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ABSTRACT ARTICLE HISTORY
Enclosure design significantly impacts thermal engineering processes and Received 4 December 2023
devices, including electronic devices, thermal exchangers, power engines, Revised 31 May 2024

heating systems, solar panels, and nuclear power plants. The square cavity ~ Accepted 4 June 2024
with variable aspect ratios is utilized for multi-objective optimization and
improved thermal performance of microchannels. Cold cylinders in square EEYWORPS,

- : . . asson fluid; embedded
enclosures are often utlllged to reFiuce energy .Ioss in micro heat sinks and cylinder: FEM; MHD; mixed
heat exchangers. So, article’s main objective is to investigate concurrent convection
characteristics of external and internal forces on a Casson fluid contained
in a square cavity with magnetohydrodynamics (MHD). A square cylinder is
embedded in the middle of the enclosure, and an inclined magnetic field
with angle ¢ is applied. The upper lid is assumed to be inertially driven by
a constant amount of slipping velocity, and a thermal state is disturbed by
assuming uniform temperature at the left wall while the right wall and
embedded cylinder are cool. The finite element method (FEM) based
open-source software renowned as COMSOL Multiphysics is utilized to
solve the non-dimensionalized momentum and energy equations. This
study uses the square enclosure to study essential factors, such as the
Casson parameter f;, Hartmann number Ha, Reynolds number Re, and
Grashof number Gr. The findings reveal that the kinetic energy at f = 10
is 12.22 times greater than that of f = 0.1 at Ha = 0. It is observed that
Ha, f, and Gr have a direct impact on the local Nusselt number. Fluid kin-
etic energy increases as Gr increases while it decreases as Re increases.

This study shows how obstacles of various shapes and temperature condi-
tions have an essential impact on handling heat transfer characteristics.

1. Introduction

Due to its numerous applications in science, engineering, and industry, the study of heat transfer
is critically important. The production of textiles, phase-changing materials, cooling electronic
equipment, and heating and air conditioning systems in homes and automobiles all depend on
the study of heat transfer. Over the years, these applications have prompted experimental and
theoretical investigations into heat transfer mechanisms by researchers. This has saved time and
money in the field and led to significant advancements. For instance, researchers have investi-
gated heat transmission through various geometries of Newtonian and non-Newtonian fluids.
Numerous studies have been published in this area because of the attention these investigations
have received from the research community [1-9].
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Nomenclature
FEM finite element method Ha Hartmann number
By Magnetic field strength o Electrical conductivity
u,v dimensional velocities components k thermal conductance
X,y dimensional coordinates pr Coefficient of heat expansion
U Vv nondimensional velocities components Ty hot temperature
X Y nondimensional coordinates T, cold temperature
g Gravitational acceleration L Cavity length
Ui moving wall Re Reynolds number
0 density Gr Grashof number
u dynamic viscosity @ magnetic field inclination
p pressure Pr Prandtl number
G specific heat Nu local Nusselt number
T dimensional temperature K.E. total kinetic energy
P nondimensional pressure Nugy, average Nusselt number
0 nondimensional temperature
p Casson parameter

