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In this r e s e a r c h  we se lec ted  for  study a typical  
r e p r e s e n t a t i v e  of the secondary  e x p t o s i v e s - - t e t r y l .  
Many of i ts  t he rmophys ica l  c h a r a c t e r i s t i c s  [1-3] ,  i ts  
k ine t ics  of t h e r m a l  decompos i t ion  in the l iquid s ta te  
at quite high temperatures [4,5], and the composition 
of its combustion products [6] are known. 
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Fig. 1. O s e i l l o g r a m s  of t empe ra tu r e  prof i les  obtained 
for  t e t ry l  bu rn ing  at a tmosphe r i c  p r e s s u r e  (a), at p = 

- 8 k g / c m  2 (b), and at p = 45 k g / c m  2 (c). 

METHOD 

The t e m p e r a t u r e  prof i le  was m e a s u r e d  with U-shaped  
r ibbon m i e r o t h e r m e e o u p l e s  ( tungsten + 5% r h e n i u m - -  
tungs ten  + 20% rhenium) 5 - 7  mic rons  thick by the 
method de sc r i bed  by A. A. Zenin  [7]. The t h e r m o -  
couples were  welded by d i scha rg ing  a h igh-capaci ty  
e lec t ro ly t i c  capac i to r  (800 ~F).  The charges  were  
p r e s s e d  into p lexig lass  tubes  40 m m  high with an in -  
t e rna l  d i a m e t e r  of 8 m m  and a wall th ickness  of i mm.  
The the rmocoup les  were  i n se r t ed  in the charge  as 
follows: f i r s t ,  half  the weighed por t ion of explosive 
was poured into the tube and a t rapezo ida l  i m p r e s s i o n  
was formed in it  with a shaped punch; the thermocoupIe  
was placed in this  i m p r e s s i o n ,  the r e s t  of the explo- 
s ive was poured in, and f inal ly  the charge was com-  
p r e s sed  in a hydrau l ic  p r e s s  to a dens i ty  (1 .68-1 .70 
g /e ra  :~) c lose  to the m a x i m u m  (1.73 g/cm~).  The charges  
were  igni ted in a c o n s t a n t - p r e s s u r e  bomb with windows 
through which it was poss ib le  to e s t ab l i sh  the type of 
combus t ion  and the bu rn ing  ra te  at the s a m e  t ime as 
the t e m p e r a t u r e  profile was being recorded .  

RESULTS OF EXPERIMENTS 

Figure I presents typical oscfllograms of the dis- 

tribution of temperature in the combustion zones of 

tetryl of different pressures. In all the oscillograms 
it is possible to distinguish the following characteristic 
zones. Zone I from the initial temperature to thebreak 

corresponding to the melting point, i. e., the solid 
zone at a temperature less than 130 ~ C; zone II from 

the melting point to the characteristic point of inflection 
corresponding to the temperature at the surface of the 

condensed phase T s, i. e., the molten zoneand reaction 
layer; the primary flame zone Ill directly adjacent to 
the reaction layer of the condensed phase, and, finally, 
the secondary flame zone IV, which only appears at 
pressures above 7 kg/cm 2. 

At first, the maximum combustion temperature 
(Fig. 2) varies very weakly from 900 ~ C at atmospheric 
pressure to 1000 ~ C at p = 7 kg/cm 2, then it increases 
sharp ly  to 2100 ~ C (a secondary  f lame zone appears  at 
8 kg/cm2), a further increase inpressuceto45 kg/em z 

leads only to an inconsiderable increase in maximum 

temperature. Similar values of the maximum com- 

bustion temperature for tetryl were obtained in [8] 
by Polkhil and Mal'tsev. At the point at which the 
secondary flame appears (8 kg/cm 2) the maximum 
temperature in it is reached at a distance of 4.5 mm 

from the surface of the condensed phase, but with in- 
crease in pressure this distance quickly diminishes 
(Fig. 3) and at p = 45 kg/cm 2 it amounts to approxi- 

mately 0.25 ram. 
The maximum temperature of the primary flame 

increases somewhat with increase in pressure (see 

Fig.  2}. 
We note that at p r e s s u r e s  of 1-20 kg / e m ~ this  zone 

inc ludes  a region of t e m p e r a t u r e  osc i l l a t ion  but bo rde r s  
d i r ec t ly  on the condensed phase.  This region  is c lea r ly  
v i s ib le  in Fig.  l a ,  b. At 45 k g / c m  z these  t e m p e r a t u r e  
osc i l l a t ions  a re  not observed  (see Fig.  le) .  As the 
p r e s s u r e  i n c r e a s e s ,  the ampl i tude  of the t e m p e r a t u r e  
osc i l l a t ions  d e c r e a s e s ,  while t he i r  f requency  grows,  
At 1 a tm t e m p e r a t u r e  osc i l l a t ions  were  also noted in 
the condensed phase (see Fig. la) .  

