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O N E - D I M E N S I O N A L  F L O W S  A N D  I S O M A G N E T I C  S H O C K  W A V E S  

IN A M A G N E T I Z E D  C O N D U C T I N G  M E D I U M  

G.  A .  S h a p o s h n i k o v a  UDC538.4  

w Consider  the one-d imens ional  flow of an ideal ly conducting gas  containing no space  charge ,  which 
moves  in a cu r r en t  tube in an e l ec t romagne t i c  field; the g a s  i s  inviscid and of ze ro  t h e r m a l  conductivi ty.  F o r  
s impl ic i ty ,  we a s sume  that the e lec t r i c  f ield E and magnet ic  field H a re  mutual ly  perpendicu la r  and l ie in a 
plane pe rpend icu la r  to the d i rec t ion  of motion.  The equations fo r  the flow take the following f o r m  [1, 2]; 

pu = m = eonst; (1.1) 

/- /  

d~ dp t - -  -~- - -  P T,R) H d H  @ ~a ~ '  p u ~  + ~--; = 7 / B  , t,t �9 (1.2) 

[ i (  ) ] dr du~ d i Ott /Ot, t ~ ~ (1.3) 

vmdH/dx -= uB - - c E ,  p = t lpT ,  B = tjH, ] = (~(E - - u B / c ) ,  (1.4) 
dE/dx = 0, 

where  the symbols  a re  those commonly  employed,  with v m = c2/4rrcr the magnet ic  viscosi ty;  the magnet ic  su s -  
cept ibi l i ty  is defined by  Langevin ' s  fo rmula  [3]: 

L t = I @ (4~mHp/MH)(cth~ p - - l @ ) ,  ~ = mHH/kT ,  (1.5) 

where  m H and M are  the magnet ic  moment  and m a s s  of one molecule  of the perfec t  gas .  Then (1.5) gives 
(1.2) and (1.3) the f o r m  

pudu/dx 47 dp/dx = (1 'c)~(E - -  uB/c)B § (t '4a)(tt --  t)HdH/dx; (1.6) 

pu(GflT/dx + udu/dx) - -  pu( d/dx)[(k T/M)(~-cth~ - -  1)] =~(E --  uB 'c)E. (1.7) 

The  method of [4] g ives  us  exp re s s ions  fo r  the changes in speed and Mach number  M along the cur ren t  tube in 
t e r m s  of the flow p a r a m e t e r s  f rom (1.1), (1.4), (1.7), and the f i r s t  two equations in (1.6): 
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where  

d u / d x  = --((~H2~x'2/c2p)(u - -  u l ) ( u  - -  ua)/(M "z --t);  

d M / d z  = - - ( ( rH2p ' - /c~ 'p)[ ( l  47 (7 - -  I )Me/2) /a~j (M '- - -  i)] (u --  ua)(u --  u2), 

(1.8) 

0,.9) 

ul - [(7 = t)/7]{1 + [(7 - -  1)/7][1 --~e/sh2~]}-i (1 - -  4 z r p u m g / b t M c E ) ;  

u, = uL{~?M: + 1 + [(y - -  1)/yl(M 2 - -  t ) ( l  - -  ~p2/sh~q)) }/(2 47 (7 - -  I)M2); 

u s = eE/~xH.  

The  fol lowing i n e q u a l i t i e s  apply fo r  a m e d i u m  with m a g n e t i c  su scep t ib i l i t y ,  as in  m a g n e t o h y d r o d y n a m i c s :  
u 2 < u 1 . < u  3 f o r M <  1 a n d u  1 < u a < u 3 f o r M >  1. The b e h a v i o r  of the i n t e g r a l  c u r v e s  f r o m  (1.8) and (1.9) in  
the Mu p lane  i nd i ca t e s  that  a s u p e r s o n i c  f low can  go ove r  to a s u b s o n i c  one and vice v e r s a  in such a m e d i u m  
at the po in t s  u = u a and u = u l,  with the s u p e r s o n i c - s u b s o n i c  t r a n s i t i o n  o c c u r r i n g  at the m a x i m u m  magne t i c  
f ie ld  in  the c u r r e n t  tube.  

w Equa t ions  (1.2) and (1.3) with the l a s t  equat ion  in (1.4) can be i n t e g r a t e d  to give 

H 

9 u2 47 P 47 P. - -  9 T,H) H d H  = I ;  ( 2 . 1 )  

t i l l)  ( ) )  
" OI.t 01~ \ , cEH 

p u  io ~ ,,2 1 T P -OP T.H 2 4~,o O 7  o.H - -  H d H  T ~ = g ; (2.2) 

to = ( P / 9 ) 7 / ( 7  - -  t), ( c / 4 a ) E  = Eo. (2.3) 

