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Abstract

The active flow optimization and the entropy generation of a spinning porous cylinder on
laminar mixed convective flow in a lid-driven differentially heated square chamber have been
explored numerically in this study. The cold top surface of the chamber is sliding in the right
direction at a fixed velocity, while the cylinder is rotating at a fixed angular velocity, either
assisting or opposing the main flow. Navier-Stokes and thermal energy equations define the
transport phenomena, while an averaging approach via the Darcy-Brinkman-Forchheimer model
is implemented for the porous medium. Three different mixed convection cases based on Reynolds
number (31.62 < Re < 316.23), Grashof number (10°< Gr < 10°), and Richardson number (0.1 <
Ri < 10) are considered in the flow optimization along with the alteration of rotational Reynolds
number (Re. = 10, 0, -10), size (4 = 0.3, 04, 0.5), and position (1-5) of the cylinder. Quantitative
evaluations of thermal performance are done in terms of mean Nusselt number, Bejan number,
performance evaluation criterion, and thermal performance criterion. The optimization study
primarily supports clockwise rotation at the central position of the porous cylinder with specific
sizes (diameters) based on the ranges of governing parameters in each simulation case. It is found

that the porous cylinder’s rotation primarily determines fluid flow across the porous area.

Keywords: Lid-driven enclosure; Rotating porous cylinder; Mixed convection; Flow

optimization; Rotational Reynolds number; Entropy generation; Numerical simulation.



1. Introduction

Mixed convective flow associates natural and forced convection mechanisms, drawing wide
attention to many industrial and engineering applications. In recent times, it has been mainly used
in the cooling of electronic devices, refinement operations in chemical and food processing,
lubrication technologies, thermal-hydraulics of nuclear reactors, production of float glass, solar
collectors, heat exchangers, crystal growth, and so on [1-5]. During the enhancement of heat
transport and fluid flow in laminar cases, a domain of interest, i.e., usually an enclosure can be set
under various conditions for an extensive range of pertinent variables, is the focus of many research

studies [6,7].

The selection of a particular domain and enhancement technique with necessary assumptions
and idealizations based on heat transport and fluid flow depends on the application to be replicated.
The enhancement may entail the use of different active methods such as lid-driven shear flow,
symmetrical opening, magnetohydrodynamics (MHD), surface vibration, etc., and/or other passive
methods such as nanoparticles with base fluid, porous media, microorganisms, corrugated heat
source or enclosure, the condition of heating, etc. [8-11]. Applying a porous medium comprising
a solid matrix and many interconnected pores increases the heat transport by inflating a large heat
transfer area. Also, a porous medium has a higher thermal conductivity than fluids for the solid
phase. Moreover, a random fluid distribution occurs due to its tortuous pores interrupting mixing.
Therefore, numerous applications of the porous medium in heat transfer are found today, mostly
in construction, pollution control, heat exchanger design, solar collectors, ocean engineering,
extraction of geothermal energy, etc. [12-15]. Given this, relevant studies on porous media heat
transfer and transport phenomena are contained within the following literature to justify the scope

of research yet to be conducted.

The lid-driven flows resembled many practical applications where flow mixing and
entrainment effects were stimulated by the sliding lid(s). Some also utilized porous substrates to
augment heat transfer. Khanafer and Chamkha [16] numerically explored an unsteady mixed
convective flow of a lid-driven chamber filled with heat-generating fluid and fluid-saturated
porous medium. They found a drastic suppression of the convective currents in the existence of
the porous medium, which also significantly influenced the internal heat generation, streamlines,

and isotherms. These became more prominent for the lower Richardson number. A separate



numerical study by Al-Amiri [17] scrutinized momentum and energy transfer for a stable thermal
stratification configuration with analogous conditions emphasizing the quadratic inertial effects.
Results implied that inertial impacts retarded momentum and thermal energy transport, and the
stable stratification suppressed fluid motion. All of these were bolstered further in the presence of

the porous media.

The case of double-diffusive mixed convection by Khanafer and Vafai [18] showed a
strong dependency on the Richarson number and suppression of convective flow at a higher Lewis
number for the identical arrangement, as mentioned in the previous two studies. However, similar
studies on porous media under different modeling could differ in results. It was found in the study
of Hdhiri and Beya [19] when they compared the Darcy-Brinkman-Forchheimer model with the
Darcy-Brinkman model and concluded that the latter overestimated the heat transfer rate. Again,
instead of the entire domain of the lid-driven chamber being filled with porous medium, only a
part of it was filled; for instance, porous fins were introduced in numerical modeling by Wang et
al. [20]. They observed heat transfer enhancement because of the addition of more fins. Moreover,
heat transfer decreased as the Darcy number increased, followed by fluid flow variations. In a
recent work by Nazari et al. [21], system modifications were adopted by considering a double lid-
driven square chamber filled with porous media saturated by non-Newtonian nanofluid. They came
to various conclusions, including that altering the nanoparticle volume percentage and Darcy
number caused larger velocity gradients, significantly altering the streamline pattern. Again, a
reduced and more uniform temperature distribution was found at lower Richardson numbers, while
dissipation and growth of the thermal boundary layer at higher Richardson numbers. During the
computational study of mixed convective flow in a partially heated lid-driven porous chamber with
one side opening, Abu-Hamdeh et al. [22] concluded that the convective mode of heat transfer was
more effective for larger values of Grashof number and longer heaters. Colak et al. [23] explored
mixed convection with a partially heated porous block for a slightly different setting. The study
demonstrated the non-monotonic nature of flow parameters for both heater location and
orientation. It was further concluded that the Darcy number controlled vortex formation, and a

decreased Darcy number contributed to a higher average Nusselt number.

