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CHAPTER I



INTRODUCTION

A homoeotherm may b e  d e s c r i b e d  a s  an a n i m a l  t h a t  m a i n t a i n s  

a n e a r l y  c o n s t a n t  b o d y  t e m p e r a t u r e  b y  means o f  p h y s i o l o g i c a l  

m echanism s w h ich  a c t  i n  su c h  a way t h a t  t h e  p h y s i c a l  g r a d i e n t s  

d e t e r m i n i n g  h e a t  f l o w  from  t h e  body  t o  t h e  e n v ir o n m e n t  a r e  

b e i n g  c o n t i n u o u s l y  a d j u s t e d  t o  m a i n t a i n  h e a t  l o s s  e q u a l  t o  

h e a t  p r o d u c t i o n .

The p h y s i c a l  pa thw ays  f o r  h e a t  l o s s  a r e  c o n v e c t i o n ,  

c o n d u c t i o n ,  r a d i a t i o n  and e v a p o r a t i o n .  For many p r a c t i c a l  

p u r p o s e s  t h e  f i r s t  t h r e e  o f  t h e s e  may be  grouped  t o g e t h e r  

a s  n o n - e v a p o r a t i v e  h e a t  l o s s .  There a r e  t h e r e f o r e  two 

b a s i c  e q u a t i o n s  w h ic h  d e t e r m i n e  h e a t  l o s s  from  t h e  b o d y :

The e v a p o r a t i v e  h e a t  l o s s ,  , i s  g i v e n  b y

“ e =

w here  i s  t h e  va p o u r  p r e s s u r e  a t  t h e  s u r f a c e ,

P^ i s  th e  v a p o u r  p r e s s u r e  o f  t h e  s u r r o u n d i n g s ,

i s  th e  e v a p o r a t i v e  h e a t  f l o w  c o e f f i c i e n t ,  and 

A i s  th e  s u r f a c e  a r e a .

The n o n - e v a p o r a t i v e  h e a t  l o s s ,  H^, i s  g i v e n  by

\

where  T^ i s  t h e  t e m p e r a t u r e  a t  t h e  s u r f a c e ,

T^ i s  t h e  t e m p e r a t u r e  o f  t h e  s u r r o u n d i n g s ,  and

i s  t h e  n o n - e v a p o r a t i v e  h e a t  f l o w  c o e f f i c i e n t .

A t h i r d  b a s i c  e q u a t i o n  i s  c o n t a i n e d  i n  t h e  d e s c r i p t i o n

o f  a homoeotherm g i v e n  i n  t h e  f i r s t  p ara g ra p h

H = H + H + H p e n s

w here  H i s  th e  h e a t  p r o d u c t i o n  and H i s  t h e  h e a t  s t o r a g e .P s



Eg i s  d e f i n e d  as  p o s i t i v e  when b o d y  t e m p e r a t u r e  i s  r i s i n g ,  

and o v e r  l o n g  p e r i o d s  a p p r o x i m a t e s  to  z e r o .

These  t h r e e  e q u a t i o n s ,  th o u g h  o v e r s i m p l i f i c a t i o n s ,  

embody t h e  b a s i c  p h y s i c a l  la w s  t o  w h ic h  t h e  homoeotherm i s  

sub j e c t .

The p h y s i c a l  p r o p e r t i e s  o f  p r a c t i c a l  im p o r t a n c e  t h a t  

d e s c r i b e  t h e  c l i m a t i c  e n v ir o n m e n t  are  a i r  t e m p e r a t u r e  and 

h u m i d i t y ,  r a d i a n t  t e m p e r a t u r e ,  t h e  t e m p e r a t u r e s  o f  any  

o b j e c t s  ( p a r t i c u l a r l y  t h e  gro u n d )  i n  c o n t a c t  w i t h  t h e  a n im a l  

and t h e  wind v e l o c i t y .  In  t h e  b a s i c  e q u a t i o n s  a l l  t h e s e  

t e m p e r a t u r e s  a re  e x p r e s s e d  as  a w e i g h t e d  mean t e m p e r a t u r e  

o f  t h e  s u r r o u n d i n g s  T^. F or  any g i v e n  wind v e l o c i t y  T  ̂

i s  t h u s  a n a l a g o u s  t o  t h e  ' o p e r a t i v e  t e m p e r a t u r e *  p r o p o se d  

i n  r e l a t i o n  to  human e n v i r o n m e n t a l  p h y s i o l o g y  by  W in s lo w ,  

H e r r i n g t o n  & Gagge ( l 9 3 ? ) *  A i r  h u m i d i t y  i s  d e s c r i b e d  b y  

, and wind v e l o c i t y  i s  one o f  th e  major f a c t o r s  t h a t  

d e t e r m i n e  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  and K^. There  

are  t h u s  two v a r i a b l e s  (T^ and P^) w h ic h  a re  u n iq u e  p r o p e r t i e s  

o f  t h e  e n v ir o n m e n t  and two more (K^ and K^) w h ic h  are  

p r o p e r t i e s  o f  t h e  en v ir o n m e n t  b u t  s u b j e c t  t o  p h y s i o l o g i c a l  

i n f l u e n c e .

In  t h e  e x p e r i m e n t s  t o  b e  d e s c r i b e d  i t  was n e c e s s a r y  t o  

l i m i t  t h e  number o f  p h y s i c a l  v a r i a b l e s .  To t h i s  end t h e  

e f f e c t s  o f  wind v e l o c i t y  and r a d i a t i o n  w ere  s t a n d a r d i s e d  and 

t h e  s t u d i e s  were  c o n f i n e d  t o  c o n d i t i o n s  c a u s i n g  h e a t  s t r e s s  

r a t h e r  th a n  c o l d  s t r e s s .  These  l i m i t a t i o n s  were  a c h i e v e d  

b y  e x p o s i n g  t h e  a n i m a l s  t o  t e m p e r a t u r e s  o f  n o t  l e s s  th an  1 3 ° G 

i n  a p s y c h r o m e t r i c  chamber where w a l l  t e m p e r a t u r e s  were  e q u a l



t o  a i r  t e m p e r a t u r e  and a i r  movement was c o n s t a n t .

The p h y s i o l o g i c a l  m echanisms f o r  c o n t r o l l i n g  h e a t  l o s s

i n c l u d e  a l t e r a t i o n s  i n  t h e  r a t e  and d i s t r i b u t i o n  o f  p e r i p h e r a l

b l o o d  f l o w ,  a l t e r a t i o n s  i n  t h e  r a t e  a t  w h ich  m o i s t u r e  i s  made

a v a i l a b l e  f o r  e v a p o r a t i o n  from t h e  s u r f a c e ,  a l t e r a t i o n s  i n

p u lm onary  v e n t i l a t i o n  and p i l o m o t o r  a c t i v i t y .  Changes i n  t h e

r a t e  o f  h e a t  p r o d u c t i o n  p r o v i d e  a n o t h e r  means o f  b o d y

t e m p e r a t u r e  r e g u l a t i o n .  B lo o d  f l o w  c h a n g e s  a f f e c t  h e a t  l o s s

b y  a l t e r i n g  t i s s u e  i n s u l a t i o n  t h u s  i n f l u e n c i n g  t h e  s u r f a c e

t e m p e r a t u r e  T and v a p o u r  p r e s s u r e  P , P i s ,  h o w e v e r ,  more s s s
d i r e c t l y  i n f l u e n c e d  b y  t h e  r a t e  a t  w h ic h  m o i s t u r e  p e n e t r a t e s  

t h e  s k i n ,  i . e .  b y  t h e  sw ea t  r a t e  and t h e  r a t e  o f  d i f f u s i o n  

t h r o u g h  t h e  s k i n .  P i l o m o t o r  a c t i v i t y  can i n f l u e n c e  b o t h  

t h e  h e a t  l o s s  c o e f f i c i e n t s  and K^. The p h y s i o l o g i c a l  

c o n t r o l  o f  e v a p o r a t i o n  from t h e  s k i n  i s  p r i m a r i l y  a c h i e v e d  

b y  v a r i a t i o n  o f  t h e  q u a n t i t y  P^. The p h y s i o l o g i c a l  c o n t r o l  

o f  e v a p o r a t i o n  from  t h e  r e s p i r a t o r y  t r a c t ,  on t h e  o t h e r  han d ,  

i s  p r i m a r i l y  a c h i e v e d  by  a l t e r a t i o n  o f  pulmonary  v e n t i l a t i o n ,  

i . e .  b y  v a r i a t i o n  o f  t h e  q u a n t i t y  . R e s p i r a t o r y  and 

c u t a n e o u s  e v a p o r a t i v e  h e a t  l o s s e s  a r e  t h e r e f o r e  b e t t e r  

e x p r e s s e d  s e p a r a t e l y  from  one a n o t h e r  b y  two e q u a t i o n s ,  e a c h  

h a v i n g  t h e  same form  as  t h e  b a s i c  e v a p o r a t i v e  h e a t  l o s s  

e q u a t i o n  g i v e n  on page 1 .

A f u l l  u n d e r s t a n d i n g  o f  t h e  e n v i r o n m e n t a l  p h y s i o l o g y  o f  

c a t t l e  would  r e q u i r e  a d e s c r i p t i o n  o f  how a l l  t h e  p h y s i o l o g i c a l  

p r o c e s s e s ,  w o r k in g  t o g e t h e r ,  b r i n g  ab ou t  t h e  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 s  t h a t  e x i s t  b e t w e e n  t h e  p h y s i c a l  and 

p h y s i o l o g i c a l  v a r i a b l e s  i n  any e n v i r o n m e n t .  T hese  i n t e r 



r e l a t i o n s h i p s  have  b e e n  d e s c r i b e d  q u a l i t a t i v e l y  b y  many a u t h o r s  

and t h e r e  i s  g e n e r a l  a g re e m e n t  a s  t o  w h ic h  p h y s i o l o g i c a l  

p r o c e s s e s  are  i n v o l v e d  and how t h e y  are  a d j u s t e d  t o  c o u n t e r a c t  

e n v i r o n m e n t a l  c h a n g e s .  Q u a n t i t a t i v e  d e s c r i p t i o n s  o f  h e a t  

l o s s e s  have a l s o  b e e n  made b u t  some d i s a g r e e m e n t  e x i s t s  b e t w e e n  

d i f f e r e n t  r e p o r t s ,  p a r t i c u l a r l y  i n  r e g a r d  t o  e v a p o r a t i v e  h e a t  

l o s s e s .  In  t h e  s t u d i e s  d e s c r i b e d  h er e  t h e  a p p r o a c h  u se d  i s  

f i r s t l y  t o  make a q u a n t i t a t i v e  a n a l y s i s  o f  t h e  h e a t  l o s s e s  

un d er  d i f f e r e n t  e n v i r o n m e n t a l  c o n d i t i o n s  and t o  compare t h e  

r e s u l t s  w i t h  t h o s e  o b t a i n e d  b y  o t h e r s .  S e c o n d l y  a c o m p a r i so n  

i s  made o f  t h e  r e l a t i v e  i n f l u e n c e s  o f  t h e  p h y s i c a l  and  

p h y s i o l o g i c a l  b a r r i e r s  t o  h e a t  f l o w  a t  d i f f e r e n t  e n v i r o n m e n t a l  

c o n d i t i o n s .  By t h i s  means an a t t e m p t  i s  made t o  a s s e s s  t h e  

l i m i t s  o f  e f f e c t i v e n e s s  o f  t h e  v a r i o u s  p h y s i o l o g i c a l  

a d j u s t m e n t s  to  h e a t  s t r e s s .

U n t i l  r e c e n t l y  t h e  e x p e r i m e n t a l  work r e p o r t e d  on p ro b lem s  

o f  h e a t  t o l e r a n c e  o f  c a t t l e  was c o n f i n e d  to  o c c a s i o n a l  s t u d i e s ,  

c o n d u c t e d  i n  t h e  f i e l d  w i t h  l i m i t e d  e q u ip m e n t .  Much o f  t h e  

e x p e r i m e n t a l  e v i d e n c e  was o b s c u r e d  b y  u n c o n t r o l l a b l e  f a c t o r s  

c o n n e c t e d  w i t h  t h e  w e a t h e r .  In t h e  l a s t  t w e l v e  y e a r s ,  

h o w e v e r ,  many s t u d i e s  have b e e n  r e p o r t e d  on t h e  r e a c t i o n s  o f  

c a t t l e  e x p o s e d  t o  c o n t r o l l e d  e n v i r o n m e n t s  i n  t h e  p s y c h r o m e t r i c  

chambers  a t  t h e  U n i v e r s i t i e s  o f  M i s s o u r i  and Q u e e n s l a n d ,  a t  

t h e  A g r i c u l t u r a l  R e s e a r c h  C e n t e r ,  B e l t s v i l l e , M ary lan d ,  and 

a t  t h e  Hannah D a i r y  R e s e a r c h  I n s t i t u t e ,  A yr.  The b a c k g r o u n d  

t o  t h e  s u b j e c t  o f  t h e  e n v i r o n m e n t a l  p h y s i o l o g y  o f  d o m e s t i c  

a n i m a l s  has  b e e n  f u l l y  d i s c u s s e d  b y  Brody ( 1 9 4 3 )  and t h e  

e a r l y  work has  b e e n  r e v i e w e d  b y  F i n d l a y  ( l 9 3 0 )  and b y  F i n d l a y  &



B e a k l e y  ( l 9 5 4 ) *

The body  t e m p e r a t u r e  o f  c a t t l e  i s  s u b j e c t  t o  a c o n s i d e r a b l e  

d e g r e e  o f  v a r i a t i o n  w i t h  c l i m a t e  ( F i n d l a y ,  1 9 5 0 ;  B e a k l e y  & 

F i n d l a y ,  1953aJ * The i n c r e a s i n g  l e v e l  o f  b o d y  t e m p e r a t u r e  

w i t h  e n v i r o n m e n t a l  warmth i s  a measure  o f  t h e  i n a b i l i t y  o f  

t h e  a n i m a l ’ s t h e r m o r e g u l a t o r y  m echanism s t o  be  f u l l y  e f f e c t i v e ,  

and i t  has  b e e n  u s e d  a s  a b a s i s  f o r  a q u a n t i t a t i v e  a s s e s s m e n t  

o f  h e a t  t o l e r a n c e  (Rhoad ,  1 9 4 4 )*  D i u r n a l  f l u c t u a t i o n s  i n  

b o d y  t e m p e r a t u r e  r e s u l t i n g  from te m p o r a r y  p e r i o d s  o f  f i r s t  

p o s i t i v e  and t h e n  n e g a t i v e  h e a t  s t o r a g e  t e n d  t o  l e v e l  ou t  

t h e  v a r y i n g  demand on t h e  t h e r m o r e g u l a t o r y  p r o c e s s e s  c a u s e d  

b y  v a r i a t i o n s  i n  a i r  t e m p e r a t u r e  and by  s p e c i f i c  dynamic  

a c t i o n .  The e l e v a t i o n  o f  b ody  t e m p e r a t u r e  d u r i n g  p r o l o n g e d  

e x p o s u r e  t o  h e a t  h a s ,  h o w e v e r ,  no t h e r m o r e g u l a t o r y  v a l u e  

e x c e p t  i n  so f a r  a s  i t  l i m i t s  t h e  d e c r e a s e  i n  t h e  t h e r m a l  

g r a d i e n t  f o r  t h e  t r a n s p o r t  o f  h e a t  from th e  b o d y  t o  t h e  

s u r r o u n d i n g s ;  i t  t h u s  r e p r e s e n t s  no more t h a n  t h e  a t t a i n m e n t  

o f  a new e q u i l i b r i u m  t e m p e r a t u r e .

At v e r y  low a i r  t e m p e r a t u r e s  t h e  h e a t  p r o d u c t i o n  o f  

most hom oeoth erm ic  mammals i s  l i n e a r l y  r e l a t e d  t o  t h e  d e p r e s s i o n  

o f  t h e  a i r  t e m p e r a t u r e  b e l o w  3 8 °C ,  w h ic h  a p p r o x i m a t e l y  r e p r e s e n t s  

norm al  body  t e m p e r a t u r e  ( S c h o l a n d e r ,  Hock,  W a l t e r s , Johnson  & 

I r v i n g ,  1 9 5 0 )* At t h e s e  low a i r  t e m p e r a t u r e s  t h e  i n s u l a t i o n  

o f  t h e  b ody  t i s s u e s  and f u r  i s  maximal and h e a t  p r o d u c t i o n  

f o l l o w s  n o n - e v a p o r a t i v e  h e a t  l o s s  w h ic h  i s  g o v ern ed  b y  N e w t o n ' s  

law o f  c o o l i n g ,  e v a p o r a t i v e  h e a t  l o s s  b e i n g  s m a l l .  As a i r  

t e m p e r a t u r e  i n c r e a s e s  from  c o n d i t i o n s  o f  ex trem e c o l d ,  h e a t  

p r o d u c t i o n  d e c l i n e s  t o  a m in im al  v a l u e .  The a i r  t e m p e r a t u r e

Th rou gh ou t  t h i s  t h e s i s  t h e  term  'b o d y  tem p e r a tu r e *
r e f e r s  t o  t h e  t e m p e r a t u r e  o f  t h e  r e c t u m .



w h ere  t h i s  o c c u r s  i s  term ed  t h e  c r i t i c a l  t e m p e r a t u r e  and i t s  

d e p r e s s i o n  b e lo w  norm al  b ody  t e m p e r a t u r e ,  t h e  c r i t i c a l  g r a d i e n t  

( S c h o l a n d e r  e t  a l . 19 5 0 )>  i s  d e t e r m i n e d  b y  t h e  p r o d u c t  o f  th e  

maximal i n s u l a t i o n  o f  t h e  a n im a l  and t h e  m in im a l  h e a t  p r o d u c t i o n .  

The e x p e r i m e n t s  d e s c r i b e d  h e r e  do n o t  e x t e n d  t o  t h i s  r e g i o n  

b e l o w  t h e  c r i t i c a l  a i r  t e m p e r a t u r e .

Above t h e  c r i t i c a l  t e m p e r a t u r e  l i e s  th e  ra n g e  o f  p h y s i c a l  

r e g u l a t i o n  or  t h e  zone o f  t h e r m o n e u t r a l i t y .  In  t h i s  a i r  

t e m p e r a t u r e  ran ge  t h e  h e a t  p r o d u c t i o n  o f  c a t t l e  i s  m in im al  

and i s  p r i m a r i l y  d e t e r m i n e d  b y  t h e  l e v e l  o f  f o o d  i n t a k e  ( K r i s s ,  

1930"^). The r a t e  o f  d e c r e a s e  o f  n o n - e v a p o r a t i v e  h e a t  l o s s  

w i t h  r i s i n g  a i r  t e m p e r a t u r e  i s  l i m i t e d  b y  v a s o d i l a t i o n ,  b u t  

as  t h e  s k i n  t e n d s  to  become f u l l y  v a s o d i l a t e d  n o n - e v a p o r a t i v e  

h e a t  l o s s ,  a s  a r e s u l t  o f  t h e  r e d u c t i o n  i n  o v e r a l l  i n s u l a t i o n ,  

s t a r t s  t o  d e c l i n e  more r a p i d l y  w i t h  r i s i n g  a i r  t e m p e r a t u r e  

t h a n  b e f o r e .  In  t h i s  a i r  t e m p e r a t u r e  ran ge  e v a p o r a t i v e  h e a t  

l o s s  i n c r e a s e s  t o  co m p en sa te  f o r  t h e  r e d u c e d  n o n - e v a p o r a t i v e  

l o s s  and b od y  t e m p e r a t u r e  r i s e s  s l i g h t l y  a s  a i r  t e m p e r a t u r e  

i n c r e a s e s .  The r i s e  i n  body t e m p e r a t u r e  t e n d s  t o  c a u s e  

i n c r e a s e d  h e a t  p r o d u c t i o n  due t o  t h e  Van * t  H o ff  e f f e c t .  With  

i n c r e a s i n g  t h e r m a l  s t r e s s  h e a t  p r o d u c t i o n  may t h e r e f o r e  r i s e  

( B l a x t e r  & Wainman, 1 9 6 l )  b u t  a f t e r  p r o l o n g e d  e x p o s u r e  t o  h ig h  

t e m p e r a t u r e s  i t  i s  o f t e n  r e d u c e d  ( K i b l e r ,  1 9 6 0 ) .

E v a p o r a t i o n  as  a means o f  h e a t  l o s s  becom es  i n c r e a s i n g l y  

im p o r t a n t  a s  a i r  t e m p e r a t u r e  r i s e s ,  and when a i r  t e m p e r a t u r e  

r e a c h e s  b o d y  t e m p e r a t u r e  e v a p o r a t i o n  i s  t h e  o n l y  means o f  

h e a t  d i s p o s a l  a v a i l a b l e  t o  t h e  a n i m a l .  The s o u r c e s  o f  

e v a p o r a t e d  m o i s t u r e  a r e  t h e  r e s p i r a t o r y  t r a c t  and t h e  s k i n .



The f a c t  t h a t  c a t t l e  p a n t  v i g o r o u s l y  a t  h i g h  e n v i r o n m e n t a l  

t e m p e r a t u r e s  l e d  t o  t h e  b e l i e f  t h a t  e v a p o r a t i o n  from t h e  

r e s p i r a t o r y  t r a c t  was t h e i r  major method o f  h e a t  l o s s  u nder  

warm c o n d i t i o n s .  The q u a n t i t y  o f  pu lm onary  m o i s t u r e  l o s s  

i s  h o w ever  s m a l l  compared w i t h  t h e  l o s s  from  t h e  s k i n  ( R i e k  & 

L ee ,  1 9 4 8 a;  K i b l e r  & B r o d y ,  1 9 5 2 ;  K i b l e r  & Y eck ,  1 9 5 9 ) ,  and 

i t  i s  s t i l l  d o u b t f u l  w h e t h e r  p a n t i n g  a lw a y s  o f f s e t s  t h e  

i n c r e a s e d  h e a t  p r o d u c t i o n  w h ic h  r e s u l t s  f ro m  t h e  e x t r a  

m u sc u la r  work i n v o l v e d .

The r e a d i l y  o b s e r v e d  p a n t i n g  a c t i o n  and t h e  f a c t  t h a t  

s t r e a m s  o f  sw e a t  a r e  n o t  n o r m a l l y  o b s e r v e d  on c a t t l e  a s  on 

man and h o r s e s  p r o b a b l y  a c c o u n t s  f o r  t h e  u se  o f  t h e  term  

* n o n - s w e a t i n g  * t h a t  has  f r e q u e n t l y  b e e n  a p p l i e d  t o  c a t t l e .  

N e v e r t h e l e s s ,  a s  s t a t e d  i n  t h e  p r e v i o u s  p a r a g r a p h ,  t h e  s k i n  

i s  t h e  major s o u r c e  o f  e v a p o r a t e d  m o i s t u r e  from  c a t t l e  a t  

h i g h  a i r  t e m p e r a t u r e s .  T h ere  i s  c l e a r  h i s t o l o g i c a l  e v i d e n c e  

t h a t  t h e  s k i n  o f  c a t t l e  i s  a b u n d a n t l y  s u p p l i e d  w i t h  sw eat  

g l a n d s  ( F i n d l a y ,  1 9 5 0 ;  F i n d l a y  & Y ang , 1 9 5 0 )  and t h e  

a p p e a r a n c e  o f  sw e a t  d r o p l e t s  on t h e  s k i n  o f  c a t t l e  e x p o s e d  

t o  h i g h  a i r  t e m p e r a t u r e s  has  b e e n  o b s e r v e d  ( F e r g u s o n  & D o w l i n g ,  

1 9 5 5 ) .

C utaneous  e v a p o r a t i o n ,  as  w e l l  as  b e i n g  a f f e c t e d  b y  t h e  

e n v i r o n m e n t a l  t e m p e r a t u r e ,  a p p e a r s  a l s o  t o  d i f f e r  b e t w e e n  

b r e e d s ,  b e t w e e n  i n d i v i d u a l s  w i t h i n  a b r e e d ,  b e t w e e n  s e p a r a t e  

s k i n  r e g i o n s  and w i t h  t h e  age  o f  t h e  a n i m a l ,  F e r g u s o n  & 

D o w l in g  ( 1 9 5 5 ) have  r e p o r t e d  t h a t  e v a p o r a t i o n  from  t h e  s k i n  

o f  a Z e b u - J e r s e y  c r o s s b r e d  h e i f e r  was f a r  g r e a t e r  t h a n  t h a t  

from an A y r s h i r e  h e i f e r  s u b j e c t e d  t o  t h e  same h i g h  t e m p e r a t u r e s .
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T a n e ja  ( l 9 5 9 )  fo u n d  h i g h e r  r a t e s  o f  e v a p o r a t i o n  from  t h e  

s h o u l d e r  o f  a Z e b u - A u s t r a l i a n  I l l a w a r a  S h o r t h o r n  c a l f  t h a n  

from  t h e  s h o u l d e r  o f  a S h o r t h o r n  c a l f ,  b u t  s i m i l a r  r a t e s  from  

t h e  b e l l y  r e g i o n  o f  b o t h  a n i m a l s . In  b o t h  t h e s e  i n s t a n c e s  

t h e  a n im a l  w i t h  t r o p i c a l  b l o o d  a p p e a r s  t o  have  made t h e  g r e a t e r  

u s e  o f  i t s  c a p a c i t y  t o  v a p o r i z e  w a t e r  from  t h e  s k i n . K i b l e r  

& Yeck ( 1 9 5 9 ) ,  h o w e v e r ,  fo u n d  r a t e s  o f  e v a p o r a t i o n  t o  be  

h i g h e s t  from S h o r t h o r n  c a t t l e ,  i n t e r m e d i a t e  from  S a n t a  

G e r t r u d i s  and l o w e s t  from  Brahman c a t t l e  a l l  e x p o s e d  t o  t h e  

same a i r  t e m p e r a t u r e .  They c o n c l u d e d  t h a t  e v a p o r a t i v e  c o o l i n g  

p er  s e  i s  n o t  t h e  d e t e r m i n i n g  f a c t o r  i n  t h e  h e a t  t o l e r a n c e  o f  

d i f f e r e n t  b r e e d s  o f  c a t t l e .

V o l c a n i  & S c h i n d l e r  ( l 9 5 4 )  measured r e l a t i v e  r a t e s  o f  

c u t a n e o u s  e v a p o r a t i o n  from d i f f e r e n t  s k i n  r e g i o n s  o f  H o l s t e i n -  

S y r i a n  c r o s s b r e d  cow s .  They l i s t e d  t h e  r e g i o n s  i n  t h e  f o l l o w i n g  

o r d e r  o f  d i m i n i s h i n g  e v a p o r a t i o n :  f a c e ,  s h o u l d e r ,  n e c k ,  d e w l a p ,

b a c k ,  rump, t h i g h ,  abdomen. Berman ( l 9 5 7 )  u s i n g  t h e  same 

t e c h n i q u e  on s i m i l a r  a n i m a l s  gave  t h e  o r d e r  a s :  n e c k  and f r o n t

f l a n k ,  b a ck  ( t h o r a c i c  and s a c r a l )  and t h i g h ,  f o r e h e a d  and 

abdomen, McDowell ,  MeMullan, Wodzika & Fohrman ( 1 9 5 5 )  w o r k in g  

w i t h  J e r s e y  and S i n d h i - J e r s e y  c r o s s b r e d  cows l i s t e d  t h e  r e g i o n s  

i n  t h e  o r d e r :  mid n e c k ,  r e m a in d e r  o f  t h e  t r u n k ,  l e g s  and

mid b e l l y  l i n e .  K i b l e r  & Yeck ( l 9 5 9 )  r e p o r t e d  s u c c e s s i v e l y  

d e c r e a s i n g  r a t e s  from t h e  b a c k  and d e w l a p ,  t h e  f l a n k  and c h e s t ,  

and th e  n a v e l  f l a p  o f  Brahman and S a n ta  G e r t r u d i s  h e i f e r s ,  and 

t h e y  r e c o r d e d  t h e  h i g h e s t  r a t e s  o f  a l l  from  t h e  hump i n  Brahmans.  

There  i s  b r o a d  a g reem en t  b e t w e e n  t h e  r a n k i n g s  o f  t h e  r e g i o n s  

g i v e n  b y  a l l  t h e s e  o b s e r v e r s  b u t  th e  m ea su rem en ts  o f  M cD ow el l ,



T a b le  1 . Summary o f  p r e v i o u s l y  r e p o r t e d  e s t i m a t e s  o f  t h e  r a t e  o f
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A n im als

Mean r a t e  
o f  c u t a n e o u s  
e v a p o r a t i o n  

g/m** . h r .

T o t a l  
e v a p o r a t i v e  
w e i g h t  l o s s  

g/m®. h r .

Method

!  I 1 J e r s e y s  ( l a c t a t i n g )  | 142 179
1 ^ 1 H o l s t e i n s  ( l a c t a t i n g ) } 161 203
i a j  Brown S w i s s
i ! ( l a c t a t i n g ) 162 228

1 ^ 1 Brahmans ( l a c t a t i n g )  j 148 176
1 ^ j Brahmans ( d r y )  j 112 141
I a Brown S w is s  ( h e i f e r s ) | 156 209
i a 1 Brahmans ( h e i f e r s )  j 122 151
I b 1 A . I . S f  ( l a c t a t i n g )  j - 179
! 0 J e r s e y s  ( l a c t a t i n g )  \ 170 196
! d 1 A . I . S Î  (1  y e a r )  ] 178
i d 1 Z eb u -H e r e fo r d  ( l  y e a r ) ] 191
i e I Z e b u - A . I . S f  (1  y e a r )  1 180 191

i 1 S h o r th o r n  ( l  y e a r )  j 271 294

1 f 1 Brahmans ( h e i f e r s )  j 170 18 6

I n s e n s i b l e  w e i g h t  
l o s s  m ea su rem en ts  
c o r r e c t e d  f o r  
m e t a b o l i c  w e i g h t  
l o s s

I I n s e n s i b l e  w e i g h t  
I l o s s  m easu rem en ts  
I n o t  c o r r e c t e d  f o r  
I m e t a b o l i c  w e i g h t  
1 l o s s

j H y g r o m é tr ie  t e n t .

I R a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  j 
 ̂ f rom d i f f e r e n t  r e g i o n s  1 

I ( g / m * . h r ) .  i

I ! W ith e r s paunch neck
' 1 

l o i n  : 1
1 (

. Cow 646 402 363 296
i 6 J e r s e y  (cow ) - 591 — -
1 g S i n d h i - J e r s e y  (cow) — 582 -  1

1
:

s h o u l d e r b e l l y

1 hi Z e b u - A . I . S f  ( 7 - 8  !
: months) 33b 229

h 1 S h o r th o r n  ( 7 - 8  months) ! 229 222
h Brahman ( 7 “8 m onths)  i 381 —

che s t

583
650

j Z e b u - J e r s e y  ( h e i f e r s
j A y r s h i r e  ( h e i f e r )

320
160

V e n t i l a t e d  
c a p s u l e s .

j V e n t i l a t e d  
j c a p s u l e s .

, d e s i c c a t e d  c a y  
j room R.H. 28^,

s u l e s

Ob se  r v e r s a,
b, 
c 
d, 
e 
f
g
h
j

K i b l e r  & Brody ( l 9 5 2  
R o b in so n  & Klemm ( 1 9 5 3 )
Knapp & R ob in son  ( 1 9 5 4 )
Klemm & R o b in so n  (1 9 5 5 )
T a n e ja  (1 9 5 8 )
K i b l e r  & Yeck ( l 9 5 9 )
M cDowel l ,  Lee & Fohrman (1 9 5 4 )  
T a n e ja  (1 9 5 9 )
F e r g u so n  & D o w l in g  ( l 9 5 5 )

* A u s t r a l i a n  I l l a w a r a  S h o r th o r n
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Lee & Fohrman (1 9 5 4 )  p r o v i d e  a c o n t r a s t i n g  r e s u l t .  They  

r e p o r t e d  t h e  s k i n  r e g i o n s  i n  t h e  f o l l o w i n g  o r d e r  o f  d e c r e a s i n g  

e v a p o r a t i o n ;  w i t h e r s ,  p a u n c h ,  n e c k ,  l o i n .

A number o f  o b s e r v e r s  h ave  r e p o r t e d  i n c r e a s i n g  r a t e s  o f  

c u t a n e o u s  e v a p o r a t i o n  p er  u n i t  a r e a  o f  t h e  s u r f a c e  o f  c a t t l e  

d u r i n g  t h e  f i r s t  y e a r  o f  l i f e  ( R i e k  & L ee ,  1 9 4 8 ^ ;  Klemm & 

R o b i n s o n ,  1 9 5 5 ;  T a n e j a ,  1 9 5 8 ;  K i b l e r  & Y e c k , 1 9 5 9 ) .

In  vievf o f  t h e  v a r i e t y  o f  f a c t o r s  j u s t  d e s c r i b e d ,  w h ic h  

i n  a d d i t i o n  t o  t h e  e n v i r o n m e n t a l  c o n d i t i o n s ,  can a f f e c t  t h e  

r a t e  o f  c u t a n e o u s  e v a p o r a t i o n ,  a q u a n t i t a t i v e  co m p a r i so n  o f  

r e s u l t s  o b t a i n e d  b y  d i f f e r e n t  methods  i s  d i f f i c u l t .  T ab le  1 

sum m arises  t h e  r e s u l t s  t h a t  have  b e e n  p r e v i o u s l y  r e p o r t e d  f o r  

t h e  r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  from  c a t t l e  a g e d  from 7 to  

8 months and upwards and e x p o s e d  to  a i r  t e m p e r a t u r e s  o f  38 t o  

4 2 ®C and r e l a t i v e  h u m i d i t i e s  o f  50 t o  65^ .  E s t i m a t e s  o f  t h e  

o v e r a l l  mean r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  o b t a i n e d  b y  w e i g h i n g  

methods a r e ,  w i t h  one e x c e p t i o n ,  a l l  w i t h i n  t h e  ra n g e  112 t o  

180 g / m ^ . h r .  Even t h o s e  w h ic h  i n c l u d e  r e s p i r a t o r y  e v a p o r a t i o n  

(and i n  some i n s t a n c e s  m e t a b o l i c  w e i g h t  l o s s  a s  w e l l )  a r e ,  

a g a i n  w i t h  t h e  one e x c e p t i o n ,  a l l  b e lo w  228 g / m ^ . h r .  E s t i m a t e d  

r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  o b t a i n e d  from c a p s u l e s  p l a c e d  

o v e r  i n d i v i d u a l  s k i n  a r e a s  are  h o w e v e r ,  w i t h  one e x c e p t i o n ,  

a l l  g r e a t e r  t h a n  222 g /m ® .hr  and e x t e n d  t o  6 5 O g / m ^ . h r .

Even t h e  m easu rem en ts  made on t h e  paunch or  b e l l y  a r e a ,  w h ic h  

a s  d i s c u s s e d  e a r l i e r  i s  a g r e e d  b y  most o b s e r v e r s  to  be  a 

r e g i o n  o f  low  e v a p o r a t i o n ,  a p p e a r  t o  be g e n e r a l l y  h i g h  compared  

w i t h  t h e  o v e r a l l  mean r a t e s  o b t a i n e d  b y  w e i g h i n g  m eth o d s .

At t h e  t im e  when t h e  p r e s e n t  i n v e s t i g a t i o n  was  b egu n  i t
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a p p e a r e d  t h a t  t h e r e  was a d i s c r e p a n c y  b e t w e e n  e s t i m a t e s  o f  

c u t a n e o u s  e v a p o r a t i o n  by  w e i g h i n g  and b y  c a p s u l e  methods*  

S u b s e q u e n t  p u b l i c a t i o n  o f  t h e  more r e c e n t  r e s u l t s  q u o t e d  i n  

T ab le  1 ( T a n e j a ,  1 9 5 8 ,  1 9 5 9 ;  K i b l e r  & Y ec k ,  1 9 5 9 )  h a v e  n o t  

a l t e r e d  t h i s  v i e w . The f i r s t  o b j e c t  o f  t h e  e x p e r i m e n t s  t o  

b e  d e s c r i b e d  h e re  t o o k  t h e  fo r m ,  t h e r e f o r e ,  o f  a c r i t i c a l  

i n v e s t i g a t i o n  o f  th e  c a p s u l e  t e c h n i q u e . C a p su le  m ethods  

u se d  p r e v i o u s l y  w i t h  c a t t l e  had a l l  b e e n  d e p e n d e n t  on w e i g h i n g  

a b s o r b e r s ;  t h e  w e i g h i n g s  b e i n g  made a t  i n t e r v a l s  o f  5 min 

o r  more,  A f u r t h e r  o b j e c t  o f  t h e  e x p e r i m e n t s  was t h e r e f o r e  

t o  e v o l v e  a s a t i s f a c t o r y  method o f  a s s e s s i n g  t h e  r a t e  o f  

e v a p o r a t i o n  i n s t a n t a n e o u s l y *  The o b s e r v a t i o n s  w ere  l a t e r  

e x t e n d e d  t o  i n c l u d e  s i m u l t a n e o u s  m easurem ents  o f  c u t a n e o u s  

and r e s p i r a t o r y  e v a p o r a t i o n  and o f  m e t a b o l i c  w e i g h t  l o s s  a s  

w e l l  as o f  t o t a l  i n s e n s i b l e  w e i g h t  l o s s  so t h a t  a l l  m ethods  

o f  measurement c o u l d  be  c h e c k e d  a g a i n s t  one a n o t h e r  q u a n t i t a t i v e l y ,  

In  o r d e r  t o  e s t i m a t e  t o t a l  c u t a n e o u s  e v a p o r a t i v e  l o s s  from  

o b s e r v a t i o n s  on c e r t a i n  s e l e c t e d  r e g i o n s  o f  t h e  body  s u r f a c e  

i t  was n e c e s s a r y  to  i n v e s t i g a t e  t h e  r e g i o n a l  d i s t r i b u t i o n  o f  

c u t a n e o u s  e v a p o r a t i o n  and t o  d e t e r m i n e  t o  what e x t e n t  t h i s  was  

a f f e c t e d  b y  age  and by  t h e  t h e r m a l  s e v e r i t y  o f  t h e  e n v i r o n m e n t .

The i n v e s t i g a t i o n  o f  some o f  t h e s e  s e c o n d a r y  p rob lem s  was  made 

s i m u l t a n e o u s l y  w i t h  th e  main i n v e s t i g a t i o n ,  i n  w hich  t h e  o b j e c t  

was to  a n a l y s e  t h e  h e a t  l o s s e s  under  d i f f e r e n t  e n v i r o n m e n t a l  

c o n d i t i o n s  o f  t e m p e r a t u r e  and h u m i d i t y .

C hapter  I I  g i v e s  a d e s c r i p t i o n  o f  t h e  a n i m a l s ,  eq u ip m en t  

and methods  u se d  i n  t h e  e x p e r i m e n t s .  I t  c o n t a i n s  a f u l l  

a c c o u n t  o f  th e  d e v e lo p m e n t  o f  t h e  c a p s u l e  t e c h n i q u e , em p loyed
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and a d e s c r i p t i o n  o f  t h e  a p p a r a t u s  u se d  f o r  r e s p i r a t o r y  a n a l y s i s .

Chapter  I I I  d e s c r i b e s  t h e  p r o c e d u r e s  em ployed  and t h e  

r e s u l t s  o b t a i n e d  i n  t h r e e  p h y s i o l o g i c a l  e x p e r i m e n t s  i n  w h ich  

t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  was i n v e s t i g a t e d  i n  r e l a t i o n  

t o  t h e  a n a t o m i c a l  s i t e  o f  m ea su r em e n t ,  t h e  e n v i r o n m e n t a l  

c o n d i t i o n s  and t h e  age o f  t h e  a n i m a l .  In t h e  s e c o n d  o f  t h e s e  

e x p e r i m e n t s  a p a r t i t i o n  was made o f  t h e  h e a t  l o s s e s  by  t h e  

a n i m a l s  when e x p o s e d  t o  e a c h  o f  e i g h t  e n v i r o n m e n t a l  c o n d i t i o n s  

e m p lo y e d .

The r e s u l t s  a re  d i s c u s s e d  i n  C h a p ter  IV, f i r s t l y  i n  

r e l a t i o n  t o  t h e  i n f o r m a t i o n  t h e y  p r o v i d e  on t h e  a c c u r a c y  and 

l i m i t a t i o n s  o f  t h e  m ethods  e m p lo y e d ,  and s e c o n d l y  i n  r e l a t i o n  

t o  t h e  p h y s i o l o g i c a l  a s p e c t s .

I t  i s  s t r e s s e d  t h a t  t h e  e x p e r i m e n t s  on c u t a n e o u s  

e v a p o r a t i o n  w ere  q u a n t i t a t i v e .  They w e re  n o t  d e s i g n e d  t o  

p r o v i d e  i n f o r m a t i o n  a s  t o  t h e  a n a t o m i c a l  o r i g i n  o f  c u t a n e o u s  

e v a p o r a t i o n  or  t h e  n e u r o l o g i c a l  o r  b i o c h e m i c a l  c o n t r o l  o f  

t h e r m o r e g u l a t o r y  p r o c e s s e s .  The r e s u l t s ,  h o w e v e r ,  do have  

an o b v i o u s  b e a r i n g  on t h e s e  s u b j e c t s  and a l i m i t e d  d i s c u s s i o n ,  

o f  a s p e c u l a t i v e  n a t u r e ,  on t h e i r  i m p l i c a t i o n s  i s  i n c l u d e d  i n  

Chapter  IV. More d e t a i l e d  d i s c u s s i o n  on t h e s e  l i n e s  w ou ld  

b e  prem ature  a t  p r e s e n t  and must a w a i t  t h e  outcome o f  f u r t h e r  

e x p e r i m e n t s  c u r r e n t l y  b e i n g  made a t  t h i s  l a b o r a t o r y  w i t h  a 

v iew  t o  p r o v i d i n g  q u a l i t a t i v e  i n f o r m a t i o n  on c u t a n e o u s  

e v a p o r a t i v e  p r o c e s s e s .



CHAPTER I I
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T a b le  2 .  Data  on c l i m a t i c

!1
chambers

S m a l l  c l i m a t i c  
chamber u se d  

f o r  t h e  e a r l y  work

S New g e n e r a l  purpo  
f c l i m a t i c  chamber  
i  u s e d  f o r  th e  l a t  
] work

!
L en g th  (m) j 3*8 i 5 ' 9
W idth  (m) i 2 '  2 3 - 9
H e i g h t  (m) \ 2 - 5 3*3
A i r  movement (m/min)  j 6 15
A i r  t e m p e r a t u r e  I 

v a r i a t i o n  (°C) 1 ±0*2
i

±0*6

D ew p o in t  t e m p e r a t u r e  I 
v a r i a t i o n  (°C) j ±0 -2 j  ± 0 -2

Maximum d i f f e r e n c e  ? 
b e t w e e n  mean v / a l l  and | 
a i r  t e m p e r a t u r e s  ( °C)  J ±2*0

11s
1 ±1 • 0

T a b l e  5 . Summary o f  a n im a ls  u se d  f o r  e x p e r i m e n t s
.......... ....  ^

C a lv es E x p e r im e n t  3 Age a t  s t a r t  
( w e e k s )

Age a t  end  
( w e e k s )

8 4 ,  9 3 ,  9 5 ,  1 11 )
i 1 1 2 ,  1 1 5 , 1 2 2 ,  )
1 129

P r e l i m i n a r y
t r i a l s > 17 < 25

136 A 24 26

138 A 19 21

139 A 20 22

140 A 20 22

1 193 B 32 40

1 196 B & C 32 38

1 197 B & C 32 42 ;

I  199 1 B & C 21 32 ^

; 210 1 D 36 4 4

219 E ; 10 34  i
220 E 1 10 34 I

1 221 D 24 38

1 222 E 11 34

226I . .. ....... _______» _ I _ ...... 23 ___________ 31



14

MATERIALS AND METHODS 

C l i m a t i c  Chambers

S t u d i e s  o f  a n im a ls *  r e a c t i o n s  t o  d i f f e r e n t  l e v e l s  o f  

e n v i r o n m e n t a l  t e m p e r a t u r e  and h u m i d i t y  w ere  made i n  two 

c l i m a t i c  rooms a t  t h e  Hannah D a i r y  R e s e a r c h  I n s t i t u t e . The 

e a r l y  t r i a l s  f o r  d e v e l o p i n g  m e a su r in g  t e c h n i q u e s  w ere  c o n d u c t e d  

i n  a s m a l l  c l i m a t i c  chamber ( B e a k l e y ,  1 9 5 2 ,  Chapters  1 and 8 )  

and t h e  l a t e r  e x p e r i m e n t s  i n  th e  g e n e r a l  purpose  chamber o f  a 

new c l i m a t i c  l a b o r a t o r y  ( F i n d l a y ,  McLean & B e n n e t ,  1 9 5 9 )*  

D e t a i l s  o f  t h e s e  rooms a r e  summarised b r i e f l y  i n  T a b le  2 .

A n im a ls  and Management

The a n i m a l s  u se d  w ere  A y r s h i r e  b u l l  c a l v e s .  T h e i r  a g e s  

and t h e  e x p e r i m e n t s  f o r  w h ic h  t h e y  w ere  u se d  are  shown i n  

T ab le  5* C l i m a t i c  chamber e x p o s u r e s  l a s t e d  from 3 t o  7 h r , 

d u r in g  w h ich  t im e  no f o o d  o r  w a t e r  was g i v e n  t o  t h e  a n i m a l s .  

When n o t  i n  t h e  c l i m a t i c  chambers  t h e  a n i m a l s  w ere  h o u sed  i n  

an u n h e a te d  b y r e .  They w ere  f e d  t w i c e  d a i l y  a t  7 a .m .  and 

4 p.m. on a d i e t  o f  1 * 4  kg c o n c e n t r a t e s  p er  day and i n  a d d i t i o n  

w ere  o f f e r e d  hay  and w a t e r  ad l i b . On d a y s  when t h e y  were t o  

b e  e x p o s e d  i n  t h e  c l i m a t i c  cham ber ,  e x c e p t  f o r  some o f  t h e  

p r e l i m i n a r y  t r i a l s ,  t h e  m orning  f e e d  and hay w ere  w i t h h e l d  

u n t i l  a f t e r  t h e  e x p o s u r e .

Thermometry

Copper c o n s t a n t a n  t h e r m o c o u p l e s  w e r e  u sed  f o r  a l l  

t e m p e r a t u r e  m e a su r e m e n ts .  The t h e r m o c o u p le  s y s t e m  i n  t h e  

s m a l l  c l i m a t i c  chamber h a s  b e e n  f u l l y  d e s c r i b e d  ( B e a k l e y ,
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1 9 5 2 ,  C hapter  9)  and t h a t  i n  t h e  g e n e r a l  p u rp o se  chamber i s  

s i m i l a r .  Both  s y s t e m s  h ave  an a c c u r a c y  o f  ±0*1®C, Any one  

o f  a l a r g e  number o f  thermo j u n c t i o n s  may b e  s e l e c t e d  by  means  

o f  s w i t c h e s  and i t s  t e m p e r a t u r e  d i s p l a y e d  a s  a d i r e c t  r e a d i n g  

on a g a l v a n o m e t e r .  In a d d i t i o n ,  t h e  o u t p u t  from up t o  e i g h t  

t h e r m o c o u p l e s  may be  c o n n e c t e d  t o  a S u n v ic  m u l t i c h a n n e l  p r i n t i n g  

m i l l i v o l t  r e c o r d e r .  The thermo j u n c t i o n s  w ere  made from 40  

S.W.G. w i r e .  For s k in  t e m p e r a t u r e  m easurem ents  a c i r c u l a r  

p a tc h  o f  t h i n  r u b b e r ,  a p p r o x i m a t e l y  1 cm, d i a m e t e r ,  was s t u c k  

w i t h  l a t e x  cem en t  o v e r  t h e  thermo j u n c t i o n  w h ich  had b e en  p l a c e d  

on a s m a l l  s h a v e d  a r e a  o f  s k i n .  A d i f f e r e n t  method was u se d  

f o r  m ount ing  thermo j u n c t i o n s  i n s i d e  s k i n  c a p s u l e s  ( s e e  p .  2 6 ) ,

For  d eep  b o d y  t e m p e r a t u r e  m easu rem en ts  t h e  thermo j u n c t i o n s  

w ere cem en ted  o n to  t h e  end o f  a p l a s t i c  rod m e a su r in g  15 cm 

l o n g  by  a p p r o x i m a t e l y  5 mm i n  d i a m e t e r .  T h i s  was i n s e r t e d  

i t s  f u l l  l e n g t h  i n t o  th e  r e c t u m .  For a i r  t e m p e r a t u r e  m e a s u r e 

ments  t h e  j u n c t i o n s  w ere  t h r e a d e d  i n t o  f i n e - b o r e  p o l y t h e n e  

c a n n u l a e ,  w h ic h  c o u l d  be  c o v e r e d  by  w i c k s  i f  d e s i r e d  f o r  w e t  

b u lb  t e m p e r a t u r e  m ea su r e m e n ts .  O ther  t h e r m o c o u p le  m o u n t in g s  

u sed  and t h e i r  s p e c i a l i s e d  a p p l i c a t i o n s  a r e  d e s c r i b e d  l a t e r .

C utan eou s  E v a p o r a t i o n

P o s s i b l e  t e c h n i q u e s

Methods o f  m e a su r in g  c u t a n e o u s  e v a p o r a t i o n  f a l l  b r o a d l y  

i n t o  two c a t e g o r i e s ,  d i r e c t  and i n d i r e c t .

D i r e c t  methods a r e  t h o s e  i n  w h ich  t h e  m o i s t u r e  l o s s  from  

a s m a l l  a r e a  i s  m easured by  p l a c i n g  an i n v e r t e d  cup o r  c a p s u l e  

o v e r  t h a t  a r e a .  The c a p s u l e s  may be v e n t i l a t e d  o r  u n v e n t i l a t e d .
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In t h e  v e n t i l a t e d  c a p s u l e  t h e  r a t e  o f  e v a p o r a t i o n  i s  u s u a l l y  

d e t e r m i n e d  b y  p a s s i n g  d r y  a i r  i n t o  t h e  c a p s u l e  and m e a su r in g  

t h e  w e i g h t  g a i n  o f  a m o i s t u r e  a b s o r b e r  t h r o u g h  w h ic h  t h e  o u t l e t  

a i r  i s  p a s s e d  f o r  a p e r i o d  o f  5 t o  20 min,  M cDowell ,  Lee & 

Fohrman ( 1 9 5 4 )  c r i t i c i s e d  t h e  u se  o f  d ry  i n l e t  a i r  b e c a u s e  t h e  

s k i n  u nder  t e s t  i s  e x p o s e d  t o  abnormal a t m o s p h e r i c  c o n d i t i o n s .

To overcome t h i s ,  t h e y  r e c i r c u l a t e d  a i r  round a c l o s e d  c i r c u i t  

i n c o r p o r a t i n g  a c a p s u l e  and an a b s o r p t i o n  b o t t l e ,  t h e  l a t t e r  

c o n t a i n i n g  a s a t u r a t e d  s a l t  s o l u t i o n .  The f a c t o r s  i n f l u e n c i n g  

t h e  c h o i c e  o f  a i r  f l o w  r a t e  t h r o u g h  v e n t i l a t e d  c a p s u l e s  do n o t  

ap p e a r  to  have  r e c e i v e d  en o u g h  a t t e n t i o n .  A i r  f l o w  r a t e s  

ap p ear  to  have  b e e n  c h o s e n  more t o  s u i t  t h e  a b s o r b e r s  u s e d  t h a n  

b y  c o n s i d e r a t i o n  o f  t h e  e f f e c t  t h i s  v a r i a b l e  may have  on t h e  

r a t e  o f  e v a p o r a t i o n  w i t h i n  t h e  c a p s u l e .

In  th e  u n v e n t i l a t e d  c a p s u l e  a i r  f l o w  r a t e  i s  a t  l e a s t  

s t a n d a r d i s e d ,  a l t h o u g h  a t  a l e v e l  b e lo w  t h a t  to  w h ic h  s u r r o u n d i n g  

s k i n  a r e a s  a r e  e x p o s e d .  U n v e n t i l a t e d  c a p s u l e s  n o r m a l l y  c o n t a i n  

a pad o f  d e s i c c a n t  m a t e r i a l  w h i c h  i s  w e ig h e d  a t  i n t e r v a l s .

T h is  method h a s  b e e n  c r i t i c a l l y  a n a l y s e d  b y  R a n d a l l ,  P e i s s  & 

Hertzman ( 1 9 5 3 )  who showed t h a t  t h e  q u a n t i t y  o f  d e s i c c a n t  u s e d  

and t h e  d i s t a n c e  b e t w e e n  t h e  d e s i c c a n t  and t h e  s k i n  s u r f a c e  can  

c o n s i d e r a b l y  a f f e c t  the  o b s e r v e d  r a t e  o f  e v a p o r a t i o n .  B u e t t n e r  

( 1 9 5 3 ) has  e m p lo y e d  s e t s  o f  f o u r  u n v e n t i l a t e d  c a p s u l e s ,  t h e  

a i r  i n s i d e  e a c h  b e i n g  c o n d i t i o n e d  t o  d i f f e r e n t  v a p o u r  p r e s s u r e s .  

T h is  method has  e n a b l e d  him t o  throw  much l i g h t  on t h e  

r e l a t i o n s h i p s  b e t w e e n  d i f f u s i o n ,  s w e a t i n g  and e v a p o r a t i o n  i n  

man.

A d i s a d v a n t a g e  common t o  most c a p s u l e  methods i s  t h a t
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t h e  measurement o f  e v a p o r a t i o n ,  s i n c e  i t  d ep en d s  on t h e  w e i g h t  

g a i n  o f  an a b s o r b e r ,  can be  made o n l y  o v e r  p e r i o d s  o f  s e v e r a l  

m i n u t e s . A l b e r t  & Palm es  ( 1 9 5 1 )  have  u sed  an i n f r a - r e d  ga s  

a n a l y s e r  t o  m o n i t o r  c o n t i n u o u s l y  t h e  h u m i d i t y  o f  a i r  l e a v i n g  

a v e n t i l a t e d  c a p s u l e ,  b u t  t h e  method was n o t  a c c u r a t e .  More 

r e c e n t l y  K i b l e r  & Yeck ( l 9 5 9 )  have  made c o n t i n u o u s  c o m p a r i s o n s  

o f  m o i s t u r e  c o l l e c t e d  under  c a p s u l e s  by  use  o f  an e l e c t r o l y t i c  

h y g r o m e t e r ,  b u t  t h e y  have n o t  a s  y e t  r e p o r t e d  q u a n t i t a t i v e  

r e s u l t s .

I n d i r e c t  m ethods  a r e  t h o s e  i n  w h ic h  c u t a n e o u s  e v a p o r a t i o n  

i s  c a l c u l a t e d  b y  d i f f e r e n c e  from s i m u l t a n e o u s  m easu rem en ts  o f  

t o t a l  e v a p o r a t i o n  and r e s p i r a t o r y  e v a p o r a t i o n .  The h y g r o m é t r i e  

t e n t  (Yeck & K i b l e r ,  1 9 5 6 )  i s  e f f e c t i v e l y  a v e n t i l a t e d  c a p s u l e ,  

b u t  t h e  e n t i r e  a n i m a l  i s  e n c l o s e d  i n  a t e n t .  C u tan eou s  

e v a p o r a t i o n  from  c a t t l e  h as  a l s o  b e e n  d e t e r m i n e d  from  i n s e n s i b l e  

w e i g h t  l o s s  m easu rem en ts  com bined  w i t h  s i m u l t a n e o u s  d e t e r m i n a t i o n  

o f  b o t h  r e s p i r a t o r y  e v a p o r a t i o n  and m e t a b o l i c  w e i g h t  l o s s  due  

t o  o x y g e n - c a r b o n  d i o x i d e  e x c h a n g e  ( K i b l e r  & B ro d y ,  1 9 5 0 ) .  There  

i s  some c o n f u s i o n  i n  t h e  l i t e r a t u r e  r e g a r d i n g  t h e  d e f i n i t i o n  o f  

t h e  term  * i n s e n s i b l e  w e i g h t  l o s s * .  In  t h i s  t h e s i s  i t  r e f e r s  

t o  a l l  g a s e o u s  e x c h a n g e  b e t w e e n  t h e  a n im a l  and t h e  a t m o s p h e r e ,  

i . e .  i t  i n c l u d e s  any w e i g h t  l o s s  r e s u l t i n g  from  t h e  e v a p o r a t i o n  

o f  sw eat  b u t  e x c l u d e s  t h e  w e i g h t  o f  f a e c e s ,  u r i n e  and any  

s a l i v a  t h a t  may b e  l o s t .

In o r d e r  t o  compare e v a p o r a t i o n  from d i f f e r e n t  b o d y  r e g i o n s ,  

o n l y  c a p s u l e  m ethods  a r e  s u i t a b l e .  The i d e a l  method w ould  

t h e r e f o r e  a p p e a r  t o  b e  one w h ic h  u s e s  a c a p s u l e  f o r  c o l l e c t i o n  

o f  m o i s t u r e  com bined  w i t h  an i n s t a n t a n e o u s  means o f  e s t i m a t i n g
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t h e  m o i s t u r e  o u t p u t .  These  c o n s i d e r a t i o n s  l e d  to  t h e  c h o i c e  

o f  t h e  v e n t i l a t e d  c a p s u l e  t e c h n i q u e  d e s c r i b e d  i n  t h e  n e x t  

s e c t i o n s .  L a t e r ,  when i t  became n e c e s s a r y  t o  o b t a i n  an 

i n d e p e n d e n t  c h e c k  on t h e  q u a n t i t a t i v e  a c c u r a c y  o f  th e  c a p s u l e  

method u s e d ,  e s t i m a t e s  o f  t o t a l  c u t a n e o u s  e v a p o r a t i o n  b a s e d  

on i n s e n s i b l e  w e i g h t  l o s s  m easurem ents  w ere  a l s o  made.

Wet and dry  bu lb  t h e r m o c o u p l e s

The c l a s s i c a l  i n s t r u m e n t  f o r  m e a s u r in g  h u m i d i t y  i s  t h e  

w et  and dry  b u lb  h y g r o m e t e r .  T r i a l s  w er e  made o f  a number  

o f  o t h e r  methods i n c l u d i n g  a d e w p o in t  t h e r m o m e t e r ,  an 

e l e c t r o l y t i c  h y g r o m e te r  and a c a p a c i t a n c e  h y g r o m e t e r .  None 

o f  t h e s e  was fo u n d  t o  p o s s e s s  t h e  com bined  a d v a n t a g e s  o f  

a form o f  wet  and d r y  b u lb  t h e r m o c o u p l e  a p p a r a t u s  t h a t  was  

d e s i g n e d  w i t h  t h e  s p e c i a l  r e q u i r e m e n t s  o f  t h e  c a p s u l e ,  method  

i n  mind.

The recommended a i r  v e l o c i t y  f o r  v e n t i l a t i n g  a w et  b u lb  

i s  b e t w e e n  2*. and 10 m /s e c  ( L i s t ,  1 9 5 1 ) ,  b u t  i f  t h e  p h y s i c a l  

d i m e n s i o n s  o f  th e  t h e r m o m e te r  a re  k e p t  s m a l l  th e  a i r  v e l o c i t y  

as  w e l l  a s  t h e  speed  o f  r e s p o n s e  may be  g r e a t l y  r e d u c e d  

(G r e g o r y  & R o u r k e , 1957  p .  1 9 ) .  E x p e r i m e n t s  w i t h  w e t  b u lb  

t h e r m o c o u p l e s  e n c l o s e d  i n  m e ta l  t u b e s ,  down w h ich  a s t r e a m  o f  

a i r  was p a s s e d ,  showed t h i s  method t o  be s u i t a b l e  f o r  t h e  

i n t e n d e d  a p p l i c a t i o n  i f  t h e  f o l l o w i n g  c o n d i t i o n s  w ere  o b s e r v e d

( 1 )  The w et  b u lb  t h e r m o c o u p l e  must be  s i t e d  c e n t r a l l y  i n  

t h e  t u b e ,  and even  s l i g h t  a l t e r a t i o n s  i n  t h e  p o s i t i o n  o f  t h e  

w ic k  must be  a v o i d e d  i n  o r d e r  t o  o b t a i n  c o n s i s t e n t  r e s u l t s .

( 2 ) Ambient t e m p e r a t u r e  s u r r o u n d i n g  t h e  a p p a r a t u s  must be  

c l o s e  t o  th e  dry  b u lb  t e m p e r a t u r e  o f  t h e  a i r s t r e a m  i n  t h e
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F i e .  1 # Wet  a n d  d r y  b u l b  t h e r m o c o u p l e  a p p a r a t u s .  S c a l e  -

a p p r o x i m a t e l y  a c t u a l  s i z e .  ( a  & B b r a s s  t u b e s ,  C 

r e s e r v o i r ,  DD i n s u l a t i n g  s u p p o r t s ,  E w i c k ,  F & G- 

t h e r m o  j u n c t i o n s , H g l a s s  t u b e .  The  a r r o w  

i n d i c a t e s  t h e  d i r e c t i o n  o f  a i r  f l o w ) .
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t u b e  •

( 3 ) A i r  v e l o c i t y  must n o t  f a l l  b e lo w  a minimum o f  a p p r o x i m a t e l y  

10 c m / s e c .

