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Abstract

An experimental study of the effects of thermal
and velocity nonuniformities i s performed in a equi-
librium plasma for a range of Hall parameters. An
electrodeless HHD disk generator with radial flow i s
chosen as the ideal geometry for these experiments.
By introducing equally spaced cold blades in the
flow, i t is possible to create well defined two-
dimensional wake nonuniforraities with strong varia-
tions of *-he plasma properties in the direction nor-
mal to the magnetic field and the flow. This type of
nonuniformity is predicted to provide the strongest
reduction of Hall coefficient and effective conduc-
t i v i t y for high values of Hall parameter. This deg-

j radation i s controlled by both the level of nonuni-
• formities and the value of the ideal Hall parameter.

The former i s dependent upon the number of blades
(root mean square deviation of the conductivity), and

i the latter i s dependent upon the values of the
magnetic field intens i t ies . The results provide
basic quantitative information about the effects of
conductivity and velocity nonuniformities on the
performance of equilibrium MHD generators over a wide
range of Hall coefficients, between 2 and. 7. Reduc-
tion formulae are established between the effective
and ideal Hall parameters for different levels of
nonuniformities intens i t ies . Theoretical predictions
are derived from a detailed two-dimensional e lectro-
dynamic analysis and a simplified "engineering" model
based on a generalization of Rosa's layer model.
These experiments validate the analytical studies
and support the use of the theoretical layer models
in describing the effect of boundary layers on the
performance of linear generators.

I . Introduction

i The performance of HHD generators i s cr i t i ca l ly
dependent on favorable values of the transport prop-
ert ies of the plasma. It can be seriously influenced
by inhomogeneous distribution of such properties cre-
ated' by incomplete rnixing of seed, fuel or heat loss
mechanisms from the combustor when some percentage of
unburned carbon generates hotter and colder gas re-
gions, by wtikes of cooled surfaces immersed in the

I working fluid or by the cooler boundary layers over
the walls of HHD generators.

Very few e^act solutions are known for the ef-
fective Ohm's law of inhomogeneous plasaas, the best
known being that for a layered medium, J which, for
the f i r s t time, clearly displayed the strong effect
on the Hall parameter. Other solutions are for two-
dimensional syonetric plasmas, as well as the
limiting cases of "dilute suspensions" of possibly
strong inhomogeneities..and isotropic inhomogeneities
with fej^U amplitude. Recent theoretical treat-
ments gave reduction formulae for the efrective
Ohm's law, valid for high Hall parameter and strong
inhomogeneities, for several types of anisotropic
inhomogeneities, including "streamers" in the plane
orthogonal to-the magnetic field B and plasmas with
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isotropy in that same plane, but with different
degrees of elliptifiity along the B direction. The
results indicate tS-at the geometry, orientation,
intensity and density of the inhomogeneities are
important factors in determining the extent of these
effects on the performance and efficiency of HHD
generators. n SI

These analyses indicate that plane non-
uniformities with strong variations of the plasma
properties in the direction normal to the magnetic
field and the flow, which provide the strongest
degradation effect , would yield a reduction of the
effective Hall coefficient as:

"err < 0 > 6 <1 + B
G(r)

e
where G(r) i s Rosa's nonunifortnity factor; i t i n -
dicates the strong influence of the nonuniformities
for high B and for high root mean square deviation of
the conductivities.

In developing experiments for studying the
effects of nonunifonnitles due to thermal and/or
velocity deficits or gains in a region of a plasma,
i t i s best to choose favorable conditions and f a c i l -
ity that would isolate the effects of these nonuni-
formities from other effects. The electrodeless disk
geometry, which i s a high Hallgooeffieient device.

• provides such an environment.
Results from experimental studies are compared

with the predictions of two theoretical models de •
rived from a two-dimensional analysis and a simpli-
fied engineering model based on an extension of
Rosa's one-dimensional layer theory. These results
confirm the theoretical predictions of the effective
Hall parameter and provide basic quantitative infor-
mation about the effects of conductivity and velocity
nonuniformities on the performance of equilibrium HHD
generators over a wide range of Hall coefficients.

II. Description and Results of the Experiments

The experiments were performed using the HIT
shock tunnel-MHD disk generator. A radial flow
HHD generator was designed and used for these experi-
ments. Figure 1 shows the assembly drawing. QThe
downstream wall i s convergent with an angle 3 30' in
order to provide a plasma with nearly constant
properties in the test section of the generator.

Up to fifty-one electric f ield measurements can
be made in and out of the thermal wake zones. In-
strumentation ports for optical diagnostics, such as
electron density, and for stat ic pressure measure-
ments are distributed along the disk.

