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I M P O RTAN T  N O T I C E S  AN D  D I S C L AI M E RS  C O N C E RN I N G  N FPA®  S TAN D ARD S

N F PA®  c o d e s ,  s tan d ar d s ,  r e c o m m e n d e d  p r ac ti c e s ,  an d  g u i d e s  ( “ N F PA S tan d ar d s ” ) ,  o f wh i c h  th e  d o c u m e n t
c o n tai n e d  h e r e i n  i s  o n e ,  ar e  d e ve l o p e d  th r o u g h  a c o n s e n s u s  s tan d ar d s  d e ve l o p m e n t p r o c e s s  ap p r o ve d  b y th e
Am e r i c an  N ati o n al  S tan d ar d s  I n s ti tu te .  T h i s  p r o c e s s  b r i n g s  to g e th e r  vo l u n te e r s  r e p r e s e n ti n g  var i e d  vi e wp o i n ts
an d  i n te r e s ts  to  ac h i e ve  c o n s e n s u s  o n  fre  an d  o th e r  s afe ty i s s u e s .  Wh i l e  th e  N F PA ad m i n i s te r s  th e  p r o c e s s  an d
e s tab l i s h e s  r u l e s  to  p r o m o te  fai r n e s s  i n  th e  d e ve l o p m e n t o f c o n s e n s u s ,  i t d o e s  n o t i n d e p e n d e n tl y te s t,  e val u ate ,  o r
ve r i fy th e  ac c u r ac y o f an y i n fo r m ati o n  o r  th e  s o u n d n e s s  o f an y j u d g m e n ts  c o n tai n e d  i n  N F PA S tan d ar d s .

T h e  N FPA d i s c l ai m s  l i ab i l i ty fo r  an y p e r s o n al  i n j u r y,  p r o p e r ty,  o r  o th e r  d am ag e s  o f an y n atu r e  wh ats o e ve r,
wh e th e r  s p e c i al ,  i n d i r e c t,  c o n s e q u e n ti al  o r  c o m p e n s ato r y,  d i r e c tl y o r  i n d i r e c tl y r e s u l ti n g  fr o m  th e  p u b l i c ati o n ,  u s e
o f,  o r  r e l i an c e  o n  N F PA S tan d ar d s .  T h e  N F PA al s o  m ake s  n o  g u ar an ty o r  war r an ty as  to  th e  ac c u r ac y o r
c o m p l e te n e s s  o f an y i n fo r m ati o n  p u b l i s h e d  h e r e i n .

I n  i s s u i n g  an d  m aki n g  N F PA S tan d ar d s  avai l ab l e ,  th e  N F PA i s  n o t u n d e r taki n g  to  r e n d e r  p r o fe s s i o n al  o r  o th e r
s e r vi c e s  fo r  o r  o n  b e h al f o f an y p e r s o n  o r  e n ti ty.  N o r  i s  th e  N F PA u n d e r taki n g  to  p e r fo r m  an y d u ty o we d  b y an y
p e r s o n  o r e n ti ty to  s o m e o n e  e l s e .  An yo n e  u s i n g  th i s  d o c u m e n t s h o u l d  r e l y o n  h i s  o r  h e r  o wn  i n d e p e n d e n t
j u d g m e n t o r,  as  ap p r o p r i ate ,  s e e k th e  ad vi c e  o f a c o m p e te n t p r o fe s s i o n al  i n  d e te r m i n i n g  th e  e x e r c i s e  o f
r e as o n ab l e  c ar e  i n  an y g i ve n  c i r c u m s tan c e s .

T h e  N FPA h as  n o  p o we r,  n o r  d o e s  i t u n d e r take ,  to  p o l i c e  o r  e n fo r c e  c o m p l i an c e  wi th  th e  c o n te n ts  o f N F PA
S tan d ar d s .  N o r  d o e s  th e  N F PA l i s t,  c e r ti fy,  te s t,  o r  i n s p e c t p r o d u c ts ,  d e s i g n s ,  o r  i n s tal l ati o n s  fo r  c o m p l i an c e  wi th
th i s  d o c u m e n t.  An y certifcation  o r  o th e r  s tate m e n t o f c o m p l i an c e  wi th  th e  r e q u i r e m e n ts  o f th i s  d o c u m e n t s h al l
n o t b e  attr i b u tab l e  to  th e  N F PA an d  i s  s o l e l y th e  r e s p o n s i b i l i ty o f th e  certifer  o r  m ake r  o f th e  s tate m e n t.

RE VI S I O N  S YM B O L S  I D E N T I FYI N G  C H AN G E S  FRO M  T H E  P RE VI O U S  E D I T I O N

Te x t r e vi s i o n s  ar e  s h ad e d .  A Δ  b e fo r e  a s e c ti o n  n u m b e r  i n d i c ate s  th at wo r d s  wi th i n  th at s e c ti o n  we r e
d e l e te d  an d  a Δ  to  th e  l e ft o f a tab l e  o r  fgure  n u m b e r  i n d i c ate s  a r e vi s i o n  to  an  e x i s ti n g  tab l e  o r
fgure.  Wh e n  a c h ap te r  was  h e avi l y r e vi s e d ,  th e  e n ti r e  c h ap te r  i s  m ar ke d  th r o u g h o u t wi th  th e  Δ

s ym b o l .  Wh e r e  o n e  o r  m o r e  s e c ti o n s  we r e  d e l e te d ,  a •  i s  p l ac e d  b e twe e n  th e  r e m ai n i n g  s e c ti o n s .
C h ap te r s ,  an n e x e s ,  s e c ti o n s ,  fgures,  an d  tab l e s  th at ar e  n e w ar e  i n d i c ate d  wi th  an  N.

N o te  th at th e s e  i n d i c ato r s  ar e  a g u i d e .  Re ar r an g e m e n t o f s e c ti o n s  m ay n o t b e  c ap tu r e d  i n  th e
m ar ku p ,  b u t u s e r s  c an  vi e w c o m p l e te  r e vi s i o n  d e tai l s  i n  th e  F i r s t an d  S e c o n d  D r aft Re p o r ts  l o c ate d  i n
th e  ar c h i ve d  r e vi s i o n  i n fo r m ati o n  s e c ti o n  o f e ac h  c o d e  at www. n fp a. o r g / d o c i n fo .  An y s u b s e q u e n t
c h an g e s  fr o m  th e  N F PA Te c h n i c al  M e e ti n g ,  Te n tati ve  I n te r i m  Am e n d m e n ts ,  an d  E r rata ar e  al s o
l o c ate d  th e r e .

RE M I N D E R:  U P D AT I N G  O F N FPA S TAN D ARD S

U s e r s  o f N F PA c o d e s ,  s tan d ar d s ,  r e c o m m e n d e d  p r ac ti c e s ,  an d  g u i d e s  ( “ N F PA S tan d ar d s ” )  s h o u l d  b e
a war e  th at th e s e  d o c u m e n ts  m ay b e  s u p e r s e d e d  at an y ti m e  b y th e  i s s u an c e  o f a n e w e d i ti o n ,  m ay b e
a m e n d e d  wi th  th e  i s s u an c e  o f Te n tati ve  I n te r i m  Am e n d m e n ts  ( T I As ) ,  o r  b e  c o r r e c te d  b y E r r ata.  I t i s
i n te n d e d  th at th r o u g h  r e g u l ar  r e vi s i o n s  an d  am e n d m e n ts ,  p ar ti c i p an ts  i n  th e  N F PA s tan d ar d s
d e ve l o p m e n t p r o c e s s  c o n s i d e r  th e  th e n -c u r r e n t an d  avai l ab l e  i n fo r m ati o n  o n  i n c i d e n ts ,  m ate r i al s ,
te c h n o l o g i e s ,  i n n o vati o n s ,  an d  m e th o d s  as  th e s e  d e ve l o p  o ve r  ti m e  an d  th at N F PA S tan d ar d s  refect
th i s  c o n s i d e r ati o n .  T h e r e fo r e ,  an y p r e vi o u s  e d i ti o n  o f th i s  d o c u m e n t n o  l o n g e r  r e p r e s e n ts  th e  c u r r e n t
N F PA S tan d ar d  o n  th e  s u b j e c t m atte r  ad d r e s s e d .  N F PA e n c o u r ag e s  th e  u s e  o f th e  m o s t c u r r e n t e d i ti o n
o f an y N F PA S tan d ar d  [ as  i t m ay b e  am e n d e d  b y T I A( s )  o r  E r r ata]  to  take  ad van tag e  o f c u r r e n t
e x p e r i e n c e  an d  u n d e r s tan d i n g .  An  offcial  N F PA S tan d ar d  at an y p o i n t i n  ti m e  c o n s i s ts  o f th e  c u r r e n t
e d i ti o n  o f th e  d o c u m e n t,  i n c l u d i n g  an y i s s u e d  T I As  an d  E r r ata th e n  i n  e ffe c t.

To  d e te r m i n e  wh e th e r  an  N F PA S tan d ar d  h as  b e e n  am e n d e d  th r o u g h  th e  i s s u an c e  o f T I As  o r
c o rr e c te d  b y E r r ata,  vi s i t th e  “ C o d e s  &  S tan d ar d s ”  s e c ti o n  at www. n fp a. o r g .



AD D I T I O N AL  I M P O RTAN T  N O T I C E S  AN D  D I S C L AI M E RS  C O N C E RN I N G  N FPA®  S TAN D ARD S

U p d ati n g o f N FPA S tan d ard s

U s e r s  o f N F PA c o d e s ,  s tan d ar d s ,  r e c o m m e n d e d  p r a c ti c e s ,  an d  g u i d e s  ( “ N F PA S ta n d a r d s ” )  s h o u l d  b e  awar e  th a t th e s e
d o c u m e n ts  m ay b e  s u p e r s e d e d  at an y ti m e  b y th e  i s s u a n c e  o f a  n e w e d i ti o n ,  m ay b e  am e n d e d  wi th  th e  i s s u an c e  o f Te n ta ti ve
I n te r i m  Am e n d m e n ts  ( T I As ) ,  o r  b e  c o r r e c te d  b y E r r a ta .  I t i s  i n te n d e d  th at th r o u g h  r e gu l ar  r e vi s i o n s  an d  a m e n d m e n ts ,
p arti c i p an ts  i n  th e  N F PA s tan d ar d s  d e ve l o p m e n t p r o c e s s  c o n s i d e r  th e  th e n - c u r r e n t a n d  avai l ab l e  i n fo r m ati o n  o n  i n c i d e n ts ,
m ate r i al s ,  te c h n o l o g i e s ,  i n n o va ti o n s ,  an d  m e th o d s  as  th e s e  d e ve l o p  o ve r  ti m e  a n d  th a t N F PA S tan d ar d s  refect th i s
c o n s i d e r ati o n .  T h e r e fo r e ,  a n y p r e vi o u s  e d i ti o n  o f th i s  d o c u m e n t n o  l o n ge r  r e p r e s e n ts  th e  c u r r e n t N F PA S ta n d a r d  o n  th e
s u b j e c t m a tte r  ad d r e s s e d .  N F PA e n c o u r ag e s  th e  u s e  o f th e  m o s t c u r r e n t e d i ti o n  o f an y N F PA S ta n d ar d  [ as  i t m a y b e  am e n d e d
b y T I A( s )  o r  E r r a ta ]  to  ta ke  a d van tag e  o f c u r r e n t e x p e r i e n c e  a n d  u n d e r s tan d i n g .  An  offcial  N F PA S tan d ar d  a t a n y p o i n t i n
ti m e  c o n s i s ts  o f th e  c u r r e n t e d i ti o n  o f th e  d o c u m e n t,  i n c l u d i n g  an y i s s u e d  T I As  an d  E r r a ta  th e n  i n  e ffe c t.

To  d e te r m i n e  wh e th e r  a n  N F PA S ta n d a r d  h as  b e e n  a m e n d e d  th r o u g h  th e  i s s u a n c e  o f T I As  o r  c o r r e c te d  b y E r r ata,  vi s i t th e
“ C o d e s  &  S tan d ar d s ”  s e c ti o n  a t www. n fp a. o r g .

I n te rp re tati o n s  o f N FPA S tan d ard s

A s tate m e n t,  wr i tte n  o r  o r al ,  th at i s  n o t p r o c e s s e d  i n  ac c o r d an c e  wi th  S e c ti o n  6  o f th e  Re gu l ati o n s  Go ve r n i n g th e
D e ve l o p m e n t o f N F PA S ta n d ar d s  s h a l l  n o t b e  c o n s i d e r e d  th e  offcial  p o s i ti o n  o f N F PA o r  a n y o f i ts  C o m m i tte e s  an d  s h a l l  n o t
b e  c o n s i d e r e d  to  b e ,  n o r  b e  r e l i e d  u p o n  as ,  a F o r m al  I n te r p r e tati o n .

P ate n ts

T h e  N F PA d o e s  n o t ta ke  an y p o s i ti o n  wi th  r e s p e c t to  th e  va l i d i ty o f an y p ate n t r i gh ts  r e fe r e n c e d  i n ,  r e l a te d  to ,  o r  a s s e r te d  i n
c o n n e c ti o n  wi th  a n  N F PA S ta n d a r d .  T h e  u s e r s  o f N F PA S tan d ar d s  b e ar  th e  s o l e  r e s p o n s i b i l i ty fo r  d e te r m i n i n g  th e  val i d i ty o f
a n y s u c h  p a te n t r i g h ts ,  as  we l l  as  th e  r i s k o f i n fr i n g e m e n t o f s u c h  r i g h ts ,  an d  th e  N F PA d i s c l a i m s  l i a b i l i ty fo r  th e  i n fr i n ge m e n t
o f an y p ate n t r e s u l ti n g fr o m  th e  u s e  o f o r  r e l i a n c e  o n  N F PA S tan d a r d s .

N F PA ad h e r e s  to  th e  p o l i c y o f th e  Am e r i c an  N ati o n al  S tan d a r d s  I n s ti tu te  ( AN S I )  r e g ar d i n g th e  i n c l u s i o n  o f p ate n ts  i n
Am e r i c a n  N a ti o n a l  S ta n d ar d s  ( “ th e  AN S I  P a te n t P o l i c y” ) ,  an d  h e r e b y gi ve s  th e  fo l l o wi n g n o ti c e  p u r s u an t to  th a t p o l i c y:

N O T I C E :  T h e  u s e r ’ s  atte n ti o n  i s  c al l e d  to  th e  p o s s i b i l i ty th at c o m p l i a n c e  wi th  a n  N F PA S ta n d ar d  m a y r e q u i r e  u s e  o f an
i n ve n ti o n  c o ve r e d  b y p ate n t r i gh ts .  N F PA take s  n o  p o s i ti o n  as  to  th e  val i d i ty o f a n y s u c h  p a te n t r i g h ts  o r  a s  to  wh e th e r  s u c h
p ate n t r i gh ts  c o n s ti tu te  o r  i n c l u d e  e s s e n ti al  p ate n t c l a i m s  u n d e r  th e  AN S I  P ate n t P o l i c y.  I f,  i n  c o n n e c ti o n  wi th  th e  AN S I  P a te n t
P o l i c y,  a  p ate n t h o l d e r  h as  fled  a  s tate m e n t o f wi l l i n g n e s s  to  g r an t l i c e n s e s  u n d e r  th e s e  r i gh ts  o n  r e a s o n a b l e  an d
n o n d i s c r i m i n a to r y te r m s  an d  c o n d i ti o n s  to  ap p l i c a n ts  d e s i r i n g  to  o b tai n  s u c h  a  l i c e n s e ,  c o p i e s  o f s u c h  fled  s ta te m e n ts  c a n  b e
o b tai n e d ,  o n  r e q u e s t,  fr o m  N F PA.  F o r  fu r th e r  i n fo r m a ti o n ,  c o n ta c t th e  N F PA at th e  a d d r e s s  l i s te d  b e l o w.

L aw an d  Re gu l ati o n s

U s e r s  o f N F PA S ta n d ar d s  s h o u l d  c o n s u l t ap p l i c a b l e  fe d e r al ,  s tate ,  a n d  l o c al  l aws  an d  r e gu l ati o n s .  N F PA d o e s  n o t,  b y th e
p u b l i c ati o n  o f i ts  c o d e s ,  s ta n d a r d s ,  r e c o m m e n d e d  p r ac ti c e s ,  an d  gu i d e s ,  i n te n d  to  u r ge  ac ti o n  th a t i s  n o t i n  c o m p l i a n c e  wi th
ap p l i c a b l e  l a ws ,  a n d  th e s e  d o c u m e n ts  m a y n o t b e  c o n s tr u e d  a s  d o i n g  s o .

C o p yri gh ts

N F PA S ta n d ar d s  a r e  c o p yr i gh te d .  T h e y ar e  m ad e  avai l ab l e  fo r  a  wi d e  var i e ty o f b o th  p u b l i c  an d  p r i vate  u s e s .  T h e s e  i n c l u d e
b o th  u s e ,  b y r e fe r e n c e ,  i n  l aws  a n d  r e gu l a ti o n s ,  an d  u s e  i n  p r i vate  s e l f-r e gu l a ti o n ,  s ta n d a r d i z ati o n ,  an d  th e  p r o m o ti o n  o f s a fe
p r ac ti c e s  a n d  m e th o d s .  B y m a ki n g th e s e  d o c u m e n ts  avai l ab l e  fo r  u s e  an d  a d o p ti o n  b y p u b l i c  au th o r i ti e s  a n d  p r i va te  u s e r s ,  th e
N F PA d o e s  n o t wa i ve  a n y r i gh ts  i n  c o p yr i gh t to  th e s e  d o c u m e n ts .

U s e  o f N F PA S ta n d a r d s  fo r  r e gu l a to r y p u r p o s e s  s h o u l d  b e  ac c o m p l i s h e d  th r o u g h  ad o p ti o n  b y r e fe r e n c e .  T h e  te r m
“ a d o p ti o n  b y r e fe r e n c e ”  m e a n s  th e  c i ti n g o f ti tl e ,  e d i ti o n ,  a n d  p u b l i s h i n g  i n fo r m a ti o n  o n l y.  An y d e l e ti o n s ,  ad d i ti o n s ,  a n d
c h an ge s  d e s i r e d  b y th e  a d o p ti n g  au th o r i ty s h o u l d  b e  n o te d  s e p a r ate l y i n  th e  ad o p ti n g  i n s tr u m e n t.  I n  o r d e r  to  a s s i s t N F PA i n
fo l l o wi n g  th e  u s e s  m a d e  o f i ts  d o c u m e n ts ,  ad o p ti n g  a u th o r i ti e s  ar e  r e q u e s te d  to  n o ti fy th e  N F PA ( Atte n ti o n :  S e c r e ta r y,
S tan d a r d s  C o u n c i l )  i n  wr i ti n g o f s u c h  u s e .  F o r  te c h n i c a l  as s i s tan c e  an d  q u e s ti o n s  c o n c e r n i n g ad o p ti o n  o f N F PA S tan d a r d s ,
c o n tac t N F PA at th e  ad d r e s s  b e l o w.

Fo r Fu r th e r I n fo r m ati o n

Al l  q u e s ti o n s  o r  o th e r  c o m m u n i c ati o n s  r e l ati n g  to  N F PA S tan d ar d s  an d  al l  r e q u e s ts  fo r  i n fo r m ati o n  o n  N F PA p r o c e d u r e s
go ve r n i n g  i ts  c o d e s  an d  s tan d a r d s  d e ve l o p m e n t p r o c e s s ,  i n c l u d i n g i n fo r m ati o n  o n  th e  p r o c e d u r e s  fo r  r e q u e s ti n g  F o r m a l
I n te r p r e tati o n s ,  fo r  p r o p o s i n g  Te n ta ti ve  I n te r i m  Am e n d m e n ts ,  a n d  fo r  p r o p o s i n g r e vi s i o n s  to  N F PA s tan d ar d s  d u r i n g  r e gu l ar
r e vi s i o n  c yc l e s ,  s h o u l d  b e  s e n t to  N F PA h e ad q u ar te r s ,  ad d r e s s e d  to  th e  atte n ti o n  o f th e  S e c r e ta r y,  S ta n d a r d s  C o u n c i l ,  N F PA,  1
B atte r ym a r c h  P ar k,  P. O .  B o x  9 1 0 1 ,  Qu i n c y,  M A 0 2 2 6 9 - 9 1 0 1 ;  e m a i l :  s td s _ad m i n @ n fp a . o r g .

F o r  m o r e  i n fo r m a ti o n  a b o u t N F PA,  vi s i t th e  N F PA we b s i te  at www. n fp a . o r g .  Al l  N F PA c o d e s  a n d  s ta n d ar d s  c a n  b e  vi e we d  a t
n o  c o s t at www. n fp a. o r g/ d o c i n fo .
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Re c o m m e n d e d  P rac ti c e  o n
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T h i s  e d i ti o n  o f N F PA 5 3 ,  Recommended Practice on Materials,  Equipment,  and Systems Used in Oxygen-
Enriched Atmospheres,  wa s  p r e p ar e d  b y th e  Te c h n i c al  C o m m i tte e  o n  O x yg e n -E n r i c h e d  Atm o s p h e r e s .  I t
was  i s s u e d  b y th e  S tan d ar d s  C o u n c i l  o n  O c to b e r  5 ,  2 0 2 0 ,  wi th  a n  e ffe c ti ve  d a te  o f O c to b e r  2 5 ,  2 0 2 0 ,
a n d  s u p e r s e d e s  al l  p r e vi o u s  e d i ti o n s .

T h i s  e d i ti o n  o f N F PA 5 3  was  ap p r o ve d  a s  a n  Am e r i c a n  N a ti o n al  S ta n d a r d  o n  O c to b e r  2 5 ,  2 0 2 0 .

O ri gi n  an d  D e ve l o p m e n t o f N FPA 5 3

D e ve l o p m e n t o f N F PA 5 3  was  i n i ti ate d  i n  1 9 6 5  l ar g e l y as  a r e s u l t o f i n te r e s t i n  th e  ar e a  o f o x yge n -
e n ri c h e d  atm o s p h e r e s  b y th e  ae r o s p a c e  i n d u s tr y an d  m e d i c al  p e r s o n n e l / r e s e ar c h e r s ,  wh o  e x p r e s s e d
a  n e e d  fo r  a  s i n gl e  s o u r c e  o f g e n e r al  d ata o n  th e  h az ar d s  o f o x yge n -e n r i c h e d  atm o s p h e r e s .

T h e  frst e d i ti o n  was  p u b l i s h e d  i n  1 9 6 9  u n d e r  N F PA p r o c e d u r e s  th at d i d  n o t r e q u i r e  As s o c i ati o n
m e e ti n g  ac ti o n  fo r  N F PA d o c u m e n ts .  A s e c o n d  e d i ti o n  wa s  fo r m a l l y ad o p te d  u n d e r  N F PA
p r o c e d u r e s  at th e  N F PA An n u al  M e e ti n g i n  1 9 7 4 .  S u b s e q u e n t e d i ti o n s  we r e  ad o p te d  i n  1 9 7 9 ,  1 9 8 5 ,
1 9 9 0 ,  a n d  1 9 9 4 .

T h e  1 9 9 4  e d i ti o n  refected  a c o m p l e te  r e vi e w o f th e  c o n te n ts  o f th e  d o c u m e n t an d  i n c o r p o r ate d
n e w i n fo r m a ti o n  g ai n e d  b y r e s e ar c h  at th e  N ati o n al  Ae r o n a u ti c s  a n d  S p ac e  Ad m i n i s tr a ti o n  fr o m
1 9 8 4  to  1 9 9 4 .

T h e  1 9 9 9  e d i ti o n  c h a n ge d  th e  d o c u m e n t fr o m  a gu i d e  to  a r e c o m m e n d e d  p r ac ti c e .  Al s o ,  s o m e
m i n o r  c h an g e s  we r e  m a d e  to  th e  defnitions  o f oxygen-enriched atmosphere an d  ignition temperature.

T h e  2 0 0 4  e d i ti o n  o f th e  r e c o m m e n d e d  p ra c ti c e  u n d e r we n t e d i to r i al  r e vi s i o n s  to  m e e t th e  N F PA
Manual of Style an d  i n c l u d e d  o n l y m i n o r  e d i to r i al  c h a n ge s .

T h e  2 0 1 1  e d i ti o n  reconfrmed  th e  p r o vi s i o n s  a s  th e y we r e  wr i tte n  i n  th e  2 0 0 4  e d i ti o n .

T h e  2 0 1 6  e d i ti o n  ad d e d  h e at o f c o m b u s ti o n  an d  au to i g n i ti o n  te m p e r atu r e  d a ta  to  th e  e x p an d e d
tab l e  o f n o n m e tal l i c  m ate r i a l s  fo r  o x yg e n  s e r vi c e .  I n  ad d i ti o n ,  n e w fre  e x p e r i e n c e  r e p o r ts  we r e
a d d e d  to  An n e x  D .

T h e  2 0 2 1  e d i ti o n  h as  p r o vi d e d  a n n e x  m ate r i a l  to  e x p l ai n  th e  d i ffe r e n c e s  i n  o x yg e n -e n r i c h e d
a tm o s p h e r e  th r e s h o l d s  b e twe e n  var i o u s  s tan d a r d s  an d  o r g an i z a ti o n s ,  an d  r e vi s i o n s  h ave  b e e n  m a d e
to  e n s u r e  th a t S I / U S  u n i t c o n ve r s i o n s  ar e  avai l ab l e  th r o u g h o u t th e  r e c o m m e n d e d  p r a c ti c e .
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N O T E :  M e m b e r s h i p  o n  a  c o m m i tte e  s h al l  n o t i n  a n d  o f i ts e l f c o n s ti tu te  a n  e n d o r s e m e n t o f
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fre  a n d  e x p l o s i o n  h a z a r d s  th a t m ay e x i s t i n  o x yg e n - e n r i c h e d  a tm o s p h e r e s .  T h e  C o m m i tte e
wi l l  c o r r e l a te  i ts  wo r k wi th  th e  C o m m i tte e  o n  H e a l th  C a r e  F a c i l i ti e s  a n d  o th e r  r e l ate d  N F PA
c o m m i tte e s  a s  r e q u i r e d .
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and may be found under the heading “Important Notices and
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at www. nfpa. org/disclaimers or obtained on request from NFPA.

UPDATES,  ALERTS,  AND FUTURE EDITIONS: New editions of
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edition may be superseded by a later one,  or it may be amended

outside of its scheduled revision cycle through the issuance of Tenta‐
tive Interim Amendments (TIAs) .  An offcial NFPA Standard at any
point in time consists of the current edition of the document,  together

with all TIAs and Errata in effect.  To verify that this document is the
current edition or to determine if it has been amended by TIAs or
Errata,  please consult the National Fire Codes® Subscription Service
or the “List of NFPA Codes & Standards” at www. nfpa. org/docinfo.

In addition to TIAs and Errata,  the document information pages also
include the option to sign up for alerts for individual documents and

to be involved in the development of the next edition.
N O T I C E :  An  as te r i s k ( * )  fo l l o wi n g th e  n u m b e r  o r  l e tte r

d e s i g n ati n g  a  p ar a gr a p h  i n d i c ate s  th at e x p l an a to r y m ate r i a l  o n
th e  p a r ag r ap h  c an  b e  fo u n d  i n  An n e x  A.

A r e fe r e n c e  i n  b r ac ke ts  [  ]  fo l l o wi n g a  s e c ti o n  o r  p a r ag r ap h
i n d i c a te s  m a te r i al  th a t h as  b e e n  e x tr ac te d  fro m  an o th e r  N F PA

d o c u m e n t.  E x tr ac te d  te x t m ay b e  e d i te d  fo r  c o n s i s te n c y an d
s tyl e  an d  m a y i n c l u d e  th e  r e vi s i o n  o f i n te r n a l  p ar ag r ap h  r e fe r ‐
e n c e s  a n d  o th e r  r e fe r e n c e s  as  a p p r o p r i ate .  Re q u e s ts  fo r  i n te r ‐

p r e tati o n s  o r  r e vi s i o n s  o f e x tr a c te d  te x t s h o u l d  b e  s e n t to  th e
te c h n i c al  c o m m i tte e  r e s p o n s i b l e  fo r  th e  s o u rc e  d o c u m e n t.

I n fo r m a ti o n  o n  r e fe r e n c e d  an d  e x tr a c te d  p u b l i c ati o n s  c an
b e  fo u n d  i n  C h ap te r  2  a n d  An n e x  G.

C h ap te r 1    Ad m i n i s trati o n

1 . 1  S c o p e .    T h i s  d o c u m e n t e s ta b l i s h e s  r e c o m m e n d e d  m i n i ‐
m u m  c r i te r i a fo r  th e  s afe  u s e  o f o x yge n  ( l i q u i d / ga s e o u s )  an d
th e  d e s i g n  o f s ys te m s  fo r  u s e  i n  o x yg e n  an d  o x yg e n -e n r i c h e d

a tm o s p h e r e s  ( O E As ) .

1 . 2  P urp o s e .    T h e  p u r p o s e  o f th i s  r e c o m m e n d e d  p r ac ti c e  i s  to
p r o vi d e  i n fo r m ati o n  fo r  th e  s e l e c ti o n  o f m ate r i a l s ,  c o m p o ‐

n e n ts ,  an d  d e s i gn  c r i te r i a th a t c an  b e  u s e d  s afe l y i n  o x yg e n  an d
O E As .

1 . 3  Ap p l i c ati o n .    T h i s  r e c o m m e n d e d  p r ac ti c e  i s  ap p l i c ab l e  to
th e  s e l e c ti o n  o f m ate r i a l s  a n d  c o m p o n e n ts ,  an d  to  th e  d e s i g n

o f n e w s ys te m s  a s s o c i a te d  wi th  O E As .  S u c h  ap p l i c a ti o n s
i n c l u d e ,  b u t ar e  n o t l i m i te d  to ,  ga s  a n d  c o m p r e s s e d  ai r
s u p p l i e s ,  spacefight o p e r a ti o n s ,  i n d u s tr i a l  p r o c e s s e s ,  we l d i n g

a p p l i c a ti o n s ,  s e l f-c o n tai n e d  b r e a th i n g ap p ar a tu s  ( S C B A) ,  s e l f-
c o n tai n e d  u n d e r wa te r  b r e ath i n g  a p p ar a tu s  ( S C U B A) ,  m e d i c al
ap p l i c a ti o n s  ( i n c l u d i n g h o m e  as s i s te d -b r e ath i n g ap p ar a tu s ) ,

u n d e r wate r  tu n n e l i n g a n d  c ai s s o n  wo r k,  an d  c o m m e r c i al  an d
m i l i tar y a vi ati o n .

1 . 4  I n te rp re tati o n s .    T h e  N a ti o n a l  F i r e  P r o te c ti o n  As s o c i a ti o n
d o e s  n o t ap p r o ve ,  i n s p e c t,  o r  c e r ti fy a n y i n s tal l a ti o n ,  p r o c e ‐

d u r e ,  e q u i p m e n t,  o r  m ate r i a l .  Wi th  r e s p e c t to  th i s  r e c o m m e n ‐
d e d  p r a c ti c e ,  an d  to  fre  a n d  as s o c i ate d  h az ar d s  i n  O E As ,  i ts
r o l e  i s  l i m i te d  s o l e l y to  an  a d vi s o r y c ap ac i ty.  T h e  ac c e p tab i l i ty

o f a p ar ti c u l ar  m ate r i a l ,  c o m p o n e n t,  o r  s ys te m  fo r  u s e  i n  a n
O E A i s  s o l e l y a  m a tte r  b e twe e n  th e  u s e r  an d  th e  p r o vi d e r.
H o we ve r,  to  a s s i s t i n  th e  d e te r m i n a ti o n  o f s u c h  a c c e p ta b i l i ty,

th e  N ati o n al  F i r e  P r o te c ti o n  As s o c i ati o n  h a s  e s tab l i s h e d  i n te r ‐
p r e ta ti o n  p r o c e d u r e s .  T h e s e  p r o c e d u r e s  a r e  o u tl i n e d  i n  N F PA’ s
“ Re g u l ati o n s  G o ve r n i n g  th e  D e ve l o p m e n t o f N F PA S tan d ar d s . ”

C h ap te r 2    Re fe re n c e d  P u b l i c ati o n s

2 . 1  G e n e ral .    T h e  d o c u m e n ts  o r  p o r ti o n s  th e r e o f l i s te d  i n  th i s
c h a p te r  a r e  r e fe r e n c e d  wi th i n  th i s  r e c o m m e n d e d  p r ac ti c e  an d

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

Δ 2 . 2  N FPA P ub l i c ati o n s .    N a ti o n a l  F i r e  P r o te c ti o n  As s o c i ati o n ,
1  B atte r ym ar c h  P ar k,  Qu i n c y,  M A 0 2 1 6 9 -7 4 7 1 .

N F PA 5 1 ,  Standard for the Design and Installation of Oxygen–Fuel
Gas Systems for Welding,  Cutting,  and Allied Processes,  2 0 1 8  e d i ti o n .

N F PA 5 5 ,  Compressed Gases and Cryogenic Fluids Code,  2 0 2 0
e d i ti o n .

NFPA 70®,  National Electrical Code®,  2 0 2 0  e d i ti o n .
N F PA 9 0 A,  Standard for the Installation of Air-Conditioning and

Ventilating Systems,  2 0 2 1  e d i ti o n .
N F PA 9 1 ,  Standard for Exhaust Systems for Air Conveying of

Vapors,  Gases,  Mists,  and Particulate Solids,  2 0 2 0  e d i ti o n .
N F PA 9 9 ,  Health Care Facilities Code,  2 0 2 1  e d i ti o n .
N F PA 9 9 B ,  Standard for Hypobaric Facilities,  2 0 2 1  e d i ti o n .
N F PA 4 9 6 ,  Standard for Purged and Pressurized Enclosures for

Electrical Equipment,  2 0 2 1  e d i ti o n .

2 . 3  O th e r P u b l i c ati o n s .

2 . 3 . 1  AP I  P u b l i c ati o n s .    Am e r i c a n  P e tr o l e u m  I n s ti tu te ,  1 2 2 0  L
S tr e e t,  N W,  Was h i n g to n ,  D C  2 0 0 0 5 -4 0 7 0 .

AP I  S T D .  6 2 0 ,  Design and Construction of Large,  Welded,  Low-
Pressure Storage Tanks,  2 0 1 3 ,  Ad d e n d u m  2 ,  2 0 1 8 .

2 . 3 . 2  AS M E  P u b l i c ati o n s .    Am e r i c an  S o c i e ty o f M e c h an i c al
E n g i n e e r s ,  Two  P a r k Ave n u e ,  N e w Yo r k,  N Y 1 0 0 1 6 -5 9 9 0 .

AS M E  B 3 1 . 3 ,  Process Piping,  2 0 1 6 .

AS M E  B 3 1 . 5 ,  Refrigeration Piping and Heat Transfer Compo‐
nents,  2 0 1 6 .

AS M E  B 3 1 . 8 ,  Gas Transmission and Distribution Piping Systems,
2 0 1 6 .

ASME Boiler and Pressure Vessel Code,  2 0 1 7 .

Δ 2 . 3 . 3  C G A P u b l i c ati o n s .    C o m p r e s s e d  G as  As s o c i a ti o n ,  1 4 5 0 1
G e o r g e  C a r te r  Wa y,  S u i te  1 0 3 ,  C h an ti l l y,  VA 2 0 1 5 1 .

C GA G-4 ,  Oxygen,  2 0 1 5 .

C GA P -1 ,  Safe Handling of Compressed Gases in Containers,  2 0 1 5 .

C GA S - 1 . 1 ,  Pressure Relief Device Standards — Part 1  — Cylinders
for Compressed Gases,  2 0 1 1 .

C GA S -1 . 2 ,  Pressure Relief Device Standards — Part 2 — Cargo
and Portable Tanks for Compressed Gases,  2 0 0 9 .
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C GA S -1 . 3 ,  Pressure Relief Device Standards — Part 3 — Station‐
ary Storage Containers for Compressed Gases,  2 0 0 8 .

2 . 3 . 4  U . S .  G o ve r n m e n t P u b l i c ati o n s .    U . S .  Go ve r n m e n t
P u b l i s h i n g  Offce,  7 3 2  N o r th  C a p i to l  S tr e e t,  N W,  Wa s h i n gto n ,
D C  2 0 4 0 1 -0 0 0 1 .

T i tl e  4 9 ,  C o d e  o f F e d e r a l  Re g u l ati o n s ,  P ar t 1 7 3 . 3 0 1 ,
“ Ge n e r al  Re q u i r e m e n ts  fo r  S h i p m e n t o f C o m p r e s s e d  Ga s e s  i n

C yl i n d e r s  a n d  S p h e r i c al  P r e s s u r e  Ve s s e l s , ”  2 0 1 9 .

T i tl e  4 9 ,  C o d e  o f F e d e r a l  Re gu l ati o n s ,  P ar t 1 7 3 . 3 0 2 ,  “ C h a r g‐
i n g o f C yl i n d e r s  wi th  Non-Liquefed  C o m p r e s s e d  Gas e s , ”  2 0 1 9 .

T i tl e  4 9 ,  C o d e  o f F e d e r a l  Re gu l a ti o n s ,  P a r t 1 7 3 . 3 3 7 ,  “ N i tr i c
O x i d e , ”  2 0 1 9 .

T i tl e  4 9 ,  C o d e  o f F e d e r al  Re gu l a ti o n s ,  P ar t 1 7 8 . 3 7 ,  “Specif‐
cation  3 AA a n d  3 AAX  S e am l e s s  S te e l  C yl i n d e r s , ”  2 0 1 9 .

T i tl e  4 9 ,  C o d e  o f F e d e r al  Re gu l a ti o n s ,  P ar t 1 7 8 . 4 5 ,  “Specif‐
cation  3 T  S e a m l e s s  S te e l  C yl i n d e r s , ”  2 0 1 9 .

Δ 2 . 3 . 5  O th e r P u b l i c ati o n s .  Merriam-Webster’s Collegiate Dictionary,
1 1 th  e d i ti o n ,  M e r r i am -We b s te r,  I n c . ,  Springfeld,  M A,  2 0 0 3 .

P h i l l i p s ,  B . R. ,  “ Re s o n a n c e  Tu b e  I g n i ti o n  o f M e ta l s , ”  P h . D .
T h e s i s ,  U n i ve r s i ty o f To l e d o ,  To l e d o ,  O H ,  1 9 7 5 .

Pressure-Relieving Systems for Marine Cargo Bulk Liquid Contain‐
ers,  N a ti o n a l  Ac ad e m y o f S c i e n c e s ,  Was h i n g to n ,  D C ,  1 9 7 3 .

S c h m i d t,  H .  W. ;  an d  F o r n e y,  D .  F.  “ AS RD I  O x yg e n  Te c h n o l ‐
o g y S u r ve y,  Vo l u m e  I X :  O x yge n  S ys te m s  E n gi n e e r i n g  Re vi e w. ”
N AS A S P  3 0 9 0 ,  N AS A,  Wa s h i n g to n ,  D C ,  1 9 7 5 .

Δ 2 . 4  Re fe re n c e s  fo r E x trac ts  i n  Re c o m m e n d ati o n s  S e c ti o n s .

N F PA 6 8 ,  Standard on Explosion Protection by Defagration Vent‐
ing,  2 0 1 8  e d i ti o n .

N F PA 9 2 1 ,  Guide for Fire and Explosion Investigations,  2 0 1 7
e d i ti o n .

C h ap te r 3    Defnitions

3 . 1  G e n e ral .    T h e  defnitions  c o n tai n e d  i n  th i s  c h a p te r  a p p l y
to  th e  te r m s  u s e d  i n  th i s  r e c o m m e n d e d  p r ac ti c e .  Wh e r e  te r m s

a r e  n o t defned  i n  th i s  c h a p te r  o r  wi th i n  a n o th e r  c h a p te r,  th e y
s h o u l d  b e  defned  u s i n g th e i r  o r d i n ar i l y ac c e p te d  m e a n i n g s
wi th i n  th e  c o n te x t i n  wh i c h  th e y a r e  u s e d .  Merriam-Webster’s

Collegiate Dictionary,  1 1 th  e d i ti o n ,  i s  th e  s o u r c e  fo r  th e  o r d i n a‐
r i l y ac c e p te d  m e an i n g.

3 . 2  N FPA Offcial  Defnitions.

3 . 2 . 1 *  Ap p ro ve d .    Ac c e p tab l e  to  th e  a u th o r i ty h avi n g  j u r i s d i c ‐
ti o n .

3 . 2 . 2 *  Au th o ri ty H avi n g J u ri s d i c ti o n  ( AH J ) .    An  o r g an i z a ti o n ,
offce,  o r  i n d i vi d u a l  r e s p o n s i b l e  fo r  e n fo r c i n g th e  r e q u i r e m e n ts
o f a  c o d e  o r  s tan d ar d ,  o r  fo r  a p p r o vi n g  e q u i p m e n t,  m ate r i a l s ,

a n  i n s ta l l ati o n ,  o r  a p r o c e d u r e .

3 . 2 . 3 *  C o d e .    A s ta n d ar d  th a t i s  an  e x te n s i ve  c o m p i l a ti o n  o f
p r o vi s i o n s  c o ve r i n g  b r o ad  s u b j e c t m a tte r  o r  th at i s  s u i ta b l e  fo r

ad o p ti o n  i n to  l a w i n d e p e n d e n tl y o f o th e r  c o d e s  an d  s tan d a r d s .

3 . 2 . 4  L ab e l e d .    E q u i p m e n t o r  m ate r i al s  to  wh i c h  h a s  b e e n
atta c h e d  a l ab e l ,  s ym b o l ,  o r  o th e r  i d e n ti fyi n g  m ar k o f a n  o r g an ‐
i z ati o n  th at i s  a c c e p ta b l e  to  th e  au th o r i ty h a vi n g j u r i s d i c ti o n

a n d  c o n c e r n e d  wi th  p r o d u c t e va l u ati o n ,  th at m ai n ta i n s  p e r i ‐

o d i c  i n s p e c ti o n  o f p r o d u c ti o n  o f l ab e l e d  e q u i p m e n t o r  m ate r i ‐
al s ,  an d  b y wh o s e  l ab e l i n g th e  m an u fa c tu r e r  i n d i c ate s

c o m p l i an c e  wi th  ap p r o p r i a te  s tan d ar d s  o r  p e r fo r m a n c e  i n  a
specifed  m an n e r.

3 . 2 . 5 *  L i s te d .    E q u i p m e n t,  m a te r i al s ,  o r  s e r vi c e s  i n c l u d e d  i n  a
l i s t p u b l i s h e d  b y an  o r g an i z a ti o n  th a t i s  a c c e p ta b l e  to  th e
au th o r i ty h avi n g  j u r i s d i c ti o n  an d  c o n c e r n e d  wi th  e va l u ati o n  o f

p r o d u c ts  o r  s e r vi c e s ,  th at m ai n ta i n s  p e r i o d i c  i n s p e c ti o n  o f
p r o d u c ti o n  o f l i s te d  e q u i p m e n t o r  m a te r i al s  o r  p e r i o d i c  e val u a‐
ti o n  o f s e r vi c e s ,  a n d  wh o s e  l i s ti n g  s ta te s  th at e i th e r  th e  e q u i p ‐

m e n t,  m ate r i a l ,  o r  s e r vi c e  m e e ts  ap p r o p r i ate  d e s i g n ate d
s tan d ar d s  o r  h a s  b e e n  te s te d  a n d  fo u n d  s u i tab l e  fo r  a specifed
p u r p o s e .

3 . 2 . 6  Re c o m m e n d e d  P rac ti c e .    A d o c u m e n t th a t i s  s i m i l ar  i n
c o n te n t a n d  s tr u c tu r e  to  a  c o d e  o r  s tan d ar d  b u t th at c o n tai n s

o n l y n o n m a n d ato r y p r o vi s i o n s  u s i n g  th e  wo r d  “ s h o u l d ”  to  i n d i ‐
c a te  r e c o m m e n d ati o n s  i n  th e  b o d y o f th e  te x t.

3 . 2 . 7  S h o u l d .    I n d i c a te s  a  r e c o m m e n d a ti o n  o r  th a t wh i c h  i s
ad vi s e d  b u t n o t r e q u i r e d .

3 . 2 . 8  S tan d ard .    An  N F PA S tan d ar d ,  th e  m ai n  te x t o f wh i c h
c o n tai n s  o n l y m a n d ato r y p r o vi s i o n s  u s i n g  th e  wo r d  “ s h a l l ”  to
i n d i c ate  r e q u i r e m e n ts  a n d  th at i s  i n  a fo r m  g e n e r al l y s u i tab l e

fo r  m an d a to r y r e fe r e n c e  b y an o th e r  s ta n d ar d  o r  c o d e  o r  fo r
ad o p ti o n  i n to  l aw.  N o n m a n d a to r y p r o vi s i o n s  a r e  n o t to  b e
c o n s i d e r e d  a p ar t o f th e  r e q u i r e m e n ts  o f a s ta n d ar d  an d  s h a l l

b e  l o c ate d  i n  an  ap p e n d i x ,  an n e x ,  fo o tn o te ,  i n fo r m a ti o n al
n o te ,  o r  o th e r  m e a n s  a s  p e r m i tte d  i n  th e  N F PA M an u a l s  o f
S tyl e .  Wh e n  u s e d  i n  a ge n e r i c  s e n s e ,  s u c h  a s  i n  th e  p h r a s e

“ s tan d ar d s  d e ve l o p m e n t p r o c e s s ”  o r  “ s tan d a r d s  d e ve l o p m e n t
ac ti vi ti e s , ”  th e  te r m  “ s ta n d ar d s ”  i n c l u d e s  al l  N F PA S ta n d a r d s ,
i n c l u d i n g  C o d e s ,  S tan d a r d s ,  Re c o m m e n d e d  P r a c ti c e s ,  an d

G u i d e s .

3 . 3  G e n e ral  Defnitions.

3 . 3 . 1  Ac ti vati o n  E n e rgy.    T h e  m i n i m u m  e n e r g y th a t c o l l i d i n g
fu e l  a n d  o x yge n  m o l e c u l e s  m u s t p o s s e s s  to  p e r m i t c h e m i c al

i n te r ac ti o n .

3 . 3 . 2  Au to i gn i ti o n  o r Au to ge n o u s  I gn i ti o n  Te m p e ratu re .    S e e
3 . 3 . 1 8 ,  I g n i ti o n  Te m p e r atu r e .

3 . 3 . 3  C o m b u s ti b l e  M ate ri al .    A m a te r i al  c a p a b l e  o f u n d e r go ‐
i n g  c o m b u s ti o n .

3 . 3 . 4  C o m b u s ti o n .    A c h e m i c a l  p r o c e s s  o f o x i d ati o n  th a t
o c c u r s  at a  r a te  fas t e n o u g h  to  p r o d u c e  h e at a n d  u s u a l l y l i g h t
i n  th e  fo r m  o f e i th e r  a  g l o w o r  fame.

3 . 3 . 5  C o n c e n trati o n .    T h e  r ati o  o f th e  am o u n t o f o n e  c o n s ti tu ‐
e n t o f a h o m o g e n e o u s  m i x tu r e  to  th e  to ta l  am o u n t o f a l l

c o n s ti tu e n ts  i n  th e  m i x tu r e .

3 . 3 . 6  C o n tam i n an t.    A fo r e i gn  o r  u n wa n te d  s u b s tan c e  th at c a n
h a ve  d e l e te r i o u s  e ffe c ts  o n  s ys te m  o p e r a ti o n ,  l i fe ,  o r  r e l i a b i l i ty.

3 . 3 . 7  Defagration.    P r o p a ga ti o n  o f a c o m b u s ti o n  z o n e  at a
ve l o c i ty th a t i s  l e s s  th an  th e  s p e e d  o f s o u n d  i n  th e  u n r e a c te d
m e d i u m .  [ 6 8 ,  2 0 1 8 ]

3 . 3 . 8  D e to n ati o n .    P r o p a ga ti o n  o f a c o m b u s ti o n  z o n e  at a
ve l o c i ty th at i s  g r e ate r  th an  th e  s p e e d  o f s o u n d  i n  th e  u n r e ac ‐

te d  m e d i u m .  [ 6 8 ,  2 0 1 8 ]

3 . 3 . 9  D i l u e n t.    A g as  u s e d  to  d i l u te  o r  r e d u c e  th e  c o n c e n tr a‐
ti o n  o f o x yg e n .
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

3 . 3 . 1 0  Fi re .    A r a p i d  o x i d ati o n  p r o c e s s ,  wh i c h  i s  a c h e m i c al
r e ac ti o n  r e s u l ti n g i n  th e  e vo l u ti o n  o f l i gh t a n d  h e at i n  var yi n g
i n te n s i ti e s .  [ 9 2 1 ,  2 0 1 7 ]

3 . 3 . 1 1  Fl am e  P ro p agati o n  Rate .    T h e  ve l o c i ty wi th  wh i c h  th e
c o m b u s ti o n  fr o n t tr ave l s  th r o u gh  a b o d y o f g as ,  m e as u r e d  a s
th e  h i g h e s t g as  ve l o c i ty a t wh i c h  s tab l e  c o m b u s ti o n  c a n  b e
m a i n tai n e d ,  an d  th e  ve l o c i ty at wh i c h  c o m b u s ti o n  tr ave l s  o ve r
th e  s u r fa c e  o f a  s o l i d  o r  l i q u i d .

3 . 3 . 1 2  Fl am m ab l e .    A c o m b u s ti b l e  th at i s  c a p a b l e  o f e as i l y
b e i n g i gn i te d  an d  r ap i d l y c o n s u m e d  b y fre.  F l a m m a b l e s  m ay
b e  s o l i d s ,  l i q u i d s ,  o r  g as e s  e x h i b i ti n g th e s e  q u a l i ti e s .

3 . 3 . 1 3  Fl am m ab l e  L i m i ts .    T h e  m i n i m u m  a n d  m a x i m u m
c o n c e n tr a ti o n  o f fu e l  vap o r  o r  g as  i n  a fu e l  va p o r  o r  g as /
ga s e o u s  o x i d an t m i x tu r e  ( u s u al l y e x p r e s s e d  a s  p e r c e n t b y
vo l u m e )  defning  th e  c o n c e n tr ati o n  r an g e  (fammable  o r
e x p l o s i ve  r an g e )  o ve r  wh i c h  p r o p a ga ti o n  o f fame  wi l l  o c c u r  o n
c o n tac t wi th  a n  i g n i ti o n  s o u r c e .  T h e  m i n i m u m  c o n c e n tr a ti o n  i s
kn o wn  a s  th e  l o we r  fammable  l i m i t ( L F L )  o r  th e  l o we r  e x p l o ‐
s i ve  l i m i t ( L E L ) .  T h e  m ax i m u m  c o n c e n tr ati o n  i s  kn o wn  a s  th e
u p p e r  fammable  l i m i t ( U F L )  o r  th e  u p p e r  e x p l o s i ve  l i m i t
( U E L ) .

3 . 3 . 1 4  Fl as h  P o i n t.    T h e  m i n i m u m  te m p e r atu r e  o f a l i q u i d  o r
s o l i d  at wh i c h  i t g i ve s  o ff vap o r  suffcient to  fo r m  a n  i g n i ti b l e
m i x tu r e  wi th  a g as e o u s  o x i d an t ( i . e . ,  o x yg e n )  n e ar  th e  s u r fa c e
o f th e  l i q u i d  o r  s o l i d  u n d e r  specifed  e n vi r o n m e n tal  c o n d i ‐
ti o n s .

3 . 3 . 1 5  Fue l .    An y m ate r i al  th at wi l l  m ai n ta i n  c o m b u s ti o n
u n d e r  specifed  e n vi r o n m e n tal  c o n d i ti o n s .

3 . 3 . 1 6  H yp e rb ari c .    P r e s s u r e  g r e ate r  th an  a m b i e n t.

3 . 3 . 1 7  H yp o b ari c .    P r e s s u r e  l e s s  th a n  a m b i e n t.

3 . 3 . 1 8 *  I gn i ti o n  Te m p e ratu re .    T h e  m i n i m u m  te m p e r a tu r e
r e q u i r e d  to  i n i ti ate  o r  c au s e  s e l f-s u s tai n i n g c o m b u s ti o n  i n d e ‐
p e n d e n tl y o f th e  h e a ti n g o r  h e a te d  e l e m e n t u n d e r  specifed
e n vi r o n m e n tal  c o n d i ti o n s .  I gn i ti o n  te m p e r a tu r e s  a r e
c o m m o n l y r e p o r te d  as  th e  au to ge n o u s  i gn i ti o n  te m p e r a tu r e ,
au to i g n i ti o n  te m p e r a tu r e  ( AI T ) ,  o r  s p o n ta n e o u s  i gn i ti o n
te m p e r a tu r e  ( S I T ) .

3 . 3 . 1 9  L o we r Fl am m ab l e  L i m i t o r L o we r E x p l o s i ve  L i m i t.    S e e
3 . 3 . 1 3 ,  F l am m ab l e  L i m i ts .

3 . 3 . 2 0 *  M i n i m um  I gn i ti o n  E n e rgy.    T h e  m i n i m u m  e n e r g y
r e q u i r e d  to  i g n i te  a fammable  m i x tu r e ;  u s u al l y th e  m i n i m u m
e n e r gy o f an  e l e c tr i c  s p ar k o r  a r c  e x p r e s s e d  i n  j o u l e s .

3 . 3 . 2 1  M i x tu re .

3 . 3 . 2 1 . 1  Lean Mixture.    A fu e l  an d  o x i d i z e r  m i x tu r e  h avi n g
l e s s  th an  th e  s to i c h i o m e tr i c  c o n c e n tr ati o n  o f fu e l .

3 . 3 . 2 1 . 2  Rich Mixture.    A fu e l  a n d  o x i d i z e r  m i x tu r e  h a vi n g
m o r e  th an  th e  s to i c h i o m e tr i c  c o n c e n tr a ti o n  o f fu e l .

3 . 3 . 2 1 . 3  Stoichiometric Mixture.    A b al an c e d  m i x tu r e  o f fu e l
a n d  o x i d i z e r  s u c h  th a t n o  e x c e s s  o f e i th e r  r e m ai n s  afte r

c o m b u s ti o n .

3 . 3 . 2 2 *  O x i d an t.    An  o x yg e n -b e ar i n g c h e m i c a l  c o m p o u n d
th a t s u p p o r ts  c o m b u s ti o n .

3 . 3 . 2 3  O x i d ati o n .    Re ac ti o n  wi th  o x yge n  e i th e r  i n  th e  fo r m  o f
th e  e l e m e n t o r  i n  th e  fo r m  o f o n e  o f i ts  c o m p o u n d s .

3 . 3 . 2 4  O x yge n .    A c h e m i c a l  e l e m e n t th a t,  at n o r m al  atm o s ‐
p h e r i c  te m p e r atu r e s  a n d  p r e s s u r e s ,  e x i s ts  a s  a  c o l o r l e s s ,  o d o r ‐
l e s s ,  a n d  tas te l e s s  g as  an d  c o m p r i s e s  ab o u t 2 1  p e r c e n t b y

vo l u m e  o f th e  e ar th ’ s  a tm o s p h e r e .

3 . 3 . 2 5 *  O x yge n - E n ri c h e d  Atm o s p h e re  ( O E A) .    An  atm o s p h e r e
i n  wh i c h  th e  c o n c e n tr ati o n  o f o x yg e n  e x c e e d s  2 1  p e r c e n t b y

vo l u m e  o r  i ts  p ar ti a l  p r e s s u r e  e x c e e d s  2 1 . 3  kP a ( 1 6 0  to r r ) .

3 . 3 . 2 6 *  P re s s u re .    T h e  fo r c e  p e r  u n i t o f ar e a .  Va l u e s  i n  th i s
r e c o m m e n d e d  p r ac ti c e  a r e  b a s e d  o n  th e  u n i t o f p r e s s u r e
d e r i ve d  fr o m  th e  I n te r n a ti o n a l  S ys te m  o f U n i ts  ( S I ) ,  wh i c h  i s

th e  p a s c a l  ( P a )  o r  n e wto n  p e r  s q u ar e  m e te r  ( N / m 2 ) .

3 . 3 . 2 6 . 1  Absolute Pressure.    T h e  to tal  p r e s s u r e  b e i n g m e as ‐
u r e d  th at e q u al s  g au ge  p r e s s u r e  p l u s  atm o s p h e r i c  p r e s s u r e .

3 . 3 . 2 6 . 2  Gauge Pressure.    P r e s s u r e  m e as u r e d  wi th  r e fe r e n c e
to  atm o s p h e r i c  p r e s s u r e  th at e q u al s  ab s o l u te  p r e s s u r e  m i n u s

atm o s p h e r i c  p r e s s u r e .

3 . 3 . 2 7  S p o n tan e o us  I gn i ti o n  Te m p e ratu re .    S e e  3 . 3 . 1 8 ,  I g n i ‐
ti o n  Te m p e r a tu r e .

3 . 3 . 2 8  U p p e r Fl am m ab l e  L i m i t o r U p p e r E x p l o s i ve  L i m i t.    S e e
3 . 3 . 1 3 ,  F l am m ab l e  L i m i ts .

3 . 3 . 2 9  Wo rs t- C as e .    T h e  m a x i m u m  c o n c e n tr ati o n ,  p r e s s u r e ,
te m p e r a tu r e ,  o r  fow-rate  th at c a n  o c c u r  wi th  a r e as o n ab l e
s i n gl e -p o i n t fai l u r e  o r  u p s e t.

C h ap te r 4    Typ e s  o f S ys te m s  U s e d  i n  O x yge n - E n ri c h e d
Atm o s p h e re s

4 . 1  G e n e ral .    M e c h an i c a l  an d  e l e c tr i c al  s ys te m s  th at c an  b e
fo u n d  i n  o x yge n -e n r i c h e d  a tm o s p h e r e s  ( O E As )  i n c l u d e  th e

fo l l o wi n g :

( 1 ) Ai r  c o n d i ti o n i n g:  H e a ti n g,  c o o l i n g ,  h u m i d i ty c o n tr o l ,
purifcation,  fltering,  fr e s h  ai r  s u p p l y,  an d  fo r c e d  c i r c u l a‐
ti o n

( 2 ) H yd r a u l i c  s e r vi c e s  ( wa te r  an d  h yd r au l i c  fuids) :  Ac c e p ta‐
b l e  h yd r a u l i c  fuids  ( c h e m i c al l y i n e r t i n  o x yge n ) ,  wa te r
s u p p l y an d  was te  p i p i n g ,  va l ve s ,  te m p e r atu r e  c o n tr o l s ,
p r e s s u r e  r e gu l ato r s ,  fre  e x ti n gu i s h m e n t

( 3 ) C o m p r e s s e d  a i r  s u p p l y:  C o m p r e s s o r,  c yl i n d e r  m a n i fo l d
fo r  e m e r ge n c y u s e ,  p r e s s u r e  c o n tr o l s ,  an d  p i p i n g  s ys te m
fr o m  s u p p l y s o u r c e  to  u s e  l o c a ti o n

( 4 ) Gas  s u p p l y:  U s e s  o f g as  i n  O E As  ar e  as  fo l l o ws :

( a) C yl i n d e r s  o f c o m p r e s s e d  g as e s ,  s u c h  as  o x yg e n ,
n i tr o u s  o x i d e ,  n i tr o g e n ,  h e l i u m ,  an d  n atu r al  ai r,  fo r

h u m an  b r e ath i n g
( b ) An e s th e ti c  vap o r i z e r s  s u c h  as  h al o th a n e ,  enfurane,

a n d  isofurane
( c ) C yl i n d e r  s to r a ge ,  c yl i n d e r  fas te n i n g s  i n  s to r ag e  o r  i n

m a n i fo l d  a s s e m b l i e s ,  p i p i n g  an d  fttings  wi th  c h e c k
va l ve s ,  fow va l ve s ,  p r e s s u r e  r e g u l ato r s  a s  r e q u i r e d
fo r  s a fe  tr a n s m i s s i o n  o f ga s  fr o m  c yl i n d e r  to  te r m i ‐

n a l  a t u s e  s i te ,  an d  h o s e  a n d  h o s e  c o n n e c ti o n s  a t
u s e  s i te  fo r  a ttac h i n g  d i s p e n s i n g  e q u i p m e n t

( d ) I n h a l ati o n  d e vi c e s ,  s u c h  a s  fa c e  m a s ks  an d  e n d o tr a‐
c h e a l  tu b e s ,  fo r  c o n n e c ti n g  to  d i s p e n s i n g  e q u i p ‐
m e n t a n d  fo r  s u p p l yi n g  a i r  o r  ga s e o u s  m i x tu r e s  to

h u m an s  o r  a n i m al s  fo r  b r e a th i n g
( 5 ) S u c ti o n  ap p ar a tu s :  Va c u u m  p u m p  wi th  c o n tr o l s ,  p i p i n g

s ys te m  fr o m  p u m p  to  u s e  s i te ,  p i c ku p  h o s e ,  an d  atta c h ‐
m e n ts  an d  s h u to ff va l ve s
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

( 6 ) E l e c tr i c a l -m ai n  an d  e m e r ge n c y s ys te m s :  C o n d u i t an d
conduit-ftting  s e a l i n g  c o m p o u n d ,  i n s u l ate d  c o n d u c to r s ,
c o n ve n i e n c e  o u tl e ts ,  s wi tc h e s ,  o ve r c u r r e n t p r o te c ti ve

d e vi c e s  ( fu s e s ,  c i r c u i t b r e ake r s ,  a n d  r e l a ys ) ,  te m p e r atu r e -
i n d i c ati n g  an d  c o n tr o l  d e vi c e s  ( th e r m o s tats  an d  th e r m i s ‐

to r s ) ,  l i g h ti n g ( l u m i n ai r e s ,  l a m p s ,  c o n d u c to r s ,  an d
s wi tc h e s ) ,  e l e c tr o n i c  m o n i to r i n g d e vi c e s  ( o s c i l l o s c o p e ,

b l o o d  p r e s s u r e  an d  h e a r t r a te ,  an d  te m p e r a tu r e  a n d  h i g h -
l o w al ar m s ) ,  m e d i c a l  i n s tr u m e n ts  (defbrillator  an d
r e c o r d e r s ) ,  c l o c ks ,  e l ap s e d  ti m e  i n d i c a to r s ,  c h am b e r
te m p e r a tu r e  i n d i c ato r s ,  an d  p r e s s u r e  c o n tr o l  d e vi c e s

( 7 ) C o m m u n i c ati o n  s ys te m s :  Te l e p h o n e  o r  i n te r c o m m u n i c a‐
ti o n  s ys te m s ;  m i c r o p h o n e  wi th  s p e ake r  ( r e c e i ve r )  fo r
c o m m u n i c a ti o n  wi th  o th e r s  i n  o th e r  c o m p ar tm e n ts  o f

c h a m b e r,  wi th  m o n i to r  o u ts i d e  o f c h a m b e r p o r t,  o r  wi th
o th e r s  at r e m o te  s tati o n s ;  a n d  te l e vi s i o n  an d  r a d i o

C h ap te r 5    M ate ri al s  S e l e c ti o n

5 . 1 *  G e n e ral .

5 . 1 . 1 *    T h e  r ate  o f fame  p r o p ag ati o n  a n d  i g n i ti o n  s u s c e p ti b i l ‐
i ty o f m a te r i al s  o f c o n s tr u c ti o n  s h o u l d  b e  p r i m e  c o n s i d e r ati o n s
i n  th e  p r o m o ti o n  o f s a fe  d e s i gn  o f s ys te m s  a s s o c i a te d  wi th
o x yg e n -e n r i c h e d  e n vi r o n m e n ts .

5 . 1 . 2    T h e  o x yg e n  c o m p a ti b i l i ty c h ar a c te r i s ti c s  o f a l l  m ate r i al s
i n vo l ve d  i n  o x yge n -e n r i c h e d  e n vi r o n m e n ts  s h o u l d  b e  c ar e fu l l y
an d  c o m p l e te l y e va l u ate d  u n d e r  e n d -u s e  c o n d i ti o n s .

5 . 1 . 2 . 1    Ac c e l e r ate d  ( ti m e -te m p e r atu r e  c o n c e n tr ati o n )  o x yge n
d e te r i o r ati o n  an d  d e gr a d a ti o n  ( b y h i g h -e n e r gy an d  i o n i z i n g
r ad i ati o n )  te s ts  fo r  s e r vi c e  d u r ab i l i ty al s o  s h o u l d  b e  c o n d u c te d
fo r  o ve r al l  e val u ati o n .

5 . 1 . 3    Wh e n  s e l e c ti n g m ate r i a l s  fo r  o x yge n  s e r vi c e ,  s i tu ati o n al
o r  confgurational  fammability s h o u l d  b e  e va l u a te d .

5 . 2  N o n m e tal s .

5 . 2 . 1 *    T h e  u s e  o f n o n m e ta l s  i n  o x yg e n  s ys te m s  s h o u l d  b e  l i m i ‐
te d ,  an d  th e i r  q u an ti ty an d  e x p o s u r e  to  o x yg e n  s h o u l d  b e  m i n i ‐
m i z e d .

5 . 2 . 2 *    Wh e n  s e l e c ti n g  m ate r i al s ,  application-specifc  m a te r i al
te s ts  a n d  confgurations  s h o u l d  b e  c o n s i d e r e d .

5 . 2 . 3 *    Wh e n  s e l e c ti n g  a m a te r i al  fo r  o x yg e n  s ys te m s ,  i ts  ab i l i ty
to  u n d e r g o  specifc  c l e an i n g p r o c e d u r e s  to  r e m o ve  c o n tam i ‐
n an ts ,  p ar ti c l e s ,  an d  c o m b u s ti b l e  m ate r i al s ,  wi th o u t d am ag e ,
s h o u l d  b e  c o n s i d e r e d .

5 . 2 . 4    Wh e n  s e l e c ti n g  n o n m e ta l s  fo r  h i g h -p r e s s u r e  o x yg e n
s ys te m s ,  th e  m ate r i a l ’ s  s u s c e p ti b i l i ty to  i g n i ti o n  an d  th e  p o s s i b l e
i g n i ti o n  s o u r c e s  i n  th e  s ys te m  at th e  u s e  p r e s s u r e s  s h o u l d  b e
gi ve n  e q u a l  c o n s i d e r ati o n  wi th  th e  s tr u c tu r al  r e q u i r e m e n ts .

5 . 2 . 4 . 1    C r i te r i a fo r  s e l e c ti o n  o f a m ate r i al  fo r  o x yg e n  s e r vi c e
s h o u l d  a l s o  i n c l u d e  th e  fo l l o wi n g:

( 1 ) F e w r e ac ti o n s  wh e n  te s te d  b y m e c h a n i c al  i m p a c t
( 2 ) A h i gh  au to i gn i ti o n  te m p e r atu r e  ( AI T )
( 3 ) A l o w h e a t o f c o m b u s ti o n
( 4 ) A h i gh  o x yg e n  i n d e x
( 5 ) A l o w fame  te m p e r atu r e
( 6 ) A l o w b u r n  r a te
( 7 ) A l o w fame  p r o p ag ati o n  r ate

5 . 3  M e tal s .

5 . 3 . 1    S e l e c ti o n  o f th e  p r o p e r  m e ta l s  i n  an  o x yge n  s ys te m
s h o u l d  b e  c o u p l e d  wi th  g o o d  d e s i g n  p r a c ti c e  to  m i n i m i z e  th e

h a z a r d s  o f i g n i ti o n  an d  c o m b u s ti o n  o f th e  m e tal .

5 . 3 . 2 *    T h e  o x i d e  c o a ti n g o f a m e tal  s h o u l d  b e  c o n s i d e r e d
wh e n  s e l e c ti n g  i t.

5 . 3 . 3 *    T h e  u s e  o f al u m i n u m  al l o ys  i n  l i n e s ,  val ve s ,  a n d  o th e r
c o m p o n e n ts  s h o u l d  b e  a vo i d e d  wh e n e ve r  p o s s i b l e .

5 . 3 . 4 *    H i gh - p r e s s u r e  o x yge n  s ys te m s  fa b r i c ate d  fr o m  al u m i ‐
n u m  s h o u l d  b e  d e s i g n e d  wi th  e x tr e m e  c ar e  to  e l i m i n ate  p ar ti ‐

c l e s .  F i l te r s  s h o u l d  b e  fa b r i c ate d  o f m ate r i a l s  l e s s  i g n i ti b l e  th a n
al u m i n u m .

5 . 3 . 5    S ys te m s  th a t u s e  l ar g e  a r e as  o f a l u m i n u m  a l l o ys  i n
o x yge n  s to r ag e  tan ks  s h o u l d  b e  d e s i gn e d  to  e n s u r e  th a t al u m i ‐

n u m  p ar ti c l e s  c a n n o t c au s e  i g n i ti o n  o f o th e r  m e ta l l i c  m a te r i al s
d o wn s tr e a m  fr o m  th e  al u m i n u m .

5 . 3 . 6    T h e  u s e  o f c ad m i u m ,  b e r yl l i u m ,  m a gn e s i u m ,  m e r c u r y,
an d  ti tan i u m  m e tal s  i n  o x yge n  s ys te m s  s h o u l d  b e  r e s tr i c te d .

5 . 3 . 7 *    T h e  i g n i ti b i l i ty o f o th e r  m e tal s  an d  al l o ys  i n  h i gh -
p r e s s u r e  o x yge n  s ys te m s  a n d  th e i r  a b i l i ty to  p r o p ag ate  fre  afte r

i gn i ti o n  s h o u l d  b e  c o m p a r e d  to  th e  fammability p r o p e r ti e s  o f
th e  c o m m o n  s tr u c tu r al  m a te r i al s  d e s c r i b e d  i n  5 . 3 . 6  b e fo r e
d e te r m i n i n g  h o w s u i tab l e  th e y a r e  fo r  u s e  i n  h i g h -p r e s s u r e

o x yg e n  s ys te m s .

5 . 3 . 8    T h e  u s e  o f n i c ke l ,  c o p p e r,  an d  th e i r  al l o ys  i s  p r e fe r r e d  i n
o x yg e n  s ys te m s .

C h ap te r 6    C o m p o n e n t S e l e c ti o n

6 . 1  M ate ri al  Re c o m m e n d ati o n s .

6 . 1 . 1    D e s i gn e r s  o f e q u i p m e n t fo r  o x yg e n  u s e  s h o u l d  th o r ‐
o u gh l y u n d e r s tan d  th e  r e ac ti vi ty o f s e l e c te d  m ate r i al s  i n

o x yge n -e n r i c h e d  e n vi r o n m e n ts .

6 . 1 . 2    T h e  d e s i g n e r  s h o u l d  atte m p t to  avo i d  u s i n g fammable
m a te r i al s ;  h o we ve r,  m a n y m ate r i al s  th at ar e  fammable  at o p e r ‐
ati n g  c o n d i ti o n s  c an  b e  u s e d  s afe l y i n  s o m e  ap p l i c a ti o n s  b y

c a r e fu l l y avo i d i n g i gn i ti o n  s o u r c e s .

6 . 1 . 3    T h e  d e s i gn e r  s h o u l d  n o t c o m p r o m i s e  s afe ty to  r e d u c e
m a te r i al  c o s ts .

6 . 2 *  G e n e ral  D e s i gn  Re c o m m e n d ati o n s .    D e s i g n s  s h o u l d
c o n s i d e r  s ys te m  d yn am i c s ,  c o m p o n e n t i n te r ac ti o n s ,  an d  o p e r a‐

ti o n a l  c o n s tr a i n ts  i n  ad d i ti o n  to  c o m p o n e n t d e s i g n  r e q u i r e ‐
m e n ts  to  p r e ve n t c o n d i ti o n s  l e a d i n g to  fres  i n  O E As .

6 . 3  Specifc  C o m p o n e n t D e s i gn  G u i d e l i n e s .    O x yge n  s ys te m
d e s i g n e r s  s h o u l d  i n c o r p o r a te  th e  fo l l o wi n g  c r i te r i a i n to  th e

g u i d e l i n e s :

( 1 ) * M i n i m i z e  th e  a m o u n t o f o r ga n i c ,  n o n m e ta l l i c  m a te r i al s
a n d  th e i r  e x p o s u r e  to  o x yge n  fow

( 2 ) * L i m i t g as e o u s  o x yge n  p r e s s u r i z a ti o n  r a te s
( 3 ) * L i m i t g as e o u s  o x yge n  fow ve l o c i ti e s
( 4 ) * M i n i m i z e  m e c h an i c a l  i m p ac t
( 5 ) * M i n i m i z e  fr i c ti o n al  h e a ti n g i n  o x yg e n
( 6 ) * M i n i m i z e  i gn i ti o n  fr o m  p ar ti c l e  i m p ac t
( 7 ) * E l i m i n ate  b u r r s  an d  a vo i d  s h a r p  e d g e s
( 8 ) * M i n i m i z e  u s e -g e n e r ate d  p ar ti c l e s  d u r i n g  m an u fa c tu r e ,

as s e m b l y,  a n d  o p e r a ti o n
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( 9 ) * Avo i d  r o ta ti n g val ve  s te m s  an d  s e al i n g  confgurations
th a t r e q u i r e  r o tati o n  o n  a s s e m b l y

( 1 0 ) * M i n i m i z e  e l e c tr i c a l  ar c i n g
( 1 1 ) * Avo i d  b l i n d  p a s s a ge s
( 1 2 ) * Avo i d  c r e vi c e s  fo r  p ar ti c l e  e n tr ap m e n t a n d  r e s o n an t

c a vi ti e s  ( P h i l l i p s )
( 1 3 ) D e s i gn  d yn a m i c  s e al s  to  m i n i m i z e  p a r ti c l e  ge n e r a ti o n

a n d  to  m i n i m i z e  coeffcients  o f fr i c ti o n  an d  s u r fa c e
fnishes,  an d  c h o o s e  s e al  confgurations  to  m i n i m i z e

p ar ti c l e  ge n e r a ti o n  th at c an  c au s e  p ar ti c l e  i m p a c t i g n i ‐
ti o n s

( 1 4 ) * L i m i t fuid-induced  vi b r a ti o n s  ( o ve r  al l  o p e r ati n g
r a n ge s )

( 1 5 ) * C o n s i d e r  th e  e ffe c ts  o f s i n g l e -p o i n t s e al  fa i l u r e s
( 1 6 ) * E l i m i n ate  r o ta ti o n  o f s e a l s  an d  r o tati o n  ag ai n s t s e a ts
( 1 7 ) * Avo i d  th i n  wa l l s
( 1 8 ) * B e  c a u ti o u s  o f s i n g l e -b a r r i e r  fa i l u r e s
( 1 9 ) * Al l o w suffcient s e al  s q u e e z e  to  a vo i d  O -r i n g e x tr u s i o n
( 2 0 ) * U s e  m e tal -to -m e tal  s e a l s  i n  s o m e  c as e s
( 2 1 ) C o n s i d e r  th e  e ffe c ts  o f l o n g -te r m  o p e r ati o n ,  i n c l u d i n g

th e  fo l l o wi n g :

( a) * P e r m an e n t d e fo r m ati o n  ( c o l d  fow)  o f s e al s
( b ) * S e al  e x tr u s i o n  ( avo i d  e x tr u s i o n -ge n e r a te d  p ar ti ‐

c l e s )
( c ) * H i g h -te m p e r atu r e  e x c e s s i ve  o x i d a ti o n  o f c o p p e r

( 2 2 ) D e s i gn  e q u i p m e n t s o  th at p o we r  l o s s e s ,  c o n tr o l  p r e s s u r e
l e akag e ,  o r  o th e r  l o s s  o f ac tu a ti o n  s o u r c e s  r e tu r n  th e
e q u i p m e n t to  a fa i l -s afe  p o s i ti o n  to  p r o te c t p e r s o n n e l

an d  p r o p e r ty i n  an  a c c i d e n t
( 2 3 ) * C o n s i d e r  th e  e ffe c ts  o f th e r m a l  e x p an s i o n

6 . 4  C o m p o n e n ts .

6 . 4 . 1  Val ve s .

6 . 4 . 1 . 1    Al l  va l ve s  s h o u l d  b e  a c c e s s i b l e  fo r  o p e r a ti o n  an d  m a i n ‐
te n a n c e  a n d  s h o u l d  b e  p r o te c te d  fr o m  a c c i d e n tal  d am ag e .

6 . 4 . 1 . 2    Va l ve s  i n  g as e o u s  o x yge n  d i s tr i b u ti o n  s ys te m s  s h o u l d
b e  ke p t to  a m i n i m u m  a n d  s h o u l d  b e  o f g o o d  q u al i ty.

6 . 4 . 1 . 2 . 1    Al l  val ve  m ate r i a l s  m u s t b e  s u i tab l e  fo r  o x yge n .

6 . 4 . 1 . 2 . 2    S te m s ,  p ac ki n g g l an d s ,  an d  o th e r  p ar ts  vi tal  to
p ro p e r  va l ve  o p e r ati o n  s h o u l d  b e  m ad e  o f m a te r i al s  th a t wi l l
n o t r e ad i l y c o r r o d e .

6 . 4 . 1 . 3    I s o l ati o n  val ve s  s h o u l d  o p e r a te  e i th e r  fu l l y o p e n  o r
fu l l y c l o s e d  an d  n o t i n  a th r o ttl i n g  o r  r e g u l ati n g  m o d e .

