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Engineering flow systems operating under low pressures and/or at the micro/nano scale8
generally include a physically adsorbed gas layer next to the surface. In this paper, we9
develop a scattering kernel that accounts for the effect of adsorption, arising from van der10
Waals interactions, on the dynamics of molecules impinging on solid smooth surfaces. In11
the limit of low bulk density, surface adsorption becomes negligible and the scattering12
kernel recovers consistently the Cercignani-Lampis model, which best describes molecular13
collisions with a clean, smooth surface. In the limit of high bulk density, a dense adsorbed14
molecular layer forms next to the surface and its presence is picked up by the Maxwell model15
with complete diffuse reflection, which better captures the multiple collisions suffered by16
molecules. A weight coefficient based on the Langmuir adsorption isotherm is incorporated17
into the modelling to handle the transition between these two limiting conditions of low and18
high densities. The proposed model is validated against high-fidelity molecular dynamics19
simulations that are performed for a variety of gas-surface combinations and adsorbed20
molecular layers with different densities. It is shown that the proposed model very well21
captures the scattering patterns of beams of gas molecules at different velocities impinging22
on surfaces, as well as momentum and energy accommodation coefficients in the entire range23
of explored conditions.24

Key words: (see Keyword PDF for the full list).25

1. Introduction26

When the condition of local quasi-thermodynamic equilibrium breaks down, dilute fluid27
flows are no longer governed by the Navier-Stokes equations with stick boundary conditions,28
and kinetic theory is required. The fluid behaviour must then be described by the Boltzmann29
equation, or a kinetic model equation, supplemented by boundary conditions that model the30
gas-surface interactions. These molecular interactions are typically formulated via the so-31
called scattering kernel (SK), which provides the probability density function of the molecules32
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back-scattered into the gas after striking the surface. Typically, SKs contain a few parameters,33
referred to as accommodation coefficients (AC), which describe how some physical properties34
of the impinging molecular flux (e.g., momentum and energy) accommodate to the state of35
the surface. SKs are of paramount importance in non-equilibrium gas dynamics simulations36
because they determine the velocity slip and temperature jump at the surface, which are the37
macroscopic hallmarks of the fluid non-equilibrium conditions, and, in turn, affect the overall38
flow field increasingly with the gas rarefaction.39

The most famous and extensively used SK was proposed by Maxwell (1879). The Maxwell40
model assumes that a fraction of incident gas molecules are diffusely reflected, while others41
are re-emitted specularly. Despite being widely used, the Maxwell model is unable to42
reproduce the lobular re-emission patterns that are experimentally observed when a nearly43
monoenergetic atomic beam hits the surface (Cercignani & Lampis 1971). Much effort has44
been employed over the years towards developing more accurate SKs that incorporate the45
gas-surface interactions.46

Epstein (1967) extended the Maxwell model by replacing the constant accommodation47
coefficient with a function of the molecular velocity to reflect the dependency of the scattering48
dynamics on the velocity of the incident particle. Furthermore, Klinc & Kuščer (1972)49
considered the particular case of diffuse-elastic scattering, where molecules are isotropically50
back-scattered into the gas but conserve their impinging speed. A more general SK is the51
Cercignani-Lampis (CL) model (Cercignani & Lampis 1971; Cercignani 1972) that was52
derived by solving the half-space transport equation describing the dynamics of gas atoms53
within the wall modelled as a homogeneous and non-polar medium. It is worth stressing that54
the CL model was also obtained by using different approaches (Kuščer et al. 1971; Williams55
1971; Cowling 1974; Takata et al. 2021) and was proved to be the most general mathematical56
expression consistent with the basic properties that all SKs are expected to fulfil (see §2 for57
more details of these basic kernel properties).58

SKs have also been proposed that linearly combine the models above. Struchtrup (2013)59
combined the Maxwell model with the diffuse-elastic SK. The resulting model provides60
results similar to the CL model but has a simpler mathematical expression that makes it easier61
to derive boundary conditions for extended moment equations. In the Yamamoto-Takeuchi-62
Hyakutake (YTH) model (Yamamoto et al. 2007), it is assumed that a fraction of scattered63
molecules follow a CL-like model, while the remaining molecules are diffusely reflected.64
This model provides scattering patterns in better agreement with Molecular Dynamics (MD)65
simulations when the surface is contaminated with a fixed amount of heavy molecules66
while bombarded with lighter gas. However, the YTH model did not contain links with the67
contaminant information nor the adsorption physics. It is a phenomenological model where68
the AC functions are fitted from specific simulations conditions and are thus not general.69
The combination of Epstein and CL models was also proposed, and it was shown that it70
more accurately captures the trajectory of molecules in the scattering process (Yakunchikov71
et al. 2012), while providing an accurate description of both the Poiseuille and thermal72
transpiration flows (Wu & Struchtrup 2017).73

Despite the many studies devoted to gas-surface interactions, relatively little attention has74
been paid to the development of SKs that incorporate adsorption (Kuščer 1978; Borman75
et al. 1988; Aoki & Giovangigli 2019, 2021; Aoki et al. 2022; Brancher et al. 2020).76
Yet, experimental, theoretical, and numerical evidence clearly indicates that neglecting77
the presence of adsorbed molecules oversimplifies the scattering dynamics and introduces78
inaccuracies in the resulting prediction of fluid flow. This was firstly highlighted in a79
pioneering experimental study, where it was shown that ACs of gases in contact with single-80
crystal silicon approach unity as pressure increases (Arkilic et al. 2001). Thereafter, this81
has been attributed to adsorption, as ACs have been found to significantly increase if the82
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surface gets adsorbed with gas molecules, reaching unity when a full adsorbed layer is formed83
(Sazhin et al. 2001; Yamamoto et al. 2006; Finger et al. 2007; Chew 2009; Nejad et al. 2020).84