This phenomenon is typically called mixed convection when free and forced convection co-
occur during the convection process. In this flow phenomenon, free and forced convection
properties are of similar magnitude. Mixed convection occurs when the buoyant force signifi-
cantly influences an enforced flow mechanism and inversely. Numerous specialists have devel-
oped mathematically, and tentatively blended convection streams and intensity move in
different mathematical nooks, and research works are progressing for better investigation. The
researchers evaluated a range of enclosure geometries due to their practical applicability in
technological and engineering fields, for example, nuclear reactor factors, solar power storing,
extracting oil, crystal development, electronic device cooling purposes, and thermal exchangers
[10-12]. In addition, the high bottom wall temperature relative to its equivalent at the top
produces the effect of free convection. They found that the frequency of dimensionless lid
oscillations and the range of Re, Grashof numbers (Gr) affect heat transfer properties and
fluid flow. Heat-conducting substances and cavity configurations block the concurrent flow of
convective and thermal transfer in enclosures with various relative entrance and exit positions,
and these factors can all impact convective flow. Shuja et al. [13] examined mixed convection
in a square cavity caused by a rectangular body that generated heat. They noticed the conse-
quence of outlet port location and perspective proportion on the intensity move qualities in
the cavity. Their initial conclusion was that aspect ratios and the location of the outlet sea-
port are significantly exaggerated. Hsu and Sg [14] conducted a computational analysis on
mixed convection thermal transport in a rectangle cavity with distinct heating sources on the
bottom wall. According to Merrikh [15] investigation, the effects of blockage two can be miti-
gated by positioning a rigid body close to the walls. Contrasting and fenced-in areas having
no obstructions, they additionally saw that the pace of intensity move might upgrade by set-
ting fewer guide stuff. Hussein et al. [16] examined the streamlined and thermal features of
laminar free and forced convective movement of tiny particles inside an inclination square
using FDM.

Several geometric forms with different boundary conditions have also been studied in lid-
driven cavities, where magnetohydrodynamics (MHD) significantly affect such shapes. Owing
to its progressive applications in science and technology, including forced and mixed convec-
tion flow, processing food, food preparation, oil technologies, nuclear reactor technologies, air
conditioning flow, heat transfer, food cooling, solar panel sheets, Solar power systems, mixed
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conduction, forced conduction, as well as the transfer of heat in cavities, it has been thor-
oughly studied. Sheremet et al. [17] carried out a computer investigation to examine the
impact of Ha and attractive configuration on strength increase processes. They discovered that
when the Ha grows, the heat transport rate decreases, inhibiting convective flow. Convection
motion intensifies as the position angle rises. The effects of a magnetic field, heat transfer,
and entropy production on fluid flow were investigated by Dutta et al. [18]. They found this
for increasingly substantial Rayleigh values (Ra > 10°). The Hartmann number decreases sub-
stantially with the heat transmission rate. Bondareva et al. [19] demonstrate that the shape,
game strategy, and Hartmann number of a bent porous nook may all have an impact on
heat transfer. Further research on MHD in an enclosure may be found in references
[11,20-24].

In mechanical and engineering applications, non-Newtonian liquids are more useful than
Newtonian liquids. These liquids are employed in a variety of applications, including food pro-
duction, metallurgical techniques, fuel extraction from crude oil, cycle entry, and biomedical
activities [25]. Consequently, analysts are becoming more fascinated by the complex issue of non-
Newtonian liquids. Certain substances exhibit non-Newtonian behavior when subjected to pres-
sure, including but not limited to dirt, muck, catsup, blood, honey, colors, oozing, concentrated
chocolate, egg whites, and mustard. Because of the complicated flow behavior of non-Newtonian
liquids, no one model can fully represent all their properties. Numerous flow models have been
proposed to better understand how these fluids move [26-29]. Viscoelastic fluids have attracted a
great deal of attention among these models. These fluids represent a unique family of non-
Newtonian materials that only flow when yield stress that is when pressures exceed a predefined
threshold occurs. It’s even more astounding than the yield stress value because they respond to
stress like liquids. The behavior of viscoelastic fluid flow has been characterized by a few flow
models [30-32]. Recently, the Casson fluid has drawn a lot of interest as one non-Newtonian
fluid. A comprehensive examination of Casson fluid through various shapes under different con-
ditions is accessible in these research articles [33-37].