Occasionally, the attachment of any passive element, such as a circular or square body,

which often creates an obstacle or a partition inside the cavity, can significantly alter the heat



transport and flow characteristics. In a lid-driven chamber with a circular hollow cylinder and
variations in the solid cylinder’s diameter and the solid-fluid thermal conductivity ratio, laminar
mixed convective flow was quantitatively examined by Billah et al. [24]. They concluded that the
circular hollow cylinder could control temperature distribution, fluid movement, and heat
transport. Sometimes, it is required to actively regulate the inserted boundary domain, e.g., a
rotating cylinder. Chatterjee et al. [25] inspected the mixed convective flow in a lid-driven cavity
with a nanofluid and a revolving cylinder in the middle. They discovered a significant influence
of the cylinder’s rotational speed, nanoparticle concentration, and mixed convective intensity on
the overall flow and heat transfer phenomena. Likewise, they concluded that the drag coefficient
increased with the Richarson number and rotational speed. Another similar study for a square
enclosure with MHD effect was done by Selimefendigil and Oztop [26]. They observed that heat
transport increased by 17% when the Richardson number augmented from 1 to 10. Besides,
average heat transfer decreased with the Hartmann number and increased with the increasing
nanoparticle volume fraction. It was also found that at around 14.2% enhancement of heat transfer,
it was possible for non-dimensional rotational velocity to change from 0, i.e., stationary, to —10.
Kareem and Gao [27] looked into another mixed convection heat transfer increase in a cubic lid-
driven chamber enclosing a revolving cylinder with an artificial roughness on the hot wall. They
concluded that artificial roughness strongly influenced the fluid flow and heat transport and thus

was affected by the rotational speed or Reynolds number.

In a lid-driven chamber with two rotating cylinders filled with nanofluid, fluid flow, and heat
transport were simulated for a two-phase mixture model by Barnoon et al. [28]. This cavity was
used to study MHD mixed convective flow and entropy generation. They concluded that heat
transfer decreased with the increase in Hartman number, whereas total entropy generation
increased with the decrease in Hartman number. Additionally, it was discovered that better heat
transport occurred when the angular speed of the cylinder increased at a cavity with a zero
inclination angle and a solid volume portion of about 3 percent. A conjugate mixed convective
flow was studied by Paul et al. [29] using a differentially heated lid-driven square chamber with
spinning cylinders. It was involved in the conduction mode of heat transfer at lower Reynolds and
Grashof numbers. They concluded that maximum Nusselt numbers were obtained when the
diameters of both cylinders were 0.1 times the length of the cavity and when the cylinder rotational

speed increased, especially for lower Reynolds numbers.
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Some previous studies considered the consequence of the rotation of the inserted solid
cylinder under partial or complete filling with a saturated porous medium. Chamkha et al. [30] and
Ismael et al. [31] studied mixed convective flow in a partially layered (lower-half) porous chamber
with an adiabatic spinning cylinder and a vertically layered (left) porous chamber with the two
spinning cylinders, respectively. The previous study concluded that the average heat transport
increased approximately linearly as the cylinder’s angular rotational velocity increased, and it
became even higher as the cylinder’s size and/or Darcy number increased. Besides, it dictated
enhancement and heat transfer deterioration corresponding to the cylinder’s top and lower
positioning. On the other hand, Ismael et al. [31] proved a similar impact for slightly different
parametric values and configurations. Selimefendigil et al. [32] introduced nanofluid and porous
medium in their mixed convection study with an inner revolving cylinder. They mentioned that an
increased solid particle volume fraction resulted in a higher heat transfer. In another mixed
convection investigation using two-phase non-Newtonian nanofluid inside a partly porous square
chamber with a revolving cylinder, Siavashi et al. [33] studied the traditional effects of the shear
thinning and thickening fluids for heat transfer enhancements. A study by Tahmasbi et al. [34]
included mixed convective enhancement via optimized porous media, specifically pore size
optimization. It profoundly dictated the highest impact of pore optimization at a lower Richarson
number. Once more, it was discovered that the optimized porous media configurations had lower
permeability zones close to the heated cylinder. Shirani and Toghraie [35] conducted a significant
computational investigation on nanofluid’s transient mixed convective flow in a chamber with a
non-Darcy porous inner block and revolving cylinders with harmonic motion. In general, they
decided that lowering the Darcy and Richardson numbers resulted in a rise in the mean Nusselt
number with no effect from porosity. However, it was noticed that at a higher permeability limit,
the harmonic rotation significantly altered the flow pattern. Al-Farhany and Abdulsahib [36]
studied mixed convective flow in two layers of saturated porous media and nanofluid with a
spinning cylinder. They concluded that when the circular cylinder revolved counterclockwise, the
nanofluid layer had the maximum Nusselt number value. In contrast, the porous layer had the peak

value when it rotated clockwise.

