
N U M E R I C A L  C A L C U L A T I O N  OF T H E  M A G N E T I C  

C U M U L A T I O N  P R O C E S S  

A.  V. K a s h i r s k i l  a n d  V. A. O d i n t s o v  

A numerica l  calculation is made of the process  in the MK-1 magnetocumulative genera tor  
under the assumption that the magnetic flux is constant and the tube contract ion process  is 
one-dimensional .  The instantaneous detonation scheme is adopted. The effect of initial 
magnetic field intensity and relat ive size of the cavity on the magnitude of the maximal 
magnetic field intensity obtained inside the tube is studied. 

Methods for creat ing ul t ras t rong magnetic fields with the aid of an explosion have been described in 
[1-3]. In the following we examine the numerical  calculation of the process  in the MK-1 magnetocumula-  
tive genera tor .  In this genera tor  there  is explosive, symmet r i c  contract ion of a metal tube with an inter-  
nal axial magnetic field having the initial intensity H 0. If the tube walls are  perfectly conducting its mag-  
netic flux �9 remains  constant in the compress ion  process  

r = ~a2H = ~ao2Ho = c o n s t  

Here a 0 and a are  the initial and instantaneous internal radii  of the tube. We denote the initial and 
instantaneous outside tube radii  respect ively  by b 0 and b. The initial tube wall thickness is A 0 = b0-a  0. 

The magnetic field intensity H and its p re s su re  Pm on the tube walls follow the law 
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Fig. 1 

H = Hoao ~ / a ~, Pm = P,~oao 4 / a 4 

Here Pm0 is the initial magnetic field p ressure .  

The magnetic field intensity and its p ressu re  are  connected by the 
relation 

P m =  H2 / 8n 

The magnetic cumulation problem in the general  case is a two- 
dimensional (axisymmetrie) unsteady gasdynamic problem. In the case 
of simultaneous contract ion of the shell by a converging detonation wave, 
the problem with adequate approximation may be considered one-di-  
mensional  in the ent ire  region which is not affected by the end-face r a r e -  
faction waves.  

In the present  paper we examine the shell motion under the action 
of initially s tat ionary detonation products having the isentropic exponent 
k = 3 and initial pa ramete r s  corresponding to an ideal (instantaneous) 
detonation [4] 

P0 = 1]spnD2, Po = Pn, c o = (3/s)'/' D ~___ 0.6iD 

Here P0, P0, Co are  respect ively the initial p res su re ,  density, and 
sound speed in the detonation products,  Pn is the explosive density, D is 
the detonation velocity. 
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F o r  g e n e r a l i t y  we  e x a m i n e  t h e  p r o b l e m  wi th  an e x t e r n a l  th in  s h e l l  a r o u n d  the  c h a r g e .  The  m a t e r i a l  
of  bo th  s h e l l s  is  a s s u m e d  i n c o m p r e s s i b l e  and having  no s t r e n g t h .  R e d u c t i o n  of the  m a g n e t i c  f lux m a g n i t u d e  
owing to f in i t e  c o n d u c t i v i t y  of  t h e  tube  is  n e g l e c t e d .  The  mo t ion  of  the  de tona t ion  p r o d u c t s  up t i l l  the  m o -  
m e n t  the  i n n e r  s h e l l  s t ops  is  i s e n t r o p i c .  The  s y s t e m  of  equa t ions  has  t he  f o r m  

op O(pv) . ~  pv O, Ov ~ ov i op = 0 ,  p = p o p  ~ / p o  3 
o-i- + -37--~ ' ~ = ot ' v -~;/ § - ~  o-7 

(1) 

wi th  the  i n i t i a l  cond i t i ons  

b 0 ~ r ~ R 0 ,  P : P 0 ,  9 : 90, c :  co, v = 0  

H e r e  b0, R 0 a r e  r e s p e c t i v e l y  the  i n n e r  and o u t e r  r a d i i  of  t he  c h a r g e .  The  b o u n d a r y  cond i t i ons  a r e :  

a t  the  o u t e r  s h e l l  

M l d v  / dt  : 2 = R p  

R is the  i n s t a n t a n e o u s  i n n e r  r a d i u s  of  the  o u t e r  s h e l l ;  

a t  the  i n n e r  s h e l l  

M~dv / dt  = 2g  (apm - -  bp) 

