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ABSTRACT: In the present study, heat transfer in a square cavity filled by a fluid and a saturated
porous media has been numerically analyzed to investigate the effect of void (ε) and thermal
conductivity ratio (porous to fluid thermal conductivity ratio kr) of the material on flow and thermal
field characteristics. A circular bar with a uniform heated surface is inserted into the middle of the
cavity. The sides and upper walls of the cavity are maintained at a uniform cold temperature. Results
are presented in terms of streamlines, isotherms, pressure distribution, average Nusselt number at
several parameters values such Grashof number, material porosity, and thermal conductivity ratio. It is
observed that these conditions have a significant effect on the flow and temperature field inside the
cavity. It is found that porosity increment has a major influence for improving natural heat transfer and
increasing average Nusselt number. In addition, the increment of thermal conductivity ratio of ten
times leads to increase the average Nusselt number due to more heat transfer through the conduction
the aid the natural convection to improve the overall heat transfer inside the cavity. In this work, Darcy
number and Prandtl number are selected as 0.01 and 0.7, respectively. The analysis is accomplished for
five porosity values, ɛ = 0.4, 0.5, 0.55, 0.6 and 0.65 and different values of Grashof numbers Gr and
thermal conductivity ratio kr.
KEYWORDS: Square cavity; thermal conductivity ratio; Porous Media
INTRODUCTION
One of the interesting topics in the heat transfer field is a heated body inside an enclosure filled with an
enhancing or insulation material. The porous media plays a major role for producing the thermal
behaviors inside an enclosure that subjected to temperature differences. There are different important
applications in which the porous media is used to enhance the natural convection and conduction heat
transfer processes, such as cooling of electrical and electronic packaging, nuclear reactors, geothermal
reservoirs, and thermal insulation engineering. Different conditions of heat transfer in a porous media
inside a closed square cavity have been studied, Pop and Ingham [1], Nield and Bejan [2]. Many
theoretical studies have been studied to describe effect of several parameters and working conditions in
a porous media inside a cavity on heat transfer behavior. For instance, Alloui et al. [3] carried out an
investigation on natural convection in porous cavity for different temperature values of the vertical wall
surface while the horizontal walls were assumed to be adiabatic. The results showed that the heat
transfer is more sensitive with Grashof number and Darcy number is fixed which increase the flow
recirculation intensity. Braga and Lemos [4] numerically investigated heat transfers inside a square
cavity partially filled with a specific amount of conducting solid rods of different shapes. The vertical
wall sides have difference temperatures while the horizontal walls are adiabatic. They concluded that
the heat transfer enhancement increased by increasing the conduct rods number. Moreover, the square
rod showed higher Nusselt number than that corresponding in the circular one. This main reason for
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this behavior is that the edges of the square rods produced more separation on flow field and that
agitated the flow. Raju et al. (2015), [5] carried out a numerical analysis to study effect of the saturated
porous medium on the heat transfer inside a triangular closer with an inserted circular obstacle. The
bottom wall of the triangular cavity is heated while the sidewalls were kept at cold temperatures. Effect
of obstacle size at different heat generation levels was investigated. They concluded that the presence
of the circular obstacle changed the fluid flow behavior and temperature field distribution. Moreover,
the heat generation effect was negligible for the larger size of the circular body. Balamurugan and
Krishnakanth [6] used CFD fluent package to study effect of a heated bar inside air filled square cavity
on natural convection heat transfer. The vertical wall kept cold while the horizontal wall was assumed
to be adiabatic. Two bars with different shapes were tested, rectangular and square. Each bar was tested
at different sizes. They concluded that the rate of heat transfer of the square shapes was higher than that
corresponding for the triangle shapes for all bar sizes. Ismael and Chamkha [7] studied numerically the
conjugate natural convection in a differentially heated composite enclosure. The cavity was designed
and subdivided in the form of a nano fluid layer, porous layer, and finally a solid wall. They founded
that the natural convection heat transfer was enhanced at low permeability (the thickness is more than
0.5, when Rayleigh number is less than or equal to 104). Moreover, they concluded that the
permeability of the porous layer showed a critical impact on the conduction heat transfer within the
solid wall. Chen et al. [8] conducted a study about effect of partial porous layer on conjugate natural
convection heat transfer inside an open-ended square cavity. Numerical methods were developed with
a new lattice Boltzmann (LB) approach. Several parameters were taken into the considerations
throughout the analysis, such as thickness of porous layer, permeability of porous layer, and thermal
conductivity ratio kr. They concluded that these parameters had an influence on the patterns of flow
field and thermal field in the open side cavity. Gibanov et al. [9] used finite difference method to
examine effect of two porous blocks on heat transfer inside a square cavity. The bottom wall of each
block has different permeability and porosity values. The upper and the lower wall of the cavity was
kept cold and hot, respectively. It was noted that the magnetic field and porous blocks could improve
the heat transfer inside the cavity. Dadavi et al. 2019 [10] conducted experimental and numerical
analyses to study effect of course porous media on the natural convection process inside a differentially
side heated cavity. The porous cavity is compared to a pure fluid inside cavity. The results showed that
the mean Nusselt numbers was higher in the pure fluids than in porous. However, some points of the
local Nusselt numbers was higher in the porous media than pure fluid only at the high thermal
conductivity ratio.
Najib Hdhiri1et al. [11] carried out a numerical investigation of natural convection within a square
cavity filled with a porous medium. One of the side walls of the cavity was hot and the other kept cold.
The upper and the lower walls were insulated. Darcy–Brinkman model was adopted for Fluid flow and
the energy transport equations. They showed that the mean Nusselt number values were strongly
affected by increasing Prandtl number while weakly affected in the presence of porosity if the nonDarcy regime was used. In addition, their results presented that buoyancy force strength increases as
Darcy number increase. Finally, from the presented literature, it is observed that authors accomplished
their works for different case studies of square cavity filled with porous media. However, little
attention has been given to study the influence of the thermal conductivity ratio on the heat transfer
processes. In addition, as far as the author knows, there is no theoretical analysis for the thermal
conductivity ratio effect relative to the pressure distribution. Therefore, effect of the porosity and the
porous thermal conductivity ratio on heat transfer are discussed in this work in terms of temperature,
streamlines and pressure distributions counters. Moreover, affect Nusselt number is investigated at
different Grashof numbers.
PROBLEM DEFINITION AND THE GOVERNING EQUATIONS
In this work, a heated cylinder inserted in the center of a square cavity enclosure is assumed as a case
study. The cavity is insulated at the bottom whereas the other sides are exposed to a uniform cold
medium. The cavity is filled with a fibrous porous material and air. The analysis of the square cavity is
assumed to be in two dimensions only with L (m) as side wall length. Three sides are maintained at
cold isothermal temperature (Tc) while the bottom wall is assumed to be adiabatic (dt/dy=0). The
surface of the heated cylinder, of diameter d, is assumed to be subjected to a hot isothermal temperature
Th, as shown in Fig. 1.
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Figure 1. Schematic diagram of the physical problem
The thermo-physical properties of the fluid are assumed to be constant through the analysis except the
density which described by Boussinesq approximation. Inertia and viscous drag effects are neglected in
this study. The gravitational force acts in vertical direction. The flow is assumed to obey steady state
laminar conditions. The spectral-element approach is employed for solving Naiver-Stokes and energy
equations by finite element method. Considering the above assumptions, the governing equation can be
written as,
∇. U = 0

