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w 1. The action of preconduction e lec t r ic  f ields on f l ames  a t t r ac ted  the attention of inves t igators  long 
ago in connection with the p r o b l e m  of c rea t ing  s imple  physical  methods for  control l ing combust ion p r o c e s s e s  
[1-3]. In a number  of communica t ions ,  an exper imenta l  invest igat ion was made Of the effect  of d i rec t  and a l -  
t e rna t ing  e lec t r i c  cu r r en t s  on the r a t e  of propagat ion of f l ames  (see, for  example ,  [4, 5]). 

However,  t h ree  pr incipal  mechan i sms  of the action of an e lec t r ic  f ield on f l ames  a r e  usual ly  dist in-  
guished, p roposed  by var ious  authors  to explain the obse rved  effects :  gasdynamic  ("ion wind,,), kinetic,  and 
t h e r m a l  [2]. 

Each of these  m e c h a n i s m s  a s s u m e s  that the effect  of an e lec t r ic  f ield is above all  the r e su l t  of its action 
on charged  pa r t i c l e s ,  f o r m e d  due to tonizattun p r o c e s s e s  in the f l ame  front .  

In the case  of  a gasdynamic  m e c h a n i s m  [3, 5-8],  it is a s sumed  that the e lec t r i c  field, acting on the 
charged  reg ions  of the gas ,  a r i s ing  as a r e s u l t  of the diffusion of ions and e lec t rons ,  b r ings  the hot mix tu re  into 
convect ive  motion,  which, as with the propagat ion of a f l ame  in a g rav i ty  field [9], br ings  about a cons iderab le  
extension of the f ront  of the f l ame  and an inc rease  in the veloci ty  of its un i fo rm motion,  with an unchanged value 
of the n o r m a l  velocity.  This  m e c h a n i s m  of the action appea r s  in constant  and low-f requency  e lec t r ic  f ields,  in 
which the per iod  of the v ibra t ions  is fa r  g r e a t e r  than the t ime  of the fo rmat ion  of a gasdynamic  s t r u c t u r e  of the 
flow at the f l ame  front .  

In [2, 3], the i nc rea se  in the r a t e  of propagat ion  of f l ames  was explained by the action of the e lec t r ic  
f ield on the k inet ics  of the chemica l  r eac t ions ,  as a r e s u l t  of the act ivat ion of the r e ac t i ve  pa r t i c les  by  the hot 
e lec t rodes  (the kinetic mechanism) .  

Another  poss ib le  r e a s on  for  the inc rease  in the veloci ty  of a f l ame  in an e lec t r ic  field is a r i s e  in ' the 
t e m p e r a t u r e  of the reac t ion  mix tu re  due to Joule heat (the t h e r m a l  mechanism) :  e lec t rons  fo rming  in the c o m -  
bust ion zone diffuse into the heating zone and into the zone of the reac t ion  products  and, heated up in the e lec -  
t r ic  field,  give up their  energy  to molecules ,  fu r ther  heating the gas.  As a resu l t ,  as with the kinetic mech a -  
n i sm,  the re  is an i nc rea se  in the n o r m a l  veloci ty  of the propagat ion  of the f lame.  The ro le  of the t he rma l  
m e c h a n i s m  is cons ide rab le  for  highly ionized (hydrocarbon) f l ames ,  under conditions a s su r ing  the pas sage  of 
suff icient ly l a rge  cu r r en t s  with a densi ty  of ~ 0.1-1 A / c m  9 through the f ront  of the f lame.  

To c l a r i fy  the actual  m e c h a n i s m  of a preconduct ion e lec t r ic  f ie ld on the propagat ion of a f l ame  under 
these  or  other  exper imenta l  condit ions,  a theore t ica l  s tudy of each of the above-ment ioned  p r o c e s s e s  is needed. 
Below, an invest igat ion is made of the t h e r m a l  m e c h a n i s m  of the effect of a preconduct ion e lec t r ic  f ie ld on the 
propagat ion  of a f lame in a mix tu re  of p rev ious ly  mixed gases .  

Let us cons ider  in m o r e  detail  the re la t ionsh ip  between the kinetic and t he rma l  m e c h a n i s m s  f r o m  the 
point of view of the e l e m e n t a r y  p r o c e s s e s  taking place  at the f l ame  front .  

E lec t rons ,  hea ted-up  by  the e lec t r i c  field,  coll iding with heavy pa r t i c l e s ,  br ing  about the ionization and 
dissocia t ion of molecu les ,  and the excitat ion of e lec t ronic ,  v ibrat ional ,  ro ta t ional ,  and t rans la t iona l  degrees  of 
f r eedom.  

The f i r s t  three  of the above p r o c e s s e s  have a high energy  b a r r i e r  in compar i son  with the r e s t  and, 
the re fo re ,  take place  in r a t h e r  s t rong  fields.  As a r e su l t  of these  p r o c e s s e s ,  ac t ive  pa r t i c les  a r e  f o rmed  (ions 
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and rad ica l s ) ,  whose p r e s e n c e  can change the m e c h a n i s m  of the chemica l  convers ion ,  i .e. ,  can lead to a kinetic 
m e c h a n i s m  of the action of an e lec t r ic  field on the combust ion ra te .  

