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When investigating magnetohydrodynamic flows it was found [1-4] that there is a complex relationship 
between the plasma parameters and the experimental conditions and properties of the flows being investigated. 
A mathematical simulation of the steady-state flow of a plasma in coaxial channels [5, 6] enabled the features 
of the dynamics of the flows to be established and enabled an analysis of the flow pattern as a function of the 
plasma pa ramete r s  to be made. It was shown that after a cer tain time interval corresponding to the t ransient  
t ime,  t ime- invar ian t  p lasma pa rame te r s ,  which also determine other forms of the flow are established at each 
point of the channel. When analyzing non-s teady-s ta te  p lasma accelerat ion [7-9], a nonuniform distribution of 
the pa r ame te r s  both in space and in t ime was found. One of the reasons  for the complex magnetohydrodynamic 
flow pat tern of a plasma is the dependence of the flow pa rame te r s  and the e lect romagnet ic  field on the cons t ruc-  
tional features of the energy s tore .  

In t h i s p a p e r , u s i n g t h e  two-dimensional  MHD approximation (edge effects are ignored), the resul ts  of 
calculations of the effect of the distr ibution of the RLC sections of the capacitive energy store on the nature of 
the p lasma flow in a coaxial channel are presented.  

A capacitive energy s tore  consis ts  of anRLC sections.  This enables one, by changing the number  of RLC 
sections while keeping the capacitance of the capaci tor  bat tery  constant, to obtain both non-s teady-s ta te  plasma 
flow, when the cha rac te r i s t i c  t ime of the variat ion of the p rocesses  in the e lec t r ic  circuit  is much less than the 
t rans i t  t ime of the p lasma in the channel, and s teady-s ta te  flows with the oppos i t e t ime  relat ions.  

The equivalent e lec t r ic  c i rcui t  of a p lasma injector with a capacit ive energy store is shown in Fig. 1, 
where 1 is the supply source;  2 is the coaxial acce le ra tor ;  3 is the capacitive energy store cons i s t ingofanRLC 
sections;  Ck, Lk~ andR k are the capacitance,  inductance, and res is tance ,  respect ively,  of the k-th section; and 
I~ and I k are the cur ren ts  in the capaci tances and inductances of the k-th section. 

Considering the flow of a nonviscous p lasma with constant t ransfer  coefficients,  and neglecting the Hall 
effect in the induction equation, we will write the sys tem of magnetohydrodynamic equations in the form 

Og'c)t :- divpv ~ 0, 

Ov,c)t ~- (vv)v = - - ( l l9)vP -? (llttp)[rot B, B], 

p = (2p/. l / ) l~V, (1) 

CvpOT.Ot + Cvg(vv)T --- xAT -~- (x,~:~t)([VB]): -- P(VV), 
OB:St =: rot [vB] @ vmhB, 

where p and v are the density and veloci ty of the plasma, respect ively;  p is the p lasma p ressu re ;  B is the 
magnetic induction; T is the p lasma tempera ture ;  # is the magnetic permeabi l i ty;  k is Boltzmann's  constant; 
Cv i s  the specific heat of the p lasma at constant volume; vm = t/u~ is the magnetic viscosi ty;  ~ is the thermal  
conductivity; and M is the mass  of an ion. 

When solving the sys tem of equations (1), we will use the following boundary and initial conditions: at 
the channel input, 

P---- P0, v = v0, T ~ T 0, B == ttI12~r; (2) 

on the e lec t rodes ,  

v r : 0, E~ = 0, T = To; (2) 

Khar'Kov. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 3, pp. 30-37, May- 
June, 1978. Original article submitted May 10, 1977. 
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at the channel output, 

B = O, OT/Oz = O; (2)  

and at the initial instant of t ime,  

9 =90,  v =  v 0' T = To, B = 0 ,  (2) 

where Vr is the normal  component of the veloci ty to the surface of the e lect rodes ,  and E~ is the component of 
the e lec t r ic  field tangent to the surface of the electrodes�9 

It follows f rom the boundary conditions (2) that the magnetic induction at the channel input is uniquely de-  
fined by the cur ren t  flowing in the accelera tor �9  To find the value of this cur rent  we will use Kirchhoff 's  laws 
for the nodal cur ren t s  (see Fig. 1): 

C z d U l . ' d t  = I ~ -  I i ,  

C~:dUT~ 'dr = Ih+~ - -  [ k ,  
�9 �9 �9 

C n d U n ' d t  = - - I  n 

and the voltages in the loops of the energy store:  

d ' d t ( L l I 1 )  : R 1 [ I  = U1 - -  ~ ,  

�9 �9 , 

d ' d t ( L ~ I i : )  R ~ I ~  - U k  - -  U k - ~ ,  

d / d t ( L J ~ )  + R n I  ~ = U~  - -  U . - I ,  

(3) 

(4) 

where U e is the voltage drop across  the p lasma gap. 

