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ABSTRACT 7 

This  r e p o r t  d i s c u s s e s  the c u r r e n t  s t a t u s  of informat ion  r ega rd ing  
the b l a s t  haza rds  of l i q u i d  p r o p e l l a n t s  and p r e s e n t s  r e s u l t s  ob ta ined  
from one p a r t  of a conprehensive a n a l y t i c a l  and experimental  i n v e s t i 
g a t i o n  of t h i s  prcblem. The d a t a  g c n e r a l l y  were c o n s i s t e n t  w i th  s i t i n g  
c r i te r ia  now used f o r  RP- l /LOX.  However, exp!.Gsive y i e l d s  determined 
f o r  LHz/LOX were markedly lower than v a l u e s  r e p o r t e d  by previous  inves
t i g a t o r s  and sugges t  t h a t  c u r r e n t  s i t i n g  c r i t e r i a  f o r  t h i s  p r o p e l l a n t  
combination may be over ly  conse rva t ive .  
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PRELIMINARY INVESTIGATION OF BLAST HAZARDS OF RE-!.!LOX 
AND LHz/LOX PROPELLANT COMBINATIONS 

By John B.  Gayle,  Cha r l e s  H. Blakewood, J a m s  W. 
Bransford ,  William H. Swindel l ,  

and Richard W. High 
George C .  Marsha l l  Space F l i g h t  Center 

SUMMARY 

The development of l a r g e  launch v e h i c l e s  has  c r e a t e d  major problems 
i n  the  s i t i n g  of t e s t  s t a n d s  and launch pads.  Thus, W-l/LOX v e h i c l e s  
a r e  s i t e d  by us ing  a TNT e q u i v a l e n t  of 20 pe rcen t  f o r  q u a n t i t i e s  up t o  
500,OOG pounds and an e q u i v a l e n t  of 10 pe rcen t  f o r  any exc-ess over 
t h a t  amount; LI.I2/LOX v e h i c l e s  a r e  s i t e d  us ing  a TNT e q u i v a l e n t  of G O  
p e r c e n t .  

This  i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  a s  the in-house par , t  of a 
comprehensive program now i n  p rogres s  t o  examine the  v a l i d i t y  of these 
e q u i v a l e n t s  and,  i f  necessa ry ,  t o  e s t a b l i s h  new eq i i iga l en t s .  T e s t s  
u s ing  200 pounds of KP-l/LOX and LH2jLOX were made w i t h  s p i l l .  t e s t  acd 
s imula ted  tankage c o n f i g u r a t i o n s .  The r e s u l t s  a r e  cons idered  pre l im
i n a r y  and a r e  n o t  in tended  t o  p r e j u d i c e  the r e s u l t s  of the more 
comprehensive program s t i l l  i n  p rogres s .  However, they i n d i c a t e  t h a t  
the s p i l l  t e s t  method of i n v e s t i g a t i o n  on which the c u r r e n t  TNT eqa iv
a l e n t  f o r  LHz/LCX v e h i c l e s  i s  based probsbly g ives  excess ive  y i e l d s  
and, t h e r e f o r e ,  may n o t  be v a l i d  f o r  t h i s  p r o p e l l a n t  combination. This  
i n d i c a t e s  t h a t  f u t u r e  i n v e s t i g a t i o n s  of l i q u i d  p r o p e l l a n t  b l a s t  hazards  
must s imula t e  v e h i c l e  c o n f i g u r a t i o n s  and f a i l u r e  modes and sugges t s  
t h a t  t he  c u r r e n t  LHz/LOX TNT eqclivalent used f o r  s i t i n g  should be r e 
examined i n  t h e  l i g h t  of t hese  f i n d i n g s .  

1:CCRODUCTION 

The development of l a r g e  launch v e h i c l e s ,  p a r t i c u l a r l y  those 
u t i l i z i n g  new high-energy p r o p e l l a n t s ,  has  c r e a t e d  major problems i n  
the  s i t i n g  of test s t a n d s  and launch pads.  Curren t  v e h i c l e s  ;uch a s  
the  Sa tu rn  I have t o t a l  p r o p e l l a n t  weights  approaching one m i l l i o x  
pounds; f o r  t he  Sa tu rn  V vehic le ,which  i s  now i n  an  advanced s t a g e  of 
development, t h e  weight  of p r o p e l l a n t s  i s  about  s i x  t i m e s  l a r g e r .  

Veh ic l e s  u s i n g  RP-1/LOX p r e s e n t l y  are si . ted on t h e  assumption t h a t  
t h e  maximum exp los ion  invo lv ing  these  p r o p e l l a n t s  would be e q u i v a l e n t  
t o  t h e  d e t o n a t i o n  of a mass of TNT equa l  t o  20 percen t  of t he  p r o p e l i a n t  



weigh t ,  up t o  500,000 pounds, p l u s  10 pe rcen t  of any excess  over  t h a t  
amount ( r e f .  1). These v a l u e s  a r e  based l a r g e l y  on the  r e s u l t s  of 
s m a l l - s c a l e  t es t s  invo lv ing  a number of  d i f f e r e n t  t e s t  c o n f i g u r a t i o n s  
( r e f .  2) ;cnd are c o n s i s t e n t  w i th  estimates of y i e l d s  of up t o  10 pe r 
c e n t  and h igher  from i n c i d e n t s  involv ing  f l i gh t -we igh t  v e h i c l e s  c a r r y i n g  
up t o  250,000 pounds of  p r o p e l l a n t .  

The TNT equiva lence  of  LUz/L(sX v e h i c l e s  c u r r e n t l y  used f o r  s i t i n g  
purposes  i s  60 percent ( r e f .  1) and i s  based on r e s u l t s  of  sma l l - sca l e  
tes ts  us inp  s p i l l - t e s t  c o n f i g u r c t i m s  e x c l u s i v e l y  ( r e f .  3 ) .  This  va lue  
i s  i n  marked c o n t r a s t  w i t h  the  one pc rcen t  y i e l d  e s t ima ted  f o r  the  
s i n g l e ’ m a j o r  i n c i d e n t  w i t h  these  p r o p e l l a n t s  f o r  which a d e t a i l e d  
i n v e s t i g a t i o n  was p o s s i b l e  ( r e f .  4 ) .  

Some sma l l - sca l e  tes ts  wi th  RP-1/LOX have suggested t h a t  t he  msre 
c l o s e l y  v e h i c l e  c o n f i g u r a t i o n s  and f a i l u r e  modes .-ire simul-atcd the  
lower a r e  the  exp los ive  y i e l d s  ( r e f .  2 ) .  Such gn e f f e c t  might be 
expected t o  be even more pronounced wi th  LH2/LOX because of t he  w i d e  
f lammabi l i ty  l i m i t s  of  mix tures  of these  p r o p e l l a n t s  and t h e i r  extreme 
e a s e  of i g n i t i o n .  Even poor ly  mixed q u a n t i t i e s  a r e  e a s i l y  ign i t ec , .  
Thus, i t  appears  ques t ionab le  a s  t o  whctiier the  r e s u l t s  of sma l l - sca l e  
s p i l l  t es t s  which provide good n i x i n g  u s u a l l y  withoil? spontaneous 
i g n i t i o n  can provide a v a l i d  b a s i s  f o r  a s s i g n i n g  the  LH2/LOX TNT 
e q u i v a l e n t s  t o  be used f o r  s i t i n g  purposes .  

