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i i i  

ABSTRACT 

I n  the d e s i g n  of  d i v i n g  e q u i p m s n t ,  o n e  o f  t h e  m o s t  

i m p o r t a n t  c o n s i d e r a t i o n s  i s  t h e  u n d e r w a t e r  b r + a t h i n g  

a p p a r a t u s ,  T h e  need  t o r  r o v i s i o n  o f  t h e  e x i s t i n g  o p e r a t i n g  

s t a n d a r d s  o f  b r e a t h i n g  resistants f o r  t h i s  a p p a r a t u s  is a 

t o p i c  u c d e r  c u r r e n t  d i s c u s s i o n .  Oce s u g g e s t & ,  b u t  n o t  

e s t a b l i s  hea s t a n d a r d  f o r  r e s p i r a t o r y  d e v i c t s  recommended  t h a t  

t h e  r 3 t i o  b e t w e e n  work  o f  ~ r e a t h i n g  i o r  t h e  a p p a r a t u s  

(kg.  m,/min. ) ar,d minute v o l u m e  { l i t e r s / m i n .  f s h o u l d  r i o t  

e x c e e d  o n e - e i g h t h .  

H a a s u r e m e n t  o f  t h e  work of b r e a t h i n g  f o r  u n d e r w a t z r  

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

e v a l u a t i o n  of a p p a r a t u s  p e r f o r m a n c t  i n  teras of 

p h y s i o l o g i c a l l y  a c c e p t a b l e  r e s p i r a t o r y  u o r k  rates.  T ~ P  

p u r p o s e  o f  s u c h  measurement is  t o  e s t a ~ l i s h  r e v i s e d  limits 

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

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

T h e  v e n t i l a t c r y  power  r e q u i r e m e n t s  of two opsr ,  c i r c u i t  

demand u n d e r w a t e r  b r e a t h i n q  a p p a r a t u s  Mere c a l c u l a t 2 d  u s i n q  

s t e a d y  s t a t e  flow a e a s u r e m e n t s  and  d y n a m i c  r e s p i r a t o r y  

s i m u l a t i o n s  a t  1 a t m o s p h e r e .  I n  c a l c u l a t i n q  t h e  u o r k  o f  

b r e a t h i n g ,  flow ra t e s  were s i n u s o i d a l  a n d  i n  t h e  

p h y s i o l o g L c a 1  r a n g e  of up t o  3 l i t ~ r s  t i d a i  v o l u m e  a n d  

30 c y c l e s / m i n .  r e s p i r a t o r y  f r e q u e n c y .  D y m m i c  r e s i s t i v e  



work o f  b r e a t h i n g  a t t a i n e d  v a l u e s  a s  h i g h  3s 18.56 kq.m./[nin. 

a t  9 5 . 9  f i t e r s / m i n .  v e n t i l a t i o n  f o r  a i n o u t h - h e l d  d e m a n d  

r e g u l a t o r ,  A b a c k - m o u n t e d  d e m a n d  r e g u l a t o r  a t t a i n e d  v a l u e s  . 
a s  h i g h  a s  20 .22  kg. m./min. a t  80.1  l i t a r s / m i n .  d y n a m i c  

v e n t i l a t i o n .  

A p p r o x i m a t i o n s  o f  t h e  s t e a d y - s t a t e  w o r k  of b r e a t h i n g  

c o n s i s t e n t l y  underestimated t h e  v e n t i l a t o r y  r a q u i r a m z n t s  o f  

t h e  b r e a t h i n g  a p p a r a t u s ,  a p p a r e n t l y  a s  a r e s u l t  of h y s t e r 5 s i s  

l o s se s  a n d  e x h a u s t  b u b b l e  f o r m a t i o n  i n  t h e  a p p a r a t u s .  

S t e a d y - s t a t e  flow t e s t i n g  was t h u s  f o u n d  i n v a l i d  a s  a weans 

o f  e v a l u a t i n g  t h e  w o r k  o f  b r e a t h i n g  i n  u n d e r w a t e r  b r e a t h i n g  

a p p a r a t u s .  

T h e  d i f f s r e n c e  i n  h y d r o s t a t i c  pressure betwean +hz 

d i v 9 r q s  l u n g  c s c t r o i d  a n d  t h e  d e m a n d  r e g u l a t o r  d i a p h r a g m  of 

h i s  o p e n  c i r c u i t  b r e a t h i n g  zquipment (i ,e. ,  t h e  a m b i ~ n t  

r e s p i r a t o r y  p r e s s u r e )  was a l s o  r s s a s u r e d  f o r  t e n  d i v e r s .  

T h i s  was d o n e  a t  s e v e r a l  s w i m m i n g  o r i z c t a t i o n s  a n d  i n  a 

w o r k i n g  p o s i t i c n  u s i c g  b o t h  m o u t h - h e l d  a n d  b a c k - m o u n t e d  

d e m a n d  r e g u l a t o r s .  f l e a n  v a l u e s  of hydrostatic p r e s s u r e  i n  

s w i m m i n g  were f c u n d  t o  be o f  thz form 40.0 s i n  ( a - 1 4 . 5  ) + 4 . 3  

cm. H 0 w i t h  a m o u t h - h e l d  r e g u l a t o r  a n d  27.9 s i n ( a + 3 3 . 8  ) 

+ 2.9  cm. H 0 w i t h  a b a c k - m o u n t e d  r s g u l a t o r ,  w n a r s  "3" 

r z p r e s e n t s  the o r i e n t a t i o n  of the d i v e r  w i t h  r e s p e c t  t o  t h e  

h o r i z o n t a l ,  (-90. <a<90. ) I n  t h *  u p r i g k t  w o r k i n g  p o s i t i o n  



thz B e a n  v a l u e s  of h y d r o s t a  tic p r e s s u r e  dlf f c? r2nce  w+r" 

24.1 + 3 . 7  ca.  H 0 w i t h  a m o u t h - h e l d  r e g u l d t o r  and 

24.7 + 2 . 6  cm. H 0 w i t h  a b a c k - n o u n t s d  r e g u l a f o r ,  . 
This d a t a  was u s e d  t o  d e t e r m i n e  the e f f e c t  of h y d r o s t a t i c  

p r e s s u r e  imbalance or, t h e  i n s p i r a t o r y  a n d  e x p i r a t o r y  

c o i n p m F n t s  o f  t h e  t o t a l  work of b r e a t h i n g .  R e s u l t s  

indicatz t h a t  i n  t h e  w o r s t  cases, h y d r o s t a t i c  pressure 

i m b a l a n c e  may c a u s e  a two  t o  f o u r  f o l d  i n c r e a s e  i n  

i n s p i r a t o r y  o r  e x p i r a t o r y  work. 

Ths r e s u l t s  o f  t h i s  s t u d y  s u p p o r t  t h o s e  of  c t h s r  

i n v e s t i g a t i o n s ,  t h a t  even a t  1 a t m o s p h e r e  some u n d e r w a t e r  

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

r e s p i r a t o r y  p o w e r  r e q u i r e m e n t s  a t  v e n t i l a t o r y  r a  t$s 

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



A p p r e c i a t i o n  i s  e x t e n d e d  t o  D r .  J. 8. Morr i son ,  S e n i o r  

S u p e r v i s o r ,  f o r  h i s  a d v i c e  acd s u p p o r t  d u r i n g  t h e  c o u r s e  of 

this s t u d y .  C h r i s  D e w h u r s t  a n d  J e r r y  B a r e n h o l t z  p r o v i d e d  t h e  

A n a l o g / D i g i t a l  Programmir,g, T h a n k s  a l s o  go t o  t h e  s u b  jfc ts 

who v o l u n t e e r e d  t h e i r  p a r t i c i p a t i ~ n  i n  t h e  h y d r o s t a t i c  

p r e s s u r z  i ~ b a l a n c e  i n v e s t i g a t i o n .  
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(kg .  m./mir..) , a s  a f u n c t i o n  o f  
v ~ r t i l a t i c n ,  ( l i t e r s / i n i n , )  , f ~ r  
P o s e i d c n  m o u t h - h e l d  o p z n  c i r c u i t  
u n d e r w a t e r  b r e a t h i c g  a p p a r a t u s .  
Dynamic  t e s t i n g  o f  a p p a r a t u s  n m a e r s e d  
iri  w a t e r .  Haximum a n d  r e c o n m e n d e d  
s t a n d a r d s  by C o o p e r ,  ( 1 3 6 0 a ) ,  a r e  a l s o  
shown.  

F i g u r e  22 R e s i s t i v e  work cf b r s a t h i n g ,  7 1  
(kg ,  m./min.) , a s  a f u n c t i o n  o f  
v e c t i l a t i o n ,  ( l i t e r s / m i n . )  , f o r  
T r i e s t e  I1 b a c k - m o u n t e d  o p e n  c i r c u i t  
u n d e r w a t e r  b r + a t h i n g  a p p a r a t u s .  
Dynamic  t e s t i n g  o f  a p p a r a t u s  ~ r n r n 2 r s s d  
i n  water. Maximum a n d  recommended 
s t a n d a r d s  by C o o p e r ,  (1950a), a r e  a l s o  
shown.  

P i g u r . 3  2 3  P o s e i d o n  i n s p i r a t o r y  a n d  e x p i r a t o r y  73 
r e s i s t i v e  work o f  b r e a t h i n g ,  
(kg,rn./min.),  a s  a f u n c t i o n  o f  
v e n t i l a t i o n ,  (1i t e r s / m i n . )  Dyiiamic 
t e s t i n g  of a p p a r a t u s  i m m e r s e d  i n  
w a t e r .  

F i g u r e  24  T r i t s t e  I1 i n s p i r a t o r y  and e x p i r a t o r y  73 
r e s i s t i v t  work of b r z a t h i n l ~ ,  
( k g , a . / m i n , ) ,  a s  a f u n c t i o n  o f  
vefi t i l a t i o n ,  ( l i t e r s / m i n . )  Dyuamic 
t e s t i n g  of a p p a r a t u s  i m m e r s e d  i n  
w a t e r .  

F i g u r e  2 5  V a r i a t i o n  i n  v e r t i c a l  d i s t a n c a  b e t  ween 76 
l u n g  c e n t r o i d  a n d  deinand v a l v e ,  (cut,), 
a s  a f u n c t i o n  cf d i v e r  o r i e n t a t i o n  
w i t h  r e s p e c t  t o  t h e  h o r i z o n t a l  f o r  
m o u t h - h e l d  demand r e g u l a t o r .  

F i g u r e  26 V a r i a t i o n  i n  v e r t l c d  d i s t a n c z  b e t i e e n  78 
l u n g  c e n t r o i d  arid demand v a l v e ,  (cm.), 
a s  a f u n c t i o n  of d i v z r  o r i a n t a t i o n  
w i t h  r e s p e c t  t o  t h e  h o r i z o n t a i  f o r  
b a c k - m o u n t e d  demand r e g u l a t o r .  



F i g u r n  2 7  The i c s p i r a t o r y  w r k  p s r c e n t a g a  95 
o f  t h e  t o t a l  w c r k  of b r ' a t h i n q  a s  a 
f u n c t i o n  of d i v 3 r  o r i 2 n t a t i o n  w i t h  
r ~ s p e c t  t o  t h ?  h o r i z o n t s l .  B a s e d  o n  
1 ATA d y n a m i c  t e s t i n g  of a m o u t h - h e l d  
o p e n  c i r c u i t  r e g u l a t o r  i m m e r s e d  i n  
water. 

F i g u r 3  2 8  T h e  F c s p l r a t ~ r y  work  p t r c e n t 3 g e  8 5 
o f  t h e  t o t a l  work of b r e a t h i n g  a s  a 
f u n c t i o n  of d i v e r  o r i e n  t a t i ~ n  w i t h  
r e s p e c t  t o  t h s  h o r i z o n t 3 1 .  B a s e d  o n  
1 ATA d y n a m i c  t s s t i n g  o f  a h a c k - m o u n t e d  
o p e n  c i r c u i t  r e g u l a t o r  i m t a l r s z d  i n  
water.  

F i g u r e  2 9  X n s p i r a t o r y  a n d  e x p i r a t o r y  w o r k  87 
e x p r e s s e d  a s  a p e r c e n t a g e  of t h e  t o t a l  
w o r k  of S r e a t h i c y .  T h e  f i g u r e  s h o w s  
w o r k  b o t h  w i t h  a n d  w i t h o u t  h y d r o s t a t i c  
i m b a l a n c e .  B a s e d  o n  1 A T A  d y c a n i c  
t e s t i n g  o f  a a o u t h - h e l d  o p e n  c i r c u i t  
r e g u l a t o r  a t  75.6 l i t t r s / m i n .  
v e n t i l a t i o n  immersed i n  watsr, 

F i g u r e  30  I n s p i r a t c r y  a n d  e x p i r a t o r y  w ~ r k  89 
e x p r e s s e d  a s  a p e r c e c t a g e  of  t h ~  t o t a l  
work  o f  b r e a t h i n g .  The f i g u r e  s h o w s  
w o r k  b o t h  w i t h  a n d  w l t h o u t  h y d r ~ s t a t i c  
imbalance. Based o n  1 ATA d y n a m i c  
t e s t i n g  3f a b a c k - m o u n t e d  ~ p o n  c i r c u i t  
r e g u l a t o r  a t  80.1 l i t o r s / m i n .  
v e a t i l a t i c n  i r o m ~ r s e d  i n  water. 



x i i  

A ~ p " n d i x  A C c m p u t s r  P r o g r a m  f a r  3+sistlv, 
W c r k / S t a t i c  T e s t s  

A p p 3 n d i x  B C o m p u t e r  P r o g r a m  f o r  Resistiva 
Work/Uyf idmic  T z s t s  

A p p e n d i x  C ily c i r o s t d t i c  P r e s s u r e  I m u a i a n c e  11 5 
S u b j e c t  Data 

A p p e n d i x  i) S t e a d y  S t a t ?  ~st imlt ims o f  tn-. k'ork 1 1 7  
of B r e a t n i n g  f o r  S i n g l e  Hosd a n d  
Two Hose R e g u l a t o r s  

App.=ndLx E P o s e i d o n  S i n g l e  HOSE! Dynamic r i o rk  o f  1 2 0  
B r e a t h i n g  C a l c u l a t i o n s  

A p p e c d i x  F Trirsae LI Twc Hosz D y r a m i c  V o r ~  3 f  1 2 7  
b r a a t h l r , g  C a l c u l a t i o n s  



The a b i l i t y  o f  man t o  n o t  o n l y  s u r v i v s ,  b u t  a l s o  t o  

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

i m p o r t a n t  t o  s c i e n t i f i c ,  m i l i t a r y ,  arid e c o c o m i c  I n t e r a s t s .  

For t h e  w o r k i n g  d i v e r ,  b o t t o m  tirn?, p r e s s u r e ,  

t h e r m a l - b a l a n c e ,  m o b i l i t y ,  and e q u i p m e n t  a l l  r e p r e s e n t  

p h y s i ~ l o g i c a l  c h a l l e n g e s  w h o s e  c o n s i d e r a t i o n  b e c o m e s  mor2 a n d  

more  i m p o r t a n t  a s  h i s  t a s k  r e q u i r e m e n t s  i n c r e a s e ,  An 

u n d e r s t a n d i n g  of t h e  r e l a t i o n s h i p  betweec t h e s e  c o n d i t i o n s  

a n d  t h e  d i v e r  i s  n e c e s s a r y  f o r  i n c r e a s e d  u n d a r w a t e r  work 

c a p a c i t y .  A d d i t i o n a l  i n f o r i a a t i o n  on  e n e r g y  e x p e n d i t u r e s  o f  

d i v e r s  i s  n e e d e d ,  E r g o n o m e t r i c  t es t s  w h i c h  r e p r o d u c e  r e a l  

c o n d i t i o n s  m u s t  t h e r e f o r e  b e  d e v i s e d ,  ( B r a d l e y ,  1973.) 

I n  t h e  d e s i g n  o f  t h e  m a n / ~ a c h i n e  s y s t e ~ ,  t h e  mos t  

c r i t i c a l  o f  the d i v e r ' s  e q u i p m e n t  i s  the u n d 3 r w a t e r  b r e 3 t h i n g  

a p p a r a t u s ,  (UBA) . A t  p r e s s n t ,  h o w e v e r ,  t h e  o n l y  b r e a t h i n g  

r e s i s t a n c e  s t a n d a r d s  i n  o p 4 r a t i o n  for UBA  a r e  U.S, Navy p e a k  

i n h a l a t i o n  a n d  e x h a l a t i o c  p r e s s u r e  l i m i t s  f3r o p e n  c i r c u i t  

s c u b a  (Reimers, 1973) . T h s  p o t e n t i a l  i m p o r t a n c e  o f  s i m u l a t o r  

m 3 a s u r e i a e n t  of U B A  r e s i s t a n c e  a s  d o n e  i n  t h i s  i n v e s t i g a t i o n  

i s  i n  p r o v i d i n g  a means f o r  t h ~  a s s e s s m e n t  3f e x i s t i n g  u n i t s  



on I p h y s i o l o g i c a l  b a s i s  w i t h  p o s s i b i e  i n c o r p ~ r a t i o n  i n t o  two 

l o n g  term aims: 

1. I n c r e a s e d  d i v e r  p e r f o r m a n c e  t h r ~  ugh  m i n r m i z a t i o n  ~f the 

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

2. E s t a b l i s h m e n t  of s t a n d a r d s  of aax i iuum a l l o w a b l e  UBA 

r e s i s t a n c e .  

F i n a l l y ,  a n  i n c r e a s e  i n  qeneral  d i v e r  c o m f o r t  will 

f a v o r a b l y  a f f e c t  the e f f i c i e n c y  of t h e  d i v e r  a n d  t h u s  h a v e  a 

d i r a c t  bearing oc s a f e t y  i n  u n d e r w a t e r  operations. 



