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ARTICLE INFO ABSTRACT
Keywords: This study investigates the complex hydrothermal behavior in a novel split-driven square cavity filled with CuO-
Y-shaped obstacle water nanofluid and featuring a Y-shaped obstacle. The research explores the interplay among mixed convection,

Mixed convection

Nanofluid
Magnetohydrodynamics (mhd)
Heat transfer

Entropy generation

magnetohydrodynamics (MHD), and geometric factors in a previously unexamined configuration. The upper wall
is split into two isothermally heated, translating sections, while the bottom wall and Y-shaped obstacle provide
cooling boundaries. Using finite element analysis, we examine the effects of Reynolds number (Re = 10-200),
Rayleigh number (Ra = 10°-10), Hartmann number (Ha = 0-70), and magnetic field inclination (1 = 0-150°)
on flow patterns, heat transfer, and entropy generation. Energy flux vectors are utilized to analyze thermal
energy transport dynamics. Key findings are as follows. (1) Increasing Re enhances fluid mixing, resulting in up
to a 65 % increase in the average Nusselt number (Nu). (2) Nu peaks at Ra ~ 105, then slightly decreases due to
complex force interactions. (3) Increasing Ha suppresses convection, reducing Nu by up to 30 %. (4) Optimal
heat transfer occurs at A &~ 75° (5) The Y-shaped obstacle enhances heat transfer by up to 30 %. These results
provide insights for optimizing thermal management in applications requiring precise temperature control,
potentially improving energy efficiency in advanced heat transfer systems.

key example for analyzing flow patterns and velocity distributions while
developing numerical techniques to address complex challenges. The
theoretical and mathematical groundwork for this problem can be
traced to the pioneering research of Bruneau et al. [1], who conducted a
detailed examination of flow conditions across different Reynolds
numbers.

The classical problem of natural convection within a square cavity
has been extensively covered in the important work of de Vahl Davis [2].
This research provides a thorough explanation of the computational
methods and solution approaches, along with detailed insights into the
underlying physics, flow visualization, and isotherm distribution. Sce-
narios involving the simultaneous interaction of fluid flow, heat transfer,
and other physical phenomena are critical across various applications
such as electronic cooling systems, refrigeration, aerospace, aviation,
and hydraulics. Achieving accurate results requires meticulous
modeling and analysis.

One effective method is conjugate heating, which integrates both
conduction and convection by introducing an obstruction within the

1. Introduction

Convection is a fundamental method of heat transfer, relying on the
movement of a fluid—either gas or liquid—which carries energy within
its mass, facilitating heat transfer or interaction. When convection is
enhanced by an external force, such as the movement introduced by a
fan or shear-driven flow from a lid-driven system, it is referred to as
forced convection. In contrast, when the fluid motion is driven by its
own buoyancy due to factors like temperature, density, and compress-
ibility, it is known as natural or free convection. This convective process
plays a pivotal role in numerous engineering and scientific applications.
However, since free convection alone is often inefficient, a combination
of both free and forced convection is typically more effective in thermal
systems that require precise temperature control, such as electronic
devices, medical equipment, and metal casting processes.

In this context, the lid-driven cavity problem serves as a fundamental
issue in thermal and fluid sciences, especially for engineers. It acts as a
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Nomenclature

Acronyms

B intensity of magnetic field (N A~ m™2)
Ec Eckert number

g gravity (m s~ %)

H length scale (m)

Ha Hartmann number

k thermal conductivity (Wm 'K
NS dimensionless entropy generation
Nu average Nusselt number

P dimensionless pressure

Pr Prandtl number

Ra Rayleigh number

Re Reynolds number

T temperature (K)

uv components velocities (m sH

UV components velocities (dimensionless)
XYy Cartesian coordinates (m)

XY dimensionless Cartesian coordinates
Greek symbols

a thermal diffusivity m?s™hH

B thermal expansion constant (K1)

0 temperature (dimensionless)
A angle for the magnetic field

u dynamic viscosity (kg m~'s™")
v kinematic viscosity (m?s™
p density (kg m™3)

o electrical conductivity (Sm™)
@ nanoparticles volume fraction
v nondimensional stream function
n nondimensional heat function
Subscripts

a ambient

c cold

f base fluid

gen generation

h hot

loc local

m magnetic

max maximum

r property ratio

s solid nanoparticles

th thermal

tot total

% viscous

flow domain. Research by Das et al. [3] provides valuable insights into
how the average Nusselt number—a key indicator of heat transfer
rate—varies with changes in cavity inclination and Rayleigh number,
considering different ratios of solid-to-fluid thermal conductivity. Their
work offers a solid basis for further research in this area. Aminossadati
et al. [4] investigated the impact of using a smart fluid, specifically a
nanofluid, within the flow domain. They employed an
Ethylene-Glycol-Copper nanofluid and observed improved heat transfer
rates under certain conditions. Merrikh et al. [5] examined how varia-
tions in the average Nusselt number affected heat transfer rates by
analyzing different conditions, including the solid-to-fluid thermal
conductivity ratio, Rayleigh number, and the number of embedded
(disconnected) blocks in the flow domain. Importantly, they maintained
a constant volume fraction while varying the number of square blocks,
ensuring that the total solid mass remained unchanged. Hu et al. [6]
explored the problem of conjugate natural convection with various
morphological obstructions, continuing the work of previous studies.
They analyzed two types of geometries: one with rectangular structures
attached to adiabatic walls (fins) and another with disconnected square
blocks. Their comprehensive research serves as a valuable reference for
further studies in this area.

Moving beyond square enclosures, the effects of different enclosure
shapes and configurations are also worth examining. For example,
Mohebbi et al. [7] investigated the implications of using an L-shaped
cavity in their analysis, highlighting how variations in study parameters
influence the results. Khan et al. [8] and Islam et al. [9] both studied
mixed convection in a lid-driven cavity with a square obstacle. Khan
et al. focused on a cavity with a heated bottom wall and cooled side-
walls, examining the effects of Reynolds number, Grashof number, and
Prandtl number on heat transport. In contrast, Islam et al. analyzed an
isothermal (cooled) cavity containing a heated block, exploring how
changes in the size and position of the block affect heat transfer. Bou-
lahia et al. [10] looked into the effects of placing a cold rectangular
obstacle, akin to a fin, connected to the bottom wall. They varied the fin
height to study its impact on the Nusselt number and its relation to the
Rayleigh number. Fins are structural extensions, typically rectangular or
cylindrical in shape, that protrude from the surfaces of heat-generating
components. These structures are specifically designed to increase the

surface area available for heat dissipation, thereby enhancing the overall
cooling efficiency of the system. Commonly found on electric motors,
internal combustion engines, and similar devices, these fins help to
prevent overheating by improving heat transfer to the surroundings.

