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The motion of a conductive piston in the channel of a magnetohydrodynamic (MHD) generator  
of the conduction type with compound electrodes  is considered. Formulas  are obtained for 
calculation of the energy charac te r i s t i c s  of  the pulse MHD genera tor  for various operational  
reg imes .  It is shown that in an MKD genera tor  at magnetic Reynolds number values Re m = 
g0au0 / >> 1 (where g0 is the permeabil i ty  of a vacuum, a is the e lec t r ica l  conductivity of the 
piston, u 0 is the initial velocity, and l is the charac ter i s t ic  dimension), the energy t r ans fe r red  
to an ohmic load may significantly exceed the values obtained in [1, 2]. Conditions for high- 
efficiency t ransformat ion  of piston kinetic energy to e lect r ical  energy are  considered for 
limiting values of the ratio of the lat ter  to initial magnetic field energy in the genera tor  
channel. 

In [1, 2] an analysis  was per formed of the energy charac te r i s t i cs  of impulse MHD genera tors  with 
Re m >> 1. 

In [1] it was maintained that the change in magnetic field in the MHD genera tor  channel with motion 
of a p lasma with Re m >> 1 leads to a maximum value of the braking p re s su re  2B20/g0 (B 0 is the initial mag-  
netic field). 

It follows f rom this that the power and energy are  then limited respect ively to 4W0%/l 0 and 4W 0 (W 0 
is the initial magnetic  field energy and l 0 is the genera tor  length). 

In [2], in analysis of a magnetocumulative genera tor  with ohmic load it is concluded that the energy 
supplied to an active load R1 = const has amaximtun equal to W01nN, where N = L0 /L  1 is the ratio of the ini- 
tial genera tor  channel inductance to the load inductance. 

The conclusions of  [1, 2] require  ref inements ,  as cited, for example, in [3-6], and there is no detailed 
analysis of the energy charac te r i s t i c s  of impulse MHD genera tors  in the l i te ra ture .  This present  study 
will consider  the basic energy relat ionships in impulse MHD sys tems  using a simple electrotechnical  
model.* 

1. We shall cons ide r  the operat ion of a l inear  MHD generator ,  with e lectrodes  connected to an in- 
d u c t i v e - r e s i s t i v e  load. These e lect rodes  are switched to the p r imary  energy source,  a capaci tor  bank, 
and at the moment  of maximum discharge cur ren t  I 0 a moving conductive piston shor ts  the e lectrodes;  the 
p r imary  energy source is switched out of the c i rcui t  and will not be considered further .  The inductance 
of the c i rcui t  at the switching time is L0, and for an a rb i t r a ry  moment  of time 

t 

L o - -  ~, Ldt (t ~ [0; 71) 
L (t) 

0 

L~ -~- L2 (t>~ T) 

*V. S. Sokolov has called attention to the e r r o r s  in the conclusion of [1]. 
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w h e r e  T i s  d e t e r m i n e d  by  the  equa t ion  

T 

i u ( t ) d t  = l o 
0 

iJ is  the  t i m e  r a t e  o f  change  o f  i n d u c t a n c e ,  I~ i s  the  i n t e r n a l  i n d u c t a n c e  of  the  g e n e r a t o r ,  and L 1 i s  the  load  

i n d u c t a n c e .  

The  s u m  of  the  v o l t a g e s  and the e n e r g y  b a l a n e e  fo r  such  a c i r c u i t  have  the  f o r m  

d 
~ - i - t ( L ( t ) I ( t ) ) + I ( t ) R = O  (n  = R , - -  R~.) (1.1) 

t 
I~l,J LI2 f 2 + ( E ( 0 )  - E ( t ) )  = ~  t- I ' R d t = l V  _ c  (1.2) 

0 

w h e r e  E i s  the k i n e t i c  e n e r g y  of  the  m o v i n g  p i s t o n ,  R 2 i s  the  i n t e r n a l  r e s i s t a n c e  of  the  g e n e r a t o r ,  and R~ 

is  the  l o a d  r e s i s t a n c e .  

