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A b s t r a c t  

Holographic  s t u d i e s  have  been performed which examine t h e  f r a g m e n t a t i o n  p r o c e s s  d u r i n g  
vapor  e x p l o o i o ~  o f  a  w a t e r - i n - f u e l  ( h e x a d e r m e / w a t e r )  emul s ion  d r o p l e t .  Holograms were  
t a k e n  a t  700 t o  1000 microseconds  a f t e r  t n e  vapor  e x p l o s i o n .  Pho tographs  o f  t h e  
r e c o n s t r u c t e d  holograms r e v e a l  a  wide r ange  of f r agmen t  d r o p l e t  s i z e s  c r e a t e d  d u r i n g  t h e  
e x p l o s i o n  p r o c e s s .  Fragment d r o p l e t  e i a m e t e r s  r a n  e from below 10 microns  to o v e r  100 
microns .  I t  L s  e s t i m a t e d  t h a t  betireen t e n  thDusan% and a m i l l i o n  f r agmen t  d r o p l e t s  c a n  
r e s u l t  from t h i s  e x t r e m e l y  v i o l e n t  vapor  e x p l o s i o n  p r o c e s s .  T h i s  enhanced a t o m i z a t i o n  i s  
t h u s  expec ted  t o  have  a  pronounced e f f e c t  o n  v a p o r i z a t i o n  p r o c e s s e s  which a r e  p r e s e n t  
d u r i n g  combustion o f  e m u l s i f i e d  f u e l s .  

I n t r o d u c t i o n  

Water has  long been obse rved  t o  have  a  b e n e f i c i a l  e f f e c t  on  combust ion  o f  l i q u i d  
f u e l s  b u t  a  comple te  u n d e r s t a n d i n g  o f  t h e  mechanisms bv b h i c h  t h i s  enhancement o c c u r s  i s  
j u s t  beg inn ing  t o  emerge. Water- in- fuel  emul s ions  a r e  b e i n g  used o r  c o n s i d e r e d  f o r  u s e  i n  
many combustion a p p l i c a t i o n s  where p a r t i c u l a t e  p o l l u t i o n  i s  a  problem because  o f  t h e  
p o t e n t i a l  o f  d e c r e a s e d  p a r t i c u l a t e  e m i s s i o n s  and enhanced combust ion .  Al though a  number of  
s t u d i e s  have been c a r r i e d  o u t  t o  d e t e r m i n e  t h e  p h y s i c a l  p r o c e s s e s  i n v o l v e d  i n  t h e  com- 
b u s t i o n  of e m u l s i f i e d  f u e l s ,  p r i m a r i l v  phenomenologica l  e x p l a n a t i o n s  have  r e su l t . ed .  The 
p r e s e n t  expe r imen t s  a r e  p a r t  o f  a  l a r g e r  prograin d e s i g n e d  t o  q u a n t i f y  t h e  phenomena which 
have  been obse rved  and u n d e r s t a n d  t h e  enhancement p rocess .  

