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Magnetic Field Effects on the Computed Flow over a Mars
Return Aerobrake

Grant Palmer*
NASA Ames Research Center, Moffett Field, California 94035

A numerical algorithm is developed to calculate the electromagnetic phenomena simultaneously with the fluid
flow in the shock layer over an axisymmetric blunt body in a thermal equilibrium, chemical nonequilibrium
environment. The flowfield is solved using an explicit time-marching, first-order spatially accurate scheme. The
electromagnetic phenomena are coupled to the real-gas flow solver through an iterative procedure. The elec-
tromagnetic terms introduce a strong stiffness, which was overcome by using significantly smaller time steps
for the electromagnetic conservation equation. The technique is applied in calculating the flow over a Mars
return aerobrake vehicle entering the Earth’s atmosphere. For the case where no external field is applied, the
electromagnetic effects have little impact on the flowfield. With the application of an external magnetic field of
0.05 to 0.1 T, the solution indicates an increase in stagnation line shock standoff distance, wall pressure, and
radiative heat transfer and a decrease in convective heat transfer.

Nomenclature
magnetic induction, T
species mass fraction
freestream speed of sound, temperature,
density
binary diffusion coefficient
electric field, V/m
total energy
charge per electron, 1.601 x 10-* C
vibrational energy
species enthalpy, J/kg
current density, A/m?
Boltzmann’s constant, 1.3805 x 10-23 J/K
grid scaling reference length
molar mass
electron number density
pressure
electron pressure, n kT,
heat conduction
universal gas constant
translational temperature
vibrational temperature
time
velocity
diffusion velocity
chemical source term
species mole fraction
Cartesian coordinates
real-gas parameter
resistivity, {)-m
permeability in a vacuum, 47 X 1077 h/m
density
summation considering only molecules
conductivity, 1/7
shear stress

S
Il

Cey Ty pa

=

':f\ Nl(\h-]b

~
& Ei\'k‘ =
1 I T I T B

It

S

S~ =
I

o~
o
Il

i

3 R
I

X

<
il

3 <
L1 T T

QMDD EIT™R

2
I

Introduction
ECENTLY, Mars mission plans have been proposed us-
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ing aerobrakes that reach velocities during their re-entry
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into Earth’s atmosphere in excess of 12 km/s. In a previous
study,! flow around a Mars return aerobrake conducting a
single pass direct entry in the Earth’s atmosphere was ana-
lyzed. The vehicle has a lift/drag (I./D) of 0.5 and a ballistic
coefficient of 300 kg/m?.

Most computational studies of chemically reacting flow have
assumed the gas to be, at most, weakly ionized.?=* This allows
certain simplifications to the governing equations. The con-
ductivity of air is assumed to be small, so that electromagnetic
effects, such as electric and magnetic fields, can be removed
from the conservation of momentum and energy equations.

In Ref. 1, flow was computed over the aerobrake traveling
at 13.2 ks at 64.8-km altitude, flight conditions close to the
undershoot boundary, and near the point of peak heating.
Peak ionization levels along the stagnation line exceeded 25%,
clearly a significant level. Electromagnetic effects might have
to be included in the physical model for these types of flows.

Much of the work on coupling the electromagnetic and fluid
dynamic equations has concerned magnetohydrodynamic
(MHD) flow computations.>~7 Steady versions of the govern-
ing equations are solved under certain MHD flow approxi-
mations. Shebalin® coupled the electromagnetic and fluid dy-
namic equations. He found that plasmadynamic effects induced
by the shock layer significantly influenced the temperature
and density profiles even at velocities as low as 9 km/s. How-
ever, he used a simplified physical model and a quasi-one-
dimensional test problem, therefore, his conclusions have not
been tested using the full conservation equations to solve the
flow over a blunt body at realistic flight conditions.

A great deal of work was done in the late 1950s and 1960s
on the effects an externally applied magnetic field might have
on a hypersonic flowfield.”~'* Because of the lack of com-
putational resources at that time, these studies used analytic
methods over simple bodies with assumptions such as the
Newtonian approximation. Their objective was to ascertain
if an externally applied magnetic field could be used to de-
crease heat transfer to a vehicle. They found that shock stand-
off distance did increase, but could not quantitatively analyze
their impact on pressure, temperature, and velocity values
behind the shock.

