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Inductive MHD propulsion units have been studied in [i, 2]. In [2] it was shown that the integral energy 
characteristics of a real MHD propulsion unit of finite dimensions differ qualitatively from the characteristics 
[I] obtained on an ideal model of it with an infinitely long cylindrical inductor, which creates a traveling wave 
with fixed frequency and phase velocity. The physical reason for this difference is that the source of the elec- 
tromagnetic fields (the inductor) of a propulsion unit of finite dimensions creates a spectrum of waves which 
possess various phase velocities (and wave numbers), including waves with arbitrarily large velocities. The 
contribution made by the electromagnetic fields associated with these waves to the integral quantities (the 
thrust and the necessary electrical power) of the propulsion unit determines the peculiarity observed [2] in the 
behavior of the investigated characteristics. In this connection, there is one circumstance which may cast 
doubt on the usability of the qualitative results of [2], obtained on a model of a flat plate, to real devices which 
may be regarded as axially symmetric. The reason is the following: in the case of a flat plate the fields Ek, H k 
in the liquid, which correspond to the spectral components of the current in the source, are proportional to the 
spectral component for all k and extend to distances HI / k from the plane of the plate. In an axially symmetric 
device the z-component of the field H (which determines the energy loss), for k ~ 0, is essentially enclosed 
within the source (within the "solenoid") and is small in the surrounding liquid; therefore in this case the con- 
tribution made by tile neighborhood of the point k = 0 to the integral energy characteristics must be substan- 
tially lower than in the case of a flat plate, and this fact may in principle lead to a qualitative difference be- 
tween the results of the present study and the results of [2]. Accordingly, it is naturally of interest to in- 

vestigate the energy characteristics with a more realistic axially symmetric model. 

i. This study is devoted to the investigation of the energy characteristics of an axially symmetric in- 

ductive MHD propulsion unit with a free field (Fig. 1). It is assumed that the propulsion section consists of 
cylinder of radius R and length a, and attached to the propulsion section on each side is a cylindrical segment 
with a nonconducting surface, whose length is not less than the radius R. Under these conditions, we can cal- 
culate the electromagnetic quantities by using a scheme with an infinite cylinder, part of which (of length a) 
is the propulsion unit, while the rest of its surface is made of a nonconductive material. 

The source creating the electromagnetic field in the surrounding liquid (the inductor) creates surface 
currents which are given in the form of a traveling wave; these are distributed along the surface of the cyl- 
inder within the limits of the propulsion section. Using the dimensionless cylindrical coordinates r, c~, z (as 
our scale of length we take the dimension a of the propulsion section), we can state the distribution of the cur- 

rent as fo l lows:  

is (r, z, t) == Re Yoil  (z) e]('~oz-%t), (1.1) 

rio(z) for I z}<~t/2 ,  
gl (Z) - -  i 0  for I z ] >  t / 2 ,  

w h e r e  J0 is  the  m a x i m u m  e ~ r r e n t  d e n s i t y ;  i0(z) is  a funct ion  c h a r a c t e r i z i n g  the  d i s t r i b u t i o n  of c u r r e n t  a m p l i -  
rude o v e r  the  p r o p u l s i o n  s e c t i o n ,  wi th  ! i0(z)Imax = 1; the  d i m e n s i o n l e s s  wave  n u m b e r  k 0 = (27r/X)a = n~ d e t e r -  
mines  the  n u m b e r  n of h a l f - w a v e s  X/2  of the  c u r r e n t  (1.1) t ha t  f i t  in to  the  p r o p u l s i o n  s e g m e n t .  The ac tua l  c u r -  
r e n t  d i s t r i b u t i o n  (1.1) is  a s u p e r p o s i t i o n  of an in f in i t e  s e t  of w a v e s  p r o p a g a t e d  a long the z ax i s .  To s e e  t h i s ,  we 

note  tha t ,  u s i n g  the F o u r i e r  t r a n s f o r m  

ec 1/2 

il (z) = j i (k) ei,~*dk, i (k) = ~o (z) e-~kzdz,  

- - N o v o s i b i r s k .  T r a n s l a t e d  f r o m  Z h u r n a l  P r i k l a d n o i  Mekhan ik i  i T e k h n i e h e s k o i  F iz ik i9  No. 5, pp. 109-116 ,  