The form o f  w et  and d ry  b u l b  a p p a r a t u s  f i n a l l y  a d o p te d  

i s  shown i n  F i g ,  1 ,  A i r  p a s s e s  from  r i g h t  to  l e f t  a l o n g  a 

p o l i s h e d  b r a s s  tu b e  A. T h i s  t u b e  i s  c o n n e c t e d  t o  v i n y l  t u b e s ,  

w h ic h  are  s l i p p e d  o v e r  t h e  ends  o f  i t .  A s m a l l e r  b r a s s  t u b e  

B i s  s o l d e r e d  on t o  t h e  l o w e r  s i d e  o f  A n e a r  one end t o  form  

a T p i e c e .  The l o w e r  end o f  t h e  s m a l l e r  tu b e  i s  s e a l e d  i n t o  

a g l a s s  r e s e r v o i r  C b y  means o f  a ru b b er  s t o p p e r .  A l e n g t h  

o f  p o l y t h e n e  c a n n u l a  o f  1 mm e x t e r n a l  d i a m e t e r ,  c o n t a i n i n g  

40 S.W.G-. c o p p e r  c o n s t a n t a n  t h e r m o c o u p l e  l e a d  w i r e s ,  i s  

t h r e a d e d  t h r o u g h  p u n c t u r e s  i n  t h e  v i n y l  t u b i n g , t h r o u g h  h o l e s  

i n  i n s u l a t i n g  s u p p o r t s  DD and a l o n g  th e  a x i s  o f  t u b e  A. The 

w i c k  E i s  a h o l l o w  c o t t o n  s l e e v e  o f  t h e  t y p e  n o r m a l l y  u se d  i n  

p e t r o l  l i g h t e r s .  The w ic k  r i s e s  f ro m  t h e  r e s e r v o i r  a s  f a r  

as  t h e  a x i s  o f  t u b e  A where a h o l e  i n  t h e  s i d e  o f  t h e  w ic k  

a l l o w s  th e  p o l y t h e n e  c a n n u la  t o  e n t e r  i t s  b o r e .  The w ic k

s u r r o u n d s  t h e  c a n n u l a  f o r  a d i s t a n c e  o f  4  cm. The w et  b u lb  

thermo j u n c t i o n  F i s  s i t u a t e d  mid-way a l o n g  th e  p o r t i o n  o f  

c a n n u l a  s u r ro u n d ed  b y  t h e  w i c k .  A n o th e r  thermo j u n c t i o n  G- 

f o r  d r y  b u lb  t e m p e r a t u r e  m e a su r e m e n ts ,  made from  v a r n i s h e d  

40 S.W.G-. w i r e ,  i s  f i x e d  a t  t h e  u p s tr e a m  end o f  t u b e  A by  

b e i n g  l i g h t l y  t w i s t e d  a few t i m e s  round t h e  p o l y t h e n e  c a n n u l a .

A g l a s s  t u b e  H a l s o  e n t e r s  t h e  r e s e r v o i r  t h r o u g h  t h e  ru b b e r  

s t o p p e r ,  and o n to  t h e  o t h e r  end o f  t h i s  t u b e  i s  f i t t e d  a 

s h o r t  l e n g t h  o f  p r e s s u r e  t u b i n g  whose  b o r e  i s  c l o s e d  b y  a 

p i e c e  o f  s o l i d  g l a s s  t u b e .  The r e s e r v o i r  i s  f i l l e d  w i t h
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d i s t i l l e d  w a t e r  by  p i e r c i n g  t h e  p r e s s u r e  t u b i n g  w i t h  a 

h y p o d er m ic  n e e d l e ;  t h i s  p r o c e d u r e  a v o i d s  d i s t u r b i n g  t h e  

p o s i t i o n  o f  t h e  w i c k .  B e f o r e  b e i n g  f i t t e d ,  t h e  w ic k  i s  

b o i l e d  i n  d i s t i l l e d  w a t e r  f o r  a t  l e a s t  10 min.  A f t e r  

a s s e m b l y  a l l  j o i n t s  a r e  s e a l e d  w i t h  p l a s t i c  v a p o u r - p r o o f  

p a i n t .

M easurements  o f  wet  b u lb  t e m p e r a t u r e  b e t w e e n  i n d i v i d u a l  

a p p a r a t u s e s  made t o  t h i s  p a t t e r n  a t  f l o w  r a t e s  o f  1 1 , / m i n  

o r  g r e a t e r ,  d i f f e r  from t h o s e  g i v e n  b y  a s t a n d a r d  Assman 

h y g r o m e te r  b y  ± 0 '3 ° C .  The e r r o r  o f  a g i v e n  a p p a r a t u s  i s ,  

h o w e v e r ,  c o n s i s t e n t  and i s  p r o b a b l y  r e l a t e d  t o  t h e  e x a c t  

p o s i t i o n i n g  o f  t h e  w ic k  and thermo j u n c t i o n .  For c a p s u l e  

m easurem ents  t h e  a p p a r a t u s e s  w ere  a l w a y s  u se d  i n  p a i r s ,  one  

f o r  i n l e t  and t h e  o t h e r  f o r  o u t l e t  a i r ,  and t h e  zero  e r r o r  

due t o  d i f f e r e n c e s  b e t w e e n  t h e  two a p p a r a t u s e s  was d e t e r m i n e d  

e x p e r i m e n t a l l y  a t  l e a s t  t w i c e  d a i l y  b y  p a s s i n g  room a i r  

t h r o u g h  b o t h .  The u s e f u l  l i f e  o f  an a p p a r a t u s  i s  from one  

t o  e i g h t  w e e k s ,  a f t e r  w h ic h  t h e  w ic k  l o s e s  i t s  a b i l i t y  t o  

absorb  w a t e r .  The e f f e c t  o f  t h i s  h a p p e n in g  i s  u s u a l l y  

marked and r e a d i l y  r e c o g n i s e d  as  an a b n o r m a l l y  l a r g e  a p p a r e n t  

change i n  t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n .  On o n l y  a 

v e r y  few  o c c a s i o n s  was i t  n e c e s s a r y  t o  abandon c a p s u l e  

r e a d i n g s  due t o  w ic k  f a i l u r e s  t h a t  w ere  n o t  r e c o g n i s e d  u n t i l  

t h e  f o l l o w i n g  zer o  c h e c k .

At f l o w  r a t e s  b e lo w  1 1 , / m i n  t h e  p e r fo r m a n c e  o f  th e  w et  

b u lb  a p p a r a t u s  f a l l s  o f f .  In  most  i n s t a n c e s  t h e  d e c l i n e  

s t a r t s  a t  a p p r o x i m a t e l y  0*75 1 , / m i n  and a t  0*5 1 , / m i n  t h e  

d e p r e s s i o n  o f  t h e  w et  b u lb  t e m p e r a t u r e  b e lo w  t h a t  o f  t h e
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d r y  b u lb  i s  a p p r o x i m a t e l y  98^ o f  t h e  c o r r e c t  v a l u e .  At s t i l l  

l o w e r  f l o w  r a t e s  t h e  d e c l i n e  i s  g r e a t e r  and d i f f e r s  b e t w e e n  

i n d i v i d u a l  a p p a r a t u s e s .  Some c a p s u l e  m easu rem en ts  w ere  made 

a t  f l o w  r a t e s  down t o  0*5 1 , / m i n  b y  a p p l y i n g  a c o r r e c t i o n  t o  

a l l o w  f o r  t h e  r e d u c e d  d e p r e s s i o n  o f  t h e  w et  b u lb  t e m p e r a t u r e .

A l l  wet  and d r y  b u lb  a p p a r a t u s e s  w ere  s i t u a t e d  i n  t h e  

c l i m a t i c  rooms and t h e  a i r  w hose  h u m i d i t y  was b e i n g  m easured  

w as t h u s  c o o l e d  o r  h e a t e d ,  as  i t  p a s s e d  a l o n g  t h e  c o n n e c t i n g  

t u b e ,  t o  t h e  same d r y  b u lb  t e m p e r a t u r e  a s  t h e  room a i r .  T h i s  

was p a r t i c u l a r l y  i m p o r t a n t  f o r  t h e  measurement o f  th e  h u m i d i t y  

o f  e x p i r e d  a i r .

I n t e r p r e t a t i o n  o f  w e t  and d ry  b u lb  t e m p e r a t u r e s

The r e l a t i o n s h i p s  b e t w e e n  t h e  w et  and d r y  b u lb  t e m p e r a t u r e s  

and t h e  aqueous  v a p o u r  p r e s s u r e  o f  m o i s t  a i r  t h a t  are  u se d  i n  

t h e  c o m p u t a t io n  o f  p s y c h r o m e t r i c  t a b l e s  are e m p i r i c a l  and v a r y  

s l i g h t l y  b e tw e e n  d i f f e r e n t  c o m p i l e r s .  The r e s u l t s  i n  t h i s  

t h e s i s  are  a l l  b a s e d  on t h e  f o r m u la  g i v e n  by  H ei lm an  ( 1 9 5 5 )  :

e = % - 0 * 5 ( t - w )  P /7 5 5

i n  w h ic h  e i s  a q u e o u s  va p o u r  p r e s s u r e  (mm H g ) , p^ i s  s a t u r a t i o n  

v a p o u r  p r e s s u r e  o f  w a t e r  (mm Hg) a t  w et  bu lb  t e m p e r a t u r e  w (®C),  

t  i s  d r y  b u lb  t e m p e r a t u r e  (°C)  and P i s  b a r o m e t r i c  p r e s s u r e  

(mm H g ) ,  The r e l a t i o n s h i p  b e t w e e n  a b s o l u t e  h u m i d i t y  or  

m o i s t u r e  c o n t e n t  ( m g / l , )  and a q u e o u s  vapour  p r e s s u r e  may b e  

d e r i v e d  b y  a s su m in g  t h a t  w a t e r  v a p o u r  i s  a p e r f e c t  g a s  o f  

w h ic h  I8 g  a t  s , t , p ,  o c c u p i e s  2 2 * 4  l i t r e s :

-  P  e/  l - 0 5 7 e
m, = —  .....

1 + t / 2 7 3

P r o o f  t h a t  t h e  a s su m p t io n s  r e g a r d i n g  w a t e r  v a p o u r  do n o t  r e s u l t
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i n  e r r o r s  o f  p r a c t i c a l  i m p o r t a n c e  i s  g i v e n  by th e  f a c t  t h a t
fit’s

th e  e q u a t i o n  e x a c t l y  e o l a t o o  p u b l i s h e d  t a b l e s  o f  "Vapour 

p r e s s u r e  o f  w a t e r  b e lo w  lOO^C* and "Mass o f  w a t e r  v a p o u r  i n  

s a t u r a t e d  a i r "  (Hodgman, 1 9 3 9 ) .

These  two e q u a t i o n s  may be  a p p l i e d  t o  e v a l u a t e  t h e  g a i n  

i n  a b s o l u t e  h u m i d i t y  m ( m g / l . )  o f  a s tr e a m  o f  a i r  v e n t i l a t i n g  

a c a p s u l e ;  t h e  a i r  h a v i n g  d r y  b u lb  t e m p e r a t u r e  t ,  and w et

b u lb  t e m p e r a t u r e  i n i t i a l l y  wj. and f i n a l l y  w^. I t  may t h u s

b e  shown t h a t

^  (Po “ P i )  + ^  (^o -  w i ) ]

p
where r j = — —

/  P - e i

& = p/755
p and P i  d e n o t e  t h e  s a t u r a t i o n  va p o u r  p r e s s u r e s  (mm Hg) 

a t  w e t  b u l b  t e m p e r a t u r e s  w^ and w i ,  and e^ i s  t h e  i n i t i a l  

va p o u r  p r e s s u r e  o f  t h e  a i r .

In  p r a c t i c e / ? , ' ^  a n d , w h ic h  are  a l l  p r o p e r t i e s  o f  t h e  

e n v i r o n m e n t a l  c o n d i t i o n s  i n  t h e  c l i m a t i c  room, a l l  a p p r o x im a t e  

t o  u n i t y  and t h e  e q u a t i o n  r e d u c e s  t o :

m % (Po -  P i )  + (wq -  w i ) / 2

The r e l a t i o n s h i p  b e t w e e n  t e m p e r a t u r e  and s a t u r a t i o n  

va p o u r  p r e s s u r e  o f  w a t e r  i s  n o t  r e a d i l y  e x p r e s s i b l e  a s  an 

e q u a t i o n .  As a rough  a p p r o x i m a t i o n ,  h o w e v e r ,  i t  may be s t a t e d  

t h a t  f o r  s m a l l  d i f f e r e n c e s  i n  w e t  b u lb  t e m p e r a t u r e s ,  (w^ -  w^) 

i s  p r o p o r t i o n a l  t o  (p^ -  P i ) .  C o n s e q u e n t l y  t h e  g a i n  i n  

a b s o l u t e  h u m i d i t y  o f  t h e  a i r  p a s s i n g  th r o u g h  a c a p s u l e  i s  

a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h e  w e t  

b u lb  t e m p e r a t u r e s  o f  o u t l e t  and i n l e t  a i r .  By c o n n e c t i n g



23

t h e  two w e t  h u lh  thermo j u n c t i o n s  t o g e t h e r  i n  o p p o s i t i o n  t o  

form a t h e r m o c o u p l e  t h e  q u a n t i t y  (wq -  w i )  was made a v a i l a b l e  

f o r  d i r e c t  a u t o m a t i c  r e c o r d i n g .  T h is  method gave  a 

c o n t i n u o u s  v i s u a l  r e c o r d  o f  e v a p o r a t i o n  r a t e  t h a t  proved  

u s e f u l  i n  d e t e c t i n g  sudden c h a n g e s ,  and i n  d i s p l a y i n g  an 

o v e r a l l  r e c o r d  o f  e v a p o r a t i v e  p a t t e r n s  w i t h  t i m e .

For q u a n t i t a t i v e  d e t e r m i n a t i o n s  o f  m o i s t u r e  o u t p u t  from  

c a p s u l e s  i t  was n e c e s s a r y  t o  r e v e r t  t o  t h e  f u l l e r  e q u a t i o n :

m [ (P o  -  P i )  + -  w i ) ]

The o n l y  a p p r o x i m a t i o n  made i n  t h i s  e q u a t i o n  i s  t h e  

a s s u m p t i o n  t h a t  b a r o m e t r i c  p r e s s u r e  i s  e q u a l  t o  755 mm Hg.

In p r a c t i c e  t h e  e r r o r  i n  t h e  e s t i m a t e  o f  m c a u s e d  b y  t h i s  

a s s u m p t i o n  n e v e r  e x c e e d e d  1 * 2 ^ .  A f u r t h e r  a s s u m p t i o n  

i m p l i e d  i n  t h e  d e r i v a t i o n  o f  t h e  e q u a t i o n ,  i s  t h a t  t h e  two 

d ry  b u lb  t e m p e r a t u r e s  a re  e q u a l .  T h i s  was a lw a y s  fo u n d  t o  

be t r u e  e x p e r i m e n t a l l y  w i t h i n  t h e  l i m i t s  ±0 '3°C w h ic h  

c o r r e s p o n d s  t o  an e r r o r  o f  ±0*15 m g / l .  i n  m. In  p r a c t i c e  

t h e  e r r o r  i n  m due t o  u n e q u a l  d r y  b u lb  t e m p e r a t u r e s  was l e s s  

t h a n  t h i s ,  a s  t h e  r o u t i n e  z e ro  c h e c k s  o f  t h e  w et  b u lb  

a p p a r a t u s e s  t e n d e d  t o  p r o v i d e  a u t o m a t i c  c o m p e n s a t io n  f o r  

t h i s  t y p e  o f  e r r o r .  Making a l l o w a n c e  a l s o  f o r  t h e  a c c u r a c y  

o f  t h e  t h e r m o c o u p le  s y s t e m ,  i t  i s  t h u s  e s t i m a t e d  t h a t  t h e  

o v e r a l l  e r r o r  o f  any e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  m i s  

±0*2 m g / l .  or  ±1*2^ w h i c h e v e r  i s  t h e  g r e a t e r .

C ap su le  s

The e a r l y  e x p e r i m e n t s  w ere  m a in ly  c o n c e r n e d  w i t h  

i n v e s t i g a t i n g  m ethods  o f  f i x i n g  c a p s u l e s  t o  t h e  s k i n  w i t h  

a d h e s i v e s .  A l t h o u g h  i t  was found  p o s s i b l e  t o  make an
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a i r t i g h t  s e a l  t h a t  w ou ld  l a s t  f o r  a few  h o u r s ,  t h i s  was n o t  

s u i t a b l e  f o r  t h e  t y p e s  o f  e x p e r i m e n t s  e n v i s a g e d .  The aim  

was a method o f  f i x i n g  c a p s u l e s  o n to  t h e  same p i e c e  o f  s k i n  

on s u c c e s s i v e  d a y s .  H a ir  g r o w t h ,  w h ic h  d e s t r o y e d  any s e a l  

a f t e r  n o t  more t h a n  24 h r ,  and t h e  d i f f i c u l t y  o f  rem ov ing  t h e  

a d h e s i v e  from t h e  h a i r  t i p s  a f t e r  an e x p o s u r e  w i t h o u t  

d i s t u r b i n g  t h e  t e s t  a r e a ,  p r e v e n t e d  a s a t i s f a c t o r y  method  

b e i n g  f o u n d .

The c a p s u l e s  u se d  i n  t h e s e  e a r l y  e x p e r i m e n t s  w ere  f i t t e d  

w i t h  p e r i p h e r a l  f l a n g e s  t o  w h i c h  t h e  a d h e s i o n  was made; t h e  

l i m i t s  o f  t h e  t e s t  a r e a  b e i n g  assumed t o  be  d e f i n e d  b y  t h e  

i n s i d e  edge  o f  t h e  f l a n g e .  P a r t  o f  t h e  m o i s t u r e  c o l l e c t e d  

b y  t h e  a i r  p a s s i n g  t h r o u g h  t h e  c a p s u l e  may, h o w e v e r ,  have  

o r i g i n a t e d  from  t h e  a r e a  c o v e r e d  by  th e  f l a n g e  i t s e l f ,  i f  t h e  

a d h e s i o n  was n o t  c o m p l e t e .  S i n c e  t h e  a r e a  o f  t h e  f l a n g e  

c o u l d  n o t ,  e s p e c i a l l y  f o r  s m a l l  c a p s u l e s ,  b e  k e p t  s m a l l  

compared w i t h  t h e  a r e a  under  t e s t ,  t h i s  c o u l d  r e s u l t  i n  

f a l s e l y  h i g h  e s t i m a t e s  o f  e v a p o r a t i o n  r a t e  p er  u n i t  a r e a .

The o b s e r v e d  i n c r e a s e  i n  e v a p o r a t i o n  r a t e  p e r  u n i t  a r e a ,  a s  

t h e  a r e a  under  t e s t  was r e d u c e d ,  was a t  t h e  t im e  assumed t o  

be a c c o u n t e d  f o r  b y  c o l l e c t i o n  o f  m o i s t u r e  from t h e  a r e a  

c o v e r e d  b y  t h e  f l a n g e .  S u b s e q u e n t  e x p e r i m e n t s  have shown 

t h a t  a n o t h e r  f a c t o r  ( s e e  p .  2 7 )  was a l s o  i n v o l v e d ,  a l t h o u g h  

t h e  f l a n g e  may have b e e n  p a r t i a l l y  r e s p o n s i b l e .  Even i f  a 

v a p o u r - p r o o f  s e a l  c o u l d  have  b e e n  form ed u n d er  t h e  w h o le  

a r e a  o f  t h e  f l a n g e ,  t h e  v e r y  f a c t  t h a t  m o i s t u r e  l o s s  from  

t h a t  a r e a  was i n h i b i t e d  m ight  have a f f e c t e d  t h e  m o i s t u r e  l o s s  

from t h e  a r e a  w i t h i n .



■ 2 . The f i n a l  form  o f  v e n t i l a t e d  c a p s u l e .  S c a l e  -  

a p p r o x i m a t e l y  a c t u a l  s i z e .  ( aA f i x i n g  l u g s ,  
B i n l e t  t u b e ,  C o u t l e t  t u b e , D i n l e t  s a m p l in g  
t u b e ,  E thermo j u n c t i o n . )
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The d i f f i c u l t i e s  o f  s e a l i n g  t h e  c a p s u l e  t o  t h e  s k i n ,  

t o g e t h e r  w i t h  t h e  accom pany ing  u n c e r t a i n t y  as  t o  t h e  

c o n t r i b u t i o n  t o  t h e  m o i s t u r e  c o l l e c t e d ,  made b y  t h e  a r e a  u n d er  

t h e  f l a n g e ,  l e d  t o  a new a p p r o a c h .  A c a p s u l e ,  i n  t h e  form  

o f  an i n v e r t e d  c y l i n d e r ,  was h e l d  o n to  t h e  s k i n  b y  means o f  

an e l a s t i c  b e l t  p a s s i n g  round t h e  t r u n k  o f  t h e  a n i m a l .  No 

a t t e m p t  was made t o  a c h i e v e  a. p e r f e c t  s e a l ,  b u t  th e  c a p s u l e  

was f i t t e d  w i t h  a w id e  o p e n i n g  a t  t h e  t o p ,  w h ic h  s e r v e d  as  

an e a s y  i n l e t  p a t h  f o r  room a i r .  The c a p s u l e  was v e n t i l a t e d  

b y  a p p l y i n g  s u c t i o n  t o  an o u t l e t  t u b e  a l s o  f i t t e d  i n  t h e  t o p .  

C a p s u l e s  o f  t h i s  t y p e  w ere  i n i t i a l l y  f i t t e d  w i t h  a band o f  

foam r u b b e r  round t h e  rim t o  impro've th e  s e a l ,  b u t  t h i s  was  

fou nd  t o  bend and bed down u n e v e n l y  and form an i r r e g u l a r  

f l a n g e ,  and was e v e n t u a l l y  abandoned i n  f a v o u r  o f  s t r a i g h t  

m e ta l  s i d e s .  In o r d e r  to  p r o v i d e  more e v e n  d i s t r i b u t i o n  o f  

a i r  o v e r  t h e  t e s t  a r e a  th e  i n l e t  tu b e  was l a t e r  a l t e r e d  t o  a 

form s i m i l a r  to  t h a t  o f  t h e  c a p s u l e s  d e s c r i b e d  b y  T an eja  

( 1 9 5 9 )* T h i s  r e s u l t e d  i n  t h e  f i n a l  form shown i n  F i g .  2 

w h ic h  has  s t a n d a r d i s e d  d i m e n s i o n s  o f  A l ' 8  cm® a r e a  and 6 cm 

d e p t h .  The c a p s u l e  i s  made fro m  an o r d i n a r y  s e a l e d  can o f  

t h e  t y p e  commonly u sed  as  a f o o d  c o n t a i n e r .  When o p e n e d ,  

u s i n g  t h e  t y p e  o f  can o p e n e r  t h a t  c u t s  o u t  one end round t h e  

r im ,  t h e  r e s u l t i n g  edge  i s  n o t  sharp  and p e r f e c t l y  s a t i s f a c t o r y  

f o r  t h e  p r e s e n t  a p p l i c a t i o n .  The c a p s u l e  i s  n o r m a l l y  h e l d  

i n  p l a c e  b y  means o f  an e l a s t i c  b e l t  c o n n e c t e d  t o  t h e  w i r e  

l u g s  AA. Ambient a i r  i s  drawn i n t o  t h e  i n l e t  tu b e  B b y  

a p p l y i n g  s u c t i o n  t o  t u b e  C. The end o f  tu b e  B t h a t  p r o j e c t s  

i n s i d e  t h e  c a p s u l e  has  a number o f  h o l e s  d r i l l e d  i n  i t s  w a l l



w,

err

The a p p a r a t u s  a s s o c i a t e d  w i t h  a c a p s u l e ,  (ŵ  Sz \y 

i n l e t  and o u t l e t  w et  and d ry  b u lb  a p p a r a t u s e s ,

^1 ^ ^0 R o t a m e t e r  f l o w  m e t e r s ,  a i r  f l o w
a d j u s t i n g  c l i p s ,  P a i r  pump.)
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so  as  t o  d i s t r i b u t e  t h e  a i r  o v e r  t h e  t e s t  a r e a .  A s e p a r a t e  

t u b e  D mounted b e s i d e  t h e  i n l e t  i s  u se d  f o r  s a m p l i n g  i n l e t  

a i r .  Tubes  C and D a r e  e a c h  c o n n e c t e d  t h r o u g h  w e t  and d ry  

b u lb  a p p a r a t u s e s  and R o ta m e te r  f l o w m e t e r s  t o  a common a i r  

pump. I f  s k i n  t e m p e r a t u r e  m easurem ents  a r e  r e q u i r e d  a 

t h e r m o c o u p le  E i s  mounted on a s h o r t  l e n g t h  o f  p l a s t i c  r o d ,  

w h ic h  i n  t u r n  i s  s p r i n g  mounted o n to  t h e  w a l l  o f  t h e  c a p s u l e  

b y  a l e n g t h  o f  p ia n o  w i r e ,  t h e  t h e r m o c o u p l e  l e a d  p a s s i n g  

t h r o u g h  a s e a l e d  h o l e  i n  t h e  t o p  o f  t h e  c a p s u l e .

The c a p s u l e  r e q u i r e s  no p r e v i o u s  p r e p a r a t i o n  o f  t h e  

s k i n  a r e a  under  i n v e s t i g a t i o n ;  i t  can b e  used  on s h a v e d  or  

norm al  a r e a s  and can r e a d i l y  be r e a p p l i e d  t o  t h e  same a r e a  

any number o f  t i m e s .  I t s  main d i s a d v a n t a g e  i s  t h a t  t h e r e  

i s  no means o f  t e l l i n g  d i r e c t l y  w h e t h e r  t h e r e  i s  any  l e a k a g e  

u n d er  t h e  r i m ,  s i n c e  t h e  f i t t i n g  o f  any a i r  f l o w  m e a s u r in g  

d e v i c e  t o  t h e  i n l e t  t u b e  d e f e a t s  t h e  main o b j e c t  o f  t h e  

d e s i g n ,  i , e ,  t o  l e a v e  t h e  a i r  i n l e t  s i d e  un im peded .  Only  

a m b ien t  a i r  may be  drawn i n t o  t h e  c a p s u l e .

P i g ,  3 shows th e  a r r a n g e m e n t  o f  t h e  a p p a r a t u s  a s s o c i a t e d  

w i t h  e a c h  c a p s u l e ,  Wi and Wq are  t h e  i n l e t  and o u t l e t  a i r  

wet and d r y  b u lb  a p p a r a t u s e s ,  Ci and Cq a d j u s t a b l e  c l i p s  and 

Ri and Rq t h e  f l o w  m e t e r s .  A l l  s u c t i o n  t u b e s  from  a l l  

c a p s u l e s  a r e  v e n t i l a t e d  b y  a common pump P, The f l o w  m e te r s  

were c a l i b r a t e d  b y  c o n n e c t i n g  them t o  a l a r g e  b o t t l e  from  

w h ic h  w a t e r  was run out  i n t o  a m e a su r in g  c y l i n d e r  a t  a r a t e  

t im e d  b y  a s t o p w a t c h .  I t  was fou nd  t h a t  t h e  f l o w  m e te r s  

were a c c u r a t e  t o  w i t h i n  ±2^ o f  t h e  makers c a l i b r a t i o n  and 

t h a t  w i t h i n  t h i s  d e g r e e  o f  a c c u r a c y  t h e y  w ere  u n a f f e c t e d  b y
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c h a n g e s  i n  am bient  t e m p e r a t u r e  and h u m i d i t y  i n  t h e  r a n g e s  15 

t o  2j-0®C and 6 t o  3^ mm Hg, n o r  b y  normal v a r i a t i o n s  i n  

a t m o s p h e r i c  p r e s s u r e .

The p r a c t i c a l  e f f e c t s  o f  v e n t i l a t i o n  r a t e  and o f  c a p s u l e  s i z e

and g e o m e tr y  ( E x p e r im e n t  A)

I t  became c l e a r  d u r i n g  t h e  e a r l y  e x p e r i m e n t s  t h a t  t h e  

r a t e  o f  e v a p o r a t i o n  p e r  u n i t  a r e a  p e r  u n i t  t i m e ,  a s  m easured  

b y  t h e  c a p s u l e  t e c h n i q u e ,  was d e p e n d e n t  on t h e  r a t e  o f  a i r  

f l o w  t h r o u g h  t h e  c a p s u l e  and on t h e  s i z e  and g e o m e tr y  o f  t h e  

c a p s u l e .

In o r d e r  t o  i n v e s t i g a t e  t h e s e  e f f e c t s  more f u l l y  

E x p e r im e n t  A was c a r r i e d  o u t .  C a p s u l e s  o f  f o u r  d i f f e r e n t  

c r o s s - s e c t i o n a l  a r e a s  ( 2 2 ,  4 2 ,  59 and 84  cm*) and two d i f f e r e n t  

d e p t h s  (2 and 6 cm) were e m p lo y e d .  Four c a l v e s  ( N o s .  13&, 1 3 8 ,  

1 3 9  and 1 4 0 ) w ere  u s e d .  Each was e x p o s e d  i n  t h e  s m a l l  c l i m a t i c  

room to  a i r  t e m p e r a t u r e s  o f  41°C f o r  two p e r i o d s  a t  e a c h  o f  f o u r

h u m i d i t y  l e v e l s  ( l 2 ,  1 7 ,  24 and 32 mm H g ) , The c a p s u l e s  were

e a c h  p l a c e d  i n  t u r n  on f i n e l y  c l i p p e d  a r e a s  o f  s k i n  on t h e  l e f t  

and r i g h t  f o r e f l a n k s  and v e n t i l a t e d  a t  a r a t e  o f  1 l . / m i n .  

A f t e r w a r d s  t h e  c a p s u l e s  o f  42 om̂  w ere  v e n t i l a t e d  s u c c e s s i v e l y  

a t  r a t e s  o f  1 ,  2 and 4  l . / m i n .  The c a p s u l e s  u se d  w ere  

s i m i l a r  t o  t h e  t y p e  shown i n  F i g .  2 e x c e p t  t h a t  t h e  i n l e t  tu b e  

d i d  n ot  p r o j e c t  i n s i d e ;  t h e  d i m e n s i o n s  w ere  o f  c o u r s e  

d i f f e r e n t .  S k in  t e m p e r a t u r e  o u t s i d e  t h e  c a p s u l e s ,  b u t  

a d j a c e n t  t o  th em ,  w ere  m easured u s i n g  t h e  method d e s c r i b e d  

e a r l i e r  ( p .  I 5 ) ,

The r e s u l t s  o f  t h i s  e x p e r i m e n t  are  summarised i n  T a b l e s  

4  and 5# I t  i s  a p p a r e n t  t h a t  t h e  g e o m e tr y  o f  t h e  c a p s u l e  and
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T a b le  4 . Measured e v a p o r a t i o n r a t e s ( g /m ® .h r ) f o r  c a p s u l e s

o f  a r e a 42 cm  ̂ a t 41°  C (E x p e r im e n t A)

C ap su le j Flow A b s o l u t e  h u m i d i t y  mm Hg i
d e p th 1 r a t e Mean j

cm 1 l . / m i n 12 17 24 32 !

! Vz 112 117 109 100
1

1 09  i
;

1 1 152 171 158 153 158
2 i

!  2 171 199 198 197 191 i

1 4 184 232 240 2 44 225

i ;  ^ 101 96 86 81 91

j 1 137 140 135 130 135 !
1

! 1 2 157 163 160 158 159  i

1i i  4 178 175 175 210
!

18 4  ;

T a b le  5 . Measured e v a p o r a t i o n r a t e  s ( g / m ^ .h r ) f o r  a v e n t i l a t i o n

r a t e  o f 1 l i t r e / m i n  a t 4 l ° C  (E x p e r im e n t  A)

C ap su le C ap su le A b s o l u t e  h u m i d i t y  mm Hg
.  I1 d e p th a r e a Mean |

j cm 1 cm̂ 12 17 24 32 i
- i

145 152 154 158 152 1
!

I 42 145 162 156 148 153 j
I 2 i 1

1 59 170 160 156 141 157 i
f

!............. . . . . . . j 8 4 150 140 135 117 1 3 6  1

1 ^  i
i
\ 22 152 153 152 1 5 4 153 j

f
1 ;  42 141 141 135 124 135 1
 ̂ 6 i

; 59 128 126 118 109 120 !i
: 84 140 128 117 103 122 !I
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t h e  r a t e  o f  v e n t i l a t i o n  a f f e c t e d  t h e  measured  r a t e  o f  e v a p o r a t i o n  

p r o f o u n d l y .  The r a t e s  o f  e v a p o r a t i o n  r e c o r d e d  a t  an a b s o l u t e  

h u m i d i t y  o f  32 mm Hg, b y  t h e  c a p s u l e  t e c h n i q u e s  t h a t  g a v e  t h e  

h i g h e s t  and l o w e s t  r e s u l t s ,  d i f f e r e d  b y  a f a c t o r  o f  t h r e e .  

M oreover ,  had a s i n g l e  c o m b i n a t i o n  o f  d e p t h ,  a r e a  and v e n t i l a t i o n  

r a t e  b e e n  c h o s e n  t o  c a r r y  o u t  a p h y s i o l o g i c a l  e x p e r i m e n t  t o  

i n v e s t i g a t e  t h e  e f f e c t  o f  am bient  h u m i d i t y  on t h e  r a t e  o f  

e v a p o r a t i o n  from  t h e  s k i n ,  t h e  c o n c l u s i o n s  drawn w ould  have  

depended  on t h e  p a r t i c u l a r  c o m b i n a t i o n  c h o s e n .

T h e o r e t i c a l  c o n s i d e r a t i o n  o f  t h e  e f f e c t  o f  t h e  c a p s u l e  on 

e v a p o r a t i o n  r a t e

The a p p l i c a t i o n  o f  a c a p s u l e  t o  t h e  s k i n  o f  an a n im a l  

may a l t e r  th e  p h y s i c a l  c o n d i t i o n s  a t  t h e  s i t e  o f  measurem ent  

and so  a f f e c t  e v a p o r a t i o n  r a t e  a s  f o l l o w s :

( 1 )  By c h a n g i n g  t h e  r a t e  o f  a i r  movement n e a r  t h e  s k i n  -  

t h i s  w o u ld  be  e x p e c t e d  t o  r e s u l t  i n  a l t e r a t i o n  t o  t h e  h e a t  

l o s s e s  b y  e v a p o r a t i o n  and c o n v e c t i o n ,

( 2 ) By c h a n g i n g  a i r  t e m p e r a t u r e  and h u m i d i t y  n e a r  t h e  s k i n  -

t h i s  w o u ld  a l s o  a f f e c t  e v a p o r a t i o n  and c o n v e c t i o n .

( 3 ) By c h a n g in g  t h e  r a d i a n t  t e m p e r a t u r e  o f  t h e  l o c a l  

s u r r o u n d i n g s  -  t h i s  w ou ld  a f f e c t  h e a t  l o s s  b y  r a d i a t i o n ,

( 4 ) By c h a n g i n g  t h e  l o c a l  b l o o d  f l o w  p a t t e r n  i f  e x c e s s i v e

p r e s s u r e  w ere  u se d  t o  h o l d  t h e  c a p s u l e  i n  p l a c e  -  t h i s  m ight

a f f e c t  a l l  form s  o f  h e a t  l o s s .

Of t h e s e  t h e  f i r s t  two a re  o b v i o u s l y  o f  g r e a t  im p o r t a n c e  

s i n c e  t h e y  d i r e c t l y  a f f e c t  t h e  q u a n t i t y  b e i n g  m ea su red ,  i . e .  

c u t a n e o u s  e v a p o r a t i o n .  S i n c e  e v a p o r a t i o n  i s  a p h y s i c a l  

p r o c e s s  i t  must o f  n e c e s s i t y  be  i n f l u e n c e d  b y  a l t e r a t i o n  o f
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t h e  p h y s i c a l  c o n d i t i o n s ,  i . e .  a i r  movement,  t e m p e r a t u r e  and

h u m i d i t y .  These  e f f e c t s  may i n  t h e o r y  be  e l i m i n a t e d  i f

v e n t i l a t i o n  o f  th e  c a p s u l e  i s  p r o v i d e d  b y  d raw in g  a m b ien t  a i r

i n t o  i t  a t  a r a t e  e q u i v a l e n t  t o  t h e  r a t e  o f  v e n t i l a t i o n

o u t s i d e .  The d i f f e r e n c e  b e t w e e n  s k i n  t e m p e r a t u r e  i n s i d e  t h e

c a p s u l e  ( i g ^ )  t h a t  o u t s i d e  (T^^) may b e  u se d  t o  compare

v e n t i l a t i o n  i n s i d e  and o u t s i d e  i f  r a d i a t i o n  ( f a c t o r  3 ) i s

u n a l t e r e d  b y  t h e  p r e s e n c e  o f  t h e  c a p s u l e .  The c o n d i t i o n  o f

no a l t e r a t i o n  i n  r a d i a t i o n  i s  a l s o  o b t a i n a b l e  i f  t h e  a i r

t e m p e r a t u r e  (T^) and t h a t  o f  t h e  w a l l s  (T^) a r e  m a in t a i n e d  a t

t h e  l e v e l  o f  t h e  a n i m a l ' s  s k i n  t e m p e r a t u r e  (T ^ ^ ) .  Under

t h e s e  c o n d i t i o n s  th e  c a p s u l e  a l s o  a t t a i n s  th e  same t e m p e r a t u r e

T , and so  c
T = T = T = T so a w c

I f  room a i r  t e m p e r a t u r e  i s  a d j u s t e d  so  t h a t  t h e s e

c o n d i t i o n s  a r e  s a t i s f i e d ,  T . i n  t h e o r y  e q u a l s  T o n l y  i fs i  so
t h e  a i r  f l o w  r a t e  i s  such  t h a t  i t  g i v e s  e q u i v a l e n t  v e n t i l a t i o n

t o  t h a t  e x p e r i e n c e d  by  t h e  t e s t  a r e a  when t h e  c a p s u l e  i s

rem oved .  T h i s  v e n t i l a t i o n  r a t e  may be t er m ed  t h e  ' c r i t i c a l

f l o w  r a t e *  f o r  t h e  p a r t i c u l a r  c a p s u l e  u s e d .  At h i g h e r  a i r

f l o w  r a t e s  (T . -T ) i s  n e g a t i v e  due t o  i n c r e a s e d  e v a p o r a t i v e  SI so
c o o l i n g  u n d e r  t h e  c a p s u l e  and a t  l o w e r  a i r  f l o w  r a t e s  (T g ^ ^ Ig g )  

i s  p o s i t i v e .

The m easurem ent  o f  (T . -T ) i s  d i f f i c u l t  s i n c e  i tSI so
r e p r e s e n t s  t h e  d i f f e r e n c e  b e t w e e n  two n e a r l y  e q u a l  q u a n t i t i e s .  

M oreover ,  t h e  s k i n  t e m p e r a t u r e  w i t h i n  t h e  c a p s u l e  may n o t  be  

u n i fo r m  o v e r  t h e  t e s t  a r e a ,  a l t h o u g h  b a f f l i n g  t h e  i n l e t  p o r t  

o f  t h e  c a p s u l e  may h e l p  t o  e l i m i n a t e  v a r i a t i o n s .



31

The e f f e c t  o f  f a c t o r  3 ( r a d i a t i o n )  may be  e l i m i n a t e d

i n  t h i s  way o n l y  a t  t h e  a i r  t e m p e r a t u r e  c o r r e s p o n d i n g  t o

T = T * The c r i t i c a l  f l o w  r a t e  f o r  e q u a l  v e n t i l a t i o n  i n s i d e  a so
and o u t s i d e  t h e  c a p s u l e  d e t e r m i n e d  a t  t h i s  a i r  t e m p e r a t u r e  may

b e  s t i l l  v a l i d  a t  o t h e r  t e m p e r a t u r e s ;  b u t  t h e  c o n d i t i o n

T . = T i s  no l o n g e r  a p p l i c a b l e ,  s i n c e  r a d i a t i v e  l o s s  i s  now SI so '
a l t e r e d  b y  t h e  a p p l i c a t i o n  o f  t h e  c a p s u l e .  I t  rem ain s  t o  be

p ro v ed  t h a t  a l t e r a t i o n  o f  t h e  r a d i a t i v e  l o s s  w i t h i n  th e  c a p s u l e

d o e s  n o t  a f f e c t  e v a p o r a t i o n  from  t h i s  a r e a .  T h is  may b e

shown a t  T^ = T^^ by  h e a t i n g  o r  c o o l i n g  t h e  c a p s u l e .  I f  no

change  i n  e v a p o r a t i o n  r a t e  o c c u r s ,  i t  may be assumed t h a t  t h e

a l t e r a t i o n  t o  t h e  r a d i a t i v e  l o s s ,  when a c a p s u l e  i s  a p p l i e d

under  c o n d i t i o n s  when T i s  n o t  e q u a l  t o  T , i s  a l s o  w i t h o u ta so '
i n f l u e n c e  on e v a p o r a t i o n  r a t e .

The r e s u l t s  o f  th e  e x p e r i m e n t ,  i n  w h ic h  c a p s u l e  d e p th  

and a r e a  and v e n t i l a t i o n  r a t e  w ere  v a r i e d  (E x p e r im e n t  a ) may 

n o t  be  s t r i c t l y  i n t e r p r e t e d  b y  t h i s  r e a s o n i n g  a s  t h e  e x p e r im e n t  

f a i l e d  to  s a t i s f y  t h e  r e q u i r e d  c o n d i t i o n s  i n  t h e  f o l l o w i n g  

r e s p e c t s  :

( 1 )  D i f f e r e n t  t h e r m o c o u p le  m o u n t in g s  w ere  em ployed  f o r  t h e

measurement o f  T . and o f  T , and t h e  two m easu rem en ts  w ereSI s o ’
n o t  a lw a y s  made on t h e  same f l a n k .

( 2 ) S k in  t e m p e r a t u r e  m easu rem en ts  under  t h e  c a p s u l e  f o r  

th e  f i r s t  a n i m a l  were  m easured  b y  a d i f f e r e n t  t e c h n i q u e .

T h is  t e c h n i q u e  p ro v ed  u n s a t i s f a c t o r y  due t o  t h e  t h e r m o c o u p l e s  

beco m in g  d e t a c h e d  from t h e  s k i n ,  and i t  had t o  b e  abandoned.

The f i n a l  method o f  f i x i n g  t h e  s k i n  t h e r m o c o u p l e s  i n s i d e  t h e  

c a p s u l e s  d e s c r i b e d  e a r l i e r  ( p .  2 6 ) was t h e r e f o r e  o n l y  u se d
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f o r  t h e  r e m a in in g  t h r e e  a n i m a l s .  I t  i s  o n l y  f o r  t h e s e  a n i m a l s  

( N o s .  1 3 8 , 139 and I 4 0 ) t h a t  m easu rem en ts  are

a v a i l a b l e •

( 3 ) The c a p s u l e s  u se d  w ere  n o t  s p e c i f i c a l l y  d e s i g n e d  w i t h  a 

v ie w  t o  even  d i s t r i b u t i o n  o f  i n l e t  a i r  o v e r  t h e  t e s t  a re a  and 

T^^ was measured o n l y  a t  t h e  c e n t r e  o f  t h i s  a r e a .

(Zf) A i r  t e m p e r a t u r e  was i n  g e n e r a l  some 2 t o  3 ° C above  s k i n  

t e m p e r a t u r e •

I t  was  n e v e r t h e l e s s  e x p e c t e d  t h a t  t h e  r e s u l t s  w ou ld  p r o v i d e

some g u i d e  a s  t o  t h e  v a l i d i t y  o f  th e  t h e o r e t i c a l  a p p r o a c h .

The s k i n  t e m p e r a t u r e s  f o r  ea c h  f l o w  r a t e - c a p s u l e  d e p t h

and f o r  e a c h  c a p s u l e  a r e a - d e p t h  c o m b in a t i o n  w ere  a v e r a g e d

o v e r  a l l  e x p o s u r e s  and t h e s e  are  p l o t t e d  i n  t h e  form  o f  (T . -T )S I  so

a g a i n s t  f l o w  r a t e  and a g a i n s t  c a p s u l e  a r e a  i n  F i g s .  4 and 5*

From t h e s e  f i g u r e s  t h e  f o u r  s p e c i f i c  - c o n d i t i o n s  o f  m ea su rem en t ,

a t  w h ic h  T . = T ,  w ere  o b t a i n e d  a s  f o l l o w s :S I  so '

( a )  For c a p s u l e s  o f  s ta n d a r d  a r e a  42 cm* and 2 cm d e e p ,  a t  a 

f l o w  r a t e  o f  0*75  l . / m i n .

( b ) For c a p s u l e s  o f  s ta n d a r d  a r e a  42 cm* and 6 cm d e e p ,  a t  a

f l o w  r a t e  o f  1*02  l . / m i n .

( c )  For a s t a n d a r d  f l o w  r a t e  o f  1 l . / m i n  u s i n g  c a p s u l e s  2 cm

d e ep  and o f  a r e a  7 1*7  cm®.

(d )  For a s t a n d a r d  f l o w  r a t e  o f  1 l . / m i n  u s i n g  c a p s u l e s  6 cm 

d eep  and o f  a r e a  4 9 * 0  cm*.

The e v a p o r a t i o n  r a t e  c o r r e s p o n d i n g  t o  each  o f  t h e s e  f o u r  

c o n d i t i o n s  was fo u n d  g r a p h i c a l l y  from  t h e  d a t a  o f  T a b l e s  4  and

5 . T h i s  gave f o r  e a c h  h u m i d i t y  l e v e l  f o u r  s e p a r a t e  e s t i m a t e s  

c o r r e s p o n d i n g  t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s  a ,  b ,  c and d ,  o f
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T a b le  6 . E s t i m a t e d  r a t e s  o f  e v a p o r a t i o n  fro m  t h e

s k i n  i n  t h e  a b s e n c e  o f  c a p s u l e s  

( g / m * , h r )  ( E x p e r im e n t  A)

' Method o f  ) A b s o l u t e  h u m i d i t y  (mm Hg) j
i e s t i m a t i o n  | j
 ̂ ( s e e  p. 3 2 ) j 12 17 24 32 I Mean
I___________________I_________________     *____
i l  " i
i a : 133 14-4 134  125 1 3 4

i :
I b 138 141 136 132 ; 137
I  :
Î i
j c 160 132 149 130 148

I  :  i
d 135 133 126 116  128

Mean J 142 142 I 36 126 137
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t h e  e v a p o r a t i o n  t h a t  would  have t a k e n  p l a c e  from  t h e  t e s t  a r e a s  

had t h e  c a p s u l e s  n o t  b e e n  a p p l i e d *  These  e s t i m a t e d  e v a p o r a t i o n  

r a t e s  are  p r e s e n t e d  i n  T a b le  6 .  The e v a p o r a t i o n  r a t e s  i n  t h i s  

t a b l e  f o r  any one h u m i d i t y  l e v e l  are  more c o n s i s t e n t  than  i n  

T a b l e s  4 and 5 and t h e  d e p e n d e n c e  o f  e v a p o r a t i o n  r a t e  on 

h u m i d i t y  i s  s i m i l a r  f o r  a l l  f o u r  s e t s  o f  e s t i m a t e s .  The a g r e e 

ment b e t w e e n  e s t i m a t e s  a and b ,  d e r i v e d  from  t h e  d a t a  where  

f l o w  r a t e  was  v a r i e d ,  i s  r e m a r k a b ly  c l o s e .  The agreem en t  

b e t w e e n  e s t i m a t e s  o and d ,  d e r i v e d  from t h e  d a t a  where  a r e a  was  

v a r i e d ,  i s  n o t  so c l o s e .  T h i s  i s  due t o  t h e  f a c t  t h a t  t h e  

v a r i a t i o n  o f  e v a p o r a t i o n  r a t e  w i t h  a r e a  ( T a b l e  5)  i s  n o t  so  

c l e a r l y  d e f i n e d  a s  t h a t  w i t h  f l o w  r a t e  ( T a b le  4 )*  Leakage o f  

a i r  u n d er  t h e  rim o f  t h e  c a p s u l e  may b e  r e s p o n s i b l e  f o r  many 

o f  t h e  i n c o n s i s t e n c i e s  i n  T a b le  3 ; t h i s  w o u ld  be  most l i k e l y  

to  o c c u r  w i t h  t h e  l a r g e s t  c a p s u l e s  and w ould  be  most s e r i o u s  

i n  i t s  i n f l u e n c e  on the  m ea su rem en ts  i n  t h e  s m a l l e s t .

The c o n s i s t e n c y  o f  t h e  r e s u l t s  i n  T a b le  6 e s p e c i a l l y  

t h o s e  i n  rows a and b a p p e a r s  t o  j u s t i f y  t h e  r e a s o n i n g  l e a d i n g  

t o  t h e  c o n c e p t  o f  a c r i t i c a l  f l o w  r a t e .  The q u a n t i t a t i v e  

v a l u e s  o b t a i n e d  f o r  c r i t i c a l  f l o w  r a t e s  i n  E x p er im e n t  A a re  

h o w e v e r  i n v a l i d  s i n c e  t h e  n e c e s s a r y  c o n d i t i o n s  f o r  t h e i r  

d e t e r m i n a t i o n  were n o t  s a t i s f i e d .

D e t e r m i n a t i o n  o f  c r i t i c a l  f l o w  r a t e  ( i n c l u d i n g  E x p e r im e n t  B)

F u r t h e r  e x p e r i m e n t s  t o  t e s t  t h e  t h e o r i e s  s t a t e d  i n  t h e  

p r e c e d i n g  s e c t i o n  and to  d e t e r m i n e  t h e  v a l u e ,  o f  c r i t i c a l  f l o w  

r a t e  (F^) w ere  c a r r i e d  o u t  u s i n g  c a p s u l e s  o f  s ta n d a r d  d i m e n s i o n s  

and d e s i g n  as  d e s c r i b e d  e a r l i e r  ( p .  23 and F i g .  2 ) ,  T h ese  

c a p s u l e s  had b een  m o d i f i e d  f ro m  t h o s e  u se d  p r e v i o u s l y  w i t h  a
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v ie w  t o  s e c u r i n g  more u n i fo r m  v e n t i l a t i o n  o f  t h e  t e s t  a r e a .

In  t h e s e  e x p e r i m e n t s  and i n  a l l  s u c c e e d i n g  p h y s i o l o g i c a l

e x p e r i m e n t s  t h e  g e n e r a l  p u rp o se  chamber o f  t h e  new c l i m a t i c

l a b o r a t o r y  was u se d  and t h e  c a p s u l e s  were p l a c e d  o v e r  unshorn

s k i n  a r e a s .  The e x p e r i m e n t s  w ere  a s  f o l l o w s :

(1 )  E x a m in a t io n  o f  s k i n  t e m p e r a t u r e  v a r i a t i o n  o v e r  t h e

a r e a  c o v e r e d  b y  a c a p s u l e

A c a p s u l e  was f i t t e d  w i t h  s e v e n  thermo j u n c t i o n s  mounted

as  d e s c r i b e d  on p.  26 f o r  m e a s u r in g  s k i n  t e m p e r a t u r e .  Four

o f  t h e s e  m easured s k i n  t e m p e r a t u r e  a t  d i f f e r e n t  p o i n t s  i n s i d e

th e  c a p s u l e  (T^^) w h i l e  t h e  o t h e r  t h r e e  m easured  s k in

t e m p e r a t u r e  o u t s i d e  i t  ( T ^ ^ ) .  The c a p s u l e  was a p p l i e d  t o

t h e  s k i n  o f  a c a l f  e x p o s e d  to  an a i r  t e m p e r a t u r e  o f  T Ta s o
% 3 8 ° C. M easurements  o f  t h e  t e m p e r a t u r e s  o f  a l l  s e v e n  s k i n

thermo j u n c t i o n s  w ere  made a t  f r e q u e n t  i n t e r v a l s .

The mean v a r i a t i o n  b e t w e e n  i n d i v i d u a l  s k i n  t e m p e r a t u r e s

m easured  i n s i d e  t h e  c a p s u l e  was ±0*132°C ( S . D . )  and t h a t

b e t w e e n  i n d i v i d u a l  s k i n  t e m p e r a t u r e s  measured o u t s i d e  was  

±0*115®C ( S . D . ) .  N e i t h e r  v a r i a t i o n  a p p ea red  to  be a f f e c t e d  

b y  a l t e r i n g  a i r  f l o w  th r o u g h  t h e  c a p s u l e  up to  r a t e s  o f  

4  l . / m i n .

The r e l a t i v e  d i f f e r e n c e  b e t w e e n  t h e  two v a r i a t i o n s  i s  

s m a l l ,  and i t  i s  c o n c l u d e d  t h a t  any v a r i a t i o n  b e t w e e n  t h e  

f o u r  t e m p e r a t u r e s  measured i n s i d e  t h e  c a p s u l e ,  due t o  uneven  

v e n t i l a t i o n  o f  t h e  a r e a  e x a m i n e d ,  a r e  s m a l l  compared w i t h  t h e  

o t h e r  s o u r c e s  o f  v a r i a t i o n  i n h e r e n t  i n  t h e  method o f  

m easu rem en t* .  The u se  o f ,  s a y ,  e i g h t  j u n c t i o n s  c o n n e c t e d  i n  

s e r i e s  o p p o s i t i o n  as  f o u r  t h e r m o c o u p l e s  f o r  e s t i m a t i n g
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( T ^ i “T^o) i s  t h e r e f o r e  j u s t i f i a b l e ,

( 2 )  The p r e s s u r e  a p p l i e d  t o  t h e  c a p s u l e

In o r d e r  to  p r o v i d e  a d e q u a te  s e a l i n g  b e t w e e n  t h e  r im  o f  

th e  c a p s u l e  and th e  s k i n ,  a p r e s s u r e  o f  a p p r o x i m a t e l y  1 l b ,  

a p p l i e d  to  t h e  c a p s u l e  a s  a w h o l e ,  i s  n e c e s s a r y  f o r  most r e g i o n s ,  

a l t h o u g h  c o n s i d e r a b l y  l o w e r  p r e s s u r e s  may be a c c e p t a b l e  on 

r e g i o n s  w here  t h e  s u r f a c e  i s  s m o o th .  T h i s  p r e s s u r e  was n o t  

n o r m a l l y  m easu red ,  t h e  t e n s i o n  o f  t h e  b e l t  s e c u r i n g  th e  

c a p s u l e ,  and t h e  s a t i s f a c t o r y  c o n t a c t  o f  t h e  c a p s u l e  w i t h  t h e  

s k i n  b e i n g  gauged b y  v i s u a l  and manual means;  t h i s  n o r m a l l y  

r e s u l t e d  i n  a p r e s s u r e  o f  a p p r o x i m a t e l y  1 l b .  The p r e s s u r e  

a p p l i e d  t o  t h e  s k i n  b y  t h e  rim o f  t h e  c a p s u l e  u n d e r  t h e s e  

c o n d i t i o n s  i s  n o t  known b u t  must be c o n s i d e r a b l e .  A f t e r  

p r o l o n g e d  a p p l i c a t i o n  o f  a c a p s u l e  t h e  p r e s s u r e  was s u f f i c i e n t  

t o  c a u s e  an a n n u la r  d e p r e s s i o n  i n  t h e  s k i n  s u r f a c e  w h i c h  

p e r s i s t e d  f o r  s e v e r a l  m in u t e s  f o l l o w i n g  rem o v a l  o f  t h e  c a p s u l e .  

The c u t a n e o u s  b l o o d  f l o w  u n d er  t h e  r im  o f  t h e  c a p s u l e  must  

t h e r e f o r e  have b e e n  r e s t r i c t e d  to  some e x t e n t ,  b u t  t h e r e  was  

no v i s u a l  e v i d e n c e  o f  any a b n o r m a l i t y  i n  t h e  s k i n  a t  a d i s t a n c e  

f u r t h e r  t h a n  1 mm. from  t h e  r im .

When t h e  p r e s s u r e  was  d e l i b e r a t e l y  a l t e r e d ,  no e f f e c t  on 

e v a p o r a t i o n  r a t e  was o b s e r v e d  u n t i l  t h e  s e a l  b e t w e e n  c a p s u l e  

and s k i n  was o b v i o u s l y  b r o k e n  a t  v e r y  low p r e s s u r e s .

D e l i b e r a t e  v a r i a t i o n s  i n  p r e s s u r e  d i d  on o c c a s i o n  a f f e c t  t h e  

measured v a l u e  e s p e c i a l l y  when t h e  p r e s s u r e  f e l l

b e lo w  1 lb  ; t h i s  a p p e a r ed  t o  be due t o  a l t e r a t i o n s  t o  t h e  

d e g r e e  o f  c o n t a c t  o f  t h e  thermo j u n c t i o n s  w i t h  t h e  s k i n ,  r a t h e r  

than  t o  a l t e r a t i o n s  i n  b l o o d  f l o w .
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I t  i s  c o n c l u d e d  t h a t  t h e  e v a p o r a t i o n  r e s u l t s  were  n o t  

a p p r e c i a b l y  a f f e c t e d  by  b l o o d  f l o w  c h a n g e s  r e s u l t i n g  from  t h e  

p r e s s u r e  a t  w h ic h  th e  c a p s u l e  was h e l d  i n  p l a c e .  F r e q u e n t  

i n s p e c t i o n  o f  t h e  c a p s u l e s  was how ever  n e c e s s a r y  to  e n s u r e  

t h a t  t h e  s e a l  rem ained  u n b r o k e n .

( 3 )  C o o l i n g  and h e a t i n g  t h e  c a p s u l e

On a number o f  o c c a s i o n s  a t  an a i r  t e m p e r a t u r e  o f  T = T ,a s o ’
t h e  l o c a l  r a d i a t i v e  c o n d i t i o n s  under  t h e  c a p s u l e  w ere  s u d d e n l y  

a l t e r e d  b y  a p p l y i n g  a w a t e r - f i l l e d  p o l y t h e n e  b ag  t o  t h e  o u t e r  

s u r f a c e s  o f  t h e  c a p s u l e .  In  t h i s  way c a p s u l e  t e m p e r a t u r e s  

w ere r a i s e d  or  l o w e r e d  by  up t o  10®C a b ove  o r  b e lo w  s k i n  

t e m p e r a t u r e .  I t  was f o u n d  t h a t  t h i s  r e s u l t e d  i n  no change  

i n  e v a p o r a t i o n  r a t e ,  e x c e p t  t h a t  o c c a s i o n a l l y  c o o l i n g  c a u s e d  

a s m a l l  t r a n s i e n t  d e c r e a s e  i n  e v a p o r a t i o n  r a t e  l a s t i n g  

a p p r o x i m a t e l y  5 m in ,  a f t e r  w h ic h  t h e  o r i g i n a l  l e v e l  was  

r e - e s t a b l i s h e d .

From t h e s e  e x p e r i m e n t s  i t  i s  c o n c l u d e d  t h a t  a l t e r a t i o n  

o f  t h e  r a d i a t i v e  h e a t  l o s s ,  from t h e  s m a l l  a r e a  c o v e r e d  b y  t h e  

c a p s u l e ,  d o e s  n o t  r e s u l t  i n  any permanent p h y s i o l o g i c a l  

a d j u s t m e n t  w h ic h  r e - e s t a b l i s h e s  t h e  h e a t  b a l a n c e  i n  t h a t  

p a r t i c u l a r  a r e a ,  b y  a d j u s t i n g  t h e  amount o f  w a t e r  a v a i l a b l e  

f o r  e v a p o r a t i o n .  The u se  o f  c a p s u l e s  f o r  m e a su r in g  e v a p o r a t i o n  

when a m b ien t  t e m p e r a t u r e  i s  n o t  e q u a l  t o  s k i n  t e m p e r a t u r e  i s  

t h e r e f o r e  j u s t i f i e d .  The t r a n s i e n t  drop o b s e r v e d  when t h e  

c a p s u l e  was c o o l e d  may h ave  b e e n  due t o  c o n d e n s a t i o n  o f  m o i s t u r e  

on t h e  w a l l s  o f  t h e  c a p s u l e .

