= @&

-
- -
-

m

migrate

n,
L1

icrofluidics

Proceedings of the International Symposium on
Thermal Effects in Gas flows In Microscale
October 24-25, 2019 — Ettlingen, Germany

A Marie-Curie-ITN
within H2020

ISTEGIM 2019:283399

RAREFIED GAS FLOWS THROUGH POROUS MEDIA DRIVEN BY
PRESSURE AND TEMPERATURE GRADIENTS

Giorgos Tatsios*
Department of Mechanical Engineering, University of Thessaly, 38334, VVolos, Greece
tatsios@mie.uth.gr

KEY WORDS

Knudsen number, Marching scheme, Unstructured mesh, Fractal geometry

ABSTRACT

Pressure driven flows through porous materials [1] are encountered in many and diverse applications,
including medical and biological flows [2], separation and filtration [3], catalytic convertors [4] and micro
gas analyzers [5]. Furthermore, due to the increase of shale gas extraction, such flows are of interest to the
petroleum industry [6]. In recent years, temperature driven flows through porous media have also gained
considerable attention, due to the implementation of porous materials in the design of thermally driven
Knudsen pumps [7-9].

Based on the local pore size the flow in porous media may be in a wide range of the Knudsen number
and proper modeling is based on kinetic theory via the Boltzmann equation or a suitable kinetic model. It is
evident that, due to the complex cross-section geometries of porous media, a solver able to handle geometries
of arbitrary complexity is required. Most such rarefied gas dynamics solvers utilize typical numerical
schemes, that require the solution of large systems of algebraic equations in each iteration [10-13]. An
alternative, computationally more efficient approach, is the application of the so-called marching schemes
[14].

Marching schemes do not require the solution of systems of linear equations. On the contrary the
solution propagates in the direction of the molecular velocity, following a path such that when a
computational node is considered all other nodes required for the solution propagation at this node have
already been considered and their distribution function has been updated. Although computationally
efficient, marching schemes have been limited to structured meshes, where obtaining this solution sequence
is trivial based on the node indexing.

Here, an extension of marching schemes to unstructured meshes and its implementation in solving
rarefied gas flows through porous media are presented. Two methodologies are developed for the calculation
of the solution sequence, one based on purely geometrical arguments and another one based on a
backtracking algorithm. The former is computationally efficient but can provide an erroneous path under
certain conditions, while the latter is robust but computationally demanding.

In the geometrical method, consider a line normal to the molecular velocity vector sweeping through the
flow domain. Since the distribution function propagates in the direction of the molecular velocity, when this
line passes through a node, all other nodes required for the solution propagation have already been scanned
by this line. The order according to which this line encounters the computational nodes is a valid solution
sequence, when no obtuse elements exist.

In the backtracking algorithm, the solution sequence is incrementally built. It is initialized placing the
boundary nodes with outgoing distributions in the first positions. Then the remaining nodes are considered
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and when a node is found that has all nodes required for the solution propagation already placed in the
solution sequence, it is appended to it, otherwise a different node is considered. This procedure is repeated
until all the nodes of the computational mesh are placed in the solution sequence.

Based on the developed approach, the pressure and temperature driven flows through capillaries of
fractal cross-sections are considered. Two fractal geometries are simulated: the Sierpinski carpet and the
Apollonian gasket. The first four levels of the Sierpinski carpet and the first three levels of the Apollonian
gasket along with indicative unstructured meshes are shown in Figures 1 and 2, respectively. The porosity
(ratio of the void area over the total area) takes the values 1, 0.89, 0.79, and 0.7 for the level 0, 1, 2 and 3
Sierpinski carpets, respectively and 1, 0.7 and 0.65 for the level 0, 1 and 2 Apollonian gaskets, respectively.
The numerical simulation is based on the infinite capillary approach using the Shakhov kinetic model
equation [15]. Upon applying the normalization and projection procedures, the Shakhov model equation
results in a system of two coupled integrodifferential equations for the two reduced distribution functions (

@. and ), with the subscript i =P, T denoting the pressure and temperature driven flows respectively.

The system of equations used to model the rarefied gas flow through the capillaries of fractal cross-sections,
is written in the following form
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where the macroscopic velocity (u; ) and heat flux in the flow direction (g, ) are given by
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while the source terms become
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The parameter characterizing the flow is the gas rarefaction parameter
s=rL )
HUY,

where P, L denote the reference pressure and length and x, v, the dynamic viscosity and most probable

molecular speed at reference conditions. The kinetic equations (1) and (2) are discretized using the Discrete
Velocity Method (DVM) [14-16] for the molecular velocity space discretization, while the physical space is
discretized using an unstructured triangular mesh. Upon solving the kinetic equations, the velocity profile is
obtained and the reduced flow rate is calculated as

M, =2[udA. (6)

The ability of the developed methodology to accurately simulate rarefied gas flows in arbitrary
geometries using unstructured meshes is demonstrated comparing the obtained reduced flow rate for the
pressure driven flow with the results of [17] for the Sierpinski carpet and of [11] for the Apollonian gasket.
The comparison is presented in Figure 3 for the Sierpinski carpet (left) and for the Apollonian gasket (right).
In both cases, the present results are in excellent agreement with the results existing in the literature.
Moreover, quantities of practical interest can be readily extracted, such as the apparent permeability (k)
The apparent permeability, calculated at §=10, takes the values 3.2x107%, 1.4x10%, 6x10° and
2.2x107° for the level 0, 1, 2 and 3 Sierpinski carpets, respectively and 2.8x107, 4.3x10°° and 2.7x10°°
for the level 0, 1 and 2 Apollonian gaskets, respectively. Using the present methodology, more complicated
flow configurations, including actual porous media geometries can be studied accurately and in a
computationally efficient manner.
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Figure 1: First four levels of the Sierpinski carpet fractal along with indicative meshes.

