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1. INTRODUCTION 

The s p i r a l i n g  growth of technology over t h e  last  several decades has 

exposed man t o  i r c r e a s i n g l v  h o s t i l e  environments. These may range from 

t h e  high e x t e r n a l  heat  environments experienced i n  t h e  ce-amics, g l a s s ,  

metal, and rubber i n d u s t r i e s  t o  t h e  extremes of t h e  space environment, 

i n  which low pressures ,  t o x i c  materials, cosmic radiacion,  and extremes 

i n  temperature and hum id  i t  y are commonplace. 

A major problem i n  these  environments occurs  whenever h e a t  input  t o  

t h e  body d i f f e r s  markedly from heat  d i s s i p a t i o n .  

stress can seve re ly  a f f e c t  man's a b i l i t y  t o  perform u s e f u l  work, and may, 

i n  f a c t ,  i ncapac i t a t e  him o r  prove f a t a l .  

The r e s u l t i n g  thermal 

The a b i l i t y  of an ind iv idua l  t o  survive and work under t h e s e  condi- 

t i o n s  depends, t o  a l a r g e  e x t e n t ,  upon t h e  type of p r o t e c t i v e  equipment 

surrounding him. For most ground-based i n d u s t r i a l  a p p l i c a t i o n s ,  t h e  

problem is one of ambient temperature, i n  which t h e  p r o t e c t i v e  equipment 

must e i t h e r  remove o r  add j u s t  enough heat  t o  balance t h e  i n d i v i d u a l ' s  

heat  input and heat output.  For a p p l i c a t i o n s  i n  t h e  space environment, 

protec :I?I From near-vacuur, pressures ,  t o x i c  gases  and u l t r a v i o l e t  o r  

o the r  cosntic r a d i a t i o n  m u s t  he provided i n  a d d i t i o n  t o  thermal protect ion.  

The p ro tec t ive  equipment required t o  sh i e ld  man from t h e s e  h o s t i l e  

environments c o n s i s t s  of s u i t s  designed t o  e s s e n t i a l l y  i s o l a t e  t h e  

individual  from h i s  surroundings,  i n  a manner similar t o  t h a t  of a thermos 

b o t t l e .  Flowever, under such i s o l a t e d  cond i t ions ,  even a moderate amount 

of metabolic a c t i v i t y  would produce forced s to rage  OI metabolic heat.  

Consequently, an a r t i f i c i a l  cooling system musc b r  provided i n  o rde r  t o  

prevent rapid perforrr.ance impairment and poss ib l e  c o l l a p s e  due t o  excess  

body heat s torage.  
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For app l i ca t ions  involving low levels of metabolic a c t i v i t y ,  a 

v e n t i l a t i n g  gas  c i r c u l a t e d  between t h e  sk in  and t h e  p r o t e c t i v e  suit is 

adequate t o  remove t h e  heat  of metabolism by means of convect tve and 

evaporative hea t  t r a n s f e r .  

required f o r  metabolism and remove metabolic waste products  such as carbon 

dioxide and water vapor. However, for metabolic rates as soc ia t ed  with 

most common a c t i v i t i e s ,  conventional body cool ing by gas  v e n t i l a t i o n  is 

Inadequate (98). Even at  low metabolic rates, t h e  c i r c u l a t i n g  gas  provides  

cool ing pr imar i ly  through t h e  mechanism of s w e a t  evaporat ion r a t h x  than 

convection, and as such, l eads  t o  eventual  heat  stress and dehydration 

(3, 36, 145, 169). Furthernore,  gas  v e n t i l a t i o n  has a l imi t ed  cool ing 

capac i ty  which cannot be increased without r e s o r t i n g  t o  undes i rab ly  low 

gas i n l e t  temperatures and high gas  flow rates. 

The v e n t i l a t i n g  gas  must a l s o  supply oxygen 

In  t h e  e a r l y  1960'9, t h e  Royal A i r c r a f t  Establishment (RAE) i n  London 

inves t iga ted  and developed a new technique f o r  circumventing t h e  disadvan- 

tages  of gas v e n t i l a t i o n .  

through many small tubes posi t ioned aga ins t  t h e  s u b j e c t ' s  skin.  

c i r c u l a t i n g  f l u i d  was capable  of removing l a r g e  q u a n t i t i e s  of metabolic 

heat  by means of conductive heat  t r a n s f e r  from the  s k i n  d i r e c t l y  t o  t h e  

c i r c u l a t i n g  l i qu id .  This l i q u i d  condi t ioning garment (LCG) covered t h e  

e n t i r e  body, with the  exception of t h e  hands, f e e t ,  and head, bu t  t h e  

cooling tubes  a c t u a l l y  contacted less than 3X of t h e  t o t a l  body su r face  

area, The e n t i r e  garment weighed less than 2-1/2 l b s .  Furthermore, 

because of t he  higher hea t  capac i ty  and conductance of t he  l i q u i d ,  t h e  

power requirement per u n i t  of heat  t r ans fe r r ed  decreased by seve ra l  o rde r s  

of magnitude when compared t o  gas v e n t i l a t i n g  systems. 

RAE 3.nvestigations, a technology of LCG design and opera t ion  has gradual ly  
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evolved. 

of t h i s  technology. 

The garment u t i l i z e d  i n  t h i s  experimental  s tudy  is an outgrowth 

Although considerable  information is a v a i l a b l e  on l i q u i d  or conductive 

cooling i n  the  physiological ,  medical, and engineering l i t e r a t u r e ,  i t  is 

o f t e n  of a q u a l i t a t i v e ,  r a t h e r  than a q u a n t i t a t i v e  nature .  Spec i f i ca l ly ,  

very few at tempts  have been made t o  r e l a t e  q u a n t i t a t i v e l y  t h e  heat  removal 

characteristics of t h e  LCC, t o  t h e  va r ious  s e n s i t i v e  parameters of t h e  

human thermoregulatory system. The concepts of heat stress and thermal 

comfort have been described p r imar i ly  i n  q u a l i t a t i v e  terms r e l a t e d  t o  

sub jec t ive  observat ions of thermal s ensa t ion ,  and remain c o n t r o v e r s i a l  

subjects .  Although s e v e r a l  s t u d i e s  have been d i r e c t e d  a t  r e l a t i n g  LCG 

performance t o  sk in  temperature, rectal  temperature o r  s u b j e c t i v e  comfort, 

a q u a n t i t a t i v e  i n t e r r e l a t i o n s h i p  between t h e s e  and o t h e r  physiological  

f a c t o r s  i s  lacking. 

The r e sea rch  e f f o r t  he re in  described was devoted t o  the. development 

of such q u a n t i t a t i v e  r e l a t i o n s h i p s .  

experirr.enta1 tes t  program in which s e v e r a l  environmental and physiological  

f a c t o r s  were var ied sys t ema t i ca l ly  i n  o rde r  t o  d e r i v e  t h e  most s i g n i f i c a n t  

parametric r e l a t i o n s h i p s .  

b a s i s  f o r  t he  q u a n t i t a t i v e  r e l a t i o n s h i p s  i n  terms of t h e  known behavior 

0;  the human thermoregulatory system. This required the  development of 

equations,  o r  a mathematical- model, r e l a t i n g  sweat r a t e ,  cutaneous 

blood-flow r a t e ,  and o the r  physiological  responses t o  v a r i o u s  body and 

environmental temperatures. It  was necessary t h a t  t h e  equa t ions  f a l l  

within the  framework of t5e known state-of-the-art  behavior of human 

theirnoregulation and ye t  reproduce, i n  a reasonable  fashion,  t he  parametric 

t r ends  derived from the  experimental  r e s u l t s .  The model provided a 

This w a s  accomplished by means of an  

It was a l s o  des i r ed  t o  e s t a b l i s h  a t h e o r e t i c a l  
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mechanism f o r  testing c u r r e n t  t h e o r i e s  of thermoregulation. Comparison 

of t h e  model p r e d i c t i o n s  with t h e  experimental  d a t a  served a s  a gu ide l ine  

by which t o  judge t h e  v a l i d i t y  of thzs? theo r i e s .  In  add i t ion ,  c o r r e l a t i o n  

of t h e  mathematical model with t h e  experimental results r e s u l t e d  i n  improved 

model accuracy. This,  i n  t u rn ,  provided a means by which t o  i n v e s t i g a t e  

and explain t h e  source of experimental  r e s u l t s  t h a t  were not immediately 

obvious. 

HISTORICAL CEVELOPMENT AND USE OF THE LCG 

The o r i g i n a l  purpose of t h e  LCC, was t o  remove metabolic heat  which 

cannot be disposed of by normal environmental mechanisms. I n  accomplishing 

t h i s  task ,  the  T.CG acts  t o  reduce heat  s t r a i n  and promote thermal comfort. 

In  most instances,  a v e n t i l a t i n g  gcs s u p p l i e s  t he  necessary oxygen : quired 

f o r  metabolism and removes metabolic waste products. 

certain amount of heat  from the  sk in ,  and an amount of heat  from t h e  

r e s p i r a t o r y  t r a c t  during normal breathing t h a t  amounts t o  a p p r o x h a t e l y  

109: of metabolic h e a t  generat ion (49). In order  t c  be e f f e c t i v e  and 

maintain a zero body heat  s t o r a g e  rate, t h e  LCG is  designed t o  remove t h e  

majori ty  of heat  a t t r i b u t e d  t o  metabolism p l u s  any a d d i t i o n a l  e x t e r n a l  

heat loads from t h e  environment. 

The concept of a water cooled garment was f i r s t  suggested by Bil l ing-  

It a l s o  removes a 

ham i n  1958 (12). H i s  work l e d  t o  the  development of a prototype s u i t  

by the  RAE i n  1962. Their i n i t i a l  i n t e r e s t  was t h e  p ro tec t ion  of p i l o t s  

i n  hot a i r c r a f t  environments, but many o the r  p r a c t i c a l  a p p l i c a t i o n s  were 

u l t ima te ly  considered. 

extracorporeal  c i r c u l a t o r y  svstem i n  which water passed through tubes in  

contact  with the  sk in .  The c i rcu ln t inp ,  water was warmed a s  i t  removed 

1- 
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body hea t ,  and was then c a r r i e d  o f f  t o  an e x t e r n a l  hea t  s i n k  f o r  cool ing 

before  r e t u r n i n g  t o  t h e  LCG. 

In  1955, t h e o r e t i c a l  s t u d i e s  on t h e  RAE garment by Burton and C o l l i e r  

(25) showed that l i q u i d  cool ing provided d e f i n i t e  engineering advantages 

Over gas  cooling s u i t s .  Their  computations r?!rowed t h a t  t h e  higher  heat 

capac i ty  and thermal conductance of t h e  l i q u i d  would r e s u l t  i n  more 

e f f i c i e n t  h e a t  t r a n s f e r ,  lower system weight, and hwer pumpin8 power, 

The f i r s t  prototype LCG was constructed of 40 polyvinyl c h l o r i d e  

tubes sewn i n t o  a s u i t  of co t ton  underwear. 

wrists and ankles  and conducted by manifolds t o  smaller tubes which 

d i s t r i b u t e d  t h e  flow over t h e  limbs, r-here i t  qicked up t h e  ma jo r i ty  of 

i ts hea t ,  and was f i n a l l y  c o l l e c t e d  a t  o u t l e t  manifolds located a t  mid- 

thorax. 

exception of t h e  head, neck, hands and f e e t .  

Water was supplied t o  t h e  

Water flow was d i s t r i b u t e d  t o  a l l  p a r t s  of t h e  body with t h e  

Experimental d a t a  a n a l y s i s  by Burton and C o l l i e r  (26) showed that 

t h e  design provided e x c e l l e n t  heat  t r a n s f e r  between t h e  s k i n  and t h e  

c i r c u l a t i n g  water and that t h e  LCG was comfortable even when high metabolic 

heat loads were imposed. Thermal comfort had been a sub jec t  of concern 

because t h e  use of low water i n l e t  temperatures a t  high metabolic rates 

r e s u l t e d  i n  l a r g e  s k i n  temperature g r a d i e n t s  between regions of sk in  

lying d i r e c t l y  under the  cool ing tubes  and adjacent  s i t e s  between t h e  

tubes. 

The prototype LCG was demonstrated by Burton and C o l l i e r  f o r  t h e  

National Aeronautics and Space Administration (NASA) i n  Houston, Texas i n  

l a te  1964. This l ed  t o  a n  ex tens ive  developmental and t e s t  program with 

the  u l t ima te  aim of applying the  LCG t o  p r a c t i c a l  use. 
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The f i n a l  ve r s ion  of t h e  garment (and t h e  one used f o r  t h i s  experi-  

m e n t a l  s tudy)  was constructed f o r  NASA by t h e  Hamilton Standard 

Corporation, Divis ion of United Alrcraf t and was designated t h e  Apollo-LCG. 

It fea tured  40 polyvinyl  ch lo r ide  tubes sewn i n t o  a co t ton  l a t e x  under- 

garment (see Figure 2-5). A nylon s l i p  l i n e r  was placed between t h e  

garment and t h e  sk in  t o  improve comfort and inc rease  thermal conductance. 

Like t h e  e a r l y  RAE prototype,  t h e  Apollo-LCG provided cool ing t o  a l l  body 

areas except t he  head, neck, hands and f e e t .  However, i t  fea tured  a 

modified tubing d i s t r i b u t i o n  that was designed t o  provide l o c a l  water 

flow i n  a manner propor t iona l  t o  body mass. 

supplied and removed by manifolds loca ted  a t  mid-torso and was d i s t r i b u t e d  

i n  a loop pat tern spreading from t h e  to r so  t o  the  ex t remi t ies .  

I n  add i t ion ,  wa:er was both 

The Apollo-LCG was designed t o  accommodate average metabol ic  rates of 

500 w a t t s  wi th  peaks up t o  600 w a t t s .  

work t a s k s  an t i c ipa t ed  f o r  a c t i v i t i e s  on t h e  lunar  su r face  during NASA's 

Pro jec t  Apollo. 

i n  high body heat  s to rage  and considerable  discomfort  (149, 159). 

This  c o n s t r a i n t  was imposed by t h e  

Sustained metabolic rates above these  l e v e l s  r e s u l t e d  

Tests of t h e  garment demonstrated t h a t  l i q u i d  cooling r e t a rded  

sweating, increased sub jec t ive  thermal comfort, and provided c l e a r  

supe r io r i ty  Over gas cool ing i n  reducing s i g n s  of heat  stress. 

r e s u l t s  were observed t o  be independent of whetho,r t h e  hea t  stress was 

induced by hot  environments (2,  146) or  high metabolic rates (112, 160). 

Other r e s u l t s  showed t h a t  a wide range of combinations of water flow rate 

and i n l e t  temperatures could be u t i l i z e d  t o  provide sub jec t ive  comfort a t  

any p a r t i c u l a r  metabolic r a t e  (83, 149); that heat  exchange was g r e a t e s t  

over working muscle groups such as t h e  leg  (37); and t h a t  cool ing e€ f i c i ency  

could be markedly reduced by placement of ma te r i a l s  between the  sk in  and 

the LCG tubing ('73). 
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Since t h e  in t roduc t ion  of t h e  Apollo-LCG, o the r  LCGs have been 

des?gned with improved cool ing  q u a l i t i e s .  However, t hese  remain l a r g e l y  

of an experimental  na ture .  Many of t hese  garments are v a r i a t i o n s  of t h e  

Apollo-LCC, t a i l o r e d  f o r  s p e c i f i c  tasks .  For example, t h e  current RAE 

s u i t  has increased :-Wng length ,  producinp, more uniform flow wi th  less 

pressure  drop. 

environments such a s  overheated a i r c r a f t  cockpi ts .  The U.S. A i r  Force 

has developed an LCC vest covering t h e  t o r s o  and upper th ighs  f o r  use  i n  

f l i g h t s  over t r o p i c a l  c l imates .  Experimental ve r s ions  of t h e  RAE s u i t  

have been t e s t e d  f o r  i n d u s t r i a l  u s e  i n  g l a s s  f a c t o r i e s ,  where furnace 

maintenance r equ i r e s  hard phys ica l  l abor  i n  the  presence of high environ- 

mental  heat  loads.  Because of these  high r ad ian t  hea t  loads ,  it has  been 

found that adequate comfort cannot be provided without t h e  add i t ion  of 

cool ing t o  t h e  head and neck a r e a s  (68). Other concepts  i n  LCG des ign  

have u t i l i z e d  p a r t i a l  LCGs such a s  head cool ing caps,  g loves  o r  vests 

designed f o r  s p e c i f i c  work t a sks .  

This  s u i t  w a s  designed f o r  men doing m i l d  work i n  hot  

The most recent innovat ions  i n  LCG des ign  have been based upon 

increased heat  t r a n s f e r  from t h e  s k i n  t o  t h e  LCG. 

by means of g r e a t e r  skin-tubing contac t  su r f ace  a r e a  o r  u t i l i z a t i o n  of 

tubing m a t e r i a l  wi th  increased thermal conduct iv i ty .  Such des igns  permit 

t h e  use of higher  water i n l e t  temperatures  o r  lower water flow rates 

without decreasing t h e  heat  t r a n s f e r  e f f i c i ency  of t h e  garment. This  

lessens the  l ike l ihood of such phys io logica l  problems as sh iver ing  o r  

vasocon Zt r ic t ian ,  while s imultaneously decreasing power requirements ,  

Fkmplas  of these  advanced concept LCGs include t h e  evapora t ive  cool ing  

garment designed by t h e  McDonnell Douglas Corporation i n  Huntington Beach, 

Ca l i fo rn ia ,  and an LCC using a high conductance, heat-sealed p l a s t i c  

This  is accomplished 
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material ca l l ed  FLEXITHERM, b u i l t  by t h e  Aerotherm Corporation i n  Mountain 

V i e w ,  Ca l i forn ia .  

The f e a s i b i l i t y  and - rpab i l i t y  of an LCG t o  maintain sub jec t ive  human 

thermal comfort i n  s t r e b s f u l  environments has been inves t iga t ed  i n  severs1  

s tudies .  The f i r s t  and most comprehensive review of these  s t u d i e s ,  and 

of LCG development i n  genera l ,  was performed by Nunneley i n  1970 (98). 

She discussed t h e  phys io logica l  e f f e c t s  of l i q u i d  cool ing upon thermoregu- 

l a t i o n ,  t he  e f f e c t s  of v a r i a t i o m  i n  LCG des ign  parameters,  and t h e  e f f e c t s  

of regional  o r  l o c a l  body cool ing.  A more r ecen t  review of t h e  l i t e r a t u r e  

was performed by Shvartz  i n  1972 (123). He inves t iga t ed  t h e  a b i l i t y  of 

var ious  LCG des igns  t o  reduce heat  s t r a i n  under d i f f e r e n t  metabol ic  and 

environmental condi t ions .  

Both of t hese  reviewers  concluded that t h e  LCG was indeed capable  of 

providing thermal comfort under a v a r i e t y  of s t r e s s f u l  condi t ions .  

addi t ion ,  they emphasized that d i f f e r e n t  areas of t h e  body a r e  more 

c r i t i c a l  than o the r  areas i n  t h e  sub jec t ive  determinat ion of comfort. The 

lower body, e spec ia l ly  t h e  l egs ,  r e q u i r e s  high hea t  removal rates, thereby 

j u s t i f y i n g  a higher  LCG tube dens i ty .  It  was a l s o  found t h a t  t h e  head and 

neck areas are h i g l J y  e f f e c t i v e  sites f o r  LCG heat  removal because these  

regions l ack  a s i g n i f i c a n t  vasocons t r ic t ion  mechanism (98, 99). The l a t t e r  

f ind ing  hns done much t o  spur  t h e  r ecen t  i n t e r e s t  i n  head cool ing  (33, 99, 

163, 164, 165, 166) ,  which had been l a rge lv  ignored i n  t h e  pas t .  

I n  

I n  1972, Sh i t ze r ,  Chato, and Her t lg  (119, 120) a l s o  s tudied  t h e  

e f f e c t s  of r eg iona l  cool ing  on human s u b j e c t s  working a t  va r ious  metabolic 

tares. They employed a modified Apollo-type LCG and observed t h a t  va r i .  AS 

body a r e a s  required d i f f e r e n t  cool ing r a t e s  f o r  comfort ,  wi th  t h e  th igh  

and neck reg ions  demanding t h e  lowest i n l e t  water temperatures.  They a l s o  
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performed an a n a l y t i c a l  i n v e s t i g a t i o n  t o  determine t h e  e f f e c t s  of v a r i a b l e  

LCG tube spacings, hea t  f l u x  rates, metabolic rates an? \ e r i p h e r a l  blood 

flow rates upon the  temperature p r o f i l e  throughout a small c r o s s  s e c t i o n  

of human t i s s u e  approximated by a rectangLlar  s l a b  o r  a c i r c u l a r  cyl inder .  

Based upon t h i s  a n a l y s i s ,  they concluded t h a t  t he  p e r i p h e r a l  blood flow 

e f f e c t  is important i n  determining t h e  i o c a l  s k i n  temperature,  t h a t  c lose? 

space3 LCG tubes would y i e ld  a more uniform s k i n  temperature, qnd t h a t  che 

highest  temperature i n  t h e  body probably occurs  wi th in  t h e  muscle t i s s u e s  

a t  e levated metabo1'- rates. In  an ear l ier ,  similar study, Buchberg and 

Hurrah (21) pG-formed a t h e o r e t i c a l  a n a l y s i s  of t h e  e f f i c i e n c y  of l i q u i d  

cooling through polyvinyl ch lo r ide  tubes 9s  a funct ion of t he  skin-tubing 

contact  su r f ace  area. These two a n a l y t i c a l  i n v e s t i g a t i o n s  are  noteworthy 

because they r ep resen t  t h e  f i r s t  a t tempts  t o  apply mathematical and 

t h e o r e t i c a l  p r i n c i p l e s  t o  t h e  i n t e r a c t i o n s  between t h e  human physiological  

system and the  LCG. 

Other experimental  s t u d i e s  performed with whole o r  p a r t i a l  body 

cooling have f u r t h e r  demonstrated t h e  a b i l i t y  of t he  LCG t o  maintain sub- 

j e c t i v e  thermal comfort a t  h i g h  metabolic rates i n  hot  environments (30, 

32, 117, 1 2 4 ,  126, 140, 163). Included i n  the  s t u d i e s  were a d v a x e d  

concepts f o r  automatic c o n t r o l  of LCG cooling. I n  t h e s e  experiments, LCG 

i n l e t  temperature was adjusted based UDS:I measurements of h e a r t  ra te ,  

sweat ra te ,  sk in  temperature, o r  o the r  physiological  parameters. 

Such i n v e s t i g a t i o n s  have provided t h e  impetus f o r  t h e  a p p l i c a t i o n  of 

the  LCG t o  nany d i v e r s e  uses, including l abora to ry  s t u d i e s  f o r  t h e  axact 

co,*trol  of sk in  temperature i n  cardiovascular  r e sea rch  (109, 110, 111). 

For the  l a t t e r  a p p l i c a t i o n ,  a n  Apollo-LCG modified t o  cover the  head, 

hands and f e e t  imposed a constant  sk in  temperature a c r o s s  the  body while 
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permit t ing continuous m o n i t o r h g  of var ious  ?hys lo logica l  processes ,  

Including card iac  output  Sy means of hea r t  c s the t e r i za t ion .  

ments c l e a r l y  es tab l i shed  that high sk in  temperatures are associated WILL 

subs t an t i a l  increases  i n  card iac  output ,  wi th  t h e  l a r g e s t  percentage of 

the  increase going t o  t h e  pe r iphe ra l  c i r cu la t ion .  

These experi- 

In  o ther  appl ica t ions ,  LCGs have been used to  cool r ac ing  car 

d r i v e r s  i n  the  presence of high engine hea t  (87), t o  cool surgeons dur ing  

d e l i c a t e  ope ia t ions  that wmild be obs t ruc ted  by high p e r s p i r a t i o n  rates 

3 7 1 ,  and t o  subcool p a t i e n t s  during neurosurgery (83). They aye also 

under considerat ion f o r  hea t ing  d i v e r s  descending t o  g r e a t  depths ,  where 

high conductive heat  loss to t h e  water is a severe problem (101, 158). 

One f i n a l  app l i ca t ion  of t h e  LCG is noteworthy i n  t h a t  i t  p e r t a i n s  

d i r e c t l y  t o  some of t h e  experiments that c o n s t i t u t e  t h i s  i nves t iga t ion .  

By covering the  e n t i r e  body with a n  Apollo-type LCG modified to  cover t h e  

head, hands and f e e t ,  and then t h e n a l l y  i s o l a t i n g  t h e  man from h i s  

environment, t h e  L d  has been used as a ca lor imeter  f o r  t h e  d i r e c t  de te r -  

mination of metabolic heat  output  (157). Subjec ts  dressed i n  t h e  LCG were 

covered wlth ar? ou te r  i n su la t ing  garment and performed measured q u a n t i t i e s  

of ex terna l  work a t  known metabolic rates. 

minimize environmental heat  exchange, a c l o s e  match w a s  achieved between 

metabolic heat production and LCG heat  removal p lus  mechanical w r k .  

However, these  s t u d i e s  leave something t o  be des i r ed  I n  t h a t  they imposed 

an unr-pura1 cons t r a in t  on t h e  subjec t  by e l imina t ing  convect ive and 

evaporative heat  removal. T h a t  is, t h e  ou te r  i n su la t ing  garment u sua l ly  

consisted of a rubberized o r  neoprene s u i t  t h a t  permit ted sweating but  

e s s e n t i a l l y  eliminated evepnrat ion of sweat and c ..;ection hea t  t r ans fe r .  

By using a thermal chamber to  

To date ,  t he re  has been no comprehensive quan t f t a t iv i  

LCG performance t o  sweat r a t e ,  metabolic r a t e  and E' I loss 
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rate under camfort and off-comfort  condi t ions.  

the ca lo r ime t r i c  use of an LCG t o  determine metabolic rate without 

i nh ib i t i ng  the  normally occurr ing processes  of convective,  evaporat ive 

and r a d i a t i v e  hea t  t r a n s f e r .  

Such a s tudy would permit 

Part of t h e  d i f f i c u l t y  of performincj such an inves t iga t ion  can be  

t raced t o  t h e  complexity and inherent  inaccuracy of techniques f o r  meas- 

uring t h e  convective,  evaporat ive and r a d i a t i v e  hea t  loss from exercising 

sub jec t s  wearing an LCG. However, f o r  t h e  experimental  s tudy that com- 

prised t h e  present  r e sea rch  e f f o r t  (described subsequently i n  Sec t ion  2), 

a new approach has been u t i l i z e d .  A mathematical model of t h e  human 

thermoregulatory system was combined wi th  a d e t a i l e d  environmental node1 

including t h e  e f f e c t s  of t h e  LCG, and then used i n  conjunction wi th  

experimental d a t a  t o  determine parametr ic  r e l a t i o n s h i p s  between LCG per- 

formance and metabol ic  rate. 

method f o r  es t imat ing  metabolic rate, tSis technique a l s o  permits  accu ra t e  

p red ic t ions  of sweat rate and evaporat ive heat  loss rate f o r  comfort and 

off-comfort  condi t ions ,  while simultaneously o f f e r i n g  a q u a c t i t a t i v e  means 

of assessing thermal comfort. 

In  add i t ion  t o  providfng a ca lo r ime t r i c  

HISTORICAL LEVELOPMENT AND USE OF THE MATHEMATICAL MODEL 

It was mentioned earlier t h a t  Buchberg -.nd Hurrah (21), followed 

later by Shi tzer ,  Chato and Hert ig  (118, 119), deduced important physio- 

l og ica l  c h a r a c t e r i s t i c s  of LCG performance by using mathematical and 

theo re t i ca l  p r inc ip l e s  t o  s imula te  the  i n t e r a c t i o n s  between t h e  human 

physiological  system and t h e  LCG. However, t h e i r  ana lyses  were inadequate 

in  one very important respec t :  they f a i l e d  t o  account f o r  t h e  v a r i a b l e  

and dynamic e f f e c t s  of the  human thermoregulatory system. Furthermore, 
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s ince  they were only  concernet  w i th  analyzing a small  r eg icn  of t i s s u e ,  

they d id  not consider  t h e  e f f e c t s  of o the r  body reg ions  a d i s t ance  away. 

These e f f e c t s  cannot be ignored, s i n c e  every region of t h e  body 

con t r ibu te s  t o  t h e  t o t a l  body hea t  balance which, i n  tu rn ,  in f luences  

important thermoregulatory system parameters such as sweating, pe r iphe ra l  

c i r c u l a t i o n  and shiver ing.  As a consequence of t h i s  proper ty  -f feedback 

con t ro l  exhib i ted  by human thermoregulation, t h e  l o c a l  hea t  balance of 

mrery region of t h e  body a f f e c t s  every o the r  region. 

ana lys i s  of human heat  l o s s  is t he re fo re  incomplete un le s s  i t  accounts  

f o r  such in t e rac t ions .  

Any t h e o r e t i c a l  

Of course,  i t  may be argued t h a t  many of these  i n t e r a c  ions  are 

q u i t e  complex and poorly understood. However, a cons iderable  body of 

knowledge about these  e f f e c t s  has been accumulated i n  r ecen t  yea r s  through 

var ious  research  programs. Consequently, t he  major mechanisms of human 

thermoregulation are f a i r l y  w e l l  known. 

shown i n  Figure 1-1. 

Examples of those  mechanisms are 

While it  is true t h a t  many of t h e  pathways shown a r e  q u l t e  complex, 

i t  is a l s o  t r u e  t n a t  t h e  v a l i d i t y  of any t h e o r e t i c a l  or mathematical 

ana lys i s  of human thermoregulation depends g r e a t l y  upon t h e  ex ten t  t o  

which it  f a i t h f u l l y  reproduces these  phys io logica l  processes .  

e f f i c i e n t  way t o  account f o r  t hese  processes ,  and ye t  s imultaneously l e a r n  

more abcut them, is by t h e  u s e  of a mathematical model of t h e  human thermo- 

regula tory  system. 

The most 

An e s s e c t i a l  element of t h e  present  research  e f f o r t  has  been t h e  

development and u t i l i z a t i o n  of such a model. The u s e  of t h i s  model has  

been bene f i c i a l  i n  t h r e e  important respec ts :  f i r s t ,  i t  has enhanced t h e  

i n t e r p r e t a t i o n  and understanding of t he  physical  processes  a f f e c t i n g  
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t h e  experimental results; secondly, t h e  q u a n t i t a t i v e  accuracy of t h e  

model has been evaluated and improved by comparison wi th  t h e  test Gat.:. 

This  has r e s u l t e d  i n  a high degree of confidence i n  t h e  a b i l i t y  of 

t h e  model t o  predict t h e  thermal response of man t o  h i s  environment. 

F ina l ly ,  the model p r e d i c t i o n s ,  i n  conjunction wi th  t h e  test d a t a ,  con- 

s t i t u t e d  an e f f e c t i v e  t o o l  wi th  which t o  i n v e s t i g a t e  t h e  a b i l i t y  of t h e  

Lcc t o  c o n t r o l  heat  stress. These results were used t o  e s t a b l i s h  physio- 

l o g i c a l  t r ends  that provided i n s i g h t  i n t o  t h e  behavioral  response of man 

t o  heat  stress. 

The development and u t i l i z a t i o n  of mathematical models of b i o l o g i c a l  

systems is not a new phenomena. 

f a sc ina t ed  by the  workings of t h e  human thermoregulatory system s i n c e  t h e  

18th Century, when t h e  F.znch chemist Lavois ier  e s t a b l i s h e d  t h e  fact t h a t  

t h e  human body gene ra t e s  heat  (116). 

the  thermoregulatory system was  capable of maintaining a f a i r l y  constant  

deep body temperature under a WAde range of environmental cond i t ions  by 

d i s s i p a t i n g  o r  preserving heat .  The e a r l y  a t tempts  t o  understand t h i s  

behavior consis ted of observing t h e  thermal response of i n d i v i d u a l s  under 

n a t u r a l  and laboratory c o n t r o l l e d  condi t ions.  However, t h i s  approach soon 

reached a point  of diminishing r e t u r n ,  and it  was clear t h a t  more sophis- 

t i c a t e d  methods of study were required.  It was from t d s  need t h a t  ?he 

concept of the  mathematical model was derived. 

S c i e n t i s t s  have been in t r igued  and 

It has been known f o r  many yea r s  that 

The first mathematical model of human thermoregula t im t o  appear In  

t h e  l i t e r a t u r e  was introduced by Burton i n  1934 (22).  

p r i n c i p l e s  of conservation of mass and energy, he appears t o  have been t h e  

f i r s t  t o  apply the equat ions of heat  t r a n s f e r  and thermodynamics LO the  

human body. 

By u t i l i z i n g  the  

His a n a l y s l s  considered the  body a s  a s i n g l e  homogeneous 
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e n t i t y  wi th in  a con t ro l  volume. 

t o t a l  body hea t  balance equat ion was formulated. 

It was from t h i s  apprcach that t h e  f ami l i a r  

In 1945, a new approach emerged, whereby the  body w a s  d iv ided  i n t o  

two concentric s h e l l s ,  each a t  a uniform temperature (44). The inner  

s h e l l  cons t i t u t ed  t h e  core and was designated t h e  deep body or rectal  

temperature, while t h e  o u t e r  s h e l l  was a s ~ i g u e d  t h e  average s k i n  tempera- 

ture .  This  ccre and s k i a  cechnique provided s a t i s f a c t o r y  s o l u t i o n s  f o r  

simple problems and remained popular u n t i l  t h e  l a t e  1950s. However, * !  

soon became o b ~ € u u s  t h a t  t h e  2-shell  approach had t h r e e  b a s i c  shortcomings. 

F i r s t l y ,  by approximating t h e  e n t i r e  body as a s i n g l e  inner  segment sur-  

rounded by an ou te r  segment, i t  f a i l e d  t o  account f o r  t he  phys io logica l  

d i f f e rences  between sepa ra t e  reg ions  of t h e  body. Thus, t h e  i n t e r a c t i o n s  

between t h e  arms, l egs ,  head, hands and f e e t ,  etc., were neglected and 

ins tead ,  approximated by one o v e r a l l  segment. Secondly, by approximating 

t h e  continuous temperature p r o f i l e  between t h e  s k i n  and t h e  deep body wi th  

a d i s c r e t e  temperature p r o f i l e  cons i s t ing  of on ly  2 temperatures,  s i g n i f i -  

can t  errors would arise when a l a r g e  temperature d i f f e r e n c e  ex i s t ed  

between t h e  sk in  and t h e  a i r .  F ina l ly ,  t h i s  method f a i l e d  t o  account f o r  

t h e  va r ious  sensing and c o n t r o i  mechanisms of t h e  therrnoregula’ary system. 

As a consequence of t hese  i n s u f f i c i e n c i e s ,  t h e  2-shell  approach w a s  

inadequate t o  handle a l l  but t h e  s imples t  of problems. 

With t h e  advent and a v a i l a b i l i t y  of high speed d i g i t a l  and analog 

computers i n  the  l a t e  1950s and e a r l y  1960s, t h e  res t ra ints  which had pre- 

vented t h e  co r rec t ion  of t h e  above inadequacies  were removed. 

poss ib le  t o  implement advanced mathematical  techniques on computers, which, 

beforehand, could not be p r a c t i c a l l y  u t i l i z e d  i n  hand ca l cu la t ions .  These 

methods permitted the  s o l u t i o n  of t h e  complex, simultaneous d i f f e r e n t i a l  

I t  became 
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heat  t r a n s f e r  equat ions  that r e s u l t e d  from cons idera t ton  of t h e  e f f e c t s  of 

several d i s t i n c t  body compartments, m u l t i p l e  l a y e r s  of t i s s u e  w?thin each 

compartment, and t h e  sensory and motor responses  of t h e  human thermoregu- 

l a t o r y  c o n t r o l  system. 

With t h e  a v a i l a b i l i t y  of advanced computational techniques,  many 

inves t iga to r s  embarked on t h e  development of more soph i s t i ca t ed  mathemat- 

ical  models. Several e x c e l l e n t  reviews of t hese  models are a v a i l a b l e  in 

t h e  l i t e r a t u r e .  The i n t e r e s t e d  reader  is d i r e c t e d  t o  t h e  works of Chato 

and Hert ig  (34), Sh i t ze r ,  Chato and Hert ig  (1181, Fan e t  a l .  (481, and 

Sh i t ze r  (116) f o r  a more comprehensive h i s t o r i c a l  overview and t echn ica l  

desc r ip t ion  of t h e  major mathematical models developed through 1972. I n  

t h e  fo re f ron t  of t h e  research  i n  t h i s  a r e a  has been t h e  J. B. P i e rce  

Foundation Laboratory a t  t h e  Yale Universi ty  School of Medicine. Since 

1961, Drs. J .  Stolwi jk  and J. Hardy of t h i s  i n s t i t u t i o n  have been inten-  

s i v e l y  inves t iga t ing  t h e  responses  of t h e  human thermoregulatory system 

by t h e  use  of mathematical models i n  c l o s e  connect ion with an  experimental  

program (138-138). Their  approach is descr ibed i n  t h e  fol lowing 

summary (116): 

"The human body is represented by t h r e e  (or more) cy l inders :  
t h e  head, t h e  t runk  and t h e  ex t r emi t i e s .  Each cy l inde r  is 
divided i n t o  two or more concent r ic  l a y e r s  to  represent  
anatomical and func t iona l  d i f f e r e n c e s  i n  so f a r  as they are 
of primary importance i n  thermoregulation. Heat flow between 
adjacent  l a y e r s  is by conduction, and a l l  l a y e r s  exchange hea t  
with t h e  environment by convection with a c e n t r a l  blood com- 
partment. A l l  t h r e e  sk in  l a y e r s  exchange heat  with t h e  
environment by conduction, convection, r a d i a t i o n  and evapora- 
t ion .  S igna ls  which are propor t iona l  t o  temperhrure 
dev ia t ions  i n  t h e  b i J i n  and t o  dev ia t ions  i n  average s k i n  
temperature are suppl ied t o  the  r egu la to r  po r t ion  of t h e  
model. The r egu la to r  then causes evapora t ive  heat  l o s s ,  
heat  production by sh iver ing ,  o r  changes i n  the  pe r iphe ra l  
blood flow t o  occur i n  t h e  appropr ia te  l oca t ion  i n  t h e  body. 
I f  a proposed mechanism of thermoregulation i s  expressed i n  
q u a n t i t a t i v e  form, i t  desc r ibes  t h e  r e l a t i o n s h i p s  between 
the  input  s i g n a l s  and the  r e s u l t i n g  thermoregulatory 
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response; t h e  model can be used t o  compare t h e  q u a n t i t a t i v e  
response l e s u l t i n g  from a proposed mechanism wi th  t h e  
responses obtained by measurement. 
results a r e  compared with p red ic t ion  furnished by t h e  
mathematical model us ing  a r egu la to r  with an  output  
which is propor t iona l  t o  t h e  product of t h e  input  
s ignals"  

A number of experimental  

The mathematical model u t i l i z e d  i n  t h e  experimental  program descr ibed 

in t h e  present  d i s s e r t a t i o n  is based l a r g e l y  upon t h e  Stolwijk-Hardy 

concept. The evolu t ion  of t h e  model has been tak ing  p l ace  s i n c e  1965 a t  

NASA's Johnson Space Center i n  a developmental program concurrent  with t h e  

research  of Stolwi jk  and Hardy. 

The model i n i t i a l l y  cons is ted  of t h e  2-shell  concept discussed 

earlier. A set of thermoregulatory c o n t r o l  mechanisms was added, followed 

by t h e  growth of t h e  model t o  3, 6, and f i n a l l y  10 cy l inde r s ,  r ep resen ta t ive  

of t h e  va r ious  body elements. The cu r ren t  model has a s e p a r a t e  c y l i n d r i c a l  

element f o r  t h e  head, t h e  t runk,  each arm, each l e g ,  each hand and each 

foot .  The number of concent r ic  layers wi th in  each cy l inde r  has  a l s o  

increased from 2 t o  4, with a s e p a r a t e  reg ion  f o r  t h e  inne r  c o r e  surrounded 

by l a y e r s  of muscle, f a t  and skin.  

Charac te r iz&t ion  of t h e  thermoregulatory svstem has  become increas-  

ing ly  more soph i s t i ca t ed  as r e sea rch  provided more information on t h e  

na tu re  of t h e  primary phys io logica l  processes.  The c u r r e n t  model u t i l i z e s  

t h e  latest sensory-motor pathways i d e n t i f i e d  by t h e  J .  B. Pierce Foundation 

and c o n s i s t s  of dynamic feedback and i n t e r p l a y  between a l l  of t h e  body 

elements and layers .  This  inc ludes  t h e  e f f e c t s  of i n t e r a c t i o n s  between 

a l l  body reg ions  wi th  a c e n t r a l  blood compartment which c o n t a c t s  t hese  

regions.  Each of t h e  10 sk in  l a y e r s  e x c h x g e s  hea t  with t h e  environment 

by conduction, convect ion,  evaporat ion and r ad ia t ion .  
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A cons iderable  e f f o r t  has been spent  i n  developing t h e  equat ions  

descr ib ing  these  hea t  t r a n s f e r  mechanisms and c o r r e l a t i n g  them wi th  

experimental  da t a  (89, 8 3 ,  8 5 ) .  The cu r ren t  model is capable  of account- 

ing f o r  t h e  heat  t r a n s f e r  e f f e c t s  of surrounding garments ranglng from an 

undergarment t o  a mul t i layered  space s u i t .  This  inc ludes  t h e  s imula t ion  

of t h e  LCG, which c o n s t i t u t e s  an important p a r t  of t h i s  r e sea rch  study. 

The model can a l s o  account f o r  t h e  e f f e c t s  of v a r i a t i o n s  i n  t h e  p r o p e r t i e s  

of t h e  Surrounding environmental gas ,  as w e l l  a s  v a r i a t i o n s  i n  ambient 

pressure,  temperature,  humidity, gas f lowra te  and inc iden t  e n v i r o m e n t a l  

rad ia t ion .  F ina l ly ,  hea t  exchange between t h e  environment and t h e  r e sp i r a -  

t o ry  tract  is a l s o  considered by incorpora t ing  einpir ical  r e l a t i o n s h i p s  

der ived from previous experimental  s t u d i e s  o r  from t h e  l i t e r a t u r e .  

d e t a i l e d  desc r ip t ion  of t h e  mathematical model fo l lows  subsequently i n  

Sect ion 2. 

A more 

General Purpose 

The mathematical model descr ibed above was used i n  conjunct ion with 

t h e  r e s u l t s  of an experimental  program t o  genera te  important phys io logica l  

information. A ca lo r ime t r i c  technique w a s  foand t o  re la te  t h e  hea t  dissi- 

pated by the  LCG tc  the  m e t a h l i c  r a t e ,  sweat r a t e  and thermal comfort 

of human subjec ts .  It  was found t h a t  i nd iv idua l s  con t ro l l ed  t h e i r  LCG 

cool ing i n  such a way as t o  minimize sweating according t o  a p red ic t ab le  

r e l a t ionsh ip .  A q u a n t i t a t i v e  assessment of thermal comfort was inves t i -  

gated and a s tudy of t h e  behsvic;al and phys io logica l  responses  t o  

off-comfort environmental condi t ions  was pursued. The accuracy of t h e  

model was improved by adjustment of s eve ra l  model parameters t h a t  

u l t i m a t e l y  r e s u l t e d  i n  bett-r  agreement with the  test d a t a ,  and conversely,  

the  correl-ated model was used a s  a too l  t o  s tudy  unusual experimental  
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r e s u l t s .  

second generat ion mathematical model, wi th  improvements designed t o  

co r rec t  t he  major inadequacies i l luminated by t h i s  study. 

A desc r ip t ion  of t he  d e t a i l e d  experimental  procedures u t i l i z e d  t o  

F ina l ly ,  t h i s  e f f o r t  culminated i n  t h e  formulat ion of a new, 

deduce t h e  above f ind ings  now fol lows 3n Sect ion 2. 

are shown and examined i n  d e t a i l  i n  Sect ion 3. However, t h e  a n a l y s i s  of 

mtuAy of these  r e s u l t s  is q u i t e  complex and time consuming. 

fer t he  reader  who does not  wish t o  pursue t h i s  l e v e l  of d e t a i l ,  t h e  

major f ind ings  and p r a c t i c a l  app l j ca t ions  of these  f ind ings ,  are summarized 

i n  the  d iscuss ion  of Sect ion 4. 

The a c t u a l  r e s u l t s  

Therefore,  
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2. MATERIALS AND METHODS 

GENERAL 

The experiments h e r e i n  described were conducted t o  provide information 

i n  several v i t a l  areas. Prom an engineering s tandpoint ,  t h e  primary 

ob jec t ive  was t o  demonstrate t h e  c a p a b i l i t y  of ?!ASA’s po r t ab le  l i f e  

support system equipment t o  meet t h e  design s p e c i f i c a t i o n s  required f o r  

ex t r aveh icu la r  a c t i v i t y  (EVA) on t h e  lunar  surface.  From a physiological  

gtandpoint,  t hese  tests were conducted t o  ensure that man could satis- 

f a c t o r i l y  perform s c i e n t i f i c  t a s k s  while exposed t o  t h e  ha r sh  environmental 

stress of space. 

Although t h e  primary j u s t i f i c a t i o n  f o r  t hese  experiments w a s  t o  

provide confidence t h a t  t h e  l i fe-support  equipment could thermally support  

t h e  f i r s t  Apollo lunar  landing missions,  by u t i l i z i n g  t h e  d a t a  i n  a 

systematic and o r d e r l y  fashion,  i t  was poss ib l e  t o  i n v e s t i g a t e  t h e  

physiological  response of t h e  human thermoregulatory system under stress. 

The i n t e r n a l  heat  of metabolic a c t i v i t y  can lead t o  thermal stress when 

man is sealed i n  t h e  impermeable cocoon of a space s u i t ,  

c cnd i t ions ,  body heat  cannot be e f € i c i e n t l y  d i s s ipa t ed  t o  the environment 

Uy conventional heat  r e j e c t i o n  mechanisms. However, thermal comfort can 

be provided by the  use nf a l i q u i d  condi t ioning garment (LCC) i n  

conjunction with a forced oxygen v e n t i l a t i o n  system. 

Under these  

The following experiments provide considerable  d a t a  on t h e  perform- 

ance of human s u b j e c t s  w h i l e  wearing an LCC t o  r e j e c t  metabolic heat  as  

contrasted with t h e  more conventional mechanisms of convective,  evaporat ive 

and r a d i a t i v e  heat removal. In  add i t ion ,  t hese  d a t a  were used t o  c o r r e l a t e  

and v e r i f y  a mathematical model 0’ t h e  human thermoregulatory system, 
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which was used, i n  tu rn ,  t o  e s t a b l i s h  t r e n d s  i n  t h e  physiological  response 

of man t o  thermal stress. 

FACILITIES, SUBJECTS, AND EQUIPMENT 

A l l  of the  experiments, with t h e  exception of S e r i e s  E, were 

conducted a t  t h e  f a c i l i t i e s  of NASA's Johnson Space Center, i n  Houston, 

Texas, f o r  environments ranging from room temperature t o  simulated luna r  

surface conditions.  Hypobaric thermal vacuum chambers were u t i l i z e d  to 

simulate t h e  desired space environments. These cons i s t ed  of t h e  8-foot 

diameter hypobaric chamber of t h e  C r e w  Systems Division l a b o r a t o r i e s  and 

the  Chamber R f a c i l i t y  of t h e  Space Environment Simulation Laboratory. 

The hypobaric chambers provided t h e  c a p a b i l i t y  of c c n t r o l l i n g  t h e  ambient 

temperature, humidity, pressure and u l t r a v i o l e t  and i n f r a r e d  r a d i a t i o n  

t o  t h e  des i r ed  requirements of each test series (6, 46, 47, 88, 129). 

This included t h e  c a p a b i l i t y  t o  vary ambient p re s su re  from sea l e v e l  t o  

below 10 t o r r  and t o  c o n t r o l  ex te rna l  space s u i t  temperatures t o  l i m i t s  

as extreme as 2 122OC. 

The tes t  program consis ted of 5 series of tests i n  which s u b j e c t s  

exercised a t  prescr ibed metabolic rates f o r  per iods of t i m e  ranging from 

30 mfn t o  7 h r s ,  while wearing an  LCG f o r  conductive cooling. For S e r i e s  

A, B, C, and D, t h i r t e e n  heal thv a d u l t  males, a l l  of whom were e i t h e r  

NASA test sub jec t s  o r  a s t r o n a u t s ,  were used L.. t h e  experiments. For 

Series E, 1 2  heal thy a d u l t  males, a l l  of whom were NASA a s t r o n a u t s ,  were 

used as  sub jec t s ,  

For the  sea-level test series (Se r i e s  A ) ,  s u b j e c t s  wore t h e  snug- 

f i t t i n g  LCG under an a r t i c  c o v e r a l l  garment designed t o  minimize heat  loss 

t o  the  environment. A small a rea  of t he  f ace  was exposed t o  the  room 

temperature environment. 
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For t h e  hypobaric experiments (Ser ies  B, C and D), and f o r  S e r i e s  

E, sub jec t s  wore the LCG under t h e  Apollo A7L space s u i t .  

pressure s u i t  provided pressure i n t e g r i t y ,  oxygen, v e n t i l a t i o n ,  and 

thermal p ro tec t ion  (46). 

A7L s u i t  was normally d i r e c t e d  t o  t h e  head, flowing i n i t i a l l y  a c r o s s  t h e  

oral-nasal area, then over t h e  t o r s o  and limbs, and f i n a l l y ,  t o  the hands 

and f e e t .  

and prevented t h e  buildup of carbon dioxide i n  t h e  f a c i a l  area. 

v e n t i l a t i n g  gas was then c o l l e c t e d  i n  d u c t s  located near t h e  hands and 

f e e t  and d i r e c t e d  o u t  of t h e  s u i t  through appropr i a t e  m.Anifolding (See 

Figure 2-1). 

This  fJZ1 

The oxygen v e n t i l a t i o n  flow pa th  t h r c  ,5 t h e  

This flow path provided convective and evaporat ive heat  removal 

The 

For the  tests conducted i n  t h e  8-foot diameter hypobaric chamber 

(Se r i e s  B and C) t h e  o u t l e t  gas  e x i t i n g  the  s u i t  w a s  then d i r e c t e d ,  hy 

means of umbil icals ,  t o  condensing heat  exchangers, contaminant c o n t r o l  

f i l t e r s  and pumps within t h e  chamber f a c i l i t y  Here, t h e  temperature,  

humidity and f lowrate  were con t ro l l ed  t o  the  des i r ed  requirements of each 

,rest, and carbon d iox ide  and o the r  contaminants were removed. This  

cmdi t ioned  oxygen was then returned t o  the  s u i t  by means of a s u i t  i n l e t  

umbilical .  

For the  test  sequences conducted i n  the  Chamber B Space Environment 

Yimulation Laboratory (Se r i e s  D ) ,  and f o r  S e r i e s  E, t h e  o u t l e t  gas  e x i t i n g  

the s u i t  was d i r ec t ed  t o  t h e  NASA portable  l i f e  support  system (PLSS). 

The PLSS was worn on the  back of a su i t ed  sub jec t  i n  "knapsack" fashion 

and at tached t o  the  A7L s u i t  by means of a harness-umbilical arrangement. 

Because the  PLSS was designed t o  operate  i n  the  1 / 6  g r a v i t y  environment 

of t he  lunar  surface,  i t  became necessary t o  r e l i e v e  516 of Its weight 

during S e r i e s  D, i n  order  f o r  t h e  t e s t  s u b j e c t s  t o  experience r e a l i s t i c  
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weight c o n s t r a i n t s  and stem! upright  comfortably. 

by means of a counterweight mechanism (46). 

This  was accomplished 

The PLSS conditioned t h e  s u i t  o u t l e t  gas  temperature and humidity 

by making use of a porous p l a t e  s u b l h a t o r  t h a t  u t i l i z e d  t h e  law pressure 

sublimation thermodynamics of a vacuum ( 7 ,  63, 7 5 ) .  Heat was r e j e c t e d  

and moisture was removed when t h e  s u i t  o u t l e t  gas  w a s  i n d i r e c t l y  exposed 

t o  an ice l aye r  formed on the  su r face  of the  sublimator.  The ice  wLs 

formed when water supplied by .I feedwGter s to rage  tank wi th ip  t h e  PLSS 

was exposed t o  vacuum cond i t ions  on t h e  ex te r iLr  su r face  of t h e  s u b l i m t o r  

p la te .  The ice layer removed t h e  heat  from t h e  v e n t i l a t i n g  gas  (and 

a l s o  f-.m t h e  c i r c u l a t i n g  o u t l e t  water of t h e  LCG) and, i n  s o  doing, 

sublimated d i r e c t l y  t o  a vapor. As t he  ice l aye r  sublimated awhj, i t  was 

con t inua l ly  replaced by t h e  f r eez ing  of water suppl ied from t h e  feedwater 

s torage tank. 

The amount of feedwater i n  t h e  feedwater tank was one of the  major 

l i f e  support system consumsbles of t h e  PLSS, and s i n c e  i t  was used 

pr imari ly  t o  cool t h e  s u i t  oxygen and LCG water e x i t i n g  t h e  suit, i t s  

usage rate was d i r e c t l y  proport ional  t o  the  metabolic r a t e  of t h e  t es t  

subject  (82). This  can be seen from the  t o t a l  heat  balance equation shown 

i n  Figure 2-2 and by examination cf t h e  PLSS oxygen and LCG water loop 

flow paths (Figure 2-3). Here, most of t he  heat  of metabolism is  d i s s ipa tqd  

t o  the  LCG o r  by s e n s i b l e  convection or l a t e n t  evaporation o f  body moisture 

t o  the  c i r c u l a t i n g  oxygen. These, i n  t u r n ,  f ind  Lheir w a y  i n t o  t h e  PLSS 

oxygen and LCG water c i r c u i t s .  The conditioned gas and LCG water leaving 

the  PLSS then r e t u r n  t o  the  s u i t  I n l e t  w i t h  t he  temperature, humidity 

and f lowrate  con t ro l l ed  t o  the  desired requiremencs necessary f o r  mt'iabollc 

heat r emova 1. 
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Removal of metabolic end products, pr imari ly  CO was also accomp- 2' 

l i shed  i n  t h e  PLSS by passing t h e  v e n t i l a t i n g  gas through a cannister 

containing l i thium hydroxide and a c t i v a t e d  charcoal.  

components and flow paths  f o r  t h e  PLSS are shown i n  more d e t a i l  schematic- 

a l l y  i n  Appendix A. 

The i n t e r n a l  

The PLSS, together.  with t h e  LCG, and t h e  Apol.'o A7L space s u i t  with 

Its oxygen v e n t i l a t i o n  system, comprise what is re fe r r ed  t o  as t h e  extra-  

vehicular  mobil i ty  u n i t  (Mu). 

A, Figures As-AJ. Leading p a r t i c u l a r s  of t h e  EM' and t h e  A p o l l o  AJL space 

s u i t  are a l s o  shown i n  Appendix A. Additional d e t a i l s  on t h e  cons t ruc t ion  

and design of t he  QlU may be found i n  References 30 and 46. 

This  is shown Cn Figure 2-4 and Appendix 

LIQL 3 CON!IITIONING GARMENT 

The LCC. was o r i g i n a l l y  developed t o  provide conductive cool ing f o r  

men r c s t i n g  o r  mildly a c t i v e  i n  hot environments (12). 

modified t o  meet t h e  needs of NASA i n  which ind iv idua l s  were required t o  

work strenuousl: whfle i s o l a t e d  from d i r e c t  heat exchange wi th  t h e  o u t s i d e  

environment. 

I t  was then 

For S e r i e s  A-E, t h e  l i q u i d  condi t ioning garments uced were t h e  

standard Apollo-type LCGs. 

ch lo r ide  (PVC) tubing s t i t c h 4  t o  t h e  i n s i d e  su r face  of t h e  open mesh 

catton garment (see Figure 2-5). A l ightweight nylon comfort l a y e r  was 

used t o  separate  the  tu:,ing network from t h e  s k i n  surface.  The LCG 

incorporated 91 meters of PVC tubing f ab r i ca t ed  with an I D  of 1.6 mn and 

OD of 3.2 nun. The tubes were sew1 t o  t h e  i n s i d e  of t h e  co t ton  un2er- 

garments and covered rhe skin area with t h e  exception of t h e  head, neck, 

hands and f e e t .  

The g a t L e n t  consis ted of a network of polyvinyl 

When f u l l y  charged with water, t h e  LCG weighed about 

1 kghii. 
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The water flow t o  t h e  LCG was supplied through a temperature 

r egu la t ing  system located e i t h e r  h t h e  chamber f a c i l i t y  (Se r i e s  A, B, 

and C )  or t n  t he  PLSS (Se r i e s  D and E). The water t enpe ra tu re  for a l l  

tests was varied betireen 7 and 26OC depending upon test requirements. 

For S e r i e s  A, B, and C, water temperature was con t ro l l ed  by an  e x t e r n a l  

heat exchanger in t h e  chamber f a c i l i t y  according t o  a predetermined 

p r o f i l e .  For S e r i e s  D and E, a 3-position, check-stop d i v e r t e r  va lve  

located on t h e  PLSS, permitted t h e  sub jec t  t o  select co ld ,  moderate or 

warn i n l e t  water temperatures,  i n  accordance wi th  h i s  own s u b j e c t i v e  

comfort. This  valve con t ro l l ed  t h e  i n l e t  water temperature by d i v e r t i n g  

a port ion of t he  water flow around t h e  FLSS sublimator.  

The LCG water f lowra te  was con t ro l l ed  t o  109 l i t e r s / h r  f o r  a l l  tests, 

with the  exception of S e r i e s  C where f lowrate  w a s  var ied betweea 0 t o  82 

l i t e r s / h r .  The i n l e t  and o u t l e t  LCC, water temperatures were measured by 

thermistors  fot- a l l  tests. 

The LCG water f lowra te  was measured with a rotometer i n  a l l  cases 

except S e r i e s  D and E,  where i t  was regulated by t h e  PLSS t o  a f ixed ,  

c a l i b r a t e d  flow of about 109 l i t e r s / h r .  Other p e r t i n e n t  d e t a i l s  about 

the  LCC may he found i n  Appendix A, and information concerninp, t h e  

manufacturers and d e s c r i p t i o q s  of the  LCG and o t h e r  equipment used i n  

these experiments are l i s t e d  i n  Table A3 of Appendix A. 

TEST PROGRAM 

The test Frogram followed i n  t hese  experiments was organized i n  such 

a fashion as t o  maximize t h e  physiological  information gained about t h e  

performance o€  human s u b j e c t s  working i n  LCCs,  and y e t  s t i l l  provide 

enough da ta  t o  c o r r e l a t e  and v a l i d a t e  the  mathematical model of t h e  human 

thermoregulatory system. Each of  t he  t e s t  series was conducted under 
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unique conditione,  yet  similar enough to  t h e  0th 

par-etric analysis of t h e  results. 

test series t o  permit 

For example, S e r i e s  A was conducted In  a roam temperature environment, 

v f t h  s u b j e c t s  wearing an Insulating coverall garment designed t o  l i m i t  

convection and r a d i a t i o n  loss. There was no air v e n t i l a t i o n  flow a c r o s s  

the akin and a l l  runs  were made at sea level pressure.  

was constant  and LCG i n l e t  temperature was var i ed .  

LCG f lowrate  

Series B was conducted i n  a vacuum environment below 10 t o r r .  

Subjects  wore a n  Apollo A7L space s u i t  wi th  gas  v e n t i l a t i o n  c o n s i s t i n g  of 

oxygen c i r c u l a t i n g  a t  170  l i tershia.  

t o r r .  

varied.  

t o  minimize r a d i a t i v e  interchanze u i t h  t h e  environment. 

The s u i t  w a s  pressurized t o  195 

LCG f lowrate  was aga in  constant  and LCG i n l e t  temperature was 

The chamber environment was kept near room tempprature i n  o rde r  

S e r i e s  C wa; performed a t  a reduced pressure of 259 t o r r .  The 

chamber temperature was aga in  n e u t r a l  t o  e l imina te  r a d l a t i o n  hea t  t r a n s f e r  

between the  s u b j e c t s  and t h e  ambient environment. The s u b j e c t s  again wore 

the  Apollo A7L s u i t  over the  LCG. However, i n  t h i s  ca se ,  t h e  c i r c u l a r i n g  

f lowrate  of the  oxygen v e n t i l a t i n g  system was almost doubled t o  331 

l i t e r s h i n .  

so that no d i f f e r e n t i a l  pressure ex i s t ed  between t h e  s u i t  and t h e  

environment. 

temperature was maintained constant .  

with other  tests f o r  which the f lowrate  was f ixed and t h e  i n l e t  tempera- 

t u r e  was var i ed .  

The s u i t  was maintained a t  t h e  ambient pressure of 259 t o r r ,  

For S e r i e s  C, t h e  LCG f lowrate  was varied while t h e  i n l e t  

This  permitted d i r e c t  c m p a r i s o n  

Se r i e s  D and E were conducted i n  a vacuum environment wi th  a l l  

c r i t i c a l  l i fe-support  system func t ions  being con t ro l l ed  by the  PLSS. 

The ambient p re s su re  was below 10 t o r r ,  but s u b j e c t s  wore t h e  A7L s u i t  
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pressurized t o  195 torr. 

the PLSS to a circulating flow o f  170 l i t e r s /min .  

again cons tan t  a t  139 liters/hr and the inlet  temperature was varied. 

tbwwer, i n  these tests, t h e  i n l e t  temperature w a s  selected e n t i r e l y  in 

accordance with subjective comfort, as opposed t o  t h e  o t h e r  test series 

in which e i t h e r  temperature or  f lowra te  was var i ed  according t o  a pre- 

d e t e r m i a d ,  parametr ic  p r o f i l e .  For Series D, t h e  chamber enviroument 

was var ied  i n  a parametric fash ion  from very  hot to  very  cold.  

permitted t h e  a d d i t i o n a l  b e n e f i t  of providing comparative d a t a  wi th  t h e  

previous test series i n  which t h e  surrounding environments were thermally 

neut ra l .  

The oxygen v e n t i l a t i o n  system was regula ted  by 

The LCG f lowra te  vas 

This 

For S e r i e s  E, t h e  lunar  environment and t h e  l i fe-support  equipment 

e f f e c t  used were s imi l a r  t o  S e r i e s  D. Uowever, on t h e  lunar  sur face ,  the 

of g rav i ty  was only 1 /6  as g r e a t  as t h e  4 Earth-based tes t  series. 

methods and procedures Addit ional  d e t a i l s  of t h e  experimental  

each test series w i l l  now be presented. 

S e r i e s  A 

The S e r i e s  A experiments cons is ted  of 1 test sequences i n  wh 

f o r  

c h  5 

sub jec t s  were exercised a t  metabol ic  r a t e s  ranging from rest t o  vigorous 

a c t i v i t y  (100 t o  620 wat t s )  while  wearing an LCG under an arct ic  c lo th ing  

assembly i n  a room temperature environment. 

sea- level  pressure .  The tests were a l l  2 t o  3 hours  i n  du ra t ion  and 

s teady-s ta te  da t a  were c o l l e c t e d  during the  f i n a l  30 - 60 minutes of each 

sequence. A l l  tests were conducted using an LCG water flow of 109 

Z i t e r s /h r  and an i n l e t  temperature of e i t h e r  7 or 16OC. 

A l l  t e s t s  were conducted a t  

Metabolic r a t e s  were measured by c o l l e c t i n g  gas  samples a t  approxi- 

mately 5 min i n t e r v a l s  i n  Douglas bag?. OxyRen consumption and carbon 
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dioxide  production rates were determined from t hese  samples by using a 

Tisso t  spirometer,  followed by chemical a n a l y s i s  us ing  the Scholander 

technique (115). These va lues  w e r e  used t o  determine a r e s p i r a t o r y  

quot ien t  and metabolic r a t e  (see Appendix C, Figure Cl) .  The metabol ic  

r a t e  was cont ro l led  by varying the speed of a motor-driven treadmill. 

A biomedical harness  w a s  u t i l i z e d  t o  measure several body s k i n  

temperatures. These included temperature measurements f o r  t h e  forehead, 

ches t ,  arms, legs ,  back, hancis, and f e e t .  Copper-constantan thermocouples 

were used f o r  t h e  measurements. A rectal  temperature thermis tor  and ECG 

sensors  w e r e  also included i n  t h e  biomedical harness  t o  measure rectal 

temperature and h e a r t  rate. Thermistors were used t o  measure LCG i n l e t  

and o u t l e t  water temperatures  and a rotometer ;Jas used t o  measure LCC 

water f lowrate .  A l l  of t h e  above temperatures were recorded a t  i n t e r v a l s  

of 5 minutes o r  less and used t o  determine LCC hea t  renoval ,  t o t a l  body 

heat  s to rage  and heat  s to rage  rate (See equat ions  3, 4, and 5 ,  Sect ion  2). 

A human balance wi th  an accuracy of t5 grams was used t o  measur2 

the  sub jec t s  pre- tes t  and pos t - tes t  wsights.  These d a t a  were used t o  

determine sweat r a t e  and evapora t ive  heat  l o s s  (See sample c a l c u l a t i o n ,  

Appendix C). 

Due t o  t h e  na tu re  of t h e  t a s k s  performed, sub jec t  mechanical 

work w a s  very small and neglected in t h e  r e s u l t s .  

A l l  of the  raw d a t a  f o r  Series A, including environmental and meta- 

bo l i c  condi t ions ,  a r e  presented in Table D 1  of Appendix D. The r e s u l t s  

ca lcu la ted  from these  d a t a ,  includ,  , t h e  o v e r a l l  body hea t  balance,  

a r e  shown i n  Table 3-1 of Sect ion 3. 
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Series B 

S e r i e s  B consis ted of a group of 4 tests, each comprising 4 t o  7 

sepa ra t e  test sequences i n  which 2 s u b j e c t s  were exercised a t  metabolic 

rates from moderate t o  vigorous a c t i v i t y  (256 t o  556 watts). The s u b j e c t s  

wore t h e  Apollo A7L space s u i t ,  which provided gas v e n t i l a t i o n ,  over the 

Mx;. 

of the Crew Systems l a b o r a t o r i e s  a t  the Johnson Space Center. 

chamber p r e s w r e  was e s s e n t i a l l y  a vacuum a t  13 t o r r  or less while the 

suit przssure w a s  r egu la t ed  t o  195 t o r r  pure oxygen. 

All tests were conducted i n  t h e  8-foot diameter hypobaric chamber 

The 

All test sequences were 30 minutes i n  du ra t ion  and d a t a  were c o l l e c t e d  

continuously. Steady-state cond i t ions  were recorded a t  t h e  conclusion 

of each 30 minute test  sequence. All tes ts  were conducted us ing  an LCG 

water f lowrate  of 109 l i t e r s l h r  and an  i n l e t  temperature that was var i ed  

between 7 and 2 5 O C  according t o  the predetermined p r o f i l e  shown i n  Table 

D2 of Append!x D. 

The v e n t i l a t i n g  gas  through the A7L s u i t  w a s  suppl ied by the chamber 

environmental equipment and consis ted of pure oxygen c i r c u l a t e d  a t  170 

l i t e r s l m i n  and maintained a t  a temperature of 2OoC and a dewpoint of 

4 O C .  The s u i t  o u t l e t  g a s  was c o l l e c t e d  and de l ive red  t o  t h e  chamber 

environmental condi t ioning equipment by means of umbil icals .  C02  and 

humidity were removed and t h e  temperature, dewpoint and f lowra te  con- 

t r o l l e d  t o  t h e  s u i t  i n l e t  cond i t ions  previously s p e c i f i e d .  Heat added 

t o  t h e  LCG by the  exe rc i s ing  sub jec t  was  also removed by t h e  chamber 

environmental Conditioning equipment. 

water were then de l ive red  back t o  the  s u i t  i n l e t  by a r e t u r n  umbil ical .  

The c i r c u l a t i n g  oxygen and LCG 

The oxygen and LCC i n l e t  and o u t l e t  temperatures were measured by 

thermistors  and were recorded continuously.  The oxygen and water f lowra te s  
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were also measured, as was the suit i n l e t  and outlet dewpoint. 

measurements were u t i l i z e d  to  determine LCG, convective,  and evapora t ive  

heat removal rates on a continuous basis during t h e  test (equat ions 5,  

6 and 7, Sect ion 2). The e q u i l i b r a t i o n  of these va lues  was used as an 

id i c a t  ion of steady-st  ate. 

The la t ter  

Metabolic rates were measured by comparing t h e  s u b j e c t s  h e a r t  rate, 

measured with ECG sensors ,  wi th  a predetermined c a l i b r a t i o n  curve of 

hea r t  rate versus  metabolic rate. The c a l i b r a t i o n  c u r v e  w a s  determined 

p r i o r  t o  t h e  test by u t i l i z i n g  b icyc le  e r g m e t r y  appara tus  t o  measure 

oxygen consumption, carbon d ioxide  production, and hea r t  r a t e  a t  var ious  

cont ro l led  r e s i s t a n c e  workloads. 

floumeter and a mass spectrometer t o  measure r e s p i r a t o r y  f lowra te  and 

r e sp i r a to ry  gas  compos+ion (0. and CO ). This  information w a s  then 2 2 

canbined t o  determine a c a l i b r a t i o n  curve f o r  each sub jec t  t o  be used 

during the  test (see equat ion 1 and Figures  C 1  and C2, Appendix C!. 

The mecabolic rate during an experiment w a s  con t ro l l ed  by varying t h e  

sub jec t ' s  s t e p  rate on a Harvard s t e p  t e s t  u n t i l  h i s  h e a r t  rate 

equ i l ib ra t ed  a t  a poin t  represent ing  a des i red  work level, as  determined 

from the  c a l i b r a t i o n  curve. 

The apparatus  a l s o  included a t u rb ine  

The du ra t ion  of ezch sequence i n  t h i s  test series was from t h e  onset  

of exe rc i se  u n t i l  t he  ouc le t  gas  temperature, dewpoint and LCG o u t l e t  

water temperature reached s teady-state .  

m i n u t e s  f o r  each test  sequence. The use of t h e  space s u i t  o u t l e t  

r -nd i t ions  as a monitor f o r  t h e  achievement of s teady-s ta te  w a s  necessi-  

tated because body temperatures were not measured dur ing  t h i s  test series. 

This was approximately 30 

The chamber environment was n e u t r a l  with no imposed heat  load. The 

chamber wal l  and a i r  temperature were about 27OC and it was assumed 
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that r a d i a t i o n  heat  t r a n s f e r  through the  Apollo space s u i t  was small. 

As i n  a l l  o the r  tes t  series, sub jec t  mechanical work was n e g l i g i b l e  and 

not considered i n  t h e  heat  balance. 

All of t h e  raw d a t a  f o r  S e r i e s  C, including environmental and 

metabolic condi t ions,  are presented i n  Table D2 of Appendix D. The 

r e s u l t s  Yalculated from these d a t a ,  f-ncluding the  o v e r a l l  body heat  

balance, are shown i n  Table 3-2 of Sect ion 3 .  

Series C 

S e r i e s  C consis ted of a sequence of 10 tests i n  which 2 s u b j e c t s  

exercised a t  constant  metabolic rates ranging from moderate t o  vigorous 

a c t i v i t y  (352-586 wat t s ) .  The s u b j e c t s  wore t h e  A7L space s u i t  over the  

LCG, which provided gas v e n t i l a t i o n .  A l l  tests were conducted i n  t h e  

8-foot diameter hypobaric chamber of t5e C r e w  Systems Division l a b o r a t o r i e s  

a t  the Johnson Space Center. The cham? r pressare was regulated t o  259 

t o r r  absolute  and the  s u i t  pressure w a s  a l s o  con t ro l l ed  t o  259  t o r r ,  so 

that the re  was no pressure d i f f e r e n t i a l  between t h e  s u i t  and t h e  chamber. 

The chamber environment remained near room temperature throughout each 

test sequence, and r a d i a t i o n  exchange between the  sub jec t  and t h e  chamber 

was minimal. 

A l l  test sequences were 30 minutes i n  du ra t ion  and d s t a  were co l l ec t ed  

continuously. Steady-state da t a  were recorded a t  the conclusion of each 

t e s t  sequence a f t e r  body temperatures had reach e ru i l i b r ium.  All t e s t s  

were conducted using a constant  LCG i n l e t  water temperature of 1 7  - 19OC 

with a v a r i a b l e  water f lowrate  t h a t  ranged between 0 t o  82 l i t e r s l h r ,  

according t o  the predetermined p r o f i l e  shown i n  Table D3 of Appendix D. 

The water temperature and f lowrate  were supplied and con t ro l l ed  by heat 

exchangers and pumps within the chamber environmental con t ro l  equipment. 
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The f lowra te  was varied i n  such a f a sh ion  as  t o  permit parametric exami- 

na t ion  of the cool ing e f f e c t s  of variable LCG flow a t  cons t an t  metabolic 

rates. I n  order  t o  accomplish t h i s ,  the f lowra te  was increased sequen- 

t i a l l y  i n  a stepwise f a sh ion  f o r  a low metabolic rate. 

sequence was then repeated a t  a higher metabolic rate, and so on. 

Th i s  sequence 

The v e n t i l a t i n g  g a s  through t h e  A 7 L  s u i t  was suppl ied by t h e  chamber 

emironmental  c o n t r o l  equipmen:, as i n  T e s t  S e r i e s  B, and cons i s t ed  of 

pure oxygen c i r c u l a t e d  a t  331 l i t e r s / m i n .  

con t ro l l ed  between 22 - 2 7 ° C  and the i n l e t  dewpoint was kept between 7 and 

8OC. The s u i t  o u t l e t  gas  and LCG water were col le r . ted  and de l ive red  to  

t h e  chamber environmental cond i t ion ing  equipment by means of oxygen and 

The s u i t  i n l e t  temperature was 

LCG water umbil icals .  

temperature, dewpoint 

cond i t  ions  previous 1 y 

CO and humidity were then 

and f lowra te  were r ezu la t ed  

2 

spec i f i ed .  The conditioned 

removed and t h e  

t o  t h e  s u i t  i n l e t  

oxygen and LCG water 

were then de l ive red  back t o  t h e  s u i t  i n l e t  by a r e t u r n  umbil ical .  Oxygen 

and LCC water j n l e t  and o u t l e t  temperatures were measured by the rmis to r s  

and recorded continuously.  Oxygen i n l e t  and o u t l e t  dewpoints and oxygen 

and LCG water f lowra te s  were a l s o  neasured and cont inuously monitored. 

These measurements were use2 t o  compute LCC, convective,  and evaporat ive 

heat l o s s  rates (see  equat ions 5, 6, and 7 ,  Sect ion 2). 

Metabolic rates were mcasured and con t ro l l ed  by varying t h e  s u b j e c t ' s  

s t e p  ra te  on a Harvard s t e p  t e s t  i n  accordance wi th  a predetermined 

c a l i b r a t i o n  of metabolic r a t e  ve r sus  s t e p  rate. The p re - t e s t  c a l i b r a t i o n  

was performed by c o l l e c t i n g  gas  samples  f o r  each sub jec t  while he was 

stepping a t  a given r a t e  on the  Harvard s t e p  under cond i t ions  s i r i l a r  t o  

those imposed during the  t e s t .  The gas  samples were then analyzed f o r  

0 ar,d CO by the  method descr ibed i n  s e r i e s  A, and an RC) and metabolic 2 2 
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rate determined f o r  each s t e p  rate. 

series of s t e p  rates, seve ra l  d a t a  p o i n t s  were determined and used t o  

generate  c a l i b r a t i o n  curves such as Figure C3 of Appendix C. 

