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In this study, mixed convection in a vertically half partitioned cavity with two rotating adiabatic cylinders is numer-
ically investigated. The horizontal walls are thermally insulated. The left vertical wall is kept isothermally at high
temperature while the right vertical wall is kept isothermally at lower temperature. The Galerkin weighted residual
finite element method is used to solve the governing equations. The numerical study is performed for various values of
Rayleigh numbers (between 103 and 106), angular rotational speed of the cylinders (between –5000 and 5000), Darcy
numbers (between 10−5 and 10−2), horizontal positions of the cylinder centers (between 0.4 and 0.6) and cylinder sizes
(between 0.1 and 0.4). It is observed that angular velocity of the cylinders and cylinder sizes have a profound effect on
the heat transfer enhancement along the hot vertical wall. The averaged heat transfer enhancements are 354.65% and
45.24% at a Rayleigh number of 106 compared to the case at a Rayleigh number of 103 for cylinder sizes of R = 0.1 and
R = 0.4. Large variations in the local heat transfer are seen for various angular velocities of the cylinder, and cylinder
rotation brings averaged heat transfer enhancement for sizes of R = 0.3 and R = 0.4. The averaged heat transfer
enhances by 235.10% for a Darcy number of 10−2 compared to a Darcy number of 10−5 using cylinder sizes of R =

0.1. The horizontal movement of the cylinder centers increases the averaged heat transfer by 34.08% for (D1 = D2 =

0.6) compared to configuration at (D1 = D2 = 0.4) for angular rotational speed of Ω = –5000.
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1. INTRODUCTION

Convective heat transfer inside enclosures has received unique attention because of its importance in environmental
and industrial applications. Although various studies have been surveyed in Bejan (2004), the continuous search in this
field of investigation reveals the needful demands of modern technologies, such as cooling the electronic components,
solar collectors, and underground storage. Because of this, improving or controlling the thermal performance of
these enclosures has been the subject of many research efforts. As an efficient vehicle of improving the thermal
performance of these industrial applications, mixed convection arises by several mechanisms. Lid-driving of a single
or double wall has appreciably improved the thermal performance inside an enclosure, as in Iwatsu et al. (1993),
Khanafer and Chamkha (1999), Chamkha (2002), Abu-Nada and Chamkha (2010), Chamkha and Abu-Nada (2012),
and Ismael et al. (2014). The combined effect of including inserted bodies together with the shear effect arising from
lid-driven (Oztop et al., 2009; Rahman and Alim, 2010; Shih et al., 2009; Islam et al., 2012; Khanafer and Aithal,
2013; Selimefendigil and Oztop, 2014a,b,c,d,e) can lead to alternative options of the aspect of controlling the thermal
performance.
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Alternatively, the convection within enclosure can further be developed to mixed convection by rotating the
inner cylinder in either directions (Selimefendigil and Oztop, 2014a–e). It is found that this active mechanism highly
enriches the aspects of heat transfer and fluid motion. The early study of such a configuration may refer to Lewis
(1979), followed by Ghaddar and Thiele (1994), Fu et al. (1994), Hellou and Coutanceau (1992), and Kimura et al.
(1995) for a circular cylinder, and Yang and Farouk (1995) for a square cylinder. After development of computer
processors, the problem had been precisely studied with a wider range of pertinent parameters. Costa and Raimundo
(2010) used heatlines to visualize the heat transfer process in a differentially heated square enclosure with conductive
rotating cylinder. Hussain and Hussein (2011) included the effect of vertical position of the rotating cylinder. Roslan
et al. (2012) studied the effect of a rotating cylinder on heat transfer in a nanofluid-filled square enclosure. Liao
and Lin (2014) investigated the heated rotating cylinder in a square cavity using an immersed-boundary method.
Chatterjee et al. (2014) conducted a numerical simulation for hydromagnetic mixed convection transport in a square
cavity subjected to an externally applied magnetic field and filled with electrically conducting fluid in the presence of
a thermally conductive rotating cylinder. Cavities of different shapes with an inner isothermal rotating cylinder were
studied by Shih and Cheng (2015). Their results revealed that the triangular cavity had the greatest ability to dissipate
thermal energy while the circular cavity had the worst performance.

