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RETRACTED: FEM analysis of the
Impact of surface undulations on
the natural convective flow of
viscous fluid in a permeable
trapezoidal enclosure

Sardar Bilal'*, Noor Zeb Khan'! and Sayed M

Department of Mathematics, Air University, Islamabad, Pakistan e e
Engineering, Future University in Egypt, New Cairo, Egypt

, Faculty of

Examination of the transport
with an undulation effect j

and Darcy approxima
cylinder and base wal

in temperature for generation of convection. A
pted to resolve the governing system for accounted

eir impact on streamlines and isotherm patterns. Results are
smparatively for zero undulation (upper solid straight wall) and with
ndulafons (wavy wall). Heat flux and kinetic energy are also enumerated as key
tities against concerning parameters. It is depicted that the average Nusselt
umber and kinetic energy are more in the absence of undulations than when it is
present. Additionally, it is manifested that the placement of a heated cylinder helps
transfer heat in the domain and the production of thermal convective potential.
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1 Introduction

Realistic monitoring of dynamics of liquid flow is in permeable medium instead of
consideration of the solid domain. Abundant procedures, such as contaminant removal,
building insulation, geothermal systems, filtration procedures, removal of wastes in nuclear
plants and reactors, and biofilm growth, are common examples of material flow in permeable
media. Henry Darcy laid the basis for transport evaluation in the porous domain by
characterizing a law that delineates the flow description of water by accounting low
magnitude of inertial forces. Continuing the work of Darcy, Beavers and Joseph [1]
developed a constraint at the interface of fluid and homogenous medium interaction.
Pulikatos [2] documented convective thermal transport in the permeable medium by
analyzing the impact of the Rayleigh number on flow and thermal attributes. An
experimental study to assess the performance of naturally convective fluid flow in an
enclosure partially filled with a vertical layer of the saturated permeable medium was
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conducted by Beckermann et al. [3, 4]. The onset of convection in
porous layers by considering the critical range of Rayleigh numbers
was inferred by Chen and Chen [5]. Coupling of the thermofluid
characteristics of viscous fluid in a permeable medium with
differentially heated walls was adumbrated by Breton [6]. Singh
and Thorpe [7] compared two different models (the Darcy and
extended Darcy models) for free convection in the fluid by applying
Beavers-Joseph conditions at the interface. Webster et al. [8]
described the sedimental transport of material through pores and
the convection to measure salinity around the permeable surface.
Goyeau et al. [9] discussed momentum balance for the transition
layer formed at the interface of liquid and porous substrate and
measured the stress jump coefficient. Goyeau et al. [9] conducted
momentum transfer at the interface of permeable and homogeneous
domains by employing the jump condition and developing a
volume-averaged equation. Gobin et al. [10] depicted opposing/
assisting flow in an enclosure saturated with a vertical porous layer.
Shah and Asad [11] analyzed the influence of forced convection on
hydrothermal attributes of ferrofluid enclosed in the permeable
enclosure by utilizing the Darcy law. Lund et al. demonstrated
the magnetically influenced nanofluid flow over a permeable
exponential surface by incorporating the modified Darcy
expression [12]. Inspection of dynamics of thermally stratified
viscous fluid under multiple physical aspects (variable viscosity,
thermal conductivity, and MHD) over a permeable paraboloid
surface with entropy generation was manifested by Rooman et al.
[13]. Studies on flow and thermal attributes in permeable media are
disclosed in [14-20].

environments i
in [23]. Afte

jons, an extensive deal of work has been
olla et al. [24]
characteristics of the fltid filled in the porous enclosure with the

scrutinized the flow
impact of localized heating using the finite volume approach.
Enhancement in convective heat transfer with the induction of
copper nanoparticles in the permeable enclosure was explicated by
Alhashah and Saleh [25]. Enhancement in the heat transfer rate of non-
Newtonian fluid flow over a stretching sheet with the induction of
nanoparticles was probed by Abdullah et al. [26]. Sensitivity analysis by
executing a computational approach to investigate magnetized
nanofluid flow over an exponentially stretchable surface was
explored by Shahid et al. [27]. Some recently published work in
accordance with the convective mechanism in porous enclosures
[28-30] is enclosed for the interest of readers.