The informat ion  presented  i n  t h i s  r e p o r t  i s  the res1 I t  of  one 
p a r t  of a comprehensive program ( r e f .  5 )  t o  determine the  b l a s t  hazards  
of  l i q u i d  p r o p e l l a n t s .  The o b j e c t i v e s  of t h i s  p o r t i o n  of t he  program 
were t h r e e f o l d :  (1) t o  develop a c a p a b i l i t y  of making sma l l - sca l e  
tests f o r  s tudy  of b l a s t  e f f e c t s ,  which n e c e s s l t a t e d  the  development 
of a n  iq s t rumen ta t ion  system and da ta-process ing  methods; (2) t o  use  
t h i s  experimental  c a p a b i l i t y  i a  o b t a i n i n g  informat ion  about  t he  explo
sive hazard of LHz/LOX f o r  u se  i n  s i t i n g  problems a t  MSFC and c o n t r a c t o r  
f a c i l i t i e s ;  (3) t o  i n s u r e  an  adequate  c a p a b i l i t y  f o r  mcni tor ing  the  
c o n t r a c t  r e sea rch  s t u d i e s  which c o n s t i t u t e  the  bulk of the  program. 
Therefore ,  the  r e s u l t s  of  t h i s  s tudy  a r e  cons idered  pre l iminary  and 
are n o t  in tended  t o  p r e j u d i c e  che r e s u l t s  of the more comprehensive 
programs s t i l l  i n  p rogres s .  

. This  program w a s  made p o s s i b l e  by t h e  coopera t ion  of  man;. groups 
and i n d i v i d u a l s  a t  t h i s  Center .  Tape r e c o r d e r s  were obta ined  on loan  
from t h e  Computation Labora tory  dur ing  the  e a r l y  p o r t i o n  of  t h e  program; 
l a te r ,  t h e  Computation Laboratory a s s i s t e d  w i t h  t h e  programming and com
p u t e r  o p e r a t i o n s  which were necessa ry  f o r  d a t a  r e d u c t i o n  and eva lua t ion .  

‘ T e s t  Laboratory supp l i ed  p r o p e l l a n t s  and worked on t h e  des ign  of iihe 
t r a n s f e r  systems. The Non-Metallic M a t e r i a l s  and t h e  Engineer ing Phys ics  
Branches o f  t h e  Materials Div i s ion ,  Propuls ion  & Vehic le  Engineer ing  
Labora tory  a s s i s t e d  i n  t h e  ciesign, f a b r i c a t i o n ,  and i n s u l a t i o n  of the 
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t es t  a r t ic les .  The Army Missile Support  Command provided.  ass;stnl;ce
i n  t h e  hand l ing  of exp los ives  and fu rn i shed  the  tes t  s i t e  f o r  the program 
under Government Order H-61510. 

EXPERIMENTAL 

The expef imenta l  p o r t i o n  of t h i s  i n v e s t i g a t i o n  inc luded  the 
des ign ,  c o n s t r u c t i o n ,  and v e r i f i c a t i o n  of an  ins t rumenta t2on  system; 
the  des ign  and c o n s t r u c t i o n  of t he  tes t  a r t i c l e s  and p r o p e l l a n t  
t r a n s f e r  systems; and the  a c t u a l  conduct of t h e  tes ts .  

Ins t rumen ta t ion  

T e s t  d a t a  inc luded  the  pressure- t ime h i s t o r y  exd time of a r r i v a l  
of t he  shock wave, the r a t e  of growth and d u r a t i o n  of t he  f i r e b a l l ,  
and a tmospher ic  c o n d i t i o n s .  Both e l e c t r o n i c  in s t rumen ta t ion  and 
photograph. n s t r u m e n t a t i o n  were used. 

Prcv-aus i n v e s t i g a t i o n s  invd lv ing  s i m i l a r  tests had shown t h a t  
l a u l t i p l e  exp los ions  were c h s r a c t e r l s t i c  Gf e v e c t s  employing a c t u a l  o r  
s imula ted  tankage ( r e f .  6 ) .  The re fo re ,  h igh  speed photography and a 
magnetic-tape system were used f o r  r eco rd ing  much of: t he  da t a  and 
p rov id ing  cont inuous  r e c o r d s  f o r  pe r iods  of t i m e  up to approximately 
5 minutes w i t h  r e s o l u t i o n  of e v e n t s  o c c u r r i n g  less than 10 inicroseconds 
apart  . 

E l e E t r o n k  Ins t rumen ta t ion .  - The s ide-on  p r e s s u r e  h i s t o r i e s  and 
the  a r r i v a l  t i m e s  of t h e  shock waves were obta ined  w i t h  p i e z o e l e c t r i c  
p r e s s u r e  t r ansduce r s  mounted on b l a s t  r e s i s t a n t  s t a n d s  ( r e f .  7) which 
were l o c a t e d  frclrii 25 t o  250 f e e t  from ground zero ( F I G  1 ) .  Each 
t r ansduce r  was connected by c o a x i a l  cab le  to a s e p a r a t e  a m p l i f i e r  which 
w a s  l o c a t e d  i n  the  ins t rum2nt  i g l o o .  A f t e r  a m p l i f i c a t i o n  t o  a s u i t 
a b l e  l e v e l ,  t he  s i g n a l s  were recorded by a 14-channel wid2band (20 PC) 
FM magne t i c - t a p e  r e c o r d e r .  

Playback of t he  recorded  s i g n a l s  a t  reduced speed i n t o  an  o s c i l l o 
graph gave permanent r e c o r d s  from which numerical  d a t a  were obtained.  
Ccmparison of the  t r ansduce r  s i g n a l s  wi th  v o l t a g e  Cal i -brat ion and 
t iming  s i g n a l s ,  which a l s o  were recorded ,  pe rmi t t ed  measurements of 
t h e  ove rp res su re ,  pos i t i ve -phase  impulse , and a r r i v a l  t i m e  fo r  each 
shock wave. A b lock  diagram of t h e  i i s t rumen ta t io r?  system" is  grven 
i n  FIG 2 .  

JC 	 A more d e t a i l e d  d i s c u s s i o n  of the e l e c t r o n i c  instrumenCation systerr 
and d a t a  a n a l y s i s  procedures  w i l l  be Tiven i n  a s e p a r a t e  r e p o r t .  
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The p r e s s u r e  measurement system was c a l i b r .  i oy impressing on 
each t r ansduce r  a p r e s s u r e  pulse  of known magnitude. These p u l s e s  were 

)., 
' genera ted  by a Fl ' r t ab le  shock tube i n  the e a r l i e r  ha l f  of the i n v e s t i 

!: ' g a t i o n  and by a pneumatic p re s su re  s t e p  gene ra to r  i n  the l a t t e r  h a l f .  
The latter. a f fo rded  a wider range of p re s su re  s t e p s  and g r e a t e r  ea se  
of o p e r a t i o n .  The c a l i b r a t i o n  s i g n a l s  were recorded  and processed i n  
t h e  same manner as t h e  s i g n a l s  from the  v a r i o u s  h igh  exp los ive  and 
p r o p e l l a n t  tes ts .  

Photographic  Ins t rumen ta t ion .  - Four cameras w i t h  c o l o r  f i l m  were 
used t o  o b t a i n  a d d i t i o n a l  test  information.  Two of the cameras, which 
had speeds of 24 and 48 f p s ,  were u s e d ' f o r  documentation; t he  o t h e r  
two cameras, opera ted  a t  400 f p s ,  provided informat ion  about the 
geometric c e n t e r  of exp los ion  and the ra te  of growth, maximum s i z e ,  
and d u r a t i o n  of the f i r e b a l l .  F igure  1 shows t h e  camera l o c a t i o n s .  

High Explosive T e s t s  

T e s t s  u s i n g  h igh  exp los ives  o f  known c h a r a c t e r i s t i c s  were made t o  
v e r i f y  the accuracy of the in s t rumcn ta t ion  system. Composition C-4 
w a s  used i n s t e a d  of f l a k e  TNT or c k s t  P e n t o l i t e  because i t  cou l J  e a s i l y  
be molded by hand i n t o  a hemispher ica l  shape. Charge weights  rangeci 
from 2 . 5  t o  100 pounds and covered che expected range of y i e l d s  f o r  
t he  p r o p e l l a n t  t e s t s .  A l l  charges  were de tona ted  c ? t  ground l e v e l .  