Apart from the target of heat transfer enhancement, there exists a field of investigation that uses an arrangement
of n-rotating cylinders (wheren is even) immersed in Newtonian or non-Newtonian fluid for the purpose of eluci-
dating the structure of low Reynolds number flows in a given geometry. Taylor (1934) first constructed Stokes flow
fields to study the distortion and eventual breakup of a droplet using a four-roll mill. However, studying the basic
viscometer, generating a stagnation point, and even testing an innovated numerical technique can be behind this field
of investigation, for example, see Hills (2002), Price et al. (2003), and Young et al. (2007).

The authors of the present work are interested in the investigation of the effect of rotating two disjoint cylinders
embedded in a cavity composed of a vertically porous layer superposed by a regular fluid. This layered geometry has
found its area in the study of natural convection heat transfer and/or thermosolutal convection in a cavity. This cavity
has vast industrial and environmental applications, such as; fibrous thermal insulation, solidification, fuel cell, cooling
of nuclear fuel debris, solar collectors, and many other applications. Such cavities may be partitioned horizontally
(Chen and Chen, 1992; Kim and Choi, 1996; Singh et al., 1999; Bagchi and Kulacki, 2012) or vertically (Beckermann
et al., 1987; Mharzi et al., 2000; Gobin et al., 2005; Chamkha and Ismael, 2014). However, Chamkha and Ismael
(2014) had reviewed the most important works regarding partially layered cavities.

Hence, the above critical literature survey has motivated an ambition to consider the enhancement of natural
convection in a vertically partitioned square cavity by inserting two rotating disjoint circular cylinders. The cavity
is composed of porous layer that occupies the left half, and the remainder is a regular fluid layer. The cylinders are
considered adiabatic, rotating in the same sense, and their centers lay on a vertical line such that they enable the
momentum exchange between the two layers. The horizontal walls of the cavity are thermally insulated. The left wall
is isothermally heated; whereas, the right wall is isothermally cooled. It is thought that the mixed convection arising
from the present geometry will enrich the aspects inside partitioned-porous layer cavities.

2. MATHEMATICAL FORMULATION

Figure 1 shows the problem under consideration, schematically. It is a vertically half-partitioned square cavity with
two rotating adiabatic cylinders. A porous layer occupies the left half of the cavity, while its remainder is filled by
regular liquid. The horizontal walls are thermally insulated (adiabatic). The left wall is kept isothermally at high
temperatureTh, while the right wall is kept isothermally at lower temperatureTc. All outer boundaries are imper-
meable, except the interface between the porous and fluid layers is permeable. The pores within the porous layer are
assumed to be uniform and undeformable and in thermal equilibrium with the fluid saturated in the porous layer. In-
compressible and laminar flow with ignored energy dissipation and radiation of surfaces is assumed. Fluid properties
are assumed to be constant with temperature except for the density, where it obeys Boussinesq approximation. The
flow within the porous medium is adopted using the Darcy-Brinkman model.

The dimensionless form of the governing equations is as follows:

∂Uf,p/∂X + ∂Vf,p/∂Y = 0 (1)
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FIG. 1: Schematic diagram of the physical model with boundary conditions
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whereε is the porosity of the porous medium,α is the thermal diffusivity, andU , V are the dimensionless velocity
components inX, Y Cartesian coordinates. The above system can be written for fluid domain (subscript f) and for
porous domain (subscript p) according to the following:

ε =

{
1 for fluid layer
ε for porous layer

, δ =

{
0 for fluid layer
1 for porous layer

, and αeff =

{
αf for fluid layer
αeff for porous layer

αeff =
keff

(ρCp) f
, keff = (1− ε) ks + εkf

whereks is the thermal conductivity of solid matrix forming the porous layer (= 0.845 W/m.K),kf is the thermal
conductivity of fluid (water),kf = 0.631 W/m.K, and (ρCp)f is the heat capacity of water. The nondimensional
quantities are as follows:
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R1,2 =
r1,2

L
, Wp =

wp

L

Pr= νf/αf is the Prandtl number, Da= K/L2 is the Darcy number, Ra= gβf(Th –Tc)L
3/νfαf , is the Rayleigh

number, and Gr= Ra/Pr= gβf(Th – Tc)L
3/ν2

f is the Grashof number andΩ1,2 = ω1,2L
2/αf is the nondimensional

angular rotational speed of the cylinder. Richardson number is important to be imposed in mixed convection study,
Ri = Gr/Re2, Reynolds number is defined as Re= ωrL3/νf , hence

Ri =
Ra/Pr

(ω1 r1 L/νf)
2 =

RaPr
Ω2R2

1

The subscripts p, f, 1, 2 refer to porous, fluid, cylinder 1, and cylinder 2, respectively.