(1)

(U. ∇U) = −∇P + Pr. (∇2 U) + Gr. Pr 2 . θ,

(2)

(U. ∇θ) = (∇2 θ),

(3)

The momentum and energy equations of porous material can be written as follows,
1
Pr
Cf
Pr
⃗ |U + . (∇2 U) + Gr. Pr 2 . θ,
(U. ∇U) = −∇P −
U−
|U
2
ε
Da
ε
√Da
ε(U. ∇θ) =

k f.eff 2
(∇ θ),
kf

(4)

(5)

where,
k f.eff
2√1 − ε
(1 − λ)B
B+1 B−1
= (1 − √1 − ε) +
×[
ln(λB) −
−
]
2
kf
1 − λB
(1 − λB)
2
1 − λB

(6)

10

, λ = 1/k r , and B = 1.25[(1 − ε)/ε] 9
k r = k s /k f

The symbol kr is the solid/fluid thermal conductivity ratio. This study is accomplished for two values
of the thermal conductivity ratio, kr=1 and kr=10.
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The inertia coefficient Cf can be given by,
Cf = =

1.75

(7)

150ε3

The local rate of heat transfer is calculated by the Fourier’s law as,
qf = −

k f.eff ∂T
k f ∂n

(8)

And the local Nusselt number is described by,
qf d
(9)
(Th − Tc )
The average Nusselt number is calculated by integrating the local Nusselt number along the cylinder as
follows:
Nuf =

s

1 k f.eff ∂θf
Nu = ∫
ds
s
k f ∂n

(10)

0

Three dimensionless groups are used for the previous governing equations, they are:

Da = K/ (ε *D2)

(11)

Gr = g β ΔT H³/ν²

(12)

Pr = ν /α

(13)

