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A t h e o r e t i c a l  s tudy  i s  m a d e  of the  e f fec t  of h a r m o n i c  p r e s s u r e  o s c i l l a t i o n s  on a f l a t  l a m i n a r  
f l a m e .  F r e q u e n c y  c h a r a c t e r i s t i c s  of the  f l a m e s  a r e  ob t a ined  at  a m p l i t u d e s  of the  p r e s s u r e  
o s c i l l a t i o n s  which  a r e  s m a l l  c o m p a r e d  with the  a v e r a g e  p r e s s u r e .  It i s  e s t a b l i s h e d  that  in 
a b r o a d  r a n g e  of f r e q u e n c i e s  the  d i s t u r b a n c e s  i n  the i n t e g r a l  r a t e  of h e a t  r e l e a s e  o c c u r  in 
p h a s e  wi th  the  p r e s s u r e  o s c i l l a t i o n s  and depend  w e a k l y  on the f r e q u e n c y .  

1. The  s t a b i l i t y  r e l a t i v e  to a c o u s t i c a l  v i b r a t i o n s  of the  g a s  of a s y s t e m  in which c o m b u s t i o n  o c c u r s  
depends  in many  c a s e s  on the  r e a c t i o n  of the  f l a m e  to the  p r e s s u r e  d i s t u r b a n c e s .  

Using  the a p p a r a t u s  of the  t h e o r y  of a u t o m a t i c  r e g u l a t i o n ,  such a r e s p o n s e  {react ion)  can  be  d e s c r i b e d  
by the f r e q u e n c y  c h a r a c t e r i s t i c s  of the  f l a m e .  When the s i z e  of the c o m b u s t i o n  zone  is much l e s s  than the  
length  of the  son ic  wave ,  an i m p o r t a n t  f r e q u e n c y  c h a r a c t e r i s t i c  of the  f l a m e  i s  the  va lue  G(w) = (S ' /S0)/(p ' /p0) ,  
w h e r e  G(w) r e p r e s e n t s  a v a l u e  a n a l o g o u s  to the  " i n t e r a c t i o n  index"  of C r o c c o  [1]. It d e t e r m i n e s  the  r e a c t i o n  
of the  i n t e g r a l  r a t e  of hea t  r e l e a s e  S in the  c o m b u s t i o n  zone  to the  h a r m o n i c  p r e s s u r e  d i s t u r b a n c e s  p '  of 
d i f f e r e n t  f r e q u e n c y  w 

S =  Q I W(x) dx 

w h e r e  W(x) and Q a r e  the  v o l u m e t r i c  r a t e  and c a l o r i f i c  e f fec t  of the  c h e m i c a l  r e a c t i o n ,  S o and P0 a r e  a v e r -  
age  va lue s ,  and S'  i s  the  d i s t u r b a n c e .  

The  f r e q u e n c y  c h a r a c t e r i s t i c s  of f l a m e s  a r e  p o o r l y  s tud ied .  They  a r e  r a r e l y  i n t r o d u c e d  into t h e o -  
r e t i c a l  c o n s t r u c t i o n s  b a s e d  on i n tu i t i ve  c o n c e p t s  [2, 3]. The  p u r p o s e  of the  p r e s e n t  w o r k  i s  to d e t e r m i n e  
the  f r e q u e n c y  c h a r a c t e r i s t i c  G(~) f o r  a f l a t  mode l  l a m i n a r  f l a m e  f ron t ,  w h o s e  b e h a v i o r  i s  d e s c r i b e d  by the  
t h e r m a l  t h e o r y  of Z e l ' d o v i c h  and F r a n k - K a m e n e t s k i i  [4]. The  p r o b l e m  is  so lved  n u m e r i c a l l y  u s ing  an e l e c -  
t r on i c  c o m p u t e r .  T h e  c h a r a c t e r i s t i c  G(w) c a n  be  found by two m e t h o d s :  by d i r e c t  i n t e g r a t i o n  of the  o r i g i n a l  
equa t ions  with h a r m o n i c  p r e s s u r e  d i s t u r b a n c e s  and us ing  t r a n s i t i o n  func t ions .  T h e  s t a t e m e n t  of the p r o b -  
l e m  for  e a c h  of t h e s e  m e t h o d s  i s  g iven  below.  

2. The  p r o p a g a t i o n  of a h o m o g e n e o u s  l a m i n a r  f l a m e  f ron t  i s  d e s c r i b e d  by the s y s t e m  of equa t ions  
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(2.1) 

(2.2) 

H e r e  p i s  the  d e n s i t y ,  u i s  the  ve loc i t y ,  p is  the  p r e s s u r e ,  T i s  the  gas  t e m p e r a t u r e ,  h i s  the  r e l a t i v e  
we igh t  c o n c e n t r a t i o n  of the  c o m b u s t i o n  prcxluc ts  o r  the  c o m p l e t e n e s s  of c o n v e r s i o n ,  )~ is  the  t h e r m a l  c o n -  
duc t i v i t y  c o e f f i c i e n t ,  D is  the  d i f fus ion  c o e f f i c i e n t ,  ~t i s  the  m o l e c u l a r  weight  of the  c o m p o n e n t s ,  R i s  the  
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u n i v e r s a l  gas cons t an t ,  Cp is  the specif ic  heat  capac i ty  at  cons t an t  p r e s s u r e ,  W is  the r e a c t i o n  ra te ,  E is  
the ac t iva t ion  energy ,  v is  the o r d e r  of the c h e m i c a l  reac t iof f  (in the  p r e s e n t  work v = 1 or  2), and ki is a 
p r e c x p o n e n t i a l  f ac to r  c o r r e s p o n d i n g  to the o r d e r  of the r eac t i on ,  i = v. 

The Eqs. (2.1) a r e  val id  on the a s s u m p t i o n s  that  the specif ic  heat  c a p a c i t i e s  of the componen t s  of the 
m i x t u r e  a r e  c o n s t a n t  and equal ,  the t r a n s p o r t  coe f f i c i en t s  a r e  independen t  of the compos i t ion ,  the m o l e c u l a r  
weights  of the i n i t i a l  m i x t u r e  and the c o m b u s t i o n  p roduc t s  a r e  equal,  and the effect  of v i scos i ty ,  t h e r m o -  
and ba rod i f fus ion ,  and r a d i a n t  heat  t r a n s p o r t  i s  neglected.  

