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ABSTRACT

The Mars 2020 rover has very strict contamination control requirements as it will cache samples on the surface of Mars for possible future return. It is known that the
rover will outgas a minor amount of molecular contaminant on the surface of Mars, and numerical simulations using STAR-CCM+ are performed in order to predict the
magnitude of the contaminant deposition to the Martian surface in the vicinity of the rover. Outgassing from the Rover Warm Electronics Bay (WEB) is predicted to be
the dominant source of contamination for this scenario, and is therefore considered in this work. A flat terrain (i.e., no local topography) and a nominal rover
orientation (i.e., no rocks under rover wheels, etc.) is also assumed. This analysis is performed in order to determine whether or not the M2020 rover WEB could self-
contaminate a potential sampling site if the rover were to remain in the same location for an extended period of time. Simulations are performed under a variety of
surface wind conditions, and it is determined that the predicted level of molecular contaminant deposition to the surface near the rover due to WEB outgassing and the
model considered could be a maximum of 9 ng of organic contaminant in one specific location near the rover if the rover were to remain stationary for 100 sols.

1. Introduction

One of the primary scientific objectives of the next NASA planned
Mars rover, Mars 2020 (M2020, Fig. 1), is to acquire and cache Martian
surface samples for potential Mars sample return.® In order to ensure that
Martian surface samples are not contaminated with Earth organic mol-
ecules that could degrade future science performed with the samples, an
analysis is performed at the Jet Propulsion Laboratory (JPL), California
Institute of Technology, that tracks potential contamination sources
throughout all aspects of the M2020 mission. This contamination anal-
ysis is used to demonstrate that the M2020 rover will meet Level 1
contamination requirements. Possible contamination during spacecraft
fabrication, assembly, launch, cruise, surface operations, and then a po-
tential return trip to Earth is considered. As such, potential molecular
contamination of sampling sites due to the proximity of the rover must be
considered, and this work presents results from modeling possible mo-
lecular contamination of a drill site due to contaminants outgassing from
the M2020 Rover during surface operations on Mars.

This paper provides an overview of the contamination requirements
for the M2020 mission and the operational scenario of interest for this
work, discusses the modeling approach and assumptions used, and then
provides a discussion of the simulation results.

* Corresponding author.
E-mail address: jason.rabinovitch@jpl.nasa.gov (J. Rabinovitch).

2. Background

This section provides an overview of the contamination requirements
for the samples to be cached by the M2020 rover, and provides an
overview of the contamination sources considered in this work. For sci-
entific reasons, acceptable contamination levels for the acquired Mars
samples are strict (e.g. (Summons et al., 2014; White et al., 2017)).
Derived requirements state that the Total Organic Carbon (TOC) level of
contamination per sample tube shall be less than 150 ng, and each sample
tube and associated sampling site has a cross-sectional area of ~ 1.5 cm?.
A brief background of this requirement is discussed below, though it is
not the objective of this work to provide context, and this work focuses on
analyzing one scenario of interest that will contribute to the total amount
of expected sample contamination during the M2020 mission.

2.1. Sample tube contamination requirement

The 150 ng limit for TOC is derived as follows - there is a Level 1 (L1)
Requirement for Organic Cleanliness of Sample that states that the (e.g.
(White et al., 2017), and Finding 6-12 from the 2013 Report of the Mars
2020 Science Definition Team™):

“Mars 2020 landed system shall be capable of encapsulating samples
for return such that the organic contamination levels in each sample in
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Nomenclature

D Binary diffusion coefficient, m?/s

T,f, k Unit vectors in the x, y, and z directions, respectively
L Characteristic length-scale, m

M2020 Mars 2020

MMRTG Multi-Mission Radioisotope Thermoelectric Generator
MSL Mars Science Laboratory

H Dynamic viscosity, kg/(m s)

i Turbulent dynamic viscosity, kg/(m s)

v Kinematic viscosity, m%/s

¢ Passive scalar volume fraction

Pr Turbulent Prandtl number

RANS Reynolds-Averaged Navier-Stokes

Re Reynolds number

p Gas density, kg/m>

Sc Schmidt number

Sc Turbulent Schmidt number

0 Angle of attack for free stream (wind direction), °
TOC Total Organic Carbon

U Magnitude of characteristic free-stream velocity, m/s

WEB Warm Electronics Bay

Xy, Yy x and y coordinates of centroid of the two rover vents, m
yt Wall coordinate

Zg z coordinate of ground plane, m

Fig. 1. Mars 2020 Rover rendering. The turret is seen on the right hand side of
the image, and refers to the instruments and structure located at the end of the
robotic arm. Photo credit: NASA (https://mars.nasa.gov/mars2020/mission/
rover/, accessed 10/20/2017.).

the returned sample set are less than:

e Any Tier 1 compound (organic compounds deemed as essential ana-
lytes for mission success): 1 ppb

e Any Tier 2 compound (organic compounds not categorized as Tier 1):
10 ppb

e Total Organic Carbon: 10 ppb Baseline, 40 ppb Threshold”

Tier I compounds constitute those molecules that are likely to be most
important to the science goals of the mission, i.e. those that could be
indicative of martian and/or terrestrial life (e.g. all proteinogenic amino
acids, common lipids, nucleotides, sugars, hydrocarbon biomarkers,
etc.), and the second group (Tier II) comprises all other known organic
molecules.’

