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Boundary-Layer Profile Measurements in a
Combustion Driven MHD Generator

John W. Daily,* C.H. Kruger, T S.A. Selft, { and R.H. Eustist
Stanford University, Stanford, Calif.

The velocity, temperature, and electron number density profiles were measured in the electrode wall boundary
layer of a combustion driven MHD generator. Both subsonic and supersonic conditions were run. The ex-
perimental results are compared with predictions of a two-dimensional turbulent boundary-layer computation.
For the subsonic condition, high levels of freestream turbulence were measured, about 10-12%. The measured
velocity profile was fatter than that predicted, although the temperature and electron number density profiles
were in agreement. This difference is tentatively ascribed to the high freestream turbulence levels. There was no
measurable MHD effect for the subsonic case. For the supersonic condition, the measured velocity, tem-
perature, and electron number density profiles fell under the predicted profiles. The discrepancy may be due to
three-dimensional recirculation effects. There was a small amount of MHD interaction, the degree of which was
in agreement with predictions. Electron number density nonequilibrium was not identified, but the degree of
nonequilibrium predicted was small. Under the appropriate supersonic conditions, primarily at freestream tem-
peratures below 2400K, ionization nonequilibrium is predicted to occur.

Nomenclature

AF =Van Driest constants

= electron and ion number fluxes

=Einstein A coefficient

=magnetic field vector and z component

=Planck function

=average and fluctuating parts of electron con-
centration

=mixture specific heat

= Van Driest damping function

=ambipolar diffusion coefficient

= constant in pressure gradient equation

= electron charge

=electric field vector

gite, =potassium ion and excited atom quantum

degeneracies

h =Planck’s constant

h,h, = static enthalpy of mixture and component

HH =average and fluctuating parts of total enthalpy

=radiation intensity

= electric current density

=mass flux of species s

= Boltzmann constant

= mixing length constant

= species mass fraction

=momentum and heat and mass transfer mixing
lengths

= species Lewis number

= optical path length

=electron mass

=electron number density
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Ny = excited potassium level number density
D =static pressure
P*,Pf =VanDriest constants
pre——t (¥
0 1/37.w 2/2 dX y=z

Pr,Pr; =normal and turbulent Prandtl numbers
q, =y component of energy flux
T = static temperature
T, =lamp temperature
T =reversal temperature
u,u’ =average and fluctuating x velocity component
o,v’ =average and fluctuating y velocity component
w,w’ =average and fluctuating z velocity component
X,¥,2 =spatial coordinates (Fig. 1) )
+ — a
y =y(p7w/pt)
@ =thermal diftusivity N/pC),
Sgg =99% momentum boundary-layer thickness
sy =sidewall boundary-layer thickness
€ms€Hs
€er€p =eddy diffusivities
€ =ionization energy for level &
A =thermal conductivity
U = dynamic viscosity
Heff =effective viscosity
Poslhi = electron and ion mobility
v =frequency
p = mass density
T . =optical depth
Tyx =shear stress

I. Introduction

HREE of the most important losses in MHD genera-

tors _are boundary-layer phenomena: friction, heat
transfer, and boundary-layer voltage drop. The boundary
layers on the channel walls are turbulent and, in the transonic
and supersonic case, strongly influenced by compressibility
effects. Variable transport properties are important, and body
forces and Joulean heating can alter the growth of the boun-
dary layer. High levels of freestream turbulence, driven by the
combustion process, may have a direct effect on turbulent
momentum transport and friction losses. For supersonic
MHD channels, the high velocity coupled with turbulence
gives rise to finite chemical reaction rate effects. As a result,
the energetics of the boundary layer are modified, affecting
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wall heat transfer rates. In addition, the finite electron-ion
recombination rate may become important in the supersonic
boundary layer. Electron number density, and thus electrical
conductivity, may be substantially different than that pre-
dicted by equilibrium considerations. (Chemical
nonequilibrium is discussed in Ref. 1.)