In t h e s e  e x p r e s s i o n s  R~, R 2, L v a r y  with  t i m e  and a r e  func t ions  o f  the  e n e r g y  g e n e r a t e d  and the  p i s -  
ton  p o s i t i o n  wi th in  the  g e n e r a t o r .  T h e r e f o r e  a t t a i n i n g  s o l u t i o n s  of  Eqs .  (1.1),  (1.2) fo r  the  g e n e r a l  c a s e  in 
the  f o r m  of  an e x a c t  e x p r e s s i o n  in e l e m e n t a r y  func t ions  i s  i m p o s s i b l e .  H o w e v e r ,  i f  i t  i s  a s s u m e d  tha t  the  
q u a n t i t i e s  m e n t i o n e d  a r e  c o n s t a n t ,  Eq. (1.1) a d m i t s  a s i m p l e  s o l u t i o n  and W and e m a y  be  c a l c u l a t e d .  

A s s u m i n g  

/~ =- const, R~ = const, B, -- const (1.3) 

we f ind for  t ~ [0; T] 

I "- I0 X (t) 1-v~' (1.4) 

w h e r e  N(t) = L0/L( t )  i s  the  c o e f f i c i e n t  o f  c i r c u i t  i nduc t a nc e  change ,  and y -- L / R .  

F o r  t > T the  c i r c u i t  does  not  change  (L = 0) and the  c u r r e n t  i s  found f r o m  the equa t ion  

L . d I / d t  + I B  = 0 

I - 1,  exp [ - - R L 7 1  ( t - -  T)] := /0:V. H'v e x p [ - -  H L :  1 ( t  - T)]" (1.5) 

The  va lues  of  L ,  I, N, and W at  t i m e  T a r e  deno ted  by L . ,  I , ,  N , ,  W . .  

It fo l lows  f r o m  Eq.  (1.4) tha t  the  c u r r e n t  in the c i r c u i t  i n c r e a s e s  fo r  Y > 1 and d e c r e a s e s  for  y < 1, 
whi le  the  r a t e  o f  d e c r e a s e  i n c r e a s e s  for  y ~ 0. 

F o r  t ~ [0, T] l e t  y > 1, in  which c a s e  t h r e e  s e g m e n t s  m a y  be d e l i n e a t e d  in the  c u r v e  of  c u r r e n t  wi th  
r e s p e c t  to t i m e .  The  f i r s t  p h a s e  up to t = 0 is  d e t e r m i n e d  by the p r i m a r y  e n e r g y  s o u r c e ,  which  p r o d u c e s  

the  c u r r e n t  I 0. 

In the  s e c o n d  p h a s e  f r o m  0 to T the  c u r r e n t  in the  c i r c u i t  i n c r e a s e s ,  and in the  t h i r d  p h a s e  fo r  t > T 
the  c u r r e n t  d e c a y s  e x p o n e n t i a l l y .  

Thc  e n e r g y  s u p p l i e d  to the l oad  R 1 a f t e r  the  p i s t o n  s h o r t s  the  g e n e r a t o r  e l e c t r o d e s  ~dll  be  

St  : ~:"~' - i  ~23' 

The  i n d i c e s  2, 3 deno te  the  r e s p e c t i v e  p h a s e s  of  the  p r o c e s s  

s  = 
T 

T j Wo 2/,- ( ~,-,-2 "~ __ 1 )  ("l ~ 2) 
e.,' := ~' I.zZR, dt  =-= ~ - -  2 " " 

{ kWoln ,u (~" = 2) 

I3~B~dt  = &IV. '  | - e x p  ----L__ Q (k:R1/(Rx+B~),  l 'V t , :LoI j - ' / 2 )  

W . '  ~ WON1, -2 ~ 

(1.6) 

(1.7) 

(1.8) 
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w h e r e  W,  r i s  the m a g n e t i c  f i e ld  e n e r g y  a t  t = T,  and k i s  t h e  load  c o e f f i c i e n t .  

