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Abstract In this work, the numerical investigation was conducted for the MHD natural convec-

tion and entropy generation characteristics of water-based hybrid nanofluid (Fe3O4-MWCNT) in

a porous annulus between a cooled circular cylinder and a heated Koch snowflake subjected to a

uniform magnetic force. The novelty of this work is presented by the special shape and different

studied positions of the hot barrier. The governing equations are explained by employing the Finite

Element Method. The impacts of nanoparticle volume fraction (u = 2 %, 3%,4%, and 5 %), Ray-

leigh number (Ra = 103 to 106), Hartman number (Ha = 0,25,50,100), Darcy number (Da = 10-2,

10-3, 10-4, and 10-5), and the position of the Koch snowflake (four cases) on the distributions of iso-

therms, streamlines, average Nusselt number (Nuavg) as well as on total entropy generation and

Bejan number are thoroughly examined. The computational outcomes indicate that increasing

the Ra number is possible by changing the temperature between the hot and cold sources. By

increasing this parameter, the buoyancy force of the fluid is strengthened. As the Da number

increases, the penetration of the flow cross-section in the cavity increases, and the flow circulates

in the cavity with less depreciation due to the buoyancy force. Applying Lorentz force, if not in

the direction of natural flow, causes the flow velocity to be depleted and fluid flow in the cavity
circular
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Nomenclature

Cp Heat capacitance (J kg�1 K�1)

g Gravity (m/s�2)
Ha Hartmann number
Nu Nusselt number
p Pressure (Nm�2)

P Dimensionless pressure
Pr Prandtl number
R Base circular radius of the block (m)

Ra Rayleigh number
T Dimension temperature (K)
u, v Dimensional velocity components along x and y

directions (m/s)
U, V Non-dimensional velocity components along with

x and y directions
x, y Cartesian coordinates (m)

X, Y Non-dimensional coordinates

Greek symbols

Α Thermal diffusivity (m2/s)

b Thermal expansion coefficient (K�1)
k Thermal conductivity (W m�1K�1)
l Dynamic viscosity, kg m�1 s
t Kinematic viscosity (m2/s)

q Density (kg m�3)
/ Volume fraction of the nanoparticles
h Non-dimensional temperature

Subscripts
C Cold
h Hot
F Fluid

P Solid particles
S Solid block
Avg Average
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to be facilitated. With increasing Ra number, the application of Lorentz force with different inten-

sities becomes important due to the importance of fluid circulation in the cavity. Applying a Lorentz

force with a higher Ha number at high Ra numbers reduces heat transfer due to junction balance

and flow separation on hot and cold surfaces. In the lower Ra numbers, the Bejan number tends to

1, indicating a significant increase in the temperature gradient in the cavity and the expansion of the

thermal boundary layer at low fluid velocities. At the highest Ra, increasing Ha from 0 to 100

decreases Nuavg by 50 %, while decreasing Da from 10�2 to 10�5 reduces Nuavg by 70 %.

� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Choi [1] pioneered the concept of nanofluids, which are the dis-

persion of nanoparticles with a diameter of 1–100 nm into
thermal working fluids to boost their thermal conductivity.
Several researchers have recently conducted on heat transfer,

fluid flow, mass transfer in a varied range of applications, com-
prising cooling of electronics and engines, heat exchangers,
energy storage, solar collectors, machining technology, photo-
voltaic cells thermal management, petroleum industries, lubri-

cants, and drug delivery [2–11]. Consequently, researchers
made a substantial effort to develop the heat transfer ability
of nanofluids through theoretical and experimental investiga-

tions [12–16]. Fins are an excellent solution for boosting heat
transfer to liquids, which explains why they are present in a
broad variety of applications, including heat exchangers, ther-

mal storage systems and electronics cooling. Thus, developing
fins to promote nanofluids’ free convection gained greater
attention from scientists in the previous decades. Aly et al.
[17] explored the influence of a magnetic force on convection

within a finned chamber loaded with a nanofluid. The results
indicate that the presence of four fins is an excellent tool for
cooling a nanofluid contained inside a cavity. The rotation

of an implanted rectangle has a substantial effect on the nano-
fluid motions and flow characteristics. Massoudi et al. [18]
examined the influence of a magnetic force and radiation on
the heat transfer of nanofluid contained in a T-shaped cavity
equipped with trapezoidal fins. The noteworthy results indicate

that raising the Rayleigh number, the radiation parameter, and
the trapezoidal fins’ height enhances convection. Hussain et al.
[19] researched the effect of fins and magnetic fields on heat

transfer within lid-driven cavities loaded with Cu/water nano-
fluid. It is concluded that the existence of fins substantially
influences fluid motion and heat transfer when compared to

the finless chamber. Zhang et al. [20] examined the influence
of the temperature on the dynamic behaviors of magnetorheo-
logical gel. Gireesha et al. [21] explained the convection of a
hybrid nanofluid (Ag-MgO/Water) near a permeable fin mov-

ing horizontally with constant velocity and in the presence of
heat radiation. The obtained results demonstrate that a fin
with a known convective coefficient at the tip exhibits a higher

heat transfer rate than a fin with an insulated tip. Hejri et al.
[22] conducted a computational analysis utilizing The Koo-
Kleinstreuer-Li (KKL) model to characterize all elements of

convective flow and determine the optimal design for a heat
sink loaded with copper oxide/water nanofluid. The findings
confirm that narrower fins result in a more effective heat dissi-

pation mechanism. Gholami et al. [23] examined the effect of
introducing dimpled fins to a vertical channel wall carrying a
variety of water-based nanofluids (Al2O3, TiO2, Cu, and car-
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bon nanotubes). Sheremet et al. [24] discussed the influence of
sinusoidal-heated sidewalls and porous insertion on the free
convection of various nanofluids in a square space. The find-

ings demonstrate that the vertical orientation and penetration
of the interior porous block might be beneficial features for
enhancing heat transfer. Yan et al. [25] researched the influence

of nanoparticle morphology on the natural convection and
entropy generation of nanofluid when it was filled into a
square container outfitted with fins of various shapes and

exposed to magnetic forces. By employing two-phase model
linked with Darcy–Brinkman–Forchheimer model, Siavashi
et al. [26] provided a numerical investigation of free convection
and entropy generation in a squared chamber saturated with

