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BOUNDARY LAYER PROFILE MEASUREMENTS IN THE ELECTRODE WALL
OF A COMBUSTION DRIVEN MHD CHANNEL* -

R. K. James and C. H. Kruger
High Temperature Gasdynamics Laboratory
Stanford University

Abstract

Profiles of temperature and electron number
density were measured in the electrode wall bound-
ary layer of the Stanford M-2 MHD channel with
applied electric field. Results were obtained
for two flow conditions, and several electrical
conditions. Calculations of profiles using a
boundary layer computer program were made. Mea-
sured temperature profiles with no current showed
some discrepancies with the theory, but generally
the agreement between theory and experiment was
adequate. The Joule heating of the plasma caused
a significant increase in the measured tempera-
ture profiles. .Gond agreement wag obtained be=
tween calculated and measured profiles that in-
cluded the effect of Joule heating. Some elec-
tron number density non-equilibrium near the wall
was apparently observed, although the amount of
non-equilibrium was less than predicted. At high
local current densities, measurements show the
electron number density profile to be relatively
flat near the wall at current densities where the
anode voltage drop appears to indicate that a cur-
rent constriction is occurring.

Introduction

The accurate prediction of boundary layer loss
mechanisms such as electrode voltage drop and
wall heat transfer 1s lmporctant to the design of
MHD generators. Effects such as variable proper-
ties, wall roughness, turbulence, non-equilibrium,
and electrical interactions present modeling
difficulties which require that experimental
verification be 'done of the theories that attempt
to predict the boundary layer transport. Mea-
surements of the actual boundary layer profiles
are particularly important in verifying the de-
tails of the boundary layer models.

This i1s an experimental investigation of three
effects that have been predicted to occur in MHD
flows, and have possibly important consequences
in the prediction of wall heat transfer and elec-
trode voltage drop. These effects are 1) electron
non-equilibrium near the electrode due to the
effect of finite rate recombination kinetics, 2)
Joule heating, and 3) current constriction at high
local current densities. Daily1 predicted that
electron non-equilibrium would occur in the bound-
ary layer of an MHD generator, and made measure-
ments of Ng in an MHD generator, but did not ob-
tain data in regions of the boundary layer where
non-equilibrium was expected. Joule heating has
also been studied theoretically in MHD boundary
layers, and is predicted to be important in gener-
ators with high Hall parameters.2 Current con-
strictions in the boundary layer have been pre-
dicted by Oliver” to occur under certain condi-
tions in MHD boundary layers. Such constrictions
could lead to high local heating rates on the
electrode surface, as well as have significant
effects on the electrode voltage drop.

To investigate these effects, experiments were
run where electron number density profiles, tem-
perature profiles, and electrode voltage drops
were measured in the electrode wall boundary lay-
er of the Stanford M-2 MHD channel with an applied
electric field. Particular emphasis was placed
on measuring as close to the electrode surface as
possible. The final measurements have a spatial
resolution of 0.3 mm, with the first measured
point in the boundary layer at typically 0.4 mm.
Experimental conditions were chosen where the
effects of interest would be important and acces-
sible to the plasma diagnostics.

Expcrimental Proucedures

The experiments were run in the Stanford M-2
facility. Figure 1 shows a diagram of the experi-
mental setup. Alcohol seeded with KOH to give a
1% K concentration is burned with oxygen and
nitrogen diluent. The plasma passes into a
plenum where combustion is completed, then into
a run-in section and the MHD channel. The MHD
channel had 13 electrode pairs. The run-in
section was used before the MHD channel to en-
hance boundary layer growth. Spectroscopic mea-
surements were made on the last electrode, giving
a total length for boundary layer development of
1.09 meters. The channel had a height of 10 cm
and a width of 3.1 cm. Optical access to the
channel was provided by two 5 cm high by 2 cm
wide open ports in the sidewall of the channel.
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Fig. 1. Experimental Apparatus

Although the boundary layer phenomena under
investigation in these experiments are affected
by the presence of the magnetic field, they de-
pend principally on the local current density.
As the magnet greatly compounds the optical
access problems, no magnetic field was used in
these experiments. Battery banks provided power
for the electrodes.