The f i r s t  e n l i g h t e n i n g  e x p e r i m e n t s  were performed bv I canov ,  et  a l . '  o f  t h e  S o v i e t  
Union i n  t h e  l a t e  1950 ' s .  Thev showed t h a t  w a t e r / o i l  emul s ion  3 r o p l e t s  burned d i s r u p t i v e l y  
when suspended on a  q u a r t z  f i b e r  ( c a l l e d  a  s t i n g )  and i g n i t e d .  T h i s  d i s r u p t i v e  b u r n i n g  
p r o c e s s  was c a l l e d  a  "n~ , i c roexp los ion . "  I n  1976, Dryer  and c o w o r k e r s z p '  per formed s i m i l a r  
expe r imen t s  a t  Princetor1 U n i v e r s i t y  and from t h e i r  o b s e r v a t i o n s  s u g q e s t e d  t h a t  t h e  w a t e r  
i n  tt.e c j l  m a t r i x  was s u p e r h e a t i n g .  Near t h e  l i m i t  o f  s u p e r h e a t ,  t h e  w a t e r  homogeneously 
n u c l e a t e s  r a p i d l y  t o  produce  a  vapor-phase  e x p l o s i o n .  The l i m i t  o f  s u p e r h e a t  f o r  w a t e r  is 
approx i r .~a t e ly  260°C s o  t h e i r  c o n c e p t  was t h a t  p a r a f f i n i c  f u e l s  w i t h  a  b o i l i n g  p o i n t  above 
t h i s ,  when e m u l s i f i e d  w i t h  w a t e r ,  s h o u l d  l e a d  t o  a  vapor  e x p l o s i o n  w h i l e  t h o s e  w i t h  b o i l i n g  
p o i n t s  below would nDt vapor  exp lode .  T h i s  means t h a t  hexadecane  ( b o i l i n g  p o i n t  287'C) 
emuls ions  s h o u l d  vapor  exp lode  w h i l e  t e t r a d e c a n e  (252'C) e m u l s i o n s  s h o u l d  n o t .  However, 
t h e i r  e a r l y  o b s e r v a t i o n s  o f  b u r n i n g  emuls ion  d r o p l e t s  suspended on a  q u a r t z  s t i n g  i n d i c a t e d  
dodecane (216OC) emdls ions  microexploded.  They f e l t  t h e  s t i n g  was p robab ly  a  s o u r c e  of  
nucledr  Lon sites t h a t  l e d  t o  p r e m a t u r e  w a t e r  n u c l e a t i o n .  I n  o r d e r  t o  e l i m i n a . t e  t h e  s t i n g  
n u c l e a t r o ~ :  problems,  f r e e  d r o p l e t  s t u d i e s  were n e c e s s a r v .  

Recen t ly ,  s t u d i e s  by L a s h e r a s ,  Drye r ,  e t  a l . r * 5  have  been c a r r i e d  o u t  i n  which f r e e  
emuls ion  d r o [ ~ ? c t s  were i n j e c t e d  i n t o  t h e  h o t  combustion p r o d u c t s  s t r e a m i n g  o u t  of  a  f l a t  
f l ame  burne r .  Vapor e x p l o s i o n s  were  obse rved  u s i n g  d r o p l e t s  o f  hexadecane/water  and 
t e t r a d e c a n r / w a t e r  emulsions bu t  n o t  i n  dodecane/water  emul s ions .  These  r e s u l t s  c o r r e l a t e d  
v e r  n i c e l y  t o  a  t h e o r e t i c a l  i , r e d i c t i o n  by ~ v e d e s i a n ' "  which p r e d i c t e d  t e t r a d e c a n e / w a t e r  
emuysions s h o u l d  b e  on  t h e  edge  o f  f a i l u r e  t o  undergo vapor  e x ~ l n s i o n  because  t h e  f u e l  
b o l l i n g  p o i n t  is ve ry  c l o s e  t o  t h e  s u p e r h e a t  l i m i t  f o r  t h e  svstern. 

The above mentioned s t u d i e s  have  been p r i m a r i l y  phenomenologica l  w i t h  r e s p e c t  t o  t h e  
p r o c e s s e s  o c c u r r i n g  d u r i n g  t h e  vapor  e x p l o s i o n  because  o t  t h e  difficulties i n  pho tograph ing  
a  f r e e  d r o p l e t .  Two recen , t  s t u d i e s  by S h e f f i e l d ,  Baer and l en is on',' u s i n g  emuls ion  
d r o p l e t s  l e v i t a t e d  above a. h o t  p l a t e  have  shown t h a t  a  numjer o f  v e r v  i n t e r e s t i n g  p r o c e s s e s  
t a k e  p l a c e  d u r i n q  t h e  heat.up and vapor  e x p l o s i o n  p r o c e s s .  S u r f a c e  t e n s i o n  induced  c i r c u -  
l a t i o n  OL-curs  i n s i d e  t h e  c l rop le t  and t h e  s m a l l  w a t e r  d r o p l e t s  c o a l e s c e  t o  form l a r g e r  w a t e r  
g l o b u l e s  d u r i n q  t h e  h e a t u p  p r o c e s s .  Then t h e  l a r q e  g l o b u l e s  sett le t o  t h e  bottom of t h e  
d r o p l e t  j u s t  p r i o r  t o  t h e  vapor  e x p l o s i o n .  The e x p l o s i o n  p r o c e s s  was c l e a r l y  shown t o  b e  



