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Plasmadynamic Effects in Thermochemical Nonequilibrium
Aerobrake Flows

R. A. Mitcheltree* and J. V. Shebalint
NASA Langley Research Center, Hampton, Virginia 23665

Modifications to the governing equations of thermocliemical nonequilibrium hypersonic flow to include
plasmadynamic effects are presented. Closure of the resulting equation set requires solution of the magnetic
induction equation as an additional field equation. The magnetic field about a 1.1-m nose-radius aerobrake
entering the Earth’s atmosphere at 80 km altitude and traveling 12 km/s is computed. The result of coupling the
additional terms into the Langley Aerothermodynamics Upwind Relaxation Algorithm (LAURA) indicates that
plasmadynamic effects are negligible for this two-temperature Mars-return aerobraking simulation. The electro-
magnetic effects are limited to a small increase in vibrational-electronic temperature in the shock precursor
region that does not translate to any change in the properties within the shock layer. A two-temperature solution
for a lunar return aerobraking case likewise does not predict any important effects on the flowfield. Arguments
are also presented to support the same conclusions for three-temperature solutions.

Nomenclature
B =magnetic field
Cs =mass fraction of species s
D; =effective diffusion coefficient for species s, m?/s
Dy = average vibrational energy of molecules created,
J/kg
E =electric field, T-m/s
E, =total energy per unit mass, J/kg

e =e¢lectron charge

e, =electron-electronic energy, J/kg

e, =mixture vibrational energy, J/kg

e =vibrational energy of species s, J/kg

eX; =vibrational energy of species s at T, J/kg

ex¥ =vibrational energy of species s at 7,, J/kg

H =total enthalpy per unit mass, J/kg

hy =enthalpy per unit mass of species s, J/kg

he s =electronic enthalpy per unit mass of species s, J/kg

Ry.s =vibrational enthalpy of species s, J/kg

I =first ionization energy of species s, J/kg-mole

J =electric current, A/m?

k = Boltzman constant, 1.3807 x 10~2* J/K

M; =molecular weight of species s, kg/kg-mole

n; =number density of ions, m~3

N, =number density of electrons, m~3

fles =rate of production of species s by electron impact
ionization, kg-mole/m3-s

y] = pressure, Pa

P, =electron pressure, Pa

R = universal gas constant, 8314.4 J/kg-mole-K

T =translation-rotational temperature, K

T, = electron-electronic excitation temperature, K

Ty = vibrational-electron-electronic temperature, K

T, =vibrational temperature, K

Received Dec. 14, 1991; presented as Paper 92-0573 at the AIAA
30th Aerospace Sciences Meeting, Reno, NV, Jan. 6-9, 1992; revision
received Feb. 4, 1992; accepted for publication Feb. 5, 1992. Copy-
right © 1992 by the American Institute of Aeronautics and Astronau-
tics, Inc. No copyright is asserted in the United States under Title 17,
U.S. Code. The U.S. Government has a royalty-free license to exercise
all rights under the copyright claimed herein for Governmental pur-
poses. All other rights are reserved by the copyright owner.

* Aerospace Engineer, Aerothermodynamics Branch, Space Systems
Division. Member AIAA.

tAerospace Technologist, Antenna and Microwave Research
Branch, Guidance and Control Division. Member AIAA.

319

T* =electronic excitation temperature, K
t =independent variable for time, s

u;,u =velocity vector, m/s

Wy =mass rate of production of species s, kg/m3-s
x/ =position vector in three dimensional space, m
Ye.s =effective collision frequency, s~*

7 =thermal conductivity, J/m-s

Ne =thermal conductivity for electronic energy, J/m-s

My =thermal conductivity for vibrational energy, J/m-s

o =magnetic permeability, H/m

0 = mixture density, kg/m?

