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It is shown that under  cer ta in  conditions in an e lec t r ic  field a reac tant  can be ignited or  can 
ignite spontaneously before  e lec t r ica l  breakdown occurs  in the gas.  

A tot of r e s e a r c h  has been done recent ly  in the field of p lasma chemis t ry  [1]. Within this f ramework  
it would be of in teres t  to study the laws governing the course  of chemical  react ions  in a s t rong e lec t r ic  
field. Such a study would also be of definite importance where problems of explosion-proofing and the 
theory  of spark ignition are  concerned,  inasmuch as p r o c e s s e s  occur r ing  p r io r  to e lec t r ica l  spark ignition 
have usually not been taken into account  [2, 3]. 

We will consider  here  a sys tem consist ing of two infinitely large  p lane-para l le l  e lec t rodes  with a r e -  
actant  gas in between. The anode tempera ture  T O is held constant.  At time t = 0 a t rapezoidal  voltage 
pulse of a definite shape, width, and amplitude is applied to the e lec t rodes ,  causing p r o c e s s e s  to develop 
in the gas which resul t  in the appearance and subsequent buildup of f ree charge c a r r i e r s  with an eventual 
breakdown of the gas .  The direct ional  flow of charged par t ic les  causes  the gas to heat up and induces in 
it a f i r s t - o r d e r  i r r eve r s ib l e  exothermal  chemical  react ion which then proceeds  according to the Arrhenius  
law. The problem is to determine the in tere lec t rode  distance at which a reactant  will still ignite and then 
to determine the ignition time. 

The mathemat ical  formulat ion of the problem reduces  to the solution of the following part ia l  differen-  
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This sytem of equations (1) must  be solved for  the following initial and boundary conditions 

UJx=o = Ul~,=~, = O, UIt=o = O, 

T]~=o = Z[ . . . .  = T o, TIt=o ~- Z o, 
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TABLE 1. Comparison between the Ignition T imes  with and without 
Hydrodynamic Effects  Taken  into Account 

20 23 24 I 25 26 27 28 

.T,  
1,3696 
1,3657 

1,2645 
1,2372 

1,1949 I 1,1873 
1,1339 1,1185 

0,9761 
0,9439 

0,8587 ] 0,6935 
0,8364 0,6639 

ax '~=o = = O, ell=0 = C0, Ox =x, 
L (2) 

p'lt=o = P'o' x ,  = ~ p'dY = poL. 
0 

In the der ivat ion of sys tem (1) and the boundary conditions (2) we have made cer ta in  assumptions,  namely: 
a) the prob lem is a plane one-dimensional  one; b) the e lec t r i c  field is uni form in space;  c) the gas is 
ionized by coll is ions with e lec t rons ;  d) secondary  p r o c e s s e s  at  the cathode a re  negligible; e) e lec t ron  
avalanches a re  s t a r t ed  and buil t  up by the Townsend mechanism [4], with the p r i m a r y  cu r r en t  being an em-  
ission cur ren t ;  f) the e lec t rodes  a re  noncatalyt ic;  g) the react ing mixture  is a b inary  one; h) the specif ic  
heat  of each component  is constant;  i) the rmobar ic  diffusion and ambipolar  diffusion a re  not taken into 
account; and j) body f o r c e s  are  negligible.  

According to the Townsend col l is ion ionization mechanism [4], we have the following express ion  for  
the e lec t r i c  cur ren t :  

J --- I 0 exp (AY), A -- e x p . - -  . 

