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ABSTRACT 

In rarefied gas flows, the non-continuum effects, such as velocity slip and temperature jump commonly 
appear in the gas layer adjacent to a solid boundary. To simulate the fluid flow in such systems under 
the moderately rarefied condition, that means a Knudsen number (Kn) less than 0.1, the Navier Stokes 
(NS) equations may be used but slip boundary conditions should be considered. However, for a higher 
degree of rarefaction (Kn > 0.1) the NS equations break down and must be substituted by more 
sophisticated equations such as the Boltzmann equation. Particle-based simulation techniques such as 
direct simulation Monte Carlo (DSMC) [1], Lattice Boltzmann Method (LBM) [2], and method of 
moments (MoM) [3] are commonly employed to find approximate solutions to the different forms of 
the Boltzmann equation. Nevertheless, in all these simulation techniques, rigorous prescription of 
boundary conditions at solid surfaces is the crucial parameter to guarantee the reliability of the 
simulation results.  

Due to the physical complexity of the interactions at the gas-solid interface, particularly in the case of 
systems with local nonequilibrium, scattering models with a limited number of parameters cannot 
completely capture the reflection of gas molecules at the solid boundary. In this work, the Gaussian 
Mixture (GM) approach, an unsupervised machine learning technique, is employed to construct a gas-
surface scattering model [4-7]. The GM scattering model is a parametric model, but unlike the common 
parametric models, such as Cercignani-Lampis-Lord (CLL) model [8], its performance does not depend 
on a finite number of parameters, like accommodation coefficients. On the contrary, it retains the 
flexibility of a nonparametric model, since the whole collision data obtained from the MD simulation is 
used to train the GM model and no intermediate calibration based on accommodation coefficients is 
needed. Therefore, this model can capture all the underlying physical phenomena happening at the gas-
surface interface  

The main input required to train the GM model is the MD collisional data. In the case of monoatomic 
gases (in this paper we consider an Ar-Au system), having only the translational degrees of freedom, the 
collisional data is a 6-dimensional dataset consisting of the impinging and outgoing translational 
velocities of the center of mass (COM) of Ar atoms [5]. For the diatomic gases (in this paper we consider 
an H2-Ni system), we must also account for the rotational degrees of freedom. Therefore, the impinging 
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and outgoing rotational velocities are added to the training data. Here, the final training dataset is a 10-
dimensional matrix: the three velocity components and the two rotational speeds for ingoing and 
outgoing molecules [7]. Benchmarked by MD results, the performance of the GM-driven scattering 
model is evaluated and compared with the CLL scattering model in a combined Fourier-Couette flow 
problem in which the cold bottom wall is kept at Tb = 300K, while the hot top wall is kept at Tt = 500K. 

The MD simulation setup that is used to generate these data, is schematically shown in Fig.1. It is a two-
parallel plate problem. Periodic boundary conditions are applied in x- and z-directions. The distance 
between the two walls is d =12 nm, for the Ar-Au system, and d = 30 nm for the H2-Ni system. Each 
wall is constructed with five layers of FCC planes representing gold and nickel walls for the monatomic 
and diatomic problems, respectively.  The Au wall has a cross-sectional area of 10 nm × 10 nm, while 
for the Ni wall, the cross-sectional area is 10.8 nm × 10.8 nm. The interactions between the solid Au 
and Ni atoms located in the walls are models using the corresponding embedded atom model (EAM) 
potentials developed by Sheng et al. [9] and Foiles et al. [10], respectively. For the Ar-Au system, the 
non-bonded gas-gas, and gas-wall interactions are modeled by 12-6 Lennard-Jones potentials 
( = 1.22 10  eV; =  3.35 Å;  = 1.14 10  eV; =  3.819 Å) [5]. For the H2-Ni 
system, the non-bonded interactions are modeled using COMPASS force field [11], which is a 9-6 
Lennard-Jones potential ( = 1.19 10  eV; =  2.016 Å), is applied. For the hydrogen gas-gas 
interaction the 12-6 Lennard-Jones potential is used ( = 9.29 10  eV; =  1.421 Å ) [8]. The 
Knudsen number (Kn) for the Ar-Au system is Kn=0.2 and for the H2-Ni system is Kn= 0.35. These 
Knudsen numbers are chosen to be within the transition regime. It was shown for the H2-Ni system that 
by increasing the Knudsen number from 0.1 to 0.9 the velocity and energy distributions were not 
considerably impacted, nor were the corresponding accommodation coefficients (ACs) [12]. Therefore 
we show here only the results for a single Kn number. 

Fig. 1: Schematic representation of the system under consideration for the MD simulations; d: distance between the two walls 

As it is depicted in Fig.1, to model the Couette flow condition, walls have been moving with the velocity 
uw = ± 2 / , where Sw=0.5 and 0.4 for the Ar-Au and H2-Ni systems, respectively. Various 
physical and statistical criteria are employed to assess the performance of the applied scattering kernels, 
including the correlation between the impinging and outgoing velocity components, the probability 
density function (PDF) of the outgoing velocity components, and the corresponding accommodation 
coefficients (ACs).  

