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The dynamics  of c o m p r e s s i o n  wave propagat ion  in two-phase  gas- l iquid  fuel mix tu res  is of g rea t  in- 
t e r e s t  in view of the widespread  use  of a tomized liquid fuels  in va r ious  types  of combust ion chambers .  The 
mos t  impor tan t  of the quest ions re la t ion  to the study of c o m p r e s s i o n  wave propaga t ion  in such mix tu res  
are:  

a) the m e c h a n i s m  of ampl i f ica t ion of the c o m p r e s s i o n  waves as they t r ave l  through the burning two-  
phase  sys tem;  

b) the conditions governing the t rans i t ion  f r o m  combust ion to detonation. 

The study of the detonation of two-phase  mix tu res  is also in te res t ing  in that in such s y s t e m s  it is 
poss ib le ,  in pr inc ip le ,  to obtain detonation waves  in te rmedia te  in intensity between the detonation waves  in 
gases  and condensed explos ives .  

Since the r a t e  of heat  r e l e a s e  in the detonation waves  of two-phase  mix tu res  must  be  chiefly d e t e r -  
mined by the r a t e  of t rans i t ion  f r o m  the liquid to the gas phase ,  which is only weakly t e m p e r a t u r e - d e p e n -  
dent,  in these  s y s t e m s ,  as dis t inct  f r o m  a gas  detonation, the t e m p e r a t u r e  in the reac t ion  zone should va ry  
smoothly  without an induction per iod and a subsequent  sha rp  r i se .  

In this  case  the width of the heat  r e l e a s e  zone will depend only weakly on the the rmodynamic  and hy-  
d rodynamic  p a r a m e t e r s  behind the wave and the i r  f luctuations.  Heterogeneous  detonation waves  are  t h e r e -  
fore  apparent ly  l e s s  suscept ib le  to d is tor t ion  of flow one-d imens iona l i ty  due to instabi l i ty of the shock 
wave- igni t ion  zone complex.  

In studying the p r o c e s s  of t rans i t ion  f r o m  combust ion to detonation and the nature  of the detonation 
l imi t s  in two-phase  mix tu re s  it is impor tan t  to de te rmine  the extent of the reac t ion  zone* i.e. ,  the dis tance 
between the Jouguet  point and the shock front.  F r o m  the extent of the reac t ion  zone it is poss ib le  to judge 
the ene rgy  f rac t ion  going to susta in  the wave and the heat los ses  to the walls of the channel,  through which 
the detonation wave is propagated.  

It follows f r o m  the above that,  apar t  f r o m  ass i s t ing  with the solution of p rac t i ca l  p r o b l e m s ,  the in- 
ves t iga t ion  of two-phase  detonating m i x t u r e s  can supply valuable informat ion of a theore t i ca l  nature  re la t ing  
to the wave s t ruc tu re ,  the detonation l imit ,  and the nonsta t ionary  p r o c e s s e s  assoc ia ted  with the pas sage  of 
c o m p r e s s i o n  and shock waves  through a burning two-phase  mixture .  

The ex is tence  of detonation waves  in mix tu re s  consis t ing of liquid drople t s  a tomized in a gaseous  
oxidizer  was expe r imen ta l ly  demons t ra t ed  in [1-4], where  the ampl i f ica t ion of fa i r ly  weak shock waves  
(Mach number  M ~  1.1) on pass ing  through regions  filled with burning drople t s  was also detected.  The pos -  

*By the r eac t ion  zone in a two-phase  mix ture  we unders tand the zone in which the chemica l  r eac t ions  in- 
volving heat  r e l e a s e  take place .  The width of the reac t ion  zone (or heat  r e l e a s e  zone) and the reac t ion  ra t e  
may  be de te rmined  by the r a t e  of any of the phys ica l  or  chemica l  p r o c e s s e s  taking place  in the gas- l iquid  
mixture .  
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sibility of detonation in two-phase sprays  with a low liquid-phase volume content was analyzed theoret ical ly 
by Williams [5], who concluded that in such sys tems  detonation is possible if: 

a) for  heat re lease  controlled by the rate  of vaporizat ion the droplet  size does not exceed 10 p (such 
smal l  droplets  have a very  high rate  of vaporization); 

b) for  l a rge r  droplets  heat r e lease  is controlled by the more  rapid p rocess  of gasification by breakup 
of the droplets  in the flow behind the wave. The authors of [1-4], analyzing the experimental  data obtained, 
concluded that breakup of the droplets  has a decisive effect on the propagation of detonation in a two-phase 
droplet  mixture.  This is par t icu lar ly  c lear ly  demonstrated in [4]. 

