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A B S T R A C T

The aim of the present study is to analyze the entropy generation and convective heat transfer in a bottom-
heated wavy porous cavity containing a solid rotating cylinder. An isothermal heater of length h is placed on the
bottom wall of the cavity, while both the left and right vertical wavy walls are maintained at a constant cold
temperature Tc. The remainder parts of the bottom wall and the top wall are kept adiabatic. The Forchheimer-
Brinkman-extended Darcy model is assumed to hold. The dimensionless governing equations subject to the
selective boundary conditions are solved numerically using the Galerkin weighted residual finite element
method. The governing parameters of this study are the Rayleigh number (Ra=105 and 106), angular rotational
velocity (− 1000 ≤Ω≤ 1000), Darcy number (10−6 ≤ Da ≤ 10−2), number of oscillations (1 ≤ N ≤ 4) and
porosity of the medium (0.2 ≤ ε ≤ 0.8). The developed computational code is validated comprehensively using
the grid independence test and numerical data of other authors. The obtained results reveal that the flow control
can be accomplished by the angular rotational velocity or direction of the cylinder rotation, which have im-
portant design implications in practical applications. In addition, an augmenting in the porosity of the medium
causes an increase in heat transfer from the wall to the fluid and therefore an increase in the convective flow and
consequently a decrease in the Bejan number.

1. Introduction

Convection flow and heat transfer in porous medium has been a
subject of great interest in the past three decades due to the wide range
of industrial applications, such as geothermal reservoirs, matrix heat
exchangers, float glass production, flow and heat transfer in solar
ponds, air conditioning in rooms, optimization of solidification pro-
cesses of metals and alloys, waste nuclear processing, dissemination
control of chemical waste and pollutants, electronic packages, grain
storage systems and many others [1,2]. Natural and mixed convection
and heat transfer in closed cavities with different shapes occupies a
large part of the heat transfer literature. Square, rectangle, triangle,
cylindrical, elliptical and spherical geometries have been studied in
many researches. Complex geometries cover different types of geome-
trical configurations, namely wavy wall cavities, concave and convex
curved wall cavities, etc. A very recent comprehensive literature survey

concerning convection heat transfer in wavy porous cavities is given by
Shenoy et al. [3]. The authors of this book provided an excellent
background in the field of natural convection and heat transfer in wavy
cavities filled with viscous fluids, porous media, and nanofluids.

Studies dealing with convective heat transfer problems within
complex geometries have received a considerable attention in the lit-
erature because their wide applications in many engineering problems
like solar collectors, micro-electronic devices, electrical and nuclear
components, etc. Kumar [4] analyzed numerically free convection heat
transfer and fluid flow inside a vertical wavy enclosure filled with a
porous media. He reported that the heat transfer was very sensitive to
the Rayleigh number, wave amplitude, wave phase, and number of
waves in the vertical dimension of the cavity. Das and Mahmud [5]
have studied natural convection inside a wavy walled enclosure con-
sisting of two isothermal horizontal wavy walls and two straight adia-
batic vertical walls. Their results illustrated that the amplitude and the
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number of undulations of the wavy wall affect heat transfer char-
acteristics inside the cavity. Misirlioglu et al. [6] studied numerically
using the finite element method natural convection inside an inclined
wavy cavity filled with a porous medium. Al-Amiri et al. [7] studied
numerically mixed convection heat transfer in a lid-driven cavity with
sinusoidal heated wavy bottom wall. The vertical walls are adiabatic.
They investigated the effect of Richardson number, undulation number
and amplitude of the wavy surface on flow structure and heat transfer
characteristics. Rostami [8] numerically simulated the unsteady fluid
flow and heat transfer behavior in a cavity with vertical wavy walls and
horizontal straight walls. Mansour et al. [9] considered numerically the
problem of natural convection in wavy porous cavities under the in-
fluence of thermal radiation using a thermal non-equilibrium model.
Abu-Nada and Chamkha [10] made a computational work of the effects
of lid-driven wall on mixed convection flow in a lid-driven cavity with a
wavy wall filled with a nanofluid. They found that heat transfer rate
increases with the volume fraction of nanoparticles for all values of
Richardson numbers and bottom wall geometry ratios. Sheremet and
Pop [11] studied the natural convection in a wavy porous cavity filled
with a nanofluid and with sinusoidal temperature distributions on both
side walls. Recently, Sheremet et al. [12] studied flow and convective
heat transfer in a partially heated wavy porous cavity filled with a
nanofluid. Cheong et al. [13] considered the internal heat generation
effect on natural convection in a wavy porous cavity with sinusoidal
heating.

