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A combust ion ins tab i l i ty  cr i ter ion and an analogy with the burning 
of a solid propel lant  e l e m e n t  are establ ished as a result  of an ana l -  

ysis of the behavior  of the gasdynamic  disturbances superimposed 

on the process of turbulent  combust ion of an a tomized  fuel  in a one- 

d imens iona l  combust ion chamber .  

We will cons ider  the schemat i zed  combus t ion  cham-  
be r  of constant  c ros s  sec t ion  shown for the undis tu rbed  
s ta te  in the f igure at a. Oxidizer  and atomized fuel a re  
in t roduced into reg ion  1 ( - L  -- x -< 0) through the end 
AA'.  A ce r t a in  volume is r equ i r ed  for the evapora t ion  
and mix ing  of the fuel with the oxidizer  (for example ,  
a i r ) ,  before  igni t ion occurs  at BB' .  Consequent ly ,  
l iquid pa r t i c l e s  wil l  exis t  up to the f lame i tsel f .  ']:he 
thoroughly mixed fuel mix tu re  bu rns  in tu rbu len t  com-  
bus t ion  zone 3 (0 ~ x -< Lm) and the combus t ion  p rod-  
ucts  en te r  zone 2 (x - Lm). Thus,  this  o n e - d i m e n -  
s ional  model of the combus t ion  p roces s  in the chamber  
has three  reg ions  of flow unde r  condit ions of homoge-  
neous tu rbulence ,  whose averaged p a r a m e t e r s  p, p, 
v, c, S, u,  Cp a r e  denoted by co r re spond ing  n u m e r i c a l  
subsc r ip t s .  

If tu rbu lence  plays a dec is ive  par t  in the combus t ion  
m e c h a n i s m  and the f lame propagat ion  veloci ty  um 
(which in our  model  coincides  with Vl) and the width of 
the f lame zone L m are  de te rmined ,  as in the case  of 
gas combust ion ,  chiefly by the mean  f luctuat ion ve loc-  
ity v ' ,  then,  following K. I. Shchelkin [1] (w we can 
wr i te  approximate ly  

u ~ : U n + K V ' ,  Lm=Al(v ' /un)  m, 0.5-.(..m~(.1, (1) 

where  A and K are c e r t a i n  cons tants  of the o rde r  of 
unity.  Otherwise it is n e c e s s a r y  to use other m o r e  
complex exp re s s ions  re f lec t ing  the actual  r e l a t ions  
between the vapor iza t ion  and combus t ion  p r o c e s s e s .  

If the burn ing  veloci ty  changes s l ight ly as a r e s u l t  
of ce r t a in  random inf luences  of an in t e rna l  cha rac t e r ,  
zone 3 wil l  exper ience  a sl ight  d i sp lacemen t  r e l a t ive  
to the undis tu rbed  s ta te ,  which can be expressed  in 
the form 

e = Ao exp cot. (2) 

Being displaced as a unit ,  the f lame becomes  a source  
of acoust ic  d i s t u rbances  (p], v~) in the s t a r t i ng  m i x -  
tu re  in reg ion  1 (j = 1) and in the combus t ion  products  
in reg ion  2 (j = 2) as well  as of an entropy d i s tu rbance  
S~ c a r r i e d  downs t ream by the flow. These d i s tu rbances  
a re  found by analogy with [2] f rom the solut ion of the 
l i n e a r i z e d  gasdynamic  equat ions  and take the fo rm 

v i ~ vil+v]2, 
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Schemat ized  combus t ion  chamber  (a) and d i s p e r -  
s ion of acoust ic  f ront  on a tomized fuel pa r t i c l e s  

(b). 

9j vj 

[~ 1 S~ = ( ] - - l )A4exp - - -~- j  ( x - - L ~ )  § cot , 

a~ M j  
Yjc 

v~ M~-+-(-- 1) ~' 

v~o = Ajr exp {yj~ [x + (1 --])Lm] + o~t}, 

M = v / c <  1. (3) 

On the other  hand, the i n t e rna l l y  induced d i s t u r -  
bances  also r eac t  on the combus t ion  p r o c e s s  as a 
r e su l t  of the in t e rac t ion  of the acoust ic  waves and 
the in te rna l  s t r u c t u r e  of reg ions  1 and 3. This may  
be expected to produce changes in the burning veloc- 
ity 6u m, i .e.  , the propagation velocity of the flame 
relative to the disturbed starting mixture directly 
ahead of the boundary of the turbulent combustion 
zone. In the linear formulation this change can be 
written as 

