
However, now the possibility is provided of giving the charge shape entirely fn advance, i.e.. the quantity 
a 2- Then we will have the system of equations (15) and (16) to determine the constants A 0 and q. ']:he initial 
data of the charge should hence satisfy the condition Rez(~)> 0 for q < ~ < I. 
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HURLING OF SHELLS BY HOLLOW 

CHARGES 

V. A. Odin[soy, V. V. Selivanov, 
and S. S. Usovich 

UDC 533.6.01.011 

Resul t s  of the numer i ca l  solution of the p rob l em of one-dirnensional  hurl ing of shel ls  by hollow 
explosive charges  a r e  elucidated. The r e s u l t s  of the numer i ca l  solution a r e  compared  with a s -  
ympto t ic  fo rmulas .  Numerous  domes t ic  and foreign pape r s  have been devoted to the ques -  
tion of hurl ing shel ls  by explosive charges .  A n u m e r i c a l  solution of the p rob l em of convergence 
of a r ing  to the center  under the effect  of detonation products  is p resen ted  in [1-3]. The p rob lem 
of hur l ing a shel l  by a hollow explosive charge  with an internal  lining is cons idered  in [4]; the 
solution of the p rob l em  of hurl ing a shell  by a hollow explosive  charge  without the cavity lining 
is p resen ted  in [5] oll the bas i s  of the ene rgy -ba l ance  equations; however ,  the comple te  p ic ture  
of the p r o c e s s e s  occu r r ing  in the detonation products  is not considered.  

A shell  with a hollow explosive charge  is shown in Fig. 1. The detonation products  (DP) a re  initially a 
gas at r e s t  with the initial densi ty p 0 =P BB and the p r e s s u r e  P 0 : P  0 D2/8, whose extension [s descr ibed  by the 
L a n d a u -  Stanyukovich polyt ropy p =Ap K (k = 3). 

The governing p a r a m e t e r s  of the p rob l e m a r e  the load coefficient  fi = m / M  and the re la t ive  cavi ty  radius  
X =a op/a 0, where  m is the m a s s  of the h igh-explos ive  charge ,  M is the m a s s  of the shel l ,  a 0p is the radius  of 
the cavi ty  in the h igh-explos ive  charge ,  and a 0 is the inner radius  of the shell .  The shell  s t r e n ~ h  and com-  
p r e s s ib i l i t y  a r e  neglected.  The charge  is in a vacuum. 
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An r - t  d iagram of the process  is presented in Fig. 1. Radial expansion of the shell and escape of the 
gas within the cavity s ta r t  at the time t---0. 

After the ra re fac t ion  wave fronts meet  at the point A,the whole gas is completely involved in the motion. 
A shock forms gradually on the axis of s y m m e t r y  for a high-speed spreading of the gas, which over takes  the 
shell at the t ime t s  and communicates  an additional impulse to it. The line OYB is the shock-front  t ra jec tory .  
The gas entropy increases  with the origination of the shock and its ref lect ions f rom the shell and f rom the axis 
of symmet ry ;  however,  the increase  in entropy is negligible (AS ~ Apa) in the case of ref lect ion f rom the shell,  

428 



T A B L E  2 

T A B L E  1 

0.3 1.15 1,43 1.80 4.5(! 