2.1 Boundary Conditions

1. On the horizontal walls,∂θ/∂Y = 0,U = V = 0

2. On the left wall,θ = 1,U = V = 0

3. On the right wall,θ = 0,U = V = 0

4. Along the fluid-porous interface (continuity condition):
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5. On the solid surface of each rotating cylinder:

i. U = Uo
(Y − Yo)

R
= Ω(Y − Yo), andV = Uo

(Xo −X)

R
= Ω(Xo −X)

ii.
∂θf
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within the fluid layer

= 0 and
∂θp
∂n︸︷︷︸

within the porous layer

= 0

where (Xo, Yo) andR are the center of either cylinder and its radius respectively,Ω is the dimensionless rotational
speed of the cylinder, andn is a vector normal to any cylinder. Once the dimensionless velocities (U andV ) and the
dimensionless temperature (θ) found, the interested quantities of the local Nusselt (Nuy) and average Nusselt (Num)
numbers along the left hot wall can be calculated. The interested quantities to be calculated and presented are as
follows:

1. Streamline contours are a comprehensive appliance to describe the flow fields within the cavity. They are
calculated via the equation:

∂2Ψf,p

∂X2
+

∂2Ψf,p

∂Y 2
=

(
∂Uf,p

∂Y
− ∂Vf,p

∂X

)
(5)

The boundary conditions for this equation are;Ψf,p = 0 on the four cavity walls. On the cylinder surface, the
boundary condition can be set as follows:

∂Ψf,p

∂Y
= Uf,p = Ω(Y − Yo) ,

∂Ψf,p

∂X
= −Vf,p = −Ω(Xo −X)
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2. Local and average Nusselt numbers along the left wall are

Nuy = −keff
kf

∂θ

∂X

∣∣∣∣
X=0

(6)

Num =

1∫
0

NuydY (7)

3. SOLUTION METHODOLOGY AND CODE VALIDATION

Equations (1)–(4) along with the boundary conditions are solved by using the finite element formulation, which is
obtained by establishing the weak form of the governing equations with the Galerkin procedure. The computational
domain is divided into nonoverlapping regions, and within these regions the flow variables are approximated with
interpolation functions. Lagrange finite elements of different orders are used to discretize the velocity components,
pressure, and temperature within the computational domain. When the relative error for each of the variables (Γ)
satisfies the following convergence criteria: ∣∣∣∣Γn+1− Γn

Γn+1

∣∣∣∣ ≤ 10−6 (8)

the convergence of the solution is assumed. Grid independence was assured to obtain an appropriate grid distribution
with accurate results and minimal computational time. The averaged Nusselt number results for various grid sizes
are shown in Table 1 for cylinder sizes ofR = 0.1 andR = 0.4 (Ra= 106, Ω = 5000, Da= 10−2). Grid type G4,
with 38,784 and 45,740 numbers of elements, was chosen in the subsequent computations for cylinder sizes ofR =
0.1 andR = 0.4. The present code is validated against the numerical results of Khanafer and Aithal (2013). Figure 2
shows the comparison results of local Nusselt number distributions for a lid-driven cavity for various Richardson
numbers computed in Khanafer and Aithal (2013). The results shown in Fig. 2 provide sufficient confidence for the
accuracy of the present code.

4. RESULTS AND DISCUSSIONS

Numerical simulations are performed for various values of Rayleigh numbers (Ra, between 103 and 106), angular
rotational velocity of the cylinders (Ω, between –5000 and 5000), Darcy number (Da, between 10−5 and 10−2),
horizontal locations of the cylinders (D1, D2, between 0.4 and 0.6), and cylinder sizes (R, between 0.1 and 0.4). The
results of the simulation are presented in terms of streamlines, isotherms, and Nusselt number distribution plots for
various values of these parameters. The value of porosity (ε) is 0.398.

