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Revised Abstract 

THEORETICAL AND EXPERIMENTAL INVESTIGATION OF A 

NON-EQUILIBRIUM PLASMA IN A MHD CHANNEL 

A. Veefkind, J.H. Blom, and L.H.Th. Rietjens 

Technological University 

Eindhoven, The Netherlands 

The behaviour of a MHD working fluid flowing in a linear channel can be 

described by the following equations: 

a. Continuity equations for each species of the gas. In the presented 

analysis ionizations occur by electron-atom collisions and recombinations 

by three particle collisions. 

b. One momentum equation for the electrons and one for the heavy particles 

(ions and neutrals). The heavy particles are assumed to flow only in one 

direction, so that the momentum equation for the heavy particles has only 

one component. The electron momentum is determined by the electron 

pressure gradient, the electric field, the Lorentz force and the elastic 

collisions with heavy particles. The heavy particle momentum is 

determined by the heavy particle pressure gradient, the electric field, 

the Lorentz force, and the elastic collisions with electrons. 

c. One energy equation for the electrons and one for the heavy particles. 

The electron energy is determined by Joule heating, elastic collisions 

with heavy particles and by ionizing collisions. The heavy particle 

energy is determined by elastic collisions with electrons. 
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d. The Poisson equation for the space charge density. 

The features of the working medium are chosen to be suitable for a typical 

laboratory plasma experiment in which electron temperature elevation and 

non-equilibrium ionization can be investigated. The medium is argon with 

some impurities which are assumed to be fully ionized. To get some ionization 

the electron temperature is taken to be about 5000 oK. The basic equations for a 

linear Hall geometry are solved numerically in the case of charge neutrality. 

This condition causes the problem to be overdetermined, so that contradictions 

may be expected. Solution of the equations without the conditions of space 

charge neutrality gives numerical problems which limit, so far, the channel 

distance over which a solution can be found. 

A disc generator experiment is prepared to measure non-equilibrium phenomena 

in commercially available high purity argon. In this experiment plasma 

pulses are produced by an inductive plasma gun: a vacuum switch having 

discharged a capacitor bank (~ 5kJ) over a one winding conical coil with a 

length of 0.15 m and a diameter increasing from 0.08 to 0.11 m. The current 

can be clamped by a second vacuum switch. The gas is supplied to the gun with 

a fast valve. 

The parameters in the produced plasma pulses are approximately constant over 

a length of about 0.2 m: the plasma cloud velocity is ~ 800 m/sec, the total 
22 -3 density is in the order of 10 m and the electron temperatures are in the 

range of 2000 to 5000 oK. The plasma parameters are strongly dependent on 

the voltage of the capacitor bank, the time delay between the opening of the 

valve and the moment of discharge, and the moment of clamping. 

March 1968 



INTRODUCTION 

THEORETICAL AND EXPERIMENTAL INVESTIGATION OF A 

NON-EQUILIBRIUM PLASMA IN A MHD CHANNEL 

A. Veefkind, J.H. Blom, and L.H.Th. Rietjens 

Technological University 

Eindhoven, The Netherlands 

Non-equilibrium ionization is a necessary condition for closed-cycle MHD 

energy conversion. In this paper especially the electron temperature 

elevation caused by Joule heating will be discussed. The behaviour of the 

working fluid can be described by continuity, momentum and energy equations 

for each species of the medium. These equations give the features of the 

medium both in the inlet relaxation region '(I) and in the major part of the 

generator. Usually, the condition of space charge neutrality is added to the 

basic equations. However, this condition causes the problem to be over

determined, so that the solution found is in contradiction with some 

fundamental relationship. 

Experiments concerning electron temperature elevation can be done with non

seeded argon plasmas with an electron temperature of about 5000 OK. In that 

case the energy exchange between electrons and heavy particles is very small. 