To s impl i fy  s y s t e m  (2.1) let  us c o n v e r t  to the m a s s  Lag rang i an  c o o r d i n a t e s  

x 

q = f P ( a : ' t )  d x  ( x . .>70) ,  tq t 
o 

and the d i m e n s i o n l e s s  v a r i a b l e s  

t q ( 7 '  - -  7'2, ,)  E h - -  hr . ,  
. ~ . . . . .  ~ _ ~ . . . .  

"1: := t,'--7 ' s - '1,, ' H7",.) 2 ' 1 --- h!,) 

O--  z-Z-' ,i r, fi-.= l ,  ,g S 
- -  u , ,  ' ' = -  p , - ~ "  1 , , , '  : S--7  

t t e r e  the s u b s c r i p t  0 c o r r e s p o n d s  to the s t a t i ona ry  mode of p ropaga t ion  of the f l a m e  in the a b s e n c e  of 
p r e s s u r e  d i s t u r b a n c e s ,  1 c o r r e s p o n d s  to the in i t i a l  m ix tu re ,  and 2 to the c o m b u s t i o n  produc ts .  A dash on 
top i nd i ca t e s  that  the va lue  unde r  c o n s i d e r a t i o n  is  d i m e n s i o n l e s s .  The r e l a t i o n s h i p  be tween  the p a r a m e t e r s  
to, q0, and u 0 is  g iven  by the Eqs.  (2.3) 

qn =: 7.1o / c:~u0, to :- 7.10 / pl0c,,u02 (2.3) 

On the b a s i s  of the theory of Ze l ' dov i ch  and F r a n k - K a m e n e t s k i i  it  is  c o n v e n i e n t  to take u 0 in the fo rm 

~tr)2 = :  c p ( T , , . ) - - / ' l , , )  ' ' l  \ 1 %  / \ E 

Neglec t ing  the weak dependence  of OX and p Z D  on the t e m p e r a t u r e  (PX ~O 2D ~ T - ~  and us ing  the equa-  
t ion of s t a te ,  the condi t ion  of t h e r m a l  ba l ance  Q = cp(T20-T10 ) (1 -hi0) ,  and the equat ion Dlp 1 = DI0010, we ob-  
ta in  
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(2.5) 

(2.6) 

(2.7) 

(2 .8)  

(2 .9)  

(2.10) 

l t e r e  and l a t e r  we omi t  the dashes  above the d i m e n s i o n l e s s  v a r i a b l e s ;  c v is  the specif ic  heat  capac i ty  
at c o n s t a n t  volume.  

In the v a r i a b l e s  s e l ec t ed  the r e l a t i v e  d i s t u r b a n c e  in the i n t e g r a l  r a t e  of heat  r e l e a s e ,  which c h a r a c -  
t e r i z e s  the r e s p o n s e  of the  f l a m e  to the p r e s s u r e  d i s t u r b a n c e s ,  is  

o o 
(2.11) 
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Tiae term containing 0p/0~'in Eq. (2.7) allows for  the p r e s s u r e  variat ion in the f lame front and the 
periodic p r e s su re  oscil lat ions in the gas. Since the kinetic energy of the gas motion during the propagation 
of the f lame is much less  than its thermal  energy we will neglect the component which allows for the p r e s -  
sure  variation in the f lame front. We retain the component connected with the periodic p r e s s u r e  oscil lat ions 
since it is essential  for the descript ion of the f lame propagation in a variable p r e s s u r e  field. The length of 
the sound wave is assumed to be much g rea t e r  than the width of the f lame front, so the p r e s s u r e  dis turbance 
is taken as identical over  the entire space. Only the density of the initial mixture,  connected with the p r e s -  
sure by the isentropic equation Pl = P~/Y  enters into Eqs. (2.7) and (2.8). Consequently they can be solved 
independently f rom Eqs. (2.5), (2.6), and (2.9). 

Taking the p re s su re  dis turbance in the form p' = 5p cos i2T (where 5p and ~2 a re  the dimensionless  
amplitude and angular frequency of the p re s su re  oscil lations,  ~2 = wt0), we take as the boundary conditions 
the adiabatically disturbed s ta t ionary t empera tu re  distribution ~0(~) and the undistributed s tat ionary d i s t r i -  
bution of the normalized completeness  of convers ion cr0(~). To determine the frequency charac te r i s t i c  of 
the f lame one must solve the problem 

oO F (,~ + go) t op' p,)V~ o~ + 
O~ ( l+p ' )  0~: = ( l +  ~ F 

O~ Le(l ' p')~,"~ a~ F 
~-  = m 0~, 2 0,o 

O(g) =~100(~) + ( q _ t )  g0, ~(~) = %(~) for z =  0 (2.12) 

O ( ~ ) = ( - q - t ) g o ,  ~ ( ~ ) = 1  ~o~ ~ = 0  
g ~(T) = ~lOx0 + (~] --  l) g0, (~(~) = 0 for g = + e o  

where ~ = (1 +p')(Y-t)/T, while F is determined by Eq. (2.10). 

The problem formulated descr ibes  both the stat ionary and the nonstationary modes of f lame propaga-  
tion. Because of the nonlinearity of the equations, the stat ionary oscil lat ions in the integral ra te  of heat r e -  
lease prove to be anharmonic.  These osci l lat ions are  expanded in a Four i e r  se r ies  and for  the f i r s t  h a r -  
monic of the oscil lat ions,  which can be represented  in the form 

S '  = A (fl) exp ( i ~ z )  

the ampli tude-phase frequency charac te r i s t i c  is calculated as 

G (-Q) = A (P.) / 5p 

This method requi res  large expenditures of machine time. Therefore  it will only be used to verify 
the applicability of the more  economical method of determining the frequency cha rac t e r i s t i c s  f rom t r ans i -  
tion functions to the problem of finding the response  of a flame to small p r e s s u r e  dis turbances.  The lat ter  
method is developed for  sys tems  descr ibed by l inear  ord inary  differential equations. According to this 
method the frequency charac te r i s t i c  of a sys tem is determined with the help of a Laplace t ransformat ion  
f rom its response  to a single jump in the input pa rame te r  (i.e., f rom its transit ion function) [5]. 

c c  

G (Q) = H (+ O)..~- f d-~-~T(~--~-) exp (-- iQ~)dr 
(2.13) 

0 

Here H(7) is the transition function connected with S(T) by the equation H(T) = S'/Ap, S' is determined 
by Eq. (2.11), ~p is the size of the pressure jump, and ~,(T) = H (T) --H (+0). 

