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The current manifestation is utilized to explicate the inspiration of combined

convection flows in a cavity with a square cylinder placed at the center of the

cavity having coordinates (0.5, 0.5). To be more specific, right- and left-sided

vertical walls are kept cold, and the lower wall is to be heated in uniform and

non-uniformmanners, while the upper horizontal wall is moved with a constant

velocity ULid and is thermally adiabatic. The obstacle is treated as cold as well as

thermally adiabatic, and the no-slip velocity boundary conditions are specified

at its surface. For the purpose of computing the velocity profile and

temperature, a space including the quadratic polynomials (P2) is chosen;

however, the pressure has been approximated using a linear ( P1 ) finite

element space of functions. The Newton technique is used to perform the

computations needed to solve the discrete systems of non-linear algebraic

equations. The non-linear iterations are terminated at residual below 10–6,

whereas the inner core linear solver is based on Gaussian elimination with

special reordering of unknowns. To show the consistency of the implemented

numerical technique, the parametric study is designed based on the most

relevant non-dimensional parameters, namely, the Grashof number Gr ranging

from 102 to 105, the Hartmann number Ha changing from 0 to 50, and the

Reynolds number Re varying from 10 to 200. Computations in the forms of

velocity streamlines and isotherm contour profiles are adorned. In addition, the

production of temperature disparities is associated with an increase in Nuavg as

Re increases. In contrast, a diminishing aptitude in kinetic energy is observed

due to the creation of Lorentz forces.

KEYWORDS

mixed convection, MHD, square cavity, LBB stable finite element, square cylinder

OPEN ACCESS

EDITED BY

Kh S. Mekheimer,
Al-Azhar University, Egypt

REVIEWED BY

M. M. Bhatti,
Shandong University of Science and
Technology, China
A. M. Rashad,
Aswan University, Egypt

*CORRESPONDENCE

Afraz Hussain Majeed,
chafrazhussain@gmail.com
Y. Khan,
yasirmath@yahoo.com

SPECIALTY SECTION

This article was submitted to Statistical
and Computational Physics,
a section of the journal
Frontiers in Physics

RECEIVED 28 July 2022
ACCEPTED 12 September 2022
PUBLISHED 04 October 2022

CITATION

Khan Y, Mahmood R, Majeed AH,
Irshad S, Alameer A and Faraz N (2022),
Finite element simulations of inclined
magnetic field and mixed convection in
an enclosure with periodically heated
walls in the presence of an obstacle.
Front. Phys. 10:1006023.
doi: 10.3389/fphy.2022.1006023

COPYRIGHT

© 2022 Khan, Mahmood, Majeed,
Irshad, Alameer and Faraz. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 04 October 2022
DOI 10.3389/fphy.2022.1006023

https://www.frontiersin.org/articles/10.3389/fphy.2022.1006023/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1006023/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1006023/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1006023/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1006023/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1006023/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.1006023&domain=pdf&date_stamp=2022-10-04
mailto:chafrazhussain@gmail.com
mailto:yasirmath@yahoo.com
https://doi.org/10.3389/fphy.2022.1006023
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.1006023


Introduction

An energy transfer situation that arises due to forced and

natural convection is considered mixed convection. It is the

type of convection in which natural convection and forced

convection are comparable. Thus, mixed convection arises

due to the impact of forces generated, density differences on

forced flow, or the outcome of forced flow on the buoyant

flow. In recent years, thermally driven flows have generated

prodigious interest from researchers, especially in confined

enclosures due to their pervasive applications in

engineering and industrial procedures. Based on the

complicated and highly beneficial coupling of forced and

free convection, various authors have presented many

research studies in this regard. Lyican et al. [1]

reconnoitered the free convective motion and

thermophysical aspects in a trapezoidal enclosure with

adiabatically heated side walls by the implementation of

Galerkin’s method. Roy and Basak [2] presented a numerical

scheme for natural convection flows with non-uniformly

heated walls within a cavity. The influence of sinusoidal

wavy base surface on dual convection in the compelled

cavity is considered by Amiri et al. [3]. Varol et al. [4, 5]