At atmospheric pressure the surface temperature 
of burning tetryl T s (Table 1, Fig. 2) coincides with 
the boiling point of s An increase in pressure 
leads to a smooth increase in T s (see Fig. 2) along a 
curve similar to the calculated pressure dependence 
of the boiling point of tetryl. The boiling point (see 
Fig, 2) was calculated from the Clausius-Clapeyron 
fo rmula ,  s t a r t ing  f rom the fact that,  accord ing  to 
Be lyaev ' s  data [1], the boil ing point T b of t e t ry l  at 
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a t m o s p h e r i c  p r e s s u r e  is  equal to 310" C, whi le  i t s  hea t  
of v a p o r i z a t i o n  i s  26 k c a l / m o l e .  

The t e m p e r a t u r e  p r o f i l e s  enabled us  to d e t e r m i n e  
the t e m p e r a t u r e  g r a d i e n t  c l o s e  to the s u r f a c e  of the  
condensed  phase  (dT /dx) s  ( this  quant i ty  and the s u r f a c e  
t e m p e r a t u r e  a r e  d e t e r m i n e d  much l e s s  r e l i a b l y  than 
the combus t ion  t e m p e r a t u r e  and the quant i ty  of hea t  
t r a n s f e r r e d  f r o m  the gas  phase  to the condensed  phase  
by conduct ion (Table  1). 

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 zone I(T < Ti) of the 
o s e f l l o g r a m s  d e s e r v e s  a t tent ion .  I t  is  c h a r a c t e r i s t i c  
of this  zone tha t  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 i t  
should a p p a r e n t l y  s t r i c t l y  obey the Miehe l son  law, s ince  
at  such low t e m p e r a t u r e s  (T < 130 ~ C) t h e r e  should be 
no a p p r e c i a b l e d e c o m p o s i t i o n  o f t e t r y l  i n t h e  combus t ion  
wave  dur ing  hea t ing  (ha l f - I i fe  a t  120 ~ C, 8700 hour s  
[ 4 ] ) ;  t h e r e f o r e ,  with i n c r e a s e  in the burning r a t e  u 
the width of the hea ted  l a y e r  I should d e c r e a s e  so 
that  the p roduc t  u l  r e m a i n s  cons tan t ,  but an i n c r e a s e  
in p r e s s u r e  f r o m  6 to 45 k g / c m  a unexpec ted ly  l eads  to 
a s h a r p  i n c r e a s e  in ~he width of the  heated l a y e r  
f rom 0.05 to 0.5 ram, which, in i t s  tu rn ,  l e a d s  to an 
i n c r e a s e  in the p roduc t  ul  b y  a f a c t o r  of 20 (Fig .  4). 
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Fig .  2. Sur face  t e m p e r a t u r e  {1), t e m p e r a t u r e  of 
s m o k e - g a s  zone (2) m a x i m u m  t e m p e r a t u r e  (3), 

and bo i l ing  point  T b as  funct ions  of p r e s s u r e .  

HEATED LAYER OF SOLID PHASE 

I t  may  be a s s u m e d  that  the  i n c r e a s e  in the  p roduc t  
u! is  a s s o c i a t e d  with r a d i a t i v e  heat  t r a n s f e r  f rom 
the s e c o n d a r y - f l a m e  zone.  In fact ,  the heated l a y e r  
begins  to expand upon the a p p e a r a n c e  of the s e c o n d a r y  
f l ame ,  which m u s t  p o s s e s s  c o n s i d e r a b l e  r ad i a t i ng  
power  [8], s i nce  when t e t ry I  bu rns ,  a l a r g e  amount  
of ca rbon  is  f o r m e d  [6].  M o r e o v e r ,  t e t r y l  is  qui te  
t r a n s p a r e n t ;  t h e r e f o r e  the  in tense  r ad i a t i on  of the 
s e c o n d a r y  f lame,  at a t e m p e r a t u r e  of 2000~ ~ C, 
can hea t  the  i nne r  l a y e r s  of m a t e r i a l  and p roduce  an 
expans ion  of the  hea ted  l a y e r  and a subs t an t i a l  d e v i a -  
t ion of the  t e m p e r a t u r e  d i s t r i b u t i o n  f r o m  the Miche l son  
law. In o r d e r  to check this  a s s u m p t i o n  conce rn ing  the 

ro l e  of r ad i a t i on ,  we conducted e x p e r i m e n t s  with 
t e t r y l  mixed  with 2 and 5% of gas  b lack ,  which con-  
v e r t e d  i t  into an a l m o s t  opaque m a t e r i a l ,  so that  the  
en t i r e  r ad i a t i on  flux should be r e t a i n e d  in the  u p p e r  
l a y e r s  of the mel t  without pene t r a t i ng  to the  zone with 

T <  T i.  

o 10 20 a0 p, kg/cm ~ 

Fig .  3. Dis tance  f r o m  s u r f a c e  of 
condensed  phase  to m a x i m u m  
t e m p e r a t u r e  of s e c o n d a r y  f l ame  h. 

