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Ab8 t r a c t  

A d e t a i l e d  q u a l i t a t i v e  ana lys is  o f  the pro- 
cesses lead ing  t o  the explos ive i g n i t i o n  o f  a 
r e a c t i v e  l i q u i d  d r o p l e t  t h a t  i s  suspended i n  a 
gas-phase o x i d i z e r  and subjected t o  the passage 
o f  a shock wave, i s  presented. The i n t e r v a l  o f  
t ime between shock wave passage and i g n i t i o n  i s  
described by i d e n t i f y i n g  a two-stage process 
which consis ts  o f  a per iod  of r e l a t i v e  r e a c t i v e  
dormancy t h a t  i s  fo l lowed by a chemical induc- 
t i o n  per iod  lead ing  t o  the thermal explos ion 
of reac tan t  t h a t  has been s t r ipped from the 
l i q u i d  drop, vaporized, and mixed w i t h  the gas- 
phase o x i d i z e r .  The r e s u l t s  of f i r s t - o r d e r  
c a l c u l a t i o n s  based on t h i s  model are presented 
and compared w i t h  experimental data f o r  d i e t h l -  
cyclohexane drops i n  oxygen. 

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

Detonations which occur I n  r e a c t i v e  media 
c o n s i s t i n g  i n i t i a l l y  o f  l i q u i d  fue l  d rop le ts  
suspended i n  a gas-phase o x i d i z e r  have been 
s tud ied  both t h e o r e t i c a l l y '  and experimen- 
ta l ly2, ' .  The most impor tant  features of 
these detonations are t h e i r  extremely long 
r e a c t i o n  zones (which reduces t h e i r  propaga- 
t i o n  v e l o c i t y  when they occur w i t h i n  ducts)  
and the appearance o f  numerous pressure spikes 
w i t h i n  the r e a c t i o n  zone (as much as 100% above 
the  shock pressure.) These features are  u l t i -  
mately connected w i t h  the manner i n  which the  
l i q u i d  d rop le ts  are converted t o  the vapor phase, 
and t o  how the two vapor phase reactants  then 
mix and i g n i t e .  The conversion process invo lved 
i s  t h a t  o f  the i n t e r a c t i o n  o f  the  detonat ion 
lead ing  shock wave w i t h  each o f  the drops i n d i -  
v i d u a l l y  i n  the spray. Much empi r i ca l  data have 
been gathered which have shown the major charac- 
t e r i s t i c s  o f  t h i s  p a r t i c u l a r  process f o r  the  case 
of shock i n t e r a c t i o n  w i t h  non- reac t ing  drops 4 - 8 .  
Unfor tunate ly ,  much l e s s  in format ion i s  a v a i l -  
ab le f o r  the case o f  r e a c t i n g  drops, which forms 
the sub jec t  o f  i n t e r e s t  

Both non-reacting and r e a c t i n g  drops share 
c e r t a i n  features o f  a shockwave i n t e r a c t i o n .  
While the shock wave i s  passing over the i n i t i a l l y  
s t a t i o n a r y  d rop le t ,  very l i t t l e  of consequence 
occurs. I n  p a r t i c u l a r ,  the drop does n o t  change 
i t s  v e l o c i t y  dur ing  t h i s  per iod  wh i le  the sur- 
rounding gas i s  accelerated.  This produces a 
f l o w  f i e l d  around the drop le t .  If the shock 
s t rength  i s  s u f f i c i e n t ,  the f r e e  stream v e l o c i t y  

ii 

can be supersonic w i t h  respect t o  the drop. 
Under these circumstances, a bow shock, wake 
shock, and other  c h a r a c t e r i s t i c s  o f  supersonic 
f low over a sphere12 a r e  apparent (F ig .  1 ) .  The 
drop subsequently cont rac ts  along an a x i s  which 
i s  p a r a l l e l  t o  the f ree  stream, and expands i n  
the  transverse d i r e c t i o n ,  so t h a t  the f r o n t a l  
area exDosed t o  the f l o d  increases w i t h  time. 
The drop a lso  begins t o  accelerate i n  the  
d i r e c t i o n  o f  the m v i n g  shock. 

The f l u i d  near the surface i n  the drop i s  
s e t  i n  motion by the boundary l a y e r  gases of 
the  convective f low.  The l i q u i d  boundary l a y e r  
separates from the d r o p l e t  and i s  apparent ly  
broken up i n t o  a spray o f  d rop le ts  whose d i a -  
meter i s  o f  the order  o f  the boundary l a y e r  
thickness. This "microspray" (Mispray) i s  
thereby in t roduced i n t o  the near wake reg ion  
o f  the parent  d rop le t .  i t  appears tha t ,  a t  
the  same t i m e ,  a Taylor i n s t a b i l i t y  occurs on 
the f r o n t  surface o f  the parent  drop, producing 
waves whose amplitudes grow and w i l l  eventua l l y  
cause "ca tas t rop ic "  d i s i n t e g r a t i o n  o f  the parent  
drop 1 3 .  

Af te r  a c e r t a i n  per iod  o f  t ime f p l l o w i n g  
passage o f  the incidzn: shcck ( t  = t j ,  the 
parent  drop ceases i t s  transverse growth; the 
f r o n t a l  diameter therea f te r  decreases. Whether 
o r  no t  ca tas t roph ic  breakup due t o  Tay lor  i n s t a -  
b i l i t i e s  has occurred by t h i s  p o i n t  i s  no t  c lear .  
Nonetheless, if the'parent  drop i s  reac t ive ,  i t  
i s  somewhat a f t e r  t h i s  time t h a t  the i g n i t i o n  o f  
evaporated 
The i g n i t i o n  i s  explos ive i n  character ,  producing 
a b l a s t  wave. The explos ive i g n i t i o n  accounts for 
the  reac t ion  zone pressure spikes i n  a two-phase 
spray detonation. 

s t r i p p i n q  from the  parent  drop ( o r  i t s  fraunients 
i n  the  event o f  catast rophic  breakup) continues 
u n t i l  noth ing remains of i t .  I f  i g n i t i o n  has 
occurred, i n  the reac t ive  case, the continued 
s t r i p p i n g  suppl ies f resh  fue l  t o  the wake reg ion  
where i t  i s  then consuxd.  This p o s t - i g n i t i o n  
combustion process i s  usua l ly  r e l a t i v e l y  "smooth"; 
occas ional ly ,  however, m u l t i p l e  explos ive i g n i -  
t i o n s  occur i n  sequence. 

Only i n c i d e n t  shocks o f  s u f f i c i e n t  s t rength  
produce explos ive i g n i t i o n .  As a r u l e ,  Ms > 3 

vspray occurs i n  the near wake reg ion.  

Beyond t h i s  i g n i t i o n ,  the process o f  mass i, 
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i s  requi red,  t y p i c a l l y .  I n  what fo l lows,  i t  w i l l  
there fore  be assumed t h a t  the i n c i d e n t  shock i s  
o f  t h i s  s t rength,  and a lso t h a t  the r e s u l t i n g  
f low f i e l d  around the parent  d r o p l e t  i s  i n i t i a l l y  
supersonic. 

