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The effect  of inhomogenei t ies  in an explosive on the c r i t i ca l  detonation d iamete r  is theore t ica l ly  analyzed. 
On the assumption that the inhomogenei t ies  a re  cen te r s  of the reac t ion  behind the detonation front,  a f o r -  
mula  is obtained for de te rmin ing  the c r i t i ca l  d i amete r  as a function of the concentrat ion and size of the 
inhomogenei t ies .  It is shown that when the inhomogenei t ies  are  pa r t i c les  of an iner t  substance added to the 
explosive,  the dependence of the c r i t i ca l  d i ame te r  on the mass  f rac t ion  and size of the iner t  pa r t i c l e s  may 
have a minimum. The re su l t s  of the theore t ica l  analysis  a re  in quali tat ive agreement  with the exper imenta l  

data. 

Inhomogeneit ies  in an explosive charge may have an important  influence on the detonation p roper t i es .  Thus, as 
an example ,  in [1] it was found that introducing inorganic  addit ives (CaCO3, P10, W, etc. ) into an explosive markedly  
(in some cases  by a factor  of a lmos t  2) reduces  the c r i t i ca l  d i ame te r  d , .  To explain this effect  the authors of [1] p r o -  
posed the following mechan i sm of the chemica l  reac t ion  in a detonation wave propagating along an explosive charge 
with iner t  addit ives.  (A substance is cons idered  iner t  if the heat  r e l e a s e  resul t ing  f rom its reac t ion  with the explosive 
or deeompost ion takes place behind the Chapman-Jouguet  plane.) In the detonation wave (Fig. 1) the chemica l  reac t ion  
is init iated at individual cen ters  or  "hot spots"  b that develop behind the detonation front  a as a r e su l t  of the in teract ion 
of the shock -compres sed  explosive and the par t i c les  of iner t  substance. Then the reac t ion  is propagated to the adjacent 
l aye r s  of explosive f and ends in the Chapman-Jouguet  plane g. 

Accordingly,  the combustion t ime ~'c is composed of two par ts :  an induction period ~'i (the t ime requ i red  for the 
reac t ion  to develop at the ignition center)  and the t ime requi red  for propagation of the reac t ion  f rom the ignition centers  

up to the final complet ion of combustion ~-r: 

�9 ~ = ~ + ~ ( 1 )  

The addition of iner t  pa r t i c l e s  may substant ial ly reduce the reac t ion  t ime Tc; accordingly,  the c r i t i ca l  d i amete r  
of an explosive containing iner t  pa r t i c l e s  may be less  than the c r i t i ca l  d i ame te r  of the pure explosive,  since d ,  ~ ~'c" 

In teres t ing  r e su l t s  re la t ing  to the dependence of the c r i t i ca l  d i amete r  of a liquid explosive (nitromethane) on the 
content of powdered A1203, A1, W, and carbon black were  recent ly  obtained by Kurbangalina [2]. It was found that as 
the mass  f rac t ion of ine r t  powder inc reases ,  the c r i t i ca l  d i amete r  of a ni t romethane-AlzO ~ mixture  at f i r s t  d e c r e a s e s  
(by s eve ra l  t imes)  and then inc reases .  Moreover ,  the c r i t i ca l  d i ame te r  of the mixture  also depends on the par t ic le  
s ize of the iner t  powder. At a fixed value of the mass  f rac t ion  of iner t  substance there  is a par t ic le  s ize  at which the 
c r i t i ca l  d i ame te r  has a minimum. Kurbangalina a t t r ibutes  this dependence of the c r i t i ca l  d i ame te r  on the mass  f ract ion 
and par t ic le  s ize  of the iner t  powder to the important  influence of the ignition cen te r s  resu l t ing  f rom the in teract ion of 
the shock -compres sed  explos ive  and the iner t  pa r t i c l e s  on the detonation reac t ion  t ime.  

