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ABSTRACT

The problem of heat and fluid flow through a vertical thin porous medium located in
an open square cavity is considered. This problem is analyzed using two approaches:
the Pore Scale Method (PSM) and the Volume Average Method (VAM), for different
Reynolds and Richardson numbers. The dimensional and dimensionless governing
equations for both methods are presented. The velocity and temperature
distributions obtained from the two approaches are compared to determine the
range of Darcy numbers (i.e., the number of pores in the vertical direction) for which
the results of the volume average approach can be validated. The obtained results
indicated a good agreement between the velocity and temperature distributions of
the two methods when the number of pores in vertical direction is approximately 20.
However, decreasing the number of pores from 20 to 5 increases the discrepancy
between the pore scale and volume average methods. Furthermore, for a cavity with
a high Richardson number, where natural convection is dominant, a difference
between the results of the two approaches is observed even for porous layer with 20
pores in vertical direction. This discrepancy is attributed to the influence of the
transverse velocity component within the porous layer, which was neglected in this
study.
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1. Introduction

Heat transfer in porous media is prevalent in numerous industrial and natural applications, leading to
extensive research in this field. The studies have focused on conduction, convection, and/or radiation heat
transfer through porous media. Research in this field is conducted both theoretically and experimentally.
Analyzing heat transfer within a porous medium presents challenges due to the presence of two phases: solid and
fluid. In certain scenarios, such as boiling within a porous medium, the phase number increases to three (solid,
liquid, and vapor), further complicates the analysis [1, 2].

The most common theoretical study of heat transfer through a porous medium is computational study.
Generally, two approaches exist for determining velocity, pressure, and temperature distributions in fluid-filled
porous media: pore scale method (PSM) and volume average method (VAM). For pore scale method, the main
governing equations are continuity, momentum and energy equations for the fluid flowing through the voids,
while the heat conduction equation is solved for solid phase. This requires to define two regions in the
computational solvers: voids and solid where heat transfer occurs at the interface between them. Mesh must be
generated for both regions properly to provide the heat flow at the interface. Due to the pore scale irregular
shapes of many porous media, generating a suitable mesh and solving the governing equations present
challenges and demand considerable computational resources. Furthermore, the large number of pores (which
are typically fine mesh) in a porous medium significantly increases the mesh number, demanding a significant
amount of computing power and extended run time for accurate results. It must be mentioned that accurate
velocity, pressure, and temperature results can be achieved if the governing equations are solved appropriately
and the mesh resolution is sufficient for both the fluid and solid domains. Some computational pore scale studies
which are reported in literature are Imani and Hooman [3] who studied natural convection in a differentially
heated enclosure which is filled by bidisperse porous medium, Stockinger et al. [4] studied combustion process
within the porous structure of soot filters by using lattice Boltzmann method, a study about the conjugate heat
transfer simulations to explore the turbulent flow and heat transfer features in a composite porous-fluid system at
the pore scale which was done by Alruwaili et al. [5], and the study of Celik et al. [6, 7] who performed two
numerical works:; one for determination of permeability and inertia coefficient and another study for
determination of interfacial heat transfer and thermal dispersion of aluminum metal foam by using x-ray
microtomography technique. Furthermore, Imani et al [8] studied unconsolidated porous media in a channel
under forced convection, Wang et al [9] investigated the effect of unconsolidated and consolidated porous
structures for thermoelectric cooler, Xuan et al. [10] did a numerical study in significance of the natural convection
to the heat transfer of porous media by using pores media. The literature also contains other studies on the pore-
scale analysis of heat and fluid flow in porous media [11-171].

As it was mentioned before, although the pore scale method yields accurate results for heat and fluid flow in
porous media, its application is impractical and cumbersome when a porous medium contains many pores.
Therefore, the volume average method is often preferred for solving most heat transfer problems in porous
media. Defining the volume averaged quantity for a dependent variable such as ¢ is the first step of derivation of
the volume averaged equations.

p)=¢—-9¢ (1

where (@) is the volume averaged quantity of ¢ over the representative control volume and ¢’ is the difference
between the real value of ¢ and volume averaged value. Integrating of pore scale continuity, momentum and
energy equations over a representative control volume (i.e., RCV) in the porous media, using definition given by Eq.
(1) and applying necessary mathematical theorems in this field yield the volume average governing equations for
VAM. Detailed information about the derivation of the volume average continuity, momentum and energy
equations can be found in Ref. [18-20]. Fig. (1) compares the computational domain for PSM and VAM. Solid or
fluid phase domains are not continuous for the entire real domain of the problem. If any line is plotted in the pore
scale domain, the discontinuity of the solid and fluid phases can be observed.
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Figure 1: Comparison between pore scale and volume averaged computational domains.

However, there are two separate continuous domains for the VAM governing equations which are continuous
domains for solid and fluid phases. These continuous domains allow the volume-averaged governing equations to
be solved with fewer computational challenges.

