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Behavior of a Large Nonequilibrium MHD Generator
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A large nonequilibrium MHD generator of the linear, segmented-electrode, Faraday type has
been studied both experimentally and theoretically. Experiments have been run at the fol-
lowing nominal operating conditions: generator Mach number of 2.2 with a mass flow of 0.4
kg/sec! of helium seeded with about 0.3%, cesium; stagnation conditions were 2000°K and
about 5-atm pressure. The loaded generator exhibited several unusual features, including a
very slow increase in the load currents axially and very large anode drops. The Hall voltage was
a small fraction of its ideal value. At short circuit, load currents at least five times those pos-
sible with frozen ionization were drawn; but these currents were still far below those pre-
dicted by one-dimensional theory. At open circuit the transverse voltages were usually very
low near the inlet and exit but as large as 0.6 of the ideal value near the channel center; nega-
tive electrode drops were measured on both cathodes and anodes. A theoretical model is pro-
posed to explain this behavior. Itis hypothesized that highly conducting layers exist along the
electrode walls which short the generator through the end regions at open circuit. These
layers exist because the transverse current is impeded at the insulator segments of the elec-
trode wall, leading to a larger conductivity there than in the main flow. Under load these
layers interact with a two-dimensional inlet relaxation front to couple the generator end-to-
end, producing the very slow axial build-up of the load current. The proposed model is shown

to explain the major features of the experimental results.

1. Introduction

THE work to be reported here is part of a continuing

study of the behavior of nonequilibrium MHD generators.
The generator to be discussed is of the segmented Faraday
type.'~* Its mass flow of 0.4 kg~ is large enough to prevent
viscous effects from being dominant, whereas the supersonic
flow and large Hall parameter ideally should result in electron
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temperatures well above the gas stagnation temperature with
reasonable load factors.

The aims of the present investigation were mainly two.
The first was to improve on the preionization. The second
was to provide more detailed instrumentation than the earlier
experiments, in order to more clearly delineate the current
pattern in the generator. The first objective has been
achieved, in part, by establishing the preionizing discharge
outside of the magnetic field, ahead of the nozzle throat; and,
as we shall see, this has resulted in the generator’s producing
large load currents near short circuit.

With the information derived from the more detailed in-
strumentation, it has been possible to construet a simple model
which explains the behavior of the generator both at open
circuit and under load in terms of shorting by end loops which
are coupled to the channel center and to the loads by highly
conducting layers along the electrode walls.
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2. Apparatus and Instrumentation

Table 1 summarizes the design parameters of the genera-
tor. The flow channel, shown schematically in Fig. 1, con-
sists of a nozzle, which incorporates the preionizer grids; the
active generator section; and the diffuser. A more detailed
description than will be given here is available in Ref. 2.

2.1 Nozzle —Preionizer

The nozzle was a water-cooled copper design. The location
of the preionizer ahead of the nozzle throat permitted its
electrodes, in the form of wire grids, to be in the flow where
they would be heated and produce a fairly uniform discharge.
The drag associated with the grids in the subsonic flow is
tolerable. There are, however, disadvantages to this loca-~
tion. Electron-ion recombination is accelerated in the high
pressure region, and there is a time lag of about 100 usec un-
til the plasma is convected into the generator. To reduce the
recombination, the supersonic length of the nozzle was
minimized by expanding the flow in two directions.

2.2 Electrode Walls

The Faraday geometry requires a large number of elec-
trodes, each with an independent load circuit. The analysis

250
RUN 13

He 8 03% Cs
200 B =14 TESLA

T, = 2000° K
PREIONIZER ON

1504
R = 52 ATM.

OPEN CIRCUIT VOLTAGE {VOLTS)

|
o] 4 8 12 16 20
AXIAL DISTANCE, ELECTRODE NO.

Fig. 2 Open cirenit veltage distribution for run 13.