Plasma pulses produced by inductive plasma guns are suitable for that kind 

of experiments. 
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BASIC EQUATIONS 

~~~E~i~~~oThe considered medium is argon with some impurities, the flow is 

taken to be stationary and one-dimensional, and the analysis in this paper is 

carried out for a linear geometry. Only single ionization is considered. The 

magnetic induction is constant and has the direction of the z-axis of a 

Carthesian co-ordinate system. The velocity of the impurity ions as well as 

the argon ions is assumed to be equal to the velocity of the neutral 

particles, and has the x-direction. The temperatures and masses of these 

three species are taken to be equal. All species are considered to be ideal 

gases. Radiation and heat conduction effects will be neglected. 

f~~~i~~i~~_~g~~~i~~~. Continuity equations have to be set up for four species: 

electrons, argon atoms, argon ions, and impurity ions. In this analysis the 

electron concentration will be high enough to make the electron-atom 

collisions the predominant ionization process. The reverse process is three-

body recombination. In that case the continuity equations are: 

-+ k n n - 2 
(I) 'l · n u = k n n. 

e e f e oa r e 1a 

-+ 
k n n - 2 

(2) 'l · n. u = k n n. 1a f e oa r e 18 

-+ 
- kfn n + 

2 
(3) 'l · n u = k n n. oa e oa r e 1a 

-+ 
'l • n. u 0 (4) 1V 

For electron temperatures above 3000 oK the ionization and recombination 

coefficients are (2): 

k
f 

= 3.75 x 10-22 T 3/2 (E /kT + 2) exp(- E /kT) 
e exa e exa e 

(5) 

k = 1.29 x 10-44 (E /kT + 2) exp(E. - E )/kT 
r exa e 1a exa e 

(6) 

E and E. are taken to be 11.5 and 15.75 eV respectively. 
exa 1a 
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.,. .,. .,. 
- Vp - n e(E + u x B) e e e 

.,. .,. 
+ n m (u - u )(v . + v ) = 0 

e e e e1. ea 
(7) 

The inertial term, which is in practical cases small compared to the other 

terms of the equation, is neglected. The cross 

neutral collisions is taken to be constant and 

section for elastic electron
-22 2 equal to 0.5 x 10 m. For 

the elastic electron-ion collision cross section the expression of Spitzer 

is used (3). This results in the following expressions for the collision 

frequencies: 

v ea 

v . 
e1 

= 0.5 x 1O-20 n (8kT 13m )! 
oa e e 

As the neutral velocity equals both the impurity ion velocity and the 

argon velocity, there remains one momentum equation for these three 

species: 

(8) 

(9) 

(n + oa 
(n. + n. )e(E + ;;: x it) - V(p + p. + p. ) + 

l.a l.V oa l.V loa 

.,. .,. 
+ n m (u - u)(v . + v ) 

e e e e1. ea 
(10) 

§~~E&~_~9~~£!~~~. The energy equation for the electrons is: 

5 dTe 
- kn --2 e dt 

-+ -+ -+ -+ -+ -+ 
u .Vp - n e(u - u).(E + u x B) 

e e e e 

- 3n (m Im)k(T - T)(v . + v ) e e e e1 ea 

- (kfn n - k n
2
n. )(E. + 22 kTe) e oa r e l.a 1.a 

(II ) 

As the temperatures of the three heavy particle species are assumed to 

be equal, there remains one energy equation for the heavy particles: 

tt.V(Pea + p. + p. ) + l.a 1. v 

+ 3ne (me /m)k(T - T)(v . + v) (12) 
e e1. ea 
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~~~~~~~_~g~~!~~~. If space charge is important, the Poisson equation 

must be added to the basic equations: 

v • E .e(n. + n. - n )/. 
1. V l.a e 0 

(13) 

ANALYSIS 

Using an EL-X8 computor and the procedure RKln of Zonneveld (4) numerical 

solutions of the basic equations are obtained for a linear Hall type 

generator. The basic equations then reduce to those given in Table I. The 

conditions of the working medium have been chosen to be suitable for a 

typical laboratory plasma experiment in which the electron temperature 

elevation and non-equilibrium ionization can be studied. Thus, the analysed 

medium is argon without seeding. Some impurities will be inevitable and, 

for simplicity, the impurities are assumed to be fully ionized. Having non

seeded argon the temperature must be rather high to obtain some ionization. 

