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Abstract: The heat transfer enhancement and fluid flow control in engineering systems can be
achieved by addition of ferric oxide nanoparticles of small concentration under magnetic impact.
To increase the technical system life cycle, the entropy generation minimization technique can be
employed. The present research deals with numerical simulation of magnetohydrodynamic ther-
mal convection and entropy production in a ferrofluid chamber under the impact of an internal
vertical hot sheet. The formulated governing equations have been worked out by the in-house
program based on the finite volume technique. Influence of the Hartmann number, Lorentz force
tilted angle, nanoadditives concentration, dimensionless temperature difference, and non-uniform
heating parameter on circulation structures, temperature patterns, and entropy production has
been scrutinized. It has been revealed that a transition from the isothermal plate to the
non-uniformly warmed sheet illustrates a rise of the average entropy generation rate, while the
average Nusselt number can be decreased weakly. A diminution of the mean entropy production
strength can be achieved by an optimal selection of the Lorentz force tilted angle.

Keywords: uniform Lorentz force; free convection; nanosuspension; non-uniformly warmed sheet;
computational analysis

1. Introduction

Optimization of technical systems in different engineering fields is related to both
the energy transport intensification and liquid circulation control [1,2]. Today, an addi-
tion of nanoparticles of low concentration to a base fluid can increase the heat transfer
rate [3,4], and as a result, there are many possible applications of nanofluids in various
engineering fields including heat exchangers, solar collectors, building insulation, and
others [4-8]. It is well known that control of flow structures can be achieved by using the
magnetic field in the case of magneto-receptive medium [9]. The latter can be obtained by
addition of ferric oxide nanoparticles to the host liquid. It is interesting to note that ferric
oxide nanoparticles can be used for the drug delivery under the influence of a weak
magnetic field [10]. The liquid systems with ferric oxide nanoparticles should be effective
for the heat transfer augmentation and to exclude the possible technical system failure.
Therefore, the entropy generation minimization theory can help to perform a theoretical
analysis of such systems [11-13]. Some interesting and useful results regarding MHD
natural convection and entropy generation in closed chambers have been already ob-
tained [14-24]. Mahmoudi et al. [14] have numerically analyzed thermal convection and
entropy production in a trapezoidal chamber filled with copper-water nanosuspension
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with isoflux local heater and isothermal vertical and inclined walls. Employing the sin-
gle-phase nanosuspension approach with Patel, Brinkman, and Maxwell correlations for
nanofluid heat conductivity, viscosity, and electrical conductivity, respectively, authors
have studied an influence of the Rayleigh and Hartmann number and local heater posi-
tion. It has been revealed that the average entropy production strength diminishes with
nanoparticle concentration and rises with magnetic field intensity. The behavior of
power-law non-Newtonian nanofluid and entropy production in a differentially warmed
chamber under the horizontal magnetic field influence have been examined by Kefayati
[15]. Using the lattice Boltzmann technique, an impact of Hartmann and Rayleigh num-
bers, nanoparticles volume fraction, and power-law index on nanofluid circulation and
energy transport has been scrutinized. Obtained outcomes have demonstrated that all
irreversibilities augment with nanoparticle concentration, while a reduction can be found
with the growth of the power-law index. Kefayati and Tang [16] have calculated MHD
thermogravitational energy transference and entropy production in a differentially
heated chamber filled with power-law nanosuspension on the basis of a two-phase
Buongiorno nanofluid model. Employing the lattice Boltzmann method in combination
with the finite difference technique, authors have shown that a growth of the power-law
index and Hartmann number can reduce the average entropy generation rate. Ghasemi
and Siavashi [17] have performed a computational analysis of thermal convection and
irreversibility nature in a porous chamber filled with copper-water nanofluid under an
impact of isothermal vertical walls and horizontal uniform magnetic field. Analysis of
Rayleigh and Hartmann numbers, thermal conductivity ratio, and nanoparticles concen-
tration influence on entropy production has allowed the revelation that an instability
impact can be found in entropy generation analysis. Thus, irreversibilities due to energy
transference and liquid friction are the majority for Ra = 10° and 105, while for Ra = 104,
one can find a comparable influence of all mechanisms included in the analysis of irre-
versibility. Other useful results regarding entropy generation can be found in [18-23].