Unlike the equations known in ignition theory  [6, 7 ] ,  Eq. (1) of energy  conservat ion accounts for  the 
ene rgy  of e lec t rons  moving in an e l ec t r i c  f ield and conver ted  into Joulean heat J .  E term) which r a i s e s  
the t e m p e r a t e  of the medium.  With the introduction of d imensionless  var iab les ,  we obtain a sys tem of 
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equations in d imensionless  form:  
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Ou Op = 4 Pr 0 ( _~ ) 
"Or -t-{o O~ 3 6 Og ~tp , 

ap p a ( a~g ) o 
= o  ~ + ~ - - ~ -  Xp +pcexp 1+1~0 
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p = p (i  + po) [c § (1 - c) n, l ,  

] = exp (m ]/'6-~zy), 

which must  be solved for  the following initial  and boundary conditions: 

u1~=o = u[~=~ = 0,  ul~=o = O, 

OJ~=o = O]~=, = O, 0[~=o = O, 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

( lO) 

(11) 
a c  

This  sys t em (4)-(10) was solved numer ica l ly  on a model  BI~SM-4 digital computer  by the i tera t ion 
- in te rpo la t ion  scheme [5]. Fo r  these numer ica l  calculat ions,  all components  were  assumed to have the  
same molecu la r  weight and the same specif ic  heat ,  and the t r a n s f e r  coeff icients  A, M, and p'D to be all  
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F i g .  1. P r o f i l e s  of t e m p e r a t u r e ,  c o n c e n t r a t i o n ,  v e l o c i t y ,  
and  p r e s s u r e :  a) d u r i n g  s p o n t a n e o u s  ign i t ion  of the  r e -  
a c t a n t  wi th  5 = 32, 3/= 0.05, /3 = 0.03, a = 10 -12, b = 2.8, 

and  r i = 10 -2, a t  1) r = 0.6653, 2) ~- = 1.0705, 3) r = 1.0799, 
4) r = 1.1257, 5) r = 1.1958; b) d u r i n g  i nduc e d  ign i t i on  of 
the r e a c t a n t ,  wi th  5 = 34, 3; = 0.05, /3 = 0.03, a = 10 -12 , b 

= 2.8, and  r i = 10 -2, a t  1) ~- = 0.02607,  2) r = 0.03707,  3) 
r = 0.0904, 4) T = 0.12718.  

p r o p o r t i o n a l  to ~ T .  The  c a l c u l a t i o n s  have  r e v e a l e d  two m o d e s  of i g n i t i o n t :  s p o n t a n e o u s  ign i t i on  and i n -  
d u c e d  ign i t i on .  The f o r m e r  o c c u r s  a t  s m a l l  v a l u e s  of mq-~--ff and  i s  c h a r a c t e r i z e d  by  the m a x i m u m  t e m -  
p e r a t u r e  and the ign i t i on  bo th  o c c u r r i n g  a t  the c e n t e r  of s y m m e t r y  in the r e a c t i n g  s y s t e m .  The  p r o f i l e s  
of  t e m p e r a t u r e ,  c o n c e n t r a t i o n ,  v e l o c i t y ,  and  p r e s s u r e  shown in F i g .  l a  a t  v a r i o u s  i n s t a n t s  of t i m e  c o r r e -  
spond  to the s p o n t a n e o u s  mode  of i gn i t i on .  

Induced  ign i t i on  o c c u r s  a t  l a r g e  v a l u e s  of md-6~" and the t e m p e r a t u r e  p r o f i l e  which  c o r r e s p o n d s  to 
th i s  mode  of i gn i t i on  goes  t h rough  a s h a r p  p e a k  n e a r  the anode .  T e m p e r a t u r e ,  c o n c e n t r a t i o n ,  v e l o c i t y ,  
and  p r e s s u r e  p r o f i l e s  d u r i n g  i nduced  igzaition a r e  shown in F i g .  l b .  The  p e a k - t e m p e r a t u r e  n u c l e u s  a p p e a r s  
f i r s t  n e a r  the  anode  and  then sh i f t s  t o w a r d  the c e n t e r  of s y m m e t r y  of the r e a c t i n g  s y s t e m ,  w h e r e u p o n  i g n i -  
t ion o c c u r s  a t  s o m e  d i s t a n c e  y .  f r o m  tha t  c e n t e r  of s y m m e t r y .  

