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Abstract

Magnetohydrodynamic (MHD) natural convection of non-Newtonian ferrofluid and
entropy generation in a square enclosure containing a wavy cylinder was investigated.
The inner wavy cylinder was assumed to be heated and the outer square enclosure
to be cold. The ferrofluid’s rheology was presented by the power-law model, while
density fluctuations owing to thermal expansion were described using the Boussi-
nesq approximation. Numerical calculations had been performed using dimensionless
parameters such as Hartmann number, power-law index, Rayleigh number, wave num-
ber, and volume fraction. Results are discussed in terms of isotherms, velocity field,
average Nusselt number, and entropy generation, taking into account the variations
in physically significant parameters. Results indicate that thermal convection domi-
nates the isotherms of shear-thinning fluids, while conduction is more prominent in
shear-thickening fluids. The power-law index (n) greatly influences the streamlines
and isotherms. The non-Newtonian ferrofluid’s average Nusselt number (Nu) rises as
the Hartmann number is reduced and the Rayleigh number (Ra) is increased. In this
simulation, the maximum value of Nu is found to be 8.38 because of the addition of fer-
roparticles. Additionally, the irreversibility caused by fluid friction, heat transfer, and
magnetic field for the shear-thinning (n < 1), Newtonian (n = 1), and shear-thickening
(n > 1) cases can be minimized by using the ideal parametric combination.
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1 Introduction

Ferrofluids are nanofluids that contain a suspension of nanometer-sized solid ferro-
magnetic particles in acommon heat transfer fluid. They are composed of 5% magnetic
particles, 10% surfactants, and 85% carrier fluid [1] and usually contain iron oxides or
iron salts such as magnetite (Fe3O4) and hematite (Fe,O3) [2]. Ferromagnetic particles
have a diameter of 10 nm or less. They are classified as superparamagnetic because
they can only be magnetized in the presence of magnetic dipoles. The temperature-
dependent magnetic coupling of ferromagnetic nanofluids is one of its most prominent
advantages [3]. Thermal efficiency of these fluids is controlled by manipulating the
amplitude and direction of the magnetic field [4, 5]. Due to their exceptional thermo-
physical properties, ferrofluids have numerous applications in engineering such as heat
dissipation, dynamic sealing, doping, inertial and viscous damping, and heat transfer.
In addition, there are many engineering and industrial applications for example con-
densers, building heating and cooling systems, refrigeration heat exchangers, and the
gas and oil industry. Ferrofluids can be used to target drugs with magnets and for
hypothermia and MRI contrast enhancement as well as magnetic cell separation in
biomedicine [6].

A decade of research into ferrofluids’ heat transfer [7] across irregular geometries
has led to considerable gains in mass and heat transfer efficiency due to the uneven
surface [8]. Heat transfer by natural convection and fluid flow between a square-shaped
enclosure and a cylinder with wavy walls has always been a potential area of research.
In addition, a wavy-walled cylinder placed in a square-shaped cavity has many appli-
cations in the field of biotechnology [9] such as plant cell wall engineering, microbial
fuel cell architecture to improve fuel production biomaterials [10]; including various
applications in geophysical systems and engineering, for example, power generation,
heat conduction, insulation, natural circulation atmospheric, machinery cooling, solar
panels, underground cabling, electrical equipment, etc. As a result of this, a number
of researchers [11-13] investigated the natural convection of nanofluids in a square-
shaped cavity containing a wavy cylinder. Dogonchi et al. [14] employed CVFEM
to study the natural convection of nanofluids inside of a square-shaped cavity that
contained a corrugated circular heater. Because of the waviness of the inner wall of
the annulus, it was found that adding nanoparticles increased the rate of heat transmis-
sion. Abdulkadhim et al. [15] explored the heat transfer during fluid flows between
sinusoidal cylinders inside a vertically walled enclosure filling with multilayers of
nanofluid and a porous medium soaked with a similar nanofluid numerically. When
the Darcy and Rayleigh numbers grow, the heat transfer rate of convection becomes
dominating and the intensity of the fluid flow and the thickness of the shear layer
increase.

Currently, magnetohydrodynamic natural convective heat transfer has become
widespread. It has a wide variety of applications, including continuous casting and pro-
cesses growing crystal, MHD pumps and flow meters, nuclear reactors, and electronic
components. In order to improve the flow field’s level of stability, it is customarily
necessary to employ an external magnetic field. Few researchers [16—18] have shown
that external magnetic fields can affect heat transmission in cavities. According to
all of them, as the intensity of the magnetic field (Ha) increased, the coefficient of
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heat transfer due to convection decreased. Son and Park [19] studied the MHD natu-
ral convective heat transfer filling with ferrofluid having an insulating block inside a
rectangular cavity and found that inserting a block improves heat transfer to a large
extent some degree within the block size and Ha. Javed [20] numerically examined the
effect of magnetic field on heat transport through ferrofluid within a square-shaped
cavity having a heat source. When the intensity of the magnetic field is increased,
resulting in the conduction regime taking control within the container for all values of
Ha, provided that Ra is reduced.

Although most studies have focused on free convective heat transfer for a Newto-
nian fluid inside cavities, the impact of the non-Newtonian behavior of nanofluids on
thermal distribution by free convection has not yet been examined. There are numer-
ous applications for heat transmission via non-Newtonian fluid natural convection,
including the design of chemical reactors, polymer engineering in paper manufac-
turing, and oil drilling. As a result, it is very important to know the basic physics
behind how heat moves through non-Newtonian fluids. Many experts have tested free
convection from an envelope with non-Newtonian fluids [21-24]. They studied the
consequence of non-Newtonian effect on heat transfer by free convection. According
to them, it is also possible to compare heat transfer via natural convection between
non-Newtonian and Newtonian fluids. Kefayati [25] investigated the magnetic effect
introduced externally to a non-Newtonian nanofluid with a non-Newtonian index of
0.6—-1 using Pr = 100 which is based on the non-Newtonian behavior of the fluid, and
experimented with varying non-Newtonian index, Rayleigh and Hartmann numbers
to see how these affected heat transfer characteristics. Turan et al. [26] also examined
laminar natural convective heat transfer of power-law fluids inside a square-shaped
enclosure with variably heated sides exposed to a constant temperature. According to
the findings of the simulations, an increase in Pr leads to a decrease in Nu for a certain
set of Ra (Rayleigh number), and » in the range 0.6—-1.8.

