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Numerical Simulation of the Inhomogeneous Discharge Structure
in Noble Gas MHD Generators
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Eindhoven University of Technology, Eindhoven, the Netherlands

A numerical calculation has been developed to describe the two-dimensional, time-dependent behavior of an
inhomogeneous plasma in nonequilibrium MHD generators. The development of "streamers" as typical
discharge structures is simulated. A cesium-seeded argon plasma is considered. The numerical conditions used in
the calculations are set equal to the experimental conditions used in the Eindhoven shock-tube facility. The
elliptic part of the equations is solved by the finite-element method and the hyperbolic part by integration along
the characteristic lines. It is found that the current concentrations on each electrode edge grow within
microseconds into discharge structures which are concentrated in nonstationary streamers transverse to the gas
flow. After they are formed, these streamers are frozen in the gas and are convected downstream at the gas
velocity. Inside the streamers the cesium is fully ionized and the electron temperature is in range of 4000-6000 K,
and outside the streamers the electron density is about 1019 and the electron temperature is about 2500 K. These
calculated results agree quite well with the experimental ones observed in the Eindhoven shock-tube facility.

Nomenclature
B = magnetic induction
8/ = ionization potential
E = electric field
E* = induced electric field
e = charge of the electron
h = channel height
IL - load current
j = current density
K = load factor of a generator
k = Boltzmann constant
kjt kr = ionization and recombination rate coefficient,

respectively
M = flow Mach number
me = mass of an electron
trij = mass of species j
N = interpolation function
ne,ns = electron and seed density, respectively

, Pd = electrical output density of a generator
Pe'Ps ~ electron and stagnation pressure, respectively
QJ = momentum transfer cross section of electrons with

species j
Qr = radiation loss
qe = electron heat flux
s = electrode pitch
Sf = seed ratio
T = heavy species temperature
Tet Ts = electron and stagnation temperature, respectively
t = time
u = heavy species flow velocity
ue = electron drift velocity
VL - load voltage
w = channel width
]8 = Hall parameter
0eff = effective Hall parameter
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Vj = collision frequency of electrons and species j
a = electrical conductivity
°eff = effective electrical conductivity
Tne, relax = relaxation time of electron density
TTe relax = relaxation time of electron temperature
\l/ = current stream function

Introduction

SHOCK-tube experiments as well as experiments in con-
tinuous MHD generator flows of seeded gases show a

strongly nonuniform discharge structure.1"3 The observed
streamers can be explained as the result of nonlinear growth
of ionization instabilities.4 Because of the strong
nonuniformity of the discharges a quantitative description
cannot follow from a linear or a quasilinear instability
theory.5'6 The influence of strong nonuniformity on the
electrical behavior of the gas can be described by considering
statistical characteristics of the fluctuations as a preassump-
tion.7'8 For the description of the development of ionization
instabilities in the MHD channel, numerical simulation
studies are of importance. These calculations are carried out
in the nonlinear domain and take into account the boundary
conditions of the duct. Lengyel9 and Velikov10 have found
numerically the inhomogeneous structures in nonmoving
plasmas. Uncles11 has studied the more realistic case where
the convection term is included.

The aim of this study is to explain the inhomogeneous
discharge structure as observed in the Eindhoven shock-tube
facility as the result of nonlinear growth of ionization in-
stabilities by numerical simulation of the plasma. A two-
dimensional, time-dependent numerical model is used. The set
of governing equations consists of two parts, one elliptic and
the other hyperbolic. The elliptic part is solved by the finite-
element method12 and the hyperbolic part by integration
along the characteristic lines. The finite-element method in
which the physical model is represented by elements has the
advantage in dealing with the convection term over the finite-
difference method in which the physical model is represented
by points. Careful estimation of the characteristic relaxation
time of the electron density and temperature is important in
determining the space and time steps in the calculation.
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Theoretical Model
Basic Equations

In studies of the stability and discharge structure of
nonequilibrium, partially ionized plasmas, it is frequently
sufficient to consider the heavy particle properties as
prescribed and constant in space and time. In this limit the
governing equations of the Ar-Cs plasma are given by the
following set

