
S T A T I O N A R Y  S U P E R S O N I C  C O N D U C T I N G  G A S  F L O W  

IN A C H A N N E L  W I T H  N O N C O N D U C T I N G  W A L L S  

U N D E R  W E A K  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  

E.  K.  K h o l s h c h e v n i k o v a  

A solution of the problem of flow in a channel with nonconducting walls for  a small  mag-  
netohydrodynamic interact ion pa rame te r  N is obtained by numerical  methods. In the 0-10 
range of var ia t ion of the Hall and magnetic Reynolds number  pa rame te r s  the distributions 
of the e lec t r ica l  p a r a m e t e r s  and the average (over the c ros s  sec t ion)andlocal  gasdynamic 
flow p a r a m e t e r s  a re  computed for  two different geomet r ies  of the applied magnetic field. 
R is shown that an inc rease  in the Hall and magnetic Reynolds number  p a r a m e t e r s  is ac -  
companied by a diminution in the Joule dissipation and the perturbat ion of the average 
(over the c r o s s  section) gasdynamic  flow charac te r i s t i c s .  It is disclosed that the d is t r i -  
bution of the gasdynamic p a r a m e t e r s  over  the channel c ro s s  section is extremely non- 
monotonic in the end cur ren t  zones.  

When studying different magnetohydrodynamic apparatus,  it is very  important  to clar i fy the influence 
of the zone of magnetic-field inhomogeneity on the flow charac te r i s t i cs .  The sys tem of equations descr ib-  
ing the gas  flow in such zones includes the gasdynamics  equation (with e lec t romagnet ic  forces  and Joule 
dissipation inser ted  in addition) and the e lec t rodynamics  equations for  the e lect r ical  cur ren ts ,  the potential, 
and the magnetic field. Fo r  a small  p a r a m e t e r  N, the e lec t rodynamics  equations are  solved independently 
of the gasdynamics  equations, and the distributions of the e lectrodynamic forces  and Joule-heat l iberation 
found with their  use are  then util ized in the gasdynamics  equations to determine the per turbed gas flow. 

An extensive bibliography [1-7] is  devoted, at  present ,  to the analysis  of the e lect r ical  field in chan- 
nels by means of given distributions of the gasdynamics  pa ramete r s .  The basic  fac tors  affecting the e lec-  
t r ical  field are  the geomet ry  of the applied magnetic  field, the Hall pa rame te r  fl, and the magnetic Reynolds 
number  R m. The influence of each of these fac tors  is examined separately  in the papers  listed. The com- 
bined influence of the p a r a m t e r s  fl and R m is considered in [6, 7], but for the s implest  magnetic-field geom-  
etry .  The solutions presented in the papers  have been obtained by analytical methods. 

The method of small  p a r a m e t e r s  (see [8], fo r  instance) i s  also uti l ized in magnetic hydrodynamics .  
Comparat ively  few papers  [9-11] are  devoted to the analyses  of supersonic gas flows in channels with end 
magnet ic- f ie ld  zones.  The computations presented  were hence l imited to cases  of special  magnet ic-f ie ld  
geomet ry  and ~ = 0, Rm= 0. 

The influence of the Hall p a r a m e t e r  and the magnetic Reynolds number  on the e lec t r ica l  and gasdy-  
namic cha rac te r i s t i c s  of a conducting gas flow is studied below in zones of magnetic-field inhomogeneity 
for a small  interact ion pa rame te r  N. 

1. Let us consider  the motion of a perfec t  gas  with constant specific heats and constant conductivity 
in a plane channel I x l< ~o, 0-<y-< h with nonconducting walls (Fig. 1) in the p resence  of an external inhomo- 

geneous magnetic field, which can be represen ted  af ter  averaging over the t r ansve r se  coordinate z as 

B~ = (0, 0, Be (x)) 
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The s y s t e m  of m a g n e t o h y d r o d y n a m i c  equa t ions  i n c l u d e s  the  con t inu i ty ,  mot ion ,  e n e r g y ,  O h m ' s  law,  
and Maxwel I  e q u a t i o n s .  F o r  N<< 1 the  equa t i ons  can  be  l i n e a r i z e d  with  r e s p e c t  to  th i s  p a r a m e t e r  [8]. 