S e p t e m b e r - O c t o b e r ,  1981. O r i g i n a l  a r t i c l e  s u b m i t t e d  June  20, 1980. 
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we can represent the distribution (I.I) in the form 

c~ 

i~(r ,  z~ t) = R e J  o J' i ( k  - -  ko) e~azdke-~% t. (1.2) 
~ o o  

F r o m  th i s  i t  c a n  be  s e e n  t h a t  t he  c o m p o n e n t s  of the  w a v e  h a v e  a f i x e d  f r e q u e n c y  :o 0 and d i f f e r e n t  p h a s e  v e l o c i -  
t i e s  

Vp .,o ko 
~---'Pk' 

which vary from-:r to ~. Here the subscript 0 denotes a fixed phase velocity 

v~ = o)oa/ko, 

determined by the dimensional frequency w 0 and the number k 0. 

2. The distribution of the electric field E and the magnetic field H in the liquid (region I) and within the 

cylinder (region 2) can be found, as in [2], on the assumption that the parameter of the MHD interaction is 

small; in Maxwell's equations, we use as the field of velocities of the liquid (with respect to the propulsion 
unit) v = u0ez, where u 0 is the velocity of motion of the body under consideration with respect to the liquid (see 

Fig. i). 

The vector potential describing the fields E, H in the system under consideration will naturally be sought 
as the sum of waves similar to (1.2), i.e., in the form 

AI,,. = ]~ /' A1 2( r, k)eik~dk e - i%tea .  (2.1) 
- -oo  

Then the equations for the dimensionless Fourier components A~, 2(r, k) (the subscripts indicate the number of 
the region), which follow from Maxwell's equations, can be reduced by using the independent variables ~t,2 = 
#i,2r [~l = i ~  - iRm(k 0 - ks), ~2 = il kl] to the Bessel equation 

d~"l, o 1 d-41 ,, ( ) �9 - + '" + 1 - -  1-# - -  A L . = O .  
d~,~ ~,,2 d~1,2 , ~,~ 

The  s o l u t i o n s  p o s s e s s i n g  the  n e c e s s a r y  p r o p e r t i e s  f o r  r = 0 and r = ~ h a v e  the  f o r m  

A 1 (r, k) = C 1 H ?  ) ( ir  ],Irk 2 - -  i Rm ( ko - - k s ) ) ,  A.~ (r, t:) =: C~I 1 (I h ' lr) .  (2.2) 

H e r e  H~ ~), 11 a r e  t he  H a n k e l  f u n c t i o n  and the  m o d i f i e d  B e s s e [  f u n c t i o n ,  t he  e x p r e s s i o n  r  - i R m ( k  0 - ks)  i s  
t a k e n  to be  a v a l u e  w i t h  a p o s i t i v e  r e a l  p a r t ,  and  the  p a r a m e t e r s  (s is  t he  s l i p p a g e ,  R m  is  the  m a g n e t i c  R e y -  
n o l d s  n u m b e r )  a r e  e q u a l  to  

s = UoW~ R , ,  = 4n(~v~a/c' .  

The  a r b i t r a r y  c o n s t a n t s  C/ ,  C 2 a r e  d e t e r m i n e d  f r o m  the  c o n d i t i o n s  a t  the  b o u n d a r y  r = R / a  - r0,  w h i c h  c a n  
be  w r i t t e n  in  the  f o r m  
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( d A l / d r  - -  d A d d r )  l . . . .  o ~ - -  4 n i ( k  - -  ko), .4 l ( k ,  re,) = A, (k, to). 

3. The i n t e g r a l  quan t i t i e s  - the t h r u s t  c r e a t e d  by the p r o p u l s i o n  uni t  and the n e c e s s a r y  e l e c t r i c a l  pow-  
e r  - can  be c a l c u l a t e d  as in [2], and the r e s u l t  fo r  t i m e - a v e r a g e d  qua n t i t i e s  (over  the  p e r i o d  2~/oz 0) has  the 
f o r m  

0 
= - to, Rm, s), <o> = ~ o l (ko ,  r~ Rm, (3.1) 

, ~ 8.X2 

8n~ '~ 8n2 
F= -~ fkto(k)lg(k_ko)l*dk, Qx=-~  t r (3.2) 

= R'n 2or Bm - %  

- fft(~ t) (~V0)  I~ ( I k I to) 
tO (k) := R e  i k I H (x, r ; (3.3) 

- - 1  (1~1 o) 10 ( [ k [ ro) - -  ~ IH~ 1) ([lIlrO) 11 ( I k I to) 

H0 =: 2 n d d c .  (3.4) 

The e f f i c i e n c y ,  de f ined  as  the  r a t i o  of the  usefu l  power  I ( F z ) l u  0 to the  power  a c t u a l l y  used  ( Q ) ,  is  equal  to 

s F 1 
~1 = ko Q .  