Level 0 Level 1 Level 2

Figure 2: First three levels of the Apollonian gasket fractal along with indicative meshes.

Sierpinski carpet Lines: Present results Apollonian gasket Lines: Present results
Symbols: L. Wu et al. 2017 Symbols: W. Su et al. 2019
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Figure 3: Reduced flow rate in terms of & for the Sierpinski carpet (left) and Apollonian gasket (right).



= @&

-
- -
-

m

migrate

n,
L1

icrofluidics

Proceedings of the International Symposium on
Thermal Effects in Gas flows In Microscale
October 24-25, 2019 — Ettlingen, Germany

A Marie-Curie-ITN
within H2020

Acknowledgements

The author is grateful to Prof. D. Valougeorgis for useful discussions concerning this and other
works. The present work has been carried out within the framework of the EUROfusion Consortium
and has received funding from the Euratom research and training programme 2014-2018 and 2019-
2020 under grant agreement No 633053. The views and opinions expressed herein do not
necessarily reflect those of the European Commission.

References and Citations

[1] M. V. Johansson, F. Testa, I. Zaier, P. Perrier, J. P. Bonnet, P. Moulin, I. Graur, Mass flow rate and
permeability measurements in microporous media, Vacuum, 158 (2018), 75-85.

[2] S. P. Adiga, C. Jin, L. A. Curtis, N. A. Monteiro-Riviere, R. J. Narayan, Nanoporous membranes for
medical and biological applications, WIREs Nanomedicine and Nanobiotechnology Advances Reviews
1(5) (2009), 568-581.

[3] R. Abedini, A. Nezhadmoghadam, Applications of membrane in gas separation processes: its suitability
and mechanisms, Petroleum and Coal, 52 (2010), 69.

[4] Y. S. Lin, A. J. Burggraaf, Experimental studies on pore size change of porous ceramic membranes after
modifications, Journal of Membrane Science, 79 (1993), 65-82.

[5] I. Lara-lbeas, A. Rodriguez-Cuevas, C. Andrikopoulou, V. Person, L. Baldas, S. Colin, S. Le Calve, Sub-
ppb level detection of BTEX gaseous mixtures with a compact prototype GC equipped with a
preconcentration unit, Micromachines, 10(3) (2019), 187.

[6] M. E. Naraghi, F. Javadpour, A stochastic permeability model for the shale-gas systems, International
Journal of Goal Geology, 14 (2015), 111-124.

[7] N. K. Gupta, Y. B. Gianchandani, Porous ceramics for multistage Knudsen micropumps — modeling
approach and experimental evaluation, Journal of Micromechanics and Microengineering, 21(9) (2011),
095029.

[8] N. K. Gupta, Y. B. Gianchandani, Thermal transpiration in mixed cellulose ester membranes: Enabling
miniature, motionless gas pumps, Microporous and Mesoporous Materials, 142(2-3) (2011), 535-541.

[9] N. Shoeji, H. Sugimoto, Demonstration of a gas separator composed of Knudsen pumps, Vacuum, 125
(2016), 154-164.

[10] V. V. Aristov, Direct methods for solving the Boltzmann equation and study of nonequilibrium flows,
Springer Science & Business Media, 2012,

[11] W. Su, P. Wang, Y. Zhang, L. Wu, A high-order hybridizable discontinuous Galerkin method with fast
convergence to steady-state solutions of the gas kinetic equation, Journal of Computational Physics, 376
(2019), 973-991.

[12] S. Jaiswal, A. A. Alexeenko, J. Hu, A Discontinuous Galerkin Fast Spectral Method for the Full
Boltzmann Equation with General Collision Kernels, Journal of Computational Physics, 378 (2018),
178-208.

[13] V. Titarev, M. Dumbser, S. Utyuzhnikov, Construction and comparison of parallel implicit kinetic
solvers in three spatial dimensions, Journal of Computational Physics, 256 (2014), 17-33.

[14] S. Pantazis, D. Valougeorgis, Rarefied gas flow through a cylindrical tube due to a small pressure
difference, European Journal of Mechanics B/Fluids, 38 (2013), 114-127.

[15] F. Sharipov, V. Seleznev, Data on internal rarefied gas flows, Journal of Physical and Chemical
Reference Data, 27(3) (1998), 657-706.

[16] L. Mieussens, A survey of deterministic solvers for rarefied flows (Invited), in AIP Conference
Proceedings, 2014, vol. 1628, no. 1, pp. 943-951.

[17] L. Wu, J. Zhang, H. Liu, Y. Zhang, J. M. Reese, A fast iterative scheme for the linearized Boltzmann
equation, Journal of Computational Physics, 338 (2017), 431-451.



	KEY WORDS
	Abstract
	Acknowledgements
	References and Citations