executed a speculative analysis of heat transferal in a bent

trapezoidal-structured field occupied with a fluid-saturated

porosity medium along with cold and heated walls. Basak

et al. [6] implemented a highly potential finite element

quadratically based paired scheme to scrutinize the

parametric aspects of convective flow in the square-

shaped confined enclosure with a non-uniform heated

wall. In order to investigate the different heat flow

patterns that various trapezoidal cavities exhibit, Basak

et al. [7] presented the results of a comprehensive

analysis of heat lines. The rate of convection in a cavity

with a volumetric heat source and wavy walls was

investigated by Oztop et al. [8]. In this study, the vertical

walls were assumed to be undulating and to be at a range of

temperatures, whereas the assumption was made that the

upper and lower horizontal walls were adiabatic. Mahmoodi

and Pour [9] engrossed that the flow features imparted by

transferring heat within cavity enclosure replete with a fluid

and non-magnetic convective fluid flow is investigated

numerically have presented heat transfer because of the

cavity natural convection with cold side walls and the

lower wall being warmth in the existence of top wall

insulated. Rehman et al. [10] executed a computational

study to perform depiction using fluid flow in a porosity

medium and natural convection heat transfer.

A numerical investigation is conducted for the ferrofluid

flow inside a cavity under mixed convection by setting

different configurations of heaters by Rabbia et al. [11].

Hayat et al. [12] explored the thermal radiation effect in

the presence of Joule heating by considering fluid flow over

Eyring–Powell over a stretching sheet. They also

incorporated the effects of Soret and Dufour in the

simulations and produced results for velocity profiles and

other relevant parameters. The MHD flow of Burgers fluid is

considered in another study by Hayat et al. [13] with

FIGURE 1
Graphical representation of a physical model.

FIGURE 2
Fine grid for a cavity with a square block placed at C (0.5, 0.5).
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additional effects introduced by Joule heating. In this study,

the authors found a series of solutions, and the results

discussed in great detail the involved physical parameters.

Anum et al. [14] simulated the von Karman flow of a

nanofluid with temperature-dependent viscosity with the

aid of a bvp4c solver and implicit finite difference

schemes. The results therein were presented through

graphs of concentration, temperature, and velocity profiles

with various combinations of the dimensionless parameters.

Salahuddin et al. [15] computed second-grade fluid profiles

of flow by considering two models of temperature-dependent

viscosity through suitable transformations converting the

governing PDE system to an ODE system and thus solved by

a bvp4c solver. The location’s influence on the heated

triangular block within the cavity is investigated for mixed

convection flow in a recent study by Gangawane et al. [16].

They performed simulations using the simple algorithm and

finite volume method (FVM). They concluded that the

maximum transfer rate of heat could be obtained for the

central position of the block in the cavity. Extensive

literature is available on applications of body-inserted

cavities, see, for example, [17–19].

This research is predicated on the analysis of the properties of

the MHD thermal flow in a cavity containing an insulated block.

The Galerkin finite element scheme has been used for the

simulation. The effects of the Hartmann number, the

Reynolds number, and the inclination angle on thermal flow

are taken into consideration.

Mathematical modeling

A steady, incompressible, laminar, and viscous fluid flow in a

2D square cavity is considered. The computational domain along

with the boundary data is depicted in Figure 1. The cavity upper

wall is permissible to shift at a uniform speed and is adiabatic

thermally. The cavity’s left vertical and bottom walls are kept

irregularly by fluctuating thermal distribution. The widely

accepted Boussinesq approximation is employed in this article

to cater to the reliance on density variation with respect to

temperature. The density variations are small to moderate

with temperature, so the approximation is fair enough to

simulate the results. From the aforementioned discussion,

equation (2) is expressed as follows:

~UX + ~VY � 0, (1)
~U ~UX + ~V ~VY � −1

ρ
~PX + υ( ~UXX + ~UYY) + σB2

o

ρ
( ~Vsin(α) cos(α)

− ~Usin 2(α)),
(2)

~U ~VX + ~V ~VY � −1
ρ
~PY + υ( ~VXX + ~VYY) + gβ(T − Tc)

+ σB2
o

ρ
( ~Usin(α) cos(α) − ~Vcos 2(α)), (3)

~U~TX + ~V~TY � α(~TXX + ~TYY), (4)

subject to the velocity boundary conditions

~U(X, L) � 1, ~U(X, 0) � ~U(0, Y) � ~U(L, Y) � 0,
~V(X, 0) � ~V(X, L) � ~V(0, Y) � ~V(L, Y) � 0.