I t  i s  i n t e r e s t i n g  t ha t  fo r  a r b i t r a r y  v a r i a t i o n  of  L ' ( t )  and R(t) ,  the  va lue s  o f  I , ,  a 2' and W , '  a r e  s t i l l  
d e t e r m i n e d  by  Eqs .  (1.4),  (1.6),  (1.8) i f  

L(t)/R(t) = ? =: const t -~ [0; TI 

F i g u r e  1 shows  c u r v e s  i l l u s t r a t i n g  the  d e p e n d e n c e  o f  r ( so l id  l ine)  and W ,  ' / W  0 (dashes )  on T 
fo r  g iven  N .  and k = 1, whi l e  F ig .  2 shows  c u r v e s  o f  ( W , '  + a2*)/W0 v e r s u s  N ,  fo r  g iven  ~ and k = 1. 

In F ig .  1 each  p a i r  of  c u r v e s  (1, 3), (2, 6), (4, 7), and ( 5 , 8 ) c o r r e s p o n d s  to N ,  = 2, 10, 20, 50. 

In F i g .  2, c u r v e s  1, 2, 3, 4, 5, 6 c o r r e s p o n d  to ~ equa l  to 0.1, 1, 2, 5, 10, 50. 

F r o m  Eqs .  (1 .6)-(1 .8)  and F i g s .  1, 2 i t  fo l lows  tha t  fo r  ~ _< 1 the  s y s t e m  e n e r g y  does  not  e x c e e d  2W 0. 
F o r  7<-  2 ~ ' _ < W  0 1 n N , ,  W , ' - < W  0. 

F o r  a g i v e n  N .  t h e r e  e x i s t s  a ~ at  which  r i s  m a x i m u m ,  whi le  fo r  ~/ > 2, beg inn ing  at  s o m e  N ,  th i s  
m a x i m u m  m a y  s i g n i f i c a n t l y  exceed  W 0 In N , .  F o r  ~ >> 2 the  s y s t e m  e n e r g y  i n c r e a s e s  b a s i c a l l y  due to m a g -  
ne t ic  f i e ld  e n e r g y .  The  i n c r e a s e  in e n e r g y  i s  then  l i m i t e d  by  the r a t i o  o f  the  i n i t i a l  i nduc t a nc e  to the  i n -  
d u c t a n c e  L , .  We wi l l  now a s s u m e  L l >> L 2. F o r  R 1 >>R 2 an e n e r g y  W , '  m a y  be  t r a n s f e r r e d  to the  load  if  
the  e n e r g y  e x t r a c t i o n  t i m e  in the  t h i r d  p h a s e  i s  g r e a t e r  than  the r e l a x a t i o n  t i m e  of  the c i r c u i t  L l ,  R l :  

ta ~ LI /RI  = �9 (1.9) 

In th i s  c a s e  r ~ W , '  and the t o t a l  e n e r g y  t r a n s f e r r e d  to the  load  R l = c o a s t  is  r  ~ ~2' + W, .  

2. We wi l l  c o n s i d e r  t he  m o t i o n  of  a conduc t ive  p i s t o n  in an MHD channe l  of  c o n s t a n t  c r o s s  s e c t i o n ,  
l o c a t e d  in an e x t e r n a l  m a g n e t i c  f i e ld  B 0 ( 1 - e l e c t r o d e s ,  2 - c o n d u c t i v e  p i s t on  in F ig .  3). As  b e f o r e ,  we a s -  
s u m e  the cond i t ions  of  Eq. (1.3) to be  fu l f i l l ed .  The  s u m  of  the  v o l t a g e s  fo r  t h i s  c a s e  wi l l  be  

d (L I ) -F  117 = uoBod (2.1) 