In this study, modern computational fluid dynamic (CFD)
techniques are used to couple the time-dependent Maxwell’s
equations to the Navier-Stokes equations, and to gauge the
effect of both self-generated and externally applied magnetic
fields on the computed flowfield. The magnetic induction is
computed and the appropriate magnetic induction terms are
added to the momentum and energy equations.
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Governing Equations

The axisymmetric Navier-Stokes equations, including spe-
cies continuity equations, represent the conservation of mass,
momentum, and energy. They consist of a mass conservation
equation for each species considered!”:
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Electromagnetic terms have been included in the momentum
and energy conservation equations.'®'” B can be either the
self-generated magnetic field generated by electron pressure
and temperature gradients in the flowfield or an externally
applied field. The axisymmetric source vector H in the above
equations has elements

Pl(v + vy)

pv + v,)

H = pv
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The determination of the diffusive mass flux follows a mod-
ified form of that presented by Curtiss and Hirschfelder'®
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The first term in Eq. (6) is the contribution due to species
concentration gradients. The second term is the contribution
due to pressure gradient. The third term is the contribution
due to electrostatic forces, called forced diffusion. Forced
diffusion is important only where there is significant charge
separation.! In this study, the flow is considered to be locally
charge neutral. The ambipolar phenomena are neglected be-

cause electromagnetic phenomena are not likely to be affected
by these effects. When pressure and thermal effects were
incorporated into the code, their effects were found to be
small in both the stagnation and shoulder regions, so they
were removed from the physical model.

The heat conduction is given by

aT
qj = —K a_x/ 2 psusjhs (7)

The determination of viscosity and thermal conductivity of
the 11 species gas mixture follows the method of Gupta et
al.®®

At 13.2 km/s and 64.8-km altitude, the flow behind the
shock wave can be assumed to be in near-thermal equilib-
rium.* There would be a small region immediately behind
the shock where thermal nonequilibrium phenomena would
be present. However, in the density range considered in the
present work, this thermal nonequilibrium region would be
small.?! Translational temperature can be obtained from the
equation relating the total energy and translational temper-
ature:

e = 1.5RTZ% + RTZ]C; et e,

£ 2ol v W) + 3 phd ®)

Pressure can be related to the other global conservation
quantities by the relation

p = (B = Dle - 3p(u? + v* + w?)] )

The quantity, B8, used in the flux splitting, is defined as the
ratio of specific static enthalpy to specific internal energy with
a reference temperature of 0 K. For a perfect gas, 8 becomes
the ratio of specific heats, y.

Electromagnetic Terms
The magnetic induction, current density, and electric field
in Eqgs. (3) and (4) can be found by solving Maxwell’s equa-
tions. Assuming local charge neutrality they are

Vej=0 (10)
oB
'a—l = —-VXE (11)
J = [(V X B)lu] (12)
V-B=0 (13)

The generalized Ohm’s law is expressed as
E=% —(uxB)+ (Uné)j x B) — (1/ne)Vp, (14)

and is the conservation of electron momentum equation where
terms involving electron density and shear stress are ne-
glected.

The axisymmetric formulation of the governing equations
results from the three-dimensional equations expressed in cy-
lindrical coordinates where the velocity and gradients in the
circumferential or © direction are zero. This leads to some
important simplifications of Maxwell’s equations. Writing out
the three components of Eq. (11) with the axisymmetric sim-
plifications

4B, Ey dEg
= _ o 79 1
ot y ay (15)
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The axisymmetric magnetic induction equations are thus de-
coupled such that B, and B, depend only on Eg, and By
depends only on E, and E,.

Determination of the resistivity follows the method of
Spitzer*? and Delcroix®

N = 653AT; 13 (s)
where
A = log [(1.89506 x 10T 345)/p}-15]

is a modified form of that presented by Braginskii.!” Under
thermal equilbrium conditions, the translational temperature
is used to evaluate Eq. (18).