In order to convert the 10 ppb organic carbon requirement to the
150 ng requirement, a nominal 15g sample mass is assumed. This is
consistent with an internal JPL requirement where an average rock core
shall be >15g with <10% of the rock cores being < 10 g. Internally,
allocations of this 150 ng requirement are allocated to different M2020
subsystems, so that the Mars 2020 project can track different contami-
nation sources and determine if a specific subsystem is exceeding their
specific contamination requirement or not.

2.2. Warm Electronics Bay contamination sources

Primarily due to warm electronics located inside of the rover in the

5 http://web.gps.caltech.edu/~als/research-articles/2014/final-report.pdf.

Warm Electronics Bay (WEB), some amount of material outgassing of
Tier 2 compounds is expected to occur while the M2020 Rover operates
on Mars. There is a requirement stating that the outgassing rate shall be
< 100 ng/(cm2 hour) from the WEB. All external rover surfaces have a
much stricter outgassing requirement, at < 1 ng/(cm? hour). Further-
more, the WEB is expected to be warm (~ 30 C), and external surfaces
are not expected to be at temperatures > — 10°C for significant periods
of time.® Based on a simple Arrhenius reaction rate approximation for
outgassing rates, and due to the difference in requirements, a reduction
of four orders of magnitude per unit area is expected for outgassing from
the exposed rover surfaces compared to the WEB. Because of this, only
the WEB is considered as an contaminant source in this work. This work
focuses on determining if the WEB contaminants will deposit on the
surface on a potential sampling site in order to relate the predicted
amount of contaminant deposition from the WEB to contamination
requirement discussed in the previous section (Sec. II.A.)

Fig. 2 depicts the basic operational scenario of interest for this work.
When the rover is operating on Mars, molecular contaminants generated
inside of the rover are expected to exit the rover chassis through two
vents - one located on the aft end of the rover, and one located on the port
side of the rover. Once the contaminants have left the confines of the
rover chassis, they are expected to advect away from the rover due to
surface winds, and to diffuse due to concentration gradients. Depending
on wind direction and location of the rover, it is therefore possible for
molecular contaminants to be deposited on a possible sampling site.
Martian surface winds have been characterized during previous missions
(for example, see (Hess et al., 1977; Murphy et al., 1990; Newman et al.,
2017)), and experimentally measured wind speeds will serve as the
foundation for the initial conditions chosen for this study. This work
assumes a flat surface (no local topography), and a nominal rover ge-
ometry (no local rocks/slopes changing the rover orientation), as it is
unknown what local features will be present at the actual landed location
of the M2020 location.

If deemed necessary for scientific reasons, the M2020 Rover will
loiter up to 100 sols near a potential sampling site of interest. If this
happens, it is highly likely that the rover turret will be in the vicinity of
the potential sampling site, so that the array of scientific instruments
housed on the M2020 turret can be used to investigate the site of interest.
Specifically, with the rover turret within 0.5 m of a potential coring site,
the rover could possibly remain in the same location for up to 50 Martian
sols, and up to 100 Martian sols for the turret within 10 m of a potential
coring target. This operational configuration is the basis for the primary
assumed geometry of the simulations presented in the following sections,
where the wind primarily flows over the back of the rover towards the

6 http://www-k12.atmos.washington.edu/k12/resources/mars_data-
information/data.html, accessed 11/12/2018.
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Fig. 2. General schematic of contamination scenario considered. In this sche-
matic, a possible sampling site is directly downstream of the rover. However,
this work looks at the predicted contamination deposited in a large area close to
the rover and not just directly downstream, and also varies the direction of the
surface wind.

deployed turret, which convects the contaminant closer to a possible
sampling site, as shown in Fig. 2. Appendix A reproduces results pre-
sented in the main body of the paper for a rover geometry where the
turret is in its stowed configuration (along the top-deck of the rover), to
mimic the configuration of the rover during early phases of the surface
mission, and to understand the sensitivity of the results to the geometry
being considered.

Based on the predicted level of surface contamination from this work,
it will be decided whether or not an operations requirement will have to
be created to limit how long the rover can remain close to a possible
sampling location before the sampling site is deemed to have been un-
acceptably contaminated by the rover.

3. Numerical model

The subject of passive scalar advection/diffusion in turbulent wakes is
a field that contains a rich set of complex physics, and has been studied
with great scientific rigor in the past (for example, see (Dimotakis, 2000;
Holzer and Siggia, 1994; Shraiman and Siggia, 2000; Warhaft, 2000)).
However, in this work, an engineering approximation is required to
predict the amount of contaminant that will be deposited on the Martian
surface in the vicinity of the M2020 rover, and the complex geometry of
the rover itself and the asymmetric locations of the vents that act as
sources for the contaminant (Fig. 3) introduce geometrical complications
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Fig. 3. Image of the MSL rover taken at NASA/JPL. The portside vent can
clearly be seen, and the aft vent is located on the back of the rover, which is not
visible in the image. These two vents are considered to be the only sources of a
passive scalar for this work.

that are rarely considered in canonical research problems.

With these considerations in mind, the commercial CFD package
STAR-CCM+’ is used for this study. A steady state incompressible
(density variations only due to temperature) coupled flow and energy
solver is used for this work. The flowfield is solved concurrently with an
advection/diffusion equation to model the transport of molecular con-
taminants near the rover, which is modeled numerically as a passive
scalar. In order to account for small oscillations after convergence is
achieved, results shown in this work have been averaged over 9000 it-
erations. Simple verification problems were solved originally (flow
around a sphere and 1D unsteady diffusion) in order to ensure that the
numerical methods were producing expected results for canonical
problems. This section provides an overview of the numerical modeling
approach used.

