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Abstract

Cavities separated by multiple vertical partitions and filled with a porous medium present a remarkable thermal insulation
quality, offering potential solutions in various engineering fields. The aim of this study is to analyze the impact of the presence of
a porous medium on heat transfer through a partitioned cavity. We have developed a numerical model based on the Navier-Stokes
and heat transfer equations, solved using Ansys Fluent software. We examine the evolution of the Nusselt number (convection
and radiation) as a function of the position of the porous medium inside the cavity, as well as physical properties such as
emissivity, wall conductivity and Rayleigh number. Current lines and isotherms are obtained from this numerical model. Nusselt
numbers for both convection and radiation are calculated, taking into account the position of the porous medium in the system, as
well as the effect of varying physical parameters on heat transfer. It has been observed that the presence of the porous medium
leads to a reduction in the rate of heat transfer within the cavity. The further the porous medium is from the hot wall, the more
pronounced this reduction. In addition, radiative transfer has a downward influence on convective transfer. Furthermore, the
convective transfer rate decreases with increasing emissivity. As far as conductivity is concerned, transfer rates (convective and
radiative) initially increase until a maximum Nusselt number is reached, after which they gradually decrease with a further
increase in conductivity. Nusselt numbers (convection and radiation) increase as the Rayleigh number increases.
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1. Introduction

In recent years, there has been a plethora of results from
studies of natural convection in a closed cavity associated
with a porous medium. The interest in these studies is linked
to numerous engineering applications such as energy storage,
thermal insulation, etc.....

There are three modes of heat transfer in a porous medium.
One is conduction in the solid under the effect of the thermal
gradient, the other is convection in the fluid and finally
thermal radiation which exists between solid bodies.

The literature shows that a great deal of work has been done
in this field.

For example, Nield and Bejan [1], Grosan et al [2], and
Ouarhlent and Soudani [3] carried out convection studies in a
partially porous filled medium. Ordonez Miranda and Alvarado
[4] studied the shape of pores on the thermal conductivity of a
porous medium. They showed that when the Rayleigh increases,
this generates a high temperature in the pore space, as well as a
drop in velocity and pressure in a porous channel.
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Dhifaoui et al [5] experimentally studied heat transfer be-
tween the heated wall of a vertical channel and the fluid (air)
flowing through it. They compared the case of a channel filled
only with air with that of a channel containing a porous medium.
They concluded that the porous medium intensifies heat trans-
fer, enabling such a system to be used as a heat exchanger.

Alkam et al [6] demonstrated the effects of porous layer
thickness, Darcy number, thermal conductivity ratio and mi-
croscopic inertia coefficient on the thermal performance of a
rectangular channel containing a porous medium. The results
show that the effect of the microscopic inertia coefficient can
be neglected if the Darcy number is less than 10 On the
other hand, for a high microscopic inertial coefficient, the
effect of the Darcy number is negligible. To improve heat
transfer, we use inertias with high thermal conductivity, lower
Darcy numbers and higher microscopic inertia coefficients.

Beckermann et al [7] carried out a study in a closed cavity
associated with a rectangular porous vessel. They were able to
find agreement between numerical model results, temperature
measurements and flow visualization. It can be seen that the
amount of fluid flowing through the porous layer from the
fluid region depends strongly on the Rayleigh (Ra) and Darcy
(Da) numbers. Flow takes place mainly in the fluid layer and
heat transfer into the porous layer takes place via the porous
layer, if the relatively low product of Ra. Da.

Mbaye et al [8] studied analytically and numerically the
natural convection in a porous medium inclined by a wall of
given thickness and thermal conductivity.

They gave their results in terms of the global Nusselt
number as a function of Rayleigh and Darcy, the angle of
inclination of the system, and the thickness and thermal
conductivity of the wall.

Choukairy and Bennacer [9] carried out an analytical and
numerical study of natural thermosolutal convection in het-
erogeneous porous media. The influence of Rayleigh number,
inhomogeneity and buoyancy ratio on the Nusselt number (Nu)
and Sherwood number (Sh) was analyzed.

