Heliyon 9 (2023) 22865

Contents lists available at ScienceDirect w

Heliyon

journal homepage: www.cell.com/heliyon @ Copross

Research article

Circular rotation of different structures on natural convection of
nanofluid-mobilized circular cylinder cavity saturated with a
heterogeneous porous medium

Abdelraheem M. Aly **, Zehba Raizah ?, Ali J. Chamkha "

* Department of Mathematics, College of Science, King Khalid University, P.O. Box 9004, 61413, Abha, Saudi Arabia
b Faculty of Engineering, Kuwait College of Science and Technology, Doha District, Kuwait

ARTICLE INFO ABSTRACT
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centered in a circular cylinder cavity occupied by A/,0; nanofluid. The novelty of this work is
appearing in simulating the circular rotations of different solid structures on natural convection
AL O, nanofluid of a nanofluid-occupied a circular cylinder. The circular cylinder cavity is suspended by
Circular cylinder heterogeneous/homogeneous porous media. The embedded structures are taken as a circular
Embedded structures cylinder, rectangle and triangle with equal areas. The first thermal condition considers the whole
structure is heated, the second thermal condition considers the half of the structure is heated
and the other is cooled and the third thermal condition considers the quarter of the structure is
heated and the others are cooled. The outer boundary of cylinder cavity is cooled. Due to the
small angular velocity @ = 3.15 (low rotational speeds), then the natural convection case will be
considered only. The results are representing the temperature, velocity fields. The simulations
revealed that the presence of the inner hot/cold structures affects on the velocity distributions
and temperature field inside a circular cylinder cavity. The triangle shape has introduced the
highest temperature distributions and maximum values of the velocity fields compare to other
shapes inside a circular cylinder cavity. The homogeneous porous level reduces the maximum
values of velocity field by 25% compared to the heterogeneous porous level.

1. Introduction

Recently, the heat transfer by convection from a cylinder rotating in its container (cavity) is one of the topics of important
problems in fluid dynamics due to its enormous applications such as heat exchange of the rotating tube, rotating hubs, fuel rods
of nuclear reactor, punching of oil wells, and steel suspension bridge cables. The outer enclosures are applied for minimizing the
heat transport from the cylinder in case of rotation. Various experimental and numerical attempts have been presented to simulate
the convective flows in the cavities with and without rotating blocks. Hayase et al. [1] investigated the effects of coaxial cylinders
embedded inside cavities on mixed convective heat transfer. Fu et al. [2] presented the influence of a circular cylinder rotating
near the hot wall of a cavity. They summarized that the natural convective heat transfer can be enhanced by the cylinder rotation’s
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Nomenclature
C, heat capacity Greek symbols
Kp Boltzmann’s coefficient d A it
u ynamic viscosity
Da Darcy parameter m change rate of In(K) in X
Pr Prandtl number 1 change rate of In(K) in Y
U, v velocity components ¢ thermal conductivity
P dimensionless pressure P density
k thermal conductivity 0 dimensionless temperature
Ra Rayleigh number ¢ solid volume fraction
XY Cartesian coordinates T dimensionless time
by,b,  base and height of an embedded triangle € porosity
w kernel function ]
K, permeability Subscripts
up Brownian velocity f fluid
Nu average Nusselt number nf Nanofluid
R radius of a circular cavity p porous medium
r, radius of an embedded cylinder h hot
L,,L, length and width of an embedded rectangle c cold

direction. Oztop et al. [3] have analyzed the effects of a circular body on the combined heat transfer inside a lid-driven square
cavity. The readers can find in the references [4-11], different studies of the effects of convection heat transfer due to the rotating
circular cylinders. Hussain and Hussein [12] carried out the convection heat transfer of a rotating circular cylinder inside a square
enclosure. They found that the location of the rotating cylinder has a good effect on convection heat transfer. In another study in
three dimensional, Kareem and Gao [13] investigated the effects of a rotating circular cylinder on the combined convection heat
transfer of a 3D blocked cavity. Alsabery et al. [14] carried out a numerical analysis for a solid rotating cylinder inside a wavy porous
cavity to illustrate the convective heat transfer.