of Kerrebrock? was used to determine the optimal pitching
distance and electrode width for eliminating theé electrode-
shorting instability. The ratio of insulator width to elec-
trode width in the final design was about 0.7. The theory
suggested that rather coarse segmentation ratios (5-10) are
best for minimizing the effects of current concentrations and
the resultant nonuniform Joule heating. An electrode pitch
of 0.75 in. was selected so that a segmentation ratio of 4.7 at
the inlet to 8.0 at the exit resulted. The theory also suggests
that the shorting instability on the electrode wall can be sup-
pressed by lowering the mean plasma temperatures near the
wall, but unfortunately the electrodes require high tempera-
tures for emission. The compromise selected consisted in
making the electrodes of pyrolytic graphite, with the plane of
stratification parallel to the gas flow direction, alternated with
cold copper insulator segments surrounded by mica. The
aerodynamic heat transfer should have been sufficient to heat
the electrode surface to a temperature near the adiabatic wall
temperature in less than 1 see, in the absence of the cool cop-
per segments. To minimize the ohmic loss associated with the
relatively high electrical resistivity of the pyrolytie graphite
normal to the electrode surface, electrical contact was made
with the graphite about  in. from the surface, by means of a
copper C-clamp attached as shown in Fig. 1. The estimated
resistance per load pair due to electrode internal resistance
was then legs than 1 Q.

Table 1 Generator design parameters

Working fluid He + 0.0023 Cesium
Mass flow rate 0.4 kg/sec™!
Stagnation temperature 2000°K

Stagnation pressure 5 atm

Thermal power 4.2 megawatts

Mach number 2.2

Static pressure in generator 0.3-0.6 atm
Magnetic field 1.4 Tesla
Hall parameter 2-8
Induced electric field 50 v/em
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Table 2 Summary of experimental conditions and principal observation

Stagnation Hall Load Preionizer
pressure, parameter resistance, Seed power, Principal
Run atm (frozen) Q fraction kw result
10 4.5 6.3 3 0.0023 20 (Are) Stagnation pres-
sure rise with B
turned off
13 5.1 4.4 o.c. 0.0012 6 End-loop shorting
13 4.3 5.1 10 0.0023 26 (arc?) Large load cur-
13 3.9 5.1 3 0.0023 33 (arc?) rent and Hall
13 3.7 5.1 s.C. 0.0023 30 (arc?) voltage
15 4.8 5.1 s.C. 0.0023 0 . Most complete
pressure data
16 s.C. 0.0023 7 Electron temper-

ature at inlet

2.3 Insulator Walls

The insulator walls or top and bottom of the channel are
made of magnetically soft iron blocks § in. deep. These
blocks are electrically insulated from each other by £ in. of
mica in the transverse and axial directions. The pitching dis-
tances are 4 and $ in., respectively. These blocks are suf-
ficiently deep to make their temperature rise during the ex-
periment negligible. In addition, they form a low magnetic
reluctance path, raising the magnetic field strength in the
channel by about 15%.

2.4 Diffuser

Since the pressure in the generator was below atmospheric,
a diffuser was required to discharge to the atmosphere. It
consists of a rectangular channel of constant cross section in
which weak shocks interact with the thickening boundary
layers on the walls to reduce the Mach number to unity. A
diverging section slows the flow further. Because the dif-
fuser inlet is at the Hall potential it was construeted of in-
sulated copper blocks on a fiberglass backing, in the same
fashion as the insulator walls. Fig. 1 shows the block pattern,

2.5 Instrumentation

The block-construction of the insulator walls permitted de-~
tailed measurements of the potential distribution in the gen-
erator. Block to block transverse voltages were measured at
electrode numbers 6 and 19, and centerline Hall voltages were
measured from 2-6, 612, 12-17, and 17-23. Hall voltages
were also measured at the same axial stations along the
cathode wall. In addition to these voltage measurements, the
usual load currents and voltages were measured on 11 of the
23 load circuits. '

The gasdynamic behavior of the generator was determined
through measurement of stagnation pressures at the channel
inlet (which is the heater pressure) and at the exit. The lat-
ter measurement was obtained by means of a water-cooled
Qitot probe located at the end of the generator’s active see-
tion. Static pressures were measured axially along the center-
line as well as at points away from the centerline to obtain
transverse pressure distributions.

Electron density and temperature measurements at the
channel inlet were also attempted in this series of experi-
ment_',s. The 6P continuum radiation of the cesium plasma was
monitored with photomultipliers at two wavelengths. The
details of the experimental technique are described in Ref. 2.

The individual load circuits to which the 23 electrodes are
connected consists of 6 resistive loads, including open circuit;
190 2,250,109, 3 Q, and short cireuit which were sequen-
tially selected during the run to permit the tracing of a voltage-
current characteristic.

3. Experimental Results

A number of experimental runs were conducted, each with
slightly different conditions. The results to be presented here
are necessarily a synthesis of the complete set. Table 2 lists
the major parameters of the experiments which will be cited,
along with the principal results derived from them. In this
table, the Hall parameter is the microscopic value evaluated
at the channel center (static pressure at station 13) assuming
that the electron temperature is frozen at stagnation condi-
tions.

