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Abstract

This study integrates radiative equilibrium boundary conditions on a cat-
alytic surface within the Direct Simulation Monte Carlo (DSMC) method.
The radiative equilibrium boundary condition is based on the principle of
energy conservation at each surface element, enabling the accurate capture
of spatially varying surface temperatures and heat fluxes encountered dur-
ing atmospheric re-entry. The surface catalycity is represented through the
finite-rate surface chemistry (FRSC) model, specifically focusing on the het-
erogeneous recombination of atomic oxygen on silica surfaces. Both the
FRSC model and the radiative equilibrium boundary conditions within the
DSMC framework are validated through comparison to analytical solutions.
Numerical simulations are conducted for rarefied hypersonic flow around a
two-dimensional cylinder under representative re-entry conditions for both
non-catalytic and catalytic surfaces. The results demonstrate significant dis-
crepancies in computed surface properties between the radiative equilibrium
and conventional isothermal boundary conditions. Furthermore, linear inter-

polation between results from two independent isothermal boundary condi-
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tions is shown to be inadequate for accurately predicting surface heat flux,
particularly when surface reactions are considered. The observed discrepan-
cies originate from a non-linear correlation between surface temperature and
heat flux, influenced by factors such as surface catalycity and local geometric
variations along the cylinder. These findings highlight the necessity of imple-
menting radiative equilibrium boundary conditions within DSMC to ensure
physically accurate aerothermodynamic computations.

Keywords: Numerical aerothermodynamics, Direct simulation Monte
Carlo, Radiative equilibrium boundary condition, Finite-rate surface

chemistry

1. Introduction

During atmospheric re-entry, a high-enthalpy shock layer forms in front
of the vehicle forebody, resulting in steep temperature gradients that excite
internal energy modes and dissociate gas molecules into atomic species [1].
The highly energetic gas particles collide with the vehicle surface, signifi-
cantly increasing both the incoming heat flux, ¢;,, and the surface temper-
ature, T;. These two parameters play a key role in gas—surface interactions
during re-entry, influencing phenomena such as hypersonic boundary layer
transition [2] and the thermal response of materials under extreme heating
conditions [3H5]. Therefore, accurate predictions of local ¢;, and Ty are es-
sential for the aerothermodynamic analysis of atmospheric re-entry. In doing
so, numerical tools such as computational fluid dynamics (CFD) and direct
simulation Monte Carlo (DSMC) are employed due to the challenges associ-

ated with replicating re-entry conditions experimentally. In particular, the



DSMC method has been validated to effectively capture non-equilibrium ef-
fects typical of the rarefied hypersonic flow conditions encountered during
atmospheric re-entry [6].

Considering g;,, solely as a result of gas-surface interactions, ¢;, primarily
comprises two components: convective heat flux, geony,in, and chemical heat
flux, gehem.in [7]. The former arises from thermal energy exchanges between
gas particles and the surface during gas-surface collisions. The latter results
from the reaction of gas species on a catalytic surface. The accumulation of
Qin is prevented through energy dissipation from re-entry vehicle surfaces, as
Jout [8]. In the absence of external methods of heat dissipation, the thermal
radiation heat flux, grqq out, emitted from vehicle surfaces acts as the primary
mechanism for heat dissipation [9, [10]. To satisfy the principle of energy
conservation at the gas-surface interface, ¢;, must be in equilibrium with the
dissipating heat flux, g ..

Numerical investigations using the DSMC method for re-entry aerother-
modynamics have traditionally employed an isothermal boundary condition
(BC), in which a predetermined and spatially uniform 7 is prescribed across
the vehicle geometry [ITHI3]. While computationally convenient, this ap-
proach neglects the spatial variability of T that naturally arises during at-
mospheric re-entry. Since g, is dependent on T, atmospheric re-entry simu-
lations using isothermal BC may not accurately predict the local distribution
of ¢;, on the vehicle surface. To enhance accuracy, a common engineering
practice is to conduct two independent simulations with isothermal BCs at
different T,. The resulting ¢;, values can then be linearly interpolated to

estimate the ¢;, at intermediate temperatures. This method relies on the
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Figure 1: Schematic of radiative equilibrium boundary condition on a catalytic

surface during atmospheric re-entry.

assumption that T, and ¢;, exhibit a linear correlation across all surface
elements.

To address the limitations of the isothermal BC, the radiative equilib-
rium BC can be employed as a more physically consistent alternative. As
illustrated in Figure[l], the radiative equilibrium BC is based on the principle
of energy conservation. By enforcing ¢;, = ¢, at each surface element, the

local T, that would satisfy the energy conservation is computed. This ap-



proach makes radiative equilibrium BC particularly appropriate for modeling
atmospheric re-entry, where large Ty variations are expected [10]. The radia-
tive equilibrium BC has been widely adopted in CFD studies of atmospheric
re-entry [10, T4H17]. However, its application within the DSMC framework
remains limited and overlooks potential effects of surface reactions [18], [19].

Since the ¢;, and T are intrinsically coupled under realistic re-entry con-
ditions, it is important to assess the correlation between these two variables.
Several numerical studies have previously investigated the relationship be-
tween T and ¢;, around the surface of re-entry vehicles. Yang et al. and
Luo et al. reported a strong negative linear correlation between T and g;,
near the stagnation point, indicating that an increase in T results in a re-
duction of g;, [17, 20]. Xu et al. attributed the reduction in g;, at higher
T, to a decreased thermal gradient between the surface and the energetic
freestream, as well as to the reduced compressibility effects at elevated T
[21]. However, these studies predominantly assumed non-catalytic surfaces,
neglecting realistic surface reactions encountered during actual re-entry con-
ditions. Additionally, they largely focused on forebody regions where high
aerothermodynamic load from atmospheric re-entry is expected. Neverthe-
less, ¢;, at the aftbody remains non-negligible, and surface temperatures
there can approach 1000 K along typical re-entry trajectories [14]. Wright et
al. performed CFD simulations of the aftbody of the Apollo re-entry capsule
and have shown evidence that high 7T, may actually increase the computed
¢in, [14]. Therefore, resolving the relationship between T and ¢;, across the
entire vehicle surface, including the aftbody region, with the effect of surface

reaction is essential.



The present study aims to employ the radiative equilibrium BC within
the DSMC framework that considers spatially varying T across the surface
for accurate aerothermodynamics analysis of atmospheric re-entry. Specifi-
cally, it seeks to: (1) implement and validate the radiative equilibrium BC in
DSMC; (2) investigate how the radiative equilibrium BC computes ¢;, and
T, compared to the conventional isothermal BC; and (3) analyze the correla-
tion between T and ¢;, under radiative equilibrium BC at different surface
catalycity. The remainder of this paper is structured as follows. Section
introduces the physical models that govern non-equilibrium re-entry flows.
Section [3] details the numerical methodology, describing the DSMC with the
implementation of the radiative equilibrium BC. Section [4] presents valida-
tion of models implemented in this study, and Section [5| discusses the effects
of the radiative equilibrium BC on different surface parameters and their

interdependent correlation in the atmospheric re-entry DSMC simulation.



2. Physical models

2.1. Boltzmann equation

The Navier-Stokes equations, which form the foundation of conventional
CFD, are based on the continuum assumption, where local thermodynamic
equilibrium is maintained. However, these equations become inadequate in
effectively resolving atmospheric re-entry, where non-equilibrium effects dom-
inate [22, 23]. As a more suitable alternative, the Boltzmann equation pro-
vides a kinetic description of gas dynamics by describing the evolution of the
velocity distribution function f in phase space spanned by position, 7, and

velocity, @ [6, 24]. This equation takes the following form:

oo 4m
%(nf)—%?-%(nf)%—?-%(nf):/_ /0 R2[f*f7 = ffi] croesdQdT .

1
The left-hand side of the equation accounts for particle transport and external
forces, ?, while the right-hand side represents modifications to f due to
binary collisions between gas molecules. The relative velocity of the colliding
particles, ¢,, the solid angle of deflection, €2, and the collision cross-section,
o.s, dictate the nature of these interactions. The superscript * and the
subscript 1 denote the properties of the post-collision particle and those of

the collision partner, respectively.

