs  without t h e  s u i t .  

rate w a s  assumed t o  be an index of  t h e  metaDolic and card iac  

c o s t s  of t h e  phys ica l  work. Pulse  r a t e  w a s  not taken during 

t h e  experiments of t h e  o t h e r  schedules because t h e s e  schedules 

were considered t o  r ep resen t  quasi-steady s t a t e s .  

4.4 EXPERIMENTS WITH THE I N D I V I D U A L  PADS 

Three' i d e n t i c a l  tests were conducted with t h e  ind iv idua l  cool ing 

pads. These t e s t s  were designed t o  compare t h e  s teady  s ta te  temperature 

d i s t r i b u t i o n  on t h e  s k i n  f o r  d i f f e r e n t  cool ing pads a t  t h e  same l e v e l  of 

a c t i v i t y .  All experiments cons is ted  o f  r i d i n g  t h e  b i cyc le  ergometer a t  

a constant  speed and load f o r  about two hours, corresponding t o  a t o t a l  

metabolic r a t e  of  about 1200 Btu/hr (352  w )  . 
One male s tudent  volunteered t o  serve  as a t e s t  subjec t  for t h e  ex- 

periments with t h e  ind iv idua l  cool ing pads. 

of t h i s  sub jec t  are summarized i n  TABLE 4.4. 

The phys ica l  c h a r a c t e r i s t i c s  

A t  t h e  beginning and end of 
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TABLE 4.4 CRARACTERISTICS OF SUBJECT TEK 

each of  t h e  experiments, t h e  same procedure as w a s  used f o r  t h e  ex- 

periments with t h e  cooling s u i t  w a s  repeated (weighing, measuring 

blood pressure ,  e t c . ) .  Then t h e  cooling pad w a s  put  i n  p lace  on t h e  

th igh  of t h e  r i g h t  l e g ,  The water supply tubes were then connected, 

flow w a s  s t a r t e d  and t h e  l eads  of t h e  var ious measuring devices were 

connected t o  t h e  appropr ia te  recording instruments.  

The sub jec t  s t a r t e d  t o  b i cyc le  a t  t h e  p r e s e t  speed and load and 

continued t o  do s o  u n t i l  a s teady  s t a t e  was reached. 

was obtained when no changes could be  not iced i n  any o f  t h e  measured 

parameters. 

The stead) s t a t e  

Figure 4.13 gives  a genera l  view of t h e  set-up used for t h e  ex- 

periments with t h e  ind iv idua l  cool ing pads with a t e s t  sub jec t  shown 

peda l l ing  t h e  b i cyc le  ergometer. 
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Figure 4.13 General view of the  set-up used for the  experiments 
with t h e  individual cooling pads. 
shown pedalling the bicycle ergometer. 

A test subject is  
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5. DISCUSSION 

5 . 1  EXPERIMENTS WITH THE C O O L I N G  SUIT 

I n  order  t o  present  t h e  l a r g e  amount of da t a  t h a t  was gathered 

during the  experiments, most of t h e  r e s u l t s  of  each schedule were 

averaged and a r e  presented i n  t h i s  form. Wherever it was f e a s i b l e ,  

e n t i r e  ranges of  i nd iv idua l  v a r i a t i o n s  were a l s o  shown. A l l  t he  

d a t a ,  excluding t h e  weight l o s s e s ,  were measured or ca lcu la t ed  a t  

the  end of each o f  t h e  s t e p  changes i n  a c t i v i t y  l eve l .  

Figures 5 . 1  through 5.5 show mean values  of  metabolic rates 

and of heat  removed by t h e  s u i t  and by r e s p i r a t i o n  during t h e  va r i -  

ous schedules of a c t i v i t y .  Also shown a r e  t h e  ranges of metabolic 

r a t e s  included i n  t h e  mean va lues ,  It i s  seen t h a t  during the  stand- 

ing  sess ions  o f  Schedules I through I V  aqd t h e  first p a r t  o f  Sched- 

u l e  V ,  most of t h e  hea t  produced i n  t h e  body w a s  removed by the  cool- 

ing s u i t .  I n  many cases  t h e  amount of heat  removed by t h e  s u i t  even 

exceeded s l i g h t l y  t h e  t o t a l  metabolic r a t e .  

l i eved  t o  be due t o  poss ib l e  thermal t r a n s i e n t s  ind ica ted  by a de- 

c rease  i n  "deep body" temperature following a change i n  a c t i v i t y  from 

walking t o  s tanding (Fig. 5 . 6 )  and cumulative measurement e r r o r s .  

This phenomenon i s  be- 

During a l l  of t h e  walking sess ions  t h e  r e l a t i v e  amount of hea t  

removed by t h e  s u i t  dropped s i g n i f i c a n t l y .  A t  b e s t ,  only about 70 

percent  of  t h e  t o t a l  metabolic r a t e  was removed by t h e  s u i t  during 

t h e  walking se s s ions ;  t h i s  value w a s  usua l ly  c l o s e r  t o  50 percent .  

Poss ib le  explanat ions t o  account for t h e  por t ion  of t h e  t o t a l  meta- 

b o l i c  rate t h a t  was not removed by t h e  cooling s u i t  a r e  t h e  following: 
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Figure 5 . 1  Mean va lues  of metabol ic  rates and of t h e  amounts 
of h e a t  removed by t h e  cool ing  s u i t  and by r e s p i r a t i o n  
f o r  Schedule I.  
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for Schedule 11. 



10 8 

0 Total Metabolic Rate 
I Heat Removed by Suit 

I Range of Metabolic Rate 
Heat Removed by Respiration 

100 

h 

cu 90 c 
Y- 

I 
L 
L 
\ 
3 80 
i5 

2 a 
Y- 0 60 

5 

W 

70 

a, 
0 

L. 

I= .- 
Y 50 
cJ3 

5 40 
t .- 

L 
a, 
Q 
a, 

30 
[r 
L 

4 

i :$ 

Q 

c 
C P Q  
cn- 4 

2 .c € 
- * -  0 b 

0 1 2 3 4 s Time (hrs) 

Figure 5 .3  Mean values of metabolic rates and of the  amounts 
of hea t  removed by t h e  cool ing s u i t  and by r e s p i r a t i o n  
for  Schedule 111. 



100 

90 

80 

70 

60 

50 

4c 

30 

20 

10 

109 

0 Total Metabolic Rate 
Heat Removed by Suit 

0 Heat Removed by Respiration 
I Range of Metabolic Rate 

T 

m -  4 

‘ - 0  

4 Time (hrs) 

.E O Q 2  E 
- 

0 1 2 3 4 

Figure 5 .4  Mean values of metabolic r a t e s  and of t h e  amounts 
of hea t  removed by t h e  cool ing s u i t  and by r e s p i r a t i o n  
f o r  Schedule I V .  



100 
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Thermal t r a n s i e n t  states with hea t  s t i l l  being s t o r e d  in-  

s i d e  t h e  body, 

Fig. 5 .6 . )  

Heat d i s s ipa t ed  t o  t h e  enviroqment from t h e  uncovered sur-  

f a c e s ,  e .g . ,  face, forehead and hands. 

Heat removed by t h e  r e s p i r a t o r y  system. 

Heat removed by p e r s p i r a t i o n  aided by a i r  t h a t  was pumped 

under t h e  somewhat loose thermal i n s u l a t i n g  s u i t .  

Work done by t h e  muscles. 

Measurement e r r o r s  and inaccurac ies .  

Heat l o s t  t o  t h e  environment through t h e  c lo th ing  assembly. 

( Increase  i n  "deep body" temperatures,  

From these ,  only t h e  con t r ibu t ion  of item 3, i.:., r e s p i r a t i o n ,  w a s  

estimated. I t  w a s  ca l cu la t ed  t h a t  t h e  amount of  hea t  d i s s ipa t ed  by t h e  

r e sp i r a to ry  system ranged from 7.3 percent  t o  14 .8  percent of t h e  t o t a l  

metabolic rate. These values  a r e  cons i s t en t  with values  repor ted  by 

Bazett  C551. With t h e  increase  i n  metabolic r a t e  t h e  amount of  hea t  

ca r r i ed  away by r e s p i r a t i o n  a l s o  increased.  However, t h e  r e l a t i v e  

amount of heat  removed by t h e  exhaled a i r  decreased. 

accounted-for po r t ion  of t h e  metabolic rate i s  assumed t o  have been 

removed by t h e  o the r  channels t h a t  were mentioned above. 

