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L I Q U I D - G A S  S Y S T E M  
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a n d  A.  L.  P o d g r e b e n k o v  

So fa r  there  has been p r a c t i c a l l y  no sy s t e m a t i c  inves t igat ion of the propagat ion  of c o m p r e s s i o n  
waves through reac t ing  two-phase  (gas- l iquid)  mix tu res .  Only Webber [1] has publ ished ce r t a in  p r e l i m i -  
na ry  qual i ta t ive  r e su l t s .  The detonat ion of two-phase  (drople t -gas)  fuel mix tu re s  has r ece ived  much more  
at tent ion [2, 31, though the study of heterogeneous  detonat ion is of g r e a t e r  sc ient i f ic  i n t e re s t ,  s ince  de to -  
nation is a consequence of a c e r t a i n  t r ans i en t  p r o c e s s  in the s y s t e m  leading to intensif icat ion of the s t a r t -  
ing d i s tu rbances  that appea r  during combust ion.  

It has proved  pos s ib l e  to show that breakup of the d rop le t s  has an impor tant  influence on the p r o c e s s  
of m a s s  and heat t r a n s f e r  in the combust ion zone behind the wave front.  

In what follows we examine some fea tu res  of the in te rac t ion  of weak shocks with liquid fuel (ke ro -  
sene) d rop le t s  burning in an a tmosphe re  of oxygen gas. The expe r imen ta l  r e s u l t s  a re  d i scus sed  in r e l a -  
t ion to the known laws of the p r o c e s s  of d rople t  f ragmenta t ion.  

1. Expe r imen ta l  Appara tus  and P r o c e d u r e .  The in terac t ion  of weak shocks and a burning gas - l iqu id  
mix ture  was inves t iga ted  on the appara tus  shown s c he m a t i c a l l y  in Fig. 1. The p r inc ipa l  component of the 
appara tus  was a shock tube with a l o w - p r e s s u r e  c ha m be r  (LPC) 1 and h i g h - p r e s s u r e  chamber  (HPC) 2. 
The inside d i a m e t e r  of the tube was 50 ram. The LPC had two sect ions :  a ve r t i ca l  sect ion of length l = 
1300 mm and a hor izonta l  L - shaped  sec t ion  of length l = 1500 ram. To the upper  end of the ve r t i ca l  s e c -  
tion we at tached an a t o m i z e r  3, to which liquid was supplied f rom a tank 4 following a sudden inc rease  in 
p r e s s u r e  in v e s s e l  5 resu l t ing  f rom the inflow of c o m p r e s s e d  gas f rom c h a m b e r  6. The d iaphragm 7 at the 
end of chamber  6 was ruptured  by a p lunger  8 dr iven by c o m p r e s s e d  gas admit ted by e lee t ropneumaUc 
valve (EPV) 9. Diaphragm 10 in the shock tube was rup tured  by p lunger  11 cont ro l led  by EPV 12. 

The two-phase  mixture  in the LPC was ignited by a hot wire  13 introduced into the tube at a d i s tance  
l = 1300 mm f rom the a tomize r .  

The p r e s s u r e  in the shock waves was m e a s u r e d  by means  of five p i e z o e l e c t r i c  p r e s s u r e  t r a n s d u c e r s  
14 ( t r ansducer  f requency f = 50 kHz). The a r r angemen t  of the p r e s s u r e  t r a n s d u c e r s  will be c l e a r  f rom 
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Fig.  1. The f i v e - b e a m  Sl-33 r e c o r d i n g  o s c i l l o g r a p h  was t r i g g e r e d  by p r e s s u r e  t r a n s d u c e r  15 opposi te  the 
igni t ion  sou rce .  The m a i n  s y s t e m s  c o n t r o l l i n g  the supply of l iquid fuel to the LPC,  the igni t ion of the two-  
phase  m i x t u r e ,  and the r u p t u r e  of d i a p h r a g m  10 were  a u t o m a t i c a l l y  t r i g g e r e d  in a p r e d e t e r m i n e d  sequence  

by p r o g r a m m e r  16. 