Because of the nature of these processes, it is especially dif-
ficult to infer knowledge about them from the gross behavior
of the generator. The information of most value to an un-
derstanding of the basic physics are the profiles of the depen-
dent variables. In this study velocity, temperature, and elec-
tron number density are considered. (This is not true in the
case of chemical nonequilibrium, which has little effect on
temperature profiles but may change the heat transfer rate by
a factor of two. )

Numerous workers have studied MHD flows theoretically,
although only a few have studied combustion gas or com-
bustion gas-like flows. Teno, Lui, and Brogan? studied
aerodynamic effects of boundary layers in MHD generators
using integral techniques. They showed that electrode wall
boundary-layer separation is important in determining super-
sonic channel performance.

Cott? considered the insulator walls of a potassium-seeded
nitrogen MHD accelerator. Although the flow was laminar,
significant ionizational nonequilibrium was predicted near the
walls. This may have been due to the very large velocities con-
sidered (u =3000-5500 m/sec.). He considered a collisionless
sheath and solved the boundary-layer equations using the
method of Patankar and Spalding. * High and Felderman® ex-
tended the work of Cott® to turbulent flow. They showed
that, although electron energy nonequilibrium may not be
significant, ionizational nonequilibrium is important for the
conditions considered.

Argyropoulos et al.® studied electron energy non-
equilibrium in combustion-driven MHD generators. They
concluded that at large current densities and at current con-
centrations electron energy nonequilbirum is important only
very near the electrodes. Daily, Raeder, and Zankl! studied
chemical nonequilibrium effects in a combustion-driven
MHD generator. Comparison of limit calculations with heat
transfer data indicate that supersonic flows can be frozen
energetically.

There have been numerous cases of profile measurements in
both laminar and turbulent, low-temperature, boundary-layer
flows, but there have been few such measurements in hot
MHD flows. An early reported work is that of Brederlow,
Lengyel, and Zinko,” who measured velocity and temperature
profiles in the y-z plane of a potassium-seeded argon plasma
generator. They used a pitot probe to measure velocity and a
thermocouple probe coupled with line-reversal measurements
to measure temperature. They-used the results to study the ef-
fect of boundary layers on open-circuit voltage. Several other
workers have made both probe and spectroscopic
measurements in noble gas flows,*'° but only Olin'' has
made such measurements in a fully developed combustion
flow. He measured velocity profiles in an insulated channel
using a water-cooled pitot probe. By turning on a magnetic
field he could study turbulence suppression due to MHD body
forces.

Although there has been work done in the area of high-
temperature combustion gas boundary layers, there is little
such work which is directly applicable to the present study.
Also, there is no reported work in which velocity, tem-
perature, or electron number density profiles were measured
in the developing flow, combustion driven MHD power
generator.

The paper is organized as follows: Sec. II provides a
description of the theoretical model; Sec. 111 describes the ex-
perimental facility and methods used in measuring velocity,
temperature, and electron number density profiles; Sec. IV
discusses the results of the experiments; and Sec. V states the
conclusions reached by the study.
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II. Theory
A. Assumptions

The flow modeled is the growth of an internal turbulent
boundary layer in the x-y symmetry plane of the confined
MHD duct (Fig. 1). Although the flow in an MHD duct is
inherently three-dimensional, the flow in the plane considered
is approximately two-dimensional. Three-dimensional effects
appear in two ways: first, the mass flux will change as the
flow expands or contracts in the channel; second, turbulent
recirculation may occur. For the plane in question, this would
involve a transport of low-momentum fluid into the plane
near the wall and high-momentum fluid out of the plane in the
freestream. This effect is neglected in the theoretical study,
but experimental results indicate it may be important in a real
flow. Variable mass flux is accounted for through the con-
tinuity equation. Pressure gradients in the y direction are
not important in these studies. Variable thermodynamic and
transport properties are included in the model. Turbulence
suppression, which may be important at higher values of
magnetic field, may be ignored in the present study.

The continuity, momentum, total enthalpy, and electron-
ion continuity equations are solved. The electron temperature
is assumed equal to the gas temperature. Due to the difficulty
of complete treatment chemical nonequilibrium is considered
only in the limits of frozen and equilibrium flow.
Calculations! indicate that nonequilibrium may be important
in determining heat transfer rates; however, the effect on the
temperature profile itself is minimal. The basic equations are
derived using the traditional Reynolds decomposition and
taking the mean of the resulting expressions.

