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Abstract

The performance of a noble gas MED generator
at stagnation temperatures of 2000 K and lower
has been investigated experimentally in the MHD
shock tunnel facility. The electrical power be-
comes equal to zero at stagnation temperatures
around 1700 K. The decrease of the power is ac-
companied by a strong increase in the inlet re-
laxation length. The results, including the
minimum stagnation temperature of 1700 K, are
strongly dependent on the magnetic induction. At
an inlet stagnation temperature of 2000 X a maxi-
mum enthalpy extraction of 11.5% was achieved. It
follows from fast photography observations that
at low stagnation temperatures the discharge is
strongly inhomogeneous. The observed streamer
velocity agrees with the calculated gas velocity
in the core flow. Close to the electrode wall
different streamer velocities are observed. The
relative fluctuations measured in the electrode
currents and the electron number density are
larger at low stagnation temperatures than at
high stagnation temperatures. The relative fluc-~
tuation level in the electron temperature did not
change with the stagnation temperature. ‘Cross
correlation functions have been generated for the
fluctuations of currents at different electrodes.
At low as well as at high stagnation temperatures
large correlation coefficlents are found. Time
shifts correspond to a velocity which agrees with
the calculated gas velocity. The measured charac~
teristics of the fluctuations are applied to dif-
ferent models of discharge structure.

I. Introduction

Noneguilibrium MHD generators will be operated
at an inlet stagnation temperature of 2000 K. As
the enthalpy extraction has to be above 20%, suf-
ficient electrical conduction should be realized
at stagnation temperatures below 1600 K near the
exit. For supersonic generators this means that
by nonequilibrium ionization an appreciable elec-
trical conductivity has to be achieved at gas
temperatures below 1000 XK.

In order to obtain more information on the
behaviour of noble gas MHD generators at the low
temperature limit, this situation has been stu-
died experimentally in the Eindhoven shock tunnel
generator. Because the channel length (80 cm) is
small and the maximum magnetic induction (3.3 T)
low, it is not possible to achieve 20% enthalpy
extraction at an inlet stagnation temperature of
2000 K. Therefore, the inlet stagnation tempera-
ture has been varied from about 2200 down to
the value where the power production stops.

It has been observed earlier that the dis-~
charge structure in a nonequilibrium generator is
inhomogeneouslrz. Because this inhomogeneity be-
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comes very pronounced at low temperatures, the
discharge is studied in more detail with an

image converter streak camera. The purpose of
this part of the work is to provide in a more ex-
tensive set of experimental data on discharge
structures at different magnetic inductions and
different stagnation temperatures.

As described in Ref.3 fluctuation analysis in
MHD generators is a substantial part of our expe-
rimental program. The main topic now is to pre-
dict the electrode currents and electric power
output using the measured electric fields and
measured values of electron density and electron
temperature including their fluctuations. To do
this two models for the plasma inhomogeneities -
have been employed at stagnation temperatures
around 2000 K. The first is the layer model in-
cluding a streamer angle and the second is based
on a model with isotropic inhomogenities.

I1. Experimental arrangement

The MHD shock tunnel facility has been descri-
bed earlier4. Por the experiments described here
a lexan channel was used with diverging insula-~
tor walls and parallel electrode walls. The
length is 80 cm. The inlet cross section is
3.8 x 12 cm2, the exit cross section 12 x 12 cm?.
Cylindrical stainless steel electrodes have been
countersunk half way in the walls. Their diameter |
is 7 mm and their mutual distance 2.5 cm. The in-
let Mach number of the channel is 1.6. A simple
pre~ionization system was used by applying an
external voltage from a battery of 290 V to the
first two electrode pairs.

The working gas is cesium seeded argon. Recom—
bination radiation, line reversal method, piezo-
electric pressure transducers and electric probes
are employed as diagnostics. The stagnation con- !
ditions, the measured pressures and the measured
currents are used as an input in a gasdynamical
program in which the one-dimensional stationary
gasdynamic equations are solved to obtain the
gas temperature, pressure and velocity as a func-
tion of the distance in the channel.

For the analysis of the fluctuations, signals
are recorded on magnetic tape at high tape speed
(240"/s) and played back at low tape speed
(15/16"/s) . The data handling has been described
in Ref.3.