By repea t ing  t h i s  process  for a 

A biomedical harness  was used t o  measure s e v e r a l  body s k i n  tempera- 

tu res .  These included temperature measrirements f o r  t h e  forehead, ches t ,  

abdomen, back, c a l f ,  forearm, hand, and thigh.  Copper-constantan 

thermocouples were used f o r  t h e s e  measurements. Tympanic membrane 

temperature w a s  a l s o  measured by mear t s  of an  ear probe thermistor .  

lat ter measurements were recorded cont inuously and used t o  c a l c u l a t e  mean 

skin temperature,  and t o t a l  body heat  s to rage  aqd heat  s to rage  rate 

(equat ions 2, 3, and 4, Sec t ion  2). ECG sensors  were also included i n  

t h e  biomedical harness  f o r  measurement of hea r t  r a t e .  

The 

Pie t o  t h e  na ture  of t he  t a s k s  performed, sub jec t  mechanical work 

w a s  very small and neglected i n  the  heat  balance. 

A13 of t he  raw d a t a  f a r  S e r i e s  C, inc1udii.g environmental  and 

metabolic condi t ions ,  are presented i n  Table D3 of Appendix D. The 

r e s u l t s  ca lcu la ted  from these  da t a ,  including t h e  o v e r a l l  body hea t  

balance,  are shown i n  Table 3-3 of Sec t ion  3. 

S e r i e s  D 

S e r i e s  D cons is ted  of a group of 7 tests i n  which 4 s u b j e c t s  worked 

a t  metabolic rates ranging from rest t o  vigorous a c t i v f t y  (143-615 wat t s ) .  

The sub jec t s  wore t h e  A7L space s u i t  over t h e  Apollo-LCG and a l s o  c a r r i e d  

a por tab le  l i fe-support  system (PLSS) on t h e i r  back i n  "knapsack" 

fashion. The PLSS provided oxygen, v e n t i l a t i o n ,  and condi t ioned LCG 

water t o  the  s u i t .  A l l  t e s t s  were conducted i n  the  Space Environment 

Simulation Laboratory (SESL) ,  hypobaric chamber R, a t  t h e  Johnson Space 

Center. The chamber pressure  was maintained a t  10 t o r r  o r  less throughout 
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each test sequence, while  t h e  s u i t  p re s su re  was regulated t o  195 t o r r ,  

pure oxygen, by the PLSS. 

The thermal environment of t h e  chamber was adjusted f o r  each test 

to simulate the  va r ious  environmental conditons a n t i c i p a t e d  during 

lunar  su r face  explor3t ions.  The high inc iden t  r a d i a t i o n  environments 

expected during t h e  luna r  day were simulated by carbon-arc s o l a r  lamps 

u t i l i z i n g  xenon vapor, and by in f r a red  heaters .  The cold cond i t ions  

expected during lunar  night  were simulated by c i r c u l a t i o n  of l i q u i d  

n i t rogen  through t h e  chamber w a l l s .  The n e t  environnental  heat  exchange 

r e s u l t i n g  from these severe chamber environments ranged from 2x:remes 

of 137 w a t t s  i n t o  the  s u i t  t o  72 watts out  of t h e  s u i t .  The primary 

f a c t o r  i n  t h e  l i m i t a t i o n  of t h e  r a d i a t i v e  heat exchange t o  these  v a l u e s  

was t h e  i n s u l a t i o n  c h a r a c t e r i s t i c s  of t h e  A7L space s u i t .  The  s u i t  ba l l  

was comprised of seven l a y e r s  of b e t a  c l o t h ,  Kapton, and aluminized 

mylar, which provided e f f e c t i v e  i n s u l a t i o n  from thermal r a d i a t i o n  and 

environmental temperature extremes. 

The tests ranged i n  du ra t ion  from about 4 t o  7 hours each, and d a t a  

were co l l ec t ed  cont inuously over each tes t  period. 

was regulated by t h e  PLSS t o  about 109 l i t e r s / h r  and t h e  LCG i n l e t  tempera- 

t u r e  was con t ro l l ed  by t h e  sub jec t  i n  accordance with h i s  own comfort 

throughout each test .  This was accomplished by means of a 3-posit ion 

d i v e r t e r  valve located on the  PLSS. The i n l e t  temperatures se l ec t ed  by 

the  test  s u b j e c t s  i n  t h i s  manner ranged from 6 t o  30°C. 

t h e  sub jec t  was requested t o  eva lua te  h i s  f e e l i n g s  of comfort and thermal 

sensat ion.  This  included sensory e s t ima t ions  f o r  i nd iv idua l  a r e a s  such 

a s  t he  limbs o r  e x t r e m i t i e s ,  a s  wel l  a s  whole body sensa t ions .  A l l  test  

subjec ts  were experienced i n  the  u r e  of t he  LCCJ and a s soc ia t ed  equipment. 

The LCC: water f lowra te  

During each t e s t ,  
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The venc i l a t ing  g a s  through t h e  A7L s u i t  w a s  suppl ied by the PLSS 

and cons is ted  of pure oxygen c i r c u l a t e d  a t  170 liters/min and maintained 

a t  a temperature and dewpoint of approximately 25OC and 10°C, r e spec t ive ly .  

The s u i t  o u t l e t  gas  and LCG water were c o l l e c t e d  i n  sepa ra t e  umbi l i ca l s  

and de l ivered  to  t h e  PLSS f o r  condi t ion ing .  

c i r c u i t  f i r s t  resuppl ied  any oxygen l o s t  by metabol ic  consunption o r  

leaks.  

assembly where carbon d ioxide  was remwod by chemical r e a c t i o n  : t i th 

l i th ium hydroxide. 

ac t iva t ed  charcoa l  f i l t e r .  

p l a t e  sublimator,  which cooled i t ,  and then t o  a wicking water s epa ra to r ,  

which removed the  evaporated moisture  of metabolism. The coaled,  d ry  

oxygen w a s  then passed to  a fan/motor assembly, which forced i t  i n t o  t h e  

s u i t  i n l e t  a t  t h e  cond i t ions  previously s p e c i f i e d .  The PLSS rec i r c r i l a t ing  

l i q u i d  t r anspor t  loop d i r e c t e d  t h e  LCG o u t l e t  water t o  t h e  PLSS suklimator 

where t h e  hea t  added by metabolism w a s  then d i s s i p a t e d  by subl imat ion as 

previously descr ibed.  The cooled LCG -.T4ter was then c i r c u l a t e d  t o  a 

pump/motor assembly, which pumped S t  i n t o  t h e  LCG a t  a f lowra te  of dbout 

109 l i t e r s / h r .  

d i v e r t i n g  p a r t  o r  a l l  of t h e  water flow around t h e  porous p l a t e  suhl imator .  

This  was done manually by t h e  sub jec t  by means of t h e  PLSS water d i v e r t e r  

valve,  which could be turned t o  a MIN, INTERMEDIATE, o r  MAX p o s i t i o n  f o r  

warm, moderate o r  cool  water temperatures.  

The PLSS oxygen v e n t i l a t i n g  

The s u i t  o u t l e t  gas  then passed through a contaminant c o n t r o l  

Odors and fo re ign  p a r t i . l e s  were f i l t e r e d  ou t  by an 

The oxygen w a s  then c i r c u l a t e d  t o  a porous 

The temperature of t h e  i n l e t  watei was con t ro l l ed  by 

The PLSS a l s o  contained a l l  of t he  o the r  l i f e  support  s y s t e m  con- 

sumables and equipment requi red  f o r  EVA. This  included oxygen, Ceedwater 

fo r  hea t  r e j e c t i o n  by subl imat ion,  communication and t e lemet ry  equipment, 

e l e c t r i c a l  power, and ope ra t ing  controlR and d i sp lays .  T h e  PLSS was 
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at tached t o  t h e  A7L s u i t  by means of a harness,  and during S e r i e s  D, 516 

of i ts  weight was r e l i e v e d  from t h e  test sub jec t  by means of a counter- 

weight device. 

The s u i t  i n l e t  and o u t l e t  oxygen and water temperatures were measured 

by the rmis to r s  and recorded continuously.  These measurements were used 

t o  c a l c u l a t e  convective and LCG heat removal r a t e s  (equat ions 5 and 6,  

Sect ion 2 ) .  The evaporated water of metabolism was c o l l e c t e d  i n  t h e  PLSS 

water sepa ra to r  and neasured a t  t h e  conclusion of each tes t .  Th i s  w a s  

used t o  determine t h e  t o t a l  evaporat ive heat  l o s s  over t h e  du ra t ion  of 

each test (equation 3, Appendix C ) .  Thc iiistar,+r:ieous evaporat ive heat  

l o s s  :ate w a s  not measiired d i r e c t l y  due t o  the  f d l l u r e  of dewpoint sensors ,  

however, i t  was determined by a heet  balance technique t h a t  w i l l  be 

described i n  t h e  S e r i e s  3 test r e s u l t s .  The n e t  environmental heat  

exchange i n t o  o r  ou t  of the  s u i t  was determined by an engineering heat  

balance a n a l y s i s  performed on t h e  PLSS a t  t h e  conclusion of each t e s t .  

This a n a l y s i s  was based upon sub t r ac t ion  of t h e  amount of feedwater used 

t o  reject  metabolic heat  from t h e  t o t a l  amount of feedwater used 

(equation 14, Appendix C ) .  

The metatJolic r a t e  p r o f i l e  f o r  each tes t  was designed t o  s imulate  the  

a c t u a l  workloads r e q u i r e d  f o r  the  va r ious  t a s k s  and experiments t o  be 

performed on t h e  lunar  surface.  The metabolic r a t e  was con t ro l l ed  by 

varying t h e  s t e p  r a t e  on a Harvard s t e p  test i n  accordance with 3 

predetermined c a l i b r a t i o n  of metabolic r a t e  versus s t e p  r a t e  f o r  each 

subjec t .  The pre- tes t  c a l i b r a t i o n  was performed by a procedure i d e n t i c a l  

t o  t h a t  of S e r i e s  C ,  I n  a d d i t i o n ,  t h e  metabolic r a t e  was estimated on a 

real-t ime h n s i s  by u s i n g  t h c  1,CC heat removal r a t e  and i n l e t  temperature 

d a t a  and the PT.SS oxygc.ri usaye  r a t e  da t a  (S?, 1 4 7 ) .  This  information, 

alony, w i i h  hea r t  r a t e  d a t a ,  was used  t o  n l t r r  the s t c p  r a t e ,  i f  dev ia t ions  
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from t h e  c a l i b r a t i o n  curve were indicated.  As  a f i n a l  check on t h e  

metabolic rate, a chemical a n a l y s i s  of t h e  l i t h ium hydroxide c a n i s t e r  i n  

t h e  PLSS was performed a t  t h e  conclusion of each c t a t  t o  determine CO 

production. This, combined wi th  t h e  to ta l  amount of oxygen used i n  &ha 

PLSS oxygen tank f o r  metabolic consumption provided an RQ and t o t a l  

metabolic expenditure f o r  each test (Figure C 1 ,  ApFendi- C). This  WBR 

then eoml ;ed t o  the  o the r  metabolic rate methods t o  determine a f i n a l  

metabolic r a t e  p r o f i l e  f o r  each test. 

2 

A biomedical harness  was used t o  measure seve ra l  body s k i n  tempt.ra- 

t u r e s  (see Figure A4, Appendix A). These included forehead, upper 

ches t ,  lower back, bicep, hand, f o o t ,  and th igh  temperatures. Copper- 

constantan thermocouples were used f o r  these measurements. An e a r  probe 

thermistor was a l s o  used t o  measvirz tympanic membrane temperature. The 

la t te r  measurements were recorded contiituously a d  used t o  c a l c u l a t e  mean 

sk in  temperaturc, t q t a l  body hea t  s to rage ,  and hea t  s t o r a g e  ra te  ( see  

equations 2, 3 acd 4, Sect ion 2) .  S i l v e r  ch lo r ide  ECG senso r s  were a l s o  

included i n  t he  biomedical harness and used t o  measure h e a r t  r a t e s  3nd 

monitor ECG. 

hea r t  ra te  ve r sus  metabolic ra te  c a l i b r a t i o n  curve (Figure C2, Appenaix C ) .  

a s  determined i n  the  manner described f o r  S e r i e s  B. This  information was 

used, along with the  ocher real-time i n d i c a t o r s  of metahcj-ic r a t e ,  t o  

evaluate  dev ia t ions  from the  s t e p  rate c a l i b r a t i o n  curve and make 

appropriate  adjustments t o  t h e  s t e p  r a t e .  

The h e a r t  ra te  d a t a  was used with a previously determined 

A s  i n  S e r i e s  A ,  R, and C,  sub jec t  s echan ica l  work was ne , i i g ib l e  and 

not considered i n  t h e  r e s u l t s .  

A l l  of the  raw d a t a  f o r  S e r i e s  D, including environmental and metabolic 

condicions a re  presented i n  Tablo, D4 of Appendix D. The r e s u l t s  ca l cu la t ed  
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from t hese  da t a ,  including the o v e r a l l  t o t a l  heat: balance f o r  each test ,  

are shown i n  Table 3-4 of Sect ion 3. 

S e r i e s  Z 

S e r i e s  E consis ted of t h e  EVAs ( ex t r aveh icu la r  a c t i v i ?  i e s )  that 

occurred on the  L--q=r su r face  f o r  t h e  6 manned Apollo luna:. missions.  

During t h e  .\pol10 program, a t o t a l  of 28 WAS were conducted by 12 

d i f f e r e n t  NASA as t ronau t s .  

performed by a s t r o n a u t s  while wea- ng an Apollo-LCG, an A7L space s u i t  

and a PLSS (portable  l i fL - suppor t  system) i I e n t i c a l  t o  t h a t  used fo- 

S e r i e s  D. 

Lunar su r face  a c t i v i t i e s  3nd experiments were 

Conditions on the  lunar  su r face  proved t o  be similar t o  those of 

S e r i e s  D w i th  ambient p re s su res  of 0 t o r r  and ne t  e n v i r o m c c t a l  heat  

exchange between 72 watts ou t  t c  137 w a t t s  i n t o  t h e  s u i t .  

Space s u i t  v e n t i l a t i o n  and LCG operat ing cond i t ions  were a l s o  the  

same as S e r i e s  D, and t h e  a s t r o n a u t s  s e l ec t ed  I.CG i n l e t  temperatures i n  

atcardance with t h e i r  own comfort. 

The EVAs ranged i n  du ra t ion  from about 4 t o  7 hours each, and d a t a  

were t ransmit ted c m t i n u o u s l y  from t h e  PLSS during t h a t  time. The d a t a  

'?eluded LCG i n l e t  temperatures,  LCG temperature d i f f e r e n t Z a 1  (AT), PLSS 

sublimator o u t l e t  gas t empera tu re ,  PLSS feedwater pressure,  PLSS b a t t e r y  

cu r ren t  and m l t a g e ,  A7L space s u i t  p r e s s u r e ,  a s t ronau t  ECG, and PLSS 

oxygen b o t t l e  pressure.  In  add i t ion ,  t he  a s t r o n a u t s  were p e r i o d i c a l l y  

requested t o  s u b j e c t i v e l y  w a l u a t e  t h e i r  f e e l i n g s  of thermal comfort. 

The PLSS contained a l l  of the  l i fe-support  system consumables and 

equipment required f o r  EVA. This included oxygen, feedwater f o r  heat  

r e j e c t i o n  by sublimation, communication a d  telemetry equipment, a 

b a t t e r y  f o r  e l e c t r i c a l  power, and operat ing c o n t r o l s  and d i sp lays .  
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The PLSS 058s a t t ached  to  the A7L suit  by means of a harness.  A 

counterweight dev ice  such as used i r .  S e r i e s  D was no t  r equ i r ed  s i n c e  t h e  

lunar g r a v i t y  was only 1 / 6  that on Earrh. 

A l l  of t h e  PLSS te lemetry d a t a  were t ransmit ted t o  t h e  Mission 

Control Center a t  t h e  Johnson Space Center i n  Houston f o r  processing 

(Figure 2-6). The LCG i n l e t  and o u t l e t  water temperatures received i n  

t h i s  way were used t o  c a l c u l a t e  LCG heat  removal rates (equation 5 ,  

Section 2). 

computer program t h a t  included parametric curves  generated from a n a l y s i s  

of t h e  r e s u l t s  and model p r e d i c t i o n s  of S e r i e s  A-D. 

b a s i s  f o r  t he  determinat ion of a s t ronau t  metabolic rate,  heat  s to rage  and 

heat stress, sweat rate,  and consumables usage rates as they occurred. 

This  information was a l s o  used t o  determine t h e  m t a b c l i c  c o s t  of performing 

va r ious  work t a s k s  on t h e  luna r  su r face ,  and t o  monitor g e n e r a l  physio- 

l o  i ca l  performance and sa fe ty .  F i n a l l y ,  based upon t h e  predicted con- 

sumable usage rates determined from t h e  parametric c o r r e l a t i o n s ,  t h e  EVA 

t a sk  and experiments were modified on a real-time b a s i s  so as t o  permit 

t h e  optimum u t i l i z a t i o n  of t h e  l imi t ed  supply of consumables a v a i l a b l e .  

This included modif icat ions t o  t h e  tr.?verse pa ths  and s tay times a t  

p a r t i c u l a r  geologic  sites (Figure 2-7), which allowed completion of those 

experiments with t h e  h ighes t  p r i o r i t y .  

of t h e  experimental  program are  presented i n  Sec t ion  3, and i n  Appendix E. 

This  information w a s  then used as i q u t  i n t o  a real-time 

T h i s  provided t h e  

Addit ional  d e t a i l s  on t h i s  phase 

The net environmental hea t  exchange i n t o  o r  o u i  of t h e  s u i t  was 

determined by pre-mission engineering p r e a i c t i o n s  based upon t h e  expected 

lunar environment and t h e  A7L space s u i t  i n s u l a t i o n  p r o p e r t i c s .  Th i s  was 

checked and, i f  necessary,  adjusted a f te r  such EVA, baPed upon a heat  

balance a n a l y s i s  of t he  amount of PLSS feedwater used ( see  equat ion 14, 

Appendix C)  
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The metabolic rate p r o f i l e  f o r  each EVA w a s  con t ro l l ed  by t h e  actual 

workloads required f o r  t h e  v a r t o u s  t a s k s  and experiments performed on t h e  

lunar  surface.  

d a t a  i n  t h e  real-time computer program descr ibed  above. 

usage rate d a t a  and a s t ronau t  h e a r t  rate d a t a  were a l s o  used t o  determine 

the f i n a l  real-time metabol ic  rate, as descr ibed subsequently i n  Sec t ion  

3, S e r i e s  E Resul ts .  The oxygen usage -ate was determined from t h e  

te lemetry d a t a  of PLSS oxygen b o t t l e  p re s su re  and t h e  a s t ronau t  heart 

rate was determined from ECC da ta .  

i n t o  t h e  biomedical harness  worn under t h e  A7L s u i t  were used t o  t ransmit  

t h c  &ita. 

The rates were ca l cu la t ed  by us ing  t h e  LCG hea t  removal 

The P L S S  oxygen 

S i l v e r  ch lo r ide  ECG se . isors  incorporated 

A s  i n  previous test series, sub jec t  mechanical work w a s  n e g l i b l e  

and no t  considered i n  t h e  r e s u l t s .  

are presented i n  Tables  E l  and E2 of Appendix E. 

from these  d a t a  are shown i n  Table 3-6 of Sect ion 3. The A 7 L  s u i t  

environmental condi t ions ,  inc luding  a l l  f lowra te s  and i n l e t  temperatures,  

e tc . ,  and surrounding ( h i l a r )  environmental hea t  exchange may be assumed 

t o  be t h e  same as those f o r  S e r i e s  D un le s s  otherwise spec i f i ed .  

The p e r t i n e n t  r a w  d a t a  f o r  S e r i e s  E 

The r e s u l t s  ca l cu la t ed  

INSTRUMENTATION, COMPUTATIONS, AND DATA MANAGEMENT 

The phys io logica l  measurements recorded dur ing  S e r i e s  A, B,  C ,  D,  

and E cons is ted  of va r ious  sk in  temperatures,  rectal  temperature ,  tynqanic 

membrane temperature, and h e a r t  rate. These measurements were made 

cont inuously over t he  du ra t ion  of each test .  Other phys io log ica l  param- 

e t e r s ,  measured during tl.; p r e t e s t  c a l i b r a t i o n s ,  cons i s t ed  of r e s p i r a t o r y  

minute volume and r e s p i r a t o r y  gas  compositions (O? and COz). 
L 

Other pe r t inen t  measurements taken during the  experiments cons is ted  of 

LCC water f lowra te ,  LCG water i n l e t  and o u t l e t  temperature,  s u i t  gas 
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inlet  and o u t l e t  dewpoints temperatures and s u i t  vent i la t ion  f lowrate .  

In the absence of dewpoint measurements, sub jec t  weight loss w a s  recorded 

to determine evaporat ive heat  loss .  

The s k i n  temperatures were measured with copper-constantan thermocouples 

and were arranged i n  va r ious  l o c a t i o n s  over t h e  body. 

as  u s 4  i n  S e r i e s  D, are shown i n  Figure 2-8. The s k i n  temperatures 

measurements were used t o  determine t h e  mectn weighted s k i n  temperature 

(MWST) as follows: 

Typical arrangements 

HWST=KT + K T  + K T  + . . . . . . K T  1 1  2 2  3 3  n n  

where t h e  proport ioning f a c t o r s  (I; 1, K2,  . . . .K ) are weighted according 

t o  t h e  r e l a t i v e  su r face  area of each body region (43). These weighting 

f a c t o r s  are shown i n  Appendix B, Table 3. 

were inope ra t ive  during a p a r t i c u l a r  test were el iminated from t h e  

c a l c u l a t i o n  of MWST and t h e  o t h e r  weighting f a c t o r s  were increased equal ly  

t o  compensate so t h a t  t h e  weight f a c t o r s  used always added up  t o  100%. 

n 

The sk in  temperatures that 

Rectal temperature was measured i n  S e r i e s  A using a l i n e a r  p rec i s ion  

thermistor ,  and tympanic membrane temperature w a s  measured i n  S e r i e s  

C and D with a similar device,  f i t t e d  t o  t h e  s u b j e c t ' s  ear canal .  To ta l  

body heat  s to rage  (QSTOR) was  then determined by mult iplying t h e  r ise i n  

co re  and sk in  temperatures by t h e i r  appropr i a t e  heat capaci tances ,  a s  

follows: 

OSTOR = ( 3 )  

where t h e  heat capaci tances  (C (1 ) 's )  for  each body a rea  a r e  shown i n  

Appendix B, Table 1, and the  i n i t i a l  values  of core  and sk in  temperatures 

) were measured a t  the s ta r t  of each tes t ,  ( T ( l ) l n i t  i a l  Value The hea t  
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storage rate (STORAT) was then found by d iv id ing  t h e  change i n  body hea t  

s to rage  over a p a r t i c u l a r  time i n t e r v a l  by t h e  time i n t e r v a l .  Thus, 

STORAT = QSTOR/At (4) 

During tnese  experiments, STORAT was used as a means of monitoring t h e  

instantaneous d i r e c t i o n  of heat  t r a n s f e r  between t h e  sub jec t  and his 

emrlrornne?lt. When it  approached zero,  t h e  test sub jec t  w a s  assvmed t o  

have reacked s teady-s ta te  condi t ions .  

Ir. ord-r  t o  determine metabol ic  rate, i t  w a s  necessary t o  t ake  

02, CO ) while  t h e  sub jec t  was r e s p i r a t o r y  measurements (minute volume , 

being c a l i b r a t e d  a t  a p a r t i c u l a r  h e a r t  rate o r  s t e p  rate p r i o r  t o  t h e  

test. 

were made during t h e  test. 

2 

The one except ion w a s  i n  S e r i e s  A where r e s p i r a t o r y  measurements 

Oxygen consumption, CO product ion and minute volume w e r e  found by 2 

using Douglas Bags to  c o l l e c t  t h e  samples, a T i s s o t  spirometer  t o  measure 

r e s p i r a t o r y  volumes and the  Scholander chemical a n a l y s i s  technique t o  

measure 0 and CO When a v a i l a b l e ,  an a l t e r n a t i v e  technique was used, 

whereby a tu rb ine  flowmeter w a s  u t i l i z e d  t o  determine r e s p i r a t o r y  volumes 

and A mass spectrometer o r  Reckman gas  analyzer  was u t i l i z e d  t o  f ind  O2 

and CO composition. Oxygen and CO measurements were then used t o  

compute RQ, and metabol ic  r a t e  was determined from Figure C 1 ,  Appendix C .  

Heart rates were monitored during a l l  tests by s i lve r - ch lo r ide  ECG sensors  

incorporated i n  a biomedical harness  wi th  t h e  sk in  and c o r e  temperature 

sensors.  Work loads  were imposed during t h e  c a l i b r a t i o w  by t h e  use of 

a Harvard Step (Series C and D ) ,  a Co l l in s  b i cyc le  ergometer (Se r i e s  B ) ,  

o r  a motor-driven treadmill  (Se r i e s  A) .  Typical c a l i b r a t i o n  curves  der ived 

i n  t h e  abovc manner a r e  shown i n  Appendix C, Figures  C2-C4 .  

2 2' 

2 2 
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The heat  removal rate of t h e  LCG was determined by measuring the water 

f lowra te  mw) and i n l e t  and o u t l e t  temperatures. 

used t o  measure LCG water f lowra te  and l i n e a r  p rec i s ion  thermis tors  

recorded LCG inlet and o u t l e t  water temperatures. 

used i n  the  following equat ion t o  f i n d  LCG hea t  removal rate (QLCG): 

Turbine flowmet2rs were 

This  Information was 

QLCG = R * C  (Twout - Twin) p” 
or 

where C is the  hea t  capac i ty  of t h e  LCG water. 
P W  

The amount of metabol ic  hea t  removed by s e n s i b l e  convection from 

the  body (QCONV) w a s  determined by measuring t h e  v e n t i l a t i o n  f lowra te  

through t h e  A7L s u i t  ( i g )  and the  suit  gas  i n l e t  and o u t l e t  temperatures. 

This information was used i n  t h e  following equat ion t o  determine convec- 

t i o n  heat  loss: 

QCONV = 

where C is 

was measured 
% 

t emper at u r  es 

the  heat  capac i ty  of t h e  s u i t  oxygen. S u i t  oxygen f lowra te  

with a “Voluflow” mass flonmeter and suit  i n l e t  and o u t l e t  

were measured wi th  l i n e a r  p rec i s ion  thermis tors .  

The amount of metabolic hea t  removed by evaporzt ion hea t  loss was 

determined from measurements of s u i t  i n l e t  and m t l e t  dewpoint temperature 

and s u i t  v e n t i l a t i o n  f lowra te ,  o r  deduced from measurements of sub jec t  

weight l o s s .  

Cambridge or  Hastings dewpoint sensors ,  based upon t h e  p r i n c i p l e  of 

fogging o r  defogging of a pol ished mirror  by a thermoelec t r ic  r e f r i g e r a t o r  

or hea te r  c i r c u i t .  

mass flowmeter. These da t a  were u t i l i z e d  i n  the  following equat ion t o  

Sui t  i n l e t  and o u t l e t  dewpoint measurements were made with 

The s u i t  gas  f lowra te  w a s  measured a s  before  with a 
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determine to ta l  evapora t ive  heat loss rate (QEVAP): 

QEVAP = &g*h fg '  Wgollt - gin) '  (7) 

and W t h e  s p e c i f i c  humidity of t he  s u i t  o u t l e t  and i n l e t  where wgout gin'  

gases,  are found f r m  t h e i r  r e spec t ive  dewpoints by means of psychrometric 

charts (104) and h 

For t h e  tests i n  which dewpoint senscrs were not  used o r  inopera t ive ,  

t o t a l  evaporat ive hea t  loss was determined by weighing t h e  sub jec t  before  

and a f t e r  t h e  test with a Buffalo o r  Toledo human balance.  

loss was then used t o  determine evaporat ive heat  l o s s  as shown I n  t h e  

sample ca l cu la t ion  of Appendix C. 

is the  l a t e n t  hea t  of evapor iza t ion  of water vapor. 
f g  

Subject  weight 

The t o t a l  evapora t ive  hea t  loss was used t o  determine evaporat ive 

heat  loss due t o  a c t i v e  sweat (OWT) and a c t i v e  sweat rate (SR). Tota l  

evaporat ive hea t  loss is  compr i sed  of t h ree  components: evapora t ive  

loss through t h e  r e s p i r a t o r y  t r a c t  (QR), evaporat ik* loss due t o  passive 

d i f f u s i o n  of moisture  from t h e  sk in  (SD), and heat  loss due t o  evaporation 

of sweat (QSWT). Therefore,  

OSWT = QEVAP - QR - QD, (8 1 

and 

SR = QSWT/hf 
g 

where expressions f o r  QR and QD were derived from empir ica l  results from 

seve ra l  sources  (49, 50, 80, 103) and a r e  found in  Appendix C. A sample 

ca l cu la t ion  of QSWT and SR i s  a l s o  demonstrated i n  Appendh C. 

The determinat ion of r a d i a t i o n  heat  l o s s  is a complex func t ion  of many 

f ac to r s ,  including su r face  p rope r t i e s  of garments, sk in  and surrounding 
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walls, garment i n s u l a t i o n  characteristics, geometr ical  view f a c t o r s  

between t h e  sub jec t  and t h e  surroundings, etc. For t h i s  reason,  a separa te  

engineering a n a l y s i s  accounting f o r  t hese  var ious  f a c t o r s  w a s  performed 

t o  e-valuate QRAD ( 8 4 ) .  

the  scope of t h i s  text but  is summarized I n  Appendix B. 

A d e t a i l e d  desc r ip t ion  of t h i s  a n l y s i s  is beyond 

Other measurements made t h a t  were p e r t i n e n t  t o  these  experiments 

included environmental (chamber o r  room) temperatures and environmental 

and i n t e r n a l  suit  pressures .  The former were measured by copper-constantan 

thermocouples while t h e  lat ter were measured with v a r i a b l e  r e luc t ance  

type pressure t ransducers .  

instrumentat ion used i n  these  experiments, including a b r i e f  func t iona l  

desc r ip t ion  and list of manufacturers,  appears  i n  Table A3 of Appendix A. 

The recording,  c o l l e c t i o n ,  d i sp l ay ,  and monitoring of test d a t a  were 

A complete list of the  major equipment and 

cont ro l led  by a computing system incorpora t ing  analog s i g n a l  rece iv ing  

and condi t ioning instruments ,  ana log- to-d ig i ta l  conversion equipment, 

a sequent ia l  d a t a  sampling device,  d i g i t a l  t ape  t r anspor t s ,  card readers ,  

card punchers, typewri te rs ,  high speed printers, and a s so r t ed  s p e c i a l  

equipment. 

da ta ,  with a t o t a l  a v a i l a b l e  memory capac i ty  i n  excess of 65,536 13-bit  

words. 

analcg d a t a  measurements s epa ra t e ly  and sampling then a t  a r a t e  of 1 

sample per second p e r  measurement. 

Three sepa ra t e  computer systems were u t i l i z e d  t o  process  the  

The da ta  handling system was capable  of processing more than 3000 

The raw d a t a  co l l ec t ed  were displayed on cathode r ay  tubes  (CRTs) in 

the  t e s t  con t ro l  room a r e a  a s  they were being sampled (See Figures  E l  and 

E 2 ,  Appendix E ) .  The d a t a  were a l s o  simultaneoi-Ly recorded 011 paper  and 

magnetic tape,  and were typed on high speed p r i n t e r s  a t  per iodic  i n t e r v a l s .  

A l l  performance parameters of i n t e r e s t ,  including t h e  computations of body 
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heat  s torage ,  and LCG, convect ive and evapora t ive  hea t  removal rates, were 

computed on line, on a real-time b a s i s  t o  permit cons t an t  s u r v e i l l a n c e  of 

t h e  condi t ion  of t h e  sub jec t  and t h e  progress  of t h e  test. To f a c i l i t a t e  

t h i s ,  real-t ime e l e c t r o n i c  p l o t t i n g  c a p a b i l i t y  was included f o r  va r ious  

test sequences. A t  t h e  conclusion of each test  series, t h e  computed d a t a  

s tored  on magnetic t apes  were f u r t h e r  analyzed and used t o  produce f i n a l  

computer-generated p l o t s  of t h e  raw data .  

MATHEMATICAL MODEL 

The mathematical model u t i l i z e d  i n  t h i s  s tudy  r e p r s s e n t s  t h e  end 

product of several yea r s  of developmental research.  The earliest model 

was an extremely s impl i f i ed  2-node vers ion  which assumed that t h e  human 

thermal system could be adequately represented  by subdiv is ion  i n t o  two 

segments cons i s t ing  of a co re  l aye r  and . &,r l aye r .  It soon became 

obvious t h a t  t h i s  assumption was inadequate  f o r  a l l  bu t  t h e  s implest  

condi t ions.  Over t h e  years ,  more body segments were added and t h e  physio- 

l o g i c a l  reponses that were simulated became inc reas ing ly  soph i s t i ca t ed .  

The cu r ren t  model t h a t  hci 

t o  desc r ibe  :'le ioUman thermal system. 

evolved u t i l i z e s  41 sepa ra t e  body compartments 

The Tlini:--be.nti!.? h c s i s  of t h i s  o r  any o the r  model i n  which hea t  and 

energy are exc;.an:.cd i e  t h e  f i r s t  l a w  of thermodynamics. 

t h e  f i r s t  law savs that ;or any substance,  t h e  d i f f e r e n c e  between t h e  

hea t  gained ( e i t h e r  from t h e  environment or by i n t e r n a l  product ion)  and 

t h e  hea t  l o s t  (by t r a n s f e r  t o  t h e  environment) is equal t o  t h e  change i n  

t h e  i n t e r n a l  energy of t h e  substance p lus  t h e  ne t  mechanical work done. 

The human body may be considered i n  the  same manner a s  a hea t  engine.  

Simply s t a t e d ,  

That is, hea t  is produced ({MET ) by t h e  oxida t ion  of f u e l  (food) f o r  

energy, and heat  is d i s s i p a t e d  by conduction, convection, r a d i a t i o n ,  and 
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mass t r a n s f e r  t r n a e f e r  a t  the skin surfaces .  

of 3 components: 

r e s p i r a t o r y  t r a c t  (6LUNG LATENT) and pass ive  mass d i f f u s i o n .  

produced i n  excess of that which can be d i s s i p a t e d  w i l l  be s t o r e d  i n  the 

t i s s u e s  ((iSTOR) with a r e s u l t i n g  r h e  i n  body temperatures.  In  add i t ion ,  

a small amourrc of energy can be t r a n s f e r r e d  from t h e  body t o  the environ- 

ment in t he  form of mechanical work. 

t o t a l  body, t r e a t i n g  t h e  s k i n  su r face  as  t h e  e x t e r n a l  boundary, is shown 

i n  Figure 2-2. Consideration of t h e  ind iv idua l  thermodynamic terms 

discussed above r e s u l t s  i n  the  f a m i l i a r  t o t a l  body heat  balance equat ion 

shown a t  t h e  bottom of Figure 2-2 (equation 1 ) .  

In  man, t h e  mass t r a n s f e r  

evaporation of sweat ((iSWEAT), heat  l o s s  through t h e  

Heat 

A hea t  balance performed on t h e  

To desc r ibe  t h e  i n t e r n a l  temperature d i s t r i b u t i o n  wi th in  t h e  bodv, a 

similar type of heat balance i s  performed on an element of t i s s u e ,  r a t h e r  

than over t h e  e n t i r e  body. The mathematical model d i v i d e s  t h e  body i n t o  

10 elements: head, trunk, r i g h t  and l e f t  arms, r i g h t  and l e f t  hands, 

r i g h t  and l e f t  l e g s ,  and rigl-: and l e f t  f e e t .  

muscle, f a t ,  and sk in  layer. Cofisidering t h e  c e n t r a l  blood as a sepa ra t e  

element, t h e r e  are 4 1  d i s t i n c t  compartments, and each compartment is 

assumed t o  be a t  a uniform temperature having a d i s c r e t e  temperature 

d i s t r i b u t i o n  (see Figure 2-9). 

Each c o n s i s t s  of a core ,  

Again, considering t h e  f i r s t  l a w  of thermodynamics, hea t  is  generated 

i n  each compartment by metabolism ({MET), and i s  t ransmit ted by convective 

heat  t r a n s f e r  t o  t.ie bloodstream ( 4 C O N V ) ,  and by conduction t o  ad jacen t  

compartments ({COND). 

t o  a surrounding gas stream ( t S E N ) ,  r a d i a t i o n  t o  the  environment ($RAD),  

l a t e n t  evaporation (GLAT) , and conduction t o  a thermal undergarment (6LJC) 

a r e  a l l  considered as avenues of heat  d i s s i p a t i o n .  In  a d d i t i o n ,  conduction 

For s k i n  compartments, convection heat  t r a n s z e r  
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heat t r a n s f e r  to  the cool ing  tubes  of an LCG ({LCG) is  also considered. 

A t y p i c a l  hea t  balance f o r  the i n t e r n a l  body l a v e r s  is shown I n  Figure 2-10, 

and the genera l  equat ions  f o r  the. core ,  muscle, fa t ,  and s k i n  l a y e r s  of 

each major body compartment are as follows: 

9 Core 

- QCOND - QCONY dTcore 
dt QmTcore (Mass C ) core 

P 

+ QCOND - QCOND' - QCONV' (11) dTmuscle = QMETmuscle 'p) muscle d t  
(Mass 

FAT 

dTfa t  = QMETfat + QCOND' - QCOND" - QCONV" 'P) f a t  - (Mass 
d t  

Skin 

'p) s k i n  (Mass 9 dTskin = mskin + QCOND" - QCONV"' 
d t  - QRAi) - QSEN - QLAT - QLCG, (13) 

dT where the - terms rep resen t  t h e  change i n  temperature wi th  r e spec t  

t o  time and C is t h e  hea t  capac i ty  of t h e  p a r t i c u l a r  body l aye r .  

d t  

P 
A very  s i g n i f i c a n t  f a c t  is de r ivab le  from t h e  previous  d iscuss ion .  

I n  order  t o  understand t h e  hea t  t r a n s f e r  processes  wi th in  t h e  human 

body, a d e t a i l e d  understanding of t h e  phys io logica l  processes  of sweating 

and blood-flow r e g u l a t i o n  is required.  Both of t hese  processes  g r e a t l y  

a f f e c t  t h e  temperature f i e l d .  

of c e r t a i n  body temperatures ,  and they ace  a l s o  under t h e  c o n t r o l  of t h e  

They both vary  s i g n i f i c a n t l y  a s  a func t ion  

c e n t r a l  nervous system. Consequently, i n  order  t o  correct ly  desc r ibe  

t h e  t r a n s i e n t  thermal response of man t o  h i s  environment, two d i s t i n c t ,  

and yet  i n t e r r e l a t e d  processes  must be understood--the hea t  t r ans fc -  

c h a r a c t e r i s t i c s  of t h e  passive human body ( the  con t ro l l ed  system) and t h e  

a c t i v e  thermoregulatory c o n t r o l  of t h e  c e n t r a l  nervous system ( t h e  
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c o n t r o l l i n g  system). 

paragraphs and a d i scuss ion  of t h e  active c o n t r o l  system follows. 

The pass ive  system has been descr ibed i n  t h e  previous 

Active Thermoregulatory Control System 

The human body is capable of r egu la t ing  the  amount of hea t  that is 

t r ans fe r r ed  t o  t h e  env i romen t .  It does so through fou r  primary 

physiological  mechariism: 

(1) Sweat prodcccion 

(2) Shivering 

(3) Vasodi la ta t ion ) 

(4) Vasoconstr ic t ion 
) Hlood-f low Control 

The c o n t r o l l i n g  system f o r  each mechanism c o n s i s t s  of t h r e e  sepa ra t e  

parts (See Figure 2-11). The first p a r t  is t h e  d e t e c t i n g  system which 

records t h e  thermal s t a t e  of t h e  pas s ive  system. The second p a r t  

u t i l i z e s  t h i s  information i n  an  i n t e g r a t o r  which serves as an  ampl i f i e r  

o r  an a t t e n u a t o r  t o  produce appropr i a t e  e f f e c t o r  commands. The t h i r d  

p a r t  r ece ives  the  e f f e c t o r  commands and processes  them i n t o  appropr i a t e  

ac t ior .  a t  t he  periphery (sweat glands,  . iusc les ,  ar ter ies ,  ve ins ) .  

Detector 

Research has shown that thermal c o n t r o l  s i g n a l s  have been generated 

by l o c a l  temperature changes from a r e fe rence ,  and by t h e  ra te  of  

change of l o c a l  temperatures. Consequently, t h e  s t i m u l u s  from the  

d e t e c t o r  p a r t  of t h e  c o n t r o l l e r  which desc r ibes  the  thermal s t a t e  

of t h e  passive sy tem f o r  a l l  fou r  con t ro l  mechanisms is of t h e  form: 

t-1 
(I))* ( A ( 1 )  ( T t ( I )  - T 

ERROR(1) :. (Tt(T) - TSET(1) + A t  

t Where 7 (I) is the  temperature of t h e  s e n s i t i v e  thermoreceptors 

of bc.dy compartment I a t  time t ,  A ( I )  is a constant  and TSET(1) 

is  a reference temperature, 
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In t eg ra to r  

The i n t e g r a t o r  p a r t  of t h e  c o n t r o l  system func t ions  by modifying t h e  

ERROR s i g n a l  f o r  each mechanism. It is most probable t h a t  t h i b  s igna l  

is modified by a c e n t r a l  con t ro l  s i g n a l  from t h e  b r a i n  and by a l o c a l  

con t ro l  s igna? from t h e  skin-environment inLerface.  Dr. J. Stolwi jk  

of t h e  J. 3. Pie rce  Foundation, sugges ts  t h a t  t h e  c e n t r a l  cont ro l  

s igna l  would most simply be propor t iona l  t o  t h e  ERROR(1) term f o r  t h e  

t3dsut  reg ion  r ep resen t ing  the  hypothalamic a r e a  of t h e  bra in .  

Furthermore, i t  is  l i k e l y  that  ;his  s i g n a l  be p o s i t i v e  f o r  sweating 

o r  v a s o d i l a t a t i o n  :ommands where hea t  t r a n s f e r  a t  t h e  sk in  sur face  
'r 

i s  t o  be augmented, and negat ive f o r  sh iver ing  o r  vasocons t r i c t ion  

commands where hea t  t r a n s f e r  a t  t h e  s k i n  su r face  is  t o  b ?  a t tenuated .  

Thus, t h e  c e n t r a l  s i g n a l  is  of t h e  foLm: 

CEN SWT = SWTl X ERROR(1) SWEATING 
CEN SHIV = SHIV1 X ERROR(L) SHIVERING 
CEN DIL = DILl X ERROR(1) VASODILITATION 
CEN STRICT = STRICT1 X ERROR(1) VASOCONSTRICTION 

Where t h e  index I = 1 is f o r  t h e  hypothalamic reg ion  of t h e  head, 

and SWTI, SHIVI, DTL1, and STRICT1 are ga in  cons tan ts .  

It i s  convenient t o  assume that the  con t ro l  s i g n a l s  f o r  each sk in  

segment are of t h e  same form. Since a l l  t h e  l o c a l  s i g n a l s  must be 

summed t o  produce one f ina l .  l o c a l  con t r ibu t ion  t o  t h e  in t eg ra t ed  

sj-gnal, t he  sk in  input  may be charac te r ized  as :  

LOC SWT = SWT2 X (A(J)*ERROR(J)) SWEATING 
IOC SHIV = SHI'Z X (A(J)*ERROR(J)) SHIVERING 
LOC DTL = DIL2 X (A(J)-ERROR(J)) VASODILITATION 
LOC STRlCT = STRICT2 X (A(J)*ERROK(J)) VASOCONSTRICTION 

( 1  6 )  

Where A(J)'s a r e  loca l  cons t an t s  f r , i  each sk in  reg ion ,  ERROR (J)'s 
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are l o c a l  s k i n  error s i g n a l s  and SWT2, S H I V 2 ,  DILZ, and STRICT 2 

are o v e r a l l  l o c a l  ga in  constants .  

Based on t h i s  d*scussion,  the  most geueral ized i n t e g r a t o r  s i g n a l s  

would have a l o c a l  con t r ibu t ioq ,  a central  con t r ibu t ion ,  and a 

combination of both. T h u s ,  f o r  example: 

SWEAT - CEN SWT + LOC SWT + sWT3 (LOC SWT x CEN SWT) 
SHIVER - CEN SHIV + LOC SHIV + SHIV3 (LOC SHIV X CEN SHIV)  
DILAT = CEN DIL + LOC D I L  + D I L 3  (LOC D I L  X CEN D I L )  
STRICT = CEN STRICT + LOC STRICT + STRICT3 (LOC STRICT X 

(17) 

CEN STRICT) 

Effec to r  

The t h i r d  p a r t  of t h e  c o n t r o l  system processe.; t h e  i n t e g r a t o r  s i g n a l  

i n t o  an appropr i a t e  r e s p m s e  t o  Le de l ive red  t o  rhe periphery €or  

e f f e c t o r  ac t ion .  Thus, t h e  SWEAT s i g n a l  i s  proportioned i n t o  

several pe r iphe ra l  sweat commanis based on the  d e n s i t y  af sweat 

glands,  and t h e  SHIVER s i g n a l  i s  proportioned i n t o  s e v e r a l  l o c a l  heat  

generat ion terms i n  the  muscle region based upon musc le  densi ty .  The 

vasocons t r i c t ion  and v a s o d i l a t a t i o n  terms a r e  s i m i l a r l y  proportioned 

i n t o  var iouc c o n t r i b u t i o n s  t o  the  l o c a l  blood flow, (&I)b. 

t he  blood flow i s  a l s o  modified due t o  inc reases  o r  dec reases  i n  

metabolic a c t i v i t y  l e v e l  ($). Thus 

In  add i t ion  

(;I)b = B ( I )  f [ C ( T )  X DILAT] + [ E ( I )  X \ ( I ) ]  

1 + [ D ( I )  ii STRICT] 

Where B ( 1 )  i s  a b a s a l  blood-flow r a t e  f o r  t i s s u e  element I,  C ( I ) ,  

D ( I )  and E ( I )  a r e  weight r a t i o s  f o r  element T and $(I) is t h e  l o c a l  

heat  generat ion term, 

2-32 



Through c o n t r o l  of l o c a l  heat generat ion,  blood flow, and sweat r a t e ,  

t he  a c t i v e  themoregu la to ry  c o n t r o l  system i n t e r f a c e s  with t h e  passive 

system. 

A more d e t a i l e d  d e s c r i p t i o n  of t h e  mathematical model, including t h e  

var ious physical p r  p e r t i e s  and con t ro l  parameters u t i l i z e d ,  i s  presented 

i n  Appendix B. I n  addi t ion,  t h e r e  are var ious op t ions  t h a t  are a v a i l a b l e  

within the  model f o r  evaluat ing t h e  thermal response of man t o  d i f f e r e n t  

a c t i v i t y  l e v e l s ,  va r ious  environmental condi t ions,  and f o r  s e v e r a l  

p ro t ec t ive  garment configurat ions,  ranging from simple c l o t h i n g  t o  a 

complex space s u i t .  For i n t e r e s t e d  reaLers, a d e s c r i p t i o n  of t h e s e  

add i t iona l  c a p a b i l i t i e s  is a v a i l a b l e  i.1 documented r e t e r e n c e s  of t h e  

mathematical model computer program and i n  the  program u*er 's  manual (PO, 

34, 127). 

The mathematical mode l  described here  was transformed i n t o  magnetic 

tape f o r  use on a digi . - :  computer t o  support t h i s  experimental  program. 

The computer qrogram (94) i s  w r i t t e n  i n  Fortran V f o r  t h e  Univac 1108 

computer with t h e  EXEC I1 or  EXEC 8 operat ing s y s t e m s .  Houever, t h e  

program is compatible with o the r  computer s y s t e m s  such a s  t h e  IBM 360 

s e r i e s ,  and i s  a v a i l a b l e  on request  t o  any i n t e r e s t e d  par ty .  

Implenentation G €  t h e  Model and Generation of Trends - 

The mathematical model described above was Ltsed t o  i n v e s t i g a t e  t h e  

experimental r e s u l t s  of S e r i p s  A-E and a s  a means t o  p r e d i c t  physiological  

t rends i n  hupm performance. In  additiov conparison of t he  L:. d e l  

predict ions A t h  the  t e s t  d a t a  permic:l ' : "tuning" of t h e  model which 

resul ted i n  improved accuracy. 

To a-complish the above t c i s k s ,  computer s imulat ions were run f o r  

zach L i s t  s e r i e s .  The t e s t  contii t ions f o r  each experiment were used as 
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Input t o  the model and the resulting c m p u t e r  ou tput  w a s  then campared t o  

the experfmental data.  The lnput  cons is ted  of va r ious  environmental 

parameters versue time, read i n t o  the  computer program i n  t abu la r  input  

form. These Included ambient pressures ,  temperatures,  and dewpoints; 

garment, LCG and suit  Insu la t ion  proper t ies ;  and inc iden t  r a d i a t i o n  hea t  

f luxes,  and o the r  s i m i l a r  parameters. The metabnl ic  rate p r o f i l e  was 

a l s o  entered as Input f o r  each kpe r imen t .  

The computer model output  cons is ted  of t h e  var ioue  human phys io logica l  

responses of i n t e r e s t .  These included body temperatures,  including sk in  

and core  temperatures,  mean sk in  temperature, t o t a l  body hea t  s torage ,  hea t  

s to rage  rate, sweat  rate, evaporat ive,  convect ive and r a d i a t i v e  hea t  l o s s  

rates, and LCG heat  remcval rate. 

were a l s o  a v a i l a b l e  f o r  examination and w e r e  f t equen t ly  used t o  expla in  

p a r t i c u l a r  experimental  results. Other output  parameters of interest  were 

LCG water and suit  gas  o u t l e t  temperatures,  suit  o u t l e t  dewpoint 

temperatures, space suit  o r  garlilent temperatures,  etc. A sample of t h e  

input-output  format f o r  a t y p i c a l  computer program run  i s  shown i n  

Append- B. 

Shiver rate and s k i n  blood-flow rates 

The model p red ic t ions  f o r  each exreriment veri hand-plotted 

graphica l ly  with t h e  test d a t a  superimposed. Although t h i s  was done a s  

a func t ion  of t ime f o r  many of t n e  parameters, t h e  s teady-s ta te  r e s u l t s  

were of primary i n t e r e s t  f o r  t hese  experiments. 

t h e  model t o  br ing i t  i n t o  c loner  agreement with t h e  test  d a t a  was i n  

Lnexact process  a t  bes t ;  heavy r e l i a n c e  was placed on i n t u i t i o n  and 

previous experience i n  using the  model. 

or phystcal  parameters wi th in  t h e  model were cons t ra ined  wi th in  the  

bounds of cu r ren t  knowledge. 

The process  of "tuning" 

A l l  adjustments  of phys io logica l  
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Comparisons of t h e  model r e s u l t s  and test deca exh ib i t ed  good 

accuracy f o r  almost a l l  phys io logica l  parameters. 

enough t o  warrant modi f ica t ions  t o  t h e  active thermoregulatory c o n t r o l  

system equations.  However, Improvements i n  the p red ic t ions  of i nd iv idua l  

sk in  temperatures were achieved with modi f ica t ions  t o  t h e  pass ive ,  

cont ro l led  system equations.  

model t o  improvc i t s  p red ic t ions  are explained i n  more d e t a i l  i n  Sec t ions  

3 and 4. 

Erro r s  were not l a r g e  

The a c t u a l  adjustments  that were made t o  t h e  

After  t h e  model was cor re l a t ed  i n  t h e  manner descr ibed  above, t h e  

r e s u l t s  of each test  were aga in  superposed wi th  t h e  p r e d i c t i o n s  t o  

produce t h e  f i n a l  r e s u l t s  shown i n  Sec t ion  3. 

p red ic t ions  wi th  t h e  t es t  d a t a  provided one o the r  b e n e f i t .  

i l luminated many of t h e  inadequacies  of t h e  c u r r e n t  model and formed t h e  

groundwork f o r  a new model t h a t  w i l l  be descr ibed subsequently.  

Comparison of t h e  model 

It 

One of t h e  most s i k n i f i c a n t  a p p l i c a t i o n s  of t h e  model i n  t h i s  

experimental  program was i n  t h e  d e r i v a t i o n  of c o r r e l a t i o n s  deinonstrating 

t h e  physicdogicai response of man while  wearing an LCG t o  maintain comfort. 

These c o r r e l a t i o n s  are presented i n  Sect ion 4. The experimental  r e s u l t s  

were f i r s t  p lo t t ed  independently,  and a r eg res s ion  a n a l y s i s  and curve 

f i t t i n g  t*> t h e  d a t a  were performed. This  included an  e r r o r  a n a l y s i s  i n  

which onl) s t a t i s t i c a l l y  s i g n i f i c a n t  d a t a  were included. Comfort 

envelopes were then generated by t h e  model desc r ib ing  t h e  pred ic ted  

behavior of t h e  same phys io logica l  parameter. These comfort envelopes 

were superposed nver t h e  experimsntal  r e s u l t s .  The degree t o  which t h e  

da to  and regress ion  curves f e l l  wi th in  t h e  pred ic ted  envelJpes  provided 

a t h e o r e t i c a l  b a s i s  f o r  t he  phys io logica l  behavior observed dur ing  t h e  

tests and provided a d d i t i o n a l  confidence i n  t h e  test r e s u l t s  and the  
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model Itself. 

resul ts  are presented i n  Section 4. 

Purther detail8 on the procedures employed for the above 
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Figure 2-1.- Ventilation flow paths in the Apollo A7L suit. 
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Figure 2-2.- The total  body heat balance equation. 
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Sublimation 

- 
Figure 2-3.- PLSS oxygen and water loop flowpaths. 
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Figure 2-8.- Typical p1acemer.L of s k i n  temperature thermocouples. 
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Figure 2-9.- Discrete temperature distribution of mathematical model. 
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Figure 2-10.- Heat balance f o r  Internal body layers. 
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Figure 2-11.- The controlling system of t h e  rnathematlr31 model .  
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3. RESbZTS 

SERIES A 

S e r i e s  A was conducted i n  a room temperature environment, with sub- 

jects wearing an  in su la t ing  c o v e r a l l  gam--t  designed t o  limit convection 

and r a d i a t i o n  heat  l o s s .  There was no a i r  v e n t i l a t i o n  flow a c r o s s  t h e  

skin and a l l  tests were conducted a t  see-level pressure.  The Apollo-LCG 

was worn uiider t he  G l i i e r  garment and t h e  water f lowra te  w a s  fixed a t  

109 l i t e r s / h r  while t he  water temperature wa= varied.  

The metabolic rate f o r  each test  sequence w s  c o n t r o l l e d  by varving 

the  speed of a motor-driven t r eadmi l l  ar.d is shown i n  Table D1 of 

Appendix D. The raw, s teady-state  d a t a  f o r  each of t h e  test cond i t ions  

is a l s o  shown i n  Table 91. 

2eat b l a n c  e - 
Teble 3-1 p re sen t s  L 2 ca lcu la t ed  s teady-state  r e s u l t s  aqd heat  balance 

da t a  f o r  S e r i e s  A. The b a s i s  of t he  heat  balance shown i n  Table 3-1 i s  

the  heat balance equation ( see  equat icn 1, Figure 2 - 2 ) .  A l l  terms i n  t h i s  

equation were determined as indicated by t h e  foo tno te s  of Table 3-1, with 

the  exception of shiver  r a t e ,  which could not be measured, arir- F x k a n i c a l  

work rate, convection, and r a d i a t i o n  heat l o s s ,  which were a l l  assumed 

negl igible .  Mechanical work ra te  was neglected because -he n a t u r e  of t h e  

exe rc i s s  p o f i l e s  of S e r i e s  A produced no ex te rna l  work o t h e r  tha.1 f r i c t i o n ,  

which was small. This was t h e  case  f o r  a l l  of t he  e x e r c i s e  p r o f i l e s  con- 

sidered i.n t h i s  study. Convection and r a d i a t i o n  heat  l o s s  were neglected 

bc-ause the  physical c h a r a c t e l - i s t i c s  of t he  a r c t i c  c o v e r a l l  0vergarmer.t 

(no gas  v e n t i l a t i o n  and 1n.. -'iermal conductance) were assumed t o  in su l -  2 

the t e s t  subject  e f f e c t f v c l y  from heat t r a v f e r  by these  mechanisms. 
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The r e s u l t s  show t h e  expected r e l a t i o n s h i p  between heat  production and 

heat loss. T h a t  is, f o r  a cons t an t  LCG I n l e t  temperature (7 o r  16"C) ,  

t o t a l  evaporation heat loss, heat  loss through t h e  LCG, and t o t a l  heat 

106s a l l  i nc rease  as metabolic heat  production increases .  

The HEAT BP-LANCE row shows t h e  d i f f e r e n c e  between heat  production 

and heat  l o s s .  From t h e  hcat  balance equation, t h i s  d i f f e r e n c e  may be 

a t t r i b u t e d  t o  the  r a t e  of heat s to rage  (or  sh ive r ing ) .  It should be noted 

t h a t  t h l s  velue is  negat ive f o r  a l l  t r s t s  wi th  t h e  except ion of Test  5 ,  

which i n d i c a t e s  t h a t  heat  removal w a s  gene ra l ly  g r e a t e r  than metabolic 

heat production. Negative heat balance va lues  are o f t e n  i n d i c a t i v e  of 

cool o r  cold t e s t i n g  cond i t ions ,  while p o s i t i v e  va lues  s i g n i f y  warm 

cord  i t ions. 

Further  information is provided by the  TOTAL HEAT STORAGE row. 

These values  show the  d i r e c t i o n  of changes i n  skin and r e c t a l  temperatures 

over t he  du ra t ion  of each tes t .  Here, negat ive v a l u e s  i n d i c a t e  a drop i n  

body i e r r n e r a t u : ? ~ ,  while p o s i t i v e  values  signify an increase.  I t  is 

obszrved t h a t  bo317 tempert tures  decreased f o r  low metabolic r a t e s  a t  both 

LCG i..let temperatures, but became higher and even tua l ly  p o s i t i v e  a s  

metabolic r a t e  increased. This  sliggests t h a t  test  cond i t ions  were cool  

o r  cold a t  t he  low metabolic r a t e s .  but became warn a s  work ra te  was 

increased. This  was indeed  the  case  as test  s u b j e c t s  v i s i b l y  shivered in 

Tests 1 ,  2 ,  and 3,  and s u b j e c t i v e l y  noted cold sensa t ions  i n  Tests 7, 8,  

and 9. 

I n  orlier Lo more f u l l y  a s s e s s  the  heat balance equat ion,  i t  was 

nc-.essarv t o  de t e rp ine  t h e  f i n a l  heat s to rage  r a t e  a t  t l ,e  end of each tes t .  

Tl:i. ,  was found  r r o m  the chnngL? in bodv temp,raturcs mt?asured over t he  

f i n a l  70 - 60 min. I d e a l l y ,  f:Jr t r u e  s t ead -  - s t a t e  crmdit ions,  t h i s  value 
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would be c l o s e  t o  zero,  i n d i c a t i n g  t h a t  body temperatures were not  changing 

while t h e  va r ious  heat production and hea t  l o s s  measurements were being 

recorded. However, due t o  sub jec t  f a t i g u e  .:nd discomfort resriltinp, from 

cold cond i t ions  (o f t en  accompanied by sh ive r ing ) ;  and t h e  long du ra t ion  

of many of t h e  test sequences i n  S 2 r i e s  A, i t  w a s  poss ib l e  t o  reach a 

t r u e  s teady-state  in only 5 ( t h e  11 tests. Predictably,  t hese  tests 

were a t  t h e  higher metabolic r a - e s ,  f o r  which sh ive r ing  o r  cold discomfort  

was not a f a c t o r  (Tes ts  4, 5 ,  6, IO, and 11). 

For those tes ts  i n  which a t r u e  s t eadv- s t a t e  was not obtained,  a pre- 

c i s e  accounting of a l l  of t he  terms i n  the  heat  balance equat ion is d i f -  

f i c u l t  because e q u i l i b r i m  cond i t i n n s  were not reached. However, a d d i t i o n a l  

i n s igh t  can be provided by s u b t r a c t i n g  t h e  FINAL HEAT STORAGE U T E  row 

from the  HEAT BALANCE row. Theore t i ca l lv ,  t h e  d i f f e r e n c e  between these  

two values ,  designated t h e  HEAT DEFICIT row, should be t h e  sh ive r  r a t e ,  

Lince i t  is t h e  onlv unknown tern l e f t  i n  t h e  heat  balance equation. 

However, i n  p r a c t i c a l i t y ,  t h e  heat  d e f i c i t  a l s o  r e p r e s e n t s  any e r r o r s  

made i n  the  determination of t h e  ind iv idua l  heat  production, heat  l o s s  o r  

heat s to rage  r a t e  terms. As mentioned previously,  t h e  f a i l u r e  t o  reach 

t r u e  s teadv-state  f o r  s e v e r a l  of t he  t e s t s  causes  complicat ions by in t ro -  

ducing another term i n t o  t h e  he t balance equation ( i - e . ,  heat  s to rage  

r a t e ) .  Error may r e s u l t  i f  che h e a t  s tn rage  r a t e  is much d i f f e r e n t  from 

zero because t h i s  i n d i c a t e s  that body temperatures,  and t h e r e f o r e  evapora- 

t i on  r a t e ,  LCC, heat  removal, and  t c t n l  ;lc.at IDSS, were changiny a t  t he  

time they \Jerk. measured, d e s p i t e  t he  f a c t  t h a t  they appeared tt) be i n  

cqu il i b r  ium. 

I t  is observed t h a t  t h e  heilt d e f f c i t  va lues  a r e  a11 , i e r . n t i v t ,  ranr ing 

betveen -4  LQ -91 wat ts .  T f  m r-rrors were yrcsen t ,  it. would be expected 



that t h e  l a r g e s t  negat ive v a l u e s  w u l d  be a t  t h e  lowest metabolic rates 

f o r  each LCG i n l e t  ternperat'ire. T h i s  would then be associdted wi th  

shiver ing or sub jec t ive  cold sensa t ions  and a l s o  with an  o v e r a l l  drop i n  

body temperatures and negat ive t o t a l  body heat  s torage.  Furthermore, i n  

t h e  absence of e r r o r s ,  t h e  hea t  d e f i c i t  should become more p o s i t i v e  a s  

metabolic rate increases u n t i l  i t  approaches zero a t  about the same time 

that t o t a l  body heat s to rage  approaches zero. This  is because sh ive r ing  

Jr cold sensat ion should only p e r s i s t  f o r  decreased body temperatures 

(and negat ive heat  s to rage ) .  However, t h e  heat  d e f i c i t  va lues  of 

Table 3-1 do not uniformly d i s p l a y  t h i s  t rend ,  i n d i c a t i n g  t h e  presence of 

e r r o r s  i n  some terms of t h e  heat  balance. 

The most l i k e l y  sources  of e r r o r  m a v  be t raced t o  the  determinat ions 

of heat  s to rage  rate,  evaporat ive heat  l o s s  ana r a d i a t i o r  heat  loss. The 

f i n a l  heat  s to rage  ra te  may vary f o r  each test condi t io-?  depending on t h e  

time i n t e r v a l  u t i l i z e d  i n  i t s  determination. However, any va lue  s i g n i f  i- 

c a n t l y  d i f f e r e n t  from zero i n d i c a t e s  non-equilibrium cond i t ions  which are 

a l i k e l y  source of e r r o r .  Evaporative heat  loss v a l u e s  a r e  another  l i k e l y  

source of e r r o r  because they were determined from sub jec t  weight l o s s  

(see sample c a l c u l a t i o n ,  Appendix C). In  t h i s  determination, i t  is assumed 

t h a t  a l l  sweat was evaporated. I n  f a c t ,  any sweat t h a t  w a s  not evapora+ed 

("runoff sweat") would c o n t r i b u t e  t o  weight loss but not t o  hea t  loss, 

s ince  unevaporated sweat does not  c o n s t i t u t e  heat removal. Therefore,  t h e  

u s e  of sub jec t  weight l o s s  t o  determine e v a p o r a t i t c  I.t'at l o s s  rates can 

causc er-or because the  l a t t e r  valiies may be too l a ree .  

The t h i r d ,  m L I i k e l v  source of e r r o r .  is the  determinat ion of rodi-  

a t i o n  heat l o s s .  Based upon t h e  low thermal conductance of t he  a r c t i c  

overgarment, i t  w a s  assumed t h a t  r a d i a t i o n  interchanRe w i t h  t he  envirorment 
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was neg l ig ib l e .  However, as w i l l  be seen subsequently,  t h e  most pronounced 

e f f e c t  of cold LCG i n l e t  water temperatures is t o  lower t h e  average s k i n  

temperature. T h i s  e f f e c t ,  combined with t h e  low water temperatures i n s i d e  

the  LCG i t s e l f ,  acts t o  drop t h e  i n s i d e  s u r f a c e  of t h e  overgarment nearest 

t h e  sk in  below that of t h e  e x t e r n a l  environment. This could then provide 

ar. e f f e c t i v e  "sink" f o r  r a d i a t i o n  heat  t r a n s f e r  from t h e  environment t o  

t h e  skin or t h e  LCG. I n  e i t h e r  case, t h e  r e s u l t  izould be an  ove r ly  l a r g e  

heat  removal rate, which would, i n  tu rn ,  r e s u l t  i n  a negat ive heat  d e f i c i t .  

This e f f e c t  would be most yronouiiced f o r  t h e  lowest sk in  and LCC, i n l e t  

water temperarures, but may be pr.:sent f o r  t h e  o t h e r  test  condi t ions.  

Based upon t h e  hea t  d e f i c i t  va lues  found i n  t h i s  tes t  series, and 

t h e  l i m i t s  of r a d i a t i o n  heat  l e a k  comensurn te  wi th  t h e  phys ica l  p r o p e r t i e s  

of t h e  a rc t ic  covergarment, a va lue  of 30 watts appears  t o  be a reasonable 

estimate o t  t h e  a c t u a l  r a d i a t i o n  heat t r a n s f e r  from t h e  environment i n t o  

t h e  manfsuit syriem. Although t h i s  va lue  prcbably changes f o r  each t e s t  

condi t ion (being somewhat l a r g e r  a t  t h e  lower metabolic ra te-  slid smaller 

a t  t h e  higher  metabolic r a t e s ) ,  i t  r ep resen t s  an average which would 

enhance t h e  heat  balance c a l c u l a t i o n s ,  and y e t  is q u i t e  reasonable.  I t  

should a l s o  be noted that t h e  e f f e c t  would be less s i g n i f i c a n t  f o r  higher  

LCG i n l e t  temperatures,  s i n r e  t h e  "sink" temperature would more c l o s e l y  

approach t h a t  of t he  environment. 

F ina l ly ,  i t  should be observed that the  a c t u a l  heat  d e f i c i t s  are 

probably a consequence of  a combination of the  abnve f a c t o r s ,  r a t h e r  than 

any m e  i n  p a r t i c u l a r .  It i s  l i k e l y  that shiver ing and e r r o r s  i n  evapora- 

t i o n  heni l o s s ,  heat  s to rage  r a t e  and r a d i a t i o n  heat  l o s s  a l l  combined t o  

produce the  negat ive hea t  d e f i c i t  values  of Table 3-1. 
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Tr ansient Rem 1 t 8 

Typical r e s u l t s  for the transient response of skin and rectal tempera- 

t u r e s  are shown i n  Figures  3-1 t o  3-4. The 4 tests shown rep resen t  t h e  

d a t a  f o r  2 d i f f e r e n t  metabol ic  rates (0r.e low and one high) each a t  t h e  

2 LCG i n l e t  water temperatures u t i l i z e d  (7°C and 16OC). 

The m o s t  Immediate observat ion about t h e s e  d a t a  is that for t h e  lower 

LCG i n l e t  temperature, a l l  body temperatures were observed t o  decrease 

over t he  du ra t ion  of the test f o r  t h e  lower metabolic rate (Figure 3-1). 

Hovever, f o r  t h e  s a m e  i n l e t  temperature a t  t h .  higher  metabolic r a t e  

(Figure 3-2), t h e  r e c t a l  temperature,  and t h e  temperature of t h e  a r m s  and 

l e g s  are shown t o  s i g n i f  i c a n t  ly i nc rease  whi le t h e  forehead undergoes 

l i t t l e  change and t h e  c h e s t  d rops  markedly. 

A t  t h e  higher  LCG i n l e t  temperature, t h e  r e s u l t s  are somewhat 

simi’-r, except e levated i n  a l l  cases. That is, a t  t h e  lower metabolic 

rate (Figure 3-3), t h e r e  is l i t t l e  change i n  most of t h e  body temperatures,  

w i th  the  ches t ,  arms and l e g s  showing s l i g h t  decreases .  For t h e  higher  

metabolic ra te  (Figure 3 - 4 ) .  a l l  temperatures are observed t o  inc rease  

except t h e  ches t ,  which decreases .  

I? general ,  those s k i n  temperatures i n  which t h e  LCG is  i n  contact  

with the  sk in  i n i t i a l l y  dec rease  a s  the  test begins. However, as t i m e  

progresses, t he  reginns i n  which muscle a c t i o n  was minimal [such a s  t h e  

ches t  or t he  back) cont inue t o  drop, while t h e  r eg ions  of vigorocs 

muscular a c t i v i t y  (such as t h e  arms and l e g s )  begin t o  inc rease  as the  

heat produced by t h e  cearby muscles reaches t h e  s k i n  su r face .  The l a g  

t i m e  required f o r  t h i s  t o  occur appears  t o  be i n  t he  o rde r  of 30 t o  45 min, 

a r e s u l t  f o r e c a s t  by the  mathematical model ( s o l i 4  l i n z s ) .  The co ldes t  
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s k i n  temperatures monitored were those of t h e  c h e s t  and the th igh ,  while 

t h e  wannest was t h e  forehesd, vhich was not i n  con tac t  w i th  t h e  LCG. 

The pred ic t ions  of t h e  mathematical model are shown i n  Figures  3-1 

t o  3-4 as s o l i d  l i n e s .  

t h e  test da t a .  

s k i n  temperature, and Cor t o t a l  body heat  s torage.  Differences between 

p red ic t ions  and a c t u a l  r e s u l t s  f o r  s e v e r a l  individua; s k i n  temperatures 

were g rea t e r .  These v a r i a t i m s  are a consequence of s e v e r a l  complex 

phenomena and w i l l  be discussed subsequently, a f t e r  o t h e r  r e s u l t s  are 

Jxamined . 

I n  general ,  t h e r e  is reasonable  agreement with 

The most accu ra t e  p r e d i c t i o n s  are f o r  r e c t a l  and mean 

Tine bulk of t h e  information gained from th i s  t e s t  series is derived 

from ana lyc r s  of t h e  s teady-state  r e s u l t s .  These are shown f o r  a l l  11 

test condi ions i n  Table 3-1, and beginning with Figure 3-5, an  a n a l y s i s  

of t h e  hea: removal c h a r a c t e r i s t i c s  of t h e  LCG. 

LCG Heat .,emoval 

Figure 3-5 shows t h e  heat  removal c a p a b i l i t y  of t h e  l i q u i d  condition- 

ing garment (LCG) a t  v a r i o u s  metabolic ra tes  and water h l e t  temperatures. 

The LCG heat  removal r a t e  is  determined from e q u a t i m  5 of Sect ion 2. Test 

da t a  using LCG i n l e t  water temperatures of 7"  and 16OC are shown, along 

with the  t h e  data  Qf Santamnria (112) f o r  hiTher temperatures of 27-26OC. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  LCG heat removal r a t e  is  a n e a r l y  

l i n e a r  func t ion  of metabolic r a t e ,  f o r  metabolic ra tes  between 100 a n i  

620 w a t t s .  The s lopes  of t he  l i n e s  f o r  7 O C  and 16OC are approximately 

equal (s lope = change i n  LCG heat removal p e r  u n i t  change i n  metabolic 

rape (z. 0 . 4 ) , ,  with the  cooler  i n l e t  water temperature curve displaced 

T vi? , ' i c ted  r e s u l t s  from the  mathematical model a r e  shown by 
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t h e  s o l i d  l i n e s ,  and agreement between t h e  test and predicced r e s u l t s  is  

f a i r l y  good. 

A t  f i r s t  glance, d i f f e r e n c e s  between t h e  test and predicted results 

appear t o  be a t t r i b u t a b l e  to  t h e  heat  t r a n s f e r  c o e f f i c i e n t  between t h e  

sk in  and the  LCG (See Equation 10, Appendix C). The model assumes a 

f ixed  heat t r a n s f e r  coeff i c i e n t  (Figure 3-6), whereas t h e  a c t u a l  heat  

t r a n s f e r  Coef f i c i en t  may va ry  considerably from test  t o  test f o r  va r ious  

reasons. One of t h e s e  is t h e  a c t u a l  f i t  of t h e  LCG. For t h e s e  tests, 

a l l  5 s u b j e c t s  used the sane LCG, a l though t h e  s u b j e c t s  d i f f e r e d  i n  

physical  s i ze .  Thus, t h e  e f f i c i e n c y  of t h e  LCG was not  t h e  same from 

sub jec t  t o  sub jec t .  

Another important v a r i a b l e  is the degree of wetness of t h e  unde r l ine r  

that sepa ra t e s  the tubes  of t h e  LCG. The l i n e r  must be f u l l y  w e t  from 

p e r s p i r r r i o n  i n  o rde r  t o  e s t a b l i s h  a maximm conductive pa th  between t h e  

tubes. This  acts  t o  inc rease  the  e f f e c t i v c  su r face  area of t h e  LCC, i n  

much the  same manner a s  f i n s  ac t  t o  inc rease  t h e  e f f e c t i v e n e s s  of a heat 

exchanger. I f  the l € n e r  i s  not  f u l l y  w e t ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  

and t h e  LCG heat  removal rate w i l l  vary depending upon t h e  degree of 

wetness. The f a c t  t h a t  t h e  test d a t a  d i d  not  e x h i b i t  s i g n i f i c a n t  varia- 

t i o n s ,  and t h a t  t h e  predicted r e s u l t s  were lower than t h e  a c t u a l  d a t a  by 

a near ly  constant  amount i n d i c a t e s  t h a t  the  heat  t r a n s f e r  c o e f f i c i e n t  

used by t h e  model may be low, r e s u l t l - ,  .n s l i g h t l y  less heat  removal 

than observed i n  t h e  tests. 

For t he  highest  i n l e t  temperatures,  t h e  o r i g i n a l  raw d a t a  of 

Santamaria showed considerable  s c a t t e r  i n  hea t  t r a n s f e r  c o e f f i c i e n t  values .  

Furthermore, t h e  viilues were general'-y lower than those observed i n  t h i s  

test  s e r i e s .  For t h i s  reason, t h e  u s t  of Santamaria 's  experimental  d a t a  

3- 8 



(112) was 1irnitc.t t c  'beat t r a n s f e r  c o e f f i c i e n t  v a l u e s  between 10 and 

25 w a t t s / * C ,  r e s u l t s  c o n s i s t e n t  w i th  t h e  Apollo-type LCCs used i n  S e r i e s  

A-E. Also, s l i g h t  d i f f e r e n c e s  i n  test cond i t ions ,  and i n  t h e  ou te r  cover 

garment used by t h e  tes t  s u h i e c t s  contr ibuted t o  d i f f e r e n c e s  between the  

r e s u l t s  of Santamaria and t h e  predicted resul ts .  tlowcver, t h e  important 

point  is that t h e  t r ends  shown by these  d a t a  are b a s i c a l l y  i n  agreement 

with t h e  predicted r e s u l t s .  