Fajraoui et al [10] studied natural convection in a square
porous cavity. They used a methodology that enables in-depth
analyses to be carried out, providing information relevant to
the interpretation of a natural convection problem in a porous
medium at low computational cost.

Edimilson et al [11] studied turbulent natural convection in
a square porous cavity using the macroscopic k-¢ model. The
results further indicate that when the parameters porosities, Pr,
the conductivity ratio between fluid and solid matrix and Ra
are held fixed, the lower the Darcy number, the higher the
average Nusselt number at the hot wall.

Mobedi et al [12] showed the effect of conduction and
Rayleigh number Ra in a numerical study of natural convec-
tion in a square enclosure. They deduce that increasing Ra and
the ratio of thermal conductivities leads to an increase in
natural convection. Heat transfer by natural convection in the
cavity is reduced with increasing conductivity ratio when the
Rayleigh number Ra = 106. For Ra = 103, the change in
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thermal conductivity A has no effect on heat transfer by nat-
ural convection.

Other researchers have carried out studies on partitioned
cavities without porous media.

Svoboda and Kubr [13] used numerical simulation to study
heat transfer through hollow bricks with vertical cavities. The
results show that convective heat transfer in the cavity almost
completely disappears when the cavity height is more than 20
times that of the cavity surface. In such cavities, radiation and
conduction are the only modes of heat transfer.

Sambou et al [14] theoretically and experimentally studied
heat transfer through a partitioned cavity in order to determine
and optimize thermal resistance. In another paper [15], the
same authors studied the effects of geometric and thermal
parameters on the thermal performance of a partitioned cavity.
The results show that radiative transfer inhibits convection.

The aim of this numerical study is to determine the influ-
ence of the presence of a porous medium in one of the cells on
heat transfer in a partitioned cavity.

To do this, we developed a CFD model to determine the in-
fluence of the porous medium in the partitioned cavity, based on
the results of streamlines, isotherms and Nusselt number. Next,
the effect of the position of the porous medium was evaluated.
Finally, we studied the influence of parameters such as wall
conductivity, emissivity and Ra number variation on transfer.

2. Description of the Problem

The system under study (see Figure 1) is a 2D partitioned
cavity, with external length L = 317 mm and height H = 200
mm. Two external vertical walls surround the enclosure, with
three equally spaced partitions. The outer walls are 8 mm
thick, while the inner partitions have a finished thickness of e
= 3 mm. Uniform temperatures, Th and Tc, are imposed on
the vertical external surfaces of the walls. The cells are filled
with air, while the horizontal external surfaces are adiabatic.
The entire system is made from the same material. One of
the cells is filled with a porous medium.
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Figure 1. Geometry of the system.
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Simplifying Assumptions and Mathematical Formulation

Simplifying Assumptions

The following assumptions are made in this study:
1. the porous matrix is homogeneous isotropic and in
thermodynamic equilibrium with the fluid (air).

. the fluid is Newtonian;

. the flow generated
two-dimensional,;

. the interaction between heat and mass transfer (Soret
and Dufour effect) is negligible;

. the thermophysical properties of the fluid are constant
and determined from the reference temperature To;

. In porous media, the extended Darcy equation is added,
combining Brinkman and Forchheimer terms.

. On the other hand, the density of the fluid in the volu-
metric forces term varies linearly with temperature T1
according to the Bousinesq approximation. This varia-
tion is given by the relationship:

is stationary, laminar and

Mathematical Formulation

Based on the assumptions considered, the system of partial
differential equations describing this problem is composed of
the continuity equation, the momentum equations and the
heat transfer equation.