Equation (2.13) assumes that the principle of superposition is valid for the disturbances. Therefore 
the present method is applicable only for small deviations from the stationary mode of flame propagation, 
i.e., for small pressure disturbances. The allowable values of the pressure disturbances are not known 
beforehand and are determined as a result of the numerical calculations by increasing the size of the pres- 
sure disturbance to the point where marked changes develop in the form of the amplitude-phase frcqucncy 
characteristic. 

To determine the transition function let us examine the behavior of the flame front when T > 0 after 
application of the pressure jump p' = Ape (T), where 

{t0 f~ z ~ 0  
e( , )= t:or ~<0 
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The a r r i v a l  at  the new s t a t i o n a r y  mode of f l a m e  p r o p a g a -  
t ion is  d e s c r i b e d  by the equa t ions  

0~) _ ( f  _ } _ A p ) I . : . . ~ . ~ F  ' ~ Le O +Ap)t'~ 0~: F 
O~ = O': 2 ~L~ (2.14) 

i The boundary  cond i t ions  a r e  t aken  ana logous ly  with the 
' f i r s t  method [see Eq. (2.12)]. 

g z,~ g 5 0  v/r? A c c or d i ng  to Eq. (2.13), to d e t e r m i n e  G(~Q) it  i s  su f f ic ien t  
Fig .  1 to know the b e h a v i o r  of t l(r)  up to the m o m e n t  tha t  the s t a t i o n a r y  

mode  of f l a me  propaga t ion  is  e s t ab l i shed .  The t r a n s i t i o n a l  p r o -  
c e s s  was  c o n s i d e r e d  as  ended when d In H ( T ) / d T  <-- 0.01. 

The s t a t i o n a r y  d i s t r i b u t i o n s  of t e m p e r a t u r e  ~0(~) and c o m p l e t e n e s s  of c o n v e r s i o n  %($), which a r e  
used to se t  the boundary  cond i t i ons  (2.12), a r e  found ana logous ly  to [6] by n u m e r i c a l  i n t e g r a t i o n  of Eqs.  
(2.14) with Ap = 0. The  in i t i a l  cond i t i ons  for  the t e m p e r a t u r e  and c o m p l e t e n e s s  of c o n v e r s i o n  a r e  taken in 
s tep  fo rm fo r  r = 0 

o ( ~ ) = { 0  for ~ L  ' ~ (~)== fo~ ~ h  

w h e r e  41 is  the c o o r d i n a t e  of an a r b i t r a r y  point  suf f ic ien t ly  fa r  f rom the o r i g i n  of c o o r d i n a t e s ,  and the b o u n d -  
a ry  cond i t ions  a re  chosen  acco rd ing ly  as  

O('Q -~. Ol0, o('c) = 0 for ~ = .-1- oo 

The  s t a t i o n a r y  mode  of f l ame  propaga t ion  was c o n s i d e r e d  as  reached  when d In S(T)/dT <- 0.001. The  
d i s t r i b u t i o n s  ~(~, T) and a0(~, 7) at  this  m o m e n t  we re  taken as the i n i t i a l  d i s t r i b u t i o n s  ~a(~) and cr0(~). 

3. It fol lows f rom the equa t ions  and the boundary  cond i t ions  (2.12) that the so lu t ion  depends  on the 

p a r a m e t e r s  %, go, ~10, Le, % and v. As an example  let  us c a l c u l a t e  the f r equency  c h a r a c t e r i s t i c s  of a 
f l a m e  with % = 5, go = 10.84, ~10 = - 8 . 6 7 ,  Le = 1, T = 1.4, and a r e a c t i o n  o r d e r  of v = 1 o r  2. In p a r t i c u l a r ,  
a h y d r o c a r b o n - a i r  f l ame ,  for  which E = 167.36 k J / m o l e  (40 k c a l / m o l e ) ,  T10 = 375" K, T20 = 1865" K, and v = 
2, is such a f l ame .  The  t r a n s i t i o n  func t ions  for  these  f l ames ,  c a l cu l a t ed  for  four  va lues  of the p r e s s u r e  
jump (/~p = 0.005, 0.01, 0.02, 0.04), a r e  p r e s e n t e d  in F ig .  1. The  va lue  V / V p  is laid out along the a b s c i s s a ,  
whe re  Tp is the r e l axa t i on  t ime  (it fol lows f rom the c a l c u l a t i o n s  that  Vp ~ 1 and 0.5 for  v = 1 and 2, r e s p e c -  
t ively) .  The  f o r m  of the t r a n s i t i o n  func t ions  is  p r a c t i c a l l y  independen t  of the ampl i t ude  of the p r e s s u r e  
d i s t u r b a n c e .  A s l igh t  d i f f e r e n c e  is  obse rved  only  at the s t a r t i ng  t i m e s .  C u r ve  1 c o r r e s p o n d s  to v = 1 and 
c u r v e  2 to u -- 2. 

The  in i t i a l  sha rp  jump in the i n t eg ra l  r a t e  of heat  r e l e a s e  is  expla ined  by the i n c r e a s e  in the c h e m i c a l  
r eac t i on  r a t e  b e c a u s e  of the ad iabat ic  i n c r e a s e  in t e m p e r a t u r e  at  the t i m e  7 = 0. The  s u b s e q u e n t  drop is  
c a u s e d  by the r e s t r u c t u r i n g  of the f ron t  due to t r a n s p o r t  p r o c e s s e s  and is  d e s c r i b e d  a p p r o x i m a t e l y  by an 
exponent ia l  funct ion.  The  new s t a t i o n a r y  mode of f l a me  propaga t ion  is  d e t e r m i n e d  by the ad iaba t ic  d i s -  
t u r b a n c e s  in the t e m p e r a t u r e  and dens i ty  of the in i t i a l  m i x t u r e .  