The experiments consisted of three separate
phases. In the first phase, the emphasis was on
measuring the degree of non-equilibrium in the
electron number density near the wall. Eight
minute scans of the boundary layer were performed
using two different spectral lines in the elec-
tron number density diagnostic. The temperature
profile was measured, and electrode voltage drops
were measured at low current density. In the
gecond phase, the emphasis was on the effect of
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Joule heating on the temperature profiles. A
reference temperature profile was measured, and
then another profile measurement was performed
while the current was on. No current was run on
the last electrode in order to insure that elec-
tron temperature elevation did not exist where
the measurements were being taken, as this can
lead to difficulties in interpreting the temper-
ature data. The current was chosen to be high
enough to cause a significant effect on the mea-
sured temperature profile. Electron number den-
sity profiles were then measured with and without
current. In the final phase of the experiments,
single electrode pairs were run with a high cur-
rent density, while in one case voltage drops
were measured, and 1n another the electron number
density profile.- This final phase examined the
stability of the boundary layer with a high local
current density.

Diagnostics

The spectroscopic diagnostics used in the
experiments consisted of a temperature measure-
ment system using a sodium line reversal method,
and an electron number density measurement sys-
tem using an absolute intensity measurement of
high-lying energy states in the potassium atom.
The diagnostics are similar in principle to those
used by Daily in ref. 1, although significant
technical improvements have been made. Improve-
ments in the optical hardware and alignment pro-
cedures have increased the spatial resolution
near the wall in both the temperature and electron
number density measurements. A digital data ac-
quisition and signal processing system has signi-
ficantly reduced the noise in the Ne measurement,
These improvements allow measurements to be made
of Ne very near the wall where non-equilibrium
has been predicted to occur.

The temperature diagnostic relies on Kirchoff's
law, which states that the emissivity and absorp-
tivity of a gas at a given wavelength are equal.
The measurement must be made in a region of the
spectrum where the optical depth of the gas is
approximately 0.1 to 1.0. The spectral region
very near the sodium D lines at 5900 A provides a
suitable optical depth when the plasma 1is seeded
with a small amount of sodium. A gas temperature
determination is made by obtaining four radiation
intensity signals from the plasma. The four re-
quired signals are obtained by recording the in-
tensity of radiation from the plasma with and
without a calibrated lamp filament focused in the
plasma, at two different optical depths. The
lamp on and off conditions are obtained by chop-
ping the lamp and using-a simple digital process-
ing scheme to demodulate the signal into the two
required signals. Although in principle one of
the optical depths could be chosen to be zero,
and thus with no gas interaction the measurement
could be taken before the experiment, in practice
small drift problems in the light- collection sys-
tem make it more accurate to obtain the four
signals during the experiment as close together
in time as practical. The required variation in
optical depth is accomplished by varying the wave-
length.

To calculate the temperature, express the four
PMT signals Pj, Py, P3, P4, in terms of optical
depths T,, Tg, lamp blackbody temperature Tp,
plasma temperature T_,, Planck function B,),
wavelengths Aap, A, and optics calibration
factors K,, Kg.

o
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K, [(1-e "4) B (T ,A,)
A . viop A } (lamp + emission)
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These four equations plus a calibration curve
of P vs. A for the optical system can be solved
to yield the 5 unknowns K, Kg, Tp, Tg, and Tp,
though the expression is long and requires
iteration. If A, 1is very near Ap such that
Ky = Kg and By(T,Ap) = By(T,Ap), then a simple
solution for the temperature can be derived,

giving
MY Py S
P b n P(‘-P2

where C = hc/Ak = 24420 K for A = 5890 §.

This formula is similar to that used by Vasil'eva
for core temperature measurements in the Soviet
U-25 MHD facility.4 Note that this equation in-
volves only differences of signals, so a constant
DC bias in the signal processing electronics can
be tolerated without sacrificing accuracy in the
temperature determination.

The electron number density diagnostic relies

on the Saha equgEion:
g 2n m_k T
. =N_i_<__§_

3/2
exp(-€, , /kT)
e k By h > kA

where g + and §g are the ion and excited
state degeneracies, and €y, 1is the energy dif-
ference between the excited state and the ioni-
zation limit. This equation relates the electron
number density N, to the number density Ni of
excited states in the potassium atom. The number
densities of these excited states are measured by
performing an absolute intensity measurement on
radiation emitted from upper to lower state trans-
itions. The lower state is chosen to be a non-
ground state so as to minimize reabsorption of
the emitted radiation. The upper state is chosen
to be as close to the ionization limit of the
potassium atom as is practical, as the high-lying
states of the potassium atom will be in equili-
brium with the free electrons even when a degree
of non-equilibrium exists between the free elec-
trons and the potassium ground state. In the
present experiments, 6D-4P (5360 R), 7D-4P (5112
8) and 8D-4P (4965 R) transitions are used. The
following equation relates the population of the
upper state to the measured absolute intensity I
in the plasma:

Ay

2
I = hvl vy N,

where L 1is the path length of the plasma. This
equation relies on the Einstein coefficient Akzv
a fundamental constant of the potassium atom
which is only known to * 50% for the desired
transitions. This limits the absolute accuracy
of the diagnostic to * 25%. Because of this
absolute accuracy limitation, the values of Ne



presented in this paper have been corrected by a
factor to make the measured core N; match the
equilibrfum N, based on the measured core temper-
ature. Thé raw measured values are typilcally
multiplied by about 1.15 to yield the final Ng
value.