In  a f i r s t  a p p r o x i m a t i o n  the s o l u t i o n  of the  s y s t e m  of  equa t i ons  i s  sought  in  the  f o r m  

v = vo + Nv i ,  P = Po + Npi ,  9" = Po + Npi  

B = Bo + NBi, q0 = % +  N%, J = jo + Nj t  

H e r e  v i s  the  v e l o c i t y ,  p i s  t he  p r e s s u r e ,  p i s  the  gas  dens i t y ,  B i s  the  m a g n e t i c - f i e l d  induc t ion ,  (p i s  
the  e l e c t r i c a l  p o t e n t i a l ,  j i s  the  c u r r e n t - d e n s i t y  v e c t o r ;  the  s u b s c r i p t  0 deno tes  the  f low p a r a m e t e r s  un-  
d i s t u r b e d  by  the  m a g n e t i c  f i e ld  and the  e l e c t r i c a l  q u a n t i t i e s  c o m p u t e d  by  m e a n s  of the  u n d i s t u r b e d  g a s -  
d y n a m i c  p a r a m e t e r s ,  wh i l e  the s u b s c r i p t  1 deno t e s  the  p e r t u r b a t i o n s  in the g a s d y n a m i c  and e l e c t r i c a l  q u a n -  
t i t i e s .  

I t  h a s  b e e n  shown in [8] t ha t  the  s y s t e m  of g a s d y n a m i c s  equa t i ons  fo r  a f low u n d i s t u r b e d  b y  the  m a g -  
ne t i c  f i e ld  in  a p l a n e  channel  w i l l  be  s a t i s f i e d  by  the  d i s t r i b u t i o n s  

u0= 1; 

% = (no (y), 0, 0), Po = O0 (g), Po = const (1.1) 

The Maxwel l  and O h m ' s  l aw equa t i ons  a r e  in the  c a s e  u n d e r  c o n s i d e r a t i o n  

jo = - -  V% + vo • b i - -  ~oj, • bo (1.2) 

rogbo = B~jo, divjo = 0, d ivb  o = 0 

F o l l o w i n g  [8], l e t  us  w r i t e  the  equa t i ons  fo r  the  p e r t u r b a t i o n s  of  the g a s d y n a m i e  p a r a m e t e r s  f o r  p0= 

Oui , Opt Ovi Op~ 
5-'U + T ----- f~' 0-~- + ~ = f~ (1.3) 

091 Oui A- O~ Opi Opl 
Ox ~ ' - ~ - x ' - g ~ y  = 0 '  Ox a~ = q  

f._ ._, jyob., /~,. = - ]~obo, q = (.; - -  i)(L.~' ~-' J.~,o ~), ao = ~/Mo 

H e r e  a0 and M 0 a r e  the  s p e e d  of  sound and the Mach n u m b e r  of the  u n p e r t u r b e d  f low, y i s  the  r a t i o  b e -  
t~veen the  s p e c i f i c  h e a t s ,  u 1 and v t a r e  c o m p o n e n t s  of the  p e r t u r b e d  v e l o c i t y  v e c t o r ;  the  m a g n i t u d e s  of  the  
e l e c t r o m a g n e t i c  f o r c e s  f =  ( f k , f y )  and  the Jou le  d i s s i p a t i o n  q a r e  a s s u m e d  known f r o m  the  so lu t ion  of the  
s y s t e m  (1.2). 

The s y s t e m s  (1.2) and (1.3) a r e  w r i t t e n  in  d i m e n s i o n l e s s  v a r i a b l e s  which  a r e  i n t r o d u c e d  by  m e a n s  of 
the fo l lowing  f o r m u l a s .  

v ~  B = B * b ,  x ~  y ~  9 ~ p ~  

4~'5~h (1.4) jo ..---- c~*UB* . C~ o ~--- UB*h e'gB* R m  c z 
J' c % I t=  m--7-' = ~  

H e r e  U i s  the  a v e r a g e  v e l o c i t y  (over  the  c r o s s  sec t ion)  a t  the  e n t r a n c e  to the  channe l ,  h i s  the  c h a n -  
ne l  he igh t ,  B* ,  p * ,  (r* a r e  the  c h a r a c t e r i s t i c  m a g n e t i c  induc t ion ,  dens i ty ,  and e l e c t r i c a l  conduc t i v i t y ,  e and 
m a r e  the  e l e c t r o n  c h a r g e  and m a s s ,  ~" i s  the  t i m e  be tw e e n  e l e c t r o n  c o l l i s i o n s  wi th  an ion,  and  c i s  the  s p e e d  
of sound  in a v a c u u m ;  the d e g r e e  s y m b o l  den o t e s  d i m e n s i o n a l  q u a n t i t i e s .  

