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This study presents a self-consistent framework for deriving slip boundary conditions within multitemperature modeling
of non-equilibrium reacting gas mixtures flows. The framework is based on a previously developed method using the
kinetic boundary condition, extended to account correctly for particles loss due to adsorption, desorption, and surface
chemical reactions. Relations for velocity slip, translational-rotational temperature jump, and vibrational temperature
jumps are derived without additional phenomenological assumptions under specular-diffusive scattering model. These
conditions simultaneously account for gas—surface scattering effects and heterogeneous processes, including rotational
and vibrational relaxation. A solver is developed to compute the resulting nonlinear system, with recommendations
provided for integration into fluid-dynamic codes. Parametric studies of temperature jumps, relative changes in mixture
composition, and surface heat flux are carried out by varying the recombination probability on the surface, accommo-
dation coefficient, wall temperature, and Knudsen number. It is demonstrated that vibrational temperature jumps are
critical for predicting near-wall flow properties, and that rotational relaxation significantly affects the temperature jump,
especially when there is a large temperature difference between the gas phase and the wall. The framework enables

accurate modeling of non-equilibrium gas flows near surfaces in both continuum and slip-flow regimes.

I. INTRODUCTION

Modeling of non-equilibrium reacting gas flows remains a
focus of scientific research in recent decades'™ due to their
importance for high-speed aerodynamics, aerospace applica-
tions, low-temperature plasma science and technology, en-
vironmental sciences, and microelectromechanical systems.
Under non-equilibrium conditions, fluid dynamics and trans-
port phenomena are strongly coupled to multiple physical
and chemical processes such as internal energy exchange and
chemical reactions, both in the gas phase and on the solid
surface. Development and implementation of accurate math-
ematical models for such flows is one of the challenges in
modern non-equilibrium gas dynamics and kinetic transport
theory.

Depending on physical conditions, approaches of various
detail can be applied for the flow description. The kinetic ap-
proach based on direct simulation Monte Carlo (DSMC)*78,
while being an excellent tool for the rarefied and transient
flows, becomes computationally expensive with decreasing
Knudsen number; moreover there is a lack of reliable DSMC
models for the cross sections of chemical reactions and inter-
nal energy exchange in polyatomic gases. In computational
fluid dynamics (CFD), a continuum approach based on macro-
scopic fluid dynamic equations is applied. Fundamentals
of the continuum approach based on the Chapman—Enskog
method are given in Refs. 9-11. Continuum approaches are
limited to low Knudsen numbers; however, taking into ac-
count non-equilibrium effects in extended sets of fluid dy-
namic equations expands the limits of its applicability.

The most detailed among continuum models is the state-to-
state (STS) gas flow description taking into account all excited
vibrational states in a mixture as pseudo species>!'>"19. This

approach provides valuable information on key relaxation
mechanisms under various conditions, but is still hardly appli-
cable for viscous flow simulations due to prohibitively expen-
sive algorithms for the evaluation of state-resolved transport
coefficients.

A good alternative providing satisfactory accuracy at a
lower computational cost is the multitemperature (MT) flow
model. Semi-empirical MT models!?%?! are easy to imple-
ment in CFD codes but they are limited by many assumptions
introduced for modeling rates of coupled vibrational-chemical
relaxation and transport properties. Self-consistent theoreti-
cal models of transport processes in multitemperature flows
taking into account anharmonicity and accurate chemical-
vibrational coupling are developed in Refs. 22 and 23 in the
frame of the generalized Chapman-Enskog method; rigorous
models for the MT chemical and vibrational energy produc-
tion rates taking into account cross effects between the rates
of non-equilibrium processes and normal mean stress are pro-
posed in Refs. 24 and 25. Further improvement of multitem-
perature models is provided in Refs. 26 and 27 in the frame of
a hybrid approach combining simple MT fluid dynamic equa-
tions with exact state-to-state energy and chemical production
rates. Thus, in these studies, the fully self-consistent closure
of MT fluid dynamic equations for viscous thermochemically
non-equilibrium flows was carried out. However, no accurate
models for boundary conditions obtained in the same kinetic-
theory framework have been developed up to now, which pre-
vents simulations of real viscous non-equilibrium flows near
solid surfaces with different catalytic properties.

Boundary conditions (BCs) for a multitemperature set of
fluid dynamic variables must capture slip effects in gas flows
near surfaces, typically represented through velocity slip and
temperature jump relations; non-equilibrium heterogeneous
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processes, such as adsorption/desorption and surface reac-
tions, which commonly appear in near-wall mass flux expres-
sions; and excitation or deactivation of vibrational energy in
molecular components of the mixture due to scattering by the
solid surface and heterogeneous processes, which must be in-
cluded in additional boundary conditions for vibrational tem-
peratures (vibrational temperature jumps) in the MT approx-
imation. Additionally, these BCs should account for all pro-
cesses simultaneously, otherwise, the macroparameters after
gas—wall interaction can be evaluated incorrectly?®. For stud-
ies addressing the individual influence of such processes, see,
e.g., Refs. 5, 21, 29-35. To our knowledge, such comprehen-
sive conditions do not yet exist. Consequently, multitemper-
ature modeling of non-equilibrium gas flows near solids has
been performed using phenomenological or simplified theo-
retical models, e.g. see Refs. 36-42. Most of these mod-
els were developed for a single vibrational temperature, or
even a single internal temperature* (the only exception be-
ing Ref. 39), and did not account for slip effects in vibrational
temperature jump or for heterogeneous processes.

This work addresses this gap by developing appropriate slip
boundary conditions for MT models. For this purpose, we
modify a previously developed method for obtaining slip BCs
based on the kinetic boundary condition?34344 In addition,
we reexamine the modeling of heterogeneous reactions to cor-
rectly capture particle loss due to surface processes and in-
clude the effect of rotational relaxation in the slip BCs.

The objectives of this study are: 1) to modify and general-
ize the previously developed kinetic BC to take into account
newly formed and desorbed particles; 2) to apply the updated
kinetic BC to derive a fully closed MT flow description with
slip boundary conditions, including vibrational temperature
jumps; 3) to compare the obtained BCs with those previously
derived within the STS approach and with other BCs for MT
models; 4) to implement and assess the MT BC model; 5) to
evaluate the influence of the modified kinetic BC on the mod-
eling of gas—surface processes and to identify the limits of ap-
plicability for the simplified model proposed in earlier work;
6) to carry out a parametric study to estimate the effects of
surface reaction probabilities, rotational degrees of freedom,
and diffusion on the molar fractions, rotational-translational
temperature, vibrational temperatures, and heat flux.

The paper is organized as follows. In Section II, we pro-
vide a closed system of governing equations for modeling
gas mixture flows under the multitemperature approximation.
Section III develops a method for deriving slip BCs from the
kinetic boundary condition. Section IV introduces the result-
ing closed set of MT boundary conditions. A brief overview
of their implementation in numerical codes, along with the re-
sults of a parametric study, are given in Section V. Concluding
remarks are provided in Section VI. Mathematical details of
the BCs derivation are given in Supplementary Material.

Il. MULTITEMPERATURE MODEL FOR
NON-EQUILIBRIUM GAS MIXTURE FLOWS

Before formulating the approach for deriving slip boundary
conditions, we first briefly review the key features of multi-
temperature models.

To obtain a closed set of governing equations for non-
equilibrium mixture flows within the continuum framework,
we follow the generalized Chapman—Enskog method?. In this
method, the following form of the Boltzmann equation (Wang
Chang—Uhlenbeck extension of the Enskog equation) is con-
sidered:

2 0V = I8
c=1...,L, i=0,....;Ne;, j=0,...,Nei.

+Jj M

Here, the distribution function f;;(r,u,?) is introduced for
chemical species ¢, vibrational level i, and rotational level j;
the electronic excitation is neglected; r denotes the spatial co-
ordinate, u, is the species ¢ velocity, ¢ is the time; L is the
number of chemical species; N, is the number of vibrational
levels for c species; N,; is the number of rotational levels of
molecules ¢ on the vibrational level i. The collision operators
account for the variation of the distribution function due to
rapid, J;;7, and slow, J3;, processes®. The small parameter &
is introduced as the ratio of characteristic times of rapid and
slow processes.

