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Abstract

One-dimensional flows of a polyatomic gas in the presence of an adsorbing-desorbing surface kept at
constant and uniform temperature are simulated by solving numerically the Boltzmann kinetic equation
by the Direct Simulation Monte Carlo (DSMC) method. It is considered the flow of gas between two
planar and infinite surfaces, where only one surface is able to adsorb and desorb molecules, while the
other one is impermeable. Borgnakke-Larsen model is used to describe inelastic collisions dynamics for a
gas of rigid rotators. The absorption and desorption phenomena are simulated by a kinetic model which
includes the classical Langmuir description as a limit case and leads to an additional equation for the time
evolution of the surface coverage to be solved along with the gas dynamics. Furthermore, the analytical
solution is developed for free molecular flow regime. The comparison between the analytical solution and
the results obtained by the numerical solution for this regime shows a very good agreement.
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1. INTRODUCTION

The gas flows induced or affected by mass transfer of gaseous species onto (or from) solid surfaces
(absorption and desorption) are present in many natural, physical, biological, and chemical systems and
are widely used in different industrial applications [1, 2, 3|, such as water purification, air condition-
ing (absorption chillers), vapor deposition (CD/DVD metallization) and vacuum pumping (getters and
cryogenic pumps). The absorption and desorption phenomena are also used for the gas separation in
chromatographic columns, where different species of a gaseous mixture can be separated due to their
different residence times. Activated carbons are the most often used adsorbent type, although there are
other adsorbent types with pores size of molecular dimensions, like zeolites, which give them a certain
selectivity for molecules of the specific size and shape.

To simulate the absorption-desorption phenomena the boundary condition for the gas in contact with
the absorbing-desorbing surface have to be formulated. Currently, around fifteen different absorption-
desorption models can be found in the literature. The most used ones among them are based on Henry’s
[4] and Langmuir’s absorption isotherms [5] and the BET absorption theory [6]. In the frame of the two
simplest models, Henry’s and Langmuir’s, the formation of a monolayer on a solid surface is assumed,
while the BET model allows the formation of a multilayer. However, all these models are based on the
equilibrium assumption, i.e. the absorption and desorption fluxes are in equilibrium.

In the present work we propose a new model of the absorption-desorption phenomena which is based
on the description of the gas flow at molecular level. The gas flow between the surfaces is simulated using
the classical DSMC method [7], where the intermolecular collisions are calculated using the Borgnakke-
Larsen model [? |. The evaluation of the absorption and desorption fluxes is based on the kinetic flow
description including the absorption probability. The proposed model was applied for the first time to
simulate the flow in the vicinity of a solid surface [8]|. In the present paper this new model was improved
and used for the simulation of the gas flow between two parallel plates, where one of them could adsorb
and desorb the molecules and the other one only reflects them. The influence of the gas rarefaction, heat
of absorption, residence time and absorption probability on the surface coverage is evaluated. The surface
coverage obtained in the frame of the proposed model is compared to that calculated by the classical
Langmuir absorption isotherm.

2. absorption AND DESORPTION ON THE SURFACE

Let us start with a brief general conception of the largely used approach for the absorption and
desorption phenomena simulation, the Langmuir theory of monolayer absorption [5].

2.1. Langmuir absorption Isotherm

According to Langmuir theory of absorption [5], a certain number of binding sites per unit area, Npqz,
exists on a solid perfectly clean (bare) surface. Of these binding sites, N are occupied with adsorbate and
Nmaz — N are vacant. Based on that, the absorption rate is defined according to:

Rads = Kadsp(Nmar - N): (1)

where p is the gas pressure near the adsorbed surface and K45 is the absorption coefficient calculated as
it suggested in Ref. [4]:
cA

K = ——o—r
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where A is the area of one binding site, o is the absorption probability of a clean surface, m is the molecular
mass, kg is the Boltzmann constant and T is the surface temperature. The value of A can be estimated
based on the molecular diameter of an adsorbed gas molecule, and its typical value is 10719m? [4]. It
is worth to underline that the absorption rate, Eq. (1), depends on the pair gas and surface, i.e. on
the gas pressure and temperature and on the surface nature and temperature, but also on the number of
available sites for absorption, Ny, — N, and, finally, on the absorption probability. The desorption rate
is calculated from:

Rges = KgesN. (3)

The desorption coefficient is defined as the inverse of absorption (or residence) time 7:

1
Kdes = ;a (4)

where

. 5

&) o
In the previous equation, Ry = 8.314 J mol 'K~ is the universal gas constant, () is the heat of absorption
and the inverse of 79 can be comprised as the surface bond vibration frequency. In the following text, this
parameter, 79, will be called residence time constant. The values of 79 and @, obtained experimentally
for different pairs of gas-surface, can be found in the literature [4]. As the absorption rate, the desorption
rate depends on the pair gas-surface, through the parameters @) and 7p, but also on the number of gas
molecules adsorbed on a surface, N.

In equilibrium, the absorption rate, Eq. (1), is equal to the desorption rate, Eq. (3), as:

T:ToeXp<

Kadsp(Nmaa; - N) - KdesNa (6)

otherwise a flux from (or into surface) may exist. By equalizing the absorption and desorption fluxes, Eq.
(6), and dividing it by Ny,q., we obtain the equilibrium between the fluxes in the form:

Kadsp(l - 9) = Kdese- (7)

From previous relation, the Langmuir isotherm is obtained:

Krp

[
1+ Krp

where 6 is the fractional surface coverage, defined as:

N
0= ) (9)
Nmax
and K7, is the Langmuir constant calculated as:
K45 o AT ( )
K = = e — . 10
L= Kuew  V2mmksT  P\R,T (10)

To summarize, the absorption-desorption phenomena depend basically on four parameters: heat of
absorption (@), residence time constant (7p), number of total active sites on the bare surface (Np,q,) and
absorption probability (o). All these parameters depend on the specific nature of the solid surface and



gas species involved in the process. The temperature of both gas and solid surface can also influence the
absorption-desorption phenomena.