Recently, entropy generation minimization or thermodynamic optimization has drawn much
attention from exergy destruction or irreversibility (referring to the second law of

thermodynamics). It is convenient to predict system performance as well as the quality of energy.
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In a wavy porous chamber heated from below, Alsabery et al. [37] investigated the impact of a
solid cylinder on entropy generation and convective heat transport. Their conclusion stated that
the entropy generation was due to heat transfer irreversibility during conduction-dominant heat
transfer. Moreover, when the Darcy number increased, the irreversibility due to fluid friction
increased following no impact of rotational direction. Taghizadeh and Asaditaheri [38]
numerically investigated heat transmission and entropy formation in a circular porous cylinder-
equipped enclosure driven by an inclined lid. The study concluded that heat transport and entropy
generation were affected due to changes in inclination angle and/or Darcy number, which became
more prominent at a higher Richardson number. Several other studies also considered entropy

generation in nanofluid flow [39, 40], many of which also incorporated porous medium [41].

From the above literature review and the best of the authors’ familiarity, the concept of the
work considering the enhancement of laminar mixed convective flow with optimization of the size
and position of the porous cylinder followed by its rotational impact is a phenomenal one worth
studying. The present numerical study aims to select the most effective rotational Reynolds
number and find the optimum size and the center position of the porous cylinder undergoing that
rotation, which primarily enhances heat transport. Furthermore, the secondary aim of this study is

to visualize the impact of the most optimum conditions on streamline and isotherm plots.
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Fig. 1. Schematic figure of the physical model of a lid-driven square enclosure with a spinning

porous cylinder and boundary conditions in the Cartesian coordinate system.



2. Physical Modeling

This work intends to study a laminar mixed convective flow in a lid-driven chamber of equal
length and height of L with a rotating circular porous cylinder of diameter d. The center of the
cylinder is placed inside the enclosure at a position (x¢, y.). The width of the enclosure in the z-
direction is assumed to be long enough and has little influence on the convection mechanism.
Hence, a two-dimensional physical model in the Cartesian coordinate system, as shown in Fig. 1,
is considered in this study. The upper lid of the enclosure moves horizontally toward the positive
x-direction with a constant velocity of U, which is also assumed to be the reference velocity. The
other walls remain stationary, satisfying the no-slip boundary conditions. The edge between the
fluid domain and the fluid-saturated porous media in the enclosure is considered under continuum
assumption and at local thermal equilibrium, satisfying the interface boundary conditions. In
contrast, the outer cylindrical wall of the porous media spins with a constant angular speed w,
which provides a fixed peripheral velocity U, (= wd/2). The bottom surface is heated at a fixed
high temperature 7, and the upper wall is maintained at a lower temperature 7c. In contrast, the
side surfaces are insulated, satisfying the adiabatic boundary conditions. The chamber is air-filled,
whereas the porous media is soda lime-silicate glass beads based on the previous experimental

study [42].

3. Mathematical Modeling

Under the consideration of a steady, laminar, and incompressible flow of Newtonian fluid
with constant thermo-physical properties except for the density in the body force of momentum
equations, which is expected to vary linearly with temperature following the standard Boussinesq
approximation, two sets of governing equations for two distinct regions are considered in this study
assuming the cold wall temperature as the ambient fluid temperature. Each set includes continuity,
momentum, and energy equations, as well as boundary and interface conditions systematically
described below:

For fluid domain:
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For porous domain [43-45]:
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where u and v are velocity components in the two-dimensional Cartesian coordinate system along
positive x and y directions, respectively, g is the gravitational acceleration, and p and T are pressure
and temperature, respectively. Here, the velocity components in the momentum equations get
corrected to incorporate the rigid rotation of the porous cylinder by its component upy: and upy,
respectively, according to Imani and Muzafari-Shamsi [45]. The components u,, and u,, are related
to the peripheral velocity by the following relations:

2(x—x,)
—7

Ly 2=
d

m =Y 9)

, and u,=U,

The density, dynamic viscosity, thermal conductivity, specific heat at fixed pressure, and the
volumetric thermal expansion coefficient of air are denoted by py, s, k1, Cpz, and S respectively.
The porosity and permeability of the porous medium are symbolized by ¢ and «, respectively. In
this study, the mathematical model for the problem shown in Fig. 1 is based on averaging Navier-
Stokes and heat energy equations under the application of the Darcy-Brinkman- Forchheimer
model. The other variables, such as F' and ke are the inertia Forchheimer coefficient and the
effective thermal conductivity of the fluid-saturated porous medium, respectively, and those are
defined as follows:

F=1D_ 4 =k, +(1-¢)k,, (10)



where k), is the thermal conductivity of the porous medium. Now, for convenience in the solution,
the above equations are converted into the corresponding dimensionless form after employing the
following dimensionless variables:

x u )4 _T-T,
L U U U T T
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9
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where the corresponding dimensionless velocity components U and V' are measured along the
horizontal (X) and vertical (Y) directions, respectively, and P and ® are dimensionless pressure
and temperature, respectively. After the successful conversion of dimensional equations into non-
dimensional forms via dimensional analysis, the fluid flow and temperature variation
characteristics are now described by the following non-dimensional governing equations:

For fluid domain:
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where the non-dimensional velocity components for the rigid rotation of the porous cylinder are

defined as follows:



U,= £2(Q/A)(Y-Y,),and U, =F2(Q/ 1) (X - X,), (20)
, and all the non-dimensional parameters used are Reynolds (Re), Grashof (Gr), Prandtl (Pr),
Richardson (Ri), Darcy (Da) numbers, the characteristic size of the cylinder (4), and thermal

conductivity ratio (R.) which are defined as:
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The active flow of the porous cylinder is characterized by rotational Reynolds number Re. related
to the velocity ratio, Q as such:
_pUd U, _Re

,Q=—"L=—2 (22)
Ky U, ARe
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&

The necessary boundary and interface conditions are depicted in Table 1 in non-dimensional forms
corresponding to the mentioned dimensional boundary and interface conditions as shown in Fig.
1. Here, N is the dimensionless wall-normal direction on the cylinder surface, (X., Y.) are the non-
dimensional coordinates of the cylinder center, the subscripts ‘/’ and ‘p’ represents the fluid and
porous domains respectively. The properties of air contained in the enclosure at bulk mean fluid
temperature 75, = 25°C based on the reference [46] and properties of air-saturated porous medium

based on the experimental study [42] are listed in Table 2.

Table 1. Non-dimensional boundary and interface conditions.

Boundary Thermal state Velocity state
Bottom wall ®=1 U=0,V=0

Top wall 0=0 U=1,V=0

Left and right walls 00/0X=0 U=0,V=0
Surface of porous cylinder (kt'kes)(0O/ON)r = (0O/ON), Ur= Upx, V= Upy

Table 2. Properties of air and air-saturated porous medium

Air [46] Value Soda lime-silicate glass bed [42] Value
pr[kg/m?] 1.184 e [-] 0.38
Cor[J/(kg.K)] 1007 kp, [W/mK] 0.746
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k[W/(m.K)]

wy [kg/(m.s)]
Pr[-]
Brl1/K]

0.02551
1.849x10°°
0.7296
0.003354

x [m?]

Da [-]

ko [W/mK]
Re[-]

6.464x107°
4.04x10°¢
0.48337
18.948

A heat transfer performance parameter called mean Nusselt number, Nu, along the length

of the heated wall of the enclosure is evaluated using the following relation:

&)

A reference entropy for the bulk fluid domain, Syer = k(T —T.)*/T*L?, is considered in calculating

Nu:—j.

0

dx. (23)

Y=0

the non-dimensional entropy generation for the fluid and porous domains, where each symbol
signifies their usual meaning. Although the characteristic dimensions are taken in their non-
dimensional form, the enclosure length is considered L = 0.1 m during the calculation of reference
entropy. Therefore, the local entropy generation for the fluid domain in the dimensionless form

can be expressed as:

2 2 2 2
k,T\T,-T, ox oY oY ox
T 2 2 27]
3] 2))
T oX oY
Sy =8+, (26)

where Sy is the local entropy generated at the fluid domain inside the enclosure, and Sy and Sy are
the local entropies due to the contributions of fluid friction and heat transfer, respectively. The
corresponding mean quantity of entropy generation for the fluid domain can be evaluated after

integrating each local quantity within the fluid domain. Mathematically:

S, ——— [[ 8 axay, s,, = 1 [[$qdxar, s, = 1 [[ s axar, 27)
4 4 A4, Ay 4, Ay

where Ay is the area of the fluid domain normalized by L?. Similarly, the local entropy generation
for the porous domain in the non-dimensional form [47] can be written as:
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2 2 2
)]
Sy =Sy + Sy (30)
where S, is the local entropy generated at the porous cylinder inside the enclosure, and S, and Sy
are the local entropies due to the contributions of fluid friction and heat transfer, respectively.
Again, the corresponding average quantities of entropy generation can be mathematically
expressed by the following relations:

S, = Ai [[s,axar, s,, =

p A,

1 1
A—H S, dXdY, S, = [[s,axay, 31)

P4, A,
where 4, is the area of the porous domain normalized by L. The total mean entropy generation St
and the mean Bejan number Be for the entire domain are defined as:

SFT+SPT .