An intensive overview of available work acknowledges that the
study of convective transport in the permeable medium is restricted
to enclosures with straight boundaries. However, flow and thermal
analyses in permeable enclosures with wavy extremities are scantly
considered. Keeping in mind the vast usage of permeable enclosures
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with wavy boundaries in thermal engineering procedures, the
authors become inspired wholeheartedly to scrutinize free
convective energy transportation inside the trapezoidal enclosure
by considering permeability aspects along with variation in the
aspect ratio of a heated circular cylinder. Results are revealed in
the form of streamlines and isothermal contour plots against the
Darcy parameter (Da), Rayleigh number (Ra), and Prandtl number
(Pr). The local and average heat flux coefficient at the lower wall is
also computed. The originalities of the present work are as follows:

o The geometry recognizes complex permeable medium
enclosure (trapezoidal-shaped enclosure with upper wavy
wall and emplaced by a hot circular cylinder).

« Impact of undulations on flow characteristics will be encapsulated.

o Thermodynamical coupling of fluid flow in the chamber will
be discussed in a permeable environment.

According to the authors’ kng worthy research

approximation is used to interpret the convection phenomenon in
the domain and consider the density to be impersistent. Graphical
visualization of the considered problem is displayed in Figure 1.

2.2 Governing equations

Constitutive equations after employing all assumptions are as
follows [31]:

ux +vy =0, (1)

1 v
Uuyx + vy = ——px + U[UXX + uYyl - ;M, (2)
P

uvy +vvy = _ZI,PY +v[vxx + Wyl +gp(T -T,) - %v, (3)
uTx +VTy = a[Txx + Tyy]. (4)
Associated boundary constraints are as follows:
w(X,Y)=0=v(X,Y),0<X<L0<Y<L
On the top horizontal wall Z—z (X,Y)=0,
On the bottom horizontalwall T (X,Y) =T}, (%)
On the left & right vertical walls T (X,Y) =T..

related to the
Newtonian natural convection fluid model in the permeable

The subsequent dimensionless variables

medium are introduced:
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FIGURE 1
Display of enclosure with boundary constraint.

X:E,Y=Z,L7=M—L,\7=E,l5=£,é:T_TE ©) essed as follows:
L L o o pa? AT
The dimensional forms of governing equations are as follows: (15)
lj;( + V? =0, (7)
- o o o < Pr .
UUy + VUy = =Py + Pr[Ugy + Uyy | - U, 8 :
5+ VUy = Py + Pr[Usc + Usy] - 5 ®) mpyPational scheme

v o o . . Pr
UVy +VVy =P + Pr[Vyy + Vyy| + RaPr — —V,

* v Y [ o YY] P this segment, the basic components related to the
emented numerical scheme (finite element method) are

described. Compared to the finite difference method currently
On each of the four walls

e Joo . used, the numerical scheme is more efficient in simulating
UX,Y)=0=V(X,Y),0<X<1,0

results because the traditional method (FDM) works on
simpler problems. The finite element method is more
advantageous because it is applied to a complex structure
domain and will compute associated physical quantities even
singularity exists, either in the domain or on the boundaries. To
implement the finite element method, the discretization of the
domain is first performed. For this purpose, the 2D domain is

umber Pr = —, discretized into triangular and rectangular elements, and grid

gﬁleTL3 sensitivity text is executed to form the credibility of the work

Rayleigh number Ra = E— (see Figure 2). The rest of all computations are evaluated at
K refinement levels where the physical quantity shows consistent

Darcy number P = 2 (12) results. Afterward, the developed model is solved at each

element level, and a local stiffness matrix is formed. Later,

2.3 Quantities of interest these equations are combined to create a global stiffness matrix,
and finally, a system of non-linear equations is generated. These

The rate of heat transfer is expressed in terms of the local Nusselt ~ formulated equations are tackled using the Newton-Raphson

number (Nuroc) as follows: method. The described method is step-wise presented in
. Figure 3.
Nttpoeus = (_a_?) (13) The following convergence criterion is set for the non-linear
0X/ 3= iterations:
The average Nusselt number (Nu4,4), which is a global physical -y
quantity, is addressed as follows: 7 <1075,
1
Nitp = ¢| Nupuds (9) . . .
Sts where y designates the universal solution component.
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FIGURE 2
Extra-fine grid for a wavy trapezoidal cavity with the heated cylinder.
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FIGURE 3

Schematic diag ent method.