It is na tura l  to unders tand  the t h e r m a l  m e c h a n i s m  of the action as an acce le ra t ion  of the chemica l  r e a c -  
t ions as  a r e su l t  of an inc rease  in the  t e m p e r a t u r e  of the r eagen t s  (and not due to the appea rance  of new s tages  
of the chemica l  conversion) .  F r o m  this point of view, the t h e r m a l  m e c h a n i s m  comes  about as the r e su l t  of the 
excitat ion of v ibra t ional ,  ro ta t ional ,  and t rans la t iona l  degrees  of f r e e d o m  of the molecules  by e lec t ron  impact.  

Start ing f r o m  exist ing l i t e r a tu r e  data on the k inet ics  of r eac t ions  with the par t ic ipat ion  of excited p a r t i -  
c les  and data on the exchange of energ ies  in molecu la r  col l i s ions ,  it mus t  be  borne  in mind that  an inc rease  in 
the t e m p e r a t u r e  of t rans la t iona l  and, of cour se ,  ro ta t ional  ( r o t a t i o n a l - t r a n s l a t i o n a l  re laxa t ion  takes  place  v e r y  
rap id ly  [10]) motion leads to the acce le ra t ion  of exo thermic  chemica l  reac t ions .  Vibrat ional  excitat ion of the 
molecu les  genera l ly  i nc rea se s  the r a t e  of endothermic  r eac t ions ,  which can l imi t  the r a t e  of the overa l l  c h e m i -  
cal  p r o c e s s  [5], while, at the s a m e  t ime,  end0thermic  reac t ions  a r e  f requent ly  not v e r y  sens i t ive  to a change 
in the t e m p e r a t u r e  of the t rans la t iona l  motion [11, 12]. By v i r tue  of what has been said,  in a cons idera t ion  of 
the t he rma l  mechan i sm,  it is n e c e s s a r y  to take account of the d i f ference  between the t rans la t iona l  and v i b r a -  
t ional  t e m p e r a t u r e s ,  on which depend the r a t e s  of t he  different  s tages  of the chemica l  convers ion.  However,  if 
v i b r a t i o n a l - t r a n s l a t i o n a l  re laxa t ion  takes  place  rap id ly  in compar i son  with the c h a r a c t e r i s t i c  r e s i d e n c e  t ime  
of a pa r t i c l e  of the gas at  the f ront  of the f l ame ,  as is a s sumed  in what fol lows,  the v ibra t ional  and t rans la t iona l  
t e m p e r a t u r e s  can be a s s um ed  identical.  

Below, we cons ider  f ie lds  w i t h a  max ima l  value of the intensi ty s e v e r a l  t imes  l e s s  th~n the threshold  for  
breakdown. With such  f ie lds ,  p r o c e s s e s  of d issocia t ion and ionization by e lec t ron  impact  a r e  insignificant in 
compar i son  with t h e r m a l  d issocia t ion and chemica l  ionization, r e spec t ive ly .  It is obvious that the excitat ion of 
the e lec t ronic  s ta tes  of the molecules  also does not have a l a rge  value,  s ince,  in molecu la r  gases ,  the energy  of 
the e lec t rons  is expended above all for  the excitat ion of v ibra t ional  degrees  of f reedom.  Thus,  the change in the 
n o r m a l  veloci ty  of the propagat ion of the f l ame,  which can be  obse rved  in such f ie lds ,  must  be  explained f r o m  
the point of view of a t he rm a l  mechan i sm.  

In combust ion,  and in the  p l a s m a  of a gas d i scharge ,  phys ica l ly  al l ied phenomena a r e  f requent ly  en-  
countered  [13]. For  example  ( s imi la r ly  to combust ion  waves  in a burning mix tu re  [14]), ionization waves  can be 
propaga ted  [15], and detonatinnal conditions of the combust ion of e x p l o s i v e s  [16] can be compa red  to the phe-  
nomenon of detonation in optical  d i scharges  [17]. The analogy between p r o c e s s e s  of the propagat ion of d i s -  
cha rges  and combust ion,  developed in [18, 19], should cons iderab ly  p romote  a deeper  understanding of the o v e r -  
all  laws governing the p ropaga t ion  of ionization waves ,  c h a r a c t e r i z e d  by different  m e c h a n i s m s  of the p ropaga -  
tion [15, 18, 20, 21]. 

The phenomenon invest igated in the p resen t  work essen t ia l ly  combines  p r o c e s s e s  of combust ion and 
p r o c e s s e s  taking place  in the p l a s m a  of a gas d ischarge .  It cons i s t s  in the s imul taneous  propagat ion of the 
wave of a chemica l  reac t ion ,  mainta ined by  the chemica l  ene rgy  evolved with combust ion,  and the wave of a 
dependent (the e lec t rons  or ig ina te  dur ing the p roce s s  of chemica l  ionization) d i scharge ,  which exe r t s  an effect 
on the combust ion ra te .  

w To e l imina te  f r o m  the d iscuss ion  the convect ive  motion of the gas,  a r i s ing  under the action of the 
fo rce  of g r a v i t y  and the e lec t r ic  f ield (taking account of which cons iderab ly  compl ica tes  the calculat ion),  we 
turn to the following s c h e m e  of the p roces s .  