The capaci ty  t o  describe the sequence o f  
events, which was q u a l i t a t i v e l y  o u t l i n e d  above, 
i n  s u f f i c i e n t  d e t a i l  as t o  a l low reasonable pre- 
d i c t i o n  o f  the time between i n c i d e n t  shock con- 
t a c t  w i t h  a r e a c t i v e  drop and i t s  explos ive wake 
i g n i t i o n ,  i s  o f  obvious i n t e r e s t .  Kauffman14 
suggested a model i n  which groups o f  s t r ipped 
uspray, which move rearward i n t o  the wake region, 
remain as they move i n  volume elements o f  f i xed  
i d e n t i t y  and f i x e d  geometry. The uspray i n  each 
such volume element evaporates, and the vapor 
produced mixes homogeneously throughout the 
element. I g n i t i o n  i s  i d e n t i f i e d  w i t h  t h a t  e le-  
ment i n  which the concentrat ion o f  fuel i s  
l a r g e s t ;  i g n i t i o n  times are assessed from the  
i n t e r v a l  separat ing i n c i d e n t  shock contac t  and 
the formation of t h i s  element. 

Pierce's t rea ted  a simple model i n  which 
s t r i p p e d  uspray enters  the wake and t h e r e i n  
evaporates and reac ts  w i t h  the h o t  o x i d i z e r .  
The energy thus l i b e r a t e d  i s  conducted away t o  
the ex terna l  f low u n t i l  the t o t a l  evaporation 
r a t e  (which c o n t r o l s  the energy release r a t e  
becomes so l a r g e  t h a t  thermal energy begins t o  
accumulate i n  the wake reg ion.  The p o i n t  i n  
t ime a t  which t h i s  occurs i S  prescr ibed t o  be 
the i n s t a n t  o f  i g n i t i o n ,  since as the tempera- 
t u r e  of the reg ion increases, the processes 
responsib le  f o r  f u r t h e r  energy l i b e r a t i o n  are  
accelerated. 

the dens i ty  of uspray drops ( i n  the wake reg ion 
of the parent  drop) dur ing  t h e  f i r s t  per iod  fo l -  
lowing i n c i d e n t  shock passage, produces l o c a l  
fuel vapor concentrat ions which are too low t o  
support explos ive i g n i t i o n .  That i s ,  boundary 
l a y e r  s t r i p p i n g  o f  the contiguous parent d r o p l e t  
i s  considered t o  be too slow a process t o  a l l o w  
for  h igh  uspray dens i t ies .  Therefore i t  i s  
argued t h a t  fragmentation of the parent drop, 
through Taylor  i n s t a b i l i t i e s ,  must f i r s t  occur; 
each fragment then i n d i v i d u a l l y  s t r i p s ,  resu l -  
t i n g  i n  a much h igher  r a t e  o f  aspray production. 
Again, the uspray drops en ter  the wake, evap- 
o r a t e  and react ,  and a chemical induc t ion  tire 
i s  added ( t o  the time u n t i l  fragmentation OCCUrS)  
t o  ob ta in  the o v e r a l l  i g n i t i o n  delay. 

Each o f  these theor ies shows some degree o f  
agreement w i t h  the a v a i l a b l e  experimental i g n i -  
t i o n  time datags11,14, y e t  none, i n  i t s e l f ,  i s  
ab le t o  convinc ing ly  exp la in  a l l  o f  the observa- 
t i o n s  made o f  the i g n i t i o n  process. The a b i l i t y  
t o  extend any one o f  these computations t o  r e l i -  
ab ly  inc lude a wide range o f  f u e l l o x i d i z e r  com- 
b i n a t i o n s  i s  r a t h e r  quest ionablc .  I t  i s  the  pur- 
pose o f  the present exp lo ra to ry  study t o  c o n t r i -  
bute towards the development o f  a u n i f i e d  theory 
.of shock induced r e a c t i v e  d r o p l e t  i g n i t i o n .  

Recently, F i s h b ~ r n ' ~ ' ' ~  has suggested t h a t  

Theoret ica l  Model 
v 

I n  i t s  present form the sequence o f  events 
lead ing  t o  explos ive i g n i t i o n  i s  considered as 
comprised o f  two separate i n t e r v a l s ;  namely, a 

"dormant" period, fo l lowed by an "ac t ive"  per iod.  
These cou ld  a lso  be described as mechanical and 
chemical induc t ion  periods. As such, t h i s  model 
i s  s i m i l a r  i n  kind t o  Fishburn's two-stage model. 
That i s ,  if the same terminology were a p p l i e d  t o  
t h a t  model, the "dormant" and "ac t ive"  per iods 
would correspond t o  the i n t e r v a l s  before and 
a f t e r  parent  drop fragmentation, respec t ive ly .  
It I S  t o  be emphasized a t  the o u t s e t  t h a t  the  
two per iods i n  the f o l l o w i n g  formulation both 
d i f f e r  q u a l i t a t i v e l y  ( a s  we l l  as q u a n t i t a t i v e l y )  
from the  Fishburn m d e l .  

Dormant Per iod 

This  per iod  begins upon i n i t i a l  con tac t  by 
the i n c i d e n t  shock w i t h  the spher ica l  d r o p l e t  
i n  i t s  undisturbed, m t i o n l e s s  s ta te .  Four pro-  
cesses are i n i t i a t e d .  F i r s t ,  the d r o p l e t  begins 
t o  accelerate.  This i n  t u r n  i n i t i a t e s  the devel- 
opment o f  Taylor i n s t a b i l i t i e s  on the forward 
surface. A t  the same time. the d r o p l e t  begins 
t o  f l a t t e n .  and t r e  >o.ndir/ 1 a l c . r '  formation 
i n  l iq , id  s d f a c e  corniences. 

Complete boundary l a y e r  formation requ i res  
a n o n t r i v i a l  induc t ion  time17. tlGviever, i t  i s  
be l ieved t h a t  the mass s t r i p p i n g  process begins 
w e l l  before the l i q u i d  boundary l a y e r  i s  f u l l y  
developed. This i s  based on the many ear ly- t ime 
photographs such as i n - F i g .  2, as we l l  as on 
mass loss  measurements>. I n  any event, i t  i s  
c l e a r  t h a t  the mass loss  r a t e  accelerates w i t h  
increas ina t i m e  dur ino t h i s  DeriOd. In fact .  ~ ~~~ 

Reineckeb-nds oDtd i r&  3 reaiona2le C r D i r l c a l  
c o r r e l a t i o n  fw  rass loss,  assessea frm x-ray 
photographs o f  s t r i p p i n g  water drops, which i s  

The mass, m, o f  the d r o p l e t  a t  any time, t, 
dur ing  the breakup process i s  thus c o r r e l a t e d  
w i t h  i t s  i n i t i a l  mass, mo. and the time t o  
complete d is in tegra t ion ,  tS ( s t r i p p i n g  t ime). 

As the drop le t  continues t o  f l a t t e n ,  i t s  
f ron ta l  diameter increases r a p i d l y .  F l u i d  i n  
the l i q u i d  boundary layer ,  which t r a v e l s  from 
the forward s tagnat ion p o i n t  t o  the maximdm 
perimeter before separating i n t o  >Spray 
t r a v e l s  progress ive ly  f u r t h e r  before being 
s t r ipped o f f .  This, a s  we l l  as the f a c t  t h a t  
the l i q u i d  boundary l a y e r  becomes more f u l l y  
developed w i t h  passing time, leads t o  the ex- 
pec ta t ion  o f  increased jspray  s i z e  w i t h  i n -  
creasing t ime. 