The remaining un- 

I t  w a s  found t h a t ,  from t h e  comfort s tandpoin t ,  t h e  present  cool- 

ing  system w a s  no t  s u f f i c i e n t  t o  accommodate for ,metabol ic  rates i n  

excess of about 1200 Btu/hr (352 w ) ,  

t h e  cons i s t en t  comfort votes  of "too warm"  at t h e  moderately high 

a c t i v i t y  l e v e l s  (TABLE 5.1) .  It i s  assumed t h a t  t h e  in su f f i c i eny  of 

t h e  cool ing system w a s  due t o  two reasons:  t o o  s m a l l  a contac t  a r ea  

This f ind ing  was manifested by 
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between t h e  sk in  and t h e  cooling tubes and t o o  high water i n l e t  tem- 

pera tures .  The a c t u a l  contact  a r e a  between t h e  sk in  and t h e  cool ing 

tubes was est imated t o  be about 1 0  percent  of t h e  t o t a l  sk in  su r face  

area.  The lowest water i n l e t  temperature t h a t  w a s  obtained i n  most 

of t h e  experiments was about 16OC. Increasing t h e  contac t  a r e a  be- 

tween t h e  sk in  and t h e  cool ing tubes  and/or lowering water i n l e t  t e m -  

pera tures  should improve t h e  cool ing capac i ty  of t h e  s u i t .  This con- 

c lus ion  was suggested by t h e  r e s u l t s  obtained by Webb and Annis C711, 

who a l s o  repor ted  experiments with a cool ing s u i t .  They estimated 

t h a t  22 percent  of t h e  t o t a l  sk in  su r face  area was i n  contact  with 

t h e  cool ing tubes i n  t h e i r  experiments. 

repor ted  t o  have been comfortable with t h e  lowest waier i n l e t  t e m -  

pe ra tu re  of 16OC and high metabolic r a t e s  o f  2400 Btu/hr (700 w )  f o r  

two hours.  

A l l  of  t h e i r  sub jec t s  were 

I t  i s  evident  t h a t  during t h e  second p a r t  of t h e  experiments of  

Schedule V ,  a quasi-steady s ta te  w a s  never reached. This f ind ing  w a s  

t r u e  for t h e  metabolic rates and amounts of  heat  removed by t h e  cool- 

ing  s u i t  ‘ (Fig.  5.5) and a l s o  f o r  t h e  h e a r t  r a t e s  and e a r  cana l  tem- 

pe ra tu res  (Fig.  5.7).  These q u a n t i t i e s  show a c l e a r  t r end  o f  i nc rease  

with t ime a t  least during t h e  two hours o f  t h e  s h o r t  ( 1 5  minutes each) 

a l t e r n a t e  changes i n  l e v e l s  of a c t i v i t y .  The amount of hea t  removed 

by r e s p i r a t i o n ,  however, seems t o  have reached a quasi-steady s t a t e  

a f t e r  15  minutes or less from t h e  onse t  of  a change i n  t h e  exerc ise  

l e v e l  (Fig.  5.5 and TABLE Fel). This r e s u l t  i n d i c a t e s  t h a t  t h e  t r a n s i -  

en t  time o f  t h e  r e s p i r a t o r y  system i s  much s h o r t e r  than  t h a t  of t h e  

thermal system of t h e  human body wi th in  t h e  inves t iga t ed  range, 



119 

v HNT 
Note: Connecting I ines 
do not indicate exact path 

Q= 38 
E 

a 0 37 
-- 
s o  
U- 
0 
L 

36 s 

a 

Time (hrs )  

Figure 5.7 Indiv idua l  v a r i a t i o n s  i n  t h e  ear cana l  temperatures 
and h e a r t  rates for Schedule V .  
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During t h e  second p a r t  o f  t h e  experiments o f  Schedule V, h e a r t  

rates not only showed a t rend  t o  increase  with t i m e  but a l s o  exceeded 

t h e  values found i n  t h e  first p a r t ,  This observation i s  a poss ib l e  

ind ica t ion  of a f a t i g u e  effect t h a t  w a s  supported by t h e  f e e l i n g  of 

a l l  t h e  sub jec t s ,  It is a l s o  ind ica t ive  of a lack  of  steady state. 

During t h e  experiments of Schedules 111, I V ,  and V ,  t h e  effects 

of gradual and abrupt s t e p  changes from standing t o  walking a t  4 mph, 

were considered. 

t a b o l i c  rates and amounts of heat removed by t h e  cooling s u i t  

N o  s i g n i f i c a n t  d i f fe rences  were found i n  t o t a l  me- 

(Figs.  5.3, 5.4, and 5.5). Of those  two q u a n t i t i e s ,  only t h e  cool- 

ing  effectiveness? of t h e  cooling s u i t  seemed t o  have changed during 

t h e  experiments of t h a t  schedule which included two intermediate 

s t eps  (Schedule IV), This r e s u l t  may mean t h a t  during t h e  experi- 

ments of Schedule I V  t h e  thermal steady state of  t h e  moderately high 

a c t i v i t y  l e v e l  was more near ly  a t t a i n e d  because of t h e  two intermediate 

s t e p  changes preceding it. However, t h e r e  were d i f fe rences  i n  t h e  

temperature of t h e  ear canal. It was found t o  be lower by about 

0 . 5 O C  when a s t e p  change from standing t o  walking a t  4 mph w a s  i n t r o -  

duced without any intermediate changes (Fig. 5.6). There were no ma- 

jor di f fe rences  between t h e  temperatures of  t h e  ear cana l  measured 

during both experiments t h a t  involved gradual changes (Schedules I11 

and IV). 

f o r  a thermal steady s ta te  i n  t h e  human body i s  longer than 45 minutes 

and i s  more l i k e l y  of  t h e  order  of  two hours. 

T h i s  observation probably ind ica t e s  t h a t  t h e  t r a n s i e n t  t i m e  

TABLE F .1  i n  APPENDIX F summarizes t h e  mean values and t h e  ranges 

of t h e  t o t a l  metabolic r a t e s  and of t h e  amounts of  heat removed by t h e  
~ 

?Cooling e f fec t iveness  of t h e  cooling s u i t  'was defined as t h e  r a t i o  of 
t h e  ra te  of heat removed by t h e  s u i t  t o  t h e  t o t a l  metabolic rate. 
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s u i t  and by r e s p i r a t i o n  at t h e  var ious schedules of  a c t i v i t y .  

Figures 5.8 through 5 . 1 2  show t h e  r e l a t i v e  amounts of hea t  re- 

moved by t h e  s u i t  a t  t h e  var ious regions of  t h e  body as func t ions  of 

t h e  d i f f e r e n t  schedules o f  a c t i v i t y .  

ing  observat ions were made: 

Based on t h e s e  da t a ,  t h e  follow- 

(1) The r e l a t i v e  amount of heat  removed from t h e  arms by t h e  

a r m  pads was t h e  lowest i n  moat cases. It ranged from 1 . 7  

percent  t o  7.2 percent  of  t h e  t o t a l  removed by t h e  s u i t  and 

was usua l ly  around 3 t o  4 percent .  

fact t h a t  t h e  a r m  pads covered about 1 8  percent  .of t h e  t o t a l  

sk in  su r face  a rea  covered by t h e  s u i t ,  It i s  assumed t h a t  

t h i s  f i nd ing  s h w l d  be a t t r i b u t e d  t o  t h e  +iature  o f  t h e  sched- 

This w a s  desp i t e  t h e  

u l e s  of a c t i v i t y  used i n  t h i s  s tudy;  t h e s e  were composed p r i -  

mari ly  of work of t h e  l e g  muscles and did not  involve much 

arm work, This assumption i s  supported by t h e  fact t h a t  t h e  

r e l a t i v e  va lue  of t h e  hea t  removed a t  t h e  arms increased dur- 

ing  t h e  walking sess ions  with t h e  sub jec t s  awinging t h e i r  arms. 

The l a r g e s t  amount of hea t  removed by t h e  s u i t  from a s i n g l e  

region came from t h e  th ighs .  

cent  (while s tanding)  t o  a high of 41.7 percent  (while walking 

a t  3 mph) of t h e  t o t a l  removed by t h e  s u i t .  

rate exceeded t h e  upper l i m i t  t h a t  could be accommodated by t h e  

s u i t ,  t h e  r e l a t i v e  amount of hea t  removed from t h e  th igns  de- 

creased. 

pera tures  and t h e  too  s m a l l  contact  areas between t h e  sk in  

overlying t h e  th ighs  and t h e  cool ing tubes.  A s  a r e s u l t ,  heat  

(2) 

It  ranged from a low of 25.8 per- 

A s  t h e  metabolic 

This is probably due t o  t h e  too  high water i n l e t  tem- 
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Figure 5.8 Mean values of t h e  amounts of hea t  removed by the  cooling 
pads for Schedule I. 
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Figure  5 .9  Mean va lues  of t h e  ,amounts of  hea t  removed by t h e  cooling 
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w a s  probably c a r r i e d  away from t h e  th ighs  by t h e  blood 

stream t o  be d i s s ipa t ed  elsewhere where condi t ions were 

more favorable .  Also, t h e  "deep body" temperature in- 

creased and sweating w a s  enhanced, as ind ica ted  by higher  

weight l o s s e s  (TABLE 5 .2 )  

A r e l a t i v e l y  high percentage o f  t h e  t o t a l  hea t  removed ( 3 )  

by t h e  s u i t  came from t h e  head which c o n s t i t u t e s  about 7 

percent  of  t h e  t o t a l  su r f ace  area. It ranged from 10 .3  

percent  t o  36.9 percent .  

during t h e  second p a r t  of t h e  experiments of  Schedule V 

The h ighes t  values  were obtained 

(Fig.  5.121. This r e s u l t  seems t o  i n d i c a t e  t h a t  during 

t h e  thermal t r a n s i e n t  per iod  from t h e  onset  of  a changL i n  

a c t i v i t y  l e v e l ,  r e l a t i v e l y  high amounts of hea t  are re- 

moved from t h e  head. 

percent  of t h e  t o t a l  metabolic r a t e  w a s  removed from t h e  

head during r e s t i n g  and s teady states by a cap cons i s t ing  

of cool ing tubes.  In  h e r  s tudy,  however, she did not  use 

a cool ing s u i t  along with t h e  hood. Another study with a 

cooling s u i t  t h a t  included a cool ing hood w a s  repor ted  by 

Shvartz C731. 

hood removed about 40 percent  o f  t h e  t o t a l  removed by t h e  

cooling s u i t  assembly. However, 1 2  percent  of t h e  t o t a l  

su r f ace  area was covered by t h e  hood i n  h i s  s t u d i e s  as 

compared t o  only about 5 percent  t h a t  was covered by t h e  

hood i n  t h e  present  study. 