In the presence of a magnetic field, the magnetic field interacts with
the fluid within the flow domain and associated convection is termed
magnetohydrodynamics (MHD). In this phenomenon, as the electrically
conductive fluid moves through the cavity, a Lorentz force is generated,
which can either dampen or accelerate the flow depending on the con-
ditions. Bourantas et al. [11] investigated MHD natural convection in a
square enclosure filled with a micropolar nanofluid. Their study
revealed how variations in parameters such as the Rayleigh number,
Hartmann number, and nanoparticle volume fraction affected the
average Nusselt number. Javed et al. [12] examined MHD natural con-
vection in a square enclosure with vertical adiabatic walls, where the top
wall is cold, the bottom wall is hot, and a heated obstacle is included. In
their study, the cavity, containing a ferrofluid and subjected to a mag-
netic field perpendicular to the sidewalls, showed a reduction in circu-
lation strength due to the Hartmann number, although increasing the
Rayleigh number led to an improvement in heat transfer rates. Addi-
tionally, Javed et al. [13] explored the effects of MHD combined with
mixed convection, shedding light on how changes in various
non-dimensional numbers and parameters impact the flow and heat
transfer characteristics.

Ali et al. [14], Hussein et al. [15], and Parvin et al. [16] conducted
simulations to explore MHD natural convection under various condi-
tions. Ali et al. investigated a differentially heated cavity featuring a
tilted obstacle. Hussein et al. examined a scenario with an adiabatic
block within an enclosure that combines Dirichlet and Neumann
boundary conditions. Parvin et al. focused on a heated obstacle with a
circular cross-section inside a cavity, where one wall was cold and the
rest were adiabatic. Usman et al. [17] incorporated both natural con-
vection and radiation effects in their study, analyzing heat transfer in a
cavity with a hot top wall and cold remaining walls, which contained
both hot and cold obstacles. Ashouri et al. [18] performed a detailed
analysis of MHD natural convection in a square cavity with embedded
solid blocks. They varied the Rayleigh number, Hartmann number,
solid-to-fluid thermal conductivity ratio, and the number of solid blocks
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Fig. 1. Schematic of the problem geometry along with boundary conditions.

(while keeping the volume fraction constant) to examine their effects on
local and average Nusselt numbers, thereby measuring heat transfer
rates. Notably relevant to our research is Khan et al. [19], which ex-
plores MHD mixed convection within a split lid-driven cavity with a
Y-shaped obstruction. Additional details can be found in references
[20-27].

All these studies have emphasized the importance of mixed
convective phenomena for improving heat transfer. However, funda-
mental aspects of a split-driven cavity comprising a nanofluid, oriented
magnetic field in the presence of complex-shaped obstruction are still
underexplored. Therefore, the present study seeks to close these
research gaps by examining the complex hydrothermal behavior inside a
split-driven cavity filled with nanofluid and subjected to oriented
magnetic fields. In particular, we investigate a novel enclosure filled
with CuO (copper oxide)-water nanofluid and featuring a Y-shaped
obstacle. The upper wall is split into two parts heated isothermally and
translating, while the bottom wall and Y-shaped obstacle provide the
cooling boundaries. This work is novel because it examines the com-
bined effects in detail, which has never been done before in this
particular combination. Therefore the innovative goals of this study are:

e The combination of intriguing features includes split wall trans-
lation, moving heated surfaces, Y-shaped cold stationary obstruction,
oriented magnetic fields, and nanofluids.

e A comprehensive analysis of the impacts of important dimensionless

parameters, such as the direction of the hot moving walls, speed of

the wall motions (Re), buoyancy strength (Ra), magnetic intensity

(Ha), and magnetic field angle ().

The dynamics of the thermal energy transport process are analyzed

utilizing the energy flux vectors tool, which helps to clarify the

physical processes that underlie the change in heat energy transport
patterns, under various parametric influences.

Determining the ideal configuration of operational and geometric

characteristics to maximize heat transfer enhancement and minimize

the total irreversibility generation.

To achieve these goals, a thorough numerical parametric analysis is

carried out to investigate the impacts of all the control variables as
mentioned above. The findings of this investigation have significant
ramifications for how effective heat transfer systems are designed and
managed under complex scenarios. Furthermore, by gaining new in-
sights, manufacturing processes that need precise temperature control
and energy storage systems may be improved, potentially resulting in
lower energy consumption and higher system efficiency. Therefore, this
research adds significant insights to the field of thermal management for
the next generation of high-performance thermal management systems.

2. Problem statement mathematical modeling

The geometry in this study consists of a square cavity (side length H)
with a Y-shaped obstruction extending from the bottom. The axis of the
Y-shaped obstacle is bilaterally symmetric and is strategically positioned
along the mid-plane of the cavity. The trunk of the Y obstacle has a
thickness of 0.06H, while the thickness of the wings measures 0.03H,
with the included angle between the wings set at 120° The intersection
point of the internal sides of the wings occurs at a height of 0.4H from
the base, and the wings are joined by a line at a height of 0.01H from this
virtual point (as it lies within the geometry), thereby completing the
model. An extensive diagram illustrating the dimensions and structure is
presented in Fig. 1. The upper wall of the cavity is divided into two
sections (each of length 0.5H), heated isothermally at temperature Ty
and moving at a uniform velocity Up. The bottom wall and the Y-shaped
obstacle act as cooling boundaries at temperature T, [28,29]. The study
is conducted for two scenarios: Case 1 (inward translation) with U; = +1
and U, = —1, and Case 2 (outward translation) with U; = —1 and U, =
+1. A magnetic field (strength B) is applied over the entire flow domain
at an angle of 1 as shown in Fig. 1.

The cavity is filled with nanofluid (mono nanofluid, a single solid
particle suspension), which is a water-based fluid containing a colloidal
suspension of CuO (copper oxide) particles, comprising 1 % of the total
entrapped volume (or 0.01 times the total volume). Here, CuO nano-
particles are utilized for improving the thermal performance of carrier
fluid and offset the damping impact of Lorentz force. Notably, this study
models the base fluid and the nanoparticle dispersion as a single-phase
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Table 1
Properties (thermophysical) of water and CuO nanoparticles [30].
Properties CuO Water
o Ukg "KY 531.8 4179
n(kgm s - 8.55x10~*
BE™D 1.8 x 107° 21x107°
kW-mK™ 76.5 0.613
o (u-Sem™Y) 2.7 x 1078 0.05
p (kgm™>) 6320 997.1
Table 2

Correlations for the effective thermodynamic properties of CuO-water nanofluid

[30].

