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FOREWORD 

T h e  v i v a r i u m  of  t h e  U n i t e d  S t a t e s  A r m y  A e r o m e d i c a l  R e s e a r c h  L a b o r a -  
t o r y  (USAARL) is  f u l l y  a c c r e d i t e d  b y  t h e  A m e r i c a n  A s s o c i a t i o n  fo r  t h e  Ac -  
c r e d i t a t i o n  of L a b o r a t o r y  An ima l  C a r e .  

T h e  a n i m a l s  u s e d  in  t h i s  s t u d y  w e r e  p r o c u r e d ,  m a i n t a i n e d ,  a n d  u s e d  
in  a c c o r d a n c e  w i t h  t h e  A n i m a l  Welfare  Act  of  1970 a n d  AR 70-18.  In c o n d u c t -  
i n g  t h e  r e s e a r c h  d e s c r i b e d  in  t h i s  r e p o r t ,  t h e  i n v e s t i g a t o r s  a d h e r e d  to t he  
" G u i d e  fo r  L a b o r a t o r y  A n i m a l  F a c i l i t i e s  a n d  C a r e , "  a s  p r o m u l g a t e d  b y  t h e  
Commi t t ee  on  t h e  G u i d e  fo r  L a b o r a t o r y  A n i m a l  R e s o u r c e s ,  Na t iona l  A c a d e m y  
of S c i e n c e s ,  Na t iona l  R e s e a r c h  C o u n c i l .  

All  a u t h o r s  w e r e  r e s e a r c h  i n v e s t i g a t o r s  at t he  USAARL d u r i n g  t he  c o n -  
d u c t  of  t h e  e x p e r i m e n t s  d e s c r i b e d  h e r e i n .  

D r .  Knox  is  c u r r e n t l y  w i t h  the  D e p a r t m e n t  of P h y s i o l o g y  a n d  B i o p h y s i c s ,  
L o u i s i a n a  S ta te  U n i v e r s i t y  Med ica l  C e n t e r  S c h o o l  of M e d i c i n e ,  S h r e v e p o r t ,  
L o u i s i a n a  71130. 

D r .  Wachte l  i s  c u r r e n t l y  w i t h  t h e  D e p a r t m e n t  of S u r g e r y ,  U n i v e r s i t y  of 
C a l i f o r n i a ,  San  D i e g o ,  Schoo l  of M e d i c i n e ,  San  D i e g o ,  C a l i f o r n i a  92103.  

D r .  M c C a h a n  is  c u r r e n t l y  w i t h  t h e  D e p a r t m e n t  of  T o x i c o l o g y  a n d  C r i m -  
ina l  I n v e s t i g a t i o n ,  S ta te  of  A l a b a m a ,  E n t e r p r i s e ,  A l a b a m a  36330. 



SUMMARY 

The Un i t ed  Sta tes  A r m y  A e r o m e d i c a l  R e s e a r c h  L a b o r a t o r y  (USAARL) 
p o r c i n e  c u t a n e o u s  b i o a s s a y  t e c h n i q u e  was  u s e d  to d e t e r m i n e  wha t  m i t i ga t i ng  
effect  four  t h e r m a l l y  p r o t e c t i v e  f l igh t  su i t  f a b r i c s  wou ld  h a v e  on f i r e - i n d u c e d  
sk in  d a m a g e .  The  f a b r i c s  w e r e  4 .8  oz twil l  w e a v e  Nomex ® a r a m i d e ,  4.5 oz 
s t ab i l i z ed  twil l  w e a v e  p o l y b e n z i m i d a z o l e ,  a 4.8 oz p la in  w e a v e  e x p e r i m e n t a l  
h igh  t e m p e r a t u r e  p o l y m e r ,  and  4.8 oz p la in  w e a v e  Nomex ® a r a m i d e .  Each 
f a b r i c  sample  was  a s s a y e d  20 t imes  in e a c h  of four  c o n f i g u r a t i o n s :  as  a s i ng l e  
l a y e r  in con tac t  wi th  the  sk in ;  as a s i n g l e  l a y e r  wi th  a 6.35 mm ( o n e - f o u r t h  
i n c h )  a i r  gap  b e t w e e n  f a b r i c  a n d  sk in ;  in c o n j u n c t i o n  wi th  a cot ton T - s h i r t  
wi th  no a i r  gaps ;  a n d ,  f i n a l l y ,  in c o n j u n c t i o n  wi th  a T - s h i r t  wi th  a 6.35 mm 
a i r  gap  b e t w e e n  T - s h i r t  and  f a b r i c .  B a r e  s k i n  was  u s e d  as a c o n t r o l .  

A J P - 4  fue l ed  f u r n a c e  was  u s e d  as a t h e r m a l  s o u r c e  and  was  a d j u s t e d  to 
d e l i v e r  a mean  hea t  f lux  of 3.07 c a l / c m  2 / s e e .  The  d u r a t i o n  of e x p o s u r e  was  
f ive  s e c o n d s .  F o u r  h u n d r e d  b u r n  s i tes  w e r e  g r a d e d  u s i n g  c l in ica l  o b s e r v a -  
t ion and  m i c r o s c o p i c  t e c h n i q u e s .  

Used  as s i n g l e  l a y e r s ,  none  of the  f a b r i c s  d e m o n s t r a t e d  s u p e r i o r i t y  in 
p r o v i d i n g  c l i n i c a l l y  s i g n i f i c a n t  p r o t e c t i o n .  When u s e d  wi th  a cot ton  T - s h i r t  
p r o t e c t i o n  w a s  i m p r o v e d .  P r o t e c t i o n  i m p r o v e d  p r o g r e s s i v e l y  for  all f a b r i c s  
and  c o n f i g u r a t i o n s  w h e n  an a i r  gap  was  i n t r o d u c e d .  The  e x p e r i m e n t a l  h i g h  
t e m p e r a t u r e  p o l y m e r  c o n s i s t e n t l y  d e m o n s t r a t e d  l ower  hea t  f lux  t r a n s m i s s i o n  
in all c o n f i g u r a t i o n s  bu t  d id  not  s i g n i f i c a n t l y  r e d u c e  c l in i ca l  b u r n s .  