With c o n s i d e r a t i o n  o f  the  i n i t i a l  cond i t i ons  (I [ t=~ = 0) for  t E [0; T] we o b t a i n  

Bob:Jo-i hi N (t) ('~ = l) 
I = B,b t . 1 -1 / v  

7--- T~ (:'h,, - t )  ( ~ + t )  
(2.2) 

F o r t  > T  

I = I ,  exp ( - - R L :  1 ( t - -  T) (2.3) 

The  e n e r g y  t r a n s f e r r e d  to the  a c t i v e  l oad  R 1 i s  
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gJ' = i 1221~1 cl't -i" 
0 

T-l-t, 
f 132R1 dt -= ,%" _ ~:~" 

( i nd i ce s  2, 3 a r e  u sed  fo r  u n i f o r m i t y  o f  nota t ion)  

+# 

4H/nit. [ t  l'12 N. + 2 l'l ,Y. 4- 2 ' ': 2S. ] (T �9 1 ) 

[ ' } 
zm,,': I .~ (>,-~--'/u l ) - - 2 , " , t i - ~ ) - l - ( t - -  I "<i'r:r 

. . . .  - -  x , . .  , 

(2.4) 

~ "  = k W , "  [t -- exp ( - - 2 R L , - ~ t ~ ) ]  (2.5) 
lVo[V[-l ln 2 N t7 I) 

lV " =  w"'r'~ I ,Y~  -'>',''< - -  ' )y-~": " 4_ I ' , Y . ]  ( 'rV l) (2.6) 

where W 0 = B02V0/2 P0 is the initial magnetic field energy, and V 0 is the useful volume of the MHD channel. 

Figure 4 shows the dependence of ~2"/Vr 0 (solid line) and \V,~/W0 (dashes) on y for given N, and 
k = 1. For c2" , just as for ~:2', a maximum is characterist ic ,  although attained at lower v values. In ab- 

? 
solute value ~2max" insignificantly exceeds ~2max- 

If t 3 satisfies the condition of Eq. (1.9) and R I >> R2, then a3" ~ W," and the total energy supplied to 
the active load R t = const is equal to a" = a2" + W,"~ 

Thus, in thc methods considered to obtain a maximum ratio J W  0 it is f i rs t  necessary to achieve 
transformation of the kinetic piston energy into electromagnetic energ T at the maximum possible T, and 
then at minimum possible ~/ (with limit y = 0) to transfer  this energy to the load. Since 

~" = L i B  - -  (t - -  K) a0uu06 -- (t - -  k) Re,, 6,"1 

a l l  the  v a l u e s  de f ined  in Eqs .  (1 .4) - (1 .8) ,  (2.2)-(2.6)  can  be  c o n s i d e r e d  as  func t ions  of  the  m a g n e t i c  R e y n o l d s  
n u m b e r  R e m ,  c a l c u l a t e d  f r o m  the p i s t o n  l eng th  l (5 is  the e f f e c t i v e  dep th  of  the  c u r r e n t  l a y e r  in  the  p i s t on ,  
5-<0. 

The a n a l y s i s  p r e s e n t e d  shows tha t  in an i m p u l s e  MHD g e n e r a t o r  with v >> 1 (Re m = ~/(1 - k )  -~ b/6 >> 
1) the  e n e r g y  t r a n s f e r r e d  to an a c t i v e  load  m a y  s i g n i f i c a n t l y  e x c e e d  the va lue s  ob ta ined  in [1, 2]. 

F o r  Re m << 1 the f o r m u l a s  fo r  c u r r e n t  (2.2) and e n e r g y  (2.4) t r a n s f o r m  to the wel l -known e x p r e s -  
s i o n s  

I ~ B0b,tt0 ' (1 --  7,') Re,,, 

8 : 2W0k(i - -  k )  R e i n  ~ P lo /Uo  (P  - ,  =u?-l~d'-A.(I . - - # )bd l )  

w h e r e  P i s  the p o w e r  in the  MHD g e n e r a t o r  l oad .  