v e r y  v i o l e n t ,  producing f ragment  v e l o c i t i e s  r a n g i n g  from 30 t o  90 meters p e r  second.  
However, i n s t r u m e n t a t i o n  was n o t  a d e q u a t e  t o  r e s o l v e  f ragment  s i z e s  i n  t h e s e  expe r imen t s .  

The holography expe r imen t s  d e s c r i b e d  i n  t h i s  paper  were c a r r i e d  o u t  f o r  t h e  pu rpose  o f  
v i s u a l i z i n g  t h e  er .p los ion  f r agmen t s  t o  d e t e r m i n e  t h e  e x t e n t  c f  t h e  f r a q m e n t a t i o n  p r o c e s s .  
D r o p l e t  f r agmen t s  from less t h a n  10  t o  o v e r  100 mic rons  i n  d i a m e t e r  have  been c l e a r l y  
i d e n t i f i e d  a t  times 700 t o  1000 mic roseconds  a f t e r  t h e  vapor  e x p l o s i o n  s t a r t s .  These  
expe r imen t s  w i l l  be d i s c u ~ a s e d  i n  d e t a i l  i n  t e rms  of  t h e  e x p e r i m e n t a l  s e t u p ,  e x p e r i m e n t a l  
o b s e r v a t i o n s ,  and t h e i r  c o r r e l a t i o n s  w i t h  p r e v i o u s  r e s u l t s .  

Expe r imen ta l  S e t u p  

A wate r - in - fue l  emuls ion  c o n s i s t s  of  a  he t e rogeneous  m i x t u r e  w i t h  t h e  f u e l  a s  t h e  
m a t r i x ,  wa te r  a s  t h e  d i s p e r s e d  phase ,  and a s u r f a c t a n t  which is  used t o  s t a b i l i z e  t h e  
m a t e r i a l .  I n  t h i s  qtudT6 t h e  f u e l  was n-hexadecanc? ( C ~ G H ~ I , ) .  The s u r f a c t a n t  was a  m i x t u r e  
of Span Sn and Tween 80 t o  g i v e  an  HLB number of a b o u t  5.5 which r e s u l t s  i n  a  f u e l  
s o l u b l e  s u r f a c t a n t  and p roduces  a  r e l a t i v e l v  s t a b l e  w a t e r - i n - f u e l  emuls ion .  Emuleions were  
made by mixing 29% w a t e r ,  69% n-hexadecane,  and 2% s u r f a c t a n t  (by  vclume) i n  a  domes t i c  
b l e n d e r  f o r  s e v e r a l  minu te s .  The r e s u l t i n g  emuls ion  h a s  a mi lky  c o l o r  w i t h  t h e  d i s p e r s e d  
wa te r  d r o p s  a  few microns  ~c d i a m e t s r .  