( 4 )  The e f f e c t  o f  a l t e r i n g  t h e  a i r  f l o w  r a t e  t h r o u g h  t h e  

c a p s u l e  ( E x p e r im e n t  b )

Four c a l v e s  ( N o s .  193» 1 9 6 ,  197 and 1 9 9 )  w e r e  e a c h  e x p o s e d
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T ab le  7 . E v a p o r a t i o n  r a t e  ( g / m * , h r )  from  t h e  l e f t  mid f l a n k  (E^ )
and r i g h t  s a c r a l  h a ck  ( E ^ ) , and t h e  d i f f e r e n c e
( g a l v a n o m e t e r  s c a l e  d i v i s i o n s )  b e tw e e n  s k i n  t e m p e r a t u r e
i n s i d e  and o u t s i d e  t h e  c a p s u l e  (T . -T ) on t h e  l e f t ̂ s i  so
mid f l a n k ,  f o r  v a r i o u s  a i r  f l o w  r a t e s  ( l . / m i n )  
( E x p e r im e n t  B)

Expo s -  
ure No.

r C a l f 196 197 193 199

Nominal T . - T * . - T . - T . -
f l o w  r a t e ®l ®r

s i
T Er SI

®r
s i

Bn ^r
s i

Tl . / m i n JL #
SO

X *
SO

X .
SO

X .
SO

!
0 -5 83 0*7 69 96 1*5 90 112 2*8 95 53 1*0
0*8 95 - 0*7 88 133 - 1 * 4 112 141 1*0 89 4 4 2*1
1*2 108 - - 0 * 4 89 128 - 0 * 2 121 154 2*0 93 49 0*7
1*8 1 4 4 - 0 103 171 - 2 * 2 138 158 0*2 102 59 1*2
2*6 131 - - 1 * 1 105 139 - 2 * 0 144 158 0*7 95 62 0*1
3*9 158 — - 0*6 116 198 - 3 * 0 161 171 -1 * 5 110 72 0*1

0*5 76 82 2*0 55 115 2*0 106 2*6 53 53
0 - 8 83 89 0*9 73 131 0*8 - 132 1*5 62 59 -0 * 9

2 1*2 90 91 1*0 73 138 1*0 - 144 1*0 66 65 -0*74L # 1*8 105 98 0*1 70 148 1*2 - 159 0*6 69 60 - 1 * 4
2*6 98 102 0 72 182 1*1 - 148 1*0 73 6 6 -1*7
3*9 120 121 - 0*2 118 165 0*2 — 166 - 0*1 85 72 - 0*8

0*5 73 77 0*4 42 93 2*4 89 108 20 — 0
0 - 8 82 60 -0*3 47 108 1*7 108 131 23 - 0*4

% 1 ' 2 87 78 - 0*8 54 122 2*2 113 140 - 23 - 0
!). 1*8 80 79 - 1*0 59 128 2*4 126 146 -* 23 - - 0*2

2*6 96 83 - 1*1 59 142 0*7 155 178 - 23 - - 0 * 4
3*9 102 85 -1*3 67 146 0*8 148 164 23 -0*9

;
i 0*5 92 106 2*4

0 ' 8 100 129 1*7
1. 1 ' 2 126 149 1*04 . 1*8 132 165 0*2

2*6 148 177 - 0 * 7
3*9 148 187 - 1*1
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t h r e e  t i m e s  t o  an a i r  t e m p e r a t u r e  o f  a p p r o x i m a t e l y  38°C w i t h

a b s o l u t e  h u m i d i t y  18 mm Hg. One e x t r a  e x p o s u r e  f o r  c a l f  193

was i n c l u d e d  s i n c e  f a i l u r e  o f  t h e  m ea su r in g  a p p a r a t u s  had

i n v a l i d a t e d  some r e s u l t s  from e a r l i e r  e x p o s u r e s .  A c a p s u l e ,

f i t t e d  w i t h  e i g h t  thermo j u n c t i o n s ,  c o n n e c t e d  i n  s e r i e s ,  f o r

m ea su r in g  was a p p l i e d  to  t h e  l e f t  m i d - f l a n k  and

a n o t h e r  c a p s u l e  t o  t h e  r i g h t  s a c r a l  b a ck  r e g i o n .  Flow r a t e s

t h r o u g h  b o t h  c a p s u l e s  w ere  i n i t i a l l y  1*2 l . / m i n  and,  a f t e r  a

2 - h r  w a i t i n g  p e r i o d ,  t h e y  w er e  changed a t  h a l f - h o u r l y  i n t e r v a l s

t o  c o v e r  t h e  v a l u e s  0 * 5 ,  0 * 8 ,  1 * 8 ,  2*6  and 3 * 9 ,  f i n a l l y

r e t u r n i n g  to  1*2 l . / m i n .

Measurements  w ere  made e v e r y  5 min o f  a i r  t e m p e r a t u r e ,

s k i n  t e m p e r a t u r e  on l e f t  and r i g h t  f l a n k s ,  r e c t a l  t e m p e r a t u r e ,

c a p s u l e  t e m p e r a t u r e  and o f  f l o w  r a t e s  t h r o u g h  t h e  c a p s u l e s .

C o n t in u o u s  r e c o r d i n g s  were made o f  w et  b u lb  t e m p e r a t u r e

d i f f e r e n c e  (w^-wj.) f o r  b o t h  c a p s u l e s  and o f  f o r  t h e

one c a p s u l e .  O c c a s i o n a l  a d j u s t m e n t s  t o  t h e  c o n t r o l  s y s t e m

o f  th e  c l i m a t i c  room were made t o  m a i n t a i n  a i r  t e m p e r a t u r e  a t

t h e  measured l e v e l  o f  s k i n  t e m p e r a t u r e .

The r e s u l t s  f o r  e v a p o r a t i o n  r a t e  and f o r  ( t . -T ) a t ̂ s i  s o '
v a r i o u s  f l o w  r a t e s  are  g i v e n  i n  T a b le  7»

E x a m in a t io n  o f  t h e  r e s u l t s  shows t h a t  f o r  any c a l f  on any

day f e l l  a s  f l o w  r a t e  ( f ) was i n c r e a s e d .  The f a l l

i n  (T . -T ) was a p p r o x i m a t e l y  l i n e a r  w i t h  l o g  F. The r e a s o n  SI so  r  j  o
\

why t h i s  1 l i n e a r  r e l a t i o n s h i p  was  n o t  o b s e r v e d  i n  E x p er im en t  AK .

( F i g .  A. p .  3 2 )  i s  n o t  known. I t  i s  p o s s i b l e  t h a t  t h i s  

d i f f e r e n c e  b e t w e e n  t h e  two s e t s  o f  r e s u l t s  i s  c o n n e c t e d  w i t h  

t h e  f i t t i n g  o f  b a f f l e d  i n l e t  t u b e s  t o  t h e  c a p s u l e s ,  a
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m o d i f i c a t i o n  t h a t  was made o n l y  a f t e r  t h e  c o m p l e t i o n  o f  E x p e r im en t  

A. The g e n e r a l  l e v e l  o f  v a r i e d  g r e a t l y  from  day t o  day,

and so  t h e r e f o r e  d i d  t h e  e s t i m a t e  o f  c r i t i c a l  f l o w  r a t e  . 

(Tg^-Tg^)  i s  a v e r y  s m a l l  q u a n t i t y ,  b e i n g  th e  d i f f e r e n c e  b e t w e e n  

two n e a r l y  e q u a l  t e m p e r a t u r e s  and h a v i n g  a m a g n itu d e  o f  0*2®C 

(3  s c a l e  d i v i s i o n s  i n  T a b le  7 )  or  l e s s .  Any l o c a l  v a r i a t i o n  o f  

s k i n  t e m p e r a t u r e  due to  l a r g e  b l o o d  v e s s e l s  n e a r  t h e  s k i n  s u r f a c e ,  

o r  any form o f  poor  c o n t a c t  o f  any o f  t h e  e i g h t  therm o j u n c t i o n s  

w i t h  t h e  s k i n  w o u ld  be l i k e l y  t o  c a u s e  l a r g e  e r r o r s  i n  t h e  

e s t i m a t e  o f  (T ^ ^ -T g ^ ) .  Large d a y - t o - d a y  v a r i a t i o n s  i n  t h e

m easured v a l u e s  o f  (T . -T  ) w ere  t h e r e f o r e  to  be e x p e c t e d .SI so
H ow ever ,  w i t h  t h e  c a p s u l e  f i x e d  i n  any one p l a c e ,  r e l a t i v e  v a l u e s  

o f  (Tg^-T ^ ) on any  one d ay  w ere  l i k e l y  t o  be more c o n s i s t e n t ,  

a s  was i n d e e d  f o u n d .  The d a y - t o - d a y  v a r i a t i o n s  i n  t h e  mean 

l e v e l  o f  showed no r e l a t i o n  t o  d a y - t o - d a y  v a r i a t i o n s

i n  e v a p o r a t i o n  r a t e ,  r e c t a l ,  s k i n  o r  a i r  t e m p e r a t u r e  o r  any  

o t h e r  m easured  q u a n t i t y ;  t h i s  s t r e n g t h e n s  t h e  b e l i e f  t h a t  such  

v a r i a t i o n s  were i n  f a c t  p u r e l y  e r r o r  from  t h e  c a u s e s  m en t io n ed  

a b o v e .

The r e g r e s s i o n  e q u a t i o n  o f  l o g  F on (T^^-T^^) was  

c a l c u l a t e d  u s i n g  t h e  mean v a l u e s  o f  (T^^-T^g) a v e r a g e d  o v e r  a l l  

' e x p o s u r e s  f o r  e a c h  f l o w  r a t e .  Hence t h e  c r i t i c a l  f l o w  r a t e  

c o r r e s p o n d i n g  t o  T^^ = T^^ was e v a l u a t e d  as  F^ = 1*93  l . / m i n .

The a c c u r a c y  o f  t h i s  v a l u e  f o r  F ^ , e s t i m a t e d  from t h e  5% 

f i d u c i a l  l i m i t s  o f  l o g  F^ i n  t h e  r e g r e s s i o n  e q u a t i o n ,  may be  

e x p r e s s e d  a s  1 * 6 a <F^<2*25 l . / m i n .  The e r r o r  i n  F^ may be  s t i l l  

g r e a t e r  t h a n  t h e s e  l i m i t s  s u g g e s t ,  s i n c e  i f  i n d i v i d u a l  v a l u e s  o f  

l o g  F^ a r e  d e t e r m i n e d  f o r  ea c h  o f  t h e  t w e l v e  e x p o s u r e s  r e p r e s e n t e d
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T a b le  8 . E v a p o r a t i o n  r a t e s  (E^) c o r r e s p o n d i n g  t o  t h e  

c r i t i c a l  f l o w  r a t e  = 1*93 l . / m i n ,  and 
v a l u e s  o f  t h e  r e g r e s s i o n  c o e f f i c i e n t s ,  
k = d ( l o g  E ) / d  ( l o g  F ) , u se d  i n  c om p u t in g  

( E x p e r im e n t  B)

I C a l f Expo sure  
No •

L e f t mid f la n k - 1 R ig h t  s a c r a l b ack

^^(g/m^ . h r )  k 1 E ^ ( g /m ^ .h r ) k

1 128 0 * 297 -

|1 9 6 2 100 0 *209 1 103 0*173

1 3 90 0 * 1 4 4 79 0 * 1 0 4

1 100 0*229 ' 154 0 * 279

!i 97 2 80 0*275 15 4 0*207
'

57 0*220 131 0*218

1
1 136 0 * 2 6 6 156 0*179

f 2 - 149 0 * 1 9 4
1193

3 131 0 *259 152 0* 2 1 4

i 4 131 0*247 162 0*265

i
j

1 99 0 * 0 8 4 59 0*203

1199 2 72 0*198 65 0*124

1
i 3 23 0*050 - -

1 Mean
L ..............

- 96 0 * 2 0 6 [ 1 2 4 0* 1 9 6
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b y  T a b le  7 and t h e  s ta n d a r d  d e v i a t i o n  c a l c u l a t e d ,  t h e n  t h e  ^fo

c o n f i d e n c e  l i m i t s  f o r  P a re  fo u n d  t o  b e  1*11<P <2*70 .o o
The e s t i m a t e  o f  P^ may t h e r e f o r e  b e  i n  e r r o r  b y  

a p p r o x i m a t e l y  75^  o f  t h e  t r u e  v a l u e .

The m easured  r a t e  o f  e v a p o r a t i o n  E ( s e e  T a b le  7)  r o s e  a s  

f l o w  r a t e  was i n c r e a s e d .  I f  l o g  E i s  p l o t t e d  a g a i n s t  l o g  F 

t h e  r e l a t i o n s h i p  i s  a p p r o x i m a t e l y  l i n e a r .  The v a l u e s  o f  E  ̂

c o r r e s p o n d i n g  t o  F^ w ere  o b t a i n e d  by c a l c u l a t i n g  l i n e a r  

r e g r e s s i o n s  f o r  l o g  E on l o g  P. The v a l u e s  o f  E^ are  t h u s  

e s t i m a t e s  o f  e v a p o r a t i o n  from  t h e  f r e e  s k i n  s u r f a c e  under  

t h e  c o n d i t i o n s  o f  a i r  movement p e r t a i n i n g  i n  t h e  c l i m a t i c  

room. In T a b le  8 ,  E^ i s  g i v e n  c o r r e s p o n d i n g  t o  F^ = 1*93  

l . / m i n  t o g e t h e r  w i t h  t h e  v a l u e s  o f  th e  r e g r e s s i o n  c o e f f i c i e n t  

k = d ( log^Q  E)/d(logj^Q F) . The mean o f  t w e n t y - t h r e e  

d e t e r m i n a t i o n s  o f  k i s  0 *202  ± 0 * 0 1 4  ( S . E . ) .

C om putat ion  o f  t r u e  e v a p o r a t i o n  r a t e  when f lo w  r a t e  i s  n o t  

c r i t i c a l

I f  t h e  r e l a t i o n s h i p  b e t w e e n  e v a p o r a t i o n  r a t e  and f lo w  

r a t e  th r o u g h  t h e  c a p s u l e  i s  known i t  i s  n o t  e s s e n t i a l  t h a t  

e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  e v a p o r a t i o n  r a t e  be  c a r r i e d  

o u t  a t  t h e  c r i t i c a l  f l o w  r a t e .  In  f a c t  i n  s u b s e q u e n t  

m easurem ents  t h e  n o m in a l  f l o w  r a t e  F = 1*2 l . / m i n  was c h o sen  

f o r  e x p e r i m e n t a l  c o n v e n i e n c e .

I f  E i s  th e  o b s e r v e d  e v a p o r a t i o n  r a t e  a t  f l o w  r a t e  F , 

t h e n  t h e  normal e v a p o r a t i o n  r a t e ,  E^,  a t  t h e  c r i t i c a l  f l o w  

r a t e ,  F^ , i s  g i v e n  by
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E = E(F / p )^o o

and E = 600mF
A

w here  E and E  ̂ are  e x p r e s s e d  i n  g /m ® ,hr

F and F^ i n  1 , / m i n

A, t h e  a r e a  o f  t h e  c a p s u l e ,  i n  cm®

m, t h e  g a i n  i n  a b s o l u t e  h u m i d i t y  o f  th e

a i r  a s  i t  p a s s e s  t h r o u g h  t h e  c a p s u l e ,  i n  m g / l .

k = 0 * 2 0 2 ,  f o r  t h e  c a p s u l e  d e s i g n  e m p lo y e d .

The f a c t o r  600 i s  a d i m e n s i o n a l  c o n s t a n t .

Combining t h e s e  two e q u a t i o n s :

E^ = é O O m P ( F ^ / F ) ^

A

o r  E  ̂ = m

where «  i s  a f a c t o r ,  w h ic h  f o r  t h e  s t a n d a r d  c o n d i t i o n s

e m p lo y e d ,  i s  d e p e n d e n t  s o l e l y  on t h e  f l o w  r a t e ,  F.

The e s t i m a t e  o f  n orm al  e v a p o r a t i o n  r a t e  (E^) b y  t h i s

method i s  s u b j e c t  t o  a s y s t e m a t i c  e r r o r  w h ich  i s  a s s o c i a t e d  w i t h

t h e  u n c e r t a i n t y  o f  t h e  e s t i m a t e  o f  t h e  c r i t i c a l  f l o w  r a t e

(F^ = 1*93  l . / m i n ) .  S i n c e ,  f o r  t h e  c a p s u l e  d e s i g n  u s e d ,  k

i s  s m a l l  compared w i t h  u n i t y ,  a 75!^ e r r o r  i n  P^ r e s u l t s  i n  o n l y

a 1 2 /  e r r o r  i n  E • T h i s  f i x e d  unknown e r r o r  i n  E i s  i no o
a d d i t i o n  t o  any random e r r o r  a s s o c i a t e d  w i t h  any  one m easu rem en t .

Summary o f  c a p s u l e  method and e r r o r s .

C a p s u le s  c o n s t r u c t e d  a s  shown i n  F i g .  2 ( p .  2 5 )  w ere  

u sed  t o  e s t i m a t e  t h e  r a t e  o f  e v a p o r a t i o n  from t h e  s k i n  E^ 

t h a t  would n o r m a l l y  o c c u r  from  t h e  a r e a  ex a m in e d  i n  t h e  a b s e n c e  

o f  t h e  c a p s u l e .  T h i s  was d on e  b y  m e a su r in g  t h e  g a i n  i n  

a b s o l u t e  h u m i d i t y  m ( m g / l , )  o f  t h e  a i r  as  i t  p a s s e d  t h r o u g h  t h e
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c a p s u l e ,  and t h e  r a t e  o f  a i r  f l o w  t h r o u g h  t h e  c a p s u l e  F ( l . / m i n ) , 

m was measured by  means o f  wet  and d r y  b u lb  t h e r m o c o u p l e s  and 

F b y  R o ta m e te r  f l o w m e t e r s .  The e v a p o r a t i o n  r a t e  was t h e n  

o b t a i n e d  from

m g/m® . hr

w h e r e o t i s  a f a c t o r  d e p e n d e n t  s o l e l y  on F.

For t h e  n o m in a l  f l o w  r a t e

F = 1*2 l . / m i n

oC = 19*0  m/hr

The q u a n t i t a t i v e  a c c u r a c y  o f  t h i s  method i s  s u b j e c t  t o  

s y s t e m a t i c  e r r o r  whose  g r e a t e s t  p o s s i b l e  m agn itude  i s  e s t i m a t e d  

a t  12 / .  In v ie w  o f  t h e  p o s s i b l e  l a r g e  e r r o r  i t  was d e c i d e d  as  

a f u r t h e r  q u a n t i t a t i v e  c h ec k  t o  compare t h e  t o t a l  c u t a n e o u s  

e v a p o r a t i o n ,  a s  m easured by  t h e  c a p s u l e  t e c h n i q u e ,  p l u s  t h e  

r e s p i r a t o r y  w e i g h t  l o s s e s  w i t h  d i r e c t  d e t e r m i n a t i o n  o f  t h e  

t o t a l  i n s e n s i b l e  w e i g h t  l o s s .  T h i s  c o m p a r i so n  i s  d e s c r i b e d  

i n  C hapter  I I I .

R e s p i r a t o r y  A n a l y s i s

S e p a r a t i o n  and c o l l e c t i o n  o f  r e s p i r a t o r y  g a s e s

The a n im a l  was made t o  w ear  a mask. The mask method  

em ployed  was d e s i g n e d  t o  m in im ise  t h e  r e s i s t a n c e  t o  r e s p i r a t o r y  

g a s  f l o w .  The u s e  o f  any form o f  s p i r o m e t e r  o r  c o l l e c t i o n  b ag  

was a v o i d e d  i n  o r d e r  t o  e l i m i n a t e  i n e r t i a  and th e  v a l v e s  w ere  

made a s  l i g h t  as  p o s s i b l e .  The mask ( F i g .  6) was c o n s t r u c t e d  

o f  s h e e t  m e ta l  a t  t h e  l o w e r  end and s h e e t  rubber  a t  t h e  u pper  

e n d .  I t  was h e l d  i n  p l a c e  b y  means o f  a l e a t h e r  s t r a p  t h a t  

p a s s e d  o v e r  t h e  b a c k  o f  t h e  a n i m a l ' s  head  b e h in d  h i s  e a r s .



• H

6 . The mask a s s e m b l y  f o r  r e s p i r a t o r y  a n a l y s i s .  (A & B
i n l e t  and o u t l e t  v a l v e s ,  C s a l i v a  c o l l e c t i o n  b o t t l e ,  

D w et  and d ry  b u lb  a p p a r a t u s ,  E R o ta m e te r  f l o w m e t e r ,  
P a i r  pump, G p n eu m o ta ch o m eter  g a u z e ,  H th e r m o 
j u n c t i o n ,  J e x p i r e d  a i r  s a m p l i n g  p o i n t . )



45

The mask was s e a l e d  o n to  t h e  m uzzle  b y  means o f  an i n f l a t a b l e  

tu b e  mounted i n s i d e  t h e  t o p  o p e n i n g ,  and b y  p a c k i n g  t h e  j o i n t  

w i t h  c o t t o n  w o o l .  I n s p i r e d  a i r  e n t e r e d  t h e  mask from t h e  

room v i a  t h e  v a l v e  A. E x p i r e d  a i r  p a s s e d  t h r o u g h  th e  v a l v e  

B and t h e n  t h r o u g h  a 1*2 m l e n g t h  o f  8 cm d i a m e t e r  f l e x i b l e  

t u b i n g  ( P l e x f l y t e )  b a ck  i n t o  t h e  room. A d r a i n a g e  t u b e  

f i t t e d  t o  t h e  l o w e r  end o f  t h e  mask a l l o w e d  c o n d e n se d  m o i s t u r e  

and s a l i v a  t o  be  c o l l e c t e d  i n  a b o t t l e  C. A sam ple  o f  t h e  

e x p i r e d  a i r  p a s s i n g  down t h e  f l e x i b l e  t u b i n g  was drawn 

c o n t i n u o u s l y ,  from a p o i n t  h a l f  way a l o n g  th e  t u b i n g  a t  a 

r a t e  o f  1*2 l . / m i n ,  t h r o u g h  th e  w et  and d r y  b u lb  a p p a r a t u s  

D, a 3 l i t r e  m ix in g  b o t t l e  and t h e  R o ta m ete r  f l o w m e t e r  E by  

t h e  pump F. The r e m a in d e r  o f  t h e  e x p i r e d  a i r  p a s s e d  o u t  o f  

t h e  f l e x i b l e  t u b i n g  t h r o u g h  a p n eu m otach om eter  g a u ze  G ( N i s b e t ,  

1 9 5 6 ) .  A 40 S.W.G. thermo j u n c t i o n  H measured t h e  mean 

t e m p e r a t u r e  o f  e x p i r e d  a i r  a t  t h e  e x h a u s t  end o f  t h e  f l e x i b l e

t u b i n g .  A s e c o n d  s a m p l in g  tu b e  was p l a c e d  n e a r  t h e

i n s p i r a t o r y  v a l v e ,  and t h r o u g h  t h i s  and a n o t h e r  w e t  b u lb  

a p p a r a t u s  and R o t a m e t e r  room a i r  was drawn c o n t i n u o u s l y  by  

t h e  same pump P. The j u n c t i o n  J i n  t h e  e x p i r e d  a i r  sa m p l in g  

l i n e  was  u se d  f o r  d r a w in g  o f f  s a m p le s  i n  t o n o m e t e r s  f o r  

s u b s e q u e n t  a n a l y s i s  on a Haldane a p p a r a t u s .  I n s p i r e d  a i r  

s a m p le s  were a l s o  c o l l e c t e d  i n  t o n o m e t e r s ,  from a p o s i t i o n  

c l o s e  to  t h e  i n s p i r a t o r y  v a l v e .

The c o n s t r u c t i o n  o f  t h e  v a l v e s *  i s  shown i n  P i g .  ?•

The moving p a r t  o f  t h e  v a l v e  i s  a 5 cm d i a m e t e r  mica  d i s c  A

* The d e s i g n  o f  t h e  v a l v e s  was b y  Mr. W. N i s b e t .
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Fi  g .  7 . C o n s t r u c t i o n  o f  t h e  v a l v e s  u se d  i n  th e  mask. S c a l e  -  

a p p r o x i m a t e l y  t w i c e  a c t u a l  s i z e ,  (A m ica  d i s c ,  B
s t a i n l e s s  s t e e l  g u id e  t u b e ,  C b r a s s  w a s h e r ,  D b r a s s  

c o l l a r ,  E v a l v e  s e a t  made from p e r s p e x ,  F b r a s s  r o d ,  
GG- t h r e a d e d  b r a s s  p o s t s ,  H w a tc h  s p r i n g ,  JJ 

c la m p in g  n u t  s • )
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w i t h  an a x i a l  g u id e  rod  B made from s t a i n l e s s  s t e e l  c a p i l l a r y  

t u b i n g  o f  1 mm o u t s i d e  d i a m e t e r .  A w a s h e r  C and c o l l a r  D, 

b o t h  made from  b r a s s  are  f i x e d  c e n t r a l l y  on e i t h e r  s i d e  o f  

t h e  mica d i s c  b y  means o f  r i v e t s .  The g u id e  rod  i s  p u s h -  

f i t t e d  i n t o  t h e  c o l l a r .  The f i x e d  p a r t  o f  t h e  v a l v e  i s  a 

p e r s p e x  a n n u lu s  E, t h e  v a l v e  s e a t  b e i n g  a p l a n e  a n n u la r  

s u r f a c e  o f  4*5 cm i n t e r n a l  d i a m e t e r  and 0*7 mm w i d t h .  T h i s  

d e s i g n  i s  a com promise  b e t w e e n  t h e  c o n f l i c t i n g  r e q u i r e m e n t s  

o f  a i r t i g h t n e s s ,  w h ic h  c a l l s  f o r  a v a l v e  s e a t  o f  l a r g e  a r e a ,  

and o f  n o n - s t i c k i n e s s  w h ich  w ou ld  be  b e s t  e f f e c t e d  b y  a 

k n i f e - e d g e d  s e a t .  The g u id e  rod s l i d e s  l o o s e l y  t h r o u g h  a 

h o l e  d r i l l e d  i n  a b r a s s  rod P w h ic h  i s  c lamped o n t o  two 

t h r e a d e d  b r a s s  p o s t s  GG mounted on t h e  p e r s p e x  a n n u l u s .  A 

shap ed  w a tc h  s p r i n g  H i s  s o l d e r e d  o n to  t h e  rod F and t h e  

p o s i t i o n  o f  t h e  s p r i n g  i s  a d j u s t e d  b y  means o f  c la m p in g  n u t s  

JJ so t h a t  t h e  m ica  i s  j u s t  h e l d  o n t o  t h e  v a l v e  s e a t  a g a i n s t  

g r a v i t y  when t h e  v a l v e  a s s e m b l y  i s  i n v e r t e d .  The p r e s s u r e  

r e q u i r e d  t o  h o l d  t h e s e  v a l v e s  f u l l y  open i s  a p p r o x i m a t e l y  

0*1 mm Hg. They o p e r a t e  s a t i s f a c t o r i l y  i n  any p o s i t i o n  and 

w h e t h e r  w et  o r  d r y .

D i f f i c u l t i e s  w ere  o c c a s i o n a l l y  e x p e r i e n c e d  due t o  l e a k s  

d e v e l o p i n g  a t  t h e  s e a l  o f  t h e  mask t o  t h e  f a c e  o f  the  a n im a l  

and due t o  t h e  o u t l e t  v a l v e  s t i c k i n g  when s a l i v a  had 

a c c u m u la t e d  on i t .  On most  o c c a s i o n s  t h e s e  f a u l t s  w ere  

o b v i o u s  b y  an a p p a r e n t  d e c r e a s e  i n  m inute  vo lume o r  i n c r e a s e  

i n  t h e  v a p o u r  p r e s s u r e  o f  e x p i r e d  a i r ,  and t h e y  c o u ld  be  

c o r r e c t e d  i m m e d i a t e l y .
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Measurement o f  r e s p i r a t o r y  r a t e  and vo lume

The q u a n t i t y  o f  a i r  p a s s i n g  ou t  o f  t h e  mask a s s e m b l y  

th r o u g h  t h e  gauze  G ( F i g .  6 ,  p .  4 5 )  was m easured  b y  a 

p n eu m otach om eter  ( N i s b e t ,  I 9 5 6 ) .  T h i s  i s  an e l e c t r o n i c  

i n s t r u m e n t  w h i c h  m ea su res  i n s t a n t a n e o u s  a i r  f l o w  r a t e s  b y  

d e t e c t i n g  m inute  p r e s s u r e  c h a n g e s ,  in d u c e d  a c r o s s  a f i n e  

meshed g a u z e ,  a s  a i r  p a s s e s  th r o u g h  i t .  An e l e c t r o n i c  

i n t e g r a t o r  can p r e s e n t  th e  r e s u l t s  i n  t e r m s  o f  e i t h e r  th e  

volume o f  a s i n g l e  e x p i r a t i o n  or  t h e  i n t e g r a t e d  vo lum e o f  

a l l  e x p i r a t i o n s  d u r in g  any c o n v e n i e n t  p e r i o d .  A m o d i f i c a t i o n  

t o  t h e  r e l a y  s y s t e m  o f  th e  pneu m otach om eter  was made by  

Mr. 7/.  N i s b e t  so t h a t  t h e  in s t r u m en t  w ou ld  o p e r a t e  w i t h  t h e  

u n i d i r e c t i o n a l  a i r  f l o w s  o c c u r i n g  i n  t h e  p r e s e n t  mask 

a s s e m b l y  as  w e l l  a s  w i t h  r e v e r s i n g  r e s p i r a t o r y  f l o w s  i n  t h e  

o r i g i n a l  p n eu m otach om eter  mask.

The i n t e g r a t e d  a i r  f l o w  t h r o u g h  t h e  ga u ze  d u r i n g  one 

m inute  added t o  t h a t  drawn down t h e  e x p i r e d  a i r  s a m p l i n g  tu b e  

r e p r e s e n t e d  t h e  e x p i r a t o r y  m in u te  v o lu m e .

R e s p i r a t o r y  r a t e  was c o u n t e d  by  o b s e r v a t i o n  o f  th e  

p n eu m otach om eter  i n d i c a t o r s  u s i n g  a s t o p  w a t c h .  On o c c a s i o n s  

when t h e  mask a s s e m b l y  was n o t  i n  u s e ,  r e s p i r a t o r y  r a t e  was  

measured  w i t h  a m e c h a n ic a l  c o u n t e r  ( N i s b e t ,  1 9 5 8 ) ,  o p e r a t e d  

b y  f l a n k  movements o f  t h e  a n i m a l .

C o m p o s i t io n  o f  r e s p i r a t o r y  g a s e s .

The g a in  i n  a b s o l u t e  h u m i d i t y  o f  a i r  as  i t  p a s s e d  th r o u g h  

th e  r e s p i r a t o r y  a p p a r a t u s  was measured  u s i n g  w et  and dry  b u lb  

t h e r m o c o u p le  a p p a r a t u s e s  a s  a l r e a d y  d e s c r i b e d  f o r  c a p s u l e s .  

T h is  q u a n t i t y  added t o  t h e  a b s o l u t e  h u m i d i t y  o f  room a i r  was
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u s e d  t o  e s t i m a t e  t h e  a b s o l u t e  h u m i d i t y  o f  e x p i r e d  a i r  f o r  t h e  

p u r p o s e s  o f  c o r r e c t i n g  m in u te  volume i n t o  term s o f  t h e  t o t a l  

volume o f  dry  a i r  e x p i r e d  a t  s . t . p .

Oxygen and carbon  d i o x i d e  p e r c e n t a g e s  i n  e x p i r e d  and  

i n s p i r e d  a i r  sa m p les  w ere  measured on H aldane  gas a n a l y s e r s *

I t  was fou nd  t h a t  the  v a r i a t i o n  i n  c o m p o s i t i o n  b e tw e e n  

i n d i v i d u a l  sa m p le s  o f  i n s p i r e d  a i r  was u n r e l a t e d  to  t e m p e r a t u r e  

and h u m i d i t y  l e v e l s  or  t o  t h e  p r e s e n c e  or  a b s e n c e  o f  an a n i m a l  

i n  t h e  c l i m a t i c  chamber.  The v a r i a t i o n ,  w h ic h  was random,  

was a t t r i b u t e d  t o  s a m p l in g  and a n a l y s i s  e r r o r s ,  more p a r t i c u l a r l y  

t o  e r r o r s  due to  t h e  p r e s e n c e  o f  th e  o b s e r v e r  i n  p r o x i m i t y  t o  

t h e  t o n o m e t e r s  when c o l l e c t i n g  s a m p l e s .  The c o m p o s i t i o n  o f  

i n s p i r e d  a i r  was t h e r e f o r e  assumed t o  be  c o n s t a n t  and e q u a l  t o  

t h e  mean l e v e l  o b t a i n e d  from  a l l  i n s p i r e d  a i r  a n a l y s e s  ( 7 1  i n  

a l l ) .  The c o m p o s i t i o n  o f  i n s p i r e d  d r y  a i r  i n  t h e  g e n e r a l  

p u rp ose  chamber,  where a l l  e x p e r i m e n t s  w i t h  t h e  mask w ere  

c o n d u c t e d ,  was t h u s  e s t i m a t e d  a s  f o l l o w s :

Carbon d i o x i d e  0 *085^

Oxygen 20*88^

N i t r o g e n  7 9 * 0 3 5 ^  (b y  d i f f e r e n c e )

For t h e  p u r p o s e s  o f  c a l c u l a t i o n s  i t  was assumed b o t h  

f o r  e x p i r e d  and i n s p i r e d  d r y  a i r  t h a t  ca rb o n  d i o x i d e ,  o x y g e n  

and n i t r o g e n  were t h e  o n l y  c o n s t i t u e n t s .

Heat  p r o d u c t i o n  and m e t a b o l i c  w e i g h t  l o s s

Heat  p r o d u c t i o n  H  ̂ was c a l c u l a t e d  from t h e  r e s p i r a t o r y  

d a t a  u s i n g  t h e  e q u a t i o n  o f  Brouwer ( 1 9 5 8 )  :

H = 3 ' 8 6 9 . 0 2  + l ' 1 9 5 .COa ( k o a l / h r )
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where  Og and COg r e p r e s e n t  t h e  v o lu m es  ( l . / h r )  o f  o x y g en  

consumed and carb on  d i o x i d e  produced  a t  s . t . p .  Brouwer  

showed t h a t  f o r  r u m i n a n t s ,  t h e  o m i s s i o n  from t h e  e q u a t i o n  o f  

a d d i t i o n a l  term s  c o n t a i n i n g  t h e  w e i g h t  o f  p r o t e i n  m e t a b o l i s e d  

and t h e  volume o f  methane p r o d u c e d ,  r e s u l t s  i n  an e r r o r  o f  

n o t  more th a n  2% i n  t h e  e s t i m a t e  o f  h e a t  p r o d u c t i o n .

The w e i g h t  l o s s  due t o  o x y g e n - c a r b o n  d i o x i d e  e x c h a n g e ,  

o r  m e t a b o l i c  w e i g h t  l o s s  W^, may be  c a l c u l a t e d  from t h e  gas  

m o l e c u l a r  w e i g h t s  and t h e  v o lu m e s  consumed and p ro d u ced ;  i t  

i s  g i v e n  b y  th e  e q u a t i o n ;

= 1 *9 6 4 . COa -  1 * 4 2 9 .0 *  ( g / h r )

The v a l u e s  o f  t h e  q u a n t i t i e s  Og and COg w ere  o b t a i n e d  from  

t h e  volume o f  d ry  a i r  e x p i r e d  a t  s . t . p .  V ( l . / h r )  and t h e  

p e r c e n t a g e s  o f  o x y g en  ( x )  ca rb o n  d i o x i d e  ( y )  and n i t r o g e n  

( z )  i n  i n s p i r e d  ( s u b s c r i p t  l )  and e x p i r e d  ( s u b s c r i p t  O) a i r  

as  f o l l o w s  :

COg = (y^ -  y i z ^ / z i )  V/lOO l . / h r

Oa = ( x i z ^ / z i  -  x^)  7 /1 0 0  l . / h r

R e s p i r a t o r y  e v a p o r a t i o n

The q u a n t i t y  o f  m o i s t u r e  e v a p o r a t e d  from th e  r e s p i r a t o r y  

p a s s a g e s  was o b t a i n e d  from t h e  p r o d u c t  o f  t h e  e x p i r a t o r y  

m in u te  volume ( l i t r e s )  and t h e  g a i n  i n  a b s o l u t e  h u m i d i t y  

o f  t h e  a i r  p a s s i n g  t h r o u g h  t h e  mask a s s e m b ly  m ( m i l l i g r a m s  

p e r  l i t r e  o f  e x p i r e d  a i r ) .  I n c l u d i n g  d i m e n s i o n a l  c o n s t a n t s  

t h e  e q u a t i o n  i s  :

E^ = 0 ' 0 6  m ( g / h r )

T h i s  method o f  e s t i m a t i n g  r e s p i r a t o r y  m o i s t u r e  l o s s ,

h e r e a f t e r  d e s c r i b e d  as  * the  d i r e c t  method* was fo u n d  u n s u i t a b l e
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a t  a i r  t e m p e r a t u r e s  b e lo w  30°C due to  c o n d e n s a t i o n  o f  r e s p i r a t o r y  

m o i s t u r e  i n  t h e  t u b e  l e a d i n g  t o  t h e  w et  and d r y  b u lb  a p p a r a t u s .  

When t h e  e n v i r o n m e n t a l  c o n d i t i o n s  w ere  such t h a t  c o n d e n s a t i o n  

o c c u r e d ,  r e s p i r a t o r y  e v a p o r a t i o n  was e s t i m a t e d  b y  * t h e  

d i f f e r e n c e  method* as  f o l l o w s :

where = t o t a l  i n s e n s i b l e  w e i g h t  l o s s

= m e t a b o l i c  w e i g h t  l o s s

= w e i g h t  l o s s  b y  c u t a n e o u s  e v a p o r a t i o n

I n s e n s i b l e  W e ig h t  Loss  

The a n im a l  was t e t h e r e d  s t a n d i n g  i n  a s t a l l  made o f  

g a l v a n i s e d  t u b i n g  and t i m b e r .  U r in e  was c o l l e c t e d  b y  means  

o f  a p o l y t h e n e  f u n n e l ,  w h ic h  was s cr ew e d  i n t o  t h e  n e ck  o f  a 

p o l y t h e n e  b o t t l e  and w h ic h  was s u p p o r t e d  b y  h a r n e s s  p a s s i n g  

round t h e  t r u n k .  F a e c e s  were c o l l e c t e d  i n  a b a g ,  c o n s t r u c t e d  

from a motor t y r e  i n n e r  t u b e ,  and s u p p o r t e d  b y  o t h e r  h a r n e s s .

The o r d e r  o f  m agn itu d e  o f  t h e  w e i g h t  l o s s  due t o  

e v a p o r a t i o n  o f  w a t e r  from  t h e  a c c u m u la t e d  u r i n e  and f a e c e s  

i n  t h e  f u n n e l  and b a g  was d e t e r m i n e d  e x p e r i m e n t a l l y  w i t h  th e  

open c o l l e c t o r s  p l a c e d  on a s m a l l  b a l a n c e .  The l o s s  was  

3 g / h r  or  l e s s  under  a l l  e n v i r o n m e n t a l  c o n d i t i o n s  e m p lo y e d .  

A n o th e r  e r r o r  a r o s e  due t o  i n h i b i t i o n  o f  c u t a n e o u s  e v a p o r a t i o n  

from t h e  sk in:  r e g i o n s  c o v e r e d  b y  t h e  c o l l e c t o r s  and h a r n e s s .

T h i s  was  k e p t  s m a l l  b y  making th e  h a r n e s s  w h e r e v e r  p o s s i b l e  

from p l a s t i c  c o v e r e d  e l a s t i c  w i r e  c u r t a i n  r o d .  These  two 

s o u r c e s  o f  e r r o r  t e n d e d  t o  be m u t u a l l y  s e l f - c a n c e l l i n g  and 

no c o r r e c t i o n  was made f o r  them .
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The s t a l l  c o n t a i n i n g  t h e  a n i m a l ,  e x c r e t a  c o l l e c t o r s ,  mask 

a s s e m b l y ,  c a p s u l e s  and h a r n e s s  n o r m a l l y  r e s t e d  on wooden b l o c k s  

a b o v e  t h e  p l a t f o r m  o f  an A v ery  b a l a n c e .  The b l o c k s  were  

removed when w e i g h i n g  was r e q u i r e d  and t h e  v e n t i l a t i n g  t u b e s  

t o  t h e  c a p s u l e s  t e m p o r a r i l y  d i s c o n n e c t e d .  The o n l y  c o n n e c t i o n s  

b e t w e e n  t h e  s t a l l  and i t s  s u r r o u n d i n g s  d u r i n g  w e i g h i n g s  were  

f i v e  t h e r m o c o u p le  l e a d s  w h ic h  hung l o o s e l y  b e t w e e n  a c e r t a i n  

p o i n t  on t h e  s t a l l  and a f i x e d  s u p p o r t ;  t h e  d r a g  o f  th e  

l e a d s  was t h e r e f o r e  c o n s t a n t .  I t  was f o u n d  b y  e x p e r im e n t  

i n  t h e  a b se n c e  o f  t h e  a n im a l  t h a t  t h e  w e i g h t  o f  t h e  s t a l l  was  

n o t  a f f e c t e d ,  w i t h i n  th e  l i m i t s  o f  a c c u r a c y  o f  t h e  b a l a n c e ,  

b y  a l t e r a t i o n s  i n  room a i r  t e m p e r a t u r e  and h u m i d i t y .  The 

b a l a n c e  s c a l e  was marked i n  d i v i s i o n s  o f  2 oz b u t  r e a d i n g s  

w ere  e s t i m a t e d  to  t h e  n e a r e s t  % o z . The o v e r a l l  d i f f e r e n c e  

b e t w e e n  two w e i g h i n g s  was  e s t i m a t e d  t o  have an a c c u r a c y  o f  1 

oz or  28 g .  M easurements  o f  i n s e n s i b l e  w e i g h t  l o s s  were  

n o r m a l l y  made o v e r  p e r i o d s  o f  a p p r o x i m a t e l y  2 hr  e x c e p t  a t  

am b ien t  t e m p e r a t u r e s  o f  20°C o r  l e s s ,  when t h e  w e i g h t  change  

was so  s m a l l  t h a t  p e r i o d s  o f  4 hr  w ere  n e c e s s a r y .  The 

p r o b a b le  a c c u r a c y  o f  t h e  i n s e n s i b l e  w e i g h t  l o s s  m easurem ents  

was t h u s  a p p r o x i m a t e l y  14 g / h r .

O ther  E s t i m a t i o n s

Heat  s t o r a g e

The r a t e  o f  h e a t  s t o r a g e  Ĥ  b y  t h e  a n im al  d u r i n g  an 

e x p o s u r e  was e s t i m a t e d  from  t h e  r i s e  i n  r e c t a l  t e m p e r a t u r e  

p er  hour AT^(°C),  t h e  r i s e  i n  s k i n  t e m p e r a t u r e  per  hour  

AT^(®C), t h e  w e i g h t  o f  t h e  a n im a l  W(kg) and t h e  s p e c i f i c  h e a t .
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T ab le  9 . A t a b l e  o f  t h e  f a c t o r s ,  e x p r e s s i n g  t h e  

h e a t  d e r i v e d  from  t h e  a n im a l  i n  t h e  
e v a p o r a t i o n  o f  1 g o f  w a t e r ,  as  u sed  
f o r  co m p u t in g  c u t a n e o u s  and r e s p i r a t o r y  

e v a p o r a t i v e  h e a t  l o s s e s

E n v i r o n m e n t a l Heat  o f  v a p o r i z a t i o n  ( k c a l / g )
c o n d i t i o n

( s e e  p .  5 6 ) Cutaneous R e s p i r a t o r y

O' 616 0 - 5 7 5

20 O' 620 0 - 5 7 5

25 O' 626 0 - 5 7 5

30 O' 631 0 - 5 7 5

35L O' 636 0 - 5 7 5

40 O' 641 0 - 5 7 5

35M O' 605 0 - 5 7 5

35H 0*587 0 - 5 7 5
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The e q u a t i o n  u se d  was t h a t  d e r i v e d  f o r  man (Hardy & D u b o i s , 

1 9 3 8 ) :

Hig = ( 4  A Ty + A Tg) hW/5 ( k c a l / h r )

w here  h = 0*83 c a l / g

E v a p o r a t i v e  h e a t  l o s s

E v a p o r a t i v e  h e a t  l o s s  Ĥ  was e s t i m a t e d  b y  m u l t i p l y i n g  t h e  

e v a p o r a t i v e  w e i g h t  l o s s  by  a s u i t a b l e  f a c t o r  e x p r e s s i n g  t h e  

h e a t  d e r i v e d  from th e  a n im a l  i n  t h e  p r o c e s s  o f  e v a p o r a t i n g  

1 g o f  m o i s t u r e  t o  t h e  a t m o s p h e r e .  The v a l u e  o f  th e  f a c t o r  

d ep en d s  on t h e  e n v i r o n m e n t a l  c o n d i t i o n s  and on t h e  t e m p e r a t u r e  

a t  t h e  s i t e  o f  e v a p o r a t i o n  (H ardy ,  1 9 4 9 ) .  For c u t a n e o u s  

e v a p o r a t i o n  th e  f a c t o r  i n c l u d e s  t h e  l a t e n t  h e a t  o f  v a p o r i z 

a t i o n  a t  s k i n  t e m p e r a t u r e ,  t h e  h e a t  a b s o r b e d  on c o o l i n g  and 

e x p a n d in g  t h e  v a p o u r  t o  s a t u r a t i o n  a t  room a i r  t e m p e r a t u r e  

and t h e  h e a t  a b so r b e d  on f u r t h e r  e x p a n d in g  t h e  v a p o u r  t o  

room a i r  v a p o u r  p r e s s u r e .  For r e s p i r a t o r y  e v a p o r a t i o n  t h e  

f a c t o r  i n c l u d e s  o n l y  t h e  l a t e n t  h e a t  o f  v a p o r i z a t i o n  a t  body  

t e m p e r a t u r e .  T h i s  a s su m es  t h a t  t h e  a n im a l  e x p i r e s  a i r  

s a t u r a t e d  w i t h  m o i s t u r e  a t  b o d y  t e m p e r a t u r e ;  an a s s u m p t i o n  

t h a t  was s u b s e q u e n t l y  fou nd  t o  be j u s t i f i e d  a s  a c l o s e  

a p p r o x i m a t i o n  to  what o c c u r s  i n  p r a c t i c e .  The p r a c t i c a l  

v a l u e s  o f  t h e s e  f a c t o r s  u se d  i n  com puting  t h e  h e a t  l o s s e s  

b y  c u t a n e o u s  and r e s p i r a t o r y  e v a p o r a t i o n  a r e  g i v e n  i n  T a b le  

9; t h e y  are  b a s e d  f o r  e a c h  e n v i r o n m e n t a l  c o n d i t i o n  on t h e  

mean l e v e l s  o f  r e c t a l  and s k i n  t e m p e r a t u r e s  o b s e r v e d  d u r i n g  

t h e  e x p e r i m e n t s .

N o n - e v a n o r a t i v e  h e a t  l o s s

N o n - e v a p o r a t i v e  h e a t  l o s s  H  ̂ was e s t i m a t e d  b y  d i f f e r e n c e
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from t h e  h e a t  p r o d u c t i o n  H , e v a p o r a t i v e  h e a t  l o s s  H andp e
h e a t  s t o r a g e  H : s

H = H -  H -  H n p e s

S u r f a c e  a r e a

The t o t a l  s u r f a c e  a r e a  A(m^) o f  t h e  a n im a l  was e s t i m a t e d  

from t h e  b od y  w e i g h t  W (k g ) ,  u s i n g  t h e  e q u a t i o n  o f  Brody ( l 9 4 5 ,

P* 4 0 3 ) :

A = 0*15
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BTh Ch

ShRMF MFRH
FF

RLF MLF FH QRL

MBRB

F i e .  8 . S k in  r e g i o n s  w here  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  was 

m e a s u r e d •
BL Back lumbar MP Mid f l a n k
BS Back s a c r a l MLP Mid l o w e r  f l a n k
BTh Back t h o r a c i c N Neck
Ch Cheek RH Rear haunch
D Dewlap RL Rear l e g
Fd S o r e h e a d RB Rear b e l l y
PP Pore  f l a n k RLP Rear l o w e r  f l a n k
PH Pore  haunch RMF Rear mid f l a n k
MB Mid b e l l y Sh S h o u l d e r
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PHYSIOLOGICAL EXPERIMENTS AND RESULTS

The e x p e r i m e n t a l  work d e s c r i b e d  i n  t h i s  t h e s i s  c o n s i s t s  o f  

a s e r i e s  o f  p r e l i m i n a r y  e x p e r i m e n t s  and t h r e e  p h y s i o l o g i c a l  

e x p e r i m e n t s *  The p r e l i m i n a r y  e x p e r i m e n t s ,  a l r e a d y  d e s c r i b e d ,  

w ere  m a in ly  c o n c e r n e d  w i t h  d e v e l o p i n g  t e c h n i q u e s  f o r  m e a su r in g  

c u t a n e o u s  e v a p o r a t i o n *  T h is  c h a p t e r  f i r s t  d e s c r i b e s  t h e  

o b j e c t s  and t h e  p r o c e d u r e s  em ployed  i n  t h e  t h r e e  p h y s i o l o g i c a l  

e x p e r i m e n t s ,  and t h e n  r e p o r t s  t h e  r e s u l t s *

E x p e r im en t  C

The o b j e c t  o f  t h i s  e x p e r i m e n t  was t o  compare t h e  r e l a t i v e  

r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  from  a number o f  s k i n  r e g i o n s  

on d i f f e r e n t  c a l v e s  a t  v a r i o u s  e n v i r o n m e n t a l  t e m p e r a t u r e s *

T h i s  i n f o r m a t i o n  was r e q u i r e d  as  a g u i d e  t o  t h e  s e l e c t i o n  o f  

a s m a l l e r  number o f  s k in  r e g i o n s ,  w h ic h  t a k e n  t o g e t h e r  w ould  

be r e p r e s e n t a t i v e  o f  e v a p o r a t i o n  from t h e  w h o le  s u r f a c e  o f  t h e  

anim al*

Three  c a l v e s  ( N o s .  1 $ 6 ,  197 and 1 9 9 )  w e re  used*  They  

w ere  e a c h  e x p o s e d  i n  t h e  l a r g e  c l i m a t i c  room t o  v a r i o u s  a i r  

t e m p e r a t u r e s  i n  t h e  r a n g e  15 t o  42®C. Each e x p o s u r e  l a s t e d  

a p p r o x i m a t e l y  A hr  and c o n s i s t e d  o f  a w a i t i n g  p e r i o d  o f  2 h r ,  

f o l l o w e d  b y  a 2 - h r  p e r i o d  d u r i n g  w h ic h  c a p s u l e s  w e r e  p l a c e d  i n  

t u r n  on v a r i o u s  s k i n  r e g i o n s  f o r  a p p r o x i m a t e l y  12 min a t  a 

t im e*  M easurements  w ere  made on t h e  e i g h t e e n  s k i n  r e g i o n s  

( a l l  on t h e  r i g h t  hand s i d e )  shown i n  P ig *  8 and on one r e g i o n  

(mid f l a n k )  on t h e  l e f t  hand s i d e *  A n o m in a l  a i r  f l o w  r a t e  

o f  1*2 1 , / m i n  was m a in t a i n e d  t h r o u g h  a l l  c a p s u l e s *  R e c t a l  

t e m p e r a t u r e  and r e s p i r a t o r y  r a t e  w ere  a l s o  measured*
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Experiment D

The o b j e c t s  o f  t h i s  e x p e r i m e n t  w ere  as  f o l l o w s

( 1 )  To make q u a n t i t a t i v e  c o m p a r i s o n s  o f  t h e  e v a p o r a t i v e  

h e a t  l o s s e s  from  a n i m a l s  i n  a p p r o x im a t e  th e rm a l  e q u i l i b r i u m  

w i t h  d i f f e r e n t  e n v i r o n m e n t a l  t e m p e r a t u r e s  a t  a f i x e d  low  l e v e l  

o f  a b s o l u t e  h u m i d i t y ,

( 2 ) To make q u a n t i t a t i v e  c o m p a r i s o n s  o f  t h e  e v a p o r a t i v e  

h e a t  l o s s e s  from  a n i m a l s  i n  a p p r o x im a te  t h e r m a l  e q u i l i b r i u m  

w i t h  d i f f e r e n t  e n v i r o n m e n t a l  h u m i d i t i e s  a t  a f i x e d  h i g h  l e v e l  

o f  a i r  t e m p e r a t u r e .

( 3 ) To compare t h e  r e s p o n s e s  o f  c u t a n e o u s  e v a p o r a t i o n  t o

l o n g  term  and t o  s h o r t  term  v a r i a t i o n s  i n  e n v i r o n m e n t a l  h u m i d i t y .

( a ) To compare t h e  p a r t i t i o n  o f  t o t a l  h e a t  l o s s e s  b e tw e e n

c u t a n e o u s  e v a p o r a t i v e ,  r e s p i r a t o r y  e v a p o r a t i v e  and n o n - e v a p o r a t i v e  

c h a n n e l s  a t  d i f f e r e n t  e n v i r o n m e n t a l  c o n d i t i o n s .

( 5 ) To o b t a i n  a q u a n t i t a t i v e  ch eck  on t h e  s y s t e m a t i c

e r r o r s  o f  th e  v e n t i l a t e d  c a p s u l e  method by  c o m p a r i so n  w i t h  

i n s e n s i b l e  w e i g h t  l o s s .

Three  c a l v e s  (N o s .  2 1 0 ,  221 and 226)  w ere  u s e d .  They were  

e a c h  ex p o s e d  i n  th e  l a r g e  c l i m a t i c  room on s u c c e s s i v e  d a y s  t o  

n o m in a l  a i r  t e m p e r a t u r e s  o f  I 3 , 2 0 ,  2 5 , 3 0 » 35 and 4 0 ®C a l l  a t  

a h u m i d i t y  o f  8 mm Hg, and a l s o  t o  n o m in a l  h u m i d i t i e s  o f  20 and 

35 mni Hg a t  an a i r  t e m p e r a t u r e  o f  3 5 °C ,  These  e n v i r o n m e n t a l  

c o n d i t i o n s  a r e  h e r e a f t e r  r e f e r r e d  t o  b y  t h e  a b b r e v i a t i o n s  1 5 »

2 0 ,  2 5 » 3 0 , 35L,  4 0 , 3 5 M and 35H, where L, M and H d e n o t e  t h e  

low ,m edium  and h i g h  h u m i d i t y  l e v e l s .  The e x p o s u r e s  w ere  n o t  

n e c e s s a r i l y  on c o n s e c u t i v e  d a y s ,  and t h e  s c h e d u l e  o f  e i g h t  

c l i m a t i c  c o n d i t i o n s  was a p p l i e d  t h r e e  t i m e s  t o  e a c h  a n i m a l .
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C a l f  2 2 1  was e x p o s e d  to  t h e  c o m p le te  s c h e d u l e  one e x t r a  

t im e  b e c a u s e  f a i l u r e  o f  t h e  m e a su r in g  a p p a r a t u s  had i n v a l i d a t e d  

many o f  t h e  e a r l i e r  r e a d i n g s .  Each e x p o s u r e  l a s t e d  a p p r o x i m a t e l y  

4 hr  and c o n s i s t e d  o f  a 2 - h r  w a i t i n g  p e r i o d  f o l l o w e d  b y  a 2 - h r  

p e r i o d  i n  w h ic h  m easurem ents  were made. D u r in g  t h e  m e a s u r in g  

p e r i o d  c a p s u l e s  w ere  p l a c e d  f o r  up t o  30 min a t  a t im e  on e a c h  

o f  t h e  f o l l o w i n g  r e g i o n s ,  a l l  on t h e  l e f t  hand s i d e :  b a ck

t h o r a c i c ,  mid f l a n k ,  r e a r  l e g ,  mid b e l l y ,  s h o u l d e r  and d e w la p  

( s e e  F i g .  8, p .  5 5 )*  T hese  s i x  r e g i o n s  w er e  c h o s e n ,  f o l l o w i n g  

E x p e r im en t  C, a s  b e i n g  r e p r e s e n t a t i v e  o f  t h e  mean r a t e  o f  

c u t a n e o u s  e v a p o r a t i o n  from t h e  w h o le  s k i n  s u r f a c e .  At 

a p p r o x i m a t e l y  1 5 ~min i n t e r v a l s  m easu rem en ts  w ere  made o f  room 

a i r  d r y  and w et  b u lb  t e m p e r a t u r e s ,  o f  d r y  b u lb  t e m p e r a t u r e s  

o f  a i r s t r e a m s  a s s o c i a t e d  w i t h  c a p s u l e  and mask m e a s u r e m e n ts ,  

o f  a i r f l o w  r a t e s  t h r o u g h  c a p s u l e s ,  and o f  r e s p i r a t o r y  r a t e  

and m inute  v o lu m e .  E x p ir e d  a i r  gas  s a m p le s  w ere  c o l l e c t e d  

a t  3 0 "Mln. i n t e r v a l s ,  and one i n s p i r e d  a i r  sample  was c o l l e c t e d  

d u r in g  e a c h  e x p o s u r e .  W eight  m easu rem en ts  o f  t h e  s t a l l  

c o n t a i n i n g  t h e  a n im a l  and a l l  eq u ip m en t  w ere  made a t  t h e  

b e g i n n i n g  and a t  t h e  end o f  e a c h  2 - h r  m e a s u r in g  p e r i o d  e x c e p t  

f o r  e x p o s u r e s  a t  15 and 20°C when t h e  i n i t i a l  w e i g h i n g  was  

made a t  t h e  s t a r t  o f  t h e  e x p o s u r e .  f o l l o w i n g  e a c h  e x p o s u r e  

t o  th e  e n v i r o n m e n t  3 5 M e a c h  a n im a l  was k e p t  i n  t h e  c l i m a t i c  

room f o r  a f u r t h e r  3 h r .  D u r in g  t h i s  t i m e  t h e  a i r  t e m p e r a t u r e  

was m a in t a i n e d  as  n e a r l y  a s  p o s s i b l e  a t  t h e  same l e v e l  as  

b e f o r e  b u t  t h e  a i r  h u m i d i t y  was a l t e r e d  a t  2 0 -min i n t e r v a l s  

from t h e  o r i g i n a l  l e v e l  o f  20 mm Hg t o  2 6 ,  1 4 ,  3 2 ,  8 and 

f i n a l l y  b a c k  to  20 mm Hg. Throughout  e v e r y  e x p o s u r e
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c o n t i n u o u s  r e c o r d i n g s  w ere  made o f  w et  b u lb  t e m p e r a t u r e  

d i f f e r e n c e  (w^-w^) from c a p s u l e s  and from  t h e  r e s p i r a t o r y  

g a s  s a m p l in g  a p p a r a t u s .  S k in  t e m p e r a t u r e  under  one o f  

t h e  c a p s u l e s  was a l s o  r e c o r d e d  a u t o m a t i c a l l y .

E x p e r im en t  E

The o b j e c t  o f  t h i s  e x p e r i m e n t  was t o  i n v e s t i g a t e  t h e  

v a r i a t i o n  i n  t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  f ro m  c a l v e s ,  

e x p o s e d  to  a h o t  d r y  e n v i r o n m e n t ,  w i t h  i n c r e a s i n g  ag e  from  

10 t o  54 w e e k s .

Three c a l v e s  ( N o s .  2 1 9 ,  220 and 2 2 2 ) were e x p o s e d  i n  

t h e  l a r g e  c l i m a t i c  room t o  a n o m in a l  a i r  t e m p e r a t u r e  o f  5 8 °C 

and a b s o l u t e  h u m i d i t y  17 mm Hg f o r  p e r i o d s  o f  5 h r  a t  a 

t i m e .  Each c a l f  was s u b j e c t e d  to  hot  room e x p o s u r e s  on 

t h r e e  s u c c e s s i v e  d a y s  e a c h  * m onth* . For t h e  p u r p o s e s  o f  

d e s c r i b i n g  t h i s  e x p e r i m e n t  the  term * month* i s  u s e d  t o  d e n o t e  

an i n t e r v a l  o f  28 d a y s .  On t h e  f i r s t  e x p o s u r e  day  o f  e a c h

* month* c a l f  219 e n t e r e d  t h e  c l i m a t i c  room a t  9 a . m . ,  c a l f  

220 a t  11 a .m .  and c a l f  222 a t  1 p.m. In  o r d e r  t o  e n s u r e  

t h a t  p o s s i b l e  a c c l i m a t i s a t i o n  e f f e c t s  and d i f f e r e n c e s  b e t w e e n  

a n im a ls  c o u l d  n o t  be c o n f u s e d  w i t h  e f f e c t s  due t o  d i u r n a l  

v a r i a t i o n s ,  t h e  o r d e r  o f  e n t r y  was v a r i e d  on t h e  two s u c c e e d 

i n g  d a y s ;  t h u s  o v e r  t h e  3 “day  p e r i o d  o f  e x p o s u r e s  i n  e a c h

* month*,  e a c h  c a l f  e n t e r e d  o n l y  once  a t  ea c h  t im e  o f  d a y .

A l l  c a l v e s  w ere  f i r s t  e x p o s e d  i n  t h e  c l i m a t i c  room a t  t h e  

age o f  10 t o  11 w eek s  and f u r t h e r  3 "&ay e x p o s u r e  s e r i e s  

f o l l o w e d  a t  s i x  s u c c e s s i v e  * monthly* i n t e r v a l s .  The f i n a l

3 - d a y  e x p o s u r e  s e r i e s  f o r  c a l f  222 f o l l o w e d  o n l y  3 w eeks
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The v a r i a t i o n ,  f o l l o w i n g  th e  s t a r t  o f  an e x p o s u r e  t o  

an a i r  t e m p e r a t u r e  o f  38®C, i n  t h e  mean l e v e l s  o f  

s k i n  t e m p e r a t u r e  (T^) and r e c t a l  t e m p e r a t u r e  ( T ^ ) , 
r e s p i r a t o r y  r a t e  ( r ) and mean r a t e  o f  c u t a n e o u s  
e v a p o r a t i o n  (E^) (E x p e r im e n t  E ) ,
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a f t e r  t h e  p e n u l t i m a t e  o n e .