The  a m p l i t u d e - p h a s e  f r equency  c h a r a c t e r i s t i c s  of the f l a m e s  c a l c u l a t e d  f rom the t r a n s i t i o n  func t ions  
a r e  p r e s e n t e d  in Fig .  2. The  r e a l  and i m a g i n a r y  pa r t s  of the func t ion  G(P.) a r e  la id  out along the c o o r d i n a t e  
axes .  C u r v e s  1, 2, and 3 pe r t a i n  to a f l ame  with v = 1 whi le  c u r v e s  4, 5, 6, and 7 p e r t a i n  to a f l a me  with v = 
2. Curve  1 is ob ta ined  for  p r e s s u r e  j umps  of k,p --- 0.005 and 0.01 and the o the r  c u r v e s  a r e  obta ined  for  
~p  = 0.02, 0.04, 0.005, 0.01, 0.02, and 0.04, r e s p e c t i v e l y .  The d i m e n s i o n l e s s  f r e q u e n c i e s  a r e  ind ica ted  n e a r  
the plotted points  (~2 = 2nft0, w h e r e f  is  the  d i m e n s i o n a l  f r e que nc y  of the o s c i l l a t i o n s  in Hz). A s e r i e s  of 
points  which w e r e  ca l cu l a t ed  d i r e c t l y  by n u m e r i c a l  i n t e g r a t i o n  of Eqs.  (2.12) fo r  a h a r m o n i c  p r e s s u r e  d i s -  
t u r b a n c e  with amp l i t ude  6p = 0.04 is shown h e r e  by c r o s s e s  for  a f l a me  with v = 2. Ana logous  c a l c u l a t i o n s  
w e r e  made  for  6p = 0.02 and 0.08 with ~ = 100. 

The point  G(100) f o r  6p = 0.02 co inc ide s  with the c o r r e s p o n d i n g  point  p r e s e n t e d  in F ig .  2 whi le  for  
5p = 0.08 it  is loca ted  somewhat  below it.  Th i s  is  expla ined by the i n t e n s i f i c a t i o n  in the n o n l i n e a r i t y  of the 
o s c i l l a t i o n s  in the r a t e  of heat  r e l e a s e  with an i n c r e a s e  in the ampl i t ude  of the p r e s s u r e  d i s t u r b a n c e s ;  at  
5p = 0.08 the r a t io  of the ampl i t ude  of the second h a r m o n i c  of the r a t e  of heat  r e l e a s e  to the a mp l i t ude  of 
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the f i r s t  h a r m o n i c  is  0.2, whi le  at  5p = 0.02 and 0.04 the ra t io  is  ~ 0.01. Hence  it  fol lows that  with a d e -  
c r e a s e  in the p r e s s u r e  d i s t u r b a n c e s  the f r e q u e n c y  c h a r a c t e r i s t i c s  obta ined  by the d i f f e ren t  methods  c o n -  
verge .  The  good a g r e e m e n t  of the r e s u l t s  of the c a l c u l a t i o n s  by the two methods  shows that  the a m p l i t u d e -  
phase  f r equency  c h a r a c t e r i s t i c  of a f l ame ,  which d e s c r i b e s  the s t a t i o n a r y  o s c i l l a t i o n s  in the i n t e g r a l  r a t e  
of heat  r e l e a s e  for  a h a r m o n i c  d i s t u r b a n c e  which has a s m a l l  ampl i tude ,  can  be d e t e r m i n e d  f rom the t r a n s i -  

t ion funct ion.  

The  f o r m  of the f r equency  c h a r a c t e r i s t i c s  i nd i c a t e s  that  r e s o n a n c e  p r o p e r t i e s  of the f l a me  a r e  p r a c -  

t ica l ly  absen t .  The  modulus  G(~2) g rows  mono ton ica l l y  with an i n c r e a s e  in f r equency .  

The  o s c i l l a t i o n s  in the i n t e g r a l  r a t e  of hea t  r e l e a s e  a r e  caused  by the o s c i l l a t i o n s  in the c h e m i c a l  r e -  
ac t ion  ra te ,  which o c c u r  ma in ly  b e c a u s e  of the t e m p e r a t u r e  v a r i a t i o n  in the r eac t i on  zone.  As ~2~ 0 the 
r e l axa t i on  t i m e  of the f ron t  b e c o m e s  much l e s s  than the per iod  of the o s c i l l a t i o n s .  The  d i s t r i b u t i o n s  of 
t e m p e r a t u r e  and c o m p l e t e n e s s  of c o n v e r s i o n  which c o r r e s p o n d  to a f ron t  which p ropaga tes  with cons t an t  
ve loci ty  through a m i x t u r e  with the c u r r e n t  va lues  of t e m p e r a t u r e  and dens i ty  a r e  e s t ab l i shed  a l m o s t  i n -  
s t an t ly  in the f ront .  Because  of th is  q u a s i s t a t i o n a r y  n a t u r e  of the f l ame  propaga t ion  the t e m p e r a t u r e  d i s -  
t u r b a n c e s  in the c h e m i c a l  r e a c t i o n  zone  a r e  equal to i t s  ad iaba t ic  d i s t u r b a n c e s  in the o r i g i n a l  m ix tu re :  T~= 

(y--1)y-lp'pl0-1T10 , Outs ide  the r e a c t i o n  zone the t e m p e r a t u r e  d i s t u r b a n c e s  T~. in the c o m b u s t i o n  p roduc t s  
wil l  be  ad iaba t ic ,  j u s t  as  in the in i t i a l  m i x t u r e :  T~ = (y--1)y-ip'p20-1T20 (in the equa t ions  for  T~ and T~ a l l  

the va lues  except  y a r e  d i m e n s i o n a l  and Pl0 = Pa0)" 