A better understanding of how adsorption affects the scattering dynamics is not only of85
theoretical interest, but also has relevant practical implications. Examples range from a more86
accurate prediction of aerodynamic drag forces on satellites operating on very low Earth87
orbits, where these forces are strongly dependent on the variation of the atomic-oxygen88
adsorption with altitude (Pilinski et al. 2013; Livadiotti et al. 2020), to the enhancement89
of the manufacturing throughput of microprocessor chips in low vacuum photolithography90
machines, where adsorption of contaminants is detrimental (Chen 2005). More generally,91
adsorption is expected to significantly affect the transport of nanoscale confined fluid92
flows (Shan et al. 2022), such as hydrocarbons inside tight shale reservoirs (Wang et al.93
2021), and the heat transfer efficiency in micro-electro-mechanical systems (MEMS) due to94
the large surface-area-to-volume ratios characterising these problems (Cao et al. 2009).95

This paper aims to derive a new SK that captures the effect of adsorption, arising from van96
der Waals interactions only (also known in the literature as physisorption) on the scattering97
dynamics, and unravel the resulting density-dependence on the ACs. The proposed kernel is98
the linear combination of the CL model for a clean, smooth surface and the fully diffusive99
Maxwell model for a surface covered by a dense gas layer, with the weight of the combination100
proportional to the Langmuir adsorption isotherm (Langmuir 1916). The proposed kernel101
is validated using high-fidelity MD simulations with Lennard-Jones (LJ) potentials that102
accurately resolve the trajectories of molecules interacting with each other in the adsorbed103
layer and with the surface.104

It is important to emphasise that our study takes a different approach to model the105
physics of adsorption than most past research. In particular, while we propose an SK to106
capture the overall effects of adsorption, previous studies have attempted to derive models107
from first principles. For example, Borman et al. (1988) proposed a kinetic equation to108
study the dynamics of gas molecules in a potential field generated by surface atoms, with109
molecule-phonon collisions accounting for fluctuations, and this approach has recently110
been extended to include adsorption and chemical reactions on crystal surfaces (Aoki &111
Giovangigli 2019, 2021; Aoki et al. 2022). Despite its ability to precisely capture the112
intricate physics of adsorption, this kinetic equation-based modelling is computationally113
demanding and not suitable for engineering simulations. On the other hand, our modelling114
approach has similarities with the pioneering work of Kuščer (1978) and more recently115
of Brancher et al. (2020). However, our focus is primarily on the case of a steady adsorbed116
gas layer adjacent to the walls, whereas these two references mainly explore non-equilibrium117
adsorption-desorption phenomena. A more in-depth comparative analysis of these studies is118
presented in Section 3.119

The remaining structure of this paper is as follows. The definition of SKs is outlined in120
§2. The new SK, which encompasses the effect of adsorption, is derived in §3. The set-up121
of high-fidelity MD simulations used in this work is presented in §4. In §5, an extensive122
validation study is carried out to evaluate the scattering patterns and the ACs as functions of123
the gas bulk density. Finally, concluding remarks are given in §6.124

2. Scattering kernels and their accommodation coefficients125

The scattering kernel R(𝝃′ → 𝝃; 𝒓, 𝑡; 𝝐 , 𝜏) gives the probability density that a molecule126
striking the surface at position 𝒓 − 𝝐 and time 𝑡 − 𝜏 with a velocity range of [𝝃′, 𝝃′ + 𝑑𝝃′],127
re-emerges away from the surface at position 𝒓 and time 𝑡 with a velocity range of [𝝃, 𝝃 +𝑑𝝃],128
where 𝝐 is the distance travelled by the molecule in its adsorbed state and 𝜏 is the adsorption129



4

time (Cercignani 1988). The balance of mass at the surface yields:130

b𝑛 𝑓 (𝝃, 𝒓, 𝑡) =
∫ ∞

−∞
𝑑𝝐

∫ ∞

0
𝑑𝜏

∫
𝝃 ′𝑛<0

|b′𝑛 |R(𝝃′ → 𝝃; 𝒓, 𝑡; 𝝐 , 𝜏) 𝑓 (𝝃′, 𝒓 − 𝝐 , 𝑡 − 𝜏)𝑑𝝃′, (2.1)131

where 𝑓 (𝝃′, 𝒓 − 𝝐 , 𝑡 − 𝜏) and 𝑓 (𝝃, 𝒓, 𝑡) are the incident and reflected velocity distribution132
functions, respectively, and the subscript 𝑛 denotes the normal velocity component along133
the unit vector normal to the surface pointing into the gas. If the gas-surface interactions134
are dominated by physical van der Waals forces only, the adsorption time interval 𝜏 and the135
re-emission displacement 𝝐 are typically much smaller than the characteristic time and length136
scales of the interactions between fluid molecules, and the SK simplifies to R(𝝃′ → 𝝃). This137
condition is particularly valid for steady flow problems and is met in many situations of138
practical importance, including the scattering from porous organic kerogen surfaces (Chen139
et al. 2022).140

SKs must satisfy the basic properties of141
(i) Positiveness:142

R(𝝃′ → 𝝃) ⩾ 0, (2.2)143

(ii) Normalisation:144 ∫
b𝑛>0

R(𝝃′ → 𝝃)𝑑𝝃 = 1, (2.3)145

if the surface is impermeable and permanent adsorption is excluded; and146
(iii) Reciprocity:147

|b′𝑛 | 𝑓0(𝝃′)R(𝝃′ → 𝝃) = |b𝑛 | 𝑓0(𝝃)R(−𝝃 → −𝝃′), (2.4)148

where 𝑓0(𝝃) is the non-drifting Maxwellian distribution having the temperature of the wall.149
The reciprocity indicates that microscopic scattering dynamics is time-reversible and the150
surface is assumed to be in a local equilibrium state, undisturbed by the impinging molecules151
(Kuščer 1971; Cercignani 1988). Specifically, the number of molecules scattered from a152
velocity range [𝝃′, 𝝃′ + 𝑑𝝃′] to a velocity range [𝝃, 𝝃 + 𝑑𝝃] (per unit area and unit time)153
is equal to the number of molecules scattered from any velocity within [−𝝃,−𝝃 − 𝑑𝝃] to a154
velocity within [−𝝃′,−𝝃′ − 𝑑𝝃′].155

