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The application of pressure in the assembly of devices containing thin porous layers has shown significant effects with the presence

of a solid boundary contact. During this process, pore diameters of the thin porous layers are reduced. Thus, the porosity in the near

wall region is effectively reduced. The reduced porosity significantly lowers the overall performance of the devices because of the

limited fluid dynamic variables. A new method for the positional variation of porosity is proposed to compensate the fluid dynamic

disadvantages and mass transport characteristics in the industrial devices such as filters, porous electroosmotic pump and fuel cells.

In the present study, the novel method introduces a composite porous layer with high porosity in the outer region rather than in the

central region of the porous media. A three-dimensional numerical simulation is performed to investigate the effects of this positional

variation of porosity and the performance of the composite porous layer. A reasonable increase in flow rate is found in the wall region

and in the central region, depending on the increment in the porosity in the outer region and on the orientation of the porous layer

to the fluid flow.
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1. Introduction

The use of porous media in various industrial power and energy

applications has been a prominent research topic for the past three

decades. Studies conducted in the past primarily focused on developing

theories related to porous media. This research focus has recently

shifted to the performance enhancement of industrial applications that

use porous media. This performance enhancement has been

implemented by a detailed study of porous media parameters, which

includes porosity, permeability, morphological and geometrical

configurations, thermal dispersion, and local thermal non-equilibrium

properties. In 1856, Henry Darcy proposed the proportionality between

velocity and pressure gradient, which was later experimentally verified

by numerous researchers.1

The Darcy law primarily became the starting point for investigations

on fluid flow and heat transfer through porous media. Darcy’s equation

was found to be valid for flows with pressure gradient as the major

driving force. As for the momentum transfer, the viscous effects were

neglected. Therefore, using Darcy law as the only equation to solve a

porous medium was restricted by several limitations, as reported by

numerous authors.2-4 The studies of these authors focused on

incorporating the inertial and solid boundary effects in the Darcy

equation to implement it especially in small systems. Brinkman5

extended the Darcy law and added another viscous transport term to the

momentum equation by treating pressure and velocity vectors as

dependent variables. This extension made it possible to combine the
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subdomains of free flow with the subdomains of porous media flow.

In porous subdomains, the flow variables and the fluid properties

are averaged over a control volume surrounding a point. Porosity is

defined as the fraction of the control volume occupied by the pores, and

the value varies from 0 to 1 for pure solid regions and for subdomains

of free flow, respectively. This parameter is highly significant when

dealing with the physics of porous media. Several other studies in the

past considered constant porosity for a whole porous medium.6-9

Kaviany used the Brinkman extended flow model with a constant

porosity matrix for the flow through parallel plates.10 However, the

porosity variation near the solid boundary was later found to have a

significant effect on the velocity fields in packed beds, a phenomenon

termed as the channeling effect. Several experimental and numerical

studies for flow and heat transfer through porous media considered

variable porosity and used a variable porosity function to model such

variations.11-13

Several of the recently developed industrial applications such as fuel

cell and electroosmotic pumps, which use very thin porous layers, are

facing highly significant effects of the presence of solid boundary.14,15

The application of pressure in the assembly of such devices reduces

pore diameter, thus reducing the porosity in the wall region. Moreover,

the elastic deformation of the porous layers as a result of fluid dynamic

loading is also another important factor altering the constant porosity

distribution. This phenomenon is commonly known as the fluid-

structure interaction and it can be frequently observed in a filtration

process where the reduction in porosity of filtration medium highly

depends on its orientation to the fluid flow.16,17 When the porosities in

the near wall region are reduced, overall performance of the devices

using thin porous layers is greatly decreased with substantial variations

in fluid dynamic characteristics and mass transport features. Therefore,

there need to compensate those loss of porosities to improve the device

performance intactly by enhancing the flow and mass transport

properties in the reduced porosity region.18

In the present study, we propose the advanced application of thin

composite porous layers by numerically investigating their flow and

mass transfer abilities, while placing them in two different orientations

(i.e., parallel and perpendicular to the flow direction). The reduced flow

and mass transfer in the porous layers can be restored by introducing

a high porosity in the outer region rather than in the central region. A

three-dimensional simulation is performed to investigate the effects of

this newly proposed method of porosity variation in this study. Two

different orientations (i.e., parallel and perpendicular to the flow

direction) of the porous media in a micro-channel are numerically

simulated to investigate the physics of the flow and mass transport

through the porous matrix. First, the physics of free and porous media

flow is simulated based on the coupling between the Navier-Stokes and

Brinkman equations to determine the effects of porosity variation on

flow variables in the porous matrix. The results of the first study are

then coupled to transient simulation to investigate the effects on species

transport.

2. Model Development and Mathematical Modeling

Two cases of 10-µm thick porous layers with two different

orientations in the flow field were used in the study. Fig. 1(a) shows a

three-dimensional rectangular channel with the porous layer at the top

with cross section of 10 µm × 100 µm. The cross section of the channel

measured was 100 µm × 100 µm having a length of 2000 µm. Fig. 1(b)

shows a three-dimensional cylindrical tube measuring 100 µm in

diameter and containing 10-µm thick porous layer placed perpendicular

to the flow direction at 1000 µm from the channel inlet.

