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The majori ty of models of the turbulent combustion of gases are  based mainly on intuitive 
concepts  concerning the p roces se s  occur r ing  In the flame. The cha rac t e r i s t i c s  of a turbulent 
flame a re  est imated from considerat ions of dlmensionality and similari ty.  A detailed review 
of works on turbulent combustion is given in [1]. P rob lems  on the calculation of the combus-  
tion rate in a turbulent s t ream as a p roper  value of the equations of heat and mass t r ans fe r  
and of the cor responding  boundary conditions have recently been raised. Here too one must 
res t  on assumptions of a semiempir ica l  nature, which in large measure  is connected with the 
inadequate level of development of turbulence theory. In the present  work the equation of 
propagation of  the zone of chemical  react ions  in the s t ream is averaged stat is t ical ly by anal-  
ogy with studies of turbulent flows. Cor rec t  averaging is possible at scales  of hydrodynamic 
dis turbances  smal le r  than the flame thickness (f ine-scale turbulence). The t empera tu re  pul- 
sations a rc  related with the size of the heat flux using the theory of mixing lengths. The main 
influence is specific to effects a r i s ing  during averaging of the heat re lease  function, Two 
stat ionary modes, distinguished by the normal  propagation velocity wl, a re  isolated w~hin 
the f ramework  of the Cauchy problem with a given initial mixture t empera tu re  and zero  heat 
flttx in the burned gas. A heat conduction mode occurs  with a s t ream velocity w > w 1 and an 
induction mode with ~ < w I. An expression is found for wl which ref lects  the principal effects 
in the f lame and which in the limit coincides with the equation of Zel 'dovich and Frank-  
Kamenetskit  for a laminar  flame. In those cases  when the distort ing effect of the heat r e -  
lease function is small ,  the turbulence affects the combustion rate through mechanisms of in- 
tensification of t r anspor t  p rocesses .  

1. Bearing in mind the case  Le =D/~  =1, let us exanaine only the energy equation. Fur the rmore  we 
will use the notation of [3]. The small scales  of the dis turbances  make it possible to consider  the 
one-dimensional  sys tem 

OF OT O'-r 
0-7- + w-~- = • + O(T) (1.1) 

Here the actual values are  related with the average  values (w>, <T> and the pulsation components 
w' ,  T '  by the equations 

T = <T> -5 Y', w = <w> -5 w' (1.2) 

For the relation between the hydrodynamic and thermal fields one can draw on the theory of the mix- 

ing length of Prandtl 

T' = l~O<T> /Ox (1.3) 

Averaging (1.1) with allowance for  (1.2) and (1.3) and using Reynolds '  rules  gives 

@ < T> 0 2 <T) 
<w> ~ ---- (• ~,- law') ~ q- <(I) (T)> (1.4) 
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The influence of i r regu la r  convective heat t r ans fe r  on the coefficient of molecular  thermal  diffusivity 
has always been taken into account, but the distort ion of the heat re lease  function and the influence of this 
effect on the cha rac te r i s t i c s  of the flame has been taken into account only in recent  works (see [1-3] and the 
l i tera ture  cited there).  

In [3] a study was made of an analog of Eq. (1.4) with the corresponding boundary conditions compos-  
Lag the problem on the proper  value. When the heat re lease  function for highly exothermic f lames (the t e m -  
pera ture  of the burned gas is more than twice as high as the t empera tu re  of the cold mixture) is cut off at 
the cold boundary the p roper  value of the problem, corresponding to the "normal"  velocity of the turbulent 
value, exists only when Ii -< l , .  A more  detailed study shows that this condition is not violated for  f ine- 
scale turbulence.  

The necess i ty  of cutting off the heat re lease  function at the cold boundary is not always justified in 
technical  settings. Frequently the thermal  conditions at the inlet of the combustion system are such that 
the charac te r i s t i c  chemical  t ime at the cold end is comparable  to and even less  than the t ime of the process ,  
so that the intermediate asymptotic form of the solution of the problem for a normal  f lame proves  to be 
incor rec t .  

The s tat ionary modes of existence of a flame In a laminar  s t ream,  when the chemical  reaction rate at 
the initial t empera tu re  cannot be neglected, are  descr ibed in [4, 5]. 