Each e x p o s u r e  c o n s i s t e d  o f  a 2 - h r  w a i t i n g  p e r i o d  

f o l l o w e d  by  an h o u r - l o n g  m e a su r in g  p e r i o d .  D u r in g  t h e  

m e a s u r in g  p e r i o d  c a p s u l e s  w ere  p l a c e d  f o r  a p p r o x i m a t e l y  

15 min a t  a t im e  on e a c h  o f  t h e  f o l l o w i n g  s k i n  r e g i o n s ,  

a l l  on t h e  r i g h t  hand s i d e ;  b a c k  s a c r a l ,  b a c k  t h o r a c i c ,  

r e a r  h a u n c h ,  mid f l a n k ,  mid b e l l y ,  n e c k ,  dew lap  and c h e e k  

( s e e  P i g .  8, p .  5 5 )*  R e c t a l  t e m p e r a t u r e ,  s k i n  t e m p e r a t u r e  

on t h e  l e f t  and r i g h t  f o r e  f l a n k s  and r e s p i r a t o r y  r a t e  

w ere  a l s o  m ea su red .

S h o r t  Term A d j u s t m e n t s  to  Thermal S t r e s s

Whenever an a n i m a l  was t a k e n  from t h e  b y r e  and p l a c e d  

i n  a warm e n v ir o n m e n t  t h e r e  f o l l o w e d  a p e r i o d  d u r i n g  w h ich  

h e a t  l o s s e s  w ere  a d j u s t e d  u n t i l ,  t h e  a n im a l  had r e a c h e d  an 

a p p r o x i m a t e l y  s t e a d y  t h e r m a l  s t a t e .  D u r in g  t h i s  p e r i o d  

r e c t a l  t e m p e r a t u r e ,  s k i n  t e m p e r a t u r e ,  r e s p i r a t o r y  r a t e  and 

e v a p o r a t i v e  h e a t  l o s s e s  a l l  i n c r e a s e d .  These  a d j u s t m e n t s  

w ere  u s u a l l y  c o m p le t e d  w i t h i n  t h e  f i r s t  2 h r ,  b u t  i n  some 

i n s t a n c e s  t h e  i n c r e a s e  c o n t i n u e d  v e r y  s l o w l y  f o r  s e v e r a l  

hours  and i n  o t h e r s  t h e  i n i t i a l  i n c r e a s e  was f o l l o w e d  b y  a 

p r o lo n g e d  g r a d u a l  f a l l .  The a d j u s t m e n t s  a r e  i l l u s t r a t e d  

i n  P i g .  9 ,  w h ic h  shows t h e  mean l e v e l s  ( a v e r a g e d  o v e r  a l l  

a n im a l s  and a l l  e x p o s u r e s  i n  t h e  l a s t  t h r e e  ' m o n t h s '  o f  

E x p er im en t  E) o f  r e c t a l  and s k i n  t e m p e r a t u r e s ,  o f  r e s p i r a t o r y  

r a t e  and o f  c u t a n e o u s  e v a p o r a t i o n  a t  s u c c e s s i v e  lO^min 

i n t e r v a l s .

A w a i t i n g  p e r i o d  o f  2 hr  f o l l o w i n g  th e  s t a r t  o f  e a c h  

e x p o s u r e  was t h e r e f o r e  a l l o w e d  i n  a l l  e x p e r i m e n t s  b e f o r e  t h e
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s ta r t  of 
“e x p o su r e -

F i K .  1 0 . P h o t o g r a p h  o f  a t y p i c a l  r e c o r d e r  c h a r t  s h o w i n g

s t e p w i s e  i n c r e a s e s  i n  c u t a n e o u s  e v a p o r a t i o n

( C a l f  1 9 3 ,  3 8 ° C ) .
1 .  R e c t a l  t e m p e r a t u r e
4-. A i r  t e m p e r a t u r e
6 . S k i n  t e m p e r a t u r e  ( f o r e  f l a n k )
7 .  L e f t  mi d f l a n k  ) w e t  b u l b  t e m p e r a t u r e
8 . R i g h t  s a c r a l  b a c k  ) d i f f e r e n c e  (w^ -  w ^ )

The  u n - n u m b e r e d  r o w s  o f  d o t s ,  f r o m  w h i c h  r e c o r d s

7 a n d  8 d i v e r g e ,  r e p r e s e n t  w -  Wj, 0 .
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main s e r i e s  o f  m easu rem en ts  was  b e g u n .  The r e s u l t s  f o r  t h e  

p e r i o d  b e g i n n i n g  a t  t h e  end o f  t h e  sec o n d  hour  o f  e x p o s u r e  

i n  E x p e r i m e n t s  C, D and E a re  g i v e n  i n  A p p e n d ic e s  I ,  I I  and 

I I I .

Rapid F l u c t u a t i o n s  i n  C utaneous  E v a p o r a t i o n  

E x a m in a t io n  o f  t h e  p r i n t e d  r e c o r d s  o f  e v a p o r a t i o n  from  

t h e  s k i n  ( i . e .  o f  t h e  l i n e s  d i s p l a y i n g  t h e  q u a n t i t y  w ^ -w i)  

shows t h a t  i n  most i n s t a n c e s  e v a p o r a t i o n  r a t e  r o s e  d u r i n g  

t h e  f i r s t  2 hr i n  a s e r i e s  o f  s t e p s .  Each s t e p  was c h a r a c t e r 

i s e d  b y  a sharp  r i s e ,  f r e q u e n t l y  o c c u r i n g  i n  t h e  i n t e r v a l  o f

4-0 s e c  b e t w e e n  s u c c e s s i v e  p r i n t i n g s  o f  th e  r e c o r d e r ,  o f  up t o  

25 g / m ^ .h r  i n  t h e  r a t e  o f  e v a p o r a t i o n .  The s t e p s  o c c u r r e d  

a t  i r r e g u l a r  i n t e r v a l s  o f  3 to  20 min.  They w ere  o b s e r v e d  

on many d i f f e r e n t  b o d y  r e g i o n s  and t h e i r  a p p e a r a n c e  was  

c o i n c i d e n t  on a l l  r e g i o n s .  Betw een  t h e  s t e p s  e v a p o r a t i o n  r a t e  

u s u a l l y  rem ained  c o n s t a n t  b u t  s o m e t im e s  r o s e  o r  f e l l  g r a d u a l l y .  

In  many i n s t a n c e s  e a c h  s t e p w i s e  i n c r e a s e  i n  e v a p o r a t i o n  r a t e  

c o i n c i d e d  w i t h  a s h a r p  r i s e  i n  s k i n  t e m p e r a t u r e  o f  up t o  0*5°C ,  

f o l l o w e d  by  a g r a d u a l  f a l l  t o  i t s  p r e v i o u s  l e v e l  d u r i n g  t h e  

n e x t  2 o r  3 m in .  The m agn itu d e  o f  t h e  s k i n  t e m p e r a t u r e  e f f e c t s  

a p p e a r e d  t o  be  p o s i t i v e l y  c o r r e l a t e d  w i t h  t h e  m agnitude  o f  t h e  

c o i n c i d e n t  s t e p s  i n  c u t a n e o u s  e v a p o r a t i o n .  The m agn itude  o f  

b o t h  e f f e c t s  v a r i e d  w i d e l y  b e t w e e n  e x p o s u r e s  and b e tw e e n  

a n i m a l s .  The s t e p s  w ere  f i r s t  o b s e r v e d  on c a l f  193 and w ere  

l a t e r  o b s e r v e d  on a l l  c a l v e s  u s e d  i n  E x p e r im e n ts  B, C, D and 

E w h ic h  f o l l o w e d .  F i g .  10 i s  a p h o to g r a p h  o f  a t y p i c a l  c h a r t  

show ing  t h e s e  s t e p s .  T h i s  r e c o r d  was made d u r i n g  t h e  f i r s t
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F i g .  1 1 . The f l u c t u a t i n g  r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n
o b s e r v e d  from sh o r n  (A) and u nshorn  ( o )  r e g i o n s  

o f  th e  f o r e f l a n k  o f  one ( h e i f e r )  c a l f  o n l y ,  when 

e x p o s e d  t o  an a i r  t e m p e r a t u r e  o f  20°C .
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2 h r  o f  an e x p o s u r e  o f  c a l f  193 t o  38°C a i r  t e m p e r a t u r e .

F i g ,  11 i l l u s t r a t e s  e x c e p t i o n a l l y  l a r g e  f l u c t u a t i o n s  i n  

t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  t h a t  w ere  o b s e r v e d  i n  o n l y  

one a n i m a l ,  a h e i f e r  c a l f  w h ic h  b e l o n g e d  t o  t h e  farm  h erd  a t  

t h e  Hannah D a i r y  R e s e a r c h  I n s t i t u t e .  T h i s  c a l f  was f r e q u e n t l y  

o b s e r v e d  under  normal c o n d i t i o n s  t o  have  a damp c o a t ;  i . e .  

i t  a p p e a r ed  to  be  b a t h e d  i n  s w e a t .  I t  was d e c i d e d ,  d e s p i t e  

t h e  known i n a d e q u a c i e s  o f  t h e  c a p s u l e  t e c h n i q u e  u s e d  a t  t h e  

t i m e ,  t o  make some m easurem ents  o f  c u t a n e o u s  e v a p o r a t i o n  w h i l e  

t h i s  a p p a r e n t l y  e x c e p t i o n a l -  a n i m a l  rem ain ed  a v a i l a b l e .

F la n g e d  c a p s u l e s  were u se d  and a u t o m a t i c  r e c o r d i n g  was n o t  

e m p lo y e d .  The f l u c t u a t i o n s  i n  c u t a n e o u s  e v a p o r a t i o n  shown 

i n  F i g ,  11 w e re  o b s e r v e d  on two b o d y  r e g i o n s ,  from one o f  

w h ic h  t h e  c o a t  was c l i p p e d ;  t h e  c l i p p e d  r e g i o n  showed th e  more 

marked f l u c t u a t i o n s .  Such f l u c t u a t i o n s  w ere  o b s e r v e d  a t  a i r  

t e m p e r a t u r e s  o f  20 and 30°C b u t  n o t  a t  ifO°C. The mean l e v e l s  

o f  e v a p o r a t i o n  r a t e  from t h i s  a n im a l  were a p p r o x i m a t e l y  t w i c e  

as  g r e a t  a t  20 and a t  3 0 °C a i r  t e m p e r a t u r e s  a s  t h o s e  o b t a i n e d  

from t h e  o t h e r  a n im a l s  t o  w h ic h  t h e  same t e c h n i q u e  was a p p l i e d ;  

a t  t h i s  a n im a l  d i d  n o t  l o s e  a p p r e c i a b l y  more m o i s t u r e

from t h e  s k i n  t h a n  d i d  t h e  o t h e r s .

E v a p o r a t i o n  from D i f f e r e n t  S k in  R e g i o n s

The r e s u l t s  o f  E x p e r im e n t  C a re  g i v e n  i n  d e t a i l  i n  

A pp en d ix  I  and are  summarised i n  T a b le  1 0 .  At a i r  t e m p e r a t u r e s  

o f  15 t o  20®C t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  was a p p r o x i m a t e l y  

8 g /m ^ .h r  from a l l  r e g i o n s .  At s u c c e s s i v e l y  h i g h e r  t e m p e r a t u r e s  

e v a p o r a t i o n  from a l l  r e g i o n s  i n c r e a s e d ,  b u t  more m a rk ed ly  from
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T a b l e  1 0 , Mean r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  ( g / m ^ . h r )  
a v e r a g e d  o v e r  t h r e e  a n i m a l s  f o r  v a r i o u s  s k i n  
r e g i o n s  a t  t e m p e r a t u r e s  b e t w e e n  15 and 4.2°C, 
( E x p e r im e n t  C ) .

A i r  temp D ,B ,  °C 16 - 20 25 30

A i r  temp W.B, ®C 10 - 16 18 23

R ig h t  hand s i d e  r e g i o n s  :

Dewlap 8 42 114

F r o n t  haunch 8 29 103

S h o u l d e r 7 24 83

Neck 7 24 74

Back t h o r a c i c 8 21 59

F o r e f l a n k 9 19 56

Rear haunch 9 21 54

Rear m id f l a n k 10 15 46

Back lumbar 6 14 33
:

Back s a c r a l 4 8 32

Mid f l a n k
;

7 12 42

Rear l o w e r  f l a n k 10 20* 38

Cheek 8 14 21

Rear l e g 11 19 41

F o r e h e a d 9 20 31

Mid l o w e r  f l a n k 6 12 26

Rear b e l l y 11 11* 14

Mid b e l l y 9 11 10
:

L e f t  mid f l a n k 5 9 35

35

25

153

121
108

93

63

6 1 *

60

3 6 *5*'

46

48

38 

4 0 *

37*

31

39

17

11

11

45

40 -  42 

27

1 7 4

149

151

114

103

91

81

84

84

81
72

58

66

44

39

40  

24

16

69

* Mean e v a p o r a t i o n  r a t e s  marked b y  an a s t e r i s k  c o r r e s p o n d  to  
c o n d i t i o n s  when t h e  d a t a  ( s e e  A p p en d ix  l )  were i n c o m p l e t e .  For  
t h e  p u r p o s e s  o f  c o m p i l i n g  t h i s  t a b l e  m i s s i n g  v a l u e s  i n  A p p en d ix  
I  w ere  computed b y  t h e  method o f  A l l a n  & W i s h a r t ,  ( l 9 3 0 ) ,  u s i n g  
a l l  d a t a  o b t a i n e d  f o r  a l l  t h r e e  c a l v e s  a t  one e n v i r o n m e n t a l  
t e m p e r a t u r e •
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T a b le  1 1 .  Cutaneous  e v a p o r a t i o n  from  d i f f e r e n t  s k i n  
r e g i o n s  e x p r e s s e d  a s  p e r c e n t a g e s  o f  t h e  
mean l e v e l  from f o u r  r e g i o n s  ( d e w l a p ,  
b ack  t h o r a c i c ,  mid f l a n k  and mid b e l l y )  

(E x p er im en ts  C, D and E)

Exper im ent  

Temperature °C 35

C

40

------------ D---------- 1
38 35

E
- 40 W e ig h te d  

mean o v e r  

a l l  c a l v e s
No, o f  e x p o s u r e s  
C a lf

2
196

2

197

2

199

6 7 to 8 

210 221
6

226
21

219

21
220

21
222

Fore haunch 163 149 216 176
Rear haunch 114 77 69 ;172 152 160 155
Neck 124 152 113 173 135 139 147
S h o u ld e r 145 210 136 141 139 140 146
Dewlap 159 220 274 133 100 127 125 149 125 136
Back t h o r a c i c 132 99 65 111 150 141 148 128 145 136
Back s a c r a l 95 98 33 134 93 124 113
Rear l e g 33 65 47 149 98 110 101
Mid f l a n k 92 65 43 101 112 109 102 94 103 99
Cheek 77 33 71 89 101 85
P o r e f l a n k 75 90 82
Back lumbar 104 79 47 77
Rear mid f l a n k 80 38 1 59
Foreh ead 42 61 71 58
Rear l o w e r  f l a n k 31 83 57
Mid l o w e r  f l a n k 62 15 21 33
Mid b e l l y 17 17 19 54 33 22 25 30 27

1
29

Rear b e l l y 18 22 29 !
23
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some th an  from o t h e r s #  iVhen t h e  s k i n  r e g i o n s  are  l i s t e d  i n  

o r d e r  a c c o r d i n g  t o  t h e i r  r a t e s  o f  e v a p o r a t i o n  t h e  o r d e r  i s  

s i m i l a r  a t  a l l  t e m p e r a t u r e s  above  20°C and f o r  a l l  t h r e e  a n i m a l s .

The r e s u l t s  o f  E x p er im en t  C were u sed  as  a b a s i s  f o r  

c h o o s i n g  s i x  r e g i o n s  whose mean r a t e  o f  e v a p o r a t i o n  was 

e s t i m a t e d  t o  be r e p r e s e n t a t i v e  o f  th e  o v e r a l l  mean r a t e  from  

t h e  w h o le  a n i m a l .  E v a p o r a t i o n  from t h e s e  s i x  r e g i o n s  was  

s t u d i e d  more f u l l y  i n  E x p er im en t  D; and i n  E x p e r im e n t  B 

m easu rem en ts  w ere  made on a f u r t h e r  s e l e c t i o n  o f  e i g h t  r e g i o n s .

T a b le  11 shows t h e  r e l a t i v e  r a t e s  o f  e v a p o r a t i o n  a t  a i r  

t e m p e r a t u r e s  b e t w e e n  35 and 4 0 °C from v a r i o u s  s k i n  r e g i o n s  o f  

t h e  n i n e  a n i m a l s  u se d  i n  t h e  t h r e e  e x p e r i m e n t s .  The r a t e s  

o f  e v a p o r a t i o n  are  p r e s e n t e d  as  p e r c e n t a g e s  o f  t h e  mean r a t e  

from t h e  f o u r  s k i n  r e g i o n s  ( d e w la p ,  b a ck  t h o r a c i c ,  mid f l a n k  

and mid b e l l y )  t h a t  were s t u d i e d  i n  a l l  t h r e e  e x p e r i m e n t s .

The r e g i o n s  are  l i s t e d  i n  o r d e r  o f  d e c r e a s i n g  e v a p o r a t i o n  and 

t h e  g e n e r a l  t r e n d  common t o  a l l  a n im a ls  i s  a p p a r e n t  d e s p i t e  

i n c o n s i s t e n c i e s ,  w h ic h  are p a r t i c u l a r l y  marked f o r  c a l v e s  197  

and 1 9 9 .  The number o f  e x p o s u r e s  on w h ic h  e a c h  v a l u e  i n  t h e  

t a b l e  i s  b a s e d  (shown i n  t h e  t h i r d  row o f  t h e  t a b l e )  i s  l e s s  

f o r  E x p e r im e n t  C th a n  f o r  E x p e r im e n t s  D and E ; t h e  e v a p o r a t i o n  

r a t e s  f o r  c a l v e s  1 9 6 ,  197 and 199 are  t h e r e f o r e  o f  l o w e r  

a c c u r a c y  t h a n  t h e  r a t e s  f o r  t h e  o t h e r s .  The f i n a l  column i n  

t h e  t a b l e  was c a l c u l a t e d  b y  weight ing  t h e  v a l u e s  o b t a i n e d  

a c c o r d i n g  t o  t h e  number o f  m easurem ents  on w h ich  e a c h  e s t i m a t e  

was b a s e d .

P i g .  1 2 ,  w h ic h  i s  b a s e d  on Table  1 0 ,  g i v e s  a p i c t o r i a l  

r e p r e s e n t a t i o n  o f  t h e  r e l a t i v e  t a t e s  o f  e v a p o r a t i o n  from th e
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F i g .  1 2 . P i c t o r i a l  r e p r e s e n t a t i o n  o f  t h e  r e l a t i v e  r a t e s  o f  

e v a p o r a t i o n  from d i f f e r e n t  s k i n  r e g i o n s  o f  

A y r s h i r e  c a l v e s  e x p o s e d  to  a i r  t e m p e r a t u r e s  o f  

35 to  40°C .  The r a t e s  are  e x p r e s s e d  a s  p e r c e n t a g e s  
o f  th e  mean r a t e  from  f o u r  s p e c i f i c  r e g i o n s  ( d e w l a p ,  
b ack  t h o r a c i c ,  mid f l a n k  and mid b e l l y )  (E x p e r im e n t s  
C, D & E ) ,
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d i f f e r e n t  p a r t s  o f  t h e  s k i n  a t  h i g h  a i r  t e m p e r a t u r e s .  No 

m e a su re m e n ts  were made on t h e  l o w e r  p a r t s  o f  t h e  l i m b s .

The E f f e c t s  o f  E n v i r o n m e n t a l  T em p era tu re  and H u m id i ty

(E x p e r im e n t  D)

The d e t a i l e d  r e s u l t s  o f  E x p e r im e n t  D a r e  g i v e n  i n  

A p p en d ix  I I .  As d e s c r i b e d  e a r l i e r ,  f a u l t s  i n  t h e  a p p a r a t u s  

su c h  as  a b r e a k  i n  t h e  s e a l  o f  t h e  mask t o  t h e  f a c e  or  a 

s t i c k i n g  v a l v e  w ere  i n  most i n s t a n c e s  r e a d i l y  a p p a r e n t  and 

t h e r e f o r e  c o r r e c t e d  i m m e d i a t e l y .  I t  i s ,  h o w e v e r ,  o n l y  t o  be  

e x p e c t e d  t h a t  some f a u l t s  w ere  n o t  d e t e c t e d .  T hese  may 

a c c o u n t  f o r  t h e  a p p a r e n t l y  an o m a lo u s  r e s u l t s  t h a t  w ere  

o c c a s i o n a l l y  o b t a i n e d  f o r  t h o s e  q u a n t i t i e s  w hose  e v a l u a t i o n  

d ep en d s  on t h e  r a t e  o f  pu lm onary  v e n t i l a t i o n  ( e . g .  r e s p i r a t o r y  

e v a p o r a t i o n ,  h e a t  p r o d u c t i o n  and m e t a b o l i c  w e i g h t  l o s s ) *

There w a s ,  h o w e v e r ,  no means o f  p r o v i n g  t h a t  such  r e s u l t s  w ere  

i n v a l i d  and t h e y  were i n c l u d e d  i n  th e  c o m p u t a t i o n  o f  t h e  

a v e r a g e  v a l u e s  f o r  ea c h  a n i m a l .  The o n l y  r e s u l t s  e x c l u d e d  

from t h e  a v e r a g e s  were t h o s e  f o r  w h ich  t h e  d a t a  were  

i n c o m p l e t e ;  i . e . ,  i f  i n  an y  e x p o s u r e  t h e  d a t a  w ere  m i s s i n g ,  

f o r  any o f  t h e  f o u r  c a t e g o r i e s  o f  w e i g h t  l o s s  m e a su r e d ,  t h e n  

a l l  th e  d a t a  f o r  t h a t  e x p o s u r e  w ere  e x c l u d e d  from  t h e  

a v e r a g e s  o f  w e i g h t  l o s s e s ,  h e a t  e x c h a n g e s ,  r e s p i r a t o r y  

q u a n t i t i e s ,  and body t e m p e r a t u r e s .

In  o r d e r  t o  a v o i d  w e i g h t in g  t h e  r e s u l t s  i n  f a v o u r  o f  any  

a n i m a l ,  t h e  a v a i l a b l e  d a t a  w ere  f i r s t  a v e r a g e d  f o r  ea c h  

a n im a l  o v e r  t h e  tw o ,  t h r e e  o r  f o u r  e x p o s u r e s  a t  e a c h  

e n v i r o n m e n t a l  c o n d i t i o n .  The o v e r a l l  mean r e s u l t s  f o r  ea ch
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e n v i r o n m e n t a l  c o n d i t i o n  w ere  t h e n  c a l c u l a t e d  b y  a v e r a g i n g  t h e  

t h r e e  c a l f  means so o b t a i n e d .  T hese  o v e r a l l  means are  

p r e s e n t e d  i n  F ig s .»  13 and 15 t o  19 w h ich  f o l l o w .

C utaneous  e v a p o r a t i o n

The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and h u m i d i t y  

on t h e  r a t e  o f  e v a p o r a t i o n  from  s i x  d i f f e r e n t  s k i n  r e g i o n s  

a r e  shown i n  P i g .  1 3 . The r a t e  o f  e v a p o r a t i o n  f r o m  a l l  

r e g i o n s  was a p p r o x i m a t e l y  12 g /m ^ .h r  a t  15®C and i n c r e a s e d  

w i t h  i n c r e a s i n g  a i r  t e m p e r a t u r e .  At an a i r  t e m p e r a t u r e  

o f  3 5 °C ,  e v a p o r a t i o n  r a t e  was n ot  g r e a t l y  a l t e r e d  by  i n c r e a s i n g  

h u m i d i t y  from  8 t o  20 mm Hg, b u t  was a p p r e c i a b l y  r e d u c e d  b y  a 

f u r t h e r  i n c r e a s e  i n  h u m i d i t y  t o  35 mm Hg. The r e l a t i v e  

c o n t r i b u t i o n  o f  e a c h  r e g i o n  to  t h e  t o t a l  e v a p o r a t i o n  v a r i e d  

s y s t e m a t i c a l l y  w i t h  b o t h  t e m p e r a t u r e  and h u m i d i t y ,  e x c e p t  f o r  

t h e  r e a r  l e g  and p o s s i b l y  th e  mid b e l l y  r e g i o n s .  The 

e x c e p t i o n a l  b e h a v i o u r  o f  t h e  r e a r  l e g  r e g i o n  w h ic h  was 

e x h i b i t e d  b y  a l l  t h r e e  c a l v e s  i n  E x p er im en t  D was n o t  o b s e r v e d  

i n  E x p e r im e n t  C,

In  F i g .  l i f  t h e  mean r a t e  o f  e v a p o r a t i o n  a v e r a g e d  o v e r  a l l  

s i x  r e g i o n s  i s  g i v e n  f o r  ea ch  o f  th e  t h r e e  c a l v e s .  The mean 

r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  p er  u n i t  a re a  from c a l f  226  was 

g r e a t e r  a t  low a i r  t e m p e r a t u r e s  th an  t h a t  from c a l v e s  210 and 

2 2 1 , b u t  a t  a l l  o t h e r  e n v i r o n m e n t a l  c o n d i t i o n s  mean e v a p o r a t i o n  

r a t e  was s i m i l a r  f o r  a l l  t h r e e  c a l v e s .

E v a p o r a t i o n  and i n s e n s i b l e  W eight  l o s s

The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and h u m i d i t y  on 

t h e  w e i g h t  l o s s e s  by  r e s p i r a t o r y  and c u t a n e o u s  e v a p o r a t i o n ,  

on m e t a b o l i c  w e i g h t  l o s s  and on t o t a l  i n s e n s i b l e  w e i g h t  l o s s
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Fie:.  1 5 . The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and h u m i d i t y  
on t h e  w e i g h t  l o s s e s  by  r e s p i r a t o r y  e v a p o r a t i o n  (E^) 

and c u t a n e o u s  e v a p o r a t i o n  ( E ^ ) ,  on m e t a b o l i c  w e i g h t  

l o s s  and on t o t a l  i n s e n s i b l e  w e i g h t  l o s s  (w ^ ) .
The b rok en  l i n e  i n d i c a t e s  E^ c a l c u l a t e d  by  th e  
d i f f e r e n c e  method (W  ̂ -  E^ -  7f^) ( E x p e r im e n t  D ) .
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a r e  shown i n  P i g .  15» The d i f f e r e n c e  b e tw e en  i n s e n s i b l e  

w e i g h t  l o s s  a s  m easured  d i r e c t l y  and t h e  sum o f  i t s  t h r e e  

com ponents  i s  d i s c u s s e d  f u l l y  i n  t h e  n e x t  c h a p t e r .  I t  i s  

shown t h a t  a t  t h e  e n v i r o n m e n t a l  c o n d i t i o n s  1 5 > 20 and 25 th e  

d i f f e r e n c e  r e s u l t e d  from  e r r o r s  i n  t h e  d i r e c t  e s t i m a t e  o f  

r e s p i r a t o r y  e v a p o r a t i v e  w e i g h t  l o s s . At t h e s e  e n v i r o n m e n t a l  

c o n d i t i o n s  and a l s o  a t  35H c o n d e n s e d  m o i s t u r e  was a lw a y s  

v i s i b l e  i n  t h e  s a m p l i n g  tu b e  l e a d i n g  t o  t h e  r e s p i r a t o r y  w et  

and d ry  b u lb  t h e r m o c o u p l e  a p p a r a t u s .  The m easured v a l u e  o f  

r e s p i r a t o r y  e v a p o r a t i o n  a t  t h e s e  e n v i r o n m e n t a l  c o n d i t i o n s  b y  

t h e  d i r e c t  method was t h e r e f o r e  l i m i t e d  t o  t h a t  c o r r e s p o n d i n g  

t o  s a t u r a t i o n  a t  a i r  t e m p e r a t u r e .  R e s p i r a t o r y  e v a p o r a t i o n  

must i n  f a c t  have  b e e n  g r e a t e r .  S i n c e  t h e  t e m p e r a t u r e  o f  t h e  

e x p i r e d  a i r  p a s s i n g  t h r o u g h  t h e  g a u ze  was h i g h e r  t h a n  t h a t  

o f  room a i r ,  more m o i s t u r e  may be assum ed to  have b e e n  l o s t  

from t h e  b a l a n c e  th a n  t h e  amount r e c o r d e d  by t h e  r e s p i r a t o r y  

w et  and d r y  b u lb  a p p a r a t u s .  Por t h e  e n v i r o n m e n t a l  c o n d i t i o n s  

1 5 , 2 0 ,  25 and 35H r e s p i r a t o r y  e v a p o r a t i v e  w e i g h t  l o s s  was  

t h e r e f o r e  e s t i m a t e d  a l s o  by t h e  d i f f e r e n c e  method ( i . e .

-  W^). R e s p i r a t o r y  e v a p o r a t i o n  so e s t i m a t e d  i s  r e p r e s e n t e d  

by  th e  b r o k e n  l i n e s  i n  F i g .  15*

A f u r t h e r  s o u r c e  o f  e r r o r  r e s u l t e d  from  c o n d e n s a t i o n  o f  

r e s p i r a t o r y  m o i s t u r e  i n  t h e  mask i t s e l f .  T h i s  c o n d e n s a t i o n  

co u ld  have  b e e n  p r e v e n t e d  b y  h e a t i n g  t h e  mask, b u t  s i n c e  t h i s  

would have i n e v i t a b l y  h e a t e d  t h e  i n s p i r e d  a i r ,  i t  was deemed  

i n a d v i s a b l e .  A t te m p ts  w ere  made t o  e s t i m a t e  t h e  q u a n t i t y  o f  

m o is t u r e  c o n d e n s e d , b y  w e i g h i n g  t h e  mask a s s e m b l y  b e f o r e  and 

a f t e r  e a c h  e x p o s u r e .  T h i s  proved  u n s a t i s f a c t o r y  b e c a u s e  ev e n
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a t  t h e  l o w e s t  a i r  t e m p e r a t u r e s  a p p r e c i a b l e  q u a n t i t i e s  o f  s a l i v a  

were s o m e t im e s  p r o d u c e d ,  and i t  was n o t  p o s s i b l e  t o  d i s t i n g u i s h  

t h e  w e i g h t  i n c r e a s e  due t o  s a l i v a  from  t h a t  due t o  co n d en se d  

m o i s t u r e .  The l o w e s t  r e c o r d e d  w e i g h t  i n c r e a s e s  o f  t h e  mask 

a s s e m b l y  w er e  1 1 ,  7 and 6 g / h r  a t  1 5 ,  20 and 25°G r e s p e c t i v e l y ,  

and i t  may b e  t h a t  t h e s e  minimum f i g u r e s  r e p r e s e n t  e x p o s u r e s  

w here  s a l i v a t i o n  d i d  n o t  o c c u r  o r  was m in im a l .  The q u a n t i t y  

o f  c o n d e n s e d  m o i s t u r e  i n  t h e  mask r e p r e s e n t s  a c o r r e c t i o n  t h a t  

s h o u l d  be  added b o t h  t o  t h e  m easured  v a l u e  o f  r e s p i r a t o r y  

e v a p o r a t i o n  and t o  t h a t  o f  i n s e n s i b l e  w e i g h t  l o s s .  C o n d e n s a t io n  

o f  m o i s t u r e  w i t h i n  t h e  mask d o e s  n o t  t h e r e f o r e  a c c o u n t  f o r  t h e  

d i s p a r i t y  b e t w e e n  i n s e n s i b l e  w e i g h t  l o s s  and t h e  sum o f  i t s  

t h r e e  c o m p o n e n t s ,  s i n c e  i t  r e s u l t s  i n  e q u a l  e r r o r s  i n  b o t h .

At a i r  t e m p e r a t u r e s  o f  30°C and a b o v e ,  e x c e p t  a t  t h e  h i g h e s t  

h u m i d i t y  l e v e l  a t  35°C ,  t h e  w et  b u lb  t e m p e r a t u r e  o f  e x p i r e d  

a i r  was a l w a y s  1*5°C o r  more b e lo w  a i r  t e m p e r a t u r e .  In two  

e x p o s u r e s  a t  3 0 °C t h e  w e i g h t  g a i n  o f  t h e  mask a s s e m b l y  was

l e s s  t h a n  2 g / h r ,  i n d i c a t i n g  t h a t  t h e  com bined q u a n t i t i e s  o f

s a l i v a  and c o n d e n se d  w a te r  w ere  s m a l l .  I t  may t h e r e f o r e  b e  

assumed t h a t  c o n d e n s a t i o n  o f  r e s p i r a t o r y  m o i s t u r e  was n e g l i g i b l e  

f o r  t h e s e  e n v i r o n m e n t a l  c o n d i t i o n s .

C o n d e n s a t io n  o f  m o i s t u r e  d i d  n o t  l i m i t  t h e  m easured v a l u e s  

o f  e v a p o r a t i o n  from t h e  s k i n .  At no t im e i n  any o f  th e  

e x p o s u r e s  was t h e  o u t l e t  a i r  from  any c a p s u l e  s a t u r a t e d  w i t h

m o i s t u r e ,  n o r  d i d  i t  e v e r  a t t a i n  t h e  h u m i d i t y  c o r r e s p o n d i n g

t o  t h e  s a t u r a t i o n  vap ou r  p r e s s u r e  at  s k i n  t e m p e r a t u r e .  The 

l i m i t i n g  c o n d i t i o n  was how ever  n e a r l y  r e a c h e d  a t  t h e  h i g h e s t  

h u m i d i t y  l e v e l  a t  35°C .  At t h i s  e n v i r o n m e n t a l  c o n d i t i o n  t h e
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r e l a t i v e  h u m i d i t y  o f  o u t l e t  a i r  from c a p s u l e s ,  p l a c e d  on t h e  

r e g i o n s  n o r m a l l y  a s s o c i a t e d  w i t h  h i g h  r a t e s  o f  c u t a n e o u s  

e v a p o r a t i o n ,  f r e q u e n t l y  e x c e e d e d  90^,

Both c u t a n e o u s  and r e s p i r a t o r y  e v a p o r a t i o n  i n c r e a s e d  w i t h  

i n c r e a s i n g  a i r  t e m p e r a t u r e ,  b u t  t h e  fo r m e r  c o n t r i b u t e d  an 

i n c r e a s i n g l y  g r e a t  p r o p o r t i o n  t o  t h e  t o t a l  e v a p o r a t i v e  l o s s .

At c u t a n e o u s  e v a p o r a t i o n  a c c o u n t e d  f o r  o f  t h e  t o t a l .

There  was an e l e v e n f o l d  i n c r e a s e  i n  c u t a n e o u s  e v a p o r a t i o n  a t  

AO°C o v e r  t h a t  a t  15°C .  At 35°C c u t a n e o u s  e v a p o r a t i o n  w a s ,  

i f  a n y t h i n g ,  h i g h e r  a t  a v a p o u r  p r e s s u r e  o f  20 mm Hg th a n  a t  

8 mm Hg. A v a p o u r  p r e s s u r e  o f  35 mm Hg, h o w e v e r ,  r e s u l t e d  

i n  a m arked ly  l o w e r  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n .  R e s p i r a t o r y  

e v a p o r a t i o n  f e l l  w i t h  i n c r e a s i n g  a i r  h u m i d i t y  o v e r  t h e  w h o le  

r a n g e .

Body t e m p e r a t u r e

A f t e r  th e  i n i t i a l  i n c r e a s e  d u r i n g  t h e  f i r s t  2 hr  o f  

e x p o s u r e  r e c t a l  and s u r f a c e  t e m p e r a t u r e s  a l t e r e d  b y  o n l y  s m a l l  

am o u n ts .  The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and 

h u m i d i t y  on t h e  mean l e v e l s  a t t a i n e d  b y  r e c t a l  t e m p e r a t u r e  

and b y  s u r f a c e  t e m p e r a t u r e  o f  t h e  s a c r a l  r e g i o n  o f  t h e  b a c k  

are  shown i n  F i g .  l 6 .  R e c t a l  t e m p e r a t u r e  i n c r e a s e d  s l i g h t l y  

w i t h  i n c r e a s i n g  a i r  t e m p e r a t u r e ,  b e i n g  a p p r o x i m a t e l y  0 '6 ° C  

h i g h e r  a t  AO°C th an  a t  1 5 °C .  S k in  t e m p e r a t u r e  on t h e  s a c r a l  

r e g i o n  r o s e  from  a p p r o x i m a t e l y  9®C b e lo w  r e c t a l  a t  1 5 ®C t o  

a p p r o x i m a t e l y  0 '3 ° C  b e lo w  a t  At 35^0 n e i t h e r  r e c t a l

n or  s k i n  t e m p e r a t u r e  was a p p r e c i a b l y  a l t e r e d  b y  i n c r e a s i n g  

vap ou r  p r e s s u r e  from 8 mm Hg t o  20 mm Hg, b u t  a v a p o u r  p r e s s u r e  

o f  35 mm Hg r e s u l t e d  i n  m arked ly  h i g h e r  r e c t a l  and s k i n
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T a b le  1 2 . A n a l y s i s  o f  v a r i a n c e  o f  h e a t  p r o d u c t i o n  

d a t a  (E x p e r im e n t  D) .

T Heat  p r o d u c t i o n k c a l / h r

Env ironm ent C a l f  210 221 226 1 Means o f  3

15 223 185 174 1 9 4
20 231 175 185 197
25 205 183  1 6 4 : 1 8 4  I
30 2 34 172 1 8 4 ; 197 :
35L 1 236 195 191 1 207 i
40 j 244 178 172 198 ;
35M 1 289 208  1 7 4 2 2 4  !
35H ! 297 220  218 . 245

Means o f  8 1 245 189 183 !
IÎ

V a r i a b l e   ̂ D e g r e e s  o f  
; f r ee d o m

; Sums o f  ; Mean | ^ ' 
s q u a r e s  I sq u a res ,

E n v ir o n m e n ts  ( e ) ! 7 ! 8083 j 1155 5 . 4 0  j 0 . 0 1 >P>0
C a lv e s (C) j 2 j 1 8 5 9 1  1 i

E X C 14 ■ 2991  1 214
1

T o t a l 23 : 29665  I

1

_ _ _ _ _ _  .  I .

S t a n d a r d  e r r o r f o r  d i f f e r e n c e  b e t w e e n  two means o f  3 = S .E

S . E .  = tV( 214  % y )  = ± 1 1 .9  k c a l / h r

= 2 . 1 4 t  X S .E . = ±2 5 . 5  k c a l / h r

t U f o ) = 2 . 9 7 t  X S .E . = ±35*3 k c a l / h r
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FiR .  1 7 . The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and 

h u m i d i t y  on h e a t  p r o d u c t i o n  ( H ^ ) , on t o t a l  

e v a p o r a t i v e  h e a t  l o s s  (H^) on n o n - e v a p o r a t i v e  

h e a t  l o s s  (H ) and h e a t  s t o r a g e  (H ) ( E x p e r im e n t

D).
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t e m p e r a t u r e s *  The d i f f e r e n c e  b e t w e e n  r e c t a l  t e m p e r a t u r e  and 

s k i n  t e m p e r a t u r e  on t h e  s a c r a l  r e g i o n  was n ot  g r e a t l y  a l t e r e d  

b y  c h a n g e s  i n  e n v i r o n m e n t a l  h u m i d i t y ,  a t  an a i r  t e m p e r a t u r e  o f  

35°C .

Heat  p r o d u c t i o n  and h e a t  l o s s e s

The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and h u m i d i t y  

on h e a t  p r o d u c t i o n ,  on t o t a l  e v a p o r a t i v e  h e a t  l o s s ,  on n o n -  

e v a p o r a t i v e  h e a t  l o s s  and on h e a t  s t o r a g e  a r e  shown i n  P i g .

17* The t o t a l  e v a p o r a t i v e  h e a t  l o s s  a t  1 5 ,  20 and 25°C and 

a t  t h e  h i g h e s t  h u m i d i t y  l e v e l  a t  35°C i s  b a s e d  on r e s p i r a t o r y  

e v a p o r a t i o n  computed b y  t h e  d i f f e r e n c e  method from i n s e n s i b l e  

w e i g h t  l o s s .  The a n a l y s i s  o f  v a r i a n c e  o f  t h e  h e a t  p r o d u c t i o n  

d a t a  i s  g i v e n  i n  T a b le  1 2 ,  The v a r i a t i o n  o f  h e a t  p r o d u c t i o n  

w i t h  a i r  t e m p e r a t u r e  was n o t  s t a t i s t i c a l l y  s i g n i f i c a n t ,  b u t  

t h e  v a r i a t i o n  o f  h e a t  p r o d u c t i o n  w i t h  h u m i d i t y  was s i g n i f i c a n t

At a i r  t e m p e r a t u r e s  above 25°G e v a p o r a t i v e  h e a t  l o s s  
\

r o s e  l i n e a r l y  w i t h  i n c r e a s i n g  a i r  t e m p e r a t u r e  a t  a r a t e  o f  

11*9  k c a l / h r . ° C ,  and a t  a p p r o x i m a t e l y  57"3°G i t  was e q u a l  to  

h e a t  p r o d u c t i o n .  At a i r  t e m p e r a t u r e s  b e lo w  25°C t h e  r a t e  o f  

change o f  e v a p o r a t i v e  h e a t  l o s s  w i t h  a i r  t e m p e r a t u r e  was not  

as g r e a t  a s  above  25°G. The r e l a t i o n s h i p  b e t w e e n  n o n -  

e v a p o r a t i v e  h e a t  l o s s  and a i r  t e m p e r a t u r e  was a p p r o x i m a t e l y  

t h e  r e v e r s e  o f  t h a t  b e tw e e n  e v a p o r a t i v e  h e a t  l o s s  and a i r  

t e m p e r a t u r e ,  b e i n g  m o d i f i e d  o n l y  b y  t h e  r e l a t i v e l y  s m a l l  

v a r i a t i o n s  o f  h e a t  p r o d u c t i o n  and o f  h e a t  s t o r a g e .  Non-  

e v a p o r a t i v e  h e a t  l o s s  t h u s  f e l l  w i t h  r i s i n g  a i r  t e m p e r a t u r e  

above 25°G a t  a r a t e  o f  10*5 k c a l / h r , ® C ,

E v a p o r a t i v e  h e a t  l o s s  was n o t  a p p r e c i a b l y  a f f e c t e d  b y
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1 8 , The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and
h u m i d i t y  on r e s p i r a t o r y  r a t e  ( r ) , on t i d a l  volume  
(V ^ ) ,  on pulmonary  v e n t i l a t i o n  r a t e  ( v )  and on 

th e  mean p e r c e n t a g e  o f  carb on  d i o x i d e  i n  dry  
e x p i r e d  a i r  (y ^ )  (E x p e r im e n t  D) .
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i n c r e a s i n g  h u m i d i t y  from 8 t o  20 mm Hg a t  an a i r  t e m p e r a t u r e  

o f  A h u m i d i t y  o f  35 mm Hg, h o w e v e r ,  r e s u l t e d  i n  a

l o w e r  r a t e  o f  e v a p o r a t i v e  h e a t  l o s s .  The c o r r e s p o n d i n g  

i n c r e a s e  i n  n o n - e v a p o r a t i v e  h e a t  l o s s  was e n h a n c e d  t o  b a l a n c e  

t h e  i n c r e a s e d  h e a t  p r o d u c t i o n .

A n a l y s i s  o f  r e s p i r a t o r y  c h a n g e s

The r e s p i r a t o r y  r e a c t i o n s  t o  d i f f e r e n t  l e v e l s  o f  a i r  

t e m p e r a t u r e  and h u m i d i t y  are  shown i n  F i g .  1 8 .  T h ere  was a 

t h r e e f o l d  i n c r e a s e  i n  mean r e s p i r a t o r y  r a t e  a t  4 0 °C o v e r  t h a t  

a t  1 5 °C, b u t  t h i s  was a ccom p an ie d  b y  a f a l l  i n  t h e  t i d a l  v o lu m e .  

The r e s u l t  o f  t h e s e  ch a n g es  was t h a t  t h e  t o t a l  v o lu m e o f  

e x p i r e d  a i r  i n c r e a s e d  o v e r  t h e  t e m p e r a t u r e  range  b y  a f a c t o r  

o f  o n l y  tw o .  The c o n c e n t r a t i o n  o f  carb on  d i o x i d e  i n  th e  a i r  

e x p i r e d  from  t h e  mask a l s o  d e c r e a s e d  w i t h  r i s i n g  a i r  t e m p e r a t u r e .  

As a r e s u l t ,  t h e  t o t a l  amount o f  c a r b o n  d i o x i d e  e x h a l e d ,  w h ic h  

i s  an a p p r o x im a t e  measure o f  t h e  h e a t  p r o d u c t i o n ,  rem ain ed  

c o n s t a n t .

R e s p i r a t o r y  r a t e  and t h e  t o t a l  vo lum e o f  a i r  b r e a t h e d  a t  

an a i r  t e m p e r a t u r e  o f  35°C b o t h  i n c r e a s e d  w i t h  r i s i n g  h u m i d i t y ,  

t h e  i n c r e a s e s  b e i n g  v e r y  marked b e t w e e n  20 and 35 mm Hg, T i d a l  

v o lu m e ,  h o w e v e r ,  was n o t  a p p r e c i a b l y  a l t e r e d  by  c h a n g e s  i n  a i r  

h u m i d i t y ,  and t h e  f a l l  i n  t h e  c o n c e n t r a t i o n  o f  ca rb o n  d i o x i d e  

i n  e x p i r e d  a i r  was n o t  g r e a t  enough t o  p r e v e n t  t h e  t o t a l  o u t p u t  

o f  carb on  d i o x i d e  from  r i s i n g .

F i g .  1 9  shows t h e  h u m i d i t y  o f  a i r  e x p i r e d  from  t h e  mask a t  

d i f f e r e n t  a i r  t e m p e r a t u r e s  and h u m i d i t i e s .  Curves  mg r e p r e s e n t  

t h e  h u m i d i t y  o f  a i r  p a s s i n g  t h r o u g h  th e  r e s p i r a t o r y  w et  and d ry  

b u lb  a p p a r a t u s ;  t h i s  q u a n t i t y  a p p r o x im a t e s  t o  s a t u r a t i o n
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F i e .  1 9 . The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and
h u m i d i t y  on th e  m o i s t u r e  c o n t e n t  (m2 ) o f  a i r  

p a s s i n g  th r o u g h  t h e  r e s p i r a t o r y  wet and d r y  b u lb  
a p p a r a t u s .  The b r o k e n  l i n e s  r e p r e s e n t  th e  
m o i s t u r e  c o n t e n t  o f  a i r  e x p i r e d  from th e  mask as  
c a l c u l a t e d  from r e s p i r a t o r y  e v a p o r a t i o n  computed  

by th e  d i f f e r e n c e  method.  The s o l i d  l i n e  (m^) 
r e p r e s e n t s  s a t u r a t i o n  m o i s t u r e  c o n t e n t  o f  a i r  
a t  room t e m p e r a t u r e  ( E x p e r im e n t  D) .
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h u m i d i t y  ( c u r v e s  m^) f o r  a i r  t e m p e r a t u r e s  o f  1 5 ,  20 and 25°C 

and f o r  t h e  h i g h e s t  h u m i d i t y  l e v e l  a t  At t h e s e

e n v i r o n m e n t a l  c o n d i t i o n s ,  r e s p i r a t o r y  e v a p o r a t i o n  was c a l c u l a t e d  

b y  t h e  d i f f e r e n c e  m ethod .  From t h e  r e s p i r a t o r y  e v a p o r a t i o n  so  

e s t i m a t e d  t h e  q u a n t i t y  o f  m o i s t u r e  t h a t  must have  b e e n  p r e s e n t  

i n  a i r  e x p i r e d  from  t h e  mask a s s e m b l y  was c a l c u l a t e d .  The 

b r o k e n  l i n e s  i n  F i g .  19 r e p r e s e n t  t h e s e  c o r r e c t e d  l e v e l s  o f  

t h e  h u m i d i t y  m3 o f  a i r  e x p i r e d  from t h e  mask. The c o r r e c t e d  

l e v e l s  o f  m3 show t h a t  o v e r  t h e  t e m p e r a t u r e  ra n g e  20 t o  2t-0 ®C 

w i t h  a f i x e d  room a i r  h u m i d i t y ,  t h e  h u m i d i t y  o f  a i r  e x p i r e d  

from  t h e  mask was n e a r l y  c o n s t a n t  a t  28 m g / l .  T h i s  h u m i d i t y  

c o r r e s p o n d s  t o  s a t u r a t i o n  a t  29®C o r  t o  60% s a t u r a t i o n  a t  body  

t e m p e r a t u r e .  At 35®C, h o w e v e r ,  t h e  h u m i d i t y  o f  a i r  e x p i r e d  

from  t h e  mask i n c r e a s e d  w i t h  i n c r e a s i n g  h u m i d i t y  o f  t h e  room 

a i r .

S h o r t  term  c h a n g e s  i n  e n v i r o n m e n t a l  h u m i d i t y

On d a y s  when t h e  a n i m a l s  were e x p o s e d  to  t h e  i n t e r m e d i a t e  

h u m i d i t y  l e v e l  a t  3 5 °G t h e y  w ere  k e p t  i n  t h e  c l i m a t i c  room 

a f t e r  t h e  m easu rem en ts  d e s c r i b e d  i n  t h e  p r e c e d i n g  s e c t i o n s  had 

b e e n  c o m p le t e d  and a f u r t h e r  s e r i e s  o f  m easurem ents  w ere  made 

w h i l e  t h e  room h u m i d i t y  was a l t e r e d  a t  2 0 -m in  i n t e r v a l s .  The 

e f f e c t s  o f  t h e s e  s h o r t  term  h u m i d i t y  c h a n g e s  are  compared w i t h  

c o r r e s p o n d i n g  e f f e c t s  o f  d a y - t o - d a y  h u m i d i t y  c h a n g es  i n  F i g .

2 0 .
S i n c e  t h e  i n t e r m e d i a t e  h u m i d i t y  l e v e l  a t  35°G r e p r e s e n t e d  

a r e l a t i v e l y  s e v e r e  t h e r m a l  s t r e s s ,  t h e  a n i m a l s  t e n d e d  t o  s t o r e  

h e a t .  T h i s  r e s u l t e d  i n  t h e  mean l e v e l  o f  r e c t a l  t e m p e r a t u r e  

b e i n g  h i g h e r  d u r i n g  t h e  a f t e r n o o n s  when th e  s h o r t  term  h u m i d i t y
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F i e .  2 0 . The e f f e c t s  o f  s h o r t  term  a l t e r a t i o n s  ( s o l i d  l i n e s )

and d a y - t o - d a y  a l t e r a t i o n s  (b r o k e n  l i n e s )  i n  a i r  

h u m i d i t y  a t  35°C on r e c t a l  (T^) and s k i n  (T^)  

t e m p e r a t u r e s ,  on r e s p i r a t o r y  r a t e  ( r ) and on the  

r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  ( e ) from t h e  b a c k  

t h o r a c i c  and mid f l a n k  s k i n  r e g i o n s  (E x p er im en t  

D ) .
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c h a n g e s  w ere  e f f e c t e d  th a n  t h e y  had b e e n  i n  t h e  m orn in gs  when 

t h e  main s e r i e s  o f  m easurem ents  w e r e  made. R e s p i r a t o r y  r a t e ,  

c u t a n e o u s  e v a p o r a t i o n  and s k i n  t e m p e r a t u r e  w ere  a l s o  o b s e r v e d  

t o  b e  g r e a t e r  i n  t h e  a f t e r n o o n s  t h a n  t h e y  had b e e n  a t  t h e  same 

h u m i d i t y  l e v e l  i n  t h e  m o r n in g s .

The s h o r t  term h u m i d i t y  a l t e r a t i o n s  d i d  n o t  a f f e c t  r e c t a l  

t e m p e r a t u r e  and t h e i r  e f f e c t  on r e s p i r a t o r y  r a t e  was a p p r o x i m a t e l y  

o n e - t h i r d  as  g r e a t  as  t h a t  o f  t h e  d a y - t o - d a y  h u m i d i t y  a l t e r a t i o n s .  

S k in  t e m p e r a t u r e  was a f f e c t e d  i n  a s i m i l a r  manner b o t h  by  s h o r t  

term  and d a y - t o - d a y  h u m i d i t y  c h a n g e s .  The r a t e s  o f  c u t a n e o u s  

e v a p o r a t i o n  from t h e  two r e g i o n s  s t u d i e d  w ere  i n  t h e  same r a t i o  

f o r  b o t h  s h o r t  term  and d a y - t o - d a y  h u m i d i t y  c h a n g e s ;  b u t  f o r  

th e  s h o r t  term  c h a n g es  t h e  r a t e  from b o t h  r e g i o n s  f e l l  

a p p r o x i m a t e l y  l i n e a r l y  w i t h  i n c r e a s i n g  h u m i d i t y ,  i n  marked  

c o n t r a s t  t o  t h e  r e s p o n s e  t o  t h e  d a y - t o - d a y  h u m i d i t y  v a r i a t i o n s .

The E f f e c t  o f  Age 

(E x p e r im e n t  E)

The d e t a i l e d  r e s u l t s  o f  E x p e r im en t  E a r e  g i v e n  i n  

A p p en d ix  I I I ,

C u tan eou s  e v a p o r a t i o n

The a n a l y s i s  o f  v a r i a n c e  o f  t h e  m easu rem en ts  o f  c u t a n e o u s  

e v a p o r a t i o n  i s  g i v e n  i n  T a b le  15 and t h e  major  s t a t i s t i c a l l y  

s i g n i f i c a n t  t r e n d s  a r e  shown i n  P i g s ,  21 and 2 5 .

The o v e r a l l  mean r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  measured  

on t h e  t h r e e  s u c c e s s i v e  days  d u r i n g  w h ic h  m easurem ents  w ere  

made e v e r y  * month* were  8 1 * 8 ,  8 7 * 9  and 90*2 g / m ^ ,h r  f o r  t h e  

f i r s t ,  s e c o n d  and t h i r d  days  r e s p e c t i v e l y .  T h ese  d i f f e r e n c e s
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T a b le  1 5 . A n a l y s i s  o f  v a r i a n c e  o f  c u t a n e o u s  
e v a p o r a t i o n  d a t a  ( E x p e r im e n t  E)

U n i t s  -  g /m ® .hr

V a r i a b l e .D e g r e e s  o f  
f r e e d o m

Sum o f  
S q u a r e s

Mean
Square

i E r r o r  
; v a r i a n c e

P
..  ......-  ■ -----F
P r o b a b i l i t y

1 C a lv e s  ( c ) 2 1 4 0 0 5 9 70050

;Days ( d ) 2 6345 5172 eg* 9 . 8 8 P > 0 .0 5

jCxD 2 0 7 6 519 i e i" 1 . 7 7‘ P > 0 .0 5

j* Months* (m) 6 2 9 3 5 1 0 48918 CxM 7 . 0 9 0 .0 1 > P > 0 . 0 0 1

; CxM 12 8 2 8 4 0 6905 2 3 . 4 8 0 .0 0 1 > P
■
DxM

CxDxM

12 4297

6272
ei® = 2 9 4

;

R e g io n s  ( r )
 ̂ 1 4 6 4 7 8 5 665 98 CxR

■
2 4 . 3 2 0 .0 0 1 > P

CxR
,

14  1 38223 2750 2 1 . 8 4 0 .0 0 1 > P

DxR 14 1593 114

CxDxR 28 1 5598 200

,MxR 42 I 68140 1622 ' CxMxR 3 . 1 7 0 .0 0 1 > P

. CxMxR j 84  1 4 2 9 6 6 512 4 . 1 0 0 .0 0 1 > P

DxMxR !

!CxDxMxR i
I

84  I 

168

11050

20541
= 125

.

.

!

1 1 
1 T o t a l 505 1 1 8 8 2 9 5

■

?

, ,  : 
Times (T) 2 1434 717 eg ® 2 .2 5 ! p>0 . 0 5  1

i
CxD -  T

1 :
2 642 eg* = 521 1 1

CxD 4 2076

....._ J

1

____ J

1
i1
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( D a y s )  a re  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  when t e s t e d  a g a i n s t  

t h e  r e s i d u a l  e r r o r  v a r i a n c e  eg®,  b u t  a r e  s i g n i f i c a n t  (P < O'OOl) 

when t e s t e d  a g a i n s t  t h e  r e s i d u a l  e r r o r  v a r i a n c e  ej,^ * The 

n u m e r i c a l  d i f f e r e n c e  b e tw e e n  t h e  two e r r o r  v a r i a n c e s  i s  s m a l l ,  

b u t  t h e  e s t i m a t e  o f  t h e  f i r s t  e g ^ , b e i n g  b a s e d  on o n l y  two  

d e g r e e s  o f  f r e e d o m ,  d o e s  n o t  a l l o w  a r e a s o n a b l e  a s s e s s m e n t  o f  

s i g n i f i c a n c e .  The r e s u l t s  t h e r e f o r e  i n d i c a t e  t h a t  c u t a n e o u s  

e v a p o r a t i o n  r a t e  f o r  t h i s  group o f  t h r e e  c a l v e s  was l o w e r  on 

t h e  f i r s t  day o f  ea c h  * month* th a n  on t h e  n e x t  two d a y s ,  

s u g g e s t i n g  some form o f  a c c l i m a t i s a t i o n ,  b u t  t h e y  do n o t  p e r m it  

th e  e x t e n s i o n  o f  t h i s  s t a t e m e n t  t o  A y r s h i r e  c a l v e s  i n  g e n e r a l .  

The o v e r a l l  mean r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  r e c o r d e d  from  

o b s e r v a t i o n s  on a n im a l s  t h a t  had e n t e r e d  t h e  c l i m a t i c  room a t  

d i f f e r e n t  t i m e s  o f  day were  8 9 * 0 ,  8 5 * 4  and 85*5 g /m ^ .h r  f o r  

e n t r y  a t  9 a . m . ,  11 a .m .  and 1 p.m. r e s p e c t i v e l y .  T h ese  

d i f f e r e n c e s  (T im e s )  are  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  when  

t e s t e d  a g a i n s t  e i t h e r  o f  t h e  e r r o r  v a r i a n c e s ,  eg^ and e ± ^ •

There  i s  t h e r e f o r e  no e v i d e n c e  o f  t h e  r e s u l t s  b e i n g  i n f l u e n c e d  

by  any d i u r n a l  v a r i a t i o n .

The d i f f e r e n c e s  b e t w e e n  t h e  o v e r a l l  mean r a t e s  o f  c u t a n e o u s  

e v a p o r a t i o n  m easured  i n  s e p a r a t e  * months* (Months)  and t h e  

d e g r e e  t o  w h ic h  t h i s  m o n th ly  v a r i a t i o n  d i f f e r e d  b e t w e e n  c a l v e s  

(CxM) w ere  b o t h  s t a t i s t i c a l l y  s i g n i f i c a n t .  The t r e n d s  a r e  

shown i n  P i g .  2 1 .  E v a p o r a t i o n  r a t e  t e n d e d  t o  r i s e  w i t h  

i n c r e a s i n g  age  from 10 t o  3 4  w eek s  f o r  a l l  t h r e e  c a l v e s  b u t  

t h e r e  was a marked drop i n  e v a p o r a t i o n  r a t e  f o r  c a l f  222 i n  

t h e  l a s t  * m onth*,  and f o r  c a l f  220 c u t a n e o u s  e v a p o r a t i o n  was  

h i g h e r  i n  t h e  f i r s t  t h a n  i n  t h e  secon d  * month*.  R e s u l t s
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l i n e s  and open s y m b o l s ;  Exper i im ent  D, broken  
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from  t h e  m easurem ents  on c a l v e s  2 1 0 ,  221 and 2 2 6  ( E x p e r im e n t  

D) a r e  i n c l u d e d  i n  P i g ,  21 f o r  c o m p a r i s o n .  The mean l e v e l s  

o f  e v a p o r a t i o n  f o r  t h e s e  t h r e e  a n i m a l s  a re  n o t  q u a n t i t a t i v e l y  

c o m p a r a b le  w i t h  t h o s e  f o r  c a l v e s  2 1 9 ,  220 and 222 s i n c e  

e v a p o r a t i o n  was n o t  m easured on t h e  same s e t  o f  b o d y  r e g i o n s  

i n  e a c h  e x p e r i m e n t .  A l s o  th e  r e s u l t s  p l o t t e d  f o r  c a l v e s  2 1 0 ,  

221 and 226 a r e  e a c h  a v e r a g e d  from  o b s e r v a t i o n s  d u r i n g  two 

e x p o s u r e s ,  one to  35°C and t h e  o t h e r  t o  ^0°C a i r  t e m p e r a t u r e ,  

w h e r e a s  t h o s e  f o r  c a l v e s  2 1 9 ,  220 and 222 r e f e r  o n l y  t o  

e x p o s u r e s  t o  38°C ,  C a lv e s  221 and 226  whose a g e s  d u r i n g  th e  

e x p e r i m e n t s  were b e t w e e n  24- and 37 w eeks  b o t h  showed l i t t l e  

ch a n g e  i n  c u t a n e o u s  e v a p o r a t i o n  w i t h  a g e ;  c a l f  2 1 0 ,  w h ic h  was  

o l d e r ,  showed a p r o g r e s s i v e  d e c l i n e  i n  c u t a n e o u s  e v a p o r a t i o n .