2.2. Surface heat flux

The rate of thermal energy transfer from the flowfield to the surface per
unit area is quantified by the incoming heat flux, ¢;,. For typical atmo-

spheric re-entry conditions, this flux is primarily attributed to gas-surface
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interactions and consists of two dominant components: the convective heat
flux, Geonw,in, and the chemical heat flux, gchem,in. In addition to these, ra-
diation heat flux from the flowfield, ¢,qq4in, can arise due to the presence
of electronically excited gas particles [25]. However, for entry velocities be-
low approximately 10 km/s, the contribution of ¢,qq., to over g, is negligible
[26, 27]. Therefore, this study assumes that g;, results solely from gas-surface
interactions, such that ¢, = Geonv.in + Qehem.in-

When T rises as a result of ¢gin, the heated surface naturally dissipates
heat at a rate per unit area defined by the outgoing heat flux, ¢,,. The
primary dissipation mechanism is thermal re-radiation to the surroundings,
which is quantified as graaeut [10]. For certain materials, additional heat
removal may occur via material response processes such as ablation or pyrol-
ysis, represented by @matout [28]. However, such effects are not considered in
this study. In addition, conductive heat flux, ¢.ong,out, can dissipate heat from
hot surfaces to adjacent surface or bulk elements. Assuming that internal
heat conduction is negligible within the vehicle [9], heat dissipation on surface
elements can only occur through thermal radiation, such that ¢,u: = ¢rad,out-
Under steady-state conditions, energy conservation at the gas-surface inter-

face requires that the ¢;, = g,¢. This balance can be expressed as:

Geonv,in + Qchem,in = Qrad,out- (2>

The heat flux components considered in this study are discussed in more

detail.



2.2.1. Conwvective heat flux

The @eonw,in is the result of the direct energy exchange between gas par-
ticles and the surface. According to the principle of energy conservation,
the energy lost by the gas particles is equivalent to the energy gained by
the surface during each gas-surface collision. Hence, the energy transfer to
the surface can be inferred from the net difference in the energy carried by
gas particles before and after their collision with the surface. Consequently,
Qeonvin 18 determined as the total energy lost by the gas particles per unit

area, A,, and per unit time, At, across all gas-surface collisions such that,

. Z (Ez - Eout)
QCom;,m - ASAt 3 (3>

where F;, and F,,; represent the energy of the gas particles before and after
their collision with the surface, respectively.

Different gas-surface interaction models have been developed to approx-
imate the E,,; distributions of particles [29, B0]. Among these models, the
Maxwell model is commonly utilized due to its simplicity [31]. The Maxwell
model incorporates the thermal accommodation coefficient, o, to quantify the
extent to which gas particles achieve thermal equilibrium with the surface
upon impact. This coefficient is defined as follows,

Ein — Eout

“= Ez - ES(TS)’ (4>

where E;, and E,, denote the average energies of incoming and outgoing
gas particles, respectively, while F,(T,) represents the Maxwell-Boltzmann
energy distribution corresponding to 7. In other words, o = 1 represents the

diffuse reflection of particles, where the post-collision energy is a function of



T, only, and E,; = FE, (Ts) Conversely, o = 0 results in specular reflections of
particles, where E;, = E,,, irrespective of Ty. Due to surface corrugation and
contamination typically encountered by vehicle surface during atmospheric

re-entry, the « is commonly approximated to o = 1 |30, 32].

2.2.2. Chemical heat flux

The chemical heat flux, gepem, in, Originates from exothermic reactions oc-
curring at the surface. The dominant surface reaction during re-entry is the
heterogeneous recombination of O, which can account for more than 50% of
¢in, during atmospheric re-entry. [33,134]. This process involves the adsorption
of O atoms onto active sites, followed by their recombination, which can be
categorized into two distinct mechanisms: the Eley-Rideal (ER) mechanism
and the Langmuir-Hinshelwood (LH) mechanism. In the ER mechanism, an
incoming gas-phase atom directly reacts with an adsorbed atom, resulting
in molecule formation upon impact. Conversely, the LH mechanism involves
two gas-phase atoms adsorbed at the surface, which can diffuse across the
surface and recombine. The rates of the two recombination mechanisms dic-
tate the release of chemical energy, AFE. e, which can be translated into

Qehem,in @t the surface elements as:

ZAEchem
chem,in — ~ 1 A, 5
dchem, A At (5)

with the assumption that AFE,,.,, is fully accommodated into the surface
[35].

Surface reactions are fundamentally governed by the principles of chem-
ical kinetics that define the rates at which reactions occur. In numerical

simulations, this physical phenomenon is represented using the finite-rate
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surface chemistry (FRSC) model [33, 36, B7]. The FRSC model employs
temperature-dependent reaction rate coefficient, k, expressed using the Ar-

rhenius equation for each potential surface reaction, such that,

k(Ts) = Astemp(_Ea/kBTs)a (6)

where kp denotes the Boltzmann constant. The parameters A, b, and F,
correspond to the pre-exponential factor, the temperature exponent, and the
activation energy, respectively. The explicit dependence of k on T, empha-

sizes the critical role of Ty in determining surface catalycity and the value of

Gchem,in-

2.2.83. Thermal radiation heat flux

Thermal radiation heat flux, ¢q4,0ut, refers to the rate of energy dissipa-
tion per unit area from heated surfaces in the form of photons or electro-
magnetic waves. The grqq.0ut Tesults from atomic and molecular oscillations
driven by internal energy of the surface matter, which is directly related to
the T [38].

The emitted grqq0ut 1s governed by the Stefan-Boltzmann law, mathemat-

ically expressed as,

Qrad,out = GO'TS4, (7>

where € represents the emissivity of the surface, and ¢ denotes the Stefan-
Boltzmann constant. The € is a material property that quantifies the effec-
tiveness of thermal radiation emission. Its value ranges between 0 < e < 1,

with higher values indicating greater emissive efficiency.
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2.3. Surface boundary conditions
Due to its simplicity, isothermal BC has been conventionally employed for
numerical studies of re-entry flows, in which each surface element is assumed

to maintain a uniform T, expressed as,

T, ; = constant, (8)

where i denotes the i*" surface element. However, realistic flight conditions
exhibit spatial variations in T across the vehicle surface due to differences
in aerodynamic heating, which are associated with their relative positions
with respect to the freestream [I0), 14]. Consequently, the isothermal BC
inherently fails to accurately represent the realistic Ts;. Moreover, Geony.in
and genem,in are found to be functions of local T§. Therefore, the application
of an isothermal BC can undermine the accuracy of ¢;, computations using
numerical methods.

Since all considered heat flux components are functions of Ty, it is possi-
ble to determine the value of T that would satisty the principles of energy
conservation at the gas-surface interface outlined in Equation 2] By enforc-
ing this energy balance at each surface element, the radiative equilibrium BC

can model spatially varying T as below:

4 qin,i(Ts,i)

Ts,i -
(e

(9)
Therefore, radiative equilibrium BC is a more physically consistent alterna-
tive to isothermal BC. This approach inherently accounts for local thermo-

dynamic conditions and can provide improved accuracy in ¢;, predictions

compared to the isothermal BC. Note that T} ; and ¢;,,; are interdependent

12



variables, which makes Equation [9] implicit. Therefore, solving for this equa-
tion at each i** surface for the radiative equilibrium BC requires an iterative

numerical method.
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3. Numerical methodology

3.1. Direct simulation Monte Carlo

Although the Boltzmann equation provides an accurate framework for
modeling non-equilibrium gas dynamics, obtaining its analytical solution re-
mains challenging due to the complexity of the collision integral. There-
fore, numerical approaches, particularly the Direct Simulation Monte Carlo
(DSMC) method, have been widely employed [6, [39-44]. This study utilizes
the Stochastic PArallel Rarefied-gas Time-accurate Analyzer (SPARTA), an
open-source DSMC solver developed by Sandia National Laboratories [45].
The schematic algorithm of the DSMC method is illustrated in Figure[2] The
DSMC begins with the setup of the computational grid and geometry. Then,
it proceeds with the generation of simulation particles that represent a collec-
tion of real gas particles. At each time step, the particles are made to move
within or across grid cells. During this process, particles may undergo gas-gas
collisions, modeled stochastically to approximate the Boltzmann equation [T}
or interact with surfaces through gas-surface collisions that are defined by

the prescribed surface geometry.
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The gas-surafce interaction is detailed in the green box of Figure[2l When
gas particles with energy F;, collide with a surface element at temperature
T, the scattering kernel determines F,,;, while the reaction kernel evaluates
AFEpem- In this study, the Maxwell model is used as the scattering kernel,
and the FRSC model is employed for the reaction kernel. Consequently, the
Qeonv,in 18 computed using Equation [3| and gepem,in 1S computed using . The
sum of the two heat flux components can give ¢;, of each surface element.