The i n t e r a c t i o n  p a r a m e t e r  N by  m e a n s  of which the l i n e a r i z a t i o n  i s  c a r r i e d  out  i s  de f ined  as  fo l lows :  

a*B*~h 

c~9*U 

Let  us  u t i l i z e  the  cond i t i on  tha t  the  n o r m a l  c u r r e n t  jy  does  not  f low th rough  the u p p e r  and l o w e r  w a l l s  
of  the  channe l  and  the cond i t ion  of no l o n g i t u d i n a l  c u r r e n t  Jx at  • ~ a s  the  b o u n d a r y  c o n d i t i o n s  f o r t h e  s o l u -  
t ion of the  s y s t e m  (1.2). 

Le t  us  c o n s i d e r  tha t  t h e r e  i s  no e l e c t r o m a g n e t i c  f i e ld  at  the  channe l  e n t r a n c e  (for x ~ - ~ ) ,  and  t h e r e -  
fo re ,  the  p e r t u r b a t i o n s  of a l l  the  g a s d y n a m i c  q u a n t i t i e s  a r e  z e r o .  T h e r e f o r e ,  the  b o u n d a r y  c ond i t i ons  for  
the  so lu t i on  of the s y s t e m  (1.3) a r e  

u ~ = v ~ = p ~ = p ~ = 0  at x - + - - c o  
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Moreover ,  f rom the condition that the fluid does not flow through the upper and lower channel walls 
we will have, for  the t r ansve r se  velocity component, 

V 1 = 0 a t  y ~--- O, y = l 

Let us note that f rom the sys tem (1.3) it is  easy to find the gasdynamic pa ramete r s ,  averaged over  
the channel c ro s s  section. Indeed, let us integrate  the f irst ,  third, and fourth equations of the sys tem (1.3) 
over  the channel c r o s s  section. We then obtain the following equations for the averaged quantities: 

d <ux> d <pD d <pD d <uD ~ 0 (1.5) 
dx Jr dx - -  <Ix>, ~dx ~ ~ x  

1 
d <pD t d<pD 

dx Mo 2 dz - -  <q), <u) = . ,~dy,  M o  = c o n s t  
o 

2. Let us turn to the e lec t r ica l  par t  of the problem. For  convenience, let us omit the subscript  0 
f rom the e lect r ical  quantities in the sys tem (1.2). Let us represent  the magnetic field in the form of the 
s u m  

b = b~ + b~ (2.1) 

Here b e is the applied field, and b i is the induced field caused by currents  flowing in the gas.  

The real  external  field b e always sat isf ies  ~he equation rot b e = 0. We hence obtain f rom (1.2) 

roL h i = Rmj (2.2) 

Let us average the Ohm's  law (1.2) and Eq. (2.2) with respec t  to the coordinate z. Neglecting the 
corre la t ion  t e rms  and considering the unperturbed velocity vec tor  to have just  the longitudinal component 
u0(Y ) [see (1.1)] and the magnetic field project ions bx and by on the coordinate axes to be zero  on the walls 
z = const, we obtain f rom (1.2) and (2.2) 

O~ O~ u o b +  ~jxb 
] x -  Oz ~]vb' ]~ ~ - " -  O--y"- 

i Ob~ t Ob~ b = (0,0, b(x)) (2.3) 
]:~ ----- Rra Oy " ]u = - -  R,~ "~ Ox " '  b = b e + b~ 

Here Jx, Jy, ~0, b, be, bi are  quantities averaged with respec t  to the coordinate z. 

Differentiating Jx with respec t  to y, jy with respec t  to x and subtracting the second expression f rom 
the f i rs t ,  we will have af ter  manipulation 

O~bi* t O~b~* Ob~* db e Ob~* db e (2.4) 
Ox 2 Oy~ Rmu~ ~ -~ ~ dx Oy = u~ dx 

b i Obi* Obi* 
b ~ * =  tl--~' ] ~ - -  Oy ' ] Y - -  Ox (2.5) 

Let us consider  the boundary conditions needed for the solution of (2.4). As has been mentioned above, 

]u = 0 at y = 0 ,  y = i; ] x = O  at x = ~ o o  (2.6) 

Since the end cur ren t s  a re  quite small ,  in pract ice ,  at distances on the o rde r  of several  ca l ibers  (h) 
f rom the domains of an abrupt change in the magnetic field, then the left and right channel boundaries can 
be selected in place of ~o  in such a way that they would be at a finite but sufficiently remote  d i s tancef rom 
the mentioned domains (Fig. 1). Hence, taking account of (2.5), we obtain the following boundary conditions 
to solve (2.4): 

bt* = 0 at y = 0 ,  y = i ;  bi* = 0  at x = x  x, x =x~ (2.7) 

