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NITROGEN D I O X I D E  VAPOR PENETRATION O F  CHLOROBUTYL 

RUBBER SCAPE SUITS UNDER OPERATIONAL CONDITIONS 

INTRODUCTION 

The S e l f - c o n t a i n e d  A t m o s p h e r i c  P r o t e c t i v e  Ensemble (SCAPE S u i t )  

is  a g a r m e n t  wh ich  i s  worn t o  p r o t e c t  p e r s o n n e l  engaged  i n  t h e  

h a n d l i n g  o f  o x i d i z e r s  and  h y p e r g o l i c  p r o p e l l a n t s .  The s u i t  is 

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

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

c o n t a c t  and v a p o r  p e n e t r a t i o n .  The s u i t  m a t e r i a l  is  a 

c h l o r o b u t y l  r u b b e r  c o a t e d  "Nomex" a r a m i d  f a b r i c .  B r e a t h i n g  a i r  

and c o o l i n g  i s  p r o v i d e d  by a s e l f - c o n t a i n e d  l i q u i d  a i r  backpack  

which  p r o v i d e s  a n  a i r  f l o w  be tween 0 . 8  and  1 . 3  SCFM d e p e n d i n g  on 

t h e  amount o f  c o o l i n g  r e q u i r e d .  The backpack  w i l l  p r o v i d e  a i r  

f o r  a p p r o x i m a t e l y  t w o  h o u r s  b u t  o p e r a t i o n a l l y  is  se ldom used  o v e r  

70 m i n u t e s .  A p o s i t i v e  p r e s s u r e  w i t h i n  t h e  s u i t  is m a i n t a i n e d  by  

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

h e l m e t  and o n e  o n  e a c h  o f  t h e  uppe r  l e g s .  The h e l m e t  r e l i e f  

v a l v e  c o n t r o l s  t h e  i n n e r  p r e s s u r e  i n  no rma l  w o r k  f u n c t i o n s .  I t  

c loses  a t  0 .42 + or  - 0.02 i n c h e s  o f  water and o p e n s  a t  0 . 6 2  + or  

- 0.02 i n c h e s  of water.  The l e g  r e l i e f  v a l v e s  opera te  o n l y  when 

t h e  p r e s s u r e  w i t h i n  t h e  s u i t  i n c r e a s e s  s u d d e n l y  and r e a c h e s  0.74 

+ or  - 0.02 i n c h e s  o f  water. 



The several hundred SCAPE suits at KSC have been used on a 

routine basis, some for as long as 12 years, and although a 

specification acceptance test for the material has been 

performed, no evidence could be found that any tests had 

attempted on an integrated suit. Further, even though a 

strenuous cleaning and maintenance program exists, there 

been 

was no 

assurance that the 8 to 1 2  year old suits could still protect the 

wearer. Preliminary math models (1)* indicated that there could 

indeed be a problem. We were, therefore, asked to develop a test 

pr0gra.m which could determine the N O 2  concentrations that could 

occur inside the suits if the wearer were exposed to an oxidizer 

spill. 

To develop this program, consideration was given to the fact that 

S C A P E  suits are expensive items and that all of the suits 

currently in stock will be needed in the Shuttle Program. If 

large amounts of oxidizer were allowed to come into contact with 

the suits, they might be damaged so severely that they could not 

be reused. Therefore, it was decided that an appropriate tracer 

compound should be selected to model penetration of oxidizer 

vapors. Further, several types of penetration could take place 

such as permeation through the suit material and diffusion 

2 
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t h r o u g h  t h e  r e l i e f  v a l v e s .  I n  v iew o f  t h e s e  c o n s i d e r a t i o n s ,  t h e  

f o l l o w i n g  t e s t  scheme w a s  d e v i s e d :  

1. S e l e c t  i n e r t  t racer  g a s  o r  g a s e s .  

2. E s t a b l i s h  a r e l a t i o n s h i p  be tween t h e  p e r m e a t i o n  o f  NO2 and 

t h a t  o f  a n  i n e r t  t r ace r  g a s  t h r o u g h  unused  m a t e r i a l .  

3 .  E s t a b l i s h  a r e l a t i o n s h i p  be tween t h e  l e a k a g e  of  NO2 and t h e  

t r a c e r  g a s  t h r o u g h  t h e  s u i t  r e l i e f  v a l v e s .  

4 .  T e s t  unmanned s u i t s  i n  a n  a t m o s p h e r e  o f  t h e  t r a c e r  compound 

t o  d e t e r m i n e  t h e  p e n e t r a t i o n  due  t o  l e a k a g e  a t  t h e  r e l i e f  v a l v e s .  

5. P e r f o r m  unmanned s u i t  chamber t e s t  t o  s t u d y  t h e  e f f e c t s  o f  

s u i t  m o d i f i c a t i o n .  

6 .  P e r f o r m  a manned s u i t  t e s t  i n  a t r a c e r  compound a t m o s p h e r e  t o  

d e t e r m i n e  t h e  maximum vapor  p e n e t r a t i o n  r a t e  and c o n c e n t r a t i o n  

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

7 .  P e r f o r m  manned s u i t  t e s t  t o  d e t e r m i n e  t h e  e f f e c t  o f  

m o d i f i c a t i o n  made t o  t h e  s u i t  t o  improve  i t s  r e s i s t a n c e  t o  

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

3 



The preceeding series of tests were designed to assess vapor 

penetration characteristics of the suits, but they could not 

reveal what the consequences of prolonged contact with oxidizer 

liquid would be. Also, many of the inventory suits exhibited 

visual anomalies which could represent potential defects, and 

many suits contained repair patches. To determine the damage 

caused by liquid exposure and to investigate the effects of the 

visual anomalies and repairs, the following tests were performed: 

1. Two hour vapor penetration test of material with visual 

anomalies taken from inventory suits. 

2. Two hour vapor penetration test of material taken from 

repaired areas of inventory suits. 

3 .  Vapor penetration test on new chlorobutyl material with 

different post curing histories. 

4. Liquid N204 exposure test of new and used material to 

determine the effect on appearance and strength. 

5. Liquid MMH exposure test of new and used material to 

determine the effect of fuel. 

4 



PENETRATION TESTS OF SCAPE SUITS 

Since a prime requirement of the permeation test on the suits was 

that it be nondestructive, a substitute gas for NO2 was needed. 

Requirements for this inert gas were that it be readily 

obtainable at KSC, non-toxic, similar to N02 in physical 

properties and easily detected in the low ppm range. C02 met all 

these requirements. It was close to the same molecular size and 

weight as NO2 and met the other criteria. A mathematical model 

(1) indicated further that C02 and NO2 should have similar 

permeation characteristics. 

C 0 2  was not satisfactory for use in a manned suit test, however, 

because it was not possible to completely exclude man-produced 

C 0 2  from the interior of the suit. The only other readily 

available inert gas that allowed easy detection at low 

concentration, was not highly toxic, and was not found in 

quantities around man was helium. 

Although there are some important differences between the two 

chosen tracer gases and N02, namely molecular size for helium and 

chemical inertness for carbon dioxide, testing showed that 

meaningful comparisons and extrapolated conclusions can be made 

with reasonable certainty. 

5 



S e v e r a l  s t a i n l e s s  s t e e l  c e l l s  were f a b r i c a t e d  w i t h  i n l e t  and 

o u t l e t  p o r t s  on  t h e  t o p  and bo t tom.  The j o i n i n g  s u r f a c e s  were 
I 
i 

welded  f l a t  1 / 4  i n c h  s t a i n l e s s  s t e e l  p r o v i d i n g  8 h o l e s  f o r  3/8 [ s: 

1 i n c h  b o l t s .  T h e  m a t e r i a l  b e i n g  t e s t e d  was p l a c e d  be tween  two 1 / 4  

i n c h  T e f l o n  g a s k e t s ,  f i t t e d  be tween t h e  t o p  and bo t tom c e l l  and ii 

b o l t e d  i n  p l a c e .  1 
1 

The c e l l  was mounted i n  t h e  t e s t  a p p a r a t u s  shown i n  F i g u r e  1. A 

L i r a  Model 300  C 0 2  Ana lyze r  was used  t o  measure t h e  C 0 2  

c o n c e n t r a t i o n .  The s e n s i t i v i t y  o f  t h e  i n s t r u m e n t  was improved by 

1 i n c r e a s i n g  t h e  g a i n  a l m o s t  t o  i t s  maximum and z e r o i n g  t h e  I 

, r r e c o r d e r  u s i n g  b r e a t h i n g  a i r  a s  t h e  z e r o  g a s .  A s t a n d a r d  o f  C02 \ I 

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

z e r o  g a s .  

The unused 1 9 7 1  v i n t a g e  SCAPE mater ia l  was t h e n  a n a l y z e d  by 

p u r g i n g  t h e  lower  c e l l  w i t h  C02 w h i l e  m a i n t a i n i n g  a f l o w  of  

b r e a t h i n g  a i r  t h r o u g h  t h e  uppe r  chamber unde r  a p a r t i a l  vacuum. ! 

The r e s u l t s  a r e  shown i n  F i g u r e  2 and i n  t h e  t a b l e  be low.  

An E n e r g e t i c s  S c i e n c e  I n c .  E c o l y z e r  NO2 A n a l y z e r  was plumbed 

i n t o  t h e  a p p a r a t u s  i n  place of t h e  L i r a .  A N O 2  s t a n d a r d  was r u n  

c 

under  t h e  same f l o w  c o n d i t i o n s  used  f o r  t h e  C02 s t a n d a r d .  The 

SCAPE m a t e r i a l  was t h e n  a n a l y z e d  u s i n g  a N 2 0 4  s u p p l y  t o  t h e  lower  
1 
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r 

cell. A very sharp rise in NO2 concentration noted after 122 

minutes was attributed to chemical breakthrough. 

c02 0.26 

NO 2 0.02 

8.1 

1.2 

26 

100 1 2 2  

Comparison of the maximum concentrations at the end of two hours, 

8.1 ppm C02 and 1.2 ppm N02, indicate that the final NO2 

concentration within the suit due to permeation can be expected 

to be 6.8 times less than the measured C02. Additionally, it has 

been shown that after exposure to 100% N204 vapor, permeation is 

not measurable for the first 32 minutes. 

Relief Valve Leakage 
_____-_-__---------- 

The backstreaming of vapors through the SCAPE relief valves was 

throught to be a major factor in controlling the inner suit 

concentration. A special cell was fabricated using a solid plate 

device with a mounting hole for the valve (Figure 3 ) ,  and a 

representitive face relief valve was tested four times in the 

open position and four times in the closed position. Breathing 

air supplied,to the inner chamber at a rate of 8 . 3  CFM was 

7 



sufficient to make the valve operate (open and close in a 

rhythmic cycle). At 0.2 CFM the valve remained closed for long 

periods. The pressure in the inner chamber varied from 0 . 4 4  to 

0 . 6 4  inches of water during the valve operation test and remained 

below f l .4  inches during most of the closed valve condition runs. 

Carbon dioxide was emitted into the outer cell after all 

calibration and zero adjustments of the Lira 300 C02 Analyzer had 

been made. The air in the inner chamber was monitored with a 

sample probe 2 cm from the valve. Tests were run with the valve 

operating ( 0 . 3  CFM breathing air) and with the valve not 

operating ( 0 . 2  CFM breathing air). The same test was then 

performed using NO2 to purge the outer chamber and the Ecolyzer 

N02 Analyzer to measure the permeation. Results were as follows: 

c 0 2  1 . 4  50 

NO 2 < or = 0.5 1 0  

Two conclusions can be drawn from the relief valve testing: 

1. The two hip relief valves, which operate only during high 

pressure conditions, are more likely to allow penetration than 

the face shield valve where backstreaming was suspected. 