Quantitative e s t ima tes  of this effect  can be obtained on the basis  of the detonation model  for an explosive charge 
with inhomogenei t ies  proposed in [1] (Fig. 1). 
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Fig. 1 
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Thus, we assume that the chemica l  reac t ion  behind the detonation front  is init iated at individual cen te r s - -ho t  
spo t s - - resu l t ing  f rom interact ion of the shock-compressed  explosive and the iner t  pa r t i c les ,  which may take place 
owing to d i f fe rences  in the physical  p roper t i e s  (such as density,  hardness ,  etc. ) of the iner t  substance and the explo-  
sive.  The c r i t i ca l  d i ame te r  d .  can be es t imated as follows* [3]: 

d, --  D~o (2) 

Here,  D is the detonation veloci ty,  ~-e = ~-i + Tr is the total reac t ion  (combustion) t ime (1). 

If it is assumed that the par t i c le  ve loci t ies  of the iner t  substance and the explosive are  the same at the instant 
of completion of the chemica l  react ion ,  the Chapman-Jouguet  detonation veloci ty is approximately  equal to 

D= O0r : a  (3) 

Here,  D o is the detonation veloci ty  of the pure explosive,  and a is the mass  f rac t ion of iner t  substance.  

Let  us now calculate  the combustion t ime 7 c (1). We f i r s t  es t imate  the induction per iod  T i. If we neglect  burnup 
during the t ime  T i and hot-spot  ~oz'mation t ime,  the approximate express ion  for T i near  the ignition l imi t  has the fol-  

lowing fo rm [4] 
"r ~ ]f2"~:,~ (e~,d'~,~-- i )=v, (4) 

('r cppRT~ E 2%9r* ~ ) 
a--  QZE e x p - ~ ,  ~q~ 3~. 

Here,  T a is the adiabatic induction period; ~-q is the cha rac t e r i s t i c  heat  t r ans fe r  t ime;  Cp is specif ic  heat; p is 
density;  Q is the reac t ion  energy;  Z is the pre-exponent ia l  factor;  R is the gas constant; E is the act ivation energy;  T 
and r .  a re  the t empera tu re  and size,  r espec t ive ly ,  of the hot spot; and ~ is the the rmal  conductivity. 

Near the ignition l imi t  7q/T a ..~ l / e ;  therefore ,  by multiplying the numera tor  and the denominator  of the f ract ion 

in Eq. (4) by ~2, we obtain c o r r e c t  to a coefficient  of o rder  unity 

~i ~ ~ (i - ~ j  I ~ ) -  v-. (5) 

Clear ly ,  re la t ion  (5) gives  the qual i ta t ively co r r ec t  dependence of ~-i on -ra/~- q not only as the ignition l imi t  is 
approached, when ~'a/'rq ~ e and T i - -  oo, but also r emote  f rom the l imit ,  when Ta/'r q ~ 0; in this case ~'i ~ Ta" 

There fo re  re la t ion  (5) will be per fec t ly  applicable for  es t imat ing  the induction period ~'i on the en t i re  in terval  

(0, e) of var ia t ion  of "ra/T q. 

The t empera tu re  of the hot spot depends both on the detonation veloci ty and on the physicomechanical  p roper t i e s  
of the iner t  substance and the explosive and, c lear ly ,  in the f i r s t  approximation can be de te rmined  as follows: 

Cp Cp 

The quantity 6 depends chiefly on the physicomeehanical  p roper t i es  of the iner t  substance and the explosive.  

