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Detailed theoretical and experimental studies have been made [i] on the interaction be- 
tween an arc discharge enclosed in an insulating channel with a gas flow in a magnetic field. 
Such a discharge acts as a form of plasma piston in the flow, since the gas can flow only 
near the walls, in the boundary-layer region. That type of interaction occurs in an MHD 
generator channel and in a railsotron. The plasma piston in an MHD generator is subject to 
an electrodynamic force I• which retards the flow [2, 3], while in a railsotron, con- 
versely one gets acceleration [4]. The discharge drift rate v D relative to the gas flow 
coincides in direction with the I• force, while in the case of an ideal impermeable piston, 
one should have v D = 0. However, measurements [5, 6] show that under certain conditions, the 
discharge moves relative to the gas flow in a sense opposite to that of the electrodynamic 
force. 

Here we consider how discharge drift arises and examine the structural dynamics under 
a retarding electrodynamic force. 

We consider an arc discharge representing an impermeable piston in a supersonic gas flow. 
The current in the discharge region is maintained by the induced electric field, which is 
defined by E = (K - l)uB0, in which K is the load factor, which characterizes the external 
circuit, u the arc speed relative to the channel wall, and B 0 the external field induction. 
That type of arc occurs in magnetohydrodynamics as a self-maintaining current layer (T layer) 
[ 7 ] .  

We evaluate the various mechanisms producing the discharge region with the following 
MHD interaction parameters: pressure in flow p z 0.i MPa, flow speed u z 10 3 m/see, external 

induction B 0 z 2 T, arc size along axis 6 z 0.i m, gas temperature in discharge region T D = 
10 4 K, electrical conductivity o z 10 3 ~-Z.m-1 , and channel length ~ z i m. The arc resi- 
dence time in the channel T* = s ~ 10 -3 see is comparable with the characteristic times in 

the dynamic processes: T~=8/~RTDNIO-5--10 -4 sec, the force-balance settling time, ~ = 
cpp TD/(~u2B~)...IO -3 sec the gas heating time arising from Joule dissipation, and ~ = cpp52/% 
I sec the temperature-balance settling time due to thermal conduction. This relation shows 
that within the interval ~F < t < T*, there is a nonstationary heat-balance settling process 
in the channel involving Joule dissipation and radiation. The convective energy losses to 
the walls at about i0 4 K are unimportant by comparison with the radiative losses [8], while 
there is no convective heat transfer from the discharge to the flow in the impermeable-piston 
model. The induced magnetic field is Bind/B 0 = (i - K)R m ~ 0.3U0ou6 < 0.I, so its effect can 
be neglected. 

These estimates are used with the magnetogas-dynamic equations for the discharge region 
and t > ~F to get the simplification 

~dp/ds = ~ (K -- I) uB~; 

e~pdT/dt -- dp/dt = a(i -- K) ~ u~B~ -- qR; 

dx/ds = p-l; 

p = pRT; 
qa = div H,, 

in which p i s  gas d e n s i t y ,  s the  Lagrangian c o o r d i n a t e ,  and H =  [ .,%(0, v) cos OdOdv 
0 0 

flux density. 

(i) 

(2) 

(3) 
(4) 
(5) 

the radiation 

The spectral radiation intensity Jv is derived by solving the radiation 
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transport equation for a planar radiating layer having an inhomogeneous temperature distribu- 

tion along the axis: 

cos OddJds = - - ~ ( ] ~  - -  B.) .  ( 6 )  

Here 0 is the angle between the x axis and the radiation propagation direction, ~v the mass 
spectral absorption coefficient, and By the Planck function. 

We supplement (1)-(5) with integral relations describing the flow of a nonconducting gas, 
which are necessary to determine the T-layer speed and specify the conditions at the bound- 
aries of it. If there is force balance, 

6 

Pl (u) p~ (u) = uB~ (t  - -  K)  ~ ~ (x) dx, ( 7 )  
0 

i n  w h i c h  P l  i s  t h e  p r e s s u r e  b e h i n d  t h e  s h o c k  wave  d i v e r g i n g  f r o m  t h e  T l a y e r :  

(8) 

with P2 the pressure in the expansion wave: 

p~ = po(c2/Co)~Y(~-~). ( 9 ) 

The Mach number in the shock wave M I = (u 0 - D)/c 0 is calculated from the conservation of 
matter at it: 

Uo -D=_pI= (?+I)M~/2 (i0) 
u - - D  P0 t + ( ? - - t )  M~/2" 

The  s p e e d  o f  s o u n d  c 2 i n  t h e  e x p a n s i o n  wave  i s  d e r i v e d  f r o m  t h e  c o n s e r v a t i o n  o f  t h e  R i e m a n n  

i n v a r i a n t  i n  a s i m p l e  w a v e :  

c2 = co - -  (7 - -  i)(uo - -  u)/2. ( 1 1 )  

Then  (7)-(11) c a n  be  u s e d  w i t h  t h e  known o ( x )  t o  d e r i v e  u u n i q u e l y .  