With an i n c r e a s e  in the f requency  the r e l a x a t i o n  t i m e  of the f ron t  b e c o m e s  c o n s i d e r a b l y  g r e a t e r  than 
the per iod  of the o s c i l l a t i o n s .  The p r o c e s s e s  of t r a n s p o r t  and heat  r e l e a s e  have  l e s s  and l e s s  effect on the 
v a r i a t i o n  in gas  t e m p e r a t u r e  in an o sc i l l a t i on  per iod ,  whi le  the r e l a t i o n  be tween  the o s c i l l a t i o n s  in  p r e s s u r e  
and t e m p e r a t u r e  a p p r o a c h e s  m o r e  and m o r e  toward  an i s e n t r o p i c  r e l a t ion .  The  t e m p e r a t u r e  of the m i x t u r e  
in the r eac t ion  zone  is c l o s e  to the  t e m p e r a t u r e  T20 of the c o m b u s t i o n  p roduc t s ,  hence  the t e m p e r a t u r e  d i s -  
t u r b a n c e s  in this  zone  wi l l  approach  the va lue  T~. with an i n c r e a s e  in f requency .  S ince  T20 > T10 , the t e m -  
p e r a t u r e  d i s t u r b a n c e s  in the c h e m i c a l  r eac t i on  zone at  high f r e q u e n c i e s  a r e  g r e a t e r  than at  low f r e q u e n c i e s .  
The  r e a c t i o n  r a t e  i n c r e a s e s  with an i n c r e a s e  in t e m p e r a t u r e  and a c c o r d i ng l y  the r e s p o n s e  of the f l ame  at 
high f r e q u e n c i e s  is  g r e a t e r  than at low f r e q u e n c i e s .  

It fol lows f rom Fig .  2 that  the o s c i l l a t i o n s  in the i n t e g r a l  r a t e  of heat  r e l e a s e  a lways  lead the p r e s -  
s u r e  o s c i l l a t i o n s .  The phase  shift  be tween  the o s c i l l a t i o n s  in the r a t e  of heat  r e l e a s e  and the p r e s s u r e  o s -  
c i l l a t i ons  is  expla ined  by the phase  shift  be tween  the t e m p e r a t u r e  o s c i l l a t i o n s  in the c h e m i c a l  r eac t i on  zone 
and the p r e s s u r e  o s c i l l a t i o n s .  The a p p e a r a n c e  of such a phase  shif t  r e s u l t s  f rom the fact  that the t e m p e r a -  
t u r e  v a r i a t i o n  at s o m e  fixed point  of the gas due to p r e s s u r e  o s c i l l a t i o n s  is  a c c ompa n i e d  by a s i m u l t a n e o u s  
i n c r e a s e  in the a v e r a g e  t e m p e r a t u r e  as it  p a s s e s  through the f l ame .  Let us dwell  on th is  point  in m o r e  de -  
ta i l .  It wil l  now be c o n v e n i e n t  to c o n v e r t  to d i m e n s i o n a l  va lues  for  t h e  dependent  v a r i a b l e s  p, p, and u. 

Let us c o n s i d e r  an idea l i zed  model  of a f l a m e  which c o n s i s t s  of a s u r f a c e  of heat  r e l e a s e  and a Miche l  
son t e m p e r a t u r e  p ro f i l e  in f ron t  of it  

To (q, t) := 1'10 -t- (T~.0 - -  Txo) exp [ - -  c ~ n  (q - -  rot) / p,0•,ol 

w h e r e  q->mt .  We wi l l  a s s u m e  that  the m a s s  p ropaga t ion  r a t e  m of such a f l a me  is  cons t an t .  The s u r f a c e  
of hea t  r e l e a s e  p a s s e s  through the point  with the c o o r d i n a t e  q at the t i m e  t = q/re .  The t e m p e r a t u r e  T(q, t) 
at  s o m e  fixed point  of the gas with the c o o r d i n a t e  q depends  on the hea t ing  in the w a r m u p  zone of the f l ame  
and on the ad iabat ic  c o m p r e s s i o n  or  r a r e f a c t i o n  in the p r e s s u r e  wave.  II p r e s s u r e  d i s t u r b a n c e s  a r e  a b s e n t  
for  t < 0 the t e m p e r a t u r e  d i s t u r b a n c e  is  

t 

T ' ( q , t ) : = T ( q , t ) - - T o ( q , t )  " r ~ l  p,ol i T o ( q , ~ ) ~ d p  d~ 
0 
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H e n c e  the t e m p e r a t u r e  d i s t u r b a n c e  at  the  s u r f a c e  of hea t  r e l e a s e  i s  

t: 
T,.' (t) -- "r --'r t e,. ~ ., ~ To (mt, ~)-~; d;  

o 

Le t  us  c h a n g e  to the  d i m e n s i o n l e s s  i ndependen t  v a r i a b l e s  7- and ~, a s s u m i n g  tha t  u 0 = m/pI  0 in Eq. (2.3). 
Tak ing  the  p r e s s u r e  d i s t u r b a n c e  in the  f o r m  p'  = 5p s in  ~2T, a f t e r  i n t e g r a t i o n  we  ob ta in  

. Tz0 -- T10 T2> --  Tl0 } Tn' (x) p~0~SP 3"--13. T10sin-QT-t- IT-~"  ( c ~ 1 7 6  ! + ~ f 2 e x p ( - - r )  

The  l a s t  t e r m  i s  c o n n e c t e d  wi th  the  t r a n s i t i o n a l  p r o c e s s  of e s t a b l i s h i n g  the  o s c i l l a t i o n s  Tn' (r) .  As  
T - - ~  i t  i s  r e d u c e d  to z e r o .  T h e  f i r s t  two t e r m s  d e s c r i b e  the  e s t a b l i s h e d  t e m p e r a t u r e  o s c i l l a t i o n s ,  which 
c a n  b e  r e p r e s e n t e d  in the  f o r m  

Tn'(X) 5p T - - I  T1,j[ t "  a,"~): l,"z 0 - ] sin (..~ + q~) pJo 7 t q- ~- 
r = arc tg [(% - -  l) .Q / (l +ao.q2)l ,  a o =  T ~ o / T l o > l  (3.1) 

F r o m  t h i s  i t  fo l lows  tha t  the  t e m p e r a t u r e  o s c i l l a t i o n s  a t  the  s u r f a c e  of hea t  r e l e a s e  a l w a y s  l e ad  the  
p r e s s u r e  o s c i l l a t i o n s  (q~ > 0), and the a m p l i t u d e  of the  o s c i l l a t i o n s  Tn ' ( r )  i s  a m o n o t o n i c a l l y  i n c r e a s i n g  f u n c -  
t ion of the  f r e q u e n c y .  