F o r  c o m p a r i s o n ,  w e  s h a l l  need the r e s u l t s  r e l a t i n g  to the  c a s e  r 0 = 0% T h e s e  r e s u l t s  can  be  ob t a ined  m o r e  
e a s i l y  not  by w r i t i n g  out  a g e n e r a l  so lu t i on  va l id  f o r  a r b i t r a r y  r 0 but  by d i r e c t l y  c o n s i d e r i n g  a p r o b l e m  s i m i l a r  
to [2] wi th  the  d i f f e r e n c e  that  the  conduc t i ve  l iquid  f i l l s  a h a l f - s p a c e  on one s i d e  of the  p lane  of  the p l a t e ,  r a t h e r  
than the e n t i r e  s p a c e  as  in [2]. The r e s u l t  is  the  fo l lowing:  the  f o r c e  and the e l e c t r i c a l  p o w e r  p e r  uni t  l eng th  
of the  p la te  a r e  g iven  by Eqs .  (3.1) i f  we e l i m i n a t e  the f a c t o r  27rR f r o m  them,  and the d i m e n s i o n l e s s  q u a n t i t i e s  
F1, Qt a r e  given by Eqs.  (3.2) i f  we r e p l a c e  the  funct ion  �9 wi th  

i 
(I) 0 = Re 

I k I + l / k  ~ + ~ R,~ (k o - ~) '  (3.5) 

I t  shou ld  be noted that  in (3.1), (3.2) the  quan t i t y  R~ = RmS deno te s  the  m a g n e t i c  Reyno lds  n u m b e r ,  d e t e r -  
mined  f r o m  the  v e l o c i t y  u 0. 

4. In [2] t h e r e  was  a q u a l i t a t i v e  i n v e s t i g a t i o n  of the  i n t e g r a l  q u a n t i t i e s  s i m i l a r  to (3.2), and i t  w a s  shown 
tha t  the  ma in  con t r i bu t i on  to the  i n t e g r a l s  is  m a d e  by the n e i g h b o r h o o d s  of the  points  k = 0 and k = k0; i t  is  
p r e c i s e l y  the  e f fec t  of the  ne ighborhood  of  the  point  k = 0 tha t  c a u s e s  the  d i f f e r e n c e s  be tween  the b e h a v i o r  of 
an MHD s y s t e m  wi th  f in i t e  d i m e n s i o n s  and tha t  of  an i d e a l  s y s t e m .  P h y s i c a l l y  the  c o n t r i b u t i o n  of th is  ne igh -  
bo rhood  m e a n s  the  c o n t r i b u t i o n  of the  c o m p o n e n t  waves  wh ich  have  high v e l o c i t y  (in c o m p a r i s o n  to v ~ and 
move  both  in the  p o s i t i v e  and in the  n e g a t i v e  d i r e c t i o n .  T h e i r  c o n t r i b u t i o n  to the i n t e g r a l  q u a n t i t i e s  l eads  to 
a d e c r e a s e  in the  e f f e c t i v e n e s s  of the  s y s t e m  u n d e r  c o n s i d e r a t i o n  be low the  va lue  fo r  the  i d e a l  s y s t e m .  It was  
shown tha t  the r e l a t i v e  we igh t  of t h e s e  w a v e s  can  be d e c r e a s e d  by a m p l i t u d e  m o d u l a t i o n ,  l e a d i n g  to a n a r r o w -  
ing  of the  i(k) s p e c t r u m ,  and c o n s e q u e n t l y  to a r e d u c t i o n  of the  a m p l i t u d e s  of the  w a v e s  wh ich  have  phase  v e l o c -  
i t i e s  of l a r g e  modulus .  