When rapid and slow processes are specified, the distri-
bution function is represented as a generalized Chapman—
Enskog series in terms of the small parameter. Commonly,
only terms up to the first order are considered. This approach
allows one to define a closed set of fluid dynamic equations,
including procedures for calculating transport coefficients and
expressions for the relaxation terms. The details can be found
in Ref. 2.

In this work, we consider only gas mixtures composed
of atoms and diatomic molecules, excluding polyatomic
molecules, where energy transitions between modes must be
taken into account. For these mixtures, we consider the fol-
lowing relation between the relaxation times:

T < Trot < WV, K Tyy! ~ VT ~ Treact ™~ 0, (2)

where Ty, Tyt are the characteristic times of translational and
rotational relaxation; Tyy, TvT, Treact are the characteristic
time scales of vibrational-vibrational (VV) and vibrational-
translational (VT) energy transitions, and chemical reactions;
6 is the fluid dynamic time scale; Tyy, denotes the time of
VYV transitions between molecules of the same species, while
Tyy corresponds to VV transitions occurring between differ-
ent molecular species. According to kinetic scaling (2), near-
resonant vibrational energy exchanges between molecules of
the same chemical species occur significantly faster than non-
resonant transitions between different molecules, as well as
transfers of vibrational energy to other modes or chemical re-
actions.

The chosen time scale allows one to specify the invari-
ants of the most frequent collisions corresponding to rapid
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processes. For kinetic scaling (2), these invariants are the
mass, the momentum, and the total energy of ¢ species (ro-
tational and vibrational motions are treated as independent in
this study):

(v) mcug c c
Vij =Me, mcle, 2 +ejt+eg e, v=1,....5 3)
and additional invariants of rapid processes?:
5
Y =, p=1,..L @
A+LA+S
) — g A =1, L. 5)

Here, m, is the species mass; sf £f, & are the species c rota-
tional energy on the level j, vibrational energy on the level i,
and energy of formation, respectively; Ly, is the number of
molecular species; a. is a value independent of the velocity,
vibrational i and rotational j quantum numbers and depend-
ing arbitrarily on the chemical species c; usually a. is set to 1;
such a choice yields species number densities to be additional
macroscopic variables governed by corresponding conserva-
tion equations. Collision invariants (5) represent the con-
servation of vibrational energy when molecules of the same

species collide. More generally, instead of (5), another addi-
tional invariant should be considered — the total number of
vibrational quanta. However, when molecular vibrations are
modeled as harmonic oscillators, the vibrational energy (5)
remains invariant under rapid elastic and VV, collisions be-
tween molecules of the same species. From this point on, we
will consider the set of collision invariants given by (3)—(5).

The set of collision invariants allows one to determine a
set of fluid dynamic variables that describe the flow within
the framework of the chosen approximation. For the MT ap-
proach based on kinetic scaling (2), the set of macroscopic pa-
rameters includes the number densities of gas species n.(r,7),
gas velocity v(r,7), gas translational-rotational temperature
T (r,t), and additional vibrational temperatures for molecular
species T (r,1).

The system of transport equations is obtained by multiply-
ing the Boltzmann equation (1) by the collision invariants of
the most frequent collisions, followed by integration over the
entire velocity space, summation over all species, and summa-
tion over all internal energy states when considering molecu-
lar species:

) z

87Q+8FI JF, OJF, OF! EJraF;’ _
at dx dy dz dox dy dz

(6)

The vector of conservative variables Q and the vectors of con-
vective fluxes F, are defined as follows:

p Pvx pvy pv;
PYe PYcvx PYcvy PYcve
Pvx PVxvx+p PVyvx PvVx
Q= pvy ,Fy = PVxVy ,Fy=1| pywy+p |, F,. = pvvy . @)
pvz PVxVz pvyve PVve+p
pE (PE + p)vy (PE +p)vy (PE+ p)v:
PYCEvibr,c PYcEvibr.cvx pYCEvibr.ch pYCEvibr,CVz

The viscous flux vectors F; and the source H term are written in the following form:

0 0
J c.x J cy
Txx T)'x
Fi= Tay By = Tyy
Tz Tyz
V- T+ gy VeTy + 4y
e e

Here, p is the mixture density, vy are the velocity v com-
ponents, y. is the species ¢ mass fraction (y. = p./p, P is
the species ¢ density), p is the gas pressure (p = pRT /M.,
M is the mixture molar mass), R'*“! is the chemical produc-
tion term, and R is the vibrational energy production term
taking into account VT, VV’ energy transitions, and chemical-
vibrational coupling®. The total energy of the mixture (E) is

0 0
JC‘Z R;eact
Tox 0
B = Tey SH=1 0 . ®)
Tz 0
V-7 +g: 0
@z RI

the sum of the kinetic energy and the internal energy (U):

1

E
2

I+ +vh)+U. ©)
Internal energy is defined as the sum of translational (E; =
Y. Ve o), rotational (Eror = Y YeErot,c), vibrational (Eyipr =
Y. VeEvyivr,c), and formation energies (Ef = Y ycEr,.) of the
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mixture per unit mass:

U= Zy( (E[r,c + Erot,c +Evibr,c +Ef.r) = ZYL'hc - g
¢ ¢

. £°
y 3K KT L& exp (‘k'/"g) ‘ (10
e\ 2w T ez () e

where /. is the specific enthalpy of species c, k is the Boltz-
mann constant, and the vibrational partition function is calcu-
lated as follows:

. e¢
Zo(TY) =Y exp (7 i > (n
c c ; k]'vcv

In expression (10), we assume that rotational motion is de-
scribed on the basis of the rigid rotator model.

The transport terms under the multitemperature mixture
flow description (6)—(8) include the mass flux of species c,
J., written in terms of the diffusion velocity V. of species c,
Je = pcVe; the stress tensor, P = pI+ 7, which includes the
viscous stress 7; the total heat flux vector, q; and vibrational
energy fluxes, q¥"®. In the first-order approximation of the
modified Chapman-Enskog method, the transport terms can
be written in the following form?:

Ve ==Y Dcydq —DrcVinT, (12)
d
T=—(LV v+ pra)l
1 1
—-2n (E (Vv+ W) 7§V-vl)7

q= —A'VT — Zlv.(‘vz,‘v - PZDTCdr + chh,;vc, (14)

13)

Q= A, VT (15)

In the above equations, d. is the diffusive driving force, D4,
Dr¢, £, m, A/, Ayy are the transport coefficients: binary diffu-
sion, thermal diffusion, bulk and shear viscosity, thermal con-
ductivity, and vibrational thermal conductivity coefficients,
respectively. The relaxation pressure py is connected with
the cross-coupling effect between the stress tensor and the
rates of nonequilibrium processes: chemical reactions, VV’,
and VT energy transitions; for more details see Refs. 24 and
25, where py is expressed in terms of reaction affinities. An-
other cross effect is associated with the velocity divergence
which appears in both normal stress and production rates. The
expression for the heat flux in the multitemperature approxi-
mation (14) contains additional terms that take into account
the transfer of energy associated with vibrational temperature
gradients. Coefficients Ay describe the vibrational energy
transfer between molecules of the same species. The ther-
mal conductivity coefficient A’ in the MT approximation de-
termines the energy transfer through the translational (4,,) and
the rotational (Aror) degrees of freedom: A" = A/, + Aror; prime
indicates that A/, is a partial thermal conductivity coefficient,
which does not include thermal diffusion ratios. For subse-
quent theoretical formulations it is more convenient to use
the effective transport coefficients /10’7,,, Acrots Ne» and & de-
fined for mixture species as follows: A’ = Y. xc (4] + Ac.xot)s

N =YX Ne, § =Y xc &, xc is the molar fraction of species c.
Note that the species effective transport coefficients are intro-
duced solely to clarify the physical sense of the slip boundary
conditions derived later; for the evaluation of effective coeffi-
cients we use accurate transport algorithms rather than empir-
ical data.