The dimensionless groups are Darcy number, Grashof number, and the Prandtl number, respectively. In
this work, Darcy number and Prandtl number are selected as 0.01 and 0.7, respectively. The analysis is
accomplished for five porosity values, ɛ = 0.4, 0.5, 0.55, 0.6 and 0.65 and different values of Grashof
numbers Gr and thermal conductivity ratio kr.
COMPUTATIONAL DETAILS
The grid independence test is performed using difference polynomial order (N×N) for the two Grashof
numbers, 1.4×107 and 4.23×107 where N is the interior nodes number of the quadrature. The
computational domain is roughly divided into series of 448 separate macro-elements, as shown in Fig.
(2-a). According to Gauss-Legendre-Lobatto quadrature, the internal nodes of every macro-element are
generated within the run.
Therefore, the simulation accuracy can be enhanced by increasing the polynomial order of the
quadrature. Numerical runs and the grid resolution of the computational domain test revealed that the
Nusselt number converged by (7x7) internal nodes of every macro-element. In other words, 9600
micro-elements are used for the analysis and achieved a relative error lower than 0.42%. Fig. (2-b)
shows finite elements mesh generation processes using 9600 micro-elements.
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(a) 448 macro-elements

(b) 9600 micro-elements
Figure 2. The grid network generated

CODE VALIDATION
In order to demonstrate the performance of the present numerical code, the flow field contour has been
investigated and compared with similar studies accomplished by Salam and Ahmed [12] and Ding et al.
[13] at Ra=106. The comparison between the results showed a good agreement in the overall behavior
of the flow streamlines. However, the differences are resulted from the cold fin assumed the present
study, which gives stronger intensity for the vortices than the other works because of the bottom wall
that allows more fluid to flow.

Figure 3. A comparison for streamlines between Ding et al. (on the left), Salam and Ahmed (in the
middle) and present study (on the right) for Rayleigh number 106.
RESULTS AND DISCUSSION
The results of the heat transfer and flow field analysis inside the cavity zone are discussed in terms of
streamlines, pressure contours, isotherms and Nussle number. Moreover, the vertical and horizontal
velocities and the temperatures profiles along the midsection of the cavity are presented for more
convenient.
Flow Field

240

Porosity Influence on Natural Convection Heat Transfer from a Heated Cylinder in a Square Porous Enclosure

The variations of streamlines contours at different porosity values, ɛ= 0.4, 0.5, 0.55, 0.6, and 0.65 at
Gr= 1.47×107 are illustrated in Fig.4. The thermal conductive ratio is fixed, kr =1 (thermal conductivity
of the solid and the fluid are the same). Generally, the streamlines are characterized by two
symmetrical vortices located at both sides of the hot cylinder due to presence of natural convection.
The vortices rotate in counterclockwise direction. The flow at the bottom of cavity is weak as
compared to the middle and top zones and that attains a local stratified flow in the lower part. As can
be seen, the height of the vortices centers slightly increases as the porosity increase. Moreover, the
circulation intensity increases with porosity as well. This is due to the action of the buoyancy forces
strength close to the hot surface. The hot fluid rises up from hot surfaces to the upper wall and lays
down beside the cold side walls. When the porosity of the medium increased, the flow intensity
increased and thus, the convection heat transfer has been enhanced. To explain the effect of thermal
conductivity ratio of the medium on the streamlines behavior inside the cavity, the analysis is carried
out for another value of conductivity ratio kr=10 for same value of Grashof number and porosity ratio
presented in Fig.4 and the results are illustrated in Fig.5. It is worth to mention that the thermal
conductivity of the solid is 10 times of the thermal conductivity of the fluid. Generally, it is found that
the streamlines behavior inside the enclosure for all porosity values is similar to that was presented in
Fig.4 above. However, the vortex intensity and position are different (lower intensity and position)
when kr=1 than that corresponding when kr=10. At low porosity ɛ =0.4 and 0.5, there is no a sensitive
difference since the vortices positions and its intensities are the same. This explains that effect of the
conduction heat transfer became more effective and showed more impact in weakening the flow field at
the low porosities. The pressure contours can reveal some of the physical insights into the flow field.
Fig. 6 and Fig.7 illustrate pressure contours inside the cavity to elucidate effect of porosity on the
pressure distribution at two thermal conductivity ratios, kr=1 and kr=10. In general, as the material
porosity increase, the range of pressure variation gradually decreases due to increase the momentum of
the flow over the hot cylinder. Furthermore, it can be clearly seen that the high-pressure zone at the
upper region of the cavity grows progressively and the low-pressure zone shrinks at the lower region of
the cavity as porosity increase. Hence, one can anticipate that the thermal cloud starts to develop
strongly and that in turn, enhances the flow and accelerate heat transfer processes. However, there is a
noticeable difference in the maximum pressure when comparing between the figures, which indicate
that thermal conductivity ratio, has a critical impact on the pressure distribution. It is noted that
pressure gradient at kr=10 is relatively higher than that showed at kr=1. The high-pressure gradient
might decrease the fluid flow in the cavity.
Thermal Field
Fig. 8 presents the isotherms contours for different porosity ɛ =0.4, 0.5, 0.55, 0.6, and 0.65 at fixed
Grashof number Gr= 1.47×107 and thermal conductivity ratio kr=1. At low porosity ɛ=0.4, the thermal
fields (isotherms) are approximately parallel. Therefore, the conduction heat transfer is a dominate
factor. By increasing the porosity of the medium, the isotherms spread out towards the upper cold
surface (upper wall) by the generated buoyancy force. The buoyancy force strength increases with the
porosity and that leads to increase the convection heat transfer. Fig.9 represents the same results for
same parameters values, but kr=10 instead of kr=1 in Fig.8. The results show same behaviors of the
temperature for different porosities as discussed before. However, there is a noticeable difference in
isotherms line when comparing with kr =1 in which the isotherms tend to spread out toward the three
cold walls. It is observed that the thermal plume layer behavior at kr = 10 is slower than that
corresponding at kr= 1. Thus, by increasing the material thermal conductivity, the buoyancy forces
decrease. This is mainly due to the reduction in the thermal resistance of the material, which allows
more thermal energy to be transferred through the media by the conduction, which is lead to deteriorate
the heat transfer by the convection.
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ɛ=0.4