6 . 4 . 1 . 4    Wh e r e  r e q u i r e d ,  a b yp a s s  s h o u l d  b e  p r o vi d e d  ar o u n d
i s o l ati o n  val ve s .  T h e  b yp a s s  s h o u l d  b e  m a d e  o f s u i tab l e  m ate r i ‐

a l s .  I f r e m o te l y o p e r ate d  b yp as s  va l ve s  ar e  u s e d ,  th e  va l ve s
s h o u l d  b e  fai l -s afe  i n  c a s e  o f p o we r  l o s s  an d  s h o u l d  c l o s e  o n  a
s ys te m  e m e r ge n c y s h u td o wn  s i gn a l .

6 . 4 . 2  P re s s u re - Re l i e f D e vi c e s  an d  P i p i n g.

6 . 4 . 2 . 1    Re l i e f va l ve s  o r  r u p tu r e  d i s ks  s h o u l d  b e  i n s tal l e d  o n
tan ks ,  l i n e s ,  an d  c o m p o n e n t s ys te m s  to  p r e ve n t o ve r p r e s s u r i z a‐

ti o n .

6 . 4 . 2 . 1 . 1    T h e  c ap ac i ty o f a p r e s s u r e -r e l i e f d e vi c e  s h o u l d  b e
e q u al  to  th at o f al l  th e  ve s s e l  an d  p i p i n g  s ys te m s  i t i s  to  p r o te c t.

6 . 4 . 2 . 1 . 2    T h e s e  d e vi c e s  s h o u l d  b e  r e l i ab l e  an d  th e  s e tti n g s
s e c u r e d  ag ai n s t ac c i d e n tal  al te r ati o n .

6 . 4 . 2 . 2    Re l i e f val ve s  an d  s i m i l ar  d e vi c e s  s h o u l d  n o t b e  c o n s i d ‐
e r e d  s e c o n d ar y an d  p as s i ve  c o m p o n e n ts  i n  th e  te s t h ar d war e

d e s i g n .

6 . 4 . 2 . 2 . 1    I t s h o u l d  b e  as s u m e d  th at th e  val ve s  wi l l  fu n c ti o n  a t
s o m e  p o i n t i n  ti m e .

6 . 4 . 2 . 2 . 2    P e r s o n n e l  s afe ty an d  h ar d war e  d a m ag e  s h o u l d  b e
p r i m a r y d e s i g n  c o n s i d e r ati o n s .

6 . 4 . 2 . 3    Re l i e f val ve s  s h o u l d  b e  fu n c ti o n al l y te s te d  to  ve r i fy th a t
d e s i g n  r e q u i r e m e n ts  ar e  satisfed,  i n c l u d i n g  te s ti n g  i n  b o th  th e
s tati c  an d  d yn am i c  s ta te s .

6 . 4 . 2 . 4    Re l i e f val ve  r i s e r  p i p e s  o n  h i gh - p r e s s u r e  o x yg e n
s ys te m s  s h o u l d  b e  a n al yz e d  fo r  r e s o n a n t tu n i n g .  P i p i n g  l e n gth s

s h o u l d  b e  c h a n ge d  i f r e s o n an t tu n i n g  i s  d e te r m i n e d .

6 . 4 . 2 . 5    Al l  s e c ti o n s  o f th e  p i p e l i n e  s ys te m  s h o u l d  b e
a d e q u a te l y p r o te c te d  b y p r e s s u r e -r e l i e f d e vi c e s  a n d  s h o u l d  h ave
a n  ad e q u ate  m a n u al  ve n t val ve  to  a l l o w fo r  b l o wd o wn  an d

p u r g i n g .

6 . 4 . 2 . 5 . 1    Al l  c o m p o n e n ts  i n  an y o x yg e n  s ys te m  th a t s h o u l d  b e
p e r m i tte d  to  b e  r e m o ve d  fo r  i n s p e c ti o n ,  m a i n te n an c e ,  o r
r e p l a c e m e n t s h o u l d  b e  p r o vi d e d  wi th  a  ve n t va l ve  fo r  b l o w‐

d o wn  an d  p u r g i n g .

6 . 4 . 2 . 5 . 2    S afe ty va l ve s ,  ve n t val ve s ,  an d  a s s o c i a te d  p i p i n g
s h o u l d  b e  c o n s tr u c te d  o f c o m p ati b l e  m ate r i a l s .

6 . 4 . 2 . 5 . 3    D o wn s tr e am  r e l i e f d e vi c e s  a n d  an y ve n t l i n e s  s h o u l d
b e  b u i l t fr o m  th e  m o s t i gn i ti o n -r e s i s ta n t m ate r i a l s  a va i l a b l e  an d

s h o u l d  b e  p o s i ti o n e d  i n  r e m o te  l o c a ti o n s  o r  i s o l a te d  fr o m
p e r s o n n e l  b y b ar r i e r s  o r  s h i e l d s .

6 . 4 . 2 . 6 *    P i p i n g ,  tu b i n g ,  an d  fttings  s h o u l d  b e  s u i ta b l e  fo r  th e
i n te n d e d  o x yg e n  s e r vi c e .

6 . 4 . 2 . 7    S afe ty d e vi c e s  s h o u l d  b e  c h e c ke d  b e fo r e  u s e  to  p r e ve n t
p o s s i b l e  i n s tal l ati o n  o f i n c o r r e c t p r e s s u r e -r ate d  d e vi c e s .

6 . 4 . 2 . 8    T h e  m i n i m u m  r e l i e vi n g  c a p a c i ti e s  o f th e  s afe ty d e vi c e s
s h o u l d  b e  as  d e te r m i n e d  b y th e  fow fo r m u l as  i n  a p p l i c ab l e

c o d e s  an d  specifcations  ( fo r  e x am p l e ,  S c h m i d t an d  F o r n e y,
an d  N ati o n a l  Ac a d e m y o f S c i e n c e s ) .

6 . 4 . 2 . 8 . 1    S afe ty r e l i e f val ve s  an d  fr a n gi b l e  d i s ks  s h o u l d  b e
d e s i g n e d  an d  i n s ta l l e d  i n  ac c o r d a n c e  wi th  a p p l i c ab l e  c o d e s  an d
specifcations  ( fo r  e x am p l e ,  C GA S -1 . 2 ) .

6 . 4 . 2 . 9  Fl e x i b l e  P i p i n g an d  Tu b i n g.

6 . 4 . 2 . 9 . 1    P r o p e r  r e s tr a i n i n g c a b l e s  an d  an c h o r i n g  c ab l e s
s h o u l d  b e  r e q u i r e d  fo r  fexible  h o s e .

6 . 4 . 2 . 9 . 2    S ta i n l e s s  s te e l  tu b i n g ,  wh i c h  c an  b e  fo r m e d  i n to
l o o p s  to  p r o vi d e  e n o u g h  fexibility fo r  e a s y h o o ku p ,  s h o u l d  b e
an  ac c e p tab l e  p r ac ti c e .

6 . 4 . 2 . 9 . 3 *    F l e x i b l e  m e tal  tu b e  o r  p i p e  s u c h  as  b e l l o ws  s e c ti o n s
s h o u l d  a l s o  b e  ac c e p tab l e .

6 . 4 . 2 . 9 . 4 *    Polytetrafuoroethylene-lined  fexible  h o s e  c a n  b e
u s e d  i f p ar ti c u l ar  c a r e  i s  e x e r c i s e d  to  e n s u r e  th at p n e u m a ti c

i m p ac t i g n i ti o n s  c a n n o t o c c u r.
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C h ap te r 7    S ys te m  D e s i gn

7 . 1  D e s i gn  C o n s i d e rati o n s .    I n  th e  d e s i g n  o f s ys te m s  a s s o c i a te d
wi th  O E As ,  th e  fo l l o wi n g  s h o u l d  b e  c o n s i d e r e d :

( 1 ) C h ar a c te r i s ti c s  o f c o n s tr u c ti o n  m ate r i al s  i n c l u d e  i gn i ti o n
s u s c e p ti b i l i ty,  fame  s p r e ad  r ate ,  a n d  s m o ke  d e ve l o p m e n t

( 2 ) Ri s ks  o f fre  i n i ti ati o n  i n c l u d e  i gn i ti o n  s o u r c e s  s u c h  a s
h e a t fr o m  c o m p r e s s i o n  o f g as e s ,  fr i c ti o n ,  m e c h an i c al

i m p a c t,  an d  e l e c tr i c a l  ar c  o r  s p ar k
( 3 ) P r e s e n c e  o f p o te n ti al  e n e r gy s o u r c e s ,  s u c h  a s  c o m p r e s s e d

ga s e s
( 4 ) Re m o val  o r  e l i m i n a ti o n  o f fo r e i g n  m ate r i a l s  o r  c o n tam i ‐

n a n ts
( 5 ) P h ys i c a l  e n vi ro n m e n t s u r r o u n d i n g  th e  s ys te m
( 6 ) P e r s o n n e l  s a fe ty

7 . 2  Wo rs t- C as e  C o n d i ti o n s .    T h e  c h a r ac te r i s ti c s  o f al l  m a te r i al s
to  b e  u s e d  i n  O E As  s h o u l d  b e  e val u a te d  fo r  u s e  u n d e r  wo r s t-

c a s e  c o n d i ti o n s ,  s u c h  as  m ax i m u m  p r e s s u r e ,  te m p e r a tu r e ,  an d
fow.

7 . 3  Fi re - S to p p i n g Te c h n i q u e s .    Wh e n  d e s i gn i n g a n  o x yge n -
e n r i c h e d  s ys te m ,  fre-stopping  te c h n i q u e s  s h o u l d  b e  u s e d
wh e r e  a p p r o p r i a te  to  m i n i m i z e  i gn i ti o n  p o te n ti a l  an d  fre

s p r e ad .  T h e s e  te c h n i q u e s  i n c l u d e  th e  fo l l o wi n g :

( 1 ) Avo i d a n c e  o f m as s  c o n c e n tr ati o n  o f c o m b u s ti b l e  m ate r i ‐
al s  n e ar  p o te n ti al  h e at o r  i g n i ti o n  s o u r c e s

( 2 ) S p ati al  s e p ar ati o n  an d  confguration  to  m i n i m i z e  o r  e l i m ‐
i n ate  fame  p r o p ag ati o n  p a th s

( 3 ) T h e r m al  d a m p i n g  b y j u d i c i o u s  p l ac e m e n t o f fre-resistant
h e a t- s i n k m as s e s

( 4 ) F l as h o ve r  b a rr i e r s
( 5 ) S e al e d  p ac ka gi n g,  s u c h  a s  i n e r te d  c o m p a r tm e n ts  an d  fre-

resistant e n c ap s u l a ti o n
( 6 ) Au to m ati c  fre  d e te c ti o n  a n d  s u p p r e s s i o n  s u c h  as  i n fr ar e d

th e r m o gr a p h y,  fre  d e te c to r s ,  an d  fxed  s u p p r e s s i o n
s ys te m s

7 . 4 *  P e rs o n n e l  Qualifcations.    T h e  d e s i g n  o f a n  o x yge n -
e n r i c h e d  s ys te m  s h o u l d  o n l y b e  u n d e r take n  b y qualifed

p e r s o n n e l .

7 . 5  O x yge n  Tran s m i s s i o n .    S ys te m s  u s e d  i n  th e  tr an s m i s s i o n  o f
o x yg e n  s h o u l d  b e  c l e a n e d  p r i o r  to  u s e  a n d  o n  a r o u ti n e  b as i s  to
r e m o ve  c o n tam i n an ts .

7 . 6 *  S h uto ff.    A m an u al  e m e r g e n c y o x yg e n  s h u to ff th a t i s
a c c e s s i b l e  s h o u l d  b e  p r o vi d e d .

7 . 7  E l e c tri c al  E q ui p m e n t.

7 . 7 . 1 *    N o  e l e c tr i c al  e q u i p m e n t s h o u l d  b e  i n s tal l e d  o r  u s e d  i n
O E As  u n l e s s  ap p r o ve d  fo r  u s e  at th e  m a x i m u m  p r o p o s e d  p r e s ‐

s u r e  an d  o x yg e n  c o n c e n tr ati o n .

7 . 7 . 1 . 1    E l e c tr i c al  e q u i p m e n t s h o u l d  b e  p r o vi d e d  wi th
n o n c o m b u s ti b l e  i n s u l ati o n  to  confne  a n y b u r n i n g o f th e  i n s u ‐
l ati o n  wi th i n  th e  e n c l o s u r e ,  u n l e s s  th e  e q u i p m e n t i s  o f

c o n s tr u c ti o n  th a t h a s  b e e n  fo u n d ,  th r o u gh  te s ti n g,  a t th e  m ax i ‐
m u m  p r e s s u r e  a n d  th e  o x yg e n  c o n c e n tr ati o n  e n c o u n te r e d  i n
th e  c h am b e r  o r  s ys te m .

7 . 7 . 2 *    F i x e d  e l e c tr i c al  e q u i p m e n t wi th i n  an  O E A s h o u l d
c o m p l y wi th  th e  r e q u i r e m e n ts  o f Ar ti c l e  5 0 0 ,  C l as s  I ,  D i vi s i o n  1 ,

NFPA 70,  an d ,  i n  ad d i ti o n ,  e q u i p m e n t i n s tal l e d  th e r e i n  s h o u l d
b e  ap p r o ve d  fo r  u s e  i n  th e  specifc  h az ar d o u s  atm o s p h e r e s  at
th e  m ax i m u m  p r o p o s e d  p r e s s u r e  an d  o x yg e n  c o n c e n tr ati o n .

7 . 7 . 3    Al l  e l e c tr i c a l  wi r i n g i n s ta l l e d  i n  a  s ys te m  o r  c h am b e r
s h o u l d  c o m p l y wi th  th e  r e q u i r e m e n ts  o f th e  NEC,  Ar ti c l e  5 0 0 ,

C l a s s  I ,  D i vi s i o n  1 .

7 . 7 . 3 . 1    T h e  b o x e s  an d  fttings  s h o u l d  b e  a p p r o ve d  fo r  u s e  i n
th e  specifc  h a z a r d o u s  a tm o s p h e r e s  at th e  m ax i m u m  p r e s s u r e

an d  o x yg e n  c o n c e n tr ati o n  o f th e  c h am b e r  o r  s ys te m .

7 . 7 . 4    Rai n ti gh t fttings,  b o x e s ,  an d  e q u i p m e n t s h o u l d  b e  u s e d
i f s u c h  d e vi c e s  c o u l d  b e  e x p o s e d  to  th e  wa te r  fr o m  a s p r i n kl e r
o r  wa te r  s p r a y s ys te m  th a t i s  p r o te c ti n g  th e  c h am b e r  i n  th e

e ve n t o f a fre  i n  th e  vi c i n i ty o f th e  c h am b e r  wh i l e  i t i s  i n  o p e r a‐
ti o n .

7 . 7 . 5    Al l  e l e c tr i c al  c i r c u i ts  c o n tai n e d  wi th i n  th e  c h a m b e r  o r
s ys te m  s h o u l d  b e  s u p p l i e d  fr o m  a n  i s o l ate d  e l e c tr i c a l  s ys te m ,

fe d  fr o m  i s o l a ti o n  tr an s fo r m e r s  l o c a te d  o u ts i d e  th e  c h a m b e r  o r
s ys te m ,  an d  e q u i p p e d  wi th  a  l i n e  i s o l ati o n  m o n i to r  wi th  a p p r o ‐

p r i a te  s i g n al  l a m p s .  T h i s  i n d i c a to r  s h o u l d  b e  c a p ab l e  o f s e n s i n g
s i n gl e  o r  b a l a n c e d  c ap ac i ti ve -r e s i s ti ve  fau l ts  a s  we l l  a s  l e akag e  o f
c u r r e n t to  g r o u n d .

7 . 7 . 6    E l e c tr i c al  wi r i n g i n  h i gh  c o n c e n tr ati o n s  o f ga s  o x yge n
s h o u l d  b e  e n c a s e d  i n  h e r m e ti c a l l y s e a l e d  c o n d u i ts  o r  c o n d u i ts

i n e r te d  wi th  h e l i u m  o r  n i tr o g e n  g as .

7 . 7 . 6 . 1    T h e  i n s tr u m e n ts ,  s wi tc h e s ,  fow s e n s o r s ,  an d  e l e c tr i c al
d e vi c e s  s h o u l d  b e  d e s i g n e d  i n  m o d u l ar  s tr u c tu r e ,  h e r m e ti c al l y

s e a l e d ,  an d  i n e r te d  wi th  n i tr o ge n  o r  h e l i u m  g as .

7 . 8 *  C l e an i n g fo r O x yge n  S e r vi c e .

7 . 8 . 1 *    Al l  h a r d wa r e  th a t i s  e x p o s e d  to  O E As  s h o u l d  b e
c l e an e d  to  r e m o ve  c o n tam i n a n ts .

7 . 8 . 2 *    T h e  s o l ve n t o r  d e te r g e n t s h o u l d  n o t l e ave  a  r e s i d u al
m a te r i al  o n  th e  c l e a n e d  s u r fa c e .

7 . 8 . 3 *    A typ i c a l  c l e an i n g c r i te r i o n  fo r  i n d u s tr i a l  ga s e o u s
o x yg e n  s ys te m s  specifes  th a t th e  r e m ai n i n g  o r g an i c s  s h o u l d
n o t e x c e e d  5 0 0  m g / m 2  ( 1  ×  1 0 -4  l b / ft2 )  o f o x yg e n -c o n ta c te d

s u r fac e s .

7 . 8 . 4 *    Verifcation  o f c l e a n l i n e s s  s h o u l d  b e  ac c o m p l i s h e d  b y
o n e  o r  m o r e  o f th e  fo l l o wi n g  m e th o d s :

( 1 ) D i r e c t vi s u a l  i n s p e c ti o n  wi th  wh i te  l i gh t
( 2 ) D i r e c t vi s u a l  i n s p e c ti o n  wi th  u l tr avi o l e t ( U V)  o r  b l ac k

l i g h t
( 3 ) I n s p e c ti o n  o f a  wi p e  s am p l e  u s i n g a c l e an ,  l i n t-fr e e  c o tto n

o r  l i n e n  c l o th  o r  a  p i e c e  o f wh i te  flter  p ap e r  e x am i n e d
u n d e r  wh i te  o r  U V l i gh t

( 4 ) S o l ve n t e x tr a c ti o n  to  d e te r m i n e  th e  l e ve l  o f e x tr ac tab l e
c o n tam i n a n ts  th at i n c l u d e s  n o n vo l a ti l e  r e s i d u e  an a l ys i s ,

vo l u m e  o f r e s i d u e  a n al ys i s ,  an d  s p e c tr o s c o p i c  te c h n i q u e
( 5 ) Aq u e o u s  c l e an i n g  an d  verifcation  p r o c e s s e s

7 . 8 . 5 *    C l e an e d  p ar ts  s h o u l d  b e  p l ac e d  i n  s e a l e d  n o n c o n tam i ‐
n ati n g  b ag s ,  o r  s e a l e d  wi th  p l u g s  i n  th e  c a s e  o f l o n g  p i p i n g

r u n s ,  a n d  l a b e l e d  “ C l e an e d  fo r  O x yg e n  S e r vi c e . ”

7 . 8 . 5 . 1    C l e an e d  p ar ts  s h o u l d  n o t b e  h an d l e d  wi th  b a r e  h a n d s .

7 . 9 *  C o m b u s ti b l e s .    I t i s  h i g h l y r e c o m m e n d e d  th at e ve r y
p o s s i b l e  e ffo r t b e  m ad e  to  r e s tr i c t th e  q u an ti ty o f c o m b u s ti b l e s

p e r m i tte d  wi th i n  th e  s ys te m ,  ve s s e l ,  c h a m b e r,  s u r r o u n d i n g
p h ys i c al  e n vi r o n m e n t ( i n c l u d i n g i n te r i o r s u r fa c e  fnishes,  s u c h

a s  p ai n ts ,  p l as ti c  c o ve r i n g s ,  a n d  ac o u s ti c al ,  th e r m al ,  a n d  e l e c tr i ‐
c a l  i n s u l ati o n ) ,  c o ve r i n gs  a n d  h o u s i n g s  o f s e r vi c i n g  ap p a r atu s ,
an d  i n s tr u m e n tati o n  e m p l o ye d  i n s i d e  th e  s ys te m  o r  c h am b e r.
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7 . 1 0  Ap p l i c ab l e  S tan d ard s .

7 . 1 0 . 1    D e s i g n  an d  c o n s tr u c ti o n  o f h o u s i n g ve s s e l s  an d  c h am ‐
b e r s  s h o u l d  b e  i n  ac c o r d a n c e  wi th  th e  ap p l i c ab l e  p r o vi s i o n s  o f
th e  c u r r e n tl y e s tab l i s h e d  p r a c ti c e s  d e s c r i b e d  i n  th e  fo l l o wi n g
d o c u m e n ts :

( 1 ) ASME Boiler and Pressure Vessel Code,  S e c ti o n  VI I
( 2 ) * N F PA 9 9 ,  C h a p te r  1 4
( 3 ) N F PA 9 9 B
( 4 ) AP I  S T D  6 2 0 ,  Design and Construction of Large,  Welded,  Low-

Pressure Storage Tanks
( 5 ) C GA p am p h l e ts  a s  fo l l o ws :

( a) C GA P -1 ,  Safe Handling of Compressed Gases in
Containers

( b ) C GA S - 1 . 1 ,  Pressure Relief Device Standards — Part 1  —
Cylinders for Compressed Gases

( c ) C GA S - 1 . 2 ,  Pressure Relief Device Standards — Part 2 —
Cargo and Portable Tanks for Compressed Gases

( d ) C GA S - 1 . 3 ,  Pressure Relief Device Standards — Part 3 —
Stationary Storage Containers for Compressed Gases

7 . 1 0 . 2    O x yg e n  s to r a ge ,  p i p i n g ,  an d  u s e s  s h o u l d  b e  i n  ac c o r d ‐
an c e  wi th  th e  fo l l o wi n g  s ta n d ar d s :

( 1 ) N F PA 5 1
( 2 ) N F PA 5 5
( 3 ) * H o s p i tal  r e q u i r e m e n ts  i n  N F PA 9 9 ,  as  we l l  a s  C h a p te r  5

a n d  C h a p te r  1 1 .
( 4 ) C GA G-4 ,  Oxygen
( 5 ) AS M E  B 3 1 . 3 ,  Process Piping
( 6 ) AS M E  B 3 1 . 5 ,  Refrigeration Piping and Heat Transfer Compo‐

nents
( 7 ) AS M E  B 3 1 . 8 ,  Gas Transmission and Distribution Piping

Systems
( 8 ) U . S .  C o d e  o f F e d e r a l  Re gu l ati o n s  as  fo l l o ws :

( a) 4 9  C F R 1 7 3 . 3 0 1
( b ) 4 9  C F R 1 7 3 . 3 0 2
( c ) 4 9  C F R 1 7 3 . 3 3 7
( d ) 4 9  C F R 1 7 8 . 3 7
( e ) 4 9  C F R 1 7 8 . 4 5

7 . 1 0 . 3    E l e c tr i c a l  e q u i p m e n t an d  i n s tr u m e n ts  s h o u l d  b e  i n
ac c o r d an c e  wi th  th e  fo l l o wi n g s tan d a r d s :

( 1 ) NFPA 70,  Ar ti c l e s  5 0 0 ,  5 0 1 ,  a n d  5 1 7
( 2 ) * N F PA 9 9 ,  C h a p te r  6  an d  C h ap te r  1 0
( 3 ) N F PA 4 9 6

7 . 1 0 . 4    Ai r- c o n d i ti o n i n g  an d  ve n ti l a ti n g s ys te m s  s h o u l d  b e  i n
ac c o r d an c e  wi th  th e  fo l l o wi n g s tan d a r d s :

( 1 ) N F PA 9 0 A
( 2 ) N F PA 9 1

C h ap te r 8    Fi re  E x ti n gu i s h m e n t

8 . 1  O x yge n  S up p l y.    T h e  o x yg e n  s u p p l y s h o u l d  b e  d i s c o n ti n ‐
u e d  i n  th e  e ve n t o f a fre.

8 . 2 *  E x ti n gu i s h i n g S ys te m s .

8 . 2 . 1    D u e  to  th e  r a p i d  fame  s p r e ad  i n  O E As ,  fre-
extinguishing  s ys te m s  s h o u l d  b e  c ap a b l e  o f fas t a u to m a ti c
ac tu ati o n  b y fre  d e te c to r s  a s  we l l  a s  b y m a n u al  ac tu ati o n .

8 . 2 . 2    Au to m ati c  ac tu ati o n  s h o u l d  o c c u r  i n  l e s s  th an  1  s e c o n d
o f d e te c ti o n  o f fame.

8 . 2 . 3    M an u a l  ac tu ati o n  o f th e  fre-extinguishing  s ys te m  s h o u l d
b e  p r o vi d e d .

8 . 3  Fi x e d  S ys te m s .    F i x e d  s ys te m s  s h o u l d  u ti l i z e  a n  e x ti n g u i s h ‐
i n g a ge n t ac c e p tab l e  fo r  u s e  o n  fres  i n  O E A.

8 . 4  Wate r H o s e .    I n  ad d i ti o n  to  a n  au to m ati c ,  fxed  e x ti n ‐
g u i s h i n g  s ys te m  i n  o c c u p i e d  ar e a s ,  a m an u al l y o p e r ate d  wa te r
h o s e  n o t l e s s  th an  1 9  m m  ( 3 ∕4  i n . )  i n s i d e  d i am e te r,  a n d  wi th  a n

e ffe c ti ve  n o z z l e  p r e s s u r e  o f n o t l e s s  th an  3 4 5  kP a ( 5 0  p s i )  ab o ve
th e  am b i e n t p r e s s u r e ,  s h o u l d  b e  avai l a b l e .

8 . 5  D i l u e n ts .    I n  u n o c c u p i e d  a r e as ,  d i l u e n ts  ( e . g . ,  c a r b o n  d i o x ‐
i d e ,  n i tr o ge n )  c a n  b e  u s e d .

8 . 6 *  L i m i ti n g Fi re  S p re ad .    Fi r e  p r o te c ti o n  m e a s u r e s  s h o u l d
b e  c o n c e n tr ate d  o n  l i m i ti n g th e  s p r e ad  o f fre  fr o m  i n vo l ve d
c o m p o n e n ts  to  o th e r  p o r ti o n s  o f th e  s ys te m .

8 . 7  N o n to x i c  Age n ts .    F i r e -e x ti n gu i s h i n g  ag e n ts  s h o u l d  b e
i n h e r e n tl y n o n to x i c  an d  s h o u l d  n o t p r o d u c e  signifcant

a m o u n ts  o f to x i c  b r e akd o wn  p r o d u c ts  wh e n  u s e d .

8 . 8 *  We tti n g.    Wh e r e  th e  c o m b u s ti b l e  i s  p r e s e n t i n  m o r e  th a n
o n e  l a ye r,  al l  l a ye r s  s h o u l d  b e  we tte d  b y th e  wate r.

8 . 9  I n s tr u c ti o n s  an d  D ri l l s .

8 . 9 . 1    Al l  p e r s o n n e l  wo r ki n g i n  a s p a c e  c o n tai n i n g a n  O E A
s h o u l d  b e  i n s tr u c te d  i n  th e  s p e c i a l  h az ar d s  i n vo l ve d ,  an d  th e

d i ffe r e n c e s  b e twe e n  fre  i n  an  O E A an d  fre  i n  o r d i n ar y ai r
s h o u l d  b e  e m p h as i z e d .

8 . 9 . 2    E ac h  p e r s o n  wo r ki n g  i n  an  O E A s ys te m  s h o u l d  b e
as s i g n e d  a specifc  fre  e m e r ge n c y d u ty.

8 . 9 . 3    O th e r  p e r s o n n e l  wo r ki n g i n  a s s o c i a te d  m o n i to r i n g  ar e a s
s h o u l d  l i ke wi s e  b e  i n s tr u c te d  an d  a s s i gn e d  specifc  d u ti e s

a p p r o p r i a te  to  a  fre  e m e r g e n c y.

8 . 9 . 4    T h e  i n s tr u c ti o n  s h o u l d  b e  au gm e n te d  b y fr e q u e n t d r i l l s
s o  th a t p r o p e r  a c ti o n  c an  b e  ta ke n  i m m e d i ate l y u p o n  th e

o c c u r r e n c e  o f a  h a z a r d o u s  c o n d i ti o n .

8 . 9 . 5    S u c h  i n s tr u c ti o n  an d  d r i l l  s h o u l d  b e  s o  c o m p r e h e n s i ve
an d  specifc  th at n o  ti m e  i s  l o s t i n  d e c i s i o n - m a ki n g o r  c o n s i d e r ‐
i n g  a l te r n ati ve  p r o c e d u r e s .  (See Annex B. )

An n e x  A   E x p l an ato r y M ate ri al

Annex A is not a part of the recommendations of this NFPA document
but is included for informational purposes only.  This annex contains

explanatory material,  numbered to correspond with the applicable text
paragraphs.

A. 3 . 2 . 1  Ap p ro ve d .    T h e  N a ti o n al  F i r e  P r o te c ti o n  As s o c i a ti o n
d o e s  n o t ap p r o ve ,  i n s p e c t,  o r  c e r ti fy an y i n s ta l l ati o n s ,  p r o c e ‐
d u r e s ,  e q u i p m e n t,  o r  m ate r i a l s ;  n o r  d o e s  i t ap p r o ve  o r  e va l u ate

te s ti n g l a b o r a to r i e s .  I n  d e te r m i n i n g th e  ac c e p tab i l i ty o f i n s tal l a‐
ti o n s ,  p r o c e d u r e s ,  e q u i p m e n t,  o r  m ate r i a l s ,  th e  au th o r i ty
h avi n g  j u r i s d i c ti o n  m ay b a s e  ac c e p tan c e  o n  c o m p l i an c e  wi th

N F PA o r  o th e r  a p p r o p r i ate  s ta n d ar d s .  I n  th e  a b s e n c e  o f s u c h
s tan d ar d s ,  s ai d  au th o r i ty m a y r e q u i r e  e vi d e n c e  o f p r o p e r  i n s tal ‐
l ati o n ,  p r o c e d u r e ,  o r  u s e .  T h e  a u th o r i ty h a vi n g j u r i s d i c ti o n

m a y al s o  r e fe r  to  th e  l i s ti n g s  o r  l ab e l i n g p r a c ti c e s  o f an  o r ga n i ‐
z a ti o n  th at i s  c o n c e r n e d  wi th  p r o d u c t e val u a ti o n s  an d  i s  th u s  i n
a p o s i ti o n  to  d e te r m i n e  c o m p l i an c e  wi th  a p p r o p r i a te  s ta n d ar d s

fo r  th e  c u r r e n t p r o d u c ti o n  o f l i s te d  i te m s .
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A. 3 . 2 . 2  Au th o ri ty H avi n g J u ri s d i c ti o n  ( AH J ) .    T h e  p h r a s e
“ au th o r i ty h avi n g  j u r i s d i c ti o n , ”  o r  i ts  a c r o n ym  AH J ,  i s  u s e d  i n
N F PA d o c u m e n ts  i n  a  b r o ad  m a n n e r,  s i n c e  j u r i s d i c ti o n s  an d
ap p r o val  a ge n c i e s  var y,  a s  d o  th e i r  r e s p o n s i b i l i ti e s .  Wh e r e
p u b l i c  s afe ty i s  p r i m ar y,  th e  au th o r i ty h a vi n g j u r i s d i c ti o n  m ay
b e  a fe d e r a l ,  s tate ,  l o c a l ,  o r  o th e r  r e g i o n a l  d e p a r tm e n t o r  i n d i ‐
vi d u a l  s u c h  as  a fre  c h i e f;  fre  m a r s h al ;  c h i e f o f a fre  p r e ve n ‐
ti o n  b u r e a u ,  l ab o r  d e p a r tm e n t,  o r  h e al th  d e p a r tm e n t;  b u i l d i n g
offcial;  e l e c tr i c a l  i n s p e c to r ;  o r  o th e r s  h avi n g  s tatu to r y a u th o r ‐
i ty.  F o r  i n s u r an c e  p u r p o s e s ,  a n  i n s u r a n c e  i n s p e c ti o n  d e p a r t‐
m e n t,  r ati n g  b u r e a u ,  o r  o th e r  i n s u r a n c e  c o m p an y
r e p r e s e n ta ti ve  m ay b e  th e  a u th o r i ty h avi n g  j u r i s d i c ti o n .  I n
m a n y c i r c u m s ta n c e s ,  th e  p r o p e r ty o wn e r  o r  h i s  o r  h e r  d e s i g n a‐
te d  ag e n t a s s u m e s  th e  r o l e  o f th e  au th o r i ty h avi n g  j u r i s d i c ti o n ;
at g o ve r n m e n t i n s tal l a ti o n s ,  th e  c o m m an d i n g  offcer  o r  d e p a r t‐
m e n tal  offcial  m a y b e  th e  a u th o r i ty h avi n g  j u r i s d i c ti o n .

A. 3 . 2 . 3  C o d e .    T h e  d e c i s i o n  to  d e s i g n ate  a s tan d a r d  as  a
“ c o d e ”  i s  b as e d  o n  s u c h  fa c to r s  as  th e  s i z e  a n d  s c o p e  o f th e
d o c u m e n t,  i ts  i n te n d e d  u s e  a n d  fo r m  o f ad o p ti o n ,  an d  wh e th e r
i t c o n tai n s  s u b s tan ti a l  e n fo r c e m e n t an d  a d m i n i s tr a ti ve  p r o vi ‐
s i o n s .

A. 3 . 2 . 5  L i s te d .    T h e  m e a n s  fo r  i d e n ti fyi n g l i s te d  e q u i p m e n t
m a y var y fo r  e ac h  o r ga n i z ati o n  c o n c e r n e d  wi th  p r o d u c t e val u a‐
ti o n ;  s o m e  o r g an i z a ti o n s  d o  n o t r e c o g n i z e  e q u i p m e n t as  l i s te d
u n l e s s  i t i s  al s o  l a b e l e d .  T h e  au th o r i ty h a vi n g j u r i s d i c ti o n
s h o u l d  u ti l i z e  th e  s ys te m  e m p l o ye d  b y th e  l i s ti n g o r g an i z a ti o n
to  i d e n ti fy a l i s te d  p r o d u c t.

A. 3 . 3 . 1 8  I gn i ti o n  Te m p e rature .    S p o n ta n e o u s  i g n i ti o n  te m p e r ‐
atu r e  ( S I T )  s h o u l d  n o t b e  c o n fu s e d  wi th  te m p e r atu r e s  a s s o c i ‐
ate d  wi th  th e  s p o n tan e o u s  h e ati n g  o r  c o m b u s ti o n
p h e n o m e n o n  th at c e r tai n  h i gh l y o x i d i z e r-r e c e p ti ve  m a te r i al s
u n d e r g o .

A. 3 . 3 . 2 0  M i n i m um  I gn i ti o n  E n e rgy.    T h e  m i n i m u m  i gn i ti o n
e n e r gy i s  d i ffe r e n t fo r  d i ffe r e n t fammable  m i x tu r e s  an d  var i e s
wi th  th e  c o n c e n tr ati o n ,  te m p e r atu r e ,  an d  p r e s s u r e ,  a s  we l l  a s
th e  ge o m e tr y a n d  m a te r i al ,  o f th e  s p ar ki n g  o r  ar c i n g e l e c tr o ‐
d e s .

A. 3 . 3 . 2 2  O x i d an t.    E x am p l e s  o f o x i d a n ts  i n c l u d e  n i tr o u s
o x i d e ,  n i tr i c  o x i d e ,  a n d  c h l o r ate s .

N A. 3 . 3 . 2 5  O x yge n  E n ri c h e d  Atm o s p h e re  ( O E A) .    T h e  defni‐
tion  o f an  o x yge n -e n r i c h e d  a tm o s p h e r e  ( O E A)  va r i e s  ac r o s s
i n d u s tr i e s ,  s tan d a r d s ,  gu i d e s ,  a n d  c o d e s  b as e d  o n  var yi n g
h a z a r d  c o n s i d e r a ti o n s  wi th i n  e ac h  s e c to r.  T h e  d i ffe r e n c e s  i n
th e  s e l e c ti o n  o f an  O E A b y s ta n d a r d i z i n g  o r ga n i z ati o n s  var i e s
b e twe e n  2 1  p e r c e n t ( i . e . ,  a tm o s p h e r i c  o x yg e n )  a n d  2 5  p e r c e n t;
h o we ve r,  s o m e  i n d u s tr y c o n s i d e r a ti o n s  al l o w c o n c e n tr ati o n s  u p
to  5 0  p e r c e n t b e fo r e  O E A c o n d i ti o n s  ar e  c o n s i d e r e d .  T h e
fo l l o wi n g  p r o vi d e s  e x am p l e s  o f s o m e  o f th e  a u th o r i tati ve  s tan d ‐
ar d s  avai l ab l e  ad d r e s s i n g  O E A c o n s i d e r a ti o n s  i n  d i ffe r e n t
i n d u s tr i e s :

( 1 ) AD C I :  ADCI Consensus Standard 6. 3: Association of Diving
Contractors International s ta te s  g r e ate r  th a n  5 0  p e r c e n t fo r

h o s e  as s e m b l i e s .
( 2 ) AS T M :  AS T M  G 1 2 6 ,  Standard Terminology Related to the

Compatibility and Sensitivity of Materials in Oxygen Enriched
Atmospheres,  defnes  a n  o x yg e n -e n r i c h e d  a tm o s p h e r e  a s  a
fuid  m i x tu r e  c o n ta i n i n g  m o r e  th an  2 5 -m o l e  p e r c e n t
o x yg e n .  AS T M  o b s e r ve s  i n  G1 2 6  th at th e  defnition  o f 2 5
p e r c e n t o x yg e n  ( b y vo l u m e )  wa s  h i s to r i c al l y u s e d  b y
AS T M  r e l ati n g  to  m a te r i al s  te s ti n g  a n d  p r e s s u r i z e d

p i p i n g  s ys te m s ;  a n d  th at th i s  l e ve l  h as  b e e n  s h o wn  fo r

th e  ap p l i c ati o n s  c o n s i d e r e d  to  b e  e ffe c ti ve  a n d  r e as o n a‐
b l e .  H o we ve r,  AS T M  fu r th e r  n o te s  th a t d i ffe r e n t ap p l i c a‐
ti o n s  c o u l d  r e q u i r e  a  m o r e  c o n s e r vati ve  o x yge n

c o n c e n tr ati o n .
( 3 ) C GA:  T h e  C o m p r e s s e d  Gas  As s o c i ati o n  ( C GA)  ad d r e s s e s

O E A c o n s i d e r ati o n  i n  s e ve r al  d o c u m e n ts ,  i n c l u d i n g  th e
fo l l o wi n g :

( a) C GA G -4 . 1 ,  Cleaning Equipment for Oxygen Service
( S e c ti o n  1 ,  N o te  2 ) ,  p r o vi d e s  c l e an i n g m e th o d s

u s e d  i n  th e  p r o d u c ti o n ,  s to r ag e ,  d i s tr i b u ti o n ,  an d
u s e  o f l i q u i d  an d  g as e o u s  o x yg e n .  C GA c o n s i d e r s

th a t e q u i p m e n t an d  s ys te m s  h an d l i n g  an y g as  i n
e x c e s s  o f 2 3 . 5  p e r c e n t o x yg e n  b y vo l u m e  b e
d e s i g n e d  as  h an d l i n g  p u r e  o x yg e n .

( b ) C GA P -3 9 ,  Guidelines for Oxygen-Rich Atmospheres,
defnes  o x yg e n -r i c h  a tm o s p h e r e s  a s  th o s e  e x c e e d ‐

i n g 2 3 . 5  p e r c e n t at s e a  l e ve l  ( o r  p a r ti al  p r e s s u r e s
e x c e e d i n g 1 7 5  to r r ) .  T h e  C GA h a s  r e p o r te d  th a t

2 3 . 5  p e r c e n t refects  a n  e r r o r  fac to r  o f 2 . 5  p e r c e n t
o ve r  a m b i e n t 2 1  p e r c e n t o x yg e n  to  a c c o u n t fo r  th e
p e r m i s s i b l e  to l e r an c e  o n  th e  p e r c e n ta ge  o f o x yge n

i n  c o m p r e s s e d  a i r  wh e n  r e c o n s ti tu ti n g  ai r  fr o m
g as e o u s  n i tr o ge n  a n d  o x yge n .

( c ) C GA P -4 5 ,  Fire Hazards of Oxygen and Oxygen-
Enriched Atmospheres,  i s  i n te n d e d  to  i n c r e as e  h az ar d

awa r e n e s s  o f p e r s o n n e l  wo r ki n g  wi th  o x yge n .  I t
specifes  th at an  O E A e x i s ts  fo r  a i r  an d  ga s
m i x tu r e s  i n  wh i c h  th e  o x yge n  c o n c e n tr ati o n  b y

vo l u m e  e x c e e d s  2 3 . 5  p e r c e n t at s e a l e ve l  o r  wh o s e
p ar ti a l  p r e s s u r e  e x c e e d s  1 7 5  to r r  ( m m  H g ) .

( d ) C GA P S -1 3 ,  Position Statement on Defnition of a
Threshold Oxygen-Mixture Concentration Requiring

Special Cleaning of Equipment,  specifes  th at e q u i p ‐
m e n t e x p o s e d  to  o x yg e n  c o n c e n tr a ti o n s  o f 2 3 . 5
m o l e  p e r c e n t o r  gr e a te r  s h o u l d  b e  specifcally

c l e an e d  a c c o r d i n g  to  C GA G-4 . 1 .
( 4 ) E I GA:  T h e  E u r o p e an  I n d u s tr i al  Ga s e s  As s o c i a ti o n

( E I GA)  a l s o  a d d r e s s  O E A c o n s i d e r ati o n s  i n  s e ve r a l  d o c u ‐
m e n ts ,  i n c l u d i n g  th e  fo l l o wi n g :

( a) E I GA I GC  D o c  3 3 / 1 8 ,  Cleaning of Equipment for
Oxygen Service,  tr e ats  o x yg e n  as  g as  o r  l i q u i d  th at

c o n tai n s  g r e ate r  th an  2 3 . 5  p e r c e n t o x yg e n  b y
vo l u m e  wi th  th e  r e m ai n d e r  o f i ts  c o m p o n e n ts

b e i n g i n e r t.
( b ) E I GA I GC  D o c  0 4 / 1 8  ( Re vi s i o n  o f D o c  0 4 / 0 9 ) ,  Fire

Hazards of Oxygen and Oxygen Enriched-Atmospheres,
tr e ats  o x yge n - e n r i c h e d  a tm o s p h e r e s  as  ai r  an d  ga s

m i x tu r e s  i n  wh i c h  th e  o x yge n  c o n c e n tr a ti o n  b y
vo l u m e  e x c e e d s  2 3 . 5  p e r c e n t at s e a  l e ve l  o r  wh o s e
p ar ti a l  p r e s s u r e  e x c e e d s  1 7 5  to r r  ( m m H g) .  T h i s

s tan d ar d  i s  a  ge n e r a l  s tan d ar d  an d  r e c o g n i z e s  th e
i n c r e as e d  fre  r i s k fo r  e n r i c h m e n t l e ve l s  gr e a te r
th an  atm o s p h e r i c  a i r  fo r  a  wi d e  va r i e ty o f i n d u s tr i al

ap p l i c a ti o n s ,  i n c l u d i n g l e aki n g  p i p i n g  s ys te m s  to
l i q u e fac ti o n  o f ai r.

( 5 ) I M C A:  T h e  I n te r n ati o n al  M ar i n e  C o n tr a c to r s  As s o c i a‐
ti o n  ( I M C A)  al s o  ad d r e s s e s  O E A c o n s i d e r ati o n s  i n
s e ve r al  d o c u m e n ts ,  i n c l u d i n g th e  fo l l o wi n g :

( a) I M C A D  0 3 1 ,  Cleaning for Oxygen Service: Setting up
Facilities and Procedures,  c o n s i d e r s  an  O E A a s  th o s e
wi th  c o n c e n tr ati o n s  gr e a te r  th an  2 5  p e r c e n t

o x yge n  b y vo l u m e .
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( b ) I M C A D  0 4 8 ,  Guidance on Surface Supplied Diving
Operations Using Nitrox,  c o n s i d e r s  a n  O E A as  th o s e

wi th  c o n c e n tr ati o n s  gr e a te r  th an  2 5  p e r c e n t
o x yge n  b y vo l u m e .

( 6 ) I S O :  T h e  I n te r n a ti o n al  O r ga n i z ati o n  fo r  S ta n d a r d i z a‐
ti o n ,  c o m m o n l y kn o wn  a s  I S O ,  a d d r e s s e s  O E A c o n s i d e r ‐
ati o n s  i n  th e  s tan d a r d  I S O  1 0 1 5 6 ,  Gas Cylinders — Gases
and gas mixtures — Determination of fre potential and oxidiz‐
ing ability for the selection of cylinder valve outlets,  wh i c h
tr e a ts  O E A c o n d i ti o n s  a s  th o s e  e q u a l  to  o r  gr e a te r  th a n
2 3 . 5  p e r c e n t o x yge n  b y vo l u m e .

( 7 ) M I L - S T D :  A U n i te d  S tate s  d e fe n s e  s ta n d a r d  o r  M i l i tar y
S tan d a r d  i s  kn o wn  as  an  M I L -S T D .  O n e  s u c h  M I L -S T D
th at ad d r e s s e s  O E A c o n s i d e r ati o n s  i s  M I L -S T D -1 3 3 0 D ,
Precision Cleaning and Testing of Shipboard Oxygen,  Helium,
Helium-Oxygen,  Nitrogen,  and Hydrogen Systems,  wh i c h
tr e a ts  O E A c o n d i ti o n s  a s  th o s e  gr e a te r  th a n  2 5  p e r c e n t
o x yg e n  b y vo l u m e .

( 8 ) N F PA:  T h e  N ati o n al  F i r e  P r o te c ti o n  As s o c i ati o n  ( N F PA)
ad d r e s s e s  O E A c o n s i d e r ati o n  i n  s e ve r al  d o c u m e n ts ,
i n c l u d i n g  th e  fo l l o wi n g:

( a) N F PA 9 9  defnes  an  o x yg e n -e n r i c h e d  atm o s p h e r e
a s  an  a tm o s p h e r e  i n  wh i c h  th e  c o n c e n tr ati o n  o f

o x yge n  e x c e e d s  2 3 . 5  p e r c e n t b y vo l u m e ;  an d  a n
atm o s p h e r e  o f i n c r e a s e d  b u r n i n g  r a te  as  an y

a tm o s p h e r e  c o n tai n i n g a p e r c e n tag e  o f o x yge n  o r
o x yge n  a n d  n i tr o u s  o x i d e  g r e ate r  th a n  th e
q u o ti e n t o f 2 3 . 4 5  d i vi d e d  b y th e  s q u ar e  r o o t o f th e

to ta l  p r e s s u r e  i n  a tm o s p h e r e s  ( e . g . ,  2 3 . 4 5 / P atm
0 . 5 ) .

N F PA 9 9  specifed  a n  O E A b as e d  o n  a n  i n c r e as e d
fre  h az ar d ,  r e l a te d  to  th e  i n c r e as e d  b u r n i n g r a te

o f flter  p ap e r  wi th  i n c r e a s e d  o x yg e n  c o n c e n tr a‐
ti o n  ( S c h m i d t,  e t a l .  [ 1 ] ) .  T h i s  s tan d ar d  h a s  al s o
r e c o g n i z e d  th e  h az ar d  o f an  i n c r e a s e d  fre  s p r e ad

r ate  wh e n  to ta l  p r e s s u r e  i n c r e a s e s ,  as  i n  h yp e r b ar i c
c h a m b e r s ,  an d  p r o vi d e s  th e  O E A r e l ati o n s h i p ,
2 3 . 4 5 / P atm

0 . 5 .
( b ) N F PA 9 9 B  defnes  an  o x yge n - e n r i c h e d  atm o s p h e r e

as  an  atm o s p h e r e  i n  wh i c h  th e  c o n c e n tr ati o n  o f
o x yg e n  e x c e e d s  2 3 . 5  p e r c e n t b y vo l u m e ;  an d  an
a tm o s p h e r e  o f i n c r e as e d  b u r n i n g r ate  as  a n y

atm o s p h e r e  c o n tai n i n g  a p e r c e n ta ge  o f o x yg e n  o r
o x yg e n  a n d  n i tr o u s  o x i d e  gr e a te r  th a n  th e
q u o ti e n t o f 2 3 . 4 5  d i vi d e d  b y th e  s q u ar e  r o o t o f th e

to tal  p r e s s u re  i n  atm o s p h e r e s  ( e . g . ,  2 3 . 4 5 / P atm
0 . 5 ) .

( 9 ) N O AA:  N ati o n a l  O c e a n i c  an d  Atm o s p h e r i c  Ad m i n i s tr a‐
ti o n ’ s  ( N O AA)  Diving Manual tr e ats  O E A c o n d i ti o n s  a s
th o s e  wi th  gr e a te r  th an  4 0  p e r c e n t o x yg e n  b y vo l u m e .

( 1 0 ) O S H A:  T h e  O c c u p a ti o n a l  S afe ty a n d  H e al th  Ad m i n i s tr a‐
ti o n  ( O S H A)  a l s o  ad d r e s s  O E A c o n s i d e r ati o n s  i n  s e ve r al

d o c u m e n ts ,  i n c l u d i n g  th e  fo l l o wi n g:

( a) O S H A 2 9  C F R 1 9 1 0 . 4 3 0  ( i ) ( 2 ) :  Tr e a ts  O E A c o n d i ‐
ti o n s  as  th o s e  wi th  gr e a te r  th a n  4 0  p e r c e n t o x yge n
b y vo l u m e  fo r  c o m m e r c i a l  d i vi n g  e q u i p m e n t/ o p e r ‐

a ti o n  e x c e p t u m b i l i c al s .
( b ) O S H A 2 9  C F R 1 9 1 0 . 1 4 6 :  Tr e ats  O E A c o n d i ti o n s  a s

th o s e  wi th  g r e ate r  th an  2 3 . 5  p e r c e n t o x yg e n  b y
vo l u m e  fo r  p e r m i t-r e q u i r e d  confned  s p ac e s .

( c ) O S H A 2 9  C F R 1 9 1 5 . 1 1 :  Tr e ats  O E A c o n d i ti o n s  a s
th o s e  wi th  e q u al  to  o r  g r e ate r  th a n  2 2  p e r c e n t

o x yge n  b y vo l u m e  fo r  confned  an d  e n c l o s e d
s p ac e s  a n d  o th e r  d an g e r o u s  atm o s p h e r e s  i n  s h i p ‐

yar d  e m p l o ym e n t.

I n  N F PA 5 3 ,  an  O E A i s  c o n s i d e r e d  an y atm o s p h e r e  wi th  gr e a te r
th a n  2 1  p e r c e n t o x yg e n  ( b y vo l u m e )  o r  a  p ar ti a l  p r e s s u r e
gr e a te r  th an  1 6 0  to r r ;  an d  i s  e s ta b l i s h e d  to  e m p h as i z e  th e

p o te n ti a l  c h an g e s  i n  m a te r i al  fammability h a z a r d s  th a t o c c u r
as  o x yg e n  c o n c e n tr ati o n s  i n c r e a s e  a b o ve  a m b i e n t.  I n c r e m e n tal
i n c r e as e s  i n  o x yg e n  c o n c e n tr ati o n  c a n  r e s u l t i n  e n h a n c e d  fam‐
mability o f a var i e ty o f m ate r i al s ,  p ar ti c u l ar l y n o n m e tal s .

S u b s tan ti a l  te s ti n g h a s  e s tab l i s h e d  th at a s  th e  o x yg e n  c o n c e n ‐
tr a ti o n  ( o r  o x yg e n  p ar ti a l  p r e s s u r e )  i n c r e as e s  a b o ve  2 1  p e r c e n t,

a n  a c c o m p a n yi n g i n c r e a s e  i n  th e  fre  s p r e ad  r ate ,  d e c r e as e s  i n
i g n i ti o n  e n e r g y,  a n d  a  r e d u c ti o n  i n  th e  a u to g e n o u s  i gn i ti o n
te m p e r a tu r e  ( AI T )  al s o  o c c u r.  F o r  i n s ta n c e ,  1 0 0  p e r c e n t c o tto n

c l o th  e x h i b i ts  a s te ad y i n c r e a s e  i n  b u r n  r a te  fr o m  7  c m / m i n  a t
2 1  p e r c e n t O 2  to  2 5  c m / m i n  a t 4 5  p e r c e n t O 2  i n  te s ti n g  b y
AS T M  G1 2 5 ,  Standard Test Method for Measuring Liquid and Solid

Material Fire Limits in Gaseous Oxidants,  at 1  atm ,  as  s h o wn  i n
F i g u r e  A. 3 . 3 . 2 5 ( a) .  T h i s  te s ti n g  was  confgured  to  i g n i te  th e
s a m p l e  a t th e  to p  o f a te s t m ate r i al  wi th i n  a c o l u m n  o f o x yg e n /

n i tr o g e n  fow as c e n d i n g  s l o wl y a t 3 –5  c m / s e c .  T h e  te s ti n g
r e p o r te d  h e r e  was  a l l  c o n d u c te d  at 3  c m / s e c  to  m i n i m i z e  th e
fow e ffe c t o n  p r o p ag ati o n .  T h e  fame  s p r e a d  r ate  wa s  e val u ‐

ate d  fo r  d o wn war d  b u r n i n g,  p r o p ag ati n g  a ga i n s t th e  d i r e c ti o n
o f p r e d o m i n a n t fow.  I t i s  n o te wo r th y th a t fo r  th e  c o n d i ti o n s  o f
th e  AS T M  G1 2 5  te s t,  b e twe e n  4 5  p e r c e n t a n d  5 0  p e r c e n t

o x yge n ,  a d r am ati c  i n c r e a s e  i n  b u r n  r ate  ( i . e . ,  fashover)  d e ve l ‐
o p s  as  o b s e r ve d  b y th e  s u d d e n  i n c r e as e  i n  fre  s p r e ad  r ate .
F u r th e r,  i n  i g n i ti o n  te s ti n g ,  th e  c o tto n  c l o th  al s o  e x h i b i ts  a

r ap i d  r e d u c ti o n  i n  i g n i ti o n  e n e r gy b y e l e c tr o s tati c  d i s c h ar g e
( E S D )  fr o m  a b o u t 9 0  m J  a t 1  atm  ( 1 6 0  to r r )  to  4 4  m J  a t 3  atm
( 4 7 8  to r r ) ,  p e r  u n p u b l i s h e d  te s ti n g  p e r fo r m e d  b y WH A I n te r ‐

n ati o n al  I n c .  c o m p ar e d  wi th  E S D  te s ti n g  b y NAS A i n  T N -
D -5 5 7 9 ,  “ S tati c  E l e c tr i c i ty i n  th e  Ap o l l o  S p ac e c r aft, ”  a s  s h o wn  i n
F i g u r e  A. 3 . 3 . 2 5 ( b ) .

F u r th e r,  th e  O E A m a te r i al  h az ar d s  d i s c u s s e d  p r e vi o u s l y ar e
e x a gg e r ate d  b y i n c r e as e d  p r e s s u r e .  ( S m i th  [ 2 ] )  h as  r e p o r te d
th a t “ m ate r i al s  a r e  e a s i e r  to  i g n i te  a s  o x yg e n  c o n c e n tr a ti o n

i n c r e as e s , ”  an d  r e p o r ts  AI T  tr e n d s  fo r  s i x  c o m m o n  n o n m e tal l i c
s e a l i n g m a te r i al s  i n  Ta b l e  A. 3 . 3 . 2 5 .  I n  Tab l e  A. 3 . 3 . 2 5 ,  th e
o x yge n  i n d e x  ( O I )  b y AS T M  G1 2 5  i s  a l s o  s h o wn .  I t i s  n o te wo r ‐

th y th at th e  c h an g e  i n  AI T  wi th  O 2  c o n c e n tr ati o n  ap p e a r s  to
va r y m o r e  wi th  th e  specifc  m ate r i a l  p r o p e r ti e s  th an  wi th  th e
O I  e x h i b i te d  b y th e  m a te r i al  ( n o te  c o m p a r i s o n  o f S i l i c o n e

Ru b b e r  wi th  Z yte l  4 2 ) .  T h e  p r e s s u r e  d e p e n d e n c e  was  al s o
d e m o n s tr ate d  b y ( B e n n i n g [ 3 ] )  fo r s e ve r al  c o m m o n  s e al i n g
m a te r i al s  s u b j e c te d  to  p r e s s u r i z e d  O I  te s ti n g  [see Figure

A. 3. 3. 25(c)].  I n  th e  B e n n i n g te s ts ,  th e  m a te r i al s  e x h i b i te d  an
i n c r e as e  i n  b u r n  r a te  wi th  i n c r e as i n g  p r e s s u r e s  wh e n  c o m p ar e d
at th e  s a m e  c o n c e n tr a ti o n s .  F o r  i n s tan c e ,  th e  b u r n i n g  r a te  fo r

P T F E  at a c o n c e n tr ati o n  o f ab o u t 8 1  p e r c e n t i n c r e as e d  b y a
fa c to r  o f ab o u t 5  fr o m  1 . 7  atm  to  1 0 . 5  a tm .  Vi to n  e x h i b i te d  a
s i m i l a r  tr e n d  wi th  p r e s s u r e  i n c r e as e s  a b o ve  a m b i e n t.  F u r th e r,

a l l  m ate r i a l s  te s te d  e x h i b i te d  a s tr o n g i n c r e as e  i n  b u r n  r a te ,  a t
1 0 . 5  a tm ,  as  o x yg e n  c o n c e n tr a ti o n  i n c r e as e d ,  a s  s h o wn  i n  th e
tr e n d l i n e s  fo r  F i gu r e  A. 3 . 3 . 2 5 ( c ) .  ( S e e  G . 1 . 2 . 1 0 . 1  fo r  r e fe r e n ‐

c e s . )

A. 3 . 3 . 2 6  P re s s u re .    A n e wto n  i s  th a t fo r c e  th at c a u s e s  a  m a s s  o f
1  ki l o g r am  to  ac c e l e r a te  1  m e te r  p e r  s e c o n d .

O n e  atm o s p h e r e  ( a tm )  =  3 3  fe e t o f wa te r  ( 3 9 . 2 ° F )  =  1 4 . 7
p o u n d s  p e r  s q u a r e  i n c h  ( p s i )  =  7 6 0  m i l l i m e te r s  o f m e r c u r y
( m m  H g )  ( 0 ° C )  =  7 6 0  to r r  =  1 0 1 , 3 2 5  n e wto n s  p e r  s q u ar e  m e te r

( N / m 2 )  =  1 0 1 , 3 2 5  p as c al s  ( P a) .

A. 5 . 1    S e e  An n e x  F  fo r  a d d i ti o n al  g u i d a n c e .



AN N E X  A 5 3 - 1 3

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

N Tab l e  A. 3 . 3 . 2 5  C h an ge  i n  AI T  wi th  O x yge n  P e rc e n tage  ( b y AS T M  G 7 2  at 1 0 2  atm )

  Ave rage  AI T  ( ° C )

M ate ri al

O x yge n
I n d e x *

( O I % ) 2 1 % 3 4 % 4 5 % 1 0 0 %

P o l ys i l o x an e  ( S i l i c o n e  Ru b b e r ) 2 1 3 0 6 3 0 1 3 0 1 3 0 2
N i tr i l e  Ru b b e r  ( B u n a  N ® ) 2 2 3 9 4 3 9 2 3 9 1 3 8 5

P o l yam i d e  ( Z yte l ®  4 2 ) 3 0 2 7 2 2 5 5 2 4 7 2 0 3
F KM  E l as to m e r  ( Vi to n ®  A) 3 2 3 1 2 3 0 5 2 9 9 2 9 3

P o l yi m i d e  S P - 2 1  ( Ve s p e l ®  S P -2 1 ) 5 3 4 2 0 3 7 6 3 6 8 3 4 2
Polytetrafuoroethylene  (Tefon® ) 9 5 4 4 6 4 4 2 4 4 0 4 3 9

* M e a s u re d  O I  va l u e s  va r y wi th i n  th e  te c h n i c a l  l i te r a tu r e  a n d  c a n  var y a  fe w p e r c e n t fr o m  o n e  l a b o r a to r y to
an o th e r.  F o r  i n s ta n c e ,  m e a s u r e d  O I  va l u e s  fo r  N i tr i l e  r u b b e r  a r e  r e p o r te d  a s  l o w as  1 8  p e r c e n t.  F u r th e r  O I
va l u e s  c a n  var y b e twe e n  d i ffe r e n t c o m p o u n d s  o f th e  s a m e  m a te r i a l .
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N FI G U RE  A. 3 . 3 . 2 5 ( a)   C o tto n  B u r n  Rate  b y AS T M  G 1 2 5 .
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N FI G U RE  A. 3 . 3 . 2 5 ( b )   C o tto n  I gn i ti o n  E n e rgy ( m J )  vs .  O 2  P ar ti al  P re s s u re  ( to r r) .



M AT E RI AL S ,  E QU I P M E N T,  AN D  S YS T E M S  U S E D  I N  O X YG E N -E N RI C H E D  AT M O S P H E RE S5 3 - 1 4

2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

A. 5 . 1 . 1    O th e r  c o n s i d e r ati o n s  i n c l u d e  th e  d e te r i o r ati o n  s ta b i l ‐
i ty a s  we l l  a s  th e  c ar e fu l  as s e s s m e n t o f an y p o te n ti al  i gn i ti o n
s o u r c e s  c ap ab l e  o f i n i ti ati n g  c o m b u s ti o n  i n  s u c h  atm o s p h e r e s .

A. 5 . 2 . 1    N o n m e tal s  ar e  m o r e  s u s c e p ti b l e  to  i gn i ti o n  th a n
m e tal s  [ m o s t n o n m e tal s  a r e  fammable  i n  o x yge n  at 1 0 1 . 3  kP a
( 1  a tm )  o r  gr e a te r ] .  I n  m an y i n s tan c e s ,  fai l u r e s  o f m e tal l i c
c o m p o n e n ts  ar e  c au s e d  b y a p o l ym e r  i g n i ti o n ,  wh i c h  p r o vi d e s
suffcient e n e r g y fo r  th e  m e tal  to  i g n i te .

A. 5 . 2 . 2    M a te r i al s  i n  an  o x yg e n  e n vi r o n m e n t b e l o w th e i r  a u to ‐
i g n i ti o n  te m p e r a tu r e  ( AI T )  d o  n o t i g n i te  wi th o u t an  i gn i ti o n
s o u r c e .  T h e  r ate  o f e n e r gy i n p u t h as  to  e x c e e d  th e  r a te  o f h e a t
d i s s i p ati o n  b e fo r e  i g n i ti o n  c a n  o c c u r.  I gn i ti o n  te m p e r atu r e  i s
d e p e n d e n t o n  th e  p r o p e r ty o f th e  m ate r i a l ,  th e  confguration,
th e  e n vi r o n m e n t ( te m p e r atu r e ,  p r e s s u r e ,  o x yg e n  c o n c e n tr a‐
ti o n ,  a n d  fu e l  c h ar ac te r i s ti c s ) ,  an d  th e  d yn a m i c  c o n d i ti o n s  fo r
fow s ys te m s .

N o n m e tal s ,  s u c h  as  p o l ym e r s ,  g e n e r al l y i gn i te  a t l o we r
te m p e r a tu r e s  a n d  p r e s s u r e s  th a n  m e tal s ;  n o n m e tal s  c a n  b u r n
at o x yge n  p r e s s u r e s  l o we r  th a n  7  kP a ( a b s o l u te  p r e s s u r e  o f 1
p s i ) .  T h e  p r i m a r y c o n c e r n  wi th  n o n m e tal s  i n  o x yg e n  s ys te m s  i s
th at,  i f i gn i te d ,  th e y m i g h t c a u s e  d a m ag e  to  th e  o x yg e n  s ys te m
o r  i n j u r y to  p e r s o n s  i n  th e  vi c i n i ty.  D a m a ge  th at m i gh t r e s u l t
i n c l u d e s  p r o p ag ati o n  o f th e  fre  to  m e tal l i c  c o m p o n e n ts ,  l o s s  o f
fu n c ti o n  ar i s i n g  fr o m  s ys te m  l e aks ,  a n d  to x i c  c o m b u s ti o n  an d
p yr o l ys i s  p r o d u c ts  e n te r i n g  th e  o x yg e n  s ys te m .

I n  g e n e r al ,  b u l k m e ta l s  a r e  n o t e a s i l y i g n i te d .  Wh e n  i gn i te d ,
h o we ve r,  b u r n i n g m e ta l s  c an  c au s e  m o r e  d a m a ge  th a n  b u r n i n g
n o n m e tal s  b e c a u s e  o f th e i r  h i g h e r  fame  te m p e r atu r e s  an d
b e c a u s e  th e y u s u a l l y p r o d u c e  l i q u i d  c o m b u s ti o n  p r o d u c ts  th at
s p r e ad  fres  r e ad i l y.  Al s o ,  m e tal s  c o m p r i s e  th e  m aj o r  s ys te m
c o m p o n e n ts ,  s u c h  a s  va l ve  b o d i e s  a n d  p r e s s u r e  ve s s e l s ,  s o  th a t
wh e n  th e y i g n i te  a n d  b u r n ,  o x yge n  i s  r e l e as e d  to  th e  s u r r o u n d ‐
i n g a r e as  i n  an  e x p l o s i ve  m an n e r.

A. 5 . 2 . 3    F o r  m o r e  i n fo r m ati o n ,  s e e  AS T M  G 9 3  an d  C GA G -4 . 1 .

A. 5 . 3 . 2    T h e  r e s i s tan c e  to  i g n i ti o n  fo r  m e ta l s  c a n  b e  e n h an c e d
b y a p r o te c ti ve  o x i d e  c o a ti n g o n  th e  m e tal  s u r fa c e .

A. 5 . 3 . 3    Al u m i n u m  a l l o ys  i n  h i gh - p r e s s u r e  o x yge n  i g n i te  e a s i l y,
b u r n  r ap i d l y,  a n d  h a ve  ve r y h i gh  h e ats  o f c o m b u s ti o n .  Al u m i ‐
n u m  i s  e as i l y i g n i te d  b y fr i c ti o n  b e c a u s e  th e  we ar  d e s tr o ys  i ts

p r o te c ti ve  o x i d e  l aye r ;  th e r e fo r e ,  a l u m i n u m  s h o u l d  n o t b e  u s e d
i n  s ys te m s  wh e r e  fr i c ti o n a l  h e ati n g  i s  p o s s i b l e .

A. 5 . 3 . 4    N i c ke l ,  s i l ve r,  b r o n z e ,  o r  M o n e l ®  a l l o ys  a r e  r e c o m m e n ‐
d e d ,  a l th o u gh  M o n e l  wi r e  m e s h e s  ar e  kn o wn  to  b e  fammable
i n  e l e va te d -p r e s s u r e  o x yg e n  e n vi r o n m e n ts ,  ( S to l tz fu s ,  L o wr i e ,

an d  Gu n a j i ) .  Al u m i n u m  al l o ys  a r e  m o r e  s u i ta b l e  fo r  s ta ti c
c o m p o n e n ts  at l o w o x yg e n  fow r ate s ,  s u c h  a s  o x yg e n  s to r a ge
tan ks ,  th an  fo r  c o m p o n e n ts  wi th  i n te r n al  m o ve m e n t an d  var i a‐

b l e  fow r ate s ,  s u c h  a s  val ve s  an d  r e g u l ato rs .

A. 5 . 3 . 7    M an y o th e r  m e ta l s  an d  al l o ys  e x i s t th at h ave  m e c h a n i ‐
c a l  p r o p e r ti e s  s u i te d  to  ap p l i c a ti o n s  i n  h i g h -p r e s s u r e  o x yg e n

s ys te m s .  N e w a l l o ys  ar e  c o n ti n u al l y b e i n g  d e ve l o p e d ,  an d  s o m e
a r e  b e i n g  d e s i g n e d  th at r e s i s t i gn i ti o n  an d  d o  n o t s u p p o r t s e l f-

s u s ta i n e d  c o m b u s ti o n  i n  h i gh - p r e s s u r e  o x yge n  s ys te m s .

A. 6 . 2    T h e  u s e  o f i g n i ti o n - an d  b u r n -re s i s tan t m a te r i al s  fo r
c o m p o n e n ts  i n  o x yge n  s ys te m s  wi l l  n o t e l i m i n ate  fres  i n  O E As .

F o r  m o r e  i n fo r m a ti o n ,  s e e  AS T M  G6 3 ,  AS T M  G8 8 ,  an d  AS T M
G 9 4 .

A. 6 . 3 ( 1 )    O r ga n i c ,  n o n m e tal l i c  m a te r i al s  e x p o s e d  to  o x yge n
fow c an  b e  r e a d i l y h e ate d  th r o u g h  r ap i d  c o m p r e s s i o n  o f th e

ga s  ( S h e l l e y,  C h r i s ti a n s o n ,  an d  S to l tz fu s ,  1 9 9 3 )  o r  r e a d i l y i g n i ‐
te d  th r o u g h  ki n d l i n g–c h ai n  r e ac ti o n s .  M i n i m i z i n g  o r g an i c ,
n o n m e tal l i c  m ate r i a l s ’  e x p o s u r e  b y s h i e l d i n g  wi th  s u r r o u n d i n g

m e tal s  c a n  signifcantly r e d u c e  i g n i ti o n  h az ar d s .

A. 6 . 3 ( 2 )    O r ga n i c ,  n o n m e ta l l i c  m ate r i a l s ,  s u c h  a s  s e al s ,  c o a t‐
i n g s ,  an d  l u b r i c an ts ,  ar e  s u s c e p ti b l e  to  i gn i ti o n  fr o m  h e ati n g

c a u s e d  b y r ap i d  p r e s s u r i z ati o n .  F o r  e x a m p l e ,  Tefon® -l i n e d  fex‐
ible  h o s e  ar e  s e n s i ti ve  to  th i s  i g n i ti o n  m o d e ,  an d ,  th e r e fo r e ,

th e i r  u s e  wi th  r ap i d  p r e s s u r i z ati o n  a p p l i c a ti o n s  i s  d i s c o u r ag e d
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N FI G U RE  A. 3 . 3 . 2 5 ( c )   M ate ri al  B ur n i n g Rate  at 1 0 . 5  atm  wi th  I n c re as e d  O x yge n  C o n c e n trati o n
( b as e l i n e  p re s s u re / c o n c e n trati o n  c o n d i ti o n s  al s o  s h o wn  fo r e ac h  m ate ri al ) .



AN N E X  A 53-15

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

( J an o ff e t al . ,  1 9 8 9 ) .  P r e s s u r i z ati o n  r ate s  o f val ve  a n d  r e g u l ato r
ac tu ato r s  s h o u l d  b e  m i n i m i z e d .  I n  s o m e  a p p l i c a ti o n s ,  u s e  o f
fow-metering  d e vi c e s  i s  p r u d e n t fo r  m an u a l l y ac tu ate d  va l ve s ,
e s p e c i al l y fo r  q u ar te r-tu r n  b a l l  val ve s .

A.6.3(3)    L i m i ti n g  fow ve l o c i ti e s  m i n i m i z e s  e r o s i o n  p r o b l e m s
an d  r e d u c e s  th e  r i s k o f p ar ti c l e - i m p a c t i g n i ti o n s .  Al th o u g h
e ac h  m ate r i a l  a n d  confguration  c o m b i n ati o n  n e e d s  to  b e
re vi e we d  i n d i vi d u al l y,  fuid  ve l o c i ti e s  a b o ve  3 0 . 5  m / s e c  ( 1 0 0  ft/
s e c )  s h o u l d  r e c e i ve  s p e c i al  atte n ti o n ,  e s p e c i al l y at fow r e s tr i c ‐
ti o n s  ( Wi l l i am s ,  B e n z ,  an d  M c I l r o y,  1 9 8 8 ;  B e n z ,  Wi l l i a m s ,  an d
Ar m s tr o n g ,  1 9 8 6 ;  a n d  C G A G- 4 ) .

A.6.3(4)    M e c h a n i c al  i m p ac t c a n  c au s e  i g n i ti o n  o f c o n tam i ‐
n a n ts  an d  o r ga n i c ,  n o n m e tal l i c  m ate r i al s .  Re l i e f val ve s ,  s h u to ff
va l ve s ,  r e g u l ato r s ,  an d  s u b m i n i a tu r e  p ar ts  e s p e c i a l l y s h o u l d  b e
r e vi e we d  fo r  th i s  h az ar d .

A.6.3(5)    F r i c ti o n a l  h e ati n g ,  s u c h  a s  h e ati n g  th a t o c c u r s  wi th
b e a r i n g s ,  p i s to n s ,  a n d  p u m p  i m p e l l e r s ,  c an  c a u s e  i g n i ti o n s
( D e e s  a n d  P e te r s o n ,  1 9 9 2 ) .  An y c o n ta m i n ati o n  n e a r  th e  h e ate d
r e gi o n  c an  a l s o  b e  i gn i te d .  F r i c ti o n al  h e ati n g  h a z a r d s  c an  b e
r e d u c e d  b y c ar e fu l l y c o n tr o l l i n g  s u r fac e  fnishes,  coeffcients  o f
fr i c ti o n ,  al i g n m e n t,  an d  fow-induced  c o o l i n g .  F r i c ti o n al  h e a t‐
i n g h as  a l s o  b e e n  fo u n d  to  i g n i te  m ate r i a l s  i n  c r yo g e n i c  a p p l i ‐
c a ti o n s .

A.6.3(6)    T h e  r i s k o f p a r ti c l e  i m p ac t i g n i ti o n s  c an  b e  r e d u c e d
i f p o te n ti a l  i m p a c t s u r fa c e s  ar e  d e s i g n e d  wi th  s h al l o w i m p ac t
an g l e s  to  r e d u c e  th e  ki n e ti c  e n e r gy ab s o r b e d  b y th e  i m p ac t
s u r fac e  u p o n  i m p ac t ( C h r i s ti an s o n  an d  P l a n te ,  1 9 8 9 ) .

A.6.3(7)    B u r r s  an d  s h ar p  e d g e s  o n  e q u i p m e n t p r o vi d e  i g n i ‐
ti o n  s o u r c e s  fo r  p ar ti c l e  i m p a c t a n d  th e  i n g r e d i e n ts  fo r
ki n d l i n g–c h ai n  c o m b u s ti o n  p r o p ag ati o n  ( C h r i s ti a n s o n  an d
P l a n te ,  1 9 8 9 ) .  Re m o va l  o f th i s  m ate r i a l  i s  s ta n d a r d  s h o p  p r a c ‐
ti c e  an d  i s  e s s e n ti a l  to  avo i d  o x yg e n -e n r i c h e d  i g n i ti o n s .

A.6.3(8)    T h e s e  p a r ti c l e s  c o u l d  b e  a  s o u r c e  o f p a r ti c l e  i m p ac t
i gn i ti o n .  D e s i gn s  s h o u l d  h a ve  p r o vi s i o n s  to  m i n i m i z e  p ar ti c l e
ge n e r ati o n  th r o u gh  th e  n o r m al  o p e r a ti o n  o f val ve  s te m s ,
p i s to n s ,  an d  o th e r  m o vi n g p a r ts .  B e ar i n gs ,  b u s h i n gs ,  an d
confgurations  c a n  b e  u s e d  to  ke e p  p a r ti c l e s  a way fr o m  o x yge n -
we tte d  r e gi o n s .  Ad d i ti o n al l y,  p r o p e r  as s e m b l y,  c l e an i n g,  an d
m a i n te n an c e  p r a c ti c e s  s h o u l d  m i n i m i z e  c o n tam i n a ti o n .

A.6.3(9)    Ro ta ti n g val ve  s te m s  a n d  s e al s  c an  ga l l  a n d  ge n e r a te
p ar ti c l e s .

A.6.3(10)    E l e c tr i c a l  ar c s  i n  o x yg e n -e n r i c h e d  e n vi r o n m e n ts  c an
l e ad  to  h e ati n g  an d  s u b s e q u e n t i g n i ti o n .

A.6.3(11)    L o n g ,  n ar r o w p as s ag e s  o r  b l i n d  p as s ag e s  ar e  diffcult
to  c l e a n  an d  to  i n s p e c t fo r  c l e a n l i n e s s .  Ad d i ti o n al l y,  th e s e
p as s ag e s  c an  p r o vi d e  a l o c a ti o n  fo r  p ar ti c l e s  to  a c c u m u l a te
d u r i n g o p e r ati o n  o f th e  e q u i p m e n t.  T h i s  c o n tam i n ati o n  c an
m a ke  th e  e q u i p m e n t s u s c e p ti b l e  to  p a r ti c l e  i m p a c t,  r ap i d
c o m p r e s s i o n ,  an d  r e s o n an t c a vi ty i g n i ti o n s .

A.6.3(12)    C a vi ti e s ,  e s p e c i al l y th o s e  fo r m e d  at th e  i n te r s e c ti o n
o f m a ti n g p ar ts  i n  a s s e m b l i e s ,  c r e ate  a  l o c ati o n  wh e r e  c o n tam i ‐
n a ti o n  c an  ac c u m u l ate  a n d  i n c r e a s e  i g n i ti o n  r i s ks ,  as  i n  b l i n d
p as s ag e s .

A.6.3(14)    Vi b r ati o n s  c an  c au s e  fr e tti n g ,  ga l l i n g ,  i m p ac ti n g ,
an d  p ar ti c l e  g e n e r ati o n  i n  c o m p o n e n ts  an d  s ys te m s .  C h e c k
val ve  c h atte r  a n d  va l ve  p o p p e t o s c i l l ati o n s  a r e  e x am p l e s  o f th i s
p h e n o m e n o n .  P ar ti c l e  ac c u m u l ati o n s  wi l l  i n c r e as e  th e  r i s k o f
p ar ti c l e -i m p a c t i g n i ti o n s .