⎫⎬⎭ (5)

The thermal boundary conditions for a uniform case are as

follows:

~T(X, 0) � 1, ~T(0, Y) � 0 � ~T(L, Y), z
~T

zY
(X, L) � 0. (6)

For non-uniform cases, the boundary conditions for the

temperature are as follows:

~T(X, 0) � sin(πX
L
), ~T(0, Y) � 0 � ~T(L, Y), z

~T

zY
(X, L) � 0. (7)

TABLE 1 Mesh statistics at various refinement levels.

Level #El #DOF

1 292 2,215

2 490 3,909

3 839 6,913

4 1,398 10,165

5 2,443 18,011

6 3,710 25,212

7 9,090 55,241

8 23,368 183,923

TABLE 2 Code validation for configuration without an obstacle.

Re 100 400 1,000

Present 2.0399 4.0992 6.6309

Mehmood et al[29] 2.0300 4.0700 6.5800

Sheremet et al[30] 2.0500 4.0900 6.7000

TABLE 3 Code validation for configuration with an obstacle.

Ri Present Islam et al[31]

0.1 5.6012 5.6118

1.0 5.6723 5.6935

10 7.9101 7.9083
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FIGURE 3
Influence of Gr on streamlines with a uniform heated bottom wall: cold cylinder case, Ha � 20 and Re � 100.

FIGURE 4
Influence of Gr on isotherms with a uniformly heated bottom wall: cold cylinder case, Ha � 20 and Re � 100.
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FIGURE 5
Influence of Re on streamlines with a uniformly heated bottom wall: cold cylinder case, Ha � 20 and Re � 104.

FIGURE 6
Influence of Re on isotherms with a uniformly heated bottom wall: cold cylinder case, Ha � 20 and Gr � 104.

Frontiers in Physics frontiersin.org05

Khan et al. 10.3389/fphy.2022.1006023

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1006023


FIGURE 7
Influence of Ha on isotherms with a uniformly heated bottom wall: cold cylinder case, Re � 100 and Gr � 104.

FIGURE 8
Influence of Ha on streamlines with a uniformly heated bottom wall: cold cylinder, Re � 100 and Gr � 104.
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At the outer surface of the obstacle

~U � ~V � ~T � 0, for cold cylinder,

~U � ~V � z~T

zn
� 0 for adiabatic cylinder,

(8)

where
~U& ~V—velocity components along X and Y directions,

respectively;
~T—temperature;

α—thermal diffusivity;

υ—kinematic viscosity;
~p—pressure;

ρ—density of the fluid;

Th—temperature at hot wall;

and Tc—temperature at cold wall.

By employing the subsequent transformation,

x � X
L , y � Y

L, u � ~U
ULid

, v � ~V
ULid

, p � ~P
ρU2

Lid
, θ � ~T−~Tc

~Th− ~Tc

Pr � ]
α,Re � ULidL

] , Gr � gβ( ~Th−~Tc)L3
]2 .

Equations 1-8 reduce to the non-dimensional form,

given as

ux + vy � 0, (9)

uux + vvy � −px + 1
Re

(uxx + uyy) + Ha2

Re
(v sin(α) cos(α)

− usin 2(α)), (10)

uvx + vvy � −py + 1
Re

(vxx + vyy) + Gr

Re2
θ

+ Ha2

Re
(u sin(α) cos(α) − vcos 2(α)), (11)

uθx + vθy � 1
PrRe

(θxx + θyy). (12)

The velocity boundary conditions are given by

u(x, 1) � 1, u(x, 0) � u(0, y) � u(1, y) � 0,
v(x, 0) � v(x, 1) � v(0, y) � v(1, y) � 0.

} (13)

FIGURE 9
Influence of Gr on streamlines with a non-uniformly heated bottom wall: adiabatic cylinder with Ha � 20 and Re � 100.