Z E L A T E D  LITERATUitE  

PART I. RECENT D I V I N G  P R A C T I C E  

I r  o r d e r  t o  p r o l o n g  a d i v e r ' s  s t a y  u n d e r w a t e r ,  he  must  

59 s t l p p f i e d  with a b r e a t h a b l e  g a s  m i x t u r e .  T h i s  c a n  b e  

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

the s u r f a c e  v i a  h o s e ,  a s  w i t h  h e l m e t  d i v i n g ,  b u t  t h i s  h a s  t h e  

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

t h e  h o s e  f o u l i n g  o n  o b s t r u c t i o n s .  A s e c o n d  m e t h o d ,  wh ich  

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

known a s  s e l f - c o n t a i n e d  u n d e r w a t a r  b r e a t h i n g  a p p a r a t u s ,  

( s c u b a ) ,  may b e  o n e  of t h r e e  t y p e s .  O p p r  c i r c u i t  s c u b a  

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

g a s  is e x h a u s t e d  i n t o  t h e  water. T h e  s e m i - c l o s e d  c i r c u i t  

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

c y l i n d e r s  t o  a c o l l a p s i b l e  b r e a t h i n g  bag .  Exhafed g a s  p 3 s s e s  

t h r o u g h  a c a r b o n  d i o x i d e  s c r u b b a r  3nd r e t u r n s  t o  t h e  

b r e a t h i n g  b a g  fo r  r e u s e .  A p u r g e  v a l v e  p e r m i t s  e x c e s s  g a s  t o  

e s c a p e  f r o a  t h e  bag  t o  p r e v e n t  o v e r p r e s s u r e .  T h e  c i o s e i r  

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

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

o v e r p r e s s u r e  p u r g e  by w e a s u r i n g  t h e  e x a c t  a m o u n t  of o x y g s n  

r e q u i r e d  f o r  make-up. W h i l e  e x t e n d i n g  d i v e  time f o r  a g i v e n  

amoun t  ?f g a s  m i x t u r e ,  t h i s  r e q u i r e s  r e l i a b l e  o x y g e n  s e n s o r s  

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



P A R T  11. PACTOES IN D I V E B  R E S P I R A T I O N  

a a n  's f u n c t i o n a l  c a p a c i t y  i n  t h?  h y p e r b s r i c  e n v i r o n m e n t  

i s  limited by h i s  r j s p i r a t o r y  s y s t e m  a r d  s u p p p o r t i n g  

e q u i p r a e n t .  The a mount o f  ~ h y s i c a i  u o r K  ~ x p e n ~ i t u r e ,  t h e  

b r e a t h i n g  g a s  d e n s i t y ,  n n d  t h e  mechacica l  r + s i s t a n c e  i m p o s e d  

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

t h e  d i v e r  mus t  be  a b l e  t o  s u s t a i n .  I n a d e q u a t e  l u n g  

v e n t i l a t i o n  r e s u l t i n g  f roin t h e  i n a b i l i t y  t:, t 3 l e r a t e  s u c h  

i n c r e a s e d  l o a d s  l e a d s  t o  ~ l e v a t e d  a l v e o l a r  C02 a n d  t h u s  

a r t e r i a l  C 0 2  d i s t u b a n c e s ,  ( ~ a n p h i a r ,  1969: and  C r a i g ,  e t  .al., 

1970.) 

Human s i m u l a t o r  t z s t i n g  B e a s u r e s  "the c r i t i c a l  

p e r f o r r n a n c ~  c h a r a c t s r i s t i c s  ~f a  p i e c e  o f  e q u i p m e n t  D v e r  i t s  

e n t i r e  i n t e n d e d  o p e r a t i o n a l   envelop^,^ (Reirners, 1973.) U B A  

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

r e s p i r a t i o n ,  p a r t i c u l a r l y  v e n t i l a t i o n  rate,  { V E )  , a n d  t i d a l  

vo lumo ,  (VT), c o l l e c t e d  u n d e r  f i e l d  c o n d i t i s n s  f o r  

c o n s t r u c t i v e  e v a l u a t i o n .  

A .  WORK OF B R E A T H I N G  

f h a  l a r g e  v e n t i l a t i o n  r e q u i r e d  t o  ~ a e t  t h e  metabol i : :  

d+m3nds o f  h e a v y  e x e r c i s s  r e s u l t  i n  a c 3 n s i d e r a b l 2  i n c r e a s e  



i n  th? work c;f b r e a t h i n g .  The t o t a l  p h y s i c a l  work of 

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

r e s i s t a n c e ,  by r e s t i n g  s u b j e c t s  a t  1 ATA is  a p p r o x i r n 3 t e l y  0 - 3  

kq.m./min., { H c I l r o y ,  e t , a f . ,  1954: O t i s ,  1954: a n d  

H o d s t r a n d ,  1969. )  

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

w i t h  v a r i a t i o n s  i n  v e n t i l a t i o n  are n o t  c o m p l e t e l y  c l ea r ,  but 

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

ventilation and i s  s e n s i t i v e  t o  e x t e r n a l  r e s i s t a n c e s ,  

( H c I l r 3 y ,  e t . s l . ,  1 9 5 4  E 1956:  a n d  C r 3 s f i l l  E W i d d i c o r ~ b e ,  

1 9 6 1  .) O t i s ,  ( 19%)  , s u g g e s t e d  t h a t  f r e q u z n c y  was a d j u s t e d  

t o  n i n i m i z ~  t h e  work  of b r e a t h i n g ,  w h i l e  f lead ,  ( l 9 6 3 ) ,  p u t  

f o r t h  l e a s t  a v e r a g e  m u s c l e  f o r c e  a s  t h e  d e t e r m i n i n q  f a c t 3 r  

f o r  b r e a t h i n g  r a te .  Hey, e t , a l , ,  ( 1 9 6 ~ ) ~  fou r id  a l i n e a r  

r + l a t i o c s h i p  b e t w e e n  VE a n d  VT up  t o  a  VT o f  a b o u t  h a l f  v i t a l  

c a p a c i t y .  F u r t h e r  i n c r e a s e s  i n  VE w+re a  r e s u l t  o f  i n c r e a s e d  

r e s p i r a t o r y  f r e q u e n c y  w h i l e  VT r $ m a i n e d  c o n s t a n t ,  T h i s  

" b r e a k  p o i n t "  v a r i a t i o n  i n  VT h a s  b e t n  r e p o r t e d  by o t h e r  

i n v s s t i g a t o r s  d u r i n g  u n d e r w a t e r  s w i m m i ~ i g  t r i a l s  a n d  

h y p e r b a r i c  c h a m b e r  t e s t s  t o  4 ATA, ( B r a d n e r ,  1953: a n d  

M o r r i s o n ,  et , a l , ,  1 9 7 6 , )  T i d a l  v o l u a e ,  ( l i t e r s ) ,  i s  p l o t t e d  

a s  a  f u n c t i o n  of v e n t i l a t i o n ,  ( l i t e r s / m i n . ) ,  i n  F i g u r e  1 f r o m  

Holmgrcn ,  e t . a l . ,  ( 1 9 7 3 ) :  a n d  f l o r r i s o n ,  ~ t , a l . ,  ( 1 9 7 6 , )  



F i g u r e  1 Ventilation, (litsrs/mi,?.) , as a 
fucction of tidal voluma, (_Titars),  at 
1 a n d  4 ATA b r e a t h i n g  air, From 
Holrngren, e t . a l , ,  (1973). and 
& o r r i s o n ,  et.al., (1976.) 



I HULtlGREN: 1 R T R  

HORRI SON: 

HORRI SON: 

TIDAL VOLUME VS. VENTILATION 



E l e v a t e d  c n d  t i d a l  c02 acd m a r k e d  s l o w e r  a n d  d e e p e r  

b r e a t h i n g  w i t h  l o n g  p o s t - i n s p i  ra t o r  y p a u s e s  h a s  been n o t e d  i n  

t r a i n e d  u n d e r w a t e r  s v i m m 2 r s  when c o m p a r e d  t o  s e d e n t a r y  a n d  

a t h l s t i c  n o n - d i v e r s ,  ( G o f f ,  E B a r t l s t t ,  1957:  R o r r i s o n  G 

F l o r i o ,  1971:  a n d  L a l l y ,  a t . a l . ,  1 9 7 4 . )  T h i s  h a s  b e e n  

s u g g e s t e d  a s  b e i n g  p a r t i a l l y  t h e  r 2 s u l t  o f  a s i g n i f i c a n t l y  

l o w e r  o x y g e n  v ~ n t i l a t i o c  s q u i v a l e n t ,  ( t h e  r a t i o  of 

v e n t i l a t i o n  t o  o x y g e n  c o n s u m p t i o n ) ,  i n  t r a i n e d  s u b j e c t s ,  

{Gof f G B a r t l a t t ,  1957.) No s p e c i f i c  a d v a n t a g e  h a s  b e e n  f o u n d  

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

" s k i p - b r e a t  h ing , I f  s o m e t i m e s  p e r f o r m e d  b y  d i v e r s ,  { D a i g l o ,  

1 9 7 5 . )  

P h y s i o l o g i c a l  d e a d  s p z i c ~ ,  t h e  v o l u m e  of i n s p i r a t o r y  a i r  

r a m a l n i n g  unmixed  i n  ths a i r w a y s  a n d  a l v m l i ,  h a s  b e + n  f o u n d  

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

a s  a r e s u l t  o f  l a r g e r  t i d a l  v o l u m a s ,  (Asmussen  & N i e l s o n ,  

1956: H e d e n s t i e m a ,  1972: a n d  s i d o r e n k o ,  1972.)  D u r i n g  

max ima l  e x p i r a t o r y  e f f o r t  a i r w a y  r e s i s t a n c z  a l s o  i n c r e a s e s  

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

e l a s t i c i t y ,  f r i c t i o n a l  p r e s s u r e  l o s s e s ,  a n d  B e r n o u l l i  effect, 

(Cler t len t ,  e t . a l , ,  1974: a n d  Zaaef, pt .al . ,  1 9 7 4 , )  T h u s ,  

b e y o n d  a  c e r t a i n  p o i n t  f l o w  b e c o m ~ s  e f f o r t - i n d e p e n d e n  t a n d  

a d d i t i o n a l  e x p i r a t o r y  e f f o r t  d o e s  n o t  i n c r e a s e  e x p i r a t o r y  

f l o w ,  [Hiller, et, a l . ,  1 9 7 1  .) 



T h e  b r e a t h i n g  c o ~ p o n + n t  of u n d z r w a t e r  work, t h e  

v m t i l a t o r y  power r e q u i r e m e n t ,  i s  c o a m ~ n l y  naeasurzd i n  

kg.m,/min. T h e  two  c o m p o n e n t s  o f  t h i s  e f f o r t  r e s u l t  f rom 

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

?. " c m p u t e r  m ~ n i t o r i n g  of t n e  m ~ c h a n i c s  o f  b r e a t n i n g ,  

i n c l u d i n g  t i d a l  volume,  r e s p i r a t o r y  f r e q u e n c y ,  a n d  v o r k  of 

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

f a c i l i t a t e  t h e  a n a l y s i s  o f  p u l m o n a r y  f u n c t i o n ,  { F l e t c h e r ,  

e t . a l . ,  1966: am3 L e w i s ,  e t . a l ,  , 1966.)  I n s p i r a t o r y  a n d  

e x p i r a t o r y  p h a s e s  were s e p a r a t e d  a t  p o i n t s  o f  z e r o  f l o w .  

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

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

work. 

R e  PHYSICAL HORK L O A D  

One of s e v e r a l  f a c t o r s  a f f e c t i n g  d i v e r  r e s p i r a t i o n ,  a n d  

t h u s  UBA d e s i g n  c o n s i d e r a t i o n s  f o r  b r e a t h i o j  gas  d e l i v e r y ,  is  

t h e  amount  of work e x e r t e d  by t h *  d i v e r .  ~ e s p i r a t o r y  r a t e ,  

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

v o r k  r a t e ,  ( S i l v e r m a n ,  e t . a l . ,  1951 .) D i v e r s  w e a r i n g  l e a d  

s o l 2 d  s h o e s  a r e  u s u a l l y  u n a b l e  t o  reach h i g h  l e v e l s  o f  oxygen  

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

a p p r o x i ~ a t e l y  2 l i t e r s / n i n u t e  h s v e  been  r e p o r t e d ,  b e c a u s e  of 



t h e  r 2 l s t i v e l y  p a s s i v e  r o i ~  p l a y e d  by h i s  l e g s ,  (Donald  Z 

D a v i d s o n ,  1954  .) The oxygen  u p t a k e  o f  * f i n n e d t  u n d e r w a t e r  

swimmers, however ,  a t t a i n s  v a l u e s  of 2.5 t o  3.0 l i t e r s / m i n . ,  

a n d  is r e p r e s e n t a t i v e  of l e v l f s  f o r  o t h e r  a t h l e t i c  

a c t i v i t i e s ,  (Donald  F; D a v i 8 s o n ,  1954:  C a r r o l l ,  1970: and 

Morr ison,  1 9 7 3 , )  

W h i l e  p h y s i c a l  work l o a d  a l o n e  is s i g n i f i c a n t  i n  

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

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

f o l l o w i n g  s e c t i o n s  a r e  p r a s e n t  i n  i n c r e a s i n g  3 m o u n t s  w i t h  

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

C. GAS D E N S I T Y  

H i t  h i ~ c r e a s e d  b a r o n e t  ric p r e s s u r e  r e s p i r a t i o n  a t  r3st 

becom2s s l o w e r  a n d  d e e p e r ,  p r o b a b l y  an  a d a p t a t i o n  t o  m i n i m i z e  

t h e  i n c r e a s i n g  work of b r e 3 t h i n y  d e n s e  gas. D e c r e a s e s  i n  

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

work l o a d  a n d  m a x i ~ u m  v o l u n t a r y  v a n t i l a t i o n  h a v e  b e e n  

r e p o r t e d  by s e v e r s 1  i n v e s t i g a t o r s ,  (Hesser E Holregren, 1959:  

H a i ~  & Parhi, 1967: Hesser, e t . a l . ,  1968: B r a d l e y ,  steal,, 

1971: R o r r i s o n  & F l o r i o ,  1971: a n d  S c h a e f e r ,  e t . a f , ,  1971 .) 

D e c r e a s i n g  r e s p i r a t o r y  rates d u r i n g  rest  a n d  a o d e r a t e  

e x e r c i s b  w i t h  i n c r e a s i n g  p r e s s u r e  were a l s o  f o u n d ,  ( H e s s e r  E 



Holmgron, 1 9 5 9 :  R u s s ~ l l ,  1971:  a n d  Harrison, e t . a l . ,  1 3 7 6  .) 

F i g u r e  1  i l l u s t r a  tes thci i ~ c r e a s e d  t i d a l  volunaa, ( d e c r e a s e d  

r l s p i r a t o r y  r a t e ) ,  f o r  a  g i v e n  v e n t i l a t i o n  a t  4 A P A  c o m p a r e d  

to 1 ATA,  ( M o r r i s o n ,  3 t . a i . ,  1976 . )  I n  t r a i n z d  s u r f a c e  

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

and d e c r e a s e d  swimming  times wer* r epo r t ed  w i t h  c x y - h e l i u m  

b r e a t h i n g ,  { d e c r e a s e d  g a s  d e n s i t y ) ,  co rapa red  w i t h  

o x y - n i t r o g e n  o r  o x y - a r g o n  m i x t u r e s  d u r i n g  m a x i m a l  

p e r f o r m a n c e ,  (Keb ka l o  E P o n o m a r e  v, 1971.  ) 

F o r  g a s  d e n s i t i e s  l e s s  t h a n  s i x ,  r e l a t i v e  t o  a i r  a t  1 

A T A ,  a a x i a u m  i n s p i r a t o r y  a n d  e x p i r a t o r y  flow b o t h  v a r y  

i n v e r s e l y  w i t h  a p p r o x i n a t e l y  t h e  square r o 3 t  o f  g a s  d e n s i t y ,  

p r i r t l a r i l y  d u e  t o  t u r b u l e n t  flow i n  t h e  a i r w a y s ,  [Buhlmann,  

1963:  a n d  Wood G B r y a n ,  1971 . )  I n c r e a s e d  a i r w a y  r e s i s t a n c e  

a n d  r e d u c e d  maximum b r e a t h i n g  c a p a c i t y  a r e  a l s o  e f fec ts  of 

h i g h  p r e s s u r s  c a u s z d  by t h e  i n c r e a s z d  d e n s i t y  of t h e  

b r e a t h i n g  g a s ,  ( H a r s h a l l ,  I t .al . ,  1956 :  D a u g h e r t y  6 

S c h a a f e r ,  1968:  S c h a e f e r ,  % t . a l . ,  1971:  a n d  M o r r i s o n  E B u t t ,  

1972 . )  High m o l e c u l a r  w e i g h t  g a s e s  o f  e q u a l  d e n s i t y  h a v e  b e e n  

f o u n d  t o  p r o d u c e  s i m i l a r  r e s p i r a t o r y  c h a n g e s ,  ( L o r d ,  e t . a l . ,  

1966 . )  

P h i s  p r o g r e s s i v e  i n c r e a s e  i n  e x p i r a t o r y  r e s i s t a n c e  a n d  

d @ c r + a s i n g  maxima 1 e x p i r s  t o r y  f l o w  w i t h  d e p t h ,  r a t h e r  t h a n  



t h e  i n c r e a s e 6  o x y g e n  c o s t  of b r e a t h i n g ,  h a s  b e e n  s u g g e s t e d  as  

t h e  l i m i t i n g  r e s p i r a t o r y  f a c t o r  i n  d i v i n g ,  ( G l a u s e r ,  et.31., 

1967: a n d  V a r e n e ,  e t . s l . ,  1971 . )  

Added n c n - e l s s t i c  b r e a t h i n g  r n s i s t a n c e  h a s  b e e n  f o u c d  tc 

r ~ s u l t  i n  a n  i n c r e a s ~ d  r e s p i r a t o r y  c y c l s  t i a t ,  p a r t i c u l a r l y  

f o r  t h e  e x p i r a t i o n  p h a s e ,  w i t h  a c c ~ m p a n y i n g  d e c r e a s e d  p e a k  

e x p i r a t o r y  flow, (Ca i r ,  & o t i s ,  1 9 4 9 , )  T h e  r e l a t i v e l y  

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

i n s p i r a t o r y  f lows,  Bay t h u s  c a u s e  i n s p i r a t o r y  u o r k  t o  b e  

g r e a t e r  t h a n  e x p i r a t o r y  work  f o r  e q u a l  r e s i s t a n c e s .  T h i s  is  

s u p p o r t e d  b y  S i l v e r a a n ' s  f i n d i n g s ,  ( 1 9 5 1 )  , t h a t  e x e r c i s e  

t o l e r a n c e  is l e s s  w i t h  e x p i r a t o r y  r e s i s t a n c e  t h a n  w i t h  an 

equal. i n s p i r a i o r y  r e s i s t a n c e .  In additton, t h e  mechan ic31  

e f f i c i e n c y  of e x t r a  work i s  l e s s  i n  e x p i r a t i o n  t h a n  

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

i n c r e a s i n g  r s s i s t a n c ~ ,  f a v o r i n g  the?  m u s c l e s  o f  e x p i r a t i o n ,  

( C a i n  E O t i s ,  1949 . )  I n  a s t u d y  b y  C a m p b e l l ,  ( 1 9 5 7 ) ,  

u n c t > n s c i o u s  p a t i e n t s  made n o  e x p i r a t o r y  e f f ~ r t  w i t h  

e x p i r a t i o n  r e s i s t a n c e s  of 1 5 - 2 0  cm. H20, r a t h e r ,  t h e  d e p t h  of 

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

chsst a n d  l u n g s  c v e r c a a e  t h e  a d d e d  r 2 s i s t a n c e .  