Additionally, due to various engineering applications of the problem
of heat transfer and fluid flow around a rotating elements such as
chemical mixing devices, rotating-tube heat exchangers, turbo ma-
chinery, drilling of oil wells, propulsion and fuel rod in nuclear reactors,
etc., this problem has been a subject of interest in various studies for a
better understanding of this phenomenon. Studies can be found in the
literature related to convection in enclosures with rotating elements
especially rotating cylinders. Hayase et al. [14] have investigated the
flow and heat transfer between rotating coaxial cylinders with peri-
odically embedded cavities. They showed that the momentum and heat

transfer increase by a factor of 1.1 as cavities are embedded in the outer
cylinder and by a factor of 1.2 in the case of cavities embedded in the
inner cylinder. A numerical study has been carried out by Fu et al. [15]
to investigate the natural convection enhancement in a cavity by using
a rotating circular cylinder. Kimura et al. [16] analyzed experimentally
mixed convection in a rectangular cavity using a rotating plate placed
at the center. The effect of rotating solid cylinder on the heat transfer in
a square cavity filled with porous medium was firstly considered by
Misirlioglu [17]. This study only investigated the effect of rotating solid
cylinder on the temperature distribution where it was found that the
rotation was more effective in the forced convection regime than in
mixed and natural convection regimes. Oztop et al. [18] have per-
formed a numerically mixed convection heat transfer and fluid flow in a
lid-driven square enclosure with a circular body. The results of that
investigation showed that, the circular body can be a control parameter
for heat and fluid flow. Costa and Raimundo [19] have carried out an
investigation on the problem of mixed convection heat transfer in a
square cavity with a rotating cylinder centered inside it. They analyzed
the influence of the cylinder radius, its rotating velocity, its thermal
conductivity and its thermal capacity on the mixed convection problem.
They have concluded that the rotating cylinder affects the thermal
performance of the enclosure and the thermophysical properties of the
cylinder are important parameters in controlling heat transfer process
in the cavity. Liao and Lin [20] carried out numerical investigation
using an immersed-boundary method for natural and mixed convection
within a cavity with a heated rotating cylinder. It has been found that
the rotation of the cylinder reduced the heat transfer rate. Hussain and
Hussein [21] have numerically studied laminar steady mixed convec-
tion problem in a 2D square cavity with a conductive rotating circular
cylinder enclosed inside it at different vertical locations. The results
showed that the location of the rotating cylinder is an important
parameter in controlling heat transfer within the enclosure. Recently,
Khanafer and Aithal [22] used the commercial software, ADINA to in-
vestigate mixed convection heat transfer in a lid-driven cavity with a
rotating cylinder. The effects of the dimensionless angular velocity, the

Nomenclature

A amplitude
Da Darcy number
h length of the heat source
H dimensionless length of the heat source, H= h/L
k thermal conductivity
Kr solid cylinder to fluid thermal conductivity ratio, Kr= ks/

kf
L width and height of the square cavity
N number of oscillations
Nμ irreversibility distribution ratio
Nu average Nusselt number
Pr Prandtl number
Ra Rayleigh number
Sgen entropy generation rate
SGEN dimensionless entropy generation rate
Sθ dimensionless entropy generation due to heat transfer ir-

reversibility
SΨ dimensionless entropy generation nanofluid friction irre-

versibility
T temperature
u, v velocity components in the x-direction and y-direction
U, V dimensionless velocity components in the X-direction and

