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RETRACTED: Measure and
evaluate the hydrothermal flow
of a Newtonian fluid in
homogeneous permeable media
equipped with a fin: A numerical
approach

€ potential to the flow. In addition, adjoining portions of the heated
ectangular blocks are supposed to be adiabatic. The dimensionless governing
uations of the resultant problem are derived initially and then solved numerically
by implementing the Galerkin finite element approach, and COMSOL is obliged. For
this purpose, first, domain discretization is demonstrated in view of 2D elements by
performing hybridized meshing. Then, the system of non-linear equations is
resolved by a non-linear solver (PARADISO). The grid convergence test is
performed to confirm the credibility of the carried out simulations by
calculating the average Nusselt number at different refinement levels. A change
in associated distributions against the involved physical parameters (Darcy number
(Da), Rayleigh number (Ra), and Prandtl number (Pr)) for a wide range is revealed
through graphs and tables. Quantities like kinetic energy and heat flux (local and
average) are also evaluated through concerned parameters. The results clearly
demonstrate that the Darcy number tends to reduce the heat transfer rate. In
particular, it is depicted that by increasing the Rayleigh number (Ra), strengthening
in the temperature potential arises in the system, thereby magnifying the heat
transfer rate. Moreover, it is disclosed that by reducing the Darcy number, kinetic
energy shows a decreasing trend.
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Introduction

A medium composing of gaps and voids is usually renowned as
permeable. On the basis of connections between voids, permeable
media are classified into saturated and unsaturated media. Transport
of liquids through permeable media has been an area of interest in
numerous fields such as hydrological systems, thermal insulation,
filtering procedures, pollutant removal, resource engineering, drying
procedures, storage of liquefied gases, solidification of castings,
biofilm growth, and fuel cells. In 1856, Darcy wrote a book
related to the concept of flow mechanics in permeable media by
depicting the transport of water through beds of sand. This book laid
down the basis for researchers working in this direction, and later
on, Darcy proposed a law representing the relation for the velocity
profile depending on the pressure at a low Reynold number.
Brinkman [1] calculated the viscous force influenced by a
flowing liquid in the permeable medium and developed the
momentum equation according to Darcy’s law. Beavers and
Joseph [2] developed boundary conditions generated between the
interaction of fluid in permeable and homogenous media.
Poulikakos [3] contemplated the convective flow of a liquid on a
permeable bed by employing the Darcy model. Beckermann et al. [4]
anticipated free convective thermal transport between a permeable
layer and fluid inside a rectangular enclosure. Beckermann et al. [5]
manifested the convective flow of a viscous liquid in a rectangular
cavity with solidification effects. Chen and Chen [6] probgd
experimental analysis on a superposed fluid in a permeable la
over a horizontal surface. Breton [7] studied convective therma

modeling of 3D convective flow i
formulating the Brinkman-exteud

g

araju et al. [12] examined thermosolutal
flow annulus with horizontal impermeable
boundaries and insulated vertical extremities. Reddy et al. [13]
investigated buoyantly driven flow of nanoliquid in a porous

in a porous

annular region by taking into account the adiabatic inner
cylinder. They discovered that uplift in the permeability constant
intensifies the movement of nanoparticles in a porous annulus.
Convective energy transport in saturated permeable media has
enchanted a receivable focus due to extensive relevance in numerous
utilizations like in heat sinks, heat exchangers, catalytic reactors, and
mechanical energy absorbers. In addition, free convective flow
through  permeable possesses industrial
employments such as thermal insulation, washing machines,

media noticeable

drying procedures, biomedical engineering, and nuclear reactors
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[14]. In addition, convective transport through permeable media is
of specified interest in geological and geophysical processes [15, 16]. In
view of such extraordinary applicability, a great deal of studies has
been conducted. For example, Molla et al. [17] studied the natural
convection generated by fluid flow in a saturated porous enclosure
with localized heating and by providing symmetric heat distribution.
Alhashah and Saleh [18] elucidated the influence of permeability on
convective flow in an enclosure filled with water containing Cu
particles by employing the Darcy law.