6um=vi!~=o d8 dt 6 u~) -}- 6 u~), (4) 

where  the s u p e r s c r i p t s  denote the number  of the reg ion  
(figure,  a) in which the i n c r e m e n t  is genera ted .  The 
i n c r e a s e  in burn ing  veloci ty  due to the m e c h a n i s m  of 
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i n t e r a c t i o n  of the acous t i c  waves  and the t u rbu len t  
s t r u c t u r e  wi th in  f l a m e  zone 3, a s s u m i n g ,  of c o u r s e ,  
that  th is  s t r u c t u r e  d e t e r m i n e s  the  combus t ion  p r o -  
c e s s e s ,  was found in [2] in the f o r m  

Lm  

u,. L,,~ , j  
0 

D ~ = C  L'~ C l { v' ]'~ 
Lc-- 

(5) 

The cons tan t  C, which is not v e r y  d i f f e ren t  f r o m  
uni ty and is  sub jec t  to e x p e r i m e n t a l  d e t e r m i n a t i o n ,  
inc ludes  a l l  the ef fec ts  not t aken  into account  in the 
ca l cu l a t i on  s c h e m e  adopted for  r e g i o n  3. The acous t i c  
d i s t u r b a n c e  wi thin  the f l a m e  v] is  d e t e r m i n e d  f r o m  
(3) for  j = 3 and can be e x p r e s s e d  in t e r m s  of the 
acous t i c  waves  of r eg ions  1 and 2. In fac t ,  the acous t i c  
d i s t u r b a n c e  o r ig ina t ing  in the v i c in i ty  of BB'  (f igure,  a) 
is  p r o p a g a t e d  in the f o r m  of d ive rg ing  waves :  v l i  into 
r e g i o n  1 and v~2 into r eg ion  3. Since the burn ing  v e l o c -  
i ty  v 1 is  much  l e s s  than the speed  of sound, f rom the 
acous t i c  s tandpoin t  ( c o r r e c t  to M]) i t  is  p o s s i b l e  to 
d i s r e g a r d  the f lux a c r o s s  the l ead ing  edge of the f l a m e  
BB' .  Then in the v i c in i ty  x -~ 0 the acous t i c  v e l o c i t i e s  
should co inc ide :  vi i  = v~2. A s i m i l a r  condi t ion  can  be 

! 
i n t roduced  in the v i c in i ty  of CC'  (x TM Lm) v~l = v22 
fo r  the waves  d ive rg ing  into r eg ions  3 and 2. The 
subs t i tu t ion  of so lu t ions  (3) into t h e s e  condi t ions  g ives  

All  = A32 , A3I = A22. 
The second  f eedback  m e c h a n i s m  g e n e r a t i n g  6U~lm ~ 

c o n s i s t s  in the  m e c h a n i c a l  i n t e r a c t i o n  of the acous t i c  
d i s t u r b a n c e s  p r o p a g a t i n g  through the gas  phase  of 
r eg ion  1 and the d r o p l e t s  ( p a r t i c l e s )  of a t o m i z e d  fuel ,  
one of which is r e p r e s e n t e d  s c h e m a t i c a l l y  in the f i gu re  
to a magn i f i ed  s ca l e .  In p a s s i n g  through gas  r eg ion  l ,  
the  sound waves  g e n e r a t e  an acous t i c  a c c e l e r a t i o n  
d v l / d t ,  and the e l e m e n t s  of the gas  m i x t u r e  a r e  sub-  
j e c t e d  to a f o r c e  p r o p o r t i o n a l  to that  a c c e l e r a t i o n .  
T h e r e f o r e  the  p a r t i c l e s  of d i s p e r s e d  fuel  (in the l iquid 
o r  so l id  phase)  wi l l  e x p e r i e n c e  the ef fec t  of an oppos i te  
f o r c e  r e l a t i v e  to the s u r r o u n d i n g  gas ,  in a c c o r d a n c e  
with Newton ' s  t h i r d  law of mot ion .  In o the r  w o r d s ,  in 
the  d i s t u r b e d  s t a t e  each  fuel  p a r t i c l e  of m a s s  m in 
r e g i o n  1 wi l l  be ac ted  u p o n r e l a t i v e  to the gas  by an 
i n e r t i a  f o r c e  F in  = - m ( d v ~ / d t ) ,  w h e r e  m ~ p f d .  As 
a r e s u l t  of the  ope ra t i on  of t h e s e  i n e r t i a f o r c e s  th rough-  