APPROVED: 

STANLEY C. KI~APP ~"~ 
Colone l ,  MC 
C o m m a n d i n g  
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INTRODUCTION 

A f r ee  f ie ld  o r  h e l i c o p t e r  p o s t c r a s h  J P - 4  fue l  f i r e  r e a c h e s  max imum in -  
t e n s i t y  an d  " s t e a d y  s t a t e"  t h e rma l  d y n a m i c s  20 s e c o n d s  a f t e r  s i n g l e  po in t  
i gn i t i on .1  2 An a v i a t o r  w e a r i n g  a s t a n d a r d  s u m m e r  w e i g h t  co t ton  f l igh t  
un i fo rm  who  is  in the  midd le  of s u c h  a c o n f l a g r a t i o n  mus t  ge t  out  of the  
f i r e b a l l  w i th in  10 s e c o n d s  a f t e r  i gn i t i on  if he is  to h a v e  a r e a s o n a b l e  c h a n c e  
of  s u r v i v a l ,  s-5 Af te r  20 s e c o n d s ,  the  a v i a t o r  w o u l d  b e  in a t h e r m a l  e n v i r o n -  
ment  w i th  t e m p e r a t u r e s  r a n g i n g  f rom 927 ° C to 1260 ° C.1 s 4 e Heat  f lux  in  
c o n t r o l l e d  p o s t c r a s h  f i r e s  r a n g e s  f rom 2 .79  to 7 .45 c a l / c m  2 / s e c * .  ~ z 

Extensive studies conducted by the U. S. Army Aeromedical Research 
Laboratory (USAARL) and others I 2 4 7 have shown that postcrash fires 
are extremely variable in their time-course and in severity. These studies 
led to a definition of the worst credible thermal environment as 1149 ° C or 
5.5  c a l / c m  2 / s e c . 1  

During a postcrash fire, the aviator's clothing is the only barrier be- 
tween the excessive thermal environment and the skin. The design of op- 
erational flight clothing requires consideration of fabric flammability, heat 
transfer characteristics, comfort, launderability, abrasion resistance, 
fabric strength and durability, color fastness and predicted useful service 
life, to mention only a few important factors. Since all design parameters 
cannot be optimized using present technology, each garment is always a 
compromise product. An aviator's flight suit may never be subjected to the 
hazardous thermal environment against which it was designed, but this de- 
sign parameter must remain among the foremost in a selection process among 
several candidate fabrics or designs. Obviously any selection process is 
complex and requires consideration of cost, logistics, and user acceptance 
as important considerations. 

From a t h e r m a l  p r o t e c t i v e  s t a n d p o i n t  any  s e l e c t i o n  of  f a b r i c  or  g a r m e n t  
d e s i g n  m u s t  b e  b a s e d  on an a p p r o p r i a t e  se t  of t e s t  p r o c e d u r e s .  T h e s e  m e t h -  
o d s  mus t  r e c r e a t e  the  p o s t c r a s h  t h e r m a l  e n v i r o n m e n t  in the  l a b o r a t o r y  and  
mus t  q u a n t i t a t i v e l y  p r e d i c t  b u r n s  f rom m e a s u r e d  t h e r m a l  t r a n s f e r  t h r o u g h  
the  f a b r i c .  Fo r  t e s t i n g  f a b r i c  s a m p l e s ,  the  idea l  me thod  w o u l d  b e  to u s e  
p h y s i c a l  t h e r m a l  s e n s o r s  s u c h  as  c a l o r i m e t e r s  or  s k i n  s i m u l a n t s  to m e a s u r e  
the  t h e r m a l  t r a n s f e r  so one  cou ld  p r e d i c t  f rom s u c h  da t a  the  b u r n s  that  w o u l d  

* T h e s e  hea t  f lux  c a l c u l a t i o n s  a s s u m e  b l a c k  b o d y  c o n d i t i o n s  c a l c u l a t e d  f rom 
S t e f a n - B o l t z m a n n  Law.  



r e s u l t .  To do th i s  w i th  a n y  d e g r e e  of a c c u r a c y  r e q u i r e s  a ma thema t i ca l  m o d e l .  
H o w e v e r ,  m a t h e m a t i c a l  mode l s  w h i c h  g e n e r a t e  b u r n  p r e d i c t i o n s  f rom m e a s u r e d  
t h e r m a l  t r a n s f e r  a r e  no t ,  at th i s  t ime ,  s u f f i c i e n t l y  a c c u r a t e .  T h e r e f o r e ,  the  
u s e  of a b i o a s s a y  t e c h n i q u e  in w h i c h  p o r c i n e  sk in  is u s e d  as a model  for  
h u m a n  s k i n  is r e c o m m e n d e d . 4  8 The  d i r e c t  b i o a s s a y  t e c h n i q u e  p r o v i d e s  b u r n  
da ta  tha t  a r e  r e a d i l y  u n d e r s t a n d a b l e  and  a c c e p t a b l e  to p h y s i o l o g i s t s  and  c l i -  
n i c i a n s .  The  da ta  r e q u i r e  no e x t r a p o l a t i o n  for  the  f a b r i c  e n g i n e e r .  

The  e x p e r i m e n t s  d e s c r i b e d  in t h i s  r e p o r t  show w h a t  m i t i ga t i ng  e f fec t s  
four  s e l e c t e d  t h e r m a l  p r o t e c t i v e  f a b r i c s  h a v e  on sk in  d a m a g e  t h e r m a l l y  i n -  
d u c e d  b y  e x p o s u r e  to a s imu la t ed  p o s t e r a s h  f i r e .  

METHODS AND MATERIALS 

T w e n t y  w h i t e ,  c r o s s - b r e d ,  male  and  female  domes t i c  swine  (Sus  sc ro fa  

for  a n y  i n t e r n a l  or  e x t e r n a l  p a r a s i t e s ,  and  v e r i f i e d  to be  h e a l t h y  p r i o r  to u s e  
in th i s  e x p e r i m e n t .  The  an ima l s  w e r e  h o u s e d  in a c o v e r e d  ou tdoor  v i v a r i u m  
a n d  w e i g h e d  43.9 + 6.6 k g  at the  t ime of the  e x p e r i m e n t .  The  p igs  w e r e  
a s s i g n e d  r a n d o m l y  to one  of fou r  e x p o s u r e  g r o u p s  of f ive  an ima l s  e a c h .  

The  s w i n e  w e r e  f a s t ed  o v e r n i g h t ,  p r e m e d i c a t e d  wi th  a t r o p i n e  (0.04 m g /  
k g )  and  f e n t a n y l - d r o p e r i d o l  (0.1 m l / k g ) ,  i n t u b a t e d  and  a n e s t h e t i z e d  wi th  
Ha lo thane  USP.9 Hair  w a s  r e m o v e d  f rom the  tes t  s i te  b y  c lose  c l i p p i n g  wi th  
a #40 c l i p p e r  h e a d .  z0 The  a n e s t h e t i z e d  p i g s  w e r e  p l a c e d  on a r o l l i n g  an imal  
c a r r i a g e  wi th  an e l e c t r i c a l l y  a c t i v a t e d  p n e u m a t i c a l l y  o p e r a t e d  w a t e r - c o o l e d  
s h u t t e r  s y s t e m  ( F i g u r e  1, p a g e  4) .  Each  of the  f ive  p i g s  in a g r o u p  r e c e i v e d  
fou r  s e p a r a t e  e x p o s u r e s ,  two on e a c h  s i d e ,  of f ive  s e c o n d s  d u r a t i o n  to a s t a n -  
d a r d i z e d  t h e r m a l  s o u r c e .  