3.1 Gas Dynamic Data

The static pressure measurements confirmed that the flow
Mach number at the generator inlet was about 2.2 and that
the flow in the generator was supersonic with perhaps weak
shocks near the inlet and exit. The static pressure did not
vary much with load condition except at short circuit, when a
sharp pressure rise occurred near the exit. This rise is prob-
ably due in part to lower inlet stagnation pressure and in
part to an increased MHD interaction.

The electromagnetic forces in the plasma influenced the
stagnation pressure drop appreciably. When the magnetic
field was turned off during one run, the stagnation pressure
at the generator exit rose almost 15 psi. This degree of inter-
action implies a conductivity of about 50 mho/m which, as we
shall see, is consistent with values obtained from the mag-
nitude of the load currents. These points are discussed fur-
ther in Ref. 3.

3.2 Electrical Data

As is evident from Table 2, the most complete set of elec-
trical data was obtained in run 13. Figure 2 shows the open
cireuit voltage distribution for this run. It exhibits a maxi-
mum near the channel center with a small voltage at the exit.
The magnitude of the open circuit voltage is significantly less
than its ideal value of some 600 v near the channel center.
The same general distribution has been found in several runs.
In some previous runs, reported in Ref. 1, larger open cireuit
voltages were obtained, but the distribution along the chan-
nel was similar. Hall voltage distributions along the cathode
wall are shown in Fig. 3.

The magnitude of the Hall field is much smaller than the
ideal value for the loaded conditions. It is nearly independent
of the load eurrent, over a range of load current densities from
0.1 to 4 amp/em ™2 At open circuit, the Hall field is smaller
than for the loaded conditions and much smaller than the
theoretical value due to channel divergence.

Transverse open circuit voltage profiles at stations 6 and 19
are given in Fig. 4 for run 13. The most striking feature of
these data is the “reversed voltage drops” at both cathode
and anode near the inlet, and at the ancde near the channel



360 DECHER, HOFFMAN, AND KERREBROCK
o 40— RUN 13
l:l He + 03%Cs
Qo LOAD COND. INDICATED 30 & SC,
Z B=14 TESLA
T, = 2000°K "

w
o 300 (CATHODE WALL )
g
o}
>
|
- :
200
T
|
=
=
W =
W00
o
x
=
O
w0
3
w !

o 4 e 8 12 16 20 24

AXIAL DISTANCE , ELECTRODE NO.

Fig. 3 Axial voltage distribution for run 13.

exit at open circuit. As we shall see, this behavior is indica-
tive of current layers along the electrode walls.

When load currents were drawn, the anode voltage drop re-
verted to normal polarity, as did the cathode drop near the
inlet. However, the magnitude of the anode drops cannot be
explained. by emission phenomena alone. It is probably due
to flow separation from the anode wall.

The load current distribution is shown for various load re-
sistances in Fig. 5. We note an increasing current with de-
creasing load resistance, as expected, and a rather unexpected
variation of load current along the channel. This variation of
load current along the channel will be explained below.

The magnitude of the short ecircuit current density at its
maximum is much larger than the current density expected
from an electron mole fraction frozen at stagnation condi-
tions indicating that some magnetically induced nonequilib-
rium ionization has been achieved.

The magnitude of the load currents are correlated to the
performance of the preionizer. Generally it was observed
that, when the preionizer drew current, current flow to the
loads also occurred.

4. Model for the Generator

The model which we propose to explain this rather complex
behavior is shown schematically in Fig. 6. Its principal fea-
tures are: 1) a core region, in which the current flow is gov-
erned by the bulk properties of the plasma and by electric
fields imposed by the bounding regions; for most operating
conditions, the axial field (E,) is small compared to the ideal
Hall field, so that the current has a large Hall (j.) component.
Furthermore, for most operating conditions so far attained,
the transverse field (E,) is small compared to UB, so that the
core is nearly shorted transversely also. As a result of these
two conditions, the current pattern in the core flow is nearly
independent of the electrical boundary conditions. That is,
it acts as a fixed current source; 2) highly conducting layers
along the electrode walls; these layers exist because the
transverse current is impeded at these walls?® on the insulat-
ing segments, and at all points at open circuit. Thus, the
effective conductivity along the wall is approximately the
scalar value, with the result that even a small Hall field (E.)
can drive large currents in these layers. Because their impe-
dance is so low, the layers can redistribute the current which
they collect from the core flow in complex ways.