To apply VAM approach, the values of some additional macroscopic transport parameters such as permeability,
inertia coefficient, effective thermal conductivity, interfacial heat transfer coefficient between the phases as well as
thermal dispersion are required. These volumetric transport parameters can be obtained experimentally or
numerically. These transport parameters strongly depend on the porosity of the porous media, thermophysical
properties of the solid and fluid phases, pore configuration and the characters of flow and heat through the
porous media. The values of VAM transport parameters play an important role on the accuracy of the obtained
results. Engineers and researchers should carefully evaluate VAM transport values when using the volume
averaging method to ensure the accuracy of the obtained results. Some examples for the use of volume average
method in a porous media are the study of Kiyak and Oztop [21] who used VAM continuity, momentum and
energy equations for the porous structure in a cavity filled with PCM in order to enhance thermal energy storage,
Astanina et al. [22] published a paper on the numerical study in a cavity filled with porous media and having a
local heater on the floor to for a temperature dependence fluid, Izadi et al/ [23] performed a study on free
convection of nanofluids in a cavity filled with porous media under time periodic heating and external magnetic
field, Diganit et al. [24] and Jadhav et al. [25] published papers on the enhancement of heat transfer using discrete
metal foam in a solar air heater by LTNE method and the use of functionally graded metal foams under partially
filled condition in a heat exchanger. Moreover, Fteiti et al. [26] investigate the impact of random porosity
distribution on the composite metal foam-phase change heat transfer, Aleshkova and Sheremet [27] have a study
on the unsteady conjugate natural convection in a square enclosure filled with a porous medium and Oztop et al.
[28] studied natural convection heat transfer in a partially opened cavity filled with porous media. The literature
also contains other studies on the application of the volume averaging method to determine velocity, pressure,
and temperature within the solid and fluid domains [29-35].

The comparison between pore-scale and volume-averaged methods has also attracted the attention of several
researchers. For instance, Miansari et al. [36] conducted a numerical study to compare the pore scale and volume
average approaches for natural convection in a cavity filled with unconsolidated particle placed randomly. Wang
and Mobedi [37] performed a numerical study on the comparison of the pore scale and volume average analysis
of the heat and fluid flow for a solid/liquid phase change in a 3D cubic Lattice Metal Frame (LMF). They also
studied the effect of porosity and unit cell number on the applicability of the volume average approach in closed-
cell porous media [38].

It is essential that sufficient number of particles or pores must exist within the porous domain for application
of VAM. For example, VAM is not applicable to a porous medium with only two particles. This raises a question:
what is the enough particles or pores for VAM application in a porous medium? This question motivated the
present study, which focuses on the mixed convection heat transfer in a ventilated enclosure, differentially side-
heated and partially filled with a vertical thin porous medium. The study examined various Richardson numbers
and number of pores. The results obtained from the pore-scale method and the volume average method were
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compared for the considered values of different governing parameter. The applications relevant to the present
problem involve flow through metal woven wires to enhance heat transfer in channels and heat exchangers, the
use of metal filters in wide-ranging applications such as pumps and valves, and thin porous membranes made of
metals like palladium or ceramics for gas separation. To the authors' best knowledge, this is the first study to
investigate the applicability of the volume average method for a thin porous layer, and the obtained results are
expected to attract significant attention from researchers in this field.

2. Physical Model

The considered problems for the pore scale domain and volume average domain are shown in Fig. (2). It is an
enclosure with the size of L x L and a part of the enclosure (3L/10 x L) is filled with a thin porous medium with
porosity 0.67. The top and bottom boundaries of the cavity are thermally insulated, and the left and right
boundaries are maintained at different constant temperaturesT, and T, respectively except the inlet and outlet
regions with height of L/5. The inlet and outlet regions are located on the top of the right wall and the bottom of
the left wall. The working fluid enters the enclosure from the inlet region with velocity of —u; and temperature of
T., and then flows through the thin porous medium, then leaves the cavity from the outlet region on the bottom
of the left wall. In the pore scale method, the number of pores changes from 5 to 20 by changing the number of
the particles. For instance, a cavity may have a vertical porous layer with 5 pores and two particles in horizontal
direction and six rectangular particles in vertical direction. Another important factor in the arrangement of
particles within thin porous media is that the particles attached to the top and bottom walls have half height of
the particles in the middle.

Inlet
— U lpurticle hpurlicle
E -
TH L TC h[]OI't’ I lpare h
particle
) Lt/7 2
Outlet C?
T lporous
(a)
Insulated
Inlet
g Porous L I
. p(}l'{)u_\‘
Ty region Te 1
L
Outlet -
— |
Insulated
(b)

Figure 2: A schematic view of the computational domains a) pore scale domain, b) volume average domain.

