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Aerobrake Plasmadynamics: Macroscopic Effects

John V. Shebalin*
NASA Langley Research Center, Hampton, Virginia 23665

The flow around an aerobraking spacecraft (such as the aeroassist flight experiment re-entry vehicle) will
contain a region of partially ionized gas, that is, a plasma. It is shown here by numerical simulation that
macroscopic plasmadynamic effects (which are not included in standard aerothermodynamic simulations) will
have a noticeable effect on the re-entry flowfield. In particular, there are thermoelectric phenomena that can
have a major influence in flow dynamics at the front of an ionizing bowshock. These thermoelectric phenomena
arise because of the presence of large density and temperature gradients at the front of a re-entry bowshock, and
they include strong local magnetic fields, electric currents, and ohmic heating. One important result is the
dramatic increase in temperature (over the case where plasma effects are neglected) at a re-entry shock front. The
implication is that macroscopic plasmadynamic effects can no longer be neglected in aerothermodynamic
simulations of hypersonic re-entry flowfields.

Introduction

T HE plasma bowshock that surrounds a bluff hypersonic
re-entry vehicle [i.e., an aerobraking spacecraft such as

the aeroassist flight experiment (AFE) vehicle, which is illus-
trated in Fig. 1] results from shock-induced heating and ion-
ization of the ambient atmospheric gas. Steep gradients in
electron-number density and temperature across the shock
transition layer have been computed1 and are the source of
potentially significant plasmadynamic effects: large magnetic
fields, electric currents, and ohmic heating. Here, a relatively
simple numerical experiment is used to demonstrate that such
effects do, in fact, occur in situations that are characteristi-
cally similar to those encountered during the re-entry of an
aerobraking spacecraft.

The inhbmogeneous plasma environment caused by hyper-
sonic re-entry is qualitatively similar to that produced by
different mechanisms in other physical systems. For example,
in high-power laser experiments, electromagnetic radiation
incident on a material target creates a dense plasma that
contains an ablation shock and its attendant large temperature
and density gradients. In the first part of the 1970s, there was
an intense effort2'8 to understand the source of large (mega-
gauss) local magnetic fields that were experimentally observed
in these laser-produced plasmas.9'10 The equations used in
analytically modeling the plasmadynamic behavior were those
corresponding to a two-temperature magnetohydrodynamic
(MHD) model of a simple plasma.2 Possible sources for the
large magnetic fields seen included nonlinear magnetic pro-
cesses,2'5 radiation pressure,4 and thermoelectric effects.2'3'5'6'8
It was this latter source, the thermoelectric generation of
magnetic fields and electric currents, which was recognized as
predominant, particularly early in the evolution when local
magnetic field strength was small.

The work presented here differs from this previous work
concerning laser-induced plasma-shocks in that we need to
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include a neutral component. The basic procedure for doing
this is well known11'12 and will not be explicitly given here. The
full set of equations are those pertinent to low frequency,
macroscopic plasma motion; by "low frequency" it is meant
that radiative processes are neglected. However, before look-
ing in detail at the equations to be solved numerically, con-
sider the following:

dt(pu)+ V -(puu)=j xB - Vp +F

dtB = V X (u X B - rtf) + (k/e)VTe X Ujie)

(1)

(2)

(3)

Here, dt = d/dt and the various quantities in these equations
are as follows:

P
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= gas density, kg • m~3

= gas velocity, m • s~ l

= gas pressure, J • m~3

= additional forces
= magnetic induction, T
= electric current density, A • m~
= electron number density, m~3

= electron temperature, K
= 47r X 10-7 H/m
= resistivity, 12 • m
= 0.862 x 10-4, V/K
= Boltzmann's constant
= electronic charge

Equation (1) is the momentum equation (when F includes a
dissipation term, it is the Navier-Stokes equation); Eq. (2) is
the magnetic induction equation; and Eq. (3) states that the
electric current is determined by the magnetic field. The last
term on the right-hand side of Eq. (2) is the thermoelectric
term. (The energy equation needed to complete this set will be
added presently.)