The r e s u l t s  of t h i s  test series i n d i c a t e  t h a t  a cons ide rab le  per- 

T h i s  centage of t h e  metabolic heat  generated was absorbed by t h e  LCC. 

was e s p e c i a l l y  t r u e  a t  t h e  co lde r  i n l e t  temperature where lOFX or more of 

the  metabolic heat  produced was removed by the  LCG fo r  metabolic r a t e s  

below 440 watts.  For such cnnd i t ions ,  t he re  w a s  an ove ra l l  negat ive heat  

balance and tes t  s u b j e c t s  were s u b j e c t i v e l y  co ld ,  w i th  f requent  shiver ing.  

The negat ive heat  balance WAS manifested by negat ive heat  s to rage  values .  

These were ca l cu la t ed  using equat ion 3 of Section 2,  and determined f o r  

each sub jec t  over t h e  du ra t ion  of each test. They a r e  ind ica t ed  by t h e  

numbers located near each d a t a  point  of Figure 3-5. 

Additioi-a1 i n s i g h t  may be Rained 5y r e p l o t t i n g  t h e  r e s u l t s  of 

Figure 3-5  i n  terms of t h e  percentage of metabolic hea t  production removed 

by the  LCG (LCC heat  removnllmetabolic r a t e )  vs .  LCC i n l e t  temperature. 

This  i s  shown i n  Figure 3-7. I t  i s  noted t h a t  t he re  was a ve ry  sharp 

increase i n  LCG heat  removal from 307 t o  over 1002 of t h e  metabolic heat  

production as LCC i n l e t  temperature decreased from 29OC t o  7'C. 

more, most o f  the  da t a  f a l l  within a f a i r l y  narrow band, which i s  shown 

bounded by t h e  l i n e s  r ep resen t ing  model p r e d i c t i o n s  of 585  and 234 wa t t s .  

The f a c t  t h a t  t he  observed da ta  € o r  a wide ranRe of metabolic r a t e s  f a l l  

i n t o  a narrow band i l l umina te s  t h e  f e a s i b i l i t y  of using t h i s  relatioirs ' i ip 

Further- 
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as a means of pred ic t ing  metabolic rate from LCG performance. 

seen that i f  t h e  LCG hea t  removal and i n l e t  temperature are known, an 

estimate of metabolic ra te  can be determined from t h e  d a t a  of Figure 3-7. 

It can be 

Obviously, i f  t h e  band of d a t a  were narrower, t hese  estimates would 

be more accurate.  Considerable scatter i s  introduced as a consequence of 

t h e  f a c t  that many of t h e  test p o i n t s  i n  t h i s  series cons i s t ed  of o f f -  

comfort condi t ions.  That i s  t o  say ,  t h e  s u b j e c t s  were no t  permitted t o  

c o n t r o l  t h e  LCG i n l e t  water temperature i n  order  t o  m a i n t r h  comfort. 

a consequence, many of t h e  test condi:ions were too cold.  Mcst of the  

d a t a  scatter i n  the  band of Figure 3-7 occurs  i n  t h e  region of colder  LCC 

i n l e t  temperatures and is  as soc ia t ed  with s u b j e c t s  who were too cold and 

f r equen t ly  shiver ing . 

As 

Shivering r e s u l t s  from depressed s k i n  and r e c t a ?  temperatures,  which 

cause a r e f l e x  involuntary c o n t r a c t i o n  of t he  s k e l e t a l  musculature. The 

mechanism of d e t e c t i o n  and c o n t r o l  is by means of thermoreceptors i n  the  

s k i n  and hypothalamus (8,15). The involuntary muscular c o n t r a c t i o n  causes  

increased heat  production which is ind i s t ingu i shab le  from t h e  heat  of 

metabolism. Consequently, sh ive r ing  i s  an off-comfort cond i t ion  t h a t  can 

produce thermal e f f e c t s  which w i l l  cause v a r i a t i o n s  i n  d a t a  from va lues  

expected under comfort condi t ions.  

In  f a c t ,  any off-comfort condi t ion which results i n  s i g n i f i c a n t  

thermoregulatory ad j us tnen t s , such a s  vasod i l a  t a  t ion, vasocons tr i c  t ion, 

extreme sweating o r  sh ive r ing ,  w i l l  a l t e r  thP means by which t h e  body 

d i s s ip - , t e s  heat  and t h e r e f o r e  change the  normally l i n e a r  r e l a t i o n s h i p  

t h a t  ... ists Jetween heat production and heat loss a t  cornfort. I t  w i l l  be 

shown l a t e r  t h a t  if s u b j e c t s  a r e  permitted +o r e g u l a t e  t he  IXC, i n l e t  

temperature in  order  t o  maintain thermal comfort over a wide range of  
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metabolic rates, that t h e  scatter f n  LCG heat  removal d a t a  i s  much less, 

with the  r e s u l t i n g  improvement i n  metabolic ra te  estimates from LCC 

performance. 

It should also  be noted t h a t  t h e r e  i s  very good agreement between 

t h e  computer model p r e d i c t i o n s  and test  d a t a ,  emphasizing t h e  c a p a b i l i t y  

of t he  mathematical s imulator  t o  p r e d i c t  accu ra t - ly  the  heat  removal 

c h a r a c t e r i s t i c s  of t he  LCG i n  response t o  t h e  va r ious  t es t  Londitions.  

From t h e  apparent l i n e a r i t y  of Figure 3 - 5 ,  i t  might be concluded 

t h a t  an incremental  i nc rease  i:! t he  heat  produced by the  muscles w i l l  

reach t h e  s k i n  and be removed i n  a l i n e a r  fashion by the  LCG. However, 

i t  is necessary t o  observe r e l a t i o n s h i p s  between sk in  temperature,  LCC 

performance, and c her  f a c t o r s  i n  order  t o  c l a r i f y  t h i s  hypothesis.  

The d a t a  of Santamaria show t h e  same t r ends  as  t h e  observed t e s t  

d a t a ,  but with a considerably lower LCC, heat  removal r a t e .  Th i s  i s  a 

ccnsequence of t he  higher i n l e t  water temperatures and t h e  reduced 

temperature gradient  between t h e  sk in  and t h e  LCG water.  Since t h e  

gradient  r ep resen t s  t he  d r i v i y  fo rce  f o r  heat  t r a n s f e r  between the  sk in  

and the  LCG, i t  i s  expected t h a t  higher  i n l e t  water temperatures would 

r e s u l t  i n  decreased heat  removal by t h e  LL~:. I f  t he re  a r e  no o the r  means 

ava i l -ab le  f o r  removing t h e  -XCPSS heat  t h a t  cannot be removed by t h e  LCG 

a t  the  higher i n l e t  cemperatrirrs, body temperatures and heat  s to rage  w i l l  

r i s e .  This  i s  supported bv the  inc rease  i n  the  heat s to rage  va lues  shown 

in  Figure 3-5 f o r  progressively warmer i n l e t  water temperatures a t  constant  

metahnlic rates. For  example, a t  a metabolic r a t e  of approxinately 4 4 0  watts ,  

heat s to rage  inc reases  from -37 t o  +32 to  above 88 (p red ic t ed )  kat t -hours  

a s  I,CG i n l e t  temperntiire i nc reases  from 7 t o  16 t o  24-26°C.  
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Sweating and Evaporative Heat Lo% 

The consequence of decreased LCG heat  removal is an  inc rease  i-1 E t m  

and rectai  temperatures and body heat  s torage.  Since a c t i v e  sweat ra te  is 

d i r e c t l y  con t ro l l ed  by t h e  increaRe i n  core  and s k i n  temperatures,  i t  would 

be a n t i c i p a t e d  t h a t  t h i s  would lead t o  an inc rease  i n  sweat ra te  and 

evaporation heat  loss. The computer model u t i l i z e s  t h e  following r e l a t i o n -  

sh ip ,  developed by 

sweating: SWEAT * 

- T  
(0 

(Tcore cor  e 

Other i n v e s t i g a t o r s  

- T  
(0 1 + Kc (Tcore c o r e  (See equation 17, Sect ion 2) .  

re late  t h e  rate of change of s k i n  and r e c t a l  tempera- 

t u r e s  t o  sweat ra te ;  however, i n  a l l  cases, a rise i n  body tem;eratures 

and heat  s to rage  is a-sociated wi th  an inc rease  i n  a c t i v e  sweat rate.  

The expected r e l a t i o n s h i p s  between sweating and t h e  decreased LCG 

heat removal a t  high i n l e t  temperatures are shown i n  Figure 3-8. To ta l  

evaporative heat  l o s s  was ca l cu la t ed  from t o t a l  weight l o s s  f o r  each test 

condi t ion as  shown i n  t h e  sample c a l c u l a t i o n  i n  Appendix C. Th i s  was then 

cmver ted  i n t o  evaporat ion heat  loss from a c t i v e  sweat by s u b t r a c t i n g  ou t  

empirical expressions f o r  evaporation heat  loss by passive d i f f u s i o n  and 

by r e s p i r a t i o n  (equat iqns 5 and 7,  Appendix C ) .  The r e s u l t s  are p lo t t ed  

i n  Figure 3-8 as  a func t ion  of metabolic r a t e ,  and demonstrate tha  t h e  

sweating response is not i n i t i a t e d  u n l e s s  metabolic energy producti0.i  i s  

s u f f i c i e n t l y  high t o  exceed LCC heat  removal r a t e .  For higher  LCC, i n l e t  

temperatures, t he  sweat glands and a c t i v e  sweating are more eas i ly  

s t imulated,  even a t  r e s t i n g  metabolic r a t e s .  HOWe-Jer, as t h e  LCG i n l e t  

temperature decreased t o  16OC and then t o  7 " C ,  i t  required progressively 

higher i.,etabolic r a t e s  of 229 and 410 watts t o  e x c i t e  t he  sweating 
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response. 

a t  which active eweating f i r s t  occurred a t  each SCG i n l e t  temperature,  

as taken from Figure 3-8. From Figure 3-8, t h e  d a t a  f o r  24-26OC i n l e t  

temperatures show t h e  h ighes t  meat rates, whereas t h e  d a t a  f o r  7 O C  i n l e t  

temperaturcs show t h e  lowest. 

sweating w a s  reduced as LCG i n l e t  temperature was decreased,  and was 

dramat ica l ly  less than i t  would have been without t h e  LCG. 

This  is shown in Figure  3-9, which p resen t s  t h e  metabol ic  rste 

I n  a l l  cabes, f o r  a Given metabol ic  rate,  

Agreement between t h e  test d a t a  and the  model p r e d i c t i o n s  of 

Figure 3-8 is f a i r l y  good. 

than t h e  test da t a  €or  t h e  higher metabolic rates. However, t h i s  Is 

an t i c ipa t ed  from t h e  t o t a l  hea t  balance equat ion s i n c e  LCG hea t  removal 

p red ic t ions  were s l i g h t l y  l ess  than the  test da t a  va lues ,  while  t h e  o the r  

heat  l o s s  f a c t o r s  i n  t h e  equat ion were r e l a t i v e l y  cons tan t .  

Predicted va lues  tend t o  be s l i g h t l y  higher  

Inaccura te  e s t ima t ions  of r a d i a t i o n  hea t  exchange can a l s o  lead t o  

d i f f e rences  between t h e  model p red ic t ions  m d  t:esc da ta .  

p red ic t ions  shown, t h e  mathematical  mcr !el u t i l i z e %  t h e  environmental  

condi t ions  of each test a s  input  a d  then canmutes  r a d i a t i o n  and convection 

heat  1z.s between t h e  sub jec t  an6 h i 6  s~trrolrndlngs.  

sugpest that convective loss is unl ike ly ,  b u t  a small amount of r a d i a t i v e  

interchange fs probable.  Of course,  i h i s  depends l a r g e l y  upon the  

insu!.ation p r o p e r t i e s  assumec f o r  t h e  a r c t i c  cove ra l l  overgarment. The 

heat  balance da t a  of Table 3-1 e l s o  ind ica t e  t h a t  r a d i a t i o n  heat  exchange 

from t h e  environment t o  the  sub jec t  may have occurred. This  "leak," 

although small  (on t h e  order  of 30 wa t t s ) ,  would a l s o  p a r t i a l l y  expla in  the  

constant  e r r o r  found between t h e  pred ic ted  and a c t u a l  r e su l t s .  

Another source of e r r o r  is t h e  u t i l i z a t i o n  of body weight loss t o  

To produce t h e  

These c a l c u l a t i o n s  

c a l c u l a t e  evapora t ive  hea t  l o s s  rate and sweat ra te  f o r  each test sequence, 
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I n  a d d l t l o e  t o  'naccuracies due t o  unwaporated sweat, t h e  empirical 

expraseions f n r  evaporat.2.- hea t  loss through the  r e s p i r a t o r y  t ract  and 

€or  passive sk in  d i f f u s i o n  that must be subtracted from t h e  t o t a l  evapor- 

a t i v e  heat  loss d a t a  t o  a r r i v e  a t  sweat rate a r e  approximations wi th  a 

c e r t a i n  degree of p r  :or. 

The da ta  of Figure 3-8 ( h t h  predicted an'' test) d i s p l a y  a near 

rectilinear r e l a t i o n s h i p  between a c t i v e  sweating and metabolic r a t e .  

ic p x t i a l l y  because t h e r e  was no a c t i v e  sweating f o r  any of t h e  cases 

in which L t e  subjecKs wtre cold o r  shiver ing;  and a l s o  because sweat r a t e e ,  

in general ,  were very low, i n d i c a t i v e  of l i t t l e ,  i f  any, h e i t  rtress. 

Since shiver ing o r  high sweat rates would lead t o  d iscont inuous  o r  non- 

r e c t i l i n e a r  r e s u l t s ,  i t  it, reasonable t o  expect r e c t i l i r e a r i t y  i n  the  

absence of heat  stress. 

This 

Another observat ion about t h e  d a t a  of Figure 3-8 is t h a t  heat  removal 

by a c t i v e  st*e, +.ing c o n s t i t u t e s  a f a r  smaller prlrcentage of t h e  t o t a l  heat 

removal than do?s LCG heat  removal. This can be more c l e a r l y  seen by 

r e p l o t t i n g  the  d a t a  a s  t h e  r a t i o  of heat  removal by a c t i v e  sweat iug  t o  

t o t a l  metabolic r a t e ,  as a func t ion  of LCG i n l e t  t empera 'me (Figure 3-10) 

and compari!ig results with v+.gure 3-7. 

temperatures between 7 and l h " C ,  a c t i v e  sweat heat  removal ra te  v a r i e s  

frm 0 t o  16Z of the  t o t a l  metabolic heat production, as compared w j t L  

60 to  1"OX f o r  theCCC heat removal. 

da t a  from Santamaria show a g r e a t e r  range of sweat heat  removal wi th  

va' cs between 10 and 37% of ,he t o t a l  metabolic r a t e .  

Here i t  can be seen t h a t  a t  water 

A t  the  higher i n l e t  temperatures,  

The da ta  s c a t t e r  a t  high i n l e , .  temperatures implies  t h a t  under thzse  

condi t ions,  sweat r a t e  ib: dr iven  o r  con t ro l l ed  more by metabolic r a t e .  

Thie i a  emphasized by the higher  percentage Jf sweat heat  l o s s  r a t e s  a t  
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the Wher metabolic rates, as con t ra s t ed  with the l o w  Lcc temperature 

d a t a  in which metabolic rate makes l i t t l e  d i f f e r e n c e  in percent  h e a t  loss. 

Under t h e  latter condi t ions,  sweat rates are very  low a d  appear t o  be 

d r iven  or under t h e  c o n t r o l  of the UX;. However, i n  o rde r  t o  a s c e r t a i n  

that this is t r u l y  t h e  case, i t  w i l l  be necessary t o  exaaiine sweat hea t  

loss rate e - .  i ts  dependence upon skin and rectal temperatures and heat  

stol-nge. This w i l l  be done subsequently. 

The band of d a t a  r e l a t i n g  swea t  hea t  loss rate and LCG inlet tempera- 

tu re ,  e s p e c i a l l y  a t  the lower inlet temperatures, also raises t h e  p o s s i b i l i t y  

of us ing  these  r e s u l t s  as a means of pred ic t ing  active sweat rate from LCG 

performance. It can  be seen that i f  Figure 3-5 or 3-7 is u t i l i z e d  t o  pre- 

d i c t  metabolic rate from LCG i n l e t  temperature and LCG hea t  removal, ,.hen 

Figure 3-8 o r  3-10 can be coupled t o  th is  t o  p r e d i c t  active sweat hea t  l o s s  

rate (and active sweat rate). Of course, i n  o rde r  f o r  such a p r e d i c t i v e  

scheme t o  be v a l i d ,  it must be shown that t h e  t r e n d s  demonstrated by these  

r e s u l t s  are repea tab le  f o r  many o t h e r  tests over a w i d e  range of condi t ions.  

It is t o  t h i s  end t h a t  much of t h i s  t h e s i s  is d i r ec t ed .  

It should be emphasized t h a t  heat  l o s s  by a c t i v e  sweating is only 

one of t h r e e  ways t h a t  t h e  body u t i l i z e s  t o  lose hea t  by evapora t ive  heat  

t r a n s f e r .  Sweating is  a r e f l e x  response of t h e  thermoregulatory system 

t o  r i s i n g  body temperatures and hea t  stress. 

heat  by evaporation of water through t h e  r e s p i r a t o r y  t r a c t ,  and by con- 

t inuous passive d i f f u s i o n  of water through t h e  skin.  

However, t h e  body a l s o  l o s e s  

Evaporation heat  l o s s  by d i f f u s i o n  depends upon a d i f f u s i o n  c o e f f i -  

c i e n t ,  and the  water vapor p re s su res  of t h e  a i r  and a t  t h e  s k i n  surface.  

It may be ca l cu la t ed  us ing  equat ion 7 of Appendix C. This  r e l a t i o n s h i p  is 

i n  bas i c  agreement wi th  d a t a  from Fanger (SO) and Dther i n v e s t i g a t o r s  (57) 
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and the results for a typical case are shown in Figure  C6 of Appendix C. 

It is seen that w a p o r a t i o n  hea t  losr by d i f f u s i o n  at  comfort decreases  

with metabolic rate and r ep resen t s  a r a t h e r  n e g l i g i b l e  percentage of the 

t o t a l  evaporation heat loss .  

per iphera l  vascoconstruct ion,  a d  decrearrmi skin temperature and sa tura-  

t i o n  vapor pressure  a t  t h e  sk in  sur face ,  assoc ia ted  wi th  t h e  progress ive ly  

lower LCG water temperatures  u t i l i z e d  a t  t h e  higher  metabol ic  rates. 

The s l i g h t  decrease  shown is due to  increased 

On the o the r  hand, evaporat ion heat  l o s s  through t h e  r e s p i r a t o r y  

tract is q u i t e  s i g n i f i c a n t ,  e soec ia l ly  a t  higher  metabol ic  rates. Evapora- 

t i o n  hea t  loss by r e s p i r a t i o n  is ca lcu la ted  i n  t h e  mathematical model by 

equation 5 or  Figure C5 of Appendix C. 

dependent upon metabolic rate and t h e  water vapor pressures  of t h e  air and 

I n  t h e  r e s p i r a t o r y  t r a c t .  

exchanged i n  the  lungs,  and is predicated 0- t h e  observa t ion  t h a t  air  

insp i red  through t h e  r e s p i r a t o r y  tract a t  ambient environmental condi t ions  

w i l l  be expired a t  temperatures near deep body temperature and sa tu ra t ed  

a t  100% humidity. 

exchanged t o  metabolic rate and a l s o  inc ludes  o the r  e f f e c t s ,  such as  

hypervent i la t ion  In  response t o  hvpoxia (see Figure C4 of Appendix C). 

Although equation 5 ,  Appendix C is a s impl i f i ca t ion  of a complex process,  

t he  r e s u l t s  a r e  i n  g o d  agreement with observat ions of r e s p i r a t i o n  heat  

loss by o the r  inves t ig i? tors  (50). 

This expression is  shown to  be 

Heat l o s s  is r e l a t e d  t o  t h e  volume of a i r  

The heat  loss expressioil r e l a t e s  t h e  volume of a i r  

Figure 3-11 p resen t s  t he  t o t a l  l a t e n t  - . ,aporat ion heat  removal rate 

as a funct ion of metabolic r a t e  f o r  t he  var ious  LCG i n l e t  water tempera- 

t u r e s  used, The t o t a l  evaporation hea t  loss r e7 resen t s  t h e  summation of 

a c t i v e  meat hea t  ltss (Fi,:ute 3-8), evaporation hea t  loss by pass ive  

d i f fus ion ,  and evaporat ion heat  loss through t h e  r e s p i r a t o r y  t r a c t .  It 
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is determined from total subject weight loss for each test condition (see 

sample c a l c u l a t i o n  of Appendix C). Figure  3-11 shows that t o t a l  evapma- 

t i o n  heat  l o s s  is considerably g r e a t e r  than t h e  Ireat 108s by a c t i v e  

sweating alone. 

This is  shown more graph ica l ly  in Figure 3-12, which p r e s e n t s  t h e  

da t a  of Figure 3-11 as t h e  r a t i o  of t o t a l  evapora t ive  hea t  l o s s  to  

metabolic rate, as a func t ion  of LCG inlet water temperature. 

observed that t o t a l  evaporat ion heat  l o s s  removes as much as 52% of t h e  

t o t a l  metabolic heat load produced for t h e  higher  LCG i n l e t  temperatures 

(249 watts are removed by evaporat ion hea t  l o s s  a t  a metabolic rate of 

472 watts f o r  an LCG i n l e t  water temperature of 24OC). 

lower i n l e t  water temperatures,  t h i s  percentage is still much smaller than 

the  LCG heat  removal, u sua l ly  amounting t o  approximately 25% of t h e  t o t a l  

heat produced. 

Here It is 

However, f o r  the 

Skin Tenperature, Rectal Temperature and Tota l  Body Heat Storage 

In  order  t o  mder s t and  more f u l l y  the  e f f e c t s  of t h e  LCG upon 

thermo-regulation, i t  is  i n s t r u c t i v e  t o  look a t  such phys io logica l  param- 

eters as sk in  temperature, r e c t a l  temperature, hea t  s to rage  and sweat 

rate, Figures 3-13 and 3-14 show t h e  s teady-s ta te  response of mean sk in  

and r e c t a l  temperature t o  LCG i n l e t  water temperatur.e and metabolic rate 

f o r  t h i s  test series. Mean sk in  temperature is ca lcu la t ed  by weighted 

values  of a t  l2ast f i v e  sk in  temperatures ( see  tqua t ion  2 of Sect ion 2) .  

The weight f a c t o r s  a r e  proportioned t o  r e l a t i v e  body mas8 and only 

s teady-state  temperatures are considered. 

F r m  the  s teady s t a t e  da t a  of Figure 3-13, represent ing  a composite 

of a l l  metabolic r a t e s  between 1 1 7  and 615 watts, it can be seen t h a t  
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rectal temperature remained nearly constant for e l l  water inlet temp- 

tures between 7 and 26OC, while mean skin temperature showed a dramatic 

linear increase, with a gradient of 0.32"C change in mean skin temperature 

per 1°C change in inlet temperature. At the lcder LCG inlet temperatures 

(7 a d  l6"C), skin temperature is controlled by the LCG water temperature 

rather thsn metabolic rate. 

represent a wide range of metabolic rates between 352 - 615 watts. 
the higher Inlet temperatures, the same conclusion is not as obvious 

because metabolic rates were generally lower and did not vary as widely. 

This is evident because these data points 

At 

It is suspected that skin temperature at the higher inlet temperatures 

would be more a function of metabolic rate (that is, heat production) than 

at lower LCG temperatures. 

which shows the variation of mean skin and rectal temperatures as a func- 

tion of metabolic rate. 

suggest a more direct increase In average skin temperature in response to 

metabolic rate than does the lower LCG temperature data. 

data points at higher metabolic rates are necessary to justify this trend 

since this data only represented metabolic rates between 205 and 293 watts. 

This is shown to some extent by Figure 3-14, 

The higher inlet temperature data of Santamaria 

However, more 

Comparing Figures 3-13 and 3-14, it should be noted that the varia- 

tion of skin temperature In response to metabolic rate for a constant LCG 

water temperature (Figure 3-14) is not as dramatic as the variation of 

skin temperarure as a function of LCG water temperature for all metabolic 

rates (Figure 3-13). This again emphasizes that skin temperature is more 

under the control of the LCG water temperature, especially at the lower 

water temperatures. As seen in Figure 3-13, rectal temperature appears 

to decrease somewhat because metabolic rate, and thus heat production, 

generally varied inversely with inlet temperature. On the other hand, 
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Figure 3-14 i n d i c a t e s  a rectilinear increase  i n  body temperature  with 

metabolic rate. 

and appears  independent of LCG i n l e t  temperature. 

demonstrated (97)  that rectal temperature varies d i r e c t l y  i n  response t o  

metabolic rate and is  l a r g e l y  independent of heat loss at t h e  sk in  surface.  

The s lope  of t h e  c u m e  f i t  to  t h e  d a t a  is 0.003S°C/watt 

In f a c t ,  it has been 

In  Figure 3-14, t h e  pred ic ted  (mathematical model) r e s u l t s  are shown 

as s o l i d  l i n e s ,  and agreement wi th  t h e  a c t u a l  d a t a  p o i n t s  is reasonable.  

There is very good agreement between predicted and a c t u a l  rectal tempera- 

t u re s ,  while predicted mean s k i n  temperatures are gene ra l ly  l o w e r  than 

ac tua l  r e s u l t s .  

pera ture  may be t raced t o  ind iv idua l  sub jec t  v a r i a t i o n s  from test t o  

test ( 5  d i f f e r e n t  sub jec t s  were used),  t o  d i f f i c u l t i e s  i n  measuring sk in  

temperatures accu ra t e ly  due t o  t h e  proximity of t h e  s k i n  thermocouples 

t o  the  LCG water tubes with r e s u l t a n t  poss ib l e  b ias ing ,  and t o  shortcomings 

and s impl i f i ca t ions  of the  thermal model i t s e l f .  

Var ia t ions  between predicted and actual mean sk in  tem- 

The model p red ic t ions  of mean sk in  temperature appear t o  d e v i a t e  from 

the  a c t u a l  resul ts  by almost t h e  same amount (2-3OC) f o r  each LCG i n l e t  

water temperature. This raises the  p o s s i b i l i t y  t h a t  t h e  model may be 

underpredict ing t h e  hea t  production that occurs  i n  va r ious  t i s s u e s  a t  a 

given metabolic rate,  which would lead t o  lower pred ic ted  sk in  temperatures 

i n  c e r t a i n  a reas ,  and a low mean sk in  temperature. This  w i l l  be  discussed 

f u r t h e r  i n  t h e  subsequent a n a l y s i s  of t he  t r a n s i e n t  r e s u l t s .  However, 

another l i k e l y  p o s s i b i l i t y  is that t h e  model may be over ly  r e s t r i c t i n g  

per iphera l  blood flow c i r c u l a t i o n ,  e spec ia l ly  a t  cooler  sk in  temperatures.  

This could be caused by oversimulation of vasocons t r i c t ion ,  o r ,  perhaps, 

under slmula t ion of va sod i l a  t a t  ion. 
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Sioce both of these phys io logica l  c o n t r o l  func t ions  are charac te r ized  

in the model by camplicated express ions  conta in ing  set-point  temperatures  

and gain constants (see equat ion  17, Sect ion 2), i t  would be d i f f i c u l t  to  

ascribe such e r r o r s  t o  the model v i t h o u t  considerably more d a t a  and 

a n a l y s i s  than are a v a i l a b l e  from t h e  present  test series. 

f a c t o r s  should not be overlooked as a poss ib l e  source  of error. 

However, those  

The f a c t  that t h e  model under-predicts m e a n  skin temperature sheds 

added l i g h t  on t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  p l o t t e d  i n  Figures  3-5 

and 3-8. 

were t raced  t o  poss ib l e  e r r o r s  i n  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  o r  t h e  

r a d i a t i o n  hea t  exchange p r o p e r t i e s  used by t h e  model. 

underpredict ion of s k i n  temperature may a l s o  be a s i g n i f i c a n t  source of 

e r r o r ,  s i n c e  t h e  d r i v i n g  f o r c e  f o r  hea t  t r a n s f e r  t o  t h e  LCG is t h e  tempera- 

t u r e  d i f f e r e n c e  between t h e  LCC, water and t h e  skin.  These f a c t o r s  w i l l  be 

examined subsequently in more d e t a i l ;  however, f o r  t h e  d a t a  of Figure 3-14, 

t h e  predicted behavior of t h e  mathematical model has some value  I n  i n t e r -  

p r e t a t i o n  of t h e  t r ends  shown by t h e  test da ta .  

Differences i n  t h e  pred ic ted  and actual r e s u l t s  of t hese  curves  

Now it appears  that 

The S-shape of t h e  7 O C  curve i n  Figure 3-14 probably r e s u l t s  i n  p a r t  

from vasocons t r i c t ion  e f f e c t s  which are predicted by t h e  model f o r  skin 

temperatures below 24OC a t  metabolic r a t e s  below 360 watts, and were noted 

by Webb (155). A t  t hese  metabol ic  rates and water temperatures,  s k i n  

temperature is depressed, and vasocons t r i c t ion  and sh ive r ing  with increased 

heat  r e t e n t i o n  by t h e  deep body is predicted.  For t h i s  reason,  t h e  sk in  

temperature remains cons tan t  a t  very low metabolic r a t e s  (dashed l i n e ) .  

The hea t  reaching t h e  sk in  is  r e s t r i c t e d  because t h e  pe r iphe ra l  blood-flow 

remains reduced u n t i l  t h e  metabol ic  r a t e  i nc reases  enough t o  d r i v e  t h e  sk in  

temperature up by means of conduction of hea t  from t h e  deep body. 
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As metabolic rate increases beyond 360 wafts, sh ive r ing  ceases, and 

heat production and skin blood-flow eventua l ly  increase u n t i l  pe r iphe ra l  

c i r c u l a t i o n  is f u l l y  r e s to red  and a c t i v e  sweating is i n i t i a t e d .  For t h e  

test da ta  shown, t h i s  appears  t o  occur a t  a metabolic rate of approximately 

400 watts f o r  t he  7 O C  water temperature, i n  agreement with t h e  r e s u l t s  of 

Figure 3-9. As metabol ic  rate is increased f u r t h e r ,  t h e  s k i n  temperature 

cont inues t o  increase  as  vasod i l a t a t ion  and a c t i v e  sweating develop. 

As metabolic rate inc reases  beyond 440 watts, t h e  rise i n  sk in  

temperature ceases .  

because the  a c t i v e  sweat response is l a r g e  enough t o  o f f s e t  t h e  increased 

metabolic heat  production, and evaporation hea t  loss maintains  t h e  sk in  a t  

rlearly cons tan t  temperature. Thus, s k i n  temperature does not  apprec iab ly  

rise because the  hea t  removed by the  LCG and by evaporat ion are adequate 

t o  remove a l l  of t h e  heat  of metabolism. 

The mathematical model p r e d i c t s  that t h i s  occurs 

The shape of t h e  16OC inlet -water  temperature curve is 60mewhat 

d i f f e r e n t  in appearance. 

only a t  the  lowest metabolic rates. 

a c t i v e  sweating occurred a t  220 watts (see Figure 3-9). Skin temperature 

is not  depressed as much as f o r  t h e  lower water temperature case, and 

cont inues t o  rise a s  metabolic r a t e  increases .  This,  coupled t o  inc reases  

i n  core  temperature,  r e s u l t s  i n  l a r g e r  sweat rates, s u f f i c i e n t  t o  remove 

the  heat  of metabolism. The higher  sweat rates are requi red  because LCG 

heat  removal is less a t  the  higher  i n l e t  temperature and m i s t  be  supple- 

mented by evaporat ive heat loss. 

Pere the  model p r e d i c t s  vasocons t r i c t ion  e f f e c t s  

From t h e  test da ta ,  t h e  onset  of 

Core temperature,  skin temperature, pe r iphe ra l  v a s o d i l i t a t i o n  and 

sweating Zontinue t o  rise u n t i l  t he  las t  is high enough t o  balance t o t a l  

heat production with t o t a l  heat  loss. This  occurs  before  t h e  .i' h i  is  

3-21 



f u l l y  wetted, in a zone i n  which sweat rate can be g r e a t l y  increased wl th  

only s l i g h t  increases in s k i n  temperature. The r e s u l t  is a near-constant 

plateau i n  s k i n  temperature, wliich occurs  at lower metabolic rates than 

f o r  t h e  d a t a  of t h e  7 O C  case. 

Skin temperature u l t i m a t e l y  resumes its Inc rease  a t  h igher  metabolic 

rates (dashed l i n e )  because LCG heat  removal, sweating, and evaporat ive 

heat  l o s s  are even tua l ly  insuff  i c i e n t  t o  maintain a s t eady- s t a t e  hea t  

balance. A t  t h i s  po in t ,  t h e  s k i n  is f u l l y  wetted, and body h e a t  s torage,  

core  temperature, and s k i n  temperature must a l l  rise u n t i l  t h e  lat ter is 

s u f f i c i e n t l y  h igh  t o  raise t h e  vapor p re s su re  of water a t  t h e  skin surface.  

This augments evaporat ive heat  l o s s  enough t o  o f f s e t  t h e  increased metabolic 

rate but r e q u i r e s  a much g r e a t e r  rise i n  sk in  temperature than t h e  previous 

zone. 

The behavior of t h e  16OC curve again suggests  that as i n l e t  tempera- 

t u r e  increases ,  s k i n  temperature becomes influenced more by metabolic rate 

and less by t h e  LCG. 

t u r e s  seem t o  r e i n f o r c e  t h i s  idea f u r t h e r ,  but  again,  more d a t a  p o i n t s  a t  

higher metabolic rates are needed. 

The d a t a  of Santamaria f o r  t h e  24-26OC water tempera- 

As mentioned previously,  the  r e c t a l  temperatures d isp layed  i n  

Figure 3-14 show a general  i n c r e a s e  with metabolic rate. 

appreciable  d i f f e r e n c e  between t h e  d a t a  for  7 o r  16OC water temperatures. 

This general  i nc rease  is as soc ia t ed  wi th  an inc rease  i n  heat  production 

accompanied by a c t i v e  sweating i n  order  t o  maintain a proper t o t a l  heat  

balance a t  the  higher metabolic rates. 

mathematical model, and agreement with the test d a t a  i n  t h i s  case is 

exce l l en t  . 

There was no 

This  is t h e  t rend predicted by t h e  
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As mentioned previously,  t h e  dependence of active sweating upon &In 

temperature and co re  temperature is w e l l  known (8, 15, 49, 65, 107, 139). 

This  r e l a t i o n s h i p  was observed i n  t h e  present  test series and is seen i n  

Figures  3-15, 3-16, 3-1 7 and 3-18. 

Figure 3-15 i n d i c a t e s  a genera l  i nc rease  i n  t h e  a c t i v e  sweat rate as 

sk in  temperature inc reases  from 24 t o  32OC, and Figure 3-16 shows a sub- 

s t a n t i a l  increase  i n  a c t i v e  sweat ra te  with a rise i n  rectal temperature 

from 36.5OC t o  38.SOC. Thus, sweat rate appears  t o  be more s e n s i t i v e  t o  

a change i n  rectal  temperature than a change i n  s k i n  temperature,  as  

emphasized by t h e  g r e a t e r  s lope  of Figure 3-16 compared t o  Figure 3-15. 

This  is demonstrated i n  another  way by Figure 3-17, which r e l a t e s  t h e  

change i n  average sk in  and rectal  temperatures measured over t h e  du ra t ion  

of each test  t o  active sweat r a t e .  Here, inc reases  i n  average sk in  tem- 

pe ra tu res  on the  order  of 5 6 ° C  are required t o  produce t h e  same equivalent  

meat rates a s  an  inc rease  of 1.5OC i n  r e c t a l  temperature. 

type of observa t ion  t h a t  has l ed  phys io log i s t s  t n  t h e  conclusion t h a t  t h e  

response of t h e  thermoregulatory con t ro l  system ( i n  t h i s  case, sweating) 

t o  changes i n  sk in  temperature c o n s t i t u t e  a less s e n s i t i v e ,  " f ine  tuning" 

type of con t ro l ,  while  adjristments i n  response t o  changes i n  deep body 

(or hypothalamic) temperature a r e  assoc ia ted  wi th  a more s e n s i t i v e  

homeostatic con t ro l  mechanism (101). 

It is t h i s  

Concernirg t h e  model p red ic t ions  shown i n  Figures  3-15 and 3-16, i t  

is  seen t h a t  t h e  model r e s u l t s  show t h e  same t r ends  a s  t h e  d a t a ,  The 

sepa ra t e  p red ic t ions  f o r  7' and 16°C LCG i n l e t  temperatures  i l l u s t r a t e  

t he  f a c t  t h a t  sweating depends upon both sk in  and co re  temperature.  Thus, 

f o r  example, it is  poss ib l e  t o  have t h e  same sweat r a t e  f o r  low sk in  

temperatr, c1s and high r e c t a l  t enpera tures  a s  f o r  high sk in  temperatures  

3-23 



and lower rectal temperatures.  It is noted that for the skin temperature 

curve, t h e  onset  of sweating is predic ted  t o  occur considerably before  it 

a c t u a l l y  did.  The same discrepancy is present ,  a l though much less 

not iceable , in  t h e  rectal temperature curve. Thus, the model p r e d i c t s  the 

occurrence of sweating a t  lower sk in  o r  r e c t a l  temperatures than was 

a c t u a l l y  observed; and a l s o  p r e d i c t s  higher eweat rates f o r  a gtven s k i n  

o r  rectal temperature. 

These f ind lngs  may expla in  why p red ic t ions  of sweat hea t  loss rate 

and t o t a l  evaporat ive heat  loss rate (Figures 3-8 and 3-11) were good 

desp i t e  t h e  f a c t  that sk in  temperature w a s  underpredicted.  

t he  model s imulat ions of sk in  temperature (Figure 3-14) and s w e a t  rate 

(Figures 3-15, and 3-16) deviate from t h e  a c t u a l  r e s u l t s  i n  an opposing 

fashion. 

because e r r o r s  i n  p red ic t ions  of sk in  temperature and p r e d i c t i o n s  of t h e  

e f f e c t s  of sk in  temperature upon sweating tend t o  cancel one another  out.  

The d a t a  of Figure 3-17, on t h e  o t h e r  hand, show much b e t t e r  agreement 

between the  acvual and predic ted  change i n  sk in  and r e c y i l  temperatures  

versus  sweat rate. 

the  i f f e c t  of a change i n  sk in  o r  rectal  temperature upon sweating than i n  

r e l a t i n g  the  absolu te  sk in  o r  r e c t a l  temperature t o  sweating. 

I n  o the r  words, 

The t o t a l  e f f e c t  is  that t h e  heat  balance is gene ra l ly  accu ra t e  

Thus, t h e  model appears t o  be b e t t e r  a t  p red ic t ing  

In l i g h t  of t he  above, i t  would seem that aome of t h e  se t -poin t  

temperatures used i n  t h e  equat ions charac te r iz ing  sweat i n  t h e  model 

(equations 14-17, Sect ion 2)  may be too low, while t h e  ga in  cons t an t s  

u t i l i z e d  .ippear t o  be accura te .  This  would lead t o  a premature predicted 

onset of sweating, y e t  wi th  a co r rec t  s lope and an accu ra t e  p red ic t ion  of 

the  e f f e c t  of changes i n  sk in  and r e c t a l  temperature upon sweating. 
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Modifying t h e  set-point  temperatures i n  accordance wi th  t h e  above, 

while simultaneously becreasing t h e  model's vasocons t r i c t ion  func t ion  

(or  increas ing  v a s o d i l a t a t i o n ) ,  would probably produce a rise i n  sk in  

temperatures with l i t t l e  e f f e c t  upon sweating, t hus  brii iging p red ic t ions  

more i n t o  agreement with a c t u a l  r e s u l t s .  

dynamic i n t e r a c t i o n s  of t he  model ( the  sweating func t ion  i n d t r e c t l y  

i n t e r a c t s  with the  vasocons t r i c t ion  funct ion,  e t c . ) ,  t hese  changes may not  

produce the  r e s u l t s  that appear obvious from f i r s t  glance,  

many o ther  f a c t o r s  have been mentioned i n  t he  test i t s e l f  which could 

con t r ibu te  t o  t h e  observed e r r o r s ,  and it is l i k e l y  that a combination of 

these  f a c t o r s  is respons ib le .  Con..equently, i t  w i l l  be  necessary t o  

examine more results,  and poss ib ly  perform more t e s t s ,  before  a p a t t e r n  

emerges t h a t  would reasonably j u s t i f y  and guide modif icat ion t o  t h e  con- 

t r o l l i n g  parameters of v a s o d i l a t a t i a n ,  vasocons t r ic t ion  and sweating i n  

the  model. 

llowever, due t o  t h e  complex 

Furthermore, 

Perhaps a more use fu l  means of eva lua t ing  the  sweating response I s  by 

t he  computation of t o t a l  body hea t  s torage.  Tota l  heat  s to rage  is a 

measure of t h e  change i n  body hea t  from the  beginning t o  t h e  end q €  a par- 

t i c u l a r  test. It r e f l e c t s  t h e  change i n  both sk in  and r e c t a l  t empera t -xes  

(see equation 3, s e c t i o n  2) as measured over a spec i f i ed  t i m e  per i Jd .  

The v a r i a t i o n  of a c t i v e  sweat r a t e  with body hea t  s to rage  is shown 

along with model p red ic t ions  i n  Figure 3-13. 

t o  sweaticp,  variati .org and s c a t t e r  i n  skin temperature d a t a  tend t o  be 

damped ou t ,  as t c c t a l  temperature i s  more heavi ly  weighted i n  t h e  calcula-  

t i o n  of heat  s tbrage .  Consequently, t he  P red ic t ions  of a c t i v e  sweat rate 

versus  t o t a l  body heat  s to rage  a r e  i n  very good agreement wi th  a c t u a l  

results ( s ince  p red ic t ions  of r e 5  t-31 temperature were more accu ra t e ) .  

I n  r e l a t i n g  body hea t  s to rage  
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Figure 3-18 a l s o  shows a s t rong  linear r e l a t i o n s h i p  between a c t i v e  sweat 

rate and heat  s torage ,  wi th  a s lope  of about 1.3 g/watt-hr . 
noted that the  model p r e d i c t s  some dependence of t h e  hea t  storage-sweat 

rate curve upon LCG i n l e t  temperature. 

t i o n s  of changes i n  sk in  and rectal  temperatures can produce t h e  same 

value  of heat  s torage ,  but s l i g h t l y  d i f f e r e n t  sweat rates. 

2 It should be 

This is because d i f f e r e n t  cmbina-  

The use of heat  s to rage  has  t h e  a d d i t i o n a l  advantage of provldlng a 

q u a n t i t a t i v e  means of assess ing  thermal comfort. .By r e l a t i n g  t h e  subjcc- 

t i v e  responses of test s u b j e c t s  to measured va lues  of body hea t  s torage ,  

t h e  Environmental Physiolozy Laboratory a t  the  Johnson Space Center of t h e  

Wational Aeronautics and Space Administration has  pos tu la ted  a comfort 

band f o r  test s u b j e c t s  wearing an LCC. This band varies l i n e a r l y  from 

0 -. + 19 watt-hrs s to red  body heat  a t  a metabolic ra te  of 146 watts t o  

60 - + 19 watt-hrs s tored  body heat  a t  a metabolic ra te  of 586 watts. 

s to rage  va lues  above the  upper  l i m i t s  of t h e  band r ep resen t  off-comfort 

warm condi t ions  and va lues  below t h e  lower l i m i t  r cpresent  off-comfort cold 

condi t ions.  

Heat 

The band was determined by not ing that s u b j e c t s  gene ra l ly  were com- 

f o r t a b l e  i f  sweat r a t e s  were l imi ted  between 0 t o  100 I. hr  f o r  metabolic 

r a t e s  of i46 t o  586 wat t s  r e spec t ive ly ,  The heat  s to rage  f o r  each sweat 

r a t e  was determined, Rnd i t  was t h i s  va lue  t h a t  was associaced with thermal 

comfort a t  each metabolic r a t e ,  Furthermore it  was found from t h e  

l i t e r a t u r e  (18) t h a t  sub jec t ive  f e e l i n g s  of  comfort var ied  from ind iv idua l  

t o  ind iv idua l  a t  each environmental condi t ion.  

The car iance in  sub jec t ive  comfort was co r re l a t ed  with a range of 

- +0.3OC i n  r e c t a l  temperature,  

comfort was then r e l a t e d  t o  a v a r i m c e  i n  h e a t  s to rage  of 2 19 watt-hours 

The v a r i a t i o n  in  r e c t a l  temperature a t  
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(see equat ion 3, Sec t ion  2). Thus, tis comfort band was derj-ved from a 

va lue  of heat s to rage  a s soc ia t ed  with a smef rate observed ac comfort a t  

a p a r t i c u l a r  metabol tc  rate; p l u s  a v a r i a t i o n  in hea t  s to rage  whicn 

accounts f o r  d i f f e r e n c e s  i n  t h e  sub jec t ive  f e e l i n g  of comfcrt experienced 

by va r ious  ind iv idua ls .  

It is poss ib le  t o  show that th38 comfort bar,? cafi he superimposed on 

curves of sweat heat- loes  (such as Figure 3-8) i n  such a way as t o  demm- 

strate that under comfort condi t ions ,  a sub jec t  wearing an LCG would l i m i t  

h i s  sweat heat- loss  rate t o  a very  small percentage of the t o t a l  metabol ic  

heat production. 

of t h e  J?.quid cooled garment. 

da t a  f o r  LCG hea t  removal, i t  would a l s o  be poss ib l e  t o  p r e d i c t  t h e  i n l e t  

temperature that would be se l ec t ed  and t h e  amount of k2a t  t h a t  must be 

removed by t h e  LCG i n  order  t o  optimize comfort. 

He would do so by c o n t r o l l i n g  t h e  i n l e t  water temperature 

By superimposing t h e  comfort band on the  

This  concept w i l l  be  demonstrated fo: subsequent tests, but  can be 

shown i n  another  way by Figure 3-19. 

presented as a func t ion  of w t a b o l i c  rate and LCG i n l e t  temperature  f o r  

eech test. 

s o l i d  l i n e s  and t h e  comfort band is shown superimposed on t h e  da t a .  

Here, t o t a l  body hea t  s to rage  is 

The p r e d i c t i o n s  o f  t h e  mathematical model are indica ted  by t h e  

Figure 3-19 shows t h a t  t he  heat  s to rage  curve fGr t h e  16'C in!.et water 

temperature is w e l l  above that f o r  t h e  co lde r  7 O C  water, a t  t h e  same meta- 

b o l i c  rate. 

t h a t  t h e  sweat rate is Sigher  f o r  t he  higher  i n l e t  temperature.  

body heat  s to rage  is a most convenient parameter wi th  which t o  r e l a t e  

a c t i v e  sweat r a t e  t o  m;-.tabolic rate and LCG i n l e t  trmpcrdture.  

I f  t h i s  i s  then r e fe r r ed  t o  Figure 3-18, i t  i s  easi ly  seen 

Thus, 

From Tigure 3-19, It I s  a l s o  seen t h a t  many of t h e  test  p o i n t s  l i e  

ou t s ide  of t h e  comfort band. AB mentioned previous ly ,  s u b j e c t s  had no 
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con t ro l  Over t h e  LCG i n l e t  temperature, and, in f a c t ,  most d a t a  p o i n t s  

were on the cold a ide  of comfort wi th  f requent  shiver ing.  Th i s  I s  shun 

very well by Figure 3-19, and is supported by t h e  sub jec t ive  comments of 

t he  test subjects .  It should be noted, however, that s l n c e  r e l a t i v e l y  few 

da ta  poin ts  were within,  o r  were above t h e  warm limit of the comfort 

band, add i t iona l  test d a t a  would be des i r ab le .  

regulated t h e  i n l e t  water temperature t o  maintain thermal comfort uni.ir a 

v a r i e t y  of environmental condi t ions  w i l l  be presented subsequently and w i l l  

underscore t h e  u t i l i t y  of t h i s  comfort band technique as a means of 

assessing thermal comfort. 

Test3 in which the s u b j e c t s  

Discussion of Er rors  

The r e s u l t s  of Figure 3-19 i l l u s t r a t e  t h e  usefu lness  of t h e  mathe- 

mat ical  model as  a t o o l  f o r  pred ic t ing  heat  s to rage  and thermal comfort. 

Overall agreement between t h e  test da ta  and t h e  pred ic ted  r e s u l t s  is 

exce l len t .  There is same s c a t t e r  f o r  t h e  more nega t ive  hea t  s to rage  

region; however, t h i s  is underxandable  because t h e  mathematical model is 

not w e l l  co r r e l a t ed  f o r  extreme cold o r  sh iver ing  condi t ions ,  p r imar i ly  

because of t h e  s c a r c i t y  of test data, and a l s o  because t h e  test d a t a  are 

very d i f f i c u l t  t o  eva lua te  f o r  sh iver ing  subjec ts .  

agreement in the  reg ions  of hear: s torage  near comfort is very good. 

On t h e  o t h e r  hand. 

It should a l s o  be pointed out  t h a t  although model p red ic t ions  of co re  

and ind iv idua l  sk in  temperature may dev ia t e  from test d a t a  t o  a g r e a t e r  

ex ten t  than does p red ic t ions  of heat  s torage ,  t h e  u t i l i t y  of t h e  model 

l i es  more i n  its a b i l i t y  t o  p r e d i c t  heat  s torage  and thermal comfort than 

in  i t s  a b i l i t y  t o  fo recas t  var ious  sk in  and r e c t a l  temperatures.  Differ-  

ences between a c t u a l  and predicted r e c t a l  and sk in  temperatures  may occur 

for  a v a r i e t y  of reasonc, not t h e  least  important of which are the  many 
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over s impl i f i ca t ions  inherent  i n  t h e  mathematical model. 

f i c a t i o n s  and proposed methods of improvement are discussed  subsequently. 

However, i t  should be noted that i f  t o t a l  body heat  s to rage  p r e d i c t i o n s  

are more accu ra t e  than those of ind iv idua l  skin and rectal temperatures,  

it simply suggests  that t h e  model Is p a r t i t i o n i n g  t h e  production and 

d i s s i p a t i o n  of hea t  among t h e  v a r i o u s  body compartments less accura t e ly  

than it is computing t h e  t o t a l  body hea t  balance. 

These oversimpli- 

This is seen t o  be t h e  case f o r  several of t h e  t r a n s i e n t  r e s u l t s  

?resented i n  Figures  3-1 t o  3-4. A l l  f ou r  tests showed reasonably good 

agreement between actual and predicted r e c t a l  temperature, average skir. 

temperature and hea t  s to rage ,  and In most cases t h e  mathematical model 

p red ic t ions  were s l i g h t l y  lower than t h e  test values.  

Comparison of predicted and actual i n d i v i d u a l  s k i n  temperatures shows 

that t h e  c h e s t  had t h e  g r e a t e s t  dev ia t ion  f o r  a l l  fou r  tests considered. 

This may have occurred through overpredict ion by t h e  model of t h e  percent- 

age of t h e  to ta l  heat  removed by t h e  LCG from t h e  chest .  

i f  t h e  percentage of t h e  t o t a l  water f lowrate  assigned t o  t h e  c h e s t  area of 

t h e  LCG is too high, then predicted ches t  s k i n  temperature w i l l  be too low. 

More s p e c i f i c a l l y ,  

The agreement between actual and predicted c h e s t  s k i n  temperature would 

be raproved simply by reducing t h e  proport ion of t o t a l  LCG f lowra te  t h a t  

goes t o  t h e  c h e s t  area. 

e n t i r e  t o r s o  a rea  as one region. That is, t h e  c h e s t ,  back, upper th ighs  

and groin are lumped i n t o  a so-called t runk or ches t  area. It can be seen 

from Figure 3-1 that t h e r e  can be a considerable  d i f f e r e n c e  i n  temperature 

between the  ches t  and t h e  back. Therefore,  ove r s impl i f i ca t ion  of t h e  

model i n  t h i s  r e spec t  r e s u l t s  i n  inaccurate  r ep resen ta t ion  of t h e  ches t  

sk in  area, I n  f u t u r e  ve r s ions ,  t h e  t o r s o  w i l l  be divided i n t o  d i s c r e t e  

I n  add i t ion ,  t h e  mathematical model treats t h e  
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reglone, thus permit t ing g r e a t e r  accuracy. 

d e t a i l  I n  Sect ion 4. 

This w i l l  be descr ibed  in more 

While t h e  d i f f e r e n c e s  between predicted and a c t u a l  s k i n  temperatures 

are less f o r  o the r  areas, such as t h e  arms, legs a forehead, i n  R o m e  

cases, they are s u b s t a n t i a l .  

a t  least i n  part, from t h e  lumped parameter techniques employed by t h e  

c u r r e n t  model. Future  v e r s i o n s  will u s e  a more accu ra t e  f i n i t e d i f f e r e n c e  

approach that wil l  account f o r  hea t  t r a n s f e r r e d  in two s p a t i a l  dimensions. 

It is suspected that t h e s e  d i f f e r e n c e s  arise, 

As mentioned previously,  o t h e r  p o s s i b i l i t i e s  f o r  t h e  d i f f e r e n c e s  

observed between a c t u a l  and predicted s k i n  temperatures inc lude  Inaccuracies  

in t h e  vasoconstriction/vasodilatation expressions u t i l i z e d  by t h e  model, 

and underpredict ions of l o c a l  hea t  production i n  v a r i o u s  t i s s u e s .  In  t h e  

case of the  former, changing t h e  set p o i n t s  o r  ga in  cons t an t s  of t h e  equa- 

t i o n s  of v a s o d i l a t a t i o n  o r  vasocons t r i c t ion  in such a way as t o  inc rease  

loca l i zed  pe r iphe ra l  blood-flow would r e s u l t  In an inc rease  i n  t h e  predicted 

local s k i n  temperature. 

t h e  ches t  area. 

This  would appear t o  be e s p e c i a l l y  app l i cab le  t o  

Prom t h e  t r a n s i e n t  d a t a  i n  Figures  3-1 t o  3-4, It w i l l  be noted that 

agreement between predicted and a c t u a l  heat  s to rage  is q u i t e  good d e s p i t e  

wide v a r i a t i o n s  i n  seve ra l  skin temperatures. 

F i r s t l y ,  heat  s to rage  is more heavi ly  dependent upon rectal o r  core  tempera- 

t u r e  ( for  which t h e r e  was good agreement between predicted and a c t u a l  

r e s u l t s ) ,  Ffore Important, however, is  t h e  f a c t  t!mt h e a t  e to rage  is  found 

from the  change In r e c t a l  and skin temperatures,  r a t h e r  than from t h e i r  

abso lu t e  values,  and t h e  model was more accu ra t e  a t  p r e d i c t i n g  the  changes 

t h a t  occurred i n  va r ious  body temperatures than i t  was a t  p r e d i c t i n g  t h e  

temperatures themselves. 
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This suggests that t h e  set-point  parameters used i n  t h e  vasocons t r ic -  

t i o n  terms may have been too  low, o r  those of t h e  v a s o d i l a t a t i o n  terms too 

high. I f  a d d i t i o n a l  a n a l y s i s  shows a c o n s i s t e n t  p a t t e r n ,  t h e  ind iv idua l  

sk in  temperatures which s h o w  t h e  l a r g e s t  dev ia t ion  from a c t u a l  r e s u l t s  may 

d i c t a t e  a modi f ica t ion  of t h e  set-pcmt parameters f o r  t h e  vasocofis t r ic t ion 

o r  v a s o d i l a t a t i o n  terms that c a n t r o l  blood-flow t o  those  s p e c i f i c  regions 

in t h e  model. 

As regards t h e  p o s s i b i l i t y  that t h e  model is underpredic t ing  l o c a l  

heat generation, t h e r e  are i n s u f f i c i e n t  d a t a  a t  hand t o  eva lua te  t h i s  

idea c r i t i c a l l y .  However, some comments are i n  order.  

The model d e t e r n i n e s  t o t a l  hea t  generat ion by a s s ign ing  a b a s a l  

metabolic rate t o  a l l  body t i s s u e s ,  and augments t h i s  by inc reas ing  t h e  

metabolic rate of t h e  muscles so that t o t a l  heat production adds up t o  t h e  

metabolic ra te  required to  perform a s p e c i f i c  task.  

increase f g r  each muscle reg ion  is p ropor t iona l  t o  t h e  relative s i z e  of 

the  muscle. 

The percentage 

In t h e  c u r r e n t  v e r s i o n  of t h e  model, t h e r e  is no at tempt  t o  partit '-on 

t h e  heat  production of v a r i o u s  muscles accordlng to t h e  s p e c i f i c  t a s k  being 

performed. 

of the  muscles does not consider  t h e  f a c t  that d i f f e r e n t  muscles are used 

more than o t h e r s  f o r  d i f f e r e n t  tasks. 

study required similar types Qf exe rc i se ,  t h i s  shortcoming did not impa3r 

t h e  use iu lness  of the  model. However, f o r  widely v a r i a n t  t ypes  of muscular 

a c t i v i t y ,  i t  w i l l  h e  necessary t o  account f o r  t h i s  f a c t o r  i n  f u t u r e  ve r s ions  

of the  model. 

I n  other  words, t h e  percentage inc rease  i n  t h e  heat  production 

Since a l l  tasks f o r  t h e  present  

\ 

In  add i t ion ,  t h e  node1 assumes that t h e  o the r  body organs generate  

a constant  amount of heat  (basa l )  that is  inva r i an t  during exe rc i se .  
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There is evldence t o  suggest th is  may not be t h e  case. 

a b s c v e d  c y l i c a l  changes i n  i n t e r n a l  body temperatures of primates,  and 

Webb (157) reported c y c l i c a l  changes i n  t h e  heat  s to rage  of human s u b j e c t s  

which m y  be a t t r i b u t a b l e  t o  a 24-hr t h y t b  i n  heat  gene ra t ion  by va r ious  

body o-gabm.  

of the local heat production terms can be f u l l y  understood, and t h i s  is 

certainly a poss ib l e  source of e r r o r  i n  t h e  model which could exp la in  

d i f fe renc : -s  between p red ic t ed  and a c t u a l  body temperatures. 

Hodgdon (90) 

I n  any case, f a r  more work is required be fo re  t h e  n a t u r e  

To c n c l u d e  t h e  a n a l y s i s ,  some observat ions about t h e  behavior of 

the  t r a n s i e n t  d a t a  i n  Figures 3-1 t o  3-4 are appropriate .  

for mst r J f  the  temperatures appears t o  be on t h e  order  of 30 t o  60 min; 

however, t h i s  is sub jec t  t o  v a r i a t i o n ,  depending on t h e  s e v e r i t y  of t h e  

test c m d i t i o n s .  For example, f o r  t h e  tests shown i n  Figures  3-2 and 3-3, 

most of t h e  temperatures had approached t h e i r  s t eady- s t a t e  va lues  approxi- 

mately 30 min a f t e r  t h e  s ta r t  of t h e  test. 

were f o r  cond i t ions  - - t h i n  t h e  comfort band. On t h e  o the r  hand, some 

temperatures i n  Figure 3-1 s t i l l  had no t  approached s teady state a f t e r  

180 min o?! t e s t i n g .  

condi t ions,  

body temperatures t o  reach near s teady-state  va lues  (time cons t an t )  v a r i e s  

w i t h  t h e  s e v e r i t y  r.f t h e  test, being s h o r t e r  f a r  cond i t ions  near thermal 

comfort, and longer f o r  off-comfort condi t ions.  

The time constant  

However, bo th  of t h e s e  tests 

The lat ter test w a s  conducted under off-comfort  cold 

Therefore, i t  may be concluded that t h e  time required f o r  

Fine’lly, although t h e  mathematical model gene ra l ly  tracked t h e  test 

da t a  -il, t he re  was some d i s p e r s i o n  dur ing  the  i n i t i a l  minutes of t e s t i n g .  

This is a t t r i b u t e d  t o  the  d i f f i c u l t y  i n  i n i t i a l i z i n g  t h e  model t o  t h e  exact 

s t a r t i n g  cc,;d. :ions t h a t  prevai led f o r  each test sequence, and t o  the  

simp1 if led f k i t e  d i f  ference technique used by t h e  model, which necess i t a t ed  

t h i  relatively long time steps used f o r  each i t e r a t i o n .  
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SERIES B 

S e r i e s  B was conducted i n  a vacuum environment below 10 t o r r .  A l l  

sub jec t s  wore a NASA-Apollo AFL space s u i t  over t h e  Apoilo-LCG. 

provided gas  v e n t i l a t i o n ,  cons i s t ing  of pure oxygen, c i r c u l a t i n g  a t  

170 l i t e r d m i n .  

109 l i t e r s / h r  and t h e  LCG i n l e t  water temperature was var ied  between 

7 and 25OC. 

r e l a t i v e l y  constant ,  as w a s  t h e  krL s u i t  p ressure ,  which w a s  maintained 

a t  195 t o r r ,  absolute .  These condi t ions  were se l ec t ed  because they 

reasonably dupl icated those t h a t  were t o  be provided by t h e  PLSS during 

lunar  sur face  explora t ions .  

The s u i t  

The LCG water f lowra te  was amintaine!  cons tan t  a t  

The s u i t  i n l e t  gas and dewpoint temperatures were kept 

The chamber environment was kep t  near room temperature i n  order  t o  

minimize r a d i a t i v e  interchange with the  environment. 

The metabolic rzte f o r  each test  was con t ro l l ed  by varying t h e  s tep-  

rate on a Harvard s t e p  tes t  u n t i l  t h e  sub jec t ' s  hea r t  ra te  matched a point  

on a predetermined c a l i b r a t i o n  curve. The metabolic ra te  p r o f i l e  f o r  each 

test  is shown i n  Table D2 of Appendix D. 

Heat Balance 

*T51e 3-2 presen t s  t h e  ca l cu la t ed  r e s u l t s  and heat  balance da t a  fo r  

Se r i e s  B. The r a w  test da ta  are shown In Table D2 of Appendix D. Two 

observat ions should be made concerning the  da t a  of S e r i e s  B which tend t o  

d e t r a c t  from the  accuracy of t h e  heat  balance ca l cu la t ions .  

F i r s t ,  i t  should be noted that sub jec t  body temperatures  were not 

measured i n  t h i s  test. Consequently, t o t a l  body heat  s to rage  and heat  

s torage  r a t e  could not be determined. 

physiological  steady-state f o r  each test sequence could not  be ascer ta ined  

This  meant t h a t  t h e  determinat ion of 
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d i r e c t l y .  Ins tead ,  s u i t  o u t l e t  environmental parameters were used t o  

j?idge steady-state ,  and t h i s  i n d i r e c t  method is less accura te .  

Second, t h e  use of heart rate ve r sus  metabolic rate c a l i b r a t i o n  curves 

f o r  each subjec t  (see Figure C2, Appendix C) has been shown t o  be t h e  least 

accura te  method of c o n t r o l l i n g  t h e  real-time metabolic rate t o  a des i red  

p r o f i l e  (147). I n  add i t ion ,  t h e  hea r t  rate da ta  i t s e l f  became erratic 

during several sequences of the test series and i t  became necessary t o  

modify the  pre-planned metabol ic  p r o f i l e .  

Despite t hese  shortcominqs, an accura te  hea t  balance was obtained on 

a l l  but  5 of t h e  sequences of S e r i e s  B. The hea t  imbalance i n  these  5 

cases  a l l  occurred f o r  t h e  co ldes t  LCG i n l e t  water temperatures ,  and can 

probably be a t t r i b u t e d  t o  t h e  f a i l u r e  t o  reach adequate steady-state 

condi t ions  o r  t o  shiver ing.  

Another f a c t o r  con t r ibu t inq  t o  t h e  inaccuracy of t h e  hea t  balance 

was t h e  estimate oi r a d i a t i o n  hea t  loss, e s p e c i a l l y  a t  t h e  lower LCG i n l e t  

water temperatures. As w a s  shown i n  t h e  r e s u l t s  of S e r i e s  A, s k i n  tempera- 

t u r e  decreases  l i n e a r l y  as  LCG i n l e t  water temperature decreases .  A t  

these  low sk in  temperatures,  r a d i a t i o n  hea t  t r a n s f e r  from t h e  environment 

i n t o  t h e  man-suit system is poss ib l e  and t h e  magnitude of t h i s  mechanism 

can only be estimated. For S e r i e s  A, r a d i a t i o n  hea t  loss was assumed t o  

be neg l ig ib l e  through t h e  Arc t ic  cove ra l l  garment. However, t h e  heat  

balance da t a  and subsequent a n a l y s i s  with the  mathematical model suggested 

an a c t u a l  heat  input by r ad ia t ion .  Consequently, f o r  S e r i e s  B, r a d i a t i o n  

heat t r a n s f e r  was estimated t o  be 30 wat t s  i n t o  t h e  s u i t  a t  t h e  colder  LCG 

i n l e t  water temperatures (7 and 12'C) and n e g l i g i b l e  f o r  t h e  higher  LCG 

i n l e t  temperatures.  

t o  the  thermal p r o p e r t i e s  of t h e  space s u i t .  
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It I s  poss ib l e  that o the r  f a c t o r s ,  such as add i t iona l  heat Input from 

overhead lamps used i n  t h e  chamber, coupled t o  t h e  inherent  d i f f i c u l t y  i n  

accu ra t e ly  a s ses s ing  the  t h e w 1  p r o p e r t i e s  of a complex, m u l t i - l a y e r ~ d  

garment such as  t h e  Apollo space s u i t ,  may w e l l  have con t r ibu ted  to  e r r o r s  

i n  r a d i a t i o n  heat  loss .  However, t h e  abso lu te  magnitude of t h e  r e s u l t i n g  

e r r o r  was still small when compared : o  t h e  t o t a l  heat  production o r  t o t a l  

heat l o s s  f o r  most sequences of t h i s  test series. 

The ca l cu la t ed  d a t a  of Table 3-2 point  out  another i n t e r e s t i n g  e f f e c t  

It would be expected t h a t  t h e  v e n t i l a t i n g  gas provided by t h e  of t h e  LCC. 

s i t s  used i n  S e r i e s  B would a l low a s i g n i f i c a n t  amount of heat  to be 

removed by convection heat  t r a n s f e r ,  a heat l o s s  mechanism which IeiS not 

a v a i l a b l e  i n  S e r i e s  A. 

l o s s  i n  Table 3-2 (see equation 6, s e c t i o n  2), i t  is evident  t h a t  heat  

l o s s  by convection is a l s o  n e g l i g i b l e  i n  S e r i e s  B, d e s p i t e  t h e  presence of 

a v e n t i l a t i n g  gas wi th  a s i g n i f i c a n t  f lowrate .  

t h i s  phenomenon is that t h e  gas,  w i th  its l imi t ed  hea t  capac i ty ,  is  cooled 

by t h e  cool ing tubes of t h e  LCG by means of countercurrent  hea t  exchange. 

In e f f e c t ,  t h e  convective heat  removal of t h e  v e n t i l a t i n g  gas  is converted 

t o  conduction heat  removal of t h e  LCG. This  is ev iden t ly  t h e  case because 

convection heat  l o s s  is s i g n i f i c a n t  in a space s u i t  without an LCG. 

However, from t h e  computations of convective heat  

The only explanat ion i o r  

One f i n a l  no te  on t h e  hea t  balance computations of Table 3-2 is i n  

order ,  

not be obrained, t h e  ireat d e f i c i t  could be a t t r i b u t e d  t a  sh ive r ing ,  f a i l u r e  

t o  reach s teady-state ,  o r  e r r o r s  i n  the p r e d i c t i o n  of r a d i a t i o n  heat  

exchange. However, un l ike  S e r i e s  A, t h e r e  were no s u b j e c t i v e  comments 

from t h e  test s u b j e c t s  t o  i n d i c a t e  that sh ive r ing  was a major f a c t o r ,  

Although t h i s  does not preclude t h e  p o s s i b i l i t y  t h a t  sh ive r ing  occured, I t  

A s  mentioned earlier, i n  t h e  5 cases i n  which a h e a t  balance could 
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t ends  t o  p lace  more mphasis on t h e  o the r  two f a c t o r s  as t h e  primary 

con t r ibu to r s  t o  t h e  heat balance d e f i c i t s .  

Despite the l ack  of a compl-?te hea t  balance,  t h e  d a t a  from S e r i e s  B 

It is still poss ib l e  t o  compare t h e s e  da t a  wi th  mathe- are informative.  

mat ica l  model pred ic t ions .  Furthermore, i n  c a s e s  where cond i t ions  overlap,  

t h e  r e s u l t s  can a l s o  be compared wi th  those from S e r i e s  A. 

because convection heat  t r a n s f e r  is n e g l i g i b l e  i n  both test series and 

a l s o  because r a d i a t i v e  heat  exchange is about t h e  same order  of magnitude. 

Examination of t h e  test da ta  r e v e a l s  t h a t  t h e  r e s u l t s  from Series B show 

the  s-me genera l  t r ends  obtained by the  mathematical model, and seen i n  

Se r i e s  A. 

This  is poss ib l e  

tCC Hest Removal 

Figure 3-20 shows t h e  LCG heat  removal r a t e  a s  a func t ion  of sub jec t  

metabolic r a t e  f o r  LCG i n l e t  water temperatures ranging between 7 t o  26OC. 

As in Series A, t h e  same genera l  t rend  of an Increase  i n  LCG heat  removal 

f o r  an inc rease  In metabol ic  r a t e  a s  a cons tan t  i n l e t  water temperature 

was observed. Also as seen i n  S e r i e s  A, t h e  coo le r  LCG i n l e t  temperature 

curves  a r e  d isp laced  upwards from, but have approximately t h e  same s lope  

as the  warmer i n l e t  temperatures.  

The predicted results f o r  Series B a r e  shown by t h e  s o l i d  l i n e s ,  and 

as i n  S e r i e s  A, t h e  model p r e d i c t s  less LCC heat  removal than was a c t u a l l y  

observed, However, un l ike  S e r i e s  A, t h e  d i f f e r e n c e  between predic ted  and 

observed r e s u l t s  is not cons tan t .  A t  lower metabol ic  r a t e s ,  agreement 

between predic ted  and a c t u a l  results is r e l a t i v e l y  good. However, a t  

higher metabol ic  r a t e s  and co lde r  i n l e t  temperatures ,  t h e  test d a t a  

(dark symbols) dev ia t e  considerably from predicted r e s u l t s .  This I s  

e s p e c i a l l y  no t i ceab le  for  t h e  7 and 1 2 ° C  i n l e t  water temperature cases .  
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It is aleo e i g n i f i c a n t  that f o r  7 O C  i n l e t  temperatures,  t h e  d a t a  of 

S e r i e s  B demonstrate g r e a t e r  LCG heat  removal rates thaJ t h e  corresponding 

da ta  of Ser i e s  A (open symbols). 

predicted and a c t u a l  r e s u l t s  was approximately cons tan t ,  wi th  t h e  s lopes  

being t h e  same. This  w a s  u l t ima te ly  a t t i b u t e d  t o  e r r o r s  I n  estimates of 

r a d i a t i v e  interchange, d i f f e r e n c e s  i n  t h e  predicted and actual LCG heat  

t r a n s f e r  c o e f f i c i e n t s ,  and model s k i n  temperature underpredict ions.  In  

Figure 3-20, t h e r e  is good agreement a t  t h e  lower metabol ic  rates but 

Increased dev ia t ion  i n  t h e  higher  metabol ic  rate range. 

fe rences  i n  S e r i e s  B cannot be assoc ia ted  simply w i t h  e r r o r s  i n  es t imat ion  

of heat  t r a n s f e r  c o e f f i c i e n t  o r  r a d i a t i v e  exchange. 

In Ser iea  A, t h e  d i f f e r e n c e  between 

Thus, t h e  d i f -  

It is poss ib le ,  however, t h a t  t h e  discrepancy may be r e l a t e d  t o  t h e  

observat ion t h a t  a s teady-s ta te  w a s  not  always reached when cold i n l e t  

temperatures were imposed a t  h igh  metabol ic  rates. 

test sub jec t  may have been overcooled wlth depressed skin temperatures  and 

suppressed sweating. 

i t  is l i k e l y  that LCG hea t  removal would have decreased and sweating 

increased. 

In  o t h e r  words, t h e  

I f  t h e  test condi t ions  had been longer  in dura t ion ,  

Figure 3-21 presents t h e  d a t a  of Figure 3-20 r e p l o t t e d  as  t h e  per- 

centage heat  removal of t he  LCG (LCC heat  removal/metabolic rate) versus  

LCG i n l e t  temperature. 

dev ia t ions  seen i n  Figure 3-20. 

increase i n  percentage LCG heat  removal as the  i n l e t  tcmperature decreases .  

Heat removal var ied from SOX of metabolic r a t e  a t  t h e  h ighes t  i n l e t  tempera- 

ture t o  118% a t  the  co ldes t .  

t o  be higher f o r  lower metabol ic  r a t e s  a t  t h e  same i n l e t  temperature.  

Agreement between p r e d i c t e d  and a c t u a l  r e s u l t s  is gene ra l ly  good d e s p i t e  

This  graph has  t h e  e f f e c t  of normalizing tho  

As i n  Series A, t he re  is a very sharp 

The percentage heat  removal is a l s o  observed 
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the d i f f e rences  that exist a t  higher  metabolic rates and co lde r  i n l e t  

temperatures. 

f a l l s  in the  same range and shows t h e  same trend as t h a t  of S e r i e s  A. 

However, the re  appears  t o  be more heat  removal, e s p e c i a l l y  a t  t h e  lower 

lnlet temperatures. 

It is a l s o  seen from Figure 3-21 that t h e  d a t a  of S e r i e s  B 

Although t h e  s u b j e c t s  i n  t h i s  test  had no c o n t r o l  over t h e  LCG i n l e t  

temperature, they tended more towards sensa t ions  of comfort o r  warm, wi th  

no incidence of sh iver ing ,  r a t h e r  than t h e  cool  condi t ions  of S e r i e s  A. 

This is supported by t h e  model p red ic t ions  shown i n  Figure 3-22. 

Although heat  s to rage  was not  measured, t he  va lues  pred ic ted  by the  

mathematical model f o r  t h e  condi t ione  of S e r i e s  B i n d i c a t e  t h a t  most of 

t he  test po in t s  were probably wi th in  o r  on t h e  warm s i d e  of t h e  comfort 

band. 