Self-Generated Magnetic Fields

The determination of the governing equations for self-gen-
erated magnetic fields follows that of Shebalin.® The last term
in Eq. (14), called the thermoelectric term, acts as a source
term for the generation of a magnetic field. Since circumfer-
ential gradients are zero for axisymmetric flow, the thermo-
electric term is absent from the Eq component of Eq. (14).
Thus, there is no mechanism for E, and subsequently, B,
and B, to develop. Additionally, Eq. (11) indicates that E,,
is zero when the system reaches steady state. Therefore, for
axisymmetric flow with no applied magnetic fields, only the
B, component of magnetic induction need be considered. The
magnetic field lines travel in circles around the x axis.

By combining Eqgs. (17), (14), and (12), a nondimensional
conservation equation for B, can be written as
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Applied Magnetic Field

Another set of assumptions that is consistent with Eqgs. (10—
14) is to assume that current density only exists in the cir-
cumferential direction. This says that current flows in circles
about the x axis. V-j = 0 is thus always maintained. To satisfy
Eq. (12), B, must be zero. All three components of the elec-
tric field are assumed to be zero. The current density can then
be expressed as

1 (oB B
o = — | = — 22 = - 20
]@) o (ax ay> U(qu va) ( )

where the conductivity o is the inverse of the resistivity.
The preceding assumptions were utilized in Refs. 9-14. The
freestream conductivity and current density are assumed to

be zero. The applied B field should decrease with increasing
distance from the source and the B, component should go to
zero along the x axis. One relation that satisfies these con-
straints is

—3Byxy

_ By(—24% +y?) _
(xz + y2)5/2 ’ y (xz + yz)S/z

B, = 21)

This is the field from a dipole located at the origin. Behind
the bow shock where the conductivity and current density are
nonzero, the magnetic field is obtained from solution of Eq.
(20) under the constraint of Eq. (13).

Chemical Model

The 30 chemical reactions used in this study were taken
from Park.?* Eleven species, N, N,, O, O,, NO,N* N, O+,
O3, NO™*, and ¢ , were considered. The forward and back-

ward reaction rates are of the form
k/(T) = CfT‘”'[eiﬁd/Tv kl)(T) = [kf(T)/KEq(T)] (22)
The reaction rate constants in Eq. (22) were obtained from
Park.>* If thermal equilbrium is assumed, the forward and

backward reactions are always a function of the translational
temperature.

Solution Algorithm

The presence of strong flow gradients such as shocks re-
quires the use of some form of upwind differencing to main-
tain stability during the flow computation. The differencing
technique used in the present algorithm is that of Van Leer
flux-vector splitting.>® The technique splits and differences the
inviscid fluxes according to the direction of signal propaga-
tion. The solutions presented in this article were computed
using first-order spatial differencing of the inviscid fluxes.
However, the inclusion of second-order differencing is a rel-
atively simple procedure using transition operators.®

The numerical solutions were all impulsively started, i.e.,
initially the flow was freestream everywhere. Freestream val-
ues were maintained along the supersonic inflow boundary.
The outflow boundary was also assumed to be supersonic,
and zeroth-order extrapolation from the interior was used.
The no-slip condition and zero normal pressure gradient were
imposed on the wall. A fixed wall temperature of 3300 K was
maintained on the the body surface, which was assumed to
be noncatalytic. This temperature is representative of possible
heat shield materials. For the self-generated magnetic field
case, the circumferential magnetic field was set to zero along
the inflow boundary. The body surface was assumed to be an
insulator, so current density along the body was zero for both
the self-generated and externally applied magnetic field cases.

The governing equations are solved using an explict for-
mulation. Normally, the inclusion of species continuity equa-
tions with source terms derived from finite-rate chemical re-
actions renders an explicit algorithm stiff, meaning that
prohibitively small time steps are required to maintain sta-
bility. However, in previous studies**” a technique was de-
veloped that overcomes this stiffness problem. Essentially, it
scales the species mass fraction updates obtained after each
iteration so that the largest change in any species mass fraction
is no larger than a certain prescribed value. The method has
successfully computed flows over a wide range of freestream
conditions and has been corroborated with comparisons against
both experimental data and computations using other explicit
and implicit techniques.?*-*’

Equation (19) looks similar in form to the gasdynamic con-
servation equations. It contains convective terms, such as dByu/
ax, and diffusive terms, such as 9/3x[n(3Bg/0x)]. The ther-
moelectric term acts as a source term for magnetic induction.