II1. Generator performance

Current distributionsalong the generator at
several stagnation temperatures are given in
Fig.l. For all the runs presented the magnetic
induction was around 3 T. Lower stagnation tempe-
ratures have been tried, but no power production
was observed. From the gasdynamical program the
stagnation temperature interval of each run has
been calculated. The intervals are indicated in
Fig.l and plotted in Fig.2. It is assumed in
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these calculations that the heat dissipated in
the electrode boundary layer remains in the gas. If
part of that heat is considered as a loss, then
the exit stagnation temperatures are lower by an
amount determined by the total current and the
voltage drop. Roughly the maximum effect is an
increase of the stagnation temperature interval
by a factor 1.5 at a voltage drop of 50 V. It

can be seen from Fig.2 that no stagnation tempe-
ratures below the level of 1700 K could be rea-
lized in a power producing working gas. The
decrease of the electrical power with the inlet
stagnation temperature is presented in Fig.3. In
order to take into account small variations in
the magnetic induction the power has been taken
relative to the square of the magnetic induction.
In this figure also those runs with an inlet
stagnation temperature around 1700 K are included,
where no power production has been measured. With
a load resistance of 1.26 Q0 as well as 2.26 § the
power drops to zero between 1700 and 1800 K inlet
stagnation temperature. With an inlet Mach number

of 1.6 the gastemperature is then between 915 and
970 K.

In spite of the pre-ionization system a consi-
derable increase of the relaxation length with
decreasing stagnation temperature has been obser-
ved, in agreement with the results of Ref.5 which
refer to experiments without pre-ionization. At
stagnation temperatures around 2000 K the inlet
relaxation length could be reduced by pre-ioniza-
tion. At stagnation temperatures below 2000 K the
pre-ionizer discharge could not be maintained by
the plasma downstream. In Fig.4 the increase of
the relaxation length and the decrease of the
maximum current with decreasing inlet stagnation
temperature has been visualized. The relaxation
length is represented by the electrode number at
which half the maximum current is achieved. Al-
though both effects are significant, it seems that
the growth of the relaxation length is a faster
process than the reduction of the maximum current,
when inlet stagnation temperatures become smaller.

A stagnation temperature.of 1700 K should not
be considered as an absolute low performance
limit of the MHD conversion process. In the first
place a low stagnation temperature at the inlet
is not completely analogeous to a low stagnation
temperature at the exit of a generator. Presuma-
bly of even more importance in the influence of
the magnetic induction on the results. Fig.5
shows the current distribution along the genera-
tor at various values of the magnetic induction
between 2.0 and 3.3 T. Qualitatively the effect
of decreasing magnetic induction is the same as
decreasing stagnation temperature: a decrease of
the maximum current accompanied by an increase of
the inlet relaxation length. As a result of the
variation of the relaxation length the electrical
power of the generator is very strongly dependent
on the magnetic induction. It is shown in Fig.6
that this dependence is stronger than quadratic.
The analogy between the influence of the magnetic
induction and of the stagnation temperature on
the current behaviour suggests that at higher
magnetic inductions power production may.be rea-
lized at lower stagnation temperatures than 1700 K.

The maximum power obtained at an inlet stagna-
tion temperature of 2000 K is 240 kW. In that
case the enthalpy extraction is 11.5% (a reduc-
tion of 10 kW because of the power for the pre-
ionizer has been taken into account). The scatte-
ring in the points of Fig.6 is attributed to
irregularities in the seed injection. An enthalpy
extraction of 11.5% is considered as a maximum
value which can be achieved at the given experi-
mental conditions.

The long relaxation region obtained at low
stagnation temperatures or low magnetic induc-
tions cannot be described by one~dimensional cal-
culations, because those calculations predict a
steep increase of the current. Two-dimensional
analyses yield relaxation lengths about equal to
the height of the channel®, whereas the experi-
ments show a relaxation region which can be ex-
tended over several times the channel height,
depending on the magnetic induction and the inlet
stagnation temperature. Because in all the expe-
riments the long relaxation lengths are accompa-
nied by strong fluctuations measured in the radi-
ation intensities as well as in the currents, it
is believed that a proper description of the re-
laxation region has to include the characteris-
tics of the discharge structure and the corres-
ponding fluctuations of the quantities involved.
Because of their essential role, discharge struc-
ture and fluctuation characteristics are studied
in more detail.