Cercignani (1988) proved that the simplest mathematical expression consistent with these156
properties takes the general form:157

RG(𝝃′ → 𝝃) = RG,𝑡 (𝝃′𝑡 → 𝝃𝑡 ) RG,𝑛 (b′𝑛 → b𝑛), (2.5a)158

where159

RG,𝑡 (𝝃′𝑡 → 𝝃𝑡 ) =
(
1 − 𝑞2)−1

2𝜋𝑅𝑇0
exp

{
− 1

1 − 𝑞2
(𝝃𝑡 − 𝑞𝝃′𝑡 )2

2𝑅𝑇0

}
, 𝑞 ∈ [−1, 1],

(2.5b)

160

RG,𝑛 (b′𝑛 → b𝑛) =
(1 − 𝑝)−1 b𝑛

𝑅𝑇0
exp

{
− b2

𝑛 + 𝑝b′2𝑛
2𝑅𝑇0(1 − 𝑝)

}
𝐼0

( √
𝑝

1 − 𝑝
b𝑛b

′
𝑛

𝑅𝑇0

)
, 𝑝 ∈ [0, 1],

(2.5c)

161

162
163

𝝃𝑡 is the two dimensional vector lying on the surface with velocity components b𝑡1 and b𝑡2 (for164
an isotropic surface, the scattering dynamics of b𝑡1 and b𝑡2 are equivalent), 𝑅 is the specific165
gas constant, 𝑇0 is the wall temperature, and 𝐼0 is the modified Bessel function of the first166
kind and zeroth order.167

The parameters 𝑝 and 𝑞 can be related to the so-called ACs that possess a more transparent168

Focus on Fluids articles must not exceed this page length
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Figure 1: (a) Schematic of scattering dynamics of gas molecules near a smooth surface.
During the scattering process, incident gas molecules (grey) could either suffer single or
multiple collisions (both with the wall and other momentarily adsorbed gas molecules).
(b) Example density profiles in the presence of argon (Ar) molecules near the platinum

(Pt) surface at an equilibrium temperature of 300 K, with distinguishable features of bulk
and elevated adsorption densities.

physical meaning. These give the tendency of the gas property associated with a specified169
molecular velocity function 𝜑(𝝃) to accommodate to the state of the wall. The general ACs170
are typically defined as (Kuščer 1974; Cercignani 1988; Sharipov 2002):171

𝛼(𝜑) =

∫
b ′
𝑛<0 𝜑(𝝃

′) |b′𝑛 | 𝑓 (𝝃′)𝑑𝝃′ −
∫
b𝑛>0 𝜑(𝝃) |b𝑛 | 𝑓 (𝝃)𝑑𝝃∫

b ′
𝑛<0 𝜑(𝝃′) |b

′
𝑛 | 𝑓 (𝝃′)𝑑𝝃′ −

∫
b𝑛>0 𝜑(𝝃) |b𝑛 | 𝑓0(𝝃)𝑑𝝃

, (2.6)172

where 𝑓0(𝝃) is the wall Maxwellian velocity distribution function. As an example, by173
setting 𝜑(𝝃) = 𝝃𝑡 , b

2
𝑛/2, 𝝃2/2, the accommodation coefficients for the tangential momentum174

(TMAC,𝛼𝑡 ), normal kinetic energy (NEAC,𝛼𝐸𝑛
), and kinetic energy (EAC,𝛼𝐸) are obtained.175

Note that beam ACs 𝛼𝑏 (𝜑) are also used that correspond to the cases of monoenergetic176
impinging beams (Kuščer 1974), i.e., 𝑓 (𝝃′) = 𝑛𝑏𝛿(𝝃′ − 𝝃𝑏) with 𝑛𝑏 being the density of the177
beam and 𝝃𝑏 a fixed velocity.178

It is worth stressing that the definition of the accommodation coefficients, (2.6), has two179
shortcomings. First, for an SK in the form of (2.5), only TMAC and NEAC are independent180
of the impinging velocity distribution (Cercignani 1988). Second, when the system is close181
to the equilibrium state, i.e., 𝑓 (𝝃′) ≈ 𝑓 (𝝃) ≈ 𝑓0(𝝃), both numerator and denominator in182
(2.6) approach zero and numerical inaccuracies arise, which require specific procedures to183
cope with these instances (Kuščer 1974; Cercignani 1988; Spijker et al. 2010).184

All the existing SKs can readily be obtained by the general form of (2.5) (or by linearly185
combining expressions of this form) along with ACs, e.g.,186

Maxwell model: 𝑞1 = 0, 𝑞2 = 1, 𝑝1 = 0, 𝑝2 = 1, (2.7a)187

Cercignani-Lampis model: 𝑞 = 1 − 𝛼𝑡 , 𝑝 = 1 − 𝛼𝐸𝑛
, (2.7b)188

YTH model: 𝑞1 = 0, 𝑞2 =
(
1 − 𝛼𝑏

𝑡

)1/2
, 𝑝1 = 0, 𝑝2 ≈ 1 − 𝛼𝑏

𝐸𝑛
.(2.7c)189

190

3. A new scattering dynamics model: incorporating adsorption191

We present a new scattering model that incorporates the effect of gas adsorption on smooth192
surfaces. Note the SK model we propose here is applicable to standard temperatures or193
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higher, so that quantum effects (Goodman & Wachman 1976b; Bird 1994b) do not play a194
role and the classical scattering description is applicable. For simplicity, the effect of wall195
roughness is omitted from this work.196