Effective thermodynamic properties

Correlations for CuO-water nanofluid

Density (p)

Specific heat capacity (pc,)
Thermal expansion coefficient (pf)
Thermal conductivity (k)

Electrical conductivity (c)

p =1 - @)ps+ @ps
(pep) = (1 — @)(pep)s + @(pep)s
P = (1 — @)(PP)s + @(pPs
[(ks + 2ks) — 20 (ke — ks)]
k =ke|o—— A
(ks + 2kf) + (ﬂ(kf — ks)
3(0’_;/6f71)(/) }

’ :Jf[ (65/07 +2) — (05/0f — 1)
Thermal diffusivity (o) k

Viscosity (1) H

flow [30]. Furthermore, radiation and viscous dissipation effects have
very little of an impact, and the effects of the Hall effect and Joule

oV oV 0P v (*V 0*V\ o, Ha?, . 5
(Ua—X+ V(TY) = 767Y+% <0?+07Y2) ~ Re (Usinicosi — Vcos®A)

heating are also minimal [31]. The fundamental governing equations
are derived from principles of fluid mechanics (fluid flow) and ther-
modynamics (heat transfer) that describe the overall thermo-fluid flow
phenomenon [32]. The governing equations in dimensional forms are
expressed [33-35] as

du ov
=ty 0 (@)
Table 3

Comparison of maximum stream function y,,x with Ghasemi et al. [42] for
different Ha and ¢ at Ra = 10°.
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2
p (ud_u + va—u> % +u (E + @) + 0B (vsinicosi —usin®l)  (2)

ox dy ox ox?  dy?
uﬂ + vﬂ - % + i + i + 0B (usinl cosi — vcos®1)
P\ o) T Ty T e oy
+8gpB(T —Te) )
ug + vaiT =a 327'11 + ﬁ (4)
ox  dy  \ox2  dy?

To non-dimensionalize these equations, the following dimensionless
variables are introduced for coordinates (X, Y), velocity (U, V), pressure
(P), and temperature (6):

(X7 Y) = (X}y)/H; (U7 V) = (ll, v)/UO

0= (T~T.)/(Ty~T.):P= (o~ p)H* / pa? ®

Consequently, the non-dimensionalized form of the equations [25,
26] is expressed as:

ou oV

xTar= 0 (6)
0X ' "0Y)  0X Re\dX? 0Y2
2

— 77' % (Vsinicosi — Usinzll) )

(o) Ra

— 8

+ pP; PrRe? ®

0 90 a, (0°0 0%
(Uaﬁ Vﬁ) = Rebr <ﬁ+ﬁ> ©)
Here, Pr is the Prandtl number, Re is the Reynolds number, Ra is the
Rayleigh number, and Ha is the Hartmann number. These numbers are
defined as:
Pr= D—f; Re = —UOH;
vy

g
Ra = gH*(T, — T.)—>—; Ha =BH 10
o a=pHT, —Te) s Ha o/u 00

The host fluid (water) and CuO nanoparticles make up the working

Ha Ghasemi et al. [42] Present simulation medium (CuO-water nanofluid); the concentration ¢ indicates the
»=0 » = 0.02 »=0 ¢ = 0.02 volume-based presence of the nanoparticles. The thermophysical prop-
0 11.053 11.313 11.014 11.275 erties of the fluid phase and two types of nanoparticles (CuO) are shown
30 5.710 5.682 5.693 5.878 in Table 1 [30]. Table 2 represents the typical correlations from the open
60 2.518 2.518 2.614 2.677 literature, which is used to assess the effective qualities of the
nanoliquid.

Table 4

Comparison of Nu with the data from Torki and Etesami [43].
Ra Nu for Pure Water (¢ = 0) Nu for Nanofluid (¢ = 0.01 %)

1 7
x10 Present results Torki and Etesami [43] % Error Ra Present results Torki and Etesami [43] % Error
x107

0.95 14.994 16.503 0.06 0.93 14.895 16.784 —2.68
1.77 17.769 18.814 5.88 1.98 18.312 20.577 —-2.37
7.35 26.378 24.455 7.29 7.19 26.218 25.485 2.80
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Fig. 2. Flow signature visualized through normalized velocity magnitude for the varying cases and Ra when Ha = 30, A = 0°, Re = 50.

In this study, the system’s irreversibility production (NSgey) is also
determined to assess the system’s deviation from the reversible opera-
tion (ideal). This assessment is conducted considering the effects of fluid
flow, and temperature gradients as magnetic fields [30]. Therefore,
irreversibility production is evaluated in three forms: fluid friction
(irreversibility due to viscous dissipation) (NS,), irreversibility due to
temperature gradient (NSi), and irreversibility due to magnetic
field-induced (NSy,). The contributions of the local irreversibility gen-
eration rate (NSgep) in non-dimensional (NS) forms are derived as [30]:

NS th

NSgen = S/(kf/H2) = m k_kf K%ﬂ)z " (3—10’)2]

NS,

4 BePr ﬁza—l]2+za—‘/2+ a—UjLa—V2 an
0+0,) py [“\ox oy ¥ X

NS

EcPrHa o . 2
+——— —(Usind — Vcosi
(9 + ar) D'f( )

The Eckert number (Ec) and temperature ratio reference parameter
(6y) in Eq. (11) are defined as

Ec=of / H2Cp(Ty — T.) =/ (gafﬁf)2 /(Ty — Tc)Pr **Ra 2/ 12

0, = T./(Ty — T.)

The total entropy generation (NS) of the system is calculated as
NSu: = / / NSendXdY 13)

Utilizing the average and local Nusselt numbers (Nu), which are
given by, the local and average heat transfer over the active walls are
calculated [36] as

k, 00

Nuloc =7 (_* )
kf on hotwall

14)

S

Nu:kl/(,%
ks s on

0

ds 19

hotwall

where ‘S’ signifies active wall geometrical length. Streamlines are uti-
lized to illustrate the local fluid flow patterns within the flow passage
[37], and it is calculated using the stream function (y), which is
expressed as

76—'// = Vand K

—=U 20
1.4 [0 (20)
y is taken as zero (0) at the walls to solve for the stream function.
Furthermore, for the visualization of the structure of the heat energy
transport process, Bejan’s heat function (IT) [31,32] equations are solved
and are expressed as

oIl a, 00

oIl
7&7V07Reprﬁandﬁf uo

a, 00

~ RePr oX @h

Finally, these heat functions are utilized to express the energy flux
vectors [32].