Qualitatively, the amplification of compress ion  waves and detonation in burning two-phase mixtures 
can be represented  in the following form.  After passage of the compress ion  wave through a volume element 
of the mixture owing to the iner t ia  of the liquid a gasdynamic relaxation zone, in which momentum t rans fe r  
between the gas and the droplets  takes place,  is formed.  Since the droplets  are exposed to a high-velocity 
gas flow, they become unstable,  the i r  surface is distorted,  and ext remely  fine droplets  which vaporize al- 
most  instantaneously separate  f r o m  the surface [6]. The p rocess  of t ransi t ion f rom the liquid to the gas 
phase (mass release)  is also sharply intensified if there is a sufficient amount of the other component in 
the neighborhood of the dis integrat ing droplet; at a sufficiently high tempera tu re  there may be an increase  
in burning rate  accompanied by a local r i se  in p r e s s u r e  behind the s tar t ing wave. Under cer ta in  conditions 
the new waves crea ted  by the local  p r e s s u r e  r i se  may overtake and amplify the f i r s t  compress ion  wave. 
Since droplet  breakup and hence heat r e lease  depend on the velocity of the gas behind the compress ion  
wave, wave amplification will be p rogress ive .  Thus, if the wave takes a sufficiently long t ime to pass  through 
the burning mixture a detonation wave may develop. Unfortunately, we are still unable to obtain a complete 
and exact solution of the nonsta t ionary problem of the propagation of an a rb i t r a ry  compress ion  wave in a 
burning two-phase mixture.  This is associated both with the lack of experimental  data on the behavior of 
c o m p r e s s i o n  waves in burning two-phase mixtures  and with our ignorance of two-phase flow behavior be-  
hind a shock front in the presence  of mass  and heat re lease .  

We have investigated the var ia t ion of the thermodynamic and gasdynamic pa rame te r s  of a mixture in 
the react ion zone of the detonation wave. Our object was to est imate  the width of the heat re lease  zone be-  
hind the wave, which is a c r i t e r ion  of the possibi l i ty of detonation and s teady-s ta te  propagation, in chambers  
with a specific geometry .  A fur ther  object of the investigation was to obtain theoret ical  curves  for the heat 
re lease  in the reac t ion  zone for  var ious  possible vaporizat ion mechanisms,  in order  to be able to determine 
f rom a compar i son  with experiment  which p rocess  controls  the rate  of heat re lease  in actual detonation 
waves in two-phase mixtures .  

F o r m u l a t i o n  o f  t h e  P r o b l e m  

We will cons ider  a fuel mixture consis t ing of droplets  of liquid fuel uniformly distributed in a gaseous 
oxidizer a tmosphere.  Through this mixture a one-dimensional  plane detonation wave is propagated at veloc-  
ity u 0. We descr ibe  the motion of the medium in coordinates tied to the leading front of the detonation wave, 
whose location is charac te r i zed  by the value x = 0; the x axis is directed away f rom the front in the direct ion 
of the combustion products.  The state of the mixture ahead of the wave front is descr ibed by the following 
pa rame te r s :  P0 is the gas p ressure ;  T o is the temperature;  P0 is the density of the gas phase; ~0 is the mass  
liquid-fuel concentration; d is the liquid density; r 0 is the radius of the liquid droplets;  u 0 is the gas velocity; 
and w 0 is the droplet  velocity (obviously, u 0 = w0). The values of these p a r a m e t e r s  in the react ion zone are 
detonated by the same le t te rs  but without su6scripts .  