As the work ing  gas in the l iquid supply  s y s t e m  and the d r i v e r  gas we used  n i t r o g e n  (N2). The l iquid 
fuel (kerosene)  was in jec ted  th rough n ine  holes  0.6 m m  in d i a m e t e r .  The l iquid was suppl ied u n d e r  a heat 
e n s u r i n g  a d rop le t  flow r eg ime .  The s p r a y  thus  fo rmed  was m o n o d i s p e r s e  with d rop le t s  2 m m  in d i a m e t e r .  
The LFC was f i l led  with oxygen gas (02) at a p r e s s u r e  p = 1 a rm abs.  The mi x t u r e  compos i t i on  ave raged  
over  the vo lume of the v e r t i c a l  s ec t ion  c o r r e s p o n d e d  to an o x i d i z e r / f u e l  r a t io  c~ = 2. The m i x t u r e  c o m p o s i -  
t ion  in e x p e r i m e n t a l  appa ra tu s  with a c c e l e r a t e d  mot ion  of the d rop l e t s  v a r i e s  a long the length of the tube.  
In the ca se  in ques t ion  the m i x t u r e  c o m p o s i t i o n  c o r r e s p o n d e d  to a = 1 at a d i s t a n c e  l = 100 m m  f r o m  the 
a t o m i z e r  and to c~ = 3 at l = 1300 m m .  

In a l l  the e x p e r i m e n t s  the sequence  of o p e r a t i o n s  was as follows: 

1) i n c r e a s e  the p r e s s u r e  in v e s s e l  5 at the s a m e  t ime  supply ing  voltage to the igni t ion  s o u r c e  13; 

2) a f t e r  igni t ing  all  the two-phase  fuel m i x t u r e s  in the v e r t i c a l  s ec t ion  of the LPC,  r u p t u r e  d i a -  
p h r a g m  10, a l lowing a shock wave to e n t e r  the LPC. 

The t ime  i n t e r v a l s  be tween  the indiv idual  s t ages  of the p r o c e s s  were  p r e d e t e r m i n e d .  The ins ide  s u r -  
faces  of the tube wal ls  were  wiped c a r e f u l l y  be fo re  each e x p e r i m e n t  to r e m o v e  c o n t a m i n a t i o n  f rom the 
p r e v i o u s  e x p e r i m e n t .  

The p r i n c i p a l  v a r i a b l e s  were :  

1) the i n t ens i t y  of the shock wave (as a r e s u l t  of va r i a t i on  of the p r e s s u r e  drop a c r o s s  d i a ph ragm10) ;  

2) the d u r a t i o n  of the pos i t i ve  phase  of c o m p r e s s i o n  in the wave (as a r e su l t  of v a r i a t i o n  of the length 
of the HPC). 

The m e a s u r e d  va lues  of the p r e s s u r e  drop at the shock f ront  Ap = P2 - P1 and the Mach n u m b e r  M of 
the shock wave before  i n t e r a c t i o n  with the b u r n i n g  d rop le t s  a re  p r e s e n t e d  in Table  1. The Maeh n u m b e r  
was d e t e r m i n e d  f r o m  the ve loc i ty  of the shock wave and the speed of sound in oxygen at Pl = 1 arm abs and 

Fig. 3 a,b 
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T 1 = 293 ~ K. The p a r a m e t e r s  with s u b s c r i p t  1 r e l a t e  to the s ta te  of the m e d i u m  ahead of the shock front  and 
those with s u b s c r i p t  2 to the s ta te  of the m e d i u m  behind it. At pt  = 1 a t m  abs the quant i ty  Ap is n u m e r i c a l -  
ly equal  to the shock-wave in t ens i t y  6p = P2 - P i /P l .  

Tab le  1 p r e s e n t s  va lues ,  ca l cu l a t ed  f r o m  shock-tube t heo ry  [4], of the gas ve loc i ty  behind the wave u 2 
in m / s e c ,  the dens i t y  ra t io  P2/~t, and the Reyno lds  and Webber  n u m b e r s  

R ~- p~u~d~ -I,  W - ~  p2u2~d~ - I  , 

Here  r is the su r f ace  t e n s i o n  of the l iquid,  p the coef f ic ien t  of dynamic  v i s c o s i t y  of the gas.  The 
va lues  of r and # were t aken  at the t e m p e r a t u r e  T l = 293 ~ K. Reduc ing  the length of the HPC led to s h o r t -  
en ing  of the d u r a t i o n  of flow at cons tan t  p a r a m e t e r s  behind the shock front .  The shape of the p r e s s u r e  
wave in f ront  of the inlet  to the k e r o s e n e - o x y g e n  mi x t u r e  c o m b u s t i o n  zone is shown in Fig. 2. The quant i ty  