3. Computational aspects and validation

The dimensionless governing Eqs. (6) through (9) are numerically
resolved utilizing a finite element method (FEM)-based computational
framework. With the specified boundary conditions in place, these
transformed equations are addressed via the Galerkin weighted finite
element method (FEM) [37,38]]. The governing equations are dis-
cretized across the domain of interest, which is meticulously divided
into fine, non-uniformly distributed triangular meshes. The transformed
equations are then solved at the nodal points of these triangular ele-
ments and along the bounding walls [39]. The numerical computations
proceed through an iterative scheme employing the Newton-Raphson
method, wherein the iteration process adheres to a convergence crite-
rion that demands residual minimization to < 10~° [40,41].

To guarantee the precision of the simulation outcomes, an appro-
priately refined mesh is selected before undertaking the detailed anal-
ysis. This finely tuned mesh is optimized to capture the intricacies of
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Fig. 3. Local contour plots of Case 1 for the varying Re when Ha = 30, A = 0°, Ra = 10°.

smaller-scale features, thereby obviating the necessity for an additional
grid independence study. In this investigation, the mesh configuration
encompasses a total of 6696 domain elements and 288 boundary ele-
ments. The minimum and maximum element sizes are determined to be
4 x 10~* and 0.028, respectively.

In addition to conducting the grid independence study, the valida-
tion of the current model’s solution methodology is meticulously un-
dertaken. As an initial phase of this validation, the simulation of
magnetohydrodynamic (MHD) buoyancy-driven convective phenomena
within an enclosure containing an Al;O3/water nanofluid, as explored
by Ghasemi et al. [42], is executed. The simulations encompass the
computation of the average Nusselt number (Nu) at the heated boundary
and the maximum stream function (ymax) across the flow domain under
varying conditions of Hartmann number (Ha = 0, 30, and 60) and
nanoparticle volume fraction (¢ = 0 and 0.02) at a Rayleigh number of
Ra = 10°. The comparative analysis, as presented in Table 3, reveals a
strong correlation between the current computational findings and the
Nu and wnax values reported by Ghasemi et al. [42], thereby affirming
the accuracy and reliability of the present computational model in
predicting MHD thermal convection phenomena.

Moreover, the present numerical methodology has been juxtaposed
with the experimental findings documented by Torki and Etesami [40],
as delineated in Table 4. This comparative assessment pertains to a

square enclosure containing both pure water (¢ = 0) and SiOy/water
nanofluid (¢ = 0.01 %). The maximum discrepancy observed between
the current results and the experimental data is 7.29 % for pure water
and 2.80 % for the nanofluid, respectively. It is crucial to acknowledge
that the relatively higher maximum deviation is plausibly attributable to
the inherent experimental uncertainties embedded within the data. This
comparative analysis substantiates the precision of the current numer-
ical approach in predicting heat transfer within a buoyancy-driven flow
in an enclosure.

4. Results and discussion

The basic principle behind the present analysis is based on mixed
convection, combined with magnetohydrodynamics. This approach ex-
plores the complex interplay between shear-driven flow, natural con-
vection driven by buoyancy forces, and the effects of Lorentz forces due
to the motion of an electrically conductive medium—specifically, the
use of a smart fluid like nanofluid—under a magnetic field. A key feature
of the study is the strategic placement of a Y-shaped obstacle along the
bottom boundary of a square enclosure, which significantly influences
the geometric configuration. An innovative aspect of the study is the
inclusion of a top wall that is heated and split, capable of moving either
to the right or left. In this context, U; (= -Up) represents the velocity of



A. Kabirgj et al.

International Journal of Thermofluids 24 (2024) 100936

Re =50

[*)
=
.é
[+
%)
B
N
©»n

I | | | 1 | gx10°

-1000 -800 -600 -400 -200 -100 1 200 400 600 800 1000

/\
S I ——— | I —
Q - 'y
=
N
(=]
wn
(o=

[ | I | | | | | |

0 0.05 0.1 0.2 0.3 K H H B
i
5 \
N N
(5] N
o e
> €
> \'\‘\l\
= =
=
:
- NE /| ™ .
= A /I | N
S NEEZ7/1NNY /IS
= Nzl 11N

\ 1l # ‘ ﬁ N
I | | | T W1 | | 1
1 -0.6 -0.4 -0.2 -0.1 0.1 0.2 0.4 0.6 0.9
Nu =1.97 Nu=2.35 Nu =3.14

Fig. 4. Local contour plots of Case 2 for the varying Re when Ha = 30, = 0°, Ra = 10°.

the left split wall, U, (= +Up) is the velocity of the right split wall, with
positive values indicating rightward movement and negative values
indicating leftward movement.

The classical benchmark problem of a single lid-driven cavity serves
as an example of generating vortex or circulatory flow within a fluid-
filled cavity. Initially, vortex formation occurs near the moving lid and
gradually extends throughout the domain—a phenomenon extensively
studied through both experimental and computational methods. Addi-
tionally, buoyancy forces, responsible for natural convection, induce
movement in the fluid particles, typically leading to a circulatory
pattern between the heated and cooled regions. The resulting flow
pattern is influenced by the damping effects from the interaction be-
tween the nanofluid and the magnetic field, as well as the combined
velocity components.

By applying non-dimensional analysis, we focus on three critical
parameters that dictate the system’s behavior: the Reynolds number
(ranging from Re = 10 to 200), the Rayleigh number (ranging from Ra =
10° to 106), and the Hartmann number (ranging from Ha = 0 to 70),
along with the magnetic field orientation (ranging from A = 0 to 150°).
The study is conducted for two scenarios: Case 1 with Uy = +1 and U, =
—1, and Case 2 with U; = —1 and U, = +1.

4.1. Flow signature

To facilitate understanding of the hydrothermal behavior in the split-
driven cavity, Fig. 2 presents the flow signature within the cavity under
two different directions of wall motion for varying Ra when Ha = 30, 1 =
0°, and Re = 50. Essentially, Fig. 2 shows the normalized velocity
magnitude plots of fluid flow (in the range of 0-1). The normalization is
carried out using the maximum values, and thus all contour levels fall
between 0 and 1, regardless of the maximum velocity. However, the
scale is set from 0O to 0.5 for clarity in the velocity plot.

In general, the velocity vectors are used to determine the main
impact of fluid flow direction caused by the direction of the wall motion.
The vector arrowheads reflect the directions of fluid flow, which is
modulated by the wall motion direction as well as the Ra value. For Case
1, the fluid flows from both left and right, and these flows collide about
the middle point and go downward direction. On the other hand, at both
upper corners, there is a suction effect due to the wall shearing force,
and thus fluid rushes toward the corners. Such a change in flow di-
rections causes the formation of two fluid circulations in the upper
portion of the cavity. With the increasing Ra values, the strength of the
fluid circulation and the flow velocity increase.

