
E F F E C T S  O F  R E A G E N T  C O N S U M P T I O N  A N D  

I N  I G N I T I O N  IN A V E S S E L  

L .  Y u .  A r t y u k h ,  P .  G. I t s k o v a ,  
a n d  A .  T .  L u k ' y a n o v  

HEAT LOSS 

UDC 536.46 

Two approximate analytical methods are  widely used in r e s e a r c h  on thermal  ignition: the 
s tat ionary theory [1] and the nonstationary one [2]. The f i rs t  predicts  the cr i t ical  explosion 
conditions very closely.  Direct numerica l  integration has been used [3] to obtain a solution 
for  the rmal  ignition, which indicated that ignition near  the heated walls can accompany igni- 
tion at the center .  The difference between the cr i t ical  conditions for  ignition at the wall and 
self- ignit ion can be defined only f rom the interact ion between the initial and boundary condi- 
tions. The extent of combustion is substantial in both cases  [1], and it subsequently plays a 
substantial par t  in setting up the temperature  conditions in the vessel .  A study is made here 
of the thermal  decomposit ion of methyl nitrate vapor, which incorporates  the diffusion and 
finite react ion rate.  Monte Carlo simulation is used with a p lanar  e lect r ical ly  conducting 
medium [4]. 

Consider  a p lane-para l le l  vessel  with unbounded walls filled With methyl nitrate vapor. 

The problem is put in the form 

F o > O ,  O < X < i ,  (1) 

o Fo -- ~ + ~q8 exp 

% - - /  

F o = O ,  O~<X~<t, 0 = 0 ,  ~ ]= t ;  
~O oT I 

Fo,>0,  X = 0 ,  T 2 = 0 ,  b-X=0; 

F o > O ,  X = t ,  

oO r~i (0 "Ow), ~n = ~ ~-~ = 0, (2) 

E (T--  To); 2_ .  where O= ~ I] = co ' 

E Q ~  ( E )  a 
8 RTo2 -'~-lkocoXexp --~-~0 ; Bi=--~-l;  

BT02 cvP D BTo . 
~= ~ q - ~ ;  Le =-~; u= E , 

X = x/ l ;  F o = a t / l  2, 

The symbols  Bi, Fo, and Le are,  respectively,  the Blot, Fourier ,  and Lewis numbers ,  while E is the 
activation energy,  Qp is the heat of reaction T O is the initial temperature ,  which equals the wall t empera-  
ture T w, c o is the initial concentration, k 0 is the preexponential  factor,  R is the universal  gas constant, l 
is the t r ansverse  size of the vessel ,  and 2,, c v, a, D, p, a are,  respectively,  the thermal  conductivity, spe-  
cific heat, thermal  diffusivity, diffusion constant, density, and hea t - t r ans fe r  coefficient. 

The kinetic data on the decomposit ion of methyl nitrate vapor  were taken f rom [5]. 
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Fig.  1 

1 
The ini t ia l  p r o b l e m  of (1)-(2) was  app rox ima ted  via  the fol lowing d i f fe rence  equa t ions :  

k + l  A F o  {A k ( __2AFo'~ ( 0nk 1 (3) ,, = ~ t ' , n + ,  +0 , -~ )+  t -ax~] 0nk + ~l~hSAF~ l + ~ e ,  ~ ; 
J 

= ~ til,+i + ~1,-1 ) + 1 - -  2--h--~--- 6aA Fo exp il~ k, 
\ t + "0,,~ ) J 

( n = l  . . . . .  N - -  1; k =  1,2.. .) ;  

0n ~ = 0,  ~ , o  = t ,  0o TM = 0t  TM, ~o  TM : ~ t  TM, 
0 k+t ~ 0 k + 2Bi AXO w ~ (M -- t -- Bi AX) 0~v ~ (4) 

ONk+I_.N-t T N-I t +-~- M -]- BiAX ~ '  

~ln TM ~ ~lJv_l TM- 

The s tabi l i ty  condi t ions  fo r  (3) a r e  

A Vo t (5)  ~ -  = -h-~ ~ - ~  ; 

~  0 (6) 

++ 

Condit ion (6) was  used  in the ca lcu la t ions ,  which is m o r e  r e s t r i c t i v e  than (5) as r e g a r d s  the p a r a m -  
e t e r s  of A F o  and AX. 

To m e e t  (6) dur ing  the ca lcu la t ions  with a g iven AX one had to reduce  AFo  in a c c o r d a n c e  with the in-  
c r e a s e  in r e a c t i o n  r a t e .  

One t r a n s f e r s  f r o m  (2) to (4) by the method of e l e m e n t a r y  heat ba l ances  [6]. 

Before  the s t a r t  of solut ion,  the a r i t hme t i c  sec t ion  was  p r o g r a m m e d  s t r u c t u r a l l y  in acco rdance  with 
the d i f fe rence  s c h e m e  [4] (Fig. 1), with 1-3  as  dec i s ion  e l e m e n t s  f o r  the in tegra t ion  of (3) and (4). The 
va lues  of the r e s i s t o r s  w e r e  t aken  as  

t i 
Rn-I  = R,++l -- 1, R,~ = ~-V----2' Rh+l = -~-, (1) 

R =  l 

+ = '  t' + ) 
I i 

R,+-r----- R,~+i = i ;  R~ -= .~-7--2; R~+i = 3~; (2) 

R =  t 

BoA X ~ exp (~- 0~ 
-t- u% a j 

\ 

1 
R~=Rh+i=t ;  R O = M - - I - - B i A X ;  (3) 

t 
/ ~  ~--- 2 Bi AX ~ 

The s tep in the t ime coo rd ina t e  was  adjus ted  v ia  Rn, Rk+l, R 0. 