D. EXTERNAL R E S I S T A N C E  

A t  1  A T A  r e d u c t i o n  i n  work c a p a c i t y ,  o x y g s n  c o n s u m p t i o n ,  

and  p u l m o ~ a r y  v e n t i l a t i o n  w i t h  t h e  a d d i t i o n  o f  e x t e r n a l  

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

i n v z s t l g a t o r s ,  ( S i l v e r m a r ,  e t . a l . ,  1951: C o o p e r ,  1960a:  

C r a i g ,  e t - a l . )  A t  Q ATA P l o r r i s o n ,  e t - d l . ,  ( 1 9 7 6 ) ,  f o u n d  

l o v e r  o x y g e n  up  t a k e s  f o r  g i v e n  work l o a d s  w h i l e  b r e a t h i n g  

from U B A  t h a n  w i t h o u t  e x t e r n a l  b r e a t h i n g  r e s i s t a n c e .  This i s  

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

g s n e r a t e d  r e s i s t a n c e  of i n c r e a s e d  g a s  d e n s i t y  d e s c r i b e d  

aa r l i e r ,  a n d  i n c r e a s e d  oxygen  r e c ~ v e r y  c o n s u m p t i o n  v a l u e s  

h a v e  been r e c o r d e d  t h a t  Bay p a r t i a l l y  a x p l a i n  t h i s ,  (Thompson 

E S h a r k c y ,  1966. )  

B d a p t a t i o c s  t o  f x t e r c a l  r e s i s t a n c e  h a v e  b e e n  noted b y  

s e v e r a l  a u t h o r s ,  {Goff  & B a r t l e t t ,  1957: D o u g h t e r t y  5; 

S c h a e f ? r ,  1968: a n d  Y a t s o n ,  1972.) Maximal t o l e r a b l e  

i n h a l a t i o n  r e s i s t a n c e  h a s  b e e n  g i v e n  a s  75 em, H20, (Freedman 

E C a m p b z l l ,  1970.  ) U n d a r  p r o l o n g e d  c o n d i t i o n s ,  J a n n e y ,  

( 1 9 5 9 ) ,  r econmended  e x h a l a t i o n  arid i n h a l a t i o r  r e s i s t a n c e s  o f  

5 cm. H 2 0 / ( l i t e r s / s e c )  a t  1 A T A  and twicr? t h a t  a t  5 ATA. 



E.  A D D I T I O W A L  F A C T O R S  

* * T h e r e  i s  a t r e m e n d o u s  d i f f e r e n c e  b e t w e e n  a  d i v e r  i n  t h e  

( d r y )  c h a a t b e r  a n d  a  d i v e r  i n  water," { B r a d i e y ,  1971 . )  T h e  

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

i m m e r s i o n ,  s u p p c r t i v e  d i f f i c u l t y  i n  j o b s  r q u i r i n g  force 

a p p l i c a t i o n  i n  a n  e s s 2 n t i a l l y  w e i g h t l e s s  e n v i r o n m e n t ,  a n d  

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

T h e  f i r s t  of t h e s e ,  c o l d ,  is p r o b a b l y  t h e  most i ~ p o r t a n t  

a d d i t i o n a l  fac tor .  One of t h e  b o d y ' s  r e s p D n s e s  t o  e x c e s s i v e  

h e a t  l o s s  is a n  i n c r e a s e  i n  m e t a b o l i c  r a t e ,  Oxygen  u p t a k e  

i n c r e a s a s  f run 0.5 li te  r s / ~ i n .  t o  1.5 l i t e r s / m i n .  d u r i n g  

sever? s h i v e r i n g  a t  rest, a n d  c o n t i n u e s  a s  l o n q  a s  s k i n  ?nd 

core t e m p e r a t u r e s  r e m a i n  low, [ A ~ t h o n i s e n ,  1969 . )  On l a n d ,  

w a r m i n g  may be a c c o m p l i s h a d  t h r o u g h  e x e r c i s e ,  b u t  u n d e r w a t e r ,  

e x e r c i s s  may a c t u a l l y  i n c r e a s e  c o o l i n g  a s  a r e s u l t  of w a t e r  

f l u s h i n g  through o r  p a s t  the d i v e r ' s  s u i t ,  [Hayward ,  e t .a l . ,  

1975.1 This h e a t  l o s s  o c c u r s  b e c a u s e  t h e  c o n d u c t i o n  of h e a t  

t h r o u g h  water is 20 t i n e s  g r e a t e r  t h a n  t h a t  of a i r  a t  t h e  

s u r f  ace, [ K e a t i n g e ,  1 9 6 9 . )  

R e s p i r a t o r y  h e a t  l o s s e s ,  e s p e c i a l l y  d u r i n g  H e l i u n / O x y g e n  

d i v i n y  o p e r a t i o n s  a l s o  p l a y  a n  i m p o r t a n t  r o l e  wh ich  may n o t  

be a d e q u a t e l y  r e f l e c t r d  i n  c h a m b e r  t z s t s  when c o m b i n e d  w i t h  



i m m e r s i o n  h e a t  l o s s .  C o l d  a i r  i n h 3 1 3 t i o n  r e s u l t s  i n  a  

s i g n i f i c a n t  i n c r e a s e  i n  i n s p i r a t o r y  resistant.., p r o b a b l y  a s  a 

r a s u l t  o f  m i l d  l o c a l  a i r w a y  o b s t r u c t i o n ,  ( G u l e r i a ,  e t  .a1 ., 
1969.) Ir, Arctic H e l i u m  d i v i n g ,  a t a s k i n g  of t h e  o n s e t  o f  

s h i v e r i n g  was f o u n d  t o  o c c u r  d u r i n g  h e a v y  work l o a d s .  I n  

some  c a s e s  c o n t i r u s d  e x p o s u r e  r e s u l t e d  i n  i n a d e q u a t e  

v e n t i l a t i o n  d u e  t o  p u l a o n a r y  edema,  ( N u y t t a n ,  1973 . )  

A l t h o u g h  ~ i n i n i z i n g  h e a t  l o s s  d u r i n g  i a m e r s i o n  h a s  

r e c e i v e d  a u c h  a  t t e n t i o n ,  ( K e a t i n g a ,  1969: @ e b b ,  1975: a n d  

Hayward,  e t .al . ,  1975) , it r e m a i n s  a p r o b l a m  f o r  t h e  w o r k i n g  

d i v e r .  A l t h o u g h  a  p a r t i c u l a r  UBA may n o t  b e  f o u n d  t o  b e  

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

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

p e r f o r m a n c e  i m p a i r m e n t  even a t  low v o r k  l o a d s  a s  a r e s u l t  o f  

C 0 2  r e t e n t i o n  o r  d y s p n e a ,  ( A r i t h o n i s e n ,  1969. )  

A s e c o n d  i a p o r t a n t  a d d i t i o n a l  fact or 1s h y d r o s t a t i c  

p r e s s u r e .  Oper, c i r c u i t  d a m a c d  u n d e r w a t e r  ~ r e a t h i n g  a p p a r a t u s  

s u p p l i e s  b r e a t h i n g  g a s  t o  t h e  d i v e r  a t  t h e  a m b i e n t  p r e s s u r 2  

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

p r e s s u r e  is u s u a l l y  n o t  e q u a l  t o  the e x t e r n a l  a r n b i a n t  

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

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

upon  t h e  d i v e r ' s  r e s p i r a t o r y  s y s t e m  i n  a d d i t i o n  t o  t h e  



r e s i s t i v e  l o a d i n g  of t h e  b r e 3 t h i n g  a p p a r a t u s .  C o r r e c t i o n  i r i  

work o f  b r e a t h i n g  c a l c u l a t i o n s  m u s t  bs mad* f o r  t h i s  

a d d i t i o n a l  e x t e r n a l  l o a d  which  v a r i e s  w i t h  d i v e r  i n c l i n a t i o n  

frats t h e  h o r i z o n t a l .  T h i s  c o r r e c t i o n  h a s  a n  i m p o r t a n t  

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

i n f i a l a r i o a  a n d  e x h a l a t i o n  p r e s s u r 2 s  is equci l  2 n d  o p p o s i t s ,  

a c d  t h u s  d o e s  n o t  a l t e r  t h e  t o t a l  u o r k  o f  b r e a t h i n g ,  it may 

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

e x p i r a t o r y  work,  a n d  a n  i n c r e a s e  i n  t h e  a c t u a l  u o r k  o f  ths 

r e s p i r a t o r y  m u s c l e s .  I n  a d d i t i o n ,  e x c e s s i v e  l e v e l s  o f  

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

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

o f  a i r w a y  closure, ( L u n d g r 3 n ,  1973. ) 

T h e  effect  ~f i m a e r s i o n  o n  i n t r a p u l t n o n a r y  p r e s s u r e  was 

s t u d i e d  b y  J a r re t  t, (1 965) . S u b  j sc t s  Here s u p p l i e d  b r e a t h i n g  

g a s  v i a  a n  o r a l - n a s a l  mask. The c e n t e r  o f  p r e s s u r e  o f  t h e  

i ~ m e r s e d  c h e s t ,  ( t h e  l u n g  c e n t r o i d ) ,  was h u n d  t o  l i e  1 9  cm. 

blow a n d  7 cm. p o s t e r i o r  t o  t h e  s u p r a - s t e r n a l  n o t c h ,  A 

d ? t e r m l n a t i o ~  of  ths most c o m f o r t a b l e  b r e a t h i n y  g a s  s u p p l y  

p r s s s u r e  d u r i n g  i n i m e r s i o n ,  t e r m r d  t h e  ' ~ u p n o e i c  p r e s s u r e ,  ' 
was made by P a t o n  a n d  Sand ,  (1947.)  s u b j e c t s  were s u p p l i e d  

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

e u p n ~ e i c  p r e s s u r e  was f o u n d  t o  be  a t  t h e  lzvel o f  t h e  

s u p r 3 - s t e r n a l  n o t c h  f o r  p r o n e  a n d  s u p i n e  p o s i t i o n s ,  I n  t h e  



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

t h e  n o t c h  a t  rest b u t  i n c r e a s e d  t o  a p p r ~ s c h  t h e  n o t c h  a t  

h k j h e r  v e n t i l a t i o n  ra tes .  i J i t h o u t  t h e  s u p p o r t i v e  a s s l s t 3 n c e  

of t h e  o r a l - n a s a l  mask  p o s i t i v e  m o u t h  p r l s s u r e  w i t h  

m o u t h p i e c e  a l o n e  d i d  n o t  a 1  low s i m u l  t a n s o u s  c o m p l e t e  c h e s t  

r e l a x a t i c n  a n d  r e t e n t i o n  o f  t h e  m c u t h p i 2 c e ,  a c c o u n t i n g  f ~ r  

d i f f e r e n c e s  i n  t e s t  r e s u l t s ,  ( J a r r e t t ,  1965. ) 

Thompson a n d  H c C a l l y ,  (1 967) , i n v e s t i g a t e d  t h i s  

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

p r e s s u r e  r e l a t i v e  t o  t h z  c h e s t ,  r a t h e r  t h a n  a t  a msan 

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

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

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

t r a n s t h o r a c i c  p r e s s u r s  g r 3 d i g n t s  s u b j e c t i v e l y  more 

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

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

i n f l u e n c e  of  p r e s s u r e  s e n s a t i o n s  i n  t h e  u p p e r  a i r w a y s  o n  t h 3  

s u b j e c t i v e  s e l e c t i o n  of c o m f o r t a b l e  p r e s s u r e .  

As i t  is  n o t  p o s s i b l e  t o  p o s i t i o n  t h e  d e n a n d  v a l v e  a t  

t h e  l u n g  c e n t r o i d ,  t h e  i c h a l a t i o n  a n d  e x h a l a t i o n  e f f o r t  

e x p e r i e n c e d  by a d i v e r  v a r i e s  a s  a f u n c t i 3 n  o f  h i s  

o r l s n t a t f  on ,  O f  Neill ,  (1 97O), c a l c u l a t e d  ths h y d r o s t a t i c  

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



d i v e r  o r i e r t a t i o r * .  I n  a d d i t i o c ,  h e  d e s i g n e d  a  c o u n t e r - l u c g  

b r e a t h i n g  s y s t e m  w i t h  two  s e c s i t i v e  re l ie f  v a l v e s  o n  t h e  

c h e s t  a n d  b a c k  a t  l u n g  c e n t r o i d  l e v e l  t3 g i v e  minimum 

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

T h e r e  h a s  bcen no c o a p a r a b l e  w o r k  t o  quantify 

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

a p p a r a t u s .  I n  t e s t i n g  of a p p a r a t u s ,  o n l y  t h e  p r e s s u r e - f l o u  

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

i n s p i r a t o r y  a n d  e x p i r a t o r y  work, a n d  h y d r o s t a t i c  p r e s s u r e  

i m b a l a n c e  h a v e  g e n e r a l l y  b e e n  i g c o r e d .  S t e r k ,  (19731, h a s  

e m p h a s i z e d  t h e  n e e d  f o r  u n d e r w a t e r  b r e a t h i n g  a p p a r a t u s  

t + s t i n g  i n  s i t u .  T h e  i n c l u s i o n  of h y d r o s t a t i c  pressure 

v a l u e s  i n  work  of b r e a t h i n g  c a l c u l a t i o n s  is e s s e n t i a l  i n  

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

e x p i r a t o r y  work  t o  t h l  t o t a l  r e s p i r a t o r y  work demanded by t h s  

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

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



P A R T  111 . E R E A T H I N G  APPARATUS E V A L U A T I O N  

The v a r i o u s  t y p e s  o f  U B A  a l l  h a v e  o n e  b u i l t - i n  

d i s a d v a n t a g e ;  r e s i s t a n c a  t o  g a s  f l o w ,  ( S t e r k ,  1 9 7 3 , )  k ' h i l e  a 

c s r t a i n  a m o u n t  of r e s i s t a n c e  c a n  be  t o i 2 r a t e d  b y  t h e  d i v e r ,  

t h e  f a c t  t h a t  i t  is a n  a d d i t i o n 8 1  stress f l a k e s  its 

m i n i m i z a t i o r .  d e s i r a b l a  t o  s n s u r e  t h a t  r e s p i r a t o r y  f l o w  i s  

l i m i t e d  p r i a a r i l y  by t h e  d i v e r ' s  l u n g s ,  { B r a d l e y ,  1973.) T h i s  

is c o m p l i c a t e d  b y  t h e  f a c t  t h a t  wha t  s a a m s  a c c e p t a b l e  a t  t h e  

s u r f a c a  may n o t  be  s o  a t  d e p t h ,  a n d  tests 3f UBA nrust b e  

a d j u s t e d  a c c o r d i n g  t o  w o r s t  case e m p l o y m e n t ,  

A. SOURCES OF HECHAMICAL R E S I S T A N C E  

n a j o r  s o u r c e s  of U B A  i repedence  are  a r e s u l t  o f  p o o r  

c h e c k  v a l v e  d e s i g n ,  i n a d e q u a t e  ~ r i f  i ce  s i z e ,  a n d  r a d i c a l  

r ~ d i r e c t i o n  o f  f l o w .  S i g n i f i c a n t  v a r i a t i o n s  i n  t h e  e a s e  of 

b r e a t h i n g  t h r o u g h  u n i t s  of  t h e  same mode l ,  a p p a r e n t l y  t h e  

rosult o f  i n a d e q u a t e  f a b r i c a t i o n  c o n t r o l ,  h a v e  b e e n  n o t e d ,  

( B r a d l e y ,  1973.) 