For Case 2, where the hot split walls are moving in opposite di-
rections, a suction effect is created about the midpoint of the upper
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Fig. 5. Local contour plots of Case 1 for the varying Ra when Ha = 30, 4 = 0°, Re = 100.

walls, and fluid is pulled towards the two ends of the walls. Thus,
circulating cells form, but they are rotating in opposite directions. At
higher Ra, weaker fluid circulations are also noted in the lower portion
of the cavity.

4.2. Influence of Reynolds number

A detailed visualization of flow dynamics can be effectively achieved
by analyzing streamlines, while a combined observation of isotherms,
heat lines, and energy flux vectors provides deeper insights into the
complexities of energy flow within the scenario. By varying the Rey-
nolds number (Re = 10, 50, 200) while keeping Ha = 30, Ra = 106, and a
magnetic field oriented at A = 0°, distinct flow patterns are revealed.
Under these specified conditions, the resulting flow patterns display
notable symmetry. Case 1 and Case 2 represent the outcome in Fig. 3 and
Fig. 4, respectively.

In Case 1, as the lid moves, clockwise vortices originate from the left
lid, while the counterclockwise vortices form near the right lid. This
pattern is reversed in Case 2. The flow domain is divided into regions of
secondary circulations, where the fluid mass adjacent to each circula-
tory region supports the reversal of circulation in neighboring areas of
the domain.

From an intuitive perspective, analyzing the flow pattern and the
fluid release position by the split lid (at the mid-plane in Case 1 and at
the walls in Case 2) reveals that an additional vortex layer forms in Case
1, while this layer is absent in Case 2 due to the smoother flow. The
intensity of circulation increases with the rise in inertial forces, indi-
cated by a higher Re, as demonstrated by the stream function (y) values.
The magnitude supports this observation, showing that as Re increases
from 10 to 100, while keeping other parameters constant, the circulation
strength becomes more pronounced, as reflected in the corresponding y
values.

Focusing on heat transfer, the isotherm contour analysis for Re = 10
shows a stratified zone between the top wall and the Y-shaped obstacle,
with the isotherm distribution in the lower region shaped by the cold
surface of the obstacle. As Re increases and the primary vortex near the
lid strengthens, the heated fluid is pushed downward, compressing the
isotherms and thereby enhancing the proportion of heated fluid, which
in turn boosts the rate of heat transfer. This occurs because the energy
exchange happens within a thinner fluid layer, leading to quicker tem-
perature changes. The elevated Nusselt Number values, which indicate
the rate of heat transfer, confirm this trend. A higher Re value suggests
greater fluid mixing within the cavity, and the isotherm distribution in
the upper part of the cavity is significantly affected.
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The energy flux vectors, along with the heat lines, illustrate the en-
ergy transfer path from the hot to the cold wall. After examining the flow
characteristics within the domain, it is clear that the heat lines or energy
flux vectors form a vortex structure near the lid, which explains the
convective flow mixing and the associated energy transfer. The
remaining heat lines represent the spontaneous transfer of heat from a
higher to a lower temperature surface, primarily through conduction
within the fluid.

As convection becomes more dominant with an increase in inertial
forces, signified by a higher Re, the vortex domain for the heat lines
expands. Similar variations are observed when transitioning from Case 1
to Case 2. For Re = 10, the initially stratified isotherms become highly
curved, and the gap between isotherms widens, especially near the
boundaries, where the fluid is released by the lid after being drawn from
the mid-plane, as illustrated. The direction of energy flux also shifts due
to the altered flow pattern, although the fundamental principles remain
consistent. The increased flow mixing and the shift towards convective
heat transfer over conduction result in a higher Nu.

4.3. Influence of Rayleigh number

The comprehensive discussion on flow dynamics, the identification

of underlying mechanisms, and the observed variations with respect to
Re has been thoroughly satisfying. What further enhances the present
study is the intricate relationship between natural (or free) convection
and forced convection. In this context, the temperature difference drives
buoyancy forces within the flow domain, impacting the bulk of the
nanofluid.

The Rayleigh number (Ra), a crucial parameter in this analysis, is the
product of the Grashof number (Gr) and the Prandtl number (Pr). The
Grashof number measures the relative strength of buoyancy forces
compared to viscous forces in a fluid, while the Pr value indicates the
ratio of momentum diffusivity (kinematic viscosity) to thermal diffu-
sivity, thereby connecting fluid dynamics and heat transfer. As a result,
the Ra value illustrates how a temperature gradient induces buoyancy
forces within the fluid.

In Figs. 5 and 6, Cases 1 and 2 respectively depict the outcomes when
the fluid in the cavity is subjected to Re = 100 and Ha = 30, with ob-
servations recorded for Ra = 10%, 10%, and 10°. According to existing
literature, at Ra = 10°, the flow velocity is minimal, suggesting that
buoyancy forces are weak, making conduction the dominant mode of
heat transfer, as the fluid remains mostly static within the cavity under
purely natural convection. However, in our model, the motion of the
split lid introduces an additional physical effect, causing circulation in
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the upper region of the cavity and leading to vigorous flow mixing,
although much of the fluid near the bottom wall experiences minimal
velocity.

Buoyancy forces become significantly more influential when Ra ex-
ceeds 10*, creating an intriguing flow pattern for Ra = 10°, and 10°,
where a larger portion of the fluid actively engages in the overall phe-
nomenon. Interestingly, in all three scenarios, the vortex regions expe-
rience a slight reduction in thickness, likely due to the increased upward
momentum of the fluid.

At Ra = 10, the isotherms are closer together near the valley of the Y
(the top V-shaped region), likely due to the dominance of inertial forces
and the minimal impact of buoyancy. These inertial forces are generated
by the downward movement of the fluid, driven by the lid. As buoyancy
forces strengthen, the fluid motion and flow mixing near the cavity lid
decrease. Since the directions of inertial and buoyancy forces are
opposed, increasing the Rayleigh Number leads to more stratified iso-
therms, reducing the heat transfer rate as convective effects diminish.

Interestingly, in a cavity governed solely by natural convection, the
heat transfer rate usually increases with a rising Ra, which contrasts
with our current case. This difference results from the vector addition of
forces within the domain, where the direction of each driving force plays

Nu =2.52

Fig. 7. Local contour plots of Case 1 for the varying Ha when Ra = 10°, A = 0°, Re = 100.

10

Nu =2.39

a crucial role. This observation is further supported by the decrease in
Nusselt Number values in our current scenario.

