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I N D U C T A N C E  O F  A S I N G L E - C O I L  M A G N E T I C  C O U R S E  

G E N E R A T O R  W I T H  A V A R I A B L E  G E N E R A T I N G  C O I L  

V.  S. F o m e n k o  UDC 538.4 +621.3.072.3 

1. Severa l  types of explosive magnetic genera to r s  are known at the present  t ime [1]. Of these (accord-  
ing to published exuer imenta l  data) the most  effect ive are  the coaxial  [2], p lane-para l le l  n b u sb a r -b u s ba r "  type 
[3, 4], and the ~bellows 'v type [5]. A high magnet ic-f lux s torage  factor  of V ~80%is achieved in these genera tors  
due to the l inear  i nc rease  in the t r a n s v e r s e  c ross  section of the c u r r e n t - c a r r y i n g  conductors  (busbars) in a 
region adjacent to the inductive load. 

The ini t ial  inductance L 0 of p lane-para l l e l  explosive magnetic genera tors  depends on the geomet r ica l  di- 
mensions of the c u r r e n t - c a r r y i n g  conductors  and, in oar t icu lar ,  is proport ional  to the i r  length. Hence, in such 
genera to r s  a high cu r r en t  gain (kT= (L0/LH)~? , L H is the load inductance) is achieved due to the long length of 
the conductors ,  which leads to a high gene ra to r  ope ra t ing t ime  of ~ 100 psec .  

The dimensions and operat ing t ime of p lane-para l l e l  explosive magnetic genera tors  can be reduced sev-  
eralfold by placing the busbars  around a cyl indr ica l  conducting tube with the charge of explosive mater ia l  along 
the axis. In [6] the operat ing t ime of the gene ra to r  was reduced to 20 ~sec  in this way. The c u r r e n t - c a r r y i n g  
conductors  in this genera to r  (a s ingle-coi l  generator)  had a constant c ross  section,  which reduced ~? at the end 
of the gene ra to r  operat ion,  when the magnetic field s trength reached a va lueh ighe r than the  cr i t ica l  value H,  
for  the conductor  ma te r i a l  (e.g., for  copper  conductors  H.  ~1 MOe [1]). 

The ef f ic iency of a s ingle-coi l  gene ra to r  can be increased  by shaping its cu r ren t  contour by a parabolic 
i nc rease  in the generat ing coil f rom the cur ren t  t e rmina l  to the inductive load [7]. This form of var ia t ion of 
the generat ing winding is s imi l a r  in fo rm to the inc rease  in the genera tor  cur ren t  and l imits the inc rease  in 
the l inear  cu r r en t  density j+ (t) = V (t)r (t) (the magnetic field strength H+ (t) =0.4~rj+ (t)) along the line 
of dynamic contact  of the envelope with the coil z+(t) while the genera tor  is operating.  By choosing the geo-  
me t r i ca l  dimensions and the value of the initial  magnetic flux of the genera tor  ~0, one can ensure  the maximum 
permiss ib le  cu r r en t  mode of the conductors  (with r e spec t  to the field value H+(t ) -  1 MOe), which is not ex-  
ceeded during the operat ion of the genera to r  at the stage of the e lec t r i ca l  disruption of the skin surface  of the 
conductors.  This mode of  operat ion is the most  convenient for  producing miniature explosive magnetic gene ra -  
to r s  with specif ied e lec t romagne t ic  p a r a m e t e r s ,  viz . ,  energy  and power.  

Moscow. Trans la ted  f rom Zhurnal  Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki ,  No. 5, pp. 66-73, Septem- 
be r -Oc tobe r ,  1978. Original  a r t i c le  submitted September  9, 1977. 
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The i n c r e a s e  in the magnet ic  field in the g e n e r a t o r  (in the region of dynamic contact of the conductor) to 
a value g+(t) > H,  leads to in tense  su r face  heat ing of the conductors  and to rup tu re  of  the su r f ace l aye r ,  which 
i n c r e a s e s  the ohmic l o s s e s ,  and also fac i l i ta tes  the o c c u r r e n c e  of in tense  local  e l e c t r i c a l  breakdowns leading 
to cutting off of  pa r t  of  the magnet ic  flux in the dynamic  contact  region.. 

2. To de t e rmine  the cu r r en t  mode of the conductors  of  the shaped coil of a magne t i c - cou r se  gene ra to r  
and to inves t iga te  i ts  advantages  com pa red  with exis t ing explosive  magnet ic  gene ra to r s  it is of  i n t e r e s t  to ob-  
tain the re la t ionsh ip  between the inductance of  the gene ra to r  and the geome t r i ca l  d imensions  of  i ts  cu r ren t  
contour.  