Cu/water nanofluid and equipped with two porous fins. Out-
puts reveal that the addition of permeable fins with a high
Da number boosts heat transfer whereas fins with a low Da

number may hinder the convection and drop the Nusselt num-
ber. Al-Farhany et al. [27] studied the influence of fins on
MHD natural convection in a permeable inclined enclosure

loaded with ferrofluid and heated differentially. The findings
indicate that raising the modified Ra number, fins length,
and Da number enhances the average Nusselt number, but

increasing the Ha number reduces it. Regarding these cavities
with an embedded obstacle, free convection in a wavy walled
chamber with a heated cylinder was examined by Abdulkad-
him et al. [28] and in another study, Abdulkadhim et al. [29]

examined the natural convection of nanofluid in I shaped wavy
walled enclosure partitioned into two layers and infiltrated
with multi-pipes of heat exchangers. Numerous studies were

conducted on the free convection of water-based nanofluids
in annulus-type enclosures with varying geometric configura-
tions and external conditions. For example, in the circular

annulus, Seyyedi et al. [30] determined that increasing the
outer to the inner radius ratio improves the Nuavg. Tayebi
et al. [31] reported that by incorporating a solid conductive

partition into the annulus shape. They could significantly alter
the nanofluid’s natural convection characteristics and temper-
ature distributions. Hu et al. [32] revealed that while the vol-
ume fraction and radius ratio substantially impact flow and

thermal fields, the nanoparticle diameter has a negligible effect.
The impact of the vertical and horizontal eccentricity of the
inner heated cylinder was investigated by Gholamalipour

et al. [33]. They observed that the downward eccentric annulus
exhibits optimal heat transfer and entropy generation perfor-
mance. Belabid et al. [34] noted that the wall waviness in an

annulus with circular-sinusoidal cylinders impacted the
thermo-bioconvective instabilities and the flow pattern. As
for half-annulus enclosures, Oğlakkaya et al. [35] explored
the influence of tilting the enclosure or the magnetic field on

the nanofluid’s free convection. They determined that the
enclosure’s inclination angle may be employed as a controlling
factor to optimize heat transfer through convection and flow.

Guan et al. [36] investigated the chemical environment and
magnetic moment effects on point defect formations in
CoCrNi-based concentrated solid-solution alloys. Motlagh

et al. [37] reserached the natural convection of nanofluid inside
a tilted permeable half-annulus enclosure by employing Buon-
giorno and Darcy models. They reported that growing the

enclosure’s inclination angle reduces the heat transfer rate at
high porosity and Ra numbers. Hatami et al. [38] examined
the impact of variable magnetic field on the heat transfer of
a semi-annulus enclosure filled by Fe3O4/water nanofluid.
According to their findings, raising the Ha number creates a
drop on the Nusselt number. Other studies of a similar kind
are available in the literature. Munawar et al. [39] researched

the entropy generation and the MHD free convection of a
hybrid nanofluid in a corrugated triangular annulus furnished
with a central triangular heater. Miles et al. [40] examined free

convection and the generation of entropy in a vertical porous
annulus loaded with nanofluids. They found that the incorpo-
ration of nanoparticles enhances heat transfer and total

entropy generation. Dogonchi et al. [41] researched the impact
of a uniform magnetic field and thermal radiation on thermo-
hydrodynamics of nanofluid in a wavy circular cylinder with
an inner heated rhombus object. Bouzerzour et al. [42]

explored the free convection of a Cu/water nanofluid within
a partly heated annulus formed by two elliptical cylinders.
The findings indicated that heat transfer might be improved

by raising the Ra number or the volume percentage of
nanoparticles and positioning the heaters on both sides of
the inner cylinder wall. Similarly, Sheikholeslami et al. [43]

explored the influence of Lorentz forces on the flow and heat
transfer of a water/Al2O3 nanofluid inside an enclosure made
up of a cold square cylinder and a heated horizontal elliptic

cylinder. Berrahil et al. [44] reserached the MHD free convec-
tion of water-based Al2O3 nanofluid within a differentially
heated vertical annulus. They shows that the magnetic field
has a stronger influence in the radial direction. Aboud et al.

[45] examined the MHD mixed convection of a Newtonian
Cu/water nanofluid within a circular annulus container with
an exterior spinning cylinder. They reported that the stream

function grows as the power-law index rises. The average Nus-
selt number rises as the Richardson number decreases, since
forced convection improves heat transfer. Tayebi et al. [46]

researched the MHD natural convection and entropy genara-
tion of a nanofluid contained between two circular cylinders
with inner heated cylinder equipped with rectangular fins of

various lengths. According to their findings, irreversibility
due to thermodynamic effects dominates inside the annulus
for low Ra numbers, and with increasing Ra number, it ceases
to be the primary contributor to total entropy generation.