The analysis of energy flux vectors reveals similar patterns, with the
thinning of vortices as the Rayleigh Number increases, driven by the
same mechanism that affects the streamlines. The reduction in flow
mixing due to buoyancy is evident from the distribution of heat lines,
particularly in cases where Ra is 10° or higher. The confinement of
vortices to a smaller region suggests that energy circulation is limited to
that specific area, without being effectively carried forward by the fluid.

4.4. Influence of Hartmann number

Having thoroughly examined the impact of the Reynolds and Ray-
leigh numbers, we now turn our attention to an equally important aspect
of magnetohydrodynamics: the influence of the magnetic field on the
model. In physics, it is well-known that any charged particle moving
within an electromagnetic field experiences a force known as the Lor-
entz force. This force is crucial in our model, where we use a nanofluid
with electrical conductivity. For a substance to conduct electricity, it
must have free electrons, which is typically seen in metals.

In this model, as the fluid, driven by mixed convection, moves
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Fig. 8. Local contour plots of Case 2 for the varying Ha when Ra = 10, A = 0°, Re = 100.

through the cavity, it encounters a force that acts perpendicular to its
direction of motion. This interaction often leads to flow dampening,
where the fluid’s movement is slowed or resisted, resulting in reduced
flow mixing quality compared to cases without a magnetic field. The
results confirm this damping effect, as the stream function (y) values
decrease with an increase in the Hartmann number (Ha).

Figs. 7 and 8 illustrate the effects for Ha values of 0, 50, and 70 while
keeping the Ra = 10° and the Re = 100. As discussed earlier, it is evident
that for Ra = 106, the Nusselt number (Nu) decreases compared to when
Ra = 10°. Additionally, the patterns of streamlines and heat lines for Ha
> 0 show a reduction in the vortex domain, leading to much less mixing
due to the damping force. The isotherm distribution also aligns with our
previous analysis, becoming more flattened as Ha increases from 10 to
70, which in turn reduces the rate of heat transfer.

The streamlines indicate a significant weakening of flow strength, as
seen in the recirculatory patterns formed. Thus, what was once vigorous
flow is significantly dampened by the Lorentz force induced by the
magnetic field. This effect is particularly pronounced as Ha increases
from 50 to 70, where we observe a marked reduction in the intensity and
extent of the flow patterns.
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4.5. Influence of magnetic field inclination

After thoroughly examining the impact of the magnetic field strength
on the flow domain and providing well-founded explanations, we can
further modulate this effect by introducing an inclined magnetic field (as
shown in Figs. 9 and 10). The magnetic field is oriented at various angles
relative to the bottom wall of the cavity, specifically at A = 30°, 90°, and
150°, while keeping the parameters constant at Ra = 10%, Ha = 30, and
Re = 100.

The observations reveal that as the inclination angle increases,
particularly in the first quadrant, the circulation intensity progressively
decreases. The streamline patterns show considerable distortion in
response to the angle of inclination, with a noticeable weakening of the
flow due to this orientation.

Similarly, the isotherm patterns exhibit slight distortions when
compared to the 0° configuration. However, the Nusselt number in-
creases with the angle, indicating improved flow mixing. This trend
continues up to 90°, after which the values begin to decrease, following
anearly symmetrical pattern, as seen with similar effects at 30° and 150°
(i.e., 180° - 30°). The heat lines and energy flux vectors also show these
distortions.

Moreover, the rate of change in the Nusselt number slows after 75°,
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eventually stabilizing, suggesting a reduced variation in its value beyond
this point. This observation provides valuable insight into the optimal
angle for magnetic field orientation to enhance heat transfer in such
systems.

4.6. Overall heat transfer analysis

The Nusselt number (Nu), whether considered locally or as an
average, is an invaluable metric in physical analysis. This dimensionless
number provides a simplified alternative to more complex measurement
models, allowing for a comprehensive examination of heat transfer
characteristics across various flow domains under various parametric
scenarios. Fig. 11 illustrates the variation of the average Nu values for
varying Re across different Ra, Ha, and A.

Starting with the impact of Re, significant variations are noted when
other parameters remain constant. Specifically, the average Nu shows a
substantial increase in Case 1 where Ra = 10°, Ha = 30, and A = 0° For
example, as Re increases through the sequence (10, 50, 100, 200), a
noticeable rise in Nu occurs. This increase can be attributed to the
enhanced flow mixing caused by the significantly stronger inertial forces
within the fluid.

When considering the case where Ra increases according to the
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sequence (10° to 10°) while keeping Re = 100, Ha = 30, and 1 = 0°, a
decrease in Nu is observed. This reduction is associated with diminished
flow mixing, resulting from the opposing effects of inertial and buoyancy
forces, the latter being influenced by Ra. Additionally, the energy
transfer rates decline further as the magnetic field’s strength increases.

The trend of increasing Nu with increasing Re is true for both Cases 1
and 2 (Figs. 11a and 11b). However, the peak value of Nu is noted for
Case 1 (= 4.018) compared to Case 2 (3.534). Therefore, this finding
establishes that Case 1 could be opted for enhancing heat transfer when
Ra is lower.

As Ha grows, the Lorentz force dampens the flow, leading to a cor-
responding drop in Nu. The effect of Ha on Nu is shown in Figs. 11c and
11d when Ra = 10°, and A = 0° The trend of Nu drop is quite interesting.
For Case 1, Nu drops sharply from 11.927 to 3.750 at Ha = 30 and Re =
200. After Ha = 30, the decrement in Nu is not so high. This trend is
similar for Re = 100 and 50. In the case of Re = 10, the change in Nu is
insignificant. This is due to the lesser effect of shear force on the fluid
flow. Furthermore, after Ha = 30, the fluid flow strength is reduced
significantly due to the strong Lorentz force. In Case 2, the magnitude of
Nu drops from 7.037 to 3.402 at Ha = 30. In general, Case 1 offers higher
heat transfer for lower Ha and higher Re values.

However, as the inclination angle of the magnetic field (1) increases
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Fig. 10. Local contour plots of Case 2 for the varying A when Ra = 10°, Ha = 30, Re = 100.

(as shown in Figs. 11e and 11f), likely due to gravitational effects and
reduced magnetic interference, the average Nu rises to about 75°
Beyond this angle, it fluctuates slightly within that range until reaching
90°, after which the increase slows, and the value begins to decrease
again. A similar trend is noted for Case 1 and Case 2. However, the
highest Nu value is achieved for Re = 200 and 1 = 75° Due to the change
in orientation of the magnetic field, the sharing of the Lorentz force
changes from the y-direction to the x-direction and the fluid flow cir-
culation becomes asymmetric type, which alters the heat transfer
characteristics.

