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An electrical conductivity database for continuum flow in a CO, atmosphere over a 70°
spherecone was created using the Data Parallel Line Relaxation Code computational fluid
dynamics software to inform development of future magnetohydrodynamic subsystems at
Venus and Mars. Sixteen freestream conditions were considered at Mars with atmospheric
relative velocities from 5 to 8 km/s and altitudes between 20 and 80 km. Sixteen freestream
conditions were considered at Venus with atmospheric relative velocities from 9 to 12 km/s
and altitudes between 85 and 115 km. Results indicate that the total electrical conductivity
in the flow volume always increases as velocity increases. At low velocities, the electrical
conductivity is higher at high altitudes, while at high velocities, the electrical conductivity is
higher at low altitudes. Three of the 80 km altitude computational fluid dynamics solutions
show good agreement with Direct Simulation Monte Carlo results. In general, computational
fluid dynamics predicts thinner shocks, higher electron number density, and similar vibrational
temperatures as direct simulation Monte Carlo. The magnetohydrodynamic force was calculated
at both Mars and Venus. Results indicate there may not be sufficient control authority to
use magnetohydrodynamics as a trajectory control mechanism at Mars without artificially
increasing the electrical conductivity of the flow, but there may be appreciable control authority

for a drag-modulated aerocapture at Venus.
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X = X coordinate, m

y = Y coordinate, m

a = forward reaction stoichiometric coefficient

B = backward reaction stoichiometric coefficient

€ = vacuum permittivity, 8.854 x 10~12L

0 = Arrhenius exponential, K

Va,b = collision frequency of species a with species b, s
e = density, %

T = shear stress, Pa

o = electrical conductivity, %

= Hall parameter

W = source term that governs mass production, b]%
Subscripts
s = chemical species s
r = chemical reaction r
f = forward
= backward
e = electron
i = ion
v = vibrational
eff = effective
MHD = magnetohydrodynamic

I1. Introduction
Magnetohydrodynamics (MHD) is a flow phenomena that has potential application for providing additional
deceleration and control of entry vehicles by augmenting the aerodynamic drag with a Lorentz force. During hypersonic
flight, high-energy atmospheric gas particles collide in the shock and ionize, creating a locally conductive flow. As the
conductive particles cross magnetic field lines, a Lorentz force is exerted on both the charged particles and magnet, as
shown in Fig. 1. Studies have shown that the Lorentz drag can be on the same order of magnitude as aerodynamic drag
[1H3]], and the increased drag allows an entry vehicle to decelerate faster so that supersonic deceleration systems can be

deployed at a higher altitude at Mars. Electromagnet technology that allows time-varying magnetic fields may enable
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Fig. 1 Diagram of MHD drag on a Mars entry vehicle.

MHD-based drag-modulation trajectory control without jettisoning mass or drag areas. MHD deceleration requires
one or more magnets onboard the vehicle to create a magnetic field to generate Lorentz forces. If sufficient forces are
generated, the Lorentz forces can be a control mechanism for planetary entry, aerocapture, or aerobraking missions.

MHD has potential applications beyond drag augmentation. The energy from the moving ions may be stored
on-board to be utilized for other purposes [4H6]. In-situ resource utilization [7]] or gas compression [8] are other
possibilities. The Lorentz force on the charged particles also increases the shock thickness, which reduces heat flux to
the vehicle [9}10] and reduces the duration of the communication blackout period [11}[12]]. This range of beneficial
effects may make MHD an attractive option for future missions.

The effectiveness of MHD depends on the electrical conductivity in the shock layer. A higher conductivity increases
the effects of MHD, e.g. the Lorentz force, because there are more ions moving across magnetic field lines. To determine
the MHD drag augmentation performance, the electrical conductivity in the flow field must be determined over a range
of freestream conditions from atmospheric entry down to about 4 km/s [[13].

Several studies have estimated the electrical conductivity in continuum flow, but many make assumptions that may
reduce the accuracy of the estimated MHD force. Some studies used analytical models to estimate the MHD drag
[14-16]. Others used a 1-dimensional shock solver to determine the electrical conductivity directly behind the shock
and assumed constant properties throughout the shock [5, [15, [17]. Other studies used the Navier-Stokes equations,
Maxwell equations, and Ohm’s Law to solve for the electrical conductivity in the flowfield [1} 6l [18H23]]. This method
relies on fewer assumptions about the flow electrical conductivity compared to 1-dimensional solvers or analytical

equations, and it provides the most accurate representation of physical phenomena with the capabilities of current



simulation tools. However, due to the computational cost of MHD simulations, studies are limited to single point designs
or geometries that are impractical for entry. Additionally, the results are specific to the freestream conditions, magnet
strength, and magnet placement that were used in the studies. To estimate the MHD force over an entire trajectory, many
simulations must be done at a range of freestream velocities and densities. Any change in the magnet would warrant
further simulations to estimate how the flowfield properties change over the range of freestream conditions that the
vehicle encounters.

The goal of this study is to document the electrical conductivity over a range of altitudes and velocities in a CO,
atmosphere to inform future studies. The computational fluid dynamics (CFD) solutions in this study do not include the
generalized Ohm’s Law for coupled MHD-flow effects. Previous studies have shown that the presence of a magnetic
field has little effect on the electrical conductivity profile in the shock [21}124]. The shock standoff distance can be
sensitive to magnetic field strength, with the shock standoff increasing up to a factor of 8 for a magnetic field strength of
0.5 T [23]. At high densities, the shock standoff distance does not change as much from MHD effects. Even though the
shock standoff distance cannot be accurately predicted without the Maxwell equations and Ohm’s Law, the MHD force
may be estimated because the electrical conductivity magnitude in the shock is similar when an external magnetic field
is applied and when there is not magnetic field [24]. The results from this study may save significant computational
resources and time by providing an estimate of the MHD force for a wide variety of magnetic field configurations
without solving the Maxwell equations each time.