We will investigate the effect of turbulence on such f lames s tar t ing f rom the equation (we will omit 
the averaging brackets) 

dp �9 (u, p) O} 
d-~ = p (1.5) 

with the Initial (In the sense of the Cauchy problem) condition 

p = 0 ,  u = 0  (1.6) 

The dimensionless  form of Eq. (1.5) Is related to Eq. (1.4) by the equations 

Ou T + -  T x x 
P = - - - ~ - ,  u = ~ , + _ . r _ ,  ~ =  

[(x + x~) ~+l"' ~" 
z+ = p*~z-1 exp (E  / RT4)  

~o = Z ( r .  - -  T_) / RT+ 2 

o~ = ~v (,t + ul)-':'T+'/', x ,  = l lw ' ,  

z = t - -  T _ / T +  = Q / c T +  

The average dimensionless  heat re lease  function for  the f i r s t - o r d e r  react ion has the form [31 

0o(~ + Fp) ]+ 
2~P (u, p) = (u "4- Fp)  exp - -  [. 1 - -  z (u + Fp) 

Oo (u -- Fp) (1.7) 
+(u--Fp)exp[-- ,_z(u_F,) ] 

where the pa rame te r  F cha rac t e r i ze s  the relat ive scale of the turbulent pulsations 

F = 1, l z+ (1.8) 

The initial condition (1.6) means the absence of heat fluxes af ter  the flame reaches  the maximum 
tempera ture .  

The total thermal  diffusivity coefficient ~ + / lw'  enters  into the scaling var iables ,  i.e., the dependence 
of l lw'  on the pa rame te r s  of the main s t r eam Is actually neglected. Such a region of constant ~t 1 is real ized 
for flows in pipes, when Re > 104 [6]. In this case  one can isolate the effect of distort ion of the average 
heat re lease  function in pure fo rm,  separat ing the well-known Damk~hler effect of an increase  in the inten- 
sity of t ranspor t  p rocesses  in a turbulent s t ream.  

2. The problem (1.5)-(1.7) was analyzed on an electronic computer .  A study was made of the func- 
tion u(~,  w, a ,  F, 00) and the cha rac te r i s t i c s  connected with it: L is the length of the pref lame zone, or  
the distance to the point of maximum react ion rate reckoned f rom the cold end, and Pt ls the heat flux at 
the cold boundary. The ranges  of var ia t ion of the pa rame te r s  of the problem are :  0 <- w ~ 10, 0 <_ F -< 10, 
0 <- a <- 0.8, 1 -< 00 <- 10. The principal  resul ts  are  presented in the graphs. Although calculat ions are  
given only for  a small  selection of pa ramete r s ,  never theless  all the important aspects  of the qualitative 
pat tern of the phenomenon are reflected in them. 
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The behavior of the tempera ture  curves  for  different w is 
shown in Fig. 1, with 00=10 , a =0.2, and F = 6 .  The numbers  1, 2, 
and 3 cor respond  to w =0.1, 0.2, and 0.3. For  small  o~ the region 
of high heat fluxes pract ica l ly  coincides with the length of the flame, 
while at ra ther  high w the heat fluxes are  small  on a considerable  
length of flame. In the f i rs t  case  the original  mixture is p repared  
for  combustion through conductive heat t r ans fe r  (heat-conduction 
mode), while at large w the cold gas is warmed by the heat l iberated 
in the course  of the chemical  react ion (induction mode). 

The condition separat ing the two modes is the equality of the 
s t r eam velocity w with the normal  velocity of flame propagation ~ ,  
which can be determined as the p roper  value of the problem (1.5)- 

(1.7). When w < w I the flame t rave ls  against the s t ream,  contrac t ing the size of the warming zone. The 
heat flux into the cold mixture grows accordingly,  which has a stabilizing effect on the flame motion. If 

> wl the s t r eam c a r r i e s  the flame down along the flow until the t ime of movement of a port ion of gas be-  
comes  insufficient for the ignition of this portion. 