B. Constitutive Relations

The constitutive relations for the molecular transport of
momentum, mass and species are taken from Hirschfelder,
Curtiss, and Bird.'? (Ch. VII). Reduced to boundary-layer
form, they become:

i
momentum: Tyx=/.l.—u ¢))
ay
A { oh dK
energy: y=—— 1 — + Le,—1 hs-—"} 2
gy q, ¢, Uay ;(e ) 3 )

where Le; =species Lewis number is taken as unity in this
study.

Species:

Jo= o= - (200)] G

where + is for electrons.

C. Turbulence Closure

The turbulence mixing terms are modeled using the eddy
viscosity and mixing length concepts coupled with empirical
correlations developed by Kays.!? Also, because the ex-
perimental results indicate a high level of freestream tur-
bulence for the subsonic conditions, corrections for such ef-
fects suggested by the work of McDonald '# are included.

The turbulence fluxes are assumed to be of the form

—~ou’' v =pe, (3/3y) (Momentum) (4)

—pH' V" =pey (3H/3y) (Energy) (5)

—pClv" =pe, (3C,/dy (Electrons) (6)

The eddy viscosities are assumed to be of the form

€ ="ln’ o %)
ay
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for momentum, and
au

EH_ee_?D—a_;; =e¢€p (8)
for diffusion of heat and mass, where £,, and £, are the mixing
lengths for turbulent momentum and heat and mass
transport, respectively, and the turbulent Lewis number
(e./€y) is assumed to be unity.

The functional form of the mixing length is shown in Fig. 2.
In the laminar sublayer, #is small. In the middle, highly tur-
bulent region, £grows linearly out to the wake region, where it
remains at a constant value. The value at which the momen-
tum mixing length stops growing is dependent on the amount
of freestream .turbulence. Kays'> shows that 0.085 8, is a
reasonable value for low freestream turbulence levels. For
high levels of freestream turbulence, 649 or a channel dimen-
sion must be the limiting value of £, '*. Figure 3 compares
velocity profiles calculated using dlfferent cutoff y/é values
for ¢,, and, as can be seen, the effect is significant. Mec-
Donald* suggests that unlike momentum, heat and mass
transport are little affected by freestream turbulence. Thus, a
slower cutoff may be necessary for the heat and mass trans-
port mixing lengths. In the present study, cutoff values were
used which seemed best to fit the data.

The momentum mixing length is described in the inner
region by the relation ¢,, = KyD, where K is a constant (0.41 in
this study) gnd D is the Van Driest damping function,
D=]—e'™” A* may be throught of as the non-
dimensional lamlnar sublayer thickness and as such will be
found to be affected by pressure gradients. In this analysis,
At is calculated following Kays?*

302 P +1

where A7 is the zero-pressure gradient 4 * (24.0 here) and
P} is an effective pressure gradient parameter. Pf is the
solution of the ordinary differential damping equation

dPZ P (1./p,)"
=— Pf —-P* 10
dx 4000 p,,Dir (PE ) (19

where Dir=0.1for P* >Pfand 1.0for Pt <P}

For smooth wall boundary layers and low freestream tur-
bulence, the two mixing lengths can be related through a tur-
bulent Prandtl number

Prl:em/sz(Fm/gD)z (11)
Kays " has found the turbulent Prandtl number to vary as

Pr,=143-0.17(y ") ", Pr=<0.85 (12)

otherwise Pr,=0.85. When freestream turbulence is present,
the momentum mixing length which would occur without
freestream turbulence is used to calculate (5.

D. Governing Equations

Incorporating the previous, the governing equations

become
Continuity:
dpu  dpv  dpw
— et +— =0 13
ox ay 0z 13)
Momentum:
— du —— ou d ( 312) ap
b — = — +pen)— | —— +(IXB),
pu— pay 3 (u pe)ay o ( )
(14)
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_3C, __aC,
+
ax

P aa (p(D +eD)—)+ R, (16)

where the electron and ion continuity equations have been
combined to eliminate the electric field and D, is the am-
biopolar diffusion coefficient. These equations, plus an
equation of state and the appropriate initial and boundary
conditions, provide a complete description of the problem as
considered.