Rigorous kinetic-theory algorithms for calculating trans-
port coefficients can be found in Ref. 2. They include cal-
culation of collision integrals, bracket integrals, and solution
of linear transport systems. Similar algorithms for the evalu-
ation of chemical and energy production rates are developed
in 24, 25, and 45; in the latter references, the production rates
take into account cross-coupling effects between the produc-
tion rates and normal stress as well as coupling of chemical
reactions and vibrational energy transitions.

At this point, we have a closed system of transport equa-
tions for the MT set of fluid dynamic variables. The system of
MT governing equations (6) consists of L+4 4 Ly, equations,
which are: the continuity equations for mixture components
describing the change of species fractions due to chemical re-
actions and diffusion; the conservation of momentum taking
into account viscous effects, including bulk viscosity; the to-
tal energy conservation equation; and, additionally for the MT
model, the relaxation equations for the vibrational energy cap-
turing its change due to inelastic VV’ and VT collisions, and
chemical reactions. The next step is to formulate an approach
for deriving slip boundary conditions for this system of equa-
tions.

1ll.  FORMULATION OF THE METHOD TO OBTAIN SLIP
BOUNDARY CONDITIONS

Let us summarize some peculiarities of the method for de-
riving slip boundary conditions based on the kinetic boundary
condition. The main idea lies in the ability to derive bound-
ary conditions through a procedure similar to the derivation
of transport equations from the Boltzmann equation. Such
a method allows derivation of slip BCs for an arbitrary gas
mixture flow model and, due to the known Chapman-Enskog
procedure for the evaluation of mixture transport and chemi-
cal properties, provides a closed formulation of the boundary
condition problem. Instead of the Boltzmann equation, this
method uses a boundary condition for the distribution func-
tion, and the kinetic boundary condition*® generalized for the
chosen approximation of the mixture flow™.

A. Modification of kinetic BC to include newly formed and
desorbed species

First, we extend the kinetic BC to include processes that
lead to an increase in particle number near the surface?344,
which are chemical reactions resulting in gas species forma-
tion and a desorption from the solid surface. The kinetic
boundary condition under these assumptions for the MT flow
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description has the following form:

S ves 0 = X[ a0 i T

um<0
T [ el 75
dkl
gy <0

+Dwf;,/ (r-,uc‘7l>uc)z|uc,,>0;

(16)
where L”(r,uc,t), feij(r,uc,2) are the distribution functions
of reflected and incident gas particles, f;iM is the Maxwell—
Boltzmann non-equilibrium distribution, depending generally
on both 7 and T (i.e., the zeroth-order distribution func-
tion?). The scattering kernel*78, Tj",’ = T5 (u ,ul), is the
the probability density such that TL cij du, gives the probability
that a species ckl with the incident velocity w, will be scat-
tered from the surface as a species cij with the velocity in
the range u.du.. Here, due to the MT flow description, we
assume rapid energy exchange with the surface in both rota-
tional and vibrational modes, so the molecule may change its
internal state during this rapid scattering process; note that
in the StS formulation of the method, the rapid energy ex-
change was assumed for the rotational state only. The kernel
Ty = Ty (ue,uy) is the reflection kernel for newly formed
species, which has the same meaning as T:,d’ The probability
¥4 (Where d # c) is the probability that a species d is involved
in the formation process of a ¢ species; D} is the species ¢
desorption coefficient, defined as the ratio of the number flux
of desorbed particles to the number flux of incident particles.
From this point on, we assume that the reflection of newly

formed species is diffuse (T (ue,u}) = Tid(u,)):

cif 2 me §jUen
leff< u) = T\ 2kTv Z{()((TW)Z{\:/“)T(TW)

meu? £ £
X\ "oy T | P\ T |

Here, T% is the wall temperature, s} is the rotational statisti-
cal weight, and ZI* is the rotational partition function. The
desorption of species from the surface, as it can be seen from
relation (16), is assumed to follow a Maxwell-Boltzmann dis-
tribution with the wall temperature. This is due by the fact,
that both newly formed and desorbed species are assumed to
be in thermal equilibrium with the surface. Justification for
these assumptions and additional details on the inclusion of
reaction processes can be found in Ref. 28.

An additional assumption made for the diffusive reflected
kernel in the MT approximation is that the temperatures of all
energy modes are set equal to the wall temperature. This is
justified by the assumptions of full accommodation of chemi-
cal energy and thermal equilibrium state for the solid surface.
As aresult, the vibrational wall temperatures are also set equal
to the wall temperature in the kernel. This diffuse scattering
model will be further used in the derivation of the slip bound-
ary conditions.

a7

B. Incorporation of adsorption and processes that lead to
particle loss

Another step in formulating the method for obtaining slip
boundary conditions is to account for gas particle loss due to
their participation in the formation of other gas particles or
their adsorption on free surface sites. For this purpose, the
normalization condition for the scattering kernel needs to be
modified:

): / T3 (0 0 )du = 1 — Z}ﬁ—szﬂ (18)

qu >0

where S} is the sticking coefficient, which is the fraction of
incident particles impinging on a surface that are really ad-
sorbed. The relation above, when the right-hand side is equal
to one, states that during the scattering process, a species with
the incident velocity u/, will, with probability equal to one, be
scattered with the velocity u. from the half-space (with a non-
negative normal component) and occupy some rotational and
vibrational levels from their respective sets. However, when
surface chemical reactions occur, not all molecules and atoms
can be scattered from the surface. Therefore, we must account
for only the fraction of particles that can be scattered, which
is given by 1 — Y, 74 —S¥. Incorporation of this fraction of
lost particles into the scattering kernels can be arranged in two
different ways.

1. Flux based approach

This approach was developed as a result of our initial for-
mulation, which, with some simplifications, is equivalent to
the Grad and Patterson—Shidlovskiy techniques*?, and is re-
lated to works where heterogeneous reactions are included in
the boundary conditions, extending the Scott recombination
model*® (see details in Ref. 44). Within this formulation, the
scattering kernel is split into two parts: one responsible for
the scattering process, and another accounting for the fraction
of particles that are lost. For the former, diffuse reflection is
assumed, since newly formed or desorbed species are in ther-
mal equilibrium with the surface. In the case of the Maxwell
scattering model, the kernel under such an assumption has the
form:

rklM(uU u)) =(1-0,)8,;6;6 (ul. — uc + 2uc,m)
+ <GC—ZVC1—SZV> 7::161%(“0)
d

Here, o is the accommodation coefficient for species c, rep-
resenting the fraction of particles that are diffusely scattered
from the solid surface.

Substituting an arbitrary kernel under this assumption into

19)
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the kinetic BC (16) allows rewriting it in the following form:

it elin =3 [ ) i T

K u},, <0

+Y % / Fara (000 | T
dkl
uy, <0

+ DX’]?(-EM(F-, u07t)ucn ‘u(,,>0

<Z +SW>Z / fckl r, “ >t |”cn‘Td(|IfJf
i, <O
(20)
while the kernel T:klj now satisfies the common normalization
condition:

Z/ (‘kl u.,u.)du, = 1. 21)

uL,,>0

The obtained relation (20) indicates that the flux of particles
lost in adsorption or chemical processes, is subtracted from
the flux of particles reflected from the solid surface. There-
fore, we call this model the Flux-based approach.

This procedure for accounting for lost particles was formu-
lated under the assumption of small recombination probabili-
ties. In Section V, we will demonstrate its limitations.

2. Kernel based approach

The flux-based approach was the only one considered in our
previous works. However, it appears to be not entirely accu-
rate, as it involves a scattering kernel for lost particles, which
are not actually scattered. A more consistent way to incor-
porate species loss is through an additional multiplier applied
to the scattering kernel — the fraction of particles that can
indeed be scattered, given by (1—¥,% —8Y). For exam-
ple, the Maxwell scattering kernel under the multitemperature
flow description, when modified according to this new formu-
lation, takes the following form:

7":,(’{M(u“u )= (1 —%ﬂ—sﬁ)
x ((1 — 6.)8,;848 (W, — . + 2un) + O dl;f(uc))
2)

The numerical assessment of this approach is carried out in
Section V B.