8 



2.  T h e  l e a k a g e  o f  NO2 t h r o u g h  t h e  r e l i e f  v a l v e  i n  t h e  c l o s e d  

c o n d i t i o n  is 5 t imes l e s s  t h a n  C02, and i n  t h e  o p e r a t i n g  

c o n d i t i o n  a b o u t  3 t i m e s  less. 

Unmanned S u i t  T e s t  Us ing  A C02 Atmosphere ......................................... 

Two s t a n d a r d  o p e r a t i o n a l  SCAPE s u i t s ,  numbers  607 and 6 2 7 ,  were 

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

A t e s t  chamber was c o n s t r u c t e d  a s  i l l u s t r a t e d  i n  F i g u r e  4 u s i n g  

C02 a s  t h e  t r a c e r  g a s .  I t  w a s  f a b r i c a t e d  o f  s t a i n l e s s  s t e e l ,  

m e a s u r i n g  4 f e e t  s q u a r e  by 8 f e e t  h i g h  w i t h  a 4 f o o t  square 

a i r - t i g h t  door  c o n t a i n i n g  a l a r g e  p l e x i g l a s s  window on t h e  f r o n t .  

S e v e r a l  p o r t  c o n n e c t o r s  were  mounted on  t h e  s i d e  f o r  g a s  i n l e t s ,  

s a m p l i n g ,  and m o n i t o r i n g  equ ipmen t .  T h e r e  was a l a r g e  c l o s a b l e  

v e n t  i n  t h e  b a s e  and t h r e e  p o r t  c o n n e c t o r s  on t h e  s i d e  f o r  

v e n t i n g  t h e  s u i t ' s  i n t e r i o r  g a s e s .  A s e v e n  f o o t  t a l l  s t a n d  p i p e  

was i n s e r t e d  i n t o  t h e  f l o o r  v e n t  t o  i n s u r e  maximum C02 

c o n c e n t r a t i o n  a r o u n d  t h e  s u i t .  Both b r e a t h i n g  a i r  and c a r b o n  

d i o x i d e  were s u p p l i e d  from " K "  b o t t l e s  f o r  t h e  t e s t .  The 

e x t e r i o r  C02 c o n c e n t r a t i o n  was m o n i t o r e d  a t  h e l m e t  l e v e l  by a n  

M S A  L i r a  300 C02 D e t e c t o r  w i t h  a 0 - 1 0 0 %  r a n g e .  For i n t e r i o r  

C02 c o n c e n t r a t i o n  a 0 - 50 ppm L i r a  300 was u s e d  w i t h  t h e  

s a m p l i n g  p r o b e  mounted a t  t h e  communica t ion  mic rophone .  I n t e r i o r  

s u i t  p r e s s u r e  w a s  measured  from t h e  same p r o b e  w i t h  a 0 - 20 i n c h  

i n c l i n e d  water gauge .  A s e r i e s  o f  v a l v e s  i n  b o t h  i n t e r i o r  and 

e x t e r i o r  s a m p l i n g  l i n e s  a l l o w e d  known C02 s t a n d a r d s  t o  be  

9 
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c h a n n e l e d  t o  e a c h  L i r a  u n i t  f o r  c a l i b r a t i o n  purposes. A smal l  

a i r  pump was u s e d  t o  b r i n g  t h e  s u i t  e x t e r i o r  g a s  t o  t h e  L i r a  

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

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

a v e r a g e  r a t e  o f  1 2 3  cc/min. The r e l i e f  v a l v e s  i n  t h e  s u i t  were  

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

chamber t h r o u g h  f l e x i b l e  h o s e s  ( c l o s e d  loop  t e s t )  o r  v e n t e d  i n t o  

t h e  chamber a s  t h e y  would be i n  n a t u r a l  u s e  (open  dump t e s t ) .  

S u i t  number 6 0 7  w a s  i n s t a l l e d  i n  t h e  tes t  chamber a s  i l l u s t r a t e d  

i n  F i g u r e  4 w i t h  t h e  r e l i e f  v a l v e s  v e n t e d  i n s i d e  t h e  chamber .  

B r e a t h i n g  a i r  f l o w  i n t o  t h e  s u i t  was a d j u s t e d  t o  0 .85  CFM ( 2 4  

l / m i n )  so t h e  f a c e  p l a t e  v a l v e  would open  and c l o s e  

r h y t h m a t i c a l l y .  I n t e r i o r  p r e s s u r e  was measured  a t  0 .62 and 8 .42  

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

The f i r s t  n o t i c e a b l e  r i s e  i n  C 0 2  l e v e l  came a f t e r  6 m i n u t e s  when 

t h e  i n t e r i o r  c o n c e n t r a t i o n  was 4 0 %  ( F i g u r e  5 ) .  A maximum 

c o n c e n t r a t i o n  w i t h i n  t h e  s u i t  o f  2 7  ppm was o b s e r v e d  a f t e r  32 

m i n u t e s  when t h e  e x t e r i o r  c o n c e n t r a t i o n  a t  t h e  t o p  o f  t h e  chamber 

was 90% CO2. T h e  C 0 2  l e v e l  i n  t h e  t o p  o f  t h e  chamber c o n t i n u e d  

t o  r i s e  t o  94% a t  44 m i n u t e s  b u t  no i n c r e a s e  i n  t h e  i n t e r i o r  

c o n c e n t r a t i o n  was o b s e r v e d .  
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The t e s t  was r e p e a t e d  w i t h  s u i t  number 627. B r e a t h i n g  a i r  f l o w  

w a s  s e t  a t  1 . 0 5  CFM ( 3 6  l / m i n )  w i t h  r e l i e f  v a l v e s  o p e r a t i n g  

r h y t h m a t i c a l l y  a s  b e f o r e .  F i r s t  i n d i c a t i o n  of C02 i n s i d e  t h e  

s u i t  was o b s e r v e d  a t  4 m i n u t e s  w h i l e  t h e  maximum o f  23  ppm was 

n o t  r e a c h e d  u n t i l  4 0  m i n u t e s  had p a s s e d  ( F i g u r e  5 ) .  

B.  C l o s e d  Loop T e s t  .................... 

S u i t  627 was s e t  up  i n  t h e  c l o s e d  l o o p  c o n f i g u r a t i o n  t o  measure 

t h e  e f f e c t  o f  t h e  v a l v e s  on t h e  o v e r a l l  l e a k  r a t e .  A i r  f l o w  was 

k e p t  a t  1 . 0 5  CFM s o  t h a t  t h e  f a c e  v a l v e  would o p e r a t e  n o r m a l l y .  

An i n c r e a s e  i n  i n t e r i o r  C02 c o n c e n t r a t i o n  began  a f t e r  5 m i n u t e s  

and  r e a c h e d  a maximum of  9 . 8  ppm a f t e r  30 m i n u t e s .  E x t e r i o r  C 0 2  

c o n c e n t r a t i o n  r e a c h e d  1 0 0 %  ( F i g u r e  5 )  a f t e r  3 6  m i n u t e s  of  

f l u s h i n g .  

An a d d i t i o n a l  t e s t  w a s  i n i t i a t e d  t o  v e r i f y  t h e  d a t a  o b t a i n e d  from 

t h e  small  c e l l  r e l i e f  v a l v e  t e s t  which had i n d i c a t e d  t h e  most  of  

t h e  v a l v e  l e a k a g e  o c c u r r e d  when t h e  v a l v e s  were n o t  o p e r a t i n g .  

The f a c e  v a l v e  on s u i t  607 w a s  v e n t e d  t o  t h e  o u t s i d e  a s  w i t h  a 

c l o s e d  l o o p  t e s t  w h i l e  t h e  two h i p  v a l v e s  were  exposed  t o  t h e  C02 

a t m o s p h e r e  a s  i n  a n  open  dump t e s t .  I n  t h i s  c o n f i g u r a t i o n  C 0 2  

l e v e l  r e a c h e d  2 8  ppm. With t h e  h i p  v a l v e s  s e a l e d  o f f  and o n l y  

t h e  f a c e  p l a t e  v a l v e  o p e r a t i n g  i n  a n  open dump c o n f i g u r a t i o n ,  
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o n l y  a 1 0  ppm l e v e l  was r e a c h e d  i n s i d e  t h e  s u i t .  The c l o s e  

a g r e e m e n t  o f  t h e s e  v a l u e s  w i t h  t h e  open  dump and  c l o s e d  loop  

tests ( F i g u r e  5 )  i n d i c a t e  t h a t  mos t  o f  t h e  l e a k a g e  i n t o  t h e  s u i t s  

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

p o s i t i o n  d u r i n g  normal  s u i t  o p e r a t i o n .  

T e s t s  were a l s o  p e r f o r m e d  i n  t h e  chamber on s u i t  607 t o  s i m u l a t e  

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

o p e r a t i o n s .  I n  a n  e n v i r o n m e n t  o f  0 . 2 %  C02 no l e a k a g e  was 

o b s e r v e d  i n  2 h o u r s  ( F i g u r e  6 ) .  A t  1 . 2 %  a 3 .6  ppm l e v e l  was 

r e a c h e d  and m a i n t a i n e d  a f t e r  60 m i n u t e s .  With a c o n c e n t r a t i o n  o f  

5% a l e v e l  o f  1 7  ppm was o b t a i n e d  a f t e r  50 m i n u t e s .  With a 55% 

e x t e r i o r  C 0 2  l e v e l  and h i g h e r ,  a maximum v a l u e  o f  27  ppm was 

r e a c h e d  i n  a b o u t  301 m i n u t e s .  From F i g u r e  6 t h e  maximum i n t e r i o r  

c o n c e n t r a t i o n  i n  t h e  p r e d i c t e d  26% e n v i r o n m e n t  o f  a s p i l l  

s i t u a t i o n  is  p r o j e c t e d  t o  be 2 1  ppm C 0 2 .  

M o d i f i c a t i o n s  ------------- 

C a l i b r a t i o n  of  t h e  MSA 2012 High S e n s i t i v i t y  L i r a  C 0 2  D e t e c t o r  was 

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

and s t a b i l i t y  were e x c e l l e n t .  S e n s i t i v i t y  was d e t e r m i n e d  by 

f l o w i n g  a s t a n d a r d  la ppm m i x t u r e  o f  C 0 2  i n  b r e a t h i n g  a i r  t h r o u g h  
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t h e  d e t e c t o r  a t  t h e  same r a t e  e x h i b i t e d  by t h e  f l o w  r a t e  o f  

b r e a t h i n g  a i r  i n t o  t h e  s u i t  o f  33.4 /min. The measured  

s e n s i t i v i t y  i n  t h e  d e t e c t o r  h i g h  r a n g e  d e t e c t i o n  mode was 0.25 

ppm/div and i n  t h e  low d e t e c t i o n  r a n g e  0.061 ppm/div a s  r e c o r d e d  

on a n  HP 10 mv r e c o r d e r .  The e x t e r i o r  c o n c e n t r a t i o n  was 

m o n i t e r e d  w i t h  a L i r a  300, 0 - 100% C02 d e t e c t o r  and  c a l i b r a t e d  

a t  100% by f l o w i n g  g a s  f rom t h e  C02 K b o t t l e  s u p p l y .  