Adding gas  b lack  to the  t e t r y l  had a l m o s t  no effect  
on the  burning r a t e  (Table  1) ,  but led to a s h a r p  con-  
t r a c t i o n  of the  hea t ed  l a y e r  at  1 0 - 4 5  k g / c m  2, w h e r e a s  
at  lower  p r e s s u r e s  (7 k g / c m  ~) the  width of the  hea ted  
l a y e r  did not  change.  The p roduc t  u l  for  t e t ry l  with 
gas  b lack  does  not  change with i n c r e a s e  in p r e s s u r e  
( see  Fig.  4) ,  i . e . ,  as  was  to be expec ted ,  hea t  t r a n s f e r  
in the opaque m a t e r i a l  is  r e a l i z e d  only by conduction.  
Thus,  i t  is  p o s s i b l e  to s t a t e  with conf idence  that  the  
expans ion  of the  zone T < T i is  a s s o c i a t e d  with r a d i a -  
t ion.  

To d e t e r m i n e  the c h a r a c t e r i s t i c s  of the  heat  flux 
and the law of t e m p e r a t u r e  d i s t r i bu t i on  in zone I, we 
sha l l  w r i t e  the hea t  ba lance  equat ion fo r  s t a t i o n a r y  
p ropaga t ion ,  a s s u m i n g  tha t  t h e r e  i s  no c h e m i c a l  r e a c -  
t ion and the r ad i a t i on  flux 

), cr-'T _ u,~c aT  r (_~_)  
ax~ ' ~ + ~ e x p  = 0 ,  (1) 

where  u is the l i n e a r  burning ra t e ,  c m / s e c ,  p i s  the 
dens i ty ,  g / e r a  3, C is  the  spec i f i c  heat ,  c a l / g , d e g ,  r 
is  the r ad i an t  hea t  f lux en t e r ing  the so l id  zone, 
c a t / c m 2 , s e c ,  X is the hea t  conduct iv i ty ,  c a t / c m , s e e . d e g ,  
and S is the d i s t ance  at  which the in t ens i ty  of the  r a d i -  
ant f lux d e c r e a s e s  by e (~ 2.7) t i m e s ,  cm.  It is  known 
that  S depends  on the wavelength  of the  l ight ;  hero ,  fo r  
s i m p l i c i t y ,  we have s e l e c t e d  the a v e r a g e  va lue  fo r  the 
f l ame  s p e c t r u m .  

The so lu t ion  of ( l)  with the boundary  condi t ions  
T - -  T0 at x = - ~ ,  T =  T~ at x = 0 i s  

T - -  ; r  = ( T , _ T . _ ~ ) e x p  ~ + ~ e x p  -~ -  , (2) 

w h e r e  
O =  rio 

t ~ -  ~" _ z ( 4 )  
u p c  u 

The quant i ty  0 shows byhow m a n y d e g r e e s t h e  sol id  
phase  of the burn ing  exp los ive  is  heated by rad ia t ion .  



8 FIZIKA GORENIYA I VZRYVA 

Taking logs in exp res s ion  (2) and cons ide r ing  that 
when S >> l 0 and Ixl >> l 0 the t e r m  (T 1 - T o - 0) exp 
(x/10} becomes  negIigibly sma l l ,  we obta in  

t n ( T  -- T,,) := i n O - . . i X l w h e n S ' ; ? . l , ;  l x i  " ,  L,, (5) 
s 

consequent ly ,  in ln(T - To) - x coord ina tes  this  mus t  
r e p r e s e n t  a s t ra igh t  l ine  which cuts off an in t e rcep t  
In O on the o rd ina te  axis and has a s lope S -1. As may 
be s een  f rom Fig.  5, at p r e s s u r e s  of 20-45  k g / c m  2 
in these  coord ina tes  the t e m p e r a t u r e  prof i les  a r e ,  in 
fact,  l i nea r i zed  and only at 10 k g / c m  2 (l  0 approaches  
S) is the re  a devia t ion f rom the s t ra igh t  l ine .  At S >> 
>> lc exp res s ion  (3) is  s impl i f ied  to 

ri o r 
0 . - -  . ~. - -  c W  t ' 

4" 10 3 cm2/sec 
25 

20-" / 
I ' / 

lO �9 2 

5 -- o/ 

o Io 2o Jo p, kg/cm z 

Fig.  4. Var ia t ion  ot ~negeo4 t~ t  
u l  for  pure t e t ry l  (1) and t e t ry l  

with gas black (2). 

The va lues  of 0, r ,  and S obtained a r e  p resen ted  in 
Table  1, where  it is shown that S does not depend on 
p r e s s u r e .  This s e r v e s  as an ind i r ec t  conf i rma t ion  
of the expansion of the heat ing zone, as compared  
with that predic ted  by the Michelson law, owing to 
r ad ia t ive  heat  t r a n s f e r .  In fact, the coeff ic ient  of 
absorp t ion  of l ight  1/S is a c h a r a c t e r i s t i c  of  the ma t e -  
r i a l  and the rad ia t ion  and should not depend on the 
burn ing  ra te  (in the region  where  combus t ion  is com-  
p le te  and the f lame has suff ic ient ly  l a rge  l i n e a r  d i m e n -  
s ions) .  If the width of the zone were  d e t e r m i n e d  by 
heat conduct ion and chemica l  r eac t ions ,  then it  would 
be i nve r se ly  p ropor t iona l  to the heat ing ra te .  