-—ot
-—• + V • (neue) = kfne (ns-ne) -krn3

e=ne

(2)

(3)

(4a)

a=e2ne/met>e

E*=E+uxB

pe = nekTe

j=nee(u-ue)

= 2A2x\02lkrT3
e
/2exp(-&i/kTe)

V-gc-6tf (5a)

where
(6)

(7)

(8)

(9a)

(10)

(U)

(12)

(13)

(14)

j = 1, 2, or 3 denotes argon atoms, cesium atoms, and cesium
ions, respectively. The electron-atom cross sections for argon
and cesium are taken 0.280X 10-20(1.46x lO~3Te -0.535)
m2 and 0.5xlO~1 7 m2, respectively. The electron-ion
collision cross section is taken from Spitzer.13 V -qe and QR
are the heat conduction and radiation loss, respectively.

In these equations, only single ionization of cesium by
electron-atom collisions and three-body recombinations are
considered. Charge neutrality and low magnetic Reynolds
number are also assumed.

Further Assumptions
We shall further make the following assumptions:
1) The heavy particle velocity has the form u = (u, 0, 0).
2) The magnetic field has the form B = (0, 0, B).
3) All quantities are constant in the z direction,

(15)

Equation (la) then reduces to

E*x= ( I / a ) (A+/3/V), E}=(l/a)(-0jx+jy) (Ib)

where,
E;=Ey-uB (9b)

Using the above assumptions, the electron continuity and
electron energy equations are reduced to the following set:

1 dne _ ne u dne

ne dt ne ne dx (4b)

8Te

Te dt 3kneTe a

-(
Te'ft mj

3kTe/ ne 3 ne dx 3\ nee/ Te dx
dTe 2 2 QR

3 nee Te dy 3 kneTe 3 kneTe
(5b)

Moreover, in Eq. (5b) we will neglect all terms including space
derivatives and the radiation term QR with respect to the first
three terms. Then Eq. (5b) becomes

re dt 3kneTe

/, , &i
~ ™i

3kTe/ ne
(5c)

The validity of these assumptions is checked after the solution
has been obtained.

Gasdynamic and Geometrical Conditions
The gasdynamic conditions used in the calculations are

taken equal to experimental values obtained in the Eindhoven
shock-tube facility: stagnation temperature T5=2000 K,
Mach number M= 1.6, static pressure ps = 1.2 atm, magnetic
field B = 3 T, load resistance RL=2ti, and seed fraction
5y = 2 x l O ~ 4 . From these conditions it follows that the gas
temperature T= 1079 K, the gas velocity w = 980 m/s, the
argon number density nA =8.16x 1024 m~ 3 , and the cesium
number density ns = 1.63 x 1021 m~ 3 .

The dimensions of the channel have been chosen equal to
two-fifths of the dimensions of an actual Faraday channel:
the channel height h= 40 mm, the channel width w= 40 mm,
one pitch length 5= 10 mm, and the electrode width c = 4 mm.
One section of the segmented electrode Faraday channel is
shown in Fig. 1.

Stream Function
Equation (2) permits the representation of j in terms of a

current stream function defined by

dx
(16)

An equation for \j/ is developed using Eqs. (16) and (3) and the
relation V x (u x B) = 0

del/ d\l/ d\l/
*=- -(--J1-/5--I-

dx C a \ dx dy

4) The term Vpe/nee in Ohm's law is neglectable.
(17)
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At the electrodes the electrical boundary condition is

Ex = 0 (18a)

Substitution in Ohrn's law and application of Eq. (16) yields

-j~-by (18b)

The electrical boundary condition at the insulators is
jy=0 (19a)

or
\l/ = const (19b)

By definition \l/ is taken equal to zero at the left insulator.
Then i//(AB) = \HEF) = 0 and \KCD) = \HGH) = IL / w where IL
is the load current (see Fig. 1).