Os = species mass density, kg/m?

o =plasma electrical conductivity, A/V-m

Tij = stress tensor, Pa

Te =electronic to vibrational energy relaxation time, s

(Tes) = electronic-vibrational energy relaxation time for
species s, §

(7s) = translational-vibrational relaxation time, s

Introduction

EROBRAKING, as a means of efficiently decelerating

space vehicles into the Earth’s atmosphere, is currently
being considered for numerous NASA missions. Studies'™
have shown that atmospheric entry at the speeds expected for
some of these missions produces nonequilibrium flowfields
characterized by rapid dissociation and up to 25% ionization
of the ambient gas. The flow of this ionized gas, or plasma,
may include significant plasmadynamic effects that are usually
neglected in aerothermodynamic analyses.

Shebalin* approximated the magnitude of these effects us-
ing a simplified model of the plasma flowfield. His results
indicate that the steep gradients in electron number density
and temperature across the shock transition layer are a source
of potentially large magnetic fields, electric currents, and
ohmic heating. Shebalin’s work identified the thermoelectric
term in the magnetic induction equation, a term that is ne-
glected in standard magnetohydrodynamic (MHD) analysis,
as the major source of these effects. His conclusions, however,
are limited by the approximations incorporated in his simpli-
fied model.

Recently, Palmer® performed a detailed computation of the
electromagnetic field about a Mars return aerobrake entering
at 13.2 km/s, 64.8 km altitude. He concluded that the induced
plasmadynamic phenomena had little effect on the fluid flow.
He also demonstated that large applied magnetic fields can
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alter the flowfield around an aerobrake. Although his ap-
proach accounted for chemical nonequilibrium effects, it did
not include thermal nonequilibrium effects.

Plasmadynamic effects result from the presence of induced
electric and magnetic (electromagnetic) fields. These fields
exist when electric currents form as a result of the motion of
charged particles. Electromagnetic fields of sufficient strength
to affect the fluid flow might exist in the high gradient, ioniz-
ing region of the strong bow shock of an aerobrake. Calculat-
ing these fields requires accurate description of the distribu-
tion of electronic energy. The assumption of thermal equili-
brium assumes the distribution of energy in the electronic and
electron-translational modes forms a Boltzman distribution at
the single, heavy-particle temperature. This assumption is con-
sidered acceptable if the thermal nonequilibrium effects are
restricted to a very small region around the shock. It is in this
region, however, that electric currents may form. The assump-
tion of thermal equilibrium, therefore, may not provide suffi-
cient detail to accurately predict the induced electromagnetic
fields. Furthermore, the feedback mechanism by which plas-
madynamics affect the flowfield is an increase in electron
translational energy that is then redistributed to the other
energy modes in the flowfield: a thermal nonequilibrium pro-
cess. Thermal equilibrium assumes this redistribution occurs
instantaneously and may mask some significant, transient pro-
cesses.

A large range of peak-heating altitude and velocity combi-
nations are possible for re-entry into the Earth’s atmosphere
upon return from Mars. The accompanying flowfields have
been shown' to range from those dominated by both thermal
and chemical equilibrium to those dominated by thermochem-
ical nonequilibrium. Although the conditions selected by
Palmer® represent a chemical nonequilibrium but thermal
equilibrium flowfield (justifying his use of a one-temperature
solution), the present work will examine a condition domi-
nated by both chemical and thermal nonequilibrium.

The present work performs a detailed computation of the
induced electromagnetic fields at aerobraking re-entry condi-
tions characteristic of return from Mars and the Moon into the
Earth’s nitrogen-rich atmosphere. Thermal nonequilibrium
and chemical nonequilibrium effects are included. The objec-
tive is to estimate the importance of plasmadynamic effects
for aerobrake-re-entry flows in the Earth’s atmosphere. The
results using a two-temperature flowfield calculation indicate
that plasmadynamic effects are negligible for these aerobrak-
ing conditions. Arguments are also presented to support the
same conclusion for a three-temperature model.