At this stage, we have formulated a method for MT gas
mixture flows based on the kinetic boundary condition. This
was achieved by adapting to the MT flow description the main
ideas of the previously developed state-to-state approach and
by improving the treatment of gas particle loss. Our next ob-
jective is to obtain the boundary conditions for the set of fluid
dynamic variables.

Note that in this work we focus on deriving boundary condi-
tions for the specular-diffuse (Maxwell) scattering kernel (19),

(22). In Ref. 28, we obtained the slip conditions for the
Cercignani-Lampis (CL) model*®. As for more physically
detailed models, such as the Epstein model®®, they, as well
as the CL model, are beyond the scope of this study, since
they involve two or more parameters (e.g., energy accommo-
dation coefficients), which are typically unknown for individ-
ual species of an arbitrary mixture. Therefore, we exclude
these models from the present analysis and focus on the influ-
ence of contributions of different physical-chemical processes
on the slip BCs in the case of the Maxwell scattering kernel.

IV. MULTITEMPERATURE SLIP BOUNDARY
CONDITIONS

As already mentioned, the procedure for obtaining slip
boundary conditions is similar to the derivation of transport
equations from the Boltzmann equation within the framework
of the Chapman-Enskog method. The only difference is that
the integration is performed over the half-space {u.|u., > 0}.
Multiplying the kinetic boundary condition (16) by the colli-
sion invariants of the rapid process, followed by integration
and summation, allows one to obtain the boundary condition
for the fluid dynamic variable corresponding to this micro-
scopic invariant. Multiplying by the additional collision in-
variants (4) yields BCs for species concentrations; by (5),
for vibrational temperatures; and by (3), yields velocity slip
and temperature jump relations. Physically, before actually
performing integration and summations, the resulting integral
relation implies that the reflected flux of the corresponding
macroparameter consists of three contributions: from scat-
tered particles, from newly formed particles, and from des-
orbed ones. Besides that, the flux of scattered particles ac-
counts for the fact that some species are lost during the gas-
surface interaction.

While obtaining the slip BCs we make the following as-
sumptions: 1) the expressions for the distribution functions
of incident particles, f;, (r,ul,z), and reflected particles,
flej(LuC,l), are of the same form and order in the Knud-
sen layer, meaning that they depend on the same macroscopic
quantities; 2) the distribution functions correspond to the first-
order approximation of the Chapman—Enskog method? (i.e.,
we apply the viscous flow approximation); 3) we assume that
the normal component of the macroscopic velocity is zero,
v-n|y = 0 (this equation can be derived explicitly when sur-
face reactions are neglected; otherwise, it is introduced as an
additional assumption); 4) finally, we neglect the relaxation
pressure since its contribution to the normal stress in MT flows
is about 1-2% of p, see Ref. 24.

For brevity, the detailed derivation of the multi-temperature
boundary conditions is not presented here. A concise outline
of the derivation and the key simplification steps are provided
in the Supplementary Material.
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A. Mass fluxes near surface

We first derive the relations for the mass fluxes near the
wall. As in the state-to-state approximation, the expressions
for the species mass fluxes do not depend on the scattering ker-

nel Tfk’f itself, but rather on its normalization condition (18)

and the type of the reflection kernel Td”,i{ . Performing the
above mentioned procedure, we obtain:

Z / u('nf;{jdu(:

T ien>0
(1—Zyd SW>Z / fcklumdll (23)
ul,, <0
*ZY& / fdkz”dnd“d+DWZ / u“”fu/ u,.
U< Y en>0
Here U/ = Ul(r u, 1), fo; = fou(r,ul,1). Substituting the

the first-order approximation of the distribution function?,
we obtain the following expressions for the mass fluxes of
gaseous species near the surface:

()37? +s[)pc
(2*2;74 - S(‘)Jc'n = T ammkT (P‘Fpnn‘c)
2kTW Vj,lm 1 YqmePa
+ me Z a-n+ 72akT ; n\/@ (P+Pnn,d) ,

@9,

2—0oc
\/ % =z Z @-%)ne 2NeSin+ Skn Zorncv me rc aah;,T

where ¢ = 1,...,L, Pune = P+ Tune = P — 2MNcSpn — gcv v,
n is the total number density of gas mixture, n = pR/(kMnpix)
(n is the ¢ species number density). This expression is sim-
ilar to the one obtained in the state-to-state approximation®
Moreover, the obtained expressions have a form similar to the
relations rigorously derived in Ref. 51, where physisorbed and
chemisorbed species are explicitly taken into account. The
mass flux of species ¢ consists of four parts: 1) the back-
ward flux of particles of the same species, accounting for their
loss due to participation of c-species in the formation of other
species or adsorption; 2) the flux of desorbed c-species; 3) the
backward mass fluxes of species that are involved in the for-
mation of ¢ species; 4) the flux of species that participate in
the formation of c-species. The third contribution requires
some clarification, while the others are straightforward. This
flux is included to account for the fact that d species are both
lost and can also be formed due to surface reactions. The sys-
tem of equations including the mass fluxes (24), captures all
contributions of surface processes to species fluxes simultane-
ously. In addition, the system is affected by slip effects in the
gas.

B. Velocity slip and temperature jump

The velocity slip depends on the chosen type of scattering
kernel. For specular-diffusive scattering in the form of (19),
we obtain the following relation for the velocity component v;,
which is also similar to the expression in the STS approxima-
tion:

*T

V=

(25)

25 % Jon+ ¥ IV (p ot Pe)
C (&

The velocity slip includes contributions from viscous stress,
tangential translational energy flux, and species mass fluxes.
These terms are highly affected by the accommodation coef-

ficients.
The temperature jump, in the case of the scattering model
given by (19), can be written as follows:

2-0, . meErot.c . meErot.c(TY
T ); mf (1 + ﬁ;w + 2le“ )JC n+,/ ch ZO'C 2n\/er < + Zi;w + zk‘r\g*)) (P+Punc)

B ) (26a)
™ 20, (5| meErve oy anl . 2
L e (ZJF%)J”'"*);Q*GC){L"M o T\ e N+ 12+13)
Y= Zo—" 2;’%\/7‘ (2/3p - Th»sz - CL’V . V) 5 (26b)
TZGL b e S fe 1V v (26¢)
Z Oc 4)1"cm M (17 + Pnn L) (26(1)

Here, f.o1 is the expansion coefficient that appears in

the first-order correction to the distribution function when
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it is expanded into the series of Sonine and Waldmann—
Triibenbacher polynomials?. This coefficient is not directly
related to any effective transport coefficient and is therefore
kept in this form; in the MT approach, it represents the influ-
ence of rotational relaxation and can be implicitly connected
to the bulk viscosity coefficient. The rotational specific heat

for species c is defined as crorc = 0 Eroro(T)/dT. In this
work, since we consider the rigid rotator model for the ro-
tational motion, the rotational specific heat and the rotational
energy are given by (10): cror,c =k/mc and Eroi o(T) = kT /m,.
Applying these relations, the temperature jump takes a simpli-
fied form:

TV

obtained in the multitemperature approximation (26) and the
one derived within the framework of the STS approach*?, the
new relation additionally accounts for the relaxation of rota-
tional energy resulting from the gas interaction with the solid
surface; this result is obtained for the first time in the present

_ 2 2
. E2% (34 i ) e nt /o B (34 4 ) (0 + Punc)
c c ) 27
2-6: 77 .n— 2 @k/alnT 2 Y, Y- ne P
r e 4Jc n Z( Gc) 2kn ¢ “on + kT 1+ 2+ZGC4’1\//‘VT,_ (P+ rm,v)
c c c
[
Despite the similarities between the temperature jump (TJ) variant (5) results in the following relations:
Qyibr,c "M =— (Evibr.c(T(-v) - Evibr.c(Tw))Jc -n
Oc
- ﬁ (Evibr,c(nv) - Evibr,c(TW)) (29)
A
me ne
X Pu) —.
2kt P ),

work. Note that the STS temperature jump* can also be
updated by taking into account rotational energy transitions.
Later, we will examine its impact in Sec. V D.