It has introduced the following dimensionless variables:

uwu*=U; v/ u*=V;x/H=X;z/H=Zp=pP (u*)%
0 = (T-To)/AT (AT=T¢,— T¢)
= JeHBr(Tep, — Te)s a=he/(pCP)ss A=Aeprl Ay
D* g = Dpadl (cTy),
The equations in a porous medium are then written in the

following forms according to Nield and Bejan [1].
the porous area:

Continuity:
p = po(1- Br(T-Tp))
- - - - - - aU av
8. air is a non-participating, transparent medium; wiaZ" (1)
9. walls and partitions are considered gray bodies;
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Transfer of heat

KU@H Vaeﬂ =(PrRa) 2 (ﬂ-i-ﬂj (8)
oX oz ox?  oz?
Boundary condition
9(X=02)=0,6(X =L,2)=1 )
Transfer radiative
§(|*(F,§),§)=o (10)

I* (F,E) is the radiant intensity. It is given by the following

relation:

1"(v.5)= (11)
The dimensionless equation for the radiative flux intensity

at the boundary (X=XO0) is given by the following relation-
ship:

1(7.8)1 0T

1" (X0, Z) = dag (X0, Z) /1 (12)
In partitions and walls, the equation is:
%0 8%
13
[ax2 o0z? J 13)

At the vertical solid-fluid interface located at X = X0,
temperatures verify:

05(X0:2)=0; (X0.Z) (14)
The energy balance at point X = X0 (solid-fluid interface)
can be deduced from this:

00,

26, 1
A X Iy x,

m = Nrgiog (X0, Z)+

(15)

The radiation and conduction interaction parameter Nr is
given by the following relationship:
N, =oTeH /4 (T, -T,) (16)

The radiative flux density crossing the surface at points (X
= X0, 2Z) is given by the following relationship:

¢ (X0.Z)=(1-&) g in (X0 Z)+£T* Ty (17)

$raq in i called the flux density of incident radiation heat

on the surface.
It is calculated by the following relationship:

¢:ad,in:'|.|iT1 Sen dQ (18)
Thermal transfer
It gives the rates transfers of heat convective and radiative
on the walls and the partitions by the numbers of radiative and
convective Nusselt are defined by:

aef
£ 00(X =Xg)
dz 19
'(l; a‘gfcd ( )
X (X =Xo)
1 *
Nr ¢rad(xovz)
Nu Xy)=— | ————2dz
w(Xo)=7 ) 00; (20)
X (X = X,)

0f, cd temperature of the fluid in the case or there is only
conduction

3. Numerical Calculation

It uses the Ansys Fluent calculation code to solve the Na-
vier-Stockes and heat equations. To do this, its used a uniform
tetrahedral mesh. The test of independence of the solution
with respect to mesh size is given in Figure 2.
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Figure 2. Flow versus number of elements.

4. Resultat and Validation of the
Numerical Model

To validate our model, one uses the results of work by
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Sambou and al. [14, 15]. Its considers a differentially heated
square cavity. The Nusselt number results obtained are com-
pared with those of Sambou and al. [14] and Wang and al. [16],

which take account of convection-radiation coupling.
The results are shown in Table 1.

Table 1. Comparison of Nusselt numbers for a square cavity (Ra = 10°).

Wang et al. [16]

e=0 Nug, 8.852
NUgy 2.337
e=0.2
Nurad 8.399
NUgy 7.873
e=0.8
NUjag 11.208

The difference between our results and those of [15] and
[16] does not exceed 2.22%.

5. Discussions

The cavity shown in figure 1 is studied for numerical sim-
ulations. The cavity is made of PVC. The Rayleigh number
is 1.9 107, and the emissivity is 0.9. The porous medium
chosen is terracotta beads with porosity ¢ = 0.55. Its aim is
to examine the impact of the presence of a porous medium in
a partitioned cavity cell, as well as the influence of certain
physical parameters on heat transfer. For the analysis the
results are presented in terms of streamlines, isotherms and
Nusselt numbers.

