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The goal of this research is to investigate numerically mixed convection flow and heat
transfer characteristics from two rotating cylinders in a trapezoidal enclosure filled with
porous material for a variety of factors including rotation speed and direction, Richardson
number, and the location of the cylinders. The results of this presentation were checked
against accessible data and determined to be very similar. The heat transmission properties
within the trapezoid were found to be substantially dependent on the Richardson number,
speed, and direction of the spinning cylinders, as well as the location of the cylinders
according to the findings of this study. Furthermore, it was discovered that the CW-CW
casing produced more heat transfer as compared to the CCW-CW scenario for various
Richardson numbers when the cylinders placed vertically. Furthermore, this research
revealed that, for higher Richardson values, the rotation speed has no effect on the heat
transfer increase inside the trapezoidal enclosure. The effect of the cylinders’ location on
the average Nusselt number was also studied in this investigation. It was found the placing
the cylinders in the vertical direction produced higher heat transfer compared with

horizontal location for a trapezoid heated from below.

1. INTRODUCTION

Due to its importance in various applications such as nuclear
reactors, chemical catalytic reactors, petroleum reservoirs,
solar power, microelectronics, and ground hydrology, mixed
convection flow and heat transfer in porous medium have
sparked a lot of attention in the literature [1-7]. Free
convection in cavities with single and multiple cylinders has
been widely investigated both computationally and
experimentally [8-14]. Park et al. [8] investigated numerically
free convection in a chamber with two hot and cold cylinders
positioned vertically at different locations. Their findings
revealed that the Nusselt number computations were
influenced by the cylinder placements. Park et al. [9] looked
at the free convection inside the cavity generated by
temperature differences in the cavity walls and inner hot
cylinders. Their findings demonstrated the considerable
impact of enclosing cylinders on heat transfer enhancement.

In the literature, the effect of revolving cylinders in
enclosures has received less attention [15-17]. Khanafer et al.
[17] investigated the influence of two revolving cylinders in a
cavity in the absence of a porous medium numerically for a
number of key factors. The heat transfer enhancement inside
the cavity was shown to be substantially dependent on the
cylinder speed of rotation as well as the Richardson number,
according to their findings. Selimefendigil and Oztop [16]
investigated numerically flow and heat transport in a lid-
driven cavity comprising two spinning cylinders using the
finite element method. In that investigation, ferrofluid was
used. Their studies revealed that the rate of heat transmission
increased as the temperature rose. In an enclosure with two
cold-wavy vertical sides and insulated bottom-to-top walls,
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Majdi et al. [18] analyzed numerically the convection heat
transfer from a heated cylinder. A porous medium is present
in the left side of the domain and a nanofluid is present inside
the cavity. Their findings demonstrate how the presence of
porous media and nanofluid improves the heat transmission
process.

The effect of two spinning cylinders on flow and heat
transfer in a trapezoidal enclosure has never been examined
before, as evidenced by the aforementioned reference. The
goal of this study is to calculate the effects of changing several
relevant parameters such as Richardson number, cylinder
speed and direction, and location on the average Nusselt
number, streamlines, and isotherms.

2. MATHEMATICAL FORMULATION

Figure 1 depicts the configuration of the problem under
research in this study. In the trapezoidal container, two rotating
cylinders are positioned vertically. Both cylinders' radii are
considered to be equal (r,=0.1H). The cylinders are supposed
to rotate at an angle of , at all times. The trapezoid's fluid
flow is laminar, 2D, stable, and incompressible. On the
trapezoidal enclosure's walls, no slip boundary condition is
enforced. The left and right walls, as well as the cylinder walls,
are assumed to be adiabatic, with the bottom hot wall kept at
Th and the top wall at Tc. As a working fluid, the trapezoidal
cavity is filled with air (Pr=0.7). The porous medium in this
investigation is assumed homogenous, isotropic, and is
saturated with a fluid that is in local thermodynamics
equilibrium with the solid matrix. This research considers the
Forchheimer-Brinkman-extended Darcy model to take into
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account the effect of inertia and solid boundaries. In
dimensionless form, the governing equations are as follows
[19-21]:
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where, ¢ is the porosity and Cr is the Forchheimer coefficient
expressed by [19-21]:
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The effective thermal conductivity of the porous medium,
kefr, 1S given by:
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The above equations were written in nondimensional form
by applying the followings:
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The dimensionless boundary conditions used in this
investigation are summarized as follows:

a0

Left and right surfaces: U =V = p 0 (®)
Topwal: U=V=06=0
Bottomwall: U=V =0, 8 =1 C)

The boundary conditions for the cylinders are:
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Angular velocity: o=m, (10b)

Moreover, the average Nusselt number at the cold wall of
the trapezoidal enclosure:
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Figure 1. Schematic diagram of the problem
2.1 Numerical scheme

Galerkin-weighted residual method of the finite element
method was used in this investigation. COMSOL 5.4
Multiphysics software was utilized in this investigation. A free
unstructured mesh of triangular elements with fine mesh near
the rotating cylinders and in the vicinity of walls were
deployed to catch the rapid variations in the variables. A mesh
size of 181 by 181 was found sufficient to get grid-
independent results (Table 1).