As for the derivation of the velocity slip and tempera-
ture jump in the case of the specular-diffusive scattering ker-
nel (22) correctly modified to account for the particle loss, the
resulting relations retain exactly the same general form. The
only difference is that, instead of the original accommodation
coefficients for species ¢, 0., we now have modified coeffi-
cients, G, defined as:

&.=o.+(1-o0) (s;”+2;¢‘). (28)
d

These modified coefficients imply that, when species partic-
ipate in the formation of others, their scattered flux exhibits
a higher accommodation coefficient, i.e. more particles are
scattered diffusely. This corresponds to a higher degree of
rotational-translational energy accommodation. However, it
should be noted that this effect occurs only when the solid
surface is in thermal equilibrium.

C. Vibrational temperature jump

The remaining boundary conditions for vibrational temper-
atures, or vibrational temperature jumps, can be written in
terms of the vibrational energy flux. These relations also de-
pend on the chosen type of scattering model. In the case of
the model (19), applying the procedure to the kinetic bound-
ary condition (16) with vibrational energy as the collision in-

The above boundary condition implies that the vibrational en-
ergy flux of species ¢ changes due to two contributions. The
first term is the impact of the mass flux of species ¢, which
appears only if surface chemical processes occur. This term
accounts not only for the vibrational energy change due to the
formation of new molecules but also due to their loss. The
second contribution is directly associated with the Maxwell
scattering model and reflects how the vibrational energy flux
depends on the fraction of diffusely reflected particles. Be-
sides that, this second part also depends on the fraction of ¢
molecules.

Again, in the case of the Kernel approach for particle
loss (22), the accommodation coefficients are replaced by the
modified expressions (28).

It is important to note that these theoretical boundary con-
ditions for vibrational temperatures (29) are obtained for the
first time. It is also worth emphasizing that no phenomenolog-
ical assumptions were introduced during their derivation. De-
spite the simplified model of vibrational energy change during
particle scattering, the relations still yield interesting results
and capture the effect of vibrational temperature variation un-
der the Maxwell scattering model. More physically accurate
models can be derived in a similar manner; however, they are
not considered in this work, as their implementation would
require either the probabilities of species vibrational state—
surface transitions or more advanced models based on reac-
tion rates. To our knowledge, such models do not yet exist,
but they could be developed in the future using Molecular Dy-
namics simulations and easily incorporated into the proposed
framework.

Let us now compare the derived expressions for the vibra-
tional temperature jump (29) with other models existing in
the literature. In most of the studies®>30384042 the vibra-
tional TJ has the following form (in most cases scattering of
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particles is specular-diffusive, however, in some cases it is not
specified and relations are obtained by introducing additional
accommodation coefficient for vibrational energy):

T, — T," = {, F(gas properties, Oy ) qyip; - I, (30)

or, alternatively, in the form where the vibrational tempera-
tures in the LHS (7; is the vibrational temperature common
for all the components (two-temperature model), 7," is the
wall vibrational temperature) are replaced by the vibrational
energies:

aEvibr(Tv)
on

Here, o, is the vibrational energy accommodation coefficient,
F(-) is the scaling function depending on relaxation parame-
ters and transport properties in the mixture. Larini and Brun3°
were among the first to obtain the vibrational TJ. The relation
was derived for the Enskog—Morse distribution and the BGK
form of the Boltzmann equation; the solution was obtained
by numerically solving some parts of the conservation laws
and employing the solutions into accommodation coefficient

definitions °:

2—0, 1 [2mkTv 9T,
T,—TV = Y Y 32
v 20, © m on’ ©2)

where © is the collision frequency including elastic and pure
rotational processes®®. The above vibrational temperature
jump cannot be obtained directly from Eq. (29). However, a
similar form can be derived if we neglect: (i) the impact of het-
erogeneous processes on the vibrational temperature; (ii) vis-
cous effects; and (iii) the influence of the gas temperature near
the wall, thus accounting only for the wall temperature. Fur-
thermore, Eq. (32) is derived under assumption that the vi-
brational energy has the simplified form Eyipc(T") = kT /m,
which does not take into account varying vibrational specific
heats. In our relation, we use the correct definition of the vi-
brational energy and additionally account for the molecular
concentrations. However, in our vibrational TJ we do not in-
clude a separate accommodation coefficient for the vibrational
energy. This is indeed a limitation; however, as mentioned
above, it can be overcome by introducing the previously men-
tioned probabilities for different types of particle scattering.

Another form of the vibrational TJ was introduced in the
works of Gokgen, e.g. see Ref. 37:

Evibr(Tv) _Evibr(va) = ng (€2))

2 — o0, JE ibr (T4
Eqioe(Tv) — Eyioe (Ty) = v pp. vl V),

oy an @3

where MFP is the mean free path for the transport of momen-
tum32. The relation was later modified to the following form
in Ref. 42:

2- T,
vaTW:?G-ZV-MFP- o 34

A common accommodation coefficient is applied for transla-
tional and rotational temperature jumps; an additional factor,

Z,, is used to account for the vibrational energy accommoda-
tion.

The above relations also cannot be directly obtained from
our vibrational TJ expression. However, similar forms can
be derived with the same simplifications (i)—(iii). Still, these
relations do not account for surface reactions and slip effects
as well as for the mutual influence of translational-rotational
and vibrational temperatures on the gas parameters near the
wall.

Another two-temperature model was introduced by Kosuge
et al.**, where, instead of a vibrational TJ, a boundary condi-
tion was formulated for the internal temperature. The relation
is written in general form (30) and additionally accounts for
the density of molecular components in the mixture, but it is
obtained under the assumption of full vibrational energy ac-
commodation. Still, the relation does not account for mutual
slip effects or heterogeneous processes that influence the vi-
brational temperature, as is done in our model.

A model introducing the vibrational temperature for each
molecular component of the gas mixture was presented in
a work of Kiruytin and Tirskiy?®. The Maxwell-Loyalka
method was applied to obtain a set of slip BCs under the
specular-diffusive scattering model. Their formulation in-
cludes separate accommodation coefficients for translational-
rotational and vibrational energies. The BC for the vibrational
temperature is the most similar to that derived in the present
study; however, the model 39 also does not include slip effects
or heterogeneous reactions. The novelty of the model is that it
includes two accommodation coefficients, which is not found
in any other works. In our study, we assume full accommoda-
tion during diffusive scattering, though this limitation can be
overcome.

Additionally, several numerical and experimental
works>3%38:42:52-54 show that in some cases, near a plane wall
or in hypersonic double-cone simulations, the vibrational
temperature remains frozen in certain regions of the boundary
layer. Consequently, an adiabatic condition for the vibrational
temperature has been proposed (G, & 0, qy;p, -0 = 0)>3842,
Such a model can be considered as one of the particular cases
of our model.

D. Particular case of boundary conditions

Let us rewrite the boundary conditions in the case when the
velocity slip is neglected and, from all the described surface
processes, only heterogeneous recombination is considered.
Such a simplified model of gas—solid surface interaction is
applied to investigate the effects from particle loss model, ro-
tational energy relaxation due to gas—surface interactions and
the impact of the model on the heat flux. In order to neglect
the mutual influence of surface reactions and focus only on
model effects, we consider a single heterogeneous process.
This can be done since our model does not account for step-
by-step surface reactions®, implying that the recombination
probability 7 already incorporates the full heterogeneous re-
combination reaction mechanism (Eley—Rideal or Langmuir—
Hinshelwood). As for the velocity slip, its effects can be ne-



AIP
é Publishing

Multitemperature slip boundary conditions: Closed theoretical formulation... 10

glected, for example, near the stagnation line, where one of
the peak heating zones of the surface occurs.