0,5 1.2n i.53 2.23 No overtaking 

0.8 1,2~: l..q8 4.3U No overtaking 

Pokrovskii - Garni o. t0,9 (I.223 ..28. ( (),:~57, 

'"L_ Stanyukovich O.|l(t ~ 23"2 0.:~)~; 0,:~8~; 
D 

Numerical solution 0.10.q 0.225 (),2.9o o.357 

T A B L E  3 

k : k3 I,t;q 1.52 l.'~; [,27 

k :[L5 _,,~'~ ~ l,.q3 2,92 1,~4 
Pmin 

). 0.8 4,15 ') 'Jr 3.3 . . . .  t 13 ;7  

TABLE 4 

tl. 1 ;I.3 1 1,{} 

() 0, 1 0 11 q 

I 2,0 

0,5 0,225 1.0 0,290 2,0 0,357 

O.3 ~}3 kttl 0,1(17 ~),455 0.213 0,91 0,28! t,82 0,3-/7 

E~,5 ~),()75 ~L0.ql; (k375 0,197 0,75 0,262 1.5 0,326 

0,8 nd)3 ; (kl,~8 I).180 t), 14~) 0,36 0,194 0.72 0,258 

T A B L E  5 

" ~  ! (1,1 (),5 1, 2,~) 
k ~x 

0.3 ().(),qSi; 0. lgl; - -  --  

~i.5 0,074.9 0.182 0.2(15 0.278 

0,65 0.0599 0A53 0,1(;7 0,238 

0,8 - -  - -  - -  0,24.t~ 

a n d  t h e  p r o c e s s  a f f e c t s  a q u i t e  s m a l l  p a r t  o f  t h e  g a s  m a s s  w h e n  t h e  s h o c k s  c o l l a p s e  o n  t h e  a x i s  o f  s y m m e t r y  

w h e n  t h e  w a v e  a m p l i t u d e  t h e o r e t i c a l l y  t e n d s  t o  i n f i n i t y .  A p p r o p r i a t e  e s t i m a t e s  a r e  p e r f o r m e d  in  [6]. T h i s  c i r -  

c u m s t a n c e  p e r m i t s  u s e  o f  a b a r o t r o p i c  e q u a t i o n  o f  s t a t e  f o r  t h e  d e t o n a t i o n  p r o d u c t s  in  t h e  w h o l e  f l o w  d o m a i n .  

T h e  s y s t e m  o f  e q u a t i o n s  d e s c r i b i n g  t h e  d e t o n a t i o n  p r o d u c t  m o t i o n  i s  

Op/Ot + O(pu)/Or -~ (v - -  t )pu/r  = 0; 

Ou/Ot -~ uOulOr -~ (itp)Op/Or = 0, (1) 

p = Ap 3, 
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where p is the DP density,  u is the mass  flow ra te  of the DP, p is the p r e s s u r e  in the DP, r is the radial  co-  
ordinate ,  and ~ is the measure  of the space (~ =2). The sys t em (1) is integrated numer ica l ly  for initial and 
boundary conditions. 

The boundary conditions a re  as follows: a) on the shell  u= ~ for r =a, the law of incompress ible  thin 
fluid shell motion (ITF shell) is expressed  in the fo rm of Newton's law 

Mdv/dt = pS, 

where v is the shell velocity,  S is the a rea  of the shell inner surface ,  p is the p r e s s u r e  in the shell ,  and a is 
the running inner radius of the shell;  b) on the cavity boundary p=0 ,  p =0 for r =ap (if a p >  0), and u=0  for 
r = a  p=O. 

Here a p is the running radius  of the cavity. 

The initial conditions a re  

t = O, p - - - - p o ,  u = O, p = Po. 

The problem is considered in the dimensionless  variables  

P' = P'P0, ~' = u/D, p' = p/p0 Ds , t' = tD/ao, r" = r/%. 

Integration of the sys tem (1) is pe r fo rmed  by a f ini te-difference method of the p r e d i c t o r - c o r r e c t e r  type in a 
second-o rde r  approximation.  A detailed scheme of the calculations has been presented in [6]. 

Calculations were  per formed for charges  with the cavity dimensions ~. = 0. The coefficient varied be-  
tween the l imits  0.3; 0.5; 0.8. The calculation was ca r r i ed  out on a Bt~SM-3M electronic  digital computer.  The 
residual  in the energy balance did not exceed 4,%. 