Table 1. Grid-Independent analysis (Re=100, Pr=0.7, Ri=I,

©=10)
Grid Size  Average Nusselt Number
81x81 4.21
121x121 4.32
181x181 4.44
251x251 4.44

2.2 Code validation

The findings of this study were corroborated by a number
of other findings. Table 2 demonstrates a strong correlation
between the current findings and those of Khanafer and Aithal
[22] in terms of average Nu. Furthermore, Figure 2 shows an
outstanding comparison of streamlines and isotherms between
the two results. Furthermore, Figure 3 demonstrates that the
streamlines and isotherms of the current results and those of
Khanafer and Chamkha [23] are very similar.

Table 2. Comparison of the average Nusselt in a lid-driven
cavity with a rotating cylinder (Re=100, Pr=0.7, Ri=1)

Cylinder Speed (w) Present Khanafer and Aithal [22]
1 3.64 3.64
2 3.82 3.82
3 3.94 3.95
5 4.14 4.13
10 4.44 4.46
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Figure 2. Comparison of the streamlines and isotherms
between the current work and that of Khanafer and Aithal
[22] (Re=100, Pr=0.7, Ri=1, w=10)
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Figure 3. Comparison of streamlines and isotherms between
the current results and that of Khanafer and Chamkha [23]
(Re=100, Ri=0.01, Pr=0.7, Da=10")

3. RESULTS AND DISCUSSION

Although the effect of the Darcy number has been stated by
numerous writers, it was not explored in this work. This study

looked at the effects of changing the Richardson number,
cylinder speed, and rotation direction on streamlines,
isotherms, and the average Nusselt number. Prandtl number of
0.7, Reynolds number of 100, and Darcy number of 0.01 were
chosen as default values in this investigation. For a small speed
of 0.5, Figures 4 and 5 show the effect of changing the
Richardson number and direction of rotation on the
streamlines and isotherms. Increases in the Richardson
number were found to have a considerable effect on the
streamline distribution around the two-rotating cylinder, as
seen in Figure 4. This is caused by an increase in the cavity's
velocity. Furthermore, Figure 4 clearly illustrates that the
effect of rotation direction on streamline fluctuations was
considerable at low Richardson number values for a modest
speed of 0.5. The rotation direction of the cylinders had little
effect on streamlines for large Richardson values. Figure 4
illustrates that in the CW-CW example, the major vortex is
dispersed symmetrically around both cylinders, with two
minor vortices near to the inclined surfaces, for a low Rayleigh
number of Ri=0.01.

For higher Rayleigh numbers, this symmetry does not exist.
At low speeds, the isotherms for the influence of Richardson
number and rotation direction show identical behavior as
depicted in Figure 5. The isotherms are essentially horizontal
for low Richardson numbers, except near the cylinders,
indicating heat transmission primarily by conduction.
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Figure 4. Comparison of the streamlines contours for
different directions of the angular velocity (a) both cylinders
CW and (b) top CCW and bottom cylinder CW (Re=100,
Da=0.01, ©=0.5)



Natural convection gains significantly in strength as the
Richardson number rises, compared to forced convection
caused by revolving cylinders. The thermal boundary layer
along the cavity's bottom surface thins out, increasing heat
transfer dramatically. As shown in Figure 5, the effect of
altering the cylinders' rotation direction has a negligible effect
at low rotational speeds. This indicates that the Rayleigh
number controls the heat transmission properties within the
cavity.

Figures 6 and 7 show how raising the cylinder speed (= 10)
affects the streamlines and isotherms for different Richardson
numbers.

Both graphs show that the Richardson number and rotation
direction have a significant impact on flow and temperature
patterns. The top CCW cylinder-CW bottom cylinder scenario
has higher convection intensity than both CW cylinders
scenario for Richardson number smaller than one, as seen in
Figure 6. However, for Rayleigh values greater than 1, the
CW-CW scenario shows a considerable increase in convection
activity as compared to the CCW-CW scenario.