Macroscopic plasmadynamic effects originate in Eq. (2) and
affect the flow dynamics through the magnetic-force term
(7 x B) in Eq. (1) and through heat-transfer terms in the
energy or temperature equation. The first term on the right-
hand side of Eq. (2) is the "standard" resistive MHD term;
the second is the thermoelectric term. For a homogeneous
plasma with subsonic flow, the gradients in density and tem-
perature are often small enough so that the thermoelectric
term can be legitimately neglected. In the inhomogeneous
plasma associated with hypersonic flow, however, the ther-
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moelectric term may be more than an order of magnitude
larger, and may be expected to dominate, as long as the
gradients in electron temperature and number density are large
and sufficiently nonparallel (almost-parallel gradients do not
remain so, because of instability5). Presumably, the domi-
nance of the thermoelectric term lasts until the growing mag-
netic field causes the other terms to grow sufficiently large,
and all of the terms reach a dynamical balance (which is not
necessarily a static equilibrium). Other terms may also be
needed, such as a radiation pressure term in Eq. (1), or a
magnetic pressure (Hall) term in Eq. (2), but this additional
complexity will not be introduced here.

Equation (2), as it is written, requires that we determine the
time-dependent electron number density and temperature
fields in addition to the neutral density and temperature fields.
Thus, a two-fluid model appears to be needed. However, the
model can be reduced to a single-fluid model: 1) by assuming
that the electron and neutral fluid temperatures are the same,
and 2) through the use of the Saha equation. It is easily shown,
by considering the exact form of the Saha equation,13 that

'/2 V T x V Te X e) < V T X (4)

Assumptions 1 and 2 thus allow the creation of a single-fluid
model [here we will use both the upper and lower limits of
Eq. (4)].

Single-Fluid Equations
The simplest set of single-fluid equations are two-dimen-

sional (in a one-dimensional model, the thermoelectric term is
identically zero) with the magnetic field transverse to the dy-
namic plane, which will be taken to be the x-y plane (please see
Fig. 1). The dynamic variables are functions of x, yf and the
time/:

(5)

The natural logarithms of density and temperature are used
since they may have any values between - oo and + oo, while
the density and temperature themselves must be positive defi-
nite, a requirement which sometimes causes numerical prob-
lems if the logarithmic form is not used.

The transport coefficients in the equations of motion are the
fluid viscosity /*, electrical resistivity 17, and thermal conductiv-
ity K. These transport coefficients vary with temperature and
density for a plasma; here they will be assumed to have the
simple form:

(6)

where the kinematic viscosity v0, resistivity rj0, specific heat at
constant pressure cp, and thermometric conductivity \0 are all
assumed constant, The adiabatic index 7 s cp/cv will also be
constant (cp and cv are the specific heats at constant pressure
and volume, respectively; an "effective" 7 will be determined
later). The nondimensional equations of motion are then

Continuity:

Momentum:

u - V X = - V -u (7)

dtu + u • VM = - c}e°V(a + X) - (c2/2)e~xVB2

" V

(8)

Magnetic induction:

dtB = V • (c4V£ - Bu) + c5ea(dxady\ - dyadx\)

c4

Temperature:

=5 eB(
^— x('/2 or 1) (9)

-c6V - w
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and

TjjTij = 2A(dxu - dyv)2 + 2/3(dxu)2 + 2/3(dyv )2 + (dxv + dyu)2]

The dimensionless constants, c/, / = 1, . . . , 10, follow from
the initial conditions, and will be given specific values shortly.

Again, the thermoelectric term is the last term on the right-
hand side of Eq. (9), and it is this term that has the potential
for generating large magnetic fields (and electric currents)
Thermoelectric heat transfer is due to the last term on the
right-hand side of Eq. (10), which is the well-known ther-
moelectric contribution to the heat flux,14 and ohmic heating
is due to the term with coefficient c9.