The principal  assumptions made in deriving and solving the equations are as follows: 

1) the liquid droplets  are nondeformable spheres  of the same radius that do not coalesce or  collide 

with each other; 

2) the dis tances on which the flow p a r a m e t e r s  change significantly are large as compared with the 
dimensions of the droplets; 

3) the volume occupied by the droplets  is negligibly small  as compared with the volume of the gas; 

4) v iscos i ty  and thermal  conductivity are important  only in phase interaction processes ;  

5) the s t ruc ture  of the detonation wave cor responds  to the ideal Zel 'dovich-Neummm-Doer ing  model, 
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i .e . ,  the detonation wave is a s table  s ta t ionary  complex  consis t ing of a shock wave with a subsequent def la -  
gra t ion  zone, in which the s t a r t ing  components  a re  conver ted  to combust ion  products .  

The f i r s t  four  of these  assumpt ions  a re  c u s t o m a r y  in connection with two-phase  flow, while the las t  
is typica l  of mos t  detonation studies .  

In analyzing the p r o c e s s e s  of m a s s  and heat  r e l e a s e  we will cons ider  two models :  

1) the r a t e  of heat r e l e a s e  is wholly de te rmined  by the ra te  of the drople t  evapora t ion  p rocess ;  

2) the r a t e  of heat  r e l e a s e  is de te rmined  by  the r a t e  of drople t  breakup.  

In the f i r s t  model  the ent i re  m a s s  of evapora ted  m a t e r i a l  is ins tantaneously burned,  i .e. ,  it is assumed 
that  the mixing of the components  mid the i r  r eac t ion  p roceed  at infinitely high ra t e s .  The second model  p r e -  
supposes  that the m a s s  of the m i c rod rop l e t s  separa ted  f r o m  the main  d is in tegra t ing  drople t  instantaneously 
evapo ra t e s  mid r e a c t s  with the oxidizer .  In other  words ,  the ra te  of combust ion and evapora t ion  of the mis t  
fo rmed  as a r e su l t  of droplet  b reakup  in the h igh-veloci ty  flow is much g r e a t e r  than the r a t e  of convers ion  
of the liquid f r o m  drople t  to mis t .  In the case  in question the t e m p e r a t u r e  of the gas behind the shock wave 
is about 2000~ At such t e m p e r a t u r e s  the ignition lags of a hep tane-oxygen  mixture  should be l ess  than 
10 -6 sec; consequently,  the assumpt ion  of an infinitely high reac t ion  ra te  will be well  sa t is f ied for  waves  in 
which the heat  r e l e a s e  zone is a few m i l l i m e t e r s  or  more  wide. Although we lack data  on the v a p o r - o x i d i z e r  
mixing r a t e s  in the path of a drople t  in a supersonic  flow, it is r easonab le  to suppose that the width of the 
mixing zone does not exceed a few drople t  d i ame te r s .  Consequently,  mixing will l imi t  the burning ra te  only 
when the heat  r e l e a s e  zone in the wave is of the o r d e r  of the drople t  d iamete r .  A detai led analys is  of the 
conditions under  which the assumpt ions  under lying the above two models  are  sa t is f ied may be found in [7,8]. 

The evapora t ion  t ime of the m i c rod rop l e t s  separa t ing  f r o m  the main  drople t  is of the o rde r  of 1 #sec .  
In fact ,  in the p r e s ence  of the la rge  dynamic heads that  exis t  in detonation waves  they do not exceed 1 # in 
s ize [9], and for  the values  of the flow p a r a m e t e r s  adopted below, the evapora t ion  zone of such drop le t s  will 
not extend over  more  than 1 ram. Consequently,  the conditions of model  2 will be sa t is f ied for  detonation 
waves  in which the heat r e l e a s e  zone extends  over  a few m i l l i m e t e r s  or  more .  

In o rde r  to s impl i fy  the calcula t ions  we a s sume  that  the drople t  t e m p e r a t u r e  is constant  and d i s r e g a r d  
the de fo rmat ion  of the drople ts  during breakup.  In r ea l i ty ,  the d rop le t s  are  de formed  in the flow, but while 
taking this de fo rma t ion  into account may  slightly modify the quantitat ive r e su l t s  it does  not fundamental ly  
affect  the quali tat ive c h a r a c t e r  of the r e l a t ions  obtained. The assumpt ion  that the drople t  t e m p e r a t u r e  is 
constant  impl ies  that  all the heat  reach ing  the droplet  is expended on evaporat ion.  This condition does not 
impose  any se r ious  l imi ta t ions  on the appl icabi l i ty  of the solution obtained below. 

