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 A B S T R A C T

Venus, our neighboring planet, is an open-air laboratory that can be used to study why Earth and Venus evolved 
in such different ways and even to better understand exoplanets. Noble gases in planetary atmospheres are 
tracers of their geophysical evolution, and measuring the elemental and isotopic composition of noble gases in 
the Venus atmosphere informs us about the origin and evolution of the entire planet. In this work we describe a 
new mission concept, Venus ATMOSpheric - Sample Return (VATMOS-SR), that would return gas samples from 
the upper atmosphere of Venus to Earth for scientific analysis. This could be the first sample return mission for 
an extraterrestrial atmosphere. To ensure it is possible to relate the composition of the sampled gases (acquired 
when the spacecraft is traveling > 10 km/s) to the freestream atmospheric composition, large-scale numerical 
simulations are employed to model the flow into and through the sampling system. In particular, an emphasis is 
placed on quantifying noble gas elemental and isotopic fractionation that occurs during the sample acquisition 
and transfer process, to determine how measured isotopic ratios of noble gases in the sample would compare to 
the actual isotopic ratios in the Venusian atmosphere. We find that lighter noble gases are depleted after they 
are sampled compared to the freestream conditions, and heavier ones are enriched, due to the high pressure 
gradients present in the flowfield. We also observe that lighter noble gases are more affected than heavier 
ones by changes in the freestream conditions. Finally, we observe that, in general, the numerical parameters 
do not have a major impact on the observed fractionation. We do, however, note that the freestream velocity 
and density have a major impact on fractionation, and do need to be precisely known to properly reconstruct 
the fractionation in the sampling system. We demonstrate that the sample fractionation can be predicted with 
numerical simulations, and believe that VATMOS-SR, which could be the first mission to bring back samples 
from another planet, could answer key scientific questions related to understanding the evolution of Venus.
1. Introduction

Noble gases in planetary atmospheres are tracers of the geophysical 
evolution of the host planet. They carry the fingerprints of processes 
driving atmospheric composition, including: the original supply of 
volatiles from the solar nebula, delivery of volatiles by asteroids and 
comets, rates of escape of planetary atmospheres, degassing of the 
interior, and its timing in the planet’s history (Pepin, 1991; Chassefière 
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et al., 2012). To date, planetary scientists have successfully made 
measurements of noble gases in gaseous form at Earth, Mars, Jupiter, 
and comet 67P/Churyumov-Gerasimenko. An incomplete set of noble 
gases (Ar and Ne) were measured in Titan’s atmosphere by the Huygens 
probe. Noble gases contained in the atmospheres of Saturn, Venus, 
and the ice giants, Uranus, and Neptune, have been measured only in 
part or remain unmeasured, leaving major gaps in our understanding 
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Table 1
Three high-impact science objectives that are enabled by measuring isotope ratios in Venus’ atmosphere.
 

Science goal: 
Understand Venus’ evolution

Science objectives Physical parameter Observables (precision)  
 Determine if Venus’ isotopic composition 

falls on the primordial solar composition
Isotope composition of noble gases 
and nitrogen

Isotope ratios: 132Xe/130Xe (1%), 
136Xe/130Xe (1.5%), 15N/14N (1%)

 

 Distinguish among models for 
planetary-scale volcanism

Elemental ratios and isotopic 
compositions of noble gases

Relative abundance of He (4He/40Ar) and 
isotopic ratios 3He/4He (50%), 
129,131−136Xe/130Xe (1%)

 

 Determine whether escape mechanisms 
were more active on Venus than on Earth

Fractionation of Xe Amount of 129Xe, 124Xe/130Xe,
126Xe/130Xe, 128Xe/130Xe (1%–2%)

 

of the distribution of volatile elements in the solar system. In order 
to be able to understand the origin(s) of terrestrial planets and to 
compare their evolution, a major observational missing link in our 
understanding of Venus’ evolution are the elemental and isotopic com-
positions of noble gases and stable isotopes in its atmosphere, which 
remain poorly known (Chassefière et al., 2012). The concentrations 
of heavy noble gases (Kr, Xe) and their isotopes are mostly unknown, 
and our knowledge of light noble gases (He, Ne, Ar) is incomplete and 
imprecise (Avice et al., 2022). NASA’s community-based forum, the 
Venus Exploration Analysis Group (VEXAG), has placed a high priority 
on obtaining such measurements in its ‘‘Goals, Objectives, and Inves-
tigations’’ document (The Venus Exploration Analysis Group (VEXAG), 
2019). A sample return mission will be able to provide unambiguous 
scientific data to answer the science questions regarding the origin 
and evolution of Venus. Three high-impact science objectives for the 
exploration of the Venus atmosphere are presented in Table  1. Of note 
is that, while the ratio of 15N to 14N is an important science objective, 
it is out of the scope of this work to study the fractionation of different 
isotopes of a relatively reactive non-noble gas, and only the fractiona-
tion of noble gases is studied. Also important is the fact that the listed 
scientific objectives generally require a precision of approximately 1% 
of the measured value for isotopic ratio measurements.

VATMOS-SR (Venus ATMOSpheric - Sample Return; a new mis-
sion concept that evolved from the ‘‘Cupid’s Arrow’’ and ‘‘Cupid’s 
Boomerang’’ SmallSat mission concepts) is a mission concept that 
would return a gas sample from the upper atmosphere of Venus to 
Earth for scientific analysis. Previous iterations of the mission concept 
required the spacecraft to make in-situ measurements using an onboard 
mass spectrometer (Sotin et al., 2018, 2019; Rabinovitch et al., 2018; 
Rabinovitch et al., 2019), though the current mission design focuses 
on returning the Venus atmospheric samples to Earth to leverage large, 
advanced terrestrial measurement facilities that are not possible to 
integrate into a SmallSat. To ensure that an atmospheric measurement 
is as representative of the atmosphere as possible, it is a requirement to 
acquire a gas sample below an altitude referred to as the homopause. 
Below the homopause, atmospheric gases are presumed to be well-
mixed (no spatial gradients), and samples are representative of their 
naturally occurring concentrations. The homopause at Venus is ex-
pected to be at an altitude of ≈120 km (Mahieux et al., 2012, 2015). 
Even if sampling occurs beneath the homopause altitude, the possibility 
of sample fractionation due to the proposed sampling methodology 
must also be considered. In this work, the term fractionation refers to 
the separation of different gases from a homogeneous mixture, and we 
investigate whether the noble gases collected in the sampling system 
would have a relative composition that is the same (no fractionation) 
or different (fractionation) from the freestream (Venusian atmosphere).

As such, the present study focuses on determining whether at-
mospheric noble gases collected in the upper atmosphere of Venus 
(≈110 km altitude) with a spacecraft traveling at >10 km/s are rep-
resentative of the freestream composition. Or, if the composition does 
change between the acquired gas sample and the Venus atmosphere, 
if these changes can be predicted with numerical simulations, as this 
would also be acceptable from a mission standpoint. The formation 
of a merged shock-boundary layer (compression layer) in front of a 
vehicle traveling at hypersonic speeds under rarefied conditions adds 
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complexity to the sampling process. Shock layers create large density 
gradients in the flow which may alter the composition of the gas 
through diffusion. Due to the challenges associated with reproducing 
VATMOS-SR expected flight conditions in ground testing facilities, it is 
necessary to rely on high-fidelity numerical simulations to shed some 
light on this complex problem.

2. Background

If flown and successful, VATMOS-SR could return the first atmo-
spheric samples from another planet, and these samples would be 
analyzed in state-of-the-art laboratories on the Earth. VATMOS-SR 
evolved from the Cupid’s Arrow mission concept (Sotin et al., 2018), 
where a small satellite was originally proposed to make in-situ mea-
surements in Venus’ atmosphere. The VATMOS-SR spacecraft (Fig.  1) 
is an atmospheric skimmer, ≈80 cm in diameter, that would sample the 
Venus atmosphere below the homopause. Four samples of the Venusian 
atmosphere would be acquired at periapsis, and then the samples would 
be returned to Earth, a major change from earlier iterations of the mis-
sion concept, for laboratory analysis. The velocity at periapsis, where 
sampling is to occur, is expected to be ≈10.5 km/s, and the altitude 
is expected to be ≈110 km. The sample collection system will consist 
of a gas inlet tube leading to a manifold which is connected to four 
separate storage tanks. A non-ablating thermal protection system (TPS) 
will be used on the nose of the vehicle to minimize the possibility of 
sample contamination. The gas flow into each sample acquisition tank 
will be individually controlled by microvalves, likely similar to the ones 
conceived by Mindrum (henceforth referred to as ‘‘Mindrum valves’’); 
the Mindrum valves have flown on multiple space missions in the past 
(e.g., included in the Sample Analysis at Mars (SAM) Investigation and 
Instrument Suite (Mahaffy et al., 2012)). Fig.  2 shows a simplified 
schematic of the sampling system used in this study. In the design that 
we used for this study, the sample inlet tube has a diameter of 8 mm, 
and a length of 100 mm before the first 90◦ bend, followed by four 
shorter tubes of diameter 6 mm and length 12.5 mm that are quarter 
symmetric. A Mindrum valve follows each of those shorter tubes. After 
each valve, there are an additional two tubes, with the final one leading 
to a tank of volume 1 L. There are a total of four sampling tanks in the 
system.

As previously stated, one potential challenge with this mission 
architecture is whether the sample that is collected by the space-
craft is representative (in terms of composition) of Venus’ atmosphere. 
Therefore, it should be demonstrated that elemental and/or isotopic 
fractionation processes do not significantly alter the relative concen-
trations of the gas samples that the spacecraft would acquire, or that 
any alterations in gas composition can be predicted. Due to the high 
velocity of the spacecraft, high altitude, and associated high enthalpy 
of the flow, a non-equilibrium rarefied flow field is expected around the 
spacecraft. Furthermore, a variety of different length scales are relevant 
for this problem, ranging from the overall spacecraft diameter (≈80 cm) 
to flow-path constrictions (≈2 mm). Moreover, significant variations in 
density between the freestream conditions and post-shock flow through 
the sampling system generate extremely stringent computational re-
quirements to run these simulations in a reasonable time frame. For this 
particular problem, due to the rarefied nature of the flow, we estimate 
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Fig. 1. Possible design for the VATMOS-SR Vehicle, composed of a cruise stage, separation rings, and a probe (total diameter less than 1 m). The four sampling 
tanks are located in the probe. The predicted dry mass is less than 75 kg (100 kg with 30% contingency). A 60◦ sphere-cone aeroshell is shown, with the sampling 
system inlet located at the stagnation point of the vehicle. However, the design later evolved to a 45◦ sphere-cone, which is the geometry used in the simulations 
presented in this work, for aerodynamic stability.