Periodicity is assumed over the one pitch length s

,y) =j(0,y)
or

(20a)

(20b)

Numerical Procedure
Basic Procedure

After the application of the assumptions to the basic
equations, the set of equations to be solved consists of Eqs.
(Ib), (16), (17), (4b), and (5c). Because the character of the set
of equations is of the elliptic-hyperbolic type it is obvious, for
solution purposes, to divide the set into an elliptic and
hyperbolic part. At t<0 the plasma is assumed to be in Saha
equilibrium with the electron temperature equal to the
stagnation gas temperature. At t = Q the electrodes are con-
nected to the external circuits, and the resulting current or
potential distribution is solved from Eqs. (Ib), (16), and (17)
which form an elliptic set. Having found the current of
potential distribution, the ne and Te distributions at the next
time step can be found by integrating Eqs. (4b) and (5c) which
form a hyperbolic set along their characteristics. This
procedure is repeated for sequential time steps.

Fig. 1 Section of a segmented J
electrode Faraday channel. z
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Fig. 2 A rectangular element.

Elliptic Part
From a known ne and Te distribution the current

distribution is solved by using a finite-element method. The
one-pitch region S (ADHE) shown in Fig. 1, in which the
current distribution is to be calculated, is divided into small
rectangular elements. Within one element having the nodes 1,
2, 3, 4 in space defined by the x,y coordinates shown in Fig. 2,
we shall assume that ne and Te and hence a and 0 are constant
and that the stream function \I/(x,y) is given by

where

and

( N ( x , y ) ] T = [N; (x,y) •

(21)

(22a)

(22b)

in which \l/f represents the value of \l/ at node /, and Nf(xry) is
an interpolation function expressed by

TV, (x,y) = at + b(x + cfy + dtxy (23)

in which the coefficients a/, bi9 c/, and dt can be determined
by the coordinates of the four nodes of the element.

From the Galerkin process, the value of \[/ of every node is
determined so that they satisfy the next set of equations,
namely Eqs. (19b) and (20b) and the following weighted

Fig. 3 Definition of the relaxation times, Tne>relax and r^ reUlx of the
electron density and the electron temperature.

ne«<m"3)

1.38x1021 1.63x1021

\neo= 7-58*101 m~ T=2000K

\

2000 4000
( K )

6000

Fig. 4 The relaxation time rn^relax for ne0 = 7.58X1018 m ~ 3 as a
function of ne(x at Te =2000 K and the relaxation time rrerelax as a
function of Te<x at ne =7.58xl018 m~ 3 (the upper and lower
horizontal scales are related in such a way that neoo is the Saha value at
the corresponding Teoo).
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integral of Eq. (19a) over the one-pitch region S,1 where

(24)

Equation (24) must be established for every node / in region 5
except the nodes on AB, CD, EF, GH, AE, and DH in Fig. 1.
Applying the Gauss theorem to Eq. (24) yields

s (25)

where C = AEHDA. Since / is not the node on AB, CD, EF,
GH, AE, and DH, TV, -0 on AB, CD, EF, GH, AE, and DH
in Eq. (25). The second term of Eq. (25) then reduces to

f c f F
N;Exdx- N^JB JG

(4x4)

-l3[Ny }[NX}T + (Ny } [Ny }T)dxdy (29)

and Ny meansin which Se is the area of each element and N
dN/dx and dN/dy, respectively.

By solving the set of simultaneous equations, Eq. (28)
together with Eqs. (19a) and (19b), we finally obtain the
values of ^ at every node and then from Eq. (16) the current
density j can be calculated. The one-pitch region is divided
into 40x10 = 400 elements (A* = 0.25 mm, Ay = 4.0 mm).
Since the convergence of the solution of the simultaneous
equation is very slow by the conventional successive over-
relaxation (SOR) method in our high 0 case (0= 16 at r = 0),
the direct inversion method has been applied.