Further details regarding particle and pore sizes are provided in Table 1. In the volume average method, there
are two regions as a region with clear fluid and a region with thin porous layer. Therefore, two different sets of
governing equations must be solved simultaneously to determine the velocity, pressure, and temperature
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throughout the entire cavity. It is assumed that there is no fluid flow in the vertical direction inside the thin porous
region. All external geometries of the cavity and thin porous layer are the same for the domains of pore scale and
volume average methods. The working fluid is air, and the material of the particles is aluminum.

Table 1: The geometrical details about structure of considered problem.

Pore Scale
Parameter Volume Average
5 Pores 10 Pores 20 Pores
Length L
Height L
Total number of particles 12 ‘ 22 ‘ 42
Length of particle L/10
Height of particle L/10 ‘ L/20 ‘ L/40
Length of porous domain 3L/10
Height of domain L
Inlet height L/5
Outlet height L/5

The thermophysical properties of air and aluminum used in this study are shown in Table 2. The gravity affects
in -y direction, and its contribution is included. The effect of radiation heat transfer is neglected. A local thermal
equilibrium (LTE) between fluid and the porous medium is assumed in the volume average method. Several
factors in this study suggest that the LTE assumption is reasonable. Firstly, the unconsolidated porous medium,
composed of disconnected particles, provides a significantly large interfacial surface area that promotes heat
transfer between the solid and fluid. Secondly, since the particles are only surrounded by the flowing fluid and are
they not connected to a hot or cold surface, (also no heat generation), thermal exchange only occurs with the fluid.
Thirdly, the steady-state conditions of our simulations allow sufficient time for this thermal exchange to bring the
solid and fluid phases close to equilibrium, thus it can be assumed that a close coupling between temperatures of
the solid and fluid phases exists.

Table 2: The thermophysical properties of considered parameters [39].

Parameter Air Aluminum
Density (kg/m?3) 1.166 2700
Specific heat capacity (J/kgK) 1006 900
Thermal conductivity (W/mK) 0.025 200
Dynamic viscosity (Pa-s) 1.8x107°
Prandtl number (-) 0.7

3. Governing Equations

The governing equations and boundary conditions for both cases of pore scale and volume average methods
are presented separately in this section.

3.1. The Dimensional Form of Pore Scale Governing Equations

The dimensional governing equations, which are continuity, momentum and energy equations, are solved for
pore scale problem.
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V-V=0 (2)
— o\ = 1 — —y = N
(V-v)V = —p—Vp+va2V+gﬁ(T—Tc)] (3)
f
(pCp)fV : VTf = kaZTf : for fluid (4)
V2T, = 0 : for solid (5)

where B, C, and k; denote the thermal expansion coefficient, specific heat and thermal conductivity of air,
respectively. Ty and T are fluid and solid temperatures.

3.2. The Dimensionless Form of Pore Scale Governing Equations

The dimensionless form of the above equations are obtained and written below:

VeV =0 (6)
5 o . 1525 Gr (7
Vv )V'=-Vp"+—V" V"'+—0
( ) p +Re +Re2 1]
Vv, = 1 V*ZB : for fluid (®)
/" Re-Pr f
V*ZHS = 0 : for solid 9)

where Re and Pr are Reynolds and Prandtl numbers. For the mixed convection heat transfer, there is also a

dimensionless parameter as Gr/Re?, known as Richardson number and it is shown by Ri. The following

dimensionless parameters are used to obtain the dimensionless form of the PSM governing equations (Egs. 6-9),
V*:K,V*:%,p*: pz;g_T_TC (10)

Pru; Ty-Tc

where L is the cavity height and u; is the inlet velocity. 6 also shows the dimensionless temperature. The
dimensionless governing parameters are Grashof number (i.e., Gr), Reynolds number (i.e., Re), Prandtl number
(i.e., Pr) and Richardson (i.e., Ri) defined as:

Gr = 9BTHTOL . b _wl.p _ Vi.po _ 6T (1)

V% Vf af _R_ez

The Reynolds number at the inlet is 200, and as the flow expands within the cavity, the Reynolds number
decreases. The Grashof number for the cavity without an inlet and outlet is 1.51 x 106, which is close to the critical
Grashof number (10°), indicating a laminar flow for pure natural convection heat transfer in the cavity.

3.3. The Dimensional Form of Volume Average Governing Equations

As it was mentioned before, the volume average method cavity consists of two regions as porous layer region
and clear fluid region. The dimensional and dimensionless form of the governing equations for clear fluid region
are the same with the fluid governing equations of the pore scale cavity (Egs. 2-4) and Egs. (6-8), respectively.
Therefore, they are not written and discussed in this section. The focus of this sub-section is on the volume
average governing equations for the thin porous layer. The volume average of a dependent quantity (such as ¢)
over a representative volume (i.e., REV) of the porous media can be defined as follows,

1
)= [ o (12)
14
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where V is the total volume of representative control volume. Similarly, intrinsic volume average for any
dependent quantity (such as ¢) of the porous medium is defined as.

1
oV =gz [oav (13
Vx

where V¥ is the volume of the considered phase (fluid or solid phase) in the REV. In this study, it is assumed that a
local thermal equilibrium exists between the solid and fluid surrounds the solid.