We also neglect  the t e m p e r a t u r e  dependence of the v i scos i ty  and sur face  tension of the liquid and the 
v i scos i ty  of the gas.  

Basic  Equations.  In our  case  the equations of mot ion of a two-phase  medium may  be wr i t ten  as follows: 

continuity 

pu + gw = p0u0 + g0w0; (1) 

conse rva t ion  of momen tum 

,ou ~ + , w  ~ + p = , % a ~  + , o . w ~ + p o ;  (2) 

conse rva t ion  of ene rgy  

ou --~}~ + + ~ w  c T o t Q  ~ ~2 

: : % u ~  (~'o'~~ l) po + - ~ - 1  +%w~176 
(3) 

Here ,  c is the specif ic  heat  of the liquid; Y is the ra t io  of specif ic  heats  Cp/C v for  the gas phase; mid 
Q is the heat  of combust ion of the fuel. 
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The mass  concentra t ion of the liquid can be represented by the following equation: 

4 
: = - -  r: ra n d ,  

3 

where n is the number of droplets  per  unit volume. Since we have assumed that the droplets  do not coalesce 
and that the mierodrople t s  forming the mis ts  burn  instantaneously, the droplet  flux is a constant quantity, 
i .e. ,  

n w  = const. (4) 

The equation of state of the gas phase is wri t ten 

p ~ r (5) 
P - -  M ' 

where M is the mean-molecu la r  weight of the gas; and R is the universal  gas constant. Apart  f rom the con-  
servat ion laws, in o rder  to take into account mass ,  momentum, and energy t r ans fe r  between the phases it 
is n e c e s s a r y  to use two additional equations: the equations of motion and mass  dec rease  of the droplets.  
The f i r s t  of these is the aerodynamic d rag - fo rce  equation 

d w C x P t w  - t t )  [ w - -  u i r, r "  

d x  2 

which i)a accordance  with [10] can be expressed  as a function of the Rey- where C x is the drag coefficient 
nolds number 

27Re -~ at Re < 80, 

C x :  0.27Re ~ at 8 0 < R e <  104 , (7) 

2 at  Re ~ 104. 

Here,  Re = 2 [r(w - u)/Vg] (Vg is the kinematic v iscos i ty  of the gas). The fo rm of the second auxiliary equa- 
tion depends on the choice of the p roce s s  l imiting the rate  of mass  t r ans fe r  f rom the liquid to the gas phase. 
When the mass  dec rease  of the droplet  is determined by evaporat ion [11] 

de _ k' Nu Nu 2rh (8) 
~e, ,~.,,' 1-67' = - S - '  

where k' is the evaporat ion coefficient; Nu is the Nusselt  number; h is the heat t r ans fe r  coefficient; and X 
the thermal  conductivity. In computing the Nusselt  number it is possible to use the Ranz-Marshal l  equation 
[11] :  

N u ---- 2 + 0.53Re ~ 

There  are severa l  express ions  for  descr ib ing  the law of mass  decrease  of a disintegrat ing droplet.  
In what follows we employ the two which, in our opinion, most  accurate ly  descr ibe  the dependence of the 
l iquid-gas convers ion rate  on the flow p a r a m e t e r s  and the p roper t i es  of the liquid and the gas. 

The f i r s t  of these was proposed by Engel ['12] and takes the fo rm 

d x  \ " 1 1  

where v is the volume of the droplet; and ~ is the kinematic viscosi ty  of the liquid. 

The second law of mass  dec rease  was proposed by P r i e m  [8]; in this case 
d m  mo W - -  = - - ,  (10) 
d x ':b 

where ~ is the initial mass  of the droplet; m is the variable mass;  and Zb, the dis integrat ion time, is equal 
t o  [8] 

~b -~-- 6 ,43(-~-)1l~(-~E1113 r .  t~e 0'75 (11) 
X ~ l (w  --  u) (2We) ~ 

Here,  We = [p(w - u) z 2 r / ~ ]  is the Weber number; and g.' is the surface tension of the liquid. 