Moreover, from Eqs. (18) and (9b), E*=EX=Q (on BC and
FG) so that Eq. (25) becomes

(26)

substituting Eqs. (Ib) and (16) into Eq. (26) yields

dy

-0——dy \ dy dx
(27)

Dividing the region S in Eq. (27) in elements, and using Eq.
(21), we get finally

£ [Ke](*e}=0 (28)
all elements

"eco (m"3)

7.58x1018 3.85*102° 1.38x1021 1.63x1Q21

10

10

-t-

\ a*°'
\

3.85x10 m~3T=3000K

rTe,relax
7-ln relax

20 TV
T = 2000K,n=3.85x10 mi-V—

Teo= 4000K TV3'85xlo2°I";3

feo= 6000K ,ng=

2000 4000 6000
( K )

Fig. 5 The relaxation time Tnerelax for ne0 =3.58x 1020 m ~ 3 as a
function of neoo at Te =3000 K and the relaxation time Tr^reiax as a
function of Te at we=3.58xl020 m~ 3 (the upper and lower
horizontal scales are related in such a way that neoo is the Saha value
at the corresponding Teoo).

7.58x10
18

1.38x10„ U3x10

10,-7

t neo= 1.38x10 m""3
tT=4000K

7"
n ,relax

21-XTeo=2000K,n=1.38x10 m

r8o_ 4000 Ktne=1.38x10 m3-————x^

TBO= 6000 K ?ne=1.38x1021 ml

CTe,relax

2000 4000
( K )

6000

Fig. 6 The relaxation time Twereiax for «e(? = 1.38xl021 m ~ 3 as a
function of ne at Te =4000 K and the relaxation time Trere,ax as a
function of Te at ne = 1.38xl021 m~ 3 (the upper and lower
horizontal scales are related in such a way that ne<x> is the Saha value at
the corresponding value of Te<x).

Fig. 7 Current streamline distribution shown at eight time instances
before the constricted discharge structure is formed: a) f = 0, contour
interval 0.082 A; b) t= 1x0.255 jis, contour interval 0.095 A;
c) f = 2x0.255 /is, contour interval 0.103 A; d) t = 3x0.255 pis,
contour interval 0.114 A; e) t = 4 x 0.255 /*s, contour interval 0.114 A;
f) t = 5x0.255 /is, contour interval 0.226 A; g) t = 6x0.255 /ts,
contour interval 0.448 A; g) t = 8 X 0.255 /*s, contour interval 0.992 A.
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Hyperbolic Part
In order to follow the changes of ne and Te in time, Eqs.

(4b) and (5c) must be solved simultaneously. The time step
chosen should be small enough and is determined by the faster
one of the changes ne and Te. In most discussions of the
linearized theory5 or numerical simulation11 for the
ionization instability, it is assumed that ne is related to the
electron temperature through the Saha equation, which means
that ne is assumed to relax instantaneously to its equilibrium
value. However, for nonlinear calculations, the validity of
this assumption must be checked from the values of the
characteristic relaxation times of ne and Te for relaxation to
the equilibrium values.

From the linear approximation the characteristic relaxation
times for ne and Te are calculated by putting the initial value
of ne and Te in the right-hand side of Eqs. (4b) and (5c),
respectively.6'9 Since these equations are nonlinear dif-
ferential equations, it is possible that the real relaxation time
is quite different from the one calculated by the above linear
approximation. Therefore, we introduce the two relaxation
times Tn^relax and rTe>relax which are obtained by numerically
solving the nonlinear equations (4b) and (5c) in many prac-
tical cases as shown in Fig. 3.

In Fig. 4 the dotted line shows TWfrelax for ne0 = 7.58x 1018

m~ 3 (which corresponds to the Saha equilibrium value at
Te = 2000 K) as a function of ne, keeping Te constant at Teoo.
The solid lines show rre relax for various Te0 as functions of
reoo, keeping ne constant at 7.58xl018 m~'3 . The same
relations of Twerelax and rrerdax for ne0 = 3.58x 1020 m~ 3

(Saha value at 7; = 3000 K)'and for /i^ = 1.38x 1021 m-'3
(Saha value at re=4000 K) are shown in Figs. 5 and 6,
respectively.