Eva lua t ion  of d a t a  f o r  bo th  the h igh  exp los ive  and p r o p e l l a n t  
tests was based on a comparison of r e s u l t s  w i t h  dats. f o r  TNT. Referenct 
cu rves  used f o r  t h i s  purpcse a r e  desc r ibed  i n  the Appendix. For 
purposes of comparison, composition (2-4 v a s  assumed t o  have a y i e l d  ;f 
115 pe rcen t  of t h a t  of TNT f o r  both ove rp res su re  and impulse mcasure
ments ( r e f .  8 ) .  

! h e r p r e s s u r e .  - The peak side-on ove rp res su re  is  the parameter 
'most comnonly used t o  compare exp los l cns .  F igu re  3 i s  a p l o t  of s i d e -
on ove rp res su re  ve r sus  normalized d i s t a n c e  f o r  a l l  of the h igh  exp los ive  
tes ts .  The s o l i d  l i n e s  r e p r e s e n t  v a r i o u s  percentage  y i e l d s  r e fe renced  
to  TNT and show approximately the l i m i t s  of v a r i a t i o n s  i n  the  d a t a .  
The dashed l i n e  i s  a t h i r d  degree polynomial i n  logar i thms which was 
f i t t e d  t o  the d a t a  by the method of l e a s t  squares .  This  curve. a g r e e s  
w e l l  w i th  the assumed curve  f o r  composition C - 4  (115 pe rcen t  TKT) 
a l though the  i n d i v i d u a l  da t a  p o i n t s  s c a t t e r  wide ly .  This s c a t t e r  
appeared t o  be due p r i m a r i l y  t o  two e f f e c t s :  t h e  d i f f i c u l t y .  i n  
i n t e r p r e t i n g  non- idea l  t ransducer  s i g n a l s  and the v a r i a t i o n s  i n  the 
energy expenc.ed i n  the  c r a t e r i n g  p rocess .  

S i g n a l s  from the  c l o s e s t  t r ansduce r s  o f t e n  were d i s t o r t e d  badly 
from :he l l i dea l "  shape. This  occur red  c o n s i s t e n t l y  w i t h  the l a r g e r  

I 




cha rges  0 2 5  l b )  and frequen’t ly  f o r  the sma l l e r  ones.  The d i s t o r t i o n  
u s u a l l y  c o n s i s t e d  of severe r i n g i n g ,  l ead ing  edge s p i k e s ,  hash, and/or 
Secondary s h x k s .  Occas iona l ly ,  the d i s t o r t i o n  was observed even f o r  
t r ansduce r s  l oca t ed  65 f e e t  away from the  charge.  I n  some c a s e s ,  the 
secondary shocks and hash were caused by impact of p i e c e s  of  e j e c t e d  
d i r t  and s t o n e  on the  t r ansduce r s  and mounts. The r i n g i n g  was due t o  
t ransducer  and mount r i n g i n g .  The s p i k e s  were found t o  occur n.ost1y 
i n  o l d e r  t r a n s d u c e r s .  

Regard less  of the s i g n a l  shape, every  e f f o r t  was made to dr-duce 
t h e  n a t u r e  of i n t e r f e r i n g  s i g n a l s  and t o  compensate f o r  them duri.ng the  
d a t a  r e d u c t i o n  and i n t e r p r e t a t i o n  p rocess .  

Crater s i z e s  f o r  a g iven  chiirge weight  v a r i e d  widely and could 
n o t  be p r e d i c t e d  a c c u r a t e l y .  The s o i l  where the t e s t s  were run  w a s  
r e d  c l a y .  The s o i l  c o n d i t i o n s  ranged from ve ry  hard  t o  q u i t e  s o f t ,  
thereby caus ing  a l a r g e  v a r i a t i o n  i n  t h e  e x t e n t  of c r a t e r i n g .  

A secondary source of v a r i a t i o n  a r o s e  from a d e t e c t a  l e  and C a i r l y  
c o n s i s t e n t  dec rease  i n  the s e n s i t i v i t y  of some of t he  t r ansduce r s  
du r ing  the program, which 1as.tcd approximately one yea r .  For compu
t a t i o n a l  purposes ,  e s t i m a t e s  of the s e n s i t i v i t y  of thepi: t r ansduce r s  . 
were made f o r  v a r i o u s  tes t :  d a t e s  throughout the p r o g r m .  

Impulse. - The s ide-on  p o s i t i v e  phase impulse of the shock wave 
is  impor tan t  i n  t a r g e t  damage s t u d i e s  and was mea*,ured f o r  a i l  t e s t s .  
The r e su l t s  a r e  shown i n  F I G  4 .  A s  wi th  the  ove ip res su re  d a t a ,  t he  
s o l i d  l i n e s  show v a r i o u s  e q u i v a l e n t  y i e l d s ,  and the dashed l i n e  repre
s e n t s  a f i f t h  degree polynomial s i m i l a r  t o  t h a t  shown Cor the  ove rp res su re  
d a t a .  Agreement of t he  f i t t e d  curve wi th  the  115 pe rcen t  y i e l d  curve i s  
f a i r .  Data s c a t t e r  i s  s l i g h t l y  l e s s  than f o r  the ove rp res su re  d a t a  s i n c e  
the  e f f e c t s  of n o i s e  and small  i r r e g u l a r i t i e s  a r e  smoothed by the  i n t e 
g r a t i o n  p rocess .  However , che d e v i a t i o n s  between the assumed C-4 curve 
and the f i L t e d  curve  a r e  somewhat g r e a t e r  than those f o r  t he  ove rp res su re  
data .  It should be n3ted  t h a t  the TNT r e f e r e n c e  curves  f o r  ove r? re s su re  
and impulse were der ived  from d i f f e r e n t  s e t s  of d a t a .  (Sec Appendix.) 

Time -of - A r r  i v a l  

No p r o v i s i o n  was made f c r  r e c o r d i n g  an  aboo lu te  ze ro  t i m e  s i g n a l  
because the  s i g n a l  would have l i t t l e  u t i l i t y  f o r  p r o p e l l a n t  tests i n  
whic;i mu?.t iple e x p l c s i o n s  occurred.  However, t he  t imes r e q u i r e d  f o r  
t he  shosit f r o n t  t o  t r a v e l  from one t r ansduce r  s t a t i o n  t o  the  nex t  were 
recorded .  These v a l u e s  i-epresented the  d i f f e r e n c e s  i n . t h e  t icies-of
a r r i v a l  of t h e  shock f r o n t  a t  the d i f f e r e n t  s t a t i o c s  and were used wi th  
the  speed of sound and s t a t i o n  d i s t a n c e s  t o  c a l c u l a t e  t he  ove rp res su re  

5 

- ._. 

I 




-.-.a


i n  t h e  shock f r o n t  by means of t he  i n t e g r a t e d  form of the Rankine-
Hugoniot e q u a t i o n .  The l ack  of an  a b s o l u t e  ze ro  t i m e  s i g n a l  precluded 

1 .  c a l c u l a t i o n  of t he  overpressure  cor responding  t o  the  c l o s e s t  s t a t i o n .
?';- The ove rp res su res  c a l c u l a t e d  i n  t h i s  manner were compared wi th  those 
i 
i ;b 

measured d i r e c t l y  i n  FIG 5. Since the v c l o c i t y  of  a shock wave i s  
determined by t h e  peak overpressure  i n  the  shock f r o n t ,  r e g a r d l e s s  of 
t he  o r i g i n  of the  wave, t he  expected r e l a t i o n  between t!iesc over -
p r e s s u r e s  is  a s t r a i g h t  l i n e  of u n i t  s l o p e .  The da t a  a r e  i n  e x c e l l e n t  
agreement w i t h  t h i s  e x p e c t a t i o n ,  thus  con�irming the  v a l i d i t y  of both 
se t s  of measurenients. It should be no'ied t h a t  the  t ime-o f -a r r iva l  
d a t a  are n o t  s u b j e c t  t o  unce r t a i r i t i e s  due t o  i r r e g u l a r i t i e s  of the  
pressure- t ime t r a c e s ,  d r i f t s  i n  t ransducer  s e n s i t i v i t i e s ,  and e r r o r s  
i n  c a l i b r a t i o n .  However, the  ove rp res su res  determined from the  t i m e -
of  -arr i v a l  d a t a  are s u b j e c t  t o  u n c e r t a i n  t ies  i n  de termining the  e x a c t  
t i m e  of  a r r i v a l  a t  any s t a t i o n ,  the e x a c t  d i s t a n c e  between t ransducer  
s t a t i o n s ,  and t h e  speed of sound. The l a t t e r  f a c t o r  p a r t i c u l a r l y  i s  
impor tan t  f o r  t h e  r e l a t i v e l j - low ove rp res su res  determined i n  t h i s  
s tudy  f o r  which the  v e l o c i t y  of the  shock wave exceeds t h a t  of the  
speed of sound by only  a small  amount. 