I f  i t  is a s s u m e d  t h a t  t h e  g a s e s  i n v o l v e d  i n  t h e  d i v e r ' s  

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



P * V = n * R * T  

where P = a b s o i u t e  p r e s s u r e  o f  the g a s  

V = g a s  v o l u m e  

ri = t o t a l  number  of m o l + s  ~f t h e  g a s  

R = u n i v e r s a l  g a s  c o n s t a n t  

9 = absolutl t e m p e r a t u r e  of  t h 3  gas 

I d e a l l y ,  f o r  t h e  c o n d i t i o n s  of c o n s t a i i t  b o d y  a n d  

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

a p p r o x i m a t e l y  l i n e a r  f u n c t i o n  of t o t a l  p r e s s u r e ,  P. The  g a s  

d e n s i t y ,  i n  t u r n ,  a f f e c t s  t h a  R e y n o l d  number  w h i c h  g o v P r n s  

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

p a r t i c u l a r  s i t u a t i o n :  

N r  = p * d  * V/A 

w h e r e  Nr = Reynold Number 

p = g a s  d e c s i t y  

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

d  = t u b e  d i a m e t e r  

A = g a s  v i s c o s i t y  

T h e  l a r g e  a i r w a y  c r o s s - s e c t i o n a l  a reas  a r d  low p e a k  

flows 3f g a s  & a s k  a n d  f i l t 3 r  t y p e  r e s p i r a t o r y  p r o t e c t i v e  

d e v i c e s  a a k e  their r e s i s t a n c e  d i r e c t l y  p r o p o r t i o n a l  t o  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 n i s t e r .  S m a l l  t u b e  d i a m e t e r s  and  

h i c ~ h e r  peak  flow r a t e  f o r  s c u b a  u n i t s ,  h o w e v e r ,  c a u s e  their 



flow c h a r a c t ~ r i s t i c s  t o  b s  e s s 3 n t i a l l y  t u r b u l e n t  e v e n  d u r i n g  

q u i e t  r e s p i r a t i o n ,  T h e  p r e s s u r a  c a u s e d  by  t h e  e l a s t i c i t y  of 

r e b r e a t h i n g  bags  f o u n d  i n  c losed a n d  s e a i - c l o s e d  c i r c u i t  

s c u b a  f u r t h e r  a d d s  t o  r e s p i r a t o r y  r e s i s t a n c e ,  ( C o o p t r ,  

1 9 6 0 3 . )  S u g g e s t e d  m e t h o d s  o f  r 4 s i s t a n c e  r e d u c t i o n  i n  t h e  

ls t t2r h a v e  i n c l u d e d  the p r o v i s i o n  f o r  a s e c o n d  b r e a t t i c ?  Sag 

a n d  p l a c e m s n t  of t h e  3 x h a u s t  v a l v e  a s  close t o  t h e  m c u t h p i e c a  

a s  p o s s i b l e  t o  r e d u c q  f low lcsses,  ( R i e g e l ,  1970 , )  

I n  t h e  p r e s e n c e  of th3 t u r b u l e n t  f l o w  c o n d i t i o n s  

s n c 3 u n t e r e d  i n  UBA, r e s p i r a t o r y  w o r k  i n c r e a s e s  with m i n u t e  

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

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

m a s s  flow p e r  u n i t  time f o r  a g i v e n  v a l v e  a p e n i n g .  T h u s  

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

w i l l  be t h e  r e c i p r o c a l  of t h e  a b s o l u t e  d e p t h  p r e s s u r e  r a t i o .  

B e c a u s e  Ui3A e x h a u s t  v a l v e s  a re  n o t  s i m p l e  o r i f i c e s ,  

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

f r o m  s u r f a c e  v a l u e s .  

A r e d u c t i o n  i n  i n h a l a t i o n  r e s i s t a n c e  is a c h i e v e d  i n  many 

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

d r o p  r e l a t i v e  t c  t h e  mouth p r a s s u r ? .  Ths i n i t i a l  o p e n i n g  

r e s i s t a n c e ,  h o w e v e r ,  is n o t  a f f e c t e d  by  t h a  v e n t u r i ,  



P e r h a p s  t h e  most  i m p o r t a c t  U B A  d e v t l o p m e n t  f r o m  s t u d i c s  

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

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

u t i l i z + s  a smal l  d o w n s t r e a m  p i l o t  v a l v e  $3 g e n e r a t e  a i r  f l o w  

f o r  a i r  s u p p l y  v a l v e  a c t i v a t i o n ,  ( C h r i s t i a n s o n ,  1975: a n d  

S c u b s p r o ,  1976 . )  S u c h  o p t i m a l l y  d e s i g n e d  r e g u l a t o r s  h a v e  

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

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

a n d  i n h a l a t i o n  pressure e s s e n t i a i l y  i n d e p e n d e n t  o f  o p e r a t i n g  

d e p t h .  

If t h e  work o f  breathing b e c o m e s  l i ~ i t i n g  t o  man i n  t h e  

sea, m e c h a n i c a l l y  a s s i s t e d  i n s p i r a t i o n ,  c o ~ s i d e r a b l y  

d i ~ i n i s h i n g  r e s p i r a t o r y  i m p a i r m e n t  a t  d e p t h  b y  d ~ c r e a s i n g  

i n s p i r a t o r y  work ,  m y  be a n  e v e n  b e t t e r  s ~ l u t i o n  t h a n  3 

s i m p l y  p a s s i v e  UBA, (Hood E Bryan ,  1971: a n d  Uh l ,  e t .a l . ,  

1972.)  

B. TESTING A N D  STAWDBRDS 

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

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

d i v e r s ,  ( B r a d n e r ,  H. ,  1953: B r a d l l y ,  1973: a n d  Hughes,  M., 

1974 . )  B e c a u s e  of a d a p t a t i o n  by t h e  d i v e r  t o  t h e  s a w  

v a r i a t i o n s  i n  breathing work a s  t h 3 s e  b e i n g  i n v e s t i g a t e d ,  



t h i s  h a s  been u s e f u l  o n l y  f o r  the r i o t i n g  o f  g r o s s  

d z f i c i e n c i e s  i n  r e s p i r a t o r y  demand a n d  n o t  f o r  the 

c o m p a r a t i v e  m e a s u r e m e n t  cf s u c h  r e s i s t a n c e ,  ( D o u g h t e r t y  E 

S c h a e f e r ,  1968 :  a n d  Goff & Bar t le t t ,  1957.) 

W i t h  the a i a  t o w a r d s  d e s i g n  i n p r o v e m e n t ,  s t a n d a r d s  f o r  

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

s u p p o r t  d e v i c e s  were s u g g e s t e d  i n  1945 ,  ( S i l v e r m a n ,  e t . a l . ,  

1 9 5 1 . )  I n  a l a t e r  s t u d y ,  C o o p e r ,  ( 1 9 6 0 b ) ,  f ~ u n d  t h a t  human 

r ~ s p i r a t  i o n  d u r i n g  r e s p i r a t o r y  u o r k  a g a i r i s t  a n  e x t e r n a l  

r e s i s t a n c e  c l o s e l y  a p p r o x i m a t e s  a s i n e  wave, a n d  t h u s  human 

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

t t s t i n g ,  is p o s s i b l e .  S u c h  s t u d i e s  forna a u s e f u l  b a s i s  f o r  

s i m i l a r  c c m p a r a t i v e  e v a l u s  t i o n  o f  U B A .  P r e s s u r e  a n d  v o l u m e  

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

wave pump g i v e  v a l i d  e s t i m a t e s  o f  t h e  e x t e r n a l  r e s p i r a t o r y  

work o t h e r w i s e  p e r f o r m e d  by t h e  d i v e r ,  [ C o o p e r ,  1960a . )  Most 

of t h q s e  s i m u l a t o r s  h a v e  r e l i e d  u p o n  catn d r i v e n  p i s t o n  a n d  

c y l i n d e r  a r r a n g E m e n t s .  T h i s  h a s  t h e  a d v a n t a g e  o f  b z i n g  ab l e  

to p r 3 d u c e  e i t h e r  u n i f o r m  s i n e  w a v e s  o r  a l l o w  f o r  p a u s e s  i u  

t h e  b r e a t h i n g  c y c l e ,  (Adatas, e t , a i . ,  19 50: N e l s o n ,  @teal., 

1972: a n d  W i l s o n  E H a r r o d ,  1 9 5 6 . )  

The o n l y  b r e a t h i n g  r e s i s t a n c e  s t a n d a r d s  f o r  U R A  i n  

o p e r a t i o n  a re  p e a k  i n h a l a  t i o n  a n d  5 x h a l a t i o n  p r e s s u r z  limits 



f o r  o p e n  c i r c u i t  SCUBA e s t a b l i s h l a  i n  t h s  early 1 9 5 0 ' s  by 

U.S. Navy BIL-R-2416911, a n d  M I L - R - 1  955A.  T e s t  p r o t o c o l  f o r  

t h e s e  l i m i t s  u s e s  a  r e s p i r a t o r y  s i m u l a t o r  a t  a t i d a l  v o l u m e  

of 2 l i t e r s  and  2 0  b r e a t h s  p e r  m i n u t e  u n d e r  h y p e r b a r i c  

chamber d y n a m i c  wet c o n d i t i o n s  t o  m e a s u r e  p e a k  i n h a l a  t i o c  a n d  

e x h a l a t i o r ,  pressures. R e g u l a t o r s  m e e t i n g  8. S .  N a v y  

s p e c i f i c a t i o c s  m u s t  l i e  w i t h i n  t h e  a c c e p t a n c e  b a n d  of p e a k  

p r e s s u r e  a s  a f u n c t i o n  o f  d e p t h  t o  199 f e e t  sea  water, a s  

shown i n  Figure 2 .  A n e e d  f o r  downward r e v i s i o n  o f  t h e  

e s t a b l i s h e d  limits a n d  p o s s i b l e  r 2 p l a c e ~ e n t  with s t a n d a r d s  of 

e x t e r c a l  work  of b r e a t h i n g ,  a v a l u - l  which  h a s  e s p e c i a l l y  

g r e a t e r  s i g n i f i c a n c e  w i t h  t h e  n e c k  s e a l  h e l m e t s  c u r r e n t l y  

u s e d  i n  ccmtae rc i a f .  o i l  f i o l d  d i v i n g ,  h a s  b e e n  n o t e d  by 

s e v e r a l  authors, (Coopqr ,  I % M :  and Reimers, 19?3.! 

C o ~ p ~ r ' s  s t a n d a r d s  s p x i f i e d  t h a t  t h e  maxiinurn work of 

b r e a t h i n g  f o r  t h e  a p p a r a t u s ,  (kg.  a. / B i n . ) ,  s h o u l d  n o t  exceed 

o n e - f 3 u r t h  of t h e  m i n u t e  vo lumz ,  ( l i t e r s / m i n . )  T h e  

r ~ c a m r a e n d e d  r a t e  ci r a s p i r s t o r y  w ~ r k  was o n e - h a l f  o f  t h i s ,  

~ x p i r a t o r y  w c r k  p e r c e n t a g e  of t h s  t o t a l  work of b r e a t h i n g  

s h o u l d  n o t  be  m o r e  t h a n  5 0 1  a t  h i g h  m i n u t e  v o l u m e s .  T e s t s  

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

a p p a r a t u s  w i t h  t i d a l  v o l u m 2 s  o f  1, 2 ,  a n d  3 l i t e r s  a n d  

r a s p i r a t o r g .  f r e q u e n c i e s  o f  20, 25, a n d  3 3 . 3  b r e a t h s  p e r  

m i n u t o  r e s p e c t i v e l y .  



U.S. N a v y  WL-3-24169A (SHIPS) 
underwater breathing apparatus 
acceptacce c r i  t ~ r i  a, P e a k  i n s p i r a t o r y  
and expiratosy resistance, (mm H 2 0 ) ,  
as a function of d s p t h ,  (FSW.) 



b P E R 1  EXP JRRT J ON RESJ STRNCE 

CI P E M  J N S P J R R I J O N  R E S I S T R N C E  

OEPTH (FSW) 



D + s p i t e  t h t  p r e s e n t  l i a t i t e d  c r i t e r i a  f o r  e v a l u a t i o n ,  U B A  

s u b m i t t e d  t o  t h e  U.S. Navy a n d  t h e  c o m e r c i a l  d i v i n g  i n d u s t r y  

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

when s u b j e c t e d  t c  d y n a m i c  wet t e s t s  a t  d e p t h ,  ( G i b s o n ,  1 9 7 5  & 

1976.  ) M e a s u r e d  v a n t i l a t o r y  powar r e q u i r s m e n t s  f o r  a r e c e n t  

semi-clzsed c i r c u i t  UBA h a v e  oxc eeded C m p e r ' s  s t a n d a r d s  e v P n  

at l o w  v e n t i l a t i o n s ,  ( S t e r k ,  1973 . )  T h e  pi,.ot v a l v e  r a g u l a t c r  

d e s c r i b e d  ea r l i e r  r e p r e s e n t s  a n  a c h i e v e m e n t  i n  m i n i m i z i n g  

d i v e r  r e s p i r a t o r y  work r e q u i r e m a n t s .  

T h e  c o ~ b i n e d  effects  o f  c o l d ,  e x e r t i 3 n ,  a n d  c a r b o c  

d i ~ x i d e  r e t e n t i o n  m u s t  be i n c l u d e d  i n  e s t a b l i s h i n g  

e x p a r i m e n t a l  l i m i t s  f o r  r e s p i r a t o r y  w o r k ,  ( A n t h o n i s e n ,  1969:  

G u l e r i a ,  et .al . ,  1969: L i n d b e r g h ,  1967:  M o r r i s o n ,  1973: a n d  

N u y t t e n ,  1 9 7 3 , )  S u b j e c t s  s t u d i e d  i n  h y p e r b a r i c  e n v i r o n m 2 n t s  

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

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

m i x t u r e  a t  a p r e s s u r e  o f  2,000 FSW, ( a n  a t a ~ s p h e r e  a b o u t  t e n  

times a s  d e n s e  as  s u r f a c e  a i r ) ,  may s u c c e s s f u l l y  p e r f o r m  

m o d a r a t e  e x e r c i s e ,  ( k n t h o n i s t i n ,  e t . a l . ,  1 9 7 1  .) This is, 3f 

c o u r s e ,  p r o v i d e d  t h a t  t h e  d i v e r ' s  e q u i p m e n t  d o e s  n o t  

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

shown t h a t  t h e  i d e a l  IJBA h s s  y e t  t r ,  be a t t ; l i c e d .  B i t h i n  t h e  

l a s t  few years  c o m m e r c i a l  d i v i n g  r e q u i r e m e n t s  h a v e  e x t e n d e d  

t o  d e p t h s  g r e a t e r  'ha2 1 , 0 0 0  FSW a t  o f f s h o r e  o i l  r i g s ,  



( H u g h e s ,  1974: and i i u y u e ~ i r : ,  1 9 7 3 . )  Eany p r e v i o u s l y  

a c c e p t a b l e  U B A  d e s i g n s  h a v s  c o n s e q u e n t l y  become a t  b e s t  

m a r g i n a l  due  t o  insufficient delivery vo lume  o r  u n a c c e p t a b l e  

r % s i s t a n c $ ,  ( B r a d l e y ,  1973: L i n d b e r g h ,  1967: P l a c l n n i s ,  1966: 

and Morrison 6 Butt, 1972.) 



METHODS & APPARATUS 

PART I: R E S I S T I V Z  WORK/STATIC TESTS 

M o u t h p i e c e  p r e s s u r e s  u e r e  measured f o r  s t e a d y  s t a t e  f l o w  

rates sf, w h f r ~ ;  pas s ib l . e ,  3 t  l s a s t  325 l i t t r s / m i n .  f o r  a  

P o s e i d ~ n  s i n g l e  h o s e  o p e n  c i r c u i t  d smand  r s g u l a t o r ,  ( P o s e i d o n  

Bfg.) , a n d  a ~ r i e s t e  11 t w o  h o s e  o p e n  c i r c u i t  demand 

r e g u l a t o r ,  (Yoit  Mfg.) , i n  b o t h  d r y  and w a t s r  i m m e r s i o n  

tes ts .  u s i n g  t h e  F o r t r a n  p r o g r a m  l i s t e d  i n  R p p e n d f x  A t h i s  

p e r m i t t e d  work  of b r e a t h i n g  s i m u l a t i o n s  f o r  s i n u s o i d a l  f l o w  

p s t t e r n s  w i t h  r n i n u t a  v o l u m e s  o f  up  t o  a p p r o x i m a t e l y  100 

f i t e r s / i n i n .  

Tho U B B  was moun ted  e i t h e r  i n  a i r ,  f o r  d r y  s t a t i c  tests ,  

o r  i n  a water t a n k  a t  a d e p t h  of  20-30 cm., f o r  wet s t a t i c  

t ~ s t s .  The deniand v a l v e  was o r i e n t e d  a s  f o r  o p e r a t i o n  i n  t h e  

h o r i z o ~ t a  1 swimming p o s i t i o n  f o r  b o t h  r e g u l a t o r s ,  T h i s  

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

Pose idon  s i n g l e  h o s e  and i n  th? horizontal down p o s i t i o n  f o r  

t h e  T r i e s t e  11 two h o s e  U B A .  A s t a t i c  t u b e  f o r  d i f f e r e n t i a l  

p r e s s u r e  m e a s u r e m e n t  was a f f i x 9 d  t 3  t h e  m o u t h p i e c e  o f  t h e  

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

a s t e r ,  (Parkinson Cowan , E n g . ) ,  v i a  f l e x i b l e  tubing. A 

3-way c o n t r o l  valve j o i n e d  t h s  f l o w m e t e r  t o  ~ i t h s r  a l o w  



p r e s s u r e  a i r  s u p p l y  o r  t o  a vacumE c l e a n s r  n o z z l e  f o r  

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

Th? s t a t i c  h?ad  t u b e  was 5 1 / 2  i n ,  i n  l e n g t h  w i t h  an  

i n t e r n a l  d i a m e t e r  v a r y i n g  f r o m  1 t o  1 3/8 i n .  A t  i t s  

m i d l ~ n g t h  t h e r e  were s i g h t  1/8 i n .  diameter h o l e s  e q u a l l y  

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

r e c t a n g u l a r  c r o s s  s e c t i o n  3/8 i n .  x  1/8 i n .  T h e  c o l l a r  

o u t l e t  was a 1 / 8  i n .  t u b i n g  f i t t i n g  w h i c h  c o n n e c t e d  t o  the 

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

I n  o rder  t o  c o r r e c t  for t h s  a i r  f l o w  r e s i s t a n c e  of t h e  

s t a t i c  h e a d  t u b e ,  t h e  p r e s s u r e  d r o p  a c r ~ s s  t h e  t u b e  was 

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

  his c o r r e c t i o n  w a s  small c o m p a r e d  t o  t h e  r e s i s t a n c e  o f  the 

p r t s  tes ted ,  (0.5% w o r s t  case) ,  a n d  is i n  a c c o r d  w i t h  v a l u e s  

f o r  a  s i m i l a r  c c r r e c t i o n  b y  C o o p e r ,  (1960a . )  

I n s p i r a t o r y  a n d  e x p i r a t o r y  p r e s s u r e - f l o w  d a t a  f o r  t h e  

wet a n d  d r y  s t a t i c  t e s t s  w z r e  p l o t t e d  f o r  0 0 t h  U B A  t e s t s d .  