3.1. Numerical domain

Fig. 4 shows a schematic of the numerical domain used in this work.
Standard M2020 spacecraft coordinates are used, such that the x-axis
runs from the back to the front of the rover, with the aft end of the rover
located on the —x side, and the front of the rover (where the deployed
turret is located) on the +x side (Fig. 5). The origin of the coordinate
system is located roughly at the centroid of the rover. A cylindrical
domain is used, with the —x curved surface being the inlet, and the +x
surface being the outlet. The ground plane, 2, is located at z; = 1.13 m,
with the z-axis oriented in the direction of gravity. The y-axis is chosen to
define a standard right-handed set of orthogonal coordinates. A top-plane
is also included, though not shown in Fig. 4. Table 1 gives a summary of
the numerical boundary conditions applied to the domain surfaces (see
section II1.B for a description of the rover boundary conditions used).

The numerical domain has a diameter of 50 m, which corresponds to
~ 25 characteristic rover lengths, as the M2020 rover is ~2 m x
2m x 2m. The height of the domain is 15 m. Therefore, the min/max
spatial coordinates in the domain are x: [-25.0, 25.0] m, y: [-25.00,
25.00] m, and 2: [-13.87, 1.130] m. This relatively large domain is used
in order to minimize the effect that the boundaries will have on the flow
field near the rover.

7 https://mdx.plm.automation.siemens.com/star-ccm-plus, accessed 5/1/

2018.
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Fig. 4. Numerical domain used in this work. A 50m diameter cylindrical
domain is used in order to ensure that there is an adequate distance between the
rover and domain boundary.

X
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Fig. 5. Simplified M2020 rover model used for this work. All major components
have been retained, though some of the small features seen in Figs. 1 and 3 have
been ignored for computational considerations.

Table 1
Summary of numerical boundary conditions applied.

Surface STAR-
CCM+ Boundary

Parameters

Inlet Velocity Inlet Flow inlet with user specified velocity profile
(see Sec. [11.D)

Outlet Pressure Outlet Outlet surface with extrapolated backflow
properties when needed

Ground Wall No-slip adiabatic surface with a passive scalar

Plane concentration of 0
Top Plane Pressure Outlet Outlet surface with extrapolated backflow
properties when needed

3.2. Rover geometry

A simplified M2020 rover model (Fig. 5) is used in order to retain all
major components of the M2020 rover, yet reduce the amount of geo-
metric complexity present so that the model is still numerically tractable.
The majority of the surfaces of the rover are defined to be no-slip adia-
batic walls with a specified passive scalar flux of zero. However, as
M2020 is powered by a Multi-Mission Radioisotope Thermoelectric
Generator (MMRTG), which converts heat into electrical power, some
surfaces on the rover are expected to be hot, and these are discussed in
Sec. IIL.B.1. The two vents, which are assumed to be the only sources of
contamination in this work, are discussed in Sec. I11.B.2.
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3.2.1. Radioisotope thermoelectric generator (RTG) hot surface

The M2020 Rover will use the same MMRTG power source as the MSL
Rover, which provides an electrical power output of approximately
110 W (Novak et al., 2015). While the temperature of the MMRTG is
expected to vary based on local temperature (which can be landing site
dependent), wind speed, di-urnal and seasonal variations, etc., in this
work a constant isothermal temperature is assumed for the MMRTG
cylinder and fins, as illustrated by Fig. 6. While MSL flight data (Novak
et al., 2013; Cucullu et al., 2014) shows that MMRTG temperatures can
vary significantly, a conservative bounding lower temperature of 115°C
is chosen, which is well below any MSL observed temperatures. As the
hot MMRTG induces a buoyant gas plume, this causes streamlines around
the rover to move away from the Martian surface, which in turn convects
possible contaminants away from the surface. Therefore, the hotter the
MMRTG is, a lower amount of contamination will be deposited on the
surface. Conversely, not accounting for MMRTG induced buoyancy could
cause an nonphysical over-prediction of the amount of contaminant ex-
pected to be deposited on the Martian surface in the vicinity of the rover.

3.2.2. Contamination sources

As previously discussed, the WEB is the primary source of contami-
nation considered in this study. There is a M2020 requirement (that will
be verified via test) that the outgassing through the vents shall be less
than 100 ng/ (cm? hour). This worst-case value is used in this study, and
worst-case outgassing is expected to occur when Mars surface tempera-
tures, and subsequently WEB temperatures are high (relative to average
Mars surface temperatures). All components of the M2020 Rover will go
through bakeout cycles before launch in order to meet outgassing re-
quirements. Because of this, it is assumed that only larger molecules
outgas on Mars, as smaller molecules would have been depleted during
earlier contamination bakeout processes (Stern et al., 1969).

Using transport properties given in (Bird et al., 1960), the binary
diffusion coefficient, D, can be estimated for non-polar gases as a function
of temperature and pressure. In this work, CsH;; is conservatively chosen
to have a characteristic molecular weight of a representative Tier 2
compound that can outgas from the WEB. Note that only the binary
diffusion coefficient of the assumed contaminant is required for this
analysis, and it is primarily driven by molecular weight. For the condi-
tions assumed in this work, a binary diffusion coefficient of 6 - 10~ m?/s
into COy is calculated. Temperature dependence of the binary diffusion
coefficient is not accounted for in this work, as a large temperature
gradient in the gas only exists in a small region away from the ground
plane (Fig. 13). The contaminant is assumed to leave the rover chassis
through two vents, shown for the numerical model in Fig. 7.