Let the re  be  a ve r t i ca l ly  a r r anged  tube of r ec tangu la r  c r o s s  sect ion,  with uninsulated e lec t rodes  
mounted on its s ide wal ls ,  and let a f l ame  be propagated  over  a hydrocarbon combust ib le  mix tu re  f r o m  the top 
downward, so that  the f o r c e  of g rav i ty  cannot br ing  about convect ive  motion of the gas.  If, to the e lec t rodes ,  
t he re  is applied,  not a d i rec t  vol tage,  but a vol tage va ry ing  with a suff icient ly high f requency,  then the m a s s  
e lec t r ic  f o r c e s  a lso  cannot br ing  the gas  into motion. Then, with solution of the p r o b l e m  of the ve loc i ty  of the 
propagat ion of a combust ion  wave,  the f ront  of the f l a m e  can be  a s sumed  to be  flat ,  a r r anged  perpendicular  to 
the axis of the tube. 

In a s y s t e m  of coord ina tes  connected with the f ront  of the f lame,  the equations for  de te rmin ing  the gas 
t e m p e r a t u r e  T, the r e l a t ive  concentra t ion  of the reagen t  in deficit  a (for def ini teness ,  the combust ible) ,  and the 
e lec t ron  densi ty  N e in a one-d imens iona l  approximat ion  have the f o r m  

~r d ~ _~x + QW (a, r) + sff~; (2.1) 

PU d-xda = "~x Pl)  d-x ~ da W (a, T), W = kopnane--E/RT; (2.2) 
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d Ne d dN e 
pu -~x -p- = dx Da ~ -~ ~Ve ~- (vi - -  va) Ne  - -  t~dN2e' (2.3) 

where p is the density of the gas, g/cm3; pu =const  is the mass  velocity of the gas flow; Cp is the heat capacity;  
is the coefficient of thermal  conductivity; Q is the heat effect of the chemical  reaction;  W is the ra te  of a 

chemical  react ion of n- th  order ,  with a preexponent k 0 and an activation energy E; ~ =e2Ne/mv m is the conduc- 
tivity of the p lasma (e and m are the charge  and mass of an electron, Vm is the effective frequency of collisions 
between electrons and neutrals);  E is the intensity of the e lect r ical  field [the line above E 2 indicates averaging 
over the period of the vibrations of the field, which is assumed to be small  in compar ison with the cha rac t e r i s -  
tic t ime X/pCpU2 ~ 10 -5 sec (p ~ 1 atm) of the change in the distribution of all the quantities in a s tat ionary com-  
bustion wave]; D is the diffusion coefficient of the reagent  a ; D a is the coefficient of ambipolar diffusion of the 
electrons;  W e is the ra te  of generation of electrons as the resul t  of chemical  ionization p rocesses ;  vi and Va 

are the frequencies  of ionization by electron impact and by adhesion of the electrodes;  and the t e r m  kdN2e 
descr ibes  the "destruction" of electrons as a resul t  of e l e c t r o n - i o n  recombination.  

The f i r s t  two equations a re  the equations of the d i f fu s iona l - t he rma l theo ry  of combustion [14], with the 
difference that the equation of the thermal  conductivity includes a t e rm describing the Joule heat. To take ac-  
count of this additional source  of heat, we must find the distribution of the concentrat ion of electrons f rom the 
third equation. 

Equation (2.3) is writ ten under the assumption of the ambipolar charac te r  of the diffusion of the elec- 
t rons,  valid with the condition that the Debye radius is far  smal le r  than the charac te r i s t i c  length of electron 
diffusion. Let us conf i rm this assumption by an evaluation. 

With a t empera ture  of the electrons T e ~ 1 eV, and with a concentrat ion in the react ion zone Nm= 
Ne lx = 0 = 1012 cm-3 [3], the Debye radius d" _< 6.9(Te/N m) 1/2 _ 7 �9 10 -4 cm (Te, K). The charac te r i s t i c  length of 
electron diffusion [evaluation using formula  (3.3)] with Da ~20 cm2/sec,  v a ~ 105 1/sec ,  kd ~5" 10 -8 cm3/sec [3, 
22, 23] (p =1 aim; data on adhesion to molecules of 02 and CO2) , and u ~ 102 c m / s e c  is approximately 10 -2 cm, 
which is far grea ter  than the Debye radius.  The effect of negative ions on the cha rac te r  of the electron dif- 
fusion is not taken into considerat ion,  which is permiss ib le  at distances less than the length of the "destruction" 
of electrons as a resul t  of adhesion, at which there  is mainly the evolution of Joule heat. To simplify the ca l -  
culations, thermal  diffusion of the electrons is also left out of consideration. 