Figures 3 and 4 demonstrate the effects of varying Rayleigh number on the flow and thermal patterns for fixed
values of (Ω = 2000, Da= 10−4, D1, D2 = 0.5) considering three different cylinder sizes (R = 0.1, 0.2, 0.4). The

TABLE 1: Grid independence test results for cylinder sizes ofR = 0.1 andR = 0.4 (Ra= 106, Ω =
5000, Da= 10−2)

Grid name No. elements (R = 0.1) Num(R = 0.1) No. elements (R = 0.4) Num (R = 0.4)
G1 606 7.132 1318 11.386

G2 2424 6.706 5272 10.611

G3 9696 6.583 21088 10.363

G4 38784 6.562 45740 10.341

G5 66986 6.560 62427 10.332
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FIG. 2: Code verification: local Nusselt number distribution computed in Khanafer and Aithal (2013) (markers) and computed
with present code (lines) for various Richardson numbers

FIG. 3: Flow patterns for various Rayleigh numbers and cylinder sizes (Ω = 2000, Da= 10−4, D1 = D2 = 0.5)
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FIG. 4: Thermal patterns for various Rayleigh numbers and cylinder sizes (Ω = 2000, Da= 10−4, D1 = D2 = 0.5)

cylinder rotates in a counterclockwise direction. At cylinder size ofR = 0.1, two recirculating vortex centers are seen
on the right half of the cavity and the flow is accelerated in the vicinity of the cylinder for Ra= 103. When the value
of the Rayleigh number increases, the vortices on the right half of the cavity coalesce into one cell [Fig. 3(b)] and
then moves toward the top right corner of the cavity [Fig. 3(c)] atR = 0.1.

At Ra= 106, the vortex in the vicinity of the right top corner acts as an obstacle and the flow in the gap between
this vortex and right vertical wall accelerates. The effect of cylinder rotation on the flow patterns for the left half of
the cavity is negligible, because the gap between left vertical wall and cylinder surfaces is big and the effect of natural
convection is significant for cylinder size ofR = 0.1. When the cylinder size is increased toR = 0.2, the trend in
the flow behavior is similar for various Rayleigh numbers with that of cylinder size ofR = 0.1. At Ra= 106, the
multicellular structure is seen with small vortex sizes in the vicinity of both cylinders.
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At a cylinder size ofR = 0.4, the cylinder rotation has a significant influence on the flow patterns for the left half
of the cavity due to the decreased space between the left wall and cylinder surface. At Ra= 105, a vertically elongated
vortex near the left wall is seen and at Ra= 106, a recirculation zone between the rotating cylinder on the left half of
the cavity is observed that is due to the decreased space between the cylinders and interaction of the cylinder rotation
toward the counterclockwise direction and hot rising fluid movement in the clockwise direction. For this cylinder size
of R = 0.4, there is very little influence of Rayleigh number on the flow patterns for the right half of the cavity.

Isotherms are also affected by the variation of the Rayleigh number and cylinder size. At Ra= 103, the isotherms
are parallel to the left vertical wall in the left half of the cavity, indicating the dominance of conduction for cylinder
size ofR = 0.1. As the value of the Rayleigh number enhances, steep temperature gradients are seen in the lower part
of the left vertical wall. The isotherms become parallel to the horizontal walls with increasing Rayleigh number for
cylinder sizes ofR = 0.1 andR = 0.2, indicating the dominance of convection inside the right half of the cavity. At
the highest Rayleigh number of interest Ra= 106, the extent of steep temperature gradients on the left vertical wall
decreases with increasing cylinder size.

The local and averaged Nusselt number distributions along the left vertical are demonstrated in Figs. 5 and 6 for
various cylinder sizes and Rayleigh numbers (Ω = 2000, Da= 10−4, D1 = D2 = 0.5). The local Nusselt number
enhances as the value of Rayleigh number increases untilY = 0.85,Y = 0.75,Y = 0.55 for cylinder sizes ofR =
0.1,R = 0.2, andR = 0.4, respectively. The deterioration of the local heat transfer on the vertical wall for the large
portion of it for cylinder size ofR = 0.4 is due to the increased effect of convection due to rotation, which suppresses
the natural convection of hot rising fluid from the left vertical wall on the upper part of it. The averaged Nusselt
number enhances with Rayleigh number and the increase is sharper from Ra= 105 to Ra= 106 for cylinder sizes of
R = 0.1 andR = 0.2. The averaged heat transfer enhancements are 354.65% and 45.24% at Ra= 106 compared to
the case at Ra= 103 for cylinder sizes ofR = 0.1 andR = 0.4.

