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Steady-state combustion is preceded by an essent ia l ly  unsteady process  encompassing the time 
interval f rom the initiation of the action of the external heat source to the establ ishment  of the s tat ionary 
front  propagation velocity.  In studies of the ignition of condensed and gaseous sys tems  ([1-3] and others)  
the unsteady p rocess  was studied for reg imes  having a ve ry  marked inductive nature,  although only to the 
instant of sharp tempera ture  r i se .  The subsequent course  of the process ,culminat ing  with transit ion to 
s teady-s ta te  combustion, and also the reg imes  which do not have an inductive nature of initiation of the 
chemical  react ions ,  have not been examined, since in the gas case this involves major  difficulties even 
when using an electronic  computer ,  while in the case of condensed substances there is also some confusion 
in the physical formulat ion of the problem.  In the present  paper  we use several  simplifing assumptions 
to study the p rocess  of t ransi t ion to the s teady-s ta te  combustion regime with thermal  initiation of the 
chemical  react ion in a combustible gas by a heated sur face .  The essence of the ar t ic le  are  the conclusions 
drawn on the basis  of numerical  computer  calculations.  

PROBLEM FORMULATION 

At the initial time a gas capable of exothermal transformation with the temperature T O is brought 
into contact with a hot wall whose temperature is T w (T o < Tw)o 

We assume that the wall temperature does not change in time. The process may be described by 
the system of differential equations 

pt' § (pv)j = O, ROT [( i  - -  ,q) / th + ~1 ] t~l  = P o  
%P (Tt" § vT~') : (~T~')~' § Qp (l - -  n)kexp ( - -E /RT)  

t) (nt" § vn j )  =(Den'~)'~ + p(t - ~ l ) k e x p ( - - E / R T )  

where 

P0 = Rp0T0 / ~1, 

with the initial and boundary conditions 

T =  To, 
T ---- T~, 

= ~ o ( T 1 T o )  ~, D = D o ( P o / p )  (T/To)  8 

v = 0 ,  ~ = 0 ,  P =Po for t = 0  
v = 0 ,  ~lx' = 0  for x = 0 

(1) 

Here p = density, v = gas velocity,  T = tempera ture ,  Cp = specific heat,  Q = thermal  effect per unit 
mass  of the combustible gas mixture,  ~ = conversion efficiency (relative weight concentrat ion of the 
combustion products) ,  k = pre-exponent ,  E = activation energy,  R = gas constant,  #~, #2 = molecular  weights, 
P0 = p re s su re ,  ~, = thermal  conductivity, D = diffusivity. 

The sys tem (1) consists  of the equations of continuity, heat conduction, diffusion, and the equation of 
state of the mixture of two ideal gases .  We examine the case of f i r s t - o r d e r  react ion.  Equations (1) are  
wri t ten on the following assumptions:  a) the velocity caused by chemical conversions and thermal  expansion 
is significantly less  than the speed of sound and, consequently, the p re s su re  may be considered constant 
and the work of compress ion  may be neglected in the energy equation; b) there is not free convection; c) 
the specific heat and thermal  conductivity do not depend on the composit ion.  
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The ent i re  t rans ient  p rocess  (whose t ime we denote by to) 
GI~ - 1 J J  1 ~ - ~  can be divided into two stages:  the p rocess  of nonstat ionary front  
1 : ~ l ~  [1 [ iz ! 1 J 1  format ion  (tl) an d th e  process  of nonstat ionary f ront  propagation 

(t2), terminat ing with the onset  of s ta t ionary combustion (to = tl + 
101 . . . . . .  t2). Because of the asymptot ic  nature of the t rans ient  p rocess ,  
~05~15 ]e [7 [8 f l t[ '  t12l 13 t h i s d i v i s i o n i s a r b i t r a r y o  T h e n o n s t i o n a r y c o m b u s t i o n f r o n t m a y  
o ~ ~ - !  be considered formed if at any point of the mixture  the convers ion 

~ / ~ le ~g ~ ! ~ l z  ~r3 eff iciency becomes  close to one~ Similarly,  the front  may be 
~~176176 ~ 7 considered  establ ished if its veloci ty  is near ly  s ta t ionary.  For  

o definiteness in the following we assume that the nonstat ionary front  
09 io~~ I ~-~~- is formed if at any point of the mixture  ~ becomes equal to 0.9, 

and that the front is es tabl ished if the value of the nonstat ionary 
~ veloci ty  of the f ront  differs  f rom its s ta t ionary  value by 10%. 

