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Influences of Electrical Conductivity of Wall on
Magnetohydrodynamic Control of Aerodynamic Heating
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Influences of the electrical conductivity of the wall of a space vehicle on the control of the aerodynamic heating
in Earth-reentry flight by applying the magnetic field are numerically examined using an axisymmetric two-
dimensional (r—z) thermochemical nonequilibrium magnetohydrodynamic computational fluid dynamics code.
Numerical results show that when the wall of an axisymmetric blunt body is assumed to be an insulating wall,
applying a dipole-type magnetic field with r and z components pushes the bow shock wave away from the blunt
body and reduces the aerodynamic heating. On the other hand, when the wall is assumed to be a conducting wall,
the aerodynamic heating cannot be reduced by applying the magnetic field. This is because the strong Hall electric
field on the r—z plane cannot be obtained in the case of the conducting wall, so that the large electric current density
in the azimuthal direction cannot be obtained and the shock wave cannot be pushed away from the blunt body.

Nomenclature

magnetic field vector

components of magnetic flux density

in the r and z directions

magnetic flux density at stagnation point
s effective diffusion coefficient of species s
= average vibrational energy of molecule s,
which is created or destroyed at rate w
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E = total energy
E = electric field vector
E., E, = components of electric field in the r
and z directions
e = electronic charge
e, e, = unit vectors in r and z directions
Cye.s = vibrational-electronic-electron energy of species s
e, = equilibrium vibrational energy of species s
H = total enthalpy
h = enthalpy of species s
Pve.s = vibrational-electronic-electron

enthalpy of species s

I = first ionization energy of species s
J = vector of electric current density
J:y Jg, J; = components of electric current density

in the r, 6, and z directions
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production rate of vibrational-electronic-electron
energy
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I. Introduction

HE blunt-body Orbital Reentry Experiments (OREX) were

launched by the H-II rocket from Tanegashima Space Center
of Japan in 1994 to conduct reentry experiments.' The experiments
were successfully conducted, and the data related to the aerody-
namic heating were acquired, which reconfirmed that the devel-
opment of thermal protection techniques was very important to im-
prove manned reusable space vehicles. As one of thermal protection
techniques in reentry flights, the flow control by applying a magnetic
field, which is called magnetohydrodynamic (MHD) control, was
proposed in the 1950s (for example, see Refs. 2—4). The idea of the
MHD control is that the Lorentz force, which is induced by apply-
ing the magnetic field to a weakly ionized plasma flow in the shock
layer, decelerates the flow velocity in the shock layer and pushes the
bow shock wave away from a space vehicle. Consequently, the con-
vective aerodynamic heating can be reduced by the MHD control.
On the other hand, in the 1950s, the concept of the MHD control was
not considered to be realistic because a very large and heavy magnet
system was required to produce the strong magnetic field enough to
control the flow in the shock layer. However, a considerable devel-
opment of magnet technology with a superconducting magnet has
been shown in more than a half-century since the concept of the
MHD control was proposed. For example, a system of thin super-
conducting solenoid magnet with the total weight of 380 kg and the
central magnetic field strength of about 1.2T (coil diameter, 0.9 m;
coil length, 1.4 m) was constructed for the balloon-borne experi-
ment with a superconducting spectrometer to measure the energy
spectrum of cosmic-ray antiprotons (the Bess-Polar program®). The
considerable development of the magnet system technology in these
days encourages us to reconsider the MHD control.

The authors conducted a numerical study for examining the possi-
bility of the MHD control under the real reentry flight conditions of
OREX at an altitude of about 60 km, where the aerodynamic heating
was maximum in the OREX trajectory.® For the numerical study,
we developed an axisymmetric two-dimensional thermochemical
nonequilibrium Navier—Stokes MHD computational fluid dynamics
(CFD) code. The numerical results indicated that the MHD control
could reduce the aerodynamic heating under the real reentry flight
conditions and also that the consideration of the thermochemical
reactions and the nonuniformity of the electrical conductivity in
the shock layer was very important for examining the possibility
and usefulness of the MHD control. The numerical study, however,
neglected the Hall effect for simplicity.

Porter and Cambel’” examined the influences of the Hall effect
on the MHD control by means of a local similarity solution. The
obtained results showed that the Hall effect tended to reduce the
usefulness of the MHD control, and also that when the Hall effect
was considered, the electrical conductivity of the wall of a body
influenced the MHD control because the electrical conductivity of
the wall affected the electric field and the electric current, which
were induced by the Hall effect. The similarity solution, however,
was carried out on the assumptions of inviscid and constant property
in the shock layer. Furthermore, the similarity solution could not
clear the MHD field in all over the shock layer in front of the body
because the similarity solution could analyze only the MHD field in
the vicinity of the stagnation point.