The species concentration boundary conditions (24) under
these simplifications take the following form:

AT Ly yeeM
Jan=— /= =MIA___,.. 35
A-n TrVnA2—):MY/§f’°’MpA (35)

K‘ec, AB MAR
2 my

Js'n

(36)
LTy R man py
2V m Zy 2 mg mg
Here, A is an atom; M and AB are molecules (with AB
composed of A and B atoms); %°“AB is the probability that
molecule AB is formed with the participation of atom s. The
additional division of this probability by 2 in the molecular
mass flux expressions (36) is due to the definition of y: since
it refers to the entire reaction event, the contribution is split
between the two participating atoms.

The general mass flux expression (24) is split here into two
separate relations for the mass fluxes of atoms and molecules
for convenience. As can be seen from the provided relations,
in the case when only recombination is considered and the
mixture consists of atoms and diatomic molecules, the mass
fluxes can be calculated explicitly, without solving a system
of linear equations, as is required in the case of general ex-
pression for the mass flux near the surface.

The temperature jump (27), when the velocity slip is ne-
glected, can be rewritten as follows:

3(2—o;

2kT 3n,
Z 32-0) Jc ‘n+ T Z Cc¢ T
T 2me T ETCRme

T

TV «72-0.) ne 19T %T 3.
);74% Jc'n*g(zfo't')m’lc on T+ TZC:G"E‘\/nTr

(37)

The vibrational temperature jumps (29) in this particular case
take the following form:

Qyibr,c M= — (Evibr,c(Tov) - Evibr,c(TW>)Jc -n
B ft 3 (Evibr,c(Tpv) - Evibr,c (TW)) 721'er3; Pe-

(38)

From here on, we will study the system of Eqgs. (35)—(38).
As can be seen, the system is nonlinear not only due to the
presence of explicit nonlinear terms, but also because of the
transport coefficients. The details of the numerical implemen-
tation, as well as the results of calculations, are presented in
the following section.

It should be emphasized that the proposed description of
non-equilibrium gas—surface interaction is fully closed from
the fluid dynamic point of view. However, in the sense of sur-
face chemistry, the determination of all surface chemical pro-
cesses is still required. In particular, the sticking, desorption

coefficients and heterogeneous reaction probabilities depend
not only on the properties of the gas species and the solid wall,
but also on the parameters of the impinging mixture flow. Nu-
merous studies have addressed the evaluation of surface reac-
tion probabilities or rate constants. There are phenomenolog-
ical models that rely on recombination probabilities>>? ob-
tained by fitting experimental data to derive their temperature
dependence. The coefficients also can be obtained through
rigorous modeling and subsequently fitted to a regression
function, e.g. see work of Molchanova et al. 60, where co-
efficients for both Eley—Rideal and Langmuir—Hinshelwood
recombination mechanisms are determined based on incident
flow characteristics within DSMC modeling. Other works
analyze heterogeneous recombination mechanisms through
reaction rates. In Refs. 61-64, elementary-stage rate con-
stants for surface reactions are considered, and, based on phe-
nomenological assumptions about changes in species concen-
trations or heat fluxes with experimental recombination prob-
ability data, models for reaction rates are developed. More de-
tailed investigations are presented in 65 and 66, where specific
recombination mechanisms and their dependence on surface
conditions are analyzed. However, the lack of direct data on
surface concentrations and gas-phase species near the surface
introduces significant uncertainties. To address these limita-
tions, recent studies employ quasi-classical trajectory calcula-
tions or molecular dynamic simulations, see e.g. 55, 67-69, to
describe the interaction of gas-phase species with the atomic
structure of heat-shielding surfaces at the microscopic level.

Modeling surface chemistry is beyond the scope of our
study; we rather carry out a parametric study using the re-
combination probability as a varying parameter.

V. RESULTS AND DISCUSSION

In this section, we discuss the impact of different models
and processes on the slip boundary conditions (35)—(38). The
calculations are performed for four mixtures containing air
components: N2/O2/NO/N/O, 0,/0, NO/N/O, and N»/N. As
is mentioned above, among all surface reactions, only hetero-
geneous recombination is considered. We carry out a para-
metric study varying the model, the recombination probabil-
ity, the accommodation coefficient, the mixture composition,
the wall temperature, and the Knudsen number. Note that we
do not consider any specific flow but evaluate the effect of
the model directly on the temperature jumps, species molar
fractions, and heat flux. Application of the developed BCs
for nonequilibrium flow simulations will be done in the future
work.

Since we do not consider a particular gas mixture flow prob-
lem, the recombination probabilities are not computed from
the gas-phase data but are instead set to constant values; it is
convenient for the parametric study. Moreover, we use con-
stant values for the gas-phase macroscopic quantities and the
wall temperature.

In our simulations, we fix the gas-phase temperature at
T = 1600 K and the pressure at p = 1000 Pa; these con-
ditions correspond to the Knudsen number near the wall of
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0(107%) to O(1073) (values vary for different mixtures). The
gas-phase compositions are set to 40% molecules and 60%
atoms. In most cases, these concentrations are distributed
equally among the molecular and atomic components, since
the effects of individual species are less significant than the
overall ratio of molecules to atoms. The accommodation co-
efficients in the Maxwell kernel are set to 0.55; more details
on their impact on the parameters can be found in Ref. 70.
The cell size in this work is equal to two mean free paths. The
wall temperature 7V is varied and set to either 500 or 1000 K
(cold wall) and 3000 K (hot wall).

In the parametric study, we compare dimensionless rela-
tive change of gas flow parameters for different models rather
than the fluid dynamic variables themselves. Thus, we intro-
duce relative variations of molar fractions, temperature, and
vibrational temperatures

XBC 7)6%35 TBC _TV
Axc:tT.]()o%, AT:W-IOO%,
TV-BC _ CV,gas
ATY = =g 100%. (39)
c

Here, the superscript "BC’ corresponds to the macroparame-
ter calculated using the derived expressions for boundary con-
ditions, ’gas’ to the fixed gas-phase value of this parameter.
Note that the relative temperature variation AT is calculated
with respect to both the gas-phase and wall temperatures to al-
low a consistent comparison and better understanding of how
the difference between them affects the results.

A. Implementation of slip BCs in codes

The general system of boundary conditions is a nonlinear
system of differential equations. When discretized using a
finite-difference scheme, it becomes a nonlinear algebraic sys-
tem. Here, we use a forward difference with a step size of
several mean free path lengths. Commonly, in continuum ap-
proaches, such a value is used for the mesh scale near the
surfaces.

The system of Egs. (35)—(38), where the velocity slip is
neglected, can be decoupled to two subsystems, that are
solved independently and sequentially: 1) the system of
mass fluxes (35)—(36) and translational-rotational temperature
jump (37); 2) the system of BCs for vibrational tempera-
tures (38). The possibility of decoupling of these two subsys-
tems directly follows from the boundary condition relations.
Such decoupling reduces computation time by nearly half, and
the difference between the obtained solutions is typically less
than 1%. However, mass fluxes and the temperature jump
in Egs. (35)-(36) cannot be separated, since diffusion coef-
ficients strongly depend on temperature, and the temperature
jump is affected by species fractions and mass fluxes.

To ensure that the sum of molar or mass fractions is unity,
the system of mass flux equations is solved together with the
temperature jump relation L times (where L is the number
of mixture components), each time replacing one mass flux
equation with the normalization condition for fractions. This

procedure allows solving the system for arbitrary recombina-
tion probabilities. The error introduced by this method de-
pends on the probability value and, in the case of a fully cat-
alytic wall, is less then 1%. For smaller probabilities, the error
is negligible.

Non-linear systems can be solved numerically using stan-
dard algorithms available in most libraries, such as MINPACK
and its wrappers. However, a solver for calculating trans-
port coefficients is required. We developed an in-house solver
capable of calculating these coefficients within both one-
temperature and multitemperature approaches for arbitrary
gas mixtures. The solution time for the described scheme de-
pends on the initial conditions and mixture type but is typi-
cally about 0.1 sec in a single stream on a processor with a
base frequency of 2.9 GHz. This value can be further reduced
if necessary.

Once the solver for the BCs system is implemented, the
subsequent integration of slip BCs into codes can be per-
formed using standard schemes for implementing gas—solid
wall boundary conditions. For some basic methods, exam-
ples for finite-difference schemes can be found in Ref. 28; for
finite-volume, in Ref. 71.