Y-direction

x, y & X, Y space coordinates & dimensionless space coordinates

Greek symbols

α thermal diffusivity
ε porosity of the medium
θ dimensionless temperature
μ dynamic viscosity
ν kinematic viscosity
ρ density
ω
& Ω angular rotational velocity, dimensionless angular rota-

tional velocity

Subscript

b bottom
c cold
f base fluid
h hot
i interface
p porous
s solid cylinder
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direction of rotation and Richardson number were analyzed. It was
found that the average Nusselt number depends on the direction of the
angular velocity and increases with an increase in the angular velocity.

Based on the above literature, the study of entropy generation and
convective heat transfer in a wavy porous cavity with a rotating circular
cylinder has not yet been studied. Thus, we believe that this work is
valuable and original. Therefore, the main objective of the present in-
vestigation is to study the effects of varying number of oscillations,
amplitude and direction of the angular rotational velocity as well as
dimensionless length of the heated part in the cavity on the thermo-
hydrodynamic behavior and entropy generation inside a cavity
bounded by two vertical wavy walls. It is thought that the findings of
such a study can contribute to improving the performance of cooling of
electronic components.

2. Mathematical formulation

The steady two-dimensional convective heat transfer problem in a
wavy porous square cavity with length L having a rotating circular
cylinder placed at the center with radius r, is shown in Fig. 1. An iso-
thermal heater of length h is placed on the bottom horizontal wall of the
cavity, while the wavy vertical walls are maintained at a constant cold
temperature Tc. The remainder of the bottom wall and the top wall are
kept adiabatic. The boundaries of the domain are assumed to be im-
permeable and the fluid within the cavity is water (Pr= 4.623). The
Boussinesq approximation is applicable and the fluid physical proper-
ties are assumed constant except for the density. The Forchheimer-
Brinkman-extended Darcy model is assumed to hold. The type of the
porous media is assumed to be glass balls. The governing equations for
convection fluid flow using the conservation of mass, momentum and
energy equations can be written in dimensionless form as follows [23]:
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The governing equations of Navier-Stokes Eqs. (1)–(3), the energy
equation of the porous media (4) and the energy equation of the inner
solid cylinder (5) are transformed into dimensionless forms using the
following dimensionless variables:
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The dimensionless boundary conditions of Eqs. (1) and (5) are:

On the heated part of the bottom horizontal wall:

= = = = − ≤ ≤ +U V θ Y H X H0, 1, 0, (1 )/2 (1 )/2, (7)

On the adiabatic parts of the bottom wall:

= = ∂
∂

= = ≤ ≤ −

+ ≤ ≤

U V θ
Y

Y X H

H X

0, 0, 0, 0 (1 )/2

and (1 )/2 1, (8)

On the left vertical wavy wall:

= = = − − ≤ ≤U V θ A NπX Y0, 0, 1 (1 cos(2 )), 0 1, (9)

On the right vertical wavy wall:

= = = − ≤ ≤U V θ A NπX Y0, 0, (1 cos(2 )), 0 1, (10)

Fig. 1. Physical model of convection in a porous wavy cavity together with the
coordinate system.

Table 1
Grid testing for NuΨ ,min and Be at different grid sizes for Ω=250, N=3,
Ra=106, Da=10−3, ε=0.5 and H=0.5.