In view of the following discussion, it is convenient to reformulate the expression of R,4s, given by
Eq. (1), replacing the pressure p by the impinging mass flux of the molecules to the adsorbed surface, J,.
In equilibrium, the latter is given by the following expression:

[ kT
m - ] 11
J " 2mm (11)

being n the gas number density. Using Eq. (11), Rqqs is written as:
Rags = 0 AT (Npaz — N). (12)

The new form of R,4s keeps its validity out of equilibrium conditions, where the impinging mass flux J,,
cannot be related to pressure by Eq. (11).

2.2. Non-Equilibrium Case

Langmuir theory has been developed for the case of the equilibrium between absorption and desorption
rates, Eq. (6), [4]. However, sometimes in practice, a net adsorbing (or desorbing) flux might exist,
therefore the equality of absorption and desorption rates, Eq. (7), is not valid anymore and the surface
coverage could vary as function of time. We assume here that the variation of the occupied binding sites, or
surface number density, N, in time is proportional to the difference of the fluxes of adsorbed and desorbed
molecules [9]:

dN (t)
dt
Previous equation can be divided by N,,qz, so we obtain the equation for the variation of the surface
coverage in time:

= Kadsp(Nmaw - N(t)) - KdesN(t)- (13)

P — Kagan(1 — 0(0)) ~ Kaead(0) (14)
This equation can be solved analytically, under assumption that both absorption and desorption coeffi-
cients, calculated under equilibrium conditions, could also be used in this non-equilibrium case. In addition,
we assume that the gas pressure is quasi constant during the considered time interval. This assumption is
justified in the case when the number of adsorbed (or desorbed) molecules is small compared to the total
number of particles in a volume. However, it is not the case for the vacuum technology applications (low
pressure) and also for the fast processes when a total pressure in a system changes rapidly. By integrating
Eq. (14), assuming the pressure constancy, we obtain the analytical solution in following form:

pKL
0(t) = —— (1 — —t/7e)), 1
(1) = Tt (1 - exp(~t/7) (15)
where
L (16)
Te = )
Kadsp + Kdes

To obtain the previous relation we also assume that, initially, there are not adsorbed molecules on the
surface (bare surface): 6(t = 0) = 0. The time 7. can be presented in the following form:

T Ta = b (17)

Te = ) )
¢ 1+ T/Ta * Kagqsp



where 7, is the characteristic time of absorption. It is worth to note that the time 7, can be comprised
as the equilibrium absorption-desorption characteristic time, which is here related to both absorption and
desorption coefficients, calculated under equilibrium conditions.

Let us now introduce the gas relaxation time as following:

=, (18)

where A is the molecular mean free path, which is calculated in the frame of the Hard Sphere (HS) model
[10] according to:

A= VTERT (19)
2 p

In previous equation, p is the gas viscosity and R is the specific gas constant, R = kg/m. The characteristic
speed in Eq. (18) is calculated from:

Um = VRT, (20)

It is to be noted that the gas relaxation time can be associated to the time between the molecular collisions,
or mean free time, which is inverse of the collision frequency.

By analyzing expression (15), one can easily see when the deviation from the Langmuir isotherm is
important to be taken into account. We have to compare the gas relaxation time, ., which characterizes
the motion of the gas molecules, with the characteristic equilibrium absorption-desorption time, 7., which
characterizes the absorption-desorption phenomenon. The following cases can be distinguished:

(i) t; > Te, i.e. the flow characteristic time is much larger that the absorption-desorption characteristic
time 7., therefore absorption-desorption dynamics instantaneously follows the gas dynamics. The
surface coverage 0(t) can be computed by requiring that R,qs = Rges, but replacing Eq. (1) by its
non-equilibrium version to compute R,4s, Eq. (12), thus:

K Jn(t)
ot) = —L" 2 Kj = oAT; 21
(ii) t; < Te; in this case the flow characteristic time is too short to influence the absorption-desorption
process;

(iii) ¢, ~ Te, i.e. the flow characteristic time is of the same order as the Langmuir characteristic time 7,
so the non-equilibrium effects have to be taken into account.

3. Kinetic model formulation

In previous Section, the classical Langmuir theory has been briefly described and its limitations have
been underlined. This Section is devoted to formulating the absorption-desorption model, based on the
kinetic theory of gases. At variance with Langmuir theory, the present one keeps its validity when the
gas flow is out of equilibrium but reduces to the classical one when the gas is close to local or global
equilibrium.

Let us consider the one-dimensional flow of a gas between two parallel infinite surfaces, fixed at positions
x=0and x = L, see Fig. 1. One of the surfaces, located at z = 0, and kept at the constant and uniform
temperature Ty, can adsorb and desorb the molecules with a probability ¢ and reflect them diffusively
with the probability a;. The second surface, maintained at the constant and uniform temperature Tyo,



reflects only the molecules with the probability g of diffuse reflection. The gas motion in the positive half-
space is governed by the spatially one-dimensional Boltzmann equation, for a polyatomic gas composed of
classical rigid rotators as formulated in Ref. [11]:

0 0
Frud = [0 Ele) — S8l f(v. 1) Ot dugy (22)
where f(v,&|x,t) is the distribution function of molecular velocity v and rotational energy £ at location
x and time t. The exponent p takes the values 0 for j = 2 and 0.5 for j = 3. In Eq.(22), Q is defined as:

E-&' E-&' U’2
Q:/dQé’/ gnrde’ ></ El’“dS[ULU(E; &oel & —E8), (23)
S 0 0 r

where o(E;€ 0¢,E,& — £,&) is the differential cross section associated with a binary collision which
produces a pair of molecules in the final states (v, &), (v;, &) from a pair of molecules in the initial states
(v',&"), (v},&]). The argument E denotes the conserved total energy in the center-of-mass reference frame,

1 1
E= va,% +E4& = vaﬁ +&+&. (24)

The unit vectors & = v;./v;. and & = v, /v, have the directions of the relative velocities v, = v; — v/
and v, = v; — v before and after a collision, respectively. The above model contains the well known
Borgnakke-Larsen model (BL) [? | as a particular case. The latter model is adopted in the present paper
to describe binary collision dynamics, accounted by the collision integral, right-hand side of Eq. (22). In
the particular version of the BL model considered here, the total collision cross-section is computed from
the Hard Sphere potential and a temperature independent rotational relaxation parameter is assumed.
The choice of the collision model is adequate for problems like the one discussed here, where temperature
variations, within the flow field, are not large.