The MHD force for several conditions is calculated and compared with existing literature. Furthermore, a comparison
between CFD and Direct Simulation Monte-Carlo (DSMC) for a few overlapping conditions from a previous study is
presented [25]]. Finally, the MHD force is calculated over a range of altitudes and velocities at both Mars and Venus.

The force calculation provides an estimate of the MHD force one could expect with similar conditions.

ITI. CFED Freestream Selection

Several example aeroassist trajectories were computed at both Venus and Mars to determine the range of conditions
that may be encountered during flight. The composition of both atmospheres are similar. Mars’ atmosphere is
approximately 95% CO, while Venus’ atmosphere is approximately 96% CO,. Because their compositions are so
similar, CFD results may be applied to either planet; however, Venus arrival velocities (10-12 km/s) are typically higher
than Mars arrival velocities (4-6 km/s). Four mission classes were considered for Mars: a Mars Phoenix-sized vehicle
with a ballistic coeflicient of 65 kg/m2 and diameter of 2.6 m [26]], a Mars Science Lab-sized vehicle with a ballistic
coefficient of 120 kg/m2 and diameter of 4.5 m [26], a human-class vehicle with a ballistic coeflicient of 234 kg/m2 and
a diameter of 16 m, and a human-class vehicle with a ballistic coeflicient of 415 kg/m2 and diameter of 16 m. Two
Venus missions are considered with ballistic coefficients of 50 kg/m? and 150 kg/m? and diameters of 3 m and 1.7 m,

respectively. The two Venus missions correspond to small and large orbiters performing aerocapture.



All Martian entry vehicles are assumed to be unguided with a 0° trim angle of attack. Although MSL was a lifting
vehicle, the lift-to-drag ratio is set to O to make the trajectory similar to that of a drag-modulated control scheme that
could be provided by MHD. The goal of the trajectory analysis was to determine the altitude band at which a vehicle of
each size would have a velocity above 5 km/s. Below 5 km/s, there is not enough ionization to produce sufficient MHD
effects, so it is not considered in the CFD run matrix. Entry conditions for the Phoenix and MSL class vehicles were the
same as their respective missions except for the flight-path angle, which was modified to be in the entry corridor for the
modified lift-to-drag ratio. The flight-path angle for both vehicles was -10°.

Several studies have analyzed human Mars missions with constraints on mission time, which may be necessary
for human health. Human missions may require higher entry velocities than previous robotic missions due to the
mission time constraints. Shorter mission times generally lead to higher entry velocities. The literature indicates that
a human mission may have an entry velocity between 6-9 km/s [27H30] and an entry mass between 20,000-80,000
kg 27,131, 32]. Two human-class missions were selected for the trajectory analysis: an 80,000 kg vehicle with an
entry velocity of 6 km/s and a 20,000 kg vehicle with an entry velocity of 7.8 km/s. An entry velocity of 7.8 km/s for
the lighter vehicle was chosen because it is the maximum entry velocity that allows aerocapture without going over
the 5g acceleration limit with a ballistic entry, a proxy for the maximum allowable acceleration of a human mission.
The two selected human missions provide approximate bounds on the range of trajectories for a human mission. The
notional human-class vehicle uses a 70° spherecone forebody with a 16 m diameter, which may be possible with future
inflatable technology such as the hypersonic inflatable aerodynamic accelerator (HIAD). The human mission performs
an aerocapture maneuver in the first atmospheric pass, which is consistent with the concept of operations suggested
by literature 31, [33]]. The entry flight-path angle was chosen to target an apoapsis of 17,500 km while keeping peak
acceleration under 5g [34}135].

The altitude-velocity curves for the four Martian trajectories are plotted in Fig. 2} The MSL and Phoenix missions
are above 5 km/s when their altitudes are above 40 km. The 80,000 kg human aerocapture trajectory has a minimum
altitude of 32 km at a velocity of 5 km/s. The 20,000 kg human mission has a minimum altitude of 43 km at a velocity
of 5.7 km/s. From the trajectories shown, the CFD should capture altitudes above 32 km and velocities between 5 km/s
and 8 km/s.

Next, the 50 kg/m? and 150 kg/m? aerocapture missions were simulated at Venus. Venus entry velocities are
typically between 10 km/s and 12 km/s [36} 37]]. An entry velocity of 11.5 km/s was selected for this study. The entry
flight-path angle was selected to target an apoapsis of 1,720 km for both missions. The Venus trajectories are shown in
Fig. P| The minimum altitude is approximately 100 km.

The Mars and Venus trajectories described above determined the conditions at which CFD will be run. At Mars,
velocities between 5-8 km/s and altitudes above 30 km must be considered. Because the Navier-Stokes equations are

not valid for transitional or rarefied flow, that maximum altitude is limited to 80 km with a Knudsen number of 0.005.
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Fig. 2 Altitude-velocity trajectories for Phoenix, MSL, and human class missions at Mars. The black dots
indicate the CFD test matrix.

The altitude envelope that will be considered in this study was expanded to 20-80 km to capture variations in future
trajectories that may cause the minimum altitude to go below 30 km. For Venus, velocities between 9.8-11.5 km/s and
altitudes between 100-115 km should be considered. Both the velocity and altitude envelopes were expanded to capture
variations in the trajectories due to different control mechanisms. At Venus, velocities between 9-12 km/s and altitudes
between 85-115 km were chosen for evaluation with CFD. The selected range of conditions can provide a database of

electrical conductivity that could be used for many future trajectory missions.

IV. Methods and Assumptions

A. Freestream Conditions

At Mars, velocities between 5-8 km/s and altitudes between 20-80 km (p € [2.15 x 107%,3.21 x 10~°] kg/m®) are
covered in the electrical conductivity database. The CFD conditions were selected to cover every 1 km/s and every
20 km. This spacing provides sufficient data points with which to interpolate the MHD force for most trajectories of
interest while balancing computational cost. Figure[2]shows all the CFD simulation conditions at Mars.