The ra te  of format ion of electrons W e as a resul t  of chemical  ionization p rocesses  accompanying the 
combustion of hydrocarbons  is descr ibed by a very  complicated kinetic scheme [3]. However, within the 
f ramework  of the theory of the normal  propagation of a flame, general ly using the assumption of a one-s tage  
chemical  react ion,  we can set We=3,W , where  the coefficient "y determines the number of electrons formed 
per unit mass  of the reac t ing  hydrocarbon molecules.  The value of T can be determined using the experimental  
data sys temat ized  in the  monograph [3]. 

Having in view an investigation of a p rocess  of the type of the propagation of a combustion wave (in high- 
intensity fields, the discharge will take place simultaneously over the whole volume), we shall consider  precon-  
duction fields. (We reca l l  that the threshold fields for breakdown in air in the case  of direct  and alternating 
voltages with f requencies  of_< 1 MHz, with a distance between the e lectrodes  on the order  of a few cent imeters ,  
differ only slightly f rom one another and, under normal  conditions, are  equal to approximately 25-30 kV/cm 
[24], decreas ing  with a dec rease  in the density of the gas.) 

In addition, let us consider  conditions, corresponding to a dependent discharge,  under which the decisive 
ro le  in the generation of e lectrons is that of p rocesses  of chemical  ionization at the f lame front,  and not that of 
ionization by electronic impact. For  this purpose,  even in the react ion products,  where the density of the 

par t ic les  is minimal ,  the inequality vi(]/~-'/N)<< Va(lf~/N) ~ k r N m  (N is the density of the gas) i s  satisfied, 

which imposes a limit on the value of the s imi lar i ty  pa ramete r  in the discharge J/E-~VN. According to the data 

of [25], the condition v i < v a for a i r  is sat isf iedwith ]/~/N-<~C 9. '10 -~'~ V �9 cm 2 o With the conditions under cons idera-  
tion, the discharge is concentrated only in the combustion zone, and the current  flows through a region with a 
width on the order  of the length of the destruct ion of the electrons.  The boundary conditions for the sys tem 
(2.1)-(2.3) a re  

x=  - - ~ ,  1' == 1'o, a : :  ao, ;\r .-: O, 
r = - b ~ ,  d F / d x  := O, da /dx  := 0, d N j d x  =: 0, (2.4) 
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where a 0 and T o a re  the initial values of the concentration of the reagent and the temperature ;  in what follows, 
the subscript  0 re la tes  to values charac ter iz ing  the initial mixture. The problem (2.1)-(2.4) is indeterminate,  
since one boundary condition is unnecessary  by vir tue of invariancy of the equations and the boundary condi- 
tions with respec t  to a shift along the coordinate.  This makes it possible to determine the normal  ra te  of 
propagation of the flame, which is an eigen number of the problem. 

We note the profound analogy between the phenomenon under consideration here and the propagation of 
a f lame in the case  of a chain mechanism of the chemical  conversion. In such f lames,  during the process  of the 
main react ion of the consumption of the substance a ,  intermediate products are  formed,  i.e., active radicals ,  
which, recombining,  give off heat, accelera t ing the main react ion [26]. In the present  case,  the role  of the 
intermediate products is played by electrons,  formed as a resul t  of a chemical  reaction,  and the Joule heat 
which they give up to the gas, like the heat evolved with recombination of active centers  in f lames with chain 
react ions ,  promotes  an increase  in the combustion rate.  

The analogy extends to ~ the degree to which the process  of the motion of the wave of the chemical  r e a c -  
tion in both cases  is descr ibed by s imilar  sys tems of equations. (If we set Q =0, D =Da, and kdN e >> Ua, the 
sys tem of equations (2.1)-(2.3) with the boundary conditions (2.4) goes over into a sys tem of equations for de- 
termining the rate  of propagation of a f lame in mixtures with s t rong branching of the chains, investigated in 
[26].) This furnishes a basis  for solving the sys tem (2.1)-(2.3) using a method employed in [26] for determining 
the normal  ra te  of propagation of a f lame in accordance  with a chain mechanism. This method is based on the 
postulation of an infinitely na r row zone of the chemical  conversion,  which can be used to obtain solutions out- 
side the react ion zone. Then, by extrapolation of the distributions of the tempera ture  and the concentration, 
obtained in the heating zone, to the zone of the chemical  conversion,  the s t ruc ture  of the zone of the chemical  
react ion itseff is considered approximately,  and the ra te  of propagation of the f lame is determined. 

For  s implici ty in the exposition, we shall assume that the density of the gas and the coefficients D = n =  
)~/pCp, Da, v, urn, as well as the velocity u, a re  constant and equal to their values in the react ion zone. (The 
calculation over to the normal  velocity of the propagation of the f lame u n =Up/Po ). Since the p rocesses  near  
this zone determine the normal  ra te  of propagation of the flame, the postulation made can have no effect on the 
qualitative aspect  of the resul ts  obtained or  significantly distort  the quantitative conclusions. The same applies 
to the procedure  of l inearizat ion of the recombination te rm,  proposed in [26]; fur ther ,  we set kdN2e ~.kdNmN e. 