Grid size Number of elements Ψmin Nu Be

G1 2527 −6.5261 4.5663 0.22589
G2 2947 −6.6021 4.6221 0.22479
G3 3397 −6.7055 4.6899 0.22455
G4 3867 −6.6975 4.7027 0.22467
G5 4790 −6.7738 4.7533 0.22443
G6 11,800 −6.8555 4.9507 0.22397
G7 27,185 −6.8889 4.9561 0.22356
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On the adiabatic top wall:

= = ∂
∂

= ≤ ≤ =U V θ
Y

X Y0, 0, 0 1, 1,
(11)

=θ θ , at the outer solid cylinder surface,s (12)

= − − = − ∂
∂

= ∂
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U Y Y V X X θ
n

K θ
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Ω( ), Ω( ), ,r
s

0 0 (13)

where Kr= ks/kf is the thermal conductivity ratio. Over the surface
of the solid cylinder, the absolute value of velocity can be evaluated
as [19]

= RV| | |Ω| . (14)

Fig. 2. Ω=−500 (left), Ω=0 (middle), and Ω=500 (right) for streamlines (a) and isotherms (b); Costa and Raimundo [19] (top) and present study (bottom) for
Ra=105, N=0, Kr=1, R=0.2 and Pr=0.7.
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Fig. 3. (a) Streamlines (top) and isotherms (bottom): Kaluri and Basak [25] (left), present study (right); (b) local entropy generation due to fluid friction (top) and
local entropy generation due to heat transfer (bottom): Kaluri and Basak [25] (left), present study (right) for Ra=106, Da=10−3, N=0, R=0.2 and Pr=1000.

Fig. 4. Variations of the streamlines (left), isotherms (middle), and isentropic (right) evolution by angular rotational velocity Ω for Ra=106, Da=10−3, N=3 and
ε=0.5.
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The typical dimensionless parameter used to evaluate the relative im-
portance of the natural and forced convection is a modified form of the
Richardson number, defined elsewhere as Ri=(Ra/Pr)/Re2, where Re
is the Reynolds number. For the present problem and dimensionless
strategy, this parameter results [19]

= ⋅
⋅

Ri Ra
R
Pr

4Ω
,2 4 (15)

for Ω≠0 and R≠0. The local Nusselt number evaluated at the heated
part of the bottom horizontal wall is defined by

= ⎛
⎝

∂
∂

⎞
⎠ =

Nu θ
Y

.
Y 0 (16)

Finally, the average Nusselt number evaluated at the heated part of the
bottom horizontal wall of the cavity is given by:
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The entropy generation relation is given by [24]
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In dimensionless form, the local entropy generation can be expressed
as:
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The terms of Eq. (19) can be separated into the following form:

= +S S S ,θGEN Ψ (20)

where Sθ and SΨ are the entropy generation due to heat transfer irre-
versibility (HTI) and fluid friction irreversibility (FFI), respectively.
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Integrating Eq. (20) over the domain yields the global entropy gen-
eration (GEG) for the present two-dimensional study

∫ ∫ ∫= = +S X Y S X Y S X YGEG d d d d d d .θGEN Ψ (23)

It is appropriate to mention that to determine which is dominant, either
heat transfer or fluid friction irreversibility, we use the Bejan number:

∫
∫
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S X Y

S X Y
d d

d d
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GEN (24)

When Be>0.5, the HTI is the dominant, while when Be<0.5, the FFI
is dominant.

3. Numerical method and validation

The governing dimensionless Eqs. (1)–(5) subject to the boundary
conditions (7)–(13) are solved with the Galerkin weighted residual fi-
nite element method. The computational domain is discretized into
triangular elements. Triangular Lagrange finite elements of different
orders are used for each of the flow variables within the computational
domain. Residuals for each conservation equation are obtained by
substituting the approximations into the governing equations. To sim-
plify the nonlinear terms in the momentum equations, the Newton-
Raphson iteration algorithm was used. The convergence of the solution
is assumed when the relative error for each of the variables satisfies the
following convergence criterium:

− ≤
+

+ ηΓ Γ
Γ

,
i i

i

1

1

where i represents the iteration number and η is the convergence cri-
terion. In this study, the convergence criterion was set at η=10−6.