S, =S,+S,,Be= (32)

T
A relative measurement of the total average entropy generation concerning the heat transfer in
terms of the mean Nusselt number is evaluated following the thermal performance criterion/e-
criterion (7PC-¢), which is defined as [48]:

TPC (&) = % (33)

u
Another parameter called the performance evaluation criterion (PEC) denotes the enhancement of
heat transport at the expense of frictional loss, which can be rationally expressed for the
corresponding stationary case as [49]:

Nu
Nu,

NG
Cd,O

where Cy physically corresponds to the drag coefficient encountered in drawing the sliding lid at

PEC = (34)

a constant velocity that can be defined mathematically as follows:
1
C, = 2 a—Ud)( . (35)
Rey oY
The subscript ‘0’used in the equation (34) refers to the stationary condition of the porous cylinder
(Re.=0).
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4. Numerical Simulation and Model Verification

In this study, parametric numerical simulations are carried out where equations (11) - (18)
along with boundary conditions in Table 1 are solved using the commercial computational
software “COMSOL Multiphysics 6.1”. This CFD package works on a basis that approximates
solutions of the non-linear partial differential equations via the Galerkin finite element procedure,
a weighted residual method. Its discretization principle divides the entire domain into a finite
number of subdomains called finite elements, representing each element via a six-nodded non-
uniform triangular mesh. Simultaneously, it ensures a faster convergence and reliability of the
method. Relatively finer mesh elements at the boundaries are applied due to a significant change
in dependent variables than inside the enclosure. The simulation procedure is described in more

detail by Mojumder et al. [50]

4.1. Grid Independence Assessment

The accuracy of the numerical solution is assessed by evaluating Nu along the hot wall of
the chamber for different incremental element numbers (N.) during the grid-refinement course
until Nu becomes almost a constant value, i.e., the value becomes independent of the change of
Ne. During parametric simulation, apart from changing the governing parameters Re, Re., Gr, and
Ri, the geometric parameters such as the characteristic size (1) and the position (Xc, Y.) of the center
of the porous cylinder are also varied. A set of five positions and three characteristic sizes of the
cylinder is considered as listed in Table 3. Hence, the refined mesh within the computational
domain varies significantly due to the change in geometric parameters. For each case, the optimum
mesh element is obtained through the grid independence test, and the optimum mesh information
is presented in Table 3. For a glimpse of this process, a typical model test run is presented here for
the stationary cylinder (Re. = 0) with Ri =1, Re =100, 1 = 0.4, and X. = 0.5, Y. = 0.5 (position 3).
It is found that N. = 16576 becomes the optimum mesh element in this case, for which Nu =3.2951

becomes almost constant, as shown in Fig. 2.

Table 3. Optimum mesh (/,.) information corresponds to the position and the size of the porous

rotating cylinder after the grid independence test.

Position X Y.

S
I
[—]
(98]
S
I
[—]
A
N
Il

0.5
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1 0.5 0.7 16108 16852 16996

2 0.3 0.5 16486 16740 17218
3 0.5 0.5 15986 16576 16904
4 0.7 0.5 16332 16806 17136
5 0.5 0.3 16284 16860 17210

3.315|IIIIIIIIIIIIIIIIIII
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3303k

Optimum mesh
3.300
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[e]

Fig. 2. Grid independence test is carried out in terms of Nu with the change of N. at Ri = 1, Re =

100,41 =0.4, X.=0.5,and Y. =0.5.
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Fig. 3. Validation of the current mathematical model by comparing the results of Taghizadeh and

Asaditaheri [38] via Nu as a function of Da for Ri = 0.01 and Ri = 1.
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4.2. Validation

A similar model solution is used to regenerate the results of Taghizadeh and Asaditaheri
[38] for the validation of the simulation procedure or the present model. The results are compared
quantitatively in the case of zero inclination, Re = 100, A = 0.4, ¢ = 0.8, R.= 1, Pr = 0.7 in terms
of the variations of the mean Nusselt number with Darcy number for Ri = 0.01 and 1 respectively
as shown in Fig. 3. A close agreement or similarity between these two comparisons dictates the

justification of the model used for the current study.

5. Results and discussion

In the current study, active flow optimization of a spinning porous cylinder on laminar
mixed convective flow in a lid-driven square enclosure is the main focus. It includes non-
dimensional characteristic sizes, various configurations or positions of the porous cylinder, and
rotational Reynolds numbers as an indicator of active flow, whether assisting or opposing the main
lid-driven flow. Here, the variations of all these parameters are done sequentially, i.e., optimizing
a single parameter at a time and adopting the most optimum case for the subsequent optimizations.
Those optimizations are based on thermal performance parameters such as the mean Nusselt
number, which should be higher. Apart from the corresponding entropy generation due to heat
transport via the Bejan number, the performance evaluation criterion due to active flow heat
transfer is consistent with their drag effects when both are normalized to their corresponding
stationary cases. This optimization analysis also considers the thermal performance criterion
indicating maximum heat transfer at minimum work input. Results are shown for three mixed
convection cases varying any two Re, Gr, and Ri at a time. In contrast, other optimization
parameters (Rec, 4, Xc, and Yc) vary in the specified ranges shown in Table 4. Detailed results are

presented under each effect of variation by considering all cases individually.

Table 4. Cases of investigation of mixed convection along with specified ranges of the governing

numbers considered for the current study.