Initial Conditions
The region of the re-entry bowshock whose characteristic

values we use for our model is roughly a 10 x 10-cm square
area ahead of the stagnation point, as shown in Fig. 1 . We do
not attempt to model all of the details of this region; instead,
we initially model the shock as a finite-width pulse having
velocity, temperature, and density values that correspond to
those determined by aerothermodynamic simulations.1 The
initial flow thus consists of an upstream stream flow (having

: V « 10 km/s

Fig. 1 Aeroassist flight experiment (AFE) vehicle (about 4 m across)
is pictured with a two-dimensional region that corresponds to the
computational geometry.
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ambient values of velocity, temperature, density, and mag-
netic field) that makes a (shock-wave) transition into a finite
width region, and then makes a (rarefaction-wave) transition
into downstream flow (which again has the ambient values of
velocity, temperature, density, and magnetic field). The values
of the flow variables in the shock pulse itself will be connected
to the ambient conditions by standard gasdynamic shock jump
conditions15 (the Rankine-Hugoniot conditions).

Since we wish to simulate flows similar to aerobrake re-en-
try conditions,1 we choose upstream density and temperature
corresponding to the AFE perigee altitude of about 80 km:
0.022 g/m3 and 183 K, respectively16; for an aerobrake veloc-
ity of 8.65 km/s, this gives an upstream Mach number of
MO, = 32 (with 700 = 1.4). At this point we need an effective 7;
since the temperature jump ratio for the AFE vehicle is esti-
mated1 to be about 100, and since we can invert the tempera-
ture jump relation, we get

« shock , - ~=1.20 (11)

This gives values for velocity, density, and temperature within
the shock of 0.794 km/s, 0.240 g/m3, and 1.88 x 104 K, re-
spectively. The effective Mach numbers are Meff = 34.6 up-
stream and Meff = 0.313 within the shock pulse.

Although it would be more accurate to use magnetogas-
dynamic jump conditions,17 the initial magnetic field is small
enough that there is only a slight difference between these and
the gasdynamic ones. The magnetogasdynamic jump condi-
tions are useful, however, in that they tell us that the ambient
(transverse) magnetic field increases by the same proportion as
the density: from 0.5 G upstream to 5.45 G within the shock.
In order to determine the constants c/, we will use the initial
jump values and region size as being characteristic of the flow:
U0 =0.794 km/s; T0 = 1.88X ItfK; PO =0.240 g/m3; B0 = 5.45
G; and L0 = 10 cm.

Next, in order to determine the constants c/, the transport
coefficients need to be assigned values. Since the region of
interest is the shock transition region (i.e., the region between
upstream and the initially flat part of the shock pulse), we
need to find transport coefficient values pertinent to this re-
gion. Assuming that an average transition value of tempera-
ture is about 104 K, nominal values for the kinematic viscosity
and resistivity can be estimated. Using known results for low-
temperature plasmas,18 along with the ratio19 \Q/v0 «(Mion/
me)l/2

9 we gain, as estimated values v0 = 1 mVs; r^^1 = 265
m2/s; and Xo - 210 mVs. Here, Mion is the heavy particle mass.

Using the characteristic flow values and transport coeffi-
cients given above, the various constants c/ can be determined
(using the factor of Vi in c5 initially):

Cl = 8.49, c2 = 1.56 x 10~3, c3 = 1.26 x 10-2

= 0.2, = 3.17c4 = 3.34, c5=18.7,

c8 = 2.97 x 10-5, c9 = 1.23 x 10~4, c10 = 6.87 x 10'4

(12)

Here, the ratio c5/c4 = 6 indicates that the evolution of the
magnetic field is not dominated by resistivity, even though the
"magnetic Reynolds number" (c4)~! is small.