As mentioned previously,  i t  appears t h a t  if test s u b j e c t s  a r e  per- 

mit ted t o  c o n t r o l  t h e  i n l e t  water temperature t o  maintain comfort ,  hea t  

removal by t h e  LCG (and a l s o  hea t  removal by evaporat ion of a c t i v e  sweat) 

should f a l l  wi th in  a f a i r l y  narrow band t h a t  forms t h e  b a s i s  of a means 

of pred ic t ing  metabol ic  rate from LCG performance. 

imply t h a t  t he  band would possess  t h e  same c h a r a c t e r i s t i c s  as found i n  

Figures  3-20 and 3-21 of t h e  present  test series. Indeed, i t  should be 

s t r e s sed  that many of t h e  d a t a  po in t s  i n  both S e r i e s  A and B a r e  o f f -  

comfort po in t s ,  and e r r o r s  a r i s i n g  from sh iver ing ,  u n c e r t a i n t i e s  over t h e  

LCG heat  t r a n s f e r  c o e f f i c i e n t ,  and determinat ions of metabol ic  rates, 

r a d i a t i o n  heat  exchange and t o t a l  body heat  balances w i l l  almost c e r t a i n l y  

b i a s  these  results, 

body temperature and heat  s t o r a g e  da ta  limit e r r o r  ana lys i s .  However, 

d e s p i t e  these  ehortcoming8, t h e  t r ends  demonstrated thus  f a r  support  t he  

p red ic t ions  of t h e  mathematical model. 

Th i s  does not  mean t o  

This is  expec ia l ly  true f o r  S e r i e s  B, where l ack  of 
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One f i n a l  no te  about Figures  3-20 and 3-21 concerns i t s e l f  wi th  t h e  

d i f f e rence  observed i n  t h e  p red ic t ions  and r e s u l t s  of S e r i e s  A and B at  

low LCG i n l e t  temperatures;  namely, that LCG heat  removal was g r e a t e r  i n  

Se r i e s  B. 

Table 3-2 presented earlier, t h e  higher  LCG heat  removal observed In  

Se r i e s  B can be explained by a f a i l u r e  t o  reach  phys io logica l  s teady  state, 

o r  g r e a t e r  than predic ted  r a d i a t i o n  heat  exchange (owing t o  cool  sk in  

temperatures and unce r t a in  space s u i t  thermal p rope r t i e s ) .  

a l s o  a p o s s i b i l i t y  but  is less l i k e l y  consider ing t h e  s h o r t e r  durnAon of 

each sequence i n  S e r i e s  B and t h e  s c a r c i t y  of sub jec t ive  comments. 

I n  conjunct ion wi th  t h e  a n a l y s i s  of t h e  hea t  balance d a t a  of 

Shiver ing is 

Sweating and Evaporation Seat Loss 

The removal of Leat by evaporat ion of a c t i v e  sweat is shown i n  

Figure 3-23 as a func t ion  of metabolic r a t e  and LCG i n l e t  temperature.  

For S e r i e s  B, hea t  loss by a c t i v e  sweating was found by sub t r ac t ing  

r e sp i r a to ry  and sk in  d i f f u s i o n  hea t  loss from t o t a l  evapora t ive  heat  

loss. (See equat ions 5 and 7,  Appendix C.) Tota l  evapora t ive  heat  l o s s  

was ca lcu la ted  from t h e  gas  f lowra te  through t h e  Apollo s u i t  and the  

i n l e t  and o u t l e t  dewpoint temperatures  ( see  equat ion 7 ,  Sect ion  2 ) .  

The t rends  ehown i n  Figure 3-23 a r e  t h e  same as observed i n  S e r i e s  A 

(open symbols) and as predic ted  by the  mathematical model. 

genera l ly  increased i n  a linear fashion a s  metabolic r a t e  increased a t  a 

constant  LCG i n l e t  temperature.  

Sweat r a t e  

Agreement between t h e  test  d a t a  and model p red ic t ions  is reasonably 

good. As In Series A, t h e  model genera l ly  ove rp red ic t s  sweat hea t  loss; 

a r e e u l t  expected from t h e  t o t a l  heat  balance equation (equat ion 1 )  s ince  

LCG heat loss is genera l ly  underpiedicted.  The dev ia t ions  shown i n  
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Figure 3-20 are a l s o  p re sen t  in Figure 3-23. That is, d i f f e r e n c e s  between 

predicted and test results are l a r g e r  a t  higher  metabolic rates and colder  

LCG i n l e t  temperatured. 

in Figure 3-21 are not  as g r e a t  as  those observed i n  Figure 3-20. This 

suggests  that greater-than-predicted r a d i a t i o n  h e a t  l e a k  i n t o  t h e  space 

s u i t  4t lower LCG inlet temperatures is a l i k e l y  p o s s i b l i t y .  

Elowever, i t  should be noted that t h e  d i f f e r e n c e s  

Space s u i t  

design t e s t i n g  i n d i 2 a t e s  that a s i g n i f i c a n t  percentage of t h e  thermal 

r a d i a t i o n  e n t e r i n g  an Apollo A7L s u i t  may be t r a n s f e r r e d  t o  t h e  LCG d u r i  

the  t r a n s i e n t  period preceding at ta inment  of phys io log ica l  s teady-state .  

The LCG may remove a l a r g e  quan t i ty  c,f heat  i n  cool ing down t h e  space 

suit  a f surroundings. Th i s  amount of heat  comes from th?  environment 

r a t h e r  t han  from t h e  man and may bias th-? test d a t a  higher  than t h e  pre- 

d i c t i o n s .  

depressed at low LCG inlet  temperatures, t h e  increased environmental and 

r a d i a t i o n  l e a k  would lead t o  l a r g e r  e r r o r s  i n  p r e d i c t i o n s  of LCG heat 

Coupled t o  t h e  f a c t  that s k i n  temperature and sweating are 

removal than i n  r-redict ions of evaporat ive heat  l o s s .  However, r a d i a t i o n  

heat  l o s s  probably cannot exp la in  a l l  of the  d i f f e r e n c e s  ob.;erved between 

t h e  p r e d i c t e l  snd a c t u a l  r e s u l t s  of Figure 3-23, and as mentioned previously,  

t hese  e r r o r s  undoubtedly r e s u l t  from a combination of f a c t o r s .  

The r e s u l t s  of Figure 3-23 show f a i r l y  g o d  agreement with those of 

Series A (open symbols). The t r e n d s  are t h e  same and t h 3  magnltrlde of t h e  

eweat heat-loss ra te  is simSlar for both test series. It should be empha- 

s ized that i n  Series A, body weight l o c s  was used t o  c a l c u l a t e  evaporat ive 

heat  l o s s ,  while i n  Series B, space s u i t  i n l e t  and o u t l e t  dewpoic' tempera- 

tures were u t i l i z e d  d i r e c t l y ,  a more accu ra t e  method. I n  a d d i t i o n ,  i t  

was assumed that a l l  sweat was evaporated. However, pos t - t e s t  i n spec t ion  

revealed t h a t  some mois ture  was r e t a i n e d  i n  t h e  Apollo space s u i t .  This 
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trapped moisture  could p a r t i a l l y  explain why va lues  of sweat and t o t a l  

evaporat ive heat  l o s s  rates f o r  S e r i e s  B were lower than predic ted  by t h e  

mathematical model. Despi te  these  e r r o r s ,  t h e  rt.,its of S e r i e s  A and B 

are s imi l a r ,  i nd ica t ing  t h a t  i n  t h e  \3?e of S e r i e s  A, weight l o s s  j s  an  

acceptable  means of asses s ing  swert rate; and a l s o  t h a t  ii.ievarorated 

sweat, al though a l i k e l y  source of e r r o r ,  was not  apprec ia5 ly  d i f f e r e n t  

f o r  e i t h e r  test. 

The da ta  of S e r i e s  B a l s o  show t h e  t ren6 of decreased sweat rates as 

the  LCG i n l e t  temperature decreases  f o r  a given metabolic rate. 

shown ve'v n i c e l y  i n  Figure 3-24, were agreement wi th  predicted r e s u l t s  

is exce l len t .  Furthermore, t he  predicted onse t  of sweating is s h o w  t o  

increase  from 293 t o  396 watts as i n l e t  temperature drops from 12 t o  7 O C  

(Figure 3-23). 

t r ends  seen i n  S e r i e s  A. 

This  is 

Both of t h e s e  r e s u l t s  are i n  agreement with previous 

Figure 3-25 presen t s  t h e  hea t  removal by evaporat ion of a c t i v e  sweat 

as a percentage of metabol ic  heat  production f o r  var ious  LCG i n l e t  tem- 

peratures .  Comparing t h i s  t o  Figure 2-21, i t  is  again obvious that hea t  

removal by a c t i v e  sweaticg c o n s t i t u t e s  a f a r  smaller percentage of t h e  

t o t a l  heat  removal than ', es LSG heat  removal. Maximum va lues  of sweat 

heat  removal ranged from 5% of t h e  t o t a l  metaoolic hea t  production a t  

t h e  coo le s t  i n l e t  temperature t o  352 of t h e  t a t a l  a t  t h e  warmest i n l e t  

temperature. These results agree  very w e l l  wi th  t h e  model p r d i c t i o n s  

and a l s o  k i t h  t h e  da t a  of Series A. 

which increases  a s  a func t ion  of LCG i n l e t  temperature.  The f a c t  t h a t  

these  d a t a  have less s c a t t e r  a t  tIie warmer i n l e t  temperatures  than t h e  

da t a  of S e r i e s  A is probably because metabolic rates were uniformly low i n  

Se r i e s  B utider t hese  condi t ions.  In  any case ,  one of t h e  most s i g n i f i c a n t  

The test  p o i n t s  f a l l  wi th in  a band 
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results emerglng fram the study thus  f a r  is t h a t  t h e  LCG l i m i t s  bweating 

considerably,  and i n  a p red ic t ab le  fashion. 

Tota l  evaporat ive hea t  loss rate is shown as a func t ion  of metabolic 

rate and LCG i n l e t  temperature in Figures  3-26 and 3-27. 

previously, t o t a l  evapora t ive  hea t  loss rate is determined from t h e  i n l e t  

and o u t l e t  dewpoint temperatures a d  gas  f lowra te  according t o  equat ion 7 

of Sect iun 2. Tota l  evapora t ive  hea t  loss rep resen t s  t h e  s u m  of evapora- 

t i v e  heat loss by actj-e sweat, by d i f f u s i o n  from t h e  skin su r face ,  and 

through the  r e s p i r a t o r y  t r a c t .  Heat loss by d i f f u s i o n  and r e s p i r a t i o n  

a r e  determined from t h e  empir ica l  expressions found In Appendix C. 

Figures 3-26 and 3-27 show that t o t a l  evaporat ion hea t  loss is considerably 

g rea t e r  than heat  l o s s  by a c t i v e  sweating alone,  but fo l lows  t h e  same 

trends.  Heat removal rate var ied  from about 10% of metabol ic  r a t e  at t h e  

lower i n l e t  temperatures t o  4% at t h e  h ighes t  i n l e t  temperature.  

dependence upon LCG i n l e t  temy.*rature is not surprising s i n c e  t h e  l a r g e s t  

component of t o t a l  evapora t ive  heat  l o s s  is due t o  a c t i v e  sweating 

(dif fusLon and r e s p i r a t i o n  heat  loss &re not apprec iab ly  dependent upon 

LCG performance). 

agreement with the  mathematical model p red ic t ions ,  and wi th  t h e  r e s u l t s  

of Se r i e s  A. 

As mentioned 

The 

The results of Figures  3-26 and 3-27 a l s o  show good 

In view of t h e  inf luence  of a c t i v e  sweating upon t o t a l  evapora t ive  

loss ,  t h e  same e r r o r s  noted earlier €or the  a c t i v e  sweating r e l a t i o n s h i p s  

a - -  present  i n  Figures  3-26 and 3-27. 

of t he  dev ia t ions  seen between t h e  a c t u a l  r e s u l t s  of S e r i e s  B and t h e  

pred ic t ions  of t he  mathematical model, OK w i t h  t h e  results of S e r i e s  A. 
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Diecussion of Errors 

As noted previously,  c e r t a i n  d i sc repanc ie s  observed between t h e  

results and p r e d i c t i o n s  of S e r i e s  B appear to be dependent upon metabolic 

rate and inlet temperature. 

UX heat removal and evaporat ive heat l o s s  (altlumgh more s i a n i f i c a n t  i n  

t h e  former due to a probable increase i n  r a d i a t i o n  heat  exchange a t  t h e  

colder  f n l e t  temperatures).  Some i n s i g h t  i n t o  t h e  cause of the d i f f e r e n c e s  

is derived from Figure  3-28a, where LCG and t o t a l  evapora t ive  heat  l o s s  

rate (dark and open symbols) are shown f o r  d i f f e r e n t  metabolic rates and 

LCG h l e t  temperatures. A r eg res s ion  curve f i t  th;-m::ir t h e  d a t a  shows a 

s t e e p  i n c r e a s e  i n  LCG hea t  removal as metabolic rate is increased.  

curve is second o rde r  and described by t h e  following equation: 

removal = 114 - .062 ( m e t .  rate) + .0013 ( m e t .  rate) . The accuracy of 

t h e  curve f i t  is good, wi th  a c o r r e l a t i o n  c o e f f i c i e n t  of 0.82. 

subsequent d a t a  reduct ion,  i t  W i l l  be shown that t h e  curve f i t  can be 

improved s i g n i f i c a n t l y  i f  certain c o n s t r a i n t s  are considered. 

These d i sc repanc ie s  were observed i n  both  

The 

LCG heat  

2 

I n  

The LCG hea t  removal increased sha rp ly  wi th  metabolic rate because 

co lde r  i n l e t  temperatures were u t i L z e d  as metabolic ra te  increased. 

colder  i n l e t  temperatures not  only had t h e  e f f e c t  of i nc reas ing  LCC hea t  

removal, but  a l s o  decreased s k i n  temperatures and consequently, rerluced 

sweating. 

behavior of t h e  evaporat ive heat  removal curve (dashed l i n e ) .  The curve 

f i t  t o  these  d a t a  w a s  a l s o  second o rde r  and described by t h e  equation: 

Evaporative heat l o s s  = -132 + 1.397 ( m e t .  rate) - .0016 (metabolic r a t e )  . 

The 

The reduced sweat rate is exemplified by t h e  almost asymptotic 

2 

The accuracy of t h i s  curve f i t  is not a s  good as t h a t  f o r  ?XG heat  

removal, t h e  c o r r e l a t i o n  c o e f f i c i e n t  being only 0 . 3 9 .  The reasons f o r  

t h i s  are complex and w i l l  be reviewed i n  Sect ion 4 along wi th  d a t a  

reduct ion t vhniques  f o r  improvement of t h e  c o r r e l a t i o n .  
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Figure 3-28b showa the d i f f e r e n c e  between t h e  test d a t a  of Series B 

and the mathematical model predic t ions .  

of metabolic heat production f o r  Lcc heat  removal (dark symbols) and 

t o t a l  evapora t ive  heat l o s s  (open sysbols ) .  

also shown ( so l id  and dashed l i n e s ) .  

metabolic rates the model underpredic t s  LCG heat  removal by as much as 

20% and overp red ic t s  evapora t ive  hea t  l o s s  by roughly 15%. 

errors occur at  t h e  co ldes t  i n l e t  temperatures and are l a r g e l y  a t t r i b u t a b l e  

t o  t h e  t r a n s i e n t  overcool ing e f f e c t  discussed earlier. 

t o  be lower a t  t h e  lower metabolic r a t e s  and increase  s l i g h t l y  wi th  hea t  

product ion 

Errors are shown as  a percentage 

Curve f i t s  t o  t h e  d a t a  are 

The results show that a t  high 

The largest 

A l l  errors appear 

The curves  of F igure  3-28b suggest that these  d i f f e r e n c e s  depend upon 

both inlet temperature and metabol ic  rate r a t h e r  than one o r  t h e  o the r  

exclusively.  A most reasonable  explanat ion f o r  t h i s  behavior can be 

t raced  t o  t h e  c h a r a c t e r i z a t i o n  of v a s o d i l a t a t i o n ,  vasocons t r i c t ion ,  and 

sweating by t h e  mathematical  model. 

between a c t u a l  and predic ted  s k i n  temperatures may be caused by i n a c c m a t e  

s imula t ions  of t hese  terms i n  t h e  model. I f  t h i s  were t h e  case ,  t h e  

model could p red ic t  lower sk in  temperatures f o r  t h e  co lde r  LCC i n l e t  

temperatures s ince ,  f o r  example, decreased pe r iphe ra l  blood-flow would 

restrict t h e  t r a n s f e r  of heat  t o  t h e  sk in  sur face .  

sweai; r a t e  p red ic t ions  could be a consequence of oversimulat ion of t he  

sweating terms. 

As noted i n  S e r i e s  A, d i f f e r e n c e s  

Furthermore, e leva ted  

The d i f f e r e n c e s  seen i n  Figure 3-28b ind5cate  that a s  metabolic r a t e  

Increases ,  t h e  model is not providing enough pe r iphe ra l  blood-flow t o  the  

ex t r emi t i e s  when t h e  LCG i n l e t  temperatures a r e  low. Thus, t h e  co lder  

LCG i n l e t  temperatures would appear t o  over ly  depress  s k i n  temperature.  
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T'his would r e s u l t  i n  p r e d i c t i o n s  having less Lcc heat  removal (due '.o a 

lower d r i v i n g  f o r c e  between t h e  skin temperature and LCG water temperature).  

The overpredic t ions  of active m e a t  and evaporat ive heat  loss are less 

severe. 

t u r e  r e s u l t i n g  from less pe r iphe ra l  c i r c u l a t i o n .  

They may be due i n  part, t o  a s l i g h t l y  higher  rise i n  c o r e  tempera- 

The inadequate  pe r fphe ra l  c i r c u l a t i o n  a t  lower i n l e t  temperatures  

and higher  metabol ic  rates could be a consequence of i naccura t e  s imulat ion 

of the i n t e r a c t i o n  between vasocons t r i c t ion  and v a s o d i l a t a t i o n  cha rac t e r i zed  

by t h e  model. 

being dependent upon va r ious  set-point  temperatures  and ga in  c o n s t a n t s  

(see equat ion 17, Sec t ion  2). This is probably an ove r s impl i f i ca t ion ,  

s i n c e  these  va lues  depend upon many complex parameters and vary even from 

ind iv idua l  t o  ind iv idua l ,  a f a c t o r  not taken i n t o  account by t h e  mcdel. 

I n  l i g h t  of t h i s ,  it is easy to  see how v a r i a t i o n s  i n  skin blood-flow 

could lead t o  the  types of errors seen in S e r i e s  B. 

gain  cons tan t  f o r  v a s o d i l a t a t i o n  could cause low predic ted  s k i n  blood-flow 

a t  hlgher  metabolic rates f o r  a l l  LCC i n l e t  temperatures,  while  a high 

pe r iphe ra l  set-point  could cause l o w  c i r c u l a t i o n  a t  lower LCG i n l e t  

temperatures f o r  a l l  metabol ic  rates. 

cause t h e  l a r g e s t  e r r o r s  t o  oc~wr at high metabo'lc rates and low i n l e t  

temperatures.  

The model d e p i c t s  vasocons t r i c t ion  and v a s o d i l a t a t i o n  as 

For example, a low 

A combination of both f a c t o r s  could 

The t a s k  of accu ra t e ly  cha rac t e r i z ing  t h e  phys io loe ica l  phenomena of 

sweating, vasocons t r i c t ion ,  and v a s o d i l a t a t i o n  i s  a formidable one. Con- 

s i d e r i n g  a l l  of t h e  f a c t o r s  involved, t h e  results produced by t h e  model 

a r e  q u i t e  acceptable .  

dev ia t ions  seen i n  S e r i e s  B were not  noted i n  Series A. 

d i f f e r e n c e s  between predic ted  and a c t u a l  LCG and evapora t ive  heat  removal 

It should a l s o  be emphasized that some of t h e  

For example, 
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in Series A were cons tan t  whi le  those i n  S e r i e s  B were not. 

in UX: hea t  removal a t  7OC and high metabolic rates were g r e a t e r  i n  

S e r i e s  B than in S e r i e s  A. 

was not  a t t a i n e d  f o r  some of t h e  cond i t ions  of S e r i e s  B. 

r e s u l t e d  from the s h o r t e r  d u r a t i o n  of  each test. 

p red ic t ions  are steady-state  values ,  and do not  s imulate  w e l l  t h e  over- 

cooling effect which occur s  in the t r a n s i e n t .  

that inadequacies in d e f i n i n g  pe r iphe ra l  blood-flow may be oaly r?ie of 

many poss ib l e  sources  of error. 

both S e r i e s  A and B are t h e  result of a combination of many f a c t o r s ,  and 

a n a l y s i s  of many a d d i t i o n a l  tests would be required f o r  a complete 

explanat ion. 

The d e v i a t i o n s  

It is probable that phys io log ica l  s teady-state  

T h i s  may have 

I n  any event ,  the model 

The latter also emphasizes 

I n  o the r  words, t h e  d i s c r e p a n c i e s  seen in 

I n  concluding t h e  cons ide ra t ion  of S e r i e s  B, a f i n a l  observa t ion  is 

The d a t a  of Figure 3-28a p o i n t  ou t  another  i n t e r e s t i n g  f a c t o r  i n  order.  

t h a t  has no t  y e t  been considered. 

c h a r a c t e r i s t i c  d i f f e r e n c e  between t h e  responses of t h e  2 s u b j e c t s  t e s t e d  

cnder t h e  same condi t ions.  

t e s t e d  a t  2 nea r ly  i d e n t i c a l  test cond i t ions  (repeat  po in t s )  is about 

the  same as  exists between t h e  2 s u b j e c t s  a t  t h e  same appr7ximate test 

condition. The d i f f e r e n c e s  that do exist can be a sc r ibed  t o  v a r i a t i o n s  

I n  phys ica l  condi t ioning,  f a t i g u e ,  and tes t  condi t ions.  In  o t h e r  words, 

the  tes t  r e s u l t s  appear t o  be reproducible  wi th  d i f f e r e n t  w b j e c t s .  

The r e s u l t s  show that t h e r e  is no 

Var i a t ion  in t h e  r e s u l t s  from t h e  same sub jec t  

It should be noted, however, t h a t  both test s u b j e c t s  were of approxi- 

m a t e l y  the  same weight and bui ld .  

s u b j e c t s  who were more anthropomorphically d i e s i m i l a r .  

another source of e r r o r  between t h e  model and t h e  test r e s u l t s .  A t  

present ,  t h e  model u t i l i z e s  physiological  d a t a  f o r  an "average man". 
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average man", compiled from t h e  d a t a  of several sources  (42 ,  43, 134) 

is 70 kg i n  weight and 173 CUI i n  height.  There is no p r w i s i o n  t o  v a r y  

t h e  input  c h a r a c t e r i s t i c s  of t h e  model t o  accuunt f o r  s p e c i f i c  physical  

c h a r a c t e r i s t i c s  of individuals .  

and actual r e s u l t s  would be expected f o r  i n d i v i d u a l s  whose physical  

characteristics d i f f e r  markedly from t h e  d a t a  of t h e  "average man" used 

by t h e  mathematical m o d e l .  

model be modified to accep t  a means of matching t h e  inpu t  d a t a  more 

c l o s e l y  t o  ind iv idua l  phys i ca l  characteristics such as he igh t ,  weight, 

general  body shape, body dens i ty ,  etc. Darling and coworkers (38) have 

had some success i n  making such modi f ica t ions  t o  an e a r l y  ve r s ion  of t h e  

Stolwijk-Hardy model and a d d i t i o n a l  work is forthcoming. 

Obviously, d i f f e r e n c e s  between predicted 

It is intended that f u t u r e  v e r s i o n s  of t h e  

SERIES C 

Series C was performed i n  a hypobaric chamber a t  a reduced p res su re  of 

259 t o r r .  

The chamber environment was kept n e u t r a l  t o  eliminate r a d i a t i o n  heat  t r ans -  

f e r  between t h e  s u b j e c t s  and t h e  ambient environment. 

the  Apollo A7L s u i t  over  t h e  LCG, with  a c i r c u l a t i n g  oxygen f lowra te  of 

331 l i t e r s h i n .  

The p res su re  i n  t h e  A7L s u i t  was a l s o  maintained a t  259 t o r r .  

A l l  s u b j e c t s  wore 

The LCG water f lowra te  was va r i ed  between 0-82 l i t e r s / h r  while t h e  

LCG i n l e t  temperature was kept constant .  The s u i t  i n l e t  gas t eape ra tu re  

and dewpoint were a l s o  kept r e l a t i v e l y  constant .  

The metabolic r a t e  f o r  each test sequence was c o n t r o l l e d  by varying 

t h e  s t e p  rate on a Harvard s t e p  test  i n  accordance wi th  a predetermined 

c a l i b r a t i o n  of metabolic r a t e  ve r sus  s t e p  r a t e  f o r  each sub jec t .  

metabolic r a t e  p r o f i l e  f o r  each t e s t  sequence is shown i n  Figures  3-29 

and 3-30. 

The 
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Table 3-3 p r e s e n t s  the c a l c u l a t e d  r e s u l t s  and o v e r a l l  hea t  balance 

d a t a  f o r  S e r i e s  C. The raw d a t a  is shown in Table D3 of Appendix D. 

Heat Balance 

The d a t a  from S e r i e s  C show t h e  e f f e c t  of pa rame t r i ca l ly  varying LCG 

water f lowra te  a t  a cons t an t  i n l e t  temperature, as con t r a s t ed  wi th  t h e  

previous test series i n  which t h e  i n l e t  temperature w a s  va r i ed  and t h e  

f lowrate  kept constant .  The heat  balance d a t a  (Table 3-3) i l l u s t r a t e  that 

f o r  a constant  metabolic rate, LCG heat  removal increased w i t h  flowrate.  

However, t h e  e f f e c t  was not  as dramatic a s  that of previous test series in 

which t h e  i n l e t  temperature w a s  var ied.  I n  f a c t ,  t h e  LCG hea t  removal 

w i l l  subsequently be shown t o  approach asymptotic l i m i t s  as f lowra te  

inc reases  beyond 55 l i t e r s l h r .  The d a t a  of Table 3-3 also show that as 

the LCG f lowra te  increased a t  a given metabolic rate, evaporat ive heat  

removal by a c t i v e  sweating decreased. This is expected s i n c e  increased 

f lowrate  r e s u l t s  i n  g r e a t e r  LCG heat  removal which acts t o  lower s k i n  

temperature, increase conductive heat  l o s s  and dec rease  a c t i v e  sweating. 

It w a s  observed that t h e  l a r g e s t  sweat rates occurred wi th  no LCG water 

flow. 

with no LCG cool ing than a t  a metsbolic rate of 586 watts wi th  an LCG 

f lowrate  of 55 l i t e r s j h r  and a r e l a t i v e l y  h igh  i n l e t  temperature of 1 7 O C .  

I n  f a c t ,  t h e r e  w a s  more sweating a t  a metabolic rate of 352 w a t t s  

This underscores the  powerful inf luence of t h e  LCG upon thermoregulatory 

sweat ing . 
Table 3-3 a l s o  shows t h a t  convective heat  removal through t h e  ven t i -  

l a t i n g  gas  In  t h e  s u i t  was almost neg l ig ib l e .  

in S e r i e s  B, i t  w a s  not expected f o r  t h i s  tes t  a e r i e s .  

l o s s  was predicted t o  be s i g n i f i c a n t  f o r  S e r i e s  C because t h e  v e n t i l a t i n g  

Although t h i s  t rend was seen 

Convective heat 
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gas  was c i r c u l a t e d  a t  nea r ly  twice the flow of t h e  previous t es t  series 

(331 l i t e r d m i n ) ;  and a l s o  because LCC cool ing  was l imi t ed  s i n c e  in le t  

water temperatures were r e l a t i v e l y  high a t  17 - 19OC. 

balance d a t a  show n e g l i g i b l e  convect ive l o s s ,  including t h e  2 cases where 

t h e r e  w a s  no LCG cool ing (zero water f lowrate) .  

r e s u l t  is explained by examining t h e  r a d i a t i o n  hea t  l o s s  da t a .  

However, t h e  heat  

This  somewhat paradoxical  

It is seen that environmental hea t  l o s s  ou t  of t h e  s u i t  w a s  Isignifi- 

These l a rge  hea t  c a n t l v  l a r g e r  than experienced in e i t h e r  S e r i e s  A or B. 

loss va lues  (up t o  62 watts, mean that any hea t  that might have been t rans-  

fe r red  frnm t h e  sub jec t ' s  sk in  t o  t h e  gas  stream by convection was u l t i -  

mately l o s t  t o  t h e  environment by r ad ia t ion .  The environmental  hea t  l o s s  

da t a  for S e r i e s  C were determined by using t h e  i n s u l a t i o n  p r o p e r t i e s  of 

t h e  A7L space s u i t  and t h e  t.ivironmenta1 condi t ions  i n  t h e  hypobaric 

chamber (22OC w a l l  and a i r  temperature) as input  t o  t h e  mathematical model. 

The model then predic ted  va lues  f o r  r a d i a t i o n  hea t  l o s s .  

Although t h e  same procedure had been used f o r  t h e  previous test series, 

the  r a d i a t i o n  hea t  l o s s  p red ic t ions  f o r  S e r i e s  C were much l a r g e r .  This  

occurred because t h e  i n s u l a t i o n  p r o p e r t i e s  of t h e  space s u i t  r equ i r e  t h e  

ambient pressure  t o  be c l o s e  t o  a vacuum i n  order  t o  be most e f f e c t i v e .  

For S e r i e s  C, t h e  ambient pressure  w a s  259 t o r r ,  a s  opposed t o  10 t o r r  as  

i n  S e r i e s  B. Consequently, t h e  s u i t  i n s u l a t i o n  was not  as e f f e c t i v e  and 

more hea t  was conducted thronp,h t h e  s u i t  and r ad ia t ed  t o  t h e  chambx wa l l s ,  

This  i n t e r e s t i n g  f a c t  was discovered because i n i t i a l l y ,  u t i l i z a t i o n  

of t he  vacuum p r o p e r t i e s  of s u i t  i n s u l a t i o n  r e s u l t e d  i n  n e g l i g i b l e  rad ia-  

t i o n  l o s s  and l a rge  e r r o r s  between p red ic t ions  and test  va lues  of LCG heat  

removal and evaporat ive hea t  l o s s .  Furthermore, use of t hese  low r a d i a t i o n  

heat  l o s s  va' ies i n  t h e  heat  balance da t a  of Table 3-3 produced low va lues  
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i n  the TOTAL HEAT LOSS row. 

HEAT BALANCE t ow,  which, i n  tu rn ,  r e s u l t e d  in excess ive ly  l a r g e  hea t  

d e f i c i t  values.  

This  led  t o  l a r g e  p o s i t i v e  va lues  f o r  t h e  

It was suspected that t h e  l a r g e  hea t  d e f i c i t  r e s u l t s  were caused by 

e r r o r s  i n  the  computed va lues  of heat s to rage  rate, or by e r r o r s  i n  radia-  

t i o n  heat  loss ( s ince  t h e r e  was no observable sh iver ing) .  

computations were suspect ,  due t o  the  slow response of changes i n  sk in  and 

ear canal temperatures,  coupled to  the r a t h e r  sho r t  du ra t ion  of each test 

sequence (30 min). However, consu l t a t ion  with the  manufacturer of t h e  

NASA-A7L space s u i t ,  i n  conjunct ion wi th  d e t a i l e d  engineer ing a n a l y s i s  of 

its thermal p rope r t i e s ,  revealed a much l a r g e r  than expected s u i t  conduct- 

ance f o r  environments a t  s i g n i f i c a n t  ambient p re s su res  (259 t o r r ) .  It was 

decided that t h e  l a t t e r  was probably most respons ib le  f o r  t h e  high hea t  

def i c i t  values .  

The former 

U t i l i z a t i o n  of t h e  higher  s u i t  conductance p r o p e r t i e s  a t  259 t o r r  

r e su l t ed  i n  t h e  l a r g e  r a d i a t i o n  hea t  loss values  shown i n  Table 3-3. 

these  da t a  i n  t h e  hea t  balance increased t h e  TOTAL HEAT LOSS row and sub- 

s t a n t i a l l y  reduced t h e  HEAT DEFICIT row t o  t h e  va lues  shown. The la t te r  

q u a n t i t i e s  are more i n  keeping wi th  t h e  corresponding d a t a  of o the r  test 

Using 

series. 

a t t r f b u t a b l e  t o  e r r o r s  i n  heat  s to rage  ra te  determinat ions ( fo r  p o s i t i v e  

heat  d e f i c i t s ) ,  smal l ,  unavoidable v a r i a b i l i t i e s  i n  r a d i a t i o n  heat  loss 

es t imates  ( fo r  negat ive heat  d e f i c i t s ) ,  o r  sfmply e r r o r s  i n  t h e  da t a  f o r  

LCG, convective,  o r  evaporat ive hea t  l o s s .  

The heat  d e f i c i t s  shown a r e  r e l a t i v e l y  mall and a r e  l a r g e l y  

Transient  Re su  1 t 8 

The results f o r  t h e  t r a n s i e n t  response of mean sk in  and tympanic ten- 

pe ra tu res  and t o t a l  body s to rage  a r e  shown f o r  S e r i e s  C i n  Figures  3-31 
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and 3-32. The response of t h e  ind iv idua l  s k i n  temperatures  are shown i n  

F igures  D1 through D4 i n  Appendix D. These r e s u l t s  revealed only  s l i g h t  

v a r i a t i o n  in head co re  temperature but cons iderable  change i n  ind iv idua l  

and mean sk in  temperature. The m a x i m u m  va lues  of mean s k i n  temperature,  

head core temperature and body hea t  s to rage  occurred a t  o r  near  t h e  test 

sequences i n  which t h e r e  w a s  no water flow and consequently no LCG coc l ing ,  

while t h e  minimum v a l u e s  of mean sk in  temperature occurred dur ing  t h e  

sequences i n  which water f low was a maximal 82 l i t e r s / h r .  

Tn general ,  t h e  mathematical  model p r e d i c t i o m  t r a c k  t h e  t r a n s i e n t  

da t a  ve ry  w e l l .  For p r e d i c t i o n s  of i nd iv idua l  s k i n  temperatures,  t h e  

r e s u l t s  a r e  not  q u i t e  as good (see  Figures  C1 - D4, Appendix D) .  

t h e  model shows a d e f i n i t e  tendency t o  underpredict  t h e  t runk  s k i n  tempera- 

t u r e  (dot ted l i n e ) .  These p red tc t ions  w e r e  as much as 3°C lower than any 

of t h e  abdomen, back or c h e s t  s k i n  temperature test d a t a  t h a t  are equiva- 

l e n t  t o  t h e  model's t runk  s k i n  pred ic t ion .  Inc iden ta l ly ,  t h e  occas iona l ly  

wide d i f f e r e n c e s  between t h e  test va lues  of abdomen, back and c h e s t  t e m -  

pe ra tu re  noted i n  several of t h e  test sequences f u r t h e r  i l l u s t r a t e  t h e  need 

t o  d i v i d e  t h e  model i n t o  more segments i n  t h e  t runk  reg ion  i f  g r e a t e r  

accuracy is t o  be achieved. The model (dot ted  l i n e )  a l s o  shows a tendency 

t o  overpredic t  l e g  s k i n  temperature  (when compared t o  t h e  t e s t  d a t a  f o r  

c a l f  o r  t h igh  temperature) .  Again, s i g n i f i c a n t  d i f f e r e n c e s  between t h e  

t e s t  va lues  of calf and t h i g h  temperatures poin t  ou t  t h e  shortcoming of 

approximating the  e n t i r e  l e g  reg ion  i n  t h e  model wi th  one segment. 

Here, 

The i q d e l  i naccurac i e s  descr ibed i n  t h e  prev ious  paragraph fo l low 

i d e n t i c a l  observa t ions  t h a t  were made f o r  model p r e d i c t l o n s  of Series A 

(Figures  3-1 t o  3-4). These inaccurac ies  and t h e i r  c o r r e c t i o n  a r e  t h e  

subjec t  of a subsequent d i scuss ion .  Also i n  keeping with previous 
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observat ions during S e r i e s  A, t h e  forehead and hand s k i n  temperatures 

were observed t o  be t h e  warmest, while t h e  abdomen and t h i g h  temperatures 

were t h e  coldest .  

One f i n a l  no te  about t h e  model p red ic t ions  and test d a t a  concerns 

i tself  with the  r e l a t i v e  frequency of chanEes. Examination of the  t ran-  

s i e n t  behavior of t h e  ear c a n a l  and mean sk in  temperature and heat s to rage  

d a t a  shows much f a s t e r  response by t h e  model p r e d i c t i o n s  than by t h e  tes t  

da t a .  

first 8 test sequences (Figrre. 3-31), where g rad ien t  changes are much more 

pronounced f o r  t h e  model t h i n  f o r  t h e  test da t a .  

drawn h e r e  is that t h i s  f a u l t  probably l i e s  with the  l a g  t i m e  a s soc ia t ed  

wi th  t h e  sk in  and tympanic thermocouples u t i l i z e d  f o r  t h i s  test .  The 

d i f f i c u l t y  of properly i n s u l a t i n g  and placing a s k i n  therpocouple,  p lus  

t h e  tendency f o r  tympanic thermocouples t o  work loose  a l l  c o n t r i b u t e  t o  

a slow response t i m e .  

progression of t es t  sequences that occurred (30 min per  sequence). 

t h i s  slow response time t h a t  makes t h e  computation of heat  s to rage  r a t e  

from t h e  test d a t a  va lues  of ear and s k i n  temperatures s u s c e p t i b l e  t o  

e r r o r  over the  r e l a t i v e l y  b r i e f  du ra t ion  of each t e s t  sequence. 

This  i s  e s p e c i a l l y  ohservable over  t h e  7-h:' period comprising t h e  

The conclusion t o  be 

This  is e s p e c i a l l y  l i k e l y  i n  view of t h e  rapid 

It is 

LCG Heat Removal 

Figures 3-33 and 3-34 show LCG performance a s  a func t ion  of metabolic 

rate and water f lowrate .  For Series C ,  LCCJ heat removal was con t ro l l ed  

by varying t h e  water f lowra te  with a constant  i n l e t  water temperature 

(17 - 19OC), r a t h e r  than t h e  r e v e r s e  procedure w e d  i n  a l l  o the r  test 

series. 

between the  two methods. The s u b j e c t s  had no c o n t r o l  over t h e  se l ec t ed  

water f lowrate .  In e f f e c t ,  each sub jec t  worked a t  a constant  metabolic 
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rate f o r  30 min wi th  a given f lowrate .  

repeated f o r  3 o the r  f lowra te s  ranging between 0 t o  82 l i t e r s f h r .  

were general ly  e i t h e r  warm o r  near comfort. 

These cond i t ions  were then 

Sub jec t s  

This observat ion was v e r i f i e d  by using t h e  heat  s t o r a g e  d a t a  and the  

previously developed comfort zone t o  assess thermal comfort (Figure 3 - 3 5 ) .  

Figure 3-35 also i n d i c a t e s  that f o r  each metabolic rate,  a unique range of 

LCG f lowra te s  would be rec,uired t o  maintain heat s t o r a g e  and thermal comfort 

wi th in  acceptLble l i m i t s .  However, i t  is d i f f i c u l t  t o  eva lua te  t h i s  

r e l a t i o n s h i p  f u l l y  s i n c e  the test d a t a  were f r e q u m t l y  changing a t  t h e  

conclusion of some of t h e  30-min test sequences. F i n a l  h e s t  s to rage  rates 

i n  seve ra l  P-sses were s t i l l  s i g n i f i c a n t ,  indicatint;  t h e  l i ke l ihood  t h a t  

t o t d l  body heat  s to rage  wonld have increased f u r t h e r  had each sequence 

been longer i n  durat ion.  

Figure 3-33  showr t h e  expected t r end  of increased LCG heat  removal 

with inc reases  i n  metabolic rate f o r  a given water f lowrate .  However, as  

contrasted with t h e  corresponding curves f o r  Series A and h,  t h e  da t a  

appear t o  be approaching a l i m i t  a t  t h e  higher metabolic rates. Thus, 

t h i s  method of heat  removal may not  be a s  e f f i c i e n t  a s  t h a t  of temperature 

con t ro l .  It is czted t h s t  t h e  higher  water f lowrate  curves are displaced 

upward from t h e  lower f lowra te  curves  i n  a manner s i m i l a r  t o  t h a t  f o r  t h e  

co lde r  i n l e t  water temperature curves  of Figures  3-5 and 3-20. 

i t  i s  a l s o  observed t h a t  t h e  heat  r m o v a l  (both predicted and a c t u a l )  f o r  

t h e  highe;t metabolic ra te  of 586 watts is not s u b s t a n t i a l l y  g r e a t e r  a t  

a f lowra te  of 92 l i t e r s l h r  than i t  was a t  55  l i t e r s / h r .  Th i s  implies  that 

f o r  constant  i n l e t  water temperatures of 1 7  - 19'C, no apprec i ab le  bene f i t  

from LCG cooling is derived from f lowra te s  g r e a t e r  than 55 l i t e r e / h r .  

i s  clearer from Figure 3 - 3 4 ,  which shows t h e  percentage of metabolic heat  

However, 

This  
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removed by t h e  LCG as a func t ion  of water f lowrate .  Here, i t  i s  ohserved 

t h a t  a t  t h e  2 higher metabolic rates, LCG performance begins  t o  approach 

a l i m i t  somewhat below 60X of t o t a l  heat removal f o r  f lowra te s  bwand 

5 5  l i t e r s / h r .  

The method cnuld be improved s i g n i f i c a n t l y  by using i n l e t  temperatures 

lower than t h e  1 7  - 19°C u t i l i z e d  f o r  t h i s  t es t .  The e f f e c t i v e n e s s  of LCC 

heat removal a t  t hese  r e l a t i v e l y  high i n l e t  temperatures i s  reduced below 

t h a t  of S e r i e s  A o r  R, e s p e c i a l l y  a t  t he  higher  metabolic rates.  The 

maximum LCG heat  removal amounted t o  less than 60X of mciabolic heat  pro- 

duction, as contrasted with valuee of up t o  1207 noted i n  t h e  corresponding 

da ta  from Series A and B ( s ee  Figures 3-7 and 3-21). The reasoil f o r  the 

decreased e f f e c t i v e n e s s  can be t raced t o  t h e  flow dependence of t h e  LCC 

heat t r a n s f e r  c o e f f i c i e n t  (Figure 3-36). The heat t r a n s f e r  c o e f € i c i e n t  f o r  

constant flow, v a r i a b l e  i n l e t  temperature con r o l  was shown t o  be constant 

a t  2 3  watts/"C f o r  i n l e t  temperatares  up t o  17°C (See Figure 3 - 6 ) .  

i o r  t h e  lower f lowra te s  and cons t an t  i n l e t  temperatures of S e r i e s  C, 

Figure 3-36 shows a reduced heat  t r a n s f e r  c o e f f i c i e n t  which asymptot ical ly  

approaches the  constant  flow, v a r i a b l e  i n l e t  temperature va lue  a s  t h e  

flowrate approaches 109 l i t e r s / h r .  I n  o the r  words, t h e  LCG does not remove 

:ilc body heat  as e f f e c t i v e l y  f o r  t h e  v a r i a b i e  flow case  as  i t  d id  f o r  t h e  

va r i ab le  i n l e t  temperature case.  

However, 

The prediction:: of t h e  mathematical model are shown a s  s o l i d  l i n e s  

in  Figures 3-33 and 3 - 3 4 ,  and agreement with t h e  a c t u a l  dat,] I s  very good. 

I n  Figure 3 - 3 4 .  t he  p r e d i c t i o n s  f a l l  w i th in  a f a i r l y  narrcjw band f o r  

f lowrates  between 2 7  t o  a 2  l i t e r s / h r  a t  metabolic r a t e s  from 352 t o  

586 watts.  T h i s  sueges t s  t h e  p o s s i b i l i t y  of using such curves t o  p r e d i c t  

metabolic r a t e ,  given LCG heat  removal and flowrate.  However, a useful. 

r e l a t i o n s h i p  would r equ i r e  s u b s t a n t i a l l y  more d a t a .  
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Sweating and Evaporation Heat - Loss 

The removal of hea t  by e w p o r a t i o n  of a c t i v e  sweat is shown a s  a 

funct ion of metaboiic ra te  and LCG water f l o w r a t s  i n  Figures  3-37 and 3-38. 

A s  i n  S e r i e s  B, t h i s  is determined from t h e  s u i t  v e n t i l a t i o n  f lowrate  and 

i n l e t  and o u t l e t  dewpoint d a t a  (equation 7, Ssct ion 2) .  Sweat ra te  is then 

found by deducting empir ical  expressions f o r  r e s p i r a t o r y  evaporat ive and 

sk in  d i f f u s i o n  heat  l o s s  (equations 5 and Appendix C)  from t o t a l  evapor- 

a t i v e  heat  loss. 

The t r ends  shown .I Figure 3-77 i l l u s t r a t e  t h e  inve r se  r e l a t i o n s h i p  

that exis ts  between I.CG beat  removal and a c t i v e  sweat r a t e .  The highest  

sweat r a t e s  occurred f o r  t h e  zero water flow tes t3  i n  which there was no 

CCG cooling. 

flow case of 27 l i t e r s l h r .  The lowest sweat rates wete c')served f o r  

f lowrates  o f  55 and 82 l i t i r s / h r ,  with ve ry  l i t t l e  d i f f e r e n c e  between t h e  

twc. The l a t t e r  f i nd ing  s u p p r t s  t he  content ion chat f o r  i n ? e t  water 

temperatures of 17-1g0C,  only a i n i m l  b e n e f i t  is derived from LUG f lowra te s  

g r e a t e r  than 5 5  l i t e -  s / h r .  

l'he use fu lness  of t h e  LCC i n  rehucinR sweating is a l s o  apparent i r o m  

Figure 3-37. The sweat heat  renoltal rates shown f o r  t h e  no-cooling, zero 

water f l 3 w  sequences a r e  f s r  i r l  excess  0:  any values  t h a t  have thus  f a r  

been observed, This may be seen more e a s i l y  i n  F i p r e  3-38, which show: 

the  percentage of metabolic heat  removed by evaporat ion of sweat a s  a 

funct ion of LCG f lowrate .  A t  zero f lowra te ,  sweat evaporat ion c o n s t i t u t e .  

45 t o  55, ' :  of the  removal of t o t a l  heat production. These high va lues  a r e  

contrasted d i t h  sweat heat  r m o v a l  r a t i o s  below 25% f o r  a l l  previous t e s t  

da t a  i n  which the re  was s u f f i c i e n t  LCC cooling. 

The nevt h ighes t  sweat ra tes  occurred f o r  t h e  minir;.un, water 

The model p r e d i c t i o n s ,  shovn as s o l i d  l i n e s  i n  Figures  3-37 and 3-38 

a l s o  show exce l l en t  agreement with t h e  t e s t  d a t a .  The no t i ceab le  tendency 
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t o  overpredict  evaporation r a t e s  that was observed in S e r i e s  A and B 

(Figure 3-28b) is absent i n  t h i s  case. As mentioned previously,  erroneous 

values  of s u i t  i n su la t ion  p rope r t i e s  i n i t i a l l y  predicted n e g l i g i b l e  radia- 

t i o n  loss, with consequent e r r o r s  i n  p red ic t ions  of sweating and evaporation 

heat loss. 

appropriate  va lues  f o r  a pressure environment g r e a t l y  reduced t h e  e r r o r s  

and a l s o  improved the  hea t  balance da t a  of Tat?!= 3-3. 

However, co r rec t ing  t h e  s u l t  i n su la t ion  p r o p e r t i e s  t o  t h e  

The p r e d i c t i s a s  and da ta  of Figure 3-33 a l s o  show t h e  large e f f e c t  

that w e n  a small amount of LCC cool ing can provide. 

the  model pred ic t ions  has a very s t e e p  necr,ative grad ien t  a t  t h e  lower 

flowrates,  demonstrating a l i n e a r  reduct ion i n  sweating t h a t  amounts t o  

0.84 - 1.9 w a t t s / l i t e r / h r  of water flow f o r  f lowra tes  between 0 snd 

27 l i t e r s / h r .  However, as water flow is increase.? beyond 55 l i t e r s l h r ,  the  

The band bounded by 

gradient  l a r g e l y  disappears  an3 approaches zero,  another  r e f l e c t i o n  of t h e  

f a c t  that t h e  l a t t e r  f lowra te  appears  t o  be optimum f o r  t hese  tes t  condi- 

t ions .  A t  the  high f lowra tes ,  sweat hea t  removal amounts t o  less than 25X 

of metabolic heat  production. 

Figures 3-39 and 3-49 show cotal  evaporat ive hea t  removal, including 

r e sp i r a to ry  and sk in  d i f fus ion  heat  loss, as a func t ion  of metabolic r a t e  

and LCG water f lowrate .  As previously discussed,  t o t a l  evaqora t ive  heat  

lob.9 is determined d i r e c t l y  from t h e  s u i t  gas f lowra te  and dewpoint da ta .  

All of the  t rends  observed on t h e  curves are similar t o  those  f o r  evapora- 

t i v e  heat loss by a c t i v e  sweat alone,  except t h a t  they are g r e a t e r  i n  

magnitude. 

metabolic r a t e  f o r  t he  no-cooling test sequences, and exponent ia l ly  

decreases t o  25 t o  35Z a t  the  higher water f lowra tes .  As In  t h e  case  

Total  heat  renoval by evaporation amounts t o  65 t o  70% of 

for  m e a t  evaporation alone,  t o t a l  evaporat ive heat  removal €or  t he  no- 

cooling t e s t s  exceeds a l l  previous corresponding datP from S e r i e s  A and B, 
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but approaches the same m i n i m a  va lues  as LCG f lowra te  increases .  It 

should be noted that f o r  t h e  test sequences I n  which the re  was no LCC 

cool ing,  t h e  remainder of t h e  qe t abo l i c  heat  generated i n  the  body is 

d ia s ipa t ed  pr imar i ly  i n  the  form of r a d i a t i o n  loss o r  Increased body heat  

s torage.  

Skin Terpperature, Tympanic Temperature, and Tota l  Body Heat Storage 

The e f f e c t s  of LCG cool ing upon thermoregulation, s w e a t i n g ,  and com- 

f o r t  are more e a s i l y  in t e rp re t ed  when augmented by phys io logica l  da t a  f o r  

t h e  s teady-s ta te  responses of skfn  temperature,  head core  temperatures and 

. body heat  s torage.  For Series C, t hese  d a t a  are presented i n  Figures  3-41 

through 3-47. In  comparable cssus, results agree  favorably wi th  the  

equivalent  d a t a  of S e r i e s  A, aithough t h e  l a t te r  test u t i l i z e d  i n l e t  water 

temperature as t h e  independent v a r i a b l e ,  r a t h e r  than water f lowrate .  Mean 

skin temperature w a s  determined i n  S e r i e s  C by using t h e  f i n a l  s k i n  tem- 

pe ra t a re s  a t  the  cocclusion of each test sequence, mu l t ip ly ins  each by its 

appropr i a t e  weighting f a c t o r ,  and combining these  va lues  i n t o  an o v e r a l l  

mean sk in  temperature (see equat ion 2, Sect ion 2). Total  body hea t  s to rage  

w a s  found by combining sk in  temperatures  and core  temperature ( i n  t h i s  case ,  

tympanic temperature) i n  t h e  m n n e r  descr ibed i n  t e s t  series A and equa- 

t i o n  3 of Sect ion 2. 

Figure 3-41 shows t h e  e f f e c t  of water f lowra te  upon head core  tem- 

The d a t a  r ep resen t  metabol ic  r a t e s  pera ture  and mean sk in  temperature.  

of 352 t o  586 watts. I t  is observed that t h e  tympanic temperature remains 

near ly  cons tan t  and is independent of water f lowra te ,  while t h e  mean sk in  

temperature decreases  asymptot ica l ly  as water f lowra te  increases .  The 

independence of head co re  temperature from water f lowra te  is comparable 

t o  Figure 3-13 of S e r i e s  A, where r e c t a l  temperature was shown t o  be 
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independent of water inlet temperature. 

wi th  Nielson's o r i g i n a l  studies showing t h a t  deep body temperatures reach 

These I iings are i n  keeping 

a plateau i n  t h e  s teadv-state  a s soc ia t ed  d i r e c t l y  wi th  t h e  l e v e l  of meta- 

b o l i c  rate, d e s p i t e  t h e  presence of s t r o n g  s u r f a c e  cool ing a t  t h e  s k i n  

from the LCG (97, 161). 

The decrease i n  mean s k i n  temperature wi th  inc reas ing  f l o n a t e  is  

s i m i l a r  t o  t h e  decrease observed wi th  lower i n l e t  temperatures from 

S e r i e s  A (Figure 3-13). However, t h e  latter r e l a t i o n s h i p  w a s  r e c t i l i n e a r ,  

whereas t h e  S e r i e s  C d a t a  e x h i b i t  a more gradual  decrease  t h a t  asymp- 

t o t i c a l l y  approaches a va lue  s l i g h t l y  above 3OOC. As might be expected, 

t h i s  asymptote va lue  is t h e  same t h a t  is  found from Figure 3-13 of S e r i e s  A 

for  t h e  corresponding i n l e t  temperatures used i n  S e r i e s  C (17 - 19°C). 

The gradual ly  decreasing change i n  s k i n  temperature wi th  f lowra te  change as 

opposed t o  t h e  s t eepe r  r e c t i l i n e a r  e f f e c t  wi th  inlet temperature change 

again r e f l e c t s  t h e  more e f f e c t i v e ,  p r e c i s e  c o n t r o l  of t h e  latter method of 

LCG cooling. 

From Figure 3-41, It is also apparent that mean sk in  temperature i s  

con t ro l l ed  p r imar i ly  by t h e  LCG, r a t h e r  than metabolic rate. This is con- 

cluded from the  f a c t  t h a t  t h e  d a t a  encompass a wide range of metabolic 

r a t e s  (352 - 586 w a t t s ) ,  y e t  seem t o  be l a r g e l y  independent of t h e  l a t t e r .  

Figure 3-42 shows some iucrease i n  mean sk in  temperature wi th  metabolic 

r a t e  a t  constant  f l o n a t e s ,  but  t h e  dependence is  not  s t rong .  

These r e s u l t s  are similar t o  t h e  f ind ings  of S e r i e s  A, which a l s o  

showed mean sk in  temperature t o  be c o n t r o l l e d  p r imar i ly  by i n l e t  water 

temperature r a t h e r  than metabolic rate. This i s  reasonable  because 

increased body heat  produced by metabolism occurs  i n t e r n a l l y  a t  t h e  c e l l u -  

lar  level and is d i s s i p a t e d , i n  par t ,  by convective heat  t r a n s f e r  t o  t h e  
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blood-stream and t h e  surrounding t i s s u e s  before  f i n a l l y  being t r a n s f e r r e d  

t o  t h e  s k i n  su r face  f o r  removal. 

boundary between metabolic hea t  product ion and i ts  u l t i m a t e  removal a t  t h e  

skin. 

t h e  s k i n  surface.  

a lag time t o  reach  t h e  s k i n  su r face ,  whereas conduction of hea t  between 

t h e  LCG and t h e  sk in  is Immediate. 

sk in  temperature d a t a  w i l l  no t  r e f l e c t  i nc reases  i n  metabol ic  rate over 

a s h o r t  du ra t ion  test as r a p i d l y  as it w i l l  reflect changes i n  LCC f lowrate .  

This  c o n s t i t u t e s  a type  of i n s u l a t i n g  

On t h e  o t h e r  hand, t h e  LCG imposes a direct boundary condi t ion  a t  

Furthermore, metabolic hea t  generated i n t e r n a l l y  r e q u i r e s  

The l a g  t ime simply means that t h e  

It is i n t e r e s t i n g  to note t h a t  t h e  sk in  temperature p r e d i c t i o n s  of t h e  

The mathematical model are i n  gene ra l ly  good agreement wi th  t h e  test da ta .  

d i f f e r e n c e s  that are present  are probably t h e  r e s u l t  of t h e  slow response 

t ime of t h e  sk in  temperature thermocouples descr ibed previously.  By con- 

t ras t ,  t h e  model r e s u l t s  I n  S e r i e s  A exhib i ted  a marked tendency t o  under- 

p red ic t  t h e  test da ta .  This can be a t t r i b u t e d  t o  several f a c t o r s .  

F i r s t ,  t h e  underpredic t ions  of S e r i e s  A were most no t i ceab le  a t  very  

l o w  water i n l e t  temperatures  of around 7 O C ,  where co ld  stress, vasocon- 

s t r ic t ion  e f f e c t s ,  and a s soc ia t ed  model e r r o r s  a r e  most l i k e l y  t o  occur. 

Underpredictions a t  t h e  h igher  i n l e t  temperatares  u t i l i z e d  f o r  t h i s  test 

series (17 - 19OC) were not  as s i g n i f i c a n t .  

Secondly, t he  r a d i a t i o n  hea t  l o s s  i n  S e r i e s  A w a s  no t  a s  w e l l  def ined 

as  in S e r i e s  C, and t h e  model has  demonstrated that i n c o r r e c t  estimates of 

t h e  la t ter  can lead t o  underpredic t ions  of sk in  temperature.  

Thirdly,  a t ia lys i s  of t hese  and o the r  t e s t  da t a  suggested t h a t  t h e  

amount of heat  ex t r ac t ed  from d i f f e r e n t  reg ions  of t h e  body by t h e  LCC 

was simulated inco r rec t ly .  Modif icat ions made t o  t h e  model r e s u l t e d  i n  

improvements i n  sk in  temperature  p red ic t ions ,  and were u t i l i z e d  f o r  t he  
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model pred ic t ions  i n  t h i s  end subsequent test aeries. 

part, f o r  t h e  improved accuracy. 

They account,  in 

Fina l ly ,  t h e  r e s u l t s  expressed here  are a f t e r  30 min of t e s t i n g ,  a t  

which time several test sequences showed s i g n i f i c a n t  hea t  s to rage  rates, 

indfca t ing  unsteady-state condi t ions.  

sequence been continued f o r  a longer  dura t ion ,  as i n  S e r i e s  A, underpre- 

d i c t i o n s  propor t iona l  t o  t h e  degree of dev ia t ion  from comfort may have 

occurred. Such underpredic t ions  were observed f o r  some of t h e  ind iv idua l  

sk in  temperatures such as t h e  ches t  o r  t h e  back, but  were not  r e f l e c t e d  

i n  t h e  mean sk in  temperature due t o  equiva len t  ove rp red ic t ions  f o r  t h e  

temperature of t h e  leg.  

It is poss ib l e  that had each 

The da ta  and p red ic t ions  f o r  tympanic (head core)  temperature are 

a l s o  shown i n  Figure 3-42 and ag ree  very  w e l l .  

expected increase  with metabolic rate predic ted  by Nielson and a l s o  

observed i n  S e r i e s  A. It appears  t h a t  as  long as a hea t  balance is  

reached, deep body temperatures  rise pr imar i ly  i n  response t o  metabolic 

rate and a r e  l a r g e l y  i c s e n s i t i v e  t o  t h e  boundary condi t ions  a t  t h e  sk in  

surface.  

They demonstrate t h e  

The dependence of a c t i v e  sweating upon s k i n  temperature,  co re  tempera- 

t u r e  and heat  s to rage  is shown i n  Figures  3-43 throush 3-47 .  As i n  S e r i e s  A, 

test d a t a  and model p red ic t ions  demonstrate an  inc rease  i n  sweat r a t e  

d i r e c t l y  propor t iona l  t o  a l l  t h r e e  parameters. Figure 3-43 shows an average 

gradien t  of 107 g /hr  per "C i nc rease  i n  mean sk in  temperature.  This  is i n  

agreement w i t h  t he  r e s u l t s  of RenziL,ger (8), and comparable t o  t h e  results 

from Se r i e s  A f o r  t h e  Sam- approximate i n l e t  temperatures (shown as 

flagged symbols). 

As i n  S e r i e s  A, t he  d a t a  e x h i b i t  some dependence upon d i f f e r e n t  LCG 

cool ing rates. 
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a given s k i n  temperature.  

inlet temperature d a t a  showed h igher  sweat rates a t  a given s k i n  

temperature. 

This  is s i m i l a r  to  S e r i e s  A where t h e  lowest 

This r e s u l t  is axplained by t h e  f a c t  that as LCG cool ing  inc reases  

( e i the r  bv increas ing  t h e  f lowra te  o r  decreas ing  t h e  i n l e t  temperature),  

a higher  metabol ic  ra t? ,  and consequently,  a higher  co re  temperature is  

required to  maintain a cons tan t  s k i n  temperature. It is t h e  inc rease  i n  

core  temperature that causes  t h e  higher  meat rates a t  increased LCG 

cool ing rates f o r  t h e  same s k i n  temperature. 

t h e  e f f e c t  is much less apparent  from t h e  f lowra te  dependent d a t a  of 

Se r i e s  C (where d a t a  and p red ic t ions  are more c l o s e l y  bunched f o r  t h e  

d i f f e r e n t  f lowra tes )  than t h e  i n l e t  temperature dependent d a t a  of S e r i e s  A 

(Figure 3-15). This  i s  another  mani fes ta t ion  of t h e  g r e a t e r  s e n s i t i v i t y  

t o  LCG cool ing  by temperature c o n t r o l  as compared t o  f lowra te  con t ro l .  

It is a l s o  worth notinp, that 

One f i n a l  observa t ion  about Figure 3-43 is t h a t  t h e  model p red ic t ions  

are i n  b e t t e r  agreement wi th  t h e  test d a t a  than f o r  t h e  corresponding 

r e s u l t s  of S e r i e s  A. This  can be t raced  t o  t h e  improved p r e d i c t i o n s  i n  

ind iv idua l  s k i n  temperatures  f o r  S e r i e s  C that were previous ly  discussed.  

Figure 3-44 shows t h e  inc rease  i n  a c t i v e  sweat r a t e  i n  proport ion t o  

increased deep body (tympanic) temperature. The average g rad ien t  of t h e  

p red ic t ions  and da ta  is 350 g/hr  sweat r a t e  per  O C  i nc rease  i n  tympanic 

temperature. Therefore,  t h e  inf luence  of tympanic temperature  upon 

sweating is over 3 times a s  g rea t  as t h a t  of mean sk in  temperature.  This  

is i n  keeping with t h e  results of Benzinger (a), Stolwi jk  and Hardy 

(133-139),and Wyss (172). The more powerful, coarse  c o n t r o l  of sweat r a t e  

e f f ec t ed  by deep body temperature as opposed t o  the  less i n f l u e n t i a l ,  f i n e  

c m t r o l  bv s k i n  temperature was a l s o  observed and discussed in  Series A. 
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The r e s u l t s  of Figure 3-44 a l s o  e x h i b i t  some dependence of a c t i v e  sweat 

rate upon LCG cool ing ,  with t h e  lowest f l owra te s  showing t h e  h ighes t  sweat 

rates a t  a given tympanic temperature and the  h ighes t  f lowra te  shcwing the  

lowest meat rates. 

previous f igure .  

t u r e s )  r e s u l t  in higher  sk in  temperatures f o r  t h e  same core  temperature,  

and therefore ,  higher  sweat rates. However, t h i s  has a lesser inf luence  

on sweat rate than does e leva ted  core  temperatures a t  t h e  same s k i n  

temperature. 

Fowever, t h e  c o r r e l a t i o n  is less than  that of t h e  

This is because low f l o n a t e s  (or high i n l e t  tempera- 

The p red ic t ions  of t h e  mathematical model demonstrate somewhat lower 

sweat rates than t h e  test d a t a  of Figure 3-44 for t h e  same tympanic tem- 

perature .  However, t h i s  may be t h e  r e s u l t  of inaccurac ies  i n  t h e  ear 

probe sensor used i n  t l . is  test. The model p red ic t ions  a r e  f o r  head core  

t%perature ,  which under i d e a l  condi t ions ,  should be nea r ly  i d e n t i c a l  t o  

deep body or rectal temperature (89, 90 ) .  However, tympanic thermocouples 

have a tendency t o  l ag  a c t u a l  head core  temperature by as much a s  9.5OC, 

espec ia l ly  if they a r e  not  f i t t e d  pa ins tak inqly ,  o r  i f  they work p a r t i a l l y  

loose.  Consequently, t h e  tympanic temperature resu l t s  are o f t en  low, 

which would expla in  t h e  discrevancv between p red ic t ions  and da ta .  I f  t h e  

test da t a  was diso laced  t o  t h e  r i q h t  by about 0.5OC, it  would f a l l  almost 

d i r e c t l y  on the  pred ic t ions .  

Thermocouple inaccuracv i s  a l s o  suspect  because t h e  d a t a  of Se r i e s  A 

showed equivalent  sweat r a t e s  a t  h i she r  r e c t a l  temperatures (Figure 3-16). 

Altnouqh r e c t a l  temperature w a s  not measured i n  Se r i e s  C, it should not 

d i f f e r  g r e a t l y  from head core temperature,  and t h e  results of S e r i e s  A 

show c l o s e r  agreement with the  model p red ic t ions  of Figure 3-44 than the  

Ser ies  C test da ta .  
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Fina l ly ,  r e s u l t s  from Benzinger 's temperature r egu la t ion  s t u d i e s  (8) 

are superposed on Figure 3-44 (as a dashed l i n e )  and show c l o s e r  agreement 

t o  t h e  model p red ic t ions  f o r  no LCPJ cool ing  than t h e  S e r i e s  C test da ta .  

The no-cooling case is used f o r  comparison because Benzinger 's  r e s u l t s  

were derived f o r  a near ly  cons tan t  s k i n  temperature without  an  LCC. 

Of course,  another  p o s s i b i l i t y  e x i s t s  that t h e  errors descr ibed above 

are assoc ia ted  wi th  t h e  s h o r t  dura t ion  of each test  sequence, combined 

with frequent  unsteady-state  condi t ions .  

c u l t  t o  correlate and prone to  e r r o r .  

Such t r a n s i e n t s  are o f t e n  d i f f i -  

The preceding r e s u l t s  are presented i n  another  l i g h t  by F igures  3-45 

and 3-46, which show sweat r a t e  as a func t ion  of t h e  change in skin tem- 

pera ture  and o r  tympanic temperature as measured over  t h e  du ra t ion  of each 

test sequence, r a t h e r  than t h e  abso lu te  va lue  a t  t h e  endpoint.  A l l  of t h e  

same t r ends  observed i n  t h e  preceding f i g u r e s  are apparent.  Furthermore, 

it is seen that t o  produce t h e  same sweat r a t e ,  a chanze i n  mean sk in  

temperature approximately 5 t o  13 times a s  l a r g e  as t h a t  of tympanic tem- 

pera ture  is required.  

Agreement between t h e  test  d a t a  and model p red ic t ions  is again  q u i t e  

good, demonstrating t h e  a b i l i t y  of t h e  model t o  s imula te  t h e  changes i n  

body temperature and t h e i r  e f f e c t s  upon sweating. 

that mean sk in  temperature decreased over t h e  du ra t ion  or  every  test 

sequence with t h e  except ion of t h e  no-cooling case.  Conversely, tympanic 

temperature always increased.  This  t rend was a l s o  observed f o r  S e r i e s  A, 

and is a consequence of t h e  powerful sk in  cool ing  e f f e c t  of t h e  LCG, and 

the  r e l a t i v e  independence of co re  temperature from LCG cool ing ,  a s  dis- 

cussed e a r l i e r .  The o the r  impl ica t ion  of t h e  observa t ion  is t h a t  t h e  LCG 

must have lowered the  sk in  temperature below t h e  pe r iphe ra l  thermosta t ic  

The r e s u l t s  a l s o  show 
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set-point  f o r  l o c a l  sweating. 

sweating by l i m i t i n g  its response only  to  changes i n  core temperature or 

rates of change of core  and s k i n  temperature. The response t o  l e v e l s  of 

sk in  temperature above t h e  *oca1 set-point  would be nonexis tent .  

This would have t h e  e f f e c t  of  i n h i b i t i n g  

The combined e f f e c t  of bo th  tympanic and mean s k i n  temperature  i s  

i l l u s t r a t e d  i n  Figure 3-47, which p resen t s  sweat ra te  as a func t ion  of 

total  body heat  s torage .  

i nc reases  i n  sk in  temperature are less s i g n i f i c a n t  than  inc reases  i n  core  

temperature. Therefore,  s i n c e  i t  w a s  shown earlier that t h e  r e l a t i o n s h i p  

between t h e  co re  temperature and sweat r a t e  is not  g r e a t l y  a f f e c t e d  by LCG 

cool ing,  i t  is not  s u r p r i s i n q  t h a t  Fiqure 3-47 e x h i b i t s  minimal dependence 

on LCG cool ing.  

t h e  d i f f e r e n t  LCG f lowra tes ,  and aqree  w e l l  wi th  t h e  test da ta .  

somewhat more dependence shown by t h e  equiva len t  f i g u r e  f o r  S e r i e s  A 

(Figure 3-18), p r imar i ly  because s k i n  temperatures  were depressed t o  a 

g r e a t e r  ex ten t  as a r e s u l t  of t h e  low i n l e t  temperatures  used (7OC) .  

In  t h e  de te rmina t ion  of t o t a l  body hea t  s torage ,  

The model p red ic t ions  a r e  bunched c l o s e l y  toge ther  f o r  

There was 

The good agreement of test d a t a  and model p red ic t ions ,  coupled t o  t h e  

minimal e f f e c t  of LCG f lowra te ,  combine t o  make Figure 3-47 a good method 

of assessinp, sweat rate as a func t ion  of thermal stress. I f  t h e  amount a f  

heat  s tored  by t h e  body under c e r t a i n  environmental and metabol ic  condi- 

t i o n s  can be determined, and r e l a t e d  t o  thermal comfort ,  i t  can then be 

assoc ia ted  with a given sweat rate. 

This can be demonstrated by using t h e  results of Figure 3-35, which 

show body hea t  s to rage  as a func t ion  o€  metabol ic  r a t e  f o r  va r ious  LCG 

f lowrates .  It i s  seen t h a t  f o r  t h e  same metabol ic  ra te ,  body heat  s torage  

increases  a s  LCG f lowra te  decreases .  This  is t he  same t rend t h a t  was 

observed i n  Series A f o r  increas inq  i n l e t  temperatures (Fiqure 3-19). It 

is caused by reduced LCG cool ing ,  culminat ing i n  e leva ted  body temperatures.  
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In  Figure 3-35,  t h e  test d a t a  and model p red ic t ions  are i n  reasonable  

agreement, with t h e  except ion of t h e  no-cooling case where t h e  model pre- 

d l c t i c n s  are c o n s i s t e n t l y  higher.  

by unsteady-state test condi t ions.  P o s i t i v e  heat  s to rage  r a t e s  a t  t h e  

conclusion of t h e  no-cooling test sequences i n d i c a t e  t h a t  t h e  heat  s to rage  

va lues  were st i l l  r i s i n g  and would have approached t h e  model p red ic t ions  

i f  time had been extended. 

These dev ia t ions  a r e  probably caused 

Figure 3-35 serves t o  poin t  ou t  t h e  u t i l i t y  of t he  model in pred ic t ing  

body heat  s to rage  i n  response t o  metabol ic  work loads  and LCG performance. 

The increased heat  s to rage  va lues  from Fizure  3-35 t h a t  r e s u l t  a t  lower 

f lowra tes  can be combined with Figure 3-47 t o  show t h e  s t rong  inf luence  

that hea t  s to rage  e x e r t s  upon sweat rate. For example, from Figure 3-35,  

at  a metabolic ra te  of 469 watts, reducing t h e  LCG flow from 82 t o  27 t o  

0 l i t e r s l h r  r e su l t ed  i n  a n  Increase  in body heat  s to rage  of 30 t o  58 t o  

72 wat t lhr .  

a c t i v e  sweating t o  inc rease  s t e e p l v  from 103 t o  235  t o  410 g lhr .  

I J t i l i z ing  these  va1l;es i n  Figure 3-47 shows t h a t  t h i s  caused 

It should be noted t h a t  t o t a l  hea t  s to rage  and sweat r a t e s  f o r  t h e  

condi t ions  of no LCG cool ing  were considerably l a r g e r  than any o the r  

corresponding d a t a  from t h i s  o r  t h e  preceding test  series. 

rates experienced a t  both t h e  27 l i t e r s l h r  and no-flow LCG cases  a r e  both 

w e l l  above the  comfort l e v e l s  of 100 g l h r  spec i f i ed  by Webb. In  support  

of t h i s ,  t he  test  sub jec t  complained of f e e l i n g  s t i c k y  and uncmfor t ab ly  

warm a t  t h e  conclusion of these  test sequences. On t h e  o the r  hand, t h e  

meat r a t e s  observed €or LCG f lowt i n  excess  of 55 l i t e r s l h r  were markec'ly 

reduced and assoc ia ted  wi th  sub jec t ive  f e e l i n g s  of comfort. 

The high sweat 

The l a t t e r  f ind ings  can a l s o  be used t o  i l l u s t r a t e  t h e  app l i ca t ion  

of t he  heat  s to raqe  based comfort band. T h e  band is shown a s  t h e  c ross -  
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hatched zone In Figure 3-35. 

f o r  t h e  hlg%er LCG f lowra te s  are wi th in  o r  q u i t e  close t o  t h e  comfort 

band. However, as f lowra te  decreases ,  t h e  d a t a  show va lues  above t h e  

comfort band i n  t h e  uncomfortably warm o r  hot  region. 

devia t ion  from t h e  band, t h e  mathematical model p r e d i c t s  r i s i n g  s w e a t  

rates well above 100 g/hr  (Figure 3-47). 

e ince  test s u b j e c t s  d id  sweat a t  higher  rates and f e l t  uncomfortably 

It I s  observed that t h e  hea t  s t o r a g e  d a t a  

!Jith increas ing  

These p r e d i c t i o n s  are v e r i f i e d  

warm. 

It is a l s o  observed t h a t  t h e  comfort band can be used t o  f o r e c a s t  

t h e  degree of LCG cool ing requi red  t o  maintain comfort. For example, a t  

t h e  lower metabolic rates, low f lowra tes  of 27 l i t e r s / h r  a r e  acceptable .  

However, as metabol ic  rate inc reases  beyond 420 watts, higher  f lowra te s  

are required t o  s t a y  wi th in  t h e  comfort band. 

examined i n  more d e t a i l  subsequently,  i n  Se r i e s  D. 

This  r e l a t i o n s h i p  w i l l  t e  

SUIES D 

Series D was conducted in a vacuum environment with a l l  c r i t i ca l  l i f e  

support  system func t ions  being con t ro l l ed  by t h e  PLSS. 

s u r e  was below 10 t o r r  but  s u b j e c t s  wore the  A7L s u i t ,  which was pressur ized  

t o  195 t o r r .  

c i r c u l a t i n g  flow of 170 l i t e r d h r ,  while t h e  LCG water f lowra te  was regu- 

l a t e d  t o  about 109 l i t e r s / h r .  

The ambient pres- 

The oxygen v e n t i l a t i o n  system was regula ted  by t h e  PLSS t o  a 

The LCG i n l e t  water temperature was se lec ted  i n  accordance with sub- 

j e c t i v e  comfort, 

LCG water d i v e r t e r  va lve  t o  1 of 3 pos i t i ons  - Min, In te rmedia te ,  or Max 

coo 1 ing . 

This  was accomplished by t h e  sub jec t  t u rn ing  the PLSS 

Far S e r i e s  D, t he  hypobaric chamber environment was var ied  i n  a 

parametric fashion from very hot  (177 wa t t s  i n t o  t h e  A7L s u i t )  t o  very 
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ca ld  (72 watts out of t h e  s u i t ) .  

simulate the actual workloads required f o r  t h e  v a r i o u s  t a s k s  and experi-  

ments t o  be performed on t h e  lunar  su r face  and was con t ro l l ed  by varying 

t h e  subject's s t e p  ra te  on a Harvard Step. 