In the  c y l i n d r i c a l  g e o m e t r y  c o n s i d e r e d  h e r e ,  the  c o n t r i b u t i o n  of the  " fa s t "  w a v e s  to the  r e q u i r e d  e l e c -  
t r i c a l  f i e ld  is  much  l e s s  than in the  c a s e  of a f i a t  p la te .  The  r e a s o n  i s  tha t  the  z c o m p o n e n t  of the  f i e ld  H in 
the  l iqu id ,  wh ich  d e t e r m i n e s  the  r a d i a l  c o m p o n e n t  of  the  Poyn t ing  v e c t o r ,  i s  s m a l l  fo r  s m a l l  v a l u e s  of I k l 
[this fo l lows  f r o m  (2.2), Hiz(r0 ,  k)Ik= 0 = (27rJ0/c) i ( -k0)e ,  ~ = (1 /2)r6(Rmk01n R(-R-~mk0)2], w h i l e  in the  c a s e  of a 
f l a t  p l a t e  the  long i tud ina l  c o m p o n e n t  of H is  e x p r e s s e d  by an ana logous  f o r m u l a  wi thout  the  s m a l I  f a c t o r  e. 
F r o m  th is  i t  is  c l e a r  t ha t  a r e d u c t i o n  of the  e f f e c t i v e n e s s  of the p r o p u l s i o n  uni t  r e s u l t i n g  f r o m  the f i n i t e n e s s  
of the  d i m e n s i o n s  is  l e s s  in the  c y l i n d r i c a l  c a s e  than  in the  f l a t - p l a t e  mode l .  F o r m a l l y  th is  is  due  to the  d i f -  
f e r e n c e  be tween  the func t ions  r (3.3), ~0(k) (3.5) in the  r e g i o n  k = 0. The funct ion  ~0(k) has in this  r e g i o n  
a s h a r p  m a x i m u m  wi th  wid th  Ak ~ ~-Rmk0, w h e r e  ~0(0) = 1 / 2vr'ffRmk0. In the  e a s e  of the  func t ion  ~(k) th is  m a x -  
i m u m  is r a t h e r  b l u r r e d  (width ~ u  when r 0 < 1), and the quan t i ty  ,~(0) i t s e l f  is  s m a l l  in c o m p a r i s o n  wi th  ~0(0) 
[this can  be s e e n  f r o m  the e s t i m a t e  ~(0) = - r 3 ( R m k 0 / 4 )  In (r0g Rink0) , wh ich  holds  fo r  r0v~-~k-~0 << 1]. 

N e v e r t h e l e s s ,  the  conc lu s ion  d r a w n  in [2] tha t  a s y s t e m  wi th  a c o n s t a n t  c u r r e n t  a m p l i t u d e  a long the p r o -  
pu l s ion  s e c t i o n  has  low e f f e c t i v e n e s s  r e m a i n s  va l id .  T h e r e f o r e ,  excep t  fo r  one e x a m p l e ,  we  s h a l l  not  g ive  the 
r e s u l t s  h e r e .  The a s s u m p t i o n  tha t  the  u s e  of  a m p l i t u d e  moduIa t i on  is s u i t a b l e  f r o m  the  e n e r g y  point  of v iew 
a l s o  r e m a i n s  va l id .  

B e f o r e  t u rn ing  to n u m e r i c a l  r e s u l t s ,  we sha I i  show tha t  f o r  the  va lue s  of k0 we  a r e  i n t e r e s t e d  in,  the  
d i m e n s i o n l e s s  quan t i t i e s  Fl(k0,  r0, R m ,  s ) ,  Ql(k0, r0, Rm,  s ) ,  and ~(k0, r0, R m ,  s) a r e  a c t u a l l y  i ndependen t  of 
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TABLE 1 

.q 

3a 

77~ 

g 9a 

t5~ 

3~ 
5~ 

-v 75 
~ 9= 

1t~ 

t5~ 

3,06 
12,82 
t3,42 
1 !,74 
9,96 
8,50 
7,34 
6,44 

0,796 
4,92 
5,i2 
4,46 
3,76 
3,20 
2,7B 
2,42 

0.04 
3~ 2128 
5~ 2,36 
7.~ 2,02 
9n t,70 

tt~ 1,44 
13u 1,24 
i5u 1,09 

r~=0, i 

0,077 
0,t58 
0,t78 
0,187 
0,t9i 
0,193 
0,195 
0,196 

0,089 
0,300 
0,349 
0,368 
0,378 
0,384 
0,388 
0,390 

0.0t2 
01412 
0,504 
0,540 
0,558 
0,569 
0,576 
0,58t 

ROm=O,O05, 
?o~co 

F~.IO 2 

3~ 
5n 
7~ 
9~ 

1t~ 
13n 
t5~ 

g 

3~ 
5u 
7n 
9~ 

13a 
15a 

3a 
5g 
7n 
9g 

t lu 
13~ 
15~ 

T~ !R ~ =o,o,,~ 

Y,-lO ~ 

t3,76 i57,46 0,002 
54,86 0,069 
23,76 0.099 
t5,56 01120 
ti,68 0,t36 
1t.40 0,t47 
7188 0J55 
6,78 0,t62 