Figure 1: Gas flow between two infinite parallel surfaces, where the left surface is adsorbing-desorbing and right surface is
only reflecting,.

8.1. Boundary Conditions

The boundary condition at the absorbing-desorbing wall defines the molecular flux J(v,&|t) of the
molecules outgoing from the solid surface and injected into the gas region, in terms of the impinging
molecular flux. The outgoing flux is composed of two contributions. The first one, Jys(v,E|t), consists
of desorbed molecules whereas the second one, Jg.(v,E|t), consists of gas molecules impinging on the
solid surface and instantaneously scattered back to the gas region, i.e. after a residence time on the solid
surface, assumed to be much shorter than the absorption time and the mean free time.



The desorption flux is evaluated accordingly to the following expression:

27

Jdes(vag|t) = jdes(t) RTI

U:zsgbwl(v,g) (25)

and the following assumptions are considered:

e The overall desorbed molecules flux Jy.s (t) = [ Jges dv dE is proportional to the surface density of
the adsorbate: 6(t)
~ t

Jdes = TNmaxa (26)

where 0(t) and Ny, are the fractional coverage and the surface density of free sites of the clean

surface, defined in Section 2, and 7 is the residence time of a molecule adsorbed on the surface,
defined by Eq. (5).

e Desorbed molecules have the following Maxwellian distribution function:

£ ! v: e & 0, (27
w b — T o <a/o - . - =S 7T ) €T > b
ur(v, €) (27 RTp1 )3/ eXp( 2RTw1> “T(/2) (kpTw1 )i eXp( kBTw1> v (27)

being I' the complete Gamma function 7] and j the number of rotational degrees of freedom. Here
we consider j = 3, that is, polyatomic gases with 3 internal degrees of freedom.

The form of the second contribution can be readily obtained from the classical Maxwell gas-surface in-
teraction model, modified to take into account the absorption. In general, let Ky.(v/,&" — v, &) be the
scattering kernel which assigns the probability density that a molecule hitting the solid surface with ve-
locity v/ and rotational energy £’ is scattered with velocity v and rotational energy €. Then, Jy.(v, E|t)
can be written as:

Joelv, ElE) = [1 — (1 — H(t))a]/ KooV, & = v, O f (', €0, 1) dv' dE". (28)
v}, <0

The previous equation has been derived by assuming that molecules impinging on the clean fraction of the
solid surface are adsorbed with constant probability ¢ or scattered back to the gas region with probability
(1 —0); gas molecules hitting the covered area fraction are always scattered. Moreover, it is assumed that
the scattering kernel is the same for the covered and clean surface, to keep the model as simple as possible
at this stage of the investigation. Further simplifications can be made by adopting the classical Maxwell
gas-surface interaction model [10] to obtain K. in the form:

Kee(v', &' = v,E) = (1 —a1)d(ve +v,)8(vy — vy)d(v], —v.)d(E" — &) +

Vg 7;;;1¢w1(v, ). (29)
In Eq. (29), a; is the surface accommodation coefficient which tunes the amplitudes of complete specular
scattering (both for velocity and rotational energy) and complete diffuse scattering according to the wall
Maxwellian ¢y, (v, E).
In view of the applications described below, it is convenient to revisit the derivation of Eq. (13) in the
light of the boundary condition developed above. Using the fluxes defined above, the rate of change of the
number of adsorbed molecules per unit area can be written as:

dN ~ ~
E — Jads — Jd687 (30)



where the flux of adsorbed molecules is equal to:
Juts = (1— 0(8))0 / WL F (V10,1 dv' dE. (31)
v}, <0

The integral at the right-hand side of Eq. (31) gives the overall impinging molecular flux which determines
the absorption rate .J,45 upon multiplication by the absorption probability (1 — 6(¢))o. It is to be noted
that, out of equilibrium, Jads is a function of f, hence its determination requires that Eq. (30) is coupled
to the Boltzmann equation (22). Maxwell’s gas surface interaction model is adopted to prescribe the
boundary condition at the impermeable surface, located at x = L (see Figure 1). Accordingly, it is
assumed that:

f(L7V75) = (1 - a?)f(L7 — Vg, vy7v278) + a2nw2¢w27 Uy < 07 (32)

where ag is the accommodation coefficient at the reflecting surface and ¢,2 has the following form:

P 1 v2 gifz-1 & 0 -
Pua(v, &) = (27 RT2)32 7 <_ 272ng> “TG/2) (kpTwa)i2 P <_ kBTw2>’ ve <0. (33)

The number density, n,92, is calculated from the classical non-permeability condition

RTw2

2T

:—/ Ve f(L,v,E)dvdE. (34)
<0

It is worth noting that, the boundary condition described above, as already stressed in Refs. [1, 2], has
strong similarities with boundary conditions used in modeling evaporation/condensation flows [12], the
main difference being represented by the necessity of introducing 8 and its time evolution into the present
model.

4. NUMERICAL TECHNIQUE

4.1. Dimensionless Properties

All the parameters used in the numerical code are presented in their dimensionless form, since normal-
ized results allow a clearer comparison when one single input parameter is swept. The normalization of
number density, temperature, distance, surface area and number of binding sites per unit of area (surface
number density) have been done in the following way:

n T T A N
* T = — . A = — N* = ——. 35
n ’I’L(), Tw17 x )\07 )\%7 >\On0 ( )

In previous expression we use ng, the averaged number density in the gap, ng = % fOL ndz, as a reference
number density. The Hard Sphere model expression, Eq. (19), [7] is used to evaluate the molecular mean
free path A\g with n = ng. The molecular and macroscopic velocities are normalized using the characteristic
velocity, Eq. (20), calculated at the adsorbed wall temperature, vy = v/RTwi. The time is normalized
by the gas relaxation time, Eq. (18) with A\ and vy1:

t
te = ﬁ, =, (36)

Vw1 ty



It should be noticed that the reference time ¢, in Eq. (36) is the characteristic time between the molecular
collisions. The molecular flux, energy, heat of absorption and gas density are normalized according to:

novwi1’ &= kT’ @ = . (37)

J* = ,
RgTwl Po

where pg = mny.