Fig. 2. Schematic of the sampling system for VATMOS-SR, including the nominally closed Mindrum valves.
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the shock thickness to be on the order of centimeters. Based on the 
flow regime, the direct simulation Monte Carlo (DSMC) methodology 
is chosen for this work. Moreover, even for low Knudsen number flows, 
the gradients of this particular problem are such that a kinetic theory 
approach is necessary. DSMC has been shown to provide solutions 
in agreement with the Boltzmann equation for both non-continuum 
and highly non-equilibrium flows (Wagner, 1992; Gallis et al., 2004). 
Simulations are performed using the Stochastic PArallel Rarefied-gas 
Time-accurate Analyzer (SPARTA), an open-source software package 
developed by Sandia National Laboratories (Plimpton et al., 2019). The 
objective of this work is to demonstrate the capability to model the 
performance of the sampling system with a flight-relevant geometry for 
the VATMOS-SR Mission Concept, with an emphasis on quantifying any 
elemental or isotopic fractionation that occurs for the noble gas species 
of interest.

3. Venus atmosphere

The current state-of-the-art regarding the elemental and isotopic 
compositions of noble gases in the Venus atmosphere has been re-
viewed recently (see Avice et al. (2022) and references therein). Most 
data have been collected by American and Soviet space missions op-
erated during the 1970s and 1980s. Overall, those data point toward 
relatively high abundances of neon, argon, krypton, and xenon in 
Venus’ atmosphere when compared to Earth and Mars. This suggests 
that Venus may have inherited more volatile elements than the two 
other planets. These volatile elements could have been present in 
Venus’ building blocks or could have been delivered later on in its 
evolution by volatile-rich bodies such as carbonaceous asteroids and/or 
comets. The isotopic composition of neon points towards a significant 
contribution from solar-derived neon, although the lack of krypton 
and xenon isotope data do not allow one to test this hypothesis of 
volatile origins for Venus. Noble gas isotopes are also useful tracers of 
a planet’s geodynamics over its entire geological history. The relatively 
low 40Ar/36Ar ratio (≈1, low compared to Earth’s atmospheric ratio 
of ≈300) suggests that Venus outgassed less of its radiogenic 40Ar 
compared to the case of Earth (Kaula, 1999), although outgassing 
histories are model-dependent (O’Rourke and Korenaga, 2015) and rely 
on estimates of the K/U ratio for the bulk planet (see the discussion 
by Gillmann et al., 2022). The fact that Venus’ atmospheric xenon 
does not present an extremely high 129Xe/132Xe ratio (Avice et al., 
2022) suggests that, contrary to the case of Mars, Venus did not 
suffer from a massive escape of its primordial xenon followed by the 
degassing of radiogenic 129Xe produced in the silicate portions of the 
planet during the first 150 Myr of its history by radioactive decay of 
now extinct 129Xe (Swindle, 2002). Again, only a few measurements 
with large uncertainties are available, but the selected future mission 
DAVINCI (Garvin et al., 2022) should provide additional data measured
in situ with improved precision to shed new light on planetary volatile 
origins and geodynamics.

The precision and accuracy achievable by in situ measurement is 
limited by considerations of instrument mass, volume, power con-
sumption, and analysis time during transit through the atmosphere. 
To mitigate these challenges, Venus atmospheric sample return and 
analysis in terrestrial laboratories is critical. As the expected atmo-
spheric properties at the sampling altitude will provide the initial 
conditions for the DSMC simulations performed in this work, it is 
also important to understand the bulk atmospheric composition. The 
bulk Venus atmospheric composition is dominated by two species: the 
atmosphere is 96.5 ± 0.8% CO2 and 3.5 ± 0.8% N2 (Fegley, 2014), by 
volume. Other species are present at trace abundances that sum to less 
than 0.1% of the atmosphere by volume: SO2, Ar, H2O, CO, He, Ne, 
H2SO4, OCS, and H2S are observed in the few ppmv to ≈150 ppmv 
level, while O3, HCl, HF, SO, NO, SO3, CS, CS2, Kr, and Xe are present 
at the few ppbv level (Arney et al., 2014; Fegley, 2014; Oschlisniok 
et al., 2021; Avice et al., 2022; Mahieux et al., 2023a,b). Droplets of 
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condensed H2SO4 and H2O (Krasnopolsky and Pollack, 1994) form a 
cloud layer from ≈48 to 70 km above the surface (Titov et al., 2018). 
Importantly, the composition of the atmosphere has been observed to 
be variable in space (altitude, latitude, and longitude) and time (Marcq 
et al., 2018). In particular, the concentrations of H2O, SO2, and CO 
appear to be altitude-dependent, with distinct vertical profiles above 
and below the cloud layer (Marcq et al., 2018).

The homopause is the altitude region where a transition in the 
dominant mode of gas transport occurs (Von Zahn et al., 1979). Below 
the homopause, gas transport is dominated by eddy diffusion and inert 
gases are well-mixed; their concentrations vary with altitude with the 
same scale height. Above the homopause, gas transport is dominated 
by molecular diffusion, which separates gas species by altitude based 
on their molecular mass. Sampling below the homopause is necessary 
to procure a representative sample of the Venus atmosphere (with the 
caveat that species like H2O, SO2, and CO vary with altitude even below 
the homopause). Different gas species have different homopause alti-
tudes (Mahieux et al., 2021), but we expect 110 km to be a sufficiently 
low altitude to sample beneath the homopause for gases of interest.

At the surface of Venus, the pressure is expected to be ≈92 bar 
and the temperature is expected to be ≈735 K (Bullock and Grinspoon, 
2001). At ≈110 km in altitude, where sampling is expected to occur 
for VATMOS-SR, the pressure and temperature are expected to be 
≈1.3 × 10−6 bar and 195 K (Mahieux et al., 2012, 2015; Limaye et al., 
2017; Sánchez-Lavega et al., 2017). The scale height at the surface is 
approximately 16 km, and the mean lapse rate is ≈8 K/km (Sánchez-
Lavega et al., 2017). Variations in the density of the atmosphere 
with altitude are constrained by orbiter and ground-based telescope 
observations (Limaye et al., 2017), and with general circulation models 
where observations are sparse or unavailable (Navarro et al., 2021; 
Gilli et al., 2021). Approximate values consistent with observational 
constraints are used for the current simulations. As upcoming space 
missions (Widemann et al., 2023), including VERITAS (Smrekar et al., 
2022), DAVINCI (Garvin et al., 2022) and EnVision (Ghail et al., 2017), 
improve our knowledge of the structure, dynamics, and composition the 
Venus atmosphere, our expected freestream conditions may be updated 
accordingly.

4. DSMC simulations

4.1. Modeling assumptions

DSMC is a numerical Monte Carlo method to solve the time-
dependent nonlinear Boltzmann equation. It is a probabilistic simu-
lation of molecular processes based on the kinetic theory of dilute 
gases (Bird, 1994). The general Boltzmann equation follows the follow-
ing form (with physical interpretations of the various terms included)

𝜕𝑓
𝜕𝑡

+
𝑝
𝑚

⋅ ∇𝑓 + 𝐹 ⋅
𝜕𝑓
𝜕𝑝

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
molecular motion and force-induced acceleration

=
(

𝜕𝑓
𝜕𝑡

)

𝑐𝑜𝑙𝑙
⏟⏞⏞⏞⏟⏞⏞⏞⏟

molecular collisions

(1)

where 𝑓 is a probability density function, 𝑝 is the momentum vector, 
𝐹  is the force field acting on the particles in the fluid, and 𝑚 is the 
mass of the particle. In the DSMC algorithm, the Boltzmann equation is 
decoupled into two parts: molecular advection and collisions. Particles 
are tracked in the domain based on their position in virtual cells. Each 
numerical particle represents an 𝐹𝑁  number of real molecules. The time 
step is chosen such that it is smaller than the mean collision frequency. 
At each time step, following their advection, a number of binary pairs 
of particles are selected for collisions within each grid cell. Each grid 
cell is chosen to be smaller than the mixture mean free path.

In the collision procedure, we follow the no-time-counter (NTC) 
procedure of  Bird (1994) for the selection of collision pairs. To reduce 
statistical scatter and ensure that collisions are performed accurately, 
it is generally recommended that a minimum of 10 to 20 particles per 
computational cell are used. SPARTA uses the Variable Soft Sphere 
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(VSS) model to simulate particle interactions (Koura and Matsumoto, 
1991). High-temperature fits to the collision integrals (CI) for trans-
port properties computations for Venusian atmosphere (Wright et al., 
2007; Swaminathan-Gopalan, 2015) used in this study are provided in 
Appendix  A. Additionally, the Mars/Venus set of chemical reactions 
developed by Johnston and Brandis (2014) is used in the Total Collision 
Energy (TCE) model of Bird (1994). Some Arrhenius rates from the 
Johnston and Brandis model had to be refitted such that the Arrhenius 
temperature exponent fits in a certain range, as required by the TCE 
model (described in Higdon (2018, Ch. 7)). The full set of Arrhenius 
rates can be found in Appendix  B.

4.2. Freestream conditions

As mentioned in Section 3, Venus’ atmosphere is approximately 
composed of 96.5% CO2, 3.5% N2, and trace amounts of other gases. 
Depending on the noble gas of interest, the concentrations are expected 
to be between a few ppbv and ≈150 ppmv, which corresponds to mole 
fractions between ≈10−4 and ≈10−9. Given these extremely low mole 
fractions, all the noble gases are considered to be trace species com-
pared with the reactive species comprising the Venusian atmosphere. 
Simulating the expected mole fractions of the noble gases with an 
acceptable accuracy in our DSMC model would prove computation-
ally impossible as it would require using ≈1017 numerical particles. 
Therefore, in all the Cupid’s Arrow and VATMOS-SR numerical studies, 
the mole fractions of the noble gases were artificially increased. To 
account for possible reactions between the reactive freestream gases, 
additional species (CO, O, N2, NO, N, C, CN and C2) are also considered 
in the mixture of interest. Simulations including ionized species (CO+, 
O+, N+, NO+, O2+, C+, ionized noble gases, and e−) at 10.5 km/s 
entry conditions were performed. Due to the large ionization potentials 
of noble gases, no meaningful levels of ionization were observed for 
them. For non-noble gas species, only CO+, NO+ and C+ showed any 
non-trivial levels of ionization. However, the total mole fractions of 
ions and electrons were an order of magnitude lower than 1%. We 
therefore concluded that, under these conditions, including ionization 
would not provide any additional physics, but would provide a signifi-
cant computational slowdown. However, should faster entry conditions 
be investigated (e.g., 13 km/s), we acknowledge that ionization and 
possibly electronic excitation could become an important phenomenon 
that should be accounted for in future studies. Based on these results, 
a neutral gas mixture is assumed in the following sections.