Ku et al. [15] studied numerically the effect of two small circular cylinders on the accumulation of particles in five different
patterns using the flooded boundary method and the discrete element method. Aly [16] presented the effects of the presence of two
circular cylinders inside a cavity saturated with a porous medium. Kolsi et al. [17] studied the effects of double-rotating of cylinders
on the conductive cooling panel. They considered the influences of cylinder rotational velocities on the cooling operation. Ouri et
al. [18] examined the phase change process and convection flow of hybrid nanofluid inside an L-shaped vented cavity containing a
rotating cylinder. Selimefendigil et al. [19] analyzed the convective cooling of double-rotating cylinders within a porous medium by
adopting hybrid nano-jets. Al-Kouz et al. [20] studied numerically the entropy production and mixed convection in a 3D cavity filled
with a phase change material (PCM) and incorporating a rotating cylinder.

In the fluid flows, when both thermal conductivity and permeability are varied, then the porous medium becomes a heterogeneous
porous medium. Scientists and researchers give their interest to the thermal convection inside cavities saturated by heterogeneous
porous media. The porous environments can be applied in wide branches of engineering. [21-25]. The problems of studying the flow
of nanofluids inside different shapes of cavities require specialized discretization techniques and lower computational costs. One of
the famous techniques is mesh free methods. The most effective method was the SPH method and many researchers have been used
this method for simulating impact flows and fluid-structure interactions [26-32] and fluid flows through porous structures [33-39].
In this simulation, we focus on applying the ISPH method for studying the circular rotations of three different structures, circular
cylinder, rectangle and triangle embedded in a circular cylinder cavity filled with a heterogeneous/homogeneous porous media.
The circular cavity was filled with Al,03;— H,O nanofluid. The main finding of the performed simulations that the triangle
shapes gives the highest temperature distributions and maximum of the velocity field inside a circular cylinder cavity. Moreover, the
installation of the inner structures with circular rotations varies the characteristic of the heat and fluid flow inside a circular cavity.
This problem can be extended for several industrial applications like rotating-tube heat exchanges and nuclear reactor.

2. Mathematical analysis

This section characterizes the physical model and controlling equations for coupling fluid-structure interactions during natural
convection flow. Fig. 1 presents the elementary physical model for embedded three structure, (a) circular cylinder, (b) rectangle, and
(c) triangle inside a circular cylinder cavity with their particles models. The structures have been taken with equal areas and their
positions were settled in the center of cylinder cavity. The radius of a circular cavity is R=0.5 and its outer boundary is kept at a
cold temperature 7, . The embedded structure carries three different thermal conditions including all hot structure, half hot/cold
structure and quarter hot and others cold of structure. The structures are circularly rotated around the center in anti-clockwise
direction. The radius of the embedded cylinder is r. =0.2, the length and width of the rectangle are L, =04 and L,=03,
respectively. The base and height of the triangle are b, =04 and b,=0.6 .
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Table 1
Thermophysical properties of the Al,0; and base fluid ( H,O0 ) at T =310 K
[40-42].
Material p(Kgm_3) Cp(J /kgK) Ax107°K"! d(nm) K(W /mK)
H,0 993 4178 36.2 0.385 0.628
Al Oy 3970 765 0.85 33 40
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From Fig. 1, the annulus between the embedded structure and outer circular boundary is saturated by a heterogeneous/homoge-
neous porous medium with a function ¢ (X,Y) and a porosity e .

The assumptions of the current problem are:

« The structures are modeled by the ISPH method and their motions were circularly rotated around their center.
+ One phase model is used for the nanofluid and Darcy model is used for porous media.
+ Boussinesq estimation is applied for the density changes.
+ Table 1 illustrates the thermo-physical features of Al,O; and H,0

The Lagrangian description of the unsteady laminar natural convection flow of a nanofluid according to [41-43] is introduced in

following Egs. (1), (2), (3), (4):
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In this study, two levels of porous media including homogeneous porous medium ( #; =0 and #, =0 ) and heterogeneous porous
medium ( #; =0.5 and 5, =0.5) in Egs. (5), (6) were considered. Density is p , kinematic viscosity is u . Pressureis P and &

is the porosity. Da is the Darcy parameter,

Eq. (7) denotes the heat capacity ratio in porous media.