The correlation graphs and PDFs of the translational velocity components for the Ar-Au system at the 
bottom wall are shown in Fig. 2.  
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For the CLL scattering kernel, the imposed velocity at the wall is added to all velocity components 
generated by the CLL kernel in the direction of the wall movement (Vx,final = Vx,CLL+uW). It is shown that 
the correlation plots based on both scattering kernels are in good agreement with MD results [5]. 
However, looking at the predicted PDFs of the outgoing velocity components, mismatches between the 
CLL and MD results at the peak of the tangential velocity components (Vx,Vz) are observed.  

Fig. 2: Velocity correlations of impinging (horizontal-axis) and reflected (vertical-axis) velocity components in /ps for the 
Ar-Au system at the bottom wall [5]. The dashed horizontal and diagonal lines indicate fully diffusive and specular 

conditions, respectively. Red lines indicate the least-square linear fit of the data. In the last column, the corresponding 
probability density (PDF) function for the reflecting particles is shown. 

The correlation between the impinging and outgoing translational velocity components of the center of 
mass (Vx;Vy;Vz), different energy modes of the gas molecules (Etr;Erot ;Etot), as well as the PDF of the 
outgoing velocity components or the energy modes for the H2-Ni system at the bottom wall are presented 
in Fig.3. It is seen that the results from the GM model are also in good agreement with the MD results. 
Except for the rotational energy mode, the CLL model does not show a good performance in predicting 
the other energy modes, nor in predicting the translational velocity components accurately [7].  

Using the predicted velocity components by the GM and CLL scattering kernels, the corresponding ACs 
are computed and compared with the original MD results (see Table.1). For the ACs of different partial 
velocities ( , , ) it is seen that, for the Ar-Au system, the results obtained by both scattering kernels 
are in good agreement with the MD simulation results [7]. However, it is found that  obtained by the 
CLL model is slightly higher than the MD results, whereas the results obtained by the GM model are 
always in perfect agreement with the MD ones. For the H2-Ni system, it is shown that both scattering 
kernels have an acceptable accuracy in predicting , ,  , as well as . However, while the GM 
model results for  and  are just slightly higher than the MD results, there is a significant 
discrepancy between the results obtained from the CLL model and MD simulations.  

109



Proceedings of the 4th European Conference on Non-equilibrium Gas Flows – NEGF23  
29-31 March, 2023 – Eindhoven, the Netherlands 

Fig. 3: Correlations between incoming (horizontal-axis) and outgoing (vertical-axis) translational velocity components in 
[ /ps] and energy modes in [eV] of combined Fourier-Couette flow problem for the H2-Ni system at the bottom wall [7]. The 

dashed horizontal and diagonal lines demonstrate fully diffusive and specular reflection, respectively. Solid red lines 
demonstrate the least-square linear fit of the kinetic data. In the last column, the corresponding probability density functions 

of the translational velocity components and energy modes for the reflecting particles are presented 

Table 1: Tangential momentum ( , ), normal momentum ( ), translational ( ), rotational ( ), and total ( ) energy 
accommodation coefficients of the combined Fourier-Couette flow problem for the Ar-Au [5] and the H2-Ni system [7], 
computed using different scattering kernels: GM and CLL models, and MD simulations.  

System Model Wall       

Ar-Au 

MD bottom 0.876 0.899 0.875 0.869 - - 
top 0.76 0.78 0.761 0.773 - - 

GM bottom 0.877 0.86 0.873 0.877 - - 
top 0.76 0.79 0.767 0.789 - - 

CLL bottom 0.875 0.88 0.873 0.94 - - 
top 0.76 0.78 0.767 0.897 - - 

H2-Ni 

MD bottom 0.812 0.633 0.801 0.274 0.418 0.075 
top 0.808 0.646 0.805 0.286 0.420 0.092 

GM bottom 0.807 0.633 0.802 0.314 0.479 0.155 
top 0.813 0.649 0.807 0.328 0.48 0.167 

CLL bottom 0.812 0.527 0.80 0.791 0.419 0.667 
top 0.808 0.591 0.804 0.796 0.420 0.670 
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The observed high precision of the GM predictions indicates that it can be considered a promising 
candidate to compute important discontinuity phenomena such as temperature jumps and velocity slips 
in rarefied gas flow systems. In addition, the accuracy of the GM model results indicates the high 
potential of this approach to construct a generalized scattering kernel for rarefied gas-solid surface 
interactions. The derived scattering kernels can be directly implemented as boundary conditions to 
DSMC [13] and the Method of Moments solvers or as slip velocity and temperature jump boundary 
condition to Navier-Stokes-Fourier solvers. 
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