6t in Fig.  2 r e p r e s e n t s  the t ime  i n t e r v a l  be tween  the s u c c e s s i v e  m o m e n t s  of a r r i v a l  of the shock front  and 
the head of the r e f l ec t ed  expans ion  wave at a g iven point  of the LPC [4]. Values  of 6t~ in msec  for a HPC 
length L = 400 m m  and 6t 2 in m s e c  for L = 100 m m  are  a lso  p r e s e n t e d  in Table  1. 

2. Resu l t s  of the E x p e r i m e n t s .  In the a bse nc e  of d rop l e t s  the p r opa ga t i on  of the shock waves th rough 
the LPC at 6t = (1.42-2.08) �9 10 -~ sec  was s t a t i ona r y .  At 6t < 10 -4 sec  a t t enua t ion  of waves having a ve loc i ty  
M > 1.2 was obse rved .  F ina l l y ,  at 6t < 0 . 5 . 1 0  -4 see al l  the waves  were  damped.  The photographs  in Fig.  3 
show the p r e s s u r e  r e c o r d s  ob ta ined  for  the i n t e r a c t i o n  of the shock wave and b u r n i n g  k e r o s e n e  d rop le t s  at 
M = 1.16, 6t = 1 . 5 6 . 1 0  - 3  s e e  (Fig. 3a) and at M = 1.16, 6t = 0 . 1 2 5 . 1 0  -3 sec (Fig. 3b). T r a c e s  1, 2, 3, 4, 5 
were  obta ined  f r o m  each of the five p r e s s u r e  t r a n s d u c e r s  14 at d i s t a n c e s  l = 1200, 960, 720 ,480 ,  240 m m  
f r o m  the t r i g g e r i n g  t r a n s d u c e r  15, r e s p e c t i v e l y .  

The t ime  sca l e  in Fig.  3a, b is 100 # s e c  for t r a c e s  1 and 2, and 250 # s e c  pe r  d i v i s i o n  of the h o r i -  
zonta l  sca le  for t r a c e s  3, 4, and 5. 

In Fig.  3a the p r e s s u r e  sca l e  for  t r a c e s  1 and 2 (posi t ive  de f lec t ion  upwards)  and 3, 4, and 5 {positive 
de f lec t ion  downwards)  is equal  to 5.8, 4.0,  2.08. 1.29 and 0~ a~m, r e s p e c t i v e l y ,  while  in Fig.  3b the p r e s -  
s u r e  sca l e  for the s a m e  t r a c e s  is equal  to 0.8, 0.63, 0.83, 0.80 and 0.77 a t m  p e r  d iv i s ion  of the v e r t i c a l  
s ca l e ,  r e s p e c t i v e l y .  

In the f i r s t  case  we noted an i n c r e a s e  in the i n t ens i t y  of the shock wave ( f rom 6io = 0.4 to 61o = 3.2) 
and its ve loc i ty  ( f rom 380-400 to 570-600 m / s e c )  as the wave moved a long the LPC.  I m m e d i a t e l y  behind 
the shock f ront  in t ense  s e c o n d a r y  p r e s s u r e v i b r a t i o n s ,  absen t  when the s a m e  waves t r a v e l e d  t h r o u g h a  n o n -  
r e a c t i n g  two-phase  m i x t u r e ,  developed.  The f r e q u e n c y  of the s e c o n d a r y  v i b r a t i o n s  was c lose  to f = 50 kHz. 
The ampl i tude  of the s e c o n d a r y  v i b r a t i o n s  i n c r e a s e d  as the shock f ront  moved away f r o m  the igni t ion  
sou rce .  At a d i s t a n c e  l = 240 m m  the double ampl i tude  of the v i b r a t i o n s  was 2A --- 0.8 a tm,  and at a d i s -  
t ance  l = 1200 m m  it was 2A = 1.5 atm.  As the shock-wave ve loc i ty  i n c r e a s e d ,  s t a r t i n g  f r o m  M > 1.1, the 
ampl i tude  of the s e c o n d a r y  v i b r a t i o n s  a l so  grew at the in i t i a l  m e a s u r i n g  poin t ,  i . e . ,  at l = 240 m m ,  where  
for waves  with M = 1.16 the ampl i tude  2A = 0.8 a tm,  while for waves with M = 1 .3-2 .4  = 1.8 arm. For  
waves  with M < 1.1 the ampl i tude  of the s e c o n d a r y  v i b r a t i o n s  did not i n c r e a s e  with i n c r e a s e  in the d i s t ance  
l. The shock waves with M < 1.1 t h e m s e l v e s  were  e i t he r  p ropaga ted  u n i f o r m l y  (6t = 1 . 7 2 . 1 0  -3 sec) o r  were  
damped (6t < 0.17 �9 10 -3 see) .  