A.6.3(15)    S e a l s  wi l l  d e gr a d e  wi th  ti m e  an d  u s e .  E ve n tu a l l y,
th e y c an  b e  e x p e c te d  to  fai l  to  s e al  th e  c o n ta i n e d  fuid.  Wh e n

th i s  h a p p e n s ,  th e  e ffe c ts  o f a n  o x yge n - e n r i c h e d  e x te r n a l  e n vi ‐
r o n m e n t,  h i gh -ve l o c i ty l e akag e ,  a n d  l o s s  o f m e c h a n i c al  i n te g‐

r i ty m u s t b e  ad d r e s s e d .

A.6.3(16)    S e a l e d  p ar ts  th at r e q u i r e  r o tati o n  at as s e m b l y,  s u c h
as  O - r i n g s  o n  th r e a d e d  s h a fts ,  c a n  g e n e r ate  p ar ti c l e s  th a t c a n

m i gr a te  i n to  th e  fow s tr e am .  P ar ti c l e  g e n e r ati o n  al s o  o c c u r s  i n
b a l l  val ve s  wh e r e  o p e r ati o n  o f th e  val ve  r o tate s  a b al l  o n  a

n o n m e tal l i c  s e at.

A r e l ate d  p h e n o m e n o n  th a t c a n  b e  d e s c r i b e d  as  fe ath e r i n g
o c c u r s  wh e n  val ve  s te m s  ar e  r o ta te d  ag ai n s t s o m e  n o n m e tal l i c

s e a ts .  B e c au s e  o f th e  m e c h an i c al  p r o p e r ti e s  o f s o m e  n o n m e tal ‐
l i c  m ate r i al s ,  a  th i n ,  fe a th e r l i ke  p r o j e c ti o n  o f m ate r i a l  i s  e x tr u ‐

d e d  fr o m  th e  s e at.  T h e  fe ath e r e d  m ate r i al  i s  m o r e  i g n i ti b l e
th a n  th e  s e at i ts e l f.

N o n m e tal l i c  m ate r i a l s  s u b j e c t to  fe a th e r i n g s h o u l d  b e  u s e d
wi th  c a u ti o n  fo r  s e a l s  an d  s e a ts  i n  r o ta ti n g confgurations.  B a l l
val ve s  a r e  n o t r e c o m m e n d e d  fo r  o x yge n  s ys te m s  b e c a u s e  o f

th e i r  te n d e n c y to  ge n e r a te  p ar ti c l e s  an d  th e i r  fas t o p e n i n g
ti m e s ,  wh i c h  c r e ate s  r a p i d  p r e s s u r i z ati o n  o f s ys te m s .

A.6.3(17)    T h e  wa l l s  b e twe e n  i n n e r  c avi ti e s  o r  p a s s a ge wa ys  an d
th e  o u te r  s u r fac e  o f c o m p o n e n t h o u s i n gs  c a n  b e c o m e  s o  th i n
th at s tr e s s  c o n c e n tr ati o n s  r e s u l t wh e n  p r e s s u r e  i s  i n tr o d u c e d .

B e c au s e  g e o m e tr i e s  b o th  i n s i d e  an d  o u ts i d e  c an  b e  c o m p l e x ,  i t
m i gh t n o t b e  o b vi o u s  fr o m  d r awi n g s  o r  e ve n  fr o m  d i r e c t
i n s p e c ti o n  th at s u c h  th i n ,  h i gh l y s tr e s s e d  ar e as  e x i s t.  I f s u c h

wal l s  b e c o m e  to o  th i n ,  th e y m i g h t r u p tu r e  u n d e r  p r e s s u r e  l o ad ‐
i n g.  T h e  e n e r g y r e l e a s e d  b y th e  r u p tu r e  c an  r ai s e  th e  te m p e r a‐
tu r e  i n  th e  r u p tu r e  z o n e .  T h e  fa i l e d  s e c ti o n  c an  e x p o s e  b a r e ,

j a gg e d  m e ta l  th a t c an  o x i d i z e  r ap i d l y an d  h e a t e n o u g h  to  i g n i te
a n d  b u r n .

A.6.3(18)    A s i n gl e -b ar r i e r  fa i l u r e  i s  defned  as  a l e ak i n  wh i c h
o n l y th e  p r i m ar y c o n tai n m e n t s tr u c tu r e  i s  b r e ac h e d .  S u c h  a
l e ak i n tr o d u c e s  o x yg e n  i n to  a  r e gi o n  n o t n o r m al l y e x p o s e d  to

o x yge n .  T h e  m ate r i al s  o r  confguration  o f p a r ts  i n  th i s  r e gi o n
m i gh t n o t b e  c o m p a ti b l e  wi th  h i g h -p r e s s u r e  o x yg e n .

An y s i tu a ti o n  i n  wh i c h  a s i n g l e  b a r r i e r  c a n  fa i l  s h o u l d  b e
a n al yz e d  d u r i n g th e  d e s i gn  p h as e .  T h e  s i n g l e -b a r r i e r  fai l u r e

an al ys i s  m i g h t c o n s i s t o f an  e n gi n e e r i n g  e val u a ti o n  o f th e
confguration,  i n c l u d i n g  an  an al ys i s  o f th e  c o m p ati b i l i ty o f
m a te r i al s  e x p o s e d  b y th e  fa i l u r e  wi th  th e  h i g h -p r e s s u r e  o x yg e n .

T h e  p u r p o s e  o f th e  an al ys i s  s h o u l d  b e  to  d e te r m i n e  i f a  b ar r i e r
fai l u r e  i s  c r e d i b l e  an d  i f e x p o s u r e  o f i n c o m p a ti b l e  m a te r i al s
c a n  c r e ate  a  h a z a r d .  I f th e  h az ar d  c an n o t b e  a s s e s s e d

ad e q u ate l y b y an al ys i s ,  a confgurational  te s t c a n  b e  p e r fo r m e d .

A.6.3(19)    S tan d ar d  m a n u fac tu r e r s ’  d i m e n s i o n s  an d  to l e r a n c e s
s h o u l d  b e  i n c o r p o r ate d  i n to  d e s i g n s  u n l e s s  a n  u n u s u al  o ve r r i d ‐

i n g d e s i g n  c o n s tr a i n t d e m a n d s  th e  c h a n ge .  Ad d i ti o n a l l y,  th e
d i m e n s i o n s  o f a l l  p ar ts  i n  th e  va l ve  as s e m b l y s h o u l d  b e  c ar e fu l l y

i n s p e c te d .  I d e al l y,  ad e q u ate  g l a n d  s i z e  s h o u l d  b e  p r o vi d e d  i n
th e  i n i ti al  d e s i gn .

A.6.3(20)    P o l ym e r i c  m a te r i al s  c an n o t b e  u s e d  a s  s e a l s  i n  va l ve s
th at c o n tr o l  th e  fow o f h o t o x yge n  b e c au s e  th e y l o s e  s e al i n g
p r o p e r ti e s ,  i gn i te  e a s i l y,  an d  we ar  r ap i d l y.

H i gh  p r e s s u r e s  a n d  h i g h  fow r a te s  c a n  p r o d u c e  s i d e  l o ad s
an d  o s c i l l a ti o n s  o n  th e  p o p p e t s e al  th at c an  c a u s e  m e tal  d e te r i ‐

o r a ti o n  b y fr e tti n g  o r  g al l i n g .  ( G al l i n g  i s  th e  m o r e  s e ve r e  c o n d i ‐
ti o n ,  b e c a u s e  i t i n vo l ve s  s m e ar i n g an d  tr a n s fe r r i n g m a te r i al
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fr o m  o n e  s u r fac e  to  a n o th e r. )  F r e tti n g a n d  g al l i n g  c an  c au s e
s e ve r al  p r o b l e m s  i n  o x yg e n  s ys te m s .  T h e  val ve  p o p p e t m i g h t
s e i z e ,  r e s u l ti n g  i n  l o s s  o f fu n c ti o n .  T h e  fr i c ti o n a l  h e at o f th e
fr e tti n g o r  g al l i n g  c a n  l e ad  to  i g n i ti o n  o f th e  va l ve .  T h e  p ar ti ‐
c l e s  g e n e r ate d  b y th e  fr e tti n g o r  g al l i n g c a n  c a u s e  m a l fu n c ti o n
o r  i g n i ti o n  o f a n o th e r  c o m p o n e n t d o wn s tr e am .

Wh e r e  p o s s i b l e ,  th e  val ve  p o p p e t s h o u l d  b e  d e s i gn e d  fo r
s ym m e tr i c a l  fow s o  th at n o  o s c i l l ato r y s i d e  l o ad s  a r e  c r e a te d .
T h e  s ym m e tr i c al  fow c e n te r s  th e  p o p p e t i n  th e  b o r e  a n d  m a i n ‐
ta i n s  d e s i g n  c l e ar a n c e s  b e twe e n  th e  p o p p e t a n d  b o r e  s u r fa c e s .

F o r  g as e o u s  s ys te m s ,  i t m i g h t b e  p o s s i b l e  to  r e d u c e  th e  vo l u ‐
m e tr i c  fow r ate ,  a n d  th u s  th e  m ag n i tu d e  o f o s c i l l ati o n s  an d
s i d e  l o a d s ,  b y i n s tal l i n g  an  orifce.  T h e  orifce  s h o u l d  b e  d o wn ‐
s tr e am  o f th e  p o p p e t to  m i n i m i z e  th e  p r e s s u r e  d i ffe r e n ti al
ac r o s s  th e  p o p p e t.  I t i s  a l s o  p o s s i b l e  to  fexure-mount th e
p o p p e t i n  th e  b o r e  a n d  to  i n c o r p o r ate  l ab yr i n th  s e a l  g r o o ve s  i n
th e  p o p p e t s u r fac e .

To  m i n i m i z e  th e  p o s s i b i l i ty o f i g n i ti o n ,  p o p p e t a n d  b o r e
m a te r i al s  s h o u l d  b e  r e l a ti ve l y r e s i s ta n t to  i gn i ti o n  c au s e d  b y
fr i c ti o n a l  h e ati n g .  B o th  c an  b e  h a r d e n e d  b y n i tr i d i n g  o r  a s i m i ‐
l ar  p r o c e s s  to  m i n i m i z e  m ate r i a l  l o s s  b y fr e tti n g o r  ga l l i n g .

A.6.3(21)(a)    C o l d  fow i s  a c o n c e r n ,  e s p e c i a l l y fo r  o r ga n i c ,
n o n m e tal l i c  m ate r i a l s  wi th  l i ttl e  r e s i l i e n c y.  Wi th  a p p l i e d  l o a d s ,
th e s e  m ate r i a l s  p e r m a n e n tl y d e fo r m ,  u s u al l y r e s u l ti n g  i n  s e a l ‐
i n g  l o s s .

A.6.3(21)(b)    Ge n e r a l l y,  s e al s  wi th  l o w h ar d n e s s e s  te n d  to
p r o vi d e  b e tte r  s e al i n g .  H o we ve r,  th e  s o fte r  s e al s  wi l l  n o t wi th ‐
s tan d  h i gh  te m p e r atu r e s  an d  p r e s s u r e s .  Wh e n  s u c h  s e al s  fai l ,
th e y o fte n  e x tr u d e ,  g e n e r ati n g  p a r ti c l e s .  P r e s s u r e  an d  th e r m al
r e ve r s al  c yc l e s  c an  a l s o  r e s u l t i n  s e al  e x tr u s i o n .  Al th o u gh  s i l i ‐
c o n e  s e al s  ar e  n o t r e c o m m e n d e d ,  th e y c a n  b e  fo u n d  i n  e x i s ti n g
o x yg e n  s ys te m s .  I f fo u n d ,  c ar e fu l  e x a m i n ati o n  d u r i n g m ai n te ‐
n an c e  p r o c e d u r e s  i s  r e c o m m e n d e d .  E x c e s s i ve  c r o s s -l i n ki n g  o f
s i l i c o n e  e l as to m e r s  i n  o x yg e n  e n vi r o n m e n ts  c an  o c c u r,  l e ad i n g
to  e m b r i ttl e m e n t a n d  d e g r ad ati o n .

A.6.3(21)(c)    C o p p e r  i s  o fte n  u s e d  fo r  o x yg e n  s e a l s .  I t c a n
p r o vi d e  a ve r y r e l i a b l e  s e al ;  h o we ve r,  a t e x tr e m e l y h i gh  te m p e r ‐
atu r e s ,  th e  c o p p e r  o x i d e  th at fo r m s  o n  e x p o s e d  s u r fa c e s  c a n
d i s l o d ge  fr o m  th e  s u b s tr a te .  T h e  o x i d e  i s  th e n  l i ke l y to  b e c o m e
a s o u r c e  o f p ar ti c l e s .

A.6.3(23)    B u c kl i n g c an  c r e ate  c o m p o n e n t fa i l u r e s .

A.6.4.2.6    M a te r i al s  ar e  d e s c r i b e d  i n  C h a p te r  5  a n d  An n e x  F .
S ys te m s  b u i l t e n ti r e l y o f s u i ta b l e  m ate r i a l s  c an  s ti l l  d e ve l o p  th e
fo l l o wi n g  p r o b l e m s  i f th e  p r e s s u r i z e d  ga s  fow i s  e i th e r  s ta r te d
o r  s to p p e d  a b r u p tl y:

( 1 ) Ab r u p tl y s ta r ti n g o r  s to p p i n g p r e s s u r i z e d  ga s  fow c a n
r e s u l t i n  c o m p r e s s i o n  h e ati n g  at e l b o ws ,  d e ad  e n d s ,  an d

val ve s .  T h e  r e s u l ti n g  te m p e r a tu r e  r i s e  c an  b e  suffcient to
i gn i te  a l l  p o l ym e r i c  m a te r i al s  c o m m o n l y u s e d  i n  ga s e o u s

o x yge n  s ys te m s .
( 2 ) M e c h an i c a l  s h o c k to  th e  s ys te m  c a n  d i s l o d g e  s o l i d  p ar ti ‐

c l e s .  I f th e s e  p a r ti c l e s  a r e  c au gh t u p  i n  th e  fow an d
i m p i n ge  o n  a  s u r fac e ,  h o t s p o ts  wi l l  r e s u l t th at c an  c au s e

i gn i ti o n .

A.6.4.2.9.3    Al l - m e tal  b e l l o ws  a r e  diffcult to  c l e a n  an d  c l e an ‐
i n g fuids  c a n n o t b e  c o m p l e te l y r i n s e d  o ff,  l e a d i n g  to  c o r r o ‐
s i o n .

A.6.4.2.9.4    T h e  r i s ks  c a n  b e  m i n i m i z e d  i f p r o c e d u r e s  a r e  wr i t‐
te n  s o  as  to  avo i d  o p e r a to r  e r r o r,  a n d  to  i n c o r p o r ate  a  l o n g ,
n o n i gn i ti b l e  m e ta l l i c  h o u s i n g  at th e  d o wn s tr e am  e n d  o f th e
fexible  h o s e  i n  th e  d e s i gn .

A.7.4    S e e  An n e x  B  fo r  i n fo r m ati o n  o n  th e  tr ai n i n g  a n d  e d u c a‐
ti o n  o f p e r s o n n e l .

A.7.6    An  a u to m a ti c  s h u to ff c an  al s o  b e  p r o vi d e d .

A.7.7.1    M o s t m e tal s  b u r n  fr e e l y i n  O E As  ( s e e  F. 3 . 4 ) ,  d e p e n d ‐
i n g o n  th e  c o n c e n tr ati o n  an d  p r e s s u r e  o f th e  o x yge n .  E l e c tr i c al

c o n tac ts  l i ke wi s e  c a n  b u r n  a way an d  i n i ti ate  fres  o f th e  n e ar b y
i n s u l ati o n  o r  m a te r i al s  u n l e s s  p r o ve n  b y te s ts  to  b e  s u i tab l e  fo r

th e  p a r ti c u l a r  p r e s s u r e  a n d  o x yg e n  c o n c e n tr ati o n  i n  th e  c h am ‐
b e r  o r  s ys te m .  Ap p ar atu s  an d  c i r c u i ts  th a t h ave  b e e n  fo u n d  to
b e  s afe  i n  o r d i n ar y a tm o s p h e r i c  c o n d i ti o n s  a r e  n o t n e c e s s ar i l y

s a fe  i n  o x yg e n  c o n c e n tr a ti o n s  o r  p r e s s u r e s  h i g h e r  th an  th o s e  o f
o r d i n a r y a tm o s p h e r e s .  I t i s  th e r e fo r e  n e c e s s ar y th a t e q u i p m e n t
an d  c i r c u i ts  b e  te s te d  fo r  s afe  u s e  at th e  m ax i m u m  p r e s s u r e

a n d  o x yg e n  c o n c e n tr a ti o n  a s  we l l  as  fo r  th e  m a te r i al s  th a t
m i gh t b e  i n  p r o x i m i ty to  th e  e l e c tr i c al  e q u i p m e n t o r  c i r c u i ts .

A.7.7.2    B e c au s e  th e r e  ar e  n o  fexible  c o r d s  avai l ab l e  wi th
n o n c o m b u s ti b l e  i n s u l ati o n ,  i t i s  e s s e n ti a l  fo r  s afe  o p e r ati o n  th at
p o r ta b l e  e q u i p m e n t b e  u s e d  i n  O E A o n l y i f r e q u i r e d  fo r  l i fe

s a fe ty a n d  u n d e r  r i go r o u s l y c o n tr o l l e d  c o n d i ti o n s .

A.7.8    S e e  AS T M  G9 3 .

A.7.8.1    O f p ar ti c u l ar  i m p o r tan c e  i s  th e  r e m o va l  o f l i n t,  d u s t,
a n d  o r ga n i c  m atte r  s u c h  as  o i l  an d  gr e a s e .  T h e  l atte r  i n c l u d e s
fngerprints.  T h e s e  c o n ta m i n an ts  ar e  i g n i te d  r e l a ti ve l y e as i l y i n
o x yge n  a n d  O E As  an d  c o u l d  r e s u l t i n  an  e x p l o s i o n  o r  a  fre.  A
fre  c o u l d ,  i n  tu r n ,  i g n i te  th e  o x yge n  c o n ta i n e r  o r  p i p i n g .  ( A

l i s t o f i g n i ti o n  m e c h a n i s m s  i s  fo u n d  i n  E . 3 . 1 . 4  a n d  F. 3 . 2 . 6 . )

A.7.8.2    A va r i e ty o f c l e a n i n g  m e th o d s  i s  u s e d  i n  p r ac ti c e ,
i n c l u d i n g  c au s ti c  o r  a c i d  s o l u ti o n s ,  s te am  ( wi th  o r  wi th o u t
d e te r ge n ts ) ,  h o t wa te r  ( wi th  o r  wi th o u t d e te r g e n ts ) ,  s o l ve n ts

( wi th  o r  wi th o u t vap o r-d e gr e a s i n g  e q u i p m e n t) ,  s u p e r c r i ti c al
fuids,  e l e c tr o p o l i s h i n g ,  an d  s an d  o r  s h o t b l as ti n g .  T h e  m e th o d
s e l e c te d  d e p e n d s  o n  th e  e q u i p m e n t avai l ab l e ,  fo r e i g n  m ate r i al s

p r e s e n t,  u n d e s i r ab l e  s i d e  r e ac ti o n s  ( e . g . ,  ac i d  atta c k o f m e tal s
an d  s o l ve n t atta c k o f n o n m e tal s ) ,  l e ve l  o f c l e a n l i n e s s  d e s i r e d ,
ab i l i ty to  d i s p o s e  o f s p e n t c l e a n i n g  ag e n ts ,  wo r ke r  e x p o s u r e  to

th e  c l e an i n g a ge n ts ,  a n d  o th e r  fac to r s .

A.7.8.3    T h e  l e ve l  o f c l e an l i n e s s  r e q u i r e d  typ i c a l l y i n c r e as e s
wi th  th e  p r e s s u r e  o f g as e o u s  o x yge n ,  an d  th e  r e q u i r e d  l e ve l  o f

c l e an l i n e s s  i s  al ways  h i gh  i n  l i q u i d  o x yg e n  s ys te m s .  S o m e  o r g an ‐
i z ati o n s ,  i n c l u d i n g  th e  U . S .  m i l i ta r y an d  th e  N ati o n a l  Ae r o n au ‐

ti c s  an d  S p ac e  Ad m i n i s tr ati o n  ( N AS A) ,  u s e  c r i te r i a  th a t ar e
m o r e  s tr i n ge n t.

A.7.8.4    T h e  r e p o r te d  l e ve l  o f r e s i d u al  o r g an i c s  c an  b e  m i s l e ad ‐
i n g  b e c au s e  i t i s  a n  ave r ag e  l e ve l  fo r  th e  s u r fa c e  e x a m i n e d .  T h e
o r g an i c  l e ve l  ac tu al l y m i gh t b e  c o n c e n tr a te d  i n  o n e  a r e a.

A.7.8.5    S h a p e s  s u c h  as  th o s e  o f b e l l o ws  tu b i n g ,  B o u r d o n  tu b e s
i n  p r e s s u r e  g au g e s ,  s m al l -d i am e te r  p i p i n g ,  d e ad - l e g s  i n  p i p i n g ,

c r e vi c e s  i n  m ate d  p i p e  th r e a d s ,  an d  s o  fo r th  a r e  diffcult to
c l e an .  E x p l o s i o n s  fr o m  r e s i d u a l  c l e an i n g a ge n ts  h ave  o c c u r r e d
wi th i n  p r o d u c ts  h avi n g  th e s e  s h a p e s .  I t i s  al ways  a d vi s ab l e  to

fu l l y d i s a s s e m b l e  c o m p o n e n ts  fo r  c l e a n i n g ,  b e c au s e  th i s  m i ti ‐
ga te s  th e  h a z a r d  o f r e m ai n i n g  s o l ve n t.  Ad e q u ate  r i n s i n g an d
d r yi n g ti m e  ar e  i m p o r tan t.
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

A. 7 . 9    To tal  e l i m i n a ti o n  o f c o m b u s ti b l e  m a te r i al s  i s  th e  i d e al
o b j e c ti ve ,  th o u g h  i t m i gh t n o t b e  to tal l y ac h i e ve d  i n  p r ac ti c e .
C o m b u s ti b l e s  u s e d  o n  e x te r i o r  s u p p o r t s ys te m s  o r  u n i ts ,  s u c h  a s
ve n ti l ati n g ,  a i r-c o n d i ti o n i n g  purifcation,  o r  flter  m e d i a ,  a s  we l l
as  au x i l i ar y p o we r  a n d  a i r-o x yge n  s u p p l i e s ,  a n d  a n y c o m p o ‐
n e n ts  as s o c i ate d  th e r e wi th ,  i n c l u d i n g  h yd r a u l i c  fuids,  ga s ke ts ,
p ac ki n g  an d  j o i n t c o m p o u n d s ,  a n d  l u b r i c an ts ,  s h o u l d  b e  r e g ar ‐
d e d  a s  p o te n ti a l  fu e l s ,  u n ti l  o th e r wi s e  d e te r m i n e d  b y s u i tab l e
te s ts .

A. 7 . 1 0 . 1 ( 2 )    C h a p te r  1 4  o f N F PA 9 9  c o ve r s  h yp e r b ar i c  fac i l i ti e s .

Δ A. 7 . 1 0 . 2 ( 3 )    C h a p te r  5  o f N F PA 9 9  c o ve r s  g as  an d  vac u u m
s ys te m s  an d  C h a p te r  1 1  c o ve r s  g as  e q u i p m e n t.  H o s p i tal
r e q u i r e m e n ts  we r e  p r e vi o u s l y c o ve r e d  b y C h ap te r  1 3  o f N F PA
9 9 ,  i n  th e  2 0 0 5  e d i ti o n ,  b u t h ave  b e e n  d i s p e r s e d  th r o u g h o u t
o th e r  c h a p te r s  o f th e  c o d e  i n  m o r e  r e c e n t e d i ti o n s .

A. 7 . 1 0 . 3 ( 2 )    C h a p te r  6  o f N F PA 9 9  c o ve r s  e l e c tr i c a l  s ys te m s
an d  C h a p te r  1 0  c o ve r s  e l e c tr i c a l  e q u i p m e n t.

A. 8 . 2    F i r e - e x ti n g u i s h i n g s ys te m s  fo r  u s e  i n  O E As  fac e  m an y
re q u i r e m e n ts  i n  ad d i ti o n  to  th o s e  r e q u i r e d  fo r  c o n ve n ti o n al
s ys te m s  b e c au s e  o f i gn i ti o n  s u s c e p ti b i l i ty,  i n c r e as e d  fame
s p r e ad  r ate  an d  b u r n i n g  i n te n s i ty,  an d  th e  fammability o f
n o r m al l y fame-resistant m ate r i a l s .  T h e r e fo r e ,  fre-
extinguishing  ag e n ts  h a ve  to  ac t r ap i d l y to  b e  e ffe c ti ve .  To
p r o te c t o c c u p a n ts  a n d  r e a l  p r o p e r ty,  th e y s h o u l d  b e  i n h e r e n tl y
n o n to x i c  an d  s h o u l d  n o t p r o d u c e  to x i c  o r  c o r r o s i ve  d e c o m p o ‐
s i ti o n  p r o d u c ts .  I n  g e n e r al ,  th e s e  n e w r e q u i r e m e n ts  c an n o t b e
satisfed  b y th e  s i m p l e  e x te n s i o n  o f tr a d i ti o n a l  e x ti n g u i s h m e n t
te c h n i q u e s .  E m e r ge n c y p e r s o n n e l  s h o u l d  r e c e i ve  s p e c i al
i n s tr u c ti o n  an d  tr ai n i n g,  an d  s p e c i a l  e x ti n g u i s h i n g ag e n ts  an d
s ys te m s  s h o u l d  b e  s e l e c te d .

Wate r  h as  s h o wn  to  b e  a n  e ffe c ti ve  e x ti n gu i s h i n g  ag e n t i n
O E A wh e n  ap p l i e d  i n  suffcient q u an ti ti e s .  Wa te r  at a  s p r a y
d e n s i ty o f 5 0  L / m i n / m 2  ( 1 1 ∕4  gp m / ft2 )  ap p l i e d  fo r  2  m i n u te s

wi l l  e x ti n g u i s h  c l o th  b u r n i n g i n  1 0 0  p e r c e n t o x yg e n  a t atm o s ‐
p h e r i c  p r e s s u r e .  T h e  ap p l i c ati o n  m e th o d  o f th e  wa te r  i s  al l -

i m p o r tan t.  Wa te r  e x ti n g u i s h i n g s ys te m s  s h o u l d  b e  c ar e fu l l y
d e s i g n e d  s u c h  th at al l  p r o te c te d  s p ac e  i s  c o ve r e d  b y th e  m i n i ‐

m u m  s p r a y d e n s i ty a n d  th at wate r  i s  d i s tr i b u te d  to  a d e p th  suff‐
cient to  e x ti n g u i s h  stratifed  fres  i n  n o n h o m o g e n e o u s
m a te r i al s  — fo r  e x a m p l e ,  l aye r s  o f c l o th  i n  c l o th i n g .  N e w te c h ‐

n o l o g y i n  th e  u s e  o f h i g h -e x p an s i o n ,  wa te r-b as e d  fo am s  h a s
r e s u l te d  i n  i m p r o ve d  e x ti n g u i s h i n g p r o p e r ti e s .  H o we ve r,  th e
ap p l i c a b i l i ty o f th i s  a ge n t to  e a c h  p ar ti c u l ar  c a n d i d ate  s ys te m

s h o u l d  b e  c a r e fu l l y e val u ate d  wi th  r e g ard  to  th e  avai l ab l e  s p ac e ,
r e q u i r e d  ti m e ,  an d  ap p l i c ati o n  m e th o d s .  M o r e  d ata h a s

b e c o m e  avai l a b l e  o n  th e  u s e  o f l o w-e x p a n s i o n  fo a m  an d  d r y
c h e m i c a l  e x ti n g u i s h i n g a ge n ts  i n  n o r m a l  a tm o s p h e r e s ,  b u t

th e i r  a p p l i c ab i l i ty i n  O E As  i s  s ti l l  u n kn o wn .

A. 8 . 6    B e c au s e  o f th e  e x p l o s i ve  n atu r e  o f fres  i n vo l vi n g m e tal s
i n  p r e s s u r i z e d  o x yge n  s ys te m s ,  fre-extinguishing  s ys te m s  h a ve

l i ttl e  e ffe c t.  F o r  o x yg e n -e n r i c h e d  fres  a t a tm o s p h e r i c  p r e s s u r e
i n vo l vi n g m e tal s  ( e . g . ,  s h o p  tu r n i n gs ) ,  th e  fre  wi l l  b u r n  m o r e

i n te n s e l y i n  a n  O E A.  F i r e - e x ti n g u i s h i n g s ys te m s  n e e d  to  r e ac t
r ap i d l y an d  e ffe c ti ve l y ( To p s c o tt e t al . ) .

A. 8 . 8    I t h as  b e e n  n o te d  th a t th e  u n d e r l aye r  o f two  l a ye r s  o f
c l o th  c an  c o n ti n u e  to  b u r n  e ve n  th o u g h  th e  o u te r  l aye r  h a s
b e e n  we tte d  an d  e x ti n g u i s h e d .

An n e x  B    Trai n i n g an d  E d u c ati o n

This annex is not a part of the recommendations of this NFPA docu‐
ment but is included for informational purposes only.

B . 1  Trai n i n g.    P e r s o n n e l  s h o u l d  b e  p r o p e r l y tr ai n e d  i n  th e  u s e
o f o x yg e n  a n d  o x yg e n  s ys te m s  a n d  b e  fa m i l i ar  wi th  th e  fo l l o w‐

i n g  specifc  a r e as .

B . 1 . 1    P e r s o n n e l  wh o  h a n d l e  a n d  u s e  o x yg e n  o r  d e s i gn  e q u i p ‐
m e n t fo r  o x yg e n  s ys te m s  m u s t b e  fam i l i a r  wi th  i ts  p e r ti n e n t

p h ys i c a l ,  c h e m i c al ,  an d  h az ar d o u s  p r o p e r ti e s .  P e r s o n n e l  s h o u l d
kn o w wh at m ate r i al s  a r e  c o m p a ti b l e  wi th  o x yg e n  an d  th e  c l e an ‐
l i n e s s  r e q u i r e m e n ts  o f o x yg e n  s ys te m s .  T h e y s h o u l d  al s o  b e
qualifed  to  r e c o g n i z e  s ys te m  l i m i tati o n s  a n d  h o w to  r e s p o n d

p r o p e r l y to  al l  fo r e s e e a b l e  fa i l u r e  m o d e s .

B . 1 . 2    P e r s o n n e l  s h o u l d  b e  th o r o u g h l y fam i l i ar  wi th  th e  u s e
a n d  c ar e  o f p r o te c ti ve  a n d  s a fe ty e q u i p m e n t a n d  wi th  frst a i d
te c h n i q u e s .

B . 1 . 3    O p e r a to r s  s h o u l d  b e  tr a i n e d  i n  th e  s e l e c ti o n  o f p r o p e r
e q u i p m e n t fo r  h an d l i n g  l i q u i d  o x yg e n  an d  ga s e o u s  o x yge n  an d

i n  th e  p r o c e d u r e s  fo r  h an d l i n g  s p i l l s  an d  l e aks  a n d  d i s p o s i n g  o f
o x yge n .  P e r s o n n e l  i n vo l ve d  i n  d e s i gn  an d  o p e r a ti o n s  s h o u l d

a d h e r e  to  ac c e p te d  s ta n d a r d s  an d  g u i d e l i n e s  an d  c o m p l y wi th
e s tab l i s h e d  r e gu l a to r y c o d e s .

B . 2  E d u c ati o n .    To  a i d  i n  th e  e d u c a ti o n  o f d e s i g n e r s ,  th e
AS T M  C o m m i tte e  G-0 4  h a s  d e ve l o p e d  a s ta n d a r d s  te c h n o l o g y

tr a i n i n g  c o u r s e ,  “ C o n tr o l l i n g  F i r e  H a z a r d s  i n  O x yg e n  H a n d l i n g
S ys te m s , ”  wh i c h  i s  a c c o m p a n i e d  b y th e  c o u r s e  te x tb o o k Fire
Hazards in Oxygen Systems.  T h i s  c o u r s e  was  d e ve l o p e d  b y

c o m m i tte e  m e m b e r s  fr o m  o x yg e n  m a n u fac tu r e r s ,  g o ve r n m e n t
a ge n c i e s ,  e q u i p m e n t s u p p l i e r s ,  an d  u s e r s .  T h e  c o u r s e  i s  b as e d
o n  th e  e x p e r i e n c e  o f c o m m i tte e  i n d i vi d u al s  an d  th e i r  r e s p e c ‐

ti ve  o r g an i z a ti o n s .  C o u r s e  c o n te n t wa s  d e r i ve d  fr o m  al l  o f th e
fo l l o wi n g  d o c u m e n ts :

( 1 ) C GA G-4 . 1 ,  Cleaning Equipment for Oxygen Service
( 2 ) C GA G-4 . 4 ,  Industrial Practices for Gaseous Oxygen Transmis‐

sion and Distribution Piping Systems
( 3 ) C GA Vi d e o  AV-8 ,  “ C h a r ac te r i s ti c s  an d  S afe  H a n d l i n g o f

C r yo ge n i c  L i q u i d  Ga s e o u s  O x yg e n ”
( 4 ) C GA P -1 4 ,  Accident Prevention in Oxygen-Rich and Oxygen-

Defcient Atmospheres
( 5 ) C GA E -2 ,  Hose Line Check Valve Standards for Welding and

Cutting
( 6 ) E I GA 3 3 / 1 8 ,  Cleaning of Equipment for Oxygen Service
( 7 ) E I GA 5 / 7 5 / E ,  Code of Practice for Supply Equipment and

Pipeline Distributing Non-Flammable Gases and Vacuum Serv‐
ices for Medical Purposes

( 8 ) E I GA 6 / 7 7 ,  Oxygen Fuel Gas Cutting Machine Safety
( 9 ) E I GA 8 / 7 6 / E ,  Prevention of Accidents Arising from Enrich‐

ment or Defciency of Oxygen in the Atmosphere
( 1 0 ) E I GA 1 2 / 8 0 / E ,  Pipelines Distributing Gases and Vacuum

Services to Medical Laboratories
( 1 1 ) E I GA 1 0 / 1 7 ,  Reciprocating Compressors for Oxygen Service
( 1 2 ) E I GA 2 7 / 8 2 / E ,  Turbo Compressors for Oxygen Service,  Code

of Practice
( 1 3 ) N F PA 5 1
( 1 4 ) N F PA 5 3
( 1 5 ) N F PA 5 5
( 1 6 ) N F PA 9 9
( 1 7 ) AS T M  G 6 3 ,  Standard Guide for Evaluating Nonmetallic

Materials for Oxygen Service
( 1 8 ) AS T M  G 8 8 ,  Standard Guide for Designing Systems for Oxygen

Service
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( 1 9 ) AS T M  G 9 3 ,  Standard Practice for Cleaning Methods and
Cleanliness Levels for Material and Equipment Used in

Oxygen-Enriched Environments
( 2 0 ) AS T M  G9 4 ,  Standard Guide for Evaluating Metals for

Oxygen Service
( 2 1 ) AS T M  G1 2 8 / G1 2 8 M ,  Standard Guide for the Control of

Hazards and Risks in Oxygen-Enriched Atmospheres

An n e x  C    U ti l i z ati o n  o f O x yge n - E n ri c h e d  Atm o s p h e re s

This annex is not a part of the recommendations of this NFPA docu‐
ment but is included for informational purposes only.

C . 1  G e n e ral .

C . 1 . 1    O x yg e n  i s  a  c l e ar,  c o l o r l e s s ,  o d o r l e s s ,  a n d  tas te l e s s  ga s
c o m p r i s i n g  a b o u t 2 1  p e r c e n t o f th e  a tm o s p h e r e  o f th e  e ar th .  I t
s u p p o r ts  c o m b u s ti o n  an d  i s  n e c e s s ar y fo r  p l a n t a n d  an i m a l  l i fe .

T h e  c o n c e n tr a ti o n  o f o x yge n  avai l a b l e  i n  th e  atm o s p h e r e
ge n e r a l l y i s  suffcient fo r  h u m an  n e e d s  d u r i n g n o r m al  c o n d i ‐
ti o n s  o f h e a l th  a n d  fo r  m o s t c o m b u s ti o n  a p p l i c ati o n s .  H o we ve r,

i n  th e  tr e atm e n t o f d i s e as e ,  i n  s p e c i a l  typ e s  o f fu e l  c o m b u s ti o n ,
an d  i n  s o m e  c h e m i c a l  p r o c e s s e s ,  an  O E A i s  n e c e s s a r y.  I n  ad d i ‐
ti o n ,  O E As  ar e  e m p l o ye d  fo r  l i fe  s u p p o r t i n  c l o s e d  e n vi r o n ‐

m e n tal  s ys te m s .  T h i s  a n n e x  d e s c r i b e s  s o m e  o f th e s e
ap p l i c a ti o n s  as  a  b as i s  fo r  c o n s i d e r i n g th e  e x te n t o f ap p l i c a ti o n
o f O E As ,  th e  fre  h a z a r d s  a s s o c i a te d  wi th  th e i r  u s e ,  an d  th e

m e th o d s  u s e d  fo r  e l i m i n a ti n g o r  c o n tr o l l i n g th o s e  h a z a r d s .

C . 1 . 2    T h e  d e g r e e  o f fre  h az ar d  o f an  O E A va r i e s  wi th  th e
c o n c e n tr a ti o n  o f o x yge n  p r e s e n t,  th e  d i l u e n t g as ,  an d  th e  to tal

p r e s s u r e .  An  O E A i s  defned  a s  a n y atm o s p h e r e  i n  wh i c h  th e
c o n c e n tr ati o n  o f o x yg e n  e x c e e d s  2 1  p e r c e n t b y vo l u m e  o r  th e

p ar ti a l  p r e s s u r e  o f o x yg e n  e x c e e d s  2 1 . 3  kP a ( 1 6 0  to r r ) .  O th e r
o x i d an ts  i n c l u d e  n i tr o u s  o x i d e ,  n i tr i c  o x i d e ,  an d  c h l o r ate s .  I n
m o s t c o m m o n l y e n c o u n te r e d  O E As ,  an  i n c r e a s e d  fre  h az ar d  i s

p r o d u c e d  b y th e  i n c r e as e d  p ar ti al  p r e s s u r e  o f o x yg e n  ( e . g . ,  i n
an  atm o s p h e r e  o f c o m p r e s s e d  ai r )  o r  b y th e  ab s e n c e  o f th e
d i l u ti n g  e ffe c t o f a n  i n e r t g as  [ e . g . ,  i n  p u r e  o x yg e n  a t a  p r e s s u r e

2 0 . 3  kP a ( 1 ∕5  atm ] .  An  O E A d o e s  n o t,  h o we ve r,  b y defnition
p r o d u c e  an  i n c r e as e d  fre  h az ar d .  C e r ta i n  O E As  c a n  e x h i b i t

c o m b u s ti o n -s u p p o r ti n g p r o p e r ti e s  s i m i l ar  to  a m b i e n t ai r,

wh e r e as  o th e r s  ar e  i n c ap ab l e  o f s u p p o r ti n g  th e  c o m b u s ti o n  o f
n o r m al l y fammable  m a te r i al s  ( a  d e c r e as e d  fre  h az ar d ) .  T h e

l atte r  c as e  c an  fr e q u e n tl y ar i s e  u n d e r  h yp e r b ar i c  c o n d i ti o n s
wh e n  th e  vo l u m e tr i c  p e r c e n tag e  o f o x yge n  i s  signifcantly
r e d u c e d  i n  a n i tr o ge n  o r  h e l i u m  m i x tu r e ,  e ve n  th o u gh  th e

p ar ti a l  p r e s s u r e  o f o x yge n  i s  e q u a l  to  o r  g r e ate r  th an  2 1 . 3  kP a
( 1 6 0  to r r ) .  F o r  e x a m p l e ,  a 4  p e r c e n t o x yg e n  m i x tu r e  i n  n i tr o ‐
g e n  o r  h e l i u m  at a to tal  p r e s s u r e  o f 1 2 1 5 . 9  kP a  ( 1 2  atm )  wi l l

n o t s u p p o r t th e  c o m b u s ti o n  o f p ap e r  e ve n  th o u g h  th e  p a r ti al
p r e s s u r e  o f o x yg e n  i s  4 8 . 6  kP a ( 3 6 5  to r r ) .  A s i m i l ar  c o n d i ti o n
( i . e . ,  a r e d u c e d  fre  h a z a r d )  c a n  e x i s t at ve r y l o w h yp o b ar i c

p r e s s u r e ,  e ve n  th o u gh  th e  vo l u m e tr i c  p e r c e n ta ge  o f o x yg e n  i s
signifcantly h i gh .

C . 1 . 2 . 1    Ta b l e  C . 1 . 2 . 1  c o m p a r e s  u n i ts  o f p r e s s u r e  to  a l ti tu d e
a b o ve  o r  d e p th  b e l o w s e a l e ve l .  I t a l s o  s h o ws  th e  p ar ti a l  p r e s ‐
s u r e  o f o x yge n  i n  a  rarefed  o r  c o m p r e s s e d - ai r  a tm o s p h e r e .

C . 1 . 2 . 2    F i g u r e  C . 1 . 2 . 2 ( a )  an d  F i gu r e  C . 1 . 2 . 2 ( b )  d e p i c t th r e e
c o m b u s ti o n  z o n e s  fo r  ve r ti c a l  flter  p ap e r  s tr i p s  i n  h yp e r b ar i c

m i x tu r e s  o f o x yge n -n i tr o g e n  a n d  o x yg e n -h e l i u m ,  r e s p e c ti ve l y.
T h o s e  c o m b i n a ti o n s  o f o x yg e n  c o n c e n tr a ti o n s  an d  to tal  p r e s ‐
s u r e  l yi n g  ab o ve  th e  2 1 . 3  kP a ( 0 . 2 1  a tm )  o x yge n  p ar ti al  p r e s ‐

s u r e  i s o b a r  ( l o we r  d a s h e d  l i n e )  a r e ,  b y defnition,  O E As ,  b u t
th e y c o u l d  b e  l o c a te d  i n  an y o f th r e e  z o n e s :  c o m p l e te  c o m b u s ‐
ti o n ,  i n c o m p l e te  c o m b u s ti o n ,  o r  n o n c o m b u s ti o n .

C . 1 . 3    O E As  r o u ti n e l y e x i s t o r  ar e  u ti l i z e d  i n te n ti o n a l l y i n
m e d i c al  p r a c ti c e ,  i n d u s tr y,  u n d e r wa te r  tu n n e l i n g  a n d  c a i s s o n

wo r k,  s p a c e  an d  d e e p -s e a e x p l o r a ti o n ,  h yp e r b a r i c  c h am b e r s ,
a n d  c o m m e r c i al  a n d  m i l i tar y avi a ti o n .  S u c h  atm o s p h e r e s  ar e
i n h e r e n t to  o x yg e n  p r o c e s s i n g,  tr a n s p o r ti n g,  an d  s to r ag e  fac i l i ‐

ti e s .  O E As  c an  d e ve l o p  i n ad ve r te n tl y a t an y ti m e  wh e n  o x yg e n
o r  c o m p r e s s e d  ai r  i s  tr an s p o r te d ,  s to r e d ,  o r  u ti l i z e d .

C . 1 . 4    O x yg e n  i s  s to r e d  e i th e r  i n  i ts  l i q u i d  s tate  o r  a s  a
c o m p r e s s e d  ga s .  C o m p r e s s e d -g as  s to r ag e  p r e s s u r e s  ar e  var i ab l e
a n d  c an  b e  as  h i g h  a s  5 2  M P a  ( ga u g e  p r e s s u r e  o f 7 5 0 0  p s i ) .  T h e
d e n s i ty o f o x yg e n  i n  s u c h  c o n d i ti o n s  i s  h i gh ,  an d  th e  fre

h az ar d  wi th i n  p r e s s u r e -c o n tai n i n g  c o m p o n e n ts  g r e atl y i n c r e a‐
s e s .

Δ Tab l e  C . 1 . 2 . 1  P ar ti al  P re s s u re  o f O x yge n  i n  a Rarefed  o r C o m p re s s e d - Ai r Atm o s p h e re

To tal  Ab s o l ute  P re s s u re

 
Al ti tu d e  Ab o ve  o r

D e p th  B e l o w S e a L e ve l    

C o n c e n trati o n  o f O x yge n
i f P ar ti al  P re s s u re  o f

O x yge n  I s  1 6 0  to r r

      

 Ai r o r S e a Wate r  
P ar ti al  P re s s u re  o f O x yge n  i f

Atm o s p h e re  I s  Ai r  

Atm to r r p s i k P a  m ft  to r r*  %  b y Vo l u m e

1 ∕5 1 5 2 2 . 9 2 0 1 1 , 7 3 5 3 8 , 5 0 0 3 2 1 0 0 . 0 †
1 ∕3 2 5 3 4 . 9 3 3 . 8 8 , 8 3 2 2 7 , 5 0 0 5 3 6 2 . 7 †
1 ∕2 3 8 0 7 . 3 5 0 . 3 5 , 4 8 6 1 8 , 0 0 0 8 0 4 2 . 8 †
2 ∕3 5 0 6 9 . 8 6 7 . 6 3 , 3 5 3 1 1 , 0 0 0 1 0 6 3 1 . 3 †

1 7 6 0 1 4 . 7 1 0 1 . 4 S e a l e ve l — 1 6 0 2 0 . 9
2 1 , 5 2 0 2 9 . 4 2 0 2 . 7 − 1 0 − 3 3 3 2 0 † 1 0 . 5
3 2 , 2 8 0 4 4 . 1 3 0 4 . 1 − 2 0 − 6 6 4 8 0 † 6 . 9
4 3 , 0 4 0 5 8 . 8 4 0 5 . 4 − 3 0 − 9 9 6 4 0 † 5 . 2
5 3 , 8 0 0 7 3 . 5 5 0 6 . 8 − 4 0 − 1 3 2 8 0 0 † 4 . 2

* T h i s  c o l u m n  s h o ws  th e  i n c r e a s e d  a va i l a b l e  o x yg e n  i n  c o m p r e s s e d -a i r  atm o s p h e r e s .
† O x yg e n - e n r i c h e d  atm o s p h e r e .



AN N E X  C 5 3 - 1 9

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

N o n c o m b u s t i o n

0
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t) C o m p l e t e  c o m b u s t i o n

C o m p l e t e  c o m b u s t i o n
I n c o m p l e t e  c o m b u s t i o n
S l i g h t  c o m b u s t i o n
N o n c o m b u s t i o n

S e e  N o t e

To t a l  p r e s s u r e  ( a t m  a b s o l u t e )

1 5 2  kP a  ( 1 . 5  a t m )  o x y g e n

2 1 . 3  kP a  ( 0 . 2 1  a t m )  o x y g e n

N o t e :  Complete Combustion: T h e  f i l t e r  p a p e r  s t r i p  b u r n s  c o m p l e t e l y.
Incomplete Combustion: T h e  f i l t e r  p a p e r  s t r i p  b u r n s  fo r  a  l e n g t h
g r e a t e r  t h a n  1  c m  ( 2 . 5 4  i n . )  f r o m  a  r e s i s t a n c e  w i r e  i g n i t e r,  b u t  t h e
f l a m e  e x t i n g u i s h e s  i t s e l f  b e fo r e  t h e  s t r i p  i s  c o m p l e t e l y  c o n s u m e d .

Slight Combustion: T h e  f i l t e r  p a p e r  s t r i p  f l a m e s  o r  s m o l d e r s ,  b u t
d o e s  n o t  b u r n  m o r e  t h a n  1  c m  ( 2 . 5 4  i n . )  f r o m  t h e  r e s i s t a n c e  w i r e
i g n i t e r.  Noncombustion:  N o  i g n i t i o n .
Fo r  S I  c u s t o m a r y  u n i t s ,  1  a t m  =  1 0 1 . 3  kP a .

Δ FI G U RE  C . 1 . 2 . 2 ( a)   I l l u s trati o n  o f Var yi n g D e gre e s  o f
C o m b u s ti o n  i n  an  O x yge n - N i tro ge n  O x yge n - E n ri c h e d
Atm o s p h e re .  (Courtesy of Journal of Fire and Flammability. )
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N o n c o m b u s ti o n

C o m p l e te  c o m b u s ti o n

I n c o m p l e t e  c o m b u s t i o n

1 6 2 0 2 4 2 8 3 2 3 6 4 0 4 4

To ta l  p re s s u re  ( at m  a b s o l u te )

C o m p l e t e  c o m b u s t i o n
I n c o m p l e te  c o m b u s ti o n
S l i g h t c o m b u s ti o n
N o n c o m b u s ti o n

S e e  N o te
1 5 2  kPa  ( 1 . 5  a tm )
o x y g e n

2 1 . 3  kPa ( 0 . 2 1  at m )  o x y g e n

N o te :  Complete Combustion: T h e  fi l te r p ap e r s tr i p  b u r n s  c o mp l e te l y.
Incomplete Combustion: T h e  fi l te r p a p e r s tr i p  b u r n s  fo r  a l e n g th

g r e a te r  th an  1  c m  ( 2 . 5 4  i n . )  fro m  a  re s i s ta n c e  w i re  i g n i te r,  b u t th e
fl a me  ex ti n g u i s h e s  i ts e l f b e fo re  th e  s tr i p  i s  c o m p l e te l y  c o n s u me d .

Slight Combustion: T h e  fi l te r  p ap e r  s tr i p  fl a m e s  o r  s mo l d e r s ,  b u t
d o e s  n o t b u r n  mo r e  th a n  1  c m  ( 2 . 5 4  i n . )  fr o m th e  re s i s ta n c e  w i re
i g n i te r.  Noncombustion:  N o  i g n i ti o n .
Fo r  S I  c u s to m a r y  u n i ts ,  1  a tm  = 1 0 1 . 3  kPa .

Δ FI G U RE  C . 1 . 2 . 2 ( b )   I l l us trati o n  o f Var yi n g D e gre e s  o f
C o m b u s ti o n  i n  an  O x yge n - H e l i um  O x yge n - E n ri c h e d
Atm o s p h e re .  (Courtesy of Journal of Fire and Flammability. )

C . 1 . 4 . 1    L i q u i d  o x yge n  i s  th e  m o s t c o n c e n tr ate d  c o m m o n
s o u r c e  o f o x yg e n .  C o n ta m i n ati o n  o f l i q u i d  o x yge n  wi th  m o s t

o r g an i c  s u b s tan c e s  o fte n  r e n d e r s  th e  m i x tu r e  s u b j e c t to  vi o l e n t
e x p l o s i o n .

C . 1 . 4 . 2    M o s t c o m m o n  te x ti l e  m ate r i al s ,  i n c l u d i n g  c l o th i n g ,
th a t b e c o m e  c o n ta m i n ate d  wi th  o x yg e n  ar e  s u s c e p ti b l e  to  r ap i d
c o m b u s ti o n .  H o we ve r,  c e r tai n  s p e c i al i z e d  m ate r i al s ,  s u c h  a s

g l a s s  fa b r i c ,  ar e  n o t s u s c e p ti b l e  to  c o m b u s ti o n  i n  O E As .  O th e r
s p e c i al  m a te r i al s  b u r n  l e s s  r ap i d l y th an  c o m m o n  te x ti l e s  i n
O E As .  (See Annex F. )

C . 1 . 4 . 3    Wh e n e ve r  l i q u i d  o x yg e n  i s  e x p o s e d  to  m a te r i al s  at
am b i e n t te m p e r a tu r e s ,  r ap i d  war m i n g  an d  e va p o r ati o n  o f th e

l i q u i d  take  p l ac e .  O E As  a r e  c r e a te d  ar o u n d  an d  wi th i n  th e
m a te r i al s  u p o n  wh i c h  th e  l i q u i d  i s  s p i l l e d .

C . 1 . 5    N i tr o u s  o x i d e ,  a s ta b l e ,  n o n to x i c  o x i d e  o f n i tr o g e n ,  i s
wi d e l y e m p l o ye d  fo r  m e d i c al  an d  i n d u s tr i al  u s e s .  As  a  g as ,
n i tr o u s  o x i d e  i s  u s e fu l  as  a m i l d  an e s th e ti c  ag e n t.  I t al s o  i s  u s e d

a s  a c o m b u s ti o n - e n h an c i n g  ag e n t i n  r a c i n g ve h i c l e s .  I n  i n d u s ‐
tr y,  n i tr o u s  o x i d e  i s  u s e d  a s  a p r o p e l l an t fo r  a va r i e ty o f a e r o s o l
p r o d u c ts .  I t i s  u s e d  a s  a l i q u i d  r e fr i g e r an t fo r  th e  r ap i d  fr e e z i n g

o f c e r tai n  fo o d  p r o d u c ts .

I t s h o u l d  b e  n o te d  th a t an  O E A c an  d e ve l o p  i n  s i tu a ti o n s  i n
wh i c h  n i tr o u s  o x i d e  i s  e m p l o ye d .

C . 1 . 6    T h e  u s e  o f o th e r  o x i d an ts ,  s u c h  a s  c h l o r i n e ,  c h l o r ate s ,
n i tr i c  o x i d e ,  an d  o z o n e ,  c a n  r e s u l t i n  e n h a n c e d  c o m b u s ti o n .

Ap p r o p r i ate  s afe ty l i te r a tu r e ,  s u c h  as  m a te r i al  s a fe ty d ata
s h e e ts ,  s h o u l d  b e  r e vi e we d  b e fo r e  u s i n g  th e s e  o x i d a n ts .

C . 2  P ro c e s s i n g,  Tran s p o r t,  S to rage ,  an d  D i s p e n s i n g o f
O x yge n .

C . 2 . 1    P r e p a r ati o n  o f o x yg e n  c o n ve n ti o n al l y i n vo l ve s  th e
c o m p r e s s i o n  o f a i r,  fo l l o we d  b y c o o l i n g a n d  r e -e x p an s i o n ,  a

c yc l e  th at i s  r e p e ate d  u n ti l  th e  te m p e r a tu r e  o f th e  ai r  fa l l s
b e l o w th e  o x yg e n ’ s  c r i ti c al  te m p e r a tu r e ,  c a u s i n g  i t to  l i q u e fy.

F r ac ti o n al  d i s ti l l ati o n  o f th e  l i q u i d  ai r  th e n  s e p ar ate s  i ts  var i o u s
g as e o u s  c o m p o n e n ts .  T h e  o x yg e n  i s  c o l l e c te d  an d  c a n  b e
s to r e d  as  a  c o m p r e s s e d  g as  o r  as  a  l i q u i d .  O x yg e n  i s  al s o  s e p a r a‐

te d  fr o m  a i r  b y a d s o r p ti o n  an d  m e m b r an e -b as e d  s ys te m s .

C . 2 . 2    O x yg e n  i s  tr an s p o r te d  to  th e  c o n s u m i n g fa c i l i ty a s  a
c o m p r e s s e d  ga s  o r  as  a l i q u i d ,  o r  i t i s  tr an s m i tte d  b y p i p e l i n e .

N F PA 5 5  c o ve r s  th e s e  ap p l i c ati o n s .

C . 2 . 2 . 1    Tr a n s p o r t o f l i q u i d  o x yg e n  to  th e  s i te  o f th e  c o n s u m ‐
i n g fa c i l i ty i s  u s u al l y i n  c r yo g e n i c  tan k tr u c ks .  S p i l l ag e  o f l i q u i d
o x yg e n  d u r i n g  tr a n s p o r t o r  d u r i n g  tr a n s fe r  fr o m  th e  ta n k c an

c r e a te  O E As .

C . 2 . 3    Wh e n  g as e o u s  o x yg e n  i s  d i s p e n s e d  a t th e  c o n s u m i n g
fa c i l i ty,  i t i s  d r awn  fr o m  th e  s to r ag e  c o n tai n e r ( s )  th r o u g h

p r e s s u r e -r e d u c i n g  r e g u l ato r s  a n d  i n te r c o n n e c ti n g  p i p i n g .

C . 2 . 4    L e a ka ge  o r  ve n ti n g  o f o x yg e n  fr o m  an y s to r a ge  o r
d i s p e n s i n g e q u i p m e n t c an  c r e ate  an  O E A.  (See C. 8. 1 . )

C . 2 . 5    C o n ta m i n ati o n  o f a n y p r e s s u r e -c o n ta i n i n g  c o m p o n e n t
o f a n  o x yg e n  s to r ag e  o r  d i s p e n s i n g s ys te m  wi th  an y fammable
o r  c o m b u s ti b l e  s u b s tan c e ,  s u c h  as  o i l ,  g r e as e ,  s o l ve n ts ,  d u s t,

l i n t,  o r  an y o r ga n i c  s u b s ta n c e ,  c a n  p r o d u c e  a s e r i o u s  fre  o r
e x p l o s i o n  h a z a r d .

C . 2 . 6    C o n s u l t N F PA 5 5  fo r  th e  i n s tal l ati o n  o f s to r a ge  s ys te m s .



M AT E RI AL S ,  E QU I P M E N T,  AN D  S YS T E M S  U S E D  I N  O X YG E N -E N RI C H E D  AT M O S P H E RE S5 3 - 2 0

2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

C . 3  M e d i c al  Ap p l i c ati o n s .

C . 3 . 1    O E As  h a ve  b e e n  as s o c i ate d  wi th  i n h al ati o n  an e s th e s i a
s i n c e  th e  d e ve l o p m e n t i n  1 8 8 7  o f a ga s  an e s th e s i a ap p ar a tu s
i n c o r p o r ati n g  m e an s  o f ad m i n i s te r i n g  o x yge n  an d  n i tr o u s
o x i d e .  T h e  u s e  o f s u c h  a  m a c h i n e  a l l o ws  fo r  b o th  th e  a n e s th e ti ‐
z a ti o n  o f p ati e n ts  an d  th e  o fte n  n e c e s s ar y ad m i n i s tr ati o n  o f
h i g h -o x yge n  c o n c e n tr a ti o n s .  T h e  u s e  o f a  fammable  vo l ati l e
l i q u i d  o r  ga s e o u s  i n h a l a ti o n  a n e s th e ti c  ag e n t i n  s u c h  an  atm o s ‐
p h e r e  c r e ate s  s e ve r e  fre  an d  e x p l o s i o n  h a z a r d s .  P r i o r  to  th e
fo r m ati o n  o f th e  N F PA C o m m i tte e  o n  H e al th  C a r e  F a c i l i ti e s ,  a
signifcant n u m b e r  o f fa ta l i ti e s  an d  i n j u r i e s  r e s u l te d  fr o m  o p e r ‐
ati n g  r o o m  fres  a n d  e x p l o s i o n s .  S u c h  i n c i d e n ts  h a ve  b e e n  d r a s ‐
ti c a l l y r e d u c e d  th r o u gh  wi d e s p r e ad  a d h e r e n c e  to  th e
p r o vi s i o n s  o f N F PA 9 9 .

T h e  r e d u c ti o n  i n  u s e  o f fammable  an e s th e ti c s  i n  o p e r ati n g
ro o m s  h as  a l l o we d  fo r  i n c r e as e d  u s e  o f p o te n ti al  i g n i ti o n  s o u r ‐
c e s  ( e l e c tr o s u r g i c al  u n i ts ,  l a s e r s ,  e tc . ) .  Ad va n c e s  i n  m ate r i al s
s c i e n c e  h a ve  al s o  i n tr o d u c e d  p o l ym e r s  ( e n d o tr a c h e al  tu b e )
an d  fab r i c s  ( d r ap e s  an d  go wn s ) ,  s o m e  o f wh i c h  ar e  fammable
i n  a i r,  b u t al l  o f wh i c h  ar e  fammable  i n  th e  O E A o f o p e r ati n g
ro o m s .  T h e r e fo r e ,  th e  o p e r ati n g  r o o m  e n vi r o n m e n t c o n ti n u e s
to  p r e s e n t fre  h az ar d s .

C . 3 . 2    S i n c e  th e  e ar l y 2 0 th  c e n tu r y,  th e  th e r a p e u ti c  va l u e  o f
o x yg e n  i n  th e  tr e a tm e n t o f r e s p i r ato r y a n d  al l i e d  d i s o r d e r s  h a s
b e e n  r e c o g n i z e d  b y th e  m e d i c al  p r o fe s s i o n .  I n  c o n s e q u e n c e ,
i n h al ati o n  th e r a p y,  i n c l u d i n g  ve n ti l a to r-s u p p o r t o f p ati e n ts ,
c u r r e n tl y i s  wi d e l y p r a c ti c e d .  M o s t h o s p i ta l s  o f l ar g e r  s i z e  ar e
e q u i p p e d  wi th  c e n tr a l  o x yg e n -p i p i n g  s ys te m s  fo r  u s e  i n  p ati e n t
c a r e  fac i l i ti e s  th r o u g h o u t th e  h o s p i tal .  Re c o g n i z i n g  th e  p o te n ‐
ti a l  h az ar d s  o f O E As  c r e ate d  b y s u c h  u s e ,  N F PA p u b l i s h e d
N F PA 5 6 F  an d  N F PA 5 6 B ,  b o th  o f wh i c h  ar e  n o w p a r t o f N F PA
9 9 .

C . 3 . 2 . 1    B e c au s e  a m b u l a to r y p ati e n ts  as  we l l  a s  h o s p i tal
p ati e n ts  m i g h t r e q u i r e  r e s p i r a to r y th e r ap y,  s o m e  p ati e n ts
p u r c h as e  o r  r e n t th e r a p y e q u i p m e n t,  o x yge n  c yl i n d e r s ,  o x yge n
c o n c e n tr ato r s ,  a n d  l i q u i d  o x yg e n  c o n ta i n e r s  fo r  u s e  i n  th e i r
h o m e s .  T h u s ,  th e  m e d i c a l  ap p l i c ati o n s  o f O E As  ar e  n o t l i m i te d
to  l o c ati o n s  wi th i n  h o s p i tal s .

C . 3 . 2 . 2    C h ap te r  1 4  o f N F PA 9 9 ,  2 0 0 5  e d i ti o n ,  c o ve r s  n o n h o ‐
s p i tal  u s e .

C . 3 . 3    Am b u l an c e s ,  r e s c u e  s q u ad s ,  fre  a n d  p o l i c e  ve h i c l e s ,  an d
s wi m m i n g  p o o l s  ar e  o fte n  e q u i p p e d  wi th  o x yg e n  fo r  r e s u s c i ta‐
ti o n  an d  l i fe -s u p p o r t p u r p o s e s .  U s e  o f o x yg e n  i n  s u c h  an
e n c l o s e d  s p ac e  c an  c r e ate  a  h az ar d o u s  O E A.

C . 3 . 4    T h e  m e d i c al  p r o fe s s i o n  u s e s  h yp e r b ar i c  c h a m b e r s  to
al l o w s u p e r s a tu r ati o n  o f p a ti e n ts  wi th  o x yg e n .  T h e  p a ti e n t,  wi th
o r  wi th o u t a tte n d a n ts ,  i s  p l ac e d  i n  a h yp e r b ar i c  c h am b e r  th at i s
s e a l e d  an d  p r e s s u r i z e d ,  s o m e ti m e s  to  4 0 5 . 3  kP a ( 4  atm )  a b s o ‐
l u te  o r  g r e ate r.  Ge n e r al l y,  p r e s s u r i z a ti o n  i s  ac c o m p l i s h e d  wi th
c o m p r e s s e d  ai r,  a n d  th e  p ati e n t b r e a th e s  p u r e  o x yge n  fr o m  a
m a s k.  H o we ve r,  i n  s o m e  s i n gl e -o c c u p an t ( p ati e n t o n l y)  c h am ‐
b e r s ,  th e  a tm o s p h e r e  i s  p u r e  o x yg e n .  Al th o u g h  th e r e  m i gh t b e
s o m e  fammability-inhibiting  e ffe c t o f th e  i n c r e as e d  n i tr o ge n
p r e s e n t i n  c o m p r e s s e d  ai r,  th i s  e ffe c t i s  m o r e  th an  o ffs e t b y th e
i n c r e as e d  p ar ti a l  p r e s s u r e  o f th e  o x yg e n  p r e s e n t [ u p  to  5 0 6 . 6
kP a ( 5  a tm ) ] .  (See Chapter 1 4 of NFPA 99 for more information on
hyperbaric facilities. )

A p ar ti c u l ar l y h az ar d o u s  O E A e x i s ts  i n  a c h a m b e r  p r e s s u r ‐
i z e d  wi th  o x yge n  o r  i n  a c o m p r e s s e d -a i r  c h a m b e r  wi th  i n ad e ‐
q u ate  ve n ti l ati o n  wh e n  p u r e  o x yg e n  i s  s p i l l e d  fr o m  th e  th e r ap y

a p p ar atu s ;  th e r e fo r e  a d h e r e n c e  to  C h ap te r  1 4  o f N F PA 9 9  i s
h i g h l y r e c o m m e n d e d .

C . 4  I n d u s tri al  Ap p l i c ati o n s .

C . 4 . 1    O x yg e n ,  a s  a n  i n d u s tr i a l  ga s ,  i s  i n  wi d e s p r e a d  u s e  i n  a
va r i e ty o f i n d u s tr i e s .  F u r th e r m o r e ,  i ts  u s e  c o n ti n u e s  to  i n c r e a s e

i n  n e w ap p l i c a ti o n s  wh e r e  a d d i ti o n al  e n vi r o n m e n ta l  o r  s e r vi c e
c o n d i ti o n s  c an  p l ac e  s e ve r e  d e m an d s  o n  e q u i p m e n t,  m ate r i al s ,

an d  s ys te m s .  E l e va te d  te m p e r a tu r e s ,  h i gh  c o r r o s i vi ty,  an d
r e d u c e d  c o n ta m i n ati o n  l e ve l s  ar e  fac to r s ,  i n  ad d i ti o n  to  fam‐
mability,  th a t n e e d  to  b e  c o n s i d e r e d ,  b e c au s e  th e y c o u l d  l i m i t

th e  o p ti o n s  o f m ate r i a l s  s e l e c ti o n  fo r  o x yg e n  s e r vi c e s  i n
a d van c e d  a p p l i c ati o n s .

C . 4 . 2    I n  th e  p e tr o c h e m i c al  i n d u s tr y,  l a r ge  q u a n ti ti e s  o f
o x yg e n  ar e  u ti l i z e d  fo r  p a r ti al  o x i d ati o n  o f ga s e o u s  a n d  l i q u i d
o r g an i c s  an d  c o a l  to  p r e p a r e  o th e r  p r o d u c ts .  T h e s e  p r o d u c ts

i n c l u d e  al c o h o l s ,  al d e h yd e s ,  an d  s yn g as e s .  E l e vate d -
te m p e r a tu r e  s tab i l i ty,  c o r r o s i o n  r e s i s tan c e ,  a n d  o x yg e n  c o m p a t‐
i b i l i ty c a n  l i m i t u s e  to  c e r tai n  al l o ys  th at a r e  r e s i s tan t to  i gn i ti o n

an d  c o m b u s ti o n  i n  o x yg e n .

C . 4 . 3    I n  th e  s te e l  i n d u s tr y,  o x yge n  i s  u s e d  to  refne  s te e l  i n  th e
b a s i c  o x yg e n  fu r n ac e  as  we l l  a s  to  l an c e  m o l te n  s te e l  i n  s e ve r al

o p e r ati o n s .  O x yge n - fu e l  b u r n e r s  ar e  u s e d  to  r e h e at i n g o ts  an d
s l ab s  a n d  to  p r e h e a t l ad l e s .  O x yge n - fu e l  b u r n e r s  ar e  al s o  u s e d

i n  g l a s s  fu r n ac e s .  Ge n e r a l l y,  m ate r i al s  s e l e c ti o n  i s s u e s  an d  o p e r ‐
a ti n g p r ac ti c e s  h a ve  b e e n  we l l  defned  i n  th e  s te e l  i n d u s tr y.

C . 4 . 4    I n  th e  m e ta l  fa b r i c ati o n  i n d u s tr y,  o x y- fu e l  b u r n e r s  a r e
u s e d  to  we l d ,  c u t,  b r a z e ,  s i l ve r-s o l d e r,  an d  h a r d e n  var i o u s
m e tal s .  T h i s  wo r k i s  d o n e  i n  l a r ge  an d  s m a l l  fa c to r i e s ,  a u to m o ‐

b i l e  r e p ai r  s h o p s ,  an d  h o m e  wo r ks h o p s .  N F PA 5 1  an d  N F PA
5 1 B  c o ve r  s u c h  a p p l i c a ti o n s .

C . 4 . 5    I n  th e  m i n i n g  i n d u s tr y,  o x yge n  i s  u s e d  to  refne  c o p p e r,
g o l d ,  an d  o th e r  m e ta l s  b y m e an s  o f p r e s s u r e  o x i d a ti o n
p r o c e s s e s ,  wh e r e  s u l p h u r o u s  “ r e fr ac to r y o r e s ”  a r e  m i n e d .  E l e va‐

te d  te m p e r a tu r e s  an d  s e ve r e  c o r r o s i vi ty p l ac e  s e ve r e  l i m i tati o n s
o n  m ate r i a l s  s e l e c ti o n  o p ti o n s .

C . 4 . 6    O x yg e n ,  as  an  al te r n a ti ve  to  ai r,  i s  wi d e l y u s e d  fo r  s e c o n ‐
d ar y tr e atm e n t o f b o th  m u n i c i p al  a n d  i n d u s tr i al  was te wate r s .
O z o n e  fr o m  o x yg e n  i s  s o m e ti m e s  u s e d  as  an  i n te r m e d i ate  o r

fo r  te r ti ar y wa te r  tr e atm e n t.  I n c r e as e d  c o r r o s i vi ty m i gh t b e
e x p e r i e n c e d  i n  c e r tai n  was te wate r s  th at c o n tai n  b o th  o x yge n
a n d  o z o n e .  O z o n e  wi l l  ag gr e s s i ve l y atta c k c e r ta i n  n o n m e ta l l i c s .

C . 4 . 7    F u r th e r  d e ve l o p m e n ts  i n  h az ar d o u s  wa s te  d i s p o s al
i n c l u d e  i n c i n e r ati o n  i n vo l vi n g  O E As  an d  we t o x i d a ti o n  wh e r e

s u p e r c r i ti c a l  wate r  i s  u s e d  to  d i s s o l ve  a n d  o x i d i z e  h az ar d o u s
s p e c i e s .  S u p e r c r i ti c al  we t o x i d ati o n  i s  a p a r ti c u l a r l y c h al l e n gi n g
e n vi r o n m e n t fo r  s tr u c tu r a l  m ate r i a l s  b e c a u s e  i t i n vo l ve s  h i gh

te m p e r a tu r e s ,  h i gh  p r e s s u r e s ,  an d  c o r r o s i ve  s p e c i e s .

C . 4 . 8    U l tr a-h i gh  p u r i ty ( U H P )  o x yge n  i s  u s e d  to  m an u fa c tu r e
m i c r o c h i p s  i n  th e  s e m i c o n d u c to r  i n d u s tr y.  T h e  n e e d  to  e l i m i ‐

n a te  c o n tam i n a n ts  to  r e d u c e  c h i p  d e fe c ts  r e s u l ts  i n  u l tr a c l e an
s ys te m s  th at r e d u c e  th e  te n d e n c y to war d s  p r o m o te d  i g n i ti o n -

c o m b u s ti o n  s c e n ar i o s .  H o we ve r,  th e  p r e s e n c e  o f U H P  o x yg e n
c a n  i n c r e as e  th e  fammability h az ar d  wi th  c e r ta i n  m e tal s  an d
n o n m e tal l i c s .  Al u m i n u m  al l o ys  ar e  a  p r i m e  e x a m p l e  o f m ate r i ‐

al s  th a t s h o w a d r a m a ti c  i n c r e as e  i n  fammability wh e n  e x p o s e d
to  U H P  o x yg e n  ( 9 9 . 9 9 9 +  p e r c e n t) .  (See F. 3. 4. 4. )

C . 4 . 9    T h e  p ap e r  a n d  p u l p  i n d u s tr y u s e s  e x te n s i ve  a m o u n ts  o f
o x yge n  i n  th e  b l e a c h i n g an d  delignifcation  p r o c e s s e s  as  a n

a l te r n ati ve  to  c h l o r i n e .  T h e  u s e  o f o z o n e  i n  th i s  i n d u s tr y m i g h t
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al s o  i n c r e as e .  M a te r i al s  s e l e c ti o n  i s s u e s  a r e  s i m i l ar  to  th o s e
e n c o u n te r e d  i n  var i o u s  o th e r  p r o c e s s e s  wh e r e  o x yg e n  an d
aq u e o u s  e n vi r o n m e n ts  ar e  i n vo l ve d .

C . 4 . 1 0    As  a  r e s u l t o f n e w te c h n o l o g i e s ,  th e  o x yge n  c o n c e n tr a‐
ti o n  o f s ys te m s  o r i gi n al l y d e s i g n e d  fo r  ai r  c a n  b e  i n c r e a s e d  b y a
s m a l l  p e r c e n ta ge  to  i n c r e as e  effciency.  S u c h  s ys te m s ,  wh i c h
m i gh t n o t h a ve  b e e n  c l e an e d  i n i ti al l y fo r  o x yg e n  s e r vi c e  o r
d e s i g n e d  wi th  o x yge n - c o m p a ti b l e  o r  c o m b u s ti o n -r e s i s ta n t m ate ‐
ri al s ,  wo u l d  b e  u n i q u e .  T h e  s ys te m s  s h o u l d  b e  tr e ate d  o n  an
i n d i vi d u al  b a s i s  wi th  r e s p e c t to  i s s u e s  s u c h  as  c l e an i n g,  fltra‐
tion,  d e g r e e  to  wh i c h  th e  o x yg e n  l e ve l s  ar e  i n c r e a s e d ,  a n d  s o
fo r th .

C . 4 . 1 1    O x yg e n  frefooding  i s  a n  e x am p l e  o f a te r ti a r y,
e n h a n c e d  o i l  r e c o ve r y p r o c e s s  th a t h a s  b e e n  p i l o t te s te d .
O x yg e n  i s  i n j e c te d  at h i g h  p r e s s u r e s  i n to  h e a vy o i l  d e p o s i ts  th at
c a n n o t b e  r e c o ve r e d  b y p r i m a r y o r  s e c o n d a r y o i l  r e c o ve r y te c h ‐
n i q u e s .  D o wn h o l e  c o m b u s ti o n  o f h e a vy o i l  r e s u l ts  i n  h i gh
te m p e r a tu r e s ,  h i g h  c o r r o s i vi ty wh e n  wate r  i s  p r e s e n t,  an d
i n c r e as e d  o i l  m o b i l i ty,  a l l o wi n g r e c o ve r y a t c o l l e c ti o n  we l l s .
O x yg e n  frefooding  r e q u i r e s  c ar e fu l  s ys te m  d e s i g n  an d  s p e c i al
o p e r ati n g  p r o c e d u r e s  fo r  th e  s a fe  p r o d u c ti o n  o f h e avy o i l s .

C . 4 . 1 2    I n  m an y a p p l i c a ti o n s ,  th e  m o ti va ti o n  to  u s e  o x yge n  i s
d r i ve n  b y at l e a s t o n e  o f m a n y fac to r s ,  i n c l u d i n g th e  fo l l o wi n g :

( 1 ) H i gh e r  c o m b u s ti o n  te m p e r atu r e s
( 2 ) H i gh e r  p u r i ty g as e o u s  p r o d u c t ( n o  n i tr o ge n  fr o m  ai r )
( 3 ) H i gh e r  o u tp u t fr o m  a  g i ve n  s i z e  r e ac to r  ( o fte n  i n

c o n j u n c ti o n  wi th  d e b o ttl e n e c ki n g  a  p r o c e s s )
( 4 ) H i g h e r  c o n ve r s i o n  effciency
( 5 ) Re d u c e d  c o m b u s ti o n  e m i s s i o n s  ( N O X  e m i s s i o n s  c a n  b e

r e d u c e d  wi th o u t th e  n i tr o g e n  fr o m  ai r )
( 6 ) P r e vi o u s l y u n o b ta i n a b l e  p r o d u c ti o n  fro m  m i n e r al  o r  o i l

d e p o s i ts

S e r vi c e  e n vi r o n m e n ts  m i gh t l i m i t o r  e l i m i n ate  th e  u s e  o f
m a n y m a te r i a l s  th at c a n  b e  s e l e c te d  o n  th e  b as i s  o f c o m b u s ti o n

r e s i s tan c e  i n  O E As .  E x p e r i m e n ta l  p r o g r am s  m i g h t b e  n e e d e d
to  o p ti m i z e  m ate r i al s  s e l e c ti o n  a n d  s ys te m  d e s i g n  p r o b l e m s  i n

ad van c e d  o x yg e n  ap p l i c ati o n s  fo r  s a fe  o p e r a ti o n .

C . 4 . 1 3    L ar g e  u s e r s  o f o x yg e n  a r e  g e n e r al l y s u p p l i e d  b y a  p i p e ‐
l i n e  fr o m  a n e ar b y o x yge n  p l an t th at u s e s  c r yo ge n i c  d i s ti l l ati o n .

