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Exper iments  a re  descr ibed on magnetic flux compress ion  by flat and coaxial conductors.  As 
the initial cur ren t  I 0 is increased the final cur rent  I 1 obtained as a resu l t  of flux compress ion  
at f i rs t  increases  proport ionally to I 0 and then r eaches  a maximum and remains  constant for 
further  increases  in I 0. Analysis  of the experiments  shows that in coaxial s t ruc tures  when a 
small explosive charge acce lera tes  the conductors the limiting cur ren t  is determined by the 
maximum work which a conductor can per fo rm in compress ing  the magnetic field. In exper i -  
ments with flat busbars  and large explosive charges  the limiting cur ren t s  appear to be de- 
termined by the flux losses  in shor t -c i rcui ted  voids formed in the linking of i r regular  sur -  
faces of the busbars .  This assumption is shown to be in qualitative agreement  with exper i -  
ment. 

1. The f i rs t  experiments  with flat and coaxial magnetocumulative genera tors  [1, 2] showed that in 
each of them only a quite definite final cur ren t  I 1 could be obtained; The low mechanical  strength of the de- 
vices  descr ibed in [2] prevented discovery of the nature of the limiting current .  Subsequently, experiments  
were performed with a very simple model of a flat magnetocumulative generator .  A copper busbar 4 cm 
wide was bent into circui t  1 of length l 0 and a welded casset te  2 containing an explosive charge EC was 
placed at its center (Fig. 1). On the outside the busbars  were loaded with steel covers  or filled with con- 
cre te .  This protected the busbars  against displacement by magnetic forces  and fixed the geometry  of the 
cavity in which the magnetic flux compress ion  occurred.  A 10-2-F capaci tor  bank with a working potential 
of 4 kV was discharged through the busbars .  At the instant the cur ren t  was maximum the explosive charge 
in the casse t te  was fired. The disintegrating walls of the casse t te  interlocked with the busbars  compress ing  
the magnetic flux. The point of contact  of the busbars  and the casset te  was displaced along the busbars  with 
a velocity equal to the detonation velocity D. 

Some of the experiments  were performed with coaxial conductors  made of sections of copper and 
Duralumin tubes. The explosive charge was placed inside the sma l l e r -d i ame te r  tube. 

2. F~om an electrotechnical  analysis  of the operation of a magnetocumulative generator  [3, 4] it can 
be expected that with an appreciable re tardat ion path of a conductor in a sufficiently s t rong magnetic field 
and a small  explosive charge the kinetic energy of the conductor will not suffice to compres s  the field. On 

\ _  ?'o 

Fig. 1 

the one hand, the power developed in the detonation of an explosive 
charge is qSD, where q is the specific energy of the explosive per unit 
volume and S is the c r o s s  section of the explosive charge.  The fract ion 
of this energy ~? which goes into kinetic energy of the conductor depends 
on the rat io of the mass  of the explosive to that of the conductor being 
accelera ted  [5]. 

On the other hand, in the deformation of a c u r r e n t - c a r r y i n g  c i r -  
cuit the pondermotive forces  of the magnetic field develop a power 1/212 �9 
(dL/dx)D. The energy balance leads to the limiting cur ren t  
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�9 - I / - ~ , - ~  (2.1) 
I ~  = ~ d L / d x "  

For a uniform magnetic field dL/dx = 4~ra /h  and the field in the gap is B = 41rL/h, where h is the width of the 
busbar  and a is the width of the gap. In addition, ~qs is the kinetic energy of a unit length of casse t te  wall, 
i.e., ~?qS = pv~hA/2, where A is the thickness of the casset te  wall. In this case  it follows f rom (2.1) that the 
limiting magnetic field determined by the energy of the acce lera ted  conductor is given by the express ion 

B; = u o V~-p ]/-4A~. (2.2) 

In an ideal magnetocumulative genera tor  the flux is conserved LI = L0I 0 and the final cur ren t  is 

11 = 3do, 

where ~ = L0/L is the compress ion  factor.  The energy condition (2.1) l imits the final cu r ren t  to the value . 
I 0 . In the ideal case I t f i r s t  increases  proport ional ly to I 0 to ~ and then r emains  constant.  The experimental  
resu l t s  are  conveniently represen ted  in t e rms  of the var iables  I i / I  o and XI0/I~. The broken line in Fig. 2 
cor responds  to an ideal generator  and the solid curve shows the resu l t s  of experiments  with various coaxial 
genera tors .  The experimental  points for smal l  XI0/I ~ lie below the curve for ideal genera tors ,  but within the * 

* is reached as I0/I0 inc reases .  l imits of experimental  e r r o r  the energy- l imi ted  cur ren t  I 0 

3. It follows f rom (2.1) that the l imiting cur ren t  should increase  with a decrease  of the l inear in- 
ductance dL/dx.  A ser ies  of experiments  was per formed with fiat busbars  in which the size of the casse t te ,  
the explosive charge,  and the initial length of the busbars  l 0 were fixed, but the distance a f rom the casse t te  
wall to the busbar  was varied. The resul t s  of this se r i e s  of experiments  a r e  shown in Fig. 3, where points 
1, 2, 3 cor respond  to a = 5, i0, 20 ram, respect ively .  The limiting cur ren t  does not depend on the l inear  
inductance. The resul t s  of these experiments  a re  shown in Fig. 4 in t e r m s  of the var iables  I1/I o and~I0/I~, 
where curves  1, 2, 3 cor respond  to a = 5, 10, 20 ram, respect ively .  In  nar row gaps the limiting cur ren t  
I* is f rom half to two-thirds  as large as the energy- l imi ted  cur ren t  I 0 . 