1) Influence of the presence of porous media:

The streamlines and isotherms are shown in figure 3 and
figure 4 respectively for (A) the partitioned cavity without
porous medium and (B) with porous medium in the first cell.
In figure 3, we observe an absence of streamlines in the cav-
ity containing the porous medium, indicating the absence of
convection in this cavity. This is confirmed in figure 4,
where the isotherms of the first cell show a plateau in case
(A) indicating established natural convection, while in case
(B) the isotherms are parallel and quasi-vertical, proving a
conductive heat transfer regime in the cell containing the
porous medium. In the other cells, the shape of the isotherms
(Figure 4) remains virtually unchanged between cases (A)
and (B), suggesting that the heat transfer mode remains the
same. However, a slight variation in the flow lines indicates
that the presence of the porous medium has an effect on heat
transfer.

To quantify the impact of the presence of a porous medium,
Figure 5 shows the variation of the Nusselt number at point x
=84 mm as a function of height Y. The shape of the convec-
tive and radiative Nusselt number curves is the same whether
or not the first cell contains a porous medium. The convective
Nusselt number decreases overall as the Y dimension in-

Sambou et al. [15] Present study
8.947 8.87

2.338 2.306

8.458 8.348

7.941 7.763

11.229 11.077

creases. This is due to the fact that Nusselt numbers are cal-
culated on a hot face. At low and high Y values, the curves
show peaks resulting from sudden temperature variations.
Radiative Nusselt numbers increase with Y up to a certain
height before decreasing. It can see that the convective and
radiative Nusselt numbers in the case where the first cell
contains a porous medium are lower than those in the case
where the medium is absent. This suggests that the presence
of a porous medium in the first cell reduces both convective
and radiative heat transfer. The average convective Nusselt
number falls from 4.5 to 4.0, while the average radiative
Nusselt number drops from 10.8 to 8.2 with the introduction
of the porous medium. It should be noted that radiative heat
transfer is more significant than convective heat transfer.

A B
Figure 3. Threads of currents.
| - l
‘ ‘ ‘
N n
Ol U R
A B

Figure 4. Isotherms.
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Figure 5. Variation of the number of convective and radiative Nusselt.

2) Influence of the position of the porous medium in the (figure 6) in the 2nd and 3rd cells in cases (A) and (B) shows a
cells. slight difference, suggesting that the position of the porous

Figure 6 and figure 7 show the streamlines and isotherms, medium has very little influence on convective heat transfer in
respectively, in the case where the porous medium is in the these cells. The same observations can be made by analyzing
first cell (A) or in the last cell (B). Analysis of the current lines  the isotherms (figure 7).

Figure 6. Currents lines.

Figure 7. Isotherms.
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To quantify the influence of the porous medium's position
on convective and radiative heat transfer, Figure 8 shows the
variation of the mean convective and radiative Nusselt num-
bers calculated at X=84 mm as a function of the porous me-
dium's position.

The average convective and radiative Nusselt numbers
decrease slightly when the porous medium is moved from
the first cell to the last. The convective Nusselt number drops

Nu
(] "] E =N N (=49 ~1

—

from 3.99 to 3.22, while the average radiative Nusselt num-
ber falls from 8.18 to 7.33 when the porous medium is
moved from the first cell to the last cell. When the porous
medium is close to the hot wall of the cell, its thermal gradi-
ent, noted A, is low. As it moves away from this wall, A®
increases, leading to an increase in conductive flux. This then
induces a change in heat transfer.

ENuc

3 4

B Nur

position of the porous medium in the alveoli

Figure 8. Histogram of the convective and radiative numbers Nusselt.

Thus, it can conclude that the presence of the porous me-
dium leads to a decrease in the rate of heat transfer, and that
the position of the porous medium in the cells modifies this
rate.

3) Influence of cell face thermal emissivity

€=09

Figure 9. Currents lines.

Keeping the same boundary conditions, i.e. a Rayleigh
number of 1.9 10, It studies the configuration where the
porous medium is in the first cell. It has varied the thermal
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emissivity of the partition faces and walls. To illustrate the
impact of emissivity on heat transfer, it presents streamlines
and isotherms for two cases (A) ¢ = 0.3 and (B) € = 0.9. Cur-
rent lines are shown in Figure 9, while isotherms are illus-
trated in figure 10. Significant differences are observed on the
streamlines in both cases, suggesting that radiative transfer
influences convective transfer. This is confirmed by the iso-
therms (Figure 10), which show thermal stratification de-
creasing with increasing emissivity.