According t o  Nunneley C721, up t o  40 

He found t h a t  during s teady states, t h e  

( 4 )  During t h e  experiments of Schedule I more heat  w a s  removed 
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TABLE 5.2 

WEIGHT LOSSES DURING TFXADWILL EXPERIMENTS 

Subject Schedule 

I V  

738 

11.16 

v 

Weight 10s s - Aw 
( a r )  --? I 450 87 5?? 472 

I I 

-- 6.89 13.02 7.25 
SGP 

SKB 

HNT 

94.7 145.8 118.1 75.5 

1.16 1.45 2.17 1.79 

346 516 478 390 

8.44 7.78 Aw/w 

A w l t  
5.74 

65.9 

6.75 

91.6 

6.46 

78 114.7 95.8 

A w / w / t  

~ 

4.01 5.81 

1.88 1.56 1.50 

Weight loss-hw 
(gr) 758 718 930 

Aw /w 11.92 11.04 14.49 

A w / t  126.3 

2.00 

131.7 

2.03 

169.1 

2.63 hw/w/t 

RET 

Weight loss-Aw 
( a r )  232 1 456 468 506 636 

a w  /w 3.611 7.05) 7.31 7.96 9.87 

hw/t 

“ A w / w / t  

113.7 

1.79 

127.2 

1.97 

Weight loss-bw 
( g r )  --? 382 1 424 I 590 662 * 

1.15 

Aw/w 

A w / t  

A w / w / t  

11.82 

132.4 

’ 2.36 

10.47 

131.1 

2.33 

PF 

?Did not complete t h e  schedule. 

??I r regular  schedule ,  

???Shorter a c t i v i t y  schedule.  

(continued ) 
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r I I I  .I 
Subject  

MEAN 

SKB 
WITHOUT 
SUIT 

~~ 

Weight loss-Aw 

Aw/w 
(gr) 

A w / t  

Aw/w/ t  

Weight loss-  Aw 

Aw/w 
(gr) 

A w / t  

A w / w / t  

Schedule 

I I I1 1 I11 I IV 

317? I409 1 583't 1620 
~~ 

5.62 I 6.63 I 9.53 I 9.95 

64-4 I 82.4 1117.7 1118.3 

41:.05 1 381e33 1 381i_( 651.91 
6.72 6.19 6.15 10.60 

82.8 I 84.9 I 89.9 1124.6 

1.34 I 1.38 I 1.45 I 2.02 

'-f 679?? 

4 115.8 

---I 
646 I 
10.52 

llc3.6 

2.34 I 

?Average of 4 r u m .  

?+Average of 3 i x n s ,  
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by t h e  cool ing s u i t  during t h e  first walking se s s ion  a t  

two mph than  t h a t  removed during t h e  second a t  2 .5  mph 

(Fig.  5.8). The reason was t h e  unexpected drop i n  "deep 

body" temperature as indica ted  by t h e  temperature o f  t h e  

ea r  cana l  (Fig.  5.6 1. 

ments i n  water  i n l e t  temperatures were permit ted during 

these  experiments. A l l  changes were due t o  t h e  i n s t a b i l i t y  

of  t h e  cool ing system. Therefore,  t h i s  phenomenon o f  less 

heat  removed by t h e  s u i t  a t  a higher  metabolic ra te  i s  not  

considered t o  have any phys io logica l  meaning. 

It should be noted t h a t  no readjus t -  

(5 )  During t h e  experiments of Schedule I1 readjustments of t h e  

water i n l e t  temperatures a t  t h e  same l e v e i  of a c t i v i t y  re- 

s u l t e d  i n  t h e  following changes: 

( a )  The t o t a l  metabolic r a t e  decreased, (Fig.  5.21, 

(b) The amount of heat  removed by t h e  cooling s u i t  in- 

creased,  (Fig.  5 .91 ,  and 

( c )  The temperature of t h e  ear cana l  dropped, (Fig.  5 .6) .  

* Consequently, t h e  cool ing e f f ec t iveness  of t h e  s u i t  in-  

creased from 0.39 t o  0.56, (TABLE F . 1 ) .  Also, it i s  c l e a r  

t h a t  adjustments o f  water i n l e t  temperature a c t u a l l y  did d i -  

minish t h e  sub jec t s '  hea t  s t r a i n . +  This reduct ion of  hea t  

s t r a i n  was i n  s p i t e  of t h e  cons i s t en t  comfort vo te  of  

?Heat s t r a i n  i s  o f t en  r e f e r r e d  t o  as t h e  phys io logica l  response i n  con- 
sequence of a hea t  load C74I. 
hea t  s t r e s s  which i s  used t o  denote t h e  hea t  load  imposed on man C741. 
A commonly used index t o  assess phys io logica l  s t r a i n  was developed by 
Craig C751 and modified by o the r s  C761. It i s  a l i n e a r  combination of  
hea r t  r a t e ,  r i s e  i n  r e c t a l  temperature and sweat production r a t e .  

This should be d is t inguished  from t h e  
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"comfortable" obtained throughout t h e  experiments of 

Schedule I1 (TABLE 5.1).  The f ind ings  of t h i s  s e c t i o n  in-  

d i c a t e  t h a t  add i t iona l  cool ing provided by some a r t i f i c i a l  

means, e . g , ,  a cooling s u i t ,  may reduce hea t  s t r a i n  beyond 

t h a t  which i s  considered "comfortable" by human sub jec t s .  

A similar conclusion was reached by Gold and Zorni tzer  r-771. 

Figure 5.13 shows t h e  average values of water i n l e t  tempera- 

t u r e s  a t  t h e  var ious regions of t h e  body f o r  Schedule X I a  

u l e  w a s  s e l ec t ed  f o r  comparative presenta t ion  f o r  two reasons:  

This sched- 

(1) The e f f e c t  of add i t iona l  cool ing a t  t h e  same l e v e l  of ac- 

t i v i t y  W ~ S  s tud ied  during t h e  experiments of t h i s  schcdule 

and 

The metabolic r a t e s  encountered during t h e  experiments of  

t h i s  schedule d id  not exceed t h e  cool ing capaci ty  of  t h e  

s u i t -  

( 2 )  

It  can be seen That during t h e  i n i t i a l  s tanding se s s ion ,  most of 

t h e  sub jec t s  prefer red  an almost uniform tempezature a l l  over t h e  body 

(Fig.  5.13a). 

s ion  where no add i t iona l  cool ing was permit ted (Fig. 5.13b). Imnedf- 

a t e l y  following t h e  f irst  walking se s s ion ,  t h e  r e s t r i c t i s n  an t h e  addi- 

t i o n a l  cooling w a s  removed. 

was then requested by aLI of t h e  sub jec t s  (Fig.  5,L3c).  The avei'age 

changes requested f o r  t h e  arms and th ighs  were about 1 . 2  t o  1.3OC, 

t h e  head and upper and lower t o r s o  0 . 2  t o  0 . 6 O C ;  and t h e  highest  de- 

crease i n  water i n l e t  t empwature ,  2 . 3 O C ,  was requested €OF t h e  lower 

This s i t u a t i o n  d id  not change during rhe  f imt  walking ses- 

A decrease i n  most water i n l e t  r e m p r a t u r e s  
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(a) Standing (b) Walking at 3 mph (c) Standing 
(without additional cooling ) 

(d) Walking at 3 rnph 
(with additional coolinq) 

( e )  Standing 

Figure 5.13 Mean water i n l e t  temperatures  a t  t h e  various r eg ions  
of t h e  body for Schedule 11. 
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l egs .  

quests  for decreases  i n  water i n l e t  temperatures were as fol lows:  

arms, upper t o r s o ,  and th ighs ,  3.4 t o  3.8OC; head, 1.4OC; lower t o r s o ,  

2.5OC;and, aga in ,  t h e  h ighes t  decrease i n  water i n l e t  temperature,  

4.7OC, w a s  requested f o r  t h e  lower legs.  During the  las t  s tanding 

per iod,  requested changes i n  water  i n l e t  temperatures t o  the  various 

regions of  t h e  body were e s s e n t i a l l y  such t h a t  they r e t r aced  t h e  s i t u -  

a t ion  t h a t  preva i led  during t h e  second s tanding  sess ion .  

changes were no t i ceab le ,  ( Fig. 5.13e). 