Equation (13) represents the variation of the surface number density as the difference between fluxes
of adsorbed and desorbed molecules. However, in this equation both absorption and desorption coeffi-
cients are calculated under the equilibrium flow conditions. Therefore, we propose to use the analogous
expression, Eq. (30), which relates the variation of the surface number density to the fluxes of molecules
going to and coming from the adsorbing surface. To obtain the surface coverage from Eq. (30) we can
normalize it by N,,q. and we obtain:

da(t) Jinc 0
——={1-0 - = 38
dt ( )O' ma 7_7 ( )
where J;j,. is the incident flux
Tne= [ 1€t v de” (39)
v}, <0

to be computed from the distribution function which is not necessarily coincident with (or close to) the
Maxwellian equilibrium.

4.2. Ewvolution of Fractional Coverage

As it was mentioned in Section 2.2, two time scales can be defined for considered problem: the gas
flow scale, characterized by the gas relaxation time, t¢,, Eq. (36), and the absorption-desorption time
scale, characterized by absorption equilibrium time, 7, Eq. (16). We intend to consider the case (iii), see
Section 2.2, when t, ~ 7,. Therefore, the evolution of the fractional coverage in time is calculated taking
into account the transient flow stage. The value of fractional coverage at time ¢t"*! is calculated by using
the corresponding value from previous time step ¢t and the variation of the surface coverage between the
two time steps, as

O(t" 1) = 6(t") + AW, (40)

where the variation of surface coverage, Af, is calculated according to the difference of absorption and
desorption fluxes:

Af = <(1 _ e(tn))JJmc(tn) o e(tn)> Ata, (41)

Niax T

where At, is the absorption-desorption time step. Previous expression corresponds to the numerical
approximation of the fluxes balance equation (38). To solve together Eq. (22) by the DSMC technique
and Egs. (40), (41), we need to adapt the time step usually used in the DSMC to the time scale of
the absorption-desorption phenomena, which can be very different. Further details on the choice of the
numerical parameter are given in next Section.

The proposed technique which allows the surface coverage to be determined by the balance of fluxes,
Eq. (38), is called in the following text as the "fluxes method". This method will be compared to the
results obtained from Langmuir isotherm. This means that after the calculation of the surface coverage by



the fluxes balance equation, Eqs. (40) and (41), the fractional coverage is also calculated from Langmuir

isotherm expression:

K tn+1)
n+1y __ Lp(

where the K, coefficient, Eq. (10), is constant when the surface temperature is kept constant.

4.8. Numerical Procedure and Simulation Parameters

The spatial one-dimensional kinetic equation (22) is solved using the DSMC method. The developed
DSMC code, here extended to the absorption-desorption boundary condition, had previously validated
against deterministic solutions of a kinetic model equation for polyatomic gases in Ref. [13]. The simulation
of the molecular collisions has been done with the classical NTC model [7, 14]. To start the simulations,
firstly, the initial state is set and the initial position and velocity are defined for all the simulated particles.
After that, all the particles are moved according to their respective velocities, and the interactions between
particles and boundaries are evaluated. In the the next time step, the particles are set inside the new
cells and, again, the binary collisions between the particles inside each cell and the interactions with
the boundaries are carried out. The calculations stop when the steady regime is achieved. Besides, the
macroscopic flow properties at steady regime and the evolution of some parameters in time are calculated.

Initially, several test cases have been carried out to check the convergence of numerical method and find
the optimal set of computational grid parameters. The following parameters have been varied: the initial
number of particles N, the cells size Az, the DSMC time step At, the absorption-desorption time step
At, and the maximum time of simulation %,,,,. After analyzing the influence of these input parameters on
the gas macroscopic quantities and fractional coverage for several rarefaction levels, their optimal sets were
found, see Table 1, and then fixed for all the simulations presented in this work. It should be mentioned
that all the parameters shown in this table are presented in their dimensionless form.

Input parameter Var. Kn=0.01 Kn=0.1 Kn=1 Kn=10 Kn=o00
length of domain Traw 100 10 1 0.1 0.001
number of cells Nag 500 100 100 100 100
size of each cell Ax* 0.2 0.1 0.01 0.001 107°
number of particles Ny x 1073 50 50 50 50 10
particles per cell Noc 100 500 500 500 100
DSMC time step At* 0.001 0.001  0.001 107* 10~6
average number of time steps  ngy X 1073 1 1 1 10 1
absorption time step At 1 1 1 1 0.001
simulation time 1o 5000 1000 1000 50 )

Table 1: Dimensionless input parameters used in all the simulations.

The rarefaction level of the flow is a function of the Knudsen number, defined as the ratio between
the molecular mean free path and the characteristic flow dimension, here the distance between plates, i.e.
As it can be seen in Table 1, two different time steps are used in the calculations. The first one is the
DSMC time step, At, during which the position and velocity of the particles are updated, and the binary
collision between particles and interaction between particles and boundaries are evaluated. The second
one is the absorption time step, At,, used to update the fractional coverage, and it is related to the DSMC

time step in the following way:
Aty = ng, At, (43)

10



where ng, is the average number of DSMC time steps used to evaluate the macroscopic properties in the
DSMC code. Both of these time steps should be small enough to guarantee the numerical convergence.

To start the simulation, the initial value of fractional coverage has to be set equal to an arbitrary value
between 0 to 1 or calculated from the Langmuir absorption isotherm, Eq. (8), for p = ny1kgTyw1. The
last choice of the initial fractional coverage leads to faster convergence, but the final value of fractional
coverage in steady state regime is independent of this initial value, which will be shown in next Section.

The absorption and desorption phenomena for a pair gas-surface is characterized by the heat of ab-
sorption, the residence time constant and the gas and surface temperatures. In this study we do not focus
on the study of a given pair of a gas and a surface, but we simply analyze the influence of the governing
parameters on the absorption-desorption process. To do this, we consider only dimensionless variables
without referring to a specific pair of a gas and a surface, then we will vary them in a reasonable way to
analyze qualitatively their influence on the absorption-desorption rate and surface coverage. However, to
have an idea about the order of magnitude of the possible dimensional parameters a generic case presented
in Ref. [4] is used for an illustration.