IV. Discharge structure

The structure of the discharge has been inves-
tigated with an image converter camera. Streak
pictures of the plasma in the core flow have been
taken at different stagnation temperatures, mag-
netic inductions and load resistances. The condi-
tions of the runs considered are listed in Table
I. A typical streak picture is given in Fig.7.
The total streak time is 140 uUs and the projec-
tion of the length of the slit on the plasma is
2.0 cm. The figure shows an inhomogeneous dis-
charge: a "streamer structure", as observed in
Refsl and 2. All streamers apparently move with
the same velocity, which is also constant during
the streak time. Also the dimension of the
streamers does not change during the time of ob-
servation. Fig.7 corresponds to a stagnation tem-
perature of 3500 K. At stagnation temperatures of
about 2000 X less streamers per streak time are
observed, but they also have constant dimension
and constant velocity. The streamer velocities,
which immediately follow from the angle appearing
on the streak picture, are compared with the gas
velocity calculated from the gasdynamical program
(Table I). It appears that the calculated gas
velocity and the observed streamer velocity agree
within about 10%. This is in agreement with the
result of fluctuation analyses, where the same
conclusion follows from the correlation between
currents of different electrodess. The fact that,
even at high magnetic interaction (Lorentz force
larger than pressure gradient), the streamers re-
main frozen in the gas flow demonstrates that
there is a strong frictional interaction between
the streamer and the gas flow.
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Some streak observations were performed of the
plasma close to the electrode wall at a distance
of 6 mm. The observed streamer velocity is then no
longer constant but has an irregular- character.
This behaviour can be explained by assuming that a
streamer while moving with the gas flow changes its
connection with the electrodes by jumping from one
electrode to the next one (Compare Refs.7,8 and 9).

V. Fluctuation analysis

In this section a fluctuation analysis is
applied to experiments at a stagnation tempera-
ture interval between 1840 and 2000 K. The model
of Rosall is used in which the non-uniformities
have the form of parallel layers of high and low
electrical conductivity. The model is shown in
Fig.8. In this figure the gas flow u is in the
x~direction and the magnetic induction B in the
z—direction. A relation between the average of the
current density and the electric field can be
derived!® for this model with ¢ =

<J > =

<E > - <f> <E¥* >
% p<E, BpEy

<3 > = <B> p <E_> + {<o>-<p>2p } <Ey:k> (1)

In eq.l 0 is the local conductivity, B the local

1+ g?

Hall-parameter, o = < ——E——->*1 , and

<E;=> = <Ey - uB>. The average < > is equal to

éj' ds. Further we suppose the thickness of the

layers with different plasma properties small
compared to S and to the height of the channel.
Boundary effects are not taken into account.
For ¢ + 0 Ohm's law can after a coordinate
transformation be written as:

g = {pcos?¢ + <o>sin?¢ - <B>2psin?g} <E >
+ {psin¢gcos¢ - <B>¢ — <o>singcosd +
+ <B>2psingcosd } <E;‘>
<Jy> = {psindcosd + <B>p — <o> sindcos¢d +

+ <B>Zpsindcosd } <Ex>

+ {psin?¢ + <o>cos2¢ - <B>2pcos?y }<E;=> (2)
Eg.2 now can be written in the simple two-dimen-
sional form <J> = gg <E*>. The elements of o,
are a function of ¢ and they are all different.
Only for ¢ = O the element Gexy =-g =-<B>p.
Electron temperature and electron density and
its fluctuations are measured by the recombination
radiation at two wavelengths (4102 and 4897 ) as
described in Ref.3. The optical system was loca-
ted at the 14th electrode pair. Fig.9 shows the
recombination radiation at 4102 8 for several
stagnation temperatures. It follows from the pic-
tures that the relative fluctuation level is
growing with decreasing stagnation temperature.
The magnetic induction is nearly the same for all
these runs. Run 1864 at 1830 K stagnation tempe-
rature and 2.85 T shows well pronounced regions
of high and low intensities, which means high and

eyx
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low electron densities. These regions pass the
optical system with a velocity about equal to the
gas velocity. Apparently these regions are frozen
in the gas flow. This conclusion is supported by
strong correlation between the radiation and
nearest electrode current. This correlation is
illustrated in Fig.10. Because the non-uniformi-
ties are frozen in the gas flow time averages and
space averages in the x-direction are equal. Given
the velocity of the gas (about 1008 m/s) the thick-
ness of the non-uniformities is around 1 cm
(Fig.9f) .