C a l f  222 was b o r n  a p p r o x i m a t e l y  7 w ee k s  l a t e r  t h a n  t h e  

o t h e r  two u se d  i n  E x p e r im e n t  E and m easu rem en ts  on t h i s  a n im a l  

w ere made 8 weeks  l a t e r  t h a n  t h e  c o r r e s p o n d i n g  m easurem ents  

on c a l v e s  219 and 220 f o r  t h e  same * month* o f  a g e .  In F i g ,

22 t h e  same d a t a  as  i n  F i g ,  21 a r e  r e p l o t t e d  a g a i n s t  t im e  o f  

y e a r  w i t h o u t  r e g a r d  t o  a g e .  The i n c r e a s e s  i n  c u t a n e o u s  

e v a p o r a t i o n  r a t e  f o r  c a l v e s  2 1 9 ,  220 and 222 a l l  o c c u r r e d  

d u r i n g  t h e  p e r i o d  F e b r u a r y  t o  June and t h e  l a t e r  d e c r e a s e  f o r  

c a l f  222 o c c u r r e d  i n  A u g u s t ,  C a lv e s  221 and 226 showed n e a r l y  

c o n s t a n t  c u t a n e o u s  e v a p o r a t i o n  r a t e s  d u r i n g  J u l y  and A u gu st  

and c a l f  210 showed a d e c r e a s i n g  r a t e  d u r i n g  June and J u l y ,

A l l  m easu rem en ts  on a l l  s i x  c a l v e s  t o o k  p l a c e  i n  t h e  same 

y e a r  ( 1 9 6 o )  ,

The d i f f e r e n c e s  b e t w e e n  c u t a n e o u s  e v a p o r a t i o n  r a t e s  

r e c o r d e d  from s e p a r a t e  s k i n  r e g i o n s  ( R e g i o n s )  and t h e  d e g r e e  

t o  w h ic h  t h e s e  d i f f e r e n c e s  v a r i e d  b e t w e e n  ‘ months'  (MxR) w ere
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b o t h  s t a t i s t i c a l l y  s i g n i f i c a n t .  The t r e n d s  a r e  shown in  

P i g ,  23* E v a p o r a t i o n  i n c r e a s e d  from a l l  r e g i o n s  a s  t h e  

a n i m a l s  grew o l d e r  b u t  a p p e a r e d  t o  r e a c h  a maximum v a l u e  a t  

a b o u t  30  w e e k s  o f  age  and t h e n  t o  d e c l i n e .  The d e c l i n e  

d u r i n g  t h e  l a s t  month was how ever  l a r g e l y  due t o  t h e  i n f l u e n c e  

o f  t h e  r e s u l t s  f o r  c a l f  2 2 2 ,

The v a r i a t i o n  b e t w e e n  c a l v e s  o f  t h e  d i f f e r e n c e  b e t w e e n  

c u t a n e o u s  e v a p o r a t i o n  r a t e s  on s e p a r a t e  r e g i o n s  (CxR) was  

s t a t i s t i c a l l y  s i g n i f i c a n t ,  b u t  t h i s  v a r i a t i o n  was s m a l l  

compared w i t h  t h e  d i f f e r e n c e s  t h e m s e l v e s .  The r e l a t i v e  

t r e n d s  have a l r e a d y  b e e n  p r e s e n t e d  and d i s c u s s e d  ( T a b l e  1 1 ,  

p.  6 3 ) ,

R e c t a l  and s k i n  t e m p e r a t u r e  and r e s p i r a t o r y  r a t e

R e c t a l  and s k i n  t e m p e r a t u r e  and r e s p i r a t o r y  r a t e  a l l  

a l t e r e d  f o r  e a c h  a n im a l  w i t h  i n c r e a s i n g  age ( P i g ,  2Zf) , b u t  

th e  form o f  t h e  t r e n d s  d i f f e r e d  m ark ed ly  b e t w e e n  a n i m a l s .

A l l  t h r e e  q u a n t i t i e s  t e n d e d  t o  f a l l  as  t h e  c a l v e s  grew o l d e r ,  

b u t  f o r  c a l f  222 t h e r e  was a r e v e r s a l  o f  t h e s e  t r e n d s  a f t e r  

th e  t h i r d  "month* and f o r  c a l f  220 a l l  t h r e e  q u a n t i t i e s  w ere  

l o w e r  i n  t h e  f i r s t  "month" t h a n  i n  t h e  s e c o n d .

Cutaneous  E v a p o r a t i o n  i n  R e l a t i o n  t o  Body Tem perature

In F i g ,  22f, w h ic h  was  d e s c r i b e d  i n  t h e  p r e c e d i n g  s e c t i o n ,  

t h e  v a r i a t i o n  o f  c u t a n e o u s  e v a p o r a t i o n  r a t e  w i t h  i n c r e a s i n g  

age i s  i n c l u d e d  f o r  c o m p a r i s o n  w i t h  t h e  o t h e r  v a r i a b l e s .

Prom o b s e r v a t i o n  o f  F i g ,  22*. i t  can be c o n c l u d e d  t h a t  t h e r e  was  

a s t r i k i n g  p o s i t i v e  c o r r e l a t i o n  b e tw e e n  b o t h  r e c t a l  and s k i n  

t e m p e r a t u r e s  and r e s p i r a t o r y  r a t e  f o r  ea ch  c a l f ;  m oreover
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T a b le  I L . Comparison b e t w e e n  a n i m a l s  f o r  
e x p o s u r e s  t o  a i r  t e m p e r a t u r e s  
35 t o  40°C (S ee  p. 8 0 ) .  

( E x p e r i m e n t s  C, D and E ) .

C a l f C u tan eou s  
e v a p o r a t i o n  

g/m®, hr

Î
R e c t a l  j 

t e m p e r a t u r e  I

° c  !

Age

w eek s

Date
o f

m easurem ents

I
1 199 56 4 0 - 1 29 December |

! 197 83 39" 9 36 December

; 222 3 9 - 2 3 1 - 3 4 A ugust

196 99 3 9 - 3 37 November

! 219
j

! 100 i 3 8 - 9 3 0 - 3 4 J u n e / J u l y

■ 220 1 0 4  ; 39*1  ; 3 0 - 3 4 J u n e / J u l y

Î 210 111 I 38*6 3 9 - 4 4 J u n e / J u l y

1 221 113 j 3 8 - 7 2 8 - 3 7 J u n e /A u g u s t  |

1 226 115 I 3 9 - 3 2 8 - 3 1 August  i
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c u t a n e o u s  e v a p o r a t i o n ,  e s p e c i a l l y  f o r  c a l v e s  219  and 2 2 0 ,  

a p p e a r e d  t o  be n e g a t i v e l y  c o r r e l a t e d  w i t h  e a c h  o f  t h e  o t h e r  

t h r e e  v a r i a b l e s .  T a b le  14  shows t h e  mean r a t e  o f  c u t a n e o u s  

e v a p o r a t i o n  and t h e  mean r e c t a l  t e m p e r a t u r e  i n  warm e n v i r o n 

ments  f o r  t h e  n i n e  c a l v e s  u se d  i n  E x p e r im e n t s  C, D and E.  

E v a p o r a t i o n  r a t e  i n  a l l  i n s t a n c e s  i s  t h e  mean r a t e  from th e  

f o u r  body r e g i o n s  t h a t  w ere  s t u d i e d  i n  a l l  e x p e r i m e n t s .  For  

c a l v e s  1 9 6 , 197 and 199 (E x p e r im e n t  C) and f o r  c a l v e s  2 1 0 ,

221 and 226 (E x p e r im e n t  D) e a c h  v a l u e  r e p r e s e n t s  t h e  mean o v e r  

p a i r s  o f  e x p o s u r e s ,  one t o  3 3  ̂ and one t o  4 0 °C a i r  t e m p e r a t u r e ;  

t h e  two e x p o s u r e s ,  i n  a l l  e x c e p t  one i n s t a n c e  ( c a l f  1 9 7 ) ,  b e i n g  

s e p a r a t e d  i n  t im e  b y  n o t  more t h a n  one w e e k .  For c a l v e s  2 1 9 ,

220 and 222 ( E x p e r im e n t  E) e a c h  v a l u e  r e p r e s e n t s  t h e  mean o v e r  

s i x  e x p o s u r e s  t o  38°C .  In o r d e r  t o  e l i m i n a t e  so f a r  as p o s s i b l e  

t h e  e f f e c t s  o f  age  t h e  r e s u l t s  f o r  t h e  f i r s t  f i v e  'months* o f  

E x p er im en t  E and t h e  f i r s t  s e t  o f  m easu rem en ts  on c a l f  226  were  

e x c l u d e d  i n  t h e  c o m p u ta t io n  o f  t h e  t a b l e .  The v a l u e s  g i v e n  

i n  T a b le  I 4 t h u s  summarise t h e  mean l e v e l s  o f  c u t a n e o u s  

e v a p o r a t i o n  r a t e  and o f  r e c t a l  t e m p e r a t u r e  from n i n e  a n i m a l s ,  

w h ic h  w ere  a l l  aged  27 w eeks  or  o v e r  a t  t h e  t im e  o f  t h e  

o b s e r v a t i o n s .  The a g e s  o f  t h e  a n i m a l s  and t h e  t im e  o f  y e a r  

are a l s o  i n c l u d e d  i n  t h e  t a b l e .  The a n i m a l s  a r e  l i s t e d  i n  

o rd er  of. i n c r e a s i n g  e v a p o r a t i o n  and t h i s  r e s u l t s  i n  t h o s e  

w i t h  t h e  h i g h e s t  r e c t a l  t e m p e r a t u r e s  t e n d i n g  t o  be g ro u p ed  a t  

t h e  t o p  o f  t h e  t a b l e .  The f i n a l  column o f  t h e  t a b l e  s h o w s ,  

h o w ev er ,  t h a t  th e  two l o w e s t  r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  

and h i g h e s t  l e v e l s  o f  r e c t a l  t e m p e r a t u r e  w ere  r e c o r d e d  d u r i n g  

t h e  c o l d e s t  month.
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DISCUSSION 

The V e n t i l a t e d  C a p su le  Method

Measurement o f  c u t a n e o u s  e v a p o r a t i o n  b y  t h e  v e n t i l a t e d

c a p s u l e  method h a s  b e e n  d i s c u s s e d  t h e o r e t i c a l l y  i n  C h a p te r  I I ,

The e x p e r i m e n t a l  f i n d i n g s  show t h a t  t h e  f i g u r e  o b t a i n e d  f o r  th e

e v a p o r a t i o n  r a t e  from  t h e  s k i n  i s  i n f l u e n c e d  b y  t h e  g e o m e tr y

o f  t h e  c a p s u l e  and t h e  r a t e  o f  v e n t i l a t i o n .  In  o r d e r  t o  e s t i m a t e

t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  from u n d i s t u r b e d  s k i n  ( i . e .

i n  t h e  a b s e n c e  o f  a c a p s u l e )  i t  i s  n e c e s s a r y  e i t h e r  t o  em ploy

a c r i t i c a l  f l o w  r a t e  P . o r  t o  i n t e r p o l a t e  t o  P . I t  waso o
e s t i m a t e d  t h a t

= E ( E y p ) ^

where E i s  th e  o b s e r v e d  e v a p o r a t i o n  r a t e  a t  t h e  f l o w  r a t e  P

em p lo y e d .  Por t h e  p a r t i c u l a r  d e s i g n  o f  c a p s u l e  and u n d er  t h e

c o n d i t i o n s  o f  a i r  movement p e r t a i n i n g  i n  t h e  c l i m a t i c  room P^

was e s t i m a t e d  t o  b e  1*93 l * / m i n  and k t o  be 0 * 2 0 2 .  The e s t i m a t e

o f  P^ i s  o f  p o o r  a c c u r a c y  b u t  t h e  e q u a t i o n  shows t h a t  e v e n  a

100^ e r r o r  i n  P^ w ou ld  o n l y  a f f e c t  E^ b y  15^ !  t h i s  i s  due to

t h e  f a c t  t h a t  k i s  s m a l l  compared w i t h  u n i t y .

Por any a l t e r n a t i v e  d e s i g n  o f  c a p s u l e  t h e  v a l u e s  o f  b o t h

P^ and k would h a v e  b e e n  d i f f e r e n t .  The e a r l i e r  e x p e r i m e n t s  i n

w h ic h  c a p s u l e s  w i t h o u t  b a f f l e d  i n l e t  p o r t s  w ere  u s e d  on c l i p p e d

s k i n  a r e a s  ( T a b le  4 ,  p. 2 8 ) ,  s u g g e s t  a v a l u e  o f  a p p r o x i m a t e l y

0*4  f o r  k .  Under such  c o n d i t i o n s  a 100^ e r r o r  i n  P a f f e c t s0
Eq h y  a p p r o x i m a t e l y  30^ .  K i b l e r  & Yeck ( l 9 5 9 )  u se d  v e n t i l a t e d  

c a p s u l e s  s i m i l a r  i n  s i z e  t o  t h o s e  u se d  i n  t h e  p r e s e n t  e x p e r i m e n t s .  

They a l s o  fou nd  i n c r e a s i n g  r a t e s  o f  e v a p o r a t i o n  as  v e n t i l a t i o n  

r a t e  r o s e ,  and t h e i r  r e s u l t s  s u g g e s t  a v a l u e  f o r  k o f  a p p r o x i m a t e l y
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0*5* T a n e ja  ( l 9 5 9 ) ,  who u se d  h e m i s p h e r i c a l  c a p s u l e s  o f  a r e a  

1 9 * 6  cm®, s t a t e d  t h a t  on i n c r e a s i n g  f l o w  r a t e  from  0*5 to  

2 l . / m i n  e v a p o r a t i o n  r o s e  from 75 t o  200 g /m ® .hr  a t  t h e  same a i r  

t e m p e r a t u r e ;  t h i s  c o r r e s p o n d s  t o  k = 0*71# The q u a n t i t y  k ,  

w h ic h  r e p r e s e n t s  t h e  d e g r e e  t o  w h ic h  e v a p o r a t i o n  i s  a f f e c t e d  h y  

v e n t i l a t i o n  r a t e ,  a p p e a r s  t o  be k e p t  s m a l l  i f  t h e  a r e a  and d e p th  

o f  t h e  c a p s u l e  a re  l a r g e  and t h e  d e s i g n  e n s u r e s  an even

d i s t r i b u t i o n  o f  a i r  o v e r  th e  s k i n  a r e a  under e x a m i n a t i o n .  The

v a l u e  o f  k a p p e a r s  a l s o  t o  be h i g h e r  f o r  o b s e r v a t i o n s  on c l i p p e d  

as  a g a i n s t  norm al  a r e a s  o f  s k i n .

I t  seems p r o b a b l e  t h a t  c h o i c e  o f  c a p s u l e  d e s i g n s  and f l o w  

r a t e s  may a c c o u n t  f o r  some o f  t h e  e x c e p t i o n a l l y  h i g h  r a t e s  o f  

c u t a n e o u s  e v a p o r a t i o n  p r e v i o u s l y  r e p o r t e d  f o r  c a t t l e .  McDowell ,  

Lee & Pohrman ( 1 9 5 4 )  who u sed  s m a l l  c a p s u l e s  (5 x 2 cm b y  cm 

h i g h )  v e n t i l a t e d  a t  4  l . / m i n  fo u n d  r a t e s  (T a b le  1 ,  p .  9) w h ich  

were i n  e x c e s s  o f  t h o s e  r e p o r t e d  h e r e  by  f a c t o r s  o f  2*5 t o  1 0 ,  

and w h ic h  g r e a t l y  e x c e e d e d  any r e a s o n a b l e  e s t i m a t e  o f  t h e  h e a t  

p r o d u c t i o n  p er  u n i t  a r e a .  McDowell e t  a l . ( l 9 5 4 )  and a l s o  

T a n e ja  ( l 9 5 9 )  b o t h  u s e d  f l a n g e d  c a p s u l e s  f i x e d  to  t h e  s k i n  by  

means o f  a d h e s i v e s ,  and t h e  p o s s i b i l i t y  o f  c o l l e c t i o n  o f  m o is t u r e  

from t h e  a r e a  c o v e r e d  b y  th e  f l a n g e  c a n n o t  be r u l e d  o u t .  T h is

c o u l d  a l s o  r e s u l t  i n  o v e r e s t i m a t i o n  o f  e v a p o r a t i o n  r a t e  p er  u n i t  

a r e a .  For t h e  s m a l l  c a p s u l e s  u se d  b y  McDowell ,  t h e  a r e a  

c o v e r e d  by  th e  f l a n g e  was a p p r o x i m a t e l y  t w i c e  as  g r e a t  as t h e  

t e s t  a r e a .

As a r e s u l t  o f  t h e  work on c a p s u l e  t e c h n i q u e s ,  t h e  g e n e r a l  

p r i n c i p l e s  t h a t  a p p ea r  most  l i k e l y  t o  p r o v i d e  q u a n t i t a t i v e l y  

a c c u r a t e  e s t i m a t e s  o f  t h e  norm al  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n
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may be summarised as  f o l l o w s  i -

1 .  The c a p s u l e  s h o u l d  n o t  have  a f l a n g e  and i t  s h o u l d  be  

p r e s s e d  l i g h t l y  a g a i n s t  t h e  s k i n .

2 .  The d e s i g n  s h o u ld  e n s u r e  u n i fo r m  a i r  v e l o c i t y  o v e r  t h e  

t e s t  a r e a ,  i . e .  t h e  c a p s u l e  s h o u ld  n o t  be s h a l l o w  compared  

w i t h  t h e  l i n e a r  d i m e n s i o n s  o f  t h e  t e s t  a r e a  and t h e  i n l e t  

p o r t s  s h o u ld  be l a r g e  and b a f f l e d ,  o r  numerous and d i s p e r s e d .

3* Ambient  a i r  s h o u l d  be drawn i n t o  t h e  c a p s u l e .

4 .  The r a t e  o f  a i r  f l o w  s h o u l d  g i v e  v e n t i l a t i o n  i n s i d e  t h e

c a p s u l e  e q u i v a l e n t  to  t h a t  o u t s i d e ,  or  e l s e  i n t e r p o l a t i o n  to  

t h e s e  c o n d i t i o n s  s h o u ld  be  made.

The s y s t e m a t i c  e r r o r  o f  t h e  c a p s u l e  method d e s c r i b e d  

h e r e  has  b e e n  e s t i m a t e d  to  have  a p o s s i b l e  m agn itu d e  o f  ±12^.

In  a d d i t i o n  t o  t h e  s y s t e m a t i c  e r r o r  s t a t i s t i c a l  e r r o r s  e x i s t  

due t o  t h e  random v a r i a t i o n  b e t w e e n  m ea su re m e n ts .  The 

a n a l y s i s  o f  v a r i a n c e  o f  t h e  d a t a  f o r  E x p er im e n t  E (T a b le  1 5 ,  

p . 7 5 ) p r o v i d e s  two e s t i m a t e s  o f  t h e s e  e r r o r s .  The e r r o r  

v a r i a n c e  eg® = 125 (S .D .  = ±11"2 g /m ® .hr)  i s  th e  b e s t  e s t i m a t e  

a v a i l a b l e  o f  t h e  s t a t i s t i c a l  e r r o r  a t t a c h e d  t o  a s i n g l e  

o b s e r v a t i o n  o f  t h e  r a t e  o f  e v a p o r a t i o n  from a p a r t i c u l a r  s k i n  

r e g i o n  o f  a p a r t i c u l a r  c a l f  e x p o s e d  on a p a r t i c u l a r  day  t o  t h e  

s p e c i f i e d  t h e r m a l  e n v ir o n m e n t  o f  t h e  e x p e r i m e n t .  T h is  e r r o r  

v a r i a n c e  c o n t a i n s  t h r e e  com ponents  o f  v a r i a t i o n ,  one due t o  t h e  

i n s t r u m e n t a l  e r r o r  o f  t h e  wet  and d ry  b u lb  a p p a r a t u s ,  a n o t h e r  

due t o  th e  e r r o r  i n v o l v e d  i n  p l a c i n g  t h e  c a p s u l e  s e c u r e l y  and 

a c c u r a t e l y  on t h e  ch o se n  r e g i o n  and a t h i r d  due to  any s h o r t  

term  f l u c t u a t i o n s  i n  e v a p o r a t i o n  r a t e  w i t h  t i m e ,  i . e .  any  

f l u c t u a t i o n s  o c c u r r i n g  w i t h i n  one d a y .  The p r e c i s i o n  o f  th e  

wet and d ry  b u lb  a p p a r a t u s  has  b e e n  e s t i m a t e d  as  b e i n g  w i t h i n



84

e x t r e m e  l i m i t s  o f  ±0"2 m g / l ,  w h ic h  i s  e q u i v a l e n t  t o  a p p r o x i m a t e l y  

±4 g /m ® .h r .  T h i s  c o r r e s p o n d s  t o  a s t a n d a r d  d e v i a t i o n  o f  

a p p r o x i m a t e l y  ±2 g/m®. h r .  The r e m a i n in g  two com ponents  a r e  

n o t  d i s t i n g u i s h a b l e  from one a n o t h e r ,  b u t  t o g e t h e r  t h e y  make 

t h e  major c o n t r i b u t i o n  t o  t h e  e r r o r  v a r i a n c e  eg®.

The e r r o r  v a r i a n c e  ei® = 2 9 4 ,  r e p r e s e n t s  t h e  s t a t i s t i c a l  

e r r o r  a t t a c h e d  to  t h e  sum o f  e i g h t  s i n g l e  e s t i m a t e s  o f  t h e  

r a t e  o f  e v a p o r a t i o n  from e i g h t  s e p a r a t e  r e g i o n s  o f  any p a r t i c u l a r  

c a l f  e x p o s e d  t o  t h e  s p e c i f i e d  e n v i r o n m e n t .  The e r r o r  v a r i a n c e  

e i ® / 8  t h u s  r e p r e s e n t s  t h e  s t a t i s t i c a l  e r r o r  a t t a c h e d  t o  t h e  mean 

r a t e  o f  e v a p o r a t i o n  a s s e s s e d  from t h e  e i g h t  r e g i o n s .  T h i s  

v a r i a n c e ,  from w h ic h  t h e  com ponents  o f  v a r i a t i o n  due t o  t h e  

major c a l f  x t im e  t r e n d s  s t u d i e d  i n  E x p e r im e n t  E have b ee n  

rem oved,  c o n t a i n s  an e s t i m a t e  o f  t h e  r e s i d u a l  random d a y - t o - d a y  

v a r i a t i o n  E® i n  t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  from c a l v e s  

e x p o s e d  to  t h e  s p e c i f i e d  t h e r m a l  e n v ir o n m e n t  o f  t h e  e x p e r i m e n t .

I t  a l s o  c o n t a i n s  one e i g h t h  o f  th e  v a r i a n c e  e g ® :

î i l  = —  +
8 8

Hence E® = ( 2 9 4  -  125)/% = 21

Por any o t h e r  e x p e r i m e n t  c a r r i e d  o u t  u n d er  s i m i l a r  

c o n d i t i o n s  b u t  w i t h  e s t i m a t e s  o f  e v a p o r a t i o n  r a t e  from n r e g i o n s  

t h e  s t a t i s t i c a l  e r r o r  e^® a t t a c h e d  to  a d e t e r m i n a t i o n  o f  t h e  

mean r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  i s  t h e r e f o r e  g i v e n  b y :

®n* = E* + ea®/n  = ( 2 1  + 1 2 5 / n )

The i n f o r m a t i o n  a v a i l a b l e  from E x p er im e n t  E and from  t h e  

p r e l i m i n a r y  e x p e r i m e n t s ,  c o n c e r n i n g  t h e  a c c u r a c y  o f  t h e  c a p s u l e  

method may t h u s  b e  summarised a s  f o l l o w s : -
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1)  There  i s  a s y s t e m a t i c  e r r o r  w hose  maximum p o s s i b l e  

m a g n itu d e  i s  ±12^,

2)  The s ta n d a r d  d e v i a t i o n  o f  s i n g l e  m easurem ents  b y  t h e  

c a p s u l e  method d e s c r i b e d ,  i . e .  th e  i n s t r u m e n t a l  and o t h e r  

random v a r i a t i o n s  t h a t  a r e  i n h e r e n t  i n  t h e  method i t s e l f ,  i s  

e s t i m a t e d  a t  ±11 g /m ® .h r .

3)  The s ta n d a r d  e r r o r  o f  an e s t i m a t e  o f  th e  mean r a t e  o f

c u t a n e o u s  e v a p o r a t i o n  from a p a r t i c u l a r  c a l f  b a s e d  on n

i n d i v i d u a l  r e g i o n a l  m e a su r e m e n ts ,  and i n c l u d i n g  random d a y -  

t o - d a y  v a r i a t i o n s ,  i s  e s t i m a t e d  a t  ± / ( 2 1  + 125 / n )  g /m ® .h r .

T hese  e s t i m a t e s  o f  v a r i a t i o n  a r e  b a s e d  on m easurem ents  

made on c a l v e s  e x p o s e d  t o  an a i r  t e m p e r a t u r e  o f  38®C, I t  may 

be t h a t  a t  l o w e r  a i r  t e m p e r a t u r e s ,  where  e v a p o r a t i o n  r a t e s  are  

g e n e r a l l y  s m a l l e r ,  t h e  e r r o r s  are  a l s o  s m a l l e r ,  and a t  h i g h e r  

a i r  t e m p e r a t u r e s  t h e  e r r o r s  may be  g r e a t e r .

S i n c e  t h e  d a t a  from  E x p e r im e n t  D are  n o t  o r t h o g o n a l ,  

a f u l l  s t a t i s t i c a l  a n a l y s i s  o f  t h e  d e t e r m i n a t i o n s  o f  c u t a n e o u s  

e v a p o r a t i o n  r a t e s  i n  i n d i v i d u a l  e x p o s u r e s  w o u ld  be  co m p le x  and 

u n l i k e l y  t o  p r o v i d e  f u r t h e r  i n f o r m a t i o n  on t h e  a c c u r a c y  o f  t h e  

c a p s u l e  method.  The i n f o r m a t i o n  a l r e a d y  a v a i l a b l e  may how ever  

be  u sed  t o  a i d  t h e  i n t e r p r e t a t i o n  o f  th e  r e s u l t s  o f  E x p er im e n t  

D. The p r o b a b l e  s ta n d a r d  e r r o r  o f  a s i n g l e  d e t e r m i n a t i o n  o f

t h e  mean r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  b a s e d  on s i x  r e g i o n a l

m easurem ents  d u r i n g  a s i n g l e  e x p o s u r e  i n  E x p e r im e n t  D i s  

± / ( 2 1  + 125 / 6 ) = ±6*5 g /m ® .h r .  S i m i l a r l y  t h e  p r o b a b le

s ta n d a r d  e r r o r  o f  an e s t i m a t e ,  b a s e d  on e i g h t  t o  t e n  i n d i v i d u a l  

e x p o s u r e s ,  o f  t h e  mean r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  from t h e  

group o f  c a l v e s  i n  E x p e r im en t  D i s  a p p r o x i m a t e l y  ±6*5/V’9 =

±2*2 g /m ® .hr .  These  e r r o r s  a p p l y  a t  an a i r  t e m p e r a t u r e  o f  38°C
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Fijg, The sum o f  t h e  t h r e e  form s  o f  w e i g h t  l o s s  ( c u t a n e o u s
e v a p o r a t i v e  and r e s p i r a t o r y  e v a p o r a t i v e  

and m e t a b o l i c  p l o t t e d  a g a i n s t  t o t a l  i n s e n s i b l e
w e i g h t  l o s s  f o r  i n d i v i d u a l  e x p o s u r e s  t o  t h e  

e n v i r o n m e n t a l  c o n d i t i o n s  1 5 , 20 and 25 ( o ) ,  3 0 , 
3 3 b ,  35M and 2fO ( • )  and 33% ( x )  (E x p e r im e n t  D ) .
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a t  l o w e r  t e m p e r a t u r e s  t h e  e r r o r s  may b e  l e s s .

The A c c u r a c y  o f  W eigh t  Loss  D e t e r m i n a t i o n s

In F i g ,  25 t h e  sum o f  t h e  t h r e e  s e p a r a t e  form s  o f  w e i g h t  

l o s s  i s  p l o t t e d  a g a i n s t  t o t a l  i n s e n s i b l e  w e i g h t  l o s s ,  ea c h  

p o i n t  r e f e r r i n g  t o  an i n d i v i d u a l  c l i m a t i c  room e x p o s u r e  i n  

E x p er im en t  D, The l i n e s  drawn on t h e  graph r e p r e s e n t  t h e  

t h e o r e t i c a l  e q u a l i t y  t h a t  s h o u ld  e x i s t  b e tw e e n  t h e s e  two  

i n d e p e n d e n t  e s t i m a t e s  o f  t h e  same q u a n t i t y ,  and e r r o r  l i m i t s  

o f  ±12^,  The d e p a r t u r e  o f  any p o i n t  on t h e  graph from the  

l i n e  o f  e q u a l i t y  b e t w e e n  t h e  two e s t i m a t e s  may a r i s e  from a 

c o m b in a t i o n  o f  t h e  f o l l o w i n g :

S y s t e m a t i c  e r r o r s  w h ich  i n c l u d e  :

a .  The s y s t e m a t i c  e r r o r  o f  t h e  c a p s u l e  method 

em p loye d  ( ± 1 2 ^ ) ,

b .  The e r r o r  a t t a c h e d  t o  t h e  s e l e c t i o n  o f  t h e  s i s  

r e g i o n s  s t u d i e d  as  b e i n g  r e p r e s e n t a t i v e  o f  t h e  o v e r a l l  mean 

r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  (unknown m a g n i t u d e ) ,

c .  E r r o r s ,  r e s u l t i n g  from c o n d e n s a t i o n  i n  th e  tu b e  

l e a d i n g  to  t h e  r e s p i r a t o r y  w et  and d ry  b u lb  a p p a r a t u s ,  w h ic h  

r e s u l t  i n  s y s t e m a t i c  u n d e r e s t i m a t i o n  o f  r e s p i r a t o r y  m o i s t u r e  

l o s s  (unknown m ag n itu d e  a t  t h e  e n v i r o n m e n t a l  c o n d i t i o n s  1 5 ,

2 0 ,  25 and 35%, b u t  known t o  be n o n - e x i s t e n t  a t  o t h e r  e n v i r o n 

m e n ta l  c o n d i t i o n s ) .

Random e r r o r s  w h ic h  i n c l u d e :

d .  The e s t i m a t e d  s t a n d a r d  d e v i a t i o n  o f  a s i n g l e  

d e t e r m i n a t i o n  o f  c u t a n e o u s  e v a p o r a t i v e  w e i g h t  l o s s  (±6*5 g /m ^ ,h r  

X s u r f a c e  a r e a ,  o r  a p p r o x i m a t e l y  ±15 g / h r ) .
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T a b le  1 5 . S t a t i s t i c a l  a n a l y s i s  o f  t h e  d i f f e r e n c e  b e t w e e n  i n s e n s i b l e  

w e i g h t  l o s s  and t h e  sum o f  i t s  t h r e e  com ponents  

(Ŵ  " ~ ** (E x p e r im e n t  D ) ,  U n i t s :  g / h r .

E n v ir o n m e n ta l  

c o n d i t i o n s

I  Symbol u se d  i n  F i g .  25 

( p .  8 6 )

3 0 ,  35L,  35M & 4.0 ; 1 5 ,  2 0 ,  25 35%

X

Number o f  o b s e r v a t i o n s 34- 23 10

Mean d i f f e r e n c e 8 * 4- 14-* 9 1- 3

S t a n d a r d  d e v i a t i o n  o f  
an i n d i v i d u a l  e s t i m a t e

25*1 1 2 ' 9 32*9

, S ta n d a r d  e r r o r  o f  mean

Mean d i f f e r e n c e  e x p r e s s e d  

a s  a p e r c e n t a g e  o f  E

4.-3

3 - 6

2 - 7

3 5 - 3

10*4-

0 - 7

I S t a t i s t i c a l  s i g n i f i c a n c e  
\ o f  mean d i f f e r e n c e

O ' l  > P > O'05 O'OOl > P P > 0 ' 2 5
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e .  The e r r o r  o f  an i n s e n s i b l e  w e i g h t  l o s s  

d e t e r m i n a t i o n  ( e s t i m a t e d  t o  be w i t h i n  e x t r e m e  l i m i t s  o f  ±14- 

g / h r ,  w h ic h  c o r r e s p o n d s  t o  a s ta n d a r d  d e v i a t i o n  o f  a p p r o x i m a t e l y  

±8 g / h r ) .

f .  The s t a t i s t i c a l  e r r o r s  o f  t h e  r e s p i r a t o r y  

e v a p o r a t i v e  and m e t a b o l i c  w e i g h t  l o s s  d e t e r m i n a t i o n s  ( m a g n i tu d e  

f o r  a s i n g l e  o b s e r v a t i o n  unknown).

The s t a t i s t i c a l  a n a l y s i s  o f  t h e  d i f f e r e n c e  b e t w e e n  t h e  

i n s e n s i b l e  w e i g h t  l o s s  as  m easured d i r e c t l y  and as  c a l c u l a t e d  

from  d e t e r m i n a t i o n s  o f  c u t a n e o u s  and r e s p i r a t o r y  e v a p o r a t i v e  

and m e t a b o l i c  w e i g h t  l o s s e s  i s  g i v e n  i n  T a b le  15* For  

e x p o s u r e s  to  c o n d i t i o n s  w here  c o n d e n s a t i o n  was known n o t  t o  

o c c u r  i n  th e  r e s p i r a t o r y  gas  s a m p l i n g  tu b e  th e  s t a n d a r d  

d e v i a t i o n  o f  t h e  d i f f e r e n c e  b e t w e e n  t h e  two e s t i m a t e s  i s  

±25*1 g / h r .  The e r r o r s ( d ) a n d ( e ) a c c o u n t  f o r  a p p r o x i m a t e l y  

h a l f  t h i s  v a r i a t i o n  and i t  t h e r e f o r e  a p p e a r s  t h a t  t h e  e r r o r s  

a s s o c i a t e d  w i t h  t h e  mask m easurem ents  are  o f  t h e  same o r d e r  

o f  m agn itu d e  as  t h o s e  a s s o c i a t e d  w i t h  t h e  m easurement  o f  

c u t a n e o u s  e v a p o r a t i v e  l o s s .  The mean d i f f e r e n c e  b e t w e e n  t h e  

two e s t i m a t e s  i s  8 ' 4. (±4*3  S .E .)  g / h r  o r  3*6^  o f  t h e  mean 

c u t a n e o u s  w e i g h t  l o s s .  T h is  d i f f e r e n c e  i s  o f  d o u b t f u l  

s i g n i f i c a n c e  and i s  w e l l  w i t h i n  t h e  maximum p o s s i b l e  s y s t e m a t i c  

e r r o r  ( a )  o f  t h e  c a p s u l e  method.  The p o s s i b i l i t y  c a n n o t  be  

e x c l u d e d  t h a t  a s y s t e m a t i c  e r r o r  o f  up t o  ±12^ i n  t h e  c a p s u l e  

method i s  c a n c e l l e d  b y  a n e a r l y  e q u a l  and o p p o s i t e  s y s t e m a t i c  

e r r o r  ( b ) i n  t h e  s e l e c t i o n  o f  s k i n  r e g i o n s .  I t  i s  how ever  

more p r o b a b le  t h a t  b o t h  e r r o r s  ( a )  and ( b ) a re  w e l l  w i t h i n  

t h e  ±12/0 l i m i t s .
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For  e x p o s u r e s  t o  t h e  e n v i r o n m e n t a l  c o n d i t i o n s  1 5 ,  20

and 25 when c o n d e n s a t i o n  was a l w a y s  v i s i b l y  e v i d e n t  i n  t h e

r e s p i r a t o r y  gas  s a m p l in g  tu b e  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e

d i f f e r e n c e  b e t w e e n  t h e  two i n s e n s i b l e  w e i g h t  l o s s  e s t i m a t i o n s

i s  ±12*9 g / h r .  T h i s  l o w e r  v a l u e  f o r  th e  s ta n d a r d  d e v i a t i o n

th a n  t h e  p r e v i o u s  e s t i m a t e  p r o b a b l y  r e s u l t s  from  s m a l l e r

n u m e r i c a l  e r r o r s  i n  th e  d e t e r m i n a t i o n s  o f  c u t a n e o u s  e v a p o r a t i v e

and o f  r e s p i r a t o r y  w e i g h t  l o s s e s  a t  t h e  l o w e r  e n v i r o n m e n t a l

t e m p e r a t u r e s .  The mean d i f f e r e n c e  u n d er  t h e s e  c o n d i t i o n s

i s  14"9  (±2*7  S , E , )  g / h r  or  35*3^  o f  t h e  mean c u t a n e o u s  w e i g h t

l o s s .  T h i s  d i f f e r e n c e  i s  h i g h l y  s i g n i f i c a n t  and w e l l  o u t s i d e

t h e  p o s s i b l e  s y s t e m a t i c  e r r o r  o f  t h e  c a p s u l e  m ethod .  There

i s  l i t t l e  d o u b t  t h a t  t h e  main c a u s e  o f  t h e  d i f f e r e n c e  l i e s

i n  e r r o r s  ( c )  i n  t h e  e s t i m a t e  o f  r e s p i r a t o r y  e v a p o r a t i v e  l o s s

due t o  c o n d e n s a t i o n  i n  t h e  r e s p i r a t o r y  gas  s a m p l in g  t u b e .

For t h i s  r e a s o n  r e s p i r a t o r y  e v a p o r a t i v e  w e i g h t  l o s s e s  w ere

e s t i m a t e d ,  f o r  t h e  e n v i r o n m e n t a l  c o n d i t i o n s  1 5 , 20 and 2 5 ,

b y  t h e  i n d i r e c t  m eth od ,  i , e ,  E = W. -  E -  W .' r t  s m

For e x p o s u r e s  to  t h e  e n v i r o n m e n t a l  c o n d i t i o n  35% t h e  

s c a t t e r  o f  t h e  d a t a  i s  t o o  g r e a t  t o  p e r m i t  any c o n c l u s i o n s  

b e i n g  drawn w i t h  r e g a r d  to  s y s t e m a t i c  e r r o r s .  At t h i s  

e n v i r o n m e n t a l  c o n d i t i o n  t h e  mean d i f f e r e n c e  b e t w e e n  t h e  two 

e s t i m a t e s  o f  i n s e n s i b l e  w e i g h t  l o s s  i s  n e g l i g i b l e .  S i n c e  a t  

t h i s  c o n d i t i o n  c o n d e n s a t i o n  was v i s i b l e  i n  t h e  r e s p i r a t o r y  

gas  s a m p l i n g  t u b e ,  t h e  d a t a ,  f o r  c o n s i s t e n c y ,  were i n t e r p r e t e d  

i n  t h e  same manner a s  t h a t  f o r  t h e  c o n d i t i o n s  1 5 , 20 and 2 5 *
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F i g .  2 6 . The e f f e c t s  o f  e n v i r o n m e n t a l  t e m p e r a t u r e  and
h u m i d i t y  on t h e  m o i s t u r e  c o n t e n t  o f  r e s p i r a t o r y  
g a s e s  (E x p e r im e n t  D) .
m̂  m o i s t u r e  c o n t e n t  o f  a i r  e n t e r i n g  th e  mask 
mg o b s e r v e d  m o i s t u r e  c o n t e n t  o f  a i r  l e a v i n g  t h e  

mask
m3 s a t u r a t i o n  m o i s t u r e  c o n t e n t  a t  body  t e m p e r a t u r e  

c a l c u l a t e d  m o i s t u r e  c o n t e n t  o f  a i r  l e a v i n g  t h e  
mask, a s su m in g  e x p i r a t i o n  o f  a i r  a t  m3 by t h e  
a n i m a l .

m
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The Mask Method f o r  R e s p i r a t o r y  A n a l y s i s  

The mask method u se d  f o r  e s t i m a t i n g  r e s p i r a t o r y  

e v a p o r a t i o n  ( t h e  d i r e c t  method) i s  c l e a r l y  i n a d e q u a t e  when 

c o n d e n s a t i o n  o c c u r s  i n  t h e  t u b e  l e a d i n g  t o  t h e  r e s p i r a t o r y  

w et  and d r y  b u lb  a p p a r a t u s *  The d i f f e r e n c e  method i s  n o t  o f  

g r e a t  a c c u r a c y  s i n c e  t h e  e r r o r s  o f  a l l  t h r e e  com ponents  

( i n s e n s i b l e ,  c u t a n e o u s  and m e t a b o l i c  w e i g h t  l o s s e s )  are  

a d d i t i v e  and r e s p i r a t o r y  e v a p o r a t i o n  r e p r e s e n t s  o n l y  a s m a l l  

p r o p o r t i o n  o f  t h e  t o t a l  i n s e n s i b l e  w e i g h t  l o s s .  In  a d d i t i o n ,  

t h e  a c c u m u l a t i o n  o f  an unknown q u a n t i t y  o f  c o n d e n s e d  w a t e r  i n  

t h e  mask a s s e m b l y  d u r in g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t  r e p r e s e n t s  

a f u r t h e r  s o u r c e  o f  e r r o r .  The m o i s t u r e  c o n t e n t  o f  a i r  

e x p i r e d  from t h e  mask w a s ,  h o w e v e r ,  n e a r l y  c o n s t a n t  o v e r  t h e  

a i r  t e m p e r a t u r e  ra n g e  s t u d i e d ,  d e s p i t e  t h e  f a c t  t h a t  i t  was  

e s t i m a t e d  b y  t h e  d i r e c t  method a t  h i g h e r  t e m p e r a t u r e s  and b y  

th e  d i f f e r e n c e  method a t  l o w e r  t e m p e r a t u r e s .  The m o i s t u r e  

c o n t e n t  o f  a i r  e x p i r e d  from t h e  mask was a p p r o x i m a t e l y  28 m g / l .  

a t  a l l  a i r  t e m p e r a t u r e s  when room a i r  h u m i d i t y  was h e l d  at  

8 m g / l .  b u t  r o s e  t o  33 and 40 m g / l .  when room a i r  h u m i d i t y  was  

i n c r e a s e d  t o  18 and 32 m g / l .  a t  an a i r  t e m p e r a t u r e  o f  35°C .

These  l e v e l s  a r e  shown i n  F i g .  26 b y  t h e  c u r v e s  m̂  and mg, t h e  

l a t t e r  b e i n g  r e p l o t t e d  from  F i g .  19 ( p .  7 3 ) •  The l e v e l s  o f  

c u r v e s  mg may be shown t o  r e s u l t  from m ix in g  o f  t h e  r e s p i r a t o r y  

g a s e s  i n  t h e  mask i f  i t  i s  assumed t h a t  u n d er  a l l  e n v i r o n m e n t a l  

c o n d i t i o n s  t h e  a n im a l  b r e a t h e s  o u t  a i r  i n t o  t h e  mask w i t h  a 

m o is t u r e  c o n t e n t  c o r r e s p o n d i n g  to  a p p r o x i m a t e l y  90^ o f  

s a t u r a t i o n  a t  b o d y  t e m p e r a t u r e .  In  A p p e n d ix  IV i t  i s  shown 

t h a t  i f  t h e  r a t i o  o f  t h e  r e s p i r a t o r y  t i d a l  volume to  t h e  vo lume
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F i  g . 2%. Graph o f  t h e  e q u a t i o n  = mi + (m3 -  m i ) [ l  -

( s e e  t e x t  p .  9l ) .
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o f  t h e  v e n t i l a t e d  dead s p a c e  o f  t h e  mask i s  K, and i f  a i r  

e n t e r s  t h e  mask from t h e  room a t  a b s o l u t e  h u m i d i t y  mj. and 

i s  e x p i r e d  b y  t h e  a n im a l  i n t o  t h e  mask a t  m3 , t h e n  t h e  mean 

l e v e l  o f  h u m i d i t y  o f  a i r  e x p i r e d  from t h e  mask i s  w here

/ \ r .  1 ( e ^  -  1 ) ,= mi + (m3 - mi) [1 - - ^ -------- ]
ix V e + 1 y

and e i s  t h e  e x p o n e n t i a l  f u n c t i o n .

The graph  o f  t h i s  e q u a t i o n  i s  shown i n  F i g .  2 7 ,  i n  w h ich

m̂  i s  p l o t t e d ,  a s  a f r a c t i o n  o f  t h e  d i f f e r e n c e  b e t w e e n  m3 and

m i,  a g a i n s t  K, The h u m i d i t y  o f  t h e  a i r  e x p i r e d  from t h e  

mask f a l l s  from  t h e  t r u e  e x p i r e d  h u m i d i t y  m3 when K i s  

i n f i n i t e  ( z e r o  dead s p a c e )  t o  a l e v e l  mid way b e t w e e n  m3 and 

room h u m i d i t y  mi when K = 0 (an  i n f i n i t e l y  l a r g e  m a sk ) .

The dead s p a c e  o f  t h e  mask u se d  i n  t h e  e x p e r i m e n t  was  

e s t i m a t e d  t o  be  a p p r o x i m a t e l y  0*8 l i t r e s  and t h e  mean t i d a l  

v o lu m es  a t  t h e  v a r i o u s  e n v i r o n m e n t a l  c o n d i t i o n s  w ere  i n  t h e  

r a n g e  0*85 t o  1*1  l i t r e s ,  h en c e  K was o f  t h e  o r d e r  o f  1*2  

f o r  w h ich

m^ = mi + 0 *55 (m3 -  mi ) .

A t h e o r e t i c a l  c o m p u t a t i o n  may t h u s  be made o f  t h e  

h u m i d i t y  o f  t h e  a i r  l e a v i n g  t h e  mask m̂  a t  e a c h  e n v i r o n m e n t a l  

c o n d i t i o n  b y  a s su m in g  t h a t  t h e  a i r  e x p i r e d  i n t o  t h e  mask by  

t h e  a n im a l  i s  a lw a y s  s a t u r a t e d  a t  body t e m p e r a t u r e  m3 . These  

two h u m i d i t y  l e v e l s  (m3 and m^) a r e  shown by t h e  up p er  two 

c u r v e s  o f  F i g .  2 6 .  The a g r e e m e n t  b e t w e e n  t h e  t h e o r e t i c a l  

c u rv e  f o r  m^, and t h e  m easured  v a l u e s  o f  h u m i d i t y  o f  a i r  

e x p i r e d  from  t h e  mask m3 i s  c l o s e ,  a l t h o u g h  t h e  fo r m e r  i s  

a lw a y s  s l i g h t l y  i n  e x c e s s  o f  t h e  l a t t e r .  The s m a l l  d i f f e r e n c e
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o f  t h e  t h e o r e t i c a l  from  t h e  p r a c t i c a l  e s t i m a t e  o f  e x p i r e d  a i r  

h u m i d i t y  may be e l i m i n a t e d  by  a s su m in g  t h a t  t h e  h u m i d i t y  l e v e l  

o f  a i r  e x p i r e d  by  t h e  a n im a l  i n t o  t h e  mask c o r r e s p o n d s  t o  

a p p r o x i m a t e l y  90^ s a t u r a t i o n  a t  b o d y  t e m p e r a t u r e .  T h is  l a s t  

a s s u m p t i o n  may i n  t u r n  by  a s i m i l a r  argument be e x p l a i n e d  by  

p o s t u l a t i n g  a s e c o n d  dead s p a c e ,  i n  t h e  upper  r e s p i r a t o r y  t r a c t  

o f  t h e  a n i m a l ,  t h e  volume o f  t h i s  dead sp a c e  b e i n g  a p p r o x i m a t e l y  

o n e - e i g h t h  o f  t h e  t i d a l  v o lu m e .  T h i s  dead sp a c e  i s  n o t  t h e  

same as  t h e  * r e s p i r a t o r y  dead space*  commonly r e f e r r e d  t o  i n  

s t u d i e s  c o n c e r n i n g  o x y g e n - c a r b o n  d i o x i d e  e x c h a n g e ;  n o r  i s  i t  

s u g g e s t e d  t h a t  any a n a t o m i c a l l y  d e f i n e a b l e  r e g i o n  e x i s t s  a s  a 

t r u e  dead sp a c e  i n  w h ich  m o i s t u r e  e v a p o r a t i o n  d o e s  n o t  o c c u r  

at  a l l .  I t  i s  p r o b a b l e  t h a t  t h e  a i r  r e p r e s e n t i n g  t h e  f i n a l  

p o r t i o n  o f  ea ch  i n s p i r a t i o n  i s  n o t  r e t a i n e d  i n  t h e  u pper  r e g i o n  

o f  t h e  r e s p i r a t o r y  t r a c t  f o r  l o n g  enough  t o  a t t a i n  e q u i l i b r i u m  

i n  t e m p e r a t u r e  and h u m i d i t y ,  and t h a t  t h i s  r e s u l t s  i n  t h e  mixed  

a i r  o f  t h e  e x p i r a t i o n  h a v in g  a h u m i d i t y  l e v e l  s l i g h t l y  l e s s  

th an  t h a t  c o r r e s p o n d i n g  to  s a t u r a t i o n  a t  body t e m p e r a t u r e .

A l t h o u g h  t h e  a n im a l s  i n  t h i s  e x p e r i m e n t  e x p i r e d  a i r  i n t o  

t h e  mask a t  a c o n s i d e r a b l y  h i g h e r  h u m i d i t y  l e v e l  than  t h a t  o f  

t h e  a i r  l e a v i n g  t h e  mask, t h i s  d o e s  n o t  mean t h a t  t h e  r e s p i r a t o r y  

e v a p o r a t i v e  l o s s  was i n c o r r e c t l y  e s t i m a t e d ,  b e c a u s e  i t  a l s o  

f o l l o w s  t h a t  t h e  h u m i d i t y  o f  t h e  a i r  i n s p i r e d  b y  th e  a n i m a l  

from t h e  mask was i n c r e a s e d  above t h e  l e v e l  o f  room a i r  h u m i d i t y  

by a c o r r e s p o n d i n g  amount.  The r e s p i r a t o r y  e v a p o r a t i v e  l o s s  

measured was t h e r e f o r e  t h e  t r u e  q u a n t i t y  o f  r e s p i r a t o r y  m o i s t u r e  

l o s t  b y  t h e  a n im a l  under  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  The 

q u a n t i t y  o f  w a t e r  vapour  added to  ea ch  l i t r e  o f  r e s p i r e d  a i r  w a s ,
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h o w e v e r ,  l i m i t e d  t o  a p p r o x i m a t e l y  55^ o f  what i t  c o u l d  have  

b e e n  had t h e  mask n o t  b e e n  w orn .  S i n c e  t h e r e  was no v i s u a l  

e v i d e n c e  t h a t  t i d a l  vo lum e o r  r e s p i r a t o r y  r a t e  were a p p r e c i a b l y  

i n f l u e n c e d  b y  t h e  p r e s e n c e  o f  t h e  mask, r e s p i r a t o r y  m o i s t u r e  

l o s s  must a l s o  have  b e e n  r e d u c e d  b y  I t  f o l l o w s  t h a t  when

a mask e q u i p p e d  w i t h  i n l e t  and o u t l e t  v a l v e s  i s  a p p l i e d  t o  an 

a n i m a l ,  i t  must i n e v i t a b l y  r ed u ce  t h e  r e s p i r a t o r y  m o i s t u r e  

l o s s  u n l e s s  t h e  dead  s p a c e  i s  k e p t  v e r y  s m a l l .  I t  w ou ld  be  

d i f f i c u l t  t o  d e s i g n  an e f f i c i e n t  mask s u i t a b l e  f o r  u se  w i t h  

C a t t l e  i n  w h ic h  t h e  dead s p a c e  was l e s s  t h a n ,  s a y ,  one q u a r t e r  

o f  t h e  t i d a l  v o lu m e;  ev e n  t h i s  w ould  r e s u l t ,  a c c o r d i n g  t o  

F i g .  2 7 ,  i n  a r e d u c t i o n  o f  r e s p i r a t o r y  e v a p o r a t i o n  by  24-^.

Under c o n d i t i o n s  o f  v e r y  s e v e r e  h e a t  s t r e s s  when t i d a l  volume  

f a l l s  t o  much l o w e r  v a l u e s  t h e  problem  w ould  become more a c u t e .

The r e s u l t s  s u g g e s t  t h a t  o v e r  a w id e  ra n g e  o f  am bient  t e m p e r a t u r e s  

and h u m i d i t i e s ,  t h e  h u m i d i t y  o f  a i r  e x p i r e d  b y  c a t t l e  c o r r e s p o n d s  

t o  a p p r o x i m a t e l y  90^ o f  s a t u r a t i o n  a t  body t e m p e r a t u r e .  K i b l e r  

& Brody ( l 9 5 0 >  1 9 5 2 )  have r e p o r t e d  t h a t  t h e  m o i s t u r e  c o n t e n t  

o f  a i r  e x p i r e d  by  c a t t l e  r i s e s  as  a i r  t e m p e r a t u r e  i n c r e a s e s  

from “15 t o  4 0 °C,  and i s  f a r  b e lo w  t h a t  c o r r e s p o n d i n g  to  

s a t u r a t i o n  a t  b o d y  t e m p e r a t u r e .  T a n e ja  ( l 9 5 8 )  has  r e p o r t e d  

t h a t  th e  v a p o u r  p r e s s u r e  o f  a i r  e x p i r e d  b y  c a t t l e  r o s e  from  

37 mm Hg a t  3 0 ° C  t o  44  mm Hg a t  42"5°C w i t h  f i x e d  a m b ien t  vap n u r  

p r e s s u r e  o f  30 mm Hg. T a n e ja  and a l s o  Knapp & R o b in so n  ( l 9 5 4 )  

u sed  m o d i f i e d  fo rm s  o f  t h e  mask method o f  K i b l e r  & Brody ( l 9 5 0 )  

f o r  m e a su r in g  r e s p i r a t o r y  m o i s t u r e  l o s s .  A l l  o f  t h e s e  w o r k e r s  

m easured t h e  h u m i d i t y  o f  t h e  a i r  e x p i r e d  from  th e  mask r a t h e r  

th a n  t h a t  d i r e c t l y  e x p i r e d  by  th e  a n i m a l .  I f  th e  r e s u l t s  o f



94

a l l  t h e s e  w o r k e r s  are  exam ined  i t  i s  f o u n d  t h a t  t h e  o b s e r v e d  

r e s p i r a t o r y  m o i s t u r e  l o s s  a t  h i g h  a i r  t e m p e r a t u r e s  i s  i n  n e a r l y  

e v e r y  i n s t a n c e  b e tw e e n  40 and 60% o f  what  i t  w ou ld  have  b e e n  had 

t h e  a i r  e x p i r e d  from t h e  mask b e e n  s a t u r a t e d  a t  body  t e m p e r a t u r e .

I t  seems l i k e l y  t h a t  r e s p i r a t o r y  m o i s t u r e  l o s s  was i n  a l l  

i n s t a n c e s  a f f e c t e d  by mask dead s p a ce  i n  t h e  same way as  has  

b e e n  d i s c u s s e d  on pp. 90 -  92 f o r  t h e  o b s e r v a t i o n s  r e p o r t e d  h e r e .

At low a i r  t e m p e r a t u r e s  i t  i s  p r o b a b l e  t h a t  t h e  m o i s t u r e  

c o n t e n t  o f  a i r  e x p i r e d  by  th e  a n im a l  i s  no l o n g e r  m a in t a i n e d  a t  

t h e  l e v e l  c o r r e s p o n d i n g  t o  90^ s a t u r a t i o n  a t  b o d y  t e m p e r a t u r e .

F i g .  2 6 shows t h a t  t h e  h u m i d i t y  o f  a i r  e x p i r e d  from t h e  mask 

was l e s s  a t  15°C t h a n  a t  h i g h e r  a i r  t e m p e r a t u r e s ,  b u t  t h i s  

c o u l d  have  b e e n  due p a r t i a l l y  t o  t h e  a c c u m u l a t i o n  o f  c o n d e n se d  

w a t e r  i n  t h e  mask i t s e l f .  The r e s u l t s  o f  K i b l e r  & Brody  

( 1 9 5 2 ) a l s o  show t h a t  b e lo w  20°C t h e  o b s e r v e d  r e s p i r a t o r y  

v a p o r i z a t i o n  r a t e  c o n t i n u e d  t o  d e c l i n e  a l t h o u g h  t h e  r a t e  c a l c u l a t e d  

by a ssu m in g  e x p i r a t i o n  from th e  mask o f  a i r  s a t u r a t e d  a t  body  

t e m p e r a t u r e  rem a in ed  v i r t u a l l y  u n c h a n g e d .  The r e s u l t s  o f  T a n e ja  

( 1 9 5 s )  how ever  s u g g e s t  t h a t  t h e  m o i s t u r e  c o n t e n t  o f  e x p i r e d  a i r  

s t a r t e d  t o  d e c l i n e  a t  an a i r  t e m p e r a t u r e  b e t w e e n  32*5  and 3 0 °C.

The r e a s o n i n g  t h a t  has  b e e n  a p p l i e d  t o  t h e  e f f e c t  o f  t h e  

mask on r e s p i r a t o r y  e v a p o r a t i o n  must a l s o  h o l d  f o r  ca r b o n  d i o x i d e  

e x c h a n g e  and f o r  r e s p i r a t o r y  c o n v e c t i o n .  The p r e s e n c e  o f  t h e  

mask must have r e s u l t e d  i n  t h e  a n im a l  i n s p i r i n g  a i r  w i t h  a 

carb on  d i o x i d e  c o n c e n t r a t i o n  o f  0*5 t o  1*5^ i n s t e a d  o f  0*08^  a s  

was norm al  i n  room a i r .

The R e g i o n a l  D i s t r i b u t i o n  o f  C utan eou s  E v a p o r a t i o n  

The r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  c l e a r l y  d i f f e r s  b e t w e e n
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d i f f e r e n t  b ody  r e g i o n s  and t h e  r e s u l t s  show a c o n s i d e r a b l e  

d e g r e e  o f  u n i f o r m i t y  i n  t h i s  r e s p e c t  b e t w e e n  a n i m a l s .  The 

main a r e a  o f  h i g h  e v a p o r a t i o n  i n  warm e n v i r o n m e n t s  was fo u n d  

t o  be t h e  n ec k  and f o r e q u a r t e r s  o f  th e  t r u n k .  In g e n e r a l  

e v a p o r a t i o n  t e n d e d  t o  be g r e a t e r  on t h e  f o r e  and upper  r e g i o n s  

th a n  on t h e  r e a r  and l o w e r  r e g i o n s  o f  t h e  t r u n k ,  a l t h o u g h  a n o t h e r  

a r e a  o f  h i g h  e v a p o r a t i o n  was o b s e r v e d  around t h e  r e a r  h a u n ch .  

E v a p o r a t i o n  r a t e  was r e l a t i v e l y  low on t h e  head and l e a s t  on 

t h e  u n d e r s i d e  o f  t h e  t r u n k .  E v a p o r a t i o n  r a t e s  w ere  n o t  m easured  

on t h e  d i s t a l  p o r t i o n s  o f  t h e  l i m b s  or  on t h e  t a i l .  T h i s  

r a n k in g  o f  t h e  r e g i o n s  i s  i n  b r o a d  a g r e e m e n t  w i t h  t h o s e  r e p o r t e d  

f o r  H o l s t e i n - S y r i a n  c r o s s b r e d  cows ( V o l c a n i  & S c h i n d l e r ,  1 9 5 4 :  

Berman, 1 9 5 7 ) ,  S i n d h i - J e r s e y  c r o s s b r e d  cows (M cD ow el l ,  McMullan,  

Wodzika & Pohrman, 1 9 5 5 )  and Brahman and S a n ta  G-èrtrudi s  cows  

( K i b l e r  & Y e ck ,  1 9 5 9 ) .  I t  t h e r e f o r e  a p p e a r s  t h a t  t h e  r e g i o n a l  

d i s t r i b u t i o n  o f  c u t a n e o u s  e v a p o r a t i v e  h e a t  l o s s  i s  s i m i l a r  f o r  

a l l  b r e e d s  o f  c a t t l e .  The r e s u l t s  q u o te d  e a r l i e r  from t h e  

f i n d i n g s  o f  McDowell e t  a l . ( l 9 5 4 )  do n o t ,  h o w e v e r ,  conform  

w i t h  t h i s  p a t t e r n .  The o r d e r  o f  d e c r e a s i n g  e v a p o r a t i o n  f o r  

t h e  v a r i o u s  s k i n  r e g i o n s  s t u d i e d  shows no c l e a r  c o r r e l a t i o n  

w i t h  t h e  o r d e r  o f  d e c r e a s i n g  sw eat  g l a n d  d e n s i t y  i n  any o f  t h e  

ways i n  w h ic h  t h i s  was e x p r e s s e d  b y  F i n d l a y  & Yang ( l 9 5 0 )  f o r  

A y r s h i r e  c o w s .