0 

out r e g i o n  1, i . e . ,  S Fin dx, addi t iona l  fuel  p a r t i c l e s ,  
- - L  

as c o m p a r e d  with the  u n d i s t u r b e d  s t a t e  of the p r o c e s s ,  
wi l l  be d e l i v e r e d  to f l a m e  zone 3. The i r  combus t ion  
l e a d s  i m m e d i a t e l y  to an i n c r e a s e  in burn ing  ve loc i t y  
5u0)j Consequent ly ,  fo r  the  given f eedback  m e c h a -  

m 
n i s m  the spec i f i c  work  done by the i n e r t i a  f o r c e s  wi l l  
s e r v e  as  a m e a s u r e  of the  change of burn ing  ve loc i ty ,  
so that  we can  w r i t e  

5u~) = - -  D~ j dt dx ~ 
- -L  

0 

~ L  

The cons tan t  D 1 has  the d i m e n s i o n  of r e c i p r o c a l  v e l o c -  
i ty  and c h a r a c t e r i z e s  the in t ens i ty  of the f eedback  
d e s c r i b e d .  S t r i c t l y  speak ing ,  in r e g i o n  1 the acous t i c  
waves  a r e  p r o p a g a t e d  in a t w o - p h a s e  med ium.  T h e r e -  
f o r e  the p i c t u r e  of the p a s s a g e  of the acous t ic  f ront  
th rough  a fuel  p a r t i c l e  is  only v e r y  s c h e m a t i c a l l y  
r e p r e s e n t e d  by the mode l  shown in the  f igure  at b. 
The d i f f e r e nc e  be tween  the speed  of sound c I in the 
gas  phase  and the longi tudina l  c o m p r e s s i o n  waves  in 
the  fuel  cf > e 1 wi l l  r e s u l t  in the  d i s p e r s i o n  of the 
inc ident  acous t i c  f ron t  E E ' .  Whe re a s  in the gas  phase  
the f ron t  occup ies  the pos i t i on  Q P P ' Q ' ,  in the l iquid  
(sol id)  phase  i t  is  able to p r o p a g a t e  to RR ' ,  i m p a r t i n g  
acous t i c  v e l o c i t i e s  to the m e d i u m  in the r e g i o n  R P P ' R ' .  
Hence at  the  f u e l - g a s  b o u n d a r i e s  RP  (R 'P ' )  we ge t  
t angen t i a l  ve loc i ty  d i s con t inu i t i e s  that  a r e  uns tab le  
[4] and subsequen t ly  become  tu rbu len t ,  p roduc ing  
d i s s i p a t i v e  e n e r g y  l o s s e s  and hence  weakening  the 
f eedback  effect .  N a tu r a l l y ,  this  weakening  effect  on 
the f e e d b a c k  i n c r e a s e s  with i n c r e a s e  in the d i f f e rence  
be tween  cf and c l ,  so that  we can w r i t e  Dtc 1 = D~cl/c f 
for  the d i m e n s i o n l e s s  quant i ty  D~I The w o r k  done by 
the i n e r t i a  f o r c e s  F i n  is  p r o p o r t i o n a l  to the m a s s e s  
of the a t o m i z e d  fuel  p a r t i c l e s  m.  Hence ,  in d i m e n -  
s i o n l e s s  f o r m ,  r e f e r r e d  to the gaseous  m a s s  of r eg ion  
1, we have D 1 = i p f d / p g L .  It should be noted that  the 
fuel  p a r t i c l e s  in r e g i o n  1 a r e  of d i f fe ren t  s i z e s  (mass ) .  
However ,  in the c a s e  of a l iquid  m e d i u m  the p r o c e s s  
wi l l  be c o m p l i c a t e d  by the s imu l t aneous  evapo ra t i on  
of the  d r o p l e t s ,  i . e . ,  in ge ne ra l  the m a s s  of an ind i -  
v idual  p a r t i c l e  of l iquid fuel  wi l l  be v a r i a b l e ,  d e c r e a s -  
ing in p r o p o r t i o n  to the  e v a p o r a t i o n  r a t e .  T h e r e f o r e  
the d i m e n s i o n  (d i ame te r )  of the p a r t i c l e s  d, a p p e a r -  
ing in the e x p r e s s i o n  for  D], m u s t  n a t u r a l l y  be u n d e r -  
s tood as  a c e r t a i n  mean  over  the e n t i r e  su spens ion  
in r e g i o n  1, i . e . ,  the r a t i o  of the e n t i r e  d i s p e r s e d  
m a s s  of fuel  to the p roduc t  of the n u m b e r  of p a r t i c l e s  
and the fuel  dens i ty  pf .  The effect  of the change of 
d r o p l e t  m a s s  due to evapo ra t i on  as  i t  m o v e s  th rough  
r e g i o n  1 wi l l  r educe  the i n e r t i a  f o r c e  Fin, thus weaken-  
ing the in t ens i ty  of the feedback .  Hence ,  to take  this  
p r o c e s s  into account ,  the coef f i c ien t  D~ m u s t  have an 
i n v e r s e  dependence  on the r a t e  of evapo ra t i on  of the 
fuel  d r o p l e t s  or  in the s i m p l e s t  c a se  m a y  be taken 
i n v e r s e l y  p r o p o r t i o n a l  to that  r a t e .  F u r t h e r m o r e ,  the  
r a t e  of i n c r e a s e  of burn ing  ve loc i ty  (6) wi l l  be d e t e r -  
mined  not only by the addi t iona l  m a s s  of fuel  en t e r ing  
the f l a m e  zone owing to the  d i s t u r b a n c e s  but a l so ,  of 
c o u r s e ,  by i t s  d e g r e e  of r e a d i n e s s  fo r  combus t ion .  
The l a t t e r  is  d e t e r m i n e d  by the hea t ing  e f f ic iency  of 
the  p r e h e a t i n g  zone,  the extent  of which is con t ro l l ed  
by the t h e r m a l  d i f fus iv i ty  of the fuel  • Consequent ly ,  
we m u s t  a l so  have D]  ~ Xf / •  Thus ,  we f ina l ly  
ob ta in  