Optimization in a natural convection process in enclosures by
installing heated or cold baffles is an effective strategy and utilized in
multiple thermodynamical systems. Through experimentations, it is
proved that the use of baffles has played a vital role in increasing the
efficiency of heat-exchange systems by producing extraordinary
convective diffusions. In addition, the appropriate adjustment of

baffles is important in maintenance ofgfl ermodynamical

s direction are

heat and mass diffusions occur. Free convective flow in a
inclined rectangular enclosure by varying the baffle length
was represented by Hussein et al. [22]. They described that by
enhancing the size of baffles, flow and thermal transport in
the computational domain gradually increase. Buoyantly
driven flow in nanoliquid with placement of V- and
H-shaped baffles in the enclosure was scrutinized by
Keramat et al. [23]. An increase in the heat transmission
rate by installing heated baffles and by making improvisation
in the magnitude of the Rayleigh number was measured by
Nia et al. [24]. The influence of length and positioning of the
baffle on convective flow in an L-shaped enclosure was
discussed by Ghalambaz et al. [25]. It was concluded that
a stiffer baffle reduces the convective thermal transport by
resisting fluid flow. Performance of hybrid nanofluid with the
placement of a heated baffle in a ventilated enclosure was
examined by Du et al. [26]. Zadeh et al. [27] determined the
impact of the gap ratio of placed baffles and change in height
on the average heat flux coefficient for the flow viscous liquid
in an enclosure. The mixed convective heat-transfer
phenomenon in a square enclosure by changing the
magnitude of the Reynold number and baffle gap was
elucidated by Hussain et al. [28]. Benzenin et al. [29]
demonstrated the influence of baffles on controlling the
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FIGURE 1
Diagrammatic representation of the problem.
turbulence generated in air flow by considering flat and w magnittide of flow-controlling parameters

rectangular baffles. Saravanan and Vidhya [30] examined
heat transfer with the placement of heat-generating thin a cavity with centrally localized heaters was
nce and Rockett [38]. The latest available studies on

at different positions. Thermosolutal convection in iftiid flow in different domains are shown in refs [39-42].

vertical baffles in a square enclosure and by placing baffle
permeable annulus with a thin baffle attached to_the inne From the thorough review of the available literature related to

the reduction in the length of the baffle r ¢ simple configurations are taken into account. Since most of the
physical phenomena occurring in nature are complexed in nature
characteristics of heat transf and demand for complex domains, this article is manipulated by

annulus with thin baffles taking into account the physical importance of such configurations.

manifested by [32-34]. In addition, the placement of complicated fins to reduce or supply
The property of liquidS{Which#dent response of shear appropriate heat in the thermal exchange procedure is required, so

stress is known ag ity. It intrifisic characteristic of every in view of it, essence fin is also assumed in the current work. Physical

material th i §”On the basis of viscosity and aspects of permeability and convection are also considered to raise

shear-stress rela ids are the practical utilization of this study. It is also concluded from the

non-Newtonian liqé examination of accessible studies that very scant work has been

on which life is depe carried out in this direction, and no study on this domain has been

nature are Newtonian in properties and execute linear deformation conducted so far. From the authors’ consensus, this work is novel

scaling against the stress. Applications of air and water are found in and will definitely provide direction to researchers.

each walk of life, but some procedures involving them extensively are The novelty of the present work is itemized as follows:

as coolants in automobiles, air filters, removal of nuclear wastage,

drying of fibrous materials, pulp suspensions, and in the human blood  Consideration of a complex domain (hexagonal cavity)

circulatory system. Dazodzo and Dazodzo [35] elucidated the flow with a corrugated rectangular block on boundaries and a

and thermal characteristics of water with a temperature gradient cold star-shaped fin.

produced by convective forces in an enclosure. Backermann et al. [36] o Natural convection generated by density and gravity

performed an investigation into the naturally convective flow of water differences.

in a permeable vertical cavity by measuring quantities of interest « The Darcy model is invoked in the problem to adumbrate

(kinetic energy, local, and average heat fluxes) versus Rayleigh number permeability effects.

(Ra) and Prandtl number (Pr). The impact of permeability on viscous o A cold fin is installed to measure optimized change in

liquid flow in a rectangular enclosure along with the assumption of convection.
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TABLE 1 Mesh statistics against different refinement levels.