0 
t~ / llz ] Other conditions for  the select ion of tl and t2 a l t e r  only thei r  

~ ~ ' - - ~  ~ ~ ~ ,1 13 magnitude, without introducing any significant changes in the final ~ +  ) ) J J 
o ~ ~ resu l t s .  

0 z,,O 80 120 

Fig. 1 In the following the analysis  of the t rans ient  p rocess  will 
be made with the aid of dimensionless  space - t ime  quantit ies,  for  
which the dimensionless  var iables  and p a r am e te r s  are  

t _ %RT,~ E f %po ~,/, 
v -  t .  , t .  EQk exp R ~ . ,  ~ = x \ ~ - 2 ~ . j  

f %pot~ ~'/~ (T - T,) E (T -- T.) g 

O0 ~ ( T ,  - -  To) E c p R T , 2  ( T  w - -  To) Cp 
- R T , ~  ' " [ - -  E Q  ' Z ~ - Q 

o I %=P/Po, ~=t~T./E, z = p 2 / p , ,  L=cpD.p,/),., T = ( t - - ~ l )  exp i-F~0 ' m =  xd~ 
o 

where  T ,  is a scale t empera tu re ,  whose choice will be indicated la te r  (the as t e r i sk  indicates that the 
value of the given pa r ame te r  is r e f e r r e d  to the t empera tu re  T , ) .  

According to [2] the initiation of chemical  reac t ion  in a combustible substance by heat coming f rom 
a wall takes place qualitatively differently for  different  values of the p a r a m e t e r  z.  Accordingly,  the ent i re  
t rans ien t  p rocess ,  whose var ious reg imes  will be examined below, will take place differently,  depending 
on the value of z. 

Inductive Ignition Mode. This mode is rea l ized  in those cases  in which the wall t empera tu re  Tw 
is significantly lower  than the s ta t ionary combustion t empera tu re  T b = T O + Q/cp  (the quantity z is less  
than 0.5-0.7). F o r  this reg ime it  is convenient in the calculations to take the wall t empera tu re  T w (0 w = 0, 
z = ~/00) as the scale  t empera tu re  T , .  The space- t ime  pat tern  of the inductive ignition reg ime  is shown 
in Fig.  1 for  the following values of the pa rame te r s :  0 o = 10, T = 0.04, fl = 0.03, a = 0.5, s = 0.6; the 
numera l s  1 . . . . .  13 in the f igure cor respond to the following t imes:  

t 2 3 4 5 6 7 
~ .  4 .1  3S.3  4S 43 .2  4 % 3  49 .3  50 .3  

8 9 10 l i  i2  i3  
�9 ~ 5 i . 3  52 .3  53 .3  54 .3  55 .3  56 ,3  

The p rocess  taking place during the t ime tl has been descr ibed  in detail ,  and here  we examine only 
the p rocess  taking place during the t ime interval  t2 (in this case the t ime introduced for format ion  of the 
nonstat ionary front  prac t ica l ly  coincides with the ignition delay t ime found in [2]). 