(T)* = (T) = (T) (14)

Therefore, there will be one energy equation represents both the temperature of the solid and fluid. Taking
volume average from the pore scale equations (Egs. 2- 5), using the definitions of Egs. (12) and (13), and applying
mathematical theorems in this field (as written by Ozgumus [20] for the energy equation), the volume averaged
equations for fluid and solid can be obtained.

V-(Vy=0 (15)

L (@) 90y = — =Ty + L5207y — Ly - S [T + gB(T - Tyop)] (16)
g2 pr € K VK ref

(pCp) AV) - V(T) = koyfVA(T) (17)

where (V) , (p)’ and (T) are the volume average velocity vector, intrinsic volume average pressure, and volume
average temperature, respectively. €, K, Cr and k., are porosity, permeability, inertia coefficient and effective
thermal conductivity. As it was mentioned before, the porosity is fixed as 0.67 while the values of K, Cr and k.,
depends on the porous media structure and thermophysical properties of the solid and fluid, and that's why it
must be calculated for each case.

3.4. The Dimensionless Form of Volume Average Governing Equations

The dimensionless form of volume average governing equations can be found by using the same
dimensionless parameters presented by Egs. (10) and (11).

V(7" =0 (18)
1 V* ._ﬁ* V* _ _ﬁ* * f 1 _V-)*z I_/)* I_/)*
() TWTY = =T + T ) = (7
19
CF =, =, Gr N ( )
_\/D_a|<V)(V)+R_eZ(9)]
=, .—>*6 _ 1 —>*29 20
) 46) = o9 (0) (20

where (V*), (p*) and (#) are dimensionless volume average velocity vector, dimensionless intrinsic volume
average pressure, and dimensionless volume average temperature, respectively. The definition of Reynolds and
Prandtl numbers were given before by Eq. (11), however there is an additional dimensionless number in Eq. (19)
called as Darcy number (i.e., Da). Darcy number is defined as:

K
Da = B (21)

where K is permeability of the porous layer.



Tazawa et al. Journal of Advanced Thermal Science Research, 12, 2025
3.5. Boundary Conditions

The temperatures of the left and right walls are set to Ty and T, respectively (except inlet and outlet ports) and
they are maintained at the same temperatures for the entire process. The top and bottom walls are insulated.
Non-slip boundary conditions are applied for all walls. The fluid flow enters the domain from inlet part on the right
wall and leaves the cavity from outlet part on the left wall. The dimensionless boundary conditions are given
mathematically below:

Table 3: The employed boundary condition in this study.

Pore Scale Volume Average
. u' =-1 W' =—
X =
Inlet v =0 wH=0
08<y" <1
0,=0 6) =
x*=0 * * * *
Outlet ou _ov' 9% _, ou’) _ o) _ 9(6) _
0<y* <02 dx* Ox* Ox* 0x* dx* 0x*
Y= w=v"=0 N=(*)=0
Left wall x () = (v")
02<y'<1 6, =1 (0)=1
x*=1 u'=v'=0 u)y=(w)=0
Right wall ) ="
0<y* <08 9f=0 8) =
w=v"=0 wHy=@H=0
Top and Bottom
P y =01 26, a(0)
walls —L=9 =
ay* ay*

3.6. Solution Technique

In this study, OpenFOAM software is used to solve the governing equations of pore scale and volume average
methods. The standard solver of OpenFOAM which is chtMultiRegionFoam is employed. It was used both for pore
scale study and volume average cavity. A chtMultiRegionFoam solver is a transient solver for buoyant, laminar and
turbulent flows and solid heat conduction as well as conjugate heat transfer of solid and fluid problems. Parallel
processing was done by using 3 processors and the problem decomposed to 3 processors, and after finishing the
runs, the results of 3 processors reconstructed and plotted. The absolute and relative tolerance for all dependent
variables are 1077 and 0.01. The relaxation factor for the momentum and energy equations are fixed as 0.5. Fig. (3)
shows a sample of mesh for fluid region used in this study. A special attention was paid to have enough number
of mesh between the particles in order to simulate the flow between the particles accurately. Number of mesh
changed based on the number of particles in the thin porous layer. The number of mesh changes from 100000 to
160000 for the pore scale domain while for volume average domain these values changes 400000 and 640000.
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Figure 3: A schematic view of the mesh for the fluid region in the studied pore scale domain.
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Mesh independency analysis was conducted to determine the appropriate number of mesh required to
achieve accurate results. Fig. (4) presents a graph prepared to check the mesh number for the velocity and
temperature results when Ri = 0, Re = 1000 and the number of particles in the vertical direction is 20. It shows the
velocity profile in the gap between two neighboring particles in the vertical direction, at the center of the porous
layer. Y axis is the distance in y direction while x axis is the velocity component in x direction. The number of mesh
elements in the void between the particles was varied from 4 to 12, and it was observed that an almost identical
velocity profile was obtained after using 10 mesh. In this study, the number of mesh between two particles
changes based on the number of particles in vertical direction but the number of mesh was at least 10.