The authors of Ref. |4] showed that, for Nitrogen adsorbing in Ruthenium at 7' = 300K, the heat of
absorption is Q = 31 kJmol~! and the residence time constant is 7o = 10~ '3s. To obtain the dimensionless
values of these parameters, using Eqgs. (36) and (37), we fixed the gas temperature to be 300K and the
atmospheric pressure, pg = 1.01325 x 10°Pa, so the corresponding number density is equal to ng =
2.45 x 10**m~3. Considering again Nitrogen with the Hard Sphere molecular diameter d = 3.76 x 10~"m
we obtain the molecular mean free path, using Eq. (19), equal to 6.52 x 10~®m. By fixing the adsorbing
(reference) surface temperature to be equal to Ty = 300K, the gas reference time becomes equal to ¢, =
2.19 x 10~ 1%. Considering these dimensional parameters, the dimensionless values of heat of absorption
and residence time constant are equal to Q* = 12.4 and 75 = 4.57 X 107, respectively. The surface area
of one binding site can be calculated as A = wd?/4, which for the Hard Sphere diameter of Nitrogen
gives A = 1.11 x 10~ m?. Finally, we can also estimate the maximal number of molecules which can be
adsorbed at bare surface per unit of area, from the inverse of the surface area of one binding site, i.e.
Npaz = 1/A =9.03 x 10" m~2. Its dimensionless value reads 5.66, so fixing it equal to 1 in the numerical
code is reasonable. In the code A* = 1, so dimensional value of A is 4.26 x 10~ °m?.

Finally, the Borgnakke-Larsen model contains an input parameter, called mixing parameter Z, which
determines the fraction of non-elastic collisions. In all of our analysis, its value was kept constant, being
Z =0.3 [15].

5. PARAMETRIC STUDY OF absorption-DESORPTION MODEL

The present Section is mainly devoted to describing the results of several numerical tests aiming at
assessing the influence of some model parameters on the absorption-desorption process, as shown by the
behavior of the coverage fraction and the properties of the gas macroscopic quantities.

Before the description of the parametric study results, two groups of test results are presented at first, in
subsections 5.1 and 5.2, in order to provide a preliminary self-consistency check of the model. !

5.1. Gas absorption in near equilibrium conditions

LAll the numerical results are presented in their dimensionless form
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Within the simplification of one-dimensional geometry described above, the numerical test described

here mimics the experimental technique often adopted to characterize the kinetics of gas absorption on solid
surfaces [16]. The latter consists into exposing an initially clean solid surface to a gaseous environment,
confined in a vessel. The following gas absorption causes the gas pressure to decrease exponentially till
absorption and desorption reach equilibrium. On ordinary spatial scales, the experimental process takes
a few minutes, ensuring that evolution takes places as a sequence of equilibrium states.
Accordingly, we simulate, at first, the simple condition when the temperatures of the adsorbing and
reflecting surfaces are equal, that is Tp,; = T2. Under this condition, a reference pressure, pe, is fixed
and the corresponding Langmuir equilibrium surface coverage, 6; = f(pe, Tw1), is computed, according to
Eq. (8). Then, the kinetic model is used to simulate the surface coverage evolution with time, which is
obtained to be constant and equal to its initial value 8, = 6; = 0.637, see solid black line on Fig. 2. To
check the influence of the initial conditions we simulated also two limit cases. In the first one, a very low
pressure is set in the gap, so low that value of initial surface coverage, 0;, calculated according to Eq.
(8), is negligible. Then, the pressure is changed instantaneously to pe, which was used in previous test
case. As it is seen from Fig. 2(orange dashed line), 6(¢) evolves towards its prescribed equilibrium value,
0. = 0.637. The second limit case was simulated by fixing initially the pressure large enough to obtain
a fully covered surface, §; = 1. As in previous case, the pressure was changed instantaneously up to pe.
As seen from Fig. 2 (red dashed line), the numerical solution evolves to the same equilibrium state, with
6. = 0.637.

1 _ﬁ Twl - w2
T~ . vl
— 06 ""“""/’”““\
04 -
— —0o=1
0.2 4 Bo=Langmuir
00=0
0 . T T
1 10 100 1000
t* [-]

Figure 2: Evolution of fractional coverage obtained by fluxes method for different values of initial fractional coverage (6)
keeping both surfaces at the same temperature. Simulation parameters: Kn = 0.01, Tw2/Tw1 =1, 75 = 2 - 1074, Q* = 10,
c=1and a1 = a2 = 1.

5.2. Gas absorption in non-equilibrium conditions

The second model test aims at highlighting the effects of gas phase non-equilibrium on absorp-
tion/desorption rates. As in the first test, the temperatures of both surfaces were initially set to be
equal to Ty, the initial pressure set equal to p. and the surface coverage, as calculated from Eq. (8),
set equal to O, = 0.637. Then, the temperature of the reflecting plate was changed instantaneously up to
Two = 2Tw1. As a result of the pressure increase, the surface coverage, calculated by the proposed model,
starts to varying in time up to reaching a new steady value, higher than the initial equilibrium one, equal
to 0.716 (see solid black line on Fig. 3). The obtained steady condition does not depend on initial surface
coverage fraction, as shown by the results of simulations in which we changed the initial coverage to be
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respectively equal to 0.0 and 1.0 and we obtained the convergency of the two solutions to the same final
value equal to 0.716 (see dashed orange and red lines in Fig. 3. The computed steady value of the surface
coverage, which takes into account the temperature gradient in the gas, is in agreement with the value
calculated using the Langmuir theory.

1 ~ TW2:2TW1 — 7
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/’W-\‘ B sl ]
06 1
< 04
— —00=1
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00=0
0 T / T T
1 10 100 1000
t* [-]

Figure 3: Evolution of fractional coverage obtained by fluxes method for different values of initial fractional coverage (6o).
Initial conditions: Kn = 0.01, Tw2/Tw1 =2, 70 =2+ 1074, Q*=10,0 =1 and a1 = as = 1.

