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Abstract

Natural convection and radiation heat transfer of alumina (Al,O3)-water nanofluid are assessed in an enclosure under a
magnetic field in different angles. The enclosure is a cavity at an angle of 45° with respect to the horizon, and a circular
quadrant fin with the temperature T}, is placed at the bottom corner of the cavity. The right wall is considered at the
temperature 7., and the rest of the walls are defined as adiabatic. The governing equations of flow are solved using
algebraic finite volume method and the SIMPLE algorithm. In this work, the entropy generation is also evaluated other than
heat transfer. The parameters in the present work include Rayleigh and Hartmann numbers, radiation parameter, magnetic
field angle, nanoparticles volume fraction and aspect ratio. The results indicate higher Nusselt number and entropy
generation and a lower Bejan number for a higher Rayleigh number and a lower Hartmann number. Addition of 6% of the
nanoparticles causes an increase of 10% in the heat transfer rate and 11% in the entropy generation in the absence of
radiation. The addition of the radiation mechanism to the enclosure leads to an increase in the heat transfer rate and entropy
generation. It is also demonstrated that the vertical magnetic field is more intense than the horizontal magnetic field in the
enclosure. With an increase in the fin aspect ratio from 0.3 to 0.7, the rate of heat transfer and entropy generation increases
by 36 and 27%, respectively.
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List of symbols Be Bejan number

AR Aspect ratio Cp Specific heat transfer coefficient (J kg~' K™")

By Magnetic field strength G Gravity (m s 2)
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h Convection heat transfer coefficient (W m~> K™ ')

Hartmann number (Ha = Byl "{))
PiVs

k Thermal conductivity (W m! K_l)
l Enclosure length (m)

L Non-dimensional enclosure length
Nu Nusselt number

Nuy  Local Nusselt number

Nuyy  Average Nusselt number

p Pressure (Pa)

P Non-dimensional pressure (P?/p,co?)
Pr Prandtl number (¢ /o)

r Radius of fin (m)

Non-dimensional radius of fin

Rd Radiation parameter (Rd _ 402 )

kePr
Ra Rayleigh number (gf:*(Ty, — T.)/osVs)
Storar  Total entropy generation
T Temperature (K)
Velocity components (m s~ ')

u, v
U,V Velocity component (U = ul/og, V = vi/oy)
X,y Cartesian coordinates in different directions (m)
X, Y Coordinates (X =x/1,Y = y/I)

Greek symbols

S Expansion coefficient (1 K™

«  Fluid thermal diffusivity (m* s™')
¢ Volume fraction

{  Trreversibility distribution ratio

<§ — tuTo ( o )2>
k¢ L(Tthc)

o  Angle of magnetic field (°)

0  Temperature

i Dynamic viscosity (W m~' K1)
¥  Kinematic viscosity (m?s™h)
p  Density (kg m™>)

¢  Electrical conductivity (Q m)
y  Cavity angle (°)

Y Stream function (m* s~

Y Dimensionless stream function
Subscripts

¢ Cold

h  Hot

f Pure fluid

nf Nanofluid
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Introduction

The closed enclosures are used in a variety of industries
such as solar collectors, aerospace industries and petro-
chemicals. Natural convection is heat transfer mechanism
in closed enclosures. Many researchers have already
investigated convective heat transfer in the enclosures or
tube due to high their application in industries [1-8].
Hence, the researchers attempt to enhance heat transfer in
the cavities. Two suitable techniques that increase the heat
transfer rate include the use of nanofluids and fins.
Nanofluids have higher thermal conductivity than simple
fluids lead to an increase in heat transfer [8—14]. The fins
increase the heat transfer due to the enhancement of the
heat exchange surface area [14-20]. Some researchers
examined the heat transfer by adding nanofluid and fin to
the enclosure simultaneously, e.g., Hashim et al. [21],
Sheremet and Pop [22], Khanafer et al. [23] and
Pordanjani et al. [24].

In most of the work, fins are rectangular and other
geometries have been used rarely. Selimefendigil [25] used
various parts of a circle as a fin to study the heat transfer
rate in a trapezoid cavity. They used silicon oxide/water
nanofluid and found that up to 16% enhancement in heat
transfer is obtained by changing the fin geometry.

