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CONTRACTED DISCHARGE • THE PRESENCE OF BOU~4~D~R~ 

LAYERS IN A SUPERSONIC PLASMA FLOW IN A CHANNEL 

r,. G. Musaev UDC 537.533.5 

This paper reports the results of an experimental study of the processes near the 
electrodes when a contracted discharge occurs in a pulsed supersonic channel. An analysis 
of the current-voltage characteristics and photoscans of the glow of the electrodes surfaces 
showed that in a pulsed supersonic argon plasma flow the resistance of the regions near the 
electrodes for divisible spots is lower than in the case of peripheral arc clamping. Then a 
u~cl~as~ in the ~lacn nuaiiber rl I and the approach to a shock wave (ill the zone of ionization 
relaxation) cause the current-voltage characteristics to shift to the right, i.e., to the 
region of a nlgu~r voltage drop ...... electrodes. 

One of the simplest and most universal methods of studying the properties of an electric 
d1~u[~urge in boundary layers is that of determining the current-voltage ............ . 
When used ill conjunction with a puuto~ca, study of the u• glow at the electrodes, 
depending on the state of the electrode surfaces and on the gasdynamic and thermophysical 
properties of the plasma in the channel, this method makes it possible to find more optimLm~ 
operating conditions for the electrode walls of a pulsed cold-electrode MHD generator. The 
studies are complicated by the following: the existence of a boundary layer which moves 
relative to the electrodes and a longitudinal inhomogeneity of the initial portions of the 
gasdynamic plug because of ionization relaxation and the variation of the effective cross 
section of the gas flow behind the shock wave as boundary layers grow on the channel .... W a • 1 7 7  

m l _ _  1 _  . . . . . .  • uuu, ldary  l a y e r  call sho r t en  the  i o n i z a t i o n  r e l a x a t i o n  to  d i f f e r e n t  u e g r ~ s  . . . . .  f o r  lamir~ar and 
t u r b u l e n t  l a y e r s  [1,  2] . By t he  c r i t e r i a  o f  [~]r~] t he  boundary l a y e r  i s  c o m p l e t e l y  l~u]l inar 

.... ~'3-J �9 • ra'cm (d is the ......... diax~eter of the tube and Pl is the prov• that pld < 1.63 "~ TM -:" g~suyn~mic 
initial pressure in the chamber), while at pld > 16.3"i0 a Pa'cm the ........ uuunuary layer ...... u~com~ 
virtually turbulent along the entire • ...... of ~he plug. In a•177 ~ ~ other cases the nature u• 
the boundary layer is determined only experimentally because of the lack of any theoretical 
model. The coordinates of the laminar-turbulent transition of the boundary layer depends on 
the critical Reynolds nun-abet [3] 

Re p (us - -  u2)2X 
cr U2~ 2 

where p, P2, and u 2 are the density, dynamic viscosity, and velocity of the flow in the coor- 
dinate system bound to the shock front, and u s is the velocity of the shock-wave front in 
the laboratory coordinate system. 

The time of the Im-ainar-turbulent transition of the boundary layer is determined with 
a short-lag thermal resistance sensor, consisting of a thin metal film (platintm~) deposited 
on a glass substrate [4]. 

Knowledge of the ionization relaxation zone makes it possible to isolate the region of 
shock-heated gas with an equilibritm, electron concentration. ~'~n~- zone was calculated in the 
one-dimensional and quasi-one-dimensional (in the case of a turbulent boundary layer) approxi- 
mations in the range of shock-wave ~acn nLm~bers M~ = o~-• over a wide range of p~. The 
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ionization relaxation times were found from the variation of the intensity of the continuous 
. . . .  i _  r l  1 m l - -  s  - argon radiation behind the ~ h u ~  wave L ~ J  and the electrical conductivity o .  •  u d ~  for 

this was that in monoatomic gases primarily the electron concentration n e varies behind the 
shock wave while the other parmlleters on which a depends either change very little or remain 
virtually constant. For processing the conductivity sensor signals the distance from the 
front to the cross section in which the conductivity reaches 0.9 of its equilibri~ll value 
was chosen for the length Xre I. This choice was based on the result of a comparative analy- 
sis of the calculated profiles of the degree of ionization and the electrical conductivity 
in an argon shock wave. 

The experimental study of the properties of shock-heated argon thus consisted of deter- 
mining practical laminar-turbulent transition times of the boundary layer as well as the 

dimensions . . . .  iuuizatlun-Lu•177 zone anu structure of the nonequilibrim~ ................... and electrical 
conductivity in the equilibrim~i zone. 