The equation of state relation A= #4(p,T) and the transport
properties are calculated following Pepper. !* The equation of
state relations are calculated in the equilibrium case using a
conventional equilibrium calculation. For the case of
chemically frozen boundary layers, it is assumed that the
equilibrium relations hold in the freestream. Across the boun-
dary layer, however, C,, is fixed at its freestream value and the
relation di=C,d T used to evaluate the temperature.

E. Initial Conditions

For the purpose of starting the calculations, the freestream
velocity and temperature are assumed given at'some position
downstream of the throat (see Fig. 4), usually at the first static
pressure tap in the actual channel. A simple three-layer model
similar to that of Martinelli '® is used for the initial velocity
profile, and the total enthalpy and electron number density
profiles are assumed to be similar to that of velocity.
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The information available to determine the freestream con-
ditions at the first static pressure tap are the local static
pressure, the mass flow rate, the chemical composition and
total pressure in the plenum chamber upstream of the nozzle,
and the total pressure at the downstream end of the channel,
which is measured by a pitot probe.

The initial freestream conditions may be calculated by
assuming that an isentropic expansion takes place between the
plenum total pressure and the static pressure at the start of the
channel, using the calculated adiabatic flame temperature
(corrected for heat transfer) as the total temperature. Dif-
ferences between these ideal initial conditions and the initial
conditions based on the channel pressure, mass flux, and

probe stagnation pressure are an indication of apparent noz- -

zle and combustion efficiencies.

F. Boundary Conditions
The boundary conditions for the momentum and energy

equations are respectively

du
U(x’o) =0) . (x’yi ) =0
ay

oH
T(X,O) = TW’ T (xny ) =0
ay

Electron-lIon Continuity Boundary Conditions

The electron-ion continuity equation is valid in the bulk of
the plasma but fails very close to wall because it does not treat
either the Knudsen layer or the sheath region. However, it
does describe the ionization nonequilibrium region, to which
charged particles can diffuse at a rate faster than they can
recombine. :

In the absence of a detailed analysis of the near electrode
region, an approximate method®!” is used to derive a boun-
dary condition based on the following assumptions: a) all
charged particles that impinge on the electrode are absorbed,
and there is no emission of charged particles; b) the sheath is
thinner than the Knudsen layer, and thus is collisionless; ¢) the
electrode potential is less than plasma potential at the edge of
the Knudsen layer.

Subject to the previous assumptions the boundary con-
dition is valid for the anodes at current densities up to about 1
“A/cm?. Only the anode is treated in the present work. The
boundary condition is obtained by matching the ion and elec-
tron fluxes on either side of the Knudsen layer. This yeilds®!”:

2

= an

a (NJ{T) 1 {Nea Jw/e}
ay\ e 2u; e
where p, and g, are the electron and ion mobilities, J,, is the
current density at the wall, e the charge on an electron, and C;
the ion thermal velocity at the wall.

The assumption of a collisionless sheath is not exactly
correct in combustion plasmas. However, the collisionless
assumption yields a very simple form, whereas the correct
boundary condition would require separate numerical
solution of simultaneous differential equations. Fur-
thermore, numerical studies indicate that the calculated elec-
tron number density profiles are very insensitive to the exact
form of the boundary condition at distances greater than
1-3% of the boundary-layer thickness. This is due to the low
wall temperatures of the present study; any low value of N, at
the wall will result in a reasonable solution. The collisionless
sheath model is not satisfactory for calculation of voltage
drop.

G. Electron-Ion Continuity Source Term

The source term R, used in the electron-ion continuity
equation is that of Curry,'® uncorrected for turbulence ef-
fects. Curry’s model is based on collisional theory and has
been corrected for combustion gases. As discussed in Ref. 19,
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the proper recombination rate to use in analyzing turbulent
flows is the time-average value. Since we do not have any way
to calculate the true time-average rate, we instead evaluate
Curry’s '® results using the average values of electron number
density and temperature. The expression used is

a=2.519x 10N, (m~3)e=258x10 77T
(M3 /5e0) (18)

and the source term for the electron ion continuity equation
becomes

RezmeNezmea(N:Z_Ng) (19)

where the star indicates that the equilibrium value of N, is to
be used.