The FRSC model implemented as a reaction kernel in the DSMC code
SPARTA was developed by Swaminathan-Gopalan et al. [37]. It converts the
active site density, n,, and k of each possible surface reaction into the reac-
tion probability, Pr.... Upon each gas-surface collision, the surface reaction
is stochastically evaluated by either accepting or rejecting the surface reac-
tion with a comparison of P,... against a generated random number. Upon
acceptance, the gas species transforms into a different chemical species, ef-
fectively simulating the surface reaction. When utilizing the FRSC module
within the DSMC solver SPARTA, special attention must be paid to the input
values of k. In the majority of the literature, Arrhenius-based k is expressed
using conventional gas-phase kinetics [46, 47]. However, the FRSC module in
SPARTA uses the dimensionless reaction rate coefficient [37]. Accordingly,
k values used in the study with physical units are non-dimensionalized to

ensure consistency in modeling surface reactions.

3.2. Radiative equilibrium boundary condition

The blue box of Figure [2] highlights how radiative equlibirum BC is im-
plemented in DSMC. The principle of energy conservation is enforced at each

surface element and timestep by iteratively updating 7T based on the calcu-
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lated g;, using Equation [0 Then, it is utilized for subsequent iterations of
the DSMC algorithm, particularly for the gas-surface interaction kernels in
the green box of Figure 2l To account for the radiative equilibrium BC on
catalytic surfaces, modifications have been implemented in SPARTA DSMC

to integrate with the scheme for updating 75.
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4. Validation of models

4.1. Finite-rate surface chemistry

The catalytic condition considered in this study is the heterogeneous re-
combination of O on the silica (Si03) surface. The associated reaction sets
were identified by Norman et al. through ab-initio molecular dynamics simu-
lations [48] [49]. The objective of this validation phase is to apply the FRSC
model within the DSMC framework using the given reaction sets, evaluate
the resulting surface recombination coefficient, v, and compare it against an-
alytical solutions and experimental data. The ~ characterizes the catalytic
efficiency of a surface by representing the fraction of incident atomic species

that recombine upon collision [34]. It is defined as,

e @)
where jo i, represents the flux of O species to the surface, and jo recoms de-
notes the flux of O that undergo recombination. The analytical calculations
used for comparison are obtained by solving the systems of reaction rate
equations, assuming steady-state at the gas-surface interface. Experimental
values of v are derived from independent studies of the O reaction on SiO,
surfaces [50]. In these experiments, neutral atomic oxygen was typically gen-
erated using low-pressure microwave discharges [51H53|, with the exception
of the study by Stewart et al., who employed an arc-jet DC discharge [54].
The DSMC simulations are set up to replicate the experimental test condi-

tions, in which a flat SiO, plate is exposed to O of 100 Pa. The range of T}
from 400 K to 2000 K is used, which falls within the expected T, range for

18



the re-entry vehicle surface [14]. The active sites density, ng, represents the
number of adsorption sites available for O on the Si0, surface. Physically, n,
depends on the surface morphology and corrugation, which are challenging
to accurately characterize experimentally [30]. Norman et al. note that arbi-
trary choice of ng, without loss of generality, does not alter the general trend
of 7 as a function of T, but instead affects its overall magnitude [48], [49].
Thus, following the approach of Norman et al.; this study treats n, as an
adjustable parameter to align model predictions with experimental results.
Figure 3| shows ~ as a function of the reciprocal of T;. Solid symbols, solid
lines, and open symbols represent the experimental, analytical, and DSMC
simulation results, respectively. Initially, two distinct recombination mod-
els proposed by Norman et al. are considered: a high-temperature (high-T)
model based on the ER mechanism and a low-temperature (low-T) model
based on the LH mechanism [49]. Figure presents ~ for the high-T
model, which only considers ER recombination, at n, = 10'® m~2. At high
Ts (Ts > 1000 K), experimental results show an exponential increase in =y
with increasing T,. Physically, this trend can be explained by the nature of
the ER recombination mechanism. The ER recombination occurs between
an incident gaseous O and an adsorbed O on the surface active site. Since
adsorbed O atoms achieve thermal equilibrium with the surface [55], they
will attain high internal energy levels when adsorbed to surfaces with high
T,. Consequently, collisions between gaseous O atoms and the energetically
excited adsorbed species at high T, are more likely to exceed the E, barrier
required for recombination. This exponential behavior is well-reproduced by

the analytical results of the high-T model, indicating that ER recombination
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dominates on Si0s surfaces at high 7. Additionally, the DSMC simulations
align closely with the analytical predictions across the entire T, range ex-
amined, validating the accurate implementation of the FRSC model within
DSMC. However, at lower Ty (75 < 1000 K), experimental data reveal a rela-
tively constant v with 7. This trend is not captured by either the analytical
or DSMC results of the high-T model. The discrepancy arises due to the
neglect of the LH mechanism, which is not incorporated in the high-T model
[49]. Figure illustrates the results of the low-T model, which exclusively
considers the LH recombination mechanism, at ny = 10'” m~2. The relatively
constant 7 at low Ty (Ts < 1000 K) can be physically explained by the LH
mechanism. In the LH recombination process, two adsorbed oxygen atoms
diffuse across the surface until they recombine. At higher T, adsorbed atoms
have a higher rate of desorption before diffusion may occur, which restricts
the exponential increase in v seen for the ER mechanism. In contrast, at
low T}, adsorbed atoms remain on the surface longer, increasing their prob-
ability of diffusing and recombining [49], to an extent where it offsets the
exponential decrease of 7v. This phenomenon accounts for the plateau of v as
a function of T;. Both analytical and DSMC computations closely replicate
this trend and align with experimental data, particularly at lower T,. Thus,
these findings suggest that the LH recombination mechanism dominates the
heterogeneous recombination process at lower T,. However, the model does
not capture the exponential increase of v observed at higher 7 due to the
exclusion of the ER recombination mechanism.

To accurately capture the + within the range of T considered, an all-

temperature (all-T) model has been developed by combining the reaction
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mechanisms used in both the high-T and low-T models. Figure il-
lustrates the resulting v from the all-T model at an active site density of
ny = 3 x 101" m~2. Both analytical calculations and DSMC simulations
employing the all-T model effectively replicate the experimental trends of ~
at both high and low T}. Specifically, at high T, v exhibits an exponential
decrease with decreasing T due to the dominance of the ER recombination
mechanism. Conversely, at low T}, the v remains relatively constant as 7}
decreases, attributed to the dominance of the LH recombination mechanism.
By incorporating both ER and LH recombination processes, the all-T model
successfully captures the characteristics of v dependent on 7§ observed exper-
imentally. Since this study aims to investigate the effects of spatial variations
in T, along re-entry vehicle surfaces through numerical DSMC simulations,
the use of the all-T model ensures an accurate representation of surface cat-
alytic behavior on Si0; across a broad T range expected during atmospheric

re-entry.
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4.2. Radiative equilibrium boundary condition

Next, the implementation of the radiative equilibrium BC within the
DSMC framework is validated. DSMC simulations are conducted using con-
ditions representative of a specific point along the Apollo AS-202 re-entry
trajectory, specifically at 4750 seconds after launch [I4]. The freestream
conditions employed in these simulations are summarized in Table [I], with
species-specific number densities, n.,, derived using the NRLMSIS 2.0 at-
mospheric model [56]. The computational geometry is a standard bench-
mark configuration consisting of a 2D cylinder with a radius of 0.1524 m
[13]. In simulating gas-surface interactions, complete thermal accommoda-
tion (a = 1) is assumed. Since the radiative equilibrium BC in DSMC should
be consistent irrespective of the surface conditions, both non-catalytic and
catalytic surfaces are validated. The all-T model of S70, is used to simulate

~2 is used to reflect

catalytic surfaces. An active site density of n, = 10** m
realistic surface conditions influenced by corrugation and erosion during at-
mospheric re-entry [57]. Additionally, it is assumed that the chemical energy
released from exothermic recombination reactions is fully accommodated by
the surface [35]. To further examine the sensitivity of the radiative equi-
librium BC to surface emissivity, simulations are performed with emissivity
values of € = 0.3 and € = 0.9.

Figure [4] presents the ¢;, as a function of T, for different e and surface
catalycity. Symbols represent each surface element with varying local T and
¢in computed along the 2D cylinder using radiative equilibrium BC in DSMC.