The enclosures are placed under the magnetic field in
some applications in industries. The magnetic field is
produced using an electric current located next to the
enclosures. Therefore, studying the effect of magnetic field
on natural convection heat transfer in the enclosures is
necessary. Many researchers studied this problem [26-32].
The results of most papers show that increasing the mag-
netic field strength can reduce the heat transfer in the
enclosures. Mehryan et al. [33] studied natural convection
of iron oxide/water nanofluid in a closed cavity under a
magnetic field. Pordanjani et al. [34] investigated natural
convection of a nanofluid in a closed cavity under a mag-
netic field. They placed two squares fins inside the enclo-
sure and examined their effect on the heat transfer rate.
They presented that the heat transfer rate decreases with the
Hartmann number.

Regarding the high energy consumption in human
societies and the ending of fossil fuels, researchers have
considered the efficiency of various devices. They used the
second law of thermodynamics to examine the efficiency of
various devices. They have tried to increase their efficiency
by evaluating the entropy in engineering equipment.
Entropy represents the degree of irreversibility in a process,
and the entropy generation in various devices means an
increase in energy losses that is undesirable [35, 36]. The
researchers investigated the efficiency of enclosures by
considering the entropy generation [27, 29, 37-40].
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Pordanjani et al. [41] studied natural convection of alu-
mina/water nanofluid in a closed cavity under a magnetic
field under the boundary conditions of adiabatic upper and
lower walls and a cold right wall. They applied different
temperature profiles on the left wall to study heat transfer,
entropy generation and Bejan number. They found that the
entropy generation and the heat transfer rate increase with
Ra and decrease with Ha. Radiation heat transfer is a
mechanism of heat transfer that has many applications in
heating industries, especially in solar collectors. This type
of heat transfer has been less considered by the researchers.
However, some researchers have investigated the radiation
effect in the enclosures [42-49]. Tighchi et al. [50]
investigated natural convection and radiation in a closed
cavity. They put a thin fin on the left wall and examined the
impact of the fin. Sobhani et al. [51] studied natural con-
vection and radiation heat transfer in a square enclosure
with a fined hot wall. The cavity had up and bottom
insulated walls, right hot wall and left cold one. They
studied the effect of fin and optimized it. Sheikholeslami
and Seyednezhad [52] investigated natural convection and
radiation heat transfer of ethylene glycol/iron oxide nano-
fluid in a closed enclosure and found that heat transfer
increases by increasing the radiation parameter.

Natural convection and radiation have many applica-
tions in solar industries, such as solar collectors, water
desalination, fruit dryers and water heaters. Also, since
some of these devices are exposed to the magnetic field, the
study of the magnetic field on the heat transfer rate is also
necessary. The study of entropy generation is one of the
suitable strategies to evaluate the efficiency of the system.
In the present work, natural convection and entropy gen-
eration of alumina/water nanofluid in a square cavity under
an angled magnetic field with volumetric radiation are
investigated. There is a hot circular quadrant fin in the
lower area of the left wall, which is the main objective of
the present work. Since the simulation of this type of the
geometries is difficult, the circular geometry is less con-
sidered. The effect of all the above-mentioned parameters
and circular quadrant fin on the heat transfer and entropy
generation is the unique contribution of the present work.
In this paper, the effect of Rayleigh numbers, Hartmann
number, radiation parameter, magnetic field angle and
aspect ratio on heat transfer rate, entropy generation and
Bejan number is investigated and the results are expressed
in different diagrams and tables.

Fig. 1 A schematic of the problem under investigation

Problem setup

The studied geometry including an inclined two-dimen-
sional cavity with alumina/water nanofluid is displayed in
Fig. 1. The up, bottom and left walls are insulated. The
right wall is at temperature 7. A quarter circular fin with
temperature Ty, is placed at the bottom of the left wall. The
enclosure has an angle of y =45° with respect to the
horizon. A magnetic field of B, and angle of w is applied to
the enclosure. The length and height of the cavity are equal
to L, and a buoyancy force is formed due to the temperature
difference. The buoyancy force is estimated by Boussinesq
approximation.

Mathematical model

The non-dimensional governing equations for the fluid flow
are as follows. These equations are written using the
assumption of a steady and laminar flow and Newtonian
and incompressible fluid. Also, volumetric forces are
neglected except the gravitational and magnetic forces. The
viscous dissipation is also ignored [34, 53]:

dU oV
1 =0 !
dx + oY ( )
P ? ’
U@_U + Va—U _ _6_ Hng a_U a_U
X TN X pyy \OX2 T OF2
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The following parameters are used to non-dimension-
alize the governing equations and the boundary conditions
where the definitions of Rayleigh, Hartman, Bejan and
Prandtl numbers, radiation parameter and entropy genera-
tion are expressed.