Governing Equations
In Ref. 6, Lee presents the governing equations for the
low-density, high-enthalpy flow expected around aeroassisted
orbital transfer vehicles. The equations are expressions for the
conservation of mass, momentum, and energy. Conservation
of mass requires a species conservation equation for each of
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Fig. 1 Axisymmetric aerobrake geometry and 24 X 64 computational
grid.
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Fig.2 Temperature profiles across the shock layer on the body flank
(x =1.5) for the Mars-return test case.
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Fig.3 Contours of the uncoupled magnetic field strnegth on the
24 x 64 grid (G).
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Diffusion velocities in Eq. (1) are specified via the relations of
Hirschfelder et al.” using the assumption of ambipolar diffu-
sion to specify the effective diffusion coefficients for the ions
and the electrons. Although these effective coefficients are not
precise for flowfields with nonzero electric currents, their use
should not alter the qualitative conclusions drawn.

For conservation of momentum, the gas mixture can be
treated as a three component plasma. This necessitates sepa-
rate momentum equations for the electrons, ions, and neu-
trals. Most computational tools for calculating re-entry flows
assume no electric currents in the flowfield. Under this zero-
current assumption, the electron and ion momentum equa-
tions are combined to form an approximate expression for the
electric field:

1
E=-— VP, @)

nee

Only an overall momentum equation is then solved.
To allow nonzero currents while still assuming no substan-
tial charge separation (i.e., n; = n,), Eq. (2) becomes:
i
en,

E+uxB=L+—(xB-vP) )
g

which introduces the magnetic field into the equation set. The
present study will use this expression for the electric field. This
equation, still an approximate form of the combined electron
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Fig. 4 Contours of the magnetic field strength on the 30 x 128, high-
resolution, nose-region grid (G).

and ion momentum equations, is also called the generalized
Ohm’s law. The overall momentum equation solved is now

:t (pu’>+—a—(pu u1)+§1—)—,~a—T'—’—(_]xB)‘ @

where the magnetic force term on the right-hand side of the
equation is the only addition to this equation when Eq. (3) is
used to describe the electric field instead of Eq. (2).

Accurate description of the distribution of particles across
the various energy modes in a three-component plasma re-
quires a three-temperature model. A three-temperature model
includes conservation equations for the electron-electronic en-
ergy, the vibrational energy, and the total energy. Using Eq.
(3), the conservation of electron-electronic energy is
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The conservation of vibrational energy is
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and the total energy equation becomes
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The total specific energy is now
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Allowing nonzero currents, i.e., using Eq. (3) for the electric
field, results in an additional term in the electron-electronic
energy equation and the total energy equation. This term,
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Jj+E, is called the ohmic heating. When Eq. (2) is used to
describe the electric field ( zero-current assumption), the work
dome on the electrons by the electric field is represented in the
electron-electronic energy equation by

u i ©)
ax’
Using Eq. (3), this term becomes
P,
w ——+(j-E) )

ax J

Ohmic heating is the frictional heating of free electrons caused
by differences in the electron velocity and heavy particle veloc-
ities. This heating is analogous to the heating that occurs in a
current-conducting electrical wire.

In addition to empirical correlations for the chemical reac-
tion rates, thermodynamics, transport properties, and relax-
ation processes, the previous equation set now requires addi-
tional information about the magnetic field to affect closure.
These additional empirical relations, Maxwell’s equations, are

oB
E——VXE (8)
. 1
j=—VXB )
Ko
v-.j=0 (10)
V-B=0 (11)

Combining Eq. (8) with Eq. (3) yields the magnetic induction
equation:

0B
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Using the perfect gas law and some vector identities this equa-
tion becomes

OB Pl k
——-—Vx[u xB-L_ —(jXB)J+—VTe><anne
o en, e

at
(12)

The last term in the magnetic induction equation is the ther-
moelectric term. The j X Bterm is the Hall term. Both of these
terms are usually neglected in the study of magnetohydrody-
namics. For the present, they are retained. Equation (9) serves
as the definition of current. Equations (10) and (11) will be
satisfied identically for the assumption of axisymmetric flow
in the test cases of this study.