One can t ry  to explain this resu l t  by flux losses  in magnetic cumulation. The losses  resu l t  f rom t h e  
diffusion of the field into the conductor and because of the capture of flux in voids formed in the joining of 
the rough sur faces  of the busbars  and the casse t te  walls. The diffusion losses  in magnetic cumulation in 
nar row gaps was calculated in [6]. The calculation showed that although the flux losses  a re  appreciable fo r  
magnetic Reynolds numbers  of 10-50 the diffusion of the field into the conductor does not by i tself  lead to a 
l imitation of the value of the cur ren t  in the scheme of compress ion  under consideration.  In addition, the 
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fract ion of the flux retained in the generator  voids depends strongly on 
the gap width a; i.e., the final cu r ren t  must  depend strongly on a, which 
contradicts  the experimental  resu l t s  cited (Fig. 3). Let us assume that 
the l imit ing cur ren t  a r i ses  only because of contact  flux losses .  In this 
case  the est imate  of the limiting field obtained in [7] for a constant depth 
of the i r regular i t i es  60 
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shows tha t  a t  the end of  the  c o m p r e s s i o n  (l - ' -  0) the  l i m i t i n g  f i e ld  depends  on the s i z e  of the  i n i t i a l  f i e ld  ]30, 
the gap width  a,  the  c r o s s - s e c t i o n a l  a r e a  of the  r e s i d u a l  i nduc t ance  So, and  a s  for  (2.2) c o n t r a d i c t s  the  e x -  
p e r i m e n t a l  r e s u l t s .  

Quite a n o t h e r  r e s u l t  is  ob t a ined  fo r  c o n t a c t  f lux l o s s e s  by t ak ing  a c c oun t  of the f ac t  tha t  in s t r o n g  
m a g n e t i c  f i e l d s  the  s u r f a c e s  of c o n d u c t o r s  a r e  d e f o r m e d  by  the l a r g e  m a g n e t i c  f o r c e s .  L e t  us  a s s u m e  tha t  
the  r a t e  of d e v e l o p m e n t  of i r r e g u l a r i t i e s  on the s u r f a c e  of a conduc to r  i s  vl = aVA,  w h e r e  v A is  the  Al fven  
v e l o c i t y ,  a i s  s o m e  cons t an t ,  and  the  t i m e  of d e v e l o p m e n t  of the  i r r e g u l a r i t i e s  is  equa l  to the  t i m e  the 
c a s s e t t e  w a l l s  move  b e f o r e  c o l l i d i n g  with the  b u s b a r s .  Then  the a v e r a g e  depth  of the  i r r e g u l a r i t i e s  is  6 = 
a a v A / v  and  the equa t ion  of c o n t a c t  f lux l o s s e s  can  be  w r i t t e n  in the  f o r m  

d F  - -  2 6 B D  = 2~xaD (3.1) 
~--7" = - ~ V ' - - -~  B L  

w h e r e  v i s  the  a v e r a g e  v e l o c i t y  of the  c a s s e t t e  w a l l s ,  P i s  the  d e n s i t y ,  ]3 is  the  m a g n e t i c  f i e ld ,  and  F i s  the  
f lux.  A f t e r  chang ing  to  the  v a r i a b l e  l = / 0 - D t  and  i n t e g r a t i n g ,  i t  f o l l ows  f r o m  (3.1) tha t  

w h e r e  B 0 is  the  i n i t i a l  f i e ld  in the  gap.  
t a i ned  f r o m  (3.2): 

B =  

,, V~p 
r (3.2) 

, ' o ~ 1 7 6  , 

T c w a r d  the end of  the  c o m p r e s s i o n  (l -~ 0) the l i m i t i n g  f i e ld  is  ob -  

V~p (3.3) 