The  t h e r m a l  s o u r c e  w a s  a J P - 4  f u e l e d  f u r n a c e  4 w h i c h  d e l i v e r e d  3.07 _+ 
0.16 c a l / c m  2 / s e c  (70-90% of th i s  e n e r g y  was  r a d i a t i v e )  ( F i g u r e  1, p a g e  4) .  
F u r n a c e  wal l  t e m p e r a t u r e  and  hea t  f lux  w e r e  c o n t i n u a l l y  r e c o r d e d  on FM 
m a g n e t i c  t ape  for  l a t e r  o f f - l i ne  c o m p u t e r  p r o c e s s i n g .  Heat  f lux  and  e x p o s u r e  
t ime w e r e  f o u n d  to be  u n i f o r m  f rom one pos i t ion  to a n o t h e r .  Each  e x p o s u r e  
a r e a  w a s  d i v i d e d  into s ix  c i r c u l a r  b u r n  s i t e s  b y  a m u l t i - l a y e r  a s b e s t o s / w o o d  
templa te  ( F i g u r e  2, p a g e  4) .  The  ho les  w e r e  e i t h e r  4.0 cm or  5.9 cm in 
d i a m e t e r .  Templa t e  pos i t ion  f ive  a l w a y s  c o n t a i n e d  a s l u g  c a l o r i m e t e r  to 
moni to r  the  f i r e  ( F i g u r e  3A, p a g e  5).  Si tes  one t h r o u g h  four  and  s ix  w e r e  
e i t h e r  c o v e r e d  wi th  f a b r i c  or  left  u n c o v e r e d  as a con t ro l  ( F i g u r e  3B, p a g e  5) .  
Four  f a b r i c s  w e r e  e v a l u a t e d .  T h e y  w e r e  4.8 oz twil l  w e a v e  Nomex ® a r a m i d e ,  



4 .5  oz s t a b i l i z e d  tw i l l  w e a v e  p o l y b e n z i m i d a z o l e ,  a 4 .8  oz p l a i n  w e a v e  e x p e r i -  
m e n t a l  h i g h  t e m p e r a t u r e  p o l y m e r ,  a n d  4 .8  oz p l a i n  w e a v e  Nomex  ® a r a m i d e  
( F i g u r e  4, p a g e  5) .  In t h e  d o u b l e  l a y e r  c o n f i g u r a t i o n s ,  t h e  s e c o n d  l a y e r  w a s  
a l w a y s  100% c o t t o n  T - s h i r t  ( T ) .  T h e  t e x t i l e  c h a r a c t e r i s t i c s  for  t h e s e  f a b r i c s  
a r e  s u m m a r i z e d  in  T a b l e  1 ( p a g e  6) .  

F r o m  T a b l e  2 ( p a g e  7) it  is  p o s s i b l e  to d e t e r m i n e  w h i c h  f a b r i c  c o v e r e d  a 
p a r t i c u l a r  b u r n  s i te  for  e a c h  p i g .  F o r  e x a m p l e ,  in  t r e a t m e n t  G r o u p  I l l ,  t h e  
lef t  r e a r  a r e a  on  p i g  n u m b e r  t h r e e  h a d  n e w  w e a v e  Nomex  ® (NWN) in  c o n t a c t  
w i t h  t h e  s k i n  at b u r n  s i t e  o n e  a n d  p o l y b e n z i m i d a z o l e  (PBI) in  c o n t a c t  w i t h  
100% co t ton  T - s h i r t  in  c o n t a c t  w i t h  t h e  s k i n  at p o s i t i o n  f o u r .  T h i s  s y s t e m  of  
f a b r i c  l a y o u t  i n s u r e d  t h a t  e a c h  f a b r i c  a p p e a r e d  in  e a c h  t e s t  p o s i t i o n  f o u r  
t i m e s  a n d  w a s  t e s t e d  a to ta l  of  20 t i m e s  u s i n g  e a c h  of t he  f o u r  m e t h o d s  of a p -  
p l i c a t i o n .  T h u s ,  a f ive  p o s i t i o n  b y  f ive  f a b r i c  La t in  s q u a r e  w a s  r e p l i c a t e d  
f o u r  t i m e s  for  e a c h  g r o u p .  

D a m a g e  w a s  d o c u m e n t e d  p h o t o g r a p h i c a l l y  i m m e d i a t e l y  a f t e r  t he  e x p o s u r e  
a n d  24 h o u r s  l a t e r .  A c l i n i c a l  g r a d e  11 w a s  a s s i g n e d  i m m e d i a t e l y  a f t e r  e x p o -  
s u r e  a n d  a g a i n  24 h o u r s  l a t e r  (Tab le  3, p a g e  8 ) .  

A b i o p s y  w a s  t a k e n  f rom e a c h  s i te  24 h o u r s  a f t e r  t h e  e x p o s u r e .  T h i s  
s p e c i m e n  i n c l u d e d  t h e  a r e a  r e p r e s e n t i n g  t h e  h i g h e s t  c l i n i c a l  g r a d e  as  we l l  
as  c o n t i g u o u s  n o r m a l  t i s s u e  for  c o m p a r i s o n .  H e m a t o x y l i n  a n d  e o s i n  s t a i n e d  
s e c t i o n s  w e r e  g r a d e d  a c c o r d i n g  to c r i t e r i a  d e v e l o p e d  b y  L y o n ,  et a l ,  12 a n d  
Knox  a n d  Wachte l  4 (Tab le  4, p a g e  9 ) .  In  a d d i t i o n  to t h i s  g r a d e ,  a c t u a l  b u r n  
d e p t h  w a s  m e a s u r e d  o p t i c a l l y ,  t o g e t h e r  w i t h  m e a s u r e m e n t s  of  t he  n o r m a l  e p i -  
d e r m a l  a n d  d e r m a l  t h i c k n e s s e s .  T h e s e  da t a  w e r e  a n a l y z e d  u s i n g  a n a l y s i s  
of  v a r i a n c e  a n d  c o v a r i a n c e .  F a b r i c  e f fec t s  w e r e  t e s t e d  fo r  s i g n i f i c a n c e  b y  
t h e  m o d i f i e d  N e w m a n - K e u l s '  t e s t s .  
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FIGURE 1. Schematic Diagram of the USAARL T-1 Furnace and 
Rolling Animal Carriage With the Eleetrically Activated Pneumatically 
Operated Water-Cooled System.  
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FIGURE 2. Template Des ign.  
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FIGURE 3. D i a g r a m  of the  
T e m p l a t e  T e s t  S i t e s  (A) 
S l u g  C a l o r i m e t e r  
(B)  F a b r i c  C o n f i g u r a t i o n s .  
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FIGURE 4. F a b r i c  C o n f i g -  
u r a t i o n  G r o u p s  (A) G r o u p  I - 
A S i n g l e  L a y e r  in C o n t a e t  
With the  S k i n ;  (B)  G r o u p  II - 
A S i n g l e  L a y e r  w i t h  a 6 .35  mm 
( O n e - F o u r t h  I n c h )  A i r  Gap 
B e t w e e n  F a b r i c  a n d  S k i n ;  (C) 
G r o u p  I I I -  D o u b l e  L a y e r  D e -  
s i g n  With a She l l  F i r e  R e t a r -  
d a n t  F a b r i c  in C o n t a e t  With 
T - S h i r t  F a b r i c  in  C o n t a c t  
With S k i n  With No A i r  G a p s ;  
(D) G r o u p  IV - D o u b l e  L a y e r  
D e s i g n  With a 6 .35  mm Ai r  
Gap B e t w e e n  the  She l l  F i r e  
R e t a r d a n t  F a b r i c  a n d  the  
T - S h i r t  F a b r i c  With t he  T -  
S h i r t  F a b r i c  in  C o n t a c t  With 
S k i n .  