During t h e  second walking sess ion  at 3 mph (Fig.  5.13d)’the re- 

Only minor 

A s  a consequence of the  resu l t s  presented i n  t h e  preceding s e c t i o n ,  

t he  following observat ions were made: 

(1) The working muscles, i . e . ,  th ighs  and lode r  l e g s ,  exh ib i t ed  

t h e  h ighes t  v a r i a b i l i t y  i n  water  i n l e t  temperatures.  This 

was expected and does n o t  seep t o  r equ i r e  any f u r t h e r  d i s -  

cuss ion. 

The changes i n  water i n l e t  temperatures t o  t h e  head were 

t h e  smallest. A t  t h e  same t ime,  t h e  temperature of t h e  

water en te r ing  the  cool ing hood was, on t h e  average, t h e  

lowest water  i n l e t  temperature of  a l l .  This i nd ica t e s  t h a t  

cool ing t h e  head may have a profound e f f e c t  on t h e  sensa t ion  

of  comfort, as noted by Nunneley C721 and Shvartz C731. 

A complete l i s t i n g  of t h e  water  i n l e t  temperatures and t h e i r  

( 2 )  

ranges a t  t h e  var ious schedules of a c t i v i t y  i s  given i n  TABLE F.2.  

I t  should,  however, be  kept i n  mind t h a t  t h e  values  shown t h e r e  f o r  

t h e  moderately high a c t i v i t y  l e v e l s  (walking at 4 mph) a r e  o f  l imi t ed  

meaning. This is  because t h e  l i m i t e d  cooling capaci ty  of t h e  present  
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cool ing system was d e f i n i t e l y  exceeded during t h e s e  schedules o f  ac- 

t i v i t y .  

I n  TABLE 5.1, t h e  orders  of p re fe r r ed  changes i n  water i n l e t  

temperatures ,  from t h e  onset  of a change i n  t h e  l e v e l  of  a c t i v i t y ,  

are shown. 

o f  changes requested by d i f f e r e n t  sub jec t s .  

with more sub jec t s  are needed t o  i d e n t i f y  those  regions i n  t h e  body 

which r e q u i r e  f a s t e r  cool ing or warming as a r e s u l t  of  a change i n  

t h e  l e v e l  of a c t i v i t y .  

There does no t  seem t o  be  any consis tency i n  t h e  order  

Many more experiments 

Weight l o s s e s  during t r e a d m i l l  experiments are shown i n  TABLE 

5.2.  

u l e  I )  t o  about 118 g r /h r  (Schedules I11 and I V ) .  These va lues ,  al- 

though s l i g h t l y  h igher ,  are cons i s t en t  with values  repor ted  by Webb 

and Annis C711. I n  four  out  o f  f i v e  cases, t h e  sweat r a t e s  were higher  

during t h e  runs without t h e  s u i t  as compared t o  t h e  runs with t h e  

s u i t .  

u l e  111) t h a t  exhib i ted  a higher  weight loss with t h e  s u i t .  

son f o r  i h a t  may have been due t o  a measurement e r r o r .  

The mean values  o f  weight l o s s e s  range from about 65 g r / h r  (Sched- 

N o  fundamental explanat ion w a s  found f o r  t h e  one run (Sched- 

The rea- 

To ta l  metabolic rates f o r  sub jec t  SKB with and without t h e  cool- 

i ng  s u i t  a r e  compared i n  Figs.  F . l  through F.5. 

t h e s e  f i g u r e s  a r e  t h e  temperatures of  t h e  ear canal .  I n  most cases, 

t h e  t o t a l  metabolic rate was higher  during t h e  experiments with t h e  

cooling s u i t .  

is a c e r t a i n  energy cos t  f o r  wearing t h e  s u i t  (higher  hea t  stress), 

A t  t h e  same t i m e ,  t h e  temperature of t h e  ear cana l  seemed t o  have 

been s l i g h t l y  lower during t h e  experiments without t h e  cool ing s u i t .  

Also compared i n  

This f ind ing  i s  probably due t o  t h e  f a c t  t h a t  t h e r e  
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Also, as shown i n  Fig. F.6,  t h e  h e a r t  rate w a s  u sua l ly  lower during 

a t  l e a s t  t h e  comparative experiments of Schedule V with t h e  cooling 

s u i t .  Heart r a t e  was not  measured during t h e  o t h e r  experiments with 

t h e  s u i t ,  These two, i . e . ,  s l i g h t l y  higher  "deep body" temperatures 

and lower h e a r t  rates, i n d i c a t e  t h a t  t h e  heat  s t r a i n  probably was r e -  

duced during t h e  experiments with t h e  cooling s u i t .  

5.2 EXPERIMENTS WITH THE I N D I V I D U A L  COOLING PADS 

Temperature d i s t r i b u t i o n s  on t h e  sk in  between two adjacent  tubes 

were measured for t h e  t h r e e  ind iv idua l  cool ing pads. The measure- 

ments were taken af ter  t h e  t e s t  sub jec t  had been pedal l ing  for two 

hours on t h e  b i cyc le  ergometer a t  a constant  load and speed [corre- 

sponding t o  a t o t a l  metabolic rate of about L200 Btu/hr (352 w)] .  

The measured values  were assumed t o  represent  s teady s ta te  da ta .  

The t h e o r e t i c a l  s teady  s ta te  temperature d i s t r i b u t i o n  on t h e  

sk in  for t h e  r ec t angu la r  model with t h e  s k i n  l a y e r  and skeletal  mus- 

cle considered as one combined t i s s u e  was obtained from Eq. (C.2) 

t o  y i e l d  

a tanh CGb) 

r 
n cos (X*X> - 

A s  can be seen from Eq, (5.11, t h e  parameters a f f e c t i n g  t h e  s teady 

s ta te  temperature of t h e  s k i n  a re :  

(1) Temperature of t h e  inne r  core ,  T . 
0 
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( 2 )  

( 3 )  

Speci f ic  heat of blood, cb. 

Thermal conductivity of t h e  cambined t i s s u e ,  k. 

( 4 )  Ratio of cooling tube  width t o  eooliqg tube  spacing, 8 .  

( 5 )  Cooling tube spacing, a. 

( 6 )  

( 7 )  

( 8 )  Shape of t h e  spec i f i ed  f l u x  func t i an ,  f ( x ) .  

Average heat f l u x  a t  t h e  sk in  sur face ,  f . 
Number of terms i n  t h e  s e r i e s u s e d  f o r  computation. 

a 

( 9 )  Average heat generation rate pe r  u n i t  volume of t i s sue ,  

Q'. 

(10) Average blood perfusion rate per u n i t  vol,ume of t i s s u e ,  

wb 

(11) Depth of t i s s u e ,  b .  

From these  parameters, t h e  f irst  seven c w l d  e i t h e r  be measured 

or estimated. 

l e f t  t o  be estimated by t h e  qethod of f i t t i n g  a t h e o r e t i c a l  curve 

The remaining four,  i , e . ,  $(TI , Q' , w b ,  and b ,  were 

t o  t h e  experimental da t a ,  Curve f i t t i n g  was done with t h e  a i d  of 

a d i g i t a l  computer. A program was wr i t t en  f o r  evaluating Eq. (5.1) 

for various combinations of  t h e  upknoyn parameters. The computer 

output w a s  then analyzed t o  determine t h a t  combination of parameters 

which y ie lded  a curve f i t t i n g  c lose ly  with t h e  experimental d a t a  while 

t h e  parameters m e t  a set of predetermined criteria. 

were : 

These c r i t e r i a  

(1) The lowest temperature of t h e  sk in  should not be below 609F. 

This assumption was based on t h e  cooling water temperature 

which was measured a t  559F. 
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( 2 )  The depth of  t i s s u e  should not exceed 0 . 2  ft  or be l e s s  

than  0 .05  f t .  

Only measurements taken away from t h e  cool ing tubes were 

considered accura te .  

tube  were assumed quest ionable  because of  t h e  in t e r f e rence  

of t h e  thermocouple with t h e  contact  between t h e  cool ing 

tube and t h e  sk in .  

The blood per fus ion  and hea t  generat ion rates pe r  u n i t  vol- 

ume of t i s s u e  should not  exceed values  found i n  t h e  l i t e r a -  

t u r e .  