Solution of the time-dependent magnetic induction con-
servation equation proceeds exactly as the solution of the
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Navier-Stokes equations. The convective terms are differ-
enced using flux-vector splitting. The diffusive terms are dif-
ferenced using a standard three-point stencil. Cross-deriva-
tives are central-differenced.

The magnetic induction equation is stiffer than the other
conservation equations. A time-step 10* times smaller than
that used for the Navier-Stokes equations was found to be
necessary to maintain stability. However, the magnetic in-
duction equation converges faster than the Navier-Stokes
equations for a given time increment. The induction equation
was loosely coupled to the gasdynamics such that 100 itera-
tions of the magnetic induction equation were executed using
the smaller time step for every gasdynamic iteration. Values
of velocity, electron pressure, and temperature passed to the
electromagnetic subroutine are held constant during the 100
iterations. The updated values of current density and magnetic
induction are used to evaluate the electromagnetic terms in
the momentum and energy equations. This loose coupling
avoids the prohibitive time step restrictions encountered with
the fully coupled explicit technique, as well as the complexity
and difficulty of a fully coupled implicit code.

For the applied magnetic field case, the current density is
obtained by solving Eq. (20) using Gauss-Seidel relaxation
under the constraint that Eq. (13) must also be obeyed. In
the freestream and along the body, where there is no current
density, the magnetic field is specified by Eq. (21).

Results

The Mars return aerobrake vehicle, first proposed by Tauber,'
is shown in Fig. la. Designed for a lift-drag ratio of 0.5, it
consists of a raked 45-deg half-angle cone blunted by a 0.8-
m radius sphere. The rake angle is 67 deg. The top shoulder
is rounded by a 0.45-m radius circle and the bottom shoulder
by a 0.6-m radius circle. The vehicle is nearly symmetric, so
the axisymmetric approximation is reasonable. The compu-
tational domain is also shown in Fig. 1.

Flow was computed over the vehicle traveling at 13.2 km/s
at an altitude of 64.8 km, corresponding to one of its flight
trajectory points. Figure 2 presents profiles of temperature
and species distributions computed for these conditions. This
represents the starting solution for the electromagnetic effects
study. Figures 2a and 2¢ show temperature profiles along the

Fig. 1 Mars return aerobrake and computational domain.

stagnation line and near the shoulder. Figures 2b and 2d show
species mole fractions. The gas is nearly completely disso-
ciated behind the shock, both along the stagnation line and
near the shoulder. The level of ionization in the stagnation
is around 25%. The sharp rise in the atomic nitrogen mole
fraction along the stagnation line near the body is due to the
drop in both the ions and electron mole fractions in this re-
gion. Recombination increases the stagnation line mole frac-
tion of N, from virtually zero in most of the shock layer to
0.04 at the wall. The stagnation line shock standoff distance
is approximately 4.1 cm from the body. The region of non-
equilibrium behavior, characterized by the temperature spike,
extends for 0.6 cm behind the shock or 14.6% of the shock
standoff distance. Behind this region, the temperature relaxes
to an equilibrium value of around 12,750 K.

Comparison to experiment in this flow regime is difficult
due the high velocities, but some validation is possible. Using
a shock tube, Wilson?® observed the behavior of electron den-
sity for shock velocities of 9-12 km/s. Two of the quantities
produced by Wilson’s work are postshock electron number
density and ionization distance.

The code was run over the aerobrake at a lower speed,
11.25 km/s, to compare the stagnation line electron number
density profile against previous experimental® and computa-
tional®' results. The value of peak electron number density
computed by the present code compared closely with those
found by Refs. 21 and 28, although the slope of the profile
was steeper behind the shock. This may be due to thermal
nonequilibrium effects not accounted for that are important
at 11.25 km/s.