A sketch of a s ing le -co i l  explos ive  magnet ic  gene ra to r  with a parabol ic  prof i le  of the coil is  shown in 
Fig. 1 (1 is the coil,  2 is the shell ,  3 is  the inductive load, 4 is the explosive charge ,  5 is  the length of the 
dynamic  contact  of  the shel l  with the coil  z+(t), R is the inner radius  of the coil,  r 0 is the outer  radius  of  the 
shell ,  H i and H 2 a r e  the m a x i m u m  and min imum s e m i g e n e r a t r i x  of the windings, respec t ive ly ;  r 1 is  the dis tance 
between the shel l  and the m i n i m um  genera t r ix  of  the coil,  and ri2 is the eccent r ic i ty) .  A polar  s y s t e m  of 
coordina tes  (p ,  cp) is chosen in the t r a n s v e r s e  sect ion of the gene ra to r  with a pole at the lowes t  point 0 of the 
c i r c l e  of radius  r ,  and with the polar  axis coinciding with the Ox axis. 

The equations of  the c i r c l e  (the inner  boundary of the coil) of  radius  R with center  at the point Ol(x =R, 
Y = 0) and the ou te r  bomidary of the shel l  of  radius  r 0 +r0-) with center  at the point O2(X= r 0 + r l ,  y =0) have the 
following form:  

p~(to) = 2R cos to, 0 ~ ~ ~.~ ~/2; (2.1) 

P 2, ~(to) = (r0 n u r~) cos to • V. [r0 + r(~)]5 _ (r ~ + r~)~sin~to, 

0 ~ to ~ / 2 ,  

T 

where  r(~) = ~ v(x)  dz, 0 ~ r(T) ~ r~, v(x) is the ra te  of expansion of the exte_r~al boundary of the shel l  due to the 
0 

products  of  the explosion and the back  p r e s s u r e  of  the magnet ic  field, v is the instantaneous t ime  of opera t ion  
of the g e n e r a t o r  when the shel l  f l ies off to the min imum genera t r ix  of the coil,  0--~'<--Tk, and ~- k is the 
ins tant  when dynamic  contact  of  the shel l  with the winding begins.  To each ins tant  of  t ime  v the re  co r responds  

sec t ions  of value ~o bounded by the values  0 ~ r ~ ~P(x) where  ~(~) = a r c s i n ( r ~  is the angle between the 
\ roar1 ] 

Ox axis and the tangent f r o m  the or igin of  coordinates  O to the c i rc le  of radius  r0+r(T) .  

When t > ~'k (t is the ins tantaneous  t ime  of opera t ion  of the gene ra to r ,  and t - 1- k is the instantaneous 
t ime  of dynamic  contact  of  the shel l  with the winding) 

where  

p~ (,~) = (r,) + 1"1) cos ~[~ ?- t/Jr0 + r (t)] 2 --  (r 0 + ,-1) 5 sin S to, 

0 ~  ~ T '  

t 

r( t )  = r~-t- f v( t )  d t, v(t) is  the veloci ty  of the shel l  at the s tage of  dynamic contact  with the coil. 

(2.2) 

The canonical  equation of a parabol ic  cyl inder ,  the gene ra t r ix  of  which is perpendicu la r  to the min imum 
gene ra t r ix  of the coil  and pa s s e s  through it at the point (x =0, y=O, z =H 2) has t he  f o r m  

2p(z - -  H2) = xL (2.3) 

The boundary of the coil  i n t e r sec ted  by the parabol ic  cyl inder  and projected onto the xOz plane is also 
desc r ibed  by an equation of the f o r m  (2.3). The coefficient  p of  the parabola  pass ing  through the ~)oint (x = 
2R, z = H  l) follows f r o m  (2.3): p=2R2/(HI-H2) .  

Then any value of the coordinate  z that  v a r i e s  f rom H 2 to  H i is descr ibed  by the equation 
(2.4) Hx - -  H2 

z(o, to)-- T(2-~ (~c~ 0 < - < t o < 2 '  0~<p~<~,. 