Based on a literature study, it is determined that mixed convection heat transfer in liquid
enclosures is essential for current research. Although there are several research on heated cylin-
ders in enclosures, there is a lack of research on the heat and flow properties of fluids with cold
cylinders. Therefore, this study aims to address this gap by assuming a Casson fluid under an
inclined magnetic field contained in a square cavity with the addition of cold square obstacles.
Additionally, cylinders in enclosures are widely used in civil and industrial engineering applica-
tions, including interior energy management, shaft cooling, bearings lubrication, and food manu-
facturing. Thermal management in enclosures may be improved by employing a cylinder with
different thermal distributions [38-43]. The finite element method (FEM) based open-source soft-
ware renowned as COMSOL multiphysics is utilized for numerical simulations. This article pro-
vides an in-depth look at the effects of the Casson parameter f, Hartmann number Ha,
Reynolds number Re, and Grashof number Gr in a square cavity with square cylinders and an
inclined magnetic field ¢.

2. Mathematical modeling
2.1. Problem formulation

Consider a non-Newtonian Casson fluid flowing steady laminar, incompressible flow within a
square cavity of width L, as depicted in Figure 1. The cavity origin point (0,0) is located at the
bottom-left corner of the cavity. The characteristic length L is taken as 1 for the purpose of non-
dimensionalization. Inertial forces are introduced into this situation by providing a lid-driven vel-
ocity of magnitude while keeping all other walls at rest. The square cylinder is embedded in the
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y,v
Adiabatic u=uwiv=0

AT - > > > > > > > >

Casson Fluid

Figure 1. Geometry of the problem.

center C(0.5,0.5) of the cavity, and its surface is cold T.. The horizontal side walls are adiabatic,
with the left wall maintaining a hot temperature T}, and the right wall maintains a cold tempera-
ture T,. An inclined magnetic field B, is placed at an angle of (¢) to the horizontal. Flow occurs
in the enclosure because of the temperature gradient and motions of the top wall.

2.2. Governing equations

The governing equations of momentum and energy equation are as follows [44-46].

e Continuity equation

@-‘r@—o 1)
ox Oy

e Transport of momentum

Ou Ou  10p ﬁ(l 1)(3%; &u

u

A S
v ov_ 10p 1\ (0®v v\ Byo, . )
M&+V8—y——;a—y ;(14‘3) <w+a—y2 +7(HSIH(PCOS(P VY Sin (/)) (3)

+gBr(T = To)

—tv—=—-—++ — —&—@(vsin(pcosq)—usinz(p) (2)
0x Oy pox p o

e Transport of energy

(4)

ox 0y (pC,) \Ox* Oy

Boundary conditions of momentum:

u(x,L) =1 (upper wall) } 5)
u(x,0) = v(x,0) = u(0,y) =v(0,y) = u(L,y) =v(L,y) =v(x,L) =0 (remaining wall)
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Boundary conditions of temperature:

T(0,y) =1, (left wall)
T(L,y)=0, (Right wall)
oT (x,0) = T —(x,L) =0 (remaining wall) ©
“(x, wi
9 dy ’
Boundary conditions at the surface of the square cylinder:
Dimensionless parameters and variables:
D e R I T P
L L Urid Urid PUi4 T, — T, P (PGy) ®)
ial T, - T.)L? G
Re:ule ,PrzB,Gr:gﬁT(h—ZC),Ha:BOL\/iRl r
v o v Re?

Using the above dimensionless parameters, Eqs. (1)-(4) become nondimensionalized governing
equations:

o0 o _ o
oxX oY
_ U  _ 09U oP 1 1\ [o°U & Ha* o,
V=t — (142 [ =+ =—= ) + == (Vi — Usi 1
U6X+V8Y 8X+Re< +/3>(8X2+8Y2>+ Re (Vsmq)cos<p U sin (p) (10)
_ oV _ 9V oP 1 1\ (6*V &*V\ Ha*, . . o,
Ua—)_(—i- Va—Y— _8_Y+R_e (1 +B) (67+W> +R—e(Usmq)cosq>— V sin (p) an
"0
+ Re?
_ 00 _ 00 1 (0%0 0%0
UtV 37 = prre <@+a_y2> (12)
Nondimensional boundary conditions of momentum:
vx1)=1, (upper wall)
U(X 0)=V(X,0)=0U(0,Y)=V(0,Y) =U0(LY)=V (1,Y) = V(X,1) = 0 (remaining wall)
(13)
Nondimensional boundary conditions of temperature:
0(0,Y) =1, (left wall)
0(1,Y) =0, (Right wall) (14)
2 (X,0) = 00 (X,1) =0 (remaining wall)
oY oy T s
Nondimensional boundary conditions on the square cylinder’s surface:
U=V=0=0