S m al l e r  u s e r  r e q u i r e m e n ts  c an  b e  m e t b y l i q u i d  o x yge n  th at i s
tr an s p o r te d  b y tr u c k to  a s to r ag e  tan k at th e  s i te ,  fr o m  a

m e m b r an e  o r  ad s o r p ti o n  o x yg e n  g e n e r ato r  at th e  s i te ,  o r  fr o m
h i gh - p r e s s u r e  c yl i n d e r s .  Re q u i r e m e n ts  fo r  s ys te m  d e s i g n ,  m a te ‐
r i al s  s e l e c ti o n ,  c l e a n i n g ,  s afe  o p e r ati o n ,  an d  s o  fo r th  ar e  we l l

e s tab l i s h e d  fo r  o x yg e n  s u p p l y s ys te m s .

C . 5  C ai s s o n  Wo rk  an d  U n d e r wate r Tu n n e l i n g.    Wh e n  d r i vi n g
a tu n n e l  u n d e r  o r  s e tti n g a fo u n d a ti o n  o n  a  r i ve r  b e d ,  i t m i g h t

b e  n e c e s s a r y to  s e al  o ff th e  wo r k a r e a wi th  a n  ai r ti gh t c o m p a r t‐
m e n t an d  e l e vate  th e  ai r  p r e s s u r e  th e r e i n  to  p r e ve n t th e  p r e s ‐

s u r e  o f th e  o ve r l yi n g  wa te r  fr o m  i n u n d ati n g th e  c o m p a r tm e n t
wi th  m u d  o r  wate r.  F o r  e ve r y 1 0  m  ( 3 3  ft)  o f d e p th  o f wa te r
o u ts i d e  th e  c o m p a r tm e n t,  th e  p r e s s u r e  th e r e i n  n e e d s  to  b e

r ai s e d  1 0 1 . 3  kP a  ( 1  a tm )  to  c o m p e n s a te  (see Table C. 1 . 2. 1 ).  An
O E A e x i s ts  wi th i n  th e  c o m p ar tm e n t wh i l e  i t i s  p r e s s u r i z e d .

C . 6  S p ac e  an d  D e e p - S e a E x p l o rati o n .

C . 6 . 1    L i q u i d  o x yg e n  i s  e m p l o ye d  as  th e  o x i d i z e r  i n  l i q u i d
p r o p e l l an t r o c ke ts ,  an d  g as e o u s  o x yg e n  i s  u s e d  i n  th e  b r e a th i n g
a tm o s p h e r e s  o f s p ac e c r aft an d  s p ac e c r aft s i m u l ato r s .  O E As  al s o
e x i s t i n  c e r ta i n  d e e p -s e a d i vi n g e q u i p m e n t.

C . 6 . 2    L i q u i d - fu e l e d  r o c ke ts  e m p l o y l i q u i d  o x yge n  a s  th e
o x i d i z i n g  ag e n t.  O E As  c a n ,  an d  g e n e r al l y d o ,  d e ve l o p  fr o m

b l o w o ff an d  l e akag e  wh e n e ve r  th e  r o c ke t i s  ta n ke d  o r  wh i l e  i t
i s  s tan d i n g  i n  r e ad i n e s s .

C . 6 . 3    T h e  p r a c ti c e  o f u s i n g  a vi ato r  b r e ath i n g  o x yg e n  ( AB O )
fo r  s p ac e c r aft l i fe -s u p p o r t s ys te m s  h as  b e e n  th e  n o r m al  p r a c ti c e
i n  th e  p as t a n d  m i g h t b e  r e q u i r e d  i n  th e  fu tu r e  fo r  l o n g-

d u r a ti o n  m i s s i o n s .  P r e vi o u s  s p a c e  p r o gr a m s ,  s u c h  as  Ge m i n i ,
M e r c u r y,  an d  Ap o l l o ,  u s e d  a n  AB O  atm o s p h e r e  i n  l i fe -s u p p o r t
s ys te m s .  An  O E A i s  c u r r e n tl y u s e d  i n  th e  s p a c e  s h u ttl e

p r o gr a m .  D u r i n g n o r m a l  o p e r ati o n s ,  th e  o r b i te r  o x yg e n
c o n c e n tr a ti o n  c an  r e ac h  as  h i gh  as  2 5 . 9  p e r c e n t o x yge n  d u e  to
c a l i b r a ti o n  m ar g i n s  i n  th e  c o n tr o l  an d  c au ti o n / war n i n g

s ys te m s .  P r i o r  to  e a c h  e x tr ave h i c u l ar  a c ti vi ty ( E VA) ,  th e  o r b i te r
a tm o s p h e r e  i s  c h an g e d  to  a 3 0  p e r c e n t o x yge n  atm o s p h e r e  a t
7 0 . 3  kP a ( a b s o l u te  p r e s s u r e  o f 1 0 . 2  p s i ) .  T h i s  3 0  p e r c e n t

o x yge n  atm o s p h e r e  i s  u s e d  fo r  6  to  1 0  h o u r s  p r i o r  to  th e  ac tu al
E VA to  p r e c o n d i ti o n  th e  c r e w fo r  th e  s p a c e  s u i t e n vi r o n m e n t o f
3 4 . 5  kP a ( ab s o l u te  p r e s s u r e  o f 5  p s i )  1 0 0  p e r c e n t AB O  atm o s ‐

p h e r e .

C . 6 . 3 . 1    T h e  s p ac e  s ta ti o n  i s  d e s i gn e d  to  o p e r ate  at 7 0 . 3  kP a
( ab s o l u te  p r e s s u r e  o f 1 0 . 2  p s i )  wi th  a  3 0  p e r c e n t o x yg e n  atm o s ‐

p h e r e  u n ti l  i t i s  p e r m an e n tl y m an n e d .  T h e  c u r r e n t s c h e d u l e  i s
fo r  th e  s p ac e  s tati o n  to  b e  o c c u p i e d  o n l y wh e n  a s h u ttl e  i s

d o c ke d  fo r  th e  frst 5  to  6  ye ar s  o f o p e r a ti o n s .  O n c e  th e  s p a c e
s tati o n  i s  p e r m an e n tl y o c c u p i e d ,  i t i s  e x p e c te d  to  o p e r ate  a t
1 0 1 . 3  kP a ( 1  atm )  wi th  u p  to  2 5  p e r c e n t o x yg e n  c o n c e n tr ati o n .

T h e  s p ac e  s ta ti o n  wi l l  h a ve  a  h yp e r b ar i c  c h a m b e r  to  tr e at th e
b e n d s ,  i f n e c e s s ar y.  T h i s  c h am b e r  wi l l  b e  o p e r ate d  at 4 0 5 . 3  kP a

( 4  a tm )  at 2 1  p e r c e n t o x yge n  c o n c e n tr a ti o n  an d  u s e d  o n l y i n
an  e m e r g e n c y.

C . 6 . 3 . 2    T h e  o x yge n  c o n c e n tr ati o n  o n  th e  s p a c e c r a ft c an  b e
i n c r e as e d  b y l e a ka ge  i n  th e  p r i m a r y o x yg e n  s u p p l y s ys te m  o r
th e  e m e r g e n c y o x yg e n  s ys te m .  T h i s  s i tu ati o n  h as  o c c u r r e d  i n

th e  o r b i te r  c ab i n  s e ve r al  ti m e s  o ve r  th e  ye a r s .  A l e ak i n  o n e  o f
th e  s ys te m s  c au s e d  th e  c ab i n  o x yg e n  c o n c e n tr a ti o n  to  r e a c h  3 5
p e r c e n t fo r  a fe w h o u r s .  O n c e  th e  l e aks  we r e  fo u n d  an d  c o r r e c ‐

te d ,  th e  o x yg e n  c o n c e n tr ati o n  was  r e d u c e d  to  n o r m al  l i m i ts
wi th i n  a s h o r t ti m e .

C . 6 . 4    E x p e r i m e n tal  a n d  c o n ve n ti o n al  d e e p -s e a d i vi n g  e q u i p ‐
m e n t,  i n c l u d i n g p r e s s u r e  c h am b e r s ,  wi l l  c o n ta i n  an  O E A i f th e
p ar ti a l  p r e s s u r e  o f o x yg e n  e x c e e d s  2 1 . 3  kP a  ( 1 6 0  to r r ) .

Δ C . 7  C o m m e rc i al  an d  M i l i tar y Avi ati o n .

C . 7 . 1    Al l  h i gh - al ti tu d e  c o m m e r c i al  ai r c r a ft o f m o d e r a te  an d
l ar g e  s i z e  a r e  e q u i p p e d  wi th  e m e r g e n c y o x yge n  b r e a th i n g

s ys te m s  fo r  u s e  i n  c a s e  o f fai l u r e  o f n o r m a l  e q u i p m e n t.  Al l  m i l i ‐
tar y h i gh - p e r fo r m an c e  ai r c r a ft ar e  e q u i p p e d  wi th  s i m i l a r
s ys te m s  fo r  r o u ti n e  u s e .  P r e s s u r e  wi th i n  th e  c o m p o n e n ts  o f

s u c h  a  s ys te m  r an g e  fr o m  1 2 , 4 1 1  kP a to  1 5 , 1 6 9  kP a  ( ga u g e
p r e s s u r e  o f 1 8 0 0  p s i  to  2 2 0 0  p s i )  i n  s to r ag e  c yl i n d e r s  a n d  fr o m
1 0 3  kP a to  4 8 3  kP a ( ga u g e  p r e s s u r e  o f 1 5  p s i  to  7 0  p s i )  i n  th e

d i s p e n s i n g s ys te m .

C . 7 . 1 . 1    U s e  o f s u c h  a s ys te m  d u r i n g  fight c a n  r e s u l t i n  th e
d e ve l o p m e n t o f an  O E A a t th e  s i te  o r  s i te s  o f s u c h  u s e .  Wh e r e

u s e  i s  r o u ti n e ,  as  i n  m i l i tar y ap p l i c ati o n s ,  p r o p e r  p e r s o n n e l
i n d o c tr i n ati o n  an d  th e  e x e r c i s e  o f p r o p e r  p r e c au ti o n s  te n d  to

m i ti ga te  th e  fr e q u e n c y o f i n c i d e n ts .  H o we ve r,  i n  c o m m e r c i al
a i r c r aft,  s a fe ty d e m an d s  th at th e  “ n o  s m o ki n g ”  p r o vi s i o n s  b e
r i gi d l y e n fo r c e d  d u r i n g s ys te m  u s e .
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

C . 7 . 2    O E As  c a n  d e ve l o p  i n  o r  a r o u n d  ai r c r a ft d u r i n g  s e r vi c i n g
o f o x yge n  s ys te m s .  C h ap te r  5  o f N F PA 4 1 0  c o ve r s  th i s  a p p l i c a‐
ti o n .  I n  g e n e r al ,  p r o p e r  p e r s o n n e l  i n d o c tr i n ati o n  an d  th e  e x e r ‐
c i s e  o f p r o p e r  p r e c au ti o n s  te n d  to  m i ti ga te  th e  fr e q u e n c y o f
i n c i d e n ts .

C o n ta m i n ati o n  o f an  a i r c r aft o x yg e n  s ys te m  wi th  o i l ,  g r e as e ,
o r  an y fammable  o r  c o m b u s ti b l e  s u b s tan c e  wi l l  c r e ate  a
h a z a r d o u s  s i tu a ti o n .

C . 7 . 3    O x yg e n  i s  m o r e  s o l u b l e  th a n  n i tr o g e n  i n  ai r c r aft fu e l .  I f
s u c h  fu e l  i s  e x p o s e d  to  a i r  fo r  a  signifcant i n te r val ,  e n o u gh
o x yge n  c an  d i s s o l ve  i n  th e  fu e l  an d  c o m e  o u t o f th e  s o l u ti o n
( as  g as e o u s  o x yge n )  d u r i n g  fight b e c au s e  o f th e  d e c r e as e d
atm o s p h e r i c  p r e s s u r e ,  to  c r e a te  a h a z a r d o u s  O E A.

C . 8  I n ad ve r te n t U ti l i z ati o n .

C . 8 . 1    An  i n a d ve r te n t O E A c a n  b e  c r e ate d  d u e  to  u s e  o f
i m p r o p e r  d e s i g n ,  m al fu n c ti o n ,  o r  i m p r o p e r  u s e  o f o x yg e n  s to r ‐
ag e  o r  d i s p e n s i n g  e q u i p m e n t.  L e a ka ge  o f o x yg e n  fr o m ,  o r
i m p r o p e r  u s e  o f,  s u c h  e q u i p m e n t c an  c r e ate  an  O E A,  e s p e c i al l y
i f th e  e q u i p m e n t i s  s to r e d  o r  u s e d  i n  a  confned  o r  p o o r l y ve n ti ‐
l ate d  s p ac e .  S u c h  a n  atm o s p h e r e  i s  e s p e c i al l y d a n ge r o u s
b e c au s e  p e r s o n n e l  m i g h t n o t b e  awa r e  th a t o x yg e n  e n r i c h m e n t
e x i s ts .

C . 8 . 1 . 1    An  O E A c a n  b e  c r e a te d  i n ad ve r te n tl y b y th e  u s e  o f
o x yge n  to  ve n ti l a te  c l o s e d  c o m p a r tm e n ts ,  e i th e r  i n te n ti o n al l y
o r  b e c au s e  o f a m i s take n  b e l i e f th a t th e  te r m s  “ o x yg e n ”  an d
“ a i r ”  ar e  s yn o n ym o u s .

C . 8 . 1 . 2    An  O E A c a n  d e ve l o p  i n ad ve r te n tl y i f a n  o x yg e n
s tr e am  i s  e m p l o ye d  i n  l i e u  o f c o m p r e s s e d  ai r  to  c l e a r  s awd u s t
o r  m e tal l i c  c h i p s  fr o m  wo o d  o r  m e tal wo r ki n g e q u i p m e n t.

C . 8 . 1 . 3    An  O E A c an  b e  c r e a te d  i n ad ve r te n tl y wi th i n  i n s u l ati o n
o n  p i p i n g an d  e q u i p m e n t c o n ta i n i n g  m a te r i al s  at te m p e r a tu r e s
b e l o w th e  c o n d e n s ati o n  te m p e r a tu r e  o f o x yg e n  ( e . g. ,  l i q u i d
h yd r o g e n  o r  n i tr o g e n )  i f th e  o x yge n  i n  atm o s p h e r i c  ai r  i s
c o n d e n s e d  wi th i n  th e  i n s u l a ti o n .

C . 8 . 1 . 4    An  O E A c a n  b e  c r e a te d  i n ad ve r te n tl y wi th i n  a ve n te d
s to r ag e  ve s s e l  c o n ta i n i n g  l i q u i d  a i r  d u e  to  th e  p r e fe r e n ti a l  e va p ‐
o r a ti o n  o f n i tr o g e n .

C . 9  Re fe re n c e .    D o r r,  V.  A.  “ F i r e  S tu d i e s  i n  O x yg e n -E n r i c h e d
Atm o s p h e r e s . ”  Journal of Fire and Flammability,  Vo l .  1 ,  1 9 7 0 ,  p p .
9 1 –1 0 6 .

An n e x  D    Fi re  E x p e ri e n c e

This annex is not a part of the recommendations of this NFPA docu‐
ment but is included for informational purposes only.

D . 1  I n tro d u c ti o n .

D . 1 . 1    T h i s  a n n e x  i s  a c o m p i l a ti o n  o f r e p o r ts  o f fres  an d
e x p l o s i o n s  i n vo l vi n g  b o th  i n te n ti o n al  a n d  i n a d ve r te n t O E As
th a t h ave  b e e n  r e p o r te d  to  N F PA.

D . 1 . 2    T h i s  c o m p i l ati o n  i s  b y n o  m e a n s  a r e c o r d  o f al l  s u c h
i n c i d e n ts  th a t h a ve  o c c u r r e d .  M an y i n c i d e n ts  ar e  n o t r e p o r te d
to  N F PA o r  e ve n  to  l o c a l  au th o r i ti e s .

D . 1 . 3    T h e  p u r p o s e  o f th i s  a n n e x  i s  to  p r e s e n t e x am p l e s  th at
i l l u s tr ate  th e  c o m m o n  m an n e r  i n  wh i c h  o s te n s i b l y d i ve r s e
c i r c u m s tan c e s  r e s u l t i n  s i m i l a r  ac c i d e n ts .  B e c a u s e  th e  s o u r c e s
o f d ata var y,  N F PA c an n o t gu ar an te e  th e  ac c u r a c y o f th e
re p o r ts .  H o we ve r,  e ac h  r e p o r t h a s  b e e n  s u b j e c te d  to  e x p e r t

r e vi e w b y th e  C o m m i tte e  o n  F i r e  H az ar d s  i n  O x yg e n -E n r i c h e d
Atm o s p h e r e s  a n d  i s  b e l i e ve d  to  b e  c o n s i s te n t wi th  p r e s e n t
th e o r y.

D . 2  U ti l i z ati o n  o f O E As .

D . 2 . 1  O x yge n  P ro d u c ti o n ,  Tran s p o r tati o n ,  an d  Tran s fe r.

D . 2 . 1 . 1    A r e c i p r o c ati n g  o x yg e n  tr a n s fe r  p u m p ,  o p e r ati n g  at
6 8 9 5  kP a ( g au ge  p r e s s u r e  o f 1 0 0 0  p s i ) ,  h ad  n i tr o g e n  s e al s  i n

th e  c r o s s h e ad  s e c ti o n  to  p r e ve n t c o n tam i n a ti o n  o f o x yg e n  wi th
l u b e  o i l  fr o m  c r an kc a s e  o r  c r o s s h e ad  a r e as .  A s e a l ( s )  fai l e d  an d
th e r e  wa s  a n  e x p l o s i o n  wi th i n  th e  p u m p ,  p r o j e c ti n g p ar ts  a s  fa r

a s  9 1  m  ( 3 0 0  ft) .  T h e  l o s s  e s ti m ate  was  $ 2 0 , 0 0 0 .

D . 2 . 1 . 2    E x p l o s i o n  an d  fre  o c c u r r e d  i n  th e  flter  o f h i gh -
p r e s s u r e  o x yge n  p u m p  e q u i p m e n t.  T h e  e q u i p m e n t was  u s e d

fo r  c h ar g i n g  i n h al a ti o n  an d  s e l f-c o n tai n e d  b r e a th i n g e q u i p ‐
m e n t o x yg e n  c yl i n d e r s .  I t was  c o n c l u d e d  th at th e  e x p l o s i o n  wa s

d u e  to  th e  p r e s e n c e  a n d  b u r n i n g  o f an  o x i d i z ab l e  m a te r i al  i n
th e  b o tto m  o f th e  flter.  T h e  o x i d i z a b l e  m a te r i al  m i gh t h ave
b e e n  g l yc e r i n e  th a t wa s  u s e d  fo r  l u b r i c ati n g  th e  p u m p .

D . 2 . 1 . 3    An  e x p l o s i o n ,  b e l i e ve d  to  h a ve  b e e n  i n i ti ate d  i n  a
h yd r o c a r b o n  b u i l d u p  i n  th e  r e b o i l e r  o f an  o x yge n  c o l u m n ,

d e s tr o ye d  th e  c o l u m n .  T h e  c o l u m n ,  3 0  m  ( 9 9  ft)  h i gh  an d  var y‐
i n g  i n  d i am e te r  fr o m  6 . 7  m  to  1 1  m  ( 2 2  ft to  3 6  ft) ,  wa s  i n s u l a‐
te d  wi th  a  fne  g r an u l a r  an d  n o n c o m b u s ti b l e  m a te r i al .  T h e

a d j ac e n t i n s u l ati o n  s i l o  was  al s o  d e s tr o ye d .  T h e  l o s s  e s ti m a te
was  $ 8 3 0 , 0 0 0 .

D . 2 . 1 . 4    P r o b ab l y a s  th e  r e s u l t o f e x c e s s  we ar  o n  Tefon®  r i d e r
r i n g s  o n  a  c o m p r e s s o r  p i s to n  r o d ,  l u b r i c ati n g  o i l  e s c ap e d  i n to
an  o x yge n  c yl i n d e r,  wh e r e  i g n i ti o n  o c c u r r e d .  S te e l  an d  b r as s

p ar ts  we r e  c o n s u m e d  o r  d am a ge d  i n  th e  fre,  wh i l e  a  s u d d e n
r e l e as e  o f h i g h -p r e s s u r e  o x yge n  o u t o f th e  s u c ti o n  m an i fo l d
an d  i n to  th e  b u i l d i n g  c a u s e d  s te e l  wal l s  to  b u c kl e  o r  b l o w o u t.

A d e l u g e  s ys te m  p r o te c te d  a  3 7 3  kW ( 5 0 0  h p )  s yn c h r o n o u s
m o to r.  T h e  l o s s  e s ti m ate  was  $ 1 2 5 , 0 0 0 .

D . 2 . 1 . 5    T h e r e  h ave  b e e n  s e ve r a l  i n c i d e n ts  i n vo l vi n g  va c u u m -
i n s u l ate d  l i q u i d  o x yge n  ( L O X )  ta n ks  an d  p i p e l i n e s  i n  wh i c h
p al l a d i u m  o x i d e  ge tte r  p a c ke ts  u s e d  fo r  va c u u m  m ai n te n a n c e

h a ve  b e e n  i m p l i c a te d  as  an  i gn i ti o n  s o u r c e .  T h e  fu n c ti o n  o f
p al l a d i u m  o x i d e ,  a s  i t i s  u s e d  i n  vac u u m  m ai n te n an c e ,  i s  to
r e ac t wi th  o ff-ga s s e d  h yd r o g e n  to  fo r m  wa te r.  O ve r  a p e r i o d  o f

ti m e ,  th e  p al l ad i u m  o x i d e  c an  b e  r e d u c e d  to  fnely d i vi d e d
p al l a d i u m  m e tal  o r  p a l l ad i u m  h yd r i d e .

I f l i q u i d  o x yge n  i s  i n tr o d u c e d  s u d d e n l y i n to  a va c u u m  b y
fai l u r e  o f a s tr u c tu r al  j o i n t,  th e  r e d u c e d  p al l ad i u m  o x i d e  m i g h t
u n d e r g o  an  e x o th e r m ,  wh i c h  c o u l d  i g n i te  th e  s u p e r i n s u l ati o n .

A r e c o m m e n d e d  s o l u ti o n  i s  to  m ake  c e r tai n  th at p al l ad i u m
o x i d e  i s  s u i tab l y e n c a p s u l ate d  wi th i n  a  h e at s i n k to  e n s u r e  th a t
th e  e x o th e r m  d o e s  n o t ac c e l e r a te  i f l i q u i d  o x yg e n  i s  i n ad ve r ‐

te n tl y i n tr o d u c e d  i n to  th e  vac u u m  s p ac e .

D . 2 . 1 . 6    A s e i s m i c  s u r ve y ve s s e l  wa s  d e s tr o ye d  an d  th r e e  i n d i ‐
vi d u a l s  we r e  ki l l e d  a s  a c o n s e q u e n c e  o f a n  i n c i d e n t i n vo l vi n g  a

7 5 7 0 . 8  L  ( 2 0 0 0  g al )  l i q u i d  o x yge n  ta n k c ar r i e d  o n  b o ard  th e
s h i p  fo r  s e i s m i c  e x p e r i m e n ts .  T h e  i n ve s ti ga ti o n  c o n c l u d e d  th a t

e x c e s s i ve  fo r c e  ap p l i e d  to  a  va l ve  s te m  s h e ar e d  th e  s te m  c o l l a r.
T h e  i n te r n al  ta n k p r e s s u r e  wa s  ap p r o x i m ate l y 4 1 3 . 7  kP a ( gau ge
p r e s s u r e  o f 6 0  p s i ) .

An  o x yg e n  c l o u d  s p r e a d  o ve r  th e  s h i p .  T h e r e  wa s  n o  s h o r t‐
ag e  o f c o m b u s ti b l e s .  S te e l  d e c k p l a te s  we r e  e m b r i ttl e d  an d

c r a c ke d .  S e ve r al  fashes  p r e c e d e d  a n  e x p l o s i o n .  T h e  p re c i s e
i gn i ti o n  s o u r c e  i s  u n kn o wn .  D u r i n g  th e  p o s t-a c c i d e n t i n ve s ti g a‐
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ti o n ,  q u e s ti o n s  we r e  r a i s e d  ab o u t th e  s ys te m  m a i n te n an c e ,
p e r s o n n e l  awa r e n e s s  o f o x yg e n  h az ar d s ,  an d  th e  ab s e n c e  o f fa i l -
s a fe  b ac ku p  s h u to ff val ve s .  T h e  l o s s  e s ti m a te  wa s  $ 1 , 2 5 0 , 0 0 0 .

D . 2 . 1 . 7    A 4 9 2 1  L  ( 1 3 0 0  ga l )  a l u m i n u m  L O X  ta n k tr u c k e x p l o ‐
d e d  s h o r tl y afte r  a d e l i ve r y to  a  c u s to m e r ’ s  tan k.  Two  i n d i vi d u ‐
al s  we r e  ki l l e d .  T h e  e x p l o s i o n  o c c u r r e d  s h o r tl y afte r  o n e  o f th e
i n d i vi d u al s  r e p o r te d  th at a s u b m e r ge d  tr a n s fe r  p u m p  was  n o t
wo r ki n g p r o p e r l y.  I m p r o p e r  b e ar i n g l u b r i c ati o n  an d  p u m p
re ve r s al  d u e  to  i m p r o p e r  m ai n te n an c e  p r o c e d u r e s  we r e  p o s s i ‐
b l e  c au s e s  o f th e  p u m p  fa i l u r e .  Ap p r o x i m a te l y 3 . 6  kg  ( 8  l b )  o f
al u m i n u m  fr o m  th e  p u m p  wa s  c o n s u m e d .  Al l  s u b m e r ge d
p u m p s  we r e  r e m o ve d  fr o m  s e r vi c e  an d  r e p l ac e d  wi th  e x te r n al
p u m p s .

D . 2 . 1 . 8    A L O X  ta n k tr u c k e x p l o d e d  afte r  m aki n g  a d e l i ve r y to
a h o s p i tal .  Two  i n d i vi d u al s  we r e  ki l l e d .  Ap p r o x i m ate l y 7 3 . 5  kg
( 1 6 2  l b )  o f al u m i n u m  was  c o n s u m e d  an d  c o n tr i b u te d  to  th e
i n te n s i ty o f th e  e x p l o s i o n .  T h e  defnitive  c a u s e  o f th e  ac c i d e n t
was  n o t frmly e s ta b l i s h e d .  I t i s  b e l i e ve d  th a t va r i o u s  fa c to r s
c o n tr i b u te d  to  c o n tam i n an t b u i l d u p .  T h i s  b u i l d u p  p r o vi d e d  a
ki n d l i n g c h ai n ,  c a u s i n g  fu r th e r  p a r ti c i p a ti o n  o f al u m i n u m  i n
th e  s c e n ar i o .

D . 2 . 1 . 9    I g n i ti o n  o c c u r r e d  i n  th e  e l e c tr i c -m o to r  o r  th e  e l e c tr i c -
m o to r  b e ar i n g  o f a L O X  tr a n s fe r  o r  th e  p r o c e s s  p u m p s  o p e r ‐
ate d  i n  th e  i n d u s tr y fr o m  ve r y l o w p r e s s u r e  u p  to  1 0  M P a
( ab s o l u te  p r e s s u r e  o f 1 4 5 0  p s i ) .  O x yg e n  e n r i c h m e n t o f th e
e l e c tr i c -m o to r  i ts e l f o r  o f th e  e l e c tr i c -m o to r-d r i ve n  e n d  b e a r i n g
l e d  to  a “fash  fre,”  an d  signifcant c o m b u s ti o n  o f th e  e l e c tr i c -
m o to r  a n d  th e  r o l l e r  b e a r i n g .

A frst r o o t c a u s e  o f th e  o x yge n  e n r i c h m e n t was  d u e  to  an
o x yge n  l e a k fr o m  th e  c o l d  e n d  ac r o s s  th e  s e a l  s ys te m  o f th e
p u m p ,  d u e  to  a m e c h a n i c al  i s s u e  wi th  th e  s e a l  s ys te m  ( i . e . ,  th e
m e c h an i c al  s e al ,  l ab yr i n th  s e a l ,  o r  d r y ga s  s e al ) .

A s e c o n d  r o o t c a u s e  o f i g n i ti o n  wa s  d u e  to  th e  l u b r i c a n t u s e d
fo r  th e  e l e c tr i c -m o to r  b e ar i n g.

S afe g u ar d s  we r e  i n s ta l l e d  to  p r e ve n t o x yg e n  e n r i c h m e n t o f
th e  e l e c tr i c -m o to r  b e a r i n g .  Ap p r o p r i ate  i n s tr u m e n tati o n  to
d e te c t o x yge n  l e akag e  was  i n s ta l l e d  ( e . g . ,  u s i n g p r e s s u r e  d i ffe r ‐
e n ti a l  ac r o s s  th e  s e a l  s ys te m  a n d  l o w- te m p e r a tu r e  d e te c ti o n .  I n
ad d i ti o n ,  th e  e l e c tr i c -m o to r-b e ar i n g l u b r i c a n t was  s e l e c te d
b a s e d  o n  th e  r e q u i r e d  m e c h a n i c al  p r o p e r ti e s  an d  o n  th e  L O X
p u m p  m an u fa c tu r e r ’ s  i n s tr u c ti o n s .

D . 2 . 2  M e d i c al .

D . 2 . 2 . 1    I m p r o p e r  m ai n te n an c e  o f a d e vi c e  u s e d  wi th  o x yge n
l e d  to  th i s  fre.  A humidifer  was  u s e d  a l o n g s i d e  a 2 -ye ar-o l d
c h i l d ’ s  c r i b  ftted  wi th  an  o x yg e n  te n t.  T h e r e  we r e  i n d i c ati o n s
o f l o w wate r  i n  th e  humidifer,  o f fai l u r e  o f i ts  th e r m al  s a fe ty
fe atu r e ,  a n d  o f fre  o r i gi n ati n g  i n  i ts  b l o we r,  fe e d i n g  o n  ac c u ‐
m u l a te d  d u s t a n d  l i n t.  T h e  fames  we r e  b l o wn  i n to  th e  o x yg e n
te n t,  wh e r e  th e  l i ttl e  gi r l  wa s  b u r n e d  to  d e a th .

D . 2 . 2 . 2    A p ati e n t i n  a s e m i p r i va te  r o o m  a wo ke  a n d  s aw th e
o x yg e n  te n t o n  th e  o th e r  b e d  afre.  H e  s e t o ff th e  a l a r m ,  b u t
th e  p ati e n t i n  th e  te n t c o u l d  n o t b e  r e s c u e d  b e fo r e  h e  d i e d .
E x te n s i ve  i n ve s ti ga ti o n  fai l e d  to  p o s i ti ve l y r e ve al  th e  s o u r c e  o f
i gn i ti o n ,  b u t a c i g ar e tte  b u tt wa s  fo u n d  o n  th e  b e d  ta b l e  as  we l l
as  th e  r e m ai n s  o f a  b o o k o f m a tc h e s  i n  th e  vi c ti m ’ s  b e d .

D . 2 . 2 . 3    A p r e s s u r e  r e g u l ato r,  wh i c h  h ad  b e e n  i n  s e r vi c e  fo r
s o m e  ti m e ,  h a d  j u s t b e e n  d i s c o n n e c te d  fr o m  a c yl i n d e r  an d
c o n n e c te d  to  an o th e r  c yl i n d e r  to  m ai n tai n  o x yge n  to  a n
i n fa n t’ s  i n c u b ato r  o x yge n  te n t.  Wh e n  th e  c yl i n d e r  va l ve  wa s

tu r n e d  o n ,  th e  r e g u l ato r  c o m p o n e n ts  i g n i te d  a n d  r ap i d  b u r n -
th r o u g h  o c c u r r e d .  T h e  i n fa n t was  ki l l e d  an d  fve  p e r s o n s  we r e

i n j u r e d  i n  th e  r e s u l ti n g  fash  fre.  Ad i a b ati c  c o m p r e s s i o n  i g n i ‐
ti o n  i n  th e  r e gu l ato r  was  th e  p r o b a b l e  c a u s e  o f th i s  fa ta l  fre.

I t s h o u l d  b e  n o te d  th at o th e r  we l l -d o c u m e n te d  c as e s  s u g ge s t
th a t s h o c k,  fr i c ti o n ,  o r  c o m p r e s s i o n  h e ati n g  fr o m  th e  s u d d e n

o p e n i n g  o f a h i g h -p r e s s u r e  o x yg e n  val ve  c an  c au s e  i gn i ti o n  o f
va l ve  o r  r e gu l a to r  c o m p o n e n ts  wi th o u t i n te r ve n ti o n  o f fo r e i g n
c o m b u s ti b l e s .  Re g u l ato r s  s h o u l d  al ways  b e  i n  th e  c l o s e d  p o s i ‐

ti o n  ( fu l l y b ac ke d  o ff)  wh e n  o p e n i n g val ve s  o n  o x yge n  c yl i n ‐
d e r s .

D . 2 . 2 . 4    A tr ac h e o to m y wa s  b e i n g  p e r fo r m e d  o n  a 3 3 -ye ar-o l d
ve n ti l ato r-d e p e n d e n t wo m an  wi th  m u l ti p l e  m e d i c a l  p r o b l e m s .
S h e  was  an e s th e ti z e d  wi th  i n tr ave n o u s  ag e n ts  an d  ve n ti l a te d

wi th  1 0 0  p e r c e n t o x yg e n  vi a  a p o l yvi n yl  c h l o r i d e  ( P VC )  e n d o ‐
tr a c h e a l  tu b e  th a t p as s e d  th r o u g h  h e r  m o u th  i n to  h e r  tr a c h e a .
F i fte e n  m i n u te s  afte r  th e  an te r i o r  n e c k i n c i s i o n ,  an d  d u r i n g

th e  u s e  o f e l e c tr o c au te r y,  a  l o u d  “ p o p ”  was  h e a r d  fo l l o we d  b y a
fre  i n  th e  s u r g i c al  feld.  M o i s t to we l s  we r e  u s e d  to  e x ti n g u i s h
th e  fre,  a n d  th e  c h ar r e d  e n d o tr a c h e al  tu b e  th at h a d  i gn i te d

was  r e p l a c e d  wi th  a  tr ac h e o to m y tu b e .  E x a m i n ati o n  r e ve a l e d  a
b u r n  o f th e  tr ac h e a.  T h e  p ati e n t to l e r ate d  th e  r e m ai n d e r  o f th e
p r o c e d u r e  we l l  b u t d i e d  1  m o n th  l a te r  fr o m  u n d e r l yi n g  m u l ti ‐
p l e  m e d i c al  p r o b l e m s .  ( 1 )

D . 2 . 2 . 5    D u r i n g a to n s i l l e c to m y o n  a 4 -ye ar-o l d  b o y u n d e r
ap p r o x i m a te l y 5 0  p e r c e n t o x yge n ,  5 0  p e r c e n t n i tr o u s  o x i d e ,

a n d  1  p e r c e n t h a l o th an e  ge n e r a l  an e s th e s i a,  fre  “ b l o w-
to r c h e d ”  fr o m  th e  m o u th .  T h e  fre  wa s  e x ti n gu i s h e d  b y a
c o m b i n a ti o n  o f d e l u g e  wi th  s al i n e  s o l u ti o n  an d  c e s s ati o n  o f th e
fow o f O E A c au s e d  b y o c c l u s i o n  o f th e  c h ar r e d  P VC  e n d o tr a‐

c h e a l  tu b e ,  wh i c h  was  i m m e d i ate l y r e p l ac e d .  T h e  p ati e n t’ s
b u r n s  o f th e  to n g u e ,  p h a r yn x ,  an d  tr ac h e a  we r e  m an a ge d  i n  a n

i n te n s i ve  c ar e  u n i t,  an d  h e  was  d i s c h a r ge d  5  d ays  l a te r.  I gn i ti o n
o f th e  P VC  tu b e  o c c u r r e d  d u r i n g  e l e c tr o c a u te r i z ati o n  o f b l e e d ‐
i n g  ve s s e l s  a d j ac e n t to  th e  tu b e  i n  th e  o x yg e n - a n d  n i tr o u s

o x i d e -e n r i c h e d  a n e s th e ti c  atm o s p h e r e .  ( 2 )

D . 2 . 2 . 6    A 5 6 - ye a r-o l d  m a n  wi th  a  vo c a l  c o r d  p o l yp  was  an e s th e ‐
ti z e d  wi th  6 6  p e r c e n t n i tr o u s  o x i d e ,  3 3  p e r c e n t o x yg e n ,  a n d  u p

to  1 . 5  p e r c e n t isofurane  fo r  s u r g i c a l  r e s e c ti o n  o f th e  p o l yp
u s i n g  a  C O 2  l a s e r.  T h e  a n e s th e ti c  g as e s  we r e  a d m i n i s te r e d  vi a
a n  e n d o tr a c h e al  tu b e ,  specifcally m an u fa c tu r e d  fo r  C O 2  l a s e r

s u r ge r y,  c o n s i s ti n g o f a s i l i c o n e  r u b b e r  s h aft e x te r n al l y c o a te d
wi th  a s i l i c o n e  r u b b e r  l aye r  c o n tai n i n g  m e ta l  p a r ti c l e s .  Afte r

e x c i s i o n  o f th e  p o l yp  a n d  d u r i n g c o n tr o l  o f vo c a l  c o r d  b l e e d i n g
u s i n g  th e  l as e r,  s m o ke  e m e r ge d  fr o m  th e  m o u th ,  fames
e m e r g e d  fr o m  th e  e n d o tr ac h e a l  tu b e ,  an d  fames  we r e  n o te d

wi th i n  th e  tu b i n g  o f th e  a n e s th e s i a  b r e a th i n g c i r c u i t.  T h e
fames  we r e  e x ti n gu i s h e d  wi th  s al i n e  s o l u ti o n ,  an d  th e  b u r n e d
e n d o tr a c h e al  tu b e  was  r e p l ac e d .  T h e  p a ti e n t s u ffe r e d  e x te n s i ve

b u r n s  o f th e  tr ac h e a a n d  b r o n c h i ,  fr o m  wh i c h  h e  e ve n tu al l y
r e c o ve r e d .

E x am i n a ti o n  o f th e  b u r n e d  e n d o tr ac h e al  tu b e  r e ve a l e d
c o m b u s ti o n  o f th e  c u ff,  wh i c h  h a d  b e e n  flled  wi th  s al i n e  s o l u ‐
ti o n  to  i s o l a te  th e  a n e s th e ti c  g as e s  wi th i n  th e  b r e ath i n g  c i r c u i t

an d  l u n g ,  a n d  c o m b u s ti o n  o f th e  d i s tal  s h a ft.  T h e  C O 2  l a s e r
h ad  m o s t l i ke l y p e r fo r a te d  th e  c u ff an d  th e n  i gn i te d  th e  s i l i ‐
c o n e  r u b b e r  i n  th e  o x yg e n - a n d  n i tr o u s  o x i d e –e n r i c h e d  atm o s ‐

p h e r e .  ( 3 )

D . 2 . 2 . 7    T h e  u s e  o f a d r y g au z e  p a d  i n  an  o x yg e n -e n ri c h e d
a tm o s p h e r e  l e d  to  a fre  i n  th e  i n c i s i o n  s i te .  A ga u z e  p ad  wa s

p l a c e d  i n  th e  i n c i s i o n  s i te  d u r i n g  a  l u n g r e s e c ti o n .  T h e  d r y p ad
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was  b e i n g  u s e d  to  b l o t b l o o d  fr o m  th e  ti s s u e s .  At th e  ti m e  th e
fre  o c c u r r e d ,  an  e l e c tr o s u r g i c al  u n i t ( E S U )  wa s  b e i n g  u s e d  to
c a u te r i z e  a  b l e e d e r  i m m e d i ate l y n e x t to  th e  g au z e .  T h e  l u n g
l o b e  h ad  a l r e ad y b e e n  r e s e c te d ,  a n d  o x yg e n  was  fowing  o u t o f
th e  r e s e c te d  ar e a ,  e n r i c h i n g th e  o p e r ati ve  s i te .  T h e  o x yg e n
e n r i c h e d  th e  g au z e  an d  a l l o we d  i t to  b e  e a s i l y i g n i te d  b y th e
E S U .  T h e  b u r n i n g  g au z e  p ad  wa s  th r o wn  to  th e  foor  a n d  e x ti n ‐
gu i s h e d  wi th o u t an y ap p ar e n t i n j u r y to  th e  p a ti e n t.  ( 4 )

D.2.2.8    T h e  c r e a ti o n  o f an  O E A,  c au s e d  b y a n  o p e n  o x yge n
s o u r c e  an d  a s p ar k fr o m  th e  o p e r ati ve  s i te ,  al l o we d  th i s  fre  to
o c c u r.  A p ati e n t was  h a vi n g s e ve r al  s ki n  l e s i o n s  r e m o ve d  fr o m
h e r  r i g h t b r e as t.  S h e  h a d  b e e n  gi ve n  a tr a n q u i l i z e r  an d  wa s
b e i n g gi ve n  o x yg e n  wi th  a fac e  m as k at a  fow r ate  o f a p p r o x i ‐
m a te l y 4  L / m i n  ( 1 . 0 6  g al / m i n ) .  T h e  s u r ge o n  h ad  i n i ti al l y
re m o ve d  a l e s i o n  fr o m  h e r  n e c k wi th o u t i n c i d e n t.  T h e  wi n d o w
i n  th e  s u r g i c al  d r a p e  was  th e n  m o ve d  d o wn  to war d  h e r  r i g h t
b r e a s t.  T h i s  a r e a was  p r e p p e d  i n  th e  u s u a l  fas h i o n  wi th  a n
i o d i n e  s o l u ti o n ,  a n d  th e  i n c i s i o n  s i te  was  a n e s th e ti z e d  wi th  a
l o c al  a n e s th e ti c .  D u r i n g u s e  o f th e  E S U ,  th e  s u r ge o n  s tate d  th at
a s p ar k few fr o m  th e  o p e r ati ve  s i te  to war d  th e  e d ge  o f th e
s u r gi c a l  d r a p e .

T h e  m e th o d  o f fame  p r o p ag ati o n  i n  th i s  c a s e  i s  n o t a b s o ‐
l u te l y c l e a r,  b u t surface-fber  fame  p r o p a ga ti o n  was  i n vo l ve d .
T h e  fo l l o wi n g two  p o s s i b i l i ti e s  a r e  l i ke l y:

( 1 ) T h e  n ap  fbers  o n  th e  r e u s a b l e  d r ap e  b u r n e d .
( 2 ) T h e  p ati e n t’ s  fne  b o d y h a i r  b u r n e d  an d  r ap i d l y s p r e ad

th e  fre  u n d e r  th e  s u r fac e  o f th e  d r ap e  to wa r d  th e
p ati e n t’ s  fac e .

T h e  fre  th e n  i gn i te d  th e  o x yge n  m as k a n d  r e s u l te d  i n  s o m e
m i n o r  b u r n s  to  th e  p a ti e n t’ s  fa c e  a n d  n e c k.  ( 5 )

D.2.2.9    An  O E A,  c r e a te d  b y th e  p r e s e n c e  o f o x yg e n  an d
n i tr o u s  o x i d e ,  al l o we d  e as y i g n i ti o n  o f fa c i al  h ai r.  A p ati e n t wa s
u n d e r g o i n g  o r a l  s u r g e r y wi th  ge n e r a l  an e s th e s i a m ai n ta i n e d
th r o u g h  a  n o s e  m a s k wi th  a  c o n c e n tr a ti o n  o f 2 5  p e r c e n t
o x yge n ,  7 5  p e r c e n t n i tr o u s  o x i d e ,  an d  a  s m a l l  p e r c e n ta ge  o f
h a l o g e n ate d  an e s th e ti c .  T h e  p ati e n t h ad  a  m o u s tac h e .

As  th e  s u r ge o n  was  gr i n d i n g  a flling  wi th  a tu n g s te n - c a r b i d e
b u r,  an  i n c an d e s c e n t s p ar k few fr o m  th e  b u r  an d  ar c e d  o u t o f
th e  p ati e n t’ s  m o u th ,  o ve r  h i s  u p p e r  l i p ,  an d  l an d e d  i n  h i s
m o u s tac h e .  B e c a u s e  o f th e  o x yg e n - an d  n i tr o u s  o x i d e –e n r i c h e d
atm o s p h e r e ,  th e  m o u s ta c h e  i m m e d i a te l y b u r s t i n to  fame  an d
i gn i te d  th e  n as al  m a s k.  T h e  fre  th e n  fashed  b a c k to wa r d  th e
an e s th e s i a  m ac h i n e  al o n g  th e  ga s  d e l i ve r y h o s e s .  As  s o o n  a s  th e
fre  was  n o ti c e d ,  th e  n as al  m as k was  r e m o ve d  fr o m  th e  p ati e n t’ s
fac e ,  b u t n o t b e fo r e  signifcant b u r n i n g o f h i s  n o s e  an d  u p p e r
l i p  h a d  o c c u r r e d .  ( 6 )

D.2.2.10    I m p r o p e r  u s e  o f a n  o x yg e n  c o n c e n tr ato r  c a u s e d  th e
fo l l o wi n g  fre.  A p ati e n t r e q u i r i n g o x yge n  th e r ap y wa s  at h o m e
u s i n g  a n  o x yg e n  c o n c e n tr a to r  wi th  a  n a s al  c an n u l a.  Wh i l e
gr i n d i n g  m e tal  i n  h i s  s h o p ,  g r i n d i n g  s p a r ks  i g n i te d  th e  n a s al
c a n n u l a .  H e  p u l l e d  th e  tu b i n g  fr o m  h i s  fa c e  an d  was  s l i g h tl y
b u r n e d  i n  th e  i n c i d e n t.  ( 7 )

D.2.2.11    A 4 - ye a r-o l d  m al e  c h i l d  ( p ati e n t)  an d  a  6 2 -ye ar-o l d
fe m al e  ( g r an d m o th e r  o f th e  p a ti e n t)  we r e  p l a c e d  i n s i d e  a
m o n o p l ac e  h yp e r b a r i c  c h am b e r  ( N F PA C l as s  B ) ,  wh i c h  wa s
p r e s s u r i z e d  wi th  1 0 0 %  o x yg e n  to  a  d e p th  o f 1 . 7 5  a tm  ( g au ge
p r e s s u r e  o f 1 1 . 0 1  p s i ) .  P ati e n t an d  g r an d m o th e r  we r e  we a r i n g
th e i r  o wn  c l o th i n g ;  th e y d i d  n o t c h an g e  i n to  ga r m e n ts  p r o vi d e
b y th e  tr e a ti n g fa c i l i ty as  th e  fa c i l i ty d i d  n o t p r o vi d e  g ar m e n ts .
Ap p r o x i m ate l y 2 0  m i n u te s  i n to  th e  th e r ap y s e s s i o n ,  a  fre  s tar ‐

te d  i n s i d e  th e  h yp e r b ar i c  c h am b e r.  T h e  g r an d m o th e r  e x p i r e d
l e s s  th a n  2 4  h o u r s  a fte r  r e m o val  fr o m  th e  h yp e r b ar i c  c h a m b e r

an d  th e  p ati e n t e x p i r e d  ap p r o x i m ate l y 4 0  d ays  a fte r  r e m o val  —
b o th  d u e  to  th e r m al  b u r n s  fr o m  th e  h yp e r b a r i c  c h a m b e r  fre.

Attr i b u ti n g  to  th e  c a u s e  o f th e  fre  wa s  e l e c tr o s ta ti c
d i s c h ar g e  i n s i d e  th e  h yp e r b ar i c  c h a m b e r  an d  fai l u r e  to  fo l l o w
N F PA 9 9 ,  2 0 0 5  e d i ti o n ,  a s  c i te d  an d  d e s c r i b e d ,  b u t n o t l i m i te d

to ,  th e  fo l l o wi n g :

( 1 ) 2 0 . 2 . 7 . 4 . 1  — F ai l u r e  to  p r o p e r l y g r o u n d  th e  c h a m b e r
( 2 ) 2 0 . 3 . 1 . 3 . 5  — F ai l u r e  to  c o n d u c t r o u ti n e  m ai n te n a n c e
( 3 ) 2 0 . 3 . 1 . 4 . 4  — F a i l u r e  to  h a ve  a n  e m e r g e n c y p r o c e d u r e  fo r

an  i n -c h a m b e r  fre
( 4 ) 2 0 . 3 . 1 . 4 . 7  — F ai l u r e  o f c h am b e r  s ta ff to  b e  p h ys i c al l y

p r e s e n t
( 5 ) 2 0 . 3 . 1 . 5 . 3 . 2  — F ai l u r e  to  g r o u n d  p ati e n t
( 6 ) 2 0 . 3 . 1 . 5 . 7  — F a i l u r e  to  e n s u r e  ap p r o p r i ate  g ar m e n ts
( 7 ) 2 0 . 2 . 8 . 2 . 1  — F ai l u r e  to  p r o vi d e  a n  i n te r c o m m u n i c a ti o n

s ys te m

Re fe r e n c e :  B r o wa r d  C o u n ty C o m p l ai n t Affdavit.  O ffe n s e
Re p o r t L S 0 9 - 0 5 -1 0 .  F i l i n g  Ag e n t B S O .

D.2.2.12    O ve r  3 0  fres  we r e  r e p o r te d  to  th e  F o o d  an d  D r u g
Ad m i n i s tr ati o n  ( F D A)  i n  th e  1 9 9 0 s  th a t i n vo l ve d  al u m i n u m -

b o d i e d  m e d i c al  o x yge n  r e g u l ato r s .  T h e s e  i n c i d e n ts  we r e  r e p o r ‐
te d  to  h a ve  c au s e d  s e ve r e  b u r n s  to  h e al th  c ar e  wo r ke r s  an d
p ati e n ts ,  an d  e ac h  fre  wa s  d e s c r i b e d  a s  “ e x p l o s i o n -l i ke ”  wh e n

th e  fre  e r u p te d  fr o m  th e  r e g u l ato r  b o d y.  M a n y o f th e  i n c i d e n ts
o c c u r r e d  d u r i n g e m e r g e n c y m e d i c al  u s e  o r  d u r i n g r o u ti n e

e q u i p m e n t c h e c ko u ts .  T h e  i n c i d e n ts  l e d  to  a t l e as t o n e  fatal i ty.
C atas tr o p h i c  b u r n o u t o f th e  a l u m i n u m -b o d i e d  r e gu l ato r  an d  a

r e l e as e  o f o x yge n  i n to  th e  s u r r o u n d i n gs ,  s o m e ti m e s  c au s i n g
s e c o n d a r y fres,  wa s  c h ar ac te r i s ti c  o f e ac h  o f th e s e  i n c i d e n ts .
D e p e n d i n g  o n  th e  c i r c u m s tan c e s  o f th e  i n c i d e n t,  th e  ac ti ve

i gn i ti o n  m e c h an i s m s  we r e  r e p o r te d  to  i n c l u d e  p ar ti c l e  i m p ac t,
c o n tam i n a n t- p r o m o te d  i gn i ti o n ,  an d  a d i ab ati c  c o m p r e s s i o n .
S e ve r al  o f th e  fres  we r e  b e l i e ve d  to  h ave  b e e n  c au s e d  b y p a r ti c ‐

u l a te  d e b r i s  e n tr a i n e d  i n  th e  o x yg e n  fow s tr e am  th a t o r i gi n a‐
te d  i n  th e  h i gh -p r e s s u r e  c yl i n d e r s .  E a c h  i n c i d e n t r e p o r te d
e x h i b i te d  u n i q u e  c h a r ac te r i s ti c s  fo r  i gn i ti o n ;  h o we ve r,  th e  r e g u ‐
l ato r  d e s i g n  al l o we d  al u m i n u m  to  b e  e x p o s e d  to  th e  ac ti ve  i g n i ‐

ti o n  m e c h an i s m s ,  wh i c h  r e s u l te d  i n  s u s tai n e d  c o m b u s ti o n  o f
th e  a l u m i n u m  r e g u l ato r  b o d y i n  h i gh -p r e s s u r e  o x yg e n .  T h e
F D A e ve n tu a l l y i s s u e d  a s afe ty a l e r t o n  th e  r e g u l ato r  d e s i g n  an d

a  m a n d a to r y r e c al l  o f th e s e  m e d i c al  d e vi c e s  wa s  i n i ti ate d .

Re fe r e n c e :  N e wto n ,  B .  E . ,  H u l l ,  W.  C .  a n d  S tr ad l i n g,  J .  S . ,
“ F ai l u r e  An a l ys i s  o f Al u m i n u m -B o d i e d  M e d i c a l  Re gu l a to r s , ”
Flammability and Sensitivity of Materials in Oxygen-Enriched Atmos‐

pheres: Ninth Volume,  AS T M  S T P  1 3 9 5 ,  T.  A.  S te i n b e r g ,  H .  D .
B e e s o n  an d  B .  E .  N e wto n ,  E d s . ,  Am e r i c a n  S o c i e ty fo r  Te s ti n g
an d  M ate r i al s ,  We s t C o n s h o h o c ke n ,  PA,  2 0 0 0 .

D.2.2.13    I n  e a r l y 1 9 9 7 ,  e i gh t fres  we r e  r e p o r te d  to  th e  F o o d
an d  D r u g  Ad m i n i s tr a ti o n  ( F D A)  th at i n vo l ve d  c yl i n d e r  va l ve s

i n s ta l l e d  o n  M 6 -,  M 7 -,  an d  M 9 -s i z e d  m e d i c al  c yl i n d e r s .  T h e
fo l l o wi n g  e l e m e n ts  we r e  c o m m o n  i n  e ac h  o f th e  r e p o r te d  i n c i ‐
d e n ts :

( 1 ) Al l  i n c i d e n ts  i n vo l ve d  m e d i c al  o x yge n  c yl i n d e r s  an d  c yl i n ‐
d e r  va l ve s

( 2 ) Al l  o x yg e n  c yl i n d e r s  an d  c yl i n d e r  val ve s  we r e  m an u fa c ‐
tu r e d  i n  1 9 9 6  o r  1 9 9 7

( 3 ) Al l  o x yge n  c yl i n d e r s  we r e  c o n s tr u c te d  o f al u m i n u m
( 4 ) Al l  c yl i n d e r  va l ve s  c o n ta i n e d  polychlorotrifuoroethylene

( P C T F E )  p l as ti c  s e a ts
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

( 5 ) Al l  i g n i ti o n s  we r e  u n d e r s to o d  to  h ave  o c c u r r e d  u p o n
o p e n i n g  th e  c yl i n d e r  va l ve  fo r  th e  frst ti m e  afte r  th e
c yl i n d e r  was  flled

( 6 ) T h e  c yl i n d e r  val ve  P C T F E  p l as ti c  s e a t i g n i te d  i n  e ac h  i n c i ‐
d e n t

( 7 ) P ati e n ts  wh o  we r e  b r e ath i n g  fr o m  th e  c yl i n d e r  ga s  r e p o r ‐
te d  a  s tr o n g “ c h l o r i n e  o d o r ”

( 8 ) A r e g u l a to r  an d / o r  c o n s e r ve r  we r e  a ttac h e d  at th e  ti m e
o f e ac h  r e p o r te d  i n c i d e n t

T h e  fres  r e s u l te d  i n  a  r e c al l  o f ap p r o x i m a te l y 8 0 0 0  c yl i n d e r s
th a t m atc h e d  th e  d ate s  i n  q u e s ti o n .  Wh i l e  a l l  o f th e  fres  we r e
u n d e r s to o d  to  h ave  i n i ti ate d  u p o n  o p e n i n g  th e  c yl i n d e r  va l ve s ,
s o m e  o f th e  c yl i n d e r s  h ad  b e e n  flled,  e m p ti e d ,  an d  reflled  a s
m a n y a s  fo u r  ti m e s  p r i o r  to  an  i n c i d e n t.

T h e  d i m e n s i o n a l  s ta b i l i ty o f P C T F E  val ve  s e a ts  u s e d  i n  ga s
c yl i n d e r  val ve  a n d  r e g u l a to r  a p p l i c ati o n s  wa s  s u s p e c te d  as  a
c a u s ati ve  fac to r  d u e  to  s e ve r e  e x tr u s i o n  th at wa s  o b s e r ve d  i n
e x e m p l ar  va l ve s .  T h e r e fo r e ,  th e  s tab i l i ty o f th e  P C T F E  s e ats  wa s
e val u a te d  b y th e r m o m e c h an i c a l  a n al ys i s  ( T M A) .  T h e  te s ti n g
fo c u s e d  o n  two  c o m m e r c i al  gr a d e s  o f P C T F E  — Ke l - F  8 1 ®  an d
Neofon®  M 4 4 0 H  — i n c l u d i n g  ac tu a l  P C T F E  val ve  s e ats
o b tai n e d  fr o m  d i ffe r e n t m a n u fac tu r e r s .  T h e  e ffe c ts  o f r e s i n
gr a d e ,  p e r c e n t c r ys ta l l i n i ty,  a n d  p r o c e s s  h i s to r y o n  T M A h e at
defection  we r e  e va l u ate d .  T h e  te s ti n g i n d i c ate d  th at signifcant
p r o p e r ty var i a ti o n  wi th i n  th e  P C T F E  r e s i n  fa m i l y c o u l d  r e s u l t

fr o m  th e  th e r m al  h i s to r y d u r i n g m o l d i n g  an d  m ac h i n i n g o p e r ‐
ati o n s .  S u c h  p r o p e r ty var i ati o n  c o u l d  c au s e  s e ve r e  l o s s  o f th e

m e c h an i c al  p r o p e r ti e s  a n d  l e ad  to  s e ve r e  e x tr u s i o n  fo r  n o r m al
va l ve  s e a t l o a d s .  Wh e n  e x p o s e d  to  h i gh -p r e s s u r e  o x yge n  d yn am ‐
i c s  a n d  fow tr an s i e n ts ,  i gn i ti o n  was  b e l i e ve d  to  r e s u l t as  th e
p l a s ti c  s e at e x tr u d e d  fr o m  l o ad i n g  th at was  we l l  b e yo n d  th e

d i m i n i s h e d  m e c h an i c a l  p r o p e r ti e s .  As  a r e s u l t o f th e s e  fres,
AS T M  I n te r n a ti o n al  G0 4  a n d  D 2 0  s u b c o m m i tte e s  wo r ke d
j o i n tl y to  d e ve l o p  specifcations  fo r  p r o p e r l y m o l d i n g  an d

m a c h i n i n g  P C T F E  m a te r i al s  to  h e l p  avo i d  th e  p r o p e r ty l o s s e s
th a t we r e  b e l i e ve d  to  h ave  l e d  to  th e s e  fres  ( s e e  AS T M  D 7 2 1 1
an d  D 7 1 9 4 ) .

Re fe r e n c e :  Wal l e r,  J .  M . ,  N e wto n ,  B .  E . ,  H aa s ,  J .  P. ,  B e e s o n ,
H .  D . ,  “ C o m p a r i s o n  o f th e  D i m e n s i o n al  S tab i l i ty o f Ke l - F  8 1

an d  Neofon  C T F E  M 4 0 0 H  polychlorotrifuoroethylenes  u s e d
i n  Val ve  S e at Ap p l i c ati o n s , ”  Flammability and Sensitivity of Materi‐
als in Oxygen-Enriched Atmospheres: Eighth Volume,  ASTM STP

1 395,  T.  A.  S te i n b e r g,  H .  B a r th e l e m y,  B e e s o n ,  H .  D . ,  N e wto n ,
B .  E . ,  E d s . ,  Am e r i c a n  S o c i e ty fo r  Te s ti n g an d  M ate r i a l s ,  We s t

C o n s h o h o c ke n ,  PA,  2 0 0 0 .

D . 2 . 3  C utti n g an d  We l d i n g.

D . 2 . 3 . 1    A g u n s m i th  i n  a  s p o r ti n g go o d s  s to r e  was  l o o s e n i n g
th e  c o n n e c ti o n s  o n  a u s e d  o x yge n  c yl i n d e r  ( p ar t o f a we l d i n g
outft)  wi th  gr e a s y h a n d s  an d  a wr e n c h .  A m e c h an i c a l  s p ar k
i g n i te d  th e  gr e a s e  i n  th e  O E A,  b u r n i n g  th e  g u n s m i th  o n  th e

h a n d s  an d  a r m s  an d  s tar ti n g  a fre  i n  th e  s to r e .  T h e  l o s s  e s ti ‐
m a te  wa s  $ 1 0 0 , 0 0 0 .

D . 2 . 3 . 2    A p r e s s u r e  g au ge ,  p r e vi o u s l y u s e d  to  te s t th e  p r e s s u r e
i n  a h yd rau l i c  s ys te m ,  was  i n s tal l e d  o n  a n  o x yg e n  s ys te m  an d
e x p l o d e d  wh e n  th e  s ys te m  was  tu r n e d  o n .  T h e  c h i e f m e c h an i c

r e c e i ve d  fac i al  c u ts  wh e n  th e  g au g e  e x p l o d e d  i n  h i s  fa c e .

D . 2 . 3 . 3    A c o n s tr u c ti o n  p i p e  ftter/welder  r e c e i ve d  s e ve r e
s e c o n d - an d  th i r d -d e g r e e  b u r n s  o f th e  fa c e  an d  n e c k wh e n  a

we l d i n g  s p a r k i g n i te d  th e  c l o th i n g  a n d  th e  o x yge n -fe d  s an d ‐
b l as te r ’ s  h o o d  th at h e  wa s  we ar i n g.  T h e  e m p l o ye e  was  wo r ki n g

i n  a s m al l  tu n n e l  wh e r e  th e r e  was  l i ttl e  a i r  c i r c u l ati o n .  O n  h i s
o wn  i n i ti a ti ve ,  h e  o b tai n e d  a s a n d b l a s te r ’ s  h o o d ,  fa b r i c ate d  o f
h e avy p l a s ti c ,  a n d  c o n n e c te d  th a t ai r  l i n e  d i r e c tl y to  a tan k o f

o x yg e n .

T h e  e m p l o ye e  was  wo r ki n g  i n  a  p r o n e  p o s i ti o n  wh e n  a s p a r k
i g n i te d  h i s  c l o th i n g  an d ,  fo l l o wi n g th e  s tr e a m  o f o x yge n ,  th e
fame  fared  u p  i n s i d e  th e  h o o d ,  i gn i ti n g th e  h o o d  an d  h i s
c l o th i n g .  H i s  p r e s e n c e  o f m i n d  i n  h o l d i n g  h i s  b r e ath  u n ti l  th e

h o o d  was  r e m o ve d  p r o b ab l y s ave d  h i s  l i fe  a n d ,  wi th o u t q u e s ‐
ti o n ,  h i s  e ye s  we r e  s ave d  b y th e  go g gl e s  h e  wa s  we a r i n g .

D . 2 . 3 . 4    A wo r km a n  was  we l d i n g i n  a n  o p e n  d i tc h  wh e r e  th e
n a tu r e  o f th e  wo r k r e q u i r e d  th at h e  we ar  an  a i r-l i n e  r e s p i r ato r.
B e c a u s e  n o  r e s p i r ab l e  c o m p r e s s e d  a i r  was  r e ad i l y a va i l a b l e ,  an

o x yge n  tan k wi th  a p r e s s u r e -r e d u c i n g an d  p r e s s u r e -r e g u l ati n g
val ve  was  atta c h e d  to  th e  i n l e t e n d  o f h i s  ai r- s u p p l y h o s e .  A
s p ar k fr o m  th e  we l d i n g  c a m e  i n  c o n ta c t wi th  th e  fac e p i e c e ,

wh i c h ,  o f c o u r s e ,  was  s u r r o u n d e d  wi th  o x yg e n -e n r i c h e d  ai r
fr o m  th e  e x h a l a ti o n  val ve .  T h e  fac e p i e c e  vi r tu a l l y e x p l o d e d  o n
th e  wo r km a n ’ s  fac e ,  ki l l i n g h i m  i m m e d i ate l y.

D . 2 . 3 . 5    A we l d e r  an d  h i s  a s s i s tan t e n te r e d  a  0 . 9 1  m  ( 3 6  i n . )
d i a m e te r  c o n d u i t th at r a n  h o r i z o n ta l l y fo r  3  m  ( 1 0  ft) ,  th e n

an g l e d  d o wn war d  6 . 1  m  ( 2 0  ft) ,  te r m i n ati n g  i n  a 3  m  ( 1 0  ft)
h o r i z o n tal  s e c ti o n  a ga i n s t a  c l o s e d  b u l kh e a d .  A s tan d p i p e  fr o m
th e  l as t 3  m  ( 1 0  ft)  s e c ti o n  to  th e  s u r fac e  wa s  u s e d  to  ad m i t

c o m p r e s s e d  a i r  fo r  ve n ti l a ti o n .  U n kn o wn  to  th e  we l d e r s ,  wh e n
th e  c o m p r e s s e d  ai r  s u p p l y was  e x h a u s te d ,  a c yl i n d e r  o f o x yge n
was  c o n n e c te d  to  th e  s ta n d p i p e ,  an d  th e  c o n d u i t was  ve n ti l ate d

wi th  p u r e  o x yge n .  T h e  we l d e r ’ s  c l o th i n g  was  i gn i te d  an d  b e ga n
to  b u r n  fu r i o u s l y.  T h e  a s s i s tan t m an a ge d  to  e s c ap e .  T h e  we l d e r
was  fo u n d  c r e m a te d  i n  h i s  p r o te c ti ve  s u i t.

D . 2 . 3 . 6    An  e m p l o ye e  was  p e r fo r m i n g  c u tti n g o p e r a ti o n s  wi th
a n  o x yac e tyl e n e  to r c h  i n  a  s e we r  wh i l e  we a r i n g  d e m an d -typ e

b r e a th i n g e q u i p m e n t c o n n e c te d  b y a  h o s e  l i n e  to  a  s u p p l y
c yl i n d e r  o f c o m p r e s s e d  ai r  o n  th e  s u r fa c e .  Wh i l e  h e  wa s  u s i n g
th e  to r c h ,  h i s  fac e p i e c e  ( o f th e  fu l l -fac e  typ e )  b e ga n  to  b u r n  a t

th e  to p  e d g e .  H e  i m m e d i ate l y p u l l e d  th e  fac e p i e c e  o ff,  b u t th e
m a s k was  b u r n i n g s o  i n te n s e l y th at i t b u r n e d  h i s  h an d s .

Al th o u g h  th e  s u p p l y c yl i n d e r  was  p ai n te d  g r ay an d  l a b e l e d
“ B r e ath i n g  Ai r, ”  i n ve s ti ga ti o n  d i s c l o s e d  th a t th e  c yl i n d e r  wa s
flled  wi th  o x yge n ,  n o t ai r.

Ap p a r e n tl y,  th e r e  was  l e a ka ge  o f o x yge n  a r o u n d  th e  p e r i p h ‐
e r y o f th e  m a s k,  an d  a  s p ar k i g n i te d  th e  u p p e r  e d g e  o f th e

m a s k,  wh i c h ,  u n d e r  th e  infuence  o f e s c a p i n g o x yg e n ,  b e g an  to
b u r n  i n te n s e l y.  Wh e n  th e  m a s k wa s  r e m o ve d ,  th e  h i g h  fow o f

o x yg e n  ( th e  e m p l o ye e  h a d  o p e n e d  th e  b yp as s  val ve  o n  h i s
r e gu l ato r  to  p r o vi d e  a  c o n s ta n t fow to  th e  m as k)  c a u s e d  th e
e n ti r e  m a s k to  b u r s t i n to  i n te n s e  fames.

D . 2 . 4  I n d u s tri al  P ro c e s s i n g.

D . 2 . 4 . 1    F l u c tu ati o n s  i n  o x yg e n  c o n c e n tr a ti o n  i n  a n  e th yl e n e -
o x yge n  r e ac to r  fe e d  s tr e am  we r e  n o ti c e d .  Afte r  d e te r m i n i n g

th at th e r e  we r e  n o  o b vi o u s  ab n o r m al i ti e s  i n  th e  o x yge n  p l a n t
o p e r ati o n ,  two  s u c c e s s i ve  a d j u s tm e n ts  we r e  m a d e  b y th e  p l an t
o p e r ato r s .  An  e x p l o s i o n  o r  d e to n a ti o n  fo l l o we d  i m m e d i ate l y,

s i m u l tan e o u s l y i n vo l vi n g  th e  o x yg e n  g as  h o l d e r,  th e  s e c o n d -
s tag e  o x yg e n  c o m p r e s s o r,  th e  o x yg e n -e th yl e n e  m i x i n g  n o z z l e ,
an d  c o n n e c te d  p i p i n g.  E n s u i n g fre  i n  d i s c h ar g e d  e th yl e n e  wa s

c o n tr o l l e d  b y p l a n t p e r s o n n e l  wi th  h o s e  s tr e am s .  Au to m a ti c
d e l u ge  s p r i n kl e r  p r o te c ti o n  was  e ffe c ti ve  i n  c o n tr o l l i n g  d a m ag e
to  e q u i p m e n t n o t i n  th e  i m m e d i a te  fre  ar e a.  P r o d u c ti o n  i n te r ‐
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

r u p ti o n  o f 5  we e ks  c o s t $ 3 0 0 , 0 0 0 ,  a n d  d am ag e  wa s  e s ti m ate d  at
$ 3 5 0 , 0 0 0 .

D . 2 . 4 . 2    An  e l e c tr i c al  fa i l u r e  c au s e d  a  r e d u c i n g va l ve  to  o p e n
i n  a n  o x yg e n  p l a n t,  p e r m i tti n g o x yg e n  to  e n te r  a  n i tr o g e n
s tr e am  th at l e d  to  a n  am m o n i a p l an t.  Wh i l e  th e  va l ve  was  b e i n g
r e p ai r e d ,  c o m p r e s s o r s  we r e  al l o we d  to  i d l e ,  m ai n ta i n i n g  p r e s ‐
s u r e  ag ai n s t a c l o s e d  va l ve  i n  th e  c o n tam i n a te d  n i tr o g e n
s tr e am .  Afte r  3 1 ∕2  h o u r s ,  th e  p i p i n g r u p tu r e d  wh e n  o x yg e n  r e a c ‐

te d  wi th  h o t l u b r i c ati n g  o i l .  T h e  e x p l o s i o n  c au s e d  d am a ge  to
c o n d e n s e r s ,  c o o l e r s ,  a n d  p i p i n g ,  wh i l e  fre  d am a ge  to  th e

r e fr i ge r a ti o n  e q u i p m e n t,  n i tr o g e n  s c r u b b i n g  u n i t,  p i p e  tr e s tl e ,
an d  o th e r  e q u i p m e n t was  e x te n s i ve .  T h e  l o s s  e s ti m ate  wa s

$ 4 8 5 , 0 0 0 .

D . 2 . 4 . 3    A s m a l l  e x p l o s i o n  a n d  fre  o c c u r r e d  i n  a  1 5 2  m m  ( 6
i n . )  l i q u i d  n i tr o ge n  fll  an d  b yp a s s  l i n e  th a t wa s  i n s u l a te d  wi th

1 2 7  m m  ( 5  i n . )  o f p o l yu r e th a n e  fo am .  T h e  r e a c ti o n  o r i g i n a te d
at an  e l b o w a n d  r a n  l e n g th wi s e  i n  th e  i n s u l a ti o n  al o n g  th e

p i p i n g  o n  e i th e r  s i d e .  T h e  fre  e x ti n g u i s h e d  i ts e l f.  T h i s  p ar ti c u ‐
l ar  s e c ti o n  o f p i p i n g  h ad  b e e n  i n  a  c o o l - d o wn  c o n d i ti o n

fo l l o we d  b y a  warm -u p .

T h e  s u b s e q u e n t i n ve s ti g ati o n  c o n c l u d e d  th a t a  b r e a kd o wn  o f
th e  va p o r  b a r r i e r p e r m i tte d  a i r  to  p e n e tr ate  th e  i n s u l a ti o n ,  an d

th e  o x yge n  i n  th e  ai r  wa s  liquefed  i n s i d e  a t c r yo ge n i c  te m p e r a‐
tu r e s .  A l o c al i z e d  O E A was  c r e ate d  wi th i n  th e  i n s u l ati o n  wh e n

th i s  l i q u i d  o x yg e n  e vap o r a te d .  T h e  ac tu al  c au s e  o f i g n i ti o n  wa s
n o t e s tab l i s h e d .

D . 2 . 4 . 4  O x yge n  P i p e l i n e    O ve r  th e  l a s t 2 0  ye ar s ,  a n u m b e r  o f
fres  we r e  e x p e r i e n c e d  i n  o x yge n -e n r i c h e d  atm o s p h e r e s  wh e r e
l o n g-d i s tan c e  o x yg e n  p i p e l i n e s  we r e  o p e r ate d  u p  to  6 . 4  M P a

( 9 2 8  p s i ) ,  an d  s o m e  o f th e m  h a d  a  s i m i l ar  r o o t c au s e .  A p r e s ‐
s u r e  r e d u c i n g  s tati o n  wa s  p r e s e n t to  s u p p l y o x yg e n  to  th e  u s e r.
E ac h  s tati o n  was  e q u i p p e d  wi th  a flter  o r  a  s tr a i n e r  u p s tr e am .

I g n i ti o n  o c c u r r e d  i n  th e  flter  o r  th e  s tr a i n e r  wh i l e  th e  o x yg e n
was  fowing  at a  ve l o c i ty h i gh e r  th an  th e  m ax i m al  ve l o c i ty b as e d
o n  th e  c u r r e n t ap p l i c ab l e  “ i m p i n g e m e n t”  ve l o c i ty c u r ve  p e r
C GA E I GA H a r m o n i z e d  D o c u m e n t.  T h e  i gn i ti o n  m e c h an i s m

was  a “ p ar ti c l e  i m p ac t”  o f o x i d i z e d  o r  n o n -o x i d i z e d  p a r ti c l e s
a n d  an y ki n d  o f d e b r i s  th a t tr a ve l l e d  i n  th e  p i p e l i n e .  M a te r i al s
s u s c e p ti b l e  to  i gn i ti o n  i n  o x yg e n -e n r i c h e d  a tm o s p h e r e s  s u c h  a s

s tai n l e s s  s te e l  m e s h ,  o r  c ar b o n  s te e l  flter  o r  s tr ai n e r  h o u s i n g
we r e  fo u n d  an d  a r e  c ap ab l e  o f i g n i ti o n  o r  o f p r o p a ga ti n g
c o m b u s ti o n .  I n  ad d i ti o n ,  p i p i n g  r e d u c e r s  we r e  u s e d  u p s tr e a m

o f s tr ai n e r s  a n d  flters,  l e ad i n g to  g as e o u s  o x yge n  ac c e l e r a ti o n
a t th e  i n l e t o f th e  s tr ai n e r s  a n d  flters.

T h e  d e c i s i o n  was  m a d e  to  u s e  i g n i ti o n -r e s i s tan t m a te r i al s
s u c h  a s  N i c ke l ,  M o n e l ® ,  o r  b r o n z e  to  p r e ve n t i g n i ti o n  o f th e
s tr ai n e r  m e s h  a n d  to  ve r i fy th e  p i p i n g d e s i gn  s o  th a t ga s e o u s

o x yg e n  ve l o c i ty wo u l d  al ways  r e m ai n  wi th i n  an  ac c e p tab l e
r a n ge  o f th e  i m p i n g e m e n t ve l o c i ty c u r ve  a n d  wi th o u t an y ac c e l ‐

e r ati o n .

D . 2 . 4 . 5    I n  2 0 0 1 ,  a fre  o c c u r r e d  i n  a  6  i n .  b al l  va l ve  b e i n g  u s e d
as  a p i p e l i n e  i s o l a ti o n  val ve  fo r  a n i c ke l  refnery’s  o x yg e n

s u p p l y.  T h e  o p e r a to r  was  ki l l e d  i n  th e  i n c i d e n t wh e n  h e
o p e n e d  th e  va l ve  u n d e r a  p r e s s u r e  d i ffe r e n ti al .  T h e  val ve  wa s

d e s i g n e d  wi th  s p r i n g- as s i s te d  s e ats  o n  b o th  th e  u p s tr e a m  an d
d o wn s tr e a m  s i d e s  o f th e  b al l .  T h e  va l ve  b o d y,  b o n n e t,  b al l ,
s te m ,  an d  h ar d  s e at we r e  a l l  c a r b o n  s te e l .  T h e  s e a l s  we r e

p r i m a r i l y B u n a-N  th r o u gh o u t.  T h e  val ve  wa s  e q u i p p e d  wi th  two
s e a t l u b r i c ati o n  i n j e c ti o n  fttings  l o c ate d  e x te r n al  to  th e
u p s tr e am  a n d  d o wn s tr e am  s e a t as s e m b l i e s  to  al l o w th e  s e a t an d

b a l l  to  b e  l u b r i c ate d  d u r i n g p e r i o d i c  m a i n te n an c e  c yc l e s .  T h e

va l ve  was  ta gg e d  as  “ c l e a n e d  fo r  o x yg e n  s e r vi c e , ”  b u t e x e m p l a r
val ve s  al s o  i n s tal l e d  at th e  refnery r e ve a l e d  th a t h yd r o c a r b o n -

b a s e d  g e n e r al - p u r p o s e  g r e as e  h a d  b e e n  u s e d  to  r e l u b r i c ate  th e
s e a t a s s e m b l i e s  a fte r  c l e an i n g.