No widely  accepted means a f  computing 
uspray s izes and separation v e l o c i t i e s  e x i s t s .  
There i s  some aureement. however. t h a t  the 

spray diameter should be of the  order  of the 
Yiquid boundar l a  e r  thickness j u s t  p r i o r  t o  
i t s  separationyh.1r. Most a n a l y t i c a l  est imates 
p r e d i c t  Isspray 
o f  the parent drop diameter, which roughly 
agrees w i t h  what experimental evidence i s  
a ~ a i : a b l e " , ~ .  

envisioned t o  proceed i n  two stages: F i r s t ,  an 
annular sheet o r  f i l m  o f  f l u i d  i s  shed from the 
drop per iphery,  and second, t h i s  sheet breaks 

diameters o f  the order  o f  1% 

For eiample, the separat ion process can be 

a 
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up t n t o  the uspray drops by means o f  a process 
s i m i l a r  t o  t h a t  which occurs i n  the breakup o f  a 
free l i q u i d  j e t ' B .  The n i c r o m i s t  drops can, by urluc = (112) a 6 ( u z I u c ) .  (6) 
t h a t  analogy, be expected t o  have diameters which 
are approximately twice the thickness o f  the sheet. The r a d i a l  v e l o c i t i e s  com uted from.Eq. ( 6 )  show 
The sheet thickness i t s e l f  i s  est imated by impo- 
s i n g  conservation o f  m s s  and momentum on the 
f l u i d  which enters  i t ,  between the pos i t ions  
j u s t  before separat ion (when the f l u i d  i s  i n  

.,. 

I that ur/uc is O(lO-l!. v 

the parent  drop boundary l a y e r )  and j u s t  a f t e r  
separat ion (when the f l u i d  i s  i n  the annular 
sheet and has a f l a t  v e l o c i t y  p r o f i l e . )  

When the l i q u i d  boundary l a y e r  i s  assumed 
t o  have a Taylor v e l o c i t y  p r o f i l e 5 ,  t h i s  par-  
t i c u l a r  means o f  ana lys is  produces reasonable 
ear ly- t ime mass loss  rates and ilspray sizes;5. 
I n  add i t ion ,  the v e l o c i t y  o f  the uspray when 
i t  separates from the parent drop, Ud. can be 
r e a d i l y  der ived t o  the form 

i n  which uc Is the r e l a t i v e  convective flow 
v e l o c i t y ,  wh i le  

1 1 3  

A =(-) (3)  

and e ,  9 ,  Q , 
v i s c o s i t i e s  o f  the l i q u i d  and o f  the free 

are  the dens i t ies  and 

stream convective flow. 

It i s  reasonably c l e a r  t h a t  boundary 
l a y e r  s t r i p p i n g  cannot account f o r  the  mass 
l o s s  r a t e s  over the e n t i r e  breakup t i m e .  The 
surface wave concept o f  C311ins19 o r  the Taylor  
i n s t a b i l i t y  theory o f  Fishburn13 i s  needed a t  
l a t e r  t imes t o  exp la in  the h igh  s t r i p p i n g  rates.  
It i s  be l ieved,  however, t h a t  simple boundary 
l a y e r  s t r i p p i n g  predminates  the e a r l y  stages 
of breakup, and Eq. (2 ) .  i n  s p i t e  o f  i t s  crude- 
ness, serves t o  show t h a t  Ud/Uc = O(10-1) f o r  
t y p i c a l  in termediate shock s t rengths and t y p i -  
c a l  f u e l / o x i d i z e r  combinations. That i s ,  the 
f l u i d  separates from the parent  drop a t  ve loc i -  
t i e s  which are considerably lower than the pre-  
v a i l i n g  f ree stream gas v e l o c i t y .  

u 

The v e l o c i t v  w i t h  which the o o i n t  o f  seoa- . ~~ ~~ 
~ 

r a t i o n  m v c s  i n  t n e  tra-s\epse (b r ,  r a d i a l  J 
d i r e c t i o n  d,e to a m p  i;a:tening cay be evalL- 
a ted f rom the w e l l  accepted empi r i ca l  formz0 

r= 1 t a7 ( 4 )  

i n  which 5 i s  the r a t i o  o f  parent  drop f ron ta l  
diameter a t  t ime t t o  i t s  i n i t i a l l u n d i s t u r b e d ]  
diameter, Do, and 

( 5 )  

i s  the non-dimensional t ime, B : P /pe,u2 
free stream gas v e l o c i t y  r e l a t i v e  50 the drop 
a t  t = 0, and a i s  a c o r r e l a t i n g  c o e f f i c i e n t  
whose value i s  (I : 1.70. From Eq. ( 4 ) ,  the 
r a d i a l  v e l o c i t y ,  ur, o f  the separat ion p o i n t  
i s  

The inference from these two simple r e s u l t s  
i s  t h a t  i n  general the separated l i q u i d  f i l m  can 
be expected t o  t u r n  i n  the d i r e c t i o n  o f  the  pre-  
v a i l i n g  l o c a l  f low f i e l d  wh i le  i t  i s  s t i l l  con- 
t iguous w i t h  the parent drop (i.e. before break- 
i n g  up i n t o  uspray drops). When the ex terna l  
f low f i e l d  i s  subsonic, the uspray i s  i n  t h i s  
fashion c a r r i e d  rearward, more o r  less  p a r a l l e l  
t o  the a x i s  o f  s y m e t r y .  I t  i s  g radua l ly  accel- 
erated,  and u l  t i n a t e l y  reaches the convective 
f low v e l o c i t y .  An example o f  t h i s  i s  shown i n  
F ig .  3. 

When the f low f i e l d  i s  supersonic, which i s  
the case o f  i n t e r e s t  here, i t  appears t h a t  the 
separated f i l m  i s  turned by the  flow 
s t ruc tu re ,  i n  such a way t h a t  the >spray i s  
i n i t i a l l y  c a r r i e d  i n t o  the f ree  shear l a y e r  o f  
the  near wake, above the r e c i r c u l a t i o n  zone. 
I t  subsequently becomes engulfed i n  the expan- 
d ing  r e c i r c u l a t i o n  zone i t s e l f ,  and m s t  does 
n o t  escape, having entered a t  low v e l o c i t y .  
Th is  r e s u l t s  i n  a remarkably we l l -de f ined re-  
c i r c u l a t i o n  zone, as i n  Figs. 4 and 5 .  