Refinement level No. of elements D.O.F
Level-1 626 3,997
Level-2 858 5,493
Level-3 1,052 6,687
Level-4 1,482 9,201
Level-5 2,750 16,453
Level-6 3,874 22,633
Level-7 6,184 35,135
Level-8 13,948 77,399
Level-9 33,604 1,82,259

Mathematical description
Problem description

Let us assume an incompressible, steady and 2D flow of a
viscous fluid filled in a hexagonal enclosure. Density is considered to
vary with change in gravity force and employed in modeling by
taking into account the Boussinesq approximation. Permeability
aspects are also obliged by incorporating the Brinkman-extended
Darcy model. Two rectangles are corrugated at lower and upper
horizontal walls of the enclosure by providing uniform heati
whereas the adjoining portion is assumed to be adiabatic. A sta
shaped fin is placed at the center of the enclosure and prescribe
with zero temperature to enhance thermal co
(Figure 1).

Governing models

By considering afore ssumptions, the governing
equations are r [43]
1)
—p)~(+v[u5{)~(+uﬁ] —Bu, (2)
p K
1 v
uvg + vy = —;)py + u[v;(;( + vﬁ] +gB(T-T,) - pas (3)
uT;( + VTy = (X[T)"Q? + Tﬁ;]. (4)
Boundary conditions
The associated boundary conditions are as follows:
Frontiers in Physics 04
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FIGURE 2
Extra-fine grid for the cavity with a fi

Velocity boundary

(5

(6)

Using variables defined in Eq. 6, Eqs 24 take the following
forms:

@
®)

(j;(+‘7y=0,

The associated boundary conditions in a dimensionless form
are as follows:

On each of the six walls forming
boundaries: U (X,Y)=0=V(X,Y), 0<X<1,0<Y <1

On the rectangular at the top and bottom horizontal
walls: (X, 1) = 1and (X, 0) = 1

On the left and right vertical walls,

the

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1032437

Bilal et al. 10.3389/fphy.2022.1032437

Physical Problem
Mathematical
Model

Finite Element

Method -~

Domain Equation Discretization
Discretization (Weak Formulation)

Mesh

Generation Spatial

Accuracy & Convergence

FIGURE 3
Schematic diagram of the finite element method.

TABLE 2 Grid convergence analysis for the mean Nusselt number with

the fixed values of Pr = 0.710,Da = 10-3,and Ra = 103. (13)

Refinement level
ere n denotes the al direction on a plane, while the local

(Nugoca) is integrated along the bottom

RL,
RL and circular cylinder to get the mean Nusselt
L,
RL, Uayg), which is described by:
RL 1
! NuAvg = _J NuLocal ds: (14)
RLs s)s
RLs € .
L where “s” is the surface of the heated walls. In addition to the
R'L7 aforementioned quantities, it is interesting to compute and
R'Ls 285 examine the global quantity, namely, the total kinetic energy,
- ' which is mathematically expressed as follows:
1
KE=3| 18 do, as)
=0. (11) 2)a
On the rema Qe %t top and bottom horizontal walls where & = (U, V) represents the vector of velocity.

0Y (X,1) =0 and 0
Based on the
physical parameters are the Darcy number Da = «/; 2, Prandtl

aforementioned calculations, the involved

Solution methodology

number Pr = v/a, and Rayleigh number
The transport mechanism of fluids in simple, confined geometries

Ra = gBATL? v (12) is easily managed by exact approaches and traditional schemes.

However, most of the problems in nature arise due to intricate

where «x is the permeability of the porous medium, v is structural designs, so previously implemented exact schemes are
kinematic viscosity, g is gravitational acceleration, « is unable to solve them. For this purpose, the analytical approaches
thermal diffusivity, and f is the thermal expansion are found to be the best for solving these problems. Specifically
coefficient. discussing the irregular shapes, the flow phenomenon is efficiently
The rate of heat transfer computed at the top and bottom tackled by a versatile method known as the finite element method. In
horizontal rectangular walls is expressed in terms of the local this procedure, the domain is divided into small portions, and
Nusselt number (Nuzocqr) as: variables of interest are computed at an element level. Depending
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A Isotherms
Da=10"3
Da =10"*
Da =10"%
FIGURE 4

(A,B) Isotherms (left) and streamlines (right) under the influence o

refinement levels as shown in Tabl
stable element pair. The governi

Figure 3. The convergence criterion adjusted for non-linear iterations
is as follows:

Xn+1 _ Xn

n+l

<1078,

where y characterizes the general solution component.