The effects of varying the angular rotational speed of the cylinder are shown in Figs. 7 and 8 at fixed values of
(Ra= 105, Da= 10−4, D1 = D2 = 0.5) for three different cylinder sizes (R = 0.1, 0.2, 0.4). The value ofΩ = 0
corresponds to a stationary cylinder, and a positive value ofΩ denotes counterclockwise rotation. For cylinder size of
R = 0.1, a recirculation zone is formed in right half of the cavity and the flow velocity is higher in this region when
the cylinder is not rotating. The clockwise rotations of the cylinders induce additional vortices near the upper and
lower rotating cylinders, and the extent of the recirculating zone in the right half of the cavity diminishes in size near
the cylinders [Fig. 7(a)]. For counterclockwise rotation of the cylinder at size ofR = 0.1, the vortex in the right half
of the cavity breaks into two parts and flow velocity reduces. When the cylinder size is increased toR = 0.2, there is
slightly change of flow patterns for motionless cylinder case.

For clockwise rotation of the cylinder (Ω = –5000), an additional vertically elongated recirculation zone is seen
near the right vertical wall and two vortex centers are seen adjacent to the upper and lower rotating cylinders. For
counterclockwise rotation, a vertically elongated recirculation zone occupies almost all of the right half of the cavity
and the flow is accelerated near the cylinders. Further increment of the cylinder size results in reduction of the gap
between the cavity walls and cylinder surfaces. A recirculation zone is formed between the cylinders on the right half
of the cavity, and its size and strength change with cylinder rotation. The isotherms are also affected with cylinder
rotation. The thermal patterns on the left part of the cavity are similar, and there is a slight change of isotherms
near the cylinder due to the rotation on the right part of the cavity for cylinder size ofR = 0.1. As the size of the
cylinder increases, the effect of rotation on the isotherms is significant both for the left and right part of the cavity.
For the motionless cylinder case at size ofR = 0.2, the isotherms become less clustered along the left vertical wall,
especially in the upper part. This effect is more pronounced for size ofR = 0.4, and heat transfer is least effective
for this configuration. The rotation of the cylinder induces steep temperature gradients along the left wall, especially
in the lower and upper parts for clockwise and counterclockwise rotation of the cylinders at size ofR = 0.4. The
clockwise rotation of the cylinder enhances the heat transfer process in the upper part of the hot wall for cylinder size
of R = 0.4 [Fig. 8(i)].

The local and averaged heat transfer plots are shown in Figs. 9 and 10 for various angular rotational velocities
of the cylinders and different cylinder sizes. There are large variations in the local Nusselt numbers for different
angular rotational velocities when the cylinder size increases. This is due to the increased effect of convection of
cylinder rotation with decreasing gap and more interaction of the flow with hot rising fluid from the left vertical wall.
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FIG. 5: Local Nusselt number distribution along the hot wall for different Rayleigh numbers and cylinder sizes (Ω = 2000, Da=
10−4, D1 = D2 = 0.5)
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FIG. 6: Averaged Nusselt number along the hot wall for different Rayleigh numbers and cylinder sizes (Ω = 2000, Da= 10−4,
D1 = D2 = 0.5)

FIG. 7: Streamlines for various angular rotational velocities of the cylinder and cylinder sizes (Ra= 105, Da= 10−4,D1 = D2 =
0.5)
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FIG. 8: Isotherms for various angular rotational velocities of the cylinder and cylinder sizes (Ra= 105, Da= 10−4, D1 = D2 =
0.5)

For cylinder size ofR = 0.2, local enhancement of the heat transfer with clockwise cylinder rotation is seen from
Y = 0.5 until the upper end of the left vertical wall and fromY = 0.25 for the counterclockwise rotations of the
cylinders. For cylinder size ofR = 0.4, local enhancement of the heat transfer is seen for the whole part of the wall
for clockwise rotation of the cylinders and for the large portion of the cavity for the counterclockwise rotations of
the cylinders compared to motionless cylinder configuration. The averaged Nusselt number enhances with cylinder
rotation for size ofR = 0.4 when compared to case atΩ = 0. For cylinder size ofR = 0.3, the averaged Nusselt
number decreases fromΩ = 0 toΩ = 500 and enhances for other angular rotational velocities of the cylinder when
compared to case atΩ = 0. For smaller cylinder sizes, the rotation of the cylinders slightly enhances or deteriorates
the averaged heat transfer along the left vertical wall due to the deterioration and enhancement of the local Nusselt
number along the hot wall of the cavity.