H. Numerical Method

The problem as formulated requires solution of three
simultaneous, parabolic, partial differential equations with
associated initial and boundary conditions. The solution
procedure, somewhat similar to that of Patankar and
Spalding,* consists of transforming the coordinate system,
approximating the resulting equations with linearized finite
difference equations, and solving the resulting linear system
numerically. The details are discussed fully in Ref. 19.

III. Experimental Apparatus and Methods
A. Experimental Apparatus

The boundary-layer experiments were made in the Stanford
M-8 MHD facility, designed specifically for boundary-layer
studies. A schematic of the system is shown in Fig. 5§ with the
principal dimensions.

Fuel, oxidizer, and nitrogen diluent are mixed and burned
in a swirl-stabilized combustor. The combustion gases then
pass into a large plenum chamber, where combustion is com-
pleted and nonuniformities allowed to decay. From the
plenum the gases pass through a nozzle into a 0.6-m-long run-
in section and a 0.7-m MHD section. The channel is water-
cooled stainless steel lined with Mg0 ceramic. There are 22
electrode pairs connected in the segmentated Faraday mode.
The flat electrodes, 2.25 cm long in the flow direction with a
pitch of 3 cm, extend completely across the channel. The elec-
trode material is also stainless steel.

The run-in section, added to enhance boundary-layer
growth, is designed for a constant Mach number of about 1.7,
but may also operate at subsonic velocities. The MHD section
is designed to operate at approximately constant pressure un-
der conditions of maximum interaction. Boundary-layer
measurements are made 1.2 m from the nozzle under elec-
trode #20. The boundary layers are about 2-cm thick at this
location.

B. Experimental Measurements

The gas temperature and electron number density were both
measured spectroscopically.

Gas Temperature

The gas temperature was measured using the sodium D-line
wing-reversal method, which has been well-documented by
Brederlow et al. % This method consisted of illuminating the
plasma with a light source of known intensity. The radiative
transfer equation may then be written
L(Ly=Lp st € "B ATL) (20)
where 1, .\, 1S the intensity of radiation from the plasma
alone, B, (/ﬁ) is the 'Plank function, and 7 is an equivalent
black body temperature for the light source. The reversal tem-
perature is defined as T = 7; when:

I, I—e "B, (T,) @n

pLAsmA = €
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Therefore Tx =T,. In the case of a nonuniform plasma with
cold sidewall boundary layers, however, the reversal tem-
perature may be significantly reduced below the centerline gas
temperature. A correction for this effect was obtained from a
numerical solution of the equation of radiative transfer using
the calculated sidewall temperature distribution along the line
of sight (see Ref. 21).

Electron Number Density

Electron density was measured using the higher-lying
energy states of the potassium atom, as discussed by
McGregor.? For sufficiently high levels, processes. which
either ionize the atom or cause transition to a nearly level
become much more important than either radiative processes
or processes which result in transitions to lower-lying levels.
As a result, the higher levels are in Boltzmann equilibrium
with each other and in Saha equilibrium with the free elec-
trons.

The higher energy levels undergo radiative transitions to
lower levels, and their number density can be related to the
radiation field through the radiative transfer equation:

. LA A ~
I(L) =S 2SN (s) ds=h ="' N, 22
0 4w 4

where A,, is the Einstein coefficient for spontaneous emission
and N, is N, (s) averaged over the optical path. Again the ef-
fect of cold sidewall boundary layers is to reduce the average
value of N, below the centerline level.

The centerline number density can be calculated if a number
density distribution is assumed. Calculations with the boun-
dary-layer computer program led to the conclusion that under
most conditions the variation of N, with s was nearly linear.
This leads to a correction of the form

Niw/Ni=1/(1-8,/L,,) (23)
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This value of N, was used with the excited-level Saha
equation

N .
2 & [2mm kTN 3/2
Ne—Nk 2 ( h; ) CXp(——ek)\/kT) (24)

to obtain the experimental value of N, as a function of dis-
tance above the electrode. The potassium 6D (5360 A) and
7D (5112 A) lines were used in the present study.