The modifications to the governing equations to allow
nonzero currents for a three temperature model include addi-
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Fig. 5 Contours of the magnetic field strength on the 30 X 128, high-
resolution, nose-region grid using fourth- order accurate spatial differ-
encing (G).
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tional terms added to the overall momentum equation, the
electron-electronic energy equation, and the total energy equa-
tion. The magnetic induction equation, Eq. (12), is then solved
to calculate these added terms.

Flowfield Solution

In the present study, the Langley Aerothermodynamic Up-
wind Relaxation Algorithm (LAURA) of Gnoffo et al.? is used
to provide the flowfield solution. LAURA is a robust tool for
analyzing hypersonic flows in thermal and chemical nonequi-
librium. The partitioning of energy in LAURA is modeled by
Park’s two-temperature approximation.’ Temperature T de-
scribes the translational and rotational modes (rotational for
molecular species) of all species, and T describes the vibra-
tional, electronic, and electron-translational modes. For the
latter, this assumes the vibrational and electronic state of all
heavy particles and the translational energy state of the free
electrons are in equilibrium and described by a Maxwell-Boltz-
man distribution at temperature 7. If 7T, is the vibrational
temperature, T* is the electronic temperature for the bound
electrons, and T, is the electron translational temperature, the
two-temperature assumption sets

Ty=T,=T"'=T, (13)

Therefore, the two-temperature model is a contraction of the
three-temperature model. The electron-electronic energy equa-
tion is combined with the vibrational energy equation to form
a single vibrational-electron-electronic energy equation. The
total energy equation remains unchanged.

The two-temperature assumption that justifies the combina-
tion of the vibrational, electronic, and electron-translational
energy modes into one energy pool assumes the transfer of
energy among these modes is instantaneous, i.e., they are
always in equilibrium. In reality, this energy transfer is a finite
rate process. If the time scale of this energy transfer is not
faster than the time scale of the flow for these re-entry condi-
tions, the free electrons just outside the shock, where n, is only
about 103 cm 3, will realize a significant increase in energy per
electron due to the ohmic heating. The electron temperature
would be larger than the vibrational temperature if this occurs
and the two-temperature assumption would not be allowable.
A three-temperature model, which solves the three separate
energy equations, would be required. These more complex
models, however, are not widely used because of uncertainties
in the relaxation rate (r.s) of electron-electronic energy into
the vibrational mode.

Hansen!? has estimated the time scale of the relaxation of
electron-electronic energy into vibrational energy for air to be

s-mole
nT,_,:lO’lg‘C—mi— (14)

which is three orders of magnitude faster than the vibrational
to translational relaxation times. The transfer of electron-
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Fig. 6 Contours of the magnetic field strength on the 30 x 128, in-
creased-grid-extent grid (G).
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Fig. 7 Contours of the magnetic field strength on the 24 x 64 grid
without the thermoelectric term (G).

translational energy to the bound electronic mode is theo-
rized'® to be even faster, which is why the three-temperature
model combines these two modes into the electron-electronic
energy mode. In the precursor region of the Mars return case,
Hansen’s time scale of Eq. (14) predicts a relaxation time of
102 s. The electrons will give up their newly acquired energy
before their averaged motion carries them 0.012 mm towards
the body. If this estimate is correct, the transfer of energy will
be instantaneous for the scale of the test case and the two-tem-
perature model assumption is correct.

For the results presented, constant temperature (1500 K),
fully catalytic wall boundary conditions are used. Chemical
reaction rates are from Park et al.!! and the thermodynamic
and transport properties of Gupta et al.!? are used. The nu-
merical formulation of the LAURA algorithm is presented in
Ref. 13. A description of the numerous physical models in
LAURA appears in Ref. 8.

Coupling plasmadynamic effects into the flowfield calcula-
tion requires solution of the magnetic induction equation
alongside the gasdynamic equations with the added terms
included as described earlier. The important coupling term is
the ohmic heating in Eq. (7) that is added to the electron-elec-
tronic energy equation. Since LAURA is only a two-tempera-
ture model, the term in Eq. (7) is added to the combined
vibrational-electron-electronic equation for 7.