Table 1 deliberated the number of elements (#E) and degree of
freedom (DOF) against the different refinement levels. It is noted
that both (#E) and (DOF) are increases for different refinement
levels

3.1 Grid convergence

A grid convergence test is performed at various grid levels by
restricting Pr = 0.71, P = 107, and Ra = 10°* to show the efficiency
of the obtained results, as shown in Table 2. For this purpose, the
average Nusselt number (Nua,4) is computed. At levels 8 and 9, the
values of the mentioned quantities of engineering interest show
agreement with each other.
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4 Result and discussion

An investigation on the impact of the Rayleigh number (Ra),
Prandtl number (Pr), Darcy number (P), and the number of
undulations (A) of the permeable wavy trapezoidal enclosure was
conducted. The steady-state versions of the streamlines, temperature
distributions, and local heat flux were presented to evaluate these
field variables. The following dimensionless group parametric
domains were considered in the current numerical investigation:
(103<P<1075), (103<Ra<10%), (0.015<Pr <7.000),
(0<A<4). Figures 4-12 demonstrate isotherms, streamlines, local

and
Nusselt numbers, and average Nusselt numbers for various values of

the governing parameters indicated previously. The effects of the
number of undulations (1) from the top to bottom and Prandtl

frontiersin.org
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TABLE 1 Number of elements and degree of freedom at different refinement levels.

R, 38,127 207,374 37,422 203,863 34,199 186,586 34,397 187,800 34,775 189,998
R, 14,949 83,420 14,606 81,719 13,228 74,213 13,355 74,974 13,360 75,153
R; 6,143 34,798 6,074 34,467 5,424 30,965 5,394 30,871 5,625 32,124
Ry 3,732 21,945 3,587 21,234 3,325 19,728 3,356 19,925 3,522 20,839
Rs 2,550 15,391 2,504 15,161 2,323 14,102 2,319 14,110 2,538 15,359
Rs 1,385 8,712 1,357 8,572 1,252 7,949 1,304 8,237 1,451 9,126
R; 884 5,801 870 5,731 816 5,377 823 5,426 937 6080
Rg 522 3,543 488 3,373 465 3,188 482 3,287 544 3681
Ry 296 2,077 292 2,057 276 1,949 314 2,167 2540

Bold values means that the variation are measured against that parameters specially.

TABLE 2 Grid convergence study for the mean Nusselt for P=0.001, Pr =0.710, circulation eddies ap, the right half side

and Ra = 10°.

Refinement level Nuayg

L 5.0279
L, 5.9687
Ls 6.7624
Ly 7.2440

Ls
L
Ly

L

Lo

Bold values means that the variation a

numbers (Pr) on the momentum and energy

transport mechani the permeable enclosure are explored by
plotting isotherm cont{@Wfs, as shown in Figure 4 at Ra = 10° and
P =107 The increase in Pr from 0.015t07.000 will cause
dominancy in momentum diffusivity due to the kinetic energy
that causes increase in heat transfer. At lower magnitude of
Pr =0.015, the isotherm concentration is detached from the
boundaries and lies in the top portion of the enclosure, but a
contrary aspect is seen at a higher magnitude of Pr =7.00.
Furthermore, the number of undulations has an inverse relation
with heat transfer, as by varying A from 0 to 4, the top adiabatic wall
will change from a flat to a wavy surface, which decreases heat
transfer. A = 0 has a flat top adiabatic wall, which is far away from
the heated circular cylinder. The increase in A will change the flat
surface into a crest and trough, where the trough comes closer to the
heated surface and limits heat flux.

Figure 5 illustrates the velocity field for the effects of the number
of undulations (1) from the top to bottom and Prandtl numbers
(Pr) from left to right at Ra=10° and P =10". A couple of
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e heated cylinder and

covers up the whole cavity. Subsequently, five

agnitudes of the number of undulations are
ed by varying from 0<A<4. However, the remaining
pafameters are kept constant by specifying the value of Ra = 10°
and P = 107>, Streamlines have an inverse relation with the number
of undulations, as varying A from 0to 4, the top adiabatic wall will
change from a flat to a wavy surface. Two circular-shaped eddies are
created for A = 0 flattop adiabatic wall. The increase in A from 1 to 4
will change the flat into a wavy, crest and trough surface, and the
eddies entered the crest, which causes decreases in the middle
rotation’s flow pattern and change the shape of eddies from
circular to oval.