The initial values of the temperature, magnetic field, and
velocity in the two-dimensional model space were one-dimen-
sional, going from ambient upstream values, through a
smooth front transition region, to shock values, through a
smooth rear transition region, back to ambient values. The
density, although it also had initially one-dimensional initial
values everywhere else, had a curved (i.e., two-dimensional)
smooth shock-wave transition region. The density shock tran-
sition region was designed so that the thermoelectric term in
Eq. (9) would initially produce a maximum magnetic- field

growth rate that was equivalent to the maximum that could be
inferred from available aerothermodynamic shock-front nu-
merical grid point values20; this was about 1000 T/s (1 T = 104

G). Although this may appear to be a rather large value, in
reality, shock fronts may be expected to be much steeper than
aerothermodynamic predictions (which are limited by using a
relatively wide spacing at the shock front), so that magnetic
field growth rates may have initially much larger values than
even these predictions indicate.

The initial conditions used here thus represent an almost
one-dimensional Mach 35 pulse, two-dimensionality occurring
solely due to a curved density subshock front. In the numerical
procedure (to be described in the next section), a grid of 128
points in the x direction by 128 points in the y direction was
used. Freestream flow was initially in the x direction; the
initial upstream region went from jc-point 1 to x-point 26; the
front transition region went from x -point 27 to x -point 44; the
jump region went from x -point 45 to x -point 90; the rarefac-
tion transition region went from x -point 91 to x -point 108; the
ambient flow region behind the pulse went from jc-point 109
to A:-point 128. The transition of temperature and velocity
from x -point 27 to x -point 44, and of density, temperature,
and velocity from x -point 91 to x -point 108 was effected by
the formula

F(x) = Fi cos2(x - *i) + F2 sin2(x - x2)

2?r 27r"x - n 128 (13)

In the front (shock-wave) transition region, F\ is the upstream
value and F2 is the jump value of T or u, and n runs from
n\ = 26 to n2 = 44; In the rear (rarefaction) transition region,
FI is the jump value and F2 is the ambient value of p, T, or u,
and n runs from n^ - 91 to n2 = 108. Within both transition
regions, the magnetic field varies as (B& is the ambient field of
0.5 G)

= B00u00/u(x) (14)

In the front (shock-wave) transition region, the density transi-
tion varies exactly in the same manner as rand u in Eq. (13),
except that n\ and n2 are determined by the formula

n2(y) = 38 + 6 cosOy),

=m> m = 0 , 1, . . . , 127 (15)

The result of all this is shown in Fig. 2, where contours
between the different subshock regions are given.

Numerical Method
The numerical technique used to simulate shock-front dy-

namics is a Fourier spectral method, whereby the partial dif-
ferential Eqs. (8-10) are replaced by several thousand coupled
ordinary differential equations, one for each of the indepen-
dent Fourier coefficients. Quadratic nonlinear terms are eval-
uated by temporarily imbedding each of the two 128 x 128
Fourier coefficient grids in a 256 x 256 Fourier coefficient
grid (the higher-order coefficients are all zero, and thus this is
called zero-padding21), transforming each 256 x 256 Fourier
grid to a 256 x 256 physical space grid, and multiplying these
grids together, pointwise. Then, transforming the resultant
256 x 256 physical grid back to Fourier space, and reducing
back to a 128 x 128 Fourier grid (thus there are only two
256 x 256 grids in the code), produces the nonaliased Fourier
coefficients of the quadratic product. Although this may seem
less elegant than other quadratic dealiasing procedures,21 it
has the advantage that it retains all (128)2 independent sine
and cosine coefficients and thereby maintains a 1-1 correspon-
dence between Fourier-space grid points and physical-space
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Fig. 2 Initial contours for runs N, PI, and P2. All initial variables
are one-dimensional except for the density, whose transition from
upstream to jump flow occurs across the indicated curved region.
Initial values inside and outside the shock pulse are connected by
standard (MHD or gas) Rankine-Hugoniot jump conditions.

10.0 20.0 30.0 40.0 50.0 80.0
TIME (microseconds)

70.0 80.0 90.0

Fig. 3 Time histories of global kinetic (EK) and internal (£/) ener-
gies, and enstrophy (0) for run N (no plasmadynamic effects) are
shown here. These quantities behaved very similarly for runs PI and
P2 (plasmadynamic effects included). (Here, E//100 appears.)

grid points. This is critical here, where we are concerned with
the detailed development of physical-space flow structures, as
opposed to studies of homogeneous turbulence,22 where the
object of primary importance is the Fourier spectrum itself,
and physical space is merely a convenient mechanism for
evaluating nonlinear terms (in which case the number of phys-
ical space grid points may be greater than the number of
independent sine and cosine coefficients).