The metabolic p r o f i l e  was designed t o  

Table 3-4 p r e s m t s  t h e  ca l cu la t ed  r e s u l t s  and hea t  ba lance  d a t a  f o r  

(The raw tes t  d a t a  are shown in Table D4 of Appendix D) .  The S e r i e s  D. 

da t a  of Table 3-4 are presented i n  terms of t o t a l ,  r a t h e r  than s teady-state  

o r  average rate values ,  e ince  t'.e most accu ra t e  heat  balance a n a l y s i s  

u t i l i z e d  post- tes t  de te rmina t ions  of such t o t a l  va lues  as  metabolic heat 

production from t o t a l  oxygen consumption and carbon dioxide production, 

and evaporat ive hea t  loss from t o t a l  water co l l ec t ed .  Coincidental ly ,  t h e  

instantaneous values  of metabolic rate and t o t a l  evaporat ive heat  loss rate 

in t eg ra t ed  over time agree  favorably wi th  t h e  t o t a l  va lues  measured i n  the  

post-test ana lys i s .  Therefore,  any conclusions drawn from t h e  o v e r a l l  hea t  

balance are, i n  most i n s t ances ,  equal ly  app l i cab le  a t  any given time during 

each test. 

H e a t  Balance 

As was t h e  case f o r  S e r i e s  A, B, .nd C, the  l a r g e s t  po r t ion  of the 

heat removal was through t h e  LCG, as shown by t h e  LCG HEAT REMOVAL row of 

Table 3-4. In t h i s  case, however, t h e  LCG heat  removal was con t ro l l ed  

according t o  s u b j e c t i v e  comfort r a t h e r  than imposed upon t h e  t e s t  subject .  

As i n  previous test series, convective heat removal was n e g l i g i b l e ,  a 

tendency cons i s t en t  wirh the  u s e  of an LCG a s  t h e  primary mechanism of  

heat transfer. A l s o  from Table 3 - 4 ,  i t  is  seen t h a t  evaporat ive heat loss 

is s i g n i f i c a n t ,  al though considerably l e s s  than LCG heat  rerroval. 

The s i n g l e  most d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  of S e r i e s  D i s  the  

magnitude of the  n e t  heat  exchange between t h e  subject  and the  ambient 
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environment. Whereas i n  previous test  seriee, r a d i a t i o n  hea t  exchange was 

r e l a t i v e l y  small ,  t h e  d a t a  of t h i s  test demonstrated everage va lues  between 

72 watts out  of t h e  e u i t  t o  137 watts i n t o  t h e  it. In  f a c t ,  i n  most 

cases, t h e  net environmental hea t  exchange was i n  t h e  same order  of, and 

o f t e n  exceeded, t h e  t o t a l  evaporat ive h-.qp removal f o r  t h e  dui-ation of 

each test. 

The HEAT ULANCE row of Table 3-4 shows t h e  d i f f e r e n c e  between hea t  

production and hea t  l o s s  f o r  t h e  du ra t ion  of each test. In  a l l  caaes  bvt  

Test  2 (which had a cold environment) t he  d i f f e rence  was +si t ive,  ind i -  

ca t ing  t h e  l i ke l ihood  that some heat  was s tored  1.;. t h e  t es t  sub jec t .  The 

a c t u a l  body heat  s to rage ,  a s  determined by sk in  and tympanic temperature 

measurement, is shown In t h e  next row. This shows t h a t  hea t  s to rage  was 

a c t u a l l y  negat ive f o r  3 of t h e  7 tests. However, i t  should be kept  i n  mind 

that the  va lues  are q u i t e  small, e s p e c i a l l y  consider ing t h e  extended dura- 

t i o n  of each test. 

Some ins igh t  i n t o  t h e  d i f f e r e n c e  between t h e  hea t  bPLnce  and t h e  

body heat  s to rage  va lues  may be gained by e x m m i n g  t h e  numerical  di:fer- 

ence between t h e  two, shown i n  thc HEAT DEFICIT row. As i n  previous tests, 

t h e  heat  d e f i c i t  r e p r e s e n t s  er;iT; 5 t h e  es t imat ions  of hea t  production, 

heat 108s o r  heat  s torage ,  o r  more simply s t a t e d ,  cnerplained hea t .  In  

t h i s  case, a l l  va lues  a r e  very small o r  pos i t i ve .  It can be s t a t e d  with 

some confidence t h a t  t he  h r q e s t  source of t h e  hea t  d e f i c i t  comes from 

s l i g h t  underest imat ions of t h e  t o t a l  hea t  removal. 

Spec i f i ca l ly ,  t h e  method of determining t o t a l  evapora t ive  hea t  l o s s  

is subjec t  t o  some m a l l  e r r o r ,  T tb le  D4 shows t h e  t o t a l  sub jec t  weight 

loss and the  e .apora ted  water co l l ec t ed  over t he  du ra t ion  of each test .  

These data show t h a t  i n  every case ,  t h e  fo rxe r  exceeded the  l a t t e r .  It 
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was assumed that t h e  d i f f e r e n c e  between t h e  two was unevaporated water 

thrt would not  e n t e r  into t he  tieat balance (runoff sweat). However, i t  i s  

l i k e l y  that some amount of t h i s  rucoff was a c t u a l l y  evaporated and then 

recondensed i n s i d e  t h e  s u i t  and never co l l ec t ed .  Theretore ,  t h i s  would 

lead t o  underest imat ions of t o t e 1  evapora t ive  hea t  removal, and thus  t o t a l  

heat  removal. 

fo r  S e r i e s  D. 

weight loss a lone  w d s  a s i g n i f i c a n t  source of e r r o r  i n  S e r i e s  A dhich 

r e su l t ed  i n  nega t ive  hea t  d e f i c i t  values .  

This would then exp la in  th,  p o s i t i v e  hea t  d e f i c i t  va lues  

Conversely, t h e  determinat ion of evapora t ive  hea t  l o s s  from 

The da t?  of Table 3-4 i n d i c a t e  t h a t  t he  ?;era11 hea t  balances f o r  

S e r i e s  D were q u i t e  accura te .  

consider ing t h e  dur2 t lon  of t h e  tests (from 3.2 t o  7.0 h r ) .  I n  f a c t ,  t h e  

l a r g e s t  e r r o r  recorded was a Lverage r a t e  of 36 watts f o r  Test 3. The 

total  body hea t  s torage  for test s u b j e c t s  was a l s o  small  and showed no 

p a r t i c u l a r  t rend.  

s e l e c t i o n  by t h e  sub jec t  i n  r e s ronse  to  h i s  comfort. 

The Leat d e f i c i t  va lues  are a l l  small  

This  i s  probably Lhe r e s u l t  of LCG iiilet temperature 

Transient  Resul t s  

Typical r e s u l t s  f o r  t he  t r a n s i e n t  response of head C O L ~  (tympantc) 

and mean sk in  temperature a r e  shown i n  Figures  3-55 t o  3-61 (dashec! l i n e s ) .  

The mean skin temperatures shown represent  vsighted average of a l l  of the  

skin temperatures recorded f o r  each p a r t i c u l a r  t es t  (see equat ion 2, 

Sect ion 2). These ind iv idua l  sk in  temperacures a r e  sliown i i l  Appendix D i n  

Figures  D5-Dll. The t o t a l  body hea t  s to rage  CalPulated from :he core and 

sk in  tenpera tures  ( see  equat ion 3, Sect ion 2 )  is  a l s o  shown a t  t he  bottom 

of Pf-gures 3-55 t o  3-61. 

From these  da t a ,  i t  can be seen t h a t  mean skin temperature decreased 

s i g n i f i c a n t l y  i n  each case  from t h e  beginning of each t e s t ,  while  head 

3-69 



core temperature showed far lese change. 

in view of the f a c t  that head core and s k i n  temperatures are pr imar i ly  

driven by ”. fac tors :  

metabolic rate p r o f i l e  f o r  each test ( l i gu res  3-48 t o  3-54) may be over- 

lay& on t h e  Corresponding Figures  3-55 t o  3-61 t o  show that ‘ h e  maximum 

head core temperatures genera l ly  occurred a t  or near  t h e  p o i n t s  of maximum 

metabolic rate for each test. 

mr\Lch up n i ce ly  with minimum m e t a b o l f r  rates. I n  a similar fashion,  it can 

be shown t h a t  t he  minimum mean s k i n  temperatures occurred a t  or near  t h e  

rcaxjmum metabolic rztes, and the higher  sk in  temperatures occurred near  

the  lowest metabolic rates. 

The r e s u l t s  are understandable 

metabolic ra te  and LCG i n l e t  tempereture. The 

Simi la r ly ,  the minimum he3d core temperatures 

This apparent ly  cont rad ic tory  r e s u l t  can be explained i n  terms of t h e  

r e s u l t s  from Ser i e s  A and C, which showed that LCG I n l e t  temperature is a 

more s ign i f i can t  d r i v e r  of mean sk in  temperature than is metabol ic  rate. 

Therefore, it is a l s o  important to  examine t h e  p r o f i l e  of LCZ i n l e t  tem- 

perature  f o r  Ser ies  D. This is shown a t  t h e  top of Figures  3-62 t o  3-68 

f o r  each of che 7 tests of Series D. The corresponding metabol ic  ra te  

p r o f i l e  f o r  each test  fs shown by the dot ted  p r o f i l e  a t  t h e  bot ton  of 

tLese f igures .  

From these  da t a ,  it is  s e a  that t h e  minimum LCG i n l e t  temperatures 

f o r  each test were se lec ted  by t h e  subjec t  a t  times gene ra l ly  corresponding 

t o  t he  poin ts  of maximum metabolic rate; and t h a t  maximum LCG i n l e t  tea- 

peratures  were selected f o r  lower metabolic r a t e s .  This,  then i s  t h e  

primary reason f o r  t h e  cccurrence of t he  inverse  r e l a t i o n s h i p  between 

metabolic r a t e  and mean skin temperature t h a t  was previously noted. 

The behavior exhibi ted by t he  da t a  of t h e  previous cu rv - s  is e a s i e r  

t o  mderstand when considered i n  l i g h t  of t h e  phys io logica l  responses 
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brought I n t o  play. 

implemented, t h e  heat  produced by t h e  muscles of t h e  \lorking tes t  sub- 

ject varied accordingly.  

the muscles towards t h e  sk in ,  o r  d i s s ipa t ed  In to  the  nea res t  a v a i l a b l e  

blood supply nourishing and removing wastes from t h e  muscles. 

As t h e  metabolic p r o f i l e  shown for each t e s t  was 

This  hea t  was then e i t h e r  corcucted a-my from 

The heat  reaching the  blood would very quickly be d i s t r i m t e d  

throughout t h e  bloodstream (a consequence of t h e  f a c t  that t h e  e n t i r e  

blood volume of approximately 5 liter5 is c i r c u l a t e d  completely around 

t h e  body about once a minute o r  f a s t e r ) .  Indeed, some of t h i s  heated 

blood would perfuse t h e  tympanic membrane of t he  ear and be recorded a s  

a spike i n  head core  temperature. Some of t h e  same blood supply t o  the  

head would pass  t o  t h e  hypothalamic region of t h e  ce reb ra l  co r t ex  where 

it could t r i g g e r  a v a r i e t y  of thermoregulatory responses such as sweating, 

vasod i l a t a t ion ,  and t h e  percept ion of heat  o r  discomfort .  

The hea t  -.onducted ac ross  t h e  t i s s u e s  away from the muscles would 

u l t ima te ly  f ind  its way t o  t h e  thermoreceptors of t h e  sk in ,  which i n  tu rn  

would e l i c i t  thermoregulatory responses by means of neura l  cont ro l .  

responses would be similar t o  and ye t  d i s t i n c t  from those 3f t h e  hypo- 

thalamus ( cen t r a l  ve r sus  l o c a l  con t ro l ) .  The percept ion of hea t  o r  

discomfort  might then a c t  a s  a s t imulus t o  t h e  test sub jec t ,  thereby 

causing him t9  i n i t i a t e  t he  behavioral  response of r egu la t ing  t h e  LCG 

i n l e t  temperature. This would r e s u l t  i n  an Tncrease i n  t h e  hea t  removal 

through the  LCG and a c t  20 r e t u r n  t h e  sk in  and hypothalamic temperatures 

back toward the  comfort l e v e l ,  thus  maintaining homeostasis. 

These 

The above responses are i l l u s t r a t e d  by the  h t a t  s to rage  curves i n  

Figures  3-62 t o  3-68. Desp i t e  t h e  f a c t  t ha t  condi t ions  such a s  metabolic 

r a t e  and environment var ied  markedly during each test and from test t o  test ,  
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the actual body heat s t o r a g e  was con t ro l l ed  and l imi t ed  t o  r e l a t i v e l y  

small  p o s i t i v e  and negat ive va lues  around zero throughout each  test. 

o the r  words, t h e  test s u b j e c t s  regulated t h e i r  LCG performance t o  maintain 

comfort, as manifested by drops in skin temperature a s soc ia t ed  v i t h  

increases in head core temperature at higher metabolic rates; and inc reases  

in skin temperature a s soc ia t ed  wi th  decreases  In  head co re  temperature a t  

lower metabolic rates. 

In 

A l t h o q h  t h e  test da ta  of Figures  3-62 t o  3-68 g e n e r a l l y  fol low t h e  

patterns described above, t h i s  is not  always the  case. 

from t h e  f a c t  that t h e r e  is a d e f i n i t e  l a g  time required (shown i n  S e r i e s  A 

t o  be i n  the  order  of 0.5 hours) f o r  heat  generated by the  muscles t o  

reach t h e  s k i n  thermoreceptors by conduction. 

Exceptions r e s u l t  

Another explanat ion is that t h e  s u b j e c t s  f o r  each test had p r i o r  

knowledge of t h e  metabolic p r o f i l e  t o  be followed f o r  that p a r t i c u l a r  test. 

Consequently, some pre fe r r ed  t o  r e g u l a t e  t h e i r  LCG hea t  removal immediately 

before  beginning a h igh  work ra te  level ( a n t i c i p a t o r y  behavioral  response),  

w h i l e  o t h e r s  waited u n t i l  t h e  heat  w a s  a c t u a l l y  generated,  d i s t r i b u t e d  t o  

t h e  blood supply and sk in ,  and f i n a l l y  perceived as heat  before  r egu la t ing  

t h e i r  LCG cool ing (behavioral  response t o  heat  s to rage ) .  

q sub jec t  a c t u a l l y  p re fe r r ed  t o  s t o r e  a considerable  amount of heat  before  

making an LCG d i v e r t e r  va lve  change. 

In  some instances,  

These f a c t o r s ,  coupled t o  t h e  rapid t r a n s i e n t s  in metabolic rate that 

occurred f o r  each tes t ,  make it d i f f i c u l t  t o  i n t e r p r e t  t h e  r e s u l t s  accu- 

r a t e l y  a t  a-y given time i n s t a n t  f o r  any p a r t i c u l a r  test. However, f o r  

longer per iods of time during each test, the  t ime-integrated values  almost 

always d i sp lay  t h e  t r ends  described above. 
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The pred ic t ions  of t h e  inathematical m o d e l  are also shown i n  t h e  above 

f i g u r e s  as so l id  l i n e s  (with t h e  except ion of T e s t s  6 and 7, where t r a n s i e n t  

p red ic t ions  were not  made due t o  t h e  s i m i l a r i t y  of t h e  t e s t i n g  cond i t ions  

with T e s t s  2 and 4). I n  general ,  p red ic t ions  of head core temperature are 

excellent wi th  a s l i g h t  tendency to  underpredict ;  p r e d i c t i o n s  of mean s k i n  

temperature are gene ra l ly  lower than t h e  a c t u a l  da t a ,  bu t  s t i l l  very  

accura te ;  and p red ic t ions  of to ta l  body hea t  s to rage  are gene ra l ly  lower 

than  the da ta ,  t h e  l a t t e r  r e s u l t i n g  from t h e  underpredic t ions  of co re  and 

skin temperature. 

The indiv idua l  sk in  temperature p red ic t ions  a r e  shown i n  Figures  D5-Dll 

In Appendix D. 

predicted,  but  showed no c o n s i s t e n t  t rend;  back temperature w a s  o f t e n  

s i g n i f i c a n t l y  d i f f e r e n t  from upper ches t  temperature;  hand, foo t ,  and fore-  

head temperatures had t h e  least e r r o r  and were t h e  warmest (a consequence 

of t h e  f a c t  that they  were not  cooled by t h e  LCG). Chest, t h i g h  and back 

temperatures were t h e  coo le s t .  The la t ter  t r ends  were a l s o  exhib i ted  by 

the d a t a  and p red ic t ions  of S e r i e s  A and C. The underpredic t ions  of mean 

skin temperature i n  F igures  3-55 t o  3-61 can be traced p r imar i ly  t o  under- 

p red ic t ions  of t h igh  o r  ches t  temperature,  a t rend seen i n  previous test 

series that w i l l  be d iscussed  i n  more d e t a i l  subsequently.  

The ches t  and th igh  temperatures  were occas iona l ly  under- 

Due t o  t h e  r a t h e r  t r a n s i e n t  na tu re  of each of t h e  7 tests, i t  is 

d i f f i c u l t  t o  draw any c o n c l u s i m s  about t he  accuracy of t h e  pred ic ted  

ve r sus  t h e  a c t u a l  time l a g  between heat  production and heat  l o s s .  Su f f i ce  

i t  t o  say  that t h e  t r a n s i e n t  behavior of t he  p red ic t ions  gene ra l ly  fo l lows  

t h e  da t a ,  with major changes i n  pred ic ted  body temperatures  o r  heat  s to rage  

occurr ing a t  about t h e  same time as  t h a t  of t h e  t es t  da t a .  
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The cen te r  and lower curves  of Figures  3-62 t o  3-68 show t h e  total  

body heat s to rage  rate and LCC hea t  removal rate r e spec t ive ly ,  as  a func- 

t i o n  of time fo r  each of t h e  7 tests, with t h e  metabolic p r o f i l e  of each 

test superposed (as  do t ted  l i n e s )  over t h e  LCG hea t  removal curve. 

predicted r e s u l t s  a r e  a l s o  shown (a s  s o l i d  l i nes )  and agreement is  aga in  

q u i t e  good. 

slope of t he  t o t a l  heat  s to rage  ccrves  (Figures  3-55b t o  3-61b) taken 

between successive times. 

The 

The heat  s to rage  rates were determined by c a l c u l a t i n g  the  

The heat  s torage  rates are genera l ly  shown t o  vary above and below 

zero, an ind ica t ion  that t h e  s u b j e c t s  attempted t o  achieve phys io logica l  

s teady-state  by ad jus t ing  t h e i r  LCG cool ing t o  t r y  t o  balance t h e i r  hea t  

removal aga ins t  t h e i r  metabolic hea t  production. This  does not mean that 

a l l  of t he  da t a  shown rep resen t  phys io logica l  s teady-s ta te  condi t ions.  

In  f a c t ,  most of t h e  p o i n t s  i n  t A e  hea t  s to rage  r a t e  curve l i e  somewhat 

above or below t h e  zero l i n e ,  and many da ta  p o i n t s  c r o s s  t h e  zero-rate  

l i n e  with a l a rge  s lope.  

This suggests  t h a t  more o f t e n  than not ,  t h e  s u b j e c t s  would tend t o  

overcorrezt  i n  a t tempting t o  balance t h e i r  hea t  production by using t h e  

LCG, which is i n d i c a t i v e  of poor percept ion of ins tan taneous  thermal 

comfort, but good percept ion f o r  longer t i m e  periods.  

shown by observing t h a t  t h e  hea t  s to rage  rates in t eg ra t ed  over time approach 

zero f o r  longer time per iods  ( t h e  areas above and below the  zero heat  

s torage  r a t e  l i n e  a r e  approximately equal) .  

The l a t t e r  can be 

The d i s t i n c t i o n  is important because i n  order  t o  i s o l a t e  t r u e  steady- 

s t a t e  po in t s  from each of t h e  7 t r a n s i e n t  t e s t s ,  i t  becomes imperative t o  

e s t a b l i s h  a firm s e t  of c r i t e r i a  with which t o  judge these  poin ts .  The 

c r i t e r i a  w i l l  be discussed subsequently,  when s teady-s ta te  d a t a  from a l l  
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of t h e  tests are compared t o  model p red ic t ions ,  f o r  t h e  purpose of 

recognizing t r ends  observed i n  the previous S e r i e s  A, B, and C. 

Several t r e n d s  are immediately obvious from the  LCG hea t  remuval  

c u m e s  of Figures  3-62 t o  3-68. 

the metabolic rate p r o f i l e  q u i t e  c l e a r l y  demonstrates that t h e  l a r g e s t  

po r t ion  of metabolic heat  production I s  removed by t h e  LCG. 

are compared, it can a l s o  be seen that as t h e  n e t  environmental hea t  

exchange i n t o  t h e  s u i t  increased, the amount of t h e  metabolic hea t  removed 

by t h e  LCG gene ra l ly  increased. 

and 3-67c (for  t h e  cold environmental cond i t ions  of T e s t s  2 and 6) with  

Figures 3-6% and 3-68c ( f o r  t h e  hot environmental cond i t ions  of T e s t s  4 

and 7). 

The LCG heat  removal rate superposed over 

I f  a l l  7 tests 

This i s  shown by comparing Figures  3-63c 

It can be surmised that as t h e  environmental hea t  i n t o  t h e  space s u i t  

Increased, a c e r t a i n  amount of i t  found its way i n t o  t h e  LCG, t h u s  b i a s ing  

t h e  LCG hea t  removal i n  a fashion no t  n e c e s s a r i l y  t h e  same as t h a t  from 

metabolic heat.  

is d i f f e r e n t  from t h a t  of metabolic heat  and w i l l  be examined later. 

I n  f a c t ,  t h e  in f luence  of environmental hea t  on t h e  LCG 

As mentioned earlier, t h e  v a r i a t i o n s  i n  LCG heat  removal rate f o r  any 

given test i n  which t h e  ambient environment was cons tan t  are d i r e c t l y  sensi-  

t i v e  t o  adjustments i n  LCG t n l e t  temperature. From Figures  3-62 t o  3-68, 

i t  can be  seen that high metabolic rates gene ra l ly  coincided wi th  low LCG 

i n l e t  temperatures se l ec t ed  by t h e  tes t  sub jec t ,  w!iich caused high LCG heat  

removal rates. Conversely, low metabolic rates coincided wi th  higher  LCG 

i n l e t  temperatures which, i n  tu rn ,  caused lower LCG heat  removal r a t e s .  

There are exceptions t o  t h i s  observat ion,  but they may be t r aced  t o  the  

r a p i d i t y  with which many of the  t r a n s i e n t s  occurred, or  t o  a v a r f a t i o n  i n  

the  method wi th  which some of the  test s u b j e c t s  regulated t h e i r  LCG 
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(an t ic ipa tory  behavior response versus behavioral  response t o  excess  body 

heat s torage) .  The lat ter is e s p e c i a l l y  not iceable  i f  one compares t h e  

results of T e s t  5 and t o  a lesser exten t  T e s t  2 (Figures 3-66 and 3-63) 

with those of Tests 3 and 4 (Figures  3-64 and 3-65). 

In Tes t s  2 and 5 t h e  changes in  LCC d l v e r t e r  valve pos i t i on ,  t h e  

decreases  and increases  i n  LCG inlet temperature and t h e  corresponding 

increases and decreases  i n  LCG heat  removal co inc ide  almost i d e n t i c a l l y  

with t h e  times of t h e  abrupt  i nc reases  and decreases  i n  metabolic rate. 

This is a classic example of an  a n t i c i p a t o r y  behavioral  response. 

On t h e  o the r  hand, t h e  r e s u l t s  of Tests 3 and 4 o f t e n  show changes 

i n  LCG i n l e t  temperature and LCG heat  removal c l e a r l y  lagging behind 

metabolic rate, a condi t ion  i n d i c a t i v e  of a behavioral  response t o  t h e  

s t imulus  of high body temperatures o r  excess hea t  s torage.  

assoc ia ted  with t h e  de l ay  time required f o r  t h e  hea t  Fenerated by t h e  

muscles t o  reach the  s k i n  and hypothalamlc thermor cep to r s  by conduction 

and i n t e r n a l  convection. This may have r e su l t ed  from the  t e s t  sub jec t  

temporar i ly  f o r g e t t i n g  t o  keep t r a c k  of t he  planned metabolic p r o f i l e ;  o r  

simply p re fe r r ing  t o  s t o r e  hea t  before  ad jus t ing  h i s  LCC cool ing.  

The la t te r  is 

Coincidental ly ,  t he  amount of heat  s tored  by a test sub jec t  before  

he made an adjustment i n  LCC cool ing was usua l ly  l imi ted  t o  a narrow band 

wi th in  - + SO watt-hr (see Figures  3-55 t o  3-61), 3 f a c t  which suppor ts  t h e  

use  of a comfort band based upon heat  s to rage  as a means of q u a n t i t a t i v e l y  

assess ing  thermal comfort. The one exception t o  t h i s  is i n  T e s t  5 

(Figure 3-S9b), where i t  is suspected that t h e  tympanic temperature probe 

worked loose,  r e s u l t i n g  i n  a be lo rnorma l  reading of head core temperature 

and thus  body heat  s torage.  
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Figures  3-69 t o  3-75 s h o w  t h e  a c t u a l  and predic ted  t r a n s i e n t  response 

of t o t a l  evaporat ive heat l o s s  rate (upper curve) and evapora t ive  hea t  

l o s s  by a c t i v e  sweat (lower curve) .  

f o r  S e r i e s  D, i t  w a s  necessary t o  determine t h e  evaporat ive heat  l o s s  rates 

by a hea t  balance computation. U t i l i z i n g  a heat  balance equat ion (equa- 

t i o n  13, Appendix C), and t h e  h o w n  va lues  of ne t  average environmental 

heat load, metabolic rate, LCG heat  removal rate, and body hea t  s to rage  

rate, it was poss ib le  t o  c a l c u l a t e  t r a n s i e n t  evaporat ion loss f o r  each 

test. 

subt rac t ing  the  empir ica l  r e l a t i o n s h i p s  previously descr ibed f o r  d i f f u s i o n  

and r e s p i r a t o r y  hea t  l o s s  (equat ions 5 and 7 ,  Appendix C). 

Since dewpoint sensors  were inopera t ive  

The evaporation hea t  l o s s  rate by a c t i v e  sweat was then found by 

The l a r g e s t  source of e r r o r  i n  t h i s  type of computation is the  assump- 

t i o n  that t h e  instantaneous environmental heat  exchange d id  not  appreciably 

d i f f e r  from the  ne t  average environmental hea t  exchange as determined by 

post- tes t  a n a l y s i s  of t h e  PLSS. However, t h e  assumption is  not  too bad 

consider ing that a l l  of t h e  inner  and ou te r  space s u i t  temperatures t h a t  

were measured reached a s teady-s ta te  s h o r t l y  a f t e r  exposure t o  t h e  t e s t  

environment. Other sources  of e r r o r  i n  t h e  computation were the  assumption 

of no s . i v e r i n g  i n  the  heat  balance equation, e r r o r s  i n  t h e  accuracy of 

measured body temperatures which a f f e c t  t he  heat  s to rage  r a t e ,  and e r r o r s  

i n  t h e  metabolic rate p r o f i l e .  

Despi te  these  sources  of e r r o r ,  i t  w a s  poss ib l e  t o  check t h e  accuracy 

of t h e  computational technique by i n t e g r a t i n g  the  t o t a l  evaporat ive heat 

loss rate curves over time and comparing the  t o t a l s  with t h e  t o t a l  evapora- 

t i v e  heat  removed over t h e  du ra t ion  of each t e s t  as determined from 

measurements of t h e  co l l ec t ed  water separated out  by the  PLSS (Table D 4 ,  

Appendix D) .  The comparison (Table D5, Appendix D) demonstrates t h a t  the 
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computational technique descr ibed above provides  a reasonable  estimate of 

evaporat ive heat  loss rates f o r  S e r i e s  D. 

The r e s u l t s  of Figures  3-69 t o  3-75 show that t h e  t o t a l  evaporat ive 

heat 1088 rates vary considerably over t h e  du ra t ion  of each test. 

is a r e f l e c t i o n  of t h e  changing heat  s to rage  rates t h a t  occur when the  

subjec t  a t tempts  t o  r e g u l a t e  t h e  LCG i n l e t  temperature LC maintain his 

comfort. 

account f o r  a s u b s t a n t i a l  amount of t h e  metabolic hea t  d i s s ipa t ion .  

o f t en  occurs during t h e  l ag  time between the  onset  of a high metabolic 

rate and the  subsequent adjustment i n  LCG cooling. However, i t  w i l l  be 

l a t e r  shown that evaporat ion rates during the  s teady-s ta te  p o i n t s  of each 

test are comparable t o  those seen i n  previous test series, and In f a c t  are 

usua l ly  s u b s t a n t i a l l y  lower than LCG heat  removal rates. 

This  

I n  some ins tances ,  t h e  evaporation rates are q u i t e  high and 

This 

The evaporat ive hea t  loss by a c t i v e  sv ,t I a l s o  shown t o  vary over 

t h e  course of each test. 

por t ion  of metabol ic  hea t  d i s s i p a t i o n  In f a c t ,  i n  many ins tances ,  t he re  

is no a c t i v e  sweating a t  a l l .  

use of t h e  LCG t o  maintain r .  . . for t  by minimizing sweating. 

model p red fc r iu r s  are €1180 shown, and :n most cases ,  agreement with the  

da t a  is got.d, 

However, i t  usua l ly  accounts  f o r  only a small 

This  is apparent ly  a mani fes ta t ion  of t h e  

The mathematical 

One f ina t .  r>owr ta t ion  should be made about t h e  p red ic t ions  of LCG 

heat  removal and e v a p j r a t i v e  hea t  loss. 

t r a n s i e n t s  during each or t h e  tests, the  model p red ic t ions  tracked the  

changes exhib i ted  by the  test da t a  i n  a reasonable  fashion.  

r a p i d i t y  of t h e  t r a n s i e n t s  makes it  d i f f i c u l t  t o  d e t e c t  any t r ends  i n  

model accuracy, i t  appears  that LCG heat  removal is s l i g h t l y  underpredicted,  

a t rend which has been repea ted ly  observed i n  o the r  t e s t s .  

Despi te  t he  occurrence of rapid 

Although t h e  

On the  o ther  
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hand, p red ic t ions  of evapora t ive  hea t  l o s s  do not  d i sp l ay  any cons i s t en t  

e r ro r .  

These and s imi l a r  t r ends  could be examined in  a more r igorous  fashion 

i f  s teady-state  da t a  f o r  each of t h e  tests were i s o l a t e d  and compared t o  

model pred ic t ions .  

e s t a o l i s h  2 sets of c r i t e r i a  with which t o  judge s teady-s ta te  da t a .  

are l i s t e d  as follows: 

In  pu r su i t  of t h i s  ob jec t ive ,  i t  was necessary t o  

These 

1. Steady-state da t a  f o r  each test are i d e n t i f i e d  by times during 

which t h e  following 4 condi t ions  prevai led:  

a. The body hea t  s to rage  r a t e  was approximately zero; and the  

s lope of t h e  heat  s to rage  ra te  curve w a s  a l s o  approximately 

zero.  

b. The. LCG i n l e t  temperature w a s  approximately cons tan t .  

C. 

d. 

The metabolic rate was approximately cons tan t .  

The LCG heat  removal rate w a s  approximately constant .  

OR 

2. I n t e r v a l s  during each t e s t  f o r  which the  t ime-integrated va lues  

of body hea t  s to rage  rate were zero. 

For t h e  second set of c r i t e r i a ,  t he  corresponding LCG and evaporat ive 

heat  removal rates were considered t o  be t h e  time-averi?ed va lues  f o r  t he  

same time i n t e r v a l .  However, t h i s  was not  always t h e  case f o r  t he  cor res -  

ponding metabolic r a t e s .  I f  t he  sub jec t  regulated h i s  LCG by  an an t i c ipa -  

t o ry  b e h w i o r a l  response,  then t h e  time of metabolic heat  production and 

LCG and evaporat ive heat  removal were i d e n t i c a l  t o  t h e  time required fo r  

t h e  in tegra ted  va lue  of body heat  s torage  t o  approach zero. I f ,  on the  

o ther  hand, t he  subjec t  regulated his LCG by responding t o  the  s t i a u l u s  of 

body heat  s to rage  assoc ia ted  with the  lag  time between heat-production and 
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heat  sensat ion,  then t h e  time required t o  remove t h e  heat  of metabolism 

by LCG and evaporat ive cool ing i n  o rde r  t o  produce an  i n t e g r a t e d  va lue  of 

zero body heat  s to rage  w a s  somewhat longer than t h e  time of sustained 

metabolic heat  production. 

This procedure is summarized by t h e  hypo the t i ca l  example shown in 

Figure 3-76. Here t h e  time-averaged metabolic ra tes  ( the  shaded areas 

under the urger  curves  divided by t h e  time p-iod A) are i d e n t i c a l .  

However, f o r  t h e  case of a behavioral  response t o  body heat  s to rage ,  t h e  

time interval required f o r  t h e  in t eg ra t ed  heat  s to rage  ra te  curve (dashed 

l i n e )  t o  approach zero ( i n t e r v a l  B) is longer  than t h e  equ iva len t  time 

f o r  t h e  case of an  a n t i c i p a t o r y  behavioral  response ( i n t e r v a l  A). The 

d i f f e r e n c e  occurs  because f o r  t h e  heat-storage r egu la t ed  response,  i t  

required a longer time i n t e r v a l  t o  remove t h e  hea t  produced by metabolism 

than f o r  t h e  a n t i c i p a t o r y  behavioral  response (center  curves) .  Th i s  longer 

time interval is t h e  r e s u l t  of an ob l iga to ry  period of forced body heat 

s to rage  t!ut occurs  as a consequence of t h e  l a g  time ( C ) ,  and an  equivalent  

period of destorage t h a t  occurs  a f t e r  t h e  c e s s a t i o n  of metabolic work. 

By u t i l i z i n g  t h e  above 2 sets of c r i te r ia ,  i t  was poss ib l e  t o  i s o l a t e  

s teady-state  d a t a  f o r  each test .  These d a t a ,  wfth t h e i r  a s soc ia t ed  time 

periods are presented in Appendix D i n  Table D6. 

Stead y-S t a t e Resu 1 t s 

Table 3-5 presen t s  t h e  s teady-state  predicted and a c t u a l  head c o r e  

and mean sk in  temperacures determined in t h e  manner descr ibed above. The 

da ta  are arranged f o r  warm, moderate, and cool  LCG i n l e t  temperatures,  a s  

a funct ion of metabolic rate. 

As i n  previous test series,  t he  warmest and coo le s t  sk in  temperatures 

occurred a t  t h e  highesL and lowest i n l e t  temperatures r e spec t ive ly .  That 
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I s ,  LCG inlet temperature has a g r e a t e r  e f f e c t  on s k i n  temperature than does 

metabol ic  rate. 

apparent dependence on LCG temperature. 

t h e  same f o r  t h e  warmer LCG i n l e t  range as f o r  t h e  co lde r  range. 

t rend  was a l s o  observed i n  S e r i e s  A and C. 

On t h e  o the r  hand, t h e  head co re  temperatures  showed no 

Tympanic temperatures  were about 

This  

The p red ic t ions  of t h e  mathematical model agree  q u l t e  w e l l  w i th  t h e  

s teady-state  data .  

t i o n s  are very  c l o s e  t o  t h e  a c t u a l  da t a ,  while mean s k i n  p red ic t ions  ..re 

a l s o  c l o s e  but  usrrally lower, Contrary t o  S e r i e s  A, t h e  e r r o r  i n  sk in  

temperature p red ic t ions  does not  appear t o  be dependent upon LCG i n l e t  

temperature o r  metabol ic  rate. This  may be a consequence of t h e  f a c t  t h a t  

S e r i e s  A was more of an  off-comfort test than Test S e r i e s  D. 

As sugkested by t h e  t r a n s i e n t  d a t a ,  head co re  predic- 

Figure 3-77 shows t h e  LCG heat  t r a n s f e r  c o e f f i c i e n t  for t h e  steady- 

s ta te  da ta .  

from t h e  s o l i d  l i n e .  The hea t  t r a n s f e r  c o e f f i c i e n t  w a s  determined from 

mean sk in  temperature and LCG water temperature and f lowra te  according t o  

equat ion 10 i n  Appendix C. 

those of o ther  test series. Differences between t h e  assumed heat  t r a n s f e r  

c o e f f i c i e n t  and t h e  a c t u a l  va lues  r e s u l t e d  p r imar i ly  from ind iv idua l  

v a r i a t i o n s  i n  LCG f i t  among test  sub jec t s .  These v a r i a t i o n s  a r e  sources  

of e r r o r  that in f luence  p r e d i c t i o n s  of LCG heat  removal; however, i n  most 

cases, t h e  e f f e c t  i s  s l i g h t .  

The va lue  used as input  f o r  t h e  mathematical model was taken 

The va lues  shown are i n  good agreement with 

Figures  3-78 t o  3-8C show predic ted  and a c t u a l  s teady-s ta te  LCG and 

t o t a l  evapora t ive  heat  removal a s  a func t ion  of metabolic r zce  f o r  cool ,  

moderate, and warm LCG i n l e t  temperatures,  r e spec t ive ly .  Each curve shows 

t h e  e f f e c t  of paramet r ica l ly  increas ing  the  ne t  environmeital  heat  exchange 

from t h e  maximum l o s s  t o  t h e  ambient environment (67-72 wa t t s  o u t )  t o  the  
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maximum gain from t h e  environment (117-137 watts in ) .  As i nd ica t ed  by t h e  

da ta ,  LCG and evapora t ive  heat removal rates expectably increased  as meta- 

b o l i c  ra te  increased.  Concerning t h e  p red ic t ions  of t h e  mathematical 

model, LCC hea t  removal r a t e s  are occas iona l ly  underpredicted,  a l though 

less f requent ly  than observed i n  o the r  test  serics. Tota l  evapora t ive  

heat  loss rate predictLons a r e  good wi th  no obvious t rend  i n  t h e  e r r o r s .  

Evaporative hea t  removal is observed t o  be s u b s t a n t i a l l y  less than  LCG 

heat  removai a t  t h e  lower LCG i n l e t  temperatures,  and comparable f o r  t h e  

h ighes t  i n l e t  temperatures.  

'doth t h e  LCG and evapora t ive  hea t  removal r a t e s  a r e  shown t o  increase  

as t h e  n e t  hea t  exchange from t h e  environment increases .  A t  t h e  same 

metabolic r a t e  and LCG i n l e t  temperature,  t h e  r e s u l t s  f o r  t h e  5 o t t e s t  and 

co ldes t  ambient environments d i f f e r  s i g n i f i c a n t l y .  Th i s  makes it  d i f f i c u l t  

t o  compare a l l  t h e  r e s u l t s  of t h e  cold environment tests d i r e c t l y  with 

those  f o r  t h e  hot  environments, Direct comparison of t h e  s teady-s ta te  

r e s u l t s  of S e r i e s  D wi th  prev ious  test series is a l s o  d i f f i c u l t .  

t he re fo re  be d e s i r a b l e  t o  q u a n t i t a r e  t h e  e f f e c t  of environmental  hea t  

exchange upon t h e  LCG and upon evapora t ive  hea t  l o s s  i n  order  t o  provide 

a mechanism f o r  d i r e c t  comparison of a l l  tests, independent of t h e  

environment. 

It would 

Although i t  would have been more d e s i r a b l e  t o  use  a c t u a l  tes t  da t a  t o  

determine and q u a n t i t a t e  t he  environmental e f f e c t ,  t h e  number of steady- 

s t a t e  d a t a  p o i n t s  t h a t  e x i s t e d  f o r  var ied  ambient environments a t  t he  same 

metabolic rate and t h e  same LCG i n l e t  t enpera ture  were few.  Furthermore, 

although environmental e f f e c t  6 were s i g n i f i c a n t  , they were st ill m a l :  

enough such t h a t  s l i g h t  v a r i a t i o n s  i n  t e s t i n g  cond i t ions  would have made 

i t  d i f f i c u l t  t o  r igo rous ly  annlyze and i s o l a t e  t h i s  e f f e c t  from o t h e r s  
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which may have occurred (such as v a r i a t i o n s  i n  experimental  procedure, 

metabolic rate v r  LCG i n l e t  temperature). Consequently, i t  w a s  decided t o  

use t h e  mathematical model t o  q u a n t i t a t e  t h e  environmental e f f e c t  i n  order 

t o  e l imina te  t h e  in f luence  of f a c t o r s  which might b i a s  t h e  test r e s u l t s .  

Figure 3-81 shows the e f f e c t  of i nc reas ing  t h e  n e t  hea t  gain from 

the envirornent f o r  3 r e p r e s e n t a t i v e  condi t ions.  P r e d i c t i o n s  of LCT: and 

t o t a l  evaporat€ve heat  l o s s  are shown f o r  a high metabolic ra te  wi th  a 

low LCG i n l e t  temperature,  a moderate metabolic r a t e  w i th  a moderace i n l e t  

temperature, and a low metabolic ra te  wi th  a high i n i e t  temperature. The 

a v a i l a b l e  corresponding steady-str: te d a t a  p o i n t s  are also shown, and 

agreement with t h e  p r e d i c t i o n s  is reasonable.  Both LCG and evaporat ive 

heat  loss rates appear t o  inc rease  r e c t i l i n e a r l y  wi th  environmental heat  

gain. 

that f o r  evaporat ive heat loss. 

The r e l a t i o n s h i p  f o r  LCG heat removal is not v i s i b l y  d i f f e r e n t  from 

Figure 3-82 shows t h e  r e s u l t s  of t h e  previous curve presented a s  t h e  

change i n  environmental heat ga in  o r  l o s s  (using zero heat-exchange as t h e  

reference)  ve r sus  t h e  corresponding change i n  heat  removal. 

s lope of t i e  l ines i n  Figure 3-82 t h a t  provides t h e  des i r ed  r e l a t i o n s h i p  

between t h e  e f f e c t  of environmental heat  exchange an3 heat  r e m v a l .  

Despite the f a c t  that cond i t ions  va r i ed  considerably frxn a h igh  metabolic 

rate a t  a low i n l e t  temperature t o  a low metabolic r a t e  a t  a high i n l e t  

temperature, t h e  s lopes  der ived from Figure 3-82 va r i ed  by only - + 5%. The 

LCG heat  removal is shown t o  absorb (or  l o s e )  approximately 40% of the  ne t  

environmental hea t  exchange i n t o  (or out  o f )  t he  s u i t ,  while t h e  t o t a l  

evaporative heat  l o s s  changes by about 60%. 

It i s  t he  

I n  o the r  words, environmental heat  i n f luences  t h e  sweating and evaDo- 

r a t i v e  heat l o s s  mechanism s l i g h t l y  more than i t  does I,CG heat  removal. 
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Therefore, environmental heat g e t s  in (or ou t )  of t h e  LCC i n  a fash ion  

unlike that of metabolic heat.  

t o  account f o r  anywhere between 45 t o  118X of metabolic ticat production 

(depending upon metabolic rate and i n l e t  temperature),  i t  only  accounts  

f o r  40 2 5% of enviznnmental heat  exchange. This  conclusion is in  agree- 

ment with independent engineering ana lyses  of t he  LCG using manikins wi th  

heat ers . 

Although LCG heat  removal has been shown 

These r e s u l t s  can be used t o  e l imina te  t h e  e f f e c t  of t h e  environment 

from a l l  of t h e  s teady-state  test da ta  of S e r i e s  D, which permi ts  a l l  of 

the  da t a  t o  be transformed t o  t h e  c o n d i t i m  of a thermally n e u t r a l  environ- 

ment and thus  compared i n  t h e  same fashion as previous test  series. 

a l s o  p e m i t a  d i r e c t  comparison of these  da t a  with t h e  datr. of previous 

test  series in  order  t o  s u b s t a n t i a t e  o r  i nva l ida t e  previous t rends.  

It 

Figure 3-83 shows LCG heat  removal r a t e  as a func t ion  of metabolic 

r a t e  f o r  var ious  LCG in ] - t  temperatures. 

state va lues  of Table D6 of Appendix D wi th  t h e  environmental  e f f e c t s  

subtracted i n  t h e  nanner described above. 

The da ta  shown are t h e  steady- 

As i n  o ther  test series, t h e  same genera l  t rend  of an  inc rease  i n  LCG 

heat removal for an increase  i n  metabolic rate a t  a cons tan t  i n l e t  tempera- 

t u r e  is observed. Also, as expected, t he  cooler  i n l e t  temperature d a t a  

shows more heat  removal than the  wanner i n l e t  temperature d a t a  for s i m i l a r  

metabolic rates. 

The mathematical model p red ic t ions  shown ( s o l i d  l i n e s )  a r e  €or  condi- 

t i ons  of zero environmental heat  exchangc yrcement wi th  t h e  a c t u a l  da t a  

is  good, e spec ia l ly  f o r  t he  lower and moderate me ta to l i c  r a t e s .  A t  higher 

metabolic r a t e s  t he re  is some underpredict ion.  However, un l ike  o the r  test 

series, no cons i s t en t  p a t t e r n  of e r r o r  i s  d i s c e r n i b l e  (such a s  increas ing  
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underpredict ions a t  high metabolic rates and low i n l e t  temperatures). In  

fact, the agreement of test and predicted d a t a  a t  t h e  higher  metabolic 

rates for i n l e t  temperatures of 6-9'C is very good. 

Figure 3-84 p r e s e n t s  t h e  d a t a  of Figure 3-83 r e p l o t t e d  a s  t h e  percent- 

age of metabolic heat production removed by the LCG (LCG heat  removal; 

metabolic rate) ve r sus  LCC; i n l e t  temperature. 

low, moderate, and high metabolic ra tes  and bounded by p r e d i c t i o n s  f o r  

metabolic rates cf 293 and 615 watts. 

inc rease  i n  percentage heat  removal as t h e  i n l e t  temperature decreases.  

Actual heat  removal va r i ed  between 43 t o  90'6 of metabolic heat  production, 

depending upon i n l e t  temperature and metabolic rate. 

e n t i r e l y  c o n s i s t e n t  with previous t r ends ,  and t h e  d a t a  of i i g u r e  3-84 

gene ra l ly  f a l l  w i th in  t h e  band def ined by t h e  predict ions.  Deviation does 

occur a t  t h e  higher  i n l e t  temperatures,  but  some of i t  may be a t t r i b u t a b l e  

t o  t h e  f a c t  t h a t  t h e  LCG hea t  t r a n s f e r  c o e f f i c i e n t  dec reases  and d i f f e r s  

somewhat  from that vsed by t h e  model a t  higher  i n l e t  temperatures. 

A l t e rna t ive ly ,  t h i s  error may simply be a consequence of t h e  technique 

used for e l imina t ing  ewironmenta l  e f f e c t s  from t h e  da t a .  

t h e  d a t a  and p r e d i c t i o n s  confirm t h e  re1 + ionsh ips  deduced frollr previous 

tests, and t h e  e r r o r s  appear less  seve re  and more random. 

The d a t a  are grouped for 

As i n  o t h e r  tests, t h e r e  is a sharp 

These r e s u l t s  are 

In  any case, 

To ta l  evaporat ive heat  l o s s  is shown as  a funct ion of rnetabolic rate 

and LCG i n l e t  temperature i n  Figure 3-85. 

determined from trie hea t  balance computation ou t l ined  earlier.  The t r e n d s  

shown are the  same as observed i n  previous tes t  series, and as  predicted 

by t h e  mathematicdl mcdel (dashed l i n e s ) .  Evaporation heat  l o s s  increased 

almost r e c t i l i n e a r l y  as metabolic ra te  increased a t  a constant  i n l e t  tem- 

perature, and evaporation r a t e s  were g r e a t e r  fo r  higher LCG i n l e t  tempela- 

The ind iv idua l  v a l u e s  were 
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t u r e e  a t  t h e  same metabol ic  rate. 

d a t a  is genera l ly  good, with  no obvious t rend i n  t h e  d i f f e r e n c e s  that do 

occur. 

tendency t o  overpredict  evaporat ive heat l o s s  a t  higher  metabolic rates, 

although t h i s  occurs  somewhat i n  t h e  14-17'C temperature range. 

Agreement between test and predic ted  

Unlike S e r i e s  A or B, t h e  mathematical model does not e x h i b i t  a 

Figure 3-86 d e p i c t s  the t o t a l  evapora t ive  hea t  l o s s  rate as a percent- 

age of metabolic rate and shows t h e  expected t rend of an  inc rease  i n  

evaporation rates as LCG i n l e t  temperature increases. As wi th  LCG hea t  

removal, t h e  evaporat ive heat l o s s  d a t a  f a l l  n i c e l y  wi th in  t h e  band 

bounded by model p red ic t ions  of 293 and 615 watts. 

that for i n l e t  temperatures below 17OC, t o t a l  evapora t ive  hea t  l o s s  r a t e s  

represent  a lower por t ion  of metabolic heat  removal than LCG heat  removal 

rates. Evaporation hea t  l o s s  v a r i e s  between 10 and 50% of metabolic heat  

production ( a s  opposed t o  43 t o  90% f o r  LCG heat removal). 

be noted that f o r  t h e  same LCG i n l e t  temperature,  a g r e a t e r  percentage of 

evaporat ive hea t  l o s s  is expected f o r  higher  metabol ic  rates than lower 

metabolic rates, whereas f o r  LCG heat  removal, t h e  r eve r se  is t rue .  

It is a l s o  observed 

It should a l s o  

Figures  3-87 and 3-88 show the  hea t  l o s s  by evaporat ion of a c t i v e  

meat as a func t ion  of metabol ic  rate and LCG i n l e t  temperature. 

s teady-state  da t a  were determined by sub t r ac t ing  t h e  empir ica l  r e l a t i o n -  

sh ips  f o r  d i f f u s i o n  and r e s p i r a t o r y  heat  l o s s  from t o t a l  evapora t ive  heat  

loss .  Sweating is shown t o  c o n s t i t u t e  a f a r  smaller channel of heat  

removal than LCG heat  l o s s .  The evaporation of a c t i v e  sweat v a r i e s  almost 

r e c t i l i n e a r l y  w'  metabol ic  r a t e  f o r  cons tan t  LCG i n l e t  temperatures ,  and 

agreement w i t h  t h e  n r d f r e o ?  kt: (,LL;L& i i n e s )  I s  good. However, these  

r e s u l t s  were t o  be expected s i n c e  t h e  da t a  of Figures  3-87 and 3-88 b-re 

These 
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derived from t o t a l  evapora t ive  heat  loss d a t a ,  and consequently,  should 

exh ib i t  t h e  same t rends.  

It Is observed ir, seve ra l  inst , inccs  t h a t  evapora t ive  sweat heat l o s s  

is zero o r  very low. Th i s  probably r e s u l t e d  from t h e  use  of t h e  LCG t o  

eliminate cr l i m i t  sweating i n  order  t o  maintain comfort. For example, 

f o r  co ld  i n l e t  temperatures  between 6 and 9OC, t h e  onset  of sweating d id  

not  occur u n t i l  metabol ic  rates g r e a t e r  than 440 w a t t s  were achieved. 

f a c t ,  most of t h e  sweat hea t  removal r a t e s  were l imi ted  below 150 wa t t s  

f o r  a l l  combinations of metabql ic  r a t e  and LCC i n l e t  t empera tu re ,  and 

evaporat ive heat  removal by a c t i v e  sweat r a r e l y  exceeded 3 5 %  of t h e  meta- 

b o l i c  hea t  production. 

In 

Figure 3-88 a l s o  shows t h e  da t a  gene ra l ly  f a l l i n g  wi th in  t h e  narrow 

band def ined by p r e d i c t i o n s  of 293 and 615 w a t t s .  This  impl ies  that the  

sub jec t s  regula ted  LCG cool ing  i n  order  t o  l i m i t  sweating, and presumably 

t o  maintain thermal comfort. 

a regress ion  a n a l y s i s  and curve f i t  t o  t h e  d a t a  of F igures  3-83 and 3-85. 

This  is shown i n  Figure 3-89. 

a r e  a l s o  shown f o r  r e fe rence  on t h e  c l e a r  overlay.  

Such a conclusion can be tested by performing 

The p r e d i c t i o n s  of t h e  mathematical  model 

I f  t h e  d a t a  a r e  examined without t h e  over lay ,  i t  is ob --.d t h a t  

t he re  is a s t rong  c o r r e l a t i o n  between metabol ic  rate and LCG hea t  removal 

(dark symbols of top  graph).  

da t a  is a second order  curve wi th  a c o r r e l a t i o n  c o e f f i c i e n t  of 0.90. The 

second order  curve f i t  had a b e t t e r  c o r r e l a t i o n  than  a l i n e a r  f i t ,  but a 

t h i r d  order  f i t  d i d  not  s i g n i f i c a n t l y  improve t h e  c o r r e l a t i o n .  

ness  of t he  curve i n d i c a t e s  t he  s t rong  dependence upon LCG cool ing t o  

maintain comfort a s  metabol ic  r a t e  increased.  

The l e a s t  squares  curve f i t  through t h e  

The s teep-  
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On the o the r  hand, t h e  t o t a l  evapora t ive  hea t  removal (open symbols 

of middle graph) d id  not  increase  nea r ly  as much with metabol ic  rate. 

I n  f a c t ,  a f t e r  a s l i g h t  increase ,  it leveled o f f  and approached an asymp- 

t o t i c  va lue  of about 150 watts. 

d a t a  (dashed l i n e )  has a c o r r e l a t i o n  c o e f f i c i e n t  of 0.65. There is prob- 

ab ly  more d a t a  scatter and less of a c o r r e l a t i o n  pr imar i ly  because of t h e  

e r r o r s  inherent  i n  t h e  computational techniques used t o  e x t r a c t  t o t a l  

evaporat ive heat  l o s s  rate from t h e  r a w  test  data .  However, t h e  s a l i e n t  

point  is that LCG heat  removal is regulated i n  such a fash ion  (presumably 

i n  response t o  thermal comfort) as  t o  l i m i t  sweating and evaporat ion i n  

t h e  manner shown by Figure 3-89. The evaporation heat  l o s s  rate approaches 

a l i m i t  because t h e  cold LCG i n l e t  temperatures  se l ec t ed  a t  h igh  metabolic 

rates (6-13OC) depress  sk in  temperature and, t he re fo re ,  l o c a l  swetiting 

s igna ls .  

the i n l e t  temperature. 

The bes t  least squares  curve f i t  t o  t h e  

The r egu la t ion  of t h e  LCG heat  removal is accomplished by varying 

I f  t h e  c l e a r  over lay  is now superposed over Figure 3-89, it can be 

seen that t h e  LCG regress ion  curve i n t e r s e c t s  t he  l i n e s  of cons tan t  LCG 

i n l e t  temperature ( top curve) a t  s p e c i f i c  metabol ic  rates. Assuming that 

t h e  sub jec t s  regulated t h e i r  LCG cool ing i n  accordance with t h e i r  own 

comfort, t h i s  demonstrates t h a t  i d e a l l y ,  a t  each metabolic r a t e ,  t he re  is 

a unique i n l e t  temperature that wil l  be se lec ted .  

is a range of i n l e t  temperatures,  due t o  ind iv idua l  v a r i a t i o n s  i n  comfort.) 

( In  a c t u a l i t y ,  t he re  

It is t he  s e l e c t i o n  of a unique comfort i n l e t  temperature a t  each 

metabolic rate that r e s u l t s  i n  t h e  l i m i t a t i o n  of sweating demonstrated by 

Figure 3-89b. This  imp l i e s  t h a t  t h e r e  is  a d e f i n i t e  r e l a t i o n s h i p  between 

t h e  l i m i t a t i o n  sweating and thermal comfort. Such a r e l a t i o n s h i p  i s  

w e l l  e s tab l i shed  i n  environmental physiology. For example, s t u d i e s  by 
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Webb and Fanger (49, 155)  have r e l a t e d  thermal comfort t o  t h e  l i m i t a t i o n  

of svat ra t e .  

The uniqueness of t h e  r e s u l t s  of Figure 3-89 is t h e  r e l a t i o n s h i p  that 

exists between LCG cool ing and sweat rate, which permits  f a r  g r e a t e r  meta- 

bo l i c  rates t o  be achieved a t  comfort while  wearing an LCG. 

mentioned that the  LCG c o r r e l a t i o n  of Figure 3-89a could have been improved 

i f  a d e t a i l e d  e r r o r  a n a l y s i s  were performed, and t h e  p o i n t s  wi th  a l a rge  

standard e r r o r  omitted. However, another method exists f o r  r e f i n i n g  t h e  

co r re l a t ion .  

It should be 

I f  t h z  equivalent  regress ion  curves of S e r i e s  B (Figure 3-28a) a r e  

compared with those of Figure 3-89, it is noted t h a t  t h e  equat ions of 

corresponding curves are d i f f e r e n t .  Furthermore, t he  regress ion  curves of 

S e r i e s  D have a higher c o r r e l a t i o n  c o e f f i c i e n t  than t h e  equivalent  curves 

of Se r i e s  B. 

t h e  test s u b j e c t s  were permit ted t o  vary t h e i r  LCG cool ing i n  response t o  

metabolic rate, environmental condi t ions,  and presumably, thermal comfort. 

Therefore, i t  has been assumed that a l l  of t he  da t a  of S e r i e s  D represent  

comfort condi t ions.  

time per iods,  man is a poor judge of h i s  own thermal comfort. 

i t  would be use fu l  t o  examine t h e  body heat  s torage  da ta  of Series D i n  

r e l a t i o n  t o  t h e  comfort band that has been postulated t o  r e l a t e  thermal 

comfort t o  heat s torage.  This  would provide a good ind ica t ion  of the  

v a l i d i t y  of t he  comfort assumption €or  S e r i e s  D. 

The d i f f e rence  may be a t t r i b u t e d  t o  t h e  f a c t  t h a t  i n  Series D, 

However, many i n v e s t i g a t o r s  f e e l  t h a t  over  sho r t  

Consequently, 

Figure 3-90 presen t s  t o t a l  body heat  s torage  a s  a func t ion  of meta- 

bo l i c  rate f o r  a l l  of the  s teady-state  da t a  points .  The comfort band is 

a l s o  shown w i t h  the  da ta .  I t  i s  observed that almost a l l  of t he  da t a  

poin ts  f a l l  within the  comfort zone. However, t he re  a r e  seve ra l  po in t s  
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that l i e  s i g n i f i c a n t l y  ou t s ide  of t h e  band (shown c i r c l e d ) .  I f  t hese  are 

t r u l y  off-comfort po in ts ,  they would b i a s  t he  c o r r e l a t i o n s  of Figure 3-89 

because of t he  ron - rec t i l i nea r  o r  discontinuous thermoregulatory e f f e c t s  

thar occur under off-comfort condi t ions.  

It w i l l  subsequently be shown i n  Sectio,i 4 that t h e  c o r r e l a t i o n s  of 

LCG heat  removal and evaporat ion heat  loss CP? be improved f u r t h e r  by 

including only those p o i n t s  which f a l l  i n  t h e  comfort zone. 

which f a l l  ou t s ide  of t h e  comfort band of Figure 3-90 may w e l l  r epresent  

condi t ions during which t h e  tes t  subjec t  was not aware of h i s  own comfort. 

This is a d i s t i n c t  p o s s i b i l i t y ,  considering the  t r a n s i e n t  na tu re  a€ the  

tests i n  S e r i e s  D. However, it is  equal ly  l i k e l y  chat t hese  r e s u l t s  

represent  e r r o r s  i n  t h e  experimental  procedure, such a s  body temperature 

3ensor e r r o r ,  o r  i n  t h e  s e l e c t i o n  process  f o r  determining s teady-s ta te  

The po in t s  

p O i n E S .  

Nondheless ,  it is observed t h a t  most of t he  da t a  f a l l  wichin the  

comfort band and fo l low t h e  same trend of an increase  with metabolic r a t e .  

This is i n  c o n t r a s t  t o  previous test series where LCG i n l e t  temperatures 

were imposed upon, r a t h e r  than se lec ted  by, test s u b j e c t s  and much of t he  

heat s torage  da ta  w a s  ou t s ide  t h e  comfort zone. ( see  Figures  3-19, 3-22 

and 3-35). 

It should be mentioned that most of t he  steady-state d a t a  of S e r i e s  D 

were found by in t eg ra t ion  of raw da ta  over r e l a t i v e l y  long, r a t h e r  than 

shor t ,  time periods; and that sub jec t ive  c o m e n t s  of uncomfortable condi- 

t i o n s  by t h e  test s u b j e c t s  were uncommon. Therefore,  t h e  i n i t i a l  assump- 

t i on  that sub jec t s  regula ted  LCG cool ing in  response t o  the rna l  comfort 

was reasonable.  Consequently, the  da t a  of Figure 3-90 also s t rong ly  
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support  t h e  v a l i d i t y  of the proposed comfort band concept a s  a means of 

q u a n t i t a t i n g  thermal comfort. 

Tn l i g h t  of t he  r e r d t s  expressed i n  Figures  3-89 and 3-90, t h e  

inf luence of heat  s to rage  on t h e  l i m i t a t i o n  of sweating, and t h e  c o n t r o l  

of LCG cooling becomes clear. Tes t  s u b j e c t s  regulated their  LCG cool ing 

i n  such a way as t o  keep body heat  s to rage  wi th in  t h e  comfort zone, thereby 

l i m i t i n g  sweating and evaporat ive heat loss in t h e  manner shown by 

Figure 3-89. It is a l s o  noteworthy t o  recal l  t h a t  t h e  comfort zone was 

based upon a r e c t a l  temperature to l e rance  and a l i m i t a t i o n  of sweating. 

The d a t a  of Figure 3-89b show equivalent  sweat r a t e s  w e l l  w i th in  t h e  limits 

of o the r  conventional techniques of a s ses s ing  comfort as r e l a t e d  t o  sweat 

rate. 

I t  has been prediously s t a t e d  that t h e  accuracy of t h e  predict ion;  of 

t h e  mathematical model Gcpenls upon t h e  deg-ee of comfort a s soc ia t ed  wi th  

a p a r t i c u l a r  set  of test condi t ions.  For off-comfort cond i t ions ,  such as 

encountered i n  many of t h e  tests i n  S e r i e s  A and B, t h e  model shows a 

general  teridency t o  underpredict  LCG heat  removal and overpredict  r.-vapora- 

t i v e  heat  loss (Figure 3-28). 

d i f f i c u l t y  of s imulat ing t h e  thermoregulatory system responses  t h a t  become 

more pronounced as an ind iv idua l  d e v i a t e s  f u r t h e r  from comfort. 

i t  would be expected t h a t  t h e  model e r r o r s  seen i n  these  previous test 

series would be reduced f o r  S e r i e s  D,  where comfort was achieved f o r  almost 

a l l  test  points .  

The model errcrs C R ~  be t r aLed  t o  t h e  

Therefore,  

This  is observed t o  be t h e  case from t h e  d e t a  on t h e  bottom curve of 

Figure 3-89. 

(dark symbols) and t o t a l  evaporat ive heat l o s s  ra te  (open symbols) a r e  

shown as a percentage of metabolic ra te ,  f o r  a l l  s t eady- s t a t e  test points .  

Here, e r r o r s  in t h e  model p r e d i c t i o n s  of LCG heat  removal 



A hand-drawn curve f i t  through t h e  e r r o r  d a t a  is a l s o  shown ( so l id  l i n e  

f o r  LCG e r r o r ,  dashed l i n e  f o r  evaporat ive hea t  l o s s ) .  

These d a t a  show no t rend i n  e i t h e r  LCG o r  evaporat ive heat  l o s s  e r r o r .  

Unlike previous In  both cases, e r r o r s  r a r e l y  exceed 10% of metabolic rate. 

test series, the re  is no t rend ind ica t ing  dependence upon metabolic rate 

or LCG i n l e t  temperatures,  and the  e r r o r  appears  random. 

trast  t o  S e r i e s  A and B, where e r r o r s  were p o s i t i v e  f o r  LCG heat  removal 

and negat ive  f o r  evaporat ive hea t  l o s s  (Figure 3-28b). Furthermore, t h e  

e r r o r s  of S e r i e s  A and B b-er?. genera l ly  l a r g e r  and showed a tendency t o  

increase  with metabolic r a t e .  However, t hese  r e s u l t s  are expected s i n c e  

thermoregulatory responses  such as cutaneous blood-flow regu la t ion  and 

sweating are g r e a t e r  a t  higher  metabolic r a t e s .  

This  is in con- 

The e r r o r  a n a l y s i s  da t a  of Figure 3-89, coupled t o  the  reasonably 

good p red ic t ions  of sk in  temperature,  r e c t a l  temperature and hea t  s torage ,  

emphasize the  v a l i d i t y  of t h e  mathematical model as a va luable  t o o l  f o r  

accu ra t e ly  s imulat ing t h e  o v e r a l l  response of t h e  human thermoregulatory 

system, e s p e c i a l l y  f o r  comfort condi t ions.  It has a l s o  been shown t h a t  

t h e  heat  s to rage  based comfort band is a use fu l  method of quan t i t a t ing  t h e  

thermal comfort of s u b j e c t s  wearing an LCG. 

It now becomes poss ib l e  t o  combine these  two t o o l s  in such a way as 

t o  provide the  following r e s u l t s :  

1. Pred ic t ions  of t h e  .nanner i n  which an LCG is regula ted  t o  main- 

t a i n  comfort. 

2. Predic t ion  and v e r i f i c a t i o n  of t he  LCG heat  removal r e l a t i o n s h i p  

demonstrated by Figure 3-89a. 

3. Pred ic t ion  and v e r i f i c a t i o n  of the  sweat l i m i t a t i o n  r e l a t i o n s h i p  

demonstrated by Figure 3-89b. 
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4. Generation of a method of p r e d i c t i n g  metabolic r a t e  from LCG heat 

removal rate.  

The r e s u l t s  descr ibed above are derived by superposing t h e  comfort 

band over t h e  s teady-state  IXG and evaporat ive heat  l o s s  p r e d i c t i o n s  of 

the  mathematical model. 

cold,  and hot ambient environments, r e spec t ive ly .  In  each case, t h e  

chamber and space s u i t  environmental cond i t ions  were input  t o  t h e  model, 

and metabolic ra te  and LCC i n l e t  temperature were input  t h a t  were va r i ed  

parametrically.  Steady-state p r e d i c t i o n s  of LCG heat  removal, evaporat ive 

heat l o s s  anti t o t a l  body heat strrrage were then generated. 

This  i s  shown i n  Figures  3-91 t o  3-93 f o r  n e u t r a l ,  

P red ic t ions  of LCC, heat  removal ( s o l i d  l i n e s )  and t o t a l  evaporat ive 

heat l o s s  (dashed l i n e s )  a t e  shown as  a func t ion  of metabolic rate. L i n e s  

of constant  LCG i n l e t  temperature corresponding t o  5, 10, 16, 21 ,  and 27-C  

are a l s o  shown. The t o t a l  body heat  s t o r a g e  p r e d i c t i o n s  appear as  numbers 

ly ing  alongside t h e  s o l i d  and dashed l i n e s  a t  metabolic r a t e s  of 146, 234, 

352, 469, and 586 watts. The comfort band was then superposed on t h e  LCG 

and evaporat ive heat  l o s s  p r e d i c t i o n s  simply by connecting t h e  appropr i a t e  

va lues  of comfort heat  s t o r a g e  a t  each metabolic rate. 

The r e s u l t  is a band of p r e d i c t i o n s  that i n t e r s e c t s  l i n e s  of constant  

LCG i n l e t  temperature a t  v a l u e s  of LCG heat  removal and t o t a l  evaporat ive 

heat l o s s  r a t e s  t h a t  conform t o  t h e  comfott zone. For t h e  LCG heat removal 

curves,  va lues  above t h e  band correspond t o  cold cond i t ions  (accompanied 

by shiver ing f o r  high nega t ive  heat  s to rage  va lues )  and v a l u e s  below the  

band correspond t o  uncomfortably hot cond i t ions  (accompanied by excessive 

sweating f o r  h i g h  p o s i t i v e  heat  s to rage  values) .  For t h e  evaporat ive heat 

loss curves,  t he  r eve r se  is triir. 
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The s t r i k i n g  t h i n g  about t hese  bands is that they have t h e  same 

appearance as t h e  d a t a  and r eg res s ion  curves of Figure 3-89. 

t h e  predicted confort  bands of Figures  3-91 t o  3-93 show a s t rong  r e c t i -  

linear o r  second order  dependence of LCC heat  removal v e r s u s  metabolic rate 

and a near-constant value of t o t a l  evapnrat ive heat l o s s  ra te  t h a t  asymp- 

t o t i c a l l y  approaches va lues  similar t o  those of Figure 3-89b. 

S p e c i f i c a l l y ,  

It ~11ev1-d be noted t h a t  t h e  v a r i a t i o n  between t h e  bands from Figure 3-91 

t o  Figure 3-93 r e f l e c t s  t h e  e f f e c t  of t h e  changing environment upon comfort. 

T h a t  is, a t  each metabolic rate, as the  n e t  heat  exchange from t h e  environ- 

ment increases ,  t h e  LCG i n l e t  temperature predicted f o r  comfort dec rezses  

and t h e  LCG heat  removal increases .  This  is shown by t h e  upward movement 

af t h e  LCG comfort band as t h e  environmental heat goes from heat  l o s s  t o  

heat  gain. Consequently, t h e  e f f e c t  of t h e  a d d i t i o n a l  h e a t  input  from t h e  

environment upon sweating and evaporat ive heat loss is minimized, s i n c e  

LCG cooling can be ad jus t ed  t o  compensate f o r  i t .  In fact ,  i t  is suspected 

that there would have been no e f f e c t  of t h e  environment upon sweating a t  

a l l ,  had t h e  PLSS cool ing system been designed so t h a t  t h e  test  sub jec t  

could s e l e c t  any LCG i n l e t  temperature des i r ed ,  i n s t ead  of one of 3 d i s c r e t e  

temperatures: cool ,  medium, o r  warm. 

The preceding obse rva t ions  are summarized i n  Figures  3-94 t o  3-96, 

where t h e  comfort bands f o r  LCG i n l e t  temperature,  LCG heat  removal, and 

t o t a l  evaporat ive heat  l o s s ,  r e spec t ive ly ,  a ie  shown as a func t ion  of 

metabolic rate,  and compared t o  t h e  s teady-state  tes t  d a t a ,  Each curve 

shqws t h e  predlcted comfort band f o r  environments ranging from cold (ne t  

7 2  watts ou t  of s u i t )  t o  hot (ne t  137 watts i n t o  s u i t ) .  

It may be seen from Figures  3-94 and 3-95 t h a t  both t h e  p r e d i c t i o n s  

and t h e  t es t  d a t a  demonstrate s e l e c t i o n  of decreased LCG i n l e t  temperatures 
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and increased LCG heat  removal f o r  increased environmental heat  exchange 

at constant metabolic rates o r  f o r  increased metabolic r n t e s  a t  constant  

environmental heat exchange. Consequently, the  t o t a l  evaporat ive heat  

l o s s  is l imited f o r  a l l  Conditions,  as shown by Figure 3-96. There is no 

s i g n i f i c a n t  trend i n  t h e  evaporat ive h w t  l o s s  da t a  t h a t  r e f l e c t s  environ- 

mental e f f e c t s  and t h e  d a t a  show only a s l iRh t  i nc rease  wi th  m e t a b o l k  ra te  

before approaching a l i m i t .  

The predicted bands of Figures  3-94 t o  3-96 contain n e a r l y  a l l  of t he  

test d a t a  and thus  provide confidence i n  t h e  a b i l i t y  of t h e  model t o  

p red ic t  t h e  LCC i n l e t  temperature,  LCG he,it removal and cvaporativt .  heat 

l o s s  necessary f o r  comfort a t  each metabolic ra te  f o r  a ran!:e of environ- 

mental condi t ions.  

Before concluding t h e  a n a l y s i s  of S e r i e s  D, s e v e r a l  a d d i t i o n a l  

comments are i n  order .  T t  can be observed from Figure 3-93 (p red ic t ions  

f o r  t h e  hot environment) t h a t  t h e  s e l e c t i o n  of even t h e  co ldes t  LCG i n l e t  

temperature does not  achieve comfort a t  metabolic rates of 586 watts o r  

g rea t e r .  This  r e f l e c t s  t h e  f a c t  t h a t  t h e  Apollo-LCG was designed f o r  peak 

heat  removal ez f i c i ency  a t  metabolic ra tes  below 50b watts  i n  a n e u t r a l  

environment. A t  high metabolic ra tes  and hot environmental cond i t ions ,  I.CG 

heat  removal performance i s  inadequate and comfcrt cannot be maintained. 

This  could be improved by modifying t h e  e x i s t i n g  LCG design t o  inc rease  

t h e  e f f e c t i v e  contact  su r f ace  a rea  between t h e  LCC and  t h e  sk in .  thereby 

increasing t h e  heat  t r P n s f e r  c o e f f i c i e n t ;  o r  by the  app l i ca t io i i  of o ther  

LCG concepts, such as a head cool ing garment, Designing an improved LCC. 

i s  only one of the  many u s e s  f o r  which the  mathematical model can be 

applied as a valuable  research t o o l  and w i l l  be discussed i n  Section 4 ,  
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Another f a c t o r  that should be mentioned is that t h e  c u r r e n t  model 

does not have any p rov i s ion  f o r  muscle f a t i g u e  aesociated wi th  sus t a in ing  

high metabolic rates f o r  long per iods of time. Such a physiological  per-  

formance degradation would a f f e c t  t h e  test d a t a ,  but not  t h e  model pre-  

d fc t i cns .  Therefore,  e r r o r s  that occur a t  high metabolic ra tes  i n  

Figures 3-91 t o  3-96 may be p a r t l y  a t t r i b u t a b l e  t o  t h i s  f a c t o r .  

F ina l ly ,  i t  can now be seen that t h e  model p r e d i c t i o n s  form t he  b a s i s  

of a method of p red ic t ing  metabolic r a t e  from LCG performance. For example, 

i f  t h e  n e t  r a d i a t i v e  heat exchange f o r  a p a r t i c u l a r  environment i s  known, 

and the  LCG i n l e t  temperature and heat  removal ra te  a t  equi l ibr ium are 

measured, t h i s  information may be u t i l i z e d  i n  the  parametric d a t a  o r  

Figures 3-91 t o  3-93 t o  p r e d i c t  metabolic rate. and q u a n t i t a t e  comfort with 

su rp r i s ing  accuracy. This  is t h e  method that was employed t o  determine 

astronaut  metabolic rates f o r  a l l  of t he  Apollo lunar  s u r f a c e  exp lo ra t ions  

and is descr ibed i n  t h e  next s e c t i o n  f o r  Seriris E. 

SERIES E 

I n  order  t o  a l low ad p a t e  physiological  assessment of t he  a s t ronau t  

on t h e  lunar  su r face ,  f o  determine t h e  ra t?  of u t i l i z a t i o n  of l i f e - suppor t  

system consmables ,  and t o  provide informatJon f o r  a c t i v i t y  scheduling f o r  

real-t ime and subsequent missioi. planning, i t  was necemary  t o  estimate 

accura t e ly  t h e  metabolic ra te  i n  real-time f o r  rach EVA. This  was accom- 

pl ished by i n t e g r a t i n g  3 independent methods that u t i l i z e d  a l l  of t he  

a v a i l a b l e  te1emet:y Lata t h a t  was t ransmit ted from the  PLSS. These d a t a  

were received and proce ,sed a s  input  parameters i n t o  t h e  Real Time Computer 

Compler (RTZC) of t h e  Mission Control Center a t  t h e  NASA/Johnson Space 

Center. The data  were then u s e d  i n  real-t ime computer programs u t i l i z i n g  
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the 3 independtnt methods, to present  3 independent metabol ic  rates.  'These 

ra tes  were examined by a metabolic assessment team, and a 5 ;t ,  i n t eg ra t ed  

va lue  was chosen. The 3 methods u t i l i z e d  were based upon PJ,SS te lemetry 

d a t a  of a s t ronau t  h e a r t  r a t e ,  a s t ronau t  oxygen conshmption, and a s t ronau t  

LCC i n l e t  temperature and LCG heat  removal. The procedures t h a t  were 

u t i l i z e d ,  including genera l  barkl;round, resvl- ts ,  accuracy,  and s ign i f i cance  

are reporced i a  d e t a i l  i n  t h e  Apollo Experience Report - Assesmeqt of 

Metabolic Expenditures (Appendix E ) .  