As a resu l t  of the marked  acce le ra t ion  of the chemical  react ion at t imes  close to tl, the t empera tu re  
peak previously  formed at some distance f rom the wall v e ry  rapidly r eaches  its maximal  value,  exceeding 
the mixture  s ta t ionary combustion t empera tu re  T b (Fig. 1). Fu r the r  inc rease  of the t empera tu re  peak is 
te rminated  as a resu l t  of complete burnup of the combustible mixture  in the narrow zone near  the t e m p e r -  
a ture  peak. Beyond the l imits  of this nar row zone the convers ion eff iciency still  r emains  everywhere  
smal l .  After this the region of high convers ion eff iciency and high t empera tu re  begins to propagate in both 
direct ions and two fronts  are  fo rmed.  
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One of t h e s e  f ron t s  t r a v e l s  t o w a r d  the wa l l  un t i l  the  
u n r e a c t e d  c o m b u s t i b l e  m i x t u r e  l o c a t e d  be tw e e n  the t e m p e r a -  
t u r e  peak  po in t  and the  wal l  b u r n s  up .  The o t h e r  f r o n t  
p r o p a g a t e s  away  f r o m  the  wa l l  in the  d i r e c t i o n  of the  f r e s h  
u n r e a c t e d  m i x t u r e .  The r a t e  of p r o p a g a t i o n  of th is  f ron t  
d e c r e a s e s  in the  c o u r s e  of t i m e ,  a p p r o a c h i n g  a c o n s t a n t  
v a l u e  - the  s t a t i o n a r y  f l a m e  p r o p a g a t i o n  v e l o c i t y .  The  
r e s u l t i n g  t e m p e r a t u r e  peak  c a u s e s  m a r k e d  e x p a n s i o n  of the 
g a s .  The g r a p h  fo r  the  gas  v e l o c i t y  i m m e d i a t e l y  a f t e r  
o c c u r r e n c e  of the m a x i m a l  t e m p e r a t u r e  has  two " s t e p s "  
which  c o r r e s p o n d  to the two p r o p a g a t i o n  f r o n t s .  A f t e r  
bu rnup  of the gas  n e a r  the  wal l  one s t e p  d i s a p p e a r s ,  and 
t h e r e a f t e r  a s  a r e s u l t  of  coo l ing  of the hot  c o m b u s t i o n  
p r o d u c t s  by the c o o l e r  wa l l  the v e l o c i t y  in the  r e g i o n  
b e t w e e n  the  w a l l  and the  c o m b u s t i o n  f r o n t  p r o p a g a t i n g  into the 
f r e s h  m i x t u r e  a c q u i r e s  s m a l l  nega t ive  v a l u e s ,  d e c r e a s i n g  
in a b s o l u t e  m a g n i t u d e  a s  the c o m b u s t i o n  f r o n t  m o v e s  f a r t h e r  
away .  

To e v a l u a t e  the t i m e  t2 i t  is  a d v i s a b l e  to e x a m i n e  the  
s p a c e - - t i m e  p a t t e r n  of the  c o u r s e  of the p r o c e s s  in the 

L a g r a n g i a n  (mass )  c o o r d i n a t e  s y s t e m ;  s p e c i f i c a l l y  we take  the quan t i t y  m a s  the  i n d e p e n d e n t  v a r i a b l e  in  
p l a c e  of the c o o r d i n a t e  ~. F i g u r e  2 shows  the t e m p e r a t u r e  d i s t r i b u t i o n  in  t h e s e  c o o r d i n a t e s  f o r  the f o l l o w -  
ing v a l u e s  of the p a r a m e t e r s :  00 = 10, 7 = 0.04, fl = 0.03, s = 0.6, a = 0.5; the  n u m e r a l s  1 . . . .  , J3 in 
the  f i g u r e  c o r r e s p o n d  to the  fo l lowing  t i m e s :  

i 2 3 4 5 6 7 
T =  4.1 38.3 48 48.2 48.3 49.3 50.3 

8 9 i0 i i  12 13 
�9 =51.3 52.3 53.3 54.3 55.3 56.3 

A l s o  shown h e r e  a r e  the  v a l u e s  of the  d i m e n s i o n l e s s  f ron t  l i n e a r  v e l o c i t y  w (ve loc i ty  r e l a t i v e  to the  
wa l l )  and  the d i m e n s i o n l e s s  f r o n t  m a s s  v e l o c i t y  Wm at  t i m e s  c o r r e s p o n d i n g  to f r on t a l  p a s s a g e  th rough  the 
p l ane  wi th  c o o r d i n a t e  m .  

We s e e  f r o m  F i g .  2 tha t  n o n s t a t i o n a r y  f r o n t  p r o p a g a t i o n  does  not  a l t e r  s i g n i f i c a n t l y  the  t e m p e r a t u r e  
d i s t r i b u t i o n  a h e a d  of  the  f ron t ,  wh ich  f o r m s  a t  the  m o m e n t  t = t l ,  and  the s t a t i o n a r y  v e l o c i t y  i s  n e a r l y  
r e a c h e d  when the gas  m a s s  h e a t e d  d u r i n g  the  t i m e  t l  b u r n s  up .  