The Venus electrical conductivity database covers velocities from 9-12 km/s in intervals of 1 km/s. The altitude
range is 85-115 km (p € [2.15x 107%,3.21 x 1073] kg/m?) in intervals of approximately 8 km. Figureshows all the
CFD simulation conditions at Venus. Note that the freestream atmospheric density is the same between Mars and Venus
at each altitude band.

For all cases, the freestream temperature is assumed to be 140.3 K. The freestream contains mole fractions of 0.9573



CO; and 0.0427 N,. The composition does not change with altitude. The mole fractions do not exactly match the
composition of both atmospheres, which vary over time and altitude. The assumed composition is an approximation

that is very close to the recorded composition of both planets.

B. Vehicle Geometry

The vehicle geometry considered for this study is based on the Mars 2020 entry vehicle [38]. The 70° spherecone
geometry is selected due to heritage of previous Mars lander missions. The dimensions are given in Fig. [3] The
forebody is a 70° spherecone with a nose radius of 2.5 m. A vehicle diameter of 10 m is considered. The dimensions of

the Mars 2020 vehicle are scaled to reach the desired size while maintaining the same aspect ratio.

Fig.3 Mars 2020 aeroshell geometry scaled to a 10 m diameter [38].

C. Magnetic Field
The magnet configuration considered in this study is a single dipole magnet as in [23]]. The equation for a dipole

magnet is:

BoX3 [3r(m-r) m]|’
B(x’y,z)z_u [g_

2 5] ®

I

where m is the magnet axis and r is the probing location for the magnetic field. Both m and r are defined as:

T T
r=[x—xm y z] ; m=[1 0 o} (2)
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Fig. 4 Contours of magnetic field strength in T. The magnet is located at (0.875,0) and scaled to have a magnetic
field strength of 0.5 T at the stagnation point.

The magnet has no thickness and is located at (0.875,0) m inside the vehicle. Because the magnet is offset from
x = 0, the factor X, is included in the magnetic field equation and has a value of 0.875 m. The vector m is the vector
along the magnet axis, which points along the x-axis. The magnet strength is scaled to have a stagnation point magnetic

field strength By = 0.5 T. The magnet configuration is shown in Fig. 4]

D. Numerical Methods

The Data Parallel Line Relaxation Code (DPLR) [39] software was used to solve the laminar full Navier-Stokes
equations with a 2-dimensional axisymmetric grid. Seventeen species are included in the simulation, including CO;,
CO, CO*, C3, N, 02, 03, NO, NO*, CN, C, C*, N, N*, O, O*, and e™. The flow is assumed to be in thermal, chemical,
and vibrational non-equilibrium. Rotational energy is assumed to be in equilibrium with translational energy. The
electronic and free electron temperatures are in equilibrium with vibrational temperature. Radiation is neglected.

The conservation equations are solved as noted in the DPLR manual [39]. The conservation of mass of each species
s is given by:

dps

7+V‘(PsU+J)=(i)s 3

In the conservation of mass, w; is a source term the governs the mass production of species s, and it is calculated as:
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The forward and backward reaction rate coefficients are:
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The forward and backward reaction rates are calculated with the Arrhenius equation:

k= AT  exp (-0/T) (6)

Arrhenius parameters are taken from Johnston et al. [40]]. There are 35 chemical reactions, which are described in
Appendix A. Equilibrium constants are computed from NASA Lewis fits [40]. All reactions are reversible. The total
energy per unit volume equation is:

aE ns
E+V-[(E+p)u]+V(T-u)+VQ—V-ZhSJS=0 (7)

s=1
Finally, there is one equation for each internal energy mode. Because rotational energy is in equilibrium with
translational energy, a separate equation is not necessary for the rotational mode. Vibrational energy is in equilibrium

with electronic and free electron energy, so there is only one equation for vibrational energy per unit volume:

OF ns ns
a_tv"'v(Evu)"'V'Qv"'v'Zpsevsvs =Zd)sevs+QT—V (®)
s=1 s=1

where Qr_y is a source term that describes energy transfer between translational and vibrational modes. The final

equation is the state equation assuming an ideal gas:

ns ns R
p= Z psRT, where R= Ps & 9)
s=1 s=1 p MS

Formation enthalpies of NO, NO*, N, and O are from Candler [41]] while the rest are from Gurvich et al. [42].
Characteristic vibrational temperatures of N», O;, and NO are from Candler [41]]. All other characteristic vibrational
temperatures, in addition to most characteristic electronic temperatures, are from Gurvich et al. [42]. Characteristic
electronic temperatures of C, C*, N, N*, O, O*, and e~ are from the NIST online database [43]]. Transport properties
are calculated with Gupta’s fit [44] with Yos approximate mixing rules. Transport properties are from a variety of
different sources [45H59], which are all cited in DPLR. Thermodynamic properties of each species are from McBride

[6Q]. Vibrational relaxation times follow the Millikan-White expression [61]] with the correction suggested by Park [62].
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Fig. 5 An example grid with two blocks highlighted.

The vehicle surface is a radiative equilibrium wall with a constant emissivity of 0.85.

A 2-dimensional axisymmetric simulation is used to reduce computational cost without fundamentally changing the
results compared to a 3-dimensional simulation. The grid is split into two blocks to improve grid adaption and decrease
computation time. The first block has 160 nodes in the body-normal direction and 536 points along the body surface.
The second block has 160 points in the body-normal direction and 312 points along the body surface. Once an initial
converged solution is reached, the grid adaption feature in DPLR is utilized to move the outer grid boundary near the
shock to achieve higher resolution in the shock layer. At least three grid adaptions are completed for each freestream

case to ensure a high-quality grid. An example grid with the two blocks highlighted is shown in Fig.