X y ul vl PP’
X=5, Y=, U=—, V=—, P=—0,
l l o o Pufs
0— T—T. L—l R_r
Tw—T.' U
9 Seen B(T, —T,
Pr=-1, Be="_£nT Ra = SHE (T =T
o STotal oy
40.T?
Ha = Bol, |2 Rd =2
PVt ke Pr

-= “nI;TO <L(Thoci Tc)>2
(6)

By considering radiation heat transfer, the following
term is added to the energy equation:

_ 1 9 (7)
pCp Oy
There are various methods to solve the above equation.
One of these methods is the Russland method. In this
method, the following equation is used instead of the value
expressed in Eq. (7):

4 g, OT*

= ———— T*=4T7T - 3T} 8
q 3ﬁR ay’ C C ( )
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Table 1 Non-dimensional governing boundary conditions

Left wall 0<y<l1 U=V=0 @0
X=0

Right wall 0<yY<l1 U=V=0 0=0
X=1

Up wall 0<x<1 U=V=0 w_g
Y=1 ’

Bottom wall 0<Xx<1 U=V=0 g—g:o
Y=0

Fin X2 4+ Y2 =R? U=vV=0 0=1

Non-dimensional boundary conditions are presented as
follows in Table 1.

The properties of nanofluid including o, p, f, ¢, and o
are calculated as:

ont = (1 — @)or + @ay 9)

Pt = (1 — @) p; + @py (10)

(PB)ns = (1 = @)(pP); + @(pB), (11)

(o) = (1= @) (pep) + 0 (pep), (12)
knf

O = 13

' (pcp)nf ()

Most of the numerical correlations for thermal conduc-
tivity and viscosity of nanofluid depend only on the volume
fraction and do not depend on the temperature. However,
since they depend on both the temperature and nanoparti-
cles volume fraction, the Vajjha model [54] is used in the
present work, which also considers the influence of
Brownian diffusion. Brownian motion is one of the domi-
nant physical phenomena on nanofluids, and the simula-
tions lead to errors if this motion is not considered.

According to Vajjha model [54], the thermal conduc-
tivity coefficient involves thermal conductivity of station-
ary and Brownian motion, where kgp. is obtained from
Maxwell relation [55]. The nanofluid thermal conductivity
is determined as:

knf = kStalic + kBrownian
ko + 2k — 2(ks — k)

= ki +5
ks + 2ki + (ki — k)
. kT
x 10°Bop;(Cp); p—df(T’(p) (14)
s“s

Note that the subscripts f and s refer to water and Al,O3,
respectively, and the properties are presented in Table 2.

There are static and Brownian values for the viscosity
that the term pg,;. is derived from the Brinkman rela-
tionship [56]. Finally, the viscosity relation is written as
Eq. 15:
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Table 2 Thermophysical

3 -1 -1

—1 -1 —1 -1 - . -1

properties of ALOs and water Cp/J kg K KW m™ K plkg m wkgm s a/Q m ds/nm

[54] Water 4179 0.613 997.1 0.001 0.05 -
ALO; 765 40 3970 - 10712 47

Hnf = Hstatic + HBrownian

He 4 He kT
=———=+5x10 Cple—r T
(1- @)2.5 Bopi(Cp); kePr ppdsf( ®)
(15)

where [56]:

T
f(To) = (2.8217 x 1072 +3.917 x 107%) (T)

0
+ (=3.0669 x 1072 —3.91123 x 107%)  (16)

B = 8.4407(100¢) 073 (17)

By integrating the total solution range, St and aver-
age Bejan number are obtained:

1
STotal :/Sgend-Q:// SgendXdY (18)
0

1
Bave = / / BedXdY (19)

0

Nuy is used to determine the heat transfer on the cold wall
calculated as:

hL
Nuy = k_ + Nugrg (20)
f

where h is defined as:

do
= 21
T T (21)

The heat flux is also expressed by Eq. (22):

a0 =tir (55 22)

Considering the presence of radiation in the enclosure,
Nuy is ultimately calculated as:

kot (00N 4 00\ ku (. 4 k)00

SR (e I (e I (R i B
N = = (ax)+3 d(ax) kf< "3 dknf) X
(23)

Nuyy is obtained by integrating above equation over the
cavity cold wall as:

1 [E Ly [*/00
NMM = = Nu(x:O,l)dY = — = = dY
L Jy 0X/ (x=o,1)

Lkt Jo
(24)

Numerical method

Equations 1-5 and boundary conditions presented in
Table 1 are solved using FVM. The domain is discretized
using SIMPLE algorithm by a staggered grid which causes
a more simple calculating flow on the control volume and
also pressure calculation due to the known velocity of the
surfaces. The full details are given in Ref. [57]. Finally, the
code is implemented using FORTRAN software with the
convergence criteria given as:

¥y

To solve the equations, a 16 GB DDR4 RAM with a
CPU 3.6 was used. Due to the fineness of the mesh, the
approximate time of each hip lasts 40 min. In fact, the
mesh selection was based on the evaluation of the grid
independency. However, the running time of the code was
dependent on cases such as the activation of radiation heat
transfer, Rayleigh and Hartmann number. Regarding
Fig. 2, uniform gridding for enclosure was also used. In
order to create the domain of the simulated model, as
shown in Fig. 2, a square box was considered. Circum-
ference quadrant block is assumed to be zigzag. Cells that
are outside the range of the quadric circle have been
disabled.

(pn+1 _ qDn
¢

n+1

<1078 (25)

Validation

For the code validation, the present results are compared
with four numerical and experimental studies. First, the
experimental results of Krane and Jessee [58] are consid-
ered. They investigated air flow in a cavity. The vertical
velocity profile is plotted in Fig. 3 showing the very good
agreement of the present results with the experimental
ones.

The second comparison is performed  with
Ghasemi et al. [59]. The enclosure is under the magnetic
field. In Table 3, Nuy; is compared for Ra = 10° and
Ha = 60 showing a good agreement.

The third comparison is done using the results of
Alnagqi et al. [42]. The results are presented in Table 4 for
three different radiation parameters showing a good
agreement.

@ Springer
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Fig. 2 The spatial discretization of the computational domain of the
square box

031 ~®

@ Krane and Jessee
Present work
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~0.11

—0.2 1

-0.3 1
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x/1

Fig. 3 The profile of vertical velocity component: comparison
between the present results and those of Krane and Jessee [58]

Table 3 Comparison between the Nuy; from the present simulations
and the one reported by Ghasemi et al. [59] for different volume
fractions of nanoparticles

@ 0.0 0.02 0.04 0.06
Present work 1.927 1.915 1.907 1.809
Ghasemi et al. [59] 1.851 1.831 1.815 1.806
Error/% 4.1 4.5 5.0 0.1

Table 4 Entropy generation for different radiation parameters: a
comparison between the present results and the results of Alnaqi et al.
[42]

Rd=0 Rd=1 Rd=2
STolal
Alnagqi et al. [42] 74.02 79.53 82.30
Present work 76.20 80.30 83.60
% (SToml_ST;;A‘IK;‘;\Ilnaqi:lal (2 100)
Error (%) 3% 1% 0.3%

Grid resolution test
For the grid independency assessment, the mean Nusselt

number and entropy generation are calculated for Ha = 20,
¢ =003, Y=06, AR=0.5, Rd=1, ® =45° and Ra =

@ Springer

10° for different grid resolutions (Table 5). It can be seen
that the grid resolution of 120 x 120 is enough for present
simulations and further increase does not change the
results.

Results and discussion
Variations of radiation parameter

Figure 4 illustrates the stream, isothermal and isentropic
lines for Ra = 10°,Ha =20, =0,¢ = 0.03,AR = 0.5
for different radiation parameters. A clockwise vortex is
generated in the cavity due to the buoyancy effect. The
fluid is cooled in the vicinity of the cold wall, resulting in a
reduction in its molecular momentum, and as a result, its
molecules become closer together. Hence, the fluid density
increases in this area. The heavy fluid moves down and
replaced by low-density fluid. The same phenomenon
happens close to the fin: the fluid is heated in the vicinity of
the fin leads to a reduction in its density. The heated fluid
moves upward. With the continuation of these movements
of the fluid mass, a vortex is formed in the cavity results in
replacing the hot and cold fluids. This difference in density
creates a force called the buoyancy force. The higher the
density difference, the larger the buoyancy force results in
a faster movement of the vortex in the enclosure. By
enhancing Rd, the maximum amount of the stream function
increases. This value indicates the strength of the vortex.
Larger stream function causes the vortex circulates faster in
the cavity. When the radiation is considered in the enclo-
sure, another heat transfer mechanism is added into the
cavity leads to a higher heat transfer between the constant
temperature walls and the fluid. This means that the fluid is
hotter near the hot fin and colder near the cold wall.
Therefore, the density changes also increase. For a higher
radiation parameter, the curvature of the isothermal lines is
slightly increased. The main heat transfer mechanism can
be realized from the curvature of the isothermal lines.
Regular lines with low curvature mean conduction heat
transfer, and irregular lines with large curvature exhibit
convection. Enhancing the curvature of isothermal lines
means a higher heat transfer due to an increase in the
vortex velocity by increasing Rd. For a higher vortex
velocity, natural convection increases while conduction is
weakened. Since the increase in natural convection leads to
higher heat transfer rate, the addition of radiation to the
enclosure can also increase the rate of heat transfer. The
density of isentropic lines slightly rises. Sto includes the
thermal entropy generation depending on the temperature
gradient, entropy generation due to viscous dissipation
depending on the velocity gradient and also due to the