The  m a g n i t u d e  of the  h e a t e d  gas  m a s s  can  be  found a p p r o x i m a t e l y  by  s o l v i n g  the h e a t  conduc t ion  
equa t ion  in L a g r a n g i a n  c o o r d i n a t e s  f o r  s e m i - i n f i n i t s  s p a c e  [4] 

M ~ 2 V ~,oPotl / % (2) 

w h e r e  ~ i s  the  t h e r m a l  c o n d u c t i v i t y  fo r  T = T o. To c a l c u l a t e  the  t i m e  t2 we shou ld  d iv ide  the quan t i t y  M 
by  the  a v e r a g e  v a l u e  of  the  u n s t e a d y  m a s s  v e l o c i t y  u d u r i n g  th i s  t i m e .  H o w e v e r  we s e e  f r o m  F i g .  2 tha t  
t h i s  v e l o c i t y  does  not  d i f f e r  m a r k e d l y  f r o m  the s t a t i o n a r y  f r o n t  p r o p a g a t i o n  m a s s  v e l o c i t y  Uo, and t h e r e f o r e  
the  fo l lowing  f o r m u l a  i s  v a l i d  f o r  the  a p p r o x i m a t e  e s t i m a t e  of the  t i m e  t2: 

2 / XoPot ~ \% ) (3) 

The va lue  of  t l  in  (3) can  be  e s t i m a t e d  on the b a s i s  of  the  r e s u l t s  of [2], and the va lue  of u0 can  be 
found wi th  the a id  of the  Z e l ' d o v i c h - F r a n k - K a m e n e t s k i i  f o r m u l a  [5]. 

We t r a n s f o r m  (3) to a d i f f e r e n t  f o r m ,  i n t r o d u c i n g  the c h a r a c t e r i s t i c  s t a t i o n a r y  c o m b u s t i o n  t i m e  

X~Pb (4) 
t b ~ CpUo~ 

w h e r e  ~b,  Pb a r e  the  t h e r m a l  conduc t i v i t y  and  d e n s i t y  of  the  c o m b u s t i o n  p r o d u c t s  f o r  T = T b.  The m e a n i n g  
of the quan t i t y  t b is  the t i m e  fo r  b u r n u p  of  the  hea t ed  l a y e r  f o r  s t a t i o n a r y  c o m b u s t i o n .  E x c l u d i n g  u0 f r o m  
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(3), we find the connection between the t imes charac ter iz ing  all 
stages of the process  - ignition, nonstat ionary combustion, and 
s ta t ionary combustion: 

t ~  2 1/koPo / kbpb V tltb (5) 

The factor  preceding the quantity ~ is usually of o rder  
one and, consequently, t 2 is of order  ~i t  b. As is known, the 
quantity tl is proport ional  to exp (E/RT0) and the quantity t o is 
proportional to exp (E/RTb). Thus, in the nondegenerate ignition 
mode t 1 > t 2 > tb, and the entire t ime t o for the nonstat ionary pro-  
cess  of t ransi t ion to the s tat ionary combustion regime actually coin- 
cides with the ignition t ime t~. This relat ionship between the t ime s is the 
charac te r i s t i c  feature of the nondegenerate ignition regime.  If 
the wall t empera ture  T w is increased  while maintaining the other 
conditions constant,  then the t ime t2 decreases  considerably more 
slowly than does the time h ,  and for some values of the wall 
tempera ture  Tw(T w < Tb) the t ime tl becomes equal to t2. However 
this tempera ture  now corresponds  to the so-ca l led  " intermediate"  
regime,  having a different nature of the course  of the p rocess ,  
and the formulas  for ti and t 2 become invalid. 

Ignition Mode. This mode is real ized when the wall t empera -  
ture  T w exceeds considerably the stat ionary Tb tempera tu re  burning 
(the value of z is more  than 1.7-2). For  this mode it is convenient to 
take Tb(0 0 = l/T) as the scale t empera ture  in the calculation. 