X
~
zY
)

Fig. 6. Simplified M2020 rover model with MMRTG surfaces (115 C) shown in
red. The rest of the rover model is made translucent to show the 3D nature of the
MMRTG. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 7. Simplified M2020 rover model with vent surfaces shown in yellow (left: port vent, right: aft vent). These surfaces are contanimant (passive scalar) sources in
the numerical simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Due to the relatively low concentration levels of this contaminant in the
flow (Fig. 15), the contaminant is modeled numerically as a passive scalar,
with a volume fraction of ¢. This assumes that the contaminant does not
alter the bulk atmospheric gas properties in a significant manner so that a
multi-component gas mixture does not have to be modeled numerically.

3.3. Meshes

The computational mesh used in this study is generated primarily to
resolve the ground plane boundary layer, boundary layers over the rover
surfaces, and the wake region behind the rover. The STAR-
CCM+ polyhedral meshing algorithm is used in conjunction with a prism
layer algorithm to generate all meshes used in this work. With the large
numerical domain shown in Fig. 4, only two meshes are used to perform a
pseudo-mesh refinement study. The first mesh contains ~ 9.6 -10° cells
and the second, more refined mesh, contains ~ 2.6-107 cells. For a
characteristic free-stream velocity of 1.4 m/s, no significant difference in
mass flux of contaminant to the ground is observed between the two
meshes. However, as will be discussed in Sec. IV.A, in order to accom-
modate an increased free-stream velocity, and for consistency when
comparing results, all results presented in later sections are generated
using the most refined mesh. The refined rover surface mesh used is
shown in Fig. 8, and the entire domain mesh with a center-plane cut is
shown in Fig. 9.

3.4. Initial conditions

The physical scenario of interest for this work is a Martian surface
wind blowing over the M2020 rover. In order to stay consistent with the
assumed high WEB contaminant outgassing values, a relatively high
ambient Mars temperature of 10 C (283 K) is assumed for this work. This
high temperature also reduces the temperature difference between the
free-stream and hot MMRTG surfaces. A free-stream pressure of 1070 Pa is
assumed for a 100% CO- gas mixture. Using the ideal gas law, this results
in a density of 0.02 kg/m°. Based on previous measurements (for example
(Mahaffy et al., 2013)), CO, is the primary constituent in the Mars at-
mosphere (~ 96% by volume). Neglecting the other trace species in this
work will not have a significant effect on the quantities of interest being
investigated as the gas bulk mixture properties are dominated by the CO,
content. The standard Sutherland's law is assumed for dynamic viscosity
and gas thermal conductivity, and a polynomial fit based on temperature
is used for gas specific heat. The free-stream value for dynamic viscosity is
1.76- 1075 Pa-s. Mars gravity is assumed to be 3.711 m/s?, and due to the
reference frame chosen for this work, gravity acts in the +z direction.

A simple logarithmic wind boundary layer profile is assumed for this
work with values extracted from viking wind data.® An inlet velocity
profile of

8 http://www-k12.atmos.washington.edu/k12/resources/mars_data-
information/data.html, accessed 5/3/2018.

Fig. 9. Snapshot of overall domain with surface meshes shown on the rover,
ground plane, domain outlet, and a center-plane section cut.

B log(|z — z|/20)

U(2) = U(zr) o2 (eny /20) (@))
is used, where U(z) is the magnitude of the free-stream velocity, 2.y is a
characteristic measurement height based on the Viking lander instru-
ment suite (1.6 m), and 2y is the surface roughness scale height, assumed
to be 0.01 m in this work. As the wind speed on Mars is not constant, a
variety of different values for U(z.s) can be chosen.

Two different values of U(z.s) are used in this work: 1.4m/s and
5.0m/s. 1.4 m/s corresponds to a ~ 10% tile surface wind, and 5.0 m/s
corresponds to a ~ 65% tile wind based on Viking data. Depending on
how far away from a potential sampling site the rover is, a low-speed or
high-speed wind could provide a larger amount of contamination depo-
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sition to the area of interest. The direction of the free-stream is also
varied in this work, though it is primarily aligned with the x-axis. The
angle of attack, or wind direction (0) is taken to be in the x — y plane for
this work (roll plane of the rover), with a positive 6 defined to be a
counter-clockwise rotation from the x-axis to the y-axis. With a positive
angle of attack, the port-side vent moves closer to the stagnation point of
the flow, and with a negative angle of attack the port-side vent moves
closer to being in the rover wake. A summary of the initial conditions
used for the flow is shown in Table 2.

3.5. Turbulence modeling

For characteristic velocities (U) of 1.4m/s and 5.0 m/s, a character-
istic length (L) of 2m, a kinematic viscosity (v) of 8.8-10* m?/s, the
predicted Reynolds numbers (Re = #) are Re ~ 1000 and Re ~ 3000
for the two different characteristic free-stream velocities, respectively.
This puts the flow in a regime where an unsteady turbulent vortex street
is expected to be observed in the wake (Lienhard, 1966). It should be
noted that the local Re around different individual geometrical features is
likely to be lower, i.e., if the characteristic lengthscale was chosen to be
the mast diameter. However, these lower Re areas are still expected to
generate an unsteady vortex street, though the flow may be in a transi-
tional state.