Molecules impinging on smooth solid surfaces may be divided into two groups. The first197
group comprises adsorbed molecules, namely molecules that are momentarily trapped and198
suffer multiple collisions with the surface and/or other fluid molecules before moving away,199
and as a result, are more likely to accommodate thermally with the surface (Kuščer 1978;200
Rettner et al. 1989; Bird 1994a; Butt et al. 2003; Arya et al. 2003; Myong 2004; Cao et al.201
2005). The second group is composed of molecules that, after hitting the clean part of the202
surface (i.e., where no adsorption occurs locally), are immediately reflected back to the bulk203
of the gas, and their behaviour is only expected to depend on the local microscopic features204
of the surface. The scattering dynamics of these two groups are very different, as depicted in205
the schematic of figure 1(a), and the rate of these contributions depends on the bulk density.206
In the limit of high gas bulk density, the first scattering group dominates, while the second207
scattering group is seen more in the limit of low gas bulk density.208

Our SK is therefore a linear combination of these two limiting scattering contributions,209
namely the fully-diffuse Maxwell model, Rd, which properly captures the effect of multiple210
collisions suffered with adsorbed molecules (often seen in the limit of high density), and the211
CL model, RCL, which is deemed to provide the most accurate description of the interactions212
of molecules with a clean, smooth surface (often seen in the limit of low density):213

Rnew,𝑡 = \1([𝑏)Rd,𝑡 + [1 − \1([𝑏)]RCL,𝑡 (𝛼𝑡 ,0), (3.1a)214

Rnew,𝑛 = \2([𝑏)Rd,𝑛 + [1 − \2([𝑏)]RCL,𝑛 (𝛼𝐸𝑛 ,0), (3.1b)215216

where 𝛼𝑡 ,0 and 𝛼𝐸𝑛 ,0 are the TMAC and NEAC of a smooth surface being free of adsorption,217
and are called the intrinsic coefficients. In principle, these coefficients can be obtained either218
from beam experiments performed in low vacuum systems (Goodman & Wachman 1976a),219
or using approximate theoretical models (Goodman 1974). It is worth stressing that, from the220
derivation of the CL model, the details of a collision between a gas molecule and a solid atom221
(i.e., hard collisions) are assumed to be negligible, compared to the effect of simultaneously222
grazing collisions (Cercignani 1988). Therefore, the accuracy of the CL model may decrease223
when a corrugation effect exists from the crystal structure, as would be the case in the MD224
simulations, which may contain a subtle corrugation in the gas-surface potential energy225
landscape.226

In (3.1), the function \1 represents the probability that a molecule striking the surface227
behaves as an adsorbed molecule in the tangential component, and it is anticipated to be an228
increasing function of the reduced bulk number density [𝑏 = 𝑛𝑏𝑢𝑙𝑘𝜋𝜎

3
gas-gas/6, where 𝑛𝑏𝑢𝑙𝑘229

is the bulk number density, 𝜎gas-gas is the diameter of a gas molecule; the function \2 has a230
similar meaning, although for the normal component, but must be treated separately because231
the tangential component is known to exhibit a faster accommodation rate to the state of the232
surface than the normal one (Cercignani 1988; Chen et al. 2022).233

The function \1 can be naturally related to the gas/surface coverage, defined as the ratio234
between the occupied sites and the maximum binding sites available on the surface. Indeed,235
the denser the adsorbed gas layer (i.e., the higher the peak density [𝑎 shown in figure 1(b)) next236
to the surface is, the higher becomes the probability that the gas molecule accommodates to237
the state of the surface. The surface coverage can be predicted based on the classical Langmuir238
adsorption isotherm (Langmuir 1916) when a monolayer adsorption forms adjacent to the239
surface (see figure 1(b) for example density profiles). As for the function \2, the simplest direct240
proportionality relation is presumed also to exist with the surface coverage. Accordingly, in241
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dimensionless units, the combination coefficients read:242

\1 =
�̂�𝐿[𝑏

1 + �̂�𝐿[𝑏
, \2 = 𝐶

�̂�𝐿[𝑏

1 + �̂�𝐿[𝑏
, (3.2)243

where 𝐶 ∈ [0, 1] is a fitting constant, and �̂�𝐿 is the Langmuir constant. It is worth244
stressing that the Langmuir adsorption isotherm has already been used by Goodman245
(1974) and Pilinski et al. (2013) for assessing the effect of adsorption on the energy and246
thermal accommodation coefficients, and it is chosen here for its simplicity. However, in247
principle, more sophisticated isotherm models can also be used, such as the Freundlich248
model (Freundlich 1922) for heterogeneous surfaces and the Brunauer-Emmett-Teller (BET)249
model for multilayer adsorption (Brunauer et al. 1938).250

Note that, according to (3.1), the TMAC and NEAC of the new SK read:251

𝛼𝑡 = \1 + (1 − \1) 𝛼𝑡 ,0, (3.3a)252

𝛼𝐸𝑛
= \2 + (1 − \2) 𝛼𝐸𝑛 ,0. (3.3b)253254

As expected, the ACs recover their intrinsic values for clean, smooth surfaces, i.e., 𝛼𝑡 →255
𝛼𝑡 ,0, 𝛼𝐸𝑛