H e r e  M1, M 2 a r e  the  m a s s e s  of  the  o u t e r  and i n n e r  s h e l l s  (per  unit  length) .  The  v a l u e s  of the  r a d i i  a 
and b a r e  c o n n e c t e d  by the  r e l a t i o n  wh ich  fo l lows  f r o m  the  s h e l l  i n c o m p r e s s i b i l i t y  cond i t ion  

b 2 - -  a 2 = bo 2 - -  a0 ~ 

The  p r o b l e m  s o l u t i o n  depends  on the  d i m e n s i o n l e s s  p a r a m e t e r s  

8 = h o / b o ,  )~= b0/R0,  
~o : p t / p , ~ ,  ~ : m / M1 ,  

X : P~0 / Po 

H e r e  Pt  is  the  tube  m a t e r i a l  d e n s i t y ,  m is  the  e x p l o s i v e  m a s s  p e r  uni t  c h a r g e  length .  

In p l a c e  of  the  p a r a m e t e r  6 we  can  use  t he  s p e c i f i c  m a s s  of t h e  e x p l o s i v e  p e r  unit  m a s s  of  the  i n n e r  
s h e l l  Y = m / M  2. Obvious ly ,  y is  c o n n e c t e d  wi th  6 and X by the  r e l a t i o n  
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TABLE 1 

0.3 50 
0.5 15 
0.7 5.2 

x = 0 .002  • ~ 0.003 X = 0.005 X = O.OtO 

t*  [Pm t* ] P ~  t* 

I [235.5 -- ' 0.452 0.460 
0.750 196.0 0.752 

8~.3 1.10 34.66 1.tl 

i , 
Pm t* 

46.60 
13.04 - -  

17.44 

TABLE 2 

I o.=7,000  1   87000  I I  =, 9000  
 omm H* I ' *  I "  * 

0 . 3  
0.5 
0,7 

t66.7 --  
t00 - -  

71.4 18.t 

t705 2 55 It83  585 5  0117 ]063 
- -  i 7 . 6  l i 9 . 6  2 2 . 2  t 7 . 6  4 . 6 6  t 0 . 8 5  - -  - -  - -  

8,73 14.83 18,4 3.47 9.35 i8.6 i.30 5.74 

7 =  

The  p r o b l e m  is e x a m i n e d  in the  d i m e n s i o n l e s s  v a r i a b l e s  

r ~ ~ r / T l o ,  t ~ --  c o t / R o ,  

v ~ ~ U/Co,  P~ ~ P / P o ,  
pO ~ p / Po 

I n t e g r a t i o n  of t he  q u a s i l i n e a r  s y s t e m  (1) was  m a d e  by a f in i te  d i f f e r e n c e  me thod  on a BE SM -3 M d i g i -  
t a l  c o m p u t e r  a t  t he  I n s t i t u t e  of  P r o b l e m s  of  M e c h a n i c s  of  the  A c a d e m y  of S c i e n c e s  of t he  USSR unde r  t he  
d i r e c t i o n  of L.  A. Chudov.  In a l l  c a s e s  the  c u m u l a t i v e  s h e l l  t h i c k n e s s  A 0 was  t a k e n  to b e  0.02 t i m e s  the  
r a d i u s  of the  i n n e r  c h a r g e  c a v i t y  b 0 (6 = 1/50) .  The  c a v i t y  r e l a t i v e  d i m e n s i o n  ~ = b0/R 0 was 0 .3 ,0 .5 ,  0.7, the  e x -  
ponent  w = 5. The  r e l a t i v e  i n i t i a l  m a g n e t i c  f i e ld  p r e s s u r e  X was  0.001, 0.002, 0.003, 0.005, and 0.01. The  
p r e s s u r e  d i s t r i b u t i o n  in the  de tona t ion  p r o d u c t s  a s  a funct ion of t he  d i m e n s i o n l e s s  c o o r d i n a t e  ~ = ( r - b )  / 
( R - b )  for  d i f f e r e n t  t i m e s  is  shown in F i g .  1; the  mo t ion  of  the  i nne r  c a v i t y  wi th  the  m a g n e t i c  f i e ld  is  shown 
in F ig .  2.  