A system’s energy losses can be better understood by doing accurate entropy gen-
eration calculations, which can be used in many different industries to improve heat
transfer design. Therefore, entropy generation is widely studied in the free convection
of pure fluids [27, 28] and nanofluids [29-32]. Recently, entropy generation has also
been explored on magnetohydrodynamic nanofluids. Mahmoudi et al. [33] found that
copper Cu-water nanofluids can improve the rate of heat transfer and entropy genera-
tion in free convection inside a 2D trapezoidal enclosure when a constant magnetic field
is applied. The results demonstrate that at Ra = 10* and 10°, Nu increases with Hart-
man number in the presence of nanoparticles, but a decrease is observed with a higher
Rayleigh number. Furthermore, it was found that with the presence of nanoparticles
entropy generation is reduced, but magnetic fields generally enhances the magnitude of
entropy generation. Because nanoparticles have the potential to increase system stabil-
ity, resulting in decreased disorder and reduced entropy generation. They also enable
improved heat transfer, reducing irreversibilities and lowering entropy generation. In
contrast, magnetic fields promote the movement of charged particles, which leads to
increased energy dissipation and consequently higher entropy generation. Magnetic
fields can additionally induce turbulence and mixing in fluid flows, further contribut-
ing to increased entropy generation. Mejri et al. [34] conducted research on laminar
free convection in a square-shaped enclosure filling with water-Al,O3 nanofluids and
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analyzed the entropy generation with a magnetic field. According to the findings, the
rate of heat transfer and entropy formation changes in proportion to the increase of
volume fraction for Ra =5 x 10* and Ha = 20. It was claimed that the right selection
of Ra and Ha might be capable of maximizing heat transfer rate while reducing entropy
generation.

The above literature survey exhibits that the heat transfer behaviors of MHD natu-
ral convection of non-Newtonian ferrofluids in the square enclosure with a wavy wall
cylinder have not been previously discussed. Even, irregular surfaces increase the heat
transmission rate, they also complicate the interactions between enclosure walls and
fluids within the domain. Wavy walls add an additional layer of complexity to these
challenges, and the flow of ferrofluid between the square enclosure and the cylinder
with wavy walls has not been subjected to a significant amount of research. As aresult,
the current work focuses on the non-Newtonian behavior of magnetohydrodynamic
natural convection of ferrofluid between the square enclosure and the wavy wall cylin-
der, with Fe304 as the ferroparticle and H>O as the base fluid. The intent of our study
is to give a comprehensive analysis of flow fields, heat transfer, and entropy creation
in order to measure the thermal performance of systems that are affected by magnetic
force. The results obtained through current numerical studies can be used to obtain
the optimum flow and geometric parameters in order to accomplish the development
of effective heat transfer in the above system.

2 Mathematical formulation
2.1 The physical configuration

A 2D laminar unsteady natural convection of a non-Newtonian fluid is hypothesized
to take place within a square cavity that contains a wavy heated cylinder while being
subjected to an inclined magnetic field. The non-Newtonian ferrofluid (Fe304—H>0)
flows across the space between the square enclosure and the wavy cylinder.

Figure 1 illustrates the geometry of the current problem. The length and the height
of the outer square enclosure are denoted by L. The functions of the wavy cylinder
surface are:

ri(n) = (r + Acos(Qmr Nn)) x sin(2wn), (1)

ra(n) = (r + Acos(2mr Nn)) x cos(2mn). )

Here, r denotes the radius of the smooth (base) circle, n denotes the angular coor-
dinate, A and N are the amplitude of the wavy cylinder’s wave and number of waves.
In this analysis, N and A are chosen as 5 and 0.07. It is presumed that the inner wavy
cylinder is at a temperature of T},, whereas the outer enclosure’s temperature is thought
tobe T..
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Fig. 1 The physical model’s schematic diagram

2.2 Thermo-physical characteristics of non-Newtonian power-law ferrofluid

Here ferroparticles (Fe3O4) have been included in the water-based transport fluid. In
Table 1, the thermo-physical characteristics of ferroparticles and water are listed.
Using the thermo-physical characteristics of the ferroparticles and water of Table 1,
effective thermo-physical characteristics of ferrofluid are computed as defined below.
According to the mixing rule presented by Xuan et al. [35] and Ghanbarpour et al.
[36], the effective density of ferrofluid is given by

pit = (1 — @) pg + & ps. 3)
Table 1 Thermo-physical
properties of water and Physical properties Base fluid (H,O) Ferroparticles
ferroparticles [40, 46-49] (Fe3z0y4)
Cpllkg 'K 4179 670
k[Wm™1 K1 0.613 6
p kg m™3] 997.1 5200
o[Sm™1 0.05 25,000
B x 1079 [K~1] 20.7 1.18
wlkgm s 0.001003
Pr 6.8377
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Here, pr and ps denote the densities of the base fluid and the solid particle, respec-
tively, and ¢ denotes the volume fraction of the ferroparticles.

The heat capacity (pCp) ¢ and the thermal expansion coefficient (pf)y of the fer-
rofluid are approximated from the mass average technique [36] as

(Pcp)ff = (pcp)f(l -+ (pcp)s‘fb’ )

(oB)ir = (PB)i(1 — @) + (0P)sP- &)

According to the Maxwell-Garnetts (MG) model, the electrical conductivity (o)
and the effective thermal conductivity (k) of the ferrofluid are

3(g—; - 1)¢
(G+2)-(5-1)0)
ks + 2k — 2¢p (kg — ks)
Tk + 2ke + Pk —ks)

(6)

Off = Of 1+

ki = )

The effective dynamic viscosity jig of the ferrofluid can be computed using
Brinkman model [37] along with the expansion for non-Newtonian power-law flu-
ids, which reads as follows:

n—1

~ 5% k
Mt = ‘V

(1— )3 ®

Here, n denotes the power-law index or flow behavior index and ‘;;‘ denotes the
magnitude of the shear rate which can be expressed as follows:

1
. g \* _(dv\* [ov aa\*|’
Pl=12(55) +2(5) +(55+55) |- ©)
ax ay ox ay
The thermal diffusivity oy is calculated as
kit

o= ———. (10)
('OCP)ff

2.3 Dimensional governing equations

According to the above-mentioned assertion as well as the Boussinesq approximation,
the governing equations (11)—(14) are,
ou v

