
ENERGY RELATIONSHIPS AND THE COEFFICIENT 

OF ENERGY CONVERSION IN THE ELECTRODYNAMIC 

ACCELERATION OF A PLASMA, WITH CONSIDERATION 

OF THE PROCESSES OF MASS TRANSFER 

P .  M. K o l e s n i k o v  a n d  N. N. S t o l o v i c h  UDC 533.9 

We examine the effect of m a s s - t r a n s f e r  produced by the physical  phenomena of plasma 
recombinat ion,  ambipolar  diffusion, and electrode erosion,  as well as the effect of the re -  
s is tance forces  on the energy  relat ionships and the coefficient of energy conversion in the 
e lec t rodynamic  accelera t ion of a plasma.  

Complex p rocesses  of mutual t ransformat ion  from one form of energy to another take place in the 
e lec t rodynamic  accelera t ion of a plasma. The ultimate goal of the e lec t rodynamic  accelerat ion is the con- 
vers ion of the e lec t r ica l  energy,  s tored in a capaci tor ,  into the kinetic energy  of a plasma jet with speci-  
fied pa rame te r s ,  and with the highest possible coefficient of energy conversion.  The coefficient of energy 
convers ion is understood to re fe r  to the rat io of the kinetic energy of the plasma jet to the e lec t ros ta t ic  
energy,  s tored in the capaci tor ,  and expended on the accelerat ion.  
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Fig. 1. Change in the energy  convers ion factor  ~? and in the kinetic energy Wk/W 0 during time T 
for the following pa rame te r s  of the accelerat ion sys tems :  1) q = i ,  a = 0.1, T1 = 0, Y2 = 0, 73 = 1, 
T4= 1, 61=0 ,  52= 1, 5 3 = 0 ,  54=0 ;  2) q = 1, a = 0.1, T I = 0 ,  T2 = 0, T3 = 1, Y4 = 1, 6 1 : 0 ,  62 
=0 .1 ,  5 3 = 0 ,  5 4 = 0 ; 3 ) q =  1, a =0 .1 ,  ~/1=0, T 2 = 0 ,  73 = 1, 74 =0 .1 ,  61 = 0, 62=0.1 ,  63=0 ,  
64=0 ;  4) q =  1, ~ =0 .1 ,  TI =0 ,  72 =0 ,  % = 0 . 1 ,  T4 =0-1,  61=0 ,  62=0 .1 ,  53=0 ,  5 4 = 0 ; 5 ) q =  1, 
oL '= 0:1,' T1 = 1, "Y2 = 0, T3 = 1, T4 = 1, 51 = 0, 62 = 0.1, 53 = 0, 64 = 0; 6) according to [2]. 

Fig. 2. Change in Wj /W 0 in t ime ~; the pa rame te r s  and the notation are  the same as in Fig. 1. 
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Fig .  3. Change in the e l e c t r i c a l  e n e r g y  W e l / W 0  and in the  
m a g n e t i c  e n e r g y  W m / W  0 d u r i n g  t i m e  T; the  p a r a m e t e r s  a n d  
no ta t ion  a r e  the  s a m e  as  in F ig .  1. 

The  i n i t i a l  e n e r g y  in the e l e c t r o d y n a m i c  a c c e l e r a t i o n  of a p l a s m a  - with the a c c u m u l a t o r  in the f o r m  
of a c a p a c i t o r  - i s  the  e l e c t r o s t a t i c  e n e r g y  

~o = c~176 
2 (1) 

If the  b r e a k d o w n  of a g a s - d i s c h a r g e  gap  o b e y s  the law of P a s c h e n  in the s l a v e  r e g i m e  a p o r t i o n  of the 
e l e c t r o s t a t i c  e n e r g y  (Wion) is  i r r e v e r s i b l y  e x p e n d e d  on the i on i z a t i on  of the g a s - d i s c h a r g e  gap.  