Magnetic Field Solution

The magnetic induction equation, Eq. (12), is three equa-
tions for the three components of B. The test cases examined
in this study are axisymmetric about the z axis and solved in
the y =0 plane. The x and z components of B are decoupled
from the dominant y component. In fact, these lesser compo-
nents of B will be small and are neglected-—their contribution
will depend on the orientation of the vehicle to the Earth’s
magnetic field. Thus, the assumption is

B =By s5)

where y is a unit vector in the y coordinate direction.

A finite difference method is used to solve the magnetic
induction equation separate from the LAURA algorithm. A
steady-state form of the equation is written in second-order
accurate, finite difference form using grid metrics to form
derivatives. An algebraic relation for the value of B at a cell
center based on its neighbor’s values and the local flowfield
solution establishes a fixed point, two-level iteration that con-
verges rapidly. Time asymptotic approaches to solving the
magnetic induction equation were also examined but found to
be very inefficient because of the inherent stiffness in the
equation.

The boundary condition at the freestream boundary sets B
equal to a constant value of 0.3 G that is representative of the
Earth’s magnetic field at the altitudes considered. No current
is allowed across the line of symmetry, x =0, or the body
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Fig. 8 Comparison of the original term accounting for electron heat-
ing with the additional ohmic heating term across the shock layer on
the body flank (x =1.5 m).

surface; these boundary conditions require B to be a constant
0.3 G at these two boundaries also. Zeroth-order extrapola-
tion fixes the value of B across the shock layer at the down-
stream exit boundary on the body’s flank.

Plasma Electrical Conductivity
An additional transport coefficient, the plasma electrical
conductivity, is required to solve the magnetic induction equa-
tion. For simple plasmas at energies less than 50 eV, Bragin-
skii! suggests a Spitzer!s formulation:

06=0.0153T}!3/\ (16)
where
1.89506 x 1016 T34
A=ln SRE an
e

Although the high energy flow of air about an aerobrake is not
a simple plasma, this relation is used in the present study (as it
was used by Palmer’).

Test Case and Computational Grid

A primary test case characteristic of Earth re-entry upon
return from Mars is examined. This case is selected because of
its high degree of ionization (as high as 25%) and significant
thermal nonequilibrium effects. Earth re-entry of aerobrakes
returning from geosynchronous orbit or the Moon typically
involve maximum ionization of less than 5%.

The axisymmetric geometry examined is a 60-deg sphere
cone with nose radius of 1.1 m traveling 12 km/s at 80 km
altitude. The magnetic induction equation is solved on the
same grid as the gasdynamic equations. Three different com-
putational grids will be examined. For each of these grids, cell
Reynolds number for the first cell adjacent to the body is one.
Grid lines normal to the body are locally orthogonal to the
body surface. Tangential grid lines are aligned with the shock.
The first grid examined has 24 cells along the body and 64 cells
normal to the body. This grid and the axisymmetric aerobrake
geometry are shown in Fig. 1. Two high-resolution, 30 x 128,
grids are also examined. For these grids, the grid adaptation
routine SAGE! is used to cluster points around the high
gradient shock. These two grids are described in the next
section.

Results

Solving the magnetic induction equation, Eq. (12), requires
n,, T,, and u/ from the flowfield solution. Initially, a LAURA
flowfield solution, computed for the test case without the
added plasmadynamic terms, is used to compute the magnetic
field. The magnetic fields computed in this manner are re-

ferred to as ‘‘uncoupled’’ solutions. Grid resolution studies
and term-by-term examination of the magnetic induction
equation are performed on uncoupled solutions. A ““coupled’’
solution is then computed by combining the solution of the
magnetic field with the solution of the flowfield.