Figure 2 shows a diagram of the optical system.
The same basic system is used for both the temper-
ature and electron number density measurements.

A calibrated tungsten strip lamp located on one
side of the channel is imaged into the plasma to
serve as a calibration source for both the tem-
perature and N, measurements. The lamp radiation
is chopped to give, for the temperature measure-
ment, an emission only and an emission plus trans-
mission signal, while for the electron number
density the chopper provides DC rejection during
the system calibration. A scanning mirror is
placed at the focal point of the field lens to
allow a parallel scanning of the boundary layer.
The region near the wall is scanned more slowly
than the core regions to improve signal quality
near the wall, The SPEX 0.5 meter focal length
monochromator has an internal spectral scanning
mirror, which is used during the electron number
density measurements to repetitively scan a re-
gion of about 5.0 R centered on the desired
spectral line.

MIRROR

CHOPPER

FIELD LENS TN
LAMP

TABLE

SCANNING WIRROR

Fig. 2.

Boundary Layer Optics

An estimation procedure was developed to re-
cover the weak signals that are encountered in
the electron number density measurements. The
desired quantity is the integrated line intensity
I, which is:

Vgth

I = Iv(v)dv

vo-A
The integration is performed about a region 2A
centered on the line center Vv, where A is
chosen to include only the line of interest and
not adjacent lines. The photomultiplier signal
has significant background noise due to continuum
radiation and collection noise. In order to re-
duce the effect of this background noise to a
minimum, 1t 1s necessary to keep the spectral

bandpass of the monochromator to a minimum. This

&

precludes operating the monochromator such that,
by increasing the bandpass of the monochromator,
the slits perform the required spectral integra-
tion, as this increase in bandpass causes a pro-
portional increase in noise, while the signal
strength remains constant. To overcome this pro-
blem, the monochromator was run with narrow slits
and a digital signal processing scheme was devel-
oped to determine the value of the line intensity.
As, relative to the monochromator resolution, the
lines being observed are narrow, the observed
shape of the line is due principally to the mono-
chromator instrument broadening, which remains
constant throughout the boundary layer scan. It
is possible to take advantage of this fact in a
signal processing scheme. The observed line
shape is expressed in a unity-integral function
£(X), which is obtained by averaging and normaliz-
ing the spectral data for the entire boundary lay-
er. The signal P received from the PMT is
agsumed to consist of y-dependent noise n and
line intensity s:
P(A,y) = aly) + s(y)EQA),
At a given spatial location, N (approximately
400) points of varying wavelength X; are ob-
tained. Using these points, the least squares
fit to n and s is made, giving:

2
D = NI £ - (LE£)
i i
1 2
e N T R I A
1 .
s = tmze £ -z e

This scheme gives a significant improvement in
signal quality over other schemes that have been
used such as straightforward integration of the
spectral data or using the monochromator with a
wide exit slit to perform the spectral integra-
tion.

A boundary layer correction must be applied to
the data to account for the effect of the sidewall
boundary layers on the diagnostic measurements.
The correction procedure follows Daily” for the
temperature profile. For the Ng measurement, the
following procedure is used. Using a one-seventh
power temperature profile, the equilibrium excited
state population N is calculated. A path inte-
gral of the calculated Ny profile is performed,
and electron number density is calculated based on
the integrated and core Ny values. The ratio of
these two calculated electron number densities is
then used to correct the measured Ng to yield
the core value.