Tonization distance is obtained by fitting a straight line to
the NZ profile until it intersects the peak value. The distance
from this intersection to the point the electron number density
first starts to rise is the ionization distance. Wilson plotted
experimentally observed values of ionization distance divided
by freestream mean free path for shock speeds ranging from
9 to 12.5 km/s. Figure 3 shows these values along with those
calculated by Park using the NONEQ code.?' The code de-
scribed in this study computed a value of 14.5 for the 13.2
km/s. Asseen in Fig. 3, this value corresponds closely to those
found by Park, and are consistent with the ionization distances
seen experimentally.

Effects of Self-Generated Magnetic Induction

Self-generated magnetic induction occurs in an ionized—
but charge-neutral—flowfield from gradients in the electron
pressure and temperature. Looking at the thermoelectric term
in Eq. (19), the generation of the circumferential component
of magnetic induction, or B, is only possible if there are
gradients in electron pressure and temperature in both the x
and y directions. Therefore, the field strength should be zero
along the stagnation line. The largest values of magnetic in-
duction should occur in regions of expansion.

Figure 4 shows circumferential magnetic induction contours
around the Mars return aerobrake. The peak value of mag-
netic induction is 1.86 G and occurs near the shoulder of the
vehicle. Another local maximum occurs when the flow ex-
pands around the nose. Along the flat part of the aerobrake,
between the nose and the shoulder, the induction is low, due
to the reduced ¢ derivatives of electron pressure and tem-
perature in this region.

The inclusion of electromagnetic terms into the governing
equations has virtually no effect on temperature, shock stand-
off, or any of the other flow quantities. This is not surprising
since the maximum magnetic energy, Bg/u, of 2.81 x 1072
J/m? is seven orders of magnitude smaller than the total en-
ergy, 1.60 x 10°, at the corresponding grid point. Even when
the computed values of By, were multiplied by a factor of 10,
no appreciable difference was seen in the other flow quan-
tities.

The contours levels shown in Fig. 4 exhibit some local min-
ima, particularly near the nose of the body. This is due to the
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Fig. 2 Computed profiles, 13.2 km/s.

100.
—&— Park et. al.

| ] Present
[o] Expt., Wilson

80. SONPUNRU SO SOV O

90.

70.
60.
50.
40.

30.

lonization distance/freestream mean free path

20.

10.

8. 9. 10. 11. 12. 13. 14.
Shock Speed (km/s)

Fig. 3 Comparison of computed and experimental ionization dis-
tances.

fact that the flow solution is jumping grid lines. Along the
stagnation line, the shock lies between the 36th and 38th grid
line normal to the body. At the shoulder, the shock lies be-
tween the 30th and 32nd grid line. Therefore, at several places
in the computational domain as the flow travels from the
stagnation region to the shoulder, the shock wave jumps to
a lower normal grid line. If this happens, inaccuracies are
introduced into the evaluation of the thermoelectric term, and
alower level of self-generated magnetic induction is computed
than should be. The use of adaptive grid techniques to align
the grid to the shock would improve the quality of the solution
by reducing or eliminating the incidence of the shock jumping
grid lines.

Effects of an Applied Magnetic Field

The term j X B in Eq. (3) is the electromagnetic force
term. When a strong magnetic field is applied, this term pushes
the bow shock away from the body. Magnetic fields were
applied to the aerobrake to gauge the effects on the flowfield.
An axially symmetric externally applied magnetic field is con-
sidered. Two field strengths are considered, giving a magnetic
induction value at the stagnation point of 0.05 and 0.1 T,
respectively. Fig. 5 shows velocity contours with no applied
magnetic field, and when a 0.1-T field is applied. There is a
significant increase in shock standoff with the 0.1-T field,
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which is a modest field strength easily acheived by either a
permanent or solenoid-type magnet. The overall contribution
to vehicle weight would be slight.