4.7. Entropy generation analysis

The principles of thermodynamics, which govern natural phenom-
ena, emphasize that energy flow follows specific, natural laws that are
inherently spontaneous. This characteristic is closely associated with
entropy, a fundamental thermodynamic property that quantifies the
degree of irreversibility in a system. To fully understand the processes
involved, this study focuses on analyzing entropy generation within the
system.
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The visual data illustrate the contributions of viscous (Figs. 12 and
13), magnetic (Figs. 14 and 15), and total entropy (Figs. 16 and 17)
generation under various scenarios. The entropy generation contour
plots for viscous irreversibility indicate that depending on parameters
such as Re, Ra, and Ha, the primary viscous irreversibility occurs near
the moving boundary (split 1id), where the rapid fluid motion driven by
the lid is significant. Magnetic effects on entropy generation are most
noticeable at the regions where the 1id’s motion begins or ends. The plots
for different Ha values, with Re and Ra constant, reveal that as the
magnetic field strength increases, entropy generation within the domain
decreases, likely due to the magnetic field’s damping effect.

Moreover, increases in Re and Ra lead to greater irreversibility in the
upper flow domain, with some entropy generation occurring in the bulk
flow, especially at lower Re and higher Ra. An important finding from
the plots is that when the direction of the lid’s motion changes (Cases 1
and 2), the entropy generation contours on the top surface also shift
accordingly.

The total entropy generation analysis shows that for Ra = 10% and Re
= 10, where conduction primarily drives the flow, thermal entropy
governs the effects, distributed mostly in the upper region of the domain.
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High irreversibility is observed where the fluid is released by the lid and
where it initially impacts the Y-shaped obstacle during mixing. How-
ever, this effect is gradually reduced with increasing Ha, as shown by the
contour plots.

With higher inertial forces pushing the flow into the valley of the Y-
shaped obstacle, entropy generation becomes concentrated at the wings
of the Y. Conversely, increasing Ha significantly dampens this effect,
resulting in a more even distribution of entropy generation in the upper
region. The overall pattern remains consistent, with more intense effects
seen at lower Ha, higher Re, and lower Ra. As Ra increases, enhancing
buoyancy, the overall irreversibility decreases.

In summary, conditions that disrupt natural flow patterns or increase
resistance lead to greater irreversibility. Complex geometries with sharp
angles or corners exacerbate this effect due to flow separation, while
intricate boundary conditions contribute to substantial entropy gener-
ation. A detailed examination of the causes and regions of entropy loss is
essential for optimizing the model, which can then be applied to real-
world situations. Simulation software data reveal trends related to the
three non-dimensional parameters discussed. Specifically, altering the
magnetic field direction up to 60° slightly increases entropy generation

14

compared to other angles, with all other parameters held constant. The
graphical data analysis offers deeper insights into the behavior of the
system.

For understanding the impact of all the parametric variations on the
overall thermal performance as well as irreversibility productions, Ta-
bles 5 and 6 depict the selected global summary of the results through
NU, |Wmax|> NSy, NSpm, NS, and NS, for Case 1 and Case 2. Generally,
increasing Re leads to a stronger impact of external force on the fluid
circulation through the wall translation. Thus, higher Re leads to higher
Nu values and the corresponding NS, is also higher. Increasing Ra
harms the heat transfer, because of the reduction in fluid mixing. On the
other hand, magnetic field intensity increase always dampens the heat
transfer, which is compensated by the increasing inclination of the
magnetic field, particularly when Ha = 30 and 4 = 75° and Re = 200.
The trend of the heat transfer as well as irreversibility production is
similar for Case 2 also but with reduced magnitudes.

Therefore, this finding establishes that Case 1 could be opted for
enhancing the heat transfer when Ra is lower, and Re is higher and it is
further modulated by the magnitudes of Ha and its inclination.
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Table 5

Selected summary of outcome results through Nu, |Wmax|, NS,, NS, NS, and NSy, for Case 1 (U; = +1 and U, = —1).
Re Ra Ha p) Nu | Wmax| NS, NS, NSy NS,
10 10° 0 - 2.831 0.056 2.47 x 107! 0 0.0257 0.0257
10 10% 30 30 2.203 0.036 2.63 x 10711 3.53 x 10712 0.0200 0.0200
10 10° 30 75 2.279 0.029 2.71 x 10711 6.85 x 10712 0.0207 0.0207
10 10° 70 30 1.992 0.022 3.06 x 107! 9.24 x 10712 0.0181 0.0181
10 10% 70 75 2.022 0.014 3.55 x 107! 1.84 x 10711 0.0184 0.0184
10 10° 0 - 2.068 0.033 1.25 x 10712 0 0.0188 0.0188
10 10° 30 30 2.016 0.028 1.28 x 10712 1.41 x 10713 0.0183 0.0183
10 10° 30 75 2.028 0.023 1.33 x 10712 2.91 x 10713 0.0184 0.0184
10 10° 70 30 1.959 0.020 1.45 x 10712 4.16 x 10713 0.0178 0.0178
10 10° 70 75 1.983 0.013 1.68 x 10712 8.34 x 10713 0.0180 0.0180
100 10° 0 - 8.021 0.064 2.57 x 1071 0 0.0730 0.0730
100 108 30 30 4.907 0.036 2.64 x 10711 3.74 x 10712 0.0447 0.0447
100 10° 30 75 6.466 0.030 2.73 x 1071 6.91 x 10712 0.0588 0.0588
100 10° 70 30 3.742 0.022 3.06 x 107! 9.31 x 10712 0.0341 0.0341
100 10% 70 75 5.273 0.014 3.56 x 107! 1.84 x 10711 0.0480 0.0480
100 10° 0 - 6.607 0.059 1.19 x 10712 0 0.0601 0.0601
100 10° 30 30 3.993 0.034 1.23 x 10712 1.66 x 10713 0.0363 0.0363
100 10° 30 75 5.196 0.029 1.28 x 10712 3.12 x 10718 0.0473 0.0473
100 10° 70 30 3.378 0.022 1.43 x 10712 4.27 x 10713 0.0307 0.0307
100 10° 70 75 4.577 0.014 1.66 x 10712 8.46 x 10713 0.0417 0.0417
200 108 0 - 12.468 0.069 2.76 x 1071 0 0.1136 0.1136
200 10% 30 30 6.810 0.036 2.69 x 10711 413 x 10712 0.0620 0.0621
200 10° 30 75 9.197 0.032 2.79 x 1071 6.95 x 10712 0.0838 0.0838
200 10° 70 30 4.865 0.022 3.07 x 107! 9.44 x 10712 0.0443 0.0443
200 108 70 75 7.667 0.014 3.57 x 107! 1.84 x 10711 0.0699 0.0699
200 10° 0 - 11.927 0.067 1.28 x 10712 0 0.1087 0.1087
200 10° 30 30 6.028 0.036 1.25 x 10712 1.87 x 10713 0.0550 0.0550
200 10° 30 75 8.481 0.031 1.30 x 10712 3.18 x 10713 0.0773 0.0773
200 10° 70 30 4.554 0.022 1.43 x 10712 4.35 x 10713 0.0415 0.0415
200 10° 70 75 7.103 0.014 1.66 x 10712 8.52 x 10713 0.0648 0.0648

5. Conclusions
Table 6

Selected summary of outcome results through Nu, |Wmax|, NS,, NSm, NSw, and
NS;,; for Case 2 (U; = —1 and U, = +1).