It is seen f rom (2.4) that for a homogeneous applied field be, the t e rm dependent on the Hall pa rame te r  
fl will not enter this equation. In this case  the pa rame te r  fl can influence the solution of the problem by 
means of the boundary conditions, for  example, if there  are  port ions of the channel walls occupied by elec-  
t rodes .  In ca se s  when the pa rame te r  fl does not enter  the boundary conditions, the distributions of the e lec-  
t r ical  cur ren t s  and the induced fields a re  independent of the effect of anisotropy of the conductivity; how- 
ever ,  the distribution of the e lec t r ica l  potential is a function of the pa rame te r  fl (see [7]), as follows f rom 
Ohm's law. 
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z (a} & Z (b) Be 

Fig. 1 

Using the OhmTs law (2.3), Eq. (2.5), and the boundary conditions (2.6) and (2.7), some useful r e l a -  
t ions can be obtained. 

Indeed, let  us in tegra te  (2.3) for  Jx with r e spec t  to y between 0 and 1 and with r e spec t  to x between 
- ~  and + ~.  Then taking into account that in a channel of unit width with nonconducting walls and constant  
velocit5 r v=u0=  1, the d imens ion less  Joule diss ipat ion is  de te rmined  by 

q - r  

--ooO 

and putting {p ( - %  y) = 0, we a r r i v e  at the equMity 

1 

(%} ---- fop(d- ~ ,  g)dy = ~Q (2.9) 
0 

I f  b (+:r 0, then f rom the express ion  (2.3) for  jy it  follows that the potential  at +~  is  independent of 
y. In this case  we wiI1 have in place of (2.9) 

r ( ,'-- c~) = ~Q (2.10) 

There fo re ,  the re la t ions  (2.9) and (2.10) connect the magnitude of the Joule d iss ipat ion with the lon- 
gitudinal potential  d i f ference in the p r e s e n c e  of anisot ropy in the conductivity. 

When the Hall p a r a m e t e r  fl is zero  and the cu r ren t  p ic tu re  is  s y m m e t r i c a l  r e l a t ive  to the channel 
axis,  the following express ion  for  the Joule diss ipat ion can be obtained f r o m  (2.8): 

Q= 2 ~ ---~-, I,(x)dx, II(x)= I (y-- '/,.)]x(x,g)dy (2.11) 

Let us note that the magnitude of the end cu r ren t  flowing through a given channel c r o s s  sect ion is 
defined by 

1 

l(.)-~ f ]~(x,u)dy 

This quanti ty is  usual ly  m e a s u r e d  in expe r imen t s  by a Rogowski coil .  Computat ions showed that the 
ra t io  between the quanti t ies  I and 11 is a slightly va ry ing  function and f luctuates  between the l imi t s  2.4-3.4. 
For  the ma jo r i t y  of cases  I / I  1 ~-3. Utilizing this re lat ionship,  I 1 can be found by means  of the values  of I 
found in expe r imen t s , and  the approx imate  value of Joule diss ipat ion is  ca lcula ted  by means  of (2.11). Since 
the product  of dbe/dx by I~ en te rs  in the in tegrand of the fo rmula  for  Q, this product  wiI1 introduce the main 
contr ibution to Q in the zones of abrupt  changes in the magnet ic  f ie ld,where the der iva t ive  dbe/dx is la rge .  
The extent  of such zones is usual ly  smal l ,  and hence an approx imate  e s t ima te  of Joule diss ipat ion by (2.11) 
is  not difficult. 

3. Equation (2.4) is  an equation of e11iptic type. One of the i tera t ion methods,  the method of succes s ive  
d i sp lacements  (Zeidel '  method) with acce le ra t ion  by the Lyus te rn ik  fo rmula  (see [12, 13]), was  uti l ized to 
solve this equation. Writ ing (2.4) in finite d i f ferences  co r responded  to a f ive-point  approximat ion  of a s e c -  
o n d - o r d e r  di f ferent ia l  equation. The e r r o r  in calculat ing the induced f ield bi* was hence a quantity on the 
o r d e r  of the square  of the mesh  spacing O(112). 
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tion cur ren t s  I and 11 were 
ing {2.4). 