Denoting all the var iables  immediately  behind the shock front by the subscr ipt  1, we introduce these 
d imensionless  var iables :  

~ =  ~-~-, ~ : _ ~ ,  ~ ~ r =  r ,  n :  - ~--~-, x x 
1~0 U0 ~l) t'O nO rO 

,,7 = & ,  Y =: __.r, ~-= p,/~,~. 
p~ 7"1 
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Equat ion  (1) now b e c o m e s  

and Eq. (2) 

u - 0 .  1 [1-4- ~---(1-- ~ w)], (12) 

P0 Po ~1 P Po 
Using  Eqs.  (12) and (13) and the e n e r g y  c o n s e r v a t i o n  equat ion,  we e x p r e s s  the d i m e n s i o n l e s s  dens i ty  of the 
of the gas  phase  in t e r m s  of the d rop le t  ve loc i ty  and the d e g r e e  of combus t i on  1 - a ~ .  

p0 l + - -  ( l - ; ~ )  v-~-~ + 1 + - -  ( l - ;  ~') ~ 
Po Po u~ Po 7 - ! 

Pl u~ (7 ' - -  1) P~ a~ 2 -Vl+  --~ 

+ ~o (1--'~w) 2._?n._p~_ 

1 +  { o o + 

Po u~ 

+ ~0 / "~, 

+ 1+  po ~ , - -1  (14) 

This  e x p r e s s i o n  can  be s impl i f ied  somewha t  if we c o n s i d e r  that  in the de tonat ion  zone 

P~ <<1, 
Po u2 

while in the C h a p m a n - J o u g u e t  p lane , the  r a d i c a n d  should vanish .  As  in o r d i n a r y  gas  detonat ion,  we a s s u m e  
that  the gas  ve loc i ty  behind the wave and the speed of sound a re  equal  at a point  where  the e n e r g y  has  b e e n  

�9 2 / 7 2 -  1 = (2~ / (~  0 - 1) c o m p l e t e l y  r e l e a s e d ,  i .e . ,  ~ = 0. The equat ion  obtained f r o m  this  condi t ion  (1 +~0/P0) 2 2 
(p0/p0)+ 1 + cr0/P0 +(%/00)[2( c T  + Q)/u02] can  be  used  to e l imina te  Q + cT  f r o m  Eq. (14). Here ,  Tz is the ra t io  
of spec i f i c  hea t s  in the de tonat ion  p roduc t s .  F o r  s impl i c i ty  it has  b e e n  a s s u m e d  that  ~ /va r i e s  l i n e a r l y  as  
the fuel  is c o n s u m e d :  

= -~, - (1 - o w )  ( ~  - -  ~ , ) .  

We wr i t e  the r e m a i n i n g  equa t ions  in d i m e n s i o n l e s s  f o r m :  

equat ion  of s ta te  

-- P-)'_ , (15) 
M 

m 

where  M = M / M  T ~ 1; 

c o n s e r v a t i o n  of the to ta l  n u m b e r  of d r o p l e t s  

at 

n w = 1 (16) 

equa t ions  of mo t ion  of the d rop le t s :  

-- dw 72) 
dx  

d ~  

dx  

;; = s r 3', (17) 

A, (~ - a ) ~ ' ~  (80 < Re < 10~), (15) (~ u 

-- A, (~ _-~),.~6~ (Re < 80); G u (19) 

m a s s  v a r i a t i o n  of the e va po ra t i ng  d rop le t  

, /x 
(20) 
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EngeI ' s  m a s s  dec rease  equation 

; '~ (; ; ' )  = - c ,  ( ~ -  ~)o++ [o.~ (~ ~)o.~ 

P r i e m ' s  m a s s  dec rease  equation (linear law) 

a .~ t~ ;)0.4, 

(21) 

(22) 

where 

The constant coefficients in Eqs. (17)-(22) are expressed in the fo rm 

A t _ _  3 . . . . .  ~,21 p , .  3 .  27 p, 
--8 u,z/Keo ~-, A+. :  8 ReoO-s+ " --;g 

3 k' 1,59 k' Re ~ 
B 1 : -  . ; B 2 " - ' - - - - ;  

8 Uo ro 16 Uo ro 

Cl = 3 ~ [ -  ~  Reo ~ g---; ; 

c,  = v'-r (We,+~ ~ .+;o.75 (_~)o,~ (:~/o,s~; 
6,43 \ ~gll 

Reo = 2ro u______oo, We ~ ~_- Pt U~ 2ro 

As may be seen f r o m  the equations, in o rder  to find all the p a r a m e t e r s  of the two-phase mixture behind the 
wave front as functions of the x coordinate it is neces sa ry  to solve a sys tem of two differential  equations, 
in which the var iables  are g and ~. The other p a r a m e t e r s  of the mixture are expressed algebraical ly in 
t e r m s  of a and "~. 