Shahsavar et al. [47] explained the entropy generation and con-
vection flow of a biological nanofluid in a horizontal annulus
with embedded fins. The simulation results suggest that attach-

ing fins and increasing their number greatly increases the
entropy generation due to heat transfer by up to 39.07 %
and increases Nu by up to 35.50 %, respectively, as compared

to a finless annulus. The purpose of this study is to look into
the impact of temporary changes in barrier, application of
magnetic force of different intensities, increase of Ra and Da
numbers on natural convection of porous annulus cavity

between circular cylinder and Koch snowflake.
According to the previous literature review and the extent

of the author’s knowledge, no research models the convective

heat transfer of a hybrid nanofluid loaded in a permeable
annulus between a circular cylinder and a Koch snowflake.
Thus, the primary goal of this work is to fill that gap by ana-

lyzing natural convection within an enclosure between a cold
circular cylinder and a hot Koch snowflake packed with por-
ous media and saturated with Fe3O4-MWCNT/Water nano-

fluid. The study employs a two-dimensional single-phase,
Newtonian nanofluid model to explore the impact of domain
porosity, magnetic field, and the eccentricity of the inner Koch
snowflake. As a result, we believe the present work is unique
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and useful. The Finite Element Method was used to make
numerical calculations (FEM). The flow visualization results
are shown as isotropic lines, isotherms, and streamlines con-

tours for various Hartmann numbers, Darcy numbers, and
eccentricity parameters. Additionally, the average Nusselt
numbers for the hot walls and the Bejan number are calculated

and examined numerically.

2. Physical model description

Fig. 1 depicts the study’s conceptual framework. The figure
shows an outside circular cylinder maintained at a low temper-
ature (Tc) and an inner Koch snowflake maintained at a high

temperature (Th). A Newtonian hybrid nanofluid is used to fill
the porous area between the two walls. Fe3O4 and MWCNT
nanoparticles were used in this investigation, and their respec-

tive thermophysical solid and liquid characteristics are
reported in Table 1. Nanoparticles representing the solid phase
and water representing the liquid phase are in thermal equilib-
rium, and water and nanoparticles have the same movement

(i.e., same magnitude and flow direction). Numerous simplify-
ing assumptions are used, including two-dimensional, incom-
pressible, steady-state, and laminar motion.

3. Governing equations and boundary conditions

3.1. Governing equations

In this section, we analyze the steady-two-dimensional free

convection of a hybrid nanofluid within a circular-shaped
chamber with a diameter of L and a heated Koch snowflake-
shaped hole in the enclosure’s center, as seen in Fig. 1. The

enclosure under investigation is loaded with permeable media
and saturated with a hybrid nanofluid. Both the outside and
interior boundaries are seen as impenetrable. The mixed liquid
Fig. 1 The schematic o
acts like a water-based hybrid (Fe3O4-MWCNT) nanofluid
within the cavity. Brinkman’s model [48] is used to represent
a permeable media mathematically. Consider the Cartesian

coordinates for the Navier-Stokes equations in light of the
above assumptions, which may be shown in the dimensional
model as follows [49–51]:
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To rebuild the equations in a dimensionless form, the fol-

lowing requirements have been considered:Dimensionless
scales

X;Y ¼ x; y

L
; U;V ¼ u; vð ÞL

afl
; h ¼ T� Tc

Th � Tc

Dimensionless numbers

P ¼ pþ qgð ÞL2

qa2fl
f the present study.



Table 1 Thermophysical characteristics of (Fe3O4- MWCNT/ water (50–50%)) [54].

Properties q(kg/m3) Cp (J/kg K) k(W/m K) r(S/ m) b (K -1)

Water 997.1 4179 0.613 5.5 � 10-6 21 � 10-5

Fe3O4 5810 670 6 2.5 � 10-4 1.3 � 10-5

MWCNT 2100 711 3000 1.9 � 10-4 4.2 � 10
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Ra ¼ gbflðTh � TcÞL3

aflvfl
Rayleigh numberð Þ

Da ¼ k
L2 Darcy numberð Þ

Pr ¼ vfl
afl
ðPrandtl numberÞ

The following parameters characterize the Fe3O4-
MWCNT/water nanofluid [52]:

qnf ¼ ð1� /Þqfl þ /s ð5Þ

qcp
� �

nf
¼ ð1� /Þ qcp

� �
fl
þ / qcp

� �
s

ð6Þ

qbð Þnf ¼ 1� /ð Þqfl þ /ðqbÞs ð7Þ

knf
kfl

¼ ks þ 2kfl � 2/ðkfl � ksÞ
ks þ 2kfl þ 2/ðkfl � ksÞ ð8Þ

lnf ¼
lfl

1� /ð Þ0:25 ð9Þ

The characteristics of Fe3O4 and MWCNT nanoparticles
are determined by [53].

unp ¼ uFe3O4
þ uMWCNT ð10Þ

qnp ¼
uFe3O4

qFe3O4
þ uMWCNTqMWCNT

u
ð11Þ

ðcpÞnp ¼
uFe3O4

ðcpÞFe3O4
þ uMWCNTðcpÞMWCNT

u
ð12Þ

bnp ¼
uFe3O4

bFe3O4
þ uMWCNTbMWCNT

u
ð13Þ

knp ¼
uFe3O4

kFe3O4
þ uMWCNTkMWCNT

u
ð14Þ

rnp ¼
uFe3O4

rFe3O4
þ uMWCNTrMWCNT

u
ð15Þ

Continuity
@ðUÞ
@X

þ @ðVÞ
@Y

¼ 0 ð16Þ
Momentum in X direction : U
@U

@X
þ V

@U

@Y

¼ � @P

@X

þ qð Þbf
qð Þ 1� /ð Þ2:5 Pr

@2U

@X2
þ @2U

@Y2

� �

� qð Þbf
qð Þ 1� /ð Þ2:5

Pr

Da
U

ð17Þ

Momentum in Y direction : U
@V

@X
þ V

@V

@Y

¼ � @P

@Y

þ qð Þbf
qð Þ 1� /ð Þ2:5 Pr

@2V

@X2
þ @2V

@Y2

� �

þ qbð Þ
qbbf

RaPrh

� qð Þbf
qð Þ 1� /ð Þ2:5

Pr

Da
V

� qð Þbf
qð Þ 1� /ð Þ2:5 Ha2PrV

ð18Þ

Energy : U
@h
@X

þ V
@h
@Y

¼ a
abf

@2h

@X2
þ @2h

@Y2

� �� �
ð19Þ
3.2. Boundary conditions

The flow pattern through the considered enclosure was repre-
sented using streamlines that were predicted using the mathe-
matical model:

@2w

@X2
þ @2w

@Y2
¼ @U

@Y
� @V

@X

The boundary conditions explored in this research are as
follows:

Circular cylinder walls:

h ¼ 0;U ¼ 0;V ¼ 0

Around the Koch snowflake perimeter:

h ¼ 1;U ¼ 0;V ¼ 0

Nu loc and Nu avg near the elliptical hot surface are calcu-

lated by the equations:
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Nuloc ¼ � keff
kfl

@hpo
@Y

o
Y¼0

ð20Þ

Nuavg ¼
Z1

0

NulocdX ð21Þ

Finally, FEM was used to address the aforementioned gov-

erning equations and boundary conditions. We used the Galer-
kin weighted residual approach to convert the governing
equations into a set of integral mathematical equations.

4. Validation and mesh evaluation

Numerous grids are checked to arrive at the grid independence

conclusions. As demonstrated in Table 2, this modeling may be
carried out using a grid size of 40060. To ensure the numerical
approach used and the approved code is accurate, the flow

behavior (displayed by streamlines) and the thermal behavior
(displayed by isotherms) are compared to previous numerical
results of Sheikholeslami et al. [52] and presented in Fig. 2.

The findings shown in Fig. 2 in terms of streamlines and
isotherms demonstrate an adequate degree of accuracy. As a
consequence, our numerical model can produce reliable
results.

5. Results and discussion

In Fig. 3, the impact of increasing the Ra number on the con-

tours of streamlines, isotherms, and isotropic lines for
Da = 10-2, Ha = 0 and u = 0.04 and Ra numbers 103-106

is presented. The purpose of describing these contours is to

investigate the changes in buoyancy force in the cavity on
the performance of flow and heat transfer parameters. Increas-
ing the Ra number is possible by changing the temperature

between the hot and cold sources. By increasing this parame-
ter, the buoyancy force of the fluid, which is the main move-
ment of circulation, is strengthened. By creating a higher

intensity flow in the cavity, it will accelerate, and the tempera-
ture distribution will be more uniform in the parts between the
hot and cold source, and areas with lower heat transfer will be
created only in those parts of the cavity to which the flow does

not have direct access. In the surrounding parts, the hot barrier
is trapped between the angled sections due to the special struc-
ture of the flow barrier, and the temperature distribution in

these areas is not uniform and has a higher value. Also, in
these areas, due to the indirect movement of the fluid, the flow
dissipation is particularly significant at higher Ra numbers.

Therefore, the amount of irreversibility around the hot barrier
is significant. In high Ra numbers around the cold upper wall,
the amount of entropy generation is minimal due to the ampli-
Table 2 Nu avg and wj jmax for various grid resolutions.

grid resolutions 4226 6538

Nuavg 2.4844 2.5929

wj jmax 9.7529 9.7648
fication of the flow velocity and the adhesion of the flow to
these surfaces.

In the contours of Fig. 4, the Darcy number changes on the

streamlines, isotherms, and isotropic lines are given for
Ra = 105, Ha = 0, and u = 0.04. This study compared for
Da numbers Da = 10-5 to Da = 10-2. In these contours, the

flow performance and heat transfer of the studied geometry
are compared with the changes in the permeability of the flow
cross-section. As the Da number increases, the penetration of

the flow cross-section in the cavity increases, and the flow cir-
culates in the cavity with less dissipation due to the buoyancy
force. Therefore, the flow intensity is amplified at higher Da
numbers, and the mass flow rate is intensified at each cavity

section.
On the other hand, heat dissipation improves with increas-

ing Da number, and temperature gradients decrease. The cre-

ated irreversibility in the cavity is affected by the reduction of
the Da number due to the intensification of the hot areas and
the decrease of the fluid velocity in the lower Da numbers. By

amplifying the Da number, heat will be distributed more
evenly between the flow layers and cavity sections.

The contours of Fig. 5 show the effect of increasing the Ha

number on the streamlines, isotherms, and isotropic lines for
the values of Ra = 105, Da = 10-2, and u = 0.04. This study
compared Ha numbers Ha = 100 to Ha = 0. In these con-
tours, the studied geometry’s flow performance and heat trans-

fer are compared with changes in Lorentz force or Hartmann
number. Applying Lorentz force, if not in the flow direction,
causes the flow velocity to be depleted and fluid flow in the cav-

ity to be facilitated. Also, if the magnetic field application is
not in line with the gravitational force in the cold inner parts,
it will cause the fluid to flow slowly from the cold surfaces,

which will disturb the uniform temperature distribution.
Between the dimensional temperature distribution diagrams,
parts such as the surfaces on the hot barrier and the surround-

ing area will move slowly due to the Lorentz force between the
angled surfaces, and the flow rate depreciation is significant;
hence; the cavity temperature in these areas, especially the
parts around the source will be increased. Due to the lack of

uniform temperature distribution and velocity depreciation in
the parts around the hot source, the amount of generated
entropy has increased.