In particular, elemental fractionation refers to the enrichment of 
one element compared to another, and isotopic fractionation refers 
to the enrichment of one isotope of a species compared to another 
isotope of the same species, all with respect to the naturally occurring 
composition in the Venus atmosphere. The primary contributor to gas 
fractionation is differential diffusion, which is driven by the differences 
in molecular mass of the species present in the gas mixture and is 
expected to mainly occur in the shock and compression layers in front 
of the vehicle. The gas expansion, as the mixture travels through the 
valve orifice and into the sampling tank, is also postulated as a possible 
secondary fractionation contributor. Sensitivity studies were conducted 
in Rabinovitch et al. (2019) to quantify the impact of the assumed 
noble gas mole fraction in the freestream of the DSMC simulations on 
their fractionation, particularly focusing on the standard deviation of 
mixture mole fraction in the sampling tank. The preliminary conclusion 
was that freestream mole fractions for all noble gases were required 
to be a minimum of 0.1%, with a value of 1% preferred. Further 
studies (outside the scope of this paper) showed that a 1% freestream 
mole fraction for the noble gas species provided the best compromise 
between accuracy for the concentration of the trace noble gas species 
in the sample acquisition tanks, while also minimizing the effect the 
increased noble gas species have on changing the Venusian atmo-
spheric transport properties. Furthermore, we verified that simulations 
that modeled each noble gas species separately recovered the same 
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Table 2
Baseline simulation matrix (15 independent simulations) used for this study. 
Only the mole fraction of the noble gas species is varied between each 
simulation.
 Case U∞ (km/s) T∞ (K) n (m−3) X𝐶𝑂2

X𝑁2
X𝑖  

 i 10.5 195 4.84 × 1019 0.937 0.053 0.01 
 i = 1–15 X𝑖 = {128Xe, 129Xe, 130Xe, 132Xe, 136Xe, 3He, 4He,
 36Ar, 38Ar, 40Ar, 20Ne, 22Ne, 82Kr, 84Kr, 86Kr }

fractionation value as simulations that modeled the various species 
together (within the random fluctuations). This independent treatment 
of noble gases can also be justified by the fact that the actual noble gas 
concentrations in the Venusian atmosphere are extremely low which 
implies that the probability of inter-noble gas collisions is negligible.

The determination of the noble gas isotopic ratios is a primary 
scientific objective, and the required precision for these measurements 
is shown in Table  1. To investigate the mass-dependent fractionation 
trends observed with the simulations, a transfer function between the 
ratios in the tank and those in the freestream is also generated. For 
all the various isotopes of each noble gas, identical mole fractions are 
specified in each of the fifteen independent simulations. Therefore, 
comparing the number densities of the various isotopes in the tank will 
provide a direct measure of the fractionation. We also confirmed that 
the tank pressure was similar for all instances in the fifteen independent 
simulations (within 0.6%).

Table  2 summarizes the baseline simulation matrix used for this 
study. The various isotopes that are considered are: 128Xe, 129Xe, 130Xe, 
132Xe, 136Xe, 3He, 4He, 36Ar, 38Ar, 40Ar, 20Ne, 22Ne, 82Kr, 84Kr and 
86Kr. All isotopes of a specific noble gas species are modeled with the 
same transport properties (i.e., VSS parameters) except for their masses. 
While there is no available data regarding the transport properties of 
various isotopes of a noble gas at high temperature, since different 
isotopes of the same gas have the same electron cloud, the interatomic 
potentials are presumed to be identical, and therefore the VSS param-
eters should be the same for all isotopes of a noble gas. Therefore, 
only the mass of isotopes should affect their transport properties. The 
value of the freestream temperature is 195 K. The baseline freestream 
velocity and number density used in this study are 10.5 km/s and 4.84×
1019 m−3, respectively. At those conditions, the corresponding Mach 
number is 49.5. Furthermore, the effects of varying the freestream 
density (increasing and decreasing it by 25% when compared to the 
baseline value) as well as varying the freestream velocity (a second 
velocity of 13.0 km/s, which corresponds to the velocity the spacecraft 
would have if it were a secondary payload to the Dragonfly (Lorenz 
et al., 2018) trajectory, that included a Venus flyby) are investigated.

4.3. Simulations parameters

Particle–surface collisions are modeled using a diffuse reflection 
model. Two spacecraft surface temperature conditions are investigated 
in this study: a cold wall surface temperature fixed at 295 K, which 
was based on the expected temperature inside the probe in proximity 
to Venus, and a second more complex, variable surface temperature 
model, which makes use of the radiative equilibrium law, and will be 
referred to as ‘‘hot wall’’ model. In the latter, the surface temperature 
is determined from the Stefan–Boltzmann law, 𝑄𝑤 = 𝜎𝜖𝑇 4

𝑤, where 𝑄𝑤
represents the net heat flux on the surface, 𝑇𝑤 the surface tempera-
ture, 𝜎 the Stefan–Boltzmann constant, and 𝜖 the emissivity (0.85 for 
the thermal protection system material considered in this study). No 
surface reactions are included in this study, and all simulation results 
presented in Section 5 initialize the simulations with 90 000 particles 
per cell in the freestream.

SPARTA allows the grid to be adapted either between runs or on-
the-fly during a run as flow parameters or particle densities change 
spatially (Plimpton et al., 2019). Individual child grid cells can be 
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Fig. 3. Zoomed-in schematic view of the (top) ‘‘open valve’’ geometry, that 
includes the sampling tank, and (bottom) ‘‘closed valve’’ geometry. Only 
a quarter of the actual geometry is simulated. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)

refined to the next level in the hierarchy (e.g., 1 cell becomes 2 × 2 × 2 =
8 smaller grid cells). The criterion for refining a grid cell is usually 
chosen as the mean free path between molecular collisions, which is a 
function of the number density and the temperature of the particles in 
the cell. The maximum level of grid refinement is capped to 10, in order 
to keep the amount of computer memory manageable. A study on the 
effects of the maximum grid refinement level is provided in Appendix 
C. In turn, following grid adaptation, a total of up to 45 million grid 
cells and 317 million particles are used in the simulations. In the area of 
the highest number density (sampling inlet, upstream of the Mindrum 
valve), due to the adaptive mesh refinement, this leads to around 
2 particles per cell, which is below the desired number referenced 
previously. However, this is necessary to ensure the computational cost 
remains reasonable. This allows for the mean free path to be smaller 
than half of the cell size in a large part of the domain, except in 
the sampling inlet upstream of the valve. The time step is chosen as 
2.42 × 10−8 s, in order to ensure it is always less than half of the mean 
collision time anywhere in the domain.

Based on these variations, we performed a total of 126 simulations 
to complete the full simulation matrix. These simulations are computa-
tionally expensive since they need to cover many orders of magnitude 
for the number density between the freestream and the valve area. 
To reduce the computational cost, a quarter of the actual VATMOS-
SR probe is simulated, with symmetry boundary conditions applied 
in the two directions perpendicular to the flow direction. For each 
of the simulations, 1280 AMD EPYC Rome cores (10 nodes with 128 
cores/node) are used on the NASA Supercomputer Aitken. The total 
available memory is 5.12 TB, and all simulations are run for 120 h, 
which is the maximum allowable wall-time. For each simulation, the 
Mindrum valve is first placed in a closed state, and steady-state is 
allowed to establish in front of the spacecraft and inside the tube ahead 
6 
of the valve. That initial run takes place for 1.5 million time steps or 
36.39 ms. We confirmed that the number of particles as well as collision 
cells have reached a steady state after the first one million time steps 
by studying the evolution of the number of particles, particle–particle 
and particle–surfaces collisions, and the number of collision cells, in the 
domain. The valve is then numerically opened by replacing the entire 
surface with a new surface geometry containing the open valve and 
sampling tank. The flow is then allowed to establish inside the valve, 
secondary tube, and sampling tank. The simulation is then continued 
for approximately another 5 million time steps or 120 ms. Fig.  3 shows 
the initial ‘‘closed valve’’ geometry, on top in green, as well as the 
second ‘‘open valve’’ geometry, at the bottom in cyan. The sampling 
inlet, Mindrum valve, as well as the sampling tank are all identified. 
Number densities for each species present in the sampling tank are 
output at a frequency of 100 000 time steps, or every 2.42 ms. Fig. 
4(a) shows an excerpt of the computational grid on a quarter of the 
geometry following adaptive refinement. One can visually observe the 
large number of computational cells needed in regions of high density 
(compression layer, pipes, and valves). Fig.  4(b) shows a close-up view 
of the grid in the Mindrum valve region, showing how the complex 
internal geometry of the valve is captured in these simulations.

Although previous studies (Rabinovitch et al., 2019) focused on 
2-dimensional axisymmetric simulations, all simulations for the VAT-
MOS-SR spacecraft in this study are performed on a 3-dimensional 
geometry. While 2-dimensional simulations have a computational cost 
that is an order magnitude less than the 3-dimensional simulations, 
and are entirely capable of modeling the fractionation through the bow 
shock, compression layer, and sampling inlet, the inability to simplify 
the complex flow path through the Mindrum valve and various turns 
in an axisymmetric manner, means that the 2-dimensional simulations 
are not entirely capable of predicting the same fractionation as the 
3-dimensional ones.

5. Results and sensitivity studies

In this section, we focus on the results of the 3-dimensional para-
metric studies investigating the influence of various parameters on 
the fractionation of noble gases for VATMOS-SR. In Appendix  D, we 
provide some background on the fractionation of noble gases as well 
as its modeling with DSMC. In particular, we perform some normal 
shock simulations and investigate the fractionation of noble gases in 
these shocks. As opposed to the normal shock, the simulations of the 
blunt-body flow incorporate pressure diffusion effects in addition to 
thermal diffusion. For the results presented in this section, we model 
the full spacecraft geometry, including the sampling system. While 
the primary quantity of interest is the mixture composition in the 
sampling tank, we also provide an overview of the flow field. We start 
by analyzing the bow shock and compression layer, which are crucial 
in fractionating the noble gases. We then study both the elemental and 
isotopic fractionation of the noble gases of interest for the baseline 
conditions, which are the ones we expect the spacecraft to encounter 
during a nominal Venus atmospheric pass. Subsequently, we take a look 
at the effects of statistical scatter, since the DSMC represents a large 
amount of real molecules by a small number of simulated molecules, 
and therefore requires time averaging. Finally, we investigate the ef-
fects of the surface boundary conditions in the numerical model as well 
as the freestream number density and velocity.