Using the laws of conservat ion of e lec t romagnet ic  energy in the circui t  

h - i  2 = "2 '-' R k I 2 d t  - -  [EB] dS, 

we find the voltage drop across  the p lasma gap: 

U -  t ~ e -- -- ,t-]Tt [EB] dS, 
S 

(5) 

where S is a closed surface bounding the volume of the acce lera t ing  chamber,  and I l is the current  in the 
acce lera t ing  chamber .  

When the p lasma is accelera ted  between coaxial e lec t rodes  of constant radius,  Eq. (5) takes the form 

Tz 
t j '  OB (t, r, O) t, t l lVz (t, r, O) In r.2-. 

Ue = ~z 0: + 2z r l  

Multiplying the equations with index k in sys tem (4) by Ik+i ,  and the equation with index k + l  by Lk: com-  

dU 1 
btning them in pai rs ,  and using the fact that Ik = --  Cj ---~-, Eqs. (3) and (4) become 

j=2 
(6) 

d2Uh ~ - -  -7- " - -  C h L  h '  

i=k+ t 

dt~. - -  U n - -  U n _  1 ~ R n C n  ~ ) C n L n "  
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For convenience in investigating the p rocesses  occur r ing  in the accelerating chamber  and in the capaci -  
tive energy s tore ,  we will use dimensionless  var iables  by dividing the required values by the charac te r i s t i c  
values:  P0 and T o are the density and t empera tu re  of the p lasma at the input to the accelera t ing channel; U 0 is 
the voltage on the capaci tor  bat tery at the initial instant of t ime;  l 0 is the length of the channel; C o and L 0 are 
the capacitance and inductance of the c i rcui t  for n = l ;  v o = B o / ~ ,  Be - itlo/2~r~, Io = Uol:Co/Lo, P0 = Rp0To, 
t o = rely o. 

Prese rv ing  the notation, we will consider  ax i symmet r ica l  flow of a p lasma between coaxial e lect rodes  of 
constant c ross  section in a cyl indr ical  sys tem of coordinates (r, ~0, z) by represent ing  the sys tem of equations 
(1) and the boundary and initial conditions (2) in dimensionless  var iables  

Op/Oz + vrOp/Or + vzOp/Oz + plrO/Or(rvr) + pOv~/Oz = O, 

pOvz/OT + pvzOvz/Oz + pvrOr'z/Or = --~Op/Oz - -  0,50B2/Oz, 

pOVr/O % + pvrOvr!Or + pvzOv/Oz = --~Op/Or - -  0,50B~/Or - -  B2/r, 

p = pT, 

OT/OT + vzOT/Oz + vrOT/Or = IIHp.O'2T,'Oz "2 + (l,.'IIpr)O.'Or.(rOT/Or) - -  

OB/O~ = ~O~B/Oz ~ + ~lO/Or[(t/r)O/Or.(rB) ] - -  vzOB/Oz - -  vrOB/Oz ~ B O v z / O z -  BOvr/Or; 

(7) 

f o r . , = O * p  = t, v z = O , l ,  v r = O ,  T t, B = O; 

~ A 1 dUj 

for z = O :  p = t ,  v z = O ,  t, v r - -O , T = I ,  B = - - N 1 N s / = l  
r 

for r = rl and r = r2,  v r = 0 ,  E x =  0 ,  T = i :  

for z = t : B  = O, OT/Oz=O.  

n dUj 
The  quantity ~ A 

j = i  

is found f rom the sys tem of equations (6) written in the dimensionless var iables  