The following values of the pa r ame te r s  were  selected for  the com-  
putation: 

l] ---- 0 ,1 ,  3,  5,  t0 ;  Rm = 0, f ,  5,  10; x 1 = - - 3 . 5  

%~3.5, h - -0 . t a t  Rm=O;  x~=4.5, h ~ 0 A  at R m = t  (3.1) 
x ~  7.5, h~--- 1/a at Rm~ 5; x ~  9.5, hE1/s at R~n~ t0 

The right boundary of the channel x 2 was chosen in such a way as to 
take account of the s tagger  of the end cur ren ts  in the longitudinal d i rec-  
tion for  large values of R m (see [7]). The tendency of jy to zero  on ap- 
proaching the right boundary was the cr i ter ion for  the co r rec tnes s  of the 
select ion of  x 2. The values of the mesh spacing h were bounded by the 
operational  memory  of the e lectronic  computer  (the computations were  
ca r r i ed  out on the Bt~SM-3M and M-220 electronic computers  with a4096- 
cell memory  capacity). The computation time for one vers ion was 2-3 
rain. 

The total magnetic field b=  b e + Rmbi *, the e l e c t r i c - cu r r en t  densities 
Jx and jy, and the magnitudes of the e lect r ical  potential and Joule diss ipa-  

calculated f rom the induced magnetic fields bi* found as a resul t  of solv-  

The computations were pe r fo rmed  for two unperturbed veloci ty profi les:  

f]Vr~yy f~  0 ~ y  ~0,25 
u~= t, uo (y) = l i  fo~ 0.25 < y < 0.75 

The functions 

b {e-X*'for x<--0.5, x>+0 .5  =Ix+0 .5  /or z<O 
ex= i fo~ - - 0 . 5 ~ x ~ + 0 . 5  ' x* (x--0.5 far z>O 

�9 ~*]2 X 
bet= V ' ~ '  x*- -  1,2 

were considered as the applied magnetic field b e. 

The functions bel and be2 and the velocity profi les  u 0 = 1 and u0(y) a re  pictured schemat ical ly  in Fig. 1. 

To check the accuracy  of the computation, the magnitude of the Joule dissipation Q calculated for  the 
case  fl = 0, Rm = 0, u0= 1, be=be2 was compared  with the value of Q obtained by the Four ie r  method f rom 
the solution of the Laplace equation for the potential. The compar ison showed that both quantities agree 
to the accuracy  of the f i rs t  three significant f igures.  
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Pre l iminary  computations for applied magnetic fields b e having breakpoints (where dbe/dx under-  
goes a discontinuity) showed that the quantity bi* is not calculated with the required accuracy  in these 
cases .  Hence, smooth functions be1 and be2 without breakpoints  were selected for the analyses.  The field 
be1 cor responds  to the passage of flux through the entrance and exit zones, when the leading and trail ing 
turns of the end cur ren t s  interact;  the field be2 cor responds  to the case of "pure" entrance of the flux into 
the magnetic field. 

The resu l t s  of computations of the e lec t r ica l  cha rac te r i s t i c s  of the channel a re  presented  in Fig. 2. 

Shown in Fig. 2a and b are  the dependences of the total magnetic field b and the cur rent  I flowing 
through half the channel c ross  section on the coordinate x for different R m numbers  for an applied fieldbe~. 
As we see, as the magnetic Reynolds number increases ,  the b(x) curves  shift in the direction of the motion; 
in turn, this resul ts  in s taggering of the cur ren t s  downstream in the gas. The inc rease  in R m is a c c o m -  
panied by a diminution in the magnitude of the end currents .  

It is  seen f rom Fig. 2c, d that as the Hall and magnetic Reynolds number  p a r a m e t e r s  grow, the Joule 
dissipation diminishes;  however, this diminution is insignificant for small  fl and R m (~1-2). 

Fig. 2e i l lus t ra tes  the increase  in the longitudinal potential difference with the growth in the Hall 
p a r a m e t e r  fl [see (2.9)]. 

Moreover ,  it follows f rom computations of the cur ren t  densities that a shift in the centers  of the end-  
cur rent  turns f rom the channel axis to the wall (to the lower  wall in the case under consideration) occurs  
in the presence  of anisotropy in the conductivity. The magnitude of this shift is slight: it is 15~0 of the 
channel height for fl= 10. 