PROPELLANT TEST CUNE'IGURATIONS 'JID FAILURE NODES 

Each of t he  p r o p e l l a n t  tes ts  used a t o t a l  of 200 pounds of pro
pl: l lant i n  r a t i o s  of 1 p a r t  RP-1 t o  2 . 2 5  p a r t s  LOX by weight  o r  1 p a r t  
Liquid hydrggen t o  5 p a r t s  LOX by weight .  S ince  the re  was no proviscon 
t o r  dircnct weighing,  p r o p e l l a n t  weights  were e s t i x a t e d  vo lumet r i ca l ly .  
The crycg2ni: p r o p e l l a n t s  were o v e r f i l l e d  s l i g h t l y  t o  a l low f o r  b o i l o f f  
between f i l l ; - n g  ari-l i n i t i a t i s n  of the  t e s t .  V a r i a t i c n - caused by t h i s  
f a c t o r  a r e  es t in ia tcd  t o  be l e s s  than 5 pe rcen t  of the t o t a l  p r o p e l l a n t  
weight  a t  t h e  t i m e  of  i g n i t i o n .  

S p i l l  T e s t s  

The s p i l l  tes ts  were made t o  o b t a i n  informat ion  on the p o t e n t i a l  
y i e l d  when t h e  p r o p e l l a n t s  were mixed r a p i d l y  a s  p a r t l y  impinging 
s t reams.  S tnce  t h i s  method of t e s t i n g  had been used previous ly  f o r  both 
RP-l/LOX and LHz/LOX ( r e f .  3 ) ,  these tes t s  a l s o  permi t ted  a comparison 
of r e s u l t s  w i t h  those  of  o t h e r  i n v e s t i g a t o r s .  

The same gene ra l  c o n f i g c r a t i o n  was used f o r  each t e s t ;  i . e . ,  the  
p r o p e l l a n t s  were s p i l l e d  s imultaneously i n t o  a small  (appro>.:mately 
6- inch  deep) dep res s ion  i n  the  ground. The r e s u l t i n g  mixture  was 
i g n i t e d  e i t h e r  w i t h  a b l ack  powder squib  (as  a flame type i g n i t i o n  
source)  o r  w i t h  a #P b l a s t i n g  cap p l u s  a s m a l l  exp los ive  charge con
s i s t i n g  o f  4 ounces of C-4 (as a shock-type i g n i t i o n  source) .  



I n  t h e  f i r s t  few tests,  g a l v m i z e d  s t e e l  garbage cans were used 
t o  hold the  p r o p e l l a n t s ;  however, aluminum cans were used i n  l a t e r  t e s t s .  

' 	 The l i q u i d  hydrogen cans  were i n s u l a t e d  wi th  fou r  to  s i x  inches of a 
low-density polyure thane  foam. A f t e r  the temperature of the can had 
s t a b i l i z e d ,  l i q u i d  hydrogen could  be he ld  f o r  about  oiie hour be fo re  
rep len ishment  w a s  necessa ry .  The LOX c o n t a i n e r s  were n o t  i n s u l a t e d .  

A diagram of t h e  RP-l/LOX t e s t  s e t u p  i s  shown i n  FIG GA. The 
l i q u i d s  were s p i l l e d  o r  poured toge the r  by us ing  Primacord t o  c u t  t he  
c a b l e s  ho ld ing  the  c o n t a i n e r s  u p r i g h t .  The c u t t i n g  of the r e s t r a i n i n g  
c a b l e s  was taken as z e r o  t i m e  f o r  de t e rmina t ion  of t he  time delay before-
i g n i t i o n .  The  t i m e  i n t e r v a l  between i n i t i a t i o v  of the t e s t s  and f i r i n g  
of t he  squ ib  o r  exp los ive  charge  v a r i e d  from 0.5 t o  40 seconds and 
inc luded  the  time r equ i r ed  f o r  the Conta iners  t o  drop, which was approxi 
mately 0 .5  second. Sevcn tests were run ;  s i x  were i g n i t e d  wi th  high-
exp los ive  ({IS b l a s t i n g  cap p l u s  & ounces of C-4) and the o t h e r  w i th  a 
black-powder squ ib .  

Shown ir ,  FIG 6 B  i s  a diagram of  the LHz/LOX t e s t  s e tup .  The 
l i q u i d s  were s p i l l e d  by the same method used  f o r  the RP-1/LOX t e s t s .  
However, a de lay  time of 0 . 5  second was used between the c u t t i n g  of 
the c a b l e  r e s t r a i n i n g  the LI12 c o n t a i m r s  ana t h a t  r e s t r a i n i n g  thc LOX 
con th inc r  t o  a l low f o r  the longer f a l l i n g  t L m e  of the l a r g e r  coniiainer. 
Zero time was cons idered  t o  co inc ide  wi th  the c u t t i n g  of the LHz con
t a i n e r  c a b l e ,  and a l l  de lay  t imes were measured from t h i s  r e f e r e n c e .  
Scheduled de lay  times be fo re  i g n i t i o n  ranged from 1 t o  10 seconds. 
However, delay t i m e s  g r e a t e r  than 2 . 5  seconds were not  r e a l i z e d  because 
of premature i g n i t i o n  of t he  p r o p e l l a n t  mixture dur ing  the two t e s t s  
w i th  the  l o n g e s t  de lay  t imes.  A l l  t e s t s  were i g n i t e d  wi th  4 ounces of 
C-4 p l u s  a 118 b l a s t i n g  cap excep t  those t h a t  i g n i t e d  spontaneously.  
A t o t a l  of s i x  t e s t s  was run  i n  t h i s  s e r i e s .  

Tank T e s t s  

The tandem-tank t e s t s  were made t o  provide informat ion  about the 
exp los ive  y i e l d s  o c c u r r i n g  under c o n d i t i o n s  more c l o s e l y  s imula t ing  
v a r i o u s  types of v e h i c l e  f a i l u r e s .  The gene ra l  c o n f i g u r a t i o n  and se tup  
were the same f o r  e.qch t e s t ;  i i e . ,  t he  LOX w a s  i n  t he  bottom tank and 
the  P9-1 o r  LH2 i n  thc top tank. The LH2 tanks were i n s u l a t e d  with'  
s i x  inches  of po lyure thane  foam on the  s i d e s  and top ,  and two to  s i x  
inches of foam w a s  used on the bottom. depending upon the type of 
f a i l u r e  under s tudy.  D e t a i l s  of the v a r i o u s  c o n f i g u r a t i o n s  a r e  shown 
i n  FIG 7A through PIG 7 1 ,  and these  same numbers a r e  used t o  i d e n t i f y  
t h e  correspcqnding c o n f i g u r a t i o n  f o r  cortvenience i n  d i s c u s s i o n .  
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F i v e  tank  c o n f i g u r a t i o n s ,  7A through 7E, were used f o r  t h e  RP-l /LOX 
tests. Conf igura t ion  7A used a f l e x i b l e  l i n e a r  shaped charge (FLSC)" 
p laced  v e r t i c a l l y  a g a i n s t  bo th  tanks as t h e  f a i l u r e  mode. I n  Configu
r a t i o n  7B,  two 12-inch l e n g t h s  of FLSC were placed between t h e  tanks ;  
one was taped t o  t h e  bottom of t h e  RP-1 tank and t h e  o t h e r  t o  the  top  
of  the  LOX tank.  The space s e p a r a t i n g  t h e  two l e n g t h s  of E'LSC did  n o t  
exceed one i n c h .  Conf igura t ion  7C used a c o i l  of FLSC placed  a g a i n s t  
t h e  top of t h e  LOX tank.  Conf igura t ions  7D and 7E were s imilar  i n  t h a t  
t h e  bottom of  t h e  Rp-1 tank  was rep laced  by a n  aluminum foi.1 diaphragm. 
However, i n  7D, the  diaphragm was c u t  w i t h  a s e c h a n i c a l  c u t t e r ;  whereas,  
i n  7E, i t  w a s  b u r s t  by p r e s s u r i z i n g  t h e  Rp-1 tank w i t h  gaseous n i t r o g e n  
to  s imula te  v e h i c l e  f a i l u r e  due t o  o v e r p r e s s u r i z a t i o n  of t h e  h e 1  tank.  