Temperature profiles across the shock layer on the body
flank (x =1.5 m) for the uncoupled LAURA flowfield solu-
tion are shown in Fig. 2. The shock is clearly shown by the
steep rise in translational temperature. The postshock region
where T and T differ indicates the significant thermal non-
equilibrium effects present in this case. LAURA utilizes a
two-temperature model; the 7, required for the solution of the
magnetic field is 7y. Contours of the uncoupled magnetic field
predicted for this flowfield are shown in Fig. 3. In the nose
region, the magnetic field grows from its freestream boundary
value of 0.3 G to a maximum value of 0.33, then decreases to
0.19 before rising back to the ambient value at the wall. The
maximum strength of the field is 0.40 on the flank of the
body. The magnetic field is not strong (although it is the
gradients in the field that are important).

Resolution Study

Little experience exists in computing the magnetic field
about aerobrakes. To establish confidence in the computed
electromagnetic field, grid refinement, grid extent, and spatial
accuracy of the differencing are examined. To examine grid
resolution effects, a second uncoupled LAURA solution is
computed for just the nose region of this vehicle on a SAGE-
adapted 30 x 128 grid. In the neighborhood of the shock, grid
cells on this high-resolution grid are a factor of 30 smaller than
for the original 24 X 64 grid. The induced magnetic field com-
puted on this grid is shown in Fig. 4. Increased grid resolution
does not change the solution significantly.

The uncoupled magnetic induction equation is resolved for
this case using fourth-order accurate spatial differencing on
the high-resolution grid. The resulting magnetic field is shown
in Fig. 5. Although the extrema of the field are changed due to
higher order differencing (the minimum value computed for
B is 0.16 for this solution), the solution is similar to that of
Fig. 4.

LAURA is a shock-capturing scheme. The freestream grid
boundary is usually placed at 125% of the shock standoff
distance. Examining Figs. 3-5 reveals that the magnetic field is
not constant in the region outside of the shock: the shock
precursor region. The flowfield and electromagnetic field for
the nose region of the test case are computed on another 30
X 128 grid that extends to 165% of the shock standoff dis-
tance. The resulting magnetic field is shown in Fig. 6. This
increased-grid-extent solution has a slightly different structure
than that of Fig. 4. The objective of the present study is to
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Fig. 9 Enlarged view of the precursor region for comparison of the
original term accounting for electron heating with the additional
ohmic heating term.
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estimate the importance of plasmadynamic effects on aero-
brake flows. Increased grid resolution, grid extent, and spatial
accuracy of the differencing have an effect on the solution. To
satisfy the qualitative objectives of this study, however, the
original 24 x 64 grid of Fig. 1 (magnetic field in Fig. 3) is
adequate.

Source of the Magnetic Field

Individual terms in the magnetic induction equation are
examined next. The magnetic induction equation, Eq. (12), is
composed of the standard MHD terms, a ‘‘Hall”’ term, and
the thermoelectric term. When the Hall term is omitted, the
electromagnetic solution is unchanged. For the remainder of
the results presented in this study, this term is neglected. When
the thermoelectric term is also omitted, the resulting magnetic
field is shown in Fig. 7. This is the standard MHD solution.
The thermoelectric term, as pointed out by Shebalin,* is an
important term in creating gradients in the magnetic field.
Comparison of Fig. 7 with Fig. 3 reveals that the thermoelec-
tric term can act as both source and sink of field strength. This
is a surprising observation since the thermoelectric term,

k
= VT X Vi, (18)

is the cross product of electron temperature gradient and the
electron number density gradient that ‘‘should’’ be aligned for
a blunt-body flow. In reality, the two gradients are not pre-
cisely aligned, especially deep in the shock layer where electron
impact ionization releases an avalanche of free electrons. This
misalignment results in a nonzero value for the term in Eq.
(18) that induces electromagnetic fields and currents.