First, space charge is taken identically equal to zero, as in other 

analyses. By adding this condition the problem is overdetermined. Consider

ing 

for 

only a small region of the channel at the inlet, the 

argon ions can be dropped. Although in that case div 

continuity equation 
7".. 1 J 1S 1n genera 

not equal to zero, the solutions show that in that 
• 7" • reg10n J rema1ns constant 

within certain limits. A typical condition at the inlet of the channel is 

chosen as follows: 
19 -3 24 -3 n = 3.00 x 10 m ,n = 3.00 x 10 m n. = 

e oa 1V 

uex = 500 m/sec, u = 1000 m/sec, Te = T = 5000 OK 

The magnetic induction B is chosen to be equal to 

2.98 x 10
19 -3 

m 

and E = - 210 Vim. 
2 

0.125 Wblm • The electron 

temperature as a function of channel distance is given in Fig. I and the 

variation of the ionization- and recombination coefficients in Fig. 2. The 

relaxation length for the electron temperature is 2 mm and this is about 

two orders of magnitude higher than found by Bertolini (I): the difference 

is due to our elastic electron-atom collision frequency being lower. From 

Fig. 2 it follows that after the ionization ·relaxation the electron density 

can be increased about a factor 50 through non-equilibrium ionization. 

Assuming space charge neutrality the solution cannot be expanded to greater 

channel distances because of the non-conservation of electrical charge, so 
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that a more general solution requires the inclusion of space charge effects. 

Using in addition to the procedure RK1n a procedure Regula Falsi a solution 

is searched for with a given electrical potential difference between the 

beginning and the end of the channel. Numerical problems have limited the 

first solution to channel distances of 10-3 mm. However, once having that 

solution, other solutions could be found over distances of 10-
2 

mm. Further 

expansion will be studied in order to get solutions over larger distances. 

EXPERIMENT 

For the experimental study of electron temperature elevation and non

equilibrium ionization an experiment with a disk shaped MHD channel is 

being prepared. As working fluid non-seeded argon will be used (Air Liquide, 

type N48) which is heated and accelerated by an inductive plasma gun in 

order to keep the impurity level as low as possible. 

A schematic picture of the experimental set-up of the plasma gun is given 

in Fig. 3. A single turn theta pinch coil made of brass (5 mm thickness) 

with a length of 15 cm and a diameter increasing from 8 to 11 cm is wrapped 

around a conical tube of pyrex glass which ends in a pyrex channel with an 

inner diameter of 10.2 cm. Two parallel brass plates connect the theta pinch 

coil (L = 50 nH) to a capacitor bank of 30 ~F, 18 kV. The capacitor bank is 

discharged over the coil by a first vacuum switch and can be clamped by a 

second one (5). The ringing frequency is 100 kHz. The gas is supplied to the 

theta pinch coil with an electromagnetically driven valve (6). A plenum of 

40 cc which contains argon with a pressure of I to 2 atm is sealed from the 

vacuum space in the channel (10-6 Torr) by an aluminium disk (30 mm diameter, 

weight 2.2 g) seated at a Viton O-ring. A capacitor of 40 ~F, 600 V can be 

discharged by two thyristors BTY 91/700 R in parallel over a 20 turn solenoid. 

Then, during 50 ~sec a current of maximal 1500 A will flow through the coil 

which results in the opening of the valve by lifting the disk from its O-ring. 

After the opening of the valve a pressure front moves into the channel giving 

a maximum pressure of 3 Torr in the conical part of the channel and at an 

appropriate moment the capacitor bank is discharged. The produced plasma pulses 

are investigated with an image converter camera (TRW 1 D) and double floating 

probes for voltages on the capacitor bank between 3 and 10 kV. The probes 

are situated on the axis at a distance of 14 and 182 cm from the valve. 