I n  Conf igura t ions  7D and 7E, t h e  r e s u l t i n g  mixtures  of p r o p e l l a n t s  
w e r e  i g n i t e d  by 4-ounce C-4 charges  which were loca ted  near  the  
propel l .ant  i n t e r f a c e .  I n  the o t h e r  t h r e e  RP-l/LOX c o n f i g u r a t i m s ,  the  
FLSC served as the  i g n i t j o n  source .  Delay ' t i m e s  between breaking of 
t h e  diaphragms and d e t o n a t i o n  of the  C-4 charges f o r  7D and 7E ranged 
f r o =  1 t o  15 seconds.  A t o t a l  of seven tank tes ts  was r u n  w i t h  RP-l/LOX. 

The LH2/140X tank  c o n f i g u r a t i o n s  a r e  i l l u s t r a t e d  i n  FIG 7F through . 
FIG 71. Conf igura t ion  7F used a v e r t i c a l  l e n g t h  of FLSC which w a s  taped 
t o  the s i d e s  of the  tanks  and was h e l d  i n  p l a c e  by t h e  foamed i n s u l a t i o n .  
Conf igura t ion  7 G  used a c o i l  o f  FLSC taped t o  the  top of t h e  LOX tank. 
The foam th ickness  on t h e  bottom of the  LH2 tank was two inches .  For 
Conf igura t ion  7H, 200 g r f f t  Primacord was placed i n  an aluminum tube  
which was f a s t e n e d  t o  t h e  i n s i d e  of t h e  LH2 and LOX tanks.  Configu
r a t i o n  71 used a n  aluminum-foil diaphragm bonded t o  the bottom of t h e  
LH;! tank.  This  diaphragm was broken by c l o s i n g  the  v e n t  v a l v e  which 
allowed the  LH2 tank t o  s e l f - p r e s s u r i z e .  The LH2 tank bottom had only  
two inches  of foam. A charge of 4 ounces of C-4 was provided f o r  
i g n i t i o n  of the  mixture ;  however, t h i s  proved unnecessary because a l l  
LH2/LOX tank tests e i t h e r  were i n i t i n t e d  by the FLSC o r  i g n i t e d  
spontaneously.  Because of the  spontaneous i g n i t i o n ,  no measurable delcy 
w a s  experienced,  i n  t h e  diaphragm-rupture tes ts .  A t o t a l  of seven tes ts  
was run .  

Jc 	 One-hundred g r / f t  f l e x i b l e  l i n e a r  shaped charze w a s  used throughout  
t h e  tests. 
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PROPELLANT TEST RESULTS 

I n s p e c t i o n  of  t he  propel l i in t  t e s t  r e s u l t s  suggested t h a t  they 
could be d i scussed  most convenient ly  a f t e r  grouping by p r o p e l l a n t  type 
(RP-l/LOX o r  LH2/LOX) and t e s t  conf igu ra t ion  ( s p i l l  o r  tank t e s t ) .  

F igu re  3 p r e s e n t s  t he  43 overpressures  determined f o r  the  seven 
RP-l/LOX s p i l l  tests p!.:,tted as  a func t ion  of normalized d i s t a n c e .  
The number of u sab le  d a t a  p o i n t s  f o r  each t e s t  v a r i e d  from 3 t o  13, 
depending on the  number of  t ransducers  a v a i l a b l e  f o r  a g iven  t e s t .  
Overpressures  ranged from 0 .43  t o  27 p s i .  Y ie lds  based on i n d i v i d u a l  
evgrp res su res  ranged from 12 t o  51  pe rcen t ,  and average  y l e l d s  f o r  
i n d i v i d u a l  tests racged from 17 t o  37 pe rcen t .  The lowest  average 
y i e l d  corresponded t o  an  i g n i t i o n  de lay  c f  40 seconds and the  h i g h e s t  
to a de lay  of 1 . 7  seconds.  The average y i e l d  f o r  t he  s i n g l e  t e s t  
u s i n g  a b l ack  powder squib  f o r  i g n i t i o n  (37 percent )  d i d  n o t  d i f f e r  
apprec i ab ly  from the  c o r r e s p m d i n g  va lue  f o r  a s i m i l a r  t e s t  u s ing  a 
h igh  explos ive  i g n i t e r  (35 p e r c e n t ) .  The normalized impulse da t a  f o r  
t hese  same t e s t s  a r e  given i n  FIG 9. I n  gene ra l ,  t he  r e s u l t s  a r e  i n  
e x c e l l e n t  agreement w i t h  those  based OR overpressure  d a t a .  Thus, t he  
y i e l d s  Lased on i n d i v t d u a l  va lues  ranged from 11 t o  35 pe rcen t ,  and 
average  y i e l d s  ranged from 13 t o  33 pe rcen t .  The tests e x h i b i t i n g  
t h e  lowest  and h i g h e s t  average y i e l d s  were the  same f o r  bc th  ~ J V C Z 

pres su re  slid impulse measurwnents. 

The 75 ove rp res su res  determined f o r  t he  seven RP-l/LOX tank tests 
are p l o t t e d  as a f u n c t i o n  of normalized d i s t a n c e  i n  FIG l@. The 
number of  u sab le  d a t a  p o i n t s  f o r  each t e s t  v a r i e d  from 4 tr, 12. Over-
p r e s s u r e s  ranged from 0.05 t o  19  p s i .  Yie lds  based on i n d i v i d u a l  
ove rp res su res  ranged from 0.02 to  30 p e r c e n t ,  and average  y i e l d s  f o r  
i n d i v i d u a l  t e s t s  ranged from 0.04 t o  23 percent .  

Fu r the r  i n s p e c t i o n  of  the  r e s u l t s  i n d i c t e d  a marked s e p a r a t i o n  
of  the  d a t a  w i t h  respec t  t o  f a i l u r e  mode and i g n i t i o n  de lay .  For the  
t h r e e  t e s t s  i n  which some form of d e s t r u c t  a c t i o n  was s imula ted ,  
i g n i t i o n  was effected by the  d e s t r u c t  system, and no apprec iab le  de lcy  
occurr, :d between the  r e l e a s e  of p r o p e l l a n t s  and the  t i m e  of  i g n i t i o n .  
For  th.!se tes ts ,  t h e  average y i e l d s  ranged from 0.OG t o  0 . 2  p e r c e n t .  
For tht: f o u r  tes ts  i n  which the  f a i l u r e  mode c o n s i s t e d  of  r u p t u r i n g  
t h e  bul:.head, i g n i t i o n  was e f f e c t e d  by a h igh  exp los ive  charge loca ted  
o u t s i d e  the  tanks  b u t  a d j a c e n t  t o  the  p r o p z l l a n t  i n t e r f a c e .  The 
average  y i e l d s  f o r  t hese  tes ts  were 0 . 2 ,  1 .0 ,  5 . 0 ,  and 23 pe rcen t .  
The two lower v a l u e s  were obta ined  by us ing  n c u t t e r  t o  remove the  
diaphragrti; t h i s  method subsequent ly  v a s  fount1 t o  g ive  only  a small  
r u p t u r e  , and the  remaining tes t s  were conducted by o v e r p r e s s u r i z i n g  
the  kP-1 tank .  
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Figure  11 p r e s e n t s  t he  normalized impulse d a t a  f o r  the  same t e s t s .  
Again, the  r e s u l t s  a r e  i i l  good agreement wi th  those  based on over 
p res su re  d a t a .  Thus, t he  average y i e l d s  f o r  s imulated d e s t r u c t  t e s t s  
ranged from 0.08 t o  0 .4  p e r c e n t ,  and those f o r  t!:e t es t s  us ing  a 

' bulkhead f a i l u r e  mode ranged from 0 .1  t o  1 9 ' p e r c e n t .  