_+_:0’ 11
ox dy (i
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ou N ou N ou ap s 0 0 ou 0 ou a (. 0v
—+il—+0—= | =— ==
pit or ox ay ox  o0x Mffax 8y Mtfay E)y Mffax

+ Bzoff<—12 sin? y + D cos y sin y), (12)

90 LD BB\ BP0 (L O\ b (o 9D\ b (o 0
i—+v—< )= — — — —
P57 19 T Vo5 oy Tax Moz ) T a5 M5 ) T ar \Mios

+ g(pﬁ)ff(f - Tc) + Bzoff(—f) cos? y + 1 siny cos y), (13)

aT _oT _oT 2T  9°T
— — . (14)

o2 T 532

Here, 7 specifies the time, 7 and ¥ denote the velocities along the $-axis and §-axis.
Also, T, T., g and p are the ferrofluid temperature, surrounding temperature, gravi-
tational acceleration and pressure, respectively. Furthermore, B and y is the strength
and the angle of the magnetic field.

For the above-mentioned model

Initial conditions are:

i=v=0, T=0 atf=0, (15)

Boundary conditions are
Inner cylinder: #=9=0, T=T, atf >0, (16)
Outer cylinder: i =9=0, T =T, ati> 0. (17)

2.4 Dimensionless governing equations

The following non-dimensional variables are introduced to transform the dimensional
equations into dimensionless form:

X ) (18)
X = -, = -,
'L
iL L
u=—, v=—, (19)
f of
ot _L? T-T,
(=il p=p— 0= , (20)
L pffaf Th - TC
1-n
o k
Ha= 2% Br" op= —t =B 1)
I (PCp); pr
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v LZ*Zn ATL2n+1
Pr = f T Ra = gﬁf—

. AT =T, -T. (22)
af l)fOCf

Using the relations (18)—(22), the dimensional governing equations can be trans-
formed into the dimensionless form:

ou v
—+— =0, (23)
ax dy
ou ou du ap Pr 9 ou a du 9 v
—tu—+v—=——+——-—2—\D— |+ —|(D— )+ —(D—
ot ox dy ax  (1—¢)2Sa [ dx ox dy dy dy ox
P
+Haz—rﬁ<—usin2y+vcosysiny), 24)
Ay of
v av av ap Pr ) av 9 ou 9 v
—+tu—+v—=——+———|2—\D— |+ —(D— |+ —|D—
ot dx  dy ay (1—¢)2Sa | ay U dy ox 'y ax \ ox
A P
+ 2L prRag +Ha2—rﬁ(—vcoszy+usinyc0sy), (25)
%) Ay of

90 90 90 ag[0%0 9%0
—tu—+v—=—|—+— ), (26)
at  dx 3y ar \9x2 9y
where
(0B)s
M=0-9¢)+¢
(B¢
o=(1—¢)+¢= @7)
of

n—1
2 2 2 2
D=|y|" '=|2 N () (o, 0 ) (28)
ox dy Jdx dy

The dimensionless initial and boundary conditions are:

Atr= 0
u=v=0, T=0 (29)
Att > 0,
Inner cylinder: u =v =0, T =1, 30)
Outer enclosure: u =v =0, T =0, 31
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2.5 The rate of heat transfer

The heat transfer rate at the heated inner wavy wall in dimensionless form is calculated
as Nu (average Nusselt number) by using the following formula:

S
— 1 k¢ 00
Nu = - [ Nu(p)dp where Nu(n) = —— —. (32)
K kg On
0

Here, 1 is the angular coordinate and s denotes the surface area of the inner cylinder.

2.6 Entropy generation

On the basis of the second law of thermodynamics, the estimation of entropy generation
can be useful for designing a better energy system. In a convection process of fluid
flow and heat transfer, the irreversibility is induced for fluid friction, heat transfer, and
magnetic field. The total entropy profile of a laminar incompressible fluid flow can
be calculated as the summation of the irreversibilities caused by thermal gradients,
magnetic fields, and viscous dissipation using the following formula [38, 39]:

SS = SF + ST + SM, (33)

where Sg, St, and Sy, are the entropy generations by fluid friction, heat transfer, and
magnetic field, respectively, and can be written as follows [40, 41]:

- | A2 do\? [dv  da\?
Sp=—1|2( — +2( —= =+ = , (34)
Ty dx dy dx dy

\ 2 “\ 2
S kef dTr N dT (35)
T \ax ) |
. B2
M = UffT (usiny — vcos y)z. (36)
0

After non-dimensionalizing these equations, the resulting equations are written as:

Local entropy
Ss = Sp+ ST+ Sm, 37
Entropy generation caused by fluid friction

TgL?
ke AT?

SF :SF X
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PR PYEA SR CIE A (38)
F=a dx dy dx dy/) |

Entropy generation caused by heat transfer

T3L?
kfAT?

o k| (0Nt (do? 39
(@) (@) ) >

Entropy generation caused by the magnetic field

ST :ST X

Sm =S L
= X ——
MM e AT?
_ ot 2 2
SM =—A1Ha"(usiny —vcosy)~, 40)
of
where
MfOln+1 TOOI’H—lll«f D
M= gy = LB g = Pk @D
L ks AT keL" AT (1= @)~

Here, the parameters A1 and A, are referred to as the distribution ratio of irreversibility,
To and D denote the bulk temperature and fluid viscosity. There is no fixed value for
A1 and A,. Here, the constants A; and X, take the value 10~ like [27].

The local dimensionless Bejan number (Be) is calculated dividing the number of
entropy generations for heat transfer by the total number of entropy generations. This
calculation yields the following formula [42]:

Be = —. 42
eSs (42)

The overall non-dimensional entropy generation is given by numerically integrating
the local dimensionless entropy generation over the entire domain [43]:

(Sp), = // S dA.(S1), = // St dAL(Sw); = // S dA, (43
A A A

J/Be dA
(Ss) = // Ss dABeyg =2 — . (44)
dA
/ T
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3 Numerical solution
3.1 Solution procedure

This study uses the COMSOL Multiphysics software including the finite element
approach to numerically solve the dimensionless governinge equations (23)—(26)
subject to the boundary conditions (29)—(31). FEM-based software, COMSOL Mul-
tiphysics, is used for a wide range of physics and engineering simulations. For the
continuity and the momentum equations (23)—(25) and the energy equation (26), COM-
SOL Multiphysics takes into account the laminar flow (spf) application mode as well
as the heat transfer (ht) in fluid application mode. A triangular mesh is applied to the
domain between the square enclosure and the inner wavy cylinder to generate meshes.
In this case, the numerical calculations are performed using an extremely finer mesh,
which is capable of adapting to fluid dynamic circumstances.