I n  f a c t ,  the rearward v e l o c i t y  o f  the  r e -  
c i r c u l a t i o n  zone t i p  can be estimated by no t -  
i n g  t h a t  i t s  geometry remains roughly  constant  
wh i le  the parent drop i s  growing. Since the 
d r o p l e t  grokth rate i s  g iven by E:. ( 5 ) ,  the 
r a t e  o f  growth i n  r e c i r c u l a t i o n  zone length  i s  
simply 

. 

dUdt  = ur c t n  3 (7) 

i n  which 8 i s  the r e c i r c u l a t i o n  zone angle 
w i t h  respect t o  the ax is .  For t y p i c a l  super- 
sonic wakes, 4 < c t n  a < b .  Equation ( 7 )  then 
shows t h a t  dL/dt  << u2, even f o r  the l a r g e r  
value o f  c t n  3 .  The actual  v e l o c i t y  o f  the 
r e c i r c u l a t i o n  zone t i p ,  measured from s t reak  
photographs such as Fig.  4 ( b ) ,  agrees with 
the order  o f  magnitude pred ic ted  by Eq.  (7 ) .  
( I t  should be observed t h a t  the r e c i r c u l a t i o n  
zone i s  no t  f i l l e d  by microspray i n  the sub- 
sonic case and so  i t  i s  no t  v i s i b l e  on photo- 
graphs such a s  Fig.  3. ) 

Wi th in  the r e c i r c u l a t i o n  zone, the trapped. 
aspray move c i t h  the low v e l o c i t y  v o r t i c e s  and 
evaoorate. I f  a aiven usDraY dro3 i s  formed a t  ~~ ~~ . - . - , ~  - - ~ ~  
t i m e  T (measured-after'incident shock contac t  
w i t h  the parent drop), w i t h  i n i t i a l  diameter 
dG(T) ,  then i t s  diameter a t  t i m e  t ( i . e .  a f t e r  
an i n t e r v a l  t- i l  can be aooroxinated bv the 
quiescent evaporation r a t e '  expression21 

where k i s  the c o e f f i c i e n t  o f  thennal 

3 



. c o n d u c t i v i t y  of the gas, T i s  the gas temp- 
e ra tu re  and Cp i t s  s p e c i f i g  heat, and .Z and 
T, are the l a t e n t  heat  and temperature of the 
l i q u l d  pspray drop. The time t o  e x t i n c t i o n  o f  
the p p r a y  drop (complete evaporat ion) ,  tex, i s  

., , 
' d (I) 

(10) 
Mo tex - I = r  

v 

The r a t e  of mass evaporation from t h i s  u spray 
drop a t  t ime t i s  - 

hev( tsT)  = CZdM(t,r) 9 (11) 

where C2 = ripe CI2. 

These formulae a l low computation o f  the  
t o t a l  amount o f  fue l  vapor which has evapor- 
a ted from a l l  vspray drops i n  the r e c i r c u l a -  
t i o n  zone up t o  time t, tak ing  i n t o  account 
the t ime vary ing i n i t i a l  vspray s ize,  i n  the 
fo l lowing manner. F i r s t ,  the number o f  vspray 
drops, b n ,  which are formed dur ing  an i n t e r v a l ,  
61, about time T. i s  

where m ( T )  i s  the parent  drop s t r i p p i n g  rate,  
a t  t = T ,  and m b ( . )  i s  the mass o f  the uspray 
drops formed a t  t h a t  t ime; i . e .  mM (I) = p 
(~)/6. The c o n t r i b u t i o n  a t  t ime t o >  T t o  
t o t a l  pspray evaporation rate from uspray 
drops formed a t  t = T i s  

y V or, i n  the l i m i t ,  

Therefore, the t o t a l  evaporation r a t e ,  a t  t ime 
t, due t o  a l l  ?spray drops present i n  the  re-  
c i r c u l a t i o n  zone a t  t h a t  t ime, i s  found by i n -  
t e g r a t i n g  Eq. (18) over a l l  T 5 t; namely, 

and the tine vary ing uspray (T) i s  
'obtained i n  the fashion described e a r l i e r .  Then, 
upon appropr ia te se lec t ion  o f  values fo r  the 
parameters which appear i n  Eq. (9). the  vapor 
accumulation i n  the r e c i r c u l a t i o n  zone, m v, can 
be computed from Eq. (15) as a f u n c t i o n  o f  time. 

It i ~ s  noted p a r e n t h e t i c a l l y  t h a t  mM0 i s ,  o f  
course, neve,: a c t u a l l y  zero, b u t  tha t ,  on the 
o ther  hand, m ( r )  & z e r o  a t  r = 0. That i s ,  
ac tua l  parent  drop s t r i p p i n g  can begin on ly  when 
the l i q u i d  boundary l a y e r  has developed t o  the 
p o i n t  t h a t  i t s  k i n e t i c  energy cannot be d i s s i -  
pated by the l i q u i d  surface, ( i . e . ,  by means 
o f  surface tens ion)  a t  the p o i n t  of separation. 
This occurs, approximately, when the balance 

20," D = (1/2) P, n 0 ut2 (y,t!dy (17) 

0 

occurs, i n  which at. i s  the  l i q u i d  surface ten- 
sion, up(y.t) i s  the t ime-vary ing l i q u i d  boun- 
dary l a y e r  v e l o c i t y  p r o f i l e  (measured inw?rd 
from the surface a t  the p o i n t  o f  separat ion) ,  
D i s  the parent  drop f r o n t a l  diameter, and dS 
i s  the  thickness o f  the annular sheet, when i t  
i s  separated. This concept of a "boundary l a y e r  
i n d u c t i o n  t i m e "  i s  indeed s i m i l a r  i n  s o i r i t  t o  
t h a t  o f  Rangers, bu t  i t  does n o t  r e q u i r e  t h a t  
the boundary l a y e r  be f u l l y  estab l ished before 
i n i t i a t i o n  o f  s t r i p p i n g .  For the present pur- 
poses, an estimate o f  the minimum f i l m  tnickness 
from Eq. (171, was used t o  compute mMo(0) r e -  
qu i red  i n  Eq. (15) .  

Charac ter is t i c  ca lcu la t ions  from Ea. 115)  
are sumar ized i n  Figs. 6 and 7, f o r  t i e  ;as;. 
of diethylcyclohexane (DECHj drops i n  oxygen. 
The vapor accumulation, a t  the moment, t*, o f  
maximum d r o p l e t  expansion, i s  shown i n  Fig. 6 
as a f r a c t i o n  o f  the t o t a l  mass removed from 
the parent  drop up t o  t h a t  t ime, m s t .  Figure 
7 shows the maximum vspray i n i t i a l  d ianeter ,  
did ( t * ) .  T h a t ,  the i n i t i a l  diameter o f  the 
mierospray t h a t  enters  the  r e c i r c u l a t i o n  zone 
increases from di., ( 0 )  (an extremely small s i z e )  
t o  d ( t * )  as t iRcreases from t = o t o  t = t*. 

parent  drop i n i t i a l  diameter, D , and i n c i d e n t  
shock Mach number, Ms i s  demons!rated. The ex- 
t e n t  o f  the evaporation which has occurred by t* 
i s  s u r p r i s i n g l y  small f o r  Do somewhat l a r g e r  than 
300~. 

l h e  9 e f e c t  o f  i n i t i a l  pressure, P I .  as w e l l  as 

and the t o t a l  mass  of fue l  vapor evaporated 
from a l l  v spray drops p r i o r  t o  t ime  t i s  

t i 

The equivalence r a t i o * ,  $,  corresponding t o  
the accumulation o f  fue l  vapor w i t h i n  the r e c i r -  
c u l a t i o n  zone a t  t*, i s  shown on F ig.  8. It i s  
observed tdst a t  reduced pressures and fo r  S m a l l  
parent  drop sizes, the equivalence r a t i o  cou ld  
reach s i g n i f i c a n t  values. The c a l c u l a t i o n s  i n d i -  
cate, howevcr, t h a t  the accumulation rates are 
slow; i .e .  mev( t )  from Eq. (14) i s  never very 
l a r g e  f o r  parent drops which are l a r g e r  than 
3OOp diameter. 

'1 J &I) dM(i , r )  
mev(t) = c2 mTJ--dr d f .  