The f r e e  d r o p l e t  expe r imen t  adop ted  i n  t h e  p r e s e n t  s t u d v  u s e s  t h e  L ? i d e n f r o s t  
phenomenon" t o  l e v i t a t e  a  d r o p l e t  above a  h c ~ t e d  s u r f a c e .  T h i s  expe r i r i en t  c o n s i s t s  of  
p l a c i n g  an 22 mrn d i a m e t e r  d r o p l e t  of  emuls ion  on a  h e a t e d  m e t a l  surfaci:  u s i n g  a  smal l  
s y r i n g e  t o  form t h e  d rop .  The p l a t e  t e m p e r a t u r e  is  m a i n t a i n e d  above t h e  Leidci lZros t  
t e m p e r a t u r e  o f  t h e  f u e l  s o  t h a t  f u e l  e v a p o r a t i o n  c a u s e s  t h e  d r ~ p l e t  t o  l e v i t a t e  a b o u t  10  t o  
50 mic rons  above t h e  p l a t e 1 ' .  A s l i g h t  50 mm d i a m e t e r  s p h e r i c a l  i n d e n t a t i o n  i n  t h e  h i g h l y  
p o l i s h e d  p l a t e  s t a b i l i z e s  t h e  d r o p l e t  i n  one  a r e a  d u r i n g  i t s  h e a t u p  p e r i o d  s o  t h a t  it c a n  
be e a s i l y  photographed.  The h e a t e d  p l a t e  was ma in ta ined  a t  t a n p e r a t u r e  by u s i n g  a  
l a b o r a t o r y  h o t  p l a t e .  

For  t h e s e  p a r t i c u l a r  expe r imen t s ,  t h e  p l a t e  was r e p l a c e d  by a s t a i n l e s s  steel sub- 
s t r a t e  machined t o  t h e  shape  of a  t r u n c a t e d  cone  25 mm d i a m e t e r  a t  t h e  b a s e  ana  12 mm 
d i ame te r  a t  t h e  t o p ,  which was h i g h l y  p o l i s h e d  w i t h  a  sphe r :  * a 1  i n d e ~ t a t i o n  i n  it. T h i s  
s u b s t r a t e  was p l aced  on a  l a b o r a t o r y  h o t  p l a t e  and m a i n t a i n e d  a t  a  t e m p e r a t u r e  of a b o u t  
500°C. An i n s u l a t i o n  s h e e t  2 5  mm t h i c k  w i t h  a  c u t o u t  t o  accommodate t h e  cone  shaped 
s u b s t r a t e  was p l aced  o v c r  t h e  h o t  p l a t e  d u r i n g  each  expe r imen t  t o  e l i m i n a t e  any ho1oc;ram 
n o i s e  which might be  g e n e r a t e d  by a  l a r g e  amount of n a t u r a l  c o n v e c t i o n  induced t u r b u l e n c e  
i n  t h e  30 cm h o t  p l a t e  r e g i o n  s u r r o u n d i n g  t h e  exp lod ing  d r o p l e t .  The holocamer~a,  M3del 
HTC-5000 b ~ l l t  by Spec t ron  Developnent L a b o r a t o r i e s ,  h a s  a  p u l s e d  ruby l a s e r  l i g h t  s o u r c e  
which i s  swi tched by a  P o c k e l s  c e l l  t o  g i v e  a  10  t o  2 0  nanosecond p u l s e  between 700 and 
1200 microseconds  a f t e r  t h e  holocamcra i s  t r i g g e r e d .  The low end o f  t h i s  d e l a y  is ccn-  
t r o l l e d  by t h e  amount o f  t ime  it t a k e ,  t h e  f l a s h  lamp t o  pump t h e  ruby  rod t o  a  s u d f i -  
c i e n t l )  e r e r g e t i c  s t a t e  t h a t  a  r e l i a t l e  l a s e r  p u l s e  c a n  b e  o b t a i n e d  when t h e  l a s e r  p u l s e  is  
a l lowed t o  e s c a p e  by t r i g g e r ' l g  t h e  P o c k e l s  c e l l .  A schemat i c  of t h e  e x p e r i m e n t a l  s e t a p  
is shown i n  F i g u r e  1. N o t i c e  t h a t  t h e  holography sys tem c o n s i s t s  o f  a  r e t e r e i l c e  beam which 
t r a v e l s  approx ima te ly  t h e  sme d i s t a n c e  a s  t h e  i n f o r m a t i o n  beam. The i n f o r m a t i o n  beam 
p a s s e s  th rough  t h e  e x p l o s i o n  regime and t h e n  i n t e r f e r s  w i t h  t h e  r e f e r e n c e  beam on t h e  f i l m  
p l a n ?  and exposes  t h e  g l a s s  h o l o g r a p h i c  p l a t e  producing t h e  hologram. Two l e n s e s  which a r e  
n o t  shown 0x1 t h c  f i g u r e  were 1r ;ser ted  i n  t h e  in fo rma t ion  beam a t  t h e  p r o p e r  p l a c e s  t o  
p o s i t i o n  t h e  image o f  t h e  d r o p l e t  e x p l c s i o n  behind t h e  h o l o g r a p h i c  p l a t e  t o  s i m p l i f y  t h e  
r e c o n s t r u c t i o n .  By p r o p z r l y  choos ing  t h e s e  l e n s : s ,  m a g n i f i c a t i o n  o f  t h e  e x p l o s i o n  was 
o b t a i n e d  i n  some of t h e  expe r imen t s .  