220 . Number of mesh
Particle between two particles
215 2
g 6
& 210 } —8
N 10
205 —12
Particle
200 k k :
0 0.01 0.02 0.03

u (m/s)

Figure 4: The velocity profiles in the gap between two particles for different mesh numbers when Ri = 0, Re = 1000 and the
number of particles in the vertical direction is 20.

Furthermore, for the same cavity shown in Fig. (4), the average Nusselt number of the left wall (x = 0) was
calculated for different numbers of mesh both for pore-scale (PSM) and volume-averaged (VAM) methods, and the
results are presented in Table 4. The average Nusselt number was calculated using the following equation:

X=H dar
Moz 2 el ® (22)
Ty = Tc

The number of employed mesh number for VAM is 800 x 800 and for PSM is 400 X 400 in this study. Table 4
demonstrates that numbers of mesh used in this study are sufficient to obtain accurate results.

Table 4: Variation of the average Nusselt number of the left wall with the number of mesh for PSM and VAM methods
at Ri =0, Re = 1000, and for a case with 20 particles in the y-direction.

VAM PSM
Mesh Number Nu Relative Error [%)] Mesh Number Nu Relative Error [%]
100 x 100 18.21 160 x 160 17.67
200 x 200 17.57 3.30 240 x 240 17.38 1.64
400 x 400 17.29 1.59 320 x 320 17.25 0.75
600 x 600 17.04 1.45 400 x 400 17.20 0.29
800 x 800 17.01 0.21 480 x 480 17.20 0.00

For Ri = 1.0, Re =1000 and 20 pores in transverse direction, the longitudinal air velocity between two pores is
0.016 m/s, and the particle length is 40 mm. Assuming no neighboring particle influence, the calculated boundary
layer thickness at the end of the horizontal particle is 30.8 mm. In this study, the mesh size near the particle in the
transverse direction is 1 mm, which is sufficient to resolve the boundary layer. Furthermore, the performed mesh
independency study demonstrates that the employed mesh between the particles is sufficiently fine to yield
accurate results.
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All simulations were performed on a personal computer in our laboratory equipped with an Intel Core i7-9700
CPU @ 3.00GHz and 80GB of RAM. The wall-clock run time was observed to depend on the number of pores in the
vertical porous layer as well as the Richardson number. For example, solving a case with Ri = 0, Re = 1000 and 20
pores in the vertical direction took 85255 seconds for the pore scale approach, while for the volume average
approach required 69768 seconds. As it was mentioned before, the aim of this study is to determine the minimum
number of pores in the y-direction required to obtain acceptable results from the VAM. However, it's important to
note that in practical applications, the number of pores in the y-direction can be considerably higher than 20, and
pore-scale simulations must be done with much more number of mesh and it will take significantly longer time
compared to the volume-averaged method.

4. Results and Discussion

The obtained results of this study are discussed in two sub-section: a) determination of porous media
transport parameters, b) comparison of the pore scale and volume average results.

4.1. Determination of Porous Media Transport Parameters

As it can be seen from the Eqgs. (15-17), the values of volume averaged transport parameters which are
permeability, inertia coefficient, and effective thermal conductivity are needed to obtain volume average results. It
must be mentioned that the value of thermal dispersion is also needed but the effect of thermal dispersion is
ignored since the porous layer is thin.

4.1.1. Determination of Permeability and Inertia Coefficient

Permeability and inertia coefficient depend on the structure of porous media, even small changes in a
structure may change the values of permeability and inertial coefficient considerably. In addition to experimental
methods, some theoretical methods are also suggested in literature to determine the permeability and inertia
coefficient of a porous medium [40-44]. The method that is used in this study is explained in this section. The
structure of thin porous media changes by changing number of block rows. Therefore, for each number of
particles in vertical direction, permeability and inertia coefficient are calculated. To determine the value of
permeability and inertia coefficient, fluid flow in a representative domain is considered as shown in Fig. (5a). Top
and bottom surfaces are symmetry. The channel has three regions as inlet, representative domain and outlet
regions. The representative domain contains 4 solid particles. Fluid enters the channel with an inlet velocity of w;.
The value of u; calculated based on the considered Reynolds number. It must be mentioned that pore scale
Reynolds number is calculated based on the height of representative control volume which is h. The pore scale
governing equations (Egs. (2-5)) are solved for the channel of Fig. (5a) and the velocity and pressure drop
distributions are obtained. The pressure in the inlet side is high and it is low in the outlet side as shown in Fig. (5b).
There is a pressure drop between the particles of the inlet and outlet sides (i.e., flow direction), however there is
no pressure change in y direction since both top and bottom sides are symmetry.