A i r  f low v a l . u e s  i n  l i t e r s / m i n .  wera s e l ~ c t e d  a t  30 l q u a l l y  

s p a c e d  i n t e r v a l s  u p  to maximum r e c o r d e d  f l o w s .  C o r r e s p o n d i n g  

i n s t a n t a n e o u s  d i f f e r e n t i a l  p r e s s u r a s  wera o b t a i n e d  f r o@ t h e  

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

p r o g r a m  t e s t  d a t a .  



P l d a l  v o l u m e s  cf f r o n  7.0 t o  3.0 l i t e r s  werz u s e d  i n  

s i m u l a t s d  work  of b r ~ a  t h i n g  c a l c u l ~ t i o n s ,  C o r r e s p o n d i n g  

r 3 s p i r a t o r y  f r e q u e n c i e s  a t  1 ATA wfrs d e t e r c n i n e d  f ro in  t h s  

f o r m u l a  VE = -7.2 + 21 .8  * VT w h e r s  V E  = V z n t i l a t o r y  Flow a n d  

VT = T i d a l  Volume,  f r o m  H o r r i s o n ,  ( 1 9 7 5 , )  A s i n u s o i d a l  f low 

p a t t e r n  w a s  g e c f r a t e d  b y  t h e  c o i a p u t e r  p r o g r a m ,  ( A p p e n d i x  A ) ,  

w i t h  maximum flow e q u a l  t o n  t imas b r e a t h i n g  f r e q u e n c y  times 

the t i d a l  vo lume ,  Plow v a l u e s  ware s a m p l e d  a t  t h i r t y  e q u a l  

titee intervals t h r o  u q h o u t  one g e n e r a t e d  b r e a t h i n g  c y c l e  a n d  

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

i n t e r p o l a t i o n s  o f  the t e s t  d a t a .  

iJork o f  b r e a t h i n g  was  s i m u l a t s d  by s u s m a t i o n  o f  t h e  

i n c r e m e n t  af p r o d u c t s  o f  f l o w  r a t e  times i n t e r p o l a t e d  

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

c o m p l e t e  i c s p i r a t i o n  o r  e x p i r a t i o n  r e s p e c t i v e l y ,  T o t a l  work 

of b r e a t h i n g  a n d  i n s p i r a t o r y  a n d  e x p i r a t o r y  work  p e r c e n t a g e s  

of  t h e  t o t a l  w o r k  of  b r e a t h i c y  u e r a  a l s o  c a l c u l a t e d .  



PART 11: RESISTIVE WORK/DY H A f l I C  TESTS 

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

P o s s i 3 o n  r e g u l a t o r  a n d  a  h a c k  m o u n t e d  T r i e s t e  I1 r e g u l a t o r  a t  

f i v e  d i f f e r e n t  b r e a t h i n g  ~ S V E ~ S  r e p r e s e n t a t i v e  o f  

p h y s i o l o g i c a l  r e g u i r ~ r n + n t s  bas+d u p o n  s t u d i a s  b y  M o r r i s o r ,  

e t . a l , ,  [ 1 9 7 6 ) ,  shewn e a r l i e r  ir. F i g u r e  1. T h e s e  l e v e l s  were 

a p p r o x i m a t e l y  1  l i t e r  VT a t  1 0  h r a a t h s  p e r  r a l n u t z ,  ( B P H ) ,  2 

l i t e r  VT a t  1 5  BPM, a n d  3 l i t e r  VT a t  20 ,  25, a n d  3 0  BPM, 

r e s u l t i n g  i n  ~ i c u t e  v o l u m a s  cf 1 0 ,  3 0 ,  6 0 ,  75, a n d  9 0  

l i t 2 r s / m i n u t o  r e s p e c t i v e l y .  B r e a t h i n g  f r e q u e n c i e s  were 

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

f lows a s  d e s c r i b e d  i n  s t a t i c  t ist  a e t h o d s .  

I n  a d d i t i o n  t o  t h t  UBA b e i f i g  t e s t e d ,  t h e  a p p a r a t u s  

c o n s i s t e d  of  a p f i e u a a t i c  motor, (L la r /Homec  No. RD-7440-A) ; 

20: 1 g e a r  r e d u c t i o n  u n i t ,  ( B o s t o n  G e a r  C s t ,  310-20-01)  ; 

p l e x i g l a s s  p i s t o n - c y l i n d e r  u n i t  of 7 .75  i n c h  bore  x  3.1 i n c h  

raaxLmum s t r o k e  w i t h  '*Off r i n g  sea l ,  f l e x i b l e  h o s e  c o n n s c t i o n s ,  

w a t a r  b a t h  f o r  U B A  immersion, a n 3  wood a n d  metal s u p p o r t  

a s s e m b l i e s .  S i a e  a n d  e n d  v i e w s  of the s imu la to r  a r e  shown i n  

F i g u r e s  3 a a d  4, A d d i t i o n d l  e x t e r n a l  e g u i p a e n t  i n c l u d e d  one 

0-1  p s i  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r ,  (SE L a b s  Eng., L t d .  

T y p e  SEllSO/O.5964.25WG) ; a  ~6 i n c h  d i s p l a c e m e n t  t r a n s d u c e r ,  

(SE L a b s  T y p e  SE3 53/15OMFl) ; t r a n s d u c g r / c ~ n v e r t e r ,  ( S E  L a b s  



F i g u r e  3 

F i g u r e  4 

S i d ~  view of respiration s i m u l a t o r  and  
assccia ted a p p a r a t u s .  

End  view of r e s p i r a t i o n  s i m u l a t o r  
showing d r i v e  t r a i n .  





T y p e  SEgO5) ;  a n  FM t a p  r e c o r d e r ,  ( H e w L e t t  P a c k a r d   yodel 3 9 6 0  

I n s t r u m e n t a t i o n  R e c o r d s r )  ; low p a s s  f i l t e r ,  ( H o c k l a n d  S y s t e m s  

Model  4 3 2  D u a l  Hi /Lo F i l t e r ) ;  a n d  a i r  c y l i n d a r s  w i t h  c o n t r o l  

v a l v a s  a n d  p r 2 s s u r e  g a u g e s  f c r  p n s u m a t i c  m a t o r  a c d  U B A  

o p e r a t i o n .  

T h e  r o t a r y  g e a r  t y p e  p n e u m a t i c  motor, r a t e d  f o r  1 5 0 0  

p s i ,  was  d i r e c t l y  c c n n e c t e 3  t o  a 7 i n c h  d i a m e t e r  x 1  i n c h  

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

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

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

R e d u c t i o n  i n  t h e  s p e e d  o f  r o t a t i o n  u t i l i z e d  a  20:1 worm g e a r  

r e d u c t i o n  a s s e m b l y  w h i c h  d r o v e  t w 2  4 1 /2  inch d i a m e t e r  s p u r  

q e a r s  t h r o u g h  a 1 1 /2  i n c h  d i a m e t e r  s p u r  g e a r  f o r  a  f u r t h e r  

3:1 r e d u c t i o n ,  r e s u l t i n g  i n  a t o t a l  60 :  1  r e d u c t i o n  i n  o u t p u t  

rpm r e l a t i v e  t o  t h e  m o t o r .  F a c e p l a t e s  a t t a c h e d  to t h e  t w o  4 

1 /2  i n c h  s p u r  g e a r s  had  h o l e s  b o r e d  f o r  t h z  p l a c e m e n t  o f  

d r i v c ?  p i n s .  A s l o t t e d  b a r  a t t a c h e d  t o  t h e  d r i v e  p i n  o n  e a c h  

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

r o t a t i o n  o f  t h e  m o t o r  a t  a c o n s t a n t  s p e e d ,  t h e  t w o  4 1/2 i n c h  

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

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

w i t h o u t  t o r q u e  o n  t h e  c o n n e c t i n g  rod .  T h e  c e n t e r s  c f  t h e  

f a c e p l a t e  h o l e s  u e r e  a t  0 .82,  1.64,  2 .46 ,  3 .29,  4.11, a n d  

4.93 c e n t i m e t e r s  f r o m  c e n t s r s  o f  r o t a t i o n ,  r e s u l t i n g  i n  



s i m u l a t o r  t i d a l  v o l u m e s  o f  0.5, 1 . 0 ,  1.5, 2.0, 2.5,  a n d  3.0 

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

o f  t h o  t w o  d r i v e  p i n s .  

A 1 1 /2  i n c h  o u t s i d e  d i a m e t e r  p l e x i g l a s s  p i p e  c o n n e c t e d  

t h e  cylinder t o  t h e  +,?st U S A  v i a  f l e x i b l e  t u b i n g ,  An a i r  

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

UBA, w h i c h  was i m n e r s e d  i n  a 2 '  x 2' x 2 '  w a t e r  t a n k .  The 

demand v a l v e  was o r i e n t e d  3s f o r  o p e r a t i o n  i n  t h e  h o r i z o n t a l  

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

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

s i n g l a  h o s e  a n d  i n  t h e  h o r i z o n t a l  down p o s i t i o n  f o r  t h e  

~ r i e s t *  11: t w o  h o s e  U B A ,  T h e  d i f f e r e n t i a l  p r e s s u r e  

t r a n s d u c e r  m e a s u r e d  t h e  p r 3  S S U ~ ; ; ?  a t  t h e  m o u t h p i e c e  r e l a t i v e  

t o  a ' tmosphe r  i c  p r e s s u r e .  C h a n g e s  i n  d i v e r  p o s i t i o n  wh ich  

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

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

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

i n  t h e  c o m p u t e r  c a l c u l a t i o n  o f  t h e  work  of b r e a t h i n g .  The  

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

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

v e f o c i t y  a n d  t h u s  o n  i n h a l a t i o n  a n d  e x h a l a z i o n  a i r  f l o w .  

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

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



s i a u l a t i o n  o u t p u t  o f  r e s p i r a t o r y  f r equer ic ies  i n  the r a n g e  o f  

10-30 b r o a t h s  p e r  m i n u t s .  T h e  low p r e s s u r e  s u p p l y  was a l s o  

c o c n c c t e d  t o  t k e  r e s p i r a t o r y  pump i n  b a c k  of  t n e  p i s t o n .  

A 1 ,  x 1 '  x 6" o p e n  b o t t o m  b o x  was immersed I n  t h o  t a n k  t o  a 

d e p t h  a p p r o x i m a t e l y  e q u a l  t o  t h a t  a • ’  t h e  d r m d n d  v a l v e  a c d  

wss zisc c o c r i e c t e d  t c  t h e  c y i i c d = r  i n  h a c k  o f  t h ~  p i s t o c .  

T h i s  p r o v i d e d  b a c k p r e s s u r s  t o  o f f s e t  t h ~  h y d r o s t a t i c  l o a d  

o r  t h e  s i m u l a t o r  d u r i n g  o x h a l a  t i o n ,  t h u s  m i n i m i  z i n g  

a p p a r 3 t u s  s p e e d  v a r i a t i o n s .  F i r e  h a z a r d  i n  a c o m p r s s s e d  a i r  

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

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

m o t o r .  

Th?  choice o f  t h i s  p s r t i c u l s r  mode of s i n @  uav- 

g t . n e r a t i o r ! ,  r a t h e r  t h a n  t h r o u g h  t h e  u s e  o f  cams, w a s  made d u e  

t o  t h e  d i f f i c u l t y  a n d  e x p d n s e  i n  0 b t a i n i r . g  a c c u r a t e l y  m i l l e d  

c a m s ,  3 l t h o u g h  t h e s e  c o u l d  b e  s u b s t i t u e d  a t  a l a t e r  d a t e ,  a s  

i n  a s i m u l a t o r  by N e l s o n ,  (1972.) Soma p o i n t s  o f  

c o n s i 3 2 r a t i o n  w i t h  b o t h  t h i s  d e v i c e  a n d  t h o s e  i n  p r e v i o u s  

works wore b a c k l a s h  i n  tht m e c h a n i s m  of t h > 2  pump, 

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

d i s t o r t i o n  r e s u l t i n g  f r o &  b i n d i n g  f o r c e s ,  T h s s e  s o u r c e s  o f  

s r r o r  were c o m p e n s a t e d  f o r  b y  t h e  d i s p i 3 c s m s n t  t r a n s d u c e r  i a  

c a l c u l a t i n g  gas f low ra tes ,  



A c o r n p a r i s o r  b e t w ~ s n  a c t u a l  a r i i  p r e d i c t s d  av2raqe f l o w  

r d t a s  was  made t c  c h e c k  f o r  l e a k s  a r o u n d  t n e  p i s t o n  O - r i n g  

seal .  A c t u a l  a v e r a g e  f l o u  r a t e s  were o b t a i n e d  f r o m  f l o w  

m 2 t a r  v o l u m e  a n d  time m e a s u r e m * n t s ,  P r e d i c t e d  f l o w  r a t e s  

n s r e  c i l l c u f a t e d  f r o m  p i s t o n  s t r o k e ,  c y l i n d e r  Dore ,  afid rpm. 

v'>"+; 1 st; D i s c r ? p z n c i e s  of l+ss <nan 4A at 2 9  lirers/m~n. . . . b b A - b A ~ 2  

a n d  2 %  a t  Y O  l i t ~ r s / t n i n .  v s n t i l a t i o u  wer? i io ted .  

f r a n s d u c z r  o u t p u t s  f o r  p i s t o n  d i s p i a c z m e n t  and  

d i f  f z r e r l t i a l  p r e s s u r e  werz c o l l e c t e d  on a n  FH t a p e  r e c o r d e r .  

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

d i s p l s c s m z c t  t r a n s d u c e r  p ~ s i  t i o n  t o  j i v e  sma l l  p o s i t i v s  

s i g n a l s  i n  t h e  minimum p o s i t i o n  a n d  zaro  o f f s e t t i n g  t h e  

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

p r e s s u r e  s i g n a l  w a s  f i l t e r a d  u s i n g  a 10 fiz. c u t o f f  low-pass 

f i l t e r .  T h e  two c h a n n e l s  of i z f o r m a t i o n  werE t h e n  sample3  a t  

6 0  times p e r  s e c o n d  a n d  3 3  s 2 c o n d s  o f  2 a c h  t d s t ,  { t h e  maximum 

c o a p u t e r  s t o r a g e  c a p a c i t y ) ,  were d i g i t i z e d  OL a PDP 11  

c o m p u t e r ,  ( D i g i t a l  E q u i p ,  C o r p . )  T h i s  p e r m i t t e d  a n a l y s i s  of 

a t  l e a s t  f o u r  ccmplete b r e a t h i n g  cycles  a t  1  l i t e r  t i d a l  

v o l u m e  aca  a p p r o x i m a t e l y  1 0  brea t h s / n i n ,  f r e q u e n c y ,  t h e  

s l o w 3 s t  d y n a m i c  s e t t i n g ,  D i g i t i z z d  J k p l a c e m z n t  a n d  p r a s s u r e  

i r i f o r r n a t i o n  was t h e n  t r a n s m i t t e d  t o  a n  IBH 370 c o m p u t e r  f a r  

d a t 3  s t o r a g e  a n d  p r o c e s s i n g .  S a m p l i n g  r a t e  was s e l s c t e d  t o  

exceed twice t Le f r e q u e n c y  of a n y  d e s i r e d  ; n f o r m a t i o n .  



T h e  c o m p u t e r  p r o g r a m ,  ( ~ p p e n l l i x  B ) ,  first set  up  d a t a  

a r r a y s ,  i n i t i a l i z e d  i n t e r n 3 1  v a r i a b l t s ,  a n d  e s t a b l i s h e d  a 

time i n c r e m e n t  e q u a l  t o  1/60 s e c o n d ,  ( t h e  r e c i p r o c a l  o f  the 

s a n a p l i n g  r a t s . )  A f i v e  p o i n t  s m o o t h i n g  f o f a u l a  d z s c r i b e d  by 

L a n c z o s ,  {1967) ,  was u s e d  t o  c a l c u l a t e  v e l o c i t y  f r o m  

d i s p i a c e m e n t  d a t a .  I r i t i a :  i n s p i r a t o r y  o r  e x p i r a t o r y  

i n c o i a p l s t e  h a l f  c y c l e s  were re jec ted  b y  t e s t i n g  f o r  c h a n g e  i n  

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

i d e n t i f i e d  i n  t h e  s a n e  manner .  C o r r e c t i ~ n s  f o r  t h e  i m m e r s e d  

d e p t h  3f t h e  demand v a l v e  r e g u l a t o r  d i a p h r a q m  a n d  o f f s e t t i n g  

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

swiisiulng p o s i t i o n  h y d r o s t a t i c  p r e s s u r e  i a t b a l a n c e  d a t a  f ro ln  

t h e  r e s u l t s  o f  P a r t  111 p e r m i t t e d  c a l c u l a t i o n  of v a r i a t i o n s  

i n  inspiratory a n d  expiratory work p e r c e n t a g e s  o f  the t o t a l  

work of  b r e a t h i n g .  