5.1. Flow field and stagnation line

We perform simulations of the VATMOS-SR spacecraft at the base-
line conditions shown in Table  2. We first focus on the ‘‘closed valve’’ 
results, i.e., up to the end of the sampling inlet. The results in this 
section use a constant, cold wall surface temperature of 295 K. Contour 
and stagnation line plots for the translational temperature and pressure 
are shown in Fig.  5. The contour plot shows the bow shock is well 
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Fig. 4. Computational grid once the simulations have reached steady state.
developed around the blunt body, and that the peak temperature is 
located ≈2 mean free path from the surface. The peak translational 
temperature reaches 42 700 K. Furthermore, the stagnation line plot 
shows that temperature drops rapidly inside the inlet to under 350 K 
in a distance of only one mean free path, or 25 mm. Additionally, the 
pressure reaches a maximum value of ≈380 Pa near the entrance of 
the inlet, then plateaus inside the inlet. This pressure value is slightly 
higher, as expected (since the flow velocity decreases to nearly zero 
near the inlet), than the post-shock pressure of 341 Pa for the DSMC 
simulations of a normal shock described in Appendix  D.

In Fig.  6, we focus on the lightest and heaviest noble gases, 3He 
and 136Xe, which are each modeled in an independent simulation. One 
can see that the two gases exhibit opposite trends after starting at a 
1.0 normalized mass fraction in the freestream. 3He increases along 
the stagnation streamline, reaches a peak of approximately 1.42 in the 
shock, and then the value drops to a minimum around 0.15 at the 
start of the sampling inlet, before slowly rising to 0.26.136Xe decreases 
along the stagnation streamline, reaches a minimum around 0.65 in 
the shock, and then the value sharply increases in the compression 
layer, reaching a peak around 5.77 at the start of the sampling inlet, 
before dropping to 1.67 further downstream. Those conclusions are 
similar to those of Bird (1994), as summarized in Appendix  D, and 
show that light and heavy noble gas (with light and heavy defined with 
respect to the mixture’s mean molecular weight) behave in opposite 
ways, and while the initial effect seen along the stagnation line is due 
to thermal diffusion in the shock, the pressure diffusion taking place 
in the compression layer has a stronger effect. Therefore, for a mixture 
of noble gases that have a low concentration compared to the reactive 
CO2-N2 mixture, one expects that the hypersonic flow around a blunt 
body will concentrate the heavier gases and deplete the lighter ones at 
the surface and in the sampling inlet.

5.2. Sampling tank

The goal of this study is to demonstrate that it is possible to relate 
the relative concentrations of noble gas species in the tank to that in 
the freestream using DSMC simulations. It is known that the design 
of a future sampling system may differ from the one assumed here; 
however, incorporating the major components of a sampling system 
– particularly the Mindrum valve – into our geometry demonstrates 
that fractionation can be predicted for realistic flight-like geometries 
and hardware. This strengthens our confidence that DSMC simulations 
can be applied to future sampling systems to quantify fractionation as 
the spacecraft design evolves. Due to the temperatures encountered in 
the shock, dissociation of CO  and CO are the predominant chemical 
2
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reactions taking place in front of the vehicle. For the baseline condi-
tions, the mixture in the sampling tank is composed of CO ≈ 56%, 
O ≈ 23% and O2 ≈ 12%, by mole. The remaining fraction of species 
in the tank consists of CO, N2, N, NO, and the noble gas species of 
interest. It is important to note that despite no C, C2, and CN being 
recorded in the sampling tank, those species do serve as intermediates 
in the chemical reactions occurring in the shock and compression layer, 
and are therefore important to include in the chemical mechanism.

The pressure upstream of the Mindrum valve at the end of the closed 
valve simulation is ≈380 Pa, and the sample tank is assumed to be at 
vacuum once the open valve simulation starts. At the end of the open 
valve DSMC simulations, the sample tank has reached a pressure of 
≈5 Pa. While the pressure in the tank would continue to increase if the 
simulations were run longer, the simulations are stopped at this point 
due to computational cost. A linear change in pressure with respect 
to time in the tank is observed in this regime as expected, due to the 
large pressure ratio between the upstream and downstream side of the 
Mindrum valve (the orifice inside the valve acts as a chokepoint in the 
flow). VATMOS-SR is expected to operate in a regime where the flow 
remains choked at the valve orifice.

The normalized mass fraction of noble species 𝑖, 𝑌𝑖∕𝑌𝑖,∞, is defined 
as the mass fraction of a noble species normalized by the mass fraction 
of the same noble species in the freestream, and is computed as: 

𝑌𝑖
𝑌𝑖,∞

=
𝑀𝑖 ⋅ 𝑛𝑖,𝑡𝑎𝑛𝑘

∑𝑁𝑠𝑝𝑒𝑐𝑖𝑒𝑠
𝑗=1 𝑀𝑗 ⋅ 𝑛𝑗,𝑡𝑎𝑛𝑘

∑𝑁𝑠𝑝𝑒𝑐𝑖𝑒𝑠
𝑗=1 𝑀𝑗 ⋅ 𝑛𝑗,∞

𝑀𝑖 ⋅ 𝑛𝑖,∞
, (2)

where 𝑀𝑗 and 𝑛𝑗 are the molecular weight and number density of 
species 𝑗, respectively. The 𝑡𝑎𝑛𝑘 and ∞ subscripts represent values in 
the sampling tank and freestream, respectively. The normalized mass 
fractions of each noble gas species are plotted as a function of time 
in Fig.  7. It can be seen that after an initial transient time on the 
order of 40 ms for the heavier species, and 10 ms for the lighter ones, 
the normalized mass fraction ratios asymptote to a steady-state value. 
This steady-state value is then used as the fractionation ratio for each 
species, and we use a Michaelis–Menten (Michaelis and Menten, 1913; 
Johnson and Goody, 2011) type hyperbolic fit to extract the exact 
steady-state value for each species. Extrapolating to a steady state value 
saves computational cost (by enabling a shorter overall simulation 
duration), and it is assumed that a spacecraft would sample for order(s) 
of magnitude more time than what can be simulated with a reasonable 
computational cost, justifying the steady-state fitting in this work.

Fig.  8 shows the elemental fractionation steady-state values, derived 
from Fig.  7, fitted with the one-phase exponential association equation: 
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Fig. 5. Translational temperature and pressure for the baseline conditions. The view is zoomed-in on the nose of VATMOS-SR vehicle, where the sampling occurs, 
and the bow shock and compression layer region, as well as the sampling inlet.
Fig. 6. Normalized mass fractions of 136Xe and 3He for the baseline conditions. The view is zoomed-in on the nose of VATMOS-SR vehicle, where the sampling 
occurs, and the bow shock and compression layer region, as well as the sampling inlet.
𝑌𝑖
𝑌𝑖,∞

=
𝑌𝑖

𝑌𝑖,∞,𝑚𝑎𝑥

(

1 − exp
(

−𝑀
𝑀0

))

, (3)

where 𝑀 is the molecular weight of the noble gas, 𝑀0 is the molecular 
weight scale parameter and 𝑌𝑖∕𝑌𝑖,∞,𝑚𝑎𝑥 is the asymptote. The latter is 
defined by the sampling scenario specifics, such as atmospheric com-
position, bow shock conditions, species dissociation, species transport 
through hardware, etc. The term in the parentheses can be interpreted 
as a cumulative distribution function in analogy with the standard 
Weibull distribution for the special case of the shape parameter equal to 
one and a scale parameter 𝑀0. A shape parameter of one, 

(

−𝑀∕𝑀0
)1, 

attests to the randomness of the process, inferring constant fractiona-
tion probability per unit mass. The exponential term, exp (−𝑀∕𝑀0

)

, 
can take on a meaning analogous to the Weibull reliability function, 
describing the transport behavior as a function of the species molecular 
weight. The least-square fit to the data yielded 𝑀0 = 38.1 ± 1.3 g/mol, 
and 𝑌𝑖∕𝑌𝑖,∞,𝑚𝑎𝑥 = 2.20 ± 0.02. The fit function crosses 𝑌𝑖∕𝑌𝑖,∞,𝑚𝑎𝑥 = 1 at 
𝑀 = 23.1 ± 1.0 g/mol (henceforth referred to as the ‘‘tipping point’’), 
which is in a reasonably good agreement with the average molecular 
weight of the mixture in the tank, 𝑀 = 26.63 ± 0.73 g/mol (the 
𝑡
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uncertainty on the latter number is calculated as the difference between 
the average molecular weight of the mixture in the tank for mixtures 
containing the heaviest noble gas, 136Xe, and the lightest noble gas, 
3He). Of note, is that the error bars on the symbols, computed from 
the slope of the Michaelis–Menten fit, are smaller than the size of the 
symbols, and therefore not depicted.

One major conclusion from Fig.  8 is that, as expected, noble gases 
fractionate according to their molecular weight. It can be seen that 
He, the lightest noble gas, experienced the most depletion compared 
to its freestream value, while Xe, the heaviest noble gas, experienced 
the most enrichment compared to its freestream value. Moreover, the 
species with a molecular weight lower than the molecular weight of 
the mixture in the tank get depleted, while the species with molecular 
weights larger get enriched. Furthermore, the same conclusion applies 
to isotopes of a particular noble gas. They will also fractionate due 
to their molecular weight, with the heaviest isotopes being enriched, 
as can also be seen on Fig.  8 (isotopic fractionation). It should be 
noted that the fit shown in Fig.  8 in red and in Fig.  9 in blue is for 
illustrative purposes only, and demonstrates that fractionation is mass-
dependent. If a specific value of fractionation is needed for a given 
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Fig. 7. Normalized mass fractions of the fifteen noble gas species in the sample acquisition tank as a function of time from valve opening for the baseline 
conditions. Solid lines show the Michaelis–Menten fit used to extract the steady-state value of the normalized mass fractions.
Fig. 8. Elemental fraction as a function of molecular weight of the noble 
gas for the baseline conditions. Also shown is a fit to the data using a one-
phase exponential association equation. The dashed red lines represent the 
boundaries of the fit due to the uncertainties on the 2 fitting parameters. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

set of initial conditions, then a dedicated set of DSMC simulations 
would be used. The fit is also useful for performing efficient prelimi-
nary calculations/estimates related to the performance of the sampling 
system.