We can apply the views developed in [5] for the laminar  case at F = 0 to the problem of a f ine-scale  
flame. Here it is essent ia l  that w, being an a rb i t r a ry  pa rame te r  of the problem, determines  the convective 
par t  of the heat exchange. 

For  a fixed w and constant  kinetic p a r a m e t e r s  the s ta t ionary occur rence  of the p roces s  is possible 
for a single value of the heat flux into the cold mixture.  Thus, the t empera tu re  gradient at the cold bound- 
a ry  and in the entire region is related to the value of w. 

If F =0 the heat re lease  function @(u) does not va ry  with w and has a maximum at u ~0.1.  When F > 
0 the dependence of the average reaction rate on the tempera ture  gradient gives r i se  to its dependence on 
w. One can see f rom Fig. 2 that with a drop in w the react ion rate  maximum is broadened, approaching the 
cold end. Curves 1-7 co r respond  to w=0.1,  0.2, 0.3, 0.6, 1, 1.5, 2. At the v e r y  edge u = l  the heat re lease  
function does not equal zero  for small  w. This is possible because of the large t empera tu re  gradient. With 
an increase  in the s t r eam velocity the gradient dec reases  and its distort ing effect on the heat re lease  
function disappears .  

In Fig. 3 is given the dependence of the logari thm of the ra t io  of the turbulent @ (1, Pt) and laminar  
@ (1,0) react ion rate functions at the cold boundary on w for different values cha rac te r i z ing  the degree of 
turbulence.  The values F =3, 6, 10 cor respond  to the curves  1, 2, 3. At cer ta in  w, depending on F, the r e a c -  
tion ra tes  in the average  turbulent and laminar  s t r e ams  are  comparable .  This value of w cor responds  to 
the normal  propagation velocity of the flame. 

The changes in the length of the pref lame zone as a function of w are  shown in Fig. 4. The family 
of curves  A was obtained for  00 =6, G =0.8 (00/ (1-  G) =30), B for  00 =10, ~ =0.2 (Oo/(1-a) =12.5), and C 
for 00 =6, G =0.2 (00/(1-  a) =7.5). In this figure the numbers  1, 2, 3, 4 are  introduced to mark the curves  
cor responding  to F =  0, 3, 6, 10. It is seen that at a cer ta in  w one s ta t ionary combust ion mode with small 
heating zones is replaced by another mode with a pref lame zone severa l  o rde r s  of magnitude larger .  
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This t ransi t ion is accomplished at different co t as a function of F. 
The depth and sharpness  of the t ransi t ion depend on the value of 
00 / (1 -  ~). At small  values of e 0 / ( 1 - r  ) the t ransi t ion region is smeared  
out. At large values of 00 / (1 -~ )  the curves  corresponding to different 
F a lmost  run together  for  all values of co, i.e., the distort ion of the heat 
re lease  function by f ine-scale  turbulence is insignificant for large ac t i -  
vation energies  E or  small  values of Q/cT§ 

The closing up of the L(co) curves  when co > co t indicates that in 
this mode the turbulence ceases  to affect the flame charac te r i s t i c  s, 
since the heat fluxes are  small  in a lmost  the entire region of occu r -  
rence of the chemical  react ions  and the almost  isothermic gas mixture 
does not undergo tempera tu re  disturbances.  

Figure 5 gives a representa t ion of the behavior of the Pt curves  as a function of w for  different F. As 
in the preceding case,  the values F =0, 3, 6, 10 cor respond  to the curves  1, 2, 3, 4. Here too one can i l lus-  
t r a te  all the above r e m a r k s  concerning the p roper t i es  of the combust ion p roce s s  in a turbulent s t ream. 

Finally, the values of 

0 

which cha rac t e r i ze s  as  a function of co the contribution of the conductive heat flux compared  with the convec-  
tive heat removal  are  plotted in Fig. 6. Here the numbers  1, 2, 3, 4 cor respond  to curves  with F =0, 3, 6, 
10. For  co < col this value is large and the heat is c a r r i e d  mainly by the conductive mechanism, while for  
co > col the ' total  heat re lease  is a lmost  fully compensated for  by the convective flux. 