0 mE— I |

Inlet ’ P1 P2 Outlet
U; h
—_—
Ax

(a)
(b)

Figure 5: Domain for determination of permeability and inertia coefficient when Re = 17, a) considered domain, b) pressure
distribution.
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If the volume average flow is considered, the flow is one dimensional, means that (v) velocity component is
zero and the volume average pressure drop in y direction does not exists. Therefore, Eq. (16) can be reduced to
the following form,

- R+ pi) @
This equation in the dimensionless form can be rewritten as:
Il =A+ BRe (23)
where the dimensionless parameters of I1, 4 and B are defined as:
_rdp ,_r2 p_ Crh (24)
w(uy dx ' K' VK

where h is the channel height. Based on the obtained pore scale velocity and pressure drop in the channel, the
volume averaged velocity (which does not change through the channel) and the change of pressure drop between
the inlet and outlet of the channel are obtained. After that, the dimensionless pressure drop (i.e., H) can be
calculated and plotted respect to Reynolds number as shown in Fig. (6). For the low Reynolds number range (Re <
100), the dimensionless pressure drop is almost constant, while for high Reynolds number range (Re > 100), the
pressure drop increases linearly with Reynolds number due to effect of inertia coefficient.

1000 ¢
T =54.062 + 0.2902Re .*
]
)
= 100 p o
LU CIPR Wennrnseannns -” "
10
0.01 1 100

Re
Figure 6: The change of dimensionless pressure drop with Reynolds number.

Finally, the permeability and inertia coefficient can be found by applying a curve fitting method. After
determination of values of A and B, the obtained permeability and inertia coefficient of the porous media can be
found by using Eqgs. (24). For 3 row numbers (N = 5, 10 and 20), the permeability and inertia coefficient were
calculated and presented in Table 5.

Table 5: Permeability and inertia coefficient for three structures.

N=5 N=10 N =20
K [m?] 7.60 x 1076 7.78 X 1076 8.39 x 107
Cr [] 0.0395 0.0146 0.00918

4.1.2. Effective Thermal Conductivity

The value of effective thermal conductivity is also required to solve the volume averaged governing equations
(Egs. (17)). In general, the thermal conductivity of a material can be obtained from the physical property’s tables,
however the effective thermal conductivity of porous media requires additional calculation. Effective thermal
conductivity of a porous medium can be found experimentally or theoretically such as using Fourier law or other
innovative methods suggested in literature [45-50]. In this section, the method used to determine effective
thermal conductivity of porous layer is explained. Fig. (7) shows the representative cell of a considered problem to
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find effective thermal conductivity and temperature distribution. The boundary condition of the left and right
surfaces of the cell are constant temperature of T, and T, respectively, while for the top and bottom surfaces are
insulated. As it can be seen from Fig. (7), the temperature distribution is perpendicular to the heat transfer
direction since the problem of one dimensional pure heat conduction.

0 M - I |
Insulated

Tw Fluid Te
Insulated

(a)

(b)
Figure 7: Determination of effective thermal conductivity, a) the considered representative volume, b) temperature distribution.

The effective thermal conductivity of the problem can be obtained by the following equations and the values
are shown in Table 6.

q'l (25)

Kepp = o
Ty~ Te

where q" represents heat flux calculated from the results and lis the distance between the two left and right
surfaces.

Table 6: Effective thermal conductivity for different structure.

N=5 N=10 N =20

kepr (W/m k) 0.068 0.072 0.072

4.2. Comparison of PSM and VAM Results

4.2.1. Results for Low Values of Richardson Number (Ri = 0)

Fig. (8) shows the distribution of pore scale and volume average velocities magnitude and temperature for the
different porous layers as N =5, 10 and 20 when Ri = 0 and Re = 1000. The first two rows compare the magnitude
of the velocity between the pore scale and volume average while the third and fourth rows compare the
temperature distributions between the pore scale and volume average results.

12
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Figure 8: Pore scale and volume average velocity and temperature distributions in the ventilated enclosure when Ri = 0 and
Re = 1000.

For the pore scale and volume average methods, the fluid comes from the inlet, flows through the porous
region, distributed to each pore, moves toward left wall and finally exits from the outlet. For 5 pores structure, the
largest velocity between the pores can be seen in the top pores since the forced convection is dominant and the
most part of fluid from the inlet flows straightly toward porous media. As the Darcy number decreases (i.e., pore
density increases vertically), the velocity magnitude becomes more uniform across the pores between the blocks.
Comparison the results of the pore scale method and volume average method shows that the velocity
distributions in the right and left regions of the porous layer get closer to each other by decreasing Darcy number.
On the other hand, there is no temperature change in entire cavity and no big differences between the pore scale
and volume average methods for the temperature distributions except for the structure with 5 pores in y*
direction for which a small change can be seen near the top of the left wall.