Fabr ic  

TABLE I. 

Weave 

FABRIC CHARACTERISTICS. 

W eig ht*  T hi ckness**  
(oz/yd 2 ) ( inches) 

A i r  pe rmeab i l i t y * * *  
(ft s / f t  z /m in . )  

Nomex Aramid  ® 
Polybenzimidazole 
Exp. =High Temp. 

Polymer (HT4) 
New Weave Nomex 

Aramid  ~ 
T - S h i r t  

T w i l l  4.8 .016 181.5 
T w i l l  4.5 .014 171.0 

Plain /4.8 .010 12.8 

Plain 4 .6  .008 28, 1 
Jersey 
kni t  4 .8 .023 152.5 

*ASTM methods D1910-64, D231-62. 
**ASTM method D1777-64. 

***ASTM method D737-46. 

NOTE: Complete fabr ic  analysis avai lable from authors on request. 



TABLE 2 

FABRICS BY TREATMENT GROUP AND POSITION OF PIG 

GROUP I (IN CONTACT) 

A = Standard Air Force Nomex ® (AFN) 

B = Polybenzimidazole (PBI) 

C = Experimental High Temperature 

Polymer (HT4) 

D = New Weave Nomex ® (NWN) 

E = No Fabric Control 

GROUP II (WITH SPACE) 

A = AFN/S 

B = PBI/S 

C = HT4/S 

D = NWN/S 

E = Control 

GROUP Ill (in contact with T-shir t )  

A = AFN/T, i . e . ,  Air Force Nomex 

with T-shir t  

B = PBI/T 

C -- HT4/T 

D = NWN/T 

E = Control 

GROUP IV (with T-shi r t  with space) 

A = AFN/T/S 

B = PBI/T/S 

C = HT4/T/S 

D = NWN/T/S 

E = Control 

LAYOUT OF FABRICS BY POSITION ON THE PIG AND 

WITHIN THE TEMPLATE FOR TREATMENT GROUPS 

I, If, Ill, AND IV 

Left Rear Left Front Right Rear Right Front 

P i g S i t e #  1 2 3 4 6 1 2 3 4 6 l 2 3 4 6 1 2 3 4 6 

1 AB C DE B C D E A  C D E A B  D E A B C  

E A B  CD AB C D E  B C D E A  C D E A B  

D E A B C  E A B C D  A B C D E  B C D E A  

C D E A B  D E A B C  E A B C D  AB C D E  

B C D E A  C D E A B  D E A B  C E A B  CD 
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TABLE 3 
GRADING SYSTEM FOR CLINICAL O B S E R V A T I O N S  OF TIlE BURN 

G r a d e  S u r f a c e  A p p e a r a n c e  H a i r  R e m o v a l  A d d i t i o n a l  I n f o r m a t i o n  t t u m a n  E q u i v a l e n t  

10 

11 

12 

13 

14 

15 

16 

N o r m a l  S k i n  

Mild E r y t h e m a  ( P i n k )  

M o d e r a t e  E r y t h e m a  ( R e d )  

S e v e r e  E r y t h e m a  ( D a r k  R e d  o r  P u r p l e )  

P a t c h y  C o a g u l a t i o n :  Whi te  C r e s t s  10-30%.  
Red  o r  P u r p l e  V a l l e y s  70 80% 

White  50% R e d  o r  P u r p l e  50% 

White  70 80%, Red or Purple 20 30% 

U n i f o r m  C o a g u l a t i o n :  White  > 9 0 %  
Red <10% 

S h i n y  o r  O p a l e s c e n t  White 

Dul l  White o r  T a n :  D r y  L o o k i n g  S u r f a c e  

M u l t i p l e  S m a l l  V e s i c l e s  (<5 ram)  

R a i s e d  D e l i c a t e  B l e b s  

B r o k e n  L a r g e  D e l i c a t e  Blebs 

C a r b o n a t i o n  of C e n t e r  C h a r r e d  B l e b s  
at  P e m p h e r y  

50% C h a r r e d ,  U s u a l l y  No B l e b s  A r o u n d  

P e r i p h e r y  

>70% C h a r r e d ,  No B l e b s  

D i f f i c u l t  

D i f f i c u l t  

D i f f i c u l t  

D i f f i cu l t  

D i f f i cu l t  

D i f f i c u l t  

D i f f i cu l t  

S o m e  D i f f i c u l t y  

F a i r l y  E a s y  

E a s y  

V e r y  E a s y  

V e r y  E a s y  

V e r y  E a s y  

V e r y  E a s y  b u t  O f t e n  
B u r n e d  Off 

V e r y  E a s y  b u t  O f t e n  

B u r n e d  Off 

B u r n e d  Off  

P l i a b l e  & P a i n f u l  

P l i a b l e  ~ P a i n f u l ,  Hot  

P l i a b l e  & P a i n f u l .  Hot  

P l i a b l e  ~ P a i n f u l ,  I lot  

P l i a b l e  & P a i n f u l ,  Hot  

P l i a b l e  & Painik~l .  Hot  

P l i a b l e  & P a i n f u l ,  t to t  

L e s s  P l i a b l e  ~ P a i n f u l ,  
Cool 

Less Pliable & Painful 

Cool 

Less Pliable & Painful 

Cool  

L e s s  P l i a b l e  & No P a i n  
Coo l  

L e a s  P l i a b l e  ~ No P a i n  
Cool 

L e s s  P l i a b l e  & No P a i n  

Co ld  

L e a t h e r y .  No P a i n .  Co ld  

S t i f f ,  No P a i n ,  Co ld  

H a r d ,  No P a i n ,  Co ld  

No B u r n  

E p i d e r m a l  

E p i d e r m a l  

E p i d e r m a l  

Superficial I n t r a d e r m a l  

S u p e r f i c i a l  I n t r a d e r m a l  

Superficial I n t r a d e r m a l  

D e e p  I n t r a d e r m a l  

Deep I n t r a d e r m a l  

D e e p  I n t r a d e r m a l  

A l l  D e r m a l  

A l l  D e r m a l  

All Dermal 

S u b d e r m a l  

S u b d e r m a l  

S u b d e r m a l  



TABLE 4 

MICRO-GRADE DEFINITIONS 4 I 

Grade Definit ion 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

No thermal  damage 

Cell damage without  ac idophi l i sm 

Epidermal  ac idophi l i sm (par t ia l )  

Epidermal  ac idophi l i sm (complete)  