4. To calculate the average  per turbat ion of the gasdynamic quantities over  the c r o s s  section, the 
averaged e lec t romagnet ic  fo rces  and Joule dissipation found for  the solution of the e lec t r icaI  problem were 
substituted into the sys tem (1.5). The sys tem (1.5) was then integrated by the Runge-Kutta method by a 
s tandard p rogram.  The dependences (Pl) (x) and (us) (x), calculated for the field be=be  t in the supe r son ic -  
flow case,  are  presented  in Fig. 3. Character is t ic  sections of more  and less  abrupt flux decelerat ion are  
noted on the curves .  The sections of more  abrupt decelerat ion cor respond  to flux passage through the do- 
main of the leading and trai l ing turns of the end cur ren ts .  As the number  M 0 inc reases ,  the absolute value 
of the per turbat ions  decreases .  Let us note that diminution in the p r e s s u r e  per turbat ions  as M 0 grows is 
connected with the kind of lack of measurement :  p~ if the p re s su re  r e fe r s  to the unperturbed p r e s -  
sure  p0 ~ = p0 (_ ~), then the relat ionship p* = p0/p0(_ oo) = 7 M02p will hold. 

Hence, it is seen that as M 0 increases ,  the true p re s su re  per turbat ions grow. 

A calculation of the per turbat ion of the average gasdynamics  p a r a m e t e r s  for  the external magnetic 
field be2 showed that there is just one section of abrupt decelerat ion as the flux passes  through the region 
of one turn of end current .  The curves  are  analogous to the curves  in Fig. 3 in the rest .  

An increase  in the Hall and magnetic  Reynolds number p a r a m e t e r s  is accompanied by a diminution 
in the per turbat ions  of the gasdynamics  p a r a m e t e r s  averaged over  the c ros s  section, as follows f rom com-  
putations, and this is connected with the corresponding diminution in the Joule dissipation. 

Computations pe r fo rmed  for a subsonic flow showed that the per turbat ions  of the mean veloci ty are  
positive in this case,  while the p r e s s u r e  per turbat ions are  negative. 

5. Knowing the magnitudes of the e lectromagnet ic  forces  and the Joule dissipation at any point of the 
channel, the local per turbat ions  of the gasdynamics  p a r a m e t e r s  can be found f rom the solution of the s y s -  
tem (1.3). The sys tem (1.3) was solved by the method of cha rac te r i s t i c s  for the supe r son ic -gas - f lowcase .  

For  M 0 > 1 three famil ies  of cha rac te r i s t i c s  exist:  two families of Much lines (first and second family 
charac ter i s t ics )  and s t reaml ines .  

The differential equations of the f i r s t  and second family charac te r i s t i c s  and their  corresponding com-  
patibility relat ionships are  

(5.1) q- k (I ~ a0 ~)/~ -- a0~/~ + q dx = 0 
dp l  ~-  (:2~2 k) dr1 ~ I ~ ao ~ 
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The p lus  s ign  h e r e  r e f e r s  to the  f i r s t  f a m i l y  c h a r a c t e r i s t i c s ,  and  the m i n u s  s ign  to the s e c o n d  f a m i l y  
c h a r a c t e r i s t i c s .  

The s t r e a m l i n e s  a r e  l i n e s  p a r a l l e l  to the  channe l  ax i s  (dy= 0). The  r e l a t i o n s h i p s  

dul.~dpl--/xdx=O, dpl--ao2dpl--qdx=O (5.2) 

a r e  s a t i s f i e d  a long  the s t r e a m l i n e s .  

An o r thogona l  m e s h  of  po in t s  was  s e l e c t e d  fo r  the  n u m e r i c a l  so lu t ion .  The  s p a c i n g  hy in the y d i r e c -  
t ion was  t aken  equa l  to  ~/~2 fo r  R m = 10 and ~/24 fo r  a l l  the  r e m a i n i n g  R m.  The s p a c i n g  h x in the  x d i r e c t i o n  
was  d e t e r m i n e d  f r o m  hx = h y / 2 k .  

The a c c u r a c y  of  the  c o m p u t a t i o n  was  c h e c k e d  f r o m  the  cond i t ion  of c o n s e r v a t i o n  of the  d i s c h a r g e .  
F o r  by=  ~/~2 the d i f f e r e n c e  b e t w e e n  the  d i s c h a r g e  a t  the  ex i t  f r o m  the channe l  and the  d i s c h a r g e  g iven  at  
the  e n t r a n c e  i s  2.4%, whi le  th i s  d i f f e r e n c e  i s  0.1% f o r  hy = ~/24. 

The induced  f i e ld s  b i *  , by m e a n s  of which  the  electromagnetic quantitiesfx, f y ,  and q in  (5.1) and (.5,2) 
w e r e  d e t e r m i n e d ,  w e r e  c a l c u l a t e d  with  an h = 0.1 spac ing .  