The thermo-physical properties of Al,O;—
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Pr is the Prandtl number, and H is a porous layer height. The parameter y in

H,0 nanofluid, [44], are introduced in Egs. (8), (9), (10), (11), (12), (13):
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(a) Circular cylinder (b) Rectangle

(c) Triangle

Fig. 1. Initial physical model for (a) embedded circular cylinder, (b) embedded rectangle and (c) embedded triangle inside a circular cylinder cavity with their
particles models.
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Fig. 2. The temperature profiles in a partial porous cavity from the ISPH method and experimental/numerical results of Beckermann et al. [45].

where, T, ’ is a water freezing point. In Egs. (14), (15), Kz = 1.380648 x 10787 /K is Boltzmann’s coefficient and up is Brownian
velocity. The mean Nusselt number:

SC
Na=-X1) / 9 ay. (16)
S, on
0

In Eq. (16), S, is the length of the outer boundary for a circular cylinder cavity.

3. ISPH method

The solving steps are as follows: predictor velocities (Egs. (17), (18)), solving pressure Poisson equation (PPE) (Eq. (19)), and
corrected velocities (Egs. (20), (21)). The thermal energy equation is updated in Eq. (22). The particles positioned are updated at
each time step in Egs. (23), (24). Finally, the shifting technique is adopted in this work to adjust the particles positions (Eq. (25)).

* _prn Pr n
W -U") bur = Ar 1o pr”"f 4% + 19 pr#”f U\ _ _ “THers U, 17)
3 Pr £ 0X Hr 0X e dY Ur Y uan*(X,Y)Da
VE—V")p H H Pry (P "
( )Lf:Ar<li<Pr "fa—V>+li<Pr ”fa—V>- d__y ”fPrRa0> : as)
I3 Py €0 Hr 0X e dY Ur Y yan*(X,Y)Da (pﬁ)f
Solving PPE:
oU* oV* p— pnum
v2prl = P + + , 19
ac\ox "oy )T AR 19)
The final velocities are:
Ut Ut = —Ar(lvp"“ ) (20)
P
4 g —Ar(lvp"“ ) 1)
p
Thermal energy equation:
(”Cp)nf 0 00 0 00 \1"
o —on =A [—( X2+ 2 (coxy —)] , 22
( ) . Tl3x ¢ )ax +tov ¢( )aY (22)
149} r
The positions are updated as:
X" = AzU 4 X (23)
Yn+1 — ATV"+1 +Y" 24)
The shifting technique:
Yy =(VY),6R;s +0(6R%) + Y. (25)



A.M. Aly, Z. Raizah and A.J. Chamkha Heliyon 9 (2023) 22865

0+ T T T T
0 02 04 06 08 1
(=) Ymin = —18.94, () Yiin = —19.99 Ymin = —20.079

0 02 04 06 08 1

Fig. 3. The streamlines (top) and isotherms (bottom) from Chamkha and Ismael [46] (left) and the ISPH method (right) at ¢=5% , Ra=10°, A=2,X ,=0.1.

4. Validation tests

This section introduces two numerical tests to prove the efficiency of the used ISPH method in simulating fluid flows through
porous media. Fig. 2 introduces the temperature profiles in a partial porous cavity from the ISPH method and experimental/numerical
results of Beckermann et al. [45]. Here, the ISPH method showed a well agreement between the ISPH method and experimental/nu-
merical results of Beckermann et al. [45] for natural convection in a partitioned porous cavity. Another validation test is introduced
in Fig. 3. In this numerical test, the streamlines and isotherms for natural convection in a partitioned porous cavity at ¢ =5% ,
Ra=10°, A=2X = 0.1 are compared between the ISPH method and Chamkha and Ismael [46]. This numerical test confirms
the efficiency of the ISPH method as it represents a well accordance compared to the results of Chamkha and Ismael [46].