€=0.3

Figure 10. Isotherms.
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Figure 11. Variation of the mean Nusselt number (convective and radiative) as a function of emissivity &

Figure 11 shows the variation in average convective and
radiative Nus-selt numbers calculated at X= 84 as a function
of thermal emissivity.

The average convective Nusselt number decreases with
increasing emissivity, from 5.4 to 3.3. This suggests that
convective transfer is blocked by radiative transfer, homoge-
nizing fluid-wall temperature along the y axis. As for the
average radiative Nusselt number, it obviously increases al-
most linearly with emissivity, rising from 0 to 7.88.

4) Influence of the thermal conductivity of the cells

Maintaining the same boundary conditions (Ra = 1.9 x
107), he chooses the previous configuration and varies the
thermal conductivity of the porous medium (0.3; 80). Figures
12 and 13 show the current lines and isotherms respectively.

Figure 12 shows the behavior of the current lines in each
partitioned cavity. It can be seen that the current lines are
almost identical.

Figure 13 shows isotherms as a function of conductivity
variation. It can be seen that thermal stratification decreases
with increasing conductivity. This suggests that thermal
conductivity has an influence on the thermal field.

Figure 14 shows the variation of the mean Nusselt number
as a function of conductivity. The curve is divided into two
parts (increasing and decreasing). The increasing part corre-
sponds to the increase in conductivity, which leads to a de-
crease in the thermal gradient between the partitions. As a
result, convective flow increases, which translates into higher
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Num in the cells.

The decreasing part of Num with increasing conductivity is
due to the decreasing stratification of the thermal gradient,
leading to an increase in the horizontal thermal gradient.
Figure 14 shows the same effects for the radiative Nusselt.

ar=0.1

Figure 12. Currents lines.

Ar=0.1

Figure 13. Isotherms.
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Figure 14. Variation Num (convective; radiative) as a function of conductivity.

5) Influence of Rayleigh number on transfer
The correlation of the Nusselt number with the Rayleigh
number is defined by the equation:

Nu=W-(Ra)"*
where W is a constant.
The graph in figure 15 shows the variation of the average

Nusselt number as a function of Ra. It note that the Nusselt
number increases as Ra increases. This phenomenon can be

16 —— N LUC

Nu

explained by the increase in the intensity of the thrust forces,
leading to an increase in the velocity of the convection cur-
rents and therefore in the intensity of the flow in the cells. An
increase in Ra translates into an increase in heat transfer, so
convective flow also increases, which explains the increase in
Nuc as a function of Ra from 1.1 to 2.3.

As wall heat increases with Ra, radiative flux will also in-
crease, resulting in an increase in the radiative Nusselt number
from 4.3 10 17.2.

e, [N LI

]

f(Ra)

Figure 15. Variation Num (convective; radiative) as a function of Rayleigh number.
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6. Conclusions

The aim of it studies was to determine the impact of the
porous medium in a partitioned cavity by numerical simula-
tion.

To this end, it developed a numerical model in Ansys Flu-
ent to solve the Navier-Stokes and heat transfer equations. It
then determined the Nusselt numbers as a function of the
position of the porous medium and the effect of varying
physical parameters.

In the first case, it observes that the presence of the porous
medium reduces convection in this cavity. The further the
porous medium is from the hot wall, the less heat transfer
there is. The effect of radiative transfer reduces convection,
and convective transfer decreases with increasing emissivity.

With regard to conductivity, It notes that Nusselt numbers
(convective and radiative) increase as a function of A up to a
maximum value; after that, Nu begins to decrease as A in-
creases. Nusselt numbers (convective and radiative) increase
with increasing Rayleigh number.

It plan to continue the work by varying the physical pa-
rameters of the porous medium, increasing the number of
partitions in the cavity, and finally setting up an experimental
setup.
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DO: Discrete Ordinates
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