Since,  as a ru le ,  all  s econdary  explos ives  have a 
b r igh t  hot f lame and suff ic ient  t r a n s p a r e n c y  i S >> 10), 
we may a s s u m e t h a t  many explosives  and some  powders ,  
l ike t e t ry l ,  have anomalous ly  wide heat ing zones 
owing to rad ia t ive  heat  t r a n s f e r .  To ver i fy  this a s -  
sumpt ion ,  we m e a s u r e d  by the method de sc r i b e d  above 
the t e m p e r a t u r e  d i s t r i bu t ion  in burn ing  P E T N  at p = 
= 25 k g / e m  2. It was found that the width of the heat ing 
zone  in P E T N  unde r  these  condit ions is a lso anoma-  
lous ly  l a rge  and is d e t e r m i n e d  by the rad ia t ion  of the 
secondary  f lame and the t r a n s p a r e n c y  of the m a t e r i a l .  

F r o m  the expe r imen ta l  data and fo rmulas  p resen ted  
it is  c l e a r  that  owing to r ad ia t ive  heat t r a n s f e r  the re  
is a cons ide rab l e  accumula t ion  of heat  i n the  condensed 
p h a s e  hea t ing  zone (exceeding the accumula t ion  of heat  
in the Michelson layer)  with a m a x i m u m  at  a ce r t a in  

p r e s s u r e  (for t e t ry l  20 atm). With change in p r e s s u r e  
the accumula t ion  of heat  a lso changes.  Consequent ly ,  
heat ing of the explosive  by rad ia t ion  f rom the f l ame  
mus t  have a subs tan t i a l  effect on the t r a n s i e n t  and 
l im i t i ng  combus t ion  r e g i me s  (combust ion with rapid 
va r i a t ion  of p r e s s u r e ,  igni t ion,  quenching,  ampl i f i -  
cat ion of aceous t ic  waves in the combus t ion  zone, 
l imi t ing  combust ion  d iame te r ) .  In all  the e xpe r imen t s  
de sc r i be d  the inequal i ty  A = (L/o) + T~ - T O - 0 > 0 
(T 1 is the mel t ing  point,  T o the in i t ia l  t e m p e r a t u r e ,  L 
the heat  of fusion) is sa t i s f ied;  hence it is  c l e a r  that 
the f rac t ion  of heat  r equ i red  for heat ing and mel t ing  
the solid material is supplied from the molten zone 
by thermal conduction. 

By approximately describing the temperature dis- 

tribution in the molten zone by means of Michelson's 
law, we find the distance from the surface of the con- 

densed phase (or from the chemical reaction zone) to 
the boundary of the solid and liquid phases 

A 
X 1 --~ [. I• 

A + Ts -- Tj 

As A approaches  zero,  the d i s t ance  x~ tends to inf ini ty,  
while the heat flux f rom the mol ten  zone to the solid 
phase approaches  0. If A < 0, then the heat flux, fo r -  
mal ly  oucA, also become negat ive,  i. e . ,  heat  will  
pass  f rom the solid phase to the mol ten  zone, which is 
imposs ib le .  Hence it is  c l ea r  that in the s t a t ionary  
case  the inequal i ty  A > 0 mus t  be sa t i s f ied .  Otherwise  
CA < 0) combust ion  is nons ta t ionary ,  the fusion su r face  
being propagated m o r e  rapidly than the f l ame  front ,  
while the mol ten  zone expands. This expansion may 
cease  owing to heat  l o s se s .  Under  ce r t a in  condit ions 
this  combus t ion  r e g i m e  with an anomalous ly  broad 
mol ten  l a y e r  may occur  for  s lowly burn ing  explos ives  
with a hot f lame,  for  example,  for PETN.  It is  not 
i m p o s s i b l e  that p r e c i s e l y  this  r e g i m e  is  connected 
with the known fact that PETN ceases  to burn  in a 
ce r t a in  p r e s s u r e  in te rva l ,  a fact a t t r ibu ted  by Andreev 

and Popova [4,9] to combust ion  ins tab i l i ty  of the mol ten  
phase as desc r ibed  by Andreev  [4] and Landau [10]. 

],9(T-T o) 

2 " 0 ] ~ 0 o  ~ ~ o  . . . . .  ~v 

~. ]"', ~] " o 3 

LO! 
o o.5 1,o ~,mm 

Fig. 5. Shape of t e m p e r a t u r e  
prof i le  in s e m i - l o g a r i t h m i c  
coordinates  at a p r e s s u r e  of 
10 a tm (1), 20 a tm (2), and 

45 a tm (3). 

HEAT BALANCE OF CONDENSED PHASE 

To determine the heat balance of the condensed 
phase we integrate the heat conduction equation from 
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the ini t ia l  t e m p e r a t u r e  to the sur face  t e m p e r a t u r e  of 
the condensed phase 

c ( r ~ -  r0) +L + Q e - q ~ -  Q+-O~=0,  

where  c(T s - To) is the heat  going toward heat ing the 
explosive to the t e m p e r a t u r e  T s, L, Qe is the heat 
goint toward fusion and evaporat ion,  Qx is the heat 
r e l eased  owing to chemical  r eac t ions  in the reac t ion  
l aye r  of the condensed phase,  and Q2t, QR is the heat 
t r a n s f e r r e d  to the condensed phase by thermal  con- 
duct ion and radia t ion.  