2.1 Free flow modeling

The flow domain was assumed to contain a single-phase fluid. The

effect of external force, compressibility, and gravitational effects were

neglected, and a laminar fluid flow was considered. The governing

equations for this fluid flow are Navier-Stokes equations given below.

Mass conservation equation:

(1)

Momentum conservation equation:

(2)

where ρ is the fluid density,  is the velocity vector, p denotes the

pressure, and µ is the fluid viscosity.

At the inlet, a laminar inflow velocity of 100 µm/s was introduced.

Outlet boundary conditions were fixed to laminar atmospheric boundary

conditions. The channel domain walls had a no-slip boundary condition.

2.2 Porous Media Modeling

Fluid flow in the porous media can be modeled either by the Darcy

law or by the Brinkman equation. Darcy law is not valid for flow where

viscous effects are important. Therefore, in this study, steady flow in

the porous media was modeled using the Brinkman equation, neglecting

the effects of external forces and source/sink terms.

(3)

(4)

where k represents the permeability of the porous material.

The Brinkman formulation makes it possible to account for viscous
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Fig. 1 General computational models used in the study: (a) porous

layer parallel to the flow direction; (b) porous layer perpendicular to

the flow direction
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effects and for the flow variables as dependent variables. The walls of

the porous media were subjected to symmetrical boundary conditions.

2.3 Mass Transport Modeling

A tracer specie was injected into the channel to investigate transient

mass transport effects in the composite thin porous layer, assuming that

the specie does not influence the porous structure. Mass transport is

governed by the following equation:

(5)

where c denotes the tracer concentration, and  is the flux vector that

can be defined by the Nernst-Planck equation;

(6)

where D represents the diffusion coefficient.

The inlet and outlet of the channel were assigned flux conditions to

set the diffusion and convection contribution. The walls of the porous

media were set with symmetry boundary conditions.

3. Numerical Method and Implementation

First, both domains were solved for free flow with a porosity value

of 1 in the porous matrix to estimate a reduced velocity region. The

reduced velocity region was found approximately 20 and 10 µm away

from the walls of the parallel porous layer and of the perpendicular

porous layer, respectively. Based on this estimation, the porous media

was divided broadly into two regions: constant base porosity (i.e.,

central region) and variable porosity (i.e., near wall region). The two new

slots introduced outside the maximum velocity region were assigned

with higher porosity ranging from 0.4 to 0.9 compared with the central

region with a base porosity value of 0.4.

In this study, we used the commercial software COMSOL-

Multiphysics that uses the finite element method to solve equations.

The two distinct physics for the flow in the channel and the porous

media were coupled for a steady-state simulation using a combined free

and porous media flow application mode available in the commercial

code. The computational domain of the parallel porous layer model was

discretized using mapped meshing with 7500 elements; 35,465 degrees

of freedom were solved. Solving for the computational domain took 22

seconds using a 2.93 GHz computer processor. For the perpendicular

∂c

∂t
----- ∇+ N⋅ 0=

N

N D∇c– cV+=

Fig. 2 Computational models with variable porosity regions: (a) porous

layer parallel to the flow direction; (b) porous layer perpendicular to

the flow direction

Table 1 Parameters used in the numerical study

Parameter Symbol Value

Density ρ 1.2 kg/m3

Viscosity µ 1E-05 Pa-s

Permeability k 1E-11 m2

Diffusion Coefficient D 1E-09 m2/s

Fig. 3 Simulation results for the porous layer parallel to the flow

direction: (a) velocity slice plots (unit: µm/s); (b) graphical plot at the

channel-porous layer interface
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porous layer model, free tetrahedral mesh discretized the computational

domain with 103,701 mesh elements. The total number of degrees

solved was 82,508 in 36 seconds. In each case, an iterative generalized

minimal residual solver was used for 1000 iterations with a tolerance

factor of 1E-3.

In the second stage of the study, a time-dependent numerical

simulation was implemented to investigate the species concentration by

using the steady-state velocity field from the first stage. In each

geometrical configuration and porosity value, the solution ran for 2

seconds with an interval of 0.1 second.

4. Results and Discussion

4.1 Effects on the velocity in the porous layer

Fig. 3(a) shows the velocity slice plot for a thin porous layer placed

parallel to the flow direction on top of a square channel. The plot shows

that increasing the porosity in the near wall region increases the flow

rate in that region and the velocity magnitude in the central region. The

increased porosity in the near wall region also affects the central region

of the porous layer and will eventually enhance the performance of the

device in which such porosity variations are introduced. This increased

porosity will also compensate for the effect of porosity reduction

resulting from external pressure or any other effect near the boundary

region. Fig. 3(b) shows the graphical plot for the velocity magnitude on

the channel-porous layer interface. The graph elaborates in detail the

results shown by slice plots. The clear effect of porosity variation starts

5 µm away from the wall and peaks near the central region. For each

integer increase in porosity, the maximum increase in the velocity

magnitude found is approximately 1 µm/s considering 100 µm/s inlet

velocity. This increase has significant effects on the enhancement of

device performance.