P r i n c i p a l  R e s u l t s  o f  t h e  C a l c u l a t i o n s  

No pair  of differential  equations (17)-(22) descr ibing the behavior  of the droplets  in the flow behind 
the wave can be solved analytically,  since all the equations are nonlinear differential  equations with insepa- 
rable var iables .  A solution was ob ta inednumer ica l ly  on a Mir computer  using a f ini te-difference me~hod 
with variable integration step. The integrat ion step decreased  automatically as (w - u) -~ 0, so that the dif-  
ference  ( w -  ~) always remained positive. The two-phase sys tem for  which the calculations were made con- 
sisted of heptane droplets  and oxygen gas. For  ideal conditions and a s toichiometr ic  composi t ion the detona- 
tion veloci ty in this mixture is 2400 m / s e c  [3]. The initial t empera tu re  of the droplets  and the oxygen To= 
300~ and the p r e s s u r e  1~ = 1 aim. For  a s toichiometr ic  composit ion the rat io (Yo/Po = 0.284. We investigated 
three var iants  of a monodisperse  heptane spray in oxygen with droplet  size r 0 = 10, 100, 1000 p. The values 
of the thermophysica l  p a r a m e t e r s  of the liquid and the gas used in the calculat ions are  given in Table 1. 

In the course  of the numer ica l  integration the value of the Reynolds number was continuously checked 
to ensure  that the express ion  for  the drag  coefficient in the equation of motion of the droplet  corresponded 
to the given R e . In calculating the breakup of the droplets  we also checked the Weber number.  The ca lcula-  
tions were interrupted when We <- Wecr = 100. The choice of the value Wecr = 100 was determined by the 
cha rac t e r i s t i c s  of the actual droplet  breakup mechanism. As many droplet  breakup studies have shown, at 
We - 100 a surface layer  of liquid separa tes  f rom the droplet  owing instability in the high-velocity flow 
and, at the same t ime,  the droplet  is deformed.  However, as long as the deformat ion does not reach the 

TABLE 1 

ParalTlgt~r 

Substance T, ~q/rn pkg/m3~g]se~'.m t m2/see 

Oxygen �9 �9 - 
Heptane - . . 

"[o +l't  

1,4 1,3 1,2 - -  1,3 20,7.[0 -6 - -  
20.10 -3 675 370.10 -6 2,7-10 -6[ 

PdP+ 

6,9 
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TABLE 2 

Coefficient 

to, m Aa 'I0~ A~- '10~ Bl "107 B~.10a Cj.10~ C~.lOS 

10-3 
10-4 

10-,~ 

2,95 
i ,77 
1,1 

6,61 
45,7 

316 

4,23 
4~,3 

423 

1,61 
5,09 

16, l 

4,32 
13,7 
43,I 

1,33 
2,42 
4,23 

cr i t ica l  s t a g e  in which the droplets  are converted into perforated disks,  the mass  re lease  f rom the dis in-  
tegrat ing droplet  is sa t is factor i ly  descr ibed by the equations presented above. In the general  case the drop-  
lets,  especial ly the large ones, are not able to lose all their  mass  during the deformation period (as which 
we may take, for  example, the t ime required for the ups t ream and downst ream surfaces  of the droplet to 
coalesce [13]). As a resul t  of the intense deformation the remainder  of the droplet  b reaks  down into smal le r  
individual droplets.  Unfortunately, there are no express ions  for  the vaporizat ion rate in this stage of d is -  
integration; accordingly,  the computations were continued only as long as the droplet  decreased  in mass  
while always remaining a single entity. Although the condition We = 100 is not equivalent to the condition of 
loss of droplet  integrity,  as numerous  calculat ions show, they cor respond quite well. 

The coefficients calculated on the basis  of the above values of the p a r a m e t e r s  of the liquid and the 
gas and used in basic equations (17)-(22) are  given in Table 2. 

The principal  resul ts  of the numer ica l  calculation of the p a r a m e t e r s  of the two-phase flow behind the 
detonation front are presented in Figs. 1, 2, and 3. 