To ensure the independence of the present numerical solution on the
grid size of the numerical domain, we have used different grid sizes to
calculate the minimum strength of the flow circulation (Ψmin), average
Nusselt number and Bejan number (Be) for the case
Ω=250,N=3,Ra=106,Da=10−3,ε=0.5 and H=0.5. The results
shown in Table 1 indicate insignificant differences for the G6 grids and
above. Therefore, for all computations in this paper for similar pro-
blems to this subsection, the G6 uniform grid is employed. For the
purpose of validating the data, the present figures are compared with
the ones provided by Costa and Raimundo [19] for the case of mixed
convection in a square cavity heated from sides that has a solid rotating
cylinder, as shown in Fig. 2. In addition, a comparison is made between
the resulting figures and the one provided by Kaluri and Basak [25] for
the case of entropy generation and natural convection in a square
porous cavity heated from below, as shown in Fig. 3. These results
provide confidence to the accuracy of the present numerical method.

Fig. 5. Variations of the local Nusselt numbers interface with the bottom wall
for different Ω at Ra=106, Da=10−3, N=3 and ε=0.5.
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4. Results and discussion

This section presents numerical results for the streamlines, iso-
therms and isentropic with various values of Rayleigh number

(Ra=105 and 106), angular rotational velocity (− 1000 ≤Ω≤ 1000),
Darcy number (10−6 ≤ Da ≤ 10−2), number of oscillations (1 ≤ N ≤
4) and porosity of the medium (0.2 ≤ ε ≤ 0.8). The values of the
amplitude, dimensionless length of the heat source, thermal

Fig. 6. Variations of the streamlines (left), isotherms (middle), and isentropic (right) evolution by Darcy number Da for Ω=250, Ra=106, N=3, and ε=0.5.
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conductivity of water, thermal conductivity of the solid cylinder
(brickwork), thermal conductivity of the solid matrix (glass balls), di-
mensionless radius of rotating cylinder, dimensionless length of the
surface of the cylinder and Prandtl number are fixed at A=0.1,
H=0.5, kf=0.628, ks=0.76, kp=1.05, R=0.2, Θ=360 and
Pr=4.623. The values of the average Nusselt number are calculated for
various values of Ω and Da.

In Fig. 4 we show the effect of magnitude and direction of the ro-
tating cylinder on streamlines, isotherms, and local entropy generation
due to heat transfer and fluid friction at Ra=106, Da=10−3, N=3
and ε=0.5. We notice the formation of two counter-rotating cells de-
formed at the contact zones with the solid cylinder, one of which rotates
clockwise while the second rotates in the opposite direction. The fluid
that is heated by the bottom wall moves to the adiabatic upper wall,
where it divides into two streams, one moves towards the left vertical
cold wavy wall and the other moves towards the right one. This ob-
servation is valid for all values of Ω. It should be noted that a sym-
metrical flow characterized by two identical counter-rotating cells (the
two cells are nearly equal) for the case of Ω=0 corresponds to the
motionless cylinder (pure natural convection situation).

Rotating the cylinder in the clockwise direction increases the flow
intensity in the left side of the cavity and vice versa when the cylinder
rotates in the counterclockwise which enhances the convective flow on
the right side. This characteristic is due to the thermal field presented
by the isotherms where the thermal plume developed at the level of the
hot wall is oriented to the left for a clockwise rotation of the cylinder
and to the right for a rotation in the opposite direction. The isotherms
contours show that the temperature gradients near the vertical left
wavy wall of the enclosure are increased by increasing the rotation
speed of the cylinder in the clockwise direction. The inverse occurs
when the cylinder is rotating in the opposite direction. The distribution
of local entropy generation shows that local entropy generation is
concentrated at the edges of the hot wall where the temperature gra-
dient is important, which is due to maximum heat transfer in those
regions (significant entropy generation due to heat transfer). In

addition, a significant local entropy generation occurs to the crests of
the side wavy walls and close to the cylinder surface. This is due to the
significant velocity gradient of flow and so the fluid friction becomes
stronger in these regions (fluid friction irreversibility). The rotation of
the cylinder causes more local entropy generation due to raising in local
fluid velocities close to the solid cylinder which results in more energy
loss. It should be noted that the direction of cylinder rotation only af-
fects the distribution of the entropy generation within the cavity. It is
interesting to note that, the horizontal adiabatic top wall does not
contribute to entropy generation, as the circulation cells are weak in the
upper region of the cavity.