I m m e d i a t e l y  fo l lowing  the b r e a k d o w n ,  a s  soon a s  c u r r e n t  beg ins  to flow th rough  the c i r c u i t ,  the e l e c -  
t r o s t a t i c  e n e r g y  is  c o n v e r t e d  to m a g n e t i c  e n e r g y  

L P  
~(/133 - -  2 (2) 

The c u r r e n t s  f lowing  th rough  such  a c c e l e r a t o r s  r e a c h  m a g n i t u d e s  of 100-1000 kA in i m p u l s i v e  d i s -  
c h a r g e ,  as  a r e s u l t  of which  a l a r g e  m a g n e t i c  f o r c e  b e g i n s  to  ac t  on the  p l a s m a .  Indeed,  the magz~etic 
f o r c e  wi th  such  a c c e l e r a t i o n  

b 12 (3) F m = - ~  

and w i t h a  va lue  of b = 2 . 1 0  -7 H / m a  c u r r e n t I  ~- 300 kA r e s u l t s  in 

F~m= 2 .  IO-L lO t* = 10 ~ N. 
2 

The p r e s s u r e  a p p l i e d  to 1 e m  2 with  such  a f o r c e  is  

P 10 ~ l0 s N ~---1.02-103 atrn. 
10-4 m 2 

The g r e a t  m a g n e t i c  p r e s s u r e s ,  of  an o r d e r  of m a g n i t u d e  of 103 a i m  and h i g h e r ,  l e a d  to i n t e n s i v e  
a c c e l e r a t i o n  of the  p l a s m a  to v e l o c i t i e s  of the  o r d e r  of 104-10 ~ m / s e c .  T h e r e f o r e ,  in e l e c t r o d y n a m i c  a c -  
c e l e r a t i o n  a p o r t i o n  of  the  m a g n e t i c  e n e r g y  i s  c o n v e r t e d  to k ine t i c  e n e r g y ,  i . e . ,  

m o  2 

lY'/k= 2 (4-) 

A n o t h e r  p o r t i o n  of the m a g n e t i c  e n e r g y  is  c o n v e r t e d  into Jou le  hea t .  Even  in the c a s e  of i n s i g n i f i c a n t  
c i r c u i t  and p l a s m a  r e s i s t a n c e s  of the o r d e r  of 10 .3 ~2, wi th  the  p a s s a g e  of high c u r r e n t s ,  a s u b s t a n t i a l  
p o r t i o n  of the  e n e r g y  is  c o n v e r t e d  into  hea t :  

t 

= ~ RPdt.  (5) 
, - ) .  
0 
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Change in the total energy W/W 0 dur -  
ing time r ;  the pa rame te r s  and notation are  the 
same as in Fig. 1. 

Because of the osc i l la tory  proper t ies  of the dis-  
charge circuit ,  we find rec ip roca l  t r ans fe r  of e l ec t ro -  
stat ic  energy into magnetic,  and  vice versa .  A por -  
tion of the magnetic  energy is spent on p rocesses  of 
m a s s  and e lec t r ic i ty  t rans fe r ,  on overcoming r e s i s -  
tance, etc. 

The kinetic energy of a plasma moving in the 
magnetic field of a flowing current ,  in turn, as a con- 
sequence of the Faraday  law of e lectromagnet ic  in- 
duction, changes into magnetic and electr ic  energy. 
Moreover,  the kinetic energy is dissipated on over-  
coming the forces  of friction and res is tance,  the 
generation of shock waves, etc. 

Let us consider  the energy balance in the e lec-  
t rodynamic accelera t ion of a plasma with considera-  
tion of the p rocesses  of mass  t rans fe r  and the effect 
of the res i s tance  forces  on the basis of the data f rom 
[1], where it is demonstra ted that these processes  

exer t  considerable influence on the fundamental cha rac te r i s t i c s  of ane lee t rodynamic  acce le ra tor ,  as de-  
scr ibed by the sys tem of equations (6)- (10): 

dmv --_ b__ is _ F, (6) 
dt 2 

dV (7) 
/ = - - C o - - ,  

dt 

dL___~I + R I  ~ V --=- O, (8) 
dt 

L ' =  Lo + bz, (9) 

d m _  aim - -  azrn ~ + a a [I1 + a412 (10) 
dt 

for the initial conditions 

t = 0  z = v = I = O ,  V = V  o, m = m  o. 

Here Eq. (6) descr ibes  the motion of the center  of inertia for the plasma mass ;  Eqs. (7)-(9) descr ibe  the 
e lec t romechanica l  p rocesses  in the e lec t r ica l  circuit ,  and Eq. (10) descr ibes  the mass  balance, with con- 
s iderat ion given to the p rocesses  under consideration.  