I n  FIG 12,  t he  measured ove rp res su res  are p l o t t e d  a g a i n s t  the  
corresponding va lues  c a l c u l a t e d  from the  time-of - a r r i v a l  da t a  f o r  
a l l  RP-l/LOX tes ts .  The d a t a  p o i n t s  a r e  coded w i t h  respec t  t o  t e s t  
c o n f i g u r a t i o n ,  i . e . ,  s p i l l  t e s t ,  tank t e s t  w i t h  s imulated d e s t r u c t  
a c t i o n ,  and tank t e s t  w i t h  s imulated bulkhead f a i l u r e .  Most of t he  
r e s u l t s  a r e  d i s t r i b u t e d  uniformly about  a s t r a i g h t  l i n e  of  u n i t  s lope .  
However, ove rp res su res  which were c a l c u l a t e d  from tho time-of - a r r i v a l  
d a t a  tended t o  be somewhat lower than the  determined v a l u e s  f o r  the 
tank tes t s  employing d e s t r u c t  systems.  For these  t es t s ,  the  y i e l d s  
were extremely smal l  (less than 0 .2  p e r c e n t ) ,  which suggested t h a t  
the  p re s su res  may have r e s u l t e d  from s i m p l e  d e f l a g r a t i o n s  and r e s u l t i n g  
thertnal d i s tu rbances  r a  t h e r  tlian dctoriotiun type r e a c t i o n s .  The near  
co inc idence  of the  ove rp res su res  determined d i r e c t l y  and those 
ca l cu?a ted  Erom time-of - a r r i v a l  d a t a  aga in  confirms the o v e r a l l  v a l i d i t y  
of  the t e s t  r e s u l t s .  

I n  FIG 13, t he  y i e l d s  based on i n d i v i d u a l  ovcrprcssure  measure
ments a r e  plotLed a g a i n s t  t he  corresponding va lues  based on impulse 
measurements. The d a t a  p o i n t s  a l e  coded accord ing  t o  t e s t  configu
r a t i o n ,  i . e . ,  s p i l l  t e s t ,  tank t e s t  w i t h  s imula ted  d e s t r u c t  a c t i o n ,  
and tank t e s t  wi th  s imula ted  bulkhead f a i l u r e .  The r e s u l t s  appear  t o  
be d i s t r i b u t e d  uniformly about  a s t r a i g h t  l i n e  of u n i t  s lope ,  i n d i c a t i n g  
co inc idence  of  y i e l d s  determined by impulse and overpressure  measure
ments except  f o r  s c a t t e r  of  t he  d a t a .  This  o v e r a l l  t rend  d i f f e r s  from 
t h a t  i nd ica t ed  by i n s p e c t i o n  of i nd iv iduh l  s p i l l  t e s t  r e s u l t s .  For 
t h i s  p r o p e l l a n t  combinat ion,  y i e l d s  based on ove rp res su re  f o r  any 
given t e s t  tended t o  i n c r e a s e  wi th  the d i s t a n c e  from ground zero  t o  
a p a r t i c u l a r  t ransducer  s t a t i o n ;  ho~ ieve r ,no s i m i l a r  t r end  w a s  noted 
f o r  y i e l d s  based on impulse (FIG 14) .  The s e p a r a t i o n  of  y i e l d s  f o r  
t he  t h r e e  t e s t  c o n f i g u r a t i o n s  ind ica t ed  by coding of the  p o i n t s  i s  
shown c l e a r l y  i n  FIG 13 i n  t h a t  s p i l l  test: and d e s t r u c t  t e s t  r e s u l t s  
account  f o r  most of the  h i g h e s t  and lowcsL v a l u e s ,  r e s p e c t i v e l y ,  w i th  
the  bulkhead f a i l u r e  r e s u l t s  gene ra l ly  f a l l i n g  in t e rmed ia t e  between 
these  v a l u e s .  

Tbe 31 ove rp res su res  determined f o r  t he  s i x  LH2/LOX s p i l l  tes ts  
are  p l o t t e d  a s  a f u n c t i o n  of  normalized d i s t a n c e  i n  FIG 15. The 
number of  u sab le  d a t a  p o i n t s  f o r  each test: v a r i e d  from 3 t o  12. Over
p res su re  ranged from 0 . 4  t o  36 p s i .  Y ie lds  based on i n d i v i d u a l  
ove rp res su res  ranged from 5 . 3  t o  1 7 8  p e r c e n t ,  and average  y i e l d s  for  
i n d i v i d u a l  tests ranged from 6 . 3  t o  144 per". The lowest  average 



y i e l d  corresponded t o  an i g n i t i o n  de lay  of one second and the  h i g h e s t  
t o  a delay of approximate ly  2.5 seconds.  .The l a z t e r  .test w a s  programmed 
f o r  a delay of 3.5 seconds; however, premature i g n i t i o n  m c u r r e d ,  
p o s s i b l y  due to  s t a t i c  e l e c t r i c i t y ,  and the  h igh  exp los ive  i g n i t e r  was 
recovered  s u b s t a n t i a l l y  undamaged a f t e r  t he  t e s t .  The appa ren t  y i e l d  
f o r  t h i s  t e s t  may have exceeded the  t r u e  y i e l d  because of t he  l o c a t i o n  
of t h e  p o i n t  of i n i - t i a t i o n .  I n s p e c t i o n  of the shockwave d a t a  and 
photographic  re'cords of t he  test  indic?.ted t h a t  the c e n t e r  of the 
b l a s t  w a s  s e v e r a l  f e e t  c l o s e r  t o  the  t r ansduce r  s t a t i o n s  than expected. 

i g n i t i o n  of the  LH2 occurred  du r ing  t 

t he  p r o p e l l a n t s  came i n t o  c o n t a c t .  I n s p e c t i o n  of c o l o r  f i l m s  of t h e  

t es t  i n d i c a t e d  t h a t  i g n i t i o n  took p l a c e  as  the ,hydrogen began t o  s p i l l  

from the c o n t a i n e r  , and burn ing  LH2 was s p i l l e d  subsequent ly  onto t h e  

LOX. No s i g n i f i c a n t  p r e s s u r e s  (or y i e l d s ) . w e r e  recorded which sugges t  

t h a t  most of the LH2 was consumed by an LH2/air r e a c t i o n  be fo re  con 

tac t i n g  the  LOX. 


on ove rp res su re  d a t a .  Thus, t he  y i e l d s  based on i n d i v i d u a l  v a l u e s  

ranged from 5 . 5  t o  135 p e r c e n t ,  and the  average  y i e l d s  ranged from 

6 . 2  t o  97 p e r c e n t .  


The 82 overp res su res  determined f o r  t he  seven LHz/LOX tank tests 
a r e  p l o t t e d  as  a f u n c t i o n  of normalized d i s t a n c e  i n  FIG 17 .  The number 
of u sab le  d a t a  p o i n t s  f o r  each tes t  v a r i e d  from 10 t o  13, Overpressures  
ranged from 0.07 t o  4 . 1  p s i .  Y ie lds  based on i n d i v i d u a l  ove rp res su res  
ranged from 0 . 1  t o  4 .0  p e r c e n t ,  and average  y i e l d s  f o r  i n d i v i d u a l  t e s t s  
ranged from 0 . 3  t o  1 .3  Fe rcen t .  