J u s t p r i o r  to  th e  fre,  th e  va l ve  h ad  b e e n  c l o s e d  i n  p r e p ar a‐
ti o n  fo r  a  s ys te m  s h u td o wn ;  an d  a l e a k c h e c k wa s  p e r fo r m e d  o n

th e  val ve  b y b l e e d i n g  o ff p r e s s u r e  d o wn s tr e a m  an d  m o n i to r i n g
th e  p r e s s u r e  d i ffe r e n ti al  a c r o s s  th e  va l ve .  D u r i n g th i s  l e ak

c h e c k,  s ys te m  d a ta  i n d i c a te d  th a t th e  u p s tr e am  p r e s s u r e  wa s
ap p r o x i m a te l y 3 . 8  M P a ( ga u g e  p r e s s u r e  o f 5 5 0  p s i )  an d  th e
d o wn s tr e a m  p r e s s u r e  wa s  ap p r o x i m ate l y 3 . 5  M P a  ( ga u g e  p r e s ‐

s u r e  o f 5 1 0  p s i ) ,  o r  r o u gh l y a 0 . 2 8  M P a  ( 4 0  p s i )  d i ffe r e n ti al
p r e s s u r e .  At th i s  p o i n t,  th e  val ve  was  r e - o p e n e d  to  e s tab l i s h  fow
an d  p r o vi d e  fu l l  s ys te m  p r e s s u r e .  As  th e  val ve  wa s  o p e n e d

m a n u al l y,  u s i n g  a h an d  wh e e l ,  a fre  d e ve l o p e d  wi th i n  th e  val ve
th a t c o n s u m e d  m o s t o f th e  val ve  i n te r n al s  an d  s u r r o u n d i n g
va l ve  b o d y,  an d  b u r n e d  o u t d o wn s tr e am  p i p i n g a n d  fanges.

I g n i ti o n  was  b e l i e ve d  to  h ave  d e ve l o p e d  fr o m  fr i c ti o n al  h e a ti n g
as  th e  s p r i n g- l o ad e d  s e a t as s e m b l y s h i fte d  p o s i ti o n  d u r i n g  th e
va l ve  o p e n i n g fow tr an s i e n t.  T h e  frst m a te r i al  i g n i te d  wa s

b e l i e ve d  to  b e  th e  h yd r o c ar b o n  g r e as e  u s e d  to  l u b r i c a te  th e
s e a t a s s e m b l y.  T h e  i gn i ti o n  o f th e  g r e as e  i n i ti ate d  a  s tr o n g
ki n d l i n g c h ai n  th a t p r o m o te d  th e  th i n  wa ve  s p r i n g e l e m e n ts ,

B u n a N  s e at a n d  e ve n tu al l y th e  c a r b o n  s te e l  b o d y o f th e  va l ve .

Re fe r e n c e :  N e wto n ,  B .  E . ,  an d  F o r s yth ,  E .  T. ,  “ C a u s e  An d
O r i gi n  An al ys e s  O f Two  L a r ge  I n d u s tr i a l  O x yg e n  Va l ve  F i r e s , ”

Flammability and Sensitivity of Materials in Oxygen-Enriched Atmos‐
pheres: Tenth Volume,  ASTM STP 1 454,  T.  A.  S te i n b e r g ,  H .  D .

B e e s o n ,  an d  B .  E .  N e wto n ,  E d s . ,  AS T M  I n te r n ati o n a l ,  We s t
C o n s h o h o c ke n ,  PA,  2 0 0 3 .

D . 2 . 5  L ab o rato ri e s .

D . 2 . 5 . 1    A h i g h -p r e s s u r e  o x yg e n  val ve  r u p tu r e d ,  d i s c h ar g i n g
o x yg e n  g as  an d  m e ta l  d e b r i s  o n  3 0 0  V d c  p o we r  c a b l e s .  T h e
d e b r i s  b r o ke  th e  i n s u l ati o n ,  c au s i n g a r c i n g .  T h e  i n s u l a ti o n

th e n  i g n i te d  i n  th e  O E A.  An o th e r  ac c o u n t s tate s  th at th e  c ab l e
s h o r t-c i r c u i te d  to  th e  o x yg e n  p i p e ,  b u r n i n g  a  h o l e  i n  th e  p i p e .
I n  e i th e r  e ve n t,  th e  wo o d  r o o f i g n i te d ,  an d  i t was  n e c e s s a r y to

s u m m o n  th e  fre  d e p a r tm e n t.  S te e l wo r k an d  c o p p e r  i n  th e
c a b l e s  a l s o  b u r n e d ,  an d  th e  l ab o r ato r y was  h e avi l y d am a ge d .
T h e  l o s s  e s ti m a te  wa s  $ 1 6 0 , 0 0 0 .

D . 2 . 5 . 2    D u r i n g a r o u ti n e  te s t o n  a h e at e x c h a n ge r  i n  a r o c ke t
e n g i n e  te s ti n g  l ab o r ato r y,  a  b r e ak o c c u r r e d  i n  a  l i q u i d  o x yge n

l i n e .  O x yg e n  i n te r m i n g l e d  wi th  fu e l  th at h a d  p r e vi o u s l y b e e n
d i s p o s e d  o f i n to  a  foor  d r ai n .  T h e  r e s u l ti n g m i x tu r e  was  i g n i ‐
te d  b y h o t s u r fac e s ,  d a m a gi n g e q u i p m e n t an d  m e ta l  p ar ti ti o n s .

T h e  l o s s  e s ti m a te  wa s  $ 6 5 , 0 0 0 .

D . 2 . 5 . 3    A fre  o c c u r r e d  i n  a l i q u i d -to -g as e o u s  o x yge n
r e c h a r ge r  as s e m b l y th at c o n ve r te d  l o w-p r e s s u r e  L O X  to  h i gh -

p r e s s u r e  am b i e n t te m p e r a tu r e  g as e o u s  o x yg e n .  D u r i n g  o p e r a‐
ti o n  o f th e  as s e m b l y,  a  s ta i n l e s s  s te e l  r u p tu r e  d i s k i n  a r e c h a r ge r

as s e m b l y b u r s t,  a n d  a n  o x yg e n  fre  e n s u e d  th at d e s tr o ye d  l ar g e
p o r ti o n s  o f th e  as s e m b l y.  An a l ys i s  o f th e  fre  r e ve a l e d  th at th e
r u p tu r e  d i s k fa i l e d  at n e ar l y 2 1  M P a  ( ab s o l u te  p r e s s u r e  o f 3 0 0 0

p s i )  b e l o w th e  d e s i gn  b u r s t p r e s s u r e ,  p r o b ab l y d u e  to  m e c h an i ‐
c a l  fa ti gu e .  I t i s  p o s tu l a te d  th at th e  fre  wa s  c au s e d  b y p ar ti c l e
i m p ac t d o wn s tr e am  o f th e  r u p tu r e  d i s k o r  b y fr i c ti o n a l  h e a t

ge n e r a te d  fr o m  th e  d i s k fr a gm e n ts  b e i n g  e x tr u d e d  th r o u gh  th e
o u tl e t ftting  o f th e  r u p tu r e  d i s k h o u s i n g.

D . 2 . 5 . 4    A fre  o c c u r r e d  i n  a s tai n l e s s  s te e l  b o d y r e g u l ato r
c o n tai n i n g a fuoroelastomer  d i a p h r ag m .  T h e  2 8  M P a ( a b s o ‐
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l u te  p r e s s u r e  o f 4 0 0 0  p s i )  o x yge n  i n  th e  d o m e  a n d  b o d y wa s
n o t fowing  at th e  ti m e  o f i g n i ti o n .  I t was  p o s tu l ate d  th at th e
i gn i ti o n  o c c u r r e d  d u e  to  a  l e ak b e yo n d  th e  s e al  b e twe e n  th e
d i a p h r a gm  an d  th e  b o d y.  T h e  fre  p r o p ag ate d  fr o m  th e
d i a p h r a gm  to  th e  b o d y,  d e s tr o yi n g  th e  r e g u l ato r  an d  o th e r
p ar ts  o f th e  s ys te m .

D . 2 . 5 . 5    A fre  o c c u r r e d  d u r i n g th e  frst u s e  o f a n e wl y i n s tal l e d
m e c h an i c al  i m p ac t te s t s ys te m  th a t h ad  b e e n  c l e a n e d  fo r
o x yge n  s e r vi c e .  Afte r  a  te s t s a m p l e  h ad  b e e n  i n s ta l l e d  i n  th e
te s t c h a m b e r,  i t was  p u r ge d  wi th  o x yg e n  at l e s s  th a n  0 . 3  M P a
( ab s o l u te  p r e s s u r e  o f 5 0  p s i ) .  T h e  r e m o te l y o p e r ate d  te s t c h am ‐
b e r  p r e s s u r i z ati o n  val ve  was  o p e n e d ,  i n i ti a ti n g th e  fow o f 4 1
M P a  ( a b s o l u te  p r e s s u r e  o f 6 0 0 0  p s i )  o x yg e n  i n to  th e  c h am b e r.
I m m e d i ate l y,  th e  te c h n i c i an  r e p o r te d  th at th e r e  wa s  a “ s l i g h t
e x p l o s i o n  an d  s p a r ks  fying  al l  o ve r  th e  te s t c e l l , ”  an d  a “ h u g e
b r o wn  c l o u d ”  was  o b s e r ve d  c o m i n g  fr o m  th e  te s t c e l l .

T h e  i n ve s ti g ati o n  r e ve a l e d  th a t a m an u al l y o p e r a te d  m e te r ‐
i n g va l ve  l o c ate d  b e twe e n  th e  h i g h -p r e s s u r e  o x yge n  p r e s s u r i z a‐
ti o n  val ve  an d  th e  te s t c h am b e r  h ad  i g n i te d  a n d  b u r n e d .  T h e
m e te r i n g  val ve  was  h e avi l y e r o d e d  i n te r n a l l y,  an d  th e  val ve  p o r t
n e a r e s t to  th e  c h am b e r  was  b u r n e d  o u t.  T h e  fuid-piping  l i n e
fr o m  th e  m e te r i n g  val ve  to  th e  te s t c h a m b e r  wa s  b u r n e d .  I t
ap p e ar e d  th at th e  fre  o r i gi n ate d  i n  th e  s e a t ar e a  o f th e  m e te r ‐
i n g val ve .  I t was  s u r m i s e d  th a t l u b r i c an t o r  a p a r ti c l e  h a d  i g n i ‐
te d  d u r i n g  p as s ag e  th r o u g h  th e  m e te r i n g va l ve .  As  a  r e s u l t o f
th i s  fre,  th e  p r ac ti c e  o f p e r fo r m i n g  a  vi g o r o u s  i n e r t ga s  p u r g e
was  i m p l e m e n te d  to  r e m o ve  a s s e m b l y-g e n e r ate d  c o n tam i n an ts
p r i o r  to  p r e s s u r i z ati o n  o f a s ys te m  wi th  o x yg e n .

D . 2 . 6  S p ac e .

D . 2 . 6 . 1    A T i tan  m i s s i l e  i n  a s i l o  wa s  b e i n g  d e fu e l e d  wh e n  a
l e ak i n  th e  L O X  l i n e  was  d e te c te d .  T h e  L O X  infltrated  th e
ad j a c e n t e q u i p m e n t s i l o  th r o u g h  a  u ti l i ty tu n n e l .  I t i s  th o u g h t
th at a  s p a r k fr o m  s o m e  o f th e  e q u i p m e n t i gn i te d  c o m b u s ti b l e s
i n  th e  O E A,  c a u s i n g  a fre  i n  th e  e q u i p m e n t s i l o  an d  a  s u b s e ‐
q u e n t e x p l o s i o n  o f fu e l  i n  th e  m i s s i l e  s i l o .  F o r tu n ate l y,  al l  wo r k‐
e r s  we r e  s afe l y e vac u a te d  b e fo r e  th e  e x p l o s i o n ,  al th o u gh  s o m e
we r e  i n j u r e d  b y s m o ke  i n h a l a ti o n .  T h e  l o s s  e s ti m ate  wa s
$ 7 , 1 8 6 , 0 0 0 .

D . 2 . 6 . 2    A fre  i n  th e  two -m an  s p ac e  e n vi r o n m e n t s i m u l ato r  at
B r o o ks  Ai r  F o r c e  B as e ,  Te x as ,  o c c u r r e d  o n  J an u ar y 3 1 ,  1 9 6 7 .
An  an i m a l  e x p e r i m e n t u n d e r way i n  th e  c h am b e r  i n vo l ve d
i n ve s ti g ati o n  o f th e  h e m ato p o i e ti c  e ffe c ts  o f e x p o s u r e  to  1 0 0
p e r c e n t o x yge n .  E n vi r o n m e n tal  c o n d i ti o n s  i n  th e  c h a m b e r  at
th e  ti m e  o f th e  fre  we r e  a p p r o x i m a te l y 1 0 0  p e r c e n t o x yge n  a t
3 8 0  m m  H g  [ 5 0 . 7  kP a ( ab s o l u te  p r e s s u r e  o f 7 . 3 5  p s i ) ] .  T h e
s i m u l a to r  was  b u i l t an d  e q u i p p e d  wi th  m ate r i a l s  o f l o w
c o m b u s ti b i l i ty,  b u t l ar g e  q u a n ti ti e s  o f p ap e r,  i n o r g an i c  l i tte r,
an d  o th e r  h i g h l y c o m b u s ti b l e  m ate r i a l s  we r e  b r o u g h t i n to  th e
c h a m b e r  fo r  u s e  i n  an i m a l  e x p e r i m e n ts .  T h e  c h am b e r  o c c u ‐
p an ts  we r e  we ar i n g  c o m b u s ti b l e  c l o th i n g .

A p o r ta b l e  e l e c tr i c  l i g h t wi th  a n  o r d i n ar y two -wi r e  c o r d  h ad
b e e n  b r o u g h t i n to  th e  c h am b e r.  S h o r ti n g o f th i s  c o r d  o n  th e
m e tal  foor  o f th e  c h a m b e r  i s  b e l i e ve d  to  h ave  b e e n  th e  i g n i ‐
ti o n  s o u r c e .  T h e  an i m a l s ’  fu r  c a u g h t fre,  an d  th e i r  m o ve m e n t
h e l p e d  to  s p r e ad  th e  fre.  T h e  two  a i r m e n  o c c u p a n ts  o f th e
c h a m b e r  at th e  ti m e  o f th e  fre  we r e  fa ta l l y b u r n e d ,  e ve n
th o u g h  th e  c h a m b e r  was  r e p r e s s u r i z e d  wi th  a i r  an d  o p e n e d
wi th i n  ap p r o x i m ate l y 3 0  s e c o n d s  s u b s e q u e n t to  i n i ti ati o n  o f th e
fre.  T h e  fre-extinguishing  e q u i p m e n t i n  th e  c h am b e r  at th e
ti m e  o f th e  fre  c o n s i s te d  o f two  s m al l ,  p o r tab l e ,  m an u a l l y o p e r ‐
ate d  c ar b o n  d i o x i d e  e x ti n gu i s h e r s ,  n e i th e r  o f wh i c h  was  u s e d ,

a l th o u g h  o n e  o ve rh e a te d  an d  d i s c h a r ge d  th r o u g h  th e  p r e s s u r e -
r e l i e f va l ve .

D . 2 . 6 . 3    O n  J a n u a r y 2 7 ,  1 9 6 7 ,  th r e e  as tr o n a u ts  d i e d  as  a r e s u l t
o f a fre  i n  an  Ap o l l o  s p a c e c r a ft c o m m a n d  m o d u l e  o n  th e

l au n c h  p ad  at Ke n n e d y S p a c e  C e n te r,  F l o r i d a.  T h e  atm o s p h e r e
i n  th e  s p a c e c r a ft wa s  1 0 0  p e r c e n t o x yg e n  a t ap p r o x i m a te l y 1 1 0
kP a  ( ab s o l u te  p r e s s u r e  o f 1 6  p s i ) .

T h e  o r i gi n  o r  i gn i ti o n  s o u r c e  o f th e  fre  was  n o t defnitely
d e te r m i n e d  i n  s p i te  o f a n  e x tr e m e l y i n te n s i ve  i n ve s ti g ati o n .

T h e  m o s t p r o b ab l e  s o u r c e  o f i g n i ti o n  was  th o u gh t to  b e  an
an o m al y a s s o c i a te d  wi th  th e  s p ac e c r aft wi r i n g.  T h e  e x te n t o f
d am a ge  to  th e  ve h i c l e  p r e ve n te d  fnal  d e te r m i n a ti o n .  T h e  fre

was  p r o p ag ate d  th r o u g h  th e  s p a c e c r a ft b y m ate r i a l s  th at we r e
n o t c o n s i d e r e d  signifcantly fammable  i n  a  n o r m al  ai r  atm o s ‐
p h e r e  b u t th at we r e  ve r y fammable  i n  th e  1 0 0  p e r c e n t o x yg e n ,

1 1 0  kP a ( a b s o l u te  p r e s s u r e  o f 1 6  p s i )  a tm o s p h e r e .

T h e  p r o p a ga ti o n  r a te  o f th e  fre,  wh i l e  q u i te  r ap i d  i n  i ts
i n i ti a l  s tag e s ,  was  e ve n  gr e a te r  afte r  th e  p r e s s u r e  i n  th e  s p a c e ‐
c r a ft b u i l t u p  an d  r u p tu r e d  th e  ve h i c l e  wal l .

L ar g e  am o u n ts  o f h e avy s m o ke  s e r i o u s l y h i n d e r e d  an d
s l o we d  r e s c u e  atte m p ts .  H o we ve r,  i t wa s  b e l i e ve d  th a t th e  fatal i ‐

ti e s  o c c u r r e d  d u r i n g  th e  frst 3 0  s e c o n d s  o f th e  confagration.

T h e  i n ve s ti g ati ve  b o a r d  c o n c l u d e d  th a t th e  c o n d i ti o n s  th at
l e d  to  th e  d i s a s te r  i n c l u d e d  th e  fo l l o wi n g :

( 1 ) S e al e d  c ab i n  p r e s s u r i z e d  wi th  an  o x yg e n  a tm o s p h e r e
( 2 ) E x te n s i ve  d i s tr i b u ti o n  o f c o m b u s ti b l e  m a te r i al s  i n  th e

c a b i n
( 3 ) Vu l n e r ab l e  wi r i n g  c a r r yi n g  s p ac e c r aft p o we r
( 4 ) Vu l n e r ab l e  p l u m b i n g  c ar r yi n g a  c o m b u s ti b l e  a n d  c o r r o ‐

s i ve  c o o l an t
( 5 ) I n a d e q u a te  p r o vi s i o n s  fo r  th e  c r e w to  e s c a p e
( 6 ) I n a d e q u a te  p r o vi s i o n s  fo r  r e s c u e  o r  m e d i c al  as s i s ta n c e

D . 2 . 6 . 4    D u r i n g a s p a c e  c ab i n  e x p e r i m e n t p e r fo r m e d  at a n  a l ti ‐
tu d e  o f 1 0 , 0 5 8  m  ( 3 3 , 0 0 0  ft)  [ 2 6 . 2  kP a  ( ab s o l u te  p r e s s u r e  o f 3 . 8

p s i ) ]  wi th  9 6  p e r c e n t o x yg e n ,  a p o we r  tu b e  i n  th e  c ab i n  T V
m o n i to r  o ve rh e a te d .  T h e  “ r e s i n ”  b as e  o f th e  tu b e  i gn i te d  an d

h o t p l a s ti c  d r i p p e d  o u t o f th e  c h a s s i s  o n to  th e  c o o l a n t l i n e s
p as s i n g  b e n e a th .  T h e s e  c o o l an t l i n e s  we r e  c o ve r e d  wi th  i n s u l a‐
ti o n .  T h e  c o m p o s i ti o n  o f th e  i n s u l a ti o n  h as  ye t to  b e  d e te r ‐

m i n e d .  T h e  l i n e s  d i d  n o t c atc h  o n  fre.  F u m e s  fr o m  th e  h o t
r e s i n  affe c te d  th e  c ab i n  c r e w.  T h e  m i s s i o n  was  a b o r te d  wi th o u t
fu r th e r  d a m a ge  to  c a b i n  o r  c r e w.

I n s te ad  o f fo c u s i n g  atte n ti o n  o n  th e  h az ar d s  o f fre,  th e  ac c i ‐
d e n t p r o vi d e d  a  fal s e  s e n s e  o f s e c u r i ty.  T h e  fa c t th a t n e i th e r  th e

m o l te n  r e s i n s  n o r  th e  Ru b e r o i d ®  i n s u l ati o n  famed  vi o l e n tl y i n
1 0 0  p e r c e n t o x yg e n  g ave  th e  i n ve s ti ga to r s  m o r e  confdence  i n

th e  s afe ty o f th i s  p o te n ti a l l y h a z ar d o u s  e n vi r o n m e n t th an  th e y
h a d  p r i o r  to  th e  i n c i d e n t.

D . 2 . 6 . 5    T h e  s a m e  c h a m b e r  u n d e r  th e  s am e  atm o s p h e r e
c o n d i ti o n s  d e s c r i b e d  i n  D . 2 . 6 . 4  was  b e i n g  u s e d  to  s tu d y te m p e r ‐
a tu r e  c o n tr o l  fa c to r s  i n  p r e s s u r e  s u i ts  an d  c ab i n s .  Two  s u b j e c ts
we r e  d r e s s e d  i n  p r e s s u r e  s u i ts  wi th  c l o s e d  h e l m e t vi s o r s .  O n e

s u b j e c t h a d  b o th  th e  i n l e t a n d  o u tl e t o f h i s  s u i t c o n n e c te d  to
th e  h e at e x c h an g e r.  T h e  o th e r  s u b j e c t h a d  o n l y th e  i n l e t s i d e  o f
th e  s u i t c o n n e c te d  to  th e  h e a t e x c h an g e r  an d  wa s  a c tu al l y
a s l e e p  wh e n  th e  fre  b r o ke  o u t.

T h e  fre  was  n o t d e te c te d  b y th e  s i g h t o r  s m e l l  o f s m o ke .  T h e
c r e wm a n  s aw a g l o w b e h i n d  th e  i n s tr u m e n t p an e l .  Wi th i n

s e ve r al  s e c o n d s ,  th e  r e ar  o f th e  p an e l  was  ab l az e .  T h e  c r e wm a n
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wh o  was  as l e e p  awo ke  wh e n  th e  fre  al ar m  we n t o ff an d ,  fo r
s o m e  r e a s o n ,  o p e n e d  th e  vi s o r  o f h i s  h e l m e t.  H e  i n h a l e d  th e
fu m e s  i s s u i n g  fr o m  th e  b l az i n g  p an e l .  T h e  o th e r  c r e wm an ,  wh o
h ad  h i s  vi s o r  c l o s e d  a n d  b o th  i n l e t a n d  o u tl e t a i r  h o s e s
atta c h e d  to  th e  h e a t e x c h an g e r,  i n h a l e d  n o n e  o f th e  c ab i n
fu m e s  d i r e c tl y.  B o th  s u b j e c ts  r e p o r te d l y l o s t c o n s c i o u s n e s s .

T h e  c r e wm a n  we a r i n g  th e  o p e n  vi s o r  s u ffe r e d  r e s p i r a to r y
tr a c t d a m a ge ,  p r o b ab l y fr o m  th e  d i r e c t i n h al ati o n  o f fu m e s .  H i s
p u l m o n a r y fu n c ti o n  l ate r  r e tu r n e d  to  n o r m al .  T h e  c r e wm a n
we ar i n g th e  c l o s e d  vi s o r  s u ffe r e d  n o  a p p ar e n t r e s p i r a to r y tr ac t
d am ag e ,  e ve n  th o u gh  h e  r e m ai n e d  i n  th e  c h a m b e r  l o n g e r  ( 2  to
3  m i n u te s  afte r  h e  n o ti c e d  th e  gl o w)  th a n  th e  c r e wm an  we ar ‐
i n g  th e  o p e n  vi s o r.  N e i th e r  s u b j e c t e x p e r i e n c e d  c l o th i n g  o r
b o d y b u r n s .  T h e  fre  was  e x ti n g u i s h e d  wi th  diffculty b y m e a n s
o f a c ar b o n  d i o x i d e  d e vi c e .

T h e  e x ac t c au s e  o f th e  fre  was  n o t d e te r m i n e d .  T h e  g l o w
ap p e ar e d  a t th e  b a c k o f th e  i n s tr u m e n t p an e l  wh e r e  th e  wi r i n g
p as s e d  b e h i n d  a n  ac c e s s  p a n e l .  T h e  p an e l  was  n o t h i n g e d  ( a s
frst r e p o r te d  b y r u m o r )  b u t wa s  o p e n e d  b y a D z u s  fas te n e r.
T h e  fexion  o f wi r e s  at a  h i n g e d  e d g e  o f th e  p an e l  wa s  e vi d e n tl y
n o t,  a s  p r e vi o u s l y r e p o r te d ,  r e s p o n s i b l e  fo r  th e  fre.  T h e  wi r e s
we r e  i n  a  2 4  V to  2 6  V c i r c u i t.  T h e  c i r c u i t b r e ake r  o r  fu s e
s ys te m  was  o p e r a ti ve  wh e n  c h e c ke d  a fte r  th e  fre.  T h e r e  we r e
ap p ar e n tl y n o  o b vi o u s  s i te s  o f d e fe c ti ve  c i r c u i tr y.  D am a ge  b y
th e  fre,  h o we ve r,  p r o b ab l y o b s c u r e d  an y s u b tl e  d e fe c t th at
m i gh t h a ve  b e e n  r e s p o n s i b l e .  T h e  wi r e  i n s u l a ti o n  wa s  o f p o l y‐
vi n yl  p l a s ti c  an d  was  p r o b ab l y th e  m aj o r  s o u r c e  o f fu e l .  T h e
Ru b e ro i d  i n s u l ati o n  c o ve r i n g th e  c o o l a n t p i p e s  al s o  c au gh t fre.
T h e  e l e c tr i c al  i n s u l ati o n  b e h i n d  th e  i n s tr u m e n t p an e l  wa s
to ta l l y b u r n e d .

D u r i n g  th e  e x p e r i m e n t,  th e  vap o r s  i n  th e  c ab i n  we r e  b e i n g
s a m p l e d  i n  a c r yo g e n i c  tr ap .  T h e  vap o r s  a n d  fu m e s  ge n e r a te d
d u r i n g th e  fre  we r e  th u s  s tu d i e d  b y b o th  g as  c h r o m ato g r ap h y
an d  i n fr ar e d  s p e c tr o s c o p y.  T h e  fo l l o wi n g c o m p o u n d s  we r e  n e w
o r  h ad  l e ve l s  a b o ve  th o s e  o r d i n a r i l y p r e s e n t i n  th e  c a b i n :
b e n z e n e ,  d i az o m e th a n e ,  e th yl  e th e r,  fo r m al d e h yd e ,  i n o r g an i c
i s o c yan a te s ,  ac e tyl e n e ,  m e th yl  c h l o r i d e ,  an d  e th yl  c h l o r i d e .  T h e
i s o c yan a te s  we r e  th o u gh t to  c o m e  fr o m  th e  Ru b e r o i d  i n s u l a‐
ti o n  o n  th e  c o o l an t p i p e s .  N o  p o l yu r e th an e  d i i s o c ya n ate  fo a m s
we r e  r e p o r te d  to  h ave  b e e n  o n  fre,  th o u g h  th e  Ru b e r o i d  i n s u ‐
l ati o n  m i g h t h a ve  c o n ta i n e d  th i s  p l as ti c  a s  a  c o m p o n e n t.

I t i s  o f i n te r e s t th at n o  b u r n i n g  o f h yd r o g e n  c h l o r i d e  o r
p h o s g e n e  was  r e p o r te d ,  b e c a u s e  p yr o l ys i s  o f p o l yvi n yl  c h l o r i d e
h as  b e e n  s h o wn  to  p r o d u c e  th e s e  m ate r i a l s .  I t i s  p o s s i b l e ,  o f
c o u r s e ,  th a t th e  s c r e e n i n g  te s ts  we r e  n o t ab l e  to  d e te c t th e s e
m a te r i al s .  I t i s  n o t kn o wn  h o w s o p h i s ti c a te d  a fre  s afe ty an al ys i s
was  p e r fo r m e d  o n  th e  m ate r i al s  th at we r e  u s e d  i n  th e  c ab i n .

D.2.6.6    D u r i n g th e  l a u n c h  p r e p ar a ti o n  o f an  Ap o l l o  s p a c e ‐
c r a ft,  L O X  was  d i r e c te d  th r o u g h  p o r ti o n s  o f th e  p u m p i n g
s ys te m  a n d  d i s c h ar g e d  i n to  a  d r a i n ag e  d i tc h  a p p r o x i m a te l y 1 2
m  ( 4 0  ft)  wi d e  an d  1 . 5  m  ( 5  ft)  d e e p .  T h e  p u r p o s e  o f th i s  o p e r ‐
ati o n  wa s  to  p r e c o o l  th e  p u m p s  a n d  p i p i n g  i n  th e  L O X  s to r a ge
ar e a p r e p ar a to r y to  ve h i c l e  L O X  l o a d i n g .

S h o r tl y afte r  p r e c o o l i n g  was  c o m p l e te d ,  two  s e c u r i ty c a r s
ar r i ve d  i n  th e  ar e a ,  th e  d r i ve r s  h avi n g  c o m p l e te d  th e i r  fnal
s e c u r i ty c h e c k o f th e  ar e a .  T h e  d r i ve r  o f th e  frst c a r  d r o ve  h i s
ve h i c l e  ab o u t 3  m  ( 1 0  ft)  p a s t th e  g ate ,  tu r n e d  th e  e n g i n e  o ff,
go t o u t,  an d  wal ke d  b ac k to  s ta n d  b e s i d e  th e  s e c o n d  c a r,  wh i c h
th e  d r i ve r  h ad  m o ve d  fo r wa r d  to  th e  m i d d l e  o f th e  g ate .  T h e
d r i ve r  o f th e  s e c o n d  c a r  n o te d  th at h i s  e n g i n e  we n t d e a d  wh e n

h e  c a m e  to  a  s to p ;  h e ,  th e r e fo r e ,  tu r n e d  o ff th e  i gn i ti o n  an d
r e m a i n e d  i n  h i s  s e a t.

A th i r d  s e c u r i ty c ar  d r i ve r  ar r i ve d  a b o u t 6  m i n u te s  l ate r  an d
p ar ke d  a b o u t 3  m  ( 1 0  ft)  b e h i n d  th e  s e c o n d  c a r.  H i s  e n gi n e

a l s o  d i e d  as  th e  ve h i c l e  c am e  to  a  s to p .  H e  r e m ai n e d  i n  th e  c a r.
At th a t ti m e ,  th e  d r i ve r  o f th e  s e c o n d  c ar  tu r n e d  h i s  i gn i ti o n

o n .  A d i s ti n c t “ p o p ”  was  h e ar d  a n d  s m o ke  b e ga n  i s s u i n g  fr o m
u n d e r  th e  h o o d ,  fo l l o we d  b y fames  s h o r tl y th e r e afte r.  T h e
d r i ve r  o f th e  frst c a r  r an  to  m o ve  h i s  ve h i c l e  awa y fr o m  th e
fames.  H o we ve r,  o n  r e ac h i n g i t,  h e  n o te d  a d i s ti n c t g l o w u n d e r

th e  fr o n t o f th e  c ar  an d  c o n c l u d e d  th at i t was  al r e a d y o n  fre  ( i t
was  n o t fu l l y d ayl i g h t at th e  ti m e ) .  T h e  th i r d  c a r  b u r s t i n to
fames  at ab o u t th e  s am e  ti m e .

S tate m e n ts  b y th e  d r i ve r s  i n d i c a te  th a t wh e n  th e y frst
ar r i ve d  a t th e  ga te  th e r e  was  l i ttl e  fo g  vi s i b l e .  H o we ve r,  b y th e

ti m e  th e  fres  h a d  s tar te d ,  th e  fo g h a d  i n c r e as e d  to  a d e n s e
l aye r  ap p r o x i m ate l y 0 . 9  m  to  1 . 2  m  ( 3  ft to  4  ft)  d e e p .

S e ve r al  m e a s u r e m e n ts  o f o x yg e n  c o n c e n tr ati o n  i n  th e  ar e a
we r e  m ad e  b y s afe ty p e r s o n n e l  3 0  m i n u te s  to  a n  h o u r  a fte r  th e
fre,  u s i n g  a p o r ta b l e  o x yg e n  an a l yz e r.  T h e  r e s u l ts  i n d i c a te d  a

c o n c e n tr ati o n  o f a p p r o x i m ate l y 7 5  p e r c e n t to  1 0 0  p e r c e n t j u s t
i n s i d e  th e  c l o u d .  H o we ve r,  th e  c o n c e n tr a ti o n  d r o p p e d  to
n o r m al  ( 2 1  p e r c e n t)  j u s t o u ts i d e  th e  vi s i b l e  e d g e  o f th e  c l o u d .

T h e  fo g  p e r s i s te d  fo r  o ve r  2  h o u r s .  We a th e r  c o n d i ti o n s  we r e
c a l m ,  wi th  wi n d s  r a n gi n g fr o m  0  to  0 . 1  km / s e c  ( 0  to  4  m p h )  at

g r o u n d  l e ve l .  A m ar ke d  te m p e r atu r e  i n ve r s i o n  wa s  r e c o r d e d ,
a n d  s o m e  n a tu r al  g r o u n d  fo g wa s  n o te d .

T h e  m e c h a n i s m s  wh e r e b y th e  fres  we r e  i gn i te d  we r e  p r o b a‐
b l y c o m p l e x ,  a n d  at l e as t two  d i ffe r e n t m e c h an i s m s  ap p e ar  to

h a ve  b e e n  i n vo l ve d .  D i s c u s s i o n s  wi th  au to m o ti ve  e n gi n e e r s
i n d i c ate  th at s m al l  q u an ti ti e s  o f g as o l i n e  vap o r  fr o m  th e  c ar b u ‐
r e to r s  a n d  fu e l  p u m p s  ar e  ve n te d  u n d e r  th e  h o o d s  o f m o s t

c a r s .  O th e r  c o m b u s ti b l e s  p r e s e n t i n c l u d e d  o i l  an d  gr e a s e  o n
th e  e x te r n a l  s u r fac e s  o f th e  e n g i n e s  an d  s m a l l  q u an ti ti e s  o f
h yd r o g e n  fr o m  th e  b atte r i e s .

Vap o r s  a r e  c o n ti n u o u s l y s we p t fr o m  th e  e n g i n e  c o m p a r t‐
m e n t a n d ,  th e r e fo r e ,  p r o b a b l y d o  n o t r e a c h  h az ar d o u s  c o n c e n ‐

tr a ti o n s  wh i l e  th e  ve h i c l e  i s  m o vi n g a n d  th e  fan  i s  i n  o p e r ati o n .
Afte r  e n g i n e  s h u to ff,  h o we ve r,  vap o r s  te n d  to  a c c u m u l a te .  T h e
a m o u n t o f g as o l i n e  r e q u i r e d  to  p r o vi d e  a c o m b u s ti b l e  m i x tu r e

th r o u g h o u t th e  e n g i n e  c o m p ar tm e n t i s  a p p r o x i m a te l y 0 . 1  L  ( 4
o z ) .  H o we ve r,  b e c au s e  th e  va p o r s  p r o b ab l y fo r m  l ar g e l y at o n e
o r  two  p o i n ts  ( th e  c ar b u r e to r,  th e  fu e l  p u m p ,  o r  b o th )  an d

e x p an d  i n  al l  d i r e c ti o n s  fr o m  th o s e  p o i n ts ,  th e  am o u n t
r e q u i r e d  to  p r o vi d e  a  fammable  m i x tu r e  i n  th e  a r e a o f th e
e x h au s t m an i fo l d  wo u l d  b e  o n l y a fe w gr a m s .

I n fo r m a ti o n  fr o m  s e ve r al  s o u r c e s  i n d i c a te s  th a t o u te r  s u r fa‐
c e s  o f th e  e x h au s t m a n i fo l d  c o m m o n l y r e ac h  te m p e r a tu r e s  i n

e x c e s s  o f 3 1 5 ° C  ( 6 0 0 ° F )  d u r i n g o p e r ati o n .  S p a r ki n g o f r e l ays
a n d  b r u s h e s  i s  n o r m al  d u r i n g s tar t-u p  a n d  o p e r ati o n .  T h e s e

c o n s i d e r ati o n s  s u g ge s t th a t,  e ve n  i n  a  n o r m a l  e n vi r o n m e n t,  a
defnite  p o te n ti al  e x i s ts  fo r  i gn i ti o n  to  o c c u r.  ( I n  fac t,  s u c h
i n s ta n c e s  a r e  n o t r a r e .  S e ve n  ve h i c l e  fres  p e r  m o n th  h a ve  b e e n

r e p o r te d  i n  a  c i ty o f ap p r o x i m ate l y 4 5 , 0 0 0 . )  An y i n c r e a s e  i n  th e
o x yg e n  c o n c e n tr a ti o n  i n  th i s  e n vi r o n m e n t r e s u l ts  i n  an
i n c r e as e d  p o te n ti al  fo r  i g n i ti o n .  T h u s ,  th e  m i n i m u m  s p a r k

e n e r gy r e q u i r e d  fo r  th e  i gn i ti o n ,  th e  fash  p o i n t,  an d  th e  a u to ‐
i gn i ti o n  te m p e r atu r e s  i s  d e c r e as e d  s u b s ta n ti al l y.  T h e  fu e l
c o n c e n tr a ti o n  c o r r e s p o n d i n g to  th e  u p p e r  fammability l i m i t

( U F L )  i s  i n c r e a s e d .  H o we ve r,  th i s  c o n c e n tr ati o n  m i g h t n o t b e
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signifcant.  T h e  l o we r  fammability l i m i t ( L F L )  i s  n o t ap p r e c i a‐
b l y a ffe c te d ,  b u t th e  fame  p r o p a ga ti o n  r a te  i s  i n c r e a s e d .

I n  th i s  i n c i d e n t,  i t a p p e a r s  th at a fammable  m i x tu r e  o f
o x yg e n  a n d  h yd r o c a r b o n s  ac c u m u l ate d  u n d e r  th e  h o o d s  o f th e
th r e e  c ar s  wh i l e  th e y we r e  p ar ke d  wi th  th e  e n gi n e s  o ff.  I n  th e
c a s e  o f th e  s e c o n d  c a r,  th i s  m i x tu r e  was  p r o b a b l y i g n i te d  b y a
s p ar k th a t r e s u l te d  fr o m  tu r n i n g o n  th e  i g n i ti o n  ke y.  I n  th e
c a s e  o f th e  o th e r  two  c ar s ,  i gn i ti o n  p r o b ab l y to o k p l ac e  s p o n ta‐
n e o u s l y wh e n  th e  c o n c e n tr a ti o n  o f th e  o x yge n / h yd r o c a r b o n
m i x tu r e  i n  c o n ta c t wi th  th e  h o t s u r fac e  o f th e  e x h au s t m an i fo l d
re a c h e d  s o m e  c r i ti c al  val u e .  T h e  fa c t th a t al l  th r e e  c ar s  u n d e r ‐
we n t s i m i l ar  p h e n o m e n a  r u l e s  o u t th e  p o s s i b i l i ty o f a  fr e ak ac c i ‐
d e n t.

D . 2 . 6 . 7    A s p a c e  s h u ttl e  e x tr a ve h i c u l a r  m o b i l i ty u n i t ( s p ac e  s u i t
an d  l i fe -s u p p o r t b a c kp a c k)  wa s  d e s tr o ye d  i n  a fash  fre  d u r i n g
a fu n c ti o n a l  te s t i n  th e  J o h n s o n  S p ac e  C e n te r ’ s  c r e w s ys te m s
l ab o r ato r y (see Figure D. 2. 6. 7).  A te c h n i c i an ,  wh o  wa s  s tan d i n g
n e x t to  th e  s u i t,  r e c e i ve d  s e c o n d - d e g r e e  b u r n s  o ve r  h i s  u p p e r
b o d y i n  th e  ac c i d e n t.  I t was  d e te r m i n e d  th at th e  fre  o r i g i n a te d
i n  an  al u m i n u m -b o d i e d  r e g u l ato r / va l ve  as s e m b l y wh e n  4 1  M P a
( 6 0 0 0  p s i )  o x yg e n  was  r e l e a s e d  th r o u gh  th e  val ve  i n to  th e  r e g u ‐
l ato r.  I t was  p o s tu l ate d  th at th e  fre  was  c au s e d  b y th e  fo l l o wi n g:

( 1 ) Ru p tu r e  o f a  th i n ,  i n te r n al  s e c ti o n  o f th e  a l u m i n u m  b o d y
( 2 ) I g n i ti o n  o f a  s i l i c o n e  O -r i n g  b y c o m p r e s s i o n  h e ati n g  o f

th e  o x yge n
( 3 ) P ar ti c l e  i m p ac t

As  a r e s u l t o f th e  post-fre  i n ve s ti g ati o n ,  th e  r e g u l a to r / va l ve
as s e m b l y wa s  r e d e s i g n e d  an d  th e  a l u m i n u m  i n  th i s  as s e m b l y
was  r e p l ac e d  wi th  M o n e l ® .  T h i s  c h an g e  a n d  s e ve r al  o th e r s  we r e

i m p l e m e n te d  i n  th e  ve r s i o n  o f th e  s u i t th a t i s  i n  u s e  to d a y.

D . 2 . 7  Ai rc raft O x yge n  S ys te m s .

D . 2 . 7 . 1    I t i s  th o u g h t th at a s h o r t c i r c u i t i n  th e  b atte r y o f a
B e e c h  C - 4 5  i n  a h a n ga r i gn i te d  fu e l  l e aki n g  fr o m  th e  l i n e
s u p p l yi n g  th e  h e a te r  i n  th e  n o s e  o f th e  p l an e .  An  al u m i n u m
ftting  m e l te d  o ff th e  o x yge n  c o n tr o l  p an e l ,  a l l o wi n g o x yg e n  to

b e  fe d  i n to  th e  fre.  T h e  al u m i n u m  th e n  b u r n e d ,  i n c l u d i n g  th e
to p  o f th e  g as o l i n e  tan k.  Fi r e  s p r e ad  to  fve  o th e r  s m al l  p l a n e s

a fte r  c au s i n g n yl o n  d r aw c u r tai n s  s e p ar ati n g  th e  p l an e s  to  fa i l .

FI G U RE  D . 2 . 6 . 7   S p ac e  S u i t D e s tro ye d  i n  a Fi re .  N o  O n e
Was  i n  th e  S ui t at th e  T i m e  o f th e  Fi re .  (Courtesy of NASA/
Johnson Space Center. )

T h e  fre  d e p ar tm e n t was  h an d i c ap p e d  b y a  s h o r ta ge  o f
h yd r a n ts .  T h e  l o s s  e s ti m ate  was  $ 1 7 7 , 0 0 0 .

D . 2 . 7 . 2    Wh i l e  a n  i n s p e c to r  wa s  o p e n i n g a n  o x yg e n  val ve  i n  th e
c o c kp i t o f a j e t tr an s p o r t p ar ke d  i n  an  a i r c r aft m ai n te n a n c e

d o c k,  a fre  o f u n kn o wn  c au s e  o c c u r r e d  at th e  va l ve .  Ad i a b a ti c
c o m p r e s s i o n  d o wn s tr e a m  o f th e  val ve  was  p o s s i b l y r e s p o n s i b l e

fo r  i gn i ti o n  o f va l ve  c o m p o n e n ts ,  o r  th e  fre  m i gh t h a ve  b e e n
c a u s e d  b y an  i m p u r i ty i n  th e  s ys te m .  E s c ap e  o f o x yg e n  an d
b u r n i n g  p a r ti c l e s  r e s u l te d  i n  a  “ c u tti n g- to r c h -l i ke ”  ac ti o n  th a t

b u r n e d  th r o u g h  th e  ai r c r a ft c a b i n  soundproofng  i n s u l a ti o n
an d  th e  fu s e l a ge  s ki n  d i r e c tl y ab o ve  th e  val ve ,  d a m ag i n g
s u r r o u n d i n g c r e w c o m p ar tm e n t e q u i p m e n t.  T h e  h an g ar  d o c k’ s

d e l u ge  s p r i n kl e r  s ys te m  o p e r a te d ,  an d  c a r b o n  d i o x i d e  h an d
e x ti n g u i s h e r s  fo l l o we d  b y d r y c h e m i c al  fr o m  a  2 . 5 4  c m  ( 1  i n . )
h o s e  l i n e  e x ti n g u i s h e d  th e  i n te r i o r  fre.

D . 2 . 7 . 3    I n  J a n u a r y 1 9 8 4 ,  th e  Ro yal  Au s tr al i an  Ai r  F o r c e  e x p e ‐
r i e n c e d  a  g r o u n d  fre  th a t d e s tr o ye d  a $ 6  m i l l i o n  P 3 B  O r i o n

a i r c r aft.  T h e  i n c i d e n t o c c u r r e d  d u r i n g  r e m o val  o f a n  o n b o ar d
o x yge n  c yl i n d e r  th a t was  o n e  o f th r e e  th a t s u p p l i e d  th e  fight
c r e w.

E x am i n a ti o n  o f th e  ai r c r aft’ s  o x yg e n  s ys te m  r e ve al e d  th a t th e
fre  h ad  i n i ti ate d  i n  an  o x yge n  m an i fo l d  c h e c k val ve  a s s e m b l y.

T h e  p r i m ar y c au s e  o f th e  i n c i d e n t was  a l e a ki n g p o p p e t va l ve ,
wh i c h  al l o we d  o x yge n  s to r e d  a t 1 2  M P a  ( a b s o l u te  p r e s s u r e  o f
1 8 0 0  p s i )  to  e s c ap e  to  th e  a tm o s p h e r e .  D e te r i o r ati o n  o f th e  s i l i ‐

c o n e  r u b b e r  s e al  an d  g al va n i c  c o r r o s i o n  a r e  b e l i e ve d  r e s p o n s i ‐
b l e  fo r  th e  va l ve  fai l u r e .  C o n tr i b u to r y c a u s e s  to  th e  fre  we r e
s ys te m  c o n ta m i n ati o n  an d  fa i l u r e  to  b l e e d  th e  o x yg e n  s ys te m

b e fo r e  c yl i n d e r  d i s c o n n e c ti o n .  A th e r m i te  r e a c ti o n  i n vo l vi n g
th e  al u m i n u m  c h e c k val ve  h o u s i n g ,  m e tal  p a r ti c l e s ,  an d  m e tal
o x i d e  was  th o u g h t to  b e  th e  m o s t l i ke l y c a u s e  o f i g n i ti o n .

I n ve s ti ga to r s ’  fndings  i n d i c a te  th e  n e e d  to  c o n s i d e r  u s i n g
m a te r i al s  o th e r  th an  s i l i c o n e  r u b b e r  i n  o x yge n  s ys te m s .  I t wa s

a l s o  d e te r m i n e d  th a t fu r th e r  i n ve s ti g ati o n  i n to  th e  i gn i ti o n  o f
al u m i n u m  a n d  o th e r  m ate r i a l s  b y m e tal  p ar ti c l e  i m p i n ge m e n t
i n  th e  p r e s e n c e  o f m e tal  o x i d e s  i n  a h i gh - p r e s s u r e  o x yg e n  e n vi ‐

r o n m e n t i s  r e q u i r e d .  ( 8 )

D . 2 . 7 . 4    An  a i r c r aft b u r n e d  wh i l e  p a r ke d  a t a  p as s e n ge r  l o ad ‐
i n g ga te .  A prefight c h e c k was  b e i n g m a d e  b y th e  fight e n g i ‐

n e e r.  H e  tu r n e d  o n  th e  a i r c r aft o x yg e n  s ys te m ,  an d  fre  s ta r te d
i m m e d i a te l y th e r e afte r  b e h i n d  th e  c o atr o o m .  An  o x yg e n  va l ve

i n  th i s  a r e a a p p ar e n tl y s u s tai n e d  fati g u e  fai l u r e ,  an d  th e  e s c a p ‐
i n g  o x yg e n  i m p i n g e d  d i r e c tl y o n  g l a s s  wo o l  i n s u l ati o n ,  r e s u l t‐
i n g  i n  i g n i ti o n  o f th e  r e s i n  o f th e  i n s u l ati o n .  B e c a u s e  i t was  n o t

p o s s i b l e  to  s h u t o ff th e  o x yg e n  s u p p l y,  th e  fre  was  ac c e l e r ate d
b y th e  a d d i ti o n  o f ga s e o u s  o x yg e n  to  th e  fre  ar e a .

S e ve r al  e m p l o ye e s  tr i e d  to  fght th e  fre  fr o m  th e  i n te r i o r  o f
th e  ai r c r aft wi th  p o r ta b l e  fre  e x ti n g u i s h e r s  b u t we r e  u n s u c c e s s ‐

fu l .  Ai r p o r t frefghters  r e s p o n d e d  to  th e  fre  u s i n g a fo a m
n o z z l e  an d  6 . 3 5  c m  ( 2 1 ∕2  i n . )  fo g l i n e s  b e fo r e  e x ti n gu i s h m e n t

c o u l d  b e  s e c u r e d ,  b u t m aj o r  d am ag e  h ad  b e e n  c a u s e d ,  a n d  th e
ai r c r a ft was  wr i tte n  o ff a s  a  to ta l  l o s s .

D . 2 . 7 . 5    A B - 6 6  c r e w c i r c l e d  fo r  m o r e  th a n  2  h o u r s  to  r e d u c e
th e i r  fu e l  l o ad .  O n e  o f th e  c r e wm e n  r e m o ve d  h i s  m as k an d  l i t a

c i ga r e tte .  I m m e d i a te l y afte r  r e tu r n i n g  th e  l i gh te r  to  h i s  b r e as t
p o c ke t,  th e  m as k a n d  h e l m e t i gn i te d .

T h e  m as k an d  h e l m e t we r e  r e m o ve d  a n d  fung to  th e  d e c k
wh e r e  th e  fre  was  s n u ffe d  o u t u s i n g  a h an d  e x ti n g u i s h e r.  T h e
p i l o t s u ffe r e d  s e c o n d - an d  th i r d -d e gr e e  b u r n s  o n  h i s  fac e  an d

h an d s .  E vi d e n c e  i n d i c a te d  th at e i th e r  a  s p a r k fr o m  th e  c i g a‐
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r e tte  o r  m o m e n ta r y c o n ta c t wi th  th e  fame  o f th e  l i gh te r  i g n i ‐
te d  th e  h e l m e t a n d  m a s k,  wh i c h  s ti l l  c o n ta i n e d  a  h i g h
c o n c e n tr a ti o n  o f o x yge n .

D . 2 . 7 . 6    T h e  fu s e l ag e  o f a B o e i n g 7 0 7  was  g u tte d  b y fre  th at
s tar te d  wh i l e  th e  c r e w’ s  o x yg e n  s ys te m  was  b e i n g c h e c ke d
d u r i n g a g r o u n d  prefight i n s p e c ti o n .  T h e  fre  s p r e a d ,  i n te n s i ‐
fed  b y th e  o x yg e n  e s c ap i n g  fr o m  s e r vi c e  p i p i n g i n  th e  p a s s e n ‐
ge r  c o m p ar tm e n t.  T h e  fre  d e p a r tm e n t u s e d  fo a m  to  go o d
ad van tag e  th r o u g h  o p e n i n g s  th at th e  fre  h ad  m ad e  i n  th e  r o o f
an d  th r o u g h  a  c ab i n  wi n d o w.  E x ti n gu i s h m e n t was  a c h i e ve d  1 1 ∕2

h o u r s  a fte r  th e  fre  s ta r te d .

D . 2 . 7 . 7    An  ai r m an  r e m o ve d  th e  o x yge n  r e gu l ato r  fr o m  th e
c o c kp i t o f an  F 2 H -4  fo r  a  r o u ti n e  c h e c k.  I n s te ad  o f d i s c o n n e c t‐

i n g  th e  b o ttl e s ,  h e  r e m o ve d  th e  o x yg e n  s u p p l y l i n e  fr o m  th e
r e gu l ato r  an d  c ap p e d  i t wi th  a  c h e c k val ve  a n d  c ap .

At th e  s am e  ti m e ,  a n  e l e c tr i c i a n  wa s  tr o u b l e s h o o ti n g  a  vo l t‐
a ge  r e g u l ato r  d i s c r e p an c y i n  th e  c o c kp i t,  an d  th e  b atte r y wa s

n o t d i s c o n n e c te d .

B e c au s e  o f th e  s m al l  wo r ki n g  ar e a  i n  th e  c o c kp i t,  th e  ai r m a n
r e m o ve d  h i s  b u l ky j ac ke t a n d  c l o s e d  th e  c an o p y to  ke e p  wa r m .
Wh i l e  th e  o x yge n  s u p p l y l i n e  was  b e i n g  d i s c o n n e c te d  an d

c a p p e d  o ff,  a q u an ti ty o f o x yg e n  ap p ar e n tl y e s c ap e d  i n to  th e
c l o s e d  c o c kp i t.  As  th e  ai r m a n  r e m o ve d  th e  r e g u l ato r  fr o m  th e
c o n s o l e  s tr u c tu r e ,  i t c o n tac te d  th e  te r m i n al s .  T h e  r e s u l ti n g

ar c i n g  i gn i te d  c o m b u s ti b l e  m ate r i a l  i n  th e  c o c kp i t,  an d  th e
fash  fre  was  s u p p o r te d  b y th e  h i gh  c o n c e n tr ati o n  o f o x yg e n .

T h e  a i r m an  o p e n e d  th e  c an o p y,  d o ve  o u t,  an d  r o l l e d  o n  th e
gr o u n d  to  e x ti n gu i s h  h i s  b u r n i n g c l o th e s  an d  h ai r.  H e  s u ffe r e d
frst- an d  s e c o n d -d e g r e e  b u r n s  o f th e  u p p e r  b o d y.  T h e  ai r p l a n e

was  d am a ge d  e x te n s i ve l y.

D . 2 . 7 . 8    At a  m i l i tar y b a s e ,  a n  o r d e r  was  i s s u e d  fo r  i n e r ti n g  fu e l
m a n i fo l d  l i n e s  wi th  n i tr o ge n .  An  e x p e r i e n c e d  te c h n i c i a n  wh o

h ad  p e r fo r m e d  th e  s am e  o p e r a ti o n  m an y ti m e s  b e fo r e  wa s
as s i g n e d  to  th e  j o b .  B e c a u s e  h e  n e e d e d  a s s i s tan c e ,  h e  s e l e c te d  a
h e l p e r  a n d  o r d e r e d  a n i tr o g e n  c ar t.  T h e  l i n e s  fr o m  th e  c ar t

we r e  c o n n e c te d  to  th e  ai r c r a ft,  at wh i c h  ti m e  an o th e r  c r e w
ar r i ve d  to  r e l i e ve  th e  frst c r e w fo r  l u n c h .

M i n u te s  l a te r,  a tr e m e n d o u s  e x p l o s i o n  r o c ke d  th e  ai r c r a ft.
O f th e  fo u r  m e n  wo r ki n g  o n  th e  tas k,  th e  o n l y o n e  to  s u r vi ve
was  th e  m an  wh o  wa s  th r o wn  fr o m  th e  c o c kp i t b y th e  e x p l o ‐

s i o n .

T h e  c yl i n d e r s  o n  th e  c ar t we r e  p r o m i n e n tl y s te n c i l e d
“ O x yg e n . ”  T h i s  m ar ki n g ,  a s  we l l  as  th e  c o l o r  o f th e  b o ttl e s
( gr e e n  i n s te ad  o f g r ay) ,  we n t u n n o ti c e d .  T h e  r e s u l t was  th a t

o x yge n  u n d e r  h i g h  p r e s s u r e  was  i n j e c te d  i n to  l i n e s  th a t h ad
j u s t p r e vi o u s l y b e e n  d r ai n e d  o f c o m b u s ti b l e  fu e l .

D . 2 . 7 . 9    A c o m m e r c i a l  a i r c r aft fre  o c c u r r e d  d u r i n g s e r vi c i n g
o f th e  p as s e n g e r  o x yge n  s ys te m .  T h r e e  c r e w m e m b e r s ,  fo u r
fight atte n d an ts ,  an d  twe l ve  p a s s e n g e r s  we r e  o n b o ar d  th e

p l a n e  wh e n  th e  fre  e r u p te d .  Al l  p a s s e n g e r s  an d  c r e w we r e
e vac u ate d  s afe l y.  S h o r tl y a fte r  th e  p r e b o ar d i n g  o f p as s e n g e r s
h a d  b e gu n ,  a  s o u n d ,  d e s c r i b e d  a s  a muffed  b a n g o r  b o o m ,

c a m e  fr o m  an  a r e a n e ar  th e  fo r wa r d  g al l e y.  Wi th i n  s e c o n d s ,
th i c k b l a c k s m o ke  s tar te d  to  fll  th e  c ab i n ,  an d  fames  b e g an  to
b u r n  th r o u g h  th e  fo r war d  r i g h t s i d e  o f th e  fu s e l a ge .  Wi tn e s s e s

s tate d  th at th e y s aw a 3  ft to  4  ft ( 0 . 9  m  to  1 . 2  m )  fame  e x te n d ‐
i n g s i d e wa ys  fr o m  th e  fu s e l ag e  o n  th e  fo r war d  r i gh t s i d e  o f th e
a i r p l an e .  A h o l e  s e ve r al  fe e t i n  d i am e te r  b u r n e d  th r o u g h  th e

fu s e l ag e ,  j u s t b e h i n d  th e  r i g h t s i d e  fo r wa r d  g al l e y s e r vi c e  d o o r.

T h e  p as s e n g e r  o x yge n  s ys te m  i s  l o c ate d  i n  th e  fo r war d  r i g h t
s i d e  o f th e  ai r p l a n e .  T h e  s ys te m  i s  c o m p o s e d  o f two  o x yge n

c yl i n d e r s ,  e ac h  c h a r ge d  i n i ti a l l y to  an  ab s o l u te  p r e s s u r e  o f 1 8 5 0
p s i  ( 1 2 . 8  M P a) .  T h e  c yl i n d e r s  s u p p l y o x yge n  th r o u g h  s te e l
tu b i n g to  th e  fow c o n tr o l  u n i t,  wh i c h  r e d u c e s  th e  p r e s s u r e  o f

th e  o x yge n  a n d  th e n  c o n tr o l s  i ts  fow to  th e  p a s s e n g e r  m a s ks .
D u r i n g  a prefight i n s p e c ti o n  o f th e  ai r p l a n e ,  a  m e c h an i c
fo u n d  th at th e  q u an ti ty o f o x yg e n  i n  th e  c yl i n d e r s  was  b e l o w

th e  ac c e p tab l e  l e ve l  an d ,  th e r e fo r e ,  c h a n ge d  th e  c yl i n d e r s .  H e
r e p o r te d  th at,  as  h e  wa s  ab o u t to  l e a ve  th e  a r e a,  h e  s a w a fash
o f wh i te  l i gh t th a t e n ve l o p e d  th e  o x yg e n  s ys te m ’ s  fow c o n tr o l

u n i t.

T h e  i n s p e c ti o n  te am  fr o m  th e  N ati o n al  Tr a n s p o r ta ti o n
S afe ty B o ar d  ( N T S B )  c o n c l u d e d  th at th e  fre  o r i g i n ate d  i n  th e

p as s e n g e r  o x yg e n  s ys te m ’ s  fow c o n tr o l  u n i t.  ( 9 )

D . 2 . 8  D e e p  S e a.

D . 2 . 8 . 1    An  a c c i d e n t o c c u r r e d  i n  a c h am b e r  wi th  a n  i n te r n al
atm o s p h e r e  o f 1 0 0  p e r c e n t o x yg e n  at 3 4  kP a  ( ab s o l u te  p r e s s u r e
o f 5  p s i ) .  F o u r  m e n  we r e  i n  th e  c h a m b e r  ta ki n g p a r t i n  e x p e r i ‐

m e n ts .

A l i gh t b u l b  i n  th e  c e i l i n g  fxture  b u r n e d  o u t.  O n e  m an
c l i m b e d  u p  to  r e p l ac e  th e  b u l b .  Afte r  th e  b u l b  wa s  r e p l ac e d ,  h e
h e a r d  a  s o u n d  l i ke  th e  ar c i n g o f a  s h o r t c i r c u i t.  A s m al l  fame

[ ab o u t 1 2  m m  ( 1 ∕2  i n . )  l o n g]  wa s  s e e n  c o m i n g fr o m  a n  i n s u l ate d
wi r e  i n  th e  fxture.  T h e  c o m p o s i ti o n  o f th i s  i n s u l ati o n  i s  s ti l l

u n kn o wn .

T h e  m an  wh o  r e p l ac e d  th e  b u l b  r e q u e s te d  wa te r  b u t wa s
to l d  to  s n u ff th e  fre  o u t wi th  a to we l .  T h e  to we l  c au gh t o n  fre
an d  b l az e d  s o  vi go r o u s l y th at i t s e t th e  m a n ’ s  c l o th i n g o n  fre.

An  as b e s to s  fre  b l an ke t was  u s e d  to  s n u ff o u t th e  c l o th i n g fre,
b u t i t al s o  b u r s t i n to  fames.  T h e  a s b e s to s  b l an ke t r e p o r te d l y
h ad  an  o r g an i c  fller  o r  c o ati n g  th at ke p t th e  as b e s to s  fr o m
faking  o ff.  T h e  c l o th i n g o f th e  o th e r  m e n  wh o  we r e  u s i n g th e

b l an ke t al s o  c au gh t o n  fre.  T h e  fo u r  m e n  r e c e i ve d  s e c o n d -
d e g r e e  b u r n s .  C ar b o n  d i o x i d e  wa s  u s e d  to  e x ti n g u i s h  th e  fre

a fte r  e vac u a ti o n  o f p e r s o n n e l  fr o m  th e  c h a m b e r.  I t wa s
b e l i e ve d  th at th e  b l an ke t an d  to we l  h ad  b e e n  s a tu r ate d  wi th
o x yge n  fo r  1 7  d ays  a n d  b u r n e d  m u c h  m o r e  vi g o r o u s l y th a n

wo u l d  b e  e x p e c te d  at s e a -l e ve l  c o n d i ti o n s .  I t s h o u l d  b e  n o te d
th a t l o n g -te r m  s to r a ge  i n  o x yg e n  d o e s  n o t signifcantly e n h an c e
th e  c o m b u s ti b i l i ty o f te x ti l e  m a te r i al s .  (See reference [62] in
Annex F. )

An  i n te r e s ti n g  as p e c t o f th i s  c as e  i s  th e  fac t th a t b u r n i n g
i n s u l a ti o n  d r i p p e d  fr o m  th e  l i g h t fxture  o n to  a  b u n k.  O n e

c r e wm a n  tr i e d  to  s n u ff o u t th e  r e s u l ti n g  fre,  an d  h i s  s ki n
c a u g h t o n  fre.  T h e  b u r n s  o n  h i s  h an d s  we r e  s e ve r e  a n d  n e c e s ‐
s i ta te d  tr e atm e n t fo r  1 1  o r  1 2  d ays  i n  th e  h o s p i tal .  T h e  c ab i n

was  b e i n g  ve n te d  c o n ti n u o u s l y,  an d  n o  a n al ys i s  o f th e  va p o r s
was  b e i n g  p e r fo r m e d  at th e  ti m e  o f th e  ac c i d e n t.  I t s h o u l d  b e
n o te d  th a t l a b o r ato r y e x p e r i m e n ts  s u gg e s t th a t h u m a n  s ki n  i s
diffcult to  i g n i te  i n  l o w-p r e s s u r e  o x yge n .  ( 1 0 )  I t wi l l  b u r n  r e ad ‐

i l y,  h o we ve r,  i n  th e  p r e s e n c e  o f o th e r  m o r e  e as i l y i g n i ti b l e
c o m b u s ti b l e s ,  s u c h  a s  g r e as e  o r  m o l te n  p l a s ti c s ,  wh i c h  c an  ac t

as  l o c al i z e d  i g n i ti o n  s o u r c e s .

D . 2 . 8 . 2    A fre  o c c u r r e d  i n  th e  i n n e r  l o c k o f a h e a vy s te e l
d e c o m p r e s s i o n  c h am b e r,  th e  i n te r i o r  s u r fac e  o f wh i c h  wa s

p ai n te d  wi th  a n avy e n am e l .  T h e  e l e c tr i c al  e q u i p m e n t was  o f
o r d i n ar y typ e s .  T h e  b a s i c  c h a m b e r  wi r i n g  was  i n  c o n d u i t.  T h e
fxed  e l e c tr i c a l  e q u i p m e n t c o n s i s te d  o f l i gh ts ,  two  ai r  c o n d i ‐

ti o n e r s ,  two  fa n s ,  an d  an  i n te r c o m .  A p o r tab l e  o u tl e t b o x
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c o n tai n i n g  fo u r  o r d i n a r y r e c e p tac l e s  c o n n e c te d  to  a n  e l e c tr i c al
s u p p l y wi th  a h e avy-d u ty r u b b e r  c o r d  was  p r o vi d e d .  A p o r ta b l e ,
m o to r-o p e r a te d ,  c ar b o n  d i o x i d e  s c r u b b e r  wa s  c o r d -c o n n e c te d
to  o n e  o f th e s e  r e c e p tac l e s .

T h e  s c r u b b e r  i n l e t wa s  e q u i p p e d  wi th  a flter  c o n tai n i n g
p ap e r  e l e m e n ts  th at h ad  b e e n  d i p p e d  i n  ke r o s e n e  to  r e m o ve
d u s t p ar ti c l e s  fr o m  th e  “ a i r. ”

I n  a d d i ti o n  to  th e  r u b b e r  i n s u l a ti o n  a n d  th e  p ai n t,  o th e r
c o m b u s ti b l e s  i n c l u d e d  a c o tto n  m attr e s s  wi th  a p l a s ti c  c o ve r,  at
l e as t two  p i l l o ws ,  r e a d i n g  m atte r,  to i l e t p ap e r,  a n d  th e  flter
p ap e r  ( p o s s i b l y c o ate d  wi th  ke r o s e n e )  i n  th e  s c r u b b e r.  T h e  two
m e n  i n  th e  c h am b e r  we r e  we a r i n g  c o tto n  tr u n ks  an d  c o tto n
te r r y c l o th  r o b e s .

At th e  ti m e  o f th e  fre,  th e  i n n e r-l o c k atm o s p h e r e  c o n s i s te d
o f ap p r o x i m ate l y 2 8  p e r c e n t o x yg e n ,  3 5  p e r c e n t h e l i u m ,  an d
3 7  p e r c e n t n i tr o g e n  b y vo l u m e  a t a  ga u g e  p r e s s u r e  o f 2 7 6  kP a
( ga u g e  p r e s s u r e  o f 4 0  p s i )  an d  a te m p e r a tu r e  o f a b o u t 2 6 . 7 ° C
( 8 0 ° F ) .

T h e  c h am b e r  c o n ta i n e d  n o  fre  e x ti n g u i s h e r  o r  o th e r  fre-
extinguishing  e q u i p m e n t.

T h e  two  d i ve r s  h ad  c o m p l e te d  a 2 - h o u r  te s t d i ve  at a s i m u l a‐
te d  d e p th  o f 7 6  m  ( 2 8 2  ft) ,  b r e a th i n g a m i x tu r e  o f 1 5  p e r c e n t
o x yge n  a n d  8 5  p e r c e n t h e l i u m .  D u r i n g  th i s  p e r i o d ,  th e  d e c o m ‐
p r e s s i o n  c h a m b e r  wa s  p r e p ar e d  wi th  an  atm o s p h e r e  c o n s i s ti n g
o f 3 0  p e r c e n t o x yg e n ,  3 5  p e r c e n t h e l i u m ,  a n d  3 5  p e r c e n t n i tr o ‐
ge n  a t 2 9 6  kP a ( ga u g e  p r e s s u r e  o f 4 3  p s i ) .  I t was  p l an n e d  to
d e c o m p r e s s  th e  d i ve r s  fo r  8  h o u r s  an d  4 2  m i n u te s ,  wi th  th e
fnal  h o u r  at 1 0 0  p e r c e n t o x yg e n  a t n e a r-n o r m al  p r e s s u r e s .

Wh i l e  th e  m e n  we r e  b e i n g  tr an s fe r r e d  fr o m  th e  tu n n e l  to
th e  i n n e r  l o c k,  th e  i n n e r  l o c k o x yg e n  c o n c e n tr ati o n  wa s
d e c r e as e d .  Afte r  th e  d o o r  h a d  b e e n  c l o s e d ,  th e  o x yg e n  c o n c e n ‐
tr a ti o n  wa s  2 7  p e r c e n t.  Ad d i ti o n al  o x yge n  wa s  ad d e d  i n  two
s l u g s  o ve r  a 2 - m i n u te  o r  3 -m i n u te  p e r i o d .

Ab o u t 3  m i n u te s  a fte r  e n tr y,  a c r y was  h e ar d  o ve r  th e  i n te r ‐
c o m :  “ We  h a ve  go t a  fre  i n  h e r e . ”  A c o l u m n  o f ye l l o w- o r a n ge
fame  a b o u t 1 0 2  m m  ( 4  i n . )  i n  d i a m e te r  an d  0 . 3  m  to  0 . 6  m  ( 1
ft to  2  ft)  h i g h  wa s  vi s i b l e  ( th r o u gh  a vi e wi n g  p o r t)  i s s u i n g  fr o m
th e  c ar b o n  d i o x i d e  s c r u b b e r.  S h o r tl y th e r e a fte r,  a  fash  e n ‐
gu l fe d  th e  c o m p a r tm e n t a n d  s m o ke  p r e ve n te d  fu r th e r  o b s e r va‐
ti o n .

T h e  p r e s s u r e  i n  th e  i n n e r  l o c k j u m p e d  to  o ve r  7 5 8  kP a
( ga u g e  p r e s s u r e  o f 1 1 0  p s i ) ,  wh i c h  i s  i n d i c a ti ve  o f a n  atm o s ‐
p h e r e  te m p e r atu r e  o f a b o u t 4 2 7 ° C  ( 8 0 0 ° F ) .  Re s c u e  was  atte m p ‐
te d  b y e n te r i n g  th e  “ i gl o o ”  an d  r a i s i n g  th e  p r e s s u r e  to  e q u al i z e
wi th  th a t o f th e  i n n e r  l o c k.  T h e  p r e s s u r e  i n  th e  i n n e r  l o c k wa s
d e c r e as i n g  b e c au s e  o f h e at l o s s e s  a n d  th e  fac t th at th e  fre  h ad
c o n s u m e d  e n o u gh  o x yge n  to  b e  r e d u c e d  to  a  s m o l d e r i n g s tag e .
T h e  two  p r e s s u r e s  e q u al i z e d  at ab o u t 4 0 0  kP a  ( ga u g e  p r e s s u r e
o f 5 8  p s i ) .

Wh e n  th e  two  r e s c u e r s  o p e n e d  th e  d o o r  to  th e  i n n e r  l o c k,
th e y m e t a b l as t o f h e a t,  s m o ke ,  an d  ga s e s .  T h e  a c t o f o p e n i n g
th e  d o o r  s l i gh tl y c a u s e d  o x yg e n  to  e n te r  th e  i n n e r  l o c k,
p r o d u c i n g fu r th e r  b u r n i n g .

At 1 0 : 0 6  a . m . ,  th e  fre  d e p ar tm e n t r e c e i ve d  a  c al l  r e p o r ti n g
th at th e r e  h a d  b e e n  a  fre  a n d  th a t th e  d e p a r tm e n t’ s  s e r vi c e s
we r e  n e e d e d  i n  c as e  th e  fre  r e ki n d l e d .  T h e  fre  d e p a r tm e n t
c o m p l e te d  e x ti n gu i s h m e n t wi th  a b o o s te r  l i n e  a n d  ab o u t 7 6  L
( 2 0  ga l )  o f wa te r  a fte r  ga i n i n g  ac c e s s  to  th e  c h am b e r.

T h e  s c r u b b e r  m o to r  s i n gl e -p h a s e d ,  th e  i n s u l ati o n  o n  th e
e l e c tr i c al  s u p p l y c o r d  o ve rh e a te d  an d  i g n i te d ,  an d  fames
s p r e ad  to  th e  flter.  I t i s  n o t kn o wn  wh a t th e  i gn i ti o n  te m p e r a‐

tu r e  wo u l d  h ave  b e e n  u n d e r  th e  e x i s ti n g  a tm o s p h e r i c  c o n d i ‐
ti o n s .

T h e  two  d i ve r s  p e r i s h e d ,  a n d  th e  two  r e s c u e r s  we r e  i n j u r e d .
E s ti m ate d  p h ys i c a l  d am a ge  to  th e  c h a m b e r  an d  i ts  e q u i p m e n t
a m o u n te d  to  $ 2 0 , 0 0 0 .

D . 2 . 8 . 3    A fre  i n  a d e c o m p r e s s i o n  c h am b e r,  r e s u l ti n g  i n  th e
d e ath  o f a  d i ve r,  was  a p p a r e n tl y c a u s e d  b y i g n i ti o n  o f a  c o tto n

s h i r t h u n g  ar o u n d  a  l i g h t b u l b  to  r e d u c e  th e  a m o u n t o f l i gh t.
T h e  c h a m b e r  p r e s s u r e  wa s  at an  e q u i val e n t d e p th  o f 9  m  ( 3 0
ft)  wi th  2 0  to  2 8  p e r c e n t o x yg e n  a n d  th e  b al a n c e  i n  n i tr o g e n .

O x yg e n  h ad  b e e n  u s e d  d u r i n g  th e  d e c o m p r e s s i o n  p e r i o d  b y
m e a n s  o f a n  o p e n -l o o p  m a s k s ys te m .  T h e  c h am b e r  h ad  b e e n
ve n ti l a te d  d u r i n g  th e  u s e  o f o x yge n ,  b u t th e  p r e c i s e  am o u n t o f

o x yge n  e n r i c h m e n t was  u n kn o wn .

F l a m m a b l e s  i n  th e  c h a m b e r  i n c l u d e d  c e l l u l o s e ,  r u b b e r,
c l o th e s ,  th e  b u n k,  a n d  s n e ake r s .  Al l  fammables  we r e  i n vo l ve d  a
fe w s e c o n d s  a fte r  i g n i ti o n .

D . 2 . 8 . 4    A d i ve  s h o p  th at flled  S C U B A tan ks  h ad  a  s e r i e s  o f 1 4
M P a  ( a b s o l u te  p r e s s u r e  o f 2 0 0 0  p s i )  o x yge n  b o ttl e s  m an i fo l d e d

to g e th e r.  T h e  m an i fo l d  h a d  q u i c k- o p e n i n g  b al l  val ve s  l e ad i n g
fr o m  e a c h  o f th e  o x yg e n  tan ks .  Afte r  th e  s ys te m  was  al l o we d  to

b l e e d  d o wn  to  a m b i e n t p r e s s u r e ,  a n e w b o ttl e  wa s  ad d e d  to  th e
s ys te m ,  a n d  th e  m a n i fo l d  q u i c k-o p e n i n g b a l l  val ve  was  o p e n e d .
T h e  h i g h  p r e s s u r e  i n  th e  b o ttl e  c au s e d  c o m p r e s s i o n  i g n i ti o n  at

th e  frst T  i n  th e  l i n e .  T h e  r e s u l tan t fre  d i d  c o n s i d e r ab l e
d am a ge  to  th e  d i ve  s h o p  e q u i p m e n t an d  i n j u r e d  a n  e m p l o ye e .

D . 2 . 8 . 5    T h e  C a n ad i an  U n d e r wa te r  M i n e –c o u n te r m e as u r e s
Ap p a r atu s  ( C U M A)  i s  a  s e l f-c o n tai n e d ,  s e m i -c l o s e d -c i r c u i t
u n d e r wate r  b r e ath i n g  ap p a r atu s  u s e d  b y C a n ad i an  F o r c e s  fo r

u n d e r wate r  m i n e  s e a r c h ,  i n ve s ti ga ti o n ,  a n d  d i s p o s al .  O n
N o ve m b e r  3 0 ,  2 0 0 1 ,  th e  E x p e r i m e n ta l  D i vi n g  U n i t s taff at
D e fe n s e  Re s e ar c h  a n d  D e ve l o p m e n t C a n ad a – To r o n to  wa s

p r e p a r i n g  fo r  an  e x p e r i m e n ta l  d i ve  u s i n g th e  C U M A ve r s i o n  2
( V2 )  i n  th e i r  fa c i l i ty’ s  h yp e r b ar i c  c h a m b e r.  A fre  o c c u r r e d  i n
th e  C U M A V2  a s  th e  te am  l e ad e r  ( th e  d i ve r  we ar i n g th e  C U M A

V2 )  o p e n e d  th e  o x yge n  s p h e r e  va l ve .  T h e  fre  was  s e ve r e ,  e j e c t‐
i n g  fre  an d  m o l te n  m e ta l  ap p r o x i m ate l y 7  ft ( 2 . 1  m )  fr o m  th e
d i ve r ’ s  b a c k-m o u n te d  u n i t,  an d  l a s ti n g  fo r  an  e x te n d e d  d u r a‐

ti o n  b e fo r e  th e  d i ve r ’ s  te am m ate s  we r e  ab l e  to  r e m o ve  th e
b a c kp ac k an d  e x ti n g u i s h  th e  fre.  N o  o n e  was  s e r i o u s l y i n j u r e d
i n  th e  i n c i d e n t.  Ke y m a te r i al s  we r e  s a m p l e d  as  r e q u i r e d  an d

c h e m i c a l  an al ys e s  o n  s am p l e s  we r e  d o n e  to  o b tai n  p o s i ti ve
m a te r i al  identifcation.  T h e  e vi d e n c e  i n d i c ate d  th a t th e  l o c al
o r i gi n  o f th e  fre  was  wi th i n  th e  frst-stage  r e g u l a to r  c l o s e  to  th e

n o n m e tal  s e a t.  T h e  e vi d e n c e  al s o  i n d i c ate d  th a t o p e r a ti o n al l y
i n d u c e d  i g n i ti o n  m e c h a n i s m s  d e ve l o p i n g  d u r i n g  val ve  o p e n ‐
i n g ,  a n d  i n c o m p a ti b l e  m ate r i a l s ,  we r e  th e  c a u s ati ve  fac to r s  i n

th e  i g n i ti o n  an d  p r o p ag ati o n  o f th e  fre.