The LCG method t h a t  w i s  used involved t h e  u t i l i z a t i o n  of the parametr ic  

p red ic t ions  shown i n  Figures  3-91 t o  3-97 of S e r i e s  D. These and similar 

p red ic t ions  were implemented on t h e  RTCC. The PLSS ~ c l e m e t r y  d a t a  of LCG 

hea t  removal and i n l e t  temperature were t ransmi t ted  from t h e  lunar  su r face  

and used as input  t o  t h e  RTCC computer program; which tf?m provided real- 

time estimates of a s t ronau t  metabol ic  ra te  dur ing  each EVA, ba,;ed upon LCG 

performance (Figure 2-6). 

The method may be i l l u s t r a t e d  by examining some of t h e  real- t ime 

r e s u l t s  of t h e  Apollo miss ions  (see Table E 2 ,  Appendix E) superimpnsecl on 

parametr ic  c u m e s  t y p i c a l  of those  used on t h e  RTCC rompbter program. 

Figure 3-97 shows t h e  l5ve  da ta  wi th  t h e  parametr ic  pred ic t i - ,ns  and comfort 

band u t i l i z e d  f o r  those  WAS d u r i q  r \ i c h  the  ne t  environmental heat  

exchange was approximately zero.  This  was usua l ly  the  case  : o r  t he  EVAs 

thLt occurred when t h e  sun angle  was lo\;, and t h e  lunar  srirfo.-e tempera- 

t u r e s  were n e i t h e r  excess ive ly  hot o r  co ld ,  such a s  EVA 1 of A p o l l o  11, 

EVA 2 of Apol lo  1 2 ,  EVA 1 of Apollo 15 ,  and  E V A  1 of Apollo 1 7  ( s e c  

Table E l ,  Appendix E;. For t h J s e  EVAs t h a t  occurred dbr:ng h o t t e r  n r  

co lder  su r face  cond i t ions ,  o the r  pnrametric p red ic t inns  s imi ln r  t o  

Figures  3-92 o r  3-93 were u s e d .  



As t h e  real-t ime d a t a  of LCG i n l e t  t e m e r a t u r e  and heat  removal rate 

were received, they were instantaneously cross-plot ted on t h e  curve a s  

shown. Because the parametric curves  s F x i f y  a unique r e l a t i o n s h i p  between 

LCG heat removal rate and metabolic rate f,.- each LCG i n l e t  temperature, 

an estimate of metabolic rate w a s  continl:ms?y a v a i l a b l e  from t h e  da t a ,  

and w a s  displayed on Fl ight-monitor  consoles t o  t h e  metabolic assessment 

tram (Figures Ei and GL, AppeRdix E).  

Furthermore, t h e  o v e r a l l  : h e m 1  comfort of t h e  a s t r o n a u t s  w a s  

assessed by observing t h e  e r t e n t  that t h e  l i w e  da*-a f e l l  above o r  below 

the  comfort band. I f  t h e  real-t ime da ta  deviated well-below t h e  comfort 

band f o r  prolonged oe r iods  of t - -  (20 minutes o r  l m g e r )  t h i s  indicated 

that the  a s t ronau t  was probabl j  ,,Lng an LrG i n l e t  temperature t h a t  w a s  

too high t a r  t he  s p e c i f i c  t a s k  he w a s  pe r ioming .  Since SUCII a cond i t ion  

could lead 3 Cxcess body !-eat s t o r a g e  and performance impairment, i t  was 

one of t h e  c r i t i c a l  s a f e t y  f a c t o r s  monitored c l o s e l y  by t h e  metabolic 

assessment +:an and t h e  f l i g h t  surgeon. 

Conversely, i f  t h e  d a t a  deviated above :he comfort band, t h i s  was 

ind ica t ive  of i n l e t  temperatures that w e r e  t oo  cold.  I t  w a s  important t o  

d e t e c t  these cond i t iuns  3eca i :~e  they could lead t o  pe r iphe ra l  -Jdsoconstric- 

t i o n ,  negat ive heat s to rage  and performance impairment. 

In  t h e  event that t h e  real-t ime d a t a  f e l l  s i g n i f i c a n t l y  above o r  

below t h e  r m f o r t  band ( c i r c l e d  po in t s )  and was unchanged o r  s t a b l e  f o r  

longer than 20 minutes, t h e  metabolic assessment team a l e r t e d  :'ne f l i g h t  

s u r c , x t ,  who, o., s e v e r a l  vccasiond, requested t h a t  t h e  a s t r c x c  change h i s  

LCC-diverter va lve  s e t t i n g  tc-J i,lc.rease or decrease his L C J  cooling. T F i s  

rear.; of s a f e t y  mnnjtnring L , - S  iremed necpssary because t h e  na tu re  ot  t he  

s c i e q t l f i c  t a s k s  and t h e  t i g h t  JL.hedu!r .-.quired dutirlE an EVA o f t e n  l ed  

:c condi t ions whereby an a.ctronaut was nr' 7war of h i s  own thermal comfort. 
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I n  a d d i t i o n  t o  t h e  real-time estimates of metabolic rate and a s t ronau t  

thermal comfort i t  was also important t o  keep t r a c k  of t n e  cumulative 

energy expendi ture  and peak energy requirements during t h e  EVA. The RTCC 

computey program provided t h i s  by i n t e g r a t i n g  t h e  instantaneous va lues  of 

metabolic rate over time, and by recording peak energy expendi tures  i n  

memory. 

During the a c t u a l  EVA, t h e  f l i g h t  surgeon had t o  be ready at a l l  times 

to  nake r e c m e n d a t i o n s  con. Erning t h e  a d v i s a b i l i t y  of cont inuing or 

dev ia t ing  from a n  a c t i v i t y  i n  t h e  mission plan. 

were t h e  reserve capac i ty  of t h e  a s t r o n a u t s  and t h e i r  physiological  s t a t u s .  

The physiological  s t a t u s  w a s  based upon a v a r i e t v  of f a c t o r s ,  sane of which 

were h i s t o r i c a l  i n  na tu re ,  and some of which were real-time. 

H i s  p r i n c i p a l  ccncerns 

The h i - t o r i c a l  f a c t o r s  included such t h i n g s  a s  t h e  ex ten t  of decondi- 

t i on ing  r e s u l t i n g  from 3 days of weight lessness  d u r h g  t r ans l imar  coas t ,  

the ind iv idua l  resporrse observed during pre-mission t r a i n i p g  f c r  s p e c i f i c  

a c t i v i t i e s ,  the p re - f l i gh t  phys i ca l  cond i t ion  of each a s t r o n a u t ,  and t h e  

amount of exercise, s l e e p  anti f a t i g u e  observed p r i o r  t o  t h e  EVA. 

The real-time f a c t x s  included instantaneous metabolic ra te  and 

cumulative and peak energy demands. 

ven t i l a t i - t t  rates and hea t  s t o r a g e  were a l s o  recorded and r e l a t e d  t o  

instantaneous and peak energy aemands as  p a r t  of t h e  t o t a l  considerat-on 

of crew s t a t v s .  

Data on excessively high h e a r t  rates,  

3 i ta  on cumulative energy expendi tures  were important by themselves 

i n  that they were d i r e c t l y  appl ied i n  t h e  determi2at ion of t he  consimables 

usage rate; and r e se rve  s t a t u s .  

(cjxygen, sublimator feedwater s' pply, l i thiinn hydroxide, and b a t t e r ;  ) was 

the  determining f a c t o r  i n  t h e  u s e f u l  l i f e  of t he  PISS on t h e  i cna r  su r face  

The usage r t t e  of t h e s e  consimables 
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and was c l o s e l y  r e l a t e d  t o  t h e  cumulative metabolic energy expenditure.  

This was p a r t i c u l a r l y  s i g n i f i c a n t  i n  the case of t h e  su t l ima to r  feedwater 

reserve, which ptovided LCG, convective and PLSS equipment conling, because 

t h e r e  was no d i r e c t  neasurement 0: t h e  feedwater supply. 

The instantaneous and - .aulat ive metbh-lic energy expendi tures  a l s o  

provided e s s e n t i a l  informatic f o r  t h e  lunar  s u r f a c e  a c t i v i t y  planners  

who had constructed a schedule of crew a c t i v i t i e s  based upoir pre-fligt? 

estimatfnng zf ::re metabolic ra te  and t h e  time required t o  perform each 

a c t i v i t y .  These planners  were responsible  f o r  modifyi1,g t h e  a c t i v i t i e s  

and s c i e n t i f i c  tasks i n  real-time i f  t h e  ac tua l  11)et,t~l;c ciata deviated 

from t h e  pre-f l ight  p red ic t ions .  

As mentioned earlier,  3 independent methods were u t i l i z e d  by the  

metabolic assessment team t o  determine a f i n a l ,  integi-ated n e t a b o l i c  rate. 

Tliin procedure w a s  decided upon because earlier s t u d i e s  ind ica t ed  s e v e r a l  

sources of u n c e r t a i n t y  i n  eac5 method when used ind iv idua l ly .  

rate dnd oxygon consumption methods and t h e i r  assvcfzfed e r r o r s  are 

discussed i n  d e t a i l  i n  t h e  Apoilo Experience Report, Appendix E. 

The h e a r t  

The ca lo r ime t r i c ,  LCG method descr ibed above proved t o  be a most 

accu ra t e  and relfabie i n d t c a t o r ,  d e s p i t e  t h e  f a c t  that t h e  a v a i l a b l e  

ca lo r ime t r i c  d a t a  from t h e  PLSS was i h i t e d  t o  LCG i n l e t  and o u t l e t  

temperature and s u i t  gas  i n l e t  temperature. 

The standard by which t h e  accuracy of t h e  LCG method w a s  judged was 

a post-EVA heat  balance a n a l y s i s  nf the tctsl Iifc-zuppoLt sys iem consum- 

P b k s  remaining ir t h e  PtCC ?t t h e  conclusion of tl:e EVA. Primari ly ,  t he  

amount of PLSS feedwater kernairling, coupled t o  an esti inatc of enviLon- 

mental heat  exchange, provided an accu ra t e  determinat ion of the cumulative 

metabolic expenditure.  This  c a l o r i m e t r i c  clppt.mc.s was v a l i d  becausc- t he  
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P U S  feedwater was used i n  t h e  sublimator t o  r e j e c t  t h e  heat  of t h e  LCG 

and the convective and evapora t ive  heat  of metabolism (see Figure 2-3). 

Therefore, t h e  t o t a l  amount of PLSS feedwater used was d i r e r t l y  propor- 

t i o n a l  t o  t h e  t o t a l  a s t ronau t  energy expenditLre. The usage of feedwater 

and o t h e r  PLSS consumables of i n t e r e s t  are presented i n  Table El of 

Appendix E. 

The accuracy of t h e  LCG program was judged by i n t e g r a t i n g  t h e  real- 

time estimaws of metabolic rate over t i m e  f o r  t he  EVA du ra t ion  and 

cnmnarinp; t h i s  cumulative metahoilc expendi ture  with tire post-EVA heat  

halance a n a l y s i s  of t h e  PLSS hnsed upon fet4rrater usage. 

are presented i n  Table 3-6. The r e s u l t s  show s u r p r i s i n g  accuracy, gene ra l ly  

g r e a t e r  than 90X, and f u r t h e r  serve t o  v a l i d a t e  t h e  t r e n d s  demonstrated by 

t he  test d a t a  and the mathematical model i n  S e r i e s  D. 

These r e s u l t s  

The e r r o r s  a s soc ia t ed  t Lth t h e  LCG method i n  Table 3-6 r e s u l t  from 

seve ra l  u n c e r t a i n t i e s  i n  t h e  d a t a  and i n  the  mett:od i t se l f .  I d e a l l y ,  t h e  

most accu ra t e  measurement of metabolic ra te  by d i r e c t  ca lo r ime t ry  would 

require measurement of LCC heat removal, s e n s i b t e  and l a t e n t  heat removal 

by t h e  surrounding gas stream, n e t  environmental heat  exchange i n t o  o r  

out  of t h e  p re s su re  s u i t ,  and energy I i s s i p a t e d  as  mechanical work. 

However, t h e  a v a i l a b l e  PLSS te lemetry d a t a  were l imi t ed  t o  LCC; heat  removal 

(LCC i n l e t  and o u t l e t  temperatti.-es) and s u i t  gas i n l e t  temperature.  

Fortunately,  t h e  l a r g e s t  p o r t i o n  of metabolic hea- production was 

remmed by the  LCG, and t h e  mathematicai ,a,h !el of human thermoregulation 

described i n  Sect ion 2 was used t o  e s t ima te  t h e  + y  es of heat removal 

t h a t  were not d i r e c t l y  measured. -:owever, each of t hese  e s t i m a t e s  had 

i i nce r t a ln t i e s  associated with them t h a t  contr ibuted t o  t h e  t o t a l  c r o t .  
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A second source of error was t h e  f a c t  that t h e  e s t ima te  of metabolic 

rate was dependent upon proper s e l e c t i o n  of t h e  LCG i n l e t  temperature by 

t h e  as t ronaut  i n  accordance wi th  h i s  thermal comfort. I f  an improper 

inlet temperature was se l ec t ed ,  thereby causing subcooling, or inadequate 

cooling wi th  heat  s torage ,  t h e  t o t a l  heat  removal w a s  unequal t o  metabol ic  

heat  production. However, i n  t h i s  case t h e  estimate w a s  s t i l l  u s e f u l  

because i t  provided a n  index of dev ia t ion  from comfort that w a s  used a s  

a means of uon i to r ing  crew sa fe ty .  

estimates were not  e f f ec t ed  s i n c e  they depended upon accura t e  de te rmina t ions  

of t o t a l  heat  renoval  r a t h e r  than metabol ic  rate. Furthermore, e r r o r s  of 

t h i s  type were u s u a l l y  diminished or el iminated a s  t he  EVA grew longer  i n  

dura t ion  s i n c e  t h e  a s t r o n a u t s  would almost always c o r r e c t  t h e i r  LCG cool ing 

t o  maintain tLermal comfort as  time accumulated. 

I n  t h i s  case, consumables usage rate 

A t h i r d  source of e r r o r  occurred during t h e  t r a n s i e n t  per iod fol lowing 

a change in t h e  pos i t i on  of t h e  LCG d i v e r t e r  valve.  After such hange 

was made, t h e  LCG i n l e t  temperature  changed rap id ly  and required s e v e r a l  

minutes t o  s t a b i l i z e .  During such per iods,  t h e  LCG heat  removal rate a lone  

was used t o  estimate metabol ic  r a t e ,  by determining t h e  i n t e r s e c t i o n  of 

t h e  LCG heat  removal r a t e  wi th  t h e  comfort band. 

upon t h e  f a c t  t h a t  t h e  LCG heat  removal d a t a  d i d  not  change as  r a p i d l y  as 

t h e  i n l e t  temperature and t h a t  over  l a r g e  time per iods ,  t h e  average LCG 

heat  removal r a t e  was propor t iona l  t o  thermal comfort i n  t h e  manner shown 

by Figure 3-95. This  is descr ibed i n  more d e t a i l  i n  t h e  Apollo Experience 

Report, Appmdix E. 

Th i s  procedure w a s  based 

A f o u r t h  source of erior occurred during t r a n s i e n t  per iods  fol lowing 

3 s tep- ra te  change from one metabol ic  r a t e  t o  another .  

t ioned,  t he  parametr ic  p red ic t ions  of F igures  3-91 t o  3-93 represent  steady- 

A s  p rev ious ly  men- 
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state r e s u l t s  dur icg  which metabolic rate and t o t a l  hea t  removal were 

h v a r i a n t .  

a c t u a l l y  changing, t h e  LCG method was inaccura te  by na tu re  of i t s  steady- 

state assumption. However, f o r  longer  t ime perfods,  t h e  r e s u l t s  aga in  

averaged out  t o  compensate and proviaed accu ra t e  mean and cumulative 

results. The t i m e  requi red  t o  dampen ou t  such e r r o r s  was on t h e  o rde r  

of 20 t o  30 minutes, approximately t h e  s a m e  l eng th  of time observed f o r  

t he  l a g  time between heat  production and heat  d i s s i p a t i o n  (see S e r i e s  A 

For s h o r t  t ime per iods  Over which t h e  latter 2 q u a n t i t i e s  were 

Resul ts) .  

The consequence of t h i s  l ag  time e r r o r  was that t h e  response of t h e  

LCG method i n  es t imat ing  metabol ic  rate was slow. However t h e  estimates 

were observed t o  begin t o  respond almost immediately t o  a change i n  meta- 

b o l i c  rate. 

A f i n a l  saurce  of e r r o r  was t h e  inherent  inaccuracy of t h e  LCG hea t  

This  w a s  dependent upon t h e  accuracy of t h e  LCG i n l e t  and removal data .  

o u t l e t  temperature measurements and t h e  assumption of a cons tan t  LCG water 

f lowrate.  

D e s p i t e  t h e  sources  of e r r o r  descr ibed above, t h e  LCG method of 

es t imat ing  metabolic rate provided accu ra t e  real-time es t ima tes  judged 

a t  l e a s t  equal t o  o r  b e t t e r  than t h e  o the r  independent methodh. 

i n t eg ra t ed  wi th  t h e  o t h e r  2 methods, t hese  results provided t h e  metabol ic  

assessment team with t h e  most complete and accu ra t e  ir.formation a v a i l a b l e  

f o r  monitoring and guiding t h e  progress  of t h e  EVA. 

When 

The me:abolic team received a l l  inccming L a w  d a t a ,  processed the  da t a  

in accordance with t h e  best  real-t ime estimates f o r  va lues  of t h e  unmeas- 

urab le  f a c t o r s  involved, csed the  r e s u l t  obtained from each of t he  ind i -  

v idua l  methods t o  provide c c r r e c t i c a  f a c t o r s  f o r  t he  o the r  methods 
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(such as LCC f l o w a L e ,  n e t  environmental heat exchange or s u i t  oxygen 

leak rate) and f i n a l l y  provided one in t eg ra t ed  va lue  f o r  t h e  f l i g h t  

surgeon. 

It w a s  real€?& that t h i s  process  could be i t e r a t i v e ,  and t h a t  updates 

could cause r e t r o s p e c t i v e  changes i n  values as  t h e  EVA progressed. 

a f t e r  completion of t h e  mission and pos t - f l i gh t  a n a l y s i s  of t h e  d a t a ,  a 

b e t t e r  b a s i s  f o r  planning f u t u r e  lunar  traverses was e s t ab l i shed .  

However, 

Accordingly, t h z  r e s u l t s  from t h e  Apollo 11 mission were **sed t o  plan 

rest per iods and e s t a b l i s h  limits on hea r t  and r e s p i r a t o r y  rates f o r  

Apollo 12. These r e s u l t s  l ed  t o  an extension of the  lunar  su r face  stay- 

time on Apollo 12  without l o s s  of confidence. S imi l a r ly ,  t h e  experience 

and informat 

planning subsequent missions. 

Jn gained from preceding missions were incorporated i n t o  

For e x n p l e ,  i t  w a s  discovered t h a t  the LCG method would provide 

accu ra t e  estimates of average metabolic rate but could not  produce accu ra t e  

r e s u l t s  f o r  time pe r iods  less than 20 minutes. 

method was s e n s i t i v e  t o  minute-by-minute changes i n  metaLolic rate, but 

was very  inaccurate .  Pv c o r r e l a t i n g  these  methods toge the r ,  i t  w a s  

u l t h a t e l y  poss ib l e  t o  produce accu ra t e  minute-by-minute p red ic t ion  of 

metabolic ra te  which were then a s soc ia t ed  wi th  ind iv idua l  a c t i v i t i e s  of 

sho r t  durat ion,  such as walking. runnin?, digging luna r  samples o r  

deploying lunar  surface. experiments (147). 

donversely,  t h e  h e a r t  rate 

A s  t h e  knowledge and information base gained from t h e s e  methods 

increased, t he  confidence level of each mission increased. The u l t ima te  

reFt i*+  w a ,  c h a t  t h e  stay-times, use fu l  work accomplished and knowledge 

L .  * 1. ics on t h e  lunar  su r face  was ipcreased and a high 

- . 's provided with opt  imuni s a f e t y .  

t 
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Legend - 
D Rectal temperature 

W Mean skin temperature 

H Forehead skin temperature 

A Arm skin temperature 

L Leg skin temperature 

C Chest skin temperature 

B Back skin temperature 

S Total body heat storage 

Model predictions 

0 - ---0 Test data 

Conditions 

LCG inlet temperature = 7°C 
Metabolic rate = 360 watts 

Figure 3-1.- Predicted and actual body temperatures and heat storage vs time 
for cold LCG in le t  temperatures and low metabolic rates ( tes t  7 ) .  
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Leqend 

n Rectal temperature 

0 Mean skin temperature 

H forehead skin temperature 

A Arm skin temperature 

L Leg skin temperature 

C Chest skin temperature 

S Total body heat storage 

Model predictions 

0-- - @Test data 

c ondi t Ions 

LCG inlet temperature = 7 O C  

Metabolic rate = 613 watts 

Figure 3-2,- Predicted and acti:al body temperatures and heat storage vs tiwe 
for cold LCG Inlet temperatures and high metabolic rates (test 11). 
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Legend 

0 Rec! a1 Temperature 

0 Mean skin temperature 

H Forehead skin temperature 

A Arm skin temperature 

L Leg skin temperature 

C Chest skin temperature 

S Total body heat storage 

Model predict ions 

0 - - - -0 Test data 

Conditions 

LCG iniet !emperatu;e = 16°C 
Metabolic race = 342 watts 

Xgtrc. 3-3.- Predicted and actual. body tempcratures and heat vs tima for 
moderate LCG Inlet  temperatures m d  low metabolic rates (test 4 ) .  
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Legend 

Recta I * *:mperat ure D 

0 Mean skin temperBture 

H Forehead skin temperature 

A Arm skin temperature 

L Leg skin temperature 

C Chest skin temperature 

F Hand skin temperature 

S Total body heat storage 

Mode I predict ions 

0- - - 0 Test data 

Conditions 

LCG inlet temperature = 16°C 

Metabolic rate = 589 watts 

Figure 3-4.- Predicted and actual body temperatures and heat storage vs time 
for moderate LCG Inlet temperatures and high metabolic rates (test 6 ) .  
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Parameter Test data Test condition 
symbol 

LCG heat 0 LCG inlet temp 
removal = 7°C 

0 =16"C 

A = 24-26°C 

rate 

Notes: Numbers near data points indicate total body heat storage. Values 
in parenthesis ate pi-dictions 

Flagged data points ( Q, Q, 4 1 are from Santamaria (112) 

M athem ati cal 
model pwdiction 

1. 

2. 

3. 
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Figure 3-5.- Predicted and actual steady-state LCCt heat removal vs metabolic 
rate,  for various LCC in le t  ternperature3. 
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Legend 
o Testdata 

Q Data of Santamaria (112) 
- Curve fit to data 
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Figure 3-6.- LCG heat transfer codfflcient vs LCG Inlet temperature. 
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Figure 3-7.- Ratio of LCG heat removal rate t o  metabolic rate vs LCG fnlet 
temperature. 
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Figure 3-8,- Predicted and actual steady-state evaporative heat loss rate by 
active swea; vs metabolic rate, for various LCG inlet temperatures. 
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Figure 3-9.- Metabolic rate at  which the met of sweating occurs VB LCG in l e t  
temperatbze. 
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Figure 3-10.- Ratio of evaporative heat loss  rate by active sweat to metabolic 
rate vs LCG in l e t  temperature. 
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Figure 3-11.- Predicted and actuel stkady-state total evaporative heat loss 
rate vs metabolic rate, for various LCG inlet temperatures. 
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Figure 3-11.- Concluded. 
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Figure 3-12.- Ratio of total evaporative :teat 10S8 rate to metabolic rate vs 
LCG inlet temperature. 
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Figure 3-12. - Concluded. 
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Figure 3-13.- Rectal temperature and mean skin temperature vs LCG inlet 
temerature. 
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Figure 3-13.- Concluded. 
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Figure 3-14.- Predicted and actual steady-state rectal and w a n  skin temperature 
vs metabolic rate for cool, moderate, and warm LCG Inlet temperatures. 
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Figure 3-14.- Concluded. 
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Figure 3-15.- Predicted and actual eteady-state sweat rate and evaporative heat 
loss rate due to sweating vs mean sk in  temperature for LCG inlet temperatures 
of 7" and 16' C. 
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Figure 3-16.- Predicted and actual steady-state meat rate and evaporative heat 
loss rate due to sweating vs rectal temperature for LCG inlet temperatures of 
7' and 16' C. 
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Figure 3-17a.- Predicted and actual steady-state sweat rate and total 
evaporative heat lo s s  due to  sweating vs change in  mean skin 
temperature . 
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Figure 3-17b.- Predicted and actual steady-state sweat rate and total evaporative 
heat loss due to sweating vs change in rclctal temperature. 
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Figure 3-18.- Actual and predicted steady-state active sweat rate and 
evaporative heat loss rate due to active sweating vs total body heat 
storage. 
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Figure 3-18. - Concluded. 
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Figure 3-20.- Predicted and actual a;eady-state LCG heat removal vs metsbolic 
rate, for various LCG inlet temperatures. 
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Figure 3-20.-  Concluded. 
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Figure 3-21.- Ratio of LCG heat removal rate to metabolic rate vs LCG inlet 
temperature. 
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Figure 3-21.- Concluded. 
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Figure 5-22.- Predicted tota l  body heat storage vs metabolic rate for steady- 
s tate  conditions during Series B. 
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Figure 3-23.- Predicted and actual steady-state evaporative iieat loss rate by 
active sweat vs metabolic rate, for various LCG inlet temperatures. 
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Figure 3-23.- Concluded. 
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Figure 3-24.- Active sweat rate and evaporative heat loss rate due to active 
sweat vs LCG Inlet temperature for moderate metabolic rates (410 watts). 
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Figure 3-25.- h t i o  of evaporative heat loss rate by act ive sweat to metabolic 
rate vs LCG in le t  temperature. 
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Figure 3-26.- Predicted and actual steady-state total evaporative heat loss 
rate vs metabolic rate, for various LCC Inlet temperatures. 
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Figure 3-27.- Ratio of t o t a l  evaporative heat loss  rate to  metabolic rate vs 
LCG i n l e t  temperature. 
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Figure 3-28a.- Regression curve fit to test data for LCG heat removal rate and 
total evaporative heat loss rate vs metabolic rate. 
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Figure 3-30.- Metabolic rate profile for tes t  sequences 9 and 10. 
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Figure 3-31a.- Bead core (tympanic) temperature (upper curve) and mean skfn 
temperature (lower curve) vs time for test sequences 1 to 8. 
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Figure 3-31b.- Total body heat --?rage vs time for test sequences 1 to 8. 
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Figure 3-32b.- Total body heat storage vs time fo r  test sequences 9 and 10. 
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Figure 3-33.- Predicted and actual steady-state LCG heat removal vs metabolic 
rate, for various LCG water flowrates. 
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Figure 3-35.- Predicted and actual total body heat storage vs metabolic rate 
for steady-state conditicms during Series C, 

3-162 



l 8 O S  160 

100 

80 

60 

40 

20 

0 

1. 

-20 - 
-40 

-60 - 
-80 

-140 

-160 

Cold 

0 100 200 300 400 500 600 700 

Metabolic rate, watts 
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Figure 3-37.- Predicted and actual steady-state evaporative heat loss rate by 
activb sweat vs metabolic rate, for various LCG water flowrates. 
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Figure 3-40.- Ratio of total evaporative heat loss rate to metabolic rate vs 
LCG water flowrate. 
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Figure 3-41.- Tympanic (head core) and mean skin temperature vs LCG water 
f lowrate. 
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Figure 3-42.- Predicted and actual steady-state tympanic (head core) and mean 
s k i n  temperature vs metabol'c rate for various LCG water flowrates. 
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Figure 3-43 , -  Predicted and actual steady-state sweat rate and evaporative 
heat loss  rate due to sweating vs mean skin temperature for various LCG 
water flowrates. 

3- 1 7 4  



Parameter Symbol l e s t  condition 

LCG water f lowrate 

Sweat rate Q 0 litershr 

a 27 llbrthr (and sweat 
heat loss 
rate) n 55 Iiterrhr 

El 82 Iitersh 

Note:-- 

Model prediction 

I. 
2 .  
3. 
4. 

- 

B 

B / /Y 
0 21 I ;g4. 

I I  -- 1 1 
1 _-__- --- I 

-400 2 
4 
0, 

i 
0) w 

--300 
3 

--200 Y c 
0 

u) cn 
0 - 

- - loo  3 
Y 
W 

.- a B 
, o s  

36 

500 e 
2 
5 400.- 
b, 

d 
2 300- 
5 
Y 200.- 
> 
I 
Y 

100.- 

Figure 3-44.- Predi-ted and actual steady-state sweat rate and evaporative heat 
loss rate due to sweating vs tympanic (head core) temperature for various LCG 
water flowrates. 
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Figure 3-45.- Predicted and ac-ual steady-state sweat rate and evaporative heat 
loss rate due to sweating vs change in mean skin temperature for various LCG 
water flowrates. 
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Figure 3-46.- Predicted and actual steady-state sweat rate and evaporative heat 
loss rate due to sweating vs change in tympanic (head core) temperature for 
various LCG water flowrates. 
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Figure 3-47.- Actual and predicted steady-state sweat rate and evaporative k a t  
loss rate due to active sweating vs total body heat storage. 
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Figure 3-64a.- LCG in le t  temperature selected by test subject vs  t i m e  for test 3.  
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Figure 3-92a.- Predicted steady-state LCG heat removal rate, heat storage, and 
comfort band vs metabolic rate, for co ld  environments (72 watts out of suit) 
and various LCC inlet temperatures. 
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Figure 3-92b.- Predicted steady-state total evaporative heat loss rate, heat 
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Figure 3-93a.- Predicted steady-state LCG heat removal rate, heat storage, and 
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Figure 3-93b.- Predicted steady-state total evaporative heat loss rate, heat 
storage, and comfort band vs metabolic rate, for hot environments (126 watts 
into suit) and various LCG inlet temperatures. 
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Figure 3-94.-  Predicted and actual steady-state LCG inlet temperatures selected 
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c&fwt band for cold 
3 *  environments (72 

watts out of suit) 

Figure 3-95.- Predicted and actual  steady-state LCG heat removal a t  comfort vs 
metabolic ra te  for  net  envirormeqtal heat exchange between 72 watts out  of  
s u i t  to 137 watts i n t o  s u i t .  
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Test condition 
symbol 

Total 
evaporative 
heat loss 

0 

Net environmental 
heat loss = 67 - 72 
watts out of suit 

Net environmental 
heat loss = 35 watts 
out of suit 

Net environmental 
heat gain = 65 - 79 
watts into suit 

Net environmental 
heat gain = 117 - 137 
watts into suit ,~~ Model prediction of 

comfort band (all 
environments) 

Figuie 3-96.- Predicted and actual steady-stzte total evaporattve heat loss 
rate at comfort vs metabolic rate for net environmental heat erchange 
between 72 watts out of suit tc 137 watts into suit. 
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Legend 

Model prediction for LCG inlet temp 

1. = 5°C 
2. = 10°C 

= 16 "C 
4. = 21°C 
5. = 27°C 

. ,  . .  

: Live data from Apollo 11, EVA 1 
0 : Apollo 12, EVA 2 
rn : Apollo 15, E V A  1 
v : Apollo 17, EVA 1 

Model prediction of comfort band m 
See Table E2, Appendix E 

Figure 3-97.- Rea! time (live) Apollo EVA data, superimposed on a typical RTCC 
paramet-ic curve of LCG heat removal rate vs metabolic rate for neutral 
environn ents (zero environmental heat exchange). 
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6.  DISCUSSION 

c0Cw)RT CORRELATIONS 

The r e l a t i o a s h i p s  t h a t  have thus  f a r  been developed between LCG 

cooling, evaporat ive heat  l o s s ,  and o t h e r  phys io logica l  parameters  repre- 

sent r e s u l t s  f o r  both c m f o r t  and off-comfort  condi t ions .  It now remains 

t o  r e f i n e  t h e  r e s u l t s ,  by making use  of comfort zone g u i d e l i n e s ,  t o  d ive  

a f i n a l  series of express ions  f o r  LCG performance and sweating a t  c x i f o r t .  

This can be accomplished by using only t h e  d a t a  p o i n t s  a s s o c i a t e d  with 

thermal ccrmfort. They are determined pr imar i ly  by s e l e c t i n g  test p o i n t s  

of Series A-D f o r  h i c h  t o t a l  body hea t  s t o r a g e  f a l l s  n e a r  or w i t h i n  t h e  

comfort band of Figures  3-19, 3-22, 3-35, and 3-90. This inc ludes  almost 

a l l  . J f  t h e  d a t a  of S e r i e s  D and considerable  d a t a  from t h e  o t h e r  tes t  

series. 

The d a t a  p o i n t s  used f o r  t h e  f i n a l  c o r r e l a t i o n s  are shown i n  Table 07 

of Appendix D. 

curve f i t  and e r r o r  a n a l y s i s  (150) on t h e  comfort p o i n t s ,  i n  which d a t a  

p o i n t s  with a s tandard e r r o r  g r e a t e r  than 2 S.E. were r e j e c t e d .  The regres-  

s i o n  curve and d a t a  were then compared with t h e  p r e d i c t i o n s  of t h e  mathe- 

mat ica l  model. Th se r e s u l t s  a r e  shown i n  Figures  4-1 t o  4-4. A l l  of 

t h e  r e l a t i o n s h i p s  shown are for zero  n e t  etivironmental hea t  exchange. 

Environmental e f f e c t s  upon LCG and evaporat ive hea t  removal d a t a  have 

been el iminated by t h e  procedure out l ined  i n  t h e  Series D r e s u l t s .  

The f i n a i  c o r r e l a t i o n s  %ere made by performing a regress ion  

Figure 4-1 shows t h e  d a t a  and regress ion  curve f i t  f o r  LCG i n l e t  

temperat.Jres s e l e c t e d  a t  confor t  vs .  metabol ic  r a t e .  The comfort band 
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prediction of the mathematical model is shown by the clear overlay pre- 

ceding Figure 4-1. The regression curve €it 1s second order and the 

equation o €  the cunre is: 

= - 3 . 3 3  x (Yet.Rate)* - .9ll8 (Met.Rate) + 25.1. Tinlet 

The correlation coefficient is 0.89 and the standard error of the fit is 

- +2.6"C. 

The scatter in the data is attributable to the fact that selection of 

inlet temperature was usually limited to a coarse range of cool, moderate 

or warm rather than a fine range. Also, it was not possible to adjust 

inlet temperature data for environmental effects as was done for heat 

removal data. Nevertheless, the regression curve falls nicely within the 

band predicted hy the mathematical model, except at the lowest metabolic 

rates (146 watts). 

The reason for variation at low metabolic rates and high, inlet 

temperatures can be traced to the cooling characteristics of the LCG. 

As mentioned in the Series A results, the Apollo-LCG efficiency depends 

upon the fornation of a swent layer in the nylon mesh that connects the 

LCG tubes. The sweat layer forms a conductive pathway between LCG tubes 

that acts to increase the heat transfer coefficient. Since minimal sweat- 

ir.g would be expected from subjects who begin working at low metabolic 

rates and high inlet temperatures, it follows that the conductive pathway 

would be reduced under these conditions, with a resulting drop in the 

LCC, heat transfer coefficient. This i s  the trend shown by the data of 

Figures 3-6 and 3-77 at high inlet temperatures. 

On the other hand, i €  the subject selects hip,h inlet temperatures at 

low metabolic rates following exercise periods at !iigh work rates, a sweat 
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layer and conductive pathway between LCG tubes may already have been 

e rablished. 

and more heat removal. The v a r i a b i l i t y  t h a t  can r e s u l t  from these  f a c t o r s  

makes it d i f f i c u l t  t o  i den t i fy  v a l i d  test  poin ts  a t  very low metabolic 

rates. Consequently, many of t h e  later da ta  were not u t i l i z e d  i n  the  

cor re la t ions .  

This would r e s u l t  i n  a higher LCG heat  t r a n s f e r  coe f f i c i en t  

The results of Figure 4-1 show t h a t  a t  constant LCG f lowrates  of 

109 l i t e r d h r ,  i n l e t  temperatures se lec ted  by test sub jec t s  w i l l  decrease 

almost r e c t i l i n e a r l y  as metabolic rates increase.  The e f f e c t  of decreased 

i n l e t  temperatures w i l l  be an increase  i n  LCG heat remnval t o  compensate 

fo r  the increased peat production at  higher metabolic rates. 

temperatures are f ixed ,  increased LCG h i a t  reinoval can a l s o  be achieved 

b y  providing higher LCG flowrates.  (For reference purposes, mathematical 

model pred ic t ions  a r e  shown i n  Figure 4-5 f o r  €:',xed LCG i n l e t  temperatures 

of 7 and 1 7 O C  with var iab le  water flowrates.)  

I f  LCG i n l e t  

The results of Figure 4-1 provide a guide l ine  f o r  achieving thermal 

comfo-t_ over a wide range of metabolic rates f o r  sub jec t s  wearing an LCG. 

The ranfor t  i n l e t  temperature co r re l a t ion  shown here is supported by the  

datit of other  researchers  ( a l so  shown i n  Figure k l ) ,  desp i t e  some wide 

va r i a t ions  i n  t h e i r  t e s t ing  conditions.  

The cont ro l  of i n l e t  temperature (or f lowrate)  t o  maintain comfort 

a t  d i f f e r e n t  metabolic r a t e s  can be achieved by subjec t  con t ro l ,  as in t he  

PLSS, or by means of an aqJtomatic c o n t r o l l e r  based on any s igna l  propor- 

t i .  1;: : metabolic rate. Subject cont ro l  of i n l e t  temperature o f f e r s  t he  

advantage of s impl ic i ty .  However, f a c t o r s  such as preoccupation with 

other work tasks ,  or inexperience with LCGs can r e s u l t  i n  gross  e r r o r s  i n  

cooling cont ro l ,  with discomfort and thermal stress (23, 26, 30, 9 8 ,  156). 
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These errors are not always inmediately reversible. For example, the 

control of inlet temperature in response t o  heat storage noted in Series D 

can lead to transient periods of high body heat storage and discomfort. 

Conversely, overcooling at work onset may produce vasoconstriction and 

decreased heat extraction with cold discomfort which persists long after 

a lesser cocling level is resumed (87, 148, 159). 

A major problem with subjective cooling control is timing. Webb (153) 

found that there is a temporal dissociation between heat production and 

heat output to the LCG. 

rate before heat output reaches a new level. Webb (156) also found that 

while oxygen uptake and heart rate showed almost immediate stabilization 

to levels appropriate to the new metabolic rate, skin temperature, rectal 

temperature, and LCC heat removal were considerably slower; €AI some 

instances requiring nearly an hour to reach their new equilibrium values. 

These findings are consistent with the results of Series A, were the 

delay time was observed to be 30 min to over 1 hr, depending upon the 

degree of deviation from thermal comfort. 

obligatory period of heat storage after the onset of a new metabolic rate 

and an equal period of destorage at the termination of work. 

that there is a resetting of the set-points of the regulatory system, 

enabling the body to run wanner as metabolic rate rises (97, 153, 159, 160). 

There is a delay following a step change in work 

The delav represents an 

This suggests 

The thermal control problems noted above may be lessened if the 

subject controls his cooling by an anticipatory behavioral response as 

noted in Series D, or by the use of an automatic control system. Fig- 

ures 4-1 and 4-5 may be used as a guide in the design of an automatic 

controller that would continuously monitor metabolic rate and adjust LCG 

inlet temperature or flowrate accordingly. 
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Severa l  r e s e a r c h e r s  have i n v e s t i g a t e d  automatic  LCG cooling control 

and v a r i o u s  prototype u n i t s  have been b u i l t  employing p r i n c i p l e s  similar 

to  t h a t  descr ibed above. Physiologic  s i g n a l s  used i n  automatic  coo l ing  

c o n t r o l  have included oxygen uptake (140, 1611, h e a r t  rate (141), s k i n  

temperature (92, 130, 131,  141, 1561, and sweat rate (87, 160). 

Chambers (31, 32) b u i l t  and t e s t e d  an automatic  c o n t r o l l e r  t h a t  

v a r i e d  LCG i n l e t  temperatdm i n  a manner i n v e r s e l y  p r o p o r t i o n a l  t o  evap- 

o r a t i v e  hea t  loss. H e  used a s i m p l i f i e d  3-node ( sk in ,  muscle, co re )  

e l e c t r i c a l  analog model t o  c o r r e l a t e  h i s  r e s u l t s .  

i n l e t  temperature d a t a  of Chambers, and plci t t ing i t  a g a i n s t  metabol ic  rate 

ins t ead  of sweat rate,  p e r m i t s  a d i r e c t  comparison w i t h  t h e  r e s u l t s  of 

Figure 4-1. Chambers' results superimposed i n  t h i s  way show e x c e l l e n t  

agreement. 

E x t r a c t i n g  t h e  LCG 

Crocker, Jennings and Webb (37) stlpplied va ry ing  LCC i n l e t  tempera- 

t u r e s  t o  t e s c  s u b j e c t s  i n  response t o  t h e i r  s u b j e c t i v e  f e e l i n g s  of comfort 

while  wearing an Apol lo- type LCG a t  atmospheric p re s su re .  

are a l s o  c o n s i s t e n t  with Figure 4-1. 

The i r  r e s u l t s  

!Jebb and coworkers (155, 156) b u i l t  s e v e r a l  automatic  LCG c o n t r o l l e r s  

t h a t  v a r i e d  LCG u l e t  temperature  i n  response t o  oxygen consumption, h e a r t  

rate, s k i n  temperature ,  r e c t a l  temperature,  and LCG,  o r  t o t a l  h e a t  removal 

rate. They also used a 3-node biothermal  model t o  c o r r e l a t e  t h e i r  da t a .  

Some of Webb's r e s u l t s  are shown i n  Figure 4-1. Again, t h e  r e s u l t s  dem- 

o n s t r a t e  t he  same t r ends .  

Before conclu4:oq t h e  d i s c u s s i o n  of Figure 4-1, two a d d i t i o n a l  p o i n t s  

should be made. F i r s t l y ,  t h e  r e l a t i o n s h i p  shown between LCG i n l e t  temp- 

e r a t u r e  (also LCG f l o w r a t e )  and metabol ic  ra te  h a s  been de r ived  based 

upon an examina t im of body hea t  s t o r a g e  a t  comfort. I n  o t h e r  words, 
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Figure 4-1 expresses the relationship between inlet temperature and 

metabolic rate for body heat storage values constrained to the heat 

storage based comfort zone. Therefore, the type of LCG cooling control 

expressed here is proportional to total body heat storage, a factor not 

yet considered in LCG controller design. 

Secondly, these results represect equilibrilrm or steady-state condi- 

tions. 

selected for comfort under dynamic conditions. 

topic of investigation by Webb (162). 

No attempt has been made to predict the LCG inlet temperature 

The latter has been a 

Figure 4-2 expresses the LCC, heat removal rate required to maintain 

comfort for various metabolic rates. This relationship is the same, 

irrespes-tive of the mechanism used to remove the heat in the LCG. That is, 

it is equally valid for constant LCG flowrates at variable inlet tempera- 

tures or constant inlet temperatures at variable flowrates. The regression 

curve f i t  is second order and the equation of the curve is: 

2 LCC heat removal 
required for comfort = .r)Ofl63 (Met.Rate) + .257 (Met.Rate) + 73.5. 

The correlation coefficient for the curve is 0.96 and the standard error 

is +31 watts. It should be noted that the correlation is even more accurate 

than that of Figure 3-89a. 

and the deletion of data points that fall out of the comfort zone. 

- 
This is a consequence of the error analysis 

The predictions of th@ mathematical model for zero environmental heat 

exchange were shown in Figure 3-91a and are reproduced for convenience 

in the clear overlay preceding Figure 4-2. 

regression curve falls within the prediction band of the mathematical 

model. The latter result I s  truly noteworthy because it means that the 

manner In which a test subject regulates his LCC for comfort can be 

Again, it can be seen that the 
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accura te ly  predicted by t h e  mathematical model. In other  words, t h e  

r e l a t ionsh ip  expressed by t h e  regress ion  curve f i t  can be predicted on a 

t heo re t i ca l  basis .  

heat s torage,  combined with the comfort zone that has been developed here. 

The model does t h i s  by u t i l i z i n g  ca l cu la t ions  of body 

The r e s u l t s  of 3 other  inves t iga t ions  i n  which LCG heat  removal was 

adjusted ( e i the r  automatically or manually) according t o  sub jec t ive  com- 

f o r t  are also shown i n  Figure 4-2. Chambers, Blackaby and Miles (32) 

control led i n l e t  temperature in a manner inversely proport ional  t o  evap- 

o ra t ive  hea t  l o s s  while using mean sk in  temperature and sub jec t ive  comments 

t o  evaliiate comfort. 

here. Troutman (140, 141) and Webb (155, 156) automatical ly  cont ro l led  

LCG i n l e t  temperature i n  response t o  severa l  physiological  parameters and 

used the  l imi t a t ion  of sweating below 100 g /hr  as an index of thermal 

comfort. Their da ta  a l s o  show good agreement with the  present  r e s u l t s ,  

although they both used a modified Apollo-type LCG. 

Their da ta  agree w e l l  with the  r e s u l t s  expressed 

It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  da t a  of Troutman, Webb, and 

Chambcrs a r e  i n  agreement with Figure 4-2, desp i t e  t he  f a c t  t h a t  t h e i r  

expcrimencs were conducted a t  atmospheric pressure.  Apparently, pressure 

has l i t t l e  e f f e c t  upon LCG heat removal. 

t i c a l  considerat ions of t he  heat t r a n s f e r  equat ions,  although a s l i g h t  

e f f e c t  r e su l t i ng  from increased evaporative heat loss and decreased skin 

temperatures a t  a l t i t u d e  is a p o s s i b i l i t y .  

This is predicted from theore- 

I t  is observed from Fip,iire 4-2, t h a t  a t  higher metabolic rates,  the  

: I ia t jonship ‘,etween LCG heat removal and metabolic r a t e  is very near ly  

. ec t f l i nea r .  In order t o  achieve the  high LCG heat removal r a t e s  

required J t  1iil;h metnlmlic r a t e s ,  i t  is necessary t o  use low LCG i n l e t  

temperature,;. liowever, i f  i n l e t  cempernture becomes too low, i t  supresses 
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skin temperature enough t o  cause vasoconstr ic t ion (87, 148, 159). 

r e s u l t s  in reduced LCG heat removal a t  the sk in  surface.  Such an off- 

comfort e f f e c t  would be manifested by the  LCG heat  removal cuive " t a i l i ng  

off" and becoming asymptotic a t  higher metabolic rates. It should there- 

fo re  be rea l ized  t h a t  the r e c t i l i n e a r i t y  of Figure 4-2 at high metabolic 

rates is, i n  i t s e l f ,  an i nd ica to r  of thermal comfort. 

This 

Thermal comfor: a t  high metabolic rates is predicated upon t h e  ade- 

quacy of t he  LCG design t o  remove heat  e f f i c i e n t l y  under these  conditions.  

For example, i t  has been s t a t e d  t h a t  the tube design of t he  Apollo-LCG has 

been optimized t o  accommodate peak metabolic rates of around 600 watts. 

Therefore, it would be expected that the LCC heat  removalecurve would 

become asymptotic i f  metabolic rates were i n  excess of t h i s  value. 

r e s u l t  would be inadequate thermal comfort. 

prevented by a modified LCG u t i l i z i n g  a g rea t e r  contact  sur face  area with 

the  skin.  Such an LCG could a l s o  u t i l i z e  htgher i n l e t  temperatures t o  

remove equivalent amounts of heat ,  thereby reducing the  p o s s i b i l i t y  of 

vasoconstr ic t ion.  

The 

Such a condi t ion could be 

The design of such an improved LCC, is an example of the  po ten t i a l  

usefulness  of the  mathematical model. 

LCC, i n l e t  temperature required f o r  comfort vs. metabolic rate, f o r  LCGs 

of varying ef f ic iency .  

heat t r ans fe r  coe f f i c i en t ,  which is a function of tube conduct ivi ty ,  

contact surface area,  tube shape, tube spacing, water f lowrate  and other  

; . m e t e r s ,  As indicated by Figure 4-6, an LCC designed with hea t  removal 

'.!YJ a c t e r i s t i c s  superior  t o  an Apollo-LCG could u t i l i z e  s i g n i f i c a n t l y  

higher i n l e t  temperatures. 

Fietire 4-6 shows the  predicted 

The ef f ic iency  is expressed by t h e  o v e r a l l  LCG 

. 
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The latest version of the mathematical model is currently being 

refined to permit parametric adjustment cf the many factors affecting the 

LCG heat transfer coefficient, i n  order to achieve a desired level of LCG 

efficiency ani thermal comfort commensurate with any particular set of 

metabolic and environmental requirements. Such an improvement will ulti- 

mately allow one to "tailor the LCG t o  the job" without the necessity for 

costly design and testing studies. 

Figure 4-3 shows the final correlation between total evaporative 

heat loss rate and metabolic rate. The regression curve fit through the 

data is second order and the equation describing evapcrative heat loss at 

comfort is: 

2 Total evaporative heat 
loss rate at comfort, watts = -.00074(Met.Rate) + .818 (Met.Rate) 

- 7 9 . 5 .  

The correlation coefficient for this fit is 0.88 and the standard 

error is +23 watts. It is observed that the correlation is significantly 

improved over the corresponding curve in Series D" (Figure 3-89b). 

it is still not as good as that for LCG heat removal, simply because of 

the nature of the methods used and the difficulty associated with determi- 

nations of evaporative heat loss rate. Nevertheless, the correlation is 

still good, and the limi..:ation of evaporative heat loss as reflected by 

the asymptotic behavior of the data is  strocgly evident. 

However, 

Evaporative heat loss rate did not exceed 200 watts and was far less 

tliav LCC heat removal rates for the same metabolic rates. Also ,  the 

evaporative heat loss rates shown are much lower than corresponding rates 

that might be expected at the same metabolic rate without dii LCC. This 
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is a reflection of the effect of the LCG in reducing sweat rate and heat 

strain. 

The prediction of the mathematical model is the same as shown in 

Figure 3-91b, and is reproduced on the clear overlay preceding Figure 4-3.  

As in the previous correlations, the regression curve fit falls within the 

band predicted by the model. 

predicting evaporative heat loss rates at comfort for subjects wearing an 

LCG. 

theoretical basis €or the behavior expressed b] the data. 

Therefore, the model is also capable of 

This is particuiarly gratifying because it again confirms a strong 

It should be mentioned that the correlations of Figures 4-2 and 4-3 

are really dependent upon the type of LCG used. 

fort zone utilized to affect these relationships was established while 

using an Apollo-type LCG. Therefore, the heat storage associated with 

comfort mav be quite different for an 5CG of a radically different design, 

such as a hend cooling garment. However, for LCGs similar in design to 

the Apollo-LCG, these correlations are accurate and can be used to express 

comfort requirements. This also applies for LCGs with improved heat 

transfer coefficients (Figure 4-6)  because these only alter the efficiency 

of heat removal, not the heat removal requirements for comfort. 

This is because the com- 

One final point pertaining to this and the previous figures concerns 

the effect of environmental heat exchange. The correlations presented 

have been generated €or conditions of zero environmental heat exchange 

(neutral environment). A6 delineated in the results of Series D, the 

effect of a cold environment w0u.d be to provide an alternative to evap- 

orqtive heat removal. Consequently, sweating would be further reduced in 

a cold environment. Conversely, a hot environment acts to partially 

negate the effectiveness of the LCG as an alternate heat removal method 
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t o  sweating. Therefore ,  body temperature rise, sweat ing and evapora t ive  

hea t  removal must i n c r e a s e  t o  compensate f o r  the dec rease  i n  LCG e f f e c t i v e -  

ness.  

t o  maintain comfort f o r  several environments ranging from ho t  t o  cold can 

be est imated from t h e  r e s u l t s  of S e r i e s  D (Figures  3-94 and 3-95). 

The magnitude of t h e  change r equ i r ed  i n  LCG performance In  o r d e r  

The f i n a l  c o r r e l a t i o n  (Figure 4-4) shows sweat r a t e  and i t s  a s s o c i a t e d  

evapora t ive  hea t  removal rate a s  a f u n c t i o n  of metabol ic  ra te  a t  comfort. 

The d a t a  were determined by s u b t r a c t i n g  evapora t ive  heat loss a t t r i b u t e d  

t o  r e s p i r a t i o n  and pass ive  d i f f u s i o n  from t o t a l  evapora t ive  h e a t  loss 

r a t e .  

descr ibed by t h e  fol lowing equat ion:  

A r e g r e s s i o n  f i t  througn t h e  d a t a  y i e l d s  a second o r d e r  f i t  

3 Sweat r a t e  a t  
comfort, g /h r  = -.0007 (14et.Rate)- + .655 (14et.Katel - 52.6. 

"he :'it hqs n c o r r e l a t i o n  c o e f f i c i e n t  of 0.78 and a s t anda rd  e r r o r  of 

- +?6 g fh r .  

hea t  l o s s  d a t a  of Figure 4-3, i t  is  t o  be expected cha t  i t  would suf fer  

from ttie same sources  of e r r o r ,  w i th  the f i n a l  r o r r e l a t i o n  c o e f f i c i e n t s  

being q u i t e  s imilar .  Nevertheless ,  t hz  re3ults are s a t i s f a c t o r y ,  especi-  

a l l y  cons ide r inc  t h a t  detcarminations of evapora t tve  hea t  loss rate and 

sweat r a t e  are t r i c k y  p r o p o s i t i c n s  a t  bL!r;i. 

Since t h i s  c o r r e l a t i o n  depends h e a v i l y  upon t h e  t o t a l  evapora t ive  

The p r e d i c t i o n s  of t he  mnthtmaiical  model a re  a l so  shown on t h e  c l e a r  

overlay preceding Figure 4 - 4 .  

by tfir! it )ire comfort swe;it uqi i , i t ion is  enhcinced ?,y t h e  f a c t '  t h a t  t h e  

re;; ;: - 1  n ciirvc and t h e  d a c < i  f i t  n i c e l y  w i t h i n  t he  band p red ic t ed  by t h e  

m:v;el f o r  s w d . n t  rn tc  a t  comfort .  'Thus, t i i L 2  phvsl.clop,icnl response of 

sweating w f i i l c  we.irinp, an I X C  u n d r r  comfort conditions i s  a c c u r a t e l y  pre- 

dict-c-d bv t i l ( .  modr l .  :\i:tivcb sweat r n t c  i s  l imi t ed  below 100 g / h r  over  

The v a l i d i t y  of t h e  r e l a t i o n s h i p  expressed 
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t h e  entire range of metabolic rates considered and appears t o  be asymptotic 

t o  t h i s  value. 

This result may be compared with the  conclusion of Webb and Annis 

(159, 160), who set  100 g/hr  as a des i r ab le  upper limit f o r  t o t a l  moisture 

l o s s  consis tent  with subjec t ive  comfort while wearing an LCG. 

included insens ib le  t r ansp i r a t ion  and evaporative lo s ses  from the lungs, 

which can amount t o  one-half t he  t o t a l  moisture loss a t  high metabolic 

rates. It appears, t he re fc re ,  that the  r e s u l t s  of Webb and Annis may have 

been somewhat lower than t h e  r e s u l t s  expressed here. However, these  

inves t iga tors  have acknowledged the  conservat ie  of t h e i r  sweat limits 

f o r  high r a t e s  or work (156). On the  other  hand, i t  should be recognized 

tha t  t h e i r  experiments were conducted at atmospheric pressure,  and under 

these conditions,  evaporation rates are s l i g h t l y  lower than at a l t i t u d e .  

Their da ta  

Chambers, Blackaby and Miles (32) a l s o  associated sub jec t ive  comfort 

a t  high metabolic rates with sweat rates below 100 g /hr  hnd decreased sk in  

temperatures. Waligora and Michel (149) reported s i m i l a r  f ind ings  i n  an 

ea r ly  study u t i l i z i n g  a p -otype Apollo-LCG. Shvartz and Benor (124) 

recorded t o t a l  moisture loss r a t e s  of 156 g/hr  fo r  sub jec t s  s e l ec t ing  

t h e i r  own i n l e t  temperature and f l o w r a x  i n  accordance with subjec t ive  

comfort while wearing an Apollo-type LCG a t  moderate metabolic rates. 

In addi t ion ,  many o ther  i nves t iga to r s  have reported s i g n i f i c a n t  

reductions i n  sweat r a t e  while wearing a cooltng garment o ther  than the 

Apollo-LCG (54, 77, 99, 1 2 2 ,  123, 165). Many of these authors  have 

utilizer! a head-cooling garment or  a p a r t i a l  body cooling garment, but 

the reduction o r  l imi t a t ion  of sweating while using these  garments k36. 

been a Consistent observation. 
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The E f f e c t s  of the LCG on Thermal Comfort and Sweating 

An important f a c t o r  which h a s  only been touched upon t o  t h i s  p o i n t  

is a d i scuss ion  of thermal comfort and sweat ing for  s u b j e c t s  w i t h  and 

with lit hn LCG. 

metabol ic  rates were presumably achieved w i t h  r h e m a l  comfort without  a n  

LCG. Metnbolic h e a t  was removed by convect ive,  r a d i a t i v e  and evapora t ive  

cool ing al,.nc! 

Seve ra l  a u t h o r s  have r epor t ed  r e s u l t s  i n  which high 

Fangel- (49,50) developed r e g r e s s i o n  equa t tons  c o r r e l a t i n g  thermal  

comfort w i t h  environmental  parameters and measured p h y s i o l o g i c a l  responses.  

Thermal comfort was based upon a s u b i c c t i v e  s c a l e  and was achieved a t  

moderate work rates and above. Th i s  was accomplished by vary ing  room 

temperature,  r e l a t i v e  humidity,  w a l l  temperature  and o t h e r  f a c t o r s  in such 

a way as t o  maximize convect ive and r a d i a t i v e  c o o l h g  without  l i m i t i n g  

sweat rate.  

observed f o r  sus t a ined  work loads on t h e  o rde r  of 600 w a t t s ,  which were 

c o n s i s t e n t  w i t h  s u b j e c t i v e  comfort. Fanger 's  comfort sweat equa t ion  is 

shown g r a p h i c a l l y  i n  F igu re  4-4 and is n o t i c e a b l y  h ighe r  than t h e  r e s u l t s  

exqressed he re  wi th  LCG cool ing.  

Um!or t h e s e  cond i t ions ,  sweat rates i n  excess  of 300 g l h r  were 

In  a simClar experiment,  Webb (155)  observed e l e v a t e d  sweat r a t e s  

a s s o c i a t e d  wi th  comfort f o r  nude s u b j e c t s  working i n  a room a t  25OC. 

Some of h i s  d a t a  are also shown i n  Figure 4-4. 

Chato and " r t i g  (33: observed sweat rates of approximately 300 g / h r  

f o r  s u b j e c t s  working a t  moderate metabol ic  rates (387 w a t t s )  w i t h  siib- 

j ec t ivz  comfort while  wearing on ly  a t h l e t i c  t runks ,  shoes and socks i n  a 

room c;erverature envirvnment ranging between 13 t o  24°C. They also con- 

ducted shower s t u d i e s  u t i l i z i n g  s u b j e c t i v e  c o n t r o l  of shower temperature  
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a t  heavy workloads t o  maintain comfort ,  and concluded t h a t  some sweat 

seLretion may be necessary.  

S to lwl jk ,  S a l t i n  and Gagge (139) d i d  n c t  observe suppressed sweat 

rates when room cool ing was v a r i e d  t o  provide s u b j e c t i v e  comfort a t  h igh  

metabol ic  rates. Ilowever, none of t h e  preceding s t u d i e s  u t i l i z e d  an LCG 

and t h e r e f o r e ,  have no b a s i s  f o r  comparison wi th  S u b j e c t i v e  comfort 

e v a l u a t i o n s  while  wearing ail LCG. 

vu lne rab le  t o  t h e  previous obse rva t ion  t h a t  man is a questionable judge 

of h i s  own thermal state.  

The r e s u l t s  of t h e s e  s t u d i e s  are a l s o  

For t h e  c t u d i e s  i n  which comfort and h e a t  s t r a i n  were measured and 

compared d i r e c t l y  f o r  s u b j e c t s  working w i t h  and without  an LCG. t h e  r e s u l t s  

overwhelmingly support  t h e  idea  t h a t  reduced skeat ra tes ,  reduced h e a t  

s t r a i n  and s u p e r i o r  thermrii comfort a r c  achi.---ed a t  a l l  ,netaboi ic  r&tes 

while  wearing an LCG. Shvartz  and Benor (124) showed reduced body hea t  

s to rage ,  h e a r t  rate,  r e c t a l  temperatur.2, m d  sweat ra te  f o r  s u b j e c t s  

wearing an LCG i n  warm environments compared t o  t h e  same t e s t a  without  ilc 

LCG ., 

Gold and Zon i t ze r  (54) have shown dramatic  r e d u c t i o n s  111 h e a t  s t r a i n  

as measured by t h e  Craig index of p h y s i o l o g i c a l  s t r a i n  f o r  s u b j e c t s  

e x e r c i s i n g  i n  h o t ,  d ry  environments w i th  a;; : s Y ,  fol lowing i d e n t i c a l  runs  

without one. (The Crafg index q u a n t i t a t e s  h e a t  s t r a i n  by comparatively 

weighting t h e  i n c r e a s e  i n  h e a r t  ra te ,  rectal  temperatuie  and sweat r a t e ) .  

The same au thor s  a l s o  noted reduced reddening and sweat-kig of skin reg ions  

noc d i r e c t l y  covere+ by t h e  coo l ing  garment, and improved s u b j e c t  comfort 

wi.;: ilie LCG. Walfgora and Michel (119) compared coo l ing  c h a r a c t e r i s t i c s  

of t he  Apollo p r e s s u r e  s u i t  i n c o r p o r a t i n g  an LCG, w f t h  ti.c?se of a Mercury 

p res su re  s u i t  u t i l i z i n g  gas  coolfng alone.  They found t h a t  t h e  LCG assumes 
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the major burden of cooliag, with increased comfort over the gas cooling 

syetefn by reduciag sweating. 

Kissen, Hall, and Klemm (77) showed reduced heat strain measurements 

In severe hyperthermic exposure when subjects used a head and neck cooling 

garment. Williams and Shitzer (165) used a s?trilar garment to 8emonstrate 

redl as in weight loss, heat storage, heart rate and other strain indices 

for subjects working in hot environments. 

also observed reductions in heat stress in studies similar to those of 

Williams and Shitzer. 

Nunneley, Troutman and Webb (99) 

Schvartz (123) and Nunnely (98) reviewed the litera ure on water 

cooled garments of varying designs and ascertained the ability of the 

LGG to reduce heat strain and herease comfort. 

of experience in testing both at sea level and altitude conditions at the 

Johnson Space Center ha-re firmly established the preference that subjects 

have for using an LCG to maintain comfort. 

Finally, several years 

The comfort-sweat curve of Figure 4-4 is interesting from yet another 

btandpoint. 

at comfort, it also shows that some mount of sweating is desirable at 

moderate metabolic rates and above. In other words, comfort is not com- 

mensurate with complete suppression of sweating. In fact, elimination of 

sweating at moderate and high metabolic rates was associated with uncom- 

fortably cold-sensations and even shivering in Ser4es E, 

This is in agreement with the findings of Chambers (30) that a 

Although it expresses the asymptotic behavior of sweat rate 

pressuLe suit equipped with an LCG sti1.l requires an oxygen ventilation 

system to maintain comfort by evaporation . f  sweat at high work rates. 

In the same study, Chambers a l so  determined skin temperature zones 

associated with comfort (see Figure 4-7). These zones coincided with 
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minimal levels of sweat secret ion.  Zero sweat rates were r e l a t e d  t o  

subject ively cold and uncomfortable conditions. Nunneley, i n  he r  review 

of -ater cooled garments, states that optimum LCG coo'.ing should a l s o  

include mLnima1 levels of sweat secret ion.  

several papers t h a t  desp i t e  va r i a t ions  i n  env i romen ta l  condi t ions o r  work 

load, a man wearing an LCG a t  comfort should never be cold or obviously 

sweating (30, 156, 160, 161). Waligcra and Michel (149) a l s o  derived 

approximate comfort l i m i t s  based on sk in  temperature that included pre- 

v i s ions  f o r  minimal sweating at comfort while wearing an LCG. 

She summarizes the  opinion of 

On the  other  hand, i t  should be emphasized that t h e  r e l a t ionsh ip  of 

Figure 4-4 represents  a d e l i c a t e  sweating balance associated wi th  a heat- 

s torage based comfort band. Therefore, for appl ica t ion  iri pressure s u i t s ,  

the  use of heat r e j ec t ion  s y s t e m  de2endeDt upon evaporative cooling alone 

is marginal both from physiological  and p r a c t i c a l  s tandpoints .  

tems require  elevated t o t a l  body heat  s torage,  and thus  increased heat  

s t r a i n ,  i n  order t o  produce the  desired sweat and evaporation rates. 

Futhermore, i n  considerat ion of t h e  f a c t  t h a t  t he  maximum evaporatpre heat  

removal rate fo r  current  pressure s u i t s  using a v e n t i l a t i n g  gas is less 

than 300 w a t L s  (83, 9 8 ) ,  systems such as t h a t  proposed by Chato and 

Hertig (33) would requi re  r ad ica l  departures  i n  design. 

Such sys- 

The Mathematical Model as an Index of Heat S t r a in  

Throughout t h i s  thes?.s, the  value of t he  heat-storage based comfort 

band has been underscored. It was shown tha t  the  accuracy of the  mathe- 

mat ical  model predict ions was improved when devia t ions  from the  comfort- 

zone were small. 

the amount of LCG cooling t h a t  a subjec t  would s e l e c t  t o  maintain comfort. 

I t  was a l s o  shown t h a t  the  model could accura te ly  pred ic t  
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The model could ac tua l ly  p red ic t  t h e  subjec t ' s  behavioral  response by 

makhg use c.f the comfort band. Sweating and evaporative heat  loss a t  

comfort were a l s o  accura te ly  predicted,  and agreed with the  r e s u l t s  of 

other inves t iga tors .  However, i n  addi t ion  t o  its value as a t o o l  f o r  the  

preceding cor re la t ions ,  t he  mathematical model and t h e  comfort band htve 

appl ica t ion  as a reference index for physiological  stress. 

It has  long been known t h a t  tolerance of s tored  hea t  is s t r i c t l y  

l imited (18, 74, 108, 146). Excess body hea t  s torage  a t  f i r s t  produces 

ac t iva t ion  of compensatory mechanisms and subjec t ive  temperature aware- 

ness; then discomfort, d e t e r i o r a t i n g  psychomotor capaci ty  and eventual ly ,  

col lapse leading t o  death (86, 151). Blockley (18) and Kaufman (74) have 

shown tha t  t he  physiological  tolerance l i m i t  f o r  s tored  body hea t  at rest 

is about 175 watt-hr. Signs of impending co l lapse  include r i s i n g  r e c t a l  

temperature, hear t  rates above 160, flushed sk in ,  i n a t t e n t i o n  t o  work, 

and frequent headache, fa t igue ,  and nausea (18, 74, 101, 152). 

For t a sks  involving s k i l l e d  performance, heat  s torage  must be kept 

far below the  l i m i t s  described above f o r  tolerance.  Blockley (17) ,  

Webb (2521, and Wing (167) have independently concluded t h a t  decrements 

in psychomotor performance appear when heat  s torage  approaches 3/4 of 

the tolerance l i m i t .  

a s  the  permissible l i m i t  of body heat s torage  p r io r  t o  impairment, and 

117  watt-hr as the tolerance l i m i t .  

NASA's Johnson Space Center has adopted 88 watt-hr 

Some controversy continues on t he  r e l a t ionsh ip  of heat  s torage  limits 

t o  performance and tolerance,  but t he  above l i m i t s  have proven p r a c t i c a l  

and r e a l i s t i c  f o r  a m u l t i t u d e  of appl ica t ions  involving s t r e s s f u l  environ- 

ments. These limits are de l ibe ra t e ly  conservative i n  t h a t  they specify 

the l ikel ihood tha t  only a small percentage of ind iv idua ls  exposed w i l l  
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experience performance impairment or  collapse due t o  heat streas. 

limits f o r  physically f i t  individuals or  those acclimatized t o  heat would 

be higher. 

The 

The f ac t  t ha t  the  mathematical model can accurately predict  body heat 

storage i n  response t o  metabolism and environmental parameters makes it  a 

valuable too l  fo r  assessing the degree of heat stress. 

by comparing the predicted r e s u l t s  with the  performance and tolerance 

l imits .  Furthermore, when used i n  conjunction v l t h  the  comfort zone, the  

model can predict  the  degree of deviation from thermal comfort. 

This is accompllahed 

For example, the  comfort and tolerance bands shown i n  Figure 4-8 

weie used with model predict ions t a  generate sweat r a t e  performance envel- 

opes (Figure 4-9). 

rates (600 watts), the  comfort band, performance limit, and tolerance 

l imi t  almost coincide. 

type LCG is not designed t o  provide adequate heat removal f o r  metabolic 

rates greater  than 600 w a t t s  i n  a neut ra l  environment. 

i t  is observed tha t  fo r  lower metabolic rates, considerably higher i n l e t  

temperatures than those selected for comfort can be to le ra ted  before per- 

formance becomes impaired. 

16-20°C i n l e t  water temperatures are required fo r  comfort but performance 

does not become impaired *int i1  water temperature exceeds 27OC. 

It is observed i n  Figure 4-9 that at high metabolic 

This is a ref lec t ion  of the f a c t  that the  A p o l l e  

On the  other  hand, 

For example, at  a metabolic r a t e  of 350 watts, 

A t  f i r s t  glance, the r e s u l t s  of Figure 4-9 may appear paradoxical i n  

tha t  the sweat rate associated with performance impairment o r  tolerance 

l i m i t s  ac tua l ly  decreases a s  metabolic r a t e  increases. This indicates  

that  an individual would ac tua l ly  sweat l e s s  a t  higher metabolic r a t e s  

than a t  lower r a t e s ,  before encountering thermal stress. However, t h i s  
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apparent c o n t r a d i c t i o n  is explained by a cons idera t ion  of  s k i n  temperature,  

core temperature,  and body h e a t  s torage .  

The performance and tolera . limits are each based upon a l i m i t i n g  

va lue  of body heat s t o r a g e  t h a t  is independent of metabol ic  rate. 

i n  order  t o  reduce t h e  amount of hea t  s t o r e d  i n  t h e  body a t  a high metabol ic  

rate t o  t h e  samc l e v e l  as t h a t  of a lower rate, more LCG h e a t  removal Ls 

required arid, t h e r e f o r e ,  a lower i n l e t  water tempera tme i s  necessary.  

This  means t h a t  t h e  s k i n  temperature must b e  i n c r e a s i n g l y  lowered as 

mr*abol ic  r a t e  i n c r e a s e s ,  i n  o r d e r  t o  keep body h e a t  s t o r a g e  cons tan t  and 

below t h e  performance o r  t o l e r a n c e  l i m i t s .  

However, 

The decreased s k i n  temperature  i n h i b i t s  t h e  c o n t r i b u t i o n  of t h e  

p e r i p h e r a l  or l o c a l  response t o  sweating. ThAs i n h i b i t i o n  a c t u a l l y  more 

than o f f s e t s  the  increased c e n t r a l  response due t o  t h e  h igher  r i se  i n  core  

temperature a t  t h e  h igher  metabol ic  r a t e .  The n e t  r e s u l t  is an  i n h i b i t i o n  

of t h e  l o c a l  sweating response t h a t  overshadows t h e  increased c e n t r a l  

response and praduces a lower sweat r a t e  a s s o c i a t e d  wi th  performance o r  

to le rance  l i m i L s  a t  h igher  metabol ic  r a t e s .  

This  i n h i b i t o r y  C h a r a c t e r i s t i c  of s k i n  cool ing is predic ted  by t h e  

model but  r e q u i r e s  a d d i t i c n a l  experimental  d a t a  fo r  v e r i € i c a t i c n .  

and Hardy have r e c e n t l y  perfomecf i iter immersion experiments a t  v a r i o u s  

metabolic r a t e s  which t e n t a t i v e l y  support  t h e  i d e a  of a reduced t o l e r a n c e  

a t  co lder  water temperatures  and higher  metabol ic  r a t e s ,  bt,:: a d d i t i o n a l  

s t u d i e s  i n  t h i s  a rea  of performance and t o l e r a n c e  a r e  n c d e d .  

S to lwi jk  

The dependence of a c t i v e  sweat r a t e  upon hea t  s t o r a g e  and body tempera- 

tures l i m i t s  t h e  usefu lness  of sweat r a t e  a lone  as an index of h e a t  stress. 

I n d i c a t o r s  such as the  Belding-Hatch S t r e s s  Index o r  t h e  PLtSR a r e  unsafe  
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to use as a means of predicting sweat rate or stress unless all the condi- 

tions are similar to those for which the index was originally derived. 

For example, the P4SR was derived from experimental data for subjects 

wearing limited clothing wko were heat acclimatized (103). 

of the latter, the sweat rates associated with tolerance liraits are COQ- 

siderably higher than those expressed in Figure 4-9 for unaccllmatized 

subjects. Gillies and Webb (103) do not recommend the use of P4SR for 

predicting sweat rate, but rather as a m e a n s  for comparing environments 

in terms of thermal stress, to be followed by experimental evaluation of 

the environments, with sweat production being taken as one of several 

dependent variables. 

As a consegueme 

As mentioned previously, consideration of skin temperature is an 

important factor when an LCG is used for cooling. Mean skin temperature 

and its range and distribution are pertinent measurements in the determi- 

nation of thermal contact. Kerslake (76) has shown that for resting 

subjects, 

the head being the warmest and the hands and feet the coolest. 

and Webb and Annis (159) have shown that as metabolism rises from rest, 

the mean skin temperature associated with comfort and the absence of 

sweating falls. 

for comfort is about 33OC with a 6OC longitudinal gradient; 
S 

Allan (1) 

Chambers (32) has derived a subjective comfort zone based on skin 

temperature, indicated ir, Figure 4-7, that shows a decrease in skin temp- 

erature associated with comfort as metabolic rate increases. Hurrah and 

Buchberg (62) and Walagora and Michel (149) have presented similar results, 

shown in the same f igure.  Data from the results of Series A-D are also 

shown superposed with the results of these investigators in Figure 4-7, 

and agreement is good. 
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The importance of a normal skin distribution for comfort has also 

been mentioned by British workers designing cooling equipment (23, 25, 26), 

and the effects of skin temperature on comfort and thermoregulation while 

wearing an LCG are summarized nicely by Nunneley (98 ) .  