Simulating natural convection and entropy generation of a nanofluid in an inclined enclosure...

3809

Table 5 Grid resolution test

Grid 60 x 60 80 x 80 100 x 100 120 x 120 140 x 140 160 x 160
Nitaye 4.109 4.146 4.193 4.199 4.198 4.198
YErtNugye 2.1 1.2 0.1 0 0 0

| max| 10.643 10.897 11.001 11.139 11.139 11.138
RoBrt| P max| 4.4 2.1 1.2 0 0 0

STotal 6.137 6.356 6.401 6.417 6.417 6.416
YErtStotal 43 0.9 0.2 0 0 0

Fig. 4 Streamlines, isotherms and isentropic lines for Ra = 10°, Ha =20, w =0, ¢ = 0.03, AR = 0.5 and different Rd

magnetic field depending on the difference in velocities in
the horizontal and vertical directions. An increase in the
radiation parameter leads to an increase in the fluid
velocity of the enclosure results in an increase in the
velocity gradient and entropy generation. This also results
in the enhancement of St., Which is concluded from the
relative increase in the density of isentropic lines.

Nuy calculated on the cavity cold wall is displayed in
Fig. 5 for Ra = 10°,Ha = 20,0 = 0, ¢ = 0.03, AR = 0.5
and various radiation parameters. The local rate of heat
transfer enhances the radiation in the enclosure. For a
constant Rd, the heat transfer rate increases from the

bottom to the upper parts of the hot wall based on the
direction of the vortex. The hot fluid collides with the cold
wall in its upper part for the first time. Therefore, the
temperature gradient is high in this region, which causes a
higher rate of heat transfer. By the fluid movement across
the cold wall and losing its temperature, the temperature
gradient also reduces. Hence, the temperature gradient
decreases sharply in the lower parts of the wall and the
amount of heat transfer is also negligible. Adding radiation
to the enclosure enhance the rate of heat transfer. For a
higher the rate of radiation heat transfer, the Nusselt
number increases.

@ Springer
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In Table 6, the variations of Nuy; calculated on the cold
wall and Sto are displayed for Ra = 105,Ha =20,0 =
0.03, AR = 0.5 for different nanoparticles volume fractions
and two radiation parameters. Nuy; increases with a higher
nanoparticles volume fraction. Thermal conductivity
enhances for a higher nanoparticles volume fraction. So,
higher heat transfer occurs between the fluid and the con-
stant temperature walls. For a higher nanoparticles volume
fraction, the thermal conductivity and the heat transfer rate
enhance. Entropy generation is related to the nanoparticles
volume fraction, and thermal conductivity increases with
the volume fraction. Thermal conductivity coefficient of
the nanofluid is effective in thermal entropy which
increases with the thermal conductivity coefficient. In
addition, an increase in the thermal conductivity causes
higher heat transfer between the fluid and constant tem-
perature walls leads to an increase in the density gradient in
the enclosure. Consequently, the buoyancy force and the
vortex velocity enhance in the enclosure, which ultimately
leads to velocity gradient. Entropy generation due to vis-
cous dissipation increases by increasing the velocity gra-
dient. The Nusselt number also rises significantly by
increasing the radiation parameter. This increase is due to
the addition of another heat transfer mechanism to the
cavity, which increases the heat transfer rate. An increase
in the radiation parameter leads to an increase in entropy
generation, but the increase is very low compared to the
Nusselt number. The vortex velocity boosts for a higher Rd
leads to the enhancement of velocity gradient, and viscous
dissipation entropy generation results in a higher Stota.