We now make use of the fact that the chemical  react ion is concentrated in a region which is nar row in 
compar ison to all the diffusion dimensions. In actuality, with p = l  atm, the width of the heating zone ~ n /u  
10 -3-  10 -2 em, the width of the diffusion zone of the electrons ~ %/u, and the dimension of the zone of the chem-  
ical convers ion (~/u)(RT1/E) ~ 10-1n/u (T l i s  the tempera ture  in the zone of the reaction).  We note that these 
relat ionships between diffusional dimensions and the width of the zone are  pract ical ly  independent of the p res -  
sure ,  where the destruct ion of the electrons is determined by the mechanism of adhesion, i.e., with p ~ 1 atm 
(see the evaluation below). 

(2.2) with respec t  to x f rom-~o to +r and taking account of the boundary conditions, w Integrating Eq. 
we obtain 

+oo 

S W (a, T) dx = pu%. (3.1) 
- - o o  

Since the react ion is concentrated in a nar row zone, it can be assumed that W ~ 6 (x). Then f rom (3.1) it 
follows that 

W = puao6(x). (3.2) 

Using (3.2), f rom Eq. (2.3), taking account of vi<<v a +kdNm, the distribution of the electron concent ra-  
tion to the r ight and left of the react ion zone can be determined. 

Taking account of the boundary conditions, the solutions have the fo rm 

x < O, . Ne ---Nine ~'x' X >0,  Are = Nine . . . .  , 

a,,2=(u/2Da)(S-S i ), s=]/ i+4vDa/u2,  v=%,-~kdNm. (3.3) 

Now, calculating the diffusional fluxes f rom the react ion zone and substituting them into the re la t ion-  
ship D a [dNe/dx]_-~0 = -  TuA0(A0 =pa 0), which takes account of a 6-shaped  source  of electrons,  we obtain 

~uAo = N,~'l/u ~ + 4vDa. (3.4) 
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Eliminat ing N e and W from(2.3)  using (2.1), (2.2)D and integrat ing the equation obtained with r e s p e c t  to 
x f r o m  -0o to +oo, taking account of conditions (2.4), we de te rmine  the final t e m p e r a t u r e  of the gas:  

T~ = To -~ (Ao/pcp)(Q + Qe), Qe = ~e~ff~2/rnvv,n (3.5) 

(Qe is an addit ive to the heat effect  of the chemica l  reac t ion ,  connected with heating of the gas by the e lectrons) .  

We find the solutions of Eqs. (2.2), (2.3) us ing  the p rocedure  employed above with determinat ion of the 
prof i le  of the e lec t ron  density.  Using (3.2), (3.5), and taking account of (2.4), we obtain 

x < 0, A = A0(l - -  eu.~/~), x > 0, A = 0; (3.6) 

, VQeNm + ~,x eux /~ ) ,  x < O, T = T O -? (T i - -  To) e ~x/x ~ ~,pcra.-. ~ (-"ff~• ~,e - -  

x > O, T = T2 - -  'vQeNra --a2x (3.7) 
Vpcpa 2 (u A- •162 e 

where  T 1 is the t e m p e r a t u r e  in the reac t ion  zone, connected with the t e m p e r a t u r e  T 2 b y  the re la t ionship  

T1 = T~ - -  ~;QeN,,/~p%cz~(u -}- • (3.8) 

The t e m p e r a t u r e  T 1 exceeds  the adiabatic  combust ion t e m p e r a t u r e  in the absence  of a field T a =T o + (QA0/pCp). 

Equations (3.4), (3.5), and (3.8) p e r m i t  de te rmin ing  the values  of Nm and T i as a function of the veloci ty  
u. Still one m o r e  equation (required for  solution of the problem) is obtained f r o m  re la t ionsh ip  (3.1), in which 
the dis t r ibut ions of a (x) and T(x) in the reac t ion  zone a r e  given, ext rapola t ing the "ex te rna l"  solutions (3.6}, 
(3.7) to the reac t ion  zone. Taking into cons idera t ion  that in the reac t ion  zone the t e m p e r a t u r e  differs  only 
s l ight ly f r o m  T�94 and introducing an expansion with r e s p e c t  to the sma l l  d i f ference T - T  1 into the Arrhen ius  ex-  
ponent [26], we obtain (we a s s u m e  that  n = l )  

2 
RTI e_E/2RT, Cz~ (• § u) r~ -- TI (3.9) 

If the Joule heat is smal l  (~ 2~ 0) ,  then T 1 --*T2--*Ta, and the r a t e  of propagat ion coincides with the 
veloci ty  of the combust ion wave in the absence  of a field; 

u a = V ~ o z ( R r ~ / E  (r~ - -  r0))exp (-- E/2RT~). 

Calculat ing the der iva t ive  Ou/0~: ~ f r o m  (3.9), and taking account of re la t ionships  (3.4), (3.5), (3.8), it c a n b e  
shown that  the veloci ty  of the f l ame  r i s e s  with an i nc rea se  in the intensity of the e lec t r i ca l  field. 