66,72 0,00t' I 
22,70 0,t14 II 
9,28 0,t6t 
5196 o,2oo l%- 
4,44 0,230 
3,56 0,255 
2,96 0,274 
2,56 0,289 

32.38 0,00i 
11196 0,t4t 
4,44 0,t88 
2,76 0,235 ~ 
2,02 0,277 
t,60 0,313 
1,33 0,343 
t,14 0,369 

ho 

--0,336 --0,168 
0,962 0,481 
0,984 0,492 
0,8t4 0,407 
0,670 0,335 
0,560 0,280 
0,478 0,239 
0,4t6 0,208 

--0,462 --0,387 
0,522 0,406 
0,5i2 I 0,802 
0,4t0 0,693 
0,326 0,746 
0,266 0,779 
0,224 0,803 
0A92 0,8t9 

---0,564 --0,640 
0,t70 0,236 
0,i42 0,400 
0,086 0,458 
0,050 0,478 
0,032 0,48i 
0,020 0,480 
0,015 0,490 

0,000 
6,66 0,I46 
2,02 0,i69 
i.t5 0,205 
018t 0,243 
0,63 0,280 
0,52 0,3f5 
0,44 0,3i7 

7,24 0,000 
~,80 0,t33 
L2f 0,t37 
0,62 0,152 
0,4i 0,!75 
U,30 0,201 
0,24 0,227 
0,20 0,254 

t,87 0,000 
3,37 0,124 
0,57 0,085 
0A9 0,06~ 
0109 0,052 
0,05 0,044 
0,03 0,039 
0,02 0,034 

R m (when R m << 1), and consequen t ly  a l so  independen t  of R~ . To do th i s ,  we sha l l  expand the func t ion  ~(k) 
in  powers  of the s m a l l  p a r a m e t e r  Rm;  the f i r s t  nonz e r o  t e r m  of this  expans ion  has the f o r m  

r (k) Rmr (k),, O1 (k) = r~ k o -- k~ = - ~ . ~ [ ~ ( ] k [ r o ) { I k l r o [ K ~ ( I k l r o ) - - K ~ ( [ k I r o ) ] + 2 g o ( [ k ] r o ) g x ( I k ] r o ) } .  (3.6) 

Equa t ions  (3.6) a re  val id  for  I k I >> f-Rink0, but in the r eg ion  I k l < ~ k 0  they do not d e s c r i b e  the func t ion  
(~ (k) (at the point k = 0 they even have a l o g a r i t h m i c  s ingu la r i t y ) .  T h e r e f o r e  i t  is  not p e r m i s s i b l e  in the gen -  
e r a l  c a s e  to use  (3.6) as r in  the i n t e g r a l s  of (3.2). However ,  fo r  those fixed va lues  of k 0 for  which  we have 

local  m a x i m a  of ~ for  the s y s t e m  u n d e r  c o n s i d e r a t i o n ,  the pos i t ion  of the m a x i m u m  of the funct ion  �9 (k) ( i .e. ,  
the point  k ~ 0) co inc ides  wi th  one of the z e r o s  of the func t ion  i ( k -  k0); the p r e s e n c e  of the f ac to r  l i ( k -  k0)l 2 
makes  the i n t e g r a l s  of (3.2) i n s e n s i t i v e  to e r r o r s  in the f o r m u l a t i o n  of the func t ion  4~(k) in the s m a l l  i n t e r v a l  

I k l  < ( 'Rmk0 and enab les  us to use  (3.6) as our  �9 (k). Consequen t ly  we have proved the above p ropos i t ion .  

Now let  us t u r n  to the n u m e r i c a l  r e s u l t s  obta ined  by u s i ng  ampl i tude  modu la t ion  wi th  i0(z) = cos uz. In 
this  ca se  the va lues  of k 0 which y ie ld  loca l  m a x i m a  of ~ a r e  equal  to 3% 5u, 7% . . . (actual ly they di f fer  
s l igh t ly  f r o m  these  va lue s ,  but the d i f f e r ences  a r e  not wor th  tak ing  into c o n s i d e r a t i o n ) .  