B. Temperature jumps and molar fractions near the wall

First we briefly discuss the limits of applicability of the
scattering kernel introduced previously for the description of
the particle loss (see Eq. (19)) with respect to a more accurate
formulation given by Eq. (22). For the sake of brevity, we fur-
ther refer to the approach based on Eq. (19) as *Flux model’,
and that based on Eq. (22) as *Kernel model’.

Under conditions of our parametric study, the species mo-
lar fractions and vibrational temperature jumps are weakly
affected by the choice of the particle loss model; the effect
slightly increases with the recombination probability but does
not exceed 5% in the entire range of parameters. On the con-
trary, the influence of the model on the temperature jump is
significant, which can be seen in Figs. 1 and 2, where the rela-
tive temperature jumps AT are plotted as functions of the max-
imum atom loss probability and accommodation coefficient.
In Figl. 1, we compare the TJs calculated using the Flux and
Kernel approaches applied to different mixtures for the cases
of cold and hot wall. The results are shown for y > 0.2 since
for lower Y values, the effect is negligible. One can see that in
all cases AT strongly varies with y but weakly depends on the
mixture composition.

For the cold wall, the Flux and Kernel models yield oppo-
site trends of AT for y > 0.4. For the Flux model, the increase
in temperature is explained by the fact that species participat-
ing in recombination are excluded from the reflected flux, so
the part of the flux that would have reflected with the wall
temperature is lost. In the Kernel model, the temperature de-
creases with y because a significant number of species are not
scattered but transformed into others and then reflect at the
wall temperature. As a result, the temperature jump becomes
sensitive to the number of newly formed species, reducing at
high y. For the hot surface, the temperature jumps obtained
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FIG. 1. Relative temperature variation AT as a function of maximum recombination probability; comparison of approaches to accounting for
particle loss. Wall temperature: 7% = 500 K (left); 7% = 3000 K (right).
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FIG. 2. Relative temperature variation AT as a function of accommodation coefficient; NO/N/O mixture; comparison of approaches to
accounting for particle loss. Wall temperature: 7% = 1000 K (left); 7% = 500 K (right).

using the two approaches show a similar qualitative trend with
the recombination probability: their absolute values decrease
with y because newly formed species are reflected into the gas
with T% > T. In the Flux model, the TJs are lower since par-
ticles that should be reflected with the wall temperature are
simply lost, leading to the underestimation of AT

The above observations demonstrate better physical consis-
tency of the Kernel model. Still, the Flux model can be used
under conditions of moderate wall catalyticity and dominat-
ing diffusive reflection. It is seen from Fig. 2, where AT is

plotted as a function of accommodation coefficient o at fixed
values of y. It is interesting that the temperature jump exhibits
almost linear dependence on 6. One can see that for y < 0.7
and ¢ > 0.5 both models yield close AT values. Thus, for
aerospace applications, where the wall catalyticity is supposed
to be low and specular reflection is unlikely, both the Flux and
the Kernel models can potentially be used. However, we rec-
ommend employing a more accurate Kernel model since in
real flow simulations, minor deviations in the BCs may affect
the fluid dynamic variables in a more pronounced way than in
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FIG. 3. Relative changes in the molar fractions of oxygen atoms Axg in various mixtures; comparison of approaches to accounting for particle

loss. Wall temperature: 7% = 1000 K (left); 7% = 500 K (right).

the present parametric study.

Figure 3 shows the relative change in the fractions of oxy-
gen atoms Axg in various mixtures, depending on the recom-
bination probability y that an O atom participates in recom-
bination reactions to form other species. The dependence of
molar fractions near the wall on the atom O loss probability
is chosen to enable comparison between different mixtures.
As is mentioned above, the largest effect of the particle loss
model (about 5%) is observed at high y; the discrepancy is
mainly due to the Flux/Kernel model impact on the tempera-
ture jumps. Variations in the molar fractions in different mix-
tures arise from differences in species concentrations and how
each mixture responds to the catalytic properties of the sur-
face.

Besides that, in Fig. 3, we observe a strong impact of re-
combination probabilities on species concentrations starting
from y > 0.4. The molar fraction variations reach up to 70-
75% for the fully catalytic wall case. It is worth mention-
ing that the obtained values are specific to the considered set
of gas-phase macroscopic quantities. However, the overall
extreme impact of high recombination probabilities on gas-
phase fluid dynamic variables will remain. The wall tempera-
ture value also affects the mass fractions: for smaller 7V val-
ues, and thus smaller temperature values near the wall, the
catalytic effects are more pronounced. This is due to the well-
known fact that the higher the gas temperature near the sur-
face, the lower the catalytic efficiency due to the increased
gas species velocities, and, consequently, reduced surface ad-
sorption ability.

In the next sections, we use only the Kernel approach for
the particle loss description and focus on the cold wall cases
since they are more relevant for high-speed aerodynamics.

C. Vibrational temperatures variations due to gas—surface
interactions

Let us now evaluate the vibrational temperature jumps.
Here we consider the five-component air mixture. As be-
fore, the same gas-phase parameters and accommodation co-
efficients are used. The gas-phase vibrational temperatures
are set to either 700 K or 2000 K (the same temperature for
all species), and the wall temperatures, are set to 500 K and
1000 K. These variations in vibrational temperatures allow us
to capture different degrees of non-equilibrium in the system
and to examine how the vibrational temperature is affected
by gas species—wall interactions. The results for the Kernel
model are presented in Figs. 4-5 in terms of relative vibra-
tional temperature variations, AT, .

The variations in species vibrational temperatures are pri-
marily related to differences in their concentrations and for-
mation rates. Figure 4 presents the results for an initial vibra-
tional temperature higher than the gas-phase temperature. In
this case, vibrational deactivation occurs: the results for low y
reflect the effects of molecular scattering at the surface, while
cases with high 7y also include the effects of heterogeneous
recombination. As can be seen, the latter has a considerable
impact on vibrational temperature variations. The greater the
gap between the gas-phase temperature and the wall temper-
ature, the more significant the vibrational relaxation toward
equilibrium (i.e., the vibrational temperature predicted by the
slip BC approaches the wall temperature).

Figure 5 presents the results for the case when the initial
vibrational temperatures are lower than the gas-phase temper-
ature. The results strongly depend on the species composition.
When the wall temperature is higher than the vibrational tem-
perature, some species tend toward equilibrium more rapidly
than others, and catalytic effects accelerate this equilibration.
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In contrast, when the wall temperature is lower than the ini-
tial vibrational temperature, the vibrational temperature tends
to approach the temperature jump value for low catalyticity,
while at high catalyticity, it tends toward the wall temperature
(this effect is primarily observed when the difference between
the gas-phase vibrational and wall temperatures is significant).
The figures show how significantly the vibrational temper-
atures can change and how the surface contributes to equili-
bration, indicating that vibrational temperature jumps make
substantial contributions and must be taken into account.

D. Rotational energy accommodation

The next step is to evaluate the influence of rotational en-
ergy accommodation within each approach. The results for
the five-component air mixture, considering the same gas-
phase macroscopic parameter values and the same accommo-
dation coefficients as in the previous section, are presented
in Fig. 6. These figures also include separate curves for the
relative temperature when diffusion effects are neglected. Ne-
glecting diffusion results in temperature jumps that are inde-
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pendent of ¥ (the same conclusion can also be drawn for vi-
brational TJs). Neglecting the rotational relaxation leads to a
systematic increase in the temperature jump.

Figure 6 shows that when rotational energy accommodation
is neglected, the temperature jump decreases with increas-
ing recombination probability. However, this decrease is very
small, almost similar to the case when both rotation effects
and diffusion effects are neglected in the temperature jump.
The effect of rotational relaxation on the temperature jump is
about 2-4% for small values of y and 5-15% for high values.
The difference arises due to the dependence of recombination

rates on the temperature jump and the gap between the gas-
phase and wall temperatures. It should also be noted that the
mixture composition affects the results, and the assessed con-
tributions are valid only for the chosen composition and the
accommodation coefficients. In general, the higher the molec-
ular fractions, the stronger the effect of rotational energy ac-
commodation, as discussed below. The impact of rotational
relaxation on the vibrational temperatures is rather small, for
the considered cases the differences are within 1-2%.