The cons tan t s  (m, I, ~ ,  and E0) are  def ined by spec i fy ing  the f luxes of m a s s ,  m o m e n t u m ,  ene rgy ,  and e l e c t r i c  
f ield in  a c e r t a i n  c r o s s  sec t ion ,  which can  be taken  as the in i t i a l  one~ Then (2.1) with (1.5) takes the fo rm 

p = I --  He/8a - -  m u.  (2.4) 

F r o m  (2.2), (2.4), (1.5), and the f i r s t  equat ion  in (2.3) we get  the r e l a t i on  be tween the ve loc i ty  and the magne t i c  
f ie ld :  

u ~ - -  [2u 47 1)](I - -  H"- /8a)u  + [2(7--1)/(7 47 t )m](I  - -  H"-/8a - -  

--mu)(~cthal~ - -  t) 47 [2(7 --  1)'(7 47 t)]( g - -  E o H )  = O, 

= r n ~ H / k T  = m H m H ' [ M u ( I  - - H 2 / 8 a  - - m H ) ] .  
(2.5) 

The points  c o r r e s p o n d i n g  to d i f fe ren t  va lues  of x l ie  on the c u r v e  of (2.5) in  the uH plane;  the shape of this 
c u r v e  v a r i e s  with the va lues  for  the c o n s t a n t s .  If mHH << kT (1.5) b e c o m e s  # = 1 + 47rm~tp/3kTM, and when 
this e x p r e s s i o n  i s  subs t i t u t ed  into (2.5) and h i g h e r - o r d e r  s m a l l  quan t i t i e s  a re  de le ted  we get  

u e - -  [2';'(7 47 l ) ] ( i  --  H"-,8=)u 47 [2(7 - -  t).m(7 "- 1)17(~--  EoH) = O. (2.6) 

This  equat ion co inc ide  s with the c o r r e s p o n d i n g  equat ion in  m a g n e t o h y d r o d y n a m i c s ,  namely ,  (1.9) of [5] ; if  mHH >> 
kT,  the p e r m e a b i l i t y  is  p = 1 + 4 rmHP/HM , and (2.5) b e c o m e s  

u 2 - -  [2u + t ) ] ( I ' - - H 2 / 8 a ) u  @ [2(7 --  i)/m(], 47 t)] [ $ - - H ( E v  - - : - m H m / M ) ]  = O. (2.7) 

Th i s  co inc ides  with (1.9) of [3] if E 0 is  r e p l a c e d  by E 0 - mHrrfM in the l a t t e r ;  c o m p a r i s o n  of (2.5) with (2.6) and 
(2.7) on the b a s i s  of the inequa l i ty  0<_ co th r  - 1 /~  < 1 g ives  us  that t t J  c u r v e  r e p r e s e n t e d  by (2.5) in  the uH 
p l ane ,  which i s  of i n t e r e s t  only  in  the r eg ion  p > 0, l i e s  be tween  the c u r v e s  of (2.6) and (2.7). F u r t h e r ,  the cu rve  
of (2.5) i n t e r s e c t s  s t r a i g h t  l i nes  p a r a l l e l  to the axes at not m o r e  than two po in t s .  Consequent ly ,  the curve  of 
(2.5) has  the f o r m  shown in F ig .  1 if E 0 i s  not  too l a rge  [l ines I - I I I  c o r r e s p o n d  to equat ions  (2o5)-(2.7)]. 

We i n t e g r a t e  the f i r s t  equat ion in  (1.4) to get  the r ad ia t ion  be tween  the m a g n e t i c  f ield and the coord ina te s :  

x = ,i" v,n (u  ( H )  bt ( H )  H - -  4 u E o ) - l d H  47 const. 
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Fig .  1 

The sec t ions  of the flow at which the re  i s  no c u r r e n t  (dH/dx = 0) co r r e spond  to points on the #Hu = 4 7rE 0 curve;  
the l a t t e r  equation may  be used with (1.5) to give 

[t ~- ( 4UmHH/uH)(c th~  p - -  IAp) ]Hu = 4gE0. 

The curve d e s c r i b e d  by  (2,8) l i e s  between the hyperbo las  

(2.8) 

u H  = 4nEe,  u H  = 4~(E0 - -  m H m / M )  (2,9) 

that  co r r e spond  to t he . ca se s  mHH << kT and mHH >> kT; s t r a igh t  l ines  p a r a l l e l  to the axes i n t e r s e c t  the 
cu rve  of (2.8) at not more  than one point each. F igure  1 shows the l ines  IV-VI co r r e spond ing  to (2~ and (2.9), 
with A and B denoting the points of i n t e r s ec t i on  of cu rves  I and IV, while C and D co r re spond  to the points on 
curve  I at which du /dH = r 