Boundary Layer Modeling
Calculations from a modified version of a bound-
ary layer program originally developed by Daily1
were used to interpret the experimental data. The
following equations describe the boundary layer
model: '

Continuity:
dpu  dpv , pw _
x Ty Tz - 0>
Momentum:
PR ek T e B)- 2
puax-f-pvay = W((]J*‘DCm) 3y 3% °



Energy:

—2
1\3u > >
- Pr)By ) tJI-E,

19 -
+3 'a?((“ + oem) <1

Electron~Ion Continuity:’

s AN
DUB—X+QVW=EO(D'3+€D)—a'y— +R¢‘

where the electron and ion continuity equations
have been combined to eliminate the electric
field and D, 1is the ambipolar diffusion coef-
ficieg;, Ce the average electron concentration,
and H the average total enthalpy. These equa-
tions, plus an equation of state and the appro-
priate initial hnundary conditions, provide a
complete description of the problem as consider- -
ed. '

The recombination coetticient for the elec.
trons was obtained from Curry®, who presented a
recombination coefficient which was corrected for
use in combustion gases:

3 3

o = 2.519 x 10-33 Ne(M-3) e-2.98 x 10 ° T (°K)

(m37sec)

The source term for the electron ion continuity
equation becomes

_ _ *2 2
Re = M N, = M 0L(Ne - Ne) ’
where the star indicates that the equilibrium

value of N, 1is to he used.

A mixing length model for the turbulence from
the STANS boundary layer program was used’. The
roughness model suggested by Healzer, et al.8
was added to the STANS model.

Results and Digcussion

Figure 3 shows a plot of a temperature profile,
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Fig. 3. Experimental and Theoretical Temperature

Profiles, Nz/o2 = 1,0, u = 450 m/s.
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with a corresponding calculated profile, for zero
current conditions with N2/0; = 1.0, and a mass
flow of 0.181 kg/sec, giving a free stream veloci-
ty of 450 m/sec. The calculated profile uses
standard values of the turbulence parameters, with
a sand grain roughness of 2.0 mm. The match of
theory to measurement 1s.good, although discrep-
ancies are observed. The calculated profile with
roughness included provides a better fit to the
data than one without roughness, particularly for
the points very near the wall, as the slope of the
predicted profile without roughness is too great
near the wall. The sandgrain roughness value used
in the calculation was selected to give the best
fit to the data, however the _value used seems to
be excessively large. Sonju’ made measurements of
friction factors in a modified version of the
Stanford M-2 channel, and reported that the mea-
sured friction factors matched friction factor
correlations for a roughness size of about 0.1 mm.
The electrode wall observed in the present experi-
ment should have a larger roughness than the brick
walls used by Sonju, but a roughness of 0.5 mm
ePPMS More reasonable than the 2.0 mm roughness
which seems to fit the data better. Uaily1 aud
Maxwell2 have suggested that recirculation effects
may be important in MHD channel flows, and so a
recirculation model might improve the match of
data to theory. Another possible source of the
discrepancies is the effect of the hot upstream
brick, which could give rise to a variation in

the temperature profile very near the wall which ’
is not adequately modeled by the present temper-
ature boundary condition, which averages the wall
parameters over the brick and electrode surfaces.
Further work is planned to determine the source of
the discrepancies noted between data and theory.

Figure 4 is a plot of temperature profiles with
Ny/0y = 0.5, and a mass flow of 0,136 kg/sec,
giving a free stream velocity of about 350 m/s.
The run with current had an average current den-
sity of 1.54 amps/cm? over the 45.7 cm powered
length of the channel. These profiles demonstrate
the effect of Joule heating on the temperature

U Y T T T U

0.5 2.0 2.5

1.0 1.5
Y (CM)

Experimental and Theoretical Temperature

Profiles With and Without Current,

N2/02 = 0.5, u = 350 m/s.
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profile. The solid lines show calculations of
the profiles, using the voughness parameter dis-
cussed above. The profile with no current shows
small discrepancies similar to those in the pre-
viously discussed profile. The effect of the
Joule heating on the temperature profile is pre-
dicted very well by the theory. Figure 5 shows
the calculated Stanton number for the runs of
Figure 4. At the beginning of the electrode
section, St jumps upward due to the lower temper-
ature of the electrodes relative to the upstream
bricks. The Joule heating causes a 15% increase
in Stanton number at the end of the channel. In
a full scale generator, the effect of Joule heat-
ing would be decreased by the higher velocities
and higher wall temperatures, but increased at
high Hall parameters by the resulting current

concentrations.
l
.0060 I
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|
.0055 | ’
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Fig. 5. Calculated Effect of Joule Heating on

Stanton Number, N»/0p = 0.5, u = 350 m/s.