Re fe r e n c e :  F o r s yth ,  E .  T. ,  E ato n ,  D .  J . ,  an d  N e wto n ,  B .  E . ,
“ O x yg e n  F i r e  C a u s e  an d  O r i gi n  An al ys i s  o f th e  C U M A V2

U n d e r wate r  B r e ath i n g  Ap p ar atu s , ”  Flammability and Sensitivity of
Materials in Oxygen-Enriched Atmospheres: Tenth Volume,  AS T M

S T P  1 4 5 4 ,  T.  A.  S te i n b e r g ,  H .  D .  B e e s o n ,  an d  B .  E .  N e wto n ,
E d s . ,  AS T M  I n te r n a ti o n al ,  We s t C o n s h o h o c ke n ,  PA 2 0 0 3 .

D . 2 . 9  O th e r.

D . 2 . 9 . 1    A d i e s e l - e n gi n e  s h r i m p  b o a t h ad  a c o m p r e s s e d -ai r
s tar te r.  T h e  c o m p r e s s e d  a i r  was  l o s t th r o u g h  l e akag e .  T h e  s ki p ‐
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

p e r  as ke d  a b o at h an d  to  b r i n g a c yl i n d e r  o f “ ai r ”  to  s ta r t th e
e n gi n e .  T h e  b o at h a n d  we n t to  a we l d i n g s h o p  a n d  s e c u r e d  a
c yl i n d e r  o f “ a i r ”  an d  a  r e gu l a to r.  T h e n  6 8  kg ( 1 5 0  l b )  o f th i s
“ ai r ”  wa s  p u t i n to  th e  ai r  r e s e r ve  ta n k a n d  th e  val ve  wa s  o p e n e d .
T h e  e n g i n e  r o ta te d  an d  a  b l as t to o k p l ac e  th a t to r e  th r o u g h
th e  s o l i d  o ak ke e l .  T h e  s ki p p e r,  1 3  m  ( 4 2  ft)  ab o ve  i n  th e
c o n tr o l  r o o m ,  wa s  fatal l y b u r n e d .  T h e  d e c k h a n d  wh o  tu r n e d
o n  th e  “ ai r ”  was  n o t h u r t.  T h e  c yl i n d e r  a c tu a l l y c o n ta i n e d
o x yge n .

D . 2 . 9 . 2    A wo r km an ,  a fte r  d i s c o n n e c ti n g  th e  ai r  s u p p l y an d
e x h a u s t l i n e s  fr o m  h i s  ai r- s u p p l i e d  s u i t a n d  l e avi n g  th e
“ c o n tr o l l e d  atm o s p h e r e ”  r o o m ,  r e m o ve d  h i s  h e l m e t a n d  l i t a
c i ga r e tte .  H e  th e n  c o n n e c te d  wh a t h e  th o u g h t wa s  a n  ai r
s u p p l y l i n e  fr o m  an o th e r  r o o m  to  h i s  s u i t to  fush  an d  c o o l  th e
s u i t.  H i s  u n d e r c l o th i n g c au g h t fre,  an d  h e  r e c e i ve d  s e ve r e
b u r n s  to  th e  c h e s t,  s h o u l d e r s ,  n e c k,  s to m ac h ,  an d  l e gs  fr o m  th e
c o m b u s ti o n  o f th e  c o tto n  u n d e r we ar.

I n ve s ti ga ti o n  d i s c l o s e d  th a t th e  r e s p i r ato r y ai r  s u p p l y to  th e
s e c o n d  r o o m  ( th e  l i n e  th at th e  wo r km a n  c o n n e c te d  to  fush
o u t an d  c o o l  th e  s u i t)  ac tu al l y c o n ta i n e d  6 8  p e r c e n t to  7 6
p e r c e n t o x yge n  a s  a r e s u l t o f fai l u r e  o f th e  a i r-o x yge n  m i x tu r e
c o n tr o l  va l ve .

D . 2 . 9 . 3    F i ve  wo r ke r s  we r e  a s p h yx i a te d  i n  a fre  th at fashed
th r o u g h  a c o m p ar tm e n t o f a ve s s e l  i n  wh i c h  th e y we r e  wo r ki n g .
Al th o u gh  th e  s o u r c e  o f i gn i ti o n  i s  u n kn o wn ,  th e  i n ad ve r te n t
i n tr o d u c ti o n  o f o x yg e n  i n to  th e  c o m p ar tm e n t o b vi o u s l y
c o n tr i b u te d  to  th e  fre’s  i n te n s i ty.  T h e  a i r  h o s e ,  wh i c h  th e  m e n
we r e  u s i n g  to  b l o w o u t th e  s h i p ’ s  s u c ti o n  l i n e s ,  wa s  c o n n e c te d
to  an  o x yg e n  m a n i fo l d  r ath e r  th a n  to  an  ai r  c o m p r e s s o r.

D . 2 . 9 . 4    T h e  fo l l o wi n g  d o c u m e n te d  fres  i n  p i p i n g s ys te m s
as s o c i ate d  wi th  N a vy h yp o b ar i c  c h am b e r  c o m p l e x e s  s h o w th e
n e e d  fo r  c l e a n l i n e s s ,  m a te r i al s  c o m p ati b i l i ty,  an d  awa r e n e s s  o f
fres  i n  o x yg e n  s ys te m s :

( 1 ) F e b r u ar y 2 6 ,  1 9 7 4 :  F i r e  i n  o x yge n  m an i fo l d ,  C h e r r y P o i n t,
N C

( 2 ) J u l y 2 ,  1 9 7 5 :  F i r e  i n  o x yge n  m an i fo l d ,  d e vi c e  9 A9 ,  P e n s a‐
c o l a ,  F L

( 3 ) Ap r i l  1 1 ,  1 9 7 8 :  F i r e  i n  s h u to ff a n d  c h e c k val ve ,  d e vi c e
9 A1 B ,  s e r i a l  # 6 ,  Wh i d b e y I s l an d ,  WA

( 4 ) Ap r i l  1 6 ,  1 9 8 0 :  E x p l o s i o n  a n d  fre  i n  o x yg e n  m an i fo l d ,
d e vi c e  9 A9 ,  P e n s a c o l a,  F L

D o c u m e n te d  fres  i n  th e  o x yg e n  m a n i fo l d s  o f N a vy a l ti tu d e
c h a m b e r s  h a ve  b e e n  tr a c e d  to  c o n tam i n ati o n  th at was  m o s t
l i ke l y i n tr o d u c e d  i n to  th e  s ys te m  d u r i n g m ai n te n an c e  ac ti vi ti e s .
T h e  p o te n ti a l  fo r  fre  a n d  e x p l o s i o n  i n  h i gh -p r e s s u r e  o x yg e n
s ys te m s  i s  h e i g h te n e d  b y th e  p r e s e n c e  o f c o n ta m i n an ts .  M o r e
r e c e n t e va l u a ti o n  ( 1 9 8 6 ,  1 9 8 7 ,  an d  1 9 9 3 )  o f o x yg e n  s ys te m s  i n
N a vy a l ti tu d e  c h a m b e r s  h as  u n c o ve r e d  u n ac c e p tab l e  l e ve l s  o f
c o n tam i n a n ts ,  i n c l u d i n g  m e r c u r y,  l e a d ,  a n d  h yd r o c a r b o n s .  T h e
fre  i n c i d e n ts  an d  fu r th e r  d i s c o ve r y o f c o n tam i n a ti o n  u n d e r ‐
s c o r e  a n e e d  fo r  c o n ti n u o u s  m o n i to r i n g o f o x yg e n  p u r i ty a s
we l l  as  o n go i n g  tr ai n i n g  o f s taff as s i g n e d  to  o p e r ate  a n d  m a i n ‐
ta i n  th e s e  d e vi c e s .

T h r e e  m e n  b e c a m e  ve r y s i c k wh i l e  b r e ath i n g  o x yg e n  i n  th e
al ti tu d e  c h am b e r  at M ar i n e  C o r p s  Ai r  S ta ti o n  ( M C AS )  C h e r r y
P o i n t o n  F e b r u a r y 2 6 ,  1 9 7 4 .  U p o n  i n ve s ti ga ti o n ,  two  va l ve s
we r e  fo u n d  to  h ave  b e e n  d am ag e d  b y fash  fres  r e s u l ti n g fr o m
th e  i n tr o d u c ti o n  o f an  u n a p p r o ve d  l u b r i c an t.  T h e  s ys te m  wa s
al s o  h i g h l y c o n tam i n a te d  wi th  F r e o n  1 1 3 .  T h e  fres  i n  th e  two
d am a ge d  va l ve s  we r e  a ttr i b u te d  to  i m p ac t o f th e  u n ap p r o ve d
l u b r i c a n t wi th  p u r e  o x yg e n .  T h e  s u b s e q u e n t l a b o r a to r y i n ve s ti ‐

g ati o n  c o n c l u d e d  th at “ th e  fash  fre  r e s u l te d  i n  th e  p a r ti al
d e c o m p o s i ti o n  o f Tefon  a n d  F r e o n  1 1 3  i n  p r e s e n c e  o f h o t
m e tal . ”  T h i s  c o u l d  r e s u l t i n  p h o s g e n e -l i ke  c o n ta m i n an ts .

T h e  J u l y 2 ,  1 9 7 5 ,  fre  i n  th e  o x yg e n  m an i fo l d  o f d e vi c e  9 A9
i n  P e n s ac o l a,  F L ,  wa s  fo u n d  u p o n  i n ve s ti ga ti o n  to  b e  d u e  to

c o n tam i n a ti o n  i n tr o d u c e d  d u r i n g  m ai n te n an c e  o f a b al l  va l ve .
T h e  c o n ta m i n an t e n te r e d  th e  d o wn s tr e am  c h e c k va l ve  wh e r e  i t
c a u s e d  an  e x p l o s i o n  an d  fre.  T h e  i n ve s ti g ati o n  r e ve a l e d  th a t

m a i n te n an c e  ac ti o n s  i n c l u d e d  i n s ta l l a ti o n  o f s p a r e  p ar ts  n o t
“ c l e an e d  fo r  o x yg e n  u s e . ”  T h e  u l ti m ate  c au s e  o f th e  i n c i d e n t
was  d o c u m e n te d  a s  “ p e r s o n n e l  as s i g n e d  to  m ai n ta i n  a n d  o p e r ‐

ate  th e  o x yge n  s u p p l y we r e  as  a r e s u l t o f o ve r s i g h t,  l a c k o f tr ai n ‐
i n g o r  e x p e r i e n c e ,  n o t kn o wl e d g e ab l e / c ar e fu l  e n o u g h  i n  th e
u s e  o f th e i r  e q u i p m e n t, ”  an d  th at “ i t m u s t b e  as s u m e d  th a t th e

i n d i vi d u al s  s i m p l y h ad  n o t b e e n  affo r d e d  e n o u gh  p r o p e r  tr ai n ‐
i n g i n  th e  h az ar d s  o f h i gh -p r e s s u r e  g as e o u s  o x yg e n  a n d  th e
h a n d l i n g / m ai n te n a n c e  th e r e fo r. ”

T h e  Ap r i l  1 1 ,  1 9 7 8 ,  r e l e as e  o f o x yg e n  an d  ac r i d  ga s  fr o m  th e
o x yge n  m an i fo l d  o f d e vi c e  9 A1 B  a t N aval  Ai r  S ta ti o n  ( N AS )

Wh i d b e y I s l an d  wa s  attr i b u te d  to  d e fe c ti ve  p a r ts  i n s ta l l e d  i n  th e
s ys te m .  As  wi th  o th e r  fres  i n  o x yg e n  m an i fo l d s  o f N a vy a l ti tu d e
c h a m b e r s ,  c o n tam i n ati o n  o f o x yg e n  was  l i s te d  as  th e  p r i m ar y

s u s p e c te d  c au s e .  N o  c o n tam i n a ti o n  was  fo u n d  i n  th e  o x yge n
fr o m  th e  b o ttl e s  i n  u s e  at th e  ti m e  o f th e  i n c i d e n t.  T h e  o n l y

s o u r c e  o f p o te n ti al  c o n tam i n ati o n ,  th e n ,  wa s  th e  c o m p o n e n ts
o f th e  o x yg e n  m a n i fo l d  i ts e l f.

T h e  Ap r i l  1 6 ,  1 9 8 0 ,  fre  i n  th e  o x yg e n  m a n i fo l d  o f th e  9 A9
al ti tu d e  c h a m b e r  at N AS  P e n s ac o l a  was  c a u s e d  b y c o n ta m i n a‐
ti o n  i n tr o d u c e d  d u r i n g  m ai n te n a n c e .  A b al l  val ve  n o t “ c l e an e d

fo r  o x yge n  u s e ”  h a d  b e e n  i n s tal l e d  i n  th e  m an i fo l d .  T h e
c o n tam i n a n ts  we r e  i gn i te d ,  p o s s i b l y d u e  to  ad i ab ati c  c o m p r e s ‐
s i o n ,  c au s i n g  a h i g h -p r e s s u r e  o x yg e n  l e a k a n d  fre.  O n e  m a n

was  i n j u r e d  a s  a  r e s u l t o f th e  fames.  O p e r a to r s  a n d  m ai n te ‐
n an c e  p e r s o n n e l  i n te r vi e we d  a fte r  th e  fre  h ad  n o t b e e n  p r o p ‐
e r l y tr ai n e d  i n  u s e  a n d  m ai n te n a n c e  o f h i gh - p r e s s u r e  o x yge n

s ys te m s ,  h a d  n o t b e e n  as s i g n e d  fre  b i l l e ts ,  a n d  we r e  u n a war e  o f
p r e vi o u s  fres  i n  o x yge n  m an i fo l d s ,  i n c l u d i n g o n e  o n  th e  s a m e

d e vi c e  5  ye ar s  p r i o r  to  th i s  i n c i d e n t.
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( 1 0 ) D u r fe e ,  R.  L .  “ T h e  F l am m ab i l i ty o f S ki n  a n d  H ai r  i n
O x yg e n -E n r i c h e d  Atm o s p h e r e s . ”  S AM -T R- 6 8 -1 3 0 ,

D e c e m b e r  1 9 6 8 .

An n e x  E    Fu n d am e n tal s  o f I gn i ti o n  an d  C o m b u s ti o n  i n
O x yge n - E n ri c h e d  Atm o s p h e re s

This annex is not a part of the recommendations of this NFPA docu‐
ment but is included for informational purposes only.

E . 1  G e n e ral .

E . 1 . 1    Al th o u g h  c o n s i d e r ab l e  te c h n i c a l  kn o wl e d g e  o f th e  i g n i ‐
ti o n ,  fammability,  an d  fame  p r o p ag ati o n  c h ar a c te r i s ti c s  o f

va r i o u s  c o m b u s ti b l e  m ate r i al s  ( s o l i d s ,  l i q u i d s ,  an d  g as e s )  e x i s ts ,
th i s  te c h n i c a l  kn o wl e d ge  i s  i n ad e q u ate  i n  m an y i n s tan c e s .
T h u s ,  val i d  p r e d i c ti o n s  o f th e  p r o b ab i l i ty o f fre  i n i ti ati o n  o r  o f

th e  c o n s e q u e n c e s  o f s u c h  i n i ti a ti o n ,  e ve n  u n d e r  n o r m a l  atm o s ‐
p h e r i c  c o n d i ti o n s ,  ar e  diffcult to  m ake .  M o s t o f th e  specifc
kn o wl e d ge  r e l ate s  to  p r e m i x e d  ga s e o u s  fu e l -o x i d a n t c o m b i n a‐

ti o n s  b e c au s e  o f th e  o b vi o u s  ad va n ta ge s  o f c o n d u c ti n g  c o n tr o l ‐
l e d  e x p e r i m e n ts .  U n fo r tu n a te l y,  m o s t u n wan te d  fres  o c c u r
u n d e r  n o n - p r e m i x e d  c o n d i ti o n s .  T h e  i n ve s ti ga ti o n  o f th e  i g n i ‐

ti o n  a n d  c o m b u s ti o n  p r o p e r ti e s  o f s o l i d  a n d  l i q u i d  c o m b u s ti ‐
b l e s  i s  m o r e  c o m p l e x  d u e  to  th e  h e te r o g e n e i ty o f th e  r e a c ti o n
m e c h an i s m s  i n vo l ve d .  T h u s ,  m u c h  o f th e  a va i l a b l e  i n fo r m a ti o n

o n  th e  fre  p r o p e r ti e s  o f l i q u i d  c o m b u s ti b l e  m ate r i a l s  h a s
e vo l ve d  e m p i r i c al l y,  wi th  th e  specifc  d a ta  r e p o r te d  e x h i b i ti n g a
h i gh  d e gr e e  o f te s t m e th o d  d e p e n d e n c y.

E . 1 . 2    T h e  a p p l i c a ti o n  o f th i s  kn o wl e d g e  to  th e  as s e s s m e n t o f
th e  fre  p r o b l e m  i n  O E As  c u r r e n tl y i s  l ar g e l y q u al i tati ve ,  b u t a n
O E A g e n e r al l y c an  b e  c o n s i d e r e d  m o r e  h az ar d o u s  th an  n o r m al

atm o s p h e r i c  c o n d i ti o n s .  T h e  ge n e r a l  p r o p e r ti e s  o f O E As  wi l l
b e  r e vi e we d ,  a n d  th e  fu n d a m e n ta l  as p e c ts  o f th e  i g n i ti o n  an d
c o m b u s ti o n  p r o p e r ti e s  o f ga s e o u s ,  l i q u i d ,  a n d  s o l i d  m a te r i al s  i n

s u c h  a tm o s p h e r e s  wi l l  b e  d i s c u s s e d  wi th i n  th e s e  l i m i ta ti o n s .

E . 2  P ro p e r ti e s  o f Atm o s p h e re s .

E . 2 . 1    T h e  c h e m i c al  c o m p o s i ti o n  o f O E As  c an  b e  ve r y d i ffe r ‐
e n t fr o m  th at o f ai r.  N i tr o g e n  m ake s  u p  s l i gh tl y m o r e  th an  7 8
p e r c e n t o f d r y a i r  b y vo l u m e .  O x yg e n  c o n tr i b u te s  a p p r o x i ‐

m a te l y 2 1  p e r c e n t b y vo l u m e .  T h e  o th e r  1  p e r c e n t i s  al m o s t
e n ti r e l y a r go n  wi th  ve r y s m al l  am o u n ts  o f o th e r  g as e s ,  s u c h  a s
c a r b o n  d i o x i d e ,  n e o n ,  h e l i u m ,  kr yp to n ,  x e n o n ,  n i tr o u s  o x i d e ,

m e th an e ,  o z o n e ,  a n d  h yd r o g e n .  Al l  o r  s o m e  o f th e  c o n s ti tu e n ts
m i gh t b e  fo u n d  i n  th e  va r i o u s  O E As  u n d e r  c o n s i d e r ati o n .  T h e
specifc  p r o p e r ti e s  o f th e s e  c o n s ti tu e n ts  a r e  i n d i c ate d  i n  Tab l e

E . 2 . 1 .

E . 2 . 2    I n  a d d i ti o n  to  th e  specifc  c h e m i c al  c o m p o s i ti o n  o f a
p ar ti c u l ar  atm o s p h e r e ,  p r e s s u r e ,  te m p e r a tu r e ,  a n d  vo l u m e

h ave  a signifcant b e a r i n g  o n  an  e n vi r o n m e n t’ s  fre  h a z a r d .  F o r
an  a tm o s p h e r e  o f g i ve n  c h e m i c a l  c o m p o s i ti o n ,  p r e s s u r e
defnes  th e  c o n c e n tr a ti o n  o f o x yg e n  a va i l a b l e  fo r  i n i ti a ti o n  o f
fame  r e a c ti o n .  P r e s s u r e  a n d  vo l u m e  to g e th e r  defne  th e  to tal
q u an ti ty o f o x yg e n  avai l ab l e  fo r  th e  s u p p o r t o f c o m b u s ti o n  an d

d e te r m i n e  th e  as s o c i ate d  m a x i m u m  th e r m a l  e n e r gy yi e l d  fr o m
th e  fu e l .  T h e  h e a t c ap ac i ty a n d  th e r m a l  c o n d u c ti vi ty o f th e
atm o s p h e r e  wi l l  a ffe c t i gn i ti o n ,  th e  c o m b u s ti o n  p r o c e s s e s ,  an d

th e  te m p e r atu r e  an d  p r e s s u r e  r i s e  o c c u r r i n g d u r i n g  a fre.

E . 3  I gn i ti o n  M e c h an i s m s .

E . 3 . 1  G e n e ral .

E . 3 . 1 . 1    F l am e s  i n vo l ve  s tr o n g l y e x o th e r m i c  r e ac ti o n s  b e twe e n
o x i d an ts  an d  fu e l s ,  p r o d u c i n g  c o m b u s ti o n  an d  p yr o l ys i s  p r o d ‐

u c ts  a t h i gh  te m p e r atu r e s .  Te m p e r atu r e ,  p r e s s u r e  r i s e ,  an d
r ad i ati o n  ar e  th e  c r i te r i a u ti l i z e d  to  d e te r m i n e  wh e th e r  i g n i ti o n
h as  o c c u r r e d .  T h e  i n i ti ati o n  m e c h an i s m s  i n vo l ve d  i n  th e  fame

r e a c ti o n  a r e  c o m p l e x .

E . 3 . 1 . 2    I n  g e n e r al ,  i f a  fu e l  m o l e c u l e  an d  a n  o x yg e n  m o l e c u l e
a r e  to  i n te r a c t c h e m i c al l y,  suffcient e n e r gy h as  to  b e  i m p ar te d

to  th e s e  m o l e c u l e s  to  e n ab l e  a c o l l i s i o n  b e twe e n  th e  two  to
r e s u l t i n  a  c h e m i c al  tr a n s fo r m ati o n .  T h e  m i n i m u m  e n e r gy th at

th e  m o l e c u l e s  n e e d  to  p o s s e s s  to  p e r m i t c h e m i c al  i n te r a c ti o n  i s

Δ Tab l e  E . 2 . 1  P ro p e r ti e s  o f S tan d ard  an d  O x yge n - E n ri c h e d  Atm o s p h e re  C o n s ti tu e n ts

C o n s ti tu e n t
M o l e c u l ar

Fo r m u l a

M o l e c ul ar
We i gh t

( O  =  1 6 . 0 0 )
M e l ti n g P o i n t

( ° C )
B o i l i n g P o i n t

( ° C )
D e n s i ty

( gm / L )

T h e r m al
C o n d u c ti vi ty

X*
Cp2 5 ° C

( c al / gm )

Cp

Cv

N i tr o g e n N 2 2 8 . 0 1 6 − 2 0 9 . 9 − 1 9 5 . 8 1 . 2 5 0 7 6 2 . 4 0 0 . 2 1 9 1 . 4 0 4
O x yg e n O 2 3 2 . 0 0 0 0 − 2 1 8 . 8 − 1 8 2 . 9 6 1 . 4 2 8 9 6 3 . 6 4 0 . 2 1 9 1 . 4 0 1
Ar g o n Ar 3 9 . 9 4 4 − 1 8 9 . 2 − 1 8 5 . 9 1 . 7 8 2 8 4 2 . 5 7 0 . 1 2 4 1 . 5 6 8
C ar b o n  

d i o x i d e
C O 2 4 4 . 0 1 0 − 5 6 . 6  

5 . 2  atm
− 7 8 . 5  

S u b l .
1 . 9 7 6 8 3 9 . 6 7 0 . 2 0 2 1 . 3 0 3

S o d i u m N a 2 0 . 1 8 3 − 2 4 8 . 6 7 − 2 4 5 . 9 0 . 8 3 5 1 1 5 . 7 1 0 . 2 4 6 1 . 6 4
 o r  n e o n N e
H e l i u m H e 4 . 0 0 3 − 2 7 2 . 2  

2 6  atm
− 2 6 8 . 9 0 . 1 7 8 5 3 6 0 . 3 6 1 . 2 4 1 . 6 6 0

Kr yp to n Kr 8 3 . 8 0 − 1 5 7 . 1 − 1 5 2 . 9 3 . 6 4 3 1 ≅ 2 3 0 . 0 5 9 1 . 6 8
X e n o n X e 1 3 1 . 3 0 − 1 1 2 − 1 0 7 . 1 5 . 8 9 7 — 0 . 0 3 8 1 . 6 6
M e th a n e C H 4 1 6 . 0 4 − 1 8 2 . 5 − 1 6 1 . 5 0 . 7 1 6 7 8 1 . 8 3 0 . 5 3 3 1 . 3 0 7
N i tr o u s  o x i d e N 2 O 4 4 . 0 1 6 − 1 0 2 . 4 − 8 9 . 4 9 1 . 9 9 7 4 1 . 4 5 0 . 2 0 0 3 1 . 3 0 3
O z o n e O 3 4 8 . 0 0 0 0 − 1 9 2 . 5 − 1 1 1 . 9 2 . 1 4 4 — 0 . 1 9 5 9 —
H yd r o ge n H 2 2 . 0 1 6 0 − 2 5 7 . 1 4 − 2 5 2 . 8 0 . 0 8 9 8 4 4 6 . 3 2 3 . 4 1 1 . 4 1 0

F o r  S I  c u s to m a r y u n i ts ,  1  a tm  =  1 0 1 . 3  kP a .
F o r  U . S .  c u s to m a r y u n i ts ,  ° F  =  ( 1 . 8  ×  ° C )  +  3 2 .
* X  =  c a l / ( s e c ) ( c m 2 ) ( ° C / c m )  ×  1 0 -6 .
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

r e fe r r e d  to  as  th e  ac ti vati o n  e n e r g y.  F o r  m o s t fu e l -o x yg e n
c o m b i n a ti o n s ,  th e  ac ti va ti o n  e n e r gy i s  m u c h  g r e ate r  th a n  th e
ave r a ge  e n e r g y o f th e  m o l e c u l e s  at r o o m  te m p e r atu r e .

E . 3 . 1 . 3    An  i n c r e as e  i n  te m p e r a tu r e  i n c r e as e s  th e  n u m b e r  o f
m o l e c u l e s  wi th  e n e r g y e q u a l  to  th e  a c ti vati o n  e n e r gy an d
i n c r e as e s  th e  r e a c ti o n  r ate .  As  th e  te m p e r atu r e  i s  fu r th e r
i n c r e as e d ,  e n o u gh  fu e l  an d  o x yg e n  m o l e c u l e s  e ve n tu a l l y r e ac t
wi th  e n o u g h  ad d i ti o n al  th e r m al  e n e r g y r e l e a s e d  to  e n ab l e  th e
c o m b u s ti o n  r e ac ti o n  to  b e c o m e  s e l f-s u s tai n i n g u n ti l  o n e  o r
b o th  o f th e  r e a c tan ts  h ave  e s s e n ti al l y b e e n  c o n s u m e d .

E . 3 . 1 . 4    T h e  m i n i m u m  i g n i ti o n  e n e r gy fo r  c o m b u s ti o n  wi l l
va r y wi th  th e  typ e  o f i gn i ti o n  s o u r c e ,  th e  specifc  c h e m i c al
n a tu r e  an d  p h ys i c al  c h a r ac te r  o f th e  c o m b u s ti b l e ,  a n d  th e
c o m p o s i ti o n  an d  p r e s s u r e  o f th e  atm o s p h e r e .  T h o u g h  m o s t
c o m b u s ti o n  i s  a c c o m p a n i e d  b y a  g as  o r  vap o r-p h a s e  c o m b u s ‐
ti o n  r e ac ti o n ,  c e r ta i n  m ate r i a l s ,  s u c h  as  m e ta l s ,  o fte n  b u r n  i n
th e  l i q u i d  p h a s e  o r  s o l i d  p h a s e ;  th a t i s ,  a c o n d e n s e d -p h as e  r e a c ‐
ti o n .  ( 1 –5 )  I f th e  r e a c ti o n  i s  to  c o n ti n u e  i n  th e  vap o r  p h as e ,  i n
th e  c a s e  o f s o l i d s  o r  l i q u i d s ,  suffcient th e r m al  e n e r g y frst
n e e d s  to  b e  s u p p l i e d  to  c o n ve r t a p ar t o f th e  fu e l  to  a  va p o r.  I n
al l  c as e s ,  fo r  th e  c o m b u s ti o n  to  p r o c e e d ,  th e  i g n i ti o n  s o u r c e
h a s  to  i m p a r t e n e r g y to  th e  fu e l  a t a  fa s te r  r ate  th a n  th e  fu e l
l o s e s  th e  e n e r gy.

T h e  i gn i ti o n  s o u r c e s  o f p r i n c i p al  c o n c e r n  fo r  o x yge n -
e n r i c h e d  a tm o s p h e r e  a p p l i c a ti o n  c a n  b e  c ate go r i z e d  i n to  th e
fo l l o wi n g  s i x  typ e s :

( 1 ) E l e c tr i c al  s o u r c e s ,  s u c h  a s  e l e c tr o s tati c  an d  b r e a k ( ar c )
s p ar ks

( 2 ) H o t s u r fa c e s ,  s u c h  as  fr i c ti o n  s p a r ks  an d  h e ate d  wi r e s
( 3 ) H e ate d  g as e s ,  i n d e p e n d e n t o f s u r fac e s ,  g e n e r ate d  b y a d i a‐

b a ti c  c o m p r e s s i o n  o r  j e ts  o f h o t ga s ,  i n c l u d i n g  p i l o t
fames

( 4 ) E x o th e r m i c  c h e m i c al  r e a c ti o n s
( 5 ) M e c h an i c a l  s o u r c e s ,  s u c h  a s  fr i c ti o n al  h e ati n g  an d  p ar ti ‐

c l e  i m p a c t
( 6 ) L a s e r  s o u r c e s

E . 3 . 2  E ffe c ts  o f Atm o s p h e re  C o m p o s i ti o n  an d  E n vi ro n m e n tal
P re s s u re  an d  Te m p e ratu re  o n  I gn i ti o n  E n e rgy.

E . 3 . 2 . 1    F l am e  i n i ti ati o n  e n e r gi e s  c an n o t ye t b e  c al c u l a te d  fo r
va r i o u s  c o m b u s ti b l e s  ( s o l i d s ,  l i q u i d s ,  an d  ga s e s )  i n  e n vi r o n ‐
m e n ts  o f d i ffe r i n g c h e m i c al  c o m p o s i ti o n ,  te m p e r atu r e ,  an d
p r e s s u r e ,  b u t n e e d  to  b e  d e te r m i n e d  e x p e r i m e n tal l y i n  e a c h
c a s e .  I t i s  p o s s i b l e ,  h o we ve r,  to  a s s e s s  q u al i tati ve l y th e  e ffe c ts  o f
th e s e  e n vi r o n m e n ta l  p ar a m e te r s  o n  th e  i g n i ti o n  e n e r g y
r e q u i r e m e n ts  u s i n g typ i c al  e l e c tr i c al  a n d  th e r m a l  i g n i ti o n  s o u r ‐
c e s .

E . 3 . 2 . 2    F i gu r e  E . 3 . 2 . 2  d e p i c ts ,  i n  a n  oversimplifed  m a n n e r,
th e  e ffe c ts  o f va r i a ti o n s  i n  o x yg e n  c o n c e n tr a ti o n  an d  e n vi r o n ‐
m e n tal  p r e s s u r e .  I n  g e n e r al ,  at a gi ve n  e n vi r o n m e n tal  p r e s s u r e ,
th e  m i n i m u m  i g n i ti o n  e n e r g y var i e s  i n ve r s e l y wi th  th e  c o n c e n ‐
tr a ti o n  o f o x yg e n .  F o r  a  fxed  vo l u m e  p e r c e n t o x yge n ,  th e  m i n i ‐
m u m  i gn i ti o n  e n e r gy va r i e s  i n ve r s e l y wi th  th e  s q u a r e  o f th e
p r e s s u r e .  T h e r e  e x i s ts  a m i n i m u m  p r e s s u r e  b e l o w wh i c h  i g n i ‐
ti o n  d o e s  n o t o c c u r.  As  th e  te m p e r atu r e  o f a  g i ve n  s ys te m
i n c r e as e s ,  l e s s  an d  l e s s  e n e r g y i s  r e q u i r e d  to  i gn i te  th e  m i x tu r e
u n ti l  i t r e a c h e s  a suffciently h i g h  te m p e r atu r e  to  i gn i te  s p o n ta‐
n e o u s l y.  T h i s  m i n i m u m  te m p e r atu r e  i s  r e fe r r e d  to  a s  th e  a u to ‐
i g n i ti o n  o r  s p o n tan e o u s  i g n i ti o n  te m p e r atu r e .

E . 3 . 3  E ffe c ts  o f I n e r t G as  o n  I gn i ti o n ,  E n e rgy,  Fl am m ab i l i ty
L i m i ts ,  an d  Fl am e  P ro p agati o n .

E . 3 . 3 . 1    T h e  l i ke l i h o o d  o f i g n i ti o n  an d  th e  r a te  o f fame  p r o p a‐
ga ti o n  o f a c o m b u s ti b l e  ar e  infuenced  p r i m ar i l y b y th e  o x yg e n

c o n te n t o f th e  e n vi r o n m e n t.  An  i n e r t g as ,  s u c h  a s  n i tr o g e n  o r
h e l i u m ,  i f p r e s e n t i n  suffcient q u a n ti ti e s ,  p r o vi d e s  a n  o b s tac l e
to  th e  e ffe c ti ve  i n te r a c ti o n  o f fu e l  a n d  o x yg e n  m o l e c u l e s .

Wh e r e  i n e r t ga s e s  a r e  p r e s e n t i n  suffcient c o n c e n tr ati o n s ,  i g n i ‐
ti o n  c an n o t b e  ac c o m p l i s h e d  an d  a  fame  wi l l  n o t p r o p ag ate .
M i n i m u m  o x yge n  c o n c e n tr a ti o n  i s  al s o  a  c o r r e l ati n g  p a r am e te r

fo r  a n o th e r  m e a n s  o f p r e ve n ti n g  c o m b u s ti o n .  T h u s ,  a m i n i ‐
m u m  a m o u n t o f o x yge n  n e e d s  to  b e  p r e s e n t fo r  a  fame  to
p r o p a ga te ,  r e g ar d l e s s  o f th e  r ati o  o f fu e l s  an d  i n e r ts  p r e s e n t.

F o r  a  gi ve n  fu e l  ga s ,  tr i ato m i c  i n e r t ga s e s  a l l o w a  h i g h e r  m i n i ‐
m u m  o x yg e n  c o n c e n tr ati o n  th a n  d i a to m i c  i n e r t ga s e s .

E . 3 . 3 . 2    T h e  specifc  e ffe c t o n  i gn i ti o n  e n e r g y r e q u i r e m e n ts  b y
th e  typ i c al  i g n i ti o n  s o u r c e s  wi l l  va r y wi th  th e  p ar ti c u l ar  i n e r t
ga s  s e l e c te d .  T h i s  e ffe c t al s o  i s  tr u e  fo r  th e  fame  p r o p a ga ti o n

r a te .  T h e s e  e ffe c ts  i n  c e r ta i n  i n s ta n c e s  c o r r e l ate  wi th  th e  h e a t
c a p a c i ty a n d  th e r m al  c o n d u c ti vi ty p r o p e r ti e s  o f th e  d i ffe r e n t
i n e r t d i l u e n ts .  F o r  e x am p l e ,  th e  fame  p r o p ag ati o n  r ate  fo r  a

g i ve n  m a te r i al  i n  a p ar ti c u l ar  h e l i u m -o x yg e n  atm o s p h e r e  i s
gr e a te r  th an  th at i n  a c o r r e s p o n d i n g  n i tr o ge n -o x yg e n  atm o s ‐
p h e r e  b e c a u s e  o f th e  h i g h e r  th e r m a l  c o n d u c ti vi ty a n d  l o we r

h e a t c ap ac i ty p e r  e q u i val e n t vo l u m e  o f h e l i u m .  ( 6 )

E . 3 . 3 . 3    O n c e  i gn i te d ,  th e  l i ke l i h o o d  o f fame  p r o p ag ati o n  an d
th e  r ate  o f p r o p a ga ti o n  o f a  c o m b u s ti b l e  ar e  p r i m ar i l y d e p e n d ‐

e n t o n  th e  s to i c h i o m e tr y o f th e  fu e l  a n d  o x yg e n ,  th e  c o n c e n tr a‐
ti o n s  o f o x yg e n  wi th  th e  i n e r t g as  p r e s e n t,  an d  th e  ve l o c i ty o f

th e  ga s  m i x tu r e .  I n  g e n e r al ,  i n e r t ga s e s  va r y i n  th e i r  ab i l i ty to
r e n d e r  a  m i x tu r e  nonfammable,  wi th  tr i a to m i c  g as e s  ( e . g . ,
C O 2 ,  H 2 O )  b e i n g  m o r e  e ffe c ti ve  th an  d i ato m i c  ga s e s  ( e . g . ,  N 2 ) ,
wh i c h  a r e ,  i n  tu r n ,  m o r e  e ffe c ti ve  th a n  m o n ato m i c  g as e s  ( e . g. ,

Ar ) .  T h i s  tr e n d  h as  b e e n  c o r r e l ate d  wi th  th e  h e at c a p a c i ty o f
th e  g as ,  wh i c h  i n c r e a s e s  wi th  th e  s tr u c tu r e  o f th e  i n e r t gas
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R e g i o n  o f  i g n i t i o n

O x y g e n  c o n c e n t r a t i o n  ( p e r c e n t  vo l u m e )

P r e s s u r e  <  1 0 1 . 3  kP a  ( 1  a t m )

P r e s s u r e  o f  1 0 1 . 3  kP a  ( 1  a t m )

P r e s s u r e  >  1 0 1 . 3  kP a  ( 1  a t m )

Δ FI G U RE  E . 3 . 2 . 2   M i n i m um  I gn i ti o n  E n e rgy B e h avi o r o f
C o m b u s ti b l e s  i n  O x yge n - D i l ue n t Atm o s p h e re s  at D i ffe re n t
P re s s u re s .



AN N E X  E 5 3 - 3 5

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

m o l e c u l e .  H e l i u m  i s  an  e x c e p ti o n  to  th i s  tr e n d .  D u e  to  i ts  ve r y
h i g h  th e r m al  c o n d u c ti vi ty,  th e  fame  p r o p ag ati o n  r ate  i n
h e l i u m  d i l a ti o n  i s  h i gh e r  th an  wo u l d  b e  e x p e c te d  b y e x am i n i n g
h e a t c ap ac i ty r a n ki n g a l o n e .

E . 4  C o m b u s ti o n  M e c h an i s m s .

E . 4 . 1  G e n e ral .

E . 4 . 1 . 1    C o m b u s ti o n  i s  a c o m p l e x  s e q u e n c e  o f c h e m i c al  r e a c ‐
ti o n s  b e twe e n  a fu e l  an d  a n  o x i d a n t ac c o m p an i e d  b y th e  e vo l u ‐
ti o n  o f h e at an d ,  u s u al l y,  b y th e  e m i s s i o n  o f l i g h t.  T h e  r ate  o f
th e  c o m b u s ti o n  p r o c e s s  d e p e n d s  o n  th e  c h e m i c al  n atu r e  an d
p h ys i c a l  c h ar a c te r  o f th e  fu e l  a n d  o x i d an t,  th e i r  r e l a ti ve
c o n c e n tr ati o n s ,  e n vi r o n m e n tal  p r e s s u r e  an d  te m p e r atu r e ,  an d
o th e r  p h ys i c al  p ar a m e te r s ,  s u c h  a s  g e o m e tr y a n d  ve n ti l ati o n .  A
c o m p r e h e n s i ve  d i s c u s s i o n  o f th e  c o m b u s ti o n  p r o c e s s  i s  b e yo n d
th e  s c o p e  o f th i s  r e c o m m e n d e d  p r ac ti c e .

E . 4 . 1 . 2    I t i s  i m p o r tan t to  r e vi e w th e  e s s e n ti al  fe atu r e s  o f th e
c o m b u s ti o n  p r o c e s s  to  o b tai n  a b e tte r  a p p r e c i ati o n  o f th e  fre
h az ar d  p r o b l e m  u n d e r  va r i o u s  O E As .  F o r  th i s  p u r p o s e ,  th e  var i ‐
o u s  c o m b u s ti b l e  m a te r i al s  c an  b e  d i vi d e d  i n to  two  c ate g o r i e s ,
th e  frst c o n s i s ti n g  o f c o m b u s ti b l e  l i q u i d s ,  va p o r s ,  a n d  g as e s
an d  th e  s e c o n d  c o n s i s ti n g o f c o m b u s ti b l e  s o l i d s .

E . 4 . 2  C o m b u s ti b l e  G as e s ,  Vap o rs ,  an d  L i q u i d s .

E . 4 . 2 . 1    I n  S e c ti o n  E . 3 ,  i t was  i n d i c a te d  th a t,  fo r  i gn i ti o n  to  b e
p o s s i b l e ,  a n  ad e q u ate  fu e l  c o n c e n tr a ti o n  n e e d s  to  b e  avai l ab l e
i n  th e  p a r ti c u l a r  o x i d i z i n g atm o s p h e r e .  O n c e  i gn i ti o n  o c c u r s ,
th e  s u s tai n m e n t o f c o m b u s ti o n  r e q u i r e s  a c o n ti n u e d  s u p p l y o f
fu e l  an d  o x i d a n t.  I n  th e  c a s e  o f c o m b u s ti b l e  g as e s ,  vap o r s ,  an d
l i q u i d s ,  two  typ e s  o f m i x tu r e s ,  h o m o g e n e o u s  o r  h e te r o g e n e o u s ,
c a n  e x i s t wi th i n  th e  atm o s p h e r e .

E . 4 . 2 . 2    A h o m o g e n e o u s  m i x tu r e  i s  o n e  i n  wh i c h  th e  c o m p o ‐
n e n ts  a r e  i n ti m a te l y an d  u n i fo r m l y m i x e d  s o  th a t a n y s m a l l
vo l u m e  s am p l e  i s  tr u l y r e p r e s e n ta ti ve  o f th e  wh o l e  m i x tu r e .  I f
th e  m i x tu r e  i s  n o t h o m o ge n e o u s ,  i t i s  n e c e s s ar i l y h e te r o ge n e ‐
o u s  ( i . e . ,  n o n u n i fo r m l y m i x e d ) .  A fammable  h o m o g e n e o u s
m i x tu r e  i s  o n e  wh o s e  c o m p o s i ti o n  l i e s  b e twe e n  th e  l i m i ts  o f
fammability o f th e  c o m b u s ti b l e  g as  o r  vap o r  i n  th e  p ar ti c u l ar
atm o s p h e r e  a t a specifed  te m p e r atu r e  an d  p r e s s u r e .

E . 4 . 2 . 3    T h e  l i m i ts  o f fammability r e p r e s e n t th e  e x tr e m e
c o n c e n tr ati o n  l i m i ts  o f a c o m b u s ti b l e  i n  a n  o x i d a n t th r o u g h
wh i c h  a  fame,  o n c e  i n i ti ate d ,  wi l l  c o n ti n u e  to  p r o p a ga te  at th e
specifed  te m p e r a tu r e  an d  p r e s s u r e .  F o r  e x am p l e ,  h yd r o ge n - ai r
m i x tu r e s  wi l l  p r o p a ga te  fame  b e twe e n  4 . 0  an d  7 4  vo l u m e
p e r c e n t h yd r o g e n  at 2 1 ° C  ( 7 0 ° F )  a n d  a tm o s p h e r i c  p r e s s u r e .
T h e  s m al l e r  val u e  i s  th e  l o we r  ( l e a n )  l i m i t an d  th e  l ar g e r  va l u e
i s  th e  u p p e r  ( r i c h )  l i m i t o f fammability.  Wh e n  th e  m i x tu r e
te m p e r a tu r e  i s  i n c r e as e d ,  th e  fammability r a n ge  wi d e n s .  A
d e c r e as e  i n  te m p e r a tu r e  c an  r e s u l t i n  a  p r e vi o u s l y fammable
m i x tu r e  b e c o m i n g nonfammable  b y p l a c i n g  i t e i th e r  ab o ve  o r
b e l o w th e  l i m i ts  o f fammability fo r  th e  specifc  e n vi r o n m e n tal
c o n d i ti o n s .

E . 4 . 2 . 4    N o te  i n  F i g u r e  E . 4 . 2 . 4  th a t,  fo r  l i q u i d  fu e l s  i n  e q u i l i ‐
b r i u m  wi th  th e i r  va p o r s  i n  ai r  ( o r  i n  o x yge n ) ,  a m i n i m u m
te m p e r a tu r e  e x i s ts  fo r  e ac h  fu e l  ab o ve  wh i c h  suffcient vap o r  i s
r e l e as e d  to  fo r m  a fammable  vap o r-a i r  ( o r  va p o r-o x yge n )
m i x tu r e .  T h e  e x p e r i m e n ta l l y d e te r m i n e d  val u e  o f th i s  m i n i ‐
m u m  te m p e r a tu r e  i s  c o m m o n l y r e fe r r e d  to  as  th e  fash  p o i n t.
T h e  fash  p o i n t te m p e r a tu r e  fo r  a  c o m b u s ti b l e  l i q u i d  var i e s
d i r e c tl y wi th  e n vi r o n m e n ta l  p r e s s u r e .  An  i n c r e as e  i n  o x yge n
c o n c e n tr a ti o n  al s o  wi d e n s  th e  fammability r a n ge  — th e  u p p e r

l i m i t b e i n g  a ffe c te d  m u c h  m o r e  th a n  th e  l o we r  l i m i t.  F o r  e x a m ‐
p l e ,  i n  an  o x yg e n  atm o s p h e r e  a t 2 1 ° C  ( 7 0 ° F )  an d  1 0 1 . 3  kP a
( 1  atm ) ,  th e  u p p e r  l i m i t fo r  h yd r o g e n  i n c r e as e s  to  9 5  vo l u m e

p e r c e n t c o m p ar e d  wi th  7 4  vo l u m e  p e r c e n t i n  ai r,  wh e r e a s  th e
l e an  l i m i t r e m ai n s  e s s e n ti a l l y th e  s am e .  A r e d u c ti o n  i n  o x yge n
c o n c e n tr a ti o n  r e s u l ts  i n  a n ar r o wi n g  o f th e  fammability r a n ge

u n ti l ,  a t a c e r tai n  o x yg e n  c o n c e n tr ati o n ,  th e  l i m i ts  m e r ge  an d
fame  p r o p ag ati o n  i s  n o  l o n ge r  p o s s i b l e .  Re d u c ti o n  o f th e
o x yg e n  c o n te n t b e l o w th i s  m i n i m u m  val u e  i s  o n e  m e a n s  o f

e ffe c ti n g fre  c o n tr o l .  I n  p r ac ti c e ,  c ar b o n  d i o x i d e  o r  n i tr o g e n  i s
o fte n  u ti l i z e d  fo r  th i s  p u r p o s e .  N i tr o g e n  p r e s s u r i z a ti o n

p r o vi d e s  e ffe c ti ve  fre  c o n tr o l ,  an d  as  l o n g a s  th e  o x yge n  p a r ti al
p r e s s u r e  i s  ab o u t 1 4 . 2  kP a ( 0 . 1 4  a tm ) ,  th e  e n vi r o n m e n t

r e m a i n s  h ab i tab l e .

E . 4 . 2 . 5    To ta l  e n vi r o n m e n tal  p r e s s u r e  al s o  h as  an  e ffe c t o n  th e
l i m i ts  o f fammability (see Figure E. 4. 2. 5).  F o r  a g i ve n  atm o s ‐

p h e r i c  c o m p o s i ti o n ,  an  i n c r e as e  i n  p r e s s u r e  g e n e r al l y b r o ad e n s
th e  fammability r an g e ,  th e  r i c h  l i m i t b e i n g  infuenced  m o r e

th an  th e  l e an  l i m i t.  F o r  e x am p l e ,  th e  fammability l i m i ts  fo r
n atu r al  ga s - ai r  m i x tu r e s  at 3 4 4 5  kP a ( 3 4  a tm )  a r e  4 . 4 5  an d
4 4 . 2 0  vo l u m e  p e r c e n t c o m p a r e d  to  4 . 5 0  a n d  1 4 . 2 0  vo l u m e

p e r c e n t at n o r m al  a tm o s p h e r i c  p r e s s u r e .  A d e c r e a s e  i n  e n vi ‐
r o n m e n tal  p r e s s u r e  b e l o w 1 0 1 . 3  kP a  ( 1  atm )  p r o d u c e s  l i ttl e
e ffe c t o n  th e  l i m i ts  o f fammability u n ti l  th e  l o w-p r e s s u r e  l i m i t

i s  r e a c h e d ,  wh e r e u p o n  m ate r i a l s  b e c o m e  nonfammable.

E . 4 . 2 . 6    T h e  l o w-p r e s s u r e  l i m i t i s  d e p e n d e n t o n  th e  p a r ti c u l a r
fu e l  an d  o x i d an t as  we l l  as  th e  te m p e r a tu r e ,  s i z e ,  g e o m e tr y,  an d

atti tu d e  o f th e  confning  ve s s e l .  T h e  q u e n c h i n g  o r  l o w-p r e s s u r e
l i m i ts  ar e  r e p r e s e n te d  i n  F i g u r e  E . 4 . 2 . 5  b y b r o ke n  l i n e s  to  i n d i ‐

c a te  th e i r  d e p e n d e n c y o n  s u r r o u n d i n g s .

E . 4 . 2 . 7    U n d e r  p r a c ti c a l  ap p l i c ati o n  c o n d i ti o n s ,  th e  fre  p r o b ‐
l e m  u s u a l l y i n vo l ve s  h e te r o ge n e o u s  m i x tu r e s  r a th e r  th an

h o m o g e n e o u s  c o m b u s ti b l e - o x i d an t m i x tu r e s .  O n e  typ e  o f
h e te r o g e n e o u s  s ys te m  p e r tai n s  to  g as e o u s  fu e l -o x i d an t

m i x tu r e s  an d  i s  h e te r o ge n e o u s  i n  vi e w o f th e  c o n c e n tr a ti o n
gr a d i e n ts  th at n o r m al l y e x i s t wh e n  th e  c o m b u s ti b l e  va p o r  i s
frst i n tr o d u c e d  i n to  th e  o x i d i z i n g  a tm o s p h e r e .  T h e  typ e  o f
fame  th at r e s u l ts  i s  a d i ffu s i o n  fame.  A h e te r o ge n e o u s  s ys te m

al s o  r e s u l ts  wh e n  a l i q u i d  fu e l  i s  i n j e c te d  i n  th e  fo r m  o f a  m i s t
i n to  th e  o x yge n -c o n tai n i n g a tm o s p h e r e .  T h e s e  s ys te m s  a r e

n o te d  i n  F i gu r e  E . 4 . 2 . 4 .

E . 4 . 2 . 8    I n  th e  c as e  o f th e  h e te r o ge n e o u s  vap o r  s ys te m ,  b o th
fammable  an d  nonfammable  m i x tu r e s  c a n  b e  fo r m e d  a t

te m p e r a tu r e s  ab o ve  th e  fash  p o i n t o f th e  l i q u i d  fr o m  wh i c h
th e y ar e  fo r m e d .  T h e  fammable  z o n e s  e x h i b i t i gn i ti o n  an d

b u r n i n g  c h a r ac te r i s ti c s  s i m i l a r  to  fammable  h o m o ge n e o u s
m i x tu r e s .  F l a m m a b l e  h e te r o g e n e o u s  va p o r- m i s t-o x i d an t
m i x tu r e s  c an  b e  fo r m e d  a t te m p e r a tu r e s  b e l o w th e  fash  p o i n t;
fammable  s p r ays  c an  b e  p r o d u c e d  o ve r  a  wi d e  te m p e r atu r e

r an g e ,  b o th  b e l o w a n d  ab o ve  th e  fash  p o i n t.  I g n i ti o n  o f a  fam‐
mable  m i s t o r  s p r a y r e q u i r e s  va p o r i z ati o n  o f th e  fu e l  d r o p l e ts

to  fo r m  fammable  ga s  m i x tu r e s .  As  a r e s u l t,  th e  i gn i ti o n  e n e r ‐
gi e s  fo r  th e s e  m i x tu r e s  ar e  h i gh e r  th a n  th o s e  o f n o r m a l  fam‐
mable  ga s  m i x tu r e s  d u e  to  th e  h e at o f vap o r i z a ti o n .

E . 4 . 2 . 9    F o r  m o s t p r ac ti c al  c a s e s ,  th e  typ e  o f fame  e n c o u n ‐
te r e d  i s  a d i ffu s i o n  fame  an d  r e q u i r e s  th e  d i ffu s i o n  o f o x i d an t

to  th e  c o m b u s ti b l e  g as  at th e  fame  fr o n t fo r  i ts  c o m b u s ti o n .
T h e  r a te  o f b u r n i n g  i s  d e p e n d e n t p r i m ar i l y o n  th e  r ate  at
wh i c h  th e  fu e l  an d  o x i d an t a r e  b r o u gh t to g e th e r,  an d  i s  infu‐
enced  b y fa c to r s  s u c h  a s  th e r m al  gr a d i e n ts  an d  tu r b u l e n c e .

I n c r e a s i n g th e  o x i d an t c o n te n t,  s u c h  as  i n  O E A ap p l i c ati o n s ,
c a n  r e s u l t i n  a signifcant i n c r e as e  i n  b u r n i n g r a te .
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .
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M i s t s F l a m m a b l e

S a t u ra t e d  va p o r – 
o x i d a n t  m i x t u r e s

F l a s h  p o i n t

N o n f l a m m a b l e
L e a n  l i m i t — a i r  o r  O

2

Te m p e ra t u r e

N o n f l a m m a b l e

R i c h  l i m i t — O 2

R i c h  l i m i t — a i r

FI G U RE  E . 4 . 2 . 4   E ffe c ts  o f Te m p e ratu re  o n  th e  L i m i ts  o f
Fl am m ab i l i ty o f a C o m b u s ti b l e  Vap o r i n  Ai r  an d  O x yge n .  ( 7 )
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F l a mm a b l e
m i x tu re s

N o n fl a mm a b l e
mi x tu r e s

1

0
C o mb u s ti b l e  c o n c e n tra ti o n

5

D i a me te r  =  5 0 . 8  mm
( 2  i n . )  D i a me te r =  2 5 . 4  m m 

( 1  i n . )

N o te :  Fo r  S I  c u s to m a r y  u n i ts ,  1  a tm =  1 0 1 . 3  kPa .

Δ FI G U RE  E . 4 . 2 . 5   E ffe c ts  o f P re s s u re  o n  L i m i ts  o f
Fl am m ab i l i ty o f a C o m b u s ti b l e  Vap o r i n  Ai r  an d  o f P re s s u re
an d  C o m p o s i ti o n  o n  th e  Q ue n c h i n g D i am e te r.  ( 8 )

E . 4 . 3  C o m b u s ti b l e  S o l i d s  — N o n m e tal l i c s .

E . 4 . 3 . 1    T h e  b u r n i n g  o f s o l i d  c o m b u s ti b l e s  r e q u i r e s  th e  c o n s i d ‐
e r ati o n  o f o n l y h e te r o ge n e o u s  fu e l -o x i d an t s ys te m s .  As  i n  th e

c a s e  o f fammable  l i q u i d s  an d  g as e s ,  th e  fame  r e a c ti o n  o c c u r s
i n  th e  g as  p h as e .  O n c e  a p ar ti c u l ar  s o l i d  c o m b u s ti b l e  h a s  b e e n
i gn i te d ,  p r o p a ga ti o n  o f fame  r e q u i r e s  th a t a  p o r ti o n  o f th e

h e a t o f c o m b u s ti o n  b e  fe d  b a c k to  th e  s o l i d  fu e l  to  c au s e  i ts
va p o r i z ati o n  o r  p yr o l ys i s ,  o r  b o th ,  th e r e b y m a ki n g a d d i ti o n al
ga s e o u s  fu e l  avai l a b l e  to  m i x  wi th  th e  o x i d an t.  T h e  fame  p r o c ‐

e s s  i s  o f th e  d i ffu s i o n  typ e .

E . 4 . 3 . 2    Al th o u g h  i t i s  n o t p o s s i b l e  to  p r e d i c t th e  e x ac t b u r n ‐
i n g b e h a vi o r  o f a  m ate r i al  i n  a tm o s p h e r e s  o f d i ffe r e n t c o m p o s i ‐

ti o n  a n d  p r e s s u r e  wi th o u t a c tu a l  e x p e r i m e n tati o n ,  th e  g e n e r al
e ffe c t o f th e s e  p ar a m e te r s  o n  fame  p r o p ag ati o n  o ve r  th e

s u r fac e  o f a s o l i d  c o m b u s ti b l e ,  r e fe r r e d  to  as  th e  fame  s p r e ad
r ate ,  i s  a  fa c to r  u s e d  to  e va l u ate  th e  fre  h az ar d  i n  d i ffe r e n t
O E A.  T h i s  r ate  i s  a l s o  d e p e n d e n t o n  d i r e c ti o n  o f p r o p ag ati o n ,

o r i e n ta ti o n  o f th e  c o m b u s ti b l e ,  s c al i n g ,  an d  n atu r e  o f th e
c o m b u s ti b l e  s u r fa c e  ( n a p  b u r n i n g) .

E . 4 . 3 . 3    T h e  o b s e r ve d  e ffe c t o f atm o s p h e r e  c o m p o s i ti o n  an d
p r e s s u r e  o n  th e  fame  s p r e a d  r ate  i s  i l l u s tr ate d  i n  F i gu r e
E . 4 . 3 . 3 .  N o te  th at i n c r e as i n g th e  p ar ti a l  p r e s s u r e  o f o x yge n  at a

c o n s ta n t e n vi r o n m e n tal  p r e s s u r e  c an  c h a n ge  th e  classifcation
o f a  m a te r i al  fr o m  th e  nonfammable  c a te g o r y to  th e  famma‐
ble  c a te g o r y.  F o r  m ate r i al s  a l r e a d y i n  th e  fammable  c ate go r y

b a s e d  o n  2 1  p e r c e n t o x yge n ,  fu r th e r  i n c r e as e  i n  th e  o x yge n
p ar ti a l  p r e s s u r e  r e s u l ts  i n  a  h i gh e r  fame  s p r e ad  r ate .

E . 4 . 3 . 4    F i r e  p r o p e r ti e s  o f s o m e  n o n m e ta l l i c  m a te r i al s  i n  d i ffe r ‐
e n t atm o s p h e r e s  h ave  b e e n  tab u l ate d  i n  An n e x  F .  P e r u s a l  o f
th e  d ata c l e a r l y i n d i c a te s  th a t al m o s t al l  o f th e s e  m ate r i al s  a r e
fammable  i n  p u r e  o x yg e n  e n vi r o n m e n ts .

1 0 0 %  o x y g e n  c o n c e n t r a t i o n

4 0 %  o x y g e n  c o n c e n t r a t i o n

2 0 %  o x y g e n  c o n c e n t r a t i o n

1 5 %  o x y g e n  c o n c e n t r a t i o n

E n v i r o n m e n t a l  p r e s s u r e
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FI G U RE  E . 4 . 3 . 3   E ffe c ts  o f Atm o s p h e re  O x yge n  C o n te n t
an d  E n vi ro n m e n tal  P re s s ure  o n  Fl am e  S p re ad  Rate .



AN N E X  E 5 3 - 3 7

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

E . 4 . 4  C o m b u s ti b l e  S o l i d s  — M e tal s .    T h e  b u r n i n g o f m e tal s
c a n  o c c u r  e i th e r  i n  th e  vap o r  p h as e  o r  i n  a  c o n d e n s e d -p h a s e
r e ac ti o n  a n d ,  th e r e fo r e ,  c a n  r e q u i r e  th e  c o n s i d e r ati o n  o f b o th
h o m o ge n e o u s  an d  h e te r o g e n e o u s  fu e l -o x i d a n t s ys te m s .  O n c e  a
p ar ti c u l ar  m e tal l i c  c o m b u s ti b l e  h a s  b e e n  i g n i te d ,  p r o p a ga ti o n
o f th e  c o m b u s ti o n ,  wh e th e r  b u r n i n g i n  th e  vap o r  p h as e  o r
c o n d e n s e d  p h as e ,  r e q u i r e s  th a t a p o r ti o n  o f th e  h e a t o f
c o m b u s ti o n  ( a s s u m i n g  th e  i g n i ti o n  s o u r c e  h as  b e e n  r e m o ve d )
b e  fe d  b ac k to  th e  s o l i d  fu e l  to  c a u s e  i t to  h e at p a s t th e  i gn i ti o n
p o i n t.

E . 5  E ffe c ts  o f Fi re  i n  O x yge n - E n ri c h e d  Atm o s p h e re s .

E . 5 . 1    I t h as  b e e n  n o te d  th at O E As  u s u al l y fa c i l i ta te  th e  i n i ti a‐
ti o n  o f th e  c o m b u s ti o n  p r o c e s s  an d ,  o n c e  i g n i ti o n  h as  o c c u r ‐
r e d ,  th e  fame  r e ac ti o n  p r o c e e d s  wi th  g r e ate r  r a p i d i ty.  An o th e r
i m p o r tan t c o n s i d e r ati o n  i n  th e  a n al ys i s  o f th e  o ve r a l l  fre  p r o b ‐
l e m  i s  th at O E As  c an  b e  e n c o u n te r e d  u n d e r  c l o s e d -
e n vi r o n m e n t (fxed-volume)  c o n d i ti o n s  ( e . g . ,  i n  s p a c e c r a ft an d
h yp e r b a r i c  c h am b e r s ) .  ( 9 )

E . 5 . 2    I n  confned  s p a c e s ,  th e  c o m b u s ti o n  o f a r e l ati ve l y s m a l l
q u an ti ty o f c o m b u s ti b l e s  c a n  r e s u l t i n  th e  r a p i d  g e n e r ati o n  o f
e x tr e m e l y h i g h  te m p e r atu r e s  a n d  i n c r e as e d  p r e s s u r e .  T h e  h i gh
te m p e r a tu r e  c an  r e s u l t i n  th e  i gn i ti o n  o f o th e r  c o m b u s ti b l e s
s o m e  d i s tan c e  fr o m  th e  i n i ti al  r e a c ti o n  z o n e ,  th e r e b y c o n tr i b u ‐
ti n g  to  th e  r ap i d  s p r e ad  o f th e  fre.  T h e  h i g h  te m p e r atu r e s  an d
to x i c  c o m b u s ti o n  p r o d u c ts  th a t ar e  g e n e r ate d  ar e  i n  th e m s e l ve s
p o te n ti a l l y l e th a l  to  an y p e r s o n n e l  i n  th e  e n vi r o n m e n t,  e ve n  i f
th e y ar e  n o t e n gu l fe d  i n  fames.  T h e  i n c r e a s e d  p r e s s u r e
p r o d u c e d  i n  a s s o c i a ti o n  wi th  th e  fame  p r o c e s s  c a n  al s o  r e s u l t
i n  th e  e x p l o s i ve  r u p tu r e  o f th e  c h am b e r.

E . 5 . 3    T h e  e ffe c ts  o f o x yg e n  c o n te n t a n d  e n vi r o n m e n ta l  p r e s ‐
s u r e  o n  th e  q u an ti ty o f fu e l  th at c an  b e  c o n s u m e d  an d  th e
r e s u l ti n g  m a x i m u m  th e o r e ti c al  te m p e r atu r e s  an d  p r e s s u r e s

th at c an  b e  attai n e d  i n  ai r  an d  i n  s e ve r al  o th e r  typ i c a l  o x yge n -
e n r i c h e d  atm o s p h e r e s  i n  a 1 0 . 2  m 3  ( 3 6 0  ft3 )  c h am b e r  ar e  i n d i ‐

c a te d  i n  Ta b l e  E . 5 . 3 .

E . 5 . 3 . 1    T h e  m ax i m u m  te m p e r a tu r e s  an d  p r e s s u r e s  i n  Tab l e
E . 5 . 3  ar e  r e c o gn i z e d  a s  h i gh e r  th an  th o s e  th at wo u l d  b e  e x p e r i ‐
e n c e d  u n d e r  tr u e  c l o s e d -e n vi r o n m e n ta l  fre  c o n d i ti o n s .  T h e
specifc  val u e s  h ave  b e e n  c al c u l a te d  o n  th e  fo l l o wi n g  as s u m p ‐

ti o n s :

( 1 ) C o m b u s ti o n  o f th e  fu e l  i s  i n s tan tan e o u s .
( 2 ) N o n e  o f th e  h e a t ge n e r a te d  i s  l o s t to  th e  wal l s  o f th e

c h a m b e r.
( 3 ) N o  d i s s o c i a ti o n  o f th e  p r o d u c t g as e s  o c c u r s .

I t s h o u l d  b e  n o te d  th at as s u m p ti o n  ( 3 )  fa i l s  signifcantly
ab o ve  1 3 7 1 ° C  ( 2 5 0 0 ° F ) .

E . 5 . 3 . 2    N o n m e tal l i c  c o m b u s ti b l e s ,  s u c h  as  fa b r i c  m ate r i al s ,
b u r n  r ap i d l y i n  1 0 0  p e r c e n t o x yg e n ,  b u t c o n s u m p ti o n  o f th e

s to i c h i o m e tr i c  am o u n t o f m ate r i a l  r e q u i re s  s e ve r al  s e c o n d s .
T h i s  c o n s u m p ti o n  al l o ws  a  c o n s i d e r a b l e  p o rti o n  o f th e  th e r m al

e n e r gy p r o d u c e d  to  b e  ab s o r b e d  b y th e  wal l s .  E x p e r i m e n ts
c o n d u c te d  wi th  c o tto n  fab r i c  i n  3 4 . 5  kP a ( ab s o l u te  p r e s s u r e  o f
5  p s i ) ,  1 0 0  p e r c e n t o x yge n  i n  a  0 . 0 4 5  m 3  ( 1 . 6  ft 3 )  e x p l o s i o n  te s t
c h a m b e r,  wi th  s a m p l e  d i m e n s i o n s  an d  te s t confgurations

c o n d u c i ve  to  m ax i m u m  fame  s p r e ad ,  r e s u l te d  i n  p e a k p r e s ‐
s u r e s  o f 2 4 1  kP a ( a b s o l u te  p r e s s u r e  o f 3 5  p s i )  i n  1 5  s e c o n d s
a fte r  i g n i ti o n ,  o r  a p p r o x i m a te l y 2 0  p e r c e n t o f th e  th e o r e ti c al

m a x i m u m  p r e s s u r e  fo r  c e l l u l o s e .

E . 5 . 3 . 3    S o l i d  m e tal l i c  m a te r i al s  c an  b u r n  i n  O E A,  b u t th e i r
fammability d e p e n d s  g r e atl y u p o n  th e  m ate r i al ,  o x yg e n

c o n c e n tr a ti o n ,  o x yge n  p r e s s u r e ,  a n d  te s t s am p l e  te m p e r atu r e
a n d  confguration  ( g e o m e tr y) .  ( 1 0 –1 4 )  T h e  c o n s u m p ti o n  o f

th e  s to i c h i o m e tr i c  am o u n t o f th e  m a te r i al  re q u i r e s  s e ve r al

Tab l e  E . 5 . 3  O x yge n  C o n te n t,  M ax i m u m  Fu e l  C o n s u m p ti o n ,  an d  Re s ul ti n g C o m b u s ti o n  Te m p e rature s  an d  P re s s u re s  i n  D i ffe re n t

Atm o s p h e re s  i n  a 1 0 . 2  m 3  ( 3 6 0  ft3 )  Vo l u m e  E n c l o s ure

 C e l l ul o s e  Fue l s  H yd ro c arb o n  Fue l s

Atm o s p h e re

I n  Ai r at 1 0 3 . 4  kP a
( ab s o l ute  p re s s ure  o f

1 5  p s i )

I n  1 0 0 %  O 2  at 1 0 3 . 4  kP a
( ab s o l u te  p re s s ure  o f

1 5  p s i )  

I n  Ai r at 1 0 3 . 4  kP a
( ab s o l u te  p re s s u re  o f

1 5  p s i )

I n  1 0 0 %  O 2  at 1 0 3 . 4  k P a
( ab s o l u te  p re s s u re  o f

1 5  p s i )

O x yg e n  c o n te n t ( kg ) 2 . 9 1 4 . 5 2 . 9 1 4 . 5
M a x i m u m  b u r n ab l e  

fu e l a( k g )
1 . 2 1 1 0 . 3 6 3 . 3

H e a t o f c o m b u s ti o n  
( c a l / g m )

~ 4 , 0 0 0 ~ 1 1 , 7 0 0

M ax i m u m  h e a t 
r e l e as e ( kc a l )

~ 4 , 9 2 4 ~ 4 3 , 5 0 0 ~ 4 , 2 3 3 ~ 3 8 , 2 0 0

M ax i m u m  th e o r e ti c a l  
te m p e r a tu r e  ( ° C )

1 , 8 1 0 5 , 6 7 0 1 , 3 9 0 5 , 8 4 0

M ax i m u m  p r e s s u r e  r a ti o  
( Pfnal/ P i n i ti al ) b

8 3 6 7 3 3

M a x i m u m  fnal  p r e s s u r e  
( kP a)

8 2 7 ( 1 2 0  p s i a ) 3 , 7 2 3 ( 5 4 0  p s i a ) 7 2 4 ( 1 0 5  p s i a ) 3 , 4 1 3 ( 4 9 5  p s i a )

F o r  U . S .  c u s to m a r y u n i ts ,  ° F  =  ( 1 . 8  ×  ° C )  +  3 2 .
aAs s u m e s  a l l  b u t 1 0  vo l u m e  p e r c e n t o f a va i l ab l e  O 2  c a n  r e a c t.
b D o e s  n o t c o n s i d e r  d i s s o c i a ti o n  o f p r o d u c t g a s e s .
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

s e c o n d s  a n d  a l l o ws  s o m e  o f th e  e n e r g y p r o d u c e d  to  b e  a b ‐
s o r b e d  b y th e  wal l s  o f th e  c o n tai n m e n t ve s s e l .  As  a r e s u l t o f th e
c o m b u s ti o n  o f m e tal s ,  th e  te m p e r atu r e  a n d  p r e s s u r e  o f a
c o n tai n m e n t ve s s e l  ( o f r e a s o n a b l e  s i z e )  wi l l  i n c r e a s e .  T h i s
i n c r e as e  i n  p r e s s u r e  o c c u r s  e ve n  th o u g h  th e  o x yg e n  i s
c o m b i n e d  wi th  th e  m e tal  to  fo r m  l i q u i d  a n d  s o l i d  m e tal  o x i d e s ;
th a t i s ,  d e s p i te  th e  fa c t th at s o m e  o f th e  ga s e o u s  o x yge n  i s
c o n s u m e d .

E . 6  Re fe re n c e s .

( 1 ) S i r c a r,  S . ,  Ga b e l ,  H . ,  S to l tz fu s ,  J . ,  a n d  B e n z ,  F.  “ T h e  An al ‐
ys i s  o f M e ta l s  C o m b u s ti o n  U s i n g  a  Re al -T i m e  Gr a vi m e t‐
r i c  Te c h n i q u e . ”  Symposium on Flammability and Sensitivity

of Materials in Oxygen-Enriched Atmospheres: F i fth  Vo l u m e ,
AS T M  S T P  1 1 1 1 .  J .  M .  S to l tz fu s  an d  K.  M c I l r o y,  e d i to r s ,
Am e r i c a n  S o c i e ty fo r  Te s ti n g  an d  M ate r i a l s ,  P h i l a d e l ‐

p h i a ,  1 9 9 1 .
( 2 ) S te i n b e r g,  T.  A. ,  M u l h o l l an d ,  G.  P. ,  Wi l s o n  D .  B . ,  an d

B e n z  F.  J .  “ T h e  C o m b u s ti o n  o f I r o n  i n  H i g h -P r e s s u r e
O x yg e n . ”  Combustion and Flame,  Vo l .  8 9 ,  E l s e vi e r  S c i e n c e
P u b l i s h i n g  C o . ,  I n c . ,  1 9 9 2 ,  p p .  2 2 1 –2 2 8 .

( 3 ) Wi l s o n ,  D .  B . ,  an d  S te i n b e r g,  T.  A.  “ T h e  C o m b u s ti o n
P h as e  o f B u r n i n g M e tal s . ”  Ac c e p te d  fo r  p u b l i c ati o n  i n
Combustion and Flame.

( 4 ) M e l l o r,  A.  M .  “ H e te r o ge n e o u s  I g n i ti o n  o f M e ta l s :  M o d e l
an d  E x p e r i m e n t. ”  F i n a l  Re p o r t,  N AS A Gr an t N S G-6 4 1 ,
P r i n c e to n  U n i ve r s i ty,  P r i n c e to n ,  N J ,  1 9 6 7 .
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sium on Flammability and Sensitivity of Materials in Oxygen-
Enriched Atmospheres,  AS T M  S T P  8 1 2 .  B .  L .  We r l e y,  e d i to r,

Am e r i c a n  S o c i e ty fo r  Te s ti n g  an d  M ate r i a l s ,  P h i l a d e l ‐
p h i a ,  1 9 8 3 ,  p p .  1 2 6 –1 4 9 .

( 6 ) H u g g e tt,  C .  M . ,  Vo n  E l b e ,  G . ,  an d  H ag g e r ty,  W.  “ T h e
C o m b u s ti b i l i ty o f M a te r i al s  i n  O x yge n - H e l i u m  an d

O x yg e n -N i tr o ge n  Atm o s p h e r e s . ”  S AM - T R-6 6 -8 5 ,  B r o o ks
Ai r  F o r c e  B a s e ,  Te x as ,  J u n e  1 9 6 6 .

( 7 ) Ta te m ,  P.  A. ,  Ga n n ,  R.  G. ,  an d  C arh a r t,  H .  W.  “ E x ti n ‐
gu i s h m e n t o f C o m b u s ti o n  i n  Confned  S p ac e s  wi th

N i tr o g e n . ”  Combustion Science and Technology,  Vo l .  7 ,  1 9 7 3 ,
p .  2 1 3 .

( 8 ) Van  D o l a h ,  R.  W. ,  e t al .  “ Re vi e w o f F i r e  an d  E x p l o s i o n
H a z a r d s  o f F l i g h t Ve h i c l e  C o m b u s ti b l e s . ”  AS D  Te c h n i c al

Re p o r t 6 1 -2 7 8 ,  O c to b e r  1 9 6 1 .
( 9 ) H u g g e tt,  C .  M .  “ C o m b u s ti b l e  P r o c e s s e s  i n  th e  Ae r o s p a c e

E n vi r o n m e n t. ”  Aerospace Medicine,  Vo l .  7 ,  1 9 6 9 ,  p .  1 1 7 6 .
( 1 0 ) S to l tz fu s ,  J .  M . ,  L o wr i e ,  R. ,  an d  G u n aj i ,  M .  V.  “ B u r n  P r o p ‐

a ga ti o n  B e h a vi o r  o f Wi r e  M e s h  M ad e  F r o m  S e ve r al
Al l o ys . ”  Symposium on Flammability and Sensitivity of Materi‐
als in Oxygen-Enriched Atmospheres: F i fth  Vo l u m e ,  AS T M

S T P  1 1 1 1 .  J .  M .  S to l tz fu s  a n d  K.  M c I l r o y,  e d i to r s ,  Am e r i ‐
c a n  S o c i e ty fo r  Te s ti n g  a n d  M ate r i a l s ,  P h i l a d e l p h i a ,

1 9 9 1 .
( 1 1 ) S te i n b e r g ,  T.  A. ,  Ru c ke r,  M .  A. ,  an d  B e e s o n ,  H .  D .

“ P r o m o te d  C o m b u s ti o n  o f N i n e  S tr u c tu r al  M e tal s  i n
H i g h -P r e s s u r e  Ga s e o u s  O x yg e n :  A C o m p ar i s o n  o f Ra n k‐
i n g M e th o d s . ”  Symposium on Flammability and Sensitivity of

Materials in Oxygen-Enriched Atmospheres: F o u r th  Vo l u m e ,
AS T M  S T P  1 0 4 0 .  J .  M .  S to l tz fu s ,  F.  J .  B e n z ,  an d  J .  S .  S tr a‐
d l i n g,  e d i to r s ,  Am e r i c a n  S o c i e ty fo r  Te s ti n g an d  M ate r i ‐

a l s ,  P h i l ad e l p h i a,  1 9 8 9 .
( 1 2 ) S ato ,  J .  “ F i r e  S p r e ad  Rate s  Al o n g  C yl i n d r i c al  M e ta l  Ro d s

i n  H i g h  P r e s s u r e  O x yge n . ”  Symposium on Flammability and
Sensitivity of Materials in Oxygen-Enriched Atmospheres:
F o u r th  Vo l u m e ,  AS T M  S T P  1 0 4 0 .  J .  M .  S to l tz fu s ,  F.  J .

B e n z ,  an d  J .  S .  S tr ad l i n g ,  e d i to r s ,  Am e r i c a n  S o c i e ty fo r
Te s ti n g  a n d  M a te r i al s ,  P h i l a d e l p h i a ,  1 9 8 9 .