( 3 )  

Measurements underneath t h e  cool ing 

(4)  

The r e s u l t s  obtained f o r  t h e  t h r e e  ind iv idca l  pads are showr. 

i n  Figs. 5.14, 5.15, and 5.16. I n  view of t h e  complexity of  t h e  prob- 

l e m ,  t h e  agreement between t h e  measured and ca l cu la t ed  values  is re- 

markably good. It should,  however, be noted t h a t  t h e  set o f  parame- 

t e r s  t h a t  y ie lded  a good f i t  t o  t h s  measured d a t a  i s  not  unique. 

Improved techniques f o r  measuring t h e  unknown parameters are requi red  

t o  render  t h e  ana lys i s  presented i n  t h i s  chapter  phys io logica l ly  more 

meaningful. 
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Figure 5.14 Comparison of measured and ca l cu la t ed  temperature 
d i s t r i b u t i o n  on the  sur face  of t h e  sk in  for t h e  
rec tangular  model. Pad No. 1, wb = 83.4 Ib /hr - f t  , 
Q' = 711 Btu/hr-ft3 and constant  temperature a t  
inne r  core.  
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Figure 5.15 Comparison of measured and calculated temperature 
d i s t r i b u t i o n  on the  surface of t h e  skin f o r  t h e  
rectangular model. Pad No. 2 ,  wb = 83.4 lb/hr-f t  , 
Q' = 805 Btu/hr-ft3 and constant temperature a t  
inner  core. 
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Figure 5.16 Comparison of measured and ca l cu la t ed  temperature 
d i s t r i b u t i o n  on t h e  sur face  of t h e  s k i n  f o r  t h e  
rec tangular  model. 
Q' = 848 Btu/hr-ft3 and constant  temperature a t  
inne r  core. 

Pad No. 3, wb = 83.4 lb /h r - f t3 ,  
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6 .  SUMMARY AND CONCLUSIONS 

This s tudy was d i r e c t e d  t o  t h e  explora t ion  of two aspec ts  r e -  

l a t e d  t o  thermal comfort of man: 

(1) The a n a l y t i c a l  modeling of t h e  thermal behavior of  l i v i n g  

b i o l o g i c a l  t i s s u e  and p a r t i a l  experimental  v a l i d a t i o n  of 

t h e  a n a l y t i c a l  p red ic t ions .  

( 2 )  The explora t ion  of t h e  c h a r a c t e r i s t i c s  of independent re -  

g iona l  cool ing of  t h e  body by means of a water-cooled gar- 

ment (thermal p ro tec t ive  s u i t ) .  

A biothermal  model of l i v i n g  b i o l o g i c a l  t i s s u e  has been proposed 

and s tudied .  This model includes t h e  e f f e c t s  of blood flow, 10cc.l 

heat  generat ion rates, conduction and s to rage  of heat  on t h e  hea t  

t r a n s f e r  processes  occuring i n  t h e  l i v i n g  t i s s u e .  A second order ,  

p a r t i a l  d i f f e r e n t i a l  equation ( r e f e r r e d  t o  as t h e  "bio-heat" equat ion)  

was obtained and analyzed. Closed form, s teady and t r a n s i e n t  s t a t e  

a n a l y t i c a l  so lu t ions  were obtained f o r  two r e l evan t  geometries (cy- 

l i n d r i c a l  and rec tangular ) .  Good agreement w a s  obtained between t h e  

measured and p red ic t ed  temperature p r o f i l e s  on t h e  sk in  sur face .  

Based on t h e  a n a l y s i s ,  t h e  following conclusions were reached: 

(1) Blood flow p lays  a s i g n i f i c a n t  r o l e  i n  t h e  t r a n s f e r  of 

heat  i n  t h e  l i v i n g  t i s s u e  and, t h e r e f o r e ,  should be ex- 

p l i c i t l y  included i n  any a n a l y t i c a l  model of t h e  thermal 

behavior of t h e  t i s s u e .  

Much more d e t a i l e d  and accura te  da t a  of t h e  themnophysical 

and phys io logica l  p r o p e r t i e s  of t h e  body, e .g . ,  thermal con- 

d u c t i v i t i e s  and l o c a l  blood flow rates ,  are requi red  

( 2 )  
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before  any extension 

Transient  t i m e s  f o r  reaching a so-cal led " f u l l y  developed" 

temperature p r o f i l e  i n  t h e  t i s s u e  are of  t h e  order  of 5 t o  

20 minutes. 

Transient  changes i n  t i s s u e  temperature are s t rong ly  dominated 

by a geometrical  parameter ( sepa ra t ion  c o e f f i c i e n t ) .  

Under c e r t a i n  condi t ions ,  maximum temperature may occur i n  

t h e  t i s s u e  r a t h e r  than  i n  t h e  inne r  core  (wb > 2.3). The lo- 

ca t ion  of t h e  maximum temperature w a s  found t o  be independent 

of  "deep body" temperature.  

For y/b > 2 ,  

This observat ion renders  assumptions of  constant  temperature or 

constant  f l u x  at t h e  i n t e r f a c e  between t h e  s k e l e t a l  muscle and 

t h e  inne r  core  equivalent .  

The exact  shape of t h e  heat  f l u x  on t h e  sk in  has an i n s i g n i f i -  

cant  e f f e c t  on t h e  temperature d i s t r i b u t i o n  i n s i d e  t h e  t i s s u e  

a t  a s h o r t  d i s t ance  away from t h e  sk in  sur face .  

of  t h e  present  model should be attempted. 

isotherms i n  t h e  t i s s u e  become p a r a l l e l .  
ir 

It does have, 

'however, a no t i ceab le  e f f e c t  on t h e  temperature on t h e  sk in  

su r face  e 

For R1 > 0.15 f t  ( r ad ius  o f  inner  core  i n  t h e  c y l i n d r i c a l  

model) t h e  r e s u l t s  obtained from t h e  c y l i n d r i c a l  and rectangu- 

l a r  models a r e  so  c lose  t h a t  t h e  s impler ,  rec tangular  model 

can be used without l o s s  of accuracy. 

A water cooled garment was constructed and used t o  s tudy t h e  char- 

a c t e r i s t i c s  of independent r eg iona l  cool ing of t h e  body i n  c o n t r a s t  t o  

t h e  cu r ren t  p r a c t i c e  of  uniform cooling. The cool ing garment cons is ted  
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of s i x t e e n  ind iv idua l  cooling pads made of 5/32 i n .  O.D.  Tygon tubes.  

The pads were grouped t o  provide independent con t ro l  o f  water i n l e t  

temperatures and flow r a t e s  t o  s i x  regions: head, upper t o r s o ,  lower 

torso, arms, th ighs  and lower l egs .  Experiments with and without t h e  

cooling s u i t  assembly were conducted with t h e  f i v e  t e s t  sub jec t s  

s tanding and walking on a t r e a d m i l l  on s e l e c t e d  schedules.  Steady 

and, t o  a l e s s e r  e x t e n t ,  t r a n s i e n t  s t a t e  c h a r a c t e r i s t i c s  of t h e  cool- 

ing  s u i t  were obtained. 

Based on t h e  experiments with t h e  cooling s u i t  t h e  following con- 

c lus ions  were reached: 

(1) There are regions i n  t h e  body t h a t  r equ i r e  more cool ing dur- 

i ng  walking than o t h e r s ,  e . g . ,  t h i g h s ,  head and lower l e g s ,  

( 2 )  During s tanding ,  an almost uniform water i n l e t  temperature 

w a s  requested f o r  a l l  regions of  t he  body by t h e  t e s t  sub- 

j e c t s .  This s i t u a t i o n  changed s i g n i f i c a n t l y  during exerc ise .  

Conclusions 1 and 2 i n d i c a t e  t h a t  independent r eg iona l  cool- 

ing  may be more e f f i c i e n t  than  t h e  present  scheme of uniform 

cooling. 

( 3 )  Cooling of  t h e  head during exerc ise  has a profound e f f e c t  on 

comfort . 
(4) Transient  t imes f o r  reaching a thermal s teady s t a t e  from t h e  

onset  of exerc ise  are o f  t h e  order  o f  two hours. This 

t r a n s i e n t  t ime,  however, includes a r e l a t i v e l y  slow a c t i v e  

response of  t h e  human thermoregulatory system t o  changes i n  

exe rc i se  rates, e.g.  , t h e  s h i f t i n g  of t h e  deep body tempera- 

t u r e  
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( 5 )  During exe rc i se  t h e  thermal e f f ec t iveness  of the c o o l k g  s u i t  

decreased as compared t o  t h e  values  obtained f o r  s tanding.  

Intermediate  changes i n  t h e  l e v e l  of  a c t i v i t y  between an 

i n i t i a l  and a f i n a l  l e v e l  do not have a not iceable  e f f e c t  

on t h e  thermal s ta te  s o  l w g  as s u f f i c i e n t  time is allowed 

f o r  reaching a s teady  state corresponding t o  t h e  f i n a l  

l e v e l  o f  a c t i v i t y .  