We now find the connection between the veloci ty  of the f l ame  and the t e m p e r a t u r e  in the reac t ion  zone 
TI, a s suming  that the inc rease  in the f inal  t e m p e r a t u r e ,  brought  about by the imposi t ion of the e lec t r i ca l  field, 
is sma l l  in compar i son  with the t e m p e r a t u r e  T a , i .e. ,  T 2 - T a -Ta<< T a .  In this ease ,  the second t e r m  in 
the r igh t -hand  side of  Eq. (3.9) can be neglected,  and the effect  of the field on the t e m p e r a t u r e  in the c o m b u s -  
tion zone is taken into account only in the Arrhen ius  exponent.  As a resu l t ,  we obtain 

12 -~- :V~koM g (T~RT2 To ) e -E/2RT* "~+-- Ua eE(Tt-Ta)/2RT2 , (3.10) 

Fo rmu la  (3.10) shows that the i nc rea se  in the r a t e  of propagat ion of the f l ame  with the imposi t ion of an 
external  e l ec t r i ca l  f ield is brought  about by  a r i s e  in the t e m p e r a t u r e  in the reac t ion  zone in compar i son  with 
its value in the absence  of a field. This  r i s e  is due to diss ipat ion of the Joule heat ,  i .e. ,  to the action of an ad-  
ditional sou rce  of energy,  whose intensi ty is p ropor t iona l  to the concentra t ion of e lec t rons  and which, in d i s -  
t inction f r o m  a "chemica l"  sou rce  of heat,  concent ra ted  in a na r row  zone, is d is t r ibuted over  the space  and 
br ings  about an inc rease  in the t e m p e r a t u r e  T 1 by heating of the gas on both s ides  of the reac t ion  zone. Here 
a g rea t  r o l e  in the inc rease  of u is played by heat evolved in the reg ion  ahead of the reac t ion  zone (x < 0). In 
actual i ty ,  in tegrat ing the equation of t h e r m a l  conductivity (2.1) f r o m  -co to +r and taking account of (3.2), (3.3}, 
(3.8), we obtain 

T I  __ Ta "r ( t ~ ) 

where  the f i r s t  t e r m  in the r igh t -hand  side co r r e sponds  to the contr ibution f r o m  the region x < 0 to the inc rease  
in T 1 and the second t e r m ,  to the contr ibution f r o m  the reg ion  x > 0. Thei r  ra t io ,  equal to 

(2(0 a/u) q- s - -  t)/(i +. s), 
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is a lways g r e a t e r  than unity (D a > ~). The less  significant  effect  of the region x > 0 on the inc rease  in T 1 can be 
explained by the fact  that pa r t  of the heat  evolved in this reg ion  is entra ined by  the convect ive  flow of gas  and 
does not a r r i v e  in the reac t ion  zone. 

Let us make  a fu r the r  analys is  for  conditions where  the pr inc ipa l  m e c h a n i s m  of the des t ruct ion of the 
e lec t rons  is their  adhesion to e l ec t r i ca l ly  negat ive  molecu les  of the type of 02 and CO2, p re sen t  in excess  in 
hydrocarbon f l ames ,  i .e. ,  we sha l l  a s s u m e  that  ~ = Va. 

The : recombinat ion mechan i sm of the des t ruc t ion  of e lec t rons  is insignificant if v a > kdN e. Taking into 
account that  ~a =k al?N (~ is the number  of pa r t i c l e s  of e l ec t r i ca l ly  conducting gas),  and set t ing k a ~ 10 -13 
cm3/sec,  77 ~= 0.2, N e ~ 10 l~ c m  -~ (see evaluations below), and k d ~-5" 10 -8 cm3/sec  [23], we obtain the r e su l t  that 
this condition is sa t i s f ied  with a concentra t ion of pa r t i c l e s  N > 2.5.1018 c m  -~, i .e. ,  with a p r e s s u r e  on the o r d e r  
of a tmospher i c  or  above. 

El iminat ing N m and T~. f r o m  Eqs. (3.4), (3.5), (3.8), and (3.9), we obtain a s y s t e m  of equations for  de-  
t e rmin ing  u and T1, which, in the va r i ab l e s  

u' -- u/u=, ~' -~4%u/u 2, ~' = •162 01 = rJr , 

00 = r0/r=, p = E / 2 R r ~ ,  O~ = Q~0/p%r~,  s '~ = ~'u' + v '  

has the f o r m  

u ' §  ='(u'--~') = 0 ~ - - ~ -  -" 2s' (01 -- 0o) Oz -- Oo ' 

0 1 = t + O k [ l "  ' ~ ' ( V ~ ' + , ' )  
;' (2~=- ~'---~; u V---~ ~') ]" 

(3.11) 

(3.12) 

Let us evaluate  the value of 0 k for  the concre te  c a s e  of a mix tu re  of 10% CH4+air .  For  the evaluat ions,  
we shal l  a s s u m e  that T0<<T0; then the value of 0 k ~= Qe/Q is de te rmined  by the r a t io  of the co r respond ing  heat 
effects .  