From the radiation measurements a probability
density function is found for the electron densi-
ty ne. Using the local expressions

€ fe eB
T Ev e BT my) <

the tensor elements of o_ can be calculated for
each run. The elements are still a function of ¢.
In Eg.3 Coulomb collisions are taken in account.
Table II shows the values for <>, <B>, Ogyy,
Oexy and Oeyy for ¢ = 0 for a number of runs.
Further it shows the average fields <Ex> and
<Ey5 measured by probes in the wall of the genera-
tor channel. The values of uB are taken from the
gasdynamical program. The last four colums con-
tain the calculated values <Jg> , <J,> and

<J> = T >C + <J using Eq.2. Further J14r
the measured curren% density at the 14th electro-
de pair, which is near the optical system, is
given. If it is assumed that the total current in
the bulk of the plasma flows into the electrodes,
it can be concluded from the table that there is
a good agreement between the calculated <J> and
the measured Ji4.

The next step in our analysis is to investigate
how the calculated current densities <J,> and
<Jy> depend on the angle ¢ of the streamers.
Using the radiation measurements we calculate
<Jyx>, <Jy> and <J> from Eg.2 as a function of ¢.
It follows that <J> and <Jyx>/<J,> are only weak
functions of ¢. Since the direction of the inho-
mogenities is not strongly related to the current
density we may use the two-dimensional theory of
M.Martinez-Sanchezll, This theory is based on &
certain class of unbounded plasmas with isotropic
inhomogenities. In this case the two-dimensiocnal
effective Ohm's law reads as follows:

<Tg> o —B <E >

o] 1
L= e =1/ V/ =P 5 <g> - <p>2

<g> <B>

(4)

(5)

The same procedure as described in Ref.3 is used

to calculate g and Be- Then, <J,> and <J,> can
be found using the measured flelds <Ey> and <EL>
and Eq.4. The results are shown in Table III.

Again there is a good agreement between the
calculated current density <J> and the measured
one at electrode pair 14.
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The energy equation for electrons in its sim~
plest form is as follows

<J >.<E*> =3 <n >k (KT > -T) =x
e e g
T T
(v > = 4+ <v > —) (6)
el ms eh mh

in which the left hand side is the Ohmic heating
and the right hand side the elastic loss term. vgji
is the collisions frequency between electrons and
cesium ions, Ven the collision frequency between
electrons and argon atoms. mg is the electron mass,
mg the mass of a cesium atom and m, of an argon
atom. The right hand side of Eg.6 can be calcula-
ted using the measured average valuesof ng and Tg.
The left hand side can be calculated for three
different situations:
a. using the model with vertical streamers (¢ =0Q),
b. using the model with ¢ = arctan(-<Jyx>/<Jy >)
which means that the average
current density has the same direction as the
streamer, and 11
c. using !M.Martinez-Sanchez model for isotropic
inhomogenities. The results of the calculations
are collected in Table IV. The table shows that
at these low stagnation temperatures agreement
can be obtained for two models: the isotropic
model or the model with a well defined angle ¢
with 0 < ¢ < arctan (- <JX>/< Jy> ).

Conclusions

The generator performance has been investigated
for inlet stagnation temperatures equal and below
2000 K. No power production was measured at stag-
nation temperatures lower than 1700 K. The
decrease of the electrical power is caused by a
strong increase of the inlet relaxation length in
combination with a gradual decrease of the maxi-
mum current. The stagnation temperature of 1700 K
should not be considered as an absolute minimum,
for power production, especially because of the
observed influence of the magnetic indcution. It
is expected that the medium will still be suffi-
ciently electrically conductive at stagnation
temperatures belowe 1700 K if magnetic inductions
larger than 3 T are applied. At an inlet stagna-
tion temperature of 2000 K a maximum enthalpy
extraction of 11.5% has been achieved.

It follows from fast photography observations
that the discharge has an inhomogeneous structure
under all experimental conditions considered. The
streamer structure is more pronounced at low stag-
nation temperatures. The streamers move through
the generator frozen in the bulk of the gas, also
in cases when the Lorentz force is larger than the
pressure gradient, which demonstrates a large
frictional interaction between the streamers and
the gas flow. Close to the electrode wall the
streamer velocity is irregular and no longer equal
to the gas velocity, which may be explained by
changes in the connections between streamers and
electrodes.