As  we s ee ,  the  m e s h e s  u t i l i z e d  to c o m p u t e  the  e l e c t r i c a l  and g a s d y n a m i c a l  p a r a m e t e r s  do not  c o i n -  
c ide .  F o r  c o n v e n i e n c e  l e t  us  c a l l  t h e s e  m e s h e s  m e s h  1 and m e s h  2, r e s p e c t i v e l y .  The v a l u e s  of  the  e l e c -  
t r o m a g n e t i c  q u a n t i t i e s  a t  each  node  of  m e s h  2 w e r e  d e t e r m i n e d  by  m e a n s  of  known v a l u e s  of  t h e s e  q u a n t i t i e s  
a t  the  fou r  c l o s e s t  nodes  of m e s h  1 by  u s i n g  l i n e a r  i n t e r p o l a t i o n  in two d i r e c t i o n s  (x and y).  

Le t  us  no te  tha t  the p r o g r a m  fo r  a s i m u l t a n e o u s  c o m p u t a t i o n  of a l l  the  e l e c t r i c a l  and  g a s d y n a m i c a l  
p a r a m e t e r s  wi th  the  r e q u i s i t e  a c c u r a c y  does  not  f i t  wi th in  the  o p e r a t i o n a l  m e m o r y  of the  m a c h i n e .  Hence ,  
to r a i s e  the  a c c u r a c y  of  the  c a l c u l a t i o n s ,  the  p e r t u r b a t i o n s  of  the  l o c a l  g a s d y n a m i c a l  p a r a m e t e r s  had  to be 
c o m p u t e d  by an i n d i v i d u a l  p r o g r a m  inc lud ing  j u s t  p a r t  of the  p r o g r a m  fo r  the e l e c t r i c a l  p r o b l e m  r e f e r r i n g  
to c a l c u l a t i o n  of  the  i nduced  f i e l d s  b i * .  The t i m e  to c o m p u t e  one m o d i f i c a t i o n  was  5-6 ra in .  

The p e r t u r b a t i o n s  of  the  l o c a l  g a s d y n a m i c a l  p a r a m e t e r s  a r e  p r e s e n t e d  in F i g s .  4 -7 .  Al l  the  d e p e n -  
d e n c e s  p r e s e n t e d  in the  g r a p h s  r e f e r  to the  c a s e  of an a p p l i e d  m a g n e t i c  f i e l d  be2 (c lean  e n t r a n c e ) .  The  so l id  
c u r v e s  a p p e a r i n g  in F i g s .  4 - 6  c o r r e s p o n d  to the  v a l u e s  of the  p a r a m e t e r s  fl = 0, R m  = 0, M0= 5; whi l e  the  
d a s h e d  c u r v e s  have  b e e n  c o n s t r u c t e d  fo r  the  c a s e  fl = 10, R m =  0, M0= 5. The  n u m b e r s  on the  c u r v e s  c o r -  
r e s p o n d  to the  fo l lowing  v a l u e s  of  x: 

,~ 1 2 3 4 5 6 
x ~ --0.3i7 0.5 t.32 2.85 3.56 3.44 

It  i s  s een  f r o m  the f i g u r e s  tha t  the  g a s d y n a m i c s  p a r a m e t e r s  in  the  end c u r r e n t  zones  a r e  d i s t r i b u t e d  
e x t r e m e l y  n o n u n i f o r m l y  o v e r  the  channe l  s e c t i o n .  The c u r r e n t s  f lowing in the  g a s  e x e r t  f o r c e  and t h e r m a l  
e f f ec t s  on the  s u p e r s o n i c  f lux.  The l ong i tud ina l  e l e c t r o m a g n e t i c  f o r c e s  in  the l e a d i n g  ha l f  of  the  t u r n  of 
end c u r r e n t  ac t  in  the  m o t i o n  d i r e c t i o n  and a c c e l e r a t e  the  gas ,  whi l e  the  e l e c t r o m a g n e t i c  f o r c e s  in the  
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t rai l ing half of the turn are  directed oppositely to the gas motion and decelera te  it. T ransve r se  e lec t ro-  
magnetic fo rces  directed towards the channel axis originate at the walls; these forces  are  maximal  in the 
section passing through the center  of the turn. Joule-heat  l iberation decelerat ing the supersonic flux oc-  
curs  within the whole volume occupied by the end current .  The greates t  Joule heating occurs  near  the walls. 
Let us note that the leading portion of the turn is in the domain where the magnetic field is slight. Hence, 
the e lec t romagnet ic  fo rces  are  small  here ,  and Joule dissipation exer ts  the main influence on the flux. 