The anode and cathode layers will be modeled by a region of
fixed height d having a conductivity, o4 or o¢, which depends
on the axial current in the layer. That this model represents
an oversimplification will become clear later. Nevertheless, it
does seem to represent the major features of the actual layers
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and is simple enough to be readily analyzed; and 3) end
regions, just upstream and downstream of the magnetic field
region; they are especially important in this type of genera-
tor for two reasons. First, since the Hall field is small, the
effective conductivity of the plasma in the generator region is
reduced roughly by the factor 1/(1 -+ £2), relative to that in
the end regions. Secondly, the end regions are coupled to the
core flow by the electrode wall layers. These effects combine
to make the end shorts extremely damaging, particularly at
open circuit.

An examination of the equations which govern the current
flow and the electric fields in the generator reveals that the
relaxation of the electron density from the nozzle exit value to
the higher value supported by the Joule dissipation in the
generator is intrinsically two-dimensional.® This relaxation
occurs along a front which lies at an angle to the flow (Fig. 6).
The current flow vector makes an angle with the y axis which
is tan~%, where ¢ = (8 — Bapp)/ (1 + BBapp) and B.pp is de-
fined by E./E,’. From the kinetics of the process one can
show that the relaxation region is a fraction of a centimeter in
thickness which is small compared to the characteristic di-
mensions of the generator. One can therefore think of this
region as an ionization front. The conductivity and hence
the current will rise across the front. We will denote by r
the ratio of the current density behind the front to the current
density ahead of the front. v

It must be noted that we have assumed that a steady solu-
tion exists. This may not be the case. The relaxation may,
in fact, be basically unsteady, occurring by the formation of
convected electrothermal (or ionization) instabilities. In
that case the present analysis would be qualitatively wrong,
We advance the steady mode because it appears to offer an
explanation of some aspects of the generator’s behavior.

We note first from Fig. 4 that there is an abrupt change in
the transverse field near the centerline of the channel at sta-
tion 6. This is where the proposed front would cross the axis,
since 8 ~ 5 and Bapp =~ 0.2, giving { = 2.4. This behavior has
been observed in several sets of data. Further, there is, as we
shall see below, a tendency for the load current to peak to-
ward the exit end of the channel, even at short circuit. This
tendency may be connected with the relaxation process since
it causes smaller currents to flow into the cathode layer near
the inlet.

4.1 Simplified Equations

Referring to Fig. 6, and using the model previously pro-
posed, Ohm’s law for an assumed uniform core region becomes

Jju@h) = re*UBK — 1) = —5*
®
ju(@,—h) = nre*UB(K — 1) = —nj*
where
n = 1/r for z < 2th
n = 1forz > 2th

and o* is an effective conductivity given by
| o* = (1 + BuB)/(1 + 87 @ @)

These currents flow into the electrode wall layers, which in
turn couple to the loads and to the end regions. To analyze
this coupling, we must compute the current flow through the
layers and loads, taking account of the voltages produced by
the eurrent flow in them. As previously stated, it will be as-
sumed that these voltages are so small that they do not ap-
preciably influence j,(xr,k) and j,(z,—h), except that an
average K (x) and B.pp will be retained in Eqgs. (1)
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From curl £ = 0 which is the condition for the existence of
a potential, we find that

Vi@ — Vi(0) = j; s — Bon)da 3)

where E.c and E. 4 are the fields along the cathode and anode
walls, and V(z) is the load voltage.

From div 7 = 0 the average axial current densities in the
layers are related to the core currents by,

d(dj.a/dz) = Jula,h) — jul@) = —j* —jz @
d(djzc/dx) = —ju(@,—h) +jr(@) = m* +jr ()

where j; is the effective load current density. The electric
fields in the layers will be taken as

E.c = juc/0c + Bit/oc  E'yo = ji/oc — Bjc/oc (6a)
E.u = joa/oa + Bjr/oa E'va = jiu/oa — Bjza/oa (6b)

Note that the transverse component of current in the layer
has been taken to be jz. The layers exist, in fact, because
jr ¥ Jy, 80 that this approximation gives the correct qualita-
tive behavior, although some average of jr and j, may be
more nearly correct. Now Vi(z) = pji, where p is a re-
sistivity (2 ecm?) for the loads, so that Eq. (3) may be written

d/dx (pj1) = Ezc — Eea = (Joo/0c — jza/04) +
Bi(l/o¢ — 1/oa) (7)

