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The p a r a m e t e r s  of shock waves  Created in c y l i n d r i c a l  samples  of va r ious  m a t e r i a l s  dur ing 
detonation of explos ive  c h a r g e s  su r rounding  them have been de t e rmined  expe r imen ta l l y  [1-3]. 
It was e s t ab l i shed  tha t  in a number  of m a t e r i a l s  the r e f l ec t ion  of a conica l  shock wave f rom 
the s y m m e t r y  axis  of a sample  leads  to the format ion  of a Mach t r i p l e  shock-wave  conf igura-  
t ion which gives r i s e  to a complex  flow pa t t e rn  in the reg ion  beyond the shock waves .  Anal -  
y t ic  study of i r r e g u l a r  r e f l ec t ion  is a complex p rob lem.  Solutions obtained under  va r ious  
a s sumpt ions  about the nature  of the flow a r e  p resen ted  in p a p e r s  r ev iewed  in [4]. In the 
p r e sen t  paper ,  a x i s y m m e t r i c  flow of detonation products  (DP) and sample  m a t e r i a l  in the 
r eg ion  adjacent  to the detonation front  is  de te rmined  f rom the solut ion of a two-d imens iona l ,  
t ime-dependen t  p rob lem in gasdynamics  by the f in i t e -d i f fe rence  method [5]. 

The s y s t e m  of conse rva t ion  equations 

0 0 t  (or) "~' 0 (pur)ox -~- 0 (pvr)or = O; 

0 (pur)ot - ~  0 (p  Ox ~ '  pu") r _~_ 0 (purr)or = O; 

O(pvr) , O(puvr)  , O ( p - ~ p v  a )r  
Ot ' Ox ~ Or ~ p ;  
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where  u and v a r e  t t e  ax ia l  and_radial  components  of the veloci ty  vec to r ,  p ,  p ,  and e a r e  the p r e s s u r e ,  den- 
s i ty ,  and specif ic  in e r n a l  energy,  and x and r a r e  the coord ina tes  of the points ,  was supplemented by the 

equation of s ta te  for the detonation products  

K I - _~. 
/ - . ~  

Fig .  1 

p = A p  "e, A, 7 - -  const, 

and by the equation of s ta te  for the sample  m a t e r i a l  in the fo rm 

P = i~pe q- co (9 --  Po), 13, Po, Co --  const. 

The ca lcu la t ion  was p e r f o r m e d  in the reg ion  ABCDEFK (Fig.  1), 
where  AB is  the s y m m e t r y  ax is ;  FK is the detonation front,  which is a s -  
sumed plane,  pe rpend icu la r  to the ge ne r a t o r s  of the charge ,  and propagat ing  
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at  a constant  veloci ty  D. The angle 0 is found f rom thecond i t i on  for the de te rmina t ion  of the l imi t ing  
c h a r a c t e r i s t i c  of P r a n d t l - M e y e r  flow, 

/~7-=30) cos(l. ~ =0, 

which is r e a l i z e d  in the neighborhood of the point F for d i spe r s ion  of DP into a vacuum; IFEI = h x / c o s  
( 0 - ~ / 2 ) ,  where hx, a step along x in the f in i t e -d i f fe rence  mesh,  is constant  in the DP region;  FE,  ED, and 
BD a r e  the outer  boundar ies  of the reg ion  through which efflux of DP and m a t e r i a l  f rom the r eg ion  of c a l -  
culat ion occurs .  During the calcula t ion,  the posi t ion of the boundar ies  KC and KA shif ted f rom the a r b i t r a r i -  
ly a s s igned  in i t ia l  pos i t ions  KC' and KA' to the co r r e spond ing  contact  discont inui ty  between DP, sample  
m a t e r i a l ,  and the leading shock wave. 

The reg ion  of computat ion was subdivided into N l a y e r s  along the x axis  and M + K l a y e r s  along r (M 
and K a r e  the number  of l a y e r s  in the sample  and in DP). The coord ina tes  of the mesh points  of the moving 
f in i t e -d i f fe rence  mesh were  de t e rmined  f rom the e x p r e s s i o n s  (numbering f rom the o r ig in  at  A') 

x i , j = x o , j + i  (x~.,j - -  Xo,j)/N, 
ri ,j =jr i  ,:~I/M , 

0 ~ /,-~ N, O . < . : i < ~ M ;  

z~,j =x~.,j(gN), 
ri , j=ri ,M+ (] - -  M)(ri,(M+x) - -  ri,.~1)//{, 

0 ~ i ~  N; M +  l ~ ] ~ ( M + / { ) ;  