Case Re Gr Ri Re. A Position
1 100 10°-10°  0.1-10 10, 0,—-10 0.3,0.4,0.5 1-5
2 31.62-316.23 10* 0.1-10 10, 0,—-10 0.3,0.4,0.5 1-5
3 31.62-316.23  10°-10° 1 10, 0, —10 0.3,0.4,0.5 1-5
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5.1 Effect of Rotational Reynolds Number

The rotational Reynolds number indicates the strength of the active flow of the cylinder in
either a clockwise or counterclockwise direction. The positive value of Re. (= 10) dictates assisting
lid-driven flow, the null value means the stationary cylinder, and the negative value (Re. = —10)
means opposing lid-driven flow, as shown in Figs. 4-6. For all cases, the optimization study starts
initially by changing Re. with constant 4 = 0.4 and cylinder position at 3. For all three cases, Re.=
10, i.e., the assisting lid-driven flow enhances heat transfer, mostly giving a higher Nu referring to
Figs. 4(a), 5(a) and 6(a). In addition, Nu is continuously increasing with increasing Gr and Re,
increasing Ri for the first case and decreasing Ri for the second case. When similar changes in
variables are considered for the entropy generation due to heat transport, Figs. 4(b), 5(b) and 6(b)
are showing the highest Be for the stationary case (Re. = 0). For rotation of the cylinder in both
directions (Re. = £10), the variation of Be is nearly similar and lower than the stationary one for
all cases. It can be said that rotation reduces the irreversibility associated with heat transfer
compared to the stationary case. Performance evaluation criterion becomes favorable for Re. = 10
in all cases, as shown in Figs. 4(c), 5(c) and 6(c). Meanwhile, the profiles of PEC for Re. = 10 and
—10 behave oppositely, and it is observed that the assisting flow generates less drag in heat transfer
enhancement. Similarly, 7PC(¢), as shown in Figs. 4(d), 5(d) and 6(d) is found to be higher for the
opposing flow (Re. = —10) and lower for the stationary case (Re. = 0), whereas the assisting flow
(Rec = 10) lies in between them. Therefore, it dictates a minimum work input in heat transfer

mostly favoring the stationary case (Re. = 0).
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Fig. 4. Variation of (a) Nu, (b) Be, (c) PEC, and (d) TPC (¢) with respect to Ri and Gr for different

values of Re. during Case 1.
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values of Re. during Case 3.

5.2 Effect of the Position of the Porous Cylinder

Once the rotational direction of the porous cylinder is fixed at the optimum level, the next
step is to find out the best possible configuration according to the position of the porous cylinder
inside the chamber. Hence, the optimization study for the position of the cylinder is carried out at
Re. =10 and 4 = 0.4 for all three cases following the same criteria, i.e., examining the maximum
performance to choose the best center position of the rotational cylinder independently. As shown
in Figs. 7-9, it can be noticed that all cases unconditionally satisfy the central position (X = 0.5,
Y.=0.5) marked by 3 (three) as the optimum configuration. The other positions remain in between
with some inconsistencies, whereas position 2 contributes less to the heat transport enhancement.
The mean Bejan number for Cases 1 and 3 does not change much with the change of position.
However, Case 2 shows in Fig. 8 (b) the lowest value of Be for positions 2 and 4. It means that the
lowest thermal irreversibility can be found in those positions. From the variation of PEC as shown
in Figs. 7(c), 8(c), and 9(c), it can be concluded that position 5 for Cases 1 and 2 gives the highest
heat transfer while overcoming drags, but position 3 governs the maximum contributions during
Case 3. Finally, the distributions of TPC(¢) in Figs. 7(d), 8(d) and 9(d) show negligible differences
for Cases 1 and 3. In contrast, positions 1, 3, and 5 give the lowest result for Case 2, indicating the

lowest total entropy generation in heat transfer or maximum heat transfer for minimum work.
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positions of the cylinder during Case 3.

5.3 Effect of the Size of the Porous Cylinder

The effects of non-dimensional characteristic sizes of the porous cylinder during mixed
convection heat transfer are presented here. The aim is to find the best sizes under optimum
rotation, i.e., an assisted lid-driven flow (Re. = 10) and the optimum central position of the cylinder
at 3, which are found in all cases mentioned in previous optimizations. For the three cases of mixed
convective flow, the variables and the performance parameters used in the previous optimization
remain the same, signifying the identical basis to be adopted to determine the best size amongst

three values of A (= 0.3, 0.4, and 0.5). Here, heat transfer enhancement becomes highest for each
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size depending on different ranges of governing parameters, which are true for all three cases as
shown in Figs. 10-12. In Case 1, the optimum size is found at A = 0.3 for 0.1 <Ri<1.1,1=0.4
for 1.1 <Ri<4,and 4 = 0.5 when Ri > 4. In Case 2, the optimum size is found at A = 0.3 for Ri >
0.6, 4 =0.4 for 0.18 <Ri <0.6, and 4 = 0.5 when 0.1 < Ri < 0.18. Again, in Case 3, the optimum
size is found at A = 0.3 for 10° < Gr < 1.3x10* 1 = 0.4 for 1.3x10* < Gr <2.5x10* and A = 0.5
when Gr > 2.5x10* From Figs. 10(b), 11(b), and 12(b), it can be observed that irreversibility in
the heat transport measured in terms of Be is the highest for the largest size and the lowest for the
smallest size. In the first and last cases, Be continuously increases with increasing governing
parameters, while in the second case, Be decreases gradually. Next, when the size of the cylinder
is small, higher heat transfer against the drag effect, i.e., a higher PEC for high Re and Gr, is
observed. Meanwhile, trends are altered for a smaller portion, whereas the larger size indicates a
higher heat transfer against the drag effect, as shown in Figs. 10(c), 11(c) and 12(c) for all three
cases. Finally, the total irreversibility against heat transfer or a maximum heat transfer at a
minimum work input is measured in terms of 7PC(¢) considering all cases, as shown in Figs. 10(d),
11(d) and 12(d). It can be concluded that irreversibility increases with the decreasing size of the

cylinder, i.e., a higher work input for the smaller size of the cylinder.