The essential physical content of Eq. (7) is that the rate of
change of the load voltage in z is limited by the electric fields
along the electrode walls. An abrupt change of pjz would re-
quire a large value of either E ¢ or E. 4, which the layers cannot
support. Thus, for p constant in z, the rate of rise of jy is
limited by these layers. As p increases, dj/dx must decrease.
As we shall see, this effect explains the slow “inlet relaxation”
(i.e., slow load current and voltage build-up) observed in the
experiments. :

Eqgs. (4, 5, and 7) determine j.¢, .4 and 7z as functions of z,
if o4 and o¢ are related to j,4 and 7.c, and proper boundary
conditions are specified. On the first point, we shall assume
that g depends only on j.c, since a simple argument shows
that j.c/jr ~ PBh/d, for a highly shorted generator, and
similarly ¢4 depends only on j,4. Because the dissipation is
large in the layers, they should be in the two-temperature
regime, so that’

logoe ~ const + « logj.c

Since « is nearly constant over quite a wide range of current
density, we may write with some confidence

i(.‘iz_CL> = 1————_ d ‘_lj.J_c. Eﬁ - (.7'1(7)“ (8)
dx g¢ ge d.‘l? ’ OR »jR
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where o and jr are reference values. A similar expression
can be obtained relating o4 to jza.

4.2 Linearization and Solution

The system of differential equations is nonlinear, even with
this approximation, because o4 and o¢ in the last term of Eq.
(7) depend on j.4 and j.c. In Refs. 2 and 3 these conductivi-
ties were held constant, but this is incorrect, because in fact
o4 and o¢ vary more rapidly in z than do j.4/c4 and j.c¢/ oc.
To obtain a consistent, if approximate, theory we shall ex-
pand Eq. (7) around a zeroth-order solution uniform in .
Thus, we put

ji =7Ji ' Jec = Jec + 5’205 Joa = Joa + Jlea
oc = ¢+ 0¢’; 0a=8s+ 04

and obtain

Lo = 8 (5 = 5) U+ ottt + 56 x
(G + 70+ 5% = 0 — n)fcPf* (%)
where
Ca2 = (@ =1 'E‘ﬁj‘f—
dpg a dpd 4jza
and
TR Gt .. L

dpt'rc dpﬁ’cjxc
and @ is related to 7.c through Eq. (8), i.e., oc'/dc = ajzc’/
jzc-

CATHODE LAYER

Fig. 6 Schematic of the relaxation front and current flow

patterns. The front lies at an angle tan™! t to the y axis

and the highly conducting layers are shown along the elec-
trode walls.
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There are several parameters in this linearized perturbation
equation, so that a general presentation of results is difficult.
We note, however, that for conditions near short cireuit, E.
=~ F.c, so that the two layers should have nearly identical
properties. Thus we take as the reference condition the sym-
metrical one where one half the free stream Hall current re-
turns through each layer. This means that j.o = Jea = J»
and 54 = ¢ = §. As a further simplification, the load re-
sistance will be taken constant inz. This was true for all the
experiments to be discussed.

For the sake of simplicity, only the case for n = 1 will be
discussed. Hence the solutions obtained are only strictly
valid for the downstream region of the generator; i.e., for
x > 2ht. With these assumptions Eq. (9a) becomes

d*pjr')/de® + pE*(Gr’ + 371+ 4% = 0 (9b)

The solution for 71’ is then

Jiu' + 7. = A costz + B sinfz — j* (10)

if £2> 0.
Alternatively, if {* < 0, (11)
Ju' 4+ jp = .CF* + D, — j* (12)

In the special case of {L « 1, which is always true at open
circuit,

VY =gy = [ - a)/dsle + x4+ F (13)

for arbitrary 7.4 and 7.c. Here E and F are constants of in-
tegration.

The load currents given by Eqgs. (10) and (11), and the
open circuit voltage given by Eq. (18) can be ecompared
directly with the data.

Corresponding results may be derived for the layer volt-
ages and for the Hall field, these being the other two distinct
features of the data.