The m a i n  r e s u l t s  of the ca l cu l a t i ons  a r e  shown in  the f o r m  of a tab le  and g raphs .  In Fig .  2 ~ is shown as 

a func t ion  of k 0 for  d i f f e ren t  va lues  of s when r 0 = 0.25. The ac tua l  c u r v e s  would be nonmono ton i c  (sawtooth) 
c u r v e s  wi th  local  m a x i m a  at odd mu l t i p l e s  of % analogous  to [2]. S ince  we a r e  i n t e r e s t e d  in  p r e c i s e l y  these  
r e g i m e s  wi th  m a x i m u m  ef f ic iency ,  the g raphs  given h e r e  a r e  c o n s t r u c t e d  for  va lues  of ~/ (shown by dots in  the 
graphs)  ca l cu l a t ed  only for  k 0 = % 3u . . . . .  15~ and a r e  m e a n i n g l e s s  in  the i n t e r v a l s  be tween  these  va lues .  
Only for  the ca se  s = 0.6 is the funct ion  ~?(k 0) shown as a b roken  l ine  c o n s t r u c t e d  by t ak ing  account  of even 
mu l t i p l e s  of ~, for  which  ~/ takes  on m i n i m u m  va lues .  [These  va lues  w e r e  ca l cu la t ed  f r o m  the g e n e r a l  f o r -  
mu las  (3.2) for  R~ = 0.005; the s t i pu l a t i on  of the va lue  of R ~ is n e c e s s a r y ,  s i nc e  for  t hese  va lues  of k 0 the 
quan t i ty  7/wil l  depend on Rm.] He re ,  fo r  c o m p a r i s o n ,  we have shown by a dashed c u r ve  the r e s u l t  for  a c o n -  
s t an t  ampl i tude  and shown by a d o t - a n d - d a s h  c u r v e  the r e s u l t  fo r  the c a s e  r 0 = ~,  i0(z) = cos ~rz, a l so  obta ined  

for  R~ = 0.005, s = 0.6. 

F r o m  the c u r v e s  shown i t  can  be s e e n  that  the use  of ampl i tude  modu la t ion  is  indeed p r e f e r a b l e ,  that  as 
k 0 i n c r e a s e s  the quant i ty  ~ in the c y l i n d r i c a l  g e o m e t r y  r e a c he s  i ts  l i m i t i n g  va lue  s m u c h  m o r e  r ap id ly  than 
for  r0=~r (see a l so  Tab le  1), and that the height  of the tee th  in  the g raph  of ~(k 0) in this  g e o m e t r y  is much  l e s s  
than the c o r r e s p o n d i n g  quant i ty  for  r 0 = ~.  Las t ly ,  the e f f ic iency  of the c y l i n d r i c a l  s y s t e m  wi th  a c o n s t a n t  
amp l i t ude  is a lso  h ighe r  than in the analogous  ca se  of a f la t  plate.  All  of these  f e a t u r e s  a re  due to the above-  
men t ioned  d i f f e r ence  be tween  the func t ions  ~(k) and G0(k) in the r eg ion  k = 0. 
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To characterize the effectiveness of the propulsion unit, in addition to the function ~(k 0) we must also 

give the dimensionless force FI, which determines the value of the field required for creating the necessary 

thrust. In [2] the quantity F I is given as a function of k 0 for fixed s values. However, it seems more convenient 

to show onour graphs the function~(Fj) for fixed values of k 0 (yielding local maxima of 7), obtained by eliminating 

s from the functions ~?(k0, s), F1(k0, s). The results relating to the case r 0 = 0.25 are shown in Fig. 3. From 

this it can be seen that for large values of F I (i.e., when the necessary thrust is attained for relatively small 

values of H0), we obtain small values of efficiency, and here it is most advantageous to use a system with k 0 = 

3u. As F I decreases, the ~ values attained increase, and in order to obtain the largest value of ~ we must pass 

to larger values of k 0. For example, in the interval F I = (0.03-0.06) it is preferable to have k 0 = 5u, in the 

interval F~ = (0.0015-0.0025) it is preferable to have k 0 = 7~, etc. The curves givenhere are characteristic. The 

results for other values of the parameters, from which we can construct analogous graphs, are given in Table 

I. From the table and the graphs it can be seen that the qualitative peculiarities of a cylindrical MHD propul- 

sion unit are analogous to those obtained on a flat-plate model. However, taking account of the cylindrical 

shape involves substantial quantitative corrections, which improve the integral energy characteristics, and it 

is therefore necessary to take the shape into consideration. 