The initial condition for (i)-(ii) is a supersonic unperturbed flow having parameters 
P0, To, and u 0, which are related to the retardation parameters and the Mach number in the 
unperturbed flow by P0 =P~ [I + (7 -- 1)M~/2]-v/(v-1)~ To ---- Ts[l + (7 -- I)M~/2] -I, u0 = Mo(yBTs)I/2. 
The initial parameters in the plasma region are specified by the scale 60 and temperature T D. 

The gas-dynamic and radiation-transport equations are solved together during iterations. 
The algorithm for solving a magnetogas-dynamic equation system has been described in [9]. The 
radiation fluxes have been determined by averaging the radiation-transport equations [10] on 
the basis that the transport equation is solved completely after a certain number of time 
steps. In our calculations, the numerical integration was based on 560 frequency ranges 
divided into 10 groups, together with 20 angular intervals. Atthe intermediate times, the 
magnetogas-dynamic equations were solved together with a multigroup averaged-equation derived 
fromcomplexes integrated with respect to frequency and angle, which were computed from the 
complete solution to the transport equation. These averaged equations are exact in the sense 
that they give the same radiation pattern as the exact solution for a given temperature pat- 

tern. 

The working-body thermodynamics may be described by an ideal-gas equation having effec- 
tive adiabatic parameter 7 = 1.25 and molecular weight 29. The conductivity o(T, p) and the 
absorption coefficient k~(T, p~ ~) = Pxv corresponded to those for an air plasma [ii, 12]. 

Figures 1 and 2 show the current-layer formation for M 0 = 2, Ps = I MPa, T s = 3"10 ~ K, 
and K = 0.7. The curves represent the following instants: 0) initial profile, i) ~F, 2) 
1.5"10 -4 , 3) 6"10 -4 , 4) 1.2"i0 -a, 5) 1.8"10 -3 sec. The initial isobaric temperature per- 
turbation was specified as a sine wave. In time t ~ zY, the current layer is retarded and a 
pressure difference arises across it; the bulk force produces an adiabatic structure in the 
plasma piston: in the high-pressure region, the gas is heated, whereas it is cooled in the 
expansion wave. In the subsequent evolution, the main part is played by the balance between 
Joule dissipation and radiative heat transfer. In time t ~ <Q, the adiabatic structure is 
rearranged and a profile arises having peaks in the temperature and conductivity adjoining 
the expansion wave. Calculations with various initial conditions showed that the scale of 
the resulting T layer is almost independent of that in the initial perturbation, being com- 
pletely determined by the flow parameters. It has been found [13] that a similar structure 
arises with a maximum current density in the expansion-wave region. 
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Figure 2 shows that for t ~ ~Q, the conductivity peak is displaced into the expansion- 
wave region, while the conductivity falls in the high-pressure region. Consequently, the 
conducting zone begins to move (slide) relative to the gas flow at a speed of about 30 m/see. 
This sliding relative to the nonconducting flow in a sense opposite to that of the electro- 
dynamic force alters our view on the T layer as a formation localized in a certain mass of 

gas [14]. 

A sliding T layer can occur if there is heat transfer that raises the temperature in 
the nonconducting layers. However, such transfer of itself does not ensure that the conduct- 
ing region slides. For example, no such effect was found in [15] in a discussion on T-layer 
formation by Joule dissipation and thermal conduction. 

The sliding T layer can be explained as follows. The high-temperature central zone in 
T layer emits radiation, which is absorbed in the peripheral low-temperature parts. The less- 
dense gas in the expansion wave is heated much more rapidly than the dense gas adjoining the 
compression wave. When the gas is heated in the low-pressure region, the thermal ionization 
increases, and a current begins to flow, which completes the heating. In the high-pressure 
region, the hot gas has elevated emissivity, so the temperature there falls and the gas 
loses its conductivity. The two mechanisms together result in a dynamic equilibrium, and the 
current layer as a whole is displaced relative to the nonconducting flow in a sense opposite 
to that of I• 0. The sliding velocity is evidently overestimated in this model, because no 
allowance is made for any change in the specific heat of the gas with temperature. 

A sliding discharge has also been observed in experiments with inert gas [6], where 
streamer displacement occurred in an MilD channel at a relative speed constituting 5% of the 
flow speed. A difference from a molecular gas was that the discharge drift here can be sup- 
ported not by ordinary thermal heating but by radiative ionization transport. 