Carbon d i o x i d e  s u i t  p e n e t r a t i o n  t e s t s  were r u n  i n  t h e  l a r g e  t e s t  

chamber .  B r e a t h i n g  a i r  f l o w  was e s t a b l i s h e d  a t  33.4 /min  i n t o  

t h e  s u i t  c h e s t  p e n e t r a t i o n  p o r t .  Once a z e r o  b a s e  l i n e  w a s  

o b t a i n e d ,  C 0 2  was dumped i n t o  t h e  bo t tom of t h e  chamber w i t h  t h e  

e x i t  I ' K "  b o t t l e  p r e s s u r e  s e t  a t  1 5  p s i g .  The p r e s s u r e  w i t h i n  t h e  

chamber w a s  m o n i t e r e d  and  a d j u s t m e n t s  made t o  t h e  C02 p r e s s u r e  

r e g u l a t o r  if t h e  t a n k  p r e s s u r e  exceeded  0.04 i n c h e s  o f  water. 

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

p r o b e  i n  t h e  v i c i n i t y  o f  t h e  h e l m e t  communica t ion  mic rophone .  

B e f o r e  e a c h  a n a l y s i s  t h e  s a m p l i n g  l i n e  was a t t a c h e d  t o  a 0 - 2Q 

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

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

Tests  were  c o n d u c t e d  i n  t h e  f o l l o w i n g  o r d e r :  

1. S u i t  N o .  624 w i t h  no r e l i e f  v a l v e  f l a p s .  
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2 .  S u i t  N o .  6 2 4  w i t h  a 2 1 / 2 "  f a c e  r e l i e f  v a l v e  f l a p  and 3 1/2" 

h i p  r e l i e f  v a l v e  f l a p s .  

3. S u i t  N o .  6 2 4  w i t h  a 1 1 / 2 "  f a c e  r e l i e f  v a l v e  f l a p  and  3 1 / 2 "  

h i p  r e l i e f  v a l v e  f l a p s .  

4. S u i t  N o .  6 2 4  w i t h  a l l  r e l i e f  v a l v e  f l a p s  c u t  t o  1 1 / 2 " .  

B r e a t h i n g  I n t e r i o r  S u i t  P r e s s u r e  ( I n c h e s  o f  W a t e r )  
A i r  Flow 
( l / m i n )  Tes t  1 T e s t  2 T e s t  3 T e s t  4 
--------- -----_ _----_ ------ ------ 

1 5  0 . 3 1  - 0 . 4 1  0 . 5 0  6 . 4 5  0 . 4 5  

2 0  0 . 3 2  0 . 5 5  0 . 5 0  0 . 5 0  

3 0  0 . 3 6  0 . 6 5  0.60 6 . 6 0  

3 3 . 4  0 . 3 8  0 . 6 9  0 . 6 4  0 . 6 4  

P r e s s u r e  t e s t  r e s u l t s  g i v e n  above  i n d i c a t e  t h e  p r e s s u r e  w i t h i n  

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

f l a p s  and t h e r e f o r e  t h e  C 0 2  p e n e t r a t i o n  s h o u l d  be less .  C u t t i n g  

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

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

f a c e  r e l i e f  v a l v e  (1 1 / 2 " )  d o e s  n o t  a f f e c t  t h e  i n t e r i o r  p r e s s u r e .  
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Carbon dioxide penetration of SCAPE Suit No. 6 2 4  is plotted in 

Figure 7 at each of the configurations. Penetrations of 

configurations # 3  and # 4  were so close that they were plotted on 

the same line. 

Comparing the maximum interior concentration observed in 2 hours 

reconfirms results obtained in Helium Penetration Test. Adding 

the flaps to the suit relief valves with the face flap being 2 

1 / 2 "  long and hip flaps 3 1 / 2 "  long lowers the concentration by 

about 2 0 % .  Additional cutting of 1 inch from the face relief 

valve making it 1 1 / 2 "  long increases the concentration by 7% 

while cutting the hip flaps to the same length, 1 1 / 2 " ,  has no 

effect. 

Carbon dioxide penetration test have confirmed that the addition 

of relief valve flaps to protect against impingement leakage has 

improved the ability of our present SCAPE suit to resist vapor 

penetration. Cutting the face relief valve flap to 1 1 / 2 "  for 

better operational characteristics has not compromised this 

improvement by much (7%) and cutting the hip relief valve flaps, 

to further improve it's operational characteristics, to 1 1 / 2  

inches will result in little or no decrease in resistance to 

vapor penetration. 
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A H e l i u m  L e a k  D e t e c t o r ,  CEC Model 24-120A was u s e d  t o  measure t h e  

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

a s e r i e s  o f  known q u a n t i t i e s  o f  h e l i u m  and  b r e a t h i n g  a i r  i n t o  t h e  

s u i t  and c a l i b r a t i n g  t h e  d e t e c t o r  i n  ppm/d iv id ion .  Once 

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

r e p r o d u c i n g  t h e  v a l u e  o b t a i n e d  f rom a 7 . 2  x 10-7  a t m  cc/sec 

s t a n d a r d  l eak .  

The e x t e r i o r  c o n c e n t r a t i o n  was measu red  by o b t a i n i n g  t imed  g r a b  

s a m p l e s  f rom t h e  t h r e e  s i d e  p o r t s  o f  t h e  chamber ( F i g u r e  8 ) .  

h e l i u m  s u p p l y  was r e g u l a t e d  s o  no i n c r e a s e  i n  p r e s s u r e  was n o t e d  

i n  t h e  chamber .  A n a l y s i s  o f  t h e  g r a b  s a m p l e s ,  p e r f o r m e d  on a 

21-104 CEC Mass S p e c t r o m e t e r ,  showed t h a t  h e l i u m  w i t h i n  t h e  

chamber r e a c h e d  9 0 %  a f t e r  22 .5  m i n u t e s .  

T h e  

The i n i t i a l  t e s t  pe r fo rmed  wa.s a c o m p a r i s o n  of  c l o s e d  l o o p  

( r e l i e f  v a l v e  e x h a u s t  v e n t e d  o u t  o f  t h e  chamber)  

( r e l i e f  v a l v e  e x h a u s t  empty ing  i n t o  t h e  chamber)  u s i n g  "K" 

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

o b s e r v e d  d i f f e r e n c e  a g a i n  i n d i c a t e d  a ma jo r  p o r t i o n  of  t h e  

l e a k a g e  was o c c u r r i n g  a t  t n e  n o n - o p e r a t i n g  r e l i e f  v a l v e s  ( F i g u r e  

9 ) .  R a t i o i n g  t h e  maximum c o n c e n t r a t i o n  of C 0 2  found i n  t h e  

t o  open dump 
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p r e v i o u s  t e s t  t o  t h e  h e l i u m  f o u n d  i n  t h i s  t e s t  of t h e  same s u i t  

i n d i c a t e d  t h a t  C 0 2  l e a k a g e  w a s  28 t i m e s  l e s s  t h a n  h e l i u m .  

S u i t  627  Closed  Loop Hel ium = - 265 ppm = 27 
c02 9 .8  ppm 

S u i t  627  Open Dump Helium = 670 ppm = 28  
c 0 2  24 PPm 

A d d i t i o n a l  chamber t e s t i n g  was performed w i t h  s u i t  no.  607 u s i n g  

t h e  p re sc r ibed  a i r  f low of 1 . 3  CFM s u p p l i e d  by t h e  b r e a t h i n g  a i r  

"K" b o t t l e s .  The h e l i u m  c o n c e n t r a t i o n  a t  t h e  communica t ion  

mic rophone  mounted i n s i d e  t h e  h e l m e t  ro se  t o  586 ppm i n  a b o u t  45 

m i n u t e s  ( F i g u r e  1 0 ) .  The maximum c o n c e n t r a t i o n ,  a l t h o u g h  

somewhat lower t h a n  t h e  o p e n  dump of  s u i t  627 (670  ppm),  w a s  f e l t  

t o  be a r e a s o n a b l e  r e s u l t .  

The 'IK" b o t t l e  b r e a t h i n g  a i r  s u p p l y  was t h e n  removed,  and  a 

c h a r g e d  l i q u i d  a i r  backpack  mounted w i t h i n  t h e  s u i t .  W h i l e  u s i n g  

t h i s  new a i r  s o u r c e ,  t h e  s u i t  p r e s s u r e ,  wh ich  was m o n i t e r e d  

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

manometer ,  v a r i e d  t h r o u g h o u t  t h e  t e s t  b e t w e e n  0 .44  and  0.62 

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

t h e  communica t ion  m i c r o p h o n e  w i t h i n  t h e  s u i t  w a s  7 4 1  ppm ( F i g u r e  

1 0 ) .  The d i f f e r e n c e  i n  maximum c o n c e n t r a t i o n  b e t w e e n  t h e  

backpack a i r  s u p p l y  and  t h e  "K" b o t t l e  a i r  s u p p l y  is  a t t r i b u t e d  

t o  t h e  f a c t  t h a t  t h e  "K" b o t t l e  s u p p l y  w a s  s e t  a t  t h e  p r e s c r i b e d  

f l o w  of 1 . 3  CFM r e g a r d l e s s  of s u i t  p r e s s u r e  or  r e l i e f  v a l v e  
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a c t i o n .  The f l o w  r a t e  p roduced  by t h e  l i q u i d  a i r  backpack  was 

n o t  known e x a c t l y ,  b u t  a r a n g e  o f  1 . 0  t o  1 . 2  CFM was s u g g e s t e d .  

A man f i t t e d  w i t h  a l i q u i d  a i r  backpack  donned s u i t  no.  607 and 

e n t e r e d  t h e  chamber f o r  t e s t i n g .  The s u i t  p r e s s u r e  was m o n i t e r e d  

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

was lower  i n  t h i s  t e s t ,  0 .32 i n s t e a d  of 0.44 i n c h e s  of  w a t e r ,  

w h i l e  i t s  v e n t i n g  p o i n t  was t h e  same 0.62 i n c h e s  of w a t e r .  

Whether t h i s  d i f f e r e n c e  was d u e  t o  t h e  b r e a t h i n g  a c t i o n  of t h e  

man or change  i n  i n t e r i o r  volume was n o t  d e t e r m i n e d .  The h e l i u m  

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

o b s e r v e d  i n  t h e  unmanned t e s t  ( F i g u r e  1 0 ) .  The maximum 

c o n c e n t r a t i o n  o f  h e l i u m  o b s e r v e d  was 748 ppm. 

A s e r i e s  of  e x e r c i s e  tes ts  were  p e r f o r m e d  b e f o r e  c o n c l u d i n g  t h e  

manned t e s t  t o  d e t e r m i n e  p o s s i b l e  momentary i n c r e a s e s  i n  

c o n c e n t r a t i o n  due  t o  c e r t a i n  t y p e s  of movement. Tab le  1 l i s t s  

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

change  w i t h i n  t h e  s u i t .  T h e  e q u i l b r i u m  c o n c e n t r a t i o n  was 

r e - e s t a b l i s h e d  w i t h i n  4 m i n u t e s  i n  a l l  cases  where  a n  i n c r e a s e  

w a s  o b s e r v e d .  

With t h e s e  t e s t s ,  a r e l a t i o n s h i p  be tween h e l i u m  and c a r b o n  

d i o x i d e  l e a k  r a t e  i n  a c t u a l  manned s i t u a t i o n s  h a s  been  
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e s t a b l i s h e d .  A p l o t  o f  c a r b o n  d i o x i d e  v e r s u s  t i m e  d u r i n g  manned 

o p e r a t i o n s  c a n  be  d e r i v e d  by d i v i d i n g  t h e  h e l i u m  v a l u e s  by 28. 

F u r t h e r  p r e d i c t i o n s  c a n  be  made o f  C 0 2  l e v e l s  one  m i g h t  

e x p e r i e n c e  on a momentary b a s i s  when p e r f o r m i n g  c e r t a i n  m o t i o n s  

by r e f e r r i n g  t o  h e l i u m  v a l u e s  i n  T a b l e  1. 