E. MHD Force Calculation
The MHD force is calculated as:

Faiip = /// ixBaVv (10)
\%4

where j is the electric current density vector. Any electric field is assumed to be negligible, so

J=0eir (WxB) Y

The force becomes:

Fyup = ///V oot (WX B) x BdV (12)

Note that the Maxwell equations and Ohm’s Law were not included in the CFD solver. Even though there is no

electric current density in the solution, the j vector is estimated by superimposing the external magnetic field onto the
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flowfield solution. By keeping the CFD and magnetic field uncoupled, the force for all 32 freestream conditions can be
calculated by solving a few analytic equations. The uncoupled method is computationally cheaper than numerically
solving a coupled Navier-Stokes Maxwell Equation problem for every magnetic field of interest at each freestream
condition. Several results of the uncoupled method are compared with coupled simulations in literature to estimate error
in the force calculation.

The triple integral in Eq. (I2) is approximated as the sum of the integrand in each cell of the CFD grid revolved
around the x-axis. The cell volume and flow velocity are taken directly from the CFD solution.

Previous studies have shown that the Hall effect significantly reduces the electric current density magnitude at
densities that are equivalent to 40 km at Mars and higher [24]); therefore, the Hall and ion slip effects are accounted for
in the electrical conductivity post-processing. The effective electrical conductivity o.g is the electrical conductivity

corrected for Hall and ion slip effects [6}63]:

loa
Ooff = _ (13)
iR
o ~ Q.
=~ _ D Q=—c 14
7T .0, 1+Q,0; (14
cB cB
Q=——"-———; Q=— 15
¢ me (Vei + Ven) ' My, (15
The electrical conductivity of the flow is given by [21} 22]:
2
neC
o= ——F—— (16)
Me Zs;te Ves
with the collision frequency of electrons with species s:
2 2 3/2 3
: k T, 8kpTye .. . . }
6 (m) In {127 (60623) nL: ng #: if s is ion species
Ves =\ 4 8kpTye . a7
—de Ny otherwise
3" e

The effective electrical conductivity is dependent on the magnetic field. For generality, the flow electrical conductivity
o is reported in the results, but all force calculations in Section @] use the effective electrical conductivity with the
magnet configuration given in Section[I[V.C| Because the electrical conductivity reported in Section [V]is independent of

magnetic field, future studies could assume a different magnetic field configuration and recalculate the MHD force.
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V. Results

A. Convergence Assessment

Several checks were completed to ensure each case fully converged. Each solution was checked for reasonable
temperature profiles and chemistry, relative magnitudes of stagnation line and forebody-normal quantities, and surface
quantities. Only the 12 km/s, 20 km case is shown here to demonstrate the quality checks; however, the the quality
checks were applied to all CFD solutions.

The Mach number, translational temperature, and vibrational temperature are given in Fig. [l The Mach contour in
Fig. [6h shows where the shock is located. The outer boundary is adapted to follow the shock closely, so the grid can
capture more detail in the shock layer. Additionally, a check was done to ensure at least two freestream points are present
along the outer boundary so that the shock solution is not cut off. The translational temperature in Fig. [6b reaches a
peak value of 17,000 K in the shock on the stagnation line and decreases to approximately 12,500 K in the shock layer.
Finally, the vibrational temperature in Fig. [6c does not have a distinct peak, but it increases to approximately 13,000 K
in the shock layer. The vibrational temperature does not have a peak because it takes more time to excite vibrational

modes of a molecule. The grid is adapted well and the temperature contours show expected trends.

a) b) c)

Fig. 6 Contour plots of the a) Mach number, b) temperature, and c¢) vibrational temperature at 20 km Mars
altitude with a velocity of 12 km/s.

Figure|Z]has contours for CO,, CO, O,, and O mole fractions. At 12 km/s, nearly all molecules would dissociate
[64], which is demonstrated in Fig. Ela, b, and c. In the wake where the flow has cooled, the atoms begin to recombine
into CO. There is not an appreciable amount of CO; or O3 in the flow near the vehicle.

Next, several quantities were compared between the stagnation line and mid-forebody line. The lines traced out by
the two locations are highlighted in Fig. [Bh. The temperature and vibrational temperature are compared in Fig. [8p. The
vehicle surface is located at s; = 0, the stagnation line shock is at s; = 0.13, and the midbody shock is at s; = 0.46.

The shock is significantly thicker at the mid-forebody than at the stagnation line. The stagnation line also has slightly

13



a)

c) d)

Fig. 7 Contour plots of mole fractions of a) CO;, b) CO, ¢) O,, and d) O at 20 km with a velocity of 12 km/s at
Venus.

higher vibrational and translational temperatures. The chemical composition is shown in Fig. [8c. Both the stagnation
line and midbody line are almost completely dissociated; however, the midbody line has slightly higher mole fractions
of CO, CO,, and O;. The midbody line has a lower temperature than the stagnation line, indicating some recombination.
Finally, the electron number density is compared at the two locations. The stagnation line has significantly higher
e~ number density due to the higher temperature and lower velocity.

Several surface quantities were inspected for expected trends and orders of magnitude. The vehicle surface is
parameterized by s, the distance along the 2-dimensional perimeter starting from the stagnation point. That is, s = 0 m
on the nose and the maximum value s = 12.8 m occurs at the back of the vehicle. The parameterization is shown in Fig.
O]

The surface temperature is shown in Fig. [T0p. The temperature is highest at the stagnation point (s = 0 m), then it

14



decreases rapidly over the spherical portion of the spacecraft. The temperature continues decreasing nearly linearly
until the shoulder at s = 5 m. The surface temperature is very noisy behind the shoulder due to turbulence. Turbulence
modeling was not required because the shock layer is laminar. The wake is not relevant to this study because there
is insufficient ionization behind the shoulder to significantly change the MHD force. The surface pressure is shown
in Fig. [TOp. The pressure is highest at the stagnation point, is approximately constant along the frustum, then drops
behind the shoulder. The pressure follows the expected behavior for hypersonic flight. The surface heat flux is shown in
Fig[I0c. There is a small jump at the stagnation point due to the axisymmetric boundary condition. Because there is
only one point out of family, it does not affect the electrical conductivity results shown later as they are dependent on
volumetric properties. Overall, the heat flux has expected behavior with peaks on the nose and shoulder. The shoulder
peak is steeper because the radius is smaller. Finally, the surface shear is shown in Fig. [I0d. The shear is maximum
at the shoulder where the flow has a high velocity tangent to the surface. All surface quantities have expected trends,

indicating the solution is fully converged and reasonable.