The solid lines depict analytical solutions following the Stefan-Boltzmann

law as Equation [7] Symbol colors distinguish between € = 0.9 (blue) and
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Time Altitude Mas Vi T TNy, 00 N0y 00
(s) (km) (m/s) (K) (x10% 1/m3) (x10%° 1/m?)
4750 74.5 22.0 6390 210 7.416 1.984

Table 1: Freestream conditions.

e = 0.3 (red) cases, while symbol types differentiate between non-catalytic
(triangles) and catalytic (circles) surface conditions. The DSMC results
closely align with the analytical solutions across all surface elements, con-
firming the successful validation of the implemented radiative equilibrium
BC. Furthermore, at a given g;,, surfaces with higher ¢ = 0.9 (in blue) con-
sistently exhibit lower T compared to those with lower ¢ = 0.3 (in red).
This physically occurs because higher ¢ can promote efficient thermal radi-
ation emission from the surface, facilitating effective heat dissipation and
preventing excessive rise of Ts. Additionally, the catalytic surfaces exhibit a
range of ¢;, and T that are higher than those of non-catalytic counterparts
at the same e due to exothermic surface reactions. However, the inclusion
of Gehem,in should not alter the energy conservation at the gas-surface inter-
face described by Equation 2 The implemented radiative equilibrium BC in
DSMC shows the expected behavior as catalytic and non-catalytic surfaces

converge onto a single trend line following the energy conservation equation.
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5. Surface properties using radiative equilibrium boundary condi-

tion

5.1. Comparison to isothermal boundary condition

A series of DSMC simulations is conducted using a 2D cylinder with a
radius of 0.1524 m under atmospheric re-entry conditions. The freestream
conditions used in all simulations are summarized in Table [l The radiative
equilibrium BC is applied and compared against isothermal BCs. Four cases
are considered, depending on the selection of BCs as outlined in Table 2]
Cases A and B employ isothermal BCs with fixed, uniform Ty of 1300 K
and 2000 K, respectively. These temperatures fall within the expected T}
range for the Apollo capsule during re-entry [27]. Case C uses the radiative
equilibrium BC. The value of € is assumed to be 0.9, as materials within the
range of 0.8 < e < 1 are typically selected for re-entry vehicles [58]. Case D
implements linear interpolation between Cases A and B to reconstruct the g;,
corresponding to the T profile from Case C. Each case is simulated with both
non-catalytic and catalytic surface conditions. Surface catalycity is modeled
using the FRSC model within DSMC, which accounts for the heterogeneous
recombination of O on Si0y with ng = 10*® m—2.

Figure presents the computed ¢;,, for Cases A, B, and C as a function
of the surface angle # measured from the stagnation point (f = 0°). Solid
lines represent non-catalytic surfaces, while dashed lines indicate catalytic
surfaces. The blue, red, and black lines represent Cases A, B, and C, respec-
tively. For all cases, the ¢;, is maximized at the stagnation point. This phe-
nomenon is attributed to the maximal deceleration of the freestream flow at

the stagnation point, resulting in the maximum conversion of kinetic energy
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Case Boundary Condition T,

A Isothermal 1300 K
B [sothermal 2000 K
C Radiative equilibrium locally variable
D  Isothermal: Linear interpolation locally variable*

* matches local Ty distribution of Case C.

Table 2: Surface conditions for each case.

into thermal energy. This causes elevated gas temperature and density near
the stagnation point. Consequently, a greater number of high-energy parti-
cles collide with the surface for heat transfer into the surface. As # increases,
¢in decreases due to the reduction in shock strength and the subsequent de-
cline in post-shock temperature and density. Catalytic surfaces consistently
exhibit higher ¢;, compared to their non-catalytic counterparts. This phe-
nomenon is attributed to the additional heat load introduced by gcnem, in. The
T, distribution for each case is shown in Figure . As expected, Cases A
and B maintain a uniform 7§ due to the isothermal BC. In contrast, Case C
yields a spatially varying 7§, with the highest temperature at the stagnation
point and a gradual decrease with increasing 6, which follows the local ¢;,
variations across the cylinder. A slight increase in Ty beyond 0 ~ 140° is
observed due to wake recirculation, where energetic particles re-impinge on
the surface, consistent with previous findings in the literature.[I3] [14] Addi-
tionally, using the radiative equilibrium BC (Case C), the catalytic surface

shows higher 7T, than the non-catalytic case due to the increased heat input
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from surface reactions.

If T, and ¢;, are in perfect linear correlation, the linear interpolation
of two isothermal results (Case D) should give the same result as radiative
equilibrium BC (Case C). To evaluate this, the results of Case D are compared
with Case C in Figure [6l The linear interpolation is performed over the
0° < # < 60° range, where the predicted T, for Case C lies within the
temperature range of 1300 K to 2000 K. Results for Case D are represented
by magenta lines. For the non-catalytic case, the interpolated g;, from Case
D closely matches that of Case C, with a maximum deviation of only 3.2%
across the considered # range. This finding indicates that linear interpolation
may provide a reasonable approximation because the correlation between
T, and g¢;, is nearly linear in the absence of surface reactions. However,
discrepancies are observed for the catalytic surface. Case D for the catalytic
surface underpredicts ¢;, relative to Case C by as much as 10.7%. This
deviation indicates that the correlation between T, and ¢;, becomes non-

linear when surface reactions are involved.
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Figure 5: Effect of boundary conditions on surface properties at different surface

catalycity.
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Figure 6: ¢;, as a function of 8 at different surface catalycity.
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5.2. Correlation between heat flux and surface temperature

5.2.1. Pearson correlation coefficient analysis
To further investigate the relationship between the local T and the g;,, a
correlation analysis is conducted. This analysis involves performing DSMC
simulations with radiative equilibrium BCs of € varying from 0.3 to 0.9 in
increments of 0.1. The resulting values of ¢;, and T for each € are utilized to
calculate the Pearson correlation coefficient, r(g;,, Ts), which can be defined
as,
(g Ty) = 2 1) (11)

04in 9T

where cov(gi,, Ts) denotes the covariance, and o,,, and o, are the respective
standard deviations. By definition, r(g;,,Ts) = —1 corresponds to a perfect
negative linear correlation, whereas (¢, Ts) = +1 indicates a perfect posi-
tive linear correlation. Any intermediate value of —1 < (g, Ts) < +1 can
be considered a deviation from a perfect linear correlation. In this study,
this is referred to as 'non-linear correlation’ for simplicity. This analysis is
conducted under both non-catalytic and catalytic conditions.

Figure presents the correlation coefficient r(g;,, Ts) as a function of
0. Solid triangular symbols represent non-catalytic cases, while open circular
symbols denote catalytic cases. Focusing on the range 0° < 6 < 60° shown
in Figure |§|, the distinct behavior of r(g;,,Ts) between non-catalytic and
catalytic surfaces is evident. For the non-catalytic case, (g, Ts) ~ —1
indicates a strong negative linear correlation between T and ¢;,. This trend
is consistent with the findings of Yang et al., who report a similar correlation

of the two parameters on the forebody of a non-catalytic blunt-headed cone
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in re-entry conditions [I7]. In contrast, r(g:,, Ts) of the catalytic case diverges
from that of the non-catalytic case. Between 0° < 6 < 60°, (¢, Ts) shows
a sharp increase from —1 to +1. This indicates that the two parameters lose
their linear correlation at 0° < 8 < 60°.

To uncover the origin of the differences, ¢;, is decomposed into its compo-
nents, Geony,in AN Gehem,in, Which are evaluated separately for their correlation
with T,. The results are shown in Figure . The 7(Geonw,in, Ts) for the non-
catalytic surface is represented by solid triangular symbols. These symbols
correspond exactly to those of Figure as Qeonv,in 18 the only component
of ¢i, for a non-catalytic surface. For the catalytic surface, the r(qeonp.in, Ts)
and 7(qchem,in, Is) are denoted by empty circular and cross symbols, respec-
tively. The findings show that the r(geonvin, Is) for catalytic surfaces closely
resembles that of the non-catalytic case. Firstly, this suggests that surface
catalycity does not significantly alter the geonyin correlation with T,. Sec-
ondly, it demonstrates that gcpem,in is responsible for the non-linear correla-
tion between ¢;, and T, at catalytic surfaces. Therefore, surface reactions can
explain the divergence between Case C (radiative equilibrium BC) and Case
D (linear interpolation of isothermal BC) for the catalytic surface between

0° < 0 < 60° found in Figure [6]
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Figure 7: Correlation coefficient at different surface catalycity.
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5.2.2. Non-linear correlation of chemical heat flux

The correlation between gepem.in and Ty is further analyzed in Figure ,
which illustrates the distribution of + as a function of 8 for ¢ = 0.3 and
e = 0.9. Within the range of interest (0° < 6 < 60°), a lower € results in a
higher T for a given . For clarity, surfaces with ¢ = 0.3 and € = 0.9 are
hereafter referred to as 'hot” and ’cold’ surfaces, respectively. The gepem, in 18
fundamentally dependent on surface catalycity, which is characterized by
with Equation [I0] The 'hot’ surface consistently exhibits significantly higher
values of v compared to the ’cold” surface. This difference arises due to
the strong T, dependence of heterogeneous recombination reactions, which
are integrated into the all-T model utilized in this study. At T, computed
between 0 < 6 < 60° for both cases, the heterogeneous recombination of
O is predominantly governed by the ER mechanism, which is exponentially
dependent on T}, as previously illustrated in Figure . The elevated vy with
increasing Ty leads to a corresponding increase in gepem,in due to enhanced
heterogeneous recombination. This explains why the 7(genem,in, Ts) maintains
a positive value between 0° < # < 60° in Figure