Fig. (9) shows the comparisons of the pore scale and volume average velocity magnitude and dimensionless
temperature profiles of a vertical line (x* = 0.8) in the right region and a vertical line (x* = 0.2) in the left region. The
first two rows show the comparison of magnitude of velocity for the left and right vertical lines while the third line
shows the comparison of temperature. The temperature distribution for the right vertical comparison line is not
plotted since no difference between the volume average and pore scale temperature profiles is observed. The
results of velocities for PSM and VAM are close to each other for the vertical line in the right region. The
differences between the results of two methods become smaller by increasing number of pores in vertical
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direction. For the velocities on the left line (x* = 0.2), the situation is different. A considerable difference is
observed between the PSM and VAM for the structure of N = 5. However by increasing number of pores in vertical
direction, the results between PSM and VAM gets closer to each other and for the structure with N = 20, a nice
agreement can be seen. In other words, reducing Darcy number from Da = 5.438 X 107° (i.e. N= 5) to Da =
1.946 x 107 (i.e., N = 20) decreases the difference between PSM and VAM. As it was mentioned before, the
temperature profile of pore scale method for N = 5 is different from that of volume average method on the top
side. From Fig. (9), it can be concluded that after 10 number of pores in vertical direction the results of PSM and
VAM are close to each other, however before N = 10 the attention about the accuracy of the results of VAM is
required.

psm P\ PSM
— vam | | _ — ot |
L 05 | | =os £ 05 o
Right j | o
0 | 0 N ———m
0 0.5 1 0 0.5 1 0 0.5 !
Velocity : : i
profile 1 1 1 .
PSM ey PSM
o VAM /\ o VAM o VAM
L5 L 05 05
= = -
Left — | = =
n - () [ | S T | 0 bY————
0 0.5 1 0 0.5 1 a 0.5 1
}.* }..* !’.ac
1 1 1
PSM PRl ——PSM
Temperature > 0.5 LG @ 05 5 =0.5 o
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0L : . 0 ' . 0 : -
0 0.5 1 0 0.5 1 0 0.5 1
}..ac }"“ _‘.‘"*
Da=7.573x107%, Da=1.946 x107*, Da=5.438x 10 5,
N=5 N=10 N=20

Figure 9: Pore scale and volume average velocity magnitude and temperature profiles when Ri = 0 and Re = 1000.

To have a value represents the difference between the results of pore scale and volume average methods, the
absolute difference ratio of the dimensionless velocity magnitude and dimensionless temperature for the left and
right lines (x* = 0.2 and 0.8, respectively) are calculated by following equation.

1 *
_ fo |Ppsy — Pvamldy
f01|¢P5M|dy*

ey x 100 (26)

where ¢ is a dependent variable which can be [V*| or 6. e, shows the error between the results of two methods.
The integral of these values are numerically calculated along the left and right lines (x* = 0.2 and 0.8). The values
of e, for the case of Re = 1000 and Ri = 0 for three studied structures are given in Table 7. As observed, the total
absolute difference ratio (ey) decreases with a reduction in the Darcy number (or an increase in vertical pore
density). This indicates that the discrepancy between pore-scale and volume-averaged values diminishes as the
vertical pore density increase. Thus, the applicability of volume average method increases for a thin porous layer
when the Darcy number is sufficiently low. A minimum sufficient number of pores in vertical direction may be N =
10 since the average error is blow 20%.
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Table 7: Absolute Difference Ratio when Ri = 0 and Re = 1000.

Tazawa et al.

Da=17.573x107* Da =1.946 x 10™* Da =5.438 x 1075
N=5 N=10 N =20
Right 10.9 7.9 2.3
e
Left 45.3 19.8 9.7
ey Left 98.0 23.8 11.8
Average === 51.4 171 7.9

4.2.2. Results for High Values of Richardson Number (Ri = 7)

Fig. (10) shows the distribution of pore scale and volume average velocity and temperature for the different
Darcy numbers when the Ri =7 and Re = 1000. Similar to Fig. (9), the first two rows compare the velocity
magnitude between the pore scale and volume average while the third and fourth rows compare the temperature
distribution between two approaches. As it can be seen, in this case, natural convection is dominant, as a result
the inlet flow in the right region goes down further and fluid flows in the bottom of the enclosure from the right to
the left. For the pore scale velocity distribution of N = 5, the magnitude of velocity in y* direction inside the porous
region increases since the natural convection is dominant. The comparison between the temperature distributions
of pore scale and volume average results shows that a difference exists for all three Darcy numbers even for the
smallest Darcy number which a thin porous layer with 20 pores. The difference between these two methods
across the three cases may be attributed to the vertical flow in the porous structure caused by natural convection.
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N=5 N =10 N =20

Figure 10: Pore scale and volume average velocity and temperature distributions when Ri = 7 and Re = 1000.
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Fig. (11) shows comparisons of the pore scale and volume average velocity and temperature profiles for the
right vertical line (x*= 0.8) and left vertical line (x*= 0.2). Significant discrepancies exist between the pore-scale and
volume-averaged velocity profiles at both the right and left lines. This difference becomes smaller by reducing
Darcy number. A linear temperature change can be seen for N = 5 and 10, while for N = 20, the temperature
decreases in the top region. The temperature profiles demonstrate a trend of convergence between the pore-
scale and volume-averaged methods as the vertical pore density increases.
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Figure 11: Pore scale and volume average velocity and temperature profiles when Ri = 7 and Re = 1000.