The spectroscopic boundary-layer measurements are made
using the optical scanning system shown in Fig. S. A tungsten
lamp is imaged into the plasma for use with the line reversal
procedure. Light emitted from the plasma is collimated and
sent to a pivot-mounted mirror that also serves as the aperture
stop. From the mirror the light is then passed through a
second lens and imaged on the entrance slit of the
monochromator. Because the mirror is at the focal point of
the field lens, only that light which is parallel to the lens axis
and whose solid angle and image size are defined by the
mirror stop and entrance slit, respectively, will be admitted.
Scanning is accomplished by rotating the mirror. Resolution
in the y-direction is about 0.3 mm. One unusual aspect of the
system is that two-dimensional, cylindrical lenses are used,
allowing a large aperture in the x-z plane. Thus, for a given
resolution in the y direction, the total solid angle can be
maximized. Details of the measurements are discussed in Ref.
19. :

Velocity

The velocity profiles are measured using a laser Doppler
velocimeter developed at Stanford for combustion MHD
flows. The LDV system has been described elsewhere.?* For
the measurement, micron-size, stabilized zirconia particles are
injected into the plenum, where they are mixed with the hot
gases and carried into the channel. The LDV then measures a
time-averaged velocity probability function for the particles
which pass the measurement point. This probability
distribution function is not necessarily that of the gas.
However, calculations indicate that 1-u zirconia particles
should follow the mean flow for both the subsonic and super-
sonic conditions considered. Thus, to within some un-
certainty, the mean velocities and turbulence intensities ob-
tained from the measurements are the same as for the gas. See
Ref. 19. The spacial resolution is better than 0.1 mm in the y
direction.

Optical access to the MHD channel was provided via win-
dows. The gas temperature and electron number density win-
dows consisted of two slots on opposite sides of the channel
and normal to the gas flow. The slots were 0.5-cm wide, 4.0-
cm in height, and 5.0 cm deep. The LDV window consisted of
a port, 2.5x 2.5 cm and 10 cm deep, mounted at an angle of
20° to the channel centerline. All windows were capped with
quartz flats which were film-cooled with nitrogen purge gas.
In addition, pneumatically operated shutters were provided
which protected the flats when measurements were not being
made.

The uncertainty relations used to calculate the error bars
shown on the data reported in the next section are given in
Ref. 19.

1V. Stanford M-8 Results and Discussion

A series of experiments were run in the Stanford M-8 MHD
channel using stainless steel electrodes. The several tests in-
cluded a subsonic condition and a supersonic condition, both
with and without magnetic field and current. With the cold
electrodes it was not possible to achieve high levels of MHD
interaction. For the subsonic cases reported there was no
measured or calculated effect on the velocity, temperature,
and electron density profiles when the magnetic field was ap-
plied. The cutrent density was about 0.005 A/cm?®. In the
supersonic runs the current density was about 0.5 A/cm?> and
there was a small effect on the profiles, including an increase
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in temperature, the magnitude of which was in agreement
with theory.

A. Subsonic Results and Discussion

The subsonic condition obtained was at a freestream Mach
number of about 0.225 and diameter and length Reynolds
numbers of.2500 and 4.8 x 10°, respectively. The measured
freestream velocity was 225 m/sec+10 m/sec, and the
measured freestream static temperature was 2530K = 30-40K.
The wall temperatures were about 1750K for the ceramic
linear and 500K for the electrodes. Figures 6-9 show the
measured and calculated velocity, temperature, and electron
number density profiles and the measured turbulence intensity
profile for the subsonic condition.

The initial conditions used were obtained by fixing the up-
stream static pressure and mass flow rate, both of which were
measured, and then setting the initial freestream velocity and
temperature (only one of which is then independent) so as to
match the measured freestream velocity and temperature
downstream. The difference between the values obtained in
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this way and those obtained using the method described in
Sec. II is an indication of a combustion efficiency of 90% and
a total pressure loss of about 5%. A combustion efficiency of
90% is lower than expected. The discrepancy may be due to
uncertainty in the plenum-nozzle heat loss measurements.