Using express ions  (4)-(6), we can reduce the express ion  for T i to the following form:  

F 0 [ if) 20 'I lh 

Ecp cppRTD [ ?,RT"~, ~ 
O r  RSDo ~ , F :  QZE (D=\ 2EQZe ] 

(7) 

The reac t ion  propagation t ime ~r depends on the distance between hot spots L and the normal  burning velocity u. 
The dependence of u on t empe ra tu r e  and p re s su re  usually has a power- law charac te r ;  the re fore  in the f i r s t  approxima-  
tion for the shock -compres sed  explosive we may assume that u ~ D. We es t imate  ~-r as follows: 

*According to Khariton [3] d,  ~ TcC, where c is the propagation veloci ty of the unloading waves in the shock-  
compres sed  explosive.  In order  of magnitude, c ~ (/ ' ,p/Ap) 1/~, where  Ap and Ap are  the changes in p r e s s u r e  and density 
in the unloading wave front. For  explos ives  Ap ~ const and Ap ~ D z, and therefore  c ~ D and d .  ~ ~-c D. 
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"cr=Lfu~'~JL/D (L =N'/*, N =  no+ n) (8) 

H e r e ,  N is  the hot  spot  c o n c e n t r a t i o n ;  n o is  the c o n c e n t r a t i o n  of igni t ion c e n t e r s  r e s u l t i n g  f r o m  de tona t ion  i n s t a -  
b i l i ty ;  and n is  the c o n c e n t r a t i o n  of i n e r t  p a r t i c l e s ,  which we e x p r e s s  in t e r m s  of t he i r  m a s s  f r ac t i on :  

Ctpo 
n = 4 / ~ ( ~  9 [ t - -  ~ ( t  - -  Pc / P) ]  

Here ,  P0 is  the dens i t y  of the e x p l o s i v e ;  p is  the dens i ty  of the i n e r t  subs t ance ;  and r is the r a d i u s  of the i n e r t  
p a r t i c l e .  Subst i tu t ing  the e x p r e s s i o n  fo r  L and N into r e l a t i o n  (8), we obtain  

, , � 9  t / a  

*~=-D- tn~ nS (9) 

Using  r e l a t i o n s  (1), (2), (7), and (9), for  the c r i t i c a l  d i a m e t e r  d .  we obtain  

(io) 

In Eq.  (10) the coe f f i c i en t s  fi and 0 depend ch ie f ly  on the p r o p e r t i e s  of the i n e r t  subs t ance  and the e x p l o s i v e ,  and 
in the f i r s t  a p p r o x i m a t i o n  t he i r  v a r i a t i o n  can be neg lec ted .  Coe f f i c i en t s  ~ and ~ a l so  depend on the de tona t ion  v e l o c i t y ,  
but th is  dependence  can  be n e g l e c t e d  as  c o m p a r e d  with  the exponen t i a l  dependence ,  and t h e r e f o r e  ~ and ~ may  be a s -  
s u m e d  cons tan t .  

Le t  us now ana lyze ,  with t he se  a s s u m p t i o n s ,  the e x p r e s s i o n s  for  the c r i t i c a l  d i a m e t e r  d ,  (10). F i r s t  of al l ,  we 
note the case  in which n o ~ o~ and r .  -* ~o. Th is  condi t ion  i m p l i e s  that  igni t ion o c c u r s  not  at individual  points ,  but at a l l  
points  of the s u r f a c e  at once ,  i . e . ,  the c l a s s i c a l  de tona t ion  m e c h a n i s m .  In this  c a s e  the f o r m u l a  fo r  the c r i t i c a l  d i a m -  
e t e r  has  the s a m e  c l a s s i c a l  f o r m  [3]: 

0 
d , ~ e x p  i - - u  

and d ,  i n c r e a s e s  with i n c r e a s e  in the m a s s  f r a c t i o n  of i n e r t  subs t ance  (curve  1 in Fig.  2). 