Lineberry et al.® recently conducted numerical simulations on
the MHD flow around a test body in their experimental facility. The
numerical simulations employed the two-dimensional full Navier—
Stokes equations including a finite-rate chemical kinetics model
of air and the low-magnetic-Reynolds-number model including the
Hall effect. The numerical results clearly showed that the Hall effect
and the nonuniformity of plasma properties influenced the MHD
control. The influences of the electrical conductivity of the wall of
the body on the MHD control, however, were not examined in the
numerical simulations.

The purpose of the present numerical study, therefore, is to exam-
ine the influences of the electrical conductivity of the wall of a space
vehicle on the MHD control by using a newly developed axisymmet-
ric two-dimensional thermochemical nonequilibrium MHD CFD
code, which can consider the Hall effect. The numerical simula-
tions are carried out under the reentry flight conditions of OREX
at the altitude of about 60 km and under the two electrical wall
conditions: the insulating wall and the conducting wall.

II. Numerical Method and Numerical Condition

A. OREX Configuration and Flight Conditions

Figure 1 shows the configuration of OREX.! The forebody shape
is composed of a spherical nose with a radius of 1.35 m, a cone,
and a circular shoulder. The freestream pressure, the freestream
temperature, and the freestream velocity are 23.6 Pa, 248.1 K, and
5562 m/s, respectively, in the present numerical simulations; these
freestream conditions correspond to the freestream conditions at the
altitude of about 60 km in the OREX reentry experiments. '

Figure 2 shows an externally applied magnetic field in the vicinity
of OREX. The externally applied magnetic field is assumed to be
produced by a dipole magnet placed at the point of r =0 and z =0
inside OREX:
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In the present study, By is set to 0.5 T. It is possible that we use a
permanent magnet for applying a magnetic field of about 0.5 T in
an experimental demonstration of the present study using a ground
test facility if the duration time in the experiment is short. Takizawa
et al.” have experimentally examined influences of applying the
magnetic field on the shock layer around a test body, where a per-
manent magnet of about 0.4 T is installed, using a small arc-heater
ground test facility.
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Fig. 1 OREX configuration
(unit: millimeters).

40° \

Fig. 2 Distribution of externally applied magnetic field.
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B. Basic Equations
We regard the flowfield and the electromagnetic field around
OREX as axisymmetric two-dimensional field (r—z).

1. Gasdynamics

The basic equations for the gasdynamics are the mass conser-
vation equations of chemical species, the momentum conserva-
tion equations, the total energy conservation equation, and the
vibrational-electronic-electron energy conservation equation. We
consider the following 11 chemical species: N, O, N,, O, NO, N*,
O*,NI,0f,NO*, and e™. As a finite-rate chemical kinetics model,
we use Dunn-and-Kang’s model,'® in which 32 chemical reactions
are included. Park’s two-temperature model'! is employed to take
account of the thermal nonequilibrium state. The basic equations
for the gasdynamics are written as follows.

Mass conservation equations of chemical species (s =N, O, N,
0,,NO, N*, 0, NJ, Of, NO*, e7):
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where the total mass density p is given by
p= Z s 3)
s

The first term w; on the right-hand side of Eq. (2) is the source term
for the mass production rate of species s and is expressed as
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The forward and backward reaction rates Ry, and R, , are, respec-
tively, defined by

11 s, r 11 Bs.r
Ps Ps
Rf,r = kf.f 1_[ (ﬁ) s Rb‘r = kl;,r 1_[ <ﬁ) (5)

s=1 s=1

where the forward reaction-rate coefficients ks, and the backward
reaction-rate coefficients k; , are tabulated in Refs. 10 and 12.
Momentum conservation equations:
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where the static pressure p and the viscous stress terms 7; ; are
defined by
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Total energy conservation equation:
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where the total enthalpy H is defined as
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Vibrational-electronic-electron energy conservation equation:
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— €y 3 _
2 +2p—R(Ttr_
> 2

Loy =

s#e s

ou, dou, U,
<8 + 3z +r) (14)
where the relaxation time of each species for a translational-
vibrational energy relaxation 7, is calculated from the sum of the
relaxation time formula proposed by Millikan and White'? and the
correction term suggested by Park.'! The average vibrational energy
D, whichis created or destroyed at the rate w;, is computed by using
the nonpreferential model.'?> The transport coefficients such as the
effective diffusion coefficient of each species D;, the mixture vis-
cosity u, the mixture translational-rotational thermal conductivity
N, and the mixture vibrational-electron thermal conductivity 7, are
estimated by an extension model of Yos’s formulas to the multitem-
perature gas mixture (see Ref. 12). The model has some inaccuracy

—Znﬂl—i—ZwD

s=ion s=mol
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for the flowfield with the ionization, but the major feature of the flow-
field with the MHD control is determined by the shock wave and the
electric current distribution. And therefore, the inaccuracy would not
result in a large modification of the flowfield with the MHD control.