T r i g g e r i n g  o f  t h e  holocamera was acco;nplished bv p a s s i n g  a  helium-neon l ~ s ~ r  beam c l o s e  
t o  t h e  s i d e  o f  t h e  d r o p l e t  ana i n t o  a photo  d e t e c t o r  s e t u p  t h a t  was d e s i g n e d  t o  send o u t  a  
t r i g g e r  ; i y n a l  when t h e  beam was i n t e r r u p t e d .  S i n c e  t h e  beam was n e a r  t h e  bottom o f  t h e  
d r o p l e t ,  it was i n t e r r u p t e d  when t h e  vapor  e x p l o s i o n  produced t h e  e a r l y  j e t t i n g  t o  t h e  s i d e .  
A t r i g g e r  s ig r t a l  t h e n  went t o  t h e  holocamera.  Between a s e t a b l e  d e l a y  o f  700 t o  1000 
microsecondrr a f t e r  t h e  holocamera was t r i g g e r e d ,  t h e  P o c k c l s  ce l l  was t r i g g e r e d ,  p r o v i d i n g  
t h e  l a s e r  p u l s e  r e q u i r e d  t o  produce  t h e  hologram. S i n c e  t h e  l a s e r  p u l s e  w i d t h  was l i m i t e d  
t o  10 t o  20 nanoseconds ,  a  s t o p  a c t i o n  hologram of t h e  e x p l o s i o n  p r o c e s s  wes produced.  
R e s o l u t i o n  o f  t h e  holograms was a  few mic rons  w i t h  t h i s  c o n f i g u r a t i o n  s o  f ragment  d r o p l e t s  
of a  few microns  were d e t e c t a b l e .  

R e c o n s t r u c t i o n  of t h e  e x p l o s i o n  images was accompl ished by e x p x d i n g  a  helium-neon 
l a s e r  beam and orienting t h e  deve loped  h o l o g r a p h i c  p l a t e  i n  t h e  ex2anded beam s o  t h a t  t h e  
t h r e e  dimerisional  image was formed o f f  a t  a n  a n g l e  from t h e  main '-am a s  shown i n  F i g u r e  2. 
F l c t u r e s  were then  t aken  of t h e  image u s i n g  macrophotography t e c h n i a u e s  t o  p r o v i d e  t h e  
d e s i r e d  m a g n i f i c a t i o n .  An Olympus OX-2  camera was used t o  t a k e  t h e  p i c t u r e s .  
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R e s u l t s  and Discussion 

Over 30 holograms of  exploding d r o p l e t s  were taken  dur inq  t h i s  s tudv .  Some e x p l o s i o n s  
were obv ious ly  less v i o l e n t  t h a n  o t h e r s  probably due t o  premature  heterogeneous n u c l e a t i o n  
of  t h e  wa te r  b r f o r e  it reached t h e  s u p e r h e a t  l i m i t .  Three  r e p r e s e n t a t i v e  holograms were 
picked f o r  c l o s e  s t u d y  and s e v e r a l  photographs of t h e  r e c o n s t r u c t e d  images were made. I n  
F i g u r e r  3,  4 ,  and 5, r e s p e c t i v e l y ,  f r agmenta t ion  is shown 700, 875, and 1000 microseconds 
a f t e r  t h e  holocamera was t r i g g e r e d .  I t  was p o s s i b l e  t o  make o n l y  one hologram of each 
d r o p l e t  exp los ion  s o  t h e s e  f i g u r e s  r e p r e s e n t  t h r e e  d i f f e r e n t  exp los ions  w i t h  t h e  
accompanying d i f f e r e n c e s  between them one might expect .  