We can  g ive  the  r a t e  of h e a t  r e l e a s e  a t  such an i d e a l i z e d  f l a m e  f ron t  by the  equa t ion  

F (q, t) = kp  ~ T -~ e x p ( - - E / R T )  5 ( q - - m t )  

in which  the  d e p e n d e n c e  of the  c h e m i c a l  r e a c t i o n  r a t e  on the  p r e s s u r e  and t e m p e r a t u r e  i s  r e t a i n e d  w h e r e a s  
t he  c o n c e n t r a t i o n  of the  i n i t i a l  m a t e r i a l  a t  the  s u r f a c e  of h e a t  r e l e a s e  i t s e l f  i s  r e d u c e d  to z e r o .  H e r e  k is  
a p r o p o r t i o n a l i t y  c o e f f i c i e n t  and 5 ( q - m t )  is  the  D i r a c  d e l t a  funct ion .  F o r  the  r e a l  and i m a g i n a r y  c h a r a c -  
t e r i s t i c s  w e  obta in  

v ~'--I  { g , _ 0 1 0 ~ ,  ImGl(Q) Z- - I  t~l~ -;-P-'~ Re GI (~) := T + "c \ ~,, -r t 

The a m p l i t u d e - p h a s e  f r e q u e n c y  c h a r a c t e r i s t i c  d e s c r i b e d  by t h e s e  e q u a t i o n s r e p r e s e n t s  a s e m i c i r c l e  
l o c a t e d  in the  f i r s t  q u a r t e r  of the  Gl(~l ) p l ane .  As  ~2 ~ ~ the  v a l u e s  Re G 1 and Im G 1 a p p r o a c h  the va lue s  
c a l c u l a t e d  on the c o m p u t e r .  Ti le  a g r e e m e n t  of the  g e n e r a l  f o r m  of the  funct ion  Gt(f2) with the  f o r m s  p r e -  
s e n t e d  in F i g .  2 shows  tha t  the  ma in  r e a s o n  fo r  the  d e p e n d e n c e  of the  r e s p o n s e  of the  f l a m e  on the f r e q u e n c y  
of the  o s c i l l a t i o n s  i s  the  d e p e n d e n c e  of the  t e m p e r a t u r e  d i s t u r b a n c e s  in the c h e m i c a l  r e a c t i o n  zone  on the  
f r e q u e n c y .  With  an i n c r e a s e  in the  p a r a m e t e r  I~x0[i which  is  p r o p o r t i o n a l  to the  r a t i o  of the  t i m e  the  gas  
r e m a i n s  in the  e n t i r e  f l a m e  f ron t  to the  t i m e  i t  r e m a i n s  in the  c h e m i c a l  r e a c t i o n  zone ,  the  a m p l i t u d e  and 
p h a s e  c h a r a c t e r i s t i c s  of t he  f l a m e  b e c o m e  m o r e  f r e q u e n c y - d e p e n d e n t .  

T h e  f r e q u e n c y  c h a r a c t e r i s t i c s  o b t a i n e d  can  be  used  in a l i m i t e d  f r e q u e n c y  r e g ion .  The  cond i t i on  5/~<< 
1 i s  equ iva l en t  to the  cond i t i on  f2<<2rrcl0/unrn, w h e r e  5 i s  the  width of the  f l a m e  f ron t ,  ), i s  the  length  of the  
sound wave ,  T n IS the  d i m e n s i o n l e s s  t i m e  the g a s  r e m a i n s  in the  f l a m e  f ron t ,  c10 i s  the  s p e e d  of sound,  and 
Un i s  t he  v e l o c i t y  of f l a m e  p r o p a g a t i o n .  Le t  us e s t i m a t e  the  r e g i o n  of a d m i s s i b l e  f r e q u e n c i e s  ~2 f o r  a f l a m e  
with  u = 2. A c c o r d i n g  to the  c a l c u l a t i o n s  rn  = 0.3 (at the  l ead ing  b o u n d a r y  of the  f l a m e  the  c o m p l e t e n e s s  of 
c o n v e r s i o n  ~ = 0.01, a t  the  t r a i l i n g  f ron t  cr = 0.99); the  c h a r a c t e r i s t i c  va lue  of the  r a t i o  c l0 /u  n = 600 fo r  a 
h y d r o c a r b o n - a i r  m i x t u r e  with an i n i t i a l  t e m p e r a t u r e  of 373 ~ K.  H e n c e  i t  fo l lows  tha t  P. << 1 .3 .  104; wi th  

good a p p r o x i m a t i o n  w e  h a v e  f2 _< 103. 

4. Le t  us e x a m i n e  the  e f fec t  of the  p h y s i e o c h e m i c a l  p a r a m e t e r s  on the  f r e q u e n c y  c h a r a c t e r i s t i c s  of 
f l a m e s  hav ing  a s e c o n d - o r d e r  r e a c t i o n .  The  f o r m  of the  f r e q u e n c y  c h a r a c t e r i s t i c s  d e p e n d s  m a i n l y  on the 
d i m e n s i o n l e s s  p a r a m e t e r s  

ao = r~o / Tlo,  go = E / B r 2 o ,  ~1o = ( r i o  - -  r~o) E / BT~o ~ 

They cannot  va ry  independent ly  of one another .  T h e r e f o r e  it is m o r e  convenien t  to ana lyze  the d e -  
pendence  on the  fo l lowing  d i m e n s i o n a l  p a r a m e t e r s :  the  t e m p e r a t u r e  of the  i n i t i a l  m i x t u r e  T10, the  c a l o r i f i c  
e f fec t  of the  r e a c t i o n  Q = c p ( T 2 0 - T l 0 ) / ( l  -h i0 ) ,  the  a c t i v a t i o n  e n e r g y  E, and the  c o m p o s i t i o n  of the  m i x t u r e  
o r  the  i n i t i a l  c o m p l e t e n e s s  of c o n v e r s i o n  hi0. 
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Let  us e x a m i n e  the e f fec t  of t h e s e  p a r a m e t e r s  s e p a r a t e l y ,  

c o n s i d e r i n g  the  r e m a i n i n g  d i m e n s i o n a l  p a r a m e t e r s  as  cons tan t .  