According to the exper imen ta l  data  of [3, 4], over  a wide r ange  of p r e s s u r e s ,  with the combust ion of 
s to ich iomet r i c  mixhwes ,  one e l e c t r o n - i o n  pa i r  is f o r m e d  for  approx imate ly  10 ~ a toms  of carbon,  enter ing 
into the reac t ion ,  so that,  in the c a s e  of metbane ,  we can set  7 ~=10~ g-l .  For  such a value of 7,  the concen t ra -  
t ion of charged  pa r t i c l e s  in the zone of the chemica l  r eac t ion  in the absence  of an e l ec t r i ca l  f ield,  according to 
f o r m u l a  (3.4), gives a va lue  of ~ 1012 c m  -3 for  Nm, which is in a g r e e m e n t  with expe r imen ta l  data  [3]. 

For  an approx imate  de te rmina t ion  of ~m and ~, use can be made  of the data of  [27] for  the energy  d is -  

t r ibut ion function of the e lec t rons  in molecu la r  ni t rogen.  It is found that ,  with ] / ~ / N  ~ 3-10 -1~ V ' cm 2 ( th isvalue  
co r r e sponds ,  for  example ,  to an intensi ty of the e l ec t r i ca l  f ield in the reac t ion  zone of ~ 1 k V / c m  at a tmospher i c  
p ressure} ,  t h e r a t e  constant  of the adhesion k a = v a ~ N  is approx imate ly  equal to 10 -13 cmS/sec  [3, 22], and 
~ m / N  ~-5- 10 -8 cm3/sec  [28]; under these  c i r c u m s t a n c e s ,  the e lec t ron  t e m p e r a t u r e  T e ~= 0.8 eV. The values 
given a r e  in r ea sonab le  ag reemen t  with exist ing exper imen ta l  data fo r  a i r  [25]. 
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Setting ~? =0.2 we obtain Qe = 6,8"tOalE~/N~( V-~, V / c m ,  N, t / cm~) .  For  V-~/N = 3.t0 -16 V.cm 2 - -  Qe ~ 6 
kca l /g .  The h e a t - r e m o v i n g  capac i ty  of methane  Q ~ 13 kca l /g ,  so that  O k ~ 0.4o Thus,  Qe can at tain values  c o m p a -  
r ab l e  wi th the  value of Q, i .e . ,  with suff icient ly la rge  in tens i t ies  o f the  e l ec t r i ca l  field, Joule heating leads to a 
cons iderable  inc rease  in the t e m p e r a t u r e  of the gas .  

Fo r  the example  given, the conductivi ty of the f l ame  ~ ~ 109 see -1, which, with an intensi ty of the f ie ld 

W E  N t kV/cm,  for  the densi ty  of the cu r r en t  pass ing  through the f l a m e  gives a value of j ~ 1 A / c m  2. 

F igure  l a - c  gives the dependences,  ca lcula ted  using Eqs. (3.4), (3.11), and (3.12), of u ' ,  01, and N ' m =  
Nm/TA0=uT/s '  (for the mix tu re  under cons idera t ion  at a tmospher i c  p r e s s u r e  TA 0 ~ 7 -  10 I2 c m  -3) on the f inal  
t e m p e r a t u r e  with ~T =0.7,  ~tT =0; 10 -3, 10 -2, 10 -1, 1 (curves 1-5), fl =4, and 00=0.125. 

The cu rves  show that,  under the effect  of an e lec t r i ca l  field,  the r a t e  of propagat ion of the f l ame  can 
i nc r ea se  by s e v e r a l  t imes .  An inc rea se  in the p a r a m e t e r  ~ '  (a d e c r e a s e  in D a for  a fixed value of n!  leads to 
a d e c r e a s e  in the r a t e  of propagat ion,  of the t e m p e r a t u r e  of the reac t ion  zone, and to an inc rease  in N m (in Fig. 
lc ,  for  curve  1 the values  of the ordinate  must  be mult ipl ied by 10 -2 and, for  cu rve  2, by  10-1). 

For  the example  given above, with vv/~t,~.70 and Ok =0.4, the  veloci ty  of the f l ame  inc reases  by 2.3 
t imes  (curve 3). 

At low p r e s s u r e s ,  the pr incipal  m e c h a n i s m  of the des t ruct ion of e lec t rons  is recombinat ion.  For  ca l -  
culat ion of the n o r m a l  combust ion r a t e  with p < 1 a im,  the s y s t e m  of equations (3.4), (3.5), (3.9), and (3.8) mus t  
be  used, in which we must  se t  ~ =kdN m. We note that,  by v i r tue  of the above analogy between the phenomenon 
under cons idera t ion  he re  and the propagat ion of a f l ame  in s y s t e m s  with chain reac t ions ,  this s y s t e m  of equa-  
t ions with ~ =D a can be used for  de termining  the n o r m a l  veloci ty  in a s y s t e m  with the following reac t ion  mech -  
an i sm:  A +B---2B +Q, B +B +X--~C +X+Qe)  (A is the s t a r t ing  substance;  C is the reac t ion  product;  B is an 
act ive  cen te r ;  and X is a given par t ic le ) ,  which is a genera l iza t ion  of the case  d iscussed  in [26] (in distinction 
f r o m  [26], even with Qe =0, the veloci ty  of the f l ame  does not r e v e r t  to ze ro ,  s ince,  in the reac t ion  of the f o r -  
mat ion of ac t ive  cen t e r s ,  the heat  Q is evolved, maintaining the propagat ing combust ion wave). 