The r e s u l t s  of the i n t e r a c t i o n  of shock waves and a b u r n i n g  two-phase  mi x t u r e  accompan ied  by an 
i n c r e a s e  in shock-wave in t ens i t y  a re  p r e s e n t e d  in Fig.  4. In the graph  the r e l a t i v e  i n t ens i t y  fl = 61o/61o0, 
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w h e r e  6p0 is the  i n t ens i t y  of the  s h o c k  wave  in a n o n r e a e t i n g  k e r o s e n e -  
oxygen  t w o - p h a s e  m i x t u r e ,  and 61o the v a r i a b l e  shock  wave in t ens i t y ,  is  
p l o t t e d  as  a funct ion  of the  p a t h  length  t r a v e r s e d  by  the  shock  wave  in 
the  L P C .  The p o i n t s  1, 2, 3, 4, 5 in F ig .  4 c o r r e s p o n d s  to the p a s s a g e  
of shock  w a v e s  wi th  Mach n u m b e r s  M = 1.11,  1.14, 1.16, 1.2, 1.3 th rough  

t h e  b u r n i n g  t w o - p h a s e  m i x t u r e .  

As m a y  be s een  f r o m  Fig.  4, a l l  the  c a s e s  of a m p l i f i c a t i o n  can  be  
d e s c r i b e d  by  a c o m m o n  l i n e a r  d e p e n d e n c e  of  the  quant i ty  fl on the pa th  
t r a v e r s e d  by  the  wave.  

In the  s econd  c a s e  of i n t e r a c t i o n  (Fig .  3b), which d i f f e r s  f r o m  
Fig .  3a only  with r e s p e c t  to the va lue  of 6 t ,  t h e r e  is no i n c r e a s e  in 
shock - f ron t  i n t e n s i t y  as  the wave m o v e s  t h rough  the  c o m b u s t i o n  zone.  
The s e c o n d a r y  p r e s s u r e  v i b r a t i o n s  beh ind  the wave f ront  a r e  d a m p e d .  

The pressure jump on trace 2, which appears 800 #sec after the trace is triggered, corresponds to the 

moment of arrival of the reflected pressure wave. 

We will consider the variation of the mean pressure (center line of the secondary vibrations) behind 
the shock front in the course of interaction with kerosene droplets burning in oxygen. The mean pressure 

profile for all the transducers, whose position is determined by the value of I (Fig. I), is plotted in Fig. 5. 

Curves I, 2, 3, 4, 5 show the variation of the pressure behind the wave front at positions I = 240, 480, 720, 

960 and 1200 ram. At all these points the reference time coincides with the arrival of the shock front at the 

corresponding transducer. It is clear from Fig. 5 that the mean pressure behind the wave front increases, 

i.e., a compression wave is formed. At the beginning of the interaction (l = 240 ram) the pressure in the 

compression wave is small, but as the distance l increases, it grows continuously. In the upper part of the 

LPC behind the main shock front a secondary shock front is formed. The case described is typical of all 

the experiments in which 5t -> 1.4 �9 10 -3 sec, and M -> i.i. If it is assumed that the increase in the mean 

pressure in the compression wave behind the shock at the point I = 240 mm depends linearly on time, then 
dp/dt = 0.6 �9 103 arm/see on the interval M = 1.16-1.3 and dp/dt = 0.i. 103 atm/sec on the interval M = 

1.07-1.11. At 5t = 0.125.10 -3 sec the character of the variation of the mean pressure behind the shock 

front changed (dashed line in Fig. 5). In the combustion zone behind the wave a very weak compression 

wave is formed. In this wave the rate of growth of pressure varies slowly, and the intensity of the shock 

wave, i.e., 5p (t = 0), does not increase. Only at the end of the interval investigated does the compression 
wave begin to overtake the shock front. 