B. DSMC and CFD Comparison

DSMC methods and results with similar flow conditions to those considered in this study are presented in [25]]. In the
previous study, the 6, 7, and 8 km/s velocities at 80 km Mars altitude were run with the Stochastic PArallel Rarefied-gas
Time-accurate Analyzer (SPARTA). The freestream conditions are the same as the DPLR cases in this study, but DPLR
has a catalytic radiative equilibrium wall boundary condition while SPARTA uses a catalytic isothermal wall with fully
diffuse collisions. The following comparison between the two solutions at these three conditions bridges rarefied and
continuum electrical conductivity models. Code-to-code verification also improves confidence in the solutions.

The Mach contours for the 6, 7, and 8 km/s comparison cases are shown in Fig. [TT] All three cases predict a
much wider shock with DSMC. The Knudsen number at this condition is 0.005, which is close to transitional flow.
The Navier-Stokes equations may not be as accurate as the Boltzmann equation at these conditions. Additionally, the
different boundary conditions may contribute to the difference in shock width.

The Boltzmann equation is more accurate than the Navier-Stokes equations when there are enough particles to get
good averages in the flow. The DSMC results are better in the shock where the particle density is high, but they may not
be as accurate in the wake where there are too few trace species to get a reasonable electrical conductivity estimate. The
Navier-Stokes equations are less accurate in these cases that are near the transitional regime (Kn = 0.005), particularly
in the wake where the flow is less dense than in the shock and the flow is turbulent. For a full electrical conductivity
model that includes both rarefied and continuum flow, the DSMC results in the shock layer should be trusted more at 80
km and above. Below approximately 80 km, the flow is to be continuum, and DPLR can be used. All points in the CFD
run matrix for this research are 80 km or below.

The vibrational temperature is shown in Fig. [[2] The vibrational temperature is similar between the two solution

15



sets. DSMC estimates a higher vibrational temperature throughout the shock layer with the peak close to the shoulder.
CFD has the peak temperature just behind the shock near the nose of the vehicle. The two solution sets agree more at
higher velocities (8 km/s) then at low velocities (6 km/s).

The electron number density is given in Fig. [I3] The electron profile looks similar between SPARTA and DPLR for
all cases; however, DPLR predicts significantly higher electron number density for both the 8 km/s and 6 km/s cases.
Both solutions agree well at 7 km/s. The difference may be due to the shock width difference. DPLR has a smaller
shock layer, so the post-shock density is higher. More collisions allow the chemistry to equilibrate faster, causing more

particles to ionize.
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Fig.8 The stagnation line and midbody lines are shown in a). The b) translational and vibrational temperatures,
¢) species mole fractions, and d) electron number densities are compared along both lines from the vehicle surface
(s; = 0) to the shock at 20 km with a velocity of 12 km/s.
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Fig. 10 The surface a) temperature, b) pressure, ¢) heat flux, and d) shear stress from the stagnation point
(s = 0 m) to the back of the vehicle (s = 12.6 m) at 20 km with a velocity of 12 km/s.
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a) b) <)

Fig. 11 Mach contour CFD and DSMC comparison at 80 km at Mars with a) 6 km/s, b) 7 km/s, and c) 8 km/s
velocities.

a) b) )

Fig. 12 Vibrational temperature DPLR and SPARTA comparison at 80 km at Mars with a) 6 km/s, b) 7 km/s,
and c¢) 8 km/s velocities.
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Fig. 13 Electron number density CFD and DSMC comparison at 80 km at Mars with a) 6 km/s, b) 7 km/s, and
¢) 8 km/s velocities.

C. Aerodynamic and Heating Results

Because each CFD simulation is at 0° angle of attack, the lift and moment coefficients are 0. The drag coefficient for
each CFD case is given in Table[I] The simulations assumed laminar flow with no turbulence model, so the turbulent
regions behind the shoulder were not accurately solved. The unsteady flow behind the shoulder caused oscillations of
the drag coeflicient, and the values reported here are averages over many cycles. In general, the results agree well with

Newtonian theory, which predicts a drag coefficient of 1.7.

Table 1 Drag Coefficient for 70° Spherecone in a Mars and Venus Atmosphere

Freestream Velocity (m/s)
Freesteam Density | s, ¢ 70 80 90 100 110 120
(kg/m?)
2.15¢-6 169 169 168 169 170 171 171 1.72
2.84e-5 170 171 170 171 171 171 171 171
4.05¢-4 171 171 171 171 171 171 171 171
3.21e-3 171 171 170 171 171 171 169 1.70
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The surface heat rate predicted by DPLR is the convective heat rate with no magnetic field interaction. Radiative
heat rate was not considered in the simulations. MHD is known to reduce heat transfer to the vehicle [[65], so the heat
rate values in this study are likely higher than the values with MHD. They are presented here for comparison with future

studies. The maximum heat rate for each case is shown in Fig. [T4]

D. Electrical Conductivity Results

The electrical conductivity is compared to several studies in literature. Because the electrical conductivity is highly
dependent on the composition of the flow, only studies for the Martian atmosphere were considered for comparison.
There are limited studies in literature that document electrical conductivity in a Martian or Venetian atmosphere, and
there were no data available for a 70° spherecone geometry. As a result, none of the results in this study are expected to
match literature exactly; however, the electrical conductivity should be on the same order of magnitude for the same
freestream conditions, particularly near the stagnation region where the geometry is locally a sphere.

The electrical conductivity and ion species mole fractions for 60 km Mars altitude at 10 km/s was calculated in Fig.
4 of Fujino (2016) [1]. The ion species’ mole fractions and electrical conductivity profile for the same freestream density
and velocity is shown in Fig. The mole fractions in Fig. agree well with the literature [1]]. The profiles follow
the same trend, and the magnitude of each species is within an order of magnitude between the two cases. The shock
width in this study is much smaller because MHD interactions were not accounted for in the flowfield in this study.