Grid convergence

To show the efficiency of the obtained results, the grid
convergence test is performed at various grid levels and with the
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B Streamlines

fixed values of Pr = 0.71, Ra = 10%, and Da = 1073, as shown in
Table 2. For this purpose, the average Nusselt number is computed.
Itis seen that at levels 8 and 9, the values of the previously mentioned
quantities of engineering interest show agreement with each other.

Results and discussion

This section is highlighted to adumbrate the influence of sundry
factors on associated distributions and quantities of engineering
interest. First, the problem of structuring is manifested in
dimensionless PDEs, and then finite element computations are
performed to find a solution. Figures 4A, B show the change in
momentum and thermal fields in view of streamlines and isotherm
patterns. Figure 4A illustrates the change in temperature via
isotherm contours against Da. It is noticed that, at Da = 1073,
the magnitude of isotherms increases gradually against (Da)
because voids in the medium enhance which causes disturbance
in the flow and increases the momentum profile. From the
prospective that the temperature field is concerned against (Da),
it is adhered that two regions are developed around the fin which
show intense trajectories against the increasing magnitude of (Da)
due to an uplift in kinetic energy and associated heat flux. Variations
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A Isotherms
Pr =0.015
Pr=0.710

Pr=17.0

FIGURE 5
(A,B) Isotherms (left) and streamlines (right)

and anti-clockwise oyal rotations are formed. The impact of the
Prandtl number (Pr) on thermal and velocity fields via isothermal
and streamlines is shown in Figures 5A, B. Since viscous fluid is
assumed in the present study, three different magnitudes of (Pr) are
taken into account, i.e, Pr = 0.015 (Mercury), Pr = 0.710 (Air),
and Pr =7.0 (Water) while keeping Ra = 10> and Da = 1073
constant.

In Figure 5A, it is exclusively observed that by upsurging (Pr ),
the diffusivity of liquid mounts due to which the average kinetic
energy elevates, and thus as an outcome, temperature exceeds. It is
valuable for indication that at Pr = 0.015, the isotherm intensity
attaches toward boundaries but contrary aspects are seen at
Pr =7.00. Moreover, a variation in the velocity field against the
Prandtl number (Pr) via streamlines is displayed in Figure 5B. It is

Frontiers in Physics
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B Streamlines

noted that in the right-half portion of the enclosure, streamlines move
toward the cold fin and form eddies along the cold vertical wall with
clockwise rotations. Furthermore, deformation in vortices is observed
against the highest magnitude of the Prandtl number (Pr = 7.0).

Figures 6A,B demonstrate variations in the isotherms (left) and
streamlines (right) against the Rayleigh number (Ra) ranging from
10%to 10°. The influence of (Ra) on the thermal profile is displayed
in Figures 6A, B. It is found that by increasing (Ra), the temperature
and momentum of the liquid within the computational domain
increase. It is due to this reason that with the increase in (Ra),
convective potential rises because (Ra) is directly related to
AT. Due to this, the motion of particles increases because they
start to move with more kinetic energy.

Local heat flux coefficients against (Da) are shown in Figures
7A, B with the fixed values of Ra = 10> and Pr =0.710. It is
measured that the local Nusselt number (Nuj,.q) has been
noticeably influenced by (Da) and change in length of the hot
wall. In Figure 7A, it is observed that the local Nusselt number
(Nugoaa) generally tends to rise with increasing S values. However,
§<0.2 presents the reverse behavior. It is also concluded that the
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A Isotherms B Streamlines

FIGURE 6
(A,B) Isotherms (left) and streamlines (right) for i

=%-Da=1E-3
~6-Da=1E-4
——Da = 1E-5

—%-Da=1E-3 s
-5-Da=1E-4
——Da = 1E-5

Nugocal

e

0 0.2 04 0.6 0 0.2 0.4 0.6

FIGURE 7
(A,B) Local Nusselt number against (Da).
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TABLE 3 Variation in the average Nusselt number (Nu,,y) against (Da)
and (Ra).

Ra Da Nugyy
1E3 1E-3 3.1290
1E4 5.0116
1E5 7.9025
1E3 1E-4 2.8700
1E4 4.3808
1E5 6.1150
1E3 1E-5 2.8568
1E4 2.9060
1E5 5.7240
TABLE 4 Variation in kinetic energy (K.E) against the Darcy

number (Da).