Since various isotopes of the same noble gas atom are modeled with 
the same transport properties except for their masses, only the mass of 
a noble gas isotope should be a factor in its fractionation compared to 
another isotope. We now switch from mass fractions to mole fractions 
to be consistent with how the planetary science community reports 
isotopic ratios. Fig.  9 shows the mole fraction ratio of the various 
isotopes of Xe when compared to 130Xe, various isotopes of Kr when 
compared to 84Kr, and of various isotopes Ar when compared to 36Ar, 
9 
as well as the associated error bars for each ratio, which represent 
one standard deviation from the average based on the DSMC results 
when averaged/sampled temporally. The blue lines represent the fit 
from Eq.  (3). Furthermore, Table  3 provides the isotopic ratios as well 
as one standard deviation over the average (also known as the relative 
standard deviation, or RSD, representative of the temporal fluctuations 
in%) for various isotope pairs that are of interest to the Venus scientific 
community. Each data point and associated error bar in Fig.  9 represent 
results from an individual DSMC simulation.

It can be seen that the temporal fluctuations of the results from the 
DSMC simulations for each of those isotope pairs is always under 0.1%, 
except for He, which is due to the fast diffusion speed of He because 
of its extremely light molar mass when compared with the average 
mixture molar mass. Additionally, as predicted previously, heavier 
isotopes are always enriched when compared to lighter isotopes.
Effect of statistics. Inherently, DSMC is a stochastic method that rep-
resents a large amount of real molecules by a small number of sim-
ulated molecules, and therefore requires time averaging to reduce 
noise caused by statistical fluctuations. All collision procedures use an 
acceptance/rejection algorithm, and make use of a random number 
generator. To perform statistically-independent simulations, SPARTA 
allows the user to choose a single seed to initialize the random number 
generator. Therefore, by performing multiple simulations with different 
initial seeds, one can quantify the effects of statistics. We performed 
five identical simulations that only differed by their initial seed, for 
all fifteen noble gases, and at reduced density (−25%) conditions. We 
chose the reduced density condition because of its significantly lower 
computational cost to run the 75 required simulations. It was found that 
the RSD was under 0.2% for all fifteen noble gases, except for 4He, for 
which it was under 0.4%. Table  4 shows the normalized mass fraction 
for all five random seeds as well as the average value and relative 
standard deviation for the fifteen noble gas species. Given the low 
amount of statistical fluctuations between the runs, we are confident 
that our DSMC simulations are properly resolved with respect to the 
number of computational particles, which is a critical aspect of the 
DSMC method.
Effect of surface boundary conditions. As mentioned in Section 4.3, 
we performed simulations with both a cold wall boundary condition 
where the surface temperature is fixed at 295 K, as well as a hot 
wall boundary condition which uses the radiative equilibrium law 
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Fig. 9. The red line and symbols represents the isotopic, molar fractionation for various isotopes of one noble gas, when compared to a reference isotope. The 
black error bars represent one standard deviation from the average. The blue lines represent the fit from Eq.  (3). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
Table 3
Isotopic fractionation ratios for various isotope pairs of interest.
 Noble gas Xe Xe Xe Xe Xe Xe Xe Xe He Ne Ar Ar Kr Kr  
 Isotope pair 128/130 129/130 132/130 136/130 128/132 129/132 130/132 136/132 3/4 20/22 38/36 40/36 82/84 86/84 
 𝜇 0.999 0.999 1.001 1.005 0.998 0.998 0.999 1.005 0.838 0.932 1.034 1.068 0.992 1.009  
 𝜎/𝜇 0.05% 0.03% 0.04% 0.06% 0.05% 0.06% 0.04% 0.07% 0.12% 0.09% 0.05% 0.09% 0.05% 0.04% 
Table 4
Normalized mass fractions for the fifteen noble gas species, at −25% density freestream conditions.
 Noble gas 3He 4He 20Ne 22Ne 36Ar 38Ar 40Ar 82Kr 84Kr 86Kr 128Xe 129Xe 130Xe 132Xe 136Xe  
 Seed1 0.175 0.213 0.795 0.863 1.327 1.377 1.431 2.083 2.090 2.110 2.183 2.184 2.185 2.197 2.198  
 Seed2 0.175 0.213 0.796 0.865 1.325 1.377 1.429 2.077 2.100 2.109 2.185 2.183 2.186 2.190 2.195  
 Seed3 0.175 0.212 0.795 0.861 1.330 1.380 1.430 2.078 2.096 2.110 2.181 2.185 2.189 2.189 2.197  
 Seed4 0.175 0.212 0.794 0.861 1.329 1.377 1.428 2.082 2.096 2.105 2.181 2.183 2.186 2.188 2.193  
 Seed5 0.175 0.211 0.794 0.863 1.325 1.378 1.428 2.081 2.099 2.108 2.184 2.182 2.184 2.188 2.197  
 𝜇 0.175 0.212 0.795 0.863 1.327 1.378 1.429 2.080 2.096 2.108 2.183 2.183 2.186 2.190 2.196  
 𝜎/𝜇 0.17% 0.39% 0.09% 0.20% 0.17% 0.10% 0.09% 0.12% 0.19% 0.10% 0.09% 0.06% 0.08% 0.19% 0.10% 
Table 5
Normalized mass fraction for the fifteen noble gas species, at baseline freestream conditions, for cold and hot (using the re-radiative surface boundary condition) 
walls. Both sets of simulations use a maximum grid refinement level of 10.
 Noble gas 3He 4He 20Ne 22Ne 36Ar 38Ar 40Ar 82Kr 84Kr 86Kr 128Xe 129Xe 130Xe 132Xe 136Xe  
 Cold wall (ref.) 0.215 0.258 0.858 0.921 1.330 1.373 1.418 2.002 2.013 2.030 2.110 2.111 2.110 2.113 2.116  
 Hot wall 0.214 0.258 0.861 0.923 1.335 1.379 1.426 2.011 2.026 2.044 2.129 2.127 2.126 2.130 2.133  
 Relative difference 0.29% 0.01% −0.29% −0.14% −0.38% −0.41% −0.52% −0.46% −0.66% −0.66% −0.90% −0.73% −0.76% −0.82% −0.81% 
previously described. The latter leads to a peak surface temperature 
≈2100 K near the entrance of the sampling inlet. However, we notice 
that the temperature inside the inlet drops rapidly, to under 1000 K in 
a matter of a few millimeters. The freestream number density, velocity 
and maximum level of grid refinement are all kept constant at the 
baseline value. Table  5 shows the comparison of the normalized mass 
fraction for all fifteen noble gas species for both surface boundary 
conditions. It can be seen that the differences between both surface 
boundary conditions are under 1% for all cases, and on average around 
a half a percent, which can be considered on the order of the statisti-
cal fluctuations. Moreover, the heavier noble gases are slightly more 
affected than lighter ones.
Effect of freestream number density. We then performed sensitivity stud-
ies on the freestream number density and its impact on fractionation. 
In that order, aside from the baseline density, we also considered 
conditions where the density was 25% higher and 25% lower. There 
is still significant uncertainty associated with predicting Venus atmo-
spheric conditions at the sampling altitude, along with expected diurnal 
variations (Mahieux et al., 2012). Varying density by 25% in each 
direction represents a sizable variation, yet also balances computational 
cost associated with increasing the freestream density. It is important 
to note that we did not vary the maximum grid refinement level of 10 
10 
in any of those simulations. Since the mean free path for a VSS gas is 
inversely proportional to the number density, the grid cell size should 
ordinarily be reduced when the number density increases. However, 
since our simulations were capped, for this sensitivity study on the 
freestream number density, we kept the maximum grid refinement level 
fixed at 10, which is the maximum number that is computationally 
acceptable. Table  6 shows the comparison of the normalized mass frac-
tion for all fifteen noble gas species for the various density conditions. 
Interesting trends arise based on the mass of the noble gas of interest. 
Firstly, the lighter gas He is the most affected by density changes, in 
particular its lighter isotope 3He. Additionally, the lighter noble gases 
are enriched when the density decreases, and depleted when the density 
increases, but the trend is reversed for all noble gases heavier than 
22Ne.

Effect of freestream velocity. Subsequently, we performed a study where 
the freestream velocity was changed to 13.0 km/s, which corresponds 
to a Mach number of 61.3. That value was chosen because in an 
initial iteration of the mission concept, VATMOS-SR was baselined as 
a secondary payload to the Dragonfly trajectory, that included a Venus 
flyby, and the probe would have been skimming the atmosphere at 
≈13.0 km/s. For this particular study, we used the radiative equilibrium 
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Table 6
Normalized mass fraction for the fifteen noble gas species, at baseline freestream conditions, except for +25% and −25% variations in the number density. All 
sets of simulations use a maximum grid refinement level of 10.
 Noble gas 3He 4He 20Ne 22Ne 36Ar 38Ar 40Ar 82Kr 84Kr 86Kr 128Xe 129Xe 130Xe 132Xe 136Xe  
 Nominal num. density (ref.) 0.215 0.258 0.858 0.921 1.330 1.373 1.418 2.002 2.013 2.030 2.110 2.111 2.110 2.113 2.116  
 −25% num. density 0.175 0.213 0.795 0.863 1.327 1.377 1.431 2.083 2.090 2.110 2.183 2.184 2.185 2.197 2.198  
 Relative difference 18.42% 17.37% 7.41% 6.30% 0.28% −0.29% −0.86% −4.06% −3.83% −3.91% −3.51% −3.46% −3.53% −4.01% −3.88% 
 +25% num. density 0.256 0.304 0.904 0.963 1.333 1.377 1.411 1.977 1.969 2.701 2.088 2.080 2.085 2.089 2.090  
 Relative difference −19.11% −17.99% −5.28% −4.52% −0.18% −0.28% 0.50% 1.24% 2.18% 1.19% 1.04% 1.47% 1.19% 1.11% 1.25%  
Table 7
Normalized mass fraction for the fifteen noble gas species, at baseline freestream conditions, except for a variation in the velocity. Both sets of hot wall simulations 
use the radiative equilibrium wall boundary condition and a maximum grid refinement level of 10. The relative difference is between the two hot wall cases.
 Noble gas 3He 4He 20Ne 22Ne 36Ar 38Ar 40Ar 82Kr 84Kr 86Kr 128Xe 129Xe 130Xe 132Xe 136Xe  
 Cold wall 10.5 km/s 0.215 0.258 0.858 0.921 1.330 1.373 1.418 2.002 2.013 2.030 2.110 2.111 2.110 2.113 2.116  
 Hot wall 10.5 km/s (ref.) 0.214 0.258 0.861 0.923 1.335 1.379 1.426 2.011 2.026 2.044 2.129 2.127 2.126 2.130 2.133  
 Hot wall 13.0 km/s 0.264 0.316 0.983 1.048 1.437 1.482 1.520 1.986 1.995 2.016 1.996 1.999 2.000 2.007 2.003  
 Relative difference −23.25% −22.47% −14.14% −13.58% −7.60% −7.47% −6.63% 1.25% 1.55% 1.35% 6.24% 6.00% 5.94% 5.77% 6.12% 
wall boundary condition, since, we found that at 10.5 km/s, the differ-
ences between the cold wall and radiative equilibrium wall boundary 
conditions were minimal, and also because we expect the surface 
temperature to be much higher at a freestream velocity of 13.0 km/s. 
As can be seen in Table  7, the increase in the freestream velocity has a 
similar effect to a decrease in the density, that is, it depletes the lighter 
noble gases and enriches the heavier ones. However, this time, the 
‘‘tipping point’’ is located between 20Ne and 22Ne, around a molecular 
weight of 21 g/mol. That can be explained by the fact that the velocity 
increase leads to a larger of amount of dissociation, and therefore 
decreases the mixture average molecular weight (by 0.85 g/mol in the 
tank).