In the contours of Fig. 6, the position of hot barrier place-
ment on the streamlines, isotherms, and isotropic lines for the
values of Ra = 105, Da = 10-2, and u= 0.04 in the state with-

out applying a magnetic field is given. In these contours, the
flow and heat transfer performance of the studied geometry
is described and plotted with changes in the position of the
hot barrier. Placing a hot barrier in different parts of the cavity

disturbs the mass balance on both sides of the cavity, especially
for the barrier position in the left and right parts, where the
behavior is quite apparent. Among the studied cases, placing
16,422 40,060 47,880

2.8120 2.9443 2.9446

9.7772 9.7846 9.7857



Fig. 2 Streamlines and isotherm contours of the current study [right] and Sheikholeslami et al. [55] [left].
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a barrier in the lower part of the cavity can increase the length
of the vortex and strengthen the momentum of the circulating
fluid in the cavity, but it disrupts the uniform temperature dis-
tribution above the barrier. On the other hand, placing a bar-

rier on the left and right sides of the cavity also disturbs the
temperature balance in parts of the cavity where the fluid
velocity decreases. These areas are obstructed at the top and

are quite visible around the central regions of the cavity. Place-
ment of the barrier in the upper part of the cavity due to less
access of natural flow to the lower part of the barrier will cause

non-uniform distribution and increase irreversibility in these
areas.

In the diagrams of Fig. 7, the variations of the average Nus-
selt number with parameters such as hot barrier location, Ha

number, Da number, and nanoparticles concentration are
shown in Ra numbers 103 to 106. Fig. 7a presents the changes
in the average Nusselt number affected by different Lorentz

force values according to the gravitational acceleration for
the Ha number for the Da number 10--2. In these diagrams,
the increase in Lorentz force causes substantial changes in

the small values of the Nusselt number. In fact, due to the
direction of the magnetic force, the Lorentz force is in agree-
ment with the gravitational force. Therefore, in addition to

separating the hot flow in the lower part of the barrier, increas-
ing the Lorentz force strengthens the separation of the flow in
the upper part of the cold source. All of the above behaviors
will eventually reduce the Nusselt number by amplifying the

Ha number. At a Ra number less than 104, the behavior of
Fig. 7 a shows that the natural convection is slow and the heat
transfer phenomena are similar to conduction, and increasing
the Ha number will not improve heat transfer. With increasing
Ra number, due to the importance of flow circulation in the

cavity, the application of Lorentz force with different intensi-
ties becomes essential. Applying a Lorentz force with a higher
Ha number at high Ra numbers reduces heat transfer due to

junction balance and flow separation on hot and cold surfaces.
The changes in the average Nusselt number versus concentra-
tions are plotted in Fig. 7b. This investigation is performed for

the state without applying a magnetic field for Da = 10-2. The
presence of solid nanoparticles in memory due to improved
thermal conductivity can increase heat transfer.

On the other hand, adding solid nanoparticles to the base

liquid can grow the viscosity and cooling fluid compared to
the base liquid. In the studied geometry in some parts of the
cavity, increasing the above properties in a higher volume frac-

tion can significantly improve the Nusselt number. On the
other hand, the above behavior has the opposite behavior
for different surfaces, especially surfaces that are not in the

direction of direct and strong circulation of liquid. In general,
the presence of solid nanoparticles in the diagrams of Fig. 7b
has had a limited impact on the growth of the Nusselt number,

and this is the case for almost all Ra numbers. The effect of the
average Nusselt number behavior with the Da number changes
is plotted in the diagrams in Fig. 7c. This investigation was
performed for Ha = 50. As the Da number rises, the perme-

ability of the moving surface grows. Reducing the permeability



Fig. 3 Ra number influence on streamlines and isotherms for Da = 10-2, Ha = 0.
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Fig. 4 Da number influence on streamlines and isotherms for Ra = 105, Ha = 0, and u = 0.04.
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of the flow cross-section obstructs the fluid circulation path
and depletes the fluid movement.

The predominant mechanism of fluid motion in the cham-
ber is with the help of thermosyphon force. The creatures cre-
ated density change between the hot and cold areas of the
cavity, causing the formation of this mechanism. Blockage of

the flow by reducing the Da number will weaken the heat
transfer rate. This behavior in the diagrams of Fig. 7c has



Fig. 5 Ha number influence on streamlines and isotherms for Ra = 105, Da = 10-2.
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reduced the Nusselt number. As the permeability decreases,
although the Ra number also grows, the Nusselt number

decreases due to the weakening and depreciation of the fluid
motion components. The changes in Nusselt number behavior
by displacing the hot barrier in the cavity for 5 different cases
are plotted in the diagrams in Fig. 7d. The position of the hot

barrier can strengthen the fluid circulation and prevent the
fluid from moving, or it can have the opposite behavior. Plac-



Fig. 6 Koch snowflake’s position influence on streamlines and isotherms for Ra = 105, Da = 10-2, Ha = 0.
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Fig. 7 Nu avg for different parameters.
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ing a hot barrier in any area can enhance the vortex with high
or low intensity. The variation of the Nusselt number versus
the position of the hot barrier in the cavity is limited to Ra

numbers less than 104. The location of the barrier for both
sides of the cavity is the same due to the same boundary con-
ditions and only the change of flow direction. The worst-case

scenario for a hot barrier is to install it at the top of the cavity,
as a higher-intensity liquid circulation path is not provided,
and the distance between the hot and cold source is reduced.