To obtain an indication of the reliability of the temperature
data, the line reversal results were compared with emission
results. The corrected line reversal data agree to within the ex-
perimental uncertainty with the emission data reduced using
the method of Hohnstreiter,?* and also reduced by solving
the equation of radiative transfer as for the line reversal (see
Ref. 21.) ‘

The reliability of the electron number density profile is in-
dicated by the excellent agreement between the theoretical and
experimental profiles, since the theory is predicting, for these
subsonic conditions, an equilibrium profile. The magnitude
of freestream turbulence is significant. Figure 9 shows a level
of 10-22%. The source of these fluctuations is difficult to
ascertain. However, observations made while obtaining the
LDV data indicate that the fluctuations occur at a fairly low
frequency and thus may be caused by combustion
phenomena. The sidewall boundary layers are almost fully
developed. However, even in fully developed channel flows
the normal level of freestream turbulence is about 4-5%.
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The apparent agreement between the calculated and
measured profiles is due to an adjustment of the momentum
mixing length, as discussed in Sec. II. A y/§ cutoff of unity
for the momentum mixing length while retaining a y/6 cutoff
of 0.085 for the heat and mass mixing length produced the
most satisfactory fit to the data. Without this correction, the
calculated velocity profile fell well below the measured
profile. This effect is consistent with the reported effects of
freestream turbulence. '* That this is most likely so may be
seen by considering the fact that of the possible mechanisms
which could so substantially influence the velocity profile, all
do so in the opposite manner (rough walls, MHD forces, and
three-dimensional effects). The calculations indicate that the
effect can be responsible for approximately a 25% increase in
skin friction coefficient and a 10% increase in Stanton num-
ber.

B. Supersonic Resuits and Discussion

The supersonic condition was run at a freestream Mach
number of about 1.6 and a diameter and length Reynolds
numbers of 87,500 and 2x 107, respectively. The measured
freestream velocity and static termperature were 1580 m/sec
+ 30 m/sec and 2570K + 30-40K, respectively. The ceramic
walls ran at about 2000K and the electrodes at 750K. Figures
10-12 show the measured and calculated velocity, tem-
perature, and electron number density profiles for the super-
sonic condition. Figure 13 shows the turbulence intensity
profile.

The initial conditions used in the calculations were obtained
in the same manner as in the subsonic case. The difference
between the ideal initial values and those actually used in-
dicates for these conditions a combustion efficiency close to
unity and a stagnation pressure loss of about 5%. To obtain
an indication of the reliability of the temperature profile, the
data were reduced as for the subsonic case. Again, the various
methods result in differences less thaan the experimental un-
certainty.

For the conditions of the present experiments, the predicted
degree of electron nonequilibrium was small. As a result, the
difference between the calculated nonequilibrium and
equilibrium profiles was smaller than the experimental un-
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certainty (see Fig. 12). The measured electron density profiles,
normalized on the freestream equilibrium N,, were essentially
the same as the equilibrium N, profiles based on the measured
temperatures, to within 5% of the freestream N,. Thus, to
within experimental uncertainty, the measured and calculated
profiles are in agreement in indicating a low degree of
nonequilibrium for these conditions.

To obtain an indication of the reliability of the absolute N,
measurements in both supersonic and subsonic cases, the
freestream N, s based on each of two different emission lines
and from each of the several experiments were compared with
the equilibrium N, s calculated at the measured temperature.
Themean of N, /Ni(Teas) is 1.1 with a standard deviation
of 0.16. This agreement to within 10% supports mnor-
malization of the profiles for comparison of experiment and
theory.