. I n  sha rp  c o n t r a s t  t o  t he  r e s u l t s  f o r  RP-l/LOX t e s t s ,  the y i e l d s  
f o r  the bulkhead r u p t u r e  t e s t s  (average va lues  of 0 .3  co 1.1 pe rcen t )  
and those employing some form of d e s t r u c t  a c t i o n  (average v a l u e s  of 
0 . 3  t o  1 . 3  pe rcen t )  d i d  n o t  d i f f e r  markedly. This  vas probably due 
t o  the  f a c t  t h a t  f o r  each LH2/LOX bulkhead r u p t u r e  t e s t  i g n i t i o n  took 
place spontaneously immediately on o v e r p r e s s u r i z a t i o n  and r u p t u r e  of 
t h e  bulkhead. Thus, no t i m e  w a s  a v a i l a b l e  f o r  mixing of t he  p r o p e l l a n t s  
be fo re  i g n i t i o n .  

. 

The normalized impulse data  (FIG 18) a r e  i n  good agreement w i t h  
ove rp res su re  d a t a .  Thus, t h e  average y i e l d s  f o r  s imula ted  d e s t r u c t  
tests ranged from 0.6 t o  1 .6  p e r c e n t ,  and thosc f o r  t he  tests u s i n g  
a bulkhead f a i l u r e  mode ranged from 0.4 t o  1.4. pe rcen t .  

p r e s s u r e s  computed from t h e  time-of - a r r i v a l  d a t a .  A l l  LH2/LOX t e s t s  



are inc luded  i n  t h i s  p l o t .  A s  wi th  t h e  h igh  exp los ive  and RP-l /LOX 
d a t a ,  t he  r e s u l t s  are d i s t r i b u t e d  a l n o s t  uniformly about  a s t r a i g h t  
l i n e  of u n i t  s l o p e .  

I n  FIG 20,  t he  y i e l d s  based on i n d i v i d u a l  ove rp res su re  measure
ments are p l o t t e d  a g a i n s t  t he  cor responding  v a l u e s  based on impulse 
measurements. The d a t a  poi.nts are coded w i t h  r e s p e c t  t o  tes t  
c o n f i g u r a t i o n ,  i . e . ,  s p i l l  tests,  tank tests wi th  s imula ted  d e s t r u c t  
g c t i o n ,  and tank tests w i t h  s imula ted  bulkhead f a i l u r e .  As wi th  the 
RP-1/LOX d a t a ,  the r e s u l t s  are uniformly d i s t r i b u t e d  about  a s t r a i g h t  
l i n e  o f w n i t  s l o p e ,  i n d i c a t i n g  co inc idence  of y i e l d s  based on over 
p r e s s u r e  and impulse measurements. I n s p e c t i o n  of r e s u l t s  of i n d i v i d u a l  
tests f a i l e d  t o  r e v e a l  any s i g n i f i c a n t  d e p a r t u r e s  from t h i s  t r end .  

I n  c o n t r a s t  w i t h  the f i n d i n g s  f o r  RP-l/LOX, i n s p e c t i o n  of FIG 20 
f a i l s  t o  r e v e a l  any marked s e p a r a t i o n  of the r e s u l t s  f o r  tank tests 
employing s imula ted  d e s t r u c t  a c t i o n  and those employing bulkhead 
f a i l u r e  modes, p a r t i c u l a r l y  r u p t u r e  of the diaphragm by o v e r p r e s s u r i 
zRtion of t he  f u e l  tank. Thus, the i n d i v i d u a l  d a t a  p o i n t s  f o r  t h e s e  
types of t e s t s  ove r l ap  e x t e n s i v e l y ,  and the average y i e l d s  fcr the  
two t ypes  do n o t  d i f f e r  markedly. However, t he  s e p a r a t i o n  of r e s u l t s  
f o r  tank t e s t s  and f o r  s p i l l  t e s t s ,  i n  g e n e r a l ,  w a s  s u f f i c i e n t l y  
marked so t h a t  no over lapping  occurred  and the  average y i e l d s  
d i f f e r e d  wide ly .  

I n  rev iewing  the  d a t a  f o r  t he  p r o p e l l a n t  tes ts  (both RP- l /LOX 
and LH2/LOX), i t  was noted  t h a t  m u l t i p l e  exp los ions  occurred  f r e q u e n t l y .  
However, i n  a l l  i n s t a n c e s ,  the f i r s t  exp los ion  was equal  t o  o r  g r e a t e r  
than those o c c u r r i n g  subsequent ly .  Ynerefore,  on ly  d a t a  f o r  t h e  
i n i t i a l  exp los ions  have been included.  

The d iameter  and d u r a t i o n  of the f i r e b a l l  f o r  each p r o p e l l a n t  and 
h igh  exp los ive  tes t  were measured by i n s p e c t i o n  of i n d i v i d u a l  frames 
of h igh  speed c o l o r  f i l m s .  R e s u l t s  f o r  s e v e r a l  of the  tests have been 
r e p o r t e d  p rev ious ly .  (See r e f e r e n c e  4 . )  A more d e t a i l e d  a n a l y s i s  and 
d i s c u s s i o n  of t h e  r e s u l t s  w i l l  be p re sen ted  i n  a f u t u r e  r e p o r t .  

CONCLUSIONS 

Because of t he  p re l imina ry  n a t u r e  of t h i s  i n v e s t i g a t i o n  and the 
a n t i c i p a t e d  r e s u l t s  of more comprehensive s t u d i e s  which a r e  i n  p rogres s ,  
q u a n t i t a t i v e  conc lus ions  r e g a r d i n g  t h e  TNT e q u i v a l e n t s  of RP-l/LOX end 
LH2/LOX are n o t  warran ted  a t  t h i s  t i m e .  However, t he  r e s u l t s  p re sen ted  
h e r e i n  i n d i c a t e  t h e  v a l i d i t y  of v a r i o u s  test methods and should be 
cons idered  i n  any f u t u r e  assessment  of t he  hazards  a s s o c i a t e d  w i t h  
t h e s e  and o t h c r  l i q u i d  p r o p e l l a n t s .  
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S p e c i f i c a l l y ,  t he  maximum average va lue  f o r  RP-1/LOX s p i l l  tests 
(37 p e r c e n t  based o n ' o v e r p r e s s u r e )  exceeds the maximum r e p o r t e d  va lue  
of up t o  10 p e r c e n t  o r  h i g h e r  f o r  f l i g h t  weight  v e h i c l e s  by approxi 
mately a f a c t o r  of t h r e e .  For RP-1/LOX tank tes ts ,  a s i m i l a r  f a c t o r  
of two appea r s  r easonab le .  I n  v i e v  of the  u n c e r t a i n t i e s  a s s o c i a t e d  
wi th  t h c  e s t i m a t e s  of y i e l d s  f o r  i n c i d e n t s  i nvo lv ing  f u l l - s c a l e  
v e h i c l e s  and the  marked d e p e n d e x e  of sma l l - sca l e  test  r e s u l t s  on 

. 	 test c o n f i g u r a t i o n s  and f a i l u r e  modes, t he  r e s u l t s  ob ta ined  by e i t h e r  
method of t e s t i n g  appear t o  be i n  r easonab le  agreement wi th  a c t u a l  
expe r i ence  and w i t h  the  va lues  c u r r e n t l y  used f o r  s i t i n g  v e h i c l e s  
w i t h  t h i  s prop e1lant combina t i o n .  