The layer currents for the oscillatory solution are

Joa = Jea — (A/dS) sinlzx -+ (B/dY) costz (14)
Je¢ = Jeo + (A/dY) singz — B/d¢ costx (15)

The transverse layer field for the oscillatory solution is found
from Eq. (6). Expanding o, j. and 7, and retaining zeroth
and first-order terms we have

#(By — UB) = —f, — j* + {A = B/dr[B(1 — &) +
@ jr/3-1} costz + [B + %_ [6(1 - a) + a%k]] sinz

(16)

where j. and &, are to be read either j.c and &¢ or 7.4 and &4,
where the upper and lower signs are for the cathode and
anode, respectively. Similarly, the Hall field is

&Ez‘:jx"‘ﬁj*"'_{:BA :l:—(%[(l—a)"

aﬂ(jL/i:]} cos{, + {,BB + %[(1 —a) —af %]l sintz
1

4.3 End Conditions

If we impose the end conditions on the total current,
Ji' + jz, the four undetermined constants in Eqs. (10, 14,
and 15), namely A, B, 7,4 and j.c, may be evaluated. The
current flow in the end regions is quite complex, but in es-
sence the ends must act as resistive shunts across the genera-
tor and couple the ends of the two layers. Furthermore, the
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ends must redistribute the Hall current into the wall layers.
We may separate those two functions of the end regions by
assuming that the zeroth-order current in the wall layers is
the returning Hall current and that this return mechanism
does not give rise to a net voltage across the generator end.
Thus

_ _ b
Joa =Jec = — Sl p # @ (18)

The constants A and B are then determined by matching the
load current at the ends to the perturbation currents in the
wall layers. The electric field which drives the transverse
current in the end region is of the order gj.(0)/2h. The
current flowing through this region is the current flowing be-
tween the anode and cathode wall layers. The inlet end cur-
rent density j; may be obtained by assuming the axial extent
of the end region to be about equal to the transverse channel
dimension 2h. Thus

324’ (0) = ~jsc'(0) = j:(2h/d)

Taking the conductivity of the plasma in the inlet region to be
a;, Ohm’s law yields

—0fr(0) o = [j:4(0) = jzald (19)
Similarly in the exit region
—pirL)oe = [fec(L) — Jacld (20)
From these conditions, we find for the oscillatory solutions,
% _ s, — 8ils, sinfL -~ cos{L]' (@1a)
7 (se + 8:) costL + (1 — s.8:) sin{L
B si[sc{eost L — 1) + sin¢L]

* 7 (s. + 8:) costL + (1 — s.8:) sin{L (21b)

.

Here s. = po.{ and s; = po:{ measure the part of the total
transverse current carried by the end loops. If s, and s; are
large, the load resistance is large relative to the end region
resistance and then the end loops carry a major part of the
current.

For the open circuit case, continuity requires only that

Joa + Jeo = —(2h/d)5* (22)

Equation (7) may be written for the open circuit case by
noting that pj. = V.., the load voltage, whilej. = 0. Thus
after linearization Eq. (7) becomes

ij 1 -

av,./ds = J‘”; +— 2 led’ — j=a'l  23)

But for a constant j* current continuity requires that the
current vary linearly in the wall layers. Hence we have from
the integration of Eq. (4)

Jea = jz4(0) — j*(z/d) (24a)
and
Jee = Joc(0) + j*(z/d) (24b)

since the anode and cathode walls act as sink and source
respectively. From the end condition we have that the cur-
rent from one layer flows into the other and as in the loaded
cases the returning Hall current flows symmetrically through
the wall layer. Hence

J=4(0) = jocll) = —joa(l) = —jzc(0) (25a)
and
Joa = Jac (25b)
with this assumed inlet-exit symmetry, Eq. (28) becomes
dV,./dx = [2(1 — a)/&d]j*(x — L/2)
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which is readily integrated to give
V@) — Voe(0)1/UB(2h) = S(1 — a)(¢ — £2) (26)
where £ = z/L and .
S = [1/UB(2h)]5*L%/5d
From the inlet end condition we find that
Voe(0) = —(3/09)[thd/L* + d/2L + (d/L)? j=4/5*] (27)
Use of the exit end condition allows us to find 7,4:
Jea _ (@/0e — 8/a)(th/2L + 1) — ht/d
J* — d/2L(5/0. — &/0:) + 1

To be strictly correct, however, we must recognize that the
symmetry conditions imply that V,.(0) = V,..(L) and hence
o, = i With this condition 7.4 becomes j.4/7* = Foo/* =
— t h/d which is seen to be consistent with Eqs. (22) and (25).
The assumptions of this simplified model force V.. to be a
symmetric parabola. This is not a serious restriction, how-
ever, since the experiments indicate that the generator was so
highly shorted by the end regions that V,.(0) =~ V.,.(L) ~ 0.
The corresponding layer fields at open circuit are

B, = J. £ (1 — a)j*/d(x — L/2) (29)

where the upper and lower signs apply to the anode and
cathode respectively. Furthermore

By — uB) = —BE. (30)

from which the voltage drops in the layers may be calculated

(28)

5. Comparison with Experiments

The solutions of the linearized model will first be com-

pared to the open circuit data, Fig. 2, and then to the loaded
data, Fig. 5 of run 13.