6. Discussion

In the previous section, we performed 3-dimensional simulations of 
the VATMOS-SR spacecraft, and showed that the stagnation pressure 
reached ≈380 Pa in the sampling inlet. The lightest and heaviest noble 
gases, 3He and 136Xe, showed opposite behaviors in the bow shock and 
compression layer regions. The strong compression layer encountered 
behind a Mach 50 shock depletes the lightest gases and enriches the 
heaviest ones. We also noticed that despite the pressure reaching a 
steady-state and constant value throughout the length of the first 
sampling inlet prior to the valve opening, the normalized mass fraction 
of the noble gases varied spatially along the stagnation streamline. By 
comparing with results for the normal shock from Appendix  D, we 
can conclude that the pressure diffusion effects have a much stronger 
impact than the thermal diffusion effects, and are the driving factor 
for fractionation in this blunt-body flow. Interestingly, as the strong 
pressure gradient in front of the vehicle drives the fractionation of 
the sample (and not the valve or internal plumbing), this suggests 
that the elemental composition of the gas mixture that enters the 
sampling system is comparable to that of the elemental composition 
in the sample tanks. Therefore, the complex Mindrum valve geometry 
may not be required in the computational domain to accurately predict 
fractionation, and a simplified geometry could likely be used instead, 
in the future, with comparable accuracy.

Subsequently, motivated by the science objectives of VATMOS-SR, 
we investigated the effects of various parameters on our main quantity 
of interest, the mass fraction of noble gases collected in the sampling 
tank normalized by the mass fraction of noble gases in the freestream. 
We studied both elemental fractionation, which quantifies how differ-
ent noble gases fractionate, and isotopic fractionation, which quantifies 
how two isotopes of the same noble gas fractionate. The latter is an 
important metric, since, in our simulations, the only difference between 
11 
two isotopes of the same noble gases is their mass, and therefore offers 
a direct view into the impact of mass on differential diffusion.

The transfer function that we computed relates each noble gas’ 
sampled mass fraction with their relative freestream mass fraction, and 
was fitted from data obtained independently for each noble gas species 
using a one-phase exponential association equation based on a standard 
Weibull function. Since 136Xe gets enriched and 3He depleted, the 
former has a number density roughly an order of magnitude higher than 
the latter, which also means an order of magnitude more simulated 
molecules, 𝑁 . Since statistical fluctuations correlate with 1∕

√

𝑁 , we 
expect the statistical fluctuation to be significantly lower on Xe than 
on He. That is one possible explanation as to why the Weibull function 
fits the Xe data better than the He data.

Our investigations showed that the statistics inherently associated 
with the DSMC method, that are a by-product of the use of random 
numbers, lead to fluctuations that are on average under 0.2%. We can 
therefore consider that our simulations are well resolved in terms of the 
number of particles. The last numerical parameter we investigated was 
the surface boundary condition, and we observed that the difference 
between using cold wall and re-radiative boundary conditions led to 
relative differences that were on average under 0.7%.

We then investigated input parameters that are related to the Venu-
sian atmosphere and mission concept, the freestream number density 
and velocity, respectively. Those two parameters were found to more 
substantially affect the normalized mass fraction of the noble gases. 
Starting with the number density, we added uncertainties of ±25% 
around our nominal value, to account for potential unexpected vari-
ations in the Venusian atmospheric density as well as the sampling 
altitude. We then focused on the effects of a change in the freestream 
velocity from 10.5 to 13.0 km/s, which could be a realistic change 
depending on the launch vehicle and overall mission concept. Our 
studies reported a few important conclusions, which are presented 
henceforth along with their interpretations:

1. Lighter noble gases are more affected by changes in the 
freestream density and velocity than heavier ones: The ve-
locity of lighter atoms is significantly affected by collisions with 
all other molecules, whereas, for heavier atoms, their veloc-
ity is only significantly affected by collision with molecules of 
comparable mass.

2. Lighter noble gases are enriched when the density or ve-
locity decreases, and depleted when the density or velocity 
increases. The opposite is true for heavier noble gases: We 
previously concluded that regions of higher pressure enriched 
the heavier noble gases, and depleted the lighter ones. A stronger 
shock or higher velocity would have the effect of increasing the 
stagnation pressure, therefore enriching the heavier noble gases.
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The latter results are important because they showcase that possi-
ble uncertainties in the Venusian atmospheric composition during the 
atmospheric pass may have a large impact on the measurement of 
the abundance of noble gases. Is it therefore crucial that any Venus 
exploration missions that could launch before or concurrently with 
VATMOS-SR, such as VERITAS (Smrekar et al., 2022), EnVision (Ghail 
et al., 2017), and DAVINCI (Garvin et al., 2022), could provide data 
and analysis that would yield a higher confidence in our ability to 
predict the Venusian atmospheric composition and thermodynamic 
properties. Furthermore, precise knowledge of the freestream density 
and temperature and sampling speed for VATMOS-SR will be required
a posteriori for accurate post-flight simulations analysis. Relating this 
analysis and discussion to the scientific objectives of VATMOS-SR, an 
isotopic fractionation uncertainty lower than 1%/atomic mass unit 
(amu) of the sampled gas would still allow determining the extent 
of atmospheric loss of atmospheric xenon on Venus compared to the 
case of Earth and Mars (40%/amu). It would also enable determining 
if comets delivered volatile elements to Venus. Having such limited 
isotopic fractionation also means that excesses of noble gas isotopes 
produced by the decay of radioactive elements (e.g., 129I, 238U, 40K) 
would still be detectable (Avice et al., 2022). As shown in Fig.  9, 
the overall isotopic fraction is significantly less than 1%/amu, and we 
have also demonstrated the ability to predict this fractionation with 
DSMC simulations. Future work will continue to quantitatively relate 
the uncertainty associated with predicting fractionation to the scientific 
objectives of VATMOS-SR.

It is worth noting that one critical missing parameter is the knowl-
edge of how to model different isotopes of the same noble gas. The 
approach chosen in this work was to simply change the mass of each 
isotope, but this assumption was driven as much by the lack of any data 
associated with isotopic specific transport properties, as it was by the 
fact that isotopes of the same species have the same electron cloud and 
therefore the same interatomic potential and VSS parameters. Experi-
mental studies measuring the diffusion coefficient of several isotopes of 
a noble gas would be crucially important to provide validation for this 
work, as they could then potentially open the door to fitting different 
VSS parameters to isotopes of the same species.

While many parameters were varied in this work, it is not meant 
to represent an exhaustive sensitivity study due to the complexity of 
the topic being studied. We briefly highlight several areas that could 
be the topic of future work. No gas–surface interactions were included 
in this work due to the uncertainty associated with gas–surface inter-
action models, along with the uncertainty with materials that will be 
used in VATMOS-SR spacecraft. Similarly, only one thermal boundary 
condition was used in this study. When additional detail is available, 
investigating the sensitivity of fractionation to gas–surface interaction 
modeling choices along with thermal surface boundary conditions is 
a logical course of action to pursue. The effect of grid refinement 
should also be investigated in more detail for the higher-density cases 
that were included, where it was not possible to spatially resolve 
the mesh down to the mean free path of the flow in certain areas 
of the domain. Furthermore, simulations in this work assumed a 0◦
angle of attack (AoA), and future parameter space investigations could 
include simulations with non-zero AoAs based on expected vehicle 
flight dynamics. However, these simulations will be computationally 
more expensive due to decreased symmetry with the vehicle geometry. 
If the VATMOS-SR mission concept is selected for further study, we 
expect additional work to be performed to quantify the sensitivity of 
the fractionation predictions from numerical simulations.

Due to the rarefied high-speed flow regime of interest, end-to-
end experimental validation of fractionation predicted by DSMC sim-
ulations at flight-relevant conditions through the entire VATMOS-SR 
sampling system is likely impossible. However, future work should 
investigate the feasibility of experimentally validating different aspects 
of the computations/sampling system in a piecewise manner. For ex-
ample, once TPS material selection is finalized, experimental work 
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could be performed to investigate if ablation products in any significant 
quantity are collected in the sampling tanks, in addition to the Venus 
atmospheric sample.