. .  t = o  1.0 MO (15) 

A simple parent drop s t r i p p i n g  r a t e  which 
can be used i s  

*Equivalence r a t i o  . i s  defined as the  quot ien t  

resents the s to ich iomet r ic  cond l t lon .  

(16) ' o f  actua l  f u e l / o x i d i z e r  r a t i o  t o  the s t o i c h i o -  
v 2tS t s  met r ic  f u e l l o x i d i z c r  r a t i o ,  so fha t  $ = 1 rep- 

0 l r T  
nm 

~ I ( I ) =  -sin--.  , 

which der ives from Eq. ( l ) ,  by d i f f e r e n t i a t i o n ,  



From these r e s u l t s ,  three conclusions can be 
drawn. F i r s t ,  the r e c i r c u l a t i o n  zone does no t  
impu ls ive ly  reach an extremely fue l  r i c h  con- 
d i t i o n  (as was i n i t i a l l y  suspected). On the con- 
t r a r y ,  the reg ion  i s  genera l ly  q u i t e  lean.  Second, 
i n  those cases f o r  which m i s  non-negl ig ib le ,  
continuous r e a c t i o n  w i t h  t l e  ho t  o x i d i z e r  w i l l  
preclude accumulation o f  fue l  vapor t o  the  ex- 
t e n t  i n d i c a t e d  i n  F ig .  8. Moreover, a t  t ime t*, - most o f  the l i q u i d  f u e l  which was s t r ipped from 
the parent  drop res ides i n  i t s  r e c i r c u l a t i o n  zone 
i n  the form o f  unevaporated uspray. Therefore, 
there i s  l i t t l e  p o s s i b i l i t y  t h a t  the r e c i r c u l a -  
t i o n  zone can i t s e l f  support an explos ive i g n i -  
t ion .  I n  fac t ,  when i g n i t i o n  occurs, the e n t i r e  
wake reg ion i s  consumed except fo r  the  r e c i r c u -  
l a t i o n  zone, as can be seen i n  Fig. 9. 

Ac t ive  Period 

The f r o n t a l  diameter o f  the parent  drop 
reaches i t s  mgxjmum when t = t*; tf c o r r e l a t e s  
roughly  w i t h  T = 1.3. Catastrophic breakup, as 
p red ic ted  by F ishburnX3,  would have occurred 
p r i o r  t o  t h i s  time; viz.,  approximately T = 0.9. 
I t  i s  no t  completely c l e a r  as t o  whether o r  n o t  
t h i s  i s  i n  fac t  the case, and, i n  any event, the 
aggregate represent ing the remaining parent  drop 
shows no abrupt  change i n  v e l o c i t y  dur ing  t h i s  
period. If i t  has been shat tered i n t o  fragments, 
these fragments, as a c l o s e l y  packed group, e v i -  
d e n t l y  ( t h e r e a f t e r )  behave as a s i n g l e  (porous) 
body. Fragmentation would, o f  course, exp la in  
the  accelerated s t r i p p i n g  ra tes  (which occur a t  
about t h i s  t ime) ,  bu t  C o l l i n s '  surface wave 
t h e ~ r y ~ ~ d o e s  so  equa l ly  w e l l .  The experimental 
data a v a i l a b l e  a t  t h i s  w r i t i n g  s imply  do no t  
a l low f o r  d i s c r i m i n a t i o n  between these two 
p o s s i b i l i t i e s .  

Nevertheless, I L  I S  n o t  essent ia l  t o  the 
present phenomenological d e s c r i p t i o n  o f  i g n i -  
t i o n  t h a t  the cause f o r  accelerated mass remo- 
val be a c t u a l l y  i d e n t i f i e d ,  because a change 
i n  the s t r i p p i n g  mechanism does n o t  appear t o  
be the s i n o l e  event t h a t  i s  o r i m a r i l v  remon- 

- 

i/ 

s i b l e  f o r  eventual explos ive '  i g n i t i o n .  Instead, 
i t  appears t h a t  the terminat ion of parent  drop 
f l a t t e n i n g ,  which al lows the escape o f  substan- 
t i a l  q u a n t i t i e s  o f  uspray 
region, i s  responsib le  f o r  the f i n a l  events 
lead ing  t o  i g n i t i o n .  That i s ,  uspray which i s  
shed dur ing  the per iod  fo l low ing  t ime t* i s  n o t  
engul fed by an expandinp r e c i r c u l a t i o n  zone, bu t  
r a t h e r  i s  i n j e c t e d  outs ide o f  a s h r i n k i n g  near 
wake so t h a t  i t  becomes exposed t o  the h igh 
speed convective f low.  

As the escaping uspray begins t o  move rear -  
ward, i t  i s  i t s e l f  accelerated, and t h i s  r e -  
qu i res  a s m a l l ,  bu t  f i n i t e ,  amount o f  t ime. 
With a drag c o e f f i c i e n t  o f  u n i t y ,  the equation 
of motion for a uspray drop i s  simply 

from the  near wake 

v i n  terms of the r e l a t i v e  convective v e l o c i t y ,  
uc. 
grates t o  

For the case o f  constant dM. t h i s  i n t e -  

where uc 
EquationO(l9) provides an upper bound on accelera- 
t i o n  times. 
DECH drop t o  reach uc/uc = 0.3 i s  O i l  usec) 
corresponding t o  Ms = 4,Oand P1 = 1 atn oxygen; 
t h e  t ime t o  reach uc/uc = 0.1 i s  O(5 usec). 
Accelerat ion times Increase l i n e a r l y  w i t h  
uspray diameter. 

observed on st reak photographs such as Fig. 4(b). 
Although the acce le ra t ion  t ime o f  an escaped 
vspray drop is very shor t ,  i t  can be expected 
t o  have been l a r g e l y  converted t o  the vapor 
phase dur ing  t h a t  period. The 10" DECH drop 
i n  the above example has a Weber number, We = 
(p? u 
s t i l l ' f a r  abobe the minimum Weber number t h a t  
corresponds t o  the s t r i p p i n g  mode, We = 15. 
I f  the  s t r i p p i n g  mechanisms are no t  e s s e n t i a l l y  
d i f f e r e n t  than those f o r  l a r g e r  drops, the 
t ime fo r  t h i s  1Ou drop t o  s t r i p  i s  0(1 usec). 
Th is  i s  the same t i m e  order  as i t s  acce le ra t ion  
per iod.  The "second generation" uspray pro- 
duced dur ing  t h i s  s t r i  p ing process, whose d ia -  
meters should be O(lO-pu), would vaporize i n  
n e g l i g i b l e  time orders. 

these small s r a v  droo s izes.  r a c i d  conversion 

i s  the r e l a t i v e  v e l o c i t y  a t  separation. 