Going down in stagnation temperature (from 3500
to 2000 K) the relative fluctuation level in elec-
trode current as well as in electron density becomes
higher. There is no significant change in electron
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temperature fluctuation level, it remains 10%. A
strong correlation is observed between electrode
currents and the radiation at the same position
in the generator channel. The model with nonuni-
formities in the form of parallel layers predicts
current densities which are close to the measured
ones. The total current density and its direction
is nearly independant of the chosen streamer
angle. The theory based on isotropic inhomogeni-
ties in the plane perpendicular to the magnetic
field predicts current densities which are also
in agreement with the measured ones.
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Table I. Runs for discharge observations.

Stagn. Magnetic |[Load Gas Streamer
temp. induction|resistance |[velocity [velocity
(X) (T) (&) (m/s) (m/s)
3660 3.15 2.26 1100 1150
3680 3.09 2.26 1110 1220
3870 2.76 2.26 1210 1250
3710 2.46 2.26 1270 1350
3760 2.02 2.26 1320 1340
3750 1.53 2.26 1450 1470
3680 1.24 2.26 1480 1470
1990 3.22 1.26 780 870
2000 2.42 1.26 990 1060
1990 1.95 1.26 1100 1050
1960 3.20 1.26 990 1080
2030 3.12 1.26 950 1100
2050 3.04 1.26 1010 980
2010 2.24 1.26 970 1130
2000 2.76 1.26 1090 1040
1970 2.44 1.26 1080 1040
2000 2.41 1.26 1090 1140
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Table II. Comparison between calculated and measured current densities using the layer model.

Run |B T T <g>|(<B>|0 o o <E.> |[<E:> <J > <J_> <J> J

T g & mho/m ml?x}é}/{m mﬁfaq/’m mhoym | v/m v/g kA}/{mz xaym? | ka/m? kéﬁmz
1967 13.16 | 1970 | 1150 | 217 12.Q 1.5 -17.4 8.3 ~1100|-1740 29 - 34 45 46
1969 |3.03 | 2000 | 1210 | 246 10.1 2.3 -23.6 8.4 -1150(-1440 31 - 39 50 49
1971 (3.38 | 1970 | 1230 | 229 12.3 1.5 -18.2 6.0 ~1230 (-2020 35 - 35 49 42
1973 13.16 | 2010 | 1090 | 215 10.9 1.7 -18.8 9.5 -1310|-1760 31 ~ 41 52 47
1974 13.12 | 1990 | 1100 | 223 10.4 2.0 -20.8 6.7 -1240 |-1530 29 - 36 46 46

Table III. Comparison between calculated and measured current Table IV. Electron energy balance check

densities using model of isotropic inhomogenities. for three mentioned cases.
Run Je B <J,> <J,, > <J> J14 Run Coll.losses| Ohmic heating
e %2 Y 2 2 2 3
mho/m kA,/m kA/m kA/m kA/m Mw/m a b c

1967 88 4.9 27 - 31 41 46 1967 13.3 28.4 |6.8 15.1

1969 | 129 5.3 28 - 32 42 49 1969 16.0 20.5 |8.2 15.1

1971 114 6.1 33 - 28 44 42 1971 14.3 26.7 |8.2 16.7

1973 91 4.7 29 - 34 44 47 1973 17.9 32.4 |8.6 19.5

1974 121 5.7 26 - 25 37 46 1974 17.8 18.8 |7.7 14.2
=
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Figure 7. Streak picture.
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Figure 8. Model for streamer nonuniformities in an
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angle ¢ with y-direction.
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Figure 9d. Run 1866: B = 2.74 T, Ty = 2000 X, ° Figure 10. Correlation between radiation at
T = 900 K, 114 =61.9 A. 4102 & (upper trace) and the electrode current
g (lower trace). :

Figure 9e. Run 1875

: B=3.17T, T
Tg =880 K, I = 68.6 A.

o = 1900 K,

14

Figure 9f. Run 1864: B = 2.85 T, Tg = 1840 X,

Tg = 810 K, 114 = 34.3 A.
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