5.1 Open Circuit Data
The best fit of Eq. (26) to the V,.(x) data, Fig. 2 is
—~V./UB(2k) =~ 0.60(¢ — £)?

This immediately yields a value of S(1 — &) = 0.60. From
the definition of S we find

g 7 (1—a)(1——K)L2~96.5
o TOg 060 (Q4pBH2rd 14 B2

assuming K,. >~ 0,d 22 1 cm, and « =2 0.7 for the layers at the
high &. If we tentatively choose 8 = 5, the true microscopic
value, we find /5, = 3.7.

We have an independent method available for estimating
this conductivity ratio. First of all, we can estimate & =, the
cpnductivity of the core flow downstream of the relaxation re-
gion, from a simultaneous solution of Ohm’s law and the two-
’foiemp.erature nonequilibrium model. Ohm’s law for the core

ow is

Jo = ju(1 + )¥2 ~ UB/(1 + B)* 5.,

w'here t’ 2~ 3 at open cireuit conditions. For 8 = 5, this
vields jo ~ 3.7 amp/em?, and from the two-temperature
model we find &, =~ 40 mho/m at T, = 2300°K. For o, = 10
mho{1 m (the value of ¢ entering the generator) we calculate
r =4,

To estimate & we can use the results of the open circuit
model

Je = B h/dj, ~ 19 amp/cm?

From the two-temperature model for the wall layers, we find
that & = 118 mho/m, yielding 5/0., ~ 3.0. This is in reason-
able agreement with the value of 3.7 found from the best
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parabolic fit to the open circuit voltage, particularly consider-
ing the approximations inherent in the model.

It should be noted that smaller values of 8 lead to poorer
agreement between the two methods. As a result, we tenta-
tively conclude that the microscopic 8 =~ 5 does represent
the bulk behavior of the plasma for the open circuit data.

5.2 Loaded Data

The loaded data for run 13 consists primarily of data taken
for values of Rz, = 10, 3 Q and at short circuit, all of which
are very highly loaded conditions judging from the experi-
mental result. Consequently, it seems reasonable to consider
a special case of the theoretical model, valid only near short
cireuit, in evaluating the coefficients A and B. It appears
for the aforementioned experiments that the generator was
effectively shorted by the copper nozzle at the inlet making
s; > 1. In addition, estimates of exit end region resistance
indicate that s. < 1. For these conditions 4/7* =~ 1 and
B/j* « 1 near short cireuit so that Eq. (10) becomes

Jju =~ —3*% 4+ ¥ cos{x + Bsin{z ~ —
F*[L — cos(§z + )]

where ® is a small phase shift angle. We will adjust 7% and
® to give a best fit to the three experimental curves (Fig. 5),
and check for consistency using the electrical conductivity
predictions.

At short circuit, a reasonable fit to the data is obtained for

J¥ = =31, {L =~ 8x/3 and a ® which makesj, = 0 at £ =

0.25. (This fit does not force 7z to be exactly equal to zero at
£ = 0; there is no great loss in accuracy, however, since our
model is truly valid only downstream of the relaxation front.)

It should be noted that the strong asymmetry in the short
circuit load current data is attributed to the presence of an
ionization front. Data from more recent runs with better
preionization does show a more symmetrical load current
variation at short circuit. Since better preionization should
reduce the intensity of the ionization front, these data tend to
support the concept of an ionization front.

We can now estimate & at short circuit from

Jo = Jrth/d ~ ~24 damp/em™2

assuming 8 = 5.0. (This choice of 8 will be shown to be the
only one which yields consistent results shortly.) From the
two-temperature model, & = 220 mho/m. Putting this in the
expression for {2, (Eq. 9) and solving for the effective internal
resistance of the electrodes we find Rz ~ 0.3 ohms, which is a
reasonable value.

Using this value of Bz and estimating 7z for 3 Q@ and 10 Q,
we can calculate the resultant ¢{I for these load conditions
from '

R (5w Fer T

These are tabulated in Table 3 for « = 0.80, 8 =~ 5and ¢ =
3.0. From the plotted values in Fig. 5, we see that these con-
stitute a good first order fit to the data for all three load con-
ditions.