An influence of local isoflux heater and uniform Lorentz force on thermal convec-
tion and entropy production of a copper-water nanosuspension in an inclined porous
chamber has been studied computationally by Rashad et al. [24]. Employing the finite
difference technique, authors have demonstrated that average total entropy production
reduces with nanoadditives’ volume fraction and rises with local heater size. Astanina et
al. [25] have computed thermal convection and irreversibility analysis of ferroliquid in a
semi-open trapezoidal chamber having a porous layer under the magnetic field influ-
ence. The obtained outcomes have shown that an inclusion of nanoadditives and Lorentz
force strength reduce the average total entropy generation strength. Parveen and Maha-
patra [26] have numerically scrutinized thermal and concentration convection with en-
tropy production in a wavy chamber saturated with alumina-water nanosuspension
under an influence of local isothermal heater and uniform Lorentz force. Employing the
central differences and Bi-CGStab method for partial differential governing equations
based on the single-phase nanofluid approach, authors have ascertained a reduction of
average total entropy production with nanoparticles concentration and buoyancy ratio.
Elshehabey et al. [27] have examined the thermogravitational energy transference and
irreversibility nature of ferroliquid in an inclined semi-open wavy chamber under uni-
form magnetic field influence using non-linear Boussinesq approximation. Employing
finite element method, researchers have demonstrated that the Boussinesq characteristic
has a positive influence on the ferrosuspension circulation and major magnitudes of en-
tropy production owing to liquid friction. Thermogravitational energy transference of
non-Newtonian ferrofluid in a complex chamber under an impact of uniform Lorentz
force has been investigated by Afsana et al. [28]. Authors have shown that a raise of the
power-law index can augment the average total entropy production strength in the
presence of Lorentz force, while the mean total entropy production can be reduced with
the power-law index in the absence of Lorentz force.
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At the same time, other interesting and useful questions for analysis of nanofluid
behavior are about the effective thermal properties of nanofluids, and an influence of
Brownian diffusion, thermophoresis, and interfacial layer on these properties is very
useful [6,29-32].

This brief review shows that MHD thermal convection and entropy production in
closed and semi-open chambers are very topical due to a wide variety of engineering
problems where such formulation can be used. Moreover, the entropy generation mini-
mization technique is very effective for analysis of technical systems where fluid circula-
tion and energy transference theory can be used. The objective of this research is a nu-
merical investigation of thermogravitational energy transport and irreversibility analysis
in a closed cabinet saturated with a ferroliquid with a vertical hot sheet and uniform
Lorentz force. It should be noted that this research is a continuation of analysis published
by Sivaraj and Sheremet [33] for the horizontal heated plate. The horizontal heated plate
has an essential influence on the circulation within the chamber due to large flow re-
sistance [33], while for the vertical heated plate, this effect is weak, and more significant
heat transfer enhancement can be found. Therefore, the innovation of the present study is
a heat transfer enhancement in a closed chamber due to an influence of a heated inner
vertical plate having non-uniform temperature and ferrofluid behavior under an influ-
ence of uniform magnetic field.

2. Mathematical Formulation

The sketch for the considered thermal convection in a square ferrofluid chamber and
the coordinates are demonstrated in Figure 1. The analyzed region is saturated with
Fes04+-H20 nanosuspension (I in Figure 1) and includes a non-uniformly warmed verti-
cally oriented block (2 in Figure 1). The temperature of this block depends linearly on the
y-coordinate over the block and has a range between T and Tiz (T < Tiz). The chamber
horizontal borders are thermally insulated, and the vertical borders are isothermal at
fixed temperature Tc < Ti, Tie. Thermal attributes of the working liquid are constant, and
the laminar motion mode is studied. The nanosuspension is Newtonian and
heat-conducting; the Boussinesq approach is employed for description of the buoyancy
force influence. The host liquid and the solid nanoadditives are in heat equilibrium. An
inclined uniform magnetic field influences the convective liquid circulation and energy
transport within the chamber.
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Figure 1. A sketch of the problem: I —nanofluid space; 2—warmed vertical block.