If the points  co r r e spond ing  to the values  of u and H at some spec i f ied  sec t ion  of the c u r r e n t  tube lie on 
l ine I above curve  IV in the uH plane,  then the magnet ic  f ield i n c r e a s e s  with x; if, on the o the r  hand, this point 
l ies  below curve IV, the f ie ld d e c r e a s e s  as x i n c r e a s e s ~  The a r rows  in Fig .  1 indicate  the d i rec t ion  of motion 
along the flow. F r o m  (1.8) and the f i r s t  equation of (1.4) we get  

dz~/dH = - - H ( u  - -  u l ) / 4 ~ p ( M  2 - -  l). (2.10) 

We see  f rom this that point C c o r r e s p o n d s  to the point at which the flow speed  is equal to the speed  of sound; 
i t  i s  c l e a r  that the d i spos i t ion  of the curves  shown in Fig .  1 makes  i t  i m p o s s i b l e  fo r  there to be a continuous 
t rans i t ion  through the speed of sound (M = 1) on moving along the flow for given m,  I, ~ ,  E 0, no m a t t e r  what 
the in i t i a l  va lues ;  a continuous t rans i t ion  through the speed of sound is  poss ib le  only if  points  C and B coincide,  
which c o r r e s p o n d s  to obedience to the condit ions u = u 3 and M = 1, s imul taneous ly .  

w I f t h e p a r a m e t e r s  at some  sec t ion  of the tube are  such that the flow cannot p a s s  continuously through 
this sec t ion,  then in ce r t a in  ca ses  we get  flows containing shock waves in which the magnet ic  field i s  continuous,  
H = constant ,  

An example  of such a flow is  r e p r e s e n t e d  by the bold l ine KLMN~ The p a r t s  KL and MN c o r r e s pond  to the 
continuous flow, while p a r t  LM c o r r e s p o n d s  to an i somagne t i c  s tep .  The r e l a t ionsh ips  at such s teps  take the 
fo rm 

{p § m2/p} = 0; 

{i0 • u~/2 --p(~cth~ --  t)} = 0. 

These  equations coincide with those fo r  shock waves in ga sdynamics  fo r  mHH << kT. 

If mHH >> kT, (3.2) may be put  as 

io,, " ~ u~/2 " m ~ H p J M  = ~oi -r  u~/2 - -  m H H p l / M .  

(3.1) 

(3.2) 

(3.3) 
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It follows f rom (3.1) and (3.3) that the adiabatic equation for  an i s .magne t i c  step takes the following form in 
the pV plane (V is  specific volume): 

P2 ---- p l (VI~ I  - -  V2)/(T1V~. - -  V O  - - 2 m H H ( V 2  - -  V O / M V ~ V ~  (uV~. -- V0, ~l = (7 + i)/(7 -- l). (3.4) 

The mass  flux through the surface of discontinuity is given by the following formula,  as in gasdynamics:  

m ~ = (p~. - p O / ( ~ 5  - v ~ ) .  

It follows f rom (3,4) that the adiabatic curve  in that case passes  through the point plV1 and has the same asymp- 
totes as does the Hugoniot adiabatic and lies above the lat ter  for  V 2 < V 1, but below it for  V 2 > V1. 

The author is debted to V. V. Gogosov for  direct ion in this work. 
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CURRENT AND ENERGY AMPLIFICATION IN A PLANAR 

MAGNETIC GENERATOR WITH FLUX DIFFUSION 

E. I. Bichenkov 

C U M U L A T I V E  

UDC 538.4 

w Magnetic-field compress ion in a conducting space (magnetic cumulation) increases  the current  and the 
magnet ic-f ie ld  energy; two cases  are  of in teres t  here:  1) given an initial cur rent  I 0 and a load inductance L, 
se lec t  an initial c i rcui t  inductance L 0 such as to give the largest  final cur rent  I; and 2) given the initial aergy 
U 0 and load L, se lect  L 0 such as to obtain the l a rges t  energy U at the end. 

Genera tors  of the f i rs t  type are used to produce ve ry  s trong magnetic fields and may be called field 
genera tors ;  those of the second type are  s imi la r ly  called energy gene ra to r s .  The two types differ substantially 
in initial conditions: the initial cur rent  is p rese t  in a field genera tor ,  and the energy is U 0 ~L0, while in an 
energy genera tor  the initial energy is preset ,  and I 0 ~ Lo s/z. A field genera tor  may be character ized via the 
curren~ amplification fac tor  

i = I / I o  = ( L o / L ) L I / L o I o  = }~q~, (1.1) 

where X = L0/L represents  the c i rcui t  change, and ~ = LI/LoI 0 is the proportion of the magnetic flux retained 
in the genera tor .  An energy genera to r  may be charac te r ized  by- the energy amplification fac tor  

e = L P / L o I  2 = ~(p~. (1.2) 

w The quantity q~ is a ma jo r  charac te r i s t i c  of such a genera tor ,  as it is dependent on the design, and 
p a r t i c u l a r l y  on the conductivity o" of the mater ia l  and the f ie ld-compress ion  time. Also, the leakage of the flux 
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