3. The existence of two stat ionary combustion modes in a s t ream makes it possible to es t imate  the 
normal  velocity of a turbulent flame. When co < cot we can neglect the convective t e r m  in Eq. (1.5), leaving 
the initial condition (1.6) as before 

dp2/du = 2q) (u, p) (3.1) 

Assuming that the tempera ture  dis turbances are  not ve ry  large,  we expand the average react ion rate 
function with respec t  to the small  value u ' / u  = F p / u .  It Is easy  to ver i fy  that the f i rs t  t e r m s  of the  expan- 
sion a re  wri t ten in the form 

F2p~ ~q') 
r  ,,, an' 

(3.2) 

The l inear  t e r m  of the expansion is absent because of the s y m m e t r y  of the function. For  simplicity 
the value F2/u 2 was replaced by F2/<ul) z, where (ut> is some mean value between zero  and one. 
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For  a sufficiently large 00 an es t imate  of the heat flux in the heat-conduction mode at the cold end, 
where u = 1, gives 

1 

p,Z = (l A- 2a,F 2 ] (u, ')) [ 2 1 (O (u) du + q)x2e z l (ux)' ] (3.3) 
0 

where 

! Oo \ 
m~ = exp ~- i - ~ )  

With an increase  in the veloci ty of the impinging s t ream the role of convective heat t r ans fe r  grows 
and at some w =w 1 it becomes comparable  with the conductive heat exchange. 

This relat ionship of the heat fluxes at the cold boundary u = 1 is wri t ten in the form 

Px = r176 (3.4) 

which in conjunction with (3.3) gives the f lame veloci ty in the t ransi t ional  mode 

1 

2=,m \ ( 2 (u) du + m?F'~ I 
0 

(3.5) 

The value F =0 determines  the laminar  veloci ty of normal  flame propagation 

1 

% = 2 S q) (u) du 

The resul ts  obtained are  identical to the well-known equation of Zel 'dovich and Frank-Kamenetski i ,  
which should be expected since their  procedure  for obtaining co 0 was formal ly  repeated. But in the present  
case  the fundamental equation (1.5) was broken down not on the basis  of the spatial s t ructure  of the normal 
flame, but of the relat ionship between the different mechanisms of heat t r ans f e r  as a function of w. 

Equation (3.5) ref lec ts  the principal  aspects  of the p roces s  qualitatively cor rec t ly .  In par t icular ,  at 
large values of 00 / (1 -  cr) we have a 1 ~-- ~1 << 1, therefore  wl -'* w0 and the other cha rac t e r i s t i c s  of the 
flame are also close to laminar.  In calculat ing w I the value (ul) was taken at the point where the maxi-  
mum heat re lease  is reached,  (ul) ~0.1.  The est imate of the normal  combust ion rate used here gives an 
understated value (by about 30%) compared  with the resul ts  of a numerical  calculation, which is quite 
explainable since the assumption that the t empera tu re  pulsations are  small,  which is essent ia l  in the de r i -  
vation of the equation, is not always satisfied in the computer  calculations.  

It must be stipulated that even in the case where the influence of the factor  of distort ion of the heat 
function is ve ry  small ,  for  example 00 / (1 -  a) >>1, turbulence continues to play a role in f lame propagation 
through mechanisms of intensification of t ranspor t  p rocesses .  In the physical  var iab les  this effect is 
ref lected in the relat ionship between the normal  turublent and normal  laminar  veloci t ies  

Wr = w~ [(• + l~w') /• 

In conclusion we note that the boundary condition at the cold boundary used in [4] provides  for  the 
s tat ionary course  of the p roces s  at a single value of the maximum flame t empera tu re  T+. In the present  
work, as in [5l, the t empera tu re  T+ is uniquely determined through the initial flame tempera tu re  T and 
the given thermokinet ic  cha rac t e r i s t i c s  of the gas. In this case the stat ionary mode de termines  the single 
value of the heat flux in the original  mixture." Its value is easy  to est imate  in par t icu lar  cases .  In the heat- 
conduction mode it is determined from the solution of the equation 

dp / du = r (u, p) / p  

with the condition u =0, p =0 at the point u =1; in the extreme induction mode the s ta t ionary gradient must  
be sought for as  a root  ofthe t ranscendental  equation p = ~ (1, p)/w. 
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