→ 𝛼𝐸𝑛 ,0 in the limit when \1 and \2 go to zero.256
It is worth noting that Brancher et al. (2020) have proposed an SK with many similarities257

to ours, namely a linear combination of Maxwell fully-diffuse and CL (or Maxwell with258
incomplete accommodation). Unlike our model, which focuses solely on the effect of an259
adsorbed gas layer in dynamic equilibrium, this model can explain the time variation of the260
adsorbed surface coverage, which simplifies to the Langmuir isotherm when the adsorption261
and desorption rates are in balance. However, the assumptions on the scattering dynamics262
underlying this model differ from our model, as can be clearly seen by considering the two263
limiting cases of clean and fully adsorbed surfaces. In particular, in the case of clean surfaces,264
our SK simplifies to CL, while that of Brancher et al. (2020) remains a linear combination265
of Maxwell fully-diffuse and CL, where the coefficient of the combination is the adsorption266
probability. In the case of fully adsorbed surfaces, our SK simplifies to Maxwell fully-diffuse,267
while that of Brancher et al. (2020) simplifies to the CL model. As discussed in detail in the268
next section, our different modelling choices allow us to obtain scattering patterns in overall269
good agreement with those predicted by MD.270

4. Modelling the scattering using molecular dynamics271

In this work, the scattering dynamics of gas molecules is simulated by the molecular dynamics272
(MD) method using the LAMMPS software (Plimpton 1995). By numerically integrating273
Newton’s equations of motion, MD is able to deterministically resolve the trajectories of gas274
molecules interacting with the surface atoms.275

In our simulations, surface atoms are constructed in a Face-Centred Cubic (FCC) arrange-276
ment with a lattice parameter 3.92 Å, as shown in figure 1(a), and gas molecules are modelled277
as monatomic for simplicity. It is worth stressing that very heavy gas molecules with high278
intermolecular attraction, such as xenon, shall not be considered, as they could ‘permanently’279
stick to the surface, which violates the assumption of negligible residence time. To extend280
the validation of scattering models from moderately heavy to light gas molecules, and281
keep the gas-surface interaction unreactive, two distinct groups of gas-surface combinations282
have been considered: argon-platinum (Ar-Pt) and helium-gold (He-Au), respectively. Each283
combination has been investigated under various reduced bulk gas densities [𝑏, thereby284
permitting one to consider adsorption of different degrees. The velocity-Verlet algorithm is285
implemented for the trajectory integration with a time step of 1 fs, and interactions among286
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Argon-Platinum Helium-Gold
Atom pairs 𝜎[Å] 𝜖/𝑘 [K] Atom pairs 𝜎[Å] 𝜖/𝑘 [K]

Ar-Ar 3.405 119.80 He-He 2.64 10.890
Pt-Pt 2.471 8053.6 Au-Au 2.630 2662.1
Ar-Pt 2.940 79.139 He-Au 4.342 9.1355

Table 1: Interatomic Lennard-Jones potential parameters (𝜎, 𝜖) used in the MD
simulations. Molecular masses 𝑚 [u]: Ar = 39.948; He = 4.0026; Pt = 195.084; Au =

196.967.

atoms are described by the standard 12-6 Lennard-Jones (LJ) potential:287

𝑈LJ(𝑟) = 4𝜖
[(
𝜎

𝑟

)12
−
(
𝜎

𝑟

)6]
, (4.1)288

where 𝑟 is the distance between pairs of atoms, 𝜖 is the interatomic potential well depth,289
and 𝜎 is the distance where the potential is zero. The interactions parameters for Ar-Pt and290
He-Au, which are obtained from Spijker et al. (2010) and Liao et al. (2018), respectively, are291
listed in table 1 with a LJ cut-off distance 𝑟 = 𝑟𝑐 = 15 Å.292

Each MD simulation run is divided into two steps: equilibration and production. During293
equilibration, both gas molecules and wall atoms are kept at a constant temperature, using294
the Nosé–Hoover thermostat, with a time constant of 100 fs in the NVT ensemble. Here, two295
temperatures are considered: 300 K, for typical room temperature of MEMS devices, and296
423 K, which we considered in an earlier scattering study (Chen et al. 2022), and is used297
here as a test of an elevated temperature condition on our scattering model. Each parallel298
wall has an outer edge of rigid wall molecules, which prevents any movement of the wall.299
Following equilibration, the thermostat on the gas molecules is switched off such that their300
scattering dynamics are not biased. The production run provides access to all Lagrangian301
information from which the scattering data of interest can be calculated. Our scattering302
results are recorded by placing an artificial virtual plane at a distance 𝑟𝑐 away from, and303
parallel to the surface, within which a gas molecule and a wall atom can still feel each other.304
When a molecule from the bulk crosses the virtual plane, its incident information (e.g.,305
𝝃′, 𝒓 − 𝝐 , 𝑡 − 𝜏) is recorded. The reflected information of the same molecule will be recorded306
again (e.g., 𝝃, 𝒓, 𝑡) when it crosses the plane back into the bulk, as illustrated in figure 2(a)307
(inset). Furthermore, the collisions of gas molecules within the near wall region can be308
tracked. To accurately describe the scattering behaviour and construct the scattering function309
R(𝝃′ → 𝝃), collisions 𝑂 (106) are generally required, which leads to 𝑂 (10−9) seconds of a310
production run, depending on the dimension and density of the system. Further details of the311
technique for measuring molecule scattering information can be found in Chen et al. (2022).312

313

5. Results and validation314

In this section, we first assess the accuracy of the assumptions underpinning our model315
(§5.1). Afterwards, we calibrate the parameters of the proposed SK to best fit the MD results316
for TMAC and NEAC in the range of gas bulk densities explored in this work (§5.2). Finally,317
we show that the proposed SK well describes the interplay between momentum and energy318
accommodation coefficients (§5.3.1), and more accurately predicts the scattering patterns319
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of monoenergetic beams (§5.3.2) provided by the MD simulations for different gas bulk320
densities and gas-surface systems.321