The quant i t ies  T s, To, QX a re  known f rom the ex-  
p e r i m e n t s  desc r ibed  above; the quant i ty  L = 20.6 c a l ' g  -~ 
[3]. An upper  bound can be obtained for the quanti ty 
QR if we cons ider  that the en t i r e  heat  flux of the f lame,  
rad ia t ing  as a black body of the same  t e m p e r a t u r e ,  
r eaches  the condensed phase  and is absorbed in it; a 
!ower bound can be obtain by equating QR to the quan-  
tity r/pu absorbed  in the Solid phase (r is measured) .  
Concerning the quanti ty Qe we know in advance only 
that it  l i es  between zero  and the heat  of vapor iza t ion  
of te t ryl  Le, s ince  it is not c l e a r  what f rac t ion  of the 
te t ry l  is able  to evaporate  and how much of the ma te -  
r ia l  is d i spe r sed  or foamed (the decomposi t ion  product  
of t e t r y l - - p i c r i c  ac id - -has  a heat  of vapor iza t ion  close 
to that of t e t ry l :  93 and 91 ca l /g ,  respec t ive ly) .  The 
heat ba lance  equation was used to compute the quanti ty 
Qx and Q1 = c(Te - To) + L-- the total  r e s e r v e  of heat  in 
the condensed phase;  in comput ing Qx max it was a s -  
sumed that Qe = Le and QR = r / pu ,  while in computing 

Qx rain it was a s sumed  that Qe = 0 and QR = R/pu 
(R = 50 cal /cmZ,sec)  (Table  2). 

It is c l ea r  f rom Table  2 that at p r e s s u r e s  of t 0 - 4 5  
a im the cont r ibut ion  QR to the heat  ba lance  of the con-  
densed phase is not l e s s  than the cont r ibut ion  QX; it 
is s t i l t  not poss ib le  to compute Qx owing to the inde-  
t e r m i n a c y  of the quant i t ies  QR and Qe" In o r d e r  to 
d e t e r m i n e  this quanti ty it would be n e c e s s a r y  to make 
detai led m e a s u r e m e n t s  of the t e m p e r a t u r e  d i s t r ibu t ion  
in the r eac t ion  l aye r  of the condensed phase,  which 
has not yet  proved poss ib le .  

Quanti ty 

Table 1 

+s ~ c <exp"' iiiii 
T b ~ C (calc , )  

(dT/dx)s" 10- 4, d e g / c m  : . :  

! . u, era/see 45 
t% cm/sec 
0, *C 0 
r, callcmZ*sec (1 
$, CITt 
r/a, ~, 

s,, kg/cm a 

-- 350 
~77 

5 

0.18 0.22 
o. 19 [~.2,5 

o 45 

+i f}.412 

400 405 
40O 427 

7.5 15 

O,35 0,55 
I o  ..% 

~9 j 78 

12 I 17 
I ) . f )8 (t .  I 

91 3 t 

Note: u is the burning rate of pure teiryl, u I is the  
burning rate of a mixture of tetryl and 5'~ gas black, 
2 is the m a x i m u m  possible luminous flu• from the 
f lame zone. R : oT'; (R = 50 ca l / cm2.see .  

Table  2* 

Quantity 

01 

R 

lr 
Q R  ~ ln  " p u  

Q.I- i l l l l  

Q,r ml~ 
~ x  nlax 

ell "'" ~1 

O.r r.in 
ii+2 QI 

*,. kg/cm ~ 

I I l l  '2li 

85 95 105 

40 15 15 

0 50 95 

o l 11) t 20 
T 

-70 --5 

1.6 .7 1,5 

0.5 0.7 --0.05 

~5 

hi0 

20 

55 

20 

160 
35 

1.5 

0.3 

*C = 0.28 cal/g.deg [3]: k 1 = 1.2.10-14 cal/ 
/cm.sec.deg. In computing k 1 it was assumed 
that above the surface carbon is present in the 
form of individual particles ~urrounded on all 
sides by gas. The heat was measured in calo- 
ties per gram. 