3.2 Grid independence test

For grid independency, several tests have been carried out to make sure that the results
are free from the grid calibration. In this study, Nu (average Nusselt number) around
the heated wavy cylinder has been determined using COMSOL’s default mesh sizes
for shear-thinning (n < 1), Newtonian (n = 1) and shear-thickening (n > 1) cases at ¢
=0.06,Ha=10,y =n/4,Ra= 10°, 7= 1, and Pr = 6.8377. The estimated results are
tabulated in Table 2. Based on Table 2, an extremely fine mesh that contains 66,096
mesh elements is chosen for the entire simulation.

Table 2 Results of the grid independency test for ¢ = 0.06, Ha = 10, N =5,y = 7/4,Ra= 10,1 =1,
and Pr = 6.8377

Mesh size Mesh elements Average Nusselt number (Nu)

n=0.6 n=10 n=14
Extremely coarse 2392 10.674 5.7502 4.6361
Extra coarse 3344 10.577 5.6240 4.5473
Coarser 5180 10.690 5.5397 4.4813
Coarse 8120 10.735 5.4980 4.4526
Normal 10,120 10.746 5.4885 4.4453
Fine 14,664 10.753 54777 4.4374
Finer 24,908 10.772 5.4745 4.4354
Extra fine 56,188 10.786 5.4770 4.4364
Extremely fine 66,096 10.775 5.4759 4.4353

@ Springer



6 Page12of34 S.S. Tulietal.

3.3 Validation of the numerical solution

To check the validity, the natural convection in a lower-temperature outer square
cavity with the higher temperature circular cylinder at the cavity’s core was tested.
The estimated surfaced averaged Nusselt numbers (Nu) are cross-checked with the
benchmark values provided by Kim et al. [44], and Lee et al. [45] as displayed in
Table 3. The current results are a good level of precision with the values estimated by
Kim et al. [44] and Lee et al. [45].

Figure 2 is another comparison for natural convective flow of the non-Newtonian
power-law fluids in one sided heated square-shaped enclosure for various Ra (10* and
10°), power-law index (n = 0.6—1.8) while Pr = 100. From Fig. 2, it is found that the

Table 3 Comparison of Nu at the hot inner cylinder forn = 1, Pr = 0.7, ¢ = 0.0, and Ha = 0 with those of
the previous numerical results

ri Ra Kim et al. [44] Lee et al. [45] Present work
0.2 103 5.093 5.107 5.0239

104 5.108 5.109 5.1163

10° 7.767 7.761 7.7830

100 14.11 14.064 14.113
Fig. 2 Comparison of the current 15

results with the findings
obtained by Turan et al. [26] as
Nu (average Nusselt number) for
various 1, while Ra = 104, 10°,
Pr =100, Ha =0, and ¢ = 0.0

—0—— Present
——=—— Turanet al.
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current findings are in perfect agreement with the equivalent results studied by Turan
et al. [26] using ANSYS-Fluent software.

4 Results and discussion

This section presents computational results for isotherms, streamlines, local and aver-
age Nusselt numbers and entropy generation for various parameters, taking thermal
Rayleigh numbers Ra = 103,10%, and 10, power-law index n = 0.6—1.4, Hartman
number Ha = 0, 10, 20, volume fraction ¢ = 0, 0.03, 0.06, 0.09, Prandtl number Pr =
6.8377 and y = /4. These parameter choices allow us to comprehensively understand
the phenomenon under study and provide a solid foundation for further analysis and
interpretation. Detailed physical and theoretical descriptions of the gathered data and
their graphical depiction, are provided in the following sections.

4.1 Influence of different inner cylinder shapes on streamlines and isotherms

The distribution of the flow field and isotherms for various values of the wave number
(N) of the inner wavy cylinder are illustrated correspondingly in Figs. 3(a)—(h) and
4(a)—(h). Numerical studies are performed for Ha = 20, Ra = 10* and 10°, y =m/4,
n=0.6, ¢ = 0.06,r = 1, and Pr = 6.8377 to expose the mechanism for various
values of N. In the case of Ra = 10* and 10°, the maximum velocity magnitudes for
N =2,3,4, and 5 are (21.02, 220.23), (22.09, 215.52), (22.78, 255.15), and (21.99,
215.36) correspondingly. For n = 4, the maximum velocity magnitude is observed.
This clearly demonstrates that increasing the size between the outer cavity and the
inner wavy cylinder considerably impacts the velocities’ strength. It can be seen in
Fig. 4(a)—(h) that for increasing Ra, isotherms get denser around the inner cylinder
along with the number of waves. So, the construction of the inner cylinder has a notable
effect on the thermal transfer inside the enclosure.

4.2 Influence of n and Ra on streamlines

As seen in Fig. 5(a)—(0), both the power-law index and Rayleigh number impact the
velocity field. To illustrate the mechanism for a range of n and Ra, the other physical
parameters N =5, Ha = 10, ¢ = 0.06, t = 1, and Pr = 6.8377 are used. The maximum
velocity magnitude corresponding to n = 0.6, 0.8, 1.0, 1.2 and 1.4 along with Ra =
103, 10%, and 10° are (1.60, 0.88, 0.58, 0.43, 0.35), (44.62, 14.07, 5.59, 2.94, 1.80) and
(367.11, 153.31, 53.88, 20.19, 9.14). The fluid’s effective viscosity rises together with
the values of n, but the magnitude of velocity drops. As a result, the vortexes shrink in
size and alter their shape. The streamlines also show that since the convective transport
diminishes compared to viscous flow resistance, the magnification of n reduces the
magnitude of fluid flow. Furthermore, when 7 increases, the momentum boundary
layers get thinner. This means that when the fluid viscosity inside the domain goes up,
the maximum value is reached for the shear-thickening case. And the strength of the
speed rises with the addition of Ra. The fluid close to the heated body becomes hot
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Fig. 4 Isotherms for various shapes of inner cylinder:aN =2,bN =3,¢c N =4,d N =5atRa= 10% and
eN=2fN=3,gN=4hN=5atRa= 105, while n = 0.6, ¢ = 0.06, Ha = 20, y = /4, Pr=6.8377
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Ra=10°