The cool ing s u i t  d i d  a c t u a l l y  diminish t h e  heat  s t r a i n  of  

t h e  test  sub jec t s  beyond what was considered comfortable 

by them. 

The r eg iona l  order  o f  p re fe r r ed  changes i n  water i n l e t  t e m -  

pe ra tu re s  from t h e  onset  of a change i n  t h e  l e v e l  of  a c t i v i -  

t y  could not  be determined. 

t o  i d e n t i f y  t h e  regiofis o f  t h e  body t h a t  r equ i r e  faster cool- 

i ng  (or warming) than  o the r s .  

( 6 )  

( 7 )  

( 8 )  

More experiments are requi red  

Based on t h e  comparative experiments with and without t h e  cool ing 

s u i t ,  t h e  fol lowing observat ions were made: 

(1) "Metabolic rates were, i n  most cases, h igher  during t h e  experi-  

ments with t h e  cool ing s u i t , i n d i c a t i n g  t h a t  a c e r t a i n  energy 

cos t  w a s  assoc ia ted  with wearing t h e  s u i t ,  i . e . ,  t h e  sub jec t  

w a s  under higher  hea t  stress. 

Ear cana l  temperatures were usua l ly  lower during t h e  experi-  

ments without t h e  cool ing s u i t .  

Heart rates seem t o  have been lower during t h e  experiments 

with t h e  cool ing s u i t .  

( 2 )  

( 3 )  
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(4) Weight l o s ses  were usua l ly  lower during t h e  experiments 

with t h e  cool ing s u i t .  

Thus, t h e  cool ing s u i t  seems t o  have reduced t h e  heat  s t r a i n  

even though t h e  hea t  s t r e s s  w a s  increased s l i g h t l y .  

Recommendations f o r  f u t u r e  work a r e  t h e  following: 

(1) Application of  opt imizat ion techniques t o  obtain design 

guide l ines  f o r  t h e  cons t ruc t ion  o f  more e f f i c i e n t  cool ing 

s u i t s .  

Extension of  t h e  model t o  include t h e  l o c a l  and temperature 

dependent v a r i a t i o n s  of  t h e  phys io logica l  p rope r t i e s .  This 

phase,  however, should be delayed u n t i l  more d e t a i l e d  physio- 

l o g i c a l  da t a  become ava i l ab le .  

Experimentation with var ious combinations of i nd iv idua l  cool- 

ing pads, e .g . ,  hood and th igh  pad, t o  determine t h e  l o c a l  

e f f e c t s  of cool ing a t  var ious  hea t  s t r e s s e s  and a c t i v i t i e s .  

Experimentation with cool ing s u i t s  while exerc is ing  o the r  

p a r t s  of  t h e  body, e .g . ,  arms, i n  order  t o  determine pre- 

f e r r e d  temperature p a t t e r n s  f o r  t he  coolant .  

( 2 )  

( 3 )  

(4) 
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APPENDIX A 

THE THERMOEGULATORY SYSTEM OF THE HOMEOTHERM 

A homeotherm, or warm-blooded animal, e x h i b i t s  a tendency t o  

s t a b i l i t y  i n  t h e  normal body states ( f ixed  i n t e r n a l  environment). 

The ob jec t ive  of  t h e  thermoregulatory system i s  counter  any ex- 

t e r n a l  or i n t e r n a l  changes i n  heat  s t r e s s  while maintaining t h e  tem- 

pe ra tu re  and metabolism ( t h e  t ransformation by which energy is  made 

a v a i l a b l e  f o r  t h e  uses  of  t h e  organism) a t  t h e  l e v e l s  e s s e n t i a l  t o  

l i f e .  

elements: c o n t r o l ,  sensory,  and regula tory  mechanisms. 

This thermoregulatory system i s  composed of  t h r e e  interconnected 

It i s  genera l ly  accepted t h a t  t h e  c e n t e r  of  thermal con t ro l  is 

l oca t ed  i n  t h e  hypothalamus, a s t r u c t u r e  i n  t h e  b r a i n  which forms 

t h e  f l o o r  and p a r t  of t h e  l a te ra l  w a l l  of  t h e  t h i r d  v e n t r i c l e  [78, 

791. There appear t o  be  two cen te r s  i n  t h e  hypothalamus t h a t  a r e  

concerned with temperature con t ro l ;  t h e  more p o s t e r i o r  one, concerned 

with p ro tec t ion  aga ins t  co ld ,  and t h e  a n t e r i o r  one, concerned with 

protect ioqn aga ins t  heat .  These two cen te r s  a r e  mutually inh ib i to ry .  

The temperature which i s  being regula ted ,  u sua l ly  r e f e r r e d  t o  as "deep 

body" temperature ,  i s ,  however, not  constant .  I t  changes, wi th in  a 

narrow range above and below t h e  "normal" temperature,  with t h e  meta- 

b o l i c  rate. 

was pos tu la ted  by Hardy [SO]. 

This concept of a "set point"  r a t h e r  than  a f ixed  one 

Thepmal r ecep to r s  i n  t h e  sk in  a r e  t h e  major components of  t h e  

sensory system [ S l l .  

t u r e - s e n s i t i v e  s t r u c t u r e s  e x i s t  i n  t h e  s p i n a l  cord C821, i n  t h e  vol- 

untary muscles [ S l l ,  i n  t h e  hypothalamus C551, and i n  t h e  r e s p i r a t o r y  

I n  add i t ion ,  t h e r e  a r e  ind ica t ions  t h a t  tempera- 
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t ract  [83], which play a subs id ia ry  r o l e  i n  thermoregulation. Changes 

i n  sk in  temperature and probably a l s o  i n  hea t  f l u x  a t  t h e  sk in  C551 

t r i g g e r  a s i g n a l  which i s  received by t h e  thermal receptors  and which 

i s  s e n t  through t h e  a f f e r e n t  pathways t o  t h e  hypothalamus. 

There e x i s t  regula tory  mechanisms i n  t h e  human body t h a t  make 

up t h e  t h i r d  element of  t h e  thermal system. 

ac t iva t ed  i n  response t o  need and, i n  t u r n ,  by t h e  cont ro l  through 

t h e  nervous system. Adjustment t o  cold s t r e s s  follows t h e  sequence: 

These mechanisms a r e  

(1) S u p e r f i c i a l  vasocons t r ic t ion  t h a t  diminishes t h e  amount 

of hea t  t ranspor ted  by t h e  blood stream t o  t h e  sk in .  

is  balanced by splanchnic  d i l a t a t i o n ;  i . e . ,  d i l a t a t i o n  of  

blood vesse l s  i n  t h e  i n t e r n a l  c a v i t i e s  of t h e  body. 

Pilo-motor a c t i v i t y  ("goose f l e sh" )  t h a t  reduces a i r  move- 

ment a t  t h e  sk in  and thereby diminishes heat  convection. 

Increased heat  production t h a t  can t a k e  e i t h e r  (or both)  of two 

forms: mechanical and glandular .  The mechanical p a r t  is  

achieved by t h e  muscles and i s  manifested as sh iver ing;  

t h e  glandular  p a r t  involves  sec re t ion  of  adrena l in  by t h e  

suprarena l  gland. The func t ion  o f  t h e  c i r c u l a t i n g  adren- 

a l i n  i s  t o  cause modif icat ions i n  t h e  c i r c u l a t i o n  which 

favor  blood supply t o  a c t i v e  muscles and l i b e r a t i o n  of glu- 

cose from l i v e r  glycogen and, consequently,  a considerable  

inc rease  i n  hea t  production (20-30 percent  increase  i n  rest- 

ingmetabolism Cli l i l ) .  

Long-term adaptation--decreased blood volume and accumula- 

t i o n  of  f a t  i n  t h e  ou te r  l a y e r s  t o  increase  thermal insu- 

l a t i o n  a 

This 

( 2 )  

( 3 )  

(4) 
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Conversely, t h e  sequence of adjustment t o  hea t  stress i s  as f o l -  

lows : 

(1) Super f i c i a l  v a s o d i l a t a t i o n  t h a t  increases  blood f l o w  and, 

consequently,  t h e  amount o f  hea t  t ranspor ted  t o  t h e  sk in .  

Sweating which enhances t h e  removal of hea t  by evaporation 

of water vapor from t h e  su r face  of  t h e  sk in .  

fol low an increase  i n  deep body temperature caused by heat  

s to rage  i n  t h e  body. 

Increased r e s p i r a t i o n  t h a t  promotes more hea t  removal by 

expired air .  I n  m a m m a l s  o the r  than  humans, e .g . ,  dogs, 

t h i s  mechanism, known as pant ing ,  i s  of g r e a t  importance. 

This mechanism, as w e l l  as sweating, l o s e s  i t s  e f f ec t ive -  

ness  i n  s a t u r a t e d  o r  very humid environments. 

Long-term adaptation--increased blood volume and decreased 

( 2 )  

Sweating w i l l  

( 3 )  

(4) 

basa l  metabolism ( t h e  minimal energy expended f o r  mainte- 

nance of l i f e )  due t o  reduced a c t i v i t y  of t h e  thyro id .  

