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ABSTRACT: The aim of this article is to study numerically the influence of the physical parameters of the porous medium on the
heat transfer rate. To do this, we use the Darcy-Brinkman-Forchheimer model, and a numerical tool (Ansys fluent) to solve the
heat transfer and Navier-Stockes equations. The average Nusselt numbers (convective and radiative) were then determined as
a function of thermal conductivity, porosity and permeability. We can deduce that as thermal conductivity increases, the heat
transfer rate rises to a maximum value before decreasing. As porosity increases, radiative and convective Nusselt decrease.
Finally, the transfer rate increases with increasing permeability.
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1 INTRODUCTION

Natural convection in a cavity filled with a porous medium has become a very important field. It is applicable in many
industrial fields such as energy storage, food processing and pharmaceuticals. Researchers have therefore carried out
numerical and experimental studies to model natural convection in a porous medium.

Taking into account the forchheimer term in the equation of motion and the hydrodynamic dispersion in the thermal
conductivity tensor, Ref. [1] concluded that the value of the Nusselt number decreases as the ratio of effective thermal
conductivities increases.

Researches [2] have shown in a porous cavity that heat transfer rates depend on anisotropic properties by keeping vertical
temperatures constant. Study [3] carried out numerical work with the Darcy-Brinkman model. They concluded that the value
of the Nusselt number reaches a maximum when the Darcy number is very large. Research [4] Show that the Nusselt number
varies as a function of physical parameters such as the permeability and conductivity of the walls and the thermal diffusivity of
the porous material in an enclosure containing a porous medium. Study [5] studied the modelling of heat transfer from CO; at
supercritical pressures flowing vertically in porous tubes. He concluded that the local heat transfer coefficient increases with
decreasing particle diameter because the contact area between the fluid and the particles increases with decreasing particle
diameter.

Researches [6] and [7] studied heat transfer in a medium. The porous material was anisotropic in conductivity and
permeability. The results a] re in line with those of [8].

Researches [9] studied the effect of cavity conduction and Ra number in a numerical study of the natural convection of a
square enclosure. They deduce that increasing Ra and the conductivity ratio leads to an increase in natural convection.
Research [10] studied an analytical model for the energy performance of partitioned cavities. They concluded that the thermal
capacity of the cavity increases with the thickness of the partitions.
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Ref. [11] examined the effect of heterogeneity on free convection flow and solute transport in porous media. They observed
that in fractured media, the onset of instability occurs with a lower critical Rayleigh number, meaning that fracture networks
have a destabilizing effect.

Ref. [13] has shown that permeability variation has a significant influence on heat flow and heat transfer. He studied the
effect of variable permeability on the vortex instability of mixed convection and the onset of convection in porous materials
with vertically stratified porosity. Using an auxiliary integral equation, he demonstrated the absence of subcritical instabilities
and obtained, in closed form, the global stability condition.

Ref. [14] examined convective instability, both linear and nonlinear, in a saturated porous medium, taking into account a
non-zero inertia term as well as permeability variation in the vertical direction.

Ref. [15] examined the impact of variable permeability on vortex instability in horizontal natural convection flow through a
porous medium adjacent to a horizontal surface. They observed that variable permeability leads to an increase in the rate of
heat transfer and disturbs the flow.

Ref. [16] have carried out a numerical simulation of natural convection inside a square cavity featuring a sinusoidal cylinder
of different amplitudes. Their results reveal that by increasing the amplitude (number of undulations) or changing the angle, it
is possible to modify the heat transfer coefficient, which has a significant influence on the temperature and fluid field.

Ref. [17] and [18] demonstrated that porosity near a solid wall is not uniform but variable, resulting in a variation in
permeability. Heterogeneity of permeability distribution can also be a feature of man-made porous materials, such as the
granulate used in chemical engineering processes and the fibrous material used in fine insulation.