- -  U: + ::::, 
\ r t  

n dUi ~ t 
- -  U~ + N~.D.2 Z A'-ZC) .2 

j=2 ~ 3"1iE2 

OB(z, r, 0) dr + 6:V3 r. ~ dUj 
-5" ~ l a - -  As d'~ : 

i. 1 ~ .~  
j = i  

n d ' "  " 
@ N ~ D I , ~ A j a V i ] ~  t , 

j = i  j ~v 3 . . 1 ~ 1  

Uh+l-- Uh ' N~Dh+I ~-~ dU,', = -r z.., Aj - ~ )  t 
j=h+l ~ N2AhBh+I 

n dU \ 
, ~ 1 ~  1 

- -  Uh - -  Uk- i  T N~Dh "~ A 1 --:-  ~ - -  a~: I v2A~B. ,  
i=h J " 3  ~ ~" 

-- - -  Un - -  Un- i  + NaDnAr , -~ . .N , ,AnB n 

dzU k 
d,~2 

d2U n 
d.~2 

with initial conditions 

Uh = t ,  dUk!dv = O. 

The dimensionless  combinations are found f rom the express ions  

i H -  CvP~176176 

(8) 

(9) 

(lO) 
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v 2~ r i 1V2 -'~-o IY  3 
= C--~To' N ~  = 1--7' ----- = to 

5 = ( U 2 ~ t / 0 o ) V ' ~  Ak = C~,/Co, Bh = Lh/Lo, D h  = R~,/Ro. 

The continuous solution of the s y s t e m  of  equations (7) with initial  and boundary conditions (8)-(10) was 
found n u m e r i c a l l y  [51 in a rec tangle  r ep re sen t i ng  the c r o s s  sect ion of the acce le ra t ing  channel n o r m a l  to the 
su r face  of the e l ec t rodes  af ter  a t ime  in terva l  at the end of which the energy  remain ing  in the s t o r e  is approx-  
imate ly  1% of the ene rgy  in the s to re  at the initial instant of  t ime .  

The p r o b l e m  was solved in the following order :  us ing  the R u n g e - K u t t a  method [I01, we in tegra ted  the 
s y s t e m  of equations (9) with initial conditions (10) for  the known dis t r ibut ion of the p a r a m e t e r s  of  the p l a s m a  
in the acce le ra t ing  cham be r  and we de te rmined  the magnet ic  induction at the input of  the acce le ra t ing  chamber ;  
then, us ing the method of finite d i f fe rences ,  we integrated the s y s t e m  of equations (7) with initial  and boundary  
conditions (8). The t ime  step was de te rmined  f r o m  the r e q u i r e m e n t  for  the chosen scheme  to be stable:  

�9 ht  ~ min  (hr, hz) 

max [v -t- ] / (~P + B2)/Pl ' 

where  h~, h r ,  h z a re  the s teps  in t ime ,  rad ius ,  and channel length, r e spec t ive ly .  

As a r e su l t  of the solution of the p r o b l e m  with va ry ing  d imens ion less  complexes  of  the s y s t e m  of equa-  
t ions and number  of  RLC sect ions  in the ene rgy  s tove,  we obtained both the n o n - s t e a d y - s t a t e  flow modes ,  when 
be fo re  the d i scharge  of the capac i to r  ba t t e ry  has  ended the p l a s m a  bunches have not yet  left the acce l e r a to r ,  
and the quas i s t a t iona ry  flow modes ,  in which an inc rement  in the ve loc i ty  occu r s  ove r  the whole length of the 
channel and the value of  the p l a s m a  veloc i ty  r eaches  the m a x i m u m  value at the output of the acce l e ra t ing  
channel.  

To i l lus t ra te  the r e su l t s  obtained, cons ider  s e v e r a l  c h a r a c t e r i s t i c  flow modes .  F igures  2-4 show the 
va r i a t ions  in the magnet ic  induction, density,  and p l a s m a  veloci ty  in the acce le ra t ing  chambe r  at the instant of 
t ime  T=2 for  n = l l  (Fig. 2a, 3a, and 4a), n = 7  (Figs.  2b, 3b, and 4b), and n = l  (Figs.  2c, 3c, and 4c) for  the 
following values  of  the d imens ion less  p a r a m e t e r s  of  the s y s t e m  of equations and boundary conditions: ~ = 
5.10-7,1H .... t0-~,-~1=8+.t0 -5, E = i03, N~ = 0,2, N2 = 0,4, N~ = i ,  6 = 10-% A~ = i /n ,  B~ = t ,  D~ = t ,  Vo = O,L 