A s e r i e s  o f  chamber tes ts  were r u n  t o  d e t e r m i n e  i f  m o d i f i n g  a 

s u i t  t o  r e s i s t  l i q u i d  impingement  had any  e f f e c t  o n  its 

c a p a b i l i t y  t o  r e s i s t  g a s  p e n e t r a t i o n .  M o d i f i c a t i o n s  o f  S u i t  

6 2 7 *  i n c l u d e d  b o o t  and g l o v e  u n s u p p o r t e d  b u t y l  c o v e r s ,  a c e p  

s e a l e d  and f l a p p e r  v a l v e s  o v e r  each o f  t h e  t h r e e  s u i t  r e l i e f  

N o .  

a t e  

v a l v e s .  I n i t i a l  unmanned t e s t i n g  w i t h  b o t h  " K "  b o t t l e  a i r  s u p p l y  

and unmanned backpack  s u p p l y  was pe r fo rmed  w i t h  t h e  l e n g t h  o f  t h e  

f a c e  r e l i e f  f l a p p e r  v a l v e  a s  r e c e i v e d ,  3 7/8  i n c h e s .  The manned 

r u n  and f i n a l  unmanned I I K "  b o t t l e  a i r  s u p p l y  r u n  was made w i t h  1 

3/8 i n c h e s  c u t  f rom t h e  b o t t o m  of t h e  f l a p p e r  l e a v i n g  a l e n g t h  of  

2 1 / 2  i n c h e s .  
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. - . . . .. . .. 

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

The s a m p l i n g  l i n e  and t h e  a i r  s u p p l y  l i n e  u n i t  was removed from 

t h e  s u i t  and a t t a c h e d  t o  a 1 0  l i t e r  e x t e r i o r  m i x i n g  chamber.  

B r e a t h i n g  a i r  was p a s s e d  i n t o  t h e  chamber a t  30 l / m i n  and h e l i u m  

added  t o  t h e  a i r  a t  any  s e l e c t e d  r a t e  be tween  3 and  1 0 0  cc/min.  

The ppm v a l u e  was a s s i g n e d  b a s e d  on t h e  f l o w  r a t e  o f  t h e  two 

g a s e s .  A h e l i u m  l eak  d e t e c t o r ,  CEC Model 24 -120A was used  f o r  

a l l  a n a l y s i s .  

S u i t  h e l i u m  p e n e t r a t i o n  tes ts  were p e r f o r m e d  i n  t h e  l a r g e  t e s t  

chamber .  S i n c e  tes ts  have  shown t h a t  t h e  e x t e r i o r  c o n c e n t r a t i o n  

o f  h e l i u m  under  t h e  f l o w  and p r e s s u r e  c o n d i t i o n s  used  would be 

g r e a t e r  t h a n  9 0 %  a f t e r  1 5  m i n u t e s ,  no a n a l y s i s  was p e r f o r m e d  on 

t h e  s u i t  e x t e r i o r  g a s .  

The i n t e r i o r  c o n c e n t r a t i o n  was measured  w i t h  a s a m p l i n g  p r o b e  

p l a c e d  i n  t h e  v i c i n i t y  o f  t h e  h e l m e t  communica t ion  mic rophone .  

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

whenever  t h e  l i q u i d  a i r  backpack  was i n  u s e .  Backpack f l o w s  were 

measured  by t h e  s u p p l i e r  b e f o r e  t h e y  d e l i v e r e d  t h e  u n i t s .  

T e s t s  were c o n d u c t e d  i n  t h e  f o l l o w i n g  o r d e r :  

1. Unmanned, "K" b o t t l e  b r e a t h i n g  a i r  s u p p l y  a t  30 l / m i n .  S u i t  

627 ,  m o d i f i e d  w i t h  3 7/8 i n c h  f a c e  r e l i e f  v a l v e  f l a p p e r .  
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2.  Unmanned, backpack  a i r  s u p p l y  a t  33.42 l / m i n . ,  s u i t  627  

m o d i f i e d  w i t h  3 7/8 i n c h  face  r e l i e f  v a l v e  f l appe r .  

3. Manned, backpack a i r  s u p p l y  a t  33.42 l /min . ,  s u i t  627 

m o d i f i e d  w i t h  2 1 /2  i n c h  face r e l i e f  f l a p p e r .  

4. Unmanned, I I K "  b o t t l e  a i r  s u p p l y  a t  33 .42  l / m i n . ,  s u i t  627 

m o d i f i e d  w i t h  2 1/2 i n c h  f a c e  r e l i e f  f l a p p e r .  

For  t e s t s  o n e  and  t w o ,  h e l i u m  c o n c e n t r a t i o n  w i t h i n  t h e  s u i t  

r e a c h e d  a maximum of 332 ppm a f t e r  56 m i n u t e s  when u s i n g  t h e  

backpack  a s  t h e  a i r  s u p p l y .  The " K "  b o t t l e  a i r  s u p p l y  was 3 . 4  

l / m i n  slower t h a n  t h e  backpack  b u t  i t  r e a c h e s  a maximum a t  t h e  

same t i m e  a s  t h e  b a c k  s u p p l y  w i t h  a s l i g h t l y  h i g h e r  

c o n c e n t r a t i o n .  Both  tes ts  were c o n d u c t e d  o n  t h e  m o d i f i e d  s u i t  a s  

r e c i e v e d ,  t h i s  d a t a  i s  p l o t t e d  i n  F i g u r e  11. 

For  tests t h r e e  and  f o u r ,  t h e  h e l i u m  c o n c e n t r a t i o n  found  w i t h i n  

t h e  s u i t  d u r i n g  t h e  manned e x p e r i m e n t  and  i n  a n  unmanned r u n  

u n d e r  t h e  same c o n d i t i o n s  is  shown i n  F i g u r e  1 2 .  The face  r e l i e f  

f l a p  w a s  c u t  t o  2 1 /2  i n c h e s  f o r  t h e  manned t e s t  t h e r e b y  

n e c e s s i t a t i n g  t h e  a d d i t i o n a l  unmanned t e s t  of t h e  same l e n g t h  

f l a p p e r .  
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Dur ing  t h e  manned t e s t  a s e r i e s  o f  movement e x p e r i m e n t s  were 

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

r e a c h e d  e q u i l i b r i u m .  The s o l i d  l i n e  i n  F i g u r e  1 2  i s  t h e  a c t u a l  

r e c o r d e d  d a t a  w i t h  o n l y  minor  a v e r a g i n g  o u t  o f  n o i s e .  P e a k s  and  

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

which  a r e  shown i n  T a b l e  2.  The d a s h e d  l i n e ,  which  r e p r e s e n t s  

t h e  unmanned t e s t s ,  d e f i n e s  t h e  a v e r a g e  o f  t h e  p e a k s  and v a l l e y s  

o f  t h e  manned r u n .  The maximum c o n c e n t r a t i o n  o f  456 ppm was 

o b s e r v e d  a f t e r  45 m i n u t e s .  

The f i r s t  h e l i u m  p e n e t r a t i o n  t e s t  pe r fo rmed  on S u i t  627 (5-4-78) 

was done  w i t h  a n  a i r  f l o w  r a t e  i n t o  t h e  s u i t  o f  1 . 0 5  CFM. F i g u r e  

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

t h e  newly m o d i f i e d  s u i t  run  a t  t h e  same f l o w  r a t e  o f  a i r  a s  t h e  

backpack  used  f o r  t h e  manned e x p e r i m e n t ,  1 . 1 8  CFM. The t e s t  was 

r u n  f i r s t  w i t h  t h e  f u l l  f a c e  r e l i e f  v a l v e  f l a p ,  3 7/8 i n c h e s .  

T h e  l e n g t h  o f  t h e  f l a p  was t h e n  r e d u c e d  t o  2 1 / 2  i n c h e s  and a 

manned r u n  w a s  made f o l l o w e d  by a n  unmanned r u n .  The p l o t  

o b s e r v e d  u s i n g  "K" b o t t l e  a i r  a t  t h e  same f l o w  r a t e  on t h e  

m o d i f i e d  s u i t  w i t h  t h e  2 1 / 2  i n c h e s  l o n g ,  matched  t h e  manned r u n  

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

manned r u n .  The d a t a  c l e a r l y  i n d i c a t e s  t h a t  w e  h a v e  improved t h e  

c a p a b i l i t y  o f  t h e  s u i t  t o  r e s i s t  p e n e t r a t i o n .  
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The 3 7/8 i n c h  f l a p  o n  a m o d i f i e d  s u i t  r e d u c e d  t h e  maximum h e l i u m  

c o n c e n t r a t i o n  by  260 ppm. A t  1 0 0 %  e x t e r i o r  c o n c e n t r a t i o n .  t h i s  

would r e d u c e  t h e  NO2 o b s e r v e d  a f t e r  e q u i l i b r i u m  by 1 . 9  ppm. 

The 2 1 /2  i n c h  f l a p  o n  a m o d i f i e d  s u i t  r e d u c e d  t h e  maximum h e l i u m  

c o n c e n t r a t i o n  by 120  ppm t h u s  r e d u c i n g  t h e  NO2 by 0.9 ppm. S i n c e  

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

s epa ra t e  p l o t  o f  t h e  d a t a  i s  g i v e n  i n  F i g u r e  1 4 .  

Manned t e s t  t o  e x a m i n e  t h e  e f f e c t s  o f  movement on  t h e  i n t e r i o r  

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

i n  F i g u r e  15. The n o r m a l  p r e s s u r e  i n  t h e  s t a n d i n g  p o s i t i o n  was 

0 .7  i n c h e s  o f  water .  The unmodi f i ed  s u i t  p r e s s u r e  v a r i e d  f rom 

0 .42  t o  0.62 a t  a f a i r l y  c o n s t a n t  r a t e  e x c e p t  when e x t r e m e  

movements were made. 

I t  c a n  b e  s e e n  i n  F i g u r e  1 5  t h a t  a d e t e r i m e n t a l  e f f e c t  was 

e x h i b i t e d  above  t h e  a v e r a g e  t h r e e  t imes.  Each o f  t h e s e  i n s t a n c e s  

o c c u r r e d  when g o i n g  from a s t a n d i n g  t o  a s q u a t t i n g  p o s i t i o n .  The 

t e s t  c o n d u c t e d  5-4-78 b e f o r e  t h e  m o d i f i c a t i o n  a l s o  showed t h i s  

c h a n g e ,  b u t  i t  a p p e a r e d  when g o i n g  f rom t h e  s q u a t t i n g  t o  t h e  

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

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

r e v e r s e d  some f u n c t i o n  of t h e  s u i t  m e c h a n i c s .  
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S i m i l a r  movement e x p e r i e n c e d  g o i n g  t o  t h e  k n e e l i n g  p o s i t i o n  

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

R e g a r d l e s s  o f  t h e  mechanism i n v o l v e d  t h e  l a r g e s t  i n c r e a s e  

o c c u r r e d  on t h e  f i r s t  s q u a t .  The change  i n  c o n c e n t r a t i o n  was 280 

ppm. In a 1 0 0 %  N O 2  a t m o s p h e r e  t h i s  q u a n t i t y  would equate  t o  2 . 0  

ppm N 0 2 .  T h e  l a r g e s t  d e v i a t i o n  r e c o r d e d  when g o i n g  from t h e  

s q u a t t i n g  t o  t h e  s t a n d i n g  p o s i t i o n  d u r i n g  t h e  5-4-78 manned t e s t  

o f  a n  unmodi f i ed  s u i t  was 1 . 6  ppm N 0 2 .  I t  s h o u l d  a l s o  be  n o t e d  

t h a t  t h e  2.0 ppm d e c r e a s e d  t o  1 . 6  ppm i n  48 s e c o n d s .  