The third validation test examines the natural convection from an inner hot rectangle inside a square cavity. Fig. 4 (a,b) represents
the validation test between the ISPH method and numerical/experimental data of Paroncini and Corvaro [47]. Here, the streamlines
and isotherms across a cavity at Hot rectangle length=0.5 with (a) Ra=1.78x10° and (b) Ra=2.25x10°> are obtained. It is
found that the streamlines and isotherms agree well between the ISPH method and Paroncini and Corvaro [47]. From now, there is a
confidence in the ISPH method for natural convection in a porous closed domain. Table 2 presents the comparison of Nu between
the ISPH method and benchmark results from de Vahl Davis [48]. This validation shows the efficiency of the ISPH tool in calculating
the Nu across the hot walls during natural convection flows.

5. Results and discussions

This section presents the obtained simulations for time-dependent natural convection flow of a nanofluid inside a circular cylinder
cavity saturated with a porous medium. The simulations are carried out for several key factors including different types of the em-
bedded structures, different thermal condition of structures, nanoparticles parameter 0 < ¢ < 0.5 , porous medium level, and Darcy
parameter 1073 < Da <1075 on the fluid flow and characteristic heat transfer. Tracking the circular rotations of the embedded
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Table 2 o
The value of Nu of the ISPH method and benchmark results
[48].
Results of Nu Ra=10> Ra=10* Ra=10°
The ISPH method 0.988 2.154 4.141
de Vahl Davis [48]  1.116 2234 4.487
xperi tal result umerical simulati ult
E‘(penmgn al results of Numerical sim lation res. Its The ISPH method
Paroncini and Corvaro of Paroncini and Corvaro

a) Ra = 1.78 x 10°& Hot rectangle lencth— 0.5

@/‘

/‘)

! ,y‘-\\_/ ;' ;7_._\
:""V :\ \\L
¢ i\ \
: \\\
(b) Ra = 2.25 x 10° & Hot rec(angle lengthz 0.5

Fig. 4. The validation test between the ISPH method and numerical/experimental data of Paroncini and Corvaro [47].

structures was introduced. Fig. 5 (a-c) shows the circular motions of three embedded structures inside a cavity. In general, one of
the advantages of the ISPH method are treating the coupling between fluid-structure interaction during natural convection flow by
an easy way without a special treatment. In this figure, as the times increase from 7 =0.005 sec to 7=0.5 sec, then the inner
structure rotates circularly around the cavity’s center.

Fig. 6 (a-c) represents the temperature distributions under the variations of heated/cooled area of embedded cylinder for (a) a
homogeneous porous level, and (b) a heterogeneous porous level. It is seen that the temperature distributions inside the circular
cavity are depending on the type, and positions of the inner structure. Due to the longest height between the triangle shape and
outer domain, high temperature distributions were obtained at the case of inner triangle structure. So, it is well mentioned that a
choosing of an inner structure plays a significant role in enhancement heat transfer within a closed domain. Fig. 7 (a,b) introduces
the temperature distributions under the alterations of heated/cooled area of embedded circular cylinder for (a) a homogeneous
porous level, and (b) a heterogeneous porous level. The temperature distributions are enhanced inside a circular cavity at the case
of heated area of the inner cylinder, while as an increase on the cool area accompanied by a decrease on the heated area of inner
cylinder are reducing the temperature distributions. Fig. 8 (a,b) represents the velocity fields under alterations of heated/cooled area
of embedded cylinder inside a circular cylinder cavity for (a) a homogeneous porous level, and (b) a heterogeneous porous level.
From this figure, as the circular cylinder rotates in a circular form, then the center of a circular cylinder has almost zero velocity.
It is seen that, the maximum values of the velocity fields are given at the case of half hot/cold circular cylinder for both levels of
homogeneous/heterogeneous porous media. Moreover, the maximum velocity increases as the level of the porous media changes from
the homogeneous to heterogeneous porous level and the reason returns to the definition of K* in equation (5) within the momentum
equations (2)-(3). Figs. 9 (a,b)-10 (a,b) show the temperature and velocity distributions under the variations on the heated/cooled
area of an embedded rectangle inside a circular cylinder cavity for (a) homogeneous porous level, and (b) heterogeneous porous
level. Here, the whole hot rectangle augments the temperature distributions and it reduces the velocity fields inside a circular
cylinder cavity. Physically, the inner shape represents as a blockage for the nanofluid flow and consequently it reduces the strength
of the velocity fields within a cavity. It is seen that, there are slight changes on the temperature distributions under the variations
of the level of porous media. The homogeneous porous level reduces the velocity fields compare to the heterogeneous porous level.
Figs. 11 (a,b)-12 (a,b) show the temperature distributions under the variations of the heated/cooled area of embedded triangle
inside a circular cylinder cavity for (a) homogeneous porous level, and (b) heterogeneous porous level. In this figure, the whole
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7= 0.005 sec 7= 0.25 sec 7= 0.5 sec