( 1 3 ) B e n n i n g ,  M .  A. ,  Z a b r e n s ki ,  J .  S . ,  an d  L e ,  N .  B .  “ T h e
F l a m m a b i l i ty o f Al u m i n u m  Al l o ys  an d  Al u m i n u m  B r o n ‐
z e s  a s  M e as u r e d  b y P r e s s u r i z e d  O x yg e n  I n d e x . ”  Sympo‐
sium on Flammability and Sensitivity of Materials in Oxygen-

Enriched Atmospheres,  AS T M  S T P  9 8 6 .  D .  W.  S c h r o l l ,
e d i to r,  Am e r i c a n  S o c i e ty fo r  Te s ti n g an d  M a te r i al s ,  P h i l a‐

d e l p h i a ,  1 9 8 8 ,  p p .  5 4 –7 1 .
( 1 4 ) Z awi e r u c h a,  R. ,  M c I l r o y,  K. ,  a n d  M a z z ar e l l a ,  R.  B . ,

“ P r o m o te d  I gn i ti o n - C o m b u s ti o n  B e h a vi o r  o f S e l e c te d
H as te l l o ys  i n  O x yge n  G as  M i x tu r e s . ”  Symposium on Flam‐
mability and Sensitivity of Materials in Oxygen-Enriched

Atmospheres: F i fth  Vo l u m e ,  AS T M  S T P  1 1 1 1 .  J .  M .  S to l tz ‐
fu s  an d  K.  M c I l r o y,  e d i to r s ,  Am e r i c an  S o c i e ty fo r  Te s ti n g
an d  M ate r i al s ,  P h i l a d e l p h i a ,  1 9 9 1 .

An n e x  F   M ate ri al s  fo r U s e  i n  O x yge n - E n ri c h e d  Atm o s p h e re s

This annex is not a part of the recommendations of this NFPA docu‐
ment but is included for informational purposes only.

F. 1  G e n e ral .    S e e  a l s o  C h ap te r  5 .

F. 1 . 1    T h e  c a r e fu l  s e l e c ti o n  o f m a te r i al s  fo r  c o n s tr u c ti o n  an d
e q u i p m e n t c an  d o  m u c h  to  r e d u c e  th e  fre  h a z a r d  as s o c i ate d

wi th  th e  u s e  o f an  O E A.  T h i s  a n n e x  d e s c r i b e s  th e  e ffe c t o f
m a te r i al  p r o p e r ti e s  o n  th e  d e g r e e  o f h az ar d  fo r  g u i d an c e  i n

th e  s e l e c ti o n  o f m a te r i al s  th at c a n  b e  u s e d  wi th  s a fe ty.

F. 1 . 2    I n  C h ap te r  6  i t was  s h o wn  th at th e  u s e  o f an  O E A a c c e n ‐
tu a te s  th e  h a z a r d s  as s o c i ate d  wi th  th e  u s e  o r  ac c i d e n ta l  p r e s ‐

e n c e  o f c o m b u s ti b l e  m ate r i al s  i n  an  O E A as  fo l l o ws :

( 1 ) C o m b u s ti b l e  m a te r i al s  ar e  i g n i te d  m o r e  e a s i l y i n  an  O E A
th an  i n  a n o r m al  atm o s p h e r e ,  th u s  i n c r e a s i n g  th e  p r o b a‐
b i l i ty o f th e  o c c u r r e n c e  o f a fre.

( 2 ) C o m b u s ti b l e  m ate r i al s  b u r n  m o r e  r ap i d l y i n  an  O E A th an
i n  a n o r m a l  atm o s p h e r e ,  th u s  r e d u c i n g th e  ti m e  avai l ab l e
fo r  r e m e d i a l  ac ti o n  b e fo r e  s e r i o u s  d a m a ge  o r  i n j u r y

o c c u r s .  M an y m a te r i al s  th at d o  n o t s u p p o r t c o m b u s ti o n
i n  a n o r m a l  atm o s p h e r e  wi l l  b u r n  vi go r o u s l y i n  a n  O E A.

F. 2  C o m b u s ti b l e  G as e s ,  Vap o rs ,  an d  L i q u i d s .

F. 2 . 1  G e n e ral .    E va l u a ti o n  o f th e  h a z a r d  o f c o m b u s ti b l e
l i q u i d s  an d  g as e s  r e q u i r e s  a kn o wl e d g e  o f th e i r  i g n i ti o n  an d
fammability p r o p e r ti e s  i n  th e  o x i d a n t atm o s p h e r e  o f c o n c e r n .
I n  ap p l i c a ti o n s  wh e r e  th e s e  c o m b u s ti b l e s  a r e  e n c o u n te r e d ,  th e

p o te n ti a l  fre  o r  e x p l o s i o n  h az ar d  c an  b e  defned  i n  p a r t b y th e
te m p e r a tu r e s  r e q u i r e d  fo r  th e  fo r m ati o n  o f fammable

m i x tu r e s ,  th e  te m p e r a tu r e  a n d  e n e r gy n e e d e d  fo r  i gn i ti o n  o f
th e  m i x tu r e s ,  an d  th e  c r i ti c a l  fu e l  c o n c e n tr ati o n s  ( l i m i ts )  fo r
fame  p r o p ag ati o n .  T h i s  i n fo r m ati o n  i s  p r e s e n te d  i n  Ta b l e  F. 2 . 1

fo r  va r i o u s  r e p r e s e n tati ve  l i q u i d  an d  g as  c o m b u s ti b l e s  i n
o x yg e n  o r  a i r  atm o s p h e r e s ,  o r  b o th .  H o we ve r,  th e  avai l ab l e
d ata ar e  l e s s  c o m p l e te  fo r  o x yg e n  th an  fo r  a i r  fo r  m an y o f th e

c o m b u s ti b l e s .  I n  s u c h  c a s e s ,  th e  d e gr e e  o f fre  o r  e x p l o s i o n
h a z a r d  i n  an  o x yge n  e n vi r o n m e n t c a n  b e  e s ti m a te d  fr o m  th e
d ata o b ta i n e d  fo r  ai r  a n d  fr o m  kn o wn  o x yge n  c o n c e n tr a ti o n

e ffe c ts  fo r  th e  g i ve n  c l as s  o f c o m b u s ti b l e s .

F. 2 . 2  I gn i ti o n  Te m p e ratu re  an d  E n e rgy.
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S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

Tab l e  F. 2 . 1  I gn i ti o n  an d  Fl am m ab i l i ty P ro p e r ti e s  o f C o m b us ti b l e  L i q u i d s  an d  G as e s  i n  Ai r an d  O x yge n  at Atm o s p h e ri c  P re s s u re

C o m b u s ti b l e

Fl as h  P o i n ta M i n i m u m  I gn i ti o n  Te m p e ratu re b

M i n i m um

I gn i ti o n  E n e rgyc
Fl am m ab i l i ty L i m i ts d

Vo l .  %

Ai r Ai r O x yge n Ai r O x yge n Ai r O x yge n

° C ° F ° C ° F ° C ° F m J m J L FL U FL L FL U FL

H yd ro c arb o n  Fu e l s
M e th a n e G as 6 3 0 1 1 6 6 — 0 . 3 0 0 . 0 0 3 5 . 0 1 5 5 . 1 6 1
E th an e G as 5 1 5 9 5 9 5 0 6 9 4 3 0 . 2 5 0 . 0 0 2 3 . 0 1 2 . 4 3 . 0 6 6
n - B u tan e − 6 0 − 7 6 2 8 8 5 5 0 2 7 8 5 3 2 0 . 2 5 0 . 0 0 9 1 . 8 8 . 4 1 . 8 4 9
n - H e x an e − 3 . 9 2 5 2 2 5 4 3 7 2 1 8 4 2 4 0 . 2 8 8 0 . 0 0 6 1 . 2 7 . 4 1 . 2 5 2 e

n - O c tan e 1 3 . 3 5 6 2 2 0 4 2 8 2 0 8 4 0 6 — — 0 . 8 6 . 5 ≤ 0 . 8 —
E th yl e n e G as 4 9 0 9 1 4 4 8 5 9 0 5 0 . 0 7 0 . 0 0 1 2 . 7 3 6 2 . 9 8 0
P r o p yl e n e G as 4 5 8 8 5 6 4 2 3 7 9 3 0 . 2 8 — 2 . 4 1 1 2 . 1 5 3
Ac e tyl e n e G as 3 0 5 5 8 1 2 9 6 5 6 5 0 . 0 1 7 0 . 0 0 0 2 2 . 5 1 0 0 ≤ 2 . 5 1 0 0
G as o l i n e  

( 1 0 0 / 1 3 0 )
− 4 5 . 5 − 5 0 4 4 0 8 2 4 3 1 6 6 0 0 — — 1 . 3 7 . 1 ≤ 1 . 3 —

Ke r o s e n e 3 7 . 8 1 0 0 2 2 7 4 4 0 2 1 6 4 2 0 — — 0 . 7 5 0 . 7 —
An e s th e ti c  Age n ts

C yc l o p r o p an e G as 5 0 0 9 3 2 4 5 4 8 4 9 0 . 1 8 0 . 0 0 1 2 . 4 1 0 . 4 2 . 5 6 0
E th yl  e th e r − 2 8 . 9 − 2 0 1 9 3 3 8 0 1 8 2 3 6 0 0 . 2 0 0 . 0 0 1 3 1 . 9 3 6 2 . 0 8 2
Vi n yl  e th e r − 3 0 < − 2 2 3 6 0 6 8 0 1 6 6 3 3 1 — — 1 . 7 2 7 1 . 8 8 5
E th yl e n e G as 4 9 0 9 1 4 4 8 5 9 0 5 0 . 0 7 0 . 0 0 1 2 . 7 3 6 2 . 9 8 0
E th yl  c h l o r i d e − 5 0 − 5 8 5 1 6 9 6 1 4 6 8 8 7 4 — — 4 . 0 1 4 . 8 4 . 0 6 7
C h l o r o fo r m —— — — — — — — — — —— — —Nonfammable—  — — — —— — — — — — — — — ——
Enfurane > 2 0 0 9 3 N A N A N A N A N A N A 9 . 8 N A
Isofurane > 2 0 0 9 3 N A N A N A N A N A N A 8 . 8 N F
Desfurane N F N A N A N A N A N A N A 1 7 . 2 2 0 . 8
N i tr o u s  o x i d e —— — — — — — — — — —— — —Nonfammable—  — — — —— — — — — — — — — —

S o l ve n ts
M e th yl  a l c o h o l 1 2 . 2 5 4 3 8 5 7 2 5 — 0 . 1 4 — 6 . 7 3 6 ≤ 6 . 7 9 3
E th yl  a l c o h o l 1 2 . 8 5 5 3 6 5 6 8 9 — — — 3 . 3 1 9 ≤ 3 . 3 —
n - P r o p yl  al c o h o l 1 5 5 9 4 4 0 8 2 4 3 2 8 6 2 2 — — 2 . 2 1 4 ≤ 2 . 2 —
G l yc o l 1 1 1 2 3 2 4 0 0 7 5 2 — — — 3 . 5 e — ≤ 3 . 5 —

Gl yc e r o l 1 6 0 3 2 0 3 7 0 6 9 8 3 2 0 6 0 8 — — — — — —
E th yl  ac e ta te − 4 . 4 2 4 4 2 7 8 0 0 — 0 . 4 8 — 2 . 2 1 1 ≤ 2 . 2 —
n -Am yl  a c e tate 2 4 . 4 7 6 3 6 0 6 8 0 2 3 4 4 5 3 — — 1 . 0 7 . 1 ≤ 1 . 0 —
Ac e to n e − 1 7 . 8 0 4 6 5 8 6 9 — 1 . 1 5 0 . 0 0 2 4 2 . 6 1 3 ≤ 2 . 6 6 0 e

B e n z e n e − 1 1 . 1 1 2 5 6 0 1 0 4 0 — 0 . 2 2 — 1 . 3 7 . 9 ≤ 1 . 3 3 0
N a p h th a 

( S to d d ar d )
3 7 . 8 ~ 1 0 0 2 3 2 ~ 4 5 0 2 1 6 ~ 4 2 0 — — 1 . 0 6 ≤ 1 . 0 —

To l u e n e 4 . 4 4 0 4 8 0 8 9 6 — 2 . 5 — 1 . 2 7 . 1 ≤ 1 . 2 —
B u tyl  c h l o r i d e − 6 . 7 2 0 2 4 0 4 6 4 2 3 5 4 5 5 0 . 3 3 2 0 . 0 0 7 e 1 . 8 1 0 1 . 7 5 2 e

M e th yl e n e  
c h l o r i d e

— 6 1 5 1 1 3 9 6 0 6 1 1 2 3 — 0 . 1 3 7 1 5 . 9 e 1 9 . 1 e 1 1 . 7 e 6 8

E th yl e n e  c h l o r i d e 1 3 . 3 5 6 4 7 6 8 8 9 4 7 0 8 7 8 2 . 3 7 0 . 0 1 1 e 6 . 2 1 6 4 . 0 6 7 . 5
Tr i c h l o r o e th an e — 4 5 8 8 5 6 4 1 8 7 8 4 — 0 . 0 9 2 6 . 3 e 1 3 e 5 . 5 e 5 7 e

Tr i c h l o r o e th yl e n e 3 2 . 2 9 0 4 2 0 7 8 8 3 9 6 7 4 5 — 1 8 e 1 0 . 5 e 4 1 e 7 . 5 9 1 e

C ar b o n  
te tr ac h l o r i d e — — — — — — — —— — — — — —Nonfammable—  —— — — — — — — — — —— — — — —

M i s c e l l an e o u s  C o m b u s ti b l e
Ac e tal d e h yd e − 2 7 . 2 − 1 7 1 7 5 3 4 7 1 5 9 3 1 8 0 . 3 8 — 4 . 0 6 0 4 . 0 9 3

(continues)



M AT E RI AL S ,  E QU I P M E N T,  AN D  S YS T E M S  U S E D  I N  O X YG E N -E N RI C H E D  AT M O S P H E RE S5 3 - 4 0

2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

F. 2 . 2 . 1    T h e  m i n i m u m  a u to i g n i ti o n  te m p e r atu r e s  ( AI T )  o f
m o s t h yd r o c ar b o n  fu e l s ,  s o l ve n ts ,  a n d  an e s th e ti c  ag e n ts  fa l l
b e twe e n  2 0 4 ° C  an d  5 3 8 ° C  ( 4 0 0 ° F  an d  1 0 0 0 ° F )  i n  a i r  at 1 0 1 . 3
kP a  ( 1  atm )  p r e s s u r e  (see Table F. 2. 1 ).  Ge n e r al l y,  th e  AI T  o f th e
paraffnic  h yd r o c ar b o n s  d e c r e a s e s  wi th  i n c r e as i n g  m o l e c u l a r
we i g h t.  A fe w h yd r o c ar b o n -typ e  c o m b u s ti b l e s ,  s u c h  as  e th yl
e th e r,  n -am yl  e th e r,  a n d  a c e tal d e h yd e ,  c an  au to i gn i te  b e l o w
2 0 4 ° C  ( 4 0 0 ° F )  i n  ai r.  C a r b o n  disulfde  c an  a l s o  i g n i te  at a l o w
te m p e r a tu r e  [ 9 0 ° C  ( 1 9 4 ° F ) ] .  T h e s e  AI T  a r e  p r i m ar i l y a p p l i c a‐
b l e  to  h o t s u r fac e  i gn i ti o n s  i n  q u i e s c e n t atm o s p h e r e s  an d
wh e r e  th e  h e at s o u r c e  i s  r e l a ti ve l y l a r ge .  Ve s s e l s  o f P yr e x ®  o r

s tai n l e s s  s te e l  u s u al l y h a ve  th e  l o we s t AI T.  As  a r u l e ,  AI T  d o  n o t
va r y g r e atl y wi th  fu e l  c o n c e n tr a ti o n  e x c e p t a t n e ar-l i m i ti n g

c o n c e n tr a ti o n s ,  wh e r e  th e y i n c r e as e  n o ti c e ab l y.  F u e l  i n j e c ti o n
p r e s s u r e  c an  al s o  b e  i m p o r ta n t.  T h e  AI T  o f m an y l u b r i c an ts
d e c r e as e  as  m u c h  a s  1 0 2 ° C  ( 2 0 0 ° F )  wh e n  th e  i n j e c ti o n  p r e s s u r e

i s  i n c r e as e d  fr o m  0  to  ab o u t 6 8 9 5  kP a  ( g au g e  p r e s s u r e  o f 1 0 0 0
p s i ) .

F i g u r e  F. 2 . 2 . 1  s h o ws  th e  n o ti c e ab l e  e ffe c t th at fuid  i n j e c ti o n
p r e s s u r e  c an  h ave  o n  th e  m i n i m u m  AI T  o f a d i e s te r

( M L O -5 4 -5 8 1 )  an d  s e ve r al  s i l i c ate -typ e  ( M L O -5 4 -8 5 6 ,
M L O -8 2 0 0 ,  M L O -5 4 - 6 4 5 ,  M L O -5 4 -5 4 0 )  h yd r au l i c  fuids.  T h i s
fgure  a l s o  i l l u s tr ate s  th at th e  AI T  o f a  c h l o r i n ate d  s i l i c o n e  fuid
( M L O - 5 3 -4 4 6 )  an d  a m i n e r al  o i l  ( M I L - H -5 6 0 6 )  a r e  i n d e p e n d ‐

e n t o f i n j e c ti o n  p r e s s u r e  to  3 4 , 4 7 5  kP a  ( ga u g e  p r e s s u r e  o f 5 0 0 0
p s i ) .

F. 2 . 2 . 2    Al th o u gh  AI T  te n d  to  b e  l o we r  i n  o x yg e n  th an  i n  ai r,
s u c h  d i ffe r e n c e s  ar e  n o t signifcant fo r  m a n y h yd r o c ar b o n
c o m b u s ti b l e s .  S i m i l ar l y,  th e  AI T  fo r  m a n y c o m b u s ti b l e s  d o  n o t

var y gr e a tl y wh e n  th e  am b i e n t p r e s s u r e  i s  i n c r e as e d  to  a fe w
atm o s p h e r e s .  H o we ve r,  at h i g h l y r e d u c e d  p r e s s u r e s  < 1 0 1 . 3  kP a

( < 1  a tm )  o r  r e d u c e d - o x yge n  c o n c e n tr ati o n s  ( < 2 1  p e r c e n t) ,  AI T

te n d  to  b e  n o ti c e a b l y h i g h e r  th an  i n  ai r  at 1 0 1 . 3  kP a ( 1  atm ) .
T h u s ,  th e  au to i gn i ti o n  h az ar d  i s  l e s s  s e ve r e  i n  s u c h  atm o s ‐

p h e r e s .  T h e  u s e  o f a n  i n e r t d i l u e n t o f h i g h e r  th e r m al  c o n d u c ‐
ti vi ty th an  n i tr o ge n  ( e . g . ,  h e l i u m )  al s o  r e d u c e s  th e  au to i gn i ti o n

h az ar d  i n  s o m e  i n s ta n c e s .  B e c au s e  AI T  ar e  n o r m a l l y d e p e n d e n t
o n  o x yge n  p ar ti a l  p r e s s u r e ,  th e  d a ta  o b ta i n e d  at var i o u s  o x yg e n

4 3 0
8 0 0

7 5 0

7 0 0

6 5 0

6 0 0

5 0 0

4 0 0

5 5 0

4 5 0

4 0 5

3 8 0

3 5 5

3 3 0

3 0 5

2 8 0

2 5 5

2 3 0

2 0 5

∞C ∞F

Au t o i g n i t i o n
t e m p e r a t u r e

Au t o i g n i t i o n  c r i t e r i o n
( f l a m e )

H y d r a u l i c  f l u i d

0 1 , 0 0 0 2 , 0 0 0 3 , 0 0 0 4 , 0 0 0 5 , 0 0 0

3 , 5 0 0 7 , 0 0 0 1 4 , 0 0 0 2 1 , 0 0 0 2 8 , 0 0 0 3 4 , 4 7 5 kP a

p s i g

I n j e c t i o n  p r e s s u r e

M L O - 5 3 - 4 4 6
M L O - 5 4 - 5 8 1
M L O - 5 4 - 8 5 6
M L O - 8 2 0 0
M L O - 5 4 - 6 4 5
M L O - 5 4 - 5 4 0

M I L - H - 5 6 0 6

Δ FI G U RE  F. 2 . 2 . 1   M i n i m u m  Au to i gn i ti o n  Te m p e ratu re s  o f
S e ve n  H yd rau l i c  Fl u i d s  i n  Ai r at Atm o s p h e ri c  P re s s ure  an d  at
Vari o u s  I n j e c ti o n  P re s s u re s  [ 2 0 0  c m 3  ( 1 2 . 2  i n . 3 )  P yre x ®  Ve s s e l ] .
( 1 3 )

Tab l e  F. 2 . 1   Continued

C o m b u s ti b l e

Fl as h  P o i n ta M i n i m u m  I gn i ti o n  Te m p e ratu re b

M i n i m um

I gn i ti o n  E n e rgyc
Fl am m ab i l i ty L i m i ts d

Vo l .  %

Ai r Ai r O x yge n Ai r O x yge n Ai r O x yge n

° C ° F ° C ° F ° C ° F m J m J L FL U FL L FL U FL

Ac e ti c  ac i d 4 0 1 0 4 4 6 5 8 6 9 — — — 5 . 4 e — ≤ 5 . 4 —
Am m o n i a G as 6 5 1 1 2 0 4 — > 1 0 0 0 — 1 5 . 0 2 8 1 5 . 0 7 9
An i l i n e 7 5 . 6 1 6 8 6 1 5 1 1 3 9 — — — 1 . 2 e 8 . 3 ≤ 1 . 2 —

C ar b o n  m o n o x i d e G as 6 0 9 1 1 2 8 5 8 8 1 0 9 0 — — 1 2 . 5 7 4 ≤ 1 2 . 5 9 4
C ar b o n  disulfde − 3 0 − 2 2 9 0 1 9 4 — 0 . 0 1 5 — 1 . 3 5 0 ≤ 1 . 3 —
E th yl e n e  o x i d e < 1 7 . 8 < 0 4 2 9 8 0 4 — 0 . 0 6 2 — 3 . 6 1 0 0 ≤ 3 . 6 1 0 0
P r o p yl e n e  o x i d e − 3 7 . 2 − 3 5 — 4 0 0 — 0 . 1 4 — 2 . 8 3 7 ≤ 2 . 8 —
H yd r o ge n G as 5 2 0 9 6 8 4 0 0 7 5 2 0 . 0 1 7 0 . 0 0 1 2 4 . 0 7 5 4 . 0 9 5
H yd r o ge n  sulfde G as 2 6 0 5 0 0 2 2 0 4 2 8 0 . 0 7 7 — 4 . 0 4 4 ≤ 4 . 0 —
B r o m o c h l o r o - 

m e th an e
— 4 5 0 8 4 2 3 6 8 6 9 4 — — N Ff N F 1 0 . 0 8 5

Bromotrifuoro- 
m e th an e

G as > 5 9 3 > 1 1 0 0 6 5 7 1 2 1 5 — — N F N F N F N F

Dibromodifuoro- 
m e th an e

G as 4 9 9 9 3 0 4 5 3 8 4 7 — — N F N F 2 9 . 0 8 0

aD a ta  fr o m  r e fe r e n c e s  1  a n d  2  (see Section F. 5);  o p e n - c u p  m e th o d .
b D a ta  fr o m  r e fe r e n c e s  3 ,  4 ,  5 ,  a n d  6  (see Section F. 5).

c D ata fr o m  r e fe r e n c e s  3 ,  7 ,  8 ,  9 ,  a n d  1 0  (see Section F. 5).
d D a ta  fr o m  r e fe r e n c e s  3 ,  4 ,  6 ,  1 1 ,  a n d  1 2  (see Section F. 5).

e D a ta  a t 9 3 ° C  ( 2 0 0 ° F ) .
fN F :  N o  fammable  m i x tu r e s  fo u n d  i n  F o o tn o te  d .



AN N E X  F 5 3 - 4 1

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

p e r c e n ta ge s  c an  b e  u s e d  to  e s ti m a te  AI T  at va r i o u s  to ta l  p r e s ‐
s u r e s .

I n  th e  c as e  o f l u b r i c an ts  a n d  h yd r au l i c  fuids,  th e  e ffe c t o f
o x yg e n  c o n c e n tr a ti o n  o n  AI T  te n d s  to  b e  gr e a te r  th an
o b s e r ve d  fo r  th e  n e a t h yd r o c ar b o n  c o m b u s ti b l e s  i n  Ta b l e  F. 2 . 1 .
F i g u r e  F. 2 . 2 . 2 ( a)  s h o ws  th at th e  AI T  fo r  fve  o f th e  h yd r a u l i c
fuids  d e c r e as e  b e twe e n  9 3 ° C  a n d  1 4 9 ° C  ( 2 0 0 ° F  an d  3 0 0 ° F )
wh e n  th e  o x yge n  c o n te n t i s  i n c r e a s e d  fr o m  2 1  p e r c e n t to  1 0 0
p e r c e n t.  T h e  AI T  o f th e  c h l o r i n a te d  s i l i c o n e  fuid
( M L O -5 3 -4 4 6 )  a n d  th e  m i n e r a l  o i l  ( M I L -H -5 6 0 6 )  a r e  u n affe c ‐
te d  b y s u c h  c h a n ge s  i n  o x yge n  c o n c e n tr a ti o n ,  s i m i l a r  to  wh e n
th e s e  fuids  ar e  s u b j e c te d  to  va r yi n g  i n j e c ti o n  p r e s s u r e .

A c o r r e l ati o n  o f AI T  wi th  o x yg e n  p ar ti a l  p r e s s u r e  i s  s h o wn  i n
F i g u r e  F. 2 . 2 . 2 ( b )  fo r  s e ve r al  s u c h  c o m b u s ti b l e  fuids  at var i o u s
i n i ti a l  p r e s s u r e s  a n d  o x yge n  c o n c e n tr ati o n s .  Ac c o r d i n g  to  th e s e
d ata,  th e  ar o m ati c  e th e r  a n d  c h l o r i n a te d  s i l i c o n e  fuids  wo u l d
b e  favo r e d  o ve r  th e  o th e r  fuids  fo r  p r o te c ti o n  ag ai n s t au to i g n i ‐
ti o n .

Δ F. 2 . 2 . 3    I n  c o m p a r i s o n  wi th  a u to i gn i ti o n ,  th e  s p ar k i g n i ti o n  o f
a fammable  m i x tu r e  r e q u i r e s  m u c h  h i g h e r  te m p e r a tu r e s  an d
i s  go ve r n e d  p r i m ar i l y b y th e  r a te  o f e n e r g y i n p u t r ath e r  th a n  b y
th e  h e a t s o u r c e  te m p e r atu r e .  T h e  i m p o r ta n c e  o f m i n i m u m
s p ar k i g n i ti o n  e n e r g i e s  i s  e vi d e n c e d  b y th e  fa c t th at m o s t fam‐
mable  m i x tu r e s  o f c o m b u s ti b l e s  c a n  b e  i gn i te d  i n  a i r  o r  o x yge n
b y th e  e n e r gy d i s s i p a te d  fr o m  c o m m o n  e l e c tr o s tati c  d i s c h ar g e s .
T h e  r an g e  o f i g n i ti o n  e n e r gy va l u e s  p r o vi d e d  i n  Tab l e  F. 2 . 1  i s
fr o m  ab o u t 0 . 1  m J  to  3  m J  ( 9 . 5  ×  1 0 − 8  B tu  to  2 . 8  ×  1 0 − 6  B tu )  fo r
m o s t o f th e  h yd r o c ar b o n  fu e l s ,  a n e s th e ti c s ,  a n d  s o l ve n ts  wi th

ai r  as  th e  o x i d an t.  Am m o n i a an d  s o m e  o f th e  h al o ge n a te d
h yd ro c ar b o n s  ( h al o n s )  r e q u i r e  i g n i ti o n  e n e r gi e s  o f m u c h
h i gh e r  m a gn i tu d e  [ > 1 0 0 0  m J  ( > 9 . 5  ×  1 0 − 4  B tu ) ] .  I n  c o m p ar i ‐
s o n ,  s u c h  c o m b u s ti b l e s  a s  a c e tyl e n e ,  h yd r o ge n ,  an d  c a r b o n
disulfde  c an  b e  i g n i te d  wi th  s p ar k e n e r g i e s  o f o n l y ab o u t 0 . 0 1 5

m J  ( 1 . 4  ×  1 0 − 8  B tu ) .

H y d r a u l i c  f l u i d

M L O - 5 3 - 4 4 6
M L O - 5 4 - 5 8 1
M L O - 5 4 - 8 5 6

M L O - 8 2 0 0
M L O - 5 4 - 6 4 5

M L O - 5 4 - 5 4 0
M I L - H - 5 6 0 6 A

4 0 5

3 8 0

3 5 5

3 3 0

3 0 5

2 8 0

2 5 5

2 3 0

2 0 5

7 5 0

8 0 0

7 0 0

6 5 0

6 0 0

5 5 0

5 0 0

4 5 0

4 0 0
2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0

Au t o i g n i t i o n  c r i t e r i o n
( f l a m e )

Au t o i g n i t i o n
t e m p e r a t u r e

∞C ∞F

O x y g e n  c o n c e n t r a t i o n  ( vo l u m e  p e r c e n t )

4 3 0

Δ FI G U RE  F. 2 . 2 . 2 ( a)   M i n i m u m  Au to i gn i ti o n  Te m p e ratu re s  o f
S e ve n  H yd rau l i c  Fl u i d s  at Atm o s p h e ri c  P re s s u re  i n  Vari o u s
O x yge n - N i tro ge n  Atm o s p h e re s  [ 2 0 0  c m 3  ( 1 2 . 2  i n . 3 )  P yre x ®

Ve s s e l ] .  ( 1 3 )

F. 2 . 2 . 4    M i n i m u m  i g n i ti o n  e n e r gy va l u e s  r e fe r  to  th e  m o s t i g n i ‐
ti b l e  c o m p o s i ti o n  o f th e  g i ve n  fu e l  vap o r-ai r  m i x tu r e  a n d  a r e

n o ti c e ab l y h i gh e r  fo r  m i x tu r e s  th at ar e  h i g h l y fu e l -l e an  o r  fu e l -
r i c h .  I n  ad d i ti o n ,  e n e r g y va l u e s  c a n  b e  e x p e c te d  to  b e  h i gh e r  at
r e d u c e d  p r e s s u r e s  b u t m u c h  l o we r  i n  o x yg e n  th an  i n  ai r.  M an y

i gn i ti o n  e n e r gy d a ta  var y i n ve r s e l y wi th  th e  a p p r o x i m ate  s q u ar e
o f th e  to tal  p r e s s u r e .  F o r  s o m e  l i q u i d s  an d  g as e s ,  i gn i ti o n
va l u e s  ar e  as  m u c h  a s  a b o u t 1 0 0  ti m e s  l o we r  i n  o x yge n .  F i g u r e

F. 2 . 2 . 4  s h o ws  th e  var i ati o n  o f th e  m i n i m u m  s p ar k i g n i ti o n  e n e r ‐
gi e s  o f p r o p an e -o x yg e n -n i tr o ge n  m i x tu r e s  wi th  fu e l  c o n c e n tr a‐
ti o n  a n d  o x yg e n  c o n c e n tr ati o n  at 5 0 . 7  a n d  1 0 1 . 3  kP a  ( 0 . 5  an d

1  atm )  p r e s s u r e .  T h e  s u b s ti tu ti o n  o f h e l i u m  fo r  n i tr o g e n  r e s u l ts
i n  h i g h e r  i g n i ti o n  e n e r g i e s  b u t d o e s  n o t e l i m i n ate  th e  r i s k o f

s p ar k i gn i ti o n s .

Δ F. 2 . 3  C o m b u s ti o n .

F. 2 . 3 . 1  N o n m e tal l i c s .    T h e  e x te n t o f c o m b u s ti o n  o r  fame
p r o p ag ati o n  d e p e n d s  o n  a  n u m b e r  o f fac to r s ,  i n c l u d i n g  th e

p r e s s u r e ,  th e  te m p e r atu r e ,  a n d  th e  c o m p o s i ti o n  o f th e  fu e l  an d
o x i d an t.  Wi th  n e ar-s to i c h i o m e tr i c  m i x tu r e s  o f h yd r o c a r b o n
vap o r s  i n  ai r,  th e  fames  p r o p a ga te  at r ate s  o f a t l e as t a  fe w fe e t

p e r  s e c o n d  at 1 0 1 . 3  kP a  ( 1  atm )  p r e s s u r e  a n d  th r o u gh  ap e r ‐
tu r e s  a s  s m al l  a s  a b o u t 2 . 5  m m  ( 0 . 1  i n . )  d i a m e te r.  T h e  r a te s  o f

7 0 5

6 5 5

6 0 5

5 5 5

5 0 5

4 5 5

4 0 5

3 5 5

3 0 5

2 5 5

2 0 5 4 0 0

5 0 0

6 0 0

7 0 0

8 0 0

9 0 0

1 0 0 0

1 1 0 0

1 2 0 0

1 3 0 0

Au to i g n i ti o n
te m p e ra tu re

°C °F

P y d ra u l  AC

( p h o s p h a te  e s te r m i x tu re )

O S - 1 2 4  ( p o l y p h e n y l e th e r )

5 P 4 E  ( p o l y p h e ny l e th e r)

M C S - 2 9 3
( a r o m a ti c  e th e r )

M I L - L - 7 8 0 8
( s e b ac a te

e s te r)

M L O - 5 4 - 8 5 6
( s i l i c a te  e s te r)

M L O - 8 2 0 0
( s i l i c a te  e s te r)

M I L - L 9 2 3 6
( p o l y o l  e s te r ) M I L - H - 5 6 0 6

( m i n e ra l  o i l )

0 . 10 . 0 4 0 . 2 0 . 4 0 . 6 1 . 0 2 . 0

PO 2
 ( a tm )

F l am e
P re s s u r e  r i s e

I g n i ti o n  c r i te r i o n

N o te :  Fo r  S I  c u s to m a r y  u n i ts ,  1  a tm =  1 0 1 . 3  kPa .

Δ FI G U RE  F. 2 . 2 . 2 ( b )   Vari ati o n  o f M i n i m um  Auto i gn i ti o n
Te m p e ratu re s  wi th  O x yge n  P ar ti al  P re s s u re  ( P O 2 )  fo r Vari o u s

L u b ri c an ts .  ( 1 3 )



M AT E RI AL S ,  E QU I P M E N T,  AN D  S YS T E M S  U S E D  I N  O X YG E N -E N RI C H E D  AT M O S P H E RE S5 3 - 4 2

2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

fame  p r o p a ga ti o n  (fame  s p e e d s )  n o r m a l l y i n c r e as e  wi th  a n
i n c r e as e  i n  c h am b e r  d i a m e te r.

T h e  m a x i m u m  p r e s s u r e  r i s e s  th at ar e  p r o d u c e d  b y th e  i g n i ‐
ti o n  o f s u c h  m i x tu r e s  i n  a l a r ge ,  confned  s p ac e  ar e  g e n e r al l y
ab o u t 6 8 9  kP a ( g au ge  p r e s s u r e  o f 1 0 0  p s i ) .  T h e  e x p l o s i o n s  a r e
e ve n  m o r e  s e ve r e  i n  o x yg e n  wh e r e  d e to n ati o n s  m i gh t o c c u r
an d  th e  p r e s s u r e  r i s e s  an d  p r o p a ga ti o n  r a te s  a r e  m u c h  h i gh e r
th a n  i n  ai r.  T h e  tr an s i t o f a  defagration  ( s u b s o n i c )  to  a d e to n a‐
ti o n  ( s u p e r s o n i c )  c an  al s o  o c c u r  i n  ai r  wi th  m a n y fu e l s  i f th e
ra ti o  o f th e  l e n gth  to  th e  d i am e te r  o f th e  r e a c ti o n  c h am b e r  i s
suffciently g r e at.

F. 2 . 3 . 2  M e tal l i c s .    As  wi th  n o n m e ta l s ,  th e  e x te n t o f c o m b u s ‐
ti o n  o r  fame  p r o p a ga ti o n  fo r  m e tal s  d e p e n d s  o n  a n u m b e r  o f
fa c to r s ,  i n c l u d i n g th e  ab s o l u te  p r e s s u r e ,  am b i e n t te m p e r a tu r e ,
fu e l  an d  o x i d i z e r  c o m p o s i ti o n ,  g e o m e tr i c  s h a p e  a n d  te m p e r a‐
tu r e  o f th e  fu e l  s a m p l e ,  a n d  d i r e c ti o n  o f c o m b u s ti o n  fr o n t.
D e p e n d i n g o n  th e s e  fac to r s ,  th e  c o m b u s ti o n  fr o n t i n  m e tal s
c a n  p r o p ag ate  at gr e a tl y var yi n g r a te s .  F o r  e x a m p l e ,  a 3 . 2  m m
( 0 . 1 3  i n . )  d i am e te r  3 1 6  s tai n l e s s  s te e l  r o d  b u r n i n g u p war d  i n
6 . 9  M P a  ( 1 0 0 0  p s i a )  o x yg e n  wi l l  p r o p ag ate  a t a b o u t 1 1  m m / s e c
( 0 . 4 3  i n . / s e c ) ,  wh e r e as  a 3 . 2  m m  ( 0 . 1 3  i n . )  d i a m e te r  6 0 6 1
al u m i n u m  r o d  wi l l  b u r n  a t 6 4  m m / s e c  ( 2 . 5  i n . / s e c ) .  ( 1 4 )

B e c au s e  m o s t m e tal s  b u r n  i n  th e  l i q u i d  p h as e ,  c h am b e r
d i a m e te r  n o r m al l y h a s  l i ttl e  e ffe c t o n  th e  c o m b u s ti o n  fr o n t
p r o p ag ati o n  r ate  o n c e  a  m i n i m u m  c h am b e r  d i am e te r  i s
r e ac h e d  [ wh i c h  al l o ws  a d e q u a te  am o u n ts  o f o x i d i z e r  to
s u r r o u n d  th e  fu e l  to  e n s u r e  s to i c h i o m e tr i c  c o m b u s ti o n  wi th o u t
ap p r e c i ab l e  ( < 3  p e r c e n t)  r e d u c ti o n  o f o x i d i z e r ] .  I n  g e n e r al ,
th e  c o m b u s ti o n  fr o n t p r o p ag ati o n  r ate  i n c r e a s e s  wi th  i n c r e a s ‐
i n g am b i e n t p r e s s u r e ,  o x i d i z e r  c o n c e n tr a ti o n ,  am b i e n t te m p e r ‐
atu r e ,  a n d  d e c r e a s i n g s am p l e  d i m e n s i o n s .  ( 1 5 ,  1 6 )

F. 2 . 4  L i m i ts  o f Fl am m ab i l i ty o f N o n m e tal l i c  M ate ri al s .

F. 2 . 4 . 1    T h e  l o we r  o r  l e a n  l i m i t o f fammability i s  o f g r e ate s t
i n te r e s t b e c au s e  i t defnes  th e  m i n i m u m  c o m b u s ti b l e  c o n c e n ‐
tr a ti o n  r e q u i r e d  fo r  fame  p r o p ag ati o n  th r o u gh  th e  p a r ti c u l a r
m i x tu r e .  T h e  m i n i m u m  te m p e r atu r e  at wh i c h  a l o we r  l i m i t
c o n c e n tr a ti o n  c an  e x i s t d e p e n d s  o n  th e  vo l ati l i ty o f th e
c o m b u s ti b l e  an d  c o r r e s p o n d s  a p p r o x i m a te l y to  th e  fash  p o i n t
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1 0 1 . 3  kPa
( 1  a t m )

5 0 . 7  kP a
( 0 . 5  a t m )

N o t e :  Fo r  S I  c u s t o m a r y  u n i t s ,  1  a t m  =  1 0 1 . 3  kP a ,  9 . 5  ×  1 0 - 4  B t u  =  1 0 0 0  m J .

Δ FI G U RE  F. 2 . 2 . 4   E ffe c t o f O x yge n  I n d e x  an d  Am b i e n t
P re s s u re  o n  M i n i m u m  I gn i ti o n  E n e rgi e s .  ( 9 )

o f th e  c o m b u s ti b l e .  M an y fammable  l i q u i d s  h ave  fash  p o i n ts
i n  a i r  o f l e s s  th a n  3 8 ° C  ( 1 0 0 ° F )  (see Table F. 2. 1 ).  T h u s ,  th e  fu e l

va p o r- ai r  m i x tu r e s  fo r m e d  at o r  ab o ve  th e  gi ve n  te m p e r a tu r e s
wo u l d  p r o p a ga te  fame  i f th e y a r e  i g n i te d .  I n  o x yge n ,  th e  fash

p o i n ts  ar e  s l i g h tl y l o we r  th an  th o s e  i n  ai r.  Wh e r e  fu e l  m i s ts  o r
fo am s  a r e  fo r m e d ,  th e  m i x tu r e s  p r e s e n t c a n  p r o p ag ate  fame  a t
te m p e r a tu r e s  far  b e l o w th e  fash  p o i n ts  o f th e  fu e l s .

F. 2 . 4 . 2    T h e  l o we r  l i m i ts  o f m o s t h yd r o c a r b o n  fu e l s ,  an e s th e t‐
i c s ,  an d  s o l ve n ts  a r e  e q u a l  to  o r  l e s s  th an  ab o u t 5  vo l u m e
p e r c e n t i n  ai r  o r  o x yg e n  a t 1 0 1 . 3  kP a  ( 1  atm ) .  Tab l e  F. 2 . 1

p r o vi d e s  d ata o b ta i n e d  at o r d i n a r y te m p e r a tu r e s  [ ≤ 5 9 3 ° C
( ≤ 1 1 0 0 ° F ) ] ,  e x c e p t wh e r e  o th e r wi s e  n o te d .  Va p o r s  an d  g as e s ,
s u c h  as  am m o n i a,  c a r b o n  m o n o x i d e ,  an d  c e r tai n  h al o ge n a te d

h yd r o c ar b o n s ,  h a ve  m u c h  h i g h e r  l o we r  l i m i ts .

I n  c o m p ar i s o n ,  th e  val u e s  fo r  m o s t l u b r i c an ts  ar e  l e s s  th an
1  vo l u m e  p e r c e n t b e c a u s e  o f th e  h i g h  m o l e c u l a r  we i g h ts  o f
s u c h  fuid.  At th e  s am e  ti m e ,  l u b r i c an ts  n e e d  m u c h  h i g h e r

te m p e r a tu r e s ,  fo r  e x am p l e ,  9 3 ° C  to  3 7 1 ° C  ( 2 0 0 ° F  to  7 0 0 ° F ) ,  to
fo r m  l o we r  l i m i t m i x tu r e s  th an  d o  th e  paraffns  an d  m an y
o th e r  h yd r o c a r b o n s .  ( 1 3 )

F. 2 . 4 . 3    B as e d  o n  we i g h t,  th e  l o we r  l i m i ts  o f th e  paraffns
c o r r e s p o n d  to  ab o u t 4 5  m g ( 0 . 0 0 1 5 8  o z )  o f c o m b u s ti b l e  p e r

l i te r  o f ai r.  T h e  u p p e r  l i m i ts  fo r  th e  c o m b u s ti b l e s  var y o ve r  a
gr e a te r  r a n ge  o f fu e l  c o n c e n tr ati o n s .  F o r  th e  paraffnic  h yd r o ‐
c a r b o n s ,  th e  val u e s  i n  a i r  ar e  e q u a l  to  o r  l e s s  th an  1 5  p e r c e n t.

T h e  va l u e s  ar e  as  h i g h  as  1 0 0  p e r c e n t fo r  m a te r i al s  s u c h  a s
ac e tyl e n e  an d  e th yl e n e  o x i d e .  T h at i s ,  th e i r  vap o r s  c an  d e c o m ‐
p o s e  e x o th e r m a l l y an d  p r o p ag ate  fame  i n  th e  a b s e n c e  o f a i r  o r
o x yge n .

F. 2 . 4 . 4    Al th o u gh  m o s t l o we r  l i m i ts  i n  o x yge n  d o  n o t d i ffe r
gr e a tl y fr o m  th o s e  i n  ai r,  th e  u p p e r  l i m i ts  ar e  u s u a l l y m u c h

h i gh e r  i n  o x yge n  an d  te n d  to  b e  a b o ve  5 0  p e r c e n t fo r  m a n y
m a te r i al s .  F u r th e r m o r e ,  s o m e  c o m b u s ti b l e s ,  s u c h  a s  th e
“ h al o n ”  ag e n ts  ( b r o m o c h l o r o m e th an e  an d  dibromodifuoro‐
methane) ,  a r e  fammable  i n  o x yg e n  o ve r  a  wi d e  r an g e  o f fu e l

c o m p o s i ti o n s ,  wh e r e a s  th e y d o  n o t ap p e ar  to  b e  fammable  i n
ai r.  O f th e  h a l o ge n a te d  s o l ve n ts ,  tr i c h l o r o e th yl e n e  d i s p l ays  th e

wi d e s t r a n ge  o f fammability i n  ai r  an d  o x yg e n ,  a l th o u gh  e l e va‐
te d  te m p e r a tu r e s  a r e  n e c e s s ar y.

F. 2 . 4 . 5    O r d i n ar i l y,  th e  r an g e  o f fammable  m i x tu r e s  i n c r e a s e s
wi th  a  m o d e r a te  i n c r e as e  i n  p r e s s u r e  o r  te m p e r atu r e .  I n  p a r ti c ‐
u l a r,  th e  u p p e r  l i m i ts  i n c r e a s e ,  b u t th e  i n c r e a s e  i s  n o t al ways

n o ti c e ab l e  wh e r e  th e  fu e l  va p o r  p r e s s u r e  i s  n o t a l i m i ti n g
fa c to r.  T h e  l o we r  l i m i ts  a r e  l e a s t affe c te d  b y c h an g e s  i n  p r e s ‐
s u r e  o r  te m p e r atu r e  o r  b y th e  a d d i ti o n  o f d i l u e n ts .

F. 2 . 4 . 6    D i l u e n ts  o r  i n e r ti n g ag e n ts  ar e  fr e q u e n tl y u s e d  i n
e x p l o s i o n -p r e ve n ti ve  m e a s u r e s .  N i tr o g e n  i s  a m o r e  e ffe c ti ve

d i l u e n t th an  h e l i u m  b u t n o t a s  e ffe c ti ve  a s  c ar b o n  d i o x i d e  [see
Figure F. 2. 4. 6(a)] o r  wate r  vap o r.  F i g u r e  F. 2 . 4 . 6 ( a)  an d  F i gu r e
F. 2 . 4 . 6 ( b )  s h o w th e  c o m p l e te  r a n ge  o f fammable  m i x tu r e

c o m p o s i ti o n s  th at m i gh t b e  e x p e c te d  wi th  a  h yd r o c ar b o n  fu e l ,
s u c h  as  c yc l o p r o p an e  i n  a i r  o r  o x yg e n ,  an d  var i o u s  d i l u e n ts  at
atm o s p h e r i c  p r e s s u r e .  T h e  m i n i m u m  o x yg e n  p e r c e n tag e  b e l o w

wh i c h  m o s t h yd r o c a r b o n  m i x tu r e s  ar e  n o t fammable  i s  a b o u t
1 4  p e r c e n t wi th  C O 2  d i l u e n t an d  1 0  p e r c e n t to  1 2  p e r c e n t wi th

N 2  d i l u e n t.  T h e  c o r r e s p o n d i n g  val u e s  fo r  h yd r o ge n  an d  c a r b o n
m o n o x i d e  ar e  6  p e r c e n t an d  5  p e r c e n t to  5 . 5  p e r c e n t,  r e s p e c ‐

ti ve l y.  I n  ge n e r a l ,  m o s t c o m b u s ti b l e  l i q u i d s  an d  g as e s  c an  b e
e x p e c te d  to  fo r m  fammable  m i x tu r e s  o ve r  a  wi d e  r a n ge  o f

o x yge n  o r  o x yge n -d i l u e n t c o n c e n tr a ti o n s .
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FI G U RE  F. 2 . 4 . 6 ( a)   L i m i ts  o f Fl am m ab i l i ty o f C yc l o p ro p an e -
C arb o n  D i o x i d e - Ai r,  C yc l o p ro p an e - N i tro ge n - Ai r,  an d
C yc l o p ro p an e - H e l i u m - Ai r M i x ture s  at 2 5 ° C  ( 8 6 ° F)  an d
Atm o s p h e ri c  P re s s u re .  ( 6 )  ( C s t =  s to i c h i o m e tri c  c o m p o s i ti o n  =
line-defning am o u n t o f c o m b us ti b l e  vap o r re q u i re d  fo r
c o m p l e te  c o m b u s ti o n . )

1 0 0

5 0

C
y

c
lo

p
ro

p
a

n
e

 (
vo

lu
m

e
-p

e
rc

e
n

t)

4 0 6 02 00

H e l i u m  o r  n i t r o u s  o x i d e  ( vo l u m e - p e r c e n t )

6 0

0

F l a m m a b l e   
m i x t u r e s

C s t  ( i n  O 2  +  N 2 O )

N 2 O

H e

4 0

3 0

2 0

1 0

8 0

C s t  ( i n  O 2 )
N 2 O

%  o x y g e n  =  1 0 0 %  -  %  c y c l o p r o p a n e       

                                      -  ( %  H e  o r  N 2 O )

FI G U RE  F. 2 . 4 . 6 ( b )   L i m i ts  o f Fl am m ab i l i ty o f C yc l o p ro p an e -
H e l i u m - O x yge n  an d  C yc l o p ro p an e - N i tro u s  O x i d e - O x yge n
M i x tu re s  at 2 5 ° C  ( 8 6 ° F)  an d  Atm o s p h e ri c  P re s s u re .  ( 6 )  ( C s t =
s to i c h i o m e tri c  c o m p o s i ti o n  =  line-defning am o u n t o f
c o m b u s ti b l e  vap o r re q u i re d  fo r c o m p l e te  c o m b u s ti o n . )

F. 2 . 5  L i m i ts  o f Fl am m ab i l i ty — M e tal s .    F l a m m a b i l i ty l i m i ts ,  a s
s u c h ,  d o  n o t e x i s t fo r  m o s t s tr u c tu r al  m e ta l  al l o ys ,  b e c au s e  th e y
b u r n  i n  th e  l i q u i d  p h as e  r a th e r  th an  th e  vap o r  p h a s e .  H o we ve r,

two  m e as u r e s  o f th e  r e l a ti ve  fammability o f m e tal s  e x i s t th at
a r e  o f p r ac ti c al  val u e .  T h e  m e a s u r e s  ar e  th e  m i n i m u m  o x yg e n
p r e s s u r e  r e q u i r e d  to  s u p p o r t c o m b u s ti o n  o f a s ta n d ar d  s a m p l e

( th r e s h o l d  p r e s s u r e )  a n d  th e  m i n i m u m  o x yg e n  c o n c e n tr a ti o n
r e q u i r e d  to  s u p p o r t c o m b u s ti o n  o f a  s tan d a r d  s am p l e  a t a g i ve n
p r e s s u r e  ( o x yge n  i n d e x ) .  D ata o n  th e  th r e s h o l d  p r e s s u r e s  an d

o x yge n  i n d i c e s  o f m e ta l s  an d  a l l o ys  a r e  p r o vi d e d  i n  F. 3 . 4 .

F. 3  C o m b us ti b l e  S o l i d s .

F. 3 . 1  G e n e ral .    T h e  c o m b u s ti b i l i ty d ata o b ta i n e d  b y d i ffe r e n t
r e s e a r c h e r s  u n d e r  var i o u s  c o n d i ti o n s  o f te s ts  m ake  d i r e c t

c o m p a r i s o n  a n d  i n te r p r e tati o n  o f th e  r e s u l ts  diffcult.  Ve r y
l i ttl e ,  i f an y,  a va i l ab l e  d ata s e e m  to  e x i s t o n  l a r ge - s c a l e  te s ts  o f

m a te r i al s  u n d e r  s i m u l a te d  O E A c o n d i ti o n s .  F o r  an y specifc
m a te r i al ,  i g n i ti o n  an d  fammability d ata a r e  d e p e n d e n t o n  s u c h
fa c to r s  a s  th e  fo l l o wi n g :

( 1 ) S p e c i m e n :  S i z e ,  s h ap e ,  d e n s i ty,  c o l o r,  an d  s u r fa c e  tr e a t‐
m e n t

( 2 ) I g n i ti o n  s o u r c e :  H e at fux  r a te  p l u s  ti m e
( 3 ) P o s i ti o n  o f th e  s p e c i m e n  wi th  r e fe r e n c e  to  th e  i gn i ti o n

s o u r c e  an d  d i r e c ti o n  o f th e  g r avi tati o n a l  o r  c o n ve c ti ve
feld

( 4 ) S u r r o u n d i n g s :  S i z e  o f e n c l o s u r e  a n d  am b i e n t te m p e r a‐
tu r e

( 5 ) Ve n ti n g:  E x te r n al  airfow
( 6 ) I n e r ti n g :  O x yg e n  defciency a n d  c ar b o n  d i o x i d e  b u i l d u p

F. 3 . 2  I gn i ti o n  Te m p e ratu re  an d  E n e rgy.

F. 3 . 2 . 1    O r g an i c  s o l i d  m ate r i a l s  i n  th e  fo r m  o f fnely d i s p e r s e d
d u s t c l o u d s  ar e  e x tr e m e l y s u s c e p ti b l e  to  c o m b u s ti o n  wh e n
h e a te d  to  te m p e r atu r e s  o f g e n e r al l y l e s s  th an  5 3 8 ° C  ( 1 0 0 0 ° F )

an d  wh e r e  s p ar k i gn i ti o n  e n e r gi e s  ar e  l e s s  th an  0 . 1  J  ( 9 . 5  ×  1 0 − 5

B tu ) .  T h e  d e gr e e  o f th i s  typ e  o f fre  h a z a r d  h as  b e e n  e x p r e s s e d
c o n ve n i e n tl y i n  th e  l i te r atu r e  as  a n  e x p l o s i b i l i ty i n d e x  wi th  a
ra n ge  o f 0  to  1 0 + .  Ac c o r d i n g  to  th i s  s c al e ,  vi n yl s  a n d  fuorocar‐
bons  a r e  o u ts tan d i n g,  wi th  a n  i n d e x  o f l e s s  th a n  0 . 1 0 ,  wh i c h
ag r e e s  wi th  o th e r  fammability d ata ( 1 7 )  o n  th e s e  m ate r i a l s .

T h e  i n d e x  o f e x p l o s i b i l i ty i s  th e  p r o d u c t o f th e  i gn i ti o n
s e n s i ti vi ty an d  th e  e x p l o s i o n  s e ve r i ty.  T h e  i n d i c e s  a r e  d i m e n ‐
s i o n l e s s  q u a n ti ti e s  an d  h a ve  a n u m e r i c al  val u e  o f 1  fo r  a  d u s t
e q u i val e n t to  th e  s tan d ar d  P i tts b u r g h  C o al  D u s t.  An  e x p l o s i b i l ‐
i ty i n d e x  g r e ate r  th a n  1  i n d i c ate s  a  h az ar d  g r e ate r  th a n  th a t fo r
c o a l  d u s t.  T h e  i g n i ti o n  s e n s i ti vi ty i s  th e  p r o d u c t o f th e  i gn i ti o n
te m p e r a tu r e  m u l ti p l i e d  b y m i n i m u m  e n e r gy,  m u l ti p l i e d  b y
m i n i m u m  c o n c e n tr ati o n  o f P i tts b u r gh  C o al  D u s t,  d i vi d e d  b y
th e  p r o d u c t o f i gn i ti o n  te m p e r atu r e ,  m u l ti p l i e d  b y m i n i m u m
e n e r g y,  m u l ti p l i e d  b y m i n i m u m  c o n c e n tr ati o n  o f th e  s a m p l e
d u s t u n d e r  c o n s i d e r ati o n .  T h e  e x p l o s i o n  s e ve r i ty i s  th e  p r o d u c t
o f m ax i m u m  e x p l o s i o n  p r e s s u r e  m u l ti p l i e d  b y m ax i m u m  r ate
o f p r e s s u r e  r i s e  o f th e  s am p l e  d u s t u n d e r  c o n s i d e r a ti o n ,  d i vi ‐
d e d  b y th e  p r o d u c t o f m ax i m u m  e x p l o s i o n  p r e s s u r e ,  m u l ti p l i e d
b y m a x i m u m  r ate  o f p r e s s u r e  r i s e  o f P i tts b u r g h  C o al  D u s t.  ( 1 7 )

Δ F. 3 . 2 . 2    S i n gl e  fbers  o f o r g an i c  m ate r i al ,  s u c h  as  th o s e  o f l i n t,
c o tto n  tu fts ,  a n d  fuffy fa b r i c s ,  ar e  e s p e c i al l y vu l n e r a b l e  to  a
l o c al i z e d  h e at s o u r c e  s u c h  as  an  e l e c tr i c a l  d i s c h ar g e .  S i n gl e
c o tto n  fbers  c an  b e  i g n i te d  b y a 0 . 0 2  J  ( 1 . 9  ×  1 0 − 5  B tu )  s ta ti c
s p ar k i n  1 0 0  p e r c e n t o x yge n  b u t n o t i n  6 4  p e r c e n t o x yg e n  i n

ai r.  F i b e r s  c o n tam i n a te d  wi th  g r e as y s u b s ta n c e s  c an  b e  i gn i te d
b y m u c h  we ake r  s p ar ks .  ( 1 8 )



M AT E RI AL S ,  E QU I P M E N T,  AN D  S YS T E M S  U S E D  I N  O X YG E N -E N RI C H E D  AT M O S P H E RE S53-44

2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

Δ F.3.2.3    Te x ti l e  fab r i c s ,  s u c h  as  th o s e  u s e d  i n  c l o th i n g ,  c a n  b e
i g n i te d  an d  b u r n e d  b y h i g h -e n e r gy r e p e ti ti ve  e l e c tr i c al  s p ar ks .

F o r  e x a m p l e ,  b o th  c o tto n  a n d  wo o l  h ave  b e e n  i g n i te d  wi th  a
s p ar k e n e r g y a s  l o w as  2 . 3  J  ( 2 . 2  ×  1 0 -3  B tu )  i n  1 0 0  p e r c e n t

o x yge n  a t a tm o s p h e r i c  p r e s s u r e ,  wh e r e as ,  i n  n o r m al  a i r,  a s p ar k
e n e rg y as  h i gh  as  1 9 3  J  ( 0 . 2  B tu )  was  r e q u i r e d .  S i l k a n d  p o l y‐
e s te r  fab r i c s  ar e  m o r e  diffcult to  i gn i te  th an  c o tto n  o r  wo o l .

O i l y fa b r i c s  ar e  h i g h l y fammable  a n d  c a n  b e  i g n i te d  wi th  a
s p ar k e n e r g y as  s m al l  as  1 / 1 0 , 0 0 0  o f th at fo r  a c l e an  s am p l e .
( 1 9 )

Δ F.3.2.4    F r i c ti o n al  s p ar ks  i n  1 0 0  p e r c e n t o x yg e n  c an  b e  m u c h
m o r e  i n c e n d i ve  th an  i n  ai r.  F o r  e x a m p l e ,  a g r i n d i n g  wh e e l  i n

c o n tac t wi th  m e tal  th at p r o d u c e s  l o w-e n e r g y s p a r ks  i n c a p ab l e
o f i gn i ti n g fu e l  vap o r s  n o r m a l l y r e q u i r i n g o n l y 0 . 0 0 0 3  J  ( 2 . 8  ×

1 0 − 7  B tu )  s p a r k e n e r g y i n  ai r  wi l l  i gn i te  te x ti l e  fab r i c s  i n  1 0 0
p e r c e n t o x yge n  d u e  to  i n c r e a s e d  r e ac ti vi ty o f th e  ab r as i ve  p ar ti ‐

c l e s  i n  o x yge n .  C o tto n  an d  wo o l  fab r i c s  c an  al s o  b e  i g n i te d  b y a
s p ark fr o m  th e  i m p ac t o f a h a r d e n e d  s te e l  to o l  ag ai n s t a r u s ty

s te e l  p l ate .

F.3.2.5    C o m b u s ti b l e  m a te r i al s ,  wh e n  h e ate d ,  c an  s e l f-i g n i te  a t
r e l ati ve l y l o w te m p e r a tu r e s  th at a p p r o a c h  th e  S I T  o r  AI T
o b tai n e d  u n d e r  i d e al  te s t c o n d i ti o n s .  L i m i te d  d ata an d  th e o r y

i n d i c a te  th a t th e  S I T  fo r  typ i c al  m ate r i al s ,  s u c h  a s  p o l ye th yl e n e
an d  p o l yvi n yl  c h l o r i d e ,  d e c r e as e  l i n e ar l y wi th  a n  i n c r e a s e  i n
p ar ti a l  p r e s s u r e  o f th e  o x yg e n .  A d e c r e as e  o f ab o u t 9 3 ° C

( 2 0 0 ° F )  i n  S I T  i s  i n d i c ate d  fo r  th e s e  m ate r i al s  wi th  a n  i n c r e a s e
i n  o x yg e n  p a r ti al  p r e s s u r e  fr o m  1 5 5  m m  [ 2 1  kP a ( a b s o l u te
p r e s s u r e  o f 3 . 0  p s i ) ]  to  7 6 0  m m  [ 1 0 1  kP a ( ab s o l u te  p r e s s u r e  o f

1 4 . 7  p s i )  ( 1  atm ) ] .  Te m p e r atu r e s  m u c h  h i g h e r  th an  th o s e  fo r
S I T  ar e  i n d i c ate d  to  c a u s e  h o t s u r fa c e s  to  i g n i te  m a te r i al s  b y
d i r e c t c o n tac t.  F o r  e x am p l e ,  p o l yvi n yl  c h l o r i d e  wi l l  n o t i g n i te

wh e n  e x p o s e d  to  a  s u r fa c e  te m p e r a tu r e  o f 6 4 9 ° C  ( 1 2 0 0 ° F )  i n
ai r.  H o we ve r,  i n  1 0 0  p e r c e n t o x yg e n  at 1 0 1 . 3  kP a  ( 1  atm ) ,  th i s
m a te r i al  wi l l  i g n i te  a t a b o u t 3 9 3 ° C  ( 7 4 0 ° F ) .  ( 2 0 )

O th e r  te s t r e s u l ts  s h o w th at,  fo r  c o tto n  s h e e ti n g ,  th e  m i n i ‐
m u m  h o t p l ate  te m p e r atu r e  fo r  i g n i ti o n  d e c r e as e s  fr o m  4 6 5 ° C

( 8 6 9 ° F )  i n  n o r m al  ai r  to  3 6 0 ° C  ( 6 8 0 ° F )  i n  1 0 0  p e r c e n t o x yg e n
a t 1 0 1 . 3  kP a ( 1  atm ) .  F o r  th i s  s a m e  m ate r i a l ,  d e c r e a s e  i n  th e
te m p e r a tu r e  wi th  i n c r e a s e  i n  th e  ai r  p r e s s u r e  fr o m  1 0 1 . 3  kP a  to
6 0 8  kP a  ( 1  a tm  to  6  a tm )  i s  a b o u t e q u al  to  th a t specifed  fo r
1 0 0  p e r c e n t o x yge n .  N o  i g n i ti o n  fo r  N o m e x ®  was  o b ta i n e d
u n d e r  s i m i l a r  te s t c o n d i ti o n s  i n  n o r m al  ai r.  H o we ve r,  i gn i ti o n
d o e s  o c c u r  at 5 2 0 ° C  ( 9 6 8 ° F )  i n  1 0 0  p e r c e n t o x yge n  a t 1 0 1 . 3

kP a ( 1  atm )  an d  a t 5 6 0 ° C  ( 1 0 4 0 ° F )  i n  ai r  at 6 0 8  kP a ( 6  atm ) .
( 2 1 )

F.3.2.6    Al l  m e ta l s ,  wi th  th e  p o s s i b l e  e x c e p ti o n  o f th e  n o b l e
m e tal s  ( g o l d  an d  p l ati n u m ) ,  c an  b e  e x p e c te d  to  i g n i te  i n
o x yg e n  at s o m e  e l e vate d  te m p e r atu r e  an d  p re s s u r e .  M e tal s

m o s t l i ab l e  to  i g n i ti o n  h a z a r d s  ar e  th o s e  confgured  wi th  h i g h
s u r fac e -to - vo l u m e  r ati o s  s u c h  as  d u s ts ,  th i n  s h e e ts ,  wi r e s ,  an d
wi r e  m e s h e s .  Wh e n  th e  b u l ki e r  s tr u c tu r al  e l e m e n ts  o f s ys te m s

c o n tai n i n g  p r e s s u r i z e d  o x yg e n  i g n i te  a n d  b u r n ,  th e  r e s u l ts  a r e
o fte n  c atas tr o p h i c ,  d u e  to  th e  e x p l o s i o n l i ke  r e l e as e  o f h i gh -
p r e s s u r e  g as e s  an d  e j e c ti o n  o f b u r n i n g d e b r i s .  I gn i ti o n  m e c h a‐

n i s m s  i n c l u d e  m e c h a n i c al  i m p a c t,  p a r ti c l e  i m p ac t,  fr i c ti o n ,
e l e c tr i c a l  a r c  a n d  s p a r k,  r e s o n a n c e ,  r u p tu r e ,  e x p o s u r e  o f fr e s h
m e tal  s u r fa c e s ,  an d  p r o m o te d  i g n i ti o n .  T h e  m o s t i g n i ti b l e

c o m m o n  m e tal s  a r e  ti ta n i u m ,  m ag n e s i u m ,  an d  l i th i u m ;  th e
l e as t i gn i ti b l e  ar e  n i c ke l ,  c o p p e r,  an d  c o b al t.  I n c r e a s e  i n
o x yg e n  p r e s s u r e  an d  c o n te n t p r o m o te s  th e  i g n i ti o n  o f m e ta l s  at
l o we r  te m p e r a tu r e s .  ( 2 2 )

F.3.2.6.1    I g n i ti o n  o f m e tal s  b y fr i c ti o n al  h e a t i s  a  c o m m o n l y
r e c o g n i z e d  h az ar d  i n  r o ta ti n g m ac h i n e r y fo r  o x yg e n  s e r vi c e .

( 2 3 –2 6 )  F r i c ti o n a l  i gn i ti o n  i s  c o n tr o l l e d  b y two  fac to r s :  th e
r e s i s tan c e  o f th e  m ate r i a l  to  i gn i ti o n  an d  c o m b u s ti o n  d u e  to  i ts
c h e m i c a l  c o m p o s i ti o n  ( c h e m i c al  ki n e ti c s )  an d  th e  ab i l i ty o f th e

m a te r i al  to  ge n e r a te  h e a t b y fr i c ti o n .  T h e  c o m b i n e d  e ffe c t o f
th e s e  fac to r s  i s  refected  i n  th e  p r o d u c t o f th e  c o n ta c t p r e s s u r e
[ P  =  te s t s p e c i m e n  c o n tac t p r e s s u r e  at i gn i ti o n  ( l o ad i n g fo r c e

d i vi d e d  b y i n i ti al  c o n tac t ar e a ) ]  a n d  th e  ve l o c i ty (v =  r e l ati ve
ve l o c i ty b e twe e n  th e  r u b b i n g c o m p o n e n ts )  r e q u i r e d  fo r  th e
i gn i ti o n  o f m e tal l i c  te s t s p e c i m e n s  te s te d  i n  s ta n d a r d  confgura‐
tion  an d  c o n d i ti o n s .  Ta b l e  F. 3 . 2 . 6 . 1  s h o ws  th e  Pv p r o d u c t
r e q u i r e d  fo r  i g n i ti o n  o f 2 . 5  c m  ( 1  i n . )  d i am e te r  ×  0 . 2 5  c m
( 0 . 1  i n . )  wal l  ×  2  c m  ( 0 . 8  i n . )  l o n g s p e c i m e n s  r o ta te d  a x i al l y

wi th  e n d  r u b b i n g  i n  s tag n an t 6 . 9  M P a ( 1 0 0 0  p s i a )  o x yge n .  Te s ts
we r e  c o n d u c te d  b y ke e p i n g  v c o n s tan t a t 2 2  m / s e c  ( 7 2 . 4  ft/
s e c )  a n d  i n c r e as i n g P  a t a  r ate  o f 3 5  N / s e c  ( 7 . 5  l b f/ s e c )  u n ti l

i g n i ti o n .

F.3.2.6.1 .1    Wh e n  fr i c ti o n al  i gn i ti o n  te s t s p e c i m e n s  m ad e  fr o m
d i ffe r e n t m e ta l s  a r e  r u b b e d  to ge th e r,  th e  m e tal  th at i s  l e as t

r e s i s tan t to  i gn i ti o n  b y fr i c ti o n  te n d s  to  c o n tr o l  th e  i gn i ti o n
th r e s h o l d .  ( 2 8 )  F o r  e x am p l e ,  wh e n  M o n e l ®  4 0 0  a n d  3 1 6  s tai n ‐
l e s s  s te e l  ar e  r u b b e d  to g e th e r,  th e  p a i r  i g n i te s  wi th i n  th e  r a n ge
o f th e  Pv p r o d u c ts  r e q u i r e d  to  i gn i te  th e  s ta i n l e s s  s te e l ,  th e r e b y
d e gr a d i n g th e  p e r fo r m a n c e  o f th e  M o n e l  4 0 0 .  ( 2 9 )

F.3.2.6.1 .2    F i g u r e  F. 3 . 2 . 6 . 1 . 2  p r o vi d e s  th e  Pv p r o d u c ts  r e q u i r e d
fo r  th e  fr i c ti o n al  i gn i ti o n  o f th r e e  a l l o ys  as  a fu n c ti o n  o f o x yge n

p r e s s u r e .  I n  th e  c a s e  o f c ar b o n  s te e l  1 0 1 5  an d  3 1 6  s tai n l e s s
s te e l ,  th e r e  e x i s ts  a p r e s s u r e  wh e r e  i n c r e as i n g o r  d e c r e a s i n g
p r e s s u r e  p r o d u c e s  i n c r e as e s  i n  th e  Pv p r o d u c ts  r e q u i r e d  fo r
i gn i ti o n .  At th e  p r e s s u r e  wh e r e  th e  m i n i m u m  Pv p r o d u c t

o c c u r s ,  i t i s  b e l i e ve d  th at th e  h e at r a te  p r o d u c e d  b y th e  o x i d a‐
ti o n  p r o c e s s  i s  e q u a l  to  th e  h e a t l o s s  r ate .  T h e  i gn i ti o n  p r o c e s s

a t p r e s s u r e s  l o we r  th an  th i s  m i n i m u m  ar e  d o m i n a te d  b y o x i d a‐
ti o n  ki n e ti c s ,  wh e r e as ,  a t p r e s s u r e s  ab o ve  th i s  m i n i m u m ,  th e
i g n i ti o n  p r o c e s s  i s  d o m i n ate d  b y h e a t l o s s  fr o m  th e  m ate r i al .

( 2 6 )

F.3.2.6.2    T h e  i m p a c t o f h i g h -ve l o c i ty p ar ti c l e s  o n  s u r fa c e s  h a s
b e e n  s u s p e c te d  fo r  m an y ye a r s  to  b e  th e  c a u s e  o f fres  i n  O E As .

( 3 0 –3 3 )  P r e s s u r e ;  te m p e r a tu r e ;  p a r ti c l e  s i z e ,  q u a n ti ty,  an d  typ e ;
ta r ge t m a te r i al  a n d  confguration;  a n d  o x yg e n  c o n c e n tr a ti o n

a l l  affe c t th e  l i ke l i h o o d  o f p a r ti c l e  i m p ac t i g n i ti o n .  Ge n e r a l l y,
th e  l i ke l i h o o d  o f p ar ti c l e  i m p ac t i gn i ti o n  i n c r e a s e s  wi th  i n c r e a s ‐
i n g  p ar ti c l e  ve l o c i ty,  ta r ge t te m p e r atu r e ,  an d  o x yg e n  c o n c e n tr a‐
ti o n .  T h e  i g n i ti o n / n o  i gn i ti o n  r e s p o n s e  o f fve  s tr u c tu r a l  a l l o ys

s u b j e c te d  to  s u p e r s o n i c  i m p ac t o f s i n gl e  2 0 0 0  μ m  ( 0 . 0 8  i n . )
d i a m e te r  a l u m i n u m  p a r ti c l e s  i n  2 7  M P a ( ab s o l u te  p re s s u r e  o f
3 9 0 0  p s i )  o x yg e n  i s  s h o wn  i n  F i g u r e  F. 3 . 2 . 6 . 2 .  ( 2 3 )

F.3.2.7    C o m p a r e d  wi th  m e ta l s ,  o r ga n i c  m ate r i a l s  i gn i te  an d
b u r n  at r e l ati ve l y l o w te m p e r atu r e s  an d  e n e r g y i n p u ts .  O r g an ‐

i c s  i n c l u d e  th e  vas t n u m b e r  an d  c o m b i n a ti o n s  o f s yn th e ti c  p l as ‐
ti c s ,  wo o d  an d  p ap e r  p r o d u c ts ,  r e s i n s ,  an d  n atu r a l  an d
s yn th e ti c  fbers.  T h e s e  m ate r i a l s ,  u n l i ke  m e ta l s ,  a r e  c h a r ac te r ‐

i z e d  b y th e  o c c u r r e n c e  o f th e r m al  d e gr a d ati o n  p r i o r  to  i g n i ‐
ti o n ,  wh e r e b y c o m b u s ti b l e  g as e s  ar e  ge n e r a te d .  T h i s  th e r m al
d e g r ad a ti o n  o c c u r s  wi th  th e  m o r e  c o n ve n ti o n al  p l as ti c s  wi th i n

a  n a r r o w r a n ge  o f 2 0 4 ° C  to  3 1 6 ° C  ( 4 0 0 ° F  to  6 0 0 ° F )  c o r r e ‐
s p o n d i n g  to  th e  fash  p o i n t te m p e r a tu r e  fo r  AS T M  D 1 9 2 9 .  O f
s p e c i al  i n te r e s t o n  th e  s u b j e c t o f i g n i ti b i l i ty a r e  th e  r e c e n t

d e ve l o p m e n ts  i n  h e at-r e s i s ta n t p o l ym e r s ,  wh i c h  s h o w p r o m i s e
o f e x te n d i n g th e  m ax i m u m  o p e r ati n g  s a fe  te m p e r atu r e  r an g e
o f p l as ti c s  to  5 3 8 ° C  ( 1 0 0 0 ° F ) .  ( 3 4 )



AN N E X  F 5 3 - 4 5

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

Δ Tab l e  F. 3 . 2 . 6 . 1  Fri c ti o n  I gn i ti o n  Te s t D ata fo r S i m i l ar P ai rs  o f
Te s t S p e c i m e n s  ( 2 3 ,  2 6 –2 8 )

 Pv P ro d u c t at I gn i ti o n

Te s t M ate ri al s W/ m 2  ×  ×  1 0 - 8

l b f/ i n . 2  ×  ft/ m i n

×  1 0 - 6

I n c o n e l  M A 7 5 4 3 . 9 6 -4 . 1 2 * 1 1 . 3 0 - 1 1 . 7 5 2 7

I n c o n e l  M A 7 5 8 2 . 6 4 -3 . 4 2 7 . 5 3 - 9 . 7 6
N i c ke l  2 0 0 2 . 2 9 -3 . 3 9 6 . 5 0 - 9 . 6 6 2 6

I n c o n e l  6 0 0 2 . 0 0 -2 . 9 1 5 . 7 0 - 8 . 3 0 2 6

I n c o n e l  6 2 5 1 . 6 3 -1 . 7 3 4 . 6 5 -4 . 9 4
M o n e l ®  4 0 0 1 . 4 4 -1 . 5 6 4 . 1 2 - 4 . 4 6 2 6

M o n e l ®  K-5 0 0 1 . 3 7 -1 . 6 4 3 . 9 1 - 4 . 6 8 2 6

I n c o n e l  7 1 8 1 . 1 0 -1 . 1 9 3 . 1 3 - 3 . 3 7 2 7

1 7 -4  P H  ( H  9 0 0 ) 1 . 0 0 -1 . 2 1 2 . 8 7 - 3 . 4 5 2 8

3 0 4  S ta i n l e s s  s te e l 0 . 8 5 -1 . 2 0 2 . 3 3 - 3 . 4 1 2 7

B r as s  C D A 3 6 0 0 . 7 0 -1 . 1 9 1 . 9 8 - 3 . 4 1 2 6

1 7 -4  P H  ( C o n d .  A) 0 . 6 1 -1 . 0 5 1 . 7 5 - 2 . 9 9 2 8

3 1 6  S ta i n l e s s  s te e l 0 . 5 3 -0 . 8 6 1 . 5 0 - 2 . 5 0 2 6

Al u m i n u m  6 0 6 1 -T 6 0 . 0 6 1 0 . 1 8 2 6

T i -6 Al -4 V 0 . 0 0 3 5 0 . 0 1 2 6

F o r  S I  c u s to m a r y u n i ts ,  1  l b f/ i n . 2  =  6 . 8 9 4  k P a ,  1  ft/ m i n  =  0 . 3  m / m i n .
N o te :  T h e  s o u r c e  o f a l l  u n a n n o tate d  d ata i s  p r e vi o u s l y u n p u b l i s h e d
fr i c ti o n a l  h e a ti n g  te s ts  p e r fo r m e d  a t N AS A Wh i te  S a n d s  Te s t F a c i l i ty.
* T h i s  m a te r i a l  d i d  n o t i g n i te  a t th e s e  Pv p r o d u c ts .