.p, = t ,  v(0) = 0,t, p(0) = 1. Analyzing the dependence of  the magnet ic  induction in the channel (in Fig. 2 we 
have plotted l ines of  equal  values  of  magnet ic  induction) on the number  of RLC sect ions  in the s to re ,  we see  that  
with n = l ,  at the beginning of the channel an i n c r ea se  in the magnet ic  induction is obse rved  as the radius  in- 
c r e a s e s .  S imi la r  behav io r  is poss ib le  in the case  of an e l ec t r i c  eddy cu r r en t  in this pa r t  of  the ch .annel. As n 
is increased ,  the magnet ic  induction in the channel d e c r e a s e s ,  and the eddy cu r r en t s  a re  smoothed out. If when 
n =1, at the instant  of  t ime  T =2 the cu r r en t  flows main ly  in the beginning of the channel,  as follows f r o m  the 
magne t i c  induction dis t r ibut ion,  then as n i nc rea se s  a m o r e  un i fo rm cu r r en t  dis t r ibut ion in the channel is ob-  
se rved .  This cu r r en t  dis t r ibut ion also affects  the var ia t ion  in the r emain ing  p l a s m a  p a r a m e t e r s .  

The va r ia t ion  in the cu r r en t  in the e l ec t r i c  c i rcu i t  with t ime  for  a di f ferent  dis t r ibut ion of  the e lements  
in the s t o r e  ag r ee s  qual i ta t ively  with the r e s u l t s  obtained in [11]. 

The dis t r ibut ion of the p l a s m a  veloc i ty  in the channel is shown in Fig. 3. Here  the a r rows  r e p r e s e n t  the 
d i rec t ion  of the veloci ty ,  and l ines of  equal  ve loci ty  a re  shown. It is seen  that  the acce le ra t ion  of the p l a s m a  
at the instant  of  t ime  cons idered  when n = l  occu r s  only in p a r t  of  the channel.  The m a x i m u m  value of the 

r j 

o x ' , ,  " r ' I ' , ,  , ,  " r ' /  ~ , ,  T T ,  1 
' -  -1. - '  l u n !  ~ k l  ~ I /  

L Rn Rk RI -- 

Fig.  1 

C- L 
I 2 I 

I I 
, 

I I 

306 



7" a 
" 

O, ST-C"~ o, oz \, 

b 
~ \ \ 

0,2 I \  % | I 
(3 

I 

o, o,o 

0,2 l Y ~.~ [ n 
0 0,5 l z  

~. 2 

a 

0,54 ! 

0,1 

o,3 7-Nj.. o,7 5 . . . .  ~-A I 

a 
0 , 5 4 [  . . ~ _ . . _  

0,2 ~ o . . \  o ,T  
) 

o,2 ] ~ - ' ~ ' ~ '  . . 7  ~ t  
I v 

0 0,5 I z 

Fig. 3 

r a 
0,54 [ 

0~37-~ 1,0 

0 , 2  [ b L 
0 , 5  r 

Oy2 | 
C I r 

0,571 1,0 

0,2 1 
I t 

0 Oy5 IZ  

Fig. 4 

veloci ty  is approximately four t imes g rea te r  than the value of the velocity both at the input of the channel and 
at the output. As the number  of RLC sections is increased (while keeping the capacitance and the energy of 
the capaci tor  bat tery  constant), the value of the magnetic induction dec reases  at the input of the channel and 
the increment  of velocity falls, although the velocity distribution pattern of the p lasma in the channel remains  
s imi lar  to that in the case when n = 1. The reduction in the velocity increment when the number of RLC sections 
is increased does not indicate a reduction in the efficiency of the accelerat ing chamber,  since as n increases ,  
the duration of the discharge of the capaci tor  bat tery  and, consequently, the time it acts on the p lasma increase.  