Let  us s e l e c t  the  f l a m e  f ron t  with the p a r a m e t e r s  taken in P a r t  3 
as the  in i t i a l ,  l a t e r  c a l l e d  the s t anda rd ,  f l a m e  front .  We wi l l  a s -  

s u m e  the p r e e x p o n e n t i a l  f a c t o r  ki and the Lewis  n u m b e r  Le to be  
i d e n t i c a l  f o r  a l l  the  f l a m e s  (Le = 1). An a s t e r i s k  to the upper  

r i gh t  of a c h a r a c t e r  wi l l  mean  that  the va lue  p e r t a i n s  to the s t a n d -  
a rd  f l ame .  

A m p l i t u d e - p h a s e  f r e q u e n c y  c h a r a c t e r i s t i c s  of f l a m e s  which 

d i f f e r  f r o m  the s t anda rd  f l a m e  ( cu rve  V) by one  of the  p a r a m e -  

t e r s  a r e  p r e s e n t e d  in F ig .  3. The  points  on the c u r v e s  a r e  n u m -  

b e r e d .  Poin t  1 c o r r e s p o n d s  to the f r e q u e n c y  ~ = 1, point  2 c o r -  

r e s p o n d s  to 5, 3 to 10, 4 to 50, 5 to 100, 6 to 250, 7 to 500, and 8 

to 1000. Tt~e s a m e  d i m e n s i o n a l  o s c i l l a t i o n  f r e q u e n c y f  on t h e s e  

c u r v e s  c o r r e s p o n d s  to d i f f e r e n t  v a l u e s  of P.; the  connec t ion  b e -  

tween them is ~* =K~7, w h e r e  K = t0/ t*.  

A twofold d e c r e a s e  in a c t i va t i on  e n e r g y  ( cu rve  I) l e ads  to a change  in the d i m e n s i o n l e s s  p a r a m e t e r s  

a0 = 5.0, go = 5.42, and ~10 = - 4 . 3 4  and to an i n c r e a s e  in the i n t e g r a l  r a t e  of h e a t  r e l e a s e  S O and the n o r m a l  
ve loc i ty  of flame, p ropaga t ion  Un. The  r e s u l t s  of n u m e r i c a l  i n t e g r a t i o n  show that  

So --- 85So*, u, = 85u,*, u, =4Uo,  K -  1800 

A twofold i n c r e a s e  in Q l eads  to an i n c r e a s e  in the  t e m p e r a t u r e  of the c o m b u s t i o n  p r o d u c t s  T20 = 

3360 ~ K (cu rve  II). The  d i m e n s i o n l e s s  p a r a m e t e r s  f o r  such a f l a m e  a r e  (~0 = 9.0, go = 6.0, and ~10 = - 5 . 3 6 ;  

f o r  the i n t e g r a l  r a t e  of h e a t  r e l e a s e  and the n o r m a l  ve loc i t y  of f l a m e  p ropaga t ion  we  obtain  

So = 41.2S0", u, -" 20.6u~*, u, 4.67u,, K = t62 

A twofold i n c r e a s e  in the  t e m p e r a t u r e  of the in i t i a l  m i x t u r e  ( cu rve  IIl) g i v e s  the fo l lowing  va lues  of 

the  p a r a m e t e r s :  

% := 3.0, go = 9.02, O1,-- --6.03,  S O -- 7.28So*, u,, = i4.56u,,*, 
u, ,  - 3u o, K :,= 2.57 

It i s  seen  f r o m  the equa t ions  and boundary  cond i t i ons  (2.12) that  the f r e q u e n c y  c h a r a c t e r i s t i c  G(.Q) 

does  not depend on the a v e r a g e  p r e s s u r e  and the in i t i a l  c o m p l e t e n e s s  of c o n v e r s i o n  hi0. Dur ing  the d i lu t ion  

of the in i t i a l  m i x t u r e  by the c o m b u s t i o n  p r o d u c t s  i t s  t h c r m o p h y s i c a l  p r o p e r t i e s ,  which a f fec t  G(~), a r c  
changed .  

Let  us a s s u m e  that  the mix ing- in  of the hot  c o m b u s t i o n  p roduc t s  t akes  p l ace  with the  condi t ion  that  

the  to ta l  spec i f i c  enthalpy w of the m i x t u r e  r e m a i n s  cons t an t ,  w = cpT10 + Q(1-h l0)  ( cu rve  IV). Then,  t ak ing  

hi0 = 0.25, we  obtain  the i n c r e a s e  in the in i t i a l  t e m p e r a t u r e  T10 = 2Tt0*. The p a r a m e t e r s  of th is  f l a m e  a r e :  

a0 == 2.5, go -- t0.84, ~lo = - -  6.5, S O -- '2.18S,*, u,, - 5.8u,~*, 

u~ = 3.1 u o, K : 6.27 

If the  co ld  c o m b u s t i o n  p r o d u c t s  a r e  mixed  in, the t e m p e r a t u r e  of the in i t i a l  m i x t u r e  does  not change ,  

but  the  t e m p e r a t u r e  of the c o m b u s t i o n  p r o d u c t s  d r o p s  b e c a u s e  of the d e c r e a s e  in the c a l o r i c i t y  of the m i x -  

t u r e  (curve  VI). Taking  hi0 = 0.25 we  obtain  T20 = 1429 ~ K. The  d i m e n s i o n l e s s  p a r a m e t e r s  of such a f ron t  

a r e  a0 = 4.0,  go = 12.2, and ~10 = - 1 0 . 1 5 ,  and fo r  S O and Un we  obtain 

S O = 0.35So*, u~ = 0.46u~*, u,~ = 3.1uo, K = 0.453 
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Fig. 5 

If follows f rom Fig .  3 that va r i a t ion  in the phys icochemica l  
p a r a m e t e r s  of the f l ame  within wide l i m i t s  does not lead to a 
change in the ove ra l l  fo rm of the a m p l i t u d e - p h a s e  f requency c h a r -  
a c t e r i s t i c .  The, d i s t r i b u t i o n  of the mark ings  of f requency ~2 along 

the c u r v e s  p r e s e n t e d  c o n f i r m s  the conclus ion  that  the dependence 
of the ampl i tude  and phase  c h a r a c t e r i s t i c s  on the f requency in -  
c r e a s e s  with an i n c r e a s e  in the modulus of the p a r a m e t e r  J10. 