De rma l - ep ide rma l  separa t ion  (par t ia l )  

D e r m a l - e p i d e r m a l  separa t ion  (complete)  

Dermal super f i c i a l  <500g 

Dermal mid 500-1000g 

Dermal  deep 1000-1500g 

Dermal complete  1500-dermal /ad ipose  b o r d e r  

Adipose 

RESULTS 

From 20 p igs  and 400 avai lable  b u r n  s i t es ,  371 c l in ica l  and 346 micro-  
scopic b u r n  g r a d e s  and 233 b u r n  dep ths  p r o v i d e d  accep tab le  data .  Grades  
and depths  w e r e  a s s i g n e d  to the i r  r e s p e c t i v e  e x p o s u r e  g roups  by  fabr ic  
and fabr ic  conf igura t ion ,  i . e . ,  s ingle  or double  l a y e r ,  in contaet  or spaced  
away .  The mean and s t anda rd  devia t ions  w e r e  ca lcu la ted  for eaeh g roup .  
These  r e su l t s  a re  tabula ted  in Table  5 (page 11) and p r e s e n t e d  g r a p h i c a l l y  
in F igu re s  5, 6 and 7 (pages  11 and 12). The most s e v e r e  b u r n s  (the ones  
with  the h ighes t  g r a d e s )  w e r e  associa ted  with the unp ro t ec t ed  control  si tes 
whi le  least  s e v e r e  b u r n  g r a d e s  w e r e  found in g roups  u s i n g  double  l a y e r e d  

fabr ic  with the ou te r  fabr ic  spaced  6.35 mm away from the T - s h i r t  i nne r  
l a y e r .  
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TABLE 5 

SUMMARY OF :BURN GRADES/DEPTHS BY TREATMENT GROUP AND FABRIC 

T r e a t m e n t  F a b r i c *  Cl in ica l  Grade**  M i c r o - G r a d e * *  Depth**  (~) 

GROUP I 

GROUP II 

GROUP III 

GROUP IV 

AFN 11.65 1.42 20 7.18 1.01 17 1313 608 15 
PBI 11.74 1.82 19 6.59 0.94 17 903 542 15 
HT4 11.10 1.97 20 7.00 1.24 18 1033 537 13 
NWN 12.30 1.78 20 7 .11  0.96 18 1098 519 16 
Con t ro l  13.75 1.16 20 7 .13  0.83 15 1149 539 14 

AFN/S  11.00 2 .00 20 7 .05  1.61 19 624 544 11 
P B I / S  10.10 1.87 21 6 .29  1.06 21 666 624 17 
H T 4 / S  8.55 1.32 20 5 .75  1.12 20 688 485 9 
NWNIS 10.63 2.22 19 6.68 1.16 19 1099 754 13 
Con1~'-ol 14.32 1.42 19 6.82 0.64 17 1138 526 15 

A F N / T  8.75 0 .55 20 5 .30  1.03 20 436 328 13 
P B I / T  9.25 0.72 20 5 .35  1.09 20 578 643 15 
H T 4 / T  8.40 1 .50 20 5 .06 0 .80 18 419 478 6 
NWN/T 9.40 1 .54 20 5 .58  0.77 19 465 408 10 
Con t ro l  14.88 0 .33 17 7 .67 0.98 15 1326 550 11 

A F N / T / S  8.55 1 .64 20 5 .84  1.34 19 496 336 13 
P B I / T / S  7.07 2 .22 15 5 .40  0.91 15 356 413 8 
H T 4 / T / S  5 .60 2 .27  10 4 .70  1.06 l0 225 109 5 
N W N / T / S  8.50 1.61 14 5.62 0.77 13 356 I00 6 
Con t ro l  15.00 0.00 17 8 .44  1.41 16 1214 539 8 

* - / S  = wi th  s p a c e ;  - / T  = wi th  T - s h i r t ;  - / T / S  = w i th  T - s h i r t  and  s p a c e  
**mean _+ 1 S . D . ,  N u m b e r  of  O b s e r v a t i o n s  
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FIGURE 5. Mean Cl inical  (Gross )  Grade  for  Each F a b r i c / C o n f i g u r a t i o n .  
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C o n f i g u r a t i o n .  
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FIGURE 7. Mean  D e p t h  of B u r n  in M i c r o n s  for  Each  F a b r i c /  
C o n f i g u r a t i o n .  

An a n a l y s i s  of  v a r i a n c e  a n d  an a n a l y s i s  of c o v a r i a n c e  w e r e  p e r f o r m e d  
u s i n g  the  c o n t r o l  b u r n  g r a d e s  as  a f u n c t i o n  of p o s i t i o n  w i t h  hea t  f l ux  as  the  
c o v a r i a t e  to t e s t  t he  v a l i d i t y  of the  a s s u m p t i o n  of u n i f o r m  f l u x .  T a b l e  6 
( p a g e  13) s u m m a r i z e s  the  r e s u l t s  of t h i s  a n a l y s i s  of v a r i a n c e .  Pos i t i on  a n d  
h e a t  f l u x  w e r e  not  s i g n i f i c a n t  v a r i a b l e s ;  t h e r e f o r e ,  t h e y  w e r e  e l i m i n a t e d  
as  v a r i a b l e s  f rom the  s u b s e q u e n t  a n a l y s i s .  

An a n a l y s i s  of v a r i a n c e  ( T a b l e  7, p a g e  14) s h o w e d  tha t  the  c o n t r o l s  b y  
G r o u p  w e r e  s i g n i f i c a n t l y  d i f f e r e n t  ( p < 0 . 0 1 )  for  b o t h  m i c r o g r a d e s  a n d  g r o s s  
g r a d e s .  T h e  b u r n  d e p t h s  w e r e  not  s i g n i f i c a n t .  

E x a m i n a t i o n  of  the  d a t a  o b t a i n e d  f rom the  s i t e s  w h i c h  w e r e  c o m p l e t e l y  
u n p r o t e c t e d  f rom the  f i r e  s h o w e d  some v a r i a t i o n  in the  h i s t o p a t h o l o g i c a l  a n d  
in the  g r o s s  e v a l u a t i o n  s c o r e s ,  a l t h o u g h  t h e r e  w a s  no s i g n i f i c a n t  v a r i a t i o n  
in m e a s u r e d  b u r n  d e p t h  ( T a b l e  7, p a g e  14) .  The  e x p e r i m e n t a l  d e s i g n  p e r m i t s  
c o m p a r i s o n  of the  e f f ec t  of e a c h  f a b r i c  a n d  e a c h  f a b r i c  c o n f i g u r a t i o n  w i t h  all  
o t h e r  f a b r i c s  a n d  c o n f i g u r a t i o n s  t e s t e d .  It is m u c h  more  s e n s i t i v e  a n d  s p e -  
e i f ie  to c o m p a r e  e a c h  w i t h  e a c h  o t h e r  d i r e c t l y  b y  the m e t h o d s  of a n a l y s i s  of 
v a r i a n c e .  T h i s  w a s  d o n e ;  and  the  r e s u l t s  of a m o d i f i e d  N e w m a n = K e u l s '  
m u l t i r a n g e  t e s t  a r e  s u m m a r i z e d  in T a b l e  8 ( p a g e  15) .  In t h i s  t e s t ,  m e a n s  
w e r e  a r r a n g e d  in a s c e n d i n g  o r d e r ,  a n d  l i n e s  w e r e  d r a w n  b e n e a t h  t h o s e  
t r e a t m e n t  m e a n s  w h i c h  w e r e  no t  s i g n i f i c a n t  at p < 0 . 0 5 .  M e a n s  not  o v e r l a p p e d  
b y  the  same l i ne  w e r e  s i g n i f i c a n t l y  d i f f e r e n t  at p < 0 . 0 5 .  

