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INTRODUCTION 

While the  shock tube has been used ex tens ive ly  i n  t h e  s tudy  of 
gas-phase r eac t ions ,  r e l a t i v e l y  few s t u d i e s  have been made of gas- 
l i q u i d  r e a c t i o n s .  The main reason f o r  t h i s  has been 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  the  d a t a  obtained when t w c ,  phases a r e  i n i t i a l l y  
p r e s e n t ,  because t h e  a d d i t i o n a l  s t e p s  of crop break-up, evaporat ion 
and mixing need t o  be considered, as  w e l l  as chemical k i n e t i c s .  

A s tudy  of t h e  combustion process  when n-hexadecane is i n j e c t e d  
as a f i n e  spray i n t o  shock-heated a i r  was made by Mullaney (Ref. 1 ) .  
By high-speed photography he was a b l e  t o  observe i n j e c t i o n  of t he  
spray,  evaporat ion of t h e  d r o p l e t s ,  and spontaneous i g n i t i o n .  I n  
most of h i s  experiments combustion s t a r t e d  before  evaporat ion was 
complete. Shock tubes have a l s o  been used by Morrell  and co-workers 
(Ref.  2 ,3 )  and by Hanson, Domich and Adams (Ref. 4 )  t o  s tudy t h e  break- 
up of l i q u i d  j e t s  by r a p i d l y  moving gas streams. These i n v e s t i g a t o r s  
used i n e r t  l i q u i d s  t o  s t u d y  a tomiza t ion  of t h e  l i q u i d s  without t h e  
complications introduced by combustion, a r d  were a b l e  t o  ob ta in  equa- 
t i o n s  r e l a t i n g  atomizat ion time t o  phys i ca l  p r o p e r t i e s  of the l i q u i d  
and g a s .  

The o r i g i n a l  i n t e n t  of t h i s  work was t o  develop a method of 
r a t i n g  the i g n i t i o n  c h a r a c t e r i s t i c s  of f i r e - r e s i s t a n t  hydrau l i c  
f l u i d s  t h a t  could be r e l a t e d  t o  t h e  s i n g l e - c y l i n d e r  engine tes t  
(Ref. 5 )  c u r r e n t l y  used, y e t  r e q u i r e  much less f l u i d  f o r  an eva lua t ion .  
The r e s u l t s  shed some l i g h t  on t h e  parameters governing l i qu id -gas  
r e a c t i o n s .  

' EXPERIMENTAL 

' The shock tube used f o r  t hese  experiments has been descr ibed 
i n  d e t a i l  elsewhere ( R e f .  6 ) .  B r i e f l y ,  it is 3 inches i n  diameter,  
with 12-foot  low-pressure and 20-foot high-pressure s e c t i o n s .  Shock 
speeds a r e  measured by t iming t h e  passage o f  a shock wave between 
s t a t i o n s  55 and 7 inches from t h e  c losed  end of the low-pressure 
s e c t i o n .  Gas temperatures and f low v e l o c i t i e s  are c a l c u l a t e d  from 
the shock speeds. A p i e z o e l e c t r i c  p re s su re  t ransducer  is mounted 
i n  t h e  top of t h e  tube, 3 inches from t h e  closed end, while a fused 
qua r t z  window (covered except  f o r  a 2 mm v e r t i c a l  s l i t )  is ir, t he  
s i d e  of t h e  tube, a l s o  3 inches  from t h e  end. Light emit ted by 
combustion i n  t h e  tube is d e t e c t e d  by a pho to -mul t ip l i e r  tube 8 inches 
away from t h e  tube,  which a l s o  was covered except f o r  a 2-mm v e r t i c a l  
s l i t .  Because of t h e  s l i ts ,  l i g h t  emit ted only from gas 3 inches from 
the end of the tube was d e t e c t e d .  
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A 0.01 n i l  drop of t h e  l i q u i d  t o  be t e s t e d  was placed on a n  

1s gauge copper wire placed crosswise i n  the  tube j u s t  below the  
ci.nartz window. Since t h e  wire curved downward s l i g h t l y  i n  the 
middle, t h e  l i q u i d  remained toge the r  as a hanging drop, only a 
small f r i ac t ion  being i n  c l o s e  con tac t  w i t h  t h e  wire .  I n  a l l  Cases, 
t h e  d r i v e r  gas was helium a t  85 ps i a ,  wh i l e  t h e  i n i t i a l  a i r  pressure 
i n  the low-pressure s e c t i o n  was v a r i a b l e .  