Employing these approaches, the control equations are
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With the following border restrictions
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u=v=0, a—Tz(), at y=0,L and 0<x <L,
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u=v=0, T=y ”Zd L ’“; b2 [, h22d " at the vertical block

Definition of nanofluid thermal properties can be found in [33].
The nanofluid heat conductivity is described by

ky _k,+2k =29k, <k, )
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The nanofluid viscosity is

The nanofluid electrical conductivity is
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With the following boundary restrictions
7=0: u=v=0, =0, at 0<x<1 and 0< y<]1,
7>0: u=v=0, =0, at x=0,1 and 0< y <],
u=v=0, %:0, at y=0,1 and O0<x<1, (14)
oy
A .
u=v=0, = 1+g(2y—1) at vertical block
The employed non-dimensional characteristics are
v, ATL . -
Pr=—L, Raz—g'b’f , Ha=BL U—/,5:1,12Th2 L (15)
a; vea, yry L 2AT

The local energy transport intensity over the vertical walls is

k, |06
Nu=—| 2 |ZZ
! (k»,]@x (16)

As a result, the mean Nusselt number is
_ 1
Nu = I(Nuleﬂ wan T Nuright wall ) dy 17)
0
An appearance of irreversibility sources in the temperature and velocity fields in-

cluding fluid friction and energy transference characterizes the irreversibility behavior.
The dimensional local entropy production sge is

kyl(orY (orY | s\ (0w (ov) (oa ov)
S =l |l = | | =| [+—=|2| = | +2| = | +| =+=| |+
w1\ w) o |\ = ») |\ o )

2

+327”f[ﬁsin(y)—\7005(7)]

Here, each term characterizes the local entropy production owing to heat transfer
(sgen'h, ) , fluid friction (sgm 7 ) , and outer magnetic field (Sgen,mf )
The non-dimensional local entropy generation S, is
T’
gen = Sgen —2
k, AT

B U (%j 20)
ox oy (20)

= Sgen,ht + Sgen,)‘f + Sgen,mf (19)

Where
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These Equations (20)—(22) include the dimensionless thermal difference (Q) and the
Gebhart number (Ge)

L
Q:£ and Ge:& (23)
T, ¢

The dimensionless mean entropy generation is

1
Sgen,avg = EJ-Sgendlg = Sgen,ht,avg + Sgen,//",avg + Sgen,m/',avg (24)
The Bejan number Be is found to be
S
Be = gen,ht (25)
Sgen,hl + Sgen,[] + Sgen,mj
The average Bejan number Beuws is
S
Be _ gen,ht,avg (26)
avg
Sgen,hr,zwg + Sgen,ﬁ',avg + ng,mf,avg

3. Numerical Procedure

The control Equations (10)—(13) with restrictions (14) have been approximated using
the finite volume technique and a uniform staggered mesh with the SIMPLE procedure
of Patankar [34]. The QUICK model of Hayase et al. [35] and central differences have
been applied for convective and diffusive members of equations. For the border re-
strictions, a third order scheme has been also used [35]. The obtained system of equations
has been solved by Thomas procedure. The steady state outcomes have been achieved
using the following convergence criteria

len-ent]
<107 (27)

e

Here, ¢ characterizes u, v, or 0; the parameter m characterizes the iteration number
and (i,j) are for the Cartesian coordinates.

The developed technique has been validated for different test problems [35]. Thus,
for the thermal nanosuspension convection in a chamber, the results of Ghasemi et al.
[36] have been used. Table 1 demonstrates a good agreement for the mean Nu at Ra = 10°,
Ha =0, and various ¢.
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Table 1. Mean Nu for various ¢ compared to [36] for Ra =105, Ha = 0.
p=0 @ =0.02 @ =0.04 @ =0.06
Data [36] 4.738 4.820 4.896 4.968
Obtained outcomes 4.7306 4.8133 4.8908 4.9633

The in-house computational program has been validated for the free convection and
irreversibility analysis in a chamber with a hot block [37]. Table 2 shows a good agree-
ment for the total entropy production rate at Ra = 105, J = 0.5, and different Q) in compar-
ison with [37].

Table 2. Total entropy production rate for different Q3 in comparison with [37].