Due to the engineering nature of this problem, both steady-state
laminar and turbulent simulations were completed for the same initial
conditions. Both the Realizable K-Epsilon Two-Layer Reynolds-Averaged
Navier-Stokes (RANS) turbulence model and the SST(Menter) K-Omega
RANS turbulence models were used in preliminary simulations with
default coefficients, with meshes resolving y* ~ 1. Simulations with the
K-Epsilon model were found to predict the largest amount of contaminant
mass deposition to the surface, so this model was used for all results
presented in Sec. IV. Constant turbulent Prandtl (Pr) and Schmidt (Sc)
numbers of 0.9 are assumed in the flow.

4. Results

This section provides a summary of results generated to date based on
the initial conditions discussed in the previous section. Rover surface y*
will be presented to give a quantitative measure of the mesh resolution
attained in this study, and then both flow field properties and contami-
nant mass deposition results are showed.

4.1. Mesh size and computations

Figs. 10 and 11 show calculated y* values on the ground plane and
rover surface for the refined mesh (~ 2.6-107 cells) for characteristic
free-stream velocities of 1.4 m/s and 5.0 m/s, respectively. An 0 of 0° is
used in both of these cases. The maximum y* values observed on the
rover are 1.9 and 3.7 for the two different free-stream velocities. y*
values > 1 are generally only seen in local stagnation regions and in areas
where flow separation is expected to occur, which gives confidence in the
mesh resolution used. Computations are run locally at JPL using 240
cores on the Zodiac cluster. After 1000 iterations (when a converged
solution is reached), the results presented below are averaged over 9000

Table 2
Summary of initial fluid conditions used.
Property Value(s)
Temperature (K) 283
Pressure (Pa) 1070
Density (kg/m®) 0.02
U(2rf) (m/s) 1.4,5.0
o) 0, +£5, +15, +£30
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Fig. 10. Contour plot showing calculated y* values on the ground plane and
rover surface for U(zns) = 1.4 m/s, and 0" angle of attack.

Fig. 11. Contour plot showing calculated y* values on the ground plane and
rover surface for U(z,) = 5.0 m/s, and 0" angle of attack.

additional iterations. While less relevant when RANS turbulence models
are being used, with preliminary laminar simulations, oscillations were
observed in the solution (likely due to unsteady vortex shedding), and an
average solution over several flow cycles was desired in order to give a
relevant averaged result. These oscillations in residuals are generally not
seen once a turbulence model is enabled.

4.2. Flow field

For brevity, this section only shows sample results for a free-stream
characteristic velocity of 5.0m/s, and a 0' angle of attack. Fig. 12
shows velocity vectors colored by velocity magnitude along the center-
plane of the domain which means that the three-dimensional nature of
the flow field is not shown. As expected, re-circulation zones are visible
near the rover top-deck and behind the deployed turret. Fig. 13 shows the
relatively small region where the gas temperature has increased due to
the hot RTG surfaces in the simulation. A cut of the center-plane of the
domain is shown where the gas temperature is between 284 K and 388 K.
The hot MMRTG surface is shown in red.

Qualitatively, varying the angle of attack of the flow and flow velocity
does not change the major features observed in the flow solution (stan-
dard bluff body flow phenomena). However, and this will be discussed in
more detail in the next section, due to the complex geometry of the rover
and the location of the vents, the overall deposition of contaminant to the
surface is sensitive to streamlines near the vents traveling either under
the rover chassis or over the rover top-deck. If these streamlines, which
generally correspond to regions of the flow with a relatively high con-
centration of contaminant, travel beneath the rover, then the contami-
nation is convected closer to the ground plane, which will increase the
mass deposition levels observed in the rover wake.
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Fig. 12. Mean velocity vectors colored by velocity magnitude along the center-
plane of the domain for § =0" and U(z.f) =5.0 m/s. Two primary re-
circulation regions above the rover deck and downstream of the turret can
be seen.

Fig. 13. Gas temperature along the center-plane of the numerical domain for
0 =0 and U(z.s) = 5.0 m/s. The gas temperature contour is clipped so that
only areas of the flow with 284 K< T < 388 K are shown. The hot RTG surface is
shown as well.

4.3. Contamination concentrations and mass deposition

The quantity of interest in this study is the mass flux of the passive
scalar (molecular contaminant) to the surface. As discussed previously,
the ground plane has a boundary condition set to 0 concentration of
passive scalar, which means that no contaminant accumulates on the
surface. The magnitude of the diffusion mass flux to the surface (m) is
desired, which can be calculated from

__(H B\,
"= (Sc+'§c>v¢ k, @

where 4 is the dynamic viscosity, i is the turbulent viscosity, and k is the
unit vector in the z direction. The mass flux due to convection is 0 due to
the ground plane being a no-slip/no-penetration wall, and in the coor-
dinate system used, m should be positive when mass is deposited on the
surface. The mass diffusion flux has standard units of kg/(m? s), though
for the majority of the rest of this work, results will be presented using
units of ng/(cm2 sol) in order for comparisons relevant to M2020 time-
scales and length scales to be made in a simple manner. One Martian sol
(day) is taken to be 24 h, 39 min, and 35.244 s. Due to the low value of
the binary diffusion coefficient of the contaminant under Mars conditions
as well as the relevant length scales and time scales of the problem,
turbulent mixing drives the evolution of the contaminant field, and not
pure mass diffusion.

Figs. 14 and 15 show streamlines emanating from the contaminant
vent surfaces as well as the concentration of the contaminant along the
center-plane of the domain for the 5m/s characteristic free-stream ve-
locity with 0° angle of attack. The ground plane is colored by predicted

Planetary and Space Science 168 (2019) 1-14

Mean of Contaminant

1.0000e-09
| ]

1.5849e-10

2.5119-11

Fig. 14. Simulation results for @ = 0" and U(z,f) = 5.0 m/s. Streamlines emi-
nating from the rover vents and contaminant concentration along the center-
plane is shown. It is possible to see some of the streamlines which travel
under the rover and closer to the surface.