Da  K.Exoo1  K.Ex—0» K.Exo03 K.Exo04 K.Eios
1E-3 555.58 1298.0 3443.7 1873.0 22.376
1E-4 4.2842 36.211 83.459 79.799 2.4061
1E-5 0.3200 0.5011 0.8912 1.1976 0.0842

maximum Nusselt number does not change significantly b
changing the positions of the hot rectangles. Additionally, it
observed that the Darcy number (Da) has a direct relationshif

number (Da) by di@wing cutlines at 0.1<x<0.5 is shown in
Table 4. The result exhibits that (Da) will cause a decrease in the
magnitude of kinetic energy (K.E). Subsequently, a significant
change in kinetic energy is observed at different positions of
cutlines, and an increasing behavior toward the center and
magnitude of kinetic energy shows a reverse behavior when the
fluid interacts with the fin. Additionally, the results show that the
kinetic energy at x = 0.1 and Da = 10~® was increased 2, 888.12
times more than that at x = 0.3.

Table 5 discusses the credibility of present computed findings
by measuring the average Nusselt number against the Rayleigh
number (Ra) and with fixed values of Pr = 0.7 along with Da = 1.
It is observed from the values that the complete match of results
is found between published and current works.
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Variations in the horizontal component of velocity (u) against
decreasing magnitude of the Darcy number (Da) ranging
(10 <Da<107°) are illustrated in Figures 8A, B. Here, the
cutlines are sketched at x = 0.2 (initial of the enclosure) and x =
0.4 (near the fin). In Figure 8A, an oscillating aptitude of velocity is
attained, and velocity reaches zeroatY = 0 and Y = 1 due to no-slip
velocity at the wall. Additionally, the maximum magnitude in velocity
is obtained at Y = 0.2, and the minimium value is attained at Y = 0.9
(near the upper surface of the enclosure). The Darcy number (Da)
evaluates the effectiveness of the inertial forces’ increase due to which
velocity increases. Also, in Figure 8B, the oscillating behavior of
velocity is noted, and velocity reaches zero at Y =0 and Y = 0.6
due to the no-slip condition at boundaries. Deviations in the vertical
component of velocity (v) against the decreasing magnitude of the
Darcy number are illustrated in Figures 8C, D. Here, the cutlines are
sketched at x = 0.3 and x = 0.5. In Fig

increasing aptitude

due to no-slip velocity at
magnitude is obtained

e the Darcy number has a direct
, it is also increased by increasing (Da).

ng remarks

atural convective Newtonian fluid flow in a permeable
hexagonal enclosure for uniform thermal distributions and by
placing a cold fin is analyzed in the current study. The two
rectangles at the bottom and top horizontal walls of the cavity are
uniformly heated and the adjoining portion is adiabatic, while the
inner fin and vertical walls of the cavity are considered the cold
domain. The problem is formulated mathematically by
capitalizing the governing law, and the solution is
implemented as a dimensionless partial differential system. By
using the finite element method, computational simulations are
carried out. In light of steamlines and isothermal patterns,
variations in the associated momentum and temperature are
revealed. Quantities of engineering interest like kinetic energy
and local and mean heat flux coefficients are measured against
dimensionless physical parameters. Some of the main
conclusions of the recent research work are as follows:

1) By decreasing the Darcy number (Da), the velocity and
temperature distribution reduce which is justified by the
streamlines and isotherm patterns.

2) The temperature and velocity distribution are increased when
the Rayleigh number (Ra) is increased.

3) By increasing the Prandtl number (Pr), the streamlines and
isotherm patterns provide evidence for increased velocity and
temperature dispersion.
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TABLE 5 Comparison of results with the published literature by measuring the Nusselt number.

Shi and
Khodadi [44]

Ra Present result

10* 2245 2247
10° 4.529 4.532
10° 8.890 8.893

Tasnim and Elatar et al. Fayz et al.
Collins [45] [46] [47]

2.244 2.234 2.245
4.524 4.517 4.522
8.855 8.948 8.835

==Da = 1E-5

—¥% Da = 1E-3 |
@ Da=1E-4 | |

x=0.2

—¥=Da = 1E-3
+®- Da = 1E-4
—Oo=Da = 1E-5

35F

30

25

20

15

10

FIGURE
(A—F) Variati

4) The magnitude of kinetic energy shows an increasing
behavior against the Darcy number (Da) at different cutlines.

5) The heat flux coefficient shows diminishing aspects against
the decrease in the Rayleigh number (Ra).
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