5.1. Assessment of model assumptions322

Our proposed SK relies on three key modelling assumptions. First, the higher the density323
of the adsorbed gas layer, the higher becomes the fraction of molecules suffering multiple324
collisions (assumption 1). Second, molecules suffering multiple collisions are more likely325
to accommodate to the state of the surface, where the rate of accommodation of the normal326
component is slower than the tangential one (assumption 2). Third, the fraction of molecules327
that are completely accommodated to the state of the surface can be identified with the328
surface coverage as given by the Langmuir isotherm (assumption 3). In the following, these329
assumptions will be assessed for the Ar-Pt system at temperature 423 K. However, similar330
qualitative trends were found for all systems carried out in this work, which are not reported331
here for brevity.332

Assumptions 1 and 2 are examined in figure 2(a), which shows the probability histogram333
of the individual gas collisions that occur between the virtual plane and the wall; a collision334
occurs when a molecule’s velocity component changes sign, which captures both gas-gas335
and gas-surface collisions. It is apparent that when the surface is clean ([𝑎 = [𝑏 = 0), a336
gas molecule has the highest probability of colliding only once, whereas the probability of337
multiple collisions increases with the density of the gas layer, as indicated by the larger tail338
of the histogram for larger [𝑏. Furthermore, figure 2(b) and (c) support assumption 2 by339
showing that molecules accommodate more strongly to the state of the surface if they collide340
multiple times (i.e., the ACs approach unity with higher number of collisions, where here the341
ACs refer to beams composed of molecules grouped based on the number of collisions they342
suffered), and the accommodation rate is faster for TMAC than for NEAC. It is worth noticing343
that TMAC shows a zig-zag-like behaviour. From a qualitative standpoint, we can explain344
this phenomenon using the illustration in figure 2(d) of some sample collisions: the number345
of changes in the tangential velocity component, denoted by 𝑁𝑡 , occur more frequently on346
even collisions (e.g. 𝑁 = 2, 4, . . . ) and this increases the rate of accommodation, leading to347
the higher TMACs observed in figure 2(b). The same argument explains why the behaviour348
of the NEAC is instead almost monotonic.349

Assumption 3 is examined in figures 2(e) and (f). Molecules were first grouped in two350
categories depending on whether they collided twice (solid green symbols) or more than351
twice (solid black symbols) with the surface, and the TMAC of each group is computed352
as a function of the reduced bulk density. As shown in figure 2(e), the TMACs of the two353
groups follow trends that qualitatively match those of the solid lines that represent the two354
contributions featuring in the proposed SK, i.e., \1 and (1 − \1)𝛼𝑡 ,0, respectively (these355
contributions were computed using the model calibrated as discussed in §5.2). In figure 2(f)356
a similar comparison is presented for NEAC. However, the criterion used here to define the357
two groups is slightly different; namely, a higher collision threshold was considered (four358
collisions instead of two) to account for the expected lower accommodation rate of the normal359
velocity component compared to the tangential one. A good qualitative agreement is seen in360
this case as well.361

5.2. Model calibration362

The proposed SK features two groups of parameters, namely (𝛼𝑡 ,0, 𝛼𝐸𝑛 ,0), which describe363
the re-emission dynamics from a clean, smooth surface, and (�̂�𝐿 , 𝐶), which account for the364
effects of the adsorbed gas layer. The first group of parameters was evaluated by computing365
TMAC and NEAC based on MD simulations in which gas-gas interactions are switched366
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Figure 2: Scattering process of argon molecules on a platinum surface at 423 K. (a)
Probability histogram of the number of collisions, with the inset indicating the tracking of
the scattering process. (b) TMAC versus number of collisions. (c) NEAC versus number

of collisions. (d) Qualitative schematics of odd versus even collisions. Contributions to (e)
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bulk density. Solid symbols are MD results and solid lines are the predictions of our
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𝛼𝑡 ,0 𝛼𝐸𝑛 ,0 �̂�𝐿 𝐶

300 K 423 K 300 K 423 K 300 K 423 K 300 K 423 K
Ar-Pt 0.49 0.41 0.64 0.61 125.15 95.34 0.58 0.57
He-Au 0.07 0.11 0.14 0.18 102.59 90.36 0.69 0.73

Table 2: Reference values for the intrinsic accommodation coefficients (𝛼𝑡 ,0, 𝛼𝐸𝑛 ,0) and
the calibrated constants (�̂�𝐿 , 𝐶).
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Figure 3: Variation of the general accommodation coefficients with bulk densities [𝑏
given by MD results for the Ar-Pt system at (a) 300 K and (b) 423 K; the He-Au system at

(c) 300 K and (d) 423 K.

off. Afterwards, the second group of parameters were calibrated by fitting (3.3), alongside367
(3.2), to the values of TMAC and NEAC corresponding to different reduced bulk densities368
provided by MD simulations, which include gas-gas interactions. Here, the two groups of369
parameters, obtained from our considered systems, are listed in table 2 for reference. The370
AC results measured from the MD are shown in figure 3 for the sample cases of Ar-Pt and371
He-Au systems at two different temperatures (solid symbols), along with the fitting curves372
(solid lines). An excellent agreement is found except for the larger values of the reduced bulk373
density, e.g., at 𝑇 = 300 K, deviations are less than 4% for the Ar-Pt system, and reduce to374
2% for the He-Au system. These deviations can be explained by the inability of the Langmuir375
isotherm to capture the interactions between adsorbed gas molecules that arise when a high-376
density gas layer covers the surface. However, by including the effect of repulsive lateral377
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Model Intrinsic correlations

Maxwell 𝛼𝐸𝑡
= 𝛼𝑡

Cercignani-Lampis 𝛼𝐸𝑡
= 𝛼𝑡 (2 − 𝛼𝑡 )

YTH 𝛼𝐸𝑡
= 1 − (1 − 𝛼𝑡 )3/2

Our proposed model (3.1) 𝛼𝐸𝑡
= 𝛼𝑡 ,0 (1 − 𝛼𝑡 ) + 𝛼𝑡

Table 3: The relation between the TMAC (𝛼𝑡 ) and the TEAC (𝛼𝐸𝑡 ) for various SKs.