c~ Xf D[ --ci = B s )~ f Of B Cpg 
cf cf %g pg cf ~g cpf'  

d 
B =: B1 - -  (7) 

L 

w h e r e  the cons tan t  B, on the  o r d e r  of unity and sub-  
j e c t  to e x p e r i m e n t a l  d e t e r m i n a t i o n ,  c o m p r i s e s  a l l  the 
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effects not taken into account in the ca lcu la t ion  scheme 
adopted. In p a r t i c u l a r ,  for  the case  of l iquid fuel  the 
coefficient  B (more accura te ly ,  B1), as pointed out 
above, has an i nve r se  dependence on the ra t e  of evap-  
o ra t ion  of the fuel drople ts .  Thus,  the two cons tant  
mu l t i p l i e r s  B and C, involved in the desc r ip t ion  of the 
feedback m e c h a n i s m  (5)-(7),  by v i r tue  of the i r  exper i -  
menta l  na tu re  e s t ab l i sh  a co r r e spondence  between the 
proposed  theory  and actual  appl icat ions .  

Feedback equat ion (4) is  now wr i t t en  in the fo rm 

L m 

v~=~ - -  dt 
0 

0 

c~ -~1 ~ 7  o~ / 
- -L  

As the boundary  condi t ion at the end of the combus t ion  
chamber  AA' we can use the condi t ion 

v;=O at x = - - L .  (9) 

The boundary  condi t ion at the chambe r  outlet  DD ~ 
wil l  depend on the phys ica l  cond i t i ons  of flow through 
the nozzle .  In the case  of comple te ly  developed Jouguet  
def lagra t ion ,  owing to the sonic speed of the combus -  
t ion products  the d i s tu rbances  cannot  r e t u r n  to the 
f lame f rom reg ion  2, so that it  is n e c e s s a r y  to take 
into account only the depar t ing  sound waves and A21 = 
= 0. In other  cases  there  wil l  be a pa r t i a l  r e t u r n  of 
the d i s t u rbances  to the f lame owing to re f lec t ions  in 
the convergent  pa r t  of the nozzle .  Cons ide r ing  the 
one -d imens iona l i t y  of the model  and the la rge  lo s ses  
in the combus t ion  products ,  we will d i s r e g a r d  this  
effect. 