Mean of Contaminant
1.0000e-09

Fig. 15. Simulation results for @ = 0" and U(z,f) = 5.0 m/s. Streamlines emi-
nating from the rover vents and contaminant concentration along the center-
plane is shown. A relatively small growth in the vertical direction of the
contaminant profile is seen downstream due to the relatively small amount of
molecular diffusion occurring before the flow exits the domain.

mass deposition to the surface. Some streamlines travel beneath the rover
which indicates that some of the contaminant is initially convected close
to the surface, which causes an increased amount of contaminant to be
deposited to the surface.

Sample mass deposition contour plots for a characteristic free-stream
velocity of 5m/s, and wind angles of —30°, 0°, and 30°, are shown in
Figs. 16-18. STAR-CCM+ results generated on an unstructured grid are
linearly interpolated onto a cartesian grid with equal spacing, with 501
points in each of the x and y directions. Dashed circles are plotted at a
radius of 5m and 10 m from the center of the rover for scale. The di-
rection of the free-stream is also shown, and an approximate rover
outline (with vents indicated) is shown in green.

In order to compare the effect of free-stream angle of attack on the
two wind speeds considered, Figs. 19 and 20 show cumulative mass
deposition (not flux) values as a function of radius (calculated to ensure
conservation of mass in the domain). Radius is defined as the distance to
the origin based on the centroid of the two vents, with r =

(x — x.)* + (y — yc)*. High angle of attack flows (both in the positive
and negative direction) generally have the highest total mass depositions
to the surface. This is primarily attributed to the location of the port vent;
for the & = £30° wind directions, the port-side vent is located closer to
either the wake or the stagnation region of the rover (compared to the 0
wind direction). With this flow/rover alignment, the port-vent stream-
lines, and therefore contaminant, are convected closer to the ground,
which ends up increasing the level of mass deposition for these wind
angles.
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Fig. 16. Predicted contaminant surface mass deposition contour plot for 0 = —
30" and U(z.s) = 5.0 m/s. The free-stream direction is shown by the yellow
arrow, and an approximate outline of the rover and turret is shown in green
(with vents noted). Circles showing 5 m and 10 m distances from the origin. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 17. Predicted contaminant surface mass deposition contour plot for § = 0
and U(zf) = 5.0 m/s. The free-stream direction is shown by the yellow arrow,
and an approximate outline of the rover and turret is shown in green (with vents
noted). Circles showing 5m and 10 m distances from the origin are shown for
scale. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

4.4. Spatial averaging

As shown in (Newman et al., 2017), MSL has measured significant
variance in both wind direction and speed throughout its mission thus
far. The simulations presented so far have only been for discrete wind
directions and velocities. In order to evaluate the potential contamina-
tion risk to a drill site due to the M2020 rover loitering in a single
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Fig. 18. Predicted contaminant surface mass deposition contour plot for 6 =
30" and U(zs) = 5.0 m/s. The free-stream direction is shown by the yellow
arrow, and an approximate outline of the rover and turret is shown in green
(with vents noted). Circles showing 5m and 10 m distances from the origin are
shown for scale. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 19. Cumulative contaminant deposition profiles as a function of radius for
Ul(zrf) = 1.4 m/s.

location, timescales on the order of 50 or 100 sols are of interest. This
implies that some spatial averaging of the results presented in the pre-
vious section should be performed in order to account for the constantly
changing Martian surface winds.

The wind environment that the M2020 rover will experience is ex-
pected to be influenced by many factors, including (but not limited to)
seasonal variations, diurnal effects, and geographic effects (both
depending on landing site selection, and local terrain features). Due to
impracticality of trying to model all of these complex phenomena, a
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Fig. 20. Cumulative contaminant deposition profiles as a function of radius for
U(zrf) = 5.0 m/s.

simplified approach is taken.
Wind direction (angle of attack) variability is modeled using a normal
distribution with a probability density given by

1 _(0-9?

f(0) = W 27, 3

where 0 is the wind direction being considered, ¢ is the mean wind angle,
and ¢ is the standard deviation of the wind direction in degrees. While
data in (Newman et al., 2017) shows a relatively large angle variability in
wind direction, here a conservative standard deviation of 15 is assumed.

Discrete numerical results now need to be spatially averaged while
still conserving mass from the original simulation results. The algorithm
used in this work is first described assuming only one numerical simu-
lation at 6, has been completed, and then is extended to incorporate
results from multiple numerical simulations at multiple angles. 6 is lin-
early discretized, where 6 = [01,02,...,0;,...,0n_1,60,], where n = 1000,
0, =¢&—60 and 6, = £+ 60. In order to enforce discrete mass conser-
vation, a numerical weighting coefficient, y, is used to ensure Zn: wf(6) =

i-1
1.

Let min9(x,y) correspond to original numerical results for a wind
angle of @ linearly interpolated onto an equally spaced cartesian mesh,
still with units of ng/(cm2 sol). In order account for wind vaiability, let
m;:,(x,y) correspond to the averaged contaminant mass flux field for a
mean wind angle of ¢ and a wind direction standard deviation of o.
Therefore, a spatially averaged contaminant deposition field can be
represented by

m:.ﬂ(x7 y) = Z Wf(al)mgt (xvy)‘ (4)
i=1

However, in this example, numerical results are only available for 6 =
0,, i.e., My, (x,y). To account for this, my, (x,y) is calculated by a solid-
body rotation of the original myg, (x,y) solution by a rotation angle, 6,,
where 0, = 0, — 0,. With x =rcos(0) and y = rsin(0), then my, (x,y) =
My, (c0s(0,)x + sin(6,)y, —sin(6,)x + cos(6,)y) Numerically, this is
accomplished using 2D linear interpolation of the original numerical
solution.