2. Electrodynamics

The basic equations used for the electrodynamics are the steady
Maxwell equations and the generalized Ohm’s law including the
Hall effect. The magnetic Reynolds number is less than unity under
the present numerical conditions, and then we neglect the induced
magnetic field. The basic equations for the electrodynamics are writ-
ten as follows.

Maxwell equations:

VxE=0 (15)
V.J=0 (16)
Generalized Ohm’s law:
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where the electrical conductivity o and the Hall parameter 8 are,
respectively, expressed as
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The effective energy-exchange collision frequency v, ; of electrons
with the other chemical species s is written as
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where o, ; represents the effective energy exchange cross section of
electrons with the neutral species and is computed using the curve
fit presented in Ref. 12.

C. Numerical Procedure

Figure 3 illustrates a computational grid. The number of grid
points is 65 in the & direction along the wall surface and 250 in the
outward n direction. Because the prediction of the heat flux on the
wall surface is extremely sensitive to the grid near the wall surface,
we checked the grid dependency in advance. Based on the check,
we set the minimum mesh size near the wall surface to about 2 pm.

The conservation equations of the gasdynamics are transformed
into the generalized curvilinear coordinate system. The convection
terms are calculated by the advection upstream splitting method
(AUSM)-DV scheme'* coupled with the fourth-order compact
MUSCL-TVD scheme (FCMT)."> The viscous terms are calculated
by the second-order central-differencing scheme.
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Fig. 3 Computational grid.

The time integration is performed by the lower—upper symmet-
ric Gauss—Seidel (LU-SGS) scheme'® coupled with the diagonal
point implicit scheme.!” We use the no-slip wall condition, the
fixed wall temperature condition, and the noncatalytic wall con-
dition on the wall boundary. The wall temperature is set to 1519 K;
this value corresponds to the wall temperature at the stagnation
point estimated at the altitude of about 60 km in the OREX reen-
try experiments. The translational-rotational temperature 7}, and the
vibrational-electronic-electron temperature 7., on the wall bound-
ary are assumed to be equilibrium with the wall temperature. We
derive a second-order elliptic partial differential equation on the
electric potential ¢ from Eqgs. (15-17). The equation is solved by the
Galerkin finite element method under the insulating wall condition
and the conducting wall condition to examine the influences of the
electrical conductivity of the wall on the MHD control. In the case of
the insulating wall condition, the normal component of electric cur-
rent density J, on the wall surface and the other boundaries in Fig. 3
is set to 0 A/m2, while the electric potential ¢ at the point A in Fig. 3
is set to 0 V for establishing a reference value of electric potential.
In the case of the conducting wall condition, the electric potential ¢
on the wall surface is set to 0 V. On the other boundaries in Fig. 3,
the normal component of electric current density J, is set to 0 A/m?.

We obtain converged solutions by continuing calculations until
the L, norms of the conservation equations for gasdynamics reach
10~*. As shown in Ref. 6, we compared shock location of both nu-
merical results and experimental data in Lobb’s experiments'® to
validate the reliability of the numerical solutions as for the gasdy-
namics part. As a result, good agreement between numerical results
and experimental data was obtained. We also confirmed by com-
paring the numerical results and experimental data in MHD power
generation experiments with a large-scale generator “Sakhalin” that
the reliability of the numerical solutions as for the electrodynamics
part is very high.'®

III. Results and Discussion

Figure 4 depicts two-dimensional distributions of the static pres-
sure normalized by the dynamic pressure of the freestream for the
three cases: without the magnetic field (case 1), with the magnetic
field under the insulating wall condition (case 2), and with the mag-
netic field under the conducting wall condition (case 3). Figure 5
shows distributions of the translational-rotational temperature 7}
(solid line) and the vibrational-electronic-electron temperature 7.,
(dashed line) along the stagnation line for the three cases. These
figures show that the bow shock wave is pushed away from OREX
by applying the magnetic field under the insulating wall condition.
On the other hand, under the conducting wall condition there is little
effect of applying the magnetic field on the flowfield, and the posi-
tion of the bow shock wave is almost the same as that without the
magnetic field. As can be seen from Fig. 5, the increase of the shock
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Fig. 4 Two-dimensional distributions of static pressure normalized by
dynamic pressure of freestream for the three cases: without magnetic
field (case 1), with magnetic field under insulating wall condition (case