Although all quadratic nonlinearities are evaluated by the
above dealiasing procedure, cubic and higher-order nonlinear-
ities are not exactly dealiased when they are evaluated. Cubic
nonlinearities are evaluated by taking two of the terms, per-
forming the above quadratic evaluation procedure on them,
and then performing the same procedure on the product of the
result and the third term (this has been found to have some
inherent aliasing error23). Exponential terms, such as exp(/l),
are evaluated by zero-padding the Fourier coefficients A to a

256 x 256 grid, transforming to physical space, directly form-
ing expG4), transforming this back to Fourier space, and
truncating back to the 128 x 128 grid size. Since the evaluation
of nonlinearities higher than quadratic has some inherent
aliasing error, the overall effect is that we have a "pseudospec-
tral," or "collocation" method, rather than a "fully spectral"
method. However, since aliasing effects have never appeared
to be a real problem in dissipative simulations, pseudospectral
methods, in general, appear to be sufficiently robust for these
simulations.

Time integration is accomplished using an explicit "par-
tially corrected Adams-Bashforth scheme of order 3"24 for the
nondissipative terms in Eqs. (8-10), while the dissipative terms
are handled implicitly. Also, a variable time-step size is used,
as is necessary for compressible flow simulations.25

Numerical Results
The simulation was run on the Cray 2 computer at NASA

Ames, with the CPU time per simulation time step being 5.4 s.
Here, the results of three runs will be presented: Run N: 4800
time steps, with plasma effects "off," i.e., c2 = c4 = c5 = 0 in
Eq. (12); Run PI: 6000 time steps, with all plasma effects
turned "on" and with the c/ as given in Eq. (12); Run P2: 6000
time steps, with all plasma effects turned "on" and with the c/
as given in Eq. (12) except that c5 = 37.4. A number of other
simulations were also run, but will not be explicitly presented
here. Runs N, PI, and P2 should be sufficient to show the
result of introducing plasma effects into gasdynamic simula-
tions. Runs N, PI, and P2 all had identical initial conditions,
except that run N began with (and maintained) a zero mag-
netic field.

To begin, consider the global averages given in Figs. 3 and
4 ("global" because they are determined by averaging over the
whole computational domain):

p(x) = p(x)u(x)

(co= V

) I 2 (16)

Here, we are averaging over all gridpoints, and co and./ are the
(nondimensional) vorticity, and current, respectively. Also,
EK is the kinetic energy, Ej is the internal energy, EM is the
magnetic energy, 12 is the enstrophy (mean squared vorticity),
and / is a measure of mean squared current. N( = 128) is the
number of grid points in one dimension.

Figure 3 shows the time histories of EK> El9 and ft for run
N (the same quantities in runs PI and P2 had essentially the
same behavior). We see that the mean square vorticity Q grows
relatively quickly over about the first 10 ^ts, and then levels
off; also, EK decays slightly from start to finish because we
have a free shock, rather than one which is driven by a re-entry
body. Figure 4 shows the time histories of EM and J for runs
PI and P2, which grow relatively quickly for about the first 30
pts, and then level off. The pairs of curves for EM and for J
may be considered as bounds for global magnetic behavior in
the two-dimensional model system under investigation.