Coupled Two-Temperature Solution

The ‘“uncoupled’® magnetic fields computed earlier are not
strong. It is, however, the gradient of the magnetic field that
appears as the magnetic force term in the total momentum
equation and the ohmic heating term in the vibrational-elec-
tron-electronic energy and total energy equations. The ohmic
heating term in Eq. (7) is the important coupling term. Figure
8 compares this added ohmic heating term, j-E, with the
original term used to account for the work done on the elec-
trons by the electric field. The plot is across the shock layer in
the region of maximum ohmic heating (x = 1.5 m). The sum of
these two terms is what now accounts for electron heating. On
the scale of this plot, the new additional term is negligible
across the entire shock layer. Figure 9 presents a closeup of
this comparison in the shock precursor region. Both terms are
near zero in this region. The ohmic heating, however, is not
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Fig. 10 Comparison of the temperature profiles across the shock
layer on the body flank (x =1.5 m) with and without plasmadynamic
effects.
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Fig. 11 Enlarged view of the precursor region for the comparison of
temperature profiles across the shock layer on the body flank (x =1.5
m) with and without plasmadynamic effects.

negligible in this region because the remainder of the terms in
the vibrational-electronic-electron energy equation are also
very small in this region. Figures 8 and 9 reveal that the only
possible region where plasma effects might affect the flowfield
is in the shock precursor region.

A coupled solution for the flowfield/electromagnetic field
under the two-temperature assumption of LAURA is com-
puted on the 24 X 64 grid to determine the impact of this
effect. The inclusion of plasmadynamic effects has no notice-
able impact on the predicted surface pressure and heating. The
coupled magnetic field is unchanged from that of Fig. 3. The
electron number densities are likewise unaffected. The only
noticeable effect on the flowfield results from the nonzero
ohmic heating shown in Fig. 9. The effect is a slight increase
in Ty just ahead of the shock. Figure 10 is a comparison of the
temperature profiles across the entire shock layer on the body
flank (x = 1.5 m) for the solution without plasma effects and
the coupled solution. Figure 11 presents a closeup of the
precursor region. This is the effect of ohmic heating. The
increase in temperature of only 100 K, however, does not
result in any other impact on the flowfield.

Another coupled two-temperature solution is computed for
re-entry conditions characteristic of return from the Moon.
The representative axisymmetric geometry is a 70-deg sphere
cone with base radius of 7 m. Freestream velocity is 9834 m/s
at 75 km altitude. The maximum degree of ionization is only
5% for this case. Again, including plasmadynamic effects in
the solution does not alter any of the flowfield variables except
the temperature profiles in the shock precursor region.
Though not shown, the effect is similar to that shown in
Fig. 11. It is interesting to note that this small effect does not
appear to depend on the degree of ionization in the flowfield.

Three-Temperature Considerations

Justification of the two-temperature assumption based on
Hansen’s estimate of the electron-electronic to vibrational
energy relaxation rate was presented earlier. If Hansen’s esti-
mate is not correct, and the relaxation of electron-electronic
energy into the vibrational and other modes is not that fast,
what macroscopic effect could large electron temperatures in
the shock precursor region produce? Highly energetic elec-
trons can cause electron impact ionization of the molecules of
the gas, resulting in an increase in electron number density, or
the energetic electrons might be captured in free-bound transi-
tions, giving up their energy as radiation. If all of the ohmic
heating energy cited earlier is immediately used to ionize N,
molecules, however, only 0.0005% ionization of the free-
stream would occur. (The first ionization energy of N, is 15.51
eV.) Such small degree of ionization would have no noticeable
effect on the flowfield. Furthermore, if all of the ohmic heat-
ing is converted to radiation and transmitted to the body
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Fig. 12 Effect of coupling plasmadynamic effects on ohmic heating
in the shock precursor region of the body flank (x =1.5 m) for the
two-temperature solution.

surface, the effect is still negligible. The amount of energy
being added to the flow due to ohmic heating in this region is
approximately 0.004 J/m3?. Compared with the freestream
energy of 2.7 J/m?3, this is a small amount of energy addition.
(The vibrational-electron-electronic energy of the freestream is
0.08 J/m3, which is why a small effect on Ty occurs in Fig. 11
due to the ohmic heating of 0.004 J/m3.)