Figure 6 is a plot of measured electron number
density at zero current along with the equilib-
rium electron number density based on the measur-
ed temperature, and calculated equilibrium and
non-equilibrium profiles using a 2.0 mm rough-
ness size. The conditions of this run are iden-
tical to those of Figure 3. The comparison of
measurement and theory is good, but since away
from the wall the electron number density 1s ex-
pected to be equal to the equilibrium number
density, discrepancies in this figure are a re-.
sult of the previously discussed discrepancies
between the calculated and observed temperature
profiles. Figure 7 is an expansion of Figure 6
very near the wall. Some non-equilibrium seems
to appear very near the wall, but the non-
equilibrium is not as much as was expected from
the calculation. One possible explanation for
the discrepancy 1s that the electron recombina-
tion coefficient used in the calculation under-
predicted the recombination rate, thus giving
rise to a too high predicted non-equilibrium
near the wall. Such an error in the recombina-
tion rate could have important effects on the
calculated electrode voltage drop, as the plasma
resistance based on the calculated non-equili-
brium profile was 60% of the resistance based
on the equilibrium profile. As these experiments
did not show very good agreement of measured
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Fig. 6. Experimental and Theoretical N Profiles,
NZ/OZ = 1.0, u = 450 m/s.
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with predicted non-equilibrium, further work is
indicated to establish the source of the dis-
crepancies.

In the final phase of the experiments, high
current densities were run in an attempt to simu-
late the plasma conditions with a local current
concentration due to the Hall effect. Local
current densities up to 14 amps/cm2 were obtained
by applying 720 volts of batteries to the elec-
trode circuit. This phase of the experiments was



a preliminary study to determine if current con-
strictions would occur at high current densities,
and to determine the value of Lhe spectroscopic
diagnostics in analyzing such behavior. These
results are presented as empirical observations
with no attempt at theoretical explanations.
Movies of the electrode showed arcing through

the edges of the upstream and downstream insula-
tors as the current streamlines spread out due to
the lack of guard electrodes, but no evidence of
shorting to the chamnnel walls or the adjacent
electrodes was observed vpon channel disassembly.
The movies also did not show evidence of arc spots
on the electrode surface, although with arcs
occurring through the insulators, it was diffi-
cult to determine the existence of arcing into

the plasma from the movies. Voltage drop measure-
ments between the anode and a voltage probe locat-
ed 7.5 mm from the electrode surface are shown in
Figure 8. These results show that above a certain
current density, the voltage drop begins to fall,
suggesting that a transition from diffuse to con-
stricted current transfer occurred. Electron
number density data (using the 6D-4P transition)
from another electivde fur three runsg at differ-
ent current densities is shown in Figure 9. The
field of view of ‘the N, diagnostic was increased
for this run such that approximately the entire
electrode surface was being observed by the
diagnostic. The temperature was not measured in
these runs, so the temperature required in the
electron number density data reduction was obtain-
ed by assuming that Ny was in equilibrium with
the ground state at the electron temperature.

The electron number density in the cooler regions
of the boundary layer begins to rise substantially
near the same current density where  the voltage
drop began to fall on the other electrode. At
higher current densities, the electron number den-
sity profile in the region accessible to the di-
agnostic appears to be almost flat. Deteriora-
tion of the wall had decreased spatial resolution
such that only points farther than 2.0 mm from ’
the wall could be observed. No evidence of in-
tense arcing was seen in the regions viewed by

the electron number density diagnostic, as arcing
would be expected to cause a dramatic increase in
electron number density, and observations of the
raw spectroscopic data show no evidence of in-
tense radiation from an arc being emitted from

the plasma. The principal-conclusions that can
be drawn from this initial study of transversé
stability are that there is some evidence from
the voltage drop data of transition tn ronstrict-
ed mode of current transfer at sufficiently high
current densities, and at these current densities
substantial elevation of Ng occurred in the
boundary layer.

Summary

Measurements of electron number density and
temperature profiles were made on the Stanford
M-2 MHD channel. Temperature profiles with no
current agreed with calculations from a boundary
layer computer program, particularly in the slope
of the profile near the wall, only when a roughness
correction was included in the calculation. Mea-
surements with current showed the effect of Joule
heating on the temperature profiles. The theore-
tical predictions for the Joule heating agreed
well with the experiment. Measurements of elec~
tron number density very near the wall did not
show as much non-equilibrium as was expected from
calculations. At local current densities of
about 10.0 amps/cmz, voltage drop measurements
suggested that a transition from diffuse to
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Fig. 8. Voltage Difference Between Anode and
: Voltage Probe Located 7.5 mm from the
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Fig. 9. Measured N, at High Current Densities.

constricted current transfer occurred. Electron
number density profiles at these current densi-.

- ties were almost flat.
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