5. A remark should be made concerning the use of the quantity 2uJ0/c as the scale H 0 of magnetic field 

intensity in the liquid. At f irst  glance it appears that the "working" component H r of the magnetic field outside 
the "solenoid" of finite length fed by the currents (1.1) must be small in comparison with H 0. Actually, although 
such an assumption is valid for a usual solenoid whose current density is constant along its length, it is not 
valid for the case under consideration here, in w.hich along the length of the "solenoid" we can fit k0/~ half- 
waves of the current (1.1). In Fig. 4 we show the distribution of the amplitude of the field H 0 at the boundary 
r = r 0 along the cylinder for the case i0(z) = cos ~z, R~ = 0.02, r 0 = 0.25, s = 0.2. Here the ordinate axis shows 
the modulus ] hr(z) l of the quantity h r(z), which determines the distribution 

2~'/~ Re h~ (z) e - %  ~ Hr l r~%= c 

[hr(z) is ca l cu la t ed  on the bas i s  of (2.1), (2.2)]. It can be s e e n  f r o m  the graphs  that  beg inn ing  with k 0 = 3,% the 
d i s t r i b u t i o n  of I hr(z)l  wi th in  the l im i t s  I z I -< 1 / 2  of the p ropu l s ion  s e c t i on  is not v e r y  d i f f e ren t  f r o m  I i0(z)I, 
and thus the quan t i ty  (3.4) does in fact  c h a r a c t e r i z e  the t rue  s c a l e  of the f ield in  the l iquid.  Beyor/d the l imi t s  
of the p ropu l s ion  s e g m e n t  the f ield H damps  out r ap id ly ,  and the l a r g e r  k 0 i s ,  the f a s t e r  the damping  takes  

p lace .  

6. In conc lus ion ,  we s h a l l  show by an example  how the r e s u l t s  given in  Fig.  3 can  be used.  Suppose that  
the d i m e n s i o n  of the p ropu l s ion  sec t ion  is a = 25 m,  r 0 = 0.25, R~ = 0.005. We c a l c u l a t e  the quan t i ty  H 0 r e -  
qu i r ed  to c r e a t e  a spec i f i ed  th rus t .  F r o m  (3.1) we have I < F z } I -~ 63.5H2F1 (here the fo rce  is g iven in tons and 
H 0 is given in t e s l a s ) .  Thus ,  if F1 = 0.04, then the r e q u i r e d  field for  c r e a t i n g  a t h r u s t ,  s ay ,  of 100 tons is 
~6 .3  T. As can  be s e e n  f r o m  Fig .  3, we a t t a in  a va lue  o f ~ ~  0 . 4 4 i l k  0 = 5 ~ .  

C o r r e s p o n d i n g  to the va lues  ~ = 5 . 1 0  l~ sec  -1, a = 2 .5 .103  cm,  u 0 = (9/u)  �9 103 c m / s e c  (where R ~ = 
0.005),  H 0 = 6.3 �9 104 G, 9 = 1 g / c m  3 we have a m a g n e t o h y d r o d y n a m i c  i n t e r a c t i o n  p a r a m e t e r  N = (~H2oa/pc2uo 
equal  to 0.19. Consequen t ly ,  the a s s u m p t i o n  made  h e r e  tha t  the e l e c t r o m a g n e t i c  v o l u m e t r i c  vor tex  fo rces  
have l i t t le  effect  on the f ield of ve loc i t i e s  in the l iquid can  s t i l l  be c o n s i d e r e d  va l id .  

L I T E R A T U R E  C I T E D  

1. O . M .  Ph i l l i p s ,  "The p rospec t s  for  m a g n e t o h y d r o d y n a m i c  ship p ropu l s ion , "  J.  Ship R e s . ,  5 ,  No. 4 

(1962). 

690 



2. V. I. Yakovlev, "On the theory of an inductive MHD propulsion unit with a free field" Dokl. Akad. Nauk 
SSSR, 24___99, No. 6 (1979); Zh. Prikl. Mekh. Tekh. Fiz., No. 3 (1980). 