EFFECTS O F  L I Q U I D  EXPOSURE, WEAR, AND R E P A I R  METHODS 

C e l l  T e s t  o f  Used M a t e r i a l  -------_----________--_--- 

P o r t i o n s  o f  i n v e n t o r y  s u i t s  which e x h i b i t e d  v i s u a l  a n o m a l i e s  were 

removed and s u b j e c t e d  t o  1 0 0 %  N204  vapor  e x p o s u r e  f o r  2 h o u r s  

unde r  s i m u l a t e d  c o n d i t i o n s  o f  283 l /min  a i r  f l o w  on  t h e  i n s i d e  of  

t h e  m a t e r i a l  a t  0 . 4  t o  0 . 6  i n c h e s  o f  w a t e r  p r e s s u r e  a s  shown i n  

F i g u r e  1 6 .  Exposed Nomex and t u n n e l i n g  w i t h  p ronounced  c r e a s i n g  

a p p e a r  t o  be  t h e  s i t e s  i n  t h e  ma te r i a l  where  a t t a c k  i s  most  

damaging.  T a b l e  3 l i s t s  t h e  d e s c r i p t i o n  and  r e s u l t s  o f  t h e  

t e s t i n g .  F i g u r e s  1 7 ,  1 8  and 1 9  a r e  p h o t o g r a p h s  of  some o f  t h e  

d e f e c t s .  
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A 1/2 inch square of outer butyl coating was removed from the 

center of 8 samples of new unused 1971 vintage material. Two 

were used as controls, two were repaired with 3 coats of 

adhesive, two were repaired by using the adhesive with 

non-supported butyl rubber patch and two by adhesive and 

supported patch. 

The two unrepaired samples allowed NO2 to penetrate after 41 

minutes and 31 minutes respectively with the upper chamber 

reaching a concentration of 2.7 ppm and 3.6 ppm respectively 

after 2 hours exposure. The top of the cell was maintained at a 

pressure of 0.42 inches water and a flow of 1 SCFH throughout the 

test (Figure 12). None of the repaired samples showed any 

indication of NO2 penetration within a 2 hours period. 

Effects of Cure Time 
.................... 

Samples of Fairprene YX001, a material with the same formulation 

as the present material except for the flame retardant, were 

subjected to N204 liquid and vapor to determine the effectiveness 

of different post curing times on the material resistance to 

permeation. Three samples were selected: one with no post cure 
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time, one with the normal pos t  cure time of 1 to 1.5 hours at 300 

degrees - 320 degrees F, and one with a curing time twice as long 

as the standard product at the same temperature. 

Six 2 inch diameter circular disks were cut from each of the 

samples. Disks from each sample were exposed to liquid N204 in a 

millipore funnel for 4, 6, 8, 10, 12 and 14 minutes. After the 

N204 was poured off, the disks were allowed to air dry for 5 

minutes before being rinsed with water. 

The results of this test can best be described by a comparison of 

the visual appearance of the non-exposed surface of the three 

different post cured materials after the various exposure times: 
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4 N o  V i s i b l e  N o  V i s i b l e  N o  V i s i b l e  

6 S l i g h t  L i g h t e n i n g  N o  V i s i b l e  N o  V i s i b l e  
and G r a i n y  

8 L i g h t  G r a i n y  S l i g h t  L i g h t e n i n g  N o  V i s i b l e  
and G r a i n y  

1 0  Whi te  Heavy 
G r a i n  

1 2  Whi te  Lumpy 

1 4  Whi t e  Lumpy 

L i g h t  G r a i n y  Very S l i g h t  
L i g h t e n i n g  
and G r a i n y  

W h i t e  Heavy S l i g h t  
G r a i n  L i g h t e n i n g  

and G r a i n y  

W h i t e  Heavy L i g h t  and 
G r a i n  G r a i n y  

*"Normal" Commercial  S u p p l i e d  F a b r i c .  

Thus i t  c a n  be  s e e n  t h a t  v i s i b l e  e f f e c t s  a p p e a r  on t h e  

non-exposed s i d e  o f  t h e  no p o s t  c u r e d  ma te r i a l  a f t e r  6 m i n u t e s  

e x p o s u r e ,  w h i l e  t h e  normal  p r o d u c t  h a s  v i s i b l e  e f f e c t s  a f t e r  8 

m i n u t e s  and t h e  d o u b l e  p o s t  c u r e d  p r o d u c t  shows v i s i b l e  e f f e c t s  
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a f t e r  1 0  m i n u t e s .  W e  c a n  t h e r e f o r e  c o n c l u d e  t h a t  i n c r e a s i n g  t h e  

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

r e s i s t  t h e  a t t a c k  o f  l i q u i d  N204. 

The vapor  e x p o s u r e  e v a l u a t i o n s  were p e r f o r m e d  on d u p l i c a t e  12 .56  

sq. i n .  s p e c i m e n s  o f  t h e  t h r e e  F a i r p r e n e  Y X 0 Q l  s a m p l e s  i n  t h e  

s t a i n l e s s  s t e e l  v a p o r  p e r m e a t i o n  t e s t  c e l l .  The uppe r  p o r t i o n  of 

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

m a i n t a i n e d  a t  rd.4 t o  0 . 5  i n c h e s  o f  water p r e s s u r e  w h i l e  f l o w i n g  1 

S C F H  o f  b r e a t h i n g  a i r  t h r o u g h  t h e  c e l l  and  i n t o  t h e  (Model 7 6 3 0  

A n a l y z e r )  N O 2  E c o l y z e r .  

The lower  p o r t i o n  of t h e  c e l l  was e v a c u a t e d  t o  5 i n c h e s  Hg, and 

t h e  N 2 0 4  s o u r c e  was open .  P u r g i n g  w h i l e  pumping was c o n t i n u e d  

f o r  5 m i n u t e s .  The s y s t e m  w a s  t h e n  a l l o w e d  t o  f l o w  f r e e l y  by 

removing t h e  pump and p a r t i a l l y  c l o s i n g  t h e  N 2 0 4  e x i t  v a l v e  f o r  

a n  a d d i t i o n a l  5 m i n u t e s .  The N 2 0 4  s o u r c e  and t h e n  t h e  e x i t  v a l v e  

were s e c u r e d  t o  a s s u r e  t h a t  one  a t m o s p h e r e  o f  NO2 w a s  i n  t h e  

lower  c e l l .  

A l l  s a m p l e s  were  m a i n t a i n e d  under  t h e s e  c o n d i t i o n s  u n t i l  a n  

i n d i c a t i o n  of  N O 2  was o b s e r v e d  i n  t h e  a i r  f l o w  e f f l u e n t  o f  t h e  

uppe r  c e l l .  T h i s  p o i n t  w i l l  be r e f e r r e d  t o  a s  t h e  b r e a k t h r o u g h  

time . 
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Breakthrough ------------ 

Mate r i a l  -------- 

No Pos t  Cure 3 Hours 23 Min. 3 Hours 5 Min. 

Normal Pos t  Cure 3 Hours 27 Min. 4 Hours 8 Min. 

Double Pos t  Cure 1 B  Hours 50 Min. 11 Hours 8 Min. 

These r e s u l t s  i n d i c a t e d  t h a t  t h e  s tandard  p o s t  c u r e  t rea tment  

does very l i t t l e  t o  i n c r e a s e  t h e  m a t e r i a l  c a p a b i l i t y  t o  r e s i s t  

N O 2  p e n e t r a t i o n  w h i l e  t h e  double p o s t  cured m a t e r i a l  i n c r e a s e s  

t h i s  c a p a b i l i t y  almost 4-fold.  

I f  a N 2 0 4  s p i l l  occu r s ,  t h e  s u i t  is l i k e l y  t o  r ece ive  some 

exposure t o  l i q u i d  a s  w e l l  a s  vapor. Five d i f f e r e n t  m a t e r i a l s  

were exposed t o  a s e r i e s  of t i m e d  l i q u i d  exposures  t o  determine 

t h e  v i s i b l e  e f f e c t .  Each sample of m a t e r i a l  was c u t  i n t o  e i g h t  

2 . 5  inch diameter  c i r c l e s .  The  c i r c l e s  were clampled between two 

ha lves  of a 2.5 i n c h  M i l l i p o r e  f i l t e r  and N 2 0 4  was poured on t o p  
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o f  t h e  f a b r i c  t o  a d e p t h  o f  1 / 4  i n c h .  Exposure  t imes were 0 ,  2 ,  

4 ,  6 ,  8 ,  1 0 ,  1 2  and  1 4  m i n u t e s .  The s a m p l e ,  t e s t  c o n d i t i o n s  and 

r e s u l t s  used  were a s  f o l l o w s :  

Sample A: Unused 1 9 7 1  ma te r i a l  w a s  e x p o s e d  t o  l i q u i d  N 2 0 4  f o r  

t h e  s t a t e d  t i m e  p e r i o d s .  No c o v e r i n g  was p u t  o v e r  t h e  f u n n e l ' s  

t o p  s o  t h e  N 2 0 4  was a t  a t m o s p h e r i c  p r e s s u r e .  The N 2 0 4  was p o u r e d  

o f f  o f  t h e  s a m p l e s  a f t e r  t h e  s p e c i f i e d  t i m e .  The r e s i d u a l  N204 

was a l l o w e d  t o  a i r  e v a p o r a t e  f o r  5 m i n u t e s  b e f o r e  t h e  f a b r i c  was 

washed w i t h  w a t e r  f o r  one  m i n u t e .  

For t h e  f i r s t  s i x  m i n u t e s  o f  e x p o s u r e  no e f f e c t s  were o b s e r v e d  on 

t h e  unexposed  s i d e  ( i n s i d e )  o f  t h e  m a t e r i a l .  From e i g h t  m i n u t e s  

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

Nomex weave became v i s i b l e .  A f t e r  two m i n u t e s  t h e  s i d e  exposed  

t o  N 2 0 4  became c o a r s e  and g r a i n y  w i t h  much d i s c o l o r a t i o n .  4s t h e  

exposed  t i m e  l e n g t h e n e d ,  t h e  g r a i n y  a p p e a r a n c e  m e l t e d  i n t o  a 

smoother  s o f t e r  l o o k i n g  s u r f a c e .  

Sample B: 1971  V i n t a g e  m a t e r i a l  unde r  s i m i l a r  c o n d i t i o n s  a s  "A" 

e x c e p t  t h e  water wash came i m m e d i a t e l y  a f t e r  t h e  N 2 0 4  was 

removed. The v i s i b l e  e f f e c t s  on t h e  nonexposed  s i d e  were  t h e  

same as  w i t h  " A " ,  b u t  t h e r e  was a d i s t i n c t  c o a r s e n e s s  and a f t e r  8 

m i n u t e s  b u b b l e s  a p p e a r e d  on t h e  s u r f a c e  as  t h e  f a b r i c  was b e i n g  

washed.  With l o n g e r  e x p o s u r e  time more and l a r g e r  b u b b l e s  

a p p e a r e d .  
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Sample C: M a t e r i a l s  from t h e  upper r i g h t  arm of an o p e r a t i o n a l  

1 9 6 6  v in t age  s u i t  was removed and exposed t o  t h e  l i q u i d  a t  

atmospheric p r e s s u r e .  The sample were allowed t o  a i r  d r y  f o r  5 

m i n u t e s  be fo re  washing. 