Variations of magnetic field angle

Figure 6 shows the streamlines, isotherms and isentropic
lines for Ra = 103, Ha = 20,Rd = 1, ¢ = 0.03,AR = 0.5

Fig. 5 Cold wall Nuy for
0.03, AR = 0.5 and different Rd

Ra=10°,Ha =20,0 =0, =

@ Springer

Table 6 Variations of cold wall Nuy and St for Ra = 10°, Ha =
20, v = 0.03, AR = 0.5 and different volume fractions of nanopar-
ticles and two radiation parameters

» =0.00 ¢ =0.03 ¢ =0.06
Rd=0
Nuyy 1.99 2.06 2.19
Ny —Nity— 0.0 35 10
(y ( Nup—o U)
Siotal 5.85 6.09 6.50
Sp—=Sp— 0.0 4.1 11.1
%( Sp=0 0)
Rd=2
Nuy 6.41 6.40 6.38
% (NukdiuRd70> 222 210 191
Nuga—o
Sioal 6.33 6.57 6.96
% (Skd;i(ndzﬂ) 8.2 7.08 7.0

and different magnetic angles. The strength of the vortex
initially decreases and then increases by increasing w. In
general, the magnetic field induces the Lorentz force into
the fluid. This force reduces the flow rate of the fluid in the
cavity and reduces the buoyancy force. Changes @ change
the angle of the Lorentz force. It can help the formation of
the vortex or prevent its formation. Since the inclination
angle and w are 45°, the Lorentz force prevents the for-
mation of the vortex and reduces its strength. This force is
less opposed to the formation of the vortex in the horizontal
and vertical enclosures, which is why the velocity is
reduced less. At the angles of the magnetic field that the
vortex is stronger, the isothermal lines are denser and more
curved. This is due to the faster velocity of the vortex leads
to higher natural convection. Furthermore, the density of
isentropic lines increases with the strength of the vortex.
This means that the entropy generation is higher due to
higher velocity gradient and faster vortex velocity in the
cavity results in a higher entropy generation due to viscous
dissipation resulting in a high Steta-

In Fig. 7, cold wall Nuy is plotted for Ra = 103, Ha =
20,Rd =1, =0.03,AR = 0.5 and different w. At a
constant w, Nuy increases for a higher height. This is due
to the higher temperature gradient in the upper areas of the
cavity. In these areas, the hot fluid collides with the cold
wall for the first time results in a higher heat transfer. At
the angles of the magnetic field equal to 0° and 90°, the
Lorentz force causes the fluid to collide more with the cold
wall in the middle section of the wall. Hence, the tem-
perature gradient and consequently the Nusselt number
increase in these regions. In these situations, the Lorentz
force does not allow the motion of the fluid to the upper
section of the enclosure. Therefore, the temperature gra-
dient decreases. This can be observed from the figure.
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Fig. 6 Streamlines, isotherms and isentropic lines for Ra = 10°, Ha =20, Rd = 1, ¢ = 0.03, AR = 0.5 and different magnetic angles

Variations of aspect ratio

In Fig. 8, the streamlines, isotherms and isentropic lines for
Ra =10°,Ha =20,Rd = 1, = 0, ¢ = 0.03 and different
ARs are shown. The maximum stream function value
decreases by increasing the size of the fin. Two phenomena
occur by increasing the AR: first, the interior space of the
cavity to form the vortex becomes smaller. Consequently,
the flow fluid velocity decreases and the strength of the
vortex decreases. This is clearly observed from the flow
field. On the other hand, the size of the hot wall increases
with AR. As a result, the fluid remains more in the vicinity
of the hot wall and becomes hotter, resulting in higher
density differences in the enclosure and larger buoyancy
force. Since the weakening of the vortex is more than its
strength, its strength decreases by increasing AR. As AR
increases, the density of isothermal lines near the cold wall
and the hot fin increases. This indicates that the tempera-
ture gradient increases in these areas causing a higher heat
transfer rate. It also shows that the curvature of lines
becomes smaller and their regularity increases. The shape
of the lines represents the heat transfer mechanism. Thus,
the main heat transfer mechanism changes from convection

to conduction by increasing the size of the fin. The density
of isentropic lines increases initially and then decreases.
The temperature increases and the velocity gradient
decreases for a higher fin size. This means that thermal
entropy generation increases and the entropy generation
due to viscous dissipation decreases. Hence, Stq, increases
or decreases due to velocity and temperature gradients. For
the initial increase in AR, the increase in the temperature
gradient is dominant and Sty increases. After an initial
increase in AR, St. decreases.