F o r  l a r g e  c a v i t i e s  and  t h i c k  w a l l s ,  a s  a r e s u l t  of  the  s m a l l  t h i c k n e s s  of the  o u t e r  s h e l l  (A R = 1/5 A) 
t h e  d i s t r i b u t i o n  a p p r o a c h e s  tha t  fo r  u n i l a t e r a l  d i s c h a r g e .  The  p r e s s u r e  peak  in the  gas  o c c u r s  n e a r  the  
c u m u l a t i v e  s h e l l .  F o r  a th in  c u m u l a t i v e  s h e l l  (cas ing)  the  p r o c e s s  is  c l o s e  to  b i l a t e r a l  d i s c h a r g e .  

In the  i n i t i a l  s t a g e  of  t he  mo t ion  the  f i e ld  has  p r a c t i c a l l y  no ef fec t .  In the  f ina l  s t a g e  of the  mo t ion  
the  r a p i d  i n c r e a s e  of the  m a g n e t i c  f i e ld  p r e s s u r e  l e a d s  to i n t e n s e  r e t a r d a t i o n  of the  s h e l l  and it c o m e s  to a 
s top .  In th i s  c a s e  the  r e t a r d a t i o n  of the  g a s  flow a p p r o a c h i n g  the  th in  s h e l l  l e a d s  to a s h a r p  g a s  p r e s s u r e  
r i s e  and f o r m a t i o n  of  a r e f l e c t e d  shock  w a v e .  The  s u b s e q u e n t  m o t i o n  of  the  gas  is a d i a b a t i c  but  not  
is  e n t r o p i c .  

T a b l e  1 shows the  d i m e n s i o n l e s s  t i m e s  un t i l  t h e  c a v i t y  s tops  and the  d i m e n s i o n l e s s  p r e s s u r e  P~n at  
t he  m o m e n t  of s topp ing .  The  r e l a t i v e  i n t e n s i t i e s  of  t he  m a g n e t i c  f i e ld  at  the  m o m e n t  of s topp ing  a r e  d e -  
f ined  by the  r e l a t i o n  

H* / ~o = (Pro* / Z) '/ ' 

As we would e x p e c t ,  the  p r e s s u r e  and f i e ld  i n t e n s i t y  a t  the  m o m e n t  of s topp ing  d e c r e a s e  wi th  i n c r e a s e  
of  the  i n i t i a l  f i e ld  p r e s s u r e .  F o r  e x a m p l e ,  fo r  )~ = 0.3 i n c r e a s e  of  X f r o m  0.003 to 0.005 l eads  to f o u r - f o l d  
r e d u c t i o n  of  P~n" I n c r e a s e  of  X fo r  a f ixed  v a l u e  of X l e a d s  to a r e d u c t i o n  of  p * .  The  d i m e n s i o n l e s s  t i m e  
t* when the  c a v i t y  s tops  in t he  c o n s i d e r e d  X r a n g e  depends  v e r y  l i t t l e  on X and is  d e t e r m i n e d  b a s i c a l l y  by  
the  r e l a t i v e  c a v i t y  d i m e n s i o n  )~ (F ig .  3). 

The  r e l a t i v e  c a v i t y  c o n t r a c t i o n  a * / a  o at  t he  m o m e n t  of  s topp ing  v a r i e s  0.06 (k = 0.3, X = 0.003) to 0.14 
(X = 0.7, X = 0.005).  The  r e l a t i v e  o u t e r  s h e l l  r a d i u s  at  the  m o m e n t  of  s topp ing  is  o b v i o u s l y  de f ined  by  the  
r e l a t i o n  

b* / ao  : (bo ~ ]. ao ~ - ~  a . 2  / a s  ~ - -  ~-)'/~ 
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F o r  a* = a 0 = 0.06 the quantity b * / a  o amounts to 0.209. The she l l  c r o s s  
sec t ion  at this  moment  is shown in Fig .  4. It is obvious that  for  the motion nea r  
the axis  the boundary  condit ion of the fo rm 

M2du / dt : 2~ (aPm --  bp) 

prev ious ly  p re sen ted  for  the thin she l l  is s a t i s f i ed  only app rox ima te ly  because  
of v a r i a b i l i t y  of the ve loc i ty  through the she l l  t h i ckness .  F r o m  the equation of 
cont inui ty for the i n c o m p r e s s i b l e  she l l  we have 

~ a a / r ~ f ~ b / r ,  a / f ~ = b / a  

Here  a = da /d t ,  t) = d b / d t  a r e  the ve loc i t i e s  of the cavi ty  and the outer  
she l l  su r face .  In the p r e s e n t  c a s e  the ve loc i ty  ra t io  a / b  is 3.5. 