3. Discussion of the Results and Conclusions. The duration of flow at constant parameters behind the 

shock front 5t (Fig. 2 and Table I) may be regarded as the residence time of the droplets in that flow 
zone. In fact, the change in droplet velocity can be found from the relation 

dw / dt  = 0.75 cp (u -- w) 2 (pfd)-I . 

H e r e  w is the d r o p l e t  v e l o c i t y ,  c ~ 1 the r e s i s t a n c e  c o e f f i c i e n t ,  p / t h e  d e n s i t y  of the  l iqu id ,  and p 
the d e n s i t y  of the  gas .  T a k i n g  p = P2 and a s s u m i n g  that  u - w ~ u2, we ob ta in  

u 2 - i h w  = 0 .75  cp~u 2 (pf d ) - l~ t  . 

H e r e  Aw is the change  in the  v e l o c i t y  of  the  d r o p l e t s  in t i m e  ~t.  Hence  it fo l lows  that  even  for  waves  
with M = 1.3 u n d e r  the  c o n d i t i o n s  c o n s i d e r e d  the  quan t i ty  u2-1Aw ~ 10~.  This  m a k e s  it p o s s i b l e  to a s s u m e  
that  the  l iquid  d r o p l e t s  a r e  at r e s t  d u r i n g  t i m e  6 t .  

In e v a l u a t i n g  the  p o s s i b i l i t y  of  shock -wave  a m p l i f i c a t i o n  it is n e c e s s a r y  to t ake  at l e a s t  two f a c t o r s  
into account .  F i r s t l y ,  the  ef fec t  of  the p r e s s u r e  d i s t u r b a n c e  on the  hea t  r e l e a s e  p r o c e s s  should  l ead  to a 
r i s e  in the  r a t e  of  e n e r g y  r e l e a s e  above  the s t a t i o n a r y  l e v e l  tha t  m o r e  than  c o m p e n s a t e s  for  the e n e r g y  
l o s s e s  in the  wave .  As shown be low,  it is  a p p a r e n t l y  th i s  e f fec t  tha t  c a u s e s  b r e a k u p  of  the  d r o p l e t s  by  s e p -  
a r a t i o n  of a s u r f a c e  l a y e r  of l iquid [5]. The e s s e n c e  of th i s  b r e a k u p  m e c h a n i s m  c o n s i s t s  in w a v e l i k e  d i s -  
t u r b a n c e s  b e i n g  f o r m e d  on the s u r f a c e  of  the  d r o p l e t  which,  h o w e v e r ,  s t i l l  r e t a i n s  i ts  i n t e g r i t y .  

The  a m p l i t u d e  of the  d i s t u r b a n c e s  is i n c r e a s e d  by  the  h i g h - v e l o c i t y  gas  flow o v e r  the  d r o p l e t s .  D u r -  
ing p a s s a g e  of  the  p e r t u r b a t i o n  wave  f r o m  the po in t  of f o r m a t i o n  (u sua l ly  at the  c e n t e r  of the  windward  s ide  
of  the  d r o p l e t )  to the  e q u i t o r i a l  s e c t i o n  the  wave a m p l i t u d e  is ab le  to r e a c h  a va lue  at which  the s u r f a c e  
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p r o c e s s .  As shown in [5], the 
WR -~ -> 1 is  s a t i s f i e d .  

t e n s i o n  f o r c e s  no l o n g e r  suf f ice  to o v e r c o m e  the a e r o d y n a m i c  
f o r c e s .  F i n a l l y ,  a t o r o i d a l  l a y e r  of l iquid ,  whose  c r o s s  s e c t i o n  d e -  