Gr Gr
10° 10°* 10° 10° 10* 10°
5.0 - T T T TTTT] T T T TT7 10 - T T T 1177 —
4.5 :— —a— 2 =03 = 0.8 L —
- ———— 3=04 3 ° 1
40 = A=0.5 = = —
- 4 o6 -
335 4 a [ ]
- 4 04 —
3.0 - - |
25 4 °2r 7
20 | Ll L1111 0.0 L1111
10 10° 10’ 10" 10° 10’
Ri Ri
(a) (b)

23



Gr Gr
10° 10 10° 10° 10*
1.3 T T T T T T T TTT 2000 T T T TTTT] T T T TTT

N
o
o

1.2 1500

8 1.1 1000
o - &
B S)
- =

1.0 — 500

0.9 | Lol | I | 0

10 10° 10" 10" 10° 10"
Ri Ri
() (d)

Fig. 10. Alteration of (a) Nu, (b) Be, (¢c) PEC, and (d) TPC (¢) with respect to Ri and Gr for different

values of 4 during Case 1.

Re Re
282232 182 132 82 32 282232 182 132 82 32
O QI T I T T T T T [ T T T 7 | 05
45 —8— A=03
e —a— A=04
- —e— 1=05
4.0 —
s F
z35
3.0
25
20 Lol L1111
10" 10° 10° 10’
Ri Ri
(a) (b)

24



Re Re
4 282 232 182 132 82 32 o8 282232 182 132 82 32

PEC

107 10° 10 10" 10° 10
Ri Ri
(c) (d)
Fig. 11. Variation of (a) Nu, (b) Be, (c) PEC, and (d) TPC (¢) with respect to Ri and Re for various
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values of 4 during Case 3.

5.4 Summary of Optimization Study and Qualitative Visualization

Now, considering the overall scenarios of all three cases within the range of variations of
the parameters of interest, it is found that in Case 1, when Ri increases at fixed Re, Nu and Be also
increase. Heat transport and associated entropy generation increase when natural convection
dominates over forced convection. Instead, PEC and TPC(e) gradually decrease as Ri at fixed Re
increases or mixed convection becomes naturally dominated. These phenomena indicate a lower
heat transport drag and entropy generation. Similar characteristics are found in Case 3, except Ri
remains fixed at 1, meaning pure mixed convection and both Re and Gr gradually increase.
Increased Re indicates the strength of the flow, and increased Gr represents a higher thermal
gradient across the differential walls, which in turn influences the heat transfer and the entropy
generation proportionally while the heat transfer against drag or total entropy generation in an
isolated manner. An opposite view is found for Case 2 when Gr remains fixed. An increase in Ri
and a decrease in Re make Nu decrease. However, other parameters like Be, PEC, and TPC(¢) are
also inconsistent, increasing or decreasing based on different influencing parameters. Thus, a few
conclusions can be underlined from the observations of Case 2. All cases optimized under the

controlling parameters of Re., 4, X;, and Y. in terms of position are summarized in Table 5.
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Table 5. A summary of the current optimization study within the range of governing parameters.

Case Optimum Re. Optimum Position Optimum 4  Ranges for optimum 4

3 0.3 0.I1<Ri<I1.l

1 10 3 0.4 1.1<Ri<4
3 0.5 4<Ri<10
3 0.5 0.1<Ri<0.18

2 10 3 0.4 0.18<Ri<0.6
3 0.3 0.6 <Ri<10
3 0.3 10° < Gr<1.3x10*

3 10 3 0.4 1.3x10* < Gr <2.5x10*
3 0.5 2.5x10° < Gr<10°

After determining the optimized controlling variables, qualitative plots of the streamlines
and isotherms are visualized in Figs. 13-15 covering Cases 1-3 for three governing parameters
selected from their corresponding optimum ranges. All-controlling parameters, e.g., Rec, 4, and
position in their corresponding optimum values followed by the specified ranges listed in Table 5,
are maintained for each set. Figure 13 shows that for Case 1 when the size of the cylinder rises,
the streamlines or flow patterns become more uniform, followed by a thin thermal boundary layer
developed near-wall regions. An opposite is found for Cases 2 and 3, where streamlines are shown
in Figs. 14 and 15 indicate that the vortex’s strength close to the sliding lid rises as the size of the
cylinder rises. However, the isotherms do not alter much except around the cylinder, which means
negligible changes in thermal boundary layer development. Moreover, it can be seen that due to
rotation, the flow inside the porous cylinder almost follows the direction of rotation without any

cross-flow since rotational velocity is much higher in assisting flow conditions.
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Fig. 14. Streamlines and isotherms for Case 2 at (a) Re.= 10, 4 = 0.3, position 3, Ri = 5, (b) Re.=
10, 4 = 0.4, position 3, Ri = 0.5, and (¢) Re.= 10, 4 = 0.5, position 3, Ri = 0.15.
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Fig. 15. Streamlines and isotherms for Case 3 at (a) Re.= 10, A = 0.3, position 3, Gr = 10%, (b) Re.
=10, 1= 0.4, position 3, Gr=2x10% and (c) Re.= 10, 1 = 0.5, position 3, Gr = 5x10*,