The local Nusselt number, average Nusselt number, and Total kinetic energy are obtained by:

a0
Nu = <_8_X>X—o =

1
Nugy, = JNu dy (16)

0
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1
K.E:EJHUHZdQ (17)
Q
Where U = (U, V) is the velocity vector.

3. Numerical method and grid independence

In this work, nondimensional Eqgs. (9)-(12) with boundary conditions (13) and (14) are solved
numerically using a FEM-based open-source software renowned as COMSOL. The FEM is a math-
ematical tool for computing an approximative solution for some basic differential equations that
cannot be resolved analytically. This methodology begins by separating the problem domain into
irregular triangular finite element meshes. This method starts with finite elements meshing the issue
region into irregular triangle shapes. Since the basic differential equations for various fluid flow
problems are composed of several connected nonlinear equations, this strategy uses consecutive lin-
earization methods to solve the equations. Iterative approaches are often used to solve the linear
structures from this approach. The nonlinear administering fractional differential conditions, espe-
cially the mass, force, and energy conditions, are then securely transformed into an arrangement of
essential conditions using the Galerkin Leftover process. The integration essential for each iteration
of these equations is performed using the Gaussian iteration method. The solution does not specify
how many hubs and lattice types should be kept for each logarithmic. The resultant nonlinear equa-
tions are adjusted by imposing boundary conditions. The Newton-Raphson transform is used to
convert these updated nonlinear equations into linear algebraic equations. To extract the variables
while meeting the convergent criteria, these linear equations are solved using the triangle factoring
approach. The nonlinear iterations are based on the following convergence condition.

Xn+1 + Xn

<107
Xn-H

where y characterizes the general solution component. Figure 2 shows the computational mesh at a
finer grid level. Figure 3 describes the stages involved in the FEM.

Figure 2. Finer grid for cavity with a square block placed at C (0.5, 0.5).
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Physical Problem

v

Mathematical Model

v

Finite Element Method

!

¥

Domain Discretization

v

Mesh Generation

Equation Discretization
(Weak Formulation) _A

C o

( Accuracy and Convergence )

Figure 3. Diagram showing the finite element method’s workflow.

YA

\J

Table 1. Grid convergence analysis for the Nug,, and K.Eq,.

Gird NEL DOFs Ntlayg KE.arg

1 372 976 1.7474 0.045174
2 612 1,576 1.7349 0.045034
3 966 2,380 17276 0.045257
4 1,688 4,064 1.7212 0.045289
5 2,496 5,872 1.7183 0.045336
6 3,934 8,964 1.7163 0.045449
7 9,960 22,216 17137 0.045505
8 24,746 53,948 1.7129 0.045535

3.1. Grid test

Several grids are utilized to demonstrate the efficiency of the acquired findings for the cases of
B=0.1, Ha=25 Pr=6.8, Gr=10°, Re=1, and ¢ = 0. As seen in Table 1. Consequently,
the total number of elements (NEL) and degrees of freedom (DOF) vary from 372 to 24,746 and
976 to 53,948, respectively. As can be seen, the difference between the mean Nusselt number fig-
ures is small for the last two grids. Consequently, DOFs of 22,216 and NEL of 9,960 may assure
gird independence and the numerical findings are based on these DOFs and NEL.

3.2. Comparison

A qualitative comparison between the present results and the results of Mehmood et al. [20] is
provided in Figure 4. From these comparisons and percentage deviation, we concluded that the
available and present findings are in excellent agreement, validating the developed scheme for the
considered problem.