Table 8 shows the absolute difference ratio of magnitude of velocity and dimensionless temperature which is
defined by Eq. (26). The values of e, are relatively higher compared to the case of other Richardson numbers
which is Ri = 0. The reason for the high values of e, can be explained by the effect of natural convection. By
increasing of Richardson number, the effect of the natural convection heat transfer increases and the role for the
permeability and heat transfer in transverse direction becomes significant. As it was mentioned before, the
transverse permeability and effective thermal conductivity are neglected in this study since the porous layer is thin.
The present study shows that by increasing of Richardson number, the role of transverse flow on heat and fluid in
the thin porous layer increases and this effect must be considered. No doubt that, by including transverse
permeability and transverse effective thermal conductivity into the calculation, the results of pore scale and
volume average methods will be closer to each other and the value of ey will decrease.

Table 8: The absolute difference ratio when Ri = 7 and Re = 1000.

Da=7.573x107* Da=1.946 x 107* Da =5.438x 1075
N=5 N=10 N =20
Right 78.2 101.4 50.7
e
Left 72.0 45,1 10.4
ey Left 18.7 16.2 9.1
Average 56.3 54.3 234
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5. Conclusions

In this study, heat and fluid flow in a ventilated enclosure with a thin porous medium is investigated
numerically. The thin porous layer is located at the middle of the cavity and it separates the cavity into two equal
parts. For the pore scale approach, the governing equations which are continuity, momentum and energy
equations for fluid and heat conduction equations for the solid are solved, and pore scale velocity, pressure and
temperature distributions for entire domain are obtained. For the volume average method, additionally, the
volume average continuity, momentum and energy equations including porous media transport parameters such
as permeability and effective thermal conductivity are solved. The results of this solution are volume average
velocity, pressure and temperature for the porous structure. However, for the region without porous structure the
pore scale governing equations are solved. After finding solution for both methods, the results of pore scale
method and volume average method are compared. Following main remarks can be concluded,

a) When the Reynolds number is high and Richardson number is low (such as Re = 1000 and Ri = 0) the fluid flow
in the cavity is affected by the vertical porous layer. The effect of porous layer is small for the porous layer with 5
pores (high permeability) while it is significant for the porous layer with 20 pores (low permeability).

b) For the case of Re = 1000 and Ri = 0, an excellent agreement between the results of pore scale and volume
average is observed for porous layer with 20 pores. However, the agreement between two results decreases by
decreasing number of pores in the porous layer. It seems that for the porous layer with 10 pores, almost accurate
results by volume average can be obtained since the average of error is 17.1%.

¢) For the high Reynolds and Richardson number (such as Re = 1000 and Ri = 7), the effect of the buoyancy
increases. After entering of fluid into the cavity, it goes down and fluid passes the porous layer at the bottom of
the cavity since right wall is cold. This is the reverse of flow observed for Re = 1000 and Ri =0.

d) The difference between the pore scale and volume average methods when Ri =7 and Re = 1000 is considerably
higher than the case with Ri = 0. The main reason is the assumption considered at the beginning of study which is
negligible transverse permeability and effective thermal conductivity. Natural convection in the porous layer plays
an important role in fluid flow through the porous structure, and transverse permeability and effective thermal
conductivity must be considered for achieving accurate results from the volume average method.

Further investigations could extend this comparative study by considering different porosities as well as
variations in the thermal properties of the solid and fluid phases. Therefore, a wider range of governing
dimensionless numbers, such as the thermal conductivity ratio and porosity, will be taken into account to expand
the validity study of the volume average method.
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Subscript and Superscript

C

eff
f
H

i
int
ref

s

*

Greek Symbols

T < ®E O ™ R

Total absolute difference ratio
Gravity (m/s?)
Grashof number
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Height | Heat transfer coefficient (m | W/m?2K)

Permeability (m?)

Thermal conductivity (W/mK)

Length of enclosure (m)

Length (m)

Number of pores

Nusselt number

Pressure (N/m?3)

Prandtl number

Heat flux (W/m?3)

Reynolds number

Richardson number

Temperature (K)

Velocity component in x direction (m/s)
Velocity component in y direction (m/s)
Velocity | Volume (m/s | m3)

Cartesian coordinates (m)

Cold
Effective
Fluid

Hot

Inlet
Interfacial
Reference
Solid

Dimensionless symbol

Thermal diffusivity (m?/s)

Volumetric expansion coefficient (1/K)
Dimensionless temperature

Dynamic viscosity (Pa-s)

Kinematic viscosity (m?/s)
Dimensionless pressure drop

Density (kg/m3)
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