The joint influence in temperature field against the Darcy
number (P) and the number of undulations (1) from left to right
and top to bottom, respectively, on the momentum and energy
transport mechanism in the permeable enclosure is explored by
plotting isotherm contours, as shown in Figure 7 at Ra = 10* and
Pr =0.710. As P is the ratio of permeability (x) to square of
characteristic length (L?), P has a direct relation with
permeability (x); the increase in P will increase the number of
pores in the medium, which causes an increment in the
momentum diffusivity and kinetic energy. As a result, the
magnitude of temperature is increased. Permeability is used to
enhance the flow rate. The decrease in P from 107 to 107> will
reduce from an irregular shape, which covers the encompassing a
smooth curve at the middle of the cavity. Furthermore, the
temperature has an inverse relation with the number of
undulations; the increase in A from Oto4 will change the
upper horizontal wall from a flat to a wavy surface, which
causes a decrease in heat transfer. A = 0 has a flat top adiabatic

wall far away from the heated circular cylinder whereby heat will
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FIGURE 4
Isotherm variation for the number of undulations against the Prandtl number (Pr).

flow freely. However, the increase in A from 1 to 3 will change the The mixed variations in the velocity field against the number of
flat surface to a wavy one, that is, crest and trough surface, where  undulations (1) and the Darcy number (P) in view of the streamline
the trough closer to the heated surface causes blockage of heat  field are shown in Figure 7. The streamlines rise from the heated
transfer. bottom with the heated cylinder on the right and lift sides of the
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Pr =0.015 Pr=0.710 Pr =17.000
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FIGURE 5
Streamline variation for the number of undulations against the Prandtl number (Pr).

cavity and descend along the vertical cold wall, generating two rolls ~ magnitude of the Darcy number (P). With a decrease in the Darcy
inside the cavity that are spun in opposite directions. Furthermore, ~ number (P) from 10~ to 107>, permeability decreases by a factor of
the rolls become elliptic and cover up the whole cavity for the highest 107! and the flow rolls decrease the middle rotation’s flow pattern,
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FIGURE 6
Isotherm variation for the number of undulations (1) against the Darcy number (P).

which changes into an oval contour and covers up the whole cavity.  are kept constant by specifying the value of Ra = 10* and P = 107,
Eventually, in the range of 0<A<4, five distinct numbers of It is evident that the number of undulations has an inverse
undulations are entertained. However, the remaining parameters  relationship with streamlines; a horizontal top adiabatic wall will

Frontiers in Physics 08 frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1153645

Bilal et al. 10.3389/fphy.2023.1153645

P=103 P=10"* P=10"5

FIGURE 7
Streamline variation for the number of undulations against the Darcy number (P).

change from a flat to a wavy surface by changing (1) from 0 to 4.  the flat into a wavy, that is, crest and trough surface and eddies
Two circular-shaped eddies are generated with the flat top of the  entered the crest, which decreases the middle rotation’s flow pattern
adiabatic wall for A = 0. The increase in A, from 1to4, will change  and changes the shape of eddies from circular to oval.
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Ra =103 Ra = 10* Ra = 10°

FIGURE 8
Isotherm variation for the number of undulations against the Rayleigh number (Ra).

The paired influence in the temperature field against the  contour is displayed in Figure 8. From left to right,
Rayleigh number (Ra) from left to right and the number of 10°<Ra<10° increases, and the convection heat transfer takes
undulations (1) from top to bottom in sight of the isotherm  over as the predominant mode inside the cavity, causing extra
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FIGURE 9
Streamline variation for the number of undulations against the Rayleigh number (Ra).

circulations and deformation of these contours, which boosts heat  increases the magnitude of temperature rapidly. At the highest
transfer. Moreover, Ra is the ratio of buoyancy to viscous, and  magnitude of Ra = 10°, it makes a thin layer on the lower heated
buoyancy forces become dominant by increasing Ra, which  wall and covers the horizontal top adiabatic wall with a thick layer.
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FIGURE 10
The influence of the Prandtl number (Pr) on the average Nusselt number (Nua,gffalong the hot hori ttom wall and cylinder with various
numbers of undulations (1).

S

FIGURE 11
The influence of the number of undulations (1) on local Nusselt number (Nuioca) along the hot cylinder.

Furthermore, disclination in isothermal magnitude is depicted  region, where at a higher value of A =4, the isothermal layers
against the increasing number of undulations (A). Again, it is  become thick at the base and thin on the horizontal top wavy region.
established that at a lesser number of undulations A =0, Figure 9 shows the coupled variation of the velocity field against
temperature distribution enlarges on the top horizontal flat  the Rayleigh number (Ra) and number of undulations (1), left to
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(A-D) Velocity variation against the number of undulations (1) at various cutlines.
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(A—C) Temperature variation against the,