The s chem e  desc r ibed  in Sec. 1 for  the obse rved  effect  of an inc rease  in the no rma l  r a t e  of p ropaga -  
t ion of a f l ame  in a preconduct ion e lec t r i c  f ield was ver i f i ed  exper imenta l ly  in [5]. It was  found that the n o r m a l  
ve loc i ty  of the f l ame  in a m e t h a n e - a i r  mix tu re  at a tmospher i c  p r e s s u r e  and an effect ive intensi ty of the e l ec -  

t r i ca l  f ield W~ -~ = 440 v / c m ,  vary ing  with the f requency 4 MHz, r is es by approx imate ly  15% in compar i son  with 
its value in the absence  of a field. This fact  is in good ag reemen t  with our r e su l t s  (compare  the value of ' the  
veloci ty  in Fig. l a  with O k ~. 0.08), and can be r e g a r d e d  as an exper imenta l  conf i rmat ion  of the r e su l t s  obtained. 

The m e c h a n i s m  proposed  in [5] for  the inc rease  in the no rma l  veloci ty  as a r e su l t  of excitat ion of the 
v ibra t ional  degrees  of f r e edom  of oxygen molecules  is obviously descr ibed  within the f r a m e w o r k  of the ap-  
p roach  developed here ,  s ince it makes  use of the assumpt ion  of the exis tence of the rmodynamic  equi l ibr ium 
with r e s p e c t  to the v i b r a t i o n a l - t r a n s l a t i o n a l  degrees  of f r e edom of the molecules ,  excited by vibra t ions;  it is 
t h e r e f o r e  taken into account automat ica l ly .  

The a s s e r t i o n  of the authors  of [5] that,  in thei r  exper iments ,  the t rans la t ional  t e m p e r a t u r e  of the mo le -  
cules  cannot be changed in any significant way due to the smal l  value of the Joule heat,  is doubtful. It con t r a -  
dicts the calculat ion made in the p resen t  work,  accord ing  to which the v ibra t ional  t e m p e r a t u r e  of molecules  of 
oxygen inc rea se s  by 150~ with the imposi t ion of an~electr ical  field; such an inc rease  in the v ibra t ional  t e m -  
pe r a tu r e  r equ i r e s  a cons iderab le  amount of Joule heating, which can also change the t rans la t iona l  t e m p e r a t u r e  
s ignif icant ly  (the total  heat  capaci ty  of the t rans la t iona l  and ro ta t ional  degrees  of f r e edom of a diatomic mole -  
cule is only 2.5 t i m e s  g r e a t e r  than the heat  capaci ty  calcula ted for  the v ibra t ional  degree  of f reedom).  

In actual  fact ,  the poss ib le  b reakaway  of the v ibra t iona l  t e m p e r a t u r e  of the molecules  f r o m  the t r a n s l a -  
tional can be explained ff the finite na ture  of the t ime  of v i b r a t i o n a l - t r a n s l a t i o n a l  re laxat ion  is taken into con-  
s iderat ion.  It is well  known that in combust ib le  gases  cons is t ing  of a mix ture  of molecular  gases  with a l a rge  
amount of a i r ,  the energy  of the e lec t rons  is mainly  expended for  excitation of v ibra t ions  of the molecules ;  then, 
during the re laxa t ion  p r o c e s s ,  it is t r ansmi t t ed  to the t rans la t iona l  degrees  of f reedom.  As has a l ready  been 
r e m a r k e d  above, taking account of this c i r c u m s t a n c e  is bound up with the need to consider  a t w o - t e m p e r a t u r e  
model of the combust ion p roce s s ,  and with a more  detai led analys is  of the kinet ics  of chemica l  convers ion,  r e -  
quir ing,  specif ical ly ,  p re sen t ly  lacking data with r e s p e c t  to the effect of excitat ion of the molecules  on the r a t e  
of the e l e m e n t a r y  acts  of the chemica l  react ion.  

In an exper imen ta l  s tudy of the  phenomenon under considera t ion ,  it can be found useful  to m e a s u r e  the 
value of the effect as a function of the concentra t ion of eas i ly  ionized addit ives added to the combust ib le  mix-  
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t a re ,  which can be used to considerably change the conductivity of the f lame. A compar ison of these  data with 
our conclusions will p romote  a ref inement  of the r e su l t s  obtained above. 

The authors express  thei r  thanks to V. B. Librovich for  his useful evaluation of the work. 
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