ɛ =0.5

ɛ=0.55

ɛ =0.6

ɛ =0.65

Figure 4. The effect of porosity of a porous medium streamline patterns on free convection flow
around a cylinder at kr=1 and Gr=1.47×107
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ɛ= 0.4

ɛ=0.5

ɛ= 0.55

ɛ= 0.6

ɛ= 0.65

Figure 5. The effect of porosity of a porous medium on streamline patterns on free convection flow
around a cylinder at kr=10 and Gr=1.47×107
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ɛ= 0.4

ɛ= 0.5

ɛ= 0.55

ɛ= 0.6

ɛ= 0.65
Figure 6. The effect of porosity of a porous medium on the pressure distribution inside the cavity at
kr=1 and Gr=1.47×107
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ɛ= 0.4

ɛ= 0.5

ɛ= 0.55

ɛ= 0.6

ɛ= 0.65
Figure 7. The effect of porosity of a porous medium on the pressure distribution inside the cavity at
kr=10 and Gr=1.47×107
Average Nusselt Number Results
Fig. 10 illustrates effect of medium porosity on average Nusselt number (Nu) for different Grashof
numbers at constant thermal conductivity ratio kr=1. For a given porosity, the average Nusselt number
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increases linearly with porosity for all the given values of Grashof numbers. This is due to porosity
effect in enhancing convection heat transfer. The maximum value of average Nusselt number is
observed to be more for higher medium porosity. Virtually, average Nusselt number increases with
Grashof number for all values of medium porosity and that enhance natural convection process. Fig. 11
shows same results but for kr=10. The result is similar to that presented in Fig. 10. However, Nusselt
numbers values are higher than that corresponding in Fig. 10. This might because that Nusselt number
calculated by Eq. (10) depends on the temperature gradient on the cylinder surface and the effective
thermal conductivity (keff/kf) calculated by Eq. 6. That simply means keff/kf increases as kr=ks/kf
decrease. That reveals that effect of the increasing of keff is more significant than that the effect due to
the temperature gradient. Higher thermal conductivity of the medium helps the fluid to move at a faster
rate and thus, increases both the convection and conduction heat transfer processes.

ɛ=0.4

ɛ=0.5

ɛ=0.55

ɛ=0.6
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ɛ=0.65
Figure 8. The effect of porosity of a porous medium on isotherm patterns of free convection flow
around a cylinder at kr=1 and Gr=1.47×107

ɛ=0.4

ɛ=0.55

ɛ=0.5

ɛ=0.6
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ɛ=0.65
Figure 9. The effect of porosity of a porous medium on isotherm patterns of free convection flow
around a cylinder at kr=10 and Gr=1.47×107