The influence of the models under variation of the initial
atomic concentration is also of interest. The corresponding
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results for the O/O mixture are presented in Fig.7 (molar
fractions, fully-catalytic wall) and Fig.8 (temperature jump,
fully catalytic and partially catalytic wall cases). The differ-
ences in molar fractions are primarily due to variations in the
temperature jump, with noticeable deviations observed at high
initial atom concentrations. At lower recombination probabil-
ities, the differences remain small. In addition, the effect of
temperature jump when catalytic properties are fixed is also
confirmed: the smaller the temperature jump, the greater the
impact of heterogeneous recombination.

All the obtained results indicate the necessity of includ-
ing rotational relaxation, especially for mixtures with large
molecular fractions. These findings are relevant not only
for slip boundary condition models but also for kinetic ap-
proaches, where these effects must also be taken into account.

E. Total heat fluxes

In this section we examine the impact of rotational, vibra-
tional relaxation and diffusion on the total heat flux near the
surface (14). The five-component air mixture is considered
with the same gas-phase macroparameters, and the wall tem-
perature set to 1000 K. The results are presented in Fig. 9.

In particular, in Figure 9, we consider two separate cases:
with and without vibrational temperature jumps. As can be
seen, the impact of vibrational energy relaxation is quite sig-
nificant, especially for high recombination probabilities and in
the case of an initially strongly non-equilibrium gas flow, with
the vibrational temperature much greater than the wall tem-
perature. When vibrational temperature jumps are not consid-
ered, the total heat flux is lower in absolute values. Correct
evaluation of vibrational temperatures near the wall leads to a
higher heat flux to the surface.

Neglecting rotational relaxation as well leads to a smaller
absolute value of the heat flux when recombination probabil-
ities are small, and to a much larger value when the surface
is almost fully catalytic. In conclusion, the effects of internal
energy relaxation are significant when gas-flow temperatures
differ from the surface temperature, and must be incorporated
into the boundary conditions for correct evaluation of the sur-
face heat flux.

Diffusion has no significant impact on the heat flux for low
values of y. Thus, when only heat flux evaluation is required,
and the surface has low catalyticity, diffusion effects can be
neglected, and the heat flux can be estimated based on the
obtained temperature jumps values.

F. Knudsen number effects in slip BCs

Finally, we study the dependence of the obtained slip
boundary conditions on pressure and, consequently, on Knud-
sen number variations. The gas-phase macroparameters are
the same as in the previous sections, except for pressure,
which is varied. We analyze the impact of the Knudsen num-
ber using the five-component air mixture and set the wall tem-
perature to 1000 K. The influence of the Knudsen number on
molar fractions and temperature jump is shown in Fig. 10.

The results show a common behavior for both molar frac-
tions and temperature jump: the higher the Kn number, the
stronger the rarefaction effects, the larger the TJ, and the
smaller the impact of wall catalyticity. The molar fractions,
represented by nitrogen molecules, are strongly affected by
pressure variations, but the difference is significant only for
high y values. The variations in concentration can exceed
100% for y > 0.5, while for smaller recombination proba-
bilities the effects are less pronounced. For small ¥, the dif-
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ferences for denser gases are about 1-2%. The temperature
jump, as expected, decreases at higher pressures. The varia-
tions in the temperature near the surface with recombination
probabilities are small and almost negligible (1) in the high-
pressure case, since the temperature jump itself is small; and
(2) in the upper range of Knudsen numbers, where, as can be
seen from the molar fraction plots, the impact of surface cat-
alyticity is limited due to gas rarefaction.

The total heat flux is directly connected with the depen-
dence on the Knudsen number observed for the molar frac-

tions and temperature jumps (see Fig.11). The absolute val-
ues of the heat flux monotonically increase with increasing
pressure. For gas flows in the slip regime (Kn> 0.001), their
values are small, and the impact of recombination probabil-
ity is minimal. In contrast, for very small Knudsen numbers,
corresponding to the continuum limit, the impact of recombi-
nation probability is much more significant. In this case, the
inclusion of heterogeneous reactions leads to smaller flux val-
ues. This is related to how the mixture composition affects the
thermal conductivity coefficients, which, in turn, influence the
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heat flux values under high pressure conditions.

VI. CONCLUSIONS

In this work, we formulated a theoretical method for ob-
taining a closed set of slip boundary conditions in the frame
of a multitemperature reacting mixture flow description. The
method is based on the kinetic boundary condition and was
developed by adjusting the method developed previously for
the state-to-state flow model. Additionally, we proposed a
new approach for accounting for the loss of gas species that
participate in the formation of other species or are adsorbed.

Applying the developed method and considering two ap-
proaches for the particle loss, we derived boundary condi-
tions for the multitemperature set of fluid dynamic variables,
which include species concentrations, velocity, translational-
rotational temperature, and vibrational temperatures defined
for each molecular species in the mixture. This set of slip
boundary conditions simultaneously accounts for rarefaction
effects in gas mixture flows near the surface, the particles
scattering model, and heterogeneous reactions. In this work,
we derived the slip BCs specifically for the specular-diffusive
scattering model.

The vibrational temperature jumps within the detailed mul-
titemperature mixture flow description, without any additional
phenomenological assumptions, have been obtained for the
first time. The derived relations describe how vibrational tem-
peratures change under the chosen scattering model and het-
erogeneous processes. In this work, we formulated the rela-
tions for a simplified description of vibrational relaxation due
to surface scattering, assuming that diffusely scattered parti-
cles have vibrational temperatures equal to the wall tempera-
ture. However, more physically realistic models can also be

implemented within the developed framework.

Using a simplified formulation of the obtained slip bound-
ary conditions, where velocity slip is neglected and only het-
erogeneous recombination among surface processes is consid-
ered, we developed a solver that calculates the BCs as a solu-
tion to a nonlinear system of equations for an arbitrary gas
mixture of atoms and diatomic molecules. Recommendations
for implementing these slip BCs are also provided.

A parametric study of how different models and processes
affect the values of macroscopic parameters near the wall has
also been performed. In this study, we investigated how the
particle loss model, rotational relaxation due to molecule—wall
collisions (for the first time considered in the slip boundary
conditions), and surface recombination influence the macro-
scopic parameters and heat fluxes. The developed particle loss
model provides much more physically consistent results than
the one previously used in our studies. As for rotational re-
laxation, its impact is quite significant and should be incorpo-
rated into the temperature jump formulation to enable accurate
evaluation of the heat fluxes near the surface. The vibrational
temperature jumps must be taken into account since their im-
pact on the heat flux is also rather significant. Besides that,
without properly implemented boundary conditions for vibra-
tional temperatures, the effects of vibrational relaxation due to
species scattering and heterogeneous reactions are not taken
into account, leading to an inaccurate description of mixture
flows near the surface.

The effects of heterogeneous recombination are significant
mainly for high values of the recombination probability, when
approaching the fully-catalytic wall case. For small recombi-
nation probabilities, ¥ < 0.5, the influence is practically neg-
ligible. However, it should be noted that although some ef-
fects may appear negligible in a parametric study, these small
variations may have a significant impact on gas flow parame-
ters when solving time-dependent or spatially inhomogeneous
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problems. For example, small variations in mass fractions
near the wall due to heterogeneous recombination can have
a considerable impact on the heat flux.

To summarize, the slip boundary condition models devel-
oped in this study are capable of capturing many of non-
equilibrium effects that occur when a non-equilibrium gas
mixture flow interacts with a solid wall. In the future work, we
plan to extend the models to polyatomic gas mixtures, investi-
gate the influence of diffusion models, and develop simplified
versions that can be directly implemented into fluid dynamic
solvers.

SUPPLEMENTARY MATERIAL

Some derivation steps for the obtained slip boundary con-
ditions, along with the necessary simplifications, are provided
in the Supplementary Material.
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