Frontiers in Physics frontiersin.org07

Khan et al. 10.3389/fphy.2022.1006023

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1006023


Also, thermal boundary conditions for the uniform case are

given by

θ(x, 0) � 1, θ(0, y) � 0 � θ(1, y), zθ
zy

(y, 1) � 0. (14)

Also, for the non-uniform case, thermal boundary conditions

are given by

θ(x, 0) � sin(πx), θ(0, y) � 0 � θ(1, y), zθ
zy

(x, 1) � 0. (15)

For the cylindrical blockage,

u � v � θ � 0, for the cold cylinder,

u � v � zθ

zn
� 0, for adiabatic cylinder,

⎫⎪⎪⎬⎪⎪⎭ (16)

where symbols have their usual meanings.

Numerical scheme and solvers

Fluid flow behavior in non-confined boundaries is easily

handled using the way of exact approaches, but extracting the

solution in a closed enclosure along with various shapes of an

FIGURE 10
Influence of Re on streamlines with a non-uniformly heated bottom wall: adiabatic cylinder with Ha � 20 andGr � 104.
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obstacle is difficult with the help of traditional methods. So, most of

the researchers utilize numerical schemes to report the findings, and

the most generous methods are FDM, FEM, and FVM. Among

these aforementioned numerical methodologies, the finite element

scheme [20–28] is a versatile method because the modeling of

complex and irregular shapes is easily handled by discretizing the

available domain with finite elements. For the computations of

velocity and temperature, we made use of the stable quadratic

elements, while the pressure was approximated using the linear

elements. This particular designmakes use of a hybrid finite element

mesh that is composed of both rectangular and triangular elements.

The computational mesh at the coarse grid level is disclosed in

Figure 2, and the corresponding degrees of freedom at further

refinement levels are shown in Table 1. Newton’s technique is

used to adjust the non-linear equations, and the resulting linear

system of equations is resolved through a direct solver based on

elimination with special rearrangement of unknowns. The following

convergence criterion is set for the nonlinear iterations:

∣∣∣∣∣∣∣∣ξ
n+1 − ξn

ξn+1

∣∣∣∣∣∣∣∣< 10−6, (17)

where ξ denotes the general solution component. We performed

simulations with fixed values of Pr � 4 and γ � 30o and for

different values of other parameters.

Results and discussion

This segment highlights the outcomes of numerical

computations of heat and flow transfer using the way of

mixed convection in a square cavity field with a square

obstacle whose length is 0.3. The experimental outcomes

are produced for multiple values of the principal parameters.

We would like to mention that the parametric study is

restricted only to those values as selected in [6]. The

lower wall is heated in both uniform and non-uniform

manners, while the right wall is cold and the upper

horizontal wall is insulated as a square cavity with a cold

and uniformly heated square obstacle.

After acquiring the temperature and velocity fields, the

important quantity of interest, namely, the average Nusselt

FIGURE 11
Influence of Ha on streamlines with a non-uniformly heated bottom wall: adiabatic cylinder with Re � 100 and r � 104.
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number, and the local Nusselt number could be computed as

post-processing using

Nu � zθ

zn

∣∣∣∣∣∣∣wall andNuavg � 1
L
∫
L

0

NudS. (18)

In general, � f(Re, Gr,Ha); however, in special cases

depending upon the Richardson number, which shows the

relative importance of natural convection versus forced

convection, this functional dependence can be reduced to two

parameters.

The grid independency test and code
validation

To make sure the convergence of numerical simulation to

accurate results, the grid size is increased, and the effects shown

are not dependent on the grid size. The code validation is shown

in Table 2 for combined convection flow in the absence of an

obstacle. The experimental results of this study are quite

comparable with those presented in [29, 30]. In addition, code

validation is also given in Table 3 for specific situations of cavity’s

isothermal blockage, and these results are identical to [31].

FIGURE 12
Influence of Gr on isotherms with a non-uniformly heated bottom wall: adiabatic cylinder with Ha � 20 and Re � 100.
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Further parametric study and graphical
outcomes

Figures 3, 4 display the streamlines and isotherms for the

uniform heating of the lower wall for fixed values of Pr and Re

but for changing the values of Gr number. The forced

convection dominates the natural convection at Gr � 104

due to the movement of the lid. This effect is evident from

Figure 3A as the clockwise circulation dominates the

anticlockwise circulation, and the streamlines are not

symmetric. By gradually increasing the Gr number, the

buoyancy effects become more prominent, as shown in

Figures 3B,C, and finally, the clockwise circulation and

anticlockwise circulation become symmetrical at Gr � 106.