For uco = u2,  the t ime f o r  a l o u  

The uspray t h a t  escapes a t  t > t* can be 

db,)la , which i s  0(103) ,  and t h i s  i s  

I f  the s t r i p p i n g  mechanism i s  unacceptable f o r  

o f  the escaped'ps&ay t o  the vapok phase can 
a lso  be expected simply by convection ass is ted  
evaporation dur ing the acce le ra t ion  per iod.  When 
t h e . r e l a t i v e  convective v e l o c i t y  i s  appreciable, 
as i n  the  case O f  escaped uspray drops, the 
quiescent evaporation r a t e ,  given by Eq. (8). 
shouId be rep laced w i t h Z 2  

i n  which Re = ( p 2  u 
The second term i n  brackets can account f o r  a 
f i v e - f o l d  increase i n  evaporation r a t e  under 
t y p i c a l  condi t ions,  reducing the c h a r a c t e r i s t i c  
evaporation t i m e  of the 10" diameter drop from 
200 wsec t o  4U usec. Hence, if evaporation 
alone must account f o r  the conversion o f  the 
uspray t o  vapor, an appreciable amount o f  t h i s  
conversion can be shown t o  occur dur ing the 
acce le ra t ion  per iod.  

simple evaporation occur simultaneously. Nei ther  
appears t o  cause complete conversion o f  the es- 
caped uspray t o  vapor; t h a t  i s ,  the l lspray 
remains v i s i b l e  on photographs. However, f o r  
m d e l i n g  purposes, complete conversion w i l l  be 
assumed. 

Under t h a t  assumption, the essent ia l  feature 
of. the parent  drop d i s i n t e g r a t i o n  process, be- 
g ihn ing  a t  t*, i s  character ized by the impuls ive 
cont inual  i n j e c t i o n  of r e l a t i v e l y  la rge  q u a n t i t i e s  
o f  r e a c t i v e  w c r -  i n t o  the ou ter  near wake reg ion  
o f  the parent drop. This i s  somewhat s i m i l a r  
phenomenologically t o  forward s tagnat ion p o i n t  

dM)/u2.  and Pr = u2 Cp/k. 

I t  i s  most probable t h a t  both s t i p p i n g  and 



mass a d d i t i o n  as i t  might  occur i n  supersonic 
f l o w  about a s o l i d  sphere or c y l i n d e r  2 3 .  By 
t h a t  comparison, vapor concentrat ions can be 
expected t o  decrease w i t h  inc reas ing  a x i a l  and 
r a d i a l  d is tance w i t h i n  the wake; the greater  
v a r i a t i o n  would be i n  the r a d i a l  d i r e c t i o n .  I n  
fact ,  the assumption 'of constant r a d i a l  vapor 
d i s t r i b u t i o n  w i t h  increas ing a x i a l  d is tance 
I S  n o t  who l ly  unreasonable, over the f i r s t  few 
d i a m t e r s  o f  lenuth. On the o ther  hand. an 

- 
- 
assumption o f  r a i i a l  uniformity_ i n  the.vapor 
concentrat ion would appear t o  be a r a t h e r  
dangerous oversirnpl i f i c a t i o n  

o x i d i z e r  may f o r  modeling purposes be regarded 
as a homogeneous chemical system which, a t  the  
i n s t a n t  o f  i n i t i d l  mixing, has a s p e c i f i c  
m i x t u r e  r a t i o  and i n i t i a l  temperature. As 
reac t ion  proceeds toward "equi l ibr ium",  the 
products remain w i t h i n  the element. Di f fus ion 
and thermal conduction between adjacent elements 
a re  ignored. The l a t e r  was j u s t i f i e d  based on an 
estimate o f  laminar  heat  t r a n s f e r  over the t ime 
orders o f  i n t e r e s t .  Each element there fore  ex- 
periences an accelerated r e a c t i o n  r a t e  due t o  
se l f -heat ing .  A f t e r  a chemical induc t ion  time, 
Tchm, the maximum r a t e  o f  temperature r i s e  i s  
reached. The enerav re lease r a t e  a t  t h i s  t ime 

Each l o c a l  element o f  mixed fue l  vapor and 

can be o f  e x p l o s i z  propor t ions;  i f  so, i t  marks 
the p o i n t  of wake i g n i t i o n .  

Now, the i n i t i a l  temperature i n  each element 
i s  a funct ion o f  the vapor concentrat ion there. 
That i s ,  the maximum temperature o f  the fuel i n  
t h e  condensed phase is  i t s  b o i l i n g  temperature 
a t  the o r e v a i l i n c  l o c a l  ore;sure. "hen the fuel 
changes'phase a n i  mixes w i t h  the o x i d i z e r ,  the  
mix tu re  temperature (assuming a mix ing process W 
which takes place a t  constant  pressure) can be 
r e a d i l y  shown t o  be 

Tb- ZIC aT, 
1: = p t-, (21) 

l t a  1 t a  

i n  which T i s  the b o i l i n g  p o i n t  o f  the l i q u i d ,  
1, i s  the k t a t i c  temperature o f  the o x i d i z e r  i n  
the f ree stream p r i o r  t o  mixing, and 

Here, I( i s  the mass f r a c t i o n  o f  fue l  vapor i n  
the eleAent, and C x ,  Cpf  are the constant  
pressure s p e c i f i c  [eats of the fue l  vapor and 
o x i d i z e r ,  respec t ive ly .  

The s e l f - h e a t i n g  process i s  i n i t i a t e d  a t  
t h i s  temperature. To assess the dura t ion  o f  
the  induc t ion  per iod,  the Edelman-Fortune 
quasi-global reac t ion  r a t e  equation f o r  hydro- 
carbon vapor combinations w i t h  oxygen2' was 
used. This i s  

concentrat ions i n  gram-moles/cm3, w h i l e  the 
u n i t s  o f  system pressure and te rpera ture  are  
atmspheres and Ke lv in  degrees. 

under a constant  pressure cond i t ion .  Thus, as 
heat  i s  l i b e r a t e d  by reac t ion ,  the element vo l -  
ume increases. Concentration changes are  then 
due bo th  t o  volumetr ic  expansion and chemical 
react ion;  the r a t e  o f  energy l i b e r a t i o n  i s  de- 
termined from the l a t t e r .  The f u e l  concentrat ion 
i n  a constant  pressure system can n o t  be de ter -  
mined as a func t ion  o f  t ime from Eq. ( 2 3 )  alone. 
However, T ( t )  may be obta ined from t h i s  expres- 
s ion  d i r e c t l y ,  because p = p ( T ) ,  where P i s  the 
t o t a l  element mass densi ty .  

equation i s  

~. 
rfie i n d u c t i o n  per iod  i s  assumed t o  pro$ed 

For any hydrocarbon, the s to ich iomet r ic  

c H + (n t 114 m) 0, _t n CO, t 1/2 m HzO , 
n m  

and, temporar i ly  assuming a fue l - lean system, 
the d isappearance r a t e  o f  oxygen molecules i s  
assumed t o  be approximately governed by t h i s  
equation. Hence, 

i n  which n = n t m/4. Now f o r  e i t h e r  species 
reactant ,  ?i = p . / w . ,  where P .  i s  i t s  mass 
dens i ty  and wI i t s  iholecular h e i a h t .  I n  terms 
o f  i t c m a s s  f).action K . ,  t h i s  i s - $  = gip/w. 
Hence, Eq. ( 2 4 )  become3 1 '  

and a l so  Eq. (23)  may be r e w r i t t e n  i n  the  form 

. exp 1(-1.22 x 104)/T] . (26) 

Of course, mass f r a c t i o n s  are no t  a f f e c t e d  by 
simple vo lumetr ic  expansion, and so Eq. (25 )  
can be i n t e g r a t e d  t o  g ive  

i n  which C f  and co2 are the fuel and o x i d i z e r  

*The use o f  Eq. ( 2 3 )  (by i t s e l f )  t o  compute the 
r a t e  of dep le t ion  o f  fuel provides a s t r a i g h t -  
forward means f o r  es t imat ing  approximate energy 
release ra tes .  However, t h i s  empir ica l  r a t e  eq- 
ua t ion  appl ies,  s t r i c t l y ,  on ly  t o  the  p a r t i a l  ox- 
i d a t i o n  step i n  which the hydrocarbon reacts  w i t h  
diatomic oxygen t o  form diatomic hydrogen and car -  
bon monoxide gases. I t  i s  no t  a c t u a l l y  an o v e r a l l  
g lobal  r a t e  equation. I t  i s  important t o  emphasize 
t h i s  p o i n t  because, used w i thout  i t s  concomitant 
reac t ion  steps (see Ref. 24).  Eq. (23)  p r e d i c t s  
an improper dependence o f  the chemical i n d u c t i o n  
tink? on the pressure o f  the system. However, the 
order  o f  magnitude o f  the induc t ion  times are 
c o r r e c t l y  predic ted.  