6. Conclusions
The active flow optimization of a spinning porous cylinder on laminar mixed convective
flow inside a lid-driven square chamber has been conducted numerically in this study. The main
objective is to find out the best possible values for rotational Reynolds number, non-dimensional
characteristic size, and position of the porous cylinder. Each effect with the most optimum cases
has been visualized in the streamline and isotherm plots. Comparative results are analyzed
following all three convection cases by changing the governing parameters in specified ranges.
The following conclusions are drawn, as described below.
e Assisting lid-driven flow combined with the clockwise revolution of the cylinder boosts

heat transfer mainly (maximum around 16% as compared to the stationary case), and hence,
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the maximum Re. = 10 is chosen as the optimum one for the settings of A = 0.4, X. = 0.5,
and Y.=0.5.

In the case of rotation (either clockwise or anticlockwise), the thermal entropy generation
becomes less. For the clockwise rotation case, less mechanical effort is required in heat
transfer, especially when the forced convection is more dominant (19% more than in the
stationary case).

Positioning the cylinder nearest to any walls disrupts the heat transfer. Hence, the central
position becomes optimal for all cases when the other settings are fixed at 4 = 0.4 and Re.
=10. Also, it corresponds to moderate thermal entropy generation and mechanical effort.
The optimum size varies in the specified ranges of the governing parameters for each case,
where all three values of 4 = 0.3, 0.4, and 0.5 appear alternatively in individual
optimizations. Depending upon the mixed convection, either forced or naturally
dominated, and a higher or lower value of Reynolds number, the size needs to be taken
accordingly.

The larger sizes are associated with, the more significant thermal entropy generation and
the higher mechanical effort in heat transfer.

From the streamline visualization, the strength of the vortex nearest to the lid increases as
the rotation changes from assisting to stationary to opposing, as well as when the size of
the cylinder increases.

From isotherm visualization, with rotation from assisting to opposing and size from lowest
to highest, the formation of the thermal boundary layer away from the lid is noticed. Also,
the thermal boundary layer shifts from a thicker to a thinner or from a lighter to a denser

1sotherm.

The flow inside the porous cylinder almost follows the direction of rotation without any cross-flow

since rotational velocity is much higher in assisting flow conditions. A future study extension can

incorporate oscillatory boundary conditions in the porous cylinder, introducing non-isothermal

heating or simulating real-world applications involving porous materials with the studied boundary

conditions. Additionally, investigating electroconductive flow through porous media [51] and

stretching porous cylinders could further extend the groundwork laid by Sowmiya and Kumar [52].
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Nomenclature:

A Area of the Domain

Be Bejan number

Cua Dimensionless drag coefficient

Cy Specific heat at constant pressure, Jkg 'K !

d Diameter of the porous cylinder, m

Da Darcy number

F Inertia Forchheimer coefficient

g Gravitational acceleration, ms >

Gr Grashof number

Thermal conductivity, Wm 'K
L Side length of the square cavity, m
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N Dimensionless wall-normal direction

Ne Element number

Nu Nusselt number

p Pressure, Nm 2

P Non-dimensional pressure

Pr Prandtl number

Re Thermal conductivity ratio

Re Reynolds number of the flow

Re. Rotational Reynolds number

Ri Richardson number

S Entropy generation

T Temperature, K

uv Non-dimensional velocity components

u, v Velocity components, ms !

Uo Sliding velocity of the upper lid, ms™!

Uy Peripheral velocity of the rotating porous cylinder, ms™!
Upx, Upy Dimensionless peripheral velocity components

Upx, Upy Peripheral velocity components, ms ™!

XY Dimensionless Cartesian coordinates

X, )z Cartesian coordinates, m

Xe, Ve Coordinates of the center position of the porous cylinder, m
X, Ye Dimensionless center position of the porous cylinder
Greek symbols:

b Coefficient of volume thermal expansion, K !

€ Porosity of the porous medium

C Non-dimensional temperature

K Permeability of the porous medium, m?

A Non-dimensional characteristic size

v Kinematic viscosity of the fluid, m?s™!

Q Speed ratio
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) Angular velocity of the rotating porous cylinder, rads™!

Dynamic viscosity, kg m's™!

Density, kg m™>

Subscripts

0 Stationary

C Cold

eff Effective

t/F Fluid

ft/FF Fluid friction in fluid domain
ft/FT Heat transfer in fluid domain

h Hot

m Mean

p/P Porous medium

pf/PF Fluid friction in porous domain
pt/PT Heat transfer in porous domain
ref Reference

T Total

Abbreviations

MHD Magnetohydrodynamics

PEC Performance evaluation criterion
TPC Thermal performance criterion
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