In all three cases TT€>relax <^ rnejrelax, which means that the
electron temperature relaxation can be assumed to be in-
stantaneous compared to the electron density relaxation.
Hence, we will assume instantaneous temperature relaxation.
Then Eq. (5c) is reduced to

It follows from Eq. (30), that if the relation

3kneTe o

28f

3kTp

m=i m

(5d)

From this equation, the electron temperature Te can be
calculated by using the Newton-Raphson method.

Along the characteristic directions expressed by the
following differential form,

~d7=W ' ~d7 =

the continuity equation (4b) takes the form

dne— =kfne(ns-ne)-krn3
e

(30)

(4c)

(31)

is satisfied, the electron density ne can be calculated by the
Runge-Kutta method from Eq. (4c).

The time step At must be chosen carefully. It must be larger
than TTe>rdax to satisfy the condition dTe/dt = Q and smaller
than r^relax to follow the change of ne.

Putting A* = 0.25 mm and w = 980 m/s into Eq. (31) we get
A7 = 0.255 /-is. It can be seen from Figs. 4-6 that the above
conditions are satisfied by using this value.

Results
Growth of Discharge Structure

The time history of the current distribution from 7 = 0 to
8 x 0.255 jits is shown at different time steps in Fig. 7 (although

Fig. 9 Current streamline distribution at five time instances after the
formation of the constricted discharge: a) 1=10x0.255 /is, contour
interval 3.47 A; b) 7 =20x0.255 /is, contour interval 3.26 A;
c) t = 30x0.255 /is, contour interval 3.10 A; d) 7 = 40x0.255 /is,
contour interval 3.40 A; e) t - 40 X 0.255 /is, contour interval 3.54 A.

FIT

y y iii
21

Fig. 8 Illustration of eddy currents: a) 7 = 0; b) 7 = 2 + 3x0.255 /is;
c) 7 = 4 + 5x0.255 /is (the dashed areas indicate regions with high
conductivity).

Fig. 10 Electron density distribution at five time instances after the
formation of the constricted discharge structure: a) 7=10x0.255 /is;
b) 7 = 20x0.255 /is; c) 7 = 30x0.255 /is; d) 7 = 40x0.255 /is;
e) 7 = 50x0.255/is.
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Table 1 Value of Te, ne, a, 0, jx, and/,, of elements 24-37 at / = 30 X 0.255 /*s

Te

ne

a

24
2783
2731
2809

20
0.150

2
0.137

25
2753
2792
2769

20
0.132

2
0.118

26
2572
2902
2626

20
0.125

2
0.106

27
2524
3244
3845

21
0.554

3
0.181

28
3332
3981
5116

22
0.135

3
0.282

29
3692
5124
5652

22
0.161

3
0.309

30
3985
5881
5810

22
0.162

3
0.300

31
4711
5736
5403

22
0.162

3
0.303

32
4760
4005
3176

22
0.136

3
0.284

33
3871
3199
2543

21
0.177

2
0.924

34
3663
2592
2724

20
0.169

2
0.164

35
3378
2799
2780

20
0.105

1
0.952

36
2712
2834
2660

20
0.118

2
0.105

37
2708
2746
2533

19
0.842

1
0.787

17.2 16.8 16.0

3 3 3
0.650 0.404 0.605

6.14

4
-0.975

3.92

5
-0.256

3.60

5
-0.307

3.46 3.49

-0.282 -0.261

3.90

5
-0.186

9.75

4
-0.461

18.2

4
0.136

16.9 16.6 17.5

4
0.135

4
0.124

3
0.748

Jy 4
0.497

4
0.493

4
0.569

6
-0.151

6
-0.304

6
-0.370

6
-0.378

6
-0.358

6
-0.306

6
-0.101

4
0.410

4
0.380

4 4
0.464 0.284

the calculation is done in one segment, three segments are
shown in the figures). The nonlinear growth of the discharge
structure caused by the ionization instabilities is clearly seen
from this set of figures. It should be noted that the contour
interval of these figures is different for each time step and
increases rapidly with time.