12 



TABLE 6 

CONTROL BURN GRADES AND DEPTHS BY TEMPLATE POSITION 

Pos i t ion  Micro* Gross*  Depth*  (~) 

L~ 

1 7.73 1.35 11 14.23 1.24 13 756 548 6 

2 7.64 1.28 14 14.67 0.62 15 1444 345 10 

3 7.43 1.34 14 14.57 0.76 14 1122 723 12 

4 7.23 0.73 13 14.50 0.97 16 1323 258 11 

5 SLUG CALORIMETER 

6 7.55 1.13 11 14.27 1.58 15 1163 537 9 

**ANOVA F 0.33 0.44 1.99 

***COANOVA F 0.27 0.44 1.26 

No S i g n i f i c a n t  F Rat ios  

*mean +_ 1 S . D . ,  N u m b e r  of O b s e r v a t i o n s  
**Ana lys i s  of v a r i a n c e  

***Analys i s  of  e o v a r i a n c e  wi th  hea t  f l ux  as the c o v a r i a t e  



TABLE 7 

CONTROL BURN GRADES AND DEPTHS BY TRFATMENT GROUP 

G r o u p  C l in i ca l**  Micro**  D e p t h *  (p)  

I 

II 

III 

IV 

ANOVA F 

COANOVA F 

13 75 1.16 

14 32 1.42 

14 88 0.33 

15 00 0.00 

6 67** 

6 25** 

(20) 

(19) 

(17) 

(17) 

7.131 0 .83 

6 .82 0 .64 

7 .67 0.98 

8 .44  1.41 

8 . 0 3 * *  

7 . 8 1 " *  

(15) 1149 539 

(17) 1138 526 

(15) 1326 550 

(16) 1214 539 

0 .31  

0 .21  

(14) 

(15) 

(11) 

( 8 )  

*Mean + 1 S.D., Number of Observations ( ) 
**Significant at p <. 01 



TABLE 8 

CLINICAL GRADE 
HT4 PBI HT4 HT4 NWN AFN AFN PBI NWN 
TS TS T S TS TS T T T 

PBI NWN AFN 
S S S 

HT4 AFN PBI NWN 

MICRO GRADE 
HT4 HT4 AFN PBI PBI NWN NWN HT4 AFN 
TS T T T TS T TS S TS 

PBI PBI 
S 

NWN 
S 

HT4 AFN 
S 

NWN AFN 

DEPTH 
HT4 NWN PBI HT4 AFN NWN AFN PBI AFN 
TS TS TS T T T TS T S 

PBI HT4 
S S 

PBI HT4 NWN NWN AFN 
S 

1 COMBINED RANK 16 
HT4 HT4 PBI NWN AFN PBI NWN AFN HT4 PBI AFN 
TS T TS TS T T T TS S S S 

NWN 
S 

PBI HT4 NWN AFN 

NOTE: All grades not overlapped by the same line are significantly different at p<0.05 



DISCUSSION 

Moritz a n d  H e n r i q u e s  1 3 h a v e  d e s c r i b e d  p o r c i n e  sk in  b e f o r e  a n d  a f t e r  
t h e r m a l  e x p o s u r e s  and  c o m p a r e d  it to h u m a n  sk in  b u r n s ,  s h o w i n g  the r e l a t i v e  
v u l n e r a b i l i t y  of p o r c i n e  and  h u m a n  sk in  to t h e r m a l  i n j u r y .  T h e y  found  l i t t le  
or  no q u a n t i t a t i v e  d i f f e r e n c e  in the s u s c e p t i b i l i t y  of h u m a n  and  p o r c i n e  ep i -  
d e r m i s  to t h e r m a l  i n j u r y  at s imi l a r  s u r f a c e  t e m p e r a t u r e s .  Moritz14 d e l i n e a t e d  
the  p a t h o g e n e s i s  and  pa t ho l og i ca l  c h a r a c t e r i s t i c s  of c u t a n e o u s  b u r n s  in r e l a -  
t ion to the  d u r a t i o n  and  i n t e n s i t y  of t h e r m a l  e x p o s u r e  and  to the s u s c e p t i b i l i t y  
to o r g a n i z a t i o n ,  r e p a i r ,  and  h e a l i n g .  

P e r k i n s ,  P e a r s e ,  and  K i n g s l e y  15 d e m o n s t r a t e d  c o m p a r a t i v e  s u r f a c e  ap -  
. . . . . . . .  ~ m , ~  u , r ~ , , u l d  vmue~  ( e a l / c m  ~) for  h u m a n  and  p o r c i n e  sk ih  
s u b j e c t e d  to r a d i a n t  e n e r g y  in e p i d e r m a l  and  i n t r a d e r m a l  (and  p e r h a p s  s u b -  
d e r m a l )  b u r n  l e s i o n s .  T h e i r  da ta  w e r e  c o m p a r a b l e  to the  v a l u e s  of 2 c a l / c m  2 
for  e p i d e r m a l  b u r n s  and  3.5 c a l / c m  2 for  d e e p  i n t r a d e r m a l  b u r n s  in h u m a n s  
r e p o r t e d  b y  B u t t e r f i e l d  a n d  Dixey  16 and  c o r r e l a t e d  wel l  wi th  the 3.9 c a l / c m 2 /  
see  (0 .54 sec  e x p o s u r e )  v a l u e  for s u b d e r m a l  h u m a n  b u r n s  r e p o r t e d  b y  
Moncr ief .1  v 

The  hea t  c a p a c i t i e s  a n d  t h e r m a l  c o n d u c t i v i t i e s  of c u t a n e o u s  a n d  s u b c u -  
t a n e o u s  t i s s u e s  of the  p i g ,  in v ivo  o b s e r v a t i o n s  of ca lo r i c  u p t a k e  of p i g s k i n ,  
r i s e  in t e m p e r a t u r e  at the  d e r m i s - f a t  i n t e r f a c e  as a f unc t i on  of bo th  t ime a n d  
sk in  s u r f a c e  t e m p e r a t u r e ,  and  an e s t ima t ion  of the t e m p e r a t u r e  c h a n g e s  at 
the  e p i d e r m a l - d e r m a l  i n t e r f a c e  d u r i n g  the  e x p o s u r e  of the sk in  s u r f a c e  to 
hea t  h a v e  b e e n  r e p o r t e d .  18 Mor i t z ,  et a l ,  19 h a v e  i n v e s t i g a t e d  the m e c h a n i s m s  
by  w h i c h  t h e r m a l  e x p o s u r e s ,  in w h i c h  hea t  was  t r a n s f e r r e d  to the  b o d y  
t h r o u g h  an  e n v e l o p e  of a i r ,  c a u s e  d i s a b i l i t y  and  d e a t h .  