Dsad s p a c e  i n  ths r e s p i r a t i o n  s i m u l a t o r  c y l i n d e r  a n d  

c o n n e c t i v e  t u b i n g  t o  t h e  U B A  n e c s s s i t a t e d  a n  a d d i t i o n a l  

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

c o m p u t e r  p r o g r a m ,  C o m p r e s s i c n  of the a i r  i n  t h e  dead s p a c e  

w i t h  e a c h  pump e x h a u s t ,  ( U B A  i n h a l a t i o n ) ,  c a u s e d  a  d e c r e a s e  

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

s k e w i n g  of t h e  s i n u s o i d a l  flow. Pump i n t a k e ,  {UBA 

e x h a l a t i o n ) ,  r e s u l t e d  i n  a s imilar  b u t  s l i g h t l y  s m a l l e r  

effect i n  the o p p o s i t e  d i r e c t i o n .  



zork  o f  b r e a t h i ~ g  was c a l c u l a t e 4  u s i n g  t h e  p r e s s u r e - f l o w  

d a t a  b y  s u m m a t i o n  of t h e  i n c r e m e n t a l  products of flow r a t e  

t i m + s  d i f t e r a n t i a l  p r e s s u r e  times the time i n t e r v a l .  T i d a l  

v o l u a e ,  r e s p i r a t o r y  f r s q u e n c y ,  m i n u t e  voluiae,  r e s i s t i v e  3nd 

h y d r o s t a t i c  w o r k  c o m p o n e n t s ,  a n d  t o t a l  work of b r e a t h i n g  were 

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



PART 111: HYDROSTATIC P R E S S U R E  IBBALAWCE 

The i n c l u s i o n  of r e p r e s e n t a t i v e  h y d r ~ s t a t i c  p r e s s u r *  

v a l u e s  i n  w o r k  cf b r e a t h i n g  c a l c u l a t i o n s  i s  e s s e n t i a l  i n  

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

2 x p i r a t o r y  w c r k  t c  t h e  t o t 3 1  r z s ~ i  r a t o r  y uzrk. A f t  hough  

s t u d i e s  were made by P a t t o n  a n d  S a n d ,  ( l 9 4 7 ) ,  a n d  J a r r e t t ,  

( 1 9 6 5 ) ,  o n  t h e  p o s i t i o n  o f  t h e  l u n g  c e n t r o i d ,  n o  p r e v i o u s  

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

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

c i r c u i t  demand UBA.  

Ten SCUBA d i v e r s  wers p h o t o g r a p h e d  w h i l e  swimming  

u n d e r w a t e r  i n  f i v e  a p p r o x i m a t e  o r i e n t a t i o n s ,  ( h o r i z o n t a l ,  45 

d e g r e e s  u p  a ~ d  down, a n d  90 d e j r e t s  up  and d o w n ) ,  a n d  i n  a n  

u p r i g h t  work  p o s i t i o n  w i t h  h e a d  erect, D i v e r s  were 

p h o t o g r a p h e d  b r e a t h i n g  f r o g  both m o u t h  held s i n g l e  h o s e  a n d  

b a c k  m o u n t e d  t w o  h o s e  demand r e g u l a t o r s ,  The  h e i g h t s  a n d  

w e i g h t s  o f  the tec s u b j e c t s  i n c l u d i n g  one  female, (LW) , a r e  

shown  i n  a p p e n d i x  C, 

A marker was t a p s d  t o  t h e  s t e r n u m  of e a c h  s u b j e c t  

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

r e f s r e n c e .  The S C U B A  e q u i p m e n t  was a d j u s t e d  c o m f o r t a b l y  b y  

t h s  d i v e r .  H a r k i ~ g s  o n  t h s  SCUBA c y l i n d e r s  p r o v i d e d  a 



r3 f~r i . rce  sca le  f o r  s u b s ~ q u e f i t  l r t e a s u r r m l n t  3f e n l a r g e a e n t s  of 

t h e  p h o t o g r a p h i c  s l i d e s ,  ( P i g u r e s  5 a n d  6 . )  Lung c e n t r o i d  

l o c a t i o n ,  LC, a s  d e f i n e d  by  J a r r e t t  was d e t e r m i n e d  froni b o d y  

m a r k i n g s  on t h e  s t e r n u m ,  s h o u l d e r ,  a n d  h i p ,  a n d  the d i s t a c c e ,  

8 ,  between l u n g  c e n t r o i d  a n d  the c a n t e r  of t h e  demand 

r ~ g u l a t o r  d i a p h r a g m ,  H c ,  w3s m s a s u r e r i  f o r  2 a c h  p o s i t i o n .  A 

b a r  p l aced  h o r i z o n t a l l y  i n  t h e  b a c k g r o u n d  a s t a b l i s h e d  th? 

d i v e r  o r i e n t a t i o n .  Body angle, a ,  was d e f i n e d  a s  the a n g l e  

b e t w e e n  t h 2  h o r i z o n t a l  referents bar a n d  t h e  h i p - s h o u l d e r  

l i n e .  Angle h b e t w e e n  t h e  h i p - s h o u l d s r  f i b e  and  t h e  l u n g  

c e n t r ~ i d - d e m a n d  r e g u l a t o r  lin2 was a l s o  m e a s u r e d .  V a l u e s  o f  

t h e  h y d r c s t a t i c  p r e s s u r e ,  Hd, c o u l l  thus b2 e x p r e s s e d  a s  

Hd = R s i n  ( a + + )  . 



F i g u r e  5 S u b j e c t  DH i n  a swimming o r i e n t a t i o n  
f o r  h y d r o s t a t i c  p r e s s u r e  i m b a l a n c e  
tes t  u s i a g  m o u t h - h s l d  r e g u l a t o r .  
C h e s t ,  t a n k ,  a n d  h o r i z o n t a l  r e f e r e n c e  
markers a re  v i s i b l e .  

S u b j e c t  DM i n  a v e r t i c a l  working 
p o s i t i o n  for h y d r o s t a t i c  p r e s s u r e  
i m b a l a n c e  t e s t  usiag b a c k - m o u n t e d  
r e g u l a t o r .  C h e s t ,  tank, and 
h o r i z o n t a l  reference markers a re  
v i s i b l e .  





R E S U L T S  

PART 1: RESISTIVE gORK/STATIC TESTS S t a t i c  

p r ~ s s u r e - f l o w  d a t a  uere o b t a i n e d  f o r  ~ o t h  d r y  a n d  w2t 

t e s t  c o n d i t i o n s  f c r  P o s 2 i d o n  s i n g i ?  h o s e  a n d  Pr iests  11 two 

h o s e  3 p e n  c i r c u i t  d e a a n d  r - i ? g u l a t o r s .  A t  1  ATA p l o t s  of  

p r e s s u r e ,  (am H20), a s  a  f u n c t i ~ n  o f  of flaw, ( l i t e r s / r a i r : . ) ,  

are s h o w n  i n  F i g u r e s  7 t h r o u g h  14.  P r f  s s u r e  a e a s u r e m e n t s  

were ~ a d e  f o r  b o t h  i n c r e a s i n g  a n d  d m z r e a s i n g  s t e a d y - s t a  t e  

f lows i n  order t o  r e c o r d  p o s s i b l e  h y s t e r e s i s  i n  t h e  U B B  u n d e r  

tes t .  T h e  g r e a t e s t  v a r i a t i o n  b 3 t w e e n  i n c r e 3 s i n g  a n d  

d e c r e a s i n g  v e n t i l a t i o n  f o r  a l l  t e s t s  up t o  325 l i t e r s f m i n .  

wds a p p r o x i i i i s t i l y  1 0  RE. i i 2 G .  T b z  ayerags  sf t h e  Fncroas lng  

a n d  d e c r e a s i n g  p r e s s u r e - f l o w  v a l u e s  u a s  u s e d  i n  s u b s e q u l c t  

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

L P e s i s t a i ~ c e s  i n c r e a s e d  w i t h  v s n  t i l a t i o n  f o r  b o t h  

r e g u l a t o r s  d u r i n g  e x p i r a t i o n  a n d  f o r  the P o s e i d o n  r e g u l a t o r  

d u r i n g  i n h a l a t i o n .  T h e  T r i e s t e  11: two h o s e  r e g u l a t o r ,  

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

u p  t o  a p p r o x i m a t e l y  375 l i t e r s / m i n .  i n  t h e  d r y  test a n d  300 

l i t ? r s / m i n .  i n  t h e  wet tes t .  T h e  h i g h e s t  r e c o r d e d  e x p i r a t o r y  

f low f o r  t h e  Trieste I1 i n  t h o  d r y  t?st was 1 5 1 . 5  l i t e r s / m i n .  

G r e a t e r  e x h a u s t  f lows  i n  t h e  d r y  c o n d i t i o n  c a u s e d  e x h a u s t  



F i g u r e  7 

F i g u r e  8 

Poseidon d r y  s t a t i c  inspiratory 
r e s i s t a n c e ,  (am H20), a s  a  f u n c t i o n  of 
v e n t i l a t i o n ,  ( l i t e r s / a i a  .) 

Poseidon dry s t a t i c  e x p i r a t ~ r y  
r e s i s t a n c e ,  (ram H20), a s  a f u n c t i o n  of 
v e c t i l a t i o n ,  ( l i t e r s /min  .) 



1 1 I I 
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F i g u r e  9 Poseidon wet s t a t i c  inspiratory 
resistance, (!nn H20) , as a f u ~ c t 1 0 ~  of 
v e n t i l a t i o n ,  { l i t e r s / m i n .  ) 

F i g u r a  10 Poseidon wet static expiratory 
resistance,  (am H20), a s  a function of 
v e n t i l a t i o n ,  ( l i t e r s / m i n .  ) 





Figure 11 T r i e s t e  I1 d r y  static i n s p i r a t o r y  
r e s i s t a a c e ,  ( m m  H20), a s  a funct ion of 
v e r . t i l a t i o n ,  ( l i t e r s / n i ~  .) 

Figure 12 T f i e s t e  11 d r y  s t a t i c  expi ra tory  
re s i s t ance ,  (am H 2 0 ) ,  a s  a funct ion of 
v e c t i l a t i o n ,  (lFters/min.) 



TRIESTE ORY STATIC INSPIRRTlON 

O INCRERSINC 

TRIESTE ORY STRTlC CXPIRFITIOW 

O INCRERSING 

B OECREISIWG 



Figurs 13 Trieste I1 wet s t a t i c  i n s p i r a t o r y  
r e s i s t ance ,  (cnm H20), a s  a function of 
v e n t i l a t i o n ,  ( l i t e r s / m i n .  ) 

Figure 1 4  T r i e s t e  11 wet s t a t i c  e x p i r a t o r y  
res is tance ,  (am 820) , a s  a f u n c t i o n  of 
v e n t i l a t i o n ,  (litsrs/min. ) 





V ~ ~ V I  flutter w i t h  r e s u l t a n t  c o c s i d e r a b l e  p r e s s u r e  

f l u c t u a t i o n s .  

E x p i r a t o r y  p r 2 s s u r e  increases o f  a p p r o x i m a t e l y  3 0  

m m  H23  were n o t e d  w i t h  a l t e r a t i ~ n  i n  t h e  o r i s n t a t i o n  of t h e  

p o s e i d o n  r e g u l a t o r  f r a n  thz s x h a u a t  v a l v ?  u p w a r d s  t o  e i t h s r  

e x h a u s t  v a l v e  v e r t l c s l  o r  e x h a u s t  v a l v e  d ~ w n v a r d s ,  { F i g u r e  

10 . )  T h e  m o u t h p i e c e  o f  ths P o s e i d ~ n  is p e r p e n d i c u l a r  t o  t h e  

e x h a u s t  v a l v e  wh ich  the r v f  o r e  r e m a i n s  v e r t i c a l  i n d e p e n d e n t  of  

t h 3  i n c l i n a t i o n  o f  t h e  d i v 2 r  t o  t h 2  h o r i z o n t a l ,  E x p i r a t o r y  

r e s i s t a n c e  is t h u s  i n d e p e n d e n t  o f  swimming a n g l e ,  I f  t h e  

d i v e r  were t o  r o l l  t o  one  s ide ,  h o ~ e v e r ,  e x p i r a t o r y  

r e s i s t a n c e ,  a n d  c o n s e q u e n t l y  e x p i r 3 t o r y  work o f  b r e a t h i n g  

w o u l E  be a f f e c t e d  a c c o r d i n g l y ,  

C o m p l e t e  r e s u l t s  o f  t h e  work ~f b r e a t h i n g  a s  e s t i m a t e d  

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

d a t a ,  t o g e t h e r  uith i n s p i  r a t c r y  a n d  e x p i r a t ~ r y  work  v a l u e s  

a n d  p e r c e n t a g e s  o f  t o t a l  work, a r e  c o n t a i n e d  i n  A p p e n d i x  D, 

s i m u l a t e d  work  o f  b r e a t h i n g ,  (kg.m./~in,), a s  a f u n c t i o n  o f  

s i n u s ~ i d a l  v e n t i l a t i o n ,  (li t e r s / m i n .  ) , are  shown i n  

c o m p a r i s o n  t o  d y n a m i c  t e s t  r e s u l t s  f o r  t h ~  P o s e i d o n  i n  F i g u r e  

21 a n d  f o r  t h e  T r i e s t n  I1 i n  F i g u r e  22. Also  s h o u n  a r e  

C o o p e r ' s ,  ( 1 9 6 0 a ) ,  maximum a n d  recoaamended s t a n d a r d s  f o r  

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



PART 11: R E S I S T I V E  U O R P / D Y N A P l I C  TESTS 

O n e  ATA p r e s s u r e  c h a r l c t e r i s t i c s  o f  a  P o s d i d o n  mouth 

h e l d  a n d  a T r i f S t ~  11 b a c k  moun ted  r e g u f a t ~ r  were m e a s u r e d  

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

c o n n e c t e d  t o  t h e  immersed  U B A .  Test c a n d i t i o n s  h a d  t i d a l  

v o l u m e s  o f  1, 2 ,  a n d  3 l i t e r s  a n d  v e n t i l a t o r y  r a t e s  o f  up  t o  

95.9 l i t e r s / m i n ,  for ths P o s e i d o n  a n d  80.1 l i t e r s / i l i i n .  f ~ r  

t h e  Tr ies te  11. 

Pressure acd f l o w  d a t a  o b t a i n e d  f r o n  t h e  d y n a m i c  tests 

a t  a tidal volume of 2 l i t e  rs a r e  p i o t t e 3  i n  F i g u r e s  16 and  

17 f o r  t h e  P o s e i d o n  r z g u l a t o r ,  a n d  i n  F i g u r e s  19 a n d  20 f o r  

t h&  Yrieste I1 ragi;:atcr 3s a fu~ctlon cf s a m p l e  number, 

(6O/sec .  ) 

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

c u r v e s  a r e  g e n e r a t e d  a r e  d a p i c t e d  i n  F i g u r e s  15  a n d  1 8  f o r  

P o s e i d o n  a n d  T r i e s t e  XI r s g u l a t o r s  r e s p t c t i v e l y .  D a t a  is 

shown i n  c a .  a s  a f u n c t i o n  o f  s a m p l e  number  f o r  b o t h  

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

Completo r e s u l t s  o f  the d y n a m i c  work o f  b r e a t h i n g  

c o n p u t f r  c a l c u l a t i o n s  a re  c o r ~ t a i n e d  i n  A p p e n d i x  E f ~ r  t b e  

P o s e i d o n  r a g u l a t o r  a n d  i n  A p p e n d i x  F for tne T r i e s t o  11 



F i g u r e  1 5  U c c o r r e c t s d  a n d  cornprassion c o r r  ec tea 
piston d i s p l a c e m e n t ,  (cm.) , f o r  
P o s e i d o n  r e g u l a t o r ,  1 ATA wet 
dynanric test a t  2.0 i i t o r s  t i d a l  
v o l u m e  and 17.7 breaths/min. 
respiratory frequency, 





F i g u r e  16 Flow, ( l i ters)  , as a f u n c t i o n  of time, 
( s e c o ~ c l s )  , for P o s ~ i d o n  r e g u l a t o r .  1 
A T A  wet d y n a m i c  tsst a t  2.0 l i t e r s  
tidal volume a n d  17.7 b r e a t h s / m i n .  





Figure  17 P r e s s u r e ,  (ma H20) ,  ds a f u n c t i o n  of 
t ime,  (seconds)  , f o r  P o s e i d o n  s i n g l e  
hose r e g u l a t o r .  1 ATA wet d y n a m i c  
t e s t  a t  2.0 l i t e r s  tidal volume a n d  
17.7 brea  t h s / i a i n .  





P i q u r z  1 8  r r  j , ,corractad a n d  c o n p r t s s i o n  corrected 
p i s t c n  d i s p l a c e i e s n t ,  fcm.) , f 3r 
Trieste  I1 r e g u l a t o r  1 ATA we+ 
d y ~ a m i c  t e s t  a t  2.0 l i t e r s  tidal 
voluiae a n d  20.8 b r e a t h s / m i n .  
r e s p i r a t o r y  f r e q u e n c y .  





F i g u r s  1 9  Flcw, ( l i t e r s )  , hs d f u n c t i o n  of time, 
( s e c o n d s ) ,  f o r  T r i 2 s t a  I f  r e g u l a t o r  1 
ATA wet dynamic t,.rst a t  2.0 l l t e r s  
t i d a l  volume a n d  20.8 b r e a t h s / m i n .  
r t s p i r a t o r y  f r e q u m c y .  





F i g u r e  2 0  P r + s s u r e ,  ( ~ i u  H2C), a s  a f u c c t i o n  of 
time, (seconds), f o r  Tr ies te  I 1  two 
hose r e g u l a t o r  1 ATA v e t  d y n a m i c  test 
a t  2.0 l i t e r s  t i d a l  vo lume  a n d  20.8 
b r e a t h s / l a i n .  respiratory f r e y u e o c y .  





t a g u l a t o r .  T o t a l  w c r k  of b r ~ s t h i ~ g ,  (kg .m. /min . ) ,  , a s  a 

f u c c t i o s  o f  s i n u s o i d a l  f l a x ,  [ f i t s r s / i u i n . f ,  2s p l o t t - . d  i n  

F i g u r e s  2 1  a n d  22 r e s p e c t i v e l y .  f c s p i r a t o r y  a n d  e x p i r a t o r y  

work c c m p o n r n t s  o f  t h e  t o t a l  w o r ~  o f  b r 3 a t r i i c g  f o r  the two 

r s y u l a t o r s  a r e  s i a i l a r l y  shown a s  a f u n c t i o n  of v e n t i l a t i o n  

i c  F i q u r s s  23 a n d  24. 