T p e n d s  on the a m p l i t u d e  and length  of the  waves  on the  d r o p l e t ,  
whi le  the d i a m e t e r  depends  on the  s i ze  of the d r o p l e t  [6], s e p a -  

l2.50 r a t e s  f r o m  the d r o p l e t s .  
5.50 
2.14 t.87 As a r e s u l t  of f r a g m e n t a t i o n  of the d r o p l e t s  by  the  r e m o v a l  
0.84 of a s u r f a c e  l a y e r  a l a r g e  n u m b e r  of d r o p l e t s ,  v e r y  s m a l l  a s  c o r n -  
0.22: 

p a r e d  with the  s t a r t i n g  d r o p l e t  [5], is  f o r m e d  and the c o m b u s t i o n  
s u r f a c e  i n c r e a s e s ,  as  does  the m a s s  v e l o c i t y  of the  c o m b u s t i o n  

r e m o v a l  of a s u r f a c e  l a y e r  f r o m  the d r o p l e t s  b e g i n s  when the cond i t ion  

The s econd  r e q u i r e m e n t  for  shock -wave  a m p l i f i c a t i o n  is  ana logous  to the R a y l e i g h  c r i t e r i o n .  It c o n -  
s i s t s  in m o s t  of the  m a s s  and e n e r g y  r e l e a s e  behind  the s h o c k  f ront  t a k i n g  p l a c e  in a t i m e  not g r e a t e r  than  
the  d u r a t i o n  of  the  p o s i t i v e - p r e s s u r e  p h a s e ,  i . e . ,  in the  c a s e  in ques t ion  in a t i m e  6 t*  -< 6 t .  As the t i m e  
p a r a m e t e r  c h a r a c t e r i z i n g  d r o p l e t  b r e a k u p  we wi l l  t ake  the b r e a k u p  t i m e  "r. A c c o r d i n g  to the  d a t a  of  [7, 8], 
in which  b r e a k u p  was  s t ud i ed  unde r  cond i t ions  c o m p a r a b l e  to our  own, 

~. = 2 d p / 0 : S u ~ - l p 2  -~ , 

Then  f r o m  Fig .  5 we s e e  that  an i n c r e a s e  in shock  f ront  i n t ens i t y  o c c u r r e d  at ~- ~ 6 t ,  w h e r e a s  at v > 
6 t  the  shock - f ron t  i n t e n s i t y  did  not i n c r e a s e .  On the b a s i s  of t h e s e  r e l a t i o n s  in F ig .  6 we have p lo t t ed  the  
s t a b i l i t y  l i m i t  of shock  waves  i n t e r a c t i n g  with  a l iquid fuel bu rn ing  in a g a s e o u s  o x i d i z e r  a t m o s p h e r e .  The 
p r i n c i p l e  u sed  in p l o t t i n g  the s t a b i l i t y  l i m i t  c o n s i s t e d  in f inding  on the p l ane  (St - M) the locus  of  the  
p o i n t s  at which the  equa t ion  6t{M) = ~-(M) is  s a t i s f i e d .  Above the l i m i t  5 t  > ~- ( r eg ion  1) and,  in a c c o r d a n c e  
with o u r  a s s u m p t i o n ,  a l l  c a s e s  in which shoc k -w a ve  a m p l i f i c a t i o n  was o b s e r v e d  should  be  found h e r e .  On 
the lef t  the r e g i o n  of  p o s s i b l e  r e g i m e s  of i n t e r a c t i o n  b e t w e e n  shock  waves  and the c o m b u s t i o n  zone of t w o -  
p h a s e  m i x t u r e s  is  bounded by  the v e r t i c a l  s t r a i g h t  l ine  M = M*. The va lue  M = M* is ob ta ined  f r o m  the 
cond i t i on  W(M*) R ~ 5 (M*) = 1. The  s t r a i g h t  l ine  s e p a r a t e s  the  r e g i o n  of shock  waves  in which d r o p l e t  
b r e a k u p  p r o c e e d s  a c c o r d i n g  to the  s u r f a c e - l a y e r  s t r i p p i n g  m e c h a n i s m  (to the  r i g h t  of  the  s t r a i g h t  l ine M = 
M*). The c u r v e  "r(M) = St{M) a s y m p t o t i c a l l y  a p p r o a c h e s  the  s t r a i g h t  l ine M = M*, which  it r e a c h e s  only  at 

very large values of St. 