More  i n t e r e s t i n g ,  h o w e v e r ,  i s  the c a s e  in which  the addi t ion  of i n e r t  p a r t i c l e s  has  an i m p o r t a n t  inf luence  on the 
p r o p e r t i e s  of the de tona t ion ;  then the c r i t i c a l  d i a m e t e r  depends  ch ie f ly  on the m a s s  f r a c t i o n  and r a d i u s  of the i ne r t  
p a r t i c l e s .  In th is  c a s e  n o << n and r .  ~ r ,  and f o r m u l a  (10) a s s u m e s  the fo l lowing  f o r m :  

{ I----~( 20 't--,/~ t / 
d,.~,~ ~exp 1---~4 e~p i - - a /  ' nV:J ( i i )  

B e f o r e  tu rn ing  to an a n a l y s i s  of e x p r e s s i o n  (11), we note that  the f i r s t  t e r m  on the r i g h t - h a n d  s ide  of (11) is p r o -  
po r t iona l  to the combus t i on  p ropaga t i on  t i m e  r i ,  whi le  the second  is  p r o p o r t i o n a l  to the combus t ion  p ropaga t ion  t ime  
1- r .  C l e a r l y ,  the dependence  of e a c h  of t h e s e  t e r m s  on the m a s s  f r a c t i o n  a and r a d i u s  r of the i n e r t  p a r t i c l e s  is  d i f f e r -  
en t  in c h a r a c t e r  and t h e r e f o r e  the dependence  of the c r i t i c a l  d i a m e t e r  d .  on a and r may  have  a m i n i m u m .  In fac t ,  if  
the h o t - s p o t  t e m p e r a t u r e  is  su f f i c i en t ly  high,  at  s m a l l  v a l u e s  of o~,~- i << ~'r, and the c r i t i c a l  d i a m e t e r  i s  d e t e r m i n e d  by 
the i n e r t  p a r t i c l e  c o n c e n t r a t i o n :  

However ,  as  a i n c r e a s e s ,  the de tona t ion  v e l o c i t y  d e c r e a s e s ;  t h e r e f o r e  the induct ion pe r iod  ~-i i n c r e a s e s ,  and at a 
su f f i c i en t ly  l a r g e  a the oppos i te  inequa l i ty  ~-i >> ~-r wi l l  be s a t i s f i ed ;  in this  c a s e  

and d ,  i n c r e a s e s  wi th  i n c r e a s e  in a .  

i ~ c z \  - -  - - 7  e x p  i ~']-"~'a-'] 

The g raph  of the dependence  of d ,  on ~ i l l u s t r a t i n g  this  ca se  i s  shown in Fig .  2 (curve  2). 

Le t  us now c o n s i d e r  the na tu re  of the dependence  of d ,  on r (Fig.  3) at  a f ixed  va lue  of o~. 
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If the par t ic le  size and hence the size of the hot spots is so smal l  that the ignition condition is not satisfied, i . e . ,  
"ra/~- q > e, and therefore the iner t  par t ic les  do not part icipate in the init iat ion of the chemical  react ion,  the cr i t ica l  
d iameter  does not depend on the par t ic le  size. 

! 
8 

P 
g 
o o.z o.r 

Fig. 2 

However, if the par t ic le  size is sufficiently large and the ignition condition is sat isf ied "ra/'r q < e, then at T i >> ~-r 
(near the ignition l imit)  the cr i t ica l  d iameter  decreases  as the par t ic le  radius  inc reases :  

d, ~'q ~ (t. ~ ~-@ exp TZu '~-'/, 

With fur ther  increase  in the part ic le  size an important  role begins to be played by the combustion propagation 
t ime ~'r; therefore the c r i t i ca l  d iamete r  inc reases  with increase  in r :  

d .  ~ T r ~  r 

Finally,  when the par t ic le  size becomes so large that the condition 

n o ~> n 

is satisfied,  the cr i t ica l  d iameter  again becomes independent of r.  

i i 

J 6 $ 

Fig. 3 

/z 

Thus, it has been shown that the dependence of the cr i t ica l  detonation d iameter  of a mixture  of an explosive and 
par t ic les  of an iner t  substance on the mass  fraction and size of the par t ic les  may have a minimum.  

In conclusion the author thanks R. Kh. Kurbangalina for formulat ing and d iscuss ing ' the  problem and L. N. Stesik 
for his useful r emarks .  
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