The R e s p o n s e s  t o  D i f f e r e n t  Thermal E n v ir o n m e n ts

(E x p e r im e n t  D)

Heat p r o d u c t i o n

Heat p r o d u c t i o n  d i d  n o t  v a r y  s i g n i f i c a n t l y  o v e r  t h e
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t e m p e r a t u r e  r a n g e  15 t o  4 0 ° C .  T h i s  was e x p e c t e d  i n  v iew  o f  

t h e  f e e d i n g  r o u t i n e  w h ereb y  t h e  a n im a l s  were p r o v i d e d  w i t h  a 

c o n s t a n t  d i e t  o f  c o n c e n t r a t e s  w i t h  a d d i t i o n a l  h a y .  The f o o d  

was o f f e r e d  e a c h  d a y ,  o n l y  a f t e r  t h e  c o m p l e t i o n  o f  t h e  c l i m a t i c  

room e x p o s u r e ,  when t h e  a p p e t i t e  o f  th e  a n im a l  was no l o n g e r  

l i k e l y  to  be l i m i t e d  by  h e a t  s t r e s s ;  a l s o  t h e  f o o d  was a l l  

consumed a t  l e a s t  l 6  hr b e f o r e  t h e  s t a r t  o f  t h e  n e x t  e x p o s u r e .

For t h e  e n v i r o n m e n t s  3 5 1 ,  35^ and 35H t h e  mean l e v e l  o f  h e a t  

p r o d u c t i o n  was 2 0 7 , 224  and 245 k c a l / h r  r e s p e c t i v e l y ,  th e  

d i f f e r e n c e  i n  h e a t  p r o d u c t i o n  b e i n g  s i g n i f i c a n t  (O'Ol > P) 

b e t w e e n  t h e  two e x tr e m e  h u m i d i t i e s  b u t  n o t  s i g n i f i c a n t  (P > 0 * 0 5 )  

b e t w e e n  t h e  i n t e r m e d i a t e  and e i t h e r  o f  t h e  e x t r e m e s .  S i n c e  

b o d y  t e m p e r a t u r e  was 0*6®C h i g h e r  a t  35H th a n  a t  t h e  two l o w e r  

l e v e l s  o f  h u m i d i t y  an i n c r e a s e  i n  h e a t  p r o d u c t i o n  o f  a p p r o x i m a t e l y  

4*2^  or  8*5 k c a l / h r  ( f o r  = 2"0)  may be e x p e c t e d  from t h e

V a n ' t  H o f f  e f f e c t .  T h is  p a r t i a l l y  e x p l a i n s  t h e  o b s e r v e d  r i s e .

I t  i s  p r o b a b l e ,  h o w e v e r ,  t h a t  t h e  i n c r e a s e d  work o f  r e s p i r a t i o n  

was a l s o  i n v o l v e d ;  r e s p i r a t o r y  r a t e  was much h i g h e r  a t  35#  

th a n  a t  any o t h e r  e n v i r o n m e n t a l  c o n d i t i o n .

The f i x e d  l e v e l  i n  t h e  c a l c u l a t e d  v a l u e  o f  h e a t  p r o d u c t i o n  

o v e r  a w id e  t e m p e r a t u r e  ra n g e  r e s u l t s  from t h e  f a c t  t h a t  t h e  

measured v a l u e s  o f  b o t h  carbon  d i o x i d e  o u t p u t  and r e s p i r a t o r y  

q u o t i e n t  rem ain ed  v i r t u a l l y  u n c h a n g e d .  A l th o u g h  pulmonary  

v e n t i l a t i o n  r a t e  r o s e  w i t h  i n c r e a s i n g  a i r  t e m p e r a t u r e  t h e  

c o n c e n t r a t i o n  o f  ca r b o n  d i o x i d e  i n  e x p i r e d  a i r  f e l l ,  so  t h a t  

t h e  t o t a l  o u t p u t  o f  carbon  d i o x i d e  was u n a f f e c t e d .  With an 

i n c r e a s e  i n  a i r  h u m i d i t y  a t  3 5 °C ,  h o w e v e r ,  when pulmonary
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F i g .  2 8 . The r e l a t i o n s h i p  b e tw e e n  n o n - e v a p o r a t i v e  h e a t  l o s s  

and th e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  s k i n  and 

a i r ,  a t  th e  v a r i o u s  i n d i c a t e d  e n v i r o n m e n t a l  

c o n d i t i o n s .  The s o l i d  l i n e  r e p r e s e n t s  a s k i n  t o  
a i r  th e r m a l  c o n d u c t a n c e  o f  14- k c a l / h r . ® C  (E x p e r im e n t  

D ) .



97

v e n t i l a t i o n  r o s e  c o n s i d e r a b l y  t h e  f a l l  i n  c o n c e n t r a t i o n  was  

n o t  s u f f i c i e n t  t o  p r e v e n t  t h e  t o t a l  o u t p u t  o f  carb on  d i o x i d e  

from  r i s i n g .  I t  m ight  be argu ed  t h a t  d u e  t o  h y p e r v e n t i l a t i o n  

t h e  i n c r e a s e  i n  carb on  d i o x i d e  o u t p u t  o c c u r r e d  a t  t h e  e x p e n s e  

o f  a l o w e r i n g  o f  carbon  d i o x i d e  c o n c e n t r a t i o n  i n  t h e  body  

f l u i d s ,  and t h a t  t h e  h e a t  p r o d u c t i o n  was n ot  i n  r e a l i t y  g r e a t e r  

t h a n  a t  o t h e r  e n v i r o n m e n t a l  c o n d i t i o n s .  T h is  e x p l a n a t i o n ,  

seems u n l i k e l y  i n  v ie w  o f  t h e  f a c t  t h a t  B ia n c a  & F i n d l a y  ( l 9 6 l )  

fo u n d  no s u b s t a n t i a l  change i n  t h e  a c i d - b a s e  s t a t u s  o f  t h e  

b l o o d  when t h e y  e x p o s e d  c a l v e s  t o  m i ld  h e a t  s t r e s s  t h a t  r e s u l t e d  

i n  s l i g h t l y  more e l e v a t e d  r e s p i r a t o r y  r a t e s  t h a n  t h e  c o n d i t i o n  

35H u se d  h e r e .

N o n - e v a u o r a t i v e  h e a t  l o s s

The n o n - e v a p o r a t i v e  h e a t  l o s s  was  z e ro  when a i r  t e m p e r a t u r e  

was a p p r o x i m a t e l y  37°G,  and v a r i e d  a p p r o x i m a t e l y  l i n e a r l y  w i t h  

a i r  t e m p e r a t u r e  a t  a r a t e  o f  -1 0 " 3  k c a l / h r . ° C  o v e r  t h e  range  

25 t o  40®C. At a i r  t e m p e r a t u r e s  b e l o w  25°C t h e  l i n e a r  r e l a t i o n  

s h i p  was n o t  m a i n t a i n e d .  A c c o r d i n g  t o  p h y s i c a l  la w s  n o n -  

e v a p o r a t i v e  h e a t  l o s s  w ou ld  be e x p e c t e d  to  v a r y  l i n e a r l y ,  n o t  

w i t h  a i r  t e m p e r a t u r e  i t s e l f ,  b u t  w i t h  t h e  d i f f e r e n c e  b e t w e e n  

a i r  and s k i n  t e m p e r a t u r e s .  F i g .  28 p r e s e n t s  t h e  d a t a  f o r  a l l  

e n v i r o n m e n t s  i n  t h i s  way.  The l i n e  drawn i n  t h e  f i g u r e  i s  n o t  

a c a l c u l a t e d  ' b e s t  f i t '  f o r  t h e  p o i n t s .  I t  h a s  been  made t o  

p a s s  t h r o u g h  t h e  o r i g i n  and i t  r e p r e s e n t s  a s k i n  s u r f a c e  t o  a i r  

t h e r m a l  c o n d u c t a n c e  o f  14  k c a l / h r . ® C .  The p l o t t e d  p o i n t s ,  w i t h  

t h e  e x c e p t i o n  o f  t h o s e  r e f e r r i n g  t o  t h e  e n v i r o n m e n t a l  c o n d i t i o n s  

15 and 35H, a l l  l i e  w i t h i n  ±20 k c a l / h r  o f  t h e  l i n e .  T h is  

s c a t t e r  i s  c o n s i s t e n t  w i t h  t h e  combined e r r o r s  o f  t h e  e s t i m a t e s
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o f  h e a t  p r o d u c t i o n  and e v a p o r a t i v e  h e a t  l o s s ,  t h e  two 

q u a n t i t i e s  from w h ic h  n o n - e v a p o r a t i v e  h e a t  l o s s  was c a l c u l a t e d  

b y  d i f f e r e n c e .  At 15®C t h e  mean l e v e l  o f  n o n - e v a p o r a t i v e  h e a t  

l o s s  was 13^ l o w e r  t h a n  t h a t  p r e d i c t e d  b y  t h e  l i n e  and a t  t h e  

h i g h e s t  h u m i d i t y  l e v e l  a t  35°C i t  was more t h a n  100% h i g h e r .

The d i f f e r e n c e  b e t w e e n  s k i n  and a i r  t e m p e r a t u r e s  was  

computed from t h e  o n l y  s k i n  t e m p e r a t u r e  m easurem ents  made,  

t h a t  i s  on t h e  s a c r a l  r e g i o n  o f  t h e  b a c k ,  S k i n - t o - a i r  t h e r m a l  

c o n d u c t a n c e  s h o u l d  p r o p e r l y  be b a s e d  on t h e  mean s u r f a c e  

t e m p e r a t u r e  f o r  t h e  w h o le  a n i m a l .  A l t h o u g h  B e a k l e y  & F i n d l a y  

( l 9 5 5 k )  have  shown t h a t  s k i n  t e m p e r a t u r e  i s  n e a r l y  u n i fo r m  

o v e r  t h e  t r u n k ,  W hittow ( 1 9 6 1 ) has  fo u n d  t h a t  a t  a i r  t e m p e r 

a t u r e s  o f  15®C and b e l o w ,  b u t  n o t  a t  20°C and a b o v e ,  s k i n  

t e m p e r a t u r e s  on t h e  d i s t a l  p o r t i o n s  o f  t h e  l i m b s  o f  c a l v e s  

a re  n e a r  to  a i r  t e m p e r a t u r e  and much l e s s  t h a n  s k i n  t e m p e r a t u r e  

on t h e  t r u n k .  I t  a p p e a r s  t h a t  a t  t h e s e  low  t e m p e r a t u r e s  t h e  

l o w e r  l i m b s  and c e r t a i n  a p p e n d a g e s  such  a s  e a r s  and t a i l  a r e  

e f f e c t i v e l y  ' s h u t  o f f '  as r a d i a t o r s  o f  h e a t .  The p o i n t  on 

F i g .  28 c o r r e s p o n d i n g  t o  an a i r  t e m p e r a t u r e  o f  13°C may t h u s  

be e x p e c t e d  t o  l i e  b e lo w  any l i n e  o f  c o n s t a n t  c o n d u c t a n c e  

p a s s i n g  t h r o u g h  t h e  o t h e r  p o i n t s .

The e x c e p t i o n a l l y  h ig h  r a t e  o f  n o n - e v a p o r a t i v e  h e a t  l o s s  

per  ®C o f  s k i n  t o  a i r  t e m p e r a t u r e  g r a d i e n t  o b s e r v e d  a t  t h e  

h i g h e s t  h u m i d i t y  l e v e l  a t  35°C i s  n o t  so  r e a d i l y  e x p l i c a b l e .

The o n l y  o b v i o u s  r e a s o n  f o r  an i n c r e a s e  i n  s k i n - t o - a i r  

c o n d u c t a n c e  a t  t h i s  e n v i r o n m e n t a l  l e v e l  i s  t h e  e x t r a  f l a n k  

movement b r o u g h t  a b o u t  by  t h e  g r e a t l y  i n c r e a s e d  r e s p i r a t o r y  

r a t e  t h a t  was o b s e r v e d  a t  t h i s  e n v i r o n m e n t a l  c o n d i t i o n  o n l y .
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N o n - e v a p o r a t i v e  h e a t  l o s s  as  c a l c u l a t e d  f o r  t h e  p u r p o se  

o f  p l o t t i n g  P i g .  28 i n c l u d e d  t h e  h e a t  l o s s  due t o  f o r c e d  

c o n v e c t i o n  i n  t h e  r e s p i r a t o r y  t r a c t ,  w h ic h  s h o u l d  p r o p e r l y  

h e  e x c l u d e d  from  t h e  c o m p u t a t i o n  o f  s k i n - t o - a i r  c o n d u c t a n c e .  

R e s p i r a t o r y  c o n v e c t i v e  l o s s  c o u l d  n o t  be c a l c u l a t e d  s i n c e  t h e  

t e m p e r a t u r e s  o f  i n s p i r e d  and e x p i r e d  a i r  w ere  n o t  m easured;  

b u t  ev e n  i f  i t  be assumed t h a t  r e s p i r e d  a i r  was h e a t e d  from  

room t o  b o d y  t e m p e r a t u r e  i t  may be shown t h a t  r e s p i r a t o r y  

c o n v e c t i o n  c o u l d  o n l y  have r e p r e s e n t e d  l e s s  t h a n  10% o f  t h e  

t o t a l  n o n - e v a p o r a t i v e  h e a t  l o s s  a t  e v e r y  e n v i r o n m e n t a l  

c o n d i t i o n .  The p r e s e n c e  o f  t h e  mask i s  l i k e l y  t o  have  

n e a r l y  h a l v e d  ev e n  t h i s  maximum p o s s i b l e  l e v e l  o f  r e s p i r a t o r y  

c o n v e c t i v e  l o s s .

Taken as  a w h o l e ,  th e  e s t i m a t e s  o f  n o n - e v a p o r a t i v e  h e a t  

l o s s  s u g g e s t  t h a t ,  under  t h e  c o n d i t i o n s  o f  a i r  movement  

p e r t a i n i n g  i n  t h e  c l i m a t i c  chamber,  t h e  s k i n - t o - a i r  c o n d u c t a n c e  

o f  t h e  a n im a l s  was a p p r o x i m a t e l y  14  k c a l / ° C . h r .  The 

r e c i p r o c a l  o f  t h i s  q u a n t i t y ,  0*071  h r . ° C / k c a l ,  r e p r e s e n t s  

t h e  th e r m a l  r e s i s t a n c e  or  i n s u l a t i o n  o f  t h e  s k i n - t o - a i r  

b a r r i e r .

D e s p i t e  t h e  l a r g e  c h a n g e s  t h a t  o c c u r r e d  i n  th e  t e m p e r a t u r e  

d i f f e r e n c e  b e tw e e n  d eep  b o d y  and s k i n ,  t h e  t o t a l  q u a n t i t y  o f  

h e a t  l o s t  from  th e  s u r f a c e  ( b o t h  e v a p o r a t i v e  and n o n - e v a p o r a t i v e )  

was o f  t h e  same o r d e r  o f  m agnitude  a t  a l l  e n v i r o n m e n t a l  

c o n d i t i o n s .  These  q u a n t i t i e s  and t h e  r a t i o  o f  one t o  th e  

o t h e r ,  w h ic h  i s  a measure  o f  t h e  t h e r m a l  r e s i s t a n c e  or  

i n s u l a t i o n  o f  t h e  t i s s u e s ,  are  g i v e n  i n  T a b le  l 6 .  T i s s u e
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T a b l e  l 6 . The t o t a l  h e a t  l o s s  from  th e  s k i n  (H ^ ) ,  t h e
d i f f e r e n c e  b e t w e e n  r e c t a l  and s k i n  t e m p e r a t u r e s
(T^ -  T^) and t h e  t i s s u e  i n s u l a t i o n
(T -  T ) /H  f o r  d i f f e r e n t  e n v i r o n m e n t s  r  3 s
(E x p e r im e n t  D ) .

E n v iro n m e n t H

k c a l / h r

T i s s u e  i n s u l a t i o n  

hr.® C / k c a l

15 185 8*53 0 - 0 4 7

20 177 6-88 0 - 0 3 9

25

30

35L

40

35M

158

167

168  

161  

186

4 - 4 7

2 - 4 9

1 - 4 2

0 - 2 8

1-21

0 - 0 2 8

0 - 0 1 5

0 - 0 0 8

0 - 0 0 2

0 - 0 0 7

35H 2 0 1 1 - 2 6 0 - 0 0 6
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i n s u l a t i o n ,  l i k e  s k i n - t o - a i r  i n s u l a t i o n ,  s h o u ld  be b a s e d  on 

mean v a l u e s  o f  s k i n  t e m p e r a t u r e  o v e r  t h e  w h o le  s u r f a c e ,  and 

n o t  j u s t  on a s i n g l e  e s t i m a t e  from one r e g i o n .  No g r e a t  

a c c u r a c y  can t h e r e f o r e  b e  c l a i m e d  f o r  t h e  i n s u l a t i o n  v a l u e s  

g i v e n  i n  T a b le  l 6 ,  b u t  t h e i r  r e l a t i v e  v a l u e s  show an 

u n q u e s t i o n a b l e  change w i t h  a i r  t e m p e r a t u r e .  T i s s u e  i n s u l a t i o n  

i n c r e a s e d  from  a v a l u e  o f  a p p r o x i m a t e l y  0 *002  h r . ® C / k c a l  a t  

ifO°G up t o  0 *0 4 6  h r . ® C / k c a l  a t  1 5 °C ,  i . e .  b y  a f a c t o r  o f  2 3 .  

T h i s  r e m a r k a b le  change i n  t i s s u e  c o n d u c t a n c e  would  a t  f i r s t  

s i g h t  be  e x p e c t e d  t o  i n f l u e n c e  b o t h  t h e  n o n - e v a p o r a t i v e  and 

t h e  e v a p o r a t i v e  h e a t  l o s s .  S i n c e  body  t e m p e r a t u r e  d id  n o t  

v a r y  g r e a t l y  t h e  p l o t  o f  n o n - e v a p o r a t i v e  h e a t  l o s s  a g a i n s t  

a i r  t e m p e r a t u r e  ( F i g .  1 7 ,  p . 7 l )  a l s o  e f f e c t i v e l y  r e p r e s e n t s  

n o n - e v a p o r a t i v e  h e a t  l o s s  p l o t t e d  a g a i n s t  t h e  t e m p e r a t u r e  

g r a d i e n t  from  deep  body  t o  a i r .  The r e a s o n  why t h i s  r e l a t i o n 

s h i p  i s  so  n e a r l y  l i n e a r ,  d e s p i t e  t h e  ch an ge  i n  t i s s u e  

c o n d u c t a n c e ,  l i e s  i n  t h e  f a c t  t h a t  a t  h i g h  a i r  t e m p e r a t u r e s  

t i s s u e  i n s u l a t i o n  i s  so much s m a l l e r  th a n  s k i n - t o - a i r  

i n s u l a t i o n  (0 * 0 7 1  h r . ® C / k c a l )  t h a t  t h e  f o r m e r  e x e r t s  n e g l i g i b l e  

i n f l u e n c e  on t h e  n o n - e v a p o r a t i v e  h e a t  l o s s .  I t  i s  o n l y  a t  

r e l a t i v e l y  low a i r  t e m p e r a t u r e s ,  when t h e  r e s i s t a n c e  t o  h e a t  

f l o w  o f f e r e d  b y  th e  t i s s u e s  becom es  c om p arab le  w i t h  t h a t  

o f f e r e d  b y  t h e  s k i n - t o - a i r  b o u n d a r y ,  t h a t  n o n - e v a p o r a t i v e  h e a t  

l o s s  i s  e f f e c t i v e l y  i n f l u e n c e d  b y  b l o o d  f l o w  c h a n g e s  w i t h i n  

th e  b o d y .  T h i s  i s  e v i d e n c e d  by  t h e  c h a n g in g  s l o p e  a t  20 t o  

15^0 o f  t h e  c u r v e  r e l a t i n g  n o n - e v a p o r a t i v e  h e a t  l o s s  t o  a i r  

t e m p e r a t u r e  and b y  t h e  a p p a r e n t  change i n  s k i n - t o - a i r  

c o n d u c t a n c e  a t  15®C, w h ic h  a s  d i s c u s s e d  e a r l i e r  r e s u l t s  from
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b l o o d  f l o w  c h a n g e s  i n  t h e  d i s t a l  p o r t i o n s  o f  t h e  l im b s *

The c h a n g e s  i n  l o c a l  s u r f a c e  t e m p e r a t u r e s  t h a t  can o c c u r  

n e a r  e n v i r o n m e n t a l  t e m p e r a t u r e s  o f  1 5 °C have b e e n  d e s c r i b e d  

f o r  t h e  e a r s  by  B e a k l e y  & F i n d l a y  (19552.)  arid f o r  th e  l i m b s  

b y  W hittow  ( 1 9 6 1 ) ,  The e f f e c t s  on b o t h  e a r s  and l i m b s ,  w h ic h  

a p p e a r  t o  r e s u l t  from  d r a m a t i c  a l t e r a t i o n s  o f  b l o o d  f l o w  i n  

t h e s e  o r g a n s  and w h ic h  o c c u r  w i t h i n  a l i m i t e d  range o f  a i r  

t e m p e r a t u r e ,  c a n n o t  e x p l a i n  t h e  l a r g e  change i n  t i s s u e  

i n s u l a t i o n  t h a t  was o b s e r v e d  o v e r  t h e  a i r  t e m p e r a t u r e  ra n g e  

20 t o  4 0 °C ,  The change may r e s u l t  from g e n e r a l i s e d  c u t a n e o u s  

v a s o c o n s t r i c t i o n - d i l a t i o n  o v e r  t h e  t r u n k ,  w h ic h  o c c u r s  more 

g r a d u a l l y  t h a n  do th e  e f f e c t s  on t h e  l i m b s  and e a r s  a t  l o w e r  

a i r  t e m p e r a t u r e s ,  o r  i t  may r e f l e c t  b l o o d  f l o w  c h a n g e s  a t  a 

d e e p e r  l e v e l .  B l a x t e r ,  Graham, Wainman & Arm strong ( l 9 5 9 )  

found  c o r r e s p o n d i n g l y  l a r g e  c h a n g e s  i n  t i s s u e  i n s u l a t i o n  f o r  

shorn s h e e p  a t  a i r  t e m p e r a t u r e s  above  25®C. T h e i r  m e a s u r e 

ments d i d  n o t  d i s t i n g u i s h  b e t w e e n  r e s p i r a t o r y  and c u t a n e o u s  

e v a p o r a t i v e  h e a t  l o s s e s  and t h e i r  e s t i m a t e s  o f  t i s s u e  i n s u l a t i o n  

were b a s e d  on t o t a l  h e a t  l o s s e s  from b o t h  r e s p i r a t o r y  t r a c t  and 

s k i n .  They a t t r i b u t e d  t h e  a p p a r e n t  l a r g e  change i n  t i s s u e  

i n s u l a t i o n  o v e r  t h i s  t e m p e r a t u r e  ra n g e  p a r t l y  t o  t h e  i n c l u s i o n  

o f  r e s p i r a t o r y  m o i s t u r e  l o s s  i n  t h e i r  c o m p u t a t i o n .  The 

p r e s e n t  r e s u l t s ,  h o w e v e r ,  show t h a t  f o r  c a t t l e  t h e  change i n  

t i s s u e  i n s u l a t i o n  i s  s t i l l  marked e v en  i f  a l l o w a n c e  i s  made 

f o r  r e s p i r a t o r y  e v a p o r a t i o n .

In  t h e  same and i n  a l a t e r  paper  ( A r m s tr o n g ,  B l a x t e r ,  

C l a p p e r t o n ,  Graham & Wainman, 19&0) t h e s e  a u t h o r s  c o n c l u d e d  

t h a t  i n  sh e e p  g e n e r a l i s e d  c u t a n e o u s  v a s o c o n s t r i c t i o n  and
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v a s o d i l a t i o n  ' b o r d e r  on a l l  o r  none e f f e c t s '  and t h a t  

v a s o d i l a t i o n  o c c u r s  a t  e n v i r o n m e n t a l  t e m p e r a t u r e s  w h ic h  are  

o n l y  s l i g h t l y  above t h e  c r i t i c a l  t e m p e r a t u r e .  T h e i r  

c o n c l u s i o n s  a r e  b a s e d  on c o m p a r i s o n s  o f  a q u a n t i t y  ' t o t a l  

c o n d u c t a n c e * ,  d e f i n e d  a s  t h e  n o n - e v a p o r a t i v e  h e a t  l o s s  

d i v i d e d  by  t h e  t e m p e r a t u r e  g r a d i e n t  from  t h e  rec tu m  t o  t h e  

e n v i r o n m e n t .  Whereas t h i s  q u a n t i t y  i s  u s e f u l  as  a c o n c e p t  

f o r  c o n s i d e r a t i o n  o f  h e a t  l o s s e s  a t  low e n v i r o n m e n t a l  

t e m p e r a t u r e s ,  w here  e v a p o r a t i v e  h e a t  l o s s  i s  s m a l l ,  i t s  

a p p l i c a t i o n  t o  c o n d i t i o n s  w here  v a s o c o n s t r i c t i o n - d i l a t i o n  

o c c u r s  i s  open t o  q u e s t i o n ,  ' T o t a l  co n d u c ta n c e *  r e l a t e s  one  

form  o f  h e a t  f l o w  ( n o n - e v a p o r a t i v e )  t o  a t e m p e r a t u r e  g r a d i e n t  

a c r o s s  p a r t  o f  w h ic h  a n o t h e r  form o f  h e a t  f l o w  ( e v a p o r a t i v e )  

o c c u r s  s i m u l t a n e o u s l y .  Changes i n  t h e  r a t e  o f  c u t a n e o u s  

e v a p o r a t i o n ,  w h ich  are  c o n s i d e r a b l e  o v e r  t h e  range  o f  

e n v i r o n m e n t a l  t e m p e r a t u r e s  b e t w e e n  w h ich  t h e  c o m p a r iso n  i s  

made (8 and 3 2 ®C) must a f f e c t  ' t o t a l  c o n d u c t a n c e ' .

The p r e s e n t  r e s u l t s  and t h o s e  o f  B e a k l e y  & F i n d l a y  

( l9 5 5 k >  2.) W h it tow  ( l 9 & l )  a p p e a r  t o  s u g g e s t  t h a t  th e r m o 

r e g u l a t o r y  b l o o d  f l o w  c h a n g e s  i n  c a t t l e  o c c u r  i n  two p h a s e s .  

F i r s t ,  l o c a l  v a r i a t i o n s  o f  b l o o d  f l o w  i n  t h e  l i m b s ,  e a r s  and 

o t h e r  a p p en d a g es  o c c u r  r a p i d l y  a t  a i r  t e m p e r a t u r e s  b e lo w  

20®C, These  l o c a l  v a r i a t i o n s  a r e  d r a m a t i c  i n  t h e i r  o c c u r r e n c e  

w h ic h  i s  n o t  n e c e s s a r i l y  s i m u l t a n e o u s  on a l l  a r e a s  and t h e y  

a r e  e f f e c t i v e  i n  l i m i t i n g  t h e  amount o f  n o n - e v a p o r a t i v e  h e a t  

l o s s  i n  c o l d  e n v i r o n m e n t s .  S e c o n d l y ,  g e n e r a l i s e d  c u t a n e o u s  

v a s o c o n s t r i o t i o n - d i l a t i o n , p a r t i c u l a r l y  on t h e  t r u n k ,  o r  b l o o d  

f l o w  ch a n g es  a t  a d e e p e r  l e v e l ,  o p e r a t e  g r a d u a l l y  a t  a i r
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t e m p e r a t u r e s  above 2 0 °C ,  T h is  s e c o n d  phase  o f  th e r m o 

r e g u l a t o r y  b l o o d  f l o w  change  has  l i t t l e  i n f l u e n c e  on n o n -  

e v a p o r a t i v e  h e a t  l o s s  b e c a u s e  a t  a i r  t e m p e r a t u r e s  above 20®C 

t h e  t h e r m a l  r e s i s t a n c e  o f  t h e  t i s s u e s  t o  h e a t  f l o w  beco m es  

n e g l i g i b l e  compared w i t h  t h a t  o f  t h e  s k i n - t o - a i r  b a r r i e r .

The r e d u c t i o n  i n  t h e r m a l  r e s i s t a n c e  o f  t h e  t i s s u e s  above  20°C 

i s ,  h o w e v e r ,  n e c e s s a r y  i n  o r d e r  t o  a l l o w  an i n c r e a s i n g  amount  

o f  h e a t  t r a n s p o r t  t o  t h e  s u r f a c e  f o r  d i s s i p a t i o n  i n  t h e  form  

o f  c u t a n e o u s  e v a p o r a t i o n .

At v e r y  low a i r  t e m p e r a t u r e s  n o n - e v a p o r a t i v e  h e a t  l o s s  

may be  f u r t h e r  i n f l u e n c e d  b y  p h y s i o l o g i c a l  means su c h  a s  

p i l a r  e r e c t i o n .  At a i r  t e m p e r a t u r e s  above 2 0 °C ,  h o w e v e r ,  

t h e  o n l y  f a c t o r s  w h ich  e f f e c t i v e l y  d e t e r m i n e  t h e  q u a n t i t y  o f  

n o n - e v a p o r a t i v e  h e a t  l o s s  a r e  t h e  n a t u r e  and t h i c k n e s s  o f  

th e  c o a t  and t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  e n v i r o n m e n t .

E v a p o r a t i v e  h e a t  l o s s

E v a p o r a t i v e  h e a t  l o s s  i n c r e a s e d  l i n e a r l y  w i t h  r i s i n g  

a i r  t e m p e r a t u r e  from 25°C a t  a r a t e  o f  11*9 k c a l / h r . ® C ,

From a i r  t e m p e r a t u r e s  o f  25® down t o  15®C e v a p o r a t i v e  h e a t  

l o s s  d e c l i n e d  l e s s  r a p i d l y .  The r i s e  i n  e v a p o r a t i v e  h e a t  

l o s s  o v e r  t h e  w h o le  t e m p e r a t u r e  ra n g e  t h u s  v e r y  n e a r l y  

com p en sated  f o r  t h e  f a l l  i n  n o n - e v a p o r a t i v e  h e a t  l o s s ,  t h e  

amount by  w h ic h  i t  f a i l e d  to  do so b e i n g  r e p r e s e n t e d  by  t h e  

amount o f  h e a t  s t o r a g e .  The s t o r a g e  o f  h e a t  c o u l d  o b v i o u s l y  

n o t  c o n t i n u e  i n d e f i n i t e l y  i f  t h e  a n i m a l s  w ere  t o  s u r v i v e .

I t  i s  p r o b a b le  t h a t ,  i f  t h e  w a i t i n g  p e r i o d  o f  2 hr  b e f o r e  t h e  

m easurem ents  w ere  b egun  had b e e n  e x t e n d e d ,  t h e n  e v a p o r a t i v e  

h e a t  l o s s  w ould  have b een  i n c r e a s e d  and h e a t  s t o r a g e  e l i m i n a t e d .
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The q u a n t i t y  o f  w a t e r  e v a p o r a t e d  from t h e  r e s p i r a t o r y  

t r a c t  ( a s  e s t i m a t e d  by t h e  d i f f e r e n c e  method a t  low a i r  

t e m p e r a t u r e s  and b y  th e  d i r e c t  method a t  h i g h  a i r  t e m p e r a t u r e s )  

r o s e  s t e a d i l y  o v e r  t h e  t e m p e r a t u r e  ran ge  s t u d i e d  a t  a r a t e  o f  

1*5 g /h r ,® C ,  S i n c e  t h e  mean s u r f a c e  a re a  o f  t h e  a n im a l s  was  

a p p r o x i m a t e l y  2 * 2 4  m®, t h e  r a t e  o f  r i s e  o f  r e s p i r a t o r y  

e v a p o r a t i o n  may be r e p r e s e n t e d  as  O ' 6? g /m * ,h r ,® C ,

The q u a n t i t y  o f  m o i s t u r e  e v a p o r a t e d  from t h e  s u r f a c e  was  

s i m i l a r  t o  t h a t  from th e  r e s p i r a t o r y  t r a c t  a t  15°  and a t  20®G, 

b u t  as  a i r  t e m p e r a t u r e  i n c r e a s e d  from 2 5 °  t o  4 0 °C s u r f a c e  

e v a p o r a t i o n  r o s e  s t e a d i l y  a t  a r a t e  o f  7*8 g /m®,hr ,®C,

As d e s c r i b e d  e a r l i e r  t h e  p r e s e n c e  o f  t h e  mask i s  b e l i e v e d  

t o  have l i m i t e d  r e s p i r a t o r y  e v a p o r a t i o n  t o  o n l y  55% o f  t h e  

l e v e l  t h a t  i t  w ou ld  have a t t a i n e d  had t h e  mask n o t  b e e n  w orn .

I t  i s  i n t e r e s t i n g  t o  s p e c u l a t e  a s  t o  what e f f e c t  t h e  r e m o v a l  

o f  th e  mask m ight  have had on t h e  o v e r a l l  h e a t  b a l a n c e .  I t  

i s  p o s s i b l e  t h a t  t h e  e x t r a  h e a t  l o s s  would  have  p r e v e n t e d  b o d y  

t e m p e r a t u r e  from  r i s i n g  d u r i n g  t h e  e x p e r i m e n t a l  p e r i o d ,  i . e .  

i t  would have  e l i m i n a t e d  h e a t  s t o r a g e ;  i n  f a c t  t h e  q u a n t i t y  

o f  e x t r a  h e a t  d i s s i p a t i o n  i n v o l v e d  i s  more t h a n  s u f f i c i e n t  t o  

have done t h i s .  A l t e r n a t i v e l y  i t  i s  p o s s i b l e  t h a t  t h e r e  

would have b e e n  a c o r r e s p o n d i n g  r e d u c t i o n  i n  c u t a n e o u s  e v a p o r 

a t i o n .  I f  t h i s  i s  a c c e p t e d  t h e n  t h e  r a t e s  o f  i n c r e a s e  o f  

m o is t u r e  e v a p o r a t i o n  per  u n i t  s u r f a c e  a r e a  a t  h i g h  a i r  

t e m p e r a t u r e s  w o u ld  have b e e n  1*2 g /m ^ .h r .® C .  f o r  r e s p i r a t o r y  

e v a p o r a t i o n  and 7*3 g /m ^.hr .® C  f o r  c u t a n e o u s  e v a p o r a t i o n .

Even under  t h e s e  c i r c u m s t a n c e s  t h e  c o n t r i b u t i o n  from t h e  

s u r f a c e ,  t o  t h e  t o t a l  e v a p o r a t i v e  h e a t  l o s s  a t  h i g h  a i r
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t e m p e r a t u r e s ,  w ou ld  s t i l l  have  b e e n  two t o  t h r e e  t i m e s  as  

g r e a t  a s  t h a t  from  t h e  r e s p i r a t o r y  t r a c t .

I f ,  a s  i s  b e l i e v e d ,  t h e  a n im a l  e x p i r e s  a i r  n e a r l y  

s a t u r a t e d  w i t h  m o i s t u r e  a t  b o d y  t e m p e r a t u r e ,  t h e  o n l y  way 

i n  w h ich  r e s p i r a t o r y  e v a p o r a t i o n  may be i n c r e a s e d  w i t h  r i s i n g  

a i r  t e m p e r a t u r e ,  i s  b y  an i n c r e a s e  i n  pulmonary v e n t i l a t i o n .  

M oreo v er ,  f o r  any g i v e n  e n v i r o n m e n t a l  l e v e l  o f  a b s o l u t e  

h u m i d i t y ,  r e s p i r a t o r y  e v a p o r a t i v e  h e a t  l o s s  must v a r y  d i r e c t l y  

w i t h  t h e  r a t e  o f  pulmonary  v e n t i l a t i o n .  An i n c r e a s e  i n  

r e s p i r a t o r y  r a t e  w i t h  r i s i n g  a i r  t e m p e r a t u r e ,  i s  t h e r e f o r e  

o f  no t h e r m o r e g u l a t o r y  v a l u e  u n l e s s  pulmonary v e n t i l a t i o n  

a l s o  i n c r e a s e s .  In f a c t  an i n c r e a s e  i n  r e s p i r a t o r y  r a t e  i s  

u s u a l l y  a s s o c i a t e d  w i t h  some i n c r e a s e  i n  pulmonary v e n t i l a t i o n ,  

b u t  t h e  l a t t e r  i n c r e a s e  i s  n o r m a l l y  l i m i t e d  b y  a c o i n c i d e n t  

r e d u c t i o n  i n  t i d a l  volume ( F i n d l a y ,  1 9 5 7 ) .  P a n t i n g  as a means 

o f  i n c r e a s i n g  h e a t  l o s s  i n  h o t  d r y  c l i m a t e s  may, t h e r e f o r e ,  

n o t  be so e f f i c i e n t  as  m ight  a t  f i r s t  s i g h t  be s u p p o s e d .

At an a i r  t e m p e r a t u r e  o f  35°C i n c r e a s i n g  h u m i d i t y  

r e s u l t e d  i n  a g r a d u a l  d e c l i n e  i n  r e s p i r a t o r y  e v a p o r a t i v e  h e a t  

l o s s  d e s p i t e  t h e  d o u b l i n g  o f  r e s p i r a t o r y  r a t e  w i t h o u t  d e c l i n e  

i n  t i d a l  v o lu m e .  A l t h o u g h  r e s p i r a t o r y  e v a p o r a t i o n  w ou ld  

u n d o u b t e d l y  have f a l l e n  f u r t h e r  had t h e  i n c r e a s e  i n  pu lm onary  

v e n t i l a t i o n  n o t  o c c u r r e d ,  i t  i s  d o u b t f u l  i f  t h e  a d v a n ta g e  

g a i n e d  b y  t h e  i n c r e a s e  was g r e a t  enough  t o  o f f s e t  t h e  e x t r a  

h e a t  p r o d u c t i o n  a s s o c i a t e d  w i t h  t h e  work o f  b r e a t h i n g .  On 

t h e  o t h e r  hand i f  t h e  a p p a r e n t  i n c r e a s e  i n  s k i n - t o - a i r  

c o n d u c t a n c e  o b s e r v e d  a t  t h e  h i g h  l e v e l  o f  h u m i d i t y  was  

c o n s e q u e n t  on i n c r e a s e d  f l a n k  movement,  th e n  t h e  i n c r e a s e  i n
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r e s p i r a t o r y  a c t i v i t y  must have  b e e n  o f  n e t  a d v a n ta g e  t o  t h e  

a n im a l  as  a means o f  c o o l i n g .

The o b s e r v e d  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  was g r e a t e r  

( a l t h o u g h  t h e  d i f f e r e n c e  i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t )  

a t  35^ than  a t  351* The p r e l i m i n a r y  e x p e r i m e n t s  ( T a b le  6,  

p.  3 3 )  and t h o s e  o f  T a n e ja  ( 1 9 5 8 )  a l s o  p r o v id e  e v i d e n c e  t h a t  

i n c r e a s i n g  h u m i d i t y  up t o  m o d erate  l e v e l s  d o e s  n o t  r e s u l t  

i n  r e d u c ed  c u t a n e o u s  e v a p o r a t i o n .  A f u r t h e r  i n c r e a s e  in  

e n v i r o n m e n t a l  h u m i d i t y  to  35H d i d  how ever  r e s u l t  i n  a marked 

r e d u c t i o n  i n  c u t a n e o u s  e v a p o r a t i o n .  At t h i s  e n v i r o n m e n t a l  

c o n d i t i o n ,  t h e  h u m i d i t y  o f  o u t l e t  a i r  from c a p s u l e s  p l a c e d  

on some r e g i o n s  r o s e  t o  w i t h i n  90% o f  s a t u r a t i o n  a t  a i r  

t e m p e r a t u r e ;  t h e  p r o p o r t i o n a l  i n c r e a s e  i n  o u t l e t  a i r  h u m i d i t y  

n e c e s s a r y  to  m a i n t a i n  c u t a n e o u s  e v a p o r a t i o n  a t  t h e  same l e v e l  

as a t  l o w e r  a i r  h u m i d i t i e s  w ou ld  have  b e e n  p h y s i c a l l y  

i m p o s s i b l e .  I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  i t  i s  o n l y  when a i r  

h u m i d i t y  r i s e s  b ey o n d  a c e r t a i n  l e v e l  t h a t  c u t a n e o u s  e v a p o r 

a t i o n  i s  l i m i t e d  b y  t h e  e n v i r o n m e n t .  For t h e  p a r t i c u l a r  

a n im a l s  s t u d i e d  and a t  an e n v i r o n m e n t a l  t e m p e r a t u r e  o f  35°C 

t h e  a i r  h u m i d i t y  l e v e l  i n  q u e s t i o n  was n o t  l e s s  t h a n  20 mm Hg 

( 46% r e l a t i v e  h u m i d i t y ) .

When s h o r t  term  as  o p p o se d  t o  d a y - t o - d a y  v a r i a t i o n s  i n  

e n v i r o n m e n t a l  h u m i d i t y  w ere  a p p l i e d ,  r e c t a l  t e m p e r a t u r e  was  

u n a f f e c t e d  and r e s p i r a t o r y  r a t e  n o t  g r e a t l y  a f f e c t e d .  T h is  

s u g g e s t s  t h a t  t h e  s h o r t  term  v a r i a t i o n s  d i d  not  a p p r e c i a b l y  

a l t e r  t h e  o v e r a l l  t h e r m a l  b a l a n c e .  C utaneous  e v a p o r a t i o n ,  

h o w e v e r ,  was r e d u c e d  by  i n c r e a s i n g  e n v i r o n m e n t a l  h u m i d i t y  

o v e r  t h e  f u l l  ra n g e  when t h e  v a r i a t i o n s  w e r e  o f  s h o r t  d u r a t i o n .
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Under t h e s e  c o n d i t i o n s  c u t a n e o u s  e v a p o r a t i o n  f o l l o w e d  th e  

t r e n d s  t h a t  w ou ld  be e x p e c t e d  o f  e v a p o r a t i o n  from an in a n im a t e  

s u r f a c e  u nder  t h e  la w s  o f  p h y s i c s .  T h i s  o c c u r r e d  d u r i n g  a 

s h o r t  t im e  i n t e r v a l  i n  w h ic h  t h e  o v e r a l l  s t a t e  o f  t h e r m a l  

b a l a n c e  o f  t h e  a n im a l  was n o t  d i s t u r b e d  and p h y s i o l o g i c a l  

c o n t r o l  o f  e v a p o r a t i o n  had n o t ,  a s  i t  w e r e ,  had t im e  t o  a c t .

The r e s p o n s e  o f  s k i n  t e m p e r a t u r e  was a l m o s t  i d e n t i c a l  b o t h  

t o  s h o r t  term  and d a y - t o - d a y  h u m i d i t y  v a r i a t i o n s .  At low  

h u m i d i t i e s  t h e  h i g h e r  r a t e  o f  e v a p o r a t i v e  c o o l i n g  o f  t h e  s k i n ,  

i n  t h e  s h o r t  term  as  o p p o sed  to  t h e  d a y - t o - d a y  v a r i a t i o n s ,  was  

a p p a r e n t l y  c o u n t e r b a l a n c e d  b y  t h e  h i g h e r  l e v e l  o f  d e e p  b ody  

t e m p e r a t u r e  so t h a t  s k i n  t e m p e r a t u r e  was t h e  same i n  b o t h .

The r e v e r s e  e f f e c t s  i n  th e  r e s p o n s e s  t o  h i g h  h u m i d i t i e s  a l s o  

r e s u l t e d  i n  t h e  same s k in  t e m p e r a t u r e s  f o r  b o t h  t h e  l o n g  and 

t h e  s h o r t  term v a r i a t i o n s .

The o v e r a l l  h e a t  b a l a n c e  o f  an a n im a l  as  s t a t e d  i n  C h a p ter

I may be  e x p r e s s e d  b y  t h e  e q u a t i o n :

H = H + K + H p n e 8

For an a n im a l  i n  a s t e a d y  t h e r m a l  s t a t e  th e  h e a t  s t o r a g e  

term  i s  z e r o .  In  th e  e x p e r i m e n t s  d e s c r i b e d ,  h e a t  p r o d u c t i o n  

was u n a f f e c t e d  by  a i r  t e m p e r a t u r e  o r  h u m i d i t y  e x c e p t  a t  t h e  

c o n d i t i o n  35H, p r esu m a b ly  as  a r e s u l t  o f  a s t e a d y  l e v e l  o f  f o o d

i n t a k e .  N o n - e v a p o r a t i v e  h e a t  l o s s  was d e t e r m i n e d  t h r o u g h 

out  most o f  t h e  t e m p e r a t u r e  ra n g e  s o l e l y  b y  t h e  t h i c k n e s s  o f  

th e  c o a t  and t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  e n v i r o n m e n t .  The 

r e m a in in g  term  i n  th e  e q u a t i o n ,  e v a p o r a t i v e  h e a t  l o s s  , was  

th u s  f i x e d  n e a r  t o  a p r e d e t e r m i n e d  l e v e l  e q u a l  to  t h e  d i f f e r e n c e

b e tw e e n  and H . The o b s e r v e d  v a l u e  o f  H i s  a m easure  o f  P n s



109

t h e  e x t e n t  t o  w h ich  f a i l e d  t o  be  a d j u s t e d  t o  t h i s  l e v e l .

The v a l u e  c o n s i s t s  o f  two c o m p o n e n ts ,  r e s p i r a t o r y  and 

c u t a n e o u s  e v a p o r a t i v e  h e a t  l o s s e s .  Of t h e s e  t h e  fo r m e r  has  

o n l y  minor  i n f l u e n c e  on t h e  t o t a l ,  and t h u s  c u t a n e o u s  

e v a p o r a t i o n  i s  t h e  m ajor  c h a n n e l  o f  h e a t  l o s s  th r o u g h  w h ich  

r e g u l a t i o n  o f  body  t e m p e r a t u r e  may be  m a in t a i n e d  i n  t h e  a i r  

t e m p e r a t u r e  range  u n d er  c o n s i d e r a t i o n .

E v a p o r a t i o n  b e i n g  a p h y s i c a l  p r o c e s s  i s  s u b j e c t  t o  p h y s i c a l  

l a w s .  Thus ,  f o r  e x a m p le ,  i f  t h e  a i r  h u m i d i t y  o v e r  t h e  s k i n  

i s  s u d d e n l y  lo w e r e d  an i n c r e a s e  i n  c u t a n e o u s  e v a p o r a t i o n  must  

o c c u r .  T h i s  was o b s e r v e d  d u r i n g  t h e  e x p e r i m e n t s  when s h o r t  

term  h u m i d i t y  ch a n g e s  were a p p l i e d .  However ,  a f t e r  some h o u rs  

o f  e x p o s u r e  t h e  r a t e  o f  e v a p o r a t i o n  was a p p r o x i m a t e l y  t h e  same 

f o r  b o t h  t h e  e n v i r o n m e n t s  35^ and 35^ .  In  th e  s t e a d y  t h e r m a l  

s t a t e  c u t a n e o u s  e v a p o r a t i o n  t h u s  becom es  a d j u s t e d ,  r e g a r d l e s s  

( w i t h i n  l i m i t s )  o f  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  e n v i r o n m e n t ,  

t o  t h e  l e v e l  d e t e r m i n e d  by  th e  r e q u i r e m e n t s  o f  homoeothermy.  

S i m i l a r l y ,  i n  t h e  p r e l i m i n a r y  s e r i e s  o f  e x p e r i m e n t s  i t  was  

fou nd  t h a t  e v a p o r a t i o n  r a t e s  measured by  c a p s u l e s  p l a c e d  on 

s m a l l  f i n e l y  c l i p p e d  a r e a s  o f  s k i n  were g r e a t e r  th a n  t h o s e  

from u n d i p p e d  a r e a s .  I t  was found  a l s o  t h a t  i f  t h e  e n t i r e  

c o a t  o f  an a n im a l  was c l i p p e d  t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  

was red u ced  f o r  e x p o s u r e s  t o  20°C; b u t  n o t  f o r  e x p o s u r e s  t o  

40®C w here  n o n - e v a p o r a t i v e  h e a t  l o s s  i s  z e r o  f o r  b o t h  shorn  

and u n sh orn  a n i m a l s .  R e d u c t i o n s ,  as  a r e s u l t  o f  s h e a r i n g  

t h e  c o a t s  o f  a n i m a l s ,  have  a l s o  b e e n  r e p o r t e d  i n  t h e  i n s e n s i b l e  

w e i g h t  l o s s  o f  c a t t l e  ( K r i s s ,  1 9 3 0 a ;  M i t c h e l l  & H a m i l t o n ,

1 9 3 6 ) and sh e ep  ( L e f e v r e  & A u g u e t ,  1 9 3 0 )  and i n  t h e  t o t a l
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e v a p o r a t i v e  w e i g h t  l o s s  o f  sh e ep  ( B l a x t e r ,  Graham & Wainman,  

1 9 5 9 ) .  A l s o ,  i n c r e a s i n g  t h e  r a t e  o f  v e n t i l a t i o n  th r o u g h  a 

c a p s u l e  r e s u l t s  i n  i n c r e a s e d  e v a p o r a t i o n  from t h e  a r e a  under  

t e s t ,  b u t  i n c r e a s i n g  w ind  v e l o c i t y  to  w hich  th e  a n im a l  i s  

e x p o s e d  r e s u l t s  i n  a r e d u c t i o n  i n  c u t a n e o u s  e v a p o r a t i o n  

(Thompson,  Y eck ,  W o r s t e l l  & B rod y ,  1 9 5 4 ) .  These  a r e  a l l  

e x a m p le s  o f  i n s t a n c e s  i n  w h ic h  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  

e n v ir o n m e n t  are  changed  so as  t o  en h a n ce  e v a p o r a t i o n  from any 

s u r f a c e  or  f i x e d  v a p o u r  p r e s s u r e .  When t h e  c h a n g es  a r e  a p p l i e d  

s u d d e n l y  o r  l o c a l l y  c u t a n e o u s  e v a p o r a t i o n  i n c r e a s e s ;  b u t  when 

t h e y  are  a p p l i e d  to  t h e  e n t i r e  a n i m a l ,  r e s u l t i n g  t h r o u g h  

i n c r e a s e d  n o n - e v a p o r a t i v e  h e a t  l o s s  i n  an o v e r a l l  d i m i n u t i o n  

i n  t h e  n eed  f o r  e v a p o r a t i v e  c o o l i n g ,  t h e n  c u t a n e o u s  e v a p o r a t i o n  

d e c r e a s e s ,

Once a s t e a d y  t h e r m a l  s t a t e  i s  a t t a i n e d  p h y s i o l o g i c a l  

c o n t r o l  t h u s  r e s u l t s  i n  t h e  o u t p u t  o f  m o i s t u r e  from t h e  b ody  

t o  t h e  p e r i p h e r a l  l a y e r  from w h ich  outward p h y s i c a l  d i f f u s i o n  

o f  va p o u r  t a k e s  p l a c e ,  b e i n g  q u a n t i t a t i v e l y  a d j u s t e d  t o  t h e  

l e v e l  o f  c u t a n e o u s  e v a p o r a t i o n  r e q u i r e d  f o r  .the m a in t e n a n c e  o f  

hom oeotherm y.  I f  t h i s  happens  th e  p h y s i c a l  c o n d i t i o n s ,  

n e c e s s a r y  f o r  t h e  r a t e  o f  e v a p o r a t i o n  b e i n g  e q u a l  t o  t h e  r a t e  

o f  s u p p l y  o f  m o i s t u r e  from  t h e  b o d y ,  o c c u r  a u t o m a t i c a l l y  and 

i n d e p e n d e n t l y  o f  t h e  e n v i r o n m e n t .  Thus i f  am bient  h u m i d i t y  

s u d d e n l y  i n c r e a s e s ,  t h e n  t h e  t e m p o r a r i l y  re d u ce d  e v a p o r a t i o n ,  

due t o  t h e  d e c r e a s e d  d i f f u s i o n  g r a d i e n t ,  r e s u l t s  i n  a b u i l d - u p  

i n  m o i s t u r e  c o n c e n t r a t i o n  t h a t  a u t o m a t i c a l l y  r e - e s t a b l i s h e s  t h e  

g r a d i e n t  a t  i t s  p r e v i o u s  l e v e l .

The above e x p l a n a t i o n  has  t h e  same p r a c t i c a l  s i g n i f i c a n c e
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a s  t h e  t h e o r y  i n v o l v i n g  w e t t e d  a r e a  (& agge ,  1 9 3 7 )  and t h a t  

i n v o l v i n g  r e l a t i v e  h u m i d i t y  o f  t h e  s k i n  (M o le ,  1 9 4 8 )  b o t h  p r o 

p o se d  i n  r e l a t i o n  t o  c u t a n e o u s  e v a p o r a t i o n  i n  man. The 

c o n c e p t  o f  w e t t e d  a r e a  as  a p h y s i o l o g i c a l  v a r i a b l e  i s  however  

u n n e c e s s a r y  t o  t h e  a rgu m en t .  W e t te d  a r e a ,  or  r e l a t i v e  

h u m i d i t y  o f  t h e  s k i n ,  o r  w h a t e v e r  i t  may be  c a l l e d ,  i s  m e r e ly  

a measure o f  t h e  m o i s t u r e  c o n c e n t r a t i o n  t h a t  e x i s t s  a t  t h e  

p e r i p h e r a l  l a y e r  from w h ic h  outw ard  d i f f u s i o n  t a k e s  p l a c e .

The a n a t o m i c a l  d e f i n i t i o n  o f  t h i s  p e r i p h e r a l  l a y e r  and t h e  

p h y s i o l o g i c a l  means o f  c o n t r o l l i n g  th e  s u p p l y  o f  m o i s t u r e  to  

i t  are  d i s c u s s e d  i n  a l a t e r  s e c t i o n .

In n e a r l y  a l l  t h e  s t u d i e s  on c a t t l e  r e p o r t e d  fro m  t h e  

U n i v e r s i t y  o f  M i s s o u r i  ( E i b l e r  & B r o d y ,  1 9 5 0 ,  1 9 5 2 ;  K i b l e r  

& Y eck ,  1 9 5 9 ) ,  e v a p o r a t i v e  h e a t  l o s s ,  and i n  p a r t i c u l a r  

c u t a n e o u s  e v a p o r a t i v e  h e a t  l o s s ,  r o s e  a t  f i r s t  w i t h  i n c r e a s i n g  

a i r  t e m p e r a t u r e ,  b u t  r e a c h e d  a l i m i t i n g  v a l u e  a t  t e m p e r a t u r e s  

( d e p e n d i n g  on b r e e d s  and s t a t e s  o f  grow th  or  l a c t a t i o n )  o f  

27°C and u pw ards .  For  t h e  same a n i m a l s ,  h e a t  p r o d u c t i o n  

d e c r e a s e d  from p r e v i o u s l y  s t e a d y  v a l u e s  when th e  a i r  t e m p e r a t u r e  

was r a i s e d  above a p p r o x i m a t e l y  t h e  same t e m p e r a t u r e  l e v e l s .

These  a n im a l s  w ere  s u b j e c t e d  t o  p r o l o n g e d  (up t o  2 w e e k s )  

c l i m a t i c  room e x p o s u r e s  t o  ea c h  e n v i r o n m e n t a l  t e m p e r a t u r e ,  and 

o t h e r  r e a c t i o n s  t o  t h e r m a l  s t r e s s  i n c l u d e d  r e d u c t i o n s  i n  f o o d  

c o n su m p t io n  and m i lk  p r o d u c t i o n .  K i b l e r  ( 1 9 6 0 ) e x p o s e d  a 

group o f  a n i m a l s ,  w h ic h  had p r e v i o u s l y  r e a c t e d  t o  p r o l o n g e d  

e x p o s u r e s  i n  t h e  manner j u s t  d e s c r i b e d ,  to  t e m p e r a t u r e s  o f  40  

t o  43°C f o r  p e r i o d s  o f  6 h r .  He fo u n d  t h a t  t h e  r a t e s  o f  h e a t  

p r o d u c t i o n  r o s e  d u r i n g  t h e  e x p o s u r e .  In  th e  p r e s e n t  s t u d i e s
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where  t h e  a n i m a l s  were  a l s o  s u b j e c t e d  t o  r e l a t i v e l y  s h o r t  

e x p o s u r e s ,  e v a p o r a t i v e  h e a t  l o s s  r o s e  s t e a d i l y  as  a i r  

t e m p e r a t u r e  i n c r e a s e d  up t o  t h e  h i g h e s t  l e v e l  a p p l i e d ;  mean

w h i l e  h e a t  p r o d u c t i o n  showed no c h a n g e ,  and t h e  i n t a k e  o f  

f o o d  ( w h i c h  was  consumed e a c h  day  a f t e r  t h e  a n i m a l s  had b e e n  

removed from t h e  c l i m a t i c  room) was p r e s u m a b l y  t h e  same 

t h r o u g h o u t .  K i b l e r  & Brody ( l 9 5 2 )  d e s c r i b i n g  t h e i r  o b s e r v a t i o n s  

s t a t e d  t h a t  a l l  b r e e d s  a t t a i n e d  maximal  s u s t a i n e d  o u t e r  s u r f a c e  

e v a p o r a t i v e  r a t e s  o f  I 50 g / m ^ . h r  and a l s o  t h a t  as n o n - e v a p o r a t i v e  

h e a t  l o s s  f e l l  w i t h  r i s i n g  a i r  t e m p e r a t u r e  an u n l i m i t e d  r i s e  

o f  body t e m p e r a t u r e  was p r e v e n t e d  by a r e d u c t i o n  i n  h e a t  

p r o d u c t i o n  ( a l s o  i n  f o o d  c o n s u m p t i o n  and m i l k  p r o d u c t i o n ) .

T h i s  might  have  b e e n  e x p r e s s e d  w i t h  d i f f e r e n t  e m p h a s i s  as  

f o l l o w s :  due t o  t h e  r e d u c e d  f o o d  c o n s u m p t i o n  a t  h i g h  a i r  t e m 

p e r a t u r e s  h e a t  p r o d u c t i o n  d e c l i n e d  and so t h e  n e e d  f o r  i n c r e s e d  

e v a p o r a t i o n  t o  m a i n t a i n  a s t e a d y  body t e m p e r a t u r e  was o b v i a t e d .

The q u e s t i o n ,  as t o  w h e t h e r  h e a t  p r o d u c t i o n  d e c l i n e d  

b e c a u s e  e v a p o r a t i v e  h e a t  l o s s  was i n c a p a b l e  o f  f u r t h e r  i n c r e a s e  

or  w h e t h e r  e v a p o r a t i v e  h e a t  l o s s  c e a s e d  t o  r i s e  b e c a u s e  h e a t  

p r o d u c t i o n  d e c l i n e d ,  c a n n o t  be  a ns we re d  w i t h  c e r t a i n t y  from  

t h e  d a t a .  I t  i s  p r o b a b l e  t h a t  t h e  c o r r e c t  e x p l a n a t i o n  l i e s  

somewhere b e t w e e n  t h e  two e x t r e m e  p o s s i b i l i t i e s .  I f  an 

a n i m a l  i s  s u b j e c t e d  t o  a hot  e n v i r o n m e n t ,  a s t e a d y  l e v e l  o f  

body t e m p e r a t u r e  ( d i s r e g a r d i n g  d i u r n a l  f l u c t u a t i o n s )  i s  a t t a i n e d  

a f t e r  a few h o u r s .  T h i s  s t e a d y  l e v e l ,  d e s p i t e  i n c r e a s e d  

e v a p o r a t i v e  h e a t  l o s s ,  i s  e l e v a t e d  above  t h a t  n o r m a l l y  m a i n 

t a i n e d  i n  a t h e r m o n e u t r a l  e n v i r o n m e n t .  I f  t h e  e l e v a t e d  b o dy  

t e m p e r a t u r e  r e s u l t s  i n  a v o l u n t a r y  r e d u c t i o n  i n  f o o d  i n t a k e ,  

t h e n  p r o l o n g e d  e x p o s u r e  t o  t h e  h o t  e n v i r o n m e n t  w i l l  e v e n t u a l l y
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r e s u l t  i n  r e d u c e d  h e a t  p r o d u c t i o n  and c o n s e q u e n t l y  a r ed uced  

t h e r m o r e g u l a t o r y  r e q u i r e m e n t  f o r  e v a p o r a t i v e  h e a t  l o s s .

Such an argument  c o u l d  e x p l a i n  why t h e  e v a p o r a t i v e  h e a t  l o s s  

f rom a n i m a l s  s u b j e c t e d  t o  p r o l o n g e d  h i g h  t e m p e r a t u r e  e x p o s u r e s  

d o e s  n o t  r i s e  beyo nd  a c e r t a i n  l i m i t  w i t h  f u r t h e r  i n c r e a s e  i n  

a i r  t e m p e r a t u r e .  B e e f  s t e e r s  f e d  on f i x e d  d i e t s  and s u b j e c t e d  

b y  B l a x t e r  & Wainman ( l 9 6 l )  t o  e x p o s u r e s  l a s t i n g  4 d a y s ,  showed 

no ch an ge  i n  h e a t  p r o d u c t i o n  b e t w e e n  a i r  t e m p e r a t u r e s  o f  15 and 

25°C b u t  a 3*5 t o  7% i n c r e a s e  a t  35° C.  Heat  p r o d u c t i o n  i n  

t h i s  i n s t a n c e  was n o t  d e p r e s s e d  ev en  a f t e r  4 d a y s  b e c a u s e  t h e  

f o o d  i n t a k e  l e v e l  was k e p t  c o n s t a n t ,  and e v a p o r a t i v e  h e a t  l o s s  

was s t i l l  s u f f i c i e n t  t o  m a i n t a i n  a s t e a d y  body t e m p e r a t u r e .  