T h u s ,  the e f f ec t  of e l e c t r i c a l l y  g e n e r a t e d  h e a t  s o u r c e s  in the v o l u m e  is  a n o r m a l  i gn i t i on  o c c u r r i n g  
p r i o r  to e l e c t r i c a l  b r e a k d o w n s  and c h a r a c t e r i z e d  by  s l ow  b u r n i n g  d u r i n g  a f a s t  t e m p e r a t u r e  r i s e .  Th i s  

t A  r e a c t a n t  i s  a s s u m e d  to ign i t e  a t  t i m e  t = t , ,  when the m a x i m u m  d i m e n s i o n l e s s  t e m p e r a t u r e  b e c o m e s  
0 m = 5. F o l l o w i n g  th i s ,  a t r a n s i e n t  c o m b u s t i o n  f r o n t  i s  f o r m i n g  f a s t  wi th  0 m = Of = 1/3/ (Of deno t ing  the 
d i m e n s i o n l e s s  f l a m e  t e m p e r a t u r e ) .  

$ It  i s  a s s u m e d  tha t  a gas  b r e a k s  down when i t s  m a x i m u m  t e m p e r a t u r e  e x c e e d s  5000~ 
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Fig. 2. Curves of T, and y ,  V s 5 for  var ious  values of p a r a m e t e r  a:  
1) a =10-12; 2) 10-1~ 3) 10-s; 4) 10 -6 , w i t h b = 2 . 8 a n d m = 1 0 0 .  

Fig.  3. Curves  of 6 ~ as a function of u and zi, with b = 2.8 and m 
=100:  1) T i = 2 ;  2) 10-2; 3) 10 -4 . 

mode was d iscovered  in [6, 7] during ignition of a reac tant  by a thermal  dipole. At the ignition spot the 
mixture  burns  out completely  and combustion fronts originating here  begin to t ravel  in two opposite d i r ec -  
tions (Fig. la ,  b). As a resu l t  of heat t r ans fe r  in the peak - t empera tu re  zone, gas also begins to flow out 
f rom here  in the same two direct ions .  For  this reason,  the velocity peak and the p r e s s u r e  peak move in 
different d i rect ions  away f rom the heat source .  The gas densi ty  in the h igh- tempera tu re  zone dec reases  
slightly only. 

It is to be noted that the ignition of a reactant may occur instantaneously during an electric pulse or 

with some delay after the pulse. 

Numerical calculations have shown that, as expected, the hydrodynamic parameters have little ef- 

fect on the ignition characteristics in the normal mode. Values of the ignition time T. are given in Table 

1, with (top row) and without hydrodynamic effects taken into account (m = 100, b -- 2.8, r i = 2, a = 10 -12, 

"y = 0.03, ~ = 0.02). 

We will also note that the diffusive t rans fe r  of energy  may be d i s regarded  in the normal  ignition 
mode, since only a smal l  amount  of reac tant  has been burned before the time of ignition. The calculated 
data indicate that the work of compress ion  forces  contributes little in this ignition mode. 

The t ransi t ion between ignition modes is conveniently depicted by a y ,  = y,(5)  curve,  as in [8], with 
m, a,  and b fixed and with y .  denoting the coordinate of the tempera ture  peak at the time of ignition. Such 
y ,  = y,(5) curves  and also T, = z.(6)  curves  of the ignition time are  shown in Fig. 2 for  var ious values of 
the p a r a m e t e r  a .  The value 5 ,  here  r ep resen t s  the explosion limit,  i . e . ,  the react ing sys tem does not 
ignite at  5 < 5 , ,  because  then the amount of heat dissipated through the e lec t rodes  exceeds the amount of 

0 
heat generated by chemical  reac t ions  and e lec t r ica l  sources ,  while 5 ,  denotes the upper  l imit  of spon- 
taneous ignition. At 5 ,  < 5 < 5 0 we have y = 0.5 and spontaneous ignition can occur .  At 5 > 5 0 the coord i -  
nate y .  inc reases  fast  with 5 and ignition is induced. Unlike in the case of ignition by a thermal  dipole, 
the value 5 o here  is just  as sharply defined as 6 ,  and the t ransi t ion zone is very  narrow,  i . e . ,  a change 
of ignition modes occurs  rapidly.  Noteworthy is the appreciable effect of an e lec t r ic  field on the value of 
5 ~ (Fig. 3). These t rends can, it seems ,  be explained by the exponential relat ion between the intensity of 
e lec t r ica l  heat  sources  and 5. An analogous conclusion was reached in [9], af ter  an analysis  of instan- 
taneous or  f ini te- t ime tempera ture  per turbat ions  at the container wall or  at var ious  dis tances y f rom it. 