F r o m  (2.4), using (2.1), we have the dependence of the change in the s emigene ra t r i x  of the coil 

z(p i, to) = (HI - -  H~) cos 4 ~ § H:. 
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W e  wil l  a s s u m e  that  the flow of  the e l e c t r i c  c u r r e n t  o v e r  the she l l  with the explos ive  cha rge  only  o c c u r s  
on that  p a r t  o f  i ts  s u r f a c e  which is  bounded by the s u r f a c e  o f  the coi l  (Fig. 2, the reg ion  of  c u r r e n t  flow o v e r  
the she l l  is shown by the dashed  a r r o w s  and that  o v e r  the coi l  is shown by the cont inuous  a r r o w s ) .  

Then,  f o r  rk  <t  <- t k (tk i s  the  work ing  t i m e  o f  the gene ra to r )  us ing  (2.2) we obtain f r o m  (2.4) the equat ion 
o f  the v a r i a t i o n  o f  the s e m i g e n e r a t r i x  o f  the  s u r f a c e  o f  the she l l  o v e r  which the  c u r r e n t  f lows 

 p cos ) + H , ;  

3. In the  a p p r o x i m a t i o n  of  the  u n i f o r m  d i s t r ibu t ion  o f  the magne t i c  f ield s t r eng th  in the work ing  cav i ty  

/ z (p. ~+) \ = H t h e  e x o r e s s i o n  o f  the g e n e r a t o r  (the vo lume  between the  she l l  and the coil) ,  i . e . ,  when H+(t )  z(p, cp) / 

fo r  the  ex t e rna l  induc tance  of  the  g e n e r a t o r  can be wr i t t en  in the f o r m  

L = I L ( * ( ' O )  -t-no,, O ~ ' ~ 4 a ,  
[L(q%(t))+Lri ,  ~ h < t ~ t h ,  (3.1) 

w h e r e  

s* (q% (t)) 
L (r (~)) = 4n �9 t0 -9 S*v (, (* (~)) (~)) tq . . . .  t~), L (r (t)) = 4n �9 t0 -o v (9+ (t)) ~ (t), 

S and V a r e  the  a r e a  of  the t r a n s v e r s e  sec t ion  and the work ing  vo lume  be tween the rad ius  of  the she l l  r 0 = r ( r )  
(o r  r 0 + r(t) a t  t h e d y n a m i c  c on t a c t  s tage)  and the  r a d i u s  o f  t he  coi l  R, q0+ is  the  c o o r d i n a t e  o f  q~ a long the  d y -  

n a m i c  l i ne ,  k l ( ~ ) ~ . ~ [ J [ r ' - - r ( ' ) ' l +  ! ( 11 6 = 2R - -  2ro--r  a is  the m a x -  

i m u m  base  o f  fl ight of  the shell .  The n a t u r e  o f  the v a r i a t i o n  and the  n u m e r i c a l  va lues  o f  the funct ion f a re  
the  s a m e  as for  the function f(b/h) (h is the width o f  the  b u s b a r  and b is the gap be tween the busbar s )  fo r  a 
c u r r e n t - c a r r y i n g  line o f  p a r a l l e l  plane p la tes  [1]. 

At the  s tage  when the  she l l  f l ies  off to the  m i n i m u m  g e n e r a t r i x  o f  the  coi l  (0 <- 7 -< Vk), we have  

S (~) = ~ [R ~ - -  (r o + r (~))s], 
r ~/2 o~(~ *(~) 0,(r q (3.2) 

At the s tage  of  d y n a m i c  con tac t  o f  the she l l  with the  coi l  r k  <t  <- t k 

r 

S (r (t)) - 2 ~ ,~ pdpd% 
b 

r p,~cp) 

V (,.p+ (t)) = 4 t' "] z (p, q~) pdpd% 
b P2(q o) 

(3.3) 

Eva lua t ion  o f  i n t e g r a l s  (3.2) and (3.3) leads  to the fol lowing e x p r e s s i o n s ,  which enable  the induc tance  
(3.1) to be r e p r e s e n t e d  in the f o r m  of  an expl ic i t  ana ly t i ca l  dependence  on the g e o m e t r i c a l  d imens ions  o f  the 

g e n e r a t o r :  