Although 7(qchem.in, Ts) remains positive over the interval 0 < 6 < 60°,
Figure shows that r(g;,, Ts) transitions from —1 at § = 0° to +1 at 6 =
60°. This behavior can be explained by examining the relative magnitudes
of Geonv,in aNd Qehem,in that contribute to the total ¢;,. Figure |§| illustrates the
two heat flux components as functions of Ty measured at § = 0°,32°, and 60°.
The shaded regions in green and yellow represent the relative contributions
of Geonv,in ANA Qehem,in, Tespectively. The total height of the curve represents

¢in, for each case. The values of 7(gin, T5), 7 (Qeonvins ITs), and r(qenem.in, Ts) for
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the three 6 values are consistent with those presented in Figure[7] At each 6
considered, the 7(Geonp,in; Ls) = —1. The Geonvin decreases by approximately
15% from the lowest to the highest T, at each . On the other hand, while
7(qchem,in, I's) remains positive, the extent of the increase in gepem,in With T
varies significantly at different . At 6 = 0°, the increase in gepem,in With
rising 7§ is modest. At 6 = 32°, the increase in gepem, in is comparable to the
decrease in Qeony,in- This leads to a g;, remaining nearly constant at different
Ts. At 6 = 60°, the increase in gepem,in becomes particularly pronounced,
such that ¢;, actually increases with T,. This occurs because the difference

in v between ’hot’ and ’cold’ cases varies along 0° < 6 < 60°, as shown in

Figure
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Figure 9: Geonw,in and qepem,in as a function of T on catalytic surface with different

€.
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5.2.3. Non-linear correlation of convective heat flux

Another interesting finding from Figure is the behavior of r(geonv,in, Is)
along 6. The r(qeonvin, Is) remains close to —1 between 0° < 6 < 80°, fol-
lowed by an increase from —1 to +1 near the aftbody, specifically between
80° < 6 < 140°. The underlying physics governing this trend within the 6
range is analyzed. From a physical standpoint, geone,in depends on two main
factors: the average flux of incident particles, j;,, and the average net energy
exchange per gas-surface collision, AE = FE;, — E,;. Their product yields
Qeonw,in, such that geonyin = Jin X AE. Figure plots these parameters as
functions of T for two €, € = 0.3 (red) and € = 0.9 (blue). The connecting
lines mark the key angular positions 6§ = 0°, 60°, 80°, 100°, 140°, and 180°.

Figure illustrates j;, as a function of T,. The j;, is the largest at
6 = 0° due to the significant compression of gas particles, which maximizes
the frequency of gas-surface collisions. Between 0° < 6 < 140°, j;,, decreases
exponentially while the boundary layer remains attached to the cylinder sur-
face [59]. At § = 140°, j;, attains a minimum because the boundary layer
separates, resulting in fewer particles impinging on the surface. Beyond this
point, flow recirculation increases the likelihood of particle re-impingement
and raises j;,. Although it is not immediately apparent due to the logarith-
mic scale on the y-axis, the j;, for the 'cold’ surface consistently remains
10% higher than that for the ’hot’ surface at a given #. This phenomenon
occurs because gas scattered from a ’cold’ surface carries a lower E,,;, result-
ing in higher compressibility and an increased likelihood of these particles
re-impinging on the surface, thereby elevating j;, [21].

Figure illustrates the variation of Ej, (solid symbols) and Fyy
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(empty symbols) in relation to Ts. A linear dependence of E,. on T, is
observed, which can be expressed as follows:

_ )
Eout — §k3bT5. (12)

This relationship arises from the choice of @ = 1, where the scattered particles
are assumed to undergo complete thermal accommodation with 7. In other
words, E,.; depends solely on the local T;. Since T, decreases with increasing
6 across the 2D cylinder, E,,; would decrease with increasing #. Between
0° < 6 < 140°, the E;, also decreases with decreasing T} (or increasing
). However, the E;, decreases at a slower rate as a function of local T},
compared to E,,;. This phenomenon occurs because, as 6 increases within the
attached boundary layer, a greater number of gas-surface collisions involve
gas particles that have experienced prior collisions with the surface upstream
of the cylinder. These particles would carry energy that corresponds to E,.
expected from prior gas-surface collisions at lower #. Therefore, unlike £,,;,
E;, is indirectly affected by high T}, upstream. The 'memory effect’ of E;,
can also explain the higher F;, observed for a "hot’ surface compared to that
of a 'cold’” surface computed at a given 6. Beyond 6 > 140°, the boundary
layer separates from the surface. In this region, most gas-surface collisions
involve particles originating from the flow recirculation, with reduced thermal
'memory effect’ from upstream. This leads to a significant reduction in Fj,.

Figure depicts the AE as a function of T,. By definition, the AE
reaches its maximum where the difference between E;, and E,,; is maxi-
mized. This condition occurs at 6 =~ 140°, where the boundary layer is fully

developed and approaches the point of separation. For any fixed €, the "hot’
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surface generates a larger AE compared to the ’cold’ surface. As previously
discussed, this phenomenon can be attributed to the 'memory effect’ of gas
particles colliding with the surface, whereby a higher upstream 7} results in
increased downstream FE,.

It is observed that, over all 8, 'cold’ surfaces consistently yield greater
Jin but lower AE compared to "hot’ surfaces. These two parameters exhibit
opposing relationships with 75. Given that geonyin = Jin X AE, the correlation
7(qeonv,in, Is) is primarily determined by the dominant contributor among
the two terms. Near 6§ = 0°, the j;, reaches its maximum value, and it
serves as the determining factor for the computed geonp,in. Low Ty surface
exhibits higher j;,, indicating that they would yield greater qeony in despite
having lower AE. In other words, T, and Qeonw,in are negatively correlated,
and 7(qeonv,in, Is) &~ —1 are observed near §# = 0°. As depicted in Figure
, this effect may have continued until § = 80°. Compared to low €, the
magnitude of jj;, is significantly lower at high #. This leads to the increased
importance of AE in determining Qeonw,in- Surfaces with higher 7T exhibit
greater AFE across all @ values, resulting in an increase in Qeonv,in When the
magnitude of j;, is considerably low. Under the specified freestream and
surface conditions, this effect may have occurred between 140° < 6 < 180°.
This observation explains the trend of 7(qeonw,in, Ts) & +1 within this 6 range
near the aftbody region, as illustrated in Figure . From this explanation,
the range 80° < 6 < 140° appears to represent a transition region wherein
neither j;, nor AFE is dominant in influencing qeonp,in. This phenomenon can

account for the variations in 7(qeonw,in, Ts) from —1 to 41 within this 6 range.
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6. Conclusion

This study incorporates a radiative equilibrium BC into the DSMC frame-
work while accounting for surface reactions. Catalytic effects are represented
with the FRSC model, which employs an all-T reaction set for the heteroge-
neous recombination of O on a Si0, surface. The radiative equilibrium BC
iteratively determines the Ty that satisfies the energy conservation principle
at each surface element. The FRSC model and the radiative equilibrium BC
are validated through comparisons with analytical solutions. DSMC simula-
tions are conducted for re-entry flow over a 2D cylinder to obtain 7§ and g,
across the entire surface. Relative to the conventional isothermal BC, the
radiative equilibrium BC can capture the local variation in 7. Linear inter-
polation of results between two independent isothermal BCs deviates from
that of radiative equilibrium BC for catalytic surfaces because the relation-
ship between ¢;, and T is inherently non-linear. Analysis over 0 < 6 < 60°
shows that the commonly assumed negative linear correlation between ¢;,, and
Ty is overly simplistic and potentially misleading. Their correlation depends
on the combined effects of (1) surface catalycity, which varies with surface
material and computed Ty; (2) the local surface angle 6; and (3) freestream
conditions. Future work will extend the present framework to include addi-
tional material response phenomena, such as ablation and surface recession,

to further improve numerical predictions of re-entry aerothermodynamics [5].

41



Acknowledgment

This work was supported by Korea Research Institute for defense Tech-
nology planning and advancement(KRIT) grant funded by the Korea gov-
ernment(DAPA (Defense Acquisition Program Administration)) (No. KRIT-
CT-22-030, Reusable Unmanned Space Vehicle Research Center, 2025) This
work was also supported by the National Supercomputing Center with su-

percomputing resources including technical support(KSC-2025-CRE-0427).