The shock-wave nach number Mz % • the plasma equilibri-~i~ temperature was • K, the 
plasma velocity behind the shock wave was 3500 m.sec -I the flow Mach nm3~ber M e = 1.6, and 
the pressure behind the shock wave was about 2"I0 s Pa. The time taken by the zone of shock- 
compressed gas (gasdynamic plug) to pass through the measuring chamber placed in the region 

of the steady-state shock-wave velocity was ~250 psec. 

We studied the phenomena near the electrodes in a pulse of the supersonic plasma flow 
behind the front of an incident shock wave in a shock tube by using a channel of constant 
cross section with a measuring dielectric section, containing two electrodes flush on the 
opposite walls of a section was a square cross section (7.2 x 7.2 cm), whose diagrmn~ is shown 
in Fig. I, where 1 is a measuring chamber, 2 is T-shaped optical glass, 3 is a cathode, 4 is 
an oscilloscope, 5 is the charger of the capacitor bank C, 6 is a drum photorecorder, 7 is a 
hollow anode, V is a voltmeter, R L is a load resistor, and R c is a charging resistance. The 

experimental setup was described in greater detail in [5]. 

In studying the processes near the electrodes we recorded the current oscilloscope traces 
of pulse discharge of a capacitor bank with a total capacitance of 3"103 F at an initial vol- 
tage of 50-500 V across an electrode gap with a shock-compressed plasma and a series-connected 
load resistance (~L ~ = 4 ~). During the passage of the gasdynamic plug the • ...... capacitance 
of the uapacitor bank ensures a virtually constant source voltage; this simplifies the pro- 

~• cessing of the current-voltage characteristic of the ...... from the oscilloscope traces 
of the discharge current. An ultrafast dr~a photorecorder operating in the slave mode was 
used to record the photoscans of the discharge glow processes at the electrodes in the 

measuring section. 
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In Fig. 2 we show the current-voltage characteristics of the regimes of transient 
divisible and low-mobility cathode spots for various parmmeters of the shock-heated gas, ob- 

tained in a series of preliminary experiments. As the shock-wave Mach n~-r~ber Mi and the 
plasma conductivity decrease, the characteristics for the divisible spots shift to the right, 
into the region of higher interelectrode resistance. The current-voltage characteristics 
far from the shock wave, deep in the gasdynm]lic plug, at M~ = 9.7-10.1 have steep portions 
with rapidly growing current. The discharge current increases fivefold when the voltage 

r% 1~ V. 1 t% . changes by Iu-mJ At Y > -Ou -~sec, i.e , in the equilibriuz,~ zone, the current-voltage 
unaractez• do not significantly depend on the position of the shock wave relative to 
the electrodes for the same Mi (T is the discharge time after the electrodes are short- 

ml  . . . . .  J 1 . . . . . .  circuited with the arrival of the shock front). ~,,u beuu in the current-voltage c,,arauter- 
istic at I > 50 A may perhaps be a consequence of a lower plasma conductivity at Mi = 9.3, 
which is consistent with the higher o|~aic resistance of the interelectrode gap. Indeed, 

the plasma resistance is RpI = I.I S at Mi = I0 and I = 50 A and Rpl = 1.5 ~ at Mi = 9.3 
and I = 7.3 A. 

Because of the low electrical conductivity at I'll = 9.3-10 the current-voltage charac- 
teristics in the region of the relaxation zone also lie considerably to the right of those 
obtained for the regions of the plasma deep in the gasd~nlazrdc plug. A similar result was 
also obtained for M i = 8.6. 

unarauter• The intersection of the current-voltage .......... of the relaxation zone with 
~1  . . . . .  t ~ - z - - - ~  L [ | ~  - I _ -  1 I - _  _ & -  LLIU~U UULaZnUU deep i n  ~ - -  r e g i o n  o f  t h e  ~nuCK-L,UaLed gas i s  a t t r i b u t e d  t o  t h e  e f f e c t  o f  
t h e  ' . . . . . . . . . . . . . . . . .  ~ ~ - t~L-cE[ te~  o f  t h e  t n e L m a l  l a m i n a r  b o u n d a r y  l a y e r ,  w h i c h  i s  smd•177 i n  t h e  r e l a x a t i o n  
zone d i r e c t l y  b e h i n d  t h e  shock wave t h a n  deep i l l  t h e  reg ior~ o f  t h e  s h o c k - h e a t e d  gas f o r  
points ~ = = n ~_ . L-J. Points 1 at MI ~.u and I = 7 3 and I0.I A, therefore, lie above points 2-5. 
The differences in the discharge currents at Mi = 9.3 for the time ~i = i0 -~sec as well as at 
Mi = 8.6 are in agreement with the values of the conductivity in the relaxation and equili- 

rF. britm~ zones [u]. 