Q 0.02 0.04 0.06 0.08 0.1
Data [37] 6.701 6.576 6.457 6.342 6.231
Obtained outcomes 6.8539 6.7219 6.5952 6.4733 6.3558

The mesh independence test has been performed using four grids of 103 x 103, 203 x
203, 303 x 303, and 403 x 403 nodes. Table 3 demonstrates an influence of mesh parame-
ters on |1//|max for Ra =107, Ha =50, y =0° ¢ =0.04, and A = 0. As a result, a mesh of 303 x

303 has been chosen for the further analysis.

Table 3. Mesh sensitivity analysis.

Grid 103 x 103 203 x 203 303 x 303 403 x 403
|l// 26.0023 25.8046 25.7620 25.7431

max

4. Results and Discussion

An impact of Lorentz force with various inclination angles on free convection and
irreversibility behavior inside a nanoliquid-filled cabinet with a centered hot vertical
plate has been scrutinized. The effects of the nanoparticles’ concentration (¢ = 0.0 and
0.04), plate non-uniformity characteristic (A = -1, 0, 1), Hartmann number (Ha = 0-100),
magnetic field inclination angle (y = 0°-m/2°), and non-dimensional temperature drop (Q
= 0.001-0.1) on nanosuspension motion and energy transference are scrutinized for Pr =
6.8377, 0 = 0.5, and Ra = 107. The calculated outcomes are demonstrated employing iso-
therms, streamlines, and local entropy production as well as mean Nusselt number, mean
total entropy production strength, and mean Bejan number in Figures 2-8.

Figure 2 demonstrates isolines for Q = 0.01, ¢ = 0.04, A =0, and Ha = 0. It should be
noted that A = 0 characterizes a uniform heating of the plate, namely, the plate is an iso-
thermal vertical block. Isothermal lines illustrate a formation of thermally stratified cores
on the right and left sides from the plate where warming of the space occurs from the top
zone to the lower one due to the heat conduction. Such temperature distribution can be
added by the streamlines formed within the chamber, where two convective cells reflect
an appearance of upstream flows close to the centered heated plate and two descending
flows near the side cooled borders. Local entropy production isolines caused by the en-
ergy transference illustrate an appearance of a significant temperature drop in the bottom
part of the sheet where the heated body interacts with cold nanofluid. At the same time,
an influence of nanosuspension friction occurs within the velocity boundary layers
formed on the isothermal vertical surfaces. Therefore, centered plate and upper parts of
vertical cavity borders are characterized by high-velocity gradients. It is worth noting
that a presence of side borders” upper parts in this distribution is explained by an inter-
action of more intensive flows in the top part of these walls compared to the bottom ones.
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Figure 2. Isolines of (a) 6, (b) 1, (c) Sgenit, (d) Sgensf for Q=0.01, ¢ =0.04, A =0, Ha =0.

An impact of the inclined Lorentz force on the mentioned local parameters is
shown in Figure 3 for 2 =0.01, ¢ =0.04, A =0, and Ha = 50. An addition of Lorentz force
suppresses the convective motion and energy transport within the chamber, taking into
account Figures 2 and 3. For y = 0, when the magnetic field has the horizontal impact on
the chamber, one can find more smooth isotherms without the local extreme near-vertical
borders that characterizes less intensive circulation of the nanosuspension. Moreover, a
shape of streamlines reflects uniform weak circulation of the liquid. Features of local en-
tropy production patterns caused by the energy transference and circulation friction have
been described above, and for Lorentz force influence, the behavior is repeated. As for
the Lorentz force influence on the local entropy production, it should be highlighted that
for y = 0 zones of high entropy production caused by the magnetic influence are similar
to the zones of high entropy production due to flow friction. For y = /4, one can find a
symmetry loss for all considered functions; intensity of convective flow rises, but heating
strength of the upper chamber part is decreased. It is useful to note that an inclusion of
the Lorentz force with y = /4 reflects a distortion of heat plume above the centered sheet,
and as a result, a border between two ascending flows over the plate is distorted to the
right side, but an intensity of convection flow rises compared to the case of y = 0. A
symmetry loss in this case also can be found for the isolines of local entropy production
due to the Lorentz force. In the case of y = 7/2 more intensive motion can be found, while
this strength is less compared to the case of Ha = 0. More essential influence of Lorentz
force in this case occurs in the upper part. It should be noted that intensification of the
convective flow can be explained by collinearity of gravity force and magnetic field
strength vector.
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Figure 3. (a) Isotherms, (b) streamlines, local entropy production owing to (c) energy transport, (d)
nanosuspension friction, and (e) Lorentz force for Q3 =0.01, ¢ =0.04, A =0, Ha =50, and different y.
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Figure 4. Isolines of (a) 6, (b) 1, (c) Sgenit, (d) Sgensf for Q=0.01, ¢ =0.04, A =1, Ha=0.