C o m p a r a t i v e  s t u d i e s  of the  sk in  of the domes t i c  p ig  and  h u m a n  h a v e  b e e n  
+.~pn+,tpd b y  Montagna  ~n,~ Yun.2 0 T~, . . . . .  +^'~ ++'"+ *~'~ ~" - -  of the s h a r e s  
ana tomica l  a n d  h i s t o c h e m i c a l  f e a t u r e s  wi th  that  of m a n ,  a l t h o u g h  some d i s s i m -  
i l a r i t i e s  e x i s t .  

P i g s k i n ,  l ike  most  an imal  m o d e l s ,  is not  p e r f e c t ,  bu t  the w e i g h t  of e v i -  
d e n c e  on s i m i l a r i t y  of s t r u c t u r e ,  c o m p a r a b i l i t y  of b u r n  d a m a g e ,  r e a c t i o n  of 
p igs  as mode l s  for  h u m a n  b u r n  shock  2 1 and  c o n s i s t e n c y  of da ta  o b t a i n e d  in 
t e s t i n g  l i g h t w e i g h t  u n d e r w e a r  8 a r g u e  in f a v o r  of u s i n g  p i g s k i n  as the  a n i -  
mal model  of cho ice  in a b i o a s s a y  me thod  for  d e t e r m i n i n g  the  t h e r m a l  p r o -  
t e c t i ve  c a p a b i l i t y  of f a b r i c s .  
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An e x t e n s i v e  r e v i e w  of the  m e t h o d s  for  s i m u l a t i n g  p o s t c r a s h  f i r e  l ed  to 
a p r o p o s a l  to u s e  a n e w  f i e ld  f i r e  s i m u l a t i o n  cel l  for  t e s t i n g  w h o l e  f l i g h t  
g a r m e n t s . 1  H o w e v e r ,  t h i s  d e v i c e  is  no t  p r a c t i c a l  fo r  t e s t i n g  c a n d i d a t e  
f a b r i c s  u s i n g  the  b i o a s s a y  m e t h o d .  T h e  f lame g u n  u s e d  in  an  e a r l i e r  s t u d y  
s u f f e r e d  f rom an i m b a l a n c e  in  r a d i a t i v e  a n d  c o n v e c t i v e  h e a t i n g  c o m p a r e d  to 
n a t u r a l l y  o c c u r r i n g  p o s t c r a s h  f i r e s .  ~ A m e t h o d  w a s  n e e d e d  w h i c h  w o u l d  
m o r e  a c c u r a t e l y  d u p l i c a t e  t he  h i g h l y  r a d i a t i v e  n a t u r e  (70 to 90%) of  p o s t c r a s h  
f i r e s .  M o r e o v e r ,  t h e  c h e m i c a l  e n v i r o n m e n t  w i t h i n  the  f i r e  m a y  b e  i m p o r t a n t  
in  some  c i r c u m s t a n c e s  in  c o n t r i b u t i n g  to f a b r i c  f a i l u r e ;  so ,  for  t h i s  s t u d y ,  
J P - 4  fue l  w a s  u s e d  s i n c e  it  is  s t a n d a r d  for  A r m y  h e l i c o p t e r s .  

A s u r v e y  of  t h e  a v a i l a b l e  t h e r m a l  s o u r c e s  s u c h  as  M e e k e r  b u r n e r s ,  
q u a r t z  l a m p s ,  c a r b o n  a r c  l a m p s ,  a n d  sma l l  poo l  f i r e s  l ed  to the  c h o i c e  of  a 
NASA d e s i g n e d  f u r n a c e  w h i c h  d o e s  b u r n  J P - 4  f u e l .  When  the  f u r n a c e  is  at 
s t e a d y - s t a t e ,  t h e  ho t  f u r n a c e  wa l l  s i m u l a t e s  the  r a d i a t i o n  b a c k g r o u n d  of a 
f i e ld  f i r e  w h i l e  t h e  r i c h  b u r n i n g  J P - 4  fue l  a d d s  the  c o n v e c t i v e  a n d  c h e m i c a l  
e n v i r o n m e n t s .  2 

T h e  f i v e - s e c o n d  e x p o s u r e  t ime w a s  c h o s e n  b a s e d  on  the  r e s u l t s  of  a p i lo t  
e x p e r i m e n t  u s i n g  o n e - ,  t h r e e - ,  f i v e - ,  a n d  s e v e n - s e c o n d  e x p o s u r e s . 4  T h e  
o b j e c t i v e  w a s  to c h o o s e  an  e x p o s u r e  t ime  w h i c h  w o u l d  r e s u l t  in  d e e p  d e r m a l  
c o n t r o l  b u r n s .  

T h e  f o u r  m e t h o d s  of a p p l y i n g  the  f a b r i c s  to the  s k i n  w e r e  s e l e c t e d  to s i m -  
u l a t e  t h e  w a y s  in  w h i c h  v a r i o u s  s e g m e n t s  of a f l i g h t  s u i t  r e l a t e  to a p i l o t ' s  
s k i n .  T h i s ,  of c o u r s e ,  d o e s  no t  e x p l o r e  al l  t h e  p o s s i b i l i t i e s  s i n c e ,  for  
e x a m p l e ,  d o u b l e  l a y e r s  of  o u t e r  s h e l l  f a b r i c ,  z i p p e r s ,  a n d  the  l ike  w e r e  no t  
i n c l u d e d .  

As  e x p e c t e d ,  f a b r i c s  a t t e n u a t e d  t h e  t h e r m a l  d a m a g e  b y  v a r y i n g  a m o u n t s  
d e p e n d i n g  on  t he  f a b r i c  t y p e  a n d  m e t h o d  of a p p l i c a t i o n .  D o u b l e  l a y e r s ,  
e s p e c i a l l y  t h o s e  w i t h  a i r  s p a c e  b e t w e e n  the  l a y e r s ,  s h o w e d  t he  g r e a t e s t  
d e g r e e  of  p r o t e c t i o n .  T h i s  c o n f i r m s  e a r l i e r  da t a  of  S to l l ,  6 S t a n t o n , 2 9  K n o x , 8  
B e r k l e y ,  23 a n d  M i x t e r .  24 

Of the  v a r i o u s  f a b r i c  t y p e s ,  F a b r i c  HT4 g a v e  m o r e  p r o t e c t i o n  in  e a c h  
m e t h o d  of a p p l i c a t i o n  t h a n  d i d  a n y  o t h e r  f a b r i c .  H o w e v e r ,  it  w a s  o n l y  s t a -  
t i s t i c a l l y  s i g n i f i c a n t l y  d i f f e r e n t  f rom all  o t h e r s  in  t he  d o u b l e - l a y e r e d ,  s p a c e d -  
a w a y  c o n f i g u r a t i o n  ( G r o u p  IV, H T 4 / T / S ) .  