In Fig. 9, cold wall Nuy is plotted for Ra = 10°, Ha =
20,Rd = 1,w =0, ¢ = 0.03 and different ARs. The heat
transfer rate increases in the upper section of the cold wall
by enlarging AR. The density of the isothermal lines
increases and the flow velocity decreases in the cavity with
AR. As the flow velocity decreases in the enclosure, the
heat transfer mechanism changes from convection to con-
duction. Since conduction heat transfer depends on the
distance between hot and cold sources, the conduction heat
transfer increases as the hot fin approaches to the cold wall.
This position makes the Nusselt number increases. In the
lower part of the wall, lower penetration of the flow causes
a weak heat transfer by increasing AR. Therefore, it has
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Fig. 7 Nuy calculated on the cold wall for Ra = 10°, Ha =
20, Rd =1, ¢ =0.03, AR = 0.5 and different angles of the mag-
netic field

been seen that Nuy decreases in the middle part of the wall
for a high AR.

Figure 9 shows the cold wall Nuy for Ra = 10°, Ha =
20,Rd = 1,0 = 0, ¢ = 0.03 and different ARs.

In Table 7, cold wall Nuy is shown for Ra = 10°, Ha =
20,Rd = 1,w =0, ¢ = 0.03 and different ARs. The heat
transfer rate enhances by increasing AR of the cavity due to
two reasons: (1) the heat source is larger with the increase
in the fin. Hence, the fluid is heating in a larger space, and
it can become hotter results in a higher temperature gra-
dient and therefore higher heat transfer rate. (2) Since the
conduction heat transfer is one of heat transfer mecha-
nisms, for a higher AR, higher conduction heat transfer is
occurred. So, the conduction heat transfer and Nuy
increase by decreasing the distance between the heat source
and the cold wall. The heat transfer rate reduces for a
higher Ha and reduces the vortex velocity. The Lorentz
force prevents the velocity of the vortex by increasing the
magnetic field. As a result, the velocity decreases in the
cavity. This eventually leads to a reduction in the heat
transfer rate. As shown, Nuy; decreases with Ha.

In Table 8, Stoa is displayed for Ra = 10, Ha =
20,Rd =1, =0,¢ = 0.03 and different ARs. Entropy
generation increases for a higher size of the fin from 0.3 to
0.5. In this case, the heat exchanger surface increases
between the fluid and the fin and the fluid becomes warmer
due to increasing the size of the hot wall. This increases the
temperature gradient near the cold wall results in a higher
thermal entropy. On the other hand, the space for the for-
mation of the vortex is reduced and the strength and vortex
velocity decrease with AR. Consequently, the velocity
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gradient in the cavity decreases. The entropy due to viscous
dissipation decreases by decreasing the velocity gradient.
As the size of the fin increases, thermal entropy generation
increases and the entropy due to viscous dissipation
decreases. For smaller sizes of the fin, the enhancement of
thermal entropy is more than that of the entropy due to
viscous dissipation, resulting in an increase in Stop. But
for large fins, the entropy due to viscous dissipation
decreases significantly and leads to a reduction in St due
to smaller space for the formation of the vortex. The
velocity and temperature gradients are reduced by
increasing Ha and decreasing the flow rate of the fluid in
the enclosure. Hence, thermal entropy and the entropy due
to viscous dissipation decrease leading to a reduction in the

STotal-
Variations of Hartmann and Rayleigh numbers

In Table 9, Nuy calculated on the cold wall is plotted for
Rd=1,0=0,¢ =0.03,AR = 0.5 and different Ha and
Ra. The heat transfer rate boosts with Ra. Ra represents the
buoyancy force. The vortex velocity increases and the
hydrodynamic boundary layer thickness formed on the
walls decreases by increasing the buoyancy force. The
thermal boundary layer thickness decreases by reducing the
hydrodynamic boundary layer thickness. As a result, the
temperature gradients increase near the walls and the heat
transfer rate increases. As Ha increases, Lorentz force
becomes stronger. The Lorentz force prevents the move-
ment of the vortex, and thus, the velocity of the vortex
decreases. Finally, the heat transfer rate is also reduced by
decreasing the vortex velocity.