As multiple numerical simulations have been completed, it is possible
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to combine these results for a given 6;. For example, assume that nu-
merical simulations have been completed at angles ¢, and 64, and
0, < 0; < 0. In this scenario, myg(x,y) is calculated by rotating
Mnpq(X,y) by 6, = 6; — 6, and by rotating my 4(x,y) by 6, = 6; — 63 and
then summing the two resulting rotated contaminant mass flux fields
using appropriate weighting coefficients based on a linear interpolation
in6.Le., Mg, (x.y) =TiMna(x.y) + Tring(x,y), where Iy = 8=% and T, =

)5 —0u
05 —0;
05—04°

If 6; is outside of the range of numerical simulations completed
(6; < —30° or6; > 30’ for this study), then no linear interpolation is used,
and the numerical results with @ = 30 are rotated accordingly. With
this algorithm, simulations with differing characteristic free-stream ve-
locities are analyzed separately.

Figs. 21-26 show this method for a characteristic free-stream velocity
of 1.4m/s, ¢ = [— 30°,07,30°], and ¢ = 15, and results for a charac-
teristic free-stream velocity of 5.0 m/s, once again with £ = [-30",0,
30°] and ¢ = 15'. Fig. 27 shows results for a characteristic free-stream
velocity of 5.0 m/s, with £ = —30" and ¢ = 15, but focusing only on
the surface within a 3 m radius of the origin, showing the small amount of
contaminant predicted to be deposited to the surface close to the rover.

and I'; +I'» = 1 by construction.

5. Discussion

Even with the conservative assumptions used in this work, the pre-
dicted mass deposition of contaminant to the surface in the vicinity of the
M2020 is relatively low. In terms of a localized predicted peak deposi-
tion, Fig. 24 shows a localized maximum value of ~ 0.06 ng/ (em? sol). If
a Mars surface wind maintained the same velocity, mean angle, and
relatively narrow direction variance continuously for 100 sols, then a
maximum of 9 ng of organic contaminant could accumulate on a poten-
tial sampling site with a size of 1.5 cm?. This is only 6% of the original
150 ng (Sec. II.A) contaminant budget per cached sample, and can easily
be accommodated in the overall contaminant budget. This local
maximum also only occurs at one discrete point in the domain, with the
rest of the domain predicting significantly less contaminant deposition
onto the surface. This maximum deposition value bounds the results
shown in Appendix A which considers a second geometry where the
rover turret is in a stowed configuration.

Furthermore, a strong diurnal effect is expected to be seen with wind
direction, and the wind is expected to change by ~ 180" between a

—0.04

Uy, = 1.4 m/s, Mean Wind Angle = -30°, o =15°
B LA R L A A

+40.035

+40.03

4 0.02

— 5 0.02

y (m)

0.015

Surface Deposition (ng/cm?*/sol)

0.01

- 0.005

x (m)

Fig. 21. Spatially averaged predicted contaminant surface mass deposition
contour plot for U(zrs) =1.4m/s, £ = — 30, and o = 15.
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Fig. 22. Spatially averaged predicted contaminant surface mass deposition
contour plot for U(z.s) =1.4m/s, £ =0,and o = 15 .
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Fig. 23. Spatially averaged predicted contaminant surface mass deposition
contour plot for U(z.s) =1.4m/s, ¢ =30 ,and 6 =15 .

Martian day and night. This would generate a bi-modal wind direction
distribution, further reducing the predicted contaminant mass deposition
in the areas downstream of the rover. It is expected that local topography
will have a large effect on the preferential wind direction experienced by
the rover at a specific location, but a standard deviation of 15 is a small
change in angle when compared to many of the MSL measurements
(Newman et al., 2017). If ¢ is increased, than the predicted contaminant
deposition is expected to decrease linearly with o.

The results presented used a binary diffusion coefficient for CsHjo
under Martian conditions. Using (Bird et al., 1960), D can be easily
calculated for linear alkanes of C4H;( through under Martian conditions.
Using a simple exponential fit for D gives the relation CoH;o, where D =
0.0071-M,°%%°* is the M, molecular weight of the species being
considered in AMU, and the other two constants are consistent with D
having units of m?/s. The larger the hydrocarbon, the lower the binary

10

Planetary and Space Science 168 (2019) 1-14

=15°

e 0.06

, = 5.0 m/s, Mean Wind Angle = -30°, ¢

T

40.05

y (m)

0.01

x (m)

Fig. 24. Spatially averaged predicted contaminant surface mass deposition
contour plot for U(z,) =5.0m/s, £ = — 30, and o = 15.
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Fig. 25. Spatially averaged predicted contaminant surface mass deposition
contour plot for U(z,s) =5.0m/s, £ =0, and ¢ = 15",

diffusion coefficient. Decreasing the value of D used in the numerical
simulations will decrease the predicted surface deposition of contami-
nant, as the first term in Eq. (2) is proportional to D.