The experiments were carried out in two phases:
(a) determination and characterization of a uniform
reference plasma; and
(b) creation of well defined wake nonuniformities.

a. Uniform Reference Plasma Experiments

A gas mixture of Ar 80%/COj, 20%, at room temp-
erature, was used. The higher specific heat ratio of
argon, acting like a buffer, provides longer test
time, which i s a shock tube limitation for pure
molecular gases. „,„,„„„....,._. .,..,.,
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An undisturbed flow was experimentally estab-
lished, free from background and ionizational nonuni-
formities which occur even in molecular gases. Fig-
ure 2 shows typical pressure, voltage and electron
density histories, without noticeable fluctuations
during the test time, in the established equilibrium
uniform reference plasma.

The chosen test gas provides some degree of
simulation of combustion gases. Carbon dioxide at
the stagnation conditionSj-dissociates into CO and 0_
in the fraction indicated1 in Table I, which also
reviews the operating conditions used in all cases.

Table I

Summary of the Test Conditions

Ar 80J/CO2 20?Mixture of gases
(g room temperature)

Species concentration Ar.80/CO2.126/CO.O71/O2.035
at the stagnation
conditions (mole frac-
tion)

Stagnation Temp. (K)

Stagnation Pressure
(atm)

Hin. >rea A* (cm2)
r* (cm)
h» (cm)

Cesium Seed Fraction

Mass Flow (kg/sec)

Test Section

To = 2850

po = 4.0

78
7.7
1.61

.25*

3-0

Hach Number <H>

Test Time (msec)

<a> for the uniform
reference (mhb/m)

<B> for the uniform
reference § B = 3.5
Tesla

1.40

• 7 - .8

30

6.5

The theoretical plasma profiles were obtained
using the two temperature one-dimensional model de-
scribed in Reference [9] with the inclusion of the
different dissociated molecular gas components in-
dicated in Table I . A negligible electron temperature
elevation was found for the CO2 concentration used in
the experiment.

Figure 3 shows the predicted and actual pres-
sure, electron density (which is in Saha equilib-
rium), and conductivity in the disk. The "measured"
conductivity is calculated by using the measured
electron density and the effective Hall parameter,
8efff o f t h e u n*f° r m reference plasma. The predicted
curves are averages for all applied magnetic field
Intensities: 1.0, 2.0, 2.6, 3.0, and 3.5 Tesla.

Figure 3 shows that the differences between the-
oretical and measured values are within the experi-
mental error; no variation of the pressure and elec-
tron density was detected for the different magnetic
field intensities due to the low interaction. Figure
4 shows the measured open circuit voltage for the
uniform case (no blades case) as a function of the
radius for magnetic field intensities of 1.0, 2.0,
3.0, and 3.5 Tesla.

b. Wake Nonuniformities Experiments

Kell characterized nonuniformities are produced
by the insertion o." different numbers of equally
spaced blades alon» the flow, extending fron the
center of the generator to the sonic point (r» = 7.7
cm). The blades ;.re 1.0 mm thickness stainless steel
with a trailing eifge of .33 ma.

A set of exp riments was performed for 6, 12 and
24 blades, and th; wakes created in the latter case
are shown in the Photograph of Figure 5.

Figures' 6, 7 and 8 show the measured and pre-
dicted open circuit voltage as a function of the
radius for magnetic field intensities of 3.5, 3.0 and
2.0 Tesla respectively for different blade configura-
tions. The results exhibit the effect of ~,he created
nonuniformities on the performance of the generator.
For example, the average electric field ratio, as
compared with its uniform value is .77 in the 6
blades case at 3.S Tesla, while i t drops to .46 in
the 24 blades case. A complete analysis and compar-
ison between the experimental and theoretical results
are discussed in Section IV.

Figure 13 shows the electric field ratio as a
function of the ideal Hall parameter at r = 11.40 cm
close to the middle of the channel.

Figures 10 and 11 show the effective Hall param-
eter along the disk for all blade configurations at
3-5 and 2.0 Tesla respectively. The upper and lower
curves on the top represent the ideal "region" for
the Hall parameter for the uniform reference (no
blades) case, where the run to run pressure varia-
tion, as shown in Figure 3, was taken into

'consideration in the calculations: !

"ideal = 6calp Cpoalc/Pmeas) ' w h e r e ^a l c i s °*~
tained from the one-dimensional model.

The measured effective Hall parameter is within
the ideal region and reaches, in the last portion of
the channel, a value of 7.2.