5 . . . .  s "  3 H I ~ H 2 ~  

H1 ~2 He + [% + r )S(ro + r + (ro + (,))' H, (ro+r (3.4) 

w h e r e  

r o + r (T) = (r o + rl) sin * (z); arcsin 

S (%~. (t)) = R z (2r (t) + sin 2r (t)) - -  + (r o + rl) 2 sin 2q% (t) - -  

2 ( - -  0~+ (t) K ( p+ (t)) --  (r o + rl) 2 [sin r (t) V aS (t) - sinS(p+ (t). + a 2 (t) aresin (3.5) 
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247 (ro ~2rl)4]cosS(~+(t)sin(p~_(t) _}_ v ( t ) )= (H,  - -  I t . ) t - -  R ' - -  

i ~- (Hi - -  He) t - -  R~ + 96 R z 2 R z X 

(+ , ) [  x (p+ (t) + s m  2q~+ (t) + -g- sm 4~+ (t) + 4tic R~ 8t Ht R'-- 1t, X 

11I,--II, K~(o?+(t))(ro+ri)~]( i ~' • K4 (q% (t)) -~ 4 R~ , ,  %(t)  + y sin 2q%(t) / - -  

i Ha-- Ha (r ~ + ri)4 • - -  2n~qo+ (t) K '  (q~+ (t)) - -  H~(ro -4- rx) 2 sin 2~+ (t) 24 R' 

i H x - - " '  ( +  
X sin 5 q~+ (t) cos cp+ (t) 96 /~ (ro + rx)4 q~+ (t) --  sin 2q9+ (t) + 

t 4q)+ ( t ) ) ( H 1 , H 2 ) [ + ( r ~  + -g- sin -- /t2 

+21 ("~--'rt)'][ sin q ) + ( t ) :  V a 2 ( t ) - s i n e  (P+(t) + a~(t) arcsm( a-"h-'(O--)] + "  sin (p§ 

"-}-(H1--H') [ + ,  (r~ I ' r ' )4 s in '  (P+ (t) 3(r~ s i n ( p + ( t ) 4  ~/(a2(t)--sin~q~ (t))a; 

where  

a(t) = If(~p+(t)/(ro+r~); K(q0+(t)) = r o -~ r(t) = ] / R  2 + (R - -  r o - -  r~)z-~2R(R - -  r o - -  rl) cos 2q~+(t), 0 ~ q~,(t) ~ n/2. 

In pa r t i cu l a r ,  to ca lcula te  the ini t ial  inductance of the gene ra to r ,  we put r = 0  in (3.2) and (3.4), and 
the reby  obtain 

S (0) = n ( a  ~ --  ,-~), 

5 II2) R'-4- 2atL2R2 + ~ n  ~ - r- H' : I "  ~ ~, It" V (0) = ..-g- ~ (Ht - -  ,_ (r o --}-[rt) 2 ro --{-- ro --1- ~ ], 

The change in the inductance of a s ing le -co i l  gene ra to r  with a cons tant  gene ra t r ix  of  the coil  (h) is given 
by the exp re s s ion  

L = 4n. tO-gktS /h  + LH, 

where the value of S at the co r respond ing  s tage of opera t ion  of the gene ra to r  is  equal  to S(v), as given by (3.2), 
or  Sit), as given by (3.5), 

<,, +[, +:, < ,  

4. The ini t ial  inductance of the shaped coil  gene ra to r  depends on the re la t ive  posit ion of the core  and the 
coil. The value of inductance (3.1) i n c r e a s e s  as the shel l  is moved f r o m  the min imum genera t r ix  of the coil 
towards  the inductive load (due to the reduct ion in V(0)). The opera t ing  t ime  of the gene ra to r  in this case  de -  
c r e a s e s  (due to the reduct ion of 5). This sugges ts  it  is worth c a r r y i n g  out the above d i sp lacement  both to r e -  
duce the opera t ing  t ime  of the g e n e r a t o r  and to i nc r ea se  the r a t e  of va r ia t ion  of the inductance. However ,  when 
such a d i sp l acemen t  is  made,  the value of the coeff icient  kl(0) d e c r e a s e s  for  sma l l  va lues  of the genera t r ix  of  
the coil  2H 1 and 2H 2 (as occu r s  in a gene ra to r  with d imensions  2H 1 =15 cm, 2H 2 =1.5-2  em, 2R =19.1 cm, 2 r0=  
13.1 cm, 5 =5 cm).  The ini t ia l  inductance does not i n c r e a s e  as the value of d i sp lacement  r I is inc reased  
(Table 1). 

Fo r  s i m i l a r  va lues  of the d i sp lacemen t  in the gene ra to r  (2H l =150 cm, 2H 2 =15 cm,  2R =19.1 em,  2r0= 
13.1 cm,  and 5 = 5 cm),  with the s a m e  t r a n s v e r s e  d iemsnions  of  the coil and the shel l  but with l a r g e r  values  of 
:~he gene ra t r i x ,  the ini t ial  inductance i n c r e a s e s  due to the reduct ion in the edge effect  (Table 2). 