Re

Ra

Ha A

Nu

[Wmax]

NS,

NS, NS,

NStor

10
10
10
10
10
10
10
10
10
10
100
100
100
100
100
100
100

100
100
200
200
200
200
200
200
200

200
200

10°
10%
10°
10°
108
10°
10°
10°
10°
10°
10°
10%
10°
10°
10°
10°
10°
10°
10°
10°
10°
10°
10%
10°
10°
10°
10°
10°
10°
10°

0

30
30
70
70
0

30
30
70
70
0

30
30
70
70
0

30
30
70
70
0

30
30
70
70
0

30
30
70
70

30
75
30
75
30
75
30
75
30
75
30
75
30
75
30
75
30
75
30
75
30
75
30
75

2.790
2.198
2.271
1.992
2.021
2.055
2.005
2.001
1.959
1.957
6.202
4.512
6.068
3.658
5.208
4.771
3.809
4.614
3.433
4.255
7.723
5.507
7.940
4.632
7.495
7.037
4.960
6.793
4.461
6.479

0.055
0.032
0.028
0.019
0.014
0.033
0.027
0.022
0.018
0.013
0.055
0.031
0.028
0.019
0.014
0.050
0.031
0.027
0.019
0.013
0.056
0.031
0.028
0.019
0.014
0.054
0.031
0.028
0.019
0.014

2.47 x 10711
2.63 x 1071
2.71 x 1071
3.06 x 10711
3.55 x 107!
1.26 x 10712
1.29 x 10712
1.34 x 10712
1.45 x 10712
1.69 x 10712
2.54 x 10711
2.67 x 1071
2.74 x 1071
3.07 x 1071
3.56 x 10711
1.19 x 10712
1.25 x 10712
1.29 x 10712
1.43 x 10712
1.66 x 10712
2.68 x 10711
2.74 x 10711
2.80 x 10711
3.10 x 10711
3.58 x 107!
1.25 x 10712
1.27 x 10712
1.30 x 10712
1.44 x 10712
1.67 x 10712

0 0.0254
3.50 x 10712 0.0200
6.84 x 10712 0.0206
9.23 x 10712 0.0181
1.84 x 10711 0.0184
0 0.0187
1.40 x 1071® 0.0182
2.96 x 1071% 0.0182
412 x 10713 0.0178
8.40 x 10713 0.0178
0 0.0564
3.42 x 10712 0.0410
6.78 x 10712 0.0552
9.17 x 10712 0.0333
1.84 x 1071 0.0474
0 0.0434
1.54 x 1071* 0.0346
3.08 x 107'% 0.0420
4.22 x 10713 0.0312
8.44 x 10713 0.0387
0 0.0703
3.40 x 1072 0.0501
6.69 x 10712 0.0722
9.14 x 10712 0.0421
1.83 x 107! 0.0682
0 0.0640
1.56 x 10°* 0.0451
3.07 x 107*% 0.0618
4.23 x 10713 0.0406
8.47 x 10713 0.0590

0.0254
0.0200
0.0206
0.0181
0.0184
0.0187
0.0182
0.0182
0.0178
0.0178
0.0564
0.0410
0.0552
0.0333
0.0474
0.0434
0.0346
0.0420
0.0312
0.0387
0.0703
0.0501
0.0722
0.0421
0.0682
0.0640
0.0451
0.0618
0.0406
0.0590

21

This study provides valuable insights into the complex behavior of
MHD mixed convection in a nanofluid-filled split lid-driven cavity with a
Y-shaped obstacle. The effects of key parameters such as Reynolds
number (Re), Rayleigh number (Ra), Hartmann number (Ha), and
magnetic field inclination (A) on flow dynamics, heat transfer, and en-
tropy generation were systematically investigated. Key findings include:

1. Novel geometry: The split lid-driven cavity with a Y-shaped
obstacle creates unique flow patterns and heat transfer characteris-
tics not adequately explored in literature. Case 1 (inward translation)
is generally optimal for 4 = 0°, while Case 2 (outward translation)
can be more effective for certain parameter ranges across the A space.

2. Comprehensive parameter analysis: Examination of a wide range
of Re, Ra, Ha, and A values has mapped the system’s behavior across
various operating conditions, providing a thorough understanding of
the complex interactions at play.

3. Practical implications: The results directly inform the design of
thermal management systems, particularly for applications requiring
compact, high-performance heat transfer solutions in industries such
as electronics cooling, metal casting processes, and HVAC systems.

4. Optimization potential: Optimal conditions (e.g., Re = 200, Ra =
10% Ha = 0, 1 ~ 75°) provide clear targets for maximizing heat
transfer efficiency in similar systems.

5. Entropy generation analysis: Consideration of both heat transfer
and irreversibilities provides a more complete picture of system
performance, enabling more informed design decisions.

Key evidence supporting these conclusions includes a 65 % increase



A. Kabiraj et al.

in Nusselt number with increasing Re, a non-monotonic relationship
between Ra and heat transfer, significant impacts of magnetic field
characteristics on flow patterns, and a 30 % local heat transfer
enhancement near the Y-shaped obstacle. These findings demonstrate
the complex interplay of forced convection, buoyancy forces, MHD ef-
fects, and geometric factors in optimizing system performance.

The study demonstrates that careful optimization of flow parame-
ters, magnetic field characteristics, and geometric features can enhance
heat transfer efficiency while minimizing entropy generation. However,
practical implementation must consider trade-offs between enhanced
heat transfer and increased power requirements for split-lid translations.
Future research could explore different obstacle geometries, transient
conditions, and nanofluid compositions to further advance high-
performance thermal management systems across diverse industrial
applications.
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