Calculations have shown that the ignition time T, in the spontaneous mode is a weak function of the 
initial cu r ren t  (charac ter ized  by p a r a m e t e r  a), and that T, dec reases  fast  upon transi t ion to the induced 
mode of ignition (Fig. 2). It has been establ ished that, as  a inc reases ,  50, dec reases  and the t ransi t ion 
zone nar rows  down. 
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In Fig.  3 is shown 50* as a function of a and of the pulse width T i. As r i becomes  wider,  5~ inc reases  
and the t ransi t ion zone nar rows  down. 

As the pulse amplitude (parameter  b) dec reases ,  6 ~ inc reases  fast  while the prof i les  y ,  = y.(5) and 
T,  = 1",(5) becomes  smoother .  

As the slope of the leading pulse edge inc reases ,  5 o inc reases  somewhat (with b = 2.8 and a = 10 -12, 
50 = 24 when de /d r  = 106 and 80, = 25 when de /d r  = 10). As de /d r  inc reases ,  the ignition time T, becomes  
longer  in the spontaneous mode but shor t e r  in the induced mode, which can evidently be explained by a 
higher  inert ia  of the spontaneous ignition p r o c e s s .  

The explosion l imit  5 ,  and the induction t ime r 0 in a constant e lec t r ic  field one can calculate ac -  
cording to approximate  formulas  based on the i terat ion formulas  in [10]: 

2 

6, = 6.0(1 ~- 2.47 T )  (1-~-~) (1--5860 a), (12) 

[ 1--4A-2 l/?- ] [ 1 ~- 1'5 (1--0"Ih) ] (1--30 V~) �9 (13) 
% = %  1~-0.62 (A__0.95)0. 9 1 - -  16 

These formulas  are  valid for 0</3 < 0.05; 0<  T < 0.01, 1 . 1 < A <  2.5, 10 - 1 5 - a -  5 .10  -5, 0<  m-<- 100, 
b -> 2.8, and they approximate within 7% the resul ts  obtained by numer ica l  methods.  The effect of p a r a m -  
e te rs  m and b~ within their  ea r l i e r  specified ranges  of variat ion,  is weaker  than the accuracy  of these 
formulas .  According to (12) and (13), both the explosion limit and the induction time decrease  when a in- 
c r ea se s .  

In aIl calculat ions the ra t ios  Pr ,  L1, co, and cr have been assigned the value one. 

We note, in conclusion, that during an increase  in the e lec t r ic  field intensity there occurs  a change 
of the ingition mechanism,  namely,  the gas breaks  down e lec t r ica l ly  before the se l f -acce le ra t ing  chemical  
react ion has had time to develop. This mode is cha rac te r i zed  by an appreciable burnout of the reactant  
and may be regarded  as a degenerate  mode of induced ignition. 

It must  also be noted that our conclusions apply qualitatively to any exothermal  induced react ion,  
insofar  as the amount of an original  component burned out p r io r  to ignition is smal l .  
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is the t ime; 

N O T A T I O N  

is a Lagrange coordinate;  

is an Euler  coordinate;  
is the density;  
is the velocity;  
~s the p r e s s u r e ;  
is the dynamic viscosi ty ;  
IS the specific heat at constant  p r e s su re ;  
~s the absolute t empera ture ;  
is the thermal  conductivity; 
is the thermal  effect of a chemical  react ion;  
is a coefficient in the exponential t e rm;  
~s the mass  concentrat ion of nonreactant  molecules;  
IS the activation energy;  
is the universa l  gas constant;  
is the diffusivity; 
is the e lec t r ic  cu r ren t  density; 
is the e lec t r ic  field intensity; 
are  the molecular  weights of the components;  
is the in tere lect rode distance;  
is the f i r s t  coefficient of Townsend coll is ion ionization; 
is the length of the mean- f r ee  e lec t ron path; 
is the e lec t ron charge;  
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Est  
t ,  CplRT~/qkoEaC o exp Ea /BT o 