The p r e s s u r e  and velocity distr ibutions in the DP with respec t  to the dimensionless  coordinate ~ =r/a  at 
different t imes  (8 = 0.5, )~ = 0.3) a re  shown in Fig. 2a and b, respect ively .  The front of the diverging shock is 
determined clear ly .  The radia l  wave motion is accompanied by a rapid drop in amplitude of the front. The 
shock front ref lected f rom the shell is seen well in Fig. 2b (t' =5.1). 

It is mos t  convenient to t r ace  the s ingular i t ies  of the acce lera t ion  p rocess  in the presence  of a cavity in 
a high-explosive charge by compar ing  the acce lera t ion  laws of a shell of fixed diameter  and mass  as the cavity 
dimension changes. In this case ,  the qumltitities fl and ~, a re  re la ted  by the dependence fl =fl 0(1-), 2), where 
/~ 0 is the load coefficient for a solid charge. The appropriate laws of the change in pressure on the shell (/30 = 
2, ~, =0, and~ =0.5) are represented in Fig. 3. The pressure change law at the initial times is identical for 
both cases. However, later the arrival of the rarefaction wave, coming on from the inner boundary of the 
charge (the time t R) and the arrival of the shock at the time ts are felt for the charge with the cavity (dashed- 

dot line). 

The acceleration curves v/D =f(a/a 0)are represented in Fig. 4, where the solid line corresponds to a 
cavityless charge, the dashed-dot line, to -~. =0.3, the dashed line to -}, =0.5, and the points to -), = 0.8; it is 
seen that for large values of ~, the velocity increment because of the additional impulse of the shock can be 
quite significant (for fl =0.5, ). =0.5 the velocity increment because of the effect of the shock is 32%). 

A formal criterion for the end of acceleration (shutdown of the computation) is used in the form (Av/Aa)l/v <_ 
0.05 in computing the final velocity v0. The relative radius asia o at the time the shock emerges on the 
shell is represented in Table 1. 

It is clarified that the values of the final velocities v0/D for fixed ~ arc practically independent of )~ in 
some ranges of variation of ft. For very large fl the shell reaches its ultimate velocity earlier than the un- 
loading wave arriving from the cavity starts to exert influence; for small values (for fl = 0.1, say), the ultimate 
shell velocity is reached because of shock reverberations. For medium/3 (0.5 < fl < 2-3) a situation can occur 
such that the shock overtakes the shell only once or generally not at all. In this case, a significant part of the 
initial high-explosive energs' will be concentrated in the shock, which is incapable of transmitting this ener~, 
to the shell. "['his deduction agrees with the deductions in [5]. 

Values of the ultimate velocities vo/D=f(fl) for a charge without a cavity are given in the lowest line in 
Table 2, where design values of the velocities v0/D obtained by means of the asymptotic Pokrovskii-Garni 
(linear DP velocity distribution) 

,:,,/D- (1!2)l"~,'(2 -'-~) 
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and Stanyukovich (parabolic DP velocity distribution) 

are presented [4]~ 

It follows from Table 2 that the Pokrovskii-Garn[ formula, based on a linear law, yields more exact 
agreement wit!1 the results of the numerical computation. It should be kept in mind that the density distribution 
hence differs substantially from the equilibrium. Shown (for fl = 0.1) in Table 3 is the change in the value of 
the ratio pmax/Pmin, which characterizes the deviation of the distribution from the equilibrium value. It is 
hence seen that the equilibrium stage of the process, which can be determined approximately by the condition 

Pmax/Pmin = 1.5, sets in relatively later for larger values of k. 

Data showing the change h~ the final shell velocity for fixed diameters and masses as a function of the 
change in cavity size are given in Table 4, where fi and X are related by the dependence fl =fi0(1-12). Pre- 
sented in Table 5 are values of the velocity (v0/D) t'5 for a fixed acceleration radius (a 'S = 1.5). These results 
physically denote cessation of shell acceleration because of rupture. It is interesting to note that for large 
values of fl0 the influence of the cavity radius on the final velocity (v0/D) t'5 is negligible (the shell is "not re- 
sponsive" to the presence of a cavity and its size). 
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