Ref. [18] pioneered the presentation of experimental data revealing zones of high porosity extending over two or three
particle diameters from the container of a flat wall. Their results indicated that unless the D/d ratio exceeds 30, a significant
variation in velocity occurs across the packed bed.

Ref. [19] studied natural thermal convection in multilayer anisotropic porous media, addressing the phenomenon of
convection through these media. In the case of a large number of alternating horizontal layers, the model tends towards that
of a globally homogeneous, anisotropic medium. However, for a limited number of layers, this anisotropy model presents an
abrupt discontinuity due to the local appearance of convection when the local thermal porous Rayleigh number is
approximately equal to 10%.

Ref. [20] have studied combined forced and free convection on inclined surfaces immersed in porous media. Taking into
account variable permeability and using the generalized momentum equation, they obtained solutions for different boundary
conditions, including uniform wall temperatures and linear temperature variations at the leading edge, for both helping and
opposing flows. Their analyses revealed that permeability variation exerts a strong influence on flow and heat transfer.

Ref. [21] examined the impact of heterogeneity on thermal convection in vertical porous layers. Their study highlights the
effect of permeability variation on the free convection flow in a porous medium bounded by a vertical porous wall, when the
permeability varies according to an exponential law in one direction. They also explored the effect of increasing permeability
near an impermeable wall in a porous medium.

In the literature, we did not come across any work on the influence of the physical parameters of the medium in a
partitioned cavity containing a porous medium in the case of coupled convection-radiation transfer.

The aim of this numerical study is to determine the impact of porous medium parameters such as thermal conductivity,
porosity and permeability on the heat transfer rate.

To do this, we will develop a CFD model. Given the complex anisotropic conditions and the random distribution of seed
shapes, we chose the Darcy-Forchheimer-Brinkman model, which links pressure drop, velocity, permeability, viscosity and
porosity [22, 23, 24, 25].

In the first part, we study the influence of the thermal conductivity of the porous medium on the heat transfer rate. Next,
we evaluate the heat transfer rate by varying the porosity by the Nusselt number. Finally, we investigate the effect of varying
the permeability as a function of the Nusselt number

2 DESCRIPTION OF THE PROBLEM

The cavity used is a partitioned rectangle (Figure 1), with height H =200 mm and external width L = 317 mm. Three equally
spaced partitions are located between two external vertical walls. The outer walls have a thickness e = 8 mm and the inner
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partitions have the same finished thickness e =3 mm. Uniform temperatures Th = 25°C and Tc = 5°C are imposed in each of the
walls at the vertical external surfaces. The inside of each cell is filled with air (Pr = 0.71). The vertical surfaces are kept adiabatic.
A porous medium with porosity €, thermal conductivity A and permeability k is placed in the third cell.

@=0
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ri

L b=0
Fig. 1.  System Geometry
2.1 SIMPLIFYING ASSUMPTIONS AND MATHEMATICAL FORMULATIONS

We assume that the fluid is Newtonian and that the flow is two-dimensional laminar and stationary. We neglect the effects
of Soret and Dufour; on the other hand, the density of the fluid in the term of the forces of volume varies linearly with the
temperature T according to the Bousinesq approximation [5]: p= po [1-B7 (T-To)].

The equations of heat transfer, motion and continuity in a porous medium can then be written as follows.

FORMING THE EQUATIONS DIMENSIONALLY

Normalization consists in transforming the dependent and independent variables into dimensionless variables.