Figures 12 and 14 show the complete set of ex-
perimental and theoretical relations between the
effective and the ideal Hall parameter at the en-
trance , middle and exit of the test section for dif-
ferent blade configurations.

I I I . Theoretical Modeling of Honuniformities Effects

An engineering model based on a generalization
of Rosa's layer model is presented, and i t s validity
is checked by detailed two-dimensional electrodynamic
calculations. Comparison to the experimental results
is presented in Section IV.

a. The Engineering Model

Rosa's well known solution for the average Ohm's
law in a constan1j>.density plasma with a parallel
layer structure can be generalized to the case
where a, B, and u have two-dimensional variations
with the variation being strong in a preferred
direction. In the setting of a disk generator the
strong variations are across the wake in the azi-
muthal direction as compared to the secondary vari-
ations along the radial direction. Therefore, for
narrow radial wakes, one can assume, approximately,
that:

E- = E-CO, J. = J . ( r ) , and <EO> = 0 (1)

Ohm's Law can be averaged in the azimuthal direction,
with the result (for u E 0)

< Jr>.; < B \ Je = <a\ V ( 2 )

<HA-\ •', « -<Ve B + <B>e Er' (3)



where all averages ca~> s t i l l depend en r. Using
current conservation,

<Jr>6 = l/2*rh(r) , («)

where I is the total current and h(r) is the genera
tor height, one can solve for the radial field Zr'-

" < B > 6 <Ur>9

1 Here G(r) is Rosa's nonuniformity factor

(5)

(6)

Integrating from inlet to outlet gives the generator
load line:

- f <»>e < y 9
6TF) * - M 5.rh(5) • C7)

1

from which the open circuit voltage and the short
circuit current follow immediately.

For our experiment in the open circuit case one
gets

9
S ef f C r > = GTFT'

and

(8)

(9)

b. Detailed Two-Dimensional Electrodynamic Calcula-
tions

In order to explore the limitations of the above
, engineering model and obtain a more detailed compari-

son to the experimental results , two-dimensional
electrodynamic calculations are carried out for the
disk geometry corresponding to the experimental
channel.

The conductivity, velocity and Hall parameter
were obtained using the one-dimensional calculations
for the uniform reference case which account for the
effects of both the ordinary hydrodynamic forces and
the MHD interaction in the open circuit mode.

Conductivity and velocity wakes were then im-
posed in the form of modeled profiles which are ob- -
tained by curve f i tt ing according to the following
simplified treatment of turbulent wake formation:

the SchlichtingtHlmodel for the spread of .two d i -
mensional turbulent velocity-defect wakes was "
adapted, using as in i t i a l values the results of
thermal and velocity boundary layer calculations[10]
over the blade surfaces. The enthalpy defect profiles
were related to the velocity defect profiles using

.an empirical relation due to Reichardt 1^1.
Assuming Saha equilibrium for the electrons,

the conductivity defect wa3 then obtained.
Figures 17 and 18 show the evolution of

the intensity and width of the modeled wake as com-
pared to the above treatment of wake formation. Fig-
ure 17 also contains three experimental values for
the width of the wake obtained from the wake printed
on the wall. The effect of the Hall parameter defect
in the wake i s negligible for this case due to i t s
mild dependence on temperature defect and the narrow-
ness of the wake (<B> = B).

The differential equation governing the electric
potential.

— trho I— -TT *
3 r o' • ou vu • o »* v*

= B{|p- [rho (uQ + Bur) + | ^ [ho (-up + Bu8)]). (10)

where o = o/(1 + p ) i s solved over a basic period
subject to periodic boundary conditions in the az i -
muthal direction and prescribed potentials at the
inner and outer radii (electrodes) .

The over-relaxation method was used for the
numerical solution over a variable grid structure to
capture the effect of the narrowness of the wakes and
adjust the refinement of the spacing in places of
sharp gradients.

IV. Analysis and Comparison Between Experimental
and Theoretical Results

The comparison between, the experimental and
theoretical results for the two models are shown in
Figures 6, 7, 8, 9, 10, 11, 12, 13, 11, and 16. The
theoretical electric potential i s normalized in each
case to have the corresponding measured experimental
values at the exit of the generator. The exit point
for normalization is of course arbitrary, but i t was
chosen to display the largest possible deviations
between the experimental and theoretical results at
the inlet (Figures 6, 7, and 8 ) .

The wake profiles were imposed according to the
procedure described in Section I l l - b . All cases were
subjected to the same type of wake intensity and
evolution shown in Figures 17 and 18. It should be
noted that, although the intensity and evolution of
the wake are the same for al l cases, the weighted
root mean square deviations (rms) of the conductivity
and velocity are different for different numbers of
blades due to having different volume fractions occu-
pied by the background plasma in each case.