In general, the electrical conductivity profiles compare reasonably. The peak electrical conductivity is 1274 S/m
while the maximum is approximately 1600 S/m in [1f]. The conductivity decreases to 800 S/m in the shock along
the frustum in both cases. The small difference in magnitude is likely due to the different geometries and possibly a
difference in the electron collision frequency calculation, which is not explicitly stated in [[1]].

The second literature comparison for electrical conductivity is Fig. 8 in Moses et al. [6]. The study used a 6.5 m
radius cylinder in 7 km/s flow with a density of 2 x 1073 kg/m>. Note that the electrical conductivity was calculated with
a different method in [6] (o = 2.7 x 10° ”f S/m). For a better comparison, the electrical conductivity for a case with
similar freestream conditions in this study was calculated with the same method in Fig. [T6p. The electrical conductivity
was recalculated with Eq. [16]in Fig. [I6b. The electrical conductivity magnitude agrees well in Fig. [I6a when the
same calculation method is used. The peak electrical conductivity is 161 S/m, which is just 6% lower than the 170
S/m in [6]. The conductivity in Fig. [I6p is approximately double that of Fig. [T6h, which indicates that the simplified
conductivity model works reasonably well for this case. The temperature and ion density profiles are also provided in
Fig. and d. The magnitude of temperature agrees well with literature, but the 70° spherecone has a higher electron
number density. Both the 70° spherecone and cylinder have a shock temperature of approximately 6000 K throughout.
The 70° spherecone has an average electron number density of approximately 6.5 x 10'* cm™3 while the cylinder has an

average electron density of approximately 5 x 10'* cm™3.
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Fig. 14 Maximum convective heat rate for each CFD case.

Note that the ionization fraction "7‘ should be less than 0.01 for the simplified model in [6] to be used. The maximum
ionization fraction for each case is shown in Fig. [[7] The ionization fraction is less than 0.01 when the velocity is 8
km/s or lower. Above 8 km/s, a significant portion of the particles are ionized, with a maximum ionization of 0.3145%
at the highest velocity and lowest density. If the vehicle is going significantly faster than 12 km/s, such as for a Neptune
or Uranus entry, MHD force calculations may need to account for ion movement due to a reentry plasma that is nearly
completely ionized.

In general, the electrical conductivity magnitude near the stagnation line agrees with literature even if the vehicle
geometry is different. It may be useful to understand how the electrical conductivity scales with altitude and velocity
over a wider range of conditions than what is currently in literature. The stagnation line conductivity is compared for all
32 CFD cases in Fig. [[9p-d. In all cases, the electrical conductivity magnitude is highly dependent on the velocity. The
higher density cases have sharper rises across the shock (Fig. [[9%) compared to the lower density cases (Fig. [[9d). Ata
higher density, the shock is more well-defined and heats the flow more, resulting in more ionization.

Although the electrical conductivity can have large magnitudes for some cases, the Hall effect has been shown to
significantly decrease the electric current density magnitude [24]. The electrical conductivity corrected for Hall and
ion slip effects was calculated assuming the magnet configuration described in Section[I[V.C| The effective electrical
conductivity, o ¢ ¢, that is calculated with Egs. (I3) - along the stagnation line is given for each case in Fig. @P-d.
At 20 km at Mars, there is a small decrease in the conductivity when the Hall and ion slip effects are accounted for, with

a larger decrease at lower velocities. At 5 km/s, the effective electrical conductivity is approximately 4 times lower than
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Fig. 15 Comparison of a) ion species mole fractions and b) electrical conductivity at 60 km Mars altitude, 10
km/s. The freestream conditions are similar to those in [I]]]r_"l

the conductivity without accounting for Hall and ion slip effects. The Hall and ion slip effects are negligible at 12 km/s.
At 80 km, the Hall effect dominates and causes the effective conductivity to be only 6% of the original value at 12
km/s. The Hall and ion slip effects significantly reduce the effective conductivity at low densities. The normalized Hall
parameter Q. /B and ion slip parameter Q,Q;/B? for several cases are shown in Fig. Figure shows the two
parameters along the stagnation line for p = 2.15 x 10~° kg/m? for three different velocities: 12 km/s, 8 km/s, and 5
km/s. There is significant variation in both parameters in the shock layer. Near the shock, the Hall parameter takes a
value of 10* — 10% while the ion slip parameter takes a value of 10° — 10”. Close to the vehicle, both parameters have
lower values of 10* or less. With the low density, both parameters are high. Figure shows similar information at
p =3.21 x 1073 kg/m>. Both parameters are constant throughout the shock layer, and they are both significantly lower
than 1 at high velocities. The low values indicate that Hall and ion slip effects can be neglected at high densities and
high velocities.

The relative magnitude of electrical conductivity between each case is estimated by integrating over the volume
( // o-dV). The integrated electrical conductivity for each case is shown in TableH In general, electrical conductivity
increases as altitude decreases (higher density) and as velocity increases.

As expected, electrical conductivity always increases as velocity increases. At high velocities, there is enough energy
to ionize a significant portion of the flow. Interestingly, at low velocities, higher conductivity is found at high altitudes
while the maximum conductivity is found at lower altitudes for high velocities. The electrical conductivity, vibrational
temperature, and translational temperature for the 5 km/s, 20 km case and the 5 km/s, 80 km case are compared in Fig.

[20] In Fig. 20, the high-density case, there is little variation in the shock layer for all three quantities because the high

*From Fujino, T. and Takahashi, T., “Numerical Simulation of Mars Entry Flight Using Magnetohydrodynamic Parachute Effect"; reprinted by
permission of the American Institute of Aeronautics and Astronautics, Inc.
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Fig. 16 Comparison of a) simplified electrical conductivity model (o = 2.7 x 103 e S/m) [6] and b) electrical
conductivity from Eq. for p =3.21x1073 kg/m?, V = 7 km/s. The c) temperature and d) electron number
density are given for comparison with Fig. 8 in [6].

collision frequency brings the system to equilibrium quickly. At high altitudes, there are fewer collisions, and it may
take longer for flow that was initially ionized in the shock to recombine. In Fig. 20p, the electrical conductivity and

temperatures are higher in the shock layer because there are too few collisions to reach thermal equilibrium quickly.