Figure 4 demonstrates isolines of stream function, temperature, and local entropy
production caused by the energy transference and flow friction for 2 =0.01, ¢ =0.04, Ha =
0, and the non-uniformly heated plate, when temperature if the plate rises from the bot-
tom end until the upper one. In this case, more essential heating of the chamber occurs,
but strength of the convective flow is decreased slightly due to not so essential temper-
ature gradient near this centered plate. At the same time, cores of convective cells are
located in the upper part, and zones of more intensive entropy production owing to the
energy transference and circulation friction are along the upper parts of vertical surfaces.

An addition of magnetic field for non-uniformly warmed vertical sheet reflects a
degradation of convective flow and energy transport (see Figure 5). It should be noted
that all changes in analyzed local parameters are similar to those mentioned in Figure 3,
but for the base presented in Figure 4. It means that distortion and variation of all isolines
with magnetic influence of Ha = 50 have been discussed in the case of uniform heating,
but for the non-uniform heating, all changes are superimposed on the patterns presented
in Figure 4.

=0 y=T/4 y =m/2
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Figure 5. Isolines of (a) 0, (b) 1, (c) Sgent, (d) Sgenfr, (€) Sgenms for 3 =10.01, ¢ =0.04, A =1, Ha =50, and
different y.

Influence of magnetic field, nanoparticles” volume fraction, and heating of the cen-
tered plate direction on the mean Nu is shown in Figure 6. In the case of uniform heating
of the vertical plate, the heat transfer enhancement with nanoparticles” concentration can
be found for low and moderate Hartmann number, while for high Ha (Ha = 100) with y >
7/4, the energy transference degradation with ¢ can be revealed. In this case, an inclusion
of magnetic influence allows the diminishment of the energy transference strength. In the
case of non-uniform warming of the plate with a change of temperature from small
magnitudes in the bottom zone until high magnitudes in the upper zone (A = 1), one can
find less intensive energy transport and a similar impact of the Lorentz force inclination
angle, as in the previous case (A = 0), but in this case, an addition of magnetic field can
intensify the heat transfer for moderate and high Hartmann numbers when magnetic
field intensity vector is parallel to the gravity force. When non-uniform heating of the
vertical plate occurs from the upper part to the bottom one, more intensive energy
transference can be revealed compared to other mentioned cases.
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Behavior of average entropy generation with Q, ¢, Ha, and y for A = 0 is shown in
Figure 7. A growth of the non-dimensional temperature drop characterizes a diminution
of the mean entropy production strength owing to each source. Moreover, irreversibility
caused by the flow friction and Lorentz force is more sensitive to the influence of (),
whilst the mean entropy production caused by the energy transference is not as sensitive.
A rise of the nanoadditives’ concentration illustrates an increment of Sgenhtag, While
Sgenffavg and Sgenmfavg are not as sensitive to ¢. An addition of magnetic field reduces the
mean entropy production strength, but this diminution can be controlled by selection of
the magnetic field orientation.

(@) A=0 (b) A=1

28

26 26 I = Bl

23 23 o —a—a—"

20 20

0 0.02 0.04 0.06 O 0 0.02 0.04 0.06 O

Nu

=—0— Ha=0

—&— Ha =50, =0°

—A- Ha =50,~ = 45°

A Ha = 50,~v = 90°
Ha =100,y =0°
Ha =100,~ = 45°
Ha =100,~ = 90°

33

30

(0)

Figure 6. Dependences of mean Nu on ¢ for (a) A =0, (b) A =1, and (c) A =-1.
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Figure 7. Dependence of mean entropy production caused by the energy transference, liquid fric-
tion, and Lorentz force with Q for A =0, (a) ¢ =0, and (b) ¢ = 0.04 and various Ha and y.

In the case of non-uniform heating of the vertical plate shown in Figure 8, a rise of
Sgenitavg can be achieved with a rise of magnetic field intensity, while nature of other pa-

rameters is similar to the investigated above for A =0.