A d e c r e a s e  i l l  t h e  l,|acu nLEftueI r~ 1 and t h e  a p p r o a c h  t o  t i l e  shock wave w i t h  a c o r r e s p o n d i n g  
decrease of the plasma conductivity shift the current-voltage characteristics to the right, 
to the region of a large voltage drop between the electrodes. 

Figure 2 shows two groups of points, obtained in separate experiments, which fall out- 

. . . . . . . . . . . . . . . . . . .  ~.o ~Upl = 80 V) and 8.0 (Upl - • V), according slue tnu gune[a~ • Tne po• ~t ~"i - ~ o /,, ~ ,, _ ~ 

to high-speed photoscamiing, correspond to a regime of peripheral inm~obile spots, wlhile 
divisible spots were recorded at currents of about ~J' = A and intuze• voltages of 70 V 
. . . . . .  r,, = V) outn divisible and irrmlobile spots were observed at r, i = 8.6 and I -- 60 A [Upl II0 (Fig. 
3) where 1 are photoscans of the glow of tL-ansient divisble cathode spots on a copper elec- 
trode, coated with an oxide film (Pl = •177 Pa, U = 78 V, ~'~i u/, 2 is the glow of 
hunulvislb~e irrm~obile cathode spots on a polished copper electrode (Pi = 1.3"I0~ Pa, U = ou~ 
V, Mi = 9.8)]. The transient divisible cathode spots encompass almost the entire surface of 
the electrode�9 The nondivisible spots are carried away by the flow and are deposited on the 
rear back edge of the electrode�9 

From the discussion above it follows that the resistance of the regions adjacent to the 
electrodes for divisible spots is lower than in the case of peripheral arc clamping, which is 

r~ consistent with the data of L, ], where the voltage drop became smaller as the u~-~ue~ ....... of 
spots on the elecrode increased. 

~l~ct[ • --1 ...... " �9 __ In s-mTm-,ary, the -~ ..... una[acLerlstius of a discharge evidently are determined 
essentially by the form and position of the cathode spots: in-Enobile cathode spots at the 
electrode edges have a higher o]-m]ic resistance than do divisible transient spots. 
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OPTIMIZATION OF THE INTERNAL SOURCE IN THE PROBLEM 

F~u~ AROUsu A SPHERE OF MHD ......... 

V. I. Shatrov and V. I. Yakovlev u ~  J ~ 3 . 9  

Studies on the effect of electromagnetic body forces on the hydrodynamic pattern of the 
flow around bodies propelled by internal sources of electromagnetic fields have become of 
interest in connection with the design of magnetohydrodynmn]ic propellers for submarines and 
surface vessels (see, e.g., [I, 2] and their bibliographies), ou~ ...... studies for the case of a 

o E . 1  z _ 1 _  sphere as an example were started in [J-J] for fixed sources, wn• were chosen from qualita- 
tive considerations and are not optimal1. 

Clearly, the distributions of the electric and magnetic potentials at the surface of the 
sphere should be optimum, ensuring that the electrical energy cons~aption for propulsion at a 
given speed be minim-~n. Our goal here is to formulate the complete variational problem for 
determining the optim~il potentials, construct the solutions of some simplified (variational) 
pxuu• and analyze them. 

I. We consider a sphere of radius a with an internal source of fields, which was des- 
cribed in [3]. Electromagnetic fields in a liquid are characterized by the scalar potentials 

E = - -V [q~(r, 0) sin real ,  B = - -V  [X( r, 0) cos ma].  

~t ~ ~ LiF[t~kl The velocity field is . . . . . . . .  to be axisyi~-netric, 

t 
r sin 0 - -  7 g 6 e r  + eo , 

(~ ~.i) 

(Io ~A 

and is described by the stres~n function ,(r, ~ ~x } (the sense of .... Ln~ axisyvcm]etry ass~-nption a,u 
some cov~• cortcerning its applicability are given i n  [3]). x,lu functions ~(r, o), 
x(r, e), ~(r, O), andw(r, O) [vorticity curly = W (r, 0)e~] are determined from the problem 

mX ~ = . J ]  L~ = ~ w ,  L% 0 ( I  

02 2 a t 02 t c o s 0  0 m 2 
L - - - - + - -  + - - - - +  - -  ; 

- - a t  2 r ~ r z 002 r 2 s i n 0  00 r 2 s i n  20  J 
i [a ,  o w o~ o zv ] 1 t E 2 ( r s i n O w ) + N  < c u r l e r > = 0 ;  

2r [ ~ 0 0  r~n0 a0 Or ~sin0 -~ Re r s i n 0  (1.4) 

E 2 ~ _ r w s i n 0 = 0  IE2 a 2 sin0 a t a )  
Or - - ' ~ +  r ~ ~0 s inO aO ; (1.5) 
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