T h e  e x t e r i o r  s i d e  t h a t  was exposed had t h e  same appearance a s  

sample A and B. A t  s i x  minutes 3 smal l  a r e a s  appeared l i g h t e r  

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

m a t e r i a l .  These a r e a s  cont inued t o  l i g h t e n  over t h e  next  4 

m i n u t e s  and then co lo r  s t a b i l i z e d .  A more g r a i n y  appearance than  

t h e  1 9 7 1  m a t e r i a l  was observed on t h e  longer  exposure samples. 

Sample D: Upper arm m a t e r i a l  from a 1 9 7 1  s u i t  was u s e d  f o r  t h i s  

t e s t .  The c o n d i t i o n s  were t h e  same a s  sample " C " .  

T h i s  f a b r i c  was much whi te r  than a l l  t h e  r e s t  and no co lo r  

changes were noted on t h e  nonexposed s i d e .  The exposed s i d e  

showed t h e  s i m i l a r  e f f e c t s  a s  t h e  o t h e r  samples,  bu t  seemed t o  

hold up b e t t e r  under t e s t  c o n d i t i o n s .  

Sample BB: Unused 1 9 7 1  m a t e r i a l  was exposed a s  i n  sample "B" 

except  a cover was p laced  over t h e  f i l t e r  t o p  causing a s l i g h t  

p re s su re  on t h e  m a t e r i a l .  A l l  appearances were s i m i l a r  t o  t h e  

"B" sample but  were observed a t  e a r l i e r  t i m e s .  
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Summary: The s i n g l e  o u t s t a n d i n g  d i f f e r e n c e  be tween  samples A and  

B (unused  1 9 7 1  v i n t a g e  m a t e r i a l )  w a s  t h e  a p p e a r a n c e  of bubbles  on 

t h e  s u r f a c e  of  B. Wi th  immedia t e  water wash ,  b u b b l e s  formed f rom 

8 m i n u t e s  e x p o s u r e  and  up.  A l l o w i n g  t h e  N204 t o  e v a p o r a t e  

(sample A )  p r i o r  t o  wash ing  p r o d u c e d  no  b u b b l e  f o r m a t i o n  t h r o u g h  

14 m i n u t e s  e x p o s u r e .  

When t h e  BB s e r i e s  ( c o v e r e d  N204) w a s  compared t o  s e r i e s  B 

( u n c o v e r e d  N204), t h e  nonexposed  s i d e  of t h e  uncove red  samples 

a f t e r  8 m i n u t e s  e x p o s u r e  had  t h e  same a p p e a r a n c e  a s  t h e  c o v e r e d  6 

m i n u t e  sample i n d i c a t i n g  t h a t  s l i g h t  p r e s s u r e  on t h e  N204 l i q u i d  

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

The 1 9 7 1  s u i t ' s  u p p e r  arm m a t e r i a l  ( D )  seemed t o  h o l d  up much 

b e t t e r  t h a n  t h e  1966  s u i t  uppe r  arm m a t e r i a l  ( C ) .  E f f e c t s  

n o t i c e d  i n  t h e  1 9 7 1  v i n t a g e  m a t e r i a l  were o b s e r v e d  a b o u t  6 t o  8 

m i n u t e s  e a r l i e r  on  t h e  1966 v i n t a g e  samples. The 1 9 7 1  samples 

were much w h i t e r  t h a n  t h e  o t h e r s ,  t h e r e b y  making  co lo r  

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

The e f f e c t  o f  l i q u i d  N204 on  t h e  s t r e n g t h  o f  S C A P E  s u i t  m a t e r i a l  

was d e t e r m i n e d  u s i n g  t h e  i d e n t i c a l  samples d i s c u s s e d  i n  t h e  

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

e x p o s u r e  ( F i g u r e  20). An I n s t r o n  Model TT-C u n i v e r s a l  t e s t i n g  

32 

.... ... - .. . . . . . . . .. 



machine  w a s  u sed  t o  d e t e r m i n e  t h e  t e n s i l e  s t r e n g t h  o f  t h e  

ma te r i a l .  T e s t s  were r u n  a t  ambien t  t e m p e r a t u r e  a t  a c r o s s h e a d  

s p e e d  o f  1 2  i n c h e s  p e r  m i n u t e .  T e s t  s p e c i m e n s  were  c u t  w i t h  d i e  

"C"  of ASTM D-412. Because  of  t h e  n a t u r e  of t h e  s a m p l e ,  no  

a t t e m p t  was made t o  c o n t r o l  t h e  d i r e c t i o n  of t h e  f i b e r  weave. 

I t  c a n  be r e a d i l y  s e e n  t h a t  a f t e r  j u s t  2 m i n u t e s  o f  l i q u i d  N204 

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

is a b o u t  7 3 %  l o s s  o f  s t r e n g t h .  I t  seems a p p a r e n t  t h e  Nomex l a y e r  

i s  a t t a c k e d  v e r y  r a p i d l y  by even  s h o r t  e x p o s u r e  t o  l i q u i d  N204. 

While  t h e r e  had been  much work done on o x i d i z e r  p e r m e a t i o n ,  t h e r e  

is  l i t t l e  i n f o r m a t i o n  a v a i l a b l e  f o r  f u e l  p e r m e a t i o n ,  and t h e r e  

a r e  no known e s t a b l i s h e d  p r o c e d u r e s  f o r  i t s  measurement .  A 

p r i m a r y  r e a s o n  i s  t h a t  p a s t  e x p e r i e n c e s  have  i n d i c a t e d  a h i g h  

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

f rom i ts  o r i g i n  t o  t h e  a n a l y t i c a l  e q u i p m e n t ,  e s p e c i a l l y  a t  t h e  

low c o n c e n t r a t i o n  e x p e c t e d  i n  m a t e r i a l  p e r m e a t i o n .  

I t  was f e l t  t h a t  p e r h a p s  a s p o t  t e s t  t h a t  measures t h e  p r e s e n c e  

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

e l i m i n a t e  t h e  sample  t r a n s f e r  p r o b l e m s  i f  t h e  t e s t  c o u l d  be  
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calibrated on a mass basis. These requirements were met by a 

modification of the.MDA Scientific Inc. Continuous Hydrazine 

Monitor. 

The MDA Hydrazine Detection System is based on the chemical 

reaction of hydrazine with a specially impregnated paper tape. 

The sensitivity for MMH when using this tape is 25% less than 

hydrazine but still quite sensitive, the range being 0 to 0.75 

ppm with a lower detectable limit being 0.01 ppm and accuracy 

p l u s  or minus 10% of the meter reading. Calibration of the 

instrument is accomplished by measuring the intensity of a 

manufacturer provided stained calibration card. In the modified 

procedure the paper tape was removed from the instrument and 

placed near the material. 

Two tests were designed utilizing the MDA Hydrazine Monitor, 

Model 7080, to determine if the material used in the construction 

of KSC SCAPE ensembles protects the wearer from being exposed to 

toxic levels of MMH. The present OSHA limit for MMH is 0.2 ppm 

time weighted average. 

The first test consisted of cutting a 2 1/4 inch diameter disk 

from an unused piece of 1966 material and placing it in a #4 

Millipore glass filter holder. The exposed surface of 1.77 sq. 

inches was covered with about 1/4 inch of MMH. The MDA hydrazine 

detection tape was inserted through the funnel portion of the 
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f i l t e r  h o l d e r  below t h e  m a t e r i a l  which p l a c e d  t h e  t a p e  i n  d i r e c t  

c o n t a c t  w i t h  t h e  f r i t  on  which t h e  mater ia l  r e s t e d .  A f t e r  8 

h o u r s  e x p o s u r e  t h e  MMH w a s  removed and t h e  s u r f a c e  n e u t r a l i z e d  

w i t h  d i l u t e  s u l f u r i c  a c i d  and t h e n  w a t e r  r i n s e d .  The h y d r a z i n e  

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

t h r e e  s e c t i o n s .  The p i e c e s  were mounted on a c a r d  s i m i l a r  t o  t h e  3 i 
4 c a l i b r a t i o n  c a r d  p r o v i d e d  by t h e  m a n u f a c t u r e r .  

A l though  no c o l o r  change  was v i s i b l e  on t h e  t a p e ,  t h e  i n s t r u m e n t  

i n d i c a t e d  t h a t  t h e  t a p e  had been  exposed  t o  MMH s u f f i c i e n t  t o  

y i e l d  a r e a d i n g  o f  0 . 0 4  ppm f o r  a l l  t h r e e  s e c t i o n s .  

A s econd  sample  was p r e p a r e d  by c u t t i n g  a 6 i n c h  s q u a r e  p i e c e  o f  

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

P r o d u c t ) .  The sample  w a s  p l a c e d  i n  t h e  s t a i n l e s s  s t e e l  c e l l  used  

i n  t e s t i n g  o x i d i z e r  p e r m e a t i o n  w h i c h  e x p o s e s  1 2 . 5 6  s q .  i n c h e s  o f  

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

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

w i t h i n  t h e  c e l l  and t h e  m a t e r i a l  c o v e r e d  w i t h  30 ml of  MMH. Four 

h o u r s  l a t e r  t h e  MMH w a s  n e u t r a l i z e d ,  f l u s h e d  w i t h  w a t e r  and t h e  

t c e l l  d i s a s s e m b l e d .  The h y d r a z i n e  t a p e  w a s  removed and c u t  i n t o  

s e v e n  s e c t i o n s .  Each s e c t i o n  was mounted on  a card a s  b e f o r e .  

S e c t i o n  1, c l o s e s t  t o  t h e  e d g e  of  t h e  c e l l  on  o n e  s i d e ,  g a v e  no  

i n d i c a t i o n  o f  t h e  p r e s e n c e  o f  MMH. The r e m a i n i n g  s e c t i o n s ,  
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r e p r e s e n t i n g  t r a n s v e r s e  s e c t i o n s  across  t h e  d i a m e t e r  of t h e  c e l l ,  

a l l  i n d i c a t e d  a n  e x p o s u r e  s u f f i c i e n t  t o  g i v e  a r e a d i n g  of  0 . 0 1  

PPm 

T h e r e  was some d o u b t  i f  t h e  s t a i n  w a s  f u l l y  d e v e l o p e d  because o f  

t h e  s t a t i c  c o n d i t i o n s  of t h e  p r e v i o u s  t e s t .  To  t e s t  t h i s ,  a 

second  t e s t  w a s  p e r f o r m e d  w h e r e  a p a p e r  h o l d e r  was f a b r i c a t e d  

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

e x i t  plumbed d i r e c t l y  t o  t h e  MDA sample  i n l e t .  The MDA o p e r a t e s  

on  a p r i n c i p l e  of g a s  p a s s i n g  t h r o u g h  t h e  t a p e  a t  a r a t e  o f  234 

cc /min .  B r e a t h i n g  a i r  w a s  s u p p l i e d  t o  t h e  lower  chamber a t  a 

r a t e  s u f f i c i e n t  t o  m a i n t a i n  PI t o  0 . 2  i n c h  w a t e r  p r e s s u r e  i n  t h e  

chamber .  The t e s t  p a p e r  was a p p r o x i m a t e l y  0 .5  i n c h e s  i n  d i a m e t e r  

( 0 . 2  sq. i n .  s u r f a c e  a r e a )  and w i t h i n  0 . 5  i n c h e s  o f  t h e  cen te r  

o f  t h e  t e s t  m a t e r i a l .  A volume o f  30  ml of MMH was p l a c e d  i n  t h e  

uppe r  chamber .  