x.~,j =x~; 0 ~< ] ~<(M+R); ro, j = ](r.,/M); 0 ~ ] ~ M ;  
ri,(M+K) =r0;  I <~ i ~< N; xgM=i(Xl /N);  0 ~< i ~ N; r0,(M+R)=r,, 

where  xl,  r0, r l, a n d r  2 a r e  constants ,  r 0 = r 1 + xl tan[0 - 0 r / 2 ) ] / 2 ,  a n d r i , M a n d  x0,j (0 <- i ~ N, 0 - j <- M) 
were  de te rmined  at mesh points on KC and KA by d i sp lacement  along r and x at  ve loc i t i e s  ca lcu la ted  by in-  
t e rpo la t ion  of the ve loc i t i e s  of ad jacent  segments  with weights p ropor t iona l  to the lengths of those  segments  
in accordance  with exp re s s ions  s i m i l a r  to those given in [5]. 

The va lues  of the gasdynamic  quant i t ies  on FK were  a s s um e d  equal to values  of the co r re spond ing  
quanti t ies  in the C h a p m a n - J o u g u e t  s tate .  The p r e s s u r e  on FE and the r a d i a l  component  of the ve loc i ty  on 
AB were  a s sumed  to be zero .  The values  of the p a r a m e t e r s  on the boundar ies  BD and ED were  a s sumed  
equal to the values  of the co r respond ing  p a r a m e t e r s  in the in te rna l  ce l l s  of the region .  The boundary con- 
di t ions  on KA and I<C were  ca lcu la ted  f rom i te ra t ion  fo rmulas  for the ca lcu la t ion  of detonation decay [5] 
a l t e r ed  for an equation of s ta te  in the fo rm (1). Values of the p a r a m e t e r s  on the boundar ies  of in te rna l  ce l l s  
were  de te rmined  f rom approximate  fo rmulas  for the ca lcula t ion  of weak ("acoust ic")  decay of a detonation. 

The in i t ia l  values  of gasdynamic quanti t ies  were  a s sumed  independent of r ad iu s  and were  found f rom 
the e x p r e s s i o n s  

u ( x ) = ~ I c c .  J +51(U - -  c c .  I ) x / z l l + 6 D ;  

p(x)=~[p C:J + 6@ r - -  pl)X/xl]+ 5p0; 

e(x) :cz[e  ~:j  + 63(ec_ J - -  el)x/x,]; 
~,(x) =0, 

where  ~ = 1 and 6 = 0 in the reg ion  occupied by DP; c~ = 0 and 6 = l i n t h e  reg ion  ABCK; c c _ j ,  PC-J ,  and 
ec_  J a r e  the veloci ty  of sound, densi ty ,  and in ternal  energy in the C h a p m a n - J o u g u e t  s ta te ;  61, 62, 63, U, Pl, 
and ei a r e  cons tants  chosen for approx imat ion  of the solution to the one-d imens iona l  p rob lem on the p ropa -  
gation of a detonation in a tube with cons tant  c r o s s  sect ion and r ig id  wal l s .  

The bas ic  ca lcula t ions  were  pe r fo rmed  for explosive p a r a m e t e r  values  D = 7.65 k m / s e c ,  P C - J  = 
250 kbar ,  p = 2 25 gc/cm ~, T = 2 75, c = 5.61 k m / s e c ,  and D = 6.60 k m / s e c ,  P C - J  = 128 kbar ,  p C _ j  = 

3 C - J  " " C-J 
1.5 g/cm , T = 2.75, eC_ J = 4.84 km/sec.  In all the versions of the calculations described, r l / r  2 = 4 (ratio 
of external charge radius to internal charge radius). For the selected ratio of radii ,  replacement of the 
boundary condition on FD (0 = 7r/2) by the condition v/FD = 0 leads to an insignificant change in the gas- 
dynamic parameters of material flow. 
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The pa ramete r s  /3, P0, and Co in Eq. (1) were chosen such that the selected equation of state was a 
model of an actual medium under the conditions of the problem considered.  For  example, for water it was 
assumed P0 = 1 g / cm 3, co = 2.15 km/sec ,  and t3 = 2; for aluminum, P0 = 2.79 gJcm 3, c o = 5.25 km/sec ,  and 
fl = 2.75; for magnesium, P0 = 1.725 g / c m  3, c o = 4.45 km/sec ,  and fl = 2.75. 

The dependence of the p res su re  distribution on the sample axis at var ious t imes (Fig. 2) and also the 
(x, t) diagram for individual mesh points on the boundary KA (Fig. 3) (values of r at these mesh points r e -  
mained unchanged in accordance  with the a lgor i thm for the construct ion of the mesh, X = r /r2)  cha rac te r i ze  
the p rocess  for the establishment of KA in a position corresponding to the position of the leading shock wave 
and producing a s teady-s ta te  flow mode. 