M o n e l ® 4 0 0

S t a i n l e s s  s t e e l  3 1 6

S t a i n l e s s  s t e e l  3 1 6
( n o  i g n i t i o n )

C a r b o n  s t e e l  1 0 1 5

C a r b o n  s t e e l  1 0 1 5
( n o  i g n i t i o n )

2 . 2

2 . 0

1 . 8

1 . 6

1 . 4

1 . 2

1 . 0

0 . 8

0 . 6

0 . 4

0 . 2

0 . 0
0 . 0 1 0 . 1 1 . 0 1 0 1 0 0

P r e s s u re  ( M P a )

P
v

 p
ro

d
u

c
t 

(k
w

 ×
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−
2

 ×
 1

0
−

5
)

N o t e :  F o r  S I  c u s t o m a r y  u n i t s ,  9 . 9  a t m  =  1  M P a .

Δ FI G U RE  F. 3 . 2 . 6 . 1 . 2   E ffe c t o f O x yge n  P re s s ure  o n  th e  Pv

P ro d uc ts  Re q u i re d  fo r th e  Fri c ti o n al  I gn i ti o n  o f M o n e l ®  4 0 0 ,
3 1 6  S tai n l e s s  S te e l ,  an d  C arb o n  S te e l  1 0 1 5 .  ( 2 6 )

F. 3 . 2 . 8    An  i n c r e a s e  i n  th e  o x yge n  c o n c e n tr ati o n  o f th e  atm o s ‐
p h e r e  a t c o n s ta n t p r e s s u r e  o r  a n  i n c r e a s e  i n  th e  to tal  p r e s s u r e

a t c o n s ta n t c o m p o s i ti o n  ( i n c r e as e d  p a r ti al  p r e s s u r e  o f o x yge n )
r e s u l ts  i n  a  signifcant l o we r i n g o f th e  i g n i ti o n  te m p e r atu r e  a s
s h o wn  b y th e  d a ta  i n  Ta b l e  F. 3 . 2 . 8 .  ( 2 1 )

F i r e -r e tar d an t tr e atm e n ts  c o m m o n l y a p p l i e d  to  fa b r i c s  fo r
u s e  i n  a n o r m al  atm o s p h e r e  d o  n o t p r e ve n t i g n i ti o n  i n  O E A

an d  m i g h t e ve n  l o we r  th e  i gn i ti o n  te m p e r a tu r e .

F. 3 . 2 . 9    E x p e r i m e n ts  i n  wh i c h  s am p l e s  o f p o l ye th yl e n e  an d
p o l yvi n yl  c h l o r i d e  we r e  h e ate d  i n  a n  o x yge n  atm o s p h e r e  i n  a

fu r n a c e  at a  te m p e r atu r e  s l i g h tl y b e l o w th e  s ta n d a r d  i gn i ti o n
te m p e r a tu r e  r e s u l te d  i n  i g n i ti o n  afte r  d e l ays  o f an  h o u r  o r

m o r e .  T h e  te m p e r a tu r e  o f th e  s am p l e  wa s  o b s e r ve d  to  r i s e  a s
m u c h  a s  3 8 ° C  ( 1 0 0 ° F )  ab o ve  th e  fu r n ac e  te m p e r a tu r e  j u s t p r i o r
to  i g n i ti o n ,  i n d i c a ti n g th e  o c c u r r e n c e  o f a n  o x i d ati o n  r e a c ti o n
taki n g  p l ac e  i n  th e  s o l i d  s a m p l e .  ( 2 0 )  T h e  s l o w o x i d ati o n  o f

o r g an i c  m ate r i a l s  s u b j e c te d  to  s l i gh tl y e l e va te d  te m p e r a tu r e s  i n
a n  O E A c an  b e  an  e a s i l y o ve r l o o ke d  s o u r c e  o f i g n i ti o n  i n  s u c h
s ys te m s .

F. 3 . 2 . 1 0    T h e  i g n i ti b i l i ty o f n o n m e tal l i c  m ate r i a l s  i s  al s o  affe c ‐
te d  b y th e  th e r m a l  c o n d u c ti vi ty o f th e  d i l u e n t g as  u s e d  wi th

o x yge n .  An  ap p r e c i ab l e  i n c r e as e  i n  e n e r g y i n p u t i s  r e q u i r e d  fo r
i gn i ti o n  wh e r e  n i tr o g e n  i s  r e p l ac e d  wi th  h e l i u m .  T h i s  i n c r e a s e
c a n  b e  o f s o m e  beneft i n  r e d u c i n g th e  p o s s i b i l i ty o f i gn i ti o n

fr o m  e l e c tr i c al l y o ve rh e a te d  wi r i n g b y gr e a te r  c o o l i n g fr o m
e x p o s e d  h o t s u r fa c e s  i n  h e l i u m .  ( 3 5 )  ( As  a c au ti o n ar y n o te ,  s e e
F. 3 . 3 . 6 . )

F. 3 . 3  C o m b u s ti o n  — N o n m e tal l i c  M ate ri al s .

F. 3 . 3 . 1    T h e r e  i s  g e n e r al  ag r e e m e n t th a t n o n m e tal l i c  m a te r i al s
a r e  m ad e  m o r e  fammable  b y i n c r e a s i n g  th e  p ar ti al  p r e s s u r e  o f

th e  o x yg e n  i n  an  a i r  m i x tu r e  r a th e r  th a n  b y i n c r e as i n g  th e  to tal
p r e s s u r e  o f a i r.  T h u s ,  a  m i x tu r e  o f 4 2  p e r c e n t O 2  an d  5 8

p e r c e n t N 2  at 1 0 1 . 3  kP a ( 1  atm )  p r e s s u r e  i s  m o r e  h az ar d o u s
th an  a 2 1  p e r c e n t o x yg e n  n o r m al  ai r  m i x tu r e  c o m p r e s s e d  to
2 0 2 . 7  kP a ( 2  a tm ) ,  a l th o u g h  th e  s am e  a m o u n t b y we i g h t o f

o x yge n  i s  p r e s e n t i n  b o th  m i x tu r e s .  I t i s  al s o  r e c o g n i z e d  th at

N o  i g n i t i o n

I g n i t i o n

M o n e l ® 
4 0 0

I n c o n e l  
7 1 8

S t a i n l e s s  
s t e e l  3 1 6

S t a i n l e s s  
s t e e l  3 0 4

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0

S a m p l e  t e m p e ra t u re  ( K )

A l u m i n u m
6 0 6 1

N o t e :  Fo r  S I  c u s t o m a r y  u n i t s ,  K  -  2 7 3 . 1 5  =  ° C .

Δ FI G U RE  F. 3 . 2 . 6 . 2   Re s u l ts  o f S u p e rs o n i c  I m p ac t o f S i n gl e
2 0 0 0  μm  ( 0 . 0 8  i n . )  D i am e te r Al u m i n u m  P ar ti c l e s  I m p ac ti n g
Vari o u s  Al l o ys  i n  2 7  M P a ( 3 9 0 0  p s i a)  O x yge n .  ( 2 3 )



M AT E RI AL S ,  E QU I P M E N T,  AN D  S YS T E M S  U S E D  I N  O X YG E N -E N RI C H E D  AT M O S P H E RE S5 3 - 4 6

2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

m a te r i al s  i n  1 0 0  p e r c e n t o x yg e n  at 2 5 8  m m  H g ( a b s o l u te  p r e s ‐
s u r e  o f 5  p s i )  ar e  m o r e  fammable  th a n  th o s e  i n  n o r m al  ai r  at
1 0 1 . 3  kP a  ( 1  a tm ) .  S m a l l  i n c r e a s e s  i n  o x yge n  c o n c e n tr ati o n  a t
atm o s p h e r i c  p r e s s u r e  h ave  a s i m i l ar  e ffe c t o n  th e  fammability
o f m an y m ate r i al s ,  ( 3 5 )  as  i s  s h o wn  i n  Ta b l e  F. 3 . 3 . 1 .  O n l y gl as s
fber  m ate r i a l s ,  Tefon,  a n d  o th e r  fu l l y fuorinated  m a te r i al s ,  o f
th o s e  te s te d ,  ap p e a r  to  b e  s a fe  fo r  u s e  i n  O E As .  H o we ve r,
c a u ti o n  i s  n e c e s s a r y.  Gl as s  fab r i c s  ( a n d  as b e s to s  fa b r i c s )
fr e q u e n tl y c o n ta i n  a n  o r ga n i c  s i z i n g  m ate r i al  th at b u r n s  vi go ‐
r o u s l y i n  O E As .  T h i n  flms  o f Tefon,  Ke l - F ® ,  a n d  o th e r  fuoro‐
carbons  wi l l  al s o  s u s ta i n  c o m b u s ti o n  i n  O E As ,  b u t th i c ke r
s e c ti o n s  b u r n  o n l y i f s tr o n g l y h e ate d  fr o m  an  e x te r n a l  s o u r c e .

F. 3 . 3 . 2    C h e m i c a l  a d d i ti ve s  to  s o l i d  p l as ti c s  an d  te x ti l e  fab r i c s ,
s u c h  as  h al o g e n s ,  b o r a x ,  p h o s p h ate s ,  a n d  vari o u s  m e tal  o x i d e s ,

a r e  e ffe c ti ve  i n  r e d u c i n g  b o th  i g n i ti b i l i ty a n d  fammability.
I m p r e gn a ti n g c o tto n  fa b r i c  wi th  b o r ax / p h o s p h a te  c o m p o u n d s
i s  e ffe c ti ve  i n  i n c r e as i n g th e  fre  r e s i s ta n c e  o f th i s  m ate r i al .

H o we ve r,  p r o te c ti o n  i s  l i m i te d  to  a tm o s p h e r e s  wi th  l e s s  th an  3 0
p e r c e n t to  3 5  p e r c e n t o x yg e n  c o n te n t.  ( 2 1 ,  3 5 ,  3 6 )

F. 3 . 3 . 3    I g n i ti b i l i ty d ata a r e  gi ve n  fo r  h i g h -te m p e r atu r e  wi r i n g
o p e r ati n g  i n  1 0 0  p e r c e n t o x yg e n  at 3 4  kP a  ( a b s o l u te  p r e s s u r e
o f 5  p s i ) .  ( 3 7 )  T h e  i n s u l ati o n  o f th e  wi r e s ,  c o n s i s ti n g o f Tefon,

N o m e x ® ,  Ka p to n ® ,  Kyn a r ® ,  s i l i c o n e ,  an d  polyolefn,  an d  c o m b i ‐
n a ti o n s  o f th e s e ,  was  s u b j e c te d  to  b o th  e x te r n a l  h e a t an d  i n te r ‐

n al  h e at fr o m  o ve r l o a d e d  e l e c tr i c a l  wi r e s .  Polyolefn  an d
s i l i c o n e  we r e  fammable  to  th e  e x te n t th at th e s e  wo u l d  n o t b e
s u i tab l e  fo r  u s e  i n  o x yge n .  Tefon  b u r n s  o n l y u n d e r  e x tr e m e

c o n d i ti o n s ,  r e q u i r i n g e x te rn a l  h e ati n g  a n d  a n  i n te n s e  e l e c tr i c al

s p ar k to  i gn i te  th e  c o m b u s ti o n  va p o r s .  Al th o u gh  Ka p to n  i n s u l a‐
ti o n  i s  r e s i s tan t to  i g n i ti o n  i n  O E As ,  i t i s  s u b j e c t to  a r c  tr ac ki n g ,

wh i c h  m i g h t i gn i te  a d j ac e n t m ate r i al .  ( 3 8 ,  3 9 )  P o tti n g
c o m p o u n d s ,  c i r c u i t b o ar d s ,  a n d  o th e r  c o m p o n e n ts  o f th e  e l e c ‐
tr i c a l  s ys te m  c an  a l s o  c o n tr i b u te  to  th e  fu e l  s u p p l y i n  a n  O E A.

F. 3 . 3 . 4    T h e  r ate  o f fame  s p r e ad  o ve r  th e  s u r fa c e  o f a c o m b u s ‐
ti b l e  m ate r i a l  p r o vi d e s  a n  i n d i c a ti o n  o f th e  s p e e d  at wh i c h  a
fre  i n vo l vi n g  th e  c o m b u s ti b l e  wi l l  d e ve l o p  (see Table F. 3. 3. 4).

Re p o r te d  m e as u r e m e n ts  o f fame  s p r e ad  r ate s  i n  a n  O E A s h o w
wi d e  var i a ti o n s  p r i n c i p al l y d u e  to  d i ffe r e n c e s  i n  e x p e r i m e n tal

te c h n i q u e s .  F l am e  s p r e ad  r ate s  ar e  m u c h  g r e ate r  i n  th e  u p war d
d i r e c ti o n ,  d u e  to  b u o yan t c o n ve c ti o n ,  th a n  i n  th e  h o r i z o n ta l  o r
d o wn war d  d i r e c ti o n .

F. 3 . 3 . 5    T h e  r ate  o f fame  s p r e a d  i n c r e as e s  wi th  an  i n c r e as e  i n
th e  o x yge n  c o n c e n tr a ti o n  a t c o n s ta n t p r e s s u r e  o r  wi th  an

i n c r e as e  i n  th e  to tal  p r e s s u r e  at a  c o n s ta n t p e r c e n tag e  o f
o x yg e n  ( i n c r e as e d  o x yg e n  p ar ti al  p r e s s u r e ) .  Tab l e  F. 3 . 3 . 5  s h o ws
typ i c a l  d ata fo r  th e  b u r n i n g r ate  o f flter  p a p e r  o ve r  a  wi d e

r an g e  o f p r e s s u r e  an d  atm o s p h e r i c  c o m p o s i ti o n .  ( 4 0 )  I n  m an y
c a s e s ,  th e  r ate  o f fame  s p r e ad  at c o n s tan t a tm o s p h e r i c  c o m p o ‐
s i ti o n  s h o ws  a  fai r  c o r r e l a ti o n  wi th  th e  s q u a r e  r o o t o f th e  to tal

p r e s s u r e .

F. 3 . 3 . 6    At h i gh -o x yg e n  c o n c e n tr a ti o n s ,  a  fash  fre  c an  s p r e ad
o ve r  th e  s u r fac e  o f fab r i c s  h a vi n g a  n ap  o f fne  fbers  a t a  ve r y

h i gh  r ate  [ 5 0 8  m m / s e c  ( 2 0  i n . / s e c )  o r  h i g h e r ] .  T h i s  n a p  fre  i s
o f s h o r t d u r a ti o n ,  b u t i t c an  i gn i te  m o r e  s u s tai n e d  fres  at

e d ge s ,  s e am s ,  an d  fo l d s  a n d ,  th u s ,  s p r e ad s  th e  fre  ve r y r ap i d l y.
( 4 2 )

Tab l e  F. 3 . 2 . 8  M i n i m u m  H o t P l ate  I gn i ti o n  Te m p e rature s  o f S i x  C o m b us ti b l e  M ate ri al s  i n  O x yge n - N i tro ge n  M i x tu re s  at Vari o u s  To tal
P re s s u re s

M ate ri al O x i d an t

I gn i ti o n  Te m p e rature  ( ° C )

To tal  P re s s u re  ( atm )

1 2 3 4

C o tto n  s h e e ti n g Ai r 4 6 5 4 4 0  ( 4 2 5 ) a 3 8 5 3 6 5
4 2 %  O 2 ,  5 8 %  N 2 3 9 0 3 7 0 3 5 5 3 4 0

1 0 0 %  O 2 3 6 0 3 4 5 3 4 0 3 2 5
C o tto n  s h e e ti n g ,  tr e ate d b Ai r 5 7 5 5 2 0  ( 5 1 0 ) a 4 8 5  ( 3 5 0 ) a 3 7 0  ( 3 2 5 ) a

4 2 %  O 2 ,  5 8 %  N 2 3 9 0  ( 3 5 0 ) a 3 3 5 3 1 5 2 9 5
1 0 0 %  O 2 3 1 0 — 3 0 0 2 8 5

C o n d u c ti ve  r u b b e r  s h e e ti n g Ai r 4 8 0 3 9 5 3 7 0 3 7 5
4 2 %  O 2 ,  5 8 %  N 2 4 3 0 3 6 5 3 5 0 3 5 0

1 0 0 %  O 2 3 6 0 — 3 4 5 3 4 5
P ap e r  d r ap e s Ai r 4 7 0 4 5 5 4 2 5 4 0 5

4 2 %  O 2 ,  5 8 %  N 2 4 3 0 — 4 0 0 3 7 0
1 0 0 %  O 2 4 1 0 — 3 6 5 3 4 0

N o m e x ®  fab r i c Ai r > 6 0 0 > 6 0 0 > 6 0 0 5 6 0
4 2 %  O 2 ,  5 8 %  N 2 5 5 0 5 4 0 5 1 0 4 9 5

1 0 0 %  O 2 5 2 0 5 0 5 4 9 0 4 7 0
P o l yvi n yl  c h l o r i d e  s h e e t Ai r > 6 0 0 — 4 9 5 4 9 0

4 2 %  O 2 ,  5 8 %  N 2 5 7 5 — 3 7 0 3 5 0
1 0 0 %  O 2 3 9 0 — 3 5 0 3 2 5

F o r  S I  c u s to m a r y u n i ts ,  1  a tm  =  1 0 1 . 3  kP a .
F o r  U . S .  c u s to m a r y u n i ts ,  ° F  =  ( 1 . 8  ×  ° C )  +  3 2 .
aVa l u e s  i n  p ar e n th e s e s  i n d i c a te  th e  te m p e r a tu r e  a t wh i c h  m a te r i a l  g l o we d .
b C o tto n  s h e e ti n g  tr e a te d  wi th  D u P o n t®  X -1 2  fre  r e ta r d a n t;  am o u n t o f r e ta r d a n t e q u a l  to  1 2  p e r c e n t o f c o tto n  s p e c i m e n  we i g h t.



AN N E X  F 5 3 - 4 7

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

F. 3 . 3 . 7    T h e  c o m b u s ti b i l i ty o f th e  m a te r i al  i s  affe c te d  b y th e
d i l u e n t ga s  u s e d  wi th  o x yg e n .  I t h a s  b e e n  s h o wn  th at fame
s p r e ad  r ate  i s  d i r e c tl y r e l ate d  to  th e  l o g fu n c ti o n  o f th e  h e at
c a p ac i ty o f th e  ga s  m i x tu r e ,  wh i c h  c an  b e  e x tr ap o l ate d  to  z e r o
fammability.  Ap p r e c i a b l e  i n c r e as e  i n  th e  fame  s p r e ad  r ate  i s
o b s e r ve d  wh e r e  h e l i u m  r e p l ac e s  n i tr o g e n  i n  a i r  m i x tu r e s .  ( 4 0 ,
4 3 )

F. 3 . 3 . 8    D ata fr o m  th r e e  s tan d ar d  te s t m e th o d s ,  as  s h o wn  i n
Tab l e  F. 3 . 3 . 8 ,  ar e  c o m m o n l y u s e d  to  e val u ate  th e  s u i tab i l i ty o f
n o n m e tal l i c  m ate r i a l s  fo r  o x yge n  s e r vi c e .  T h e  a u to g e n o u s  i g n i ‐
ti o n  te m p e r atu r e  ( AI T )  d e te r m i n e d  b y AS T M  G 7 2 / G7 2 M  ( o r
e q u i val e n t)  p r o vi d e s  an  i n d i c a ti o n  o f th e  s e n s i ti vi ty o f a m a te ‐
r i al  to  i g n i ti o n  i n  h i gh -p r e s s u r e  o x yge n .  T h e  AI T  o f a  m a te r i al
i n d i c ate s  th e  te m p e r a tu r e  a t wh i c h  th e  m ate r i a l  s p o n ta n e o u s l y
i gn i te s  u n d e r  th e  s ta n d ar d  te s t c o n d i ti o n s  ( ~ 1 5 0 0  p s i ) .  T h e
m a te r i al  wi th  th e  h i gh e s t AI T,  s u i tab l e  fo r  th e  ap p l i c ati o n ,  i s
u s u a l l y p r e fe r r e d .

T h e  h e a t o f c o m b u s ti o n  ( H  o f C )  d e te r m i n e d  b y AS T M
D 4 8 0 9  ( o r  e q u i val e n t)  p r o vi d e s  an  i n d i c ati o n  o f th e  i n tr i n s i c

h e at c o n te n t o f th e  m a te r i al  wh e n  fu l l y c o n s u m e d  i n  a n
o x yg e n -e n r i c h e d  e n vi r o n m e n t.  T h e  H  o f C  o f a m a te r i al
p r o vi d e s  an  i n d i c a ti o n  o f th e  d a m ag e  p o te n ti al  wh e n  a m a te r i al

i g n i te s  an d  b u r n s  i n  an  o x yge n -e n r i c h e d  e n vi r o n m e n t.  T h e
m a te r i al  wi th  th e  l o we s t H  o f C ,  s u i ta b l e  fo r  th e  ap p l i c ati o n ,  i s
u s u al l y p r e fe r r e d .

T h e  o x yg e n  i n d e x  ( O I )  o f a m a te r i al  d e te r m i n e d  b y AS T M
G1 2 5  o r  AS T M  D 2 8 6 3  ( o r  e q u i val e n t)  i n d i c ate s  th e  p e r c e n tag e

o f o x yg e n  ( typ i c al l y fowing  i n  n i tr o ge n )  r e q u i r e d  fo r  a m a te ‐
r i al  to  s e l f- s u s tai n  c o m b u s ti o n  afte r  p o s i ti ve  i g n i ti o n  a t a m b i e n t

p r e s s u r e .  T h e  O I  o f a m ate r i a l  p r o vi d e s  a n  i n d i c ati o n  o f th e
m i n i m u m  p e r c e n tag e  o f o x yg e n  n e c e s s a r y b e fo r e  th e  m a te r i al
wo u l d  b e  e x p e c te d  to  c o n ti n u e  b u r n i n g o n c e  i gn i te d  i n  an

o x yge n -e n r i c h e d  atm o s p h e r e .  T h e  m a te r i al  wi th  th e  h i gh e s t
O I ,  s u i tab l e  fo r  th e  ap p l i c a ti o n ,  i s  u s u al l y p r e fe r r e d .

Tab l e  F. 3 . 3 . 8  p r o vi d e s  s o m e  o x yg e n  c o m p ati b i l i ty d a ta  fo r
n o n m e tal s  a t am b i e n t p r e s s u r e .

Δ Tab l e  F. 3 . 3 . 1  Fl am e  Re s i s tan c e  o f M ate ri al s  H e l d  Ve r ti c al l y at O n e  Atm o s p h e re  P re s s u re  i n  O 2 / N 2  M i x tu re s

N RL  S am p l e
N um b e r M ate ri al

C o m b u s ti o n  i n  O 2 / N 2  M i x tu re s

2 1 %  O 2 3 1 %  O 2 4 1 %  O 2

F M -1 Ro s i n -i m p r e g n ate d  p ap e r B u r n e d
F M -3 C o tto n  te r r y c l o th B u r n e d
F M -2 8 C o tto n  c l o th ,  wh i te  d u c k B u r n e d
F M -4 C o tto n  te r r y c l o th ,  r o x e l - tr e a te d N o N o B u r n e d
F M -5 F l e e c e -b a c ke d  c o tto n  c l o th ,  r o x e l -tr e a te d S u r fac e  o n l y B u r n e d B u r n e d
F M -1 4 C o tto n  O . D .  S ate e n ,  r o x e l -tr e ate d N o B u r n e d —
F M -1 5 C o tto n  gr e e n  wh i p c o r d ,  r o x e l -tr e a te d N o B u r n e d —
F M -1 6 C o tto n  wh i te  d u c k,  r o x e l - tr e a te d N o B u r n e d —
F M -1 7 C o tto n  Ki n g  Ko r d ,  r o x e l -tr e ate d N o B u r n e d —
F M -2 9 C o tto n  wh i te  d u c k,  tr e a te d  wi th  3 0 %  

b o r i c  a c i d ,  7 0 %  b o r ax
N o B u r n e d B u r n e d

F M -3 0 C o tto n  te r r y c l o th ,  tr e a te d  wi th  3 0 %  
b o r i c  a c i d ,  7 0 %  b o r ax

N o B u r n e d B u r n e d

F M -6 F i r e -r e s i s tan t c o tto n  ti c ki n g N o B u r n e d —
F M -7 F i r e -r e s i s tan t fo a m  r u b b e r N o N o B u r n e d
F M -9 N o m e x  te m p e r a tu r e -r e s i s ta n t n yl o n N o B u r n e d —
F M -1 0 Tefon  fa b r i c N o N o N o
F M -1 1 Tefon  fa b r i c N o N o N o
F M -1 2 Tefon  fa b r i c N o N o N o
F M -1 3 Tefon  fa b r i c N o N o N o
F M -1 9 Ve r e l  fab r i c N o B u r n e d B u r n e d
F M -2 2 Vi n yl -b a c ke d  fab r i c N o B u r n e d B u r n e d
F M -2 3 O m n i c o ate d  D u P o n t®  h i g h -te m p e r atu r e  

fa b r i c
N o B u r n e d a B u r n e d

F M -2 4 O m n i c o ate d  g l as s  fa b r i c N o N o B u r n e d a

F M -2 0 G l as s  fa b r i c ,  fne  we a ve N o N o N o
F M -2 1 G l as s  fa b r i c ,  kn i t we ave N o N o N o
F M -2 5 G l as s  fa b r i c ,  c o ar s e  we a ve N o N o N o
F M -2 6 G l as s  fa b r i c ,  c o ar s e  we a ve N o N o N o
F M -2 7 Al u m i n i z e d  a s b e s to s  fab r i c N o N o B u r n e d
F M -3 2 Ru b b e r  fr o m  avi a to r  o x yg e n  m a s k B u r n e d B u r n e d B u r n e d
F M -3 3 F l u o r o l u b e  g r ad e  3 6 2 N o N o N o b

F M -3 4 B e l c o  no-fame  g r e as e N o N o N o b

aB u r n e d  o n l y o ve r  i g n i te r.
b Wh i te  s m o ke  o n l y.
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

Tab l e  F. 3 . 3 . 4  E ffe c t o f O x yge n  o n  Fl am e  S p re ad  Rate s  o ve r Vari o u s  M ate ri al s  ( E d ge s  N o t
I n h i b i te d )

 Fl am e  S p re ad  Rate  ( m m / s e c )

M ate ri al I n  Ai r I n  2 5 8  m m  H g O x yge n

Al u m i n i z e d  M yl ar ®  ta p e — 4 9 . 5 3
Al u m i n i z e d  vi n yl  tap e N I 7 8 . 7 4  ±  1 0 . 1 6
As b e s to s  i n s u l ati n g tap e N I 2 . 0 3
B u tyl  r u b b e r 0 . 1 5 2 0 . 4 0  ±  0 . 0 4
C an vas  d u c k N P 6 . 3 5
C e l l u l o s e  ac e tate 0 . 3 0 5 7 . 1
C h ap s ti c k N I 4 6 . 2 3
C o tto n  s h i r t fab r i c N P 3 8 . 1  ±  1 . 2 7
E l e c tr i c a l  i n s u l ati n g r e s i n N I 6 . 8 6
E l e c tr i c a l  te r m i n a l  b o ar d N I 1 . 5 2 4  ±  0 . 2 5 4
F i b e r g l as s  i n s u l ati n g  tap e N I 1 0 6 . 6 8  ±  1 5 . 2 4
F o am  c u s h i o n  m a te r i al 4 . 8 3 3 1 4 . 9 6
F o am e d  i n s u l ati o n 0 . 0 5 1 5 5 . 8 8  ±  5 . 0 8
F o o d  p ac ke t,  al u m i n i z e d  p ap e r N I 7 . 1 1 2  ±  1 . 2 7
F o o d  p ac ke t,  b r o wn  al u m i n u m N I 1 7 . 7 8  ±  7 . 6 2
F o o d  p ac ke t,  p l as ti c 8 . 3 8 1 3 . 9 7
G l as s  wo o l N I N I
Ke l -F N I N I
M as ki n g  ta p e 4 . 3 2 4 6 . 2 2 8
N a tu r al  r u b b e r 0 . 2 5 4 1 5 . 4 9
N e o p r e n e  r u b b e r N I ( 8 . 1 3  ±  1 . 0 )
N yl o n  1 0 1 N I ( 4 . 8 3  ±  1 . 2 7 )
P ai n t,  C a p o n ,  i vo r y N I 9 . 6 5 2  ±  1 . 0 1 6
P ai n t,  P r a tt &  L a m b e r t,  g r e y N I 1 5 . 2 4  ±  5 . 0 8
P l e x i g l a s ® 0 . 1 2 7 ( 8 . 8 9  ±  0 . 2 5 )
P o l ye th yl e n e 0 . 3 5 6 ( 6 . 3 5  ±  1 . 2 7 )
P o l yp r o p yl e n e 0 . 2 5 4 ( 8 . 8 9  ±  0 . 2 5 )
P o l ys tyr e n e 0 . 8 1 3 ( 2 0 . 3 2  ±  5 . 0 8 )
P o l yvi n yl  c h l o r i d e N I ( 2 . 5 4  ±  0 . 2 5 )
P u m p  o i l N I 1 2 2 . 6 0 6
Re fr i g e r ati o n  o i l N I 2 0 . 8 2 8  ±  1 . 7 7 8
Ru b b e r  tu b i n g 0 . 7 6 6 . 0 9 6
S i l i c o n e  gr e a s e N I 2 3 . 3 6 8
S o l d e r,  r o s i n  c o r e N I 4 . 5 7 2
S p o n g e ,  was h i n g 1 . 7 8 2 0 5 . 7 4  ±  2 . 5 4
Tefon  p i p e -s e al i n g tap e N I N I
Tefon  tu b i n g N I N I
Tyg o n  tu b i n g 4 . 5 7 1 2 . 7  ±  1 . 2 7
Vi to n  A® N I ( 0 . 0 7 6  ±  0 . 0 5 1 )
Wi r e ,  M i l  W7 6 B ,  b l u e N I —
Wi r e ,  M i l  W7 6 B ,  o r a n ge N I 1 4 . 4 7 8  ±  1 . 2 7
Wi r e ,  M i l  W7 6 B ,  ye l l o w N I —
Wi r e ,  M i l  W1 6 8 7 8 ,  b l a c k N I N I
Wi r e ,  M i l  W1 6 8 7 8 ,  g r e e n N I N I
Wi r e ,  M i l  W1 6 8 7 8 ,  ye l l o w N I N I
Wi r e ,  M i l  1 6 8 7 8 ,  wh i te N I N I
Wi r e ,  m i s c . ,  b l ac k,  3 ∕1 6 N I —
Wi r e ,  m i s c . ,  b r o wn ,  7 ∕3 2 N I 1 2 . 9 5 4  ±  1 . 2 7
Wi r e ,  m i s c . ,  wh i te ,  3 ∕3 2 N I 8 . 3 8 2
Wi r e ,  m i s c . ,  ye l l o w 7 ∕6 4 N I 2 2 . 6 0 6
Wi r e ,  m i s c . ,  ye l l o w,  5 ∕3 2 N I 1 0 . 4 1 4

F o r  S I  c u s to m a r y u n i ts  1  i n . / s e c  =  2 5 . 4  m m / s e c ,  1  a tm  =  7 6 0  m m  H g  =  1 0 1 . 3  kP a .
N P :  N o  s u s ta i n e d  p r o p a g a ti o n  o f fame.  N I :  N o  i g n i ti o n  o f m a te r i al .



AN N E X  F 5 3 - 4 9

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

F. 3 . 4  C o m b us ti o n  o f M e tal s .

F. 3 . 4 . 1    T h e r e  i s  ge n e r a l  a gr e e m e n t th a t m e tal s  a r e  m o r e  fam‐
mable  i n  o x yg e n -e n r i c h e d  e n vi r o n m e n ts  th a n  i n  a i r.  F o r  e x a m ‐
p l e ,  a  3 . 2  m m  ( 0 . 1 3  i n . )  d i a m e te r  r o d  o f T i -6 Al -4 V b u r n e d
c o m p l e te l y wh e n  i gn i te d  at th e  b o tto m  i n  c o m m e r c i a l l y p u r e
o x yge n  at 0 . 1 4  M P a ( a b s o l u te  p r e s s u r e  o f 2 0  p s i ) ,  wh e r e a s  i t d i d
n o t b u r n  at al l  i n  a i r  a t 3 4 . 5  M P a  ( a b s o l u te  p r e s s u r e  o f 5 0 0 0
p s i ) ,  e ve n  th o u g h  th e  p a r ti al  p r e s s u r e  o f o x yg e n  wa s  7 . 2  M P a
( ab s o l u te  p r e s s u r e  o f 1 0 4 5  p s i ) .  ( 4 7 )  T h i s  e x a m p l e  l e a d s  to  th e
ge n e r a l  c o n c l u s i o n  th a t c o m m e r c i al l y p u r e  o x yg e n  a t l o w p r e s ‐
s u r e s  i s  m o r e  h az ar d o u s  th a n  ai r  at r e l a ti ve l y h i gh e r  p r e s s u r e s .
Wh e r e a s  s m a l l  i n c r e as e s  i n  o x yg e n  c o n c e n tr ati o n  at atm o s ‐
p h e r i c  p r e s s u r e  r e n d e r  n o n m e ta l l i c  m a te r i al s  d r a m ati c al l y
m o r e  fammable  (see F. 3. 3. 1 ),  r e l ati ve l y l ar g e  i n c r e as e s  i n
o x yg e n  c o n c e n tr a ti o n  a n d  i n c r e as e  i n  to tal  p r e s s u r e  ar e
r e q u i r e d  to  r e n d e r  m o s t s tr u c tu r al  m e ta l s  fammable.  Two
m e a s u r e s  o f th e  r e l ati ve  fammability o f m e tal s  th at ar e  o f p r a c ‐
ti c a l  val u e  a r e  th e  m i n i m u m  o x yg e n  p r e s s u r e  r e q u i r e d  to
s u p p o r t c o m p l e te  c o m b u s ti o n  o f a  s ta n d a r d  s a m p l e  ( th r e s h o l d
p r e s s u r e )  an d  th e  m i n i m u m  o x yg e n  c o n c e n tr a ti o n  r e q u i r e d  to
s u p p o r t c o m b u s ti o n  o f a  s tan d ar d  s a m p l e  a t a  gi ve n  p r e s s u r e
( O I ) .

I t s h o u l d  b e  n o te d  th a t c o m b u s ti o n  i s  c o n s i d e r e d  “ c o m p l e te ”
wh e n  th e  s a m p l e  b u r n s  u p  to  th e  p o i n t wh e r e  th e  s am p l e
h o l d e r  infuences  th e  c o m b u s ti o n  p r o c e s s .

F. 3 . 4 . 2    T h e  th r e s h o l d  p r e s s u r e s  o f s e ve r al  al l o ys  an d  p u r e
m e tal s  confgured  as  3 . 2  m m  ( 0 . 1 3  i n . )  d i a m e te r  r o d s  b u r n i n g

i n  a n  u p wa r d  d i r e c ti o n  a r e  s h o wn  i n  Tab l e  F. 3 . 4 . 2 ( a )  a n d  Tab l e
F. 3 . 4 . 2 ( b ) .  ( 4 8 –5 3 )  B e c au s e  th e  r e s u l ts  o f c o m b u s ti o n  te s ts  ar e

h i gh l y confguration-dependent,  i t s h o u l d  b e  n o te d  th at th e s e
th r e s h o l d  p r e s s u r e s  ar e  n o t a b s o l u te  fammability l i m i ts .
C h an g i n g  th e  confguration  o f th e  te s t s am p l e s  c an  d r am ati ‐

c a l l y affe c t th e  th r e s h o l d  p r e s s u r e s .  Tab l e  F. 3 . 4 . 2 ( c )  s h o ws  th e
th r e s h o l d  p r e s s u r e s  o f s e ve r al  m e tal  a l l o ys  confgured  a s  6 0  ×
6 0  wi r e  m e s h e s  wi th  a  wi r e  d i a m e te r  o f 0 . 1 8  m m  ( 0 . 0 0 7  i n . ) .

T h e  wi r e  m e s h  te s t s am p l e s  we r e  r o l l e d  i n to  6 . 4  m m  ( 0 . 2 5  i n . )
d i a m e te r  c yl i n d e r s ,  m o u n te d  ve r ti c a l l y,  a n d  i g n i te d  a t th e
b o tto m .  ( 5 4 )  B y c o m p ar i n g th e  th r e s h o l d  p r e s s u r e s  fo r  3 . 2  m m

( 0 . 1 3  i n . )  d i am e te r  r o d s  a n d  th e  wi r e  m e s h e s ,  th e  d r am a ti c
e ffe c t o f confguration  b e c o m e s  e vi d e n t.

F. 3 . 4 . 3    T h e  m i n i m u m  o x yg e n  c o n c e n tr ati o n  r e q u i r e d  to
s u p p o r t c o m b u s ti o n  o f a  s ta n d a r d  s am p l e  ( O I )  i s  an o th e r
i m p o r tan t m e as u r e  o f th e  fammability o f m e ta l s .  T h e  O I s  fo r

C -1 0 1 8  c ar b o n  s te e l  tu b e  [ 2 5 . 4  m m  ( 1  i n . )  o u ts i d e  d i am e te r
an d  4 . 8  m m  ( 0 . 1 9  i n . )  wal l ]  ar e  s h o wn  i n  F i gu r e  F. 3 . 4 . 3 ( a)
( 5 5 ) .  F o r  m o s t s tr u c tu r al  al l o ys ,  th e  O I  d e c r e as e s  wi th  i n c r e a s ‐

i n g p r e s s u r e .  ( 5 1 ,  5 6 –6 0 )  T h e  O I s  fo r  s e ve r al  al l o ys  confgured
as  3 . 2  m m  ( 0 . 1 3  i n . )  d i am e te r  r o d s  ar e  s h o wn  i n  F i gu r e
F. 3 . 4 . 3 ( b ) .  ( 5 7 )  T h e  O I s  o f s e ve r al  al l o ys  confgured  as  r o d s

a n d  tu b e s  a r e  s h o wn  i n  F i g u r e  F. 3 . 4 . 3 ( c )  ( 5 8 ) .

Tab l e  F. 3 . 3 . 5  Typ i c al  M e as u re d  B ur n i n g Rate s  fo r S tri p s  o f Fi l te r P ap e r at 4 5  D e gre e  An gl e  ( 4 1 )

   B u r n  Rate ,  c m / s e c

 atm  ab s 0 . 2 1  atm 0 . 5 3  atm 1 . 0 0  atm 4 . 0 3  atm 7 . 0 6  atm 1 0 . 0 9  atm

To tal  P re s s u re
ft o f

s e awate r — — 0  ft 1 0 0  ft 2 0 0  ft 3 0 0  ft

G as  C o m p o s i ti o n  ( d r y b as i s )       

%  O 2 %  N 2
a %  H e       

9 9 . 6 0 . 4 0 . 0 2 . 3 2 3 . 1 3 4 . 1 9 d d d

5 0 . 3 4 9 . 7 0 . 0 1 . 1 3 1 . 4 4 2 . 3 6 3 . 7 2 5 . 1 0 6 . 3 4
1 . 1 7 3 . 7 7 4 . 0 6

2 0 . 9 5 b 7 9 . 0 5 0 . 0 c 0 . 8 0 1 . 1 7 1 . 8 2 2 . 8 0 3 . 1 3
1 . 1 7 1 . 7 8 2 . 2 8 3 . 2 5
1 . 1 0

4 9 . 5 0 . 0 5 0 . 5 1 . 2 4 1 . 8 7 2 . 9 6 4 . 0 6 4 . 9 0 d

1 . 9 0 2 . 8 9 4 . 8 2
2 . 8 9

2 0 . 3 0 . 0 7 9 . 7 c c c 2 . 2 3 2 . 6 1 2 . 4 9
4 7 . 0 2 4 . 6 2 8 . 4 d d 2 . 7 4 3 . 6 6 4 . 4 1 5 . 5 3

2 . 6 8 4 . 6 4 6 . 7 8
2 0 . 9 3 9 . 6 3 9 . 5 d d 1 . 3 8 2 . 2 8 2 . 7 1 3 . 7 2

1 . 3 8 2 . 2 8 2 . 8 3 3 . 1 3
1 . 3 5 1 . 9 7 2 . 7 4 3 . 5 6
1 . 2 7 2 . 2 8 3 . 3 3

1 . 8 1 3 . 0 0
1 . 7 2

F o r  S I  c u s to m a r y u n i ts ,  1  a tm  =  1 0 1 . 3  kP a ,  1  ft =  0 . 3  m .
a I n c l u d e s  a n y a r g o n  th a t wa s  p r e s e n t.

b C o m p r e s s e d  a i r.
c S a m p l e  wo u l d  n o t b u r n ,  e ve n  wi th  b r i g h tl y g l o wi n g  i g n i te r  g r i d .
d N o  r u n  wa s  m a d e  u n d e r  th e s e  c o n d i ti o n s .
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

Tab l e  F. 3 . 3 . 8  O x yge n  C o m p ati b i l i ty D ata fo r S e l e c te d  M ate ri al s  ( 3 3 ,  4 6 ,  6 4 –7 4 )

Trad e  N am e  o r G e n e ri c  M ate ri al D e s c ri p ti o n AI T  ( ° C )
H  o f C

( c al / gr m ) O I  ( % )

P l as ti c s
AC L AR 2 2  a n d  2 3 Chlorotrifuoroethylene  

( P C T F E )
3 4 9 –3 9 0 S e e  P C T F E 9 5 –1 0 0

AB S Ac r yl o n i tr i l e -b u tad i e n e -
s tyr e n e

2 4 3 8 5 0 0 1 8 –3 9

D e l r i n ,  Ac e ta l P o l y( a c e tyl ) 1 7 8 –1 9 5 4 0 2 9 1 4 . 2 –1 6 . 1
H a l ar ® C o p o l ym e r  o f e th yl e n e  a n d  

chlorotrifuoroethylene
1 7 1 3 2 5 4 –3 9 0 0 5 2

H yp a l o n  S h e e t 0 . 6 0  i n . C h l o r o s u l fo n a te d  
p o l ye th yl e n e

6 8 0 0 2 5 . 1

Ke l -F  8 1 P C T F E  p l as ti c 3 8 8 2 3 0 0 D N P
Kyn ar P o l yvi n yl i d e n e  fuoride  

( P VD F )
2 6 8 3 2 7 7 3 9 –4 3 . 7

L e x an P o l yc ar b o n ate 2 8 6 7 4 0 7 2 7
M yl ar P o l ye th yl e n e  te r e p h th al ate 1 8 1 2 3 0 0 2 2 . 7
Neofon,  M 4 0 0 H -a m o r p h o u s P C T F E  p l as ti c  ( D ai ki n  J ap an ) 3 8 2 1 2 2 0 D N P
Neofon,  M 4 0 0 H -c r ys tal l i n e P C T F E  p l as ti c  ( D ai ki n  J ap an ) 3 7 7 1 2 3 0 D N P
N o r yl P o l yp h e n yl e n e  o x i d e  

b l e n d e d  wi th  p o l ys tyr e n e
3 4 8 6 6 1 5 3 3 . 3

N yl o n N yl o n  6 6 ,  p o l ya m i d e 1 7 8 –2 5 9 7 4 0 0 –7 9 0 0 2 3 . 5 –3 0 . 5
P E E K P o l ye th e r e th e r ke to n e 3 0 5 –3 2 5 7 7 7 5 3 5
P l e x i g l a s P o l y( m e th yl  m e th ac r yl ate ) 2 3 0 6 0 0 0 1 7 –1 8 . 5
P o l yc ar b o n ate ,  g e n e r i c P o l yc ar b o n ate ,  g e n e r i c 3 0 0 –3 4 0 7 4 0 0 –9 4 0 0 2 2 . 5 –2 7 . 4
P o l ye s te r P o l ye s te r  r e s i n 4 3 0 0 4 1 . 5
P o l ye th yl e n e  ( P E ) P o l ye th yl e n e  p l a s ti c 1 7 6 1 1 1 0 0 1 7 . 5
P P S P o l yp h e n yl e n e  sulfde 2 8 5 6 8 5 3 4 3
P P P o l yp r o p yl e n e  ( P P ) 1 7 4 1 1 0 0 0 1 7 –1 8
P S P o l ys tyr e n e ,  h ar d  p l as ti c 2 5 0 9 9 0 0 1 7 –2 3
P VC P o l yvi n yl  c h l o r i d e 2 3 9 4 3 0 0 4 2 –6 5
P VD C P o l yvi n yl i d e n e  c h l o r i d e 5 0 0 0 6 0
Ru l o n  A,  E ,  J ,  L D F i l l e d  T F E  fuorocarbon 3 6 0 –4 2 7 1 4 0 0 –2 1 0 0 D N P
Tefon  F E P F l u o r i n ate d  e th yl e n e -

p r o p yl e n e
3 7 8 2 5 0 0 7 7

Tefon  P FA Perfuoroalkoxy 
tetrafuoroethylene

4 2 4 1 2 5 0 1 0 0

Tefon  T F E Polytetrafuoroethylene 4 2 7 + 1 7 0 0 9 5 –1 0 0
Te fz e l E T F E ,  c o p o l ym e r  o f 

tetrafuoroethylene  a n d  
e th yl e n e

2 4 3 3 5 3 8 3 0

U l te m P o l ye th e r i m i d e 3 8 5 7 0 2 6 4 7
Ve s p e l  S P 2 1 P o l yi m i d e  wi th  1 5 %  gr a p h i te 3 2 8 –3 4 7 6 0 0 2 –6 3 1 8 5 3 –6 5
Z yte l Z yte l ,  p o l ya m i d e 2 5 9 7 7 0 8 3 6

L ub ri c an ts  an d  S e al an ts
P T F E  p i p e  tap e  ( c l e an ) TFE-fuorocarbon  ta p e  

th r e a d  s e al an t
4 2 7 + S e e  T F E 8 3 –1 0 0

B e l -Ra y F C 1 2 4 5 P C T F E  o i l / g r ap h i te 3 7 0 9 D N P
B e l -Ra y F C 1 2 6 0 P C T F E  o i l / g r ap h i te 1 1 1 7 5 7
B r ayc o te  6 6 7 Perfuoroalkyl  p o l ye th e r  

gr e a s e
4 2 7 +

C h r i s to -L u b e  M C G1 1 1 Perfuoroalkyl  p o l ye th e r  
gr e a s e

4 7 0 1 0 4 9 D N I  

C YL -S e al T h r e ad  s e al an t 3 2 9 4 3 8
E ve r l u b e  6 7 1 1 C o l l o i d a l  g r ap h i te  p o wd e r 3 6 3
E ve r l u b e  8 1 1  ( c u r e d ) M o S 2  i n  s o d i u m  s i l i c ate 4 2 7 +
F l u o r o l u b e  GR3 6 2 PCTFE/fller 4 9 9 4 6 7
F l u o r o l u b e  L G1 6 0 P C T F E 3 8 2 2 5 1 6

(continues)



AN N E X  F 5 3 - 5 1

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

Tab l e  F. 3 . 3 . 8   Continued

Trad e  N am e  o r G e n e ri c  M ate ri al D e s c ri p ti o n AI T  ( ° C )
H  o f C

( c al / gr m ) O I  ( % )

F l u o r o s i l i c o n e  g r e as e  # 8 2 2 F S  g r e as e 3 0
F o m b l i n  RT 1 5 Perfuoroalkyl  p o l ye th e r  

gr e a s e
4 2 7 + 9 9 5 D N P

F o m b l i n  Y2 5  o i l Perfuoroalkyl  p o l ye th e r  o i l 4 2 7 + 7 0 6 D N I
Go r e - Te x  j o i n t s e al an t 0 . 2 5 - i n .  th i c k wh i te 9 1
H al o c a r b o n  P C T F E  o i l P C T F E  o i l  ( va r i o u s  gr a d e s ) 3 8 5 –4 1 0 1 0 4 7 –1 9 9 4 7 5 - D N P
H al o c a r b o n  P C T F E  g r e as e P C T F E  g r e as e  ( va r i o u s  

gr a d e s )
4 2 7 + 1 6 0 0 –2 3 6 6 6 7 - D N P

Ke l -F -1 ,  3 ,  1 0 P C T F E  o i l 3 7 4 –3 8 5
Ke y Ab s o -L u te T h r e ad  s e al an t 5 1 5 5 6 7
Kr yto x  2 4 0  AB Perfuoroalkyl  p o l ye th e r  

gr e a s e
4 2 7 +

Kr yto x  2 4 0  AC Perfuoroalkyl  p o l ye th e r  
gr e a s e

4 2 7 + 9 0 0 –1 0 0 0 D N P

Kr yto x  G P L  1 0 5 Perfuoroalkyl  p o l ye th e r  
gr e a s e

D N P

Kr yto x  G P L  2 0 5 Perfuoroalkyl  p o l ye th e r  
gr e a s e

D N I

Kr yto x  G P L  2 2 5 Perfuoroalkyl  p o l ye th e r  
gr e a s e

D N P

L o c ti te  p i p e  s e al an t An ae r o b i c  s e a l a n t ( c u r e d ) 1 7 0 –2 6 0 4 2 0 4 –7 6 0 0 1 7 –2 0
M o l yko te  3 2 1 M o S 2  fuorocarbon  s p r ay 4 2 7 + 2 7 0 2

M o l yko te  Z  p o wd e r P u r e  M o S 2 2 6 0 1 7 0 9 4 5
N u j o l  o i l M i n e r al  H C 1 0 9 3 0
P o l y( m e th yl  p h e n yl s i l o x an e ) S i l i c o n e  g r e as e ,  c u p  te s t 2 6  ±  1
Tr i b o l u b e  1 3 C P F P E  g r e as e ,  c u p  te s t F D N P

G as k e ts
B l u e  G ar d  3 0 0 0 Gar l o c k C o . ,  Ar a m i d  / B u n a 

N  G as ke t
3 0 4 7 3 0 . 5  ±  0 . 5

B l u e  G ar d ®  3 2 0 0 ,  3 4 0 0 ,  3 7 0 0 Gar l o c k C o . ,  Ar a m i d / B u n a  N  
Gas ke t

3 1 –5 3

D u r a b l a g as ke t As b e s to s  i n  GRS  b i n d e r 1 6 0 0 2 8 . 0  ±  . 5
Gar l o c k 9 0 0  g as ke t As b e s to s / GRS 1 6 7 6 –1 8 6 9 2 3
Go r e -Te x E x p a n d e d  P T F E 1 4 3 1 1 0 0
Gr afo i l  GH E ,  GH R F l e x i b l e  g r ap h i te  wi th  S S  

ta n g m e tal  i n te r l aye r
4 0 0 +

Gyl o n  F awn F i l l e d  P T F E 1 0 6 9
Kl i n g e r s i l  C 4 4 0 0 N o n a s b e s to s  g as ke t 1 3 7 6

E l as to m e rs
Afas C o p o l ym e r  o f T F E  a n d  F KM 2 5 4 –2 8 5 3 6 0 0 –4 0 0 0
B u n a -N  ( n i tr i l e  r u b b e r ) B u tad i e n e -a c r yl o n i tr i l e 1 7 3 –2 0 0 5 4 0 0 –9 9 1 1 1 8
B u tyl  r u b b e r C o p o l ym e r  o f i s o b u tyl e n e  

an d  s m a l l  q u a n ti ti e s  o f 
i s o p r e n e  

2 0 8 1 0 7 8 9 1 7 . 1

D i s o gr e n  ( u r e th a n e  r u b b e r ) P o l yu r e th a n e  r u b b e r 2 6 5 –2 7 1
E P R r u b b e r ( E P R/ E P D M ) E th yl e n e -p r o p yl e n e  r u b b e r 1 5 3 –2 0 6 8 8 3 3 –1 1 2 8 7 2 1 . 9 –2 5 . 5
F l u o r e l F KM ,  c o p o l ym e r  o f 

vi n yl i d e n e  fuoride  an d  
hexafuoropropylene

2 9 7 –3 0 2 3 4 0 0 –3 9 9 2 7 3 . 9 –9 3 . 5

H yc ar N i tr i l e  r u b b e r  c o p o l ym e r 1 8 0 –3 1 0 8 5 0 0
H yc ar  1 0 5 3 N i tr i l e  r u b b e r  c o p o l ym e r 3 1 0
H yp a l o n  r u b b e r C h l o r o s u l fo n a te d  

p o l ye th yl e n e
2 5 –2 7 6 8 0 0

Ka l r e z F P M  e l a s to m e r,  g e n e r i c 3 5 5 1 5 6 5 –2 0 8 9 D N P
Ka l r e z  1 0 4 5 F P M  e l a s to m e r 1 5 6 5 D N P
Ka l r e z  4 0 7 9 F P M  e l a s to m e r 2 0 9 0 D N P

(continues)



M AT E RI AL S ,  E QU I P M E N T,  AN D  S YS T E M S  U S E D  I N  O X YG E N -E N RI C H E D  AT M O S P H E RE S5 3 - 5 2

2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

F. 3 . 4 . 4    T h e  O I s  fo r  al u m i n u m  a l l o ys  ar e  affe c te d  b y th e
d i l u e n t g as  u s e d  wi th  o x yg e n .  F i g u r e  F. 3 . 4 . 4  s h o ws  th e  th r e s h ‐
o l d  p r e s s u r e s  o f two  al u m i n u m  al l o ys  confgured  as  6 . 4  m m
( 0 . 2 5  i n . )  d i a m e te r  r o d s  b u r n i n g  u p wa r d  i n  downward-fowing
ga s  a n d  s h o wn  a s  a  fu n c ti o n  o f th e  m o l e  p e r c e n t o f n i tr o g e n
an d  a r go n  i n  o x yg e n .  ( 5 6 )

F. 4  Te s t M e th o d s .

F. 4 . 1  G e n e ral .

F. 4 . 1 . 1    Var i o u s  te s t m e th o d s  h a ve  b e e n  u s e d  to  e va l u a te  m a te ‐
r i al s  fo r  u s e  i n  O E As ,  b u t l i ttl e  p r o g r e s s  h a s  b e e n  m a d e  to war d
th e  s ta n d ar d i z ati o n  o f s u c h  m e th o d s .  Wh e r e  p o s s i b l e ,  i t i s  d e s i r ‐
ab l e  to  p atte r n  s u c h  m e th o d s  afte r  th e  we l l -e s tab l i s h e d  p r o c e ‐
d u r e s  fo r  th e  fre  h a z a r d  r ati n g  o f m ate r i a l s  fo r  u s e  i n  a n o r m al
atm o s p h e r e .  T h i s  u s e  i s  s e l d o m  p o s s i b l e  b e c a u s e  o f th e  n e e d  to
m a ke  m e as u r e m e n ts  o ve r  a  wi d e  r a n ge  o f p r e s s u r e  a n d  atm o s ‐
p h e r i c  c o m p o s i ti o n ,  th e  l i m i tati o n s  i m p o s e d  b y a p r e s s u r e
c h a m b e r  o f p r ac ti c al  s i z e ,  an d  th e  diffculties  i n  p r o vi d i n g s u i ta ‐
b l e  ga s  s u p p l i e s  a n d  i g n i ti o n  s o u r c e s  wi th i n  th e  te s t c h am b e r.

Al m o s t al l  te s ti n g  i n  O E As  h as  b e e n  l i m i te d  to  s m a l l  s p e c i m e n s
u s i n g  l ab o r ato r y-s c al e  a p p ar atu s .  L ar g e -s c a l e  te s ti n g  u n d e r
c o n d i ti o n s  th a t s i m u l a te  ac tu al  fre  c o n d i ti o n s  i s  o n l y b e g i n ‐

n i n g.

F. 4 . 1 . 2    T h e  signifcance  o f th e  var i o u s  p r o p e r ti e s  o f a m a te r i al
th a t c o n tr i b u te  to  i ts  fre  h a z a r d  d e p e n d  signifcantly o n

wh e th e r  th e  m a te r i al  i s  i n  th e  ga s e o u s ,  l i q u i d ,  o r  s o l i d  p h a s e .  I t
i s  th e r e fo r e  c o n ve n i e n t to  d i s c u s s  te s t m e th o d s  u n d e r  th e s e
th r e e  h e ad i n g s .

F. 4 . 1 . 3    T h e  Am e r i c an  S o c i e ty fo r  Te s ti n g an d  M ate r i al s
C o m m i tte e  G- 4  o n  th e  C o m p ati b i l i ty/ S e n s i ti vi ty o f M ate r i a l s  i n

E n r i c h e d -O x yge n  Atm o s p h e r e s  i s  d e ve l o p i n g  an d  p r o m u l ga t‐
i n g  s tan d ar d  te s t m e th o d s ,  defnitions,  r e c o m m e n d e d  p r a c ti ‐
c e s ,  classifcations  fo r  d e te r m i n i n g  th e  c o m p a ti b i l i ty/ s e n s i ti vi ty

o f m ate r i al s ,  m a te r i al s  confgurations,  an d  a p p l i c a ti o n s  i n te n ‐
d e d  fo r  u s e  i n  s ys te m s  s u b j e c te d  to  o x yge n - e n r i c h e d  atm o s ‐
p h e r e s .  T h e  c o m m i tte e ’ s  c o n s i d e r ati o n s  i n c l u d e ,  b u t ar e  n o t

l i m i te d  to ,  i g n i ti o n ,  c o m b u s ti o n ,  o ff- ga s s i n g,  r e a c ti o n  p r o d u c ts ,
an d  d e c o m p o s i ti o n  te n d e n c i e s .

Tab l e  F. 3 . 3 . 8   Continued

Trad e  N am e  o r G e n e ri c  M ate ri al D e s c ri p ti o n AI T  ( ° C )
H  o f C

( c al / gr m ) O I  ( % )

N e o p r e n e  GRT P o l yc h l o r o p r e n e 1 6 6
N e o p r e n e P o l yc h l o r o p r e n e 2 5 8 6 5 3 2 2 6 . 3
N e o p r e n e D i a p h r a gm ,  n yl o n  r e i n fo r c e d 2 9 . 5
N i tr i l e  r u b b e r,  g e n e r i c B u tad i e n e  an d  ac r yl o n i tr i l e 1 7 3 9 9 1 1
N o r d e l  ( E P D M ) E th yl e n e  p r o p yl e n e  r u b b e r 9 2 2 0 2 5 . 5
S i l i c o n e  r u b b e r  ( RT  6 0 ) P o l y( m e th yl  p h e n yl s i l o x an e ) 3 2 8 9 2 8 . 5
S i l i c o n e  r u b b e r  ( RT V 1 0 2 ) P o l y( m e th yl  p h e n yl s i l o x an e ) 4 9 5 6 2 3
S i l i c o n e  r u b b e r,  g e n e r i c P o l y( m e th yl  p h e n yl s i l o x an e ) 2 6 2 4 1 5 6 2 7 . 9 –3 9 . 2
P o l y( m e th yl  m e th ac r yl a te ) E p i c h l o r o h yd r i n  ( E C O )  

r u b b e r
1 8 . 5

Vi to n  7 7 -5 4 5 ® F KM ,  F l u o r o c a r b o n  r u b b e r 7 8
Vi to n  A F KM ,  F l u o r o c a r b o n  r u b b e r 2 6 8 –3 2 2 3 6 0 3 5 7 –5 8
Vi to n  B ® ,  #V4 9 4 -7 0 F KM ,  F l u o r o c a r b o n  r u b b e r 3 0 8 9 D N P
Vi to n  E -6 0 C F KM ,  F l u o r o c a r b o n  r u b b e r 3 0 8 4 6 0 . 5
Vi to n ®  p a r t # 5 1 0 3 -3 2 F KM ,  F l u o r o c a r b o n  r u b b e r 6 8

C o m p o s i te s
E p o x y/ ar a m i d  c o m p o s i te C o m p o s i te 2 1 7 6 2 2 3
Epoxy/fberglass  c o m p o s i te C o m p o s i te 2 5 8 2 4 9 5

E p o x y/ gr a p h i te  c o m p o s i te C o m p o s i te 2 5 8 7 0 7 7
O th e r M ate ri al s

As b e s to s  p ap e r D N I
C e r awo o l  p ap e r D N I
C o tto n C o tto n 4 0 0 0
E p o x y c e m e n t E p i b o n d  1 0 4 2 3 2 4 1
F i b e r gl as s / c e m e n t b o ar d D N I
G r afo i l  r i b b o n  p ac ki n g Gr ap h i te 4 5 0 + 7 5 8 0
Ka o wo o l  i n s u l a ti o n Al u m i n a/ s i l i c a  freclay 2 5 D N I
N o m e x  n yl o n C l o th 2 7 –3 0
S i n d an yo  C S 5 1 As b e s to s  c e m e n t b o ar d D N I
Tr an s i te As b e s to s  c e m e n t b o ar d D N I
Tu r n a l i te  T I  1 5 0 As b e s to s  c e m e n t b o ar d D N I

F o r  S I  c u s to m a r y u n i ts ,  1  i n .  =  2 5 . 4  m m ,  1  c al / g r a m  =  4 5 3 . 6  c al / l b .
F o r  U S  c u s to m a r y u n i ts ,  ° F  =  ( 1 . 8  ×  ° C )  +  3 2 .
N o te :  D ata fo r  a l l  te s ts  a r e  n o t a va i l ab l e  o n  s o m e  m a te r i al s .
D N I :  D i d  n o t i g n i te .  D N P :  D i d  n o t p r o p a g a te .



AN N E X  F 5 3 - 5 3

S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  an d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m ate r i a l . 2 0 2 1  E d i t i o n

F. 4 . 2  G as e s .

F. 4 . 2 . 1    M i n i m u m  i g n i ti o n  e n e r gi e s  ar e  u s u al l y d e te r m i n e d
u s i n g  a c a p a c i ta n c e  s p ar k-typ e  d i s c h a r ge .  M an y o f th e  a p p ar a‐
tu s  ar e  p atte r n e d  afte r  th o s e  o f th e  B u r e au  o f M i n e s  ( 7 ,  9 )  i n
wh i c h  fanged  e l e c tr o d e s  ar e  u s e d  an d  i n  wh i c h  q u e n c h i n g
d i s tan c e s  c a n  al s o  b e  o b tai n e d .

F. 4 . 2 . 2    F l a m m a b i l i ty l i m i ts  c a n  b e  d e te r m i n e d  u n d e r  q u i e s ‐
c e n t c o n d i ti o n s  b y th e  p ar ti al  p r e s s u r e  m e th o d  o r  u n d e r  fow
c o n d i ti o n s .  T h e  r e a c ti o n  ve s s e l  d i am e te r  s h o u l d  b e  at l e a s t 5 1
m m  ( 2  i n . )  fo r  d e te r m i n ati o n s  at 1 0 1 . 3  kP a  ( 1  a tm ) .  Wh e r e  wa l l
e ffe c ts  ar e  g r e at ( e . g. ,  at r e d u c e d  p r e s s u r e s ) ,  q u e n c h i n g
d i s tan c e  d ata s h o u l d  b e  r e l i e d  o n  to  d e te r m i n e  th e  s u i tab l e
ve s s e l  s i z e .  Al s o ,  th e  i gn i ti o n  s o u r c e  s h o u l d  b e  o f suffcient
s tr e n gth  to  i g n i te  th e  te s t m i x tu r e .

F. 4 . 3  L i q u i d s .

F. 4 . 3 . 1    F l a s h  p o i n ts  o f c o m b u s ti b l e  l i q u i d s  ar e  o r d i n ar i l y
d e te r m i n e d  i n  a i r  u s i n g s u c h  a p p a r atu s  a s  th e  Ta g C l o s e d
Te s te r  ( AS T M  D 5 6 )  an d  th e  C l e ve l a n d  O p e n  Te s te r  ( AS T M
D 9 2 ) .  T h e  c l o s e d -c u p  m e th o d  te n d s  to  g i ve  s l i g h tl y l o we r
te m p e r a tu r e  val u e s ,  th at i s ,  6 ° C  to  1 2 ° C  ( 1 0 ° F  to  2 0 ° F ) ,  fo r
m o s t l i q u i d s .

F. 4 . 3 . 2    M i n i m u m  AI T  i n  ai r  o r  o x yg e n  a t atm o s p h e r i c  p r e s ‐
s u r e  c an  b e  d e te r m i n e d  u s i n g  th e  AS T M  r e c o m m e n d e d  ap p a‐
r atu s  ( AS T M  E 6 5 9 ) ,  wh i c h  i s  e q u i p p e d  wi th  a n  o p e n  2 0 0  c m 3

( 1 2  i n . 3 )  P yr e x ®  E r l e n m e ye r  fask.  At r e d u c e d  p r e s s u r e s  o r
o x yge n  c o n c e n tr ati o n s ,  l a r ge r  te s t ve s s e l s  ar e  n e c e s s ar y to  avo i d
p o s s i b l e  wa l l  e ffe c ts .  Modifed  AS T M  ap p ar a tu s ,  s u c h  a s  th o s e

u s e d  b y th e  B u r e au  o f M i n e s ,  ( 8 )  a r e  s u i ta b l e  fo r  r e d u c e d - an d
e l e vate d -p r e s s u r e  d e te r m i n ati o n s .

F. 4 . 4  S o l i d s .

F. 4 . 4 . 1    T h e  N ati o n al  Ae r o n au ti c s  a n d  S p a c e  Ad m i n i s tr a ti o n
( N AS A)  h as  p u b l i s h e d  p r o c e d u r e s  fo r  th e  e val u a ti o n  o f m ate r i ‐
al s  fo r  u s e  i n  s p ac e c r afts .  ( 6 1 )  T h e s e  p r o c e d u r e s  i n c l u d e  th e

fo l l o wi n g :

( 1 ) C o m b u s ti o n  o f m ate r i a l s
( 2 ) H e at r e l e a s e  r a te s
( 3 ) O d o r  an d  o ff-ga s s i n g te s ts  o f n o n m e ta l l i c  m a te r i al s
( 4 ) E l e c tr i c al  wi r e  i n s u l ati o n  fammability te s t
( 5 ) M e c h an i c a l  an d  p n e u m a ti c  te s t o f m a te r i al s  i n  ga s e o u s

an d  l i q u i d  o x yge n
( 6 ) C o m b u s ti o n  o f m a te r i al s  i n  h i gh -p r e s s u r e  o x yge n
( 7 ) Ar c  tr ac ki n g o f wi r e  i n s u l ati o n

F. 4 . 4 . 2    T h e s e  N AS A p r o c e d u r e s  ar e  s m al l -s c al e  te s ts  s u i tab l e
fo r  u s e  i n  th e  e val u ati o n  o f m ate r i a l s  i n  O E A.  T h e  d o c u m e n t

c o n tai n s  c r i te r i a fo r  th e  s e l e c ti o n  o f m ate r i a l s  b as e d  o n  th e s e
d ata.  T h i s  N AS A d o c u m e n t a l s o  c o n ta i n s  gu i d e l i n e s  o n
c o n d u c ti n g l ar g e -s c a l e  fammability an d  o u t- ga s s i n g te s ts .

F. 4 . 4 . 3    S p ar k,  ( 6 1 )  h o t wi r e ,  ( 3 5 ,  4 0 )  an d  r ad i ati o n  ( 4 2 ,  6 2 )
i g n i ti o n  s o u r c e s  h a ve  b e e n  u s e d  to  e val u ate  th e  e as e  o f i gn i ti o n

o f m ate r i al s  i n  O E As .  T h e s e  s o u r c e s  a r e  d i r e c t ad ap ta ti o n s  o f
m e th o d s  wi d e l y u s e d  i n  a  n o r m al  atm o s p h e r e .

F. 4 . 4 . 4    An  i n ve s ti g ati o n  o f s p o n tan e o u s  h e a ti n g i n  O E A wa s
c a r r i e d  o u t u s i n g an  a p p ar atu s  b a s e d  o n  th e  AS T M  E 1 3 6
n o n c o m b u s ti b i l i ty a p p ar atu s ,  wh i c h  i s  a n  ad ap ta ti o n  o f th e

B S 4 7 6  ap p ar a tu s .  ( 2 0 )

Tab l e  F. 3 . 4 . 2 ( a)  T h re s h o l d  P re s s ure s a i n  O x yge n  o f 3 . 2  m m  ( 0 . 1 3  i n . )  D i am e te r Ro d s  I gn i te d  at
th e  B o tto m  ( 4 8 –5 3 )

 T h re s h o l d  P re s s ure a  N e x t L o we r P re s s ure  Te s te d

M ate ri al M P a p s i a  M P a p s i a

M o n e l  K-5 0 0 > 6 8 . 9 > 1 0 , 0 0 0 — —
I n c o n e l  M A7 5 4 > 6 8 . 9 > 1 0 , 0 0 0 — —
M o n e l  4 0 0 > 6 8 . 9 > 1 0 , 0 0 0 — —
B r as s  3 6 0  C D A > 6 8 . 9 > 1 0 , 0 0 0 — —
N i c ke l  2 0 0 > 5 5 . 2 > 8 , 0 0 0 — —
C o p p e r  1 0 2 > 5 5 . 2 > 8 , 0 0 0 — —
H a s te l l o y C 2 7 6 2 0 . 7 3 , 0 0 0 6 . 9 1 , 0 0 0
I n c o n e l  6 0 0 1 7 . 2 2 , 5 0 0 6 . 9 1 , 0 0 0
I n c o n e l  6 2 5 1 7 . 2 2 , 5 0 0 6 . 9 1 , 0 0 0
H a s te l l o y C 2 2 1 3 . 8 2 , 0 0 0 6 . 9 1 , 0 0 0
I n c o n e l  7 1 8 6 . 9 1 , 0 0 0 5 . 2 7 5 0
4 4 0 C  S S 6 . 9 2 , 5 0 0 6 . 9 1 , 0 0 0
3 1 6  S S 6 . 9 5 0 0 0 . 7 1 0 0
3 0 4  S S 6 . 9 1 , 0 0 0 3 . 4 5 0 0
1 7 -4  P H  S S 6 . 9 1 , 0 0 0 3 . 4 5 0 0
We l d al i te  0 4 9 2 . 1 3 0 0 1 . 7 2 5 0
Al u m i n u m  2 2 1 9 0 . 1 7 2 5 1 . 4 2 0
H S L A s te e l b 0 . 1 7 2 5 N o n e N o n e
T i -6 Al -4 V 0 . 0 0 7 1 N o n e N o n e
aT h r e s h o l d  p r e s s u r e  i s  th e  m i n i m u m  te s t p r e s s u r e  r e q u i r e d  to  s u p p o r t c o m p l e te  c o m b u s ti o n  o f th e  te s t
s a m p l e .  (See last paragraph of F. 3. 4. 1 . )
b D e n o te s  h i g h - s tr e n g th  l o w- al l o y s te e l .
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2 0 2 1  E d i t i o n S h a d e d  te x t =  Re vi s i o n s .  Δ  =  Te x t d e l e ti o n s  a n d  fgure/table  r e vi s i o n s .  •  =  S e c ti o n  d e l e ti o n s .  N  =  N e w m a te r i a l .

F. 4 . 4 . 5    S o m e  s o l i d  m ate r i al s  e x i s t i n  s u c h  a fnely d i vi d e d  fo r m
as  to  b e  i g n i ti b l e  b y a  s p a r k d i s c h ar g e .  T h e s e  fo r m s  i n c l u d e
c o m b u s ti b l e  d u s ts ,  s u c h  a s  four,  te a s e d  c o tto n  wo o l ,  an d  th e
n ap  o f fammable  fab r i c s .  An  ap p r o p r i ate  te s t m e th o d  i s  d e ‐
s c r i b e d  i n  F. 4 . 2 . 1 .

F. 4 . 4 . 6    T h e  r ate  a t wh i c h  fames  wi l l  s p r e ad  u n d e r  a  g i ve n  s e t
o f c i r c u m s tan c e s  i s  th e  m o s t i m p o r tan t p r o p e r ty o f a s o l i d
m a te r i al  i n  te r m s  o f fre  h az ar d .  U n fo r tu n a te l y,  s e ve r a l  o f th e
m e th o d s  r e ga r d e d  as  m o s t r e l i a b l e  fo r  fame  s p r e ad  d e te r m i n a‐
ti o n s  i n  a  n o r m a l  atm o s p h e r e  ar e  n o t r e a d i l y ap p l i c ab l e  a t
e l e vate d  p r e s s u r e s  o r  e ve n  i n  a tm o s p h e r e s  o f n o n s tan d ar d
c o m p o s i ti o n .

Tab l e  F. 3 . 4 . 2 ( c )  T h re s h o l d  P re s s u re s *  i n  O x yge n  o f 6 0  ×  6 0
Wi re  M e s h e s  Ro l l e d  i n to  6 . 4  m m  ( 0 . 2 5  i n . )  D i am e te r C yl i n d e rs
I gn i te d  at th e  B o tto m  ( 5 4 )

 T h re s h o l d  P re s s u re *

M ate ri al M P a p s i a

N i c ke l  2 0 0 > 6 9 > 1 0 , 0 0 0
C o p p e r  1 0 0 0 . 3 4 7
M o n e l  4 0 0 ≤ 0 . 0 8 5 1 2 . 4
3 1 6  S S ≤ 0 . 0 8 5 1 2 . 4
3 0 4  S S ≤ 0 . 0 8 5 1 2 . 4
C ar b o n  s te e l ≤ 0 . 0 8 5 1 2 . 4

* T h r e s h o l d  p r e s s u r e  i s  th e  m i n i m u m  te s t p r e s s u r e  r e q u i r e d  to  s u p p o r t
c o m p l e te  c o m b u s ti o n  o f th e  te s t s a m p l e .  (See last paragraph of F. 3. 4. 1 . )

Δ Tab l e  F. 3 . 4 . 2 ( b )  T h re s h o l d  P re s s u re s  i n  O x yge n  o f 3 . 2  m m  ( 0 . 1 3  i n . )  D i am e te r,  P u re  M e tal  Ro d s
I gn i te d  at th e  B o tto m  ( 6 3 )

E l e m e n t

T h re s h o l d  P re s s u re a  N e x t L o we r P re s s ure  Te s te d

M P a p s i ab  M P a p s i ab

L i ≤ Am b i e n t a i r c N o n e N o n e
B e 4 . 1 6 0 0 3 . 4 5 0 0
C  ( as  g r ap h i te ) 0 . 3 4 5 0 0 . 1 7 2 5
M g ≤ 0 . 0 0 7 ≤ 1 N o n e N o n e
Al ≤ 0 . 1 7 2 5 N o n e N o n e
S i 2 7 . 6 4 , 0 0 0 2 0 . 7 3 , 0 0 0
T i ≤ 0 . 0 0 7 ≤ 1 N o n e N o n e
V 1 . 4 2 0 0 0 . 7 1 0 0
C r 4 . 1 6 0 0 3 . 4 5 0 0
F e 0 . 5 ≤ 7 0 N o n e N o n e
C o > 6 9 d > 1 0 , 0 0 0 d N o n e N o n e
N i > 6 9 d > 1 0 , 0 0 0 d N o n e N o n e
C u > 6 9 d > 1 0 , 0 0 0 d N o n e N o n e
Z n 5 . 5 8 0 0 4 . 8 7 0 0
S r ≤  Am b i e n t a i rc N o n e N o n e
Z r ≤ 0 . 0 6 ≤ 8 N o n e N o n e
C b ≤ 0 . 7 ≤ 1 0 0 N o n e N o n e
M o 0 . 7 1 0 0 0 . 3 4 5 0
Ag > 6 9 > 1 0 , 0 0 0 d N o n e N o n e
I n 0 . 1 4 2 0 0 . 0 8 e 1 2 . 3
S n 1 . 0 1 5 0 N o n e N o n e
S b 4 . 1 6 0 0 3 . 4 5 0 0
Yb 0 . 0 8 e 1 2 . 3 e Am b i e n t ai r c

H f 0 . 0 7 1 0 N o n e N o n e
Ta 0 . 1 4 2 0 N o n e N o n e
W 0 . 3 4 5 0 0 . 0 7 1 0
P t > 6 9 d > 1 0 , 0 0 0 d N o n e N o n e

Au > 6 9 d > 1 0 , 0 0 0 d N o n e N o n e
P b 5 . 2 7 5 0 3 . 4 5 0 0

aT h r e s h o l d  p r e s s u r e  i s  th e  m i n i m u m  te s t p r e s s u r e  r e q u i r e d  to  s u p p o r t c o m p l e te  c o m b u s ti o n  o f th e  te s t
s a m p l e .  (See last paragraph of F. 3. 4. 1 . )
b P r e s s u r e s  a b o ve  1 0 0  p s i  ar e  g a u g e  p r e s s u r e  o f p s i  r a th e r  th a n  a b s o l u te  p r e s s u r e  o f p s i .
c S am p l e s  b u r n e d  c o m p l e te l y i n  a m b i e n t a i r  a t an  a tm o s p h e r i c  p r e s s u r e  o f 8 5  k P a  ( a b s o l u te  p r e s s u r e  o f 1 2 . 3
p s i ) .

d S a m p l e s  d i d  n o t s u p p o r t c o m b u s ti o n  i n  a t l e a s t th r e e  te s ts  a t th i s  p r e s s u r e .  T h e  th r e s h o l d  p r e s s u r e ,  i f i t e x i s ts ,
i s  g r e ate r  th a n  th i s  p r e s s u r e .

e T h e s e  te s ts  we r e  r u n  i n  8 5  kP a  ( a b s o l u te  p r e s s u r e  o f 1 2 . 3  p s i )  o x yg e n .