heated cylind
within the left an€
anti-clockwise and

al cold wall forming two rolls
e trapezoidal cavity rotating in
kwise directions. As Rayleigh number (Ra)
has a direct relation willt'velocity, rolls become elliptic and cover up
the whole cavity for the highest magnitude of Rayleigh number,
ie, (Ra = 10°). Additionally, the increase in streamline magnitude
is portrayed against the increasing number of undulations (1) in the
range of 0<A<4; five distinct numbers of undulations are
entertained. However, the remaining parameters are kept
constant by specifying the value of Ra=10° and P =107, It is
evident that the number of undulations has an inverse relationship
with streamlines. By altering (1) from 0 to 4, the top horizontal
adiabatic wall will transition from a flat to a wavy surface. Two
circular-shaped eddies are generated with the flat top of the adiabatic
wall for A = 0. The increase in A from 1to4 will change the flat
surface into a wavy one, that is, crest and trough surface, and eddies
enter the crest, decreasing the middle rotation’s flow pattern and
changing the shape of eddies from circular to elliptic.

Graphical visualization of variation in the average Nusselt
number (Nug,,) against the Prandtl number (Pr) in the range
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various cutlines.

of (0.015< Pr <7.000) and the number of undulations (A) in the
range of (0 <A <4) is depicted in Figure 11. For a lower magnitude
of Pr, Pr less than 1, Nu,,, shows rapidly increasing aspects.
However, Pr greater than 1 has slowly increasing change in
Nugyg, which shows increase in heat due to the convection
mechanism. The number of undulations (A) has an inverse
relationship with the average Nusselt number (Nu,,,) because
by increasing A from 0to4, the average Nusselt Number (N4, )
reduces.

Figure 11 shows the graphical description of the change in local
heat flux coefficient against the number of undulations by considering
the heated circular cylinder; here, the number of undulations varied
from 0 to 4, representing the cases of non-undulations and undulations,
respectively. It is expressively observed that by enhancing the number of
undulations, the local Nusselt number (Nuy,) depreciates because of
the process of obstruction to the flow. These obstructions reduce the
moment of a particle near the undulated surface, which causes velocity
and associated kinetic energy and local heat flux. Therefore, it is
concluded that maximum velocity is attended in the case of A =0,
which represents the non-undulation case.

Figure 12 shows a visual explanation of the change in the local
heat flux coefficient against the number of undulations by
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TABLE 3 The influence of the Darcy number (P) on kinetic energy for various  enclosure and top horizontal adiabatic wavy wall are stated. The
numbers of undulations (1) at cutline (X =0.2).

mathematical formulation of the problem involved is acknowledged
in the context of intricate dimensionless partial differential
structure.  Subsequently, these differential equations are
determined by applying the Galerkin finite element procedure.
The Tabular analysis of degrees of freedom and the number of
elements containing discretization of the domain is accumulated.

The crucial findings are as follows:

107 364.810 362710 338740 315110 303.820
10t ‘ 19.7460 18.9430 17.4540 163980 153440 1. Upsurge in kinetic energy is revealed against the increment in
10° ‘ 021646 0.20627 0.20219 0.19412 0.16906 Darcy number.

2. Depreciation in kinetic energy and heat flux coefficient is found

Bold values means that the variation are measured against that parameters specially. against escalation in the number of undulations

3. Circulations in flow phenomenon raise against uplift in Rayleigh

considering the horizontally heated bottom wall. Here, the number and Darcy numbers due to the production of thermal buoyancy
of undulations varied from 0 to 4, which represents the cases of non- forces and reduction in viscous forces, respectively.
undulations and undulations, respectively. The increase in the 4. Heat flux coefficient is the least i nce of undulation,

number of undulations leads the local Nusselt number (Nuocqr) whereas contrary behavior is
to depreciate as a result of flow blockage. The local heat flux, kinetic surface are removed.
energy, and moment of a particle near the undulating surface are 5. It is depicted that
reduced by these obstructions. Therefore, the case of A = 0, which magnitude wh atey i e trough of the
represents the non-undulation condition, has the maximum i i s interaction with the
velocity.

Variation in kinetic energy in a comparative manner for non- 6. It j stallation of a heated circular
undulated (A =0) and undulated (A # 0) situations against the
Darcy number (P) is elaborated in Table 3. It is enumerated that
by decreasing the permeability parameter (P), kinetic energ
decreases, whereas the opposite trend is observed against
number of undulations (A). Decrementing aptitude of K.E
observed due to recursion in pores of the
decrementing Darcy number (P) due to which The raw data supporting the conclusion of this article will be
made available by the authors without undue reservation.

maximum value of K.E is re Author contributions
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is manifested in Figures 14A-C. Fluctuating behavior of temperature
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