''As the temperature is lowered thrbugh the comfort zone 
there is generalized cutaneous vasoconstriction until 
conductance I s  reduced to its minimum value, attributable 
to tissue heat conduction. Any further temperature de- 
crease involves passive body cooling; when cooling exceeds 
metabolic heat production, the major defense mechanism is 
to increase the latter by shivering or voluntary activity. 
Environmental temperature rising through the zone of vaso- 
motor control produces cutaneous vasodilatation, warming 
of the skin, a decrease in core-skin temperature gradient 
and increasing conductance. In heat stress, the cutaneous 
circulation may demand a significant portion of cardiac 
output. As the heat load increases beyond ome threshold 
temperature, sweating begins and i s  gradually increased 
along with further vasodilatation. 
reaction to a given heat load depends partly upon whether 
the source is internal (metabolic) or external." 

The physiological 

The previous discussion has centered upon the importance of skin 

temperature when LCG cooling is used to pro:ide thermal comfgrt. However, 

it is only a part of the story. Several additional factors are equally, 

if not more, important in determination of comfort and heat stress. These 

are the rectal temperature, the sweat rate and body heat storage. 

The importance of rectal (or tympanic, or head core) temperature and 

its effects upon sweating and heat stress have been emphasized several 

times throughout this thesis. It has a stronger influence upon sweat 

rate and body heat storage than does skin temperature (133-139, 172). 

It fol.lows then, that its influence upon comfort and heat stress is con- 

siderable. Whereas skin temperature was reduced a t  higher metabolic rates 

by LCG control consistent with comfort, the same does not hold true for 

core temperature. When a man begins working, his rectal temperature 
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rises i n  s p i t e  of comfort LCG cool ing a t  the  sk ln  sur face  (155, 156). 

Rectal temperature continues t o  rise u n t i l  i t  reaches a p la teau  associ- 

ated d i r e c t l y  with metabolic rate. 

The r e l a t ionsh ip  between core temperature rise and metabolic rate 

was establ ished i n  1938 by Nielson (97). 

and is a l s o  v a l i d  when s t rong  LCG cooling is applied.  

core temperature versus  metabolic rate when sub jec t ive  comfort was  

achieved be means of LCG cooling. The r e s u l t s  shown are from Webb (155, 

156), Harrah and Buchberg (61), and an envelope of da t a  from f i v e  o ther  

s tud ie s  (103). 

with the other  r e su l t s .  These f indings suggest t h a t  t he  body appears 

t o  prefer  a higher core temperature at  higher work levels and probably 

accomplishes t h i s  by adjustment of its i n t e r n a l  thermostat or set-point (98). 

It has been confirmed repeatedly 

Figure 4-7 shows 

Comfort da t a  from Se r i e s  A are a l s o  shown and agree w e l l  

The r e l a t ionsh ip  of sweat rate and evaporat ive heat  l o s s  t o  comfort 

and heat s t r e s s  has been discussed a t  length.  Sweating r a u l t s  pr imari ly  

from increases  i n  skin temperature and core temperature, with t h e  l a t te r  

having a grea te r  weight. The reason t h a t  sweating is suppressed t o  l i m i t s  

below 100-200 g /h r  a t  comfort (see Figure 4-4) is t h a t  r e l a t i v e l y  small 

increases  i n  core  temperature a t  higher metabolic rates are countered by 

large decreases i n  skin temperature brought about by LCG con t ro l  (as 

typ i f ied  by t h e  sk in  temperature comfort zone of Chambers). It  is t h i s  

simultaneous increase i n  core  temperature and decrease i n  sk in  temperature 

(shown i n  Figure 4-7) t5at accounts f o r  sweat suppression. 

Such s i t r : j t i ons ,  in which c e n t r a l  warm recept ion c o l l i d e s  with mes- 

sages of cold from the  sk in  a r e  parar' x i c a l ,  but n:r: uncommon. As 

Benzinger (8) observed i n  h i e  c l a s s i c  essay, "The Human Thermostat", 
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"The running athlete in cool weather, the ascending moun- 
taineer, the skier on sunny slopes, all lightly clad, and 
perhaps the swimmer in tropical waters, experience sK+r 
temperatures low enough for cold receptors to be active, 
while the athletic effort elevates internal cranial tempera- 
ture above the set point. 
then interfere with the thenuostGtic control and prevent or 
delay an immediate adjustment of elevated cranial internal 
temperatures through sweating. However, unnecessary exces- 
sive or prolonged evaporative cooling is prevented after 
termination of the muscular effort. 

The opposite condition, central temperature below the 
set point, combined with a warm skin, has been studied and 
clarified by experiments in water. It is a transient state 
of tranquility and subjective comfort in which no thermo- 
regulatory impulses seem to arise at either central or 
peripheral thermoreceptors. Thus, due to a lack of driving 
impulses, heat regulation is suspended when the skin is 
warm and the centers are cool. Likewise, heat regulation is 
delayed or suspended when the skin is cold and the centers 
are warm. " 

Cold reception at the skin may 

Under normal conditions, without zn LCG, it is the evaporation of 

sweat that enables men to work in hct environments. However, even with an 

LCG, core temperature must ' -3 order for sweating and evaporative heat 

removal to be adequate at high metabolic rates. This means that the body 

must store heat in order to sweat, since hear storage is influenced to a 

greater extent t y  -ncreases in core temperature than skin temperature. 

Cowequcntly, t-ere is a certain amount of body heat storage, and there- 

i . x e ,  hv:at stress associated with sweating. This was shown to be the case 

hi5 9Lorklay and Roth (19) who demonstrated that the amount of sweating 

;.ja,>,ef.tred with LCG heat removal has a powerful influence on the tolerance 

time '11 a stressful environment. Furthermore, high sweat rates can pro- 

duce f>uid and electrolyte imbalances arid eventual collapse ( 5 6 ,  79, 86, 

154). Providing drinking water to replace lost fluids does not always 

remedy the situation because pnradcxically, erwess heat storage has been 

shown to cause subjects to avnid drinking, with ensuing voluntary, s i g n i f i -  

cant dehydrat il-n (17 ,  7 4 ,  1 5 4 ) .  
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The previous arguments have led the author to conclude that the best 

Index of comfort and heat strain is one that takes all of the previous 

factors into consideration; namely, body heat storage. The comfort, per- 

formance impairment, and tolerance bands of Figure 4-8 tie together all 

of the effects of skin temperature, core temperature and Sweat rate. The 

heat-storage based comfort zone, combined with the parametric predictions 

of the mathematical model, provide relationships for LCG heat removal, 

Sweat rate, rectal temperature and skin temperature. These relationships 

conform closely to the available experimental data. Similarly, parametric 

predictions of the mathematical model, combined with the performance and 

tolerance heat-storage limits resulted in Figure 4-9, which can be used 

to assess the degree of heat stress and deviation from comfort. 

The significance of heat storage is further supported in studies by 

Webb (155, 156) which show that even with adequate LCG cooling connnensurate 

with subjective comfort, a man working at higher metabolic rates will 

experience a rectal temperature increase resulting in a net increase in 

body heat storage, despite a large drop in skin temperature. 

this increase in body heat storage (and heat strain) is not apparent from 

comfort criteria based upon skin temperature or sweat rate, it is taken 

into account in the heat storage based comfort band of Figure 4-8, since 

the heat otorage associated with comfort while wearing an LCG is shown to 

Whereas 

increase with metabolic rate. 

eneral Dmments re 

Accuracy of the Mathematical Model 

The discussion now turns to some arding the 

accuracy of the mathematical model. 

dictions are most accurate for testing conditions near thermal comfort. 
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The g r e a t e r  t h e  d e v i a t i o n  from comfort, t h e  g r e a t e r  the e r r o r  of t h e  

model p red ic t ions .  

responses r equ i r ed  by the  thermoregulatory s y s t e m  i n  o rde r  t o  r e t u r n  the  

organism t o  homeostatic cond i t ions  a f t e r  a l a r g e  metabol ic  o r  environmental  

step-change; and t h e  d i f f i c u l t y  i n  s imula t ing  t h e s e  complex responses .  

This was explained i n  terms of the inc reased  

For off-comfort c o n d i t i o n s ,  e r r o r s  g e n e r a l l y  c o n s i s t e d  of 

L A e r p r e d i c t i o n s  i n  LCG hea t  removal, o v e r p r e d i c t i o n s  of evapora t ive  hea t  

l o s s  and sweating, and unde rp red ic t ions  of mean s k i n  temperature.  Th i s  

was ec.pecially ev iden t  f o r  t h e  co'd c o n d i t i o n s  of Series A ,  where 

sh ive r ing  was f r e q u e n t l y  encountered. The m a g n i t d c  of t h e  e r r o r s ,  a l though 

s i g n i f i c a n t ,  was not  l a r g e  enough (gene ra l ly  below 10% of metabol ic  r a t e )  

t o  warrant mod i f i ca t ions  t o  t h e  equa t ions  s imula t ing  the a c t i v e  

thermoregulatory s y s t e m  responses  ( v a s o d i l a t a t i o n ,  v a s o c o n s t r i c t i o n ,  

sh ive r ing  and sweat ing) .  Th i s  d e c i s i o n  r e s u l t e d  i n  pa r t  from t h e  f a c t  

t h a t  i n a c c u r a c i e s  i n  p r e d i c t i o n s  f o r  off-comfort c o n d i t i o n s  were j u s t  as 

easily a t t r i b u t e d  t o  test  d a t a  e r r o r  r e s u l t i n g  from tes t  procedures  o r  

d a t a  management as t o  improper model s imula t ions .  

Considering t h e  r e l a t i v e l y  small magnitude of t h e  e r r o r s  and t h e  

f a c t o r s  descr ibed above, i t  was not  p o s s i b l e  t o  i s o l a t e  t h e  model as  t h e  

major source of t h e s e  e r r o r s .  Furthermore, mod i f i ca t ion  of t h e  c o n t r o l l i n g  

equat ions seemed inproper  i n  l i g h t  of t h e  good agreement achieved wi th  

t e s t  d a t a  f o r  comfort cond i t ions .  On t h e  o t h e r  hand, it was p o s s i b l e  t o  

modify t h e  model t o  imprcve p r d i c t i o n s  of i i i J i v i d u a l  skin temperatures .  

l ' h i s  was accomplished by modifying t h e  equnt i ons  d e s c r i b i n g  t h e  pas s ive  

(01 c o n t r o l l e d )  svstcm. 

As mentioned i n  t j i t )  discrir,:;ion of t he  r e s u l t s  from S e r i e s  A ,  .he 

model is b e t t c r  s u i t r d  for Ilctcrmining to t71  h c i t  bnlan( c r e1 , i t i onsh ips  

4-25  



than for the partitioning and distribution of heat among the individual 

body compartments. That is not to say that the performance of the model 

was unacceptable for the latter. On ttie contrary, the largest errors 

observed in individual skin temperatures at equilibrium were on the order 

of 2-3°C for comfort Conditions and somehwat larger for off-comfort 

conditions. 

However, it was observed that chest (or trunk) temperatures were 

consistently underpredicted throughout. The chest skin temperature was 

usually the lowest predicted temperature, followed closely by the leg 

temperature (the forehead and hand temperatures were usuaily the warmest). 

Although the test data also showed leg and chest temperatures as the 

col.!rst, chest temperature was not consistently colder than that of the 

leg skin. Furthermore, predictions of leg skin temperature were often 

higher than the actual data. 

It was decided that the model was extracting too much heat from the 

trunk area into the LCG and not quite enough from the arms and legs. 

Modifications were made to the program that consisted of alterations in 

the partitional heat removal characteristics of the LCG. This resulted 

in improved predictions of individual skin temperatures with no 

appreciable effect upon the total heat balance responses of sweating, 

shivering, blood-flow or heat storage. The effect was simply to 

redistribute the skin temperature computations to improve agreement with 

the test data, This JZS done by altering the percentage heat removal 

by the LCG assigned to each body area. 

The changes made are summarized in Table D8 of Appendix D, and the 

resulting improvements in individual skin temperature predictiors are 

shown for several cases of Series A and C i n  Figures D12 and D1 to D4 of 
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Appendix D. 

l a r g e l y  by t r i a l  and e r r o r .  

The magnitude of t h e  changes shown in Table D8 was determined 

The e r r o r s  descr ibed above cnuld j u s t  as e a s i l y  libge r e s u l t e d  from 

an ove r ly  l a r g e  v a s o c o n s t r i c t i o n  s i g n a l  i n  t h e  model's c h e s t  sk in  r eg ion ,  

as opposed t o  t h e  use of an u n r e a l i g : t i c a l l y  l a r g e  heat  t r a n s f e r  c o e f f i c i e n t  

i n  t h e  moLlel between t h e  s k i n  of t h e  ches t  and the  LCG. However, because 

of r e luc t ance  t o  change a c t i v e  thermoregulatory system param2ter6, i t  was 

judged more prudent t o  modify t h e  la t te r .  Fo r tuna te ly ,  t h e s e  mod i f i ca t ions  

(decreasing t h e  weighting f a c t o r  f o r  LCG hea t  e x t r a c t i o n  from t h e  ches t  

while i nc reas ing  i t  f n r  t h e  arms and l e g s )  r e s u l t e d  i n  improved i n d i v i d u a l  

s k i n  temperature p r e d i c t i o n s  without  a f f e c t i n g  o t h e r  parameters.  

Addit ional  Model Developaent 

Although the  performance of t h e  modei has  exce-ded e x p e c t a t i o n s .  

i t  is evident  t h a t  more development needs t o  be done. However, t h i s  

should be tempered by t h e  knowledge that any model is, by d e f i n i t i o n ,  

s i m p l e r  than t h e  sys tem i t  a t t empt s  t o  r ep resen t .  I n  keeping w i t h  

t h i s  g u i d e l i n e ,  changes t o  t h e  eqda t ions  governing t h e  c o a t r o l l i n g  

sys t e lo  are d i f f i c u l t  because of t h e  s c a r c i t y  of off-comfort d a t a .  

Based upon a v a i l a b l e  d a t a  of t h e  t o t a l  h e a t  balance type ,  changes i n  

c o n t r o l l i n g  equa t ions  of sweat ,  s h i v e r ,  and blood-flow rates  are no t  

j u s t i f i e d .  

What is  r e a l l y  needed are more d e t a i l e d  d a t a  on t h e  blood-flow 

c h a r a c t e r i s t i c s ,  sweat r a t e s ,  and s h i v e r  rates f o r  t h e  i n d i v i d u a l  body 

compartments of t he  organism w h i l e  under s t r e s s  (such as head, hands, 

f e e t ,  upper and lower arms, t r u n k ,  e t c . ) .  In a d d i t i o n ,  more inforc, , i t ion 

is r equ i r e4  on rc.gional and i n t e r n a l  hea t  gene ra t ion  terms and i n t e r n a l  
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t empera tu re  d i s t r i b u t i o n s  w i t h i n  body r e g i o n s  ( i n c l u d i n g  i n t e r n a l  o rgans ) .  

Un t i l  such  in fo rma t ion  is determined  and made a v a i l a b l e ,  changes  t o  t h e  

control1ir.g e q u a t i o n s  of t h e  ma themat i ca l  model are o n l y  s p e c u l a t i v e  and 

o f  n3 r ea l  b e n e f i t ,  e s p e c i a l l y  in view of t h e  more t h a n  adequa te  per- 

formance of  t h e  model i n  p r e d i c t i n g  t o t a l  h e a t  b a l a n c e  data ,  e x t e r m 1  

s k i n  t empera tu re  d i s t r i b u t i o n s ,  and body h e a t  s t o r a g e  and h e a t  stress. 

On t h e  o t h e r  hand, t h e i e  is c o n s i d e r a b l e  room f o r  improvement t o  

t h e  p a s s i v e  or c o n t r o l l e d  system i n  t h e  model. To beg in  w i t h ,  i t  i s  

appa ren t  t h a t  t h e  number of body compartments needs  t o  b e  i n c r e a s e d .  

The c u r r e n t  v e r s i o n  of  t h e  model has 10 body compartments (head,  t r u n k ,  

2 arms, 2 l e g s ,  2 hands, and 2 f e e t ) .  lidwever, t h e  d a t a  of S e r i e s  A and 

C inc l ica te  t h a t  t h e r e  can  be as much as a 7 O C  d i f f e r e n c e  between t h e  s k i n  

t empera tu res  of t h e  abdomen, back,  and upper  c h e s t  w h i l e  wear ing  an  LCG. 

Obviously,  c h a r a c t e r i z i n g  t h e s e  3 r e g i o n s  by one  t r u n k  segment is an  

s i g n i f i c d n t  

( c a l f  v e r s u s  

o v e r s i m p l i f i c a t i o n .  S i m i l a r l y ,  t h e  test d a t a  a l s o  show 

tempera ture  d i f f e r e n c e s  between t h e  upper  and l o v e r  l e g  

t h i g h )  and upper  and lower arm ( b i c e p s  bersus forearm) .  

These shor tcomings  w i l l  b e  c o r r e c t e d  i n  a new vers on of  t h e  mode 

which is c u r r e n t l y  be ing  developed.  The t e c h n i c a l  d e s c r i p t i o n  and 

a p p r o p r i a t e  e q u a t i o n s  f o r  t h i s  new model are p r e s e n t e d  i n  Appendix F. 

For a d d i t i o n a l  i n f o m a t i o n ,  i n t e r e s t e d  p a r t i e s  should  c o n t a c t  t h e  a u t h o r ,  

care of t h e  J o h n m n  Space Cen te r .  The new model w i l l  have as many as 

19 body compartments, w i t h  t h e  t r u n k  be ing  d i v i d e d  l o n g i t u d i n a l l y  i n t o  

s e v e r a l  c y l i n d e r i c a l  r e g i o n s  from t h e  upper t o  t h e  lower c h e s t  and t h e  

arm- ZirJ l e g s  be ing  d i v i d e d  i n t o  a t  least upper  m d  lower segments. 

Another problem w i t h  t h e  e x i s t i n g  model is i t s  f a i l u r e  tr, accounL 

f o r  tempera ture  d i s t r i b u t i o n s  i n  any s p a t i a l  d i r e c t i o n  o t h e r  t h a n  
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r ad ia l ly  outward from the  cen te r  of each body compartment. 

appl icat ions,  t h i s  is pe r fec t ly  acceptable.  However, f o r  appl ica t ions ,  

i n  t he  manned snace yrugram, the  s t r u c t u r e  and definit 'on of t he  model 

is now being d i rec ted  a t  c e r t a i n  unique c h a r a c t e r i s t i c s  o r  condi t ions 

which are deemed of primary importance. 

For most 

One of these condi t ions is q o s c r e  t o  widely d i spa ra t e  environments 

on d i f f e ren t  s i d e s  of the  body. This  undoubtedly would r e s u l t  i n  

d i f f e ren t  sk in  tenperatures  f o r  those regions of t h e  body exposed t o  the  

d i f f e ren t  environments. The e f f e c t  of t h i s  simultaneous hot and cold 

environment on crmfort is not w e l l  known. 

ind ica tes  that men exposed t o  widely d i spa ra t e  r ad ian t  environments on 

opposite s ides  of t h e  body f ind  the  s i t u a t i o n  comfortable i f  t h e  mean 

skin temperature is normal. However, add i t iona l  da t a  are needed t o  

ve r i fy  t h i s  finding. 

A study by Hall and Klemm ( 5 9 )  

The test da ta  of Ser i e s  A and C i nd ica t e  t h a t  considerable  temperature 

d i f fe rences  are also poss ib le  between d i f f e r e n t  s i d e s  of t h e  same body 

compartment when the  heat is generated i n t e r n a l l y  by metabolism with a 

uniform environment r a t h e r  than ex te rna l ly  from a d i spa ra t e  environment. 

Spec i f ica l ly ,  temperature d i f f e rneces  of ~p t o  3°C were observed between 

the  chest  and tire back wlth uniform test condi t ions and moderate metabolic 

rates (See Figure 3-1, Se r i e s  A Results) .  

The current  model has no provis ion fo r  such two-dimensional 

va r i a t ions  i n  sk in  temperature. 

w i l l  consider s p a t i a l  temperattil. va r i a t ions  i n  both t.!e r a d i a l  and 

angular d i r ec t ions  (as  measureu Aim the  cen te r l ine  of each major body 

segment) and w i l l  prove usefu i  i n  analyzfng the  problems discussed above. 

The added capabi l f ty  of angular temperature v a r i a t i o n  is b u i l t  i n t o  

However, the  new version of t he  model 
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the partial dffferential equations describing the passive system in the 

upcoming model and is also smmnarized in Appenidx F. 

Another error source in the current model is the separation of 

radial temperature variations into 4 layers (Figure 2-7). 

body compartments in the passive system is characterized by only 2 thin 

layers (skin and fat) and 2 thick layers (muscle and core). This 

simplified approach, I sing the so-called lumped parameter finite difference 

method, can lead to errors during the development of new temperature 

gradients. This is especially true within the muscle and core layers, 

which are relatively thick and should have continuous temperature 

variation across the layer. 

Each of the 

Obviously, characterizing each iayer as a single lump at one 

temperature is a simplification that can lead to errors, especially in the 

transient response of the model. During moderate heat stress, such 

errors are small because the gradients are small and convective heet 

transfer by the circdatory system is the major avenue of heat flow (136). 

However, during exposure to severely stressful environments, or conditions 

that cause large deviations from comfort, the gradients and their 

associated errors can become slgnif icant . 

Also, the use of an LCG causes lowered skin temperatures and reduced 

convective heat flow by the bloodstream due to vasoconstriction effects. 

Tliis can lead to large conductive gradfents between the core and the skin, 

resulting in considerable errors in a 4 layer model (although these 

errors tend to diminish as steady-state is approached). 

A simple remedy :o the problem consists of introducing additional 

layers into the controlled system. 

followed by Wissler in h i s  one-dimensional model (168), and will be 
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adopted i n  the  new model, as out l ined  i n  Appendix F. 

will be increased and can be se l ec t ed  by the  user, depending upon the  

degree of stress associated with a p a r t i c u l a r  environment. 

t o  the  equations makes use of the  AD1 ( a l t e rna t ing  d i f f e rence  impl ic i t )  

numerical method technique, and promises increased accuracy. These 

improvements, of course, increase  t h e  complexity and t h e  computer time 

requ':ed t o  run the  model, but  should provide ove ra l l  improved performance, 

espec ia l ly  f o r  off-comfort conditions.  

The number of l aye r s  

The so lu t ion  

Before concluding the  d iscuss ion  of model accurancy, one f i n a l  note  

should be touched upon. As mentioned previously,  any mathematical model 

of t he  human body is, by necess i ty ,  an overs impl i f ica t ion  of t he  real 

syscc~. There are e f f e c t s  and counter-effects which, due t o  t h e i r  

complexity, are beyond the  capab i l i t y  of the  model t o  simulate.  

It is l i k e l y  t h a t  s eve ra l  of these  e f f e c t s  have contr ibuted i n  some form 

o r  fashion t o  the  e r r o r s  observed i n  t h i s  model. Examples of 2 such 

e f f e c t s  are the  recruitment of m u s c l e  f i b e r s ,  and the  r o l e  of 24-hr 

rhythms i n  thermal balance. 

The cur ren t  model assumes t h a t  f o r  a s t e p  increase  i n  metabolic rate, 

a l l  the  muscles i n  a given muscle compartment are instantaneously ac t iva ted  

and immediately supplied with a l l  of the blood required f o r  oxygen 

t ransport .  There is no attempt t o  make allowances f o r  t h e  development 

o r  repayment of an oxygen debt ,  or f o r  t he  recruitment e f f e c t ,  whereby 

groups of muscle f i b e r s  a r e  ac t iva ted  i n  a given muscle i n  proport ion 

t o  the required load. 

l h e  other  e f f e c t ,  which has only recent ly  been i d e n t i f i e d ,  is the  

possib1.e exis tence of a 24-hr rhythm re l a t ionsh ip  between heat production 

and heat loss .  P a u l  Webb, in a 1971 study (157), showed a d iu rna l  
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rhythm i n  body h e a t  s t o r a g e  over 24-hr per iods  i n  which s u b j e c t s  wore 

an  LCG that w a s  au tomat ica l ly  a d j u s t e d  to maintain comfort throughout 

t h e  experiment. 

with p o s i t i v e  v a l u e s  f o r  t h e  12 wakeful hours  and negat ive ,  des torage  

va lues  f o r  t h e  12 hours  encompassing t h e  s u b j e c t ' s  s l e e p  per iods.  

temperatures and t o t a l  hea t  s t o r a g e  were unchanged a t  t h e  end of each 

24-hr per iod and t h e  observed rhythms i n  h e a t  production, h e a t  d i s s i p a t i o n  

and heat  s t o r a g e  appeared t o  follow a p a t t e r n  c l o s e l y  r e l a t e d  t o  t h e  

d i u r n a l  swings i n  body temperature f requent ly  descr ibed  i n  t h e  l i t e r a t u r e .  

The observed v a r i a t i o n s  i n  h e a t  s t o r a g e  were s u r p r i s i n g l y  l a r g e ,  

T o t a l  body h e a t  s t o r a g e  whs shown t o  vary  s i n u s o i d a l l y  

Body 

with va lues  as high as - +35 watts,  d e s p i t e  t h e  f a c t  t h a t  t h e  s u b j e c t s  

reported complete comfort over  t h e  entire experiment. 

of such a 24-hr rhythm i n  h e a t  s t o r a g e  are obvious. 

t h e  h e a t  balance d a t a  of S e r i e s  A, B, C and D may, i n  f a c t  no t  be e r r o r s  

a t  a l l ,  but  normal v a r i a t i o n s  i n  h e a t  s t o r a g e  occurr ing  i n  a d i u r n a l  

fashion.  

The impl ica t ions  

Many of t h e  e r r o r s  i n  

The i n t e g r a t i o n  of t h e  thermoregulatory model w i t h  simultaneous 

models of t h e  card iovascular ,  r e s p i r a t o r y  and o t h e r  physi  ' q i c a l  systems 

is a p r o j e c t  being undertaken by  t h e  Biomedical Research L, c e  of NASA's 

Johnson Space Cente . Such an i n t e g r a t e d  apDrmCh may c o r r e c t  some of 

t h e  shortcomings of t h e  type descr ibed  above. For tuna te ly ,  t h e  

a p p l i c a t i o n s  and requirements of t h e  thermoregulatory model ( t o t a l  h e a t  

balance,  o v e r a l l  h e a t  loss paths ,  average s k i n  temperatures ,  t o t a l  body 

heat  s torage ,  hea t  stress and comfort index, e tc . )  a r e  so r e l a t i v e l y  

coarse  as t o  transcend t h e  e r r o r s  assoc ia ted  with complex second order  

e f f e c t s  of t h e  kind j u s t  descr ibed.  This  is t h e  s i n g l e ,  most important 
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factor justifying the continuing development of mathematical models for 

thermoregulation. 

Additional Applications of the Model 

In addition to its usefulness as a research tool for investigating 

the physiological responses of the thermoregulatory system, and as an 

index for heat stress, the mathematical model has several other attractive 

applications. 

the effectiveness of the LCG for warming subjects in cold environments. 

It has been shown (101) that one of the major problems facing divers at 

great depths is excessive loss of body heat. This can lead to shivering 

and performance decrements which make the accmplishement of undersea 

tasks difficult. 

For example, the model can be used to analyze and predict 

Webb (158) has investigated the application of LCGs to rewarm divers 

by circulating warm water through an LCG after the dive. He found that 

divers submerged in water ranging from 5 to 1S0C for up to an hour required 

an average of 244 watt-hr of LCG heating to replace the heat lost during 

the dives. 

rectal, ear canal, or skin temperature measurements; but rather by the 

release of body heat that had been previously conserved, a rise in heart 

rate, the restoration of a normal body heat balance, and the return of 

cutaneous vasomotor control. The mathematical model is currently being 

used to analyze Webb’s results. 

The completion of rewarming was not reliably indicated by 

More interesting perhaps is the potential application of LCGs to 

provide a heat balance for subjects during exposure t o  a cold ervironment. 

Fig e 4-10 shows the predictions of the mathematical nodel for the 

hypothetical casc of a clothed individual at a metabolic rate of 200 watts 

in a cold environrlient with and without an LCG. The result.? demonstrate 
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the usefulness of the model as a guide for selection of LCS parameters 

(flwrate, inlet temperature, etc.) required for a particular environment. 

This is shown by the decrease in negative heat storage (and shivering) 

as LCG heating is increased. The set of inlet temperatures formed by 

the intersection of the constant inlet temperature lines with the comfort 

band (darker lines) indicates the amount of LCG heating required at each 

environment in order to maintain cmfort. 

As mentioned previously, the mathematical model also shows promise 

Of special interest in as a tool for designing and analyzing new LCGs. 

this area is the recent development of head-cooling garments. 

results of several investigations (98 ,  1 2 2 ,  123, 126, 162-166) indicate 

that the head and neck are probably the most efficient areas for removal 

of heat by liquid cooling. 

of significant vasomotor control in these areas. Thus, vasoconstriction, 

which may significantly reduce LCG neat removal in other regions of the 

body, is absent in this case. This allows a disproportionately large 

amount of heat to be extracted from the head and neck. 

The 

This apparently results from the absence 

However, the usefulness of the head-cooling garment remains a 

controversial subject because some investigators claim that it may subcool 

the blood supply leading to the hypothalamus, thus inhibiting normal 

thermoregulatory system responses of sweating and vasodilatation, while 

providing a false sense of subjective comfort. If this were the case, 

it would be expected that head core temperatures would decrease, sweat 

rates would be reduced or remain unchanged and deep body (rectal) 

temperatures would rise. 

In an attempt to investigate these effects, the mathematical model 

was used to simulate an experiment performed bv 1 J i l . l i a m s  and Shitzer (165) 
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in which subjects were exposed to a harsh environment of 47OC at 40' 

relative humidity at metabolic rates of about 150 watts. 

made with no LCG cooling and then with a head-cooling garment supplied 

with inlet water temperatures of 10-12OC at flowrates of 40 liters/hr. 

The model predictions and comparisons to avaiable test data are shown in 

Figure 4-11. 

Runs were 

The model results match the available test data well and indicate 

that signiffcant subcooling of the hypothalamic blood supply is probably 

not occurring. This is concluded from the fact that rectal temperature 

and heat storage are both reduced, which implies a reduction rather than 

an increase in heat strain. The reduction in rectal temperature occurs 

because a relatively large amount of metabolic heat is being transferred 

to the hedd-cooling garment. Consequently, sweat rate is also lowered. 

On the other hand, the predicted drop in hypothalamic temperature caused 

bv head cooling is not low enough to cause a subcooling effect. 

drop is caused by conductive cooling to the LCG at the skin surface rather 

than direct cooling of the blood supply which would have resulted in a 

marked decrease in hypothalamic temperature, associated with an increase 

rather than a drop in rectal temperature. 

This 

The mathematical model can also be used to investigate the probable 

effect of LCG cooling upon the threshold level of thermoregulatory 

responPes such as sweating, shiverinq and perioheral biood-flow. 

Figure 4-12 shows the results of simulations made for a suhject wearing 

light clothing and working at various metabolic rates in a room temperature 

environment (21°C) with and without an LCG. For the case of no LCG, it 

is seen that at metabolic rates below 160 watts, shivering increases 
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almost rectilinearly whereas for rates greater than 160 watts, sweating 

increases in a rectilinear fashion. 

The effect crf the LCG u p m  this curve was determined by making 

simulations using a fixed inlet temperature of 27OC with a flowrate of 

109 liters/hr. 

effect of displacing the 110-cooling curve to the right, thus moving the 

thermoneutral metabolic rate to 215 watts. The same effects are also 

shown for the vasoconstriction/vasodilatation curve. 

is reduced at lower metabolic rates due to constriction and increased at 

higher metabolic rates due to dilatation. 

is to shift the curve to the right. 

sweacing and shiver' - occurs at the same metabolic rate as that for 
vasoconstriction and vasodilatation. This is a consequence of the us' 

of approximately the same ccre and skin set-points in the equations that 

characterize these processes in the mathematical model. 

The results for the fixed inlet temperature have the 

Here, skin blood-flow 

Again, the effect of the LCG 

Note that the thermoneutral point for 

Other applications of the model are not necessarily limited to cases 

in which subjects are wearing an LCC. For example, another use of the 

model as a strain fndex is shown in Figcre 4-13. Here, runs were made 

simulating athletic conditioning programs in which subjects jogged at rates 

of approximately 1 mile every 8 min in hot and humid environments (35OC 

at 60% R . H . ) .  The results indicate that under such conditions (which are 

typical of many summer football training sessions), heat storage can reach 

levels of performance impairment after 4 min, and may reach tolerance 

levels after 7 min. 

since factors llke conditioning, body size and structure, etc., are not 

taken into account, they do provide a reference that can be used as a 

worst-case guide for safe exposure time of athletes to sustained exercise 

Although such results are not universally applicabls 
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i n  s t r e s s f u l  environments. I n c i d e n t a l l y ,  t h e  r e e u l t s  of informal  ques- 

t i o n n a i r e s  concerning t h e  summer jogging programs of NASA test  s u b j c t s  

i n  Houston have provided g e n e r a l  c r e d i b i l i t y  t o  t h e  above p r e d i c t i o n s .  

Another u s e f u l  a p p l i c a t i o n  of t h e  model i s  i n  t h e  planning of  

hardware a c c e p t a b i l i t y  and human performance tests t o  a s c e r t a i n  t h a t  

test cond i t ions  are s a t i s f a c t o r y  from t h e  s t andpo in t  of s a f e t y .  For 

example, Figure 4-14 shows t h e  p red ic t ed  t i m e  f o r  s k i n  temperature  t o  

reach pa in  th re sho ld  l i m i t s  f o r  s u b j e c t s  exposed t o  h igh  i n c i d e n t  

r a d i a t i o n  hesi t ing sources  wh i l e  wearing c l o t h i n g  w i t h  v a r i a b l e  i n s u l a t i o n  

p r o p e r t i e s .  p red ic t ed  r e s u l t s  f o r  nude s u b j e c t s  c o r r e l a t e  w e l l  w i th  

m a i l a b l e  d a t a  i n  t h e  l i t e r a t u r e  (103). Typical ly ,  results l i k e  t h e s e  

are used i n  t h e  des ign  of f i r e  f i g h t i n g  s u i t s ;  and have a l s o  been used 

t o  determine t h e  a c c e p t a b f l i t y  of NASA space s u i t  d e s i g n s  f o r  providing 

adequate p r o t e c t i o n  from t e s t  c o n d i t i o n s  s imula t ing  s e v e r e  s o l a r  and 

thermal exposure while  on t h e  luna r  s u r f a c e  o r  i n  deep s?ace. 

Another i n t e r e s t i n g  area of a p p l i c a t i o n  of t h e  mathematical  model 

is  i n  t h e  i n v e s t i g a t i o n  of t h e  e f f e c t s  of a l t i t u d e  on thermoregulat ion 

and hea t  loss. From t h e  equa t ions  of convection and evapora t ion  h e a t  

t r a n s f e r ,  one would p r e d i c t  t h a t  t h e  e f f e c t  of a l t i t u d e  upon hea t  l o s s  

would be t o  dec rease  convect ive h !at l o s s  while i nc reqs ing  evapora t ion  

hea t  l o s s  (see equa t ions  2.15 and 2 . 2 4 ,  Appendix B ) .  T o t a l  h e a t  l o s s  

should remain unchanged. Decreased convect ive hea t  l o s s  i s  p red ic t ed  

because the  convect ive hea t  t r a n s f e r  c o e f f i c i e n t  between t h e  s k i n  and t h e  

surrounding a i r  dec reases  due t o  decreased energy t r a n s f e r  accompanying 

decreased p res su re  f o r c e s  a t  a l t i t u d e .  Increased evapora t ion  l o s s  i s  

p red ic t ed  due t o  an increased mean f r e e  pa th  between c o l l i s i o n s  of water 

vapor  molecules,  r e s u l t i n g  i n  an increased mass t r a n s f e r  c o e f f i c i e n t .  
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Although experimental data are not abundant in the literature, 

several recent studies have verified the above conclusions (53, 60, 67, 

85a, 143). In particular, the recent work of Varent et al. (143) is of 

special interest. Lowlanders (subjects unacclimatized to a.'titude) were 

tested at sea-level and then at high-altitude (3800 meters) at metabolic 

rates of 551 watts in a closed room in wh'ch the environmental conditions 

(other than barometric pressure) were kept constant. 

then compared to those for acclimatized subjects who were natives at the 

high-altitude location. Body temperatures and heat loss were measured 

and the results for the sea-level and high-altitude tests were compared. 

Varene et al. found that the effect of altitud2 was to decrease 

The results were 

convective heat loss by about 3% while increasing evaporative heat loss 

by almost 10% in unacclimatized subjects. They also found thht increases 

in deep-body (core) temperature were not affected by the altitude but 

that mean skin temperature increased during exercise for Unacclimatized 

subjects at sea level and acclimatized subjects at altitude, but actually 

decreased for unacclimatized subjects at altitude. The paradoxical drop 

in mean skin temperature resulted in a slightly lower heat storage rate 

(3%) for unacclimatized subjects at altitude. 

This finding could not be reproduced in the initial simulations of 

the mathematical model, arid evidently resulted f r m  some physiological 

response of the thermoregulatory system that was not anticipated. 

results of Varene's study and the comparable model predictions are shown 

in Table 4-1.) In an attempt to explain the results, several model 

parameters were varied t o  try to duplicate the experimental result of 

a decrease in skin temperature during exercise ?t altitude. 

(The 
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It was found that a 5r)X reduction in the skin blood-flow rate used 

in the model produced the necessary decrease in mean skin temperature 

similar to Varene's experiment. 

circulation, calcuiated skin temperature increased and more closely 

matched the data for acclimatized subjects. From this model result, it 

may be surmised that in unacciimatized subjects at altitude, blood-flow 

to the skin is probably sacrificed so that more blood is available t o  

assist the working muscles in their hypoxic condition. The decrease in 

skin blood-flow then accounts for the drop in skin temperature, which, 

in turn, contributes to the decrease $n convective heat loss. 

Without the 50% reduction in peripheral 

On the other hand, the model results €or the experiments with 

acclimatized subjects indicate that the process of acclimatizaticn to 

altitude probably involves a restoration of normal skin blood-flow. 

Tliis is permissible after long term acclimatization because the working 

muscles then receive adequate oxygen supply due to an increase in the 

number of red blood cells (polycythemia). This results in an increased 

arterial oxygen capacity (from 29 to 39 volumes percent). In addition, 

tncreased myoglobin levels in the working muscles themselves facilitate 

oxygen transfer. The latter responses are well known physiological 

adaptations that accompany acclinqtization to altitude (101, 102). 

Ont additional benefit of this study was an improvement in the model's 

characterization of respiratory heat loss. Initial runs could not produce 

the same levels of increased evaporative heat loss in unacclimatized 

subjects that accompanied Varene's data at altitude. It was found chat 

the model was not accountinq for the increase in respiratory minute 

volume produced by hyperventilation in response to hypoxia. The respira- 

torv response curve shown in Figure 4-15 waq then added to the model, and 
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the resulting increase in evaporative heat loss by respiration brought 

the model predictions into closer agreement. 

Another interesting application of the model involves the effects 

of altitude on heat loss in a deep space environment. On Earth, in a 

gravity environment, convection and evaporation normally occur by 2 

processes -- forced and free convection. Forced convection is heat loss 

from a forced velocity field, while free convection is heat loss resulting 

from density gradients in the air, leading to air motion. On earth, 

differe-ces in temperature between the skin and the surrounding air lead 

to the air density differences that provide equivalent velocities 

sufficient to remove heat and water vapor, even if there is no forceA 

air velocity. However, in a gravity-free environment these density 

gradients cease to be effective; consequently, heat loss by free convection 

is absent. It therefore becomes necessary to provide a minimum air 

circulation in order to assure that forced convection and evaporation heat 

removal will be adequate to prevent potentially serious problems of high 

body temperature and heat storage. The minimum forced convection velocity 

required depends upon the spacecraft environmectal temperatures and 

pressure, and the individual's inetabolic rate. By using the mathematical 

model to simulate these variables, it was found (81) that forced air 

velocities of 25 ft/min or more provide acceptable heat removal for 

moderate metabolic rates and tolerable heat removal for high work rates. 

These results are shown in Figure 4-16. 

The number of other potential applications for the mathematical 

model are numerous, hovever, one is particularly noteworthy. kn order 

even to attempt to understand the complex processes that occur in the body, 

it is necessary to appreciate the intricate interactions that occur 
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between t h e  vlrrious phys io log ica l  systems for maintenance of homeostasis.  

Thus, t h e  thermoregulatory system depends upon and i n f l u e n c e s  t h e  

c i r c u l a t o r y  system, which i n  t u r n  a f f e c t s  t h e  r e s p i r a t o r y  sys tem whic;,, 

i n  t u r n  affects t h e  exc re tp ru  system and nervous systems, a r d  so on. 

The mathematical  model descr ibed here is inadequate i n  t h a t  i t  does not 

properly i n t e r f a c e  wi th  s i m i l a r  models c h a r a c t e r i z i n g  o t h e r  phys io log ica l  

processes .  

r e s p i r a t o r y  system, nervous system, e t c . ,  are a l s o  inadequate  i f  they 

do not  i n t e r a c t  w i t h  t h i s  o r  similar models. Thus, t h e  i n t e g r a t i o n  of 

t h i s  model w i th  those of o t h e r  phys io log ica l  systems is an u l t i m a t e  

a p p l i c a t i o n  which w i l l  no t  only provide more r e a l i s t i -  boundary cond i t ions  

f o r  each model, bu t  w i l l  a l s o  make p o s s i b l e  meaningful s imulat ior .  of whole- 

organism responses.  This goa l  h a s  y e t  t o  be r e a l i z e d  bu t  is  currer ' t ly  

being undertaken by t h e  Environmental Phvsiology Branch of t h e  Johnson 

Space Center.  

less provide b e t t e r  i n s i g h t  i n t o  the i n t e r a c t i o n s  between man and h i s  

phys i ca l  environment. 

For t h a t  m a t t e r ,  models of t h e  ca rd iovascu la r  s y s t e m ,  

The development of such an i n t e g r a t e d  model could doubt- 
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Figure 4-1.- LCC inlet temperatures selected for comfort vs metabolic rate, 
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Figure 4 - 3 . -  Total evaporative heat loss rate at comfort vs metabolic rate. 
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Legend 

1-j 1. Model prediction of comfort envelope 
for constant LCG inlet temperature 
d 17°C 

2. Model prediction of comfort envelope 
fa constant LCG inlet temperature 
of 7°C 
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1-i 

Figure &-5.-  LCG water flowrate selected for comfort vs metabolic rate.  
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- Legend 
Comfortbnd 

-- Performance impairment limit 

-.-.- Tolerance limit 

- 1 . Model prediction for 
LCG inlet temperature 
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-2.  = 10% 
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Figure 4-9.- Active sweat rate vs metabolic rate for comfort, 
performance Impairment, and tolerance limits. 
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Note: All Finlulations 
utilize metabolic rate = 200 watts, 
LCG Clow rate = 109 liters/ht 
and insulation d u e s  for 
cold weather clothing. 

Figure 4-10.- ?rcdicted LCG heating required for comfort a t  a metabolic 
rate of 200 watts In cold environments. 
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Legend for figures a, b and c 

X Test data for no cooling - from Williams (166) 

o Test data for same conditions 
with head cooling 

- Mathematical model predictions 

Leqend for figures d and e 

a Test data of Williams after 80 minutes of testing 

0 Mathematical model predictions 

Figure 4-11.- Investigation study of the  e f f ec t s  of head cooling. 
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- 1. Model predictions with no LCG cooling 

- 2. Model predictions with LCG cooling 
(LCC inlet temp = 27°C) 
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Figure 4-12.- Study of the thermoregulatory effects of the LCG upon skin 
bloodflow, shivering, and sweating. 
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Figure 4-13.- Predicted body heat storage vs  t i m e  for average subjects running 
one mile every eight  minutes i n  a hot ,  humid envircnment. 
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Legend 

Test data for nude subjects - from 
bioastronautics data book (103) 

Mathematical model predictions for 
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Figure 4-14.- Time required for skin temperature to reach pain threshold of 
45OC vs intensity of incident environmental heat flux, for various garment 
insulation properties. 
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Figure 4-15.- Effect of acute hypoxia (30 minutes) on the respiratory minute 
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Figure 4-16.- Steady-state body heat storage vs free air velocity in a zero- 
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5. SUMMARY - 
Utilizing teat data and the results of a mathematical model of the 

human thermoregulatory system, the control of thermal balance with a liquid 

circulating garment has been investigated. The test data were generated 

from 5 series of experiments i n  which environmental and metabolic condf- 

tions were varied parametrically as a f11. :tion of several Independent 

variables. 

ture, net envirunmental heat exchange, surrounding gas ventilation rate, 

ambient pressure, metabolic rate, and subjective vs. obligatory control 

of LCG cooling. 

These included the effects of LCG flowrate, LCG inlet tempera- 

It was found that for human test subjects exercising with an LCG, 

skin temperature was directly related to the LCG water temperature and 

flowrate rather than metabolic r.ite. Conversely, :ectal or head core 

temperature kxs found to vary rectilinearly in reqonse to metabolic rate 

and was independent of LCC brat removal. 

A comfort band based upon total body heat storage was introduced and 

used with subjective * .lustions to assess thermal comfort. 

linear-y from 0 5 19 watt-hr stored body heat at a metabolic rate of 

146 watts to 40 - + 19 watt-!.r stored body heat at a metabolic X & L ~  of 

586 watts. 

thermal comfort . 

It varied 

Tliis band was shown to be a most effective meane of quantitatic3 

It was found that test conditions associated wicn thermal comfort 

produced d monotonically increasing relationship between metabolic rate 

rind LCG heat dissipation that was nenrly rectilinear. 

off-comfort test condicions producc4 results that were clearly curvilinear 

or discontinuous. This effect was attributed to the Qecond and higher 

order responses of the thermoregulatory system when exposed to off-comfort 

On the other hand, 
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conditions. 

and vasodi la ta t ion.  

These responses included sweating, shiver ing,  vaaoconstr ic t ion 

It was found that convective heat removal by a surrounding, c i rcula-  

t i n g  gas stream was almost negl ig ib le  when the  majori ty  of metabolic heat 

was re jected t o  the  LCG. 

flowrate was almost doubled from 170 t o  331 l i t e rs /min .  The la t te r  e f f e c t  

was attri'outed t o  countercurrent heat t r ans fe r  between the  LCG and the  

c i rcu la t ing  gas. 

This w a s  found t o  be the  case even when gas 

It was shown that thermal comfort could be provided z i t h e r  by control-  

l i n g  the LCG flowrate a t  a fixed i n l e t  temperature or control!ing the  i n l e t  

temperature with a f ixed flowrate. 

t o  be more e f f ec t ive  because it provided g rea t e r  s e n s i t i v i t y  and avoided 

the  problem of a reduced LCG heat t r ans fe r  coe f f i c i en t  a t  low water 

f lowates. 

However, the  l a t t e r  method w a s  judged 

The e f f e c t  of va r i a t ions  i n  ne t  environmental heat exchange, o r  radia- 

t i on  heat t r aas fe r ,  w a s  a l s o  investigated.  

the  same welter flowrate and i n l e t  temperature, t he  LCG was less e f f ec t ive  

a t  providing thermal comfort when ne t  environmental heat exchange was i n t o  

thr  s u i t  and more e f f ec t ive  when i t  w a s  out of t h e  s u j t .  This w a s  mani- 

fes ted by decreased LCG heat removal, increased sweat rates and higher body 

heat s torage fo r  the  former condition as compared t o  the  la t ter .  The LCG 

was shown t o  absorb (or lose)  approximately 40% of an increase (or decrease) 

i n  environmental heat exchange. The remaining 602 of the  environment:l 

exchange resul ted In higher (or lower) sweat rates and evaporative heat 

loss. 

It w a s  demonstrated t h a t  f o r  

It was demonstrated that the s t r e s s f u l  e f f e c t s  of va r i a t ions  i n  

environmental heating o r  cooling, and changes i n  o ther  f a c t o r s  such as 
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metabolic rate, ambient temperature, pressure or humidity could be countered 

by permitting the subject to control the inlet temperature of the LCG in 

response to his own thermal cumfort. 

Test subjects controlled the cooling of their LCGs in such a way as 

For neutral environments (zero net to limit sweat rates below 100 g/hr. 

environmental heat exchange), the LCG inlet temperature selected for 

comfort was shown to be a near-rectilinearly decreasing function of 

metabolic rare described by the following equation: 

at comfort * -3.33 x (Met.RateI2 - .0118 (Met.Rate) + 25.1. Tinlet 

Conversely, the resulting LCG heat removal rate at comfort was shown to 

be a near-rectilinearly increasing function of metabolic rate. This was 

described by: 

2 LCG heat removal 
required for comfort = .00063 (Met.Rate) + .257 (Met.Rate) + 73.5. 

(watts) 

By controlling the LCG heat removal rate in this fashion, the total evap- 

orative heat removal rate was limited. It showed a second order dependence 

upon metabolic rate and asymptotically approached a limit of 150 Watts. 

The equation describing this relation was found to be: 

2 Total evaporative heat 
loss rate at comfort = -.00074 (Met.Rate) + ,818 (Met.Rate) - 79.5. 

Watts) 

The greatest portion of the total evaporative heat loss was shown to 

arise from evaporation of active sweat. The remainder was attributed to 

evaporative heat loss through the respiratory tract with some small amount 
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occurring from passive d i f fus ion  at the skin surface.  

f o r  resp i ra tory  heat loss showed that it  accounted f o r  approximately 10% 

of metabolic heat  d i s s i p a t i o n  and was noL sf-9- ' . f icantly a f fec ted  by t h e  

presence of the  LCG. 

rate and a c t i v e  sweat rate a t  comfort were shown t o  be  l imi ted  t o  f a r  

smaller values  when t h e  LCG was used t o  provide a thermal balance as 

compared t o  similar r e s u l t s  without an LCG. 

w a s  observed t o  exhib i t  a second order  dependence upon metabolic rate, 

and asymptotically approached a l i m i t  below 100 g/hr.  

by the  following equation: 

Empirical expressions 

On the  o ther  hand, both . o t a l  evaporat ive heat l o s s  

Active s w e a t  rate a t  comfort 

This w a s  described 

2 Sweat rate a t  
comfort (g/hr) - -.0007 (Met.Rate) + .655 (Met.Rate) - 5 2 . 6 .  

The usefulness  of t he  mathematical model as a t o o l  f o r  i n t a rp re t ing  

the  test da ta ,  and f o r  generat ing t rends  and r e l a t ionsh ips  between vario,t.s 

physiological  var iab les ,  w a s  a l s o  inves t iga ted  and ver,.f Zed. 

were cwnpared t o  model pred ic t ions  and the  r e s u l t i n g  comparisons were used 

t o  evaluate  test r e s u l t s ,  o r  as a b a s i s  f o r  adjustment of model parameters 

i n  order t o  enhance t h e  accuracy of t h e  model. Pred ic t ions  of LCG heat  

removal, evaporative heat  l o s s ,  sweat rate, r e c t a l  o r  head core temperature, 

and mean and ind iv idua l  sk in  temperatures were compared t o  the  test d a t a  

and shown t o  be qu i t e  accurate.  

of severa l  passive system parameters of t h e  model r e su l t ed  In  improved 

predic t ions  of individual  sk in  temperatures. 

T e s t  d a t a  

Based upon these  comparisons, adjustment 

The parametric r e l a t ionsh ips  between sweat r a t e ,  t o t a l  body heat  

s torage,  metabolic r a t e ,  and LCG heat  t r a n s f e r  ra te  derived from the  model 

and t e s t  s tud ie s  resu l ted  i n  a method of pred ic t ing  body heat s torage  and 
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metabolic rate from LCG i n l e t  temperature and heat removal. 

t i on  was used t o  evaluate t h e  real-time comfort, metabolic work rate, and 

life-support system consumables u t i l i z a t i o n  rate of as t ronauts  performing 

tasks on the  lunar surface. The information was then used t o  assess real- 

time astronaut well-being and t o  modify the  planned a c t i v i t i e s  of the  

lunar surface explorations if necessary. 

of the  above cor re la t ion  with post-EVA Apollo mission r e s u l t s  demonstrated 

an accuracy of b e t t e r  than 90%. 

This correla- 

Comparisons of t he  predictions 

The use of the  model f o r  various p rac t i ca l  appl icat ions w a s  considered. 

It was  shown that the  model could be used as an ef fec t ive  t o o l  fo r  studying 

the performance and tolerance limits of humans t o  thermal stress. It was 

a l so  shown how it  could be used t o  study the  e f f ec t s  of a l t i t u d e ,  clothing, 

ambient temperature and humidity, and gravi ty  upon the  rewonses of the  

human thermoregulatory .system. 

Finally,  from the  overa l l  comparisons of the  model predict ions with 

the  test data ,  the  Inadequacies of the  current model were i 

used t o  formulate the  bas i s  of a new model designed t o  cor rec t  these 

shortcomings. The s t ruc tu re  and logic  behind the  new model w a s  a l s o  

presented. 

minated and 

Based upon the r e s u l t s  of the  invest igat ions described above, the 

following conclusions were drawn: 

1. The mathematical model can be used as an accurate simulaLor of 

the major physiological var iab les  comprising the human thermoregulatory 

system, such a s  sweat rate, skin temperature, core temperature and con- 

vective,  rad ia t ive  and evapcrative heat loss.  

The model can also be used t o  evaluate LCG performance and design. 2. 
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3, The heat storage based comfort band I s  a practical and reasonably 

accurate means of quantitating human thermal comfort. 

4. When combined with the comfort band and performance and tolerance 

l.aits, the mathematical model can be used as an accurate index of thermal 

stress and comfort. 

5 .  The current model should be revised to reflect the changes outlined 

by this Investigation. The revised model should produce improved predic- 

t- 3118 of Individual skin temperatures and other physiological parameters. 

6. 

equations of the active thermoregulatory system can be made. 

in-lude studies on the internal temperature distribution within the body 

m d  possibly organ temperature and local heat generation studies. Addl- 

tlonal studies on the response to off-comfort conditions would also be 

helpful. 

Additional research is needed before further Improvements to the 

This should 
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APPENDIX A 

1,EADING PARTIClrLARS OF THE APOLLO A7L SUIT, 

TEE APOLLO LCG, AND TEST INSTRUMENTATION AN3 EOUIPMENT 



TABLE Ala- LEADING PARTS- OF TtIE A7L -1 

- 
Item 

Weight 

Operational temperature 
1 imi tat ions 

Leak rate at 3.7 ps id  ( m a x b )  

Operating pressure 

Structural pressure 

Proof pressure 

Burst pressure 

Pressure drop 

12 acfm, 3,s psia. 
SO" F, and inlet diverter 
valve open (TV position) 

f 

I 
6 acfm, 3.9 psla, 

77' F, and inlet diverter 
valve closed (Ev position) 

~ 

a Spacecraft. 

V a l  
A7L PGA 

with ITMG .-- 
41.87 lb 

+250° F - 

180.00 scc/min 
(0.0315 lb/hr) 

3.75 - + 0.25 psid 

6.00 psid 

8.00 ps id  

10.00 p s i d  

4.70 in. H20 

1.80 in. H20 

PLSS I 
1 
34.33 lb 

s/ca wall - 2 O O  
to +150° F 

180.00 scc/min 
(0.031s l b k )  

3.75 5 0 . 2 5  peid 

6.00 ps id  

8.00 psid 

10.00 psid 

4.70 in. R20 

i I 
i 

i 

t 
f 
i 
i 

i 

i 

[ 

i I 

i 
I 
t 

I 

f 
I 

I 
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TABLE A2.- LEADING PAWICULARS OF THE LIQULD-COOLING 

GARMENT AND MULTIPLE WTER CONNECTOR 

- 

Item 

Liquid-coo l ing  garment 

Value 

Operating pressure 

Structural pressure 

Proof preasure 

Burst pressure 

Pressure drop 

4.0 lb/min and 70° + 10' F inlet a - 

Leak rate 

19.0 p s i d  and 45' F a 

Multiple water connector 

Dressure-drop 

4.0 lb/min and 70° + 10°F, both a 

halves, both directions 

Design value. 

--- - --___ __ --- 
a 

4.20 to 22.0 psid 

28.50 psid 

33.75 psid 

47.50 psid 

3.2 p s i  including both 
halves of connector 

0.58 cc/hr 

1 . 3  p s i  
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Aluminum tubing multiple 
outlet 90" elbow 

LCG Connect or - 

I 
I 

Plastic tubing tie 

PVC mod if ied flex ib IC 
plastic tubing 1 

multiple outlet 

Figure A-1. Coolant system of the LCG . 
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APPENDIX B 

TECHNICAL DESCRIPTION 

OF T?iE 

MATREMATICAL MODEL 

(80, 83, 125) 



AS 

A , A  s,c s,r 
B 

C 

ct 

csw’ ‘cos ‘di’ ‘sh 

D 

F 

G 

Gr 

h 

hc* hr 
h 

k 

L 

m 

i 

M 

fg 

“, fiw 

Nu 

? 

Pr 

P 
V 

N(AIIENcLATuRE 

skin kea, pt2 

Convective and Radiative 

Heart Output, Pulses per 

2 Skin Area, Ft 

Minute 

Heat Capacity, Btullb -OF 

Cold Sensation Signals, OF 

Control Coefficients for Sweat, Vasoconstriction, 

Vasodilation, and Shiver 

Temperature Difference, OF 

Maximum Evaporation, Btu/hr 

View Factor 

D h e n  s ion le ss Gravi t a t iona 1 Acceleration 

Grashof number 

Enthalpy , B tu / lb, 
Convective and Radiative Coefficients, Btu/hr-ft2-’F 

Enthalpy of Evaporation, B tu / lbm 

Thermal Conductivity, Btu/hr-ft-OF 

Tt.ickness, f t 

Mass, lbm 

Mass Flow Rate, lbm/hr 

Met abo 1 Ism, B tu/ hr 

Molecular Weight of Oxygen and Water 

N1.- --lt Humber 

Pressure, psia 

Prandtl Number 

rartial pressure, psia 

m 
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'd 'cos 'ai' 'sh 

Q 

Qblood 

Qcond 

Qconv 

Qcool 

Qdif f 

Qevap 

Qgen 

Qrad 

Qresp 

Qshiv 

Qstor 

Qsweat 
R 

Control Coeff  lclents for Sweat, Vasocoastriction, 

Vasodilation, and Shiver 

Heat Transfer , Btu/hr 
Blood Flow Heat Transfer, Btu/hr 

Conductive Transfer, Btu/hr 

Convective Transfer, Btu/hr 

Coolant Heat Transfer, Btulhr 

Diffusion :?eat Transfer, Btu/hr 

haporative Transfer, Btu/hr 

Heat Generation, Btu/hr 

Radiative Transfer, Btu/hr 

Respiratory Heat Transfer, Btu/hr 

Shiver Heat Generation, Btu/hr 

Energy Storage, Btu 

Sweat Neat Transfer, Btu/hr 

Conductance, Btu/hr-OF 

Re Reynolds Number 

Cas Constant for Oxygen, ft-lbf/lbm-OR 

Control Signals for Sweat, Vasoconstriction, and 

Vasodilation 

0 
E 
ss, sc, 'd 

Control Coefficients for Sweat, Vasoconstriction, 

Vasodilation, and Shiver 

Temperature, O F  

'sw' 'cos 'di' 'sh 

t 
- 
t 

to 

Average Temperature, O F  

Inlet and Outlet Temperature, O F  

Set Temperature, O F  
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U 

UA 

V 

W 

’a, ‘t 

c i a  
c, d 

CI 
8 

r 

resp 

0 

0 

a 

a 

a 

a 

a 

8 

sh 

8w 

W 

wk 
E 

“e 

“n 
d 

V 

Subscripts 

b 

C 

d 

Temperature, O R  

Internal Energy, Btu/hr 

Overall Conductance, Btu/hr-OF 

Velocity, f t /min 

Work, Btu/hr 

Warm Sensation Signals, OF 

Vasoconstriction and Vasodilation Distribution 

Garment Area Distribution 

Thermoreceptor Distribution 

Respiratory Heat Transfer Distribution 

Skin Area Distribution 

Shiver Distribution 

Sweat Distribution 

Coolant Distribution 

Work Distribution 

Emittance 

Ventilation Efficiency 

Mechanical Efficiency 

Net Efficiency 

Stefan - Boltzmann Constant, Btu/hr-f t2-’R 
Time, hr 

4 

Blood 

Core 

Env ir omen t 

B-3 



Fat 

Garment 

Muscle 

Basal 

Radiative 

Siiin 

Coolant 
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MODEL DESCRIPTION 

The thermal system of man is conveniently analyzed by considering a 

controlled system and a conttolllng system (21: The controlled system 

is associated with the various thermal characteristics and energy trans- 

fer mechanisms found in man. 

shivering, and variable blood flow rate is the function of the control- 

ling system. 

given in Section 1. 

energy balances is presented in Section 2. 

the controlling system are discussed in Section 3. 

1. ENERGY BALANCES 

Body temperature regulation through sweating, 

Energy balances applicable to energy transfer fn man are 

A description of energy terms introduced in the 

Brpressions as modeled for 

.I\aalysis of energy transfer mechanisms associated with man begins 

with the first law of thermodynamics which may be written for steady flow 

condition as* 

d t - M - W - Q + b ( & )  dt 

The term on the left of Eq (1.1) represents the time rate of change 

M and W denote energy generation ar.d external work, of internal energy. 

respectively. 

heat transfer by conduction, convection, radiation, and evaporation within 

man as well as between him and h i s  environment. Respiratory heat transfer 

is also included in this term. 

difference between the product of mass flow and enthalpy for inlet and 

outlet conditions. 

products is included in this term. Except in certain a; plications, energy 

content of these materials may be neglected. 

Energy transfer as heat is denoted by Q. This term includes 

The A - symbol of Eq. (1.1) denotes the 

Energy transfer associated with food intake and waste 

+References shown in brackets are presented in the Appendix B References. 
*Notation t and T designate temperatures in O F  and OR, respectively. 
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Before conservation of energy can be applied d i r e c t l y  to  evaluation 

of the  thermal response of man, temperature d i s t r ibu t ion  and material 

propert ies  of man must be considered. A man at  rest may exhib i t  an in te rna l  

body t i s sue  temperature approximately S°F higher than the  skin temperature. 

A t  higher a c t i v i t y  levels, t h i s  temperature difference may increase t o  

10°F. Although these temperature differences are not la rge  i n  view of 

ce r t a in  applications,  they are s igni f icant  f o r  t he  thermal s t a t e  of man. 

The body is composed of heterogeneous material which result i n  non-uniform 

physical and thermal properties.  Effects  of non-uniform temperature dis- 

t r ibu t ion  and propert ies  are accounted for by subdividing the  body in to  

several  elements. 

and properties. 

Each body element has uniform temperature d is t r ibu t ion  

During the  i n i t i a l  development of the  thermal model, 

the body w a s  divided i n t o  core and skin layers. However, it became 

apparent t h a t  two segments were insu f f i c i en t  and a f i n e r  subdivision was 

needed. In  the  prerient model, 41 nodes are employed. The body is sub- 

divided i n t o  ten segments consisting of head, trunk, as w e l l  as r igh t  and 

l e f t  arms, hands, legs ,  and feet .  Each segment is fur ther  divided in to  

core, muscle, f a t ,  and sk in  layers.  An addi t ional  segment which remains 

as a whole +.s the  blood compartment. 

head with c i r cu la r  cyl inders  f o r  the  remaining segments. 

A spherical shape is  assumed fo r  the  

Representative 

surface areas, volmes,  and weights f o r  the various segments and layers  

a re  given by Stolwijk [ 2 ] .  Energy balance fo r  each layer  is wr i t ten  t o  

include stored energy r a t e ,  energy generation due t o  metabolism, work, 

and shiver as w e l l  as energy exchange by conduction with adjacent layers,  

by convection with the  blood compartment, and by conduction, convection, 

radiat ion,  and evaporation with the  environment. Appropriate energy 

balances for  each layer  follow. 
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1.1 Core Layers 

Core layera exchange energy by conduction with muscle layers and by 

convection with the blood compartment. 

exchange energy with the respiratory tract. 

layers is written as 

Head and trunk layers also 

Energy balance for core 

m c  c c - =  dr Qgen,c + Qblood,c Qcond,c - Qresp,c (1.2) - dt 

In Eq. (1*2), Qgen,c represents heat generation due to metabolism, 

work, and shiver. 

by Qblood, c 
and muscle layers. 

and is applicable onlv for the head and trunk core layers. Qresp, c 
Specific expressions for each energy transfer term are given in Section 2. 

Convective heat transfer due to blood flow is denoted 

designates conduction heat transfer between core Qcond, c 
Respiratory tract heat transfer is represented by 

1.2 Muscle Layers 

Muscle layers exchange energy by conduction with core and fat layers, 

by convection with the blood compartment, and, for head and trunk layers, 

with the respiratory tract. 

as 

Energy balance for muscle layers is expressed 

- - (1.3) dt m c  - m = Q  m m di gen,m + Qblood,m + Qcond,c Qcond,m Qresp,m 

represents conduction between muscle and fat layers. Respira- where Qcond ,m 
tory heat transfer applies only for the head and trunk muscle layers. 

1.3 Fat Layers 

Fat layers exchange energy by conduction with muscle and skin layers, 

by convection with the blood compartment, and, for head layer, with the 
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respiratory tract. Energy balance for fat layers I s  

mfCf dr = Qgen, f + Qblood, f + Qcond ,m - Qcond, f - Qresp, f (1.4) 
dtf 

denotes conduction between fat and skin layer. where 'cond,f 

1.4 Skin Laye.rls_ 

Energy transfer mechanisms for skin layers may be more numerous 

since these layers may exchange energy with the environment by conduction, 

convection, radiation, and evaporation. Furthermore, a garment or layer 

of clothing may cover certain skin areas where energy exchange for these 

skin layers is by conduction to the garment atrd by evaporation. Tn some 

applications, the tubes of a Liquid Conditioning Garment (LCG) are in 

contact with skin areas. Water circulated through these tubes at various 

flowrates and temperat*Jres can provide very significant conductive cooling. 

Skin layers also exchange energy by convection with the blood compartment 

and by conduction with fat layers. Energy balance €or skin layers assumes 

the form 

dtS - - 
Qgen, s -+ Qblood, s + Qcond, f Qcond, s Qconv ,e m c  - =  s s di 

- - 
Qrad,e Qevap,e - 'LCG 

designates conduct ion between skin layer s and enviroment where Qcond, s 
or garment. Convection, radiation, and evaporation heat exchange with the 

environment are represented by Q conv ,e' Qrad, e, and Qevap, e, respec t ively . 
Heat transfer to an LCG is denoted by Q,,,. Evaporation is actually a 

mass transfer mechanism, but for convenience is included as a heat transfer 

mode. 

mechanisms with  conduction being generally least significant. 

Exposed skin areas exchange energy with the environment by all 

Convection 
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and radiation for covered sldn areas may be neglected but evaporation may 

still be important due to moisture permeation of garment. 

1.5 Garment Layers 

Although garaent layers are not directly associated with the body, 

The garment is subdivided into segments 

Energy exchange for garment 

energy balances are presented. 

corresponding to those for the skin areas. 

layers occure by conduction with skin layers as well as by convection and 

radiation with the environment. 

is absent [3]. 

and the thermal response of the garment are neglected. 

for garment layers is  

Condensation of sweat in garment layers 

Furthermore, heat transfer from garment layers to the LCG 

Energy balance 

E 
‘cond,s ‘rad, e -+ Qconv, e 

This expression applles only to skia areas covered by garment layers. 

1.6 Blood Compartment 

The blood compartment exchanges energy by convection with all body 

layers. Energy balance for this compartment is written as 

%‘b 3 -‘blood (1.7) 

represents total heat transfer by blood flow to all body where Qblood 

layers 
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2. ENERGY TRANSFER TERMS 

Energy transfer in man is associated with energy generation due to 

metabolism, work, and shiver as well ds with conduction between adjacent 

tissue layers and convection due to b h o d  flow. Man exchanges energy with 

his environment through conductive, convective, radiative, and evaporative 

transfer mechanisms. 

is des::ribed in the following sections. 

Each energy term ir roduced in the energy balances 

2.1 Heat Generaticn 

Heat generation as employed in energy balances relcrs to energy gen- 

eration due to metabolism, work, and shiver and represents the M-W tern 

in the generalized conservatioc af energy equation, EQ (1.1). Metab0.i.m 

is the product of chemical reactions within the body. 

the metabolic rate is commonfv referred to as basal metabolism with a 

typical value for the whoie body of 278 Btulhi. 

mechariical work performed by or on the body. 

a change in metabolir rate which may be related through intrcc!action of 

an efficiency factor as defined later. 

layers and is a control mechanism for maintenance of body t .  Yperaturc in 

a cold environment. 

At com2lete rest, 

Work refers to external 

Performance of work causes 

Shiver is activation of muscle 

Metabolic rates for core, fat, and skin layers are taken as thLse 

attributed to basal metabolism. Thus, these layers do not contribute to 

work and shiver. Heat generation for core layers id writter, as 

* M  Qgen,c o,c (2.1) 

where M is basal metabolism with typical values for e,:h core layer 
0,c 

given in Table 1. Similar expressions for fat and skin layers are appli- 

cable with basal metabolism values also listed in Table 1. 
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Eeat 

As previously noted, work and shiver are assigned t o  muscle layers.  

generation f o r  these  layers is expressed as 

where M1 ?enotes muscle basa l  metabolism with values  given i n  Table 1. 

represents  d i s t r i b u t i o n  of metabolic rate above basal metabolism and 
Owk 

of work assigned t o  each muscle layer.  S i h i i a r i l y ,  a 

of shiver  throughout musc'z layers .  

bution i n  muscle layers  are given fn  Table 2. 

work d i s t r ibu t ion  i n  muscle l aye r s  is dependent upon the  type of a c t i v i t y  

performed by man. 

for  d i f f e ren t  a c t i v i t i e s ,  Metabolic rate and t o t a l  basa l  metabolism are 

denoted by M and M Valbes of metabolic rate f o r  several 

common a c t i v i t i e s  are given by Fanger (41. Tota l  basa l  metabolism has a 

value of 278 Btulhr. 

mechanical o r  gross e f f ic iency  [ 4 , 5 ]  defined as 

is d i s t r i b u t i o n  sh 

Valaes for work and sh iver  d i s t r i -  

It would be expected that 

Further study is needed t o  def ine  work d i s t r i b u i t o n  

respect ively.  
0' 

Work and metabolic rates are combined by introducing 

r -% 
Typical values  of mechanical e f f ic iency  f o r  variotis a c t i v i t i e s  are given 

by Fanger (4). Effects  of atmospheric pressure and g rav i t a t iona l  accel- 

e ra t ion  on work and, consequently, mechanical e f f i c i ency  remain t o  be 

evaluated. 

(51 defined as 

It is convenient t o  introduce a quant i ty  ca l led  ne t  e f f ic iency  

W 
E- 

'n M-M 
0 

Eqs. (2.3) and ( 2 . 4 )  combine t o  yie ld  the following expression f o r  net  

ef f i c  iency . 
B-11 



. . . . -  o Q I o o - 4 d l  

~ : 9 % 0 0 0  
u a u m  I? 

M b I ?  . J . . .  a 
O r C r c O - J O  

u v r  
U r l d O U  

m 
C 
PJ 

hl oc 
m 
rl 

a0 
\o 
ln 
r( 

C 
J 

J 

U 
c 

u 
b 
@ a 

U 

'D 
0 
0 
r( 
P 
k 
0 
w 

a 
3 
Ip 

e m 
e 

FL 
0 
\ 
1 
U 
&a 

al 
c) 
C 
0 
u 
c( 
0 
(D a a 
U 

I 

e" 

B 

0 
1 

U 

m 

m 

* 

b c 
\ 
1 
U eo 
a0 
r- 
FI 

a 
r( 

r' 
m 
u 
0 
t.r 
L 

L c 
\ 

U 
P 

a 

ti 
r( 
d 
0 
P m u 
2 
rl 
n: 
m 
m 
P 

I 

Eo 
+ 

B-12 



TABLE 2.- WORK AND SHIVER DISTRIBUTION IN MUSCLES 

* 

Head 0.0 0.023 

Trunk 0.3 0.948 

A m  0.04 0.00165 

Hand 0.005 0.00115 

Leg 0.3  0.0095 

Foot 0.005 0.00115 

Total 0.0 1.0 - 
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Qn - om Ft 
n-N 
- 

0 

Heat generation expression for muscle layers than assumes the form 

Regulation of shiver is governed by control mechanisms and is discussed in 

Section 3. 

2.2 Blood Flow 

Energy transfer due to blood flap is modeled as blood flow from the 

blood compartment to all body layers. Blood enters a body layer at a 

temperature equal to that of the blood campartment and leaves with a 

temperature equal to the layer temperature. 

core layers is given by 

Mood flow heat transfer for 

Qblood,c (% $'c (tb - t ~ )  (2.7) 

where rb,, and % represent blood flow rate and heat capacity, respectively. 

Blood compartment temperature is denoted by t Similar expressions apply 

for muscle, fat, and skin layers. 

each layer is now examined. 

Since core, fat, and skin layers do not contribute to work or shiver, 

b' 

Specification of blood flow rate for 

blood flow to these layers is independent of work and shiver. 

vasconstriction and vasodilation are controlling mechanisms for regulation 

of blood flow to skin layers. Recognizing these concepts, blood flow rates 

for core and fat layers are assumed to remain at their basal values. Thus, 

for core layers 

Furthermore, 

= l h  
%,c o,b,c (2.8) 
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%,o,c is basal blood with s imi l a r  expression appl icable  to  f a t  layers .  

flow rate f o r  core  layers.  

as t h a t  a t t r i b u t e d  t o  basal c 

Stolwijk [ 2 )  states that the  latter contr ibut ion can be approximated by 

assuming that 1 l b  

of energy as heat .  lienee, f o r  muscle l aye r s  

Blood flow rate f o r  muscle l a y e r s  is taken 

' . i t ions  p lus  that due t o  hea t  generation. 

of blood suppl ies  s u f f i c i e n t  oxygen t o  produce 1 Btu m 

- M  
+ Qgen,m o,m = d  $,m o,b,m 

\3ere heat generation f o r  muscle l aye r s  is given by Eq. (2.6). 

Vasoconstruction and vasodi la t ion  e f f e c t s  i n  sk in  l aye r s  are modeled 

a8 follows 

= 
%,S '0,b.s + ad 'd 

1 + ac Sc 

(2.10) 

where a and a are d i s t r i b u t i o n  of vasodi la t ion  and vasoconstr ic t ion,  

respect ively,  throughout sk in  layers .  Recommended values  are given i n  

Table 3. S and S are s igna l s  f o r  vasodi la t ion  and vasoconstr ic t ion,  

respect ively,  f r m  t h e  cont ro l l ing  system. Strengths  of t hese  s igna l s  

depend on sk in  temperature levels compared t o  desired temperature levels. 

These s igna l s  are fu r the r  discussed i n  Section 3. 

d C 

d C 

Recommended basa l  blood flow rates f o r  each body layer  are given i n  

Table 1. 

parameter r e l z t ed  t o  hear t  output is the  number of pulses  o r  bea ts  p e r  

minute required by the  hea r t  t o  pump a given auan t i ty  of blood through 

the physiological system. 