The current concentrated parts at t = 0 near the electrode
edges on the anode and cathode will become regions of
relatively high conductivity. Both regions are convected
downstream at the next time t= 1 x 0.255 jus, which causes the
asymmetrical current distributions at subsequent times. Due
to the large conductivity gradient, the eddy currents will flow
as illustrated in Fig. 8a which leads to the current distributions
at t = 1 x 0.255 IJLS shown in Fig. 7b.

After a few time steps att = 2 or 3 x 0.255 /*s, the relatively
high-conductivity region spreads out, creating eddy currents
as shown in Fig. 8b. The eddy currents have negative x and y
components in the high-conductivity region since both E* and
E* are negative in the channel. Hence the current distributions
at these two instances become as illustrated in Fig. 7c or 7d.

The high-conductivity region becomes larger during the
next few time steps and at t = 4 or 5x0.255 JLIS it produces
large eddy currents as shown in Fig. 8c which result in con-
stricted structures in the center of the channel shown in Figs.
7e and 7f.

The constricted part extends toward the electrodes and
interconnects the anode and the cathode, finally forming
streamers at t-6 and 8x0.255 jus, the electron density and
current density in the streamers are of order 1020 m~ 3 and of
order 104 A/m2, respectively.

It is interesting to see that the constricted discharge
structure inclines about 45 deg from the original current flow
direction when the current constricts only in the center of the
channel (compare Fig. 7e with Fig. 7b) and that the angle
decreases in time since the discharge structure will be in-
fluenced by the boundary conditions at the constricted part
extends to the electrodes (see Fig. 7h).

Streamer Development
The time history of the current and the electron density

distributions after the streamers are formed until they are
fully developed is illustrated at five time instances (t= 10, 20,
30, 40, and 50x0.255 j*s) in Figs. 9 and 10, respectively. In
Fig. 9, the contour interval is taken nearly equal in five cases.
The current concentrations due to the shorting of the Hall
field always occur at the upstream edge of the anode and the
downstream edge of the cathode. These concentrations will
produce regions of high electron density, which are convected
downward along the electrode on the anode side and along the

r e< 6000K

^ Te< 5000 K

3000K^ Te< 4000 K

T < 3000 K

Fig. 11 Electron temperature distribution at t = 30 x 0.255 /AS.

insulator on the cathode side and which will contribute to
further current concentrations on the anode but not on the
cathode. This causes the higher electron density on the anode
side than the cathode side in Fig. 10. Electron temperature
distributions at t = 30x0.255 jus are shown in Fig. 11. The
values of electron density, electron temperature, conductivity,
Hall parameter, and current density corresponding to the
elements shown in Fig. 12 are listed in Table 1.

From Figs. 9, 10, and 12 and Table 1, the following
characteristics become clear:

1) High current density, high electron density, and high
electron temperature regions are strongly interconnected.

2) After the streamers are formed, they are frozen in the gas
and are convected downstream at the gas velocity.

3) Streamers move smoothly from one electrode pair to the
next and when they are located in the transient region of two
sections, they are electrically connected to two adjacent
electrodes.

4) At the instant the streamers are formed (t = 10 x 0.255 />ts)
the electron density in the streamers is of order 1020 m~ 3 and
increases in time until the cesium is fully ionized.

5) The electron temperature in the streamers is between
4000 and 6000 K.

6) Outside the streamers, the electron density is of order
1019 m'3 and the electron temperature between 2000 and 3000
K.

7) The streamer angle is somewhat in the direction of the
negatives axis.