The d i s t r i b u t i o n  of the  e x p e r i m e n t a l  p o i n t s  r e l a t i v e  to the  s t a b i l i t y  l i m i t  in Fig .  6 i n d i c a t e s  the c o r -  
r e c t n e s s  of o u r  a s s u m p t i o n s  c o n c e r n i n g  the p a r a m e t e r s  c o n t r o l l i n g  the cond i t ions  of shock-wave  a m p l i f i -  
ca t ion .  In the  c a s e  of shock  waves  wi th  p a r a m e t e r s  c o r r e s p o n d i n g  to po in t s  1 in r e g i o n  1 we o b s e r v e d  an 
i n c r e a s e  in wave  in t ens i ty .  In the  c a s e  of w a v e s  with p a r a m e t e r s  c o r r e s p o n d i n g  to po in t s  2 in r e g i o n  2 the 
quan t i ty  5p  was n o n i n e r e a s i n g  on the length  l = 1200 m m ,  but in the  zone behind  the  wave f ron t  a weak  
c o m p r e s s i o n  wave  that  g r a d u a l l y  o v e r t o o k  the  l e a d ing  f ront  deve loped .  To the  lef t  of  the  s t r a i g h t  l ine M = 
M* ( r eg ion  3) t h e r e  should  be  no s i g n s  of shock-wave  a m p l i f i c a t i o n  in the b u r n i n g  t w o - p h a s e  m i x t u r e  owing 
to the  i m p o s s i b i l i t y  of  d r o p l e t  b r e a k u p .  In o r d e r  to c o n f i r m  the v a l i d i t y  of th i s  we conduc ted  a s e r i e s  of 
add i t i ona l  e x p e r i m e n t s .  In t h e s e  e x p e r i m e n t s  (points  3) we s tud ied  the b e h a v i o r  of shock  w a v e s  with M = 
1 .03-1 .07  and 5t = 3.4 �9 10 -3 sec .  Waves  having a v e l o c i t y  M = 1 .03-1 .07  p a s s e d  t h rough  the h e t e r o g e n e o u s  

b u r n i n g  m i x t u r e  as  if it were  a n e u t r a l  m e d i u m .  

W e b b e r  [1], in i n v e s t i g a t i n g  the i n t e r a c t i o n  of shock  waves  and k e r o s e n e  d r o p l e t s  b u r n i n g  in an o x y -  
gen a t m o s p h e r e ,  a l w a y s  o b s e r v e d  the  a m p l i f i c a t i o n  of  weak  (M > 1.1) shock  waves  i r r e s p e c t i v e  of the  
l eng th  of  the  zone of  c o n s t a n t  flow p a r a m e t e r s  behind  the  shock  f ron t .  F r o m  the  s t andpo in t  of  the  i deas  
d e v e l o p e d  h e r e ,  t h i s  m a y  be e x p l a i n e d  as  fo l lows .  To in jec t  the  k e r o s e n e  W e b b e r  u s e d  a high p r e s s u r e  
d rop  Ap ~ 7 a tm ,  which led to the  f o r m a t i o n  of a l a r g e  n u m b e r  of  fine d r o p l e t s .  C r a m e r  [2], having e v a l u -  
a ted  the  s p r a y  s p e c t r u m ,  d e m o n s t r a t e d  the  p r e s e n c e  of d r o p l e t s  with d i a m e t e r  d = 100-200 p .  If in F ig .  6 
we p lo t  the s t a b i l i t y  l i m i t  of shock  w a v e s  in a m i x t u r e  with d r o p l e t s  of t h i s  d i a m e t e r  (dashed  l ine) ,  the 
p r a c t i c a l  i m p o s s i b i l i t y  of d e t e c t i n g  in such  s p r a y s  an ef fec t  of the  t i m e  c h a r a c t e r i s t i c s  of  the  shock  waves  

on t h e i r  a m p l i f i c a t i o n  b e c o m e s  c l e a r .  