RESiTLTS 

‘The i g n i t i o n  t i m e  of a f l u i d  sample is  taken a s  t ha t  between 
t h e  passage of the  r e f l e c t e d  shock p a s t  the p res su re  t ransducer  and 
the moment when the l i g h t  i n t e n s i t y  reaches 1% of i t s  maximum Value. 
These i g n i t i o n  times have been p l o t t e d  a g a i n s t  t he  c a l c u l a t e d  tempera- 
t u r e  o f  the  a i r  behind t h e  r e f l e c t e d  shock wave. While t h e  inc iden t  
shock wave i s  important i n  causing break-up of t he  f l u i d  d r o p l e t ,  t h e  
f l u i d  d r o p l e t s  remain i n  t h e  i nc iden t  shock region for only about 
0 .3  mil l isecond compared t o  t o t a l  i g n i t i o n  times of 1 t o  5 mil l iseconds.  
Therefore the temperature behind t h e  r e f l e c t e d  shock wave seemed t o  be 
the m o s t  meaningful s i n g l e  number by which t o  c h a r a c t e r i z e  the expe r i -  
mental cond i t ions .  

Figure 1 shows the i g n i t i o n  delays found for xylene and th ree  
hydraul ic  f l u i d s .  MS-2110-H i s  e s s e n t i a l l y  a l i g h t  hydrocarbon l u b r i -  
c a t i n g  o i l ,  while MIL-H-19457 is  a phosphate e s t e r ,  one of t he  m o s t  
f i r e - r e s i s t a n t  f l u i d s  a v a i l a b l e  of which the  general  formula i s  

Since,  i n  t he  engine t e s t  of Reference 5, t h e  a c t u a l  measured q u a n t i t y  
I s  the compression r a t i o  r equ i r ed  t o  cause I g n i t i o n  of  a spray of 
hydraul ic  f l u i d  i n  2 mi l l i s econds  t i m e  as t h e  p i s t o n  i s  approaching 
t h e  top of i t s  s t r o k e ,  i t  i s  appropr i a t e  t o  compare t h e  engine compres- 
s i o n  i g n i t i o n  r a t i n g  (expressed a s  a compression r a t i o )  t o  t h e  
r e f l e c t e d  shock temperature r equ i r ed  t o  give i g n i t i o n  of t h e  f l u i d  i n  
2 mi l l i s econds .  Engine compression i g n i t i o n  r a t i n g s  of t h e  above 
four f l u i d s  have been measured (Ref.  5 ) ,  and have been p l o t t e d  
a g a i n s t  t he  2-mill isecond shock temperatures i n  Figure 2. The 
c o r r e l a t i o n  between t h e  two tes ts  i s  good, but t he  l i n e a r  r e l a t i o n s h i p  
found over the  range covered experimental ly  cannot be expected. t o  hold 
f o r  higher  or lower r a t i n g s .  
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formula 
Of a number of exp lo ra to ry  hydrau l i c  f l u i d s  t e s t e d  one, of 

had t h e  high i g n i t i o n  temperature of 1365'K., which from the ex t r apo la -  
t i o n  o f  Figure 2 would i n d i c a t e  an engine tes t  r a t i n g  of about 80. 

DISCUSS I ON \ 

There i s ,  and probably w i l l  be for some time, a ques t ion  as t o  the 
r e l a t i v e  importance i n  t h e  i g n i t i o n  process  of t h e  phys ica l  f a c t o r s  of 
drop break-up, evaporat ion,  convective and d i f f u s i v e  mixing on the  one 
hand, and chemical r e a c t i v i t y  on the o t h e r .  

Morrell  and P o v i n e l l i  (Ref. 3) have developed an equat ion f o r  t h e  
t i m e  f o r  break-up of l i q u i d  cy l inde r s  by shock waves, which should a l s o  , 
apply approximately t o  drops.  The break-up times o f  the  0.01 m l  drops , 
of "standard l i a u i d s  used i n  t h e  above exDeriments have been ca l cu la t ed ,  
as fol lows:  

Liquid 

MS -211 0-H 
Fluid AV 
Xylene 
MIL-H- 1945 7 

Calculated Break-up 
Time, mi l l i s econds  

0.24 
0.31 

0.25 
0.81 

These drop break-up times do not  c o r r e l a t e  wi th  t h e  i g n i t i o n  data, 
s i n c e  the break-up times of the most and leas t  flammable l i q u i d s  a r e  
t h e  same, while t h e  c a l c u l a t e d  break-up times f o r  F lu id  AV and xylene, 
which have similar i g n i t i o n  temperatures,  are  d i f f e r e n t .  Moreover, 
t h e  b o i l i n g  po in t s  of t h e s e  l a t t e r  two compounds d i f f e r  considerably,  
being 325" and 140°C, r e s p e c t i v e l y .  It seems, t h e r e f o r e ,  t h a t  under 
t h e s e  condi t ions t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  f l u i d s  a r e  less 
important than chemical r e a c t i v i t y  i n  c o n t r o l l i n g  t h e  i g n i t i o n  delays.  

The author  wishes t o  acknowledge the  suggest ion,  made by 
Gordon H.  Ringrose, t ha t  t h e  shock tube could be used t o  tes t  t h e  
r e a c t i v i t y  of h y d r a u l i c  f l u i d s ;  and t h e  a s s i s t a n c e  of Edward S .  Elake 
and Ralph E .  DeBrunner who fu rn i shed  the  experimental  hydrau l i c  f l u i d s .  
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Figure 1. Shock tube igni.;ion of  hydraul ic  F lu ids  
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