There remains one possibility to consider. The induced mag-
netic field is a function of 7,. The change in 7, in the precur-
sor region that a three-temperature model would allow might
alter the magnetic induction solution in such a way as to
increase the ohmic heating. If this were true, the situation
would constitute an instability where the ohmic heating might
grow until it is no longer a negligible term. Restated, the
question is, what is the ‘‘feedback’’ effect of increased elec-
tron temperature on the ohmic heating term? The answer can
be approximated by examining the trend observed in the two-
temperature solution. Figure 12 compares the ohmic heating
of the uncoupled solution with the coupled solution in the
precursor region. The coupling of the plasmadynamic effects
with the flowfield acts to increase T in the two-temperature
solution as shown in Fig. 11 as it would increase 7, in a
three-temperature solution. As Fig. 12 shows, this decreases
the ohmic heating. The previously misaligned gradients of
electron temperature and number density in the thermoelectric
term are being realigned by the coupling effects. There is no
evidence to suggest that the three-temperature model would
exhibit different behavior. The feedback effect of coupling
plasma effects to a three temperature model may also decrease
the ohmic heating.

Based on the above arguments of electron-vibrational relax-
ation time, magnitude of the ohmic heating, and feedback
effect on the ohmic heating, a three temperature model should
not produce any significantly different conclusions then those
drawn from the two-temperature results.

Conclusions

Including plasmadynamic effects in the governing equations
of hypersonic flow requires the addition of a magnetic force
term to the momentum equations and an ohmic heating term
to the electron and total energy equations. Closure of the
resulting equation set requires solution of the magnetic induc-
tion equation as an additional field equation and the specifica-
tion of an additional transport coefficient: the plasma electri-
cal conductivity.

The magnetic field about a 1.1-m nose-radius aerobrake
entering Earth’s atmosphere at 80 km altitude and traveling 12
km/s is computed. Results from the Spitzer relation for the
plasma electrical conductivity indicate that the induced mag-
netic field is weak with values between 0.1-0.5 G for free-
stream values of 0.3 G.
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Grid resolution and grid extent studies suggest that the
computational grid used for the flowfield provides sufficient
resolution for computing the magnetic field. In addition, sec-
ond-order accurate spatial differencing of the magnetic induc-
tion equation is adequate.

The thermoelectric term in the magnetic induction equation
is an important source of the weak magnetic fields for aero-
brake flows. This is an unexpected observation since this term
is the cross product of two gradients that were assumed to be
aligned. The Hall term in the magnetic induction equation
does not contribute to the magnetic field strength since the
field strengths remain small.

The induced magnetic field has associated currents that
cause an increase in the energy of the free electrons due to
ohmic heating. This energy addition is small, 0.005 W/cm3,
but in the preshock region must be distributed over a very
small number of electrons. If, as is assumed in a two-tempera-
ture approximation, the electrons instantly equilibrate with
the bound electrons and the vibrational states of the
molecules, the energy added due to ohmic heating results in a
small increase in the vibrational temperature in the shock
precursor region. This effect is negligible and no other notice-
able effect on the flowfield, surface pressure, or heating is
seen. These conclusions agree with those of Palmer.’ In addi-
tion, a two-temperature solution for a lunar return aerobrak-
ing case at 9834 m/s and 75 km altitude did not produce any
important effects on the flowfield. An estimate of the elec-
tronic-vibrational relaxation time indicates that the two-tem-
perature assumption employed in this study is valid for air. By
examining the magnitude of the ohmic heating and observing
a decrease in this heating when coupling terms are included in
the two-temperature solution, a three-temperature solution
should not produce significantly different conclusions.

The conclusions of this work are restricted to Earth-entry
aerobraking. Entering the atmospheres of the other planets,
like the hydrogen-rich atmosphere of Jupiter, may involve
significant plasmadynamic effects.
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