’ ) ‘(((\
o A Qi -
\v\ }A M

Fig. 5 Streamlines for different power-law index (n = 0.6, 0.8, 1.0, 1.2, 1.4), and Rayleigh numbers (Ra =
103,104, 10.%) at Ha = 10, ¢ = 0.06

since the inner cylinder inside the enclosure heats up. The density of the hot fluid is
less than the density of the cold fluid. The thinner fluid then rises to the surface due to
buoyant force. This causes the hot fluid to become denser at the top, making it cooler.
The fluid then descends into the enclosure’s lowest portion. For this reason, two strong
opposing vortices are therefore created. The impact of buoyant force increases as Ra
increases. So, the value of velocity magnitude is increased.
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4.3 Influence of n and Ra on isotherms

Figure 6(a)-(0) shows that isotherms are influenced by n and Ra. When n = 0.6,
isotherms become more curved, indicating that the convective heat transfer strength is
becoming more significant. Whenever n = 1, isotherms become less curved, and the
boundary layers shrink. Furthermore, it is seen that when n = 1.4, isotherms become
thinner and more closely fit the inner cylinder. Accordingly, it can be said that thermal
convection dominates the isotherms of shear-thinning fluid, and conduction dominates
the isotherms of shear-thickening fluid. AtRa = 103, itis noticeable that the isotherm’s
pattern appears to parallel near the wavy cylinder. As Ra rises, the scenario changes.
Isotherms near the inner heated cylinders and the outer enclosure get denser as Rarises
because the higher Rayleigh number dominates the convective heat transfer procedure.

4.4 Influence of Ha and @ on streamlines

Figure 7(a)—(1) represents the effect of various values of Ha and ¢ on the distribution
of the velocity field. The related parameters are taken as n = 0.8, Ra = 10°, t = 1,
Pr=6.8377, and y = 7/4 to describe the flow distribution for different values of Ha.
Figure 7(a)—(1) shows that without a magnetic field (Ha = 0), velocity is distributed
practically symmetrically, but with the presence of a magnetic field, the pattern of flow
becomes asymmetric. The strength of the magnetic field gets more potent as Ha goes
up. This causes the vortex to change shape and become longer in the direction of angle
y = /4. The magnitude of the velocity corresponding to Ha = 0, Ha = 10, and Ha
= 20 for ¢ = 0.06, Ra = 10° are 184.74, 152.69, and 114.37, respectively. It can be
perceived that the velocity magnitude decreases because of an increase in Ha, which
indicates that the convection strength is weakened. When Ha is increased, the boundary
layers thickness also increases. And when the concentration of ferroparticles goes from
0.0 to 0.09, the strength of the velocity field decreases as well as the convective force
because the effective viscosity of the mixture increases.

4.5 Influence of Ha and ¢ on isotherms

The patterns of the isotherms contours have been demonstrated in Fig. 8(a)—(1) for
different Hartman numbers Ha = 0, 10, 20, and volume fraction ¢ = 0.0, 0.03, 0.06,
0.09. Isotherms for Ha = O appear to be more curved than isotherms for Ha = 10
and 20, indicating that convective heat transfer is more robust without a magnetic
field, as depicted in Fig. 8. The flow gets more controlled as Hartmann number rises.
The physical reason is that a more extensive Ra controls the convective heat transfer
mechanism. Higher values of Ha generate a stronger magnetic field known as the
Lorentz force field, which acts against fluid flow, convection, and heat transfer. As a
result, a magnetic field should be attached to the system to improve cooling. When
the concentration of the ferroparticles increases from 0.0 to 0.09, the buoyancy layer’s
thickness reduces, and the isotherms become less curved and fitted with the inner
cylinder.
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Fig. 6 Isotherms for various power-law index (n = 0.6, 0.8, 1.0, 1.2, and 1.4), and Rayleigh numbers (Ra =
103, 10*, and 10.%) at Ha = 10, ¢ = 0.06
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Fig. 7 Streamlines for different Hartman numbers (Ha = 0, 10, 20), and volume fraction (¢ = 0.00, 0.03,
0.06, 0.09) at Ra = 10° and n = 0.8

4.6 Influence of Ha and Ra on average Nusselt number

Figure 9 illustrates the influence of Ra = 103, 10%, 5 x 104, 10°, along with various
Ha (0, 10, 20), and ¢ (0, 0.06) on Nu while n = 0.8. Clearly, the values of Nu grow
massively when Ra increases from 103 to 10°. On the other hand, the increased Ha
leads to a decrease in Nu. With the rise in Ha from 0 to 20, Nu decreases (i) 0.02%
for pure fluid and 0.01% for ferrofluid, while Ra = 103, (ii) 7.43% for pure fluid and
3.89% for ferrofluid, when Ra = 10%, and (iii) 23.69% for pure fluid and 25.63% for
ferrofluid, while Ra = 10°. It is worth mentioning that Nu = 8.38 and Nu = 8.76 at Ha
= 0 are the highest values found in the entire simulations for pure fluid and ferrofluid,
respectively.
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Fig. 8 Isotherms for different Hartman numbers (Ha = 0, 10, 20), and volume fraction (¢ = 0.00, 0.03,
0.06, 0.09) at Ra = 10° and n = 0.8

4.7 Influence of Ha and ¢ on average Nusselt number

The influence of different ¢ on Nu in the inner cylinder across Ha = 0, 10, 20 are
illustrated in Fig. 10a for Ra = 10* and in Fig. 10b for Ra = 10> while n = 0.8. Nu
increases nonlinearly against ¢. The increment in Nu is caused by the increment in the
fluid’s thermal conductivity and the gradual rise of buoyancy force. Meanwhile, the
magnetic field’s presence causes a decrease in the domain’s convection intensity. The
strength of the magnetic field has a notable influence on the thermal area. Greater Ha
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Fig. 9 Nu against Rayleigh
number (Ra) across various Ha
taking ¢ = 0 (solid lines) and ¢
= 0.06 (dashed lines) while n =
0.8
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Fig. 10 Nu against various ¢ for different Ha = 0, 10, 20 at a Ra = 104, b Ra = 10° while n = 0.8

values result in a more powerful Lorentz force field, which works against convection,

heat transfer and fluid movement.