Blood heat capaci ty  is taken as 1.0 Btu/lbm - OF. An important 

Number of pulses  per minute is  given by 

5 926 B E -  
60 % 
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SEGMENT 

Head 

Trunk 

A m  

Hand 

Leg 

Foot 

Total 

TABLE 3.- VASOCONSTRICTION, VASODILATION, SWEAT, AREA 

AND RECEPTOR DISTRIBUTION IN SKIN 

a 
C d a a 

sw 

0.05 

0.15 

0.025 

0.175 

0.025 

0.175 

1.0 

0.132 

0.322 

0.0475 

0.115 

0.061 

0.05 

1.0 

0.081 

0.482 

0.077 

0.0155 

0.1095 

0.0175 

1.0 

a 
S 

0.07 

0.3602 

0.06705 

0.025 

0.1587 

0.0343 

1.0 

a r 

0.0827 

0.587 

0.0411 

0,011071 

0.093 

0.01995 

1.0 
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where the  average cardiac s t roke  voltme is incorporated i n  :he constant 

(5 .926)  and % is t o t a l  blood flow rate from the  blood compartment. 

2.3 Conduction Between Layers 

Since adjacent body l aye r s  may exhib i t  d i f f e r e n t  temperatures, t he re  

is conductive t r ans fe r  between the  layers.  

may be wr i t ten  as 

The general  form f o r  conduction 

Qcond = R (t, - t2) (2.11) 

where R is conductance between adjacent  nodes a t  temperatures of t and 

t2. 

inhomogeneous materials. The method employed here 14 that a t t r i b u t e d  t o  

Stolwijk [7 ]  and r e s u l t a n t  conductances are given i n  Table 4 .  

1 
Various formulations [ 6 )  may be employed t o  evaluate  conductance f o r  

2 .4  Environment 

Energy t r ans fe r  from sk in  l aye r s  t o  the  environment occurs by con- 

duction, convection, r ad ia t ion ,  and evaporaLAb. . Some sk in  areas may be 

covered by a garment where convection and r ad ia t ion  are neg l ig ib l e  and 

conduction is between sk in  and garment layers .  

skin is i n  contact wi th  LCG cooling tubes and energy t r ans fe r  t o  the  

coolant must be considered. Conduction, convection, and r ad ia t ion  are 

sometimes refer red  t o  as sens ib le  heat t r ans fe r ,  whereas evapcration is 

ca l led  l a t e n t  heat  t ransfer .  Furthermore, as is discussed la ter ,  res- 

p i ra tory  heat t .ransfer may be broken down i n t o  sens ib l e  and l a t e n t  com- 

ponents. In  thr! following presentat ion,  each energy t r ans fe r  mechanism 

contr ibut ing t o  heat t r ans fe r  between man and h i s  environment is examined. 

In order t o  keep the discussion general ,  the  surrounding atmosphere i s  

referred t o  as a gas. 

In  some appl ica t ions ,  the  
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SEGMENT 

TABLE 4.- CONDUCTIVE RESISTANCES* 

~ 

Head 

Trunk 

A m  

Hand 

Leg 

Foat 

CORE TO 
MUSCLE 

MUSCLE 
TO FAT 

FAT TO 
SKIN 

8.85 

3.09 

3.18 

4.50 

5.75 

5.54 

~~ 

12.82 

10.70 

8.32 

8.32 

18.70 

13.36 

*R-conductance, Btu/hr - OF 

22.60 

28.05 

22.80 

9.41 

35.50 

11.93 
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Conductive t r a n s f e r  exis ts  when sk in  l aye r s  are i n  d i r e c t  contact 

with an object  and, i n  most appl ica t ions ,  may be neglected. 

which requi res  fu r the r  examination is zero g rav i ty  with no gas ve loc i ty  

where convection would be zero. Conduction would then occur from skin 

layers  t o  the surrounding gas. 

A s i t u a t i o n  

Convective t r ans fe r  from sk in  l aye r s  t o  surrounding gas is given by 

Newton's "Law of Cooling" [ 81 

= h A  (ts - t e )  Qconv , e c s,c (2.12) 

where hc is  convective coe f f i c i en t  and A is sk in  area. Total  skin area 
s,c 

is given by 

(2.13) 

where as is f r ac t ion  of sk in  a r - ,  

given i n  Table 3. Surrounding gas temperature is denoted by t . Specifi-  

ca t ion  of the  convective coe f f i c i en t  depends on whether t he  gas flow w a s  

induced by forced or f r c e  convection e f f e c t s  and whether t he  motion is 

laminar o r  tu rb  1:Inc. For forced convection, da t a  can be conveniently 

torr-elated by using the  following expression 

a p a r t i c u l a r  body segment with values 

e 

- C Rei Pr j (2.14) 

where Nu is  Nusse l t  number o r  dimensionless convective coe f f i c i en t ,  R e  is 

Reynolds number, and P r  is Prandt l  number. Values of constants  C y  i, and j 

depend Jn the range of Reynolds numbers of interest .  The r e s d t s  of a 

study by Berenson [9] were u s e d  t o  generate values of 0.60, 1 / 2 ,  and 

1 /3  fo r  C ,  1, and j ,  respec t ive ly .  This analyLis considered forced con- 

vection fo r  man as flow perpendicular t o  a c i r c u l a r  cyl inder  with a 
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diameter of 1 f t .  

at atmospheric pressure.  

coe f f i c i en t  is as follows 

Proper t fes  of t he  gas  were assumed t o  be those f o r  air  

The r e s u l t a n t  expression f o r  t h e  convective 

hC = 0.0212 (VePe)112 (2.15) 

where Ve is gas v e l o c i t y  and P 

data  can be cor re la ted  with an expression of t he  form 

is t o t a l  gas  pressure.  Free convection e 

(2.16) i Nu = C ( G r  Pr) 

where G r  is Grashof number. 

range of the  product of Grashof and Prandt l  number of interest. 

man, Berenson 19) considered f r e e  convection from a v e r t i c a l  cyl inder  with 

length equal t o  6 f t  and used the  t h e o r e t i c a l  expression derived f o r  

Nusselt number [8]. Using h i s  r e s u l t s ,  t he  following expression was 

obtained f o r  atmospheric a i r  

Values of constants  C and i depend on the 

For a 

= 0.06 [P G 
hC e (2.17) 

where G represents  t h e  r a t i o  of g r a v i t a t i o n a l  acce lera t ion  t o  the  corres- 

ponding value on ear th .  In s i t u a t i o n s  were both forced and f r e e  convection 

e f f e c t s  e x i s t ,  i t  is recommended t h a t  t h e  maximum value  of t he  convective 

coe f f i c i en t  calculated from Eqs (2.15) and (2.17) be used. 

Radiative t r ans fe r  is evaluated by assuming t h a t  sk in  a r e a s  view 

surrounding wal ls  t h a t  a r a  per fec t  r a d i a t o r s  a t  a temperature  of t . 
Radiant exchange between t h e  body segments is approximated by u s e  of an 

r 

e f f e c t i v e  r ad ia t ive  sk in  a rea ,  A Radiative t r a n s f e r  t o  the  environ- s ,r* 
men t 

B-20 
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Qrad,e * hr As,r ( t s  - t r )  (2.18) 



where h denotes radiative coefficient evaluated from r 

2 2 
hr = a E F (Ts + Tr )(Ts + Tr) 

S S W  
(2.19) 

In Eq (2.19), a is Setefan-Boltzmann constant, E 

F 

values for emittance and view factor are 0.9 and 1.0, respectively. 

Fanger [12] presents view factors for man to different areas of a room 

that will soon be incorporated in this analysis. This would allow for 

including effects of non-uniIurrn surrounding wall temperature distribution 

on the thermal state of man. 

I s  skin emittance, and 
S 

is view factor between skin and surrounding walls. Typically assumed 
Bw 

Evaporative transfer consists of water vapor diffusion and evaporation 

of sweat from the skin surface and may be written as 

= 
Qevap , e 

Each component 

general form 

fg 
Q = & h  

Qdiff ,e + Qsweat,e 

of evaporative transfer expression has the following 

(2.20) 

(2.21) 

where tb is mass flow of water for diffusion or evaporation, h represents 
fg 

latent heat of vaporization at skin temperature with a typical value of 

1040 Btu/lbm. Diffusion is given by the following expression [4] 

Qdiff,e 6.66 A s,c (P v,s - 'v,dew ) (2.22) 

where P and P are water vapor partial pressures evaluated at skin 

and gas dewpoint temperatures, respectively. Sweat is a mechanism for 

maintaining body temperature in a warm environment. Based on physiGlogica1 

data reported in the literature, the following expression i e  used for sweat 

v,s v , dew 
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heat  t r a n s f e r  

= a sS t s e t , e ) /4  Qmeat,e sw 
(2.23) 

where osw is sweat d i s t r i b u t i o n  over sk in  areas wi th  va lues  given i n  

Table 3. S 

cussed i n  Section 3. 

given In Section 3. 

the f ac to r  of 4 be replaced by 10. 

wetted with swt t ,  m a x i m u m  evaporation of sweat occurs and remaining sweat 

d r i p s  off  t he  body and does not  cont r ibu te  t o  temperature regulat ion.  For 

forced evaporation, t h e  r e s u l t s  of Berensor? were u t i l i z e d  t o  der ive  the  

following expression f o r  maximum evaporative heat t r ans fe r :  

I s  the  meat s i g n a l  from the  cont ro l  mechanism and is dis -  
8 

with values  set,  s Skin set temperature is denoted by t 

Recent r e s u l t s  reported by Stolwijk [ 2 ]  suggest that 

When s k i n  areas become completelv 

- P  1 1.04 1/2 
ne ("e/'e) ('v,s v,dew = 0.126 A T 

s,c  e 
(2.24) 

s imi la r ly ,  f o r  maxlmum f r e e  evaporation 

* e P p  G (0.005 P e (ts - te) + 1.02 (P v , s  - P v,dew 11 s,c - 
e 

= 1.32 A 
Emax P 

(P - P v , s  v,dew 
(2.25) 

I n  Eq (2.24), n represents  t he  v e n t i l a t i o n  e f f i c i ency  of t h e  surroundings. 

Maxinun evaporation rates are ca lcu la ted  from Eqs (2.24) and (2.25) and 

then compared with evaporat ive t r a n s f e r  given by Eq (2.20) is used unless  

i t  exceeds Eqs 2.24 o r  E q s  2.25, in which case,  t he  l a t t e r  expressions are 

used fo r  evaporative haat removal r a t e .  

e 

Covered sk in  a reas  may exh ib i t  conductive energy t r a n s f e r  t o  a coolant 

flowing i n  t u b e s  t h a t  a r e  i n  contact  with the  sk in  (LCG). 

conduction t o  the  garment and evaporation R t i l l  e x i s t  f o r  these  sk in  areas .  

Furthermore, 
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Heat t r ans fe r  t o  t he  LCC 

of sk in  areas covered by 

is est h a t e d  by evaluat ing an average temperature 

cooling tubes frm t he  expression 

(2.26) 

where summation extends over sk in  areas covered by the  LCG. 

head, hands, and f e e t  sk in  areas are not covered. 

garment t o  the  coolant is neglected. 

Typically 

Heat t r a n s f e r  from the  

For a given i n l e t  water temperature 

the  o u t l e t  water ti, w’ 

t = t  + [ 1 -  0,w i , w  

temperature is obtained from 

(2.27) 

Water flow r a t e  and hea t  capaci ty  are denoted by 6 

UA represents  the  LCG ove ra l l  heat t r ans fe r  coe f f i c i en t  with a typicc 

value of 43.5 Btu/hr - OF. Heat t r a n s f e r  from the  sk in  t o  the  LCG is 

given as 

and cw, respect ively.  
W 

- a m  c (t - t  ) (2.28) 
QLCG w w w 0 , w  1,g 

where a is percent of water flow assigned t o  each sk in  area. Values f o r  

coolant flow d i s t r i b u t i o n  as used i n  t h e  program are l i s t e d  i n  Table 5 .  

Conduction from sk in  t o  garment is approximated by 

W 

k - A  ‘cond,s s ,c  e ( t  8 - tg 1 
R 

(2.29) 

where k and L represent  garment thermal conductivity and thickness,  

respect ively.  The f ac to r  of L /(0.88 k ) is ca l led  the  Clo value.  Con- 
g g 

vect ive  t r ans fe r  from the  garment is evaluated with sk in  temperature 

replaced by Barnlent temperature i n  Eq. (2.12) and associated expressions 

f o r  convective coe f f i c i en t .  S i m i l a r l y ,  r ad ia t ive  t r ans fe r  i s  evaluated 

g g 
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with akin temperature replaced by gament  temperature i n  Eqs (2.18) and 

(2.19).  A garment modifies convective &nd r a d i a t i v e  areas appearing i n  

Eqs (2.12) and (2.181, respect ively.  Fanger 141 reconmends t h a t  the nude 

sk in  areas be mult ipl ied by f a c t o r s  t h a t  account f o r  changes i n  sur face  

a reas  when a garment covers t he  sk in ,  

were lncorgoriited i n  the  program. 

t o r  covered skin areas a r e  cElculated from Egs. (2.22) and (2.24) a s  w e l l  

as (2.25). respec t ive ly ,  with sk in  temperature and water vapor par t ia l  

pressure replaced by corresponding va lues  evaluated a t  garment temperature. 

The expression f o r  sweat remains unchanged and no condensation is assumed 

t o  occur within t h e  garment, 

and appropriate  express1o.m :or conduccive, convective, and r a d i a t i v e  

t r ans fe r  terms, garment temperature is given as 

These adjustments i n  s m f a c e  areas 

Diffusion and maximum evaporatiop r a t e s  

Using t he  garment energy balance,  Eq (1.6) 

hr tr + hc te + (Ac k 
n 

h + h  + ( A  k L t =  
f3 r C c,s g’ 

Average garment temperature is evaluated from 

(2.30) 

(2.31) 

where a 

with values  given i n  Table 5. 

represents  d i s t r i b u t i o n  of garment a rea  f o r  var ious bodv segments 
8 

Reopiratory heat  t r a n s f e r  takes  place within t h e  r e sp i r a to ry  tract:  

and is associated with a change i n  temperatiire and water vapor content 

between inspired and exp i r ed  gas. Sensible or  dry  r e sp i r a to ry  heat t ranufer  

refers t o  the  fonnsr heat  t r a n s f e r  mechanism and l a t e n t  o r  w e t  r e s p i r a t o r j  

heat t r ans fe r  t o  the  l a t t e r  mechanism. Total  d ry  r e sp i r a to ry  heat t ranofer  

evaluated from physiological  measurements is expressed a s  

- 
dl resp C e (‘resp - t e )  ( 2 . 3 1 )  



TABLE 5.- LWIANT FLOW AND GARMENT AREA DISl'RIBUTION 

SEGMENT a 
W 

a 
8 

Head 

Trunk 

A W  

Band 

m3 
Foot 

Total 
- 

0.0 

0.44 

0.085 

0.0 

0.195 

0.0 

1.0 

0.0 

0.3317 

0.104 

0.0 

0.23015 

0.0 

1.0 
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and total w e t  respiratory heat t ransfer  is 

(2.33) 

Pulmonary mass flow r a t e  is denoted by qesp and is evaluated from 

= o*0418 (144) 'eM , which incorporates the  a f f e c t  of (2 .34)  - resp d 

R T  
o e  

metabolic rate upon resp i ra tory  minute volume. 

heat capacity. t represents the  average respiratory tract temperature 

and is deternined from 

In Eq. (2.32), ce is gas 
- 
resp 

- 
t tresp = aresp (2.35) 

where a 

various body layers  i n  contact with the respiratory tract with values 

given i n  Table 6. 

Respiratory heat t r ans fe r  f o r  these body layers  is given as 

represents d i s t r ibu t ion  of respiratory heat t r ans fe r  t o  the r e s p  

The value of t is the  corresponding layer  temperature. 

%esp = a  r e s p  (Qresp,d Qresp, w 1 (2.36) 

It should be noted tha t  a l l  constants appropriate t o  the  gas mixture a r e  

f o r  oxygen. Panger [4] reported s imilar  expressions a s  Eqs (2.32) t o  

(2.34), however, a l l  propert ies  were for  air .  Appropriate expressions f o r  

other gas mixtures a r e  a l s o  included in the  model. 

An Importar': parameter ind ica t ive  of the  thermal response of man is 

heat storage r e l a t i v e  t o  a desired temperature level .  

expressed a s  

This quantity I s  

Qstcir = Cm c ( t  - tset )  
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TABLE 6.- RESPIRATORY TRACT HEAT TRANSFER DISTRIBUTION 

Trunk 

SE(;NwT LAYER 

Core 

Muscle 

Fat 

Core 

Mtscle 
I 

Total I 

QRESP 

0.3855 

0.0860 

0.0287 
~ 

0.238 

0.2615 

1.0 
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where cnmmratioa extends Over all body layers plus the blood compartment. 

Values of capacitaces defined as the product of mass and heat capacity 

are given in Table 1 for each body layer and for the blood compartment. 

Another parameter of interest is storage rate or rate of change of Internal 

energy. This factor is given as 

(2.38) 

where summation is for all skin surface areas. 

3. CONTROLLING SYSTEM 

The body has three primary control mechanisms for physiological 

temperature regulation: 

a. Shivering 

b. 

C. Sweating 

Blood flow rate through vasoconstriction and vasodilation 

A detailed discussion of each controller is given by Stolwljk [2] and 

only functions employed in the program are discussed here 

The control signal for each mechanism is thought to originate from 

the difference between the body layer temperature and a desired tempera- 

ture called a set temperature. Set temperatures represent temperatures 

observed when there is a minimum of thermal regulation with values for 

each body layer as well as for the blood compartment given in Table 7. 

The temperature difference is referred to as an error or test signal and 

I s  expressed for each body layer as 

D -  t - t set 
B-28 



SEGMENT 

Head 

Trunk 

A m  

Hand 

Leg 

Foot 

TABLE 7.- SET TEMPERATURES* 

CORE 

98.6 

98.8 

96.1 

95.9 

97.6 

95.8 

t OF 
set, 

MUSCLE FAT 

97.6 

98.3 

95.1 

95.7 

96.5 

95.5 

97.0 

95.9 

94.1 

95.6 

95.1 

95.7 

SKIN 

96.6 

94.4 

93.7 

95.5 

94.5 

94.5 
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Recent experimental r e s u l t s  reported by Stolwijk (21 indicate  that t h i s  

s ignal  might also be dependent upon the  rate of change of temperature. 

When the s igna l  is  negstive, the body senses cold, and shiver as w e l l  as 

vasoconstriction mechanisms arz activated.  Posi t ive values of t h i s  s igna l  

indicate  warm sensation, and sweating as w e l l  as vasodi la t ion mechanisms 

are in i t ia ted .  

f ollovs. 

These observations f o r  each body layer  are expressed as 

Pouitive D 

Wa 5 D, Co - 0 

Negative D 

W = O , C  P - D  a 0 
(3.3) 

where W and C are warm and cold s igna ls ,  respectively.  Warm and cold 

sensations are thought t o  be i n i t i a t e d  by thermoreceptors located i n  skin 

a 0 

layers. 

receptors. 

The s t rength of the  s igna ls  is a function of a number of skin 

The t o t a l  or Integrated warm and cold s igna ls  f o r  only the  

skin layers  are evaluated as follows: 

= "a w 
't - r a  

and 

( 3 . 4 )  

where a 

skin areas. 

I s  the  d i s t r ibu t ion  of skin receptors throughout the  various 
1: 

Recommended v a h e s  of skin receptor d i s t r ibu t ion  a r e  given 

i n  Table 3. 
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The control  s igna ls  fo r  sweating, blood flow, and shivering are 

expressed as the  sum of th ree  terms. Each term represents  the  product of 

a control coef f ic ien t  and a quantity re la ted  to  warm or  cold sensation. 

The control s igna ls  are wr i t ten  as 

Sweating 

= c w + Sm wt + Psw Wt sw a,c 

Vasodilation 

= 'di 'a,c + 'dl 't + 'di "a,c 't 

Vasoconstriction 

= cco co,c + sco ct + *co co,c ct 

Shivering 

= c  c c + P  c 'shiv sh o,c -k 'sh t sh o,c 't 

(3.7) 

(3.8) 

(3.9) 

where Wa and C represent warn and cold s igna ls  f o r  the  head core, 
,c a,c  

respectively. Typical values for the  control  coef f ic ien ts  are given i n  

Table 8 .  Negative values of the  above s igna ls  should be set t o  zero. 
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TABLh 8.- CONTROL COEFFICIENTS 

884.0 0.0 

183.5 0.0 

5.55 5.55 

0.0 0.0 

REGULATION 

Sweating 
- 

73.4 

0.0 

0.0 

12.22 

Vasodilation 

Vasocon- 
strict ion 

Shivering 

cw’ ‘di’ ‘co’ and ‘sh 

sh 

sh 

* Values in column are C 

+ Values in column are Sm, Sdi, Sco, and S 

# Values in c3lumn are Psw, Pdi, P and P co’ 
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SAMPLE RUNS FROM THE MATHEMATICAL MCDEL 

SHOWING INPUT/OUTPUR FORMAT 



0 0 0 0  
0 0 0 0  

'm - ICSYV: 
m -- 
*I 

1 1 1 0  .. 8 1 1 e  
1 1 1 1  
0 1 1 e  
8 1 1 1  

i. CCI -.% 
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APPENDIX c 

PHYSIOLOGICAL HELATIONSHlPS 

AND WATIONS 



SlMBOLS AND ABBBBVIATIdlos USED I10 APPENDIX C 

= skin surface area 

CAL-EVAP = calculation of total evaporative heat loss f r m  body heat 
balance equation 

CAL-RAD - calculation of net environmental heat exchange from PLSS heat 
balance 

c c  

C 

C 

= constants for respiratory rniaute ttolume 

= heat capacity of surrounding gas 

L+ heat capacity of water 

= carbon dioxide proudction rate, gms/minute 

= Diffusion coefficient for water vapor to gas 

1, 2 

P 

PW 

co2 
0 

gvAP = Evaporation heat loss 

ELECT = Heat input to 5 s  Feedwater fram PLSS electronic (LCG pump + fan) 

FEED E,O = Total PLSS Feedwater used 
1. 

= latent heat of vaporization of water 

= Heat input to PLSS Feedwater from PLSS Lithium Rydroxide Cartridge 

gas flowrate 

5 respiratory ventilation rate or mlnute volume 

= LCG water flowrate 

= Metabolic Rate, watts 

= Oxygen consumption rate, gms/minute 

- Pressure 
= Evaporative heat loss from the skin by passive mass diffusion 

= Evaporative heat loss through the respiratory tract 

= Convective heat loss through the respiratory tract - Total heat loss through the respiratory tract 
- gas constant 

c-1 



Ta 

r T 

8 
T 

Twi 
T 

UA 

wo 

ii 

Wt. 

r P 

8 
W 

i U 

P 

= respiratory quot len t 

= temperature of inspired gas or surrounding gas 

E temperature of body compartment i - temperature of the respiratory tract (also - expired gas 
temperature) 

= skin temperature (mean) 

= LCG water inlet temperature - LCG water outlet temperature 
= LCG heat transfer coefficient 

a volumetric flowrate 

= Body weight loss or collected water loss 

= Specific humidity of inspired gas 

= Specific humidity of expired gas (saturated at TI) 
= Specific humidity of water vapor at the skin surface (saturated 
at I 1 s - weighting fact or for body compartment 

= gas density 
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ADDITIONAL EQUATIONS UTILIZED IN RESULTS 

= CO2/O2 
R -  = 25.825 (M.R.) 

See Figure C 1  

- ( *Q'293*707 ) (.0000123)) 

= Wt/h (assumes that all water is evaporated) 
fg 

* &  h er - T a l  

= fil h 
0 

r fg 

= fg 
(wr - WJ 

QRS 4- QRE See Figure CS 

= AsD (WS - Wa) 
= C1 (M.R.) + C2 

See Figure C6 

See Figure C4 

See Tal le 6, Appendix B 

"RT 

(13) CHL-EVAP - M.R. - RAD - LCGCONV - HEAT STORAGE RATE. See Equation 
1, Section 2 

( 1 4 )  CAI,-RAD - (Peed H20) L~~~ - M.R. - LIOH - ELECT See Figure 2-3 

c-3 



SAMPLE CALCULATION OF TOTAL EVAPORATIVE H U T  LOSS AND ACTIVE SWEAT RATE 

Data from Test Series A - Sequence 5 (see Table Dl.) 
1. Weight loss - 194 gms/hr 
2 .  Insensible carbon 1088 

C02 produced - 2.68 gmdminute 

0, consumed - 1.95 gmsjminute 
~ 

Carbon loss = .73 gms/minute x 60 = 44 gms/hr. 

3. Total weight loss due to evaporation - 194 - 44 = 150 gms/hr 

4. Total evaporative heat loss * (weig: loss ) x (latent heat of 
vaporization of water) 

150 gros/hr x .671 watt-hr/gm = 101 watts 

5. Evaporative heat loss by respiration = 54 watts (see Equation 5, 
Appendix C) 

6. Evaporative heat loss by skin diffusion * 15 watts (see Equation 7, 
Appendix C) 

7. Evaporative heat loss by active sweat alone 

= 101 - 54 - 15 = 32 watts (see Eqution 8, Section 2) 

8. Active sweat rate 0 32 wattsl.671 (see Equation 9, Section 2) 
gm 

= 48 gms/hr 

e 
*Assumes that all perspiration is evaporated. 
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Flgure C-1. 3xygen consumption vs metabolic rate; 

Legend 

1. RQ= .707 
2. RQ = .82 
3 .  8 Q =  .90 
4. RQ= 1.0 

- 
- 
- 
- 

Eqzation of curve 

Oxygen consumption rate (qrams/min) = _ .  

25.825 x metabclic rate (watts) x 
.0001708 - r--) Q -  .707 x .000012j 

.293 

c=s 
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APPENDIX D 

RAW MTA 



a 
4 

0 
2 

0 
3 

s 
4 

0 
2 

54 
rl 

0 
OD 
rl 

0 In 
rl 

0 
N d 

0 
h) rl 

8 
d 

0 a 

J 
4 Y 

s 

0 

0 
1 

3 
N 

N 

N 
3 

VI 

- N  
-! 

m 
h 

d 

h 

CI) 
-2 

3 
N 

OD 

d 
'0. 

0 

r( 
? 

VI 

d 
1 

0, 

2 

ill 
0 
0 

F! 
r- 
N 

OD 
U 

ui 

r- N 

? 
3 

U 
N 

VI 
N m 

s: 
VI 
I- 

N 
o; 

d 

i 

rl 

m d 

aD ru 

Q 
). 

(0 
3 
t 
U t 
3 0 

9 "  E' 

Y 

1 
4 

I) 
N 

I- m 

? 
I- m 

3 
I- m 

z 
VI 
N 

i 

'Dm 

? 
la m 

h m 

VI 
I- 

la m 

0 

U 
0 
s 

U t 
1 
U 

i 

3 
h 

2 
I- 

0 
0 
CI 

s 
I- 

0 
a0 
I- 

3 
I- 

0 
a0 
I- 

s 
I- 

s 
I- 

$ 
I- 

s 
I- 

U E 

n 
N 

U N 

M 
N 

r- 
N 

rg 
cy 

n 
N 

U N 

s. 

" 
N 

In 
h) 

v) 
N 

0 . 
t 
J Y 
l 
h 

U z 
i 

No 
d 

3 

N 
4 

m 
d 

In 
4 

m 
rl 

m 
d 

rl 

m 
rl 

U 
d 

3 

V 
.) 

i 
w H 
i 
U 

I 

? 
0, 

2 
2 

9 
2 

9 
2 

? 
OI 

'9 
OD 
rl 

0: 
I- 
d 

I- 

I- 
rl 

h 

I- 
d 

VI 
I- 
d 

? 
I- 
r( 

D- 1 



d N 

N 
N 

0 
N 

0 
N 

0, 
d 

N 
N 

(r 
94 

(D 
d 

N N 

QD 
d 

N 
d 

3 

' N  
N 

0 N 

w 
OI 
d 

d 
(Y 

ro 
d 

(r 
d 

U 

h d Y  
: 

d 

0 
U 

2 :  
0 

0 ( r u  
d d .  

a 

bJ 
0 
rl 
Y 'i 
i 

D-2 



0 m 

0 m 

8 

a 

a 

4 

. .  

0 m 

w 

a 

t: 

i 

c 

0 
U 

I 
ea 3 
a 

B 
U 

U 
0 0  
d. 
U 
3 -  

" f  4 U  

IX 
" E  

c a 

D-3 



TABLE D4.- SF3tIIB 0 - RAW DATA 

Date 

Duration. hrs 

C02 collected, gms 

o2 produced, g m  

RQ 

Total metabolic heat 
produced, watt-hrs 

Weight loss, k g e  

Evaporated vater col- 
lected, kgm 

Unevaporated vater, kgms 

Average mean skin tem- 
perature, 'C 

Average cot e ttopera- 
ture, 'C 

Body heat storage at 
end of test, watts-hrrr 

Average heat storage 
during test, watt-hrs 

Suit gas (02) flowate, 
liters/hr pure oxygen 

Suit pressure, torr 

Ambient (chamber 

Ambient (chnmber) 
pressure, torr 

Averege euit gas inlet 
temperature, *C 

Average euit gas outlet 
temperature,OC 

LCC vater flourate, 
1 i t er e/ hr 

3130171 4/2/71 2/22/69 2/26/69 3/7/69 2/20/69 2/24/69 

6.98 6.87 3.17 3.43 3.93 3.62 3.52 

525.0 478.9 303.1 330.1 255.1 298.7 369.2 

523.5 476.5 334.9 349.3 282.8 329.7 408.0 

1.003 1.005 .905 .%5 ,902 .906 .905 

2133 1943 1330 1402 1122 1310 1620 

1.816 

1.125 

.691 

30 

37.9 

35 

33 

170 

195 

0 

0 

30 

31.2 

100 

1.362 

.a42 

.520 

30 

36.8 

-30.5 

1.5 

170 

195 

0 

0 

24 

23.6 

109 

1.021 

.549 

.472 

30 

37.4 

-22.5 

12 

170 

195 

0 

0 

22 

26 

109 

1.475 

.558 

.917 

28 

37.3 

19 

13 

170 

195 

0 

0 

22 

28 

109 

1.249 

A00 

.e49 

30 

36.4 

-30 

52 

170 

195 

0 

0 

22 

22 

109 

1.589 

.749 

,640 

32 

37.2 

9.7 

28.5 

170 

195 

0 

0 

22 

25 

109 

1.362 

3 3 3  

.529 

29 

36.7 

57 

-1 

170 

195 

0 

22 

29 

109 
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TABLE D4.- CONTINUED 

TEST SUBJECT ~ / D . s .  2/F.H. 3/J.M. 4/J.M. 5/J.M. 61J.M. 7 / K A  

Average LCG in le t  19 22 13.5 11.5 17 23 13 
water temperature 
selected, O C  

Average LCG outlet 21.5 23 16 15 19 24.5 17 
water temperature, 
O C  

Average NET environ- +7 9 -67 +65 +117 -35 -72 +37 
mental heat ex- into out of into  into out of out of into 
change, watts su i t  su i t  s u i t  suit  su i t  su i t  su i t  
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TABLE D5. 

TOTAL WATER COLLECTED IN TOTAL WATER C3LLECTED AS 
TEST PLSS DUE TO EVAPORATIVE PREDICTED BY INTEGRATION OF 

NUMBER HEAT LOSS, KGMS EVAPORATIVE HEAT LOSS RATE, KGMS 

1 1 . 125 1.88 

2 . 842 1.67 

3 . 549 .73 

4 . 558 .584 

5 . 40 . 331 
6 .749 .736 

7 a33 .731 



. 4 
1 
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E 
3 
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TABLE D7.- POIm - MTA pBl)n A. 8. C. 6D 

LCG tl&R mN. EvApoummE 

m C  AT-. m A L R A T E .  AUTWSS BY ACTIVE PCTE 
RATE.lwrs .C WAm BATE.uAm !wEA.r.uAm Cannslnmlu 

293 21 174 11 7 77 115 
504 14 379 123 62 92 
322 15 232 87 45 67 
494 9 405 86 60 89 
3% 19 242 109 63 94 
445 13 303 139 84 125 
42b 21 2hp 174 121 180 
S O  14 211 126 82 122 
146 14 302 25 0 0 
6P9 6 442 59 0 0 
431 21 246 181 128 191 
146 21 129 25 0 0 
W 8  11 b18 97 32 68 
so5 16 387 115 54 81 
615 6 472 140 68 101 
589 7 44 1 146 77 115 
146 21 1.; 2s 0 0 
358 16 205 150 104 155 
445 18 290  152 97 145 
146 24 110 34 9 13 
410 12 392 7s 27 40 
293 18 219 75 38 57 
528 7 550 66 6 9 
308 19 200 107 70 104 
296 18 198 97 62 92 
2 78 18 239 44 9 13 
276 23 182 93 59 88 
342 16 274 90 32 48 
433 16 297 101 32 48 
589 16 386 163 75 112 

l F H P . S m  = B U T  EVAwaArfBE tlEAfZOSSUATE ACTIVESWAT 
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TABLE D7.- CONTINUED 

LCG INLET TOTAL EVAPORATIVE 
T m . S E L E C T E D  LCGHEAT EVAPORATIVE HEAT LOSS RATE ACTIVE SWEAT 

r n A B 0 L f C  AT COMFORT, REMOVAL RATE, HEAT WSS By ACTIVE RATE 
RATE, WATTS O C  WATTS RATE~WATTS SWEAT, WATTS GRAMS/HOUR 

491 7 
618 7 
352 1 9  
352 1 9  
352 18 
469 17 

452 
52L 
154 
24 5 
294 
4 5PJ 

129 
14 5 
192 
192 
139 
293 

53 79 
53 79  

112 167 
112 88 

59 88 
176 263 



TABLE D 8  

Trunk 

Arms 

Legs 

LCC, Heat Removal Distrlbl l+ 'on, 2 

NEW ( 1 OLD ( . . . . e . )  

44 22.5  

17 25 

39 1 52.5 



Figure D-1. Predicted and actual 
body temperatures vs time for 
Series C # sequences 1 - 8. 

Legend 

A : Abdomen skin temperature 

B : Back skin temperature 

c : Chest skin temperature 

0 : Tympanic (head core) temperature 

Model predictions using modified LCG 
heat removal distribution (table 0-8) 

e--e Testdata 
.....-...-.-b Model predictions using LCG 

heat removal distribution prior 
to modification 
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Figure 0-2 Predicted and actual body temperatures 
vs time for Series C,  sequences 1-8. 

Legend - 
L : Calf skin temperature 

I : Thigh skin temperatwe 

Model predictions using modified 
LCG heat removal distribution 

@--- 0 l e s t  data ---- ------- Model predictions using LCG heat 
removal distribution prior to 
modification 
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Figure 0-3. Predicted and actual 
body temperatures vs time for 
Series C ,  sequences 9 and 10. 

Legend - 
A :  Abdomen skin temperature 

8 :  Back skin temperature 

c :Chest skin temperature 

0 : Tympanic (head core) temperature 

- Model predictions using modified LCG 

o----o Testdata 

. . . . . . . . . .. Model predictions using LCG 

heat removal distribution (table b 8 1 

heat removal distribution prior 
to modification 
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Figure 0-4. Predicted and actual body temperatures 
vs time for Series C ,  sequences 9 and 10. 

Legend - 
L : Calf skin temperature 

T : Thigh skin temperature 

Model predictions using modified 
LCG heat removal distribution 

e--+ Test data 

..-. .... ..-. Model predictions using LCG heat 
remova I distribution prior to 
mod if i cation 
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Figure 0-5. PrediGed and actual skin temperatures 
vs time for Series D, test no. 1. 

Legend - 
c : Upper chest skin temperature 

H : Forehead skin temperature 

B : Lower back skin temperature 

A : Forearm skin temperature 

I : Leg (calf) skin temperature 

3- - - -3 Test data 

Mode I predict ions 
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Figure 0-6. Predicted and actual skin temperatures 
vs time for Series D, test no. 2 .  

Legend 

Upper chest skin temperature 

Lower back skin temperature 

Forearm skin tempe;ature 
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Figure 0-7. Predicted and actual skin temperatures 
for Swies 0 ,  test no. 3. 

Legend 

c : Upper chest skin temperature 

L : Leg (thigh) skin temperature 

H : Hand skin temperature 

F : Foot skin temperature 

0- -- 4 Test data 

Model predictions 
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Figure 0-8. Predicted and actiial skill tcrnperatures 
for Series D, test no. 4 .  

Lqend - 
c : Upper chest bkirl temperature 

L : Leg (thigh) skill temperature 

H : Hand skin temperahire 

F : Foot  skin temperature 

0-- -0 Test data 

Mode I pred ic ti ons 
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Figure 0-9. Predicted and actual skin temperatures 
for Series D, test no. 5.  

Legend - 
c : Upper chest skin temperature 

L : Leg (thigh) skin temperature 

F : Foot skin temperature 

O - - d  Test data 

- Model predictions 
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Figure D-10. Predicted and actual skin 
temperatures for Series 0 ,  test no. 6 .  

1- eycnd 

L : Leg (thigh) skin temperature 

H : Hand skin temperature 

F : Foot skin temperature 

0-- -0 Test data 
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Figure D-11.  Predicted and actual skin 
temperatures for Series 0 ,  test no. 7 .  

Legend 
I--- -- 

c : Upper chest skin temperature 

L : Ley (thigh) skin temperature 

H : Hand skin temperature 

F : Foot skin temperature 

o- - -Q Test data 
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Figure 0-12. Predicted and actual steady- 
state tech1 and mean skin temperature vs 
metabolic rate for cool and moderate LCG 
inlet temperatures using modified LCG 
heat removal distribution - Series A .  

Parameter I Test data Test condition 
1 .  

! synrbol 
Model 
prediction 

I 1. 
Rectal -. ---'.- I I 7 "C 
----I_ 

! 

16°C 1 temperature 

U I 
Mean skin 

temperature 

16°C 

I 7 "c 
_. 2 I 

3 .  I I 

Note: Dotted lines (. . . . 1 represent model 
predictiocs rtsinq LCG heat removal distribution 
prior to modification. 
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APOLLO EXPER I ENCE REPORT 

ASSESSMENT OF METABOLIC EXPEND I TURES 

By J .  M. Waligora, W .  R .  Hawkins, G .  F.  Hunibert, 
L. J. Nelson; S. J. VogeI,. and L. H. Kuznetz 

Lyndon B .  Johnson Space Center 

SUMMARY 

Before the f i rs t  Apollo extravehicular activity, t h e  staff of the  NASA Lyndon B. 
Johnson Space Center (formerly the hlanned Spacecraft Center) developed operational 
methods to deterinine the energy expenditures of the  crewmen. These methods were 
required to allow adequate physiological twaluation of the crewmen, '0 determine the 
s a g e  rate  of life-support system consumables, and to provide information for real-  
t ime activity sct.eduling and for planning future missions. 

Three independent methods were used to deiermine crewmen energy expenditures. 
The heart-rate method was based on the direct linear relationship between energy ex- 
penditure and heart ra te ,  which was determined before each flight. The oxygen method 
was bmed on the proven clinical procedure that relates energy expenditure to  oxygen 
consumption. The liquid-cooled-garment method was based on a modified direct  
calorimetric approach to energy measurement. Preflight testing of these methods 
demonstrated inadequacies and inaccuracies that were corrected,  and a system w a s  
developed that facilitated integration of the  three methods into an accurate estimate of 
energy expenditure. 

During each extravehicular activity, this integrated estimate was reported to the 
mission control flight surgeon and to the life-support system monitors. Thus, t h e  
flight surgeon was prepared to make recommendations concerning the immediate and 
future well-being of the crewmen. Postflight analyses of the results.  combined with 
motion analysis, permitted accurate assessments  of energy expenditure for specific 
lunar surface tasks. It was concluded that these methods provided reliable information 

on crewmember energy expenditures, which ranged f r o m  822 x 10 to 1267 x 10 J / h r  
(780 to 1200 Btu 'hr) for the Apollo lunar surface extravehicular activities. 

3 3 

Qoeing Company. 
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Information about energy expenditure at the onset of planning for Apollo extrave- 
hicular activity (EVA) wzs meager. The observations made during the Gemini EVA 
periods indicated that the energy expcnditures were greater than expected. The basis 
for the comparison was the heart ra tes  observed during altitude chamber simulations 
and those observed during the actual EVA. The greatest deviation between the expected 
heart ra tes  and the observed heart r a t e s  occurred during the Gemini XI EVA. Instead 
of Groviding a quantitative measurement of metabolism, these observations only indi- 
cated that a t  t imes the metabolic ra tes  were more than the life-support system could 
accommodate. Data were available from 1/6-g t ra iners  of many types; however, there 
was a general lack of confidence in this type of lunar surface simulation, particularly 
when the data were applied to  energy expenditures for movement on the unknown terrain 
of the lunar surface. 

A measurement of crew metabolic ra tes  was required for several  reasons. The 
basic measurement was important to the flight surgeon because i t  provided a measure 
of how closely a crewman was approaching his maximurn work r a t e  either acutely, as 
during a maximum effort when a crewman's maximum oxygen consumption might be 
exceeded, or chronically, a s  when a sustained moderately high work ra te  might lead to 
exhaustion. The metabolic rate also provided data that could affect the flight surgeon's 
evaluation of other information regarding a crewman. For example, a heart  ra te  of 
130 beats/min would indicate one level of concern f o r  a crewman vigorously at work 
and another for a crewman a t  res t .  

The metabolic ra te  measurement was also important to  the monitors of the port- 
able life-support system (PLSS) because the useful life of a PLSS on the lunar surface 
depended on the usage rate  of consumables (oxygen, sublimator water supply, and 
carbon dioxide absorber). The usage rate  of these consumables is closely related to 
metabolic ra te ;  this relationship was particularly significant in the nase of the water 
supply to the sublirnator that provided the cooling for the PLSS because !here was no 
measurement of sublimator water supply. 

The metabolic ra te  measurement provided essential information for the lunar 
surface activity planners who assembled a schedule of crew activities based on preflight 
estimations of the metabolic expenditure and the t ime required to perform each activity. 
These planners were responsible for modifying the crewman's activity in real time if 
the metabolic expenditures for the activities or the time required to  perform the activi- 
t ies  deviated from the predicted values. 

Before the f i rs t  Apollo EVA, several  groups at  the NASA Lyndon B. Johnson Space 
Center (JSC) iformerly the Manned Spacecraft Center (MSC)) had been concerned with 
metabolic rates.  A medical operations group w a s  responsible for providing metabolic 
ra te  estimates for specific tasks  and for monitoring the crew during 116-g training at  
MSC; a medical research group providcd the metabolic requirements for the design of 
the  life-support system and sponsored several research programs to evsiuzte various 
lj6-g simulations. An engineering group attempted to use heat-loss data from the 
liquid-cooled garment (LCC) to estimate metabolic ra te  in calculating the usage of sub- 
limator water supply. In 1969, before the first Apollo EVA (on the Apollo 9 mission), 
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the Life Sciences Directorate formed a Metabolic Assessment Team that was composed 
of personnel from the Life Sciences Directorate and a member from the Engineering 
and Development Directorate, a l l  of whom had been working in the a r e a  of metabolism. 
The team also benefited from support received f rom the Mission Evaluation Team and 
other MSC groups. The Metabolic Assessment Team was charged with the responsi- 
bility for reviewing and evaluating real-time data that would bc available during EVA 
and for devising procedures to use these data in measuring the crewman's metabolic 
rates during EVA. 

As a result of the team's initial studies, three independent methods based on the 
most common laboratory methods were implenicnled: 

1. The relationship between heart ratc and metabolic ra te  

2. The relationship between oxygen consumption and metabolic ra te  

3. The relationship between the heat rernovcd from the crewman by the LCG and 
metabolic r a t e  

Each method was used during ground-based tes ts  ;ind cach was found to provide useful 
data but to have deficiencies when used alone. Tho advantages and deficiencies of these 
methods and the real-time modifications made t o  iniprove them a r e  presented in t h e  
following sections. 

HEART-RATE METHOD 

Heart ra tes  were used during Apollo flights to estimate metabolic expenditures 
during specific extravehicular activities. Because the heart ra te  is an indicator of 
total physiological and psychological stress, i t  i s  not entirely dependent on metabolic 
rate.  The heart-rate method was, however, the only method with a timelag short 
enough to allow a minute-by-minute estimate of the energy expenditure. 

In addition to the inaccuracies (psychogenic firctor, heat storage,  and fatigue) 
usually associated with t h i s  method of metabolic-rate estiniatior , three unique problems 
were encountered during the  Apollo missions: calibration-curve inaccuracies, crew- 
member deconditioning, and the technique used to determine heart ratc.  Control of the 
usual inaccur;icies w a s  not considered feasible be(-ause insufficient data were available 
during the EVA; however, a s  explained i n  this report ,  control of the unique sources of 
inaccuracy was attempted . 

Calibration curves !heart ra tc  compared wi th  metabolic ra te)  for each individual 
were determined before each mission by using st;indard ergometric calibration iech- 
niques. Heart-rate data were obtained under resting conditions and at several work 
rates;  least-squares analysis was used to determine ;I linear regression curve. 

Standard e r r o r s  lar!:e a s  211 ' lo3 . J 'hr  (200 Mu hr) were not unusual. Changes iri 
test protocol (more data points at various work r a t r s )  did not significantly increase the  
accuracy, and i t  was concluded that t h i s  modification to thc standard laboratory cali- 
bration procedures Wi1S not worthwhile. 
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Deconditioning of crewmen between preflight and postflight measurements resulted 
in a 10- to 35-beats/min increase in heart rate for any given workload experienced 
before deconditioning. Attempts were made to use this information to correct the EVA 
heart-rate/nwtah)lic-ratc curvt by shifting (biasing) thc curve. Furthermore, to 
obtain inforination that would allow insvrting bias into the curve (which was assumed to 
tw I)rogrt.ssivc wi th  the length o f  exposure to weightlessness), efforts were made to 
obtaiii heart -rate data during successive in-flight sleep periods before t h e  EVA. These 
corrtv-live efforts improved the) estimates only slightly because a wide variation in 
indivitiual crewmember response contributed greatly to the inaccuracies inherent in 
t h i s  nictthod. 

The use of hc.;irt rate alone a s  an independent indicator of metabolic ra tes  under 
space-flight conditions is not recommended. Er rors  a s  large as 80 percent have been 
noted. Howwer, thcl use of heart rate a s  a dependent method was useful when the total 
metabolic expenditure .IS ineasured by oxygen and LCG methoas could be used as a 
refercnce. A f t e r  the first Apollo flights, use of the  heart-rate method 2s an indepen- 
dent real-time method was  discontinued: the method w a s  then used as a real-time and 
postflight dependent method. The relationship between heart rate and metabAic rate 
was based on hourly measurements o f  the  total EVA ener69 expenditure as determined 
by the oxygen and L.CC measurements. The heart-rate method then  allowed real-time 
ana postflight measurement of specific :tctivities on a minute-by-minute basis. An 
example of the  heart-rate method is the measurement of metabolic rate during deploy- 
ment of the heavy Apollo lunar surface experiments package by the lunar module pilot. 
This activity took 2 to 3 minutes to accomplish. The response ->f the oxygen and LCG 
methods did not allow isolation of this activity, but the  heart-rate method responded 
quickly to this activity and provided the best information on energy expenditure for the 
activity. 

OXYGEN METHOD 

The oxygen method involved using the PLSS oxygen bottle pressure decay to 
estimate oxygen consumption and thereby metabolic rate. The oxygen bottle pressure 
was telemetered from each EVA crewman and displayed in real time. 

Special problems were associated with using this method a s  a metabolic-rate 
indicator. For best accuracy of the oxygen method, a measurernent of respiratory 
qllotient (RQ) as well a s  oxygen consumption i s  required. The R Q  is a ratio of the 
aniorint of carbon dioxide produced and the amount of oxygen consumed. There was no 
measurement of carbon dioxide production; therefore, the R Q  had to be estimated. 

A random noise e r ror  was experienced i n  the telemetered oxygen bottle pressure 
data. To minimize t h i s  e r ro r ,  a metabolic computation was not performed until a 
significant drop in bottle pressure occurred. Consequently, a t  lower metabolic rates,  
updates did not yield inforniation frequently enough during EVA for adequate evaluation 
of consumables status and crewmember condition. 
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The suit oxygen leakage r a t e  was variahlc and had to be estimated. The maximum 
oxygen leakage r a t e  allowed by the p rc s su re  suit specification w a s  equivalent to a r-eta- 
bolic r a t e  of approximately 211 X 10 J / h r  (200 Btulhr). 3 

The followinq attempts were nude t o  reduce ('rrors ;issociated with  the oxygen 
method. The IiQ W;IS determined on scvcral occasions durinl: ( - few I raining and during 
manned t e s t s  in thv  thcrmal-vacuum fac.ilities: this determin;ition c ~ ~ i b l ~ d  more 
accurate es t imates  during missions. A suit-lc'tk check WRS performed at the NASA 
John F. Kennedy Space C(*nter before launch readiness to provide an indication of leak 
rates to be expected durinl: thc mission. T h c w  leak rntcs wvre u s t d  :. initial values 
i n  the oxygen-consumptiori nwtalmlic progran:. A pressurcb integrity check was per- 
formed before each lunar surf;iccb F:VA, and the mr;isured iCi& r a t r s  were used to up- 
date the prograin. Experience indic';itc.s that the s u i t  l eak  will iiicrtb;ist? during use, 
especially if activity is vigorous. Accordingly, upward adjustments were made in  the 
program as the EVA progressed. 

LIQUI D-COOLED-GARMENT METHOD 

Because of the limitations of the other methods available to estimate metabolic 
r a t e ,  direct  calorimetry was the third method to bc considered. All the energy pro- 
duced by metabolism is accountable c i t h t r  a s  heat produced o r  as physical work;  direct  
calorimetry is the medsurement of this energy prodwtion. A complete cnergy aceount- 
ing required measurement of heat removed by the L A X ,  heat (both sensible and latent) 
removed by the gas streani, heat leak into or out of t h e  pressure s u i t ,  and energy dis- 
sipated outside the suit either a s  work or a s  hedt fre)m frictional work. 

The available PLSS data were l im- 
ited to LCG inlet and outlet tc-mperaturc 
and gas  inlet temperature and, a t  f i rs t ,  
appeared to be inadequate to calcslate a n  
energy balance. However, the availabil- 
ity of a thermal model of man in a 
pressure suit (ref. 1) together with con- 
siderable empiric*.l data on heat removal 
from man in a pressure suit (ref. 2) 
allowed estimates of the types of heat 
loss not directly measured. 

An LCG heat -balance computer 
program was constructed to estimate 
metabolic ra te ,  Using the thermoregu- 
latory model, a relationship between 
LCG heat removal and metabolic rate 
for each LCG inlet temperature ( f i K .  1) 
was defined. This estimate of meta- 
bolic r a t e  was not drpendent on proper 
crew selection of inlet temperature. 
ThP estimate provided valid data on the 
metabollc rate of a crewman who had 

Figure 1. - Example of factor 1 LCG pro-  
g ram;  metabolic ra te  plotted as a func- 
tion of heat picked up by the LCG for 
each of a family of inlet temperatures. 
Relationship is based on the a s sump-  
tion that a steady s ta te  exists; crewman 
comfort is not assumed. 
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not selected a comfortable water temperature (provided h e  was in o r  near steady 
state). This estimate of nietabolic rate, based on inlet temperature and the difference 
betwecn inlet and outlet temperature. was accurate only when the data were rather 
stable. The cstimate w.is not accur;ite during a rapid transient of water tempetature 
o r  melaholic' ratc. To providc delta during transient periods, a simpler estimate of 
metabolic ratv was uscd that consistrd of a linear equation relating metiibolic rate to 
LCC hcat reniov.il (fig. 2). This cstiniate was accurate only when comfortable coolant 
temperatures were sclccttd hy the crewman. A difference in the two estimates over a 
period of t i t i i t >  itidic.ittui that the crewman was functioning at either a hotter o r  cooler 
body tcmpt~r.ilurc~ th;in optimum. On sevclriil occ;isions, this condition led to the flight 
surgcoti's rc.txirnnitndat i o n  lo  c t u n ~ e  the LCC diverter vdve setting. 

A manu;il input, idcntificxi .is "f;tctor, " was made available i n  the  program. When 
the factor equaled zero, thc niet;iholic: rate was based on the estimate using the differ- 
ence between inlct and outlct tenipcniturc-; when t h e  factor equaled 1, the metabolic 
rate was b a w d  on t he  estimate using the difference between inlet and outlet tempera- 
ture combined with the absolute v.iluc of thc inlct temperature. An operational proce- 
dure w;is developed for control of the fac:or input in a consistent manner. 
was chostbn after obtaining two consislcnt 12-minute readouts. After any transient 
change, factor mro was reselectcul. Other real-time inputs to the program included the 
heat leak into tlie suit ;itid the LCG flow rdlc). 
were provided by t h e  Mission Evaluation Team before flight and, after t h e  Apollo 14 
mission, during each EVA by me;cns of a tclephonc: link to the medical science support 
room. 

Factor 1 

'I'hcsc. values were based on analysis and 

Because of its ;inalytical nature, the LCG mctliod was of no value until it could be 
verified with test data from training runs in t h e  MYC Space Environmental Simulation 
Laboratory chamber. The test data indicated that the LCG method predicted t h e  sub- 
limator water usage and the carbon dioxide absorption in lithium hydroxide canisters 
a s  accurately i1S or  more accurately than 
the  other methods and that the method 
would be of value. 

In calculating an estimate of subli- 
mator water usage, the LCG method was 
of special value because a heat leak into 
o r  out of the sui t  affected both the LCG 
method and t h e  sublimator water usage. 
Therefore, the  accuracy of the heat-lcxik 
estimate was not critical for estimating 
subliniator w,iler us:ige, dthough it w;is 
critical for estimating mctabolic rate. 

Experience wi t  ti the he;i t - b.i lanc cb 
program during early Apollo missions 
increased confidence in the progr;im .ind 
provided familiarity with its streiik?$hs 
and weaknesses. The LCG method pro- 
vided the best prediction of sublimatur 
water usage when predict ions were 

Figure 2. - Ex,imple of factor zero LCC 
progr,im; metabolic r.ite plotted a s  a 
function of hcat piclicd up by the LCC. 
S 3 c ~ l ; r t  i . m s h i p  is based on the assumption 
t t i c i t  the crLwm:in is maintaining a com- 
fort;ible LC'G illlet tc>mperaturc. 
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compared with measurements of remaining feedwater. Comparisons of LCG and 
oxygen data indicated that the heat-balance program, a s  designed, compensated for 
inappropriate diverter-valve settings ; however, accuracy was reduced if comfortable 
settings were not maintained by the  crewman. The response of the  heat-balance 
program was demonstrated to be slow, which was expected, but the program did 
begin to respond almost immediately to a change in metabolic rate. 

I NTEGRATI ON OF METHODS 

Because early studies indicated many sources of uncertainty in each method when 
used individually, the decision was made to use all three methods simultaneously. The 
metabolic team received all incoming raw data, processed the data i n  accordance with 
the best real-time estimates for vilues of the unmeasurable factors involved, used the 
results obtained from each of the individual methods to provide correction factors for 
the other methods, and provided one integrated value for the flight surgeon. It was 
realized that this process could be iterative and that updates could, as the EVA pro- 
gressed, cause retrospective changes in values. However after completion of the 
mission and after complete postflight analysis of the data, the results could be com- 
pared with the EVA crewman's subjective evaluation of the workloads; thus, a oetter 
base for planning future lunar traverses could be established. 

The results obtained from the Apollo 11 mission were used to plan rest  periods 
and to establish limits on heart and respiratory rates (not only absolute limits but also 
limits for predictions of developing difficulties). These results led to an extension of 
the lunar surface stay time for the Apollo 12 mission without loss 0; confidence. Simi- 
larly, the experience and information gained from preceding missions were incorpor- 
ated into the planning for the next mission. The confidence level i x r e a s e d  as the 
information base increased; both stay times and useful work on the lunar surface 
increased, and a high level of confidence was maintahed that safety had not been 
adversely affected. 

During the actual EVA, the 1iight surgeon had to be ready at all times to make 
recommendations concerning the advisability of continuing an activity or  to aid in 
planning a de1:iation in the mission plan. The principal concerns of the flight surgeon 
were the reserve capacity of the crewman and 1,'s physiological status. The phys- 
iological status was based on a varie;y of factors, some of which were historical 
(e. g., the extent of deconditioning resulting from 3 days of weightlessness during 
translunar coast, the amount of fatigue, the preflight physical condition of the crew- 
man, the individual crewman response observed during training for specific activi- . 
ties, the amount and kind of exercise used by the crewman during translunar coast, 
and the amount and depth of sleep obtained by the crewman). Other factors were 
real time in that they were derived from current activity. Within this context, the 
flight surgeon required data on both the cumulative and the peak energy demands 
being experienced by the crewman during the  EVA.  Data on cumulative energy expmd- 
itures a re  most directly applied in determining the status of consumables and in deter- 
mining the general physical status and reserve. 
hyperventilation, and heat storage can be rclated to instankinema peaks of energy 
expenditure. Therefore, data that tend to quantitate these peaks a re  evaluated and used 
a s  specifics i n  the total consideration of crew sktus.  

Excessively high heart rates, 
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The integration of the three method8 has  provided both cumulative and peak data, 
Use of these data during the mission has prevented the crewmen from exceeding preset 
heart-rate and respiratory-rate l imits and has assured that phyaological limits for 
heat storzge were not exceeded. 

Heart ra tes  higher than thoscl expected were noted during Apollo EVA periods. 
Because thcse ;.?creases were present during both rest and work pei-iods, i! is thought 
that they resulted from deconditioning experienced during the first 3 days of translunar 
coast  weigldessness.  These higher heart r a t e s  have beer, carefully included i n  all  
considerations. With more understanding of the biomedicai effects of both weightless- 
ness  and lunar surface exposure, techniques may be developed to minimize the unde- 
sirable changes. 

RESULTS AND ANALYS I S 

Because of the problems experienced in using each of the three assessment 
methods, the r e d - t i m e  values reported to the flight surgeon and the PLSS consumables 
analysts were integrated values. When determiring an assessed metabolic rate, the 
team leader examined the results of all  three mvthods together with all  other PLSS 
telemetry data. After the flight, this integrated result was further updated by compar- 
iag the rescl ts  of actual sublimator water supply r,.easurements, water tank warnkg 
tones, PLSS lithium hydroxide canister a m l y s i s  (Apollo 9 only), and oxygen-method 
maximum (assuming suit oxygen leakage was zero). Actual sublirnator water supply 
measurements, which were made by the crewmen immediately after the EVA, andwater 
tank warning tones supplied a maximum limit to the integrated results.  All e r r o r s  
(such as water spillage) 4ocreased the measured water remaining, increasing the 
apparent metabolic rate.  Total oxygen used also provided an  upper limit to the average 
metabolic rate (assuming suit oxygen leakage was zero). Lithium hydroxide analysis, 
performed on the Apollo 9 canister, provided a basis for determining carbon dioxide pro- 
duction, thus an  assessment of RQ, which was then used to refine the oxygen-method 
and LCG-method results. The postflight integrated metabolic resul ts  for the Apollo 
Program extravehicular activities a r e  shown in table L The overall e r r o r  of integrated 
metabolic assessments  made during the Apollo flights was estimated to  be 10 to 15 per- 
cent, based on method variability. 

~~ 

'On the Apollo 15 to 17 missions, which had auxiliary sublimator water tanks, 
a warning tone sounded when the main tank was depleted. 
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TABLE 1. - METABOLIC EXPENDITURES FOR APO1.U)  LUNAR SURFACE EVA 

A v " -  

11 

12 

Metabolic rate  
- -  

h n d r  roving TOM for EVA 
stdtion Ovrrhrdd vvhicle a l l  duursllon. EVA Crewman A l S E P  

hr  activity opi'rrtiona dclLvIIIeI di~pli~ynir'nt 
-- - (d ) 

k.l'hr l~liihr k J h r  Htu'hr k.I'hr Rluthr k.l /hr R l u h r  k.l.'hr B t u h r  
- -__.-- ~,-- 

CDR HIP 112 1023 969 H W  851 .. - _  948 son ' LMP 126-1 izon 14-11 1393 1 2 ~ 9  iznz - -  - -  12=1 1200 2 . 4 3  

LMP 1008 953 102H 914 1119 1060 _ -  - -  IJ54 1000 3.90 
CDR t164 B i n  1011 963 1232 1161 - _  .. 1 f . q  915 

,- 
CDR .. 
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CONCLUDING REMARKS 

The fo~hwing conclusions are based on Aim110 Program metabolic expenditure 
measurzment estimations. The three methods of metabolic assessment, tsed with 
knowledge of their deficiencies, proved to be valuable indicators of crewman metabolic 
production. The o?wall average metabolic production of Apollo crewmen during extra- 

3 3 vehicular ac3vitv on the lunar surtace ranged from 823 x 10 tr :267 x 10 J/hr  (780 to 
12:M B d h r j .  

Lyndon B. Johnson Space Center 
National Aeronautics and Space Administration 

Houston, Texas, September 25, 1974 
914-50-95-13-72 
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APPENDIX F 

FORMULATION OF THE NEW MATHEMATICAL MODEL 



KEY M MATHEMATICAL SYMBOLS FOR THE PASSIVE SYSTEM 

AS 

B 

J E: 

FJw 

Y 

h 

% 
I 

J 

k 

‘C 

9m 
‘Rad 

9s 

r 

T 

t 

8 

pJ 

J Area of skin element 

Rad ios i t y 

‘Bnisslvity of skin element 

Configuration factor 

Irradiation 

Heat transfer coefffcient 

Mass transfer coefficient 

Index for internal temperature locations 

Index for skin temperature locatfons 

Thermal conductivity of tissue element 

Product of mass and specific heat of tissue element 

Product of local bloodflow rate and specific heat of blood 

Convective heat transfer rate at the skin surface 

Local tissue heat generation rate 

Radiative heat transfer rate at the skin surface 

Evaporative heat transfer rate at the skin surface 

Rad ius 

Temperature of tissue element 

Time 

Temperature of the central bloodstream 

Vapor pressure at tenperature T 

Angle 

Reflectivity of s k i n  element J 
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1, TECENICAL DESCRIPTION OF A NEW MATHEMATICAL MOiiEL 

a. Passive Model 

The body w i l l  be divided i n t o  cy l ind r i ca l  segments represent ing the  

head, toron, abdonren, and both arms, hands, legs ,  and f ee t .  The primary 

object ive of t h i s  e f f o r t  w i l l  be  the  descr ip t ion  of t h e  temperature f i e l d  

angular ly  as w e l l  a s  r a d i a l l y  (see Figure 1). Thus, the  per t inent  equa- 

t i on  in cy l ind r i ca l  coordinates is: 

Where t h e  term on the  l e f t  hand s i d e  represents  heat s tored  i n  the  t i s sues ,  

the  bracketed term on the  r i g h t  hand s i d e  is heat t r ans fe r r ed  by con- 

duction t o  o ther  t i s s u e  elements, the second term on the  r i g h t  hand s i d e  

is heat t ransfer red  from the  t i s s u e  t o  the  bloodstream by convection, and 

the  last term, \, represents  metabolic heat generation, 

Each of t he  major segments w i l l  be fu r the r  divided i n t o  subsegments. 

The subsegments w i l l  be chosen i n  such a way t h a t  t he  physical  propertic;  

and temperatures i n  the  longi tudina l  d i r ec t ion  are constant.  Thus, f o r  

example, subsegments B and C i n  Figure 2 contain the  hear t  and lungs and 

subsegment E contains  the  l i v e r .  The ac tua l  number of subsegments t o  be 

considered w i l l  depend upon the number of major organs f o r  which data  is 

obtainable and w i l l  be decided a t  the  conclusion of a l i t e r a t u r e  search. 

It should be noted t h a t  the  bloodflow rate  t o  each element, (mc),, is  

var iab le  and control led by the  ac t ive  thermoregulatory system. 

tu re  of the c e n t r a l  blood pool, Tb, is a’ .) var i ab le  a id  is determined by 

a heat balance of the form: 

The tempera- 
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c3- CONVECTION 

I 
t - I 

I 
I 

--q-MET 

J +\ 
" . - . .I..--. .. 

I 
r=R 
Skin 
Surf ace 

r=O 
Deep Body 

HEAT COmhiCTED BJTlWEEN TISSUE ELIWN'I'S RADIALLY AND ANGULARLY 

+ ' m T  TRANS'PYftRED BY CONVECTION TO THE BLOODSTREAM + MGllABOLIC 

HEAT GENR4TED = HEAT STORED IN THE TISSUE ELEMENT. 

Figure 1. - Internal tissue element heat balance. 
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Suhseeplont C (lungs) 

Suhsegment E ( l i v e r )  

Foot Segment 

Trunk 
Segment 
( A t  Least 
6 ;egments) 

Heart 

Muscle 

Section A - A  

Figure 2 .  

F-4 



The boundary condi t ion  t o  b e  imposed a t  t h e  s k i n  s u r f a c e  of each of t h e  

subsegments is: 

Where qc, qRad, and q are t h e  rates of h e a t  t r a n s f e r  by convection, 

r a d i a t i o n ,  and evaporat ion a t  t h e  s k i n  sur faces .  

s 

ConwctCve Heat Trilnsf er 

The amount of heat  t r a n s f e r r e d  by convection from t h e  v a r i o u s  s k i n  

su. faces m t h e  a i r  surrounding a 111.311 is 

The h e a t  t r a n s f e r  J' Where T is t h e  s k i n  temperature  of segment J 

c o e f f i c i e n t ,  h, is determined from t h e  s o l u t i o n  of t h e  equat ions  of 

momentum and energy f o r  t h e  s p e c i f i c  p h y s i c a l  system considered. 

Trea t ing  t h e  s k i n  s u r f a c e s  as  a f l a t  p l a t e  wi th  a i r  f lowing p a r a l l e l  

t o  it  l e a d s  t o  t h e  r e s u l t i n g  express ion  for h: 

- hL = Nu = ,662 R e  1/Zp,1/3 ( 5 )  
k 

Solving t h e  same equat ions  f o r  a i r  flowing perpendicular  t o  a v e r t i c a l  

cy l inder  l e a d s  t o  a similar rewlt. 

h f o r  normal surrounding environments is u s u a l l y  low enough 80 that 

convective hea t  t r a n s f e r  a t  t h e  s k i n  s u r f a c e  by i t s e l f  is n o t  ade- 

quate  t o  remove i n t e r n a l  body heat  generat ion.  Solu t ion  of t h e  

equat ions  governing free convection leads to  a s i m i l a r  conclueion. 

I n  e i t h e r  case, t h e  magnitude of 
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Radiative H t i r t  Transfer 

The heat trarltjferred by radiat.ioll at the will surface to the sur- 

roundiug envi i - ( tnmcmt is: 

where B = radiosity 

H = Irradiation 

Utilizing expressions for radiosity and irradiation for diffuse-diffuse 

(skin-wall sur face) interchange, we derive: 

J Where A&, = area of skin element 

E = emissivity of skin element 
.T 

.T = reflectivity of skin element 

= configuration factor between skin element and FJW J 
surroundings (wall) 

For the general case of a man in a large room (Aw >> AJ), equation 7 

reduces to: 

4 
= A C U ( T  - C F  T ) qRnd .J .J .J w .Jw w 

This is the radiation bouridary condition for each skin surface 

subsegment. 

Evaporative Heat Transfer 

The quantity of heat transferred br. evaporation of water from the 

skin surface tn the environment is highly variable and under the 

control of the active thermoregulatory svstem. Water (sweat) is a 
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normal byprodtict of the b o c . , ' s  m i .  Ibolfc  1. 

p a r t i a l  p re s su re  of water v a p x  a t  t h e  surfdcca of t h e  s k i n  is usua l ly  

g r e a t e r  (due to  thest ,  ptucetjsc.cr) t h ~ ~  t he  p a r t i a l  p r e s s u r e  of water 

vapor in t he  surixwiidiug a t r n o s p b ~ r e ,  d j  f fusi.on occurs .  However, i f  

t he  metahol ic  ra te ,  and coiisrquentlv hea t  gene ra t ion ,  i s  increased 

due t o  I ~ ~ , , c v y  workloads, e t c . ,  d i f f u s i o n ,  r d d i a t i o n ,  arid s e n s i b l e  

convection may not  be enough to d i s s i p a t e  t h e  e x c e s s i v e  product ion 

of heat .  If t h i s  oct\Irs.  body temperatures begin t o  rise. If these 

temperatures i n c r e a s e  apprec i ab ly  above ce r t a i r i  c o n t r o l  va lues ,  

geomet r i ca l ly  d i s t r i b u t e d  sweat p,l.ands pour excessive wate r ,  r e s u l t i n g  

Cr.tm t t tc  ii:creased nidcabolic rate,  on to  t h e  s k i n  su r face .  The sweat 

on the: sitrfsce of thtx sk iu  w i l l  then atsoi-h h e a t  as  i t  evaporates .  

As long is t h e  envirnrunent reur,iins withlri c e r t a i n  hounds, a l l  of the 

sweat M the skin comparcment s u r f a c e  will he evaporated.  However, 

i f  tilt1 environment is such t h a t  the maximum amount of sweat t h a t  can 

be evaporated is less than t h e  amount being produced, t h e  body w i l l  

iiot lx a b l e  t o  d i s s i p a t e  t h e  d i f f e r e n c e ,  and, consequent ly ,  will 

s t o r e  hea t .  

' lh is  maximum evapord t iv r  capac i ty ,  EMAX, i s  t h e  mass t r a n s f e r  

sxpIess ion 

: c ? R c I ~ : ~ ~ .  Since  t h e  

where I; is a mass t r a n s f e r  c o e f f i c i e n t ,  A i s  t h e  s k i n  compartment 

,?rea, aiid VPP(T) arid VPl'(Tdew) are p a r t i a l  water vapor  p r e s s u r e s  

evaludted a t  t h e  s k i n  sui-tace and i n  t h e  a i r  stream, r e s p e c t i v e l y .  

The mass t r a n s f e r  c o e f f i c i e n t  h i s  determined by app ly ing  the  D' 
heat-mass trarisf t a r  analogy t o  t h e  corivecttve hea t  t r a n s f e r  coef ficie:d 

D 
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previously discussed. 

surface, SWEAT, is determined by tllrmoregulatory control. Thus, 

the quantity of heat rransferred by evaporation at the skin surface 

is 

The au.9unt of sweat generaced at the ski- 

SWEAT 

Summarizing then, equations 1, 2, arid 3 are the basic  equations 

necessary to describe the ttrima~i temperature system. These equations 

will be utilized with equations 4 - 9 for each major subsegment. 

ilirruher of subsegments will be chosen based on dat3 availability. 

The 

b. - Active Thermoregulatory Control System 
The controlling system for this mathematical model is identicel to 

that described in Section 2 and Appendix B for the currenL model. 



2. NUMERIC4L METHOD 

The basic equations t h a t  mus’: f w  s i . . ~ e d  numa r i c a l l >  to  determine the 

temperature f i e l d  are:  

aT -+ = a t  ‘Rad + ‘S + ‘C 
(3) 

Since a la rge  matrix of equations a r e  t o  he handled, an impl i c i t  scheme 

~ € 1 1  he emploved in  order t o  redi-cr cmpuier  run t i m e  and minimize 

s t a b i l i t y  problems. 

f eas ib l e  t o  reduce e r ror .  

Central  d i f fe rence  approximations w i l l  be used were 

Ut i l i z ing  the  Taylor series approximations for  

the der iva t ives  in equations 1, 2, and 3,: 

- 3% 
2 a r  

2T - 
at 

2 
d T  

2 
-- 
ao 

aT 
a t  - 

T r + i , O  + ’r-l,Q - 2Tr,o 
4 

+ 

- 
Tr+i .  9 Tr-i 0 + 

2hr 

rat 

+ 

4 t h  and higher  
order  terms 

3rd and higher 
order  terms (10) 

4th and higher  
order  terms 

+ 2nd and higher 
order  t e i  : 
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Subst i tut ing these expressions (and neglect ing 2nd and higher order  terms), 

the  numerical approximation for equation 1 ie: 

- In t e rna l  Temperature 
F ie ld  

The der iva t icn  :f equation 11 assumes tha t  t h e  thermal p rope r t i e s  are 

f a i r l y  constant Over the e n t i r e  i n t e r n a l  f i e l d .  

then d i s c m t i n u i t i e s  must be taken i n t o  account. For example, i f  there  

is a discont inui ty  i n  the  conductivity,  k, at the  muscle-skin boundary 

I f  t h i s  is not the case,  

(Figure 3), then equation 11 can be applied wtthin the  sk in  annulus, and 

Figure 3 

a l so  within the  muscle annulus, but not a t  the  in t e r f ace  between them. 

A t  the  skin-muscle in t e r f ace ,  an addi t iona l  boundary condition mist  be 

considered - flux equal i ty .  Thus, f a r  example a t  r = 4, 

Uti l iz ing  the appropriate  numerical approximatlon, 
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Ar 

Another problem arises 

A r  atF4 

along the cen t r a l  axis 

determination of the  cen t r a l  axis temperature 

of a subsegment. The 

presents a unique problem 

because equation 11 cannot be evaluated a t  r = 0.  

cumvented by choosiag the  gr id  spacing so that  the  temperature at the  axis 

is never ac tua l ly  calculated. 

spacing the  last gr id  point one-half an increment removed framthe boundary 

as shown in Figure 4. 

This problem is c i r -  

This object ive can be accomplished by 

In t h i s  arrangement, the  temperature one-half an 

increment on e i the r  s ide  of the  

then related by the  per iodici ty  

TTo, = TFl, 

eOe1+Il 

center l i n e  is calculated.  These are 

boundary condition: 

The i i c t i o u s  temperature, Te, is then eliminated by approximating the  

boundary condition a t  the  skin surface by a cen t r a l  d i f fe rence  expression: 

+ 3rd and higher 
A r  order terms 

a t  
r=R 

Therefore, neglecting the  higher order terms. 

and 



I 
I 
I 

6,’ 

b 

r’ 
1/2 increment 
displaced fro: 
axis 

’,e& 

r= 1/2 (axis) 
Skin I 

t, 
I Surface 

r = R  

Figure 4 .  
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The temperature of the central blood pool is found frou: 

AT 
all r,O 

Equations 11, 13, 16, and 18 are then the finite difference equations 

that must be solved for each subsegment in order to speclfy the tempera- 

ture field of the human body. A most convenient means of solving this 

large matrix of equations is the alternating difference implicit tech- 

nique (ADI). In this scheme, a matrix of the form shown in Figure 5 is 

used. 

The temperature field is solved implicitly in the radial direction 

at time t + 112 using explicit values for the derivatives in the 0 direc- 

tion. The field is then determined implicitly in the anguiar direction 

. _ _  time t + 1 usi.ng explicit values of the derivatives in the radial 

direction calculated at time t + 112. Thus, for example 

lrle values of T t+1/2 thus determined throughout the matrix are ther used 

explic. l y  in the same equation. Fxcept now, variations in the 0 direction 

r,R 
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I 
Skin 
Su r f o ce 

r = 112 

Figure 5 .  - Solution grid for AD1 method. 
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are treated b p l i c i t l p  t o  determine Tt+’ . 
repeated for each f u l l  time step unt i l  a l l  matrix temperatures are known 

for a l l  time and the temperature f i e l d  is thus specif ied.  

This marching procedure is r,e 

It I s  proposed t o  check the accuracy of t h i s  numerical approxination 

by comparing the resu l t s  with those for which a closed form solution is 

obtainable. 

NASA-JSC 
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