Therefore, a hot barrier above the cavity is not recommended
for Ra > 104. The best way to install a heat barrier is at the
bottom of the cavity. The cause is due to the increase of the
path without hot and cold sources and the strengthening of

the intensity of liquid circulation from the place of contact
with the hot source to reach the upper of the cavity and the
cold source. Placing a hot barrier in Ra numbers less than

105 will create the lowest heat transfer rate among the studied
conditions. Therefore, it is recommended to use this mode for
Ra > 105.
The variations of the Bejan number in the diagrams of
Fig. 8 are plotted at Ra = 103 to 106 with increasing Ha num-
ber, Da number, the volumetric fraction of nanoparticles, and

hot barrier location. The values of the Bejan number due to the
application of different Ha numbers for the Da = 10-2 are
plotted in Fig. 7a. In these diagrams, the Lorentz force changes

have caused dramatic changes in the Bejan number. The range
of changes in these diagrams indicates that at low Ra numbers,
the Bejan number tends to be 1, indicating a significant

increase in temperature gradients in the cavity and the expan-
sion of the thermal boundary layer at low fluid velocities. At
low velocities of the fluid, due to the reduction of velocity
and motion components in the porous medium, the growth

of temperature gradients is a direct result of the increase in
thermal conductivity of the moving surface caused by (the
fluid–solid cross-sectional combination). For this purpose, a

high-conductivity environment is created in which heat pene-
tration increases. Increasing the temperature in the flow sec-
tion reduces the temperature difference between the fluid



Fig. 8 Bejan number for different parameters.
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layers, which will enhance the irreversibility due to the heat
transfer. By growing the Ray number and amplifying the flow
rate in the chamber, the heat transfer between the hot and cold

sources is accelerated. Increasing the Ra number reduces the
irreversibility due to lack of heat dissipation and the creation
of hot zones, and the behavior of Bejan number diagrams

tends to 0. Increasing the Ra number and improving fluid
motion, and better heat distribution will increase the friction
factor. Increasing the Ha number strengthens the irreversibility
and strengthens the Bejan number values. Increasing the Ha

number at low Ra numbers will increase fluid stagnation and
the temperature gradient.

At higher Ra numbers, high-intensity Lorentz aerosols dis-

rupt fluid movement and increase the friction factor. At Ra
number 103, due to the low velocity of the fluid, increasing
the Ra number will have an effect on the Bejan number

changes, and its value depends only on the growth of temper-
ature gradients and is approximately constant. In Ra number
106, due to the fluid motion intensification due to the buoyancy
force growth, the Bijan number changes are not dependent on
the Lorentz force and its intensity, and the Bijan number is a

constant value. The behavior of Bejan number values affected
by the addition of a volumetric fraction of nanoparticles is
plotted in the diagrams in Fig. 7b. This test is plotted for the

state without applying a magnetic field for Da = 10-2. Added
solid nanoparticles to improve heat transfer can increase vis-
cosity and density. Increased viscosity affects the behavior of
the friction factor and increases the irreversibility due to the

friction.
On the other hand, improving thermal conductivity elimi-

nates temperature gradients and reduces irreversibility due to

non-uniform temperature distribution. Increasing nanoparticle
volume fraction will have a limited effect on Bejan number
changes. The presence of nanoparticles can neutralize changes

in the Bejan number at different volume fractions, and the
trend of the graphs is almost constant. The effectiveness of
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Bejan number behavior with the changes in the penetration of
the flow cross-section in the cavity (Da number) is plotted in
the diagrams in Fig. 7c. This test was performed for

Ha = 50. The presence of a porous medium in a cavity with
different penetration can strongly affect the movement of the
fluid, and there are significant changes in the depreciation of

the flow velocity. Decreasing the Da number is associated with
reducing the flow’s cross-sectional area and obstructing the
fluid’s movement. As the Da number decreases, the permeabil-

ity decreases, and changes in temperature gradients and gradi-
ents increase.

On the other hand, by decreasing the Da number, the
porosity level in the cavity increases, and the heat penetration

also increases. Changes in the Bejan number by moving the hot
barrier in the cavity for five different cases are plotted in the
diagrams in Fig. 7d. The presence of a hot barrier in the cavity

due to disruption of the natural circulation of the fluid can
cause limited changes in the Bejan number. On the other hand,
because the upper, lower, left, and right areas of the thermal

barrier are also involved in the formation of the circulatory
system, most variations of the Bejan number were reported
for Ra 104 and 105. In summary, Da number reduction com-

pared to the Ha number growth, the volume fraction, and
changes in cavity position can intensify the growth of temper-
ature gradients and the resulting irreversibility.

6. Conclusion

The present work examined the natural and laminar motion of
Fe3O4-MWCNT/water hybrid nanofluid in a volumetric frac-

tion of 0–5 %. This study aimed to investigate the influence
of temporary changes in hot barrier location, application of
magnetic force, and an increase of Ra and Da numbers on nat-

ural convection of porous annulus cavity between the cylinder
and Koch snowflake. The findings of the present study can be
summarized in the following points:

� For a higher intensity flow in the chamber, the heat transfer
will be accelerated, and the temperature distribution will be

more uniform in the parts between hot and cold sources.
� Due to the shape of the barrier, the flow is trapped between
the angled sections, and the temperature distribution in
these areas is not uniform and has a higher value.

� The created irreversibility in the cavity, as shown by Bejan
number, is affected by the reduction of the Da number due
to the intensification of the hot areas and the decrease of the

fluid velocity.
� By increasing the Da number, heat will be distributed more
evenly between the flow layers and in the cavity sections.

� As expected, the presence of solid nanoparticles improves
thermal conductivity and hence improves heat transfer.

� At the highest Ra, increasing Ha from 0 to 100 decreased
Nuavg by 50 %.

� Placing the hot barrier at the bottom of the chamber results
in the highest Nuavg compared to other barrier positions.

� By increasing the Ra number and amplifying the flow rate

in the cavity, the heat transfer between the hot and cold
sources is accelerated.

� Increasing the Ra number reduces the irreversibility due to

lack of heat dissipation and the creation of hot zones, and
the Bejan number tends to 0.
� As the Da number decreases, the permeability decreases,

and changes in temperature gradients and gradients
increase.