What ,  t h e n ,  m a y  b e  c o n c l u d e d  f rom t h e s e  o b s e r v a t i o n s ?  U n d e r  the  c o n -  
d i t i o n s  of  t h i s  s t u d y  t h e r e  a p p e a r s  to b e  no c l e a r  c h o i c e  a m o n g  t he  f a b r i c s  
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e v a l u a t e d .  HT4 ,  w h i l e  s l i g h t l y  b e t t e r  in a t t e n u a t i n g  h e a t  f l u x ,  d o e s  no t  
p r o v i d e  a s i g n i f i c a n t  i n c r e a s e  in c l i n i c a l l y  s i g n i f i c a n t  p r o t e c t i o n .  For  e x -  
a m p l e ,  c o n s i d e r  the  b u r n  d e p t h s  in T a b l e  5 ( page  10) .  Within  e a c h  g r o u p  
the  da t a  a r e  c l u s t e r e d ,  a n d  t he  o n l y  c l e a r  i m p r o v e m e n t  in  p r o t e c t i o n  comes  
as  a r e s u l t  of a d d i n g  d o u b l e  l a y e r s  a n d  a i r  g a p s .  To be  c l i n i c a l l y  s i g n i f i -  
can t  a n e w  f a b r i c  o r  u n i f o r m  d e s i g n  m u s t  c l e a r l y  l o w e r  m o r b i d i t y .  If,  
h o w e v e r ,  all  t he  c a n d i d a t e  f a b r i c s  fail  to p r e v e n t  b u r n s  in a g i v e n  t e s t ,  i t  
r a i s e s  s e v e r a l  q u e s t i o n s .  F i r s t ,  w a s  the  t e s t  u n r e a s o n a b l y  s e v e r e ?  T h i s  
w o u l d  no t  a p p e a r  to b e  the  c a s e ,  s i n c e  the  e x p e r i m e n t a l  c o n d i t i o n s  fit  
q u a n t i t a t i v e l y  w i t h i n  t he  k n o w n  p h y s i c a l  p r o p e r t i e s  of ac tua l  p o s t c r a s h  
f i r e s .  S e c o n d ,  w e r e  t he  m e t h o d s  of  a p p l i c a t i o n  r e a s o n a b l e ?  H e r e  a g a i n  
the  m e t h o d s  w e r e  c h o s e n  to s i m u l a t e  a c t u a l  o p e r a t i o n a l  f l i gh t  c l o t h i n g  u s e .  
F i n a l l y ,  is  t h e r e  s u c h  a t h i n g  as  an  a c c e p t a b l e  b u r n ?  T h e  i dea l  is  c l e a r l y  
no b u r n  at a l l .  H o w e v e r ,  g i v e n  t he  t r a d e - o f f s  w h i c h  m u s t  be  m a d e  in  d e -  
s i g n i n g  an  a c c e p t a b l e  f l i g h t  s u i t ,  t he  i dea l  c o u l d  p r o b a b l y  o n l y  be  a c h i e v e d  
b y  e n t i r e l y  p r e v e n t i n g  the  p o s t c r a s h  f i r e .  

G i v e n  t he  r e a l i t y  of t he  o c c u r r e n c e  of  p o s t c r a s h  f i r e s  a n d  the  s t a t e  of 
t he  a r t  in  f l i g h t  c l o t h i n g  d e s i g n ,  t h e r e  wi l l  be  b u r n s .  D e c i s i o n s  on  n e w  
f a b r i c s  m u s t  t ake  in to  a c c o u n t  t he  a v a i l a b l e  c l i n i c a l  da ta  w h i c h  r e l a t e  a g e ,  
s e x ,  d e g r e e  a n d  a r e a  of b u r n ,  a n d  s u r v i v a b i l i t y .  Fo r  i n s t a n c e ,  an  i m p r o v e -  
m e n t  of s e v e r a l  h u n d r e d  m i c r o n s  in  b u r n  d e p t h  w o u l d  r e s u l t  in  a c o r r e s p o n d -  
i n g  i n c r e a s e  in  s u r v i v a b i l i t y .  It is  an  i n c r e a s e  in s u r v i v a b i l i t y  w h i c h  m u s t  
be  w e i g h e d  a g a i n s t  t he  cos t  a n d  a c c e p t a b i l i t y  of a new  f l i gh t  g a r m e n t .  To 
p r e d i c t  s u r v i v a b i l i t y ,  h o w e v e r ,  one  a l so  n e e d s  to k n o w  the  a r e a  b u r n e d  in 
a d d i t i o n  to the  d e g r e e .  T h i s  i n f o r m a t i o n  is  mos t  r e a d i l y  o b t a i n e d  w i t h  p r o p e r l y  
d e s i g n e d  a n d  a p p r o p r i a t e l y  i n s t r u m e n t e d  m a n i k i n s  s u b j e c t e d  to ful l  s ca l e  
f i r e s .  

T h e  s t u d y  r e p o r t e d  h e r e  e m p h a s i z e s  t he  g e n e r a l  e f f e c t i v e n e s s  of m u l t i p l e  
l a y e r s  a n d  s u g g e s t s  tha t  i m p r o v e m e n t  c an  be  a c h i e v e d  b y  r e d e s i g n  of p r e s e n t  

® 
u n i f o r m s  usin(~ m u l t i p l e  l a y e r s  a n d  p r e s e n t  s t o c k s  of Nomex  a n d / o r  n e w  
w e a v e  Nomex  r a t h e r  t h a n  g o i n g  to n e w  f i b e r  t y p e s .  T h i s  c o u r s e  is  p a r t i c -  
u l a r l y  p r u d e n t  in t he  r o t a r y - w i n g  e n v i r o n m e n t  w h e r e  i n s t a l l a t i o n  of c r a s h -  
w o r t h y  fue l  ce l l s  a n d  n e w e r  c r a s h w o r t h y  d e s i g n s  h a v e  r e s u l t e d  in  r e d u c i n g  
the threat of fire or fire induced injury ~ 2 5 

Finally, it is difficult to evaluate fabric performance fully with a one 
point test in which only one heat flux and one exposure duration are used. 
Thermal protection and ultimate failure are a complex, dynamic process, and 
until understanding of that process improves, a one point test (especially, 
if pass/fail) is inadequate. 
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CONCLUSIONS 

All fabr ics  evaluated  p rov ided  some pro tec t ion .  

Multiple l ayers  and fabric  spac ing  are important  factors in i nc r ea s ing  
the level  of pro tec t ion .  

Fabric HT4 cons is ten t ly  gave the bes t  pro tec t ion ,  but  this i nc reased  
protect ion was not of cl inical  s igni f icance .  
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