100

50

Electrical conductivity, S/m

1
0 0.1 0.2 0.3
Distance from stagnation point, m

Fig. 6 Distributions of electrical conductivity along the stagnation line
with magnetic field under insulating wall condition (case 2) and with
magnetic field under conducting wall condition (case 3).
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g E Fig. 7 Distributions of electron Hall parameter along the stagnation
s ] line with magnetic field under insulating wall condition (case 2) and
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k e Figure 8 depicts two-dimensional distributions of the Hall elec-
0 ey : iy tric potential on the r—z plane with the magnetic field under the
0 0.1 02 0.3 insulating wall condition and with the magnetic field under the con-

Distance from stagnation point, m

Fig. 5 Distributions of translational-rotational temperature 7', ( )
and vibrational-electronic-electron temperature 7y, (——-) along the
stagnation line without magnetic field (case 1), with magnetic field un-
der insulating wall condition (case 2), and with magnetic field under
conducting wall condition (case 3).

standoff distance along the stagnation line under the insulating wall
condition is about 15 cm.

Figure 6 depicts distributions of the electrical conductivity along
the stagnation line with the magnetic field under the insulating wall
condition and with the magnetic field under the conducting wall
condition. Under any wall conditions, the electrical conductivity is
about 115 S/m behind the bow shock wave, and then it decreases
from about 115 to 0 S/m toward the stagnation point. Figure 7 shows
distributions of the electron Hall parameter along the stagnation line
with the magnetic field under the insulating wall condition and with
the magnetic field under the conducting wall condition. Under any
wall conditions, the electron Hall parameter in the shock layer is
larger than unity and is about 10-15.

ducting wall condition. Under the insulating wall condition, the Hall
electric potential builds up toward the shoulder of OREX along the
wall. The difference of the Hall electric potential between the stag-
nation point and the shoulder of OREX is about 4000 V. Thus, the
insulating wall condition leads to producing the strong Hall electric
field in the shock layer. On the other hand, the strength of the Hall
electric field in the shock layer under the conducting wall condition
is considerably weaker than that under the insulating wall condition.

Figure 9illustrates two-dimensional distributions of the azimuthal
component of electric current density with the magnetic field under
the insulating wall condition and with the magnetic field under the
conducting wall condition. The Lorenz force induced by the inter-
action between the azimuthal component of electric current and the
magnetic field decelerates the flow in the shock layer and pushes
the bow shock wave away from OREX. As can be seen from Fig. 9,
the azimuthal components of electric current density in the shock
layer under the conducting wall condition is significantly smaller
than that under the insulating wall condition. This is because the
strength of the Hall electric field under the conducting wall con-
dition is considerably weaker than that under the insulating wall
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Fig. 8 Two-dimensional distributions of Hall electric potential on the r—z plane with magnetic field under insulating wall condition (case 2) and with

magnetic field under conducting wall condition (case 3).
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Fig. 9 Two-dimensional distributions of azimuthal component of electric current density with magnetic field under insulating wall condition (case 2)

and with magnetic field under conducting wall condition (case 3).
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Fig. 10 Streamlines of electric current on the r—z plane with magnetic field under insulating wall condition (case 2) and with magnetic field under

conducting wall condition (case 3).

condition, as shown in Fig. 8. The considerable difference in the
azimuthal component of electric current density between the two
wall conditions leads to that the shock wave can be pushed away
from OREX by applying the magnetic field under the insulating wall
condition, whereas it cannot be pushed under the conducting wall
condition, as shown in Figs. 4 and 5.

Figure 10 depicts streamlines of the electric current on the r—z
plane with the magnetic field under the insulating wall condition and

with the magnetic field under the conducting wall condition. Under
the insulating wall condition, the electric current has eddy-like paths
on the r—z plane and runs through neither the wall nor the bow shock
wave. The rotational direction of the eddy-like electric current on
the stagnation-line side is clockwise, and the rotational direction
on the shoulder side is counterclockwise. Under the conducting
wall condition, the electric current flows toward the shoulder side
in the shock layer and then runs through the wall. Thus, there are
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Fig. 11 Two-dimensional distributions of flow velocity in the azimuthal direction with magnetic field under insulating wall condition (case 2) and

with magnetic field under conducting wall condition (case 3).
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Fig. 12 Distributions of heat flux along the wall surface for the three
cases: without magnetic field (case 1), with magnetic field under insu-
lating wall condition (case 2), and with magnetic field under conducting
wall condition (case 3).

electric current paths between the plasma in the shock layer and the
wall. Therefore, under the conducting wall condition the strong Hall
electric field cannot be obtained in the shock layer.