Clearly,  without improved m e a s u r e m e n t s  and more  
specif ic  knowledge of the combust ion me c ha n i sm  it 
will not be poss ib le  uniquely to d e t e r m i n e  the heat 
balance of the condensed phase. We offer ce r t a in  con- 

s ide ra t ions  that make it poss ib le  to e s t ima te  more  
accura t e ly  the amount  of heat  going toward evapora t ion  
of the explosive.  F i r s t ,  we shal l  cons ider  the l imi t ing  
case  when there  a re  no heat  sources  or chemical  
r eac t ions  in the condensed phase. The sur face  of the 
condensed phase is approached by a heat flux t r a n s -  
f e r r ed  from the gas by the t he rma l  conduction qx and 
par t ia l ly  by rad ia t ion  q~ (we have in mind the par t  of 
the rad ian t  flux absorbed  in a quite thin surface  layer ;  
the th ickness  of this layer  r equ i r e s  more  accura te  
de te rmina t ion) .  This  heat  flux goes toward heat ing 
t h e  m a t e r i a l  to the surface  t e m p e r a t u r e  and toward 
evapora t ion  of m a t e r i a l  f rom the surface.  In this case 

we always have qk + qR > Le up. 
We now tu rn  to a cons idera t ion  of a second l imi t ing  

case ,  when there  is no heat  flux from the gas phase 
and the net reac t ions  in the condensed phase a re  exo- 
the rmic .  As a rule ,  gas bubbles  a re  formed in the 
chemical  reac t ion  zone. A growth of the n u m b e r  and 
s ize of these  bubbles due to evaporat ion and decom-  
posi t ion of a re la t ive ly  smal l  f rac t ion of the condensed 
mate r i a l  leads to in tense  d i spe r s ion  or  foaming of the 
main  m a s s  of ma te r i a l ;  consequent ly,  in this case  the 
consumption of energy for evaporat ion is i ncons ide r -  
able (as d is t inc t  f rom the f i r s t  l imi t ing  case} and the 
sur face  is formed by d i spe r s ion  and foaming, not 
su r face  evaporat ion.  

We shall  cite one rnore reason in favor of the idea 
that in the p r e sence  of chemical  reac t ions  and heat 
r e l ea se  in the condensed phase only a smal l  f ract ion 
of the ma te r i a l  is evaporatedL In the l imi t ing  case  
cons idered  (no heat flow from the gas phase to the 
sur face  of the condensed phase) s ta t ionary  propagat ion 
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of the f l a m e  is  i n c o m p a t i b l e  with s u r f a c e  evapora t i on ,  
s i n c e  in th is  c a s e  the  hea t  going toward  evapo ra t i on  
m u s t  r e a c h  the s u r f a c e  f rom the i n t e r i o r  of the con-  
d e n s e d  phase ,  and fo r  th is  i t  is  n e c e s s a r y  tha t  the  
s u r f a c e  t e m p e r a t u r e  be l o w e r  than the t e m p e r a t u r e  
in the  i n t e r i o r  of the  condensed  phase ,  which would 
l ead  to the  f o r m a t i o n  of a peak  and a t rough in the 
t e m p e r a t u r e  p ro f i l e .  In the event  of s t a t i o n a r y  p r o p -  
agat ion  of the  f l a m e  f ron t  the t e m p e r a t u r e  i n c r e a s e s  
smoo th ly ,  without  change of the  s ign  of the d e r i v a t i v e  
with r e s p e c t  to the  coo rd ina t e ,  f r o m  the in i t i a l  va lue  
to the m a x i m u m  va lue  in the  gas phase ,  i . e . ,  in s t a -  
t i o n a r y  combus t ion  the t e m p e r a t u r e  p ro f i l e  does  not 
have t e m p e r a t u r e  t roughs .  This  p r i n c i p a l  app l i e s  fo r  
qui te  g e n e r a l  (but not any) a s s u m p t i o n s  conce rn ing  the 
k ine t i c s  of the c h e m i c a l  r e a c t i o n s .  In th is  p a p e r  we 
sha l l  not c o n s i d e r  the  l i m i t s  of app l i c ab i l i t y  of th is  
p r i n c i p l e ,  and t h e r e f o r e  i t  is  r e g a r d e d  h e r e  as  an 
in i t i a l  assumption. 

Table 3 

Quantity 
p, kg/cm 2 

111 20 45 

Q.v max, cal/g 
Ox rain, cal/g 

Q X tll~,v. 

ezl =': Q t  

O. x mln 
rz;_ Qt 

Io.,- + o,,) 

a, . \ O~''~- / mr. 

85 85 85 90 
45 - -70 --5 35 

[.{1 0.9 O.8 0.8 

--{).7 -0.( {},3 0.5 

1,0 1.(} [ .0 1.0 

0.5 0.8 {} .8 0.8 

In the presence of dispersion and foaming of the 

surface layer the concept "surface" has a somewhat 

a r b i t r a r y  c h a r a c t e r  and r e l a t e s  to the  zone w h e r e  a 
s h a r p  d e c r e a s e  in dens i ty  t akes  p lace  [11-13] .  

It is  a l so  p o s s i b l e  to env i sage  pu l sa t ing  combus t ion  
tak ing  p l ace  as  fo l lows:  A thin s u r f a c e  l a y e r  of the 
condensed  p h a s e  is  o v e r h e a t e d  and then begins  to boil  
up, the next l a y e r  is  o v e r h e a t e d  (or  s u p e r s a t u r a t e d  
with ga seous  r e a c t i o n  p roduc t s ) ,  and so  on. In the 
p r e s e n c e  of  such pu l sa t ions  (which, i n s t ead  of being 
pe r iod i c ,  may  a l so  o c c u r  f rom t i m e  to t ime  aga ins t  a 
background  of s t a t i o n a r y  combust ion)  i t  is  a l so  unnec -  
e s s a r y  to expend hea t  for  the  e v a p o r a t i o n  of the e n t i r e  
condensed  phase  o r  even a c o n s i d e r a b l e  p a r t  of i t  in 
order to form a new surface. 