An analysis of the three cases  considered leads to the conclusion that the heterogeneous detonation 
react ion zone is longer than the react ion zone that the detonation wave in a mixture of the same components 
would have if they were both gaseous.  When the burning rate  is determined by the evaporat ion of the liquid 
fuel, only par t  of the fuel (an especial ly small  par t  in the case of large droplets) is able to burn before the 
gas and droplet  velocit ies are equalized. Subsequently, combustion proceeds  according to the even slower 
law r 2 - r 2 = k ' t  (k' is the evaporat ion coefficient and t,time). An es t imate  of the distance on which the 
droplets  should be completely vaporized gives a value x ~-. 6 m. It follows f rom Fig. 1 that the droplet  size 
has a s t rong influence on the flow p a r a m e t e r s  behind the wave front. Whereas for  droplets  with a radius of 
10 tt at a distance x = 3 mm f rom the front about 45% of the initial mass  has been consumed, for droplets  
with a radius for  1000 p at the same distance the consumed mass  f ract ion is sca rce ly  1%, 

The pr incipal  p a r a m e t e r s  of the two-phase flow for the case when the burning rate is determined by 
the ra te  of droplet  dis integrat ion are presented in the fo rm of graphs in Figs. 2 and 3, f rom a compar i son  
of which it follows that the two droplet  dis integrat ion laws give s imi lar  resul ts .  

The compar i son  of the a w = g(x) curves  for  the disintegrat ion and evaporation models  demonst ra tes  
c lear ly  how the combustion p rocess  is intensified by the breakup of the fuel droplets.  For  the finest droplets  
the burnup p r oce s s  ends before the gas and droplet  velocit ies are equalized. An interest ing feature of the 
motion of the droplets  in a flow, in which energy is re leased,  may be observed by compar ing the graphs of 
the velocit ies ~ a a d ~  in Figs. 1 and 2 for 10-# droplets.  Although the mean size of the droplet  in the r e -  
action zone is less  for  disintegrat ion than for evaporation,  it is more  slowly accelerated.  This is because 
in the case of the dis integrat ion model more  energy is l iberated over a given distance f rom the front than 
in the case of the evaporat ion model. Consequently, at a given x the value o f u  is g rea te r  and that of w - u 
less for  disintegrat ion,  i.e., in this case  the aerodynamic drag  force  acting on the droplet  is less than for  
evaporation. 

The width of the heat re lease  zone for  the evaporat ion model at droplet radii  of 100 and 1000 p is very  
great ,  and it may be assumed that in this case  the energy losses  to the walls will be so high that the s teady-  
state propagat ion of detonation will be impossible.  

The calculat ions for  droplets  more  than 10 p in size ended at degrees  of combustion 1 - ~ r ~  ~ 1; how- 
ever ,  in the case  of the dis integrat ion model the extent of the heat re lease  zone evidently does not much 
exceed the dis tance at which the computations were interrupted,  since the subsequent breakup of the droplet  
and the high gas t empera tu re  lead to a considerable  acce lera t ion  of the fuel reac t ion  process .  
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Fig. 1. Var ia t ion  of the p a r a m e t e r s  of the two-phase  
flow along the length of the heterogeneous  detonation 
reac t ion  zone (evaporat ion model).  Droplet  rad ius ,  /z: 
a) 10; b) 100; c) 1000. 
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Fig. 2. Var ia t ion  of the p a r a m e t e r s  of the two-phase  
flow along the length of the he terogeneous  detonation 
r eac t i on  zone (dis integrat ion model  in accordance  with 
Eq. (9}). Droplet  rad ius ,  #:  a) 10; b) 100; c) 1000. 
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Fig. 3. Var ia t ion  of the p a r a m e t e r s  of the two-phase  
flow along the length of the he te rogeneous  detonation 
reac t ion  zone (dis integrat ion model  in accordance  with 
Eq. (10)). Droplet  rad ius ,  #: a) 10; b) 100; c) 1000. 