The determination of the s teady-s ta te  position of the contact discontinuity is complicated by its in- 
stability. The interface between DP and sample mater ia l ,  the coordinates  of which were obtained by ave r -  
ag ingover  the t ime interval ~- = 0.6r2/D , is denoted by the solid line KC in Fig. 1; the dashed line denotes 
the interface at a given point in t ime. The instability of such a tangential discontinuity in ideal gases  has  
been demonst ra ted  [6] and the existence of instability of the D P - m e t a l  interface is shown by waves which 
remain  on the surface of metal  samples in experiments  on loading by a detonation wave glancing along the 
surface.  The wavelength of the perturbat ion depends l inearly on the mesh step, covers  4-5 computing inter-  
vals, and is apparently determined by fini te-difference "blurr ing" of the ref lected shock wave, the e m e r -  
gence of which at the interface c rea tes  the instability. The question of the re la t ion between the observed 
and actual stabilities r equ i re s  additional study. 

The pat tern of the distribution of gasdynamic pa ramete r s  in water  (D = 6.60 km/sec)  is shown in Fig. 
4 at the t ime of es tabl ishment  of a s teady-s ta te  flow mode. Lines of equal density a re  shown by the solid 
lines and isobars  are  indicated by the dashed lines. The isobars  in the neighborhood of the leading shock 
wave are  not plotted in Fig. 4, since their  position coincides with the lines of equal density. The p re s su re  
in the region beyond the l inear portion of the shock wave adjacent to the axis is ~ 210 kbar and is ~50 kbar 
near the corner .  The lengths of the vec tors  a re  proport iona! to velocity. {The velocity near the point A is 
~3 km/sec . )  The numbers  give the numerica l  values (p in g / c m  3, p in kbar) and the remaining notation is 
the same as in Fig. 1. 

A qualitative analysis  of the flow pattern makes it possible to conclude that there is within the region 
a weak shock wave and a jet of mater ia l  in the paraxial zone with a specific energy considerably grea ter  

: : 7 - : : = ~  = 7  == ~ : = , :  : :  : : !e 

Fig. 4 

than the specific energy in the per ipheral  layers  of the 
mater ia l .  Determination of the exact position of the 
ref lected wave and of the tangential discontinuity be- 
tween mater ia l  passing through the s traight  shock 
wave and the two slanted waves is difficult because of 
their "blurr ing" by f ini te-difference effects over sev-  
e ra l  computing intervals.  

The shape of the leading shock wave in water for 
D = 7.65 km/sec  is shown in Fig. 5. (curve 3). The 
difference between shock waves when D = 6.60 k m / s e c  
(curve 4) and 7.65 kmfsec  in the neighborhood of the 
corner  K is so insignificant that they duplicate one an- 
other in the graph. The difference in the re la t ive  f rac -  
tion of the l inear portion of the shock wave adjacent 
to the axis, the so-cal led Mach disk, is more  marked.  
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For  a luminum (curve 1) and magnes ium (curve 2) samples  at D = 6.60 k m / s e c ,  the shape of the lead-  
ing shock wave is near ly  parabol ic  (Fig. 5) and is quali tat ively s imi l a r  to that  r e c o r d e d  for a luminum [3]. 
Analysis  of the values  of the gasdynamic quantit ies shows that  a flow mode with a veloci ty  insignificantly 
g rea t e r  than the veloci ty of sound in the ma te r i a l  is achieved beyond the front  of the leading shock wave on-  
ly in a smal l  neighborhood of the point K. The re fo re ,  the emergence  of the r e f l ec ted  shock wave, the c r e a -  
t ion of which is only possible  in this reg ion  on the boundary between DP and sample  ma te r i a l ,  and the r e -  
sultant instabil i ty of the contact  discontinuity begin d i rec t ly  beyond the detonation front.  Dete rmina t ion  of 
the posi t ion of the re f l ec ted  shock wave is p rac t ica l ly  imposs ib le  because  of the '~blurring" and mark ed  os-  
ci l lat ion in the values  of the gasdynamic quanti t ies in the ce l l s  adjacent  to the contact  discontinuity.  The 
shape of the i sobars  beyond the front  KA of the leading shock wave in a luminum is shown in Fig. 6. N u m e r -  
ical  values  of the p r e s s u r e  a r e  100 kbar  for the r igh tmos t  i sobar  and 220 kbar  for the l e f tmos t  i sobar  on 
the axis .  The i soba r s  in magnes ium a re  of a quali tat ively s imi l a r  form.  

The r e s u l t s  of this work were  d iscussed  many t imes  with Yu. I. FadeenkoandS.  K. Godunov, to whom 
the author is gra teful  for  valuable advice.  
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