Figure 10. Effect of porosity on average Nusselt number at kr=1 and at different Grashof numbers
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Figure 11. Effect of porosity on average Nusselt number at kr=10 and at different Grashof numbers
The Velocities and The Temperature Profiles
For better describing the flow behavior in this situation, the vertical and the horizontal velocities (v)
and (v) profiles along the section of the cavity (x) above the cylinder (y=1.25) are presented in Fig. 12
and Fig. 13, respectively. Generally, the rates of vertical velocity are higher than for horizontal
velocity. Moreover, it is clear that the absolute horizontal velocity increases with porosity and Grashof
numbers. From the velocity distribution in Fig. 12, can be observed that the flow rises in the middle of
the cavity between the points x = 1 and x = -1. The flow runs down starting from the same points above
toward the sidewalls at which the reverse flow occurs. Furthermore, the absolute magnitude of vertical
velocity increases with increasing the porosity and the Grashof number producing a stronger vortex
intensity. In Fig. 13, the horizontal velocity increases gradually with porosity and sharply with Grashof
number. Generally, the horizontal velocity increases at the right side of the cavity until a certain value
and then begins to descend in the middle and rise again close to the left vertical wall. It is noted that, at
high porosity values ɛ= 0.55 and 0.6, there is a reverse flow near the side walls in the Y plane for both
values of Grashof numbers. This behavior shows that the porosity plays a major role for enhancing the
horizontal flow inside the cavity. Fig.14 a and b depicts the dimensionless temperatures distribution on
in the cavity for different porosities at Grashof numbers Gr = 1.41×107 and Gr= 4.23×107 respectively.
In general, the temperatures have a symmetrical distribution on the cylinder sides. The dimensionless
temperatures increase as the porosity and the Grashof number increase. There is a significant change in
the isotherms profile at the porosities ɛ=0.6 and 0.65 for both values of the Grashof numbers.
CONCLUSION
This study depicts the natural convection in a heated cylinder placed inside a square cavity filled with
porous medium. Effect of porosity is tested and the results are obtained for different values of Grashof
number and thermal conductivity ratio. The outcomes of the current study can be described as follow:
1.
2.

The increasing in the porosity of the medium plays a critical role for enhancing the convection
heat transfer inside the cavity by strengthening the flow pattern of the fluid.
The average Nusselt number increases with an increasing in the thermal conductivity ratio at a
certain value of Grashof number. The variations of the Nusselt number are more sensitive for the
changing in keff than the changing in the temperature gradient. Thus, the conduction heat transfer
is improved in presence of convection since the fluid can easily pass.
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3.
4.

The fluid flow and thermal field contours are strongly affected by changing the porosity and
weakly affected by changing the thermal conductivity ratio of the medium.
Pressure distribution contours presents a good description for the changes in both porosity and
thermal conductivity.

(a)

(b)
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Figure 12. The vertical velocity distribution along x in the middle of cavity above the cylinder at y=1.0
for different values of porosity at Grashof number (a) Gr = 1.41×107 (b) Gr= 4.23×107.
(a)

(b)

Figure 13. The horizontal velocity distribution along x in the middle of cavity above the cylinder at
y=1.0 for different values of porosity at Grashof number (a) Gr = 1.41×107 (b) Gr= 4.23×107.
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(b)

(b)

Figure 14. Temperature distribution along x in the middle of cavity above the cylinder at y=1.0 for
deferent values of porosity at Grashof number (a) Gr = 1.41×107 (b) Gr= 4.23×107.
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NOMENCLATURE
1.75
𝐶𝑓
Inertia coefficient =
150𝜀 3
d
Cylinder diameter (m)
Da Darcy number
g
gravity acceleration (m/s2)
gβd3 (T −T )

c
h
Gr
Grashof number =
ϑ2
h
Heat transfer coefficient (W/m2.℃)
kf
Fluid thermal conductivity (W/m.℃)
k f.eff Effective conductivity of fluid (W/m.℃)
kr
thermal conductivity ratio = k s /k f

Nu
p
P
Pr
RR
T
∆T
Th
Tc
U
u
v
L
x
y

Nusselt number =
Perimeter (m)
Pressure field

hDh 

c 

p
Prandtl number =
Hydraulic radius ratio
Temperature (oC)
Temperature difference (oC)
Hot cylinder temperature (oC)
Cold cavity wall temperature (oC)
Velocity vector field
Horizontal velocity (m/s)
Vertical velocity (m/s)
Square cavity length (m)
Horizontal axis
Vertical axis

GREEK SYMBOLS
T−Tc
θ Dimensionless temperature field (
)
Th −Tc

α Thermal diffusivity (m2/s)
β Volume coefficient of expansion (k-1)
υ Kinematical viscosity (m2/s)
μ Dynamic viscosity (Pa.s)
ρ Density (kg/m3)
κ Thermal conductivity of air (W/m2.oC)
ε Material porosity
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