It is difficult to perform a more detailed analysis on the T-layer structuring by radia- 
tive transport because the absorption coefficient has a highly nonlinear dependence on fre- 
quency, temperature, and pressure. At the same time, the qR = divH distribution derived from 
the radiation-transport equation can be used for a model temperature profile with uniform 
pressure, which shows that bulk radiation occurs for the central regions in the plasma layer, 
whereas absorption predominates at the edges (Fig. 3). This qR distribution enables one to 
simulate the radiation losses as the combined effects from the bulk emission in conjunction 
with thermal conduction represented by an effective thermal conductivity %*. The energy loss 
in that case is 

qR = 4~Re(T~ P~ 8) T4/6 - -  ~*a2T/Ox~ (12)  

where o R is Stefan's constant, ~(T, p, 6) the emissivity of a hemispherical isothermal volume 
having radius 6, and X* = const. The approach is similar to that in the modified diffusion 
approximation [16], in which the radiation is represented as a superposition of approxima- 
tions for optically thick and optically thin bodies. Incorporating the energy loss as in 
(12) greatly simplifies the analysis, and the computations require much less time and memory. 

Figures 4 and 5 show the T-layer structuring for %* = i00 W'm-l'K -I for the same param- 
eters, where the curves correspond to the following instants: 0) initial profile, I) TF, 2) 
5-10 -4 , 3) 10 -3 , 4) 3.10 -2 , 5) 7"10 -3 see. This loss model provides a drifting conducting 
zone, where the structuring is similar to that found from a calculation incorporating radia- 
tion transport. Quantitative correspondence can be provided by choosing I*(T, p). That 
approach may be promising for two-dimensional treatments, in which it is difficult to use 
even radiation-transport equation averaging because of the vast amount of computational time 
required. 

A comparison has been made with the bulk emission model (with ~* = 0), which indicates 
that bulk radiative losses have the largest effect in the central hot current-layer zone. 
The blackness r is almost directly proportional to the pressure for the characteristic param- 
eters, so the interaction produces a temperature peak in the low-pressure region. The sta- 
bilized structure produced by bulk radiative losses is [9, 17] independent of the initial 
perturbation shape and scale, being completely determined by the process parameters. 

The effective thermal conductivity mechanisms has an effect mainly near the boundaries 
of the T layer, where the temperature gradients are largest, while it has virtually no ef- 
fect on the energy balance for the central zone. Therefore, conducting-zone drift is pro- 
vided by that mechanism, which heats the nonconducting gas. This is confirmed by the rela- 
tion between the discharge drift rate and X* (Fig. 6): at first, as k* increases, v D increases 
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because cold gas is heated more, but as X* increases further, the T-layer boundaries become 
ve~y diffuse and the temperature gradients decrease, which first stabilizes the speed and 
then reduces it. The dashed line shows k* such that the energy losses due to effective con- 
duction increase so much that the T layer breaks up because the gas cools and loses its con- 
ductivity. For a real value for the conductivity X = i W'm-I"K -I, the conduction mechanism 
has virtually no effect on the T-layer structuring. 

Radiation transport can thus be incorporated into a model for an impermeable plasma 
piston interacting with a magnetic field to demonstrate the current-layer drift relative to 
the gas flow in a sense opposite to that of the electrodynamic force, which enables one to 
establish the mechanisms supporting the drift. Of course, a real plasma piston is permeable 
to thenonconducting gas, at least in the boundary-layer region, so in measurements, the 
discharge begins to move in the opposite sense to I• o if the drift speed exceeds the flow 
speed. Clearly, that is possible above a current I at which the discharge column covers the 
cross section and provides a sufficiently powerful radiation flux. 
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SIMULATING THE CATHODE REGION IN A STATIONARY SELF-MAINTAINED 

GLOW DISCHARGE 

V. A. Shveigert and I. V. Shveigert UDC 537.52 

The cathode region is the most important part of a gas discharge as it is responsible 
for the very existence of it [I]. The electric fields are strong and highly inhomogeneous 
there, and consequently there is a nonlocal relation between the electron distribution and 
the field strength [2], which substantially complicates examining that region. At present, 
there is no self-consistent analysis for that region that incorportes the nonlocal electron 
distribution and the relations between the various parts of the cathode region: the cathode 
layer, the negative glow, and the Faraday dark space. In [3, 4], the layer was examined 
most fully, but the discussion concerned short discharge gaps, where there is virtually no 
weak-field region. Here we present a model that treats the cathode region in a self-consis- 
tent fashion. The results are briefly compared with ones for discharges in helium. 

We consider the case of low cathode potential differences (Uc ~ 500 V) and medium gas- 
atom concentrations (N ~ i016-i017 cm-S), for which one can neglect the participation of fast 
ions and neutral particles (in direct ionization, as well as kinetic electron ejection from 
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