N e i t h e r  t h e  s t e e r s  o f  B l a x t e r  and Wainman,  h o w e v e r ,  n or  t h e  

c a l v e s  u se d  i n  t h e  p r e s e n t  s t u d i e s  a t t a i n e d  t h e  maximal  c u t a n e o u s  

v a p o r i z a t i o n  r a t e  q u o t e d  b y  K i b l e r  and Brody ( 1 5 O g / m ^ . h r ) ,  e v e n  

a t  t h e  h i g h e s t  a i r  t e m p e r a t u r e s  t o  w h i c h  t h e y  were  e x p o s e d .  I t  

i s  t h e r e f o r e  s t i l l  u n c e r t a i n  w h e t h e r  or  n o t  t h i s  maximal  r a t e  

r e p r e s e n t s  an a b s o l u t e  p h y s i o l o g i c a l  up per  l i m i t  o f  t h e  

e v a p o r a t i v e  c a p a c i t y  o f  t h e  s k i n .

The R e a c t i o n s  t o  Heat  S t r e s s  a t  D i f f e r e n t  Ages

( E x p e r i m e n t  E)

The r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  f rom t h r e e  a n i m a l s  

e x p o s e d  t o  an a i r  t e m p e r a t u r e  o f  38°C r o s e  c o n t i n u o u s l y  as  

t h e y  aged from 10 t o  34  w e e k s ,  e x c e p t  t h a t  one a n i m a l  showed  

a d e c r e a s e  i n  e v a p o r a t i o n  d u r i n g  t h e  f i r s t  'month* and a n o t h e r  

d i d  so i n  t h e  l a s t  ' m o n t h ' .  The i n c r e a s e  i n  e v a p o r a t i o n  

o c c u r e d  from a l l  body  r e g i o n s  ex ami ne d and t h e  r a n k i n g  o f  t h e
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d i f f e r e n t  r e g i o n s  i n  o r d e r  o f  i n c r e a s i n g  e v a p o r a t i o n  was not  

a p p r e c i a b l y  a l t e r e d  as  t h e  a n i m a l s  grew o l d e r .  Two o f  t h e  

c a l v e s  u s e d  i n  E xp e r i m e n t  D had a p p r o x i m a t e l y  c o n s t a n t  r a t e s  

o f  c u t a n e o u s  e v a p o r a t i o n  b e t w e e n  t h e  a g e s  o f  24  and 37 weeks  

b u t  c u t a n e o u s  e v a p o r a t i o n  from t h e  t h i r d  a n i m a l  d e c r e a s e d  o v e r  

t h e  age  p e r i o d  39 t o  44  w e e k s .  T h i s  g e n e r a l  p a t t e r n  o f  

c h a n g i n g  c u t a n e o u s  e v a p o r a t i o n  w i t h  age c o n fo rms  w i t h  t h a t  

f o u n d  f o r  S h o r t h o r n  h e i f e r s  p e r m a n e n t l y  h o u se d  i n  a room 

m a i n t a i n e d  a t  27°C ( K i b l e r  & Yeck ,  1 9 5 9 ) ,  i . e .  c u t a n e o u s  

e v a p o r a t i o n  r a t e  r i s i n g  w i t h  age t o  a maximum and t h e n  d e c l i n i n g .  

The maximum r a t e s  f rom t h e  S h o r t h o r n s ,  h o w e v e r ,  d i d  n o t  o c c u r  

u n t i l  an age o f  10 t o  11 months .  Brahman and S a n ta  G e r t r u d i s  

h e i f e r s  e x p o s e d  t o  t h e  same c o n d i t i o n s  a s  t h e  S h o r t h o r n s  

e v a p o r a t e d  d e c r e a s i n g  amounts  o f  m o i s t u r e  p er  u n i t  a r e a  o f  

s k i n  o v e r  t h e  e n t i r e  p e r i o d  f o r  w h i c h  r e s u l t s  were  g i v e n ,  t h a t  

i s  f rom 4 t o  l 6  months o f  a g e .  T a n e j a  ( l 9 5 S )  f ound  h i g h e r  

r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  a t  8 and 12 months t han  a t  4 

months f o r  b o t h  a S h o r t h o r n  and a Z e b u - S h o r t h o r n  c r o s s b r e e d .

Klemm & R o b i ns on  ( l 9 5 5 )  measured t o t a l  m o i s t u r e  l o s s  and 

r e s p i r a t o r y  r a t e  f ro m Z e b u - H e r e f o r d  c r o s s b r e e d s  and from  

A u s t r a l i a n - I l l a w a r a  S h o r t h o r n s ;  from t h e i r  d a t a  t h e y  c o n c l u d e d  

t h a t  t h e  A - I .  S h o r t h o r n s  must have i n c r e a s e d  t h e i r  r a t e s  o f  

c u t a n e o u s  e v a p o r a t i o n  b e t w e e n  e x p e r i m e n t s  c o n d u c t e d  a t  1 t o  

3 months and a t  6 t o  8 mon th s ,  b u t  t h e y  f o u n d  no f u r t h e r  i n c r e a s e  

i n  t o t a l  e v a p o r a t i o n  p e r  u n i t  a r e a  a t  12 t o  13 months .  T h e i r  

c r o s s b r e d  a n i m a l s  m a i n t a i n e d  a s t e a d y  t o t a l  e v a p o r a t i v e  l o s s  

per  u n i t  a r e a  t h r o u g h o u t .

The t ime  o f  y e a r ,  d u r i n g  wh i ch  t h e  p r e s e n t  s t u d y  on t h e
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e f f e c t s  o f  age  was c a r r i e d  o u t ,  was u n f o r t u n a t e l y  c h o s e n .

The o b s e r v e d  i n c r e a s i n g  r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  a l l  

t o o k  p l a c e  d u r i n g  t h e  p e r i o d  o v e r  w h i c h  o u t s i d e  a i r  t e m p e r a t u r e  

n o r m a l l y  i n c r e a s e s  and t h e  o n l y  two d e c r e a s i n g  r a t e s  a t  a b o u t  

t h e  t i m e s  when t h e  t r e n d s  i n  o u t s i d e  a i r  t e m p e r a t u r e  a re  a l s o  

r e v e r s e d .  The r e s u l t s  from E x p er i me nt  D d i d  n o t  a p p e a r  t o  

v a r y  so c o n s i s t a n t l y  w i t h  t h e  w e a t h e r ;  b u t  on t h e  o t h e r  hand  

r e l a t i v e l y  low c u t a n e o u s  e v a p o r a t i o n  r a t e s  were  a l s o  o b s e r v e d  

i n  E x p e r i m e n t  C, from c a l v e s  s u b j e c t e d  t o  h o t  room e x p o s u r e s  

d u r i n g  November and December .  From t h e  p r e s e n t  r e s u l t s  i t  i s  

t h e r e f o r e  i m p o s s i b l e  t o  c o n c l u d e  t h a t  t h e  v a r i a t i o n s  i n  

c u t a n e o u s  e v a p o r a t i o n  d i d  n o t  r e s u l t  a t  l e a s t  i n  p a r t ,  f rom  

r e s p o n s e s  t o  v a r y i n g  w e a t h e r  c o n d i t i o n s  o r  t o  some r e l a t e d  

f a c t o r  s u c h  as  t h e  l e n g t h  o f  h a i r  c o a t .  The r e l a t i v e l y  t h i n n e r  

c o a t  o f  an a n i m a l  i n  summer, b y  a l l o w i n g  i n c r e a s e d  n o n - e v a p o r a t i v e  

h e a t  l o s s ,  woul d be e x p e c t e d  t o  r e s u l t  i n  d e c r e a s e d  e v a p o r a t i v e  

h e a t  l o s s  f o r  e x p o s u r e  t o  t h e  same t h e r m a l  e n v i r o n m e n t .  T h i s ,  

h o w e ve r ,  i s  t h e  r e v e r s e  o f  t h e  o b s e r v e d  t r e n d .  Any v a r i a t i o n  

a s s o c i a t e d  w i t h  t i m e  o f  y e a r  wou ld  n o t  be  e x p e c t e d  t o  have  so 

much i n f l u e n c e  on t h e  o b s e r v a t i o n s  a t  M i s s o u r i  where  t h e  a n i m a l s  

were  p e r m a n e n t l y  h o us ed  i n  t h e  c o n t r o l l e d  a t m o s p h e r e  o f  t h e  

c l i m a t i c  room,  a l t h o u g h  t h e  peak r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  

f o r  t h e  S h o r t h o r n s  a g a i n  a p p e a r s  t o  have c o i n c i d e d  w i t h  m i d 

summer. I t  i s ,  h o w e v e r ,  u n l i k e l y  t h a t  t h e  l a r g e  v a r i a t i o n s  

o b s e r v e d  i n  E x p e r i m e n t  E i n  c u t a n e o u s  e v a p o r a t i o n  r a t e ,  

r e s p i r a t o r y  r a t e  and body t e m p e r a t u r e  may a l l  b e  a t t r i b u t e d  

e n t i r e l y  t o  s e a s o n a l  e f f e c t s .  U n f o r t u n a t e l y ,  an e x p e r i m e n t  

t h a t  woul d d i s t i n g u i s h  c o n c l u s i v e l y  b e t w e e n  t h e  e f f e c t s  o f  age
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and s e a s o n  w o u l d ,  f o r  o b v i o u s  r e a s o n s ,  t a k e  a v e r y  l o n g  

t i m e .  One o t h e r  f a c t o r  w h i c h  must have a b e a r i n g  on t h e  

v a r i a t i o n  o f  c u t a n e o u s  e v a p o r a t i o n  w i t h  age i s  t h e  l e v e l  o f  

h e a t  p r o d u c t i o n .  For t h e  a n i m a l s  a t  M i s s o u r i  h e a t  p r o d u c t i o n  

i n c r e a s e d  t h r o u g h o u t  t h e  a g e i n g  p e r i o d  b u t  h e a t  p r o d u c t i o n  

p e r  u n i t  a r e a  o f  s u r f a c e  ( K i b l e r ,  1 9 5 7 ) ,  w h i c h  i s  t h e  p r o p e r  

v a r i a b l e  f o r  c o m p a r i s o n  w i t h  h e a t  l o s s  p e r  u n i t  a r e a ,  i n c r e a s e d  

t o  a maximum a t  6 t o  7 months o f  age  and t h e n  d e c l i n e d .  T h i s  

p a t t e r n  w a s ,  h o w e v e r ,  o b s e r v e d  w i t h  a l l  t h r e e  b r e e d s  (‘S h o r t h o r n ,  

S a n t a  G e r t r u d i s  and Brahman) and c a n n ot  t h e r e f o r e  b e  t h e  s o l e  

f a c t o r  a c c o u n t i n g  f o r  t h e  r e s p o n s e s  o f  c u t a n e o u s  e v a p o r a t i o n ,  

w h i c h ,  f o r  t h e  S h o r t h o r n s  o n l y ,  r o s e  t o  a maximum and t h e n  

d e c l i n e d .

Wh at ever  t h e  r e a s o n  f o r  t h e  c h a n g e s  i n  c u t a n e o u s  e v a p o r a t i o n  

t h e  n e g a t i v e  c o r r e l a t i o n s  b e t w e e n  c u t a n e o u s  e v a p o r a t i o n  on t h e  

one hand and s k i n  and r e c t a l  t e m p e r a t u r e s  and r e s p i r a t o r y  r a t e  

on t h e  o t h e r  a re  most  s t r i k i n g ,  e s p e c i a l l y  f o r  c a l v e s  219 and 

220 ( F i g ,  2 4 ,  p .  7 8 ) .  The e l e v a t e d  s k i n  and r e c t a l  t e m p e r a t u r e s  

o f  t h e s e  a n i m a l s  when young and i n  a h o t  e n v i r o n m e n t  s u g g e s t s  

t h a t  any p h y s i o l o g i c a l  mechanism f o r  i n c r e a s i n g  h e a t  l o s s  must  

have b e e n  s t i m u l a t e d ;  t h i s  a p p a r e n t l y  r e s u l t e d  i n  v e r y  g r e a t  

r e s p i r a t o r y  a c t i v i t y  and y e t  c u t a n e o u s  e v a p o r a t i o n  r em a i n e d  

l o w .  As t h e  a n i m a l s  grew o l d e r  t h e  s k i n  and b o d y  t e m p e r a t u r e s  

were  l o w e r  and t h e  s t i m u l u s  p r e s u m a b l y  r e d u c e d ,  a s  e v i d e n c e d  

b y  t h e  d e c r e a s e  i n  r e s p i r a t o r y  a c t i v i t y ,  and y e t  c u t a n e o u s  

e v a p o r a t i o n  i n c r e a s e d .  I t  a p p e a r s  t h a t  as t h e  a n i m a l s  grew 

o l d e r  t h e  p h y s i o l o g i c a l  mechanisms t h a t  c o n t r o l  c u t a n e o u s  

e v a p o r a t i o n  or  t h a t  make m o i s t u r e  a v a i l a b l e  f o r  e v a p o r a t i o n
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we r e  u n d e r g o i n g  d e v e l o p m e n t .  The v e r y  f a c t  t h a t  t h e y  were  

u n d e r g o i n g  d e v e l o p m e n t  and p r o v i d i n g  i n c r e a s i n g  e v a p o r a t i o n  

f rom t h e  s k i n ,  r e s u l t e d  i n  i n c r e a s e d  c o o l i n g  and a p r o g r e s s i v e  

d e c r e a s e  i n  t h e  s t i m u l u s  f o r  r e s p i r a t o r y  a c t i v i t y .  I f  t h e s e  

e f f e c t s  a r e  due t o  a g e i n g ,  and i t  i s  hard t o  b e l i e v e  t h a t  t h e y  

a r e  p u r e l y  s e a s o n a l ,  t h e n  t h e r e  a p p e a r s  t o  be a c a s e  f o r  

p r o v i d i n g  c o o l e d  l i v i n g  q u a r t e r s  f o r  young European s t o c k  

b e i n g  r e a r e d  i n  t r o p i c a l  e n v i r o n m e n t s .  In t h e  e x p e r i m e n t s  

a t  M i s s o u r i  t h e  S h o r t h o r n  c a l v e s  r a i s e d  i n  an e n v i r o n m e n t  o f  

27°C had l o w e r  r a t e s  o f  l i v e  w e i g h t  g a i n  t h a n  a s i m i l a r  group  

r a i s e d  a t  10®C, b u t  t h e  Brahmans put  on w e i g h t  more r a p i d l y  a t  

t h e  h i g h e r  t e m p e r a t u r e  ( R a g s d a l e ,  Chu Shan Cheng & J o hn so n ,

1 9 5 7 ) .  On t h e  o t h e r  hand i t  i s  p o s s i b l e  t h a t  t h e  n e e d  f o r  

e v a p o r a t i v e  c o o l i n g  may p r o v i d e  a s t i m u l u s  t o  t h e  d e v e l o p m e n t  

o f  t h e  p h y s i o l o g i c a l  means o f  p r o v i d i n g  i t .

E v a p o r a t i o n  and Heat  T o l e r a n c e

The r e s u l t s  o f  E x p e r i m e n t  E s u g g e s t  t h a t  t h e  h e a t  t o l e r a n c e  

o f  an a n i ma l  s u b j e c t e d  t o  a h o t  e n v i r o n m e n t  i m p r o v e s  a s  t h e  

a n i m a l ' s  c a p a c i t y  f o r  c u t a n e o u s  e v a p o r a t i v e  c o o l i n g  i n c r e a s e s ;  

t h i s  o b s e r v e d  t r e n d  i s ,  h o w e v e r ,  a s s o c i a t e d  e i t h e r  w i t h  age o r  

w i t h  s e a s o n .  The combined r e s u l t s  o f  E x p e r i m e n t s  C, D and E 

f u r t h e r  s u g g e s t  t h a t  h e a t  t o l e r a n c e ,  b e t w e e n  d i f f e r e n t  a n i m a l s  

o f  t h e  same b r e e d  and c omp ara bl e  a g e ,  i s  g r e a t e s t  f o r  t h e  

a n i m a l s  w i t h  t h e  h i g h e s t  r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  ( T a b l e  

1 4 , p .  7 9 ) ;  t h e  e v i d e n c e  f o r  t h i s  i s  n o t  so c o n c l u s i v e  and i s  

a l s o  o b s c u r e d  b y  t h e  p o s s i b l e  i n f l u e n c e  o f  s e a s o n .  In  e a c h  

o f  t h e s e  c o m p a r i s o n s  b e t w e e n  e x p o s u r e s  t o  s i m i l a r  t h e r m a l
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b . f o r  two a n i m a l s  (c  & d) w i t h  d i f f e r e n t  c o a t  
i n s u l a t i o n s  b u t  t h e  same l e v e l  o f  h e a t  
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e n v i r o n m e n t s  i n c r e a s i n g  r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  are  

a s s o c i a t e d  w i t h  d e c r e a s i n g  l e v e l s  o f  r e c t a l  t e m p e r a t u r e .

T h e s e  f i n d i n g s  a r e  n o t ,  as  might  a t  f i r s t  s i g h t  a p p e a r ,  c o n t r a 

d i c t o r y  t o  t h e  e v i d e n c e  o f  K i b l e r  & Yeck ( l 9 5 9 ) .  They found  

t h a t  f o r  a n i m a l s  o f  d i f f e r e n t  b r e e d s  a l l  e x p o s e d  t o  t h e  same 

warm e n v i r o n m e n t  ( 2 7 ®C) t h o s e  o f  t h e  most  h e a t  t o l e r a n t  b r e e d  

( Br ah ma n ) ,  t h a t  i s  t h o s e  w i t h  t h e  l o w e s t  l e v e l  o f  r e c t a l  

t e m p e r a t u r e ,  were  a l s o  t h e  o n e s  w i t h  t h e  l o w e s t  r a t e  o f  

e v a p o r a t i o n  p e r  u n i t  a r e a  f rom t h e  s k i n .  They c o n c l u d e d

’ E v a p o r a t i v e  c o o l i n g  p e r  se  i s  n o t  t h e  d e t e r m i n i n g  f a c t o r  i n

t h e  h e a t  t o l e r a n c e  o f  d i f f e r e n t  b r e e d s  o f  c a t t l e * .

The d i s t i n c t i o n  l i e s  i n  t h e  d i f f e r e n c e  b e t w e e n  e v a p o r a t i v e  

c a p a c i t y  on t h e  one hand and t h e  t h e r m o r e g u l a t o r y  r e q u i r e m e n t  

f o r  e v a p o r a t i v e  c o o l i n g  i n t o  a g i v e n  e n v i r o n m e n t  on t h e  o t h e r .  

The p o s s e s s i o n  o f  a h i g h  e v a p o r a t i v e  c a p a c i t y  d o e s  n o t  i m p l y  

t h a t  t h e  c a p a c i t y  must be  u t i l i s e d .  Other  f a c t o r s ,  n o t a b l y  

h e a t  p r o d u c t i o n  p er  u n i t  a r e a  and t h e r m a l  i n s u l a t i o n  o f  t h e  

c o a t ,  a r e  o f t e n  o f  g r e a t e r  p r a c t i c a l  s i g n i f i c a n c e  t h a n  e v a p o r 

a t i v e  c a p a c i t y  i n  d e t e r m i n i n g  h e a t  t o l e r a n c e .  T h i s  i s  

i l l u s t r a t e d  b y  F i g .  2 9 .  Suppose  t h a t  two a n i m a l s  A and B 

( F i g .  2 9 a )  have  h e a t  p r o d u c t i o n  l e v e l s  p e r  u n i t  s u r f a c e  a r e a

Hp(a)  and Hp(b)  o v e r  t h e  r a n ge  o f  p h y s i c a l  t h e r m o r e g u l a t i o n ,

and t h a t  t h e  i n s u l a t i o n  o f  t h e  c o a t  i s  t h e  same f o r  b o t h  

a n i m a l s ;  t h e n  n o n - e v a p o r a t i v e  h e a t  l o s s  f o r  b o t h  a n i m a l s  w i l l  

v a r y  w i t h  a i r  t e m p e r a t u r e  a c c o r d i n g  t o  t h e  l i n e  w h i c h  p a s s e s  

t h r o u g h  z e r o  when a i r  t e m p e r a t u r e  i s  a p p r o x i m a t e l y  e q u a l  t o  

body t e m p e r a t u r e ,  and t h e  s l o p e  o f  w h i c h ,  as  d i s c u s s e d  e a r l i e r ,  

i s  n e a r l y  c o n s t a n t  and p r i m a r i l y  d e t e r m i n e d  b y  s k i n - t o - a i r
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i n s u l a t i o n .  In o r d e r  t o  m a i n t a i n  body t e m p e r a t u r e  c o n s t a n t ,  

e v a p o r a t i v e  h e a t  l o s s  must be  h e l d  a t  a l l  a i r  t e m p e r a t u r e s  

e q u a l  t o  t h e  d i f f e r e n c e  b e t w e e n  h e a t  p r o d u c t i o n  and n o n -  

e v a p o r a t i v e  h e a t  l o s s .  T h i s  i s  r e p r e s e n t e d  by t h e  l i n e s  

H ^( a)  f o r  a n i m a l  A and H^(b)  f o r  a n i m a l  B, At any m o d e r a t e l y  

h i g h  a i r  t e m p e r a t u r e ,  T^,  e v a p o r a t i v e  h e a t  l o s s  must be g r e a t e r  

f o r  A, w h i c h  has  t h e  h i g h e r  l e v e l  o f  h e a t  p r o d u c t i o n ,  t h a n  f o r  

B, T h i s  r a t e  o f  e v a p o r a t i o n  must b e  m a i n t a i n e d  r e g a r d l e s s  o f  

t h e  a n i m a l ’ s e v a p o r a t i v e  c a p a c i t y .  S i m i l a r l y  F i g ,  29b r e p r e s e n t s  

t h e  c o r r e s p o n d i n g  h e a t  l o s s e s  f o r  two a n i m a l s  C and D w h i ch  have  

t h e  same l e v e l  o f  h e a t  p r o d u c t i o n  p e r  u n i t  a r e a  H^, b u t  d i f f e r e n t  

amounts  o f  c o a t  i n s u l a t i o n  and t h e r e f o r e  d i f f e r e n t  n o n - e v a p o r a t i v e  

h e a t  l o s s e s  H^(c )  and H ^ ( d ) ,  E v a p o r a t i v e  h e a t  l o s s  must be  

h e l d  a t  l e v e l s  H^(c )  f o r  a n i m a l  C and H^(d) f o r  a n i m a l  D, At 

a i r  t e m p e r a t u r e  T^,  C w i t h  t h e  g r e a t e r  c o a t  i n s u l a t i o n  must  

l o s e  more h e a t  b y  e v a p o r a t i o n  t h a n  D. At an a i r  t e m p e r a t u r e  

Ty,  above  b o d y  t e m p e r a t u r e ,  t h e  s u p e r i o r  c o a t  i n s u l a t i o n  o f  C 

p r o t e c t s  him a g a i n s t  n o n - e v a p o r a t i v e  h e a t  g a i n  and he d o e s  n o t  

r e q u i r e  t o  l o s e  as  much h e a t  b y  e v a p o r a t i o n  as  d o e s  D, At  

such v e r y  h i g h  a i r  t e m p e r a t u r e s  t h e  u l t i m a t e  a b i l i t y  o f  t h e  

a n i ma l  t o  m a i n t a i n  t h e  n e c e s s a r y  s u s t a i n e d  h i g h  l e v e l  o f  

c u t a n e o u s  e v a p o r a t i o n  may be r e a c h e d .  The t h e o r e t i c a l  c u r v e s  

o f  F i g ,  29 r e l a t i n g  h e a t  p r o d u c t i o n  and n o n - e v a p o r a t i v e  and 

e v a p o r a t i v e  h e a t  l o s s e s  t o  a i r  t e m p e r a t u r e  have b e e n  d e m o n s t r a t e d  

i n  p r a c t i c e  b y  B l a x t e r ,  Graham, Wainman & Armst rong  ( 1 9 5 9 )  and 

B l a x t e r ,  Graham & Wainman ( l 9 5 9 )  f o r  s h e e p .  T h e i r  d a t a  on 

shorn s he e p  f e d  a t  d i f f e r e n t  l e v e l s  o f  n u t r i t i o n  and on s h e e p  

w i t h  v a r y i n g  f l e e c e  l e n g t h s  are  b e a u t i f u l  i l l u s t r a t i o n s  o f
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P i g s ,  29a and 2 9b r e s p e c t i v e l y .  For  any two a n i m a l s  w i t h  t h e  

same h e a t  p r o d u c t i o n  per  u n i t  a r e a  and t h e  same c o a t  i n s u l a t i o n  

t h e  e v a p o r a t i v e  r e q u i r e m e n t  i s  t h e  same,  and t h e  a n i m a l  w i t h  

t h e  g r e a t e s t  c u t a n e o u s  e v a p o r a t i v e  c a p a c i t y  w i l l  p r e s u m a b l y  

m a i n t a i n  t h e  r e q u i r e d  r a t e  w i t h  l e a s t  i n c r e a s e  i n  b od y t e m p e r 

a t u r e  and r e s p i r a t o r y  a c t i v i t y .

T h i s  r e a s o n i n g  may be a p p l i e d  t o  t h e  t h r e e  s e r i e s  o f  

p r a c t i c a l  o b s e r v a t i o n s  summarised a t  t h e  b e g i n n i n g  o f  t h i s  

s e c t i o n  ( p ,  1 1 7 ) .  The h i g h e r  c u t a n e o u s  e v a p o r a t i o n  r a t e s  

a s s o c i a t e d  w i t h  l o w e r  r e c t a l  t e m p e r a t u r e s  as  t h e  a n i m a l s  grew 

o l d e r  ( E x p e r i m e n t  B) s u g g e s t  t h a t ,  i n  t h e  s p e c i a l  c a s e  o f  

young European c a l v e s ,  e v a p o r a t i v e  c a p a c i t y  i s  a l i m i t i n g  f a c t o r  

i n  d e t e r m i n i n g  h e a t  t o l e r a n c e ;  a l t h o u g h  c h a n g e s  i n  t h e  r a t e  o f  

h e a t  p r o d u c t i o n  p er  u n i t  s u r f a c e  a r e a  may a l s o  i n f l u e n c e  

e v a p o r a t i v e  r e q u i r e m e n t .  For  t h e  c o m p a r i s o n  b e t w e e n  n i n e  

a n i m a l s  a l l  o f  t h e  same b r e e d ,  a l l  w i t h i n  a r e l a t i v e l y  l i m i t e d  

age g r o u p ,  a l l  f e d  on t h e  same r a t i o n s  and t h e r e f o r e  p r e s u m a b l y  

a l l  w i t h  s i m i l a r  r a t e s  o f  h e a t  p r o d u c t i o n  p e r  u n i t  a r e a  and 

s i m i l a r  amounts  o f  c o a t  i n s u l a t i o n ,  a g a i n  e v a p o r a t i v e  c a p a c i t y  

a p p e a r s  t o  have  i n f l u e n c e d  h e a t  t o l e r a n c e  t h o u g h  n o t  so g r e a t l y .  

F i n a l l y ,  f o r  t h e  c om p a r i s o n  b e t w e e n  b r e e d s  ( K i b l e r  & Yeck ,  1 9 5 9 ) ,  

h e a t  p r o d u c t i o n  p er  u n i t  a r e a  and c o a t  i n s u l a t i o n  were  e v i d e n t l y  

t h e  o v e r - r i d i n g  f a c t o r s .  The d i f f e r e n t  r a t e s  o f  e v a p o r a t i o n  a t  

t he  same a i r  t e m p e r a t u r e  g i v e  l i t t l e  i n f o r m a t i o n  on t h e  r e l a t i v e  

e v a p o r a t i v e  c a p a c i t i e s  o f  t h e  t h r e e  b r e e d s  s i n c e  t h e y  w e r e  

e v i d e n t l y  s t r e s s e d  t o  d i f f e r e n t  d e g r e e s  b y  t h e  same e n v i r o n m e n t .
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P h y s i o l o g i c a l  C o n t r o l  and O r i g i n  o f  Cu tan eou s  E v a p o r a t i o n  

In  man t h e  l a y e r  from w h i c h  outward d i f f u s i o n  o f  m o i s t u r e  

t a k e s  p l a c e  i s  commonly a c c e p t e d  t o  be t h e  s k i n  s u r f a c e .  The 

s u p p l y  o f  m o i s t u r e  from t h e  b o d y  t o  t h e  s u r f a c e  i s  a c c o m p l i s h e d  

b o t h  b y  s w e a t i n g  and by d i f f u s i o n .  The l a t t e r  i s  a r e v e r s i b l e  

p r o c e s s  ( B u e t t n e r ,  1 9 5 5)  and i s  q u a n t i t a t i v e l y  s m a l l  i n  

c o m p a r i s o n  t o  t h e  p o t e n t i a l  o u t p u t  o f  t h e  s w ea t  g l a n d s .  By 

c o n t r a s t  c a t t l e  have  b e e n  f r e q u e n t l y  d e s c r i b e d  i n  t h e  p a s t  a s  

* n o n - s w e a t i n g " ,  " s l i g h t l y  s w e a t i n g *  or  "pant i ng*  a n i m a l s .  In  

r e c e n t  y e a r s  an i n c r e a s i n g  amount o f  e v i d e n c e ,  s u g g e s t i n g  t h a t  

t h e  s w e a t  g l a n d s  o f  c a t t l e  have  a t h e r m o r e g u l a t o r y  f u n c t i o n ,  

h as  b e e n  p u b l i s h e d .  F e r g u s o n  & D o w l i n g  ( l 9 5 5 )  have  o b s e r v e d  

t h r o u g h  a m i c r o s c o p e  t h e  f o r m a t i o n  o f  d r o p l e t s  a t  t h e  o p e n i n g s  

o f  t h e  s w e a t  g l a n d  d u c t s  d u r i n g  e x p o s u r e  o f  Z e b u - J e r s e y  c r o s s 

b r e d  and A y r s h i r e  h e i f e r s  i n  a h o t  e n v i r o n m e n t ;  and t h e y  have  

o b t a i n e d  p r i n t s  s ho w in g  t h e  l o c a t i o n  o f  t h e  d r o p l e t s  on 

b romo thymol  b l u e  p a p e r s  p r e s s e d  o n t o  t h e  s k i n  s u r f a c e .  V i s u a l  

o b s e r v a t i o n  o f  t h e r m a l l y  i n d u c e d  s w ea t  on c a t t l e  h a s  b e e n  

r e p o r t e d  a l s o  b y  T a n e j a  ( l 9 5 8 ) .  The s t e p w i s e  i n c r e a s e  i n  t h e  

r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  d u r i n g  t h e  i n i t i a l  r i s e  on 

e x p o s u r e  t o  h e a t  i s  s u g g e s t i v e  o f  s e c r e t o r y  a c t i v i t y .  S i m i l a r  

f l u c t u a t i o n s  have  a l s o  b e e n  i n d u c e d  a r t i f i c i a l l y  i n  r e l a t i v e l y  

c o o l  e n v i r o n m e n t s  b y  l o c a l  h e a t i n g  o f  t h e  h y p o t h a l a m u s  ( In g r a m ,  

McLean & W h i t t o w ,  19&l)  w h i c h  a l s o  i n d u c e d  p a n t i n g  and v a s o 

d i l a t i o n ,  F i n a l l y  t h e  q u a n t i t a t i v e  d e pe n d e n c e  o f  c u t a n e o u s  

e v a p o r a t i o n  on e n v i r o n m e n t a l  t e m p e r a t u r e  and h u m i d i t y  r e p o r t e d  

h e r e  and b y  many o t h e r  w o r k e r s  a l r e a d y  c i t e d  c a n n o t  be e x p l a i n e d  

b y s i m p l e  d i f f u s i o n .
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The o n l y  e v i d e n c e  a d van ced  f o r  t h e  b e l i e f  t h a t  c a t t l e  do 

n o t  sweat  i n  i n c o n c l u s i v e ;  t h i s  b e l i e f  p r o b a b l y  a r o s e  from  

t h e  f a c t  t h a t  ‘ s t r e a m s  o f  sweat*  may n e v e r  be  o b s e r v e d  on c a t t l e  

a s  on h o r s e s .  I t  has  b e e n  s u g g e s t e d  t h a t  t h e  v e r y  p o or  b l o o d  

s u p p l y  t o  t h e  s w e a t  g l a n d s  o f  c a t t l e  b y  c o m p a r i s o n  w i t h  man may 

a c c o u n t  f o r  t h e  i n a b i l i t y  o f  t h e  g l a n d s  t o  s e c r e t e .  On t h e  

o t h e r  hand t h e  number o f  s w ea t  g l a n d s  per  u n i t  a r e a  o f  c a t t l e  

s k i n  i s  g r e a t e r  t h a n  t h a t  o f  man, and a rough c a l c u l a t i o n  shows  

t h a t  t h e  mean o u t p u t  p er  g l a n d  i n  c a t t l e  woul d o n l y  have  t o  be  

ab ou t  o n e - f i f t i e t h  o f  t h a t  i n  man t o  produce  t h e  q u a n t i t i e s  o f  

e v a p o r a t e d  m o i s t u r e  t h a t  have  b e e n  o b s e r v e d ;  t h e  s i z e  o f  swea t  

d r o p l e t s  on c a t t l e  would t h e r e f o r e  n o t  be e x p e c t e d  t o  be n e a r l y  

so g r e a t  as  on man. T h i s ,  t o g e t h e r  w i t h  t h e  d i f f i c u l t y  o f  

o b s e r v a t i o n  c a u s e d  b y  t h e  c o a t ,  may w e l l  be  t h e  r e a s o n  why 

t h e r m a l  s w e a t i n g  i s  n e v e r  o b v i o u s l y  v i s i b l e  i n  c a t t l e .  I t  can  

o n l y  be s t a t e d  w i t h  c e r t a i n t y  t h a t  t h e  o v e r a l l  s e c r e t i o n  r a t e  

o f  c a t t l e  i s  n e v e r  g r e a t  enough f o r  t h e  f o r m a t i o n  o f  s t r e a m s  

o f  s w e a t .  One o t h e r  r e a s o n  f o r  c o n c l u d i n g  t h a t  c a t t l e  do n o t  

sweat  has  b e e n  r a i s e d  by F r e e b o r n  e t  a l . q uo te d  b y  F i n d l a y  

( 1 9 5 0 ) and b y  Regan & R i c h a r d s o n  ( 1 9 5 8 ) .  Th es e  w o r k e r s  washed  

down c a t t l e  t h a t  had b e e n  s u b j e c t e d  t o  t h e r m a l  s t r e s s  and f ou nd  

a n e g a t i v e  r e s u l t  when t h e y  t e s t e d  t h e  wash w a t e r  f o r  c h l o r i d e s ;  

t h i s  o n l y  s u g g e s t s  t h a t  t h e  s w e a t  s e c r e t e d  b y  c a t t l e ,  i f  t h e r e  

i s  any a t  a l l ,  d o e s  n o t  c o n t a i n  c h l o r i d e s .  V i l l a r e s  & B e r t h e t  

( 1 9 5 2 ) ,  h o w e v e r ,  have  r e p o r t e d  a p o s i t i v e  r e s u l t  f rom a 

s i m i l a r  e x p e r i m e n t .

The w e i g h t  o f  e v i d e n c e  t h u s  seems o v e r w h e l m i n g l y  i n  

f a v o u r  o f  t h e  s weat  g l a n d s  o f  c a t t l e  h a v i n g  some t h e r m o r e g u l a t o r y
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f u n c t i o n .  I f  t h i s  i s  a c c e p t e d  t h e n  i t  i s  p r o b a b l e  t h a t  t h e  

r e g i o n  from wh ic h  outward d i f f u s i o n  o f  m o i s t u r e  t a k e s  p l a c e  

i s ,  a s  on man, t h e  s k i n  s u r f a c e .

The p h y s i o l o g i c a l  mechanism t h a t  s t i m u l a t e s  s w e a t i n g  i n  

c a t t l e  i s  n o t  known,  and t h a t  i n  man i s  s t i l l  s u b j e c t  t o  

c o n t r o v e r s y .  B e n z i n g e r  ( 1 9 5 9 )  h a s  r e p o r t e d  e v i d e n c e  s u g g e s t i n g  

t h a t  i n  t h e  range  o f  p h y s i c a l  r e g u l a t i o n ,  s w e a t i n g  and t h e r m o 

r e g u l a t o r y  c h a n g e s  o f  b l o o d  f l o w  i n  man are  s o l e l y  and m i n u t e l y  

d e t e r m i n e d  b y  i n t e r n a l  t e m p e r a t u r e .  T h i s  c o n c l u s i o n  was drawn 

from e x p e r i m e n t s  on one s u b j e c t  o n l y  and w i t h  f i x e d  l e v e l s  o f  

h u m i d i t y  and a i r  movement.  I n  a l a t e r  paper  B e n z i n g e r  ( 1 9 6 0 ) 

r e p o r t e d  t h a t  t h e  c r i t i c a l  l e v e l  o f  i n t e r n a l  t e m p e r a t u r e  above  

w h i c h  s w e a t i n g  t a k e s  p l a c e  and t h e  r a t e  o f  i n c r e a s e  o f  e v a p o r a t i o n  

w i t h  i n c r e a s i n g  in ter n a l t e m p e r a t u r e  d i f f e r s  b e t w e e n  s u b j e c t s .  

B e n z i n g e r  as su mes  t h a t ,  w i t h  t h e  low l e v e l  o f  h u m i d i t y  t h a t  was  

m a i n t a i n e d  i n  t h e  c a l o r i m e t e r ,  t h e  r a t e  o f  e v a p o r a t i o n  was  e q u a l  

t o  t h e  r a t e  o f  sweat  s e c r e t i o n .  I t  i s  l i k e l y  t h a t  t h i s  

a s s u m p t i o n  i s  v a l i d  a s  an a p p r o x i m a t i o n ,  a l t h o u g h  t h e  e x p e r i m e n t s  

o f  B u e t t n e r  ( l 9 5 9 a ,  ^)  and o f  B u e t t n e r  & Holmes ( l 9 5 9 )  show t h a t  

backward d i f f u s i o n  o f  s w e a t  t h r o u g h  t h e  s k i n  o f  man can r e s u l t  i n  

t h e  r a t e  o f  e v a p o r a t i o n  b e i n g  c o n s i d e r a b l y  l e s s  t h a n  t h e  r a t e  o f  

s e c r e t i o n .  Had B e n z i n g e r * s  e x p e r i m e n t s  b e e n  e x t e n d e d  t o  i n c l u d e  

o b s e r v a t i o n s  at  o t h e r  l e v e l s  o f  h u m i d i t y  and a i r  movement i t  i s  

p r o b a b l e  t h a t  d i f f e r e n t  r a t e s  o f  e v a p o r a t i o n  would have  b e e n  

o b t a i n e d  a t  any f i x e d  l e v e l  o f  r e c t a l  t e m p e r a t u r e .  T h i s  i s ,  

h o w e v e r ,  o n l y  a minor r e s e r v a t i o n  and i t  d o e s  n o t  i n v a l i d a t e  

B e n z i n g e r * s  c o n c l u s i o n  t h a t  t h e  r a t e  o f  s w e a t  s e c r e t i o n  i s  

d e t e r m i n e d  s o l e l y  by  i n t e r n a l  t e m p e r a t u r e .  I f  t h i s  i s  t r u e  f o r
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man, i s  i t  a l s o  t r u e  f o r  c a t t l e ?

The mean r a t e s  o f  c u t a n e o u s  e v a p o r a t i o n  o b s e r v e d  i n  

E x p e r i m e n t  D a r e  p l o t t e d  i n  F i g .  50 f o r  e a c h  a n i m a l  a g a i n s t  

b o t h  s k i n  and r e c t a l  t e m p e r a t u r e s .  Each p o i n t  r e p r e s e n t s  

t h e  mean o f  t h e  o b s e r v a t i o n s  d u r i n g  a s i n g l e  e x p o s u r e  o f  an 

a n i m a l  a t  a f i x e d  low l e v e l  o f  h u m i d i t y ;  m e a su re m en ts  a t  t h e  

c o n d i t i o n s  35M and 35H a r e  n o t  i n c l u d e d .  I f  s e c r e t i o n  r a t e  

i s  d e t e r m i n e d  s o l e l y  b y  i n t e r n a l  t e m p e r a t u r e  t h e n  any s c a t t e r  

a bo ut  a f i x e d  l i n e ,  o f  t h e  p o i n t s  r e l a t i n g  e v a p o r a t i o n  r a t e  

and r e c t a l  t e m p e r a t u r e ,  must be  due t o  e r r o r s  o f  a p p r o x i m a t i o n  

o r  measu remen t .  The s t a n d a r d  d e v i a t i o n  o f  a measurement  o f  

mean e v a p o r a t i o n  r a t e  i s  e s t i m a t e d  a t  ±6*5 g / m ^ . h r ;  t h i s  i n  

i t s e l f  i s  c l e a r l y  i n s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  s c a t t e r .

The a c c u r a c y  o f  t h e  t h e r m o c o u p l e  s y s t e m  ( ± 0 * 1 ° C )  i s  a l s o  t o o  

s m a l l  t o  be  a s i g n i f i c a n t  c a u s e .  The u se  o f  r e c t a l  t e m p e r a t u r e  

a s  a measure  o f  t h e  i n t e r n a l  t e m p e r a t u r e  t h a t  s t i m u l a t e s  t h e  

t h e r m o r e g u l a t o r y  mechanisms  i s ,  h o w e v e r ,  open t o  q u e s t i o n  

( B e n z i n g e r ,  1 9 6 l ) .  B l i g h  ( l 9 5 7 )  has  shown t h a t  t h e  r e c t a l  

t e m p e r a t u r e  o f  c a l v e s  d i f f e r s  f rom t he  t e m p e r a t u r e  o f  t h e  b l o o d  

i n  t he  c a r o t i d  a r t e r y  by a c o n s t a n t  amount i n  s t e a d y  s t a t e  

c o n d i t i o n s .  I t  i s ,  h o w e v e r ,  f r e q u e n t l y  f o u n d ,  when t h e  r e c t a l  

t h e r mo me t er  i s  r e - i n s e r t e d  f o l l o w i n g  d e f a e c a t i o n ,  t h a t  t h e  

o b s e r v e d  t e m p e r a t u r e  has  a l t e r e d  from i t s  p r e v i o u s  l e v e l  b y  

up t o  0 ' 3 ° C ;  b u t  t h e  e f f e c t s  o f  such v a r i a t i o n s  s h o u l d  be  

r e d u c e d  by t h e  p r o c e s s  o f  a v e r a g i n g  o v e r  s i x  t o  e i g h t  q u a r t e r -  

h o u r l y  r e a d i n g s .  The l i n e s  on t h e  graphs  o f  F i g .  30 have  b e e n  

drawn by  e y e .  The s c a t t e r  o f  t h e  p o i n t s  a b o u t  t h e  l i n e s  

r e l a t i n g  e v a p o r a t i o n  t o  r e c t a l  t e m p e r a t u r e  c o u l d  be  due t o  t h e
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combined e f f e c t s  o f  t h e  e r r o r s  j u s t  d i s c u s s e d  f o r  c a l v e s  210  

and 2 2 6 , w i t h  one e x c e p t i o n  i n  e a c h  i n s t a n c e ;  f o r  c a l f  221  

t h e  s c a t t e r  i s  g r e a t e r .  S i m i l a r l y  t h e  s c a t t e r  o f  t h e  p o i n t s  

a b o u t  t h e  l i n e s  r e l a t i n g  e v a p o r a t i o n  t o  s k i n  t e m p e r a t u r e  c o u l d  

be  due t o  e r r o r s  o f  m e a su re m en t ,  e s p e c i a l l y  s i n c e  s k i n  t e m p e r 

a t u r e  was me as ur ed  on o n l y  two b o d y  r e g i o n s .  Taken a s  a 

w h o l e  t h e s e  r e s u l t s  do n o t  p r o v i d e  any c o n c l u s i v e  p r o o f  t h a t  

s w e a t i n g  a c t i v i t y  i n  c a t t l e  i s  i n i t i a t e d  s o l e l y  b y  e i t h e r  

p e r i p h e r a l  o r  c e n t r a l  a f f e r e n t  s t i m u l u s .

I f  s weat  g l a n d  a c t i v i t y  i s  d e t e r m i n e d  s o l e l y  b y  i n t e r n a l  

t e m p e r a t u r e  t h e n  t h e  grap hs  o f  F i g .  $0 s u g g e s t  t h a t  b o t h  t h e  

i n t e r n a l  t h r e s h o l d  t e m p e r a t u r e  f o r  t h e  a c t i v a t i o n  o f  t h e  s wea t  

g l a n d s  and t h e  r a t e  o f  i n c r e a s e  o f  e v a p o r a t i o n  w i t h  i n c r e a s i n g  

r e c t a l  t e m p e r a t u r e  d i f f e r  b e t w e e n  i n d i v i d u a l s .  Thus a h i g h e r  

l e v e l  o f  r e c t a l  t e m p e r a t u r e  was r e q u i r e d  i n  o r d e r  t o  p r o v i d e  

t h e  s t i m u l u s  n e c e s s a r y  f o r  a g i v e n  r a t e  o f  e v a p o r a t i o n  from  

c a l f  226  t h a n  from t h e  o t h e r  two a n i m a l s .  T h i s  i s  s u g g e s t i v e  

o f  d i f f e r i n g  e v a p o r a t i v e  c a p a c i t i e s  b e t w e e n  t h e  a n i m a l s .  The 

r e s u l t s  o f  E x p e r i m e n t  E a l s o  s u g g e s t  w i d e l y  d i f f e r i n g  e v a p o r a t i v e  

c a p a c i t i e s  b e t w e e n  young a n i m a l s  a t  d i f f e r e n t  a g e s .  In t h a t  

e x p e r i m e n t  t h e  r e l a t i o n s h i p  b e t w e e n  e v a p o r a t i o n  r a t e  and r e c t a l  

t e m p e r a t u r e  was a l t o g e t h e r  d i f f e r e n t ;  i n c r e a s i n g  r a t e s  o f  

e v a p o r a t i o n  b e i n g  a s s o c i a t e d  w i t h  d e c r e a s i n g  l e v e l s  o f  r e c t a l  

t e m p e r a t u r e .  I t  i s  c l e a r  t h a t  any  c l o s e  c o r r e l a t i o n  b e t w e e n  

e v a p o r a t i o n  r a t e  and i n t e r n a l  t e m p e r a t u r e  p r e s u p p o s e s  b o t h  a 

f i x e d  t h r e s h o l d  t e m p e r a t u r e  f o r  s w e a t  g l a n d  a c t i v i t y  and a f i x e d  

e v a p o r a t i v e  c a p a c i t y  f o r  any one a n i m a l .  I t  i s  b y  no means  

c e r t a i n  t h a t  t h e s e  c o n d i t i o n s  w e r e  s a t i s f i e d  i n  E x p e r i m e n t  D
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w h i ch  was c o n d u c t e d  on g ro wi n g  a n i m a l s  and w i t h  t h e  mea su remen ts  

on e a c h  a n i m a l  s p r e a d  o v e r  8 t o  I 4 w e e k s .

I f  t h e  p o i n t s  c o r r e s p o n d i n g  t o  t h e  c o n d i t i o n  3$H a re  

i n s e r t e d  i n  P i g .  $0 i t  i s  f o u n d  i n  a l l  i n s t a n c e s  t h a t  t h e y  l i e  

w e l l  t o  t h e  r i g h t  o f  t h e  r i s i n g  l i n e s  drawn t h r o u g h  t h e  p l o t t e d  

p o i n t s .  The p o i n t s  c o r r e s p o n d i n g  t o  3$M a l s o  t e n d  t o  f a l l  t o  

t h e  r i g h t  o f  t h e  l i n e s  b u t  do n o t  d e p a r t  f rom them g r e a t l y .

I f  s e c r e t i o n  r a t e  i s  d e t e r m i n e d  b y  i n t e r n a l  t e m p e r a t u r e  i t  i s  

n e c e s s a r y  t o  assume t h a t  a t  t h e  h i g h e r  h u m i d i t y  l e v e l s  much 

o f  t h e  s e c r e t e d  m o i s t u r e ,  s i n c e  i t  d i d  n o t  v i s i b l y  a c c u m u l a t e  

on t h e  s k i n ,  must have  d i f f u s e d  ba ckwards  t h r o u g h  t h e  s k i n .

T h i s  e x p l a n a t i o n  i s  a l s o  n e c e s s a r y  t o  a c c o u n t  f o r  t h e  l o c a l  

e f f e c t s  due t o  v a r y i n g  h a i r  c o a t  l e n g t h  and v e n t i l a t i o n  r a t e  

w i t h i n  c a p s u l e s .

The f a c t  t h a t  t h e  o v e r a l l  mean r a t e  o f  c u t a n e o u s  

e v a p o r a t i o n  i s  a l w a y s  a d j u s t e d  t o  m a i n t a i n  a c o n s t a n t  o r  n e a r  

c o n s t a n t  l e v e l  o f  body  t e m p e r a t u r e  i s  o f  i t s e l f  s u g g e s t i v e  o f  

i n t e r n a l  c o n t r o l  o f  e v a p o r a t i o n  r a t e .  I t  i s  d i f f i c u l t  t o  

v i s u a l i s e  how any t h e r m o r e g u l a t o r y  s y s t e m  can e f f e c t i v e l y  

m a i n t a i n  i n t e r n a l  t e m p e r a t u r e  w i t h i n  such  c l o s e  l i m i t s  i f  t h e  

s t i m u l u s  f o r  t h e r m o r e g u l a t o r y  p r o c e s s e s  i s  p r i m a r i l y  d e p e n d e n t  

on s u r f a c e  t e m p e r a t u r e .  C o n v e r s e l y  i f  t h e  s t i m u l u s  i s  p r i m a r i l y  

or  s o l e l y  d e r i v e d  from i n t e r n a l  t e m p e r a t u r e ,  t h e n  t h e  

e v a p o r a t i o n  r a t e  and d e g r e e  o f  v a s o m o t o r  a c t i v i t y  so d e t e r m i n e d  

w i l l  i n f l u e n c e  t h e  s k i n  t e m p e r a t u r e  l e v e l  a t t a i n e d .  I t  would  

t h e r e f o r e  be  e x p e c t e d  t h a t  s k i n  t e m p e r a t u r e  s h o u l d  be  c o r r e l a t e d  

w i t h  e v a p o r a t i o n  r a t e ;  b u t  s k i n  t e m p e r a t u r e  i n  t h i s  i n s t a n c e  

would b e  t h e  e f f e c t  r a t h e r  t h a n  t h e  c a u s e .
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The s t e p w i s e  i n c r e a s e s  i n  t h e  r a t e  o f  c u t a n e o u s  e v a p o r 

a t i o n  and t h e  c o i n c i d e n t  t r a n s i e n t  r i s e s  i n  s k i n  t e m p e r a t u r e  

t h a t  w e r e  o b s e r v e d  f o l l o w i n g  t h e  s t a r t  o f  c l i m a t i c  room 

e x p o s u r e s  may be  a n a l o g o u s  t o  t h e  more marked e f f e c t s  t h a t  

have b e e n  d e s c r i b e d  f o r  s he e p  ( B l i g h ,  l S 6l ) .  B l i g h  o b s e r v e d  

o c c a s i o n a l  s p o n t a n e o u s  i n c r e a s e s  i n  s k i n  t e m p e r a t u r e  and i n  

t h e  h u m i d i t y  o f  a i r  p a s s i n g  t h r o u g h  a * swea t  cup* t h a t  was  

a t t a c h e d  t o  t h e  s k i n  o f  t h e  a n i m a l .  He a t t r i b u t e d  t h e s e  

e f f e c t s  t o  s p o n t a n e o u s  d i s c h a r g e s  o f  m o i s t u r e  f rom a p o c r i n e  

s wea t  g l a n d s  and t o  t h e  h e a t  e v o l v e d  i n  t h e  e x o t h e r m i c  r e a c t i o n  

t h a t  o c c u r s  when w oo l  i s  w e t t e d .  The t r a n s i e n t  r i s e s  i n  t h e  

s k i n  t e m p e r a t u r e  o f  t h e  c a l v e s  w e r e  o n l y  o b s e r v e d  d u r i n g  t h e  

i n i t i a l  p e r i o d  o f  e a c h  e x p o s u r e  and were  o f  a l o w e r  o r d e r  o f  

ma gn it ud e  t h a n  t h o s e  r e p o r t e d  f o r  s h e e p .  T h i s  c o u l d  be due  

t o  t h e  h a i r  o f  c a t t l e  h a v i n g  a l o w e r  * h ea t  o f  w e t t i n g *  t h a n  

t h a t  o f  w o o l  oi" i t  c o u l d  be due t o  t h e  q u a n t i t y  o f  s wea t  

s e c r e t e d  b y  c a t t l e  b e i n g  s m a l l e r  t h a n  t h a t  s e c r e t e d  b y  s h e e p .
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SUMMARY

1 .  The v e n t i l a t e d  c a p s u l e  method f o r  m e a s u r i n g  c u t a n e o u s  

e v a p o r a t i o n  has  b e e n  c r i t i c a l l y  a n a l y s e d ,  A t e c h n i q u e  has  

b e e n  d e v e l o p e d  f o r  e l i m i n a t i n g  t h e  e f f e c t ,  due t o  t h e  

p r e s e n c e  o f  t h e  c a p s u l e ,  on t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n .  

Wet and d ry  b ul b  t h e r m o c o u p l e s  have  b e e n  u s e d  w i t h  

v e n t i l a t e d  c a p s u l e s  t o  p r o v i d e  c o n t i n u o u s  i n s t a n t a n e o u s  

r e c o r d s  o f  c u t a n e o u s  e v a p o r a t i o n  f rom c a l v e s .

2 .  A mask method h as  b e e n  u s e d  t o  d e t e r m i n e  r e s p i r a t o r y  

e v a p o r a t i v e  and m e t a b o l i c  w e i g h t  l o s s e s  and h e a t  p r o d u c t i o n  

o f  c a l v e s .

3 .  I n s e n s i b l e  w e i g h t  l o s s  d e t e r m i n a t i o n s  and s i m u l t a n e o u s

measurements  b y  t h e  c a p s u l e s  and t h e  mask have  b e e n  u s e d  t o  

p r o v i d e  an i n d e p e n d e n t  q u a n t i t a t i v e  c h e ck  on t h e  a c c u r a c y  

o f  b o t h  m e th o d s .

4# The r e g i o n a l  d i s t r i b u t i o n  o f  c u t a n e o u s  e v a p o r a t i o n

from A y r s h i r e  c a l v e s  s u b j e c t e d  t o  h e a t  s t r e s s  has  b e e n

i n v e s t i g a t e d .  E v a p o r a t i o n  was  g r e a t e s t  on t he  n e c k  and 

f o r e q u a r t e r s  o f  t h e  t r u n k  and a l s o  on t h e  r e a r  hau nch ;  

e v a p o r a t i o n  was l e s s  on t h e  r e m a i n i n g  upper  p o r t i o n s  o f  

t h e  t r u n k ,  s t i l l  l e s s  on t h e  f l a n k s  and head and l e a s t  on 

t h e  u nd er  s i d e  o f  t h e  t r u n k .  T h i s  d i s t r i b u t i o n  i s  i n  

b r o a d  a g r e e m e n t  w i t h  t h o s e  p r e v i o u s l y  r e p o r t e d  f o r  a 

number o f  o t h e r  b r e e d s .

5 .  A p a r t i t i o n  has  b e e n  made o f  t h e  h e a t  l o s s e s  from

A y r s h i r e  c a l v e s  e x p o s e d  t o  a i r  t e m p e r a t u r e s  b e t w e e n  1$ and

40°C.  The f o l l o w i n g  c o n c l u s i o n s  have  b e e n  drawn;

a) Heat  p r o d u c t i o n  i s  u n i f o r m  o v e r  t h e  e n t i r e  a i r
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t e m p e r a t u r e  r a n g e ,  e x c e p t  a t  h i g h  t e m p e r a t u r e  h i g h  

h u m i d i t y  c o n d i t i o n s  w here  i t  i s  e l e v a t e d ;  t h i s  i n c r e a s e  

i s  a t t r i b u t e d  t o  t h e  m e t a b o l i c  c o s t  o f  i n c r e a s e d  

r e s p i r a t o r y  movement and t o  t h e  V a n ' t  H o f f  e f f e c t .

b ) The t h e r m a l  i n s u l a t i o n  o f  t h e  t i s s u e s  i s  s m a l l  

compared w i t h  t h a t  o f  t h e  s k i n  t o  a i r  b oundary  e x c e p t  

a t  low a i r  t e m p e r a t u r e s .  B l oo d  f l o w  c ha n g e s  t h e r e f o r e  

e x e r t  l i t t l e  i n f l u e n c e  on n o n - e v a p o r a t i v e  h e a t  l o s s  a t  

a i r  t e m p e r a t u r e s  above  20°C.  At a i r  t e m p e r a t u r e s  b e l o w  

20®C n o n - e v a p o r a t i v e  h e a t  l o s s  i s  l i m i t e d  by  v a s o c o n 

s t r i c t i o n  i n  t h e  l i m b s  and i n  s e v e r e  h e a t  s t r e s s  i t  may

be e nh a n c e d  b y  i n c r e a s e d  f l a n k  movement due t o  r e s p i r a t o r y  

a c t i v i t y .  Be t ween  t h e s e  e x t r e m e s  n o n - e v a p o r a t i v e  h e a t  

l o s s  i s  p r i m a r i l y  d e t e r m i n e d  b y  t h e  i n s u l a t i o n  o f  t h e  c o a t  

and t h e  p h y s i c a l  c o n d i t i o n s  o f  t h e  e n v i r o n m e n t .

c)  R e s p i r a t o r y  e v a p o r a t i o n  c o n t r i b u t e s  o n l y  a s m a l l  

p r o p o r t i o n  t o  t h e  t o t a l  e v a p o r a t i v e  h e a t  l o s s  u n d e r  

c o n d i t i o n s  o f  h e a t  s t r e s s .  There  i s  some e v i d e n c e  t h a t  

e x p i r e d  a i r ,  e x c e p t  a t  t h e  l o w e s t  a i r  t e m p e r a t u r e  e m p l o y e d ,  

i s  a l w a y s  90 t o  100 % s a t u r a t e d  w i t h  m o i s t u r e  a t  b o d y  

t e m p e r a t u r e .  The p r e s e n c e  o f  t h e  mask i s ,  h o w e v e r ,  

b e l i e v e d  t o  have  l i m i t e d  r e s p i r a t o r y  e v a p o r a t i o n  t o  n e a r l y  

one h a l f  o f  t h e  normal  amount .  I t  i s  s u g g e s t e d  t h a t  mask 

methods  o f  r e s p i r a t o r y  a n a l y s i s  must  s e r i o u s l y  a f f e c t  

r e s p i r a t o r y  g a s e o u s  e x c h a n g e  u n l e s s  t h e  dead s p a c e  i s

k e p t  e x t r e m e l y  s m a l l .

d)  Cutaneous  e v a p o r a t i o n  i s  t h e  major  means o f  h e a t  l o s s  

under  c o n d i t i o n s  o f  h e a t  s t r e s s .  I t  i s  q u a n t i t a t i v e l y
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c o n t r o l l e d  b y  p h y s i o l o g i c a l  means t o  s uc h  a l e v e l  t h a t  

i t  a l w a y s  makes up t h e  d i f f e r e n c e  b e t w e e n  h e a t  p r o d u c t i o n  

and t h e  o t h e r  f or ms  o f  h e a t  l o s s .  P h y s i o l o g i c a l  c o n t r o l  

o f  c u t a n e o u s  e v a p o r a t i o n  i s  t h u s  e f f e c t i v e  i n  o v e r c o m i n g  

t h e  p h y s i c a l  l i m i t a t i o n  o f  e v a p o r a t i o n  b y  t h e  e n v i r o n m e n t ,  

e x c e p t  a t  c o n d i t i o n s  c o m b i n i n g  h i g h  t e m p e r a t u r e  and h i g h  

h u m i d i t y .

6 . The e f f e c t s  o f  s h o r t  t erm ( d u r a t i o n  20 min) a l t e r a t i o n s

i n  a mb i e n t  h u m i d i t y  on bod y t e m p e r a t u r e ,  r e s p i r a t o r y  r a t e  

and on c u t a n e o u s  e v a p o r a t i o n  have  b e e n  compared w i t h  t h e  

e f f e c t s  o f  d a y - t o - d a y  h u m i d i t y  a l t e r a t i o n s  o f  s i m i l a r  

m a g n i t u d e .  R e c t a l  t e m p e r a t u r e  was u n a f f e c t e d  b y  t h e  s h o r t  

t erm v a r i a t i o n s  i n  h u m i d i t y ,  and c u t a n e o u s  e v a p o r a t i o n  f e l l  

w i t h  i n c r e a s i n g  h u m i d i t y  a s  wo u l d  be e x p e c t e d  o f  e v a p o r 

a t i o n  f ro m an i n a n i m a t e  s u r f a c e .  These  r e s u l t s ,  t o g e t h e r  

w i t h  o t h e r  c u t a n e o u s  e v a p o r a t i o n  m ea su remen ts  o b t a i n e d  w i t h  

c a p s u l e s  v e n t i l a t e d  a t  d i f f e r e n t  r a t e s  and p l a c e d  o v e r  

c l i p p e d  and u n d i p p e d  s k i n  r e g i o n s ,  p o i n t  to  t h e  f o l l o w i n g  

c o n c l u s i o n ; -  E x ce pt  u nd e r  e x t r e me  c o n d i t i o n s ,  t h e  

p h y s i c a l  p r o p e r t i e s  o f  t h e  e n v i r o n m e n t  can d i r e c t l y  a f f e c t  

t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  o n l y  f rom l o c a l  s k i n  

a r e a s  o r  f o r  r e l a t i v e l y  s h o r t  p e r i o d s .