Overall, we have demonstrated the use of DSMC simulations with 
a complex flight-relevant geometry to predict elemental and isotopic 
fractionation for the VATMOS-SR mission concept. Based on these 
simulations, we are confident that the freestream concentration 
is uniquely correlated to concentration in the tanks, with a good 
degree of certainty. These predictions will be important for VATMOS-
SR mission concept to relate the mixture composition of the acquired 
Venus gas samples to the true atmospheric composition of the Venus 
atmosphere.
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Appendix A. VSS collision model parameters

The transport properties in DSMC are not directly provided as input 
nor computed from collision integrals (CI). They are a direct result of 
the collisional interactions between coarse-grained DSMC particles. The 
outcome of these particle collisions is determined by the collision model 
employed and the user-provided parameters. Hence, the accuracy of 
transport properties within DSMC is directly dependent upon the input 
collision model parameters.
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Table 8
VSS collision model parameters. 𝑑𝑟𝑒𝑓  is the reference diameter, 𝜔 is the temperature exponent, 𝛼 is the 
scattering exponent, and 𝑇𝑟𝑒𝑓  is the reference temperature.
 Species 𝑑𝑟𝑒𝑓  [Å] 𝜔 𝛼 𝑇𝑟𝑒𝑓  (K) Ref.  
 CO2 4.147 0.632 1.259 273 Swaminathan-Gopalan (2015), Table 5.10  
 CO 4.684 0.787 1.494 273 Swaminathan-Gopalan (2015), Table 5.10  
 O2 3.896 0.700 1.463 273 Swaminathan-Gopalan (2015), Table 5.3  
 N2 4.040 0.686 1.424 273 Swaminathan-Gopalan (2015), Table 5.3  
 NO 4.218 0.737 1.542 273 Swaminathan-Gopalan (2015), Table 5.3  
 CN 4.609 0.784 1.635 273 Swaminathan-Gopalan (2015), Table 5.10  
 C2 4.684 0.787 1.494 273 Swaminathan-Gopalan (2015), Table 5.10  
 O 3.692 0.803 1.582 273 Swaminathan-Gopalan (2015), Table 5.3  
 N 3.697 0.790 1.486 273 Swaminathan-Gopalan (2015), Table 5.10  
 C 4.983 0.883 1.523 273 Swaminathan-Gopalan (2015), Table 5.10  
 He 2.298 0.712 1.429 350 Weaver and Alexeenko (2015), Table 3  
 Ne 2.484 0.675 1.331 823.15 Weaver and Alexeenko (2015), Table 3  
 Ar 4.011 0.722 1.470 273 Swaminathan-Gopalan and Stephani (2016), Table 3 
 Kr 4.096 0.734 1.312 473.15 Weaver and Alexeenko (2015), Table 3  
 Xe 5.650 0.850 1.440 273 Bird (1994), Tables A1 & A3  
When applying the VSS model to collisions between dissimilar 
species, an important aspect is how the model parameters are speci-
fied. One common method, known as the collision-averaged approach, 
treats the collision parameters as intrinsic to each species, irrespec-
tive of the species it collides with. In this framework, parameters for 
interactions between different species are obtained by averaging the 
individual species’ values. Alternatively, the collision-specific approach 
assigns unique DSMC parameters to each pair of colliding species, 
allowing for more tailored modeling of inter-species interactions.

The collision-averaged values for the reacting species that make 
up the Venusian atmosphere are obtained from Swaminathan-Gopalan 
(2015) (no data was available for C2, therefore, the same parameters 
as CO are used, due to the similarities between the two molecules).
The values for the noble gases are obtained from various Refs.
Swaminathan-Gopalan and Stephani (2016), Bird (1994) and Weaver 
and Alexeenko (2015).

On the other hand, for the collision-specific approach, the interaction 
between each of the 15 species in the mixture has to be considered. 
Therefore, the methodology described by  Swaminathan-Gopalan and 
Stephani (2016) involving the fitting of VSS parameters using the CI is 
employed here. The CI data for some of these interactions were readily 
available (Kestin et al., 1984; Bzowski et al., 1990). However, the CI 
data for other interactions were not present in the literature to the best 
of the authors’ knowledge. For these, the CIs are computed using the 
Lennard-Jones (LJ) potential from the code developed by Subramaniam 
et al. (2020). Although the LJ potential is not highly accurate, the 
occurrence of these collisions is quite rare, and hence this level of 
accuracy is sufficient for the current study. The LJ parameters are taken 
from the work of Rutkai et al. (2017). Once we have all the collision 
integrals, we use the methodology described in Ref. Swaminathan-
Gopalan and Stephani (2016) to obtain the collision model parameters 
by fitting to the CI data, which are then used in the DSMC simulations.

We compared the collision-averaged and collision-specific approaches 
and found that, for our problem of interest, the discrepancies between 
the two approaches were on the order of the statistical fluctuations 
shown in Table  4, and can therefore be considered negligible. Fur-
thermore, a recent publication (Hong and Gallis, 2023) suggested that
collision-averaged were more accurate than collision-specific parameters 
near ambient conditions. The collision-averaged VSS parameters were 
therefore used for all results shown in this study, and are given in Table 
8.

Appendix B. TCE chemical reactions rates

The reaction rates used in the TCE model in SPARTA are presented 
in Table  9 for dissociation and their corresponding recombination 
reactions, and Table  10 for all exchange reactions, respectively. Since 
SPARTA does not currently allow for the calculation of backward 
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reaction rates from specified forward reaction rates and equilibrium 
rates, both the forward and backward rates have to be specified. The 
backward rates were developed for this rate based on fitting the rates 
calculated by the ratio of the forward rate and the equilibrium constant 
computed from the Gibbs free energy to a modified Arrhenius rate. 
Furthermore, the TCE model in DSMC places additional constraints 
on the choice of the temperature exponent when fitting the modified 
Arrhenius rate, as explained by Higdon (2018, Ch. 7).

Appendix C. Maximum grid refinement level

Simulations were also performed to study the effect of the maximum 
adaptive mesh refinement (AMR) level. For this particular study, we fo-
cused on three noble gas isotopes, 4He, 40Ar and 132Xe, which represent 
a light, medium mass, and heavy isotope, respectively. For each noble 
gas, two separate simulations were conducted, in which the maximum 
AMR level was capped to 8 and 9, respectively. Otherwise, the baseline 
conditions were used for these simulations. Table  11 shows the results 
for the reference simulations (where the AMR level is capped at 10), as 
well the simulations with that value capped at 8 and 9. It can be seen 
that while the absolute relative error between maximum AMR 10 and 9 
is relatively low (under 2%), that absolute error then increases between 
when comparing AMR 10 and 8 (up to 7%). Therefore, while using a 
maximum AMR of 10 might not be entirely satisfying with respect to 
resolving a fraction of the mean free path in the regions of the highest 
density, the results show that the error in the normalized mass fraction 
decreases as the maximum AMR approaches 10.

Appendix D. Fractionation of noble gases

D.1. Theory

In his original DSMC manuscript (Bird, 1994) discusses the frac-
tionation of noble gases in the context of several thermodynamic 
phenomena. First, in Section 3.5, he discusses the thermal and pressure 
diffusion of gases: ‘‘thermal diffusion causes the larger and generally 
heavier molecules to migrate towards the cooler regions of a flow’’, 
and ‘‘pressure diffusion causes the heavy and light gases to move 
towards regions of high and low pressure, respectively’’. Additionally, 
‘‘pressure diffusion and thermal diffusion act in the same direction in 
the stagnation region of the hypersonic flow over a cold blunt body and 
the separation can be significant in the flow of a partly dissociated gas 
which necessarily involves large mass ratios.’’

In section 12.7, Bird validates thermal diffusion with the DSMC 
methodology. Subsequently, in Section 12.11, he investigates normal 
shock waves, specifically for a helium–xenon mixture, with xenon as 
the trace species (3% mole fraction). Confirming previously observed 
experimental results (Gmurczyk et al., 1979), Bird found that ‘‘normal 
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Table 9
Chemical kinetics rates for dissociation and recombination reactions used in the TCE model. 𝐸𝑎 represents the Arrhenius activation energy, 𝐴 the 
Arrhenius pre-exponential factor, 𝑛 the modified Arrhenius temperature exponent and 𝛥𝐻 the reaction enthalpy. The 𝑡𝑦𝑝𝑒 represents Dissociation (D) 
and Recombination (R) reactions (see Johnston and Brandis, 2014; Fujita et al., 2006; Park, 1993). 
i Type Reaction E𝑎 (J) A (m3 molecule−1 s−1) n 𝛥H (J) Third body, M Ref.

1f D CO2 + M ←←←←←←←←←←←←←←←←←→ 2CO + O + M 8.736 × 10−19 1.146 × 10−9 −1.5 −8.736 × 10−19 Noble gases Johnston and Brandis (2014)
2.325 × 10−8 N,C,O Johnston and Brandis (2014)
1.146 × 10−8 Others Johnston and Brandis (2014)

1b R 2CO + O + M ←←←←←←←←←←←←←←←←←→ CO2 + M 0 3.614 × 10−46 −0.238 8.736 × 10−19 Noble gases This work
7.331 × 10−45 N,C,O This work
3.614 × 10−45 Others This work

2f D CO + M ←←←←←←←←←←←←←←←←←→ C + O + M 1.781 × 10−18 1.986 × 10−10 −1.0 −1.781 × 10−18 Noble gases Johnston and Brandis (2014)
2.936 × 10−9 N,C,O Johnston and Brandis (2014)
1.986 × 10−9 Others Johnston and Brandis (2014)

2b R C + O + M ←←←←←←←←←←←←←←←←←→ CO + M 0 1.045 × 10−41 −1.023 1.781 × 10−18 Noble gases This work
1.542 × 10−40 N,C,O This work
1.045 × 10−40 Others This work

3f D C2 + M ←←←←←←←←←←←←←←←←←→ C + C + M 9.872 × 10−19 7.473 × 10−12 −1.0 −9.872 × 10−19 All Johnston and Brandis (2014)
3b R C + C + M ←←←←←←←←←←←←←←←←←→ C2 + M 0 1.545 × 10−42 −0.421 9.872 × 10−19 All This work
4f D CN + M ←←←←←←←←←←←←←←←←←→ C + N + M 9.734 × 10−19 9.963 × 10−15 −0.4 −9.734 × 10−19 All Fujita et al. (2006)
4b R C + N + M ←←←←←←←←←←←←←←←←←→ CN + M 0 1.690 × 10−40 −1.35 9.734 × 10−19 All This work
5f D N2 + M ←←←←←←←←←←←←←←←←←→ N + N + M 1.563 × 10−18 4.982 × 10−8 −1.6 −1.563 × 10−18 N,C,O Park (1993)

1.162 × 10−8 Others Park (1993)
5b R N + N + M ←←←←←←←←←←←←←←←←←→ N2 + M 0 4.937 × 10−40 −1.35 1.563 × 10−18 N,C,O This work

1.152 × 10−40 Others This work
6f D NO + M ←←←←←←←←←←←←←←←←←→ N + O + M 1.043 × 10−18 7.448 × 10−14 0 −1.043 × 10−18 N,C,O,NO, CO2 Park (1993)

3.321 × 10−15 Others Park (1993)
6b R N + O + M ←←←←←←←←←←←←←←←←←→ NO + M 0 6.554 × 10−45 0.178 1.563 × 10−18 N,C,O This work

2.979 × 10−46 Others This work
7f D O2 + M ←←←←←←←←←←←←←←←←←→ O + O + M 8.249 × 10−19 1.661 × 10−8 −1.5 8.249 × 10−19 N,C,O Park (1993)

3.321 × 10−9 Others Park (1993)
7b R O + O + M ←←←←←←←←←←←←←←←←←→ O2 + M 0 9.655 × 10−42 −0.906 8.249 × 10−19 N,C,O This work

1.931 × 10−42 Others This work
Table 10
Chemical kinetics rates for exchange reactions used in the TCE model. 𝐸𝑎 represents the Arrhenius activation energy, 𝐴 the 
Arrhenius pre-exponential factor, 𝑛 the modified Arrhenius temperature exponent and 𝛥𝐻 the reaction enthalpy. The 𝑡𝑦𝑝𝑒 represents 
Exchange (E) reactions (see Ibragimova, 1991; Park et al., 1994; Johnston and Brandis, 2014; Gokcen, 2007; Fujita et al., 2006; 
Park, 1993). 
i Type Reaction E𝑎 (J) A (m3 molecule−1 s−1) n 𝛥H (J) Ref.