F igure  3 shows the r e s u l t s  of a Calculation of the init ial  inductance of shaped and unshaped gene ra to r s  
with the s ame  t r a n s v e r s e  c r o s s  sect ion of the coils and shel ls ,  and with the s ame  re la t ive  posit ions.  The 
d iemsnions  of  the g e n e r a t o r s  a re  shown in Table  3. Curve 1 shows the inductance of an unshaped genera to r  
(with a d i a m e t e r  of  the explos ive  charge  of 20 cm) as a flmction of the value of the coil genera t r ix .  Curves  
l a - c  show the inductance of a shaped gene ra to r  (2rexp=20 cm) as a function of the m a x i m u m  genera t r ix  of the 
coil for a number  of  values  of  the m i n i m um  gene ra t r ix  (curves l a - c  co r respond  to value of the min imum gen-  
e r a t r i x  of 2, 8, and 15 cm). Curves  2 and 2a-c  a re  for  gene ra to r s  with an explosive charge  d i ame te r  of 12.5 
ore. 
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T A B L E  1 

-I 
rl, hi(0)* 
cm 

0 0,875 
0,5 0,738 

�9 t,0 0,7 

t,5 0,665 
2,0 0,635 
2,5 0,6 

209,04 
t81,2 
177,14 

(t67) r 
t74 
i72,37 
i69,6 

ta,:l: 
/Jser 

22 
2t 

t9,5 
t8 
t6,5 

M(v k) 

0,876 
0,89 

0,9 
0,93 
t,0 

~$ec. 

2 

5 

7,5 
t0 
i2,5 

* The v a l u e s  o f  the c o e f f i c i e n t  
k 1 are  obtained u s i n g  the data 
in [1]. 
r l a b o r a t o r y  m e a s u r e m e n t  on 
a m o d e l  o f  a g e n e r a t o r  o f  c o n -  
duct ing  foi l .  

The ins tant s  of  t i m e  a r e  o b -  
ta ined f r o m  the v a l u e s  of  
v e l o c i t y  v(t) = c o n s t  = 0.2 c m /  
# s e c  and v(t) = c o n s t  = 0.25 c m /  
# s e c ,  c l o s e  to the e x p e r i m e n t a l  
v a l u e s .  

T A B L E  2 

h,(0) I L~ 

t t6,07 
t 25,47 
0,98 25,86 
0,95 25,92 
),92~ 26,26 
3,9i~ 27,08 

24 
22 
2i 
19,5 
18 
16,5 

c m  

0 
0,5 
t,0 
1,5 
2,0 
2,5 

* The i n c r e a s e  in the 
va lue  o f  the  d i s p l a c e -  
m e n t  r 1 f r o m  0 to 2 .5  
c m  i s  equ iva len t  to a 
r e d u c t i o n  i n t h e  e c c e n -  
t r i c i t y  o f  the s h e l l  and 
the c o i l  f r o m  3 to 0.5 
c m .  

T A B L E  3 

No. of I Type of  
w a v e  " I generator  

1 Unshaped 

la  Shaped 
lb 
1c " 
2 Unshaped 

2a Shaped 
2b 
2c 

R , e m  

t3,3 

13,3 
13,3 
t3,3 
t2,9 

12,9 
t2,9 
12,9 

ro 

10,3 

10,3 
10,3 
t0,31 
7,t5 [ 

7,t51 
7,i5 
7,15 

I 

t 

1 
1 
1 
3,5 

3,5' 
3,5 
3,5 

5 rex p 2H~ 

5 i0 2HI 

t0 2 
10 8 
t0 15 
6,25 2H1 

6,25 5 
6,25 i0 
6.25 t5 

632 



It follows f rom a compar ison of a curve that for  the same dimensions of the coil genera tors  the induc- 
tance of a shaped genera to r  is approximate ly  twice as grea t  as that of an unshaped genera tor .  The ra tes  of 
var ia t ion  of the inductance of the genera to r s  at each instant  of the t ime of operat ion are found to be in the same 
rat io ,  as well as the final values of the cur ren t  gain (kT--(LJLH)~} and the energy (k e =kTV) in the par t  which 
depends on L 0. 

The calculated values of the inductance agree well with exper imenta l  data. Thus, for a genera te r  with 
dimensions (2H1=18 cm, 2H 2 =4 cm, 2r0=14 cm, 2R=24.3 cm, 5 =6.8 cm, and r l  =3.5 cm) the theore t ica l  value 
ef  the initial  inductance is 215 nH while the exper imenta l  value is 212 nil. 
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