Figure 4 exhibits the isotherms in the presence of a cold

cylinder in the center. Due to this blockage, more isotherms are

concentrated in the lower part of the cavity.

By increasing the values of Re, the effect of forced

convection increases as depicted in Figure 5. One can notice

that the strength of clockwise rotation increases with an

increase in Re as expected due to dominancy over natural

convection. Furthermore, the right secondary vortex

disappears at higher Reynolds numbers.

The effect of Re and Ha on isotherms at a constant value of

Pr � 1 and Gr = 1,000 for the uniform heating at the lower wall is

shown in Figure 6 and 8. For such lower values of Pr, there is no

significant change in the isotherms concerning Re.

Variation in streamlines against different magnitudes of Ha,

Gr and Re is explicated in Figures 7–13. Since Ha is the ratio of

momentum diffusion to thermal diffusion, so by increasing the

value ofHamomentum generated by the movement of the upper

wall is diffused quickly at the lower portion of the cavity.

The impact of Gr, Re and Ha from lower values to higher

values on isotherms for adiabatic cylinders through non-

uniform heating is shown in Figures 10–14. For lower values

of Ha, the isotherms are symmetrical regarding the center

vertical lines; however, as we increase the value of Ha, the

isotherms have been moved to the cavity left wall. In

addition, we computed a global quantity that serves as a

benchmark for driven cavity flows. Table 4 lists the

computation of kinetic energy for an adiabatic square

block configuration against Re versus Ha at Re = 10, Gr =

FIGURE 13
Influence of Re on isotherms with a non-uniformly heated bottom wall: adiabatic cylinder with a � 20 andGr � 104.

Frontiers in Physics frontiersin.org11

Khan et al. 10.3389/fphy.2022.1006023

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1006023


103. For an increase in Re magnitude, a decreasing trend in

kinetic energy is observed at Ha = 0, and the same behavior is

appeared for fixed Re and increase in Ha. This pattern results

from higher Re, creating vortices, which divide the flow into

various circulation types. The information about the change

in the average Nusselt number against rising (Re) and (Ri)

for uneven base wall heating is shown in Figure 15. Here, it is

demonstrated that no appreciable change in the Nusselt

number is observed for low magnitudes of (Re) and (Ri).

However, a significant increase in the average Nusselt

number is revealed for higher values of (Ri). The reason

for this is that as (Ri) rises, the impact of buoyancy forces

increases, causing the motion of fluid particles to accelerate

and the transfer of heat from the heated wall to other areas of

the enclosure to increase.

FIGURE 14
Influence of Ha on isotherms with a non-uniformly heated bottom wall: adiabatic cylinder with Re � 100 and Gr � 104.

TABLE 4 Kinetic Energy for various values of Re versus
Ha, Re � 10, Gr � 103.

Re Ha � 0 Ha � 10 Ha � 30 Ha � 50

10 0.027268 0.023111 0.013964 0.009328

20 0.026596 0.024459 0.017252 0.012405

30 0.026409 0.024964 0.019019 0.014347

40 0.026319 0.025226 0.020155 0.015724

50 0.026266 0.025387 0.020959 0.016767

60 0.02623 0.025495 0.021563 0.017592

70 0.026206 0.025574 0.022035 0.018267

80 0.026188 0.025634 0.022415 0.018831

90 0.026175 0.025681 0.022728 0.019312

100 0.026165 0.02572 0.022991 0.019727
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Conclusion

The current work is addressed to investigate and interpret the

thermophysical aspects of fluid flow enclosed in a square cavity in

the presence of a blockage at the center. To expose the thermal

features in the cavity, uniformly and non-uniformly heated walls

are considered. Numerical computation is disclosed with the aid

of finite element techniques by considering conforming element

pairs P2/P2/P1 for the velocity/temperature and pressure

approximations. The most important results of recent

communication are mentioned as follows:

❖ The singularity in the thermal plot caused by uniform heating

can be avoided by using a non-uniformly heating source.

❖ With an increase in Re and Ha, the kinetic energy of fluid

molecules in the domain falls.

❖ The development of temperature disparities is associated

with a significant increase in Nuavg as Re increases.

❖ Present findings are in good agreement with those of Islam

et al. [31] at all Ri numbers.

❖ The center of the primary vortex shifts, and it changes from

circular to oval shape.
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