As a resul t  of the mentioned effects,  the p r e s s u r e  at the walls r i s e s  in the domain of the leading par t  
of the run, and compress ion  waves are  propagated there  f rom along the charac te r i s t i c s  (Fig. 4). The p r e s -  
s u r e  at the walls diminished in sections c lose to the center  of the turn because of the t r ansve r se  e lec t ro -  
magnetic force;  consequently, rarefact ion domains originate at some par t  of the walls.  Rarefact ion waves 
are  genera ted  in these domains. The per turbat ions  produced at the walls are  propagated along the cha r -  
ac te r i s t i c s  within the channel and are  magnified considerably at the axis. Moreover ,  local  per turbat ions  
which are  combined with the per turbat ions  a r r iv ing  at a given point f rom other domains of the channel, exist 
at each point. Let us note that because of the inertia of the gas par t ic les  the zones of grea tes t  per turbat ion 
of the p a r a m e t e r s  are  shifted downstream relat ive to the zone of grea tes t  force and thermal  effects on the 
flux. Per turbat ions  originating in the zone of the inhomogeneous magnetic field do not vanish af ter  the flux 
has passed  this zone. The propagation and reflection of the originating per turbat ions  f rom the walls resul t  
in the formation of per turbat ions  in the gasdynamical  pa r ame te r s  which are  fluctuating in s t ructure .  Anal- 
ogous phenomena were  noted in [11]. Under real  conditions the per turbat ions  are  quenched at some dis-  
tance f rom the end cur ren t  zone because of the presence  of v iscosi ty .  This examination is made in a ! in-  
ea r  approximation for  an inviscid gas;  hence, the per turbat ions  are not suppressed  here.  

The per turbat ions  in the longitudinal velocity (Fig. 5) are  connected with the p r e s s u r e  perturbat ions.  
In those domains where the p r e s s u r e  r i ses ,  the gas is decelerated,  while domains of re la t ive  accelera t ion 
of the gas (curves 4, 5) appear in the reduced p r e s s u r e  domains. The velocity and p r e s s u r e  per turbat ions  
at the walls are  equal in absolute value and opposite in sign (this follows f rom (5.2) and the condition f x  = 0 

at the walls). The t r ansve r se -ve loc i t ype r tu rba t i ons  are  of the same order  of magnitude as the longitudinal- 
velocity per turbat ions .  On the average the gas is decelerated during passage of the end current  zone. 

The density per turbat ions  are shown in Fig. 6. As we see, the density per turbat ions  for  large  Mach 
numbers  M 0 are  an o rde r  of magnitude g rea t e r  than the velocity and p r e s s u r e  per turbat ions .  

It has been mentioned inSection 3 that anisotropy in the conductivity causes  a shift in the center  of 
the end cur ren t  turn to the lower wall of the channel. Consequently, the Joule dissipation and t r ansve r se  
e lec t romagnet ic  force  at the lower wall become considerably g rea t e r  than at the upper wall, which resul ts ,  
in turn, in an essent ial  r ea r r angemen t  of the flow. The profi les  of the per turbat ions in the gasdynamicaI  
quantities become nonsymmetr ic  relat ive to the channel axis (see the dashed curves  in Figs .4 ,  5, 6). The 
density diminishes at the lower wall and inc reases  as compared  with the case  fl = 0 at the upper wall. There -  
fore,  a slight a s y m m e t r y  in the end current  exerts  a considerable influence on the distribution of the gas-  
dynamical p a r a m e t e r s  over  the channel c ross  section. 

As computations have shown, the influence of the magnetic  Reynolds number  reduces  mainly to a 
downstream shift in the cur ren t  picture.  The distribution of the per turbat ions  in the gasdynamical  pa r ame-  
te rs  hence has the same fo rm as for  Rm= 0, but a noticeable per turbat ion in the flow is s tar ted  for large 
values of x are  compared  with the case  R m = 0. 

The Mach number  of the unperturbed flux M 0 exer ts  a considerable influence on the per turbat ions  of 
the gasdynamical  p a r a m e t e r s  (Fig. 7). As has been mentioned above, the per turbat ions  in the gasdynamical  
pa r ame te r s  are  fluctuating in s t ruc ture .  As M 0 changes, the nature of these fluctuations changes. A growth 
in Mach number  is accompanied by a strong increase  in the density per turbat ions,  where the velocity and 
p r e s s u r e  per turbat ions hence remain  of the same order  of magnitude as for low M 0 numbers .  

In conclusion, the author is grateful to A. B. Vatazhin for useful comments  and coustant attention to 
the r e sea rch  and to I. U. Tolmach for valuable comments .  
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