Now, we will examine the flow variables of the three runs at
approximately the same times into their evolution (/ « 70 /*s).
In Figs. 5-8 are comparisons of the one nonplasma run (N)
and the two plasma runs (PI and P2). These comparisons are
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effected through the use of "transverse" root-mean-square
(rms) profiles: rms values of the various physical variables are
calculated for all>> values at each value of x, the variable in the
direction of the mean flow. In Figs. 5 and 6, the transverse rms
profiles of density and stream wise velocity, respectively, ap-
pear; the initial profile along with those of runs N and P2 are
given (the profiles of run PI are intermediate to those of runs
P2 and N). In Fig. 7, the transverse rms temperature profiles
for all three runs are given (along with the initial profile); this
figure perhaps most dramatically shows the need for including
plasmadynamic terms in aerothermodynamic simulations. In
Fig. 8, the transverse rms vorticity profiles are given for runs
N and P2 (run PI is again intermediate to N and P2, and the
initial vorticity was zero everywhere).

In Figs. 9-11, transverse rms profiles that pertain only to a
plasma are given. These are the magnetic field (Fig. 9), current
(Fig. 10), and net electric charge density (Fig. 11). The net
charge density pe is determined from e0 V • E = pe, where e0 is
the electric permittivity of free space. In order to get an

appreciation of the magnitude of net charge density, the elec-
tric field may be approximated (for our single fluid model) by

E = ij -u xB - (17)

[When this is placed into Ampere's Law, dtB = - V x E, we
get Eq. (9).] Although the maximum rms net charge density of
around 107 electric charges per cubic centimeter is exceedingly
small when compared to the maximum expected1 electron
number density of about 1013 per cubic centimeter, it is large
compared to the ambient ionospheric electron number density
of about 103-105 per cubic centimeter. Since the net charge
appears to be largest right at the shock front, it may noticeably
affect microscopic dynamic processes there.

In addition, the high magnetic field and electric current
levels indicated by Figs. 9 and 10 lead to some interesting
possibilities. First, there is still time to include a simple magne-
tometer on the AFE; this would clearly indicate whether or not
plasmadynamic processes were actually occurring. Second,

s o.oi—
I
3 -i.o
o

•P2
PI

EM

P2

PI

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 .
TIME (microseconds)

Fig. 4 Time histories of global magnetic energy (EM) and mean
square current (/) for runs PI and P2 (the thermoelectric coefficient
for P2 is twice that of PI). Runs PI and P2 may be considered as
rough lower and upper (mean square) bounds, respectively, on the
possible plasmadynamic behavior in this two-dimensional model
system.

Fig. 5 Transverse rms mass density for runs N and P2 at t « 70 us.
The regular, pulse-shaped curve represents the initial conditions (am-
bient-to-jump-to-ambient values). Mean flow goes from left to right.

1.0 2.0 3.0 4.0 5.0 6.0
X (cm)

7.0 8.0 9.0 10.0

Fig. 6 Transverse rms velocity for runs N and P2 at t » 70 j*s. The
regular, pulse-shaped curve represents the initial conditions (ambient-
to-jump-to-ambient values). Mean flow goes from left to right.

X (cm)
Fig. 7 Transverse rms temperature for runs N, PI, and P2 at t « 70
/is. The regular, pulse-shaped curve represents the initial conditions
(ambient-to-jump-to-ambient values). Mean flow goes from left to
right.
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
X (C«)

Fig. 8 Transverse rms vorticity for runs N and P2 at t * 70 jis. The
regular, pulse-shaped curve represents the initial conditions (ambient-
to-jump-to-ambient values). Mean flow goes from left to right.

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 6.0 9.0 10.0
X (cm)

Fig. 10 Transverse rms current density for runs PI and P2 at t « 70
/is. The regular, pulse-shaped curve represents the initial conditions
(ambient-to-jump-to-ambient values). Mean flow goes from left to
right.

100.0

P2

Initial
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

X (cm)
Fig. 9 Transverse rms magnetic field for runs PI and P2 at t « 70 us.
The regular, pulse-shaped curve represents the initial conditions (am-
bient-to-jump-to-ambient values). Mean flow goes from left to right.

high local electric current levels at a re-entry shock front may
provide a means for manipulating the flowfield; this includes
the possibility of using an electromagnet within an aerobrak-
ing vehicle to "magnetically" insulate the vehicle, and thereby
augment presently used thermal-protection systems.