As in [2], to co r r e l a t e  the d i s tu rbed  s ta tes  of the 
averaged p a r a m e t e r s  of reg ions  1 and 2 we employ 
the laws of cont inui ty  of the m a s s ,  m o m e n t u m ,  and 
energy  fluxes a s s u m i n g  that the mix tu r e  bu rns  up 
comple te ly  in the f lame 3: 

d~ Pl ~2]  
a ~i-Ti- + o ~ - - 1 , , , ~ L = o  = 

de , P'2 M 2 v2 S" 

�9 p l  ~ 

[ p-T~f ( I + M 0  + 2V~]x=o = 

I , f-)2 , p~ ] 
(1 -I-M~) 5- 2v2-- - -  82 _ , 

= ~ Cp. _Jx=L m 

a Pl Vl x=O 

= v; - - E  + - -  (• ~=~,~ lOS f-)S ~" Cp2 

VS Pl a = - - = - - ~ l .  
vl Ps 

(lo) 

Since we have d i s r ega rded  the tu rbu len t  d i s s ipa t ion  
effect and hence i ts  s t ab i l i z ing  inf luence on the d i s t u r -  

bances ,  the ins tab i l i ty  c r i t e r i o n  should be s t rengthened 
somewhat .  This  is not impor tan t ,  s ince  the effect in 
quest ion can be included in  the cons tan ts  B and C, 
which en te r  into the feedback equat ion (8) and a re  s t i l l  
subjec t  to expe r imen ta l  de t e rmina t ion .  Subst i tut ion 
of (2), (3) into (8),(10) gives a l i nea r  s y s t e m  for the 
cons tants  A 0, A n ,  Aiz, A 4 with a c h a r a c t e r i s t i c  equa-  
t ion for the e igenvalue w: 

f (o)) = 0, 

f ((o) = 

2 

-~ (--1) e-1 exp YleL @e+ 1 + M s  
C=I 

14-M3 -] 
--  a (a - - l )  [ ~ - ~  -I- (• 1~ ~.i~ j , 

b c - -  03  
~3C Lm 

{1--exp[(--1)cy3c Lm]~, 

a =- (b~ +I )  exp ?n L - -  

--  exp ~12 L+DI c-A-~ (exp Yll L + exp ?r~ L - -  2), 
Cf 

F e = f c [  a - l _ t _ ( - 1 )  c l+ ( - -1 )CM1]  
a M1 ( •  ' 

L = 1 + (-- 1)r 

r162 = r e  { ( a - - l ) [  1 (--I)r  + 
a M 1  J ' 

+ 1 [ ( ~ 1 )  c-1 l + M 2 ]  / 

(~ , - - l )  M f [  M~ l + a  Ms J J" 

Since as w ~ +% b k = 0, a = exp TllL[1 + D'l(cl/cf)], 
while at w = 0, Yjk = 0, b k = (-1)k-lD3, a = b2, we see 
that f(0) and f(+~)  will  have di f ferent  s igns  if the fo l -  
lowing inequal i t ies  a re  s imu l t aneous ly  sa t i s f ied  (cor-  
r ec t  to M~): 

R i f l e R 2  or  R I ~ I > R ~ .  

r  = 

R1 = DI ._cl M1 (a - -  1) r 
Cf 

1 
q - i f - -  

M~ 

1)] 
R2 = Da (a - -  1) ~Ps, 

(1 +M2)q 

a - - 1  q = 1 + (z~ - -  1)M~. (12) 
a 

The l a t t e r ,  which e n s u r e  the ex is tence  of at l ea s t  one 
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pos i t ive  root  co of Eq. (11), are  suff ic ient  c r i t e r i a  of 
the ins tab i l i ty  of the combus t ion  p roce s s  in our  model 
of a combus t ion  chamber  with d i s t u r b a n c e s  i n c r e a s i n g  
exponent ia l ly  in t ime .  In p a r t i c u l a r ,  it follows f rom 
(12) that,  i f R  1 < 1 ,  i . e . ,  the d i s p e r s i t y  of the m e -  
d ium in reg ion  1 is not l a rge ,  then the f l ame  tu rbu lence  
m e c h a n i s m  is suff ic ient  for the development  of i n s t a -  
b i l i ty  if 