The f i rs t  t e rm in the r ight-hand member  of (10) descr ibes  the reduction in mass  as a consequence of 
diffusion, while the second t e r m  descr ibes  the reduction in mass  as a consequence of part icle recombina-  
tion; the third and fourth t e rms  give the increase  in mass  which is produced by electrode erosion resul t ing 
from ion bombardment  and Joule fusion of the e lec t rodes ,  respect ively.  The proportionali ty factors  a 1, a2, 
an, and a 4 are  determined exper imental ly  or theoret ical ly,  on the basis of the kinetics of the e lementary  
p rocesses  [1]. 

The res i s tance  force F in (6), according to [1], can be presented in the form 

F = b l v +  b2vm + b 3 Ill v + b # 2 +  . . .  (11) 

and is governed by the friction of the moving plasma against  the e lec t rodes  (the f i rs t  term),  by the p rocesses  
of fr ict ion in mass  t r ans fe r  (the second and third te rms) ,  and by the res is tance  of the external medium (the 
fourth term).  The quantities b 1, b 2, b 3, and b 4 in (11) are  proport ional i ty  factors  which were evaluated in 

[1]. 

The overal l  energy balance can be written in the form of the equation for the conservat ion of energy,  
which is the f i rs t  integral  of the sys tem of equations (6)-(10): 

t 

CoV~ Co V2 LI  ~ i .no 2 
+ Ro_t l~dt + Wt" (12) 

2 - 2 + - - 2 - + - - 2 -  
0 

Having divided both parts  of the equation by the e lec t ros ta t ic  s tored energy W 0 , we find 
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t 

V ~ LI  2 . 2 R o  ~ my" 2Wz 
1 -- V--s -b ~ + ~oV2o.; Pdt + ~oV2 ~ q CoV~ . (13) 

0 

It is  m o s t  conven i en t  to c o n s i d e r  this  equa t ion  in d i m e n s i o n l e s s  v a r i a b l e s ,  which we in t roduce  on the 

b a s i s  of the f o r m u l a s  

V r  Co t b z, y ' = b  , 
-- v 'LoC o ' Y =  L o Lo (14) 

v m , ~ / - Z o o  I 

V ' -Co Vo 
C o n s i d e r i n g  (14), as wel l  as the d i m e n s i o n l e s s  quan t i t i e s  

V z Co 
q - -  2tooL ~ , a = R  -~o ' 

v,  = a, v" LoCo , =  2mo V oCo, 
CoYo %CoV ~ 2 -2 

Y 3 = - - ,  Y 4 =  a4, 
m o ~/LoCo'm o 

= b_j_  VZ.oCo, 68 = b2 V Co, 
m 

6 s -  1 m~CoVo 64 = b4L_____o_o 
7 

2 em o mob 

f r o m  (13) we can  obta in  the fol lowing equa t ion  in d i m e n s i o n l e s s  fo rm:  

1 = e~ z q- (1 q- y) e?'" + 2a  r -[- p y  + - -  iY, Tl 

% 

(15) 

(16) 
0 

The fac tor  g iv ing  the c o n v e r s i o n  into k ine t i c  e n e r g y  of the e l e c t r i c a l  e n e r g y  s to r ed  in the c a p a c i t o r  
can  be w r i t t e n  in the fo rm 

Wk ~y 
~1= W o -- 2q (17) 