interactions on the adsorption and desorption rates (Butt et al. 2003), we verified that all MD378
data can be fitted within an accuracy of 3%.379

Two remarks are worth making about the results reported in figure 3. First, the slope of380
NEAC is smaller than that of TMAC regardless of the temperature and gas-solid combination.381
This clearly highlights the slower accommodation of the energy to the state of the surface382
and, therefore, the need to introduce the constant 𝐶 in (3.2). Second, the general ACs take383
smaller values as the temperature increases for the Ar-Pt system, while the opposite has been384
observed for the He-Au system.385

5.3. Assessment of model predictivity386

5.3.1. Correlation between accommodation coefficients387

The fundamental aspects of gas-surface interactions are fully encompassed in the SK, but388
ACs are also useful in that they provide some coarse-grained information about the dynamics389
of molecules impinging on the surface. As the SKs represented by (2.5) only contain one390
disposable parameter in the tangential component and another one in the normal component,391
relations must exist between ACs of quantities defined along the same directions. The relations392
between TMACs and tangential kinetic energy accommodation coefficients (TEACs) of the393
SKs considered in this study are listed in table 3, whereas those between normal momentum394
accommodation coefficients (NMACs) and NEACs were determined numerically because the395
presence of the Bessel function prevents one to easily obtain results in closed form. Note that396
the relations between TMACs and TEACs do not depend on the impingement distribution397
but this is not the case for the relations between NMACs and NEACs. The results presented398
in this section refer to a Maxwellian impingement that typically occurs when considering399
low-speed gas flows.400

Figure 4 shows the relations between TMAC and TEAC (panel (a)) and between NMAC401
and NEAC (panel (b)) provided by MD simulations for various reduced densities (solid402
symbols), along with the predictions of the SKs (solid lines). It is apparent that the proposed403
SK provides the best match with MD results in the range of explored reduced densities. The404
predictions of the Maxwell model are in poor agreement with MD results, especially for the405
smaller values of [𝑏. The CL model agrees reasonably well with our MD results in this limit,406
whereas large discrepancies of the CL model can be clearly seen in figure 4(a) when the407
surface adsorption increases. The YTH model shows an agreement at intermediate densities.408
Note here we carry out the same phenomenological fit for the YTH model with our MD409
simulations, using the general accommodation coefficients.410

5.3.2. Scattering patterns411

A more accurate assessment of the SKs is here carried out by comparing the scattering412
patterns of monoenergetic beams provided by each model against MD simulation results. In413
these numerical experiments, a monoenergetic beam is obtained by selecting only those414



13

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

G
en

er
al

TE
A

C
α

E
t

[-]

General TMAC αt [-]

MD results
Maxwell
Cercignani-Lampis
YTH
Proposed kernel

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

G
en

er
al

N
M

A
C
α

n[
-]

General NEAC αEn [-]

MD results
Maxwell
Cercignani-Lampis
YTH
Proposed kernel

Increasing Increasing 
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Figure 5: Re-emission probability distributions of the (a) tangential and (b) normal
velocity for monoenergetic beams predicted by MD for Ar-Pt system with surface

temperature 423 K and [𝑏 = 0.0011. Velocities of the beams are normalised by the most
probable speed

√
2𝑅𝑇 . In (c)-(d) MD results are compared against predictions of the SKs

for an example of high impinging velocity of b′𝑡1 = 1.9 and b′𝑛 = 1.9.

molecules bombarding the surface which have their tangential (normal) component of415
velocity in the range [b′, b′ +Δb′], and re-emission probabilities of the velocity components416
are evaluated accordingly.417

Figures 5(a-b) show the reflected velocity distributions of argon molecules scattered from418
a platinum surface at 423 K. An example value of the reduced bulk density is presented419
here, i.e., [𝑏 = 0.0011, to highlight the different predictions of the SKs, since in the limiting420
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Figure 6: Re-emission probability distributions of the (a) tangential and (b) normal
velocity for monoenergetic beams predicted by MD for He-Au system with surface

temperature 423 K and [𝑏 = 0.0051. Velocities of the beams are normalised by the most
probable speed

√
2𝑅𝑇 . In (c)-(d) MD results are compared against predictions of the SKs

for an example case of high impinging velocity of b′𝑡1 = 1.9 and b′𝑛 = 1.9.

cases of small and large reduced densities, similar behaviours are anticipated (e.g., in the421
limit when [𝑏 goes to zero our SK simplifies to the CL model). As expected, the re-emission422
patterns are centred around the line of specular reflection with large tails at small velocities.423

Figures 5(c-d) show the comparison between the scattering patterns of a monoenergetic424
beam predicted by the different SKs, under a high incident velocity (b′𝑡1 = 1.9, b′𝑛 = 1.9),425
which is chosen specifically to reveal high deviations from Maxwell’s model. It is apparent426
that the tail of the re-emission pattern in the tangential direction is very well captured by our427
SK, while deviations can be clearly seen from the predictions of CL and YTH models. As428
for the normal direction, all the SKs provide satisfactory fits to MD data showing that the429
adsorbate does not affect significantly the scattering dynamics in this direction.430

Figure 6 shows results similar as in figure 5 but for the He-Au system. Compared to the case431
of argon molecules scattered by a platinum surface, the smaller degree of accommodation to432
the state of the surface makes the tangential distributions narrower near the specular-reflected433
velocity and the tails of the normal distributions thinner. In figure 6(c), a small discrepancy is434
found between the proposed model and the MD result. This is not unexpected since the fine435
details of the real scattering patterns depend on many additional features such as residence436
time, sticking probability and desorption rate, to name a few. Nevertheless, it should be437
emphasised that, despite its simplicity, the proposed model gives an overall good agreement438
with the scattering patterns, as shown in figures 6(c-d), confirming its applicability even439
for gas-surface interactions with intrinsically small momentum and energy accommodations440
(see table 2).441