Discussion
Macroscopic plasmadynamic effects manifest themselves

in the flow around an aerobraking re-entry vehicle in several
ways. First, they broaden the shock front, as indicated in
Figs. 5-8. Second, they raise the temperature dramatically, as
Fig. 6 indicates (in comparison to the case where plasma
effects are completely neglected). This large temperature in-
crease must, in turn, cause a substantial increase in ionization
and electron number density. This fact alone implies that
aerothermodynamic predictions concerning electron number
density are fundamentally incorrect; coupled with the admit-
ted poor fit that aerothermodynamic predictions have with
known experimental results for electron number density,1
aerothermodynamics must be regarded as invalid when the
hypersonic flowfields under consideration are sufficiently ion-

V 15.0

$
5

31

g 10.0

8,
I
I ,o

0.0 i.b 2.0 3.0 4.0 5.0 6.0
X (cm)

7.0 8.0 9.0 10.0

Fig. 11 Transverse rms net charge density for runs PI and P2 at
t « 70 /is. The regular, pulse-shaped curve represents the initial condi-
tions (ambient-to-jump-to-ambient values). Mean flow goes from left
to right.

ized (although it appears to work very well for un-ionized
flows1).

In addition to the plasma effects considered here, which
stem primarily from thermoelectric contributions to the local
electric field, there are other terms that can be included in the
flow equations. First, there is the "Hall," or magnetic force,
term that is present in a more complete expression of the
macroscopic electric field (also known as a "generalized
Ohm's Law"; see p. 28 of Ref. 11):

E = rj -u XB - —ene

i x B
- ene

(18)

In Eq. (18), however, the simplifying assumptions that lead to
Eqs. (4), (9), and (17) cannot be readily applied so as to reduce
the last term in Eq. (18) (the Hall term) to a form suitable for
single fluid modeling. Thus, a multispecies model is required
for the case in which the magnetic field has increased signifi-
cantly and the Hall term becomes important. Such multispe-
cies models already exist,1 however, and there appears to be no
reason why they cannot be augmented so as to include those
plasmadynamic terms that cannot be neglected.
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Second, there are radiative terms that may also be impor-
tant, particularly when high temperatures and ionization levels
are reached. These terms were not included here, nor are they
presently included in aerothermodynamic efforts.1 It is, of
course, imperative to critically evaluate radiative (or other
potentially important) terms, at least qualitatively, in order to
determine the validity of neglecting them or the necessity of
incorporating them, with regard to whatever flow conditions
are being modeled.

It must be repeated that the simulation described herein, the
simplest one which has the possibility of exhibiting ther-
moelectric effects, is two-dimensional. Expanding the model
(and vector fields u and B) fully to three dimensions will allow
the inclusion of additional effects, such as vortex stretching in
Eq. (8) and B -VB effects in Eq. (9), which do not occur in
the present model. In going from two to three dimensions,
however, we expect the generation of magnetic quantities to
increase rather than decrease, for example, because well-
known "antidynamo" theorems, which hold in two dimen-
sions, do not hold in three dimensions.

Conclusion
In this work it has been shown that if plasmadynamic terms

are included in the equations describing the motion of an
ionized shock wave, then there are significant effects on the
flow evolution. That these plasma effects are nonnegligible
can be seen when two simulations, one with plasma effects
"off" and the other with plasma effects "on," starting from
identical initial conditions, are allowed to dynamically evolve:
the run with plasma effects "on" has profile broadening and
greatly increased temperature at the shock front. The root
cause of these effects is a thermoelectric field that creates large
electric currents and magnetic fields.

Furthermore, it appears that currently accepted aerother-
modynamic approaches to the modeling of hypersonic plasma
bowshocks are not valid: 1) because they do not match avail-
able experimental plasma profiles, and 2) because important
terms are explicitly excluded. These approaches work well in
modeling un-ionized flows and it may be expected that once all
significant terms (plasma and radiative) are included, they will
also work for ionized flows. Until then, however, aerothermo-
dynamic predictions of such intrinsically plasma quantities as
electron number density must be discounted.
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