We obtain the following equations:
e Porous region
Continuity:
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Heat transfer:
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e The fluid region

Continuity:
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Heat transfer:
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Boundary conditions:

0(X =0,2)=0;0(X =L,2)=1 (©)
e Radiative transfer

v(1°(rs).s)=0 (10)

I (F, g) :is the radiant intensity. It is given by the following relation

1*(r,s)=1(r.s)/ 0T (11)

The dimensionless equation for the radiative flux intensity at the boundary (X=XO0) is given by the following relationship:

1 (X01Z) = gy (X0, Z) T 12

In the partition wall and in the walls, the equation is:

826’+62—l9 =0 (13)
oX? oz°
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At the vertical solid-fluid interface located at X = Xo, temperatures verify:
0,(X0,2)=6, (X,,2) (14)
The energy balance at point X = X0 (solid-fluid interface) can be deduced from this:

00,
X |,

1 00
=Nrg, (Xo,Z)+ 7 W (15)
X=Xy

The radiant and conductive interaction parameter Nr is given by the following relationship:

4
N, = oT¢H 1 A, (T, - T,) (16)
The radiative flux density passing through the surface at points (X = X0, Z) is given by the following relationship:

¢*(X0,Z) (l g)(/ﬁradm(XO,Z)+gT"'/T04 (17)

¢jad .in is called the flux density of incident radiation heat on the surface. It is calculated by the following relationship:
* * - -
¢rad,in = J Iin S .ndQ (18)

Heat transfer:

We give the convective and radiative heat transfer rates on walls and partitions by the radiative and convective Nusselt
numbers are defined by:

aef
1 ae
f )dz (19)
0 f Cd
X (x =X,)
NU, (X j a—)dz (20)
f ,cd
X (X =X,)

6f, cd fluid temperature in the case of conduction only.
2.2 NUMERICAL CALCULATION

The Navier-Stockes equations were solved using Ansys Fluent software. The mesh used is of the uniform tetrahedral type
whose solution is invariant as a function of the number of elements figure 2.
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Fig. 2.  Flux in function elements numbers
2.3 VALIDATION OF THE NUMERICAL MODEL

Our model is validated by comparison with the work of [16]. Considering a differentially heated square cavity modeled in
Ansys Fluent. The table shows the comparison of Nusselt numbers between [16] and the present work:

Table 1. Comparison of average Nusselt numbers

Emissivity Wang et al. (2006) This study
=0 Nuc 8.852 8.87
£=0.2 Nuc 2.337 2.306
£=0.2 Nur 8.399 8.348
€=0.8 Nuc 7.873 7.763
£=0.8 Nur 11.208 11.077

3 RESULTS AND DISCUSSION
3.1 EFFECT OF VARYING THE THERMAL CONDUCTIVITY OF THE POROUS MEDIUM
Choosing the same boundary conditions (Ra = 10%), Da = 10°¢ = 0.5 and € = 0.9, we take the previous configuration (figure

1) and vary the thermal conductivity A of the porous medium. In the following figures, we represent a few cases of A variation
(0.1; 40; and 60).

A=0.1 A=40 A= 60

Fig. 3.  Streamlines
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Fig. 4. Isotherms

Figure 3 shows the current lines in the system. We can see that the current lines are dissimilar. Figure 4 shows isotherms
as a function of conductivity variation. We can see that thermal stratification decreases with increasing conductivity in cell 3.
We can conclude that thermal conductivity has an effect on transfer rate.

Figure 5 shows the variation of the mean Nusselt number with conductivity. We divide curves 5A and 5B into two parts
(one increasing and one decreasing). The increasing parts (5A and 5B) correspond to the increase in A, which leads to a
reduction in the thermal gradient between the partitions, increasing convective flow and hence Num in the cells. The
decreasing parts of Num with increasing A are due to the decrease in stratification of the thermal gradient, leading to an
increase in the horizontal thermal gradient.
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Fig. 5.  Number of variation (A: convective; B: radiative) as a function of conductivity

3.2 INFLUENCE OF POROSITY

Choosing the same boundary conditions (Ra = 10*) and Da = 10 £ = 0.9, we take the previous configuration (Figure 1) and
vary the porosity ¢ of the porous medium. In the following figures, we show some cases of variations (0.1, 0.3, and 0.7).