In comparison to the CCW-CW situation, the CW-CW
scenario aids the buoyancy effect. This is supported by Figure
7, which shows that the thermal boundary layers for the CW-
CW scenario are thinner than those for the CCW-CW scenario,
indicating better heat transfer characteristics. For various
Richardson values, Figure 8 shows the effect of adjusting the
angular velocity of the cylinders on heat transfer improvement.
The average Nusselt number is almost contact for modest
rotation speeds (@=0.5) and the Richardson number is below
1.
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Figure 5. Comparison of the isotherms for different
directions of the angular velocity (a) both cylinders CW and
(b) top CCW and bottom cylinder CW (Re=100, Da=0.01,
©=0.5)
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Figure 6. Comparison of the streamlines contours for
different directions of the angular velocity (a) both cylinders
CW and (b) top CCW and bottom cylinder CW (Re=100,
Da=0.01, w=10)
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Figure 7. Comparison of the isotherms for different
directions of the angular velocity (a) both cylinders CW and
(b) top CCW and bottom cylinder CW (Re=100, Da=0.01,
©=10)
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Figure 8. Effect of varying the angular velocity and
Richardson number on the average Nusselt number of the top
surface — both cylinders rotating clockwise (Re=100,
Da=0.01)

The average Nusselt number rises for a given Richardson
number. It's worth noting that, for the Richardson range of 1
to 5, the rate of growth in the average Nusselt is higher for low
rotation speed compared to large rotation speed. Figure 8
shows that the rotation speed has no effect on the average
Nusselt number for Richardson numbers greater than 5.
Finally, Figure 9 depicts the effect of changing the rotation
speed direction on the average Nusselt number. For all values
of the Richardson number, the CW-CW scenario has a larger
average Nusselt number than the CCW-CW scenario. This is
owing to the CW-CW case having a thinner thermal boundary
layer than the CCW-CW case. The effect of varying the
location of the cylinders on the streamlines, isotherms, and
average Nusselt number is depicted in Figures 10 and 11.
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Figure 9. Effect of varying the angular velocity and
Richardson number on the average Nusselt number of the top
surface for different directions of cylinder angular velocity
(Re=100, Da=0.01, ©=10)

Figure 10 shows the effect of changing the Richardson
number on the isotherms and streamlines for two cylinders
placed horizontally and rotate clockwise. It can be seen from
this figure that the pattern of isotherms and streamlines
depends strongly on the location and spinning direction of the
cylinders compared with vertical scenario. This figure
illustrates that the isotherms change significantly with an
increase in the Richardson number. The isotherms between the
two rotating cylinders change from horizontal to inclined

shape for high Richardson numbers and this is attributed to
dominant free convection compared with forced convection
exhibited by the rotation of the cylinders. It is also interesting
to notice from Figure 10 the existence of a small vortex near
the lower right corner of the trapezoid at high Richardson
numbers. Finally, Figure 11 demonstrated a comparison of the
average Nusselt number between two scenarios. It can be seen
from this figure that the average Nusselt number increases
with an increase in Richardson number. Also, it was found the
average Nusselt number is higher when placing the cylinders
vertically and rotating clockwise compared with horizontal
scenario.

Figure 10. Effect of varying the Richardson number on the
streamlines and isotherms for two cylinders placing
horizontally and rotating CW (Re=100, Da=0.01, ©=10)
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Figure 11. Effect of varying the Richardson number on the
average Nusselt number of the top surface for different
locations of the cylinders (Re=100, Da=0.01, ©=10)



4. CONCLUSIONS

For varied Richardson numbers and rotation speeds, the
effect of two revolving cylinders on the flow and heat transfer
processes inside a trapezoidal enclosure heated from below
was numerically investigated in this experiment. The
streamlines and isotherms patterns were discovered to be
dependent on the Richardson number, speed rotation, and
location of the cylinders in this investigation. With raising
both the Richardson number and the angular speed of the
cylinders, the average Nusselt number increased. The speed of
the cylinders had little effect on the average Nu when the
Richardson number was high. Furthermore, the results of this
study revealed that for various Richardson numbers, the CW-
CW case had a higher average Nusselt number than the CCW-
CW case when placed vertically. Moreover, CW-CW vertical
scenario exhibited higher average Nusselt number compared
to CW-CW horizontal scenario.
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NOMENCLATURE

Cr Forchheimer coefficient
Da Darcy number

H Height of the cavity
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k Thermal conductivity

g Gravitational acceleration

Gr Grashof number

p Pressure

Pr Prandtl number

r Radius of the cylinder

Re Reynolds number

T Temperature

uv Nondimensional velocity in X and Y directions
X,Y Nondimensional coordinates
Greek symbols

o thermal diffusivity, m?. s°!

B thermal expansion coefficient, K™!
& Porosity

o Nondimensional temperature

v kinematic viscosity

® Nondimensional angular velocity
Subscripts

c Cold

eff Effective

f Fluid

h Hot

s Solid