4.8 Influence of n, Ha, and @ on average Nusselt number

In Fig. 11(a)—(b), Nu is plotted against various values of n (0.6-1.4) along with the
variation of Ha (0, 10, 20) and ¢ = 0 and 0.06. For both Fig. 11(a) and (b), it is
illustrated that, with an increase in n, the value of Nu decreases exponentially. The
fluid’s viscosity increases from the shear-thinning phase to the shear-thickening phase.
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Fig. 11 Nu against various values of n for different Ha = 0, 10, 20 at a Ra = 10%, b Ra = 10.5 while ¢ = 0
(solid lines) and ¢ = 0.06 (dashed lines)

As a result, the rate of heat transfer decreases; in addition, the values of Nu decrease
with an increase in Ha.

With the inclusion of ferroparticles, Fig. 11a shows the following statistics: For Ha
= 0, Nu, increases up to (i) 3.47% atn = 0.6, (ii) 13.43% for n = 1 (Newtonian case),
(iii) 14.01% at n = 1.4. Similarly, for Ha = 10, Nu, increases up to (i) 21.28% at n =
0.6, (ii) 13.79% for n = 1 (Newtonian case), (iii) 14.01% at n = 1.4. Lastly, for Ha =
20, Nu, increases up to (i) 11.61% at n = 0.6, (ii) 13.79% for n = 1 (Newtonian case),
(iii) 14.01% atn = 1.4.

In Fig. 11(b), with the inclusion of ferroparticles, the percentages of variation in
Nu has also been computed. It is found that for Ha = 0, Nu, increases up to (i) 0.03%
at n = 0.6, (ii) 0.05% for n = 1 (Newtonian case), (iii) 12.93% at n = 1.4. For Ha
= 10, Nu, decreases up to (i) 0.65% at n = 0.6, increases up to (ii) 4.68% for n = 1
(Newtonian case), increases up to (iii) 12.96% at n = 1.4. For Ha = 20, Nu, increases
up to (i) 0.98% at n = 0.6, (ii) 5.26% for n = 1 (Newtonian case), (iii) 13.06% atn =
1.4.

4.9 Influence of different shape of inner cylinder on average Nusselt number

Figure 12 demonstrates the influence of different inner cylinder shapes (wavy, circular,
and square) on the average Nusselt number as the Rayleigh number is varied, consid-
ering parameters such as n = 0.8 Ha = 20, and ¢ = 0.06. The results show that the
average Nusselt number increases exponentially with higher Rayleigh numbers. This
suggests that as the convective motion of the fluid becomes more intense, heat trans-
fer to the cylinder walls is enhanced. However, significant variations in heat transfer
performance are observed when comparing the inner cylinder shapes. The circular
shape exhibits the highest average Nusselt number, suggesting efficient heat transfer.
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In contrast, transitioning to square or wavy shapes results in a noticeable reduction in
the average Nusselt number.

4.10 Influence of ¢, Ra, and n on average Nusselt number

Based on different n and Ra, Table 4 shows the influence of variation in ¢ on Nu for
Ha = 10. It is shown that, for each volume fraction, Nu is increased by the increment
of Ra for each combination of power-law indexes. Further investigation reveals that
for the shear-thinning scenario (n = 0.6), Nu increases when Ra = 10° and 10%, and
that when Ra = 10°, Nu falls. When compared to the shear-thickening situation, Nu
rises when Ra = 10°. However, for ferrofluid (¢ = 3%, 6%, and 9%), the value of Nu
is directly proportional to all of the values of n. In all cases of Ra, the values of Nu
drop for pure and ferrofluid with the increase in .

4.11 Influence of Ha, Ra, and n on average Nusselt number

Table 5 represents the influence of Nu for various Ra, Ha, and n for 10% volume
fraction. It can be noticed that, for each case of Ra, Nu decreases with the rise of Ha
(0, 10, and 20) for shear-thinning case (n = 0.6, 0.8), Newtonian case (n = 1), and
shear-thickening case (n = 1.2, 1.4). Moreover, with the increment of Ra, Nu increases
massively for all cases of n and Ha.
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Table 4 Average Nusselt numbers (Nu) for Ha = 10 while Pr = 6.8377 across different Ra, n, and ¢

n Ra ¢ =00 ¢ =0.03 ¢ =0.06 ¢ =0.09
0.6 103 3.8423 4.1051 43804 4.6692
104 4.6083 47154 4.8538 5.0268
10° 10.848 10.827 10.775 10.672
0.8 103 3.8406 4.1039 43796 4.6686
104 4.0104 42298 44721 4.7361
105 7.6446 7.7192 7.7746 7.8139
1.0 103 3.8401 4.1036 43794 4.6685
104 3.8715 4.1274 43974 4.6820
10° 5.2309 5.3490 5.4759 5.6146
12 103 3.8400 4.1035 43793 4.6684
104 3.8482 4.1099 43843 4.6723
10° 4.2052 4.4035 4.6215 4.8609
1.4 103 3.8399 4.1034 43792 4.6683
104 3.8429 4.1058 43812 4.6699
10° 3.9264 4.1732 4.4353 47132

Table 5 Average Nusselt numbers (Nu) for ¢ = 0.06 while Pr = 6.8377 across different Ra, Ha, and n

n Ha Ra = 103 Ra=10% Ra=10°
0.6 0 4.3829 5.8370 13.909
10 4.3804 4.8537 10.775
20 4.3795 4.4666 8.8291
0.8 0 4.3799 4.5870 8.6397
10 43796 44721 7.7746
20 43794 4.4088 6.4256
1.0 0 4.3795 4.4037 5.6531
10 4.3794 43974 5.4759
20 4.3793 4.3889 5.1234
12 0 4.3794 4.3850 4.6436
10 43793 43843 4.6215
20 43793 43828 4.5698
1.4 0 4.3793 43814 4.4376
10 4.3793 43812 4.4353
20 4.3792 4.3808 4.4292
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4.12 Influence of Rayleigh number and power-law index on entropy generation
profiles

Entropy generation induced by fluid friction, heat transfer, and magnetic field has been
represented by a graph in the subsequent sections to illustrate the variation of n with
Newtonian case (n = 1.0), shear-thinning case (n = 0.6), and the shear-thickening
case (n = 1.4) for various Rayleigh numbers (Ra = 103, 10*, and 10°) and volume
fraction ¢ = 0.06 while Ha = 10.