which does  not  depend  on the i n i t i a l  va lue  B 0 o r  the  gap width  a,  but  is  d e t e r m i n e d  so Ie ly  by  the  v e l o c i t y  v. 
Th i s  m e a n s  tha t  for  a c o n s t a n t  width of  the  b u s b a r s  c on t a c t  l o s s e s  d e t e r m i n e  the l i m i t i n g  c u r r e n t  I* whose  
m a g n i t u d e  i s  d i r e c t l y  p r o p o r t i o n a l  to the  a v e r a g e  v e l o c i t y  v of the  c a s s e t t e  w a l l s  and d o e s  not  depend  on I 0 
and a. Equa t ion  (3.3) ob t a ined  for  the  l i m i t i n g  f ie ld  is  v e r y  s i m i l a r  to Eq. (2.2) for  the  e n e r g y - l i m i t e d  
f ie ld .  The  d i f f e r e n c e  is  t ha t  a in (3.3) i s  a s s u m e d  c o n s t a n t  and  the f a c t o r  ~F-~--~a de pe nds  on the  d i s t a n c e  a 
be tween  the  b u s b a r s  and  the c a s s e t t e  w a l l s  and  the  t h i c k n e s s  of the  c a s s e t t e  w a l l s  A The  e x p e r i m e n t s  d e -  
s c r i b e d  in the  p r e s e n t  s e c t i o n  show tha t  under  c e r t a i n  cond i t ions  the  l i m i t i n g  c u r r e n t  i s  s m a l l e r  than  the 
e n e r g y - l i m i t e d  c u r r e n t  (F ig .  4) and  does  not  depend  on the  d i s t a n c e  a be tween  the b u s b a r s  and  the c a s s e t t e ;  
i . e . ,  i t  f a v o r s  the a s s u m p t i o n  of c u r r e n t  l i m i t a t i o n  by  c o n t a c t  l o s s e s  in a c c o r d a n c e  with  the s c h e m e  p r e s e n t e d  
for  the  d e v e l o p m e n t  of i r r e g u l a r i t i e s .  

4. To t e s t  the d e p e n d e n c e  of  the  l i m i t i n g  c u r r e n t  I* on the v e l o c i t y  and t h i c k n e s s  of the  c a s s e t t e  
w a l l s  e x p e r i m e n t s  w e r e  p e r f o r m e d  in which the  g e o m e t r y  of the gap with the  m a g n e t i c  f i e ld  was  f ixed  and 
the  t h i c k n e s s  of the  c a s s e t t e  w a l l s  and  the  we igh t  of  the  e x p l o s i v e  chosen  w e r e  v a r i e d ,  l e a d i n g  to d i f f e r en t  
v e l o c i t i e s  of the c a s s e t t e  w a l l s  and  d i f f e r e n t  v a l u e s  of t h e i r  k ine t i c  e n e r g i e s .  The  b u s b a r s  of the g e n e r a t o r s  
w e r e  i n i t i a l l y  p a r a l l e l  to the  w a l l s  of the c a s s e t t e  and a t  the  end w e r e  ben t  a t  a s m a l l  ang le  and a p p r o a c h e d  
the c a s s e t t e ,  s e p a r a t e d  f r o m  i t  by a thin l a y e r  of i n su la t ing  m a t e r i a l .  The  l i n e a r  i nduc tance  of  such a gen-  , 
e r a t o r  was  d e c r e a s e d  t o w a r d  the end and the l i m i t i n g  c u r r e n t  I 0 can  be v e r y  l a r g e .  

The  e x p e r i m e n t s  w e r e  p e r f o r m e d  for  an in i t i a l  v e l o c i t y  of the  c a s s e t t e  w a l l s  v 0 = 1.4, 1.9, and  2.5 
k m / s e c  and wal l  t h i c k n e s s e s  A = 2, 2, and  1 m m ,  r e s p e c t i v e l y .  
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The r e su l t s  of these  expe r imen t s  a r e  shown in Fig. 5 in t e r m s  of the va r i ab l e s  I1/v 0 and I0/v0, where  
curves  1, 2, 3 a r e  for v0 = 1.4, 1.9, 2.5 k m / s e c ,  r e spec t ive ly .  In spite of the different  th icknesses  of the 
ca s se t t e  walls  the ra t io  I1/v 0 r em a i ned  the same ,  which cont radic ts  the energy  es t ima te  (2.2). 

Thus in the c o m p r e s s i o n  of a magnet ic  field by fiat  busba r s  there  is a l imi t ing  cu r r en t  I* whose 
magnitude does not depend on the way the conductor  is slowed down in the magnet ic  f ie ld  nor  on i ts  kinet ic  , 
energy;  i . e . , t h e  nature  of this cu r r en t  is d i f ferent  f rom the nature  of the ene rgy - l imi t ed  c u r r e n t  I 0 c l ea r ly  
obse rved  in expe r imen t s  with coaxial  conductors ,  and probably  can be r e l a t ed  to contact  flux l o s se s  in ac -  
cordance  with the scheme  proposed.  

The dependence of the l imit ing cu r r en t s  I* on v0 in the las t  two sets  of expe r imen t s  is shown in Fig. 6. 
On the bas i s  of these  expe r imen t s  the coeff icient  ~ is 1.3, while other e s t ima te s  of ~ give 0 . 7 . . .  0.9 [8]. 
Be t te r  a g r e e m e n t  with [8] can be obtained for  ave rage  veloci t ies  of the conductor less  than v0. 

The exper imen t s  p e r f o r m e d  showed that in the c o m p r e s s i o n  of the magnet ic  field the l imit ing cu r ren t  
, 

is de te rmined  e i ther  by the energe t ic  poss ib i l i t i es  or by contact  flux los ses .  Of the two poss ib le  values I 0 
and I* the s m a l l e r  is r ea l i zed  in exper imen t s .  
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