Fig. 5 presents local Nusselt number on the heated part of the
bottom wall of the cavity for different Ω at Ra=106, Da=10−3, N=3
and ε=0.5. The maximum and the minimum values of the local Nus-
selt number are obtained at both ends and at the middle of the hot wall,
respectively with a symmetrical profile for the case of Ω=0 (pure
natural convection situation).The local Nusselt distribution loses its
symmetry for the case of rotating cylinder (combined natural and
forced convection). This is because the minimum values move to the
left and right on the hot wall following the direction of development of
the thermal plume which is affected by the direction the cylinder ro-
tation. Indeed, for a clockwise rotation, the plume develops on the left
and vice versa for a counter-clockwise rotation. It is remarkable that the
Nusselt number values are not affected by the amplitude of the angular
rotational velocity.

Fig. 6 illustrates the streamlines, isotherms and entropy generation
maps at Ω=250, Ra=106, N=3, and ε=0.5 to show the influence
of the Darcy number Da on the flow, thermal and local entropy gen-
eration. At low Darcy numbers, the entropy generation in the cavity is
primarily due to heat transfer irreversibility and it is almost negligible
near the upper portion of the cavity due to insignificant heat flow in
that region because of the low velocities that prevail in the cavity. As Da
increases to 10−2, the permeability of the porous medium is increased
and thus the fluid flow is intense resulting in enhanced convective heat
from the hot wall. At this stage, due to stronger fluid flow, the entropy
generation is significantly higher compared to that for low Darcy and
the upper of the cavity participates in the entropy generation. This is
because the fluid circulation is stronger for higher Da which leads to a
high velocity gradients and hence a more entropy generation due to
fluid friction. Fig. 7 shows that the distributions of the Nusselt number
along the heated wall are significantly affected by Da and the heat
exchange is better for high Da.

It is clear that the undulation number of the walls has an influence
on the geometric shape of the flow cell, as well as on the distribution of
isotherms near the corrugated walls. The streamlines and isotherms
diverge at the troughs and converge at the crests of the waves indicating
an acceleration of the fluid in these areas and consequently the entropy
generation is important. In addition, by increasing the oscillation
number the temperature gradient increases near the cylinder and the
cold walls, so that a significant local entropy generation occurs close to
these areas (see Fig. 8). Fig. 9 shows that the distributions of the Nusselt
number along the heated wall are not affected much by the undulation
number of the corrugated walls.

Fig. 10 illustrates the variations of the average Nusselt number,
interface average Nusselt number and Bejan number dependency on the
Darcy number for different dimensionless angular rotational speed, Ω at
Ra=105, N=3 and ε=0.5. It can be seen in Fig. 10 (a) that the
average Nusselt number increases steadily with the Darcy number, and
in particular, increases significantly for Da>10−3. However, the value
of the average Nusselt number increases with the increase of Ω and this
increase can be related to the combined natural and forced convection

Fig. 7. Variations of the local Nusselt number interfaces with the bottom wall
for different N at Ω=250, Ra=106, N=3 and ε=0.5.
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effects which produces a significantly higher heat transfer rate.
According to Fig. 10 (b), it can be noted that the values of the Bejan

number are approximately equal to 1 at low values of the Darcy
number, which indicates that the entropy generation in the cavity is

primarily due to heat transfer irreversibility (HTI) during conduction
dominant heat transfer mode. As Da increases, Be decreases strongly
indicating the dominance of the irreversibility due to the fluid friction
(FFI) and this decrease is more acute for the case of a rotating cylinder.