Actually, for the previous non-equilibrium test cases the Knudsen number value was relatively small,
being equal to 0.01. Therefore, deviations from equilibrium are accordingly small and the value of the
obtained surface coverage from the kinetic model is very close to Langmuir theory prediction. Figure 4a)
provides the comparison between the evolution of the surface coverage, obtained by the kinetic model and
Langmuir theory for the case Tyws = 2Tw1. It is seen that, after a transient regime, both values come to
coincide and the final common value of 6 is equal to 0.716 (see also Fig. 3, where the influence of the
initial condition was tested for the same conditions)

As it was explained in Section 3 the new model, in contrast to Langmuir model, allows us to simulate
both equilibrium and non-equilibrium gas flow conditions. To assess the sensitivity of the absorption-
desorption model the degree of non-equilibrium, as expressed by the Knudsen number, new simulations
with Kn = 10, were carried out keeping the same model settings of the non-equilibrium tests described
above but reducing the distance L between the plates. As it is clear from Fig. 4b) the evolution of the
surface coverage, obtained by the kinetic model for this higher Knudsen number, differs from the previous
ones under two main aspects. First, the final steady-state surface coverage is now equal to 0.647, instead of
0.716, as obtained for Kn = 0.01, see Fig. 4a). Second, for K'n = 10, Langmuir theory provides a slightly
higher value, 0.686, since the equilibrium relation between gas phase pressure and impinging surface flux
is no longer valid.

5.8. Bvaluation of the Surface Coverage

In this section we present the parametric study of the influence of the governing parameters of the
model on the surface coverage. Along this study, we consider as the reference case the one which has the
following parameters: Kn = 0.01, Tyo/Tw1 =2, 75 =2 - 1074, Q*=10,0 =1 and a1 = ap = 1.

We start our study with the comparison of the absorption and desorption fluxes which balance changes
the surface coverage, see Eq. (30). Figure 5 shows the evolution of these fluxes with time for two values of
the Knudsen number, Kn = 0.01 and 10. Initially, the partial coverage is assumed, § = 0.637. From these
graphs, it is clear that in the beginning of simulations the absorption flux is larger than the desorption
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Figure 4: Evolution of fractional coverage obtained by fluxes method and Langmuir expression for two different values of
rarefaction level, (a) Kn = 0.01 and (b) Kn = 10. Initial conditions: Tywe/Tw1 = 2, 7§ = 2-107%, Q* = 10, ¢ = 1 and
a1 = Q2 = 1.

one, then, after some time period, which can be called relaxation time (or time to reach an equilibrium),
both fluxes become equal. This relaxation time is larger for smaller Knudsen number.

0.18 - Kn=001 | — 0.18 ————1 Kn=10
0.17 m LYY TR 0.17 -
—0-16 1 it —0.16 - adsorption
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= 0.15 1 £ 0.15 - . E——
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0.14 1 desorption 0.14 -
0.13 - - - 0.13 ;
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(a) (b)

Figure 5: Evolution of absorption and desorption fluxes for two different flow rarefaction levels: (a) Kn = 0.01 and (b)
Kn = 10. Initial conditions: Tw2/Tw1 =2, 70 =2+ 1074, Q" =10,0 =1 and a1 = ao = 1.

Now we quantify the influence of the gas rarefaction, namely of the Knudsen number, on the evolution
in time of the surface coverage. Figure 6 presents this evolution of the surface coverage for different
rarefaction levels, i.e. Knudsen number, 0.01, 0.1, 1, 10 and co. The fractional coverage decreases when
the rarefaction level increases, as expected, since with the increase of rarefaction level the gas number
density decreases also, therefore a lower number of molecules are available to be adsorbed to the surface.
The lower is the Knusden number, the slower is the convergence process, i.e. the longer is the time to obtain
the steady state solution, tg. For instance, for Kn = 0.01 the steady regime is reached approximately
when tg =~ 3000, however for Kn = 10, the convergence is achieved when tss =~ 5. The time needed to
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achieve the steady-state value of the surface coverage, tg, is provided in Table 2 for five different levels of
rarefaction. This time to reach the steady-state surface coverage is larger then the relaxation time, the
time needed to equilibrate the absorption and desorption fluxes, see Figure 5. However, the behavior for
both times with the increasing of the gas rarefaction is the same: higher is the rarefaction shorter is the
time to reach the equilibrium.

0.8
0.75
207
D
0.65
0.6 . . .
] 10 100 1000
t* [-]

Figure 6: Evolution of fractional coverage obtained by fluxes method for different values of rarefaction level (Kn). Initial
conditions: Tye/Tw1 =2, 74 =2-107*, Q* =10,0 =1 and a; = a2 = 1,

Kn | 0.01 0.1 1 10 oo
tss | 3000 800 200 30 =0

Table 2: Dimensionless time tss needed to achieve the steady-state value of fractional coverage 6.

According to the Langmuir theory, the absorption and desorption phenomena are influenced by several
parameters, being two of them the heat of absorption, (), and the residence time constant, 7y, are directly
related to the surface nature and the gas hitting the surface.

The influence of the heat of absorption, (), on the fractional coverage is shown in Fig. 7 for two different
Knudsen numbers, Kn = 0.1 and 10. As it can be seen in Fig. 7a, when the heat of absorption increases,
the value of the fractional coverage increases as well. The higher is the heat of absorption, the more energy
is needed for a molecule to be desorbed from a surface. As a consequence of it, the higher is the heat
of absorption, the higher is the surface coverage. For the cases considered here, the dimensionless values
of heat of absorption were varied from 6 to 12. These dimensionless values of the heat of absorption are
considered relatively small and correspond to physisorption, i.e. the associated dimensional value of @ is
lower than 100 kJ mol~!. Comparing the two graphs from Fig. 7, it can be concluded that the increase in
the rarefaction level slightly decreases the surface coverage for the corresponding heat of absorption. For
instance, for Q* = 10, represented by the red long dash line in Fig. 7, the steady-state value of fractional
coverage is § = 0.707 when Kn = 0.1 and it decreases to 8 = 0.647 for Kn = 10, being the difference
approximately 9%.