A sample  of  t h e  new s t a n d a r d  p r o d u c t  and unused m a t e r i a l  

p u r c h a s e d  i n  1 9 ' 7 1  were  exposed  t o  t h e  M M H  unde r  t h e  above  

c o n d i t i o n s  f o r  f o u r  h o u r s .  I n  b o t h  cases  t h e  t a p e ,  removed from 

t h e  c e l l ,  mounted on t h e  a n a l y s i s  c a r d ,  and t h e  c o l o r  i n t e n s i t y  

measured  on t h e  MDA, showed no d e t e c t a b l e  MMH ( < 0 . 0 1  ppm). To 

a s s u r e  t h e  v a l i d i t y  o f  t h e  method,  MMH s a m p l e s  o f  a p p r o x i m a t e l y  

known c o n c e n t r a t i o n s  were p r e p a r e d .  I n s t r u m e n t  r e a d i n g s  were  

o b t a i n e d  i n  t h e  p r o p e r  r a n g e s .  
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Al though  t h e r e  w a s  no  a p p a r e n t  p e r m e a t i o n  o f  MMH, t h e  e f f e c t  o f  

e x p o s u r e  on ma te r i a l  i n t e g r i t y  w a s  unknown. T e n s i l e  s t r e n g t h s  of 

m a t e r i a l  exposed  t o  MMH f o r  f o u r  h o u r s  and  o f  unexposed  m a t e r i a l  

were o b t a i n e d .  T h e r e  w a s  no o b s e r v e d  d e c r e a s e  i n  t h e  s t r e n g t h  o f  

t h e  exposed  m a t e r i a l .  I n  f a c t ,  t h e r e  w a s  a n  i n c r e a s e  which m i g h t  

be  a t t r i b u t e d  t o  c r o s s - l i n k i n g  o f  b u t y l  r u b b e r  by t h e  a m i n e .  

il 

A c l o s e  v i s u a l  i n s p e c t i o n  was made o f  a l l  s a m p l e s  d i s c s  which 

were  exposed  t o  l i q u i d  MMH i n  t h e s e  tests.  None e x h i b i t e d  a 

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

i n c h  d i s c .  T h e  exposed  s u r f a c e  d i s c o l o r e d  s l i g h t l y  b u t  no v o i d s ,  

b u b b l e s  o r  c r a c k s  were o b s e r v e d .  

CONCLUSIONS 

4 The f o l l o w i n g  f a c t o r s  were c o n s i d e r e d  i n  a t t e m p t i n g  t o  p r e d i c t  

t h e  p o s s i b l e  N O 2  e x p o s u r e  t h a t  a w e a r e r  o f  a n  o p e r a t i o n a l  K S C  

SCAPE s u i t  would e x p e r i e n c e  i f  a s p i l l  o c c u r r e d .  
5, 

1. The h i g h  d e g r e e  o f  c o r r e l a t i o n  be tween s u i t s ,  be tween  c l o s e d  

and open dump a n a l y s i s  u s i n g  two d i f f e r e n t  t r a c e r  g a s e s  and 

3 7  



between suit closed loop  permeation and cell permeation tests 

gives confidence that the data obtained by tracer gas modeling is 

a valid test procedure. 

2. Whenever a test parameter was questionable the condition 

which would tend to give a high concentration was used. A good 

example of this was the C 0 2  and NO2 small cell permeation test. 

Instead of keeping a 0 . 4  inches water positive pressure on the 

inside of the material, a partial vacuum was established, thus 

somewhat accelerating the permeation process. Tests conducted at 

a later time on material with visual anomalies removed from 

operational suits were conducted using the 0 . 4  inches water 

pressure in the top chamber. Breakthrough and leak rates found 

closely matched the original cell test performed using a partial 

vacuum whereas the same material used in the original cell test, 

when operated at an inside pressure of 0 . 4  inches water did not 

breakthrough for over 3 hours. 

3 .  The flow rate used in the permeation cell testing was 

approximately 1/12ldth of that delivered by the liquid air 

backpack used in a full size suit, and since the surface area of 

the suit was approximately 1 2 0  times that of exposed surfaces of 

the small test cell, we could postulate that leak values obtained 

in small samples tests would be comparable to the whole suit 

values. Examination of the actual test data shows that when 

immediately exposed to 1 a 0 %  C 0 2 ,  the concentration change across 

L 

W 
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4 

SCAPE ma te r i a l  i n  t h e  c e l l  s t a r t s  a f t e r  5 m i n u t e s  and i n c r e a s e s  

t o  a n  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  8 .1  ppm i n  2 1  m i n u t e s .  The 

c l o s e d  loop  s u i t  t e s t  on  s u i t  no .  627  b e g i n s  i ts  i n c r e a s e  a f t e r  

5 m i n u t e s  and i n c r e a s e s  by 9 .8  ppm i n  2 5  m i n u t e s .  

4. I n d i v i d u a l  r e l i e f  v a l v e  t e s t i n g  showed t h a t  b a c k s t r e a m i n g  o r  

c o u n t e r c u r r e n t  d i f f u s i o n  was n o t  a p rob lem w i t h  t h e  p r e s e n t  

r e l i e f  v a l v e  d e s i g n .  The p rob lem l i e s  w i t h  t h e  two h i p  r e l i e f  

v a l v e s '  i n a b i l i t y  t o  m a k e  a p o s i t i v e  s e a l  when unde r  a 0 .42  t o  

0 .62 i n c h e s  of w a t e r  p r e s s u r e  c o n d i t i o n .  I t  a l s o  showed t h a t  

unde r  t h e  same c o n d i t i o n s  t h e  NO2 l e a k a g e  would be 1 / 5 t h  o f  t h e  

measured  C02 c o n c e n t r a t i o n  w i t h i n  t h e  s u i t .  

The p r e d i c t e d  NO2 i n n e r  s u i t  c o n c e n t r a t i o n  g r a p h  ( F i g u r e  2 1 )  a t  

1 0 0 %  e x t e r i o r  N204 was o b t a i n e d  by d i v i d i n g  t h e  d i f f e r e n c e  

b e t w e e n  t h e  open  dump 1 0 0 %  C02 s u i t  t e s t  and t h e  c l o s e d  l o o p  1 0 0 %  

C02 s u i t  t e s t  ( t h a t  p o r t i o n  of  l e a k a g e  due  t o  t h e  r e l i e f  v a l v e s )  

by 5 ,  t h e  r e d u c t i o n  f a c t o r  f o r  c o n v e r t i n g  C02 t o  N02. T h e s e  

v a l u e s  were t h e n  added  t o  t h e  NO2 p e r m e a t i o n  v a l u e s  o b t a i n e d  i n  

t h e  1 2 . 5 6  sq. i n .  m a t e r i a l  c e l l  t e s t  ( F i g u r e  2 ) .  I t  s h o u l d  be  

n o t e d  t h a t  momentary v a r i a t i o n s  c a u s e d  by c e r t a i n  a c t i v i t i e s ,  

shown i n  T a b l e s  1 and 2 and F i g u r e  1 5 ,  c a n  r e s u l t  i n  a n  i n c r e a s e  

of i n t e r i o r  c o n c e n t r a t i o n  of  a s  much a s  1 . 6  ppm NO2 c a u s e d  by a 

q u i c k  d e e p  knee  bend t h e n  s t a n d i n g  up. The d u r a t i o n  of  t h i s  

e x p o s u r e  would be  3 m i n u t e s .  

39 



The p r e d i c t i v e  c u r v e  shows t h a t  i f  a man s u i t e d  i n  a no rma l  XSC 

I n v e n t o r y  SCAPE s u i t  is  s u d d e n l y  exposed  t o  1 0 0 %  N 2 0 4  vapor  h e  

w i l l  n o t  e x p e r i e n c e  a n  i n c r e a s e  NO2 w i t h i n  t h e  s u i t  f o r  1 2  

m i n u t e s .  A g r a d u a l  increase w i t h i n  t h e  s u i t  w i l l  t h e n  b e g i n ,  

r e a c h i n g  3 . 4  ppm i n  a n  a d d i t i o n a l  28 m i n u t e s  ( t o t a l  t i m e  4 0  

m i n u t e s ) .  Any a c t i o n  from t h i s  p o i n t  on  which would cause a 

momentary vacuum w i t h i n  t h e  s u i t  c o u l d  r a i s e  t h e  l e v e l  w i t h i n  t h e  

s u i t  t o  5 ppm, t h e  OSHA TLV. W i t h o u t  any  movements o f  t h i s  t y p e ,  

t h e  l e v e l  w i t h i n  t h e  s u i t  would r ema in  be low t h e  TLV f o r  t h e  

e n t i r e  2 h o u r s .  

The a t m o s p h e r i c  c o n c e n t r a t i o n  o f  NO2 p roduced  by a l a r g e  s p i l l  

was p r e d i c t e d  by KSC F l u i d s  Sys t ems  D i v i s i o n  t o  be 26% ( 2 ) .  A 

p r e d i c t i v e  c u r v e  can be drawn f o r  t h e  e x t e r i o r  v a l u e  of 2 6 %  N O 2  

( F i g u r e  2 2 )  i f  t h e  " w o r s t  case" s i t u a t i o n s  of 1 0 0 %  N204 smal l  

c e l l  p e r m e a t i o n  t e s t  and 1 0 0 %  C 0 2  c l o s e d  l o o p  s u i t  t e s t  a r e  used  

a s  t e s t  p a r a m e t e r s .  

The c o n s t r u c t e d  g r a p h  ( F i g u r e  2 2 )  i n d i c a t e s  a p e r i o d  of 1 7  

m i n u t e s  b e f o r e  any  NO2 i n c r e a s e  would be  e x p e r i e n c e d  w i t h i n  t h e  

s u i t  and t h a t  t h e  l e v e l  would r ema in  be low 3.5 ppm f o r  t h e  e n t i r e  

2 h o u r s .  
w 
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1 The M M H  t e s t  w a s  c o n d u c t e d  under  " w o r s t  c a s e "  c o n d i t i o n s  o f :  

a 
1 

1 0 0 %  c o n c e n t r a t i o n  of  t h e  MMH, no o r  l i t t l e  pressure  d i f f e r e n t i a l  

a c r o s s  t h e  m a t e r i a l ,  and min ima l  f l o w  t h r o u g h  t h e  c e l l  when 

dynamic t e s t i n g  (234 c c / m i n ) .  These  r e s u l t s  i n d i c a t e  t h a t  a h i g h  
f 
14 

d e g r e e  o f  p r o t e c t i o n  a g a i n s t  M M H  i s  p r o v i d e d  t o  t h e  wearer o f  a 

s u i t  made of  t h e  p r e s e n t  m a t e r i a l .  
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FIGURE 4. 







SUIT CHAMBER TEST SUIT 624 



“K” BOTTLE BREATHING AIR SUPPLY @&j22, 
VENT 

0-50 
PSlA 

0-20 

u--l RECORDER I I I I  
AIR SUPPLY 

AMPLING PROBE 

EXPANDED VIEW 

SEALED CHAMBER WATER GAUGE 

SCAPE SUIT 

TEST APPRATUS 
FIGURE 8 

CARBON DIOXIDE PENETRATION ANALYSIS 



10 20 30 40 50 60 
TIME (MINUTES) FIGURE 9 



rJl 
N 

10 20 i o  50 60 
TIME (MINUTES) 



- - -  - --------- -_li__ _. 