7 .  Measurements  o f  c u t a n e o u s  e v a p o r a t i o n ,  r e s p i r a t o r y  

r a t e  and body  t e m p e r a t u r e s  h av e  b e e n  made on A y r s h i r e  

c a l v e s  e x p o s e d  t o  h o t  dry e n v i r o n m e n t s  a t  a g e s  o f  10 t o  

34  w e e k s .  Cut aneous  e v a p o r a t i o n  r o s e  f o r  most  o f  t h i s  

a g e i n g  p e r i o d  b u t  t h e r e  was some e v i d e n c e  o f  a maximum 

r a t e  b e i n g  a t t a i n e d  a t  a p p r o x i m a t e l y  30 weeks  o l d .
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Cu tan eou s  e v a p o r a t i o n  u n d e r  t h e s e  c o n d i t i o n s  was  

n e g a t i v e l y  c o r r e l a t e d  w i t h  r e s p i r a t o r y  r a t e  and w i t h  

s k i n  and r e c t a l  t e m p e r a t u r e s .  The i n c r e a s i n g  h e a t  

t o l e r a n c e  o f  c a l v e s  as  t h e y  grew o l d e r  was  due p a r t l y  

t o  a r i s i n g  c a p a c i t y  f o r  c u t a n e o u s  e v a p o r a t i o n .  The 

r e s u l t s ,  h o w e v e r ,  do n o t  o f  t h e m s e l v e s  d i s t i n g u i s h  as  

t o  w h e t h e r  t h e  o b s e r v e d  c h a n g e s  a r e  a t t r i b u t a b l e  to  

i n c r e a s i n g  age a l o n e  o r  w h e t h e r  s e a s o n a l  e f f e c t s  a r e  

a l s o  i n v o l v e d .

8 .  The r e s u l t s  o f  c u t a n e o u s  e v a p o r a t i o n  measurements  

on n i n e  A y r s h i r e  c a l v e s  have  b e e n  compared and some 

e v i d e n c e  h as  b e e n  f o u nd  t h a t  a h i g h  l e v e l  o f  h e a t  

t o l e r a n c e  i s  a s s o c i a t e d  w i t h  h i g h  e v a p o r a t i v e  c a p a c i t y .  

R e a s o n s  a r e  s u g g e s t e d  as t o  how t h i s  f i n d i n g  may be 

r e c o n c i l e d  w i t h  t h e  c o n v e r s e  s t a t e m e n t  w h i c h  has  b e e n  

r e p o r t e d  f o r  c o m p a r i s o n s  b e t w e e n  d i f f e r e n t  b r e e d s .

9 .  From t h e  q u a n t i t a t i v e  measu remen ts  o f  c u t a n e o u s  

e v a p o r a t i o n ,  f rom t h e  f l u c t u a t i n g  n a t u r e  o f  c u t a n e o u s  

e v a p o r a t i o n  under  c e r t a i n  c i r c u m s t a n c e s  and from  

e v i d e n c e  i n  t h e  l i t e r a t u r e  i t  has  b e e n  c o n c l u d e d  t h a t  

t h e  s w e a t  g l a n d s  o f  c a t t l e  are  f u n c t i o n a l .

1 0 .  The r e s u l t s  have  b e e n  b r i e f l y  d i s c u s s e d  i n  r e l a t i o n  

t o  t h e  p o s s i b l e  s i t e s  o f  t h e  t h e r m a l  r e c e p t o r s  t h a t  

p r o v i d e  a f f e r e n t  s t i m u l u s  f o r  t h e  p h y s i o l o g i c a l  c o n t r o l  

o f  c u t a n e o u s  e v a p o r a t i o n .
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APPENDIX I I  

D e t a i l e d  R e s u l t s  o f  E xp e r i m e n t  D

R e s u l t s  a r e  g i v e n  f o r  t h e  f o l l o w i n g  q u a n t i t i e s  :

E n v . Nominal  e n v i r o n m e n t a l  c o n d i t i o n s .

An.  Ani ma l ,

No.  Ex po su re  number.

D. B.  Room d r y  b u l b  t e m p e r a t u r e ,  ®C.

V7.B. Room wet  b u l b  t e m p e r a t u r e ,  ®C.

V . P .  Room va po ur  p r e s s u r e ,  mm Hg.

R e c t a l  t e m p e r a t u r e ,  °C.

Ski n  t e m p e r a t u r e ,  ®C.

R R e s p i r a t i o n s  p e r  m i n u t e .

T i d a l  v o l u m e ,  l i t r e s .

V Volume o f  d r y  a i r  e x p i r e d ,  1 . / h r  a t  s . t . p .

y P e r c e n t a g e  o f  carbon d i o x i d e  i n  d r y  e x p i r e d  a i r
( by  v o l u m e ) .

B Th Back t h o r a c i c

M F Mid f l a n k  ) Rate  o f  c u t a n e o u s

R L Rear l e g  ) e v a p o r a t i o n  from

M B Mid b e l l y  j e a c h  r e g i o n  and

D Dewlap j mean r a t e  from

Sh S h o u l d e r  ) a l l  s i x  r e g i o n s  ( g / m ^ . h r ) .

Mean

W Body w e i g h t ,  k g .

A Body s u r f a c e  a r e a ,  m^.

E^ Weight  l o s s  b y  c u t a n e o u s  e v a p o r a t i o n ,  g / h r .

E^ Wei ght  l o s s  b y  r e s p i r a t o r y  e v a p o r a t i o n ,  g / h r .

M e t a b o l i c  w e i g h t  l o s s ,  g / h r .
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Sum B + E + W , g / h r .s r  m '

T o t a l  i n s e n s i b l e  w e i g h t  l o s s ,  g / h r .

Heat  p r o d u c t i o n ,  k c a l / h r .

T o t a l  e v a p o r a t i v e  h e a t  l o s s ,  k c a l / h r .

Hg Heat  s t o r a g e ,  k c a l / h r .

H  ̂ N o n - e v a p o r a t i v e  h e a t  l o s s ,  k c a l / h r .

The v a l u e s  q u o t e d  f o r  w e i g h t  l o s s  by  r e s p i r a t o r y  e v a p o r a t i o n  

a re  a l l  c a l c u l a t e d  by  t h e  d i r e c t  method.  The v a l u e s  q uo te d  

f o r  t o t a l  e v a p o r a t i v e  h e a t  l o s s  a t  e n v i r o n m e n t s  3 0  ̂ 3$L,  35M 

and 40 are  b a s e d  on r e s p i r a t o r y  e v a p o r a t i o n  c a l c u l a t e d  by  t h e  

d i r e c t  method.  The mean v a l u e s  q u o t e d  f o r  t o t a l  e v a p o r a t i v e  

h e a t  l o s s  a t  e n v i r o n m e n t s  1 $ ,  2 0 ,  2$ and 35H are  b a s e d  on 

r e s p i r a t o r y  e v a p o r a t i o n  c a l c u l a t e d  b y  t h e  d i f f e r e n c e  method;  

t h e s e  v a l u e s  a r e  e a c h  marked b y  an a s t e r i s k .  The d o u b l e  

a s t e r i s k s  i n d i c a t e  e x p o s u r e s  f o r  w h i c h  t h e  d a t a  are  i n c o m p l e t e ;  

t h e  r e s u l t s  f o r  t h e s e  e x p o s u r e s  are  e x c l u d e d  from a v e r a g e  v a l u e s  

o f  a l l  h e a t  l o s s e s ,  w e i g h t  l o s s e s ,  b o d y  t e m p e r a t u r e s  and 

r e s p i r a t o r y  q u a n t i t i e s .
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Env

15

D e t a i l s  o f  
e n v ir o n m e n t

Body
temps

R e s p i r a t o r y
q u a n t i t i e s

20

..... -  — 1 -------- ----- ----- ----- ' -- ------------------- —  — --— - — -.. ........
An. No. 1 D. B. W.B. V . P . l ^ r ...................1 R V

210 1 15 "2 11*4 8 ' 2 i 3 8 - 4 3 3 0 ' 1 6  ! 29 0*94 1500 2 *94
2 1 5 ' 6 1 1 ' 6 8 ' 2 3 8 - 0 3 3 0*02 24 1*23 1550 2*99
3 1 5 ' 5 1 1 - 7 8 - 4 j 3 7 - 6 6 2 8 ' 3 1 20 1 - 2 2 1350 3*12
Av : 15 ' 4 1 1 ' 6 8*3 1 3 8 - 0 4 29"50 24 1*13 1460 3*02

221 1 ! 1 6 ' 1 1 1 ' 8 8 ' 2 ! 3 8 - 5 7 — 22 — — 2*8 2**
2 1 1 5 - 9 1 1 ' 8 8 ' 3 i 3 8 - 4 0 2 8 ' 9 3 23 O ' 98 1220 2 * 7 4
3 i 1 5 ' 6 1 1 ' 8 8 ' 5 i 3 8 - 0 9 - 17 1*36 1260 2*93
4 1 5 " 6 1 1 - 6 8 ' 2 i 3 8 - 0 9 28*52 16 1*40 1240 3 *04
Av 1 5 - 7 1 1 - 7 8 '3. i 3 8 - 1 9 28*72 19 1*25 1240 2*90

226 1 1 5 - 7 1 1 - 7 8*3 I 3 8 - 6 1 31*10 23 O' 65 830 2 *94
2 1 5 ' 6 1 1 - 7 8 ' 4 i 3 8 - 7 2 - 22 1*22 1440 3*12
3 1 5 ' 5 11*7 8 ' 4 1 3 8 - 5 2 2 8 ' 1 1 14 1 ' 0 6 820 3 *3 5* *
Av 1 5 " 6 11*7 8 *4 j 38 - 66 31*10 22 0 * 9 4 1140 3*03

A verage 1 5 " 6 1 1 - 7 8 - 3
1
i 3 8 - 3 0 29*77 22 I ' l O 1280 2*98

210 1 2 0 'A 13*5 8 ' 2 3 8 - 2 0 32*1 1 30 0*97 1560 2 *'60
2 2 1 *2- 13*9 8 - 3 : 3 8 - 1 3 31*88 26 1 - 2 0 1640 2*72
3 20"5 13*7 8 ' 4 : 3 8 - 1 7 31*53 24 1*45 1880 2 * 9 6

Av 20*7 13*7 8 - 3 : 3 8 - 1 7 3 1 *8 4  - 27 1 - 2 1 1700 2*76

221 1 2 1*4 14*1 8 ' 4 ; 3 8 - 2 0 32*07 26 - - 2 * 5 0 **
2 2 1 - 0 13*9 8 * 4 ; 3 8 - 2 0 31*92 29 0*87 1350 2*45
3 20*3 1 3*6 8 ' 3 i 3 8 - 0 6 29*93 22 1*09 1300 2 *5 6 **
4 20 "3 13*6 8*3 ; 3 8 - 3 7 30*96 22 1*17 1340 2*84
Av 20 "6 13*8 8 ' 4 ! 3 8 - 2.8 3 1 * 4 4 25 1*02 1350 2*64

226 1 : 20*6 13*7 8 ' 3 1 3 8 - 6 1 mm 32 0*87 1500 2 *5 6 **
2 20 "3 13*6 8*3 : 3 8 - 6 4 3 1 - 8 0 23 0*95 1180 2*92
3 20 "4 13*6 8 ' 3 ; 3 8 - 4 2 3 0 - 3 5 20 1*15 1240 2*97
Av 2 0 * 4 1 3*6 8*3 j 3 8 - 5 3

1

3 1 - 0 8  : 22 1*05 1210 2 * 94

Average 20*6 13*7 ___31j;45 ; 25 1*09 1420 2*78
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I
i D e t a i l s  o f  

e n v i r o n m e n t
Body

temps
]

________!
R e s p i r a t o r y
q u a n t i t i e s

Env. An. Ifo. D. B. W.B-. V . P .
X

Ts R V ro

210 1
2
3

26*0
2 6 - 2
25*2

1 5*6
15*9
15*3

8*1
8 * 4
8*1

38*32
38*23
38*1 3

33*35
33
29
24

0*93
1 * 04
1*27

1640
1580
1570

2*35
2*53
2*76

Av 25*8 15*6 8*2 3 8* 23 33*35 29 1*08 1600 2*55

25

221 1
2

J

25*7
2 6*1
25*3
2 5 ' 2

15*5
15*8
1 5 - 3
1 5 - 3

8*1
8*3
8*0
8*1

3 8 * 5 6
38*63
38*5 6
38*55

35*25
3 3 * 8 9
34*24

33
30
32
26

0*7 4
0*98
0*99

1190
1630
1360

2 *2 6 **
2*42
2 *5 4
2*68

Av 25*5 1 5 - 5 8*1 3 8 *5 8 3 4 *0 6 30 0*90 1390 2*55

226 1

:

25*2
2 5 * 4
25*3

1 5 - 3
1 5 - 3
1 5*4

8*1
8*0
8*2

38*73
3 8* 76
3 8* 61

35*00
34*40
34*31

40
29
25

0*76
0*93
0 *9 4

1570
1390
1210

2*19  
2"52**
2*71

Av 25*2 1 5*4 8 - 2 3 8 *6 7 34*66 32 0*85 1390 2*45

Av er ag e 25 "5 15*5 8*2 3 8* 4 9 34*02  : 30 0*94 1460 2*52

210 1
2
3

3 0 - 0
30" 9 
30*3

1 7 - 1
1 7 * 4
17*0

8*2
8*2
7*9

38*63
38*37
38*2 0

36*25
34*88
35*91

36
40
34

1 *0 9
1*14
1*08

2040
2310
I 8 4 O

2 *34
2 *2 4
2*22

Av 3 0 - 4 17*2 8*1 3 8* 40 35*68 36 1*10 2060 2*27

i

30

221 1
2
3 ^
4

30*2
30*8
3 0 - 4
3 0 - 3

1 7 - 1
17*4
1 7 - 3
1 7 - 1

8*1  
8*2  
8*3  
8*0 ■

38*4 7
3 9 * 0 0
38*43
3 8 * 4 4

36*17 ; 
3 6 * 4 4  1
3 5*8 1  '

40
36
33
34

0*67
0*79
1*00
1*01

1370
1480
1700
1740

2*08
2 *24
2*29
2*25

Av 3 0 - 4 17*2 8*2 38*5 8 3 6 * 1 4  i 36 0*87 1570 2*22

226 1
2
3

30*2
30*3
30*1

17*0
1 7 - 2
1 7 ' 0

7 *9
8*2
8*0

39* 00
3 8 *7 7
3 8 * 8 0

36*81  1 
36*26  \

■ i

42
45
48

0*73
0 * 8 4
0*87

1570
1920
2130

2 *0 4
1 *94
1*95

Av 3 0* 2 17*1 8*0 3 8 * 8 6 3 6 * 5 4  1 45 0*81 1870 1*98

A v e r a g e 3 0 - 3 17*2 8*1 38*6 1
j

36*12 39 0*93 I 8 4 O 2 *16
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D e t a i l s  o f Body

Env.

35L

40

1 e n v i r o n m e n t temps •

An. No. D.B. W.B. V . P . J ' r ..... . T3
210 1 

2 
3

' 35*5  
: 3 5 - 0  
; 3 5 - 1

1 8 ' 9  
1 8*8  
18* 6

8*1
8*2
7*8

3 8 '6Ü 
3 8 - 5 7
3 8 - 5 1

37*40
36*9 2
37*42

Av 3 5 - 2 18*8 8*0 3 8 - 5 6 37*25

221 1 : 
2
3
4 ;

' 3 5 ' 3  
: 3 5 - 4  
' 3 5 - 3  

35*0

1 8 ' 8
1 8 - 9
19*6
1 8 ' 7

8*0
8*1
9*3
8*0

3 9* 0 8
38 *63
3 8 * 7 4
38* 82

37* 89
37*3 0
37*2 6
37*62

Av ' 35*2 1 9 ' 0 8 * 4 3 8 *8 8 37* 59

226 1 
2 
3

3 5 - 4
3 5 - 5
3 4 - 9

1 8 - 7
19*3
1 8 ' 7

7*8
8*7
8*1

3 9* 3 1
39*23
3 9 * 1 4

37* 80
37*21
37*67

Av 3 5 - 3 1 8 - 9 8*2 39 *23 37*56

Average 35*2 1 8 - 9 8*2 3 8* 8 9 37*47

210 1
2
3

4 0 * 4
40*3
4 0 - 3

2 0 - 3
2 0 - 4
20*4

7*8
8*0  
8 * 0

: 3 8 * 4 6
38*75

I 3 8 *5 0

38 * 47 
3 8 * 7 4  
38*20

Av 4 0*3 20 *4 8 * 0 ! 3 8 *6 2 38*47

221 1 
2
3
4

4 0 ' 0  
40*3  
40*2

19*9
20*8
20*3

7 * 4
8*7
7*9

’ 3 8 * 3 6  
: 3 8 * 8 4  
; 3 9 *0 0

38* 10
38* 40
39*0 0

Av 4 0*2 2 0* 4 8*0 , 38* 60 38* 25

226 1 ’ 
2 ! 
3

40*3
4 0 - 4
4 0 - 5

2 0*4
20*9
20*3

8*0
8*8
7*8

; 3 9 * 5 4  
3 9 * 1 1  

, 39* 68

39*32
3 8 * 6 4
39* 40

Av 4 0 - 4 20*5 8»2 3 9 * 4 4 39* 12

Average 40*3 2 0*4 8*1 3 8 * 8 9 38* 61

R

41
42 
35
39

31
78
33

R e s p i r a t o r y
q u a n t i t i e s

46
50
55
48

84
64
8 9
79

6 l

1*12
1*03
1*09
1*08

0* 64

O ' 98 
1 - 1 7

0 - 6 7
0*88
0 - 8 3
0*78  

O' 65
0 - 6 4
0 - 7 4
0*68

V

2370
2190
1920

2 1 1 065
37
34 O ' 93 161 0
41 O ' 98 2030
47 0*85  1920

70 
55
51

67 2330  
80 2230
76 1930

2 * 34  
2*12  
2 ' 2 5

2 1 6 0  2 ' 2 4

1*88
2 ' 1 1 * *
2 * 2 2
2*13
2*08

1*78  
1 ' 90 
1 - 8 5

58 0 ' 7 4  217 0  1 * 84

48 0 ' 8 9  2080 2*05

2 ' 2 9 * *  i 
1*48 I 
2 - 2 4  I

55 1 - 0 8  2890  1 * 86  I

3860
1920

1550
2 2 2 0
2250
1880

l ' 8 l * *
1*99
1- 88
1 ' 8 4 * *

1 - 9 4

2680  1*33  
2030  1 *4 6
3260 1*39
2660  1*39

0*85 2480  1 ' 7 3
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D e t a i l s  o f Body R e s p i r a t o r y
e n v i r o n m e n t t e m p s . q u a n t i t i e s

En v . An. No. ■ D. B. W.B. V . P .
X J f t V y o

210 1 3 5 - 1 2 5 ' 3 1 9 ' 3 3 8 *8 1 3 7 * 4 6 42 1"09 2 300 2 ' l 6 * *
2 3 3 - 0 25"2 1 9 ' 1 3 8* 52 3 7 * 3 4 47 1 *14 2720 1 ' 9 1
3 3 5 - 5 25 "5 1 9 ' 5 38*5 3 37*18 38 1 ' 4 0 2600 2 ' 4 0
Av 3 5 - 2 2 5 ' 4 1 9 ' 3 3 8 *5 2 37*26 42 1*27 2660 2 ' 1 6

221 1 3 3 ' 4 2 5 ' 3 1 9 ' 1 39* 00 37*8 2 68 0*71 2460 1 ' 5 2
2 3 5 - 1 2 5 ' 4 1 9 ' 5 38*8 0 37*53 57 0 *76 2180 1 ' 8 4

35M 3 3 4 - 6 2 5 ' 3 1 9 ' 5 3 8 *7 8 37*85 58 0"99 2880 1*78
4 3 5 - 3 25*5 19 '  6 3 8 * 7 9 3 7 *4 6 49 0 - 9 4 2300 1 ' 7 4
Av 3 5 - 1 2 5 ' 4 1 9 * 4 3 8 * 8 4 3 7 *6 6 58 0*85 2450 1 ' 7 2

226 1 3 5 - 3 2 5 ' 6 1 9 - 8 3 9 *2 6 37*9 9 61 O' 68 — . — îjf
2 35 "2 2 5 ' 5 1 9 ' 6 3 8* 95 37*65 55 0 - 7 5 2090 1*70
3 3 5*0 2 5 ' 4 1 9 ' 5 39*13 38*08 75 0 ' 6 9 2590 1 - 2 7
Av 3 5 - 1 2 5 ' 4 1 9 " 6 3 9 * 0 4 3 7 * 8 6 65 0*72 2340 1 - 4 8

A v er ag e 3 5*1 2 5 ' 4 1 9 ' 4 38*8 0 37*5 9 55 O ' 95 2490 1 - 7 9

210 1 3 5 - 5 3 2 - 3 3 4 ' 7 3 9 * 2 6 3 8*27 101 0 ' 9 6 4 840 I ' l l
2 3 5 - 4 32*7 3 5 ' 8 39*22 38*35 85 I ' l l 4760 1*37
3 3 4 - 5 32-3 3 5 ' 2 38*7 5 38*01 70 1 - 1 8 4 0 9 0 1 - 5 1
Av ; 3 5 - 1 3 2 - 4 3 5 ' 2 39*0 8 38*21 85 I ' o a 4560 1*33

221 1 3 5 - 5 3 2 - 3 3 4 ' 7 39*50 38*15 1 14 O' 67 3800 1 ' 0 7
2 35 "2 3 2 * 6 3 5 ' 6 3 9* 8 2 3 8* 7 4 125 0 - 8 6 5400 I'OO

35H 3 3 4 - 8 32*0 3 4 ' 3 3 9 * 1 6 38*40 62 0 ' 8 2 2520 1"49
4 , 3 5 - 4 32*1 3 4 ' 2 3 9* 7 7 37*62 119 0*88 5 180 1 ' 0 2

Av 3 5 ' 2 3 2 ' 2 3 4 ' 7  1 3 9 * 5 6 38*23 105 0 ' 8 1 4 23 0 1 - 1 4

226 1  ̂ 3 4 - 7 32*2 3 4 ' 8  I 39*95 38*47 142 0 ' 7 2 5110 O ' 94
2 3 4 ' 9 3 1 ' 9 3 4 ' 0  ' 3 9 * 7 4 38*00 89 0 ' 8 0 3510 1 ' 2 7
3 ! 3 5 - 4 3 2 - 1 3 4 ' 2  : 3 9* 6 1 38*13 1 0 4 0 ' 8 0 4 10 0 I ' l 6

Av ; 3 5 - 0 32*1 3 4 ' 3  I 3 9 *7 7 38*20 112 0 ' 7 7 4 240 1 ' 1 2

Av era ge I 3 5 - 1 3 2 ' 2 3 4 ' 7  ; 3 9 *4 7 38*21 101 0 ' 8 9 4340 1 ' 2 0
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R a t e s  o f  Cu ta n eo u s  e v a p o r a t i o n Body w e i g h t  
and a r e a

Env.L... An. No. B Th M P R L M B D Sh Mean W A

210 1 9 10 12 10 11 12 1 0 - 8 123 2 * 2 2
2 9 10 13 9 11 9 1 0 - 4 135 2 *34
3 9 12 17 17 12 13 1 3 - 4 149 2*47
Av 9 11 15 12 11 11 1 1 - 5

221 1 6 10 12 10 10 8 9 ' 2 97 1*9 4
2 6 12 13 13 10 8 1 0 - 4 1 04 2*03

15 3 8 12 13 11 8 10 10 "5 126 2*25
4 12 l 6 9 8 13 13 1 1 - 8 136 2*35
Av 8 12 12 10 10 10 1 0*4

226 1 12 14 18 9 16 13 13 "7 96 1*93
2 22 18 15 12 15 23 1 7 - 6 111 2*09
3 16 l 6 11 12 13 21 15*0  : 1 1 4 2*13
Av 17 16 15 11 15 19 15"4  ;

Av era ge 11 13 14 11 12 13 1 2 - 4  :

210 1 8 9 17 15 11 10 1 1 - 7  j 128 2*27
2 12 12 11 13 11 13 12*0  ! 138 2*37
3 12 18 34 13 13 14 1 7 - 3  ! 153 2*51
Av 10 13 21 14 12 12 1 3 - 7

221 1 7 12 19 6 10 8 10*2  i 94 1*91
2 10 12 29 13 12 10 14"3 106 2*04

20 3 9 14 21 13 8 14 1 3 - 2  1 123 2*22
4 1 4 14 15 0 12 12 11*2 1 139 2*38
Av 1 10 13 21 8 10 11 12*2 S

226 1 26 25 34 13 27 33 26*2 ! 97 1 - 9 5
2 37 29 21 11 15 31 2 4 - 0  ; 107 2*06
3 28 23 19 10 15 19 19*1  1■ 116 2*15
Av 30 26 25 11 19 28. 2 3 - 1  !

1
Average 17 17 22 11 14 17 16*3 1
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25

I 30

R a t e s  o f c u t a n e o u s evapo r a t i o n

An. No. B Th M P R L M B D Sh Mean

210 1 24 14 56 26 14 17 2 5 - 2
2 30 14 46 25 35 33 3 0 - 5
3 22 14 42 9 12 25 2 0 - 8
Av 25 14 48 20 20 25 25*5

221  1 1 4 24 45 13 27 32 2 5 - 9
2 16 17 65 28 17 21 27 "3
3 21 21 42 19 25 38 27*7
4 35 35 20 0 18 41 24*8

Av 22 24 43 15 22 34 2 6 - 4

2 2 6  1 32 32 40 15 40 38 3 2 - 9
2 42 32 - 13 - 40 -
3 31 30 72 14 33 35 3 5 ' 9
Av 35 32 56 14 36 38 3 4 - 4

Av er ag e 27 23 49 16 26 32 28*8

210 1 68 46 185 49 80 66 8 2 * 4
2 44 50 127 37 71 60 64-8
3 26 26 78 17 55 84 47*8

Av 46 41 130 34 69 70 65*0

221 1 46 54 108 28 61 66 60*5
2 77 56 146 49 53 89 7 8 - 3
3 84 76 72 19 46 102 6 6 ' 6
4 120 70 46 0 53 104 65 * .6

Av 82 64 93 24 53 90 67*8

226  1 98 64 70 19 61 86 66*5
2 70 74 113 15 73 52 66*0
3 77 52 79 13 116 93 7 1 ' 8

Av 82 64 87 16 83 77 68*1

A v e ra g e 70 56 103 25 68 79 67*0

Body w e i g h t  
and a r e a

W A

132 2*31
141 2*40
152 2 ' 5 0

95 1*92
104  2*02  
127 2 ' 2 é  
135 2 - 3 4

96 1*93
107 2 ' 0 5
116  2* 1 4

133
147
151

97
114
125
137

98
107
115

2 ' 3 2
2*46
2 - 4 9

1 - 9 4
2"13
2*24
2 ' 3 6

1 ' 9 5
2*05
2*14
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I 35L

40

R a t e s  o f c u t a n e o u s e v a p o r a t i o n Body
—  -  1 

w e i g h t  !
' - .................... ■■

and a r e a  ^

An. No . B Th M P R L M B: D Sh Mean W A

210 1 1 34 90 215 68 127 158 1 3 1 ' 9 133 2*32
2 7 ^ 87 130 78 96 120 9 7 - 8 146 2*44 ^
3 56 90 165 15 121 109 92*9 148 2*47 ;
Av 89 89 170 54 115 129 1 0 7 - 5 j

221 1 113 120 165 39 127 120 1 1 3 - 9 102 2*00 :
2 109 89 139 74 7 6 122 101*5 108 2*07 :
3 144 98 61 31 78 137 9 1 ' 4 128 2*27 '
4 196 108 53 18 101 154 1 0 5 - 1 136 2*35 ?
Av 141 1 0 4 104 40 96 133 1 0 3 - 0 !

i
226 1 144 118 122 27 101 150 110*3 99 1 - 9 7  ;

2 108 90 140 24 120 131 102*2 111 2*10 1
3 142 97 52 19 110 135 92*4 120 2*19 ?
Av 131 102 105 23 110 139 1 01 * 6

Average 120 98 126 39 107 1 3 4 1 0 4 - 0

210 1 206 1 4 4 205 125 141 218 1 7 3 - 1 132 2*31
2 154 140 106 52 213 172 1 3 9 - 4 149 2*47
3 111 1 2 4 169 23 190 163 130*1 152 2*50
Av 157 136 160 67 181 184 1 4 7 - 5

221 1 157 167 — — — — 100 1*98 i
2 170 129 169 65 110 160 1 3 3 - 8 110 2*08 '
3 211 168 123 26 150 205 1 4 7 -2 131 2*30 :
4 231 158 70 15 147 199 136*7 138 2*37 ;
Av 192 156 121 35 136 188 139*2

226 1 180 139 162 31 151 162 1 3 7 - 4 96 1*93
2 195 148 188 30 201 192 158*9 108 2*06 ;
3 203 162 95 22 193 197 145 • 2 123 2*22  1
Av 192 149 148 28 182 184 1 4 7 - 2

A v e r a g e 180 147 143 43 1 6 6 185 1 4 4 - 6
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R a t e s  o f c u t a n e o u s e v a p o r a t i o n 1 Body w e i g h t
and a r e a  ;

Env • An, N o . B Th M P R L M B D Sh Mean i W
i

A

210 1 117 ^ 8 4  " - 69 — 147 — 1 135 2 * 3 4  ;
2 106 100 66 61 184 134 1 0 8 * 4 i  146 2*45
3 132 90 118 17 125 129 101*7 ; 155 2*53  :

Av 118 91 92 49 154 137 105*0 !

i 221 1 119 116 149 59 107 115 110*8 97 1*95
2 130 96 100 40 75 115 92*7 111 2*0 9  :

|35M 3 172 142 106 16 136 144 119*3 135 2 *3 4
! 4 1 5 4 122 66 6 119 157 1 0 4 * 0 133 2*32
j Av 144 119 105 30 109 134 106*7

226 1 113 89 1 0 4 18 94 109 87*8 103 2*01
2 149 118 122 19 151 118 1 12 *9 110 2*08
3 130 91 70 10 146 164 101 *8 117 2*16
Av 131 100 99 16 130 130 100*8

Av er ag e 131 103 99 32 131 134 104*2

210 1 116 78 118 61 118 103 98*9 1 3 4 2*33 ^
2 88 70 7 6 21 92 94 7 3 * 6 147 2*46  :
3 90 82 77 23 93 82 74*3 154 2 *52  '

Av 98 77 90 35 101 93 82*3

221 1 82 86 98 52 136 85 89*8 96 1*93 :
2 93 80 92 42 103 88 82*9 115 2 * 1 4

35H 3 93 73 62 14 94 88 7 1*3 130 2*29  !
4 106 77 59 15 105 106 78*1 141 2 * 40 ;

Av 94 79 78 31 110 92 80*5 !

226 1 86 74 91 28 91 87 7 6 * 1 101 1 *9 9  ;
2 111 81 106 27 103 102 88*3  ̂ 113 2*12  :
3 110 82 51 23 90 125 80*1 ; 123 2*22  1

I Av 102 79 83 26 95 105 81*5
i

(

A verage 98 78 84 31 102 97 8 1 * 4 I
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i  15

20

W e ig h t  l o s s e s

221 1 18 - - -
2 21 6 17 45
3 23 6 11 40
4 28 6 18 52
Av 24 6 16 46

2 2 6  1 26 4 11 41
2 37 6 24 67
3 32 4 13 49
Av 32 5 17 54

A v era g e 28 6 18 52

210 1 27 16 20 63
2 28 17 22 67
3 43 18 30 92
Av 33 17 24 74

221 1 20 — - -

2 29 1 4 16 59
3 30 12 12 53
4 27 13 21 60
Av 28 13 18 60

226  1 51 14 14 80
2 49 10 13 73
3 : 41 12 17 70
Av 45 11 15 71

Heat  e x c h a n g e

Env.  An. No. 1 "s ^ r ^nr Sum ^ t

210 1 24 7 15 46 57
2 24 8 26 57 62
3 33 6 22 61 82
Av 27 7 21 55 67

4 4
4 4
60
67

65
81

A v e ra g e 35 14  19 68

52
75

104
90

81
78
80

88

239
224

H

164
202
188

57 I 185

126
222
139

1 7 473 I

66 : 19 4

87 : 201  
78 : 223  

118 i  270

94 : 231

164
178
I 8.5

175

204
182
188
I 85

197

29*

HI

12
- 1 0

0

-  9
3

-  7
-1 5
— '  6

0
6

-  3

-  1

6
1

-1 3  
-  2

1
- 1 9
- 1 7

25

Hn
- 1, 

1

1 6 6 *

4 1 » 1 5 5 *
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We i gh t  l o s s e s Heat  e x c h a n g e

Env.  An. No. B E W Sum w. H H H Hs r m t P e 8 n

210 T  ^ 58 28 19 104 117 191 14
2. 73 26 19 120 111 200 -  1
3 52 25 18 95 132 223 0
Av 6 l 27 19 106 120 205 4

221 1 50 — - 111 — -1 3 **
2 55 20 11 87 96 150 19

25 3 63 26 18 107 140 211 -  7
4 58 22 15 96 89 188 0

Av 59 23 15 96 108 183 4

226 1 64 25 16 105 110 172 2
2 ■- 22 14 - 120 181 27 **
3 77 20 19 116 130 156 14
Av 70 23 17 110 120 16 4 8

Av era ge 63 24 17 1 0 4 116 184 6 0 » 5 118*

210 1 191 47 27 265 272 226 148 9 70
2 159 51 28 239 274 248 130 0 118
3 119 42 11 173 175 226 100 2 12 4
Av 156 47 22 226 240 : 234 126 4 104

221 1 117 30 14 162 194 140 91 2 46
2 167 32 18 217 204 159 124 8 27

30 3 149 37 13 199 213 209 115 5 89
4 155 39 24 217 221 181 120 0 61

Av :
i 147 34 17 198 208 172 112 4 56

226 1 130 37 12 179 17 4 167 103 7 57
2 ■ 135 44 12 191 237 200 111 11 79
3 1 1 5 4 49 27 230 194 186 125 12 48

Av 1 140 43 17 200 202 184 113 10 61

1
A v e r ag e  ; 148 42 19 208 217 197 117 6 74
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Env •

35L

40

An.

210

221

226

210

2 2 1

226

W e i g h t  l o s s e s Heat  e x c h a n g e

No. E B W Sum W. H H H Hs r m t P e s n

1 306 58 33 397 417 258 228 1 29
2 239 49 22 310 305 230 180 29 21
3 229 48 18 296 291 220 173 12 35
Av 258 52 25 334 338 236 1 94 14 28

1 228 49 19 296 300 1 9 4 173 0 21
2 i 210 - - - 249 - - - -

3 i 207 36 18 261 261 176 152 10 14
4  ; 247 47 21 3 1 4 315 213 184 12 17
Av 228 44 19 290 292 195 170 7 17

1 217 56 22 296 308 I 196 170 9 17
2 ■ 214 51 24 289 28 4  : 1'99 166 13 20
3 202 47 17 266 273 ; 177 156 10 11
Av 211 51 21 2 8 4 288 : 191 164 11 16

ge 232 49 22 303 306 ; 207 1 76 11 21

1 399 400 8
2 34 4 90 29 463 538 272 272 -  1 1
3 325 50 19 3 94 418 216 237 5 - 2 6

Av 335 70 24 429 478 : 244 255 2 - 1 2

1 - - - — 2 2 4  ! - - - -
2 279 35 16 329 358 1 149 199 -  5 “45
3 338 49 20 407 4 1 4  ! 206 245 - 1 0 - 2 9
4 ; 324 53 21 398 200 238 33 “7 1
Av 308 42 18 368 38 6  1 176 222 -  7 “37

1 265 70 14 349 346 ; 179 210 10 “41
2 328 47 16 391 376 i 137 237 15 - 1 1 5
3 322 78 28 428 397 ; 201 251 19 “70
Av ' 305 65 20 389 373 i 172 233 15 “75

Average ’ 3 1 6  59 20 595 412 ' 198 236
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We ig ht  l og j s e s Heat  exo hange

, Env. An. No. E E W Sum W. H H H Hs r m t P e 3 n

210 1 — 42 26 340 240 - - -  «K*
2 265 48 24 337 386 259 188 28 43
3 257 51 27 336 393 319 185 3 131
Av 261 50 26 336 390 289 186 15 87

221 1 216 42 15 273 255 190 155 -  9 44
2 1 94 37 19 250 278 195 139 0 57

35M 3 280 50 26 3 5 6 368 249 198 11 39
4 242 42 18 301 296 200 170 2 27
Av 233 43 20 295 299 208 165 1 42

226 1 177 36 — - 232 - 128 10 -  **
2 235 36 13 284 250 185 163 17 4
3 220 47 14 280 275 162 160 22 -20
Av 228 41 14 282 262 174 161 20 -  8

Aver age 240 45 20 3 0 4 317 224 171 12 40

210 1 230 45 21 297 288 266 24
2 181 37 36 253 2 95 302 38
3 187 27 21 255 297 323 6

Av 200 36 26 262 2 93 297 23

221 1 173 34 15 222 191 204 17
2 178 42 28 247 246 248 -3

■ 35H 3 163 20 13 196 211 196 16
^ ;

188 50 31 269 248 231 24
Av 175 37 22 234 224 220 14

226 1 151 34 19 2 0 4 174 232 21
■i 2 187 28 22 237 257 211 27
! 3 ‘ 178 40 29 247 214 210 40
I

Av 172 34 24 229 2 x 5 218 29

Aver age 182 36 24 242
?

244  1 245 129* 22 94*
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C a l f  2 19

R a t e s o f  0 utaneouE e v a p o r a t i o n
hr) J

Te mp. °C R e s p i r a t i o n s

Day B S [B Thf R H' M B M P| N |Ch. D 1 Av i
i2 r

T3 p e r  min.

1 19 1 1 ; 21 14 1 17 1 27 j 18 37
i
1 23"

1
2j 40* 09 3 9 ' 4 182

2 27 1 28 39 38 ! 17 23 1 1 6 45 ; 29' 1 4 0 ' 50 4 0 ' 1 213
3 19 26 23 24 ; 18 25 18 21 21"i 8ii 40' 68 4 0 ' 0 —

Av 22 I 29
j

28 25 25 34 I 24' 7| 4 0 ' 42 3 9 ' 8 198

1 39 1 80 104 3
: ( 

41; 95 65 50 ' 59' 6j 4 0 ' 08 3 9 ' 6 182
2 55 i 88 83 5 60 j 110 57 66 : 65- 51 3 9 ' 70 3 9 ' 2 172
3 69 ! 124 113 11 5 6 | 98 54- 37 ; 70' 2; 39 ' 67 3 9 ' 2 169
Av 54 97 100 6 52 101 59 51 ' 6 5 ' 4 39 ' 82 3 9 ' 3 174

1 86 116 130 6 6 5 : 128 4.6 64 80* 1: 3 9 ' 37 38" 7 122
2 8 4 1 95 147 11 ■ 38! 1 5 4 : 54- 103 ' 88' 2: 3 9 ' 25 3 8 ' 7 117
3 103 82 131 0 6 2 !!136 58 ; 71 : 80' 4̂ 38 ' 84 38" 5 102

Av 91 j 98 136 6 6 2 !! 139 53 79 82' 9! 3 9 ' 15 3 8 ' 6 l l V

1 99 ; 105 150 12 5 1 ! 120 38 79 81' 8! 3 9 ' 28 3 8 ' 7 117
2 113 1 94 151 11 60 i 148 4-1 120 92' 2; 3 8 ' 96 3 8 ' 6 110
3 l i é ; 114 153 10 6 5 1142 32 110 92'"8j 39 ' 10 3 8 ' 4 88

Av 10 9 1 104 151 11 - 137 37 103 88" 3 9 ' 11 3 8 ' 6 105

1 99
1
i 103 1 4 4 28 7 3 ,' 108 36 89 1 85' 'oS 3 8 ' 92 3 8 ' 0 115

2 117 i 101' 143 ! 33 90 i 138 ■ 4 4 1 1 4 97' 5; 3 8 ' 98 3 8 ' 2 98
3 117 j 113 137 : 26 8 8 1109 35 110 91' 38 ' 64 3 8 ' 0 69

Av 111 ! 106 141 29 84-1 118 ; 38 1 0 4 : 91' 38 ' 85 3 8 ' 1 94

1 131
f
1 121| 151 17 1 0 7 I 164 80 147 1 1 4 ' '8: 39 ' 05 3 8 ' 2 98

2 115 1 1431 141 , 21 ■129Î 149 68 83 1 0 6 ' 39 ' 10 3 8 ' 0 84
3 129 i 1751 142 22 lOéj 156 62 110 112""8/ 3 8 ' 68 3 8 ' 1 62

Av 123 145 i
20 I I 4J

' !
156 70 113 111" 38' 94 1 81

1 138 ; 1 3 7 ! 133 25 1 3 1 ! 174 i 76 126 |117 '5f 3 8 ' 97 3 7 ' 8 63
2- 136 1411 147 I 25 84' 179 : 85 125 j l l 5 '2| 3 8 ' 96 3 8 ' 1 52
3 154 1 5 5 , 154  j 22 :130; 161 : ^3 131 j l21 3 8 ' 70 37 ' 8 52

Av 143 1 144' 145 1 24 ! i i 5 : 171 1 7 5 127 |118 3 8 ' 88 37 ' 9 56
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C a l f  220

Rat e  s o f  c u t a n e o u s
( g / o f .

e v a p o r a t i o n
h r)

Temp. "C R e s p i r â t

• Month* Day B S |B Th R H M B M P N Ch 1 D 1 ^ ? r ....* Ts p e r  mi

1 3 j 27 29 12 14 45 25 i 82 1 2 9 - 6 3 9 - 5 0 58" 9
1 2 11 49 57 18 45 61 46 i 60 : W 4 - I 3 9 - 7 6 39*2 187

3 9 1 40 42 21 30 62 47 1 4 4 5 6 - 9 3 9 - 9 8 3 9*4 133
Av 8 : 43 17 30 56 39 i 62 i 5 é - 6 i

!
3 9 - 7 5 3 9 - 2 160

1 10 ! 15 38 9 5 9 13 : 64 1 2 0 ' 4 ! 4 0 - 0 0 3 9 - 4 176
2 2 13 Î 25 15 11 12 50 32 : 48 j 2 5 *8 : 4 0 - 2 3 3 9 - 6 220

3 17 ! 62 60 10 25 60 36 62 i 4 1 - 5 :4 0 - 3 2 3 9 - 8 215
Av 13 3 4 38 10 14 40 27 58 : 2 9 *2 ;4 0 - 1 8 3 9 - 6 204

1 42
:
! 49 78 12 16 30 15 53 : 3 6 ' 9 4 0 - 0 8 39*6 205

5 2 23 i 51 99 8 17 48 34 97 ' 4 7 ' 1 3 9 - 7 2 3 9 - 2 184
3 12 36 65 11 22 40 27 88 : 3 7 - 6 3 9 - 9 0 3 9 - 4 161

Av 26 45 81 10 18 39 25 79 40 "5 3 9 - 9 0 3 9 - 4 183

1 50 65 68 24 37 39 31 93 5 0 - 9 3 9 - 9 5 3 9 - 0 165
4 2 67 62 97 25 50 75 39 88 6 2 " 9 3 9 - 4 6 3 8 - 8 164

3 42 50 88 17 46 90 50 92 , 5 9 - 4 3 9 - 5 8 38*8 123
Av 53 59 8 4 22 44 68 40 91 5 7 - 7 ; 3 9 - 6 6 3 8 - 9 151

1 72 73 132 22 74 81 65 104 7 7 - 9 3 9 - 9 2 3 8 - 6 160
5 2 73 10 9 151 24 69 95 57 84 8 2 ' 8 3 9 - 4 2 38*6 135

3 96 118 148 23 77 123 68 110 95 "4: 3 9 - 60 3 8 - 7 116

Av 80 ■ 100 1 4 4 23 73 100 63 99 8 5 ' 3 ' 3 9 - 6 5 38* 6 137

1 111 ; 1 3 9 !127 25 131 144 96 142 1 1 4 - 4 : 3 9 - 2 2 3 8 - 0 73
6 2 1 0 4 : 140 132 27 82 145 103 147 1 1 0 - 0 3 9 - 1 0 3 8 - 0 88

3 103 ; 132 1 4 4 28 94 135 94 122 1 0 6 ' 5 3 9 - 3 8 3 8 - 4 72

Av . 106
' " ' I

1 3 4 27 102 141 98 ; i 3 7 : 1 1 0 ' 3 3 9 - 2 3 3 8 - 1 78

1 ;1 2 4 , 168 !126 19 139 146 95 106 1 1 5 - 4 ' 3 8 - 7 2 3 7 - 8 58
7 2 120 147 [150 22 146 1 5 4 98 147 .1 2 3 - 0 ; 3 9 - 0 2 37*8 67

3 122 128 1151 24 103 148 105 126 p l 3 - 4 j 3 9 - 0 5 38*2 60

Av 122 [ J U 8  !] ^ 2 j 22 149 99 126 : i y  2̂ 3 8 - 9 3 62
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C a l f  222

Rate  s o f  c u t a n e o u s  e v a p o r a t i o n j Temp. °C !
(  . h r ) R e s p i r a t i o n s  ]

j
• Month* Day B S jB Th R H M B | m P: N 'Ch D Av

1
T3 p e r  min.

1 85 \ 8 6 116 7 I 9 1 : 91 ; 50 103 78* 6 I 39-70 3 8 - 6 155
1 2 89 ! 125 117 12 88 112 : 59 105 88""4 139-12 3 8 - 4 105

3 62 j  139 1 5 4 11 1 88 120 : 72 94 92""5 139-08 3 8 -5 106
Av 79

■ 1 129 10 ! 89 108 60 101 86""5 I3 9 - 3 0 3 8 - 5 115

1 57 ! 120 146 22 55 101 ! 79 75 81"'9 139-10 3 8 - 3 77
2 2 88 : 122 152 21 77 101 1 83 110 94"'2 [ 3 8 - 5 7 3 7 - 8 55

3 75 ; 113 142 14 86 125 1 89 110 94" 2 138-53 3 7 - 9 66
Av 73 ; 118

. 147 19 73 109 8 4 98 90""1 I3 8 - 7 3 3 8 - 0 66

1 108 : 94 1 2 4 47 65 91 73 113 89" 4 ' 3 8 - 7 0 3 7 - 6 77
3 2 119 : 105 127 4 4 74 90 68 126 94" 1 138-46 3 7 - 5 65

3 123 12-3 169 45 102 130 100 147 117""4 [ 3 8 - 4 8 3 7 - 7 78
Av 117 107

:
140 45 80 1 0 4 80 129 100' 3 ; 3 8 - 5 5 3 7 - 6 75

1 115 : 119 152 35 85 118 104 1 2 4 1 0 6 ' 2 3 8 - 6 8 3 7 - 9 67
4 2 140 i 125 147 41 98 117 105 132 113" 1 138-40 3 7 - 4 41

3 1148 ; 169 180 53 132 151 115 156 1 3 8 ' 0 13 9 - 1 2 3 8 - 3 80
Av 134 j  138 160 42 105 129 108 137 119" 1 138-73 3 7 - 9 63

1 137 i 137 182 27 124 145 ■ 98 131 122"-6 139-02 3 8 - 2 49
5 2 158 ; 162 1 6 4 34 118: 149 111 141 129" 6 138 -7 7 3 7 - 9 70

3 142 1 148 171 34 119 157 105 162 129" 8 138- 72 3 7 - 8 45
Av 146 149 172 32 120 ;150 i l 05 145 127" 3 1 3 8 - 8 4 3 8 - 0 55

1 159 1 168 171 16 1 2 3 :171
:
,133 119 1 3 2 ""5 | 3 9 ' 5 7 3 8 - 4 7 4  I

1 6 2 140 i  168 144 17 126 193 134 116 129" 8 I 3 9 - 1 8 3 8 - 4 81
i 3 145 1 169 171 16 129 1 7 4 146 140 1 3 6 ""2 [ 3 9 - 0 3 3 8 - 3 82
Î Av 148 1 168 162 16 1 2 6 :179 138 125 1 3 2 ' 8 1 39- 26 3 8 - 4 79 ;

1 104 ! 142 138 10 81: 147
:
: 92, 7 6 ; 98' 8 I3 9 - 8 O 3 8 - 8 , 89  1

7 2 129 1 159 151 12 93: 143 : 91| 84t 107'"8 ! 3 9 - 2 2 3 8 - 6 79
3 116 ; 161 148 ; 83; 115 : 8 7 : 109. 104""1 | 3 9 - 1 0 3 8 - 7 89  !
Av 116 i 1 5 4 146 12 i 8 6 :135

1
I 90! 90j 103""5 139-37 3 8 - 7 86  1
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APPENDIX IV 

The H u m i d i t y  R e l a t i o n s h i p s  o f  E x p i r e d  A i r

The f o l l o w i n g  a s s u m p t i o n s  and a p p r o x i m a t i o n s  a r e  m a d e ; -

1 .  That  i n s t a n t a n e o u s  m i x i n g  o f  g as  t a k e s  p l a c e  w i t h i n

t h e  mask.

2 .  That  t h e  v o l umes  o f  i n s p i r e d  and e x p i r e d  a i r  a r e  e q u a l .

5» That  t h e  i n s t a n t a n e o u s  r a t e  o f  gas  f l o w  i s  c o n s t a n t

t h r o u g h o u t  e a c h  i n s p i r a t i o n  and e a c h  e x p i r a t i o n  ( i . e .  * squ are  

wave* b r e a t h i n g ) .

D e f i n i t i o n s  ( s e e  F i g .  3 l ) : -

oi i  s t h e i n s t a n t a n e o u s  r a t e o f a i r  f l o w .

i  s t h e t i d a l  v o l u m e .

i s t h e v e n t i l a t e d  dead s p a c e o f  t h e  mask.

T i s t h e r e s p i r a t o r y  p e r i o d ( r e c i p r o c a l  o f  r e s p i r a t o r y

r a t e ) ♦

mj. i s  t h e  m o i s t u r e  c o n t e n t  o f  a i r  e n t e r i n g  t h e  mask t h r o u g h  

t h e  i n s p i r a t o r y  v a l v e  ( c o n s t a n t ) ,  

m̂  i s  t h e  mean m o i s t u r e  c o n t e n t  o f  a i r  l e a v i n g  t h e  mask

t h r o u g h  t h e  e x p i r a t o r y  v a l v e  ( i . e .  a f t e r  m i x i n g  i n  t h e

f l e x i b l e  t u b i n g ) .  

m3 i s  t h e  m o i s t u r e  c o n t e n t  o f  a i r  e x p i r e d  i n t o  t h e  mask 

b y  t h e  a n i m a l  ( c o n s t a n t ) ,

X i s  t h e  i n s t a n t a n e o u s  m o i s t u r e  c o n t e n t  o f  t h e  a i r  i n  t h e

mask.

X and X . a re  t h e  l i m i t i n g  v a l u e s  o f  x a t t a i n e d  a t  t h emax min
end o f  e a c h  e x p i r a t i o n  and i n s p i r a t i o n  r e s p e c t i v e l y ,

t  i s  t i m e  measured from t h e  b e g i n n i n g  o f  an i n s p i r a t i o n

o r  e x p i r a t i o n .
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t h e n

The b a s i c  e q u a t i o n s  a r e  s i m i l a r  t o  t h o s e  u s e d  t o  d e r i v e  

t h e o r e t i c a l  r a t e s  o f  n i t r o g e n  e l i m i n a t i o n  f rom two l u n g  

compartments  v e n t i l a t e d  i n  s e r i e s  ( R o b e r t s o n ,  S i r i  & J o n e s ,

1 9 5 0 ) .

For an e x p i r a t i o n ; -

( = 1Lïl_UE)     (1 )
g at ?d

/  T/ 2
o<xdt

“ o

For an i n s p i r a t i o n  : -

dx (mi -  x )

r  t / 2
oc x d t

->0

From ( 4 ) ,  -  l o g  “ x )  = oC t/V ^  + c o n s t a n t

The l i m i t i n g  c o n d i t i o n  i s  x  = x  a t  t  = o ,°  max

( 2 )

From ( 1 ) ,  -  l o g  ^(^3 “ x)  = << t / V ^  + c o n s t a n t

The v a l u e  o f  t h e  c o n s t a n t  can be f o u n d  b y  s u b s t i t u t i n g

t h e  l i m i t i n g  c o n d i t i o n ;  x = x  a t  t  = T / 2 , h e n c e :° max

X = ms -  (ms -  x ^ a x )

S u b s t i t u t i n g  t h i s  v a l u e  o f  x  i n  ( 2 ) and i n t e g r a t i n g :

m̂  = m3 + (m3 -  - - - - -  ( 3 )

( 4)

mi  + m3 -  m_ - - - - - - - - -  -  ( 5 )
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h en ce  x = m, + ( x  -  mi)  * max *

S u b s t i t u t i n g  t h i s  v a l u e  o f  x i n  ( 4 ) and i n t e g r a t i n g :  

m = ms

E l i m i n a t i n g  x f rom e q u a t i o n s  ( 3 ) and ( 6 )  g i v e s :max
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A q u a n t i t a t i v e  a n a l y s i s  h a s  b e e n  made o f  t h e  h e a t  l o s s e s  

f rom A y r s h i r e  c a l v e s  s u b j e c t e d  i n  c l i m a t i c  cham bers  t o  d i f f e r e n t  

e n v i r o n m e n t a l  c o n d i t i o n s *  The r e s u l t s  have  been  used  t o  compare 

t h e  r e l a t i v e  i n f l u e n c e  o f  t h e  p h y s i c a l  and p h y s i o l o g i c a l  

b a r r i e r s  t o  h e a t  f l o w .  By t h i s  means an  a t t e m p t  has  b e e n  made 

t o  a s s e s s  t h e  l i m i t s  o f  e f f e c t i v e n e s s  o f  t h e  v a r i o u s  p h y s i o l o g i c a l  

a d j u s t m e n t s  to  h e a t  s t r e s s .

Cutaneous  e v a p o r a t i o n  was m easured  b y  means o f  v e n t i l a t e d  

c a p s u l e s .  T h i s  method was c r i t i c a l l y  a n a l y s e d  and  a t e c h n i q u e  

was d e v e l o p e d  f o r  e l i m i n a t i n g  t h e  e f f e c t ,  due t o  t h e  p r e s e n c e  o f  

t h e  c a p s u l e ,  on t h e  r a t e  o f  c u t a n e o u s  e v a p o r a t i o n *  R e s p i r a t o r y  

e v a p o r a t i o n  and h e a t  p r o d u c t i o n  were e s t i m a t e d  by  means o f  an 

open c i r c u i t  mask method.  S im u l t a n e o u s  m easurem en ts  by  t h e  

c a p s u l e  and mask methods  were  u s e d  t o  a s s e s s  t h e  t o t a l  i n s e n s i b l e  

w e i g h t  l o s s ,  w h ich  was a l s o  e s t i m a t e d  by  d i r e c t  w e i g h i n g ,  t h e r e b y  

p r o v i d i n g  an i n d e p e n d e n t  chec k  on t h e  a c c u r a c y  o f  t h e  methods 

u s e d ,  N o n - e v a p o r a t i v e  h e a t  l o s s  was c a l c u l a t e d  b y  d i f f e r e n c e  

f rom  t h e  o t h e r  h e a t  exchange  measurements*

The h e a t  p r o d u c t i o n  o f  c a l v e s  was found  t o  be  u n i f o r m  o v e r  

t h e  a i r  t e m p e r a t u r e  r a n g e  15 t o  40°C e x c e p t  a t  c o n d i t i o n s  

com bin ing  h i g h  t e m p e r a t u r e  and h ig h  h u m i d i t y ,  where i t  was 

s l i g h t l y  e l e v a t e d .  The t h e r m a l  i n s u l a t i o n  o f  t h e  t i s s u e s  was 

fo u n d  t o  be  s m a l l  compared w i t h  t h a t  o f  t h e  s k i n - t o - a i r  b o u n d a r y  

e x c e p t  a t  low t e m p e r a t u r e s .  I t  was c o n c l u d e d  t h a t ,  a t  a i r  

t e m p e r a t u r e s  above 20®C, t h e  q u a n t i t y  o f  n o n - e v a p o r a t i v e  h e a t  

l o s s  f rom  c a t t l e  i s  n o t  a p p r e c i a b l y  i n f l u e n c e d  by  b l o o d  f low 

ch an g e s  and i s  p r i m a r i l y  d e t e r m i n e d  b y  t h e  c o a t  i n s u l a t i o n  and 

b y  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  e n v i r o n m e n t .  R e s p i r a t o r y  

e v a p o r a t i o n  c o n t r i b u t e d  o n l y  a s m a l l  p r o p o r t i o n  t o  t h e  t o t a l  

e v a p o r a t i v e  h e a t  l o s s  even  a t  t h e  h i g h e s t  a i r  t e m p e r a t u r e s



employed .  T h e re  was e v i d e n c e  t h a t ,  a t  a i r  t e m p e r a t u r e s  o f  

20®C and a b o v e ,  t h e  a i r  e x p i r e d  b y  t h e  a n i m a l s  was a lw a y s  90 t o  

100^ s a t u r a t e d  w i t h  m o i s t u r e  a t  body t e m p e r a t u r e .  The 

p r e s e n o e  o f  t h e  mask,  how ever ,  i s  b e l i e v e d  t o  have r educe d  

r e s p i r a t o r y  e v a p o r a t i v e  h e a t  l o s s  t o  n e a r l y  h a l f  o f  t h e  normal  

amount.  C u taneous  e v a p o r a t i o n  was th e  m a jo r  means o f  h e a t  

l o s s  u nde r  c o n d i t i o n s  o f  h e a t  s t r e s s .  I t  a p p e a r e d  t o  be 

q u a n t i t a t i v e l y  c o n t r o l l e d  b y  p h y s i o l o g i c a l  means so t h a t  i t  

t e n d e d  t o  a l e v e l  t h a t  made up t h e  d i f f e r e n c e  b e tw ee n  h e a t  

p r o d u c t i o n  and t h e  o t h e r  fo rm s  o f  h e a t  l o s s .  P h y s i o l o g i c a l  

c o n t r o l  was t h u s  e f f e c t i v e  i n  overcom ing  t h e  p h y s i c a l  l i m i t a t i o n  

o f  e v a p o r a t i o n  b y  t h e  e n v i r o n m e n t .  The p h y s i c a l  p r o p e r t i e s  

o f  t h e  e n v i ro n m e n t  a p p e a re d  t o  e x e r t  d i r e c t  i n f l u e n c e  on t h e  

r a t e  o f  c u t a n e o u s  e v a p o r a t i o n  f rom t h e  a n im a l  as  a whole o n ly  

u n d e r  ex t re m e  c o n d i t i o n s  o r  d u r i n g  i n i t i a l  a d j u s t m e n t s  t o  sudden 

changes  i n  e n v i r o n m e n t a l  c o n d i t i o n s *

The r e g i o n a l  d i s t r i b u t i o n  o f  c u t a n e o u s  e v a p o r a t i o n  f rom 

A y r s h i r e  c a l v e s  s u b j e c t e d  t o  h e a t  s t r e s s  was found  t o  b e  i n  

b r o a d  ag reem en t  w i t h  r e s u l t s  p r e v i o u s l y  r e p o r t e d  f o r  d i f f e r e n t  

b r e e d s  b y  o t h e r  w o rk e r s*  Cutaneous  e v a p o r a t i o n  was found  t o  

i n c r e a s e  and r e s p i r a t o r y  r a t e  t o  d e c r e a s e  f rom c a l v e s  s u b j e c t e d  

t o  h e a t  s t r e s s  a s  t h e y  aged  from 10 t o  34 w eeks .  T h i s  was 

p a r t i a l l y  a t t r i b u t e d  t o  a  d e v e l o p i n g  c a p a c i t y  f o r  c u t a n e o u s  

e v a p o r a t i o n .  The r e s u l t s ,  how ever ,  d i d  n o t  o f  t h e m s e l v e s  

d i s t i n g u i s h  a s  t o  w h e t h e r  t h e s e  o b s e r v e d  changes  were  a t t r i b u t a b l e  

t o  i n c r e a s i n g  age a l o n e  o r  w h e t h e r  s e a s o n a l  e f f e c t s  were a l s o  

i n v o l v e d .

The r e s u l t s  have  been  d i s c u s s e d  i n  r e l a t i o n  t o  t h e  

im p o r t a n c e  o f  c u t a n e o u s  e v a p o r a t i o n  a s  a d e t e r m i n a n t  o f  h e a t  

t o l e r a n c e ,  th e  f u n c t i o n a l  a b i l i t y  o f  b o v i n e  sweat  g l a n d s  and t h e  

p o s s i b l e  s i t e s  o f  t h e  t h e r m a l  r e c e p t o r s  t h a t  p ro v id e  a f f e r e n t  

s t i m u l u s  f o r  t h e  p h y s i o l o g i c a l  c o n t r o l  o f  c u t a n e o u s  e v a p o r a t i o n .