Figure 8 shows that the increase of the residence time constant 7y implies in the increase of the
fractional coverage. Again, raising the residence time constant means to keep the molecules attached at
the surface for a longer time, and for this reason, the value of fractional coverage becomes higher. As for
the heat of absorption, the increasing in the rarefaction level decreases slightly the surface coverage for
the given residence time constant.
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Figure 7: Evolution of fractional coverage for different values of dimensionless heat of absorption Q™ for two different
rarefaction levels: (a) Kn = 0.1 and (b) Kn = 10. Initial conditions: Tw2/Tw1 =2, 75 =2 - 1074, o =1and a; = as = 1.
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Figure 8: Evolution of fractional coverage for different values of dimensionless residence time constant 7y for two different
rarefaction levels: (a) Kn = 0.1 and (b) Kn = 10. Initial conditions: Tw2/Tw1 =2, Q" =10, 0 =1 and a1 = as = 1.

The state of the gas near the surface could also impact the surface coverage. When changing the
reflecting wall temperature, the temperature in the gap changes also. Figure 9 shows the influence of the
reflecting wall temperature, Ty, on the fractional coverage for two different Knudsen numbers, 0.1 and 10.
The increasing of the reflecting wall temperature for the fixed rarefaction level leads to pressure increasing
in the gap, Fig. 11. As both absorption and desorption coefficients depend only on the adsorbing wall
temperature, which is kept constant here, the increasing in pressure leads to increasing of the absorption
rate, so to increasing of the surface coverage. Comparing the graphs from Figs. 9a and 9b, it can be
concluded also that for low level of rarefaction, the influence of the reflecting wall temperature is much
higher than for higher level of rarefaction.

From Figs. 7, 8 and 9, it can be concluded that increasing the dimensionless heat of absorption from 6
to 12, and also increasing the dimensionless residence time constant from 2-107° to 2-10~3 has much more
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Figure 9: Evolution of fractional coverage for different values of dimensionless reflecting surface temperature T, for two
different rarefaction levels: (a) Kn = 0.1 and (b) Kn = 10. Initial conditions: 7§ = 2-107*, Q* = 10,0 =l and a1 = a2 = 1.

influence on the surface coverage than increasing the dimensionless reflecting wall temperature from 1 to
3, and therefore increasing the gas temperature near the adsorbing surface, independently of the Knudsen
number. It was confirmed that all of these parameters, temperature, heat of absorption and residence
time constant play an important role in the absorption and desorption processes.

The last parameter that was varied in this analysis was the absorption probability at the adsorbing
surface, o. Figure 10 shows the influence of absorption probability on the fractional coverage, 6. As can
be seen from this graph, and as it was expected, the higher is the absorption probability, the higher is the
fractional coverage. However, the absorption probability equal to one does not lead to the total surface
coverage because this value is strongly impacted by the heat of absorption and the residence time constant.
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Figure 10: Evolution of fractional coverage for different values of absorption probability o. Initial conditions: Kn = 0.1,
Tw2/Tw1 =2,7 =2-107*, Q* =10 and a1 = an = 1.

5.4. Macroscopic Gas Properties

Along this section, the steady-state profiles of the gas macroscopic parameters between the two parallel
surfaces are presented and analyzed considering different initial conditions All the profiles are plotted as
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a function of the dimensionless distance between two surfaces, L*, where L* = x/L.

Figure 11 shows the profile of dimensionless pressure between the two surfaces for different values of
temperature of the reflecting wall and for two values of the Knudsen number, Kn = 0.1 and 10. As it can
be seen, the pressure in the gas increases when the temperature of the reflecting wall is increased. Higher
pressures are obtained for the smaller rarefaction level.
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Figure 11: Dimensionless pressure profiles between the two surfaces for five different values of temperature of reflecting wall
Two. Initial conditions: 75 = 2 - 10_4, Q"=10,0=1and a1 = as = 1.

Figure 12 shows the temperature and density profiles between the two surfaces for different levels of
rarefaction. Figure 12a demonstrates the impact of the gas rarefaction on the temperature equilibrium
near the surface: the higher is the rarefaction level, the larger is the difference between gas and surface
temperatures, i.e. temperature jump. However, under considered condition, the presence of the adsorbing
wall does not modify the intensity of temperature jump near the surface.
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Figure 12: Dimensionless (a) temperature and (b) density profiles between the two surfaces for five different rarefaction levels
(Kn). The lines show the results obtained by the numerical code while the analytical solution is represented by the black x
markers. Initial conditions: Tywo/Tw1 =2, 7¢ =2-107%, Q* =10, 0 =1 and a3 = a2 = 1.

The profiles of the translational, parallel and rotational temperatures for Kn =

0.01 and 10 are



presented in Fig. 13. The complete equilibrium between all temperatures and between the gas and surface
temperatures can be observed on Fig. 13(a). For larger Knudsen number, Fig. 13(b), the temperature
jump is visible near the wall, since the gas temperature is 7" ~ 1.37 and the wall is maintained at 7;,; = 1.
For this relatively large Knudsen number, the equilibrium between the translational, parallel and rotational
temperatures starts to disappear, and the parallel temperature becomes different from the other ones.
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Figure 13: Profiles of dimensionless translational, parallel and rotational temperatures along the space between the two
plates for two rarefaction levels: (a) Kn = 0.01 and (b) Kn = 10. Initial conditions: Tya/Tw1 =2, 7§ = 2-107%, Q* = 10,
c=1and a1 = a2 = 1.

Now the influence of the accommodation coefficients at the adsorbing wall, «;, is analyzed under
following conditions: Kn = 0.1, Tyo/Twp1 = 2, 7§ = 2 - 1074, 0 =1 and ap = 1. Figures 14 and 15
show the temperature and density profiles between the two surfaces for different values of 1 and for two
heat of absorption, @* = 10 and 12, respectively. From both figures, the impact of the changes in the
accommodation coefficient at the adsorbing wall, «y, is visible and it is more pronounced when the heat
of absorption is higher. For this case, @* = 12, the number of adsorbed molecules at the surface is higher,
diminishing the number of free sites available for absorption (proportional to 1—6), Eq. (31), consequently
increasing the probability of reflection. It is clear that, increasing the number of reflected molecules, the
importance of the accommodation coefficient becomes higher.