Fig. 8. Variations of the streamlines (left), isotherms (middle), and isentropic (right) evolution by number of oscillations N for Ω=250, Ra=106, Da=10−3 and
ε=0.5.
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It is interesting to note that due to the symmetry of the boundary
conditions and the geometric symmetry, both the mean Nusselt number
and Bejan number not affected by the direction of cylinder rotation.

For a better comparison, Fig. 11 shows the variations of the average
Nusselt number, interface average Nusselt number and Bejan number
with Ω for different Darcy numbers at Ra=106, N=3 and ε=0.5.
According to Fig. 11 (a), it is noted that the maximum values of the
mean Nusselt number along the hot wall are recorded for high Da
numbers and for rotating velocities close to zero (nearly motionless
cylinder). As expected, Be decreases as Da increases indicating the
dominance of the irreversibility due to the fluid friction at high Da
when the convective flow is strong (see Fig. 11 (b)).

Fig. 12 illustrates the variations of the average Nusselt number and
the Bejan number with Ω for different N at Ra=106, Da=10−3 and

ε=0.5. This figure indicates that the values of the mean Nusselt
number are clearly affected by the shape of the wavy sidewalls. The
variations of the Bejan number with Ω for different N shows that the
fluid friction irreversibilities are dominant in the total irreversibility.
However, the increase in the oscillation number N causes the entropy
generation due to the fluid friction to decrease because the presence of
waves on the vertical walls reduces the convective flow.

According to Fig. 13 (a) and (b), for a given dimensionless angular
rotational velocity, augmenting in the porosity of the porous medium
improves heat transfer rate from the wall to the fluid. Moreover, as the
porosity increases, the intensity of convection increases within the
porous cavity which is associated with a decrease in the Bejan number
(implying a decrease in the dominance of heat transfer irreversibility
(HTI)).

5. Conclusions

In the present numerical study, the finite element method was
employed to analyze the entropy generation analysis and convective
heat transfer in a wavy square porous cavity with a rotating circular
cylinder. Some important conclusions from the study are given below:

1. The entropy generation in the cavity is primarily due to heat transfer
irreversibility (HTI) during conduction dominant heat transfer
mode. As the Darcy number increases, the Bejan number decreases
indicating the dominance of the irreversibility due to the fluid
friction (FFI) and this decrease is more acute for the case of a ro-
tating cylinder.

2. Heat transfer rate from the wall to the fluid increases with the Darcy
number and, in particular, increases significantly for Da>10−3.

3. The maximum values of the mean Nusselt number along the hot wall
are recorded for high Darcy numbers and for rotating velocities
close to zero (nearly motionless cylinder).

4. Due to the symmetry of the boundary conditions and the geometric
symmetry, both the mean Nusselt numbers and Bejan number are
not affected by the direction of cylinder rotation.

5. The increase in the oscillation number causes the entropy genera-
tion due to the fluid friction to decrease because the presence of
waves on the vertical walls reduces the convective flow.

6. Augmenting in the porosity of the medium causes an increase in

Fig. 9. Variations of the local Nusselt number interfaces with the bottom wall
for different N at Ω=250, Ra=106, Da=10−3 and ε=0.5.

Fig. 10. Variations of the (a) average Nusselt number and (b) Bejan number interface with Da for different Ω at Ra=105, N=3 and ε=0.5.
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Fig. 11. Variations of the (a) average Nusselt number and (b) Bejan number interface with Ω for different Da at Ra=106, N=3 and ε=0.5.

Fig. 12. Variations of the (a) average Nusselt number and (b) Bejan number interface with Ω for different N at Ra=106, Da=10−3 and ε=0.5.

Fig. 13. Variations of the (a) average Nusselt number and (b) Bejan number interface with Ω for different ε at Ra=106, Da=10−3 and N=3.
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heat transfer from the wall to the fluid and therefore an increase in
the convective flow and consequently a decrease in the Bejan
number.
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