F i g u r e  1 shows the change in the e n e r g y  c o n v e r s i o n  fac to r  for the case  of e r o s i o n  and p l a s m a  diffu- 
s ion ,  with c o n s i d e r a t i o n  of the "dif fusion" force  of f r i c t ion .  Curve  1 c o r r e s p o n d s  to an i n t e ns i ve  e l e c t r o d e  
e r o s i o n  p r o c e s s  as a consequence  of the Joule  fus ion of the e l e c t r o d e s  and t h e i r  b o m b a r d m e n t  by an ion 
s t r e a m  in con junc t ion  with the s t r o n g  in f luence  of the fo rces  of d i f fus ion f r i c t i on .  The c o n v e r s i o n  fac tor  
Vl is at  i ts  m a x i m u m  in th is  case  in the a c c e l e r a t i o n  t ime  i n t e r v a l  ~ = 1 .6-2 .2  and does not exceed  0.03718. 
A tenfo ld  r e d u c t i o n  in  the magn i tude  of the d i f fus ion  f r i c t ion  as c o m p a r e d  with ca se  1 (curve 2) l eads  to a 
m a r k e d  i n c r e a s e  in the e n e r g y  c o n v e r s i o n  fac tor  (~72 = 0.1013). The m a x i m u m  for  r?2 shif ts  toward  the 
g r e a t e r  a c c e l e r a t i o n  t i m e s  in this  ca se ,  i .e . ,  ~ = 2 .2-3 .0 .  The tenfold  r educ t ion  in the p a r a m e t e r  3/4 as 
c o m p a r e d  with case  2 enab l e s  us to eva lua te  - at any i n s t a n t  of t i m e  - the effect  of m a s s  r e l e a s e  as a con-  
s equence  of the Joule  fus ion  of the e l e c t r o d e s ,  while  the r e duc t i on  in the p a r a m e t e r  3'3 as c o m p a r e d  with 
case  3 (curve 4) p e r m i t s  us to eva lua te  the effect  of ion b o m b a r d m e n t .  The m a x i m u m  va lues  of ~7 for these  
p a r a m e t e r s  a r e  V3 = 0.1656 and V4 = 0.2651 for a c c e l e r a t i o n  t i m e s  of T = 2.6 and 2.8 r e s p e c t i v e l y .  

All  o the r  cond i t ions  be ing  equal ,  i n t ens i ve  d i f fus ion (curve 5) l eads  to a p ronounced  i n c r e a s e  in the 
e n e r g y  c o n v e r s i o n  factor .  

Curve  6 has been  plot ted f rom the data in [2] for the case  in which the r e l e a s e  of m a s s  d u r i n g  the 
p l a s m a  a c c e l e r a t i o n  p r o c e s s  is  a s s u m e d  cons tan t .  We see  that  in c o n s i d e r i n g  the p r o c e s s e s  of m a s s  t r a n s -  
f e r  t he r e  is a r educ t ion  in the va lues  of V that  a r e  obta ined.  Thus ,  for  ~- = 1.6, 71 = 0.03349, ~72 = 0.0617, 
73 = 0.09294, r~4 = 0.1377 and 75 = 0.1408, w h e r e a s  ~s = 0.2282. 

The l o s s e s  to Joule  heat  a r e  def ined as 

T IVj ~ ,, 
IV ~ = 2 n o  ~o dz. (18) 

0 

The i n t e g r a l  was ca l cu l a t ed  n u m e r i c a l l y  by the S impson  method,  with an i n t e r v a l  of h = 0.4. The c a l c u l a -  
t ion  r e s u l t s  a r e  given in Fig.  2. 
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The l o s s e s  to Jou le  hea t  for  the  c a s e s  be ing  a n a l y z e d  a r e  a p p r o x i m a t e l y  i d e n t i c a l  f o r  the  a c c e l e r a -  
t ion t i m e  i n t e r v a l  r = 0.4 and do not  e x c e e d  0.24. With  a f u r t h e r  i n c r e a s e  in r t h e s e  l o s s e s  i n c r e a s e ,  and 
i t  i s  c h a r a c t e r i s t i c  t ha t  the  l o s s e s  fo r  the c i t e d  c a s e s  1-3 a r e  h i g h e r  than fo r  c a s e  6. 

The e f f ec t  of the  s u b j e c t  m a s s - t r a n s f e r  p r o c e s s e s  on e l e c t r i c  (Wel) and m a g n e t i c  (Wm) e n e r g y  can  
be e s t i m a t e d  f r o m  F ig .  3. 

The l o s s e s  g o v e r n e d  by the m a s s - t r a n s f e r  p r o c e s s e s  a r e  de f ined  a s  

Wz = 1 W 
Wo wo' 

w h e r e  

W _ We!4_ Win.4_ Wj 4- Wk 

Wo Wo ~o w. Wo 
They  a r e  greater for  i n t e n s i v e  J o u l e  fus ion  (curve  2 in F ig .  4). H o w e v e r ,  for  the r e m a i n i n g  c a s e s ,  in the  
a c c e l e r a t i o n  t i m e  i n t e r v a l s  of r = 0 -3 .0 ,  t hey  do not  e x c e e d  0.1460. 