While results for only two characteristic free-stream velocities have
been presented in detail in this work, Figs. 28 and 29 show the predicted
contaminant deposition for « = 0" and a = — 30’, for a characteristic
free-stream velocity of 10 m/s, respectively. As the mesh was not
changed for these simulations, increasing y+ values make it difficult to
directly resolve all boundary layers, and more reliance is placed on the
RANS turbulence model used. However, a significant reduction in
contaminant deposition is observed in the domain when compared to
Fig. 17, and a small decrease is seen comparing to 16. This indicates that
the increased free-stream velocity is convecting the contaminant farther
downstream, and out of the area of interest before being potentially
deposited on the surface. If desired, it would be possible to combine
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Fig. 26. Spatially averaged predicted contaminant surface mass deposition
contour plot for U(z.s) = 5.0 m/s, and & = 30°.
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Fig. 27. Spatially averaged predicted contaminant surface mass deposition
contour plot for U(zpf) = 5.0 m/s, ¢ = — 30", and o = 15 focusing on a region
close to the rover. Approximate rover outline and freestream direction indicated
in figure.

simulation results performed with different free-stream velocities and
interpolating between them assuming a Weibull distribution for wind
velocity, which has been used in the past (Lorenz, 1996, 2016).

6. Conclusions

A variety of numerical simulations were run to investigate the pos-
sibility of a molecular contaminant from the M2020 Rover WEB
contaminating a potential sampling site in the vicinity of the rover. The
molecular contaminant was modeled numerically as a passive scalar, and
a spatial averaging process was used to conservatively account for some
of the wind variability expected to occur on the surface of Mars. A flat
surface (no local topography) and a nominal simplified rover geometry

11
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Fig. 28. Predicted contaminant surface mass deposition contour plot for a = 0
and U(z.s) = 10.0 m/s. The free-stream direction is shown by the yellow arrow,
and an approximate outline of the rover and turret is shown in green (with vents
noted). Circles showing 5m and 10 m distances from the origin are shown for
scale. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 29. Predicted contaminant surface mass deposition contour plot for @ = —
30" and U(zrs) = 10.0 m/s. The free-stream direction is shown by the yellow
arrow, and an approximate outline of the rover and turret is shown in green
(with vents noted). Circles showing 5m and 10 m distances from the origin are
shown for scale. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

was considered for this work. With potentially long rover loiter times on
Mars (50 sols for the turret within 0.5 m of a potential sampling site, and
100 sols for the turret within 10 m of a potential sampling site), for the
model considered, the predicted surface contaminant deposition values
are well within acceptable levels, and do not constitute a major compo-
nent of the 150 ng/sample requirement accepted by the M2020 mission.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/].pss.2018.12.009.
Appendix
A.Summary of Stowed Turret Results

This appendix contains a summary of the results obtained using a rover geometry where the turret is stowed. This is the configuration of the rover
immediately after landing on the surface of Mars. The turret is deployed after standard checkouts are performed in order to ensure that the rover is
healthy and operating correctly on the Martian surface.

Fig. 30 shows a geometrical comparison of the two rover models (direct comparision to Fig. 5) showing the turret head located on the top deck of the
rover. The mesh used in this domain uses the same characteristic dimensions as the fine mesh reported previously, and contains ~ 2.5-107 cells. The
rest of the numerical domain is the same as reported in Sec. III.A. Fig. 31 shows the mean velocity profile for the rover (direct comparison to Fig. 12 for a
characteristic free stream velocity of 5m/sand § = 0°.

Fig. 30. Simplified M2020 rover model used with the turret in the stowed configuration. All additional components of the model (vents, MMRTG, boundary con-
ditions, domain etc.) are consistent with the results presented in the main body of this work.

Velocity (m/s)
Yy X 0.0000 1.2000 2.4000 3.6000 4.8000 6.0000

2

Fig. 31. Mean velocity vectors colored by velocity magnitude along the center-plane of the domain for & = 0" and U(z.f) = 5.0 m/s for the rover with the turret in a
stowed configuration.

In order to compare the cumulative amount of contaminant that is deposited on the surface with this new geometry, Figs. 19 and 20 are reproduced
with the same y-axis limits, respectively, in Figs. 32 and 33. In general, it can be seen that the cumulative contaminant mass deposition is lower with the
turret stowed when compared to the results with the turret deployed. From an operational stand point, it is much more likely that the rover will loiter
near a sampling site with the turret deployed, and these results indicate that considering the turret deployed scenario is also a more conservative
scenario for the predicted surface contaminant deposition values.
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Fig. 32. Cumulative contaminant deposition profiles as a function of radius for U(z.s) = 1.4 m/s.
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Fig. 33. Cumulative contaminant deposition profiles as a function of radius for U(z.f) = 5.0 m/s.

The same spatial averaging technique that was described in Sec. IV.D is used to process the stowed turret results, and all results with the turret
stowed predict a lower local maximum surface deposition when compared to the ~ 0.06 ng/cm?/sol value shown in Fig. 24, which corresponds to the
results with the turret deployed and U(zrf) = 5.0 m/s, ¢ = — 30", and ¢ = 15°. Fig 34 has the highest local maximum of surface max flux deposition
(~ 0.045 ng/cmz/sol) with the turret stowed, for U(z.) = 5.0 m/s, £ = — 15", and ¢ = 15’. The local maximum surface flux value occurring for 6 =
—15’ is consistent with the cumulative mass deposition distributions shown in Fig. 33.
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Fig. 34. Spatially averaged predicted contaminant surface mass deposition contour plot for U(z.f) = 5.0 m/s, ¢ = — 15’, and ¢ = 15".
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