The agreement between the experimental and theoretical
profiles is not nearly as satisfactory as for the subsonic case.
The level of freestream turbulence is much lower than in the
subsonic case and was not accounted for in the calculations,
but this effect is not sufficient to explain the rapid dropoff
with decreasing y of all three measured quantities. One
possible explanation of the discrepancy is that at the higher
Reynolds numbers of supersonic flow turbulent recirculation
becomes important. (In addition, the presence of undetected
shocks may have the same effect, although one would nor-
mally expect a thickening of the velocity boundary layer as
well as a fattening of the temperature profile.) The fact that
all three profiles display the same effects tends to support the
conclusion that the effect is not caused by experimental error.

As discussed in Sec. II, the flow in the x-y plane along the
centerline of the channel is not strictly two-dimensional. In
developing turbulent channel flow there exists a transverse
mean recirculation flow superimposed on the axial mean
flow. This secondary flow has a direct effect on the mean
velocity, temperature, and electron number density profiles.
Figure 14, taken from Gessener and Jones % illustrates this ef-
fect. High-momentum fluid is carried down the corner bisec-
tors. The flow turns out along the wall toward the centerline
where low-momentum fluid is carried out into the core.

The present experiments were conducted at diameter
Reynolds numbers of 2500 and 87,500 for the subsonic and
supersonic flows, respectively. Although there is no clear way
of determining the exact point where recirculation becomes
important, it appears from the literature®-?° that the effect
should not be too large for the low Reynolds number of the
subsonic case, but may be very important in the supersonic
case.

One mechanism that could depress the velocity profile is
surface roughness. However, the work of both Healzer et
al.?® and Pimenta et al.?! indicates that even in the fully
rough case the temperature profile is relatively unaffected,
whereas in the present case the measured temperature profiles
are substantially below the calculated profiles. Possible sour-
ces of error in the velocity profile could be particle slip or
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misinterpretation of the particle distribution function. Both
effects, however, would appear only to increase the discrepan-
cy between the theory and data.

In summary, it appears reasonable that recirculation effects
cannot be ignored for high Reynolds number flows and may
be the major factor in explaining the difference between the
theoretical and experimental profiles in the supersonic case. It
is also possible that dilation due to diverging sidewalls may be
important although this effect has not been examined. It also
appears that ionizational nonequilibrium is not significant in
the present experiment, but calculations indicate that for the
supersonic case a - significant degree of electron
nonequilibriuvm in the region accessible to measurement
would occur for a freestream temperature approximately 100
K below that of the present experiment.

V. Summary and Conclusions

A study of the developing flow in both subsonic and super-
sonic MHD power generators has been performed.
Measurements of electrode wall velocity, temperature, and
electron number density profiles have been compared
with state-of-the-art, two-dimensional boundary-layer
calculations. The study represents the first step in un-
derstanding such flows, and several interesting conclusions
have been reached which should help direct future work.

For low Reynolds number, subsonic flows in rectangular
channels, the flow may be considered quasi-two-dimensional.
For high levels of freestream turbulence, there is a strong in-
fluence on momentum transfer in the boundary layer which
causes steeper velocity profiles and increased calculated skin
friction (~25% in the present case). The agreement between
calculated and measured profiles improved once freestream
turbulence was corrected for by increasing the momentum
_ mixing length in the outer region of the boundary layer.

The agreement between the calculated and measured
profiles in the supersonic case is less satisfactory. The
discrepancy is tentatively ascribed to three-dimensional recir-
culation effects. The integral effect of such recirculation on
heat transfer rates, however, is indicated to be small by
previous results (Ref. 1), which show only small differences
between a round and a square channel.

Electron number density nonequilibrium was not iden-
tified, but the degree of nonequilibrium predicted was small.
Under the appropriate supersonic conditions, however,
ionizational nonequilibrium is expected to occur, particularly
since the effect of turbulence would be to reduce the time-
averaged recombination rate (see Ref. 19). Our own
preliminary rapid-expansion experiments '° as well as those of
Coney, ¥ also performed with combustion products, demon-
strate the existence of electron nonequilibrium in combustion
plasmas.

The difficulties in interpreting the present results illustrate
the need for more comprehensive measurements. For exam-
ple, to examine the 3-D recirculation effect in detail would
require measurement of velocity components normal to the
walls. The experimental difficulties associated with even the
reported measurements, however, cannot be over-
emphasized.
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