T h e s e  c a l c u l a t i o n s  p r o v i d e  a c o m p l e t e  p i c t u r e  a s  to the r e l a t i o n s h i p  be tween  the v a r i o u s  f o r m s  of 
e n e r g y  and the e f f e c t  of the v a r i o u s  e n e r g y - d i s s i p a t i o n  p r o c e s s e s  and the p r o c e s s e s  of m a s s  t r a n s f e r  on 
the  t r a n s f o r m a t i o n  of one f o r m  of e n e r g y  to a n o t h e r .  A n a l y s i s  shows  tha t  the e n u m e r a t e d  p r o c e s s e s  r e s u l t  
in a r e d u c t i o n ,  a s  shou ld  be the c a s e ,  in the  e n e r g y  c o n v e r s i o n  f a c t o r .  H o w e v e r ,  in p r a c t i c a l  t e r m s ,  i t  i s  
d i f f i cu l t  to e l i m i n a t e  t h e s e  p r o c e s s e s ,  and  f r o m  a m o n g  the a b o v e - c i t e d  c a l c u l a t i o n s  we can  s e e k  m e a n s  of 
r e d u c i n g  t h e m ,  in add i t i on  to e v a l u a t i n g  the r e l a t i v e  e f f ec t  of t h e s e  p r o c e s s e s .  

m i  
m 

m 0 
z 

t 
I 

V 

V0 
F 

Co 
R 
L 
b 
r ,  y, y ' ,  ~ ,  p ,  q~', 

W e l / W o ,  W m / W o ,  
wj/w0, wz/w0, 
Wk/Wo 
q, 51, 52, 63, 64, T1, 

T2, T3, ')/4, o~ 
e 

a l ,  6t2, r and a 4 

bl ,  b2, b3, and b 4 

NOTATION 

is the ion mass of the accelerated plasma; 

Is the accelerated mass; 

Is the initial mass of the accelerated plasma; 

is the coordinate of the center of inertia; 

is  the t i m e ;  
i s  the  c u r r e n t ;  
is  the  v o l t a g e ;  
i s  the  i n i t i a l  vo l t age  at  the  c a p a c i t o r ;  
i s  the  f o r c e  of  r e s i s t a n c e  to p l a s m a  mot ion ;  
i s  the  c a p a c i t a n c e  of the c a p a c i t o r  bank;  
ts  the  t o t a l  r e s i s t a n c e  of the  c i r c u i t ;  
i s  the  i nduc t ance  of the  p o w e r  l e a d s  and of the  c a p a c i t o r ;  
i s  the d i s t r i b u t e d  i nduc t a nc e  p e r  unit  l ength  of the c o a x i a l  l ine ;  
a r e  the  d i m e n s i o n l e s s  q u a n t i t i e s  fo r  t i m e ,  pa th ,  v e l o c i t y ,  vo l t age ,  m a s s ,  c u r r e n t ,  
i n s t a n t a n t a n e o u s  e l e c t r o s t a t i c  e n e r g y ,  m a g n e t i c  e n e r g y ,  Jou le  hea t ,  e n e r g y  l o s s e s  
on m a s s  t r a n s f e r  and the f o r c e  of r e s i s t a n c e ,  and the k ine t i c  e n e r g y ,  r e s p e c -  

t i v e l y ;  

a r e  d i m e n s i o n l e s s  p a r a m e t e r s ;  
is  the e l e c t r o n  c h a r g e ;  
a r e  m a s s  c o e f f i c i e n t s  of d i f fus ion ,  r e c o m b i n a t i o n ,  e l e c t r o d e  e r o s i o n  a s  a c o n s e -  
quence  of ion b o m b a r d m e n t ,  and  e l e c t r o d e  e r o s i o n  as  a c o n s e q u e n c e  of Jou le  fu- 

s ion ,  r e s p e c t i v e l y ;  
a r e  p r o p o r t i o n a l i t y  f a c t o r s  by  m e a n s  of which  we t ake  into c o n s i d e r a t i o n ,  r e s p e c -  
t i v e l y ,  the  f r i c t i o n  of the  mov ing  p l a s m a  a g a i n s t  the e l e c t r o d e s  (bl), the  f r i c t i o n  
p r o c e s s e s  in m a s s  t r a n s f e r  (b 2, b3), and the e f f ec t  of the  r e s i s t a n c e  of the  e x t e r n a l  

m e d i u m  (b4). 

1, 

2. 
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