(a) Syenhtavg Syen,ffavg Sgen,mf,avg

(b)  Swnssus

\ om0

Figure 8. Dependence of mean entropy production caused by the energy transference, liquid fric-
tion, and Lorentz force with Q for A =1, (a) ¢ =0, and (b) ¢ = 0.04 and various Ha and y.

5. Conclusions

MHD thermogravitational energy transference and irreversibility analysis in a
square ferroliquid chamber under the influence of a centered vertical sheet has been
studied numerically using the finite volume technique. An innovation of this research
deals with possible heat transfer enhancement and entropy production minimization in a
closed chamber with a vertical heated plate having non-uniform temperature under an
impact of ferrofluid and uniform Lorentz force.

Impacts of different control parameters including Hartmann number, Lorentz force
inclination angle, non-dimensional temperature drop, plate non-uniformity heating pa-
rameter on flow structures, and energy transport intensity have been discussed. The
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performed analysis has shown that an addition of uniform Lorentz force can intensify the
convective energy transference in the case of non-uniform heating of the vertical plate,
while for horizontal plate such situation is absent. Moreover, nanoparticles addition al-
lows the diminishment of the heat transference rate for high Hartmann numbers and
horizontal orientation of magnetic field, whilst for the horizontal internal sheet, an in-
troduction of nanoparticles enhances the heat transference. For the vertical sheet, more
essential energy transference augmentation can be found owing to a lack of the signifi-
cant resistance from this plate location. Therefore, internal plate orientation and magnetic
field intensity and orientation can be considered as a good control parameters for the
energy transport within considered engineering systems. Taking into account these out-
comes, the further investigation can be related to the influence of the heat-generating
inner plate on the heat transfer patterns within the chamber and possible intensification
of energy transport in combination with hybrid nanofluids impact.
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Abbreviations
The following abbreviations are used in this manuscript:
B magnitude of the uniform magnetic field (kg-s>A™)
Be local Bejan number (-)
Beavg average Bejan number (-)
c heat capacity (J-kg1-K™?)
d dimensional length of the plate (m)
g gravitational acceleration (m-s)
Ge Gebhart number (-)
Ha Hartmann number (-)
k thermal conductivity (W-m™-K™)
L size of the cavity (m)
Nu local Nusselt number (-)

Nu average Nusselt number (-)
[4 dimensionless pressure (-)
iz dimensional pressure (Pa)
Pr Prandtl number (-)

Ra Rayleigh number (-)

Sgen dimensional local entropy generation (W-m=3-K™)

Seen dimensionless local entropy generation (-)

S o ave dimensionless average total entropy generation (-)

Sgen, ff dimensional local entropy generation due to fluid friction (W-m=-K)
Sen i dimensionless local entropy generation due to fluid friction (-)

S eon. fr.avs dimensionless average entropy generation due to fluid friction (-)

S gen,u dimensional local entropy generation due to heat transfer (W-m=-K™)



Entropy 2021, 23, 709 15 of 16

Seen dimensionless local entropy generation due to heat transfer (-)

S con ht.avg dimensionless average entropy generation due to heat transfer (-)

S gen,mf dimensional local entropy generation due to external magnetic field (W-m=3-K™)

S gon,ms dimensionless local entropy generation due to external magnetic field (-)

A —— dimensionless average entropy generation due to external magnetic field (-)

T dimensional temperature (K)

t dimensional time (s)

T, T2 dimensional temperature range at heated plate (K)

T. dimensional temperature at cooled vertical walls (K)

u,v dimensional velocity components along horizontal and vertical directions (m-s™)

u, v dimensionless velocity components along horizontal and vertical directions (-)

. dimensional Cartesian coordinate measured along the bottom wall of the cavity
(m)

7 dimensional Cartesian coordinate measured along the vertical wall of the cavity
(m)

X,y dimensionless Cartesian coordinates (-)

Greek symbols

a thermal diffusivity (m?s)

B coefficient of thermal expansion (K1)

y inclination angle of the magnetic field (-)

0 dimensionless length of the plate (-)

0 dimensionless temperature (-)

A temperature parameter ()

u dynamic viscosity (Pa-s)

P fluid density (kg-m=)

o electrical conductivity of the fluid (Q'-m™)

T dimensionless time (-)

@ nanoparticles volume fraction (-)

7 dimensionless stream function (=)

Q dimensionless temperature difference (-)

Subscripts

c cold

f fluid

h hot

nf nanofluid

p particle

References

1.