The space- t ime  pattern of the course of the p rocess  is shown 
in Fig.  3 for the following values of the pa r ame te r s :  0 0 = 5, 0 w = 5, 
~,= 0.2, fi = 0.1, a = 0.5, s = 0.6; the numerals  1, . . . .  5 in the 
figure correspond to the following t imes:  

i 2 3 4 5 
v = 32 94 i96 340 505 

Also shown here are  the values of the dimensionless  apparent 
and mass  velocit ies of the front  at t imes corresponding to frontal 
passage through the plane with the coordinate }. In cons t ras t  with 
the inductive ignition mode in the ignition mode there is no lengthy 
p rocess  of heating of the mixture,  in the mixture,  in the course  of 

which the convers ion efficiency is everywhere ve ry  small (there is no so-cal led ignition delay). In this 
mode the convers ion efficiency near  the surface ignition delay). In this mode the convers ion efficiency 
near  the surface becomes  close to one pract ical ly  instantaneously, i.e., the nonstat ionary front formation 
t ime t 1 is small,  and the total t ransient  p rocess  t ime t o essential ly coincides with the nonstationary burn-  
ing t ime t 2. 

In cont ras t  with the ignition mode, in the mode in question here  there is no spatial t empera ture  
peak and there is always only a single chemical  react ion propagation front, directed away f rom the wall. 
Accordingly,  there is always only a single velocity "step," caused by motion of the f resh  mixture as a 
resu l t  of thermal  expansion and change of the molecular  weight of the gas in the burning zone. 

The nonstat ionari ty of the front propagation p rocess  in the ignition mode is due to the presence 
of thermal  flux f rom the hot wall into the burning zone. As the front moves  away f rom the wall the 
heat flux into the burning zone decreases  and the front velocity approaches its s tat ionary value. The 
front may be considered established when the thermal  flux f rom the wall into the burning zone becomes 
small  in compar ison  with the heat re leased  as a resul t  of chemical react ion.  This makes it possible to 
es t imate  the magnitude of the nonstat ionary burning t ime t2 (and, therefore ,  to). The heat flux from the wall 
into the burning zone for  t imes close to t2 can be established approximately by solving in Lagrangian 
coordinates the problem of wall heating by the combustion products 

(T~--T~) ~ ' / 2 e x p  
q = ( ~'z / (+ I~,bPbt2 ") (6)  

cpM ~ 
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where q is the heat flux f rom the wall into the burning zone, and M is the 
mass  of the burned gas at the time t 2. The values of M can be taken 
approximately equal to the product of the s tat ionary mass  burning velocity 
u0 by the time (M ~u0t2). Assuming the flux f rom the wall into the burning 
zone small  in compar ison with the heat re lease  rate owing to chemical 
react ion (for definiteness,  q = 0.1 Qu0), we can obtain the approximate 
formula for t2: 

Vt2 / t~ exp (t2 / 4tb) = (lo / V ~  ( r ~  - Tb) / (T~ - -  to )  (7) 

where t b is defined by (4). 

ff we increase  the wall t empera ture  T w while maintaining the other 
conditions unchanged, in accordance with (7) the t ransient  p rocess  t ime 
t o (t o ~ t2) in the ignition mode increases ,  when in the induction ignition 
mode it decreased.  Therefore  in the mode which is intermediate between 
these two limiting modes the quantity t o has a minimum as a function of 
the wall t empera ture .  

Intermediate Mode. This mode is real ized in those cases  inwhich 
the wall t empera ture  T w is close to the burning tempera tu re  T b ( z is 
close to one). It is difficult to indicate sharp boundaries between the ex- 
t r eme  and intermediate r eg imes  and the intermediate mode can be con- 
s idered to be "degenerate" in the sense that as the wall t empera tu re  ap- 
proaches  the burning tempera tu re  f rom both higher and lower t empera -  
tures  the proper t ies  of one limiting mode are  gradually lost and those of 
the other l imiting mode are  gradually acquired. 

For  example, if the wall t empera ture  is increased to bring it close 
to the burning tempera ture ,  then in compar ison  with the induction ignition 
mode the preheat ing stage begins to be charac te r ized  by increasingly 
higher  convers ion effictencies,  the tempera ture  peak becomes increasingly 
smal le r  and shifts toward the wall. The chemical react ion front directed 

toward the wall becomes increasingly less  marked and gradually disappears ,  the fract ion of the time ti in 
the overall  time to decreases ,  and the fract ion of the time t 2 inc reases .  However, if we reduce the wall 
t empera ture ,  bringing it close to the burning tempera ture ,  then there  is "degeneration" of the ignition 
mode. In this case  the wall influence on the nonstat ionary chemical  react ion front propagation p rocess  
diminishes and at some tempera tu re  close to the burning t empera tu re  there appears  a small  t empera tu re  
peak in space. The t ime t 1 increases  and t 2 dec reases .  