An extensive and d e t a i l e d  desc r ip t ion  of t h e  thermoregulatory 

system and i t s  func t ions  w a s  given by Bazett  [SSl. 
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APPENDIX B 

STEADY STATE, RECTANGULAR COORDINATES 

If t h e  term represent ing  blood flow 

t h e  fol lowing hea t  equation i s  obtained 

a T  - =  k?T + R, 
PCP a t  

or, assuming a s teady s ta te ,  

k?T = -R, 

WITHOUT BLOOD FLOW 

s el iminated from Eq. (3.3), 

( B . 2 )  

which i s  o f t e n  r e f e r r e d  t o  as t h e  Poisson equation. 

Solut ion t o  Eq. ( B . 2 )  f o r  t h e  geometry shown i n  Fig. (3 .4)  i s  

d e s i r a b l e  fo r  two reasons:  

(1) There are cases  when blood flow diminishes or even vanishes,  

e .g . ,  vasocons t r ic t ion ,  and conduction remains as almost 

t h e  s o l e  mechanism f o r  hea t  t r a n s f e r  i n  t h e  t i s s u e .  

( 2 )  From a more genera l  engineering viewpoint,  Eq. ( B . 2 )  descr ibes  

t h e  energy balance i n  a m a t e r i a l  wherein heat  i s  conducted 

and generated.  Such cases  occur f requent ly  i n  engineering 

and a s o l u t i o n  may be usefu l .  

Examination of Eqs. (3.11) through (3.15) r evea l s  t h a t  obtain- 

ing t h e  so lu t ion  f o r  t h i s  l i m i t i n g  case ,  i . e . ,  wi + 0 ,  i s  not  s t r a i g h t -  

forward, but  involves  f a i r l y  complicated l i m i t  operat ions.  

t h e  complete problem w i l l  be formulated and presented below. 

Therefore,  
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where ei and Qi are def ined by E q s .  (3 .8)  and (3.101, r e spec t ive ly .  

The so lu t ions  f o r  t h e  two zones are:  for t h e  sk in  l a y e r ,  

T ~ ( x , ~ ~ )  = T i  t - Q2 b, 2 t Ql [2b1b2 t kfcyl (2b, - y, 11 
2 

CO 

an 
cosh (Xnbl) (kfcy, + b 2 )  t k, 

efa  

k2 

- -  

n = l  

cos ( h n X )  1 s inh  (Anyl) 
+ 

'1 'n 

and, for t h e  s k e l e t a l  muscle l a y e r ,  

Q2 (b2 2 - y2 2 1 + 9 Ql bl (b2 - Y2) 
TZ(x,y2)  T$ t - 2 

a s inh  CXn(b2 - y 2 ) l  
cos (hnx)  (B.7) 

k, r n  H(h) cosh (h,b2) 
n = l  

where 

and H(h), fa , and an are defined by E q s .  (3.151, (3.161, and (3.191, 

r e spec t ive ly .  

A s  was noted i n  t h e  t e x t  (Chapter 3 ) ,  no maximum temperature 

i s  found i n  t h e  t i s s u e .  However, i n  order  for a l l  t h e  excess hea t  
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t o  be removed a t  t h e  s k i n ,  t h e  temperature grad ien ts  become s t eepe r .  

A s  one r e s u l t ,  t h e  temperatures on t h e  sk in  become lower s i n c e  deep 

body temperature i s  maintained a t  about t h e  same l e v e l  as i n  t h e  case 

with blood flow. I n  t h e  v i c i n i t y  of t h e  cool ing tube ,  t h e  tempera- 

t u r e s  may become i n t o l e r a b l y  low or even dangerous, p a r t i c u l a r l y  i f  

t h e  cool ing s t r i p  is  r e l a t i v e l y  narrow ( s m a l l  6 )  C841. 

Buchberg and Harrah s tudied  a s i m i l a r  case C391. They assumed 

no hea t  t o  be generated i n  t h e  sk in  l a y e r  (Q, = 0 ) ,  bu t  assumed t h e  

thermal conduct iv i ty  t o  be a func t ion  of  temperature.  

they have t r i e d  t o  account f o r  blood flow effects. 

merical method, they  obtained t h e  temperature d i s t r i b u t i o n  i n  t h e  

separated l a y e r s  f o r  a t o t a l  metabolic ra te  of  2600 Btu/hr (760 w). 

Their  r e s u l t s  are compared with those  obtained here  f o r  Q, = 0 i n  

Fig. B . l  C851. Considering t h e  major d i f f e rences  i n  t h e  ca l cu la t ion  

procedures,  t h e  r e s u l t s  are remarkably c lose .  The numerical r e s u l t s  

obtained for Eq. (B.6) and (B.7) without blood flow (combined t i s s u e ,  

b, -+ b, , k, -t kz ) and Eq. ((2.2) with blood flow a r e  compared i n  Fig. 

By such means, 

Employing a nu- 

B.2. 

i s  c l e a r l y  seen. 

The e f f e c t  of  t h e  blood stream on t h e  temperature d i s t r i b u t i o n  

Figure B . 3  shows t h e  effect of increas ing  t h e  contact  area be- 

tween t h e  cooling tubes  and t h e  s k i n  on t h e  temperature d i s t r i b u t i o n  

on t h e  sk in  sur face .  When t h i s  f i g u r e  i s  compared t o  Fig. 3.8, it 

i s  evident  t h a t  one of t h e  e f f e c t s  of blood flow i s  a higher  tempera- 

t u r e  a t  t h e  sk in  sur face .  
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99.7 O F  

Eqs. (B.6) 8 (8.7) 95 

43.60 

Ske I eta I 
Muscle 

L 

Skin 

1 
Figure B . l  Comparison of s t eady  s t a t e  temperature  d i s t r i b u t i o n s  

i n  t h e  t i s s u e  for t h e  two-dimensional, r e c t a n g u l a r  
model wi thout  blood f l o w .  Qm - - 2600 Btu/hr (760  w), 
B = 0 . 1 ,  cons tan t  temperature  a t  i n n e r  core .  
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99.7 F 

94.3; 
(93.07 

i’ Eq.(C.2), Wi th Blood Flow 

Eqs. (B.6) 8 (8.71, Without Blood Flow ---------- . 

” 97 

Figure B . 2  Comparison of s teady s t a t e  temperature d i s t r i b u t i o n s  
i n  t h e  combined tissue for t h e  two-dimensional rectangu- 
l a r  model with and without blood flow. 
(85 w ) ,  f3 = 0 .1 ,  constant  temperature a t  inner  core .  

= 290 Btu/hr 
Q, 
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Figure B . 3  Effect of increas ing  t h e  contac t  area between t h e  
cool ing tubes and t h e  sk in  on t h e  temperature d i s -  
t r i b u t i o n  on the  sk in  sur face .  Blood flow e f f e c t s  
a r e  not  included. 
and constant  temperature a t  i nne r  core .  

Q, = 290 Btu/hr (85 w), fi /f l  = 1.5 
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APPENDIX C 

STEADY STATE, RECTANGULAR COORDINATES WITH THE SKIN 
AND MUSCLE CONSIDERED AS A SINGLE REGION 

If t h e  sk in  and s k e l e t a l  muscle l a y e r s  are combined t o  form one 

l a y e r  and i f  both t h e  thermophysical and t h e  phys io logica l  p rope r t i e s  

a r e  averaged, t h e  problem becomes 

2 
$ 6  - w 6 = -Q 

with t h e  boundary condi t ions ,  

ae  
ax a t x = O ,  - = o  

36 
ax a t x = a ,  - = 0  

a t y = b ,  6 = 0  

The s o l u t i o n  t o  t h i s  set  i s  [58] 

Figure C.1 shows r e s u l t s  t h a t  were obtained for Eq. (C.2). 
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99.7" F 

100 

Figure (2.1 Steady s ta te  temperature  d i s t r i b u t i o n  i n  t h e  combined 
t i s s u e  for t h e  r e c t a n g u l a r  model. 
(760 w), P = 0 . 1  and cons tan t  temperature  a t  i n n e r  core. 

Q, = 2600 Btu/hr ,  
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If t h e  fou r th  boundary condition, Eq.  (C . le ) ,  i s  changed t o  uni- 

form f l u x  a t  t h e  interface between t h e  combined t i s s u e  and t h e  inner  

core ,  t h a t  i s ,  

F ae - 
a Y  k 

a t y = b ,  - - -  

a so lu t ion  i s  obtained [581, 

Q cosh [w(b - y ) ]  + Fo cosh ((wy) 
s inh  (wb) kw s inh  wb) T(x,Y) T, +>- - kw 

W 

Figure C . 2  shows r e s u l t s  t h a t  were obtained fo r  Eq. (C.4). 