Table 2 Integrated Electrical Conductivity for Each CFD Condition Given in S/m

Freestream Velocity (km/s)
Freestream

Density 5 6 7 8 9 10 11 12

(kg/m?)

2.15E-6 1.61E+02 1.21E+03 3.59E+05 1.92E+06 5.20E+06 6.83E+06 8.96E+06 1.15E+07
2.84E-05 | 5.55E+02 1.46E+03 7.96E+05 1.33E+06 1.78E+06 2.29E+06 3.39E+06 7.33E+06
4.05E-04 | 7.09E+03 1.52E+04 5.80E+05 1.11E+06 147E+06 2.02E+06 3.28E+06 6.41E+06
321E-03 | 6.34E+04 1.98E+05 6.75E+05 2.67E+06 3.15E+06 3.93E+06 4.58E+06 5.42E+06

E. Magnetohydrodynamic Force

Since the CFD simulations did not include magnetic field interactions in the flow, the method of calculating MHD
force in this study is compared to literature that did include magnetic field interactions. The magnet in Section[[V.C|is
the dipole magnet configuration from Ref. [23]]. The magnet configuration was used to calculate the MHD force under
the two conditions denoted in Table [} To estimate the force at the desired condition, the force is calculated at each CFD
condition, and 2-dimensional interpolation is done. Note that the MHD force is not expected to be identical due to a
difference in geometry. Reference [23]] used a 45° spherecone, which causes the shock layer to have a larger magnetic

field strength near the nose. A 70° spherecone was used in this study. The goal of the force calculation presented in
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Fig. 17 Maximum ionization fraction in the flowfield for each freestream condition.
Table 3 Freestream Conditions For Literature Comparison [23]

Altitude ‘ Velocity ‘ Tabuchi 2023 MHD Force [23] ‘ MHD Force in Current Study
40 km | 7.667 km/s 5kN 1.47 kN
50km | 7.942 km/s 5kN 0.88 kN

this paper is to provide a first-order estimate of the force, so an MHD fore that is within an order of magnitude of the
literature is acceptable.

At 40 km, the MHD force is estimated to be 1.47 kN, and at 50 km it is 0.88 kN. In the literature, the force is
approximately 5 kN for each case [23]]. Although the values are not identical, the approximation can still get a solution
of the same order of magnitude as one that solves Ohm’s law at a fraction of the computational cost. The majority of the
difference in force is likely due to the difference in geometry.

The MHD force was calculated for each CFD condition assuming the magnet configuration described in Section
The force for each velocity and density is given in Appendix B. The force at Mars from 16 of the CFD conditions
is given in Fig. 2T} The magnet is axisymmetric, so the force is in the drag direction. The four trajectories discussed in
Section[[T]are co-plotted on the force. Note that the trajectories do not include the MHD force in the equations of motion;
the plot only shows the maximum possible MHD force if a vehicle did fly the trajectories with the magnet configuration
described in Section|[IV.C] The maximum force experienced by any of the three trajectories is approximately 0.1 kN; for
the majority of the trajectories it is significantly lower. A 0.1 kN force is not strong enough to have any meaningful impact
on the trajectory regardless of mission size. While MHD could have energy storage or communication applications at
Mars, it is not an effective control mechanism without a method of artificially increasing the electrical conductivity.

The MHD force at Venus is given in Fig. 2Zh. The two aerocapture trajectories are co-plotted over the force. The
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Fig. 18 Hall parameter on the stagnation line for 12 km/s, 8 km/s, and 5 km/s for a) p = 2.15 x 10~° kg/m? and
b) p = 3.21 x 1073 kg/m>.

force at Venus is significantly higher than at Mars due to the higher velocities. Both trajectories have a maximum MHD
force of approximately 10 kN. The ratio of MHD force to aerodynamic force is given in Fig. 22p. Early in the trajectory,
MHD force exceeds the aerodynamic force. At a minimum, the MHD force magnitude is approximately 40% the drag
force magnitude. The control authority at Venus is significant, and it could be used as a control mechanism for Venus

aerocapture or aerogravity assist missions.
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Fig. 19 Electrical conductivity along the stagnation line for velocities between 5 - 12 km/s for a) p = 3.12 x 1073
kg/m? (20 km Mars), b) p = 4.05 x 1074 kg/m? (40 km Mars), ¢) p = 2.84 x 1075 kg/m> (60 km Mars), and d)
p =2.15x107% kg/m? (80 km Mars).
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VI. Conclusions

Thirty-two freestream conditions were selected to create an electrical conductivity database. The Navier-Stokes
equations were solved to determine the temperature, shock volume, velocity, and number density of each species over
the flowfield. The temperature and number densities were used to calculate the electrical conductivity field at each
condition. By integrating the electrical conductivity over the volume, it was determined that the electrical conductivity
always increases as velocity increases. At low velocities, the electrical conductivity is higher at high altitudes because
there are fewer collisions to allow electrons to recombine with parent ions. The electrical conductivity is higher at low
altitudes with high velocities because the temperature is high enough to ionize the flow, and higher density leads to
faster equilibrium.

Three of the 80 km computational fluid dynamics solutions were compared against similar Direct Simulation Monte
Carlo simulations from a previous study and show reasonable agreement. In general, Direct Simulation Monte Carlo
predicts thicker shocks and lower electron number density. The vibrational temperatures agree well between the two
softwares.

A comparison with literature indicates that a decoupled approach of calculating the MHD force that was used in
this study can get accuracy within an order of magnitude for less cost. The force calculation method in this paper also
provides more flexibility in calculating the force for different magnetic fields.