(c) Inner cylinder shape

Fig. 5. Time histories of the circular motions of the three embedded structures inside a circular cylinder cavity at the case of half heated part of an inner shape, a
homogeneous porous level, R=0.5, Ra=10*, ¢=0.01, Da=10" and £=06 .

triangle raises the temperature distributions and reduces the velocity fields at the case of homogeneous porous medium level. The
heterogeneous porous level augments the maximum of the velocity field inside a circular cylinder cavity.

Figs. 13-14 depict the impacts of the temperature distributions and velocity fields inside a circular cylinder cavity under the im-
pacts of nanoparticles parameter ¢ at half hot/cold rectangle, and heterogeneous porous level. Adding nanoparticles concentration
enhances the temperature distributions in a circular cylinder cavity. Physically, adding extra concentration of nanoparticles increases
the viscosity of the base fluid and consequently the velocity fields are reducing inside a circular cylinder cavity. Figs. 15 (a,b)-16 (a,b)
present the temperature distributions and velocity fields inside a circular cylinder cavity under the impacts of Darcy parameter for
half hot/cold rectangle at two cases of (a) homogeneous porous level, and (b) heterogeneous porous level. It is found that the Darcy
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7= 0.005 sec 7= 0.25 sec 7= 0.5 sec

(a) Inner triangle shape

(b) Inner rectangle shape

(c) Inner cylinder shape

Fig. 6. Time histories of the temperature distributions of the three embedded shapes inside a circular cylinder cavity at the case of half heated part of an inner shape,
a homogeneous porous level, R=0.5, Ra=10*, ¢=0.01, Da=10" and £=0.6.

parameter has slight effects on the temperature distributions inside a cavity and as Da decreases from Da=10" to Da=1077,
the velocity fields around the inner cylinder are decreasing. It is seen that, the maximum of the velocity field increases from 3 at the
case of Da=10"3 with a homogeneous porous level to 3.9 at the case of Da=10"3 with a heterogeneous porous level, while
at Da> 10", there are no variations on the maximum values of the velocity fields between the homogeneous and heterogeneous
porous level. Due to the circular rotation of the inner circular cylinder, the maximum values of the velocity fields are occurring
only at the area between the fluid flow and inner circular cylinder. The physical reason of these results return to the high porous
resistance at a lower Darcy parameter.
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All hot cylinder Half hot/cold cylinder 0.25 hot and 0.75 cold of cylinder

(a) Homogeneous porous level

(b) Heterogeneous porous level

Fig. 7. Temperature distributions under the variations on the heated/cooled area of embedded cylinder inside a circular cylinder cavity for (a) Homogeneous porous
level, (b) Heterogeneous porous level at R=0.5, Ra=10*, ¢=001, Da=10" and £=06 .