For LHz/LOX, the average  v a l u e s  f o r  tandem tank tes ts  are i n  
e x c e l l e n t  agreement wi th  t h e  e s t i m a t e  of y i e l d  f o r  t he  s i n g l e  f u l l -
scale i n c i d e n t  for which d a t a  a r e  a v a i l a b l e .  Also ,  the  average  va lue  
f o r  t h e  s p i l l  tests is c o n s i s t e n t  w i t h  the va lue  c u r r e n t l y  used fc.r 
s i t i n g  v e h i c l e s  w i t h  t h i s  p r o p e l l a n t  combination. However, t he  r e s u l t s  
based on tank tests and a c t u a l  exper ience  a r e  l e s s  than the  s p i l l  t e s t  
r e s u l t s  and c u r r e n t  s i t i n g  va lue  by a lmost  two o r d e r s  of magnitude. 
This  ' d i f f e r e n c e  arises because the  c u r r e n t  s i t i n g  va lue  i s  based 
e x c l u s i v e l y  on s p i l l  t e s t  d a t a .  For such tes ts ,  spontaneous i g n i t i o n  
may n o t  occur o r  i t  may be delayed u n t i l  a s u b s t a n t i a l  amount of 
mixing occur s ,  which r e s u l t s  i n  r e l a t i v e l y  h igh  exp los ive  y i e l d s .  For 
t h e  tank tests and a l s o  f o r  t he  s i n g l e  f u l l - s c a l e  i n c i d e n t ,  i g n i t i o n  
took p l a c e  immediately upon r e l e a s e  of the p r o p e l l a n t s ,  thus prec luding  
any s u b s t a n t i a l  amount of mixing and r e s u l t i n g  i n  n e g l i g i b l e  exp los ive  
y i e l d s .  

These f i n d i n g s  emphasize the  extreme dependence of t he  exp los ive  
hazard of any l i q u i d  p rope l l ane  combination on the  n a t u r e  of the pro
p e l l a n t s .  It has  been proposed t h a t  t h e  hype rgo l i c  n a t u r e  of such 
p r o p e l l a n t  combinations a s  Aerozine 5O/N2O4 and monomethyl hydraz ine /  
N2O4 has  the  e f f e c t  of i n s u r i n g  nea r  i n s t an taneous  i g n i t i o n ,  t hus  
p rec lud ing  s u b s t a n t i a l  mixing and r e s u l t i n g  i n  low exp los ive  y i e l d s .  
However, i t  has  n o t  been recognized  g e n e r a l l y  t h a t  t he  p o t e n t i a l  
i g n i t i o n  sources  a s s o c i a t e d  w i t h  a lmost  any mode of release of LH2 
from v e h i c l e  type hardware may be s u f f i c i e n t  to i r i sure  a s i m i l a r l y  low . 
exp los ive  y i e l d  f o r  LHz/LOX v e h i c l e s .  

Although the  r e s u l t s  of t h i s  i n v e s t i g a t i o n  are p re l imina ry ,  they 
show t h a t  f u t u r e  i n v e s t i g a t i o n s  of l i q u i d  p r o p e l l a n t  b l a s t  haza rds  
must s imula t e  v e h i c l e  tankage and f a i l u r e  modes t o  i n s u r e  v a l i d  r e s u l t s .  
The r e s u l t s  a l s o  sugges t  t h a t  t he  c u r r e n t  LH2/LOX s i t i n g  c r i t e r i a  based 
on s p i l l  tes t  r e s u l t s  probably  are u n n e c e s s a r i l y  c o n s e r v a t i v e  and should 
be reExamined i n  t h e  l i g h t  of t h e s e  f i n d i n g s .  
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APPENDIX 

C a l c u l a t i o n s  of y i e l d s  f o r  ove rp res su re  and impulse measurements 
were made by comparing t h e  exper imenta l  v a l u e s  wi th  expected v a l u e s  
f o r  TNT by us ing  a Burroughs 5 O O G  Computer. For computat ional  purposes ,  
a numerical  equa t ion  r e l a t i n g  t h e  expected v a l u e s  f o r  TNT t o  the  
normalized d i s t a n c e  was needed. Although much work r e l a t i n g  1:he b l a s t  
parameters  f o r  TNT t o  normalized d i s t a n c e  had been publ i shed ,  some 
d i f f i c u l t y  was encountered because numerical  equa t ions  e i t h e r  were 
inadequate  o r  o b s o l e t e  and much of  the  prev ious  d a t a  had been p re 
sen ted  g r a p h i c a l l y .  Accord ingly ,  iiilmericai r e f e r e n c e  equa t ions  were 
developed i n  the  manner desc r ibed  below s p e c i f i c a l l y  f o r  use  i n  t h i s  
i n v e s t i g a t i o n  and may n o t  be s u i t a b l e  f o r  o t h e r  a p p l i c a t i o n s .  

A compi la t i3n  of s ide-on  peak ove rp res su res  r-nging from approx i 
mately 0.08 t o  9 .0  p s i  (based on the  r e c e n t  Canadian se r ies  of  TNT
tests) has  been reconunended by the  Armed Gervices  Explos ives  Sa fe ty  
Board (ASESB) ( r e f .  9 ) .  Because a n  equa t ion  was needed which would 
be a p p l i c a b l e  t o  ove rp res su res  above t h i s  range of  v a l u e s ,  che 
ASESB-recomnended d a t a  were combined wi th  d a t a  f o r  ove rp res sa re s  
ranging  from 15 t o  1,000 p s i  which were r ead  from a prev ious  curve 
f i t  of  B a l l i s t i c  Research Labora tory  (BRL) d a t a  f o r  overpressure  v e r s u s  
normalized d i s t a n c e  by personnel  a t  P a t r i c k  A i r  Force Base. The 
f a i r e d  d a e  p o i n t s  r ead  from the  prev ious  curve  f i t  were spaced 
approximately e q u a l l y  over  t h e  range  of va lues  and were equal  i n  
number t o  the  reccmmended ASESB da th  p o i n t s .  This  combined popu
l a t i o n  of d a t a  w a s  then f i t t e d  t o  polynomials of the  form: 

logloPs = A0 + AIloglOZ + A2 ( logloz)  + ,.. . .. 
by l e a s t  squa res  technique  u s i n g  a General  E lec t r ic  225 Computer. 
Polynomials of  degree one through e i g h t  were t r i e d ;  t he  b e s t  f i t t i n g  
equa t ion  w a s  as fo l lows :  

logloPs = 	3.03693565 - 1.68766220t - 0.170270b27t2 
1.76879129t3 + 2.37334419t4 - 0.597589031t5 
0.407020568t6 + 0.241854130t7 - 0.0352841385t8 

where : 

t = logloz 

Z = f t / 1b1 l3  
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Because of t h e  use of f a i r e d  d a t a ,  t he  usua l  e s t i m a t e s  of t he  r e l i a 
b i l i t y  of t h i s  equa t ion  a r e  i n v a l i d .  However, t he  agreement of the 
p l o t t e d  equa t ion  w i t h  t h e  d a t a  p o i n t s  (both f a i r e d  and exper imenta l )  
from which i t  was de r ived  was cons idered  e x c e l l e n t .  Also ,  the ag ree 
ment between t h i s  curve  and a curve of s5milar  form recenc ly  r e l e a s e d  
by the BRL ( r e f .  11) i s  e x c e l l e n t .  It should be noted  t h a t  no phys ica l  
s i g n i f i c a n c e  i s  a t t r i b u t e d  t o  the  p a r t i c u l a r  form of empi r i ca l  equa t ion  
used. Ra the r ,  i t  wzs s e l e c t e d  from the s e v e r a l  forms immediateiy 
a v a i l a b l e  because of t h e  e x c c l l e n t  f i t  of the d a t a .  

The impulse r e f e r e n c e  curve was obta ined  s i m i l a r l y  excep t  t h a t  
a l l  the d a t a  f o r  curve  f i t t i n g  were f a i r e d  da t a  p o i n t s  r ead  f r o n  a 
graph by Kingery ( r e f .  1 0 ) .  This  r e p o r t  had n o t  been r e l e a s e d  
o f f i c i a l l y  a t  the  t i m e  of t h i s  i n v e s t i g a t i o n ,  b u t  a p re l imina ry  copy 
w a s  made a v a i l a b l e  through the  cour t e sy  of M r .  A .  J .  Hoffman of E&. 
The r e s u l t i n g  b e s t  f i t  equa t ion  :gas a s  L’ollows: 

l o g l o  ( d 3 )  = 	1.37703351 + 1.34774352t - 6.2165434t‘ 4 

9.3974174t3 - 7.7852913t4 + 3.4779270t5 
0.78420437t6 + 0.069720053t7 
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