4.12.1 Entropy generation for fluid friction (SF)

Figure 13(a)-(i) demonstrates the entropy generation for fluid friction for non-
Newtonian ferrofluid with varying Ra and » when the magnetic field is present (Ha =
10). As the applied shear rate is greater close to the wall, the contours of irreversibility
caused by fluid friction reveal that the irreversibility is detected close to the wavy walls.
Near the active walls, the local entropy regarding fluid friction is maximum. When
the viscous effect is increased, the variation in the irreversibility caused by the fluid
friction becomes obvious at the middle of the domain. This takes place concurrently
with an increase in n. The amount of entropy generated by fluid friction increases as
n increases. The fluid becomes more viscous as n grows, increasing the irreversibility

Fig. 13 Contours of entropy generation caused by fluid friction (Sg) for various n = 0.6, 1, 1.4 across
different Ra = 103, 10%, 10.5 with ¢ = 0.06 while Ha = 10
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of fluid friction (Sg). The contour graphs show that as Ra increases, more contour
lines appear inside the domain, as well as the magnitudes of the contours increase
because of Ra’s magnification. Whenever, the fluid converts from Newtonian case to
shear-thickening case, the local entropy that is caused by fluid friction decreases and
spreads over the core region. This occurs because the cavity flow becomes weaker
with the increment of power-law index n > 1, which means that the fluid is no longer
Newtonian. Figure 13’s contours demonstrate that the minimum values eventually
become dissipated and move toward the core region of the enclosure as n increases in
response to the increase in effective viscosity of the overall fluid.

4.12.2 Entropy generation for heat transfer (ST)

Figure 14(a)—(i) contains a mapping of entropy profiles that were caused by heat
transfer. These entropy profiles were mapped using a variety of Ra and n. From the
distribution of heat transfer, it can be noticed that for Ra = 103, the contours are
mainly confined to the inner cylinder because the convective rate of heat transfer is
maximum in this location because of buoyancy-driven flow. Furthermore, since the
convective rate of heat transfer is lower near the outer enclosure, some contours appear
with reduced magnitude. Convective heat transfer was reduced as the power-law index
increased due to an increase in effective viscosity and a reduction in fluid flow strength.

N Al Ak i

Fig. 14 Contours of entropy generation caused by heat transfer (St) for variious n = 0.6, 1, 1.4 across
different Ra = 103, 104, 10.5 with volume fraction ¢ = 0.06 while Ha = 10
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AtRa = 10* and 10, the buoyancy force increases, resulting in a strengthening of the
flow. This makes the contours look longer. Therefore, maximum heat transfer entropy
is generated with a lower power-law index and higher Rayleigh number.

4.12.3 Entropy generation for magnetic field (SM)

Figure 15(a)—(i) represents the impact of magnetic field on the contours of entropy gen-
eration. The results reveal that the distribution of entropy production for the magnetic
field is dominant close to the inner cylinder along with the direction of the magnetic
field. For magnetic field, entropy generation decreases drastically with the increment
of power-law index. Because the fluid’s effective viscosity rises with increasing the
power-law index, the strength of the entropy generation drops, and the flow weakens.
Maximum magnetic field irreversibility persists at the surface of the inner wavy cylin-
der, whereas minimal magnetic field irreversibility is observed at the surface of the
outer enclosure. Moreover, as Ra increases, the magnetic field’s entropy generation
also increases.

Fig. 15 Contours of entropy generation caused by magnetic field (Syp) for various n = 0.6, 1, 1.4 across
different Ra = 103, 10%, 10.5 with ¢ = 0.06 while Ha = 10
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Fig. 16 Contours for Bejan number (Be) for various n = 0.6, 1, 1.4 across different Ra = 103, 104, 103
with ¢ = 0.06 while Ha = 10

4.12.4 Local Bejan number (Be)

The local Bejan number (Be), which is the irreversibility for heat transfer divided
by the total irreversibilities, has been shown in Fig. 16(a)—(i). On that account, the
irreversibility for heat transfer becomes dominant when Be is larger than 0.5, whereas
other irreversibilities become prominent when Be is significantly less than 0.5. With
an increase in effective viscosity, this formation of contours becomes symmetrical
about the inner cylinder. However, when Ra increases, the flow becomes stronger. The
distribution of the Bejan number (Be) varies significantly when the power-law index
rises. Additionally, as Ra increases, the Bejan number drops.

4.12.5 Entropy values across various Ha, Ra, and ¢

Table 6 displays the total entropy values of shear-thinning ferrofluid for various Ha
(0, 10, 20) and Ra (103, 10*, 10°) and ¢ (0.0, 0.03, 0.06, 0.09) with fixed value of n =
0.8 while Pr = 6.8377. For Ha = 0, it is depicted that, the values of (St); increase and
the values of (Sg); decrease for adding the solid particles for each case of Ra. Also,
because there is no presence of magnetic field, the value of the entropy generation
for magnetic field, (Sy); is equal to zero. Ha = 10 demonstrates a slightly distinct
phenomenon. Both the values of (Sg); and (Sm); reduce with the addition of ¢ for Ra
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Table 6 Total entropy at n = 0.8 across different Ha, Ra and¢ while Pr = 6.8377