8) Near the electrodes, the streamers are more irregular
than in the bulk region.
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Table 2 List of the nine terms in electron continuity and electron equations of elements 24-37 at t = 30 x 0.255 jts

24
Cj 5

1.42

C2 4
2.14

C3 6
2.16

C4 5
-4.50

C5 6
-1.70

Q 4
1.43

C7 4
-4.72

C* 2
-4.01

Cp 4
-1.53

25
5

1.91

4
3.56

6
2.71

5
-4.71

6
-2.25

4
2.38

4
-1.59

2
-2.82

3
2.00

26
5

3.14

5
-7.31

6
4.07

5
-5.12

6
-3.57

5
-4.88

4
-3.38

3
-1.23

3
9.94

27
5

2.40

5
-9.17

6
5.95

5
-9.08

6
-2.47

5
-6.12

5
-1.15

4
1.64

4
4.32

28
5

1.77

5
-2.09

6
2.97

6
-1.47

6
-1.51

5
-1.39

5
-1.67

4
1.26

4
6.71

29
4

9.16

4
-3.65

6
2.63

6
-2.02

5
-6.29

4
-2.43

5
-1.43

4
1.28

4
-6.85

30
4

1.28

3
-1.94

6
2.42

6
-2.40

4
-7.85

3
-1.29

4
-4.10

4
1.14

5
-1.65

31
3

-6.71

4
3.43

6
2.20

6
-2.32

4
4.19

4
2.28

5
1.38

3
3.92

5
-2.90

32
5

1.69

5
4.34

6
2.93

6
-1.48

6
-1.44

5
2.89

5
2.06

4
-1.18

5
1.54

33
5

8.34

5
8.60

6
9.45

5
-7.18

6
-8.67

5
5.73

4
3.31

4
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These results agree quite well with the experimental results
obtained from the shock-tube facility.3

Characteristic Time
Figure 13 shows the time dependence of the load current IL.

The characteristic relaxation time of load current is about 10
/AS in which the gas moves 1 cm along the channel. This value
agrees with the characteristic growth time of an individual
streamer determined from streak pictures taken during shock-
tube experiments.

Global Parameters
The global parameters at time t = 50x0.255 /zs are as

follows: load current IL =35.4 A, load voltage VL =70.7 V,

average power density P^ = 156 MW/m3, load factor
#=0.602, effective conductivity creff = 75.6 S/m and effective
Hall parameter /3eff =2.4. These values show a good generator
performance. This means that after the relaxation region the
generator performs well even under nonuniform conditions.

Validity of Simplified Equations
The two terms in the electron continuity equation (4b)

= —- = kf(ns-ne)-krn2
e,

w a«e
«„ d#

and the seven terms in electron energy equation (5b)

3~~ 3kneTe o """

- Z ^ f i L
3 nee Te dy

CQ=-
2 1
3 nekTe

2 u dnp

3 ne dx

are calculated for each element in Fig. 12 and are listed in
Table 2. For the calculation of the heat conduction term C9,
the following relation is used:

3 k Te 1 /d2Te d2Te

~2~me~7e 1+p2 \^x2~ + ~dy2~

It is clear from Table 2 that the Joule heating term C3 in the
electron energy equation is always of order IO6. Further, of
the other six terms, either the collision loss term C4 or the
ionization-recombination term C5 is of order IO6 and at least
one order larger than the other four terms Q, C7, C8, and
CP.
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Conclusions
A two-dimensional, time-dependent numerical model of a

partially ionized, highly magnetized MHD plasma has been
discussed. The following conclusions are derived from our
calculations:

1) The electron temperature relaxation time is much shorter
than the electron density relaxation time.

2) The constricted discharge structure is formed within 2 ps
as the result of nonlinear growth of ionization instabilities.

3) After the formation of a streamer, ne grows until the
condition of a fully ionized seed has been reached.

4) The characteristic growth time of a streamer is about 10
fJLS.

5) The streamers are frozen in the gas and are convected
downstream with the gas velocity.

6) The electron temperature in the streamers is between
4000 and 6000 K.

7) Outside of the streamers, the electron density is of order
1019 m"3 and the electron temperature between 2000 and 3000
K.

8) For the conditions considered, the effective conductivity
and Hall parameter are 75 S/m and 2.4, respectively, and the
average power density is 156 MW/m3 which means that after
the relaxation region the generator performance is good.
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