LD$ 

However,  if R 2 < 1, i . e . ,  the t u rbu lence  in the f lame 
zone is not g rea t  or  does not play a dec is ive  ro le  in 
the combus t ion  p r o c e s s e s ,  then the fue l -ox id i ze r  mix -  
tu re  d i spe r s i t y  m e c h a n i s m  is suff ic ient  for  ins tab i l i ty  
if 

B cl )~f PfMl(a--1)qh>l,  B=BI d~, 
Cf ~g log L 

which in the case  of weak def lagra t ion  (smal l  Mach 
n u m b e r s )  takes the fo rm 

B cl Xf Of a - - I  > 1. (13) 
Cf Xg pg 1 -I- MjM~ 

In conclus ion,  we wil l  examine  the gasdynamic  
analogy between the p roce s s  of combus t ion  of an a tom- 
ized fuel in a combus t ion  chamber  (when the tu rbu lence  
is not impor tan t  and the Mach n u m b e r s  a re  smal l )  and 
the p roces s  of combus t ion  of a solid p rope l l an t  e le -  
ment  [5]. In fact,  the ro le  of the r ig id  chamber  end 
AA',  r e f l ec t ing  the acoust ic  d i s t u rbances ,  is now 
played by the solid combus t ion  sur face .  The fuel mix-  
tu re ,  fo rmed  as a r e s u l t  of fus ion and gas i f ica t ion  of 
the m a t e r i a l  in a thin sur face  l aye r  of fuel ,  bu r n s  in 
the f l ame  f ront ,  which is sepa ra ted  f rom the solid 
sur face  by a "dark ~ induct ion zone, analogous to 
region 1 (figure, a). A feedback is again c rea ted  by the 
fact  that in the d i s tu rbed  s ta te ,  as a r e s u l t  of the total  
work done by the i ne r t i a  fo rces  in the "dark" zone on 
the pa r t i c l e s  d i spe r s ed  in it ,  addi t ional  fine drople ts  
and p a r t i c l e s - - a n  a i r  suspens ion  of the f u e l - - e n t e r  
the f lame zone [5], the reby  i n c r e a s i n g  the bu rn ing  
ra te .  Accordingly ,  ins tab i l i ty  c r i t e r i o n  (13) will  a lso 
se rve  for  the p roces s  of combus t ion  of a sol id p r o -  
pe l lant  e l emen t  (grain).  This  conc lus ion  is bes t  con-  

f i r m e d  by the exact  co r re spondence  between condit ion 
(13) with B = 1 and the c r i t e r i o n  for  the ampl i f ica t ion 
of h igh- f requency  v ib ra t ions  in a burn ing  solid p ro -  
pe l len t  obtained in [5]. In fact,  according  to [1], o e - l =  
= (u - 1)Q/c~, ff it is a ssumed  that ~41 = ~2 = ~ and 
M2i s  neglected.  In the same approximat ion  the p r e sen t  
author [2] found M2/M ~ ~- ~ - a n d  hence c2/c 1 = 
Consequent ly ,  condit ion (13) is t r a n s f o r m e d  into in-  
equal i ty  (1 8) of [5]. 

NOTATION 

L is the distance of the flame from end of chamber; 
L m is the width of the turbulent flame; I is the scale 
of turbulence; v' is the mean turbulent fluctuation 

velocity; u n is the normal burning velocity; Um is the 
turbulent burning velocity; 5 is the increment symbol; 
e is the small displacement of flame; p is the pres- 
sure; p is the density; v is the flow velocity; c is the 

speed of sound; S is the entropy; Cp is the specific heat; 
~4 is the ratio of specific heats; w is the eigenvalue; 

subscripts I, 2, and 3 apply to the regions in front 

of and behind the flame and the flame zone, respec- 
tively; a prime denotes the corresponding perturba- 

tions; M is the Mach number; L e is the length of the 
combustion chamber; m is the mean mass of atom- 

ized fuel particle; d is the mean characteristic dimen- 
sion (diameter) of particle, the subscripts f and g 

correspond to the fuel and the gas, respectively; X 
is the thermal diffusivity; X is the thermal conductivity; 

e~ = v2/vl; Q is the reaction energy per unit mass of 
mixture. 
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