At a defini te  t ime  the she l l  s tops and then its expansion r e v e r s e s  under  
the  ac t ion of the magnet ic  f ie ld p r e s s u r e .  It is impor tan t  to ao te  that  s topping 

occur s  not at  the t hne  ~ . . .  when the magnet ic  p r e s s u r e  ba l ances  the  explosion p r e s s u r e , "  as e r r o n e o u s l y  
a s s u m e d  in [3], but r a t h e r  somewhat  l a t e r .  The magnet ic  f ie ld  p r e s s u r e  on the shel l  at  th is  moment  is 
much g r e a t e r  than the ex te rna l  p r e s s u r e  of the detonation products .  F o r  example ,  f o r  k = 0.5, X = 0.003, 
p *  = 196, p~ = 8.79. With account  for  the inner  and ou te r  su r f ace  a r e a s  the forces  on the she l l  a r e  in the 
ratio 6.7 : i .  

Shell pu lsa t ions  may  occur  in the  expansion p r o c e s s  as  a r e s u l t  of in te rac t ion  of the  thin shel l  with 
the  r e f l e c t ed  shock wave in the  detonat ion products~ The mos t  m a r k e d  pulsa t ions  a r i s e  f rom s m a l l  X and 
X (Fig. 2). 

Table 2 shows the dimensional values of the parameters t* (~ sec), p*  (Mbar), H* (MOe) at the mo- 
ment of stopping for the shell having the outer diameter 2R 0 = i00 ram. The initial shell thickness was 
A 0 = 1 ram. The ideal detonation pressure was taken as P0 = i00 kbar (D = 7000 m/sec ,  e 0 = 4270 m/see). 
The initial magnetic field pressure is 200, 300,500, and 1000 bar (the corresponding magnetic fields are 
71 �9 103 , 87 �9 103 , 112 " 103 , and 159.103 G). 

The maximal magnetic field intensity in the considered example is 24.3 �9 106 Oe (field pres- 
sure 23.55 Mbar). It is interesting to note that the time from initiation of the motion until stopping of the 
shell for all values of k and • changes very slightly (from 17.6 to 18.6 m/sec).  The average cavity ve- 
locity (v) = (a0-a*)/t* is 2.5 km/sec.  

In comparison with the theoretical and experimental values for a cumulative shell of approximately 
the same dimensions (2R 0 = 3-4 inches, initial magnetic field 50-150 kG), presented in [3] ((v) = 4 km/sec,  
t* ~ 10 ~sec), this calculation yields slower collapse. This is to be expected, since the adopted scheme 
with initially stationary gas, corresponding to instantaneous detonation, leads to lower values of the initial 
shell accelerations than the values obtained in the experiments using a converging detonation wave. 

Within the limits of the scheme with instantaneous detonation, we can account for the effects owing to 
convergence of the detonation wave and its reflection from the shell, introducing the corresponding increase 
of the stationary gas parameters. For example, taking as the initial gas parameters the characteristics of 
the detonation products at the moment the detonation wave reflects from the shell (P0 = 2.37Pc_j,pc_ J = 
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i/4PnD2 , c o = D), we obtain for  the s a m e  values  of X the t ime  for  the shell  to come to a stop t* = 10.7-11.3 
#sec ,  ( v )  = 4.1 k m / s e c ,  which is in good a g r e e m e n t  with the data of [3]. 

We note that  for  the cons idered  magnet ic  field p r e s s u r e s  it is theore t ica l ly  n e c e s s a r y  to account for  
the compres s ib i l i t y  of the shell  m a t e r i a l .  Account for  the compres s ib i l i t y  may  lead to some reduction of 
the l imiting field intensity.  

The authors  wish to thank L. A. Chudov for  his continued in te res t  in the study and valuable advice,  
and also Yu. V. Korovin for  a s s i s t ance  in the calculat ions.  
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