Bergman, T.L.; Lavine, A.S.; Incropera, F.P.; Dewitt, D.P. Fundamentals of Heat and Mass Transfer, 7th ed.; Wiley: New York, NY,
USA, 2011.

Shenoy, A.; Sheremet, M.; Pop, 1. Convective Flow and Heat Transfer from Wavy Surfaces: Viscous Fluids, Porous Media and
Nanofluids; CRC Press: Boca Raton, FL, USA, 2016.

Mabhian, O.; Kolsi, L.; Amani, M.; Estelle, P.; Ahmadi, G.; Kleinstreuer, C.; Marshall, J.S.; Siavashi, M.; Taylor, R.A.; Niazmand,
H.; et al. Recent advances in modeling and simulation of nanofluid flows—Part I: Fundamentals and theory. Phys. Rep. 2019,
790, 1-48.

Mabhian, O.; Kolsi, L.; Amani, M.; Estelle, P.; Ahmadi, G.; Kleinstreuer, C.; Marshall, ].S.; Taylor, R.A.; Abu-Nada, E.; Rashidi, S.;
et al. Recent advances in modeling and simulation of nanofluid flows—Part II: Applications. Phys. Rep. 2019, 791, 1-59.
Sheikholeslami, M.; Mahian, O. Enhancement of PCM solidification using inorganic nanoparticles and an external magnetic
field with application in energy storage systems. ]. Clean. Prod. 2019, 215, 963-977.

Gkountas, A.A.; Benos, L.T.; Sofiadis, G.N.; Sarris, LE. A printed-circuit heat exchanger consideration by exploiting an
Al20s-water nanofluid: Effect of the nanoparticles interfacial layer on heat transfer. Therm. Sci. Eng. Prog. 2021, 22, 100818.
Kotia, A.; Rajkhowa, P.; Rao, G.S.; Ghosh, S.K. Thermophysical and tribological properties of nanolubricants: A review. Heat
Mass Transf. 2018, 54, 3493-3508.

Gomez-Villarejo, R.; Estelle, P.; Navas, J. Boron nitride nanotubes-based nanofluids with enhanced thermal properties for use
as heat transfer fluids in solar thermal applications. Sol. Energy Mater. Sol. Cells 2020, 205, 110266.

Odenbach, S.; Gerbeth, G. Magnetic flow control. GAMM Mitt. 2007, 30, 110-112.



Entropy 2021, 23, 709 16 of 16

10.

11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

Karvelas, E.G.; Lampropoulos, N.K; Benos, L.T.; Karakasidis, T.; Sarris, L.E. On the magnetic aggregation of FesOs nanoparti-
cles. Comput. Methods Programs Biomed. 2021, 198, 105778.

Bejan, A. Entropy Generation through Heat and Fluid Flow; Wiley: New York, NY, USA, 1982.

Bejan, A. Entropy Generation Minimization: The Method of Thermodynamic Optimization of Finite-Size Systems and Finite-Time Pro-
cesses; CRC Press: Boca Raton, FL, USA, 1995.

Bejan, A. Advanced Engineering Thermodynamics, 4th ed.; Wiley: New York, NY, USA, 2016.

Mahmoudi, A.H.; Pop, I.; Shahi, M.; Talebi, F. MHD natural convection and entropy generation in a trapezoidal enclosure
using Cu—water nanofluid. Comput. Fluids 2013, 72, 46-62.

Kefayati, G.H.R. Simulation of heat transfer and entropy generation of MHD natural convection of non-Newtonian nanofluid
in an enclosure. Int. |. Heat Mass Transf. 2016, 92, 1066-1089.

Kefayati, G.H.R.; Tang, H. Simulation of natural convection and entropy generation of MHD non-Newtonian nanofluid in a
cavity using Buongiorno’s mathematical model. Int. ]. Hydroden Energy 2017, 42, 17284-17327.