In Ref. 10, the effect of an applied magnetic field on the
shock standoff distance was measured in a 3-in.-diam elec-
tromagnetic shock tube. The change in shock standoff was
plotted as a function of Q* = B3/np.U. where B, is the value
of magnetic induction at the stagnation point. The 0.05- and
0.1-T cases corresponded to Q* values of 3.9 and 20, re-
spectively. Figure 6 shows the values of the change of shock
standoff found in this study vs the experimental and analytical
values from Ref. 10. This comparison confirms the present
technique’s ability to correctly compute the change in shock
standoff distance under the influence of an applied magnetic
field. It also indicates that the effect of an applied magnetic
field is not a linear function of the field strength, but is ap-
proximately a function of the square of the field strength.

— 4,
ANM : 8

Expt, Ref. 10
Analytical, Ref. 10
| | Present

0. 20. 40. 60. 80. 100. 120. 140.

Fig. 6 Change in shock standoff distance.

Figure 7 shows stagnation line profiles of the two magnetic
cases as well as the initial solution where no field is applied.
The 0.05-T magnetic field had little effect on the flowfield,
but the 0.1-T field had a pronounced effect. This is because
while the 0.1-T field was only two times larger than the 0.05-
T field, its Q* value is five times larger. Figure 7a shows
velocity profiles. Because the shock has been pushed away
from the body, the normalized velocity gradient at the wall
is reduced from 51.07 s~? for no magnetic field, to 36.3 s~!
for the 0.05-T field, to only 7.41 s~ for the 0.1-T stagnation
point field strength. The reduction of velocity gradient at the
outer edge of the boundary layer would reduce convective
heat transfer."
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Fig. 7 Stagnation line profiles of two magnetic cases and an initial
solution with no applied field.

Figure 7b shows stagnation line temperature profiles for
the three cases. The peak temperature behind the shock and
the equilbrium temperature throughout most of the shock
layer are similar for all three cases. While the decreased tem-
perature gradient at the wall for the 0.1-T case, as compared
to when no field is applied, would indicate a reduction in
convective heat transfer, the increased size of the high-tem-
perature zone behind the shock would indicate an increase in
the radiative heating to the body. Since the heat transfer at
these flight conditions is expected to be radiation-dominated,
the net effect with an applied magnetic field would be to
increase the total heating rate.

Figure 7c shows the pressure profile along the stagnation
streamline. The application of a magnetic field increases the
pressure at the body, from an initial value of 1767-1769 for
the 0.05-T case to 1782 for the 0.1-T case. This indicates that
an applied magnetic field could be used as a control mecha-
nism to alter the vehicle’s L/D ratio or trim angle.

Similar effects on velocity gradient, surface pressure, and
shock standoff distance from an applied magnetic field were
found by Refs. 10-12 using analytic methods, Newtonian
approximation, and experimental observations.

Concluding Remarks

The inclusion of electromagnetic effects introduces a strong
stiffness into the system of governing equations. The explicit
time-marching, first-order spatially accurate scheme devel-
oped in this article, overcomes this stiffness by loosely cou-
pling the magnetic induction conservation equation to the
other governing equations and using a very small time step
when solving the induction equation. Flow was computed
around a vehicle entering the Earth’s atmosphere at a super
escape velocity typical of a Mars return mission. When no
external field is applied, the electromagnetic phenomenon
cause little consequence to the fluid flow: the peak value of
magnetic energy is seven orders of magnitude smaller that the
total energy at the same grid point. The magnetic induction
does not need to be coupled to the equation set. Ifitis desired,
the self-generated magnetic field can be solved separately
using the temperature and electron pressure obtained from
the real-gas flow solver. Because the computation of a self-
generated magnetic field relies on accurately resolving flow
gradients in both coordinate directions, it is important to align
the grid lines to the shock.

When an external magnetic field is applied to the ionized
flowfield around a vehicle, the bow shock wave is pushed
away from the body. The change in shock standoff distance
is not a linear function of the field strength, but appears to
be approximately a function of the field strength squared. A
modest field of 0.1-T is sufficient to substantially increase the
shock standoff distance of the Mars return aerobrake.

Under the influence of the applied magnetic field, the con-
vective heating rate would decrease, but radiative heating
would increase. The net effect would probably be to increase
heating rates. An applied magnetic field could be used as a
control mechanism to alter the vehicles L/D ratio or trim
angle.
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