Figure 16 shows the influence of the accommodation coefficient at the reflecting surface, ao, on the
temperature and density profiles. The higher is the accommodation coefficient at this surface, the smaller
is the temperature jump near this wall. For instance, for as = 1, represented by the black solid line, the
value of the gas temperature very close to the reflecting wall is 1.88, while for o = 0.1, represented by
the dark yellow short dash line, the gas temperature close to the reflecting wall is approximately 1.28,
considerably lower than the reflecting wall temperature, T7;, = 2.

6. CONCLUSION

A new approach for simulation of non-equilibrium absorption and desorption phenomena is proposed by
extending and modifying the classical equilibrium Langmuir absorption model to non-equilibrium condition
at the adsorbing boundaries. This approach is based on the numerical solution of the Boltzmann equation
and a kinetic boundary condition which dynamically couples the adsorbed/desorbed fluxes to the solid
surface coverage. The new absorption-desorption boundary condition is implement in the DSMC method
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Figure 14: Dimensionless (a) temperature and (b) density profiles between the two surfaces for different values of accommo-
dation coefficient at the adsorbing wall a. Initial conditions: Kn = 0.1, Twe/Tw1 =2, 76 = 2+ 1074, Q* =10, 0 = 1 and
ag = 1. For these initial conditions, the value of fractional coverage in steady-state regime is 6 ~ 0.707.

and the spatially one dimensional flow of a polyatomic gas is simulated between two plates held at different
temperatures. At the first one, the developed absorption-desorption boundary condition is applied. The
second wall, assumed to be impermeable, is described by Maxwell’s gas-surface interaction model.

First, several simple tests are carried out to show the self-consistency of the proposed model. Then,
the evolution of the surface coverage in time is analyzed in non-equilibrium conditions and the influence
of several parameters, like the absorption time, the heat of absorption and the absorption probability, on
flow properties is considered. In the case of the free molecular regime, the analytical solution is developed.
The results show that the analytical and numerical solutions for free molecular regime presents deviation
smaller than 0.3% for all evaluated cases.
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AppendixA. Analytical Solution for Free Molecular Flow Regime

The analytical solution for free molecular regime was developed. The dimensionless density and tem-
perature profiles can be calculated from Eqgs. (A.1) and (A.2), respectively:

(2= 22)0p31 mae + | (2 = @2)Bon + (1 + B(1 — o))z szU;] Pt
* — w A.
P 2(1—B(1 —aq)(1 — ag)) ’ (A1)
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Figure 15: Dimensionless (a) temperature and (b) density profiles between the two surfaces for different values of accommo-
dation coefficient at the adsorbing wall a. Initial conditions: Kn = 0.1, Twe/Tw1 =2, 76 = 2+ 1074, Q* =12, 0 = 1 and
a2 = 1. For these initial conditions, the value of fractional coverage in steady-state regime is 6 = 0.947.

(2 = 2)0p31 mae + |B(2 — a2)on + (B(L — on) + 1)ag ??] Pt
T _ o (T AT o) w , (A.2)
where
B=1-(1-6)0 (A.3)
and
Potmar = 5 3. (A4)

The temperature and density profiles obtained by the numerical solution, represented by the solid black
lines, and the analytical solution, indicated by the black x markers, are shown on Fig. 12. In the free
molecular flow regime, the temperature and density are constant along the gap between the two surfaces.

The analytical solutions in the free molecular flow regime for the flow between two parallel fixed walls
were obtained by other authors |7, 17|, but without taking into account the absorption and desorption
phenomena. From our analytical solution but considering no absorption (§ = 1, therefore pj,; 0, = 0)
and full accommodation for both surfaces (a;j=ay=1) we obtain the expressions provided in Refs. [7, 17].
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Subscript  name

0 initial

ads absorption

des desorption

inc incident

r reflected

rot rotational

transl translational

wl adsorbing wall

w2 reflecting wall
Zryrz X, y, z coordinates

currently time step
next time step

pre collision state
dimensionless property

n+1

Table 3: List of subscripts and superscripts.

Variable

accommodation coefficient

beta coefficient

gamma function

delta function

cell length

DSMC time step
absorption-desorption time step
variation of fractional surface coverage
fractional surface coverage

mean free path

density

absorption probability

absorption or residence time

residence time constant

characteristic time of absorption
characteristic time of absorption and desorption
phi function

[1/(m?.s%)]

Table 4: List of variables with greek alphabet.
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Sym Variable Unit

A area (of one binding site) [m?]

d molecular diameter [m]

f Maxwellian wall function [1/(m®.s%)]
J rotational degrees of freedom [—]

J molecular flux [1/(m?.5)]
Jine incident molecular flux [1/(m2.5)]
Im, molecular flux impinging to the surface [1/(m?.5)]
Jsc scattered back molecular flux [1/(m2.5)]
kp Boltzmann constant [J/K]|
Kaqs  absorption constant [1/(Pa.s)|
Kges  desorption constant [1/s]
K, Langmuir constant [1/Pal
K} modified Langmuir constant [m?.s]
K. scattering kernel [—]
Kn Knudsen number [—]

L length of domain [m]

m mass [kg]

n molecular number density or number of molecules per unit volume [1/m3]
N number of occupied sites per unit of area [1/m?]
Naw number of DSMC time steps used in the average [—]
Nag number of cells [—]
Niaez  total number of available sites per unit of area [1/m?]
D pressure [Pal

Q heat of absorption [kJ/mol|
Raqs  absorption rate [1/(m?2.5)]
Rges  desorption rate [1/(m2.5)]
t time [s]
tmaz maximum time of simulation [s]

ty reference time or gas relaxation time [s]

T temperature K]

U, v velocity [m/s]
u, v macroscopic gas velocity [m/s]
x,y,z spatial coordinate [m]
Tmaz  length of the computational domain [m]

& rotational energy []]
Mo initial number of simulated particles [—]
Noc initial number of simulated particles per cell [—]

R specific gas constant [J/(kg.K)|
Ry gas constant [J/(mol.K)|

Table 5: List of variables.
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