Ghasemi, K.; Siavashi, M. MHD nanofluid free convection and entropy generation in porous enclosures with different con-
ductivity ratios. J. Magn. Magn. Mater. 2017, 442, 474-490.

Khan, A.; Karim, F.; Khan, I; Alkanhal, T.A ; Alj, F.; Khan, D.; Nisar, K.S. Entropy generation in MHD conjugate flow with wall
shear stress over an infinite plate: Exact analysis. Entropy 2019, 21, 359.

Awad, M.M. A new definition of Bejan number. Therm. Sci. 2012, 16, 1251-1253.

Awad, M.M.; Lage, ].L. Extending the Bejan number to a general form. Therm. Sci. 2013, 17, 631-633.

Awad, M.M. Hagen number versus Bejan number. Therm. Sci. 2013, 17, 1245-1250.

Awad, M.M. An alternative form of the Darcy equation. Therm. Sci. 2014, 18, 617-619.

Awad, M.M. A review of entropy generation in microchannels. Adv. Mech. Eng. 2015, 7, 1-32.

Rashad, A.M.; Armaghani, T.; Chamkha, A.].; Mansour, M.A. Entropy generation and MHD natural convection of a nanofluid
in an inclined square porous cavity: Effects of a heat sink and source size and location. Chin. ]. Phys. 2018, 56, 193-211.
Astanina, M.S.; Sheremet, M.A.; Oztop, H.F.; Abu-Hamdeh, N. MHD natural convection and entropy generation of ferrofluid
in an open trapezoidal cavity partially filled with a porous medium. Int. ]. Mech. Sci. 2018, 136, 493-502.

Parveen, R.; Mahapatra, T.R. Numerical simulation of MHD double diffusive natural convection and entropy generation in a
wavy enclosure filled with nanofluid with discrete heating. Heliyon 2019, 5, €02496.

Elshehabey, H.M.; Raizah, Z.; Oztop, H.F.; Ahmed, S.E. MHD natural convective flow of FesOs-H2O ferrofluids in an inclined
partial open complex-wavy-walls ringed enclosures using non-linear Boussinesq approximation. Int. J. Mech. Sci. 2020, 170,
105352.

Afsana, S.; Molla, M.M.; Nag, P.; Saha, L.K,; Siddiqa, S. MHD natural convection and entropy generation of non-Newtonian
ferrofluid in a wavy enclosure. Int. |. Mech. Sci. 2021, 198, 106350.

Jang, S.P.; Choi, S.U.S. Role of Brownian motion in the enhanced thermal conductivity of nanofluids. Appl. Phys. Lett. 2004, 84,
4316.

Yu, W.; Choi, S.U.S. The Role of Interfacial Layers in the Enhanced Thermal Conductivity of Nanofluids: A Renovated Maxwell
Model. J. Nanoparticle Res. 2003, 5, 167-171.

Benos, L.T.; Karvelas, E.G.; Sarris, L.E. Crucial effect of aggregations in CNT-water nanofluid magnetohydrodynamic natural
convection. Therm. Sci. Eng. Prog. 2019, 11, 263-271.

Xie, H.; Fujii, M.; Zhang, X. Effect of interfacial nanolayer on the effective thermal conductivity of nanoparticle-fluid mixture.
Int. ]. Heat Mass Transf. 2005, 48, 2926-2932.

Sivaraj, C.; Sheremet, M.A. MHD natural convection and entropy generation of ferrofluids in a cavity with a non-uniformly
heated horizontal plate. Int. |. Mech. Sci. 2018, 149, 326-337.

Patankar, S.V. Numerical Heat Transfer and Fluid Flow; Hemisphere Publishing Corporation: New York, NY, USA, 1980.
Hayase, T.; Humphrey, J.A.C.; Greif, R. A consistently formulated QUICK scheme for fast and stable convergence using fi-
nite-volume iterative calculation procedures. . Comput. Phys. 1992, 98, 108-118.

Ghasemi, B.; Aminossadati, S.M.; Raisi, A. Magnetic field effect on natural convection in a nanofluid-filled square enclosure.
Int. J. Therm. Sci. 2011, 50, 1748-1756.

Famouri, M.; Hooman, K. Entropy generation for natural convection by heated partitions in a cavity. Int. Commun. Heat Mass
Transf. 2008, 35, 492-502.