F i g u r e  3 c l e a r l y  shows t h e  n a t u r e  of  t h e  f ragmenta t ion  p r o c e s s  w i t h  a j e t  v i s i b l e  nea r  
t h e  p l a t e ,  moving o u t  p a r a l l e l  t o  t h e  p l a t e .  Other  p a r t s  of t h e  d r o p l e t  l i q u i d  a r e  i n  t h e  
form of l igaments  i n  t h e  p rocess  of breaking up t o  form d r o p l e t s .  The lower l e f t  en la rge-  
ment shows a l igament  t h a t  has  n e a r l y  completed t h e  breakup p rocess .  The n e x t  two 
enlargements ,  movinc c lockwise  around t h e  cente;  p i c t u r e ,  show a common a r e a ;  o n l y  t h e  
p o s i t i o n  of t h e  camera focus  h a s  been changed t o  show t h e  t h r e e  d i m e n s i o n a l i t v  of t h e  
hologram image. Some d r o p l e t s  which a r e  i n  focus  i n  one enlargement a r e  o u t  of f o c u s  i n  
t h e  o t h e r .  The enlargement i n  t h e  t o p - r i g h t  c o r n e r  was made i n  an a r e a  t h a t  appears  t o  
have o n l y  a few d r o p l e t s  i n  t h e  c e n t e r  p i c t u r e  b u t  t h e  enlargement  shows a l a r g e  number 
a r e  a c t u a l l y  p r e s ~ n t .  The s a a e  is t r u e  f o r  t h e  lower-r ight  enlargement .  From t h e  s c a l e  
it is c l e a r  t h a t  t h e  l igaments  and a few d r o p l e t s  a r e  l a r g e r  t h a n  100 microns  I n  s i z e ,  b u t  
a l a r g e  number a r e  s u b s t a n t i a l l y  smal le r .  

F i g u r e  4 shows a d r o p l e t  exp los ion  875  microseconds a f t e r  t h e  holocamera was t r i g g e r e d .  
Although t h i s  exp los ion  looks  c o n s i d e r a b l y  d i f f e r e n t  from t h e  o n e  shown i n  t h e  p r e v i o u s  
f i g u r e ,  many d r o p l e t s  w i t h  a wide range  o f  s i z e s  a r e  d i s c e r n a b l e .  No l igaments  appear  i n  
t h i s  exp los ion ,  however. The j e t  on t h e  l e f t  s i d e  is v i s i b l e  b u t  t h e  one on t h e  r i g h t  
seems t o  have a l r e a d y  d i sappeared ,  perhaps ,  a s  a r e s u l t  of  t h e  e x p l o s i o n  v e n t i n g  rcore t o  
t h e  r i g b t  s i d e  than  t h e  l e f t  d u r i n g  t h e  e a r l y  p a r t  of  t h e  p rocess .  T h i s  phenomer~on h a s  
been observed i n  h i j h  speed framing camera p i c t u r e s  i n  e a r l i e r  t e s t i n g .  