The h y p o t h e s i s  of  f r a g m e n t a t i o n  as  the  l ead ing  m e c h a n i s m  of the  p r o c e s s  of shock -wave  a m p l i f i c a -  
t ion  in a t w o - p h a s e  b u r n i n g  m i x t u r e  m a k e s  it p o s s i b l e  to c l a r i f y  a s e r i e s  of c h a r a c t e r i s t i c s  of the  p r o -  
c e s s .  D r o p l e t  b r e a k u p  is  known to b e g i n  at a c e r t a i n  d i s t a n c e  f r o m  the shock  f ront  a f t e r  an induct ion  p e r i -  
od t i ,  which a c c o r d i n g  to M a y e r ' s  t h e o r y  [9] can  be  e s t i m a t e d  f r o m  the equa t ion  
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t~ = 45 

The distance f rom the wave front to the point at 
droplets separated f rom the star t ing droplets is 

r = 9 ~ i 6  ~ 

(pj~rt/)o. ~ ( p 2 u 2 2 ) - !  "s3 - 

which breakup begins is 5l = tlu 2. The mean size of the 
calculated, according to Mayer,  f rom the equation 

(~t/~o%fo.5)o. 66 (p~u22)-o.6% 

The total evaporat ion t ime for droplets of radius r and hence their  total combustion time is e s t i -  
mated f rom the equation T = (2r)2k -1, where k is the evaporation constant of the burning kerosene droplets.  

The quantity T will serve as a measure  of the microdroplet  burning rate. Values of the breakup time 
~- in msee,  the induction period t~_ in psec ,  the distance 5I in ram, the size of the microdroplets  r in #, and 
their  evaporation t ime T in msec can be found in Table 2. 

A compar ison  of the values presented in Table 2 shows that for the weakest waves (M = 1.07-1.16) 
the p roces s  of evaporation of the microdrople ts  behind the shock front is pro t rac ted ,  and the beginning of 
the zone of rapid combustion is fur ther  f rom the leading wave front. These factors  together determine the 
low rate of growth of mean p r e s s u r e  downstream f rom the shock wave. In shock waves of g rea te r  inten- 
sity the mass velocity of the combustion p rocess  increases  in the immediate neighborhood of the wave 
front and to a g rea te r  degree than in weak waves. The occur rence  of secondary vibrations is evidently a s -  
sociated with the ignition of local, almost  homogeneous mixture volumes formed after the mixing of fuel 
microdrople ts  and oxidizer.  Consequently, the amplitude of the secondary vibrations should increase with 
the initial velocity of the p re s su re  wave for reasons  already indicated above. The damping of the secondary  
vibrations at small  values of 5t is associated with the entry of the droplets into the region of the expansion 
wave, where the gas velocity is reduced. The secondary vibrations should disappear at the instant at which 
the gas velocity passes  through the value at which droplet breakup is no longer possible.  

The detected charac te r i s t i c s  of the interactions of shock waves and burning two-phase mixtures are 
evidently associated with the fact that: 

1) The number of droplets in the mixture is small ,  so that large distances between individual d rop-  
lets prevent  neighboring droplets f rom interacting. In our case the total number of droplets was about n 
144, i.e., on average there was 17 cm 3 of gas for each droplet. 

2) The droplet sizes are such that there is no change in droplet velocity during the period of action 
of the pos i t ive-pressure  phase in the shock wave and the droplets are  not entrained behind the wave, which 
minimizes  the residence time of the droplets  in the region of constant pa r ame te r s  behind the shock front. 

In two-phase mixtures with fine droplets and the same mixture composition the propagation of weak 
shocks may have a number of features that require  additional investigation. 

On the basis  of these exper iments  it has been established that: 

1) The amplification of weak shocks with M = 1.1-1.3 in a react ing two-phase liquid drople t -gas  
mixture takes place as a resul t  of a sharp increase  in the mass  burning rate of the mixture owing to f r ag -  
mentation of the droplets.  

2) The increase  in mass  burning rate behind the shock front leads to an increase  in heat re lease  and 
the format ion of a compress ion  wave that overtakes the leading front. 

3) On the range of shock intensities and wavelengths investigated it is always possible to find values 
at which the wave is propagated through the reacting two-phase mixture ei ther  without amplification or 
with damping. 

4) I r respec t ive  of their  t ime p a r a m e t e r s  the shock waves wili propagate through the react ing two-  
phase mixture as if it were a neutral medium, if the wave intensity is insufficient to initiate droplet f r ag -  
mentation in accordance  with the su r f ace - l aye r  stripping mechanism. 
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