3. In r e a l  g e n e r a t o r s ,  as  was  noted above ,  L ~ cons t ,  and so  

t - ~  ....... } ...... i a c h i e v i n g  s o l u t i o n s  o f  Eqs .  (1.1), (2.1) in c o m p l e t e  f o r m  is  not p o s s i b l e .  /+ 
! 7 I H o w e v e r ,  fo r  c a l c u l a t i o n ,  the energT c o n v e r s i o n  p r o c e s s  can  be r e p -  

"? - i ,  , / !  '~ ~ i r e s e n t e d  as  the  sum of  t i m e  i n t e r v a l s ,  d u r i n g  each  of  which L = cons t .  
. . . . . . .  In each  i n t e r v a l  the  f o r m u l a s  fo r  c u r r e n t  and e n e r g y  a r e  ana logous  to 

__ . ~ i ~  71 t hose  ob t a ined  above .  It i s  e v ide n t  tha t  in s y s t e m s  in which  L i s  a d e -  
8 - c r e a s i n g  func t ion ,  for  one and the s a m e  R1, R2, and N.  

Z / : ~  ~.[Tto)]. ~i';(~!]-..+:l,(7')l 
z , , ~ ~  ,i% 7 ~ /  I,,, 

- i I z l - - - ' F - ' - I  

0 8 y 

Fig. 4 

In the  g e n e r a l  c a s e  L is  a func t ion  of  p i s t o n  s p e e d  and the g e o m e t -  
r i c a l  d i m e n s i o n s  of  the  g e n e r a t o r  channe l .  F o r  a g e n e r a t o r  of  c o n s t a n t  
c r o s s  s e c t i o n ,  the cond i t ion  L = c o n s t  i s  e q u i v a l e n t  to the  condi t ion  tha t  
u(t) ~ u 0 = cons t .  
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It is evident that if the piston speed dur ing the energy  convers ion p r o c e s s  is a lmos t  constant,  only a 
re la t ive ly  smal l  f rac t ion  of  the kinetic energy  will be t r ans fo rmed  into e lec t r i ca l ,  and so the useful-work 
coefficient  of  the gene ra to r  

"q = (Eo - -  E , ) / E o  

will be low. With d e c r e a s e  in piston speed ~? i n c r e a s e s ,  but this leads to dec r ea se  in L and finally to de -  
c r e a s e  in a/W o. The p rob lem of s imul taneous  maximiza t ion  of ~ and c / W  0 will not be cons idered  he re .  
We s imply note that this r equ i r emen t  may  be achieved if the reduction in piston speed is compensa ted  by 
a cor responding  change in the geomet r i ca l  d imens ions  of  the genera tor  channel. 

For  t r a n s f e r  of energy W. to an act ive load the condition of Eq. (1.9) is n e c e s s a r y .  It may be s a t -  
isfied in s eve ra l  m a n n e r s .  Let  us a s sume  that  the piston shor ts  the c i rcui t  LtRt, having reached  the ends 
of the e lec t rodes .  If l / u ,  _> T, then c3 ~ W.. If the c i rcu i t  Lt, R 1 is closed for  a per iod of t ime  t 3 < L I ' / R t ,  
the energy W, may  be t r a n s f e r r e d  to the load by ar t i f ic ia l ly  reducing the sy s t em relaxat ion t ime.  For  ex-  
ample ,  the load r e s i s t a n c e  may be inc reased  sharp ly  [2, 7]. The condition t 3 _> TR1/R 3 will then de te rmine  
the n e c e s s a r y  r e s i s t a n c e  inc rease .  

The fo rmulas  p resen ted  in this study p e r m i t  evaluation of the bas ic  energy c h a r a c t e r i s t i c s  and analy-  
s is  of  the opera t ion  of impulse  energy c o n v e r t e r s .  

The authors  thank V. I. Yakovlev for  his helpful evaluation. 
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