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Fig. 5 is a typical image converter picture showing a sharp light front 

moving out of the theta pinch coil. The velocity of this front can be 

varied between 1000 and 6000 m/sec. Fig. 6 shows the saturation current of 

a double floating probe; the signal is proportional to n T!. The time during 
e e 

which the signal is constant within 5 % could be varied from 50 to 500 ~sec, 

defining a puff length between 10 and 50 cm. A current voltage characteris

tic of probe 1 is shown in Fig. 7. The current voltage characteristics of 

the probe result in calculated 

6000 oK and electron densities 

combination with the estimated 

electron temperatures 
18 20 

between 10 and 10 

neutral density (1022 

between 2000 and 

m- 3 • Thl'S h ' sows, loll 

-3 m ), the absence of 

Saha equilibrium in the puff. This is due to the fact that a decaying plasma 

is investigated with different relaxation times for the electron temperature 

(several microseconds) and the electron density (hundreds of microseconds). 

Comperative measurements done with probe 1 and probe 2 show the same effect: 

while the electron temperature decreases over the given distance from 40000 

to 1500 oK, the electron density decreases only from 2 x 10 19 to 6 x 10 18 

m-3 • Assuming the neutral density in the puff to be constant and taking the 

plasma temperature equal to the electron temperature it follows from the 

measurements that a typical plasma pulse (velocity 4000 

temperature 5000 oK) represents an enthalpy flux in the 

CONCLUSIONS 

m/sec and electron 
2 

order of 30 MW/m • 

From the analysis it can be concluded, that under the given circumstances 

the electron temperature relaxation length is 2 mm, which is short enough to 

study in the planned experiments the elevation of the electron temperature 

by Joule heating. In order to calculate longer distance effects, such as 

ionization relaxation, space charge must be taken into account. The experi

mental investigations show the possibility to produce non-seeded argon puffs 

with an electron temperature of about 5000 oK which are suitable for this 

kind of experiments. The measured properties of the produced plasma pulses 

are homcgeneous over a sufficient length. 

Eindhoven, March, 25, 1968. 



NOMENCLATURE 

S magnetic induction 

E electric field 
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E energy of the first excited argon level exa 
E. argon ionization energy 
~a 

e elementary charge 

k Boltzmann constant 

k
f 

.ionization coefficient 

k recombination coefficient 
r 

m heavy particle mass 

m electron mass 
e 

n electron density 
e 

n. argon ion density 
~a 

n. impurity ion density 
~v 

n argon neutral density oa 
Pe electron pressure 

Pia argon ion pressure 

Piv impurity ion pressure 

Poa argon neutral pressure 

T heavy particle temperature 

T electron temperature 
e 

t t~ 
~ 

u heavy particle velocity 
~ 

ue electron velocity 

u x-component of electron velocity ex 
u y-component of electron velocity 

ey 
x co-ordinate for the channel distance 

E dielectric constant in vacuum 
o 

v electron-atom elastic collision frequency 
ea 

v. electron-ion elastic collision frequency 
e~ 
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TABLE I. BASIC EQUATIONS FOR LINEAR HALL GEOMETRY 

dn du 2 
electrons 

e ex k
f 

k u 
ex "'dX" + n 

~ = n n - n n. 
e e oa e 1a r 

dn. du 2 
argon ions u~+ n. = n n k

f 
- n n. k 

dx 1a dx e oa e 1a r 
continuity equations dn. 

impurity ions 
1V du 

0 u--+ n. 
dx 

= 
dx 1V 

dn 
du 2 

argon neutrals u--2!+ n 
oa dx 

= - n n k
f 

+ n n. k 
dx e oa e 1a r 

dn dT 
electrons kT 

e +nk __ e (E + u B) (u - u ) (v . v
ea

) 
"'dX" = - n e + n m + 

e e dx e ey e e ex e1 

momentum equations heavy particles (n. + + n ) 
du kT~ (n. + n. + n ) n. mu- + + 

1a 1V oa dx dx 1a ~v oa 

(n. + n. + n ) k~ = (n. + n. )eE - n m (u - u )(v. + v ) 
1a 1V ea dx 1a 1V e e ex e1 ea 

3 
dT dn 

electrons 
e 

kT 
e 

(uex 
u) - kn u "'dX" - u "'dX" = - n e - E + n eu uB + 