Finally, the MHD force was calculated at both Mars and Venus assuming a single powerful magnet located on the
vehicle’s central axis 2m behind the forebody. Results indicate that there is not sufficient control authority to use MHD
as a control mechanism at Mars without artificially increasing the electrical conductivity of the flow, but there may be
sufficient control authority for a drag-modulated aerocapture at Venus, which has higher entry velocities.

Future trajectory studies may utilize the electrical conductivity results for any magnet configuration using the force
model presented in this paper. The electrical conductivity for a 10 m diameter 70 deg spherecone can be interpolated from
the given dataset for a freestream velocity between 6-12 km/s and freestream density between 2.15x 1076 —=3.21 x 1073

kg/m?.
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Appendix A - Chemical Reactions

Table 4 Arrhenius Constants for Chemical Reactions

kg
Reaction Number Reaction A r 6, K
Dissociation
1 CO,+X - CO+0+X See Table|5| -1.50 6.328 x10*
2 CO+X—->C+0+X See Tablels| -1.00  1.290 x10°
3 N+ X 5> N+N+X See Table|S| -1.60 1.132 x10°
4 0, +X—>0+0+X See Table|5| -1.50 5.936 x10*
5 NO+X 5N+O+X See Table|S| 0.00  7.550 x10*
6 C+X >C+C+X See Table|S| -1.00 7.150 x10*
7 CN+X 5>C+N+X See Table|S| -0.40 7.100 x10*
Exchange

8 CO, +0 — 0, +CO 2.71x 10" 0.00 3.380x 10*
9 CO+C—Cy+0 2.40x 10" -1.00 5.800 x 10*
10 CO+N—>CN+O0 1.00x 10'" 0.00  3.860 x 10*
11 CO +NO — CO, +N 3.00x 10 0.88  1.330x 10*
12 CO+0—0,+C 3.90x 10'°  -0.18 6.920 x 10*
13 C,+N; - CN +CN 1.50x 10'0  0.00  2.100 x 10*
14 CN+C—C,+N 3.00x 10" 0.00 1.810x 10*
15 CN+0—NO+C 1.60x 10  0.10  1.460 x 10*
16 CO+N—-NO+C 1.10x 10'"  0.07  5.350x 10*
17 N> +C—-CN+N 1.10x 10" -0.11  2.320 x 10*
18 N, + CO — CN + NO 1.20x 10" -1.23  7.700 x 10*
19 N, +0 - NO+N 6.00x 10! 0.10  3.800 x 10*
20 0, +N—-NO+0 2.49x10% 1.18 4.010x 10°
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Table 4 Arrhenius Constants for Chemical Reactions

kg
Reaction Number Reaction A r 6, K
Electron-impact Dissociation
21 C+e—Cr+e+e 3.70x 102  -3.00 1.307 x 10°
22 N+e—Nt+e+e 2.50x 103" -3.82  1.686 x 10°
23 O+e—O0f+e+e 3.90x 10  -3.78 1.585x 10°
24 CO+e—CO*+e+e 450x 10" 028 1.635x10°
25 O, +e— 0 +e+e 2.19x 107 1.16  1.300 x 10°
lonized Exchange
26 CO +C* — C+ CO* 1.10x 10" 0.00  3.140 x 10*
27 NO* +C — NO + C* 1.30x 10 0.00 2.320 x 10*
28 NO* + N — N, + O* 3.40x 10" -1.08 1.280x 10*
29 NO*+0 > N+0} 720x10° 029  4.860 x 10*
30 NO* + 0, — NO + O 2.40x 10" 041  3.260 x 10*
31 0,+C*—>C+0} 1.00x 10'°  0.00  9.400 x 103
32 0 +0— 0, +0* 2.19x 107  1.16  1.300x 10°
lonization
33 C+0—CO*+e 8.80x10°> 100 3.310x 10*
34 N+0O — NO* +e 5.30x10°  0.00 3.190 x 10*
35 0+0—> 0 +e 7.10x 101 270 8.060 x 10*
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Table 5 Arrhenius Coefficient A for Dissociation Reactions

Reaction Number

1 2 3 4 5 6 7
X=CO, 14e+19 3.0e+18 7.0e+18 2.0e+18 1.le+14 4.5e+15 6.0e+12
X=CO 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X =CO* 14e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X=C 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X =N 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X =0, 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X =05 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X =NO 1.4e+19 3.0e+18 7.0e+18 2.0e+18 1.le+14 4.5e+15 6.0e+12
X =NO" 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X =CN 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X=C 2.8¢+19 3.0e+18 3.0e+19 1.0e+19 1.le+14 4.5e+15 6.0e+12
X=Ct 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X=N 2.8e+19 3.0e+18 3.0e+19 1.0e+19 1l.le+14 4.5e+15 6.0e+12
X =N* 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X=0 2.8e+19 3.0e+18 3.0e+19 1.0e+19 1.le+14 4.5e+15 6.0e+12
X=0" 1.4e+19 3.0e+18 7.0e+18 2.0e+18 5.0e+12 4.5e+15 6.0e+12
X=e" 0.0e+0  0.0e+0  0.0e+0  0.0e+0  0.0e+0  0.0e+0  0.0e+0
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Appendix B - MHD Force Table for a Single Magnet Scaled to 0.5 T at Stagnation Point

Table 6 MHD Force in kKN for Single Dipole Magnet Located at x=0.875 m Scaled to 0.5T at Stagnation Point

Freestream Velocity (km/s)
Freestream Density 5 6 - g 9 10 1 12
(kg/m3)
2.15e-6 2.2e-5 2.5e-4 1.5¢-3 8.le-2 1.8e-1 33e-1 9.5e-1 1.9e+0
2.84E-05 5.9e-5 3.5e-4 3.0e2 24e-1 2.7e+0 8.le+0 1.5e+1 2.4e+l
4.05E-04 l.le-4 1.9e-3 23e-1 2.6e+0 7.7e+0 1.8e+1 3.4e+l S5S.le+l
3.21E-03 2.3e-3 1.0e-1 3.1e+0 9.4e+0 2.9e+1 2.8e+1 5.3e+1 8.0e+l
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