Unfortunately,  we lack  expe r imen ta l  data  on the lengths of the reac t ion  zones  in detonation waves  in 
sp rays .  It is only poss ib le  to e s t i m a t e  them approx imate ly  f r o m  the da ta  of [4]: for  r 0 = I40 ~ ,x  ~ 40 m m  
(es t imated f r o m  a photographic  t ime  r e c o r d  of the detonation p roces s ) ,  which is in good ag reemen t  with the 
calcula ted data; for  r0= 1 . 4 5 m m , x  ~ 300 m (est imated f r o m  a shadowgraph of the wave). As for  the evap-  
ora t ion  model ,  the zone length for  drople t  d is in tegra t ion  i nc rea se s  cons iderably  on t rans i t ion  to sp rays  
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with l a r g e r  drople ts .  A compar i son  of the burnup cu rves  for  both models  shows that the r a t e s  of drople t  
combust ion  for  the evapora t ion  and d i s in tegra t ion  m e c h a n i s m s  are  comparab l e  only for  the f inest  d rople t s  
w i t h r  o = 1 0 g .  

For  a sufficiently slow var ia t ion  of the degree  of combust ion (droplet radi i  of 100 and 1000 #) the 
p r e s s u r e  behind the wave at f i r s t  i n c r e a s e s ,  approaches  a max imum,  and then falls .  The final p r e s s u r e ,  i .e. ,  
the p r e s s u r e  at the Chapman-Jouguet  point,  is always higher than in a gas  detonation. The p r e s s u r e  r i s e  at 
the beginning of the reac t ion  zone is assoc ia ted  with the dece le ra t ion  of the gas  flow by the drople ts .  

The va r ia t ion  of the l iquid-phase  concentra t ion  ~ behind the detonation f ront  is r e p r e s e n t e d  in Figs.  
3a, b. Only at high burning r a t e s  (Fig. 3,a) does  ~ fall  d i rec t ly  behind the front.  The i nc rea se  in the l iquid- 
phase  concent ra t ion  behind the front  is r e la ted  with the change in drople t  velocity.  An inc rease  in-~ does 
not lead to en r ichment  of the mix tu re  with the fuel component; on the con t r a ry ,  the re la t ive  concentra t ion  
if/pC2, where  pC 2 is the var iab le  oxygen concentra t ion,  divided by the s to ich iomet r ic  value of the component  
ra t io  ~0,  

Gt 

P -  u (l-o ~)(I + ~0) 

(s0, is the initial value of the ratio), behind the front always remains less than in the starting mixture. The 
greater leanness of the mixture is attributable to the increased density of the gaseous oxidizer, the initial 
value ~ = ~ is actually restored when the gas and droplet velocities are equalized. 

The kinetic energy of the droplets In the laboratory system, i.e., the energy expended on accelerating 
the droplets, is only 3-5% of the heat release behind the wave for the cases considered; accordingly, in the 
energy conservation equation we can neglect terms representing the kinetic energy of the droplets. 

Although it was stated above that at We < Wecr the droplets break up into finer droplets and the heat 
release zone is evidently not much greater than the distances at which the calculations were interrupted, 
the question of the possible incomplete combustion of part of the fuel remains, since the fine droplets formed 
as a result of breakup are at rest relative to the gas and their bnrnup rate will be small. In the presence of 
a long droplet burnup zone the energy losses to the walls may lead to the expansion wave, whose head in the 
present calculations is determined by the condition ~ = 0, moving upstream to a point where ~ ~ O. Droplets 
that react behind the head of the expansion wave cannot contribute to the energy of the shock wave; there- 
fore the detonation wave will be propagated at a lower velocity than follows from the thermodynamic cal- 
culations (even if the direct energy losses to the walls are taken into account). 

Thus, our calculations based on two different vaporization mechanisms have shown that: 

1) breakup of the droplets considerably intensifies the combustion of the liquid as compared with the 
evaporation process; 

2) the detonation model based on the assumption that the burning rate of the two-phase mixture is 
determined by the breakup rate evidently gives the correct value of the length of the reaction zone; 

3) in the case of heterogeneous detonation the length of the reaction zone decreases sharply with de- 
crease in the mean size of the liquid droplets; 

4) the fraction of the energy released in the reaction zone expended on accelerating the droplets is 
small;  

5) a comple te  calcula t ion of the he te rogeneous  detonation reac t ion  zone for  s p r a y s  with drople t  d imen-  
s ions r 0 - 100 # should take into account the de format ion  and d is in tegra t ion  of the drople t s .  
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