In the m o r e  g e n e r a l  c a s e  when hea t  does  flow f rom 
the gas  phase  to  the  s u r f a c e  of  the  condensed  phase  
and in t ense  c h e m i c a l  r e a c t i o n s  t ake  p l a c e  in the  con-  
densed  phase  with l i b e r a t i o n  of  hea t  (owing both to 
c h e m i c a l  r e a c t i o n s  and to the  a b s o r p t i o n  of t h e r m a l  
r ad i a t i on ) ,  s t a r t i n g  f r o m  the a s s u m p t i o n  of the  a b s e n c e  
of t roughs  in the t e m p e r a t u r e  p r o f i l e ,  we obta in  the  
condi t ions  

Q~ .~ Q,. + Q~,, (7) 

w h e r e  Q~ is  the  p a r t  of QR a b s o r b e d  in a s u r f a c e l a y e r  
so thin that  a l l  the  gas  f o r m e d  is  ab le  to d i f fuse  to the 

s u r f a c e  and the l iquid does  not boi l .  T h e s e  c o n s i d e r a -  
t ions  he lp  us  to r e f ine  the r e l a t i o n s  be tween  Qe, Qx' 
and QR' by impos ing  on t hem the above  l imi ta t ion~  
This  l im i t a t i on  i s  e s p e c i a l l y  i m p o r t a n t  at  s m a l l  hea t  
f luxes  f rom the gas  phase  Qx < Le ,  s ince  at  l a r g e  
f luxes QX > Lc the inequa l i ty  obta ined above is  au to-  
m a t i c a l l y  s a t i s f i e d .  

It m a y  be a s s u m e d  that  in a , m m b e r  of c a s e s  the  
condi t ion  

Q e =  Q~, when Q~ < L~, 

Qe = Le when Q~ O Le 

is  s a t i s f i ed .  In th is  case  the hea t  f lux QX begins  t o h a v e  
a subs t an t i a l  effect  on the burning  r a t e  only if  QX > Leo 
As may  be seen  f rom the da ta  p r e s e n t e d ,  for  t e t r y l  
burning  u n d e r  the  e x p e r i m e n t a l  condi t ions  d e s c r i b e d  
we a lways  had QX < Le" 

Table  3 p r e s e n t s  the  hea t  ba l ance  of the condensed  
phase ;  in comput ing  Qmax we a s s u m e d  that  Qe = QX 
and QR ~ r / p u ,  whi le  in comput ing Qmin i t  was a s s u m e d  
that  Qe = 0 and QR = R/pu.  

We sha l l  obta in  a m o r e  a c c u r a t e  va lue  for  the quan-  
t i ty  QR- The hea t  f lux a b s o r b e d  in the  so l id  phase  has  
been  m e a s u r e d .  I~1 the mol t en  phase  t h e r e  is  a l m o s t  
no a bso rp t i on  of l ight  ( this is  c l e a r  f rom tile r e s u l t s  
of a n a l y s i s  of the  m e a s u r e d  t e m p e r a t u r e  prof i le )  owing 
to the  t r a n s p a r e n c y  of the  m a t e r i a l .  Nothing is  known 
in advance  of the  a b s o r p t i o n  of l ight  in the r e a c t i o n  
l a v e r  of the condensed  phase .  The f o r m a t i o n  of bubbles  
and a d iv ided  uneven s u r f a c e  may  l ead  to c o n s i d e r a b l e  
a b s o r p t i o n  of l ight .  However ,  i t  is  p o s s i b l e  to a s s u m e  
that  the  g r e a t e r  p a r t  of the  l ight  wil l  be a b s o r b e d  not 
in the thin r e a c t i o n  l a y e r  of the condensed  phase ,  but 
in the much w i d e r  l a y e r  of the s m o k e - g a s  phase  a d j a -  
cent  to the burning s u r f a c e ,  occupied  by a t w o - p h a s e  
m i x t u r e  of i n t e r m e d i a t e  r e a e t i o n p r o d u e t s  and p a r t i c l e s  
of d i s p e r s e d  and foamed  condensed  phase .  

If  we se t  QR = r / p u ,  we obta in  the fol lowing hea t  
ba l ance  (Table 4). 

By c o m p a r i n g  Qx with the va lue  of Q for  t e t r y l ,  
equal to 341 c a l / g  [5], we can e s t i m a t e  the  f r ac t i on  of 
t e t r y I  d e c o m p o s e d  in the condensed  phase .  This  quan-  
t i ty  i s  f r o m  13 to 25%. The r e m a i n d e r  of the  t e t ry ]  i s  
d i s p e r s e d  and foamed.  