TRANSFORMER COUPLING OF INDUCTIVE AND RESISTIVE 

LOADS TO A MAGNETIC CUMULATION GENERATOR 

A .  S .  K r a v c h e n k o ,  R .  Z .  L y u d a e v ,  
A .  I .  P a v l o v s k i i ,  L .  N .  P l y a s h k e v i c h ,  
a n d  A .  M .  S h u v a l o v  

UDC 538.4:621.31 

Magnetic cumulation (or explosive magnetic) generators are promising as high-power pulsed electrical 
energy sources [1-3]. When the load is connected directly into the circuit of the magnetic cumulation genera- 
tor (MCG),the latter can operate efficiently only if restrictions are imposed on the inductance and resistance of 
the load, whereas in many applications the load parameters substantially exceed the inductance and resistance 
of the MCG, and the required time for energy input to the load may differ substantially from the general work- 
ing time. One of the ways of matching the MCG parameters to the load is to use a stepup transformer [i]. 
Some designs of MCG with transformers have been described [3-7], with discussions of the matching of MCG 
to resistive and inductive loads. Some applications of transformer MCG in physics research have been dis- 
cussed in [8-10]. 

Here we consider forms of transformer output from MCG to inductive and resistive loads. An electro- 
technical model is convenient for engineering calculations on transformer MCG, as supplemented with the 
experimental fact that there is an energy-optimal finite inductance for the generator. 

I. In the electrotechnical model, the operation of the MCG is described by a series RL circuit with vari- 
able inductance L and resistance R, which formally includes all the losses of magnetic flux 6. Then I = q0~0/L , 

w h e r e  I is  the  c u r r e n t  in the  g e n e r a t o r  and q~ = exp - -  -L-- dt , whi l e  the  s u b s c r i p t s  0 and f deno te  the  v a l u e s  of 

q u a n t i t i e s ,  r e s p e c t i v e l y ,  at  the  s t a r t  and end of the o p e r a t i o n  of the  MCG. If I d L / d t t  >R,  I i n c r e a s e s ,  whi le  the 
m a g n e t i c  e n e r g y  W i n c r e a s e s  if  I d L / d t ]  > 2R. If Lf  ~ 0 when t h e s e  cond i t ions  a r e  me t ,  then  If  ~ ~ ,  w h i c h  l a c k s  
p h y s i c a l  m e a n i n g ,  and in tha t  e a s e  the  p r o b l e m  fa i l s  o u t s i d e  the  f r a m e w o r k  of the  e l e c t r o t e e h n i e a l  mode l .  In 
p r a c t i c e  t h e r e  is  s o m e  m i n i m u m  p e r m i s s i b l e  va lue  Lf  fo r  each  g e n e r a t o r .  

F i g u r e  1 shows the equ iva l en t  e l e e t r o t e c h n i c a l  s c h e m e  fo r  an MCG wi th  a t r a n s f o r m e r  w o r k i n g  into a 
r e s i s t a n c e  R l and i n d u c t a n c e  L !  with  s w i t c h  K c l o s e d  and c o n s t a n t  L 2 and R2, wh ich  is  d e s c r i b e d  by the s y s t e m  
of equa t ions  

d(LlI1)/dt ~, R I I  1 @ L l f l l J d t  = 0; ( t .1) 

L f l [ J d t  q- Rff~ @ L l f l I J d t  -- 0, (1.2) 

w h e r e  Lt = Lg + Llt~ Lg is  the  w o r k i n g  i n d u c t a n c e  of the MCG, L i t  is  the  i n d u c t a n c e  of the p r i m a r y  wind ing  of  
the  t r a n s f o r m e r ,  w h i c h  i n c l u d e s  Lc ,  the  i n d u c t a n c e  of the c u r r e n t  l ead  f r o m  the  MCG to the  t r a n s f o r m e r ;  L 2 = 
L l + L2t , L2t is  the  i n d u c t a n c e  of the  s e c o n d a r y  wind ing  in the t r a n s f o r m e r ;  L12 = k(LltL2t)  -~/2, L~2 is the  m u -  
tua l  i n d u c t a n c e ,  k is  the  t r a n s f o r m e r  coup l ing  c o e f f i c i e n t  on the b a s i s  of L c ,  wh i l e  R1 and R 2 a r e  the  c i r c u i t  
r e s i s t a n c ' e s ,  and R l a p p e a r s  in R2. 

If R 2 = 0 we have  f r o m  (1.1) and (1.2) tha t  

I1 = q%~o/Le, I.~ = - - I ~ L S L , ,  " -~- I l o L J L  o ~, I~o, 

where 

R l 
Le== L!--L~, , . /L2: ~I% =- 1~ (L o - -  L~2/L.~_); q~e" exp - -  ~ d t  ; 
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