� It was found that, at the highest, Ra, decreasing Da from

10-2 to 10-5 reduced Nuavg by 70 %.
� For the above reasons, the better the flow surface perme-
ability, the less obstruction the fluid moves, and the less
irreversible effects of its temperature gradients.
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[35] F.S. Oğlakkaya, C. Bozkaya, MHD natural convection in a

semi-annulus enclosure filled with water-based nanofluid using

DRBEM, Eng. Anal. Bound. Elem. 71 (Oct. 2016) 151–163,

https://doi.org/10.1016/j.enganabound.2016.07.013.

[36] H. Guan, S. Huang, J. Ding, F. Tian, Q. Xu, J. Zhao, Chemical

environment and magnetic moment effects on point defect

formations in CoCrNi-based concentrated solid-solution alloys,

Acta Mater. 187 (2020) 122–134, https://doi.org/10.1016/j.

actamat.2020.01.044.

[37] S.Y. Motlagh, E. Golab, A.N. Sadr, Two-phase modeling of the

free convection of nanofluid inside the inclined porous semi-

https://doi.org/10.1016/j.ijmachtools.2017.06.003
https://doi.org/10.22034/jsc.2022.155234
https://doi.org/10.1007/s40684-018-0035-4
https://doi.org/10.1007/s40684-018-0035-4
http://refhub.elsevier.com/S1110-0168(22)00630-5/h0065
http://refhub.elsevier.com/S1110-0168(22)00630-5/h0065
http://refhub.elsevier.com/S1110-0168(22)00630-5/h0065
http://refhub.elsevier.com/S1110-0168(22)00630-5/h0065
https://doi.org/10.30492/ijcce.2020.121326.4273
https://doi.org/10.30492/ijcce.2020.121326.4273
https://doi.org/10.30492/ijcce.2020.43346
https://doi.org/10.30492/ijcce.2020.43346
https://doi.org/10.1016/j.jclepro.2018.05.009
https://doi.org/10.1016/j.jclepro.2018.05.009
https://doi.org/10.1016/j.ijthermalsci.2020.106707
https://doi.org/10.1016/j.ijthermalsci.2020.106707
https://doi.org/10.1002/adem.202101680
https://doi.org/10.1016/j.cmpb.2019.105166
https://doi.org/10.1016/j.cmpb.2019.105166
https://doi.org/10.1016/j.cjche.2019.11.001
https://doi.org/10.1007/s11242-014-0375-7
https://doi.org/10.1016/j.apt.2017.10.021
https://doi.org/10.1016/j.icheatmasstransfer.2021.105413
https://doi.org/10.1016/j.icheatmasstransfer.2021.105413
https://doi.org/10.1016/j.icheatmasstransfer.2020.105024
https://doi.org/10.1016/j.icheatmasstransfer.2020.105024
https://doi.org/10.1007/s10973-021-11072-y
https://doi.org/10.1007/s10973-021-11072-y
https://doi.org/10.1016/j.asej.2014.09.003
https://doi.org/10.1016/j.icheatmasstransfer.2021.105397
https://doi.org/10.1016/j.icheatmasstransfer.2021.105397
https://doi.org/10.1016/j.ijthermalsci.2020.106309
https://doi.org/10.1016/j.ijthermalsci.2020.106309
https://doi.org/10.1016/j.icheatmasstransfer.2019.104367
https://doi.org/10.1016/j.icheatmasstransfer.2019.104367
https://doi.org/10.1016/j.euromechflu.2021.07.006
https://doi.org/10.1016/j.enganabound.2016.07.013
https://doi.org/10.1016/j.actamat.2020.01.044
https://doi.org/10.1016/j.actamat.2020.01.044


16 A. Mourad et al.
annulus enclosure, Int. J. Mech. Sci. 164 (August) (2019),

https://doi.org/10.1016/j.ijmecsci.2019.105183 105183.

[38] M. Hatami, J. Zhou, J. Geng, D. Jing, Variable magnetic field

(VMF) effect on the heat transfer of a half-annulus cavity filled

by Fe3O4-water nanofluid under constant heat flux, J. Magn.

Magn. Mater. 451 (2018) 173–182, https://doi.org/10.1016/j.

jmmm.2017.10.110.

[39] S. Munawar, N. Saleem, W.A. Khan, ‘‘Entropy generation

minimization E.G.M. analysis of free convective hybrid

nanofluid flow in a corrugated triangular annulus with a

central triangular heater,” Chinese, J. Phys. (2021), https://doi.

org/10.1016/j.cjph.2021.10.028.

[40] A. Miles, R. Bessaı̈h, Heat transfer and entropy generation

analysis of three-dimensional nanofluids flow in a cylindrical

annulus filled with porous media, Int. Commun. Heat Mass

Transf. 124 (2021), https://doi.org/10.1016/j.

icheatmasstransfer.2021.105240 105240.

[41] A.S. Dogonchi, Hashim, Heat transfer by natural convection of

Fe3O4-water nanofluid in an annulus between a wavy circular

cylinder and a rhombus, Int. J. Heat Mass Transf. 130 (2019)

320–332, https://doi.org/10.1016/j.

ijheatmasstransfer.2018.10.086.

[42] A. Bouzerzour, M. Djezzar, H.F. Oztop, T. Tayebi, N. Abu-

Hamdeh, Natural convection in nanofluid filled and partially

heated annulus: Effect of different arrangements of heaters,

Phys. A Stat. Mech. its Appl. 538 (2020), https://doi.org/

10.1016/j.physa.2019.122479 122479.

[43] M. Sheikholeslami, M. Gorji-Bandpy, D.D. Ganji, Numerical

investigation of MHD effects on Al2O3-water nanofluid flow

and heat transfer in a semi-annulus enclosure using LBM,

Energy 60 (2013) 501–510, https://doi.org/10.1016/j.

energy.2013.07.070.