4, Results and discussions

This section lists the selective findings obtained using the streamlines, isothermal. Figure 5 shows
how the various Casson parameters f§ affect the streamlines and isotherms patterns. Two vortices
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Comparison of the results for average Nusselt number against Re and Ri

8
)
.g 7
= 6
=
= 5
&
2 4
Z 3
2,
-«
1
0
Re=100 | Re=400 | Re=1000 | Ri=0.1 | Ri=1 | Ri=10
M Present results 2.03 4.09 \ 6.63 5.4611 5.4957 7.7951
® Mehmood et al. [20] 2.03 4.07 6.58 5.5317 5.5684 7.9029
[0 Percentage deviation (%) 0% 0.49% 0.76% 127% 1.30% 137%

Figure 4. Comparison of the present results with Mehmood et al. [20] for Nug,q against Re and Ri.

Streamlines

isotherms

Figure 5. Streamlines and isotherms form different f§ for Ha = 25, Pr = 6.8, Gr = 10°, Re = 1, and ¢ = 0.

can be noticed created around the cylinder, and the fluid rotates in a clockwise direction because
of the motions of the top wall and elevated temperature of the left wall and the reduced tempera-
ture of the right wall. Furthermore, as the increased Casson fluid parameter f identifies the add-
itional fluid viscosity and causes a drop in the effective viscosity of the working fluid, streamlines
become more intense, and the velocity of the flow movement is significantly raised for rising. As
a result, at lower f = 0.1, the streamline distribution has a lesser magnitude, which strengthens
with increasing strength at higher f = 10. However, the isothermal contours show no substantial
change when the Casson parameter values are increased. Figure 6 displays the Nusselt number in
different values of Casson parameters 5. As can be seen, the Casson parameters of 10 produced
the most significant Nusselt number. Furthermore, the findings revealed that the Casson parame-
ters immediately impact the Nusselt number. Table 2 displays the average Nu and K.E. values for
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Nu

I I I 1 1 L

0 0.2 0.4 0.6 0.8 1
Heated Wall at (0,y)

Figure 6. The Nu variations on the heated wall for various parameters of § for Ha =25, Pr=6.8, Gr=10° Re=1,
and ¢ = 0.

Table 2. Mean Nusselt number and K.E. variations for different parameters of # and Ha values for Pr = 6.8, Gr = 103, Re =
1, and ¢ = 0.

Nuavg K-E-avg
Ha B =01 p=1 p=>5 =10 B =01 p=1 p=5 =10
0 1.7704 2.3505 2.6983 2.7646 0.075188 0.47889 0.83916 0.91939
25 1.7137 1.7994 1.8309 1.8362 0.045505 0.081621 0.095586 0.098016
50 1.6705 1.6679 1.6678 1.6678 0.025787 0.022958 0.022456 0.022392
75 1.6561 1.6488 1.6475 1.6473 0.019517 0.014395 0.013209 0.013024
100 1.65 1.6434 1.6424 1.6422 0.016547 0.011456 0.010288 0.010103

various Ha and f. As can be seen, the most significant average Nu number has been found in
p =10 and Ha = 0, which is 2.7646. On the other hand, findings revealed that K.E. in the cases
of f =10 and Ha = 0 rise 12.22 times higher than in the case of § = 0.1 and Ha = 0.