5. The abso lu te  values  of the d i s t u r ba nc e s  in the in tegra l  
r a t e  of heat  r e l e a s e  a r e  impor t an t  fo r  an ana lys i s  of the s tab i l i ty  
of combust ion.  Let  us examine  the effect of changes in the phys i -  
cochemica l  p a r a m e t e r s  on these  values .  The r e s u l t s  of the ap-  
p r o p r i a t e  ca lcu la t ions  a r e  p resen ted  in F ig .  4, which p e r m i t s  a 

c o m p a r i s o n  among the values  of the d i s tu rbed  in t eg ra l  r a t e  of heat r e l e a s e  for  the f l ames  examined above. 
The value (S0/S0*)Re G is  laid out along the ord ina te .  The r a t i o  S0/S0* is taken f rom the r e s u l t s  of c a l c u l a -  
t ions for  s t a t iona ry  f ronts .  The d imens ion l e s s  f requenc ies  ca l cu la t ed  f rom the p a r a m e t e r s  of the s tandard  
f ront  a r e  laid out along the a b s c i s s a .  The convers ion  coef f ic ien t s  K p resen ted  above a r e  used for  the change 
f rom the f requency ~2 to the f requency ~* (the des igna t ions  of the cu rves  in F i g s .  4 and 5 a r e  the s a m e  as  
in Fig .  3). It is  seen f rom Fig.  4 that the g r e a t e s t  r c s p o n s e  occu r s  for  f l ames  with a high veloci ty  of p r o p a -  
gation. The r e s p o n s e s  of thc f l ames  under  cons ide ra t ion  ca lcu la ted  in the q u a s i - s t a t i o n a r y  approx imat ion  
(dashed l ines) a r e  a l so  p r e sen t ed  in this  f igure .  F o r  s t a t iona ry  f l ame  propagat ion  the equation 

S, = Qlplou, (5.1) 

is  valid,  where  Q1 is  the c a l o r i c i t y  of the mix tu re  and Un is the normal  veloci ty  of propagat ion  of the f lame.  
Accord ing  to [7] 

�9 2~!x20k~r,~o"-(~-h,,,)'-' [ T,~ ( E 
u"2= ev~7"-~); : ia  \ ~ )  ~,'----ff-'~ ) exv 1r (5.2) 

The values  of un ca l cu la t ed  f rom this  equation a g r e e  wel l  with exper iment .  We a s s u m e  that Eq. (5.1) 
is  val id a lso  fo r  low f requenc ies  ~2. Then, va ry ing  Eq. (5.1) fo r  S O over  a l l  the v a r i a b l e s  except the c o m -  
p le teness  of conver s ion  hl0 , using an adiabat ic  dependent  e between the p r e s s u r e ,  t e m p e r a t u r e ,  and dens i ty  
fo r  the in i t ia l  mix ture ,  and keeping in mind the equali ty between the t e m p e r a t u r e  d i s tu rbances  in the c h e m -  
ica l  r eac t ion  zone with the t e m p e r a t u r e  d i s t u r ba nc e s  in the in i t ia l  m ix tu re  fo r  sma l l  ~2 [Eq. (3 .1)] , t .e . ,  T2'= 
TI~,  w e  obtain the following equation for  the f requency c h a r a c t e r i s t i c :  

- : - ~ T  ~T v + 2 ~  ~--~)7-~-  (5.3) 

It is  seen f rom Fig.  4 that the dashed l ines  ca lcu la t ed  using this equation a r e  located nea r  the cu rves  
obtained by numer i ca l  in tegra t ion :  at low f requenc ies  I2 the d i s t u r ba nc e s  in the in tegra l  r a t e  of heat  r e l e a s e  
can be de t e rmined  with good a c c u r a c y  on the b a s i s  of the q u a s i - s t a t i o n a r y  approximat ion .  

Let us c l a r i fy  the region  of d imens iona l  f requenc ies  for  which this  approx imat ion  is valid.  F o r  this  
one must  know the c h a r a c t e r i s t i c  t ime  t 0, which can be  found f rom Eq. (2.3) if the preexponent ia l  f ac to r  k i 
is known. We choose  i t  in such a way that the ca lcu la t ed  value of Un co inc ides  with the expe r imen ta l  ve -  
loci ty  of f l ame propagat ion U for the given p a r a m e t e r s .  F r o m  the r e s u l t s  of the numer i ca l  in tegra t ion  we 
have Un = / u  0 and fo r  the s t andard  front  1 = 3.66. We note that the value ca l cu la t ed  for  the s tandard  front  
p r ac t i c a l l y  co inc ides  with the value of Un de te rmined  f rom Eq. (5.2). Fxom a c o m p a r i s o n  of Eqs. (2.4) and 
(5.2) we have Un 2 = 2u! (T20/T10)~ Hence fo r  the s tandard  front  Un = 3.66u 0. 

Taking u n = U, for  the de t e rmina t ion  of the d imens iona l  f rcqucncy we obtain 

where  Y40 = X10/CpPl0 is the t h e r m a l  diffusivi ty  coef f ic ien t  of the in i t ia l  mixture .  F o r  the s t andard  f lame 
front  with T10 = 373 ~ K the propagat ion veloci ty  U, in the c a s e  of a benzene - a i r  mix ture  for  example ,  is  
60 c m / s e c  and >'4o = 0.23 cm2/sec  [8]. F o r  these  values  we h a v e f  = 185~* Hz. 

The f requency dependence  of the phase  angle of the shif t  between the osc i l l a t i ons  of the in teg ra l  r a t e  
of heat  r e l e a s e  and the p r e s s u r e  osc i l l a t ions  is  shown in Fig .  5. It is  seen that this  angle does  not exceed 
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23 ~ so that the changes in the integral ra te  of heat re lease  occur  pract ical ly  instantaneously with the p r e s -  
sure  changes. 

Fo r  all the f lames examined [Re G(~2)-Re G(0)]/Re G(0) -<0.1 for  9.-<3 (see Fig. 3). Ilence it follows 
that in a wide region of frequencies 

0 ~ ] ~  U 2/2• 

(depending on the pa ramete r s  of the front f-< 500-3000 Hz) the frequency charac te r i s t i c  can be calculated 
with sufficient accuracy  for  es t imates  of the se l f - t r igger ing  of the oscil lat ions f rom Eq. (5.3) which was ob-  
tained in the quasi -s ta t ionary approximation. 

The authors  thank V. E. Doroshenko for attention to the work and discussions.  
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