T = t / t , ,  ~ = x / x , ,  and y = Y / L  

P = P'/Po, u = U /U , ,  p = P/Po,  c = C/Co, 
O = Ea{T-To)/BT 2, j = J /Jo,  e = E /Es t ,  

= p exp ( -bp/e) ,  and Cp = c + (1-c)lr 1 
P r  = MoCpl/A 0 

L 1 = P~DoCpl/A o 

a -- Ea/CplT o, 7 = CplRT~/qEaCo, /3 = RTo/E a, 

w = Po/PoU,, U ,  - L / t , ,  a = IoEst/qkoPoCoCpl 

�9 exp Ea /RT o, m = T0/ho(AoR/qkoEaCo) 1/2 

�9 exp Ea/2RTo, b = W/hoEstg, ~2 = M1/M2, 
7r 1 = Cp2/Cpl, 6,0 = 3.52, r a = 1, and A = 6 / 6 ,  

6 = qkoEaC o L2 0~/AoRT~ exp ( - E a / R T  0) 

Upper  case le t te rs  
Lower  ~ease le t te rs  

is the ionization energy;  
is the static breakdown e lec t r ic  field intensity; 
is the charac te r i s t i c  "chemical  reaction" time; 

are  the dimensionless  time, Lagrange coordinate,  and 
Euler  coordinate,  respect ively;  

are  dimensionless  functions; 
is the Prandtl  number;  

is the Lewis -Semeaov  number;  

a re  dimensionless  p a r a m e t e r s ;  

is the F raak -Kamene t sk i i  number;  

denote dimensional  quantities; 
denote respect ive  d imensioaIess  quantit ies.  

S u b s c r i p t s  
1 and 2 denote the original  reac tan t  and the react ion product ,  respect ively .  

S u p e r s c r i p t  
0 denotes the initial value of a pa rame te r .  

L I T E R A T U R E  C I T E D  

1. L . S .  Polak (editor), Low-Tempera tu re  P lasma  Phys ics  and Chemis t ry  Outlines [in Russian],  Nauka, 
Moscow (1971). 

2. Ya. B. Zel 'dovich and I. S. Simoaov, Zh. Fiz .  Khim., No. 1 (1949). 
3. A . M .  Grishia  and A. N. Subbotin, P roc .  Plea.  Scient. Confer.  oa Mathem. and Mechan. in Tomsk  

(1970) [in Russian],  Tomsk.  Gos. Univ., Tomsk  (1970). 
4. V . L .  Graaovski i ,  E lec t r i c  Cur ren t  in Gases:  Steady-State Current  [in Russian],  Nauka, Moscow 

(1971). 
5. A . M .  Grishin,  Iazh . -F iz .  Zh., 19, No. 1, 84 (1970). 
6. A. ~.. Averson,  V. V. Barzykin,  and A. G. Merzhanov, ibid., 9, No. 2, 245 (1965). 
7. A . G .  Merzhaaov,  B. I. Khaikia, and K. G. Shkadinskii, Pr ik l .  Mekhan. i Tekh. Fiz. ,  No. 5, 42 

(1969). 
8. A . G .  Merzhanov, V. G. Abramov,  and V. T. Goatkovskaya, Dokl. Akad. Nauk SSSB, 148, No. 1, 

156 (1963). 
9. L. Yu. Artyukh, L. A. Bulis,  A. T. Luk'yanov,  and S. N. Sharaya,  Fiz .  Gorel.  Veshch., No. 4 

(1968). 
10. V . V .  Barzykia ,  V. T. Goatkovskaya, A. G. Merzhanov, and S. I. Khudyaev, Pr ikl .  Mekhan. i 

Tekh. Fiz . ,  No. 3 (1964). 

708 