¢=0.1 ¢=03 ¢=07

Fig. 6.  Streamlines
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¢0=0.3
Fig. 7.  Isotherms

Figure 6 shows the current lines for different values of ¢. We can see that the shape of the current lines does not change
in each case.

In the case of the isotherms shown in figure 7, the difference between the figures is that the isotherms widen with
increasing in ¢ the active walls. We can therefore deduce that the intensity of the transfer flux decreases.
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Fig. 8.  Variation in mean Nusselt number (convective a) and radiative b))

Figure 8 shows that the average Nusselt numbers (convective A and radiative B) decrease with increasing porosity value.

This shows that conductive heat transfer increases with porosity, hence the decrease in convective heat transfer.
3.3 INFLUENCE OF PERMEABILITY

Assuming the same boundary conditions (Ra = 10%), Da = 108 and € = 0.9, we take the previous configuration (figure 1) and
vary the permeability K. In the following figures, we show a few cases of K variation (4 10® 4 10 and 4 10).

‘ [
4108 410° 410*

Fig. 9.  Streamlines
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4108 410° 4104
Fig. 10. Isotherms
Figures 9 and 10 show current lines and isotherms for varying k permeability. For small values of K (between 4 10 and 4

10%), we can see in figure 9 that the streamlines are spread out along the active walls.

For the isothermal lines in the porous medium shown in Figure 10, there is little temperature stratification. On the other
hand, as permeability increases (4 10,4 10 and 4 10%), the cells in the current lines narrow in the center of the active walls.
The isotherms of the porous medium are deformed and stratification increases, so heat transfer intensifies.

NUR

7,96
- - - -02
4,0E-08 4,0E-06 4,0E-04 4,0E-02 4,0E-08 4,0E-06 4,0E-04 4,0E-02

K K

a) b)
Fig. 11. Variation in permeability as a function of average Nusselt number (a) convective and (b) radiative

Figure 11 shows the variation in heat transfer rate as a function of the Nusselt number of the permeability anisotropy. The
figure can be broken down into three parts: two almost constant parts at the beginning and towards the end, and an increasing
part between the two preceding phases. We can see that convective and radiative heat transfer rates are low when k is
between (4 10® and 4 10°®). This is due to a low flow rate, as the permeability is very low, so the flow is almost diffusive.

When k is between (4 10 and 4 10%), the progression of the Nusselt number is very rapid as the value of k increases. The
flow regime is said to be moderate. When k is between (4 10® and 4 10%), the progression is almost constant with the variation
in K: this is the complete boundary layer regime.

4 CONCLUSIONS

The aim of the present work is to determine the influence of the physical parameters of the porous medium in a partitioned
cavity on heat transfer using numerical simulation.

The Darcy-Brinkman-Forchheimer model was chosen, and a numerical tool was used to solve the heat transfer and
momentum equations. We then determined the average Nusselt numbers (convective and radiative) as a function of the
porous medium parameters. It can be deduced that as conductivity increases, the heat transfer rate rises to a maximum value
before decreasing. The heat transfer rate then decreases with increasing porosity. Finally, the heat transfer rate increases with
increasing permeability.

We plan to continue the work by adding porous medium to the other cells, then increasing the number of partitions in the
cavity.
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NOMENCLATURE

Forchheimer coefficient

Darcy numbers

Acceleration due to gravity (ms?)
Channel height (m)

Radiation intensity (Wm)
Permeability

Width (m)

Nusselt number

Pressure (Pa)

Prandtl number 8/a

Rayleigh number gB(Th- Tc) H3/9a
Temperature (K)

Dimensionless velocity components
Cartesian coordinates (m)
Dimensionless Cartesian coordinate
Thermal expansion coefficient (K?)
Dimensionless temperature (K)
Emissivity

Thermal conductivity (Wm-1K1)
Density (kgm™)

Heat flux density (Wm™)

Porosity

Cold

Conduction

Convection

Radiation

Hot

Average

Wall
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