42



References

1]

2]

3]

4]

[5]

I. A. Leyva, [The relentless pursuit of hypersonic flight, Physics Today
70 (11) (2017) 30-36. |doi:10.1063/PT.3.3762.

URL /physicstoday/article/70/11/30/851088/

The-relentless-pursuit-of-hypersonic-flightHow

D. Gai, W. Cao, Effect of surface radiation on the stability of hypersonic
flat plate boundary layer, Physics of Fluids 36 (4) (2024). doi:10.1063/
5.0202382.

J. Lachaud, N. N. Mansour, Porous-material analysis toolbox based on
openfoam and applications, Journal of Thermophysics and Heat Transfer

28 (2) (2014) 191-202. [doi:10.2514/1.T4262.

A. Munafo, R. Chiodi, S. Kumar, V. L. Maout, K. A. Stephani, F. Pan-
erai, D. J. Bodony, M. Panesi, A Multi-Physics Modeling Framework for
Inductively Coupled Plasma Wind Tunnels, ATAA Science and Tech-
nology Forum and Exposition, AIAA SciTech Forum 2022 (2022) 1-
21d0i:10.2514/6.2022-1011.

A. Padovan, B. Vollmer, F. Panerai, M. Panesi, K. A.
Stephani, D. J. Bodony, |An extended B/ formulation for
ablating-surface boundary conditions, International Journal of
Heat and Mass Transfer 218 (September 2023) (2024) 124770.
doi:10.1016/j.ijheatmasstransfer.2023.124770.

URL https://doi.org/10.1016/j.1ijheatmasstransfer.2023.
124770

43


https://doi.org/10.1063/PT.3.3762
/physicstoday/article/70/11/30/851088/The-relentless-pursuit-of-hypersonic-flightHow
/physicstoday/article/70/11/30/851088/The-relentless-pursuit-of-hypersonic-flightHow
https://doi.org/10.1063/5.0202382
https://doi.org/10.1063/5.0202382
https://doi.org/10.2514/1.T4262
https://doi.org/10.2514/6.2022-1011
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124770
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124770
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124770
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124770
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124770

(6]

7]

18]

19]

[10]

G. A. Bird, Molecular Gas Dynamics And The Direct Simulation Of
Gas Flows, Oxford University Press, New York, 1994. doi:10.1093/
0S0/9780198561958.001.0001.

URL https://academic.oup.com/book/54839

J. A. Fay, F. R. Riddell, Theory of Stagnation Point Heat Transfer in
Dissociated Air, Journal of the Aerospace Sciences 25 (2) (1958) 73-85.
doi:10.2514/8.7517.

URL https://arc.aiaa.org/doi/10.2514/8.7517

V.T. Le, N. S. Ha, N. S. Goo, Advanced sandwich structures for thermal
protection systems in hypersonic vehicles: A review, Composites Part B:
Engineering 226 (2021) 109301. |doi:10.1016/J.COMPOSITESB.2021.
109301.

A. A. Saad, C. Martinez, R. W. Trice, Radiation heat transfer during
hypersonic flight: A review of emissivity measurement and enhancement
approaches of ultra-high temperature ceramics, International Journal of
Ceramic Engineering and Science 5 (2) (2023) 1-23. doi:10.1002/
ces2.10171.

V. L. Maout, S. M. Jo, A. Munafo, M. Panesi, Numerical Investi-
gation of Radiative Transfers Interactions with Material Ablative Re-
sponse for Hypersonic Atmospheric Entry, International Journal of
Heat and Mass Transfer 246 (2025) 126999. arXiv:2410.13041, doi:
10.1016/j.ijheatmasstransfer.2025.126999.

URL http://arxiv.org/abs/2410.13041

44


https://academic.oup.com/book/54839
https://academic.oup.com/book/54839
https://doi.org/10.1093/OSO/9780198561958.001.0001
https://doi.org/10.1093/OSO/9780198561958.001.0001
https://academic.oup.com/book/54839
https://arc.aiaa.org/doi/10.2514/8.7517
https://arc.aiaa.org/doi/10.2514/8.7517
https://doi.org/10.2514/8.7517
https://arc.aiaa.org/doi/10.2514/8.7517
https://doi.org/10.1016/J.COMPOSITESB.2021.109301
https://doi.org/10.1016/J.COMPOSITESB.2021.109301
https://doi.org/10.1002/ces2.10171
https://doi.org/10.1002/ces2.10171
http://arxiv.org/abs/2410.13041
http://arxiv.org/abs/2410.13041
http://arxiv.org/abs/2410.13041
http://arxiv.org/abs/2410.13041
https://doi.org/10.1016/j.ijheatmasstransfer.2025.126999
https://doi.org/10.1016/j.ijheatmasstransfer.2025.126999
http://arxiv.org/abs/2410.13041

[11]

[12]

[13]

[14]

[15]

[16]

E. Jun, I. D. Boyd, Assessment of an all-particle hybrid method for
hypersonic rarefied flow, 51st AIAA Aerospace Sciences Meeting includ-
ing the New Horizons Forum and Aerospace Exposition 2013 (January)

(2013) 1-25. doi:10.2514/6.2013-1203.

E. Jun, J. M. Burt, I. D. Boyd, All-particle multiscale computation of
hypersonic rarefied flow, AIP Conference Proceedings 1333 (PART 1)
(2011) 557-562. doi:10.1063/1.3562706.

A. J. Lofthouse, Nonequilibrium Hypersonic Aerothermodynamics Using
the Direct Simulation Monte Carlo and Navier-Stokes Models, Ph.D.
thesis, University of Michigan (2008).

M. J. Wright, D. K. Prabhu, E. R. Martinez, Analysis of apollo command
module afterbody heating part I: AS-202, Journal of Thermophysics and
Heat Transfer 20 (1) (2006) 16-30. doi:10.2514/1.15873.

G. Pezzella, R. Votta, Finite rate chemistry effects on the high al-
titude aerodynamics of an apollo-shaped reentry capsule, in: 16th
ATAA/DLR/DGLR International Space Planes and Hypersonic Sys-
tems and Technologies Conference, 2009, pp. 1-17. doi:10.2514/6.
2009-7306/

Y. Liu, D. Prabhu, K. A. Trumble, D. Saunders, P. Jenniskens, Ra-
diation modeling for the reentry of the stardust sample return cap-
sule, Journal of Spacecraft and Rockets 47 (5) (2010) 741-752. doi:
10.2514/1.37813.

45


https://doi.org/10.2514/6.2013-1203
https://doi.org/10.1063/1.3562706
https://doi.org/10.2514/1.15873
https://doi.org/10.2514/6.2009-7306
https://doi.org/10.2514/6.2009-7306
https://doi.org/10.2514/1.37813
https://doi.org/10.2514/1.37813

[17]

18]

[19]

[20]

21]

[22]

Z. Yang, S. Wang, Z. Gao, Studies on effects of wall temperature
variation on heat transfer in hypersonic laminar boundary layer,
International Journal of Heat and Mass Transfer 190 (2022) 122790.
doi:10.1016/j.ijheatmasstransfer.2022.122790.

URL https://doi.org/10.1016/j.1ijheatmasstransfer.2022.
122790

J. N. Moss, C. E. Glass, F. A. Greene, DSMC simulations of
apollo capsule aerodynamics for hypersonic rarefied conditions, in:
9th AIAA/ASME Joint Thermophysics and Heat Transfer Conference,
Vol. 3, 2006, pp. 1733-1750. [doi: 10.2514/6.2006-3577.

H. Jin, M. Fang, L. Li, S. Liu, C. Zhong, Radiative equilibrium boundary
for DSMC menthod and its application of double-cone configuration,
ACTA AERODYNAMICA SINICA 39 (5) (2021) 75-81. doi:10.7638/
kqdlxxb-2020.0128.

S. C. Luo, J. Liu, K. Li, Grid convergence and influence of wall tem-
perature in the calculation of thermochemical non-equilibrium heat
flux, Journal of Physics D: Applied Physics 53 (28) (2020). doi:
10.1088/1361-6463/ab813c.

D. Xu, J. Wang, M. Wan, C. Yu, X. Li, S. Chen, Effect of wall temper-
ature on the kinetic energy transfer in a hypersonic turbulent boundary
layer, Journal of Fluid Mechanics 929 (2021). doi:10.1017/jfm.2021.
875.