2 .e ex ex e e e ey 

3n (m Im)k(T T )(v . + vea)- (nenoakf 
l 

+ % kTe) - - nn.k)(E. 
e e e e1 e l.a r l.a 

energy equations 

heavy particles lk (n. + + n ) 
dT ukTi.. (n. + + n ) n. u- - n. = 

2 1a 1V oa dx dx 1a 1V oa 

= 3n (m 1m) k (T - T) (v . + v
ea

) 
e e e e1 

Poisson equation 
dE 

(n. + )e/E 
dx 

= n. - n 
1a 1V e 0 
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Te (OK) 

8000 

7000 

6000 

5000~~ ______ r-______ -+ ________ ~ ______ ~~ ______ -r 

2 3 

Fig, I Electrontemperature in a linear Hall geometry, 

Inlet conditions: 
19 -3 n = 3, 00 x 10m , n = 3, 00 x 

e oa 0 
u = 1000 m/sec, T = T = 5000 K, 

e 
curve I: u ex = 500 m/sec and E = -

curve 2: u = 250 m/sec and E = -ex 

210 Vim, 

80 Vim, 

4 5 
x(mm) 
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2 

kr 

2 

1O-26-1-____ -+-____ -+ ____ --+ ____ ---i ____ --+ 10-40 

a 2 3 5 
x(mm) 

Fig. 2 Ionization and recombination coefficients in a linear Hall geometry. 

Inlet conditions identical to those given in Fig. 1. 
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10 

I I I I 
I I 
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I I I , , 

11 

6 

2 

Fig. 3 Experimental configuration. 

1. Argon inlet, 5. theta pinch bank, 9. guide field 
2 

(0.5 Wb/m ), 

2. delay-units, 6. vacuum switch, 10. probe 1 , 

3. fast valve, 7. clamping vacuum switch, 11. probe 2, 

4. gas valve bank, 8. conical coil, 12. pump. 
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Fig. 4 Image converter camera photograph of plasma at 20 cm from the outlet 

of the coil. 

Capacitor bank voltage 5 kV. 
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Fig. S Probe current as a function of time. 

Probe voltage: 3 V, capacitor bank voltage: 5.25 kV (3 shots). 

Upper trace: probe I , 2.78 mA/div, 100 ~sec/div, 

lower trace: probe 2, 0.67 mA/div, 100 )lsec/div. 
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20 

probe current (mA) 

1S 

10 

S 

-3 -2 -1 2 3 

probe voltage (V) 

-10 

Te - SOOO oK 

ne - l.Sx10 21rii3 

-1S 

-20 

Fig. 6 Current voltage characteristics of probe 1. 

Capacitor bank voltage 5.25 kV, 

delay between opening of the valve and discharge 700 ~sec. 



- 16 -

LIST OF FIGURES 

Fig. 1 Electrontemperature in a linear Hall geometry. 

Inlet conditions: 
19 -3 

n = 3.00 x 10 m ,n = 3.00 x 
e oa 0 

u = 1000 m/sec, T T = 5000 K, 
e 

curve 1: u = 500 m/sec and E = ex - 210 Vim, 

= - 80 V /m. curve 2: u ex = 250 m/sec and E 

= 2.98 x 10 19 -3 
m 

Fig. 2 Ionization and recombination coefficients 1n a linear Hall geometry. 

Inlet conditions identical to those given in Fig. 1. 

Fig. 3 Experimental configuration. 

1 • Argon inle t, 5. theta pinch bank, 9. guide field 2 (0.5 Wb/m ), 

2. delay-uni ts, 6. vacuum switch, 10. probe 1 , 

3. fast valve, 7. clamping vacuum switch, 1 1 • probe 2, 

4. gas valve bank, 8. conical coil, 12. pump. 

Fig. 4 Image converter camera photograph of plasma at 20 cm from the outlet 

of the coil. 

Capacitor bank voltage 5 kV. 

Fig. 5 Probe current as a function of time. 

Probe voltage: 3 V, capacitor bank voltage: 5.25 kV (3 shots). 

Upper trace: probe 1 , 2.78 mA/div, 100 ~sec/div, 

lower trace: probe 2, 0.67 mA/div, 100 )lsec/div. 

Fig. 6 Current voltage characteristics of probe 1. 

Capacitor bank voltage 5.25 kV, 

delay between opening of the valve and discharge 700 ~sec. 
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Te('Kl 

UiX (0) .. 17:,0 m/&ec 

ue~(Q) .. 1250 m/sec-....... 
ue~(O)" 750 m/.!!c 
uutQ). 250 mJuc 

," ~ (J 
lv"".) 

Fig. 7 Electron temperature and density calculated from the complete set 

of basic equations of Table I assuming 

The magnetic induction is 0.125 Wb/m2 . 

n z: n. + n .. 
e la lV 

Solutions are given 

initial electron 

n = 3.00 x 10 19 
velocities. The other initial conditions 

m-
3 

n = 3.00 x 1024 
m-

3 
n. = 2.99 x 

e 
u = 2000 m/sec and T 

e 

on lV 

= T = 5000 oK. 

for va:-ious 

-3 
m 
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