The variat ion in the p lasma density in the channel for different values of n is shown in Fig. 4. It is seen 
that after a time interval 0 < T <- 2 the perturbat ion no longer propagates  over  the whole channel. The com- 
press ion  wave reaches  only to the middle of the channel. After the wave of increased density there follows a 
zone of rarefact ion.  In this case the densit ies in the compress ion  and rarefact ion zones differ by a factor  of 
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approximately two for n= 1 and dec reases  as the number  of RLC sections increases  (with a reduction in the 
value of the magnetic  induction at the input of the channel). The increase  in the p lasma density with a s im-  
ultaneous increase  in the veloci ty occurs  due to the fact that the moving p lasma layers  enter  the region of un- 
per turbed plasma.  

For  i l lustration, Fig. 5a-c  shows the var ia t ion in the density, magnetic  inductions, and veloci ty in the 
channel,  respect ively ,  for the above-mentioned pa rame te r s  with n = 11 at the instant of t ime T = 7. It is seen 
that p l a sma  accelerat ion occurs  over  the whole volume of the channels.  The maximum plasma velocity is at 
the putput. Before the instant considered on the e lec t rodes  there is a pronounced rarefac t ion  zone and there  
is a l ready a smal l  region of the channel where p lasma with increased density has not yet left. 

The value of the magnetic  induction in the channel is higher  than at the input and the region with maximum 
magnetic  induction is at the center  of the channel. This var ia t ion of the magnetic field gives r ise  to eddy cur -  
rents in the channel. 

For  other  p lasma velocit ies at the input to the channel and an unchanged distribution of the RLC sections 
in the energy s tore  there  is no qualitative change in the nature of the p lasma flow. Figure 6 shows the va r i a -  
tion in the p lasma veloci t ies  in the channeI for different p lasma velocit ies at the input at the instant of t ime 
T=l .2  for n =1 and the following values of the dimensionless  pa rame te r s :  ~ ---- 5.10 -3, II = 20, 1] = 8.10 -2, 
E = 1 0 3 ,  N ~ = 0 , 2 ,  N ~ = 0 , 4 ,  N 3 =  1 , 6 =  1, P0= 1, p(0) = 1. It is seen that a g rea t e r  variat ion in the p lasma 
veloci ty  in the channel is observed for lower ir[put veloci t ies .  

It follows f rom the above resul ts  that by varying the number  of RLC sections in the capacitive energy 
s tore ,  one can va ry  the plasma flow pat tern  in the channels. 
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Sliding sparks  occur  on the surface  of a d ie lec t r ic  under whose layer  there  is a conductor [1]. They 
appear espec ia l ly  eas i ly  if this conductor (we hencefor th  call it the initiator) is e lec t r i ca l ly  connected to one 
of the e lec t rodes .  

Extensive l i t e ra tu re  (for instance, [1-8]) is devoted to the study of sliding sparks .  Mainly the conditions 
for the originat ion of such d ischarges  in high-voltage techniques have been studied. Questions on the dynamics 
of development  have been investigated in [7, 8]. These investigations r e f e r  to the domain of comparat ively  
smal l  gaps (l<- 0.24 m). 

The presen t  paper  is devoted to an investigation of the physical  p roces se s  for  the development of sliding 
sparks  f rom shor t  to long (8 m) gaps. 

M E T H O D O L O G Y  O F  T H E  E X P E R I M E N T  

Sliding sparks  occu r r ed  on the surface  of th in-f i lm die lec t r ics  covered e i ther  with thin metal  surfaces  
or  tubes.  A voltage being formed during the discharge of a condenser  bat tery with C = 0 . 5 - 1 6  /oF {Fig. la) 
through a control lable  d i scha rge r  I on the p r i m a r y  winding (one turn) of a cable t r a n s f o r m e r  2 was used in 
the r e s e a r c h .  A voltage in the fo rm of a damped cosinusoid with a period of 2-18 #sec  (a logar i thmic damping 
dec remen t  of ~0.01) occu r r ed  at the secondary  winding (ten turns) .  This voltage was applied to the e lec t rodes  
of the d ischarge  gap (DG) under investigation. An osc i l logram was made by using the divider  D 0. The maxi-  
mum value was de termined  by using a ball 3 of d iamete r  380 mm (the calibrat ion tables were taken f rom [5]). 

The cur ren t  distr ibution was measured  along the length of the channel (Fig. lb).  To do this, the initia- 
to r  4 was fabricated f rom mutually insulated flat metal  plates .  The cur ren t  shunts Sh permi t ted  taking osci l l -  
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