8f E CO2 + O ←←←←←←←←←←←←←←←←←→ O2 + CO 4.667 × 10−19 4.500 × 10−16 0 −5.614 × 10−20 Ibragimova (1991)
8b E O2 + CO ←←←←←←←←←←←←←←←←←→ CO2 + O 4.102 × 10−19 1.616 × 10−17 0.194 5.614 × 10−20 This work
9f E CO + C ←←←←←←←←←←←←←←←←←→ C2 + O 8.008 × 10−19 3.985 × 10−13 −1.0 −8.008 × 10−19 Park et al. (1994)
9b E C2 + O ←←←←←←←←←←←←←←←←←→ CO + C 1.142 × 10−20 1.949 × 10−12 −1.405 8.008 × 10−19 This work
10f E CO + N ←←←←←←←←←←←←←←←←←→ CN + O 5.329 × 10−19 1.827 × 10−15 0 −5.329 × 10−19 Johnston and Brandis (2014)
10b E CN + O ←←←←←←←←←←←←←←←←←→ CO + N 0 5.203 × 10−15 −0.320 5.329 × 10−19 This work
11f E CO + NO ←←←←←←←←←←←←←←←←←→ CO2 + N 1.836 × 10−19 3.576 × 10−21 0.2 −1.836 × 10−19 This work
11b E CO2 + N ←←←←←←←←←←←←←←←←←→ CO + NO 5.944 × 10−20 4.539 × 10−16 −0.787 1.836 × 10−19 This work
12f E CO + O ←←←←←←←←←←←←←←←←←→ O2 + C 9.554 × 10−19 6.476 × 10−17 −0.18 −9.554 × 10−19 Park et al. (1994)
12b E O2 + C ←←←←←←←←←←←←←←←←←→ CO + O 0 3.537 × 10−16 −0.472 9.554 × 10−19 This work
13f E C2 + N2 ←←←←←←←←←←←←←←←←←→ CN + CN 2.899 × 10−19 2.491 × 10−17 0 −2.899 × 10−19 Gokcen (2007)
13b E CN + CN ←←←←←←←←←←←←←←←←←→ C2 + N2 1.390 × 10−19 2.648 × 10−17 0.036 2.899 × 10−19 This work
14f E CN + C ←←←←←←←←←←←←←←←←←→ C2 + N 2.499 × 10−19 4.982 × 10−16 0 −2.499 × 10−19 Fujita et al. (2006)
14b E C2 + N ←←←←←←←←←←←←←←←←←→ CN + C 1.694 × 10−21 1.805 × 10−15 −0.155 2.499 × 10−19 This work
15f E CN + O ←←←←←←←←←←←←←←←←←→ NO + C 2.016 × 10−19 2.657 × 10−18 0.1 −2.016 × 10−19 Johnston and Brandis (2014)
15b E NO + C ←←←←←←←←←←←←←←←←←→ CN + O 0 8.677 × 10−19 0.2 2.016 × 10−19 This work
16f E N + CO ←←←←←←←←←←←←←←←←←→ NO + C 7.386 × 10−19 1.823 × 10−16 0.07 −7.386 × 10−19 Fujita et al. (2006)
16b E NO + C ←←←←←←←←←←←←←←←←←→ N + CO 0 9.856 × 10−18 0.15 7.386 × 10−19 This work
17f E N2 + C ←←←←←←←←←←←←←←←←←→ CN + N 3.203 × 10−19 1.823 × 10−16 −0.11 −3.203 × 10−19 Park et al. (1994)
17b E CN + N ←←←←←←←←←←←←←←←←←→ N2 + C 2.556 × 10−20 2.118 × 10−13 −1.01 3.203 × 10−19 This work
18f E N2 + CO ←←←←←←←←←←←←←←←←←→ CN + CO 1.063 × 10−18 1.933 × 10−14 −1.23 −1.063 × 10−18 Fujita et al. (2006)
18b E CN + CO ←←←←←←←←←←←←←←←←←→ N2 + CO 1.875 × 10−20 5.792 × 10−13 −1.983 1.063 × 10−18 This work
19f E N2 + O ←←←←←←←←←←←←←←←←←→ NO + N 5.246 × 10−19 9.963 × 10−17 0.1 −5.246 × 10−19 Fujita et al. (2006)
19b E NO + N ←←←←←←←←←←←←←←←←←→ N2 + O 1.524 × 10−20 7.190 × 10−16 −0.288 5.246 × 10−19 This work
20f E NO + O ←←←←←←←←←←←←←←←←←→ O2 + N 2.684 × 10−19 1.389 × 10−17 0 −2.684 × 10−19 Park (1993)
20b E O2 + N ←←←←←←←←←←←←←←←←←→ NO + O 0 4.601 × 10−15 −0.546 2.684 × 10−19 Park (1993)
shocks exhibited the leading of the heavy gas profile by the light 
gas profile’’, referring to density profiles. Additionally, Bird’s DSMC 
simulations show that the ‘‘xenon concentration at the center of the 
shock drops to less than half the upstream and downstream values’’. 
From the mole fraction plot, it is also noticeable that the upstream value 
of the mole fraction is recovered downstream, i.e. the mole fraction of 
Xe is the same upstream and downstream of the shock. The diffusion 
14 
velocity plots also show that the heavy species, Xe, diffuses faster than 
the light species, He.

In Section 14.7, Bird then explores diffusion in blunt-body flows by 
looking at a helium–xenon mixture (71.78% He by mole) impinging on 
a vertical flat plate. He finds that Xe is concentrated in the stagnation 
region, and that in contrast, the wake of the flow is composed almost 
entirely of He. Bird also uses these various sections to expand on the 
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Fig. 10. Distribution of various quantities of interest in a Mach 49.5 shock with composition equivalent to that of Venus at 110 km altitude. The only noble gas 
modeled is 3He.
Table 11
Normalized mass fraction for three noble gas species, at baseline freestream 
conditions, as a function of the maximum adaptive mesh refinement (AMR) 
level.
 Noble gas 4He 40Ar 132Xe  
 AMR 10 (ref.) 0.258 1.418 2.113  
 AMR 9 0.261 1.414 2.071  
 Relative difference 1.49% −0.34% −1.99% 
 AMR 8 0.240 1.461 2.254  
 Relative difference −6.91% 3.02% 6.69%  

fact that the Navier–Stokes equation inadequately represent diffusion 
by neglecting the thermal and pressure diffusion terms, though it has 
recently been demonstrated that it is possible to include these terms in 
continuum CFD solvers (Kroells et al., 2025).

D.2. Verification

We replicate some of Bird’s normal shock simulations using the 
freestream conditions of the Venusian atmosphere relevant to this 
mission concept. We perform 1-dimensional normal shock simulations 
for the conditions listed in Table  2. The simulation setup is similar to 
that depicted in Higdon (2018, Ch. 2.2.2) and Zhu et al. (2014), for 
unsteady hypersonic shocks, given that the post-shock conditions are 
unknown. We model unsteady shocks in SPARTA by initializing a finite 
1-dimensional domain (4000 cells in the streamwise direction, 1 cell in 
each of the two other directions, with periodic boundary conditions 
applied in those directions). One end of the domain is open to an 
inlet where particles sampled from a Maxwellian velocity distribution 
are added at every time step. The other end of the domain is closed 
with a specular wall. A shock reflects from the specular end wall and 
propagates upstream. Because the shock speed is not known a priori, an 
iterative method is used, where the reflected shock velocity is computed 
as the shock propagates through the domain, and the input velocity 
is adjusted to converge towards the desired velocity of 10.5 km/s. 
To reduce statistical noise, we perform sampling over a spatial region 
downstream of the reflected shock and also use a moving window 
technique (i.e., the frame of reference is redefined with the center 
of shock as its origin). Finally, macro parameters such as tempera-
tures, pressure, and number densities are sampled and averaged. We 
also use the Mutation++ (Scoggins et al., 2020) software to compute 
post-normal shock equilibrium conditions for our conditions of inter-
est. Given freestream conditions (pressure, temperature and velocity), 
Mutation++ computes the Rankine–Hugoniot relations and the relaxed, 
thermodynamic and chemical equilibrium state, and velocity.

We perform independent 1-dimensional shock verification simula-
tions for three noble gases of interest to this study: the lightest noble 
gas, 3He, the heaviest one, 136Xe, and one of mass similar to that of 
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the mixture, 40Ar. For brevity, the results shown thereafter are those 
for one noble gas, 3He. Fig.  10(a) shows the translational temperature 
and pressure across the normal shock as a function of the distance 
normalized by the mean free path upstream of the shock. First, one can 
see that at those conditions, the shock is quite diffuse and spans over 10 
mean free paths. While the pressure upstream of the shock is 0.13 Pa, 
it rises to 341 Pa downstream, indicating a pressure ratio of 2623. 
Mutation++ reports a post-shock, equilibrium pressure of 355.9 Pa, 
which is in excellent agreement with our DSMC calculations using 
finite-rate chemistry. The translational temperature peaks at 40 000 K, 
and reaches a plateau of ≈12 800 K in the downstream region away 
from the wall. The number densities of the different gases across the 
shock can be seen in Fig.  10(b). As expected at Mach ≈50 conditions, 
the CO2 in the freestream gets entirely dissociated into CO, O and C, 
with the atomic species predominant downstream. The N2 also gets 
entirely dissociated into 𝑁 atoms. Finally, in Fig.  10(c), the normalized 
3He mass fraction is plotted with respect to the normalized shock 
length. The 3He in the center of the shock increases to over 2.5 times 
its upstream and downstream value, but recovers to the same value 
downstream as upstream, as discussed in the previous section. While 
not shown in the plots, 136Xe shows the opposite trend, and the value 
in the center of the shock drops to 20% of the downstream value, and 
40Ar drops to 60% of its downstream value.

Data availability

The results in this study were generated using SPARTA, available 
on the SPARTA Github page (Plimpton et al., 2019). The input decks 
are available from the corresponding author upon reasonable request 
and pending export considerations.
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