Note t h a t  i n  Eq. (26), the u n i t s  o f  p are 
g r a m l c d  . 
o f  combustion per  u n i t  mass o f  fue l ,  .2,L , i s  
aDDroximatelv constant. Temoerature incFeases 

Now, assuming a fuel lean  cond i t ion ,  the heat  

due t o  combGt ion are then ;elated t o  changes 
i n  q u a n t i t y  of f u e l  present through 

which i s  i n t e g r a t e d  t o  g ive 

where Cp i s  the constant  pressure spec i f i c  
heat  of the mixture o f  gases i n  the element. 
won i n s e r t i o n  of Eq. (29)  i n  Eq. (27) we f i n d  

Then, combining Eq. (26)  and Eq. (28-30) 
there obtains, a f t e r  changing un i ts ,  the 
equation f o r  temperature r i s e  i n  the e l e -  
ment, v 

.f - 

*[ - 

. e  -2.2 x 104/T , (31 1 

which i s  i n  terms o f  the i n i t i a l  concentra- 
t i o n s  i n  the wake, efi and ko2 , .  The con- 
s t a n t  k, has value 1 

of which R i s  the  s p e c i f i c  gas constant o f  
the mixture o f  gases i n  the element. Equa- 
t i o n  (31) i s  w r i t t e n  w i t h  cons is ten t  Engl ish 
g r a v i t a t i o n a l  system u n i t s .  

temperature i n  the e l e w n t  t o  reach any 
temperature T by i n t e g r a t i o n ,  ob ta in ing  

v Wom Eq. (31). we f i n d  the t ime f o r  the 

I n  t h i s  expression, x E TIE, E = 2.2 x l o 4  O R  

and 

C- E 

n w C E  
5 o2 P 

e =  (35) 
O2 so2 Wf N c  

i 

With T p m p e r l y  chosen, the value o f  T 
computed from Eq. (33) may be regarded as 
c h a r q c t e r i s t i c  o f  the induc t ion  time which 
precedes very r a p i d  react ion.  For example, T 
can be chosen as t h a t  temperature fo r  which 
the  in tegrand i n  Eq. (34) has i t s  minimum. 
This  would correspond t o  the moment o f  maxi- 
mum r a t e  o f  temperature r i s e ,  (d l /d t jmax.  

s i b l e  by no t ing  t h a t  e'/X 1 x 1 l 2  decreases 
w i t h  extreme r a p i d i t y  a s  x i s  increased. For 
t y p i c a l  values o f  'if, eo2.  and x i .  the i n t e -  
'orand. there fore .  becomes very small before 
ef(x - X i )  o r  302(x - x i )  become s i g n i f i c a n t  
compared t o  u n i t y .  It s u f f i c e s ,  i n  general,  
t o  approximate E q .  ( 3 4 )  w i t h  

Some s i m p l i f i c a t i o n  o f  Eq. (34) i s  pos- 

- 
X 

X .  
1 

i n  which x can be chosen s v i r t u a l l y  any 
value fo r  which e ' /x  1 ~ 1 7 2  <c e / X i  /xi l/2. 
Equation (36) i s  then a universa l  f u n c t i o n  o f  
x i  on ly ,  whose values appear on Fig. 10. 

wake o f  the parent drop begins a t  a temperature 
T j ( o r  x;) from Eq. (21). and has an induc t ion  
t ime g iven by Eq. (33) .  I t  i s  c l e a r  from Fig. 10 
t h a t  ~ ( x . ) .  and therefore 7 ,  i s  extremely sensi- 
t i v e  t o  f i ,  and t h i s  i n  t u r n  i s  mainly a f u n c t i o n  
of i n i t i a l  m ix tu re  r a t i o .  The mixture r a t i o  i s  
n o t  on ly  s p a c i a l l y  var iab le  w i t h i n  the wake, b u t  
i t s  d i s t r i b u t i o n  i s  a lso  no t  dup l i ca ted  i n  prac- 
t i c e  between parent drops t h a t  are subjected t o  
i d e n t i c a l  condi t ions,  as i s  apparent from photo- 
graphs such a s  F ig .  11. I n  s p i t e  s: t h i s ,  meas- 
ured i g n i t i o n  t i m e s q ~ ' "  are reasonably reproducib le  

Each element o f  r e a c t i v e  gases i n  the near 

7 



and so the s e n s i t i v i t y  t o  the actual  d i s t r  
t i o n  o f  fue l  vapor i n  the wake i s  apparent ly  
reduced by the mechanism of i g n i t i o n  t h a t  i s  
invo lved.  ,I 1' 

An I g n i t i o n  meckanism which is consis tent  
w i t h  these observations i s  as fo l lows.  I t  i s  
postu la ted t h a t  "explos ive i g n i t i o n "  o f  the 
e n t i r e  near wake can be t raced t o  homogeneous 
reac t ion  which, occur ing i n  a l o c a l  r e a c t i v e  
element, releases s u f f i c i e n t  energy as t o  pro- 
duce a.shock wave capable o f  i n i t i a t i n g  &- 
nation i n  the r e m i n d e r  o f  the wake. For the 
present purpose, a s i m p l i s t i c  i n i t i a t i o n  re-  
quirement w i l l  be assigned; namely, t h a t  the 
l o c a l  pressure r i s e  due t o  homogeneous reac t ion  
must be equiva lent  t o  t h a t  across a Mach 3 
shock wave. 

The induc t ion  per iod  of the homogeneous 
r e a c t i o n  i s  assumed t o  occur a t  constant  
pressure. However, once r e a c t i o n  ra tes  be- 
come very l a r g e  ( i .e . ,  T+T), the process i s  
b e t t e r  approximated by a constant volume 
assumption. I f  most of the temperature r i s e  
occurs a t  these h igh r e a c t i o n  ra tes ,  the t o t a l  
l o c a l  temperature r i s e  is then s imply  

(37) 
which again assumes t h e  fue l - lean condi t ion,  
and Cv  i s  the constant  volume s p e c i f i c  heat  
of the r e a c t i v e  element mix ture.  I t  i s  r e a d i l y  
shown t h a t  if 

c i - - 1  Pmax , 
P i  

the minimum mass f r a c t i o n  o f  fue l  vapor re-  
qu i red  t o  produce a spec i f ied value o f  < i s ,  
from Eq. (37), 

TiCVS 

K f = T  . 
for the equ iva len t  pressure r i s e  of a MS = 3 

shock, 5 : 9. 