Volume 20, Issue 6, 2017
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FIG. 9: Local Nusselt number distribution along the hot wall for various angular rotational velocities of the cylinder and cylinder
sizes (Ra= 105, Da= 10−4, D1 = D2 = 0.5)

Journal of Porous Media



Mixed Convection in a Vertically Layered Fluid-Porous Medium Enclosure 503

FIG. 10: Averaged Nusselt number variation along the bottom wall for different angular rotational velocities of the cylinder and
cylinder sizes (Ra= 105, Da= 10−4, D1 = D2 = 0.5)

The influence of varying Darcy numbers on the flow and thermal fields are depicted in Fig. 11 for fixed values
of (Ra= 105, Ω = 2500,R = 0.2,D1 = D2 = 0.5). As the value of the Darcy number enhances, flow motion
and the maximum value of the stream function increase. The cavity is filled with two recirculating zones between
the cylinders for the left and right halves of the cavity. Isotherms become more clustered along the left vertical wall,
especially in the lower part, with an increase in Darcy number, because the convection is enhanced due to an increase
in permeability. The isotherms become parallel to the horizontal walls for the inner parts of the left and right halves of
the cavity, and isotherms are less clustered in the upper parts of the left vertical wall where the heat transfer process
is less effective for those locations.

FIG. 11: Flow and thermal patterns for various Darcy numbers (Ra= 105, Ω = 2500,D1 = D2 = 0.5)
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The local and averaged Nusselt number plots are shown in Figs. 12 and 13 for various values of Darcy numbers
and cylinder sizes. As the size of the cylinder increases, the local deterioration of the heat transfer is more effective

FIG. 12: Local Nusselt number distribution along the left vertical wall for different Darcy numbers and cylinder sizes (Ra= 105,
Ω = 2500,D1 = D2 = 0.5)
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FIG. 13: Averaged Nusselt number versus Darcy numbers for various cylinder sizes (Ra= 105, Ω = 2500,D1 = D2 = 0.5)

along the upper part of the left vertical wall with increasing values of Darcy numbers. The averaged heat transfer
enhances with Darcy number, and the enhancement is more effective from the lowest value to the highest value of the
Darcy number for the cylinder size ofR = 0.1. This is due to the decreased effect of convection from the rotating
cylinder compared to the natural convection and because the local deterioration of the heat transfer is less effective
for the upper part of the vertical wall. Averaged Nusselt number increases by 235.10% and 82.50% for Da= 10−2

compared to Da= 10−5 for cylinder sizes ofR = 0.1 andR = 0.4 due to the increased permeability of the porous
medium with increasing Darcy numbers.

Finally, the effects of varying horizontal positions of the cylinders on the streamlines and isotherms are shown
in Figs. 14 and 15 for various angular rotational speeds of the cylinders and for fixed values of (R = 0.2, Ra= 105,
Da= 10−4). When the rotating cylinder centers are placed in the left half of the cavity, multicellular structure is seen
for the right half of the cavity and a single recirculation zone is seen for the motionless cylinder configuration. The
number of recirculation zones on the right half is 3 for the clockwise rotation of the cylinders [Fig. 14(a)]. When the
cylinder centers are located on the midaxis of the cavity and on the right half of the cavity, the space for hot rising fluid
on the left half of the cavity increases and the size and shape of the recirculation zone on the right half of the cavity
between the cylinders changes with angular rotational speed of the cylinders. The thermal patterns are also affected
by the variation of the horizontal locations of the cylinder centers. Compared to motionless cylinder configurations
[Figs. 15(b), 15(e), and 15(h)], rotation of the cylinder causes more clustering of the isotherms on the upper part of
the left vertical wall. Steep temperature gradients are seen along the upper part of the hot wall with rotation of the
cylinders.