E. Jun, M. H. Gorji, M. Grabe, K. Hannemann, Assessment of the cubic

46


https://doi.org/10.1016/j.ijheatmasstransfer.2022.122790
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122790
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122790
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122790
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122790
https://doi.org/10.2514/6.2006-3577
https://doi.org/10.7638/kqdlxxb-2020.0128
https://doi.org/10.7638/kqdlxxb-2020.0128
https://doi.org/10.1088/1361-6463/ab813c
https://doi.org/10.1088/1361-6463/ab813c
https://doi.org/10.1017/jfm.2021.875
https://doi.org/10.1017/jfm.2021.875
https://doi.org/10.1016/j.compfluid.2018.03.059
https://doi.org/10.1016/j.compfluid.2018.03.059

23]

[24]

[25]

[26]

27]

28]

Fokker—Planck-DSMC hybrid method for hypersonic rarefied flows past
a cylinder, Computers and Fluids 168 (2018) 1-13. doi:10.1016/j.
compfluid.2018.03.059.

URL https://doi.org/10.1016/j.compfluid.2018.03.059

S. Kim, H. Gorji, E. Jun, Critical assessment of various particle Fokker-
Planck models for monatomic rarefied gas flows, Physics of Fluids 35 (4)
(2023). doi:10.1063/5.0143195.

URL https://doi.org/10.1063/5.0143195

J. D. Anderson, Hypersonic and high temperature gas dynamics, 3rd
Edition, American Institute of Aeronautics and Astronautics (ATAA),

2019.

G. A. Bird, Nonequilibrium radiation during re-entry at 10 km/s,
ATAA 22nd Thermophysics Conference, 1987 (1987). |doi:10.2514/
6.1987-1543.

R. Goulard, The coupling of radiation and convection in detached shock
layers, Journal of Quantitative Spectroscopy and Radiative Transfer

1 (3-4) (1961) 249-257. [doi:10.1016/0022-4073(61)90025-5|

C. Park, Stagnation-point radiation for Apollo 4, Journal of Thermo-
physics and Heat Transfer 18 (3) (2004) 349-357. doi:10.2514/1.6527.

C. O. Johnston, P. A. Gnoffo, A. Mazaheri, Influence of Coupled Radia-
tion and Ablation on the Aerothermodynamic Environment of Planetary
Entry Vehicles, Tech. rep. (2013).

URL https://ntrs.nasa.gov/search. jsp?R=20130013722

47


https://doi.org/10.1016/j.compfluid.2018.03.059
https://doi.org/10.1016/j.compfluid.2018.03.059
https://doi.org/10.1016/j.compfluid.2018.03.059
https://doi.org/10.1016/j.compfluid.2018.03.059
https://doi.org/10.1016/j.compfluid.2018.03.059
https://doi.org/10.1016/j.compfluid.2018.03.059
https://doi.org/10.1063/5.0143195
https://doi.org/10.1063/5.0143195
https://doi.org/10.1063/5.0143195
https://doi.org/10.1063/5.0143195
https://doi.org/10.2514/6.1987-1543
https://doi.org/10.2514/6.1987-1543
https://doi.org/10.1016/0022-4073(61)90025-5
https://doi.org/10.2514/1.6527
https://ntrs.nasa.gov/search.jsp?R=20130013722
https://ntrs.nasa.gov/search.jsp?R=20130013722
https://ntrs.nasa.gov/search.jsp?R=20130013722
https://ntrs.nasa.gov/search.jsp?R=20130013722

[29]

[30]

[31]

32]

33]

[34]

C. Cercignani, M. Lampis, Kinetic models for gas—surface interactions,
Transport Theory and Statistical Physics 1 (2) (1971) 101-114. doi:
10.1080/00411457108231440.

S. Huh, G. Moon, E. Jun, Drag analysis incorporating atomic oxygen
adsorption in Very-Low-Earth-Orbit, Aerospace Science and Technology
158 (2025) 109900. doi:10.1016/j.ast.2024.109900.
URL https://doi.org/10.1016/j.ast.2024.109900

J. C. Maxwell, VII. On stresses in rarified gases arising from inequali-
ties of temperature, Philosophical Transactions of the royal society of
London 170 (1878) 231-256.

URL  https://www.jstor.org/stable/1136807seq=1#page_scan_

tab_contents

W. Park, E. Jun, Effects of Surface Corrugation on Gas-Surface Scatter-
ing and Macroscopic Flows, arXiv preprint arXiv:2504 (2025). arXiv:
2504.04755.

URL http://arxiv.org/abs/2504.04755

A. N. Molchanova, A. V. Kashkovsky, Y. A. Bondar, [Surface recombi-|

mation in the direct simulation Monte Carlo method| Physics of Fluids

30 (10) (2018) 107105. doi:10.1063/1.5048353!

URL /aip/pof/article/30/10/107105/991460/

Surface-recombination-in-the-direct-simulation

G. V. Candler, Rate Effects in Hypersonic Flows, Annual Re-
view of Fluid Mechanics 51 (2019) 379-402. doi:10.1146/

48


https://doi.org/10.1080/00411457108231440
https://doi.org/10.1080/00411457108231440
https://doi.org/10.1016/j.ast.2024.109900
https://doi.org/10.1016/j.ast.2024.109900
https://doi.org/10.1016/j.ast.2024.109900
https://doi.org/10.1016/j.ast.2024.109900
https://www.jstor.org/stable/113680?seq=1#page_scan_tab_contents
https://www.jstor.org/stable/113680?seq=1#page_scan_tab_contents
https://www.jstor.org/stable/113680?seq=1#page_scan_tab_contents
https://www.jstor.org/stable/113680?seq=1#page_scan_tab_contents
http://arxiv.org/abs/2504.04755
http://arxiv.org/abs/2504.04755
http://arxiv.org/abs/2504.04755
http://arxiv.org/abs/2504.04755
http://arxiv.org/abs/2504.04755
https://doi.org/10.1063/1.5048353
/aip/pof/article/30/10/107105/991460/Surface-recombination-in-the-direct-simulation
/aip/pof/article/30/10/107105/991460/Surface-recombination-in-the-direct-simulation
https://www.annualreviews.org/doi/abs/10.1146/annurev-fluid-010518-040258
https://doi.org/10.1146/annurev-fluid-010518-040258
https://doi.org/10.1146/annurev-fluid-010518-040258

[35]

136]

[37]

38

[39]

[40]

annurev-f1luid-010518-040258.
URL https://www.annualreviews.org/doi/abs/10.1146/
annurev-f1luid-010518-040258

Y. Ko, E. Jun, Mechanism-specific chemical energy accommodation with
finite-rate surface chemistry in non-equilibrium flow, Physics of Fluids
36 (9) (2024). doi:10.1063/5.0222518.

URL https://doi.org/10.1063/5.0222518

C. Sorensen, P. Valentini, T. E. Schwartzentruber, Uncertainty Analysis
of Reaction Rates in a Finite-Rate Surface-Catalysis Model, Journal of
Thermophysics and Heat Transfer 26 (3) (2013) 407-416. doi:10.2514/
1.T3823.

URL https://arc.aiaa.org/doi/10.2514/1.T3823

K. Swaminathan-Gopalan, A. Borner, K. A. Stephani, Development of
a detailed surface chemistry framework in DSMC, Computers and Flu-
ids (December) (2024) 106525. doi:10.2514/6.2018-0494.

URL https://doi.org/10.1016/j.compfluid.2024.106525

F. P. Incropera, D. D. DeWitt, T. L. Bergman, A. S. Lavine, Principles
of Heat and Mass Transfer, global Edition, Wiley, New York, 2013.

G. A. Bird, The DSMC Method, 1st Edition, CreateSpace Independent
Publishing Platform, 2013.

E. Jun, M. Grabe, K. Hannemann, Cubic Fokker—Planck method for

rarefied monatomic gas flow through a slit and an orifice, Computers and

49


https://doi.org/10.1146/annurev-fluid-010518-040258
https://doi.org/10.1146/annurev-fluid-010518-040258
https://www.annualreviews.org/doi/abs/10.1146/annurev-fluid-010518-040258
https://www.annualreviews.org/doi/abs/10.1146/annurev-fluid-010518-040258
https://doi.org/10.1063/5.0222518
https://doi.org/10.1063/5.0222518
https://doi.org/10.1063/5.0222518
https://doi.org/10.1063/5.0222518
https://arc.aiaa.org/doi/10.2514/1.T3823
https://arc.aiaa.org/doi/10.2514/1.T3823
https://doi.org/10.2514/1.T3823
https://doi.org/10.2514/1.T3823
https://arc.aiaa.org/doi/10.2514/1.T3823
https://doi.org/10.1016/j.compfluid.2024.106525
https://doi.org/10.1016/j.compfluid.2024.106525
https://doi.org/10.2514/6.2018-0494
https://doi.org/10.1016/j.compfluid.2024.106525
https://doi.org/10.1016/j.compfluid.2018.08.028
https://doi.org/10.1016/j.compfluid.2018.08.028

[41]

[42]

143

[44]

[45]

|46]

Fluids 175 (2018) 199-213. doi:10.1016/j.compfluid.2018.08.028.
URL https://doi.org/10.1016/j.compfluid.2018.08.028

S. Kim, E. Jun, A stochastic particle Fokker-Planck method with non-
linear production terms for a variable hard-sphere gas, Physics of Fluids

34 (8) (2022). doi:10.1063/5.0100633.