I t  i s  e a s i l y  shown t h a t  the i n i t i a l  value 
of Cy i n  the element i s  r e l a t e d  t o  K f  through 

where y and y are the r a t i o s  o f  spec i f i c  
heats o f  the f6el vapor and o x i d i z e r ,  and a 
i s  defined by Eq. (22). Combining Eq. (38) 
w i t h  Eq. (39) and ( Z I ) ,  and assuming 
uf/u, = 1 r e s u l t s  i n  

Elements w i t h  K f  < K f m i n  do no t  possess 
s u f f i c i e n t  energy t o  liroduce the pressure r i s e  
corresponding t o  5. w h i l e  eleiilcnts w i t h  
K f  > K f m i n  w i l l  r e q u i r e  a lonyer  induc t ion  time, 

because o f  t h e i r  reduced T i .  By t a k i n g  w c i < f )  
i n t o  account fo r  fue l  r i c h  mixtures,  a cor re -  
sponding maximum K f  can be found i n  s i m i l a r  
fashion, fuel- lean element w i l l  alwavs 
i g n i t e  f i r s t ,  due t o  i t s  h igher  i n i t i a l  temp- 
erature.  Hence K f m i n  i n  Eq. (40) I s  used t o  
compute the minimum chemical i n d u c t i o n  t ime 
p r i o r  t o  wake detonation. 

I t  i s  noted t h a t  the mass f r a c t i o n  o f  f u e l  
vapor corresponding t o  the s to ich ion ie t r i c  con- 
d i t i b n  i s  e a s i l y  found t o  be 

i n  which $.* i s  the s to ich iomet r ic  fue l -  
oxygen mas? r a t i o ,  and h i s  the i n i t i a l  mass 
f r a c t i o n  o f  oxygen i n  the o x i d i z e r  gas. ( I f  
the o x i d i z e r  i s  Pure owqen. h = 1 ) .  I f  
I:f . %f*. explos ive i g n i t i o n  i s  no t  poss ib le ;  
LEn mare energy i s  needed t o  i n i t i a t e  deto- 
n a t i o n  than i s  a v a i l a b l e  i n  any r e a c t i v e  e l e -  
ment. Each element w i l l  proceed w i t h  l o c a l  
homoaeneous react ion.  This i s  a lso  what should ~ ~~ ~ ~ ~. ~. ~. .~ 
occur i n  elements having ~f 

pass through (dT/dtmax) p r i o r  t o  
expla ins the appearance o f  luminous t u r b u l e n t  

xfmin, which 
T, and 

reg ions i n  thewake,  which occur before explo- 
s i v e  i g n i t i o n  i s  observed, c f .  Fig. 9. 

Results and Giscussion 

The t ime t o  explos ive wake i g n i t i o n ,  
measured from f i r s t  con tac t  by the i n c i d e n t  
shock w i t h  tine parent  drop, i s  p rescr ibed t o  
be 

t. = t* t 7 chm (43)  19 
i n  which t* i s  the t ime f o r  the parent  drop 
t o  reach peek f r o n t a l  diameter; nam-ly, 

and rchm i s  obtained from Eq. (33) and (36) 
us ing sfmin from Eq. (42) t o  compute Ti, i n  
Eq. (21). The r e s u l t s  from t h i s  computation 
are  compared w i t h  experimental data on F i g .  12-14, 
which show the ef fects  o f  Nach number, 
i n i t i a l  o x i d i z e r  pressure, and parent  drop s ize.  

i s  no t  app l i cab le  t o  shock wave i n t e r a c t i o n s  
with parent  drops under cond i t ions  which would 
produce f i rs :  generatiop uspray whose charac- 
t e r i s t i c  quiescent evaporation times are s i g n i -  
f i c a n t l y  l e s s  than t*. I n  such a case, explo- 
s i v e  i g n i t i o n  w i t h i n  the r e c i r c u l a t i o n  zone, 
v r i o r  t o  t*, i s  conceotual lv  ooss ib le .  lhder  

The phenonienological d e s c r i p t i o n  given here 

t y p i c a l  c o n J i t i o n s , ~ r h i s  ro;gllly r e s t r i c t s  tne 
present fcrrr. iati?r t? O., lco.. It sho,ld 

. a lso  be pointed o u t  tha t - the  chemical induc- 
t i o n  time i s  q u i t e  s e n s i t i v e  t o  the l i q u i d  
b o i l i n g  temperature, Tb, through i t s  e f f e c t  on 
T i !  wh i le  accurate h igh  temperature b o i l i n g  
p o i n t  data i s  no t  a v a i l a b l e  fo r  a l l  hydrocar- 
bons. The s i i i i p l i s t i c  gas-phase detonat ion 
i n i t i a t i o n  c r i t e r i o n  ( t h e  pressure r i s e  due t o  
l o c a l  honngeneous r e a c t i s n  i n  the wake equals 
the e q u i v r l e n t  o f  B EI, 
replaced by a more r e a l i s t i c  c r i t e r i o n .  

3 shock) could be 



However, the f a i l u r e  o f  the c a l c u l a t i o n s  
t o  fol low t h e  t rends  i n  the experimental  da ta  
(as pressure  and Mach number a r e  changed) de- 
rives pr imar i ly  from t h e  i n c o r r e c t  pressure 
dependence appearing i n  Eq. (33) .  This i n  turn 
i s  t h e  r e s u l t  from having employed the quas i -  
global  r e a c t i o n  r a t e  equat ion ,  Eq. (23).  as a 
global  r a t e  equat ion .  E i t h e r  the assoc ia ted  
r e a c t i o n  steps must be included w i t h  Eq. (23) ,  
o r  a true alobal  r a t e  eaua t ion  should be 

W 

s u b s t i t u t e a  f o r  Eq. ( 2 3 j .  The l a t t e r  approach 
is  t o  be prefer red  i n  t h e  present  a p p l i c a t i o n  
s i n c e  i t  would lead  t o  a closed-form expres- 
sion s i m i l a r  t o  Eq. ( 3 3 ) .  

Figures 

U'ilkc Shmt 
Bow Shmk --, 

Figure 1.  Supersonic Flow over a Sphere.  

Figure 2. Shock Wzve over  a Water Drop, 
d = 750 pm, M, = 2.7,  t = 2.6 vs. 

Figure 3. Shock Nave over  a % a t e r D r o p ,  
d = 750 pm, Ms = 2.0, t = 15.8 MS. 

Figure 4 .  Shock Wave over a Water Drop; 
( A )  Bow Shock, (8)  Reci rcu la t ion  Zone 

( C )  Escaped ,,spray 
( a )  d = 750 pm, Ms = 2.7, t = 4.4 US 

(b)  d = 1400 wn, M, = 3.34. 

Figure 5. Shock Wave over  a Water Drop, 
d = 2700 pm, Ms = 3 . 5 ,  t = 14 p s .  
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Figure 8. +(t*) vs M,. 

Figure 9. Detonation of  Diethylcyclohexane 
Drops in Oxygen, d = 2600 pm. 

Figure 10. +(xi) vs xi. 

Figure 11. Shock Nave over Water Drops ,  
M = 3.25, t = 38.8 irs. 
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Figure 12. Ignition l i m e  v s  MS, d = 2130 wn. 



Figure 13. I g n i t i o n  Time vs M,, d = 1520 prn. 

I. ..I I. LI ". 
Figure 14. I g n i t i o n  Time vs M,, d = 932 urn. 
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