Figure 11 presents two-dimensional distributions of the flow ve-
locity in the azimuthal direction with the magnetic field under the
insulating wall condition and with the magnetic field under the con-
ducting wall condition. The interaction between the electric current
on the r—z plane and the magnetic field induces the azimuthal com-
ponent of the flow velocity. Under any wall conditions, the velocity
in the azimuthal direction with the absolute value of the order of
10? m/s arises near the wall where the magnetic field is strong. The
direction of the flow velocity in the azimuthal direction near the
wall, however, becomes opposite under the two wall conditions.
This is because the direction of the electric current on the r—z plane
near the wall is opposite under the two wall conditions, as shown in
Fig. 10.

Figure 12 depicts distributions of the heat flux along the wall sur-
face for the three cases: without the magnetic field, with the magnetic
field under the insulating wall condition, and with the magnetic field
under the conducting wall condition. Under the insulating wall con-
dition, applying the magnetic field significantly reduces the heat flux
on all over the wall surface. The heat flux at the stagnation point
with the magnetic field under the insulating wall condition is about
82% of its value without the magnetic field, and the amount of the
total aerodynamic heating, which is calculated by integrating the
heat flux over the wall surface, is about 70% of its value without

the magnetic field. On the other hand, under the conducting wall
condition where there is little effect of applying the magnetic field
on the flowfield as shown in Figs. 4 and 5, the distribution of the
heat flux along the wall surface is nearly the same as that without
the magnetic field. Thus, under the conducting wall condition ap-
plying the magnetic field is not useful for controlling the flowfield
and reducing the aerodynamic heating.

As just shown, we have numerically demonstrated that the elec-
trical conductivity of the wall significantly influences the possibility
of the MHD control, and if the wall is the insulating wall, apply-
ing the magnetic field of about 0.5 T can reduce the amount of the
total aerodynamic heating by about 70% of that obtained without
applying the magnetic field. We think that the reduction ratio is very
large, and the concept of the MHD control is very attractive.

In the present study, the ion slip term in the generalized Ohm’s
law is neglected for simplicity. From the values of the electron Hall
parameter in Fig. 7, the ion Hall parameter is estimated at the order
of 0.1, and so the product of electron and ion Hall parameters, which
is commonly referred to as the ion slip parameter, is estimated at
the order of 1. Thus, the absolute value of the ratio of the ion slip
term to the Hall-effect term in the generalized Ohm’s law is esti-
mated at the order of 0.1 for the present numerical flight conditions.
We, therefore, think that the ion slip phenomenon does not make
considerable differences from the numerical results obtained in the
present study, where the ion slip effect is neglected.

IV. Conclusions

The influences of the electrical conductivity of the wall (insulating
wall, conducting wall) on the control of the aerodynamic heating
by the MHD technology have been numerically studied by using
the axisymmetric two-dimensional »—z thermochemical nonequili-
birum MHD CFD code, which can consider the Hall effect. The
numerical simulations have been conducted under the flight condi-
tions at the altitude of about 60 km in the reentry flight experiments
with the axisymmetric blunt-body OREX. The magnetic field with
r and z components has been assumed to be produced by a dipole
magnet placed inside OREX. The magnetic flux density at the stag-
nation point has been set to 0.5 T.

Numerical results have demonstrated that if the insulating wall
can be realized, the strong Hall electric field on the r—z plane can
be obtained by applying the magnetic field. The strong Hall elec-
tric field produces the large azimuthal component of electric current
density. The interaction between the azimuthal component of elec-
tric current and the magnetic field pushes the shock wave away from
OREX. As a result, the total aerodynamic heating can be reduced
by about 70% of that obtained without applying the magnetic field
under the present numerical flight conditions.

On the other hand, if the wall is the conducting wall, the large
azimuthal component of electric current density cannot be produced
because the strong Hall electric field cannot be obtained owing to
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the existence of the paths of the electric current between the plasma
in the shock layer and the conducting wall. Consequently, if the wall
is the conducting wall the MHD control is not useful for controlling
the flowfield and the aerodynamic heating.
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