T h e  work o f  b r e a t h i n g  was c a l c u ~ a t ~ a  m a n u a l l y  f o r  o r e  

t es t  r u n  f r o m  t h ~  p r 2 s s u r e - t i m ?  a n d  f l o w - t l m e  p l o t s ,  ( F i g u r e s  

16 a n d  17,  ar.d 1 9  a n a  2 0 ) ,  a s  a c h e c k  o n  tn? r s s u i t s  o f  t h e  

c o m p u t 2 r  c a l c u i a t i o n s .  T h s  c c m p u t e r  p r o g r a m  b a s e d  

c a l c u l a t i o n s  u s e d  a n  e q u a i  time i n t e r v a l  f o r  work  o f  

b r e a t h i n g  a p p r c x i m a t i c n s  a c c o r d i n g  t o  t h e  = x p r e s s i o n :  

P = P r e s s u r e  

V = Volume 

t = Time 

B a n u a l  c a l c u l a t i o n s  f o r  t r ,2  work o f  h r e a t h s n j ,  h o w e v e r ,  w+rs 

d s r i v e d  from thr s u m m a t i c n  o f  ar. n y u a i  vcluin? i n c r e m 2 n t  times 

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

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

e x p r e s s i o n :  

T h e  d i f f a r e n c e  b e t w e e n  t h a  two m e t h o d s  was 4 . 5 2  a n d  was 

w i t h i n  the ~ s t i r a a t e d  a c c u r a c y  of t h e  mariuai  c a i c u i a t i o r . .  



F i g u r e  2 1  H t s i s t i v e  w o r ~  cf o r e a t h i n g ,  
(kg.m./mic.) ,  a s  a  f u n c t i o n  of 
v c : r . t i l a t i o ~ ! ,  ( l i t e r s / a i n  .) , far 
P o s e i d o n  m o u t h - h e l d  o p e n  c i r c u i t  
u n d e r w a t e r  b r ~ a t h i n g  a p p a r a t u s .  
Dynamic t e s t i n g  of a p p a r a t u s  immersed 
i n  water. Haximum and  recommendad 
s t a n d a r d s  b y  Cocper, (1960s), a r e  a l s ~  
shok-n.  
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F i g u r e  2 2  R e s i s t i v e  work of b r e a t h i n g ,  
(kg. m i ,  a s  a f u n c t i o n  of 
v ~ n t i l a t i o n ,  ( l i t ~ r s / m i n . ]  , for 
T r i e s t e  11 b a c k - m o u n t s d  o p e n  c i r c u i t  
u n d e r w a t e r  b r e a t h i n g  a p p a r a t u s .  
Dynamic  t e s t i n g  of a p p a r a t u s  immersed 
i n  w a t e r .  Haximum a n d  r e c o a m e n d e d  
s t a n d a r d s  b y  C o c p o r ,  ( 1 9 6 0 a ) ,  a r e  also 
s h c u r , .  
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F i g u r 2  2 3  Poseicion i n s p i  r a to ry  an3 6 x n i r a t o r y  
r e s i s t i v e  work of b r e a t h i n g ,  
( k g .  m./min.) , a s  3 function ~f 
v e r t i l a t i o n ,  ( l i  t e r s / m i n .  ) Dyrlamic 
testing of a p p a r a t u s  i m m s r s e d  i n  
water, 

figur? 2 4  Trieste I1 i n s p i r a t o r y  and e x p i r a t o r y  
r e s i s t i v e  work cf b r e a t h i n g ,  
(kg. m./min . ) ,  as a function of 
v e c t i l a t i o n ,  ( l i t e r s / m i n . )  Dytare ic  
t e s t i n g  of a p p a r a t u s  immersed i n  
v a  ter. 



PlSE l DON 

O INSPJRRTION 

C1 EXP I RRT I ON 

IRIESTE I 1  

13 INSPIRRTIUN 

D EXPIRRTION 

1-- 7 

DO 20-00 YO. 00 6b.00 eb-oo ~ b o . o o  
VENT I LRT I ON [ L  I TERS/W I N. I 



PART 111: HYDROSTATIC PRESSURE I H B A L A N C E  

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

l u n g  c a i t r o i d  a c d  t h e  demacd r 9 g u l a t o r  d i a p h r a g m  ~f h i s  o p e n  

c i r c u i t  U B A  was m e a s u r e d  d i r e c t l y  f r o m  t h e  s l i d e s  f o r  t e n  

d i v e r s  a ~ d  a r e  shown  p l o t t s d  r t l a t l v - 2  t3 swiniming a n g l e  i n  

d e g r e e s  f o r  mouth h ? l d ,  ( F i g u r e  2 5 ) ,  a n d  b a c k  moun ted ,  

( F i g u r e  2 6 ) ,  r e g u l a t o r s  r e s p e c t i v e i y .  T h e  mean v a l u e s  of  R 

an d were f i r s t  d e t e r m i n e d  f o r  2 a c h  s u b j e c t  i n  t h e  swimming 

p o s i t i o n  i n  o r d e r  t o  o b t a i n  a m t a n  c u r v e ,  Hd = R s i n ( a +  ) ,  

r e p r e s e n t a t i v e  of t h e  g r o u p .  R a n d  v a l u ~ s  m e a s u r e d  i n  

2 a c h  p o s i t i o r !  were s l i g h t l y  d i f f e r n n t .  Wi th  t h e  t w o  h o s e  

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

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

v a r i a t i o n s  r e s u l t e d  f r o m  movemen t s  o f  t h e  a 3 u t h  a n d  h e a d .  

T h e  Inaan R a n d  f o r  a l l  t e n  s u b j e c t s  were t h e n  d e t e r m i n e d  

f rom i n d i v i d u a  1 mean v a l u e s .  S t a n d a r d  d e v i a t i o n s  were 

c a l c u l a t e d  u s i n g  t h e  d i f f e r e n c e s ,  (Hd - Hd ) ,  b e t w e e n  t h e  

teean c u r v e  a n d  t h e  i n d i v i d u a l  d a t a  p o i n t s  m 2 a s u r e d  f r o m  the 

s i i d z s .  T h e  mzan v a l u e  o f  Hd when swimming was d e f i n e d  b y  

t h e  e q u a t i o n :  

Hd = 40.0 s i n ( a - 1 4 . 5  ) + 4 .3  cm. H20 

f o r  a o u t h  h e l d  r e g u l a t o r s ,  a n d  

Bd = 27.9  s i n ( a + 3 3 . 8  ) + 2.9 cm. H20 

f o r  b a c k  m o u n t e d  r e g u l a t o r s .  T h o s e  ? q u a t i o n s  a p p l y  o v e r  t h e  

r a n g e  o f  d i v e r  o r i e n + a t i o n s  -90. <a<90 .  w i t h  r e s p e c t  t o  the 

h o r i z o n t a l .  



F i g u r e  2 5  v a r i a t i o n  in v e r t i c a l  d i s t a n c e  betweer.  
l u n g  cectroid acd d e m a n d  v a f v * ,  (cm.), 
a s  3 function ci diver orientation 
with r2spect t o  t h s  h o r i z o n t a l  f o r  
mouth-held dzmand r e g u l a t o r .  
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Figure 2 5  V a r i a t i c ~  13 v e r t i c a l  d i s t a c c e  b2tweec 
lucg centroid arid demand v a l v e ,  (cm.), 
a s  a fucct icr ,  cf d i v e r  = r i e n t a t i o n  
w i t h  respect t o  t h e  h ~ r i z o n t a l  f 3 r  
back-mountea demand r a g u l a t o r .  
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nean h y d r o s t a t i c  p r e s s u r e  was c a l c u l a  t s d  f rcm t h e  d a t a  

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

erect. A w o r k i n g  p o s i t i o n  mean v a l u ~  o f :  

Hd = 24.1 2 3.7 cm, H Z 0  

was c a l c u i a t e d  f o r  a  mouth h e l d  r z g u l a t o r ,  a n d  

Hd = 24.7  2 2.6 cm. A20 

w i t h  a b a c k  moun ted  r a g u l a t o r .  

l t l a r l y  a l l  o p e n  c i r c u i t  U B A  p r e s e n t l y  a v a i l a b l e  are 

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

e i t h e r  r t l o u t h p i e c e  f o r  mouth h e l d  o r  c y l i n d e r  m o u n t i n g  f o r  

back m o u n t e d .  These r e s u l t s  a r e  t h e r e f o r e  c o n s i d e r e d  t o  b e  

r e p r a s e n t a t i v l t  of o p e n  c i r c  ui t s c u b a  i r r e s p ~ c t i v e  o f  

a p p a r a t u s  m a n u f a c t u r e r  or model, 



S t a t i c  t e s t  c a l c u l a t i o n s  of  t h e  work of b r z a t h i n q  were 

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

d u r i n g  d r y  t e s t i n g .  S t e a d y  s t a t e  p r e s s u r e - f l o w  d a t a ,  

( P i q u r s s  7 t h r o u g h  l o ) ,  showed  t h i s  t c  b e  t he  r e s u l t  o f  a n  

i n c r e a s e  in e x h a l a t i o n  r s s i s t a n c e  a t  a l l  v e n t i l a t i o n s .  L a r g e  

c h a n g e s  i n  p o s e i d o n  e x h a l a t i o n  rasistmcs were n o t e d  w i t h  

v a r i a t i o n  i n  e x h a u s t  v a l v e  o r i e n t a t i o n ,  ( F i g u r e  10.) I t  is 

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

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

c a u s e d  i n c r e a s e d  e x p i r a t o r y  p r e s s u r e  f ~ r  a g i v e n  f l o w  r a t e  

c o m p a r e d  t o  t h e  n o n - i m m e r s e d  c o n d i t i o n .  Cooper recom~t lended  

t h a t  t h e  w o r k  of b r e a t h i n g  f o r  r ~ s p i r a t o r y  d e v i c e s ,  

(kg .  rn. /min.)  , co t  e x c e e d  o n e - e i q h t h  o f  the v e n t i l a t i o n ,  

f l i t ~ r s / m i n , ) ,  (196Oa.) s t a a d y  s t a t e  irtlraersed work o f  

b r e a t h i n g  a t  1  A T A  e x c e e d e d  this a t  a p p r o x i m a t e l y  81  

l i t e r s / m i n .  f o r  the ~ o s e i d o n ,  ( F i g u r e  2 1 , )  

T r i e s t e  XI r e g u l a t o r  s t a t i c  tssts f o u n d  i n s p i r a t o r y  a c d  

e x p i r a t o r y  r e s i s t a n c e s ,  ( F i g u r e s  1 1  t h r o u g h  1 4 1 ,  a n d  work of 

b r e a t h i n g ,  ( F i g u r e  2 2 ) ,  t o  be  g r e a t e r  i n  t h e  d r y  c o n d i t i o n  

t h a n  when i m m e r s e d ,  D i f f e r e c c e s  i n  e x p i r a t o r y  r e s i s t a n c e  way 

h a v e  b e e n  l a r g e l y  a  r e s u l t  o f  t h e  s a m e  e x h a u s t  v a l v e  

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



S t e 3 d y  s t a t e  wcrk  o f  b r e a t h i n g  u n d z r  w 2 t  c o n d i t i o n s  a t  1 A T A  

f o r  t h e  ~ r i a s t e  11 r ~ q u l a t ~ r  e x c e e d e d  C o o p e r  I s  r ecommended 

s t a n d a r d s  a t  a p p r o x i m a t e l y  9 2  l i t i r s / m i n . ,  ( F i g u r e  22.) 

~ y n a u i c  work  o f  b r e a t h i n g  a t  1 ATA f o r  t h e  p o s e i d o n  U B A  

e x c e e d e d  C o o p e r ' s  r ~ c o e t m e a d a t i o n s  n t  a p p r o x i m a t e l y  51 

l i t a r s / m i n .  v e n t i l a t i o n ,  p l o t t e d  i n  F i g u r e  21. The Tr ies te  

I1 U B A  u n d e r  t h e  s a n s  c o n d i t i o n s  e x c e e d z d  t h e s e  v a l u e s  a t  a l l  

v m t i l a t i o n s .  P u r t h a r ,  a t  t h e  h i g h e s t  f l o w  r a t e  t e s t e d ,  (3 

l i t z r s  t i d a l  v o l u m e  a n d  2 6 . 7  b r o a t h s / m i n . ) ,  t h e  Trieste I f  

r e a c h s d  C o o p e r S s  maxiinurn l i m i t  o f  t h e  u o r k  o f  b r e a t h i n g  a q u a 1  

t o  ~ n e - f o u r t h  o f  t h e  v e n t i l a t i o n ,  a s  shown i n  ~ i g u r e  22. 

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

o u t  i n  c o n j u n c t i o n  u i t h  the d y n a m i c  t e s t i n g  i n  o r d e r  t o  

i n v e s t i g a t e  t h e  v a l i d i t y  of s t a t i c  d e t e r m i o a t i o n s  o f  U B A  work 

o f  b r e a t h i n g .  T h e  o b t a i n m s n t  o f  s i m i l a r  r e s u l t s  would 

i n d i c a t e  t h a t  U B A  p s r f o r m a n c e  m e a s u r e m e n t s  c o u l d  b e  made 

w i t h o u t  t h e  need f o r  a r e s p i r a t i o n  s i m u l a t o r .  However,  

s t a t i c  work o f  b r e a t h i n g  v a l u e s  w2re 3s much a s  23.2% less 

t h a n  d y n a m i c  a t  95 .9  l i t 2 r s / m i n .  f ~ r  tne  P ~ s e i d o n  a n d  58.22 

12ss a t  8 0 , l  l i t ~ r s / i n i n .  f o r  t h e  ~ r i e s t e  11. O f  t h i s  

d i f f z r e n c z ,  p o s e i d o n  s t a t i c  i n s p i r a t o r y  work was 42 .2% l a s s  

t h a n  d y n a m i c  i n s p i r a  t o r y  work ,  w h i l e  s t3 t i c  e x p i r a t o r y  work 

was o n l y  9 .1% less t h a n  d y n a m i c  e x p i r a t o r y  work,  F o r  th? 



T r i e s t e  I1 v a l u e s  were 75.9% lsss a n d  29,4% lsss 

r e ? s p o c t i v e i y .  

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

of t h e  U B A ,  c y c l e d  t h e  r e g u l a t o r s  t h r o u g h  i n s p i r a t o r y  a n d  

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

r a t e ,  H y s t e r e s i s  l o s s e s  d u e  t o  d a m p i n g  d u r i n g  o p e n i n g  a n d  

a n d  c l o s i n g  cf the tilt v a l v ~  i n s p i r a t o r y  m e c h a n i s m  a n d  water 

f low r e s i s t a n c e  w i t h  m o v e m e n t  of the d e m a n d  d i a p h r a g m  

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

with s t a t i c  t e s t i n g  e s t i m a t i o n s .  E x h a u s t i n g  of water i n f l u x  

i n t o  t h e  e x h a u s t  p o r t s  d u r i n g  ths f i r s t  s t a g e s  o f  e x h a l a t i o r , ,  

a n d  n o n - s t e a d y  s t a t e  e x h a u s t  b u b b l e  f o r m a t i o n  may a l s o  h a v e  

a f f e c t 3 d  t h e  w o r k  of b r e a t h i n g ,  

B e c a u s e  t h e  d i f f e r e n c e s  b e t w e a n  s t a t i c  a n d  d y n a m i c  t z s t  

r e s u l t s  a re  b o t h  l a r g e  a n d  d i f f i c u l t  t o  c o r r e c t ,  it is 

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

w o r k  o f  b r e a t h i n g  e v a l u a t i o n  of U B A .  

H y d r o s t a t i c  p r e s s u r e  i m b a l a n c e ,  a s  s h o w n  i n  F i g u r e s  2 3  

a n d  2 4 ,  v a r i e d  w i t h  s w i m m i n g  o r i s n t a t i o n  by  a p p r o x i m a t e l y  

+ 40 c ~ .  H20 when  u s i n g  m o u t h  h e l d  r e g u l a t o r s  a n d  2 2 8  cm. - 
820 w i t h  b a c k  m o u n t e d  r ~ g u l a t o r s .  I n  a d d i t i o n ,  h y d r o s t a t i c  

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



a fE . . s c t sd  by h e a d  p o s i t i o n ,  tfze a m a u n t  o f  p a s s i b l e  v a r i a t i ~ r ,  

i ~ c r z a s i n g  a s  t h e  swimming  a n g l e  d e v i a t e s  f r o m  t h e  

h o r i z o ~ t a l .  T h i s  i s  rzf lec ted  i n  t h e  d i f f e r e n c e  b e t w e e n  

h y d r o s t a t i c  p r e s s u r e  i m b a l a n c e  m e a s u r e d  when t h e  d i v e r  w3s 

swimming u p w a r d ,  (+40 em. R20), and t h e  u p r i g h t  w o r k i n g  

p o s i t i o n  w h e r e  t h e  d i v c l r  w a s  l o o k i n g  h o r i z o n t a l l y ,  ( 4 2 4  

cra. H20,) 

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

u p o n  i c s p i r a t o r y  a n d  ~ x p i r a t o r y  work. F i g u r e s  29 a n d  30 

i l l u s t r a t e  i n s p i r a t o r y  a n d  e x p i r a t o r y  work  a s  p e r c e n t a g e s  of 

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

m o u n t e d  r e g u l a t o r  a t  1 A T A  a t  h i g h  v e n t i l a t i o n s  p l o t t e d  w i t h  

r e s p e c t  tc s w i m w i ~ g  a n g l e .  The  p e r c e n t a g e s  s h o w n  w i t h o u t  

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

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

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

work were d e t e r m i n e d  f r c m  t h e  p r e s s u r e - f l o w  m e a s u r e m e n t s  made 

d u r i n g  t h e  v e t  d y n a m i c  t e s t s .  