In Table 10, St calculated for Rd =1, =0,¢p =
0.03, AR = 0.5 and different Ha and Ra is shown. As Ra,
the velocity of the vortex increases. The temperature gra-
dient also increases as described above. The entropy due to
viscous dissipation and thermal entropy increase by
increasing the velocity and temperature gradients, respec-
tively. Sto1 increases by increasing the entropy due to
viscous dissipation and thermal entropy. The entropy due
to viscous dissipation and thermal entropy decrease by
increasing Ha leading to a reduction in the Stop. This is
clearly observed from the figure. It is noteworthy that the
entropy of the magnetic field depends on Ha and increases
with increasing Ha. However, since Ha is multiplied by the
velocity difference, increasing Ha causes a reduction in the
fluid velocity. As a result, increasing Ha does not change
the entropy generation due to the magnetic field. In general,
the entropy due to the magnetic field is smaller than the
other two entropy parameters. The changes in St are
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Fig. 9 Cold wall Nuy for Ra = 105, Ha =20, Rd=1, o =0, ¢ =
0.03 and different AR

dependent on thermal entropy and entropy due to viscous
dissipation.

Table 11 shows the Bejan number for Rd = 1,0 =
0,9 =0.03, AR = 0.5 and different Ha and Ra. Be is
defined as the ratio of thermal entropy generation and
STotal- AS Ra increases, all components of Stq, increase.

AR=05

Table 7 Cold wall Nuy in terms of AR for Ra = 10°, Ha = 20,

Rd=1,0=0,¢ =003
Ha = 00 Ha =20 Ha = 40

AR =03 3.73 331 2.46

AR =05 4.89 4.19 2.93

AR =07 5.08 4.20 3.25

Table 8 STotal for
and different AR

Ra=10°, Ha=20, Rd=1, o =0, ¢ = 0.03

Ha =00 Ha =20 Ha = 40
AR =03 6.04 5.51 4.11
AR =05 7.28 6.41 4.40
AR =0.7 6.94 5.72 4.14

This means that Sto increases greatly. This increase is
significant compared to the increase in thermal entropy.
Since the rate of enhancement of Stq i greater than that
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Table 9 Nuy; calculated on the cold wall for Rd=1, o =0, ¢ =
0.03, AR = 0.5 and different Ha and Ra

Ha = 00 Ha =20 Ha = 40
Ra = 10° 1.62 2.38 4.89
Ra = 10* 1.61 2.74 4.19
Ra = 10° 1.61 1.61 2.93

Table 10 Sty for Rd =1, w =0, ¢ = 0.03, AR = 0.5 and differ-
ent Ha and Ra

Ha = 00 Ha =20 Ha = 40
Ra = 10° 1.66 247 7.28
Ra = 10* 1.65 1.83 6.41
Ra = 10° 1.64 1.68 4.43

Table 11 The Bejan number for Rd =1, w =0, ¢ = 0.03, AR =
0.5 and different Ha and Ra

Ha = 00 Ha =20 Ha = 40
Ra = 10° 0.99 0.90 0.53
Ra = 10* 0.99 0.95 0.53
Ra =10° 0.99 0.98 0.61

of thermal entropy, Be is reduced. This is evident from the
figure. As Ha increases, Be increases. The reason is that the
rate of reduction in the total entropy is higher than that in
thermal entropy. Hence, Be increases. As Ha increases,
Stotal decreases dramatically results in a higher Be.

Conclusions

Natural convection and radiation heat transfer of a nano-
fluid including alumina and water in an enclosure under an
angled magnetic field were numerically investigated. A
circular quadrant fin was placed inside the enclosure and
the influence of fin on the heat transfer rate, entropy gen-
eration and the Bejan number and the following results
were obtained:

e By adding 6% of the nanoparticles to the base fluid in
the absence of the radiation parameter, due to the
increase in the thermal conductivity of the nanofluid,
the heat transfer rate and the entropy generation
increased by 10% and 11%, respectively.

e The heat transfer rate increases 3.2 times, and the
entropy generation boosts by 8.2% by increasing the
radiation precursor from 0 to 2.

e Increasing the size of the fin from 0.3 to 0.7 results in
36 and 27% increase in the Nusselt number and entropy
generation, respectively.

@ Springer

e Increasing the Rayleigh number led to an increase in the
heat transfer rate and total entropy generation, but
reduced Bejan number decreased.

e Unlike the Rayleigh number effect, increasing the
Hartmann number reduced the heat transfer rate and
entropy generation, while increased the Bejan number.
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