A more quantitative comparison of the scattering patterns of monoenergetic beams was442
performed by computing the 𝐿2-norm errors assuming the MD results as baseline for443
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Figure 7: Beam 𝐿2-norm errors between the reflected velocity distributions of
monoenergetic beams predicted by existing SKs and MD results versus the impinging

molecule velocity. The results refer to the Ar-Pt system at the surface temperature of 423
K and [𝑏 = 0.0011 in the (a) tangential, and (b) normal directions.

comparison:444

𝜖𝑡1 (b′𝑡1 , [𝑏) = | |RSK(b′𝑡1 → b𝑡1 ; [𝑏) − RMD(b′𝑡1 → b𝑡1 ; [𝑏) | |2, (5.1a)445

𝜖𝑛 (b′𝑛, [𝑏) = | |RSK(b′𝑛 → b𝑛; [𝑏) − RMD(b′𝑛 → b𝑛; [𝑏) | |2, (5.1b)446447

where448

| |𝑔 | |2 =

[ ∫ ∞

−∞
𝑔2𝑑b

]1/2

. (5.1c)449

450
Figure 7 shows the 𝐿2-norm of the errors of CL, YTH, and our SK for the Ar-Pt system at451

423 K with [𝑏 = 0.0011, and impinging velocities in the range of [0, 2]. Note that the results452
related to the normal component near the most probable speed have been removed as the453
mathematical definition of ACs is very sensitive to numerical errors in that region (see §2).454
Interestingly, for small velocities, the errors related to the tangential component are almost455
constant, whereas the ones related to the normal component are large. This is likely to be456
attributed to the attractive force field exerted by the surface that is accounted for by none of457
the SKs. Nevertheless, the proposed SK outperforms others in accuracy for both tangential458
and normal scattering patterns.459

In order to check the accuracy of all SKs over a larger span of reduced densities, the error460
given by (5.1) was integrated with respect to the impinging velocity using the Maxwellian461
flux as a weight, and the results was normalised using the error of the Maxwell fully-diffuse462
model:463

𝜖𝑡1 ([𝑏) =
∫
𝜖𝑡1 (b′𝑡1 , [𝑏) 𝑓0(b

′
𝑡1
)𝑑b′𝑡1∫

| |Rd(b𝑡1) − RMD(b′𝑡1 → b𝑡1) | |2 𝑓0(b′𝑡1)𝑑b
′
𝑡1

, (5.2a)464

𝜖𝑛 ([𝑏) =

∫
b ′
𝑛<0 𝜖𝑛 (b

′
𝑛, [𝑏) 𝑓0(b′𝑛) |b′𝑛 |𝑑b′𝑛∫

b ′
𝑛<0 | |Rd(b𝑛) − RMD(b′𝑛 → b𝑛) | |2 𝑓0(b′𝑛) |b′𝑛 |𝑑b′𝑛

. (5.2b)465

466
467

The error given by (5.2) is computed for the range of reduced densities considered in this468
study, and the results are reported in figures 8(a) and 8(b) for the tangential and normal469
directions, respectively. The proposed SK turns out to be the most accurate. In particular, it470
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Figure 8: General 𝐿2-norm errors, obtained by integrating the corresponding beam errors
and using the Maxwellian flux as weighted factor, versus the reduced density. The results
refer to the Ar-Pt system at the surface temperature of 423 K in the (a) tangential, and (b)

normal directions.

shows a similar accuracy as the CL model for clean, smooth surfaces (small [𝑏), whereas it is471
closer to the YTH model as the degree of adsorption increases (large [𝑏). Note that, as already472
pointed out, the adsorbate has a comparatively minor impact on the normal component of the473
scattering patterns and this is clearly reflected by the smaller discrepancies between scattering474
models shown in figure 8(b). Finally, the proposed model is expected to have better overall475
accuracy over existing SKs when considering the He-Au system, where the intrinsic ACs are476
smaller (and the impact of adsorption is found to be more significant) compared to the Ar-Pt477
system.478

6. Concluding remarks479

Existing scattering kernels (SK) assume that gas molecules impinging on a surface only480
interact with wall atoms, whereas this assumption is inaccurate when an adsorbed layer forms481
next to a surface. In such a condition, gas-gas interactions affect the molecular scattering482
process, as clearly shown by the dependence of the accommodation coefficients (ACs) on483
the gas bulk density. To address this limitation, we have proposed an SK as a simple linear484
combination of the Cercignani-Lampis (CL) and Maxwell fully-diffuse models, using the485
Langmuir isotherm as a weighting factor. The rationale behind our modelling approach is486
that the CL term accurately describes the scattering process from a clean, smooth surface,487
whereas the Maxwell fully-diffuse term is expected to capture also the effect of multiple488
gas-gas interactions when an adsorbed gas layer forms next to the surface. The accuracy of489
various SKs were assessed using high-fidelity Molecular Dynamics (MD) simulations, and490
it was shown that the proposed SK gives the best performance across the range of explored491
bulk densities.492

Future work will consider the implementation of the proposed scattering model in kinetic493
solvers and to test its performance in heat and flow simulations where adsorption is present.494
The possible extension of the proposed model to polyatomic molecules is also of interest.495
Although there are expressions of the Maxwell fully-diffuse and CL models for this case (Lord496
1991, 1995; Dadzie & Méolans 2004; Hossein Gorji & Jenny 2014) and encouraging results497
in the literature suggesting that a linear combination may work (Yamamoto et al. 2007;498
Wu & Struchtrup 2017), a more detailed study using MD is needed to determine whether499
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the coupling between internal and translational energy modes adds complexity and thereby500
requiring a more sophisticated modelling approach.501
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