CHAMBER TEST UNMANNED MODIFIED SUIT 

680 - 
INTERIOR CONCENTRATION 

ppm HELIUM 
600 - 
520 - 

440 - 

360 - cn w 

280 - 

SUIT 627 MODIFIED 3 7/8 INCH 
FACE RELIEF VALVE FLAP 
- 6  K” BOTTLE AIR SUPPLY 30 J/MIN ----- BACKPACK SUPPLY 33,41/M IN 

200 - 

120- 

40 - 
0 I I I I 1 

0 20 40 60 80 100 
TIME MINUTES 

FIGURE 11 



680 

’ JC 

52C 

441 

361 

281 

201 

12 

4 

CHAMBER TEST MANNED MODIFIED SUIT 

INTERIOR CONCENTRATION 
ppm HELIUM 

SUIT 627 MODIFIED 2 1/2 INCH 
FACE RELIEF VALVE FLAP 
--- UNMANNED “K” BOTTLE AIR 33.4 UMIN 
-MANNED BACKPACK 33.4 I / M I N  



SUIT 627 
UNMANNED "K" BOTTLE AIR SUPPLY 
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NO2 CELL TEST APPARATUS 

REGULATED AIR SUPPLY 

N2O4 SUPPLY 
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FIGURE 16 
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SAMPLE = 6 
TUNNEL A N D  CREASING 

INSIDE SURFACE 

BEFORE EXPOSURE AFTER 2 HR. VAPOR EXPOSURE 

OUTSIDE SURFACE 

BEFORE EXPOSURE AFTER EXPOSURE 
. .... . . 

FIGURE 17 
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SAMPLE !# 14 
EXPOSED "NOMEX" 

BEFORE EXPOSURE 2.5X AFTER EXPOSURE 2.5 X 

BEFORE EXPOSURE 15X AFTER EXPOSURE 15X 

FIGURE 18 
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INSIDE BEFORE INSIDE AFTER 

FIGURE 19 
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EXERCISE 

ARM MOVEMENTS 

SITTING UP & DOWN ACTION 

LEG MOVEMENT IN SITTING POSITION 

SIMULATED NORMAL WALKING 

HIGH LEG MOVEMENT 
(GOOSE STEP) 

DEEP KNEE BEND STOOP & STAND 

1 

2 

3 

4 

MOTIONLESS 

5 

6 

INTERIOR SUIT CONCENTRATION 
CHANGES WITH SELECTED MOVEMENTS 

HELIUM AT 
EQUl LlBR IUM 

ppm 

DURATION OF 
MOVEMENT 

MIN 

PRESSURE 
INCHES OF 

WATER 

7 39 

739 

739 

739 

7 39 

739 

NO 

NO 

NO 

START 820- 
FINISH 955 

START 820- 
FINISH 942 

START 928- 
FINISH 955 

739 

3 

2 

5 

3 

1 

NfA 

NfA 

NfA 

N /A 

NfA 

NfA 

NfA 

4 MIN 

HELIUM 
INCREASE 

PPm 

HELIUM 
AS C02 ppm 

0.32-0.6 

0.32-0.6 

0.2 -0.7 

0.2 -0.7 

0.0 -1.5 

0.0 -1.9 

0.0 -2.5 

0.0 -2.7 

0.0 -3.0 

0.0 -2.6 

0.0 -2.7 

0.0 -2.8 

0.32-0.6 

0 

0 

0 

0 

27 

41 

81 

81 

216 

135 

122 

27 

0 

0 

0 

0 

0 

1 

1.5 

3.0 

3.0 

8.0 

5.0 

4.5 

1 

0 

TABLE 1 



TIME (MIN) 
AFTER EXPOSURE 

0 

3 -  28 

28 

29 
40 

43 

45 

46 

48 

50 

52 

54 

58 

60 

61 

62 - 67 

68 

69" 

70 

71 

72 

TABLE 2 

EFFECTS OF MOVEMENT 
SUIT 627 - MODIFIED - 2 1/2 INCH FACE RELIEF VALVE FLAP 

ACTION 

STAND I N G 

SIT DOWN 

STAND UP 

STAT I ON ARY 

ARM LIFTS 3 MIN 

STAT I ON ARY 

SIT DOWN 

STAND UP 

SIT DOWN 

STAND UP 

SIT DOWN SLOWLY 

STAND UP SLOWLY 

SIT DOWN HEAD BACK 

LEFT LEG RAISE 

LEFT LEG LOWER 

STAND UP 

WALKING 

STATIONARY 

SQUAT 

STAND UP 

KNEEL DOWN 

STAND UP 

INNER SUIT 
PRESSURE INCHES WATER 

0.7 

1 .o 
-0.5 

0.7 

0.1*1.9 

0.7 

2.7 

-0.2W0.7 

3.5~1.0 

-0.1WO.7 

2.7w0.9 

-0.1W0.7 

3.9~0.7 

0.0 

2.3,O.g 

-0.3w0.7 

0.4~1.1 

0.7 

3.3~0.7 

3.5~0.9 

-0.4W0.7 

-0.3w0.7 

A P P ~  
HELIUM 

SLOW RISE 

LEVEL 

40 ppm MAX. SLIGHT RISE 

SLIGHT DROP 

40 ppm MAX. SLIGHT RISE 

SLIGHT DROP 

VERY SLIGHT RISE 

SLIGHT DROP 

SLIGHT RISE 

VERY SLIGHT RISE 

292 ppm HIGHEST RISE 

DROP TO BASE WITHIN 30 SEC. 

52 ppm DROP 



TIME (MIN) 
AFTER EXPOSURE 

74" 
75 
76 
77 
78" 
79 
80 
81 
81 + 

82 
83 
85 
86 

TABLE 2 (CON'T) 

EFFECTS OF MOVEMENT 
SUIT 627 - MODIFIED - 2 1/2 INCH FACE RELIEF VALVE FLAP 

ACTION 

SQUAT 

STAND UP 

KNEEL 

STAND UP 

SQUAT 

STAND UP 

KNEEL 

STAND UP 

SERIES OF 10 SQUATS 

FAST 

HARD TRlSTlNG AT WAIST 1 MIN. 

STAT I ON A R Y 

FAST SQUAT AND TUCK 

FAST SQUAT AND TUCK 

HOLDING HELMET DOWN 

STAND UP 

INNER SUIT 
PRESSURE INCHES WATER 

A PPm 
HELIUM 

3.5r0.7 
-0.3 r 0.7 
3.3~1.0 

-0.3 ~ 0 . 7  
5.1r1.0 

-0.3b0.7 
4.2r1.1 

-0.3b0.7 
2.0 AUG DOWN 

-0.6 AUG UP 

0.5r1.5 
0.7 

6.3t0.7 

5.7r0.7 
-0.3~0.7 

132 ppm RISE 

60 ppm DROP TO BASE 

45 ppm DROP 

152 ppm RISE 

DROP TO BASE 

DROP 52 ppm 

MAX. 30 ppm SLIGHT 

MAX. 30 ppm SLIGHT 

"ONLY SURE RISES ABOVE THE NORM. 



NpO4 CELL PEST RESULTS OF DEFECTIVE MATERIALS 

SAMPLE NO2 DETECTED IN VISUAL 
NO. VINTAGE DE SCRl PTl  ON AIR STREAM OBSERVATIONS 

9 1971 UNUSED MATERIAL NON DETECTED IN INSIDE UNCHANGED 
4 HRS. 

7 1971 INVENTORY SUIT NON.DETECTED IN INSIDE UNCHANGED 
SUIT 606 WITH NO VISIBLE 2 HRS. 

ANOMALIES. 

5 1971 TUNNEL AND SLIGHT NON DETECTED IN INSIDE UNCHANGED 
SUIT 606 CREASING. 2 HRS. ua ca 

6 1971 TUNNELANDPRO- NO2 DETECTED 5 MIN INSIDE LIGHTER 
SUIT 606 NOUNCED CREASING AFTER EXPOSURE. COLOR ATCENTRAL 

BUTYLCOATED ROSE TO 1.7 ppm IN CREASE. OUTSIDE 
SPOT-REPAI RS. 72 MINS. AND RE- SAME CREASE, NOMEX 

MAINED AT THAT LEVEL 
FOR THE NEXT 43 MINS. 

EXTRUDING THRU SOFT 
BUTYL COATING. 

TABLE 3 



SAMPLE 
NO. VINTAGE 

8 1971 
SUIT 402 

3 

1971 
SUIT 402 

1966 
SUIT 402 

1966 
SUIT 526 

NzU4 LtLL I t S I  KtSULIS  Uk 

DESCRIPTION 

BUTYLREMOVED 
FROM SMALL AREA 
OF OUTSIDE SURFACE; 
NOMEX 

DELAMINATION 
AND CREASES. 

INVENTORY SUIT WITH 
NO VISIBLE ANOMALIES. 
2.5X PHOTOS SHOWED 

SIDE TO A SCUFF 
MARK INSIDE. 

PINEHOLES ON OUT- 

DELAMINATION AND 
TUNNEL CREASES. 

U t k  tl; I I V t  MA I tKlALS (LUNT'U) 

NO2 DETECTED IN VISUAL 
AIR STREAM OBSERVATIONS 

NO2 DETECTED 1.5 
MIN AFTER EXPOSURE. BUTYLHADBEENREMOVED. 
ROSE TO 1.2 pp m 
IN 2 HRS. AND BRITTLE. 

INSIDE LIGHTER WHERE 

EXPOSEDNOMEXBROWN 

NON DETECTED IN INSIDE UNCHANGED 
2 HRS. 

NO2 DETECTED AFTER INSIDE UNCHANGED 
13 MINS. EXPOSURE. 
ROSE TO 0.1 ppm IN 
4 MINS. AND REMAINED 
THERE FOR 103 MINS. 

NOzDETECTEDAFTER 
34 MINS. EXPOSURE. 
ROSE TO 0.45 ppm IN 
13 MINS. REMAINED AT 
THATLEVELFOR 
73 MINS. 

INSIDE UNCHANGED 

TABLE 3 



SAMPLE 
NO. 

10 

11 

14 

12 

VINTAGE 

IN USE SINCE 
1966 
SUIT 838 

IN USE SINCE 
1966 
SUIT 888 

IN USE SINCE 
1966 
SUIT 888 

1971 

N2O4 CELL TEST RESULTS OF DEFECTIVE MATERIALS [CONT'D) 

13 1971 

DESCRIPTION 

IrJSlDE UPPER 
RIGHT ARM 

INSIDE RIGHT 
ELBOW CREASES 
AT BEND EXPOSED 
NOMEX 

INSIDE LE,FT 
ELBOW SLIGHT 
CREASESAND 
EXPOSED NOMEX 

UNUSED MATERIAL 
EXPOSED 2 MIN. IN 
CENTER 1.5 SQ. IN. 
AREA TO LIQ. N2O4 

SAME AS ABOVE BUT 
CENTER FLEXED 50 
TIMES IN THE HORI- 
ZONTAL & VERTICAL 
DIRECTION BETWEEN 
LIQUID EXPOSURE 8, 
2 HR. VAPOR 
EXPOSURE. 

NO2 DETECTED IN VISUAL 
AIR STREAM OBSERVATIONS 

NONE DETECTED IN INSIDE UNCHANGED 
2 HRS 

NOZDETECTEDAFTER INSIDE LIGHTENED AT 
14 MIN. ROSE TO 9.9 ppm 
IN 37 MIN REMAINED 
THERE FOR 69 MIN. 

CREASES SURFACE NOMEX 
VISIBLE ON OUTSIDE 

NO2 DETECTED AFTER 
17 MIN. ROSE TO 3.3 ppm 
IN 37 MIN. REMAINED 
THERE FOR 66 MIN. 

NONE DETECTED IN 
2 HRS. 

INSIDE UNCHANGED 

NONE DETECTED IN INSIDE UNCHANGED 
2 HRS. 

TABLE 3 
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