Inspection of the results reveals several impor-
tant points.

1. The theoretical open circuit voltages (Figures 6,
7, and 8) obtained from the "engineering" and
two-dimensional models are in very good agreement
with experimental results.

2. The engineering model s l ightly overpredicts the
degrading effects of the open circuit voltage as
compared to the two-dimensional calculations.
The differences in predictions ranged from 7.7%
at B = 2.0 T to 13% at B = 3.5 T and account in
part for the infinite plasma approximation in the
engineering model and the increase in the layer
thickness downstream in the channel.

3. The distortion of the equipotential lines across
the wake (Figures 9a and 9b) i s due to the strong
deficit of conductivity, which generates a local
high resist ive medlun for the current at the
location of steep conductivity gradients.

4. Figures T2. 13, and lit show the dependence of the
normalized average electric f ield and the effec-
tive Hall parameter at three different locations
in the generator, on the ideal Hall parameter,
and the rms o. The discontinuity in the curves
that are shown in Figure 14 for 3.9 £ 8 <_ 4.6 in
each blade configuration i s due to differences of
the wake evolution ( i . e . differences in rms a) at
the two locations r = 9.6 cm and r = 14.6 cm.

5. For a fixed rms o (fixed number of blades) the
degrading effects on the performance increase as
the Hall parameter increases (higher magnetic
fields) (Figures 10, 11, 12, 13, and 11).

6. For a fixed magnetic field intensity (same range
of Hall parameter) the degrading effects increase
as nns a increases (larger number of blades)
(Figures 10. 11, 12, 13, and 11).

7. The trend of the effective Hall parameter (Fig-
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ures 12 and 13) i s in agreement-, with that of a
"strong)y unsymraetrio plasma," (Reference [5] ,
Figures 5 and 7 ) , in the sense thet the most
conductive regions occupy a large portion of the
plasma leaving the remainder to lt.w-conductivity
regions. The degradation i s less severe here
than in the case of "symmetric" plasmas, in which
the effective Hall parameter, B f f , saturates at
high ideal B. This latter effect i s well known
in unstable nonequilibriura plasm.-s.

The degrading trends of the effective Hall
parameter (Figures 10, 11, 12 and 114} can be seen
from a further analysis of the formu] ae for B . . and
G(r) in Equations (6) and (8):

If B(r) is fixed across the wake, one gets

G(r) = 1 + oN(l

and "eff
[1 + aN(1 + B )]

(11)

(12)

is termed the "nonuni-where aH = <<>>,
formity factor." D

An exanination of Equations (11) and (12) reveal
that there are two factors controlling the degrada-
tion of the effective Hall parameter:
1. the level of nonuniformities as measured by the

rms a, which depends on the distance between
blades, intensity and width of the wake; and

2. the value of the ideal Hall parameter, B.

Figure 15 shows the evolution of the rms o along
the disk channel for al l cases. Figure 16 shows the
evolution of Rrsa's ..onuniforraity factor, G(r), with
experimental comparison for B = 3.5 Tesla. The
corresponding influence of the G(r) factor on the
effective Hall parameter i s in agreement with the
trend of G(r) = B i d j / B e f f .

An analogy can be drawn about the G(r) factor in
the disk and linear generator when the distances in
the azimuthal radial directions are equated to
distances in the transverse, y, and axial directions,
respectively. In this analogy, the plasma properties
inside the boundary layers of the corresponding
linear generator are equivalent to the same
properties inside one wake in the disk.

Conclusions

The experimental and theoretical results of the
two-dimensional nonuniformities, with strong varia-
tions of the plasma properties in the direction nor-
mal to the magnetic field and the flow, confirm the
stong degradation of the effective Hall parameter
when B and the rms a of these nonuniformities are
high. The experimental results are in good agreement
with predictions from two theoretical models derived
from a two-dimensional analysis and a simplified
engineering model. These experiments validate the
analytical .studies and support the use of the
theoretical layer models used to describe the effect
of boundary layers on the performance of linear
generators,
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Figure 1. Drawing of the radial flow generator



(a) Pressure at r= 11.1 cm

(b) Voltage signal at r= tt.u cm

(c) PM Tube signal at r= 10.5 cm

Figure 2. Typical static pressure,
voltage, and PM-tube histories in the
disk for the reference fiov tests; T =
test time.
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Figure 3, Measured and calculated electron
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.Figure 5. Plasma luminosity photograph for the 24
blades case at B= 3.5 Tesla.
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