
Accepted Manuscript

A multi-level parallel solver for rarefied gas flows in porous media

Minh Tuan Ho, Lianhua Zhu, Lei Wu, Peng Wang, Zhaoli Guo, Zhi-Hui Li,
Yonghao Zhang

PII: S0010-4655(18)30304-7
DOI: https://doi.org/10.1016/j.cpc.2018.08.009
Reference: COMPHY 6592

To appear in: Computer Physics Communications

Received date : 16 November 2017
Revised date : 18 May 2018
Accepted date : 20 August 2018

Please cite this article as: M.T. Ho, L. Zhu, L. Wu, P. Wang, Z. Guo, Z. Li, Y. Zhang, A multi-level
parallel solver for rarefied gas flows in porous media, Computer Physics Communications (2018),
https://doi.org/10.1016/j.cpc.2018.08.009

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form.
Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.cpc.2018.08.009


 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

A multi-level parallel solver for rarefied gas flows in porous media

Minh Tuan Hoa,1, Lianhua Zhua,b,1, Lei Wua, Peng Wanga, Zhaoli Guob, Zhi-Hui Lic,d, Yonghao
Zhanga,∗

aJames Weir Fluids Laboratory, Department of Mechanical and Aerospace Engineering, University of Strathclyde,
Glasgow G1 1XJ, UK

bState Key Laboratory of Coal Combustion, School of Energy and Power, Huazhong University of Science and
Technology, Wuhan, 430074, China

cHypervelocity Aerodynamics Institute, China Aerodynamics Research and Development Center, Mianyang 621000,
China

dNational Laboratory for Computational Fluid Dynamics, No.37 Xueyuan Road, Beijing 100191, China

Abstract
A high-performance gas kinetic solver using multi-level parallelization is developed to enable pore-
scale simulations of rarefied flows in porous media. The Bhatnagar-Gross-Krook model equation
is solved by the discrete velocity method with an iterative scheme. The multi-level MPI/OpenMP
parallelization is implemented with the aim to efficiently utilize the computational resources to
allow direct simulation of rarefied gas flows in porous media based on digital rock images for the
first time. The multi-level parallel approach is analyzed in details confirming its better performance
than the commonly-used MPI processing alone for an iterative scheme. With high communication
efficiency and appropriate load balancing among CPU processes, parallel efficiency of 94% is
achieved for 1536 cores in the 2D simulations, and 81% for 12288 cores in the 3D simulations.
While decomposition in the spatial space does not affect the simulation results, one additional ben-
efit of this approach is that the number of subdomains can be kept minimal to avoid deterioration
of the convergence rate of the iteration process. This multi-level parallel approach can be readily
extended to solve other Boltzmann model equations.
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1. Introduction

Gas transport in ultra-tight porous media has recently received extensive attention due to its
important role in extracting unconventional gas resources and developing new technologies such as
fuel cells, filters and catalytic converters [1, 2]. However, understanding of gas transport in ultra-
tight porous materials remains a research challenge for theoretical, computational and experimental
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