Ha Ra ¢ (Sp) (ST (Snvr (St Beavg
0 103 0.00 0.0081 7.5783 0.0000 7.5864 0.99817
0.03 0.0070 8.0975 0.0000 8.1045 0.99852
0.06 0.0060 8.6413 0.0000 8.6473 0.99880
0.09 0.0052 9.2112 0.0000 9.2164 0.99903
10* 0.00 1.4191 8.2977 0.0000 9.7168 0.81780
0.03 1.2469 8.6473 0.0000 9.8942 0.83893
0.06 1.0832 9.0494 0.0000 10.1326 0.85939
0.09 0.9327 9.5077 0.0000 10.4404 0.87881
100 0.00 62.538 16.507 0.0000 79.045 0.22099
0.03 62.528 16.787 0.0000 79.315 0.22645
0.06 62.119 17.022 0.0000 79.141 0.23356
0.09 61.270 17.214 0.0000 78.484 0.24250
10 103 0.00 0.0054 7.5772 0.0010 7.5836 0.99860
0.03 0.0047 8.0968 0.0008 8.1023 0.99886
0.06 0.0041 8.6407 0.0007 8.6455 0.99908
0.09 0.0035 9.2109 0.0006 9.2150 0.99925
10* 0.00 0.7650 79118 0.2379 8.9147 0.85093
0.03 0.6687 8.3448 0.2020 9.2155 0.87223
0.06 0.5827 8.8231 0.1704 9.5762 0.89139
0.09 0.5064 9.3440 0.1429 9.9933 0.90839
10° 0.00 42.475 15.061 15.403 72.939 0.18651
0.03 41.494 15.210 15.309 72.013 0.19556
0.06 40.269 15.321 15.032 70.622 0.20639
0.09 38.784 15.401 14.565 68.750 0.21926
20 103 0.00 0.0027 7.5763 0.0015 7.5805 0.99912
0.03 0.0023 8.0961 0.0013 8.0997 0.99929
0.06 0.0020 8.6403 0.0011 8.6434 0.99942
0.09 0.0018 9.2105 0.0009 9.2132 0.99953
10* 0.00 0.3114 7.6828 0.2703 8.2645 0.90606
0.03 0.2727 8.1747 0.2308 8.6782 0.92123
0.06 0.2388 8.6982 0.1966 9.1336 0.93422
0.09 0.2090 9.2532 0.1670 9.6292 0.94529
10° 0.00 22.561 12.603 24.640 59.804 0.22866
0.03 21.210 12.632 23.403 57.245 0.24643
0.06 19.803 12.668 21.917 54.388 0.26614
0.09 18.359 12.727 20.226 51.312 0.28780
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Table 7 Entropy profile for various n, across different Ha = 0, 10, 20, and Ra = 104, 103 while Pr = 6.8377
and ¢ = 0.06

n Ha=0 Ha=10 Ha =20

Ra = 10* Ra = 10° Ra = 10* Ra = 10° Ra = 10* Ra = 10°

0.6

(St 3.2350 59.189 0.9737 36.762 0.2653 14.179
(STt 11.510 26.741 9.5745 21.218 8.8121 17.399
(Smt 0.0000 0.0000 0.8644 43.962 0.4827 40.316
(Ss)e 14.745 85.930 11.413 101.94 9.5601 71.894
Beavg 0.7350 0.3097 0.7980 0.2023 0.9024 0.30264
0.8

(St 1.0832 62.119 0.5827 40.269 0.2388 19.803
(STt 9.0494 17.022 8.8231 15.321 8.6982 12.668
(Smt 0.0000 0.0000 0.1704 15.032 0.1966 21.917
(Ss)t 10.133 79.141 9.5762 70.622 9.1336 54.388
Beavg 0.8594 0.2336 0.8914 0.2064 0.9342 0.2661
1.0

(St 0.3583 29.264 0.2832 24.341 0.1715 15.899
(STt 8.6883 11.147 8.6759 10.798 8.6592 10.105
(SMe 0.0000 0.0000 0.0334 2.8431 0.0693 6.4552
(Ss)t 9.0467 40.411 8.9925 37.982 8.9000 32.459
Beavg 0.9402 0.3482 0.9469 0.3274 0.9598 0.3490
1.2

(SP)t 0.1714 11.610 0.1530 10.741 0.1148 8.7264
(STt 8.6515 9.1607 8.6501 9.1171 8.6471 9.0155
(Svt 0.0000 0.0000 0.0093 0.4573 0.0261 1.4111
(Ss)e 9.8229 20.771 8.8124 20.315 8.7880 19.153
Beavg 0.9692 0.5078 0.9709 0.5018 0.9752 0.5040
1.4

(SP) 0.1013 5.2689 0.0948 5.0872 0.0792 4.6032
(STt 8.6442 8.7551 8.6439 8.7506 8.6431 8.7385
(Smt 0.0000 0.0000 0.0036 0.1009 0.0112 0.3586
(Ss)t 8.7455 14.024 8.7423 13.939 8.7338 13.700
Beayg 0.9813 0.6453 0.9819 0.6444 0.9836 0.6446

=103, 10%, 10° while the values of (ST); increase. In addition, the increase of Ha for
each case of Ra and ¢ results in a decrease of the (St);, (Sg); values. In contrast, the
increment in Ra for each case of Ha and ¢ indicates a significant growth in entropy
values.
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4.12.6 Entropy values across various n, Ha, and Ra

Table 7 displays the entropy profiles for different n, Ra, and Ha for ¢ = 0.06. For
Ha = 0, it can be observed that the entropy generation caused by fluid friction and
heat transfer reduces as the power-law index increases. Similarly, for Ha = 10 and
20, the entropy generation caused by heat transfer, fluid fraction, and magnetic field
decrease with the increment of n. In addition, as Ra rises, the Bejan number drops,
while the values (ST)t, (SF)t, (SM)t, and (Ss)¢ grow substantially. In addition, a rise in
Ha values decreases all entropy values for each values of Ra.

5 Conclusion

Non-Newtonian ferrofluid in a square-shaped cavity having a wavy cylinder was
numerically investigated for natural convection. The study was conducted using dif-
ferent values for Ra, Ha, ¢, and n while holding the Prandtl number constant (Pr =
6.8377). Graphic and tabular representations of numerical results were used to convey
physical and quantitative information about the answers. Benchmark solutions in the
literature might be used to verify experimental results. The followings are some of the
most significant outcomes of this investigation:

e Increasing the power-law index (n) and Hartmann number (Ha) reduced the con-
vective heat transfer and average Nusselt number.

e With the increase of Rayleigh number (Ra), the heat transfer rate increased.

e Rayleigh number is directly related to the entropy values, whereas Hartmann number
is inversely proportional to the entropy values.

e The addition of ferroparticles decreased heat transfer at n = 0.6 and augmented it
at n = 1.4 for all values of Ha studied. Also, it enhanced the average heat transfer
rate in both shear-thinning and shear-thickening instances.

e The total entropy decreased because of the Hartmann number and power-law index
increment but increased with the Rayleigh number and volume fraction.

o (Be)uvg was reduced by 7% for the shear-thinning case, whereas it was increased
up to 14% for the shear-thickening case.
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