F i g u r e  5 shows a d r o p l e t  exp los ion  1000 m i c r o s e c m d s  a f t e r  t h e  holocamera t r i g g e r e d .  
Again t h e  remains of  t h e  j e t s  a r e  v i s i b l e  nea r  t h t  p l a t e .  The l o w e r - l e f t  enlargement 
c o n t a i n s  p a r t  of  t h e  j e t ,  b u t  d r o p l e t s  a r e  n o t  c l e a r l y  d i s c e r n a b l e  i n  t h i s  a r e a  of t h e  
p i c t u r e ,  s c  they  a r e  a p p a r e n t l y  on t h e  o r d e r  of  t h e  r e s o l u t i o n  o f  t h e  hologram, around 1 t o  
5 microns.  Other d rops  i n  t h e  c e n t e r  p i c t u r e  and t h e  enlargements  r a n g e  from about  10 t o  
100 microns i n  s i z e .  Most of  t h e  l igaments  appear  t o  have a l r e a d y  broken up  because t h e r e  
a r e  o n l y  a few smal l  ones  p r e s e n t  throughout  t h e  p i c t u r e .  TFe t o p - l e f t  en la rga . l en t  shows 
an a r e a  where very few d r o p l e t s  a r e  d i s c e r n a b l e  i n  t h e  c e n t r a l  p i c t u r e ,  b u t  many d r o p s  a r e  
c l e a r l y  obse rvab le  i n  t h e  enlargement ,  some i n  t h e  10 micron range. Agdin t h i s  f i g u r e  
shows, i n  a g raph ic  way, t h e  tremendous f raqmenta t ion  t h a t  r e s u l t s  from t h e  vapor exp los ion .  

Although t h i s  exper imental  s e t u p  r e p r e s e n t s  a somewhat non-physical s i t u a t i o n  a s  f a r  
a s  s i m u l a t i n g  a combustion environment is concerned, it does  p rov ide  a needed v i s u a l i z a t i o n  
of t h e  exp los ion  process .  The j e t t i n g  near  t h e  s u b s t r a t e  is due  t o  t h e  asymmetric con- 
finement and h e a t i n g  provided by t h e  s u b s t r a t e .  I t  is f e l t ,  however, t h a t  t h e  exp los ion  
upward is q u i t e  r e p r e s e n t a t i v e  of  what one might expect  i n  a combustion environment.  The 
smal l  d r o p l e t s  formed i n  t h e  j e t s  by t h e  r a p i d  v e n t i n g  p rov ide  a n  i n t e r e s t i n g  comparison t o  
t h o s e  Eormed i n  t h e  less v i o l e n t  upward explosion.  

D r o p l e t s  formed i n  t h e  j e t  a r e  on t h e  o r d e r  of  a tew microns  which means t h e y  cou ld  
vapor ize  i n  a few hundred a ic roseconds l '  u n l e s s  t h e  atmosphere around t h e n  was s a t u r a t e d  
wi th  f u e l  vapor a s  is probably t h e  c a s e  a t  t h e  l a t e  times of t h e  holograms. T h i s  cor -  
r e l a t e s  n i c e l y  w i t h  h igh  speed framing camera p i c t u r e s  which show t h e  j e t s  d i s a p p e a r i n g .  
For comparison purposes  a sequence t aken  a t  40,000 f rames p e r  second h a s  been included a s  
Pi ;ure  6. I t  shows t h e  j e t  d i s a p p e a r i n g  i n  frame 5, abou t  200 microseconds a f t e r  t h e  
exp los ion  s t a r t s .  T 7  t h i s  sequence, t h e  s i d e  j e t s  a r e  moving o u t  a t  about  90 m / s  and t h e  
d r o p l e t  is exploding upward a t  between 30 and 70 m / s .  The d r o p l e t s  v i s i b l e  i n  t h e  holo- 
grams, which a r e  much l a t e r  i n  t i m e  t h a n  t h e  f i l m  sequence, have moved abou t  30 rnm i n  1000 
microseconds (average  v e l o c i t y  of  30 m / s ) .  A s  expected,  t h e  d r o p l e t s  a r e  slowing down due 

i t o  d r a g  a s  t h e y  move o u t .  I t  is e s t i m a t e d  that t h e  d r o p  v e l o c i t y  should be  reduced t o  t h e  

. - surrounding g a s  v e l o c i t y  i n  1 0  t o  20 mm o f  t r a v e l "  s o  t h e  t r u e  d r o p l e t  v e l o c i t y  is  
probably s lower  than  t h e  c a l c u l a t e d  average  v e l o c i t y  a t  t h e s e  l a t e  times. Based on t h i s ,  
one would expec t  t h e  d iamete r  o f  t h e  s p h e r e  o f  i n f l u e n c e  of t h e  exp los ion  t o  be  abou t  30 
t o  60 mm o r  about  1 5  t o  30 o r ;  yinal d r o p l e t  d i a m e t e r s  i n  t h e s e  exper iments .  