Solutions f o r  t h e  corresponding one-dimensional cases, i . e . ,  

uniform cooling a t  t h e  sk in ,  may be r e a d i l y  obtained from E q s .  (C.3) 

and ((2.4) by e l imina t ing  t h e  x-dependent series and rep lac ing  t h e  

term B f a  by F. 
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Figure  C . 2  Steady s t a t e  temperature  d i s t r i b u t i o n  i n  t h e  combined 
t i s s u e  for t h e  r e c t a n g u l a r  model. 
( 8 5  w), B =~ 0.1, cons tan t  f l u x  a t  i n n e r  core .  

Q, = 290 Btu/hr  
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APPENDIX D 

THE FUNCTION dkR( si r)  

During t h e  mathematical de r iva t ion  of t h e  c y l i n d r i c a l  model, 

a combination of modified Bessel func t ion  was found t o  r ecu r ;  namely, 

This shorthand d e f i n i t i o n  s impl i f ied  t h e  de r iva t ion  considerably. 

A f e w  c h a r a c t e r i s t i c s  of t h i s  func t ion  are given below. 

(1) The func t ion  dkR(Tir )  s a t i s f i e s  t h e  modified Bessel equa- 

t i o n  of order  k , 

( 2 )  This function obeys t h e  same d i f f e r e n t i a t i o n  r u l e  as does 

t h e  modified Bessel func t ion  of t h e  first kind [64] 

Therefore, it i s  not a so-called cy l inder  func t ion  [64]. 

(3 )  For two consecutive ind ices ,  it satisfies [611 

(4 )  If t h e  ind ices  of t h e  func t ion  a r e  reversed i n  order ,  t h e  

following expression is  obtained 
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(5 )  For i d e n t i c a l  i nd ices  t h e  following i d e n t i t y  i s  obtained 

When drawn on a semi-log paper ,  t h e  func t ion  dkkR(wR) appears 

t o  behave as a s t r a i g h t  l i n e  away from t h e  minima.(Fig. D.1, k = 0 ,  

R = l  , j = 1). Also t h e  s lopes  of these  s t r a i g h t  l i n e s  appear t o  

be i d e n t i c a l .  

us ing exponent ia l  expressions of ?he kind,  

This phenomenon suggests  approximation of t h e  func t ion  by 

< -  
r > R  

where U i s  t h e  func t ion  descr ib ing  t h e  dependency on t h e  parameter 

si 9 , s i s  t h e  common s lope ,  and 

yond which t h i s  approximation is va l id .  

i s  t h e  value o f  t h e  va r i ab le  be- 

1 1 
Figures D.2 and D . 3  show t h e  func t ions  $ o o ( ~ R )  and $J12(wR). 

A s  can be  seen,  t hese  two func t ions  exh ib i t  t h e  same c h a r a c t e r i s t i c s  as 

noted above, i . e . ,  l i n e a r i t y  on a semi-log paper ,  and, t he re fo re ,  

can a l s o  be approximated by expressions such as Eq. ( D . 6 ) .  



162 

K = l ,  L = O  24F 

w R  

Figure D.l The function Qol(wR) 1 drawn OR semi-log paper. 
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Figure D . 3  The function q12(wR) drawn on semi-log paper, 
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APPENDIX 

STEADY STATE, CYLINDRICAL COORDINATES WITH THE SKIN AND MUSCLE 

CONSIDERED AS A SINGLE WGION 

Combining t h e  two l a y e r s  i n t o  a s i n g l e ,  averaged - layer  y i e l d s  

a2e 2 - - ( rg)+T-  l a  
a Z  

 we=-^ r ar 

with t h e  boundary condi t ions ,  

a t  r = R, e = O  

C ae K a t  r = R2 , 

= o  ae 
a Z  - a t z = O  , 

= o  ae - 
a Z  

a t z = a  , 

(E. l a )  

(E . lb)  

(E .  IC) 

The so lu t ion  i s  

(E. 2) 

Figure E . l  shows r e s u l t s  t h a t  were obtained for t h i s  case. 



74.43 

Figure E . l  Steady s t a t e  temperature  d i s t r i b u t i o n  i n  t h e  combined 
t i s s u e  for t h e  c y l i n d r i c a l  model ( coo l ing  tubes  on t h e  
s k i n  running perpendicular  t o  t h e  a x i s  of t h e  c y l i n d e r ) .  
Qm = 2600 Btu/hr (760  w), @ = 0.1, cons tan t  temperature  
a t  i n n e r  core .  
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Modifying t h e  first boundary condi t ion ,  Eq. (E .  lb) , t o  t h e  con- 

s t a n t  f l u x  case, t h a t  i s ,  

y i e l d s  

Because of t h e  c y l i n d r i c a l  geometry, an a d d i t i o n a l  parameter appeared; 

namely, w€$. 

der ,  an assumption which is equivalent  t o  t h e  rec tangular  case ,  t h r e e  

independent combinations arise as R, i s  changed: 

If t h e  body i s  assumed t o  be represented by one cyl in-  

(1) The volume and th ickness  of! t h e  c y l i n d r i c a l  s h e l l  are con- 

s t a n t  while t h e  sk in  su r face  a rea  changes, 

2v 
b(1' + p " )  A =  

( 2 )  The volume and su r face  a r e a  of t h e  c y l i n d r i c a l  s h e l l  a r e  

constant  while  t h e  th ickness  changes, 

( 3 )  The su r face  a r e a  and t h e  th ickness  o f  t h e  c y l i n d r i c a l  s h e l l  

are cons tan t  while t h e  volume changes, 
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L 

where 

Assuming a uniform 

evaluated,  as F i x t i o n s  

J 

f l u x  at  t h e  s k i n ,  t h e  above t h r e e  cases  were 

(E.7) 

(E.8) 

of  R,,-ahd a r e  compared t o  t h e  l i m i t i n g  case 

as R, + a ( r ec t angu la r  case). 

E . 2 ,  E . 3 ,  E.4, and E .5 .  

The r e s u l t s  a r e  presented i n  Figs. 

For completeness, t h e  l i m i t i n g  cases  for no blood flow, w,, -+ 0,  

a r e  presented below. 
t .  

Using l i m i t  c a l cu la t ion  techniques,  it can be shown 

and 

( E . 9 )  

(E. 1 0 )  

( E . 1 1 )  

(E.12) 

Then, t h e  so lu t ion  f o r  t h e  c y l i n d r i c a l  case with constant  temperature 

a t  t h e  i n t e r f a c e  between t h e  combined t i s s u e  and t h e  inne r  core ,  Eqs. 

(E. la)  through (E . l e ) ,  but w 0 ,  can be obtained from Eq. ( E . 2 1 ,  
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Simi la r ly ,  us ing  t h e  energy balance equation 

Q ’  2 2 
R2 @fa = R, F, + - (R2 - R1 ) 

2 

Eq. (E.4) can be r e w r i t t e n  

(E.14) 

and, by using l i m i t  c a l c u l a t i o n  techniques,  it can be shown 

2 
1 2 2 1  

2l$$JlI (wR2 - w < R 2  - R, )QOl  (wr) = [ R~ fin r - - r 
2Rl 

2 1  
l i m  

w + o  w ql l  <wl$ 1 

2 2 
[R1 En Rl - R2 Rn R 2 ]  + “ S  

- <  + R1l$ 

+ R p C ,  - c3) (E.16) 
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and 

where 

c3 = R n 2 - y  

$(n) is  t h e  P s i  o r  Digamma func t ion  and y is  E u l e r ' s  constant .  

Using t h e  above r e s u l t s ,  t h e  so lu t ion  f o r  t h e  c y l i n d r i c a l  case 

with constant  f l u x  a t  t h e  i n t e r f a c e  between t h e  combined t i s s u e  and 

t h e  inne r  core ,  E q s .  (E . l a ) ,  (E . l c ) ,  (E . ld) ,  ( E a l e ) ,  and (E.3),  but  

w = 0 ,  can be obtained from Eq. (E.15), 

2 2 ~5 Rn R~ - R~ i n  R ~ I  

(E.17) 

(E.  18) 

( E . 1 9 )  

(E.20) 

' cos ( A n d  ( E .  21) 
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A P P E N D I X  F 

A D D I T I O N A L  EXPERIMENTAL DATA 
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I A Without Cooling Suit 
0 o With Cooling Suit 
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Figure F . 1  Metabolic rates and ear cana l  temperatures of sub jec t  
SKB for experiments with and without t h e  cooling s u i t  
during Schedule I .  
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Figure F.2 Metabolic rates and ear c a n a l  temperatures  of s u b j e c t  
SKB for experiments wi th  and without  t h e  cooling s u i t  
dur ing  Schedule 11. 
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Figure F.3 Metabolic rates and e a r  cana l  temperatures of sub jec t  
SKB f o r  experiments with and without t h e  cool ing s u i t  
during Schedule 111. 
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Figure F.5 Metabolic rates and ear cana l  temperatures  nf s u b j e c t  
SKB f o r  experiments wi th  and without  t h e  cool ing  s u i t  
dur ing  Schedule V. 
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