Fig. 4(a) shows the velocity slice plot for the thin porous layer

placed perpendicular to the flow direction in a cylindrical channel. The

plot shows an overall increase in the flow rate because of the position

of the porous media in the main flow stream. However, the pattern of

increasing velocity is similar to the case of parallel porous media,

excluding the central region. The central region is affected by porosity

variation in the outer region with a slightly decreased velocity compared

with the case with a base porosity value of 0.4.

Fig. 4(b) shows the graphical plot for the velocity magnitude on the

leading porous layer interface. The graph elaborates in greater detail a

similar pattern of results shown by the slice plots. It also shows that the

clear effect of porosity variation starts 2 µm away from the wall and

peaks near the central region. For each integer rise in porosity, the

maximum increase in the velocity magnitude found is approximately 1

µm/s considering an inlet velocity of 100 µm/s. This increase can have

significant effects on the enhancement of device performance. The

effect of increased porosity in the near wall region for perpendicularly

placed porous layers is more important and can reduce the viscous

effects in the near wall region. In-depth studies on increased porosity

in particular application areas are thus needed.

4.2 Effects on shear rate in the porous layer

The difference between the Brinkman equation and the Darcy law

is the viscous transport in the momentum balance. Therefore, studying

the shear rate in porous media resulting from the porosity variation in

the near wall region is highly important. Fig. 5(a) shows the shear rate

variation across the channel-porous layer interface for the case of the

parallel porous layer. The graphical plot shows a gradual decrease in

shear rate of up to 5 µm starting from the wall followed by an

approximate linear rise until the end of the outer region. This linear rise

then sharply drops in the central region, resulting in an average rise of

1/s shear rate. This high shear rate value shows the importance of

porosity variation in the near wall region. Fig. 5(b) shows the shear rate

variation at the leading interface of the porous layer for the case of the

perpendicular porous layer. The shear rate drops sharply almost at the

same rate in most outer regions, but maintains a consistent difference

of approximately 0.20 per second before and after the outer and central

region interfaces.

4.3 Effects on species transport in the porous layer

Fig. 6(a) shows the graphical plot for the total flux magnitude on the

channel-porous layer interface. The graph looks similar to the plot of

Fig. 4 Simulation results for the porous layer perpendicular to the flow

direction: (a) velocity slice plots (unit: µm/s); (b) graphical plot at the

leading porous layer interface
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velocity magnitude for the parallel porous layer, which shows the effect

of increased flux magnitude in the outer region of the porous matrix

and in the adjacent central region. Mass transport in such a composite

porous layer can be predicted by the velocity magnitude pattern.

However, the scale of the total flux magnitude indicates that this

increase is very small compared with the increase in the velocity

magnitude. The increase in flux becomes significant initially after 10

µm and continues to increase within 10 µm of the central region. This

increase can have significant effects on the enhancement of device

performance.

Fig. 6(b) shows the graphical plot for the total flux magnitude in the

front porous layer interface of the perpendicularly placed porous media

in the tube. The graph elaborates a similar pattern of results for all the

porosity values. However, the flux magnitude slightly increases with

increasing porosity in outer region and continues to increase in the

neighboring central region. This increase, however, is compensated in

the central region where the flux magnitude for different porosity cases

decreases with the same margin as that of the increase in the outer

region. The porosity variation in the thin porous layer placed

perpendicular to the flow direction does not significantly affect species

transport.

5. Conclusion

A numerical study was carried out addressing the issue of reduced

porosity of thin porous layers adjacent to the solid wall because of the

application of pressure during the assembly process. This study

emphasizes the need for a composite porous layer with higher porosity

in the near wall region than in the central region. A significant increase

in velocity magnitude was observed in the near wall region and in the

central region for the two cases classified according to the placement

of porous layers with respect to flow direction. However, the

perpendicularly placed thin porous layer may not have significant

effects from such porosity variation, as the flow rate in the central

region decreases with the same amount. These effects were also

verified by shear plots at the channel-porous layer interface. In the

present study, we focused on the evaluations of the fluid dynamic

characteristics and mass transport features with application of newly

Fig. 5 Shear rate plots at the porous layer interface: (a) porous layer

parallel to the flow direction; (b) porous layer perpendicular to the

flow direction

Fig. 6 Graphical plot for the total flux magnitude of species: (a)

parallel porous layer; (b) perpendicular porous layer
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proposed method of positional variation in thin composite porous

layers. Consequently, various industrial devices can be applicable to

these composite porous layers to enhance their performances such as

flow filters, porous electroosmotic pump and fuel cell etc. Such

performance enhancement was evident in species transport, producing

results similar to those presented in the velocity magnitude. 
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