S. Kim, W. Park, E. Jun, A second-order particle Fokker-Planck model
for rarefied gas flows, Computer Physics Communications 304 (Decem-
ber 2023) (2024) 109323. doi:10.1016/j.cpc.2024.109323.

URL https://doi.org/10.1016/j.cpc.2024.109323

S. Kim, E. Jun, A stochastic Fokker—Planck—Master model for diatomic
rarefied gas flows, Journal of Computational Physics 506 (March) (2024)
112940. doi:10.1016/j.jcp.2024.112940.

URL https://doi.org/10.1016/5.jcp.2024.112940

W. Park, S. Kim, M. Pfeiffer, E. Jun, Evaluation of stochastic particle
Bhatnagar-Gross-Krook methods with a focus on velocity distribution
function, Physics of Fluids 36 (2) (2024). doi:10.1063/5.0189872.
URL https://doi.org/10.1063/5.0189872

M. A. Gallis, J. R. Torczynski, S. J. Plimpton, D. J. Rader, T. Koehler,
Direct simulation Monte Carlo: The quest for speed, Tech. Rep. No.
SAND2014-15509C, Sandia National Lab.(SNL-NM), Albuquerque, NM
(2014). doi:10.1063/1.4902571.

P. Norman, T. Schwartzentruber, A finite-rate model for oxygen-silica

50


https://doi.org/10.1016/j.compfluid.2018.08.028
https://doi.org/10.1016/j.compfluid.2018.08.028
https://doi.org/10.1063/5.0100633
https://doi.org/10.1016/j.cpc.2024.109323
https://doi.org/10.1016/j.cpc.2024.109323
https://doi.org/10.1016/j.cpc.2024.109323
https://doi.org/10.1016/j.cpc.2024.109323
https://doi.org/10.1016/j.jcp.2024.112940
https://doi.org/10.1016/j.jcp.2024.112940
https://doi.org/10.1016/j.jcp.2024.112940
https://doi.org/10.1016/j.jcp.2024.112940
https://doi.org/10.1063/5.0189872
https://doi.org/10.1063/5.0189872
https://doi.org/10.1063/5.0189872
https://doi.org/10.1063/5.0189872
https://doi.org/10.1063/5.0189872
https://doi.org/10.1063/1.4902571

[47]

48]

[49]

[50]

[51]

[52]

catalysis through computational chemistry simulation, AIP Conference

Proceedings 1501 (1) (2012) 1137-1144. doi:10.1063/1.4769669.

O. Deutschmann, U. Riedel, J. Warnatz, Modeling of nitrogen and oxy-
gen recombination on partial catalytic surfaces, Journal of Heat Transfer

117 (2) (1995) 495-501. doi:10.1115/1.2822549.

P. Norman, T. Schwartzentruber, I. Cozmuta, A computational chem-
istry methodology for developing an oxygen-silica finite rate cat-
alytic model for hypersonic flows, 42nd AIAA Thermophysics Confer-
ence (June) (2011) 1-17. [doi:10.2514/6.2011-3644]

P. Norman, T. Schwartzentruber, A computational Chemistry method-
ology for Developing an oxygen-silica Finite rate catalytic model for
hypersonic Flows: Part II, 43rd AIAA Thermophysics Conference
2012 (June) (2012) 1-18. doi:10.2514/6.2012-3097.

D. Paul, M. Mozetic, R. Zaplotnik, G. Primc, D. Donlagi¢, A. Vesel,
A Review of Recombination Coefficients of Neutral Oxygen Atoms for

Various Materials, Materials 16 (5) (2023). doi:10.3390/ma16051774.

M. Balat-Pichelina, J. M. Badie, R. Berjoan, P. Boubert, Recombination
coefficient of atomic oxygen on ceramic materials under earth re-entry
conditions by optical emission spectroscopy, Chemical Physics 291 (2)
(2003) 181-194. doi:10.1016/S0301-0104(03)00152-6.

Y. C. Kim, M. Boudart, Recombination of O, N, and H Atoms on Silica:
Kinetics and Mechanism, Langmuir 7 (12) (1991) 2999-3005. doi:10.
1021/1a00060a016.

o1


https://doi.org/10.1063/1.4769669
https://doi.org/10.1115/1.2822549
https://doi.org/10.2514/6.2011-3644
https://doi.org/10.2514/6.2012-3097
https://doi.org/10.3390/ma16051774
https://doi.org/10.1016/S0301-0104(03)00152-6
https://doi.org/10.1021/la00060a016
https://doi.org/10.1021/la00060a016

[53]

[54]

[55]

[56]

[57]

[58]

J. Marschall, Experimental determination of oxygen and nitrogen re-
combination coefficients at elevated temperatures using laser-induced
fluorescence, in: ATAA National Heat Transfer Conference, 1997. doi:

10.2514/6.1997-3879.

D. A. Stewart, Surface catalysis and characterization of proposed candi-
date TPS for access-to-space vehicles, Tech. Rep. 112206, NASA Tech-
nical Memorandum (1997).

K. D. Hammond, W. C. Conner, Analysis of catalyst surface structure
by physical sorption, Vol. 56, Academic Press, 2013. doi:10.1016/
B978-0-12-420173-6.00001-2,

J. T. Emmert, D. P. Drob, J. M. Picone, D. E. Siskind, M. Jones,
M. G. Mlynczak, P. F. Bernath, X. Chu, E. Doornbos, B. Funke, L. P.
Goncharenko, M. E. Hervig, M. J. Schwartz, P. E. Sheese, F. Vargas,
B. P. Williams, T. Yuan, NRLMSIS 2.0: A Whole-Atmosphere Empir-
ical Model of Temperature and Neutral Species Densities, Earth and

Space Science 8 (3) (2021). |doi:10.1029/2020EA001321.

Y. Yang, I. Kim, G. Park, Experimental and numerical study
of oxygen catalytic recombination of SiC-coated material, Inter-
national Journal of Heat and Mass Transfer 143 (2019) 118510.
doi:10.1016/j.ijheatmasstransfer.2019.118510.

URL https://doi.org/10.1016/j.1ijheatmasstransfer.2019.
118510

X. He, Y. Li, L. Wang, Y. Sun, S. Zhang, High emissivity coatings for

02


https://doi.org/10.2514/6.1997-3879
https://doi.org/10.2514/6.1997-3879
https://doi.org/10.1016/B978-0-12-420173-6.00001-2
https://doi.org/10.1016/B978-0-12-420173-6.00001-2
https://doi.org/10.1029/2020EA001321
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118510
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118510
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118510
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118510
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118510
http://dx.doi.org/10.1016/j.tsf.2009.03.175
http://dx.doi.org/10.1016/j.tsf.2009.03.175

high temperature application: Progress and prospect, Thin Solid Films
517 (17) (2009) 5120-5129. doi:10.1016/j.tsf.2009.03.175.
URL http://dx.doi.org/10.1016/j.tsf.2009.03.175

[59] G. Park, S. L. Gai, A. J. Neely, Base flow of circular cylinder at hyper-
sonic speeds, AIAA Journal 54 (2) (2016) 458-468. doi:10.2514/1.
J054270.

53


http://dx.doi.org/10.1016/j.tsf.2009.03.175
http://dx.doi.org/10.1016/j.tsf.2009.03.175
https://doi.org/10.1016/j.tsf.2009.03.175
http://dx.doi.org/10.1016/j.tsf.2009.03.175
https://doi.org/10.2514/1.J054270
https://doi.org/10.2514/1.J054270

	Introduction
	Physical models
	Boltzmann equation
	Surface heat flux
	Convective heat flux
	Chemical heat flux
	Thermal radiation heat flux

	Surface boundary conditions

	Numerical methodology
	Direct simulation Monte Carlo
	Radiative equilibrium boundary condition

	Validation of models
	Finite-rate surface chemistry
	Radiative equilibrium boundary condition

	Surface properties using radiative equilibrium boundary condition
	Comparison to isothermal boundary condition
	Correlation between heat flux and surface temperature
	Pearson correlation coefficient analysis
	Non-linear correlation of chemical heat flux
	Non-linear correlation of convective heat flux


	Conclusion