F r o m  Table  4, b a s e d  on the e x p e r i m e n t a l  da t a  and 
the a s u m p t i o n s  made  above,  i t  fol lows tha t  the g r e a t e r  
Dart  ( f rom 80 to 100%) of the hea t  of the  condensed  
phase  Qt is  a s s o c i a t e d  with the  e x o t h e r m i c  r e a c t i o n s  
p r o c e e d i n g  in i t  and a l s o  with the  a b s o r b e d  r a d i a t i o n  
f rom the f l ame .  Only a t  I k g / c m  2 i s  a s m a l l e r  va lue  
(50%) obta ined .  

BURNING RATE 

To obta in  a m o r e  a c c u r a t e  p i c t u r e  o f t h e h e a t  ba l ance  
of the condensed  phase  and the combus t ion  m e c h a n i s m  
we sha l l  c o m p a r e  the m e a s u r e d  va lue s  of the burn ing  
r a t e  with the  va lues  ca l cu l a t ed  under  c e r t a i n  a s s u m p -  
t ions  conce rn ing  the combus t ion  m e c h a n i s m .  Above i t  
was  shown tha t  the  s u r f a c e  t e m p e r a t u r e  of t e t r y l  co in-  
c ides  with the boi l ing point  (it  would be usefu l  to m e a s u r e  
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the re la t ion between the sur face  t empe ra tu r e  of t e t ry l  
and other  explosives  and the ini t ial  t empera tu re ) .  

We shall  compute the burning ra te  of t e t ry l  for the 
following combustion model:  

1) sur face  t empe ra tu r e  equal to boiling point; 
2) radiant  energy absorbed in the solid phase,  but 

not absorbed in the liquid phase or  the react ion l a y e r  
of the condensed phase; 

3) sur face  of condensed phase formed by d i spe rs ion  
and foaming, i. e . ,  Qe = 0; 

4) heat flux f rom gas phase neglected; 
5) a z e r o - o r d e r  reac t ion  takes place in the condensed 

phase. 
With these assumptions the burning rate will be 

described by the following formula obtained by the 
Zel'dovieh- Frank-Kamenetskii method: 

If 0 and L tend to zero ,  we a r r i v e  at theknown formula 
of Ya. B. Zel 'dovich [14], 

The value ~ = 10 .3 em2/scc for liquid te t ry i  was 
determined by analyzing the temperature profiles in 
the liquid phase of burning te t ry l .  In calculat ing the 
burning ra te  we employed the chemical  kinet ics  of 
thermal  decomposi t ion of t e t ry l  in the liquid s ta te  ob- 
tained by Robertson at t e m p e r a t u r e s  of 210-260 ~ C, 
i . e . ,  z = 10 ~-4 1/sec;  E = 38 400 ca l /mo le  [4]. The 
calculat ion of the burning ra te  gives sa t i s fac to ry  ag ree -  
ment with the experimental data (Table 4). Andreev 
and Plyasunov earlier made a similar calculation of 
the burning rate of tetryl with several other values of 
the constants and concluded that the chemical reaction 
in the condensed phase plays a leading part [6]. 

COMBUSTION MECHANISM 

On the basis of direct measurements it has been 
established that the solid phase (T < T~) is heated by 
radiation from the flame and thermal conduction, the 
greater part of the accumulation of heat in the heated 
layer being attributable to radiation (at pressures of 
10-50 aim). The intensity of the radiant flux from the 
flame to the solid zone has been measured. The tem- 
perature profile due to thermal conduction and radia- 
tion is in agreement with theoretical profile. 

It has been established that the surface temperature 
is equal to the boiling point of tetryl, which experi- 
mentally confirms the known view of A. F. Belyaev 
[15] concerning the combustion mechanism of volatile 
explosives. We note that it is much more important 
to know the surface temperature when a leading role 
is played by the chemical reactions in the condensed 
phase than when the burning ra te  is  de te rmined  only by 
react ions  in the gas phase. 

By construct ing the heat balance of the condensed 
phase and compar ing the calculated and measu red  
burning ra tes  it has been shown that during combustion 
a f resh  sur face  is formed not by evaporat ion,  but chiefly 
by d i spe rs ion  and foaming. The burning ra te  of te t ry t  

is mainly de termined by the chemical  react ions  in the 
condensed phase. 

Table 4 

Quantity 

Qx ,max, cal/g 
Q~: rain, cl/1/g 

(~ max 

Qx mix 

u, cm/sec (expt.) 
u, cm/see (ealc.) 

p, kg/cm 2 

85 
45 

1.0 
! 
0.5 

1 |(1 20 

85 85 
7{} 70 

0.9 0,8 

0.7 0.7 

1,0 1.0 1.0 

0.5 0.8 0.8 

0.045 0.22 0.35 
0.059 0,35 0.63 

9r 
7O 

0,8 

0.6 

*1,0 

O.8 

0.55 
1.04 

Thus, the combustion mechanims of tetryl is very 
similar to the combustion mechanism of powders de- 
scribed by P. F. Pokhil [II]. The difference evidently 

consists in the fact that the surface temperature of 
tetryl is equal to the boiling point, while the surface 
temperature of a powder is determined by the laws of 
dispersion and foaming [16]. 
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