[44] F. Berrahil, A. Filali, C. Abid, S. Benissaad, R. Bessaih, O.

Matar, Numerical investigation on natural convection of

Al2O3/water nanofluid with variable properties in an annular

enclosure under magnetic field, Int. Commun. Heat Mass

Transf. vol. 126, no. July (2021), https://doi.org/10.1016/j.

icheatmasstransfer.2021.105408 105408.

[45] E. D. Aboud et al., ‘‘MHD effect on mixed convection of

annulus circular enclosure filled with Non-Newtonian

nanofluid,” Heliyon, vol. 6, no. 4, 2020, doi: 10.1016/j.

heliyon.2020.e03773.

[46] T. Tayebi, A. Sattar Dogonchi, N. Karimi, H. Ge-JiLe, A.J.

Chamkha, Y. Elmasry, Thermo-economic and entropy
generation analyses of magnetic natural convective flow in a

nanofluid-filled annular enclosure fitted with fins, Sustain.

Energy Technol. Assessments 46 (May) (2021), https://doi.org/

10.1016/j.seta.2021.101274 101274.

[47] A. Shahsavar, M. Jafari, I.B. Askari, F. Selimefendigil, Thermo-

hydraulic performance and entropy generation of biologically

synthesized silver/water-ethylene glycol nano-fluid flow inside a

rifled tube using two-phase mixture model, Energy Sources, Part

A: Recovery, Utilization, and Environmental Effects (2020),

https://doi.org/10.1080/15567036.2020.1850932.

[48] L. Durlofsky, J.F. Brady, Analysis of the Brinkman equation as

a model for flow in porous media, Phys. Fluids 30 (11) (1987)

3329, https://doi.org/10.1063/1.866465.

[49] ARABAN, Hadi Pourziaei, ALINEJAD, Javad, et PEIRAVI,

Mohammad Mohsen. Entropy generation and hybrid fluid-

solid-fluid heat transfer in 3D multi-floors enclosure.

International Journal of Exergy, 2022, vol. 37, no 3, p. 337-357.

[50] SEADAWY, Aly R., KUMAR, Dipankar, et

CHAKRABARTY, Anuz Kumar. Dispersive optical soliton

solutions for the hyperbolic and cubic-quintic nonlinear

Schrödinger equations via the extended sinh-Gordon equation

expansion method. The European Physical Journal Plus, 2018,

vol. 133, no 5, p. 182.

[51] YOUNAS, U., YOUNIS, M., SEADAWY, Aly R., et al.

Diverse exact solutions for modified nonlinear Schrödinger

equation with conformable fractional derivative. Results in

Physics, 2021, vol. 20, p. 103766.

[52] BENDRER, B. A. I., ABDERRAHMANE, Aissa, AHMED,

Sameh E., et al. 3D magnetic buoyancy-driven flow of hybrid

nanofluids confined wavy cubic enclosures including multi-

layers and heated obstacle. International Communications in

Heat and Mass Transfer, 2021, vol. 126, p. 105431.

[53] Wasim Jamshed, Mohamed R. Eid, Syed M. Hussain, et al.,

Physical specifications of MHD mixed convective of Ostwald-de

Waele nanofluids in a vented-cavity with inner elliptic cylinder,

Int. Commun. Heat Mass Transfer 134 (2022) p. 106038.

[54] Wael Al-Kouz, Abderrahmane Aissa, Aimad Koulali, et al.,

MHD darcy-forchheimer nanofluid flow and entropy

optimization in an odd-shaped enclosure filled with a

(MWCNT-Fe3O4/water) using galerkin finite element analysis,

Sci. Reports 11(1) (2021) 1–15.

[55] M. Sheikholeslami, CuO-water nanofluid free convection in a

porous cavity considering Darcy law, Eur. Phys. J. Plus 132 (1)

(Jan. 2017) 55, https://doi.org/10.1140/epjp/i2017-11330-3.

https://doi.org/10.1016/j.ijmecsci.2019.105183
https://doi.org/10.1016/j.jmmm.2017.10.110
https://doi.org/10.1016/j.jmmm.2017.10.110
https://doi.org/10.1016/j.cjph.2021.10.028
https://doi.org/10.1016/j.cjph.2021.10.028
https://doi.org/10.1016/j.icheatmasstransfer.2021.105240
https://doi.org/10.1016/j.icheatmasstransfer.2021.105240
https://doi.org/10.1016/j.ijheatmasstransfer.2018.10.086
https://doi.org/10.1016/j.ijheatmasstransfer.2018.10.086
https://doi.org/10.1016/j.physa.2019.122479
https://doi.org/10.1016/j.physa.2019.122479
https://doi.org/10.1016/j.energy.2013.07.070
https://doi.org/10.1016/j.energy.2013.07.070
https://doi.org/10.1016/j.icheatmasstransfer.2021.105408
https://doi.org/10.1016/j.icheatmasstransfer.2021.105408
https://doi.org/10.1016/j.seta.2021.101274
https://doi.org/10.1016/j.seta.2021.101274
https://doi.org/10.1080/15567036.2020.1850932
https://doi.org/10.1063/1.866465
https://doi.org/10.1140/epjp/i2017-11330-3

	MHD natural convection of Fe3O4- MWCNT/Water hybrid nanofluid filled in a porous annulus between a circular cylinder and Koch snowflake3O4- MWCNT/Water hybrid nanofluid filled --
	1 Introduction
	2 Physical model description
	3 Governing equations and boundary conditions
	3.1 Governing equations
	3.2 Boundary conditions

	4 Validation and mesh evaluation
	5 Results and discussion
	6 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	References