P i c t u r e s  of  t h e  holograms i n  F i g u r e s  3 through 5 c l e a r l y  show that  a l a r g e  number of 
fragment d r o p l e t s  a r e  formed. No a t t e m p t  has  been made t o  c a r e f u l l y  count  a l l  t h e  d r o p s  
i n  each p i c t u r e  because t h i s  o n l y  r e p r e s e n t s  a smal l  s l i c e  o f  t.he whole exp los ion  volume. 
I f  one assumes a 2 mm d r o p l e t  is reduced t o  a momdisperse  g roup  of 50 micron d iamete r  
f ragments ,  one d r o p  would produce o v e r  50,000 fragment d r o p l e t s .  I f  t h e  fragment d iamete r  



Figure 3 .  Picture of image of droplet explosion T O O  microseconds 
after  holocamera was triggered. 

Fiqure  4 .  Pi*-turfi of image ef droplet explosion 875 mieroseconds 
after holocamera was triqqered. 

I l h  
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was 30 microns, one drop would produce 300,000 fragment droplets. 1n' thin cane we have a 
distribution of sizes from too small to measure in the j e t s  (probably a few microns in 
diameter) to aver a hundred microns. An average size is probablv between 30 a d  SO microns 
which indicates there are on the order of tens of thousands to hundreds of thousande of 
fragments from one drop exploding. A n  estimate o f  the number of drops visible in one 
picture led to about 4000 drops. Since t h i s  ia o n l v  .. slice of the  whole  volume, one would 
expect to have 10 to 100 times this many in the entire explosion, again leading to the same 
estimate as above. We have estimated that the lower and upper limits on numbers of 
fragments formed are ten thousand and a million, respectively. 

Figure 5. Picture of image of droplet: explosion 1901) microseconds 
after holocmera was triggered. 

Conclusions 

Time resolved holography has been shown to he an ex treme lv  useful  experimental 
technique to study the  vapor e x p l o s i o n  of a vaporizing water-in-fuel emulsion droplet. It 
has l ed  to some very graphic pictures of t h e  d r s p l e t  fraqmentation which results from t h e  
explosion. Fraqment sizes from less than 10 to larger than 109 microns are visible w i t h  
the average probably in the 30 t o  50 micron range. In the early t i m e  halograms ( 3 0 0  micro- 
seconds), ligaments th%t are breaking up are visible, while at the later  times (1000 rniero- 
secords) the ligament breakup is nearly complete. Estinaten based on the averkqe s i z e  and 
t h e  nurrtber of drops visible in t h e  pictures of  the holagrams indicate  that Power and upper 
limits for t h e  numbers of fragments are ten thousand ' a million. The typical amber 1s 
probably between SO,c)OI9 and 309,0019, i n d i c a t i n g  t h e  1 violent nature of the vapor 
explosion. 

The distances that t h e  fragments have traveled after the explosion Lead t o  an average 
velocity of  30 m/s compared to  between 30 and 70 mJs when t h e  explosion f irs t  s tarts ,  
indicating a drag induced reduction i n  velocity. The sphere o f  influence of the  explosion 
is es t imated  to be about 15 to 30 original droplet diameters. 

We would like to thank T i m  Wilmot and Fred Hason for helping in the experimental 
aetup and operation and Robert Nichols for taking pictures of t h e  holograms and putt ing 
together t h e  collaqes. 
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Vapor explosion starts 

Fragments vent to the sides 
at %91 meters per sec. 

Droplet explodes a t  
30 to 70 meters per set. 

Ftyurc 6. High speed framinq camera sequence of a droplet explosion. 
Droplet was backlight& w i t h  an expanded laser beam. 
Frames are 50 microseconds apart. 
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