Figure 7 shows how the various Hartmann number Ha affect the streamlines and isotherms
patterns. The increasing number of vortices with higher Hartmann numbers Ha is due to the
magnetic field’s stronger impact on the flow. As Ha rises, the fluid resists lateral motion and
streamlines its flow toward the top wall due to the increasing dominance of magnetic forces.
Although Ha has a considerable effect on the flow patterns, the isotherm contours’ little altera-
tions indicate that its effect on the enclosure’s temperature distribution is less than that of the
magnetic field on flow behavior. Figure 8 displays the Nusselt number in different values of
Hartmann number Ha. By increasing the Hartmann number, the Nusselt number behave increas-
ing and decreasing effects. The reduction in the Nusselt number in the upper area of the cavity
as the Ha increases is due to the stronger Lorentz forces increased suppression of fluid motion,
which restricts convective heat transfer. Conversely, the lower area of the cavity Nusselt number
increases due to the lesser influence of Lorentz forces allowing for increased fluid motion and
improved convective heat transfer along the cavity bottom wall. As can be seen, the Hartmann
number Ha of 0 produced the greatest Nusselt number. Table 3 displays the average Nu and
K.E. values for various Ha and Re. As can be seen, the greatest average Nu number has been
found in Re = 100 and Ha = 0, which is 7.0417. Furthermore, it is clear that Re =1 and Ha =
0 produced the most K.E., while Re = 50 and Ha = 100 produced the lowest

Figure 9 shows how the various Reynolds number Re affect the streamlines and isotherms pat-
terns. The obtained streamlines demonstrate that by raising Re, the force of convection grows
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Figure 8. The Nu variations on the heated wall for various parameters of Ha for f =0.1, Pr=6.8, Gr=10% Re=1,
and ¢ = 0.

and takes over natural convection. Because force convection is formed due to upper lid move-
ment, slip velocity significantly impacts the motion observed from vortex generation. The inten-
sity of clockwise rotation rises with increasing Re, as predicted, owing to dominance over natural
convection. The same effect can be seen in isotherm patterns. As the Re enhance, the cavity’s
isotherm becomes horizontal. Figure 10 illustrates the fluctuation of the Nusselt number for vari-
ous Reynolds number Re values. The finding showed that the most significant and lowest Nusselt
number occurred in Re of 100 and 1. The rise in Nusselt number with increasing Reynolds num-
ber Re is due to increased fluid velocity inside the enclosure. As Re rises, the flow transforms
from laminar to turbulent, increasing heat transmission through enhanced mixing and convective
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Table 3. Mean nusselt number and K.E. variations for different parameters of Ha and er values for Pr = 6.8, Gr = 10°,
and ¢ = 0.

Nllavg K-E-avg
Ha Re =1 Re =10 Re = 50 Re =100 Re =1 Re =10 Re = 50 Re = 100
0 1.7704 3.0879 5.5587 7.0417 0.075188 0.03129 0.03028 0.030262
25 1.7137 2.8165 5.3614 6.8131 0.045505 0.025423 0.024873 0.024858
50 1.6705 2.5031 4.751 6.2459 0.025787 0.020614 0.020488 0.020485
75 1.6561 2.3413 42952 5.5076 0.019517 0.017869 0.017839 0.017842
100 1.65 22274 4.0996 5.2149 0.016547 0.015843 0.015831 0.015834

Streamlines

Isotherms

Figure 9. Streamlines and isotherms form different er for Ha = 25, Pr = 6.8, Gr = 10°, = 0.1, and ¢ = 0.

heat transfer. Table 4 shows how the average Nu and K.E. values for various ¢ and Re According
to the results, the highest average Nu number was recorded in ¢ =45 and Re = 100 and is
equivalent to 6.8908, while the most significant average K.E. number was achieved in ¢ =75
and Re = 1, and is equivalent to 0.04814.

Figure 11 shows how the various Grashof number Gr affects streamlines and isotherms pat-
terns. It has been noticed that increasing Gr increases the effect of buoyant forces and generates a
higher temperature differential between cold and hot walls. Raising Gr increases the temperature
gradient since it indicates the buoyant to inertial forces ratio. It has also been shown that increas-
ing Gr increases flow circulation. Subsequently, it is determined that as Gr gradually rises, buoy-
ancy effects become more significant, resulting in symmetrical clockwise circulation at Gr = 10°.
Furthermore, two vortexes formed toward the lower corner of the left wall and the upper corner
of the right wall. Figure 12 illustrates the fluctuation of the Nusselt number for various Grashof
number Gr values. It has been noted that when the Gr increases, the Nusselt number also
increases. The rise in Gr causes increased buoyant forces inside the enclosure, enabling enhanced
fluid circulation and transfer of heat. The finding showed that the most significant and lowest
Nusselt number occurred in Gr of 10°. Table 5 shows how the average Nu and K.E. values for
various ¢ and Gr. As can be seen, the most significant average Nu value has been found in ¢ =
90 and Gr = 10°, and is equivalent to 9.9004, while the most significant average K.E. the num-
ber was achieved in ¢ = 75 and Gr = 10°, and is equal to 48.528.
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Figure 10. The Nu variations on the heated wall for various parameters of er for Ha =25, Pr=6.8, Gr = 10>, f=0.1,