Negative e x t e r n a l  e x p i r a t o r y  w o r k  may r a s u l t  i n  a  

r e d u c t i o n  i n  t h e  t o t a l  e x p L r a t o r y  work a n d  h ~ n c e  a  lesser 

i n v ~ l v e m e n t  o f  t h e  r e s p i r a t o r y  muscles, N a g a t i  v z  h y d r o s t a t i c  

work e x c e e d i n g  t h e  c o m b i c e d  i n t e r n a l  a n d  e x t e r n a l  r e s i s t i v e  

work, w i l l  r e s u l t  i n  b r a k e d  e x p i r a t i o n ,  a n d  t h u s  c a u s e  a 



F i g u r e  2 7  T h e  i n s p i r a t o r y  w o r k  p e r c e n t a q e  
of  t h e  t o t a l  w c r k  o f  b r e a t h i n q  a s  a 
f u n c t i o n  of d i  vrr o r i e n t a t i o n  w i t h  
r e s p e c t  t o  t h e  h o r i z o n t a l .  B a s e d  o n  
1 A T A  d y n a m i c  t e s t i n g  of  a m o u t h - h e l d  
o p e n  c i r c u i t  r e g u l a t o r  i m m e r s e d  i n  
water, 

B i g u r o  2 8  Th9 i n s p i r a t o r y  u o r k  p e r c e n t a g e  
o f  the t o t a l  ncrk o f  b r e a t h i n g  a s  a 
f u n c t i o c  of d i v e r  o r i e ~  t a t i o n  w i t h  
r e s p e c t  t c  t h s  h o r i z o n t a l .  B a s s d  on 
1 ATA d y n a m i c  t e s t i n q  o f  a b a c k - m o u n t e d  
o p e n  c i r c u i t  r e g u l a t o r  imm?rsed  i n  
water. 



a'- POSE 1 DON 

TRIESTE I 1  

1 I I 1 1 1 
30.00 -60.00 -30.00 0 .00  30.00 60.00 90.00 

FlNGLE (DEGREES) 



F i g u r 3  2 9  I n s p i r a t o r y  a n d  a x p i r a t o r y  work 
e x p r e s s e d  a s  a perczntaqe o f  t b e  t o t a l  
w o r k  of  breathing. T h e  f i g u r e  s h o w s  
work b o t h  w i t h  and w i t h o u t  hydrostatic 
i m b a l a n c e .  Bassd o n  1 ATA dynamic 
testing of a m o u t h - h e l d  o p e n  c i r c u i t  
r e g u l a t o r  a t  75.6 liters/min. 
v e n t i l a t i o n  i m m ~ r s e d  i n  water. 



1 R 7 B  SINGLE HOSE: 7 5 , 6  L . / M l f l ,  



F i g u r e  3 0  I c s p i r a t o r y  a n d  e x p i r a t o r y  work  
e x p r e s s e d  a s  a percontayz  of t h e  t o t a l  
~ o r k  of b r e a t h f n g .  T h e  f i g u r e  s h o w s  
work b o t h  w i t h  a n d  w i t h o u t  h y d r o s t a t i c  
i m b a l a n c e ,  B a s e d  on 1 ATA d y n a ~ i c  
t e s t i n g  of a b a c k - m o u r t a d  o p e n  c i r c u i t  
r e g u l a t o r  a t  80.1 l i t e r s / m i n .  
v e n t i l a t i o n  immersed i n  water, 



EXPIRRTORY WORK IHHERSEO 

I f lSPIRf iTORY WORK N / b  IHBfiLfiNCE 

- 
\ EXPIRR1ORT WORN N/O IHBRLRNCE 

r 1 

60.00 90.00 

1 RTR TWO HOSE: 80.1 L . / H I N .  



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

c o n d l t i o c  i m p o s e s  a n  u n n e c e s s a r y  r 2 s p i r a t o r y  l o a d  upon t h e  

d i v e r .  

Z o o p e r ' s  s u g g e s t e d  s t a n d a r d s  f o r  r e s p i r a t o r y  p r o t e c t i v e  

d e v i c e s ,  ( 1 9 6 0 a ) ,  i n c l u d e d  t h e  r a c o m m c n d a t i o n  t h a t  a t  h i g h  

v e n t i l a t i o n  r a t e s  the f r a c t i o n  of work d o n s  i n  e x p i r a t i o n  

s h o u l d  n o t  b e  Bore t h a n  50A, T h e  effect o f  hydrostatic 

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

t h e  I n c r e a s e  i n  U B A  r e s i s t i v e  work w i t h  * i t h e r  i n c r e a s i n g  

v e n t i l a t l c n  a n d  cr i n c r e a s i n g  d e p t h ,  ( F i g u r e s  2 7  a n d  28.) 

C o m p a r F s o n s  o f  F i g u r e s  29 a n d  3 0  s h o w  t h a t  a t  1 A T A  t h e  b a c k  

n o u n t s d  two hose r e g u l a t o r  p r o v i d e s  a g r e a t e r  r a n g e  of d i v e r  

o r i e n t a t i c n s  h a v i r g  e x p i r a t c r y  work l e s s  t h a r  SOX o f  t o t a l  

work of b r e a t h i n g .  I n  terms o f  b a l a r i c l n g  thz work o f  

b r e a t h i n g  b e t w e e n  i n s p i r a t i o n  a n d  sxp i r a t i . 311  t h e  b a c k  m o u n t e d  

r e g u l a t o r  may t h u s  b e  p r e f e r a b l e  a s p e c i a l l y  i f  t h e  d i v a r ' s  

body i r i c l i n a t i c n  is p r e d o m i n a t e l y  i n  o t h e r  t h a n  a  h o r i z o n t a l  

swimming p o s i t i o n  d u r i n g  t h e  d i v e .  

Whether t h o  d i v a r  s h o u l d  b r e a t h s  s g a i a s t  a p o s i t i v e  o r  

n 2 y a t i v e  p r e s s u r e  d e p e n d s  t o  a s  2 x t e n t  upon zhe ~ a g n i t u d e  o f  

t h l  i n s p i r a t o r y  a n d  e x p i r a t o r y  r e s i s t i v e  work o f  t h e  

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

r e s i s t i v e  work  is l a r g e r  i t  is  b e s t  t o  b r e a t h e  a g a i n s t  



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

i n s p i r a t i o c ,  t h e r e b y  making  use  of  h y d r ~ s t a t i c  pressure 

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

e x p i r a t o r y  u o r k .  C o n s i d e r i n g  Coops r v s  r e c o m m e n d a t i o n s  f ~r 

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

f o u n d  hy  P a t c n  ar,d S a n d ,  (1947)  , 3 n d  Thompson a n d  IvlcCaily, 

(1967). i t  is  p r o b a b l y  b e s t  t o  i n c o r p o r a t e  n e g a t i v e  p r e s s u r e  

b r 3 a t h i n g  p r o v i d e d  leve 1s a re n o t  s x c e s s i v e ,  



C O N C L U S I O N S  

T h e  r e s p i r a t i o n  s i m u f  a t o r  u L t h  s F n u s o ; d a l  v a n t i l a t i o n  

u s e d  ic t h i s  i n v e s t i g a t i o n  e n a b l e s  t h a  d e t a r m i n a t i o n  of t h e  

work of b r e a t h i n g  f o r  o p e n  c i r c u i t  demand u n d e r w a t e r  

b r e a t h i n g  a p p a r a t u s  u n d s r  immerse.i d y n a m i c  c o n d i t i o n s .  Tes t  

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

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

a n d  p e r m i t  d i rec t  c o m p a r i s o n  b s t w e z n  d i f f e r e n t  u n d e r w a t e r  

b r e a t h i n g  a p p a r a t u s .  

S t e a d y  s t a t e  b e n c h  t e s t i n g  %as f o u n d  t o  be n o t  a v a l i d  

m2 thod  f o r  u n d e r w a t e r  b r e a t h i n g  a p p a r a t u s  * v a l u a t i o n  a s  3 

r e s u l t  o f  n o r -  r e p l i c a t i o n  of d y n a m i c  i n s p i r a t o r y  a n d  

s x p i r a t  o r y  r ~ s i s t a n c s s .  

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

d i v e r  o r i e n t a t i o n s  u s i n g  b o t h  mouth  held a n d  b a c k  a o u n t e d  

demand r e g u l a t o r s  w a s  a  s i g n i f i c a n t  f a c t o r  i n  i n s p i r a t o r y  

a n d  expiratory work p a r c e 3 t a g e s  o f  t h o  t o t a l  work of  

b r e a t h i n g .  

R e s p i r a t i o n  s i m u l a t o r  m e a s u r e m e n t s  of t h e  work of 

breathing f o r  the u n d e r w a t e r  b r e a t h i n g  a p p a r a t u s  t e s t e d  



2xcaeded  e a r i i ~ r  recommend2d s t a c d a r d s  even a t  1 A T A  a t  

v e n t i l a t i o n s  w i t h i n  t h e  p h y s i o l o g i c a l  r a n g e  of w o r k i n g  

d i v e r s .  
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APPENDIX (continued) 



A p p e n d i x  c Hydros t a t i c  Pressurz i ~ b a i a n c a  
S u b j e c t  Data 



H Y D R O S T A T I C  P R E S S U R E  1 MBALAlYCE SUBJECI '  DATA 

S u b j e c t  
TB 
M C  
2 E l  
i) H 
DM 
JFI 
NS 
LT 
Hi? 
LW 

Hoight (cs.) 
182.9 
172.7 
186.1 
162.6 
173.1 
1 B L . 9  
181.6 
177.8 
179.7 
765.1 



Apper;?ix  1; S t e a d y  S t 3 t 3  Estimations of  the Work 
of ~ r e a t h i n g  f o r  S i n g l e  Hose  a n d  
Two Hose H e g u l a  tors, where: 
VT = T i d a l  Volume i n  l i t e r s  
R E S P H Z  = R e s p i r a t o r y  F r e q u e n c y  in 

b r e a t h s / m i n ,  
VEMTH = M i n u t e  V e n t i l a t i o n  in 

l i t ~ r s / m i c .  
WT: = Work c?f I n s p i r a t i o n  in 

kg.  ra, / b r e a t h  
AIR = B i n u t a  Hork =tf I n s p i r a t i o r !  i n  

kg. nl. /pain. 
WE = Uork of E x p i r a t i o n  i n  kg .m. /brea th  
UEPI = Minute U o r k  o f  E x p i r a t i o n  i n  

kg. ra./min. 
UTM = T o t a l  H i n u t e  Work of B r e a t h i n g  in 

kg.ni./min. 
PEREX = E x p i r a t o r y  g o r k  P e r c e n t a g e  of 

Total Work o f  B r e a t h i n g  
PERIN = I n s p l r a t o r y  Work P e r c e n t a g e  of 

T o t 3 1  Work o f  B r e a t h i n g  



VT RESPHZ BENT# WI. W f H  
1.00 14.60 14.60 0.02 0 - 3 5  
1.50 17.00 25.50 0.04 0.60 
2.00 18.20 36.40 0 - 0 5  0.95 
2.50 18 -90  47.25 0.07 1.35 
3.00 1 9 - 4 0  58.20 0.10 1.85 
3.00 22.00 66.00 0.10 2.30 
3.00 26.00 73.00 0.12 3.23 
3.00 3 0 - 0 0  90.00 0.15 4.37 
3.00 34.00102,00 0.17 5.66 

WE!! UTM PEREX PERIN 
0.11 0.47 24.34 75.66 
0.26 0.85 29.98 70.02 
0.47 1.42 33.00 67.00 
0.73 2.09 35.22 5 4 - 7 8  
1.08 2.93 36.88 63.12 
1.38 3.67 37.49 62.51 
1.94 5.17 37.54 62.46 
2.63 7.00 37.55 62.45 
3 . Y 5  9 - 1 1  37.92 52.08 

POSEIDON WET STATIC DATA WORK OF BREATHING ESTIBATZOBS 

VT RESPHZ VENTH #I UIH WE WEB WTH PEREX PERIH 
7.00 14.60 14.60 0.01 0 - 0 7  0.04 0.59 0 .6789 .00  11.00 
1.50 17.00 25.50 0.01 0.21 0.08 1.28 1.48 86.06 73.94 
2.00 18 -20  3 5 - 4 0  0.02 0.43 0.12 2.15 2.58 83.34 16.56 
2.50 18.90 47.25 0.04 0.75 0.17 3.20 3.95 80.94 19.06 
3.00 19.40 58.20 0.06 1.21 0.23 4.39 5 - 5 9  7 8 - 4 5  21.55 
3.00 22.00 66.00 0.07 1.65 0.24 5.30 6.95 76.28 23.72 
3 . 0 0 2 6 . 0 0 7 8 . 0 0  0.10 2.51 0.26 6 . 8 9  9 .3 '373 .3226 .58  
3 - 0 0  30.00 90.00 0.13 3.76 0.29 8 - 6 9  12.45 69.79 30.21 
3.00 34.00102.00 0.15 5.41 0.32 10.71 16.72 66.46 33.54 



TRIESTE I1 D R Y  STATIC DATA V O R K  OF BREATHING ESTIBATIONS 

VI' RESPHZ VENTH Y I  Y I f 5  BE BEN  UTX PEBEX PERIN 
1.00 14.60 14.60 0.06 0.84 0.01 0.13 0.97 13.62 86.38 
1-50 17oOO 25.50 0.09 1.55 0.03 0.43 1-98 21-67 78-33 
2.00 18-20 36-40 0.13 2-28 0-05 0.97 3-24 29-84 70.16 
2-50 18.90 47.25 0.16 2-97 O e l O  1.92 4.89 39.28 60.72 
3.00 19.40 58.20 flow rate exceeds approx iaa t ion  

TRIESTE I1 RET STATIC DATA WORK Of BREATHIHG ESTIHATIONS 

BT RESPHZ VENTfl  BI Urn YE BEH UTR PEREX P E B I A  
1.00 14.6014.60 0.04 0-62 0.01 0.12 0.74 15.9084.10 
1.50 17.00 25.50 0.06 1.05 0.02 0.38 1.43 26.53 73.47 
2.00 18.20 36.40 0.08 1.48 0.05 0-85 2.33 36.5563.45 
2.50 18.90 47.25 0-10 1.87 0.08 1-52 3-39 44.77 55.23 
3.00 19.40 58.20 0.12 2.26 0.13 2-47 4,73 52. 17 47-83 
3.0022.0066.00 0.11 2-52 0.15 3.31 5.83 56,7343.23 
3.00 26.00 78.00 0.11 2.93 0.19 5-00 7.93 63.04 36.96 
3.00 30.00 90.00 0.11 3.43 0.25 7-40 10-83 58-34 31-66 
3-00 34,00102.00 0.13 4.31 0.32 10.99 15.29 71.84 28,16 



A p p a n d t x  E P o s e i d o n  S i n g l e  Hose  Dynauiic  Work of 
B r e a t h i n g  C a l c u l a t i o n s  i n c l u d i n g  
f n s p i r a t o r y  a n d  E x p i r a t ~ ~ y  Work 
V a r i a t i o n s  w i t h  C h a c g e s  i n  D i v e r  
o r i e n t a t i o n ,  where:  
TIDVOL = T i d a l  Volume i n  l i t e r s  
RESPHZ = R e s p i r a t o r y  F r z q u e n c y  i n  

b r e a t h s / m i n ,  
VENTE = f l i n u t e  V e n t i l a t i o n  i n  

li ts r s /min .  
wf8 = f l i n u t s  a o r k  o f  I n s p i r a t i o n  i n  

kg.m./min. 
W I R R  = H i n u t e  I n s p i r a t o r y  R e s i s t i v e  

work i n  kg,  n, /inin. 
V I H H  = f l i n u t e  I n s p i r a t o r y  H y d r o s t a t i c  

Hork i n  kq.a . /min.  
ME!! = H i n u t e  Bork  of E x p i r a t i o n  i n  

kg. m. / @ i n .  
@ERR = f l i n u t e  E x p i r a t o r y  R e s F s t i v s  Work 

in kg. m, /win.  
WEHB = M i n u t e  E x p i r a t o r y  l i y d r o s t a  t i c  

work i n  kg. n. / % i n .  
YTB = T o t a l  M i n u t e  Work o f  B r e a t h i n g  i n  

kg,m,/min. 
PEREX = E x p i r a t o r y  Work P e r c e n t a g e  o f  

T o t 3 1  Vork o f  B r e a t h i n g  
PERIN = I n s p i r a t o r y  Work P e r c e n t a g e  o f  

T o t a l  Work of B r e a t h i n g  
HC = H y d r o s t a t i c  P r s s s u r e  I i n b a l a n c e  i n  

cm. 
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~ p p ? c d i x  F T r i o s t e  11 T w o  Hos.3 D y n a m i c  Hork of 
B r e a t h i n g  C a l c u l a t i o n s  i n c l u d i n g  
I n s p i r a t o r y  and  E x p i r a t o r y  d o r k  
V a r i a t i o n s  w i t h  C h a n g a s  i n  D i v a r  
O r i e n t a t i o n ,  whers:  
TIDVOL = T i d a l  V o l u m e  i n  l i t e r s  
RESPHZ = R e s p i r a t o r y  F r e q u e n c y  i n  

b rsa t h s / r n i n .  
V E N T B  = n i n u t e  V e n t i l a t i o n  in 

li t e  r s / m i n .  
UIH = M i n u t e  w o r k  of I n s p i r a t i o n  i n  

kg,m,/min. 
R I R H  = n i n u t e  I n s p i r a t o r y  R e s i s t i v e  

Work i n  kg.  m. / & i n .  
WfH3 = M i n u t e  I n s p i r a t o r y  H y d r o s t a t i c  

Work i n  kg. in. /min. 
BEPI = M i n u t e  n o r k  o f  E x p i r a t i o n  i n  

kg.m.  / m i n e  
W E R H  = H i n u t e  E x p i r a t o r y  R e s i s t i v e  U o r k  

i n  kg.m,/min. 
W E H H  = H i n u t e  E x p i r a t o r y  H y d r o s t a t i c  

n o r k  i n  kg. m. /min.  
BT&l = T o t a l  M i n u t e  w o r k  of B r e a t h i n g  i n  

kg. m. / a i n .  
PEREX = E x p i r a t o r y  w o r k  P e r c e n t a g e  o f  

T o t a l  Work of B r e a t h i r i g  
P E R I N  = I n s p i r a t o r y  Work P e r c e n t a g e  of 

T o t a l  Work of B r e a t h i n g  
HC = H y d r o s t a t i c  P r e s s u r a  I n b a l a n c e  i n  

cm. 
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