6. Conclusion

Natural convection of Al,O; - H,O in a circular cylinder cavity saturated by a heterogeneous/homogeneous porous media
was numerically simulated in the presence of three different inner structures having a circular rotation. The novelty of this work is
appeared in adopting the ISPH method for simulating convection flow of circular rotation of different solid structures in a closed
circular cylinder. It was observed that the maximum values of the velocity field are occurring between the embedded structure and
the surrounding nanofluids. The installation of the inner hot/cold structures changes the temperature distributions and nanofluid
flows inside a circular cylinder cavity. The inner triangle structure has the biggest effect on the temperature distributions and
velocity fields due to its longest height inside a cylinder domain. The rotation of the embedded structures changes the temperature
distributions and velocity field within a circular cylinder. Hence, the current problem can be applied in enhancement the heat transfer
performance in solar collectors and designing energy devices with inner structures. The variations of hot/cold parts of the embedded
structure have strong impacts on the temperature and velocity fields inside the circular cylinder. Even if the whole heated structure
gives the high temperature distribution inside a cavity, but it has a lowest maximum value of the velocity field due to large blockage.
The homogeneous porous level is reducing the maximum values of the velocity fields by 25% compare to the heterogeneous porous
level.
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All hot cylinder Half hot/cold cylinder 0.25 hot and 0.75 cold of cylinder

(b) Heterogeneous porous level

Fig. 8. Velocity fields under the variations on the heated/cooled area of embedded cylinder inside a circular cylinder cavity for (a) Homogeneous porous level, (b)
Heterogeneous porous level at R=0.5, Ra=10*, ¢=0.01, Da=10" and £=06 .
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All hot rectangle Half hot/cold rectangle 0.25 hot and 0.75 cold of rectangle

(a) Homogeneous porous level

(b) Heterogeneous porous level

Fig. 9. Temperature distributions under the variations on the heated/cooled area of embedded rectangle inside a circular cylinder cavity for (a) Homogeneous porous
level, (b)Heterogeneous porous level at R=0.5, Ra=10*, ¢=0.01, Da=10" and £=0.6.
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All hot rectangle Half hot/cold rectangle 0.25 hot and 0.75 cold of rectangle

(b) Heterogeneous porous level

Fig. 10. Velocity fields under the variations on the heated/cooled area of embedded rectangle inside a circular cylinder cavity for (a) Homogeneous porous level, (b)
Heterogeneous porous levelat R=0.5, Ra=10*, ¢=001, Da=10" and £=06 .
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All hot triangle Half hot/cold triangle 0.25 hot and 0.75 cold of triangle

(a) Homogeneous porous level

(b) Heterogeneous porous level

Fig. 11. Temperature distributions under the variations on the heated/cooled area of embedded triangle inside a circular cylinder cavity for (a) Homogeneous porous
level, (b) Heterogeneous porous level at R=0.5, Ra=10*, ¢=001, Da=10" and £=06 .
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All hot triangle Half hot/cold triangle 0.25 hot and 0.75 cold of triangle

(a) Homogeneous porous level

(b) Heterogeneous porous level

Fig. 12. Velocity fields under the variations on the heated/cooled area of embedded triangle inside a circular cylinder cavity for (a) Homogeneous porous level, (b)
Heterogeneous porous level at R=0.5, Ra=10*, ¢=0.01, Da=10" and £=06 .

6=0 ¢=0.03 ¢=0.05

Fig. 13. Temperature distributions inside a circular cylinder cavity under the impacts of nanoparticles parameter ¢ at half hot/cold rectangle, Heterogeneous porous
level, R=0.5, Ra=10*, Da=10"* and £=06 .
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1.7
'

1.4
1.0
0.7
0.3

0.0

6=0 ¢=0.03 ¢ = 0.05

Fig. 14. Velocity fields inside a circular cylinder cavity under the impacts of nanoparticles parameter ¢ at half hot/cold rectangle, Heterogeneous porous level,
R=0.5, Ra=10*, Da=10"* and £=06 .

(a) Homogeneous porous level

(b) Heterogeneous porous level

Fig. 15. Temperature distributions inside a circular cylinder cavity under the impacts of Darcy parameter for half hot/cold rectangle at two cases of (a) Homogeneous
porous level, (b) Heterogeneous porous level, R=0.5, Ra=10*, ¢=0.01, Da=10"> and £=0.6.
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Da = 1073 Da =107 Da = 107°

(b) Heterogeneous porous level

Fig. 16. Velocity fields inside a circular cylinder cavity under the impacts of Darcy parameter for half hot/cold rectangle at two cases of (a) Homogeneous porous
level, (b) Heterogeneous porous level, R=0.5, Ra=10*, ¢=0.01, Da=10" and £=0.6.
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