and ¢ = 0.

Table 4. Mean nusselt number and K.E. variations for different parameters of Re and ¢ values for Pr = 6.8, Gr = 103, p=

0.1, and Ha = 25.

Nllavg K»E-avg
0] Re =1 Re =10 Re =50 Re =100 Re =1 Re =10 Re =50 Re = 100
0 1.7137 2.8165 53614 6.8131 0.04550 0.02542 0.02487 0.02485
15 1.7147 2.8265 5.3883 6.8451 0.04597 0.02534 0.02477 0.02476
30 1.7166 2.8451 54171 6.8743 0.04676 0.02513 0.02452 0.02452
45 1.7188 2.8665 5.435 6.8908 0.04757 0.02491 0.02425 0.02426
60 1.7205 2.8836 5.4373 6.8905 0.04807 0.02473 0.02404 0.02405
75 1.7212 2.8921 5.4271 6.8749 0.04814 0.02460 0.02390 0.02390
90 1.7211 2.8912 541 6.8497 0.04793 0.02453 0.02385 0.02384

5. Conclusions

This research examines the heat transport characteristics of non-Newtonian Casson fluids flow in
a 2-D square enclosure using COMSOL Multiphysics software. A cold square cylinder is inserted
in the center of the cavity to manage heat and provide uniform heating at the left wall. The find-
ing may have significant consequences for thermal engineering processes and equipment, includ-
ing microelectronics, heat exchangers, power engines, micro heat sinks, and nuclear reactors.
Numerous kinds of factors are used to observe changes in momentum and temperature distribu-
tions along streamlines and isotherm patterns. The following are some significant results of our

present work:

The kinetic energy at f = 10 is 12.22 times greater than that of f = 0.1 at Ha = 0.

Hartmann number Ha and Casson parameters f§ have a direct impact on the local Nusselt

number.

e An increase in the Grashof number increases thermal buoyancy forces, which enhances the
Nusselt number.
Deformation in isotherms and fluid flow circulations are generated against the increase in Gr.
Fluid kinetic energy increases as Grashof number increases and decreases as Reynold number

increases.
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Figure 12. The Nu variations on the heated wall for various parameters of Gr for Ha =25, Pr=6.8, re=1, f=0.1,
and ¢ = 0.

Table 5. Mean nusselt number and K.E. variations for different parameters of Gr and ¢ values for Pr=6.8, re=1, f =0,
and Ha = 25.

Ngyg K.E.avg

o Gr=10° Gr = 10* Gr=10° Gr=10° Gr=10° Gr = 10* Gr=10° Gr=10°
0 17137 2.5223 5.0899 9.8197 0.04550 0.60182 6.3401 46.687
15 1.7147 2.5344 5.1052 9.83 0.04597 0.61838 6.4641 47.054
30 17166 2.5479 5.1286 9.8482 0.04676 0.6345 6.5941 47.553
45 17188 2.5579 5.1541 9.8697 0.04757 0.64294 6.6921 48.057
60 1.7205 2.5609 5.1746 9.8888 0.04807 0.6399 6.7299 48.418
75 1.7212 2.557 5.1843 9.9001 0.04814 0.62784 6.6982 48.528

90 1.7211 2.5485 5.1806 9.9004 0.04793 0.61278 6.6079 48.353
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