The grea tes t  degree of degenerat ion of the two limiting modes is achieved when the wall t empera -  
ture equals the burning t empera tu re .  Figure  4 shows the space- t ime  pattern of the course  of the process  
for the following values of the pa rame te r s :  0 o = 5, T = 0.2, 8 = 0.1, s = 0.6, ~ = 0.5; the numerals  1, . . . , 5 
cor respond to the following t imes : 

l 2 3 4 5 
= 14.5 7~L i99 344 48I 

Here the t empera tu re  T b is taken as the scale tempera ture  T , .  We see f rom the figure,  specifically,  
that a prac t ica l ly  s tat ionary burning front  can form even at distances from the wall of the o rder  of the 
thickness of the preheated l ayer  for s ta t ionary combustion. The numerical  calculations for different values 
of the pa rame te r s  show that the time to for Tw = T b is close to the value of tb found f rom (4) (to amounts 
to 0.5-1 t imes tb). 

Figure  5 shows the logari thm of the rat io of the nonstat ionary process  total time to to tb(ln t0/tb) 
ve r sus  z (curve 1). As we would expect, a minimum of to occurs  for  T w = T b. This figure also shows the 
values of In (tl/t b) (curve 2, ti calculated using the formula of [2]), In (t2/t b) (curve 3, t2 calculated using 
(5), u0 calculated using the formula of [5]), In (tl + t2)/tb (curve 4), and In (rift b) (curve 5, t2 calculated 
using (7)). We see f rom the figure that the approximate formulas  agree  quite well with the numerical  ca l -  
culations in those regions where the approximations used in obtaining these formulas  are  valid. 
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Figure  6 shows for  the following values  of the p a r a m e t e r s :  e 0 = 14.7, ~/ = 0.047, fl = 0~ ff = 1, 
s = 0.6, the ra t io  of the m a s s  nonsta t ionary  burning veloci ty  u to its s t a t ionary  value u0 v e r s u s  d imens ion-  
l e s s  t ime T (T.  = 0.75 Tb) for  va r ious  values  of the wall t e m p e r a t u r e  (the numera l s  indicate the values  of 
z). The absc i s sa  coordinate  of each  curve  co r responds  to the f ront  fo rmat ion  t ime .  We see f rom the 
f igure that the nonsta t ionary  burning veloci ty  is h igher  than the s ta t ionary  value,  and the highest  value of 
the nonsta t ionary  veloci ty  for  d i f ferent  values  of the wall  t e m p e r a t u r e  d e c r e a s e s  as the wall  t e m p e r a t u r e  
approaches  the burning t e m p e r a t u r e  f rom both higher  and lower  t e m p e r a t u r e s .  In this region the non-  
s ta t ionary  burning veloci ty  approaches  the s ta t ionary  value f rom lower  va lues .  Analysis  of the s p a c e - t i m e  
dis t r ibut ion showed that the r e a s on  for  this is the influence of the re la t ive ly  cold wall  and the burning 
f ront  which f o r m s  nea r  the wall .  

LITERATURE CITED 

1. Ya. B. Zel 'dovich,  "Theo ry  of hea t ed - su r f ace  ignition," ZhETF,  Vol. 9, No. 12 (1939)o 
2. A. E~ Averson ,  V. V. Barzykin ,  and A. G. Merzhanov,  "Laws of ignition of condensed explosive 

s y s t e m s  with pe r fec t  heat  t r a n s f e r  at the su r face  with account  for  burnup,"  Inzh-f iz .  zh. [Journal 
of Engineer ing Physics] ,  Vol. 9, No. 2 (1965). 

3. K . G .  Shkadinskii and V. V. Barzykin ,  "Ho t - su r f ace  ignition of gases  with al lowance for  diffusion 
and hydrodynamics , "  Fiz ika  goreniya i v z r y v a  [Combustion, Explosion,  and Shock Waves] ,  Vol. 4, 
No~ 2 (1968). 

4. A.V. Luikov, Thermal Conductivity of Nonstatienary Processes [in Russian], Gosenergoizdat, 
Moscow- Leningrad (1948). 

5. Ya~ B. Zeltdovich and D. A. Frank-Kamenetskii, "Theory of thermal propagation of a flame," Zh. 
fiz. khim., Vol. 12, No. 1 (1938)o 

730 