Table 3 Generator parameters at loaded operation

A = Jaw, Gy
Ri + Rg, T, amp/ mho/ (E)ir, =
ohm amp em™2 m™! ¢L 0
0+ 0.3 132 24.0 220 2.677  0.25¢
3+ 0.3 70 13 140 1.0m 0.10e
10 + 0.3 1.5 2.8 48 0.90x 0.10¢°

@ Values selected to match experimental data.
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As a further check on the consistency of our results we
calculate o, by two independent methods. From the two-
temperature model we find @ @ ~ 45 mho/m using

Jo = Jy(1 + )2 =~ 4.5 amp/em—?
for 8 = 5.0 and { = 3.0. From Ohm’s law

po o dr(LBY
UB(L — K) (L + BB

using the experimental values of K =~ 0.1, 8,,, =~ 0.2, and
assuming 8 ~ 5.0. This good agreement is only achieved for
B =~ 5.0 and hence serves essentially to verify the choice of
the effective value of 8. Assuming ¢y ~ 10 mho/m as be-
fore we find r =~ 4.5.

As a final check, we can estimate the average axial electric
field at short circuit

=~ 44 mho/m

E.o =~ ]T_:- [é—}; + 1] ~ —14.6 v/ecm
againusing 8 =~ 5.0. The experimental value is approximately
—10 v/em, which is reasonable agreement.

The predicted values of the transverse layer voltages are
in poor agreement with the experimental results. However, it
may be that this comparison is confused by the relaxation
front impinging on the cathode wall and by a possible separa-~
tion along the anode wall.

The theory of nonuniformities and ionization instabilities
is not sufficiently complete to be able to verify that an effec-
tive Hall parameter of about 5 is correct. (The theory for
plane electrothermal waves predicts a value of 8.;; =~ 0.6 for
helium plus 0.39%, cesium.) Thus for the moment we must
consider our choice of 8 =~ 5.0 as a best guess.

5.3 Relation to other Experiments

To the authors’ knowledge, the severe layer shorting phe-
nomena described here have not been prominent in the other
large scale linear generator experiments reported to date.
One of these experiments8 operates at subsonic velocities, with
a much smaller ratio of electron to gas temperatures than in
the present experiment. The subsonic flow also results in a
ratio of densities in the electrode boundary layer and free-
stream which is near or above unity, whereas this ratio is
smaller in the supersonic channel. Both of these factors
lessen the tendency to electrode-wall breakdown in the sub-
sonic channel.

A second large segmented generator has been operated
supersonically, with mixtures of noble gases,® and in a shock
tunnel. This generator has performed quite well for the very
short (millisecond) test times available with the shock tunnel,
with no clear evidence of layer shorting. It does, however,
exhibit electrode drops which are as large as half the open cir-
cuit voltage. These are much larger than the electrode drops
in the present experiment, and seem to suggest the existence
of a high resistance layer on the electrode wall. Such a layer
would impede the type of shorting we have found.

6. Summary and Conclusions

The proposed model of a nonequilibrium MHD generator
yields predictions which agree with many of the prominent
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features of the experimental results. In particular, 1) The
model prediets the observed parabolic shape for the open cir-
cuit voltage when strong end-loop shorting is present. 2)
Using a best fit to the experimental V.. data, a consistent set
of average values for the layer and free stream conductivities
is obtained. For gy = 10 mho/m at the entrance to the gen-
erator, we find that . = 40 mho/m after the relaxation front
and & =~ 120 mho/m in the wall layers. Direct measure-
ments of the electron density are required to verify these pre-
dictions.

3) The consistent results just quoted are obtained only
for a Hall parameter, 8 ~ 5, close to the true microscopic
value.

4) Near short circuit a perturbation solution yields oscilla-
tory solutions which agree qualitatively with the observed
axial variation of the load current. In particular, the slow
buildup of the load current is probably due to the low maxi-
mum axial electric field of about 10 v/em the helium plus
0.39, cesium mixture can withstand before breaking down
(i.e., going into the strongly nonequilibrium conduection
mode), along the electrode wall.

5) Fitting the theoretical curves to the data again yields a
consistent set of electrical conductivity values for 8 =~ 5.
At short circuit we find that for o ~ 10 mho/m, ., ~ 45
mho/m and & =~ 220 mho/m.

6) The values of conductivities mentioned differ from the
open cireuit case, only in the value of . The values of the
Hall parameter which yielded these results was 8 ~ 5 in both
cases. The difference may be due to the somewhat larger
Hall field attained in the loaded condition, due to the load
currents being drawn through the electrode wall layers.
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