When the cylinder centers are located in the left half of the cavity, clockwise and counterclockwise rotation of
the cylinder enhance local heat transfer, as is shown in Fig. 16. As the cylinders move closer to the right wall, in
the lower portions of the left vertical wall, heat transfer is deteriorated for counterclockwise rotation of the cylinders
since natural convection is suppressed with cylinder rotation in this case. For the upper parts of the hot wall, heat
transfer is least effective for the motionless cylinder configurations. The cylinder rotation either in clockwise or coun-
terclockwise rotation generally enhances the averaged heat transfer compared to motionless cylinder configuration as
it is shown in Fig. 17. Averaged heat transfer deteriorates when the motionless cylinders move toward the right and
left vertical walls from the middle of the cavity. For the clockwise rotation of the cylinder, averaged Nusselt number
increases when the cylinders are closer to the right vertical wall of the cavity. The horizontal movement of the cylinder
centers brings about 38.05% and 34.08% of averaged heat transfer enhancements for (D1 = D2 = 0.6) compared to
case at (D1 = D2 = 0.4) when the angular rotational speeds of the cylinders areΩ = 0 andΩ = –5000, respectively.
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FIG. 14: Streamlines for various horizontal locations and different angular rotational velocities of the cylinder at size ofR = 0.2
(Ra= 105, Da= 10−4)

5. CONCLUSIONS

Numerical simulation analysis of mixed convection in a vertically half partitioned cavity having two rotating adiabatic
cylinders was conducted. The left half of the cavity is occupied by a porous layer, whereas its remainder is filled by a
regular liquid.
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FIG. 15: Isotherms for various horizontal locations and different angular rotational velocities of the cylinder at size ofR = 0.2
(Ra= 105, Da= 10−4)

Some of the important conclusions from the numerical simulation results are as follows:

• The local heat transfer increases with the Rayleigh number untilY = 0.85,Y = 0.55 for cylinder sizes ofR =
0.1 andR = 0.4. Because of the increased influence of convection with cylinder rotation, which suppresses
the natural convection, deterioration of the local Nusselt number on the hot wall for the large portion of it is
seen for a size ofR = 0.4. The averaged Nusselt number enhancements are about 354.65% and 45.24% at
Ra= 106 compared to the case at Ra= 103 for cylinder sizes ofR = 0.1 andR = 0.4.
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FIG. 16: Local Nusselt number distribution along the right vertical wall for different horizontal positions and various angular
rotational velocities of the cylinder of the cylinder for size ofR = 0.2 (Ra= 105, Da= 10−4)
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FIG. 17: Averaged Nusselt number variation along the left vertical wall for different horizontal positions and various angular
rotational velocities of the cylinder for size ofR = 0.2 (Ra= 105, Da= 10−4)

• Large variations in the local heat transfer are seen for different angular rotational speeds of the cylinders when
the cylinder size is increased, which is due to the increased influence of convection of cylinder rotation with
decreasing gap.The clockwise rotation of the cylinder assists in natural convection, especially for the upper
portions of the left cavity wall for cylinder size ofR = 0.4. The averaged heat transfer enhances with cylinder
rotation for sizes ofR = 0.3 andR = 0.4 compared to motionless cylinder case atΩ = 0.

• The deterioration of the local Nusselt number is more effective along the upper portion of the hot wall with
increasing Darcy numbers as the cylinder size increases. The averaged heat transfer enhances by 235.10% and
82.50% for Darcy number of 10−2compared to Darcy number of 10−5 for cylinder sizes ofR = 0.1 andR =
0.4 due to the increased permeability of the porous medium.

• Averaged Nusselt number decreases when the motionless cylinders move toward the right and left vertical
walls from the middle of the cavity, whereas its value increases when the cylinders are closer to the right
vertical wall of the cavity for the clockwise rotation of the cylinder. The horizontal movement of the cylinder
centers enhances the averaged Nusselt number by 38.05% and 34.08% for (D1 = D2 = 0.6) compared to
configuration at (D1 = D2 = 0.4) for angular rotational velocities ofΩ = 0 andΩ = –5000, respectively.

This study can be extended to include the effects of ratio of angular rotational speeds of the cylinders, vertical
movement of the cylinder centers, different boundary conditions, ratio of the size of the cylinders, and unsteady flow
effects, which are not considered in this study.
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