A p l a n a r  e l e c t r i c a l l y  conduct ing  m e d i u m  (Fig. 1, p a r t  4) enabled us to solve  the p r o b l e m  d i r ec t l y  in 
g r a p h i c a l  f o r m  without i n t e rm e d i a t e  r e c o r d i n g s .  
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Figure 2 shows the nonsta t ionary  t e m p e r a t u r e  d i s -  
t r ibutions and concenti 'at ions (curves 1-6 co r re spond  to 
Fo=0.025,  0.0625, 0.07, 0.0710, 0.07125, 0.07142),while 
Fig. 3 shows the nonsta t ionary r eac t i on - r a t e ' d i s t r i b u t i o n  
(curves 1-6 co r respond  to Fo=0.06746,  0.06764, 0.06814, 
0.06912, 0.07066, 0.07299) for  values  of the p a r a m e t e r  
5=17.0688, a=0.0574,  Bi =4.8 ,0w=O; forcompar i son  , Fig. 2 
shows (broken line) the t e m p e r a t u r e  distr ibution for  adia-  
batic combust ion (Fo= 0.07 and Fo =0.07142), which r e -  
s embles  the t e m p e r a t u r e  and concentra t ion  dis t r ibut ions:  

I [ i  - -  ~ l ( X ) ] .  o ( x )  = -~  

Compar i son  of the cu rves  shows that the heat t r a n s f e r  
d is rupts  the s imi l a r i ty .  The d i sc repancy  is l a rge s t  nea r  
the walls  of the vesse l ,  because  the heat t r a n s f e r  to the 
surroundings  lowers  the t e m p e r a t u r e  there,  and the r e -  
act ion ra te  is dependent exponential ly on the t empera tu re ,  
so the decomposi t ion  at the cen te r  is more  rapid than that 
at the  walls (Fig. 2). Then the region of burnup expands 
(Fig. 3). 

Figure  4 shows the t e m p e r a t u r e  and concentra t ion 
dis t r ibut ions  ove r  the axis of the ves se l  as functions of 
t i m e  (1 and 3). Within the working t ime  interval ,  the t e m -  
pe r a tu r e  00 r i s e s  only to some m a x i m u m  value 0om (cal- 
culations show that 0ore co r r e sponds  to Tin, which coin-  
cides with the theore t ica l  poss ib le  adiabatic  combust ion  
t empe ra tu r e ) :  

T~- -  TIt=o H Q'. 
g v  

The t e m p e r a t u r e  at the axis 00(log Fo) was compared  with 
the analogous rela t ionship neglect ing the consumption 
(curve 2). It is c l e a r  that the difference between the cu rves  
is initially inappreciable  (burnup slight, Fig. 4); subse-  
quently, curve  2, which desc r ibes  the effect  of the rma l  
explosion, l ies  above curve  1, which co r responds  to higher 
t e m p e r a t u r e s .  F r o m  a ce r t a in  instant onwards,  the t e m -  
p e r a t u r e  r i s e s  exponential ly (an analogous solution was 
obtained in [3] for  a cyl indr ica l  l a y e r  of mater ia l ) ,  and 
the difference between 1 and 2 becomes  very  g rea t .  Fig- 
ure  5 i l lus t ra tes  the concent ra t ion  var ia t ion  at the vesse l  
walls as  a function of t ime in re la t ion  to the h e a t - t r a n s f e r  
conditions (Bi). Figure  4 impl ies  that  the ignition t ime  is 
not dependent on Bi. The total  burnup t ime,  during which 
the initial ma t e r i a l  vanishes ,  i n c r e a s e s  somewhat  as the 
heat t r a n s f e r  to the envi ronment  i n c r e a s e s  (Fig. 5 ) .Curves  
1 ' -1 ' "  re la te  to Bi of 0, 4.8, and infinity, r espec t ive ly .  In- 
corpora t ion  of the consumption allows one to de te rmine  
the total  combust ion t ime  and to t r a ce  the fo rmat ion  of the 
f lame.  The concentra t ion  r ema ins  vir tual ly  constant dur-  
ing the ignition, so one expects  that the burnup will not 
a l t e r  the c r i t i ca l  ignition l imi t s .  As the density and p r e s -  
sure  vary  with t e m p e r a t u r e  on account of f ree  convection 
in the gas [7], there  is a ce r t a in  change in the t empe ra tu r e  
and concentra t ion dis t r ibut ions,  but there  is no quali tat ive 
difference f r o m  our  resu l t s .  



This  s imula t ion  method with a conducting medium can be used in handling combus t ion- theory  p rob -  
l e m s  and gives  adequate accu racy  (0.5-1%) fo r  the p r o c e s s .  
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